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CHAPTER 1 
 

Introduction and Aim of this Thesis 
 

Numerous complex, elegant and functional supramolecular architectures[1] based on non-

covalent interactions, such as the double helix of DNA, the phospholipid bilayer in 

membranes[2] and the chlorophyll assemblies for light harvesting,[3] have been created in the 

biological world during the long history of evolution. The principles of intermolecular 

interactions and self-assembly demonstrated in nature have inspired chemists to build 

artificial hierarchical structures through the appropriate design of the molecules and the 

manipulation of their interactions by means of hydrogen bonding,[4] π-π stacking,[5] charge 

transfer interactions,[ 6 ] solvophobic effects[ 7 ] etc, and to make using of the obtained 

architectures as functional materials for molecular or ionic sensing,[8] molecular machines,[9] 

as well as electronic and photonic devices.[10] 

In this intersecting discipline of supramolecular chemistry and materials science, one of the 

most appealing topics is the self-assembly of functional π-conjugated molecules as building 

blocks. Desirable optical or electronic properties that are not given by the individual unit, 

such as efficient energy or electron transfer along a π-stack,[11] emerge in such assemblies by 

means of electronic coupling of transition moments or overlap of the π-orbitals. However, the 

tools for precise control of the spatial arrangement of desirable assemblies have not yet been 

explored at the nanoscopic scale, which is considered to be of great importance for the 

emerging field of nanoelectronics,[ 12 ] but also at the macroscopic scale to control the 

organization and anisotropy in bulk materials,[ 13 ] such as crystals or liquid crystals.[ 14 ] 

Towards this end, the functional dye units are required to possess distinct optical or electronic 

properties and to be capable of assembling themselves. 

One of the most useful functional dye unit is given by perylene tetracarboxylic acid 

bisimide (PBI). Owing to their lightfastness, chemical inertness, bright photoluminescence 
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with quantum yields up to unity,[15] and excellent n-type semiconductivity,[16] the PBI dyes 

are versatile and have been applied widely as industrial pigments, laser dyes,[17] probes for 

single molecule spectroscopy,[18] organic thin film transistors,[19] and solar cells.[20] 

The aim of this thesis is to grasp the structural and thermodynamic aspects of the π-π 

stacking of PBIs and to reveal the optical and electronic properties that arise from the 

interaction of the assembled dye molecules. As shown by former studies by C. Thalacker,[21] 

strong π-π interactions between the extended π-conjugated systems of PBIs facilitate the 

formation of extended supramolecular structures such as aggregates or columnar liquid crystal 

phases (Scheme 1). Furthermore, as a new avenue, in this thesis co-aggregation of PBIs with 

oligo(p-phenylene vinylene)s is explored because mixed π-stacks of these two chromophores 

might lead to novel p-n heterojunctions that could be useful functional units for solar cells. 

liquid  crystals

one-component systems

dimers extended aggregates

two-component systems

Hetero-assemblies

PBI
monomers PBI-OPV

diads and triads

Homo-assemblies

 
Scheme 1. Different type of π-stacks consisting of perylene bisimide (PBI) and oligo(p-phenylene vinylene) 

(OPV) chromophores investigated in this thesis.  

 

Chapter 2 gives an overview on assemblies of π-π-stacked dyes reported in the literature. 

The intention of this chapter is to gain insight into the structural and thermodynamic, 

properties arising from pure π-π interactions. For this reason, more complex assemblies 

arising in the presence of additional non-covalent forces, e.g. hydrogen bonding,[22] have been 

excluded. 

Chapter 3 describes the synthesis and the self-assembly properties of a highly soluble, 

photoluminescent and liquid crystalline PBI dye bearing tridodecylphenyl groups at imide 

positions. A consistent picture of the self-organization of this dye in solution as well as in 
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condensed state is given by detailed investigation with different spectroscopic and 

microscopic techniques.  

Chapter 4 provides further insight into the nature of the π-π interactions between PBIs 

with emphasis on the solvent and structural effects. The aggregation for a series of PBIs 

bearing various side chains was studied in 15 solvents of different polarity by means of 

UV/Vis and fluorescence spectroscopy. The contributions of electrostatic, dispersion and 

hydrophobic forces on the π-π stacking Gibbs energy of the molecules in different 

environment is discussed. 

In Chapter 5, the studies are extended to twisted PBI systems arising from substituents at 

bay-positions (1, 6, 7, 12 positions at perylene core). A series of PBIs bearing the same 

tridodecylphenyl groups at the imide nitrogens but different bay-substituents and have been 

synthesized. All these dyes form fluorescent dimers in solution, whereas in the condensed 

state, several of these compounds form thermotropic columnar mesophases. The relationship 

between the core-twist angle and the π-π stacking energy as well as their optical properties 

will be elucidated in detail.  

In Chapter 6, the research is focused on the application of core-twisted PBIs as organic 

semiconductors. The electrochemical, structural and charge transport properties were studied 

for a serial of unsubstituted and chlorine-functionalized perylene bisimides. 

In Chapter 7, the studies will be extended from one-component PBI systems to the mixed 

π-stacks using PBIs and oligo(p-phenylene vinylene)s (OPVs) as supramolecular building 

blocks. The co-self-assembly of the dyes is directed by hydrogen bonding and π-π interactions. 

The hierarchical structure, thermodynamics and charge transfer properties of these assemblies 

were studied in detail.  

Chapter 8 is the summary of this thesis. 
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CHAPTER 2 
 

Self-Assembly of Functional π-Conjugated 
Systems in Solution and Liquid Crystalline 
Phase — a Literature Survey 
 
 
 
 
 

Abstract: This chapter gives an overview of the formation of π-stacks of functional π-

conjugated molecules in solution and in liquid crystalline phases. Different mathematical 

models which have been proposed and applied for the description of π-π aggregation 

equilibria in solution are discussed. The reported thermodynamic properties of some 

important π-systems from simple benzene to more complicated molecules including 

triphenylenes, hexabenzocoronenes, porphyrins, phthalocyanines, naphthalene bisimide and 

perylene bisimide dyes etc., are reviewed. The factors that have significant impact on the π-π 

stacking, such as electrostatic interactions, size and geometry of the molecules and the solvent, 

are discussed. In condensed state, these π-systems exhibit columnar liquid crystalline (LC) 

phases. Some examples of columnar liquid crystals as well as their charge transport properties 

are discussed. 
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2.1 Introduction 

Aggregates of functional π-conjugated systems have been known and investigated by 

scientist in different research fields for a long time.[1] Likewise, evolution in nature “invented” 

chlorophyll aggregates to serve as the functional units in the light harvesting apparatus in 

photosynthetic organisms like purple and green bacteria or plants.[2] X-ray crystallographic 

studies revealed that with the assistance of proteins the chlorophyll molecules formed 

different-sized cyclic aggregates[ 3 ] of 8-32 chromophores in purple bacteria and rod-like 

aggregates containing hundreds of π-π-stacked chromophores in green bacteria.[4] In those 

fascinating supramolecular architectures, the dye molecules are organized elegantly in an 

spatial arrangement which enables very high efficient energy transfer between the 

chromophores upon photoexcitation.  

For artificial systems, the earliest observation of the dye aggregation phenomenon might be 

reported by Stenger who observed changes of absorption and emission properties of a dye 

solution upon temperature variation more than one hundred years ago.[1a] After Jelley and 

Scheibe discovered the J-type aggregates of cyanine dye (named after Jelley) independently in 

the 1930-ies,[1b-d] numerous efforts have been devoted to the understanding of the structure 

and the optical properties of dyes aggregates, and the application in important technological 

areas such as photographic science and engineering.[5]  

In recent years, application of aggregates of functional π-systems was spread from the 

traditional fields toward novel technologies. Examples include optical recording media,[6] 

organic photoconductors,[7] organic semiconductors,[8] solar cells,[9] and biosensors.[10] For the 

optimization of the optical or electronic properties of these devices, it is necessary to control 

the self-assembly process to optimize specific functions. Columnar liquid crystals have been 

used as one-dimensional channels to facilitate the hopping of exciton or charge carriers.[11] 

Nanowires[12] and nanotubes[13] based on self-assembling π-conjugated molecules have been 

used in organic electronics. Organogels based on functional dyes have been applied for 

artificial light harvesting and as sensors.[ 14 ] Two-dimensional dye assemblies have been 

prepared and characterized on surfaces.[15] For all these fields of research, a quantitative 

understanding of the thermodynamics and the structure of the π-stacks formed by functional 

molecules with large electron delocalization is fundamental and pivotal.  
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2.2 π-π Stacking of Conjugated Molecules in Solutions: Thermodynamics and 

Mathematical Models  

In solution, the π-aggregates can be described as chemical equilibria between the monomer 

species and aggregate species. When the aggregate species are more than two, multiple 

equilibria exist in the system. Different mathematical models have been developed for the 

quantitatively descriptions of π-π aggregation.[16]  

1. Monomer-dimer model. The monomer-dimer equilibrium can be written as: 

M + M ⇌ M2 

c2 = KD c1
2                (1) 

In equation (1) c2 and c1 are the concentration of the dimer and monomer species and KD is 

the dimerization constant. The molar fraction of monomer species αmon can be written as αmon 

= c1/cT, where cT is the total concentration of the molecules. Accordingly, the fraction of 

aggregated molecules can be written as αagg = 1 − αmon. Considering cT = 2c2 + c1 and 

equation (1), the c1, αmon and αagg can be expressed as functions of KD and cT:  

c1 = 
D

TD

K
cK

4
181 ++−

           (2) 

αmon = 
TD

TD

cK
cK

4
181 ++−

          (3) 

αagg = 
TD

TDTD

cK
cKcK

4
1814 +−+

        (4) 

On the other hand, the molar fraction of aggregated π-faces can be defined as αagg-π. It can 

be expressed as: 

αagg-π = 2c2/2cT = 0.5(1− α mon) = 0.5αagg    (5) 

The monomer-dimer model offers the simplest description for the aggregation of dye 

molecules. It was used to describe the aggregation of cyanine dyes[17] and phthalocyanine 

dyes[18] and more recently, for dipolar aggregates of merocyanine dyes.[19] However, for some 

systems, it has been pointed out that the monomer-dimer model is oversimplified and 

deviations between the experimental data and the model were observed. This is particularly 

the case if higher aggregate species evolved upon increasing concentration. Accordingly, 

more sophisticated models are necessary for the description of extended aggregates.  

2. Isodesmic model. Isodesmic (Equal K) model is the simplest model for the description of 

extended dye aggregates.[16, 20 ] In this model, the aggregates are assumed to be of one 

dimensional character. For all the binding events, i.e. the addition of one monomer to another 
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monomer or to any aggregated species, the equilibrium constants or the Gibbs free energy 

changes are equal. Thus, the isodesmic aggregation process can be written as: 

M + M ⇌ M2   c2 = K2 c1
2 

M2 + M ⇌ M3   c3 = K3 c2 = K2 K3 c1
3 

...... 

Mn-1 + M ⇌ Mn  cn = Ki cn-1c1= K2K3...Kn-1 Kn c1
n 

The parameters c1, c2, c3…cn are the molar concentration of monomer, dimer, trimer and n-

mer species, respectively. On the other hand, for isodesmic model, we have: 

K = K2 = K3 = ... = Kn 

Accordingly, the concentration of n-mer can be written as: 

cn = Kn-1 c1
n                (6) 

Similarly with the dimer model, we set αmon = c1/cT, where cT is the total concentration of 

the molecules and αmon is the fraction of monomer species. Then equation (7) can be obtained: 

cT = (c1 + 2Kc1
2 + 3K2c1

3…+ nKn-1c1
n )     (7) 

Considering the series expansion 1 + 2x + 3x2+…+nxn-1 = 1/(1 − x)2 for 0 < x < 1, one can 

obtain equation (8): 

cT = c1/(1 − Kc1)2              (8) 

Dissolving the equation (6) leads to equation (9): 

T

TT

cK
KcKc

c 21 2
1412 +−+

=           (9) 

Accordingly, the fraction of aggregated molecules can be written as: 

αagg = 222
1412

1
T

TT

cK
KcKc +−+

−         (10) 

The molar fraction of aggregated π-faces can be written as:  

αagg-π = 
T

n

c
cnccc

2
)22(642 432 −+⋅⋅⋅+++     (11) 

In this equation we have 2[c2 + 2c3 + 3c4+ … (n −1)cn] = 2Kc1
2[1 + 2Kc1 + 3K2c1

2… + 

(n−1)Kn-2c1
n-2] = 2Kc1

2/(1 − Kc1)2. According to equation (8) and (11), αagg-π can be expressed 

as a function of K and cT: 

αagg-π = Kc1= 
T

TT

Kc
KcKc

2
1412 +−+

      (12) 
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According to equations (4), (5), (10), and (12), the molar fraction of aggregated molecules 

αagg and aggregated π-faces αagg-π plotted as a function of KcT. As shown in Figure 1, for 

isodesmic model, the increase of αagg-π is slower than that of αagg. On the other hand, the 

increase of αagg for dimer model is also slower than that for isodesmic model. The maximum 

of αagg-π for dimer model is 0.5 while for other three curves the maxima are 1. 

10-5 10-3 10-1 101 103 105

0.0

0.2

0.4

0.6

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

αagg-π 

 

 

KcT

αagg

a
b

c

d

 
Figure 1. Fraction of aggregated molecules αagg and aggregated π-faces αagg-π plotted as a function of KcT for 

isodesmic and dimer model according to the equation (10) (curve a, isodesmic, fraction of aggregated molecules), 

equation (12) (curve c, isodesmic, fraction of aggregated π-faces), equation (4) (curve b, dimer, fraction of 

aggregated molecules), and equation (5) (curve d, dimer, fraction of aggregated π-faces).  
 

The number average aggregate size or the mean number of monomers per stacks can be 

calculated as equation (13).[16] 

n

n

N

T

cccc
ncccc

c
cN

+⋅⋅⋅+++
+⋅⋅⋅+++

==
321

321 32        (13) 

From equation (6), we have:  

cN = c1+ Kc1
2+K2c1

3 +… Kn-1c1
n = c1(1+Kc1+K2c1

2 +… +Kn-1c1
n-1).  

From the series expansion 1 + x2 + x3+…+xn…= 1/(1−x), cN can be expressed as:  

cN = c1(1+Kc1+K2c1
2 +…+Kn-1c1

n-1) = c1/(1−Kc1) 

On the other hand, considering equation (9), the number average aggregate size can be 

calculated as: 

[ ]
2

141
)1412(

2)1( 22

1

1 ++
=−

+−+
=

−
== T

TTT

T
T

T

N

T Kc
K

KcKcc
cKc

c
Kcc

c
cN  (14) 
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Furthermore, for isodesmic aggregation, the weight average aggregate size can be written 

as:[20d,e] 

n

n

T

W
W ncccc

cnccc
c
cN

+⋅⋅⋅+++
+⋅⋅⋅+++

==
321

2
321

32
94  

cW = c1+ 4Kc1
2+9K2c1

3 +…. +n2Kn-1c1
n = c1(1+4Kc1+9K2c1

2 +…+n2Kn-1c1
n-1) = c1(1+ 

Kc1)/(1 − Kc1)3 

14
1
1

1

1 +=
−
+

= TW Kc
Kc
KcN           (15) 

Based on the equations (14) and (15), one can plot the N or NW as a function of KcT, as 

shown in Figure 2. The isodesmic model has been successfully used to describe the π-π 

stacking of perylene bisimides,[21] phenylene ethynylene macrocycles,[22] and tetrameric H-

bonded supramolecules of folic acid.[20b]  

1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
1

10

100

1000

K = 104 M-1

 

 

N K = 107 M-1

 
Figure 2. Number averaged aggregate size (solid lines) and weight averaged aggregate size (dashed lines) 

plotted as function of concentration cT with K = 107 M-1 and 104 M-1. 

 

3. Modified isodesmic model. In some studies, the isodesmic model has been modified to 

obtain better fitting of the experimental data. The most simplest modification is to assume that 

the dimerization constant K2 is different from the K values for higher aggregation, i.e. K2 ≠ K3 

= ... = Kn = K.[16] The rational behind this model is that coordination on one π-face has 

influence on the binding constant of the other face, e.g. for steric reasons. In this case, by 

define p = K2/K, the concentration of n-mer cn and total concentration cT can be obtained as: 

cn = K2Kn-2c1
n               (16) 

cT = (1 − p)c1 + pc1/(1 − Kc1)2        (17) 
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In this equation c1 is the concentration of the monomeric species and p reflects the more 

easy or more difficult formation of dimers in comparison with the polymeric species. It is 

worth to note that based on equation (8) and (17), c1 is always smaller than 1/K in these 

systems. In practice, analytically solving of the cubic equation (17) is exhaustive. However, 

for a given p, one can calculate the values of KcT as a function of Kc1 and further the αagg 

without dissolving the equation and useful information can be acquired from the resultant 

curves.  

As shown in Figure 3 and Figure 4, when p >> 1 (anti-cooperative process), i.e. the 

dimerization constant is much larger than that for further aggregation, the transition to 

extended aggregated species is smooth. In the case p → ∞, i.e. K2/p = K3 = ... = Kn = K ≈ 0, 

the lineshape of the curves will approach to that for a monomer-dimer equilibrium, indicating 

the dimerization process is dominated for the aggregation. With p = 1 (non-cooperative 

process), equation (17) is identical with that for the isodesmic model. For the situation where 

p << 1 (cooperative process), most of the molecules are monomeric when cT < 1/K. When KcT 

is over 1, the fraction of aggregated molecules is increased quickly and the curves show 

sharper transitions than those for p > 1. In general, steric hinderance or electrostatic repulsion 

in charged molecules may lead to p > 1, i.e. the aggregation is more near to the monomer-

dimer model than isodesmic model. On the other hand, if there is a nucleation process 

involved in the aggregation, p << 1 is expected.  

 

1E-3 0.01 0.1 1 10 100 1000 10000

0.0

0.2

0.4

0.6

0.8

1.0

p = 1

p = 1000

 K
 c

1

KcT

p = 0.0001

 
Figure 3. Value of Kc1 plotted against KcT with different p values according to the equation (17). For the lines 

from left to right p = 0.0001, 0.01, 0.1, 1, 10, 100, and 1000. 
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Figure 4. Fraction of aggregated molecules αagg plotted as a function of KcT with different p values according to 

the equation (17). For the lines from left to right p = 1000, 100, 10, 1, 0.1, 0.01, and 0.0001. 

 

The molar fraction of aggregated π-faces can be also calculated as equation (11), i.e. αagg-π 

= [2c2 + 4c3 + 6c4+ … 2(n − 1)cn]/(2cT). From equation (16), we have: 

2[c2 + 2c3 + 3c4+ … (n − 1)cn] = 2K2c1
2[1 + 2Kc1 + 3K2c1

2… + (n−1)Kn-2c1
n-2]  

= 2pKc1
2/(1 − Kc1)2.  

Thus, the αagg-π for modified isodesmic model can be expressed as: 

αagg-π = [ ] 11
2

1

2
1

)1()1( pccpKc
pKc

+−−
      (18) 

 

Based on the equations (17) and (18), αagg-π can be calculated as a function of KcT for 

different p values. When cT = 2/K, for all p values αagg-π  = 0.5. Thus, as shown in Figure 5, all 

the curves cross through this point. when p >> 1 (anti-cooperative process), i.e. the 

dimerization constant is much larger than that for further aggregation, a two-stage increasing 

of the αagg-π can be observed. First the αagg-π approach to a value of 0.5 which is the upper 

limit of αagg-π for the dimer model (see Figure 1). At around the cross point, the increase of 

αagg-π becomes slower and then a second quick increase of the αagg-π can be observed at higher 

concentrations where the effect of further aggregation become pronounced. With p = 1 (non-

cooperative process), equation (18) is identical with that for the isodesmic model. For the 

situation where p << 1 (cooperative process), the fraction of aggregated π-face is increased 

quickly and the curves exhibit similar profile to that for aggregated molecules.  
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Figure 5. The fraction of aggregated π-faces αagg-π plotted as a function of KcT with different p values according 

to the equation (18). For the lines from left to right p = 0.0001, 0.01, 0.1, 1, 10, 100, and 1000. 

 

4. Other models. Other models that have been proposed for the evaluation of aggregation 

studies of the functional dyes include the attenuated K model and “overall” model. In 

attenuated K model, it is assumed that the successive growing of the stack is unfavored by 

entropy and the binding constant should taper off in value, e.g. K = 2K2 = 3K3... = nKn.[16] In 

the case that the dimerization is more favored or less favored, it can be assumed that K = 

2K2/p = 3K3... = nKn. In the “overall” model,[23] the aggregation process is simplified as nM ⇌ 
Mn, where K = [Mn]/[M]n. The aggregated species are considered as one single component. 

As in the case of dimer model, the overall model is also a two-state model. Thus, the 

sequential intermediate chemical equilibria and aggregated species are fully ignored in this 

model in contrast to the isodesmic model. Although in this way, this model is mathematically 

simpler than the latter, a larger deviation between the experimental data points and the 

calculated lines in the curve fitting has been shown in the literature.[24] The attenuated K 

model and the overall model are less frequently used than the dimer and isodesmic models.  

 

2.3 Aggregation of π-Conjugated Molecules in Solution: Examples 

2.3.1 Benzene, naphthalene and acenes 

Benzene is a basic unit for larger π-conjugated systems. The dimerization of benzene in 

solution has been reported. Park et al studied the dimerization of benzene by concentration-

dependent NMR spectroscopy at 37-38 °C according to equations (1)-(3) (vide supra) by 
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assuming rapid exchange between the monomeric and dimeric species.[ 25 ] Within a 

concentration range from 0.9 to 11.2 M, a dimerization constant of 0.0063 M-1 was obtained 

in CCl4. In another study, the dimerization of benzene in water was studied by vapor pressure 

osmometry according to Henry’s law.[26] A dimerization constant K = 0.85 M-1 was obtained 

at 35 °C, corresponding to ΔG = 0.41 kJ mol-1. 17 years later, Chipot et al. reported their 

theoretical calculations on benzene dimers in gas phase and aqueous solution.[27] In aqueous 

solution, a K value of 0.8 M-1 was obtained for orientationally averaged benzene dimers, 

which is in excellent agreement with that obtained from experiment. The 3 orders of 

magnitude higher aggregation constant of benzene in water than in CCl4 may be related to the 

hydrophobic effect.[28] 

The aggregation of naphthalene 2a (Chart 1) was investigated in the same study mentioned 

above[25] by means of concentration-dependent NMR and evaluated with a dimer model. A 

dimerization constant of 0.071 M-1 at 37-38 °C in CCl4 solution was reported. On the other 

hand, the self-dimerization of naphthalene derivative 2b was studied in various solvents of 

different polarity.[29] Accordingly, in most organic solvents the aggregation of 2b is very weak 

and the dimerization constants are around 1 M-1 (Table 1), while in 1:3 CD3OD/D2O and D2O 

the compound exhibits enhanced dimerization constants of 10 and 20 M-1, respectively.  

 
R

R
1 2 3 4

2a: R= H

2b: R= O(CH2CH2O)4H  
Chart 1. Chemical structures of benzene, naphthalene derivatives and acenes for aggregation studies.  

 
Table 1. Dimerization constants of benzene and naphthalene derivatives in solution. 

Compound  Solvent K (M-1) Compound  Solvent K (M-1) 

1 CCl4 0.0063[a] 2b DMSO-d6 1[c] 

1 H2O 0.85[b] 2b CD3OD 1[c] 

2a CCl4 0.071[a] 2b 1:3 CD3OD/D2O 10[c] 

2b acetone-d6 1[c] 2b D2O 20[c] 

[a] Determined at 37-38 °C. [b] Determined at 35°C. [c] Determined at 25°C. 
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 The aggregation behavior of anthracene 3 and tetracene 4 was studied at low temperature in 

aliphatic glasses.[ 30 ] For anthracene, concentration-dependent absorption spectra were 

measured at 88 K in 1:1 methylcyclopentane-methylcyclohexane (MCP-MCH) and several 

aggregated species were observed. At concentrations lower than 10-4 M monomer was the 

dominant species while between 10-4 M and 4 × 10-4 M dimeric species were formed. When 

the concentration is further increased, the spectral changes have been attributed to the 

formation of larger aggregates. Similarly, for tetracene two aggregate bands in the absorption 

spectra have been observed in MCP-MCH at 89 K upon increasing concentration and have 

been assigned to dimers and microcrystals, respectively.[30b]  

 

2.3.2 Triphenylenes and hexabenzocoronenes 

As promising p-type organic semiconductors, the self-assembly of triphenylenes and 

hexabenzocoronenes (HBCs) has been investigated intensively.[31] However, the studies on 

the aggregation behavior and the thermodynamics in solution for these compounds are rather 

limited in contrast to the large number of reports on their π-π stacking in LC phases (vide 

infra). 

The self-assembly properties of triphenylene 5a (Chart 2) has been studied by Gallivan et al 

in dodecane solution.[32] Neutron scattering experiments showed that the compound did not 

aggregate at concentration of 10-5 and 10-4 M while UV/Vis spectroscopic studies showed that 

aggregation took place at 10-2 M in dodecane. With chiral alkoxy side-chains, the triphenylene 

5b formed rod-like aggregates in hexadecane at 10-3 M, as revealed by small angle neutron 

scattering (SANS) and the intercore distance was determined as about 6 Å, which is much 

larger than the distances of 3.5 Å found in the liquid crystal phase[33] and 3.3 Å in crystals of 

triphenylenes.[ 34 ] Equipped with more hydrophilic side-chains, triphenylene 5c becomes 

soluble in polar solvents including water.[35] This compound formed flexible one-dimensional 

aggregates in aqueous solution. NMR spectroscopy was used to investigate the relationship 

between the concentration and the aggregate size. At concentration of 5 × 10-3 M, the average 

aggregation number is around 15.[35b] Notably, no aggregation constant has been published for 

5c. However, a K value of about 4 × 104 M-1 in aqueous solution can be calculated through 

equation (14) from this average aggregation number.  
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5a: R = O(CH2)5CH3

O
O5c: R =

RR

R

R R

R

O
(S)

5b: R =

O

5d: R = S(CH2)5CH35  
Chart 2. Triphenylene derivatives that have been applied for aggregation studies in solutions. 

 

Only recently have a few studies on the aggregation of HBCs in solution been reported by 

Müllen and coworkers.[36] The aggregation behavior of HBCs 6a-d (Chart 3) bearing different 

side chains have been studied by 1H NMR spectroscopy. Upon increasing concentration, the 

signal of the aromatic proton is shifted to higher field, indicating the formation of aggregates. 

The aggregation constants were obtained by least-squares curve fitting of the concentration 

dependent NMR data according to the isodesmic model (vide supra) and the thermodynamic 

data are collected in Table 2. This model afforded the best curve fitting whereas the 

monomer-dimer model was not suitable for the data analysis.[37] As shown in Table 2, high 

aggregation constants are observed for 6d bearing n-dodecyl side chains, e.g. 900 M-1 in 

1,1,2,2-tetrachloroethane, whilst the dyes 6a-c bearing branched side-chains exhibit much 

lower K values in the range of 1-13 M-1 in the same solvent. In the aromatic solvent benzene, 

the aggregation constants of 6c and 6d increased by about one order of magnitude. The 

aggregation constants of 6c and 6d were also determined at higher temperatures by means of 

temperature-dependent 1H NMR in THF. From van’t Hoff plots, the enthalpy and entropy 

changes upon aggregation of 6c and 6d in this solvent are calculated: ΔH = −91.7 kJ mol-1 

and ΔS = −290 J mol-1 K-1 for compound 6c and ΔH = −283 kJ mol-1, and ΔS of −832 J mol-1 

K-1 for compound 6d.  

R

R

R

R

R

R

6b: R =

6d: R = n-C12H25

6a: R =

6c: R =

6  
Chart 3. Chemical structures of HBC derivatives for aggregation studies in solutions. 
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Table 2. Aggregation constants of triphenylenes and HBCs in solution based on the equal K model at RT. 

Compound  Solvent K (M-1) Compound  Solvent K (M-1) 

5c water ~4 × 104[a] 6c THF-d8 3.6 

6a TCE-d2
[b] 13 6c benzene-d6 420 

6b TCE-d2 1.8 6d TCE-d2 900 

6c TCE-d2 2.9 6d THF-d8 5.5 × 103 

6c cyclohexane-d12 23 6d benzene-d6 1.5 × 104 

[a] An estimated value based on equal K model from the reported average degree of aggregation. [b] TCE = 

1,1,2,2-tetrachloroethane.  

 

2.3.3 Perylene bisimide and naphthalene bisimide dyes 

With regard to their electronic properties, perylene bisimides (PBI) and naphthalene 

bisimides (NBI) dyes may be considered as the antipode to the electron rich triphenylenes and 

hexabenzocoronenes. Thus, these dyes are among the most promising n-type organic 

semiconductors.[ 37 ] Although PBI dye constitute an important class of pigments their 

aggregation in solution has been addressed only in recent years. In one early study in 1987, 

Ford investigated the aggregation of PBI 7a (Chart 4) in aqueous solution containing 10-3 M 

NaOH by means of concentration-dependent UV and fluorescence spectroscopy and 

determined a dimerization constant of 1.0 × 107 M-1 (Table 3).[38]  

Whilst hydrophobic effects may strongly enhance the free energies of aggregation for 7a, 

recent studies in organic media shed more light on the π-π stacking behavior of PBI dyes. To 

increase the solubility of the PBIs in organic solvents, PBI 7b was equipped with 3,4,5-

tridodecyloxyphenyl groups at the imide nitrogens.[21] Pronounced spectral changes with 

decreasing absorption coefficients (hypochromicity) was observed for the dye upon 

aggregation in methylcyclohexane (MCH). By evaluation of the concentration-dependent 

UV/Vis absorbance changes depending upon the concentration in an isodesmic model by 

nonlinear regression analysis, a K value of 1.5 × 107 M-1 was obtained. In the same way, the 

aggregation constant of 7c, which has a CH2 spacer between the tridodecyloxyphenyl and the 

imide N atoms, was measured in MCH.[39] Remarkably, the aggregation constant of PBI 7c is 

3 orders of magnitude lower than that for 7b. Obviously the presence of this flexible small 

spacer reduces the rigidity of the π-conjugated scaffold resulting in a much lower aggregation 

constant. 
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Chart 4. Chemical structures of PBIs 7a-g and bay-substituted PBIs 8a-e for aggregation studies. 

 

In another study, Wang et al. reported the one-dimensional π-π stacks of PBI 7d in 

solution.[40] Continuous down-field shifts of the NMR signals for perylene protons were 

observed upon increasing concentration of the dye. By evaluation of the apparent chemical 

shifts according to the isodesmic model, an aggregation constant of 52 M-1 was determined in 

CDCl3. Furthermore, temperature-dependent NMR studies indicate that the aggregation 

process is enthalpically driven with ΔH° = −31 kJ mol-1 and ΔS° = −71.4 J mol-1 K-1.  

In a very recent report,[41] the aggregation of the dye 7e-g, which process 0, 1, and 2 CH2 

units between the phenyl ring and the imide N-atoms, are studied by UV/Vis spectroscopy 

with applying “overall model” in CHCl3 and DMSO. Higher aggregation constants have been 

observed in DMSO than in CHCl3.  

In the study of Würthner et al. the aggregation behavior was also investigated for the PBI 

dyes 8a–e bearing different substituents in the bay-area.[21] According to crystallographic 

studies, bay-substituents cause considerable torsions of the perylene planes. For these bay-

substituted dyes, the aggregation is significantly reduced in comparison with the planar dye 

7b which possesses the same imide-substituents (Table 3). Thus, for dyes 8a-c, the transition 

from free to aggregated chromophores occurs at an increasing range of concentration which 

reflects the number and the steric demand of the substituents on the perylene core. The 

aggregation constant of dye 8a, which bears two tert-butylphenoxy substituents, is about 5 

times larger than that of dye 8b bearing four tert-butylphenoxy groups. Increasing steric 
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demand as imparted by four tert-octylphenoxy groups of 8c leads to even lower aggregation 

constant. In contrast, dye 8d exhibits a lower K value for π-π-stacking than that 8b despite of 

less-bulky phenyl substituents at bay area. The lowest K value among this series of dyes is 

obtained for the tetrachlorinated derivative 8e which exhibits the most twisted π-system. 

The aggregation behavior of perylene tetracarboxylic acid derivative 9 (Chart 5), the tetra 

ester analogue of perylene bisimide, was studied in water by concentration dependent 1H 

NMR, fluorescence spectroscopy and SANS.[42] Fitting the spectroscopic data with a modified 

equal K model (vide supra) which assumes that the dimerization constant is different from 

that for further aggregation, aggregation constants K2 = 6 × 106 and K = 8 × 105 M-1 were 

obtained for the dimerization and oligomerization process, respectively. Accordingly, p = 

K2/K = 7.5 can be calculated. The value p > 1 indicates that oligomerization is disfavored over 

dimerization. It seems that such anticooperative aggregation process is the result of electronic 

effects and/or the steric bulk of the hydrophilic side chains.[43] The number average degree of 

aggregation at a concentration of 20 g L-1 (0.024 M) is 60.  

 

N
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O

O
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Chart 5. Chemical structures of perylene tetraester 9 and naphthalene bisimide 10 for aggregation studies. 

 
Table 3. Aggregation constants of PBI and NBI dyes in solution at RT. 

Compound  Solvent K [M-1] Compound  Solvent K [M-1] 

7a[a] H2O[c] 1.0 × 107  8a[b] MCH 6.3 × 105 

7b[b] MCH 1.5 × 107 8b[b] MCH 1.2 × 105 

7c[b] MCH 1.3 × 104 8c[b] MCH 9.0 × 103 

7d[b] CDCl3 52 8d[b] MCH 1.2 × 104 

7e[c] CHCl3 2.2 × 105 8e[b] MCH 650 

7e[c] DMSO 3.8 × 106 10[a] acetone-d6 1 

7f[c] CHCl3 2.6 × 105 10[a] DMSO- d6 2 

7f[c] DMSO 4.0 × 106 10[a] CD3CN 3 

7g[c] CHCl3 1.0 × 106 10[a] CD3OD 8 

7g[c] DMSO 4.5 × 107 10[a] D2O 245 

[a] Studied by monomer-dimer model. [b] Studied by isodesmic model. [c] Studied by overall model. 
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The thermodynamical data for NBI dye aggregates have been rarely reported. Iverson et al. 

studied the dimerization of dye 10 in solvents of various polarity.[29] The binding constants 

have been obtained from 1H NMR dilution studies and quantitative analysis of the data. An 

increase of the dimerization constant is observed from the less polar acetone to more polar 

solvents like DMSO or methanol. In D2O the dye exhibits the largest aggregation constant, 

reflecting that hydrophobic interaction plays an important role for the dimerization (“solvent-

driven aggregation”). However, these values of dimerization constants are still 5-6 orders of 

magnitude lower than those for PBIs in the same solvent, such as 7a in aqueous solution and 

7e in DMSO. These results confirm that the larger π-system of perylene bisimide dyes exhibit 

higher aggregation propensity than the smaller naphthalene bisimide dyes.  
 

2.3.4 Phenylacetylene macrocycles and analogues 

The aggregation of phenylacetylene macrocycles (PAMs) in solution has been studied by 

several research groups. Moore and coworkers reported the aggregation studies on the PAM 

11 (Chart 6).[22,43] For compound 11a, a dimerization process in solution has been confirmed 

by vapor pressure osmometry (VPO) studies in chloroform. In concentration-dependent 1H 

NMR at ambient temperature in CDCl3, the obvious upfield shift of signals of the aromatic 

protons were observed, which is a signature of intermolecular association involving π-π 

stacking.[22] Based on the NMR data, the dimerization constant was determined as 60 M-1 for 

11a (Table 4). From determination of the dimerization constants as a function of temperature, 

van’t Hoff analyses were performed and thermodynamic parameters ΔH = −20.9 kJ mol-1 and 

ΔS = −38.5 kJ mol-1 K-1 were evaluated. The negative ΔH and ΔS suggested that the 

aggregation of PAMs in solution is an enthalpically driven process but not favored 

entropically. In contrast with 11a, the chemical shifts of the aromatic protons in 11b,c 

remained constant over a large concentration range, indicating that no aggregation took place 

for these compounds. It is noteworthy that the only difference between 11a and 11b is the 

mode of the ester linkage while 11c processes ether groups. These observations suggest that 

the association is sensitive to the electronic effect of the substituents on the PAM. 

Similarly, the aggregation of PAMs with hydrophilic tri(ethylene glycol) side chains 11d-f 

were studied. Quantitative analysis of the 1H NMR shifts as a function of concentration was 

performed to determine the aggregation constants of the macrocycles in different solvents 

using isodesmic model of indefinite self-association. For 11d, K values were strongly solvent 

dependent, ranging from 50 M-1 in CDCl3 to 1.5 × 104 M-1 in acetone-d6 (Table 4). In contrast 

to the strong association of 11d, only weak aggregation takes place for PAM 11e,f. For 
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compound 11f a K value of 140 M-1 was observed in acetone-d6. This result confirms again 

the importance of the carboxylic acid functional groups for the aggregation of these PAMs. 

 
R

RR

R

R

R

11

11a: R = COOnC4H9

11b: R = OCOnC4H9

11c: R = OnC4H9

11d: R = COO(CH2CH2O)3CH3

11e: R = CH2O(CH2CH2O)3CH3

11f: R = O(CH2CH2O)3COCH3

 
Chart 6. Chemical structures of phenylacetylene macrocycles 11a-f. 

 

The aggregation of cyclic alkynes containing three chiral helicene units 12 (Chart 7) has 

been reported by Nakamura et al.[44] In concentration-dependent 1H NMR spectra, upfield 

shifts of the aromatic signals were observed upon increasing concentration. VPO studies 

revealed that this compound forms dimers in organic solvents like CHCl3 and benzene at 

concentrations higher than 2 mM and no larger aggregates were observed. 
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Chart 7. Chemical structures of cyclic alkynes 12-13 for aggregation studies. 

 



 
Chapter 2                                                               Self-Assembly of Functional π-Conjugated Systems 

 24

Table 4. Aggregation constants of phenylacetylene macrocycles in solution at RT. 

Compound  Solvent K [M-1] Compound  Solvent K [M-1] 

11a[a] CDCl3 60 11d[b] benzene-d6 1.2 × 103 

11b[a] CDCl3 ~0 11d[b] acetone-d6 1.5 × 104 

11c[a] CDCl3 ~0 11f[b] acetone-d6 140 

11d[b] CDCl3 50 13a[a] toluene-d8 522 

11d[b] THF-d8 350 13b[a] toluene-d8 543 

[a] Studied by monomer-dimer model. [b] Studied by isodesmic model. 

 

More recently, the aggregation behavior of the macrocycle 13 containing three 

tetrathiafulvalene units was investigated.[45] Evidence for a dimerization process was obtained 

from VPO studies. The dimerization constants of 13a,b were determined by concentration-

dependent NMR together with VPO in toluene. Both compounds exhibit nearly identical K 

values (Table 4). On the other hand, formation of higher aggregates has been observed for 

these compounds in a 1:1 THF/water mixture. 
 

2.3.5 Tetrapyrrole macrocycles: phthalocyanines, porphyrins and chlorophylls 

Owing to their importance in nature and technology, phthalocyanines and porphyrin dyes 

are probably the two most important classes of dyes. Their intense absorption bands in the 

visible range and their favorable redox properties enable many applications from organic 

pigments to semiconductors for electronic devices.[46] Another example where π-π stacking 

effects are of importance is photodynamic therapy (PDT),[47] in which photosensitizers based 

on porphyrin and phthalocyanine derivatives are used for the treatment of cancers and other 

disease. In order to obtain a high quantum yield of singlet oxygen, which is produced by an 

energy transfer from the triplet excited state of the photosensitizer to the ground state 

molecular oxygen and is the key active agent in the cellular damage process of the tumor, 

disaggregated chromophores are demanded whilst most derivatives are aggregated in aqueous 

environments.[48]  

Likewise, due to the strong impact on the optical and electronic properties of 

phthalocyanine-based materials, π-π aggregation of this dye has been investigated for a long 

time and reviewed in detail.[49] The intrinsic aggregation tendency of these dyes can be 

attributed to strong π-π interactions between the large conjugated systems. VPO studies for a 

series of phthalocyanine dyes with indentical substituents at the peripheral area and different 

metals revealed that the preferential formation of dimer or higher aggregates was highly 
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dependent on the central metals.[50] In most studies, the simple monomer-dimer model was 

applied for the quantification of the aggregation constants of the respective phthalocyanines. 

In some cases, a monomer-dimer-trimer or overall model has been used to determine the 

aggregation constants of phthalocyanines.  
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Chart 8. Chemical structures of phthalocyanine derivatives applied for aggregation studies. 

 

The aggregation behaviors of a series of metal-free phthalocyanines 14a-e processing four 

substituents at β-positions of the phthalocyanine ring (Chart 8) have been reported for CHCl3 

solutions by Snow et al. and the aggregation constants have been calculated according to the 

dimer model (Table 5). Interestingly, the dimerization constants of dyes 14a-d are almost 

identical. This can be explained reasonably by the relative small substituents in comparison 

with the large sized phthalocyanine core. Thus, these substituents have only negligible effects. 

Only when the substituents are changed to more bulky di-tert-butylphenoxy, as shown by the 

dye 14e, the aggregation constant drops down by order of magnitude to 2000 M-1. 

Nevertheless this is still a very high value for a solvent where any solvophobic contributions 

are absent. 

The aggregation behavior of octasubstituted phthalocyanines has also been studied. Schutte 

et al. reported the aggregation studies of metal-free phthalocyanine 15a in n-dodecane 

solution.[51] In this study, both monomer-dimer model and monomer-dimer-trimer model were 

applied to determine the aggregation constants from concentration-dependent UV/Vis data. 

According to the monomer-dimer model an aggregation constant KD = 1.5 × 106 M-1 was 
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obtained while for the other model values of 1.5 × 106 M-1 and 5.2 × 104 M-1 were obtained, 

respectively, for the dimerization and the trimerization. Accordingly, dimerization is more 

favored than further aggregation. 

 The dimerization constant obtained for the metallo-phthalocyanine 15b in CHCl3 is about 2 

magnitudes larger than that of free-base dye 14b. This could be attributed to four additional 

alkoxy substituents as well as Pt-Pt interactions in the dimer.[52] Furthermore, the aggregation 

of dye 15c was studied in various solvents (Table 5) with concentration dependent UV/Vis 

spectroscopy.[53] The order of decreasing Pc dye dimerization in several solvents is CCl4 > 

benzene > toluene > chloroform > dioxane > THF, indicating a pronounced solvent effect on 

the thermodynamic stability of the aggregates.  

In comparison with the number of aggregation studies available for phthalocyanines, only 

few thermodynamic data of porphyrin dyes in organic media have been reported. The metal-

free and metal-containing porphyrins 16a,b (Chart 9) have been studied by 1H NMR 

method.[54] In this study, it has been observed that all peaks in the NMR spectra of 16a,b 

shifted to the lower field upon dilution in CDCl3 solution. These shifts were attributed to the 

effect of the ring current of the neighbor molecule in a sandwich-type dimer. The 

concentration-dependent chemical shifts of the dyes were fitted with a monomer-dimer model 

and K values of 30.9 and 61.6 M-1 were obtained, respectively, for the dyes 16a and 16b. In 

general, dimerization constants of neutral porphyrin are in a range of 3-100 M-1 in organic 

solvents while those for phthalocyanines range from 102 to 106 M-1.[50] Obviously, owing to 

the larger π-surface, phthalocyanines experience much stronger intermolecular forces than 

porphyrins.  
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Chart 9. Chemical structures of some porphyrins and chlorophyll a. 
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Table 5. Dimerization constants of dyes 14-16 in solution.[a] 

Compound  Solvent K (M-1) Compound  Solvent K (M-1) 

14a CHCl3 1.3 × 104 15c benzene 1.6 × 104 

14b CHCl3 1.4 × 104 15c THF 140 

14c CHCl3 1.3 × 104 15c CCl4 3.0 × 106 

14d CHCl3 1.3 × 104 16a CDCl3 31 

14e CHCl3 2.0 × 103 16b CDCl3 62 

15a n-dodecane 1.5 × 106 17 benzene 460 

15b CHCl3 >1 × 106 17 CCl4 1.0 × 104 

[a] All values were determined at RT except that the value of 17 in benzene was measured at 310 K. 

 

Furthermore, the aggregation of chlorophylls has been reported. The dimerization of 

chlorophyll a (compound 17 in Chart 9) in benzene has been confirmed by vapor pressure 

osmometry[55] and a dimerization constant of 460 M-1 was evaluated at 310 K in benzene. 

Furthermore, the monomer-dimer equilibria of chlorophyll a, chlorophyll b, and 

bacteriochlorophyll were studied by UV/Vis spectroscopy in organic solvents.[ 56 ] No 

appreciable spectral changes have been observed for the chlorophylls in ethanol, acetone, or 

diethyl ether within a concentration range from 10-5 to 10-3 M-1 while in less polar CCl4 new 

absorption bands at longer wavelengths were observed, indicating the formation of dimeric 

species. Analyses of the concentration-dependent absorption spectra of three chlorophylls in 

CCl4 according to a monomer-dimer model gave dimerization constants of 1.0 × 104 M-1 for 

chlorophyll a, 0.8 × 104 M-1 for chlorophyll b, and 2.2 × 104 M-1 for bacteriochlorophyll at 

24 °C, corresponding to ΔG of dimer formation of −22.7, −22.3, and −24.4 kJ mol-l, 

respectively.[57] 

 

2.3.6 Merocyanine dyes 

The π-π aggregation of merocyanine dyes 18-23 (Chart 10) has been studied in detail by 

our group. In the concentration-dependent UV/Vis spectroscopic studies, distinct 

hypsochromically shifted aggregate bands (H-aggregates) with well-defined isosbestic points 

have been observed, suggesting the dimerization of the dyes, which has been further 

confirmed by VPO studies.[19,57] Further crystallographic and 2D NMR studies revealed that 

in the dimers, the molecules stack in an antiparallel fashion with a π-π distance of 3.5 Å and a 

slip angle close to 60° as a result of strong dipole-dipole interaction. The thermodynamic data 

of the dimerization of dyes are collected in Table 6.  
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Chart 10. Chemical structures of merocyanine dyes applied for aggregation studies. 

 

The data for 18a-d in dioxane show that the substituents R1 and R2 which are attached at 

the peripheral edges of the dyes have only small impact on the dimerization constant K and 

binding energy ΔG°. On the other hand, the dimerization constant is drastically reduced if 

sterically demanding groups are attached at the central part of the dyes (R3 and R4) as 

observed for 18e, which has a dimerization constant of 900 M-1 that is two orders of 

magnitude lower than the value for 18a, corresponding to half of the value of the Gibbs 

dimerization energy. The dimerization constants of 18a were measured at five different 

temperatures. The enthalpy and entropy contributions to the Gibbs dimerization energy of 18a 

were obtained by means of van’t Hoff plot. Good linear relationship between lnK and T-1 was 

observed (correlation coefficient r = 0.997). The dimerization enthalpy and entropy were 

determined as ΔH° = −39.8 ± 1.7 kJ mol-1 and ΔS°= −37.9 ± 5.5 J mol-1 K-1. Both values are 

negative, indicating an enthalpy driven dimerization process.[19,58] Remarkably, no 

aggregation could be observed for dye 19 within the concentration range accessible (up to 2 × 

10-2 M). This result can be rationalized by the high steric demand of the 3,3’-

dimethylmethylene unit of the electron-donating indoline heterocycle. 

In addition to the sterical factors, the dipolar nature of the dyes and the length of the π-

conjugated system have also a significant impact on the dimerization constants of dyes, as 
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shown by the data for dyes 20-23. The progressive increase of binding constants in dioxane 

from 22 to 18a and to 23 can be ascribed to the increase of the dipole moment caused by more 

and more electron-withdrawing acceptor heterocycles. On the other hand, a gradual increase 

of the dimerization constant concomitantly with the extension of the conjugated system was 

observed for series of dyes 20a-c. 

 
Table 6. Dimerization constants of merocyanine dyes 18a-e in solution at 20 °C. 

Compound  Solvent K (M-1) Compound  Solvent K (M-1) 

18a dioxane 1.3 × 105 18a CDCl3 520 

18b dioxane 1.2 × 105 18a THF 65 

18c dioxane 1.2 × 105 18a DCE[c] 12 

18d dioxane 2.8 × 105 21 dioxane 4.7 × 104 

18e dioxane 900 20a dioxane 460 

18a CCl4 2.0 × 107 20b dioxane 1.1 × 103 

18a benzene 7.2 × 104 20c dioxane 3.7 × 103 

18a TCE[a] 1.8 × 104 22 dioxane 110 

18a BuAc[b] 1.0 × 103 23 dioxane 8.0 × 106 

[a] TCE = trichloroethylene. [b] BuAc = butyl acetate. [c] DCE= dichloroethane. 

 

2.4 Effect of Molecular Structure and Solvent on π-π Aggregation of Functional π-

Conjugated Systems  

The given examples for the π-π stacking (or π-π aggregation) of various dyes indicate the 

complex nature of this non-covalent interaction between two or more molecules. Many factors, 

such as the structure and electronic nature of the π-conjugated core of the molecule, the 

number and position of electron-withdrawing/electron-donating peripheral substituents, and in 

some cases the complexed metal-ions, play important roles for the π-π stacking geometry and 

the magnitude of the Gibbs free energy.[50a] Moreover, the solvent is an crucial factor to drive 

or to reduce π-π aggregation. In this section, the various factors that have significant impact 

on the π-π aggregation will be discussed.  

1. The electronic nature of the π-conjugated systems. The electronic nature of π-conjugated 

systems plays a decisive role for the structure and the thermodynamic stabilities of the π-π 

aggregates. As pointed out in several review articles, the actual geometry of π-π stacking, i.e. 

the longitudinal, transversal or rotational offsets between neighboring molecules, is dictated 

by electrostatic interactions between the negatively charged π-electron cloud of one molecule 
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and the positively charged σ frame work of an adjacent molecule, i.e. the electrostatic 

complementary between the electron-rich and electron-deficient region of the stacked 

molecules.[38,58]  

For examples, for the dipolar merocyanine dyes 18-23 the formation of antiparallel stacked 

dimers is favored, in which the electron rich and electron deficient parts are on top each other 

to maximize the electrostatic interactions and such structure have been confirmed by 

crystallographic and 2D NMR studies.[19] Furthermore, a good linear correlation between the 

Gibbs dimerization energy ΔG° and the dipole moment μ2
gM has been found (Figure 6) for the 

most non-bulky merocyanine dyes. This result indicates clearly that the Gibbs dimerization 

energy is mainly contributed by the electrostatic interactions.  
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Figure 6. Dependence of the Gibbs dimerization energies measured in dioxane on the dipole moments of the 

merocyanine dyes 18-23 and linear regression analysis for the data points.[19] 

 

For the aromatic and heteroaromatic π-conjugated systems without a permanent dipole 

moment, the electrostatic interaction is responsible for the offsets between stacked molecules 

whilst the pure dispersive interaction favors perfect face-to-face sandwich structure. The most 

compelling example for the dominance of electrostatic terms is given by the smallest aromatic 

π-system benzene. As shown in Figure 7a, the calculated electrostatic potential surface of 

benzene shows that the π-face of the ring processes larger electron-density than the edges of 

the molecules. Thus, for benzene as well as for other aromatic molecules a quadrupole 

moment, i.e. a negative potential energy surface above the π-system and a positive σ-

framework, is originated. Accordingly, two possible arrangements of the benzene rings, edge-

to-face and face-to-face (with offsets between the molecules) modes, have been proposed. In 
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the solid state, the edge-to-face geometry has been observed (Figure 7b) while both 

geometries have been commonly found in proteins containing aromatic residues.[59]  
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Figure 7. a) Top view of electrostatic potential surfaces calculated for benzene (left) and N,N’-dimethyl PBI 

(right) using CAChe 6.0 (PM3 method). The blue and red color indicate the area with relatively high electron 

density (more negative) and low electron density (more positive), respectively. The pictures have only 

qualitative meaning. b) π-Stacks in solid state of benzene (left), N,N’-dimethyl PBI(right). 

 

For more extended π-systems, however, face-to-face geometry prevails. This is a result of 

the significant gain of dispersion energy with increasing size of the interacting surface of the 

molecules. Nevertheless, if the π-system contains electron-rich and electron poor centers due 

to the incorporation of heteroatoms, strongly slipped arrangement are formed. For instance, 

symmetrical PBI molecules have no net dipole moments but calculations for N,N’-dimethyl 

perylene bisimide show a pronounced quadrupole moment (Figure 7b). The highest electron 

density is located at the four carbonyl groups whereas the bay area of the molecule has the 

lowest electron density and is accordingly electronic deficient. Thus, the stacking geometry of 

the N,N’-dimethyl PBI molecules is strongly influenced by the electrostatic complementarity 

between positive and negative surface potentials, as shown by the packing of this dye in the 

crystal structure (Figure 7b).[60] 

2. The size and shape of aromatic core. Although the geometry of the π-π stack is mainly 

determined by the electrostatic effects, the magnitude of the interactions is governed by 

dispersion interactions and solvophobic effects.[59] Thus, a stronger π-π interaction and 

concomitantly a larger aggregation constant could be expected for larger-sized π-systems than 

the smaller ones under the same physical environment, e.g. solvent and temperature. Indeed, 

as shown in Figure 8, for small-sized molecules such as benzene and naphthalene, K < 1 M-1 
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and K values between 1 and 20 M-1 have been reported, respectively, which are among the 

smallest K values for all the examples while large-sized HBCs show K values up to 104 M-1, 

indicating the effect of the core-size of the molecules. Furthermore, the aggregation constants 

of extended PBIs and phthalocyanines can be 4-5 orders of magnitude larger than that of 

smaller-sized naphthalene bisimides and porphyrins, respectively. However, the merocyanine 

has a small π-system, but exhibit large aggregation constants, which originates from the 

extremely strong electrostatic interactions between molecules.  
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Figure 8. A comparison of the range of reported aggregation constants for different π-systems. 

 

For all examples shown in Figure 8 we can safely assume the presence of flat undistorted π-

cores which enable close π-π contacts without repulsive contributions. In contrast, the torsion 

of the aromatic core will have a significant effect on the π-π stacking. This has recently been 

elucidated for the core-twisted PBI dyes. As shown for the series of dyes 7b, 8a-e by single 

crystal X-ray analysis and molecular modeling, different substituents at bay-positions distort 

the perylene core with twist angles in the range of 0-37°. As shown in Figure 9, the 

aggregation constant is the largest for the unsubstituted derivative 7b. For the core-twisted 

dyes 8a-e the aggregation constants decrease with increasing twist angle and a remarkable 

linear correlation of the ΔG° and twist angle has been observed (also see chapter 5 in this 

thesis).  
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Figure 9. Correlation of the twist angle of the perylene core with aggregation constants of PBI dyes without 

bay-substituents (7b) and diphenoxy-substituted (8a), tetraphenoxy-substituted (8b-d), and tetrachloro-

substituted (8e) PBIs. Inset: Top view and view along the N-N axis of twist scaffold of a core-substituted PBI 

with twist angle θ. 

 

3. Peripheral substituents attached to the π-conjugated core. The effects of the substituents 

at the periphery of the molecules on the stacking of the molecules are also important. First, 

the electron-withdrawing or electron-donating nature of these groups can contribute to the 

electrostatic properties of the molecules. On the other hand, steric effects of bulky substituents, 

can drastically decrease or even prevent the aggregation of the molecules. Such a strategy has 

recently been applied by several groups involved in the field of nonlinear optics after the 

detrimental influence of dipolar aggregation on the electro-optical response of the materials 

had been recognized. Thus, whilst traditional push-pull chromophores like 18 from strong 

dimer aggregates with a zero dipole moment that can not be oriented in an extended electric 

field, “designer” merocyanines like 19 exhibit excellent performance due to a strongly 

prevented aggregation by sterically demanding substituents. 

In other cases, the substituent effects are a decisive factor for dimerization or extended 

aggregation of the molecules. Müllen and coworkers reported that hexadodecyl-substituted 

HBC 6d form extended aggregates which can be described by the isodesmic model, while a 

HBC processing rigid dendritic substituents at the same position prefer to forming stable 

dimers. The further aggregation of this molecule is suppressed by the steric hindrance of these 

arms.[61] In our studies, similar effect has been observed. Thus, flat unsubstituted PBIs favor 

extended aggregates, while distinct monomer-dimer equilibria are observed for PBIs with 

substituents at bay-positions (see chapter 3,5 in this thesis).  
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4. Solvent effects. Most of the factors that contribute to π-π interactions, such as 

electrostatic interactions, dispersion forces, and charge transfer interaction have been shown 

to be highly solvent-dependent.[62] This is reasonable because the solvent molecules compete 

with the solute molecules to provide energetically favorable contact with the lowest overall 

free energy. For this reason the simple empirical relationship holds true that high solubility 

and small aggregation constants are expected for π-conjugated systems in chlorinated solvents 

like CH2Cl2 and CHCl3 (“good” solvents) whilst solubilizing peripheral substituents are 

demanded to enable the dissolution of these molecules in “bad” solvents like water or 

aliphatic media. Although the substituents enable the dissolution of many dyes, the solvation 

of the π-core remains poor due to the unfavorable dispersion interaction between the π-system 

(high polarizability) and the solvent (low polarizability). This imbalanced situation will 

accordingly lead to higher aggregation even in the absence of additional specific solvophobic 

effects.  

To some extent, the aggregation of the dye molecules in various solvents can be correlated 

with the polarity of the solvent which may be described as a function of the relative 

permittivity εr, and the refractive index n or by empirical polarity scales such as ET(30). In 

general, an increase of the polarity of the solvent leads to a decrease of the aggregation 

constants. For instances, we have reported the dependence of the aggregation constant for PBI 

7b on solvent effects.[38] This compound provided aggregation constants of 1.5 × 107 M-1 in 

MCH (εr = 2.0), 1.6 × 106 M-1 in dibutyl ether (εr = 3.0), and 1.6 × 103 M-1 in dichloromethane 

(εr = 8.9). A more detailed study of the solvent effect on the aggregation of this dye is given in 

Chapter 4 of this thesis. 

As expected, solvents have a strong effect on the dimerization of dipolar merocyanine dyes. 

The dimerization constants were evaluated for dye 18a in solvents of different polarity (Table 

6). The occurrence of well-defined dimer bands and isosbestic points for this dye in all the 

concentration-dependent spectra indicates the formation of dimers in all solvents but within 

quite different concentration ranges.[58] The dimerization energy of 18a is very sensitive to the 

relative permittivity εr. In the most polar solvent of this study, dichloroethane (DCE, εr = 

10.42), a dimerization constant of 12 M-1 is obtained, which is two orders of magnitude lower 

than that in less polar butyl acetate (εr = 5.07) and six orders of magnitude lower than that in 

the least polar solvent in this study, CCl4 (εr = 2.24). Further more, an excellent linear 

correlation between the Gibbs dimerization energy of 18a and Kirkwood-Onsager function  (εr 

− 1)/(2εr + 1) with a correlation coefficient of 0.99 has been observed (Figure 10).[58] These 

results indicate that the dimerization process of these merocyanines is dominated by 
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electrostatic dipole-dipole interactions between the molecules since the Kirkwood-Onsager 

function considers only the electrostatic contributions, i.e. the solvent dipolarity. In contrast, 

the solvents dioxane and benzene exhibit significant deviations since the microscopic solvent 

polarity of these solvents is correctly described by εr due to substantial quadrupole moments 

of the solvent molecules.[63] 
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Figure 10. Dependence of the Gibbs dimerization energy for dye 18a on the Kirkwood-Onsager polarity 

function of the solvent.[58] 

 

Solvophobic effect is another factor of importance for the π-π self-aggregation and an 

ongoing issue of debate. Such effect may be very useful for the formation of strongly 

aggregated supramolecular species in polar solvents, particularly in water, where this effect 

can be attributed to the release of highly organized water molecules around the π-surface into 

the less ordered bulk liquid, which is an entropically driven process.[28,63,64] As shown by the 

data in Table 1, the dimerization constants of benzene and naphthalene derivatives in water 

are much higher than those found in organic solvents. Likewise, for water soluble PBIs 7a, a 

dimerization constant of 1 × 107 M-1 has been observed which is among the highest values 

reported for this class of dye. Furthermore, this effect has been applied as a driving force to 

trigger the folded structures of PBIs,[ 65 ] the helix-coil transition for oligo(phenylene 

ethynylenes),[22] and the formation of helical tubule structures of amphiphilic HBCs.[13] 
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2.5 Columnar Liquid Crystals Formed by π-Conjugated Molecules: Applications as 

Charge Transport Materials 

In the condensed state, self-organization of the π-conjugated molecules with appended 

solubilizing side chains can lead to the formation of thermotropic columnar liquid crystalline 

(LC) phase,[ 66 ] which was first discovered by Chandrasekhar et al in 1977 for 

hexa(alkanoyloxy)benzenes.[67] In recent years, spearheaded by work of Ringsdorf et al. on 

photoconductive LC triphenylenes,[ 68 ] this type of mesomorphic materials has been 

intensively investigated and a large amount of molecules exhibiting columnar LC phases have 

been reported. Most of these molecules bear a disk-shaped rigid π-conjugated core and 

flexible substituents, for example, hydrocarbon chains. In LC phases, the rigid aromatic cores 

self-assemble into columns consisting of cofacially stacked π-systems which are surrounded 

by the disordered side-chains.[69] These columns are further arrayed into a 2D lattice. The 

side-chains of the molecules are in quasi liquid state, homogenously filling the space between 

the rigid cores of the columns and contributing to the liquid-like behavior of the substances.[70] 

In addition, motion of the individual disk such as longitudinal displacement or rotation around 

the columnar axis may occur in columnar LC phases owing to its fluid properties,[71] leading 

to disordered columnar mesophases (Figure 11a). 

In contrast, if the centers of the disks are separated at a regular distance along the stacking 

axis, this phase is regarded as ordered columnar phase (Figure 11b). The ordering of the 

molecules along the stacking axis can be distinguished by X-ray diffraction. If the molecules 

are highly ordered in this direction, a sharp reflection can be observed at wide angles 

(periodicity around 3.5-4.5 Å) and for less ordered packing this peak is broad or absent. On 

the other hand, the stacking of the molecules could be horizontal or tilted (Figure11c). The 

center to center distances between two adjacent molecules is defined as the intracolumnar 

distance (Figure 11d) and it always longer than the π-π distance.  

Intracolumnar 
distance

π-π distance

a) b) c) d)  
Figure 11. Schematic representation of columnar LC structures: a) horizontal and disordered column, b) 

ordered column, c) tilted column and d) the distances within the columns. 
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The 2D organization of the columns may lead to different LC columnar phases. With 

positional order in two dimensions, LC phase with different 2D pattern, such as hexagonal 

(Colh), rectangular (Colr) or oblique (Colob) phase, could be formed (Figure 12).[72] These 

columnar phases could be intracolumnar ordered or disordered. In general, the columns with 

round cross-section lead to hexagonal phase whereas the columns with elliptical cross-section 

yield rectangular or oblique phases.[73] The two latter phases are most commonly observed for 

tilted columns (Figure 11c) while hexagonal phase is indicative for untilted case (Figure 

11a,b). If the orientational order of columns is maintained, whereas positional long range 

order is completely lost, the mesophase is a columnar nematic phase (Ncol).[74] If the parallel 

orientated columns are arranged in layers, the lamellar columnar phase (ColL) is formed. The 

ColL phase is described by one lattice parameter, i.e. the thickness of the layer.   

Colh Colr Colo
a) b) c)  

Figure 12. Two-dimensional lattices of columnar LC phases: a) hexagonal (P6 2/m 2/m), b) rectangular (P21/a) 

and c) oblique (P1). 

 

The columnar stacking of the π-conjugated systems enables electronic orbital interactions 

between the molecules, which can lead to a decrease of the energy gap between the LUMO 

and HOMO of the molecules. If the orbital interactions are strong enough, even a “band” 

structure consisting of continuum energy levels might arise. These features will facilitate the 

mobility of free charge carriers (electrons and holes) along the stacking direction. Thus, such 

columnar liquid crystals are promising charge transport materials. The charge carrier 

mobilities of these materials can be measured by time-of-flight (TOF)[75] or pulse radiolysis 

time-resolved microwave conductivity (PR-TRMC) method.[76] The latter can be applied on 

pristine samples whereas well-aligned samples are required in TOF measurement. Thus, TOF 

method is difficult to apply for pristine sample since most of the discotic materials are prone 

to supercooling into a glassy state that cannot be crystallized easily.[ 77 ] For qualitative 

comparison of different compounds and mesophases, charge carrier mobility values obtained 

by the same techniques should be used.  
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Chart 11. Chemical structures of some reported liquid crystalline triphenylenes and HBCs. 

 

Most π-conjugated systems discussed before, such as triphenylenes, hexabenzocoronenes, 

perylene bisimides, porphyrins, and phthalocyanines form π-stacks in solution as well as 

columnar LC phases in the condensed state. As one family of the earliest reported discotic 

LCs, triphenylenes have been investigated widely. The LC properties of the hexaalkoxy-

substituted triphenylene 5a (Chart 2) has been reported by Destrade et al already in 1979.[78] 

Upon melting at 68 °C, this compound enters a hexagonal columnar phase (Colh) which 

exhibits a clearing point at 97 °C. This compound shows PR-TRMC mobilities of 0.012 and 

0.0020 cm2V-1s-1, respectively, for crystal and LC phase. It can form spontaneous 

homeotropic alignment by simply cooling from isotropic liquid between two glass plates 

without any surface treatments of the substrate.[76]  

In contrast to 5a, triphenylene 5d contains sulfur instead of the oxygen atoms as linkage 

between the alkyl chains and the aromatic core. Upon melting from the crystal phase, this 

compound forms a highly ordered helical columnar (H) phase before it enters into the 

disordered hexagonal columnar phase (Colh).[69]  The overall phase sequences is K 62°C H 

70°C Colh 93°C I. Accordingly, for this compound LC phases that exhibit short-range 

intracolumnar ordering (Colh phase) as well as long-range intracolumnar ordering (H phase) 

were found. Such example has been reported very rarely. The H phase of this compound 

shows a very high photoinduced charge carrier mobility of 0.1 cm2V-1s-1 (TOF method) and a 

PR-TRMC mobility of 0.09 cm2V-1s-1 while the mobility of the Colh phase is around 10-3 

cm2V-1s-1(TOF method) and 0.008 cm2V-1s-1 (PR-TRMC method).[69, 79 ] A mesogenic 

triphenylene with fluoroalkyl chains 5e (Chart 11) was also prepared.[80] This compound can 

easily form a spontaneous homeotropic alignment of the molecules in Colh phase on 
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polyimide-coated substrates which was attributed to the fluorophobic interaction between the 

fluoroalkyl chains and the surface material.  

As for triphenylenes, the LC properties of HBCs have been studied intensively.[ 81 ] 

Compound 6d shows a crystal-LC phase transition at around 90 °C while 6e-f with larger 

core-size exhibit hexagonal columnar phases between room temperature and the 

isotropization point (> 400 °C). Transitions between different columnar phases have been 

observed for 6e-f. Interestingly, the 2D X-ray diffraction pattern of 6f indicates a helical 

arrangement of the disks within the columns. In this structure, successive disk rotation of 15° 

takes place around the column axis. Such highly ordered helical stacking seems to be 

necessary for the efficient packing of the large π-systems with six appended 

diphenylacetylene arms that are non-coplanar with the flat HBCs core. Accordingly, the 

columnar phase of 6f is comparable to the H-phase observed for triphenylene 5b. The charge 

transport properties of 6d and 6e have been studied by PR-TRMC technique and one-

dimensional mobilities of about 0.38 and 0.22 cm2V-1s-1 was obtained for LC phases of 6d 

and 6e, respectively, while a value of 0.96 cm2V-1s-1 was observed for the crystal phase of 

6d.[80] 

N
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N

N

N

NM

R

R

R
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R

R
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15
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15f: M= H2, R=

OC12H25O

OC12H25

15g: M= H2, R=

OC12H25

 
Chart 12. Chemical structures of some reported liquid crystalline phthalocyanines. 

 

As one of the most important n-type semiconductors,[38] liquid crystalline PBIs 7b and 8a-c 

(Chart 4) have been reported previously by our group. X-ray diffraction studies revealed Colhd 

phases for 7b and 8b, while Colho phases were observed for 8a and 8c with intracolumnar 

distance of 3.7 Å and 4.5 Å, respectively. The lattice parameter of the hexagonal phases 

decreases from 32.5 Å for the unsubstituted dye 7b to 28.7 Å for dye 8c. These LC phases are 

stable from room temperature up to the clearing points between 283 °C (8a) and 373 °C (7b), 

as shown by differential scanning calorimetry studies.[21] The charge carrier mobility of these 

compounds are studied by PR-TRMC method and values of 0.008 to 0.019 cm2V-1s-1 were 

obtained for these compounds.[82]  
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Another intensively studied class of discotic LC semiconductors is given with 

phthalocyanine whose crystalline counterparts are widely applied in xerographic 

photoreceptors.[7] For example, the thermotropic behavior and charge transport properties of 

the mesogenic phthalocyanines 15d-g (Chart 12) have been reported. Crystal-LC phase 

transitions at 95 °C, 77 °C, and 117 °C were observed, respectively, for dyes 15d, 15e, and 

15f.[83] Upon cooling, the mesophases recrystallize slowly at room temperature. Columnar 

hexagonal LC phase has been assigned to the three dyes with a π-π distances of 3.5-3.6 Å. In 

contrast with dyes 15d-f, the dye 15g exhibits a more complicate phase behavior.[ 84 ] 

Transitions between different LC phases have been observed for this compound. The 

prevailing columnar hexagonal phase of 15g at lower temperature can transform to a 

rectangular phase upon increasing temperature (106 °C). Upon further heating, a tetragonal 

phase was observed at 149 °C which transforms slowly to a cubic phase. For the columnar 

tetragonal phase of this dye, perfect homeotropic alignment without domain boundaries can 

be achieved between quartz glass plates with a “face-on” geometry, i.e. the columns grow 

perpendicular to the substrate plane.  

For the dyes 15d,e, PR-TRMC charge carrier mobilities of 0.051 and 0.28 cm2V-1s-1, 

respectively, have been reported in their Colh phase while in the same phase the dye 15g 

exhibits a value of 0.18 cm2V-1s-1.[78,81] For both phthalocyanines and triphenylenes, larger 

charge carrier mobility were favored for the compounds containing alkylthio groups (15e and 

5d) compared to the analogues containing alkoxy chains (15d and 5a), indicating that sulfur 

might be a key element for higher conductivity in the discotic LCs.  

Taking into account their self-assembling and charge transport properties presented above, 

these polyaromtic π-conjugated systems are promising materials for organic electronic 

applications, such as organic light emitting diodes (OLEDs), organic field-effect transistors 

(OFETs) and solar cells. The self-assembling properties of the molecules provide possibilities 

for low-cost device fabrication, such as spin-coating or zone-casting from solution of the dye 

aggregates, or upon cooling from the isotropic state to form well-aligned conductive channels 

between electrodes.[38] Optimized self-assembling, photophysical and charge transport 

properties can be realized by reasonably designed π-conjugated systems. In the next chapters, 

our investigation on PBI dyes aiming towards these goals will be presented.  
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CHAPTER 3 
 

Photoluminescence and Conductivity of Self-
Assembled π-π Stacks of an Archetype 

Columnar Liquid Crystalline Perylene Bisimide  
 

 
Abstract: The self-assembly of a new, highly fluorescent perylene bisimide dye 2 into π-

stacks both in solution and condensed phase has been studied in detail. The NMR and vapor 

pressure osmometry (VPO) measurements revealed the formation of extended π-π stacks of 

the dye molecules in solution. The aggregate size determined from VPO and DOSY NMR 

measurements agree well with that obtained from the concentration and temperature-

dependent UV/Vis spectral data by employing the isodesmic model (equal K model). In 

condensed state, dye 2 possesses a hexagonal columnar liquid crystalline (LC) phase as 

confirmed by differential scanning calorimetry (DSC) and X-ray diffraction analysis. The 

columnar stacking of this dye has been further explored by atomic force microscopy (AFM). 

A color-tunable luminescence from green to red has been observed upon aggregation which is 

accompanied by an increasing lifetime and depolarization of fluorescence. The observed 

absorption properties can be explained in terms of molecular exciton theory.[1] The charge 

transport properties of dye 2 have been investigated by pulse radiolysis-time resolved 

microwave conductivity measurements and a 1D mobility value as high as 0.42 cm2V-1s-1 is 

obtained. Considering the promising self-assembly, semiconducting, and luminescence 

properties of this dye, it might serve as a useful functional material for nano(opto)electronics. 
 
[1] Spectra calculation was performed by J. Seibt in the group of Prof. V. Engel at University of Würzburg. 

Charge carrier mobilities were measured at Technical University of Delft by P. Prins in the group of Prof. L. D. 
A. Siebbeles. 
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3.1 Introduction 

Functional dye assemblies possessing energy and charge transport properties have attracted 

considerable attention in materials as well as in biological sciences in the past years.[ 1 ] 

Inspired by the pivotal role of self-assembled chlorophyll dyes in the photosynthesis of green 

plants,[2] efforts have been devoted to the rational control of the self-assembly process of 

artificial functional dyes in particular with respect to applications in organic electronic 

devices. For example, columnar liquid-crystalline and amphiphilic tubule-forming 

hexabenzocoronenes have been successfully prepared that exhibit promising optical and 

electrical properties.[3] Furthermore, well-ordered multi-component assemblies of p- and n-

type semiconducting π-electron systems have been constructed for efficient charge carrier 

separation upon illumination.[4]  

Among functional dyes, perylene tetracarboxylic acid bisimides (PBIs) have been 

investigated quite intensively[ 5 ] due to their favorable properties, such as light fastness, 

intense photoluminescence,[6] and outstanding n-type semiconductivity.[7] Thus, these dyes 

and their assemblies find application as functional units in artificial light harvesting systems,[8] 

photoinduced electron transfer systems,[9] and organic electronic devices such as organic light 

emitting diodes (OLED),[ 10 ] organic thin-film transistors (OTFT),[ 11 ] and solar cells.[ 12 ] 

Different types of molecular forces such as hydrogen bonding, π-π stacking and metal-ligand 

interactions have been applied to direct the formation of desirable supramolecular structures 

of PBIs.[5] Among these non-covalent interactions, π-π stacking plays an important role in the 

self-assembly of PBI dyes and can determine the texture of thin films prepared by solution 

processible techniques such as spin-coating or zone-casting for device fabrication.[13] In some 

cases it has been shown that π-stacks can be transferred on substrates by simple solution 

casting method.[14] Another important property of PBIs that is determined by π-π stacking is 

their thermotropic or lyotropic liquid crystallinity,[ 15 ] which leads to the formation of 

columnar dye stacks that can enable 1D charge carrier mobility.[16] It has been found that in 

such liquid crystalline (LC) phase, the transport of charge carriers along the column axis is 

several orders of magnitude faster than that in perpendicular direction.[17]  

In general, the liquid crystallinity of polyaromatic compounds arises from micro-

segregation of a large-size rigid aromatic core and flexible, non-bulky alkyl chains.[18] In our 

previous work,[15a] tridodecyloxyphenyl groups were introduced at the imide positions of a 

PBI to obtain the LC PBI dye 1 (Scheme 1) which exhibits high charge carrier mobility.[15d] 

However, neither in monomeric nor in aggregated state is dye 1 fluorescent. Noteworthy, 



 
Chapter 3                                                                    Self-Assembled π-π Stacks of Perylene Bisimide  

 49

fluorescence quenching was also observed for a calix[4]arene-functionalized PBI derivative, 

which contains alkoxyphenyl groups at imide positions.[19] The fluorescence quenching in 

these chromophores is attributed to photoinduced electron transfer from the electron-rich 

alkyloxyphenyl groups to the perylene bisimide units.[15a, 20] In contrast, recently we have 

observed that PBI dye 2 (Scheme 1), which contains trialkylphenyl groups, instead of 

trialkoxyphenyl groups at the imide positions, and its aggregates exhibit unique fluorescence 

properties.[21] Here we present our detailed investigations on self-assembly, both in solution 

and condensed state (liquid crystallinity), of this newly synthesized PBI dye 2, and report on 

optical and charge transport properties of its π-π-stacked aggregates.  

 

3.2 Results and Discussion 

3.2.1 Synthesis  

The synthesis of the trialkylphenyl-functionalized PBI 2 was achieved in three steps 

(Scheme 1).  
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Scheme 1. Chemical structures of the trialkoxyphenyl-containing PBI dye 1[15a], trialkylphenyl-functionalized 

PBI 2, and the two reference PBIs 3 and 4.[22] Synthesis of PBI 2: a) Pd(PPh3)2Cl2, CuI, Et3N, 80 °C; 4 h, 90%. b) 

H2, Pd/C, EtOH/EtOAc; RT, 24 h, 53%. c) Perylene-3,4:9,10-tetracarboxylic acid bisanhydride, Zn(OAc)2, 

quinoline, 180 °C, 2 h, 56%.  

 

 First, the precursor 5 was synthesized according to Sonogashira coupling reaction [ 23 ] 

between 1-dodecyne and 3,4,5-triiodonitrobezene[24] in 90% yield. Subsequent reduction of 

the triple bonds and the nitro group of 5 was accomplished by Pd-catalyzed hydrogenation to 
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give aniline 6. Finally, the condensation of 6 with perylene tetracarboxylic bisanhydride in the 

presence of Zn(OAc)2 as catalyst [ 25 ] afforded the desired PBI 2, which was fully 

characterized by 1H NMR, MS, and elemental analysis. 

 

3.2.2 Temperature and concentration-dependent aggregate formation in solution 

The aggregation behavior of PBI 2 was first studied by temperature-dependent 1H NMR 

spectroscopy. In CDCl3 solution, a simple pattern of sharp signals for the perylene protons 

was observed, indicating that the compound is in monomeric form  in this polar solvent 

(Figure 1). However, when it was measured in nonpolar deuterated methylcylcohexane (D14-

MCH), drastic changes compared to the spectrum in CDCl3 were observed, apparently due to 

aggregation. In D14-MCH at 299 K, the spectrum displayed a large number of signals that 

overlap with each other in the range between 9.2 to 6.5 ppm due to different aggregated 

species. The complex pattern of the spectrum and high or low-field shift of proton signals, 

compared to those of monomeric species, can be interpreted in terms of shielding or 

deshielding of the protons by π-systems of neighboring dye molecules that are stacked closely 

in aggregates (could be as close as 3.4 Å according to the crystal structures of unsubstituted 

PBIs[5]).  

The 1H NMR spectra observed for 2 in D14-MCH are significantly different from those 

reported for a related PBI derivative in CDCl3 where fast exchange between monomer and 

aggregates took place.[ 26 ] In the latter case, the spectra were of simple pattern that are 

comparable with these of monomer species and only high-field shifts of the perylene proton 

signals were observed. Thus, the complex spectral pattern of 2 in D14-MCH at 299 K indicates 

that the formed aggregates are kinetically relatively stable on NMR-time scale at this 

temperature. Upon gradual increase of temperature from 299 K to 360 K, the sharp signals of 

aggregates at 299 K have increasingly broadened and at 370 K (near the boiling point of the 

solvent) the spectrum displayed a relatively simple pattern with three broad signals. One of 

them appears at 7.0 ppm which corresponds to the chemical shift for imide phenyl protons in 

the monomer and the remaining two high-field shifted signals belong to perylene protons. 

These spectral changes indicate the "melting" of the aggregates. At higher temperatures than 

RT, more rapid exchanges between monomer and aggregated species take place and only 

averaged proton signals can be observed, as the spectrum at 370 K shows. Furthermore, in the 

concentration-dependent 1H NMR spectra of 2 in D14-MCH at 298 K, gradual changes in 

spectral shape and an increase of signal number for aromatic protons were observed with 
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increasing concentration of 2. These temperature and concentration-dependent NMR studies 

reveal formation of π-π-stacked oligomeric aggregates of PBI 2 in nonpolar MCH.  

6.57.07.58.08.59.09.5
δ / ppm

a
b

cCHCl3

CDCl3
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D14-MCH 
370 K

360 K

341 K

321 K

299 K

 
Figure 1. Temperature-dependent 600 MHz 1H NMR spectra of PBI 2 (1.1 × 10-3 M) in D14-MCH at 299 K to 

370 K and in CDCl3 at 298 K. (The signals labeled as a, b are assigned to perylene ring protons and signal c to 

the protons of phenyl groups at imide positions).  

 

To further substantiate the formation of extended PBI 2 aggregates in solution, DOSY 

(diffusion ordered spectroscopy) NMR experiments were performed.[ 27 ] The translational 

diffusion coefficient D [m2s-1] of molecular species can be estimated by the Stokes-Einstein 

equation: D = kBT / (6πηR), where T is the temperature, η is the viscosity of the solvent, R is 

the hydrodynamic radius of the molecule or assembly and kB is the Boltzmann constant. 

According to this equation, the D value is inversely proportional to the hydrodynamic radius 

(R) of a molecule. Thus, the size of species could be compared based on their diffusion 

coefficients when the other parameters are identical. For PBI 2, only a single apparent 

diffusion coefficient was observed at different concentrations for all the aggregated species. 

The same observation was made in a recent DOSY NMR study on the aggregation of proteins 

and was interpreted as a result of ensemble averaging of the diffusion coefficients of different 

species on macroscopic scale.[28] Such averaging could also be feasible for monomer-dimer 

equilibrium or equilibria involving higher aggregated species.[29 ] If only monomer-dimer 

equilibrium exists, the D values for both monomer and dimer species should be nearly 

identical, as shown by our previous studies on a coordination dimer of terpyridine-substituted 

perylene bisimide.[30] On the other hand, for highly aggregated species which have much 
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larger R values than monomers, obviously, a change of D values should be observable on 

DOSY NMR spectra.  

As the monomeric form of 2 can only be obtained at very low concentrations (see UV/Vis 

studies), thus, a reference PBI 3, which has a nearly identical molecular mass (1528 g/mol) as 

2 (1552 g/mol) and does not aggregate owing to its extremely bulky substituents (verified by 

UV/Vis spectroscopy and VPO at 10-2 mol L-1 in MCH), was used for comparison. For all the 

aromatic signals of 2, D value of 1.57 ×10-10 m2s-1 was observed at a concentration of 1.1 × 

10-3 M, while the reference compound 3 showed diffusion coefficient of 3.40 × 10-10 m2s-1 at 

1.3 × 10-3 M. The large difference between the D values of 2 and monomeric 3 indicates that 

the hydrodynamic radius of the present species of 2 are much higher than that of the reference 

compound. These data clearly indicate formation of extended aggregates of dye 2 in MCH. 

Furthermore, a gradual decrease of the D value from 1.57 ×10-10 m2s-1 to 7.36 × 10-11 m2s-1 

was observed, when the concentration of the solution was increased from 1.1 × 10-3 to 0.11 M 

(Figure 2), indicating the increase of the hydrodynamic radius of the aggregates.  
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Figure 2. DOSY NMR spectra of (a) PBI 2 at c = 0.11 M and (b) the reference compound 3 at c = 1.3 × 10-3 M 

in D14-MCH. The diffusion coefficients D [m2 s-1] are plotted in a logarithmic scale against chemical shift δ 

[ppm]. 

 

This diffusion method can also provide the average aggregation number per stack as the 

cube root of molecular weight of aggregates has been suggested to be proportional with D-1 by 

simplistically taking all oligomers to be hydrodynamically spherical.[27,31] Thus, the average 

aggregate size of 2 can be estimated as NDOSY ≈ (Dref / D)3, since the difference of the 

molecular mass of 2 and reference compound 3 is negligible, where Dref, D are the 

translational diffusion coefficients obtained from DOSY NMR measurements for  reference 
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compound 3 and PBI 2, respectively. It is worth to note that this estimation is only an 

approximate approach since the hydrodynamic shape of the aggregates deviates from 

spherical shape. The average numbers of aggregated dye 2 were estimated at three different 

concentrations and are given in Table 1.  

Owing to the strong convection effect at higher temperatures in solution, it is difficult to 

obtain the DOSY spectra at higher temperatures. Therefore, temperature-dependent 

aggregation of 2 was studied by vapor pressure osmometry (VPO), which is based on the 

colligative properties and provides average molecular weight of the aggregates formed. At 40 

°C, 50 °C, and 60 °C and a concentration of 5.0 × 10-3 M-1, average molecular weight of 1.4 × 

104, 1.1 × 104, and 9 × 103 Dalton were obtained, respectively, which correspond to average 

aggregate sizes of 9, 7, and 6 aggregated molecules, respectively, for dye 2. The results of 

DOSY NMR and VPO experiments confirm convincingly that in MCH extended aggregates 

of 2, rather than dimer, are preferentially formed at different concentrations and temperatures. 

To obtain more insight into the thermodynamics of the aggregation process of PBI 2, 

concentration and temperature-dependent UV/Vis spectroscopic studies were performed. At 

very low concentrations (non-aggregated state), the UV/Vis spectra (Figure 3) displayed 

absorption bands between 400 and 550 nm for the S0-S1 transition of the PBI chromophore 

with λmax = 517 nm and well-resolved vibronic structure that can be ascribed to the breathing 

vibration of the perylene skeleton which strongly coupled with the S0-S1 transition polarized 

along the long axis of the molecules.[32] Upon increasing the concentration, the apparent 

absorption coefficients decrease gradually and the spectra become broader and less structured, 

reflecting the electronic coupling between the chromophores. Furthermore, a hypsochromic 

shift of λmax of about 27 nm (1000 cm-1) and a progressive evolution of a new broad 

bathochromically shifted band at 538 nm is observed. At 490 nm and 529 nm, there appear to 

be isosbestic points, which, however, shift slightly from 490 to 492 nm and 529 to 531 nm 

upon increasing concentration. These spectral features are highly indicative for the formation 

of face-to-face stacked dye aggregates. 

In general, the π-π stacking of disk-shaped molecules generates one-dimensional 

aggregates reversibly in solution and the aggregation behavior can be ascribed to the strong π-

π interactions among discotic molecules. Such open-ended linear aggregates are usually 

polydisperse and their formation can be described by equal K or isodesmic chemical 

equilibria,[33] in which a constant K value is assumed for all the binding processes. Nonlinear 

least-square regression analysis of the concentration-dependent UV/Vis spectral data showed 
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that the aggregation behavior can be well described by this model. The value of K at room 

temperature was determined as 9.7 × 104 L mol-1, which is about two orders of magnitude 

smaller than that of the previously reported structurally similar PBI dye 1[15a] in same solvent, 

indicating that the chemical nature of the substituents play an important role in the 

aggregation strength. 
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Figure 3. (a) Concentration-dependent UV/Vis absorption spectra of PBI 2 (2.1 × 10-7 M to 1.1× 10-3 M) in 

MCH at room temperature. Arrows indicate the changes upon increasing the concentration. Inset: Fraction of 

aggregated molecules αagg for PBI 2 as a function of concentration in MCH obtained by fitting the apparent 

absorption coefficients at λ = 517 nm to the isodesmic model. (b) Temperature-dependent UV/Vis absorption 

spectra of 2 from 0 to 90 °C (5.0 × 10-4 M). Arrows indicate the changes upon decreasing the temperature (90 °C 

to 0 °C). Inset: αagg of 2 versus temperature. 

 

In the temperature-dependent UV/Vis spectra of 2 (Figure 3b), the spectral changes are 

highly comparable with those observed in concentration-dependent measurements. A 

“melting” temperature[34] of 47 °C was calculated for the phase transition from aggregated 

dyes to molecularly dissolved species for 2. Temperature-dependent UV/Vis spectra of dye 2 

were recorded at different concentrations and aggregation constants K were determined at 7 

different temperatures (Table 2). The enthalpy and entropy contributions to the Gibbs free 

energy changes for the aggregation of 2 were evaluated from a van’t Hoff plot (Figure 4). A 

plot of lnK versus T–1 shows a perfectly linear relationship (correlation coefficient 0.999) and 

the standard enthalpy and entropy are determined to be ΔHº = –56.3 ± 1.1 kJ mol–1 and ΔSº = 

–95.8 ± 3.6 J mol–1K–1. The negative enthalpy and entropy values indicate that the self-

assembly process is enthalpy driven. 
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Figure 4. Van’t Hoff plot for the temperature dependence of the aggregation constant K of 2 in MCH. 

 

Based on isodesmic model, the molar fractions of n-mer aggregates αn and the average dye 

numbers per stack N (average aggregation number) at different concentrations and 

temperatures can be calculated from the equations 1 and 2, respectively, where K is the 

aggregation constant and cT is the concentration of 2. From these equations, the average 

numbers of aggregated dyes vs. concentration at different temperatures were calculated 

(Figure 5). The obtained values are shown in Table 1 and they are in good agreement with 

those determined from DOSY and VPO measurements.  
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Figure 5. (a) Molar fraction of n-mer aggregates αn of PBI 2 as a function of total concentration cT. (b) 

Calculated average aggregation size N of 2 versus total concentration cT at different temperatures from 283 K to 

343 K with 10 K interval. 
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Table 1. Average number of aggregated molecules N of PBI 2 at different concentrations and temperatures 

obtained from DOSY, VPO and UV/Vis spectroscopic measurements. 

 

T [°C] cT [mol L-1] NVPO NDOSY NUV/Vis 

25 1.1 × 10-3  10 10 

25 2.2 × 10-2  20 42 

25 1.1 × 10-1  99 93 

40 5.0 × 10-3 9  11 

50 5.0 × 10-3 7  8 

60 5.0 × 10-3 6  6 

 
Table 2. Aggregation constant K of dye 2 in MCH at different temperatures. The unit of K is M−1. 

10 °C 20 °C 30 °C  40 °C  50 °C  60 °C  70 °C 

2.6 × 105 1.2 × 105  4.4 × 104 2.3 × 104 1.2 × 104 6.2 × 103 3.6 × 103 

 

Although UV/Vis spectroscopy was performed at lower concentration range than for 

DOSY NMR and VPO measurements, the data summarized in Table 1 show that in most 

cases the aggregate size derived from UV/Vis spectroscopy at high concentrations agrees well 

with those determined from NMR and VPO measurements. Thus, a combination of different 

methods, such as UV/Vis spectroscopy, diffusion NMR and VPO, that have different 

concentration windows can be used to obtain a consistent picture for the formation of π-π-

stacked assemblies, as convincingly demonstrated for dye 2 in nonpolar organic solvent. 

 

3.2.3 Self-organization properties in condensed state  

Aggregation studies of dye 2 in solution (vide supra) have revealed strong π-π interactions 

among the dyes, thus, it is expected that this dye also possesses self-organizing properties in 

condensed state, i.e. mesophase formation. Indeed, differential scanning calorimetry (DSC), 

optical polarizing microscopy as well as X-ray diffraction studies with the bulk samples of 2 

unequivocally confirm liquid crystallinity (LC) of this dye. The DSC thermogram (Figure 6) 

of this compound shows a crystal-LC phase transition with an endothermic peak at 85 °C with 

ΔH of 71 Jg−1 (melting of the alkyl chains) and a LC phase-isotropic phase transition at 300 

°C with ΔH of 12 Jg−1. The clearing point of 2 is about 70 °C lower than that observed for the 

trialkoxyphenyl-substituted PBI 1. No subsequent recrystallization took place as no 
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transitions corresponding to the first endothermic peak were observed on cooling and second 

heating, indicating that the recrystallization is kinetically suppressed.  
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Figure 6. Left: Differential scanning calorimetry profile of PBI 2: First heating and first cooling (solid line) and 

second heating (dotted line). Right: Optical texture of dye 2 between two crossed polarizers obtained by cooling 

the sample from isotropic phase. 

 

Under the polarizing optical microscope, a dendritic texture was observed for the LC phase 

of 2 (Figure 6). The X-ray diffraction (XRD) measurements were performed for the bulk 

sample of 2 after cooling from 115 °C to room temperature (Figure 7). In the diffraction 

pattern, the sinθ values of the two peaks at 2θ = 3.04° and 2θ = 5.26° have a ratio of 1:31/2. 

This result is in accord with a hexagonal phase of 2 with a cell parameter of 3.35 nm, which is 

nearly identical with that reported for the structurally similar dye 1 containing trialkoxyphenyl 

groups.[15a] The diffused halo displayed at around 20° can be attributed to the disordered alkyl 

chains. The absence of sharp peak in this region reveals a disordered stacking along the 

column axis. Owing to the elongated nature of 2 and the fact that, generally, columnar 

hexagonal phases possess a circular cross-section, a rotational displacement of the individual 

dye units along the π-π-stacking direction in LC phase can be implied, as the model in Figure 

8 shows. Molecular modeling study revealed a length of about 4.9 nm for compound 2 with 

fully extended conformation of the alkyl chains. The observed diameter of the column by X-

ray analysis is 30% shorter. This can be attributed to the alky chain tail folding and 

interdigitating into neighboring columns, as pointed out by Percec et al. for other systems.[35] 

In the lowest energy conformation of 2 that is assessed by molecular modeling, the two 

phenyl rings at imide positions are not co-planar with the perylene bisimide unit (Figure 8). 

Due to the bulkiness of the two phenyl rings, a rotation displacement is demanded for the π-π-

stacking of dye 2. 



 
Chapter 3                                                                    Self-Assembled π-π Stacks of Perylene Bisimide  

 58

0 4 8 12 16 20 24 28 32
0

1

2

3

4

5

 

 

In
te

ns
ity

 / 
a.

u.

2θ / degree

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

0.1

0.2

 

 

 
In

te
ns

ity
 / 

a.
u.

 

2θ / degree

100

110

110

 
Figure 7. X-ray diffraction pattern for a sample of PBI 2 cooling from 115 °C to RT. Inset: enlarged section. 

a)

b)

4.9 nm

r = 1.7 nm
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Figure 8. (a) Molecular structure of PBI 2 with fully extended alky chains. (b) Top view of a columnar stacking 

model of dye 2 with a rotational displacement of 60° of the molecular planes. (c) Side view of the stack (for 

clarity phenyl groups, instead of trialkylphenyl groups, are shown in the molecules). 

 

The unique columnar stacking feature of PBI 2 was further verified by atomic force 

microscopy (AFM) studies. For this purpose, thin films were prepared by spin-coating of 

solution of PBI 2 on highly ordered pyrolytic graphite (HOPG). Tapping mode AFM images 

of the samples revealed multilayer structures (Figure 9a) with the height of 2.3 nm between 

the top and the adjacent layer. A high resolution image (Figure 9b) showed that the top layer 

is composed of long and bended columns which formed a fingerprint-like structure. Cross-

section analysis of the lateral structure and 2D Fourier transformation of the AFM image 

revealed a mean value of 3.9 ± 0.3 nm for the distance between neighboring columns which is 

in good agreement with that observed by X-ray diffraction analysis for the liquid crystal phase 

of 2. When the thin film is prepared from CH2Cl2 solution, in which dye 2 is less aggregated, 
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structures with much shorter rods were observed (Figure 9c), revealing the solvent effect on 

the topology of the thin film. Based on these results, a structure model of the aggregates is 

proposed in Figure 9e. According to this model, the height difference between the layers (2.3 

nm) should be smaller than the diameter of the columns which is in agreement with our 

observations. As in the case of liquid crystal phase, the columns are segregated by the 

surrounding alkyl chains. The length of the columns ranges between 20 nm to several hundred 

nanometers which corresponds to columnar stacking of 60 to several thousand dye 2 

molecules on graphite surface, assuming a π-π distance of 3.5 Å as observed previously in 

several crystal structures of N,N’-diphenyl PBI dyes.[36] 
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Figure 9. AFM images of thin films spin-coated from a solution of 2 onto HOPG: (a) Topography image (from 

MCH solution, 4 × 10−4 M), (b) high resolution topography image (from MCH solution, 4 × 10−4 M), (c) high 

resolution topography image (from CH2Cl2 solution, 4 × 10−4 M), (d) cross-section analysis along the line in 

image (a), and (e) proposed model for the packing of columnar stacks on HOPG surface. 

 

3.2.4 Optical properties of the aggregates  

Most of the reported crystal structures of PBI dyes show a parallel packing of molecules 

along the long molecular axis with longitudinal and transversal offsets between adjacent 

dyes.[5] Only in very few cases rotational displacements that lead to a screw-type stacking of 

dyes have been found in crystals,[5,36] as observed for the LC phase of the present dye 2. As a 

consequence, novel optical and electrical properties might arise for the aggregates of dye 2. In 

Figure 10a, the UV/Vis spectrum of a thin film of 2 (inset) and concentration-dependent 

fluorescence spectra of 2 in MCH solution and of a thin film as well are depicted. Remarkably, 

the absorption and the fluorescence spectra of PBI 2 in thin film match perfectly well with 

those obtained in high concentration in MCH (Figure 3). This is very indicative for similar 
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packing features, in particular, with respect to the π-π stacking of the dye 2 in solution and in 

the condensed phase. Accordingly, not only XRD (columnar LC phase) and AFM (columns 

deposit from solution) but also optical spectroscopy (local contacts) provides evidence for 

identical or at least very similar arrangements for the aggregated dyes in solution, on surfaces 

and the condensed state. 
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Figure 10. (a) Concentration-dependent fluorescence spectra normalized at 518 nm (excited at the quasi-

isosbestic point at 469 nm) of PBI 2 (2.1 × 10-7 M to 2.1× 10-4 M) in MCH solution and solution-cast thin film 

(dashed line) at RT. The arrows indicate the changes upon increasing concentration. Inset: UV/Vis absorption 

spectrum of a spin-coated thin film of 2 annealed at 150 °C for 3 h. (b) Temperature-dependent fluorescence 

spectra of 2 in n-hexane (1.0 × 10-6 M, excited at 469 nm) from -5 °C to 50 °C. The arrows indicate the changes 

upon decreasing temperature. Inset: The integrated fluorescence intensity of the sample at different temperatures. 

(c) Total fluorescence intensity and intensity changes of the monomer and aggregate band upon increasing the 

concentration of dye 2. Inset: Photoluminescence of MCH solution of 2 (10-6 to 10-4 M) and a thin film of 2. (d) 

Plot of fluorescence intensity for solutions of dye 2 (squares) and reference PBI 4 (circles) in MCH against the 

absorption at λ = 469 nm (excitation wavelength for fluorescence measurements) of the MCH solutions upon 

increasing concentration. The curve for PBI 4 is obtained by fitting the data points in equation If = I0(1−10-A), 

where A is the absorption at the excitation wavelength, If is the integrated fluorescence intensity.  
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The concentration-dependent fluorescence spectra of 2 (Figure 10a) display an emission 

band at 500-650 nm for the monomeric dye 2 with well-resolved vibronic structure at low 

concentrations (< 10-6 M). Upon aggregation, a new broad band emerges at 600-850 nm 

(aggregate band) and its intensity increases strongly with increasing concentration. The long 

tail of this band reached the near infrared (NIR) region already at a concentration of 3 × 10-6 

M. Taking into account that the monomer band is absent, the emission spectrum of a spin-

coated thin film is very similar to that observed for concentrated solutions and only slightly 

shifted to lower energy (Figure 10a, dotted line). To shed more light into the fluorescence 

properties, temperature-dependent fluorescence spectroscopy studies were performed in the 

solvent n-hexane.[37] For this solvent, the highest aggregation constant is given which enables 

the formation of aggregated species even in very dilute solution. Accordingly, at low 

temperatures the broad aggregate band at 600-850 nm can be observed together with the 

monomer band (Figure 10b). Upon increasing the temperature, this band is slightly 

hypsochromically shifted and the intensity gradually decreased. Simultaneously, the intensity 

of the monomer band increased expectedly, indicating the transition of aggregates into 

monomeric species.  

Remarkable color and intensity changes of the fluorescence were observed upon variation 

of concentration as well as temperature of the solution of 2. In MCH, depending on the ratio 

of aggregated vs. total dye molecules αagg, the color of the fluorescence changed from green 

(αagg <0.3, N < 1.6), to yellow (αagg ≈ 0.7, N ≈ 2.3), orange (αagg ≈ 0.8, N ≈ 3.0), red (αagg > 0.9, 

N > 4.0), and deep red (thin film) (Figure 10c). The fluorescence quantum yield Φfl of 2 was 

determined as 0.63 in CH2Cl2 and 0.65 in MCH for highly dilute solutions, where only 

monomer band can be observed. Upon increasing the concentration, the fluorescence quantum 

yield decreased, although the fluorescence intensity increased continuously due to the higher 

concentration. By comparison of the observed fluorescence intensity with the non-aggregated 

reference PBI 4 (Φfl = 1.0 in MCH), the Φfl of 2 at 1 × 10-4 M in MCH is estimated as 0.4, 

which is about 60% of that observed for highly dilute solution (Figure 10d). Likewise, the 

decrease of the fluorescence intensity upon aggregation was also observed in the temperature-

dependent fluorescence spectra (Figure 10b, inset). In n-hexane, at -5 °C the intensity of the 

fluorescence decreased to about half of that at 50 °C where only monomeric dyes are present. 

From these data, we can calculate a fluorescence quantum yield of 30% for the aggregates in 

n-hexane which is still a quite high value for an emitter in the red to near IR region. 
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To elucidate further the fluorescence properties of the dye 2 aggregates, fluorescence 

lifetime τf and anisotropy were measured for MCH solutions (Figure 11). For a 2.5 × 10-5 M-1 

solution of 2, the fluorescence decays monitored at the monomer band (520 nm) and the 

aggregate band (650 nm) provided τf values of 3.2 ns and 32.7 ns, respectively. Thus, lifetime 

of the aggregate band is 10 times higher than that of the monomer band. Furthermore, 

fluorescence anisotropy was determined as 0.11 for the monomer band and 0.003 for the 

aggregate band. According to the theory, an anisotropy value as high as 0.4 is possible if no 

depolarization takes place neither by energy transfer processes to neighboring dyes nor by 

rotational diffusion. Practically, for low viscosity solvents the rotational diffusion of small 

fluorophores is fast and depolarization takes place. As mentioned, an anisotropy value of 0.11 

was observed for dye 2 monomer in MCH. Upon aggregation, rotational diffusion should be 

slowed down due to the higher molecular mass of the dye aggregates. Thus, the anisotropy 

should increase if no other depolarization process takes place within the dye stacks. However, 

a nearly zero anisotropy value (0.003) was observed for the aggregate fluorescence band of 

dye 2. This depolarization of the aggregate band can be explained in terms of efficient energy 

transfer among the stacked dyes. Due to their rotational displacement their transition dipoles 

are not parallel and the fluorescence polarization vanishes. 
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Figure 11. Fluorescence decays of the monomer (square) and aggregate band (circle) of PBI 2 at the 

concentration of 2.5×10-5 M in MCH. 

 

Most of the observed absorption properties of dye 2 can be rationalized by molecular 

exciton theory if rotational displacement in dye stacking is assumed.[38] According to this 

theory, for n 1D π-π-stacked molecules each vibronic state in S1 should split into a n-level 
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band. Only the transitions to the top level (H-aggregates) or bottom level (J-aggregates) is 

allowed if all the transition dipoles are perfectly parallel to each other. Thus, compared to 

non-aggregated molecules, hypsochromic and bathochromic displacement of the absorption 

band can be observed in the electronic spectra for H- or J-aggregates, respectively. The 

hypsochromic shift of λmax of 2 is indicative for the formation of co-facial (H-type) aggregates. 

However, when rotational displacements exist among the transition dipoles and the molecular 

vibration is strongly coupled with electronic transitions, as observed for compound 2, the 

conventional selection rule does not apply anymore and the forbidden electronic transitions 

from the ground state to the lower excitonic state become partially allowed. Thus, both 

bathochromically and hypsochromically shifted absorption bands (related to λmax of monomer) 

are observed for the dye 2 aggregates. 

Theoretical calculations for aggregate spectra of face-to-face-stacked dimers of 2 with 

different rotation angles between the transition dipoles were performed[ 39 ] based on 

established models.[40] Basically, a single vibrational monomer mode is included and the 

dimer Hamiltonian is built from the monomer Hamiltonians within a single exciton picture, 

including a point-dipole coupling between the dimer excited states. Details of the model and 

time-dependent quantum calculations are given elsewhere.[39] From a comparison between 

experimental and theoretical dimer absorption spectra, we have extracted a most likely dimer 

geometry, where the transition dipole moments of the monomers span an angle of β = 55° and 

the relative orientation of the dipole moments with respect to the monomer-monomer centre 

of mass vector has an angle of α1= α2 = 70° (Figure 12). For this geometry, and an assumed 

monomer separation of 3.5 Å, the calculated absorption spectrum displayed in the lower panel 

of Figure 13 is obtained. The spectrum is determined for the case of a low resolution, taking 

the influence of the surroundings into account. Considering the simplicity of the employed 

model into account, the agreement with the experimental spectrum (upper panel) is excellent. 

Noteworthy, that the extension of the model to a trimer with the same geometric parameters 

yields absorption spectra similar to that of the dimer, thus, it can be anticipated that the dimer 

model already provides valuable information about the geometry of the extended oligomeric 

aggregate. 
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β
α1

α2

 
Figure 12. Dimeric stacking of 2 that provides the best agreement between experimental UV/Vis absorption 

spectra and calculated ones (see Figure 12). For clarity, phenyl groups are shown instead of the trialkylphenyl 

groups. The geometry parameters are α1 = α2 = 70°, β = 55° and a center-to-center distance of 3.5 Å between the 

molecules. See ref. 39. 
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Figure 13. The UV/Vis spectrum of 2 measured at 2.2 × 10-4 M in MCH (αagg = 0.96, left) and the calculated 

dimer spectrum (right). 

 

For cofacial π-π stacks with rotational displacements between the chromophores 

photoluminescence can be observed; however, the exciton theory cannot properly describe the 

emission properties of the aggregates of 2.[39] The calculated emission spectrum remarkably 

differs from the measured one, pinpointing a relaxation process into an emissive state that is 

different from the Franck-Condon state. Indeed, the observed spectra exhibit features that are 

similar to those typically observed for excimers,[ 41 ] i.e., a structureless broad band with 

pronounced bathochromic shift and much longer lifetime compared to the monomer species.  

Unlike typical excimers where π-π aggregates are formed only in the excited states, while 

the ground state interactions between the π-systems are repulsive (dissociative), extended 1D 

π-stacks are already given for 2 in the ground state, as shown by NMR, UV/Vis and AFM 

studies. The formation of excimer-type excited state dimer is, however, feasible. As suggested 
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in Figure 14, upon photoexcitation, pronounced structural and energetic reorganization 

processes may take place between the excited molecule and the neighbour one to form a 

relaxed state (MM*) from which emission takes place. Owing to the resonance contributions 

of exciton and charge transfer states,[40] the π-π distance is reduced in this relaxed structure in 

comparison with that of the ground state π-π stacks. Like the conventional excimers emission 

from such excited state dimer will lead to a high energy vibrational level on the ground state 

potential surface, thus, it has some dissociative character according to the definition of 

Birks.[41]  

relaxationexcitation
M* MM*

hv'

ground state F. C. state relaxed state

hv

 
Figure 14. Schematic representation of the excimer formation in the extended π-π stacks of dye 2. 

 

However, despite similarities, there are also differences compared to conventional excimers 

like those of pyrene in solution.[41d] First, while the diffusion-controlled collision excimer 

formation is only feasible at higher concentration or for long-lived excited state species like 

pyrene,[42] the probability for the relaxation into a excimer-type emissive state is highly 

increased by the extended π-π stacking of dye 2 that only requires small displacements 

between the molecules to give an excited state dimeric unit (Figure 14). Second, the excimer-

type band of dye 2 is not totally structureless (Figure 10) in contrast with the unstructured 

pyrene excimer emission that has been ascribed to the rapid dissociation of the dimer at a 

repulsive ground state before the molecules can complete a vibration cycle.[42] In the case of 

dye 2, dissociation of the molecules in the ground state is replaced by a structural 

reorganization into a attractive π-π stacked state. As a result, the vibronic structure can still be 

observed in contrast to the pyrene excimer band. Indeed, the fluorescence band of 

concentrated solutions and thin films of 2 can be resolved into several overlapped Gaussian 

bands with energy interval of 1100-1300 cm-1. Third, the stabilization of the excited dimer 

unit of strongly quadrupolar perylene bisimide dye 2 might be different from those of pure 

polycyclic aromatic hydrocarbons like pyrene or perylene. For perylene excimers, it has been 

reported that exciton interaction and charge transfer interaction have 70% and 30% 

contribution, respectively, to the total stabilization energy.[43] For excited aggregates of PBI 

dye 2, charge transfer interactions could have a significantly higher contribution due to the 
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presence of two electron acceptor imide groups that embed the electron-rich central perylene 

unit. Indeed, according to our calculations (Figure 12) already in the ground state the 

symmetry is broken with one imide acceptor group positioned more on top of the central 

perylene core than for the other. Thus, it is very likely that the excited aggregates of 2 

emanate some properties of charge-transfer excitons.[44]  

As a consequence of such severe structural reorganizations in the excited state, energy 

transfer process, such as exciton hopping[45] to nearest neighbor molecules should be slowed 

down significantly within the extended π-π stacks of these dyes.[46] Excited dimer species are 

expected to behave as traps, which should reduce the exciton mobility compared to ordered 

one-dimensional stacks and limit the performance of liquid crystalline materials compared to 

their crystalline counterparts (in organic crystals, the excimers have been recognized as a sort 

of self-trapped excitons[47]). 

  

3.2.5 Charge transport properties  

The semiconductive properties of present PBI 2 were explored by using the pulse-radiolysis 

time-resolved microwave conductivity (PR-TRMC) technique.[48] This technique probes the 

(change in) conductivity of solid samples upon the generation of charge carriers by irradiation 

of the sample with high energy electron pulses. In this way, the motion of charge carriers can 

be probed within solid samples of organic materials without employing electrodes. Since both 

positive and negative charges are generated during the high energy pulse, it is not possible to 

distinguish between the contribution of positive and negative charges to the observed 

conductivity. The conductivity of 2 in a temperature range from room temperature to 380 K is 

shown in Figure 15. The conductivity was found to decrease by more than an order of 

magnitude upon the transition from the crystalline phase to the LC phase, as observed for 

other LC organic materials.[48b]  

In accordance with our DSC study, no increase of the conductivity could be observed upon 

cooling because the LC phase prevails. An estimate for the lower limit of the mobility of 

charge carriers can be made by assuming that all the charges generated during the high energy 

pulse contribute to the conductivity signal. For this situation, and assuming charge carriers 

transport in three dimensions, a lower limit of the mobility of 0.047 cm2V-1s-1 and 0.0026 

cm2V-1s-1 is calculated for the crystalline phase and the LC phase of 2, respectively. However, 

our packing model derived from X-ray analysis suggests that the pathways for charge carrier 

motion along the stacks of the PBI 2 dye is one-dimensional. As a consequence, the mobility 

for 2 is not isotropic and the mobility value of interest is the mobility along the stacking 
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direction of the dye. Furthermore, not all generated charges contribute to the conductivity 

signal and the actual mobility value can be obtained by considering the charge carrier decay 

during the high-energy electron pulse. Taking these effects into account, the one-dimensional 

TRMC mobility calculated for PBI 2 in the crystalline phase is 0.42 cm2 V-1s-1. This mobility 

value is among the best values for molecular semiconductors and compares well with that of 

another PBI dye reported previously.[7]  
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Figure 15. Temperature dependence of the dose-normalized conductivity of PBI 2 for increasing temperature 

(square) and decreasing temperature (circle). 

 

On transformation of the crystalline to the LC phase the structural disorder in the material 

increases, which leads to a reduction in the mobility. At this point we like to speculate that the 

lowering of the charge carrier mobility in LC phase of PBI 2 is at least partly due to the 

formation of similar dimeric traps that are of similar nature as the exciton traps discussed 

before. The formation of π-dimers from radical cationic and anionic species has been amply 

discussed in the literature, respectively, for oligothiophene and naphthalene bisimide 

semiconductors in solution and amorphous solid state,[49] but to our knowledge this discussion 

has never been extended to liquid crystalline semiconductors, despite their obvious π-π-

stacked nature which requires only minor structural reorganization to provide a localized 

more stable dimeric species. Because such dimeric species (of polaronic or bipolaronic nature) 

constitute traps, they offer a reasonable explanation for the lower charge carrier mobilities of 

LC compared to crystalline phases.  
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3.3 Conclusion 

A new, highly soluble PBI dye 2 formed extended fluorescent aggregates in nonpolar 

solvent. The aggregation behavior is concentration and temperature-dependent and can be 

described very well with the isodesmic model. Furthermore, dye 2 possesses liquid crystalline 

properties. Thus, in condensed state a hexagonal columnar LC phase was observed and well-

defined columnar nanostructures could be obtained by simple solution casting. X-ray 

diffraction and AFM studies indicated that the columnar stacking is accomplished by 

rotational displacement among the molecules which is additionally substantiated by 

theoretical calculations. Such unique π-π stacking of 2 leads to rather interesting and 

remarkable absorption and emission properties of the dye aggregates indicating strong 

electronic coupling and probably even some degree of charge transfer interaction among the 

self-assembled dyes. PR-TRMC conductivity measurements revealed that dye 2 is among the 

best molecular semiconductors. Consequently, the fluorescent nanowires of this liquid 

crystalline dye are ideal candidates for further investigations as n-type semiconducting 

materials and self-assembled nanoemitters.  

 

3.4 Experimental Section 

General methods: NMR spectra were recorded at 300 K on Bruker Avance 400 (400 MHz) 

or DMX 600 (600 MHz, for temperature dependent measurements) spectrometers and the 

spectra were calibrated against TMS (δ = 0.0 ppm). For the temperature-dependent 

measurements the spectra were calibrated against the chemical shift of residual 

methylcyclohexane (MCH) in D14-MCH at δ = 1.60 ppm. The solvents for spectroscopic 

studies were of spectroscopic grade and used as received. UV/Vis spectra were measured on 

Perkin-Elmer Lambda 40P spectrometer equipped with a Peltier system as temperature 

controller. Differential scanning calorimetry (DSC) measurements were performed by using a 

TA Q1000 calorimeter. Optical textures at crossed polarizers were obtained with an Olympus 

BX-41 polarization microscope equipped with a Linkam THMS 600 hot stage and a 

temperature controller unit. Wide angle X-ray diffractograms were obtained at room 

temperature on a Siemens powder diffractometers (Cu-Kα radiation). The vapor pressure 

osmometry measurements were performed on a KNAUER osmometer with a universal 

temperature measurement unit. Benzil was used as standard and a calibration curve for each 

temperature (40, 50 and 60 °C) in terms of R (ohm) vs molal osmotic concentration (moles 

per kg MCH) was constructed up to 0.01 molal.  
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DOSY NMR spectroscopy: 1H DOSY measurements were performed at 298 K on a 

Bruker DMX 600 (600 MHz) NMR spectrometer equipped with a BGPA 10 gradient 

generator, a BGU II control unit and a conventional 5 mm broad band (15N-31P)/1H probe with 

z axis gradient coil capable of producing pulsed magnetic field gradients in the z direction of 

52 Gcm-1. The NMR spectra were recorded in D14-MCH solutions in 5 mm Norell NMR tubes. 

The spectral data were acquired using the longitudinal eddy current delay sequence with 

bipolar gradient pulse pairs for diffusion (BPP-LED)[ 50 ] and additional sinusoidal spoil 

gradients after the second and fourth 90° pulses were used. The temperatures were calibrated 

with a probe of 4% MeOH in CD3OD. The fluctuation of the temperature is less than 0.1 K 

during the measurements. The strength of the pulsed magnetic field gradients was calibrated 

by 1H DOSY experiments with a sample of 1% H2O in 99% D2O, doped with GdCl3 (0.1 

mg/mL) to achieve short spin-lattice relaxation times, using the known value of the diffusion 

coefficient for H2O at 298 K in this H2O/D2O mixture. The diffusion coefficient D was 

obtained by curve fitting according to the equation I = I0exp[−Dγ2g2δ2(Δ−δ/3)], where I is the 

observed intensity for the gradient strength g and γ is the gyromagnetic ratio of the observed 

nuclei, Δ represents the diffusion time reduced by half of the delay (τ = 300 µs) between the 

two gradients of a bipolar gradients pulse pair and δ is the duration of the short bipolar 

gradient pulses. For each spectrum, the average value of D obtained from different aromatic 

signals (at least 3, depending on the numbers of the aromatic signals) was used.  

Fluorescence measurements: The steady state fluorescence spectra and the fluorescence 

anisotropy were measured under ambient conditions on a PTI QM4/2003 spectrofluorometer 

equipped with two Glan-Thomson polarizers under magic angle and front-face setup due to 

the high optical density of the samples. All the fluorescence spectra were corrected. The 

fluorescence quantum yields were determined by the optical dilution method using fluorescein 

(Φfl = 0.92 in 1N aqueous NaOH) as standard.[51] The given quantum yields are averaged 

value of data obtained at three different excitation wavelengths. The fluorescence anisotropy r 

is defined as r = (IVV − GIVH) / (IVV  + 2GIVH), where G =  IHV / IHH and I is the fluorescence 

intensity at a specific wavelength and the indices are related to the vertical or horizontal 

orientation of the excitation (first index) and the emission polarizer (second index) with 

respect to the excitation-emission plane. G is an instrument factor which compensates for 

polarization effects of the emission optics. Correction for the G-factor was obtained 

automatically. Fluorescence intensities were averaged for 60 s at 2 points/s, bandpass was set 

to 6 nm, and the measurements were performed at room temperature. 
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Fluorescence lifetimes were measured under ambient conditions according to the method 

described in the literature.[52] By using a PTI LaserStrobe fluorescence lifetime spectrometer 

system containing a GL-3300 nitrogen laser (337.1 nm, pulse width 600 ps, pulse energy 1.45 

mJ) coupled with a dye laser GL-302 (pulse width 500 ps, pulse energy 220 µJ at 550 nm) as 

an excitation source and a stroboscopic detector. Laser output was tuned within the emission 

curves of the laser dyes supplied by the manufacturer (PLD 421, 500, 579, 665, 735). The 

time resolution following deconvolution of experimental decays is 200 ps. The instrument 

response function was collected by scattering the exciting light of a dilute, aqueous 

suspension of Silica (LUDOX). Decay curves were evaluated using the software supplied 

with the instrument applying least square regression analysis. The quality of the fit was 

evaluated by analysis of χ2 (0.9 – 1.1), DW factor ( > 1.75) and Z value ( < −1.96, confidence 

level 0.95) as well as by inspection of residuals and autocorrelation function. 

Atomic force microscopy (AFM): AFM measurements were performed under ambient 

conditions using a MultiMode Nanoscope IV system operating in tapping mode in air. Silicon 

cantilevers (OMCL-AC160TS) with a resonance frequency of ~300 kHz were used. Solution 

of perylene bisimide 2 in MCH was spin-coated onto a HOPG (highly ordered pyrolytic 

graphite) under 7000 rpm. 

Charge carrier mobility measurements: The conductive properties were studied with the 

pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) technique. Pressed 

pellets (25 mg, fill factor 0.75) of the material were irradiated with 10 nanosecond pulses of 3 

MeV electrons from a Van de Graaff accelerator, which results in the creation of a uniform 

micromolar concentration of electron-hole pairs. The resulting change in conductivity was 

monitored as the microwave power absorbed by the mobile charge carriers in the material at 

an electro-magnetic field frequency of 33 GHz. The mobility values are determined from the 

conductivity at the end of the electron pulse. The lower limit to the mobility is obtained by 

assuming that all generated charges contribute to the conductivity (survival parameter Weop = 

1) and a pair formation energy of 16 eV. This pair formation energy is obtained using the 

electron density fractions (f) and the pair formation energies (Ep) of the side chains (f = 0.79, 

Ep 25 eV) and the core of the dye (f = 0.21, Ep = 6.72 taken from the onset of optical 

absorption) as described elsewhere.[48] The one-dimensional TRMC mobility is calculated 

assuming that electron-hole pairs generated in the core of the dye recombine and that only a 

fraction of charges generated in the side chains (Ws) escapes recombination. For compound 2 

an escape fraction W s of 0.72 can be determined.[53] Using the electron density fractions 
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mentioned above, the fraction of the charges that contributes to the conductivity signal Weop is 

0.54.  

3,4,5-Tris(1’-dodecynyl)-nitrobenzene (5): 3,4,5-Triiodonitrobenzene (3.0 g, 6.0 mmol), 

bis(triphenylphosphine)-palladium(II)-dichloride (252 mg, 0.30 mmol), copper(I) iodide (115 

mg, 0.60 mmol) were mixed in 80 mL triethylamine under argon atmosphere and stirred at 80 

°C. Then 1-dodecynene (3.30 g, 19.8 mmol) was added dropwise and the reaction mixture 

was stirred for another 4 h. After cooling to room temperature, the solid precipitate was 

removed by filtration and the solution was concentrated by rotary evaporation. The residue 

was purified by silica gel column chromatography with n-hexane /acetone (10:1) as eluent to 

obtain a brown oil (3.40 g, 93%). 1H NMR (400 MHz, CDCl3, 300 K, TMS ): δ = 8.08 (s, 2H, 

Ar-H), 2.54 (t, 2H, J = 7.0 Hz, C≡CCH2), 2.46 (t, 4H, J = 7.0 Hz, C≡CCH2), 1.65 (m, 6H, 

CH2), 1.49 (m, 6H, CH2), 1.4-1.1 (m, 36H, CH2), 0.88 (m, 9H, CH3). MS (EI, 70 eV): m/z 

(%): 615.6 (100) [M]+; elemental analysis (%) calculated for C42H65NO2 (616.0): C 81.90, H 

10.64, N 2.27; found: C 81.50, H 11.05, N 2.36.  

3,4,5-Tridodecylaniline (6): 3,4,5-Tri(1’-dodecynyl)-nitrobenzene (1.60 g, 2.60 mmol) 

was placed in a flask containing 0.4 g of 10% palladium on carbon and 80 mL of dry ethanol 

and 20 mL of dry ethyl acetate. The flask was affixed with balloons filled with hydrogen gas 

and the mixture was stirred at room temperature for 24 h. Then the Pd/C in the reaction 

mixture was removed by filtration and the solvent was removed by rotary evaporation. The 

resulting brown oil was purified by silica gel column chromatography with n-hexane/CH2Cl2 

(1:1) as eluent to give slightly yellow oil which became a white solid when stored in 

refrigerator (0.96 g, 53%). 1H NMR (400 MHz, CDCl3, 300 K, TMS): δ = 6.41 (s, 2H, Ar-H), 

2.48 (m, 6H, Ar-CH2), 1.7-1.1 (m, 60H, CH2), 0.88 (m, 9H, CH3), a very broad signal was 

observed for NH2 protons at 4.0-3.0 ppm. MS (EI, 70 eV): m/z (%): 598.1 (100) [M]+; 

elemental analysis (%) calculated for C42H79N (598.1): C 84.34, H 13.31, N 2.34; found: C 

84.37, H 13.32, N 2.32.  

N,N’-Di(3,4,5-tridodecylphenyl)-perylene-3,4:9,10-tetracarboxylic acid bisimide (2): A 

mixture of perylene-3,4:9,10-tetracarboxylic acid bisanhydride (0.13 g, 0.33 mmol), aniline 6 

(0.40 g, 0.67 mmol) and zinc acetate (0.073 g, 0.33 mmol) were mixed in 15 mL quinoline. 

The reaction mixture was stirred at 180 °C for 2 h. After cooling to room temperature, the 

mixture was poured into 30 mL MeOH. The precipitate was collected by filtration, washed 

with methanol (3 × 20 mL), and then dried in vacuum. The crude product was further purified 

by silica gel column chromatography (CH2Cl2 as eluent) and then slowly precipitated from 10 

mL CH2Cl2/methanol (1: 1) to give a red powder (280 mg, 56%). 1H NMR (400 MHz, CDCl3, 
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300 K, TMS): δ = 8.74 (d, 4H, J = 8.0 Hz, Hpery), 8.66 (d, 4H, J = 8.2 Hz, Hpery), 6.97 (s, 4H, 

Ar-H ), 2.66 (m, 12H, Ar-CH2), 1.8-1.2 (m, 120H, CH2), 0.88 (m, 18H, CH3). MS (FAB, 

matrix: p-octyloxynitrobenzene): 1551.2 m/z, [M]+ (calculated for C108H162N2O4 1551.3). 

Elemental analysis (%) calculated for C108H162N2O4 (1552.5): C 83.56, H 10.52, N 1.80; 

found: C 83.13, H 10.75, N 1.89. UV/Vis (CH2Cl2): λmax(ε) = 527 (96300), 491 (58100), 460 

(21000), 434 (6100), 369 (5000 mol−1 L cm−1). Fluorescence (CH2Cl2): λmax= 532 nm; 

quantum yield: Φfl = 0.63. 
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CHAPTER 4 
 

Influence of Solvent and Imide-Substituents on 
π-π Stacking of Perylene Bisimide Dyes 

 
 
 
 

Abstract: In this chapter, new perylene bisimides (PBIs) with hydrophilic side-chains 

were synthesized and fully characterized by 1H NMR, MS, UV/Vis spectroscopy and 

elemental analysis. The hydrophilic side-chains provide high solubility of the compounds in 

polar solvents including MeOH and water. A comparative study of the solvent and structural 

effects on the π-π stacking for a series of N,N’-diphenyl PBIs dyes with hydrophilic and 

hydrophobic side-chains was carried out. The aggregation behaviors of these compounds were 

investigated in 15 solvents covering a broad polarity range. Correlation of the obtained Gibbs 

free energy of aggregation with empirical solvent polarity scales yielded a linear free energy 

relationship. The magnitude of the π-π interactions of PBIs is modulated by several different 

driving forces, including electrostatic, dispersion and hydrophobic interactions, and depends 

on the specific solute-solvent interactions in different environments. The solvatochromism of 

the emission of the aggregates indicates larger dipole moments of the excited-state than that 

of the ground state. Thus, the charge transfer interactions (CT) could have contributions to the 

π-π stacking of PBIs. 
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4.1 Introduction 

Being one of the most important noncovalent interactions for self-assembly, π-π stacking of 

aromatic molecules has attracted considerable attention in the past decades.[1] In nature, this 

interaction is ubiquitous and provides important contribution for the structural stabilization of 

biomacromolecules, such as DNA[2] and proteins.[3] Furthermore, π-π interactions play a key 

role in the formation of rod-like or cyclic aggregates of chlorophyll chromophores which act 

as the central units in the light harvesting process of plants and bacteria.[4] In the artificial 

systems, the stacking of π-conjugated molecules leads to the formation of J- or H-type 

aggregates,[ 5 ] organogels[ 6 ] or columnar liquid crystals,[ 7 ] which have been applied as 

advanced functional materials in the fields of organic electronics,[8] solar energy conversion[9] 

or biosensors.[10]  

Owing to its complexity, the nature of the π-π interaction has been debated for a long 

time.[11] Previous studies have shown that the π-π stacking of aromatic molecules was strongly 

influenced by the solvents. [12] Solvent-dependent aggregation behaviours have been used to 

examine the different contributions to the Gibbs free energy of π-π stacking, such as 

electrostatic and dispersion interactions as well as charge-transfer and hydrophobic 

interactions. For instance, Iverson et al. studied the solvent effects on the donor-donor, 

acceptor-acceptor, and donor-acceptor aromatic stacking for a 1,5-dialkoxynaphthalene donor 

and a naphthalene tetracarboxylic bisimide acceptor.[12] The results showed that the 

hydrophobic effect as well as the electrostatic interaction of the donor and acceptor molecules 

played important roles in the aromatic stacking of these molecules. Our group reported the 

solvent effect on the dimerization of dipolar merocyanine dyes.[13] For this type of dye, the 

results showed a unambiguously picture that the electrostatic interaction is the predominant 

force for the formation of these aggregates. Another factor that plays an important role in the 

π-π stacking is the effect of peripheral substituents attached at the aromatic core of the 

molecules. Moore et al. reported that the aggregation behaviour is significantly different for 

the hexakis(phenyleneethynylene) macrocycles with various side chains and linking groups.[14] 

In another example,[ 15 ] Müllen et al reported the influence of different kinds of alky 

substituents on the π-π stacking of hexabenzocoronenes in solution as well as on surfaces. In 

our studies, substituent effects on the dimerization of merocyanines dyes were also 

observed.[13b]  

Within the class of functional π-conjugated molecules, perylene bisimides (PBI) were 

investigated widely due to their strong photoluminescence[ 16 ] and excellent n-type 

semiconductor properties.[ 17 ] Owing to the strong intermolecular interactions among the 
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molecules, well ordered π-π stacks of this dye can be formed, which exhibit useful optical and 

charge transport properties.[18] For the rational control of the strength of π-π aggregation and 

the formation of predetermined size of columnar aggregates of this molecular semiconductor, 

a detailed and comprehensive study on the solvent effect on the perylene bisimide dye 

aggregation is desirable but still absent. Such studies could be useful for the development of 

solution processing techniques such as spin-coating in device fabrication for organic 

electronics. Thus, in this chapter we used a group of N,N’-diphenyl PBIs (Chart 1) to 

investigate the influence of the solvent and the different side chains at imide phenyl 

substituents on the π-π stacking forces between those dyes. To overcome the low solubility of 

this type of molecules, especially in more polar solvents like alcohols or water, a new 

synthetic route to highly soluble PBI dyes based on Pd catalyzed coupling reaction was 

developed.[18d] According to this route, several perylene bisimides with different side chains 

attached to the imide-substituents were synthesized (Chart 1, 1b-d). By this means, the 

hydrophilicity of the molecules was varied and high solubility could be achieved in solvents 

of different polarity. Having these compounds in hand, the aggregation behaviour of these 

PBIs could be studied in solvents covering a broad polarity range from n-hexane to water. 

This study will shed more light on the nature of π-π interactions of this type of functional dyes 

and for extended quadrupolar aromatic π-systems in general. 
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Chart 1. Chemical structure of the perylene bisimide dyes 1a-d used in this study. 

 

4.2 Results and Discussion 

4.2.1 Synthesis 

PBIs 1a and 1b were synthesized according to the previously reported procedures.[18] The 

synthetic procedure for 1c was similar to that reported for 1b (Scheme 1). The hydrophilic 

ethylene glycol derivative 2 was obtained by the nucleophilic substitution of propargyl 

bromide and diethyleneglycol mono ethyl ether. Through Sonogashira coupling reaction [19] 

between 2 and 3,4,5-triidobenzene,[20] compound 3 was obtained. Reduction of 3 by catalytic 

hydrogenation gave aniline derivative 4, which was used in the condensation reaction with 
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perylene tetracarboxylic bisanhydride (PBA) in imidazole to obtain perylene bisimide 1c. The 

unsymmetrical perylene bisimide 1d can be obtained by a mixed condensation of 4, 3,4,5-

tridodecylaniline and PBA followed by a silica gel chromatographic separation to remove the 

two symmetrical side products (1b and 1c) with a yield of 18%.  
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Scheme 1. Synthesis of perylene bisimide 1c: a) NaH, THF, 0 °C, 82%; b) Pd(PPh3)2Cl2, CuI, Et3N, 80°C, 

40%; c) H2, Pd/C, EtOH/EtOAc, 42%; d) Zn(OAc)2, PTCBA, imidazole, 150 °C, 56%. 

 

4.2.2 π-π Aggregation and solvent effects studied by UV/Vis spectroscopy 

The UV/Vis spectra of compounds 1a-d are almost identical in their non-aggregated state. 

In CH2Cl2, all the spectra display an absorption band between 400 nm and 550 nm with 

maxima at 527 nm (Figure 1) which can be assigned as the S0-S1 electronic transition of the 

PBI chromophore. The transition dipole moment is polarized along the long axis of the PBI 

chromophore and strongly coupled with breathing vibration of the perylene skeleton.[21] Thus 

well-resolved vibronic structures (0-0, 0-1, 0-2, and 0-3 transitions) can be observed in the S0-

S1 band with an energy progression of about 1400 cm-1. A transition with much lower 

oscillator strength (ε value about 5000 M-1cm-1) than the S0-S1 band can be observed at the 

wavelength of 368 nm, which could be attributed to the S0-S2 transition that is symmetrically 

forbidden. The compounds 1b-d are strongly fluorescent and the fluorescence spectra are 

mirror images of the corresponding absorption bands accompanied by well-resolved fine 

structures. The fluorescence quantum yields of PBI 1b-d in CH2Cl2 are 0.63, 0.70 and 0.61, 

respectively. On the other hand, no fluorescence can be detected for 1a. However, these 

values for dyes 1b-d are still lower than the high quantum yield (> 0.9) of the N-alkyl PBIs, 

indicating that that the trialkylphenyl groups already cause a certain degree of fluorescence 

quenching.  
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Figure 1. UV/Vis absorption and fluorescence spectra of PBI 1c in dichloromethane. The excitation wavelength 

for the fluorescence spectrum was 480 nm. 

 

To investigate the aggregation behavior of these compounds, concentration dependent 

UV/Vis absorption spectroscopic studies were performed in 15 different solvents including 

the nonpolar solvent n-hexane and the most polar solvent water. Figure 2 shows the 

concentration dependent UV/Vis spectra recorded in different organic solvents for the 

compounds 1a-c. In all solvents, absorption spectra of molecularly dissolved PBIs were 

observed at low concentrations. Upon increasing the concentration of the PBI dyes, 

pronounced spectral changes were observed, providing clear evidence for the aggregation of 

these PBIs and indicating strong electronic interactions between the self-aggregated 

chromophores. In all solvents, the absorption maxima were shifted to shorter wavelengths 

upon aggregation with significant decrease of the extinction coefficient. Because of these 

hypsochromic shifts, the aggregation may be classified as H-type. On the other hand, the 

occurrence of another absorption band at longer wavelengths is indicative that the dyes are 

not stacked with their long axis parallel but rotational displacements take place.[18b] 

Figures 2a,b display the concentration-dependent spectra for the dyes 1a and 1b in toluene, 

respectively. The spectral changes of the two compounds are quite similar but a slight 

difference can be observed around 470 nm, where the aggregate band of 1a has a higher ε 

value. Furthermore, the wavelengths of the absorption maxima of the monomer (λmon) and 

aggregate bands (λagg) of dyes 1a-c in different solvents are summarized in Table 1. For the 

dyes 1a and 1b, in the same solvent basically identical values of λmon as well as λagg are 

observed. With increasing the polarity of the solvents, the absorption maxima λmon are 
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bathochromically shifted from 515 nm (1b in n-hexane) to 533 nm (1c in DMSO) while only 

slight changes of λagg (491-495 nm) could be observed for most solvents expect the most polar 

DMSO and water. Accordingly, the apparent solvent-dependent spectra changes observed in 

figure 2 result from the solvatochromic shift of the aggregate spectra. The spectral properties 

of the aggregates are little influenced by the environment as long as the media does not 

change the arrangement of the dyes on top of each other. Thus, for aliphatic solvents (Figure 

2c) a new broad band can be observed at longer wavelength around 540 nm and become 

stronger upon aggregation while in the more polar solvents like MeOH, this band became less 

obvious and partially merged with the other bands.  
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Figure 2. Concentration-dependent UV/Vis spectra of a) 1a in toluene (1.0 ×10-7 M to 1.0 ×10-3 M ), b) 1b in 

toluene (1.0 ×10-6 M to 2.2 ×10-2 M ), c) 1b in n-hexane (2.2 × 10-7 M to 2.2 ×10-4 M), d) 1b in CCl4 (5.1 ×10-7 

M to 1.0 ×10-2 M), e) 1c in MeCN (2.2 ×10-6 M to 2.2 ×10-3 M ), and f) 1c in MeOH (6.1 ×10-7 M to 2.5 ×10-4 M) 

at 25 °C. The arrows indicate the spectral changes upon increasing concentrations. 
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Table 1. Wavelengths of the absorption maxima of the monomer and aggregate bands of PBIs 1a-c in various 

solvents at 25 °C. 

              1a            1b               1c  

Solvent λmon [nm] λagg [nm] λmon [nm] λagg [nm] λmon[nm] λagg[nm] 

n-Hexane [a]  515 492 [a]  

MCH 517 491 517 492 [a]  

Di-n-butyl ether 520 494 522 494 [a]  

CCl4 524 491 523 492 [b]  

Toluene 528 492 528 493 [b]  

THF 523 493 [b]  [b]  

Diethyl ether 518 492 [b]  [b]  

CHCl3 529 494 [b]  [b]  

CH2Cl2 527 492 [b]  [b]  

Acetone [a]  [a]  519 490 

CH3CN [a]  [a]  526 495 

DMSO [a]  [a]  533 500 

n-Butanol [a]  [a]  526 493 

n-Propanol [a]  [a]  526 493 

EtOH [a]  [a]  524 492 

MeOH [a]  [a]  525 493 

H2O [a]  [a]  [c] 485 
[a] Not soluble at RT. [b] No study has been performed. [c] The monomer band of 1c can not be observed in 

water. 

 

In water, the aggregation behavior is significantly different from that in organic solvents. 

The dye 1c is water-soluble although the dissolving process is quite slow. When it was mixed 

with water, the substance start to swell gradually, but no immediately dissolving can be 

observed as in organic solvent. For the preparation of an aqueous solution at concentration of 

10-4 M, at least two days are needed to dissolve all the dyes. After this time, however, the 

aqueous solution is proved to be stable over several months. The UV/Vis spectrum of 1c in 

water displays a broad, structureless absorption band between 400 and 520 nm with an 

absorption maximum at 485 nm and second absorption band at longer wavelength with a peak 

at 550 nm, which is 10 nm bathochromically shifted than the value in MCH. This spectrum 

indicates that the dye molecules in water are highly aggregated. Upon increasing the 

temperature, dye 1c agglomerates and precipitates in aqueous solution, which is contrary to 
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the monomerization of the PBIs in organic solvents. Similarly, in water an enhanced 

aggregation at higher temperature has been reported for PBI-DNA conjugates by Wang et 

al.[22] These results indicate that in water the hydrophobic effect plays a key role for the 

aggregation of PBIs. Owing to this effect, the aggregation of the solute can release the ordered 

water molecules around the perylene core into the less ordered bulk liquid, which is 

entropically very favorable.[23]  
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Figure 3. UV/Vis absorption spectrum of 1c in aqueous solution (9.1 ×10-6 M). 

 

Furthermore, the aggregation constants K and corresponding Gibbs energy changes ΔG° 

upon aggregation were determined for compounds 1a-c by means of concentration-dependent 

UV/Vis spectroscopy in various organic solvents at 25 °C (Table 2). It should be noted that 1a 

and 1b are not soluble in polar solvents such as alcohols, and 1c is not soluble in non-polar 

solvent such as MCH. All the K values are obtained by fitting of the UV/Vis spectral data 

according to the isodesmic (equal K) model[24] with nonlinear least-square regression analysis. 

In these solvents, the UV/Vis spectroscopic data can be fitted excellently with the isodesmic 

model, as shown in Figure 4. This results show clearly that the aggregation behavior of dyes 

can be describe by isodesmic model in all studied organic solvents. In aqueous solution, even 

at very low concentrations (2 ×10-8 M) the UV/Vis spectrum only shows a slightly different 

shape from that at high concentration (10-4 M), indicating that the dye is still strongly 

aggregated in the most diluted conditions. Thus one can estimate a K > 108 M-1 in water, but 

the value can not be precisely determined.  

From Table 2, the magnitude of the aggregation constants K and corresponding Gibbs free 

energy changes ΔG° of the aggregation process of PBIs is highly solvent dependent, 
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indicating that the solvent polarity plays an important roles for the thermodynamic stability of 

the aggregates. The difference between the smallest and largest K values can be six orders of 

magnitude. For the least polar solvent such as n-hexane or MCH the aggregation constants are 

large. In solvents of higher polarity, the K values decrease. For instance, for 1a the K drops 

down from 1.5 × 107 M-1 in MCH to 1600 M-1 in CH2Cl2. However, when the polarity of the 

solvent is further increased, the aggregation constants become larger again, as observed for 1c 

in MeOH or water. 

 

Table 2. The aggregation constants K and Gibbs aggregation energies ΔG° of compounds 1a-c in various 

solvents at 25 °C. 

              1a            1b               1c  

 

Solvent 
K  

[M-1] 

-ΔG°  

[kJ mol-1] 

K  

[M-1] 

-ΔG°  

[kJ mol-1] 

K  

[M1] 

-ΔG°  

[kJ mol-1] 

n-Hexane [a]  1.2 × 106 34.7 [a]  

MCH 1.5 × 107 40.9 9.7 × 104 28.4 [a]  

Di-n-butyl ether 3.0 × 106 36.9 2.9 × 104 25.4 [a]  

CCl4 1.8 × 105 30.0 6.5 × 102 16.0 [b]  

Toluene 4.5 × 104 26.5 5.9 × 102 15.8 [b]  

THF 5.4 × 104 27.0 [b]  [b]  

Diethyl ether 3.6 × 106 37.3 [b]  [b]  

CHCl3 2.6 × 102 13.2 [b]  [b]  

CH2Cl2 1.6 × 103 18.3 [b]  [b]  

Acetone [a]  [a]  3.2 × 103 20.0 

CH3CN [a]  [a]  5.5 × 103 21.3 

DMSO [a]  [a]  9.9 × 102 17.1 

n-Butanol [a]  [a]  1.5 × 104 23.8 

n-Propanol [a]  [a]  2.9 × 104 25.4 

EtOH [a]  [a]  4.0 × 104 26.2 

MeOH [a]  [a]  5.3 × 104 26.9 

H2O [a]  [a]  > 108 > 45 
[a] Not soluble at RT. [b] No study has been performed. 
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Figure 4. Molar fraction of aggregated molecules αagg as a function of concentration of the PBI dyes in different 

solvents: (a) for dye 1a and (b) for dye 1c. The curves were obtained by fitting the concentration dependent 

UV/Vis data with the isodesmic model.  

The solvent effects on the Gibbs free energy ΔG° for the π-π stacking of the PBI dyes were 

evaluated by means of linear free energy relationships (LFER) with the solvent polarity. First, 

the aggregation Gibbs free energies were correlated with the relative permittivity εr and the 

Kirkwood-Onsager function (εr − 1)/(2εr + 1) which have distinct physical meaning and only 

consider the contribution of electrostatic interactions. For compound 1a, a rather good linear 

correlation with the simple parameter εr can be observed (Figure 5a, correlation coefficient r = 

0.97) if the three solvents with the highest refractive index, i.e. CCl4, toluene and CHCl3 are 

not included in the fitting procedure. With increasing εr, the values of –ΔG decrease nearly 

linearly in 5 solvents with low polarizability, indicating that the electrostatic interaction plays 

a curial role for 1a in these solvents. Similar trends can be observed for 1a by using 

Kirkwood-Onsager function instead of εr, however, the correlation coefficient decreases to 

0.86 (Figure 6). In contrast, the aggregation of 1c in polar solvents can not be well described 

by these electrostatic parameters although these solvents have relatively low polarizability 

except DMSO (Figure 5b). For the four alcoholic solvents, an increase of the values of –ΔG° 

can be observed upon increasing εr. This trend might also lead towards the extremely high –

ΔG° (> 45 kJ mol-1) in water (εr = 78). The data points of other solvents deviate largely from 

those of the alcoholic solvents. 

These results indicate that electrostatic forces are not sufficient to explain the π-π stacking 

of the PBI dyes. Because both electrostatic and dispersive interactions seem to be important 

for a reasonable description of the π-π stacking of PBI dyes, empirical solvent polarity scales 

including ET(30),[23] π*[25] as well as χR have been applied in the study. The less common 
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latter scale was established by Brooker et al. based on the solvatochromism of two 

polymethine dyes.[26] These scales have been shown to exhibit different sensitivities towards 

dipolarity and polarizability contributions as well as additional specific interactions like 

hydrogen bonding of the solute with the solvent.[27]  
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Figure 5. (a) Plot of –ΔG° of dye 1a vs. relative permittivity εr of different solvents.The data points for CHCl3, 

CCl4 and toluene are not included for the linear fitting. (b) Plot of –ΔG° of 1c vs. relative permittivity εr. 
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Figure 6. Plot of –ΔG° of dye 1a vs. Kirkwood-Onsager function (εr − 1)/(2εr + 1) of different solvents. The 

data points for CHCl3, CCl4 and toluene are not included for the linear fitting. 

 

It was found that good linear correlation can be obtained for the χR and π* scales if one 

exclude the solvents with the highest refractive index values and accordingly high 

polarizability contributions, such as CCl4 and DMSO. In these solvents, the π-π aggregation 

constants significantly drop down and deviate from the linear correlation. Figure 7a shows the 

correlation of the Gibbs aggregation energies of 1a in eight solvents with χR scale. A very 

good linear free energy relationship was observed for the solvents if CCl4 was excluded 

(correlation coefficient r = 0.98). The correlation is obviously improved in comparison with 
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that obtained for εr. For 1b, the correlation line is nearly parallel with the line for 1a (Figure 

7b, r = 0.98), indicating that the solvent polarity has almost identical effects on aggregation 

for both dyes and the difference of the magnitude of K value mainly originates from the 

structural differences of the two compounds (vide infra). For 1c, notably, if DMSO is 

excluded (high polarizability), an increase of –ΔG° were observed upon increasing solvent 

polarity (Figure 7b, r = 0.97), which is the opposite trends to that observed for 1a and 1b.  
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Figure 7. Plots of –ΔG° vs. the χR solvent polarity scale for a) 1a (square, correlation coefficient r = 0.98), b) 

1b (circles, r = 0.98) and 1c (triangles, r = 0.97). The data points for CCl4 and DMSO are not included for the 

linear regression analysis.  

 

Good linear correlation of the Gibbs aggregation energies can also be observed with the π* 

scale. As shown by Figure 8a, linear correlation can be obtained for the PBI 1a and 1b with 

this polarity scale. The dye 1b shows the best fitting with a correlation coefficient r = 0.99. 

The lines for 1a,b obtained from linear regression are nearly parallel. On the other hand, this 

scale does not relate to the Gibbs aggregation energies of 1c in more polar solvents, as shown 

in Figure 8b. This behavior is similar with that observed in Figure 5b, which is obtained for εr 

scale.  

For the ET(30) scale that has been successfully used for aromatic interactions in host-gust 

systems,[28] good linear correlation can be obtained for PBI 1a (r = 0.98, Figure 9a) if three 

solvents CCl4, toluene, and CHCl3 with high polarizability are excluded. In comparison with 

the χR and π* scales, more solvents are excluded for the linear correlation to ET(30) scale, 

indicating the latter is more sensitive for the polarizability of the solvents. For 1b, no good 

linear correlation was found for ET(30). Although for the less solvents ET(30) scale cannot 

provide good description for the π-π aggregation of PBIs as χR and π* scales, it exhibits 

excellent linear correlation with the Gibbs aggregation energies for polar solvents (Figure 9c). 
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An increase of –ΔG° were observed upon increasing solvent polarity, which is in good 

agreement with that observed for the χR scale. 
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Figure 8. Plot of -ΔG vs. the π* solvent polarity scale for a) 1a (squares, correlation coefficient r = 0.98) and 

1b (circles, r = 0.99), and b) 1c (triangles). The data points for CCl4 and CHCl3 are not included for the linear 

regression analysis.  
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Figure 9. Plot of -ΔG vs. the ET(30) solvent polarity scale for a) 1a (squares, correlation coefficient r = 0.98, 

the data points for CCl4, toluene, and CHCl3 are not included for the linear regression analysis), b) 1b (circles), 

and c) 1c (triangles, r = 0.98, the data points DMSO are not included for the linear regression analysis.). Note 

that for MCH no ET(30) value is available and the value of cyclohexane is used instead in a) and b).  
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As discussed by Hunter and Sanders[11], the forces contribute to π-π interactions include 

electrostatic interactions between the static charge distributions of the π-conjugated molecules, 

dispersion forces, solvophobic effects and charge transfer (CT) interactions. The observed 

solvent effect on the π-π aggregation of PBIs, i.e. the decrease of the aggregation constants 

with increasing polarity of the solvents for 1a and 1b, and the opposite trends in more polar 

solvents for 1c clearly show that the π-π stacking of PBIs could be governed by different 

interactions in different solvents. The solvent dependency of the aggregation constants of 1a 

and 1b indicate that the electrostatic interactions play an important role for π-π stacking in 

particular in polar media, as this interaction is better disrupted in more polar solvents.[12] 

However, obviously, the electrostatic interaction is not the only factor, as shown by the facts 

that the aggregation constant drops down drastically in solvents of large molecular 

polarizability and that no good correlations between the ΔG° and the Kirkwood-Onsager 

function could be observed in contrast to the results for merocyanine dyes,[13b] where the 

aggregation is dominated by electrostatic interactions owing to the large dipole moment of 

these dyes. The polarizability of molecules is related to the magnitude of their dispersion 

interactions.[23] Because π-systems exhibit high polarizability dispersion forces between them 

are quite substantial. However, if highly polarizable solvent like CCl4 are present the solute-

solvent can easily replace the solute-solute interaction and this leads to drop of the 

aggregation constant. 

Whereas the data for aliphatic, aromatic, chloroaliphatic and dipolar solvents could be 

rationalized, the data in alcohols and water are more difficult to explain. The increase of the 

aggregation constants upon increasing the solvent polarity for alcohols and the extremely 

large aggregation constant in aqueous solution for 1c indicate that in solvent with high 

polarity as water or alcohols (Figure 7b, 9c), another contribution, i.e. solvophobic effects, 

can not be neglected and most likely is dominant factor in water. Thus, for the aggregation of 

PBI 1a-c, several driving forces such as electrostatic, dispersion and solvophobic have various 

impacts over the whole solvent polarity scale, depending on the nature of the respective 

solvent.  

Another factor that contributes to the π-π aggregation of these PBIs is given by their side-

chains attached on the phenyl groups at imide positions. In the same solvent, compound 1a 

has an aggregation constant that is nearly two orders of magnitude larger than that of 1b. The 

only difference on structure is that 1a has 3,4,5-tridodecyloxyphenyl substituents at imide 

positions and the latter has tridodecylphenyl substituents instead. The alkoxyphenyl 

substituents are more electron rich than the alkyl counterparts. Thus, the higher aggregation 
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constants for 1a could be explained by the additional donor-acceptor interactions between the 

electron-rich phenyl ring and the electron poor perylene core in a slipped aggregate geometry. 

On the other hand, the effects of side chains can be observed for the unsymmetrical PBI 1d, 

which have an aggregation constant of 2.9 × 105 M-1 in MCH. This value is more than one 

order of magnitude larger than that of 1b. Thus the aggregation of 1d could be enhanced by 

the hydrophilic side chains in the nonpolar MCH. 

 

4.2.3 π-π Aggregation and solvent effect studied by fluorescence spectroscopy 

Solvent effects on the excited state of the aggregate species were investigated for dyes 1b 

and 1c by fluorescence spectroscopy. In all studied solvents, the fluorescence spectrum of 

both compounds displayed an emission band of monomeric species around 520 nm together 

with a much stronger and broad band at longer wavelength between 550 nm to 850 nm 

(Figure 10). A bathochromic shift of the emission maxima was observed upon increasing the 

solvent polarity (Table 3). For the nonpolar n-hexane, the emission maximum was located at 

677 nm and in the polar solvent DMSO the maximum was shifted to 699 nm.  
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Figure 10. Fluorescence spectra for dyes 1b and 1c in different organic solvents excited at 460 nm: 1b in n-

hexane (9.4×10-4 M, black line), 1b in dibutylether (9.7×10-4 M, magenta line), 1b in THF (1.0×10-2 M, red line), 

1c in acetone (9.8×10-3 M, cyan line), 1c in MeOH (1.1×10-3 M, blue line) and 1c in DMSO (9.9×10-3 M, green 

line).  
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Table 3. The wavelengths of the emission maxima of the monomer bands (λmono) and aggregation bands (λagg) 

for dye 1b and 1c in different solvents. 

1b 1c 
Solvents λmono [nm] λagg [nm] 

 
Solvents λmono [nm] λagg [nm] 

n-Hexane 517 677  Acetone 526 693 

MCH 519 681  CH3CN 527 693 

Di-n-butyl ether 522 681  DMSO 538 699 

THF 528 687  MeOH 533 694 

 

The solvatochromism observed for the emission bands of the monomer and the aggregated 

species that originates from relaxed state can be analyzed by the Lipper-Mataga equation 

(equation 1),[29] 

),(2const. 3

2

nf
hca

v e
f εμ

Δ−=            (1) 

where Δf(ε,n) can the be defined as Δf(ε,n) = [(ε − 1)/ (2ε + 1) − 0.5(n2 − 1)/ (2n2 + 1)]. In 

these equations, vf is the emission maxima in wavenumber, μe is the dipole moment of the 

excited state, h is the Planck constant, c is the velocity of light, a is the radius of the cavity in 

which the fluorophores reside (Onsager radius), and ε and is the dielectric constant and n is 

the refractive index of the solvent.  
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Figure 11. Lippert-Mataga plots for a) the emission maxima of the monomer bands and b) the emission 

maxima of the aggregate bands for the dye 1b and 1c: (1) n-hexane, (2) MCH, (3) dibutylether, (4) THF, (5) 

acetone, (6) EtOH, (7) MeCN, (8) MeOH, and (9) DMSO.  

 

For the monomer emission maxima, a linear correlation with a rather bad correlation 

coefficient of r = 0.86 was obtained due to the significant deviation from the line for the polar 
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solvents MeCN, acetone and DMSO (Figure 11a). The correlation of the aggregate band 

emission maxima with the Lippert-Mataga scale shows a rather good linear relationship 

(correlation coefficient r = 0.94, Figure 11b). In general, such a solvatochromism of the 

emission band is taken as indication for an excited state of increased polarity. As pointed out 

in a recent review, [30] in the case that the dipole moment of the excited-state μe is smaller than 

that of the ground state μg, a hypsochromic shift originates with increasing the polarity of the 

solvents since the excited state is more stabilized than the ground state. On the other hand, if 

μe > μg, a bathochromic shift of the emission band is expected. For the dyes 1b and 1c, the 

observed bathochromic shift indicates that μe > μg in both monomer and aggregate species. 

For the neutral delocalized excimer state, either hypersochromic shifts upon increasing 

solvent polarity or no solvent dependence has been observed.[31] Thus, these fluorescence 

spectral data indicate that charge transfer interactions (CT) between the molecules should not 

be ignored in the π-π stacked PBIs.  

 

4.3 Conclusions 

The solvents and the side chains attached on the imide phenyl groups are two important 

factors that influence the π-π aggregation of PBIs. The electronic nature of the phenyl groups 

have significant effects on the Gibbs free aggregation energy, as revealed by the compound 

with the alkoxy and alkyl side-chains. In different solvents the magnitude of the π-π 

interactions of PBIs is modulated by several different driving forces, including electrostatic, 

dispersive and hydrophobic interactions, and depends on the specific solute-solvent 

interactions. The positive solvatochromism observed for the emission maxima of the 

aggregates indicates a more polar excited-state compared to the ground state. Thus, in the 

excited π- stacks of PBIs charge transfer interaction (CT) could have a contribution.  

 

4.4 Experimental Section 

General methods: All solvents and reagents were purchased from commercial sources and 

used as received. Compound 1a and 1b were prepared as previously described.[18] Perylene-

3,4:9,10-tetracarboxylic acid bisanhydride  was obtained from Aldrich. NMR spectra were 

recorded at 300.0 K on Bruker 400 MHz spectrometers and all the spectra were calibrated 

with TMS. The solvents for spectroscopic studies were of spectroscopic grade and used as 

received. UV/Vis spectra were measured on a Perkin Elmer Lambda 40P spectrometer 

equipped with a Peltier system as the temperature controller.  
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Fluorescence measurements: The steady state fluorescence spectra were measured on a 

PTI QM4/2003 spectrofluorometer. All the fluorescence spectra were corrected. For the 

measurements at high concentrations, front-face and magic angle setup were used with 1 mm 

cells. The fluorescence quantum yields were determined by the optically dilute method by 

using fluorescein (Φfl = 0.92 in 1N aqueous NaOH), as standard. The given quantum yields 

were averaged value from values at three different excitation wavelengths.  

3-{2-[2-(ethoxy)ethoxy]ethoxy}prop-2-yne (2): Diethyleneglycol mono ethyl ether (8.0 g, 

60 mmol) was dissolved in 100 mL of anhydrous THF. The solution was cooled with an ice-

water bath and 6.0 g NaH (55%-65%) was added. The solution was stirred until no hydrogen 

released.  Then propargyl bromide (12 g, 80% in toluene) was added drop-wise.  The reaction 

mixture was stirred at 0 °C for 1 h and then 4 h at room temperature. Then the solid in the 

reaction mixture was removed by filtration. The resulting solution was concentrated by rotary 

evaporation and further purified by silica gel chromatography with n-hexane /ethyl acetate 

(2:3) as eluent to give a pale yellow oil (8.7 g, 82%). 1H NMR (400MHz, CDCl3, 300 K, 

TMS ): δ = 4.21 (d, 2H, J = 2.3 Hz, HC≡CCH2), 3.7-3.5 (m, 10H, OCH2), 2.43 (t, 1H, J = 2.4 

Hz, C≡CH), 1.21 (t, 3H, CH3). MS (EI, 70 eV): m/z (%): (only low molecular mass fragment 

of the compound can be observed.) 99 (4.2) [M – (C2H5OC2H4) + H]+. 

3,4,5-Tris(3-{2-[2-(ethoxy)ethoxy]ethoxy}-prop-1-ynyl)-nitrobenzene (3): 3,4,5-

triiodonitrobenzene (4.0 g, 8.0 mmol) was dissolved in 120 mL anhydrous triethylamine 

under argon. To the solution, 3-{2-[2-(ethoxy)ethoxy]ethoxy}prop-2-yne (4.6 g, 26 mmol), 

bis-(triphenylphosphine)-palladium(II)-dichloride (370 mg, 0.5 mmol) and copper(I) iodide 

(190 mg, 1 mmol) were added. The reaction mixture was stirred at 80 °C for 6 h under argon. 

After cooling to room temperature, the solid in the reaction mixture was removed by filtration 

and the solution was concentrated by rotary evaporation. The dark viscous oil was stirred with 

100 mL hot n-hexane for 1 h and then the hexane solution was carefully decanted and 

collected. This process was repeated 5 times. The collected n-hexane solution was 

concentrated and further purified by silica gel chromatography with ethyl acetate as eluent to 

give a dark brown oil (2.1 g, 40%). 1H NMR (400MHz, CDCl3, 300 K, TMS): δ = 8.21 (s, 2H, 

Ar-H), 4.54 (s, 2H, ArC≡CCH2), 4.48 (s, 4H, ArC≡CCH2), 3.8-3.5 (m, 30H, OCH2), 1.19 (m, 

9H, CH3). MS (EI, 70 eV): m/z (%): 633 (1.4) [M]+. 

3,4,5-Tris(3-{2-[2-(ethoxy)ethoxy]ethoxy}-propyl)aniline (4): 3,4,5-Tris(3-{2-[2-

(ethoxy)ethoxy]ethoxy}-prop-1-ynyl)-nitrobenzene (0.5 g, 0.8 mmol) and 10% Pd / C (0.4 g) 

were mixed in 50 ml dried ethanol. Then the flask was purged with hydrogen. The reaction 
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mixture was stirred at room temperature for 24 h. After cooling to room temperature, the Pd/C 

in the reaction mixture was removed by filtration and the solvent was evaporated. The 

resulting brown oil was purified by silica gel chromatography. First, ethyl acetate was used as 

eluent to remove the impurities and then ethyl acetate / acetone (3:1) was used to give the 

product as a slightly yellow oil. (0.21 g, 42 %). 1H NMR (400MHz, CDCl3, 300 K, TMS): δ = 

6.43(s, 2H, Ar-H), 3.7-3.4 (m, 36H, OCH2), 2.6-2.4 (m, 6H, ArCH2), 1.9-1.8 (m, 4H, CH2), 

1.8-1.6 (m, 2H, CH2), 1.21 (t, 9H, J = 7.0 Hz, CH3). MS (EI, 70 eV): m/z (%): 615 (100) [M]+. 

N,N’-di[3,4,5-tri(3-{2-[2-(ethoxy)ethoxy]ethoxy}-propyl)phenyl]-perylene 3,4:9,10-

tetracarboxylic acid bisimide (1c): Perylene- 3,4:9,10-tetracarboxylic acid bisanhydride 

(0.13 g, 0.33 mmol), 3,4,5-tris(3-{2-[2-(ethoxy)ethoxy]ethoxy}-propyl)aniline (0.40 g, 0.67 

mmol) and zinc acetate (0.073 g, 0.33 mmol) were mixed with 5 g imidazole. The reaction 

mixture was stirred at 150 °C for 6 h. After cooling to room temperature, 30 mL 2N HCl was 

added to the mixture. The solution was extracted with 50 ml dichloromethane three times. The 

combined dichloromethane solution was dried with anhydrous MgSO4 and then the solvent 

was evaporated. The crude product was further purified by silica gel column chromatography 

(CH2Cl2 /ethylacetate/MeOH, 90:8:2 as eluent) (280 mg, 56%). 1H NMR (400MHz, CDCl3, 

300 K, TMS): δ = 8.75 (d, 4H, J = 8.0 Hz, Hpery), 8.70 (d, 4H, J = 8.2 Hz, Hpery), 7.01 (s, 4H, 

Ar-H ), 3.7-3.4 (m, 72H, OCH2), 2.9-2.6 (m, 12H, ArCH2), 2.0-1.8 (m, 12H, CH2), 1.1-1.3 (m, 

18H, CH3). MS (FAB, matrix: p-octyloxynitrobenzene) calculated for C90H126N2O22, 1586.9 

m/z, found 1588.2 [M+H]+; MS (MALDI-TOF, matrix: DTCB) calculated for C90H126N2O22, 

1586.9 m/z, found 1586.8 [M]+; elemental analysis (%) calculated for C90H126N2O22: C 68.07, 

H 8.00, N 1.76; found: C 67.43, H 8.10, N 1.67; UV/Vis (CH2Cl2): λmax(ε) = 527 (96400), 490 

(58100), 459 (21200), 434 (6200), 369 (5000 M−1 cm−1); Fluorescence (CH2Cl2): λmax= 532 

nm; fluorescence quantum yield: Φf = 0.70. 

N-3,4,5-tridodecylphenyl-N’-3’,4’,5’-tri(3-{2-[2-(ethoxy)ethoxy]ethoxy}-propyl)phenyl 

perylene 3,4:9,10-tetracarboxylic acid bisimide (1d): Perylene- 3,4:9,10-tetracarboxylic 

acid bisanhydride (0.127 g, 0.32 mmol), 3,4,5-tris(3-{2-[2-(ethoxy)ethoxy]ethoxy}-

propyl)aniline (0.20 g, 0.32 mmol), 3,4,5-tridodecylaniline (0.194 g, 0.32 mmol) and zinc 

acetate (0.073 g, 0.33 mmol) were mixed with 5 g imidazole. The reaction mixture was stirred 

at 140 °C for 6 h under argon. After cooling to room temperature, 50 mL 1N HCl was added 

to the mixture. The resultant mixture was extracted with 50 ml dichloromethane three times. 

The combined dichloromethane solution was dried with anhydrous MgSO4. After evaporation 

of the solvent, the crude product was purified by silica gel column chromatography. CH2Cl2 

was used as the first eluent to remove the N,N’-bis-3,4,5-tridodecylphenyl perylene 3,4:9,10-
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tetracarboxylic acid bisimide 1b and then CH2Cl2/EA/MeOH (90:6:4) was used as the second 

eluent to obtain the product (96 mg, 18 %). 1H NMR (400MHz, CDCl3, 300 K, TMS): δ = 

8.8-8.6 (m, 8H, Hpery), 7.01 (s, 2H, Hphenyl), 6.97 (s, 2H, Hphenyl ), 3.7-3.3 (m, 36H, OCH2), 2.9-

2.7 (m, 6H, Ar-CH2), 2.7-2.5 (m, 6H, Ar-CH2), 2.0-1.1 (m, 75 H), ,0.88 (m, 9H, CH3). MS 

(FAB, matrix: p-octyloxynitrobenzene) calculated for C99H144N2O13: 1569.1 m/z, found 

1570.2 [M+H]+; elemental analysis (%) calculated for C99H144N2O13: C 75.73, H 9.24, N 1.78; 

found: C 75.70, H 9.32, N 1.94; UV/Vis (CH2Cl2): λmax(ε) = 526 (87300), 489 (53200), 459 

(20500), 433 (6600), 368 (4900 M−1 cm−1); Fluorescence (CH2Cl2): λmax= 531 nm; 

fluorescence quantum yield: Φf = 0.61. 
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CHAPTER 5 
 
Effect of Core Twisting on Self-Assembly and 

Optical Properties of Perylene Bisimide Dyes in 
Solution and Liquid Crystalline Phases 

 
 

Abstract: A series of highly soluble and fluorescent core-twisted perylene bisimide dyes 

(PBIs) 3a-f with different substituents at the bay area (1,6,7,12 positions of the perylene core) 

were synthesized and the π-π aggregation properties of these new functional dyes were 

investigated in detail both in solution and in condensed phase. UV/Vis spectrosocpy and 

vapor pressure osmometry (VPO) studies revealed distinct self-dimerization equilibria in 

apolar solvent methylcyclohexane (MCH) for these dyes with dimerization constants between 

1.3 × 104 and 30 M-1. The photoluminescence spectra of the dimers of PBIs 3a-f exhibit 

bathochromic shifts of quite different magnitude which could be attributed to different 

longitudinal or rotational offsets between the dyes as well as differences in the respective π-π 

stacking distance. In condensed state, quite a few of these PBIs form luminescent rectangular 

or hexagonal columnar liquid crystalline phases[1] with low isotropization temperatures. The 

effects of the distortion of the π-systems on their π-π stacking and the optical properties of the 

resultant stacks in solution and in LC phases have been explored in detail. In one case (3a) a 

particularly interesting phase change from crystalline into liquid crystalline could be observed 

upon annealing that was accompanied by a transformation from non-fluorescent H-type into 

strongly fluorescent J-type packing of the dyes. 
 
[1] X-ray diffraction measurement was performed at University of Halle-Wittenberg by Dr. U. Baumeister. 
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5.1 Introduction 

Self-assembled π-conjugated systems have attracted tremendous attention in the past years 

owing to their potential application in organic electronics.[1] Numerous functional π-systems, 

e.g. triphenylenes,[2] porphyrins,[3] phthalocyanines,[4] hexabenzocoronenes,[5] and perylene 

bisimides (PBIs)[6] have been intensively investigated aiming to their application as optical 

recording media,[7] organic photoconductors,[8] semiconductors,[9] and solar cells.[10] In recent 

years, emphasis has been given on the organization of tailored functional π-systems by self-

assembly leading to one-dimensional stacks of π-π aggregates in solution,[11] in organogels,[12] 

and in columnar liquid crystalline (LC) phases.[ 13 ] The major interest in π-π aggregated 

assemblies stems from their potential applications as conductive nanowires[14] in organic 

electronics due to the effective π-orbital interactions among the molecules which facilitate the 

hopping of charge carriers.[15]  

At a first glance, it might be expected that charge carrier mobility should benefit from a 

large size planar aromatic core of the functional dyes.[16] However, in our recent studies we 

have demonstrated that a high charge carrier mobility is feasible for non-planar PBI dyes with 

chlorine substituents at bay area, thus, the concept of “core-twisted π-systems” has been 

established.[17] The pronounced distortion of the π-system of these dyes, which is caused by 

the steric encumbering effect of the substituents at bay area (1, 6, 7, 12 positions in the 

perylene core), leads to a unique two-dimensional organization of the molecules in the solid 

state with close contacts that is not available for the planar unsubstituted PBI dyes. This 

contact pattern facilitates the charge transport and leads to an isotropic charge carrier mobility 

up to 0.14 cm2 V-1s-1 as revealed by pulse radiolysis-time resolved microwave conductivity[17] 

measurements. More recently, Nuckolls and co-workers have reported another example, i.e. a 

contorted hexabenzocoronene system, which exhibits a field-effect transistor (FET) mobility 

of 0.02 cm2 V-1s-1.[ 18 ] These studies have shown that core-twisted π-conjugated discotic 

systems are of great interest for the exploration of new organic electronic materials. In this 

regard core-twisted PBIs are particularly promising as PBIs are among the best n-type organic 

semiconductors to date.[ 19 ] In comparison with planar unsubstituted PBI dyes, contorted 

derivatives exhibit in general much higher solubility and significantly lower isotropization 

points (up to 190 °C lower than the unsubstituted PBIs, (vide infra) that are favorable 

properties for the fabrication of electronic devices.[20]  

Herein, we report the synthesis of a series of new, core-twisted PBI dyes containing 

tridodecylphenyl substituents at the imide positions and various substituents at bay area. The 

advantage of the tridodecylphenyl substituents is that the fluorescence quantum yield can be 
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largely improved in comparison with the analogue dyes bearing the alkyloxyphenyl 

substituents[21] without losing valuable self-assembly properties such as the liquid crystallinity 

of the compounds. The self-assembly and optical properties of the present PBI dyes in 

solution and liquid crystal phase have been investigated by UV/Vis and fluorescence 

spectroscopy, vapour pressure osmometry (VPO), polarizing optical microscopy, differential 

scanning calorimetry (DSC) and X-ray diffraction. Furthermore, the effect of core twisting on 

the self-assembly and optical properties of π-π-stacks of these functional dyes is discussed in 

detail.  

 

5.2 Results 

5.2.1 Synthesis  

The N,N’-di(tridodecylphenyl)-substituted perylene bisimides (PBIs) 3a-d were 

synthesized by condensation of the respective perylene tetracarboxylic bisanhydrides (PBAs) 

1a-d bearing different types of bay substituents with 3,4,5-tridodecylaniline 2[22] according to 

Scheme 1. We have previously reported that direct bromination of unsubstituted PBA affords 

a regioisomeric mixture of 1,6- and 1,7-dibromo PBA in a ratio of about 1:4 (more details of 

the purification of 1,7-dibromo PBIs, see section 5.5 of this chapter).[23] Since these isomers 

possess similar reactivity, their subsequent reaction leads to regioisomeric product mixtures 

that are often difficult to purify by silica gel column chromatography. We could overcome 

this problem by repeated recrystallization of the regioisomeric mixture of compound 4 (Chart 

1) to obtain the isomer-free 1,7-dibrominated product as precursor for further 

regioisomerically pure 1,7-disubstiuted PBIs.[23] Thus, the saponification of 4 gave 

isomerically pure 1,7-dibrominated PBA 1d (verified by 600 MHz 1H NMR), which 

condensed with aniline 2 to afford 1,7-dibrominated PBI 3d (Scheme 1). The subsequent 

nucleophilic substitution of the bromine atoms in 3d by appropriate phenols afforded the 

corresponding isomer-free dyes 3e and 3f. Similarly, the nucleophilic reaction of 1,7-

dibrominated PBI 4 with pyrrolidine gave the corresponding 1,7-dipyrrolidinyl PBI derivative, 

which was subsequently hydrolyzed to afford the pyrrolidinyl-substituted PBA 1c. The 

imidisation of the latter bisanhydride with tridodecylphenylaniline 2 afforded 3c. The PBIs 

3a-f were fully characterized by 1H NMR, MS, elemental analysis, UV/Vis spectroscopy and 

fluorescence spectroscopy. 
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Scheme 1. Synthesis of PBIs 3a-f: a) Zn(OAc)2, quinoline, 180 °C, 3 h, yields: 52% (3a), 53% (3b), 65% (3c), 

and 44% (3d), b) p-tert-butylphenol (for 3e) or pentafluorophenol (for 3f), K2CO3, N-methyl-2-pyrrolidone 

(NMP), 120 °C, 2 h, yields: 40% (3e), and 61% (3f). 
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Chart 1. Chemical structures of other PBI dyes 4-6 applied in this work.  

 

5.2.2 Optical properties of bay-substituted PBI monomers 

The optical properties of newly synthesized 3a-f were investigated by UV/Vis and 

fluorescence spectroscopy. The absorption spectra of these dyes in CH2Cl2 are depicted in 

Figure 1 and the optical data are summarized in Table 1. These dyes show broad S0-S1 

absorption bands with absorption maxima in the range of 524-705 nm. Depending on different 

λabs, the solutions of these dyes exhibit various colors from orange (3a) to deep green (3c). 

The absorption maxima of the PBI derivatives, which contain electron-withdrawing 

substituents such as Cl (3a), Br (3d) or pentafluorophenoxy groups (3f) at the bay positions 

are only slightly shifted with respect to that of the unsubstituted reference PBI 6 (Chart 1, λabs 

= 527 nm in CH2Cl2).[22] But for PBI derivatives with electron-donating groups a large 

bathochromic shift of λabs was observed relative to the unsubstituted PBI 6 (56 nm for 3b, 181 

nm for 3c, 22 nm for 3e), reflecting pronounced electronic interactions between the perylene 

bisimide core and the electron-donating groups in bay area. The absorption spectra of these 
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dyes displayed vibronic structures in the S0-S1 absorption bands,[ 24 ] indicating that the 

electronic transition is coupled with the vibration of the perylene skeleton. In comparison with 

the spectrum of unsubstituted PBI 6, the lineshape of the spectra for the bay-substituted dyes 

3a-f are broader and display less vibronic structures due to the loss of planarity of the 

perylene core and the lower molecular symmetry caused by the bay substituents. (Several X-

ray crystal structures of bay-substituted PBIs revealed a significant distortion of the perylene 

skeleton, vide infra). For all these dyes, a second absorption band was observed at around 400 

nm that can be attributed to the transition from the ground state to a higher excited state.[24] 

Previously, it was pointed out that the S0-S2 transition is symmetry forbidden for 

unsubstituted PBIs.[24b] However, due to the twisted nature and lower symmetry of the present 

bay-substituted PBIs such transition is not strictly forbidden, thus the apparent absorption 

coefficients of these bands were increased in comparison with that of unsubstituted PBIs. 
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Figure 1. UV/Vis absorption spectra of the dyes a) 3a-c and b) 3d-f in CH2Cl2. 

 

 

Table 1. Absorption and emission properties of PBI 3a-f in CH2Cl2 solution. 

Compound λabs [nm] ε max  [M-1cm-1] λem [nm] Φfl 

3a 524 48100 543 0.03 

3b 580 50100 611 0.95 

3c 705 48200 745 0.25 

3d 527 57800 544 0.26 

3e 546 56000 575 0.87 

3f 530 71300 547 0.79 

 

All dyes 3a-f are photoluminescent as their fluorescence spectra in CH2Cl2 revealed (Figure 

2). The emission bands of these compounds are approximately the mirror image of their S0-S1 
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absorption bands with Stokes shift between 17 and 40 nm (corresponding to 590 cm-1 to 760 

cm-1 in wave numbers). The emission maxima (λem) of the bay-substituted PBIs 3a-f depend 

on the electronic properties of the bay substituents. For 3a and 3d with electron-withdrawing 

halogen atoms λem at 524 nm and 544 nm, respectively, were observed, while the dye 3c with 

two electron-donating pyrrolidine groups showed λem at 745 nm. As expected, from our 

previous work on 6[22a] the fluorescence quantum yields (Φfl) of dyes 3b (0.95) and 3e (0.87) 

are greatly improved in comparison with those of analogous dyes bearing trialkoxyphenyl 

groups, instead of trialkylphenyl groups, at the imide positions (Φfl ≤ 0.23).[21] While for these 

phenoxy-substituted compounds 3b, 3e and 3f high Φfl values (0.79-0.95) were observed, the 

halogen-containing derivatives 3a and 3d exhibit relatively low fluorescence quantum yield 

(Table 1) that may be attributed to fluorescence quenching by photoinduced electron transfer 

processes. In accordance with this assumption, for the dyes 3a and 3d the quantum yield is 

significantly improved from 0.03 and 0.26, respectively, in polar solvent CH2Cl2 to 0.37 and 

0.67, respectively, in apolar methylcyclohexane (MCH).  
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Figure 2. Normalized steady-state fluorescence spectra of compounds 3a-f in CH2Cl2. 

 

5.2.3 Formation of π-π-stacked dimers of PBIs and their photoluminescence properties 

in solutions  

The aggregation behavior of PBIs 3a-f was investigated by concentration-dependent 

UV/Vis spectroscopy in MCH. Upon increasing the concentration of the dyes pronounced 

spectral changes including hypochromism (decrease of the apparent absorption coefficients) 

and shifts of the absorption peaks were observed (Figure 3), which clearly indicate the 

formation of aggregates in this apolar solvent. For all these dyes a broadening of the spectra 

and a loss of the fine structures were observed upon aggregation. Interestingly, dyes 3a and 
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3b showed a bathochromic shift of the absorption maximum (5 nm for 3a and 10 nm for 3b), 

while a hypsochromic shift of the absorption maximum was observed for the remaining dyes 

(41 nm for 3c, 34 nm for 3d, 27 nm for 3e and 32 nm for 3f). Such shifts of absorption 

maxima imply the formation of J-type or H-type excitonic coupling regimes in these 

aggregates (see Discussion). 
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Figure 3. Concentration-dependent UV/Vis spectra in MCH for a) 3a (5.2 × 10-6 M to 7.7 × 10-2 M), b) 3b (2.2 

× 10-6 M to 1.2 × 10-2 M), c) 3c (1.3 × 10-6 M to 6.5 × 10-3 M), d) 3d (5.1 × 10-6 M to 1.4 × 10-2 M), e) 3e (5.1 × 

10-7 M to 2.6 × 10-3 M), and f) 3f (5.1 × 10-6 M to 1.4 × 10-2 M). The arrows indicate the spectral changes upon 

increasing concentration. 

 

However, only from the UV/Vis spectral data it cannot be assessed whether dimer or higher 

aggregates prevail.[ 25 ] Therefore, vapor pressure osmometry (VPO) was employed to 
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determine the size of the aggregated species of the present PBIs. For the reference PBI 5 

(structure in Chart 1) containing very bulky substituents, the obtained colligative 

concentrations were identical with the stoichiometric concentration of the MCH stock solution, 

indicating that this compound does not aggregate in the concentration range applied. VPO 

measurements for dye 3d were performed at 5 different concentrations in the range of 0.0016 

to 0.0132 molal (about 0.0013 to 0.0104 M) and a reduction of the colligative concentrations 

to about half of that for 5 was observed (Figure 4). Based on the measured colligative 

concentrations the aggregation numbers N of this dye were calculated as 1.30 to 1.72 at 

different concentrations. For the remaining dyes 3a-c and 3e,f, N values between 1.1 and 1.8 

were obtained. These results are in compliance with a dimerization process in the given range 

of concentration for the present bay-substituted PBIs in MCH. The smaller N values observed 

for 3a and 3b (1.1 and 1.4, respectively) can be attributed to the relatively small dimerization 

constants (vide infra) of these dyes and the coexistence of dimers and a large amount of 

monomeric species at the measured concentration. In comparison, for the planar PBI dye 6 the 

formation of oligomeric stacks N > 5 was observed,[22a] underlining the significant difference 

in π-π aggregation properties of the planar and distorted PBI dyes. 

By nonlinear regression analysis of the UV/Vis spectral data with the dimer aggregation 

model, which has been successfully used for other dyes,[26] the dimerization constants of the 

compounds (KD) and the Gibbs free energy changes (ΔGo) at 298 K were determined. The 

results are summarized in Table 2 and a plot of the molar fraction of dimerized dyes αdimer at 

different concentrations is depicted in Figure 4.  
 

Table 2. Dimerization constants and corresponding Gibbs free energy changes at 298 K for the dyes 3a-f in 

MCH. 

Compound KD  [L mol-1] -ΔGo
298 [kJ mol-1] 

3a 30 8.4 

3b      9.1 ×102  16.9 

3c 1.3 ×104 23.5 

3d 4.6 ×103  20.9 

3e 7.9 ×103 22.2 

3f 7.3 ×103 22.0 

 

Figure 4 shows that the curves calculated from the dimer model fit very well with the 

experimental data points. For compound 3e and 3f with two phenoxy and pentafluorophenoxy 
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bay substituents, respectively, nearly identical KD values were observed. It is noteworthy that 

for 3b and 3e the aggregation constants are about 2 orders of magnitude smaller than those 

previously observed for PBIs containing the same substituents at bay positions, but more 

electron rich tridodecyloxyphenyl substituents at imide positions.[21] Apparently, in the case 

of tridodecyloxyphenyl-substituted PBIs either better stacking or additional donor-acceptor 

interactions are provided by the more electron-rich alkoxy groups and the electron-deficient 

perylene units, which lead to a stronger binding between the chromophores. Thus, for such 

compounds much larger aggregation constants were observed. 
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Figure 4. Left: Plot of the colligative concentrations versus the total molal concentration of the compounds 3d 

and 5 obtained from VPO measurements in MCH at 44 °C. Right: Plot of the molar fraction of the dimerized 

molecules αdimer vs. the total concentration cT  of the dyes 3a-e obtained from the concentration-dependent 

UV/Vis spectral data in MCH at 25 °C (for clarity, the curve and data points of 3f are not shown since they 

completely overlap with those of 3e). Inset: αdimer of compound 3d as a function of cT obtained from 

concentration-dependent UV/Vis spectroscopy (triangles) and VPO (circles) at 44 °C. 

 

For a better comparison of the results obtained from UV/Vis spectroscopy and VPO, the KD 

of 3d was additionally determined at 44 °C (the temperature for VPO experiments) by 

UV/Vis spectroscopy as a representative  example and a KD value of 1200 M-1 was obtained 

(Figure 4 right, inset). On the other hand, KD can be estimated at a single concentration with 

the equation KD = (1 – Φ)/cT(2Φ – 1)2 for dimerization equilibrium, where Φ is the osmotic 

coefficient and equals to the reciprocal of the average aggregation number N.[26a] Based on the 

N values obtained from the VPO measurements for 3d, KD values in a range of 670-1600 M-1 

were estimated at 5 different concentrations. These values are in good agreement with that 

obtained from UV/Vis spectroscopic data. The molar fraction of dimerized molecules αdimer 
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can be calculated from the VPO results as αdimer = 2 – 2/N and the data points fit well with the 

curve obtained from UV/Vis spectroscopic measurements (Figure 4 right, inset).  
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Figure 5. Normalized fluorescence spectra measured in MCH for a) 3a (at 1.0 × 10-6 and 1.4 × 10-2 M), b) 3b 

(at 1.0 × 10-6 and 1.0 × 10-2 M ), c) 3c (at 1.0 × 10-6 and 1.0 × 10-3 M), d) 3d (at 1.0 × 10-6 and 1.0 × 10-2 M), e) 

3e (at 2.0 × 10-6 and 1.0 × 10-3 M), and f) 3f (at 1.0 × 10-6 and 1.0 × 10-2 M). In all cases, a dashed line is used for 

the lower concentration and a solid line for the higher concentration.  

 

The photoluminescence properties of dyes 3a-f upon dimerization were studied by steady-

state fluorescence spectroscopy. The fluorescence spectra of the tetrasubstituted dyes 3a and 

3b at high concentrations in MCH resemble the mirror image of the corresponding UV/Vis 

absorption spectra (Figure 5). These spectra show comparable lineshape as those of the 

monomer emission spectra and small bathochromic shifts for the 0-0 bands (9 nm for 3a and 

31 nm for 3b). Unlike the persistent spectral profiles of the tetrasubstituted dyes, significant 

changes of the fluorescence spectra were observed for disubstituted 3c-f upon dimerization. 

For 3c, an obviously raised band was observed at around 750 nm together with the monomer 

emission band. The emission maximum of 3d was bathochromically shifted from 532 nm to 

569 nm with the loss of fine structure and significant broadening of the spectrum. More 

significantly, the emission spectra of 3e,f displayed new, broad and unstructured bands with 
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bathochromic shifts of about 100 nm for both dyes (2700 cm-1 for 3e and 3000 cm-1 for 3f). 

These spectral features are similar to those observed previously for aggregates of dye 6[22] and 

can be related to a pronounced structural and energetical relaxation process of the excited 

dimer aggregate.[27] 

For the two strongly photoluminescent dyes 3b and 3e (Table 1), the quantum yields upon 

dimerization were evaluated. The fluorescence spectra of the non-aggregated dye 5 (Фfl ~ 1) 

and 3b were measured at the same concentration (1.0 × 10-2 M, αdimer = 0.8 for 3b) and optical 

setup. The integrated fluorescence intensity (area under the spectra) of 3b amounts 92% of 

that of 5 (after calibration by using different absorption coefficients at excitation wavelengths 

for 5 and 3b). This result confirms that for 3b the fluorescence quenching upon aggregation is 

negligible, which closely resembles the observation made for an analogue of PBI 3b that 

contains trialkoxyphenyl groups at imide positions.[21]. In contrast to that of 3b, the 

fluorescence of 3e is drastically quenched upon aggregation. Comparison of the spectra of 3e 

and 5 measured under the same conditions (1.0 × 10-3 M, αdimer = 0.8 for 3e), the fluorescence 

quantum yield of 3e is reduced from 0.87 (Table 1) for the monomer to only ~0.19 upon 

aggregation. Based on these data and taking into account about 80% of 3e is dimerized in 

1.0×10-3 M solution, a fluorescence quantum yield of 0.02 can be calculated for the dimeric 

species. The shape-persistent and non-diminished fluorescence of 3b on aggregation, on one 

hand, and the drastically quenched fluorescence of 3e with large Stokes shift and unstructured 

new band, on the other hand, imply different stacking and relaxation modes of these dyes in 

their aggregates (see Discussion).  

 

5.2.4 Formation and optical properties of columnar liquid crystalline phases  

The combination of large-sized aromatic cores and flexible long alkyl chains has a strong 

effect on the self-organization properties of bulk materials and may lead to the formation of 

columnar liquid crystalline (LC) phases by means of micro-segregation.[ 28 ] Thus, the 

thermotropic behavior of the PBI dyes 3a-f was studied by differential scanning calorimetry 

(DSC), polarizing optical microscopy (POM), and X-ray diffraction (XRD) to access their LC 

properties. These studies revealed that the dyes 3a, 3b, 3d, and 3e form liquid crystals upon 

cooling from the melt, while only glass formation was observed for 3c and 3f. The most 

complex DSC thermogram was observed for compound 3a (Figure 6) which showed upon 

first heating two crystal-crystal transitions, prior to the crystal melting transition. No 

corresponding transitions occurred in the first cooling scan and further cycles which are 

characterized by entering a liquid crystalline phase at 80 °C upon cooling from isotropic 
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phase and the clearing of this phase upon heating at 110 °C. Accordingly, the LC phase of 3a 

is monotropic. In contrast, only one reversible transition from the pristine phase to the 

isotropic phase was observed for dyes 3b and 3e (and vice versa), indicating that pristine 

states of these compounds are LC phases (they were isolated as viscous substances in contrast 

to the crystalline samples of 3a and 3d). For the dibromo-substituted compound 3d several 

overlapping endothermic transitions were observed around 80 °C between the pristine 

crystalline phase and the LC phase (Figure 6). The sum of ΔH of those transitions is about 

127 kJ mol-1. Broad transitions with similar enthalpy changes at the same temperature range 

were previously reported for other liquid crystalline PBIs.[17b] No subsequent recrystallization 

was observed for the LC phases of the present PBIs at the employed cooling rate. The 

thermodynamic properties of the LC phase of 3a,b,d,e are summarized in Table 3.  
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Figure 6. Left: DSC profile (10 °C min-1) of 3a for the first (solid line) and second (dashed line) heating-

cooling cycle (the line of seconding cooling is fully overlap with that of the first) showing transitions a-e with 

enthalpy values of 10.3 (a), 49.8 (b), 21.3 (c), 10.3 (d), and 8.4 (e) kJ mol-1. Right: DSC (10 °C min-1) of 3d for 

the first (solid line) and the second (dashed line) heating-cooling cycle (the line of seconding cooling is fully 

overlap with that of the first) showing transitions a-c with enthalpy values of 127 (a), 2.7 (b), 3.2 (c) kJ mol-1.  

 

Table 3. Clearing temperature T, transition enthalpies ΔH, and entropies ΔS for the LC-isotropic transitions.  

Compound T [°C] ΔH [kJ mol-1] ΔS [J mol-1 K-1] 

3a 110 8.4 21.9 

3b 285 23.5 42.1 

3d 160 2.7 6.2 

3e 130 5.3 13.2 

 

It is noteworthy that the isotropization temperatures of these PBIs are about 60-150 °C 

lower than those for the previously reported structurally similar PBIs with dodecyloxy side 
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chains.[17b,21] This relates well to the lower binding constants observed for aggregate 

formation in solution and indicates smaller cohesive forces between the π-π-stacked 

molecules. Also the substituents at the bay area have an effect on the clearing point. Thus, the 

isotropization temperature of dye 3a is 190 °C lower than that of the unsubstituted PBI 6 with 

the same imide substituents. Considering 200 °C as an upper limit for the use of flexible 

plastic substrates in device fabrication,[29] the compounds 3a, 3d, and 3e are very promising 

for such applications because they possess relatively low isotropization temperatures in the 

range of 110-160 °C. The entropy and enthalpy changes associated with the LC to isotropic 

transitions of the disubstituted compounds are much lower compared with those of the 

tetrasubstituted compounds bearing similar substituents. For instance, the ΔH value of the 

dibromo-substituted compound 3d is about one third of that for the tetrachloro-substituted 

compound 3a and the ratio of ΔH for the diphenoxy- (3e) and tetraphenoxy-substituted (3b) 

compounds is about 1:4. A similar trend was observed for the ΔS values, which hint at a 

higher degree of order in the liquid crystalline state for tetrasubstituted 3a,b compared to the 

disubstituted dyes 3d,e.  

Under the polarizing microscope, for compounds 3a and 3b the formation of extremely 

long and straight lancet-like domains was observed (Figure 7a,b), which are very unusual for 

columnar LCs and reflect the strong rigidity of columns. In general, such rigidity always 

induces an alignment of the columns parallel to the glass substrate. However, some 

spherulites coexist with the lancet-like domains for 3b (picture is not shown), indicating that 

some bending of the columns is possible. The two disubstituted compounds 3d and 3e display 

spherulitic textures that are typical for columnar LC phases (Figure 7c,d). Clear black brush-

like patterns were observed for 3d (left-bottom corner) which implies that the columns in the 

domains are parallel with the substrate and bend into circles around the brush center.[30] 

X-ray diffraction measurements were performed for bulk samples of compounds 3a, 3b, 3d, 

and 3e in the LC phase. Figure 7e shows the X-ray diffraction pattern for a sample of 

compound 3a at 90 °C on cooling from the isotropic phase. The four Bragg reflections (peaks 

1-4) observed in the small angle region may be indexed according to a two-dimensional 

centered rectangular lattice with satisfactory accuracy.[31] The comparatively sharp peak at 2θ 

= 21° (peak 6) is indicative of a periodicity in the structure with a repeat distance of 4.3 Å. 

Unfortunately, no alignment of the sample could be achieved; thus, there is no direct prove 

from the X-ray measurements for the direction of this periodicity within the structure. 

However, the d-value of 4.3 Å is characteristic for a close contact of the π-systems and this 

can be taken as a hint to a columnar phase with the perylene cores periodically packed along 
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the columnar axis. A diffuse halo is displayed at 2θ = 18° which could be attributed to 

“liquid-like” disordered alkyl chains. Interestingly, a second diffuse halo can be observed at 

2θ ≈ 26° (as a rough estimate, see Figure 7e, maximum 7), corresponding to a d value of 

about 3.4 Å. To our best understanding, this unusual diffraction could be attributed to Cl-Cl 

close contacts in the stacks.[32] Taking the repeat distance of the perylene cores along the 

columnar axis (d = 4.3 Å) as the c-axes of a three-dimensional orthorhombic unit cell (Table 

4), its volume can be calculated to Vu = 6.0 nm3. The volume of one molecule in the packing 

has been estimated according to Immirzi et al.[33] and amounts to 2.6 nm3. Accordingly there 

should be about two molecules in the unit cell supporting the assumption of a centered lattice. 

c) d)

f)e)1

2+3

4 5 6

7

2    4     6     8   10   12   14   16  18   20   22   24   26  28

103

θ/ o2

102

10

I/
 a

.u
.

a) b)

 
Figure 7. a)-d): Optical textures (image size: 0.86 mm × 0.65 mm) of the liquid crystalline phases of a) 3a, b) 

3b, c) 3d, and d) 3e at crossed polarizers. e),f): X-ray diffraction patterns: e) for compound 3a at 90 °C showing 

5 reflections (peaks 1-4 and 6) and the maxima of the diffuse scattering (peaks 5 and 7) and f) of a surface-

aligned sample of 3d at 140 °C showing the hexagonal lattice in the small angle region with indices of the 

observed reflections.  
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Table 4. LC phases, measured temperature and the corresponding lattice parameters a, b and c. 

Compound LC phase Temperature [°C] Lattice parameter [Å] 

3a Colro 70 a = 47.8, b = 29.3, c = 4.3 

3b Colho 150 a = 32.0, c = 4.5 

3d Colho 140 a = 30.2, c = 3.8 

3e Colhd 80 a = 30.4  

 

For dye 3b, the three reflections in the small angle region observed in the Guinier powder 

pattern at 150 °C have a ratio of the reciprocal d-spacings of 1:31/2:2 and have been indexed as 

the 10, 11, and 20 reflections of a two-dimensional hexagonal lattice. As for 3a, a Bragg 

reflection in the wide angle region could be attributed to a periodic intra-columnar distance of 

the molecules along the stacking direction of 4.5 Å, which is identical with that for the 

analogous dye with tridodecyloxylphenyl groups at the imide positions,[21] and the LC phase 

at this temperature can be assigned as Colho. A similar phase assignment results from the 

Guinier powder pattern  and the 2D image for the scattering of an aligned sample of the 

dibromo-substituted dye 3d (Figure 7f), the d value for the outer Bragg reflection of 3.8 Å 

being considerably smaller than those for the tetrasubstituted compounds.  

The Guinier powder pattern for compound 3e at 80 °C shows two reflections with a ratio of 

the d-values of 1:31/2, indicating a hexagonal two-dimensional lattice. In contrast to the 

compounds described above, the X-ray pattern of 3e shows no Bragg reflection in the wide 

angle region but only diffuse scattering, hence the phase can be assigned as hexagonal 

columnar with only short-range order of the molecules along the stacks (Colhd phase). The 

unit cell parameters of the LC phases are summarized in Table 4. According to the hexagonal 

lattice constants, the diameter of the columns for 3b, 3d, and 3e are 3.2, 3.0 and 3.0 nm, 

respectively. These diameters are significantly shorter than the long molecular axes (about 5 

nm) of the dyes bearing alkyl chains in their fully extended all-trans conformation. The 

difference could be attributed to folding and interdigitation of the alkyl chains as well as 

rotational offsets along the stacking axis of the dyes.[22,34]  

Furthermore, UV/Vis and photoluminescence studies were carried out for LC thin films of 

these dyes. As shown in Figure 8, the UV/Vis spectrum of a solution-cast thin film of dye 3a 

displayed an absorption maximum at 493 nm with two less intense absorption bands at around 

533 nm and 414 nm, respectively. However, no fluorescence could be observed for this thin 

film. Upon annealing at 105 °C, the sample transformed into the LC phase according to the 

morphological changes under the optical polarizing microscope and pronounced spectral 
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changes occurred (the optical textures of the thin films corresponding to the spectra in Figure 

8a are shown in Figure 9). Thus, the absorption maximum for the LC phase appeared now at 

537 nm which is bathochromically shifted by 44 nm with respect to the pristine state for the 

spectrum of LC state. Concomitantly, the initially non-fluorescent thin film became 

fluorescent upon annealing. The spectrum shows an emission maximum at 554 nm with well-

resolved vibronic structure and has a nearly identical lineshape with that observed for 

aggregates of 3a in MCH, but with a bathochromic shift of 9 nm. The different optical 

properties of the solution-cast and annealed thin films of 3a reflect the different packing 

feature of 3a molecules in pristine state and LC phase.  
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Figure 8. a) Normalized UV/Vis absorption spectrum of the thin film of 3a cast from MCH solution (dashed 

line) together with the UV/Vis absorption and fluorescence spectra of the LC thin film (after annealing, solid 

lines); b) normalized UV/Vis absorption and fluorescence spectra of the thin film of 3b cast from MCH solution; 

c) normalized UV/Vis absorption and fluorescence spectra of the thin film of 3e cast from MCH solution. 

 

In the case of phenoxy-substituted dyes 3b and 3e, only one phase below the isotropization 

point can be observed by DSC measurements. Thus, the solution-cast thin films of these 

compounds are in LC state. For 3b, the emission spectrum of the thin film is a mirror image 

of the S0-S1 absorption band with a Stokes shift of 32 nm. In comparison with the dimer 

spectra in MCH, the spectra in thin film are slightly bathochromically shifted. For dye 3e, the 

lineshape of absorption spectrum of the thin film is highly comparable with that of the dimer, 

apart from a bathochromic shift of about 35 nm. In the fluorescence spectrum of the thin film 
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of 3e, a broad red-shifted band around 680 nm was observed, which was about 35 nm 

bathochromically shifted with respect to that observed in MCH solution. 

a) b)

 
Figure 9. Optical textures under crossed polarizers of thin films of 3a on quartz slides used for the UV/Vis 

spectroscopic measurements: a) solution-cast thin film and b) thin film after annealing at 105 °C. 

 

For the dibromo-substituted dye 3d, despite the existence of a crystal-LC transition no 

spectral changes can be observed in the thin film cast from MCH solution upon annealing. 

The UV/Vis spectrum displays a λmax at 483 nm with a lower energy band at 540 nm. The thin 

film is weakly fluorescent with an emission maximum at 624 nm. The observation of broad 

emission bands of the thin film of 3d,e with very large Stokes shifts (> 140 nm) and the fact 

that no fine structure, in contrast to that of dyes 3a,b, was observed clearly indicate that the π-

π stacking of the two dyes 3d,e is distinct from that of 3a,b in the LC state. 

 

5.3 Discussion 

Here we will discuss elaborately some of our pertinent results presented in the preceding 

sections. The concentration-dependent UV/Vis spectroscopic studies and VPO measurements 

have clearly shown that the present bay-substituted PBIs 3a-f favorably aggregate to give π-π-

stacked dimers in MCH at millimolar concentrations. By contrast, at bay area unsubstituted 

PBI 6 formed extended oligomeric π-π stacks under comparable conditions according to our 

recent investigation.[22] This distinct aggregation behavior of at bay area substituted vs. 

unsubstituted PBIs can be explained in terms of their quite different molecular geometry. X-

ray crystallographic analysis showed that the π-system of unsubstituted PBIs is perfectly 

planar,[35a] while the perylene cores of bay-substituted derivatives, which contain the same 

bay substituents as the present dyes 3a-d, are significantly distorted.[17,23,35] Depending on the 

number and steric demand of the substituents, twist angles (θ) of 24° to 37° were found in the 

solid state for bay-substituted PBIs. It is noteworthy that crystal structures for diphenoxy-, 
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dipentafluorophenoxy-, and dipyrrolidinyl-substituted PBIs are still not available. However, 

as twist angles assessed by semiempirical AM1 calculations for the other four compounds 

agree well with those determined by X-ray analysis (see Table 5) these values can be 

estimated with high fidelity.  

 
Table 5. Experimental and calculated twist angles of bay-substituted PBIs. 

Structure  Bay substituents θ [o][a] θ [o][b] 

without substituents 0[35a,b] 0 

1,7-diphenoxy [c] 15 

1,7-dipentafluorophenoxy [c] 18 

1,7-dibromo 24[23] 24 

1,7-dipyrrolidinyl [c] 25 

1,6,7,12-tetrachloro 37[17a] 36 
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PBI  1,6,7,12-tetraphenoxy 25[35b-d] 27 

[a] Twist angle (dihedral angle associated with the 4 carbon atoms C6-C6'-C7'-C7) in the perylene core 

determined by single crystal X-ray analysis. [b] Calculated by semiempirical AM1 method (CAChe 5.0). [c] 

Data not available.  

 

The different aggregation behavior of planar and core-twisted PBI dyes, i.e. formation of π-

π-stacked dimers vs. extended π-π stacks, respectively, is a consequence of different 

intermolecular interactions originating from distinct geometry. In flat PBI 6 monomer the two 

π-surfaces are equal with respect to the approach of another molecule from the top or bottom 

face to form dimers and the dimers have the same feature as the monomers, thus, extended 

aggregates can be formed. However, this situation is changed when the molecular plane is 

twisted due to the substituents at bay area. For example, the structure of dipyrrolidinyl-

substituted PBI obtained from molecular modeling shows that the two substituents point 

toward the same side of the molecular plane (Figure 10a), making the two π-surfaces of the 

molecule distinct. One side is sterically much more encumbered than the other side due to the 

bay substituents. Thus, in the self-assembly process the two sterically less hindered faces of 

the molecules stack together to form an energy-minimized dimeric unit through larger π-π 

overlap and to minimize the energy of the system. Indeed, such dimeric units are found in the 

crystal structure of compound 4. As revealed by this structure a rotational displacement 

around the stacking axis may reduce the steric congestion of the substituents and enforce the 

π-π contact (Figure 10b). Further aggregation of such dimeric units should be disfavored due 
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to the steric hindrance of the bulky substituents at the accessible π-faces. Accordingly, the 

dimerization of bay-substituted PBI dyes in solution is favored with respect to further 

aggregation.  

a) b) c)

 
Figure 10. a) Molecular structure of dipyrrolidinyl-substituted PBI (view along the N-N axis) obtained from 

molecular modeling. b) Top view of the dimeric unit of compound 4 in crystal structure with a rotation 

displacement of about 35°. c) Side view of the dimeric unit of compound 4 in crystal structure.  

 

Our results have shown that the aggregation constants of the bay-substituted dyes are 2-4 

orders of magnitude smaller than those of the corresponding unsubstituted dyes with the same 

imide substituents. This can be attributed to the reduced π-π interaction energy in the case of 

bay-substituted PBIs due to the twisting of the perylene core. Indeed, a good correlation 

between the twist angle and the Gibbs free energy of π-π stacking, except for 3c, was 

observed (Figure 11).  
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Figure 11. Plot of the Gibbs dimerization energy ΔG° against the twisting angle θ of the bay-substituted PBIs 

3a-f and 6 obtained from calculation (Table 5).  

 

Upon increasing the twist angle from 0° for the unsubstituted PBI 6 to the 37° for the 

tetrachloro-substituted PBI 3a, the aggregation constant decreased strongly. Thus, the degree 
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of twisting has a pronounced effect on PBI dye aggregation through π-π interaction. The 

rather good correlation between ΔG° and θ despite the different bay-substituents indicates that 

the magnitude of ΔG° mainly depends on the geometry of the perylene bisimide core and the 

respective bay substituents have only a minor effect on the π-π stacking energy with the 

exception of 3c. This is a reasonable result because for aggregates of twisted π-systems we 

have to expect either an increased distance between the π-planes (as observed in the LC 

phases of 3b,d) or a pronounced displacement between the dyes leading to a smaller π-π 

contact area (as observed in the LC phase of 3a). 

Indeed, the core twisting of these PBIs has significant effect on the molecular packing in 

the LC phase. Dye 3a with the largest twist angle (37°) formed Colro phase, while for the less 

distorted dye 3b (27°) and 3d (24°), Colho phases were observed. The diphenoxy-substituted 

3e (twist angle 15°) and the planar PBI 6 showed a Colhd phase. Thus, obviously, in the case 

of less twisted dyes, the intracolumnar order decreases and the lattice structure changes from 

rectangular to hexagonal. A pronounced distortion of the skeleton interferes with the 

translational and rotational fluctuation of the molecules in the columns and thereby increases 

the ordering within the columns, which is also reflected in the optical texture of the LC phases 

of such dyes (Figure 7) as for 3a and 3b lancet-like domains were observed, while for 3d and 

3e, spherulitic textures were observed. For dye 3a, the rotational displacement of the dye 

molecules that is a prerequisite for the formation of a hexagonal lattice is hindered due to the 

bulky chlorine atoms. In contrast, these dyes stack on top each other with longitudinal offsets 

along long molecular axis to form a rectangular phase (Figure 12).  

With four bulky phenoxy substituents the core of 3b is nearly disk-like. Taking into 

account a tilt of the molecular cores with respect to the columnar axis as found for the 

analogous compound with alkoxy side chains,[21] rotational disorder is not necessarily needed 

(even if possible to some extent) to form columns with a circular cross-section. Conversely, 

such a rotational displacement is necessary for the PBI molecules 3d and 3e to compensate 

the considerably differing dimensions of the long and short axis of the molecules.[36] This 

assumption is supported by the observation of identical column diameters for the dyes 3d and 

3e, although the bay-substituents in these compounds are quite different (dibromo for 3d and 

diphenoxy for 3e). For the crystal structure of dibromo-substituted PBI 4,[23] a rotational 

displacement of about 35° (Figure 10b) between the long axis of the molecules was observed, 

implying that such displacement could be also feasible in the LC state of disubstituted PBIs.  
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Figure 12. Schematic representation of the proposed packing patterns and the orientation of the transition 

dipole moments in columnar LC phases of the core-twisted PBI dyes: a) J-type π-π stacking of 3a, and b) 

cofacial π-π stacking of 3d,e.  

 

The twisted π-core not only plays a decisive role for the structure and thermodynamic 

stability of π-π aggregated PBIs, but it has also a strong effect on the excited state properties 

of PBI aggregates. For all the present dyes, bathochromic shifts of the aggregate emission 

bands with respect to monomer emission were observed, indicating a lowering energy of the 

emissive aggregate state compared to the monomer species. The reduction of the energy can 

be quantified by the spectroscopic energy difference Δυ (in wave numbers) between the 

monomer (0-0) emission maximum and the maximum of the aggregate emission band (a 

quantity introduced to estimate the stabilization energy for excimers[37]). As shown in Figure 

13, this energy difference Δυ is highly dependent on the twist angle θ. The planar dye 6 

exhibits the largest Δυ value with a bathochromic shift of 4600 cm-1.[22] Upon twisting of the 

perylene skeleton the Δυ value decreases approximately linearly despite different electronic 

properties of the bay substituents. For the dyes 3e and 3f bearing only two phenoxy 

substituents at the perylene core the bathochromic shift is still very significant while it is of 
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minor importance for the dyes with 4 bay substituents. For instance, the value Δυ = 309 cm-1 

for 3a is smaller than the value of the Stokes shift between the absorption and emission 

maximum (875 cm-1). Accordingly we can conclude that the energetic relaxation process in 

the excited state is not significantly more pronounced in dimer aggregate of the distorted dyes 

3a, b than for their monomeric species. On the other hand, an explanation is requested for the 

very significant stabilization of the excited state in the case of dimer aggregates of the more 

flat derivatives 3e and 3f. 
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Figure 13. Plot of the energy difference Δυ (in wave numbers) between the 0-0 emission band of the 

monomeric dyes and the emission maxima of the aggregated dyes in MCH versus the core twisting angle θ. 

 

The above suggested π-π-stacking pattern of the core-twisted dyes in their LC phase and 

the observed UV/Vis spectroscopic features of π-stacked dyes in solution and thin film can be 

rationalized by molecular exciton theory.[38] Based on this theory, excitonic coupling between 

closely stacked chromophores causes changes in the optical spectra as observed for various 

type of dyes, including PBIs. It has been pointed out that either hypsochromic or 

bathochromic shifts of the absorption maximum with respect to that of the monomer can 

occur depending on the stacking geometry and the selection rule for the respective optical 

transitions. In the most simple case when two dyes are stacked on top of each other with 

parallel transition dipole moments only one out of two excitonic transitions is allowed. In 

most cases this is the transition to the higher energy state (corresponding to a 

hypsochromically shifted, i.e. H-type band) and only in rare cases of pronounced longitudinal 

displacements between the two dye it is the transition to the lower energy state (corresponding 

to the bathochromically shifted J-type band).[ 39 ] On the other hand, when the transition 

dipoles are rotationally displaced both bathochromically and hypsochromically shifted bands 
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can be observed.[38] This situation has been observed for the vast majority of aggregates of 

unsubstituted PBIs and recently elucidated by calculated spectra for a variety of possible 

geometries based on molecular exciton theory.[25] 

In contrast to the parent flat PBIs, for 3a and 3b only small bathochromic shifts and only 

minor changes in the band shape were observed upon aggregation in the concentration-

dependent UV/Vis spectra in MCH. Both observations imply that the excitonic couplings are 

weak in the dimers. This is a reasonable result because these twisted π-cores can not approach 

into close proximity for steric reasons. Accordingly, the electronic coupling remains small for 

these dye aggregates. In contrast, significantly stronger excitonic coupling effects are 

observed for the aggregates of the less twisted dye 3c-f. The most evident features of their 

spectra are hypsochromically shifted absorption maxima in concentration-dependent UV/Vis 

spectra in MCH and in LC phases that is, however, accompanied with the simultaneous 

occurrence of another absorption band or at least a shoulder at longer wavelengths (Figure 3). 

This pattern is indicative of cofacial-type dimers of these dyes with rotational displacements 

among the long molecular axis.[25,38]  

Whilst calculations based on the excitonic coupling theory could successfully describe the 

spectral changes arising in the UV/Vis absorption spectra for flat PBI upon dimer aggregate 

formation,[25] they cannot explain the far more pronounced bathochromic shifts in the 

fluorescence spectra that are observed for the flat PBI 6[22a] or the slightly twisted PBIs 3c-f. 

Because these fluorescence spectra exhibit many features that are typically observed for 

excimers,[27] i.e. a pronounced bathochromic shift and a structureless broad band, we suggest 

that a major structural reorganization process takes places in these dimer aggregates from the 

original Franck-Condon excited state to the final energetically relaxed state from which 

emission occurs. It is likely that the π-π distance is reduced in this relaxed state and thus the 

electronic coupling between the two dyes is increased. Because the radiative transition from 

such an excited state leads to an energetically unfavorable state on the ground state potential 

surface, the fluorescence spectra might resemble those observed for excimers.[27] Therefore, 

even that the dimeric species of PBIs 3c-f are stable in the ground state, bathochromically 

shifted broad and structureless emission bands are observed for these dyes.  

A very interesting phenomenon is the “switch on” of the fluorescence of compound 3a 

during the transition from the pristine phase into the LC phase upon annealing. This is 

indicative for a process in which the chromophore packing is changed to a J-type geometry 

(Figure 12a) with transition dipole moments parallel.[38] In the pristine thin film, the dye 

molecules may stack in a more H-type geometry where the lowest energy transition is 



 
Chapter 5                                           Effect of Core Twisting on Self-Assembly of Perylene Bisimides 

 124

forbidden and accordingly no fluorescence is observed.[39] Upon phase transition, the dyes are 

slipped into a more longitudinally displaced geometry where they are stacked more tilted with 

respected to the columnar axis, leading to the formation of luminescent J-type aggregates. 

Similarly, dye 3b also exhibits the features of a J-type packing in the LC phase according to 

the UV/Vis absorption and fluorescence spectra of the LC thin film in Figure 8. On the other 

hand, thin LC films of 3d,e show both higher and lower energy bands where the higher 

energy bands possess the larger oscillator strengths (Figure 8c). This is in good agreement 

with our packing model that suggests rotational displacements between the transition dipoles. 

In such columnar π-π stacks, a pronounced relaxation process of the excited state may occur 

as suggested by the large Stokes shifts and excimer-type emissions of these two dyes. 

Interestingly, stacking by rotational displacement seems to be more favored by the less 

twisted disubstituted PBIs than by the strongly twisted tetrasubstituted dyes which prefer a 

longitudinal offset giving rise to J-type spectra. Although only few examples of the screw-

type stacking were observed in the crystal structures of PBIs,[35b] rotational displacements 

play an important role in the packing of these dyes in LC phases as observed here for 3d,e and 

previously for the unsubstituted PBI 6.[22]  

 

5.4 Conclusions 

A series of new, highly photoluminescent core-twisted PBI dyes were synthesized that bear 

trialkylphenyl groups at the imide positions and two or four substituents at bay area. These 

compounds are characterized by distortions of the perylene planes with dihedral angles in the 

range of 15-40° according to crystallographic data and molecular modeling studies. In 

contrast to the extended oligomeric aggregates formed for planar unsubstituted PBIs, this 

family of dyes formed π-π-stacked dimers in apolar solvent due to the distorted aromatic core. 

Upon excitation of these solutions fluorescence was observed for the dimer aggregates of all 

these compounds. Even in condensed state, several PBIs exhibit luminescence as well as 

mesophase properties, i.e. they form thermotropic columnar liquid crystal phases. The core 

twisting has a significant effect on the π-π-stacking mode of the molecules in solution and in 

the columnar stacks of the LC phases. In both cases, the more twisted tetrasubstituted dyes 

formed longitudinally slipped stacks of the dyes with J-type emissive properties whilst for the 

less twisted disubstituted dyes, the feature of rotational displacement between the molecules 

in cofacial aggregates was confirmed. A remarkable linear relationship between the dihedral 

angle and the ground state dimerization Gibbs free energy as well as the bathochromic shift of 

the aggregate emission band has been found. The relationship between the degree of 
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distortion of the aromatic core and its self-assembly properties demonstrated here for these 

PBIs provides useful information for the supramolecular control of electronic and optical 

properties of aggregates of this type of functional dyes. Possessing high fluorescence quantum 

yields, low isotropization temperatures, n-type semiconducting and unique self-assembly 

properties, these dyes are promising materials for organic electronics.  

 

5.5 Supplement: Purification and Crystal Structure of 1,7-Dibromoperylene Bisimide  

The bromination of perylene bisanhydride 7 was carried out according to the literature 

procedure[40] (Scheme 2) and the crude product, which is insoluble in organic solvents, was 

investigated by 600 MHz 1H NMR spectroscopy in D2SO4. Three sets of signals with 

different intensities were observed in the 1H NMR spectrum (Figure 14). 
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Scheme 2. Different products formed in the bromination and subsequent imidisation of perylene bisanhydride 

7. a) Br2, I2 (catalytic), 100% H2SO4, 85 °C, 11 h; b) cyclohexylamine, H2O/n-PrOH (2:1), Ar, 80 °C, 10 h. 

 

The spectrum indicates that at least three different products are formed in the bromination. 

In the region between 8.7 and 9.1 ppm three doublets and three singlets are observed, and 

further three doublets are overlapped to a multiplet at 9.65-9.75 ppm. This signal pattern 

implies that 1,7- and 1,6-dibromoperylene bisanhydrides (1d and 8) and tribrominated 9 

(Scheme 2) are formed. The integration areas of the doublets at 8.79, 8.82 and 8.89 ppm 

(Figure 14) reveal that 1d, 8, and 9 are formed in a ratio of ca. 76:20:4.  
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8.89.09.29.49.6
δ / ppm  

Figure 14. 1H NMR (600 MHz, D2SO4, calibrated for TMS) spectrum of bromination products of perylene 

bisanhydride 7. 

 

Since the brominated perylene bisanhydrides are insoluble in organic solvents and, 

therefore, could not be purified by any means, the crude product mixture was used for the 

subsequent imidisation with cyclohexylamine. As expected, the imidisation afforded a 

mixture of 1,7- and 1,6-dibromoperylene bisimides (4 and 10) and tribrominated bisimide 11. 

These dyes are soluble in organic solvents that facilitates their further purification. The silica-

gel column chromatography of the product mixture obtained after imidisation with CH2Cl2 as 

eluent allowed the separation of the minor component tribrominated 11, which was obtained 

in about 2% yield. However, the regioisomeric 1,7- and 1,6-dibromoperylene bisimides (4 and 

10) could not be separated by column chromatography and a 80:20 mixture (determined by 

600 MHz 1H NMR) of 4 and 10 was obtained in 61% yield.  

Fortunately, the major regioisomer 4 could be separated by successive recrystallization of 

the mixture from CH2Cl2/MeOH (1:1). The recrystallization process was monitored by 600 

MHz 1H NMR spectroscopy (Figure 15) to assess the number of recrystallization steps 

required for complete purification. After three recrystallizations, the regioisomer 4 could be 

obtained in pure form as the 1H NMR spectrum (Figure 15c) reveals. In mother liquor, the 

minor isomer 10 is enriched as NMR spectrum shows (Figure 15d); however, the latter could 

not be obtained in pure form. It is noteworthy that the characteristic signals, in particular the 

doublets, of the regioisomers 4 and 10 are only separated in high field 1H NMR spectra since 

the chemical shifts differ very little (0.006 ppm for the doublets at 9.42-9.46 ppm, see Figure 

15a), while at lower field these signals overlap. This might be the reason, why in former 
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publications on 1,7-difunctionalized perylene bisimides the problem of regioisomers was not 

recognized. 

 

 
Figure 15. NMR spectroscopic monitoring of recrystallization; 600 MHz 1H NMR spectra: (a) regioisomeric 

mixture of 1,7-3 and 1,6-3 before recrystallization, (b) after one and (c) after three repetitive recrystallizations, (d) 

spectrum of mother liquor of first recrystallization. 

 

Single crystals of the major isomer, obtained after repetitive recrystallization, were grown 

on covering its CH2Cl2 solution by MeOH layer (more details see Experimental Section). The 

X-ray structure determination confirmed unequivocally the structure of the major isomer as 

1,7-dibromoperylene bisimide 4 (Figure 16; note that the numbering of the carbon atoms in 

the plot is not in accordance with the nomenclature of the compound). Based on the fact that 

the imidisation of the crude bromination products of perylene bisanhydride 7 (Scheme 2) 

afforded PBI 4 as the major product, it can be concluded that the corresponding 1,7-

dibromoperylene bisanhydride 1d should be the major product in the bromination of perylene 

bisanhydride 7. Thus, the structures of the major products of bromination of 7 and subsequent 

imidisation are now unequivocally assigned. With this crystallization method, isomer-free 

dibromo-substituted perylene bisimides can be obtained. Upon saponification of 4, isomer-

free dibromo-substituted perylene bisanhydride 1d could be also obtained. This method 

provides a general way to dissolve the purification problem in the synthesis of any 

disubstituted PBIs, where the 1,6-isomer could be difficult to separate by columnar 

chromatographic method.  
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To our knowledge, this is the first crystal structure reported for 1,7-disubstituted perylene 

bisimide dyes. Therefore, selected crystallographic data of 4 are given in Table 6 and the 

characteristic features of the crystal is described below. 

 

 
Figure 16. ORTEP plot of the molecular structure of 4 (left) and view along the N-N axis showing the twisted 

perylene backbone (right). The anisotropic displacement parameters are depicted at the 50% probability level. 

 
Table 6. Selected crystallographic data for 1,7-dibromoperylene bisimide 4. 
 

Crystal system Triclinic 

Space group P−1 

Unit cell dimensions a = 10.9311(8) Å α = 72.6050(10)° 

 b = 14.0064(10) Å ß= 81.3230(10)° 

 c = 21.9075(16) Å γ = 70.8890(10)° 

Volume 3019.1(4) Å3 

 Z 2 

Density (calculated) 1.656 g / cm3 

R indices [I > 2sigama(I)] R1 = 0.0558, wR2 = 0.1515 

R indices (all data)  R1 = 0.0775, wR2 = 0.1665 

 

PBI 4 crystallizes in the triclinic space group P–1. The central six-membered ring of 1,7-3 

is twisted (Figure 16, right part) with a dihedral angle of 24° associated with bay area carbon 

atoms C8–C9–C10–C11 and C18–C19–C20–C1, which is almost identical to tetraphenoxy-

substituted diazadibenzoperylenes and 14° smaller than that one in tetrachloro-substituted 

PBIs. This twist also induces axial chirality in this 1,7-disubstituted perylene bisimide dye. 
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However, the crystal of 4 is racemic in a centrosymmetric space group. All C–C bond lengths 

of the perylene backbone range between 1.35 Å and 1.46 Å, indicating the presence of π-

conjugation for all C–C bonds. The longest bonds in the perylene unit are the C9–C10 and 

C19–C20 bonds, which connect the two naphthalene units at a length of 1.46 Å. This bond 

length is identical with that observed for the parent PBI (without substituents in the bay area), 

indicating that, although the perylene unit in 4 is significantly twisted, the degree of 

conjugation is similar in both disubstituted and unsubstituted perylene bisimides. 

The molecules of 4 pack in dimeric form in the crystal. As shown in Figure 10b, the angle 

between the long axes of the two molecules is about 35°. Interestingly, in the dimers the two 

molecules have the same axial chirality while the adjacent pairs exhibit opposite chirality. As 

shown in Figures 17 and 18, the two molecules with M-configuration (in blue) and the two 

molecules with P-configuration (in red) form dimers.  

 

c

b

3.46

3.55

3.46

M

P

 
Figure 17. Crystal packing of 1b projected on bc plane. The blue-colored molecules are the M enantiomers 

and the red-colored are P enantiomers. The green lines show the close contacts in Å. For clarity, only the 

PBI scaffold is shown. 
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Figure 18. Crystal packing of 1b projected on ab plane. The blue-colored molecules are the M enantiomers 

and the red-colored are P enantiomers. The green lines show the close contacts in Å. For clarity, only the 

PBI scaffold is shown. 

 

Furthermore, the dimers consisting of P enantiomers and M enantiomers form a helical 

packing pattern. The π-π close contacts of 3.46 and 3.55 Å occur alternatively between the 

molecules. These distances are close to the intracolumnar distance of 3.8 Å of the LC 

dibromo-substituted PBI 3d. The closest intermolecular contacts of 3.12 Å (Figure 18) 

between the O3 and C17 atoms (see Figure 16) of two neighboring molecules can be assigned 

as two C–H⋅⋅⋅O hydrogen bonds.[41] 

 

5.6 Experimental Section 

Materials and methods: 1,7-Dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid 

bisanhydride 1c was synthesized by the procedures described previously.[23] 1,7-

dibromoperylene-3,4:9,10-tetracarboxylic acid bisanhydride 1d was synthesized by 

saponification of isomer-free N,N’-dicyclohexyl-1,7-dibromo PBI 4. NMR spectra were 

recorded at 300 K on Bruker 400 MHz or 600 MHz spectrometers by using TMS (δ = 0.0) as 

internal standard. The solvents for spectroscopic studies were of spectroscopic grade and used 

as received. UV/Vis spectra were measured on Lambda 40P spectrometer equipped with a 
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Peltier System as the temperature controller. The vapor pressure osmometry (VPO) 

measurements were performed on a KNAUER osmometer with a universal temperature 

measurement unit. Benzil was used as standard and a calibration curve in terms of R (ohm) vs. 

molal osmotic concentration (moles per kg MCH) was constructed up to 0.01 molal. DSC 

measurements were performed using a TA Q1000 calorimeter with a heating / cooling rate of 

10 °C /min. At least 2 heating-cooling cycles were performed for each compound. Optical 

textures of the LC phases at crossed polarizers were obtained with an Olympus BX-41 

polarization microscope equipped with a Linkam THMS 600 hot stage and a temperature 

controller unit.  

X-ray diffraction of LC: Powder X-ray investigations were carried out with a Guinier film 

camera (Huber Diffraktionstechnik, Germany). Samples were kept in glass capillaries with a 

diameter of 1 mm (exception: sample of 3b on a Be plate) in a temperature-controlled heating 

stage, quartz-monochromatized Cu-Kα radiation was used (30 to 60 min exposure time, 

calibration with the powder pattern of Pb(NO3)2). 2D patterns were recorded for aligned 

samples on a glass plate on a temperature-controlled heating stage (alignment at the 

sample/glass or sample/air interface) with a 2D detector (HI-STAR, Siemens) using Cu-Kα 

radiation monochromatized by a Ni filter.  

Fluorescence measurements: The steady state fluorescence spectra were recorded on a 

PTI QM4/2003 spectrofluorometer. The fluorescence quantum yields were determined by 

optical dilute method.[42] Fluorescein (Φfl = 0.92 in 1N aqueous NaOH, for 3a, 3d), cresyl 

violet (Φfl = 0.54 in MeOH, for 3c) and N,N’-di(2,6-diisopropylphenyl)-1,6,7,12-

tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide (Φfl = 0.96 in CHCl3, for 3b, 3e, 

3f) were used as references. The given quantum yields are averaged from values measured at 

three different excitation wavelengths. 

Purification of PBI 4 by recrystallization: Regioisomerically pure PBI 4 was obtained by 

repetitive crystallization. In a typical procedure, 450 mg of the crude compound (80:20 

mixture of PBI 4 and 10) was dissolved in 100 mL CH2Cl2. The solution was poured into a 

cylinder-shaped glass container (diameter: 5 cm, height: 14 cm) through a glass funnel with a 

filter paper and 120 mL MeOH was very carefully layered on the top of CH2Cl2 solution by a 

syringe. The container was sealed and kept at room temperature for 2 weeks to grow dark-red 

crystals of perylene bisimide (280 mg, 62%). The recrystallization was repeated 2 more times 

to obtain pure PBI 4 (100 mg, 22%). 
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Crystal structure determination of PBI 4: All data were collected from shock-cooled 

crystals on a Bruker Smart-Apex diffractometer at 173 K[43] (graphite-monochromated Mo 

Kα radiation, λ = 71.073 pm) in the range θmin = 2.50° to θmax = 25.05°. 32463 reflections 

were collected and 10628 unique reflections (|I|  > 2σ |I|) were solved by direct methods and 

refined on F2 using the full matrix least-square methods of SHELXL 97.[44] An empirical 

absorption correction was employed. Hydrogen atoms were calculated and included in the 

refinement. Non-hydrogen atoms were assigned with anisotropic displacement parameters, 

converging to a final R factor of 0.0558 and a weighted R factor of 0.1515 (w = 1/[σ2(Fo
2) + 

(0.0950P)2+5.1855P], where P = (Fo
2+2Fc

2)/3.).Crystallographic data of dye 4 have been 

deposited with the Cambridge Crystallographic Data Centre (CCDC Nr. 242920). 

1,7-Dibromoperylene-3,4:9,10-tetracarboxylic acid bisanhydride (1d): N,N’-

dicyclohexyl-1,7-dibromoperylene-tetracarboxylic acid bisimide (140 mg , 0.20 mmol), KOH 

(1.0 g, 18 mmol) was mixed with 0.5 mL water and 20 mL t-BuOH. The reaction mixture was 

stirred at 90 °C for 18 hours and the color of the solution became bright green. After cooling 

to room temperature, the reaction mixture was poured into 50 mL acetic acid and allowed to 

stay over night. Then the precipitate was collected by centrifugation and dried in vacuum.  

The resulting red solid was dissolved in 15 mL H2SO4 and this solution was slowly added into 

100 mL water. The precipitate was collected by filtration and washed with large amount of 

water, and dried in vacuum at 100 °C for 24 h to give a deep red powder (96 mg, 90 %). The 

purity of this material is enough for further reaction. 1H NMR (600 MHz, D2SO4, 300 K, 

external TMS): δ = 9.65 (d, 2H, J = 8.3 Hz, Hpery), 8.98 (s, 2H, Hpery), 8.76 (d, 2H, J = 8.4 Hz, 

Hpery); MS (EI, 70 eV): m/z (%): 549.8 (100) [M]+, 505.8 (36) [M-CO2]+, 469.9 (6.4) [M-Br]+.  

N,N’-Di(3,4,5-tridodecylphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic 

acid bisimide (3a): 1,6,7,12-Tetrachloroperylene- 3,4:9,10-tetracarboxylic acid bisanhydride 

(0.13 g, 0.24 mmol), 3,4,5-tridodecylaniline (0.30 g, 0.50 mmol) and zinc acetate (0.055 g, 

0.30 mmol) were mixed in 15 mL quinoline. The reaction mixture was stirred at 180 °C for 2 

h. After cooling to room temperature, the mixture was poured into 30 mL MeOH. The 

precipitate was collected by filtration, washed with methanol, and then dried in vacuum. The 

crude product was further purified by silica gel column chromatography (CH2Cl2 as eluent) 

and then slowly precipitated from CH2Cl2/ methanol (1:1). The product was isolated as an 

orange powder by filtration (210 mg, 52 %). 1H NMR (400 MHz, CDCl3, 300 K, TMS): δ = 

8.72 (s, 4H, Hpery), 6.93 (s, 4H, Ar-H ), 2.67 (m, 12H, Ar-CH2), 1.8-1.2 (m, 120H, CH2),0.88 

(m, 18H, CH3); MS (FAB, matrix: p-octyloxynitrobenzene) calculated for C108H158Cl4N2O4 
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1687.1 m/z, found 1687.1 [M]+; elemental analysis (%) calculated for C108H158Cl4N2O4: C 

76.74, H 9.42, N 1.66, Cl 8.39; found: C 76.76, H 9.38, N 1.60, Cl 8.52; UV/Vis (CH2Cl2): 

λmax (ε) = 523 (48100), 490 (33800), 428 (11500 M−1 cm−1); fluorescence (CH2Cl2): λmax= 543 

nm; fluorescence quantum yield: Φfl = 0.03. 

N,N’-di(3,4,5-tridodecylphenyl)-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-

tetracarboxylic acid bisimide (3b): Prepared from 1,6,7,12-tetra(4-tert-butyl 

phenoxy)perylene-3,4:9,10-tetracarboxylic acid bisanhydride (0.15 g, 0.15 mmol), 3,4,5-

tridodecylaniline (0.19 g, 0.31 mmol) and zinc acetate (0.033 g, 0.18 mmol). According to the 

procedure described above for compound 3a. A dark-red viscous substance was obtained (170 

mg, 53 %). 1H NMR (400 MHz, CDCl3, 300 K, TMS): δ = 8.22 (s, 4H, Hpery), 7.23 (d, 8H, J = 

10.7 Hz, Ar-H), 6.86 (m, 12H, Ar-H), 2.58 (m, 12H, Ar-CH2), 1.8-1.2 (m, 156H), 0.88 (m, 

18H, CH3); MS (FAB, matrix: p-octyloxynitrobenzene) calculated for C148H210N2O8 2143.6 

m/z, found 2143.7 m/z [M]+; elemental analysis (%) calculated for C148H210N2O8: C 82.86, H 

9.87, N 1.31; found: C 82.70, H 9.94, N 1.35; UV/Vis (CH2Cl2): λmax (ε) = 580 (50100), 541 

(31400), 453 (17400), 267 (51600 M−1 cm−1); fluorescence (CH2Cl2): λmax= 611 nm; 

fluorescence quantum yield: Φfl = 0.95. 

N,N’-Di(3,4,5-tridodecylphenyl)-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic 

acid bisimide (3c): Prepared from 1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid 

bisanhydride (0.10 g, 0.19 mmol), 3,4,5-tridodecylaniline (0.26 g, 0.43 mmol) and zinc 

acetate (0.040 g, 0.22 mmol). According to the procedure described above for compound 3a. 

A green viscous substance was obtained (210 mg, 65 %). 1H NMR (400 MHz, CDCl3, 300 K, 

TMS): δ = 8.55 (s, 2H, Hpery), 8.49 (d, 2H, J = 8.1 Hz, Hpery), 7.79 (d, 2H, J = 8.1 Hz, Hpery), 

6.95 (s, 4H, Ar-H), 3.78 (broad, 4H, HPyrrolidinyl), 2.88 (broad, 4H, HPyrrolidinyl), 2.65 (m, 12H, 

Ar-CH2), 2.05 (broad, 8H, HPyrrolidinyl), 1.8-1.2 (m, 120H, CH2), 0.88 (m, 18H, CH3); MS 

(FAB, matrix: p-octyloxynitrobenzene) calculated for C116H176N4O4 1689.4 m/z, found 

1689.6 m/z [M]+; elemental analysis (%) calculated for C116H176N4O4: C 82.41, H 10.49, N, 

3.31; found: C 83.14, H 10.68, N, 3.29; UV/Vis (CH2Cl2): λmax (ε) = 705 (48200), 654 

(24600), 435 (18900), 314 (27900 M−1 cm−1); fluorescence (CH2Cl2): λmax= 745 nm; 

fluorescence quantum yield: Φfl = 0.25. 

N,N’-Di(3,4,5-tridodecylphenyl)-1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid 

bisimide (3d): Prepared from 1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid bisanhydride 

(0.26 g, 0.47 mmol), 3,4,5-tridodecylaniline (0.60 g, 1.0 mmol) and zinc acetate (0.10 g, 0.55 

mmol). According to the procedure described above for compound 3a, except that CHCl3 / n-
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hexane (1:1) was used as eluent for chromatography to give a orange-red powder (350 mg, 44 

%). 1H NMR (400 MHz, CDCl3, 300 K, TMS): δ = 9.54 (d, 2H, J = 8.1 Hz, Hpery), 8.96 (s, 2H, 

Hpery), 8.76 (s, 2H, J = 8.2 Hz, Hpery), 6.95 (m, 4H, Ar-H), 2.66 (m, 12H, Ar-CH2), 1.8-1.2 (m, 

120H, CH2), 0.88 (m, 18H, CH3); MS (FAB, matrix: p-octyloxynitrobenzene) calculated for 

C108H160Br2N2O4 1707.1 m/z, found 1707.3 m/z [M]+; elemental analysis (%) calculated for 

C108H160Br2N2O4: C 75.85, H 9.43, N1.64, Br 9.34; found: C 75.90, H 9.38, N 1.58, Br 9.08; 

UV/Vis (CH2Cl2): λmax (ε) = 527 (57800), 491 (39400), 464 (16000), 388 (6800), 269 (36300 

M−1 cm−1); fluorescence (CH2Cl2): λmax= 544 nm; fluorescence quantum yield: Φfl = 0.26. 

N,N’-Di(3,4,5-tridodecylphenyl)-1,7-di(4-tert-butylphenoxy)perylene-3,4:9,10-

tetracarboxylic acid bisimide (3e): Compound 3d (0.10 g, 0.058 mmol), tert-butylphenol 

(0.035 g, 0.23 mmol) and K2CO3 (0.030 g, 0.22 mmol) were mixed in 5 mL anhydrous N-

methylpyrrolidinone. The reaction mixture was stirred at 120 °C for 2 h under argon 

atmosphere. After cooling to room temperature, 20 mL MeOH and 5 mL 1N HCl was added 

into the reaction mixture. The precipitate was collected by filtration, washed with methanol, 

and then dried in vacuum. The crude product was further purified by silica gel column 

chromatography (CH2Cl2 as eluent) and then precipitated from CH2Cl2/ methanol (1:1) to give 

a dark red solid (43 mg, 40 %). 1H NMR (400 MHz, CDCl3, 300 K, TMS): δ = 9.69 (d, 2H, J 

= 8.5 Hz, Hpery), 8.65 (d, 2H, J = 8.4 Hz, Hpery), 8.33 (s, 2H, Hpery), 7.45 (m, 4H, Ar-H), 7.10 

(m, 4H, Ar-H), 6.91 (s, 4H, Ar-H), 2.62 (m, 12H, Ar-CH2), 1.8-1.2 (m, 138H), 0.88 (m, 18H, 

CH3); MS (FAB, matrix: p-octyloxynitrobenzene) calculated for C128H186N2O6 1847.4 m/z, 

found 1847.6 m/z [M]+; elemental analysis (%) calculated for C128H186N2O6: C 83.15, H 10.14, 

N 1.52, found C 82.50, H 10.01, N 1.55; UV/Vis (CH2Cl2): λmax (ε) = 546 (56000), 511 

(37800), 403 (10567), 268 (49800 M−1 cm−1); fluorescence (CH2Cl2): λmax= 575 nm; 

fluorescence quantum yield: Φfl = 0.87. 

N,N’-Di(3,4,5-tridodecylphenyl)-1,7-di(pentafluorophenoxy)perylene-3,4:9,10-

tetracarboxylic acid bisimide (3f): Prepared from compound 3d (0.050 g, 0.029 mmol), 

pentafluorophenol (0.53 g, 0.23 mmol) and K2CO3 (0.36 g, 0.22 mmol). According to the 

procedure described above for compound 3e. A deep red solid was obtained (34 mg, 61%). 1H 

NMR (400 MHz, CDCl3, 300 K, TMS): δ = 9.52 (d, 2H, J = 8.4 Hz, Hpery), 8.75 (d, 2H, J = 

8.4 Hz, Hpery), 8.19 (s, 2H, Hpery), 6.92 (s, 4H, Ar-H), 2.64 (m, 12H, Ar-CH2), 1.8-1.2 (m, 

120H, CH2), 0.87 (m, 18H, CH3); MS (MALDI-TOF, matrix: DTCB) calculated for 

C120H160F10N2O6 1915.2 m/z, found 1915.2 m/z [M]+; elemental analysis (%) calculated for 

C120H160F10N2O6: C 75.20, H 8.41, N 1.46, found: C 75.31, H 8.63, N 1.47; UV/Vis (CH2Cl2): 
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λmax (ε) = 530 (71300), 494 (45300), 465 (17200), 381 (7800 M−1 cm−1); fluorescence 

(CH2Cl2): λmax= 547 nm; fluorescence quantum yield: Φfl = 0.79. 

 N,N’-Dicyclohexyl-1,7-dibromoperylene-3,4:9,10-tetracarboxylic Acid Bisimide (4): 

1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid bisanhydride (1.0 g, 1.8 mmol), 

cyclohexylamine, (6.5 g, 66 mmol) were mixed with 70 mL water and 40 mL n-propanol. The 

reaction mixture was stirred at 80 °C under Ar for 12 hours. After the mixture cooled to room 

temperature, 10 mL 37% HCl was added dropwise. The precipitate was isolated by filtration 

and washed with water and MeOH, then dried in vacuum. The crude product was further 

purified by silica gel column chromatography with CH2Cl2 as eluent. After the solvent was 

evaporated, the product was recrystallization from CH2Cl2 /MeOH (1:1) 3 times to give dark-

red crystals (110 mg, 10%). Mp > 400 °C; 1H NMR (600 MHz, CDCl3, TMS): δ 9.45 (d, 2H, 

J = 8.2 Hz, Hpery), 8.86 (s, 2H, Hpery), 8.65 (d, 2H, J = 8.0 Hz, Hpery), 5.02 (m, 2H, HN-CH), 

2.54 (m, 4H), 1.20-2.00 (m, 16H); 13C NMR (100 MHz, CDCl3, TMS): δ 163.31, 162.75, 

137.93, 132.77, 132.62, 129.95, 129.20, 128.43, 127.00, 123.71, 123.29, 120.70, 54.27, 29.11, 

26.52, 25.40; MS (EI, 70 eV) m/z (%): 710.0 (20.6), 712.0 (44), 714.0 (22.9) [M+] (calcd 

710.0); elemental analysis (%) calculated for C36H28Br2N2O4: C 60.69, H 3.96, N 3.93, found: 

C 60.10, H 4.00, N 3.92; UV/Vis (CH2Cl2): λmax (ε) = 527 (49800), 492 (33700), 466 (13600), 

390 (5300), 276 (26400 M−1 cm−1); fluorescence (CH2Cl2): λmax = 543 nm, fluorescence 

quantum yield: Φfl = 0.94. 

 N,N’-Dicyclohexyl-1,7,10-tribromoperylene-3,4:9,10-tetracarboxylic Acid Bisimide 

(11) Same procedure as 4 and isolated as a side product (16 mg, 2%). Mp > 400°C; 1H NMR 

(400 MHz, CDCl3, TMS): δ 9.41 (d, 1H, J = 8.0 Hz, Hpery), 8.87 (s, 1H, Hpery), 8.78 (s, 2H, 

Hpery), 8.67 (d, 2H, J = 8.2 Hz, Hpery), 5.02 (m, 2H, HN-CH), 2.52 (m, 4H), 1.9-1.2 (m, 16H); 
13C NMR (150 MHz, CDCl3, TMS ): δ 163.04, 162.93, 162.57, 162.48, 137.36, 136.59, 

136.39, 133.26, 133.07, 131.40, 131.15, 130.82, 130.67, 129.52, 127.89, 125.98, 125.16, 

124.24, 123.76, 123.68, 123.38, 123.35, 122.91, 121.31, 54.42, 54.26, 29.14, 29.08, 29.06, 

29.02, 26.51, 26.48, 25.38, 25.34; MS (EI, 70 eV) m/z (%): 790.0 (30.5), 791.0 (12.9), 792.0 

(30.6), 793.0 (13) [M+] (calcd 791.3); UV/Vis (CH2Cl2): λmax (ε) = 529 (36900), 495 (26000), 

424 (8100), 271 (23000 M−1 cm−1). 
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CHAPTER 6 
 
Core-Twisted Perylene Bisimides as Promising 

n-Type Organic Semiconductors 
 

 

 
 

Abstract: The search for new molecular semiconductors with high charge carrier 

mobilities is an attracting topic due to their potential applications in devices such as organic 

field transistors. In this chapter, a series of non-substituted and chlorine-functionalized 

perylene bisimides (PBIs) was synthesized and characterized by 1H NMR, MS, UV/Vis 

spectroscopy and elemental analysis. The electron affinity of the tetrachloro-substituted PBI 

was investigated by cyclic voltammetry and molecular orbital calculation. The packing of 

those compounds in crystalline state and liquid crystalline state were investigated by X-ray 

analysis of single crystal, or powder X-ray diffraction. The studied revealed a highly twisted 

aromatic core of the tetrachloro-substituted PBI, which has strong effects on the packing of 

the dyes in the condensed state. The charge transport properties of compounds were measured 

by pulse-radiolysis time-resolved microwave conductivity (PR-TRMC) technique.[ 1 ] The 

results show that for the tetrachloro-functionalized PBIs it is feasible to obtain isotropic 

charge carrier mobilities over 0.1 cm2V-1s-1, indicating that these compounds are among the 

best n-type organic semiconductors and very promising for applications such as organic field 

effect transistors.  
 
[1] The charge carrier mobilities were measured at the Technical University of Delft by Dr. M. G. Debije in the 

group of Prof. J. Warman.  
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6.1 Introduction 

Perylene tetracarboxylic acid bisimides (PBIs) belong to the most interesting functional 

dyes. In solution they show strong fluorescence with quantum yield up to unity. In the solid 

state, they exhibit photoconductivity[1] and n-type semiconducting properties[2] which provide 

prospects for application in photovoltaic devices,[3] organic field-effect transistors (OFETs)[4] 

and light emitting diodes (LEDs).[ 5 ] In contrast to the extensively studied p-type 

semiconductors, the number of organic compounds with good n-type semiconductivity is still 

very limited. As pointed out previously,[4] n-type semiconducting organic materials require 

molecules with large electron affinities to facilitate the injection of electrons and formation of 

stable radical anions ideally even in the presence of air and humidity. Increasing electron 

affinity of molecules can be achieved by introduction of electron-withdrawing functional 

groups such as halogens or cyano groups. Naphthalene tetracarboxylic bisimides[ 6 ] and 

oligothiophenes[7] with perfluoroalkyl substituents, phthalocyanines[8] and oligothiophenes[9] 

with cyano substituents, and perhalogenated phthalocyanines[8] are examples of n-type 

semiconductors for which improved charge carrier mobilities were achieved with this simple 

chemical concept.  

The second feature that must be optimized in an organic charge transport material is the 

molecular order in the condensed state. For crystalline materials, high charge carrier 

mobilities are feasible if the conjugated systems exhibit sufficient electronic coupling to 

adjacent molecules in the crystal lattice.[4c] For perylene bisimides, it has been shown that 

proper ordering of the molecules can increase the exciton diffusion length and improve the 

charge carriers mobility.[2a, 10] However, all those compounds studied previously are based on 

the functionalization at N atoms of imide groups rather than at perylene core and the influence 

of the latter factor on the molecular packing in solid state is still rarely reported. Only recently, 

Marks and Wasielewsky[ 11 ] and our group[ 12 ] have reported the first examples of core-

substituted PBIs and their remarkable charge carrier mobilities. In our work, we have shown 

that PBIs functionalized at bay-positions (1, 6, 7, 12 positions in perylene core) show a 

twisted skeleton,[13] which could be utilized to avoid the formation of dimeric “sandwich 

pairs” that have shown to act as traps for charge carriers, as pointed out in a recent review.[2b] 

Besides crystals, columnar liquid crystalline (LC) material is another type of promising 

material for high anisotropic charge carrier mobilities. In this material, the disc-shaped 

molecules organize into one dimensional stacked columns and those columns further form a 

two dimensional lattice. Studies have shown the charge carrier mobilities along the column 

axis direction is high and several orders of magnitude larger than that perpendicular to this 
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direction.[14 ] Further more, due to their fluid properties, the LC material can be aligned 

homeotropically to overcome the disadvantage of the grain boundaries in polycrystalline 

material, which hinder the hopping transport of the charge carriers.[4c] With these facts in 

mind, we synthesized tetrachloro-substituted PBIs 1a–d (Chart 1) and unsubstituted PBI 2a-

b[15] as reference to elucidate the effect of the bay-positioned chlorine atoms on the electron 

affinity, the solid state ordering and the charge transport properties of these materials. 
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Chart 1. Chemical structures of PBIs 1a–d and 2a-b used in this study. 

 

6.2 Results and Discussions 

An enhancement of the electron affinity of PBIs by four chlorine substituents was observed 

by cyclic voltammetry of 1a (Figure 1). Two reversible reduction waves were detected at half-

wave potentials of –0.87 V and –1.07 V vs. Fc/Fc+ (Fc: Ferrocene) corresponding to the 

formation of radical anions and dianions, but no reversible oxidation could be observed up to 

1.2 V. For comparison, 2b and other PBIs without bay substituents are reduced at around –

0.98 V and –1.2 V and oxidized at 1.2 V (vs. Fc/Fc+) and tetraphenoxy-substituted PBIs are 

reduced at around –1.1 V and –1.3 V and oxidized at 0.88 V (vs. Fc/Fc+).[16]Accordingly, the 

shift of the redox potentials should be ascribed to the electron-withdrawing effect of chlorine 

atoms and the electron-donating effect of phenoxy groups without taking into consideration 

the steric effect of these substituents on the twist (both of the π-systems are twisted, see 

below). Since the energy level of Fc/Fc+
  is −4.8 eV with respect to vacuum level,[17] the 

LUMO level of 1a is estimated as −4.8 eV − (−0.87 eV) = −3.9 eV, which is about 0.11 eV 

lower than that of the unsubstituted derivatives. The frontier molecular orbitals for 

unsubstituted and tetrachloro-substituted PBIs were determined by semiempirical PM3 

calculation for the N-methylated derivatives. Both compounds exhibit nodes at the imide N 
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atoms,[18] indicating that the substituents at those positions do not influence the energy levels 

of the compounds. The LUMO of tetrachloro-substituted compound is 0.14 eV lower than 

that of unsubstituted one. This value is in good agreement with that determined by 

electrochemical measurement (0.11 eV), indicating that 1 has an improved electron affinity as 

expected. 
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Figure 1. a) Cyclic voltammogram of 1a: in CH2Cl2, scan rate 0.1 V s–1. b) The LUMO of N-methylated 

tetrachloro-substituted PBI (left) and unsubstituted PBI (right) according to semiempirical calculations (PM3 

parameters). 

 

To assess the effect of the bay substituents on molecular order in solid state, attempts were 

devoted to crystal growth of compound 1a–c by solvent diffusion method. Ultimately, single 

crystal of 1b was obtained and analyzed by X-ray diffraction. The selected crystallographic 

data of the compound were depicted in experimental part. Two molecules of 1b were found in 

the unit cell with opposite chirality as well as two disordered CH2Cl2 solvent molecules.[19] 

Figure 2a shows the ORTEP plot of 1b and the numbering of the atoms. Owing to the 

electrostatic repulsion and sterically encumbered effect among the chlorine substituents, the 

central six-membered ring is highly twisted (Figure 2b) with a dihedral angle of 36.7° 

associated with bay carbon atoms C8–C9–C10–C11, which agrees very well with the value of 

37° reported for octachloro-substituted PBI.[20] This twist also induces the axial chirality in 

this family of dyes which could be observed, however, only in crystalline state to date due to 

the low barrier of rotation in solution.[21] As shown in Figure 2c, each molecule of 1b forms 

close contacts to three neighbors with opposite chirality. The closest intermolecular contact 

was found between the O1 and C12 atoms with a separation of 3.18 Å. This is quite close to 

the C–O distance of 3.10 Å in one of the crystal structures of naphthalene tetracarboxylic 

bisimides published by Katz et al.[6b] According to Desiraju,[22]  it can be assigned as a C–
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H⋅⋅⋅O hydrogen bond. The second closest contact is another C–H⋅⋅⋅O hydrogen bond along the 

b axis with a C–O distance of 3.20 Å. Finally, the π–π overlap of the molecules along the a 

axis is the third closest contact. The interplane separation between the parallel naphthalene 

units corresponds approximately to the distance of 3.36 Å between C12 and C13, which is 

almost identical to the interplane spacing of 3.37 Å for graphite[23] and in the same range of 

3.34 to 3.55 Å for unsubstituted PBIs.[ 24 ] These three contacts lead to a close spatial 

arrangement of molecules in both a and b directions, which would appear to favor charge 

carriers hopping in two dimensions as desired for application in OFETs.[4] From the crystal 

structure of 1b, it is evident that this potentially useful two dimensional contact feature is 

facilitated by the non-planar nature of these molecules which demands for a slipped 

brickstone-type rather than a columnar stacking of the π systems. In addition, the formation of 

undesired “sandwich pair” trap sites is efficiently avoided by the “twisted π-system” concept 

as demonstrated for compound 1b. 

a)

b)

a

b

c)

37°

 
Figure 2. a) ORTEP view of the molecular structure and the numbering of atoms of compound 1b. b) View 

along the N-N axis showing the highly twisted perylene backbone. c) Crystal packing of 1b projected on ab 

plane. The black-colored molecules are the M enantiomers and the red-colored are P enantiomers. The green 

lines show the close contacts in Å. For clarity, only the PBI scaffold is shown. 
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With relative simple substituents, compound 1a,b and 2 are crystalline materials, whilst 

with increased number of flexible side chains, both compound 1d and 2b show liquid 

crystalline phases. The LC properties of latter have been reported in our earlier publication. 
[16b] The liquid crystalline properties of 1d were studied by differential scanning calorimetry 

(DSC), optical polarized microscopy and X-ray diffraction.  The DSC thermogram of 

compound 1d is shown in Figure 3. The first endothermic peak was observed at 86 °C with 

ΔH of 61 Jg-1, corresponded to a transition from the pristine state to the LC phase. The large 

ΔH value indicates a high crystallinity of the pristine state of the material, which is confirmed 

by the X-ray diffraction measurements at room temperature (see below).  The second, sharper 

endothermic peak in the DSC curve occurred at 214 °C with ΔH of 14 J g-1, corresponding to 

the transition from the LC phase to the isotropic phase. During the cooling of the compound, a 

peak occurred at 198 °C with ΔH of 12 J g-1, indicating a transition from the isotropic phase to 

the LC phase. No subsequent recrystallization took place upon cooling to room temperature. 

Figure 3b shows a flower-like texture of the mesophase of 1d between crossed polarizers as 

obtained by slowly cooling of the isotropic liquid to room temperature. No change of the 

texture was observed within a period of several weeks. 
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Figure 3. a) Differential scanning calorimetry profiles of first heating (solid line), first cooling (dashed line) and 

second heating (dotted line) processes for compound 1d. b) Optical textures of 1d at crossed polarizers after 

cooling from the isotropic phase. c) X-ray diffraction pattern (Cu Kα, room temperature) of  pristine powder of 

1d (top) and of a film of 1d that had been heated above the melting point and cooling to room temperature 

(bottom). 

 

The X-ray diffraction measurements have been performed for the pristine material and for 

the LC phase material of compound 1d (see Figure 3c). For the pristine crystalline powder of 

1d, sharp diffraction peaks were observed in the 2θ range from 3° to 24°, indicating a high 

crystallinity of the pristine state.  For the LC sample, a diffuse halo is displayed around 20° 
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which can be attributed to disordered alkyl chains. The additional sharp scattering at 21° 

points to a more ordered columnar phase with close contact of the π-systems of 4.2 Å. 

Accordingly, this LC phase of the tetrachloro-substituted material seems to be more ordered 

than the parent the compound 2b which forms a disordered hexagonal columnar phase. In the 

low angle region, about 8 diffraction peaks were observed. However, unfortunately, a 

satisfactory assignment of all the peaks for the two-dimensional diffraction patterns of the 

columnar phase could not be obtained.[25] Due to the bulkiness of the chorine substituents and 

the distorted nature of the perylene core, offsets between the adjacent molecules in the 

columnar stacking are expected, as previously shown in the crystal structure of 1b (offsets 

about 4.3 Å along the long axis and 1.3 Å along the short axis of the molecule between the 

adjacent molecules). Due to those offsets, a tilted stacking of 1d, which is similar with the 

stacking of 1b (respect to the column axis) could be expected. 

The charge carrier mobilities of these compounds were measured at TU Deft by using the 

pulse radiolysis-time resolved microwave conductivity (PR-TRMC) technique,[2a, 26]  which 

has been used to determine charge carrier mobilities in a large number of organic materials in 

the past.[27] The sum of isotropic charge carrier mobilities, Σμ, of 1a-d and 2a,b are compiled 

in Table 1. Both 1a and 1b display initial fast decays of the conductivity transient, followed 

by a longer-lived component. This bimodal decay could be an indication of charge transport 

in two separate directions. One transport is of higher mobility but shorter lifetime, while the 

other is of lower mobility but longer lifetime. The charge carrier mobilities were relatively 

insensitive to temperature variations from –40 to 180 ºC for 1a and 1b. The highest charge 

carrier mobility was observed for 1a (Σμ = 0.14 cm2V-1s-1). If the close contacts between the 

dyes are prevented by bulky substituents, the high mobility is lost, as demonstrated by 1c 

bearing two bulky 2,6-diisopropylphenyl substituents at the imide nitrogen whose mobility is 

much lower compared to those of 1a and 1b. The sample 1c exhibited neither an initial 

transient nor long-term component (Figure 4). Molecular modeling for a dimeric unit of 1c 

shows that the separation between the π-systems is larger than 6 Å, which is significantly 

larger than that for 1b and larger than the distance calculated by Cornil et al.[28] for efficient 

charge carrier mobilities.  

For the mesogenic PBI 1d, the sum of the isotropic charge carrier mobilities, Σμ, taken 

from end of pulse values for 1d as a function of temperature are shown in Figure 4b. The 

charge carrier mobility for 1d in its crystalline state is considerably higher (Σμ = 0.08          

cm2 V-1s-1), which is comparable with the values obtained for 1a. After 1d entered the LC 
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phase at ca 86 ºC, there was a decrease in the mobility value to the order of 0.02 cm2V-1s-1. 

The drop in mobility upon entering the LC phase from the crystalline phase and the relative 

insensitivity of charge carrier mobility to temperature in the LC phase are quite characteristic 

of discotic materials.[29] After annealing 1d to the isotropic phase (250 ºC) and cooling to the 

LC phase, no indication of recovery of the high mobility in the pristine material was observed, 

consistent with the DSC measurements that did not show recrystallization of the material 

upon cooling (Figure 3a). In the case of the planar dye 2a,b with lower electron affinity and 

different packing possibilities,[2a, 24] the charge carrier mobility of 0.039 cm2V-1s-1 were 

obtained for the crystalline 2a and 0.011 cm2V-1s-1 was obtained for 2b, which is in LC state 

at room temperature. Upon heating, no obviously changes of the Σμ for 2b were observed. 

 
Table 1. Isotropic charge carrier mobilities at 20 °C for the PBIs 1a–d and 2a-b. 

Compound 1a 1b 1c 1d 2a 2b 

Σμ  / cm2 V–1 s–1 0.14 0.045 0.012 0.08,a 0.02b 0.039 0.011b 

a. Σμ for crystalline phase. b. Σμ for liquid crystalline phase. 

 

 

 
Figure 4. a) Charge carrier transients of 1a (dotted line), 1b (solid line) and 1c (dashed line) produced by 

exposing samples to 5 ns pulses of 3 MeV electrons generated by a Van de Graaff accelerator at room 

temperature. b) Temperature dependent isotropic charge carrier mobilities of 1d (square), and 2b (triangle). 

 

More recently, Marder et al reported a high electron mobility in room temperature for LC 

phase of dye 2b.[30] By the steady-state space-charge limited current (SCLC) technique, a 

mobility of 0.2 cm2V-1s-1 was obtained at 10.5 V for 2b. The authors also pointed out that the 

obtained charge carrier mobility value of 2b is highly dependent on the sample fabrication 

and manipulation, as shown by the different optical textures of the samples. The sample 
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having higher mobilities should have larger size of the LC domains. In comparison with the 

results obtained for LC phase of 2b by PR-TRMC methods, the mobilities value from SCLC 

measurements are much higher and need to be confirmed by future studies.[31] 

If we compare our data for the chlorinated and unsubstituted PBI dyes, the higher values 

are always found for the chlorinated compound. In crystalline state 1a has a three times better 

mobility than 2a. In LC state, the value of 1d is about twice of that for 2b. Thus, the enhanced 

charge transport properties for 1a and 1d can be attributed to the bay functionalization and the 

resultant different supramolecular packing of the compounds. It is worth to discuss the 

implication from the geometry difference of the two dyes. The chlorinated compounds have a 

twisted core of the perylene skeleton as shown by crystal structure of 1b, whereas the parent 

dyes, e.g. 2b, have a planar molecular geometry. The twisted planes of the chlorinated PBIs 

may efficiently control the packing of the π-π stacked molecules in a more ordered phase by 

reducing the molecular degrees of motional freedom, i.e. hindering the rotation of the 

molecules with respect to the columnar stacking axis. This feature increased the long-range 

order of the molecules in the stack. On the other hand, the planarity of compound 2b allows 

the rotation of individual units with respect to its nearest neighbor within the column and this 

rotation increases the degree of disorder around the columnar axis. In accordance with this 

interpretation, X-ray diffraction results showed that compound 1d exhibits an ordered 

columnar phase and 1d exhibit a disordered one, indicating that along the stacking axis, 

compound 1d has more regular π-π distances than those found for compound 2b. It is 

reasonable that charge carrier mobility will benefit from the more ordered π-π distances 

because energetic disorder and the depth of the trap site is related to structural disorder. In 

addition, the dye 1d is chemically modified at bay-positions by electron withdrawing 

chlorines. As shown with cyclic voltammetry, increasing the electron affinity of the molecules 

leads to more stable radical anions. 

It should be noted, however, that the charge carrier mobility of 1b is only 15% higher than 

that of 2a. Here, one possible explanation for the relatively low mobility of 1b is the effect of 

“traps” such as CH2Cl2 solvent molecules or crystallographic defects in the lattice.[4b] The 

charge carrier mobility values of 1a and 1b are also comparable to another derivative of 2a 

(with R = n-C18H37) measured with the same method by Struijk et al.[2a] and close to the 

highest values reported by Dimitrakopoulos and Malenfant for n-type PBI-based field effect 

transistors[4e] and organic semiconductors in general.[4, 32 ] Thus, these compounds are 

promising for organic electronic devices.[33] 
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6.3 Conclusions 

In conclusion, tetrachloro-substituted PBIs exhibit advantageous electron affinities and 

packing arrangements in the both crystalline and liquid crystalline materials that enable 

improved charge carrier mobilities with respect to the parent unsubstituted dyes. For the 

molecules with identical electron affinities, the charge carrier mobility is high dependent on 

the π-π close contacts, as shown by the results for 1a-c. For the columnar LC phases, the 

ordering of the π systems along the columns is of importance of the charge transport. The new 

crystal engineering concept given by core-twisted π-conjugated systems that enable two-

dimensional close contacts rather than one-dimensional columns will be further explored in 

our future work on PBIs including other electron-withdrawing functional groups in the bay 

area.  

 

6.4 Experimental Section 

Solvents and reagents were purchased from Merck and used as received. 1,6,7,12-

Tetrachloroperylene-3,4:9,10-tetracarboxylic acid bisanhydride[34] was obtained from BASF. 

N,N'-Didodecylperylene-3,4:9,10-tetracarboxylic acid bisimide 2a was synthesized according 

to the literature.[15] NMR spectra were recorded on a Bruker DRX 400 spectrometer using the 

proton signal of TMS as internal standard. Matrix-assisted laser desorption ionization time-of-

flight (MALDI-TOF) mass spectra were performed with a Bruker Franzen Reflex III 

spectrometer. UV/Vis spectra were measured at 298 K on a Perkin Elmer Lambda 40P 

spectrometer equipped with a Perkin Elmer PTP-1 Peltier System as the temperature 

controller. DSC measurements were performed using a TA Instruments DSC-Q1000 

calorimeter. Optical textures at crossed polarizers were obtained with an Olympus BX-41 

polarization microscope equipped with a Linkam THMS 600 hot stage and a temperature 

controller unit. Wide angle X-ray diffractograms were obtained at room temperature on 

commercial powder diffractometers (Cu-Kα radiation). 

Synthetic procedure A: 1,6,7,12-Tetrachloroperylene-3,4:9,10-tetracarboxylic acid 

bisanhydride (2 mmol) and the amine (8 mmol) were mixed with propionic acid (30 mL). The 

reaction mixture was stirred under reflux for 6 h. After cooling to room temperature, the 

precipitate was collected by filtration, washed successively with water and methanol, and then 

dried in vacuum. The crude product was further purified by multiple silica gel column 

chromatography followed by three times successive recrystallization from CH2Cl2/ methanol 

(1: 1). 
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Synthetic procedure B: 1,6,7,12-Tetrachloroperylene-3,4:9,10-tetracarboxylic acid 

bisanhydride (1.9 mmol), the aromatic amine (4 mmol) and zinc acetate (0.9 mmol) were 

mixed in quinoline (30 mL). The reaction mixture was stirred at 180 °C for 2 h. After cooling 

to room temperature, the mixture was poured into 500 mL 1N HCl. The precipitate was 

collected by filtration, washed successively with water and methanol, and then dried in 

vacuum. The crude product was further purified by multiple silica gel column 

chromatography followed by three times successive recrystallization from CH2Cl2/ methanol 

(1: 1). 

N,N'-Didodecyl-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic acid bisimide 

(1a): Synthesized according to procedure A. n-Hexane/ CH2Cl2 (2:1) was used as eluent for 

chromatography. The product was isolated as red crystalline powder in 53% yield. M.p. 193–

194 °C; 1H NMR (400 MHz, CDCl3, 25°C, TMS): δ = 8.68 (s, 4H; Hpery), 4.21 (t, 3J (H,H) = 

7.5 Hz, 4H; NCH2), 1.74 (m, 4H; CH2), 1.5–1.2 (m, 36H), 0.89 (t, 3J (H,H) = 6.8 Hz, 6H; 

CH3); MS (MALDI-TOF): calculated for C48H54Cl4N2O4 862.3 m/z, found 864.8; UV/Vis 

(CH2Cl2): λmax(ε) = 522 (42300), 487 (29200), 427 (11400), 281 nm (28800 mol−1 dm3 cm−1); 

elemental analysis (%) calculated for C48H54Cl4N2O4: C 66.67, H 6.29, N  3.24, Cl 16.40; 

found: C 66.32, H 6.30, N 3.10, Cl 16.39. 

N,N'-Di(4'-dodecylphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic acid 

bisimide (1b): Synthesized according to procedure B. n-Hexane/CH2Cl2 (2:1)  was used as 

eluent for chromatography. The product was isolated as red crystals in 33% yield. M.p. 339–

340 °C; 1H NMR (400 MHz, CDCl3, 25 °C, TMS): δ = 8.73 (s, 4H; Hpery), 7.39 (d, 3J (H,H) = 

8.3 Hz, 4H), 7.22(d, 3J (H,H) = 8.3 Hz, 4H), 2.72 (t, 3J (H,H) = 7.6 Hz, 4H; CH2), 1.71 (m, 

4H; CH2), 1.5–1.2 (m, 36H), 0.89 (t, 3J (H,H) = 6.8 Hz, 6H; CH3); MS (MALDI-TOF): 

calculated for C60H62Cl4N2O4 1014.3 m/z, found 1017.1; UV/Vis (CH2Cl2): λmax(ε) = 522 

(46500), 489 (32200), 428 (11700), 271 nm (37500 mol−1 dm3 cm−1); elemental analysis (%) 

calculated for C60H62Cl4N2O4⋅0.5CH2Cl2: C 69.76, H 6.10, N  2.69, Cl 15.31; found: C 69.62, 

H 6.04, N 2.58, Cl 15.53. 

 

N,N'-Di(2',6'-diisopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic 

acid bisimide (1c): Synthesized according to procedure A. CH2Cl2 was used as eluent for 

chromatography. The product was isolated as an orange powder in 79% yield. M.p. >350 °C; 
1H NMR (400 MHz, CDCl3, 25 °C, TMS): δ = 8.78 (s, 4H; Hpery), 7.53 (t, 3J (H,H) = 7.8 Hz, 

2H), 7.38 (d, 3J (H,H) = 7.8 Hz, 4H), 2.75 (m, 4H; CH), 1.20 (m, 24H; CH3); MS (MALDI-
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TOF): calculated for C48H38Cl4N2O4 846.2 m/z, found 848.0; UV/Vis (CH2Cl2): λmax(ε) = 523 

(46900), 490 (32300), 429 (12200), 273 nm (33000 mol−1 dm3 cm−1); elemental analysis (%) 

calculated for C48H38Cl4N2O4: C 67.93, H 4.51, N  3.30, Cl 16.71; found: 67.85, H 4.60, N 

3.19, Cl 16.84. 

 

N,N´-Di(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-

tetracarboxylic acid bisimide (1d): Synthesized according to procedure B. The crude 

product was further purified by silica gel column chromatography with CH2Cl2 as eluent. 

After the solvent was evaporated, the product was precipitated from CH2Cl2 / MeOH to give a 

orange fine powder (1.06 g, 70%). M.p. 213-214 °C; 1H NMR (400 MHz, CDCl3, 25°C, 

TMS): δ = 8.73 (s, 4H, Hpery), 6.49 (s, 4H, Ar-H), 4.05 (t, 4H, OCH2), 3.96 (t, 8H, OCH2), 

1.81 (m, 12H), 1.6-1.2 (m, 108H), 0.88 (m, 18H); MS (MALDI-TOF) calculated for 

C108H158N2O10Cl4 1783.1 m/z, found 1784.2 [M+H]+, 1806.2 [M+Na]+; UV/Vis (CH2Cl2): 

λmax(ε) = 521 (45400), 487 (31600), 425 (11300), 272 nm (35000 mol-1dm3cm-1); elemental 

analysis (%) calculated for C108H158N2O10Cl4 (1786.3): C 72.62, H 8.92, N 1.57, Cl 7.94; 

found: C 72.68, H 8.79, N 1.59, Cl 8.32. 

Electrochemical measurements: Cyclic voltammetry was performed with an EG&G PAR 

273 potentiostat in a three-electrode single-compartment cell using dichloromethane as 

solvent (5 mL). Working electrode: platinum disk; counter electrode: platinum wire; reference 

electrode: Ag/AgCl. All potentials were internally referenced to the Fc/Fc+ couple. The 

supporting electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (Fluka), which 

was recrystallized twice from ethanol / water and dried in a high vacuum. 

Molecular orbital calculations: The computational studies are carried out with 

HyperChem 7.0 program. Semiempirical PM3 method was used for geometry optimizations 

and frontier orbital determinations. 

Crystal structure determination of 1b: Red crystals of 1b were slowly grown from 

methanol/CH2Cl2 solution of the dye at room temperature. The crystal investigated by XRD 

(crystal size 0.11 × 0.38 × 0.61 mm) belongs to the triclinic system with cell parameters of a = 

11.672(3) Å, b = 12.624(3) Å, c = 19.960(6) Å, α = 76.29(3)°, β = 75.45(3)°, γ = 85.69(3)° 

and V = 2765.2(13) Å3. The space group was P–1 and Z = 2. Two CH2Cl2 molecules were 

found in the unit cell. The empirical formula is C61H64Cl6N2O4, the molar mass was 1099.83 

and the calculated density was 1.321 g cm−3. The three-dimensional X-ray data were collected 

at 171 K with graphite-monochromated Mo Kα radiation (λ = 71.073 pm) in the range θmin = 
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2.2° to θmax = 24.02°, using a STOE-IPDS diffractometer. The intensity data of 17402 

independent reflections were collected; 8083 unique reflections (|I0|  > 2σ |I0|) were solved by 

direct methods and refined on F2 using the full matrix least-square methods of SHELXL 97. 

No absorption correction was done. Hydrogen atoms were calculated and included in the 

refinement. Non-hydrogen atoms were assigned anisotropic and hydrogen atoms isotropic 

temperature factors, converging to a final R factor of 0.1053 and a weighted R factor of 

0.2680 (w = 1/[σ2(Fo
2) + (0.0642P)2], where P = (Fo

2+2Fc
2)/3). 

Pulse-radiolysis time-resolved microwave conductivity (PR-TRMC): Approximately     

140 mg of 1a and 1b, 117 mg of 1d and 123 mg of 2b were packed into microwave cells, and 

22 mg of 1c into Perspex cell inserts and exposed to 0.5−250 ns pulses of 3 MeV electrons 

generated from a Van de Graaff accelerator. This technique has been extensively described 

elsewhere.[26] Briefly, the mobility of charge carriers in the sample, Σμ, was estimated from 

the dose normalized end-of-pulse change in conductivity of the sample monitored as absorbed 

microwave power in the Q-band (28−38 GHz) cavity. Note that this technique is not capable 

of differentiating between negative and positive charge carriers. The charge carrier mobilities 

were calculated assuming ionization energy of 20 eV as being necessary to make an 

electron/hole pair and that none of the initially generated pairs have recombined within the 

pulse. Thus, this technique determines a value of the isotropic mobility for the materials. 

While absolute values of mobilities are subject to error (on the order of ±25%, and subject to 

the estimations described previously), the relative mobilities are accurate. The values 

presented in this study are isotropic mobilities; if charges are confined to one-dimensional 

pathways then actual mobilities could be higher by a factor of 3.   
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Chapter 7 
 

Co-Aggregates Based on Perylene Bisimides 
and Oligo(p-phenylene Vinylenes): Toward 

Supramolecular p-n-Heterojunctions 
 

 
Abstract: Comparative studies on hydrogen-bonded versus covalently linked donor-

acceptor dye arrays obtained from oligo(p-phenylene vinylene)s (OPVs) as donor and bay-

substituted perylene bisimides (PBIs) as acceptor dyes are presented in this chapter. Both 

hydrogen-bonded and covalent systems form well-ordered J-type co-aggregates in 

methylcyclohexane. The thermodynamics of these aggregates were studied by concentration 

and temperature dependent UV/Vis spectroscopy. The 2:1 OPV-PBI hydrogen-bonded arrays 

afford hierarchically assembled chiral superstructures consisting of left-handed helical π−π 

co-aggregates (CD spectroscopy) of the two dyes that further assemble into right-handed 

nanometer-scale supercoils in the solid state (AFM study[1]). The well-defined co-aggregated 

dyes presented here exhibit photoinduced electron transfer on sub-ps timescale, while the 

electron recombination differs for different systems.[1] Although the distance between 

chromophores is longer in the hydrogen-bonded triads the recombination rate is faster. This 

shows that the electronic processes in both systems highly depend on the supramolecular 

organization of the donors and acceptors in the stacks. Thus, these assemblies might serve as 

valuable nanoscopic functional units for supramolecular electronics. 
 
[1] The AFM experiment was performed by P. Jonkheijm in the group of Prof. E. W. Meijer and the femtosecond 

transient absorption spectroscopy measurements were performed by E. Beckers in the group of Prof. R. A. J. 
Janssen, both at the Technical University of Eindhoven.  
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7.1 Introduction 

Dye aggregates have received considerable attention from academic as well as industrial 

point of view. The J-type cyanine dye aggregates had been discovered independently by 

Jelley and Scheibe already in the 1930-ies[1] and became the most applied photosensitizers in 

silver halide photography.[ 2 ] The aggregates of  triphenylene,[ 3 ] porphyrin,[ 4 ] and 

phthalocyanine[5] dyes have been investigated as photoconductors[6] for electrophotography. 

Recently, new applications of dye aggregates have been proposed in the fields of highly 

sensitive biosensors,[7] field effect transistors,[8] and solar cells.[9] However, for solar cells it is 

necessary to have two different charge carrier systems that are of n- and of p-type as well as 

absorbance features that closely match the solar spectrum. In the past these complex features 

have been accomplished by mesoporous n-type TiO2 coated with a photosensitizer dye and a 

p-type conducting electrolyte (“Grätzel” cell)[10] or by a p-type conducting polymer that was 

loaded with large amounts of n-type semiconductive fullerene derivates.[ 11 ] Recently, 

Schmidt-Mende et al. have introduced an alternative to conducting polymers and applied a 

discotic liquid-crystalline hexabenzocoronene as the p-type semiconductor and a perylene 

bisimide dye as n-type material, in which a phase segregation on micron-scale takes place.[12a] 

From all these examples it is evident that a photosensitive p-n-heterojunction is the central 

unit of an organic solar cell but has been mastered only on the meso- and macroscopic scale 

so far.[11,12] 

To obtain efficient nanoscopic p-n-heterojunctions current challenge is to form well-

ordered p- and n-type semiconductive channels for the transport of energy and charge carriers 

by simple mixing of the p-type and n-type functional dyes with intrinsic self-organizing 

properties. For this purpose, a deep understanding of the co-self-aggregation properties of 

two-component dyes systems is of great importance. In the former chapters, all aggregation 

studies for perylene bisimides (PBIs) are focused on the aggregation behavior of one-

component systems and in the present chapter, the studies were extended to the co-

aggregation of two dye systems consisting of p-type oligo(p-phenylene vinylene) (OPV) 

derivates and n-type PBI derivatives with specific binding sites. The co-self-assembly is 

directed by triple hydrogen-bonding interaction between the binding sites of the OPV and PBI 

molecules and further by π-π stacking of these π-conjugated systems. When the mobility of 

the p- and n-type charge carriers is sufficiently large they could migrate within the individual 

stacks, leading to a p-n-heterojunction on the nanoscale. These nanoscopic aggregates may 

provide higher charge transport efficiency than the reported mesoscopic systems if an 

appropriate orientation of the former aggregates can be achieved. This study demonstrated the 
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first example of a co-assembled p-n-heterojunction that incorporates electron-rich and 

electron-poor dyes, i.e. OPV and PBI derivatives on a nanoscopic scale,[13] a progress that has 

become possible by combining earlier studies at TU Eindhoven on aggregation processes of 

pure OPVs[ 14 ] and our studies on pure PBI dyes.[ 15 ]  These highly defined OPV-PBI 

nanostructures can serve as excellent model systems for the better understanding of solid-state 

device properties. Moreover, donor-acceptor assemblies are not only important for solar cells 

but also to address fundamental questions in biological electron-transfer processes in which 

hydrogen bonding plays a crucial role.[16] 

 

7.2 Results and Discussions 

7.2.1 Preparation of hydrogen-bonded and covalent donor-acceptor-donor arrays  

The hydrogen-bonded donor-acceptor-donor PBI-OPV complexes 1-2-1, 1-4a and 1-4b 

(Scheme 1) were obtained through the complementary hydrogen-bonding between the 

diaminotriazine groups and imide groups in methylcyclohexane (MCH).[15b] 
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Scheme 1. Chemical structures of the PBI-OPV complexes and compounds studied in this chapter. 
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Scheme 2. Synthesis of the symmetrical PBIs 3a,b and unsymmetrical PBIs 4a,b. a) zinc acetate, quinoline; Ar, 

180 °C, 16 h; 43% (3a) and 40% (3b). b) zinc acetate, quinoline; Ar, 180 °C, 1.5 h; c) ammonium acetate, 

propionic acid, reflux, 15 h, 16% (4a) and 61% (4b). 

 

The synthetic procedures for compounds 1[14c], 2[15b], 5a[15c] and 5b[17] have been reported 

previously. Covalent linked PBI-OPV triads 3a,b have been included in this study for 

comparison. Compounds 3a and 3b were synthesized from perylene tetracarboxylic acid 

bisanhydride 6a,b (Scheme 2) and amino-terminated OPVs ((E,E,E)-4-[4-{4-(3,4,5-

tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]styryl}-2,5-bis[(S)-2 methylbutoxy]styryl]-

aniline) according to a procedure similar to the one published recently,[18] except that zinc 

acetate was used as catalyst[19] instead of zinc chloride. Thin layer chromatography (TLC) 

monitoring indicates that reactions need more than 12 hours, which is significantly longer 

than the 1 − 3 hours required in the coupling reaction between normal aniline derivatives and 

perylene bisanhydrides,[15, 19] indicating the presence of aggregated species of these extended 

π-systems that exhibit low chemical reactivity. After work-up, the compounds were purified 

by column chromatography (SiO2). The compounds 3a and 3b were obtained with yield of 

43% and 40% respectively, which is also significantly lower than the general 80% to 90% 

yield for the reaction between simple anilines and perylene bisanhydrides.[19] The two 

unsymmetrical perylene bisimides 4a and 4b were synthesized by monoimidisation of the 

respective perylene bisanhydrides with lower amounts of 3,4,5-tridodecyloxyaniline and 

subsequent reaction of the monoimide monoanhydrides with ammonium acetate (Scheme 2). 

The intermediate perylene monoimide monoanhydrides were used as crude products. The 

target perylene bisimide 4a,b were purified by silica gel chromatography and further by 
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precipitation CH2Cl2/MeOH solvent mixtures. The new compounds were fully characterized 

by 1H-NMR, MS, UV/Vis spectroscopy and elemental analysis. 

7.2.2 UV/Vis and fluorescence properties of the hydrogen-bonded and covalently bonded 

OPV-PBI-OPV systems  

The UV/Vis absorption and fluorescence properties of compounds 1 and 2 have already 

been described in detail elsewhere.[14d, 15b] UV/Vis spectra (Figure 1) were recorded in CH2Cl2 

at a concentration where no aggregation takes place (c = 4 × 10−7 mol L−1). For compound 3a, 

an intense absorption band is observed at λmax = 436 nm in CH2Cl2, that is attributed to the 

lowest energy transition[18] of the OPV unit. Perylene-related transitions are located at λmax = 

581 nm with a vibronic structure at 541 nm (phenoxy-substituted PBI)[15b, 20] and λmax = 521 

nm (tetrachloro-substituted perylene). In all the compounds, the transitions corresponding to 

the perylene and OPV moieties can be easily distinguished and interpreted as a simple sum of 

the spectra of the OPV and perylene components. In the non-polar MCH, the absorption 

wavelength of compound 3a was shifted 13 nm hypsochromically owing to a solvatochromic 

effect.[21] At higher concentrations stacking occurs which leads to a red shift of the absorption 

maxima indicating J-type aggregation. For 3b, significantly more pronounced changes of the 

absorption bands were observed upon changing the solvent polarity, suggesting the formation 

of aggregates already in dilute MCH solutions (vide infra).[21]  
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Figure 1. a) UV/Vis absorption spectra in CH2Cl2 of 3a (4.2 × 10–7 mol L–1, dashed line), 3b in CH2Cl2 (3.5 × 

10–7 mol L–1, solid line). b) UV/Vis spectra of 4a (dashed line) and 4b (solid line). 

 

To determine the stoichiometry of the 1-2-1 and 1-4 hydrogen-bonded PERY-OPV 

complexes, UV/Vis titration experiments in MCH were carried out. For 1-2-1 complex, a 

pronounced bathochromic shift from λmax ≈ 560 nm to λmax ≈ 600 nm for the PBI absorption 
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maximum of the S0 -S1 electronic transition was observed upon adding aliquots of 

diaminotriazine OPV derivatives 1 to PBI 2. If the concentration of 1b was kept constant and 

2 was added in portions, a bathochromic shift was observed for the OPV absorption 

maximum from λmax = 436 nm to λmax = 450 nm. 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 Scheme 1. Similarly, 1:1 stoichiometry was 

observed for 1-4 complex.  

Compound 1 has a fluorescence quantum yield of 0.67 in CHCl3 and PBI 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 observed.[22] However, when the 1-2-1 complexes 

are formed in MCH, the fluorescence of both dyes is drastically quenched and the most 

pronounced quenching of fluorescence was obtained when all imide binding sites of 2 are 

hydrogen-bonded to 1. Similar fluorescence quenching was observed for the 1-4 complexes. 

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. Based on the redox potentials of the given chromophores or their analogues,[15c,23] 

this observation is rationalized by a photo-induced electron (and energy) transfer process 

(PET) from the OPV-donor to the PBI-acceptor chromophore.  
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Figure 2. Fluorescence emission (dotted line), excitation (solid  line) and UV/Vis absorption spectra (dashed 

line) of 3a in MCH at the concentration of 3.0 × 10–7 mol L−1. The emission spectrum was excited at 430 nm and 

the excitation spectrum was monitored at 593 nm. 
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For compounds 3a and 3b, likewise strong fluorescence quenching of PBI dyes was 

observed by the attachment of the electron donating OPV moieties. As a result, the 

fluorescence of 3a and 3b is not detectable in CH2Cl2 (Φf  < 0.001), again suggesting a very 

efficient photo-induced electron transfer (PET) between the electron donor OPV and the 

electron acceptor PBI. However, in the less polar solvent MCH compound 3a shows a 

fluorescence band that is characteristic for a tetra-tert-butylphenoxy substituted PBI (Figure 

2), but the fluorescence quantum yield is only 0.06. The fact that this value is independent of 

the excitation wavelength and that the fluorescence excitation spectrum of 3a monitored at 

593 nm closely matches the absorption spectrum suggest a nearly quantitative energy transfer 

from the two OPV units to the PBI core, followed by fluorescence from the PBI S1 state in 

competition with the PET process. Apparently the electron transfer rate is slower in the apolar 

solvent MCH than in CH2Cl2, a result which can be explained by Marcus theory.[23b]  

 

7.2.3 Aggregation studies by UV/Vis spectroscopy  

Since both OPV and PBI compounds form dye aggregates in aliphatic solvents as revealed 

by our previous studies,[14,15] π-π aggregation was also expected for the present two-

component systems and the aggregation properties were investigated by concentration and 

temperature-dependent UV/Vis spectroscopy. For all the PBI-OPV systems depicted in 

Scheme 1, the spectra at low concentration or high temperature resembled a simple sum of 

monomeric bands for OPV and PBI chromophores, indicating that the chromophores are 

molecular dissolved. However, upon variation of the concentration and temperature, obvious 

spectral changes were observed for both OPV and PBI absorption bands, indicating the 

formation of dye co-aggregates.  

For both covalently bonded and hydrogen-bonded 2:1 OPV-PBI systems, UV/Vis 

absorption spectra show pronounced changes of the optical properties upon concentration and 

temperature variation (Figure 3). For complex 1-2-1, a new bathochromically shifted band 

around 600 nm appears for the PBI S0-S1 electronic transition with increasing concentration. 

The bathochromic shift of λmax is much larger than those for all PBI aggregates studied so 

far.[15] The observed bathochromic shift is apparently not due to the charge transfer 

interactions because the absorption bands of both OPV (donor) and PBI (acceptor) are 

bathochromically shifted at higher concentrations. For the covalent compound 3a,b (Figure 3, 

4), less pronounced spectral changes took place. For 3a and 3b, bathochromic shifts of only 

12 nm and 8 nm for the PBI bands were observed, respectively. Compared with 1-2-1 

complex, more defined spectral changes for 3a with isosbestic points are given. This is not 
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surprising because for 1-2-1 complex a more complicate situation applies owing to the 

existence of several equilibria from hydrogen-bonding and π-π aggregation.[15] For this reason, 

well-defined isosbestic points are not expected for 1-2-1 complex in contrast to 3a.  
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Figure 3. Left: UV/Vis absorption spectra in MCH at room temperature of 1-2-1 (a) (concentration varying 

from 1.0 × 10−7 mol L−1 to 5.0 × 10−5 mol L−1) and 3 (b) (concentration from 1.0 × 10−7 mol L−1 to 1.0 × 10−4 mol 

L−1). Arrows indicate changes upon increasing concentration. Right: Temperature-dependent UV/Vis spectra 

from 10 °C to 80 °C of 1b-2-1b (a) and 3 (b) in MCH at concentration of 1 × 10−5 mol L−1. Arrows indicate 

changes with increasing temperature. 

 

In the temperature-dependent UV/Vis spectroscopic studies, similar spectral changes were 

observed as in the concentration-dependent studies. Upon heating, the absorption maxima of 

both OPV and PBI band were hypsochromically shifted, indicating a “melting” transition of 

the aggregated species to monomeric species. For 1:1 OPV-PBI complexes, a bathochromic 

shift of 13 nm and 15 nm was observed for the PBI and OPV band of 1-4a (Figure 5), 

respectively. For 1-4b complex, at lower concentration, the peak at 513 nm belongs to the S0-

S1 absorption band of tetrachloro-substituted perylene bisimide. Upon aggregation, this peak 

merged with the drastically bathochromically shifted OPV band. The bathochromic shift of 

the OPV band was about 40 nm. All these observations on spectral changes strongly support 

the formation of J-type co-aggregates for all the OPV-PBI systems studied here.[24] 
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Figure 4. a) Concentration-dependent UV/Vis absorption spectra of 3b in MCH at room temperature 

(concentration from 1.0 × 10−7 M to 5.1 × 10−4 M). b) Temperature dependent UV/Vis spectra at 1.3 × 10−6 M in 

MCH (25°C to 95°C). Arrows indicate changes upon increasing concentration and decreasing temperature.  
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Figure 5. Concentration-dependent UV/Vis absorption spectra of OPV-PBI 1:1 complex in MCH at room 

temperature (a) 1-4a (concentration from 2.6 × 10−7 M to 2.0 × 10−3 M). Arrows indicate changes upon 

increasing concentration and (b) 1-4b (concentration from 2.0 × 10−7 M to 1.0 × 10−5 M). Arrows indicate 

changes upon increasing concentration. 

 

According to the molecular exciton theory, the magnitude of the bathochromic shift is 

related to the stacking distance between the π-π aggregated dyes, the angle between the stack 

axis and the transition dipole moment (“slipping angle”) as well as rotational displacement of 

the dyes in a helical aggregate (see CD studies).[24 , 25 ] In all the three hydrogen-bonded 

complexes, bathochromic shifts between 13 nm and 40 nm were observed for the perylene 

bisimide S0-S1 band. For 1-2-1 complex, the shift corresponds to a lowering of the energy 

level of the first excited state by about 1200 cm−1. Such pronounced spectral displacement 

suggests that the distance between the chromophores is rather short or/and that the angle 

between the stack axis and the transition dipole moment is significantly smaller than a 

theoretical value of 54.7°.[24,25] At the same time, red shifts of 15-40 nm were observed for the 
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OPV absorption band for all three hydrogen-bonded OPV-PBI systems. For the covalent 

compound 3a (Figure 3), less pronounced spectral changes were observed with bathochromic 

shifts of only 12 nm for the PBI band and no shift for the OPV band, suggesting that the angle 

between the stack axis and the transition dipole moment is closer to the magic angle, with 

respect to the 1-2-1 complexes.[25] The pronounced bathochromic shift for the 1-2-1 complex 

with respect to 3 [15] gives the 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 PBI 

imide groups owing to the triple hydrogen-bonding complex that could facilitate a tighter 

packing of the both π-systems (comparable to the base stacking in DNA).[26] In contrast, for 

the covalently bonded OPV-PBI 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.[27] 

The thermodynamic stability for complex 1-2-1, 3a, 3b, 1-4a, 1-4b and reference 

compounds 5a-b were studied in more detail by nonlinear least-square regression analysis of 

the spectroscopic data from the concentration dependent UV/Vis studies according to 

isodesmic (or equal K) model.[28] In this model equal π-π binding constants are assumed for 

both faces leading to a one-dimensional aggregate.[15c,28] In contrast to simple covalent 

compounds like 3a and 3b, a more complicated situation is given for the 1-2-1 and 1-4 

complexes because also hydrogen bonding interactions are present. On a logarithmic scale, 

Figure 6a compares the calculated isotherms from the experimental data for the stacking of 

the hydrogen-bonded complexes, covalently bonded OPV-PBI compound 3a-b and the 

reference compound 5a-b at room temperature. In addition, Table 1 provides the calculated 

aggregation constants and Gibbs free binding energies.  

A remarkable observation, however, is that 1b-2-1b and 3 exhibit almost identical binding 

constants despite the fact that hydrogen-bonded and covalent systems are compared, 

suggesting that π−π interactions are the main driving force for the formation of these stacks. 

On the other hand, compared with 5a and 5b, the binding constant is increased by one (3a) 

and four orders (3b) of magnitude by attachment of OPV units possessing larger π-systems. 

The much larger increase of the aggregation constant for the tetrachoro-substituted 

compounds as compared to tetraphenoxy-substituted ones implies that the π-π stacking is 

enhanced by donor-acceptor interactions between the OPV and chlorinated PBI chromophore 

since the latter is more electron-deficient than the phenoxy-substituted PBI (see 

electrochemical studies). When the isotherms in Figure 6a are plotted against cT /c*, where c* 
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is the concentrations where half of the species is aggregated (αagg = 0.5), all curves 

superimpose, indicating that the aggregation of all hydrogen-bonding or covalently linked 

building blocks are governed by a non-cooperative one K mechanism (isodesmic 

aggregation).  

 
Table 1. Aggregation constants K and corresponding Gibbs free binding energies (ΔGo) of OPV-PBI systems 

and reference PBI dyes in MCH at room temperature. 

Compound K / L mol−1 –ΔGo  / kJ mol–1 

1-2-1 1.5 × 106       35.2 

3a 1.3 × 106       34.9 

3b 1.5 × 107       40.9 

1-4a 8.3 × 104       28.0 

1-4b 2.3 × 106       36.3 

5a 1.2 × 105 29.0 

5b 6.8 × 102       16.1 
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Figure 6. (a) Fraction of aggregated component αagg as a function of the concentration cT of the complex 1-2-1, 

1-4a, 1-4b and compound 3a, 3b, 5a and 5b in MCH at room temperature. The curves were calculated by fitting 

the ratio of the absorption of aggregated and non-aggregated PBI to the isodesmic (or equal K) model. (b) The 

plot of αagg as a function of cT/c*, where c* is the concentration of the complex or compound at αagg = 0.5. 

 

From the temperature-dependent UV/Vis spectroscopic studies, the “melting” temperatures 

of 1-2-1 complex and 3a were calculated for the phase transitions from aggregated dyes to 

molecularly dissolved species by fitting the spectral data with Boltzmann equation.[14a] The 
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melting temperature Tm = 55 °C was obtained for 1-2-1 complex. The melting of the stacks 

takes place in a very narrow temperature range and the observed trend is similar to that found 

earlier for the aggregates of ureidotriazine OPVs.[14d] As a reference, the melting transition of 

3a (Tm = 51 °C) displayed a more gradual transition suggesting different entropy and enthalpy 

contributions in those systems (Figure 7a). The enthalpy and entropy contributions to the 

Gibbs free energy changes for the self-assembly process of 3a and 1-2-1 complex were 

evaluated from a van’t Hoff plot (Figure 7b) according to the equation −RTln(K / K0) = ΔHº − 

TΔSº, where K0 = 1 L mol −1. From concentration-dependent UV/Vis experiments at different 

temperatures, the binding constants K were determined by nonlinear regression analysis 

(Table 2). For 3a, a plot of lnK versus T−1 shows a perfect linear relationship (correlation 

coefficient r = 0.997) and the standard enthalpy and entropy were determined to be ΔHº = −81 

± 3 kJ mol-1 and ΔSº = −155 ± 10 J mol−1 K−1. For the 1-2-1 complex, the linear regression 

analysis afforded a correlation coefficient r = 0.995 with values of ΔHº = −102 ± 5 kJ mol−1 

and ΔSº = −226 ± 16 J mol−1 K−1.  
Table 2. Aggregation constant K of the 1-2-1 complex and compound 3a in MCH at different temperatures. The 

unit of K is M-1. 

 20 °C 30 °C  40 °C  50 °C  60 °C  70 °C 

1-2-1 1.7 × 106  8.4 × 105 1.8 × 105 5.8 × 104 1.7 × 104 4.5 × 103 

3a 1.6 × 106 5.6 × 105 2.3× 105 9.8 × 104 3.3 × 104 1.2 × 104 
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Figure 7. a) Aggregate fraction αagg versus temperature of the triads 1-2-1 and 3 in MCH by from temperature 

dependent UV/Vis spectroscopic data (concentration at 1×10−5 M). b) van’t Hoff plot for the temperature 

dependence of the aggregation constant K of 1-2-1 complex (circles) and 3a (squares) in MCH. The K values 

were obtained from concentration dependent UV/Vis spectra and K0 = 1 M-1. 
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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 1-2-1 is in agreement with the steeper 

slope of the melting curve in comparison with 3a. The slope is directly correlated to the 

enthalpy change of the melting of the stacks.[29] The larger negative entropy change observed 

for the 1-2-1 complex is reasonable since the self-assembly of 1-2-1 aggregates involves more 

components than in the case of 3a.  
 

7.2.4 CD spectroscopy and AFM studies on the OPV-PBI co-aggregates  

Due to the presence of chiral side chains at the OPV units and the inherent axial chirality of 

the bay-substituted PBI dyes (racemic, with a low energy barrier for interconversion in 

solution)[30] CD measurements were carried out for 1-2-1 complex and triad 3a in MCH 

(Figure 8a). Surprisingly, for 3a only a very weak Cotton effect was observed while for 1-2-1 

complex strong bisignated signals were observed for the S0 − S1 transitions of the OPV units 

with a zero crossing at 456 nm. In the same concentration range, a negative CD signal of the 

PBI chromophores arose at 600 nm for 1-2-1 complex. The bisignate CD signals for OPV 

moieties are indicative for chiral excitonic couplings which 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 wavelength 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 PBI chromophores, only a 

negative signal can be observed at 600 nm. This CD effect has been originally been attributed 

to axial chirality originating from the non-planar structure of bay-substituted PBI 2.[15d] 

However, a recent theoretical reinvestigation suggest that this ban could also originate from 

excitonic coupling.[33]  
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Figure 8. a) CD spectra of 1-2-1 (dashed line), at a concentration of 4 × 10−5 mol L−1 and 3a (dash-dotted line) 

at a concentration of 1 × 10−4 mol L−1 in MCH at 20 °C. b) Temperature-dependent CD spectra of complex1-4b 

(1.5 × 10−4 M). Arrows indicated the spectral changes upon heating. Inset: Temperature-dependent CD signal 

changes at 520 nm. 

 

For this family of compounds, the P and M enantiomers could be directly observed in the 

crystalline state where close contacts between the molecules of opposite chirality are 

preferred.[27,30] In the non-aggregated state in dilute solution, the same amounts of P and M 

enantiomers are present and P ⇄ M interconversion is rapid on the NMR time scale. Upon 

aggregation, this interconversion is slowed down and enrichment of one enantiomer is 

possible under the influence of the chiral OPV aggregates due to the formation of 

diastereomeric complexes. Here the negative CD signal of the PBI band can be related to the 

preferential formation of M enantiomers caused by the left-handed helical stacking of the 1-2-

1 complex.[34] Figure 9 shows a model for such aggregates that is based on our optical data 

and molecular modeling. However, it has to be noted that our data do not allow to determine 

to which extend the P ⇄ M equilibrium for the PBI chromophore is shifted under the influence 

of the chiral OPVs. On the other hand, for compound 3a, only very weak CD signals are 

given for OPV band and no signal for PBI band was observed. Therefore, it can be conclude 

that chiral side chains at the OPV units are not sufficient to induce axial chirality of the PBI 

unit in 3a. Instead, only upon helical stacking of the OPV units the chirality transfer to the co-

aggregated PBI units take place, leading to well-defined dye aggregates (see also AFM 

studies vide infra). 

Figure 8b shows the temperature-dependent CD spectra of 1:1 hydrogen bonded OPV-PBI 

complex 1-4b. At 20 °C and 30°C the spectra are nearly identical. Between 30 °C and 40 °C a 

significant decrease of the CD amplitude was observed. Also this spectrum seems to originate 

from a bisignate OPV signal and a positive CD signal of the tetrachloro-substituted PBI. 
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However, the Cotton effects observed here exhibit opposite sign with those observed in 1-2-1 

complex, indicating an opposite helicity of the stacking. In a recent study, Beckers et al. could 

elucidate the CD effects in these OPV-PBI aggregates by the molecular exciton model and 

derive reasonable slipping and rotational angles.[33] 

= M enantiomer of
perylene bisimide 2

= OPV 1   

view along N-N axis of 2M

a)

b)

M P

 
Figure 9. 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 1-2-1 complex from OPV 1 

and M-enantiomer of perylene bisimide 2. 

 

Direct observation of the superstructures formed from 1-2-1 complex was realized by 

atomic force microscopy (AFM) (Figure 10). The width of the smallest fiber that can be 

resolved is about 7 nm (arrow 1), which corresponds to the 7 nm length of the rigid backbone 

for a 1-2-1 hydrogen-bonded complex calculated from molecular modeling studies. Thicker 

and right-handed helical rod-like fibers were observed with a length of several micrometers 

and a width of about 20 nm (arrow 2, 3). It is assumed that multiple smallest fibers are coiled 

into each other to afford those thicker supercoils to minimize the van der Waals interactions 

between the smallest fibers. Also seen in Figure 10 (arrow 3), further self-assembly to double-

helical or even large intertwined assemblies can take place.  
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a) b)

1

2

3

 
Figure 10. A) Tapping mode AFM topographic images of the 1-2-1 complex after spin-coating from MCH 

(scale bar 1000 nm) on a glass/ /PEDOT:PSS slide; B) locally enlarged picture (scale bar 130 nm) from ref. 13. 

 

The CD and AFM studies show that the transfer of chiral information in 1-2-1 aggregates 

takes place over several hierarchical levels: First the chiral information of the side chain is 

transferred to the OPV-OPV stacks and simultaneously to the hydrogen-bonded PBI, leading 

to left-handed helical stacking of the OPV and axial chirality of the PBI, as demonstrated by 

the CD results (Figure 8). Finally those left-handed fibers intertwine to give right-handed 

supercoils (Figure 10). Such change of handedness is not surprising and has already been 

observed for aggregates of chiral phthalocyanines, where the chromophores aggregated into 

right-handed fibers first and then assembled further into left-handed supercoils.[5b] 
 

7.2.5 Electrochemical properties of the OPV-PBI systems 

The electrochemical properties of OPV-perylene-OPV triads 3a,b and the two 

unsymmetrical compound 4a,b were investigated by cyclic voltammetry (Figure 11), and the 

resultant redox potentials are compiled in Table 3 including the data of 5a[15c] for comparison. 

For 3a and 3b, a reversible oxidation wave was observed at almost the same potentials (E1/2 = 

0.34 V for 3a and 0.33 V for 3b, all values vs. Fc/Fc+, Fc: Ferrocene), attributed to the 

oxidation of the OPV moieties.[18]  With further increase of potential, irreversible oxidation of 

the perylene moieties for both compounds can be observed at potentials above 0.8 V. In the 

reductive cycle, two broad reduction waves are detected at half-wave potentials (E1/2) of about 

–1.17 and –1.43 V for 3a. Possessing the same tert-butylphenoxy substituents on the bay 

positions of perylene, compound 5a is an ideal reference compound for 3a.  However, it 

shows two well-defined reversible waves for the reduction of the perylene core at E1/2 = −1.09 

and −1.25 V,[15c] which are shifted anodically around 0.08 and 0.18 V compared to the 

corresponding values of 3a.  
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Figure 11. Cyclic voltammogram a) for 3a, b) for 3b, c) for 4a, and d) for 4b in CH2Cl2, scan rate 0.1 V s–1, 

supporting electrolyte 0.1 mol L−1 NBu4PF6. 

Because the electrochemical behavior of perylene bisimides is little influenced by the 

substituents at the imide positions due to nodes at N atoms in the HOMO and LUMO 

orbitals.[ 35 ] We consider aggregation of the dyes to be responsible for this unexpected 

potential shift. The investigated solution in the CV measurements is about 0.4 mM in CH2Cl2. 

At such high concentration, considerable dye aggregation may take place, although not so 

pronounced as in MCH. Aggregation would restrict the mobility of the dyes, which in turn 

hampers their diffusion and migration to the electrode surface. In other words, the aggregated 

dyes are more difficult to reduce than monomeric species and the separation of the anodic and 

cathodic peak increases. One the other hand, for 3b two well defined reversible reductions 

appeared at potentials of –0.80 and –1.17 V, which are about 0.3 V more positive than those 

for compound 3a. This large potential difference is attributable to the different substituents at 
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the bay positions of perylene bisimides. Electron-withdrawing chlorine substituents in 3b 

increase the electron affinity of the perylene bisimide in contrast to the electron-donating 

phenoxy groups in 3a. Owing to the relationship between redox potentials and HOMO and 

LUMO levels of the molecules,[36] tetrachloro-substituted perylene moieties exhibit a lower 

LUMO level, which can facilitate the electron injection from the OPVs. 

 

Table 3. Half wave potentials of 2, 3a, 3b and 4 obtained from cyclic voltammetry (vs. Fc/Fc+, Fc = Ferrocene). 

Compound E1/2  
–2/

 
– (V) E1/2 

–/0
 (V) E1/2 

0/+ (V) 

3a –1.43[a] –1.17[a] 0.34 

3b –0.99 –0.80 0.33 

4a –1.31 –1.15 0.87[b] 

4b –1.00 –0.79 > 1.1[c] 

5a –1.25 –1.09 0.88[d] 
[a] Estimated values. No well defined reduction could be observed. [b] Reversible oxidation for perylene 

bisimide, further reversible oxidation was detected at 1.05 V. [c] Irreversible oxidation. [d] Reversible oxidation, 

see ref. 15c.  

Similar results were observed for the two unsymmetrical PBI 4a and 4b. As shown in 

Figure 11 and Table 3, for 4a two well-defined reversible reduction waves were observed 

with half-wave potentials that are about 0.08 V lower than those of reference compound 5a. 

Furthermore, two reversible oxidation waves were detected at 0.87 V and 1.05 V, 

respectively. For the first reversible oxidation the half-wave potential agrees well with the 

value measured for 5a. The slight difference may be caused by the structural difference 

between the two compounds. For compound 4b, the E1/2 values for the two reduction waves 

are in good agreement with those obtained for 3b and an irreversible oxidation of 4b was 

observed at E > 1.1 V. 

 

7.2.6 Photoinduced electron transfer in aggregated and non-aggregated state 

Previously performed bias-dependent scanning tunneling microscopy (STM) and 

electrochemical measurements for 3a suggest that the fluorescence quenching observed for 

OPV-PBI systems can be explained by a photoinduced electron transfer process from the 

OPV to the PBI moieties.[23a] Femtosecond pump-probe spectroscopic measurements were 

performed in MCH to determine the rate for charge separation in the OPV-PBI triads systems 
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that have the same OPV moieties (1-2-1, 3a and 3b). 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.[23b] The rates of charge 

separation (kCS) and recombination (kCR) were determined by monitoring the temporal 

evolution of the absorption at 1450 nm (Figure 12). For all the three systems, the rise of the 

signal occurred within 1 ps, indicative of a very efficient and fast charge separation (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 1-2-1, kCR = 2.0 × 109 s-1 (time 

constant of 500 ps) for 3a to kCR = 8.6×1010 s-1 for 3b (time constant of 12 ps). Under the 

given experimental conditions (5 × 10-5 mol L−1 in MCH) all covalent and hydrogen-bonded 

triads are aggregated. Hence, it is impossible to determine whether the charges are formed 

within a covalently or hydrogen-bonded 1-2-1 (supra)molecular unit or if OPV and PBI 

molecules from neighboring triad units within the stack are involved.  
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Figure 12. Differential transmission dynamics of 1-2-1 (top), 3a (middle) and 3b (bottom) at 20 ºC (■) and 80 

ºC (□) recorded at 1450 nm (low-energy absorption of OPV radical cations) after excitation at 455 nm. All 

samples are 5×10-5 M in MCH from ref. 13,33. 

 

Due to the longer distance between redox centers in the hydrogen-bonded system one 

would expect that the rate of intramolecular charge transfer within the triad 1-2-1 should be 

lower or comparable to 3a. Accordingly, the fact that a much higher recombination rate was 
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observed for 1-2-1 is indicative that electron transfer in the co-aggregated assemblies occurs 

between the donor and acceptor molecules that belong to different triads. This conclusion is in 

accordance with the CD and UV/Vis data and the structural model in Figure 9. Thus, owing to 

the more coplanar arrangement of the OPV and PBI units in the hydrogen-bonded assemblies 

the donor and acceptor dyes are packed more tightly. This leads to shorter distances between 

OPV and PBI units of neighboring triads compared to the distance within a triad. The 

significantly faster charge recombination observed for 3b compared to 3a is consistent with 

the higher reduction potential of 3b. 

The effects of aggregation on the charge recombination rate were studied by measurements 

at higher temperatures in the same apolar environment. For the 1-2-1 complex, the 

temperature effect is pronounced. The time constant for charge recombination increases from 

16 ps at 20 ºC to more than 200 ps at 80 ºC. The reduced rate for charge recombination must 

be related to disassembled species of 1-2-1 hydrogen-bonded units or even dissociated 

compounds present at higher temperature. The distance between the OPV and PBI redox 

centers in a hydrogen-bonded complex is much longer than that between neighboring OPV 

and PBI units with in the π-π aggregated stack. On the other hand, only a small difference in 

the rate for charge recombination was observed for compound 3a upon increasing the 

temperature to 80 °C. This suggests that the electron transfer processes are localized to the 

molecular OPV-PBI-OPV triad irrespective of the further assembly of these molecules. For 

compound 3b, identical dynamics were observed for 20 °C and 80 °C. This is consistent with 

the observed high stability of the aggregates (the highest one among all the complexes and 

compounds in this study, see Table 1) because it is not possible to break the aggregates of 3b 

by heating a 5×10-5 M solution in MCH to 80 ºC.[37]  

 

 

7.3 Conclusions  

This chapter showed that defined co-aggregates are formed by co-self-assembly of OPV 

donor and PBI acceptor chromophores. Supramolecular OPV-PBI-OPV units are initially 

formed via hydrogen bonding and subsequently self-assemble into chiral stacks by π-π 

interactions. These aggregates show distinct changes in the UV/Vis absorption spectra, which 

can be ascribed to excitonic coupling between the chromophores of the same type. In 

addition, circular dichroism (CD) and AFM demonstrate the formation of chiral aggregates at 

several hierarchical levels from nano- to the mesoscopic scale. Based on electrochemical 
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studies and transient absorption spectroscopy, fluorescence quenching of OPV and PBI in the 

assembly can be related to photoinduced electron transfer that takes place even in apolar 

aliphatic solvents. Because the packing of the donor and acceptor dyes in these stacks is 

dependent on the individual components and their mode of connection (hydrogen-bonded or 

covalent), variations in charge separation and charge recombination rates are observed. With 

the present hydrogen-bonded OPV-PBI complexes, fibers containing p-type and n-type 

organic semiconductors could be prepared on much smaller scale (1-20 nm). Although a 

perfect organization into a p-n-heterojunction has not yet been achieved, this study paved the 

way toward nanoscopic aggregates with ambipolar charge transport properties[ 38 ] and 

photovoltaic performance. We believe such well-defined co-aggregated dyes may finally 

provide valuable functional building blocks also for solid state devices,[39] which are often 

hampered by the intrinsic disorder as a result of the preparation method, after ideal orientation 

between the electron-rich and electron-poor building blocks have been achieved. 

 

7.4 Experimental Section 

General methods: The synthetic procedures for compounds 114c, 215b, 5a15c and 5b18 have 

been published previously. 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic acid 

bisanhydride was obtained from BASF. 1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-

tetracarboxylic acid bisanhydride was synthesized according to the literature.[ 40 ] All the 

solvents and reagents were purchased from Merck and used as received. The spectroscopic 

grade solvents were used for the for all the spectroscopic studies. NMR spectra were recorded 

at room temperature on a Bruker DRX 400 spectrometer. Matrix-assisted laser desorption 

ionization time-of-flight (MALDI-TOF) mass spectroscopy was recorded on a Bruker 

Franzen Reflex III spectrometer (matrix: dithranol). The UV/Vis spectra were measured on a 

Perkin Elmer Lambda 40P spectrometer equipped with temperature controlling system. The 

steady state fluorescence spectra were measured on a Perkin-Elmer LS 50B 

spectrofluorometer. The fluorescence quantum yields in MCH were determined by the 

optically dilute method using N,N’-di(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-

3,4:9,10-tetracarboxylic acid bisimide as a reference (Φf = 0.96 in chloroform). The CD 

spectra were recorded on a JASCO J-810 spectropolarimeter with temperature controller.  

N,N'-Di[(E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-bis[(S)-2 methylbutoxy]styryl} 

-2,5-bis[(S)-2-methylbutoxy]styryl]phenyl]-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-

3,4:9,10-tetracarboxylic acid bisimide (3a): (E,E,E)-4-[4-{4-(3,4,5-Tridodecyloxystyryl)-
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2,5-bis[(S)-2-methylbutoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]styryl]aniline (120 mg, 0.095 

mmol), 1,6,7,12-tetrakis(4-tert-butylphenoxy)-3,4:9,10-perylenetetracarboxylic dianhydride 

(38 mg, 0.040 mmol) and zinc acetate (9 mg, 0.04 mmol) were mixed with 2 mL quinoline. 

The reaction mixture was stirred under Ar for 16 h at 190 ºC. After cooling to room 

temperature, it was added to a mixture of 1 mL water and 10 mL MeOH, the precipitate was 

collected by filtration, washed with water and MeOH, and then dried in vacuum. The crude 

product was purified by silica gel column chromatography with CH2Cl2 as eluent. After the 

solvent was evaporated, the product was precipitated from CH2Cl2 as a dark purple powder by 

adding MeOH (60 mg, 43%); m.p. 302 °C; 1H NMR (400 MHz, CDCl3, 25 °C, TMS): δ = 

8.26 (s, 4H; Hperylene), 7.7−7.0 (m, 44H; Ar-H, vinylic H), 6.86 (d, J = 8.8 Hz, 8H; Ar-H), 6.74 

(s, 4H; Ar-H), 4.02 (t, J = 6.5 Hz, 8H; −OCH2), 3.97 (t, J = 6.1 Hz, 4H; −OCH2), 3.81−3.95 

(m, 16H; −OCH2−), 2.1−1.2 (m, 180H), 1.1(m, 24H; −CH3), 1.0 (m, 24H; −CH3), 0.9 (t, J = 

6.1 Hz, 18H; −CH3); 13C NMR (100 MHz, CDCl3, 25 °C): δ = 163.61, 156.13, 153.26, 152.84, 

151.42, 151.18, 151.11, 151.00, 147.45, 138.63, 138.20, 133.97, 133.25, 133.14, 129.64, 

128.74, 128.59, 127.91, 127.75, 127.44, 127.17, 126.84, 126.69, 126.41, 124.77, 122.82, 

122.60, 120.77, 120.23, 119.79, 119.37, 110.97, 110.49, 109.93, 109.66, 105.15, 74.52, 74.47, 

74.21, 74.07, 73.56, 69.12, 35.16, 35.09, 34.99, 34.36, 31.94, 31.92, 31.41, 30.36, 29.76, 

29.74, 29.71, 29.70, 29.66, 29.47, 29.44, 29.39, 29.36, 26.40, 26.35, 26.13, 22.68, 16.86, 

16.78, 14.10, 11.51, 11.47, 11.38; MALDI-TOF MS calculated for C236H326N2O22 3540.4 m/z, 

found 3542.8, [M+H]+; UV/Vis (CH2Cl2): λmax(ε) = 581 (62800), 541 (40200), 436 (151000), 

336 (54600), 289 nm (72600 M-1 cm-1); fluorescence (MCH, 3.0 × 10−7 mol L−1): λmax = 592 

nm. 

N,N'-Di[(E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-bis[(S)-2-methylbutoxy]styryl} 

-2,5-bis[(S)-2-methylbutoxy]styryl]phenyl]-1,6,7,12-tetrachloroperylene-3,4:9,10-

tetracarboxylic acid bisimide (3b): The compound was synthesized according the above 

procedure for 3a. Starting from (E,E,E)-4-[4-{4-(3,4,5-tridodecyloxystyryl)-2,5-bis[(S)-2-

methylbutoxy]styryl}-2,5-bis[(S)-2-methylbutoxy]styryl]aniline (80 mg, 0.063 mmol), 

1,6,7,12-tetrachloro-3,4:9,10-perylenetetracarboxylic dianhydride (15 mg, 0.028 mmol) and 

zinc acetate (6 mg, 0.026 mmol), the product was isolated as red powder (35 mg, 40%); m.p. 

305 °C; 1H NMR (400 MHz, CDCl3, 25°C, TMS): δ = 8.51 (s, 4H; Hperylene), 7.5−6.8 (m, 28H; 

Ar-H, vinylic H), 6.58(s, 4H; Ar-H), 3.95 (m, 12H; −OCH2), 3.79 (broad, 16H, −OCH2−), 

2.1−1.2 (m, 144H), 1.1(m, 24H; −CH3), 1.0 (m, 24H; −CH3), 0.9 (t, J = 6.1 Hz, 18H; −CH3); 
13C NMR (100 MHz, CDCl3, 25 °C): δ =161.82, 156.13, 153.14, 150.92, 150.76, 138.13, 
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134.54, 132.90, 128.99, 128.51, 126.84, 126.69, 126.33, 125.00, 123.47, 122.89, 122.31, 

122.21, 109.79, 108.95, 105.01, 74.44, 74.01, 74.21, 73.84, 73.55, 69.07, 35.21, 35.13, 35.03, 

34.93, 31.94, 30.41, 29.78, 29.74, 29.70, 29.47, 29.49, 29.38, 26.48, 26.42, 26.16, 22.69, 

16.97, 16.91, 14.11, 11.58, 11.55, 11.51, 11.46; MALDI-TOF MS calculated for 

C196H274Cl4N2O18 3083.9 m/z, found 3083.1, [M]+; UV/Vis (CH2Cl2): λmax(ε) = 521 (67000), 

433 (144000), 335 nm (54800 M-1 cm-1). 

N-(3,4,5-tridodecyloxyphenyl)-1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-

tetracarboxylic acid bisimide (4a): A mixture of 1,6,7,12-tetra(4-tert-butylphenoxy)perylene 

-3,4:9,10-tetracarboxylic acid bisanhydride (0.30 g, 0.30 mmol), 3,4,5-tridodecyloxyaniline 

(200 mg, 0.31 mmol), Zn(OAc)2 (47 mg, 0.21 mmol) in 15 mL quinoline was stirred under Ar 

at 180 ºC for 1.5 h. After cooling, the mixture was poured into 300 mL of 1N HCl, the 

precipitate was collected by filtration, washed with water and MeOH and dried in vacuum. 

The crude product was added to a mixture of ammonium acetate (5.0 g, 64.9 mmol) and 30 

mL propionic acid and refluxed for 15 h. Then 200 mL water was added and the precipitate 

was isolated by filtration, dried in vacuum and the crude product was further purified by silica 

gel column chromatography with CH2Cl2 as eluent. After the solvent was evaporated, the 

product was redissolved in CH2Cl2 (10 mL) and precipitated by adding MeOH (30 mL) and 

then isolated by filtration as dark-purple crystalline powder (78 mg, 16%). 1H NMR (400 

MHz, CDCl3, 25 °C, TMS): δ = 8.42 (s, 1H, N-H), 8.24 (s, 2H, Hpery), 8.20 (s, 2H, Hpery), 7.23 

(m, 8H, Ar-H), 6.86 (d, J = 8.8 Hz, 4H, Ar-H), 6.81 (d, J = 8.8 Hz, 4H, Ar-H), 6.39 ( s, 2H, 

Ar-H), 3.97 (t, 2H, J = 6.4 Hz, 2H, OCH2), 3.88 ( t, 4H, J = 6.2 Hz, OCH2), 1.7-1.8 (m, 6H), 

1.5-1.1 (m, 90 H), 0.86 (m, 9H, CH3). MS (MALDI-TOF) calculated for C106H134N2O11 

1611.0 m/z, found 1611.6 [M]+. Elemental analysis (%) calculated for C106H134N2O11: C 78.97, 

H 8.38, N 1.74; found: C 78.93, H 8.37, N 1.66. UV/Vis (CH2Cl2): λmax/nm (ε/M-1 cm-1) = 

583 (47000), 543 (28800), 454 (17600), 269 (48000). 

N-(3,4,5-Tridodecyloxyphenyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic 

acid bisimide (4b): A mixture of 1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic acid 

bisanhydride (800 mg, 1.51 mmol), 3,4,5-tridodecyloxyaniline, (200 mg, 0.31 mmol) and 

Zn(OAc)2 (90 mg, 0.41 mmol) in 30 mL quinoline was stirred under Ar for 180 ºC at 1.5 h. 

After cooling to RT, the mixture was poured into 400 mL of 1N HCl, the precipitate was 

separated by filtration, washed with water and MeOH and dried in vacuum. Then the resulting 

crude product was added to a mixture of ammonium acetate (5.0 g, 64.9 mmol) and 30 mL 

propionic acid and refluxed for 15 h. Then 200 mL water was then added and the precipitate 

was collected by suction filtration, dried in vacuum, and purified by silica gel column 
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chromatography with CH2Cl2/EtOAc (95:5) as eluent. After the solvent was evaporated, the 

product was redissolved in CH2Cl2 (10 mL) and precipitated by adding MeOH (30 mL) and 

then isolated by filtration as orange powder (210 mg, 61%). 1H NMR (400 MHz, CDCl3, 25 

°C, TMS ): δ = 8.77 (s, 1H, N-H), 8.72 (s, 2H, Hpery), 8.69 (s, 2H, Hpery), 6.48 ( s, 2H, Ar-H), 

4.03 (t, 2H, J = 6.6 Hz, 2H, OCH2), 3.95 ( t, 4H, J = 6.4 Hz, OCH2), 1.7-1.9 (m, 6H), 1.5-1.1 

(m, 54H), 0.87 (m, 9H, CH3). MS (MALDI-TOF): calculated for C66H82N2O7Cl4 1154.5 m/z; 

found 1154.8 [M]+. Elemental analysis (%) calculated for C66H82N2O7Cl4: C 68.50, H 7.14, N 

2.42; found: C 68.48, H 7.17, N 2.40. UV/Vis (CH2Cl2): λmax/nm (ε/M-1 cm-1) = 522 (40200), 

489 (28300), 427 (11100), 275 (32300). 

Formation of the complex: The complexes were prepared by dissolving a 2:1 ratio of 

OPV to perylene bisimide in MCH and using sonication treatment (5 min) and heating.  

Aggregation studies in MCH by UV/Vis spectroscopy: The UV/Vis spectra of the H-

bonding OPV-PBI complexes and compound 3a,b were recorded at different concentrations 

and different temperature in MCH. The apparent molar extinction coefficients at several 

wavelengths were fitted by nonlinear least-square regression analysis to the isodesmic (or 

equal K) model.[15c,28] The binding constants were obtained by fitting the ratio of the 

absorption of aggregated and non-aggregated perylene bisimide. 

Electrochemical measurements: Cyclic voltammetry was performed with an EG&G PAR 

273 potentiostat in a three-electrode single-compartment cell using dichloromethane as 

solvent. Working electrode: platinum disk; counter electrode: platinum wire; reference 

electrode: Ag/AgCl. All potentials were internally referenced to the Fc/Fc+ couple. The 

solutions were purged with argon gas prior to use. The supporting electrolyte was 0.1 mol L−1 

tetrabutylammonium hexafluorophosphate (Fluka), which was recrystallized twice from 

ethanol / water and dried in a high vacuum.  

AFM measurements: Atomic force microscopy (AFM) measurements were carried out at 

TU Eindhoven at room temperature with an AFM equipped with a Nanoscope IIIa controller 

in the Tapping Mode regime. Glass substrates were cleaned intensively by rinsing with 

acetone and ethanol followed by drying under a nitrogen flow. Polyethylenedioxythiophene: 

polystyrenesulfonate (PEDOT:PSS) (in water) was spin coated at room temperature as 

follows: After filtering the complete solution over a black rim FP 30/5.0 CN filter unit, the 

complete surface of the substrate was covered. Then, the following spin-rates were applied on 

a spin-coater: 500 rpm for 7 sec followed by 1500 rpm for 35 sec. Finally, the substrate was 

placed on a hot plate (100° C) for 1 minute to remove excessive water. On top of the PEDOT 

layer complex 1b-2-1b (10 g/L MCH) was spin-coated at room temperature as follows: After 
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the substrate was placed on the chuck, the surface of the substrate was covered with solution, 

followed by spinning the samples at spin-rates of 500 rpm for 7 sec followed by 1500 rpm for 

35 sec. Micro-fabricated silicon cantilever tips with a resonance frequency of approximately 

330 kHz and a spring constant of about 42 Nm-1 were used. The scan rate varied from 0.5 to 

1.5 Hz. The set-point amplitude ratio (rsp = Asp/A0, where Asp is the amplitude setpoint and A0 

is the amplitude of free oscillation) was adjusted to 0.9. All AFM images shown here were 

subjected to a first-order plane-fitting procedure to compensate for sample tilt. AFM analysis 

was done off-line.  

Transient femtosecond photoinduced absorption spectroscopy: The transient 

spectroscopic studies haven carried out at TU Eindhoven with a femtosecond laser system 

used for pump-probe experiments consisted of an amplified Ti/sapphire laser. The single 

pulses from a cw mode-locked Ti/sapphire laser were amplified by a Nd-YLF laser using 

chirped pulse amplification, providing 150 fs pulses at 800 nm with an energy of 750 μJ and a 

repetition rate of 1 kHz. The pump pulses at 455 nm were created via optical parametric 

amplification (OPA) of the 800 nm pulse by a BBO crystal into infrared pulses which were 

then two times frequency doubled via BBO crystals. The probe beam was generated in a 

separate optical parametric amplification set-up in which the 1450 nm pulses were created 

and a RG 850 nm cut-off filter was used to avoid contributions of residual probe light (800 

nm) from the OPA. The pump beam was focused to a spot size of about 1 mm2 with an 

excitation flux of 1 mJ cm−2 per pulse. The probe beam was reduced in intensity compared to 

the pump beam by using neutral density filters. The pump beam was linearly polarized at the 

magic angle of 54.7° with respect to the probe, to cancel out orientation effects in the 

measured dynamics. The temporal evolution of the differential transmission was recorded 

using an InGaAs detector by a standard lock-in technique at 500 Hz.  
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study, the co-aggregated dyes tend to organize themselves laterally on the surface, which 

is not favorable for the charge transport to the metal electrodes. A more favorable 
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CHAPTER 8 
 

Summary 
 

As a traditional industrial pigment, perylene bisimide (PBI) dyes have found wide-spread 

applications. In addition, PBI dyes have been considered as versatile and promising functional 

materials for organic-based electronic and optic devices, such as transistors and solar cells. 

For these novel demands, the control of self-organization of this type of dye and the 

investigation of the relationship between the supramolecular structure and the relevant optical 

and electronic properties is of great importance. The objective of this thesis focuses on 

gaining a better understanding of structural and functional properties of π-stacks based on 

self-assembling PBIs. Studies include the synthesis and characterization of new functional 

PBI dyes, their aggregation in solution, in liquid crystalline state and on surfaces, and their 

fluorescence and charge transport properties.  

An overview of the formation, thermodynamics and structures of π-stacks of functional π-

conjugated molecules in solution and in liquid crystalline phases is given in Chapter 2, 

including triphenylenes, hexabenzocoronenes, porphyrins, phthalocyanines, naphthalene 

bisimide and perylene bisimide dyes, as well as macrocyclic π-scaffolds and merocyanines.  

Chapters 3 and 4 deal with the π-π aggregates of new, highly fluorescent PBIs without 

core-substituents (Chart 1). In Chapter 3, the self-assembly of a PBI with tridodecylphenyl 

substituents at imide N atoms both in solution and condensed phase has been studied in great 

detail. The formation of extended π-π stacks of the dye molecules in solution is demonstrated 

by the NMR and VPO studies. The aggregate size determined from VPO and DOSY NMR 

measurements agrees well with that obtained from the concentration and temperature-

dependent UV/Vis spectral data by employing the isodesmic model (equal K model).  
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In condensed state, the dye exhibits a hexagonal columnar liquid crystalline (LC) phase as 

confirmed by DSC, OPM and X-ray diffraction analysis. The columnar stacking of this dye 

has been further confirmed by atomic force microscopy (AFM) where single columns could 

be well resolved. The columns are hundreds nanometers long and bended to form a 

fingerprint-like structure which could be related to the dendritic optical texture observed by 

polarizing microscopy. 
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Chart 1. Chemical structures of unsubstituted PBIs investigated in Chapters 3 and 4. 

 

In both solution and LC state, the π-stacks of the dye are formed by rotational displacement 

among the molecules which is further confirmed by theoretical calculations based on 

molecular exciton theory. Such π-π stacking mode leads to rather interesting emission 

properties. A color-tunable luminescence from green to red of the dye has been observed upon 

aggregation which is accompanied by an increased lifetime and depolarization and has been 

explained in terms of an excimer-type relaxed excited state. The charge transport properties 

this dye have been investigated by pulse radiolysis-time resolved microwave conductivity 

(PR-TRMC) measurements and an isotropic mobility of 0.14 cm2V-1s-1 was obtained for the  

crystal phase while in the LC phase the value drops significantly as a result of a lower order 

and the formation of dimeric traps.  

To shed more light on the nature of the π-π interaction of the unsubstituted PBIs, solvent 

depend aggregation properties have been investigated in Chapter 4. For this aim, new PBIs 

with hydrophilic side-chains (Chart 1) were prepared, which exhibit high solubility even in 

polar solvents, such as MeOH and water. Then the π-π aggregation behaviors of a series of 

N,N’-diphenyl PBIs with different side-chains has been studied by UV/Vis and fluorescence 

spectroscopy in 15 solvents covering a broad polarity range. The obtained Gibbs free energies 

of aggregation have been correlated with the permittivity as well as empirical solvent polarity 

scales. The results indicate that the π-π interactions of unsubstituted PBIs is influenced by 

several different forces, including electrostatic, dispersion, hydrophobic, and even some 

degree of charge transfer interactions, and depends on the specific solute-solvent system.  



 
Chapter 8                                                                                                                                          Summary 

 189

The studies are further extended from core-unsubstituted PBIs to core-substituted ones 

(Chapter 5 and 6). An obvious different feature of the latter from the former is the 

considerable torsional angles (up to 37°) of the π-conjugated system of these dyes that are 

caused by the steric encumbering effect of the substituents at bay area (1, 6, 7, 12 positions in 

the perylene core). Such pronounced distortion of the π-system leads to different self-

assembly properties that are not given for the planar PBI dyes and further influence the 

collective optical and electronic properties of the assembled molecules. 

In Chapter 5, a series of highly soluble and fluorescent core-twisted PBIs that bear the same 

trialkylphenyl groups at the imide positions but different bay-substituents and were 

synthesized (Chart 2). These compounds are characterized by distortions of the perylene 

planes with dihedral angles in the range of 15-37° according to crystallographic data and 

molecular modeling studies. In contrast to the extended oligomeric aggregates formed for 

planar unsubstituted PBIs, this family of dyes formed discrete π-π-stacked dimers in apolar 

methylcyclohexane with dimerization constants between 1.3 × 104 and 30 M-1 due to the 

distorted aromatic core, as concentration-dependent UV/Vis measurements and VPO analysis 

revealed. The Gibbs free energy of dimerization can be correlated with the twist angles of the 

dyes linearly.  
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Chart 2. Chemical structures of bay-substituted PBIs studied in Chapter 5. 

 

The photoluminescence spectra of the dimers of these PBIs exhibit bathochromic shifts of 

quite different magnitude which could be attributed to different longitudinal or rotational 

offsets between the dyes as well as differences in the respective π-π stacking distance. A 

linear correlation of these shifts with twist angles has been found.  

In condensed state, several of these PBIs form luminescent rectangular or hexagonal 

columnar liquid crystalline phases with low isotropization temperatures. It has been found 



 
Chapter 8                                                                                                                                          Summary 

 190

that the more twisted tetrasubstituted dyes formed longitudinally slipped stacks of dyes with 

J-type emissive properties whilst for the less twisted disubstituted dyes, the feature of 

rotational displacement between the molecules in cofacial aggregates was confirmed. A 

particularly interesting transformation from non-fluorescent H-type into strongly fluorescent 

J-type packing that was accompanied by a phase change from crystalline into liquid 

crystalline has been observed for the tetrachloro-substituted dye upon annealing. 

The core-twisting effect on semiconducting properties has been examined in Chapter 6. In 

this chapter, a comparative study of the electrochemical and the charge transport properties of 

a series of non-substituted and chlorine-functionalized PBIs was performed. The results 

revealed that four chlorine substituents at bay positions can offer high electron affinities and a 

highly twisted nature of the dyes. The latter have strong effects on the packing of the dyes and 

lead to a unique 2D brickstone-type close contact pattern rather than 1D columns of the 

molecules. Such packing should facilitate the charge transport in transistor devices. In 

addition, the formation of undesired dimeric trap sites is efficiently avoided by the “twisted π-

system” concept. The PR-TRMC studies show that for the tetrachloro-functionalized PBIs it 

is feasible to obtain isotropic charge carrier mobilities over 0.1 cm2V-1s-1, indicating that these 

compounds are among the best n-type organic semiconductors.  

While Chapters 3-6 focus on one-component dye systems, Chapter 7 explored the 

possibility of a supramolecular engineering of co-aggregates formed by hydrogen-bonded 2:1 

and 1:1 complex of oligo(p-phenylene vinylene)s (OPVs) and PBIs (Chart 3). Covalently 

linked donor-acceptor dye arrays have been prepared for comparison. Concentration and 

temperature-dependent UV/Vis spectroscopy revealed all hydrogen-bonded and covalent 

systems form well-ordered J-type aggregates in methylcyclohexane.  
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Chart 3. Chemical structures of 2:1 and 1:1 OPV-PBI complexes. 
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With these hydrogen-bonded OPV-PBI complexes, fibers containing p-type and n-type 

molecules can be prepared on the nano-scale (1-20 nm). For the 2:1 OPV-PBI hydrogen-

bonded arrays hierarchically assembled chiral superstructures consisting of left-handed helical 

π-π co-aggregates (CD spectroscopy) of the two dyes that further assemble into right-handed 

nanometer-scale supercoils in the solid state (AFM study) have been observed.  

All of these well-defined OPV-PBI assemblies presented here exhibit photoinduced 

electron transfer on sub-ps timescale, while the electron recombination differs for different 

systems. It has been found that the electronic processes highly depend on the supramolecular 

organization of the donors and acceptors in the π-stacks. Thus, it was suggested that such 

assemblies of p- and n-type semiconductors might serve as valuable nanoscopic functional 

units for organic electronics.  
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Zusammenfassung 

 
Als traditionsreiches in industriellem Maßstab produziertes Pigment finden Perylenbisimid 

(PBI)-Farbstoffe Verwendung in vielen verschiedenen Anwendungsgebieten. Außerdem sind 

diese Farbstoffe aufgrund ihrer vielseitigen funktionellen Eigenschaften aussichtsreiche 

Kandidaten für auf organischen Materialen basierende elektronische und optische Einheiten, 

wie z.B. Transistoren oder Solarzellen. Für diese neuen Herausforderungen ist die gezielte 

Kontrolle bzw. Steuerung der Selbstorganisation dieser Farbstofftypen sowie die Erforschung 

des Zusammenhangs zwischen der supramolekularen Struktur und den optischen und 

elektronischen Eigenschaften von großem Interesse. Ziel dieser Arbeit war es daher, ein 

besseres Verständnis für strukturelle und funktionelle Eigenschaften π-gestapelter 

Chromophore am Beispiel selbst-aggregierender PBI-Farbstoffe zu entwickeln. Dies umfaßt 

die Synthese und die Charakterisierung neuer funktioneller PBI-Farbstoffe, die Untersuchung 

ihrer Aggregate in Lösung, in flüssigkristallinen Phasen, Dünnschichten auf verschiedenen 

Oberflächen, sowie der Fluoreszenz- und Ladungsträgertransporteigenschaften. 

Ein Überblick über den Selbstaggregationsprozess, die thermodynamischen Eigenschaften 

und die Strukturen von π-Stapeln verschiedener funktioneller π-konjugierter Moleküle in 

Lösung und in flüssigkristallinen Phasen wird in Kapitel 2 gegeben. Darin enthalten sind 

Moleküle mit ausgedehnten aromatischen π-Systemen wie Triphenylene, Hexabenzocoronene, 

Porphyrine, Phthalocyanine, Naphthalinbisimide und Perylenbisimide, außerdem 

makrozyklische π-Elektronengerüste und Merocyaninfarbstoffe. 

Kapitel 3 und 4 beschäftigen sich mit den π-π-Aggregaten neuartiger, stark fluoreszierender 

PBIs ohne Kernsubstituenten (Abbildung 1). In Kapitel 3 wurde das Aggregationsverhalten 

eines PBIs mit Tridodecylphenyl-Substituenten an den Imid-N-Atomen sowohl in Lösung als 

auch in der kondensierten Phase sehr detailiert untersucht. Mittels NMR und VPO Studien 

konnte die Bildung ausgedehnter π-π-Stapelanordnungen der Chromophore in Lösung 

nachgewiesen werden. Die Aggregatgrößen die mittels VPO und DOSY-NMR-Spektroskopie 

ermittelt wurden stimmen gut überein mit den Werten, welche durch Anwendung des 

isodesmischen Modells (equal K model) auf konzentrations- und temperaturabhängige 

UV/Vis-Spektraldaten erhalten wurden. 
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In der kondensierten Phase wurde eine kolumnar-hexagonale flüssigkristalline (LC) Phase 

mittels Differenzialkalorimetrie (DSC), optischer Polarisationsmikroskopie und 

Pulverröntgendiffraktometrie nachgewiesen. Die eindimensionale Stapelanordnung wurde 

zudem mittels Rasterkraftmikroskopie (AFM) bestätigt, welche ausgedehnte kolumnare 

Strukturen ergaben. Die Kolumnen sind mehrere hundert Nanometer lang und zeigen 

Strukturen, welche Fingerabdrücken gleichen. Diese korrelieren mit den dendritischen 

optischen Strukturen, welche mittels optischer Polarisationsmikroskopie erhalten wurden. 
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Abbildung 1. Molekülstruktur der in den Kapiteln 3 und 4 untersuchten unsubstituierten PBI-Farbstoffe. 

 

Sowohl in Lösung als auch in der LC Phase sind die molekularen Einheiten in den π-

Stapeln gegeneinander verdreht angeordnet, dies wurde durch theoretische Berechnungen 

basierend auf der molekularen Exzitonentheorie bestätigt. Diese Geometrie innerhalb der π-π-

Stapelanordnung führt zu interessanten Emissionseigenschaften. Die Farbe der Lumineszenz 

der Aggregate variiert mit steigendem Aggregationsgrad und geht einher mit einer erhöhten 

Fluoreszenzlebensdauer sowie deren Depolarisation. Dies wird mittels eines relaxierten 

Zustandes erklärt, etwa vergleichbar dem von Excimeren. Die Ladungstransporteigenschaften 

dieses Farbstoffes wurden mittels „pulse radiolysis-time resolved microwave“ (PR-TRMC) 

Experimenten untersucht, dabei wurde eine isotrope Mobilität von 0.14 cm2V-1s-1 für die 

kristalline Phase erhalten, wohingegen die Mobilität für die LC Phase aufgrund der geringeren 

Ordnung und der Bildung von Dimer-Ladungsfallen deutlich niedriger ist. 

Zur weiteren Aufklärung der Natur der π-π-Interaktion des unsubstituierten PBI wurden in 

Kapitel 4 die lösungsmittelabhängigen Eigenschaften untersucht. Dazu wurden neue PBI-

Farbstoffe mit hydrophilen Seitenketten (Abbildung 1) synthetisiert, welche selbst in polaren 

Lösungsmitteln wie Methanol oder Wasser noch sehr gut löslich sind. Diese PBI-Serie mit 

ihren unterschiedlichen Seitenketten wurden mittels UV/Vis- und Fluoreszenzspektroskopie 

in 15 Lösungsmitteln unterschiedlichster Polaritäten untersucht. Die erhaltenen Freien 

Enthalpien für die Aggregation wurden mit der Solvens-Permittivität sowie mit empirischen 

Solvenspolaritätsskalen korreliert. Die Ergebnisse sprechen dafür, daß die π-π-Interaktionen 

des unsubstituierten PBI-Farbstoffe von verschiedenen Kräften beeinflußt werden, dazu 
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zählen elektrostatische, dispersive und hydrophobe Wechselwirkungen und sogar zu einem 

gewissen Grad Charge-Transfer-Wechselwirkungen. Sie sind außerdem abhängig von den 

spezifischen Wechselwirkungen zwischen dem Lösungsmittel und dem gelösten Stoff. 

Die Studien wurden zudem ausgedehnt von kernunsubstituierten auf kernsubstituierte PBI-

Farbstoffe (Kapitel 5 und 6). Ein wichtiger Unterschied ist dabei der bei kernsubstituierten 

PBI-Farbstoffen beträchtliche Torsionswinkel (bis zu 37°) des π-Systems, welcher durch 

repulsive sterische Wechselwirkungen der Substituenten in den Bay-Positionen (1, 6, 7, 12 

Positionen des PBI-Gerüstes) erzwungen wird. Diese ausgeprägte Verdrillung führt zu 

Unterschieden im Aggregationsverhalten verglichen mit dem planaren PBI und bewirken 

damit abweichende optische und elektronische Eigenschaften der Aggregate. 

In Kapitel 5 werden die Synthesen einer Reihe sehr gut löslicher, fluoreszierender, nicht-

planarer PBI-Farbstoffe vorgestellt, welche dieselben Trialkylphenylimidisubstituenten, 

jedoch unterschiedliche Bay-Substituenten tragen. Für diese Substanzen wurden mittels 

kristallographischer Daten sowie quantenchemischer Berechnungen Diederwinkelwinkel im 

Bereich 15 bis 37° ermittelt. Im Gegensatz zu den ausgedehnten oligomeren Aggregaten des 

planaren PBI bildet diese Farbstoffklasse aufgrund der Verdrillung des aromatischen Kerns in 

apolaren Lösungsmitteln wie Methylcyclohexan diskrete π-π-gestapelte Dimere. Mittels 

konzentrationsabhängigen UV/Vis- sowie VPO-Experimenten wurden 

Dimerisierungskonstanten zwischen 1.3 × 104 und 30 M-1 ermittelt. Die Freie Enthalpie für 

die Dimerisierung korreliert dabei linear mit dem Verdrillungswinkel. 
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Abbildung 2. Molekülstrukturen der Bay-substituierten PBI-Farbstoffe, welche in Kapitel 5 untersucht wurden. 

 

Die Photolumineszenzspektren der Dimere dieser PBI-Farbstoffe weisen bathochrome 

Verschiebungen unterschiedlicher Beträge auf, welche sowohl auf unterschiedliche 

longitudinale Verschiebung bzw. Rotation, als auch auf unterschiedliche π-π-Abstände 
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zurückgeführt werden konnten. Für die Verschiebung des Absorptionsmaximums wurde ein 

linearer Zusammenhang mit dem Diederwinkel gefunden. 

In der kondensierten Phase bilden einige dieser PBI-Farbstoffe fluoreszierende, 

rektangulare bzw. hexagonale kolumnare LC Phasen mit niedrigen Klärtemperaturen. Es 

wurde beobachtet, dass stark verdrillte tetrasubstituierte Farbstoffe longitudinal verschobene 

Stapel mit J-Typ-Emissionseigenschaften bilden, wohingegen für weniger verdrillte, 

disubstituierte Farbstoffe cofaciale Aggregate mit gegeneinander verdrehten Einheiten 

nachgewiesen wurden. Im besonderen Maße interessant war eine Beobachtung für das 

tetrachlorsubstituierte PBI, welches beim Übergang von der kristallinen in die LC Phase von 

einem nicht-fluoreszierenden H-Typ zu einem stark fluoreszierenden J-Typ Aggregat 

übergeht. 

In Kapitel 6 wurden die Auswirkungen des Verdrillungswinkels auf die 

Halbleitereigenschaften untersucht. Es wurden vergleichende Studien der elektrochemischen 

Eigenschaften sowie der Ladungsträgertransporteigenschaften einer Serie unsubstituierter und 

chlorfunktionalisierter PBI-Farbstoffe durchgeführt. Die Studien ergaben, dass vier 

Chlorsubstituenten in den Bay-Positionen eine hohe Elektronenaffinität sowie eine starke 

Verdrillung der Farbstoffe bewirken. Letzteres hat großen Einfluß auf die Packung der 

Chromophore im Kristall und führt anstatt zu einer normalerweise beobachteten 

eindimensionalen kolumnaren Struktur zu einer einzigartigen zweidimensionalen 

Backsteinmauerstruktur. Dieser Packungstyp sollte den Ladungstransport in 

Transistoreinheiten stark begünstigen. Das Konzept der verdrillten π-Systeme verhindert so 

die Bildung unerwünschter Dimerladungsträgerfallen. Die PR-TRMC Studien für 

tetrachlorfunktionalisierte PBI zeigen, dass diese isotrope Ladungsträgermobilitäten über 0.1 

cm2V-1s-1 erreichen, was diese Substanzklasse zu einer der besten unter den organischen n-

Halbleitern macht. 

Während in Kapitel 3-6 der Fokus auf Einkomponenten-Farbstoffaggregaten lag, wurde in 

Kapitel 7 die Möglichkeiten einer supramolekularer Anordnung von Co-Aggregaten 

untersucht, welche durch wasserstoffbrückengebundene 2:1 und 1:1 Komplexe zwischen 

Oligo(p-phenylenevinylenen) (OPVs) und PBIs aufgebaut sind (Abbildung 3). 

Mit diesen wasserstoffbrückengebundenen OPV-PBI Komplexen lassen sich 

eindimensionale Aggregate auf der Nanoskala erzeugen, welche aus p- und n-halbleitenden 

Molekülen bestehen. Für die wasserstoffbrückengebundenen 2:1 OPV-PBI Komplexe wurden 

Anordnungen beobachtet, welche chirale Überstrukturen mit links-drehenden, helicalen π-π-
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Co-Aggregaten (CD-Spectroscopie) aufweisen, die sich wiederum in rechts-drehenden 

Superhelices bündeln (AFM-Studien). 
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Abbildung 3. Molekülstrukturen der 2:1 und 1:1 OPV-PBI-Komplexe. 

 

Während für alle OPV-PBI Aggregate photoinduzierte Elektronentransferprozesse im sub-

ps Zeitskalenbereich beobachtet wurden, unterschieden sich die Rekombinationsraten je nach 

System beträchtlich. Es wurde nachgewiesen, dass der Elektronenübertragungsprozess stark 

von der supramolekularen Anordnung des Donors und des Akzeptors im π-Stapel abhängt. 

Somit ist diese Art von organisierten nanoskopischen p- und n-halbleitenden funktionellen 

Bausteinen aussichtsreich für verschiedene Anwendungen in der Organischen Elektronik. 
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