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Introduction and Aim of this Thesis 
 
 
More than 70 years ago, Scheibe1 and Jelley2 observed simultaneously an unprecedented 

bathochromic shift of the absorption maximum of aggregates of pseudoisocyanine chloride in 

aqueous solution with respect to that of the monomers in ethanol. Assemblies with such a 

red-shift in absorption are called hereafter Scheibe- or J-aggregates.3 , 4 , 5  Due to their 

characteristic optical properties, i.e., strong bathochromically shifted absorption and 

fluorescence bands with much narrower band widths than those of the respective monomers, 

combined with a high fluorescence quantum yield and the capability for fast exciton 

migration, these type of assemblies have attracted considerable attention for various 

technological applications3a,5e, 6  and exhibit many properties of pivotal importance for 

efficient light harvesting.7 The majority of the applications on J-aggregates are based on 

cyanine dyes, and the most important and popular of these in history is the spectral 

sensitization in photographic process.5e,8  

Very recently, investigations have been performed with mixtures of perylene bisimide (PBI) 

dyes and melamine derivatives, revealing the formation of assemblies with J-type character.9 

These studies revealed that hierarchical self-organization of hydrogen-bonded PBI and 

melamine provides fluorescent superstructures. In this case, the orthogonal nature of 

hydrogen bonding, π−π- and alkyl chain interactions leads to three-dimensional growth, 

affording large-sized aggregates already in dilute solution (Figure 1). However, the 

bathochromic shifted absorption band (J-band) of the aggregate with respect to that of the 

monomer, is only weakly pronounced. This is in contrast to the classical J-aggregates.  
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Figure 1. Formation of functional superstructures of PBI dyes and melamine derivatives, directed by H-bonding, 

π−π− and alkyl chain interactions.  

 

The major aim of this thesis is to synthesize PBI dyes that self-assemble without 

co-substrates in nonpolar aliphatic solvents to form highly fluorescent J-aggregates with 

enhanced bathochromic shifts. It is envisaged that the aggregation process of PBI dyes with 

hydrogen atoms in the imide positions will be directed by the self-complementary double 

hydrogen-bonding motif, as depicted in Scheme 1.  
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Scheme 1. Self-assembly of PBI dyes by double hydrogen-bonding motif.  

 

The strong π−π interactions that are characteristic for this class of dyes typically lead to 

sandwich-type π−π stacking and hence formation of H-aggregates.10,11 To prevent the latter, 

functionalization of the perylene core with bulky substituents is essential to afford the desired 

J-aggregates (Figure 2).  
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Figure 2. Molecular structure, and self-aggregation of PBI monomers (red) into J-type assemblies (blue). The 

formation of H-aggregates (yellow) might be prevented by sterically demanding aryl groups (Ar).  

 

To improve the solubility of the aggregates attachment of long alkyl chains is mandatory, 

as was shown in earlier work of PBI complexation with melamine derivatives.9 In the present 

case, however, the solubilizing groups have to be connected to the aryl substituents.  

Chapter 2 gives a literature survey on J-aggregates in solution. The search for the 

aggregate structure of the first reported J-type assemblies is described and an excursus on 

Kasha’s exciton theory is given. J-aggregates of different classes of dyes are reviewed on 

selected examples, and their applications are briefly outlined.  

In Chapter 3 the first PBI assemblies with characteristic J-aggregate features are presented, 

and the synthesis is described. A main focus of this chapter is the design and development of 

the aggregate structure model proposed for these highly fluorescent assemblies. The results 

from absorption, fluorescence, FT-IR and 1H NMR spectroscopy, as well as atomic force 

microscopy underpin this model.  

Chapter 4 is based on investigations on a series of fluorescent PBI J-aggregates including 

chiral assemblies, as well as on in-depth studies to confirm the aggregate structure model. The 

synthesis of PBI dyes with various substituents and their influence on the aggregate behavior 

are described. Diverse concepts and techniques, like molecular modeling, circular and linear 

dichroism studies, microscopy, nucleation–elongation mechanism and sergeants-and-soldiers 

principle have been applied to confirm the viability of the proposed aggregate structure model 

and, furthermore, to obtain valuable mechanistic insights into the aggregation process of these 

PBIs.  

Chapter 5 deals with the temperature-dependent exciton dynamics in J-aggregates. PBI 

assemblies are studied at various temperatures from room temperature down to 5 K by 

absorption and fluorescence spectroscopy, and the results are compared with those of 

thiacarbocyanine based J-aggregates reported in literature.12  

The thesis concludes with summaries in English (Chapter 6) and German (Chapter 7).  
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Literature Survey on  

J-Aggregates in Solution 
 
 
 
 
 
 
 
 

 
____________________________________________________________________ 
Abstract: J-aggregates have evoked much scientific interest due to their strong absorption in very narrow 

spectral range with resonant fluorescence and their exciton transport capabilities. Such dye aggregates have 

attracted considerable attention for various technological applications. This chapter provides an overview on 

J-aggregates in solution since their discovery until now. The search for the aggregate structure of 

pseudoisocyanine (PIC), the first J-aggregate is described, and different classes of dyes forming J-aggregates are 

outlined and illustrated by various examples. Applications as well as potential future applications are also briefly 

discussed.  

____________________________________________________________________ 



Chapter 2  J-Aggregates in Solution 

8 
 

2.1 History and Definition 
Already more than 70 years have past, since Scheibe1 and Jelley2 observed independently 

an unusual behavior of pseudoisocyanine (also known as 1,1’-diethyl-2,2’-cyanine; PIC) 

chloride (for molecular structure, see Figure 1A) in aqueous solutions.3 Compared to the 

spectra of this dye in other solvents like ethanol, the band of the absorption maximum is 

shifted to lower energies (571 nm) upon increasing the concentration above 10-3 mol L-1 for 

solutions of PIC in water, and hence large deviations from the Lambert–Beer law are observed 

(Figure 1). Addition of sodium chloride resulted the same effect as an increase of the dye 

concentration. Characteristic for this new absorption band is its narrowness with a small value 

of the full width at half maximum (fwhm) of about 200 cm-1 and a very high absorption 

coefficient. Concomitantly, a strong fluorescence with very small Stokes shift (maximum at 

575 nm) was observed. Already in 1936 Scheibe correctly interpreted the behavior of PIC 

under these conditions as an indirect result of desolvation upon polymerization of the dye, and 

the absorption spectrum being changed by the “vicinity effect” of the adjacent molecule. In 

contrast, Jelley observed a quick precipitation of PIC from the ethanol solution upon addition 

of unpolar solvents or a 5 mol L-1 aqueous sodium chloride solution, and loss of the high 

fluorescence as the dye passes into the crystalline state. This is the reason why Jelley ascribed 

the spectral changes misleadingly to the dye molecules rather than to their aggregates. Both 

Scheibe and Jelley found that the spectral changes are reversible upon heating and cooling of 

the solutions.  

 

 
Figure 1. Absorption spectra of PIC aggregates in water (solid line), that of the monomers in ethanol (dashed 

line), and molecular structure of PIC. Reproduced with permission from reference 4. Copyright (1938) Springer 

Berlin / Heidelberg.  

 

 

N N
Cl+

1: PIC
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Dye aggregates with a narrow absorption band that is shifted to longer wavelength 

(bathochromically shifted) with respect to the monomer absorption band and a nearly resonant 

fluorescence with narrow band are called hereafter Scheibe- or J-aggregates.5,6,7 Further 

characteristics for this type of aggregates are high fluorescence quantum yields and a 

temperature-dependent equilibrium with the monomers.  

Aggregates with absorption bands shifted to shorter wavelength (hypsochromically shifted) 

with respect to the monomer absorption band, in contrast to the J-aggregates, are called 

H-aggregates, and exhibit in most cases low or no fluorescence.5a  

 

2.2 On the Search of the Aggregate Structure of PIC 
During many decades, a lot of effort has been spent to reveal the size and exact structure of 

the aggregates of PIC and the molecular arrangement of the monomers therein. Already in 

1938 Scheibe concluded from flow anisotropy measurements of PIC solutions the existence of 

long aggregates and hence proposed a “coin-pile” model for the J-aggregates where the long 

axis of the monomers is perpendicular to the aggregation direction.8 For the aggregation 

process he suggested the reversible formation of dimers which in the next step form the 

higher aggregates that are in equilibrium with the dimers.4 Depending on the dye molecules 

(for the case of derivatives of PIC), it is possible that the conformation of the monomers 

within the aggregate changes with time, and crystallization occurs. The conclusion that dimers 

exist in solution was drawn from the analysis of concentration dependent absorption studies, 

where the slope of the straight line by plotting log caggregate as a function of log cmonomer was 

obtained to be 2. Scheibe and coworkers analyzed the length of the aggregates by 

fluorescence quenching experiments and found that depending on the concentration of dye 

molecules, one quencher molecule (pyrocatechol; Figure 2) is needed to quench the 

fluorescence of 103 to 106 dye molecules noticeably.9 This was attributed to the formation of 

long chains of PIC molecules upon aggregation, consisting of up to one million of dye 

molecules. In these chains the excitation energy is absorbed at any position and transferred to 

any other position in the chain until the quencher molecule is met. Therefore an energy 

transfer across thousands of dye molecules must be possible. It was concluded that upon 

increasing the dye concentration the aggregate length increases, since less quenching 

molecules are required to decrease the fluorescence for more concentrated solutions 

(Figure 2).  
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Figure 2. Semilogarithmic plot of the relative fluorescence of aqueous PIC chloride solutions (at dye 

concentrations of (1): 3.0 × 10-2 mol L-1, (2): 2.0 × 10-2 mol L-1 and (3): 1.0 × 10-2 mol L-1) in dependence of 

pyrocatechol concentration, and molecular structure of the quenching molecule pyrocatechol 

(1,2-dihydroxybenzene). Reproduced with permission from reference 9. Copyright (1939) Springer Berlin / 

Heidelberg.  

 

Flow linear dichroism experiments by Scheibe and Kandler already showed that the sharp 

absorption band at 572 nm is polarized parallel to the fiber axis.8a From this result, Förster 

concluded in 1946 that the monomers in the aggregate are not perpendicularly oriented with 

their long axis with respect to the aggregate direction, but must be aligned parallel (inclined) 

to it.10 Furthermore, he suggested that the monomers are helically-disposed with respect to 

the fiber axis, which in turn should lead to optically-active assemblies (Figure 3).  

 

 
Figure 3. Model of the aggregate of PIC proposed by Förster, according to reference 10. The declination of the 

plane of the monomers to the aggregate direction and the helical arrangement is shown.  

 

Later on in 1964, Mason and coworkers described circular dichroitic effects that are 

observed upon addition of a concentrated ethanol solution of PIC to aqueous (+)-tartrate 

(Figure 4).11 According to Scheibe and coworkers these CD effects originate from the close 

contact of the aggregate with the optically active anion whereby a small local distortion 

within the dye assembly takes place.12  
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Figure 4. Absorption spectra of PIC in ethanol (monomer; dotted line), in aqueous solution (aggregate; solid line) 

and circular dichroism spectrum of the aggregate in aqueous dipotassium (+)-tartrate solution, reproduced with 

permission from reference 11. Copyright (1964) The Royal Society of Chemistry.  
 

X-ray analyses of crystals of different cyanine dyes published in 1970 revealed that the dye 

molecules are not planar as assumed so far by Scheibe and coworkers, but that the chinoline 

subunits are twisted with an angle of 50° with respect to each other.7b,13 This observation led 

to a new explanation for the optical activity of the aggregates: the CD effect originates from 

the twist within the monomers. According to Scheibe and coworkers the tight binding of 

tartrate counter ions to the polycationic PIC aggregate affords diastereomeric complexes that 

are biased towards one atropisomer. The corresponding aggregate model is illustrated in 

Figure 5. In this context it is noteworthy that the nature of the counter anions also affects the 

structure and the stability of the aggregates.7b,14 The latter decreases with the following 

sequence:       SO4
- > Cl- ≈ F- ≫ Br-. 

 

 
Figure 5. Aggregate model of PIC proposed by Scheibe and coworkers in 1970, assuming similar conformations 

of the monomers in crystals and in aggregate solutions, reprinted with permission from reference 7b. Copyright 

(1970) Elsevier Science Ltd.  
 

Notably, this model is not consistent with Kasha’s excitonic coupling theory,15 which 

describes the excitonic interaction of the two chromophores of a dimer with respect to their 

geometrical arrangement in a point dipole approximation. According to this theory a much 

more pronounced displacement of the dyes is needed to afford bathochromically shifted 

J-type absorption bands.  
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Excursus on Kasha’s exciton theory 

Kasha and McRae introduced their exciton theory for aggregated dimers.15,16 It is based 

on a point dipole approximation. The molecules are assumed to be classical oscillators with 

a Hamiltonian for the dimers as shown in equation 1  
 

H = Hu+Hv+Vuv  (1) 
 

where Hu and Hv are Hamiltonians for the isolated molecules u and v, and Vuv is the 

intermolecular perturbation potential. Solving the Schrödinger equation leads to the 

transition energy of the dimer (ΔEdimer) with two solutions (± ε), as given by equation 2  
 

ΔEdimer = Eexcited – Eground = ΔEmon + ΔEvdW ± ε  (2) 
 

with ΔEmon is the transition energy for the isolated monomer, ΔEvdW the difference between 

the van der Waals terms for the ground and excited state of u and v, respectively (for 

molecules u and v building a dimer), and ε is the exciton splitting that can be calculated by 

equation 315,17 
 

)cos3(cos
4

|| 2
3

0

2

θα
πε
μ

ε −=
uv

eg

r

r

 (3) 

 

where egμr  is the transition dipole moment of the monomer, ε0 the permittivity of vacuum, 

ruv the distance between the centers of the molecules u and v, and α and θ are the rotational 

and slip angles, respectively, that result from the rotational twist and translational offset, 

respectively, of these two molecules (see also Figure 8 for illustration of the angles).  

The energy levels for ground and excited state of the monomer and H- and J-dimers are 

illustrated in Figure 6 for the example of S0-S1 transitions. For both dimers the possible 

dipole phase relations are depicted, with f being the oscillator strength to the exciton state 

which is direct proportional to 2|| egμr . The larger the value of f, the more likely is the 

transition to this energy level, and for f = 0 it is forbidden.  
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Figure 6. Energy diagram for aggregated dimers in H- and J-type arrangement. The geometry as well as the 

dipole phase relations are illustrated.  

 

In Figure 6 only two extreme examples of parallel aligned dimers (α = 0) are shown for 

θ = 0° (J-dimer) and θ = 90° (H-dimer). As one can see from the energy diagram which is 

shown for the cases of 0° < θ < 90° in Figure 7 (with Δε = 2ε), no excitonic splitting occurs 

for θ = 54.7°. That means for obtaining J-dimers with parallel aligned transition dipole 

moments (α = 0) the shift angle (θ ) has to be smaller than 54.7°.  

 

 
Figure 7. Energy diagram for aggregated dimers with co-planar inclined transition dipoles. The geometry 

and the angle θ are illustrated.  
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For the case of rotational twist in addition to the slipped arrangement of the monomers 

forming a dimer, the energy levels are depicted in Figure 8. Regarding the dipole phase 

relation, the transition to both energy levels is now allowed, resulting in the splitting of the 

absorption band (Davydov splitting), which is also observed in molecular crystals with unit 

cells consisting of two molecules.18  

 

 
Figure 8. Energy diagram for aggregated dimers with oblique arranged transition dipoles. The geometry and 

the angles α and θ as well as the dipole phase relations are illustrated.  

 

In case of translational offset being absent (θ = 0), a sandwich-type dimer is present 

with partly allowed transition into the lower energy level, for α ≠ 0° (Figure 9). In that case 

a strong H-band, which is shifted to higher energies with respect to the monomer band can 

be observed by UV/vis absorption spectroscopy, concomitant with a weak bathochromic 

shifted J-band, resulting from the partly allowed transition.  
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Figure 9. Energy diagram for aggregated dimers with rotational twisted transition dipoles. The geometry and 

the angles α and θ as well as the dipole phase relations are illustrated. 

 

For a rough estimation of the transition energy of a dimer as well as of an aggregate, 

Kasha’s exciton theory is an efficient tool with relatively easy use. However, since it is 

based on some approximations, e.g., assumption of point dipoles and, for the case of 

aggregates, nearest neighbor interaction, for a more precise calculation an extended dipole 

model has to be applied, as suggested by Kuhn et al.19 In contrast to highly ordered linear 

aggregates, in two-dimensional or even tubular assemblies manifold possibilities for the 

arrangement of the chromophores exist and thus, each aggregate geometry requires its own 

theoretical analysis.6a,20  
 

In 1970 Cooper observed a splitting of the J-band by temperature dependent absorption 

studies of PIC bromide solutions at temperatures below 253 K (Figure 10).21 The presence of 

two extremely sharp bands of almost equal intensity resembles more line spectra as known for 

molecules in the gas phase than typical band spectra in solution. The splitting is barely 

151 cm-1 and the fwhm values for the bands are about 50 cm-1 at 77 K and 30 cm-1 at 4 K. 

Excitation of the J-band at different wavelengths resulted in different ratios of the intensities 

of the two split J-bands. It was suggested that the fluorescence originates from two distinct 

electronic transitions that are associated with two given geometrical conformations of the 

J-state. The efficiency of quenching is not uniform for the two bands, which is supportive for 

this assumption.  
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Figure 10. (A) Absorption and (B) fluorescence spectra of PIC solutions (c = 4 × 10-3 mol L-1 in a 1:1 ethylene 

glycol-water mixture) at 298 K and 77 K (as indicated). In (B) the emission is illustrated for excitations at 

498 nm (solid line) and 565 nm (dashed line), as indicated by the arrows. Modified with permission from 

references 5a (A) and 21 (B). Copyright (1977 and 1970, respectively) Elsevier Science B.V.  

 

However, according to Bird et al. an exact agreement between experimental data and 

calculated spectral shifts is not possible with Kasha’s exciton theory. Whilst Bird suggested a 

refinement by means of a higher order instead of the first order perturbation theory,22 Kuhn 

and coworkers stated that a first order perturbation treatment suffices and the failure of 

Kasha’s exciton theory is due to the point dipole approximation.7a,23 Based on an extended 

dipole model they demonstrated that the calculated values are in excellent agreement with 

those obtained by experiments. Including sterical considerations, Kuhn et al. proposed a 

brickwork arrangement (similar to Figure 11A) for the PIC J-aggregates, since both a tight 

packing with J-type coupling as well as a parallel alignment of the monomer long axis and the 

aggregate direction is realized in this model. The latter feature is in contrast to the formerly 

postulated ladder or staircase arrangements (Figure 11B,C), but in agreement with the 

experimental data.8a,10  

 

 
Figure 11. Possible arrangements of dye molecules in solution (A: brickwork arrangement; B: ladder 

arrangement; C: staircase arrangement) proposed by Kuhn et al.23 Each rectangle is thought to represent the 

contours of a pseudo-isocyanine cation. The most likely arrangements of monomers in PIC J-aggregates in 

solution is shown in (A), according to Kuhn et al.  
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It is intriguing that a double string brickwork model perfectly complies with the sterical 

peculiarities of a twisted chromophore (Figure 12), which led Daltrozzo, Scheibe and 

coworkers to revoke and reconsider their original model.7c Four possible thread-like structure 

models newly proposed by Daltrozzo et al. for PIC are shown in Figure 12, illustrating two 

possibilities for optically active (A2, B2) and two optically inactive (A1, B1) aggregates.  

 

 
Figure 12. Schematic structural alternatives for the J-aggregates of PIC proposed by Daltrozzo, Scheibe et al. 

with nitrogens on opposite site (A) and nitrogens on the same site (B) according to reference 7c. Black dots 

symbolize the nitrogens. Structures (A1,B1) show optically inactive and that of (A2,B2) optically active 

assemblies. Reproduced with permission from reference 7c. Copyright (1974) National Research Council 

Canada.  

 

Beyond structural questions a two step mechanism could be revealed for the aggregation 

process of PIC by using concentration and temperature-dependent absorption studies. The 

first step is the nucleation process in which a nucleus is formed that is energetically 

disfavored up to a minimum size of seven assembled monomers, relative to both monomer 

and higher aggregates. In the second step (the growth process) the aggregate size rises 

strongly with increasing concentration, whereas the number of independent aggregates 

remains constant. CD measurements on PIC solutions containing different amounts of 

(+)-tartrate revealed optical activity, as already shown for the first time by Mason,11 

uncovering a probably helical arrangement of the aggregates which is induced by an optically 

active anion, and results from the twist of the two quinolinium rings in the monomer with an 

angle of about 50° with respect to each other.  

One year later, Nolte proposed some different possible models for the aggregate of PIC.24 

Two of them are shown exemplarily in Figure 13.  
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Figure 13. Planar brickwork aggregate (A) and twisted band aggregate (B) models of PIC proposed by Nolte, 
reprinted with permission from reference 24. Copyright (1974) Elsevier Science B.V.  

 

At that time, where the structural arrangement in these dye aggregates was a subject of 

high controversy, Marchetti et al. compared the optical spectra of the aggregate solutions of 

PIC with those of its crystals. Since the spectra are very similar, he concluded that the dye 

aggregates are probably microcrystals whose aggregate bands originate from crystal 

transitions.25,26  

In 1993 Kobayashi and coworkers dispersed PIC J-aggregates in thin polymer films and 

oriented them by vertical spin-coating as well as on polyelectrolyte-bound J-aggregates.27 

These experiments revealed that the J-band is polarized mainly parallel to the direction of 

alignment. On the basis of these results, Kobayashi and Misawa proposed a model of 

hierarchical structure of J-aggregates consisting of mesoaggregates and macroaggregates 

(Figure 14).28 The former is characterized by coherent excitation over the aggregates, and the 

latter is an inhomogeneous ensemble of mesoaggregates.  
 

 
Figure 14. Sketch of the coherent mesoaggregates and oriented macroaggregates. The schematic diagram of 

hierarchical structure of PIC J-aggregates proposed by Kobayashi was reprinted with permission from 

reference 28b. Copyright (1989) Taylor & Francis.  
 

In 1996 several studies were published concerning the characterization of concentrated PIC 

solutions with high viscosity. Using polarizing microscopy at moderate low temperatures 

(0-20 °C) and at dye concentrations larger than 5.5 × 10-3 mol L-1 an optical texture was 
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observed by Stegemeyer, which is characteristic for a nematic lyotropic liquid crystal.29 

These observations strongly favor PIC aggregate models assuming thread-like assemblies, as 

proposed by Daltrozzo et al.7c Rheology experiments of PIC aggregates performed by Rehage 

et al.30 revealed that at concentrations higher than 1 × 10-2 mol L-1 a drastic increase of 

viscosity is observed. This is the same concentration range where the aggregation is initiated. 

Polarization microscopic studies at room temperature (after heating to 60 °C) show that the 

texture of the liquid crystalline phase reveals similarities to that of the nematic rod phase, as 

reported by Stegemeyer.29 On the other hand, the observed maltese crosses are absent in 

nematic rod phases. Therefore, Rehage et al. concluded that the observed texture is 

characteristic for a thermotropic smectic-C phase, which consists of crystalline smectic layers 

with monomers in tilted positions, also found in lyotropic systems. Thus, the viscoelastic dye 

solutions tend to form rod-shaped or tubular aggregates within supramolecular network 

structures which exhibit high elasticity properties.  

In the year 2000 von Berlepsch et al. directly visualized the rod-like morphology of the 

PIC J-aggregates for the first time, by using cryo-transmission electron microscopy 

(cryo-TEM).7g A total average aggregate-length of at least 350 nm could safely be estimated, 

which corresponds to an aggregation number of about 3000. The diameter for the rod was 

observed to be 2.3 nm, which is concentration independent. However, the distance between 

adjacent rods decreases with increasing concentration, leading to a dense packing. Because of 

this high order of the observed line patterns in the cryo-TEM images, von Berlepsch and 

coworkers supposed that the patterns are views of nanometer-sized PIC crystals. Comparison 

of the electron diffraction pattern with single-crystal x-ray diffraction data confirmed the 

assumption that there is a two phase state of coexisting J-aggregates and nanocrystals. 

However, experimental data to gain insight into the internal molecular structure of the 

J-aggregates could not be obtained by these methods. Dichroic absorption spectra of the 

aggregate solution revealed a strong similarity for the spectra in the region of the J-band with 

those of a PIC single crystal as calculated from measured polarized reflection spectra.7g Hence, 

an almost equal arrangement of adjacent chromophors in J-aggregate solutions and in single 

crystals was assumed and a PIC aggregate structural model was suggested that is similar to 

that of Daltrozzo and coworkers,7c assuming a quasi-one-dimensional thread-like aggregate 

composed of two monomers per unit length, in which the quinoline rings of adjacent 

chromophores are sandwich-like arranged, but with large displacement of the monomers 

(Figure 15A,B).31 To account for the cross-sectional diameter of 2-3 nm it was suggested that 

the rods are composed of six individual thread-like strands (Figure 15C,D).  
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Figure 15. Structure model of threadlike arranged PIC molecules proposed by von Berlepsch et al. This model 
was derived from the (A,B) stacking of the molecules in single crystals. Adjacent molecules forming one strand 
are arranged along the x-axis of the crystal. Two such single strands with oppositely oriented molecules form a 
double strand with herringbone-like architecture (A,B). Assuming a mass density as in the single crystal, the 
volume of a cylindrical particle with cross-sectional diameter 2.3 nm can be filled by approximately six „unit 
strands“. Two highly symmetrical ones are shown in (C,D), whereof (D) shows a hollow brickwork chimney 
model. Reprinted with permission from reference 7g. Copyright (2000) American Chemical Society. 

 

Regarding the publications of the current decade there is still an ongoing discussion on the 

structure of PIC aggregate. In 2001 and 2002 Tani and coworkers performed polarized 

reflection micro-spectroscopy with simultaneous AFM to study the absolute orientations of 

exciton transition dipole moments of PIC J-aggregates locally.32 A wide range of directions 

with respect to the long axis of the fibers, from parallel to perpendicular, is assumed, implying 

that a new structural model has to be conceived to explain the observed phenomena.  

 

During the search of the aggregate structure of PIC the coherent length of the monomers 

within the aggregate (number of excitonically coupled monomers) has also been determined 

and sometimes confused with the structural length of the aggregate (number of monomers 

building the aggregate). By application of the mass action consideration, where log (cmon) is 

plotted vs log (ncagg) to show a linear relation with a slope of n, the value of n was estimated 

to be very small and initially thought to be the number of molecules building the aggregate.5a 

However, viscosity4 and fluorescence quenching9 studies performed on aggregates of PIC by 

Scheibe already in the 1930s revealed the existence of much longer aggregates. The same was 

proposed by McKay and coworkers who performed diffusion constant measurements by 
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polarographic technique and assumed that PIC aggregates consist of hundreds of repeating 

units. 33  Additionally, J-aggregates of PIC and related dyes can be concentrated by 

centrifugation, i.e., they behave like reversible high molecular weight species of colloidal 

dimensions. Therefore, it was suggested that the aggregation number n does not relate to the 

number-molecular weight of the aggregate itself, but only to the number of molecules in the 

aggregate that undergo mutual spectral perturbation. Thus, only few molecules were 

considered to constitute the repeating spectroscopic unit cell of the J-aggregate, which is still 

consistent with the discussed brickwork structure of J-aggregates proposed by Kuhn and 

coworkers in which the repeating unit consists of just 4 dye molecules (Figure 16).23,34 

Scheibe and coworkers considered this number n to be the minimum aggregation number.7c  

 

 
Figure 16. Model of “brickwork”-structure, with every rectangle representing a monomeric chromophore. The 

textured rectangles represent the molecules in the aggregate that undergo mutual spectral perturbation, according 

to mass action considerations being applied to the model proposed by Kuhn et al.  

 

From spectral analysis (especially on the line width of absorption band) it has been 

concluded by Knapp that PIC J-aggregates consist at least of 50 monomer units, since the 

latter were found to be strongly excitonically coupled.35 Sundström et al. performed exciton 

annihilation experiments and unveiled that excitons can move freely over a number of up to 

104 molecules in the PIC aggregates.7e By using a variety of nonlinear optical measurement 

techniques, numerical calculations, and treating the PIC J-aggregate in terms of a disordered 

Frenkel exciton, Fidder et al. revealed a delocalization of the excitonic states over 

approximately 100 molecules that carry giant oscillator strength.36 Knoester and coworkers 

evaluated a similar coherence domain (exciton delocalization) by pump probe experiments.37 

The domain size was determined to be 70 molecules at 4 K.38 Spectroscopy studies by 

Stegemeyer et al. revealed an aggregate size of 30-40 monomers per assembly.29 Similar 

results were obtained by Neumann et al.39 by pressure dependent absorption studies leading 

to a number of 5-29 assembled monomers per aggregate at slightly lower concentrations 

compared to those in Stegemeyer’s studies. Further investigations revealed a minimum 
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number of approximately 5 monomers to form an aggregate.39 This value is in the same range 

as discussed by Dähne and coworkers, and Dinter, which is 2-9.40  

Higgins and Barbara performed near-field imaging experiments on polyelectrolyte-bound 

J-aggregates of PIC.7f The long rod-like aggregates with an estimated length of some µm were 

photobleached and revealed an upper limit of 50 nm for the exciton migration distance. Some 

years later, scanning near-field optical microscopy (SNOM) performed by Kobayashi and 

Fukutake on PIC J-aggregates revealed an average aggregate size of 30 ± 5 molecules and a 

coherence size of about 30, as well, which is consistent with the values in earlier 

publications.41 However, a one-dimensional zigzag model for the J-aggregates composed of 

two molecules per unit cell is postulated (Figure 17) in order to calculate polarized absorption 

spectra that fit with those experimentally observed on studies of highly oriented PIC 

J-aggregates.  

 

 
Figure 17. Geometrical configuration of a one-dimensional zigzag model for the PIC J-aggregate composed of 
two molecules in a unit cell, where a denotes a lattice constant, proposed by Kobayashi and Fukutake according 
to reference 41.  

 

In 2007 Tani et al. performed SNOM experiments, and improved the sample preparation of 

PIC J-aggregate fibrils in thin film matrices and the microscope optics.42 On the basis of 

these new results the authors also assumed a zigzag-type molecular confirmation to be the 

most suitable model of PIC J-aggregates.  

Very recently, Katoh and coworkers studied the formation process of PIC J-aggregates by 

fluorescence detection of single aggregates in flowing solution.43 They observed a continuous 

signal which is the fluorescence of a large amount of meso-aggregates consisting of 20-100 

PIC molecules each, as well as a pulsed signal which is that of individual macro-aggregates 

with fiber-like shapes of micrometer length and 2-3 nm diameter. The values of the latter are 

consistent with those obtained by earlier works using cryo-TEM.7g The authors conclude that 

the formation of PIC J-aggregates proceeded through the assembly of meso-aggregates rather 

than isolated PIC monomers in solution. Additionally, the nuclei of the macro-aggregates 

appear to be born repeatedly throughout the formation process.  

In conclusion, the above mentioned search for the aggregate structure of PIC has often 

been discussed controversially and very different models of PIC J-aggregates have been 
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suggested. However, remarkably precise observations and conclusions have been made 

already in the early years even with only few measurement techniques available. Studies on 

the coherence size have been used as well to gain information on the total aggregate size. 

Nevertheless, the exact structure of PIC J-aggregates still remains an open question and will 

continue to be an exciting and interesting research issue.  

 

2.3 Other Cyanine Dyes  
The first synthesized dye of this class in history is cyanine, reported by Williams in 1856.44 

It was obtained by treatment of quinoline with isopentyl iodide under basic conditions, and 

the initially assumed reaction scheme is shown in Scheme 1. This dye was of “magnificent 

blue color” and therefore later called cyanine (cyanos = blue).  
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Scheme 1. Reaction scheme for the synthesis of first cyanine dye with the initially proposed wrong structure.  

 

In the following years similar chromophores were created with pronounced blue color and 

cognate names were invented, such as cryptocyanine, isocyanine, pseudoisocyanine and 

pinacyanol.45 But not until decades later, the molecular structures of these dyes could be 

clarified (also that of cyanine was found to be different to that reported initially) and it was 

recognized that all of these dyes have one feature in common, i.e., they consist of two 

heterocyclic groups which are connected by an odd number of methine groups (CH)n, with 

n = 1, 3, 5, etc. König introduced the term polymethine dyes in 1922, and was the first who 

recognized that the color is mainly caused by the polymethine chain.46 The general structure 

of polymethine dyes is shown in Chart 1.45a,b The predominantly aromatic heterocyclic donor 

(D) and acceptor (A) groups are connected by polymethine chains of various lengths. The 

ideal polymethine state is characterized by the alternation of the π-electron density on the 

polymethine chain (indicated by partial charges in Chart 1) and equal π-bond orders (in 

contrast to the polyene state, which is characterized by the equalization of the π-electron 

density on the carbon atoms of the methine groups along the chain and a bond order alteration 

of single and double bonds).47 For the polymethine state a high polarizability of the dye is 

given, resulting in the pronounced color. The dyes can be cationic (cationpolymethines 7–9), 
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anionic (anionpolymethines, structures not shown) or neutral (neutropolymethines 10). The 

alternating charge (i.e., π-electron density) distribution is independent of whether the 

molecule is carrying a charge, or not.48 The general structures of various polymethine dyes 

with their trivial names are shown in Chart 2.45a,b  
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Chart 1. General structure of polymethine dyes and their trivial names. The partial charges on atoms of the 

polymethine chain in the ground state are indicated by δ + and δ - (6a,b) for being positive and negative, 

respectively, according to reference 5f. The general structure of merocyanines (10), a neutral cyanine, is 

presented as well. 
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                     11: cyanine
1,1'-dimethyl-4,4'-quinocyanine 12: cryptocyanine 13: isocyanine

14: pseudocyanine / pseudoisocyanine
    1,1'-dimethyl-2,2'-quinocyanine

                         15: pinacyanol
1,1'-dimethyl-strepto-monovinylene-2,2'-quinocyanine 16: astrophloxin

17: oxacyanine 18: thiacarbocyanine 19: merocyanine  
Chart 2. Basic structures of various polymethine dyes with their trivial names. An example of a merocyanine 

dye 19 is shown at the bottom right. 
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Despite the term polymethine dye is systematically more correct, the term cyanine dye is 

still widely used for this kind of dyes,49 and will also preferentially be used in this work.  

 

2.3.1 Examples  

Despite cyanine dyes were discovered much earlier than J-aggregates, the former obtained 

their publicity only soon after the latter. The most famous amongst all is undoubtedly PIC. 

The search on its aggregate structure caused various controversial discussions in literature and 

is described in detail in the previous chapter 2.2.  

Already in the late 1930s systematic variations of the molecular structures were performed 

to reveal the required structural features of the dyes to enable J-aggregation. Scheibe replaced 

the quinoline ring of pinacyanol 20 (1,1’-dimethylstreptomonovinylene-2,2’-quinocyanine, 

quinocarbocyanine) chloride by an indole ring to obtain thiacarbocyanine 21 

(3,3’-diethylthiacyanine, benzthiocarbocyanine) chloride or astraphloxin 22 (indocarbo-

cyanine) chloride, and noticed that the aggregation tendency is already enormously decreased 

(for molecular structures of the dye cations 20–22, see Chart 3).4 Thiacarbocyanine and 

astraphloxin were found to form only dimers upon aggregation.50,51  
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20: pinacyanol 22: astraphloxin21: thiacarbocyanine  
Chart 3. Molecular structures of some cyanine dye cations and their trivial names, reported in literature.  

 

Ecker changed the structure of PIC by introducing substituents at the quinole ring (for 

molecular structures, see Chart 4) and observed that the wavelength of the J-band shifts to 

higher values for a higher number of methyl groups (24, 26).51 This red shift can further be 

increased up to 605 nm by anellation of aromatic rings instead of the methyl group (25, 27). 

However, changing one quinoline ring of PIC with the respective selenium containing 

heterocycle, yielding monobenzselenazol 23 leads to a J-aggregating derivative with a 

somewhat less shifted J-band at 546 nm. Furthermore, it was observed that the absorption 

spectrum of a mixture of different J-aggregates is not a superposition of the respective 

absorption spectra of the isolated aggregates.4,52 Ecker performed aggregation studies of 

mixtures of the mentioned aggregates of PIC derivatives and concluded a strong interaction of 

the different dyes within one aggregate.51 An alternating alignment of the monomers in the 

aggregate is assumed, as known in mixed crystals. All of these J-aggregates initially form 
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dimers before further aggregation upon increasing concentration.51 Concomitantly with the 

appearance of the J-band, the aggregates show high viscosity and elasticity, as well as 

thixotropy.  
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Chart 4. Molecular structures of derivatives of PIC and the respective values of their absorption maximum of the 

J-band.  

 

In 1968 Scheibe and coworkers recognized the hydrophobic effect (also called solvophobic 

effect for other solvents) being the main reason for the aggregation of cyanine dyes in water.12 

Since dispersion forces between the dye molecules can neither explain the high values of free 

energy, nor the fact that at room temperature these dyes only aggregate in water, the 

interactions within the solvent have to be considered. This means that dye aggregation is 

understood as a phenomenon of hydrophobic interaction, the energy being provided by an 

expulsion of water molecules from the first hydration shell.  

Additional criteria for the aggregation strength are the dye surface and the freedom of 

torsional motions within the dye.12,53 The latter is connected to the sterical requirement of the 

substituents of the dye, and leads to a classification into different types of dyes: loose, 

compact and crowded (Figure 18).53,54 (I) Loose: Torsions and oscillations of the molecule 

counteract aggregation. (II) Compact: Several moieties of the molecule are interlocked, 

causing rigidity and thus a high tendency for aggregation. (III) Crowded: No planar molecular 
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structure is possible due to bulky substituents, hence this hindrance for molecular stacking 

yields a very low ability towards aggregation. From this classification it can be recognized 

that the aggregation capacity rises with increasing steric hinderance up to a certain point after 

which it diminished again. The thiacarbocyanine 31 does not even form dimers in water.53  
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Figure 18. Classification of the dyes into different types according to their interior flexibility by Brooker as 

depicted in reference 53.  

 

A large variety of cyanine dyes has been reported during the last century,55 and for some 

of the dyes forming J-aggregates common abbreviations have been asserted. These dyes are in 

particular 1,1’-diethyl-2,2’-cyanine (1, PIC), 5,5’,6,6’-tetrachloro-1,1’-diethyl-3,3’-di(4- 

sulfobutyl)-benzimidazolocarbocyanine (32, TDBC), 1,1’,3,3’-tetraethyl-5,5’,6,6’-tetra-

chlorobenzimidazolocarbocyanine (33, TTBC), 3,3’,9-triethyl-5,5’-dichlorothiacarbocyanine 

(34, TDC) and 3,3’-bis(sulfopropyl)-5,5’-dichloro-9-ethylthiacarbocyanine (35, THIATS), 

and TDBC and THIATS will be discussed in detail in the following (for chemical structures, 

see Figure 1 and Chart 5).  

Herz was the first to investigate the sodium salt of TDBC, and performed concentration 

dependent absorption spectroscopy on its J-aggregates to reveal the number of monomers 

forming the assembly.7d,e From the mass-action consideration, assuming that n monomers 

form one aggregate (equation 4), and the total dye concentration being given by c0, the 

following relations (equations 5-7) are obtained:  
 

n M  Agg,   K = cagg / cm
n   (4)  

c0 = cm + n cagg (5)  
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c0 – cm = n cagg = n K cm
n   (6)  

log n cagg = log n K + n log cm (7)  
 

where cm and cagg are the concentrations of monomer and aggregate, n is the number of 

monomer units in the aggregate, and K is the association constant. cm can directly be 

determined by εm from the UV-spectra. Hence, a plot of log ncagg vs. log cm should be linear 

with a slope of n which will allow evaluation of K. From this calculation an aggregation 

number of n = 4 is obtained (see Figure 19A,B), but since this and related J-aggregates can be 

concentrated by centrifugation (they behave like reversible high molecular weight species of 

colloidal dimensions), it was suggested that the aggregation number 4 does not relate to the 

number-molecular weight of the aggregate itself, but only to the number of molecules in the 

aggregate that undergo mutual spectral perturbation. Thus, with this cyanine 32, 4 molecules 

were considered to constitute the repeating spectroscopic unit cell of the J-aggregate. 

However, Makio et al. did similar experiments, but deduced an association number of eight 

and hence could not confirm this result.56  
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Figure 19. (A,B) Absorption dependence of TDBC at 25 °C on dye concentrations. (A) absorption spectra of 

aqueous NaOH (c = 1 × 10-3 mol L-1) solutions including the dye in concentrations of (1): 5.0 × 10-7 mol L-1, 

(2): 1.0 × 10-6 mol L-1, (3): 5.0 × 10-6 mol L-1, (4): 1.0 × 10-5 mol L-1, (5): 1.0 × 10-4 mol L-1 and 

(6): 4.0 × 10-4 mol L-1. (B) Molar concentrations of monomeric (cm) and aggregated dye (cagg), which were 

derived from (A), are plotted to obtain the association number (n) of the J-aggregate. (C) Deaggregation to 

monomers of TDBC J-aggregates by aqueous surfactants at 25 °C. The spectra were obtained from 10-3 mol L-1 

solutions containing the indicated wt.-% concentrations of alkylphenoxy polyethyleneglycol surfactants. 

Reproduced with permission from reference 5a. Copyright (1977) Elsevier Science B.V.  

 

For studying environmental factors in dye concentration, Herz added a solution of 

surfactants to that of TDBC J-aggregates and revealed deaggregation of the assemblies upon 

increasing surfactant concentration, and already at a concentration of 1 wt.-% of alkylphenoxy 

polyethyleneglycol in solution only monomers are present (Figure 19C).7d  

From investigations on the optical dynamics of excitons in J-aggregates Wiersma and 

coworkers revealed the fluorescence lifetime of TDBC aggregates being dependent on the 

detection wavelength, which is restricted to temperatures below 80 K.57 By performing 

pump-probe experiments the delocalization of the exciton was determined to be distributed 

over 30 to 45 molecules at T = 1.5 K. Furthermore, they found that the temperature 

dependence of the relative fluorescence quantum yield of TDBC is equal to that of PIC.  

While amphiphilic cyanines like derivatives of TDBC preferentially form tubular 

J-aggregates (see chapter 2.3.2 and Table 1), TTBC forms two-dimensional J-aggregates, 

assembled in a herringbone morphology.58 The latter aggregates are characterized by a 

Davidov split (of 3000 cm-1) of the absorption band: a broad H-band and a narrow J-band (see 

Figure 20).  
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Figure 20. Normalized absorption (left) and fluorescence (right) spectra of the TTBC aggregate (solid lines) and 

monomer (dashed lines), reproduced with permission from reference 58. Copyright (2006) American Chemical 

Society.  

 

Hada et al. observed that for J-aggregates of TDC not only a broad H-band absorption is 

present, but also three different J-bands, depending on the preparation conditions.59 Each type 

of these J-aggregates (J1, J2 and J3) can be identified by (1) the position of the J-band in the 

absorption spectrum, (2) the width of the absorption and fluorescence bands, (3) the value of 

the Stokes shift, and (4) a general view of the entire absorption spectrum. Drobizhev et al. 

performed steady-state and time-resolved spectroscopy at low temperatures and revealed that 

only J2- and J3-aggregates are formed under these conditions.60 The J1-type of the aggregates 

has the lowest transition energy of the J-band and is relatively unstable. Upon optical 

excitation J3-aggregates undergo a thermally activated transformation to J2-aggregates. The 

absorption spectrum of TDC aggregates is shown in Figure 21A.  

Similarly, by comparing the spectral properties of TDC aggregates with those of the 

structurally related THIATS, Van der Auweraer, Vitukhnovsky and coworkers found an 

appearance of three different J-aggregates for the latter, with the J-bands being comparable to 

those of TDC aggregates (Figure 21B, only one J-band is shown here).61 They also observed 

a monotonic dependence of the fluorescence anisotropy of both aggregates on the excitation 

wavelength, which can be explained by a zigzag (W-like) chain model with two molecules per 

unit cell. The transition dipole moment of each molecule is estimated to describe an angle of 

65-70° with respect to the chain direction. Basko et al. proposed a two-strap model for 

THIATS aggregates and calculated a tilt angle of 84°.62  
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Figure 21. Absorption and fluorescence spectra of aggregates of (A) TDC and (B) THIATS in water-ethylene 

glycol glass at 77 K at a concentration of 10-3 mol L-1. Reproduced with permission from reference 61b. 

Copyright (1996) IOP Publishing Ltd.  

 

Polarized fluorescence spectroscopy performed by Scheblykin et al., as well as linear 

dichroism in the absorption of aligned aggregates of THIATS in a rotating cell proved the 

presence of two molecules per unit cell.63 Fluorescence quantum yields were measured across 

the entire exciton band, and the values were found to be 0.1 and 0.4 for excitations via the 

upper and lower Davydov components, respectively, revealing an intraband exciton relaxation 

(Figure 22). Exciton-exciton annihilation experiments revealed that approximately one photon 

is absorbed per 106 monomer units, which demonstrates the efficient exciton transport 

properties of this aggregated system.  

 

 
Figure 22. (A) Absorption spectrum of THIATS J-aggregates at 77 K in relation with (B) the energy diagram of 

a molecular aggregate with Davydov splitting of the exciton band, showing intraband exciton relaxation. 

Reprinted with permission from reference 64. Copyright (2000) Elsevier Science B.V.  
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In further works of Scheblykin et al., the temperature dependence of optical and excitonic 

characteristics is studied, such as the radiative excitonic lifetime and the coherence length of 

THIATS aggregates over a temperature range from 4.2 to 130 K.64 The fluorescence quantum 

yields were found to increase upon decreasing the temperature. The coherence length of 

THIATS aggregates was compared with that of PIC aggregates, revealing that upon cooling 

the values of that of PIC increase much stronger than that of THIATS. Moreover, it was 

discovered that taking all the optically allowed Davidov components of the exciton band into 

account is important to estimate the exciton coherence length correctly. The temperature 

dependence of the exciton radiative lifetime of THIATS J-aggregates can be rationalized 

within the framework of a 1-D model (of a twisted card packing of molecules with two 

molecules per unit cell), in contrast to PIC J-aggregates.  

The first systematic investigation on the temperature dependence of the Stokes shift was 

performed with J-aggregates of THIATS along with studies on temperature dependence of 

other excitonic and optical characteristics, as well as absorption and fluorescence line 

broadening, exciton migration rate and wavelength dependence of the fluorescence decay 

time.7h The line broadening was concluded to be the result of both static and dynamic disorder. 

For explaining the temperature dependent behavior, rather simple models for the static 

disorder are discussed, as the broken rod (BR) model, the model of continuous energy 

disorder (CED model) and the model of totally accessible DOS (density of states).65 It was 

revealed that there are three temperature ranges where a whole set of exciton and spectral 

properties of THIATS J-aggregates exhibit different temperature dependences (Figure 23). In 

the static range (T = 0–20 K), static disorder is the main factor that limits coherence length, 

exciton-exciton annihilation and absorption width. The static to dynamic range (T = 30–70 K) 

is the transition range, where most of the excitonic properties change strongly. In the third 

range, the dynamic range (T = 80–300 K), the exciton migration becomes strongly blocked by 

scattering on optical phonons. Non-monotonous temperature dependence of the Stokes shift 

was successfully modeled theoretically later on by Bednarz et al., which is in accord with 

experimental data.6c  
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Figure 23. Temperature dependence of the Stokes shift relative to fwhm of the fluorescence spectrum in the 

semilogarithmic scale reveals three temperature ranges. The functions plotted by solid lines are indicated in the 

figure. Reprinted with permission from reference 7h. Copyright (2001) American Chemical Society.  

 

2.3.2 Amphiphilic cyanine dyes  

Recently, it has been shown that by introducing amphiphilic side groups to the 

benzimidazolocarbocyanine dye TDBC, the modified molecules 36 reveal surface active 

behavior and form various types of assemblies, like lamellar ribbon-like structures, vesicles, 

tubes and even bundles of tubes.5d,66 However, the morphology of the aggregates depends 

sensitively on the molecular structure of the chemical substituents of the dye chromophore. 

The general molecular structure for such amphiphilic cyanine dyes is shown in Chart 6. 

Instead of long names, it is common to use mnemonic short phrases of the type CmRn, where 

m and n indicate the length of the alkyl chains at the 1,1’- and 3,3’-positions, respectively. R 

is an abbreviation to denominate the ionic groups, O stands for R = COO-, R’ = COOH and S 

stands for R = SO3
-, R’ = SO3Na. Such tetrachlorobenzimidacarbocyanine (TBC)-based dyes 

were found to show exceptional excitonic energy migration and were named amphi-PIPEs 

(amphiphiles with pigment interactions performing energymigration) by Daehne, Kirstein and 

coworkers.67 The aggregation strength of these dyes is much higher than that of TDBC, since 

assemblies are already formed at rather low concentrations of typically 10-6 mol L-1 (for C8S3 

even 10-8 mol L-1), in contrast to TDBC (which aggregates in 10-4–10-3 mol L-1 solutions). For 

comparison, the formation of J-aggregates of PIC requires even higher concentrations of 

10-3–10-2 mol L-1.  
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Chart 6. Principal structure of amphiphilic cyanine molecules: 5,5’6,6’-tetrachlorobenzimidacarbocyanine 

(TBC)-based dyes with R = COO-, R’ = COOH and R = SO3
-, R’ = SO3Na, respectively.  

 

A large variety of such TBC derivatives has been synthesized and investigated by Daehne 

and coworkers.67,68 It was observed that C8O1 does not form any J-aggregates, while for such 

dyes with longer hydrophilic and shorter hydrophobic chains, e.g., C2O3, C4O3 and C6O3, 

planar or linear aggregates are preferentially formed. A prolongation of the hydrophobic chain 

leads to the formation of mostly tubular aggregates. A selection of investigated amphiphilic 

cyanine dyes is listed in Table 1 together with their trivial names and observed aggregate 

morphology.67  
 

Table 1. Various Amphiphilic Cyanine Dyes Together with their Trivial Names and Observed Aggregate 

Morphologya 

m n Trivial name  Morphology of aggregates 

 

Carboxyl compounds (R = COOH) 

8 1 C8O1  no J-aggregates 

8 2 C8O2 
tubular, chiral 

8 3 C8O3* 

8 4 C8O4* planar, achiral 

2 3 C2O3 

planar or linear, achiral 4 3 C4O3 

6 3 C6O3 

7 3 C7O3 

tubular, chiral 

8 3 C8O3 

10 3 C10O3 

11 3 C11O3 

12 3 C12O3 

 

Sulfo-compounds (R = SO3
-) 

8 3 C8S3* tubes (single) 

8 2 C8S2* ribbons/tubes 

2 3 BIC (C2S3) 

planar or linear 2 4 TDBC (C2S4) 

4 4 C4S4 
a Only for the cases indicated by an asterisk (*), the morphology is confirmed by electron microscopy. For the other cases, it 

is concluded from the optical spectra.  
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Two extensively studied compounds of this list are C8O3 and its sulfo-analog C8S3, both 

forming tubular aggregates upon self-assembly. The latter were first discovered by cryo-TEM 

for C8O3. For confirmation of the hollow tubular structure a computer simulation was used to 

create a transparent projection image which was related to the experimental data.66a The 

hollow cylinders that are packed on a triangular lattice and intertwined are shown in Figure 24 

together with the respective computer graphic simulation for comparison. The observed 

tubules exhibit an outer parameter of 10 nm, and the length of the rope-like bundles exceeds 

hundreds of micrometers. The thickness of the wall was determined to be approximately 4 nm, 

which led to the assumption that the wall is constructed by a bilayer of the amphiphilic 

chromophores, similar to a lipid bilayer.  

 

 
Figure 24. (A) Cryo-TEM image of a single quadruple helix. The scale-bar represents 50 nm. (B) Simulated 

projection image of this helix. (C) Corresponding three-dimensional view. Reprinted with permission from 

reference 66. Copyright (2000) American Chemical Society.  

 

The tubules formed by the sulfobutyl substituted dye C8S3 are, in contrast to that of C8O3, 

well-separated and only sporadically bundles of tubes are formed.69 Again in the contrary to 

C8O3, the diameter of the tubes of C8S3 is dependent on the preparation conditions, and 

values of 13 nm and 16 nm are observed, respectively.69a However, upon changing the solvent, 

a conversion of these two distinct aggregate types of C8S3 can be induced. For both cases the 

wall thickness of the aggregates is of the order of 4 nm, which again was taken as an 

indication for a wall consisting of a bilayer, as in the case of C8O3. A high resolution 

transmission contrast image was obtained by cryo-TEM on C8S3 aggregates, that reveals the 

double-wall structure and an internal structure of helical ripples (see Figure 25).67 The 

aggregation scheme for the formation of such double-walled tubules together with the 

aggregate model is illustrated schematically in Figure 26 for the example of C8S3.70  
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Figure 25. (A) Magnified view of two tubular aggregates of C8S3. By image sampling and averaging along the 

tubular aggregates, a high resolution transmission contrast image was evaluated (B). The double-layer wall and 

the internal structure of the tubules become visible. Reprinted with permission from reference 67. Copyright 

(2006) Hindawi Publishing Corporation.  

 

 
Figure 26. (A) Chemical structure of C8S3 cyanine dye, showing the most hydrophilic and hydrophobic regions. 

(B) Simple sketch of bilayer formation (not scaled). (C) Top-view of double-walled tubule formed by the bilayer 

(not scaled, simplified). (D) three-dimensional image of helical double-walled tubule. Reprinted with permission 

from reference 70. Copyright (2008) American Chemical Society.  

 

The absorption spectra reveal already that not a simple linear aggregate is formed, since 

several J-bands appear upon self-assembly (Figure 27).67, 71  The band with the lowest 

transition energy is very narrow and exhibits fluorescence emission without notable Stokes 

shift for all of these tubular structures, independent of the wavelength used for excitation. The 

number and positions of apparent maxima of the absorption bands may depend on the 

preparation conditions, but are rather independent on the dye concentration. The relation of 

the molecular aggregate structure to the shape of the spectrum was clarified by Pugzlys et al. 

by linear dichroism (LD) studies on oriented samples of C8O3 and C8S3.69a,72 The two 

absorption bands with lowest energy (labeled I and II in Figure 27B) are polarized along the 

aggregate axis, while the third peak at higher energy (III) is polarized perpendicularly. The 

origin of the less pronounced absorption bands IV and V is still not completely understood, 

since they are not or only weakly polarized. For describing the excitonic absorption spectrum 

of the tubular structures, it seems to be necessary to take four optical transitions into 

account.73  
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Figure 27. (A) Absorption spectra of an aqueous solution of C8O3 upon addition of MeOH. Arrows indicate 

increasing amount of MeOH starting from 0 vol.-% to 34.4 vol.-%. (B) Absorption spectrum of an aggregate 

solution (solvent: aqueous NaOH with 16 wt.-% MeOH) of C8S3 (solid line) and of the monomer (dashed line) 

for comparison. The different J-bands are depicted by I-V. Reproduced with permission from (A): reference 71, 

copyright (2002) American Chemical Society, and (B): reference 67, copyright (2006) Hindawi Publishing 

Corporation.  

 

Already in early studies on these amphiphilic J-aggregates some achiral derivatives were 

observed to surprisingly form optically active tubules.74 This is explained by an unequal 

distribution of left- and right-handed helicity of the assemblies. It was furthermore uncovered 

that ionic surfactants, like sodium dodecyl sulfate (SDS) and trimethyltetradecylammonium 

bromide (TTAB) affect the morphology of these amphiphilic cyanine dyes.66,75 This is 

accompanied by distinct spectral changes in the visible region. In the case of C8O3/SDS 

mixtures, single-walled tubules of 15 nm diameter and 300–600 nm length are formed, which 

after several days completely transform into thick multilamellar tubes of micrometer length. 

In contrast to that, C8O4/SDS mixtures remain stable for weeks. The cationic surfactant 

TTAB first induces the formation of vesicles that later transform again into tubular aggregates 

of nanometer thickness and micrometer length in mixtures of C8O3/TTAB. For C8O4/TTAB 

mixtures, aggregation leads to precipitation and eventually to the formation of needle-like 

microcrystals.  

Despite the many excellent properties of amphi-PIPEs, it has to be noted that in the 

presence of oxygen the chromophores are destroyed easily upon strong irradiation.5d 

Investigations on tubular J-aggregates of C8S3 revealed that irreversible J-aggregate 

oxidation appears to occur primarily along the outer wall of the tubular structure.70 

Electrochemical and chemical steps in which dimerization and subsequent dehydrogenation 

take place lead to the formation of a new dehydrogenated dimer oxidation product.  
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2.3.3 Merocyanine Dyes  

Due to the unsymmetrical molecular structure of the chromophore and their permanent 

dipole moment, merocyanine dyes (for molecular structure, see: Chart 1) are widely studied 

for their nonlinear optical (NLO) properties and application thereof, where aggregation is 

rather disruptive.76 Therefore those investigations are concentrated on monomers. However, a 

lot of work has been published on merocyanine J-aggregates in films like Langmuir-Blodgett 

(LB) films.77  

Whereas many kinds of cyanines form J-aggregates in aqueous solutions or in silver halide 

emulsions, few examples of merocyanine (the neutrocyanine type) J-aggregates have been 

reported. The reason might be attributed to the dipolar nature of merocyanine dyes whose 

aggregation is governed strongly by electrostatic interactions. 78  Optimization of the 

electrostatic interactions leads to sandwich-type stacking with H-type excitonic coupling.79 

Nevertheless, a few merocyanine dyes with J-type aggregation behavior have been discovered. 

Mizutani et al. published investigations on J-type aggregation of a long alkyl-chain containing 

merocyanine dye (37; Chart 7) dissolved in methanol-water mixtures containing KOH and 

Triton X-100.80 The two low-energy bands at 595 nm and 630 nm were assigned to the 

tetramer and the hexamer, respectively. The corresponding sulfonate-group containing 

merocyanine 38 (Chart 7) was observed by Balli et al. to form J-aggregates in DMSO/water 

mixtures even at very low concentrations (of 5 × 10-8 mol L-1) without any addition of salt. 

These authors investigated a large selection of various long-chain 

alkyl-dimethinemerocyanine dyes containing sulfonate groups (molecular structures not 

shown here) revealing a strong tendency for J-aggregation in water or in organic solvents 

containing water.81 A successive shortening of the alkyl chain down to C10 still leads to the 

formation of J-aggregates.81d Furthermore, bis(dimethinemerocyanine) dyes were observed to 

aggregate in the presence of starch with a concomitant appearance of a bathochromic 

absorption band, probably due to J-aggregation.81e  
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Chart 7. Molecular structures of two J-aggregating merocyanine dyes investigated by Mizutani et al. (37) and 

Balli et al. (38).  
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Stacks of heteroassemblies of merocyanine and its colorless ring closed spiropyran form 

were observed by Williams et al. to exhibit J-type character.82 The chromophore was formed 

by a photoinduced process from spiropyran and the assemblies were detected by N2-laser 

transient spectroscopy. In recent years, Yagai et al. reported the preparation of binary 

hydrogen-bond supramolecular polymers composed of a bis(melamine) and barbiturate-type 

merocyanine dye in aliphatic solvents.83 The supramolecular polymers exhibit well-defined 

one-dimensional fibrous structures that form, due to interchain association, two-dimensional 

sheetlike macroscopic structures with J-type character. The latter show a weakly red-shifted 

absorption band upon increasing concentration, with respect to that of the monomer in dilute 

solution.  

 

2.4 Porphyrin and Chlorin Derivatives  
Porphyrins, chlorins and their derivatives are organic dyes, with the skeletal structure 

consisting of four pyrrole units connected by a methine group to form a macrocycle with 

extended conjugated π-system. Substitution of the methine bridge by nitrogen leads to 

tetraazaporphyrins (also called porphyrazins) from which the tetrabenzo-derivative, 

phthalocyanine, is a famous representative. The basic molecular structures of porphyrin (39a), 

chlorin (39b) and bacteriochlorin (39c), which are all present in chlorophylls and 

bacteriochlorophylls, and that of phthalocyanine (39d) are shown in Chart 8.  
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Chart 8. Basic molecular structures of common porphyrin derivatives. The first three structures shown here are 

present in chlorophylls and bacteriochlorophylls. Phthalocyanine is also known as tetrabenzotetraazaporphyrin.  

 

2.4.1 In Biology  

The predominant pigments in natural light-harvesting systems (LHSs) are chlorophylls, 

which are derivatives of porphyrin.84 The structure of chlorophyll a and b and of the 

bacteriochlorophylls (BChls) c, d and e are based on a chlorin structure, while that of BChl a 

and b are based on a bacteriochlorin structure. As the name suggests, the BChls are 
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predominant chromophores found in some photosynthetic bacteria. For example, in the LHSs 

of the purple bacteria Rhodopseudomonas (Rps.) acidophila85 and Rhodospirillum (Rs.) 

molischianum,86 27 and 24 BChl a, respectively, are arranged in a protein scaffold to form a 

continuous overlapping ring (see Figure 28 for the example of Rs. molischianum). The 

chromophores are arranged in a slipped J-type alignment to afford effective energy transfer to 

the photosynthesis reaction center.  

 

 
Figure 28. Top (A) and side view (B) on the light-harvesting-II complex of Rs. molischianum. The aligned 

BChls are shown in green and carotenoids in yellow. The protein scaffold is represented in blue and magenta. 

Reprinted with permission from reference 86. Copyright (1996) Elsevier Science Ltd.  

 

2.4.2 Synthetic Examples  

J-aggregates of synthetic and semisynthetic porphyrin and chlorin derivatives serve as 

model systems for artificial LHSs. In contrast to J-aggregated systems of porphyrin 

derivatives in nature, whose structures are supported by protein scaffolds, artificial LHSs deal 

with the challenge of self-assembly in solution.  

A famous example of such a porphyrin is tetrakis(4-sulfonatophenyl)porphyrin (TPPS4, 

sometimes also abbreviated as H2TPPS or TSPP; see Figure 29 for molecular structure). 

J-bands in UV-vis absorption spectra of porphyrins were first reported for TPPS4 in acidic 

solutions.87 It was observed that pH 4.8 is a “threshold” value for aggregation (pKa = 4.8). 

For a pH exceeding this value, the free-base form 40a is present in solution, revealing 

absorption spectra of the monomer, whereas below pH 4.8 aggregation occurs with sharp and 

intense red-shifted bands at 491 and 707 nm. In the latter case, the diacid form 40b is present 

(Figure 29).  
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Figure 29. Two ionic forms of TPPS4 in aqueous solution: deprotonated (free-base) form 40a and protonated 

(diacid) form 40b.  

 

Figure 30 shows the spectra for the monomeric deprotonated form 40a of TPPS4 (broken 

lines labeled “A”) which is typical for most of the porphyrin free bases, i.e., it consists of an 

intense Soret band (B-band) at 413 nm and four weak Q-bands at 648, 580, 552 and 515 nm 

(Q1, Q2, Q3 and Q4, respectively).88 However, for more acidic solutions with pH below 4.8 

the absorption spectra of TPPS4 are changed dramatically to four-band spectra (solid lines 

labeled “B”) composed of an intense sharp absorption band at 490 nm, a weaker band at 

706 nm which is red-shifted with respect to the red-most Q1-band, and two closely-spaced 

bands in the Soret absorption region with maxima at ca. 422 and ca. 434 nm, indicating that 

J-aggregates are formed.  
 

 
Figure 30. Absorption spectra of TPPS4 in aqueous solutions containing KCl at different pH values (A) between 

12.5 and 5.2, and (B) between 4.2 and 1.6. Reproduced with permission from reference 88. Copyright (1994) 

American Chemical Society.  
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Aggregation of TPPS4 is also induced by addition of salts like NaCl, KCl or NaClO4 (see 

Figure 31).89 It is assumed that the counter ions form a “cloud” around the TPPS4 molecule 

and thus reduce electrostatic repulsion between the porphyrin molecules.90 Upon aggregation 

the fluorescence quantum yield and the lifetime are reduced from 0.27 and 4.0, respectively, 

in the absence of salt to 0.17 and 3.0 ns, respectively, in the presence of NaCl.  

 

 
Figure 31. Absorption spectra of TPPS4 at a constant concentration of 7.2 × 10-6 mol L-1. Arrows indicate 

changes upon formation of J-aggregates upon addition of NaClO4. Reproduced with permission from 

reference 89. Copyright (1993) American Institute of Physics.  

 

LD spectroscopy studies on TPPS4 revealed that the characteristic transitions, uncovered 

by the J-bands at 491 and 707 nm, originate from oscillations that are polarized along the long 

axis of the rod-like aggregate.89 Upon addition of L-tartaric acid or by mechanical swirling 

flow in the period of aggregate growth, extrinsic circular dichroism is induced, as observed by 

CD-spectroscopy studies.89,91 It is assumed that the monomers are arranged in the aggregate 

in a slipped face-to-face stacking, forming planar linear J-type assemblies as shown in 

Figure 32 left, which are bended in a chiral assembly (as shown in Figure 32 right) due to e.g. 

stirring.  
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Figure 32. Proposed model of the J-aggregate of protonated TPPS4 forming a supramolecular chain. (Left, top) 

Schematic representation of TPPS4, and (left bottom) side-view of the chain, illustrating the angles between the 

chain alignment and the porphyrin plane, being 15°–20°. (Middle) top-view of the achiral chain, and (right) M- 

and P-conformers of a chiral chain due to stirring. Reproduced with permission from reference 91. Copyright 

(2001) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 

The spectroscopic aggregation number (coherence length) and physical size of the TPPS4 

J-aggregates were found to be controllable by ammonium ion concentration.92 The highest 

spectroscopic aggregation number that could be determined by resonance light scattering 

(RLS) was found to be 12.9. By transient absorption and fluorescence spectroscopy, an 

exciton delocalization length of about 10 molecules was found, however, after relaxation to 

the lowest energy excited state, the exciton is localized on one or two molecules.93 Sub-5-fs 

spectroscopy of TPPS4 J-aggregates revealed a coherent molecular vibration coupled to the 

Frenkel exciton.94 The synchronous oscillation is explained by a modulated transition dipole 

moment, which is due to a dynamic intensity borrowing from the intense B-transition to the 

weak Q-transition through the ruffling mode with 244 cm-1-frequency.  

Depositing aggregates of the diacid form of TPPS4 onto substrates like mica, porphyrin 

nanorods could be observed by AFM studies.95 The individual rods exhibit a diameter of 

3.8 nm and lengths of 0.77 µm up to 20 µm (Figure 33). The remarkably straight nanorods 

with a well-defined height are also observed to form larger structures with the same height. 

UV/vis spectroscopy and dynamic light scattering (DLS) measurements revealed that the 

aggregates were formed already in solution and not during deposition onto the surface of the 

substrate.  
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Figure 33. AFM images from 5 × 10-3 mol L-1 aqueous TPPS4 solutions containing 3 × 10-4 mol L-1 HCl 

adsorbed onto mica showing (a,b) some single rods and (b) larger structures composed of those single rods. 

Reprinted with permission from reference 95. Copyright (2003) American Chemical Society.  

 

Very recently, amphiphilic derivatives of TPPS4 have been reported that self-assemble into 

J-aggregates.96 One of the four sulfonic acid groups is replaced by a methoxy, octyloxy and 

octadecyloxy chain, respectively, to introduce the hydrophobic site. For the 

octyloxy-derivative 41, a regular leaflike structure was observed by AFM, which is consistent 

with the respective results obtained by absorption and DLS measurements. The proposed 

bilayer structure in which the hydrophobic alkoxy groups are oriented inside the bilayer and 

interdigitated with each other, whereas the hydrophilic porphyrin moieties are exposed outside, 

is shown in Figure 34.  

 

NNH
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SO3-
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SO3--O3S

41  
Figure 34. (Left) molecular structure of the octyloxy derivative of TPPS4 and (right) proposed bilayer model for 

the porphyrin J-aggregate, exhibiting the thickness of 4.9 nm. Reprinted with permission from reference 96. 

Copyright (2008) American Chemical Society.  

 

Some further examples of synthetic porphyrin J-aggregates are the heteroaggregate 

composed of the diacid form 40b of TPPS4 and the respective tetrapyridyl-derivative 42, 

which was found to form hollow porphyrin nanotubes upon aggregation (Figure 35),97 and a 
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dendronized porphyrin forming J-type assemblies.98 The latter contains two bulky dendron 

groups and two carboxylic acid groups, as well as zinc as metal ion, as shown in 

Figure 36A,B. This zinc porphyrin was found to initially form linear chains by H-bonding 

with either short and oblique or long and non-oblique slip of the monomers, which further 

assemble to a 2D J-aggregate, that can be transformed into a chiral assembly by spin-coating 

(the proposed mechanism is illustrated in Figure 36C).  
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Figure 35. Molecular structure of the tetrakispyridyl-derivative (X, X’ = Cl-, OH-, H2O) and TEM image of the 

porphyrin nanotubes. (Inset) Tube trapped in a vertical orientation by a thick mat of tubes. Reprinted with 

permission from reference 97. Copyright (2004) American Chemical Society.  

 

 
 

Figure 36. (A,B) Structures of zinc porphyrin J-aggregates with (A): short, oblique slip and (B): long, 

non-oblique slip. (C) A Proposed mechanism for the formation of a chiral zinc porphyrin J-aggregate. Reprinted 

with permission from reference 98. Copyright (2004) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 

 

 

A CB 
NN

NN
DRN

Ar

DRN

O O
H

NN

NN

Ar

DRN

Ar

DRN

OO

O O

H

H

NN

NN

Ar

DRN DRN

OO
H

NN

NN
Ar

Ar

Ar DRNDRN

O O
H

NN

NN

Ar

Ar

Ar

Ar DRNDRN

OO

O O

H

H

NN

NN

Ar

Ar Ar DRNDRN

OO
H

NN

NN
Ar

Ar

Ar DRNDRN

O O
H

NN

NN

Ar

Ar

Ar

Ar DRNDRN

OO

O O

H

H

NN

NN

Ar

Ar Ar DRNDRN

OO
H

NN

NN
DRN

Ar

DRN

O O
H

NN

NN

Ar

DRN

Ar

DRN

OO

O O

H

H

NN

NN

Ar

DRN DRN

OO
H

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn

Zn



Chapter 2  J-Aggregates in Solution 

46 
 

Synthetic and semi-synthetic chlorins serve as model compounds for their natural 

archetype in bacteriochlorophylls. They can be extracted from, e.g., algae and further 

modified synthetically to introduce functional groups. In organic media, hydrated 

chlorophyll a (Chl a) and bacteriochlorophyll a and c (BChl a and c) were shown to form 

hollow cylinders of well-defined size.99 The optical properties of the latter are very similar to 

the in vivo properties of the long-wavelength antennae of purple photosynthetic bacteria.  

Zinc chlorin (ZnChl) aggregates in non-polar organic solvents show very similar 

absorption spectra to that of BChl c, hence indicating a similar supramolecular structure.100 It 

is assumed that the chlorins self-assemble by π−π stacking into a slipped fashion (J-type), 

which is coerced by additional forces, i.e., H-bonding from the hydroxy groups to the 

carbonyl, as well as the coordination to the zinc in the center of the chlorin. A very similar 

model is proposed for a BChloride d derivative containing Mg as metal center 

(Figure 37A).101 Force field calculations of a 40mer BChl aggregate were performed and 

revealed strong interactions by extended stacking of chlorins which are in van-der-Waals 

contact as well as an extended hydrogen bonding network. From the rotation angle of ca. 16° 

between the stacks and the stack-to-stack distance of 7.6 Å (the resulting curvature is shown 

in Figure 37B), a tubular structure was predicted for the aggregate (Figure 37C). With an 

estimated diameter of about 5.4 nm (Mg–Mg distance), the structure is very similar to that 

found for the rod elements in the chlorosomes of Chloroflexus.101  

 

 
Figure 37. Model of aggregate structure of Mg chlorins obtained by force field calculations. (A) Schematic 

representation indicating the H-bonds and (B) arrangement of a stack of five chlorins showing the proposed 

curvature. Hydrogen bonds are indicated by dashed lines. (C) Proposed tubular aggregate obtained by 

extrapolating the calculated sector shown in (B). The arrow indicates the aggregate rod direction. Reproduced 

with permission from (A,B): reference 101, copyright (1994) Springer Netherlands, and (C): reference 102, 

copyright (2000) The Biophysical Society Publishing by Elsevier Inc.  
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Resonance Raman spectroscopy of several semi-synthetic Zn and Mg chlorin aggregates 

revealed strong inter- and intramolecular interactions of the metal ion and the carbonyl group 

with the hydroxy group and methanol, respectively. 103  Thus, the hydroxyl substituent 

mediates the interactions between the metal ion and the keto group. The energy transfer 

processes in supramolecular zinc chlorin aggregates were explored by co-aggregation with 

various kinds of energy traps, using time-resolved fluorescence.104 The energy transfer 

processes from the antenna aggregate to the trap are within the picosecond time range (7-9 ps) 

and substantial fluorescence quenching occured in the antenna aggregate under reducing and 

nonreducing conditions, respectively. On the basis of the corresponding strong increase of the 

pure radiative rate in the aggregate vs a monomeric chlorin, it was revealed that the excitation 

is delocalized over at least 10-15 pigments at room temperature.  

A series of zinc chlorins, derived from naturally occurring chlorophyll a, was made 

available among others by introducing long aliphatic side groups that self-organize into 

rod-shaped antennae with excellent solubility in nonpolar solvents. 105  The molecular 

structures of structurally related natural BChl c and synthetic zinc chlorins are shown in 

Chart 9. This favorable property enabled absorption spectroscopic (Figure 38) and CD 

investigations to confirm the reversible formation of the dye aggregates. The semi-synthetic 

zinc chlorins possess the three functional units relevant for self-assembly found in their 

natural BChl counterparts, namely, the specific OH group, a central metal ion, and the specific 

C=O moiety. It was revealed that at least two long side chains are necessary to provide 

soluble assemblies that are stable in solution for a prolonged time.  
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Chart 9. Chemical structure of natural BChl c (43) and that of the zinc chlorins 44 with R and R’ in different 

combinations.  
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Figure 38. Temperature-dependent UV/vis spectra of zinc chlorins in di-n-butyl ether/heptane (20:80). Arrows 

indicate changes upon increasing temperature from 15 °C up to 95 °C. Modified from reference 105a.  

 

The well-controlled self-assembly of zinc chlorins 44 upon addition of aliphatic solvents to 

the monomer solutions in THF enabled the deposition of single rods and the determination of 

their morphology by AFM (Figure 39). Isolated, well-defined nanorod structures were 

observed with a height of about 6 nm. This size is in good agreement with the diameter 

obtained from electron microscopic data of BChl c aggregates in chlorosomes.106  
 

 
Figure 39. AFM images of aggregates of zinc chlorins on graphite. Different areas and enlargements of the 

sample are displayed in (A), (C), and (D). (B) shows the height profile along the red line in (A). The sample was 

prepared by spin-coating from a solution of zinc chlorin in n-hexane/THF (100:1) on HOPG and measured in air. 

Reprinted with permission from reference 105c. Copyright (2008) Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim.  
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Despite the fact that BChl c and ZnChl assemblies are very efficient in harvesting blue and 

red light, they cannot utilize the significant green region of the solar spectrum. Biomimetic 

LHSs based on ZnChl with covalently linked naphthaline bisimide (NBI) dyes were 

synthesized that could act as auxiliary light harvesting chromophores in the green region, to 

bridge the “green gap”.107 These dyads and triad (for molecular structure of the triad (45), see 

Figure 40) self-assemble into rod antennae due to noncovalent interactions of the ZnChl units, 

as can be seen in the aggregate structure model illustrated in Figure 40 for the example of the 

triad 45, while the appended NBI dyes do not aggregate at the periphery of the rod antennae.  

 

 
Figure 40. Chemical structure of the ZnChl-NBI-NBI’ triad 45 and illustration of the proposed rod-like 

J-aggregate model with arrows indicating the light absorption and the energy transfer (FRET), reproduced with 

permission from reference 107b. Copyright (2008) American Chemical Society.  

 

In Figure 41 the absorption and fluorescence spectra of one dyad together with that of the 

respective unbound NBI dye is shown to illustrate the closure of the “green gap”. Furthermore, 

time-resolved fluorescence spectroscopy on the picosecond time scale revealed highly 

efficient fluorescence resonance energy-transfer (FRET) processes of nearly 100 % of the 

NBI units to the inner zinc chlorin backbone. The efficiencies of such ZnChl rod aggregates 

for the harvesting of solar light are markedly increased up to 63 % compared to the light 

harvesting capacity of the monochromophoric aggregates of the model system of ZnChl 

shown above.105  

 

45 
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Figure 41. (A) UV/vis (solid lines) and normalized fluorescence (dashed lines) spectra of a ZnChl-NBI dyad. 

Monomers in THF (black); aggregates in cyclohexane/tetrachloromethane (1 %) (red) at room temperature. (B) 

UV/vis (blue solid line) and normalized fluorescence spectrum (blue dashed line) of the respective NBI in 

cyclohexane/tetrachloromethane (1 %), and UV-vis spectrum of the respective ZnChl (green) in 

cyclohexane/tetrachloromethane (1 %)/THF (0.1 %). Reprinted with permission from reference 107a. Copyright 

(2006) American Chemical Society.  

 

Few examples of phthalocyanine J-aggregates in solution are reported and these are in 

most cases assisted by metal complexation. For the antimony(III) derivative bearing tert-butyl 

substituents, a red-shift of the phthalocyanine Q-band upon aggregation in non-aqueous media 

was observed, revealing a J-type coupling of the transition dipole moments in the assembly.108 

Also zinc coordinates the aggregation of phenoxy-substituted phthalocyanines to form 

J-dimers with parallel or gradient displacement, as depicted in Figure 42.109 Addition of 

methanol caused destruction of the dimers, which led to the suggestion that the absence of 

coordinating solvents is essential for J-aggregation of this dye.  

 

 
Figure 42. Proposed structures for J-type dimers of zinc phthalocyanine. Reprinted with permission from 

reference 109. Copyright (2008) Elsevier B.V.  
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2.5 Other Dyes  
2.5.1 PBI Aggregates with J-type Character  

Owing to their exceptional fluorescence properties with quantum yields up to unity, 

perylene bisimide (PBI) dyes are a particularly promising class of chromophores for 

J-aggregates. However, common perylene bisimides without bay-substituents prefer to 

aggregate in columnar stacks with H-type excitonic coupling.110 The first reported perylene 

bisimide dye aggregates that exhibit J-type character were reported in 2001 by Würthner et 

al.111,112 These PBIs 46 bear 3,4,5-tridodecyloxyphenyl substituents on the imide N atoms 

and four phenoxy substituents in the bay positions (Figure 43A). Upon self-assembly in 

low-polarity solvents a rather broad but red-shifted absorption band is observed. Although this 

red shift indicates a slipped arrangement with an angle θ < 54.7° the broadness of the 

absorption band (Figure 43B) and the rather large Stokes shift are indicative for a small 

aggregate size and/or structural disorder. For structurally similar PBIs with trialkylphenyl 

substituents at the imide nitrogens the presence of dimeric species was confirmed by 

vapor-pressure osmometry.113 Notably, a whole series of trialkyl- and trialkyloxyphenyl 

substituted PBIs was shown to exhibit liquid crystalline properties.  
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Figure 43. (A) Molecular structure of the first PBI that forms an aggregate with J-type character. 

(B) Concentration-dependent UV/vis absorption spectra in MCH. Arrows indicate the direction of change with 

increasing concentration. Dotted lines represent spectra for the free and the aggregated chromophore calculated 

from the respective data set. Reprinted with permission from reference 111. Copyright (2001) Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim.  

 

Related PBI derivatives 47 including amide functional groups between the perylene core 

and the trialkoxyphenyl-moieties were shown to form aggregates exhibiting either H- or 

J-type absorption spectra.114,115 Owing to the hydrogen-bond assisted self-assembly process 
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very long fibers are formed that are able to immobilize a broad variety of solvents giving rise 

to organogels. Remarkably, whilst the first derivative 47a with simple n-alkyl chains forms 

H-type aggregates as expected for core-unsubstituted PBIs analog dye 47b bearing chiral 

alkyl-chains revealed entirely different aggregate spectra. These assemblies of chiral PBI 47b 

were observed to form gels as well, but also exhibit a broad J-band with higher intensity than 

that of the concomitant H-band (Figure 44). In further studies a series of structurally related 

PBIs has been achieved with different alkyl-chains in the periphery.116 It was observed that, 

depending on the nature of the alkyl substituents, the π-stacking mode of the chromophores 

could be altered from commonly seen H-type to the rather uncommon J-type. 

Homoaggregates and heteroaggregates thereof can be controlled to form J- and H-type 

stacking, by mixing the respective PBIs in distinct ratios. The proposed models for the J-type 

and H-type assemblies are illustrated in Figure 45.  
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Chart 10. Molecular structures of PBIs 47 forming organogels with J-type character.  
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Figure 44. Solvent-dependent UV/vis absorption spectra of the chiral PBI organogelator 47b in MCH/CHCl3 

mixtures from 50:50 to 80:20 at a constant concentration of 10-5 mol L-1. Arrows indicate the spectral changes 

with increasing amounts of MCH. Modified from reference 115.  

 



Chapter 2  J-Aggregates in Solution 

53 
 

 
Figure 45. (Left) Schematic representation of PBI chromophores with linear (top) and branched (bottom) alkyl 

substituents. (Middle) The transition from H- (top) to J-type (bottom) π-stacking with increasing steric demand 

of the peripheral alkyl side chains. (Right) Packing model for H- (top) and J-type (bottom) π-stacking. In both 

cases additional rotational offsets are needed to enable both close π−π contact and hydrogen bonding. Reprinted 

with permission from reference 116. Copyright (2008) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 

Alteration of the chromophore by introducing phenoxy substituents in the bay area led to a 

PBI organogelator with even more characteristic features of a J-aggregate.117 Few other 

examples are found in literature on PBI aggregates with J-type character, but these exhibit in 

general rather broad J-bands that are less pronounced than those of PBI 46.118  

Besides the PBI assemblies with J-type character consisting of homoaggregates of only 

PBI chromophores, various investigations on heteroaggregates, consisting of PBI- and 

melamine-derivatives have been reported.119 A triple hydrogen-bonding motif from perylene 

bisimide to the melamine-derivative (ADA-DAD, with A = H-bond acceptor and D = H-bond 

donor) together with π−π interactions of the adjacent PBIs led to the formation of an extended 

fluorescent PBI-melamine network (Figure 46). The long alkyl chains of the melamine 

facilitate the solubility of the assemblies, and the interactions between the aliphatic chains 

further stabilize the network. Absorption spectroscopy revealed a small bathochromic shift 

and very weak contribution of the J-band to the aggregate spectrum, assumed to be originated 

from a weakly slipped arrangement of the chromophores.  
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Figure 46. Molecular structures of the PBI and melamine derivative forming the 3D network by hydrogen 

bonding as well as π−π interactions between the PBIs and interactions between the alkyl chains.  

 

Another concept of the latter PBI and its derivatives with ADA hydrogen-bonding motif is 

to form heteroaggregates with oligo(p-phenylene vinylene)s (OPVs) instead of the melamine, 

as well as homoaggregates of OPV-functionalized PBIs, to obtain well-ordered J-type 

assemblies.120 The molecular structure of an OPV-PBI-OPV complex is shown exemplarily 

in Figure 47. Concentration- and temperature-dependent absorption spectroscopy revealed a 

bathochromic shift of the PBI-band in the aggregate compared to that of the monomer 

(Figure 48).  
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Figure 47. Molecular structure of an OPV-PBI-OPV complex that forms J-aggregates upon self-assembly. The 

PBI (red) is connected to the OPV (blue) by two triple hydrogen-bonding motifs (ADA-DAD).  

 



Chapter 2  J-Aggregates in Solution 

55 
 

 
Figure 48. Concentration-dependent UV/vis absorption spectra of the OPV-PBI-OPV complex in MCH at room 

temperature. Concentrations range from 1.0 × 10-7 mol L-1 (open circles) to 5.0 × 10-5 mol L-1 (closed squares). 

Reproduced with permission from reference 120d. Copyright (2006) American Chemical Society.  

 

Further investigations by means of circular dichroism, photoluminescence, and 

photoinduced absorption spectroscopy revealed the formation of optically active assemblies in 

which the monomers are arranged in a slipped and twisted arrangement (Figure 49A,B), and 

ultrafast photoinduced charge separation via an intermolecular pathway was observed as 

well.120b,d The helicity of these fiber-like assemblies could also be visualized by atomic force 

microscopy (AFM), as illustrated in Figure 49C–E. Furthermore, it was found that the 

stability of the aggregates in solution increases with increasing conjugation length of the OPV 

unit.120b  

 

 
Figure 49. (A) Energy-minimized (CAChe 5.0 MM2 force field) structures of the M (left) and the P (right) 

enantiomers of perylene bisimide. (B) Left-handed helical stacking model for the OPV-PBI-OPV complex from 

OPV and M enantiomer of PBI shown in Figure 47. (C) Tapping mode AFM topographic images of this 

OPV-PBI-OPV complex after spin-coating from MCH (scale bar 500 nm) on a glass//PEDOT:PSS slide. 

(D) Locally enlarged picture (scale bar 100 nm). (E) Enlarged picture of the location around the upper arrow 

(scale bar 50 nm). Reproduced with permission from reference 120b. Copyright (2004) American Chemical 

Society.  
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Very recently, Yagai et al. reported on a related system where the OPV has been replaced 

by azobenzenes.121 Another example of a melamine-functionalized PBI 51 was shown to 

self-assemble upon additon of equal amount of ditopic cyanurate 52 into 1:1-heteroaggregates 

(Scheme 2) exhibiting a broad absorption J-band, while a ratio of 2:1 (PBI/cyanurate) leads to 

the formation of H-dimers.122  
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Scheme 2. Molecular structures of the melamine functionalized PBI 51 and ditopic cyanurate 52 and that of the 

obtained 1:1 heteroaggregate.  

 

2.5.2 Squaraines 

Squaraine dyes (also called squarylium dyes) are derivatives of the squaric acid (also 

called quadratic acid) and consist of an oxocyclobutenolate core with aromatic or heterocyclic 

components at both ends of the molecule (the general structure (53) is shown in Chart 11).123 

These dyes were first synthesized in the 1960s,124 and show intense absorption and often 

fluorescence emission, typically in the red and near infrared region. With this characteristic 

features they have attracted much attention from the viewpoint of technological 

applications.123 However, J-aggregates of this class of dyes have been reported sparsely and 

most investigations were performed on films, e.g., Langmuir-Blodgett films.125  
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Chart 11. Molecular structures of squaraine in general (53) with R and R’ are aromatic or heterocyclic 

components, and examples of J-aggregating squaraine dyes (54–56), with alkyl = butyl, octyl and dodecyl, 

respectively.  
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Only few squaraine dyes have been reported to form J-aggregates in solution. 

Concentration-dependent absorption studies on bis(2,4,6-trihydroxyphenyl)squaraine (54) in 

dry acetonitrile revealed the appearance of a narrow J-band (Figure 50).126 It is assumed that 

J-type dimers are formed which are connected by hydrogen-bonds, and it was confirmed that 

absorption spectra change due to aggregation of the dye molecules and not the presence of 

spurious amounts of acid or water.127 For the class of N-alkyl squaraines 55 it was observed 

that the formation of J-type or H-type aggregation depends on the DMSO-water solvent 

composition.128 J-aggregates are observed to be formed in water with low percentage of 

DMSO, whereas H-aggregates are formed in solvent mixtures containing a high percentage of 

DMSO. For the intermediate range, a time-dependent conversion from J-type to H-type 

assemblies could be revealed. Furthermore, a chiral squaraine dye 56 was observed to form 

J-aggregates in acetonitrile upon addition of at least 10 vol.-% of water, which was confirmed 

by absorption studies as well as CD-spectroscopy.129  
 

 
Figure 50. Concentration-dependent UV/vis absorption spectra of J-aggregating squaraine dye 54. The curves 

labeled from “a” to “f” are shown for increasing concentrations (from 10-6 mol L-1 to 10-5 mol L-1). Reproduced 

with permission from reference 126. Copyright (1993) American Chemical Society.  
 

2.6 Applications and Perspectives of J-Aggregates  
The applications and perspectives of J-aggregates range from their use as sensitizers in 

color photography in history to that as artificial LHSs in future.5b,5e,19,130  

For applications in the photographic process the supersensitization characteristics have 

been recognized and investigated already in the early years.53,131 These features are the high 

adsorption capability onto colloidal silver halides (AgX) together with the absorption of 

visible light in a very narrow spectral range and efficient energy transfer to AgX particles. The 

sensitization of mainly microcrystals of silver bromide of different sizes with various 
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J-aggregates leads to a broad range of photographic material that is sensitive in various 

controllable spectral ranges with controllable sensitivity for light intensity.  

Furthermore, it was discovered that molecular hydrogen can be generated by water 

cleavage with the help of J-aggregates as demonstrated by the example of PIC-assemblies in 

aqueous solution. 132  In this spectrally sensitized PET (photoinduced electron transfer) 

application, viologen was used as an electron acceptor to first enable a charge separation 

before relaxation into the initial state via electron transfer both to a proton to create the neutral 

hydrogen and from an additional electron donating molecule in solution (EDTA in this case).  

In recent years, J-type assemblies have received considerable attention as fluorescent and 

colorimetric sensors, by connection of cyanine dyes with peptides to give J-aggregates,133 

and by DNA-templated J-aggregation,134 respectively, and as dyes for the use as organic 

photoconductors.135  The potential use of J-aggregates in organic light emitting diodes 

(OLEDs),136 as well as in high speed optical switching, optical computing and quantum 

computing137 has been discussed. Due to their exciton transport capabilities, J-aggregates are 

interesting candidates as organic photovoltaic material.138  

Their strong light absorption and efficient energy and/or charge transport to traps that may 

function as reaction centers, as recently observed for photo-induced reduction of noble metal 

ions to metal nanoparticles on tubular J-aggregates,139 suggest the application especially of 

the amphi-PIPEs to serve as artificial LHSs.140  

 

2.7 Conclusion  
The present introductory chapter gives an overview of J-aggregates and assemblies with 

J-type character in solution. Strong excitonic coupling yields the characteristic excellent 

features, such as a very narrow J-band that is bathochromically shifted with respect to the 

monomer band, high fluorescence intensity with small Stokes shift and exceptional exciton 

transport capability. Solving the exact aggregate structure of the first J-type assembly of PIC 

has been controversially discussed in literature and will remain a topic for future research.  

As presented, cyanine dyes unequivocally build the largest class of dyes forming 

J-aggregates, including various subclasses like amphi-PIPEs and merocyanines, followed by 

that of porphyrin and chlorin derivatives. But also other dyes, such as squaraine and PBI dyes, 

have been uncovered to form J-type assemblies in solution.  
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First Fluorescent Perylene Bisimide Assembly 

with Characteristic J-Aggregate Features  

– A Supramolecular Construction Based on 

Hydrogen-Bonds –†  
 
 
 

 
____________________________________________________________________ 
Abstract: Core-twisted perylene bisimide dyes that are equipped with two self-complementary imide 

functionalities for hydrogen bonding and four trialkoxyphenyl substituents as solubilizing wedges self-assemble 

in nonpolar organic solvents into extended one-dimensional nanorods. These nanorods consist of two densely 

packed hydrogen-bonded supramolecular polymeric chains of strongly excitonically coupled perylene bisimide 

fluorophores providing J-aggregates with a fluorescence quantum yield of almost unity.  
 

 

† Reproduced in part with permission from Kaiser, T. E.; Wang, H.; Stepanenko, V.; Würthner, F. Angew. Chem. 

2007, 119, 5637-5640; Angew. Chem., Int. Ed. 2007, 46, 5541-5544. Copyright (2007) Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim; and from Kaiser, T. E.; Stepanenko, V.; Würthner, F. J. Am. Chem. Soc. 2009, 

131, 6719–6732. Copyright (2009) American Chemical Society.  
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3.1 Introduction  
Since their serendipitous discovery in 1936 by Jelley and Scheibe,1 cyanine-dye-based 

J-aggregates (also called Scheibe aggregates) have evoked much scientific interest. Such dye 

aggregates have attracted considerable attention for various technological applications.2 

However, despite enormous effort made during the past few decades, no examples of other 

dye aggregates3 have been achieved with optical properties similar to those of cyanine-dye 

aggregates: strongly bathochromically shifted absorption and fluorescence bands with much 

narrower band widths than those of the respective monomers, combined with a high 

fluorescence quantum yield. Many synthetic dyes, including the remarkably photostable and 

highly fluorescent perylene bisimide dyes, form preferentially sandwich-type H-aggregates, 

which exhibit unfavorable, strongly quenched fluorescence properties.4,5  

In natural light-harvesting pigments, proteins or metal-ion coordination direct a slipped 

arrangement of chlorophyll dyes,6 which leads to the desired J-type aggregation mode with 

pronounced bathochromic shifts of the absorption bands and high exciton mobility. The latter 

property is of pivotal importance for efficient light harvesting.7 Much research has been 

inspired by such examples from nature and devoted to the self-assembly of structurally related 

porphyrin dyes. Supramolecular design has indeed resulted in J-type packing arrangements of 

this class of dyes.8 However, as a result of the much less favorable optical properties of 

porphyrin chromophores, in particular an almost-forbidden lowest energy transition with 

rather weak photoluminescence, the functional features of porphyrin aggregates compare 

unfavorably with those of their natural chlorophyll counterparts and cyanine-dye-based 

synthetic J-aggregates. In this chapter, a highly fluorescent J aggregate assembled from the 

outstanding artificial fluorophore perylene bisimide (PBI; also called perylene diimide) is 

introduced.  

 

3.2 Results and Discussion 
3.2.1 Aggregate Structure Model 

The unprecedented packing of perylene bisimide dyes in a strongly slipped arrangement 

could be tailored by supramolecular design through perylene core twisting enforced by bay 

substituents,9 the attachment of trialkoxyphenyl wedges,10 and head-to-tail alignment of the 

dyes through hydrogen-bonding interactions11 (Figure 1). Traditional dye aggregates of ionic 

cyanine dyes are formed only in aqueous systems by van-der-Waals forces. In contrast, the 

assembly of J-aggregates of perylene bisimide dyes is driven by hydrogen bonding and can 

take place in an organic environment. This characteristic further extends the scope of these 
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unique types of aggregates.  

 

 
Figure 1. Self-assembly of the perylene bisimide dye 1 into J-type aggregates. (A) Molecular structures of 1 and 

2 and schematic representation of the monomer 1. (B) Schematic representation of an aggregate of 1: Red 

twisted blocks represent the perylene bisimide core, gray cones with a blue apex represent the bay substituents, 

and green lines represent hydrogen bonds. The dye 1 self-assembles in a helical fashion as shown in the 

magnification (substituents have been omitted and only the left-handed helical structure is shown for simplicity). 

(C) J-type arrangement of the core perylene bisimide units in a double string cable.  

 

3.2.2 Synthesis 

The perylene bisimide dye 1 (Figure 1A) was synthesized from 1,6,7,12-tetrachloro-

perylene-3,4:9,10-tetracarboxylic acid bisanhydride (3) as outlined in Scheme 1. The 

imidization of 3 with racemic α-methylbenzylamine afforded the perylene bisimide 4, and 

nucleophilic substitution of the four chlorine atoms in 4 by 4-methoxyphenol gave 

compound 5. Cleavage of the methyl ether groups in the bay substituents and the 

N-methylbenzyl groups in the imide positions with BBr3 in anhydrous dichloromethane 

provided the deprotected perylene bisimide intermediate. Subsequent esterification of the 
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phenol groups with 3,4,5-tridodecyloxybenzoic acid afforded the target dye 112 in 63 % yield. 

The reference compound 212 (structure shown in Figure 1A) was synthesized similarly by 

using n-butylamine for the imidization of 3.  
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Scheme 1. Synthesis of PBI dye 1. NMP = N-methylpyrrolidone, DCC = N,N'-dicyclohexylcarbodiimide, 

DMAP = 4 dimethylamino-pyridine, DPTS = 4-(dimethylamino)pyridinium 4-tosylate.  

 

3.2.3 Spectroscopic Studies  

3.2.3.1 Absorption and Fluorescence Spectroscopy  

The UV/vis absorption and fluorescence emission spectra of the monomeric dye 1 in 

CH2Cl2 (Figure 2A) exhibit all the typical spectroscopic features of tetraphenoxy-substituted 

perylene bisimide chromophores.9 The absorption maximum of the strongly allowed S0–S1 

transition appears at 570 nm (absorption coefficient: ε = 41600 L mol-1 cm-1), and the 

fluorescence emission spectrum with a maximum at λmax = 602 nm is a mirror image of the 

S0–S1 absorption band. Thus, these spectra reveal a Stokes shift of 32 nm. Owing to a 

pronounced vibronic progression and conformational disorder imparted by the core-twisted 

chromophore (Figure 1A), the S0–S1 absorption and emission bands are both rather broad with 

full-width-at-half-maximum (fwhm) values of 2393 cm-1 (absorption) and 1660 cm-1 

(emission).  
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Figure 2. (A) UV/vis (solid lines) and fluorescence spectra (dashed lines) of 1 in CH2Cl2 (10-5 mol L-1, thin line) 

and MCH (10-5 mol L-1, bold line). (B) Temperature-dependent UV/vis spectra of 1 in MCH (1.5 × 10-5 mol L-1) 

at 20–90 °C. Arrows indicate the spectroscopic changes with increasing temperature. Inset: changes in 

absorption at 642 nm (■) and 553 nm (▲) with increasing temperature; lines were calculated according to a 

sigmoidal fit. (C) Temperature-dependent fluorescence spectra of 1 in MCH (6 × 10-7 mol L-1, λex = 476 nm) at 

15–50 °C; arrows indicate the spectroscopic changes with increasing temperature.  

 

In striking contrast to those of the monomer, the absorption and emission spectra of 

aggregated dye 1 in the nonpolar solvent methylcyclohexane (MCH) exhibit strongly 

bathochromically shifted and unusually narrow bands of greater intensity (Figure 2A). The 

maximum of the aggregate absorption band is shifted to λmax = 642 nm, the fwhm value is 

reduced to 885 cm-1, and the dipole moment of the S0–S1 transition is increased from 6.7 D 

(monomer) to 8.3 D (aggregate). 13  The fluorescence spectrum of the aggregate has a 

mirror-image relationship to the absorption spectrum. It has a maximum at λmax = 654 nm 

with a very small Stokes shift of 12 nm and an equally small fwhm value of 878 cm-1. 

Temperature-dependent UV/vis spectroscopy revealed that the formation of aggregates of 

dye 1 is fully reversible, and a well-defined isosbestic point was observed at 575 nm 

(Figure 2B). These spectra of the aggregate of dye 1 are distinct from previously observed 

spectra of aggregates of perylene bisimide dyes,4,5,14 apparently as a result of the presence of 
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the hydrogen-bonding imide units in 1. For direct comparison, the N-butyl-substituted 

reference dye 2, whose imide units can not undergo hydrogen bonding, was investigated by 

UV/vis spectroscopy. In contrast to the results with 1, only a slight bathochromic shift of the 

absorption band was observed for 2 upon aggregation in MCH at room temperature 

(Figure 3). This small bathochromic shift can be attributed to the formation of a dimeric 

aggregate species on the basis of our previous studies.14  
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Figure 3. UV/vis (solid lines) and fluorescence (dashed line) spectra of 2 in CH2Cl2 (10−5 mol L−1, red lines) and 

in MCH (10−4 mol L−1, black lines). Temperature-dependent UV/vis spectra of reference dye 2 in MCH from 

20 °C to 90 °C. These reveal a slight bathochromic shift and a decrease of the absorption coefficient upon 

aggregation in MCH. Arrow indicates changes upon increasing temperature.  

 

The unusual spectroscopic properties of the J-aggregate of 1 are encoded in its molecular 

structure: a twisted π-conjugated core and two self-complementary arrays of hydrogen-bond 

donors/acceptors (Figure 1A). Upon self-assembly, these dyes form π−π-stacked dimeric units 

(consisting of one red and one orange building block in Figure 1C) that interconnect through 

hydrogen bonds to provide a closely packed one-dimensional supramolecular polymer15 

(Figure 1B) which exhibits all the typical features of a J-aggregate. The most important of 

these features is a fluorescent excitonic state, which results from the slipped arrangement of 

the building blocks.  
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3.2.3.2 FT-IR and 1H NMR Spectroscopy 

Experimental evidence for the supramolecular model shown in Figure 1B derives from 

various spectroscopic and microscopic investigations. The π−π-stacking interaction between 

the perylene cores in a slipped arrangement is evident from the UV/vis absorption data, which 

can be interpreted according to exciton theory.2c,16 Concentration and temperature-dependent 

FT-IR (Figure 4) and 1H NMR (Figure 5) spectroscopy confirmed the formation of N−H···O 

hydrogen bonds between the imide hydrogen atoms and the carbonyl oxygen atoms. The 

free-NH stretching vibrations in the FT-IR spectra of monomeric 1 in CH2Cl2 occur at 

ν̃ (NH) = 3368 cm-1(Figure 4B). This band shifts upon hydrogen bonding to 3172 cm-1 in 

MCH and 3178 cm-1 in the solid state(Figure 4C,D). The concomitant appearance of a new 

stretching frequency at ν̃ (C=O) = 1676 cm-1 assigned to hydrogen-bonded carbonyl groups 
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Figure 4. (A) FT-IR spectra of CH2Cl2 (dotted line) and solution of perylene bisimide 1 (10-3 mol L-1) in CH2Cl2 

(solid line) at room temperature. (B) FT-IR spectrum of perylene bisimide 1 in CH2Cl2 after subtracting the 

solvent spectrum (data taken from (A)). (C,D) FT-IR spectra of perylene bisimide 1 (10-2 mol L-1) in MCH (C) 

and solid state (D) at room temperature. Arrows indicate N-H and C=O vibration modes.  
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was observed along with a decrease in the intensity of the bands at ν̃ (C=O) = 1734 and 

1700 cm-1 as a result of stretching vibrations of non-hydrogen-bonded carbonyl groups.  

Furthermore, 1H NMR spectroscopy of 1 as solutions in CDCl3 and toluene-d8 revealed 

pronounced downfield shifts for the imide hydrogen atoms with increasing concentration, 

whereas the signals in the spectra of 1 in MCH-d14 are rather broad even under dilute 

conditions as a result of the polymeric nature of the aggregates (Figure 5).  

 

 
Figure 5. (A) Chemical structure of perylene bisimide 1 with the relevant protons highlighted. (B) Variable 

concentration (9.8 × 10-5 mol L-1 to 1.3 × 10-2 mol L-1) 1H NMR spectra of perylene bisimide 1 in CDCl3. The 

signal of N-H protons is shifted from 8.39 ppm to 8.45 ppm upon increasing the concentration. 

(C) Temperature-dependent (95 °C to 24 °C) 1H NMR spectra of perylene bisimide 1 (1.3 × 10-4 mol L-1) in 

MCH-d14. Upon formation of aggregates, only proton signals of alkyl chains at high field could be observed (not 

shown here). (D) Variable concentration (4.2 × 10-5 mol L-1 to 7.2 × 10-3 mol L-1) 1H NMR spectra of perylene 

bisimide 1 in toluene-d8. 
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3.2.3.3 Atomic Force Microscopy 

Once the existence of local N−H···O hydrogen bonding and π−π-stacking contacts between 

self-assembled dyes 1 had been confirmed by spectroscopic methods, atomic force 

microscopy (AFM) was used to elucidate the size and shape of these aggregates. AFM images 

on silicon wafers (Figure 6) reveal a network of defined fibers. Cross-section analysis 

(Figure 6C) provided an average height value of 2.0 ± 0.2 nm and an average width value of 

8.4 ± 2.6 nm, which is in agreement with the calculated values (3.0 nm and 5.7 nm) of a 

double string cable of the type suggested in Figure 1B, if one considers the following points: 

(I) Due to the AFM tip broadening effect, the actual width of aggregates is usually smaller 

than the apparent one.17 (II) AFM imaging of perylene bisimide 1 on silicon wafer (Figure 6) 

was carried out in the repulsive regime. In this regime, the tip probes the repulsion that is 

dictated by Pauli’s exclusion principle which closely resembles the geometric shape of the 

sample.17a The lower than expected experimental values for the heights and higher values for 

the widths are possibly due to the deposition of the flexible C12H25 chains on the surface and 

the compression of the aggregate by AFM tip during scanning.17e According to this model, we 

expect quite a rigid inner core (diameter ≈ 3.0 nm) composed of helically twisted perylene 

bisimides (red) with four appended aromatic substituents (blue) and surrounded by a flexible 

periphery of twelve C12H25 aliphatic chains (gray). The aliphatic chains are wrapped around 

the helical core as proposed in Figure 1B. Remarkably, at the highest possible resolution of 

our AFM imaging (Figure 6C,D), a helical pitch becomes apparent for these nano-sized fibers. 

The periodic top-to-top length (corresponds to the half pitch p/2) of the helical structures in 

Figure 6C,D was measured as 6.5 ± 1.7 nm. This is in good agreement with the calculated 

value of 6 nm from AMBER force field calculations18 (the obtained molecular arrangement is 

illustrated in Figure 6E) for the molecular model of dye 1 aggregate structure (Figure 1B).  
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Figure 6. (A–D) Tapping-mode AFM images of self-assemblies of 1 on silicon wafer spin-coated (2000 rpm) 

from a 9 × 10-6 mol L-1 solution in MCH. Inset in (C): Height profile along the yellow line. Image (D) shows a 

magnified section of image (B). The scale bars (white) represent (A,B): 300 nm, (C): 150 nm and (D): 45 nm, 

respectively, z scale is 6 nm. In (E), the molecular arrangement resulting from AMBER force field calculations 

(HyperChemTM Release 7.03 for Windows) for the molecular model of dye 1 aggregate structure is shown. For 

this graphic, Accelrys DS ViewerPro 5.0 was used.19 Perylene cores including oxygens at bay positions and free 

carbonyl oxygens are shown in red and orange, and hydrogen-bonded carbonyl oxygens and imide hydrogens in 

green. Aryloxy substituents are omitted for clarity.  
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3.2.3.4 Fluorescence Properties: Quantum Yield, Anisotropy and Lifetime  

A fluorescence quantum yield of 0.93 ± 0.01 for monomeric 1 in CH2Cl2 and a value of 

0.96 ± 0.03 for its J-aggregate in MCH was obtained by applying the conventional method for 

the determination of the relative fluorescence quantum yield.20 The unquenched emission of 

this aggregate is also evident from the temperature-dependent fluorescence spectra obtained 

upon excitation at λex = 476 nm, at the isosbestic point (Figure 2C). These results were further 

substantiated by the fluorescence quantum yield of 0.85 ± 0.02 measured for a concentrated 

solution of 1 in MCH with an integrating sphere (by using a system for the measurement of 

the absolute fluorescence quantum yield).20 Several kinds of J-type aggregates, including 

J-aggregates based on cyanines,1,2 chlorins, and porphyrins,6-8 have been reported and 

investigated extensively in the past. However, most previously reported J-aggregates exhibit 

only weak fluorescence, which makes them less suitable for many applications, in particular 

for demanding sensory and photonics applications.21 To the best of my knowledge, no 

J-aggregate with fluorescence quantum yield of near unity has been reported previously.22 

The electronic properties of the J-aggregates of dye 1 were explored by polarization 

(Figure 7) and time-resolved fluorescence measurements (Figure 8). A strong increase in the 

fluorescence anisotropy value from 0.032 (monomers at 80 °C in MCH) to 0.158 (aggregates 

at 20 °C in MCH) was observed for the whole S0–S1 band. This result indicates the formation 

of an extended aggregate and collinearity between the dipole moment of the S0–S1 transition 

and the long axis of the aggregate.  
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Figure 7. Fluorescence anisotropy, r, of the perylene bisimide 1 (10-6 mol L-1) in MCH at 25 °C (●) and 80 °C 

(▲). The corresponding nonpolarized absorption spectra of 1 (25 °C: solid line; 80 °C: dashed line) have been 

added for comparison.  
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Whereas the observed pronounced bathochromic shift and the band narrowing for the 

aggregate of dye 1 provide a clear indication of a strong coupling between the aggregated 

chromophores, the decrease in the fluorescence lifetime from 6.8 ns (monomer in MCH) to 

2.6 ns (J-aggregate in MCH) allows the elucidation of exciton delocalization. According to 

exciton theory, such enhanced radiative decay (“superradiance”) is related to the presence of a 

coherent excited domain of a number, N, of monomers.2c In the absence of nonradiative 

quenching processes (as confirmed by the high fluorescence quantum yields of the 

monomer 1 (0.93) and aggregate of 1 (0.96)), the size of the coherent domain could be 

estimated for 1 at room temperature to be about three dye molecules from equation 1  
 

N × τagg = Φagg × τmon  (1) 
 

in which Φagg denotes the fluorescence quantum yield of the aggregate and τagg and τmon the 

fluorescence lifetimes of the aggregate and monomer, respectively. 23  On the basis of 

previously reported studies on cyanine- and chlorin-dye aggregates,7,24 one would expect an 

increase in the size of the coherent domain upon a decrease in temperature.  
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Figure 8. Fluorescence intensity decay curves for perylene bisimide 1 (A) monomer and (B) aggregate in MCH 

at 25 °C. For the monomer, the detection wavelength was λdet = 580 nm, and the curve was fitted with a 

single-exponential decay function. For the aggregate, the detection wavelength was λdet = 663 nm, and the curve 

was fitted with two-exponential decay function and then the τagg could be calculated as a weighted mean 

fluorescence lifetime. From curve fitting, two fluorescence lifetimes 2.24 ns (93.5 %) and 6.92 ns (6.5 %) could 

be obtained for perylene bisimide 1 aggregate. The mean fluorescence lifetime of aggregate is calculated as 

follows:25  τagg = <τ> = (A × τ1) + (B × τ2) = (0.9354 × 2.237) + (0.06456 × 6.917) = 2.6 ns.  
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3.3 Conclusion  
Previously reported J-aggregates were either discovered by serendipity1 or developed on 

the basis of concepts found in nature.6-8 In this chapter it was shown that the formation of a 

J-aggregate can be encoded in the molecular building block according to supramolecular 

design principles.11 The outstanding fluorescence properties of the chosen fluorophore 

provided for the first time J-aggregates that fluoresce with quantum yields of near unity. As 

the perylene bisimide chromophore also has other favorable properties, such as high 

photostability and semiconductivity, we anticipate that these perylene bisimide J-aggregates 

will be integrated into many devices for fluorescence sensing, photonics, and organic 

photovoltaics. 

 

3.4 Experimental Section 
Materials and Methods  

Solvent and reagents were purchased from commercial sources, unless otherwise stated, 

and purified and dried according to standard procedures.26 For UV/vis and fluorescence 

measurements spectroscopy grade solvents were used without further purification. Column 

chromatography was performed with silica gel (Merck Silica 60, particle size 

0.035−0.070 mm). 1H NMR spectra were recorded on a 400 MHz spectrometer using 

tetramethylsilane (TMS) or residual solvent peak as internal standard. Mass spectra were 

performed on Finnigan MAT MS 8200, Bruker MALDI-TOF (autoflex II) and Bruker 

ESI-TOF (microTOF focus) spectrometers. UV/vis absorption spectra were taken on a Perkin 

Elmer Lambda 40P spectrophotometer equipped with a Peltier system as temperature 

controller. Anisotropy measurements and fluorescence emission spectra were recorded on a 

PTI QM4-2003 fluorescence spectrometer and the latter were corrected against 

photomultiplier and lamp intensity. A long wavelength range emission corrected Hamamatsu 

photomultiplier R928 was used. The fluorescence quantum yields were determined by optical 

dilute method27 (OD < 0.05) under magic angle set up (54.7°) using the reference dyes as 

denoted.  

 

Atomic Force Microscopy  

AFM measurements were carried out under ambient conditions by using a Veeco 

MultiModeTM Nanoscope IV system operating in tapping mode in air. Silicon cantilevers 

(Olympus corporation, Japan) with a resonance frequency of ~ 300 kHz were used. The 

512 × 512 pixel images were collected at a rate of 2 scan lines per second. Solutions of 
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perylene dye 1 in MCH were spin-coated onto silicon wafer (NanoWorld AG, Switzerland) 

(9 × 10-6 mol L-1, 2000 rpm).  

 

Fluorescence Spectroscopy 

Fluorescence emission and excitation spectra were recorded on a PTI QM4-2003 

fluorescence spectrometer equipped with a Peltier system as temperature controller and were 

corrected against photomultiplier and lamp intensity. A long wavelength range emission 

corrected Hamamatsu photomultiplier R928 was used. Fluorescence quantum yield of 

perylene bisimide 1 monomer was determined in CH2Cl2 vs N,N’-bis(2,6-diisopropylphenyl)- 

1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide (Φfl = 0.96 in CHCl3)28 

and that of perylene bisimide 1 aggregate in methylcyclohexane (MCH) was measured vs nile 

blue perchlorate (Φfl = 0.27 in C2H5OH)29 under magic angle set-up (54.7°). The given 

quantum yields were averaged from values measured at three different excitation wavelengths 

with OD of 0.02 – 0.05 in the absorption maximum (standard deviation σ = 1-3 %). 

 

Fluorescence polarization experiments 

The fluorescence anisotropy r is a measure for the depolarization of the fluorescence 

emission and is defined as shown in equation 2.27  
 

VHVV

VHVV

IGI
IGIr
⋅⋅+

⋅−
=

2
 with 

HH

HV

I
IG =  (2) 

 

In this equation, 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. Fluorescence 

anisotropy was determined on PTI/QM4 fluorescence spectrometer equipped with two 

Glan-Thomson polarizers. Correction for the G-factor was obtained automatically. 

Fluorescence intensities were averaged for 60 s at 2 points/s, band width was set to 4 or 6 nm, 

and all measurements were performed at 25 °C by using a Peltier system as temperature 

controller that is incorporated in the sample holder.  
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Time-resolved fluorescence lifetime 

Fluorescence lifetimes were measured with a PTI LaserStrobe fluorescence spectrometer 

system containing a PTI GL-3300 nitrogen laser (337.1 nm, pulse width 600 ps, pulse energy 

1.45 mJ) coupled with a dye laser PTI GL302 (pulse width 500 ps, pulse energy 220 µJ at 

550 nm) as an excitation source and stroboscopic detection. Laser output was tuned within the 

emission curves of the laser dyes supplied by the manufacturer (PLD 421, 500, 579, 665, 735). 

Details of the Laser Strobe systems are described on the manufacturer’s web site and in the 

literature.30 The instrument response function was collected by scattering the exciting light of 

a dilute, aqueous suspension of colloidal 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, DW factor and Z value and by inspection of 

residuals and autocorrelation function. The experiments were performed at room temperature 

and all samples were degassed by nitrogen gas flow for 5 min prior to measurement.  

 

Absolute fluorescence quantum yield determination 

Absolute fluorescence quantum yields were determined on a Hamamatsu Absolute PL 

Quantum Yield Measurement System CC9920-02. The system is made up of an excitation 

source that uses a 150 W CW Xenon light source, a monochromator (250-700 nm, fwhm 

10 nm), an integrating sphere, and a multi-channel spectrometer capable of simultaneously 

measuring multiple wavelengths between 300 and 950 nm and counting the number of 

absorbed and emitted photons. With this system the absolute fluorescence quantum yield of a 

concentrated (c = 2.7 × 10-5 mol L-1) sample of perylene dye 1 aggregates in MCH was 

determined to 0.85 ± 0.02 upon excitation at λ = 600 nm under ambient conditions (room 

temperature, no degassing). For comparison, a dilute solution (c = 1.1 × 10-6 mol L-1 in CHCl3) 

of the fluorescence standard N,N’-bis(2,6-diisopropylphenyl)-1,6,7,12-(tetraphenoxy) 

perylene-3,4:9,10-tetracarboxylic acid bisimide was determined under identical conditions 

and a fluorescence quantum yield of 1.01 ± 0.02 was obtained upon excitation at λ = 550 nm 

(literature value:28 0.96 - 1.01).  
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Synthesis of Perylene Bisimide 1 and Reference Compound 2  

N,N’-Bis(α-methylbenzyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic Acid 

Bisimide (4). 

A suspension of 2.00 g (3.77 mmol) of 1,6,7,12-tetrachloroperylene-3,4:9,10- 

tetracarboxylic acid bisanhydride 331 and 2.30 g (18.9 mmol) of D,L-α-methylbenzylamine in 

propionic acid was refluxed under stirring for 21 h. Upon cooling the reaction mixture to 

room temperature (rt), a precipitate was formed that was separated by filtration, washed 

successively with saturated NaHCO3 solution (3 × 15 mL) and water (3 × 15 mL), and dried 

at 100 °C under vacuum (10−3 mbar). The crude product was purified by column 

chromatography on silica gel using CH2Cl2/n-hexane (80:20) as an eluent. Perylene 

bisimide 4 was obtained as a pale-red solid in 43 % yield (1.20 g, 1.63 mmol). 

Mp: 357−359 °C. 1H NMR (400 MHz, CDCl3): δ 8.64 (s, 4H), 7.51 (m, 4H), 7.34 (m, 4H), 

7.27 (m, 2H), 6.54 (q, 3J = 7.1 Hz, 2H), 2.01 ppm (d, 3J = 7.2 Hz, 6H). HRMS (ESI, 

CHCl3/acetonitrile 1:1, pos. mode): m/z calcd for C40H22Cl4N2NaO4: 757.0231 [M + Na]+; 

found: 757.0226.  

 

N,N’-Bis(α-methylbenzyl)-1,6,7,12-tetrakis(4-methoxyphenoxy)perylene-3,4:9,10- 

tetracarboxylic Acid Bisimide (5). 

A portion of 1.00 g (1.36 mmol) perylene bisimide 4, 0.84 g (6.79 mmol) of 

4-methoxyphenol and 0.47 g (3.40 mmol) of dry K2CO3 were suspended in 20 mL freshly 

distilled NMP and stirred under argon at 120 °C for 69 h. A color change of the reaction 

mixture from light red to very dark red was observed. After being cooled to rt, the reaction 

mixture was slowly added to 70 mL of 1 N HCl solution under stirring. After stirring for an 

additional 1 h at rt, the solid material was separated by filtration, washed successively with 

water (3 × 10 mL) and methanol (3 × 10 mL), and dried in vacuum (silica gel, rt, 13 mbar). 

The crude product was purified by two successive column chromatography (silica gel, 80:20 

mixture of CH2Cl2:n-hexane) and perylene bisimide 5 was obtained as a claret-colored solid 

in 49% yield (0.73 g, 0.67 mmol). 1H NMR (400 MHz, CDCl3): δ 8.07 (s, 4H), 7.41 (m, 4H), 

7.27 (m, 4H), 7.19 (m, 2H), 6.89 (m, 8H), 6.80 (m, 8H), 6.45 (q, 3J = 7.1 Hz, 2H), 3.79 (s, 

12H), 1.90 ppm (d, 3J = 7.2 Hz, 6H). HRMS (ESI, acetonitrile, pos. mode): m/z calcd for 

C68H50N2NaO12: 1109.3260 [M + Na]+; found: 1109.3256.  
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1,6,7,12-Tetrakis(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic Acid 

Bisimide (6). 

A portion of 0.33 g (0.30 mmol) of perylene bisimide 5 was dissolved under argon in 

30 mL CH2Cl2, cooled to 0 °C and a solution of BBr3 (5.7 mL, 6.00 mmol, 20 equiv.) in 

16 mL CH2Cl2 was added dropwise within 15 min. A color change of the reaction mixture 

from red to blue was observed. The mixture was stirred for 1 h at 0 °C and additional 3.5 h at 

rt. The solvent as well as excess BBr3 were removed by distillation and the residue was 

treated with 25 mL water/methanol (4:1) mixture at 0 °C. The product was separated by 

filtration after 30 min treatment in the supersonic bath and dried in vacuum (SiO2, 100 °C, 

10−3 mbar, several days) to give a dark magenta solid. Mp: > 450 °C; 1H NMR (400 MHz, 

DMSO): δ 11.86 (s, 2H), 9.49 (s, 4H), 7.77 (s, 4H), 6.89 (m, 8H), 6.77 ppm (m, 8H). HRMS 

(ESI, THF/MeOH/acetone 11:8:1, neg. mode): m/z calcd for C48H26ClN2O12: 857.1174 

[M + Cl]−; found: 857.1180. 

 

1,6,7,12-Tetrakis(4-[3,4,5-tridodecyloxybenzoyloxy]phenoxy)perylene-3,4:9,10-tetra-

carboxylic Acid Bisimide (1). 

Freshly distilled DMF (3.1 mL) and CH2Cl2 (9.3 mL) were added to a 100 mL round 

bottom flask at 0 °C under argon which contains 50 mg (0.061 mmol, 1 equiv.) 

1,6,7,12-tetrakis(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide (6), 

2.07 g (3.04 mmol, 50 equiv.) 3,4,5-tridodecyloxybenzoic acid, 144 mg (0.70 mmol) DCC, 

41.4 mg (0.34 mmol) DMAP, 93.7 mg (0.32 mmol) DPTS and 1.2 g molecular sieves (4 Å). 

The suspension was stirred under argon at rt for 70 h and for 21 h at 50 °C. After being cooled 

to rt, water (20 mL) and CH2Cl2 (40 mL) were added to the reaction mixture. Afterwards 

molecular sieves were filtered off and the organic phase was separated and the aqueous phase 

extracted with CH2Cl2 (3 × 30 mL). The solvent was removed under reduced pressure and the 

residue was subjected to two successive column chromatography (silica gel, CH2Cl2/MeOH 

100:0 → 99.5:0.5 and 99:1). The product was then precipitated from CH2Cl2 solution by 

adding MeOH and dried under vacuum (silica gel, rt, 10−3 mbar). The target perylene 

bisimide 1a was obtained as a deep-blue solid in 63 % yield (132 mg, 0.038 mmol). Mp: 

246−247 °C. 1H NMR (400 MHz, CDCl3): δ 8.38 (s, 2H), 8.24 (s, 4H), 7.40 (s, 8H), 

7.22−7.17 (m, 8H), 7.04−6.99 (m, 8H), 4.09−4.00 (m, 24H), 1.87−1.72 (m, 24H), 1.53−1.43 

(m, 24H), 1.40−1.20 (m, 192H), 0.92−0.84 ppm (m, 36H). MS (MALDI-TOF, pos. mode, 

DCTB): m/z calcd for C220H332N2O28 3450.46 [M + 2H]+; found 3450.40. UV/vis (CH2Cl2): 
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λmax (εmax): 570 (41600), 533 (26800), 444 nm (19000 L mol−1cm−1). Fluorescence (CH2Cl2, 

λex = 535 nm): λmax = 602 nm, ΦFl = 0.93 ± 0.01. Elemental analysis: calcd (%) for 

C220H330N2O28·H2O: C 76.17, H 9.65, N 0.81; found: C 76.04, H 9.55, N 0.89.  
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Scheme 2. Synthesis of reference compound 2. NMP = N-methylpyrrolidone, DCC = N,N'-dicyclohexyl-

carbodiimide, DMAP = 4-dimethylaminopyridine, DPTS = 4-(dimethylamino)pyridinium-4-tosylate. 

 

N,N’-Dibutyl-1,6,7,12-tetrakis(4-methoxyphenoxy)perylene-3,4:9,10-tetracarboxylic 

Acid Bisimide (8).  

A portion of 0.20 g (0.34 mmol, 1 equiv.) N,N’-dibutyl-1,6,7,12-tetrachloroperylene- 

3,4,9,10-tetracarboxylic acid bisimide (7), which was synthesized according to literature,32 

0.26 g (2.09 mmol, 6 equiv.) 4-methoxy-phenol and 0.19 g (1.36 mmol, 4 equiv.) K2CO3 in 

10 mL distilled NMP were stirred under argon at 140 °C for 18 h. After addition of 40 mL 

MeOH into the reaction mixture, the precipitate was filtered off and dissolved in CH2Cl2. 

Purification was accomplished by column chromatography (silica gel, CH2Cl2/MeOH 99:1) to 

obtain a deep purple solid in 60 % yield (200 mg, 0.20 mmol). Mp: 347−348 °C. 1H NMR 

(400 MHz, CDCl3): δ 8.10 (s, 4H), 6.92 (m, 8H), 6.82 (m, 8H), 4.10 (t, 3J = 8.1 Hz, 4H,), 3.80 

(s, 12H), 1.66−1.61 (m, 4H), 1.41−1.35 (m, 4H), 0.93 ppm (t, 3J = 7.4 Hz, 6H). MS 

(MALDI-TOF, pos. mode, DCTB): m/z calcd for C60H50N2O12: 990.34 [M]+; found: 990.25.  
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N,N’-Dibutyl-1,6,7,12-tetrakis(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic 

Acid Bisimide (9).  

A solution of 0.19 mL (0.50 g, 2.00 mmol, 10 equiv.) BBr3 in 10 mL dry CH2Cl2 was 

added dropwise under argon into a stirred solution of 0.20 g (0.20 mmol, 1 equiv.) perylene 

bisimide 8 in 5 mL dry CH2Cl2 at 0 °C within 15 min. After stirring the solution at 0 °C for 

1.5 h and at rt for 3 h, the solvent and excess BBr3 were removed by distillation. The residue 

was treated with a mixture of 40 mL MeOH/H2O (1:1) in supersonic bath. The product was 

filtered off and dried in vacuum (SiO2, 30 mbar, 2.5 d) to give a dark solid in quantitative 

yield (190 mg, 0.20 mmol). Mp > 400 °C. 1H NMR (400 MHz, CDCl3): δ 9.62 (s, 4H), 7.90 (s, 

4H), 6.95 (m, 8H), 6.85 (m, 8H), 4.03 (t, 3J = 7.2 Hz, 4H), 1.64 (m, 4H), 1.38 (m, 4H), 

0.96 ppm (t, 3J = 7.3 Hz, 6H). MS (MALDI-TOF, pos. mode, DCTB): m/z calcd for 

C56H42N2O12: 934.27 [M]+; found: 934.28.  

 

N,N’-Dibutyl-1,6,7,12-tetrakis(4-[3,4,5-tridodecyloxybenzoyloxy]phenoxy)perylene- 

3,4:9,10-tetracarboxylic Acid Bisimide (2).  

A portion of 60 mg (0.065 mmol, 1 equiv.) perylene bisimide 9, 880 mg (1.30 mmol, 

20 equiv.) 3,4,5-tridodecyloxybenzoic acid, 96 mg (0.33 mmol, 5 equiv.) DPTS, 32 mg 

(0.26 mmol, 4 equiv.) DMAP and 266 mg (1.30 mmol, 20 equiv.) DCC were dissolved in a 

mixture of 5 mL distilled DMF and 15 mL dry CH2Cl2 with a small amount of molecular 

sieves (4 Å) and stirred at room temperature for 1 day. The solvent was concentrated to ca. 

5 mL and 50 mL of methanol was added to precipitate the crude product, which was then 

collected by centrifugation and washed with methanol. After the sample was dried in vacuum 

(SiO2, 60 °C, 10−3 mbar, several days), it was purified by column chromatography (silica gel, 

CH2Cl2/n-hexane 98:2 → 100:0) to give perylene bisimide 2 as a red solid in 70 % yield 

(160 mg, 0.050 mmol). Mp: 196−197 °C. 1H NMR (400 MHz, CDCl3): δ 8.24 (s, 4H), 7.40 (s, 

8H), 7.18 (m, 8H), 7.01 (m, 8H), 4.15 (m, 4H), 4.05 (m, 24H), 1.83 (m, 16H), 1.77 (m, 8H), 

1.68 (m, 4H), 1.50−1.38 (m, 28H), 1.36−1.20 (m, 192H), 0.95 (t, 6H, 3J=7.3 Hz), 

0.90−0.86 ppm (m, 36H). MS (MALDI-TOF, pos. mode, DCTB): m/z calcd for 

C228H348N2O28: 3562.59 [M+2H]+; found: 3562.38. UV/vis (CH2Cl2): λmax (εmax): 567 (42800), 

531 (27800), 443 nm (18000 L mol−1cm−1). Fluorescence (CH2Cl2, λex = 535 nm): λmax = 

601 nm, ΦFl = 0.95 ± 0.02. Elemental analysis: calcd (%) for C228H346N2O28: C 76.85, H 9.79, 

N 0.79; found: C 76.61, H 9.62, N 0.83.  
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CChhaapptteerr  44  

 
 

In-depth Studies on a Series of Fluorescent 

Perylene Bisimide J-Aggregates: Influence of 

Substituents on Aggregation Behavior†  
 

____________________________________________________________________ 
Abstract: A series of highly soluble and fluorescent, at core tetraaryloxy-substituted and in imide positions 

hydrogen atom containing perylene bisimide (PBI) dyes 1a−e with varying peripheral side chains have been 

synthesized and thoroughly characterized. The self-assembly of these PBIs has been studied in detail by UV/vis, 

linear dichroism (LD) and circular dichroism (CD) spectroscopy, and scanning probe microscopy (AFM, STM). 

These studies revealed that the present PBIs self-assemble into extended double string cables, which consist of 

two hydrogen-bonded supramolecular polymeric chains of densely packed and strongly excitonically coupled 

PBI chromophores, providing highly fluorescent J-aggregates. The aggregation strength (“melting” temperature) 

and the fluorescence properties of these J-aggregates are dependent on the number and chain length of the 

peripheral alkoxy substituents, thus revealing a structure−property relationship. In contrast to previously reported 

assemblies of PBIs, for which the aggregation process is described by the isodesmic (or equal K) model, a 

cooperative nucleation−elongation mechanism applies for the aggregation of the present assemblies as revealed 

by concentration-dependent UV/vis absorption studies with the chiral PBI 1e, providing equilibrium constants 

for dimerization (= nucleation) of K2 = 13 ± 11 L mol−1 and for elongation of K = 2.3 ± 0.1 × 106 L mol−1 in 

methylcyclohexane (MCH). LD spectroscopic measurements have been performed to analyze the orientation of 

the monomers within the aggregates. The nonlinearity of chiral amplification in PBI aggregates directed by 

sergeants-and-soldiers principle has been elucidated by co-aggregation experiments of different PBI dyes using 

CD spectroscopy. The dimensions as well as the molecular arrangement of the monomeric units in assemblies 

have been explored by atomic force microscopy (AFM) and scanning tunneling microscopy (STM).  
 

 

† Reproduced in part with permission from Kaiser, T. E.; Stepanenko, V.; Würthner, F. J. Am. Chem. Soc. 2009, 

131, 6719–6732. Copyright (2009) American Chemical Society.  
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4.1 Introduction  
J-aggregates (also called Scheibe aggregates) were discovered independently by Jelley and 

Scheibe during their studies with cyanine dyes more than 70 years ago.1 It was observed that 

at higher concentrations of pseudoisocyanine dye a new, very narrow absorption band appears 

which is red-shifted with respect to that of the monomer dye, and a narrow resonance 

fluorescence band with small Stokes shift was observed as well. Scheibe ascribed this 

phenomenon to a reversible polymerization of the chromophores.1c−f Nowadays, it is generally 

agreed that the molecules in these dye aggregates are bound to each other by noncovalent 

van-der-Waals interactions and highly ordered in a slipped arrangement.2,3,4 Due to a strong 

coupling between transition dipole moments of the constituent molecules, excitonic states are 

created by optical excitation that result in such characteristic spectral features, i.e., narrow and 

bathochromically shifted absorption band and high fluorescence quantum yield.2b 

J-aggregates of cyanine dyes have attracted scientific interest and they play an important role 

in many technological applications.2a,d,5 For example, due to their strong absorption such 

J-aggregates have been applied for the sensitization of the photographic process with silver 

halides.4e,6 In recent years, they have received considerable attention as fluorescent sensors,7 

organic photoconductors,8 and organic photovoltaic materials9 due to their exciton transport 

capabilities.  

Dye aggregates with a slipped arrangement and concomitant exciton delocalization 

properties are promising for artificial light harvesting.10 In natural light-harvesting systems, a 

slipped arrangement of chlorophyll dyes is accomplished by proteins or metal-ion 

coordination, providing J-type aggregates.11 To mimic natural archetype, structurally related 

porphyrin dyes have been designed that self-assemble in J-type packing.12 However, since 

these chromophores exhibit much less favorable optical properties, especially a rather weak 

photoluminescence resulting from an almost forbidden lowest-energy transition, porphyrin 

aggregates can compete in this regard neither with their natural chlorophyll counterparts, nor 

with cyanine dye based synthetic J-aggregates. Despite enormous efforts that had been 

invested during the last decades, further examples of other dye aggregates with optical 

properties similar to those of cyanine dye aggregates could be barely achieved.10a,13 Many 

synthetic π-conjugated dyes, including perylene bisimides (PBIs), form preferentially 

sandwich-type H-aggregates that exhibit unfavorable, strongly quenched fluorescence 

properties.14,15 This infers, particularly in the case of PBIs, from the strong dispersion and 

quadrupolar interactions of the mostly flat perylene core that affords rotational instead of 

longitudinal displacements in columnar π-stacks.15a,d Perylene bisimide dyes are remarkably 
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photostable and monomeric PBIs are highly fluorescent, they exhibit fairly persistent radical 

anion states toward environmental influences, and are easily accessible.16 These outstanding 

properties led to wide applications of perylene dyes in various fields, e.g., in bio-imaging,17 

single molecule spectroscopy (SMS),16a,18 organic solar cells19 and field-effect transistors 

(OFETs),20 and in organic and polymeric light-emitting diodes (OLEDs and PLEDs)21.  

The aim of the present work was to obtain PBI aggregates that do not assemble in 

commonly observed H-type, but rather in J-type fashion yielding highly fluorescent 

supramolecular systems. It was assumed that intermolecular hydrogen bonding of monomeric 

PBI units, in addition to the π−π stacking interactions, may enable a slipped arrangement to 

obtain J-aggregates (see Scheme 1). Introduction of bulky substituents at the so-called bay 

area of the perylene core (1,6,7,12 positions) should prevent sandwich-type stacking and 

enforce the monomers to a longitudinal displacement with respect to another. Indeed, this 

concept provided the first perylene bisimide J-aggregate with a narrow J-band and a 

fluorescence quantum yield of nearly unity as we have recently communicated (see also 

Chapter 3).22a In this communication, we have reported that PBI 1a (for structure see Chart 1), 

designed by above-mentioned concept, self-assembles in aliphatic solvents like 

methylcyclohexane (MCH) into one-dimensional aggregates with characteristic spectral 

features of J-type arrangement that was analyzed by temperature-dependent absorption and 

fluorescence spectroscopy, and atomic force microscopy (AFM). The existence of hydrogen 

bonds could be evidenced by temperature- and concentration-dependent 1H NMR as well as 

FT-IR spectroscopy in different solvents.22a In the meanwhile, some more J-aggregates based 

on PBI dyes have been reported in literature which were achieved by hydrogen bonding 

assisted by amide groups,23a addition of cyanuric acid derivative,23b and by changing the 

solvent polarity.23c However, in contrast to cyanine and chlorin J-aggregates, these PBI 

aggregates exhibit rather broad J-bands which coexist with an additional absorption band that 

in most cases is hypsochromically shifted.23  

In this chapter the detailed studies on self-assembly of a series of core-tetrasubstituted 

perylene bisimides 1a−e, including a chiral derivative 1e, into J-aggregates is reported 

(Scheme 1 and Chart 1). Theoretical calculations were performed based on Kasha’s exciton 

model24 to rationalize the observed spectral shifts in absorption. By using the chiral PBI 1e, 

for the first time the nucleation−elongation mechanism in self-assembly of PBIs has been 

elucidated. Nucleation elongation is a cooperative supramolecular polymerization mechanism 

that is ubiquitous in biology, typically for the formation of helical or tubular structures, and 

has been studied, e.g., for actin, tubulin, bacterial flagellin, and tobacco mosaic virus.25,26 
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This mechanism assumes a cooperative growth of the chain that is initiated by a less favored 

formation of a nucleus, followed by a highly favored elongation of the chain.27 We have also 

performed co-aggregation experiments with different PBI J-aggregates and could show that 

the “sergeants-and-soldiers” principle28 is applicable to PBI aggregates, which is so far 

unprecedented.  
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Scheme 1. Self-assembly of PBI dyes by double hydrogen-bonding motif.  
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Chart 1. Structures of PBI dyes 1a−e investigated here.  
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4.2 Results  

4.2.1 Synthesis of PBI Dyes 1a−e  

The perylene bisimide dyes 1a−e (Chart 1) were synthesized from 1,6,7,12-tetrachloro-

perylene-3,4:9,10-tetracarboxylic acid bisanhydride (3) in four steps according to the route 

depicted in Scheme 2.22 Imidization of 3 with racemic α-methylbenzylamine provided the 

soluble tetrachloro PBI derivative 4, which was further reacted with 4-methoxyphenol to 

afford perylene bisimide 5 by nucleophilic substitution of all four chlorine atoms. Treatment 

of 5 with BBr3 in anhydrous CH2Cl2 cleaved the methyl ether groups in the bay substituents 

as well as the N-methylbenzyl groups in the imide positions in one step to give the 

deprotected intermediate 6. Although PBIs with NH groups in the imide positions are of low 

solubility with pigment character, compound 6 is well soluble, as the four phenoxy groups in 

bay position provoke a twist of the perylene core. Esterification of all phenol groups in 6 with 

the respective alkoxybenzoic acids afforded the dyes 1a−e in 17−63 % yields (for further 

details, see the experimental section). The long alkyl chains in substituents R provide high 

solubility to the present PBIs and enable the formation of extended aggregates in nonpolar 

organic solvents like MCH. The reference PBI 2a was synthesized similarly by imidization of 

3 with n-butylamine (see Chapter 3, Scheme 2). The perylene bisimides 1a−e and 2a were 

purified by column chromatography and characterized by 1H NMR and UV/vis spectroscopy, 

high resolution mass spectrometry, and elemental analysis.  

 

4.2.2 Spectroscopic Studies of PBI 1a−e and 2a Monomers and Their Aggregates  

The UV/vis absorption as well as fluorescence spectra of monomeric dyes 1 in CH2Cl2 

(Figure 1) exhibit all the typical spectral features of tetraphenoxy-substituted perylene 

bisimide chromophores.16c The absorption maxima of the strongly allowed S0−S1 transition 

appear at 570−571 nm (absorption coefficients ε  = 40200−41900 L mol−1cm−1) for PBI 1a−e 

and the fluorescence emission spectra with maxima at λmax = 598−603 nm are mirror images 

relative to the respective S0−S1 absorption bands.  
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Scheme 2. Synthesis of PBI dyes 1a−e and the structure of reference compound 2a. NMP = N-methylpyrrolidone, 

DCC = N,N'-dicyclohexylcarbodiimide, DMAP = 4-dimethylaminopyridine, DPTS = 4-(dimethylamino)-

pyridinium-4-tosylate. For the substituents R, see Chart 1.  

 

In aliphatic solvents like MCH where hydrogen bonds are particularly strong,29 the dyes 

are present as assemblies which can be recognized by the change of the solution color from 

red (monomer solution) to blue. The absorption spectra of the aggregates in MCH show a 

strong bathochromic shift of the absorption maxima compared to those of monomers. To get 

more insights into the aggregation behavior of PBI 1a−e, temperature-dependent UV/vis 

experiments were performed in MCH at a concentration of 1.5 × 10−5 mol L−1 (Figure 2). The 

absorption properties of 1a−e are summarized in Table 1 and further data obtained from 

absorption spectra are collected in Table 2.  
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Figure 1. UV/vis (solid lines) and fluorescence (dashed lines) spectra of (A): 1a, (B): 1b, (C): 1c, (D): 1d and 

(E): 1e in CH2Cl2 (10−5 mol L−1, red lines) and in MCH (10−5 mol L−1, blue lines). 
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Figure 2. (A-E) Temperature-dependent UV/vis spectra of (A): 1a, (B): 1b, (C): 1c, (D): 1d and (E): 1e in MCH 

(1.5 × 10−5 mol L−1) from 10 °C to 90 °C. Arrows indicate the spectral changes with increasing temperature. 

Inset: change of absorption at (A): 653 nm (■) and 553 nm (▲), (B): 639 nm (■) and 553 nm (▲), (C): 642 nm 

(■) and 553 nm (▲), (D): 642 nm (■) and 555 nm (▲), and (E): 633 nm (■) and 556 nm (▲) upon increasing 

temperature and calculated lines according to sigmoidal fit. (F) Concentration-dependent absorption spectra of 

chiral 1e in MCH (c = 7.3 × 10−5 to 1.9 × 10−7 mol L−1). Arrows indicate the spectral changes with decreasing 

concentration. Inset: change of absorption at 633 nm (■) with decreasing concentration; the curve shows the 

resulting fit calculated according to isodesmic model. 
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The UV/vis spectra of the aggregates of PBIs 1a,b and 1d,e in MCH at 20 °C show 

pronouncedly narrowed absorption maximum bands at the maxima with fwhm 

(full-width-at-half-maximum) values of around 900 cm−1, which is about one third of the 

fwhm values (around 2550 cm−1) of the corresponding monomer absorption bands in MCH at 

90 °C (Table 2). The absorption coefficients of aggregate solution at λmax are nearly the 

double of those observed for the monomers (in CH2Cl2 at rt and in MCH at 90 °C, see 

Table 1). The spectral shift of the absorption maxima of the aggregates is around −2500 cm−1 

referring to the absorption maxima of the corresponding monomers in the same solvent (see 

ν̃ agg−mon values in Table 2). The negative sign of this value indicates the bathochromic shift, 

originated from the geometric arrangement of the monomer units in the aggregates.24 The 

ratios of the first and second vibronic bands of the S0−S1 transition of the aggregates are more 

than twice of those of the respective monomers.  

The absorption spectrum of PBI 1c aggregate differs from those of 1a,b and 1d,e 

aggregates insofar as the maximum of the former is not that narrow and the fwhm values for 

monomeric and aggregate 1e are very similar. Furthermore, the spectrum of 1c aggregate 

shows a more pronounced vibronic fine structure (Figure 2C). With a value of 2760 cm−1, the 

bathochromic shift for 1c is the largest in this series. For all PBI 1 aggregates, the transition 

dipole moment µeg is enhanced to around 8.1 D from approx. 6.6 D for the monomers.30 At 

the same concentration no aggregates are formed for reference compound 2a in MCH and at 

higher concentration (Chapter 3, Figure 3) 2a self-assembles into dimeric aggregates as 

previous studies revealed.22a,31 Since the aggregation of PBIs 1, except for 1e (see also 

nucleation−elongation studies in the discussion part of this chapter), in MCH is such strong 

that even at a concentration of 10−8 mol L−1 aggregates prevail, the aggregation constants for 

dyes 1a−d could not be determined. To compare the aggregation strength of PBIs 1a−e, the 

“melting” temperature Tm for the transition from aggregates to molecularly dissolved species 

was determined from temperature-dependent absorption studies in MCH.32 The absorption 

versus temperature plots are shown in the insets of Figure 2, which reveal Tm values of 

46−80 °C for PBIs 1a−e (see Table 2).  

Due to the weaker aggregation of 1e in MCH compared to that of 1a−d, it was possible to 

conduct the concentration-dependent absorption study with 1e for the whole relevant 

concentration range. The spectra are shown in Figure 2F that are consistent with the 

temperature-dependent spectra of the respective aggregate (compare with Figure 2E). 

However, it was not possible to calculate the binding constant according to the isodesmic 
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model (see inset in Figure 2F) that was usually applied for PBI and other dye 

assemblies.15a,d,23d (See also nucleation−elongation studies: chapter 4.3.4).  

 
Table 1. UV/vis-Absorption Properties of Compounds 1a−e and Reference PBI 2a  

PBI λabs,mon (nm)a 
εmax,mon 

(L mol−1 cm−1)a 
ε0−0/ε0−1

a λabs,agg (nm)b 
εmax,agg 

(L mol−1 cm−1)b,c 
ε0−0/ε0−1

b 

1a 570 41600 1.55 642 78300 3.78 

1b 570 41900 1.55 639 71000 3.33 

1c 571 40600 1.54 653 41500 1.39 

1d 570 41700 1.57 643 73400 3.74 

1e 570 40200 1.56 633 64000 3.25 

2a 569 44300 1.59 565 32300 1.26 
a In CH2Cl2. b In MCH. c Absorption coefficients for the aggregates are given as the values per aggregate-bound 

monomeric unit. 

 
Table 2. Further Values for Compounds 1a−ea and Reference PBI 2ab Obtained from UV/vis-Absorption Spectra 

PBI Tm (°C)c fwhmmon (cm−1)c,d fwhmagg (cm−1)c,e ν̃ agg−mon (cm−1)c |µeg|mon (D)c,d |µeg|agg (D)c,e

1a 59 2550 880 −2510 6.7 8.3 

1b 61 2580 910 −2470 6.7 8.1 

1c 80 2520 2420 −2760 6.5 7.9 

1d 65 2550 900 −2490 6.6 8.1 

1e 46 2560 1140 −2330 6.5 8.0 

2a < 20f 2420 2640 −340 6.8 6.6 
a c = 1.5 × 10−5 mol L−1. b c = 2.9 × 10−4 mol L−1. c In MCH. d At 90 °C. e At 20 °C. f At a concentration of 

1.5 × 10−5 mol L−1 a low degree of aggregation is observed in the accessible temperature range from 10 °C to 

90 °C. At a higher concentration of 10−4 mol L−1 a melting temperature Tm = 45 °C could be determined for 

compound 2a (see Chapter 3, Figure 3).  

 

The fluorescence spectra of PBI 1a−e monomers and aggregates are mirror images of the 

respective absorption spectra (Figure 1). The emission maxima for monomeric PBIs 1a−e and 

2a in CH2Cl2 are observed at 598−603 nm with high fluorescence quantum yields of 

0.92−0.98 which is typical for tetraaryloxy-substituted perylene bisimide chromophores.16c 

With respect to the absorption maxima of the aggregates, their emission maxima are shifted to 

higher wavelengths exhibiting very small Stokes shifts, which are reduced up to one third of 

those of the monomers (see Table 3). For the monomers, lifetimes of 6.5−7.3 ns were obtained, 

while the aggregates show significantly smaller values of 2.1−2.7 ns for 1a,b and 1d,e, and 
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for 1c only 0.6 ns. As a representative example, the fluorescence intensity decay curves for 

the monomer and the aggregate of PBI 1e are shown in Figure 3.  
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Figure 3. Fluorescence intensity decay curves for PBI 1e (A) monomer and (B) aggregate, both in MCH at 

25 °C. Excitation wavelength for the monomer was λex = 520 nm, the detection wavelength λdet = 580 nm, and the 

curve was fitted with a single-exponential decay function (χ2 = 1.043). Excitation wavelength for the aggregate 

was λex = 520 nm, the detection wavelength λdet = 659 nm, and the curve was fitted with two-exponential decay 

function and then the τagg could be calculated as a weighted mean fluorescence lifetime (χ2 = 0.998). From curve 

fitting, two fluorescence lifetimes 1.98 ns (72.5 %) and 4.50 ns (27.5 %) could be obtained for PBI 1e aggregate. 

The mean fluorescence lifetime of aggregate is calculated as follows:33  

   τagg = <τ> = (A × τ) + (B × τ) = (0.7252 × 1.975) + (0.2748 × 4.498) = 2.7 ns 

 

4.2.3 CD Spectroscopy of Chiral PBI Aggregates  

In contrast to 1a−d, the compound 1e is chiral as it contains twelve alkyl side chains with 

chirality centers. The solution of monomeric 1e is CD silent, but the CD spectra of aggregates 

of 1e reveal chirality of the assembled system. 34  Negative signals in the ranges of 

670−428 nm and 332−253 nm, and positive ones between 428 and 332 nm are observed for 1e 

aggregates in MCH (Figure 4). Temperature-dependent CD studies of 1e in MCH show a 

decrease of the signal intensity upon increasing temperature and at 70 °C (only monomers are 

present in the solution) the solution is CD silent.  
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Table 3. Emission Properties of Compounds 1a−e and 2a and Size of the Coherent Domain 

PBI 
λem (nm) Stokes shift (cm−1) Фfl τ (ns) 

Nh 
mona aggb  mona aggb  mona,c,d aggb,c,e  monb,f aggb,g 

1a 602 654 933 286 0.93 0.96 6.8 2.6 2.5 

1b 603 655 960 382 0.92 0.53 6.5 2.1 1.6 

1c 602 681 902 630 0.94 0.09 5.5−7.1i 0.6 1.5−1.6 

1d 598 652 821 215 0.94 0.87 7.3 2.6 2.4 

1e 600 651 877 437 0.95 0.92 6.6 2.7 2.2 

2a 598 n.d.j 852 n.d.j 0.98 - k 7.5 n.d. j -  l 
a In CH2Cl2. b In MCH. c Deviation ≤ 0.03. d Determined vs N,N’-bis(2,6-diisopropylphenyl)- 

1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide (Φfl = 0.96 in CHCl3) using magic angle 

setup (54.7° between linear polarizers). e Determined vs nile blue perchlorate (Φfl = 0.27 in C2H5OH) using 

magic angle setup. f λex = 520 nm, λdet = 577−587 nm, at the respective maximum of monomer emission band. 
g λex = 520 nm, λdet = 659−695 nm, at the respective maximum of aggregate emission band. h Size (number of 

molecules) of the coherent domain N = (τmon/τagg) × Фfl,agg. i Due to the weak signal the deviation is very high. 
j Not determined. k No aggregate is formed at concentrations of ~ 10−6 mol L−1. l Cannot be calculated since Фfl,agg 

is not accessible experimentally.  
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Figure 4. Temperature-dependent CD studies of chiral 1e in MCH (c = 1.5 × 10−5 mol L−1, 10 to 70 °C). Arrows 

indicate the spectral changes with increasing temperature.  
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4.2.4 LD Spectroscopy of 1a Aggregates  

To gain insight into the geometric arrangement of the monomeric units within the 

aggregate in terms of whether the transition dipole moments (polarized along the N-N axis) of 

the monomers are arranged rather perpendicular or parallel to the aggregate direction, LD 

measurements were performed. In contrast to CD spectroscopy, where the sample is 

unoriented, for LD spectroscopy it is essential that the sample is oriented during the 

measurement. This can be achieved, e.g., by incorporation of molecular aggregates in polymer 

films, which are then stretched in one direction,35 or by orienting the sample in a flow cell by 

rotating a quartz rod placed in the middle of the cuvette to get a uniform flow in horizontal 

direction in which long molecular aggregates are oriented.36 We have applied the latter 

technique for 1a aggregates in MCH solution. For LD measurements, the probe was irradiated 

by linear polarized light parallel and perpendicular to the orientation axis and the detected 

signals were subtracted from each other.37 A positive LD signal in the range of 477−675 nm 

and a negative one between 395 nm and 477 nm were observed for 1a aggregates in MCH 

(Figure 5).  
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Figure 5. Absorption (− − −) and LD (───) spectra of 1a in MCH (c = 10−4 mol L−1) measured in a flow cell 

setup. The absorption spectrum was recorded under unoriented conditions.  
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4.2.5 Sergeants-and-Soldiers Studies  

We have studied the co-aggregation behavior of chiral PBI 1e and achiral 1d by CD 

spectroscopy for different ratios of these dyes to explore if the sergeants-and-soldiers 

principle applies for these PBI aggregates. For this purpose, the stock solutions of 1d and 1e 

in MCH were mixed in different ratios and equilibrated at 25 °C prior to measurements.38 

The CD spectra in Figure 6A show that the Δε values increase with increasing mole amount of 

1e in mixtures. For better illustration of the change of chiral bias for the heteroaggregate, the 

anisotropy factor g = Δε / ε was calculated and is plotted vs the mole fraction χ1e
 of chiral 1e, 

revealing a nonlinear correlation (Figure 6B). To explore the kinetics of intermixing of the 

two original aggregates, solutions of 1e and 1d were mixed in different ratios at room 

temperature and the time-dependent change of the intensity of the CD signals (spectra not 

shown) at 303 nm was recorded, and the g values are plotted against time (Figure 6C). It was 

observed that the g value increases strongly with time at the beginning and, depending on the 

amount of chiral 1e, reaches different maxima at different times. Since the aggregate melting 

temperatures (Tm) for 1e and 1d are quite different (46 °C and 65 °C, respectively), the change 

of Tm for equilibrated mixtures of different ratios of these aggregates has been investigated as 

well, and the melting temperatures estimated from temperature-dependent absorption 

spectroscopy are plotted vs the mole fraction of chiral 1e (Figure 6D), revealing a linear 

relationship.  

 

4.2.6 Microscopic Studies  

We have investigated the aggregates of present PBIs by atomic force microscopy (AFM) 

on highly oriented pyrolytic graphite (HOPG) and silicon wafer. AFM images of 1a 

aggregates on HOPG show monolayers consisting of parallel aligned rows of few hundred 

nanometers in length (Figure 7A,B). The height of these monolayers was estimated to be 

0.3 ± 0.1 nm and the periodic distance of the rows, which corresponds to the width, was 

estimated as 5.7 ± 0.2 nm. Some parts of the monolayers are aligned with an angle of 60° to 

each other (see Figure 7B). Upon spin-coating of aggregate solutions of PBIs 1a−e onto 

silicon waver, interwoven networks were observed by AFM (Figure 8).39 These consist of 

thin fibrillar assemblies, which were found to be more frequently interlinked with each other 

for probes obtained from higher concentrated solutions. The molecular dimensions of the 

assemblies were estimated by cross-section analysis, and the data is collected in Table 4. The 

height values are in the range of 1.9−2.5 nm, while the width values are found to be 
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7.2−8.6 nm. Except for aggregates of 1c, a top-to-top periodicity along the fibers was 

observed that can be attributed to the existence of helical arrangement. The values for the 

helical pitches (the top-to-top periodicity corresponds to the half of a helical pitch) were 

estimated to be around 13.0−15.4 nm with strong variation within one fiber. In the absence of 

higher resolution AFM images due to the limitation of the tip size, it is uncertain whether left- 

or right-handed helical aggregates or a mixture of both are present. For the same reason, the 

handedness in mixed aggregates of 1e and 1d (3:7) cannot be deduced from the AFM image 

(Figure 7F).  
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Figure 6. (A) CD spectra of mixtures of J-aggregates of 1d and 1e in MCH (ctot = 1.5 × 10−5 mol L−1) with 

variation of mole fraction χ(1e) of chiral 1e. Arrows indicate increasing mole fraction χ(1e). (B) Dependence of the 

anisotropy factor g at 303 nm on the mole fraction χ(1e) of chiral 1e as obtained from CD spectra in (A). The 

dashed line in (B) represents the expected g values in the absence of any chiral amplification. 

(C) Time-dependent anisotropy factors g at 303 nm of intermixed J-aggregates of 1d and 1e with various mole 

fractions of chiral 1e (7.5 to 30 % 1e) in MCH (c = 1.5 × 10−5 mol L−1) at 25 °C. The two different aggregate 

solutions were mixed at t = 0. The solid lines present the exponential curve fits according to equation 19 (details 

are given in Chapter 4.3.6). (D) Dependence of the aggregate melting temperature Tm on the mole fraction χ(1e) 

of chiral 1e of thermodynamically equilibrated mixtures of J-aggregates of 1d and 1e in MCH 

(ctot = 1.5 × 10−5 mol L−1): experimental data points (■) and linear fit (solid line). 
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Figure 7. Tapping-mode height AFM images of: (A,B) perylene bisimide 1a monolayers adsorbed on basal 

plane of HOPG by spin-coating (4000 rpm) from MCH solution (c = 6 × 10−5 mol L−1). Inset in (A): 

cross-section analysis provided an average height value of 0.3 ± 0.1 nm and a width of 5.7 ± 0.2 nm for the 

aligned rows. AFM studies with solutions of perylene bisimide 1a in toluene and CCl4 provided similar results 
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(images are not shown). (C,E) Self-assemblies of 1d spin-coated (2000 rpm) onto silicon waver from MCH 

solutions (c = 5 × 10−6 mol L−1). (D) Cross-section analysis along the yellow line in (C) provided a hight value of 

2.0 ± 0.2 nm for PBI 1d assemblies. In image (E) the periodic top-to-top length (corresponding to the half pitch 

p/2; measured as 6.9 ± 2.0 nm) could be visualized. (F) AFM height image of a 3:7 intermixed aggregates of 1e 

and 1d spin-coated onto silicon wafer from solution in MCH (c = 7 × 10−6 mol L−1). The scale bars and z scales 

are (A): 45 nm and 1.5 nm, (B): 45 nm and 2.0 nm (C): 300 nm and 5 nm, (E): 100 nm and 5 nm, (F): 200 nm 

and 5 nm, respectively. (G) Molecular model (HyperChemTM Release 7.03 for Windows, AMBER force field) 

for the supramolecular structure of perylene bisimide 1 aggregates. The half of a helical pitch p/2 was calculated 

as 6 nm. For this graphic, Accelrys DS ViewerPro 5.0 was used.40 Perylene cores including oxygens at bay 

positions and free carbonyl oxygens are shown in red or orange, and hydrogen-bonded carbonyl oxygens and 

imide hydrogens in green. Phenoxy substituents are omitted for clearity.  

 

 
Figure 8. Tapping-mode AFM images of self-assemblies of (A): 1b, (B): 1c, (C): 1d and (D): 1e on silicon 

waver spin-coated (2000 rpm) from 5 × 10−6 mol L−1 (A−C) and 9 × 10−6 mol L−1 (D) solutions, respectively, in 

MCH. The scale bars present 750 nm, z scale is 7 nm. 
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Table 4. Dimensions of PBI 1a−e Aggregates Spin-coated onto Silicon Waver from MCH Solutions Determined 

by AFM Measurements 

PBI height (nm) width (nm) pitch (nm) 

1a 2.0 ± 0.2 8.4 ± 2.6 13.0 ± 3.4 

1b 1.9 ± 0.2 8.2 ± 2.5 13.5 ± 2.5 

1c 2.5 ± 0.3 7.2 ± 2.5 - a

Calcd 3.0 b 5.7 b 12.0 c 

1d 2.0 ± 0.2 8.2 ± 1.7 13.8 ± 4.0 

1e 2.2 ± 0.4 8.6 ± 3.0 15.0 ± 4.0 

1e/1d (30:70) 2.0 ± 0.3 8.1 ± 1.5 15.4 ± 3.8 

Calcd 3.0 b 4.8 b 12.0 c 
a No pitch could be resolved. b Obtained from MM3 calculations. c Obtained from AMBER force field 

calculations.  

 

For better visualization of the monolayer coverage on HOPG (Figure 7A,B), scanning 

tunneling microscopy (STM) measurements were performed. The aggregates of 1a were 

spin-coated onto HOPG from MCH solution and a small amount of phenyloctane was 

dropped onto the probe to conduct the STM measurements (Figure 9). Monolayers consisting 

of parallel aligned rows were observed with parts that are oriented with an angle of 60° with 

respect to the others, which is in agreement with the observations of AFM studies. The width 

of these rows was determined to be 3.9 ± 0.2 nm. In contrast to the AFM studies, a fine 

structure within the rows could be visualized by STM. The bright areas are attributed to more 

conducting, i.e., extended aromatic parts (perylene core) of the assemblies. A distance of these 

bright areas in the direction of the rows was measured to be 1.6 ± 0.2 nm obtained from 

cross-section analysis.  
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Figure 9. STM images of perylene bisimide 1a aggregates on the basal plane of HOPG spin-coated (4000 rpm) 

from MCH solution (c = 6 × 10−5 mol L−1). Tunneling parameters: (A) I = 1.32 pA, U = −0.87 V; (B) I = 1.0 pA, 

U = −1.20 V. Scale bars are 20 nm, z scale: 0.7 nm. Image (C) is a zoomed and filtered section of image (B). 

Scale bar is 5 nm. (D) Schematic illustration of the molecular arrangement of PBI 1a (R = C12H25) on HOPG. 

Unit cell parameters a, b, and γ are 3.9 ± 0.2 nm, 1.6 ± 0.2 nm, and 72 ± 5°, respectively.  

 



Chapter 4 In-depth Studies on a Series of Fluorescent Perylene Bisimide J-Aggregates 

110 
 

4.3 Discussion  
4.3.1 Aggregate Structure Model  

In our previous communication,22a we have suggested a model for the aggregate structure 

of PBI 1a assemblies. The results of the present detailed studies with an extended series of 

PBIs 1a−e now underpin this model and, furthermore, valuable mechanistic insights into the 

aggregation process of these PBIs are obtained (a schematic representation of the model is 

illustrated in Figure 10). AFM measurements of PBI 1a aggregates on silicon wafer revealed 

helical strands (both left- and right-handed),22a whilst monolayers could be observed on 

HOPG surfaces (Figure 7A,B) owing to the template effect of this substrate. The observed 

lamellae structures for 1a aggregates on HOPG by STM (Figure 9) indicate hydrogen-bonded 

chains of perylene bisimides (discussed later in detail). Already previously we could provide 

evidence for hydrogen-bond formation between imide groups of PBI 1a molecules by FT-IR 

spectroscopy and 1H NMR measurements at different concentrations.22a The UV/vis 

spectroscopic studies revealed a large bathochromic shift for the absorption band of the S0−S1 

transition of the aggregates of PBIs 1a−e compared to that of the respective monomeric dyes 

(Figure 2). Such pronounced bathochromic shifts cannot be rationalized solely in terms of 

hydrogen-bonded perylene bisimide chains, but can arise only from closely stacked π-systems. 

According to Kasha’s exciton model,24 this spectral feature further implies that the monomer 

units are stacked in a slipped fashion (slip angle < 54.7°, see spectroscopic studies section 

below). Furthermore, previous studies of the fluorescence anisotropy22a and the present results 

of CD investigations (helical aggregate formation, illustrated in Figure 10C) strongly suggest 

a rather parallel alignment of the S0-S1 transition dipole moments of the monomeric units with 

respect to the aggregate direction (illustrated in Figure 10C,D), which is in congruity with the 

LD results. Comparison of the aggregation behavior of PBIs 1 with that of reference PBI 2a, 

the latter forms only dimers and at considerably higher concentrations,22a and the results of 

present cooperative growth studies indicate the formation of a nucleus prior to elongation of 

the aggregate in a dynamic process (Figure 10B). Taking into account all these experimental 

results, the arrangement of the monomer units in aggregates was explored by molecular 

modeling (see next section). The structural parameters obtained by molecular modeling were 

then used to estimate the exciton coupling between the closely packed neighboring dyes 

according to Kasha’s model and compared with the observed spectral shifts in the UV/vis 

absorption spectra (see spectroscopic studies section below), which are in good agreement, 

confirming the viability of the proposed model.  
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Figure 10. Schematic illustration of self-assembly of the perylene bisimide dyes 1 into J-type aggregates. 

(A) Molecular structures of 1 (substituents R are defined in Chart 1) and graphical representation of the 

monomer. (B) Schematic representation of π-stacked dimeric nucleus and (C) that of an extended 

hydrogen-bonded aggregate of 1: Red (and orange) twisted blocks represent the perylene bisimide core (in the 

adjacent chain), gray cones with a blue apex represent the bay substituents, and green lines represent hydrogen 

bonds. The dyes 1 self-assemble in a helical fashion as shown in the magnification (substituents have been 

omitted and only the left-handed helical structure is shown for simplicity). (D) The magnifier visualizes the 

J-type arrangement of the core perylene bisimide units in a double string cable in the side view, and the distances 

and angle are defined: rπ and rH represent the distances between the centers (yellow dots) of two adjacent 

molecules in π−π-stack and in H-bond direction, respectively; the slip angles θπ and θH (for definition see 

Figure 11), resulting from the longitudinal (θπ) and translational (θH) offset, represent the angle between the 

aggregation direction and the direction from the center of one molecule to the center of the adjacent one in 

π−π-stack (θπ) and in H-bond (θH) direction, respectively.  
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4.3.2 Molecular Modeling  

In order to gain insight into the structural details of helical strands, molecular modeling 

was performed. Perylene bisimides with oxygen atoms at the bay positions (aryl substituents 

are omitted for calculations) were assembled using HyperChemTM Professional 7.03 for 

Windows.41 The monomers were pre-optimized with MM+ force field calculations and 

thereafter the geometry optimizations via short molecular dynamic simulations were carried 

out with AMBER.42 All atoms in supramolecular structures were free to move in each 

equilibration.  

Since M and P conformers of tetraaryloxy perylene bisimides exist in equal amounts 

(racemate), both atropisomers were taken into account for molecular modeling but only 

assemblies of one conformer arrange in helical structure with particular handedness 

(M conformers build up left-handed and P conformers right-handed helical strands).  

Simulations were done on double-string arrangement of (M)-configured perylene bisimides 

and excellent agreement with the experimental results was obtained. The half of the helical 

pitch is calculated as p/2 = 6 nm (Figure 7G), which corresponds nicely to the periodic 

top-to-top length of the helical structure (around 6.5−7.7 nm) obtained from AFM images (see 

Figure 7E and Table 4). From geometrical considerations, including the results of AFM and 

STM investigations, it can be concluded that this half of one pitch is constructed by eight to 

ten molecules within the double string.  

The width of the strands depends on the molecular width (perpendicular to the N-N axis) 

of one monomeric PBI which was calculated by MM3 method as 3.0, 4.4 and 5.7 nm for PBIs 

without, with C8- and C12-alkyl chains, respectively. This again is in excellent agreement with 

the experimental results of AFM measurements (Table 4).  

Furthermore, values for the distance between chromophore centers in π−π-stack direction 

(rπ = 7.8 Å) and in hydrogen-bond direction (rH = 14.1 Å) as well as for the corresponding 

slip angles θ that result from the translational offset of two parallel-arranged molecules 

(θπ = 28.1° and θH = 9.9°), could be obtained from molecular modeling studies (for definition 

of the distances and angles see also Figure 10D and Figure 11B). These values of the 

geometrical arrangement of the monomers in the assemblies are used to calculate the spectral 

shift by Kasha’s exciton theory24 (see next section).  
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4.3.3 Spectroscopic Studies  

The observed strongly bathochromically shifted absorption bands of the aggregates of 

PBIs 1a−e can be explained by Kasha’s theory, which is an approximation, based on the 

assumption that the transition dipole moments of the monomers are point dipoles.24 The 

distance of the monomeric units plays an important role for the spectral shift as well as the 

angle of the center of one monomer to the center of the adjacent monomer and to the 

aggregate direction (see also Figure 11). For short distances and small angles (close to 0°), the 

spectral shift is strongly bathochromic (J-aggregate), while for short distances and large 

angles (close to 90°) it is strongly hypsochromic (H-aggregate), and for large distances or 

angles around 54.7° the spectral shifts are rather small.24 This implies that in present 

assemblies, for which strongly bathochromic shifted J-bands are observed, the monomers are 

quite closely packed with short distances to each other and the slip angle resulting from the 

translational offset of the monomers is small.  

Kasha’s exciton model is based on the point-dipole approximation and the assumption of 

additive increments for each pairwise interaction between dye neighbors in extended 

aggregates.24 The transition energy of dimeric units can be calculated from the transition 

energy of the monomers by using equation 1  
 

ΔEdimer = Eexcited – Eground = ΔEmon + ΔEvdW ± ε  (1) 
 

where ΔEmon is the transition energy for the isolated monomer, ΔEvdW the difference in 

van-der-Waals interaction energy between excited state of u and ground state of v (for 

molecules u and v building a dimer), and ε is the exciton splitting that can be calculated for 

parallel-arranged molecules by equation 224,43  
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where μeg is the transition dipole moment of the monomer, ε0 the permittivity of vacuum, ruv 

the distance between center of molecule u and v, and θ the slip angle that results from the 

translational offset of these two parallel-arranged molecules (Figure 11). For PBI dyes the 

transition dipole moments are arranged parallel as well for such a situation because the S0−S1 

transition dipole moment is oriented along the long molecular axis of the molecules.  

The transition dipole moment of the monomer is calculated from the integral of the 

reduced UV absorption band according to equation 344  
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with the molar extinction coefficient )~(νε  (speed of light c = 2.9979 × 1010 cm s−1; Planck's 

constant h = 6.6262 × 10−34 Js; permittivity ε0 = 8.8542 × 10−23 J K−1; Avogadro's number 

NA = 6.0221 × 1023 mol−1) to give |µeg| = 6.7 D for the monomer unit in MCH.  

Under the presumption that only nearest neighbor interactions take place, the transition 

energy for the aggregate species can be expressed as  
 

iivdWmonagg JEEE ΣΔΔΔ ++=  (4). 

 

This expression, derived from summation of nearest neighbor dimer interactions (Ji = ε for 

molecule v as the nearest neighbor of molecule u), assumes a point-dipole approximation for 

sufficiently large number N of molecules ( 111 ≅−
N

) in the aggregate structure.45  

Based on these assumptions, one can approximate the spectral shift monagg
~

−νΔ  of the 

aggregate band (wavenumber agg
~ν ) with respect to the monomer band (wavenumber mon

~ν ) 

as  
 

hc

J

hc
E~ iivdW

monagg

ΣΔνΔ +=−  ,       with     monaggmonagg
~~~ νννΔ −=−  (5). 

 

Since ΔEvdW cannot be determined and is negative, the spectral shift can be expressed as  
 

hc

J~ ii
monagg

Σ
νΔ <−  (6). 

 

The left term of equation 6 can be determined experimentally and the right term can be 

calculated with Jπ as the nearest neighbor dimer interaction in π−π-stack direction and JH in 

hydrogen-bond direction (for definition of the distances and angles see Figure 10D and 

Figure 11B) to get  
 

hc
Jn

hc
Jm~ H

monagg +<−
πνΔ  (7) 

 

for m nearest neighbors in π−π-stack direction and n nearest neighbors in hydrogen-bond 

direction.  
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Figure 11. (A) Schematic presentation for self-assembly of monomers (red) into slipped J-type aggregates (blue). 

For J-type aggregates, the absorption band is bathochromically shifted owing to the nearest neighbor interactions 

depicted in (B). (B) Schematic presentation of the arrangement of the monomers in the present J-aggregates and 

definition of the distances and angles used for the calculations of the spectral shift. The variables rπ and rH 

represent the distances between the centers of two adjacent molecules in π−π stack and in H-bond direction, 

respectively. The slip angles θπ and θH, resulting from the translational offset, represent the angle between the 

aggregation direction and the direction from the center of the one molecule to the center of the adjacent one in 

π−π stack and in H-bond direction, respectively. 

 

For aggregates of 1a, the calculated values for Jπ /hc = −635 cm−1 and JH/hc = −154 cm−1 

provide an estimated spectral shift of monagg
~

−νΔ < −1578 cm−1 for the double string cable 

model (m = 2, n = 2), which is in good agreement with the experimental data 

( exp
~νΔ = −2510 cm−1). The difference of the calculated value compared with the experimental 

one can be attributed to the approximations of Kasha’s theory and the lack of the knowledge 

of van-der-Waals interaction energy in this system. Similar results were obtained for the 

assemblies of PBI 1b−e, assuming the same geometric arrangements of the monomeric units 

as for that of 1a.46  

Furthermore, the increased ratio of the first and the second vibronic of the S0−S1 transition 

of the aggregate compared to that of the monomers shows that the transition to the first 

vibronic energy level of the S1 state (S0(v=0)→S1(v=0)) possesses most of the oscillator strength, 

which is typical for J-aggregates.47 Likewise, the increase of the transition dipole moment for 

aggregates of PBIs 1a−e compared with that of the respective monomer (for data see Table 2) 

can be attributed to an enhancement of the oscillator strength in the aggregates. 

Temperature-dependent absorption studies of the present aggregates revealed a variation of Tm 

from 46−80 °C. Since Tm reflects the aggregation strength by comparing assemblies under 

identical conditions, the weakest aggregate is formed by PBI 1e (revealing the lowest Tm 

value), bearing the shortest, branched alkyl chains of the present PBIs which is also reflected 
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in the fact that no aggregates of PBI 1e are formed at low concentrations (< 10−7 mol L−1), in 

contrast to the assemblies of PBIs 1a−d.  

For the aggregates of PBI 1a−e, smaller Stokes shifts compared to those of the monomers 

were observed (see Table 3) that can be ascribed to conformationally more uniform dye 

molecules in the more rigid aggregate environment. It was noticed that the aggregates of 

PBIs 1a and 1d,e bearing twelve alkoxy chains per monomeric unit exhibit very high 

fluorescence quantum yields, whereas for the aggregates of PBIs with only eight alkoxy 

chains, particularly for PBI 1c, the fluorescence quantum yield decreases drastically. Similar 

behavior were observed for fluorescence lifetimes as for the aggregate of 1c the shortest 

lifetime in this series was detected (Table 3). This fluorescence quenching as well as the 

observed differences in the aggregate absorption spectrum of PBI 1c compared to those of the 

other PBIs 1a,b and 1d,e might be due to the less dense alkyl shell that cannot completely 

wrap the π-stacked double cable aggregate in the case of 1c. With the knowledge of the 

fluorescence quantum yield of the aggregate Φagg and the fluorescence lifetimes of the 

aggregate τagg and the respective monomer τmon, the size of the coherent domain N in the 

assembly can be estimated according to equation 8:48 
 

N × τagg = Φagg × τmon   (8) 
 

By applying the fluorescence data (given in Table 3) in equation 8 the size of the coherent 

domain in assemblies of PBIs 1a−e was estimated to be two to three PBI molecules at room 

temperature.  

 

4.3.4 Nucleation−Elongation Mechanism  

In solution, aggregate formation can be ascribed to chemical equilibria between 

monomeric and aggregated species. If there are more than two aggregated species, multiple 

equilibria may exist in the system. The simplest model to describe extended dye aggregates is 

the isodesmic model.49,50 In this model it is assumed that the aggregates are one dimensional. 

All equilibrium constants or Gibbs free energy changes are equal for all binding events 

(addition of one monomer to another or to an aggregated species, i.e., K2 = K3 = K4 … = Ki … 

= K). Mathematically this model can be described as a quadratic function of αmon and can be 

expressed as:  
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where αmon and αagg are the molar fraction of the monomeric and aggregated species, 

respectively, cmon and cT are the concentrations of monomeric species in solution and of all 

dyes in the system, respectively, and K is the equilibrium constant. By applying equation 10, 

this mathematical expression can be connected to absorption spectra leading to equation 11:  
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where εmon, εagg and ε(cT) are the molar absorption coefficients of free monomeric and 

aggregated dyes and for the concentration cT, respectively. Usually PBI dye aggregates can be 

described very well by the isodesmic model (as they are of one-dimensional nature).15a,d,23d,51 

However, as described in the results section, this model is not applicable to J-aggregates of 1e 

(see inset in Figure 2F) since concentration-dependent absorption data could not be fitted by 

equation 11. The abrupt increase in absorption at 633 nm at a certain “critical” concentration 

of PBI 1e (inset in Figure 2F) suggests a non-isodesmic aggregation process in which two 

noncovalent interactions, i.e., π−π stacking and hydrogen bonding cooperate favorably to 

initiate aggregate growth at a defined concentration. Thus, the nucleation−elongation 

model27a,52 can be applied to this system. Note that, to the best of my knowledge, this model 

has not been applied so far to concentration-dependent UV/vis studies of synthetic 

assemblies,53 but for biomacromolecules.54 In the cooperative nucleation−growth model it is 

assumed that the equilibrium constant for the nucleation (Knuc) is smaller to that of the 

elongation (K). The simplest version of this model has only one dimerization step of 

nucleation, followed by isodesmic elongation steps. This means, only the dimerzation (with 

equilibrium constant K2) differs energetically relative to the following steps (K2 ≠ K3 = K4 … 

= Ki … = K), implying a nucleus size of 2 (see also Figure 10B for graphical illustration). 

This relation can be mathematically described as a cubic function presented in equation 12:  
 

01)12())1(2()1()( 223 =++−−−+− TmonTTmonTmon KcKcKcKc ασασα   (12) 
 

for a nucleus consisting of a dimer and σ = K2/K. Even though it is not possible to solve 
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eqation 12 for αmon as a function of KcT for general cases, one can easily calculate KcT as a 

function of Kcmon for certain σ values by using equation 13. The results are plotted reverse 

(Kcmon vs KcT) in Figure 12A. From the obtained values αagg can be calculated by using 

eqation 14,  
 

2)1(
)1(

mon

mon
monT Kc

KcKcKc
−

+−=
σσ  (13)  

T

mon
monagg Kc

Kc
−=−= 11 αα  (14)  

 

and then αagg values can be plotted versus the corresponding KcT values, which is shown in 

Figure 12B,C for various σ values. The curve for σ = 1 corresponds to the isodesmic model. 

For σ > 1 the function describes anti-cooperative process of assembly (Figure 12B), and for 

σ < 1 the aggregation process is cooperative. The experimental data points for PBI 1e are 

shown in Figure 12C,D and fitted manually for the best match. It can clearly be recognized 

that for small σ values (notice also the magnification in Figure 12D) the calculated curves fit 

very well with the experimental data, and equilibrium constants of K2 = 13 ± 11 L mol−1 and 

K = 2.3 ± 0.1 × 106 L mol−1 (σ = 10−6−10−5) can be estimated within a reasonable error range. 

The K2 value of the present system is in the range of equilibrium constants of dimerization by 

two hydrogen bonds29 and also those of aggregating core-tetraphenoxy-substituted PBIs,31 

while the K value is significantly higher. This high K value of self-assembly of PBI 1e can be 

rationalized in terms of simultaneous interaction by H-bonds and π−π-stacking, which is only 

possible once the nucleus of two associated PBI dyes is formed. It cannot be evidenced yet, 

whether the nucleus is formed by two in-line hydrogen-bonded monomers or J-type 

π−π-stacked dimers as depicted in Figure 10B.  
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Figure 12. Plots of (A): Kcmon vs KcT and (B): αagg vs KcT according to the cooperative nucleation−elongation 

model (KcT was calculated as a function of Kcmon; see equations 13 and 14) with σ values from 0.0001 to 1000 as 

indicated in steps of one order of magnitude. Curves with values of σ > 1 represent the functions for 

anti-cooperative aggregation, with σ = 1 the function for the isodesmic case, and with σ < 1 the functions for 

cooperative nucleation elongation. (C) Fraction of aggregated molecules αagg plotted as a function of KcT with 

different σ-values according to cooperative nucleation−elongation model (lines from left to right: σ = 1, 0.1, 0.01, 

0.001, 0.0001 and 0.000001), and plot of experimental absorption data of chiral 1e in MCH 

(c = 7.3 × 10−5 mol L−1 to 1.9 × 10−7 mol L−1) at 633 nm (■) (obtained from Figure 2F) after manual fit to the line 

shape. (D) Magnification of plot in (C) of the relevant part of steep slope.  

 

4.3.5 Circular and Linear Dichroism Studies  

As shown in Figure 4, the aggregates of chiral PBI 1e are CD active, indicating 

transmission of molecular side chain chirality to the self-assembled π-stack. Bisignated 

signals are observed in the range of S0−S2 transition (around 430 nm), while the signals in the 

S0−S1 transition range (660−500 nm) are monosignated. This implies that the dipole moments 

of the S0−S1 transition of the dye molecules (oriented along the long molecular axis) are 

parallel to each other and to the hydrogen-bonded self-assembly direction. Hence, there is no 

CD active coupling of these transition dipole moments and, accordingly no bisignated signal 
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is observable. However, the transition dipole moments of the S0−S2 transition, which are 

perpendicular to those of the S0−S1 transition and to the self-assembly direction, interact with 

each other due to a helical displacement (Figure 7G) and, therefore, a bisignated signal is 

observed. The CD signals observed at around 300 nm are due to the twisting of the 

naphthalene subunits in PBI core with one favored conformation in aggregates.55 Upon 

increasing temperature the aggregates disassemble and hence the CD signals become 

increasingly weaker until only monomers are present in solution at 70 °C, which is CD silent. 

The comparison of the CD spectrum of 1e aggregate with that of a conformationally fixed 

atropisomer of alkoxy-substituted PBI reported previously55 reveals a similar spectral shape, 

and Δε values of the strongest signal (−97 L mol−1cm−1 at 294 nm for an atropo-enantiomeric 

PBI55 and −89 L mol−1cm−1 at 278 nm for 1e) confirm that preferentially one-handed helical 

aggregates are formed in the present case.  

The sign of the LD signal is indicative for whether the transition dipole moments of 

monomeric units within an aggregate are rather perpendicular or parallel to the orientation 

axis of the aggregate. Since the LD signal arises from the absorption parallel (A||) minus the 

absorption perpendicular (A┴) to the orientation axis (eqation 15), for parallel alignment a 

positive signal and for perpendicular one a negative signal is detected.  
 

LD = A|| − A┴  (15) 
 

For PBI 1a, a positive LD signal was observed in the region of the S0−S1 transition which 

is indicative for an orientation of the monomeric dyes with an angle of less than 54.7° to the 

aggregate axis (Figure 5). For a quantitative analysis, it is necessary to calculate the reduced 

LD (LDr):  
 

LDr = LD/A = (A|| − A┴)/A = 3/2 S (3 cos2α – 1)  (16) 
 

where S is a scaling factor (the orientation factor) and α the angle, specifying the orientation 

of the transition dipole moment of the absorption for a certain wavelength. For the present 

model (shown in Figure 10) α is close to 0°, since the monomers are arranged nearly parallel 

to each other. For parallel arranged monomer transition dipole moments the aggregate 

transition dipole moment resulting from excitonic coupling is oriented parallel to those as 

well.24 Furthermore, it is important that concentration and cell thickness are the same for the 

LD measurements of oriented samples and the absorption measurements of unoriented 

samples. The reduced LD (LDr) for 1a is illustrated in Figure 13A. Ideally, the LDr value is 
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constant for a certain transition. That is indeed the case for the range of the S0−S1-derived 

J-band (500−650 nm) of the present system for which an LDr value of approximately 0.66 is 

estimated. For 0 ≤ S ≤1 (an exact scaling factor is not known for this system), the angle can be 

estimated to be α < 47° (Figure 13B). This again confirms our proposed model, where the 

monomeric PBI units are oriented with their long axis nearly parallel to the self-assembly 

direction. The observed negative signal in the range of the S0−S2 transition (which is 

perpendicular to the S0−S1 transition) corroborates this result.  
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Figure 13. (A) Reduced LD spectrum of 1a in MCH according to equation 16. (B) Plot of α vs S for an LDr 

value of 0.66 for 1a in MCH (c = 10−4 mol L−1).  

 

4.3.6 Sergeants-and-Soldiers Studies  

CD studies of mixed solutions of chiral 1e and achiral 1d in different ratios revealed 

formation of chiral heteroaggregates of these PBI dyes. It is observed that small amounts of 

1e amplify the chirality of the aggregate nonlinearly. Thus, the chiral PBI decides on the 

chirality sense of the whole assembly. These studies showed that already at a 30:70 ratio of 

chiral 1e and achiral 1d the CD signal is at the maximum (Figure 6B). This implies a 

dominant effect of a small fraction of chiral PBI 1e on the chirality of heteroaggregates. After 

mixing the aggregates of 1e and 1d in MCH at t0 = 0, the time-dependent anisotropy factor g(t) 

is consisting of the initial anisotropy factor before chiral amplification g0 and the final 

anisotropy factor with operative chiral amplification gmax according to eqation 17, where x(t) 

denotes the time-dependent fraction of monomers incorporated in the aggregates with 

operative chiral amplification.  
 

( ) )()( 0max0 txgggtg ⋅−+=  (17) 
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For the time-dependent term x(t), an exponential function was applied as given in 

eqation 18, where τ denotes the relaxation time.  
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Combining equations 17 and 18 gives eqation 19:  
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Evaluation of the kinetic studies on the basis of time-dependent g values could be 

performed by applying the exponential relaxation function (eqation 19). The results obtained 

from nonlinear least square fitting of the time-dependent anisotropy factors g at 303 nm by 

eqation 19 are plotted in Figure 6C and listed in Table 5. It has to be noted that for this 

analysis the g0 values were set as the expected g values in the absence of chiral amplification, 

that is, the g value for aggregates consisting of pure 1e (g = −1.50 × 10−3) multiplied by the 

respective fraction of chiral monomers. It is worth to point out that for mole fractions lower 

than 30 % of 1e the g value does not reach the maximum amplitude of −1.56 × 10−3 as values 

of −1.33 × 10−3 and −1.01 × 10−3 are observed for 15 % and 7.5 % of 1e, respectively, at 

infinite time (Figure 6C). This means that a certain amount of chiral component is needed to 

dictate the chirality for the whole supramolecular system, and this is in the present case more 

than 25 %. In contrast, previous studies with merocyanine dyes revealed that the calculated 

amplitude maxima are nearly same for 5 %, 10 %, and 20 % of the chiral compound that were 

achieved after strongly varying relaxation times τ of 68.9 h, 13.9 h, and 3.1 h, respectively.28h 

For the present case, very close τ values of 4.9 h, 3.4 h, and 3.1 h were obtained for mole 

fractions of 7.5 %, 15 %, and 30 %, respectively. According to the current understanding this 

difference between the two systems can be attributed to the different diameter of these dye 

assemblies. For the present PBI assemblies only two molecules constitute the nucleus 

(Figure 10B) which governs the chiral sense of the individual supramolecular polymer chain. 

In contrast, previously studied merocyanine nanorods are composed of six intertwined 

helically folded supramolecular chains of π−stacked dyes. It is reasonable that the tightly 

packed π−conjugated core of the latter is more susceptible to the chiral information imparted 

by the peripheral side chains but requires a longer equilibration time because the 

reorganization between M- and P-helicity involves more dyes.  
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Table 5. Results Obtained from the Curve Fitting of the Time-dependent g Values 

χ(1e) gmax (10−3) τ (h) 

7.5 % −1.01 4.94 

15 % −1.33 3.43 

30 % −1.56 3.11 

 

4.3.7 Microscopic Studies  

AFM and STM investigations revealed that dye 1a molecules are adsorbed on HOPG 

substrate in long range ordered rows within extended domains that correspond to the 

hexagonal symmetry of the graphite substrate (Figure 7A,B and Figure 9), which is in contrast 

to the fibrillar structures observed on silicon wafer substrate. HOPG is known to interact more 

strongly than silicon wafer with adsorbates bearing aliphatic chains as well as aromatic 

π-systems, 56  and this might be the reason for the observed substrate effect on the 

supramolecular structures. The width of the rows on HOPG (5.7 ± 0.2 nm from AFM) 

corresponds well with the calculated value of the width of the monomers perpendicular to the 

N-N axis, which is 5.7 nm according to MM3 force field calculations. This implies a parallel 

orientation of the long axis of the monomers to the row direction, while the monomers are 

interlinked by hydrogen bonding. The fibrillar aggregates formed on silicon waver, however, 

exhibit a height value of around 2 nm and a width of around 8 nm that are in reasonable 

agreement with the width of 5.7 nm and 3.0 nm for the monomers with and without alkyl 

chains, respectively, if one considers the tip broadening effect.57 This points at a helical 

arrangement of the monomers within the assemblies that are wrapped up by alkyl chains and 

adsorbed on the surface. This is assumed to cause the difficulties in determining the helical 

pitch and, especially, the handedness of the fibers. The values of the helical pitch are in good 

agreement with the calculated value of 12.0 nm obtained from molecular modeling on PBI 

assemblies (see molecular modeling section and Figure 7G).  

STM measurements provided a higher resolution of the aggregates of 1a. By considering a 

distance of about 0.2 nm for a hydrogen bond, our STM analysis discloses that the 

hydrogen-bonded chains are maintained on the HOPG surface and progress along the 

b direction of the rows (Figure 9C). The estimated distance between perylene cores 

(1.6 ± 0.2 nm; distance b) is in good agreement with the literature reported values (1.44 nm 

and 1.45 nm) obtained by STM investigations for core-disubstituted 58  and core- 

unsubstituted59 perylene bisimides adsorbed on HOPG. The average length of the bright areas 

(1.3 ± 0.2 nm) observed in STM images of 1a is in accord with the length of one perylene 
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core (1.3 nm, MM3 calculation). The distance a between the neighboring aggregate rows 

(3.9 ± 0.2 nm) is expected to correlate with the molecular width, but does not agree exactly 

with the values calculated by MM3 method (5.7 nm) and obtained from AFM studies 

(5.7 ± 0.2 nm; Figure 7A,B). Presumably, the alkyl chains are partially desorbed from the 

HOPG surface under the influence of the solvent 1-phenyloctane.60  In Figure 9A, the 

substituents can be recognized as bright horizontal lines between the rows. The angle γ in the 

unit cell was measured as 72 ± 5° (Figure 9C). This value is pretty close to the value 

estimated by MM3 calculations (73°) by assuming a perpendicular orientation of the 

substituents referred to the N-N axis.  
 

4.4 Conclusions  
In this work, it was shown that the highly desired J-type aggregation of functional perylene 

bisimide chromophores can be achieved by proper design of monomeric building blocks that 

direct self-assembly by mutual effects of hydrogen bonding and π−π-interaction, and on the 

other hand, are prevented to assemble in columnar stacks owing to their twisted π-conjugated 

core. This design principle has been realized by introducing perylene bisimides 1a−e that 

contain NH groups in the imide position to facilitate hydrogen bonding with carbonyl groups 

and bear bulky substituents at bay positions to disfavor H-type aggregation. The detailed 

studies reported here show that these appropriately designed PBI dyes self-assemble into 

J-aggregates with very pronounced spectral features typical for the J-type arrangement. The 

most outstanding functional feature of these dye assemblies is their fluorescence quantum 

yield of almost unity that is unprecedented among dye aggregates so far. The aggregation 

behavior of chiral PBI 1e (standing exemplarily for the present PBIs) differs from that of 

previously reported PBIs, since the isodesmic model generally proposed for the aggregation 

of dyes15a,d,23d,51 does not apply for 1e. Rather a cooperative nucleation−growth model 

initiated from the smallest possible nucleus of two building blocks could be confirmed for the 

self-assembly of PBI 1e by concentration-dependent absorption studies. CD studies revealed 

that the molecular chirality of the side chains is transmitted to the self-assembled π-core and 

chiral heteroaggregates are formed from 1e and achiral PBI 1d in a dynamic aggregation 

process. The observed nonlinearity of chiral amplification in heteroaggregates confirms that 

the sergeants-and-soldiers principle applies to these dye aggregates. The supramolecular 

design of formerly unprecedented arrangement of perylene bisimide dyes afforded new 

functional properties that are expressed in J-type excitonic coupling which holds promise for 

application in optoelectronic and photovoltaic devices.  
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4.5 Experimental Section 
Materials and Methods  

Solvent and reagents were purchased from commercial sources, unless otherwise stated, 

and purified and dried according to standard procedures.61 For UV/vis and fluorescence 

measurements spectroscopy grade solvents were used without further purification. Column 

chromatography was performed with silica gel (Merck Silica 60, particle size 0.035−0.070 

mm). 1H NMR spectra were recorded on a 400 MHz spectrometer using tetramethylsilane 

(TMS) or residual solvent peak as internal standard. Mass spectra were performed on 

Finnigan MAT MS 8200, Bruker MALDI-TOF (autoflex II) and Bruker ESI-TOF (microTOF 

focus) spectrometers. UV/vis absorption spectra were taken on a Perkin Elmer Lambda 40P 

spectrophotometer equipped with a Peltier system as temperature controller. Fluorescence 

emission spectra were recorded on a PTI QM4-2003 fluorescence spectrometer and were 

corrected against photomultiplier and lamp intensity. A long wavelength range emission 

corrected Hamamatsu photomultiplier R928 was used. The fluorescence quantum yields were 

determined by optical dilute method62 (OD < 0.05) under magic angle set up (54.7°) using the 

reference dyes as denoted. Circular dichroism spectra were recorded on a Jasco J-810 

spectropolarimeter with a spectral bandwidth of 1 nm, a response time of 4 s, and a scan rate 

of 50 nm min−1 using a conventional quartz cell (light path 10 mm). For 

sergeants-and-soldiers studies the spectra were averaged over five scans. The temperature was 

controlled by a Jasco CDF-426S Peltier element. LD measurements were performed using the 

Linear Dichroism 2 of Dioptica Scientific Ltd. adapted for LD spectroscopy to a Jasco J-810 

spectropolarimeter. Samples were aligned in 10−4 mol L−1 MCH solutions in a cylindrical 

quartz cell rotating around a fixed quartz rod (rotation rate 4000 rpm) obtained from Dioptica 

Scientific Ltd. (Rugby, UK) as described recently.63  

 

Synthesis of Perylene Bisimides 1b−e and Reference Compound 2a  

N,N’-Bis(α-methylbenzyl)-1,6,7,12-tetrachloroperylene-3,4:9,10-tetracarboxylic Acid 

Bisimide (4). 

A suspension of 2.00 g (3.77 mmol) of 1,6,7,12-tetrachloroperylene-3,4:9,10-tetra-

carboxylic acid bisanhydride 364 and 2.30 g (18.9 mmol) of D,L-α-methylbenzylamine in 

propionic acid was refluxed under stirring for 21 h. Upon cooling the reaction mixture to 

room temperature (rt), a precipitate was formed that was separated by filtration, washed 

successively with saturated NaHCO3 solution (3 × 15 mL) and water (3 × 15 mL), and dried 



Chapter 4 In-depth Studies on a Series of Fluorescent Perylene Bisimide J-Aggregates 

126 
 

at 100 °C under vacuum (10−3 mbar). The crude product was purified by column 

chromatography on silica gel using CH2Cl2/n-hexane (80:20) as an eluent. Perylene 

bisimide 4 was obtained as a pale-red solid in 43 % yield (1.20 g, 1.63 mmol). 

Mp: 357−359 °C. 1H NMR (400 MHz, CDCl3): δ 8.64 (s, 4H), 7.51 (m, 4H), 7.34 (m, 4H), 

7.27 (m, 2H), 6.54 (q, 3J = 7.1 Hz, 2H), 2.01 ppm (d, 3J = 7.2 Hz, 6H). HRMS (ESI, 

CHCl3/acetonitrile 1:1, pos. mode): m/z calcd for C40H22Cl4N2NaO4: 757.0231 [M + Na]+; 

found: 757.0226.  

 

N,N’-Bis(α-methylbenzyl)-1,6,7,12-tetrakis(4-methoxyphenoxy)perylene-3,4:9,10- 

tetracarboxylic Acid Bisimide (5). 

A portion of 1.00 g (1.36 mmol) perylene bisimide 4, 0.84 g (6.79 mmol) of 

4-methoxyphenol and 0.47 g (3.40 mmol) of dry K2CO3 were suspended in 20 mL freshly 

distilled NMP and stirred under argon at 120 °C for 69 h. A color change of the reaction 

mixture from light red to very dark red was observed. After being cooled to rt, the reaction 

mixture was slowly added to 70 mL of 1 N HCl solution under stirring. After stirring for an 

additional 1 h at rt, the solid material was separated by filtration, washed successively with 

water (3 × 10 mL) and methanol (3 × 10 mL), and dried in vacuum (silica gel, rt, 13 mbar). 

The crude product was purified by two successive column chromatography (silica gel, 80:20 

mixture of CH2Cl2:n-hexane) and perylene bisimide 5 was obtained as a claret-colored solid 

in 49 % yield (0.73 g, 0.67 mmol). 1H NMR (400 MHz, CDCl3): δ 8.07 (s, 4H), 7.41 (m, 4H), 

7.27 (m, 4H), 7.19 (m, 2H), 6.89 (m, 8H), 6.80 (m, 8H), 6.45 (q, 3J = 7.1 Hz, 2H), 3.79 (s, 

12H), 1.90 ppm (d, 3J = 7.2 Hz, 6H). HRMS (ESI, acetonitrile, pos. mode): m/z calcd for 

C68H50N2NaO12: 1109.3260 [M + Na]+; found: 1109.3256.  

 

1,6,7,12-Tetrakis(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic Acid 

Bisimide (6). 

A portion of 0.33 g (0.30 mmol) of perylene bisimide 5 was dissolved under argon in 

30 mL CH2Cl2, cooled to 0 °C and a solution of BBr3 (5.7 mL, 6.00 mmol, 20 equiv.) in 

16 mL CH2Cl2 was added dropwise within 15 min. A color change of the reaction mixture 

from red to blue was observed. The mixture was stirred for 1 h at 0 °C and additional 3.5 h at 

rt. The solvent as well as excess BBr3 were removed by distillation and the residue was 

treated with 25 mL water/methanol (4:1) mixture at 0 °C. The product was separated by 

filtration after 30 min treatment in the supersonic bath and dried in vacuum (SiO2, 100 °C, 
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10−3 mbar, several days) to give a dark magenta solid. Mp: > 450 °C; 1H NMR (400 MHz, 

DMSO): δ 11.86 (s, 2H), 9.49 (s, 4H), 7.77 (s, 4H), 6.89 (m, 8H), 6.77 ppm (m, 8H). HRMS 

(ESI, THF/MeOH/acetone 11:8:1, neg. mode): m/z calcd for C48H26ClN2O12: 857.1174 

[M + Cl]−; found: 857.1180. 

 

1,6,7,12-Tetrakis(4-[3,5-didodecyloxybenzoyloxy]phenoxy)perylene-3,4:9,10-tetra-

carboxylic Acid Bisimide (1b). 

Freshly distilled DMF (3.0 mL) and CH2Cl2 (9.0 mL) were added to a 100 mL round 

bottom flask at rt under argon which contains 47 mg (0.057 mmol, 1 equiv.) 1,6,7,12-tetrakis 

(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide 6, 310 mg (0.63 mmol, 

11 equiv.) 3,5-didodecyloxybenzoic acid, 135 mg (0.65 mmol) DCC, 40 mg (0.33 mmol) 

DMAP, 90 mg (0.31 mmol) DPTS and 1.0 g molecular sieves (4 Å). The suspension was 

stirred under argon at rt for 24 h and for 46 h at 50 °C. After being cooled to rt, water (20 mL) 

and CH2Cl2 (40 mL) were added to the reaction mixture. Afterwards molecular sieves were 

filtered off and the organic phase was separated and the aqueous phase extracted with CH2Cl2 

(3 × 30 mL). The solvent was removed under reduced pressure and the residue was subjected 

to successive column chromatography (silica gel, CH2Cl2/MeOH 99:1, 98:2, and 100:0 → 

98:2). The product was then precipitated from CH2Cl2 solution by adding MeOH and dried 

under vacuum (silica gel, rt, 10−3 mbar). The target perylene bisimide 1b was obtained as a 

deep-blue solid in 56 % yield (86 mg, 0.032 mmol). Mp: 217 °C. 1H NMR (400 MHz, CDCl3): 

δ 8.39 (s, 2H), 8.26 (s, 4H), 7.29 (d, 4J = 2.3 Hz, 8H), 7.22−7.17 (m, 8H), 7.03−6.97 (m, 8H), 

6.70 (t, 4J = 2.3 Hz, 4H), 3.98 (t, 3J = 6.6 Hz, 16H), 1.83−1.74 (m, 16H), 1.50−1.40 (m, 16H), 

1.40−1.20 (m, 128H), 0.88 ppm (t, 3J = 7.0 Hz, 24H). HRMS (ESI, CHCl3/acetonitrile 1/1, 

pos. mode): m/z calcd for C172H234N2O24Na: 2734.7048 [M+Na]+; found: 2734.7044. UV/vis 

(CH2Cl2): λmax (εmax): 570 (41900), 534 (27100), 444 nm (19000 L mol−1cm−1). Fluorescence 

(CH2Cl2, λex = 535 nm): λmax = 603 nm, ΦFl = 0.92 ± 0.04. Elemental analysis: calcd (%) for 

C172H234N2O24·H2O: C 75.62, H 8.71, N 1.03; found: C 75.62, H 8.72, N 1.16.  

 

1,6,7,12-Tetrakis(4-[3,4-didodecyloxybenzoyloxy]phenoxy)-perylene-3,4:9,10-tetra-

carboxylic Acid Bisimide (1c).  

Freshly distilled DMF (3.0 mL) and CH2Cl2 (9.0 mL) were added to a 100 mL round 

bottom flask at rt under argon which contains 50 mg (0.061 mmol, 1 equiv.) 1,6,7,12-tetrakis 

(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide (6), 0.75 g (1.53 mmol, 
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25 equiv.) 3,4-didodecyloxybenzoic acid, 0.32 g (1.53 mmol, 25 equiv.) DCC, 42 mg 

(0.34 mmol, 5.5 equiv.) DMAP, 91 mg (0.31 mmol, 5.0 equiv.) DPTS and 1.0 g molecular 

sieves (4 Å). The suspension was stirred under argon at rt for 49 h. Water (20 mL) and CH2Cl2 

(40 mL) were added to the reaction mixture. Afterwards molecular sieves were filtered off and 

the organic phase was separated and the aqueous phase extracted with CH2Cl2 (3 × 30 mL). 

The solvent was removed under reduced pressure and the residue was subjected to six 

successive column chromatography (silica gel, CH2Cl2/MeOH 99:1 → 99.8:0.2). The product 

was then precipitated from CH2Cl2 solution by adding MeOH and dried under vacuum (silica 

gel, 60 °C, 10−3 mbar). The target perylene bisimide 1c was obtained as a deep-blue solid in 

19 % yield (30.1 mg, 0.011 mmol). Mp: 281−283 °C. 1H NMR (400 MHz, CDCl3): δ 8.44 (s, 

2H), 8.26 (s, 4H), 7.80 (dd, 3J = 8.3 Hz, 4J = 2.0  Hz, 4H), 7.65 (d, 4J = 2.0  Hz, 4H), 

7.22−7.17 (m, 8H), 7.03−6.98 (m, 8H), 6.92 (d, 3J = 8.7 Hz, 4H), 4.11−4.03 (m, 16H), 

1.91−1.80 (m, 16H), 1.57−1.44 (m, 16H), 1.43−1.20 (m, 128H), 0.91−0.84 ppm (m, 24H). 

HRMS (ESI, CHCl3/acetonitrile 1/1, pos. mode): m/z calcd for C172H234N2O24Na: 2734.7048 

[M+Na]+; found: 2734.7044. UV/vis (CH2Cl2): λmax (εmax): 571 (40600), 531 (26300), 444 nm 

(18800 L mol−1cm−1). Fluorescence (CH2Cl2, λex = 535 nm): λmax = 602 nm, ΦFl = 

0.94 ± 0.02.  

 

1,6,7,12-Tetrakis(4-[3,4,5-trioctyloxybenzoyloxy]phenoxy)perylene-3,4:9,10-tetra-

carboxylic Acid Bisimide (1d).  

Freshly distilled DMF (2 mL) and CH2Cl2 (7 mL) were added to a 25 mL round bottom 

flask under argon which contains 40 mg (0.049 mmol, 1 equiv.) 1,6,7,12-tetrakis 

(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide 6, 664 mg (1.31 mmol, 

30 equiv.) 3,4,5-(trioctyloxy)benzoic acid, 240 mg (1.16 mmol) DCC, 34 mg (0.28 mmol) 

DMAP, 79 mg (0.27 mmol) DPTS and 0.8 g molecular sieves (4 Å). The suspension was 

stirred under argon at rt for 70 min. The mole sieve was filtered off, 50 mL of 1 mol L−1 HCl 

was added and extracted with 50 mL of CH2Cl2. The organic phase was washed with water 

(3 × 40 mL) and the solvent removed under reduced pressure. The residue was dissolved in 

20 mL CH2Cl2, precipitated with a large amount of MeOH (80 mL) and dried under vacuum 

(silica gel, rt, 30 mbar, 1 d). The crude product was subjected to column chromatography 

(silica gel with 7 wt.-% NH3(aq), CH2Cl2/MeOH 99:1). The product was then precipitated from 

CH2Cl2 solution by adding MeOH and dried under vacuum (silica gel, 60 °C, 10−3 mbar, 1 d). 

The perylene bisimide 1d was obtained in 55 % yield (74 mg, 0.027 mmol). Mp: 280 °C. 1H 
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NMR (400 MHz, CDCl3, TMS, 300 K): δ 8.40 (s, 2H), 8.24 (s, 4H), 7.40 (s, 8H), 7.22−7.17 

(m, 8H), 7.04−6.99 (m, 8H), 4.09−4.00 (m, 24H), 1.87−1.72 (m, 24H), 1.55−1.42 (m, 24H), 

1.42−1.20 (m, 96H), 0.95−0.80 ppm (m, 36H). HRMS (ESI, acetonitrile/chloroform 1:1, pos. 

mode): m/z calcd for C172H234N2NaO28: 2798.6843 [M+Na]+; found: 2798.6840. UV/vis 

(CH2Cl2): λmax (εmax): 570 (41600), 532 (26600), 444 nm (18900 L mol−1cm−1). Fluorescence 

(CH2Cl2): λmax = 598 nm, ΦFl = 0.94±0.03. Elemental analysis: calcd (%) for 

C172H234N2O28·H2O: C 73.89, H 8.51, N 1.00; found: C 74.15, H 8.32, N 1.16.  

 

1,6,7,12-Tetrakis(4-[3,4,5-tris-(S)-3,7-dimethyloctyloxybenzoyloxy]phenoxy)perylene-

3,4:9,10-tetracarboxylic acid bisimide (1e).  

Freshly distilled DMF (1 mL) and CH2Cl2 (3 mL) were added to a 10 mL round bottom 

flask at 0 °C under argon which contains 30 mg (0.036 mmol, 1 equiv.) 1,6,7,12-tetrakis 

(4-hydroxyphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide (6), 226 mg (0.36 mmol, 

10 equiv.) 3,4,5-(tri-(S)-3,7-dimethyloctane)benzoic acid, 95 mg (0.46 mmol) DCC, 30 mg 

(0.25 mmol) DMAP, 55 mg (0.19 mmol) DPTS and 0.1 g molecular sieves (4 Å). The 

suspension was stirred under argon at rt for 5 d. After quenching with water (20 mL) the 

reaction mixture was extracted with CH2Cl2 (3 x 30 mL). The solvent was removed under 

reduced pressure and the residue was subjected to several successive column chromatography 

(silica gel, CH2Cl2/MeOH 100:0 → 99:1; CHCl3; and silica gel with 7 wt.-% NH3(aq), CH2Cl2). 

The product was then precipitated from CH2Cl2 solution by adding MeOH and dried under 

vacuum (silica gel, 60 °C, 10−3 mbar). The perylene bisimide 1e was obtained as a deep-blue 

solid in 17 % yield (19 mg, 0.006 mmol). Mp: 246−247 °C. 1H NMR (400 MHz, CDCl3): 

δ 8.40 (s, 2H), 8.23 (s, 4H), 7.41 (s, 8H), 7.24−7.19 (m, 8H), 7.05−6.99 (m, 8H), 4.15−4.03 

(m, 24H), 1.94−1.47 (m, 48H), 1.40−1.10 (m, 72H), 0.98−0.81 ppm (m, 108H). HRMS (ESI, 

acetonitrile/chloroform 1:1, pos. mode): m/z calcd for C196H283N2O28: 3113.0779 [M+H]+; 

found: 3113.0777. UV/vis (CH2Cl2): λmax (εmax): 570 (40200), 531 (25800), 443 nm 

(18300 L mol−1cm−1). Fluorescence (CH2Cl2): λmax = 600 nm, ΦFl = 0.95±0.03.  

 

Time-resolved Fluorescence Lifetime 

Fluorescence lifetimes were measured with a PTI LaserStrobe fluorescence spectrometer 

system containing a PTI GL-3300 nitrogen laser (337.1 nm, pulse width 600 ps, pulse energy 

1.45 mJ) coupled with a dye laser PTI GL302 (pulse width 500 ps, pulse energy 220 μJ at 550 

nm) as an excitation source and stroboscopic detection. Laser output was tuned within the 
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emission curves of the laser dyes supplied by the manufacturer (PLD 421, 500, 579, 665, 735). 

Details of the Laser Strobe systems are described on the manufacturer’s web site and in the 

literature.65
 The instrument response function was collected by scattering the exciting light of 

a dilute, aqueous suspension of colloidal 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, DW factor and Z value and by inspection of 

residuals and autocorrelation function. The experiments were performed at room temperature 

and all samples were degassed by nitrogen gas flow for 5 min prior to measurement. 

The decay curves were fitted with mono-exponential decay function at λdet = 577−587 nm 

(monomer emission band), at the respective maximum of monomer emission band and with 

two-exponential decay function at λdet = 659−695 nm (aggregate and residual monomer band), 

at the respective maximum of aggregate emission band.  

 

Microscopic Studies 

Atomic Force Microscopy (AFM). 

AFM measurements were carried out under ambient conditions by using a Veeco 

MultiModeTM Nanoscope IV system operating in tapping mode in air. Silicon cantilevers 

(Olympus, OMCL-AC160TS) with a resonance frequency of ~ 300 kHz were used. The 

512 × 512 pixel images were collected at a rate of 2 scan lines per second. Solutions of 

perylene dyes 1a−e in MCH were spin-coated onto highly oriented pyrolytic graphite (HOPG, 

NanoTechnology Instruments, Netherlands) (6 × 10−5 mol L−1, 4000 rpm) or silicon wafer 

(NanoWorld AG, Switzerland) (9 × 10−6 mol L−1, 2000 rpm).  
 

Scanning Tunneling Microscopy (STM). 

STM measurements were performed with a commercial Veeco MultiModeTM 

Nanoscope IV scanning probe microscope using mechanically cut Pt/Ir (90:10) tips 

(MakTecK GmbH, Germany). For STM measurements, MCH solution of perylene 

bisimide 1a (60 µM) was spin-coated (4000 rpm) onto freshly cleaved highly oriented 

pyrolytic graphite (HOPG). A droplet of 1-phenyloctane was deposited on the thin film of the 

substrate. The tunneling tip was then immersed directly into the droplet and the sample 

surface was imaged wet at room temperature. 1-Phenyloctane is well suited as a solvent for 

STM imaging because it has a relatively weak interaction with the graphite substrate, thus, 

does not compete with the adsorbing species. All images presented in this work were 

collected in constant current mode.  
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CChhaapptteerr  55  

 
 

Temperature-Dependent Exciton Dynamics in 

J-Aggregates – When Disorder Plays a Role†,‡  

 
 
 
 

____________________________________________________________________ 
Abstract: Absorption and fluorescence spectral properties of J-aggregates of core-tetrasubstituted perylene 

bisimide (PBI) dyes have been investigated in the temperature range from 300 K to 5 K. A special feature of the 

present PBI J-aggregates is that, in contrast to classical J-aggregates like that of pseudoisocyanine (PIC), the 

chromophores are held together not only by van-der-Waals interactions, but also by hydrogen bonds. The 

temperature dependence of the spectral band widths and the Stokes shift for PBI 1 aggregates are compared with 

that for THIATS J-aggregates, which have been studied in detail previously (J. Phys. Chem. B 2001, 105, 

4636–4646). The assemblies of PBI 1 possess very broad absorption bands compared to those of THIATS, even 

at low temperature (5 times broader). We interpret this observation as an indication for a very large level of 

disorder in the case of PBI 1 assemblies. Possible sources of disorder in aggregates of PBI 1 are discussed. 

Despite large quantitative differences, both aggregates show qualitatively the same temperature dependence of 

the Stokes shift calculated in units of fluorescence band width. The observed temperature dependences are 

discussed in terms of exciton thermal population of different states of disordered aggregates. Unexpectedly low 

thermal activation energy of exciton migration is observed for PBI 1 aggregates.  
 

 

† Reproduced with permission from Kaiser, T. E.; Scheblykin, I. G.; Thomsson, D.; Würthner, F. J. Phys. Chem. 

B 2009, 113, 15836–15842. Copyright (2009) American Chemical Society.  

‡ The results presented in this chapter have been obtained at the Department of Chemical Physics of Lund 

University, Sweden, under the supervision of Dr. Ivan Scheblykin.  
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5.1 Introduction 
J-aggregates were discovered for the first time by Jelley1 and Scheibe2 (accordingly 

named as Scheibe- or J(elley)-aggregates) in the mid-thirties of the last century. Theoretical 

studies have been carried out to understand J-aggregation phenomenon and, remarkably, only 

two years later Franck and Teller interpreted the appearance of J-band of pseudoisocyanine 

(PIC, for molecular structure, see Chapter 2, Figure 1) as a result of Frenkel-type excitons.3 

Since that time J-aggregates have attracted much interest due to their outstanding optical 

properties and unprecedented aggregation behavior.4 In J-aggregates the transition dipole 

moments of chromophores are coherently coupled. The coupling (dipole-dipole at first 

approximation) results in delocalization of electronically excited states over many 

chromophores. Such collective nature of the excited states can lead to substantial changes in 

absorption and fluorescence spectra as compared to non-aggregated chromophores. Typical 

J-aggregates possess a very narrow and intensive absorption band (J-band) that is red-shifted 

with respect to the monomer band. Soon after the discovery of J-aggregates of PIC, other 

cyanine dyes forming J-aggregates were found and their properties were mainly compared to 

PIC. 5  In the meanwhile, other chromophores were found to form J-aggregates upon 

self-assembly, e.g., porphyrin derivatives that form J-aggregates in nature,6 squaraines,7 and 

very recently perylene bisimide (PBI) dyes.8,9  

Depending on the organization pattern of monomers in a unit cell of an aggregate one can 

get a bathochromic shift (J-band) or a hypsochromic shift (H-band) of the exciton transition 

compared to the monomer band.10 If the unit cell consists of two or more monomers so-called 

Davydov splitting11 occurs and both H- and J-bands are observed in absorption spectrum.12 

J-aggregates show often a very small Stokes shift and high fluorescence quantum yield. With 

unusually narrow absorption bands for an organic system, the optical transition to the lowest 

exciton band (J-band) is a characteristic feature of J-aggregates. Several theoretical 

approaches have been applied to explain this phenomenon. Knapp explained it based on the 

idea of “motional narrowing” that implies an averaging over local inhomogeneities of several 

chromophores, which carry an exciton wave function.13 The exciton wave function is not 

delocalized over the whole physical length of an aggregate. Due to a static disorder (e.g., local 

fluctuations of monomer transition energies) and dynamic disorder (exciton-phonon 

interaction, exciton scattering, etc.) the exciton delocalization length (or coherent length Nc) is 

in the order of 3-50 monomers depending on the nature of the system and temperature.14  

Many optical properties of J-aggregates were found to be strongly temperature dependent. 

Upon cooling fluorescence and absorption bands become narrower,15  exciton lifetimes 
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decrease,14,16,17 and fluorescence quantum yields increase strongly for temperatures below 

100 K.14,18 The first systematic investigation on the temperature dependence of the Stokes 

shift was performed with J-aggregates of THIATS (3,3’-bis-[3-sulfopropyl]-5,5’-dichloro- 

9-ethylthiacarbocyanine; for molecular structure, see Chapter 2, Chart 5) along with studies 

on temperature dependence of other excitonic and optical characteristics.19 It was found that 

there are three temperature ranges where spectral properties of THIATS J-aggregates reveal 

different temperature dependences. Non-monotonous temperature dependence of the Stokes 

shift was successfully modeled theoretically later on.20  

Exciton dynamics in J-aggregates have attracted considerable attention of theoreticians. 

Since static disorder plays an important role in J-aggregates that leads to excitonic 

localization, it has to be treated simultaneously with scattering on vibrational modes in the 

respective models.21 Simulations considering these aspects have been performed on modeling 

the temperature dependence of fluorescence20a,22 as well as transport properties.23  

In this paper, we report on the temperature dependences of absorption and fluorescence 

spectra of newly developed J-aggregates of PBI 1 (for chemical structure and spectral 

properties, see Figure 1A,C). PBI 1 molecules were reported to form “double-string 

cable-like” structures (for the proposed model, see Figure 1B) due to a unique packing of 

newpage-newpage 

 
Figure 1. (A) Chemical structure of PBI 1 with indicated hydrogen-bonding sites (green arrows) and graphical 

illustration of the monomer and (B) self-assembled double string structure in helical fashion. Red (and orange) 

twisted blocks represent the perylene bisimide core, grey cones with blue apex represent the bay substituents and 

green lines symbolize the hydrogen bonds (substituents are omitted in the magnification in (B) and only 

left-handed helical structure is shown for simplicity). (C) Absorption (black lines) and fluorescence (red lines) 

spectra of PBI 1 monomers in CH2Cl2 (10-5 mol L-1, dashed lines) and aggregates in methylcyclohexane 

(10-5 mol L-1, solid lines) at room temperature. The excitation wavelengths λex are 530 nm and 600 nm for the 

monomer and the aggregate in solution, respectively. 
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chromophores.8 A special feature of these J-aggregates is that the chromophores are held 

together by hydrogen bonds and van-der-Waals interactions (π−π stacking) that makes them 

different from classical J-aggregates like, e.g., PIC, which are formed in aqueous solution 

only by van-der-Waals interactions.  

Temperature dependences of absorption and fluorescence band widths and Stokes shift for 

PBI 1 aggregates are compared with those of THIATS J-aggregates, which have been studied 

in detail previously.12,14,19 Surprisingly, in spite of very large quantitative differences between 

these two systems (e.g., aggregates of PBI 1 possess much broader spectral lines than those of 

THIATS), temperature dependences of their spectral properties are qualitatively very similar. 

Experimental evidence for several temperature regions in temperature dependence of 

fluorescence Stokes shift calculated in units of fluorescence width is provided. This allows to 

propose that the observed phenomenon is not specific for a particular system, but rather 

general for low-dimensional excitonic systems with energetic disorder.  

 

5.2 Experimental Section  
PBI 1 has been synthesized according to our previously reported procedure,8 and was 

dissolved in methylcyclohexane (MCH) or cyclohexane (CH) to form J-aggregates by 

hydrogen bond-directed self-assembly. The optical properties of 1.74 × 10-4 mol L-1 and 

5.22 × 10-5 mol L-1 solutions were studied using cuvettes of pathlength of 0.2 mm and 1.0 mm, 

respectively. For measurements of aggregates adsorbed on a glass surface, the aggregates 

were drop-cast from CH solution at room temperature (hereafter denoted as drop-cast sample). 

The experiments were performed in a liquid helium cryostat (continuous flow, Janis 

STVP-400) at temperatures from 300 K down to 5 K. The temperature was controlled within 

±2 K with a temperature controller (LakeShore model 331).  

The melting point of pure MCH is known to be 147 K. It was observed during these 

measurements that the solution of PBI 1 in MCH freezes at significantly lower temperature of 

around 125 K.  

The absorption and fluorescence spectra were recorded with Ocean Optics spectrometers 

(HR 2000). Absorption spectra were measured with a UV-VIS-NIR light source (Mikropack 

DH-2000). A He-Ne CW laser was used for fluorescence excitation at 543 nm. A calibrated 

light source (Ocean Optics CAL-2000) was used to calibrate fluorescence spectra. To avoid 

sample and instrumental dependent artefacts, the absorption and fluorescence spectra were 

measured for the same sample on the same setup almost simultaneously.  

Parameters of absorption and fluorescence spectra were obtained with an accuracy for the 
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energy of the absorption maximum (ν̃ max,abs) of ±20 cm-1, for the energy of the fluorescence 

maximum (ν̃ max,fl) of ±8 cm-1, for the absorption full width at half maximum (fwhmabs) of 

±80 cm-1, for the fluorescence full width at half maximum (fwhmfl) of ±30 cm-1, and for the 

Stokes shift (SS) of ±40 cm-1. Because the shapes of absorption and fluorescence bands were 

not symmetrical and sometimes effected by instrumental artefacts, we postulate that 

fwhm = 2 × hwhm, where hwhm (half width at half maximum) was measured for the “red” 

side of the absorption band and “blue” side of the fluorescence band.  

 

5.3 Results and Discussion 
5.3.1 Temperature Dependence of the Spectral Position  

A bathochromic shift of λmax (shift towards lower energy) for both absorption and 

fluorescence was observed upon decreasing temperature (Figure 2A). This shift is substantial 

for aggregates of PBI 1 in aliphatic solvents, i.e. in CH (not shown here) and MCH, but less 

pronounced in the drop-cast sample. Bathochromic shifts upon cooling are commonly 

observed for covalently bound polymers (e.g., conjugated polymers).24 It is usually explained 

in terms of increasing conjugation length and refractive index (due to a higher density of the 
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Figure 2. Temperature dependences of spectral parameters of PBI 1 aggregates in MCH solution  (open squares 

and circles, c = 5.2 × 10-5 mol L-1) and adsorbed on glass (filled squares and circles, drop-cast from 

1.7 × 10-4 mol L-1 CH solution). (A): Fluorescence maxima λmax (circles) and absorption maxima λmax (squares), 

(B): fluorescence fwhm, (C): absorption fwhm, and (D): Stokes shift. Note that the lines connecting the data 

points serve as guide to the eyes, and are no fitting curves. The grey straight lines in (B) and (C) illustrate the 

thermal energy (kT) changes with temperature. 
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solvent) upon cooling. The same effect is expected for J-aggregates and indeed observed for 

PBI 1 aggregates (Figure 2A). Nevertheless, for most of the non-covalently bound 

J-aggregates (classical J-aggregates) investigated so far a hypsochromic shift of λmax was 

observed.15 Because all of these classical J-aggregates are formed in protic solvents like water, 

where solvophobic effects play a major role, it is likely that specific solvation effects are the 

reason for their unexpected behavior. In contrast, the present PBI 1 aggregates are created in 

nonpolar organic solvents where specific solvation effects are absent.  

 

5.3.2 Temperature Dependence of the Absorption and Fluorescence Spectral Widths  

Absorption and fluorescence band widths of J-aggregates usually decrease upon cooling.25  

This is also the case for PBI 1 aggregate fluorescence (Figure 2B), as its fluorescence fwhm 

(fwhmfl) in MCH decreases monotonically upon cooling, except for the temperature region 

around 125 K corresponding to solution freezing point. However, cooling from room 

temperature to 5 K leads to a decrease of the fluorescence band width by a factor of 1.5 only. 

For other J-aggregates, a much larger effect on the band width (a factor of 3–4) was 

observed.25 Also the value of fwhmabs for PBI 1 J-aggregates is very large, even at low 

temperatures (Figure 2C). It remains as large as 460 cm-1 at 5 K in MCH. This again shows 

that the present system is quite different from other known J-aggregates, which exhibit up to 

15 times smaller fwhmabs values (typically between 160 cm-1 and 30 cm-1) than that of the 

present assemblies.25 This clearly indicates that the static disorder is much larger in this PBI 

system compared to other previously reported extended dye aggregates. Indeed, several 

structural features of PBI 1 may contribute to these quite broad absorption and emission bands. 

On the molecular level the coexistence of different conformational states with differing 

spectral properties has been recognized for these chromophores and related to different 

orientations of the four phenoxy substituents at the perylene bay area (Figure 3A,B).26 

Although the extreme conformation shown in Figure 3B is not compatible with the double 

string aggregate model shown in Figure 1B there is still some degree of freedom for the 

phenoxy substituents. Owing to the high sensitivity of the PBI spectral properties to the 

orientation-dependent electron-donating effect of the phenoxy substituents27 we consider this 

structural disorder effect to be the most relevant. However, there are additional ones. Thus, 

the torsional angle between the two naphthalene imide subunits of this molecule is variable 

and values between 25° and 33° have been observed in the solid state by single X-ray 

crystallography.28 Owing to this torsional twist conformers with M- and P-type helicity 

[newpage-newpage] 
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Figure 3. Schematical illustrations for three different sources from which a structural disorder in PBI 1 

aggregates can originate (A-B, D and G). For the description of symbols and colors, see the legend of Figure 1. 

(A,B): Two extreme conformations (intermediate conformations are possible as well) resulting from the flexible 

phenoxy moieties (blue and gray) are shown for the monomer: the stretched (A) and a folded one (B). 

(C,D): Two different possibilities for the hydrogen bonds between imide groups that can lead to disorder within 

the string. Only one string of the aggregated perylene cores is shown, and the cores are not twisted in this 

illustration for clarity. In (C) an ideal ordered case is shown with an all-trans hydrogen-bonding pattern, whereas 

in (D) a disordered string is illustrated, resulting from cis/trans hydrogen-bonding patterns between neighboring 

molecules. (E,F,G): Double strings with left-handed (E) or right-handed (F) helicity are shown for comparison, 

and in (G) a double string with disorder by helicity reversal is illustrated.  

 

(atropisomerism) arise that may either self-assemble into homochiral helical aggregates 

(Figure 3E,F), linear aggregates with equal amounts of M and P species (not shown) and 

mixtures in between (Figure 3G). Finally PBI 1 molecules can self-assemble by hydrogen 

bonding in trans- or cis-type arrangements as depicted in Figure 3C,D. For the smaller 

naphthalene bisimide homologues, disordered monolayers due to irregular cis/trans 
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arrangements have recently been visualized by scanning tunnelling microscopy on highly 

oriented pyrolytic graphite surface.29 All these structural disorder effects on the molecular 

and supramolecular level lead to energetic disorder owing to differences in the monomers’ 

excitation energies and geometry-dependent variations of their excitonic coupling.  

The reasons for the relatively weak temperature dependence of the band widths of PBI 1 

aggregates are the very large absorption and fluorescence spectral widths of PBI 1 assemblies 

at low temperatures, as pointed out above. Since the present system exhibits an absorption 

width as large as 460 cm-1 at 5 K, a large temperature-induced band broadening is hardly to 

expect, which is indeed the case as shown in Figure 2B,C by comparing kT (grey lines) with 

fwhm values. The absorption band width of PBI 1 aggregates decreases slightly upon cooling 

and the relative effect is smaller than that for the fluorescence band width (Figure 2B,C). The 

fwhmabs at low temperature depends on the type of sample and reaches values of 460 cm-1 for 

solutions in MCH (at 5 K), 780 cm-1 for solutions in CH (at 5 K), and 960 cm-1 for aggregates 

adsorbed on a glass surface (at 9 K). Hence, the static disorder for PBI 1 aggregates is 

smallest in MCH and largest on a glass surface.30  

 

5.3.3 Temperature Dependence of the Stokes Shift. 

The Stokes shift increases upon cooling down to a certain temperature (around 60 K) and 

decreases slightly afterwards (Figure 2D). This is observed for the assemblies in MCH 

solution as well as for the drop-cast sample. Similar results were reported for THIATS,19 

where the maximum of the Stokes shift was observed at 20 K. Calculations on a dynamic 

model with the concept of wave function overlap-assisted thermally activated intersegment 

hopping were applied by Knoester and coworkers, showing a non-monotonic temperature 

dependence of the Stokes shift, which excellently fits with the experimental data obtained for 

THIATS.20a In this model, jumps between exciton states localized on different segments of the 

aggregates occur due to their exciton wave function overlap and exciton scattering on lattice 

vibrations.  
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5.3.4 Comparison of PBI 1 and THIATS Aggregates in Regard of the Temperature- 

Dependent Properties  

5.3.4.1  Relative Stokes Shift, Scaling Phenomenon  

Scheblykin et al. have studied in detail the temperature dependence of the fluorescence and 

absorption spectra, and the Stokes shift for J-aggregates of thiacarbocyanine dye THIATS.19 

These authors paid particular attention to the temperature dependence of the Stokes shift 

calculated in units of the fluorescence width (SSrel = SS/fwhmfl). Plotted in semilogarithmic 

scale, SSrel was constant at very low temperatures (T < T1), linearly decreased at intermediate 

temperatures (T1 < T < T2), and became again constant at high temperatures (T > T2).19 In 

Figure 4, SSrel values of PBI 1 aggregates are plotted semilogarithmically vs temperature, 

revealing several ranges with different temperature dependences, as indicated by the solid 

lines. For better comparison of the SSrel values of PBI 1 aggregates with those of THIATS, the 

respective plots are both presented in Figure 5. The function shown by the thick gray line in 

Figure 5 is the dependence of SSrel for THIATS (black like) “multiplied” by a factor of 2.8. 

The exact equations are depicted in the figure. Basically all the energy related parameters, the 

activation energy Ea and the temperatures T1 and T2, were scaled up by the factor of 2.8. 

Because of the nature of the exponential function, such scaling automatically gives the same 

scaling factor for constant SSrel at T < T1 and SSrel at T > T2. As one can see in Figure 5, it fits 

the data for PBI 1 quite nicely. This implies that the value SS/fwhmfl (SSrel) is a very 

interesting parameter to characterize thermally induced line broadening in such 

low-dimensional molecular systems, and thus a highly remarkable finding. The existence of 

three clearly distinguishable temperature regions has been discussed in details in reference 19. 

Accordingly, at very low temperatures (T < T1 with T1 = 20 K and 60 K for THIATS and 

PBI 1, respectively) SS and SS/fwhmfl remain constant and fast exciton trapping occurs, 

which prevents excitons to reach lower energy states. At higher temperatures (T1 < T < T2) 

increasingly more states of DOS (density of states) become available for excitations by 

thermally induced exciton migration. This corresponds to exponential behavior of the SSrel 

with activation energy Ea (45 cm-1 for THIATS and 130 cm-1 for PBI 1). At even higher 

temperatures, when T > T2 (T2 = 90 K for THIATS and 270 K for PBI 1), the relative Stokes 

shift does not change because, in principle, all possible DOS become available and thus the 

equilibrium is reached. Moreover, other mechanisms such as exciton-phonon interaction and 

scattering begin to play an important role, which results, e.g., in broadening of the absorption 

spectrum.  
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Figure 4. Temperature dependence of the Stokes shift relative to the fwhm of the fluorescence spectrum in the 

semilogarithmic scale: PBI 1 solution in MCH (5.2 × 10-5 mol L-1, open squares) and on glass substrate 

(drop-cast from 1.7 × 10-4 mol L-1 CH solution, filled squares). Note that the solid lines serve as guide to the 

eyes.  

 

The fact that two systems with very distinct disorder levels demonstrate such a nice scaling 

behavior, should be an interesting aspect for theoreticians to explore. It is assumed that the 

factor 2.8 is somehow related to the level of disorder. However, the difference in activation 

energies is about a factor of 2 lower than one would expect. Indeed, the absorption band width 

of PBI 1 assemblies is about 5 times larger than that for THIATS aggregates (460 cm-1 vs 

85 cm-1). Spectra of both aggregates are plotted in Figure 6 for comparison (the energy is 

measured relative to the crossing point of absorption and fluorescence spectra), and one 

would expect a difference of about 5 times in activation energies as well. This discrepancy 

implies certain important conditions on exciton level structure and transfer rates between 

different states, which will be discussed in section 3.4.3.  
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Figure 5. Comparison of the relative Stokes shift of PBI 1 aggregates with that of THIATS. The black lines, 

which fit the experimental data of THIATS, are scaled up by a factor of 2.8 to give the thick grey lines, which fit 

very well with the experimental data of PBI 1. The exact equations are shown in the figure. T1 and T2 are 

characteristic temperatures and Ea denotes the activation energy, which has for the example of THIATS a value 

of Ea
THIATS = 45 cm-1. The activation energy for PBI 1 (Ea

PBI 1) is 2.8 × Ea
THIATS = 130 cm-1.  
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Figure 6. Fluorescence and absorption spectra of PBI 1 and THIATS J-aggregates at 5 K and 10 K, respectively. 

The energy is measured relative to the crossing point of absorption and fluorescence spectra.  
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5.3.4.2 Density of States (DOS) and Temperature Dependences  

The localization of the excitons, resulting from disorder, leads to the appearance of states 

below the bottom of the bare exciton band.22,23b Since these states at the bottom carry most of 

the oscillator strength of the aggregate and form the tail of the DOS, exciton absorption band 

in J-aggregates is spectrally located at the tail of the DOS, and the absorption band width is in 

the order of the DOS tail width.31 The simplest approach to temperature dependence of the 

Stokes shift is a model, which is sometimes called a model of “totally available DOS” (see 

reference 19 and work cited therein). This model is based on the idea that the only reason for 

SS is relaxation within DOS until thermal equilibrium. In the case of a gaussian shape of 

absorption spectrum one can get equation 1  
 

SS = σ2/(kT·8 ln2)  (1) 
 

where σ = fwhm of the gaussian, which equals to the absorption spectrum fwhm at zero 

temperature σabs. The absorption spectrum is temperature independent in this model. 

By this model SS for THIATS aggregates could be explained for the temperature range 

from 50 to 100 K (intermediate temperature region, T1 < T < T2). This is also possible for 

aggregates of PBI 1. SS can be adequately predicted by this model at the same temperature 

region T1 < T < T2 if one takes 500 cm-1 for σ, which is approximately the value observed 

experimentally. The low temperature region obviously cannot be explained by this model, 

indicating that DOS are not fully accessible for the excitons.19 In fact, fwhms of absorption 

and fluorescence are identical in this model. Therefore, one can obtain the following equation 

for the relative Stokes shift SSrel: 
 

SSrel = SS/fwhmfl = SS/σ = σ/(kT·8 ln2)  (2) 
 

The outcome of the application of this model to experimental results for PBI 1 aggregates 

is shown in Figure 7A and compared with the results for THIATS in Figure 7B. Again, this 

model accounts for the general trend of the SSrel in the intermediate temperature regime. Note 

that we did not apply any fitting parameter to obtain this result.  
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Figure 7. (A) Model of totally available DOS applied to PBI 1 J-aggregates. The black squares show the 

experimental data and the curve is calculated according to equation 1 for σ = 500 cm-1. (B) The totally available 

DOS model is applied to THIATS and PBI 1 J-aggregates for comparison. Open squares show the experimental 

data for PBI 1 and open circles those for THIATS. The curves are calculated according to equation 2 for 

σ = 500 cm-1and 80 cm-1 for PBI 1 and THIATS, respectively.  

 
This simple approach shows that at temperatures higher than 100 K (≙ kT = 70 cm-1 = 

σabs/6.6, with σabs = 460 cm-1) for PBI 1 and 50 K (≙ kT = 35 cm-1 = σabs/2.4, with 

σabs = 85 cm-1) for THIATS the excitons can reach an equilibrium by sampling the whole 

density of states. Note that, especially for PBI 1 aggregates, the thermal energy kT required 

for the whole DOS to become available for excitons is substantially lower (7 times) than the 

absorption band width. To allow that, the absorption bands must have hidden energy level 

structures with quite small energy differences between neighboring exciton states, which will 

be discussed in the next section.  

 
5.3.4.3 Disorder and Energy Level Structure  

Malyshev et al. have discussed the problems related to the temperature-dependent energy 

migration between different segments of a disordered aggregate at low temperatures.23a 

According to the theory, absorption band width σabs is related to the energetic disorder Δ in 

the following way (here, the original notations from reference 23a are kept):  
 

33.1

11 67.0 ⎟
⎠
⎞

⎜
⎝
⎛ Δ

=≈
J

Jabs σσ  (3)  

 

where σ11 denotes the standard deviation of all ground states and J is the exciton coupling 

strength, which is approximately the half of the spectral shift of the absorption maximum 
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upon aggregation (J = 750 cm-1 and 1200 cm-1 for THIATS and PBI 1 at 300 K, 

respectively).8,19 The term Δ/J is referred to the degree of disorder. To enable energy transfer, 

an exciton needs to overcome a barrier (Ea) equal to the distance between the lowest levels of 

two neighboring segments ε12 as shown in equation 4.23a  
 

36.1

12 4.0 ⎟
⎠
⎞

⎜
⎝
⎛ Δ

=≈
J

JEa ε
 (4) 

 

Since the absorption band width is known (85 cm-1 for THIATS and 460 cm-1 for PBI 1 

aggregates), we can calculate the degree of disorder from equation 3 for both types of 

aggregates, and Δ/J values of 0.26 and 0.66 are obtained for THIATS and PBI 1 aggregates, 

respectively.32 Having the values of Δ/J, the activation energies for energy migration can be 

calculated from equation 4 as 50 cm-1 (equivalent to 70 K) for THIATS and 270 cm-1 

(equivalent to 390 K) for PBI 1. This activation energy for THIATS is in proper agreement 

with that obtained from fitting of the relative Stokes shift (see Figure 5). The applicability of 

this model to THIATS aggregates is also supported by successful modeling of the 

non-monotonous temperature dependence of the Stokes shift by Knoester and coworkers.20a 

However, the estimated activation temperature for PBI 1 aggregates (390 K) is apparently too 

high. Already at approximately 100 K excitons seem to be able to sample the whole DOS (as 

can be seen in Figure 7).  

Thus the question arises, why temperature dependence is observed at all for PBI 1 

aggregates at temperatures below 300 K. The conclusion is that another mechanism than just 

thermally assisted hopping between neighboring coherent segments has to be considered. 

Probably, failure of this simple model is related to the very high disorder level (Δ/J = 0.66) in 

PBI 1 aggregates. Furthermore, the band structure (close to the bottom of the band) is much 

more complicated than assumed in this model, if one takes vibrations into account. There are 

more levels with different energies, which allow excitons to migrate easier. In addition, for 

shorter coherent length, coupling to vibrations becomes more important, which is the case for 

PBI 1 aggregates compared to that of THATS.  

As for the scaling phenomenon discussed in Section 3.4.1, there is no reasonable 

explanation yet for the origin of the scaling factor 2.8 between THIATS and PBI 1 aggregates. 

An interesting observation is, however, that the degree of disorder (Δ/J) is 2.5 times higher for 

PBI 1 than that of THIATS aggregates. Possibly, this is just a coincidence, but these two 

factors are in close proximity.  
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5.4 Conclusions  
A new PBI-based J-aggregate has been spectroscopically investigated in the temperature 

range from 300 K down to 5 K and compared to available data for THIATS J-aggregates. 

Despite the fact that the J-band of aggregates of PBI 1 is 5-10 times broader than that of 

THIATS, a qualitative correspondence was found for the temperature dependence of J-bands 

of these two systems. The temperature dependence of the relative Stokes shift (SSrel, Stokes 

shift divided by fluorescence band width) for PBI 1 aggregates can be well matched with that 

for THIATS aggregates just by multiplication of all energy related parameters of the function 

describing the relative Stokes shift vs temperature for THIATS by a factor of 2.8. Thus, the 

relative Stokes shift SSrel is a valuable and generally applicable parameter to reveal 

temperature effect on exciton dynamics in J-aggregates. The temperature dependence is 

related to the ability of excitons to sample different states of the disordered aggregate. The 

estimated scaling factor (2.8, for PBI 1 aggregates compared with that of THIATS) reflects 

different levels of the disorder in these systems. The activation energies Ea were calculated for 

both systems and compared with the experimental values, revealing a perfect fit for the case 

of THIATS. For PBI 1, the presence of the temperature dependence of the Stokes shift at 

temperatures as low as 100 K cannot be explained by exciton theory for low-dimensional 

J-aggregates with static disorder. This implies that some new mechanisms should be taken 

into account that enable intersegment hopping of excitons with very low thermal energy. This 

challenge of in-depth theory-based investigations is left to theoreticians.  
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Summary 
 
 
The molecular arrangement of chromophores in self-assembled systems strongly affects 

the functional properties of the latter. A slipped arrangement of the dyes leads to pronounced 

bathochromic shifts of the absorption bands and high exciton mobility. The latter property is 

of pivotal importance for an efficient transport of exciton states, which is necessary in 

light-harvesting systems. In natural light-harvesting pigments, proteins or metal-ion 

coordination direct a shifted arrangement of chlorophyll dyes, which leads to the desired 

J-type aggregation mode. However, protein scaffolds are too complex for the generation of 

artificial J-aggregates and metal ion containing chromophores are rather rare. Thus, such 

biological structures cannot be transferred easily to other classes of dyes. This might be the 

reason, why despite enormous effort made during the past decades, no examples of other dye 

aggregates have been achieved with optical properties comparable to those of cyanine-dye 

aggregates, i.e., strongly bathochromically shifted absorption and fluorescence bands with 

much narrower bandwidths than those of the respective monomers, combined with a high 

fluorescence quantum efficiency. However, investigations on core-substituted perylene 

bisimide (PBI) dyes forming assemblies with weakly pronounced J-type character, led to the 

hypothesis that this class of dyes is promising to form J-aggregates.  

The objective of this thesis was the construction of hydrogen-bond directed supramolecular 

self-assembly of PBI dyes with improved characteristic J-type properties which can compete 

with those of cyanine dye J-aggregates. Towards that goal, appropriate molecules were 

designed and synthesized, and their self-assembly properties were studied by FT-IR, NMR, 

UV/vis, fluorescence, LD and CD spectroscopy, as well as scanning probe microscopy. The 
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content of this thesis is summarized below:  

In the introductory Chapter 2 J-aggregates in solution are reviewed. The literature survey 

on the historically first J-aggregate of pseudoisocyanine (PIC) reveals that, despite strong 

efforts made for decades, the exact structure still remains an open question and will continue 

to be an exciting and interesting research issue. Various classes of dyes forming J-aggregates 

were outlined by selected examples, from which the cyanines have been the most present in 

applications. Chlorine J-aggregates are often used as artificial model systems to gain deeper 

understanding of biological light-harvesting systems. However, the most promising 

candidates for artificial light-harvesting systems in future are cyanines of a special type: the 

amphi-PIPEs.  

Chapter 3 deals with the synthesis of 1a (Chart 1) and the formation of the first highly 

fluorescent PBI assemblies exhibiting the characteristic features of J-aggregates. The 

functionalized PBI 1a containing hydrogen atoms in the imide positions and tetraaryloxy 

substituents in the bay positions forms hydrogen bonds upon self-assembly in nonpolar 

aliphatic solvents like methylcyclohexane (MCH). Twelve alkyl chains, attached to the four 

phenoxy substituents at the bay positions by ester groups, serve as solubilizing wedges and 

their steric demand disfavors H-type π−π stacking. Concentration and temperature-dependent 

FT-IR and 1H NMR spectroscopy confirmed the formation of N−H···O hydrogen bonds 

between the imide hydrogen atoms and the carbonyl oxygen atoms. UV/vis and fluorescence 

spectroscopy revealed the reversible formation of J-aggregates. A strong narrowing of the 

absorption band was observed from a full-width-at-half-maximum (FWHM) value of 

2393 cm-1 down to 885 cm-1 and that of the fluorescence from 1660 cm-1 to 878 cm-1 for the 

monomer and the assembly, respectively, concomitant with an increase of the fluorescence 

quantum yield from 0.93 up to 0.96. The fluorescence lifetime is decreased for the aggregate 

(2.6 ns) with respect to the monomer (6.8 ns). According to exciton theory, this reveals a 

coherent excited domain of about three monomers, by taking the fluorescence quantum yield 

of the aggregate into account. Fluorescence anisotropy investigations strongly indicated the 

formation of extended aggregates and collinearity between the dipole moment of the S0-S1 

transition and the long axis of the aggregate. These assemblies could be visualized by atomic 

force microscopy (AFM) revealing a network of defined fibers with a height of 2.0 ± 0.2 nm 

and a width of 8.4 ± 2.6 nm, for the latter.  

Taking all of these results into consideration, an aggregate model was proposed for these 

fluorescent J-type assemblies, as illustrated in Figure 1. The π-conjugated core together with 
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Chart 1. Structures of PBI dyes 1a−e investigated in this work.  

 
Figure 1. Schematic illustration of self-assembly of the perylene bisimide dyes 1 into J-type aggregates. 
(A) Molecular structures of 1 (substituents R are defined in Chart 1) and (B) graphical representation of the 
monomer. (C) Schematic representation of π-stacked dimeric nucleus and (D) that of an extended 
hydrogen-bonded aggregate of 1: Red (and orange) twisted blocks represent the perylene bisimide core (in the 
adjacent chain), gray cones with a blue apex represent the bay substituents, and green lines represent hydrogen 
bonds. The dyes 1 self-assemble in a helical fashion as shown in the magnification (substituents have been 
omitted and only the left-handed helical structure is shown for simplicity). (E) The magnifier visualizes the 
J-type arrangement of the core perylene bisimide units in a double string cable in the side view.  
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the self-complementary arrays of hydrogen-bond donors/acceptors of PBI 1a (Figure 1A,B) 

favor self-assembly into a densely packed cable-like double string (Figure 1C,D) with 

strongly excitonically coupled chromophores in a slipped arrangement (Figure 1E). The size 

values provided by molecular modeling on the basis of this double string cable are in 

agreement with that obtained by AFM and thus underpin this model.  

In Chapter 4 the solubilizing moieties of PBI 1a have been varied and a series of five 

chromophores with eight and twelve alkyl chains, respectively, and different length was 

obtain, including the chiral PBI 1e (Chart 1). The aggregation strength (“melting” temperature) 

and the fluorescence properties of PBI 1a-e J-aggregates were observed to be dependent on 

the number and type of peripheral side chains, thus revealing a structure−property relationship. 

Concentration-dependent UV/vis absorption investigations on PBI 1e assemblies uncovered 

an aggregation mechanism according to cooperative nucleation-elongation, in contrast to 

previously reported assemblies of PBIs, for which the aggregation process is described by the 

isodesmic (or equal K) model. Equilibrium constants for dimerization (= nucleation, 

Figure 1C) of K2 = 13 ± 11 L mol−1 and for elongation of K = 2.3 ± 0.1 × 106 L mol−1 in 

methylcyclohexane (MCH) could be obtained by unprecedented application of the 

nucleation-elongation model to concentration-dependent absorption studies of synthetic 

assemblies. By CD spectroscopy the nonlinearity of chiral amplification in PBI aggregates 

directed by sergeants-and-soldiers principle was elucidated for the first time. Co-aggregation 

experiments of PBI 1d and 1e revealed that the molecular chirality of the side chains is 

transmitted to the self-assembled π-core and chiral heteroaggregates are formed in a dynamic 

aggregation process. Besides all of these obtained valuable mechanistic insights into the 

aggregation process of these PBIs, the aggregate structure model (Figure 1) could be further 

supported by the results of linear dichroism (LD) spectroscopy on PBI 1a aggregates. The 

latter confirmed the collinearity between the dipole moment of the S0-S1 transition and the 

long axis of the aggregate, as already independently obtained from anisotropy studies 

described in the previous chapter. Also scanning probe microscopy confirmed the proposed 

aggregate structure model: AFM images visualized the formation of long rod-like aggregates 

for all of the PBI dyes 1a-e and scanning tunneling microscopy investigations on assembled 

PBI 1a monolayers revealed the distances between monomers to be similar to those of 

hydrogen bonds.  
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Disorder plays a role in Chapter 5, which deals with temperature-dependent exciton 

dynamics in J-aggregates. Assemblies of PBI 1a were investigated by absorption and 

fluorescence spectroscopy at various temperatures from room temperature down to 5 K in the 

research group of Dr. Ivan Scheblykin (Lund). The Stokes shift as well as the absorption and 

fluorescence fwhm values were compared with those of THIATS (for molecular structure, see 

Figure 2) J-aggregates at the respective temperatures, revealing much broader bands for 

PBI 1a assemblies. These result from higher static disorder in the PBI aggregates which 

originates from the twisted molecular structure. However, despite quantitative differences 

between these two systems, a qualitative correspondence was discovered for the temperature 

dependence of the relative Stokes shift (SSrel, Stokes shift divided by fluorescence band 

width). By multiplication of all energy related parameters of the function describing the 

relative Stokes shift vs temperature for THIATS by a factor of 2.8, the resulting data match 

the experimental ones of PBI 1a aggregates very well (Figure 2). The model of totally 

available DOS (density of states) was applied to both systems. The revealed activation energy 

of 45 cm-1 for THIATS aggregates fits perfect with the experimental value. However, the 

discrepancy between theory and experiment for aggregates of PBI 1a is much too high with a 

value for the calculated activation energy of 130 cm-1. This implies that some further 

mechanisms have to be taken into account, which enable intersegment hopping of excitons 

with very low thermal energy.  
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Figure 2. Comparison of the relative Stokes shift of PBI 1a aggregates with that of THIATS aggregates. The 

black lines, which fit the experimental data of THIATS, are scaled up by a factor of 2.8 to give the thick grey 

lines, which fit very well with the experimental data of PBI 1a. The exact equations are shown in the figure. T1 

and T2 are the characteristic temperatures and Ea denotes the activation energy, which are given for THIATS in 

this figure.  
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In conclusion, the present thesis demonstrates that the highly desired J-type aggregation of 

functional perylene bisimide chromophores can be achieved by proper design of monomeric 

building blocks that direct self-assemble by mutual effects of hydrogen bonding and 

π−π interaction, and on the other hand, are prevented to assemble in columnar stacks owing to 

their twisted π-conjugated core and sterically demanding substituents. Furthermore, the 

self-assembly studies gave new insights into the dynamic aggregation process of 

low-dimensional extended assemblies with strongly excitonically coupled chromophores. The 

relationship between commonly known cyanine dye aggregates like that of THIATS and that 

of the present PBI 1a was investigated by absorption and fluorescence spectroscopy at low 

temperatures down to 5 K. The formerly unprecedented functional properties of PBI 

aggregates that are expressed in J-type excitonic coupling hold promise for application in 

optoelectronic and photovoltaic devices.  
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Zusammenfassung 
 
 
Die Anordnung von Chromophoren in selbstorganisierenden Systemen beeinflusst deren 

funktionale Eigenschaften. Zueinander verschobene Farbstoffe führen zu ausgeprägten 

bathochromen Verschiebungen der Absorptionsbanden und zu hoher Exzitonenmobilität. 

Letztere Eigenschaft ist von entscheidender Bedeutung für einen effizienten Transport von 

exzitonischen Anregungszuständen wie er in Lichtsammelsystemen benötigt wird. In 

natürlichen Lichtsammel-Pigmenten verursachen ein formgebendes Proteingerüst oder 

Metallionen-Koordination eine Verschiebung der Chlorophyllfarbstoffe zueinander, die zur 

gewünschten für J-Aggregate typischen Anordnung führt. Allerdings sind Proteingerüste für 

die Bildung künstlicher J-Aggregate zu aufwändig und Metallionen enthaltende Chromophore 

eher selten, weshalb die in der Natur verwirklichten Strukturen nicht so einfach auf andere 

Farbstoffklassen übertragbar sind. Hierin mag die Begründung liegen, dass während der 

letzten Jahrzehnte trotz intensiver Forschung über Farbstoffaggregate keine neuen Beispiele 

mit optimalen J-Aggregat-Eigenschaften gefunden wurden, die vergleichbar mit denen der 

Cyaninaggregate sind. Als solche Eigenschaften sind stark bathochrom-verschobene 

Absorptions- und Fluoreszenzbanden (im Vergleich zum entsprechenden Monomer) mit 

schmaleren Bandbreiten und einer höheren Fluoreszenzquantenausbeute zu nennen. 

Allerdings zeigten Untersuchungen an kernsubstituierten Perylenbisimid (PBI)-Farbstoffen, 

dass diese Anordnungen mit bereits schwach ausgeprägtem J-Typ-Charakter bilden, was die 

Hoffnung nährte, dass diese Verbindungsklasse vielversprechend für die Erzeugung von 

J-Aggregaten sei.  

Zielsetzung dieser Arbeit war die Bildung supramolekularer Anordnungen aus 
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Perylenbisimid-Farbstoffen, die mittels Wasserstoffbrücken kontrolliert aufgebaut werden. 

Diese Anordnungen sollten verbesserte, für J-Aggregate charakteristische Eigenschaften 

aufzeigen, welche mit denen der Cyaninfarbstoff-Aggregate konkurrieren können. Um dies zu 

erreichen wurden geeignete Moleküle konzipiert und synthetisiert, und deren 

selbstorganisierende Eigenschaften mittels FT-IR-, NMR-, UV/vis-, Fluoreszenz-, LD- und 

CD-Spektroskopie, sowie mit Rastersondenmikroskopie untersucht. Der Inhalt dieser Arbeit 

wird im Folgenden zusammengefasst:  

Im einleitenden Kapitel 2 wird ein Überblick über J-Aggregate in Lösung gegeben. Die 

Literaturübersicht über das historisch erste J-Aggregat des Pseudoisocyanins (PIC) zeigt, dass 

die genaue Struktur trotz jahrzehntelanger Bemühungen noch immer ungeklärt ist und auch 

weiterhin ein spannendes und interessantes Forschungsthema sein wird. Verschiedene 

J-aggregatbildende Farbstoffklassen wurden kurz durch ausgewählte Beispiele vorgestellt, 

von denen die der Cyanine gegenwärtig die größte Anwendung finden. J-Aggregate der 

Chlorine finden vor Allem als künstliche Modellsysteme zur Untersuchung biologischer 

Lichtsammelsysteme Verwendung. Vielversprechende Kandidaten für zukünftige künstliche 

Lichtsammelsysteme sind jedoch momentan Cyanine eines speziellen Typs: die amphi-PIPEs.  

Kapitel 3 befasst sich mit der Synthese des Farbstoffes 1a (Chart 1) und der Bildung des 

ersten hochfluoreszenten PBI-Aggregates mit den charakteristischen Eigenschaften eines 

J-Aggregats. Das funktionalisierte PBI 1a mit Wasserstoffatomen in den Imid-Positionen und 

Tetraaryloxy-Substituenten in den „bay“-Positionen assoziiert in unpolaren aliphatischen 

Lösungsmitteln wie Methylcyclohexan (MCH) über Wasserstoffbrückenbindungen. Die zwölf 

Alkylketten, welche an den vier Phenoxy-Substituenten in „bay“-Position durch Estergruppen 

verknüpft sind, dienen der Löslichkeit und deren sterischer Anspruch beungünstigt eine 

H-Aggregation durch π−π−Stapelung. Konzentrations- und temperaturabhängige FT-IR- und 
1H-NMR-Spektroskopie bestätigten die Bildung der N−H···O Wasserstoffbrücken zwischen 

den Imid-Wasserstoffatomen und den Carbonyl-Sauerstoffatomen. UV/vis- und 

Fluoreszenzspektroskopie zeigten die reversible Bildung der J-Aggregate. Es wurde eine 

starke Abnahme der Halbwertsbreiten der Absorptionsbande von 2393 cm-1 nach 885 cm-1 

und der Fluoreszenzbande von 1660 cm-1 nach 878 cm-1, jeweils für das Monomer und das 

Aggregat, festgestellt, was mit einem gleichzeitigen Anstieg der Fluoreszenzquantenausbeute 

von 0.93 (Monomer) auf 0.96 (Aggregat) verbunden war. Die Fluoreszenzlebensdauer des 

Aggregates (2.6 ns) ist im Vergleich zu der des Monomers (6.8 ns) herabgesetzt. In 

Anlehnung an die Exzitonentheorie und unter Berücksichtigung der 

Fluoreszenzquantenausbeute des Aggregates zeigt dies eine angeregte Kohärenz-Domäne von 
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ungefähr drei Monomeren. Die Ergebnisse aus den Fluoreszenz-Anisotropie-Untersuchungen 

weisen stark auf die Bildung großer Aggregate und Kollinearität zwischen dem Dipolmoment 

des S0-S1-Übergangs und der Aggregat-Längsachse hin. Diese Anordnung konnte durch 

Rasterkraftmikroskopie sichtbar gemacht werden und enthüllte ein Netzwerk aus definierten 

Fasern mit einer Höhe von 2.0 ± 0.2 nm und einer Breite von 8.4 ± 2.6 nm.  
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Chart 1. Molekülstrukturen der PBI-Farbstoffe 1a−e, die in dieser Arbeit untersucht wurden.  

 

Unter Berücksichtigung all dieser Ergebnisse wurde ein Aggregationsmodell für das 

J-Aggregat vorgeschlagen, welches in Abbildung 1 anschaulich dargestellt ist. Der 

π-konjugierte Chromophorkern begünstigen zusammen mit der selbstkomplementären 

Anordnung der Wasserstoffbrücken-Donoren/Akzeptoren des PBI 1a (Abbildung 1A,B) die 

Selbstorganisation in einen dichtgepackten kabelartigen Doppelstrang (Abbildung 1C,D) mit 

stark exzitonisch gekoppelten Chromophoren in verschobener Anordnung (Abbildung 1E). 

Die durch „molecular modelling“ auf der Basis dieses Doppelstrangs ermittelten Größen 

stimmen mit denen der AFM-Messungen überein und unterstützen somit das vorliegende 

Modell.  

Im Kapitel 4 wurden die löslichkeitsvermittelnden Reste des PBI 1a variiert und 

entsprechend eine Reihe von fünf Chromophoren mit acht bzw. zwölf Alkylketten 

unterschiedlicher Länge erhalten, einschließlich des chiralen PBI 1e (Chart 1). Es wurde 

herausgefunden, dass die Aggregationsstärke („Schmelz“-Temperatur) und die 

Fluoreszenzeigenschaften der PBI 1a-e J-Aggregate von der Anzahl und Art der peripheren 

Seitenketten abhängen, was eine Struktur-Eigenschaftsbeziehung offenbarte. 

Konzentrationsabhängige UV/vis-Absorptionsstudien an PBI 1e-Aggregaten enthüllten einen 

Aggregationsmechanismus entsprechend eines kooperativen Wachstums nach Kernbildung 

newpage-newpage 
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Abbildung 1. Schematische Veranschaulichung der Selbstorganisation der Perylenbisimid-Farbstoffe 1 in 
J-Aggregate. (A) Molekülstrukturen von 1 (Substituenten R sind in Chart 1 definiert) und (B) graphische 
Darstellung der Monomere. (C) Schematische Abbildung des π-gestapelten Dimer-Nukleus und (D) des 
langgestreckten wasserstoffverbrückten Aggregates von 1: Rote (und orange) verdrillte Bausteine zeigen den 
Perylenbisimid-Kern (in der benachbarten Kette), graue Kegel mit blauer Spitze verkörpern die 
„bay“-Substituenten, und grüne Linien stellen die Wasserstoffbrücken dar. Die Farbstoffe 1 selbstorganisieren in 
helikaler Art und Weise, wie in der Vergrößerung zu sehen ist (der Einfachheit halber wurden Substituenten 
weggelassen und nur die linkshändige helikale Struktur ist gezeigt). (E) Das Vergrößerungsglas veranschaulicht 
in der Seitenansicht die J-Typ-Anordnung der Perylenbisimid-Kerne in einem kabelartigen Doppelstrang.  

 

(„nucleation–elongation“), im Gegensatz zu früher berichteten Anordnungen von einfachen 

PBIs, für welche der Aggregationsprozess nach dem isodesmischen Modell (gleichmäßiges 

Wachstum ohne Kernbildung) beschrieben ist. Die Gleichgewichtskonstanten für 

Dimerisierung (= Nukleusbildung, Abbildung 1C) von K2 = 13 ± 11 L mol−1 und Ausdehnung 

von K = 2.3 ± 0.1 × 106 L mol−1 in Methylcyclohexan konnten durch erstmalige Anwendung 

des „nucleation–elongation“-Modells auf konzentrationsabhängige Absorptionsstudien 

synthetischer Aggregate erhalten werden. Außerdem wurde zum ersten Mal eine durch das 
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„sergeants-und-soldiers“-Prinzip gesteuerte, nichtlineare Verstärkung der Chiralität in 

PBI-Aggregaten durch CD-Spektroskopie aufgeklärt. Coaggregationsexperimente mit PBI 1d 

und 1e offenbarten, dass die molekulare Chiralität der Seitenketten auf die Selbstaggregation 

des π-Kernes übertragen wird, und chirale Heteroaggregate in einem dynamischen 

Aggregationsprozess gebildet werden. Das Aggregatstrukturmodell (Abbildung 1) konnte 

durch die weiteren Ergebnisse der Lineardichroismus (LD)-Spektroskopie von PBI 1a 

Aggregaten untermauert werden, welche die Kollinearität der Dipolmomente des 

S0-S1-Übergangs mit der Aggregatrichtung bestätigten, wie bereits unabhängig davon aus 

Anisotropiestudien erhalten, die im vorhergehenden Kapitel beschrieben sind. Auch 

rastersondenmikroskopische Untersuchungen bestätigten das vorgeschlagene 

Aggregat-Strukturmodell: auf AFM-Bildern ist die Bildung langer kabelartiger Anordnungen 

für alle PBI-Farbstoffe 1a-e zu beobachten und Rastertunnelmikroskopie 

(STM)-Untersuchungen von hochgeordneten PBI 1a Monoschichten offenbarten, dass die 

Abstände zwischen den einzelnen Monomeren im Bereich der Länge von Wasserstoffbrücken 

liegen.  

Unordnung spielt in Kapitel 5 eine Rolle, welches sich mit der temperaturabhängigen 

Exzitonendynamik in J-Aggregaten beschäftigt. Anordnungen von PBI 1a wurden durch 

Absorptions- und Fluoreszenzspektroskopie bei unterschiedlichen Temperaturen von 

Raumtemperatur bis 5 K in Kooperation mit der Arbeitsgruppe von Dr. Ivan Scheblykin 

(Lund) untersucht. Die Stokesverschiebung, sowie Absorptions- und Fluoreszenz- 

Halbwertsbreiten wurden mit denen von J-Aggregaten des Farbstoffs THIATS (für 

Molekülstruktur, siehe Abbildung 2) bei den entsprechenden Temperaturen verglichen, was 

eine viel breitere Bande für die PBI 1a-Anordnungen offenbarte. Diese resultieren aus der 

höheren statischen Unordnung in PBI-Aggregaten, welche in der verdrillten Molekülstruktur 

begründet sind. Trotz großer quantitativer Unterschiede zwischen diesen beiden 

J-Aggregat-Systemen wurde jedoch eine qualitative Übereinstimmung der 

Temperaturabhängigkeit der relativen Stokesverschiebung (SSrel, Stokesverschiebung geteilt 

durch die Fluoreszenz-Bandbreite) entdeckt. Durch Multiplikation des Faktors 2.8 mit allen 

Parametern mit Energiebeziehung der Funktion, die die relative Stokesverschiebung gegen die 

Temperatur für THIATS beschreibt, passen die erhaltenen Daten sehr genau mit den 

experimentell erhaltenen für die PBI 1a-Anordnungen zusammen (Abbildung 2). Das Modell 

der „vollständig zugänglichen Zustandsdichte“ („totally available density of states”) wurde 

auf beide Systeme angewandt. Die daraus erhaltene Aktivierungsenergie von 45 cm-1 für 

THIATS-Aggregate passt perfekt auf den experimentell erhaltenen Wert. Die Diskrepanz 
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zwischen Theorie und Experiment ist jedoch für PBI 1a mit einem berechneten Wert der 

Aktivierungsenergie von 130 cm-1 viel zu hoch. Dies impliziert, dass weitere Mechanismen in 

Betracht gezogen werden müssen, die das Springen der Exzitonen mit sehr geringer 

thermischer Energie zwischen Segmenten ermöglichen.  
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Abbildung 2. Vergleich der relativen Stokesverschiebung von PBI 1a-Aggregaten mit der von THIATS- 
Aggregaten. Die schwarzen Linien entsprechen Funktionen, welche den experimentell erhaltenen Daten von 
THIATS angeglichen sind. Diese wurden mit dem Faktor 2.8 multipliziert und ergeben die dicken grauen Linien, 
welche sehr gut mit den experimentellen Daten von PBI 1a übereinstimmen. Die genauen Gleichungen sind in 
der Abbildung gezeigt. T1 und T2 sind die charakteristischen Temperaturen und Ea steht für die 
Aktivierungsenergie, welche in dieser Abbildung für die von THIATS stehen.  

 

In dieser Doktorarbeit wurde gezeigt, dass die sehr begehrte J-Aggregation funktionaler 

Perylenbisimid-Chromophore durch geeignetes Design der monomeren Bausteine erreicht 

werden kann. Hierzu war einerseits die Selbstanordnung durch ein Zusammenwirken von 

Wasserstoffbrücken und π−π-Wechselwirkungen zu begünstigen, und andererseits eine 

Anordnung in kolumnaren Stapeln zu verhindern, was durch Kern-Verdrillung mittels sterisch 

anspruchsvollen Substituenten gelang. Desweiteren gaben Selbstanordnungsstudien neue 

Einblicke in den dynamischen Aggregationsprozess niedrigdimensionaler langgestreckter 

Aggregate mit stark exzitonisch gekoppelten Chromophoren. Die Beziehung zwischen 

bekannten Cyaninfarbstoffen, wie der von THIATS mit dem vorliegenden PBI 1a wurde 

durch Absorptions- und Fluoreszenzspektroskopie bei Tieftemperaturen von 5 K bis 

Raumtemperatur untersucht. Die vormals beispiellosen funktionalen Eigenschaften der PBI- 

Aggregate, welche aus der J-artigen exzitonischen Kopplung herrühren, sind vielversprechend 

für die Anwendung in optoelektronischen Bauteilen und für die Photovoltaik.  
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