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Chapter 1 

 

Introduction and Aim of the Thesis 
 

 

 

Nature is often a good example for how chemical systems can work and how efficient 

they can be. Especially supramolecular architectures of self-assembled components play a 

unique role in biological systems, like the formation of the DNA double helix, the folding 

of proteins and enzymes or their selective recognition of substrates. One very prominent 

example of dye containing structures is the light-harvesting system (LH) of bacteria, 

where carotenoids and bacteriochlorophyll chromophores are arranged in a cyclic 

manner. Embedded into a matrix of proteins these chromophores are just tuned in the 

right way to absorb light in the LH2, to undergo energy transfer (EnT) to the next 

macrocycle LH1 and to bring this energy to a reaction center located in the cavity of these 

arrays. Herein, the light energy is converted into chemical energy that can later on be 

used for different processes taking place in living cells. 

To understand the role of supramolecular architectures in these fundamental processes, 

scientists got motivated to design artificial counterparts that can mimic highly complex 

natural systems. Therefore, highly organized and well-defined porous cavities that are 

capable to encapsulate particular guest molecules were synthesized to provide a unique 

environment for the investigation of such non-covalent interactions.[1] Associated with 

these artificial host-guest systems numerous applications were developed, such as drug 

delivery and release,[2] chemosensing and imaging,[3] nanomachines,[4] ion transport,[5] 

metallo-enzyme mimics,[6] stabilization of reactive compounds,[7] catalysis[8] and even 

nuclear waste treatment.[9] 
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This clearly elucidates, why host-guest chemistry was intensively developed in the past, 

starting with the Dianin´s compound,[10] crown ethers[11] and macrobicyclic amines[12] in 

the 60´s. These initial studies on host-guest phenomena were concerned with the 

complexation of relatively small molecules and ions and were later on continued with the 

development of several new host systems, like cryptands,[13] spherands,[14] carcerands,[15] 

hemicarcerands,[16] cyclodextrins,[17] calixarenes,[18] pillararenes[19] and curcurbiturils.[20] 

Recent publications, however, focus on the incorporation of larger functionalized 

compounds, such as fullerenes[21] and other aromatic hydrocarbons.[22] Regarding the 

latter, cyclophanes containing two parallelly arranged aromatic subunits in a well-defined 

distance, which were first reported by Cram et al. 1951,[23] have evolved as particularly 

versatile host molecules to intercalate planar aromatic guests by non-covalent - 

interactions. Thus, several reports on neutral covalently linked cyclophanes composed of 

pyromellitic or naphthalene bisimides have been published that are suitable to host a 

variety of small aromatic compounds.[24] Furthermore, recent examples are concerned 

with multiple charged systems, such as the “ExBox” introduced by the group of Stoddart, 

which can be used as a scavenger for polycyclic aromatic hydrocarbons (up to the size of 

coronene) in both aqueous and organic media.[25] Moreover, multicomponent cyclophanes 

were self-assembled by non-covalent metal ligand interactions and applied in host-guest 

chemistry.[26] Regarding their potential applications in catalysis,[27] sensing,[28] or 

transport processes,[29] macrocycles derived from perylene bisimides (PBIs) should be of 

particular interest as host systems. Due to their unique photophysical properties that are 

highly sensitive to environmental changes these systems should be useful to gather 

information about the corresponding host-guest complexes. It is to note that among all 

PBI-based cyclophanes reported so far there is no example in which the encapsulation of 

aromatic hydrocarbons into the porous cavity could be achieved.[30] A reasonable 

explanation for that can easily be provided based on the fact that the length of the spacer 

unit between both chromophores determines the size of the accessible void. Short 

-distances certainly provide insufficient space,[30c, 30e] whereas long and flexible spacer 

units facilitate an intramolecular PBI-PBI self-aggregation process that efficiently 

prevents guest intercalation.[30a, 30b, 30d] 

Therefore, the introduction of a more rigid spacer unit with an appropriate length seems 

to be essential to overcome both of these shortcomings. Pleasingly, the syntheses of the 

para-xylylene bridged PBI cyclophanes 2PBI that can be used for the selective 
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encapsulation of polycyclic aromatic molecules could successfully be accomplished and 

is presented in this work. Moreover, the photophysical properties of the corresponding 

host-guest complexes were investigated, which demonstrate that these cyclophanes serve 

as dual fluorescence probes that distinguish between electron-poor and electron-rich 

aromatic guests. Furthermore, larger macrocycles, composed of three to nine PBI 

subunits, were synthesized and their folding behavior in aromatic solvents and their 

self-assembly on highly ordered pyrolytic graphite (HOPG) was studied. Moreover, the 

cyclic trimer was used for the encapsulation of fullerene and the photophysical properties 

of this host-guest complex were investigated in detail (Figure 1). 

 

Figure 1. Illustration of the presented topics that are described in this thesis; left: Cyclophanes and their use 

for planar guest incorporation resulting in a change of the fluorescence behavior; right: Larger macrocycles, 

the complexation of fullerene, the self-assembly on HOPG surfaces and the folding in toluene. 

Since the natural light harvesting system is the prototype for most of the subsequent 

studies Chapter 2 gives an overview on the chromophores and their function in this 

assembly. Additionally, literature known macrocyclic systems composed of bisimide 

derivatives are presented and their main properties and applications are discussed. 

Chapter 3 will focus on the own results that are discussed in detail. First, the syntheses 

will be described followed by host-guest studies of PBI cyclophanes that can be used as 

“turn-on” and “turn-off” fluorescence probes. Then, solvent and guest modulated photo-

driven charge separation and triplet formation in the PBI cyclophane is presented. 

Furthermore, guest-promoted chirality transfer and studies on the effect of different bay 

substituents on the geometry of the cyclophanes are elucidated. Subsequently, the 

complexation of fullerene by the cyclic trimer and the energy transfer processes in the 
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supramolecular PBI-fullerene complex are shown. Finally, the folding of the larger 

macrocycles and the self-assembly on a HOPG surface is discussed. 

Chapter 4 and Chapter 5 give a summary of the work in English and German. 

Chapter 6 explains the experimental details and includes all material and method 

information that were used for this work. 
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Chapter 2 

 

Literature Survey 
 

 

 

2.1 The Role of Chromophores in the Light-harvesting Systems 

Life on earth is a result of sun energy that is used by plants in the photosynthesis to 

generate energy rich carbohydrates. These are the basis for nutrition of living organisms 

and oxygen generation and further provide the energy needed for technical applications. 

Thus, one of the major goals in science is to understand the biological processes in 

photosynthesis and to mimic these by artificial counterparts. 

The photosynthesis can in principle be divided into two parts. The first one is the light-

harvesting by photosystem complexes (PSII and PSI) that capture sunlight and transport 

this energy to a reaction center (RC) where charge separation takes place. The connection 

between the RC and membrane oxidoreductases, such as cytochrome bc1 and b6f is 

mediated by diffusion of quinones (Q), cytochrome c and plastocyanin (PC).[31] The 

electrons are thus transferred from PSII to PSI, which leads to an electrochemical 

potential gradient of protons that provides the driving force to generate adenosine 

triphosphate (ATP), while the electrons are further used to produce nicotinamide adenine 

dinucleotide phosphate (NADPH) (Figure 2). These high energetic compounds then 

convert carbon dioxide into carbohydrates and other energy containing molecules in the 

second part of photosynthesis, the dark reaction.  



Chapter 2 Literature Survey 

6 

 

Figure 2. Photosynthetic thylakoid membrane of higher plants with photosystem PSII and PSI and 

cytochrome b6f showing the electron transfer through electron carriers. 

Obviously, one key step of photosynthesis is the light harvesting by the photosystems I 

and II that are large protein assemblies (up to 25 kDa of protein and 15 kDa of 

pigments)[32] located inside the thylakoid membranes. For an effective absorption of light, 

up to hundreds of pigments are embedded in these protein complexes that vary in 

structure and absorptivity.[33] Thereby, the weight percentage of chromophores can reach 

40% of the photosystem.[34] Nature uses mainly assemblies of chlorophyll (Chl) and 

bacteriochlorophyll (BChl) dyes that absorb in the visible (vis) and near infrared (NIR) 

region of the solar spectrum. By using different substituents at the pyrrole rings and 

saturation of chemical bonds the energy levels of the chromophores are highly tunable 

(Figure 3).[35] Nevertheless, Chl a seems to be the most important pigment in oxygenic 

photosynthesis, since it is present in the RC and in antenna complexes, while other Chl 

pigments provide the flexibility that is needed to adapt differences in natural habitats and 

light quality.[33a] However, these other Chl pigments (Chl b, Chl c) often transfer their 

excitation energy to Chl a within 1 ps, why excitation energy transfer (EET) proceeds 

typically via Chl a chromophores.[32, 36] Organisms living underneath Chl a containing 

plants and thereby in visible light depleted regions mainly contain Chl d and Chl f 

pigments to absorb light from the NIR region.[37] 

However, chlorophylls show only little absorption in the area of 500–650 nm, leading to 

the so called “green-gap” that is responsible for the green color of plants. Since 

penetration of light above 600 nm into water is negligible this gap has to be closed 

P680 
 

PSII 

2H2O O2 + 4H+ 

Q 
QH2 

H+ 

P700 
 

PSI

PC

b6f

FD

FNR

H+ 

H+ H+ 

NADP+ NADPH ADP + Pi ATP 

e- e- 

e- 

chloroplast stroma 
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especially in algae. This is achieved with the use of carotenoids, like -carotene or 

fucoxanthin, and phycobilins that have broad absorption features between 400 and 

700 nm (Figure 3).[35b, 35c, 38] 

N

N N

N
Mg

R8

R7R3

R2

R20

R12

O
R17

O

OR13

1

5 78

10

18
17 15

 

 

Pigment R2 R3 R7 R8 7-8 
bond 

R12 R13 17-18 
bond 

R20 R17 

Chl a CH3 CH=CH2 CH3 C2H5 = CH3 COOCH3 − H Phytol 

Chl b CH3 CH=CH2 CHO C2H5 = CH3 COOCH3 − H Phyol 

Chl c1 CH3 CH=CH2 CH3 C2H5 = CH3 COOCH3 = H * 

Chl c2 CH3 CH=CH2 CH3 CH=CH2 = CH3 COOCH3 = H * 

Chl c3 CH3 CH=CH2 COOCH3 CH=CH2 = CH3 COOCH3 = H * 

Chl d CH3 CHO CH3 C2H5 = CH3 COOCH3 − H Phytol 

Chl f CHO C2H5 CH3 C2H5 = CH3 COOCH3 − H Phytol 

BChl a CH3 COCH3 CH3 C2H5 − CH3 COOCH3 − H Phytol 

BChl b CH3 COCH3 CH3 =CHCH3 − CH3 COOCH3 − H Phytol 

BChl c CH3 CHOHCH3 CH3 Various = Various H − CH3 Various 

BChl d CH3 CHOHCH3 CH3 Various = Various H − H Various 

BChl e CH3 CHOHCH3 CHO Various = C2H5 H − CH3 Various 

Figure 3. a) Chemical structures of (bacterio)chlorophylls, phycocyanobilin and carotenoids; b) normalized 

UV-vis absorption spectra of different (bacterio)chlorophylls (left) and carotenoids (right) filling the 

“green-gap” (APC = allophycocyanin, c-PE = C-phyoerythrin, c-PC = C-phycocyanin); c) summary of the 

main (bacterio)chlorophylls (* Chls c have –CH=CH–COOH attached to the ring at R17); reprinted with 

permission from ref.[39]. Copyright 2014 Nature Publishing Group. 

Due to their short excited-state lifetimes of around 10 ps, these pigments need close 

contact to (B)Chls to enable fast EET (~1 ps) to store the absorbed light.[40] Furthermore, 

these dyes can rapidly quench triplet states within (B)Chl chromophores to prevent 

a) 

b) 

c) 

(B)Chl 
Phycocyanobilin 

-carotene 

Fucoxanthin 
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oxidative cellular damage by singlet oxygen generation.[41] And indeed, (B)Chl a 

pigments are often close to carotenoids in the antenna complexes. To provide efficient 

EET nature uses both, local and overall funnel-principles. Herein, many pigments 

exchange excitations in a high energy pool, from where on the excitations cascade down 

in energy over lower energy pools to the RC. A stepwise decrease in number of 

chromophores per pool focuses the excitations near the RC.[39] Although, EET is often 

considered to take place in a funnel with a downhill energy gradient and the RC at the 

bottom, in plants and algae most of the pigments are more or less isoenergetic. In the PSII 

of plants the initial donor is the Chl a chromophore with an absorption maximum at 

680 nm (P680, 175.9 kJ/mol). Interestingly, the primary donor in PSI is also a Chl a 

molecule, but with a different pigment-protein environment shifting its absorption 

maximum to 700 nm (P700, 170.9 kJ/mol).[39] This weak lowering in energy allows EET 

from PSII to PSI within equivalent chromophores. The role of the protein matrix gets 

more obvious by having a closer look on the light-harvesting system of bacteria, such as 

the well-studied purple bacteria (Figure 4). 

 

Figure 4. Schematic arrangement of chromophores in the photosynthetic apparatus of purple bacteria and 

energy transfer dynamics (yellow = carotenoids, green = BChl 800, red = BChl 850, cyan = BChl 875, 

purple = BChl 870, violet = BPheo); reprinted with permission from ref.[42]. Copyright 2013 The Royal 

Society of Chemistry. 
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Here, the cyclic arranged LHII complex contains two broad absorption bands in the NIR 

at 800 and 850 nm. Both are assigned to BChl a chromophores that vary in their 

absorption by a change in the pigment-pigment and pigment-protein environment caused 

by fixation of the BChl a molecules in the protein matrix.[43] The EET between BChl 800 

and BChl 850 occurs within 0.7 ps and between two LHII complexes within 3–5 ps. 

Furthermore, each BChl a chromophore is located near to a carotenoid molecule that 

quenches triplet states and performs additional EET within 0.2 ps to BChl 850. A further 

EET to LHI occurs within 3–5 ps that again contains BChl a molecules, but this time with 

an absorption maximum at 875 nm. From the LHI complex a final EET appears in 35 ps 

to the RC located in the middle of the ring protein. In the RC the special pair of BChl 870 

transfers an electron to bacterio-pheophytin a (BPheo; pheophytins are Chl molecules 

without the central Mg2+ ion) and further to a ubiquinone acceptor molecule that can 

diffuse to the RC through special ubiquinone channels in the LHI ring protein.[43b] This 

tuning of the absorption wavelength and width can be initiated through direct interaction 

to the protein, like charged protein residues[44] or H-bonds,[45] or indirect through 

stabilization of pigment conformations or pigment-pigment interactions.[43a] 

Since the reaction center is highly specialized for charge separation with only few 

chromophores and thus is a weak absorber itself, efficient EET is needed.[39] To guarantee 

Förster resonance energy transfer (FRET) within the photosystems the orientation of dyes 

to each other has to be controlled.[46] With the typical (B)Chl fluorescence lifetime of 

~1 ns and a critical Förster radius of 80 Å (r0), at which EET is 50% efficient, the FRET 

is effective over distances of several nanometers.[46a] Furthermore, nearest neighbor 

distances (r) are limited to 10 Å due to light-absorption constraints. The large ratio r0/r 

implies that EET is not limited to nearest neighbors in the LH complex, which enables 

interactions between multiple pigments and provides numerous pathways for the 

excitation energy to reach the RC rapidly.[34] And indeed, distances of less than 10 Å are 

avoided[47] in many LH complexes to circumvent self-quenching, whereas distances 

between 40 and 80 Å are favored.[46a] Especially the pigment-pigment distance between 

LHI and RC is with 40 Å ideal for FRET with a transfer quantum yield of 98.5% 

according to Förster´s equation (1),[48] 

	   (1) 
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where kr is the radiative rate constant of the donor. Thus, the EET rate is at least 64 times 

faster than the radiative decay rate.[34] Non-radiative decays can also be avoided by some 

unique relative orientations of chromophores at shorter distances as in photosynthetic 

bacteria, where BChl pigments are self-assembled in a head to tail arrangement of their 

transition dipoles. In such an arrangement EET is faster than 1 ps (Figure 4), due to strong 

dye interactions that lead to new excitonic levels, shared between the interacting 

chromophores.[39] In these cases, Förster´s point dipole approximation becomes unreliable 

and the excitation dynamics have to be described by Redfield theory that also considers 

the interactions with the surrounding.[49] These interactions are responsible for transitions 

between exciton levels and lead to net movement of excitations. The coherence of the 

excitations can persist for 0.1–1.0 ps in LH complexes[50] and is suggested to be 

responsible for the high efficiencies of LH. However, a rapid loss of coherence and fast 

incoherent diffusion of < 100 fs was reported with large pigment-pigment coupling.[51] 

Nevertheless, the excitations can still move over thousands of pigments in few 

picoseconds[52] suggesting that also strong interactions might be sufficient for EET. Thus, 

one photon can reach the RC within 100 ps after absorption by the antenna 

chromophores.[53] 

After EET to the photoactive RC the light energy is converted into oxidation-reduction 

potential energy. This charge separated state has to live long enough (several s) that the 

electrons can be extracted from the system mainly by diffusing quinones (Q). Therefore 

the RC is a composite of protein matrices with embedded cofactors, (B)Chl, (B)Pheo and 

quinones. From crystal structure the determination of the RC was achieved by 

Deisenhofer and Michel 1985,[54] who therefore received the Nobel Prize in chemistry 

along with Huber 1988. They found that the RCs of bacteria, PSII and PSI are similarly 

organized in a pseudo C2 symmetry, which allows two pathways of electron transfer 

within the RC (Figure 5). In purple bacteria the excitons are transferred to a special pair 

of BChl 870 that reduces neighboring BPheo within 3 ps, which further reduces 

menaquinone in 200 ps. From there on the electron is given to ubiquinone in 100 s that 

after a second reduction step and protonation leaves the RC complex and is replaced by a 

new ubiquinone molecule. The reduced ubiquinones are oxidized by cytochrome bc1 in 

the membrane and the electrons are returned to BChl 870 in the RC. To enable an 

effective charge separation the BChl chromophores in the special pair have a close 

contact of 3.1–3.6 Å in a slipped cofacial arrangement.[54-55] 



Chapter 2 Literature Survey 

11 

 

Figure 5. Arrangement of cofactors in the RC of purple bacteria, PSII and PSI; arrows indicate electron 

transfer reactions; reprinted with permission from ref.[34]. Copyright 2005 Elsevier. 

In the PSII the number of Chl a molecules is with six chromophores higher than in the 

bacterial photosystem (four chromophores).[56] Here, the electron donor is a tyrosine (Tyr) 

residue on the D1 protein, instead of cytochrome as in bacteria. The electrons are taken 

from water molecules that are oxidized by inorganic clusters (oxygen-evolving complex: 

OEC) of ions (Mn2+, Ca2+, Cl–) and shuttled to the oxidized special Chl a pair (P680) by 

Tyr. From there on, the electron transfer in PSII is very similar to that of bacterial systems 

reducing Pheo and quinones. 

In the PSI a larger number of Chl a molecules were found, nevertheless, the actual 

electron transfer system is again comparable to the previously described RCs with a Chl a 

special pair (P700) at the beginning of the electron transfer chain. However, in this 

complex the electron acceptor is not a quinone molecule, but an iron sulfur protein, Fx. 

The electrons are now used to reduce ferredoxin (FD) that further transfers the electrons 

to the ferredoxin-NADP-reductase (FNR) and finally catalyze the reduction of NADP+ to 

NADPH. The P700 special pair is reduced by a copper protein, called plastocyanin (PC) 

that mediates the electrons from PSII over cytochrome b6f to PSI (Figure 2). 
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2.2 Deactivation Processes of Photoexcited Perylene Bisimide Dyes 

This natural example impressively demonstrates how crucial the control of molecular 

arrangement in dye clusters is for the efficient light absorption, energy transfer and charge 

separation processes. All these processes occur within the assembly of the same type of 

chromophores, where only the conformation and position decide, which photophysical 

process prevails. Learning from nature, the design of artificial counterparts is one of the 

main targets in photosynthesis research to selectively address and control photophysical 

properties. Indeed, in the last decades multiple supramolecular and covalent dye arrays, 

including macrocycles, have been investigated with regard to their light-harvesting and 

photo-induced energy- and electron transfer processes.[57] As this work deals with 

perylene bisimide (PBI) based macrocycles, ring systems composed of bisimide-

functionalized dye molecules are of particular interest. Since their optical and 

electrochemical properties are easily tunable, they are good candidates to study the 

photophysical processes in different structural arrangements. Thus, an overview of the 

literature known cyclic systems based on bisimide-functionalized dyes is given and their 

photophysical properties are discussed in the following section. Prior to addressing the 

individual cyclic systems, the major deactivation processes of photoexcited bisimide 

dyes, represented by perylene bisimide, are discussed, as they are important for the 

understanding of photophysical properties of cyclic dye arrays. 

For an individual monomeric PBI upon photoexcitation a higher energy level Sn is 

populated, from which a very fast relaxation to the first excited state S1 occurs according 

to Kasha´s rule.[58] From this excited state radiative and non-radiative deactivation 

processes back to the ground state (GS) take place. Since radiationless internal conversion 

(IC) to the ground state S0 or intersystem crossing (ISC) to the triplet state T1 are slow for 

monomeric PBIs, these processes are 106 times less favored than the radiative decay by 

emission (F), which leads to very high fluorescence quantum yields close to unity for this 

class of dyes. The non-radiative processes, however, get accessible in multichromophoric 

arrays in which several PBI units are in close proximity to each other (Figure 6). 

Thus, bay-fused diperylene bisimides showed exceptional spin-orbit coupling induced 

intersystem crossing (SO-ISC) with triplet yields of > 90%.[59] With close contact of two 

PBIs in a cofacial arrangement the formation of an excited dimer (excimer) 1(PBI-PBI)* 

can be observed that is usually weakly emissive with a broad and undefined red-shifted 

emission band.[60] In a close slip-stacked arrangement, however, the triplet states of the 
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chromophores can be reached effectively by singlet fission (SF) in which one excited 

singlet state converts into two triplet states 3PBI-3PBI with a theoretical triplet yield of 

200%.[61] In this arrangement the excimer formation is surpressed. Theoretical studies on 

PBIs showed that the ideal stacking geometry is given with dX = 3.5–4.0 Å (long axis) 

and dY = 0.0–0.5 Å (short axis) and that only small changes in structure dramatically 

reduce the triplet yield.[62] 

 

Figure 6. Jablonski-diagram of perylene bisimide (PBI) macromolecules with radiative (solid lines) and 

non-radiative (dashed lines) decay pathways after photoexcitation; molecular structures represent the 

required conformations for the individual photophysical processes. 

With larger distance between the chromophores excitonic coupling is reduced and thus 

slow symmetry-breaking charge separation (SB-CS) can take place, similar to the special 

pairs in the reaction centers of natural light-harvesting systems.[63] Depending on the 

lifetime of the charge-separated state 1(PBI+-PBI–)* the charge recombination occurs back 

to the ground state or to the triplet state 3PBI-PBI via radical pair intersystem crossing 

(RP-ISC).[64] From the triplet states of the PBIs phosphorescence or energy transfer to 

molecular oxygen can occur, generating singlet oxygen. 

Upon attachement or non-covalent contact with electron-rich molecules other 

non-radiative processes in the formed donor-acceptor complexes become facile. Thus, 

exiplex formation[65] or charge transfer[66] from the donor (guest) to the acceptor (PBI) 

can take place. The charge recombination of the CS state 1(PBI–-Guest+)* is relatively fast 
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and thus typically occurs back to the ground state, but can also occur to the PBI triplet 

state via a spin-orbit charge transfer intersystem crossing mechanism (SOCT-ISC), if 

donor and acceptor are orthogonal to each other.[67] 

On the other hand, energy transfer might take place, which can be devided into four 

different types. The first one is the trivial radiative mechanism in which the emitted light 

of the excited donor is reabsorbed by the acceptor. Therefore, a significant overlap 

between the emission band of the donor and the absorption band of the acceptor, as well 

as high concentrations are needed. The second process depends on similar overlap of 

absorption and emission bands, but is non-radiative by means of Förster resonance energy 

transfer (FRET). The energy transfer then arise through a coupling of the dipol moments 

of donor and acceptor through space with distances up to 50-100 Å.[68] For the third 

Dexter (exchange-) mechanism, an orbital overlap of the molecules is required, thus a 

very close contact between donor and acceptor is a prerequisite for this process.[69] 

Finally, energy (or exciton) hopping within the chromophore units can occur for closely 

stacked and excitonically coupled dyes, which was often observed in bisimide dye 

macromolecules.[70] 

In the following, literature known macrocycles based on bisimide dyes are presented in 

which some of these photophysical processes were observed and related to the distinct 

structures that are given in the rigid cyclic arrays. 

2.3 Pyromellitic Bisimide Containing Macrocycles 

Pyromellitic bisimide (PyBI) based macrocycles were investigated in great detail by the 

group of Shinmyozu.[24b, 71] As smallest derivatives, PyBI containing ring systems are 

good model compounds to analyze the structure and conformational flexibility. Therefore, 

several PyBI macrocycles were synthesized and their ability for guest encapsulation was 

studied (Figure 7). 

 

Figure 7. PyBI cyclophanes bridged with meta-xylylene (1a,b) or naphthalene units (2). 
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The meta-xylylene bridged cyclophanes 1a,b provide an interplanar distance of ~5 Å that 

is too small to encapsulate aromatic hydrocarbons.[71a, 71c] Nevertheless, the interactions to 

electron rich guest molecules, naphthol, p-dimethoxybenzene and p-xylene were 

investigated. Upon addition of these molecules a CT band at higher wavelengths and the 

formation of 1:1 complexes in solution has been observed with low association constants 

of Ka < 1 M–1. From crystal structure analysis a packing of the aromatic guests on top of 

the PyBI cyclophane 1a that is supported by CT interactions and H-bonding from the 

naphthol OH to the carbonyl groups of PyBI was concluded. Whereas the studies in 

solution always suggested the 1:1 complex formation, crystallographic analysis revealed a 

1:2 ratio with -naphthol forming a 1D supramolecular assembly. With the addition of 

phenylethynyl moieties at the 3,6-positions of PyBI 1b the extension of the -surface was 

realized. Herein the phenylethynyl groups have a parallel and slanted arrangement, 

shortening the interplanar distance of the PyBI moieties to ~4 Å. In the crystalline phase 

these phenyl subunits interlock with the neighboring molecules forming linear 

assemblies. Through the closer contact of the PyBI units excimer emission occurs in 

toluene and CHCl3. 

To enable the complexation of guest molecules between the PyBI moieties a larger spacer 

was introduced in 2, namely a 2,7-bis(aminomethyl)naphthalene derivative.[24b, 71e] Now a 

cavity size of 7.3 Å is given that is ideal for the encapsulation of planar hydrocarbons 

(Ka = 1.6–31.3 M–1). And indeed the complexation of aniline leads to CT complexes with 

characteristic 1H-NMR shifts. From crystal structure analysis 1:7 complexes were found 

in which one aniline molecule is encapsulated and six are coordinated to the outside. For 

the uptake of methoxybenzene derivatives multipoint interactions were concluded, such 

as CT, electrostatic, van der Waals, C–H··O and C–H·· interactions. 

The larger macrocycles 3 have been realized with p-xylylene bridges that result in the 

molecular trimer (Figure 8), tetramer and pentamer.[71b, 71f] The cyclic trimer 3 was further 

used for the encapsulation of [2,2,2]-paracyclophane (Ka = 30–40 M–1) that fits perfectly 

inside the void with close CT contacts between the phenyl subunits and PyBIs. 
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Figure 8. PyBI macrocyclic trimer 3 and the encapsulation of [2,2,2]-paracyclophane. 

When this cycle is added to a hot N,N-dimethylanilin solution a deep-violet gel is formed 

upon cooling.[71d] The color was attributed to a CT from dimethylaniline to the PyBI. By 

drying in vacuum the dimethylaniline is removed and a yellow xerogel is maintained. 

With field emission scanning electron microscopy (FE-SEM) fibril structures in 3D 

networks were obtained that provides columnar pores in the xerogel with the diameter of 

one PyBI macrocycle. In this channel-type cavities other guest molecules can be inserted 

that further lead to a color change depending on the -donating ability of the individual 

guest (Figure 9). 

        

Figure 9. Crystal structure of 3 obtained from N,N-dimethylaniline (left) and photographs of the xerogel 

after adsorption of N,N-dimethylaniline (a), N-methylaniline (b), aniline (c), 1,3-dimethoxybenzene (d) and 

without a guest (e); reprinted with permission from ref.[71d]. Copyright 2010 Wiley-VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

With trans-1,2-cyclohexanediamine a shorter spacer between the PyBI units is introduced 

that leads to exciton coupling among them and to a blue shift of the UV-vis absorption 

band of 7 nm.[72] With the sign of the exciton split Cotton effects in conjunction with the 

exciton couplet due to the long-axis polarized -* transition at 240 nm, the individual 

electronic transitions could be assigned by CD spectroscopy of the cyclic trimer 4 (Figure 

10). Thus, the n-* electronic transitions at longer wavelengths of the UV absorption and 
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up to six -* transitions that are polarized in plane of the PyBIs along the symmetry 

axes (y,z) were identified. The experimental results have been further supported by 

computations. 

 

Figure 10. Molecular structure and CD and UV-vis absorptions spectra of PyBI trimer 4 in acetonitrile, 

293 K, c = 1.5 x 10–4 M; reprinted with permission from ref.[72]. Copyright 2002 Wiley-VCH Verlag GmbH 

& Co. KGaA, Weinheim. 

2.4 Covalently Bonded Naphthalene Bisimide Macrocycles 

The next larger derivatives are naphthalene bisimides (NBI) and indeed a series of 

covalently bonded NBI macrocycles has been reported in the last decades in which the 

number of NBI subunits range from one to nine. The mononuclear cyclophanes were 

made with functional groups in the imide positions of the NBIs that can later on be 

intramolecularly bridged over the -surface of the bisimides (Figure 11). 

 

Figure 11. Mononuclear NBI cyclophanes 5–9. 
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In the first reported example the NBI molecule 5 is bridged with a (S)-(valine-leucine-

alanine) tripeptide unit that enables chiral hydrogen bonding to guest molecules.[24a] Upon 

addition of indole CT complexes are formed, however, with only a small association 

constant of 13 M–1 in chloroform at room temperature. 

Fomine and coworkers studied with their NBI cyclophane 6 the tendency for cyclization 

or polymerization and showed that the cyclization reaction is driven by entropy and not 

by enthalpy, whereas the polymerization is the result of strain release on the ring-

opening.[73] By replacing the isophthalic acid against isophthalamide and introducing 

spermidine- and spermine-like chains the NBI cyclophanes 7a-d can be used as 

G-quadruplex binders. Through electrostatic interactions the G-quadruplex sequence can 

be stabilized, which occurs more effectively with increasing linker length. Furthermore, 

cancer cell growth inhibition activity was found for these cyclophanes 7 showing that 

bisimide macrocycles are promising candidates for medical applications.[74] The ether 

imide sulfones 8a,b introduced by Colquhoun et al. provide a cavity size of 8.2 Å that is 

capable to encapsulate planar aromatic hydrocarbons. Since the ideal distance of 

-surfaces for such host-guest phenomena is with ~7 Å somewhat smaller than in the NBI 

and PyBI cyclophanes 8a,b, an induced-fit binding occurs. Thus, the cavity is flexible 

enough to provide close - interactions to the aromatic guests. As previously described, 

the encapsulation of electron rich molecules leads to strong color changes, indicative for 

intermolecular CT. Upon addition of guest molecules with large -systems the 2:1 

(host:guest) complexes are formed and were characterized by optical, as well as NMR 

spectroscopy and X-ray crystallography. By the encapsulation of molecules that can form 

hydrogen bonds (1,6-pyreneacetic acid), larger host-guest assemblies were realized 

(Figure 12). From UV-vis absorption titration experiments, the factors that dictate the 

binding have been elucidated with binding constants of up to 2.3 x 103 M–1.[24c, 75] 

 



Chapter 2 Literature Survey 

19 

 

Figure 12. Polyrotaxane-type assembly by encapsulation of 1,6-pyreneacetic acid (shown in green) into 8b 

and hydrogen bonding; reprinted with permission from ref.[24c]. Copyright 2009 Wiley-VCH Verlag GmbH 

& Co. KGaA, Weinheim. 

In the NBI cyclophane 9 that was obtained by click-chemistry anion binding to the ring 

system was observed. Through methylation or benzylation of the triazole units positive 

charges were introduced to the cyclophane that support anion binding. Some selectivity 

was found regarding fluoride anions that induce the formation of the NBI radical anion 

through a SOMO-LUMO based electronic transition. In solid state highly porous 

networks were maintained in which an exchange of PF6
– with halides can be achieved. 

Thus, different colored crystals of the so formed CT complexes were achieved.[76] 

In the analog cyclophane 10 composed of two NBI moieties, metal ion interactions were 

studied (Figure 13). 
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Figure 13. NBI cyclophane 10 composed of two NBI units and schematic representation of the different 

photophysical properties obtained by metal coordination; reprinted with permission from ref.[77]. Copyright 

2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

In the free cyclophane 10 a photo-induced electron transfer from the triazole to the NBI 

moieties occurs that quenches the fluorescence of the macrocycle. Upon addition of 

divalent metal ions a binding to the triazole nitrogen and the carbonyl oxygen of the NBIs 

is observed that suppresses the ET process to the bisimides. Mainly two different 
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structures of the complexes were found depending on the metal ions that were used. With 

Mg2+, Ba2+, Hg2+, Ca2+, Zn2+ and Pb2+ a close packing of the NBIs is maintained that 

leads to excimer emission, whereas with Fe3+, Co2+, Ni2+ and Mn2+ an expanded 

conformation and monomer-like emission is observed.[77] 

Already in the first example of NBI cyclophanes composed of two NBI moieties (11) that 

was reported by Lehn and Pascard in 1987, the encapsulation of nitrobenzene was 

monitored by fluorescence quenching (Figure 14).[78] In further studies on these 

cyclophanes 11, excimer emission was observed and attributed to the close packing of the 

NBIs in the free host.[79] 

 

Figure 14. Molecular structures of cyclophanes 11 and 12 with two NBI units. 

The group of Mayor synthesized a meta-xylylene bridged NBI cyclophane 12 and 

sublimed it on an Au(111) substrate in ultrahigh vacuum. With STM the structure has 

been visualized, showing that one NBI unit is weakly interacting with the Au(111) 

surface, while the second NBI has no interaction with the substrate at all.[80] In a stepwise 

synthesis, asymmetric NBI cyclophanes 12 were made composed of one unsubstituted 

and one core substituted NBI moiety. With excitation of these macrocycles an 

intramolecular FRET takes place from the unsubstituted to the 2,6-dimethoxy substituted 

NBI units, whereas for the other derivatives such a FRET is increasingly suppressed from 

StBu to N(CH2)5 caused by the stronger red shift of the absorbance, which results in less 

spectral overlap with the bare NBI.[81] While the cavity is too small for the incorporation 

of electron rich guest molecules, the binding of anions is still observable by ESI mass 

spectrometry. Thus, the binding of oxyanions (NO3
– > ClO4

– > SO4
2– > AcO–) was 

stronger than of halides and other anions, whereas monomers and linear oligomers bind 

strongest to halides.[82] 

Such anion- interactions were also observed in the NBI macrocycles 13 introduced by 

the groups of Stoddart and Wasielewski. Herein NBI molecules were connected with a 

chiral trans-1,2-cyclohexanediamine bridge that results in a molecular triangular prism 
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(Figure 15) similar to the PyBI triangle 4 reported by Gawroński et al..[72] Through the 

close NBI-NBI contact at the bridging unit, intramolecular through-space electron sharing 

among all three NBIs takes place upon mono-reduction of 13 that was confirmed by DFT 

calculations, cyclic voltammetry, as well as EPR and ENDOR spectroscopy. This 

electronic communication between the redox centers increases the electron affinity of the 

NBIs and thus also enhances CT interactions to anions. Accordingly, this rigid tube-like 

cavity can be used as a receptor for linear I3
– anions. In the corresponding crystal 

structure of these complexes helical assemblies of the I3
– loaded cycles have been found 

(Figure 15).[83] 

N N
O

O O

O

N

N

O
O

O
O

N

N

O
O

O
O 13

 

Figure 15. Molecular triangular prism 13 composed of three NBI units and schematic representation of the 

helical assembly of the corresponding I3
–@13 complexes; reprinted with permission from ref.[83]. Copyright 

2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

As a further consequence of the electron sharing, six individually accessible redox states 

are present in the macrocycle 13 (Figure 16). These redox processes were used to 

reversibly load lithium ions on the NBI moieties in a stepwise manner. Together with the 

high porosity that allows the lithium ions to diffuse also in solid state and the low 

solubility in many solvents, which provides electrode stability, these cyclic trimers 13 are 

good candidates for rechargeable lithium-ion batteries.[84] With PyBI/NBI mixed trimers 

14 and 15 they showed that with increasing the number of NBI subunits the 

electrochemical cell performance of the batteries are improved. Nevertheless, the 

individual redox states remain distinct in the studied triangles 4, 13, 14 and 15 (Figure 

16).[85] 
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Figure 16. Molecular structures of the PyBI/NBI mixed trimers 14 and 15 and cyclic voltammograms of 

the cyclic trimers 4, 13, 14 and 15 (0.5 mM in DCM, TBAHFP, half-wave peak potentials E1/2 are shown in 

mV); reprinted with permission from ref.[85]. Copyright 2016 American Chemical Society. 

When the triangle is dissolved in 1,2-dihalohydrocarbons supramolecular nanotubes are 

formed in which the individual solvent molecules are penetrating the cavities and 

influence the exact structure of the tubes (Figure 17). In dichloroethene flexible infinite 

nanotubes are formed in the gel state, which is caused by the electron rich C=C double 

bond of the solvent. On the other hand rigid non-helical nanotubes in the solid state occur 

in BrCH2CH2Br, ClCH2CH2Br and ClCH2CH2I and only ClCH2CH2Cl generates helical 

infinite nanotubes in the solid state. In all cases a columnar stack with a 60–65° rotation 

between each macrocycle is formed that is a result of cooperative [C–H··O], directed 

[X··X] solvent chains and lateral [X··] interactions.[86] Although the [C–H··O] 

interactions are responsible for the rotation, the enantiomeric pure samples, forming the 

R,R- or S,S-dimers do not provide the optimal conformation for the hydrogen bonding 

(Figure 17 bottom). That is why the nanotubes are only observed in solid state and not as 

a gel. However, in a racemic mixture of both enantiomers, ideal assemblies with 12 weak 

[C–H··O] hydrogen bonds are maintained in the R,S-dimer. Thus, the racemic mixture of 

R-13 and S-13 forms supramolecular gels out of columnar stacks in ClCH2CH2Cl.[87] 
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Figure 17. Schematic representation of the individual nanostructures obtained by self-assembly of the pure 

R-13 and S-13 in 1,2-dihalohydrocarbons and of the racemic mixture in ClCH2CH2Cl; illustrations of the 

hydrogen bonds in the columnar stacks are given at the bottom; reprinted with permission from ref.[86-87]. 

Copyright 2014/2016 American Chemical Society. 

Beside the cyclic trimer, the analog dimer[88] and tetramer[89] were synthesized in which 

the electron delocalization was further studied. Thus, four electronic states have been 

isolated and characterized, namely the ground state, the exciton coupled singlet excited 

state, the radical anion and the radical dianion. In the neutral excited state the strong 

exciton coupling leads to a long-lived emissive species. The monoreduced state is a 

paramagnetic mixed-valance species with a very fast electron migration rate (> 107 s–1), 

whereas the radical dianion is diamagnetic and shows extensive -electron delocalization 

interaction upon spin-pairing. 

Whereas in the just described macrocycles, no preferences in the formed ring size were 

observed by changing from PyBI to NBI, Gawroński and coworkers found an 

unprecedented selectivity in their cyclic systems 16.[90] In the cyclocondensation of PyBI 

and NBI diamines with dialdehydes macrocyclic dimers and trimers were achieved in 

yields of 65–82% (Figure 18). While the cyclization with isophthalaldehyde results in 
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both cases (PyBI and NBI) in the cyclic dimers 16a and 16b, the reaction with 

terephthalaldehyde differentiates between the two bisimides. Thus, PyBI and 

terephthalaldehyde form the cyclic dimer 16d, whereas with NBIs the twisted [3+3] 

product 16c is formed, caused by a rotation of one imide substituent. However, the 

explanation for these different thermodynamic products is not yet found. 

 

Figure 18. Starting compounds for cyclocondensation with aldehydes and the thermodynamic products 

16a–d; reprinted with permission from ref.[90]. Copyright 2006 American Chemical Society. 

With reversible covalent bonding Sanders and coworkers were able to amplify the 

formation of one specific ring size of a NBI macrocycle that is templated by electron rich 

guest molecules.[91] Without any template the individual dimeric, trimeric and tetrameric 

cycles were formed from the dithiol building block 17 in yields of 50, 35 and 15%, 

respectively, through a disulfide bonding (Figure 19). Upon addition of 

dialkoxynaphthalenes 18 and 19, donor-acceptor complexes are formed and the yields of 

trimer (18, 49%) or tetramer (19, 80%) are significantly increased, whereas the cyclic 

dimer is too small to encapsulate these guest molecules. Starting from the open NBI 

trimer larger cycles have been realized (Figure 19b). In a 1 mM water solution at pH 8 the 

cyclic trimer and hexamer were observed as the main products. At higher concentration of 

5 mM also a trefoil molecular knot composed of nine NBI units was formed in acceptable 

yields as a result of a hydrophobic effect. Thus, with addition of a salt NaNO3 the 

hydrophobic effect is enhanced and the selective formation of the knot is obtained as the 

thermodynamic product in almost quantitative yield. With the choice of Bu4NNO3 as 

additive salt that can solvate the NBI -surface the unfolded cyclic hexamer and nonamer 

are generated, while the formation of the knot is suppressed.[92] 

16a 
16b 

16c 16d 
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Figure 19. a) HPLC runs of templated amplification of NBI macrocycles upon addition of 18 or 19 to 17; 

b) synthesis of larger cycles and of the molecular knot starting from an open trimer; reprinted with 

permission from ref.[91-92]. Copyright 2009 The Royal Society of Chemistry. Copyright 2016 American 

Association for the Advancement of Science. 

The group of Stefankiewicz continued this work of dynamic combinatorial chemistry 

with NBI dithiols and connected them with various dithiol donor molecules. This led to a 

series of seventeen different donor-acceptor cycles and catenanes that were separable by 

HPLC.[93] 

2.5 Perylene Bisimide Containing Macrocycles 

A further increase of the molecular bisimide building blocks is achieved with the higher 

homologue of NBI, the perylene bisimide (PBI). However, parent PBIs are rather 

insoluble pigments and accordingly, functionalization by solubilizing substituents is a 

prerequisite to accomplish macrocyclic architectures. Towards this goal Würthner and 

coworkers utilized bay-tetraphenoxy-substituted PBIs, which are brilliant red emitters 

with fluorescence quantum yields close to unity. 

While in the large PBI macrocycles excitonic coupling among the chromophores is rare, 

in PBI cyclophanes (Figure 20) dye-dye interactions are often seen due to close contact 

between the PBI moieties. The latter are enforced by the strong --interactions between 

PBI dyes that are also responsible for self-assembly of these dyes already in quite dilute 

dimer 
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35% tetramer 
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solutions and their often insoluble pigment character. PBI cyclophanes are accordingly 

suitable model compounds to study electronic interactions between the PBI 

chromophores, since they often provide a well-defined structure with strictly 

preorganized dyes. 

Langhals and coworkers reported on the first covalently coupled PBI cyclophane 20 

already in 1998 in which bay unsubstituted PBI chromophores were connected by a 

flexible dodecyl chain in the imide position (Figure 20).[30a] In the absorption spectra a 

hypsochromic shift of the maximum, compared to the monomeric PBI, was observed, 

which reveals an intramolecular H-type stacking. Furthermore, the fluorescence spectrum 

is bathochromically shifted with relatively high fluorescence quantum yields of 40%. In 

the report they suggest a J-type stacking of the chromophores by a slipping of the PBI 

moieties after excitation. However, due to the broad and undefined structure of the 

fluorescence spectrum emissive excimer formation might also be an explanation for the 

detected optical features.[94] 
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Figure 20. Chemical structures of PBI cyclophanes 20–24. 
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Such excimer states have later on been reported in rigid tethered PBI cyclophanes 21 and 

22 by Wasielewski[30e] and Jiang[30c], respectively. In the latter different PBI derivatives 

were connected through a 2,4-diamino-1,3,5-triazine linker. 

Here the close contact between the chromophores and the high rigidity provided by the 

cyclophane 22 afford a defined electronic coupling between the dyes. By using 

1,7-substituted PBI derivatives (22a,b) two different isomers were yielded in which the 

bay substituents of the individual chromophores are on opposite site (transoid) or on top 

of each other (cisoid). With 2D-ROESY NMR spectroscopy the isomers were assigned, 

confirming that the transoid conformation is the favored one due to steric effects. Similar 

to 20, these cyclophanes experience a blue shift in the absorption by virtue of their face-

to-face stacked geometry. The isomerisation of trans-22b and cis-22b has some effect on 

the absorption, shifting the maximum from 632 to 617 nm, which is caused by differences 

in the - interactions between the PBI chromophores according to DFT calculations. For 

cyclophane 22b no emission was observed indicating the presence of efficient 

non-radiative decay pathways such as charge separation within the chromophores similar 

to noncyclic dimers composed of similar PBI dyes.[95] In contrast, 22a shows weak 

structureless excimer emission with low quantum yields of 1–6% depending on the 

solvent, whereas 22c has only weak monomer-like emission.[30c] 

Similar to these studies the Wasielewski group approached bay unsubstituted PBI 

cyclophanes 21 that were connected with a rigid ortho-xylylenediamine spacer providing 

a close packing of the chromophores in a face-to-face arrangement. Thus, the absorption 

spectrum reveals H-type stacking of the chromophores and weak excimer emission with a 

fluorescence quantum yield of 0.1%. The very strong red shift of the fluorescence 

emission maximum was related to distance-dependent Frenkel-charge transfer exciton 

mixing.[30e, 96] 

By the linkage of two chromophores with 2,6-bis(aminomethyl)pyridine (23) the highly 

selective and sensitive detection of mercury(II) was enabled. Nevertheless, the PBI 

chromophores are in this example not directly involved in the binding process and serve 

mainly as structural backbone, whereas the bridging units bind to the Hg2+ ions. However, 

after binding of Hg2+ the PBI emission is quenched, presumably due to the heavy metal 

effect. Unfortunately, no detailed discussions of the emission features, quenching 

mechanism or fluorescence quantum yields are given.[97] 
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The PBI cyclophane 24a,b reported by Würthner and coworkers has very similar optical 

properties with the H-type stacking of the chromophores and an excimer emission with a 

fluorescence quantum yield of 0.4–6%. Since the excimer emission of 24b is in THF ten-

fold higher than in CHCl3, efficient non-radiative decay channels are present in 

chlorinated solvents, which were further investigated by TA spectroscopy. It was found 

that in chlorinated solvents excimer-mediated intramolecular symmetry-breaking charge 

separation (SB-CS) takes place within 36 ps. The charge recombination then occurs back 

to the ground state in 1.1 ns. In contrast, in THF the excimer emission prevails with a long 

live time of 16 ns.[98] The major focus of 24a was, however, on the stepwise reduction of 

the two bisimide dyes (Figure 21). Here a reversible widening of the cycle occurred with 

reduction of the PBI moieties due to electrostatic repulsion in the –4 charged molecules. 

This “breathing” of the cyclophane 24a was monitored by cyclic voltammetry (CV) and 

spectroelectrochemistry suggesting intervalence charge transfer (IV-CT) character of the 

monoreduced species and a quasi-CT process in the biradical dianion.[30d] 

 

Figure 21. Schematic illustration of the “breathing” of the macrocycle 24a by reversible reduction; 

reprinted with permission from ref.[30d]. Copyright 2013 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

As already demonstrated by the Langhals group, PBI cyclophanes can easily form 

PBI-PBI contacts in a helical arrangement.[30a] While in this early example a chiral 

solvent was employed to induce chirality to the PBI cyclophane, Li and coworkers 

24a 24a– 24a2– 

24a3– 24a3–
open 24a4– 
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established macrocycles with flexible ethylene glycol chains and reversible disulfide 

bonding showing chiral features (Figure 22). In the synthesis of 25 the main products 

were found to be the cyclic dimer (39% yield) and the catenane (36% yield) that were 

formed by a dynamic self-assembly mechanism through - stacking of the PBI 

chromophores. However, under dilute conditions the monochromophoric cycle is formed 

in which an intramolecular disulfide bonding takes place.[99] The optical properties show 

similar behavior as the previously shown cyclophanes with a strong 0-1 transition band in 

the absorption spectra that was examined by time-dependent density functional theory 

(TDDFT).[100] To this type of macrocycle, chirality can be induced with tetra-substitution 

of the PBI core. Thus, the tetrachloro PBI cyclophane was synthesized in which a twist of 

the PBI core is present leading to different enantiomers of the chromophores, P and 

M.[101] 
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Figure 22. Chemical structures of cyclophanes and catenanes 25 reported by Li and coworkers. 

Due to close contact of the PBI units only the homochiral dimers (M,M) or (P,P) are 

formed, while the heterochiral dimer (M,P) is sterically hindered.[102] It was furthermore 

shown that the transition between the homo- and heterochiral diastereomers is rather slow 

and that the system equilibrates within 24 h to a 1:1 ratio, which allows the separation of 

the individual cyclophanes 25. The transition was monitored by NMR spectroscopy and 
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HPLC and the diastereomers were characterized by UV-vis absorption and fluorescence 

spectroscopy. Thus, the homochiral dimer is the kinetically favored macrocycle, whereas 

all diastereomers are equally thermodynamically favored.[30b] With increasing the size of 

the bay-substituents to phenoxy, the interactions between the chromophores are 

significantly reduced. Thus, dynamic self-assembly does not take place within the 

cyclization reaction resulting in a ring closure of the monomers.[103] With the help of 

hetero dimeric cycles composed of a bay-unsubstituted and a bay-substituted PBI 

chromophore, the effect of the core twist on the dynamic self-assembly was studied. 

Thus, with increasing the core twist the yield of product formation drops down due to 

decreasing binding strength between the two different chromophores.[104] 

While all previously shown PBI macrocycles were connected via the imide positions, 

Nuckolls and coworkers reported on a new type of cyclophanes 26, in which the 

cyclization in the bay position of the PBI chromophores has been carried out (Figure 23). 

 

Figure 23. a) Chemical structure of the fully conjugated cyclophane 26; b) DFT calculations of the homo 

and hetero dimer and schematic representation of the transition between the different diastereomers (c); 

reprinted with permission from ref.[105]. Copyright 2015 American Chemical Society. 

Herein, bithiophene bridges serve as electron donor subunits, while the PBI 

chromophores are the electron poor acceptors, which leads to a –D–A–D–A– pattern 

within the cycle 26. As bay-substituents, directly bonded phenyl groups were used and 

the bithiophene linkers were introduced by a Stille-type coupling reaction.[106] Thus, a 

fully conjugated black macrocycle was gained with a broad absorption feature from 300 

a) b) 

c) 
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to 700 nm. Through the linkage in the 1,7-position of the PBIs, chirality is induced to the 

PBI core. This leads to the formation of diastereomers in a ratio of 6:1 that were separated 

with chiral HPLC. The transition between these isomers was monitored by HPLC and 

takes place within 2 h by an intramolecular “somersault” of the PBI units (Figure 23c). 

From DFT calculations it appears that the homo dimers are the favored ones by virtue of 

less conformational strain of the bithiophene bridges.[105] 

Acetylene-linked PBI macrocycles 27 (Figure 24a) containing three to six chromophores 

have been achieved by oxidative Glaser homo coupling under high dilution conditions at 

–30 °C of monomeric PBI molecules bearing terminal acetylene groups at the imide 

positions. The crude product mixture of the PBI macrocycles 27 was purified by recycling 

GPC and the separated molecules characterized by NMR spectroscopy and mass 

spectrometry, as well as cyclic voltammetry and optical spectroscopy. The absorption 

spectrum and the high fluorescence quantum yield of 91% (in CH2Cl2) of the cyclic 

trimer indicate that no significant electronic interactions between the PBI chromophores 

are present within the macrocycles. AFM images of the cyclic timer on HOPG showed 

the formation of donut-like 2D nanopatterns with a hexagonal arrangement in sizes of 

8.2–8.6 nm.[107] Steady state fluorescence excitation anisotropy measurements were 

performed, showing the same spectra for the macrocycles 27 (trimer – hexamer) with 

absolute anisotropy values at the S1 transition band of 0.022–0.015. Thus, excitation 

energy hopping (EEH) between adjacent transition dipole moments within the 

macrocycles was concluded.[108] Transient absorption spectroscopy revealed exciton-

exciton annihilation due to exciton-exciton recombination between the individual PBI 

units of the cycles. This annihilation process indicates Förster-type incoherent energy 

transfer from an excited donor to an excited acceptor forming a doubly excited state that 

relaxes rapidly to the singly excited state.[109] The EEH times of the macrocycles 27 

decrease with increasing ring size from 3.6 ps to 10.3 ps, which was rationalized to 

structural distortion and higher flexibility of the larger cycles and was further analyzed by 

molecular dynamics simulations.[108] In compliance with this distortion, no ordered 

nanostructures were observed on HOPG for the cyclic pentamer and hexamer (Figure 

24b). 
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Figure 24. a) Chemical structure of acetylene linked PBI macrocycles 27; b) AFM images and fluorescence 

lifetime plots observed by single-molecule fluorescence spectroscopy of the macrocycles 27 with ring sizes 

from n = 3–6; reprinted with permission from ref.[110]. Copyright 2013 American Chemical Society. 

Furthermore, single-molecule fluorescence spectroscopy showed that the fluorescence 

lifetimes became shorter and their distribution broader with increasing structural 

flexibility of the macrocycles.[110] From single-molecule defocused wide-field imaging 

the orientation of the transition dipole moments of the PBI subunits in the cycles and the 

angle between each chromophore was determined. Thus, the molecular structures of the 

cycles were reconstructed confirming the higher distortion with increasing ring size.[111] 

With shorter linkage between the individual PBI chromophores excitonic coupling within 

a cyclic trimer 28 is observed. This molecular triangle contains three PBI chromophores 

that were connected with (R,R)-trans-1,2-cyclohexanediamine, similar to the formerly 

discussed NBI triangles 13 (Figure 25a). In the absorption spectrum an enhanced 0-1 

transition band was observed as well as a significantly reduced fluorescence (fl = 0.002) 

in comparison to a monomeric reference PBI (fl = 1.0). Transient absorption 

spectroscopy revealed a symmetry-breaking charge separation (SB-CS) within 12 ps 

despite of a low free energy of GCS = –0.19 eV for the charge separation (Figure 25b). 

Thereby, the PBI radical cation and the PBI radical anion are formed as confirmed by 

comparison of the transient absorption spectra with the UV-vis spectra obtained by 

oxidative and reductive titration experiments. EPR and ENDOR spectroscopy suggested 

that the unpaired electrons are delocalized among all three PBI chromophores in the 

cyclic triangle before charge recombination takes place within 1.12 ns (Figure 25c).[112] 

a) b) 

AFM

n = 6 

n = 5 

n = 4 

n = 3 
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Figure 25. Chemical structure (a) and transient absorption spectra (b) of the cyclic trimer 28; c) schematic 

representation of the charge separation and delocalization; reprinted with permission from ref.[112]. 

Copyright 2015 American Chemical Society. 

2.6 Bisimide Containing Catenanes 

For many macrocycles the formation of catenanes and rotaxanes has been demonstrated 

that enable new applications, like nanomachines and switches.[4b, 113] Also from bisimide 

containing cyclophanes such supramolecular assemblies are literature known and are 

shortly presented here. 

The first studies in this regard have been reported by Sanders and coworkers.[114] The 

previously described inclusion phenomena of electron rich aromatics into electron 

deficient bisimide cyclophanes and the co-crystallization of PyBIs with 

dialkoxynaphthalenes in alternating stacks[115] encouraged them to synthesize a series of 

hetero catenanes through oxidative coupling of terminal acetylenes.[116] With the 

butadiyne linkers an ideal distance for - interactions with encapsulated guests of 7 Å is 

present in the bisimide cyclophanes. As second macrocycle, the crown ether bridged 

dialkoxynaphthalenes were chosen. Upon addition of the PyBI and NBI monomeric 

building blocks to these crown ether macrocycles a color change was observed, indicative 

for the formation of CT complexes by encapsulation of the bisimides. However, these CT 

a) 

c) 

b) 
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interactions seem not to be the major driving force for the strong binding, but hydrogen 

bonding between both bridging units (Figure 26b). 
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Figure 26. Chemical structures of the catenanes 29 (a) and 30 (c) reported by Sanders and coworkers and 

illustration of the hydrogen bonds within the catenane 29 (b). 

After the coupling reaction, the individual catenanes 29 have been observed in reasonable 

yields of 30–50%. In additional studies Fallon et al. showed that these high yields can 

also be used for an improvement of the synthesis of free cyclophanes.[117] Interestingly, 

the corresponding catenane derivatives with the crown ether chains on the bisimides and 

the acetylene groups on the naphthalene cyclophane were not formed. This was explained 

by weaker binding strength in the complex formation, probably caused by an 

intramolecular self-aggregation of the bisimide moieties enabled by the flexible crown 

ether linkers. However, the asymmetric catenane 30 composed of one NBI and one PyBI 

unit in which both macrocycles bear the crown ether linkers is formed due to weaker 

self-aggregation between PyBI and NBI.[116e] In other attempts flexible linkers were 

successfully introduced by using two PyBI moieties[118] or by post-assembly modification 

of the acetylene bridges.[116c] In asymmetric PyBI/NBI systems the electrochemical and 

conformational properties have been correlated.[116d] Although in the neutral state the NBI 

is more likely to be in the inside of the catenane, a conformational change occurs upon 

the first reduction that brings the PyBI to the inside (Figure 27). With the second 

reduction process both bisimides get electron rich and thus cannot form the donor-

acceptor complexes anymore. This leads to a second change of conformation in which 

neither of the bisimides is in the inside of the catenane. The next two reduction processes 

occur in this uncomplexed conformation forming the dianions of NBI and PyBI. Thus, the 

complexation behavior of the bisimide cyclophane can be tuned by a stepwise reduction 

of the system (Figure 27). 

a) b) c) 
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Figure 27. Schematic representation for the electrochemical and translational changes occurring upon 

stepwise reduction of a NBI/PyBI mixed catenane. 

Similar switching processes have been observed in a series of desymmetrized catenanes 

31 composed of different donor and acceptor units (Figure 28). Upon reduction of 

bipyridine and the bisimide or oxidation of TTF conformational changes were detected in 

which the encapsulated moieties vary to form the respective strongest donor-acceptor 

pairs. The structural changes were monitored by 1H-NMR, CV and optical spectroscopy, 

as well as X-ray single crystal analysis.[119] 

 

Figure 28. Desymmetrized catenanes 31 composed of different building blocks. 

Encouraged by these systems further functional NBI and PBI catenanes have been 

synthesized bearing porphyrins (32),[120] fullerenes (33)[121] or charged expanded 

viologen-moieties (34) (Figure 29).[69] 
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Figure 29. Functional donor-acceptor catenanes 32–34. 

In the PBI system 34 (SeExBox4+) energy transfer was corroborated from the absorption 

and fluorescence excitation spectra, whereas in the free ExBox4+ derivatives charge 

separation by an electron transfer or triplet formation (for SeExBox4+) takes place. The 

EnT efficiencies from the ExBox4+ derivatives to the PBIs are in all catenanes larger than 

96%, which is caused by the close contact between donor and acceptor. With this EnT the 

PBI triplet state is populated very effectively in water within a few nanoseconds, although 

the antenna molecules 34 are barely fluorescent.[69] 

Turner and coworkers demonstrated how catenanes can be used to generate larger 

molecular assemblies in 1D, 2D and 3D nanostructures (Figure 30).[122] 
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Figure 30. Chemical structures of NBI 35 and PBI 36 and illustration of the formed cyclophanes, catenanes 

and 1D and 2D nanopatterns; reprinted with permission from ref.[122]. Copyright 2013 The Royal Society of 

Chemistry. 

Therefore, the NBI 35 and PBI 36 molecules have been equipped with alanine or leucine 

moieties in the imide positions that are capable to coordinate to metal centers. Hereby, the 

carboxylate groups can be attached to Cd(II) ions to form the corresponding cyclophanes 

[Cd2(AlaNBI)2] that can further be extended to linear polymeric chains of the alanine 
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derivatives. With the interpenetration of two cyclophanes catenanes are formed that then 

result in 2D sheets. With the bulkier leucine groups the catenane formation is sterically 

hindered and thus only 1D polymers were observed. When the cyclophanes are connected 

with 4,4´-bipyridine forming the extended 1D chains, the encapsulation of the bipyridine 

moieties can occur. Now a 3D pattern is formed through the combination of the linear 

NBI cyclophane chains. With the PBI derivatives and their larger cavities the catenane 

formation is also with the leucine groups enabled that results in the formation of the 2D 

sheets again. 

2.7 Bisimide Metallomacrocycles 

Beside the covalently bonded macrocycles, cyclic squares 37 were generated by 

coordination of monomeric PyBI moieties to Pd(II) metal ions (Figure 31).[123] Herein the 

PyBIs represent the walls of the chiral box-like square 37. 
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Figure 31. Molecular substructures and crystal structure of the coordinative assembled square 37; reprinted 

with permission from ref.[123]. Copyright 1999 The Royal Society of Chemistry. 

Such an approach towards functional supramolecular metallomacrocycles has widely 

been used taking advantage of thermodynamic equilibration to accomplish higher yields. 

One important example was presented by Harding and coworkers in 1995, in which the 

NBI 38 was equipped with bipyridine units in the imide position (Figure 32a).[124] 

Interestingly, the addition of an aromatic guest was necessary to exclusively direct the 

[2+2] metallomacrocycle 39 with Zn(II) ions. Upon addition of dimethoxybenzene a 

charge transfer occurs that changes the solution color from yellow to red, similar to the 

previously described CT complexes. Furthermore, it was shown that a short and rigid 

linking unit promotes the formation of the helical, guest-induced [2+2] cycles.[125] 

37 
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In related studies metal (Zn(II), Cd(II), Cu(I)) coordination of NBI monomers 40 leads to 

close contact among them and thus excimer emission is observed (Figure 32b,c). Upon 

further addition of metal ions the cyclophane disassembles, the 1:2 (NBI:M) complex is 

formed and the monomer emission is regained.[126] 
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Figure 32. a) Guest-induced assembly of the NBI monomer 38 to the [2+2] NBI cyclophane 39; b) 

assembly of the NBI monomers 40 to the corresponding cyclophane and further disassembly to the 

monomeric metal complex upon addition of Zn(II); c) fluorescence spectra of 40 upon addition of Zn(II) 

demonstrating the appearance and disappearance of the excimer emission band; reprinted with permission 

from ref.[126]. Copyright 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The appearance of excimer emission in condensed NBI cyclophanes upon addition of 

coordinating units has also been used to selectively detect pyrophosphate in aqueous 

solution at physiological pH. In the presence of pyrophosphate (PPI) the coordination to 

metal ion equipped NBIs 41 occurs and a closely packed NBI cyclophane is formed that 

changes its emission properties (Figure 33a).[127] 

a) 

b) c) 1 eq. 

0 eq. 
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With the weak-link approach, conformational changes of NBI cycles 42 have been 

realized. Thereby, the metal ions are coordinated to a strong (–PPh2) and a weak (–S–) 

binding ligand that results in a condensed NBI (or PyBI) cyclophane 42c.[26a] Upon 

addition of ancillary pyridine ligands the M–S bond breaks apart, which causes the 

cyclophanes to open (42o) and thus increases the distance between the bisimides (Figure 

33b). Along with this opening process the redox properties of the bisimides are changed 

and a 60 mV shift of the reduction waves is observed. No optical spectroscopy or host-

guest studies for the condensed or open cycles have been carried out. 
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Figure 33. a) Self-assembly of metal ion equipped NBI monomers 41 to the closely packed cyclophane 

upon addition of pyrophosphate (PPI); b) opening process upon addition of an ancillary ligand to a NBI 

cyclophane 42c that is self-assembled in a weak-link approach. 

By introducing larger rigid bridges the bisimides are no longer cofacially arranged, but 

display a side-to-side conformation as in the cyclophanes 43 and 44 (Figure 34).[128] Thus, 

the conformation of the bisimides does not result in an accessible void. Nevertheless, 

small cavities are present that at least are large enough for solvent molecules, like DCM 

(indicated by the blue area in Figure 34). Furthermore, the binding of pyrene on the outer 

sphere of the rectangles 43 and 44 was observed, derived by - interactions with the 

NBI subunits. 

b) 

a) 
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Figure 34. NBI cyclophanes 43 and 44 bridged by a large and rigid linker through metal coordination. 

The metallo-supramolecular approach was also used for the synthesis of PBI containing 

macrocycles. In the first studies self-assembly by Pd(II) and Pt(II) coordination of 

monomeric chromophores bearing pyridine units in the imide position was studied. With 

the right combination of ligands and metal ions, defined macrocyclic arrays have been 

realized composed of two to four chromophores (Figure 35). 
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Figure 35. Chemical structures of PBI macrocycles 45–47 obtained by metal coordination of monomeric 

chromophore units. 



Chapter 2 Literature Survey 

41 

With PBIs bearing pyridine ligands in the imide positions and with Pt(II) or Pd(II) ions 

the cyclophanes 45 containing two chromophores or the squares 46 out of four dyes were 

achieved, depending on the free coordination position in the metal ions and the length of 

the ligands. Thus, a rhomboid and rectangle supramolecular cyclophane 45 was 

synthesized from cis-(PMe3)2Pt(OTf)2 or an anthracene clip along with a large and 

flexible PBI ligand.[129] On the other hand, the right-angled tetramer 46a-f was maintained 

from dppM(OTf)2 (M = Pt(II) or Pd(II), dpp = 1,3-bis(diphenyl-phosphino)propane) and a 

short and rigid bipyridine equipped PBI in almost quantitative yields. The optical and 

electrochemical properties of the tetramer 46 are almost unaffected by the coordination to 

the metal ions due to an electronic decoupling of the 4-pyridine units from the HOMO 

and LUMO of the PBI chromophores, resulting in highly fluorescent squares with 

quantum yields up to 88% (in CHCl3). From isosbestic points in spectroelectrochemical 

investigations it appears that no interactions between the dyes are present in the 

supramolecular square. The complete disappearance of the absorption bands of the neutral 

state suggests a reversible switch of the framework from 0 to +12 in steps of four 

electrons.[130] 

Attachment of pyrene antenna dyes in the bay position of the PBI cores afforded upon 

Pd(II) addition metallo-supramolcular squares 46b bearing 16 pyrene antenna dyes at the 

periphery (Figure 36). 

 

Figure 36. Top (left) and side view (right) of square 46b with pyrene substituents obtained by geometry 

optimization (MD-MM2); pyrene = blue, PBI = red; reprinted with permission from ref.[131]. Copyright 

2005 American Chemical Society. 
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Upon excitation of the pyrene units mainly PBI emission is observed suggesting energy 

transfer from the outer pyrene to the inner PBI with efficiencies > 90%.[131] However, the 

fluorescence quantum yields of the PBI dyes are significantly reduced to 5% indicating 

competing electron transfer from the donor pyrene to the PBI acceptor shortening the 

excited state lifetime from 5.5 ns to 930 ps. In transient absorption (TA) spectroscopy an 

electron transfer within 2 ps and a charge recombination in 1.2–1.8 ns was observed.[132] 

To increase emission by energy transfer the electron transfer has to be suppressed. 

Therefore, a proper spectral overlap between the fluorescence emission of the donor and 

the absorption of the acceptor is required to optimize Förster-type resonance energy 

transfer (FRET). This was achieved by using 4-dimethylamino-1,8-naphthalimide as 

outer antenna chromophores (46f), which increases the fluorescence quantum yield by a 

factor of eight to 37% compared to the pyrene functionalized derivative 46b.[133] 

Beside the light-harvesting squares, multiredox active macrocycles 46c with 16 ferrocene 

groups linked to the perylene cores were synthesized. Upon photoexcitation reductive 

electron transfer to the PBI chromophores takes place that quenches the fluorescence to 

< 1%. The redox properties of the ferrocenyl subunits are strongly affected by the 

supramolecular structure in the squares leading to a splitting of the reductive and 

oxidative waves in cyclic voltammetry, which was not observed for the monomeric PBI 

compound. This splitting can be explained by the position of the ferrocene units in which 

eight groups are pointing to the hydrophobic inside and the other eight groups to the 

outside of the square 46c, where they are stabilized by the polar electrolyte. The 

electrochemical, as well as chemical oxidation with thianthrenium pentachloroantimonate 

was monitored by spectrophotometry, showing disassembling of the +24 charged 

molecular squares due to Coulomb repulsion.[134] 

By using terpyridine equipped PBIs and Zn(II) ions, cyclic dye arrays with three 

chromophores (47) were synthesized in which the optical properties of the PBI dyes are 

not affected by the coordination to the metal ions. The macrocycles were characterized by 

NMR spectroscopy and mass spectrometry confirming the formation of [3+3] cycles. 

With spin coating onto highly ordered pyrolytic graphite (HOPG) two-dimensional 

networks were observed and studied by atomic force microscopy (AFM) showing linearly 

ordered or honeycomb structures with center-to-center distances of 4.7 and 4.3 nm, 

respectively (Figure 37).[135] 
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Figure 37. Tapping-mode AFM images and model of molecular arrangement of spin-coated films from 

DMF solutions of 47 (c = 2.4 x 10–5 M) onto HOPG; A and B show the linearly ordered and C–F the 

honeycomb nanostructures (D: FFT analysis of image C); reprinted with permission from ref.[135]. 

Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Also mixed metallomacrocycles have been reported in the past in which different donor-

acceptor building blocks were connected. In these cycles long-lived charge separated 

states are one main advantage. In this regard Wasielewski and coworkers reported on a 

cyclic tetramer composed of PyBI, NBI and chlorophyll (Figure 38).[136] Through the 

coordination of the pyridine equipped PyBI subunit to the Zn(II) ion of the Chl 

self-assembly towards a defined molecular square 48 occurs. 
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Figure 38. Chemical structure of the donor-acceptor building block and model of the self-assembled 

tetrameric square; reprinted with permission from ref.[136]. Copyright 2012 American Chemical Society. 

TA spectroscopy revealed an electron transfer from Chl to the PyBI upon selective 

photoexcitation of the Chl moiety. Afterwards an further electron shift from the 

Chl+•-PyBI–•-NBI species to Chl+•-PyBI-NBI–• takes place before charge recombination 

(CR) back to the ground state. The Gibbs free energies for the two charge separation 

processes are with –0.09 and –0.17 eV in the thermodynamically favored regime and 

occur within 8 and 827 ps, respectively. Hereby, quantum yields for the final NBI–• of 

> 56% were observed. The charge recombination time CR is in the cycle 48 with 30 ns 

singnificantly slower by a factor of three than in the monomeric compound (with 1% 

pyridine in toluene). 

Similar electron transfer processes have also been observed in cyclic arrays 49 in which 

the NBI acceptor is directly coordinated to porphyrin donor units (Figure 39).[137] In this 

sytem the charge separation occurs within 80 ps (in toluene) and is thus much faster than 

in 48. No values were reported for the charge recombination. 

With the coordination of pyridine equipped PBIs to porphyrin multi-chromophores the 

dimeric 50a,b or trimeric boxes 51 were achieved (Figure 39). In case of the tetraphenoxy 

substituted PBIs 50a charge transfer occurs within 60 ps, forming the PBI–•-porphyrin+• 

state with a short life time of 440 ps. On the other hand, pyrrolidinyl substituted PBIs 50b 

show singlet excitation energy transfer from the photoexcited Zn porphyrin to the PBIs in 

48
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14 ps with a high efficiency of 70%, which is caused by a lowerd PBI singlet state and a 

lifted charge transfer state making the charge separation less favored. However, the 

competing charge separation process still lowers the quantum yield of the energy transfer. 

As a result of this energy transfer mainly PBI emission is maintained.[138] 
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Figure 39. Macrocycles and cages 49–51 by coordination NBI/PBI to Zn porphyrins. 

In the trimeric cage 51 Flamigni and coworkers studied the effect of solvent polarity on 

the charge recombination.[139] In polar solvents like DCM the CR occurs within 110 ps, 

whereas in less polar toluene this process is with ~6 ns significantly slower. The charge 

separation, however, is in both solvents equally fast with 17 and 30 ps, respectively. 
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To obtain large and well-defined cavities within the cages the coordination of 

formylpyridine equipped monomeric NBI units 52 to Zn(II) ions was used to form the 

corresponding tetrahedron Zn4L6 (Figure 40).[140] In these structures the NBI units 52 

represent the edges of the tetrahedron with a length of ~21 Å. 

 

Figure 40. Chemical structure of monomeric NBI 52 that can be self-assembled to the corresponding 

tetrahedron by coordination to Zn(II) and further functionalized by catenation; reprinted with permission 

from ref.[140]. Copyright 2016 The Royal Society of Chemistry. 

As described in chapter 2.6 the NBI moieties can be used for further functionalization by 

catenation with crown ether like cyclophanes. In this tetrahedron only two subunits 

undergo the catenation by sterically-control of the cavity size. 

To further enlarge the cavity, PBIs 53 were used in a similar approach to form tetrahedra 

with an edge length of ~40 Å (Figure 41). This enables the complexation of functional 

guest molecules like coronene and fullerene into these Fe(II)4L6 tetrahedral hosts. With 

the six PBI units a reversible 34 electron cycling between a +18 and a –16 charged 

species was observed, enabled by the high porosity of the tetrahedron that allows the 

counterions to flow in and out of the host. However, the fluorescence of the 

tetrasubstituted PBIs gets quenched through the coordination to the Fe(II) ions.[141] To 

overvome this shortcoming a tetrahedron 54a with Zn(II) ions has been made that reduces 

the excited-state intersystem crossing and fluorescence quenching. Upon dilution, 

however, this tetrahedron equilibrates to the Zn2L3 helicate and finally disassembles.[142] 

To stabilize the Zn4L6 tetrahedron a tris(2-aminoethyl)amine bridge has been introduced 

to covalently link each PBI edge in the cage 54b. And indeed the stabilized Zn(II) 

tetrahedron could be obtained in 92% yield with a fluorescence quantum yield of 67%. 

catenation 
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This strong emission can now be used for fluorescence sensing upon addition of aromatic 

guest molecules, such as perylene and coronene (Figure 41).[143] 

 

Figure 41. Chemical structure of the PBI building blocks 53 and 54a,b for the formation of PBI tetrahedra 

by self-assembly to Fe(II) or Zn(II) ions. Geometry optimized structure of the perylene3@54b complex and 

fluorescence quenching upon addition of perylene to 54b; reprinted with permission from ref.[143]. 

Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Chapter 3 

 

Results and Discussion 
 

 

 

3.1 Synthesis and Characterization1 

Inspired by the intriguing function of the natural light-harvesting dye arrays and the just 

discussed bisimide macrocycles the synthesis of para-xylylene bridged perylene bisimide 

macrocycles and cyclophanes was carried out following the procedure described in Figure 

42. 

Starting from literature known PBIs PBI(4-tBu)4,
[144] PBI(2,6-iPr)2

[145] and PBI(2,6-Ph)2
[146] 

bearing cyclohexane in the imide positions alkaline hydrolysis was performed to get the 

perylene bisanhydrides PBA(4-tBu)4, PBA(2,6-iPr)2 and PBA(2,6-Ph)2 in yields of 86, 72 and 

76%. While the addition of a small excess of potassium hydroxide (~10 eq.) is sufficient 

for PBA(4-tBu)4 and PBA(2,6-iPr)2, 200 equivalence of KOH are necessary to convert 

PBI(2,6-Ph)2 into its PBA derivative. The latter serve as precursors for both, the synthesis of 

the monomeric reference compounds 1PBI bearing benzylamine in the imide positions 

and the para-xylylene bridged cyclophanes and macrocycles nPBI. 

The monomeric PBIs 1PBI(4-tBu)4, 1PBI(2,6-iPr)2 and 1PBI(2,6-Ph)2 could thus be synthesized 

in yields of 85–89% under standard imidization reaction conditions[147] with benzylamine 

in imidazole and pyridine at 120 °C and were purified by column chromatography. 

                                                 
1 The syntheses of PBA(2,6-iPr)2, PBA(2,6-Ph)2, 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 were performed by Andreas 
Sieblist, Bachelor Thesis, Universität Würzburg, 2014. 
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Figure 42. Synthesis route from the literature known PBI derivatives to the corresponding PBA precursor 

and the final products, the reference compounds 1PBI, the cyclophanes 2PBI and the bigger macrocycles 

3PBI–9 PBI. 

Analog, the cyclophanes 2PBI(4-tBu)4, 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 were obtained with 

para-xylylenediamine (1 eq.), however, only in low yields of 6.7, 5.9 and 3.0% after 

purification by column chromatography and recycling GPC (gel permeation 

chromatography). The cyclophane m-2PBI(4-tBu)4 was obtained from PBA(4-tBu)4 and 

meta-xylylenediamine in higher yields of 19%, which can be related to an optimized 

preorganization of the PBI subunits in the open dimers before ring closure. Despite the 

low yields it was possible to fully characterize the target molecules by NMR, UV-vis 

absorption, fluorescence spectroscopy and mass spectrometry and to perform host-guest 
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studies in chloroform and toluene, which allows the comparison of bay substituent effects 

on the binding strength (see chapter 3.4). 

In addition to the PBI cyclophanes 2PBI(4-tBu)4 the larger macrocycles nPBI(4-tBu)4 were 

obtained from the same reaction. Already the MALDI-TOF mass spectrum of the crude 

product mixture of nPBI(4-tBu)4 showed nicely the formation of macrocycles with different 

ring sizes starting with the dimer 2PBI(4-tBu)4, containing two PBI units, to the nonamer 

9PBI(4-tBu)4 with nine covalently linked chromophores (Figure 43). 
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Figure 43. MALDI-TOF mass spectrum of the crude product mixture of nPBI(4-tBu)4 prior to separation of 

the individual macrocycles (pos. mode, DCTB in chloroform 1:1). 

With column chromatography the separation of the cyclic dimer from the larger 

macrocycles and open oligomers was achieved, but not the separation of each 

macrocycle. Therefore, recycling GPC in chloroform, a method that was already used in 

the past to separate another class of PBI macrocycles,[107] was used to purify each 

individual macrocycle nPBI(4-tBu)4. Thus, nPBI(4-tBu)4 were isolated in yields of 6.7, 8.5, 

4.2, 2.5, 1.8, 1.0, 0.4 and 0.3%, respectively. The relatively low total yield of all 

macrocycles (~25%) and the decrease of the yield with increasing ring size (trimer to 

nonamer) is due to the fact that the macrocycles are formed by intramolecular ring closure 

of the respective open-chain intermediates, which becomes less favored with increasing 

ring size. Despite the low isolated yields, the individual macrocycles could be 

satisfactorily characterized by mass spectrometry, 1H- and 13C-NMR and optical 

spectroscopy. The 1H-NMR spectra of nPBI(4-tBu)4 (n = 2–9) show in chloroform one set 

of signals confirming the high symmetry of the molecules. In comparison to the 

monomeric reference compound 1PBI(4-tBu)4 a slight upfield shift of the PBI core protons 
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occur, which is strongest for 2PBI(4-tBu)4 due to closer contact of the chromophores and 

gets smaller with increasing ring size and angle between the dyes (Figure 44). This 

indicates that with increasing ring size the contact between the PBI chromophores in 

chloroform is reduced in the way that the dyes in the bigger cycles behave more like the 

monomer 1PBI(4-tBu)4. 
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Figure 44. Aromatic region in 1H-NMR spectra (CDCl3; 400 MHz) of the monomeric reference 1PBI(4-tBu)4 

and macrocycles 2PBI(4-tBu)4 – 9PBI(4-tBu)4. 2PBI(4-tBu)4 has very broad signals due to slower interconversion 

of P- and M-atropoenantiomers at the NMR time scale; dotted lines indicate the signal shifts with increasing 

ring size. 

Also for the derivatives nPBI(2,6-iPr)2 and nPBI(2,6-Ph)2 larger macrocycles were observed 

in the crude reaction mixture by mass spectrometry. However, due to the very low yields 

already for the cyclic trimer of < 1%, these cycles were not further investigated. 

To increase the yield of the desired cyclophane, the reaction conditions were optimized, 

which afforded the best results by dilution with toluene (c(PBA(4-tBu)4) = 0.5 mM), which 

obviously facilitates the intramolecular dimerization by a template effect (for rationale 

see chapter 3.2). Remarkably, the yield of cyclophane 2PBI(4-tBu)4 could thus be improved 

to 18%. However, similar optimization attempts for 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 were 

not successful and did not improve the yield. 

In the following the different properties of the synthesized cyclophanes and macrocycles 

will be discussed in detail. First the encapsulation of aromatic hydrocarbons in 

2PBI(4-tBu)4 will be presented, followed by a discussion on the guest and solvent 
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modulated photophysics of this cyclophane. Afterwards, it will be shown how the guest 

binding is optimized in disubstituted PBIs, whereas the substitution pattern of 2PBI(4-tBu)4 

can be used to induce chirality to the PBI core. Then, the encapsulation of fullerene into 

the larger cyclic trimer 3PBI(4-tBu)4 is illustrated and finally the folding properties and 

self-assembly on HOPG of the macrocycles will be discussed. 
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3.2 A PBI Cyclophane as “Turn-on” and “Turn-off” Fluorescence 

Probe2 

3.2.1 Optical Spectroscopy and Molecular Modelling 

The optical properties of the PBI cyclophane 2PBI(4-tBu)4 were studied by fluorescence 

and UV-vis absorption spectroscopy. A significantly decreased fluorescence quantum 

yield of 21% (in CHCl3) was observed for 2PBI(4-tBu)4 in comparison to 97% for the 

monomeric PBI 1PBI(4-tBu)4 (Figure 45). 
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Figure 45. UV-vis absorption and fluorescence spectra of the monomeric reference compound 1PBI(4-tBu)4 

(left) and the PBI cyclophane 2PBI(4-tBu)4 (right) in chloroform (dashed line) and toluene (solid line); 

emission spectra are normalized to the corresponding UV-vis maxima; c = 5.0 x 10–6 M; RT. 

This can be explained on the basis of spatial proximity of the PBI units in the cyclophane 

2PBI(4-tBu)4 giving rise to a weak interchromophoric interaction that obviously opens new 

non-radiative decay channels. In compliance with this, the ratio of the 0-0 and 0-1 

vibronic transition (A0-0/A0-1) for cyclophane 2PBI(4-tBu)4 is considerably reduced to 1.25 

in contrast to 1.66 for 1PBI(4-tBu)4, suggesting exciton-vibrational couplings.[148] On the 

other hand, molecular modelling (Figure 46a) suggests that the interchromophoric 

distance of approximately 6.5 Å should be properly suited for the encapsulation of planar 

aromatic guest molecules, and indeed the fluorescence quantum yield of 2PBI(4-tBu)4 is 

substantially increased to 64% in the aromatic solvent toluene (1PBI(4-tBu)4: fl = 99%). 

This can be explained in terms of intercalation of toluene molecules between both PBI 

chromophores leading to a reduced exciton coupling between the two PBI chromophores. 

                                                 
2 This chapter has been published: P. Spenst, F. Würthner, Angew. Chem. Int. Ed. 2015, 54, 10165-10168; 

Angew. Chem. 2015, 127, 10303-10306. 
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Figure 46. Geometry optimized structures of the free PBI cyclophane 2PBI(4-tBu)4 (a) and of the 1:1 

complexes perylene@2PBI(4-tBu)4 (b), pyrene@2PBI(4-tBu)4 (c), phenanthrene@2PBI(4-tBu)4 (d) and 

triphenylene@2PBI(4-tBu)4 (e) in the front- (left), side- (middle) and top-view (right) obtained by force field 

optimization; Maestro 9.3, MacroModel 9.8, CHCl3, MM2*. 
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Obviously, embedding of toluene between two PBIs is also the reason for increased yields 

of cyclophane 2PBI(4-tBu)4 in this particular solvent (see chapter 3.1). 

3.2.2 Host-Guest Studies 

To investigate the capability of 2PBI(4-tBu)4 to serve as a host for other more complex 

aromatic hydrocarbons UV-vis absorption and fluorescence (ex = 530 nm) titration 

experiments were performed by adding an excess of the particular guest to a solution of 

2PBI(4-tBu)4 in chloroform (c(2PBI(4-tBu)4) = 5.8 x 10–5 M) (Figure 98 – Figure 102 in the 

appendix). Therefore, different rigid and flexible aromatic substrates were applied to 

determine the factors that influence the complexation behavior. 

The titration of cyclophane 2PBI(4-tBu)4 with rather electron-poor guest molecules like 

naphthalene, biphenyl, 9-fluorenone, anthraquinone, phenanthrene, phenylnaphthalene 

and triphenylene resulted in only small changes of the PBI absorbance (Figure 47a). 

Several isosbestic points indicated the formation of single well-defined host-guest 

complexes. Most interestingly, the intercalation of the guest molecules between the 

cofacially arranged -surfaces of the PBI chromophores significantly increased the 

emission intensity up to 100% by virtue of a reduced electronic coupling between the two 

PBIs (vide supra) (Figure 47a and Figure 48a, red squares). In contrast, the complexation 

of more electron-rich substrates like carbazole, anthracene, pyrene and perylene further 

quenches the PBI fluorescence due to charge transfer (CT) interactions between the guest 

and the electron-poor PBI chromophores (Figure 47b and Figure 48a, blue squares).[21b] 

Additionally, the emission maxima of the host-guest complexes are strongly red-shifted to 

650, 657 and 690 nm for carbazole, pyrene and anthracene, which can presumably be 

attributed to emissions originating from CT states. Since the oxidative fluorescence 

quenching is related to an intermolecular charge transfer from the HOMO of the guest 

molecule to the HOMO of the photoexcited host (inset Figure 48a), cyclophane 

2PBI(4-tBu)4 can be used as both “turn-on” and “turn-off” fluorescence probe depending on 

the electronic character of the encapsulated aromatic hydrocarbon. 
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Figure 47. Changes in the UV-vis absorption (top) and emission spectra (middle) of PBI cyclophane 

2PBI(4-tBu)4 upon titration with the individual guest molecules on the examples of phenanthrene (a) and 

anthracene (b); c(2PBI(4-tBu)4) = 5.8 x 10–5 M in CHCl3; red line: spectra before titration; blue line: spectra 

after the individual guest is completely added; arrows indicate spectral changes; bottom: non-linear least 

square fitting curves of the fluorescence intensities vs. the guest concentration (inset: Benesi-Hildebrand 

plot confirming the 1:1 stoichiometry). 

a) b) 
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Figure 48. (a) Plot of the fluorescence quantum yield fl of the host-guest complexes. Electron-poor guests 

(red), electron-rich guests (blue) and the free cyclophane 2PBI(4-tBu)4 (black); inset: schematic 

representation of the oxidative fluorescence quenching mechanism; (b) calculated HOMO and LUMO 

levels of the guest molecules; DFT calculations, Gaussian09W, B3LYP/6-31G(d). 

Considering the energy level of ferrocene/ferrocenium with respect to the vacuum 

level[149] and the oxidation potential of cyclophane 2PBI(4-tBu)4 (E1/2
ox (1/1+) = 0.84 V, 

Figure 51b in chapter 3.3), the HOMO level of 2PBI(4-tBu)4 can readily be estimated as     

–(4.8+0.84) eV = –5.64 eV (DFT calculations: –5.55 eV). Thus, guest molecules with a 

HOMO that is higher in energy than the one of cyclophane 2PBI(4-tBu)4 will quench the 

PBI emission. Whilst aromatic hydrocarbons with a lower lying HOMO level obviously 

increase the cyclophane fluorescence because the guest molecules keep the two PBIs at 

distance, preventing structural relaxation in the excited state towards increased 

intermolecular PBI-PBI coupling that constitutes a common fluorescence quenching 

pathway of these dyes.[94b] Furthermore, new bathochromically shifted CT-bands at 

higher wavelengths can be observed for electron-rich guest molecules by UV-vis 

spectroscopy beside the original PBI absorption maxima (Figure 47b). As a consequence 

of the particularly strong interaction between perylene and PBI host 2PBI(4-tBu)4 the 

corresponding perylene@2PBI(4-tBu)4 complex could also be confirmed by mass 

spectrometry (MALDI-MS, Figure 103 in the appendix). 

According to Benesi and Hildebrand, who developed a simple mathematical approach for 

the determination of equilibrium constants of non-covalent host-guest complexes Ifl
–1 

a) 

b) 
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was plotted versus [G]–1 suggesting the formation of 1:1 complexes for all applied guests 

(Figure 98 – Figure 102 in the appendix).[150] The respective binding constants were 

accordingly determined using a 1:1 binding model (2) by non-linear least square 

fitting:[151] 

4 	  (2) 

where IA, IAB and Iobs are the fluorescence intensities at a selected wavelength of the free 

host, the 1:1 complex and the measured intensity. cA
0 and cB

0 are the total concentrations 

of the host and the guest. Ka is the respective binding constant. From the binding constant 

Ka the Gibbs free energy G0
298 can be calculated according to equation (3): 

∆ ln   (3) 

The results are summarized in Table 1. 

Table 1. Binding constants Ka [M
–1] and Gibbs free energies G0

298 [kJ mol–1] for the 1:1 complexes of 

aromatic hydrocarbons by PBI cyclophane 2PBI(4-tBu)4 in CHCl3 at c = 5.8 x 10–5 M. 

guest Ka R2 G0
298 

naphthalene 26.8 ± 0.6 0.999 8.15 

9-fluorenone (1.6 ± 0.1) x 103 0.997 18.1 

carbazole 944 ± 110 0.991 17.0 

anthraquinone (1.5 ± 0.1) x 103 0.998 18.0 

biphenyl (7.1 ± 0.4) x 103 0.997 20.0 

anthracene (9.9 ± 0.6) x 103 0.997 22.8 

phenanthrene (2.4 ± 0.1) x 103 0.999 19.3 

phenylnaphthalene (1.1 ± 0.1) x 104 0.996 23.1 

pyrene 114 ± 2.0 0.999 11.7 

triphenylene (1.2 ± 0.1) x 103 0.998 17.5 

perylene (4.6 ± 0.4) x 104 0.997 26.6 

For a presumed prevalence of dispersion interactions in these host-guest complexes it is 

reasonable to assume that the affinity of 2PBI(4-tBu)4 towards aromatic guest molecules 

correlates to the host-guest -surface that is in direct contact by the non-covalent 

interaction (Figure 49).[152] 
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Figure 49. Plot of –G0
298 versus the number of C=C double bonds of the guests´ -scaffold; the dotted line 

visualizes the trend between binding strength and interacting -orbitals that maximize for perylene in 

CHCl3. 

Thus, the dimension of the PBI -surface apparently defines the maximal binding 

strength and increasing number of C=C double bonds within the substrate should result in 

larger binding constants until the aromatic PBI core becomes completely covered and the 

guest molecule too extended to be encapsulated.[153] This tendency can be corroborated 

considering that the binding constant Ka continuously increases in the order naphthalene 

(26.8 M–1) << carbazole (940 M–1) ≈ anthraquinone (1.5 x 103 M–1) ≈ 9-fluorenone 

(1.6 x 103 M–1) < anthracene (9.9 x 103 M–1) < phenylnaphthalene (1.1 x 104 M–1) < 

perylene (4.6 x 104 M–1) where the binding strength reaches its maximum (marked as 

dotted line in Figure 49). The similar values for similarly sized electron-rich and electron-

poor guest molecules (e.g. carbazole and 9-fluorenone) also corroborate the view that the 

binding energy is indeed governed by dispersion and not by charge transfer forces. 

Considering the number of C=C double bonds that should be involved in the 

complexation of phenanthrene and triphenylene the observed binding constants are 

apparently lower than one might expect. However, regarding the geometry optimized 

structures of phenanthrene@2PBI(4-tBu)4 and triphenylene@2PBI(4-tBu)4 this observation 

seems to be rather reasonable since both guest molecules are partially displaced from the 

cavity due to the core twisting of bay-substituted PBIs (Figure 46d, e).[154] Therefore, the 

number of C=C double bonds that contribute to the binding interaction in both complexes 

is reduced to approximately six, which is consistent with our experimental findings. Due 
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to the twist of the aromatic PBI core, the cavity of cyclophane 2PBI(4-tBu)4 is indeed 

somewhat distorted and consequently exhibits a certain selectivity towards more flexible 

guest molecules, which are capable to screen the surface of the inner void. 

Therefore, the binding constant between 2PBI(4-tBu)4 and pyrene (114 M–1), which acts as 

a representative for relatively rigid and more discoid aromatic hydrocarbons is 

significantly decreased (Ka is 100 times lower than that for phenylnaphthalene). In 

contrast, substrates with a high intrinsic flexibility like biphenyl can readily adapt the 

geometry of the cavity resulting in a comparatively high equilibrium constant of 

Ka = 7.1 x 103 M–1 that is four times higher than the ones for the planarized analogues 

9-fluorenone, carbazole and anthraquinone. Molecules like 1,1’-binaphthyl and 

1,1’-binaphthole, which are axially too twisted, or substrates like tetracene and 

trans-stilbene, which are larger than the cavity of the PBI cyclophane itself could not be 

encapsulated by 2PBI(4-tBu)4. This provides further evidence that the complexation indeed 

takes place within the cavity and not at the outer PBI -surface. It should be pointed out 

that all host-guest studies were carried out in chloroform, which is a solvent with 

excellent solvation properties for PBI -scaffolds.[155] Thus, far higher binding constants 

are expected in other solvents. 

In summary, the rigid para-xylylene bridged cyclophane 2PBI(4-tBu)4 exhibits an ideal 

interchromophoric distance for the encapsulation of aromatic hydrocarbons with binding 

constants up to 4.6 x 104 M–1. Since the emission properties of the complexes are highly 

dependent on the electronic structure of the substrate, cyclophane 2PBI(4-tBu)4 could be 

used as both “turn-on” and “turn-off” fluorescence probe distinguishing electron-rich and 

electron-poor aromatic molecules (Figure 50). 
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Figure 50. Schematic illustration (top) and representative photograph (bottom) for the “turn-on” 

(phenylnaphthalene@2PBI(4-tBu)4) and “turn-off” (carbazole@2PBI(4-tBu)4) fluorescence sensing of electron-

poor and electron-rich aromatic hydrocarbons of the PBI cyclophane 2PBI(4-tBu)4. 

  

free 
cyclophane 
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guest 
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3.3 Guest and Solvent Modulated Photo-driven Charge Separation and 

Triplet Generation in a PBI Cyclophane3 

As described in chapter 2.1 the precise positioning of the light absorbing chlorophylls and 

their associated redox cofactors in photosynthetic reaction center proteins using weak 

van-der-Waals interactions and metal-ligand and hydrogen bonds results in optimized 

electronic interactions between them that result in efficient charge separation to form 

radical ion pairs (RPs).[42, 156] For example, photoexcitation of the chlorophyll special pair 

dimer in some reaction center proteins leads to symmetry-breaking charge separation 

(SB-CS),[157] which has motivated researchers to develop synthetic analogues and to 

investigate the fundamental photophysics behind SB-CS.[95, 158] 

One factor thus far limiting studies of non-covalent supramolecular ensembles has been 

the lack of suitable dye-based hosts bearing sufficiently large cavities to complex redox-

active guest molecules. In recent work this challenge was approached with the cyclic PBI 

trimer 28 (see chapter 2.5) for which biomimetic intramolecular symmetry-breaking 

charge separation (SB-CS) could be observed in CS = 12 ps, although the free energy of 

charge separation, GCS, is barely negative.[112] The charge recombination (CR) back to 

the PBI ground state (GS) is much slower (CR = 1.12 ns), despite the larger GCR of this 

process. According to Marcus theory,[159] ET can occur in the normal region (–GET < ) 

or in the inverted region (–GET > ) depending on the relative magnitudes of the Gibbs 

free energy (–GET) and the reorganization energy ().[158a, 160] The PBI trimer 28 data 

imply that its charge recombination reaction is in the Marcus inverted region.[159, 161] 

Unfortunately, no guest encapsulation could be achieved within the PBI trimer 28, in 

contrast to the PBI cyclophane, 2PBI(4-tBu)4, whose fluorescence is quenched by the 

encapsulation of electron rich aromatic guests (chapter 3.2). Accordingly, the electronic 

interactions of 2PBI(4-tBu)4 and its corresponding host-guest complexes are elucidated by 

steady-state absorption, fluorescence and transient absorption (TA) spectroscopy to 

identify the ET processes and the individual lifetimes of the states formed. 

                                                 
3 This chapter has been published: P. Spenst, R. M. Young, M. R. Wasielewski, F. Würthner, Chem. Sci. 

2016, 7, 5428-5434. 
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3.3.1 Steady state Spectroscopy and Electrochemistry  

The steady-state UV-vis absorption spectrum of 2PBI(4-tBu)4 has its maximum at 582 nm 

in dichloromethane, which is comparable to the tetraphenoxy-substituted monomeric PBI 

1PBI(4-tBu)4. Similar to other multi-chromophoric PBI systems, the 0-1 vibronic band of 

2PBI(4-tBu)4 at 543 nm is significantly enhanced with respect to the 0-0 transition that can 

be related to the excitonic coupling of the two cofacial arranged PBI units (Figure 

51a).[30d, 112, 148d] The corresponding fluorescence spectrum has its maximum at 627 nm, 

which is bathochromically shifted by 12 nm and has a significantly quenched 7% 

fluorescence quantum yield compared to 1PBI(4-tBu)4 (fl(1PBI(4-tBu)4) = 75% in DCM), 

indicative of an efficient nonradiative decay process. No long-lived and red-shifted 

excimer-like emission[30d, 148d] was observed, which is attributed to the stiff linkage and 

the relatively long 6.5 Å interplanar distance between the two PBI chromophores. 
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Figure 51. Normalized UV-vis absorption (solid line) and fluorescence (dashed line) spectra (a) of 

2PBI(4-tBu)4 (red) and 1PBI(4-tBu)4 (black); DCM, RT, c = 5 x 10–5 M; cyclic voltammograms (b) in DCM of 

2PBI(4-tBu)4 and 1PBI(4-tBu)4; reference electrode: Ag/AgCl, working and auxiliary electrode: Pt; 0.1 M 

TBAHFP, Fc/Fc+, RT, c = 2 x 10–4 M. 

To get information with regard to the thermodynamic driving force for photo-driven 

charge separation GCS cyclic voltammetry was performed on 2PBI(4-tBu)4 and 1PBI(4-tBu)4 

in dry dichloromethane under argon (Figure 51b). 2PBI(4-tBu)4 shows similar behavior to 

the monomer with two reversible reduction and one reversible oxidation waves, which are 

slightly cathodically shifted by 20 mV compared to 1PBI(4-tBu)4. The broadening of the 

2PBI(4-tBu)4 voltammogram can be related to multi-electron processes.[30d] To quantify the 

driving force for the charge separation and recombination for the cyclophane the Weller 

equation was applied (Eq. (4) and (5)):[162] 

a) b) 
1PBI(4-tBu)4 

2PBI(4-tBu)4 
1PBI(4-tBu)4 

2PBI(4-tBu)4 
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∆ 	 	  (4) 

∆ ∆ 	          (5) 

where Eox(D) and Ered(A) are the first oxidation and reduction potential of PBI, respectively, 

E00 is the excited state energy, rDA is donor-acceptor center-to-center distance and rD and 

rA are the effective ionic radii, respectively. The dielectric constants of the spectroscopic 

solvent and of the solvent used in electrochemistry are given with S and ref. 

Since dichloromethane has been used in both, spectroscopy and cyclic voltammetry 

studies, the Born ionic solvation energy (final) term in the Weller equation (4) can be 

neglected. The oxidation and reduction potentials are 0.84 V and –1.15 V vs. Fc/Fc+, the 

excited state energy calculated from the average value of absorption and emission 

maxima of 2PBI(4-tBu)4 is 2.06 eV, and the 0.65 nm distance between the two PBI units in 

2PBI(4-tBu)4 is obtained from the DFT calculated structure (Figure 46a). Thus, the Gibbs 

free energy for the intramolecular charge separation and recombination in 2PBI(4-tBu)4 is 

calculated to GCS = –0.32 eV and GCR = –1.74 eV, respectively, confirming that both 

electron transfer processes for charge separation and subsequent charge recombination are 

thermodynamically favorable. 

3.3.2 Transient Absorption Spectroscopy of the Free Host 2PBI(4-tBu)4 

To elucidate the excited state dynamics in the PBI cyclophane 2PBI(4-tBu)4 femtosecond 

(fs) and nanosecond (ns)TA studies were performed (Figure 52). The fsTA spectra 

(Figure 52a) show the ground state bleach (GSB) at 461, 543 and 583 nm and the 

stimulated emission (SE) at 611 and 664 nm as shoulders in the spectra. The excited 

singlet state 1*PBI absorption (ESA) has a positive signal at 710 nm and the two 

characteristic strong maxima in the NIR region at 959 and 1035 nm. While the TA spectra 

and the high fluorescence quantum yield for 1*1PBI(4-tBu)4 indicate that it decays back to 

the ground state primarily by emission (Figure 104 in the appendix), the PBI cyclophane 

2PBI(4-tBu)4 shows very different excited state dynamics with a fast decay of the 1*PBI 

state in 161 ± 4 ps to a new transient species. Here the SE and ESA signals fully 

disappear, while new bands arise in the visible region at 486 and 628 nm, in the NIR 

region at 797, 993 and 1100 nm and a broad feature at ~1220 nm. By comparison to the 

PBI radical cation and anion absorption spectra these bands can clearly be attributed to 

PBI+• (486, 628, 1220 nm) and the PBI–• (797, 993, 1100 nm).[112, 130b] From these 
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ultrafast transient dynamics data it can be concluded that photo-driven intramolecular 

SB-CS occurs in the PBI cyclophane with a high quantum yield. 
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Figure 52. Femtosecond (a) and nanosecond (b) transient absorption spectra of 2PBI(4-tBu)4 showing the 

excited state dynamics after photoexcitation. Species-associated spectra (c) reconstructed from global fits to 

the sequential A  B  C  ground state model, where A is 1*PBI, B is SB-CS state and C is 3*PBI 

(ex = 580 nm, 1.0 J/pulse, dichloromethane, 298 K, degassed for nsTA). The C  ground state time was 

determined from nsTA. 

Most interestingly and presumably caused by the long distance between the PBI moieties, 

CR between PBI+• and PBI–• in 2PBI(4-tBu)4 occurs only slowly with 8.90 ± 0.06 ns to 

produce a significant yield of the PBI triplet state (3*PBI) characterized by positive 

absorptions at 515 and 556 nm, a bleach at 579 nm and a weak positive and broad 

absorption at 734 nm (Figure 52b).[163] 

a) 

b) 

c) 
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3.3.3 Triplet Formation Mechanism 

Spin-orbit coupling induced intersystem crossing (SO-ISC) is slow in PBIs, leading to 

very low triplet quantum yields for common PBIs (< 1%).[164] Thus, formation of 

PBI+•-PBI–• is obviously a prerequisite for populating 3*PBI, either by spin-orbit charge 

transfer intersystem crossing (SOCT-ISC) or by radical pair intersystem crossing 

(RP-ISC). The SOCT-ISC mechanism requires large changes in orbital angular 

momentum upon formation of PBI+•-PBI–•, which would require the -systems of the two 

PBI molecules to be nearly orthogonal,[165] which is not the case in 2PBI(4-tBu)4. In 

contrast, the RP-ISC mechanism requires a relatively weak magnetic interaction between 

the two PBI radicals within PBI+•-PBI–•.[166] Photoexcitation of 2PBI(4-tBu)4 produces 
1(PBI+•-PBI–•), whose spin dynamics depend strongly on the isotropic spin-spin exchange 

interaction, 2J = ES – ET, where ES and ET are the energies of 1(PBI+•-PBI–•) and 
3(PBI+•-PBI–•), respectively.[167] Due to the long through-space and through-bond 

distances between the PBI subunits, 2J for PBI+•-PBI–• should be small enough to enable 

RP-ISC of 1(PBI+•-PBI–•) to 3(PBI+•-PBI–•).[166] Moreover, since 2J  V2,[167] and kET  V2 

(equation 6), the relatively long 8.90 ns CR time is also consistent with a small value of 

2J. The subsequent CR process is spin selective in that 1(PBI+•-PBI–•) recombines back to 

the singlet ground state, whereas 3(PBI+•-PBI–•) recombines to 3*PBI within 

2PBI(4-tBu)4.
[168] The experimental findings thus indicate that RP-ISC is the most likely 

mechanism producing 3*PBI within 2PBI(4-tBu)4. Unfortunately, the 8.90 ns PBI+•-PBI–• 

lifetime is too short to observe this RP directly by time-resolved EPR spectroscopy. 

The lifetime of 3*PBI within 2PBI(4-tBu)4 is very long ( ≥ 112 s) in a degassed solution 

at room temperature. Isolating 2PBI(4-tBu)4 in a glassy solvent matrix is necessary to 

prohibit quenching by diffusion; however, this also prohibits the SB-CS process and thus, 

the intrinsic triplet lifetime could not be investigated. To estimate the quantum yield for 

the triplet formation, singlet oxygen emission was measured and compared to that of a 

methylene blue standard (MB).[169] From this experiment, the singlet oxygen quantum 

yield is determined to  = 0.27, which also serves as the lower limit of the 3*PBI yield 

and is consistent with the weak triplet signal in the TA spectra (Figure 52c). This result 

and the low fluorescence quantum yield indicate that the main pathway back to the 

ground state is by singlet RP recombination. Furthermore, no photobleaching of 

2PBI(4-tBu)4 with singlet oxygen was observed, verifying the great photostability of PBIs 

against oxidation. The SB-CS process is disfavored in non-polar solvents such as toluene 
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as evidenced by the increase in 2PBI(4-tBu)4 fluorescence quantum yield to 64%.[170] 

Consistent with the increased emission, the transient absorption spectra of 2PBI(4-tBu)4 in 

toluene show only singlet excited state decay directly back to the GS in  = 4.5 ± 0.6 ns 

without the population of other transient species (Figure 105 in the appendix). 

3.3.4 Transient Absorption Spectroscopy of the Host-Guest Complexes 

By adding electron-rich guests, such as carbazole, pyrene, anthracene, and perylene to 

2PBI(4-tBu)4, host-guest complexes are formed, leading to a slight bathochromic shift of 

the 2PBI(4-tBu)4 absorption maximum and the appearance of a new band at longer 

wavelength that can be attributed to a charge transfer transition. Furthermore, the PBI 

fluorescence is almost fully quenched in the presence of these guests (chapter 3.2). The 

oxidation potentials of carbazole, pyrene, anthracene, and perylene are 0.64,[171] 0.91,[172] 

0.88,[173] and 0.59 V[174] vs. Fc/Fc+, respectively. Using these data in equations (4) and 

(5), and the calculated 0.35 nm PBI-guest distance in the complex, we calculate   

GCS = –0.73, –0.46, –0.49 and –0.78 eV, respectively, and GCR = –1.33, –1.60, –1.57 

and –1.28 eV for the host-guest complexes (guest@2PBI(4-tBu)4), which clearly show that 

the electron transfer processes in the complexes are highly favored thermodynamically. 

In the fsTA spectra, ultrafast CS components of CS = 6.7 ± 0.2, 3.6 ± 0.3, 1.1 ± 0.2 and 

0.9 ± 0.1 ps were observed for 2PBI(4-tBu)4 complexed with carbazole, pyrene, anthracene 

and perylene, respectively (Figure 53 and Figure 106 – Figure 108 in the appendix). The 

fsTA spectra of the perylene@2PBI(4-tBu)4 complex in Figure 53 show the PBI–• 

absorptions along with a strong positive absorption at 542 nm that can be attributed to 

perylene+•.[175] The radical cation features of the other hydrocarbons are much weaker in 

the observed spectral window and strongly overlap with the GSB and PBI–• absorption 

changes, and were thus not observed. However, no PBI+• bands were detected, confirming 

that the CS now takes place between 2PBI(4-tBu)4 and the guest molecule alone. 
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Figure 53. Femtosecond (a) transient absorption spectra of the perylene@2PBI(4-tBu)4 complex showing the 

excited state dynamics after photoexcitation. Species-associated spectrum (b) reconstructed from global fits 

to the sequential A  B  ground state (GS) model, where A is 1*PBI and B is CT state (ex = 580 nm, 

1.0 J/pulse, dichloromethane, 298 K, air equilibrated). 

The ultrafast charge separation processes in the complexes are close to our detection limit 

(~200 fs); thus the spectra of 1*PBI are difficult to observe for the perylene and 

anthracene complexes, but are clearer for pyrene and carbazole. The second time constant 

gives the CR lifetime directly back to the GS of PBI without any indication of triplet 

formation. This is consistent with a large 2J in the guest+•-PBI–• RP, which precludes 

RP-ISC. The corresponding CR times using the carbazole, pyrene, anthracene and 

perylene guests are CR = 892 ± 46, 593 ± 42, 1140 ± 120 to 420 ± 2 ps, respectively. 

The data show that the CS rate increases with increasing GCS for ET from the HOMO of 

the respective electron-donating guest to the photo-excited electron-accepting PBI. Using 

CS and CR obtained from the transient absorption kinetics and the corresponding values 

of GCS and GCR, the total reorganization energy  = S + I, whereS and I are the 

solvent and internal reorganization energies, respectively, and the electronic coupling 

matrix element V can be calculated according to Marcus theory by applying equation 

(6):[159b] 

	 exp ∆ 	 	
  (6) 

a) 

b) 
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where kET is the electron transfer rate constant calculated from the transient absorption 

spectra, and GET is the Gibbs free energy for charge separation or recombination. Given 

that the difference in  between the GS and the excited singlet state for rigid aromatic 

molecules like PBI is very small, a single curve is drawn through both the CS and CR 

data, even though, strictly speaking, they represent two different reactions: 1) excited 

singlet state  RP and 2) RP  GS (Figure 54). The experimental data of kET were fitted 

by equation (6), giving a reorganization energy  = 0.75 eV and an electronic coupling 

matrix element V = 15 cm–1. The relatively high value of  is consistent with a large S 

resulting from reorientation of polar CH2Cl2 in response to the formation or decay of the 

RP charges.[158c] Furthermore, the data show that the CS lies in the Marcus normal region 

and reaches the peak of the Marcus parabola for the perylene@2PBI(4-tBu)4 complex, 

where –GET  . In contrast, the CR lies far in the Marcus inverted region, where the ET 

rates decrease with increasing free energy changes. The slow recombination observed in 

the Marcus inverted region is in general considered advantageous because long-lived 

charge separated states offer the possibility to utilize their stored energy for desired 

purposes such as artificial photosynthesis.[42, 156, 158a, 158c, 158e-g] 
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Figure 54. Plot of electron transfer rate constants in the PBI cyclophane 2PBI(4-tBu)4 and the corresponding 

host-guest complexes vs. the thermodynamic driving force (–GET) for charge separation (solid squares) 

and charge recombination (open squares); the line represents the fit according to equation (6) with 

 = 0.75 eV and V = 15 cm–1. 
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In summary, it could be shown that the PBI cyclophane 2PBI(4-tBu)4 undergoes 

intramolecular symmetry-breaking charge separation and slow charge recombination, 

which is accompanied by RP-ISC leading to 3*PBI that can be used to generate singlet 

oxygen with a 27% quantum yield (Figure 55). 

 

Figure 55. Schematic illustration of the different excited state photophysics upon excitation; A: symmetry-

breaking charge separation and recombination to the PBI triplet within the PBI cyclophane 2PBI(4-tBu)4 in 

dichloromethane that can be used for singlet oxygen generation and oxidation reactions; B: emission in 

toluene; C: encapsulation of aromatic guests and charge separation between guest and 2PBI(4-tBu)4 and 

charge recombination to the ground state. 

Since 3*PBI is not accessible by conventional SO-ISC,[176] the RP-ISC pathway to 3*PBI 

offers the possibility of developing an entirely new set of PBI applications, as 

demonstrated here with singlet oxygen generation. In contrast, the CS reaction within 

2PBI(4-tBu)4 is endergonic in a non-polar solvent like toluene, resulting in a high 

fluorescence quantum yield. Binding electron-rich guest molecules within the 2PBI(4-tBu)4 

host affords a complete change of the photoexcited state relaxation pathway leading to 

intermolecular charge separation within a few picoseconds with formation of the radical 

cation of the guest and the PBI radical anion. These findings show that the PBI 

cyclophane 2PBI(4-tBu)4 is indeed a special dye pair whose excited state properties are 

effectively modulated by its solvent environment as well as host-guest complex formation 

with electron donors. 
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3.4 “Self-encapsulation” of Side Arms in Perylene Bisimide Cyclophanes 

As described in chapter 3.2 the tetrasubstitution pattern of the PBI units in the cyclophane 

2PBI(4-tBu)4 induce a rather strong core twist of the -skeleton of ~25°, which markedly 

influence the binding of planar aromatic hydrocarbons. Accordingly, complexation of 

rather stiff molecules like pyrene, which resist distortion into the twisted conformations, 

occurs with a much lower binding constant than that of flexible ones (see chapter 3.2). 

Therefore, a new class of perylene bisimide cyclophanes 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 

was synthesized in which tweezer-like bay-substituents were introduced. These side 

groups should planarize the PBI scaffold and with that the hole cavity.[145-146] 

Furthermore, this new bay-substituents may point inside the void and are according to 

molecular modelling somewhat “self-encapsulated”, changing the available space for 

guest molecules in the cavity. With these features, the side groups have a significant 

influence on the binding of aromatic hydrocarbons. 

3.4.1 NMR and Optical Spectroscopy 

In the cyclisation reaction to the corresponding cyclophanes of the disubstituted PBIs two 

different isomers can in principle be formed in which the bay-substituents are either on 

the same side (cisoid) or on opposite side (transoid) with respect to each other.[30c] This 

was observed for both derivatives 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 resulting in two sets of 

signals in the 1H-NMR spectra for the particular isomers in ratios of 4:1 and 12:1, 

respectively. Similar to literature known derivatives these isomers could not be separated 

by standard chromatographic methods.[30c] From 2D-ROESY NMR the individual proton 

signals can be assigned to the corresponding isomer. Here, a cross signal between PBI 

core protons of the two chromophores can be seen for the transoid derivative due to 

spatial proximity, which is not given in the cisoid form (Figure 56). 
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Figure 56. 2D-ROESY NMR spectrum of 2PBI(2,6-iPr)2 in CDCl3 (400 MHz); red circles and molecule 

substructures indicate the cross signal observed in the transoid isomer. 

According to this, the transoid isomer is the favored conformation, which might be 

rationalized by a sterical congestion of the bulky substituents in the cisoid arrangement. 

This also explains why such different ratios are present for 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2. 

Thus, increasing the size of the bay-substituents from iso-propyl to phenyl, the sterically 

hindrance is enhanced. While in the monomeric compounds 1PBI(2,6-iPr)2 and 1PBI(2,6-Ph)2 

the protons of the individual side groups are chemically equivalent, they get 

distinguishable in the corresponding cyclophanes, since parts of this tweezer-like groups 

are pointing inside the cavity. Thus, the iso-propyl units split up from two doublets in the 

monomer to 2 x 4 doublets in the cyclophane distinguishing between each methyl unit 

inside and outside the cavity and between both isomers. From 2D-COSY NMR 

spectroscopy each proton of the individual iso-propyl groups can be identified (Figure 

57). However, with the small proton shifts and similar cross signals in the 2D-ROESY 

NMR spectra it cannot be clarified, which groups are inside or outside the cavity in 

2PBI(2,6-iPr)2. 

cisoid 

transoid 
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Figure 57. 2D-COSY NMR spectrum of 2PBI(2,6-iPr)2 in CDCl3 (400 MHz) with assignment of the single 

protons of the iso-propyl groups in the individual isomers. 

In the phenyl derivative the aromatic substituents are not only pointing inside the cavity, 

but are indeed “self-encapsulated” through weak - interactions with the PBI cores. 

Thus, they experience a strong upfield shift of 0.48 (proton b) and 0.73 ppm (proton a) in 

the 1H-NMR spectrum with respect to the protons of the phenyl groups on the outside of 

the cyclophane due to shielding effects inside the cavity (Figure 58). Although molecular 

modelling suggests that the void is only accessible for two phenyl groups of the 

substituents at the same time (Figure 59b), 1H-NMR signal integration indicates the 

incorporation of all four aromatic subunits. Furthermore, the proton signals are quite 

broad at room temperature, which is indicative for a fast in-out exchange. Thus, 

temperature dependent 1H-NMR studies were performed showing a stronger broadening 

at higher temperature and a clear sharpening upon cooling, which can be explained by a 

decelerated motion of the bay-substituents (Figure 58). Furthermore, the protons a and b 

of the “self-encapsulated” groups are slightly downfield shifted by 0.13 ppm with 

decreasing temperature. Additionally, the protons c/c´ and d/d´ become distinguishable at 

low temperature. Interestingly, also at 245 K the spectrum suggests the encapsulation of 

all four side arms, which might be indicative for a different conformational preference 

from the one obtained by force field calculations. 
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Figure 58. Temperature dependent 1H-NMR spectra of 2PBI(2,6-Ph)2 from 325 K (red line) to 245 K (blue 

line) in steps of 10 K with assignment of the single protons of the individual phenyl groups; CDCl3, 

400 MHz. 

 

Figure 59. Geometry optimized structures of the PBI cyclophane 2PBI(2,6-iPr)2 (a) and 2PBI(2,6-Ph)2 (b) in the 

front- (left), side- (middle) and top-view (right) obtained by force field optimization; Maestro 9.3, 

MacroModel 9.8, MM2*. 
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The conformational restrictions imparted in 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 lead also to a 

sharpening of the absorption bands compared to 2PBI(4-tBu)4 with a clear vibronic pattern. 

Along with the sharpening of the absorption band the extinction coefficients of 

2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 are increased to 93000 and 95000 M–1 cm–1 with maxima at 

557 and 563 nm compared to the tetra-substituted cyclophane 2PBI(4-tBu)4 with   

54000 M–1 cm–1 (max = 585 nm). For all PBI cyclophanes 2PBI the 0-1 transition band is 

more pronounced than in the corresponding monomeric reference compounds 1PBI, 

which indicates an excitonic coupling of the PBI units, which is typical for cofacially 

arranged PBI systems (Figure 60).[148] 
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Figure 60. UV-vis (left) and normalized fluorescence spectra (right) of the cyclophanes 2PBI (a) and the 

monomeric PBIs 1PBI (b) in chloroform; nPBI(4-tBu)4: black dotted line; nPBI(2,6-iPr)2: blue line; 

nPBI(2,6-Ph)2: orange line; c = 5 x 10–5 M. 

The fluorescence spectra are the mirror images of the vibronic patterns of the absorbance 

with their maxima at 584, 594 and 632 nm for 2PBI(2,6-iPr)2, 2PBI(2,6-Ph)2 and 2PBI(4-tBu)4, 

respectively. Whereas the Stokes´ shifts of 1PBI(4-tBu)4 and 2PBI(4-tBu)4 are in the same 

range with 944 and 1092 cm–1, the monomers 1PBI(2,6-iPr)2 and 1PBI(2,6-Ph)2 show 

remarkable small Stokes´ shifts of 496 and 489 cm–1. However, this is nearly doubled in 

a) 

b) 
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the corresponding cyclophanes 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 to 830 and 927 cm–1. As 

discussed in chapter 3.2 the encapsulation of electron-poor guests hinders the electronic 

interaction between the two PBI units and thus increases the fluorescence quantum yield 

up to 100%. This effect can also be seen for the “self-encapsulation” of the 

bay-substituents leading to fluorescence quantum yields of 97% and 99% in chloroform 

for 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2, whereas the cyclophane 2PBI(4-tBu)4 has a low quantum 

yield of 21%. 

3.4.2 Host-Guest Studies 

Due to the high fluorescence quantum yields of the cyclophanes 2PBI(2,6-iPr)2 and 

2PBI(2,6-Ph)2 only the encapsulation of the electron-rich guest molecules carbazole, 

anthracene, pyrene and perylene was studied. 

To exclude an isomer effect on the binding strength a 1H-NMR titration experiment of 

perylene to 2PBI(2,6-iPr)2 was performed. Due to the strong binding the in-out guest 

exchange process is slower than the NMR timescale, which leads to a separation of the 

protons of free host and of the corresponding host-guest complex. This enables a direct 

measurement of the ratios between the cisoid and transoid cyclophane in the free host and 

its complex during the encapsulation process (Figure 61). 
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Figure 61. 1H-NMR spectra of 2PBI(2,6-iPr)2 in CDCl3 (c = 1 x 10–3 M) with successive addition of perylene; 

arrows indicate the spectral changes upon increasing the amount of guest molecule. 
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In this experiment no changes in the isomer ratio were observed during any titration step 

and as the signals of the free host disappear, the signals for the complex appear in the 

same rate of 4:1, confirming that the binding strength for perylene is identical in both 

isomers. Furthermore, the PBI protons are upfield shifted up to 0.84 ppm with the 

complexation of perylene. The same can be seen for the intercalated guest molecules 

whose proton chemical shift values are displaced by 1.46–2.21 ppm due to strong 

shielding effects inside the cavity. 2D-NMR spectroscopic measurements confirm the 

predicted structure of the complex obtained by molecular modelling (Figure 62). 

 

Figure 62. Geometry optimized structures of the complexes perylene@2PBI(2,6-iPr)2 (a) and 

perylene@2PBI(2,6-Ph)2 (b) in the front- (left), side- (middle) and top-view (right) obtained by force field 

optimization; Maestro 9.3, MacroModel 9.8, CHCl3, MM2*. 

While for the free host the final assignment of the iso-propyl groups that are inside or 

outside the cavity was not possible, it is in the complex due to cross signals with the 

encapsulated guest (red circles in Figure 63). From the 2D-ROESY NMR spectrum it is 

obvious that not only the rotation of the whole 2,6-diisopropyl-phenoxy group is hindered 

but also the rotation of the individual iso-propyl groups themselves. Accordingly, each 

methyl unit of one isopropyl group has a cross signal to a different PBI core proton. 

a) 

b) 
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Figure 63. 2D-ROESY NMR spectrum of the perylene@2PBI(2,6-iPr)2 complex in CDCl3 with highlighted 

cross signals and assignment of the iso-propyl groups pointing inside (red) and outside (green) the cavity, 

c(2PBI(2,6-iPr)2) = 1 x 10–3 M. 

In the formed complexes a charge transfer from the guest to the PBI chromophores takes 

place and the fluorescence gets quenched, which allows the determination of the binding 

constants by UV-vis absorption and fluorescence titration experiments (Figure 64 and 

Figure 109 – Figure 112 in the appendix). With the complexation of guest molecules a 

change in the PBI absorption bands is observed. In addition, a new band or shoulder 

arises at higher wavelengths that can be assigned as the charge transfer band. Several 

isosbestic points indicate the formation of defined host-guest complexes. With the 

formation of the charge transfer complexes the fluorescence of 2PBI(2,6-Ph)2 gets 

completely quenched, whereas the complexes of 2PBI(2,6-iPr)2 show weak CT emission 

with maxima at 611, 660 and 639 nm for carbazole, anthracene and pyrene, similar to the 

complexes of 2PBI(4-tBu)4 as described in chapter 3.2. By plotting the inverse changes of 

the emission vs. the inverse guest concentration (Benesi-Hildebrand plot) the formation of 

1:1 complexes in all host-guest systems is confirmed.  
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Figure 64. Changes in the UV-vis absorption (left) and emission spectra (right) of PBI cyclophane 

2PBI(2,6-iPr)2 (a) and 2PBI(2,6-Ph)2 (b) upon titration with perylene; c(2PBI) = 5.0 x 10–5 M in CHCl3; red line: 

spectra before titration; blue line: spectra after the guest is completely added; arrows indicate spectral 

changes. 

By comparing the respective binding strengths of the complexes with 2PBI(2,6-iPr)2, 

2PBI(2,6-Ph)2 and those of the formerly discussed 2PBI(4-tBu)4 the effects of the substituents 

and planarization of the PBI cores on the binding of aromatic guests can be seen (Table 

2). With the introduction of iso-propyl groups in the 2,6-positions of the PBI 

bay-substituents the sterically hindrance inside the cavity is only slightly increased, but 

the PBI core is planarized and thus provides a planar cavity for effective - interactions 

with planar aromatic hydrocarbons. Because carbazole is too small to be affected by these 

factors it has similar binding strength in 2PBI(2,6-iPr)2 as in the previously discussed 

2PBI(4-tBu)4 (chapter 3.2; Ka = 2.0 x 103 M–1). By increasing the size of the guest to 

anthracene, pyrene and perylene the binding constant increases to 1.4 x 104, 7.0 x 104 and 

1.6 x 106 M–1 due to the addition of interacting C=C double bonds in the guest molecules. 

While the strong PBI core twist in 2PBI(4-tBu)4 effects especially the binding of the rigid 

pyrene and reduces the binding constant significantly, 2PBI(2,6-iPr)2 provides with its 

planarized cavity an ideal environment for the binding of stiff molecules. Accordingly, 
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the encapsulation of pyrene occurs with a much higher binding constant than in 

2PBI(4-tBu)4 with a value that lies perfectly between anthracene and perylene and thus is as 

expected for its number of C=C bonds. With this, the planarity of the PBIs leads to an 

almost linear enhancement of the Gibbs free energy with the size of the intercalated 

molecule in 2PBI(2,6-iPr)2. 

Table 2. Binding constants Ka [M
–1] and Gibbs free energies G0

298 [kJ mol–1] calculated from fluorescence 

data for the 1:1 complexes of aromatic hydrocarbons by PBI cyclophanes 2PBI(2,6-iPr)2, 2PBI(2,6-Ph)2 and 

2PBI(4-tBu)4 in CHCl3; c(2PBI) = 5 x 10–5 M. 

guest host Ka (CHCl3) R2 G0
298 

carbazole 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

2PBI(4-tBu)4 

(2.0 ± 0.9) x 103 

449 ± 18 

944 ± 110 

0.998 

0.999 

0.991 

18.8 

15.1 

17.0 

anthracene 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

2PBI(4-tBu)4 

(1.4 ± 0.1) x 104 

(1.1 ± 0.03) x 103 

(9.9 ± 0.6) x 103 

0.994 

0.999 

0.997 

23.7 

17.4 

22.8 

pyrene 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

2PBI(4-tBu)4 

(7.0 ± 0.2) x 104 

278 ± 9.5 

114.2 

0.999 

0.999 

0.999 

27.7 

13.9 

11.7 

perylene 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

2PBI(4-tBu)4 

(1.6 ± 0.5) x 106 

(1.8 ± 0.3) x 105 

(4.6 ± 0.4) x 104 

0.998 

0.996 

0.997 

35.4 

29.9 

26.6 

In the phenyl derivative 2PBI(2,6-Ph)2 the sterically hindrance inside the cavity is increased 

due to the large phenyl groups that are pointing into the void. This “self-encapsulation” 

by the aromatic side arms lowers indeed the binding constant for the complexation of 

carbazole, anthracene and perylene by about one order of magnitude, since the phenyl 

groups have to be replaced by the aromatic guests (Table 2). 

Due to the bulkiness of the large bay substituents in 2PBI(2,6-Ph)2 the PBI cores still 

experience some twisting of ~7.8° (taken from calculated structure, Figure 62) that 

dramatically affects the complexation of pyrene and reduces its binding constant to 

278 M–1. 

Assuming that the iso-propyl groups have no real interactions inside the cyclophane 

2PBI(2,6-iPr)2, this cavity can be seen as formally empty, whereas 2PBI(2,6-Ph)2 is filled with 

the “self-encapsulated” bay-substituents. Thus, the binding strength of the phenyl 
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moieties can roughly be estimated to G0
298(Ph) = G0

298(2PBI(2,6-iPr)2) – G0
298(2PBI(2,6-

Ph)2) = –5.2 kJ/mol, which is the average difference of the individual binding strengths of 

2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 to the aromatic guest molecules carbazole, anthracene and 

perylene. 

To further analyze the “self-encapsulation” of the bay-substituent phenyl units host-guest 

complexation studies were performed in toluene (Figure 111 – Figure 112 and Table 7 in 

the appendix). Now, both voids are filled with the aromatic solvent molecules and thus, in 

both cases the solvent has to be replaced. For 2PBI(2,6-Ph)2 there should not be a large 

difference replacing the phenyl units of the bay-substituents or of the solvent, and indeed 

there is nearly no solvent effect observed for the encapsulation of aromatic guests (Figure 

65b). However, in the case of 2PBI(2,6-iPr)2 a new competing molecule is introduced with 

the aromatic solvent that significantly lowers the binding strength of other aromatic guest 

molecules (Table 7 in the appendix). This competition can especially be seen for 

carbazole, pyrene and perylene that have a reduced Gibbs free energy by 4.2, 2.2 and 

4.5 kJ/mol, which is close to the previously calculated binding strength of the 

bay-substituent phenyl subunits in chloroform (Figure 65a). 
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Figure 65. Plots of the fluorescence intensity upon titration of the individual guests to 2PBI(2,6-iPr)2 (a) and 

2PBI(2,6-Ph)2 (b); least square fits in CHCl3 (solid line) and toluene (dashed line); black: carbazole, red: 

anthracene; green: pyrene; blue: perylene; c(2PBI) = 5 x 10–5 M. 

In summary, the synthesis of a new series of PBI cyclophanes was shown that can be used 

as “turn-off” fluorescence probes with very high binding constants of up to 1.6 x 106 M–1. 

By using the tweezer-like substituents a “self-encapsulation” was observed that leads to a 

strong increase of the fluorescence quantum yields close to 100%. Furthermore, the twice 

substituted PBI cyclophanes 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 showed isomerization in which 

the side groups have a transoid or cisoid conformation in ratios of 4:1 and 12:1, 

a) b) 
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respectively. These were not separable but also do not differ in strength of binding guest 

molecules. By UV-vis absorption and fluorescence titration studies the formation of 

charge transfer complexes was proven that quenches the fluorescence. With comparison 

of the binding strengths the effect of sterics and the PBI core twist was analyzed showing 

that already a slight core twist of ~8° has a strong influence for rigid guest molecules, 

reducing their binding strength. Furthermore, the effect of “self-encapsulation” was 

studied by solvent variation that sugggests a binding energy for the bay-phenyl groups of 

~5 kJ/mol. 
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3.5 Guest-mediated Chirality Transfer 

One of the central topics in chemistry and biology is the chirality of molecules that can be 

used for chiral recognition,[177] enantioselective catalysis,[178] nonlinear optics[179] and 

molecular switches.[180] Especially drug research is strongly focused on chiral compounds 

since stereoisomers, particularly enantiomers of a molecule may show entirely different 

biological activities. Chirality has also some implication in technical applications, like 

photo- and electroluminescence devices for stereoimaging that typically contain chiral 

polymeric emitters or chiral dopants in nematic liquid crystals.[181] The most prominent 

chiral units for such applications are biphenyl,[182] binaphthyl[183] or helicenes and 

helicene-like compounds.[184] In most of these cases the required twisting of -surfaces to 

impart chirality is achieved by attaching sterically demanding groups that hinder free 

rotation.[185] However, such twisted aromatic systems are often not conformationally 

stable and undergo dynamic racemization at a certain temperature. The activation energy 

for such dynamic processes can be tuned by changing the substituents that modulate the 

energy barrier for conformational interconversion. 

The substitution of PBIs at bay-positions leads to such a twist of the perylene core, 

resulting in inherent conformational chirality (inset Figure 66). Depending on the number 

and size of the attached groups a torsion angle of 4–37° was reported for bay-substituted 

PBI chromophores. In general, the atropisomers created by such core-twisting undergo 

fast racemization at room temperature due to low barriers for the interconversion.[101a] 

Therefore, several strategies have been introduced to force the chromophores into a 

specific, stable conformation. Indeed, self-assembly of core-substituted PBI dyes bearing 

homochiral side chains showed an enrichment of one enantiomer in the helical assembly 

as evidenced by CD effects, indicating chirality transfer from side chains to the helical 

assembly.[186] Ionic self-assembly of PBI dyes containing homochiral counter ion groups 

leads to helical aggregates with single-handed helicity exhibiting chiral excitonic 

coupling of PBI chromophores in CD spectra, which is indicative of chirality transfer 

from the homochiral counter ion to the PBI molecule.[187] Another successful approach to 

achieve conformationally stable PBIs is the bridging of the bay-substituents with ethylene 

glycol chains to restrict the dynamic racemization, and hence the individual enantiomers 

could be resolved by chiral HPLC.[101b, 102, 188] Also multi-chromophoric cyclic PBI 

systems have been established in which chirality was observed by a decelerated 

racemization process[30b, 105] or by a solvent-induced chirality transfer.[30a] 
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In this chapter, a new strategy has been explored to induce chirality to a core-twisted PBI 

molecule (Figure 66). For this purpose, the encapsulation of homochiral guest molecules 

into the tetraphenoxy-substituted, core-twisted PBI cyclophane 2PBI(4-tBu)4 bearing para-

xylylene bridges was used to force the two PBI units into a specific conformation, 

forming host-guest complexes of homochiral PBI dimers (M,M) or (P,P), depending on 

the absolute configuration (R) or (S) of the guest molecule. In the cyclophane 

m-2PBI(4-tBu)4 that contains shorter meta-xylylene bridges, however, the encapsulation of 

guest molecules is not possible due to smaller PBI-PBI distance and thus guest-mediated 

chirality transfer was not observed. The guest encapsulation and chirality transfer 

properties of 2PBI(4-tBu)4 have been investigated by UV-vis absorption, fluorescence, 

NMR and circular dichroism (CD) spectroscopy and further analyzed by molecular 

modelling. 
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Figure 66. Chemical structures of the two cyclophanes 2PBI(4-tBu)4 and m-2PBI(4-tBu)4 with different 

distances between the PBI subunits that lead to distinctive chiral recognition behavior by guest-mediated 

chirality transfer; inset: illustration of the interconversion of atropo-enantiomers (P)- and (M)-PBI. 

3.5.1 UV-vis Absorption, Fluorescence and NMR Spectroscopy of PBI Cyclophanes 

As described in chapter 3.2, the PBI cyclophane 2PBI(4-tBu)4 shows in chloroform an 

enhanced 0-1 transition band in the absorption spectrum (A0-0/A0-1 = 1.25) with respect to 

the monomeric reference compound 1PBI(4-tBu)4, which is indicative of weak exciton 
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coupling between the PBI chromophores in this cyclophane (Figure 67a). The 

fluorescence is drastically quenched to a quantum yield of 21% compared to 97% of the 

monomeric reference 1PBI(4-tBu)4. The optical properties of cyclophane m-2PBI(4-tBu)4 

differ slightly from those of 2PBI(4-tBu)4 with a A0-0/A0-1 ratio of 1.12 and a fluorescence 

quantum yield of 9% in chloroform (Figure 67b). The smaller A0-0/A0-1 ratio and quantum 

yield reveal a bit stronger exciton coupling in m-2PBI(4-tBu)4 than in 2PBI(4-tBu)4 caused by 

a closer contact between the PBI units of 5.3 Å (2PBI(4-tBu)4: 6.5 Å, taken from calculated 

structures in Figure 67c,d). 
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Figure 67. UV-vis absorption (solid line) and normalized emission spectra (dashed line) of 2PBI(4-tBu)4 

(black) and m-2PBI(4-tBu)4 (red) in CHCl3, c = 5 x 10–5 M; 298 K; geometry optimized structures of the 

homochiral PBI cyclophanes 2PBI(4-tBu)4 (b) and m-2PBI(4-tBu)4 (c) in the front-view obtained by force field 

optimization; Maestro 9.3, MacroModel 9.8, AMBER. 

In the 1H-NMR spectrum of m-2PBI(4-tBu)4 in chloroform at 298 K two sets of strongly 

separated signals are observed, particularly for the PBI core protons (= 0.15 ppm) as 

a) 

b) c) 
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well as phenylring protons of the bay-substituents ( = 0.32 and 0.75 ppm) and benzyl 

CH2 protons ( = 0.80 ppm), which show a geminal coupling (13.5 Hz) due to their 

diastereomeric nature caused by the chiral PBI core (Figure 68). 
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Figure 68. 1H-NMR spectrum of m-2PBI(4-tBu)4 in CHCl3 (298 K, 400 MHz) with the assignment of 

individual protons. 

With increasing the temperature to 360 K, the signal splitting is not observable anymore 

and one single set of signals is maintained (Figure 113; in tetrachloroethane-d2). From the 

coalescence temperature Tc = 320 K and the splitting of the proton signals in the NMR 

spectra the activation energy for the observed dynamic process can be calculated 

according to equation (7): 

∆ ln √

∆
  (7) 

An activation energy of –62 kJ/mol was estimated for m-2PBI(4-tBu)4 that is in good 

agreement with literature known values for the (M)-(P) chirality inversion of atropo-

isomers of tetraphenoxy-substituted PBIs.[189] 

Now the question arises, what is the reason for the appearance of the two sets of signals 

for this cyclophane? The fact that each of the core-tetrasubstituted PBI units in the 

cyclophane can possess (M) and (P) atropo-enantiomers through twisting of the perylene 

core,[101b] the PBI dimer in the cyclophane can have four stereoisomers, namely (M,M) 

and (P,P) homochiral dimers and (M,P) and (P,M) heterochiral dimers. Because of the 

same symmetry, the protons of each enantiomeric pair are equivalent and thus can not be 
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distinguished by NMR spectroscopy. However, in (M,M) and (M,P) (or (P,P)/(P,M)) 

diastereomers the protons are not equivalent, and accordingly two sets of proton signals 

can be expected. Moreover, each proton in the individual diastereomers, i.e. (M,M) and 

(M,P), should result in two signals distinguishing the protons that are pointing inside the 

cavity or to the outside. That means, in the presence of (M,M) and (M,P) diastereomers 

four sets of signals are to expect (vide infra). 

Since this cyclic PBI dimer m-2PBI(4-tBu)4 shows only two sets of nicely resolved sharp 

signals in a 1:1 ratio, the observed signal splitting can be attributed to the presence of 

(M,M) and (P,P) homochiral diastereomers. In these, the conformational exchange 

between the enantiomeric units is obviously restricted by the close PBI-PBI contact and 

the signal splitting is caused by the shielding effect of the protons oriented inside the 

cavity. Indeed, it has been reported that chiral recognition of core-twisted PBI molecules 

leads to homochiral PBI dimer assemblies.[30b, 102] Thus, we assume that in the cyclophane 

m-2PBI(4-tBu)4 with congested cavity only the homochiral dimers (M,M) and (P,P) are 

present, an outcome of such chiral recognition. 

In 2PBI(4-tBu)4 the distance between the two PBI chromophores is larger, which should 

allow conformational flexibility and thus all the possible stereoisomers can be in dynamic 

equilibrium at particular temperature. Indeed, at room temperature, only broad signals are 

observed in the 1H-NMR spectrum, indicating a fast dynamic process at NMR time scale. 

Therefore, temperature-dependent 1H-NMR spectroscopy was performed to study the 

conformational changes in this cyclophane. For this purpose, a 0.8 mM solution of 

2PBI(4-tBu)4 in tetrachloroethane-d2 was prepared and 1H-NMR spectra were measured at 

different temperatures reaching from 360 to 260 K in steps of 10 K (Figure 69 and Figure 

114 in the appendix). 

At a high temperature of 360 K, only one set of relatively sharp proton signals are 

observed (Figure 69 red spectrum). Thus, at high temperature the cyclophane 2PBI(4-tBu)4 

shows high symmetry with a dynamic interconversion process that is faster than the NMR 

time scale. With this fast conformation flipping of the PBI core the diastereomers are not 

distinguishable by NMR. Upon cooling down the sample gradually, the proton signals get 

broader until the coalescence temperature Tc is reached at ~320 K. Here, the proton 

signals are hardly visible, since the rate of conforamtional exchange is identical to the 

difference in the peak frequency. Upon further cooling, a signal splitting and sharpening 

is observed, which indicates that the conformational interconversion is now slower than 
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the NMR time scale (Figure 69 blue spectrum). According to equation (7) the activation 

energy for 2PBI(4-tBu)4 was calculated to –62 kJ/mol that is similar to m-2PBI(4-tBu)4. 
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Figure 69. 1H-NMR (400 MHz) spectra of 2PBI(4-tBu)4 at 360 K (red) and 260 K (blue) and assignment of 

the individual protons; tetrachloroethane-d2; c = 0.8 mM; dotted lines indicate the splitting of the proton 

signals at low temperature. 

As mentioned in the previous section, due to same symmetry of the two possible 

homochiral dimers (M,M) and (P,P) or heterochiral dimers (M,P) and (P,M), each of 

these pairs constitute an enantiomeric pair, they are not distinguishable by NMR 

spectroscopy. However, the protons in diastereomers (M,M) and (M,P) are not equivalent 

and thus have different NMR shifts and the protons of each diastereomer should split in 

two sets due to the shielding effect. Therefore, in total four sets of signals are observed at 

low temperature (260 K) for the two diastereomers. In the absence of chirality transfer 

between the chromophores, the two diastereomers should appear in a 1:1 ratio. However, 

at 260 K a ratio of ~2:1 for each of the significant proton signals is observed, revealing a 

slight preference for one diastereomer through chiral recognition (Figure 69 blue 

spectrum). From this signal ratio the equilibrium constant at 260 K can be estimated to 

Keq = 2 according to the equations 8 and 9 for the (M,M) and (M,P) diastereomers. 
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With this, the difference in the potential energy between the diastereomers can be 

estimated to G = 1.4 kJ/mol. Since at 260 K the proton signals in the NMR spectrum are 

still somewhat broadened, which is indicative for remaining conformational exchange 

dynamics of the PBIs, this energy difference should be considered as the upper limit. 

From geometry optimized structures obtained by force field calculations (Maestro 9.3, 

MacroModel 9.8, AMBER) the individual diastereomers of 2PBI(4-tBu)4 were compared. 

In both homochiral and heterochiral dimers of 2PBI(4-tBu)4, four of the bay-phenoxy-

substituents (two of each PBI unit) are oriented upwards or downwards of the cyclophane, 

whereas the other four phenoxy groups are closing the sides of the cavity. Thereby, a - 

interaction between the phenoxy groups occurs that is present in the homochiral 

diastereomer within transoid substituents and in the heterochiral diastereomer between 

cisoid substituents (Figure 46a and Figure 70). The calculated potential energies are with 

–387.6 (homochiral) and –388.6 kJ/mol (heterochiral) nearly identical and in agreement 

with the small difference estimated based on the NMR spectra. Although in closely 

stacked assemblies of conformationally fixed monomeric PBIs the homochiral dimers 

prevail,[102] these calculations suggest that the heterochiral dimer of PBIs in cyclophane 

2PBI(4-tBu)4 is slightly thermodynamically favored. 

 

Figure 70. Geometry optimized structure of the heterochiral PBI cyclophane 2PBI(4-tBu)4 in the front- (left), 

side- (middle) and top-view (right) obtained by force field optimization; Maestro 9.3, MacroModel 9.8, 

AMBER. 

3.5.2 NMR Spectroscopic Studies on Guest Encapsulation 

While in m-2PBI(4-tBu)4 the interplanar distance of 5.3 Å does not provide enough space 

between the chromophores to accommodate guest molecules, encapsulation of aromatic 
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hydrocarbons might be used to influence the chirality transfer in 2PBI(4-tBu)4 due to close 

contact between the aromatic guest and both chromophores. To study the transfer of 

chiral information in this system, temperature-dependent 1H-NMR spectroscopy was 

performed with a mixture of 2PBI(4-tBu)4 and perylene (8 eq.), a strong binding guest 

(Figure 115 in the appendix). At high temperature of 360 K, one set of sharp signals was 

observed for the 2PBI(4-tBu)4 with a small upfield shift of 0.07–0.28 ppm compared to the 

free host (Figure 71 red spectrum). The proton signals of the perylene guest molecule are 

significantly broadened due to fast guest in-out exchange and do not allow to distinguish 

between host-embedded and free perylene molecules. 
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Figure 71. 1H-NMR spectra (400 MHz) at 360 K (red) and 260 K (blue) of perylene@2PBI(4-tBu)4 and 

assignment of the individual protons; tetrachloroethane-d2; c = 0.8 mM; 8 eq. of perylene; dotted line 

indicate the splitting of the individual proton signals at low temperature. 

With decreasing the temperature to 260 K a sharpening of the perylene protons is 

observed and encapsulated guest molecules can be distinguished from those dissolved in 

the solvent (Figure 71 blue spectrum). The proton signals of encapsulated guests 

experience a strong upfield shift of ~1 ppm for G2 and G3 protons and 2.6 ppm for G1 

protons due to the aromatic shielding effect provided by the cavity. Furthermore, the 

signal integrals confirm the formation of 1:1 complexes. Concomitantly, the proton 

signals of the host split in a pattern (indicated by the dotted line in Figure 71) that is 

reminiscent of the homochiral dimers (M,M) and (P,P) observed for the free host at 
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260 K. The fact that no signals for the (M,P) and (P,M) heterochiral dimers can be 

observed anymore indicates a guest-mediated transfer of chiral information between the 

chromophores. From the coalescence temperature of ~320 K and the signal splitting an 

activation energy of –64 kJ/mol was calculated according to equation (7) that is close to 

the activation energy of the free host. 

3.5.3 Circular Dichroism Studies 

Due to the fact that perylene is an achiral guest molecule, chirality transfer mediated by 

this guest molecule leads to a racemic mixture of homochiral dimers. Therefore, in 

another experimetn host-guest complexation with homochiral guest molecules 

(R)-naphthylethylamine or (S)-naphthylethylamine was examined using circular 

dichroism (CD) spectroscopy. First, UV-vis spectra were measured that show similar 

features as previously seen for the encapsulation of electron-poor achiral guests with a 

decreased and slightly bathochromically shifted UV-vis absorption band (Figure 72, 

lower panel). 
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Figure 72. CD and UV-vis absorption spectra of 2PBI(4-tBu)4 upon addition of (S)-naphthylethylamine (a) 

and (R)-naphthylethylamine (each 9000 eq.) (b); c(2PBI(4-tBu)4) = 6 x 10–5 M in CHCl3, 298 K; red line: 

spectra before titration; blue line: spectra after the individual guest is completely added; arrows indicate 

spectral changes upon addition of guest molecules. 

a) b) 
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Furthermore, fluorescence spectroscopy revealed an increase of emission upon addition 

of the chiral guest (Figure 116 in the appendix). From the titration experiments a binding 

constant in chloroform was calculated to be 16.5 M–1. The pretty low binding constant 

can probably be related to the rather tight cavity that is only ideal for truly planar 

aromatic compounds, but not for those bearing bulky chiral groups. 

More interestingly, upon binding of the chiral guests into the cyclophane 2PBI(4-tBu)4 a 

Cotton effect is observed for the optical transitions of the PBIs (Figure 72, upper panel) 

that is in part attributable to the PBI core twist and to chiral exciton coupling between the 

chromophores in a helical arrangement,[186-187] as evidenced by a bisignate feature in the 

CD spectra with a zero crossing at 601 nm similar to homochiral dimer aggregates of PBI 

dyes.[102, 190] The addition of (S)-naphthylethylamine or (R)-naphthylethylamine results in 

mirror image CD signals. By comparison of the detected CD spectra with literature 

known homochiral dimers of conformationally fixed PBIs,[102] it appears that the 

encapsulation of (S)-naphthylethylamine favors the homochiral (P,P)-dimer, whereas 

(R)-naphthylethylamine favors the (M,M)-dimer of PBI units in cyclophane 2PBI(4-tBu)4. 

The absolute  values for the transition at 591 nm of the two diastereomers of 

2PBI(4-tBu)4 are +1.86 and –1.58 M–1 cm–1, giving an absorption dissymmetry factor g = 

/ of 2.91 x 10–5. This value is indeed rather small compared to conformationally fixed 

(P)- or (M)-PBI molecules[101b] and suggests that the chiral guest molecules could only 

weakly bias the equilibrium between (M,M)- and (P,P)-host molecules. The additional 

negative sign of the exciton couplet at higher wavelengths for the (P,P)-dimer indicates a 

left-handed helical arrangement ((M)-helicity) of the two PBIs in the cyclophane 

according to exciton chirality method (opposite helicity for the (M,M)-dimer).[102, 191] It is 

to note that upon addition of homochiral naphthylethylamine to m-2PBI(4-tBu)4 with 

smaller cavity no Cotton effect was observed, indicating on the one hand, that no guest 

encapsulation into this smaller cyclophane takes place and, on the other hand, that the CD 

effect observed for 2PBI(4-tBu)4 is indeed imparted by chirality transfer from the 

homochiral guest to the PBI chromophores. 

A much stronger Cotton effect for 2PBI(4-tBu)4 was observed in enantiomerically pure 

solvent (R)- or (S)-limonene (Figure 73a). Similar to the CD signals with homochiral 

naphthylethylamine, a bisignate feature was observed in enantiomerically pure limonene. 

Moreover, a solvent-induced chirality transfer, that is an environmental influence on the 

cyclophane, is also observable for m-2PBI(4-tBu)4 (Figure 73b). It is to note that no CD 
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signals were observed neither for the monomeric reference compound 1PBI(4-tBu)4 in 

chloroform or chiral limonene nor for the free host 2PBI(4-tBu)4 in chloroform or upon 

addition of the achiral guest perylene. 
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Figure 73. CD spectra of 2PBI(4-tBu)4 (a) and m-2PBI(4-tBu)4 (b) in (R)-limonene (solid line) and (S)-

limonene (dotted line); c = 5 x 10–5 M; 298 K. 

In comparison to 2PBI(4-tBu)4, the signs of the CD signals for m-2PBI(4-tBu)4 are inverted in 

(R)- and (S)-limonene, respectively. Although the encapsulation of limonene into 

2PBI(4-tBu)4 can hardly be observed by UV-vis absorption and fluorescence spectroscopy, 

this change in the sign of the CD signals indicates different interactions between the 

chiral solvent molecules and the cyclophane 2PBI(4-tBu)4 than in m-2PBI(4-tBu)4. Whereas 

in m-2PBI(4-tBu)4 the chirality transfer is surely induced by the surrounding, in 2PBI(4-tBu)4 

it seems to be dictated by limonene molecules inside the cyclophane cavity. The lower 

intensity of the CD signal in 2PBI(4-tBu)4 can probably be explained by competing 

processes between the solvent-induced and guest-mediated chirality transfer in this 

particular system. 

As shown in the preceding studies, the addition of enantiomerically pure guest molecules 

to the cyclophane 2PBI(4-tBu)4 bearing two core-twisted PBI chromophores leads to the 

formation of homochiral host-guest complexes with specific CD spectral signature. For 

related biological systems, in particular protein (enzyme)-ligand binding processes, two 

different mechanistic models, namely induced fit and conformational selection, are 

discussed in literature.[192] According to the induced fit mechanism the interaction 

between a protein and a ligand induces conformational changes in the protein to adopt a 

conformation best suited to the ligand (Koshland-Nemethy-Filmer induced fit).[193] On the 

othe hand, in the conformational selection mechanism the protein adopts different 

conformations prior to binding that are in equilibrium, and the ligand selects the most 

a) b) 
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compatible one for binding and shifts the equilibrium to the binding site (Monod-Wyman-

Changeux conformational selection).[194] For our present chemical system, i.e. binding of 

homochiral guest molecules to the cyclophane 2PBI(4-tBu)4, both mechanisms should be 

taken into account. The guest molecule either selects the conformation best compatible 

for binding from the dynamically equilibrating conformations, or first binds to the host 

and then induces a conformational change leading to homochiral complexes (Figure 74). 

Since at room temperature conformational dynamics have been observed for 2PBI(4-tBu)4, 

it appears to be reasonable that the conformational selection mechanism is present in this 

particular system. However, detailed mechanistic and molecular dynamic simulation 

studies will be required to make a conclusive mechanistic proposal. 

 

Figure 74. Illustration of the two different guest-mediated chirality transfer mechanisms, i.e. induced fit 

and conformational selection. 

In summary, it could be shown in this chapter that in PBI cyclophane 2PBI(4-tBu)4 only 

weak interactions between the chromophores are present due to a large distance of 6.5 Å. 

This facilitates conformational flexibility leading to different stereoisomers depending on 

the (M)- and (P)-conformation of each of the two core-twisted PBI chromophores. A 

weak conformational template effect between the PBI units is revealed by low-

temperature NMR spectroscopy with slight preference for heterochiral dimers. Although 

the cavity is not ideal for the encapsulation of sterically demanding chiral molecules, 
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2PBI(4-tBu)4 can be used as a model compound to get in-depth insight into the mechanism 

of chirality transfer in a host-guest complex, which might lead to the development of new 

cyclophane systems for potential applications in chiral recognition and imaging. 
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3.6 Complexation of Fullerene into the Cyclic Trimer 

Since the discovery of fullerenes by Kroto et al.,[195] the search for molecular receptors to 

study convex-concave -interactions started.[196] The main focus in this research field is 

the selective recognition of specific fullerene derivatives for purification from complex 

mixtures[197] and the self-assembly of electroactive nanostructures.[198] Therefore, host-

guest complexes with high association constants in solution are needed. The design of 

suitable hosts is thus one major task to achieve these assemblies. In this regard para-

phenylacetylenes were intesivley investigated as proper hosts for different fullerene 

derivatives that provide a nanoring structure optimized for the ball-shaped fullerenes.[21a, 

21c, 199] But also other host systems have successfully been utilized for the complexation of 

fullerenes, like calixarenes,[200] corannulenes[201] and -extended tetrathiafulvalenes.[21b, 

202] Furthermore, electron-rich porphyrine containing host systems showed to have high 

binding constants to the acceptor fullerenes of up to 108 M–1 (in benzene)[203], which is 

facilitated by the metalions in the porphyrine centers.[204] 

Although a series of PBI macrocycles has been reported in the last decades (see chapter 

2.5), non-covalent PBI-fullerene complexes are rare in literature.[141, 205] However, the 

combination of an electron-poor PBI and fullerene, resulting in an acceptor-acceptor 

system, showed to be an interesting candidate to study EnT processes.[206] Recent studies 

on covalently linked PBI-fullerene systems showed that an EnT from the excited PBI 

moiety to the fullerene unit takes place. Afterwards, the fullerene populates its triplet state 

enabling a second EnT back to the PBI to form the PBI triplet state.[206-207] 

In the herein discussed para-xylylene bridged PBI macrocycels, the cyclic trimer 

3PBI(4-tBu)4 composed of three PBI units has a structure of a molecular tube with an 

optimal size for the encapsulation of fullerene C60 and C70. These complexes where 

studied by UV-vis absorption, fluorescence and transient absorption spectroscopy to 

investigate the EnT processes from the PBI unit to the fullerene and back. 

3.6.1 Optical Spectroscopy 

The UV-vis absorption spectrum of 3PBI(4-tBu)4 in toluene shows very similar spectral 

features compared to the monomeric PBI 1PBI(4-tBu)4 with a maximum at 573 nm and the 

0-1 transition band located at 535 nm (Figure 75a). The fluorescence spectrum exhibits a 

maximum at 610 nm and is the mirror image of the absorption spectrum (Figure 75b, red 

line). The relatively high fluorescence quantum yield of 79% is similar to the one of 
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reference compound 1PBI(4-tBu)4 with 86% and thus indicates only minor electronic 

interactions between the chromophores in toluene. 
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Figure 75. UV-vis absorption (a) and fluorescence (b) spectra of 3PBI(4-tBu)4 upon the addition of fullerene 

C70 in toluene (c(3PBI(4-tBu)4) = 5 x 10–5 M, RT); red line: spectra before titration; blue line: spectra after the 

guest is completely added (the fullerene absorption is substracted from the measured spectrum); arrow 

indicates spectral changes; c) MALDI-TOF mass spectrum of the C70@3PBI(4-tBu)4 complex (pos. mode, 

DCTB in CHCl3); d) least square fitting of the fluorescence data according to equation (2) (inset: Benesi-

Hildebrand plot confirming the 1:1 stoichiometry). 

The addition of fullerene C60 or C70 leads to a successive quenching of the fluorescence 

through complexation into the cyclic trimer (Figure 75b). Although fullerene has only 

weak absorption between 500 and 600 nm, changes of the PBI absorption are not directly 

visible due to the lack of specific charge transfer bands – both molecules are acceptors – 

or conformational changes of the PBIs. However, subtracting the fullerene absorption 

from the measured spectra, the remaining PBI absorption can be visualized (Figure 75a, 

Figure 117a in the appendix, blue line). Thus, in contrast to the complexes of planar 

aromatic hydrocarbons in the analog cyclophane 2PBI(4-tBu)4 (see chapter 3.2), no changes 

can be observed between the absorption of 3PBI(4-tBu)4 and the corresponding fullerene 

complexes. 

a) b) 

c) 
d) 
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From the fluorescence data the formation of 1:1 complexes can be concluded applying the 

Benesi-Hildebrand plot (inset Figure 75d, Figure 117d in the appendix), which is also 

confirmed by MALDI-TOF mass spectrometry of the mixture between fullerene and 

3PBI(4-tBu)4 (Figure 75c, Figure 117c in the appendix). The respective binding constants 

were accordingly determined using a 1:1 binding model by non-linear least square fitting 

(equation (2)). Thus, binding constants of Ka = (1.85 ± 0.10) x 103 M–1 (R2 = 0.998, 

G0
298 = –18.6 kJ/mol) and (1.95 ± 0.15) x 104 M–1 (R2 = 0.996, G0

298 = –24.5 kJ/mol) 

were found for the complexation of C60 and C70, respectively. The significantly higher 

binding strength of fullerene C70 can be explained by the geometry optimized structures 

of the corresponding complexes (Figure 76). 

  

Figure 76. Geometry optimized structures of the 1:1 complexes C60@3PBI(4-tBu)4 (left) and 

C70@3PBI(4-tBu)4 (right) obtained by force field optimization; Maestro 9.3, MacroModel 9.8, MM2*. 

From these structures it can nicely be seen that fullerene C60 is smaller than the cavity 

itself, which leads to a bending of one PBI unit to optimize the - interactions within the 

complex, whereas C70 perfectly fits inside the cavity. 

3.6.2 Transient Absorption Spectroscopy 

To elucidate the excited state dynamics in the PBI trimer and its fullerene complexes 

femtosecond (fs) and nanosecond (ns)TA spectroscopy on the free host 3PBI(4-tBu)4 and 

the mixture with fullerene C60 were performed. The spectra of 3PBI(4-tBu)4 in toluene 

show the expected signatures of single PBIs after excitation with the ground state bleach 

(GSB) at 454, 537 and 588 nm, the stimulated emission (SE) at 590 and 651 nm and the 

excited state absorption (ESA) at 705, 959 and 1038 nm (Figure 77). After 2.4 ± 0.5 ps a 

slight decrease in the GSB and an increase of the band at 1038 nm is observed. Based on 

the timescale and the similarity of the spectra this transition most likely represents 
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structural relaxation and solvent reorientation on the singlet excited state 1*PBI of the 

chromophores.[188b, 208] After that, the excited PBI goes back to the GS within 6.60 ± 

0.9 ns, which represents the decay by emission. No further transient states were observed 

ruling out long living species like triplet states in the free host (Figure 77). 
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Figure 77. Femtosecond (top) transient absorption spectra of 3PBI(4-tBu)4 in toluene showing the excited 

state dynamics after photoexcitation. Species-associated spectra (bottom) reconstructed from global fits to 

the sequential A  B  ground state model, where A and B are 1*PBI, (A → B likely presents relaxation 

on the singlet state based on the timescale and the similarity of the spectra); ex = 580 nm, 1.0 J/pulse, 

298 K. 

Based on the weak absorption of fullerene C60 at the excitation wavelength of 580 nm the 

TA features of the free guest were investigated (Figure 118 in the appendix). In the 

measured range of 450 to 1600 nm no GSB or SE were observed, but a relatively strong 

ESA at 506 and 980 nm. After 1.15 ± 0.01 ns these signals disappear and a new transient 

species is populated with a strong positive band at 750 nm (Figure 118b in the appendix), 

which is known to be the triplet state of the fullerene.[209] In an air-saturated solution the 

fullerene triplet state lives 303 ± 4 ns until it decays back to the GS. 
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In contrast, the mixture of 3PBI(4-tBu)4 and fullerene shows totally different transient 

absorption properties (Figure 78a,b). Since the absorption of the PBI dyes at 580 nm is 

much stronger than of fullerene, the excitation of the guests in the mixture can be 

neglected. Furthermore, due to the relatively strong binding between host and guest and 

by using an excess of fullerene C60 an excitation of the free host is unlikely why the 

exclusive excitation of the host-guest complexes can be assumed. After excitation the 

transient spectra show the features of 3PBI(4-tBu)4 with only weak SE features (Figure 78). 
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Figure 78. Femtosecond (a) and nanosecond (b) transient absorption spectra of the complex 

C60@3PBI(4-tBu)4 showing the excited state dynamics after photoexcitation. Species-associated spectra (c) 

reconstructed from global fits to the sequential A  B  C  D  E  ground state model, where A is 
1*PBI-C60, B is PBI-1*C60, C is PBI-3*C60, D and E are 3*PBI-C60 (ex = 580 nm, 1.0 J/pulse, toluene, 

298 K, degassed for nsTA). The C  D  E  ground state times were determined from nsTA. 

a) 

b) 

c) 
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After 2.3 ± 0.2 ps a slight change in the TA spectrum is detected that is similar to the 

relaxation of the free host. However, it is known that the energy transfer from the singlet 

excited state of the PBI to the fullerene takes place in the same time range as the 

relaxation,[206] why this ultrafast decay could also be attributed to the energy transfer 

process. This assumption is strengthened by the fact that the next transient species, 

observed after 2.00 ± 0.03 ns shows the strong band of the fullerene triplet at 750 nm, 

whereas the signals of the PBI fully disappear. It is notable that the triplet formation of 

the fullerene is with ~2 ns in the complex slower compared to the free guest with 1.15 ns. 

Interestingly, the decay of the triplet state is not monoexponential but shows one fast 

component of 1.10 ± 0.07 ns and two long living features with 10 and 112 s. Having a 

closer look on the species-associated spectra these different decays can be explained 

(Figure 78c). 

After the first nanosecond the spectrum shows new bands at 505 and 550 nm that can be 

attributed to the triplet state of the PBIs. Since this was not observed for the free 

3PBI(4-tBu)4 the population of the triplet state surely happens via a second energy transfer 

from the fullerene triplet state to the PBI, which is with 1.1 ns in good agreement with 

literature known values.[206] However, the signal of the fullerene triplet state at 750 nm 

only fully disappears within the next 10 s. Due to the fact that the host-guest complexes 

are formed through non-covalent bonding the transient spectra are taken from a dynamic 

system in which a guest in-out exchange might be possible at room temperature within 

the time range of the experiment. This allows a disassembly of the complexes and a 

release of the excited fullerene before the second energy transfer back to the PBI can take 

place. Thus, two different species of the excited fullerene exist in solution, the complexed 

one that can undergo energy transfer to the PBI and the free fullerene that decays back to 

its GS in 10 s without energy transfer. After these 10 s only the features of the PBI 

triplet remain in the spectra that decay to the PBI GS within 112 s, which is the typical 

lifetime of 3*PBIs (see chapter 3.3). 

In summary, the cyclic PBI trimer 3PBI(4-tBu)4 has a rigid tube like conformation with 

suitable size to act as a host for fullerenes. Due to the size of the cavity the encapsulation 

of fullerene C70 is around one order of magnitude stronger than of C60. In both cases the 

complexation leads to a total quenching of the PBI fluorescence. To understand the decay 

of the excited state of the PBI, transient absorption spectroscopy of the free host, fullerene 

C60 and the corresponding host-guest complex was performed. While the free 3PBI(4-tBu)4 
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shows mainly the decay by emission the corresponding fullerene complex shows a series 

of steps after excitation. After a fast energy transfer from the PBI to the fullerene (2.3 ± 

0.2 ps) the fullerene triplet state is populated within the next 2.00 ± 0.03 ns. During that 

process an in-out guest exchange can take place releasing the excited fullerene that 

afterwards decays back to the GS in 10 s. On the other hand, the fullerene that remains 

in the complex can undergo a second energy transfer process generating the PBI triplet 

state with the expected long lifetime of 112 s. With this, the PBI triplet state can 

effectively been reached by energy transfer processes with fullerene in a non-covalent 

system. 
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3.7 Folding of Perylene Bisimide Macrocycles 

The organization of -conjugated molecules into defined structures plays a unique role in 

chemistry and biology to create specific functions. Outstanding examples in nature are the 

self-organization of DNA into double helices[210] or the fixation of chlorophyll and 

bacteriochlorophyll arrays into macrocyclic structures in light-harvesting systems of 

purple bacteria (see chapter 2.1).[31, 211] Whereas in nature a sophisticated matrix of 

proteins and numerous non-covalent interactions force the dye subunits into defined 

arrangements, it is of interest to explore simpler approaches to direct the dye molecules to 

a desired organization in a specific environment.[212] Such a control of molecular structure 

is crucial also for artificial counterparts, knowing that the position of the dyes to each 

other defines the photophysical processes that occur in the composite because small 

changes can lead to quite different electronic interactions (see chapter 2.2).[62, 67c] 

Perylene bisimide (PBI) dyes are well suited for such studies since they are easy to tune 

in their conformation and photophysical properties by substitution in the imide- or 

bay-positions.[213] Thus, multi-chromophoric PBI systems could be used to study 

electronic interactions in defined self-assembled or covalently tethered ensembles.[213-214] 

Indeed, covalent linkage of PBI chromophores has been used quite extensively for the 

preorganization of dyes to give arrangements with specific photophysical properties.[61b, 

148c, 163, 215] Furthermore, in a smaller number of studies the transition between different 

conformations has been demonstrated by changing solvent polarity inducing folding of 

backbone-tethered PBI oligomers.[216] In these foldamers[217] with different backbone 

length - interactions between the dyes were used to create highly ordered assemblies 

with defined geometry that were explored by optical spectroscopy. Likewise, rigid PBI 

macrocycles[107-108, 112] and a variety of cyclophanes (see chapter 2.5) have been 

reported.[57b, 57c, 218] As previously discussed 2PBI(4-tBu)4 showed a variety of exciting and 

in part unprecedented properties: a) Ability to form strong host-guest complexes with 

binding constants up to ~105 M–1 with large aromatic -systems such as perylene (chapter 

3.2); b) Solvent- and guest-dependent excited state relaxation with intense fluorescence in 

toluene and in the presence of electron-poor guest molecules versus strongly quenched 

emission in the presence of electron-rich guests due to photo-induced electron transfer or 

in dichloromethane due to symmetry-breaking charge separation (SB-CS) and subsequent 

triplet state population (chapter 3.3). These features could be related to a well-shaped 

rather rigid cavity that enables the encapsulation of aromatic solvents or larger aromatic 



Chapter 3 Results and Discussion 

105 

-systems that modulate the interaction of the two PBI chromophores in the photo-excited 

state. 

Herein the subsequent study on the homologous oligomer series derived from 2PBI(4-tBu)4, 

i.e. PBI macrocycles nPBI(4-tBu)4 (n = 3–9) where numerous PBI chromophores (n) are 

covalently linked through para-xylylene bridges is presented. A folding of the 

macrocycles can be initiated with a significant odd-even effect regarding the number of 

PBI chromophores in aromatic solvents like toluene. The photophysical properties of 

folded and unfolded (in dichloromethane) PBI macrocycles have been studied by 

fluorescence, steady-state and transient absorption (TA) spectroscopy and femtosecond 

stimulated Raman spectroscopy (FSRS) revealing a folding-modulated excited state 

behavior. These results are rationalized by a templating effect of aromatic solvents that 

direct a conformational change of the odd-membered macrocycles (n = 4, 6, 8) from a 

wide-stretched conformation to a coiled double-string conformation. To the best of our 

knowledge such conformational changes by folding of macrocycles and with that changes 

in photophysical properties through solvent-specific intramolecular dye-dye interactions 

are to date unprecedented. 

3.7.1 Steady-State UV-vis Absorption and Fluorescence Properties 

The optical properties of dimer 2PBI(4-tBu)4 have been reported previously (chapters 3.2 

and 3.3) and thus will not be discussed here in detail. However, the relevant data for 

2PBI(4-tBu)4 are given to provide a complete picture of this series of macrocycles. 

The investigation were started in dichloromethane, a solvent that is known for its 

excellent solvation properties for PBI dyes.[155] The steady-state absorption spectra 

(c = 5 x 10–6 M) of the macrocycles in this solvent display the typical bandshape of 

monomeric PBIs (Figure 79a). While the S0-S2 transition provides only a broad signal 

between 400 and 500 nm, a characteristic vibronic fine structure can be observed for the 

S0-S1 transition with maxima at around 580 (A0-0) and vibronic progressions at 540 nm 

(A0-1). The corresponding fluorescence spectra are the mirror images of the S0-S1 

absorption spectra with maxima at 620 nm. These results suggest that in dichloromethane 

all macrocycles prevail in wide-stretched conformations where PBI-PBI interactions are 

absent. In contrast, upon changing the solvent to aromatic toluene some of the 

macrocycles reveal remarkable changes of their spectra. While the cycles with odd 

numbers of PBI units still show the typical monomer-type bandshape (Figure 79b left), a 
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strong increase of the 0-1 vibronic transition band for the others is observed indicating an 

increased interaction, i.e. exciton coupling between the molecules (Figure 79b right).[148] 
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Figure 79. UV-vis absorption (solid line) and fluorescence spectra (dashed line) of nPBI(4-tBu)4 (n = 1–9) in 

DCM (a) and toluene (b); c = 5 x 10–6 M, fluorescence spectra are normalized to the corresponding 

maximum in the absorption. 

To elucidate whether these spectral changes of the even-numbered macrocycles in the 

absorption bands originate from intermolecular or intramolecular couplings, i.e. PBI 

aggregation by self-assembly or folding, concentration-dependent UV-vis absorption 

studies of 4PBI(4-tBu)4 were performed in toluene (2.5 x 10–5 M – 3.5 x 10–7 M) (Figure 

119 in the appendix). With dilution of the sample no changes in the spectra occur, which 

excludes the formation of self-assembled larger aggregates of the macrocycles and 

corroborates an intramolecular folding in toluene. 

The A0-0/A0-1 ratio in the UV-vis absorption spectra has been often used to distinguish 

between uncoupled monomer-like PBIs and those influenced by excitonic coupling 

among each other.[148] For the given series, values of ~1.60 are observed for nPBI(4-tBu)4 

with n = 5–9 in dichloromethane that are very close to the reference monomer 1PBI(4-tBu)4 

(A0-0/A0-1 (1PBI(4-tBu)4) = 1.66). With decreasing ring size the A0-0/A0-1 ratio is reduced to 
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1.52, 1.42 and 1.25 for 4PBI(4-tBu)4, 3PBI(4-tBu)4 and 2PBI(4-tBu)4, respectively.[148d] In 

toluene the A0-0/A0-1 ratio for even-numbered 4PBI(4-tBu)4, 6PBI(4-tBu)4 and 8PBI(4-tBu)4 is 

markedly reduced to ~1.3 indicating a significant interchromophoric coupling within 

these cycles in their folded state. For the odd-numbered cycles the A0-0/A0-1 ratio 

diminishes from 1.55 to 1.45 and 1.19 for 5PBI(4-tBu)4, 7PBI(4-tBu)4 and 9PBI(4-tBu)4 

suggesting partial folding with increasing ring size (all data are summarized in Table 3 

and graphically visualized in Figure 80). Notably, for the two smallest and most rigid 

macrocycles 2PBI(4-tBu)4 and 3PBI(4-tBu)4 identical A0-0/A0-1 ratios are observed in 

dichloromethane and toluene, which suggests the presence of similar conformations in 

both solvents. 

Table 3. Characteristic optical spectroscopic data of nPBI(4-tBu)4 (n = 1–9) in dichloromethane and toluene. 

n 
A0-0/A0-1 

(CH2Cl2) 
A0-0/A0-1 (Tol) fl (CH2Cl2) fl (Tol) 

fl [ns] 

(CH2Cl2) 
fl [ns] (Tol) 

1 1.66 1.67 0.73 0.86 4.4 ± 0.1 4.2 ± 0.03 

2 1.25 1.26 0.07 0.58 3.2 ± 0.01 5.3 ± 0.08 

3 1.42 1.44 0.64 0.79 3.1 ± 0.2 5.2 ± 0.3 

4 1.52 1.30 0.53 0.16 2.6 ± 0.1 2.7 ± 0.1 

5 1.58 1.55 0.59 0.78 2.7 ± 0.1 5.5 ± 0.4 

6 1.58 1.29 0.56 0.15 3.2 ± 0.08 1.0 ± 0.03 

7 1.60 1.45 0.52 0.53 2.7 ± 0.08 5.7 ± 0.3 

8 1.60 1.32 0.56 0.14 2.9 ± 0.1 0.67 ± 0.01 

9 1.60 1.19 0.54 0.13 3.0 ± 0.07 3.1 ± 0.1 

Concomitantly with the changes observed for the A0-0/A0-1 ratio in the UV-vis absorption 

spectra, the fluorescence is significantly quenched in toluene for even-membered 

macrocycles 4PBI(4-tBu)4, 6PBI(4-tBu)4 and 8PBI(4-tBu)4 with quantum yields of only 

fl ~ 15% compared to the monomer reference 1PBI(4-tBu)4 (fl = 86%), indicating the 

presence of additional non-radiative decay channels due to the interacting PBI units. For 

the odd-numbered macrocycles the fluorescence quantum yields remain high for the 

cycles 3PBI(4-tBu)4, 5PBI(4-tBu)4, 7PBI(4-tBu)4 and only decreases significantly for the largest 

9PBI(4-tBu)4 to 13%. 

In dichloromethane with the exception of 2PBI(4-tBu)4, fluorescence quantum yields are 

only little affected and remain high for the whole series (fl = 52–64%). Accordingly, the 

changes in the fluorescence quantum yields follow exactly the same trend as observed for 

the A0-0/A0-1 ratios, confirming the presence of folded species for even membered 
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macrocycles and increasing amounts of folded species for odd membered macrocycles 

with increasing ring size (Figure 80b). 
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Figure 80. Plots of optical and photophysical data against the number of PBI units of macrocycles 

nPBI(4-tBu)4 (n = 1–9) in dichloromethane (DCM) and toluene. a) A0-0/A0-1 ratio of the transition bands in the 

absorption; b) fluorescence quantum yield; c) fluorescence lifetime; d) radiative rate constant kr; e) non-

radiative rate constant knr. 

The experimental fluorescence lifetimes fl
 in dichloromethane show little variation for all 

the cycles (2.6–3.2 ns), which are, however, reduced compared to 1PBI(4-tBu)4 with a 

lifetime of 4.4 ± 0.1 ns. In toluene the fluorescence lifetimes reflect again the odd-even 

effect of the molecular folding (Figure 80c). For the odd-numbered cycles the 

a) b) 

c) d) 

e) 
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fluorescence lifetimes have values between 5.2 and 5.7 ns that are even higher than for 

the monomer (4.2 ns), whereas the even-numbered cycles have much lower lifetimes of 

0.67–2.7 ns. The nonamer 9PBI(4-tBu)4 is again special and has a lifetime in-between 

(3.1 ± 0.1 ns) indicating the presence of folded units. 

With the obtained fluorescence lifetimes fl and the quantum yields fl the radiative and 

non-radiative rate constants can be estimated. The radiative rate constant is given with 

kr = fl x fl
–1 and has in dichloromethane for all of the cycles except 2PBI(4-tBu)4 a value 

of ~0.2 ns–1 (Table 4). The non-radiative rate constant knr = (1 – fl) x fl
–1 is with 

~0.17 ns–1 for all larger macrocycles 3PBI(4-tBu)4 to 9PBI(4-tBu)4 slightly lower than kr. 

Table 4. Radiative and non-radiative rate constants for nPBI(4-tBu)4 (n = 1–9) in dichloromethane and 

toluene. 

n kr [ns–1] (CH2Cl2)
a knr [ns–1] (CH2Cl2)

b kr [ns–1] (Tol)a knr [ns–1] (Tol)b 

1 0.17 0.061 0.20 0.033 

2 0.022 0.29 0.11 0.079 

3 0.21 0.12 0.15 0.040 

4 0.20 0.18 0.060 0.32 

5 0.22 0.15 0.14 0.040 

6 0.18 0.14 0.15 0.87 

7 0.19 0.18 0.093 0.082 

8 0.19 0.15 0.21 1.29 

9 0.18 0.15 0.042 0.28 

a) kr = fl x fl
–1; b) knr = (1–fl) x fl

–1 

In toluene the odd-even effect is consistently evident with kr > knr for cycles with odd 

numbers of PBI chromophores where the differences between both values gets smaller 

with higher flexibility from reference 1PBI(4-tBu)4 to cycles 3PBI(4-tBu)4, 5PBI(4-tBu)4 and 

7PBI(4-tBu)4, and finally changes for 9PBI(4-tBu)4 to kr < knr. On the other hand, for the 

even-numbered cycles kr is always smaller than knr (Table 4) from 0.079 for 2PBI(4-tBu)4 

to 1.29 ns–1 for 8PBI(4-tBu)4. A somewhat different trend is found for the radiative rate 

constant where an increase occurs for the even-numbered cycles from 0.06 to 0.21 ns–1 

with increasing ring size, but a decrease for the odd-numbered cycles from 0.20 to 

0.042 ns–1 (Table 4, Figure 80d, e). 
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3.7.2 Solvent-dependent Folding Properties 

To clarify the origin of the peculiar properties of PBI macrocycles in toluene their 

absorption properties were further analyzed in a series of non-aromatic solvents (acetone, 

THF, CH2Cl2, CHCl3, Et2O, dioxane and CCl4, with r = 20.7, 9.10, 7.60, 4.81, 4.30, 2.25 

and 2.24, respectively). For all of these solvents characteristic monomer-like bandshapes 

and A0-0/A0-1 ratios were observed (Figure 120 in the appendix), corroborating the 

presence of unfolded wide-stretched conformations. Thus, solvent polarity can be 

excluded as the driving force for the folding process. 

Since the folding so far was only observed in toluene, other aromatic solvents were next 

examined by UV-vis absorption spectroscopy. By comparison of the A0-0/A0-1 ratios to the 

previously discussed values of the corresponding CH2Cl2 solutions in which the 

macrocycles are in their unfolded state, the degree of folding in the individual aromatic 

solvent can be monitored (Figure 81). For the monomeric reference 1PBI(4-tBu)4 a value of 

~1.66 was found for all the applied solvents confirming that no intermolecular 

interactions between the solvent molecules and the given chromophore influence the band 

shape (Figure 81a black line). In the dimer 2PBI(4-tBu)4 (red line) and trimer 3PBI(4-tBu)4 

(blue line), lower values of ~1.3 (dimer) and ~1.4 (trimer) are observed. The values are, 

however, rather independent of the respective solvent, which suggests solvent-

independent conformations, i.e. rigid scaffolds (Figure 81a). 
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Figure 81. Plots of the A0-0/A0-1 ratios in different aromatic solvents and CH2Cl2 for 1PBI(4-tBu)4–4PBI(4-tBu)4 

(a) and 5PBI(4-tBu)4–9PBI(4-tBu)4 (b). 

In contrast, the A0-0/A0-1 ratios for 4PBI(4-tBu)4 differ strongly depending on the type of 

aromatic solvents from 1.26 in benzene to 1.55 in ortho-dichlorobenzene (purple line). 

a) b) 



Chapter 3 Results and Discussion 

111 

This indicates a successive shift of the equilibrium towards the folded state in the order of 

Cl2Ph < ClPh < Mes < o-Xy < m-Xy < p-Xy < Tol < Ph (Figure 81a). Similar trends can 

be observed for the folding of the larger macrocycles 6PBI(4-tBu)4, 8PBI(4-tBu)4 and 

9PBI(4-tBu)4, however, the order of the solvent that promotes the folding differs (Figure 

81b). Clearly, also in this solvent series no relationship between folding tendency and 

solvent polarity can be deduced. Instead, these experiments indicate that the position and 

number of the methyl or chlorine groups in the aromatic solvent molecules plays a role 

for the conformational preference and PBI-PBI interactions of the macrocycles. 

It is indeed particularly impressive that the A0-0/A0-1 ratio for 4PBI(4-tBu)4 (and similarly 

other odd-numbered nPBIs, see Figure 81b) is able to distinguish the utilized aromatic 

solvents, giving specific values of 1.26 (Ph), 1.30 (Tol), 1.34 (p-Xy), 1.38 (m-Xy), 1.46 

(o-Xy), 1.50 (Mes), 1.57 (ClPh), and 1.55 (Cl2Ph) (all values are summarized in Table 5). 

Accordingly, 4PBI(4-tBu)4 can be utilized as a molecular probe for the determination of the 

given aromatic solvent. 

Table 5. Comparison of the A0-0/A0-1 ratios of macrocycles nPBI(4-tBu)4 (n = 2–9) and the monomeric 

reference compound 1PBI(4-tBu)4 in different aromatic solvents and dichloromethane. 

Solvent n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 

Ph 1.65 1.25 1.40 1.26 1.55 1.14 1.48 1.37 1.47 

Tol 1.67 1.26 1.44 1.30 1.55 1.29 1.45 1.32 1.19 

p-Xy 1.66 1.20 1.43 1.34 1.51 1.35 1.50 1.38 1.17 

m-Xy 1.66 1.30 1.43 1.38 1.54 1.37 1.43 1.36 1.30 

o-Xy 1.66 1.29 1.44 1.46 1.56 1.23 1.47 1.31 1.29 

Mes 1.67 1.29 1.42 1.50 1.55 1.52 1.51 1.40 1.53 

ClPh 1.65 1.26 1.44 1.51 1.57 1.23 1.57 1.33 1.47 

Cl2Ph 1.66 1.31 1.45 1.55 1.59 1.50 1.58 1.45 1.49 

CH2Cl2 1.66 1.25 1.42 1.52 1.58 1.58 1.60 1.60 1.60 

In the previous investigations for 2PBI(4-tBu)4 we could demonstrate that this rigid 

cyclophane acts as a good host molecule in chloroform, which can bind various planar 

aromatic guest molecules with appreciable binding constants (chapter 3.2). For the larger 

macrocycles investigated here such binding properties are absent, which can be attributed 

to a lack of preorganization, i.e. the prevalence of wide-stretched conformations in the 

majority of solvents. This conformational preference obviously changes for the even-

numbered macrocycles in aromatic solvents that exert a template effect to shift the 

conformational equilibrium towards conformations with pronounced PBI-PBI 
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interactions. The fact that identical A0-0/A0-1 ratios are observed for 2PBI(4-tBu)4 and 

4PBI(4-tBu)4 in benzene (Figure 81a) indeed corroborates the perception that similar 

PBI-PBI contacts are given for 2PBI(4-tBu)4 and folded 4PBI(4-tBu)4 as suggested in Figure 

82. Based on the in-depth studies for 2PBI(4-tBu)4 it is accordingly reasonable to assume 

that one or more aromatic solvent molecules fill up the space between a PBI dye pair also 

for 4PBI(4-tBu)4 as illustrated in Figure 82. Thus, under the template effect of the solvent 

molecules the PBI oligomer chain of odd-membered macrocycles coils into a double-

string rope leading to the observed spectral features. Thereby subtle sterical differences of 

the respective incorporated solvent molecules modulate the A0-0/A0-1 ratio in a rather 

specific way. 

 

Figure 82. Schematic sketch of toluene-filled 2PBI(4-tBu)4, solvent-dependent conformational change of 

4PBI(4-tBu)4, 6PBI(4-tBu)4 and 8PBI(4-tBu)4, rather solvent-independent wide-stretched conformations of 

3PBI(4-tBu)4, 5PBI(4-tBu)4 and 7PBI(4-tBu)4, and the special partial folding transition of 9PBI(4-tBu)4. 

To get a better understanding of the folded structures, molecular modelling of 4PBI(4-tBu)4 

was performed using force field calculations (Figure 83). The geometry optimized 

structure corroborates the presence of a pleated structure consisting of two PBI pairs 

whose interchromophore distance of around 6.8 Å appears ideally suited to embed 

aromatic solvent molecules. Because of the two crossing xylene linkers, the PBI dyes 

have a twisted arrangement of 15° to each other that directs two bay-substituents of each 

PBI molecule into the cavity of the neighbored PBI cores. This might explain why the 

folded macrocycles don’t behave in all properties like the rigid 2PBI(4-tBu)4 with its more 

rigid cofacial arrangement of the chromophores and why rather similar solvents afford 
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distinguishable optical signals. Thus, it is the conformationally rather flexible phenoxy-

substitutent[208b] whose arrangement is governed by the respective embedded solvent 

molecules. 

 

Figure 83. Geometry optimized structure of the folded 4PBI(4-tBu)4 in side view (left) and top view (right) 

obtained by force field optimization; Maestro 9.3, MacroModel 9.8, MM2*. 

Assuming that this structural motive can also be adapted to 6PBI(4-tBu)4 and 8PBI(4-tBu)4, 

the observed similar optical properties of the even-numbered macrocycles can be 

explained, although with increasing flexibility other folded patterns might be possible as 

well. It is clear that the odd-numbered cycles cannot form such pairs of dimers including 

all the chromophore units and that the smaller trimer forms a rather rigid triangular 

structure (Figure 82). With higher flexibility partially folded motives might be implied for 

the larger macrocycles. Based on the A0-0/A0-1 ratio and the fluorescence quantum yield 

such partial folding appears to be absent for 5PBI(4-tBu)4 but becomes more likely for 

7PBI(4-tBu)4. Finally, for 9PBI(4-tBu)4 both A0-0/A0-1 ratio and fluorescence quantum yield 

suggest the presence of a mostly pleated structure in toluene that might consist of three 

pairs of PBIs and one triangular arrangement (Figure 82). 

Whilst a binding of aromatic molecules could not be observed by conventional titration 

experiments for macrocycles larger than 2PBI(4-tBu)4, the transition between unfolded and 

folded conformations could be easily monitored by UV-vis absorption spectra of the 

tetrameric cycle 4PBI(4-tBu)4 in different mixtures of dichloromethane and toluene (Figure 

84). 
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Figure 84. UV-vis absorption spectra of 4PBI(4-tBu)4 in solvent mixtures of CH2Cl2 (red line) and toluene 

(blue line); arrows indicate the spectral changes with increasing CH2Cl2 content; c = 5 x 10–6 M; RT. 

From these absorption spectra it is obvious that more than 70% of toluene is needed to 

induce the folding process which explains the failure of 4PBI(4-tBu)4 to give host-guest 

complexes with aromatic guest molecules in well-solvating solvents such as chloroform 

as observed for the rigid and properly preorganized 2PBI(4-tBu)4. Nevertheless, the 

successive decrease of the A0-0/A0-1 ratio at higher toluene contents allows to estimate the 

free energy for the folding process in toluene according to the method of Moore and Ray 

(Figure 85).[219] For this determination two assumptions have to be made: 1) the 

extinction coefficient U in CH2Cl2 solution corresponds to the entirely unfolded state and 

2) the extinction coefficient F found in toluene is related to the complete folded state. 
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Figure 85. Changes in the A0-0/A0-1 ratio of 4PBI(4-tBu)4 in CH2Cl2/toluene mixtures and plot of the G 

values for the folding process derived from the spectral development at the 0-0 transition band. The solid 

line represents the fitting curve from linear regression according to equation (13). 
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From there on, the mole fraction U of chromophores in the unfolded state can be 

estimated for all solvent mixtures using equation (10): 

	     (10) 

where obs is the extinction value of the individual solvent mixture at the 0-1 or 0-0 

transition band. The equilibrium constant Keq and the Gibbs free energy changes G for 

each solvent composition can then be calculated according to equations (11) and (12): 

   (11) 

∆ ln    (12) 

where cF and cU are the concentrations of the folded and unfolded species, respectively. In 

analogy to the solvent denaturation of proteins and peptide secondary structures, the free 

energy change between both conformations is assumed to behave linearly with the solvent 

composition.[220] This enables the estimation of the Gibbs free energy in pure toluene by 

extrapolation of the fitting line of the A0-0 transition band to –5.3 ± 0.2 kJ/mol with a 

slope of m[CH2Cl2] = 292 ± 13 kJ/mol (Figure 85b) according to equation (13): 

∆ ∆ CH Cl   (13) 

The detailed thermodynamic data obtained by this analysis are given in Table 6. 

3.7.3 Excited State Properties 

There is one important issue to keep in mind when discussing UV-vis absorption and 

fluorescence spectroscopy data. The former data result from optical excitations of 

molecules in the ground state that exist in their thermally equilibrated conformational 

manifold. Upon excitation these molecules are promoted into their excited states that are 

on the other hand not equilibrated. Furthermore, at low to moderate light intensities only 

one molecule in the macrocycle is optically excited whilst the others prevail in the ground 

state. Such excited macrocycles may exhibit various relaxation pathways into 

energetically more favourable geometries and/or electronically more stable 

configurations, e.g. excimers, charge transfer states, etc. The respective states will finally 

determine the relaxation path back to the ground state via radiative and non-radiative 

pathways. 
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Table 6. Thermodynamic data obtained by the analysis of the A0-0 transition band in absorption spectra of 

4PBI(4-tBu)4 in CH2Cl2/toluene mixtures. 

vol% CH2Cl2 

in Tol 

obs (A0-0) / 

103 L mol–1 cm–1 
U Keq / M

–1 G / kJ mol–1 

100 160.20 1.00 0.00 -- 

80 159.97 0.99 0.015 10.4 

60 158.93 0.92 0.092 5.92 

40 156.28 0.74 0.35 2.60 

25 155.49 0.69 0.45 1.96 

20 153.75 0.57 0.75 0.73 

18 152.04 0.46 1.17 -0.39 

16 152.10 0.46 1.16 -0.36 

14 150.58 0.36 1.75 -1.39 

12 150.16 0.34 1.98 -1.70 

10 149.02 0.26 2.85 -2.59 

8 148.56 0.23 3.36 -3.00 

6 148.17 0.20 3.92 -3.38 

4 146.95 0.12 7.15 -4.87 

2 145.23 0.01 12.2 -6.19 

0 145.10 0.00 -- -- 

According to the data from steady-state fluorescence spectroscopy and the calculated 

radiative and non-radiative rates a quite uniform behavior for all cycles in 

dichloromethane except for 2PBI(4-tBu)4 can be recognized. The exceptional behavior of 

the latter could be related to an unusually fast symmetry-breaking charge separation 

(SB-CS) in the previously discussed studies and will accordingly not be discussed here 

(see chapter 3.3). Instead, getting insights into the different relaxation pathways in 

dichloromethane and toluene for the larger macrocycles by time-resolved spectroscopy is 

the main goal for this chapter. 

To elucidate the excited state dynamics of the macrocycles, femtosecond (fs) and 

nanosecond (ns) transient absorption (TA) spectroscopy was performed. Due to a low 

solubility of the larger macrocycles in toluene, these studies are restricted on 3PBI(4-tBu)4, 

4PBI(4-tBu)4 and 5PBI(4-tBu)4. In dichloromethane all of these macrocycles showed similar 

dynamics after photoexcitation at 580 nm (Figure 86 and Figure 121 – Figure 129) with 

the for tetraphenoxy-PBIs typical features of ground state bleach (GSB) at 458, 543 and 

585 nm, stimulated emission (SE) at 610 and 658 nm and the excited state absorption 
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(ESA) at 707, 952 and 1031 nm.[112] After 3.06 ± 0.2 ns 3PBI(4-tBu)4 reaches a new 

transient species that can be identified as the symmetry-broken charge separated state 

(SB-CS) similar to the previously discussed 2PBI(4-tBu)4 (chapter 3.3) and other PBI 

macrocycles.[112] In this state new bands for the PBI radical anion and cation are present 

at 797, 993 and 1100 nm (PBI–•) and at 486, 628 and 1220 nm (PBI+•).[112] 
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Figure 86. Nanosecond transient absorption spectra (top) of 4PBI(4-tBu)4 in dichloromethane showing 

excited state dynamics after photoexcitation; species-associated spectra plots (bottom) reconstructed from 

global fits to the sequential A  B  C  ground state model, where A is the singlet excited state S1, B is 

the charge separated state SB-CS and C is the PBI triplet T1 (ex = 580 nm, 1.0 J/pulse, 298 K). 

The much slower charge separation in 3PBI(4-tBu)4 (3.06 ± 0.2 ns) compared to 2PBI(4-tBu)4 

(161 ± 4 ps) is a clear indication that this process occurs through space between the PBI 

cores and not through bond and that the PBI dyes are further apart from each other in 

3PBI(4-tBu)4 compared to 2PBI(4-tBu)4. In 4PBI(4-tBu)4 and 5PBI(4-tBu)4 the charge separation 

is with 1.71 ± 0.06 and 2.25 ± 0.9 ns faster than in 3PBI(4-tBu)4 (Figure 121 – Figure 129) 

that can be explained in terms of a higher flexibility of the larger cycles allowing the PBI 

molecules to approach each other in contrast to the rather rigid 3PBI(4-tBu)4. However, the 

charge separation is still much slower than in the conformationally fixed 2PBI(4-tBu)4, 

which suggests that also 4PBI(4-tBu)4 and 5PBI(4-tBu)4 prevail in wide-stretched 

conformations both in the ground and excited states. 
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The charges then recombine to a significant fraction to the PBI triplet state in 14.5 ± 0.1, 

11.8 ± 0.08 and 12.7 ± 0.1 ns for 3PBI(4-tBu)4, 4PBI(4-tBu)4 and 5PBI(4-tBu)4 with a PBI 

triplet lifetime of 560 ± 18, 426 ± 14 and 403 ± 41 ns in an air-saturated solution (Figure 

121 – Figure 129). The relatively short lifetimes of the triplet state can be explained by an 

energy transfer to molecular oxygen generating singlet oxygen. With this, the quantum 

yield of triplet formation can be estimated through the measurement of singlet oxygen 

emission at 1270 nm with methylene blue as literature known reference ( = 0.57 in 

dichloromethane).[169] Thereby, a quantum yield of ~20% was observed for 3PBI(4-tBu)4, 

4PBI(4-tBu)4 and 5PBI(4-tBu)4. 

By switching the solvent to toluene, the symmetry-breaking charge separation gets 

energetically unfavored as elucidated in detail for 2PBI(4-tBu)4 (chapter 3.3) and hence the 

triplet pathway is prevented. Now, the radiative pathway prevails after photoexcitation 

explaining the higher fluorescence quantum yields for the odd-numbered 3PBI(4-tBu)4 and 

5PBI(4-tBu)4 in toluene (Figure 121 – Figure 129). In accordance with the fluorescence 

lifetimes (Table 3), the decay of the excited state of even-numbered 4PBI(4-tBu)4 (Figure 

87) is with 3.77 ± 0.6 ns much faster than that of the odd-numbered ones (6.60 ± 0.9, 6.44 

± 0.6 ns). Furthermore, an ultrafast decay of 2.4 ± 0.5, 2.7 ± 0.8 and 1.7 ± 0.2 ps was 

observed for 3PBI(4-tBu)4, 4PBI(4-tBu)4 and 5PBI(4-tBu)4, respectively, which can be 

attributed to solvent and structural rearrangement.[208b] 

Since the analysis based on species-associated spectra suggests that the excited state of 

4PBI(4-tBu)4 decays directly back to the ground state without passing through any other 

long living states such as an excimer,[94b] non-radiative internal conversion appears to be 

the most reasonable explanation for the pronounced fluorescence quenching in the folded 

conformation of this even-numbered macrocycle. If so, an increased vibrational coupling 

between the chromophores might be the reason and it is tempting to relate this coupling to 

the enhanced 0-1 transition band observed in the UV-vis absorption spectra. 
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Figure 87. Femtosecond (top) transient absorption spectra of 4PBI(4-tBu)4 in toluene showing the excited 

state dynamics after photoexcitation; species-associated spectra (bottom) reconstructed from global fits to 

the sequential A  B  ground state model, where A and B are 1*PBI, (ex = 580 nm, 1.0 J/pulse, 298 K). 

3.7.4 Femtosecond Stimulated Raman Spectroscopy 

To take a closer look on the vibrational coupling, femtosecond stimulated Raman 

spectroscopy (FSRS) measurements were performed on nPBI(4-tBu)4 (n = 1–5). Upon 

excitation at the very edge of the absorption band at 610 nm (0.6 J/pulse) the 

characteristic C-C stretching modes of the excited PBI core at 1360, 1394, 1458, 1549 

and 1590 cm–1 were observed in dichloromethane (Figure 88).[221] From these studies it is 

obvious that the relative intensities of the Raman bands of the macrocycles do not change 

compared to monomeric reference 1PBI(4-tBu)4 in dichloromethane, confirming that there 

is only subtle interchromophoric vibrational coupling within the macrocycles. In toluene, 

however, the Raman bands at higher energy are slightly shifted to 1551 and 1594 cm–1. 

While for monomeric 1PBI(4-tBu)4 and 3PBI(4-tBu)4 bearing PBIs at fixed distances the ratio 

of these frequencies I1551/I1594 is greater than one, it is changed for 4PBI(4-tBu)4 to I1551/I1594 

< 1. Furthermore, two new shoulders at 1374 and 1584 cm–1 are detected for 4PBI(4-tBu)4. 

The Raman spectrum of 2PBI(4-tBu)4 in toluene is similar to that of 4PBI(4-tBu)4, whereas 

5PBI(4-tBu)4 shows a behavior that is in-between of 3PBI(4-tBu)4 and 4PBI(4-tBu)4 with 
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I1551/I1594 ~ 1. Thus, these findings confirm a strong exciton-vibrational coupling in the 

even-numbered cycles,[148] whereas the odd-numbered compounds show a weaker 

vibrational interaction in an unfolded state. 
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Figure 88. Normalized femtosecond stimulated Raman spectra of 1PBI(4-tBu)4 to 5PBI(4-tBu)4 in 

dichloromethane (top) and toluene (bottom); right: comparison of relative frequency intensities of 

3PBI(4-tBu)4, 4PBI(4-tBu)4 and 5PBI(4-tBu)4; RP = 610 nm, 0.6 J/pulse, 298 K. 

The behavior of 5PBI(4-tBu)4 in the FSRS experiments can be explained based on the 

structural models shown in Figure 82, since it has a conformation that is in-between of the 

rigid unfolded 3PBI(4-tBu)4 and the perfectly folded 4PBI(4-tBu)4. Furthermore, the 

dramatically increase of the non-radiative rate constants of the even-membered 

macrocycles seems to be an effect of the linear elongation of the dimer stacks. That 

implies an enhancement of the exciton-vibrational coupling with increasing ring size. 

In this chapter a new series of PBI macrocycles with varied ring size from dimer to 

nonamer has been reported and their folding behavior has been elucidated in great detail 

by fluorescence, steady-state and transient absorption spectroscopy as well as 

femtosecond stimulated Raman spectroscopy. For these macrocycles a unique odd-even 

effect regarding the ring size could be established. The even-numbered macrocycles 

undergo intramolecular folding under the templating effect of aromatic solvents with 

concomitant fluorescence quenching to quantum yields as low as 14%, shortened 

fluorescence lifetimes and a pronounced exciton-vibrational coupling in the UV-vis 
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absorption spectra. In contrast, the macrocycles with odd number of chromophores show 

still the characteristic spectral features of monomeric reference 1PBI(4-tBu)4 and converge 

to the folded cycles only for the largest and most flexible 9PBI(4-tBu)4. Transient 

absorption spectroscopy revealed symmetry-breaking charge separation and triplet 

formation for all investigated macrocycles in dichloromethane whilst an accelerated 

internal conversion through folding was observed for even-numbered macrocycles in 

toluene. Intensity changes of the Raman frequency at 1594 cm–1 in the excited PBI are 

attributed to vibrational couplings. The spectral features were supported by molecular 

modelling for 4PBI(4-tBu)4 showing a folding to pairs of dimers that explains the to-date 

for macrocycles unprecedented odd-even effect in the conformational and photophysical 

properties. The latter could be utilized to distinguish eight aromatic solvents 

unambiguously based on intensity ratio of the exciton-vibronic transitions. 
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3.8 Self-Assembly of Perylene Bisimide Macrocycles on HOPG Surfaces 

Although the interest on artificial dye containing macrocycles has grown tremendously, 

only few examples are reported on 2D networks of such cyclic systems that mimic the 

organization of photosynthetic membranes.[107, 135] To investigate such networks atomic 

force microscopy (AFM) is a powerful tool and is thus often used for imaging cyclic 

arrays. The control of structure is thereby an important step, since the orientation of the 

chromophores to each other defines their electronic interactions. To gather this control of 

structure the size of the macrocycles was varied in which small and rigid cycles show a 

more defined arrangement than large and flexible ones.[107] Furthermore, the coordination 

sphere of metal ions was used that forms in the right combination with ligands 

honeycomb or squaric nanopatterns.[135] Nowadays, also covalent bonding on surfaces, 

the so called SCOFs (surface covalent organic frameworks), becomes a prominent 

method to control the formed network in size and structure.[222] 

In this chapter, superficial structures of supramolecular macrocycles, composed of four to 

nine perylene bisimides (PBIs) (4PBI(4-tBu)4–9PBI(4-tBu)4) are reported. These macrocycles 

were self-assembled on highly ordered pyrolytic graphite (HOPG) surfaces in a two-

dimensional manner, which was confirmed by AFM. With these compounds the motives 

of self-assembly can be varied by changing the ring size in the macrocycles. Furthermore, 

4PBI(4-tBu)4 showed a special behavior with three different types of 2D networks on the 

surface. 

To study the capability of the para-xylylene bridged PBI macrocycles to self-assemble 

into 2D networks the adsorption on HOPG was investigated by AFM. Therefore, dilute 

solutions of nPBI(4-tBu)4 (c = 5 x 10–6 M) in dichloromethane were spin-coated onto 

HOPG under 3000 rpm. Surprisingly, the macrocycles 2PBI(4-tBu)4, 3PBI(4-tBu)4 and 

8PBI(4-tBu)4 did not result in any ordered 2D structures and only amorphous material was 

visualized by AFM. On the other hand, for the other macrocycles ordered structures could 

be visualized. 

For the macrocycles 6PBI(4-tBu)4 and 9PBI(4-tBu)4 single spherical particles were observed 

(Figure 89). The film thickness was found to be 0.55 ± 0.03 nm for 6PBI(4-tBu)4 and 0.75 ± 

0.05 nm for 9PBI(4-tBu)4. In both cases the film thickness indicates the formation of 

monolayers in which the larger macrocycles 9PBI(4-tBu)4 have higher flexibility and 

stronger distortion in structure and thus lead to slightly thicker 2D networks. The 

diameters of the particles are with 3.0 ± 0.2 and 4.5 ± 0.5 nm in good agreement with the 
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calculated diameter of the unfolded cycles 6PBI(4-tBu)4 (3.0 nm) and 9PBI(4-tBu)4 (4.7 nm) 

from geometry optimized structures. Thus, the adsorption on the surface confirms our 

structural prediction of unfolded cycles in polar solvents from chapter 3.7. The orientation 

of the cycles in the 2D network can be described as close-packing of spheres in which one 

macrocycle is surrounded by six neighboring molecules. This type of packing typically 

occurs by geometry reasons and not through interactions between the molecules. This can 

easily be explained, considering that the tetra-substituted PBIs show only weak driving 

force for - contact[189] and the xylylene linkers are too small to control the self-

assembly of the large and flexible macrocycles. 

  

Figure 89. Tapping-mode AFM height images of 6PBI(4-tBu)4 (left) and 9PBI(4-tBu)4 (right) films spin coated 

onto HOPG; 3000 rpm; DCM; c = 5 x 10–6 M. 

The cycles 5PBI(4-tBu)4 and 7PBI(4-tBu)4 appear to form lamellar structures of extended 

linear arrangements (Figure 90). Herein, the widths of these stripes are with 2.8 ± 0.4 and 

3.5 ± 0.4 nm again in good agreement with the calculated ring diameters of the 

corresponding cycles in their open form (2.7 and 3.6 nm). The heights of the networks are 

0.75 ± 0.1 and 0.49 ± 0.02 nm and thus suggest the formation of monolayers in which the 

macrocycles are lying flat on the graphite. 
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Figure 90. Tapping-mode AFM height images of 5PBI(4-tBu)4 (left) and 7PBI(4-tBu)4 (right) films spin-coated 

onto HOPG; 3000 rpm; DCM, c = 5 x 10–6 M. 

The most interesting features were observed for the cyclic tetramer 4PBI(4-tBu)4, where 

three different types of structures were found on HOPG. By having a closer look on the 

AFM images the transitions between these structures can be observed (Figure 91, Figure 

92). After spin-coating a lamellar arrangement with a thickness of 0.50 ± 0.05 nm and a 

diameter of 2.3 ± 0.4 nm (calculated: 2.0 nm) is formed, similar to 5PBI(4-tBu)4 and 

7PBI(4-tBu)4. The flat aligned macrocycles then spontaneously start to convert into 

quadratic patterns (Figure 91a). 

 

Figure 91. a) Tapping-mode AFM height image of a 4PBI(4-tBu)4 film spin-coated onto HOPG; 3000 rpm; 

DCM, c = 5 x 10–6 M; b) cross-section along the dotted line in the AFM image; c) proposed model of the 

individual nanostructures. 

a) b) 

c) 

~20 nm 



Chapter 3 Results and Discussion 

125 

With the height of 1.0 ± 0.1 nm, it is clear that these structures are no more flat lying 

macrocycles, but straightened up cycles that are slightly compressed and slipped in their 

conformation due to the empty void. The cross-section along the raising process inidcates 

a successive increase of the film thickness over a range of ~20 nm (Figure 91b). Also the 

width broadening to 1.7 x 2.9 nm confirms the compressed and slipped arrangement of 

the macrocycles. These data thus suggest that the macrocycles “stand” on the surface 

without any contact between the single multi-chromophores (Figure 91c). In these 

“standing” cycles only one core-twisted PBI subunit has contact with the surface resulting 

in weak interactions between the macrocycle 4PBI(4-tBu)4 and HOPG. This weak 

adsorption on the surface allows a rearrangement of the molecules by mechanical force, 

using the tip of the microscope. Thus, by scanning the same area several times, the 

quadratic patterns can be scratched, moving the “standing” macrocycles (Figure 92). 

After three scans the molecules start to approach each other and form tube like arrays 

with a width (3.0 ± 0.4 nm) and height (0.9 ± 0.1 nm) of one compressed macrocycle. 

During this process the flat lying and standing cycles with different orientation regarding 

the scan direction are not influenced in their position. 

 

Figure 92. Tapping-mode AFM height images of a 4PBI(4-tBu)4 film spin-coated onto HOPG; fist (left) to 

fourth (right) scan of the same area; 3000 rpm; DCM, c = 5 x 10–6 M; sketch at the bottom illustrates the 

transition between the individual 2D nanostructures. 

Notably, no ordered structures were observed when the folded cycles were spin-coated 

out of toluene solutions on HOPG. 

In summary, it was shown that different 2D nanopatterns can be achieved by changing the 

ring size of the PBI macrocycles. While 6PBI(4-tBu)4 and 9PBI(4-tBu)4 show close-packing 

of spheres without interactions between the chromophores, 5PBI(4-tBu)4 and 9PBI(4-tBu)4 



Chapter 3 Results and Discussion 

126 

form lamellar monolayers of flat lying macrocycles. Moreover, 4PBI(4-tBu)4 changes its 

structure from a lamellar arrangement with flat lying cycles to a quadratic structure with 

standing molecules. Due to weak interactions to the surface the standing macrocycles can 

be moved using the tip of the microscope to form supramolecular tubes. Thus, a 

spontaneous and a mechanically induced transition between nanostructures was observed. 
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Chapter 4 

 

Summary 
 

 

 

This work is concerned with the syntheses and photophysical properties of para-xylylene 

bridged macrocycles nPBI with ring sizes from two to nine PBI units, as well as the 

complexation of polycyclic aromatic guest compounds. 

Starting from three different bay-substituted PBIs bearing cyclohexyl groups at the imide 

positions basic hydrolysis was performed to obtain the perylene bisanhydrides PBA in 

yields of 36–86%. These serve as the precursors for the macrocycles, cyclophanes as well 

as monomeric reference compounds (Figure 93). The latter were synthesized by 

imidization of the respective PBA building blocks with benzylamine in yields of 85–89%. 

Under the same conditions the cyclophanes could be obtained in yields of 3.0–6.7% and 

the larger macrocycles in 8.7–0.3%. In the case of 2PBI(4-tBu)4 the dilution of the reaction 

mixture with toluene leads to an increase in the product formation to 18% yield. Hereby, 

the diluted conditions promote the intramolecular ring closure for small cycles. 

Furthermore, toluene has the additional feature to serve as a template, which preorganizes 

the PBI units into the cofacial arrangement. Based on this cofacial arrangement of the PBI 

subunits with an interplanar distance of ~7 Å the cyclophanes proved to be ideal 

candidates for the encapsulation of planar aromatic guest molecules. With a reduced but 

substantial fluorescence quantum yield of 21% (in CHCl3) the free host 2PBI(4-tBu)4 can 

be used as a dual fluorescence probe. 
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Figure 93. Synthesis of the discussed PBI macrocycles and cyclophanes nPBI with n = 2–9, as well as the 

monomeric reference compounds 1PBI. 

Upon encapsulation of rather electron-poor guests the fluorescence quenching 

interactions between the chromophores are prevented, leading to a significant 

fluorescence enhancement to > 90% (“turn-on”). On the other hand, the addition of 

electron-rich guest molecules induces an electron transfer from the guest to the electron-

poor PBI chromophores and thus quenches the fluorescence entirely (“turn-off”) (Figure 

94). 

The photophysical properties of the host-guest complexes were studied by transient 

absorption spectroscopy. These measurements revealed that the charge transfer between 

guest and 2PBI(4-tBu)4 occurs in the “normal region” of the Marcus-parabola with the 

fastest charge separation rate for perylene. In contrast, the charge recombination back to 

the PBI ground state lies far in the “inverted region” of the Marcus-parabola. 
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Figure 94. Schematic illustration (top) and representative photograph (bottom) for the “turn-on” 

(phenylnaphthalene@2PBI(4-tBu)4) and “turn-off” (carbazole@2PBI(4-tBu)4) fluorescence sensing of electron-

poor and electron-rich aromatic hydrocarbons of the PBI cyclophane 2PBI(4-tBu)4. 

Since the binding of the guests is caused by - interactions the binding strength 

increases with an increasing -surface of the individual guest molecules. Furthermore, the 

tetrasubstituted PBIs exhibit a strong core twist that influences the binding strength. Thus, 

flexible hydrocarbons can better intercalate between the twisted PBIs, which increases the 

binding constant, while rigid molecules do not provide an optimal - contact, leading to 

lower binding strength within the cavity. With the encapsulation of chiral hydrocarbons a 

guest-promoted chirality transfer to the PBI core can be induced, forming diastereomers 

with homochiral chromphores in 2PBI(4-tBu)4. 

By substitution of the PBIs in the 1,7-bay-position with two 2,6-di-iso-propylphenole and 

2,6-diphenylphenole units cyclophanes with planar PBI skeletons were obtained in which 

a “self-encapsulation” of the iso-propyl and phenyl side arms was observed. This prevents 

an intramolecular chromophore contact and thus enhances the fluorescence quantum yield 

already in the free cyclophane close to 100%. Furthermore, these substituents facilitate 

with the planarization of the PBI units a stronger binding of aromatic guest molecules. 

Beside complexation of planar aromatic hydrocarbons into the cavity of the cyclophanes 

an encapsulation of fullerene into the cyclic trimer 3PBI(4-tBu)4 was observed. 3PBI(4-tBu)4 

provides a tube-like structure in which the PBI subunits represent the walls of those tubes. 

The cavity has the optimal size for hosting fullerenes, with C70 fitting better than C60 and 

a binding constant that is higher by a factor of 10. TA spectroscopy in toluene that was 

free 
cyclophane 

e-rich 
guest 

e-poor 
guest 

“turn-off“ “turn-on“ 



Chapter 4 Summary 

130 

performed on the C60@3PBI(4-tBu)4 complex revealed two energy transfer processes. The 

first one comes from the excited PBI to the fullerene, which subsequently populates the 

triplet state. From the fullerene triplet state a second energy transfer occurs back to the 

PBI to generate the PBI triplet state. 

In all cycles that were studied by TA spectroscopy, symmetry-breaking charge separation 

(SB-CS) was observed in dichloromethane (Figure 95). This process is fastest within the 

PBI cyclophane 2PBI(4-tBu)4 and slows down for larger cycles, suggesting that the charge 

separation takes place through space and not through bonds. The charges then recombine 

to the PBI triplet state via a radical pair intersystem crossing (RP-ISC) mechanism, which 

could be used to generate singlet oxygen in yields of ~20%. 

 

Figure 95. Schematic illustration of the different excited state photophysics upon excitation; A: symmetry-

breaking charge separation and recombination to the PBI triplet within the PBI cyclophane 2PBI(4-tBu)4 in 

dichloromethane that can be used for singlet oxygen generation; B: emission in toluene; C: encapsulation 

and oxidation of aromatic guests and recombination to the PBI ground state. 

By changing the solvent to toluene an intramolecular folding of the even-numbered larger 

cycles was observed that quenches the fluorescence and increases the 0-1 transition band 

in the absorption spectra. Force field calculations of 4PBI(4-tBu)4 suggested a folding into 

pairs of dimers, which explains the remarkable odd-even effect with respect to the 

number of connected PBI chromophores and the resulting alternation in the absorption 

and fluorescence properties (Figure 96). Thus, the even-numbered macrocycles can fold 

in a way that all chromophores are in a paired arrangement, while the odd-numbered 

cycles have open conformations (3PBI(4-tBu)4, 5PBI(4-tBu)4, 7PBI(4-tBu)4) or at least 

additional unpaired PBI unit (9PBI(4-tBu)4). 
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Figure 96. Schematic sketch of toluene-filled 2PBI(4-tBu)4, solvent-dependent conformational change of 

4PBI(4-tBu)4, 6PBI(4-tBu)4 and 8PBI(4-tBu)4, rather solvent-independent wide-stretched conformations of 

3PBI(4-tBu)4, 5PBI(4-tBu)4 and 7PBI(4-tBu)4, and the special partial folding transition of 9PBI(4-tBu)4. 

With increasing ring size the amount of folded subunits is increased and thus the optical 

properties of the odd-numbered cycle 9PBI(4-tBu)4 converges to the fully folded ones. In 

compliance to the observed folding in toluene no ordered structures of the macrocycles 

were found in AFM studies by spin-coating on HOPG out of toluene solutions. However, 

using dichloromethane lamellar or spherical structures were formed with monolayers of 

the open rings. For the tetrameric macrocycles a transition of lamellar to quadratic 

structures was observed that can be explained by perpendicularly arranged cycles with 

respect to the surface. These “standing” molecules have only weak contact to the surface 

and thus can be moved mechanically with the tip of the microscope by scanning the same 

area several times. Thus, a second transition of the structure can be induced under 

formation of molecular tubes (Figure 97). 
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Figure 97. Tapping-mode AFM height images of 4PBI(4-tBu)4 films spin coated onto HOPG; fist (left) to 

fourth (right) scan of the same area; 3000 rpm; DCM, c = 5 x 10–6 M; sketch at the bottom illustrates the 

transition between the individual 2D nanostructures. 

With these experiments we could for the first time give insights in the interactions 

between cyclic PBI hosts and aromatic guest molecules. Associated with the 

encapsulation of guest molecules a variety of possible applications can be envisioned, like 

fluorescence sensing, chiral recognition and photodynamic therapy by singlet oxygen 

generation. Particularly, these macrocycles provide photophysical relaxation pathways of 

PBIs, like charge separation and recombination and triplet state formation that are hardly 

feasible in monomeric PBI dyes. Furthermore, diverse compound specific features were 

found, like the odd-even effect in the folding process or the transition of superficial 

nanostructures of the tetrameric cycle influenced by the AFM tip. The comprehensive 

properties of these macrocycles provide the basis for further oncoming studies and can 

serve as an inspiration for the synthesis of new macrocyclic compounds. 

 



Chapter 5 Zusammenfassung 

133 

Chapter 5 

 

Zusammenfassung 
 

 

 

In dieser Arbeit wurde die Synthese para-Xylol-verbrückter Makrozyklen nPBI mit 

Ringgrößen von zwei bis neun PBI Einheiten beschrieben und deren photophysikalische 

Eigenschaften sowie Komplexierungsvermögen für polyzyklische aromatische 

Gastverbindungen analysiert. 

Ausgehend von drei verschieden in Buchtpositionen substituierten PBIs, welche 

Cyclohexylgruppen in den Imidpositionen tragen, erfolgte zunächst eine basische 

Hydrolyse, um die entsprechenden Perylenbisanhydride PBA in Ausbeuten von 36–86% 

zu erhalten. Diese dienten dann als Vorstufen für die Synthese der Makrozyklen, 

Cyclophanen sowie monomeren Referenzverbindungen (Abbildung 1). Letztere wurden 

durch Imidisierung der jeweiligen PBA-Bausteine mit Benzylamin in Ausbeuten von   

85–89% erhalten. Unter den gleichen Bedingungen konnten die Cyclophane in Ausbeuten 

von 3.0–6.7% und die größeren Makrozyklen in 8.7–0.3% synthetisiert werden. Dabei 

war es möglich im Falle von 2PBI(4-tBu)4 die Ausbeute durch Verdünnung der 

Reaktionsmischung mit Toluol auf 18% zu steigern. Die Verdünnung begünstigt hierbei 

den intramolekularen Ringschluss zu kleinen Ringsystemen. Außerdem weist Toluol 

einen zusätzlichen Templateffekt auf und bringt die PBI-Untereinheiten in eine kofaciale 

Anordnung zueinander. Auf Grund dieser parallelen Anordnung der PBI Einheiten mit 

einem interplanaren Abstand von ~7 Å erwiesen sich diese Cyclophane als ideale 

Verbindungen für die Aufnahme flacher aromatischer Gastmoleküle. 
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Abbildung 1. Synthese der in der vorliegenden Dissertation diskutierten PBI Makrozyklen und Cyclophane 

nPBI mit n = 2–9 und der monomeren Referenzverbindungen 1PBI. 

Mit einer reduzierten, aber noch substantiellen Fluoreszenzquantenausbeute von 21% in 

CHCl3 eignet sich der freie Wirt 2PBI(4-tBu)4 als dualer Fluoreszenzsensor. Durch die 

Aufnahme von elektronenarmen Gästen wird die zur Fluoreszenzlöschung führende 

Wechselwirkung zwischen den Chromophoren unterbunden, was sich in einer deutlichen 

Steigerung der Fluoreszenzquantenausbeute auf > 90% widerspiegelt („turn-on”). 

Andererseits führt die Zugabe elektronenreicher Gäste zu einem Elektronentransfer vom 

Gast auf die elektronenarmen PBI-Chromophore und quencht die Fluoreszenz damit 

nahezu vollständig („turn-off”) (Abbildung 2). 
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Abbildung 2. Schematische Darstellung (oben) und repräsentative Fotographie (unten) der „turn-on” 

(Phenylnaphthalin@2PBI(4-tBu)4) und „turn-off” (Carbazol@2PBI(4-tBu)4) Fluoreszenzerkennung von 

elektronenarmen und elektronenreichen aromatischen Kohlenwasserstoffen vom PBI-Cyclophan 

2PBI(4-tBu)4. 

Die photophysikalischen Eigenschaften der Wirt-Gast Komplexe wurden mittels 

transienter Absorptionsspektroskopie weitergehend untersucht. Diese Studien zeigten, 

dass die Ladungstrennung zwischen Gast und 2PBI(4-tBu)4 in der „normalen Region“ der 

Marcus-Parabel stattfindet mit der schnellsten Ladungstrennungsrate für Perylen. Im 

Gegensatz dazu liegt die Ladungsrekombination zurück zum PBI Grundzustand weit in 

der „invertierten Region“ der Marcus-Parabel. 

Da die Bindung der Gäste über --Wechselwirkungen erfolgt, erhöht sich die 

Bindungsstärke mit Vergrößerung der -Oberfläche des jeweiligen Gastmoleküls. Zudem 

weisen die tetrasubstituierten PBIs eine starke Verdrehung des Kerns auf, was 

zusätzlichen Einfluss auf die Bindungsstärke nimmt. Daher können flexible 

Kohlenwasserstoffe besser zwischen die verdrehten PBIs interkalieren, was zu einer 

Erhöhung der Bindungskonstante führt. Rigide Moleküle hingegen weisen keinen 

optimalen --Kontakt auf, was sich in einer verringerten Bindungsstärke in der Kavität 

widerspiegelt. Durch die Aufnahme chiraler Kohlenwasserstoffe konnte ein 

gastinduzierter Chiralitätstransfer zum PBI Kern beobachtet werden, wodurch 

ausschließlich Diastereomere mit homochiralen Chromophoren in 2PBI(4-tBu)4 gebildet 

werden. 

Durch die Substitution der PBIs in den 1,7-Buchtpositionen mit zwei 2,6-di-iso-

Propylphenol- und 2,6-di-Phenylphenoleinheiten resultierten Cyclophane mit planarem 
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Gast 

Elektronenarmer 
Gast 

„turn-off“ „turn-on“ 



Chapter 5 Zusammenfassung 

136 

PBI-Skelett, bei denen allerdings eine “Selbsteinkapselung” der iso-Propyl und Phenyl 

Seitenarme beobachtet wurde. Diese unterbindet einen intramolekularen Kontakt der 

PBI-Chromophore und steigert damit die Fluoreszenzquantenausbeute schon im freien 

Cyclophan auf beinahe 100%. Zudem ermöglichen diese Substituenten über die 

Planarisierung der PBI-Einheiten eine stärkere Bindung aromatischer Gastverbindungen. 

Neben der Komplexierung flacher aromatischer Kohlenwasserstoffe in die Kavitäten der 

Cyclophane konnte auch die Aufnahme von Fullerenen in das zyklische Trimer 

3PBI(4-tBu)4 beobachtet werden. 3PBI(4-tBu)4 weist eine röhrenartige Struktur auf, in der die 

PBI-Untereinheiten die Wände der Röhren darstellen. Damit hat die Kavität die optimale 

Größe für die Aufnahme von Fullerenen, wobei C70 besser hinein passt als C60 und damit 

eine um den Faktor 10 höhere Bindungskonstante besitzt. Transiente Absorptions-

spektroskopie des C60@3PBI(4-tBu)4 Komplexes zeigte in Toluol zwei Energietransfer-

prozesse auf. Der erste erfolgt vom angeregten PBI zum Fulleren, welches daraufhin den 

Triplettzustand populiert. Vom Fulleren-Triplettzustand erfolgt ein zweiter Energie-

transfer zurück zum PBI, was schließlich im PBI-Triplett Zustand mündet. 

Für alle mittels transienter Absorptionsspektroskopie untersuchten Zyklen konnte eine 

symmetriebrechende Ladungstrennung in Dichlormethan beobachtet werden (Abbildung 

3). Dieser Prozess ist für das PBI-Cyclophan 2PBI(4-tBu)4 am schnellsten und wird mit 

zunehmender Ringgröße langsamer. Demnach ist die Ladungstrennung abhängig von der 

räumlichen Nähe der PBI-Chromophore und nicht von deren Verbrückung. 

 

Abbildung 3. Schematische Darstellung der verschiedenen photophysikalischen Anregungszustände; A: 

symmetriebrechende Ladungstrennung und -rekombination zum PBI-Triplett des PBI-Cyclophans 

2PBI(4-tBu)4 in Dichlormethan, das zur Generierung von Singulettsauerstoff genutzt werden kann; B: 

Emission in Toluol; C: Aufnahme und Oxidation aromatischer Gäste und Rekombination zum 

PBI-Grundzustand. 
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Im Anschluss erfolgt eine Ladungsrekombination zum PBI-Triplettzustand über ein 

Radikalpaar (radical pair intersystem crossing RP-ISC-Mechanismus), was zur 

Gewinnung von Singulettsauerstoff in Ausbeuten von ~20% genutzt werden konnte. 

Bei Verwendung von Toluol als Lösungsmittel wurde eine intramolekulare Faltung der 

geradzahligen größeren Zyklen beobachtet, wodurch die Fluoreszenz gequencht und die 

0-1 Übergangsbande der Absorption verstärkt wird. Kraftfeldberechnungen für 

4PBI(4-tBu)4 legen eine Faltung zu Dimerpaaren nahe, welche den außergewöhnlichen 

gerade-ungerade Effekt bezogen auf die Anzahl der verknüpften PBI Chromophore und 

die daraus resultierende Alternanz in den Absorptions- und Fluoreszenzeigenschaften 

erklärt (Abbildung 4). 

 

Abbildung 4. Schematische Darstellung des Toluol-gefüllten 2PBI(4-tBu)4, Lösungsmittelabhängige 

Konformationsänderung von 4PBI(4-tBu)4, 6PBI(4-tBu)4 und 8PBI(4-tBu)4, eher Lösungmittel unabhängige 

ausgedehnte Konformationen von 3PBI(4-tBu)4, 5PBI(4-tBu)4 and 7PBI(4-tBu)4 und die spezielle teilweise 

gefaltete Konformation von 9PBI(4-tBu)4. 

Dementsprechend können die geradzahligen Makrozyklen in der Art falten, dass alle 

Chromophore in einer gepaarten Anordnung vorliegen, während die ungeradzahligen 

Zyklen offene Konformationen (3PBI(4-tBu)4, 5PBI(4-tBu)4, 7PBI(4-tBu)4) oder zumindest 

teilweise ungepaarte PBI-Einheiten (9PBI(4-tBu)4) aufweisen. Mit zunehmender Ringgröße 

erhöht sich der Anteil an gefalteten Untereinheiten, was dazu führt, dass sich die 

optischen Eigenschaften des ungeradzahligen 9PBI(4-tBu)4 Zyklus den vollständig 

gefalteten Systemen angleicht. In Einklang mit der beobachteten Faltung in Toluol 

konnten keine geordneten Strukturen durch Rotationsbeschichtung der Makrozyklen aus 
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Toluol-Lösungen auf HOPG Oberflächen mittels Rasterkraftmikroskopie gefunden 

werden. Im Gegensatz dazu konnten lamellare oder sphärische Monolagen der offenen 

Ringsysteme aus Dichlormethan beobachtet werden. Für den tetrameren Makrozyklus 

wurde eine Strukturänderung von lamellaren zu quadratischen Formen beobachtet, die 

durch aufrechtstehende Zyklen auf der Oberfläche erklärt werden kann. Diese 

„stehenden“ Moleküle haben nur schwachen Kontakt zur Oberfläche und können deshalb 

mechanisch mit der Spitze des Mikroskops bewegt werden. Dazu wurde eine Stelle der 

Oberfläche mehrmals abgetastet, wodurch eine zweite Strukturänderung zu molekularen 

Röhren induziert werden konnte (Abbildung 5). 

 

Abbildung 5. Tapping-mode AFM-Höhenbilder von 4PBI(4-tBu)4 Filmen, die durch Rotationsbeschichtung 

auf HOPG erhalten wurden; erste (links) bis vierte (rechts) Aufnahme desselben Bereichs; 3000 rpm; DCM, 

c = 5 x 10–6 M; die untere Abbildung stellt den Übergang zwischen den einzelnen 2D Nanostrukturen dar. 

Mit diesen Experimenten konnten wir erstmals Enblicke in die Wechselwirkungen 

zwischen zyklischen PBI-Wirten und aromatischen Gastmolekülen geben. Verbunden mit 

der Aufnahme von Gastmolekülen ist eine Reihe möglicher Anwendungen wie 

Fluoreszenzsensorik, Chiralitätserkennung und photodynamische Therapie über die 

Generierung von Singulettsauerstoff denkbar. Insbesondere ermöglichen diese 

Makrozyklen photophysikalische Relaxationspfade von PBIs wie die Ladungstrennung 

und –rekombination und die Ausbildung von Triplettzuständen, welche in monomeren 

PBI-Frabstoffen nur schwer realisierbar sind. Weiterhin konnten einige verbindungs-

spezifische Eigenschaften gefunden werden, wie den gerade-ungerade Effekt im 

Faltungsprozess oder die für den tetrameren Zyklus gefundene Umwandlung von 

Oberflächennanostrukturen unter dem Einfluß der AFM-Spitze. Die reichhaltigen 

Eigenschaften dieser Makrozyklen bilden damit die Basis für weitergehende 
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Untersuchungen und können als Inspiration für die Synthese neuer makrozyklischer 

Verbindungen dienen. 
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Chapter 6 

 

Experimental Section 
 

 

 

6.1 Materials and Methods 

UV-vis Spectroscopy. UV-vis absorption spectra were recorded on a Perkin-Elmer 

Lambda 40 or Lambda 950 spectrometer. Solvents for spectroscopic studies were of 

spectroscopic grade and used without further purification. 

Fluorescence Spectroscopy. Fluorescence quantum yields were determined by optical 

dilution method[223] (ODmax < 0.05) as the average value of at least four different 

excitation wavelengths using N,N’-(2,6-di-iso-propylphenyl)-1,6,7,12-tetraphenoxy-

perylen-3,4:9,10-tetracarboxylic acid bisimide (fl = 0.96 in chloroform) as reference. 

Singlet oxygen emission was recorded on a PTI spectrofluorimeter. The quantum yield of 

singlet oxygen was determined in an air-equilibrated solution in dichloromethane (ODmax 

~ 0.5) as the average value of four different excitation wavelengths using methylene blue 

as reference (Φ = 0.57 in dichloromethane).[169] 

UV-vis Absorption and Fluorescence Titration Experiments. A solution containing 

the individual PBI host (c = 5 x 10–5 M) and a large excess of the particular guest in 

chloroform or toluene was titrated to a solution of pure PBI host of the same 

concentration. 

Data Analysis. The titration data obtained by fluorescence spectroscopy where fitted 

according to the following relationship: 
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2

1 1
4  

where IA, IAB and Iobs are the fluorescence intensities at a selected wavelength of the free 

host, the 1:1 complex and the measured intensity. cA
0 and cB

0 are the total concentrations 

of the host and the guest. Ka is the respective binding constant. 

Transient Absorption Spectroscopy. Femtosecond and nanosecond transient absorption 

experiments were performed at the Northwestern University in Evanston using an 

instrument as previously described[224] with an approximately 120 fs output of a 

commercial Ti:sapphire oscillator/amplifier (Tsunami/Spitfire, Spectra-Physics) that was 

split to seed and pump a laboratory-constructed optical parametric amplifier used to 

generate the 569 nm excitation (“pump”) beam and a femtosecond continuum probe, by 

using a 3 mm sapphire plate for the visible range or a proprietary crystal for the near-

infrared (NIR) spectral region (Ultrafast Systems, LLC). Transient spectra were collected 

by using customized commercial detectors (Helios, Ultrafast Systems, LLC). Experiments 

were performed with a depolarized pump to eliminate contributions from orientational 

dynamics. The kinetic analysis is based on a global fit to selected single-wavelength 

kinetics. Several kinetic traces at different wavelengths were chosen and fitted globally to 

a kinetic model. The differential equations were solved and then convoluted with the 

instrument response function, before employing a least-square fitting to find the 

parameters, which result in matches to the same functions for all selected wavelengths 

(MATLAB). These parameters are then fed directly into the differential equations, which 

were solved for the populations of the states in model. Finally, the raw data matrix (with 

all the raw data) is deconvoluted with the populations as functions of time to produce the 

species-associated spectra. 

Femtosecond Stimulated Raman Spectroscopy. To obtain FSRS data, a third pump 

pulse (Raman pump) is added to the unchopped actinic pump and continuum probe 

described previously for the TA spectroscopy. The Raman pump pulse is gained by 

optical parametric amplification of the transmitted portion of the beam split by BS3. The 

800 nm fundamental is frequency doubled with a second harmonic bandwidth compressor 

(Light Conversion, SHBC) to result in a 400 nm pulse train, which feeds a second optical 

parametric amplifier (Light Conversion, TOPAS-400). A continuum seed from the SHBC 

enables a tunable Raman pump from 470 nm to 2600 nm. The Raman pump, the actinic 
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pump, and the probe pulse are focused on the sample in a 2 mm path length sample cell 

with a parabolic mirror and spatially overlapped with near-collinear alignment at the 

sample. To obtain the stimulated Raman spectrum, a mechanical 125 Hz chopper on only 

the Raman pump pulse facilitates pump-on/pump-off difference spectra to be obtained. 

The Raman gain signal is measured on the intense Raman probe through heterodyne 

detection. The FSRS spectra are obtained using 1 s exposure times, 15 scans, and 2 

averages. On average, over 200 time points were obtained out to 7 ns, resulting in an 

average experiment length of 2 hours. 

NMR Spectroscopy. NMR spectra were recorded on a Bruker Avance 400 or Bruker 

DMX 600 spectrometer. Chemical shifts () are referenced internally to residual proton 

solvent resonances or to natural-abundance carbon resonances. 

Mass Spectrometry. MALDI-TOF mass spectrometry was performed on an autoflex II 

mass spectrometer (Bruker Daltonik GmbH). High resolution ESI-TOF mass 

spectrometry was performed on a microTOF focus instrument (Bruker Daltronik GmbH). 

Cyclic Voltammetry. Cyclic voltammetry was carried out with a standard commercial 

electrochemical analyzer (EC epsilon; BAS Instruments, UK) with a three electrode 

single-compartment cell. The supporting electrolyte tetrabutylammonium hexafluoro-

phosphate (TBAHFP) was recrystallized from ethanol/water. The measurements were 

carried out using ferrocene/ferrocenium (Fc/Fc+) as an internal standard for the 

calibration of the potential. Ag/AgCl reference electrode was used. A Pt disc and a Pt 

wire were used as working and auxiliary electrodes, respectively. 

Circular Dichroism. CD spectra were measured with a JASCO J-810 spectrometer 

equipped with a CDF-42 peltier element. 

Atomic Force Microscopy. AFM measurements were carried out under ambient 

conditions by using a Veeco MultiModeTM Nanoscope IV system (Veeco Metrology Inc., 

USA) 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 nPBI(4-tBu)4 in dichloromethane 

(c = 5 x 10–6 M) were spin-coated on a highly ordered pyrolytic graphite (HOPG, 

NanoTechnology Instruments - Europe, Netherlands) under 3000 rpm. 
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Recycling GPC. Gel permeation chromatography was performed on a Shimadzu 

Recycling GPC-System (LC-20AD Prominence Pump; SPDMA20A Prominence Diode 

Array Detector) with three preparative columns (Japan Analytical Industries Co., Ltd.; 

JAIGEL-1H, JAIGEL-2H and JAIGEL-2.5H) in chloroform (HPLC grade, stabilized with 

0.1% EtOH); 3.5 mL/min. 

Molecular Modelling. DFT calculations were performed by using the Gaussian 09 

program package[225] with B3-LYP[226] as functional and 6-31+G* as basis set. The 

structures were geometry optimized, followed by frequency calculations on the optimized 

structures, which confirmed the existence of a minimum (one very small imaginary 

frequency of 4i cm–1 was obtained for cyclophane 2PBI(4-tBu)4. Small imaginary 

frequencies (< 100i cm–1) are considered most likely to be an artefact of the calculation 

instead of an indication of a transition state[227]). Geometry optimized structures were 

obtained by force field optimization; Maestro 9.3, MacroModel 9.8, MM2*. 

6.2 Synthesis 

PBA(4-tBu)4. The starting compound 1,6,7,12-tetrakis-4-tert-butylphenoxyperylene-

3,4:9,10-tetracarboxylic acid bisanhydride (PBA(4-tBu)4) was prepared according to 

literature.[228] 

PBA(2,6-iPr)2.
[229] The literature known PBI(2,6-iPr)2 (880 mg, 971 mol) was heated in 

50 mL tert-butanol to 110 °C. After 30 min 1.13 g KOH were added in portions during 

one hour and the mixture was heated one additional hour. After cooling to room 

temperature, 50 mL 2 N hydrochloric acid were added, the formed precipitate was filtered 

off and washed with water and MeOH. The crude product was purified by column 

chromatography (silica gel, CH2Cl2) to obtain 521 mg pure PBA(2,6-iPr)2 (72% yield). 

 

C48H40O8 (744.83): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3):  = 9.94 (d, 3J = 8.0 Hz, 

2 H), 8.68 (d, 3J = 8.0 Hz, 2 H), 8.07 (s, 2 H), 7.44 (m, 2 H), 7.39 (m, 4 H), 2.94 (m, 4 H), 

1.25-1.13 (m, 24 H) ppm; 13C-NMR (100 MHz, CDCl3):  = 159.7, 159.6, 157.3, 146.6, 
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141.0, 135.0, 131.8, 130.2, 129.4, 127.9, 126.6, 125.6, 121.7, 120.5, 120.0, 118.3, 27.6, 

24.8, 22.7 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z: calculated for 

C48H40KO8: 783.23548 [M+K]+, found: 783.23411. 

PBA(2,6-Ph)2.
[229] The literature known PBI(2,6-Ph)2 (222 mg, 213 mol) was heated in 

35 mL tert-butanol to 110 °C. After 30 min 16 g KOH were added in portions during 

30 min and the mixture was further heated for 3 h. After cooling to room temperature 

100 mL 2 N hydrochloric acid were added and the solution subsequently extracted with 

dichloromethane. The organic solvent was evaporated under reduced pressure and the 

crude product was purified by column chromatography (silica gel, CH2Cl2/hexane 9:1) to 

obtain 143 mg pure PBA(2,6-Ph)2 (76% yield). 

 

C60H32O8 (880.89): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3):  = 9.18 (d, 3J = 8.0 Hz, 

2 H), 8.42 (d, 3J = 8.0 Hz, 2 H), 7.94 (s, 2 H), 7.56 (s, 6 H), 7.36 (m, 8 H), 7.02 (m, 

12 H) ppm; 13C-NMR (100 MHz, CDCl3):  = 159.8, 159.7, 155.5, 147.1, 137.0, 136.1, 

134.0, 131.4, 131.2, 129.1, 129.0, 128.8, 128.2, 127.7, 127.3, 125.9, 121.8, 121.4, 118.9, 

117.7 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z: calculated for 

C104H33O8: 881.21699 [M+H]+, found: 881.21472. 

1PBI(4-tBu)4. 450 mg (459 mol) of 1,6,7,12-tetrakis-4-tert-butylphenoxyperylene-

3,4:9,10-tetracarboxylic acid bisanhydride (PBA(4-tBu)4) and 1.5 mL (1.47 g, 13.8 mmol) 

benzylamine were suspended in 1.5 g imidazole and heated under nitrogen to 120 °C for 

20 h. 100 mL 2 N hydrochloric acid were added to the reaction mixture at room 

temperature and the resulting precipitate was collected by filtration. The crude product 

was purified by column chromatography (silica gel, CH2Cl2) to obtain 459 mg pure 

1PBI(4-tBu)4 (86% yield) as a red solid. 
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C78H70N2O8 (1163.40): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3):  = 8.23 (s, 4 H), 

7.44 (m, 4 H), 7.26 (m, 14 H), 6.82 (d, 3J(H,H) = 8.8 Hz, 8 H), 5.30 (s, 4 H), 1.29 (s, 

36 H) ppm; 13C-NMR (100 MHz, CDCl3):  = 163.5, 156.0, 152.8, 147.4, 137.1, 132.9, 

128.7, 127.5, 126.7, 122.4, 120.6, 120.0, 119.5, 119.4, 43.8, 34.4, 31.5, 29.7 ppm; HRMS 

(ESI, pos. mode, acetonitrile/dichloromethane 1:1): m/z: calculated for C78H71N2O8: 

1163.52104 [M+H]+, found: 1163.52143; UV-vis (CHCl3): max (max) = 589 nm 

(41000 M–1 cm–1), 547 nm (25000 M–1 cm–1); (tol): max (max) = 577 nm (43000 M–1   

cm–1), 535 nm (26000 M–1 cm–1); Fluorescence (CHCl3): max = 620 nm (ex = 530 nm), 

fl = 0.97; (tol): max = 607 nm (ex = 530 nm), fl = 0.86; CV (CH2Cl2, 0.1 M TBAHFP, 

vs. Fc/Fc+): E1/2(PBI/PBI+) = 0.85 V, E1/2(PBI/PBI–) = –1.18 V, E1/2(PBI/PBI2–) =            

–1.30 V. 

1PBI(2,6-iPr)2. 90 mg (120 mol) of the perylene bisanhydride PBA(2,6-iPr)2 and 0.5 mL 

(491 mg, 4.58 mmol) benzylamine were added to 1.0 g imidazole and heated under 

nitrogen to 120 °C overnight. After cooling to room temperature 100 mL 2 N 

hydrochloric acid were added and the solution subsequently extracted with 

dichloromethane. The organic solvent was evaporated under reduced pressure and the 

crude product was purified by column chromatography (silica gel, CH2Cl2) to obtain 

99 mg pure 1PBI(2,6-iPr)2 (89% yield). 

 

C62H54N2O6 (923.10): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3):  = 9.89 (d, 3J = 

8.5 Hz, 2 H), 8.67 (d, 3J = 8.5 Hz, 2 H), 8.09 (s, 2 H), 7.52 (m, 4 H), 7.37 (m, 6 H), 7.27 

(m, 6 H), 5.34 (s, 4 H), 2.97 (m, 4 H), 1.22 (d, 3J = 6.8 Hz, 12 H), 1.11 (d, 3J = 6.8 Hz, 

12 H) ppm; 13C-NMR (100 MHz, CDCl3):  = 163.6, 163.1, 156.9, 147.0, 141.3, 137.0, 

134.2, 129.9, 129.8, 129.0, 128.8, 128.5, 127.6, 127.4, 125.4, 124.5, 123.6, 121.9, 120.9, 

119.0, 43.8, 27.5, 24.9 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z: 

calculated for C62H55N2O6: 923.40546 [M+H]+, found: 923.40514; UV-vis (CHCl3): max 

(max) = 560 nm (74000 M–1 cm–1), 519 nm (42000 M–1 cm–1); Fluorescence (CHCl3): 

max = 576 nm (ex = 530 nm), Φfl = 1.00. 
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1PBI(2,6-Ph)2. 100 mg (114 mol) of the perylene bisanhydride PBA(2,6-Ph)2 and 0.5 mL 

(491 mg, 4.58 mmol) benzylamine were added to 1.0 g imidazole and heated under 

nitrogen to 120 °C overnight. After cooling to room temperature 100 mL 2 N 

hydrochloric acid were added and the solution subsequently extracted with 

dichloromethane. The organic solvent was evaporated under reduced pressure and the 

crude product was purified by column chromatography (silica gel, CH2Cl2) to obtain 

103 mg pure 1PBI(2,6-Ph)2 (85% yield). 

 

C74H46N2O6 (1059.17): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3):  = 9.14 (d, 3J = 

8.4 Hz, 2 H), 8.43 (d, 3J = 8.4 Hz, 2 H), 7.97 (s, 2 H), 7.52 (m, 10 H), 7.35 (m, 14 H), 

6.97 (m, 12 H), 5.32 (s, 4 H) ppm; 13C-NMR (100 MHz, CDCl3):  = 163.6, 163.1, 155.2, 

147.4, 137.3, 137.1, 136.2, 133.4, 131.2, 129.4, 129.0, 128.9, 128.7, 128.5, 128.4, 128.0, 

127.6, 127.5 126.8, 123.8, 122.5, 121.3, 121.2, 199.9, 43.7 ppm; HRMS (ESI, pos. mode, 

acetonitrile/chloroform 1:1): m/z: calculated for C74H47N2O6: 1059.34286 [M+H]+, found: 

1059.34195; UV-vis (CHCl3): max (max) = 564 nm (73000 M–1 cm–1), 523 nm (41000  

M–1 cm–1); Fluorescence (CHCl3): max = 580 nm (ex = 530 nm), Φfl = 1.00. 

2PBI(4-tBu)4. 100 mg (102 mol, 1.0 eq.) of 1,6,7,12-tetrakis-4-tert-butylphenoxyperylene-

3,4:9,10-tetracarboxylic acid bisanhydride (PBA(4-tBu)4) and 14 mg (102 mol, 1.0 eq.) 

para-xylylenediamine were added to a solution of 1.0 g imidazole and 10 mL pyridine in 

200 mL toluene. The mixture was heated under nitrogen to 140 °C for 20 h. After cooling 

to room temperature the solution was extracted with hydrochloric acid (2 N, 250 mL). 

The aqueous solution was subsequently extracted with dichloromethane and the organic 

solvent was evaporated under reduced pressure. The crude product was purified by 

column chromatography (silica gel, CH2Cl2) to obtain 20 mg pure cyclophane 2PBI(4-tBu)4 

(18% yield) as a red solid. 
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C144H128N4O16 (2169.57): Mp.: > 300 °C; 1H-NMR (600 MHz, 360 K, C2D2Cl4):  = 8.07 

(s, 8 H), 7.25 (s, 8 H), 7.23 (d, 3J(H,H) = 8.8 Hz, 16 H), 6.78 (d, 3J(H,H) = 8.8 Hz, 16 H), 

5.20 (s, 8 H), 1.31 (s, 72 H) ppm; 13C-NMR (150 MHz, 360 K, C2D2Cl4):  = 163.2, 

156.0, 153.0, 147.8, 137.2, 132.6, 129.8, 126.8, 122.5, 120.7, 120.3, 119.6, 119.4, 42.9, 

34.5, 31.7 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z: calculated for 

C144H129N4O16: 2169.93981 [M+H]+, found: 2169.93890; UV-vis (CHCl3): max (max) = 

586 nm (60000 M–1 cm–1), 547 nm (47000 M–1 cm–1); (tol): max (max) = 575 nm 

(63000 M–1 cm–1), 537 nm (50000 M–1 cm–1); Fluorescence (CHCl3): max = 631 nm (ex 

= 530 nm), fl = 0.21; (tol): max = 612 nm (ex = 530 nm), fl = 0.58; CV (CH2Cl2, 

0.1 M TBAHFP, vs. Fc/Fc+): E1/2(PBI/PBI+) = 0.84 V, E1/2(PBI/PBI–) = –1.15 V, 

E1/2(PBI/PBI2–) = –1.27 V. 

m-2PBI(4-tBu)4. 100 mg (102 mol, 1.0 eq.) of 1,6,7,12-tetrakis-4-tert-

butylphenoxyperylene-3,4:9,10-tetracarboxylic acid bisanhydride (PBA(4-tBu)4) and 14 mg 

(102 mol, 1.0 eq.) of meta-xylylenediamine were added to 2.0 g imidazole and heated 

under nitrogen to 140 °C for 12 h. After cooling to room temperature 200 mL 2 N 

hydrochloric acid were added and the solution subsequently extracted with 

dichloromethane. The organic solvent was evaporated under reduced pressure and the 

crude product was purified by column chromatography (silica gel, CH2Cl2) to obtain 

21 mg pure cyclophane m-2PBI(4-tBu)4 (19% yield) as a red solid.4 

 

                                                 
4 Only minor traces of the cyclic trimer were obtained 
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C144H128N4O16 (2169.57): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3):  = 8.14 (s, 4 H), 

7.99 (s, 4 H), 7.55 (m, 2 H), 7.47 (dd, 4J(H,H) = 1.4 Hz, 3J(H,H) = 7.7 Hz, 4 H), 7.33 (d, 
3J(H,H) = 8.6 Hz, 8 H), 7.20 (t, 3J(H,H) = 7.7 Hz, 2 H), 7.10 (d, 3J(H,H) = 8.6 Hz, 8 H), 

7.01 (d, 3J(H,H) = 8.6 Hz, 8 H), 6.35 (d, 3J(H,H) = 8.6 Hz, 8 H), 5.61 (d, 3J(H,H) = 

13.5 Hz, 4 H), 4.81 (d, 3J(H,H) = 13.5 Hz, 8 H), 1.38 (s, 36 H), 1.25 (s, 36 H) ppm; 

13C-NMR (100 MHz, CDCl3):  = 161.9, 155.4, 153.0, 152.7, 151.2, 146.3, 145.8, 136.2, 

131.8, 130.2, 129.5, 126.6, 125.8, 125.6, 121.9, 121.3, 120.5, 120.3, 118.5, 118.4, 117.9, 

117.1, 42.0, 33.4, 33.3, 30.5, 30.4, 28.7 ppm; HRMS (ESI, pos. mode, 

acetonitrile/chloroform 1:1): m/z: calculated for C144H129N4O16: 2169.93981 [M+H]+, 

found: 2169.94021; UV-vis (CHCl3): max (max) = 577 nm (66000 M–1 cm–1), 541 nm 

(59000 M–1 cm–1); Fluorescence (CHCl3): max = 627 nm (ex = 530 nm), fl = 0.09. 

2PBI(2,6-iPr)2.
[229] 50 mg (67 mol, 1.0 eq.) of the perylene bisanhydride PBA(2,6-iPr)2 and 

9.10 mg (67 mol, 1.0 eq.) para-xylylenediamine were added to a solution of 1.0 g 

imidazole in 15 mL pyridine. The mixture was heated under nitrogen to 140 °C for 19 h. 

After cooling to room temperature 50 mL 2 N hydrochloric acid were added and the 

solution subsequently extracted with dichloromethane. The organic solvent was 

evaporated under reduced pressure and the crude product was purified by column 

chromatography (silica gel, CH2Cl2/MeOH 99:1) and recycling GPC (CHCl3) to obtain 

3.4 mg (5.9% yield) of an isomeric mixture (4:1, transoid:cisoid) of cyclophane 

2PBI(2,6-iPr)2 as a red solid. 

 

C122H96N4O12 (1690.72): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3): transoid:  = 9.58 

(d, 3J = 8.0 Hz, 4 H), 8.43 (d, 3J = 8.0 Hz, 4 H), 7.91 (s, 4 H), 7.39 (m, 20 H), 5.27 (m, 

8 H), 2.80 (m, 4 H), 2.72 (m, 4 H), 1.19 (d, 3J = 8.0 Hz, 12 H), 1.10 (d, 3J = 8.0 Hz, 12 H), 

1.02 (d, 3J = 8.0 Hz, 12 H), 0.93 (d, 3J = 8.0 Hz, 12 H), ppm; cisoid: = 9.53 (d, 3J = 8.0 

Hz, 4 H), 8.42 (d, 3J = 8.0 Hz, 4 H), 7.94 (s, 4 H), 7.29 (m, 20 H), 5.37 (d, 3J = 12.0 Hz, 4 

H), 5.14 (d, 3J = 12.0 Hz, 4 H), 3.05 (m, 4 H), 2.72 (m, 4 H), 1.34 (m, 12 H), 1.28 (m, 12 

H), 1.03 (m, 12 H), 0.85 (m, 12 H) ppm; 13C-NMR (100 MHz, CDCl3): transoid:  = 
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162.6, 162.4, 156.9, 146.9, 141.2, 140.8, 137.0, 133.8, 130.4, 129.5, 129.2, 127.9, 127.5, 

125.4, 125.3, 124.1, 123.5, 122.0, 120.4, 119.3, 42.5, 27.4, 27.2, 25.4, 24.3, 22.7, 22.5 

ppm; cisoid:  = 162.7, 162.5, 156.8, 147.1, 141.5, 140.7, 136.9, 133.4, 130.4, 129.8, 

129.1, 127.8, 127.4, 125.4, 125.1, 124.1, 123.3, 121.8, 120.8, 119.3, 42.5, 27.5, 27.2, 

25.2, 24.3, 22.6, 22.5 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z: 

calculated for C112H97N4O12: 1689.70975 [M+H]+, found: 1689.70912; UV-vis (CHCl3): 

max (max) = 557 nm (93000 M–1 cm–1), 519 nm (77000 M–1 cm–1); Fluorescence 

(CHCl3): max = 584 nm (ex = 530 nm), Φfl = 0.97. 

2PBI(2,6-Ph)2.
[229] 100 mg (114 mol, 1.0 eq.) of the perylene bisanhydride PBA(2,6-Ph)2 and 

15.5 mg (114 mol, 1.0 eq.) para-xylylenediamine were added to a solution of 1.0 g 

imidazole in 10 mL pyridine. The mixture was heated under nitrogen to 140 °C for 20 h. 

After cooling to room temperature 100 mL 2 N hydrochloric acid were added and the 

solution subsequently extracted with dichloromethane. The organic solvent was 

evaporated under reduced pressure and the crude product was purified by column 

chromatography (silica gel, CH2Cl2/MeOH 97:3) and recycling GPC (CHCl3) to obtain 

3.3 mg (3.0% yield) of an isomeric mixture (12:1, transoid:cisoid) of cyclophane 

2PBI(2,6-Ph)2 as a red solid. 

 

C136H80N4O12 (1962.15): Mp.: > 300 °C; 1H-NMR (400 MHz, CDCl3): transoid:  = 8.81 

(d, 3J = 8.0 Hz, 4 H), 8.09 (d, 3J = 8.0 Hz, 4 H), 7.73 (s, 4 H), 7.52 (m, 16 H), 7.43 (d, 
3J = 8.0 Hz, 4 H), 7.13 (d, 3J = 8.0 Hz, 16 H), 6.75 (m, 12 H), 6.28 (t, 3J = 8.0 Hz, 8 H), 

5.98 (t, 3J = 8.0 Hz, 4 H), 5.30 (m, 8 H) ppm; cisoid:  = 8.79 (d, 3J = 8.0 Hz, 4 H), 8.11 

(d, 3J = 8.0 Hz, 4 H), 7.75 (s, 4 H), 7.52 (m, 16 H), 7.43 (d, 3J = 8.0 Hz, 4 H), 7.13 (d, 
3J = 8.0 Hz, 16 H), 6.75 (m, 12 H), 6.28 (t, 3J = 8.0 Hz, 8 H), 5.98 (t, 3J = 8.0 Hz, 4 H), 

5.30 (m, 8 H) ppm; 13C-NMR (100 MHz, CDCl3): transoid:  = 162.8, 162.6, 154.7, 

147.8, 137.5, 137.2, 136.0, 135.4, 132.7, 131.3, 131.1, 130.4, 128.9, 128.8, 128.6, 127.9, 

127.7, 127.6, 127.5, 127.1, 126.5, 123.4, 122.2, 121.2, 121.1, 120.9, 42.3 ppm; cisoid:  = 

162.8, 162.6, 154.7, 147.8, 137.5, 137.2, 136.0, 135.4, 132.7, 131.3, 131.1, 130.4, 128.9, 
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128.8, 128.6, 127.9, 127.7, 127.6, 127.5, 127.1, 126.5, 123.4, 122.2, 121.2, 121.1, 120.9, 

42.3 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): m/z: calculated for 

C136H81N4O12: 1961.58455 [M+H]+, found: 1961.58423; UV-vis (CHCl3): max (max) = 

563 nm (95000 M–1 cm–1), 525 nm (78000 M–1 cm–1); Fluorescence (CHCl3): max = 

594 nm (ex = 530 nm), Φfl = 0.99. 

nPBI(4-tBu)4. 300 mg (305 mol, 1.0 eq.) 1,6,7,12-tetrakis-4-tert-butylphenoxy-perylene-

3,4:9,10-tetracarboxylic acid bisanhydride (PBA(4-tBu)4) and 42 mg (305 mol, 1.0 eq.) 

para-xylylenediamine were added to a solution of 1.0 g imidazole and 10 mL pyridine. 

The mixture was heated under nitrogen to 140 °C for 20 h. After cooling to room 

temperature 100 mL CH2Cl2 were added and the solution was extracted with hydrochloric 

acid (2 N, 100 mL). The aqueous solution was subsequently extracted with 

dichloromethane and the organic solvent was filtered to remove insoluble oligomers and 

polymers and evaporated under reduced pressure. The crude product was purified by 

column chromatography (silica gel, CH2Cl2) to obtain 21 mg pure dimer 2PBI(4-tBu)4 

(6.7% yield) as a red solid and a mixture of larger cycles 3PBI(4-tBu)4–9PBI(4-tBu)4. These 

were then isolated by recycling GPC (CHCl3) in their pure form in yields of 8.5% to 

0.3%. 

 

2PBI(4-tBu)4: C144H128N4O16 (2169.57); 21 mg (10.0 mol, 6.7%); 1H-NMR (600 MHz, 

360 K, C2D2Cl4):  = 8.07 (s, 8 H), 7.25 (s, 8 H), 7.23 (d, 3J(H,H) = 8.8 Hz, 16 H), 6.78 

(d, 3J(H,H) = 8.8 Hz, 16 H), 5.20 (s, 8 H), 1.31 (s, 72 H) ppm; 13C-NMR (150 MHz, 

360 K, C2D2Cl4):  = 163.2, 156.0, 153.0, 147.8, 137.2, 132.6, 129.8, 126.8, 122.5, 120.7, 

120.3, 119.6, 119.4, 42.9, 34.5, 31.7 ppm; HRMS (ESI, pos. mode, 
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acetonitrile/chloroform 1:1): m/z: calculated for C144H129N4O16: 2169.93981 [M+H]+, 

found: 2169.93890; UV-vis (CH2Cl2): max (max) = 581 nm (57000 M–1 cm–1), 543 nm 

(46000 M–1 cm–1); (tol): 575 nm (63000 M–1 cm–1), 537 nm (50000 M–1 cm–1); 

Fluorescence (CH2Cl2): max = 622 nm (ex = 530 nm), fl = 0.07; (tol): max = 612 nm 

(ex = 530 nm), fl = 0.58. 

3PBI(4-tBu)4: C216H192N6O24 (3255.86); 28 mg (8.60 mol, 8.5%); 1H-NMR (400 MHz, 

CDCl3):  = 8.13 (s, 12 H), 7.41 (s, 12 H), 7.16 (d, 3J(H,H) = 8.6 Hz, 24 H), 6.73 (d, 
3J(H,H) = 8.6 Hz, 24 H), 5.22 (s, 12 H), 1.26 (s, 108 H) ppm; 13C-NMR (100 MHz, 

CDCl3):  = 163.4, 156.0, 152.9, 147.3, 136.5, 132.9, 129.5, 126.7, 122.4, 120.6, 120.1, 

119.5, 119.4, 43.6, 34.5, 31.6 ppm; HRMS (ESI, pos. mode, acetonitrile/chloroform 1:1): 

m/z: calculated for C216H193N6O24: 3256.41334 [M+H]+, found: 3256.40855; UV-vis 

(CH2Cl2): max (max) = 579 nm (114000 M–1 cm–1), 541 nm (80000 M–1 cm–1); (tol): 

573 nm (109000 M–1 cm–1), 535 nm (76000 M–1 cm–1); Fluorescence (CH2Cl2): max = 

619 nm (ex = 530 nm), fl = 0.64; (tol): max = 611 nm (ex = 530 nm), fl = 0.79. 

4PBI(4-tBu)4: C288H256N8O32 (4341.15); 14 mg (3.23 mol, 4.2%); 1H-NMR (400 MHz, 

CDCl3):  = 8.16 (s, 16 H), 7.35 (s, 16 H), 7.16 (d, 3J(H,H) = 8.8 Hz, 32 H), 6.75 (d, 
3J(H,H) = 8.8 Hz, 32 H), 5.22 (s, 16 H), 1.24 (s, 144 H) ppm; 13C-NMR (100 MHz, 

CDCl3):  = 163.5, 156.1, 152.9, 147.4, 136.6, 133.0, 129.1, 126.8, 122.4, 120.6, 120.1, 

119.5, 43.6, 34.5, 31.6 ppm; MS (MALDI-TOF, pos. mode, DCTB in chloroform 1:1): 

m/z: calculated for C288H256N8O32: 4340.875 [M]+, found: 4340.374; UV-vis (CH2Cl2): 

max (max) = 581 nm (160000 M–1 cm–1), 542 nm (105000 M–1 cm–1); (tol): 585 nm 

(147000 M–1 cm–1), 544 nm (113000 M–1 cm–1); Fluorescence (CH2Cl2): max = 618 nm 

(ex = 530 nm), fl = 0.53; (tol): max = 617 nm (ex = 530 nm), fl = 0.16. 

5PBI(4-tBu)4: C360H320N10O40 (5426.44); 8.2 mg (1.51 mol, 2.5%); 1H-NMR (400 MHz, 

CDCl3):  = 8.16 (s, 20 H), 7.35 (s, 20 H), 7.17 (d, 3J(H,H) = 8.8 Hz, 40 H), 6.76 (d, 
3J(H,H) = 8.8 Hz, 40 H), 5.22 (s, 20 H), 1.25 (s, 180 H). 13C-NMR (100 MHz, CDCl3):  

= 163.5, 156.1, 152.9, 147.4, 136.5, 133.0, 129.1, 126.8, 122.4, 120.7, 120.1, 119.5, 43.6, 

34.5, 31.6 ppm; MS (MALDI-TOF, pos. mode, DCTB in chloroform 1:1): m/z: calculated 

for C360H320N10O40: 5425.341 [M]+, found: 5425.227; UV-vis (CH2Cl2): max (max) = 

582 nm (194000 M–1 cm–1), 543 nm (123000 M–1 cm–1); (tol): 576 nm (185000             
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M–1 cm–1), 536 nm (120000 M–1 cm–1); Fluorescence (CH2Cl2): max = 620 nm (ex = 

530 nm), fl = 0.59; (tol): max = 611 nm (ex = 530 nm), fl = 0.78. 

6PBI(4-tBu)4: C432H384N12O48 (6511.72); 6.0 mg (0.92 mol, 1.8%); 1H-NMR (400 MHz, 

CDCl3):  = 8.16 (s, 24 H), 7.35 (s, 24 H), 7.17 (d, 3J(H,H) = 8.8 Hz, 48 H), 6.76 (d, 
3J(H,H) = 8.8 Hz, 48 H), 5.22 (s, 24 H), 1.25 (s, 216 H) ppm; 13C-NMR (100 MHz, 

CDCl3):  = 163.5, 156.1, 152.9, 147.4, 136.5, 133.0, 129.1, 126.8, 122.4, 120.7, 120.1, 

119.5, 43.6, 34.5, 31.6 ppm; MS (MALDI-TOF, pos. mode, DCTB in chloroform 1:1): 

m/z: calculated for C432H384N12O48: 6510.81 [M]+, found: 6510.72; UV-vis (CH2Cl2): max 

(max) = 583 nm (239000 M–1 cm–1), 543 nm (152000 M–1 cm–1); (tol): 584 nm (210000 

M–1 cm–1), 543 nm (163000 M–1 cm–1); Fluorescence (CH2Cl2): max = 620 nm (ex = 

530 nm), fl = 0.56; (tol): max = 620 nm (ex = 530 nm), fl = 0.15. 

7PBI(4-tBu)4: C504H448N14O56 (7597.01); 3.3 mg (0.34 mol, 1.0%); 1H-NMR (400 MHz, 

CDCl3):  = 8.16 (s, 28 H), 7.35 (s, 28 H), 7.17 (d, 3J(H,H) = 8.8 Hz, 56 H), 6.76 (d, 
3J(H,H) = 8.8 Hz, 56 H), 5.21 (s, 28 H), 1.25 (s, 252 H) ppm; 13C-NMR (100 MHz, 

CDCl3):  = 163.5, 156.1, 152.9, 147.4, 136.5, 133.0, 129.1, 126.8, 122.4, 120.7, 120.1, 

119.5, 43.6, 34.5, 31.6 ppm; MS (MALDI-TOF, pos. mode, DCTB in chloroform 1:1): 

m/z: calculated for C504H449N14O56: 7598.02 [M+H]+, found: 7598.27; UV-vis (CH2Cl2): 

max (max) = 583 nm (255000 M–1 cm–1), 543 nm (160000 M–1 cm–1); (tol): 578 nm 

(229000 M–1 cm–1), 539 nm (158000 M–1 cm–1); Fluorescence (CH2Cl2): max = 620 nm 

(ex = 530 nm), fl = 0.52; (tol): max = 617 nm (ex = 530 nm), fl = 0.53. 

8PBI(4-tBu)4: C576H512N16O64 (8682.30); 1.4 mg (0.16 mol, 0.4%); 1H-NMR (400 MHz, 

CDCl3):  = 8.17 (s, 32 H), 7.35 (s, 32 H), 7.17 (d, 3J(H,H) = 8.8 Hz, 64 H), 6.76 (d, 
3J(H,H) = 8.8 Hz, 64 H), 5.22 (s, 32 H), 1.25 (s, 288 H) ppm; 13C-NMR (100 MHz, 

CDCl3):  = 163.5, 156.1, 152.9, 147.4, 136.5, 133.0, 129.1, 126.8, 122.4, 120.7, 120.1, 

119.5, 43.6, 34.5, 31.6 ppm MS (MALDI-TOF, pos. mode, DCTB in chloroform 1:1): 

m/z: calculated for C576H513N16O64: 8683.31 [M+H]+, found: 8683.87; UV-vis (CH2Cl2): 

max (max) = 583 nm (276000 M–1 cm–1), 543 nm (173000 M–1 cm–1); (tol): 582 nm 

(226000 M–1 cm–1), 542 nm (171000 M–1 cm–1); Fluorescence (CH2Cl2): max = 618 nm 

(ex = 530 nm), fl = 0.56; (tol): max = 620 nm (ex = 530 nm), fl = 0.14. 
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9PBI(4-tBu)4: C648H576N18O72 (9767.58); 1.1 mg (0.11 mol, 0.3%); 1H-NMR (400 MHz, 

CDCl3):  = 8.17 (s, 36 H), 7.35 (s, 36 H), 7.17 (d, 3J(H,H) = 8.8 Hz, 72 H), 6.76 (d, 
3J(H,H) = 8.8 Hz, 72 H), 5.21 (s, 36 H), 1.25 (s, 324 H) ppm; 13C-NMR (100 MHz, 

CDCl3):  = 163.5, 156.1, 152.9, 147.4, 136.5, 133.0, 129.1, 126.8, 122.4, 120.7, 120.1, 

119.5, 43.6, 34.5, 31.6 ppm MS (MALDI-TOF, pos. mode, DCTB in chloroform 1:1): 

m/z: calculated for C648H576N18O72: 9767.58 [M]+, found: 9767.32; UV-vis (CH2Cl2): max 

(max) = 584 nm (295000 M–1 cm–1), 543 nm (185000 M–1 cm–1); (tol): 580 nm 

(239000 M–1 cm–1), 540 nm (200000 M–1 cm–1); Fluorescence (CH2Cl2): max = 618 nm 

(ex = 530 nm), fl = 0.54; (tol): max = 621 nm (ex = 530 nm), fl = 0.13. 
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Figure 98. Changes in the UV-vis absorption (top) and emission spectra (middle) of PBI cyclophane 

2PBI(4-tBu)4 upon titration with naphthalene (a) and 9-fluorenone (b); c(2PBI(4-tBu)4) = 5.8 x 10–5 M in 

CHCl3; red line: spectra before titration; blue line: spectra after the individual guest is completely added; 

arrows indicate spectral changes; bottom: non-linear least square fitting curves of the fluorescence 

intensities vs. the guest concentration (inset: Benesi-Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 99. Changes in the UV-vis absorption (top) and emission spectra (middle) of PBI cyclophane 

2PBI(4-tBu)4 upon titration with carbazole (a) and anthraquinone (b); c(2PBI(4-tBu)4) = 5.8 x 10–5 M in CHCl3; 

red line: spectra before titration; blue line: spectra after the individual guest is completely added; arrows 

indicate spectral changes; bottom: non-linear least square fitting curves of the fluorescence intensities vs. 

the guest concentration (inset: Benesi-Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 100. Changes in the UV-vis absorption (top) and emission spectra (middle) of PBI cyclophane 

2PBI(4-tBu)4 upon titration with biphenyl (a) and phenylnaphthalene (b); c(2PBI(4-tBu)4) = 5.8 x 10–5 M in 

CHCl3; red line: spectra before titration; blue line: spectra after the individual guest is completely added; 

arrows indicate spectral changes; bottom: non-linear least square fitting curves of the fluorescence 

intensities vs. the guest concentration (inset: Benesi-Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 101. Changes in the UV-vis absorption (top) and emission spectra (middle) of PBI cyclophane 

2PBI(4-tBu)4 upon titration with pyrene (a) and triphenylene (b); c(2PBI(4-tBu)4) = 5.8 x 10–5 M in CHCl3; red 

line: spectra before titration; blue line: spectra after the individual guest is completely added; arrows 

indicate spectral changes; bottom: non-linear least square fitting curves of the fluorescence intensities vs. 

the guest concentration (inset: Benesi-Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 102. Changes in the UV-vis absorption (a) and emission spectra (b) of PBI cyclophane 2PBI(4-tBu)4 

upon titration with perylene; c(2PBI(4-tBu)4) = 5.8 x 10–5 M in CHCl3; red line: spectra before titration; blue 

line: spectra after the individual guest is completely added; arrows indicate spectral changes; c) non-linear 

least square fitting curves of the fluorescence intensities vs. the guest concentration (inset: Benesi-

Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 103. Mass spectrum of the free cyclophane 2PBI(4-tBu)4 and the 1:1 complex perylene@2PBI(4-tBu)4; 

MALDI, linear positive mode, DCTB in CHCl3. 
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Figure 104. a) Femtosecond transient absorption of 1PBI(4-tBu)4 in dichloromethane showing excited state 

dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves at 

different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A and B: singlet excited state S1 (A → B likely presents relaxation on the singlet state 

based on the timescale and the similarity of the spectra). 
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Figure 105. a) Femtosecond transient absorption of 2PBI(4-tBu)4 in toluene showing excited state dynamics 

after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves at different 

wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 1.0 J/pulse, 298 K). 

A and B: singlet excited state S1 (A → B likely presents relaxation on the singlet state based on the 

timescale and the similarity of the spectra). 
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Figure 106. a) Femtosecond transient absorption of the carbazole@2PBI(4-tBu)4 complex in dichloromethane 

showing excited state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with 

matching curves at different wavelength; c) species-associated spectra plots; d) kinetic model plots (ex = 

580 nm, 1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge transfer state CT; A´, B´ and C´ 

correspond to the free 2PBI(4-tBu)4 and are not shown in c) for clarity reasons. 
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Figure 107. a) Femtosecond transient absorption of the pyrene@2PBI(4-tBu)4 complex in dichloromethane 

showing excited state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with 

matching curves at different wavelength; c) species-associated spectra plots; d) kinetic model plots (ex = 

580 nm, 1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge transfer state CT; A´, B´ and C´ 

correspond to the free 2PBI(4-tBu)4 and are not shown in c) for clarity reasons. 
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Figure 108. a) Femtosecond transient absorption of the anthracene@2PBI(4-tBu)4 complex in 

dichloromethane showing excited state dynamics after photoexcitation; b) plots of selected kinetic traces 

superimposed with matching curves at different wavelength; c) species-associated spectra plots; d) kinetic 

model plots (ex = 580 nm, 1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge transfer state CT; A´, 

B´ and C´ correspond to the free 2PBI(4-tBu)4 and are not shown in c) for clarity reasons. 
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Figure 109. Changes in the UV-vis absorption (left) and emission spectra (right) of PBI cyclophane 

2PBI(2,6-iPr)2 upon titration with the individual guest molecules; a) carbazole, b) anthracene, c) pyrene; 

c(2PBI(2,6-iPr)2) = 5.0 x 10–5 M in CHCl3; red line: spectra before titration; blue line: spectra after the 

individual guest is completely added; arrows indicate spectral changes. 
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Figure 110. Changes in the UV-vis absorption (left) and emission spectra (right) of PBI cyclophane 

2PBI(2,6-Ph)2 upon titration with the individual guest molecules; a) carbazole, b) anthracene, c) pyrene; 

c(2PBI(2,6-Ph)2) = 5.0 x 10–5 M in CHCl3; red line: spectra before titration; blue line: spectra after the 

individual guest is completely added; arrows indicate spectral changes. 
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Figure 111. Changes in the UV-vis absorption (left) and emission spectra (right) of PBI cyclophane 

2PBI(2,6-iPr)2 upon titration with the individual guest molecules; a) carbazole, b) anthracene, c) pyrene, d) 

perylene; c(2PBI(2,6-iPr)2) = 5.0 x 10–5 M in toluene; red line: spectra before titration; blue line: spectra after 

the individual guest is completely added; arrows indicate spectral changes. 



Appendix  

168 

400 500 600 700 800
0

20

40

60

80

100

 
/ 1

0
3  L

 m
ol

-1
 c

m
-1

 

 

 / nm
550 600 650 700 750

0

10

20

30

40

50

60

I fl / 
a

.u
.

/ nm

400 500 600 700 800
0

20

40

60

80

100

 
/ 1

0
3
 L

 m
o

l-1
 c

m
-1

 

 

/ nm

550 600 650 700 750
0

5

10

15

20

25

30

35

I fl / 
a
.u

.

 / nm

400 500 600 700 800
0

20

40

60

80

100

 
/ 1

0
3  L

 m
o

l-1
 c

m
-1

 

/ nm
550 600 650 700 750

0

5

10

15

20

25

30

I fl 
/ a

.u
.

 / nm

500 600 700 800
0

20

40

60

80

100
 

 
/ 1

0
3  L

 m
ol

-1
 c

m
-1

 / nm
550 600 650 700 750

0

5

10

15

20

25

30

35

 

 

I fl / 
a

.u
.

 / nm  

Figure 112. Changes in the UV-vis absorption (left) and emission spectra (right) of PBI cyclophane 

2PBI(2,6-Ph)2 upon titration with the individual guest molecules; a) carbazole, b) anthracene, c) pyrene, d) 

perylene; c(2PBI(2,6-Ph)2) = 5.0 x 10–5 M in toluene; red line: spectra before titration; blue line: spectra after 

the individual guest is completely added; arrows indicate spectral changes. 
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Table 7. Binding constants Ka [M
–1] and Gibbs free energies G0

298 [kJ mol–1] calculated from fluorescence 

data for the 1:1 complexes of aromatic hydrocarbons by PBI cyclophanes 2PBI(2,6-iPr)2 and 2PBI(2,6-Ph)2 in 

toluene; c(2PBI) = 5 x 10–5 M. 

guest host Ka (toluene) R2 G0
298 

carbazole 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

357 ± 8.5 

662 ± 16 

0.999 

0.999 

14.6 

16.1 

anthracene 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

(1.4 ± 0.06) x 104 

(1.4 ± 0.06) x 103 

0.998 

0.999 

23.7 

17.9 

pyrene 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

(3.0 ± 0.2) x 104 

354 ± 12 

0.996 

0.999 

25.5 

14.5 

perylene 2PBI(2,6-iPr)2 

2PBI(2,6-Ph)2 

(2.6 ± 0.03) x 105 

(7.5 ± 0.7) x 104 

0.993 

0.996 

30.9 

27.8 
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Figure 113. Temperature-dependent 1H-NMR spectra of m-2PBI(4-tBu)4 from 360 K to 260 K in steps of 

10 K; tetrachloroethane-d2; 400 MHz; c(m-2PBI(4-tBu)4) = 1 x 10–4 M. 
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Figure 114. Temperature-dependent 1H-NMR spectra of 2PBI(4-tBu)4 from 360 K to 260 K in steps of 10 K; 

tetrachloroethane-d2; 400 MHz; c(2PBI(4-tBu)4) = 1 x 10–4 M. 
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Figure 115. Temperature-dependent 1H-NMR spectra of the perylene@2PBI(4-tBu)4 complex from 360 K to 

260 K in steps of 10 K; tetrachloroethane-d2; 400 MHz; c(2PBI(4-tBu)4) = 1 x 10–4 M; 8 eq. of perylene. 
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Figure 116. Changes in the emission spectra (left) of PBI cyclophane 2PBI(4-tBu)4 upon titration with 

(R)-naphthylethylamine; c(2PBI(4-tBu)4) = 6.0 x 10–5 M in CHCl3; red line: spectrum before titration; blue 

line: spectrum after the guest is completely added; arrow indicates the spectral changes upon addition of 

guest molecules; right: non-linear least square fitting curve of the fluorescence intensities vs. the guest 

concentration (inset: Benesi-Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 117. UV-vis absorption (a) and fluorescence (b) spectra of 3PBI(4-tBu)4 upon addition of fullerene 

C60 in toluene (c = 5 x 10–5 M, RT); red line: spectra before titration; blue line: spectra after the guest is 

completely added (fullerene absorption is substracted from the measured spectrum); arrow indicates 

spectral changes; c) MALDI-TOF mass spectrum of the C60@3PBI(4-tBu)4 complex; d) least square fitting of 

the fluorescence data (inset: Benesi-Hildebrand plot confirming the 1:1 stoichiometry). 
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Figure 118. Femtosecond (a) and nanosecond (b) transient absorption spectra of fullerene C60 in toluene 

showing the excited state dynamics after photoexcitation. Species-associated spectra (c) reconstructed from 

global fits to the sequential A  B  ground state model, where A is 1*C60 and B is 3*C60; ex = 580 nm, 

1.0 J/pulse, 298 K. 
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Figure 119. Concentration-dependent UV-vis spectra of 4PBI(4-tBu)4 in toluene (2.5 x 10–5 M (red line) – 

3.5 x 10–7 M (blue line)). The spectra are nearly superimposed revealing that there is no concentration effect 

on absorption properties of this macrocycle. 
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Figure 120. UV-vis spectra of 4PBI(4-tBu)4 in various solvents; c = 5 x 10–6 M; RT. 
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Figure 121. a) Femtosecond transient absorption spectra of reference 1PBI(4-tBu)4 in toluene showing 

excited state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching 

curves at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A and B: singlet excited state S1 (A → B likely presents relaxation on the singlet state 

based on the timescale and the similarity of the spectra). 
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Figure 122. a) Femtosecond transient absorption spectra of 3PBI(4-tBu)4 in dichloromethane showing excited 

state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves 

at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge separated state SB-CS. 
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Figure 123. a) Nanosecond transient absorption spectra of 3PBI(4-tBu)4 in dichloromethane showing excited 

state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves 

at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge separated state SB-CS; C: PBI triplet T1. 
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Figure 124. a) Femtosecond transient absorption spectra of 4PBI(4-tBu)4 in dichloromethane showing excited 

state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves 

at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge separated state SB-CS. 
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Figure 125. a) Nanosecond transient absorption spectra of 4PBI(4-tBu)4 in dichloromethane showing excited 

state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves 

at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge separated state SB-CS; C: PBI triplet T1. 
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Figure 126. a) Femtosecond transient absorption spectra of 4PBI(4-tBu)4 in toluene showing excited state 

dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves at 

different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A and B: singlet excited state S1 (A → B likely presents relaxation on the singlet state 

based on the timescale and the similarity of the spectra). 
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Figure 127. a) Femtosecond transient absorption spectra of 5PBI(4-tBu)4 in dichloromethane showing excited 

state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves 

at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge separated state SB-CS. 
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Figure 128. a) Nanosecond transient absorption spectra of 5PBI(4-tBu)4 in dichloromethane showing excited 

state dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves 

at different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A: singlet excited state S1; B: charge separated state SB-CS; C: PBI triplet T1. 
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Figure 129. a) Femtosecond transient absorption spectra of 5PBI(4-tBu)4 in toluene showing excited state 

dynamics after photoexcitation; b) plots of selected kinetic traces superimposed with matching curves at 

different wavelengths; c) species-associated spectra plots; d) kinetic model plots (ex = 580 nm, 

1.0 J/pulse, 298 K). A and B: singlet excited state S1 (A → B likely presents relaxation on the singlet state 

based on the timescale and the similarity of the spectra). 
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