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dyes and rylene nanoemitters for applications in photonics, and

describes the influence of the dye design on the optical properties,
the self-assembly, the molecular interactions, as well as the
labeling specificity of the compounds. The interplay between

tailored (macro)molecular design and bulk/single-molecule

spectroscopy enables complex processes to be explained, for
example, the kinetics of energy-transfer processes or (bio)cataly-

sis. Such investigations are essential for the ultimate design of

optimized nanoemitters, and require a close cooperation between

spectroscopists and preparative organic chemists.

1. Introduction

Dye chemistry is considered one of the oldest and most
explored areas in industrial organic chemistry. Traditional
applications consist of staining or coloration of textiles and
consumer goods."™ A large variety of dyes are commercially
available and one could question whether there is still a need
for the preparation of new chromophore systems. In recent
years, an emerging area of growth in colorant chemistry has
involved dyes for use in “high-level photonic applications”,
for example, dyes for liquid-crystal displays, lasers, solar-
energy converters, or bioimaging. Such dyes are termed
“functional dyes” and their design is not merely directed
towards color tuning. The fine regulation of band-gap
energies, self-organization, charge-carrier mobilities, photo-
stability, or the attachment of molecular recognition units are
considered adjustable parameters when designing novel
chromophores.”™ Most common chromophores, such as
fluoresceins, rhodamines, several 4,4'-difluoro-4-bora-3a,4a-
diaza-s-indacenes (bodipy dyes), and most cyanines, are dyes
that are characterized by relatively narrow absorption and
emission bands, high molar absorption coefficients, and
moderate to high fluorescence quantum yields, thus making
them attractive for a wide range of applications.’! However,
with very few exceptions, such as acridone dyes, the fluores-
cence lifetimes and photostabilities of organic dyes are
limited, thus precluding efficient temporal discrimination of
short-lived fluorescence interference from scattered excita-
tion light.”®! In this context, rylene dyes have attracted a great
deal of attention since they are not only superb colorants, but
they also possess exceptional chemical, thermal, photochem-
ical, and photophysical stability in combination with high
extinction coefficients." They are based on naphthalene
units linked in the peri position. Rylene dyes can be described
as poly(peri-naphthalene)s if their chromophore system is
envisioned as a polymer. Their nomenclature was introduced
by Clar, and is depicted in Figure 1."! Functionalized rylene
derivatives were explored for demanding applications such as
optoelectronic™®® and photovoltaic®?! devices, thermo-
graphic processes,**?” energy-transfer cascades,”! light-emit-
ting diodes,”* and near-infrared-absorbing systems.*” They
have been particularly successful for single-molecule inves-
tigations.
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This Review summarizes recent advances in the design of
rylene chromophores and rylene nanoemitters. Furthermore,
we highlight the impact of the chromophore design on the
resulting performance by focusing on their optical properties,
self-organization, and molecular interactions, as well as the
specificity of the resulting functional dyes. In this context, the
term nanoemitter refers to a fluorescent macromolecule with
a length scale mainly between 1 and 50 nm, which is in
contrast to typical chromophores which have dimensions
below 1nm. In particular, the synergy between tailored
molecular and macromolecular design on the one hand, and
bulk spectroscopy or single molecule spectroscopy investiga-
tions on the other hand, provides absorption, emission, or
excitation spectra of (single) nanoobjects that facilitate the
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determination of their positions or the three-dimensional
orientations of their transition dipole moments.">3 By
experimentally monitoring individuals rather than popula-
tions, the origin of complex behavior, for example, kinetics in
energy-transfer processes or (bio-)catalysis can be elucidated
and opens up a deeper insight to the origin and nature of non-
uniformities. Such investigations are essential for the ultimate
design of optimized nanoemitters, and require a close
cooperation between spectroscopists and preparative organic
chemists.

2. Spectral Fine-Tuning of Functional Rylene Dyes

The transition from insoluble rylene pigments to soluble
rylene dyes is achieved by specific functionalization of the
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rylene scaffold. The major difference between dyes and
pigments is their solubility, that is, the tendency to dissolve in
a liquid. Dyes are usually soluble in organic or aqueous
solvents, whereas pigments are generally not soluble in water,
oil, or other common solvents. Extending the aromatic
scaffold of the chromophore core results in a stepwise
bathochromic shift of the absorption and emission maxima,
which usually comes with a significant reduction in the
solubility and processability of higher order rylenes.*3
However, the large m-conjugated systems of rylene dyes
provide a versatile synthetic basis for further functionaliza-
tion. Different kinds of substituents can be introduced at the
peri as well as the bay positions of the perylene core
(Figure 1).5° The nature of the substituents as well as the
position at which they are attached to the rylene core has a
strong impact on the resulting solubility as well as the optical
properties, such as HOMO/LUMO energies, absorption
wavelengths (4,,,,), and the spatial properties of the molecular
orbitals.'®*! In this way, the introduction of substituents
offers access to a large portfolio of tailored functional rylene
chromophores, which can be functionalized for the desired
application, for example, single-molecule investigations of
energy and electron-transfer processes, devices, biolabeling,
staining, or FRET biosensors."®*! In this Review, the most
important concepts for achieving functional rylene dyes will
be introduced and the impact of different functionalization
strategies on selected molecular properties such as their
optical characteristics, photostabilities, intramolecular charge
transfers, or interaction with surfaces will be highlighted.
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Figure 1. Top: Chemical structures of unsubstituted peryleneimide chromophores: Perylene-3,4-dicarboxi-
mide (PMI) and perylenebis(dicarboximide) (PDI), illustration of the bay and peri positions, as well as the
concept of achieving higher order rylenes by extending the aromatic scaffold. Bottom: Absorption spectra of
the entire tetraphenoxy-substituted rylenediimide series in CHCl;: perylenebis(dicarboximide) (PDI),
terrylenebis(dicarboximide) (TDI), quaterrylenebis(dicarboximide) (QDI), pentarylenebis(dicarboximide)

(5D1), hexarylenebis(dicarboximide) (HDI).

2.1. Higher Order Rylene Dyes

Synthetic approaches to obtain a homologous series of
rylene dyes from perylenebis(dicarboximide) to hexarylene-
bis(dicarboximide)™ (Figure 1) have been developed. The
extension of the aromatic system along the long molecular
axis from perylene- (PDI, n=0), to terrylene- (TDI, n=1)
and quaterrylenebis(dicarboximide)s (QDI, n=2)P"%! gen-
erally induces a bathochromic shift of about 100 nm per
additional naphthalene unit (reaching an absorbance max-
imum of 780 nm for the quaterrylene). In addition, a nearly
linear increase in the extinction coefficient up to
170000M 'cm ™' for rylene homologues has been achieved.
Very recently, the synthesis of two higher rylene homologues,
pentarylene- (n=3, A, =877 nm) and hexarylenebis(dicar-
boximide)s (n =4, Ay =950 nm), each showing an intensive
absorption in the near infrared (NIR) region, were
reported.®>*! All rylene chromophores display relatively
narrow absorption and emission envelopes.

The access to different rylene homologues allows their
application as donor as well as acceptor chromophores for
both Forster-type energy-transfer (FRET) and electron-
transfer (ET) studies and offers the opportunity to selectively
excite a particular rylene homologue (for example, PDI, TDI,
QDI). This feature is particularly attractive for multifluor-
ophore labeling experiments and energy-transfer investiga-
tions.
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Benzannulation of the
bay region of rylenebis(dicar-
R boximide)s enabled new
N 20 chromophores with expanded
nt systems along the equato-
rial axis to be synthesized
(Figure 1a).5>%4] These are
characterized by significant
hypsochromic absorption
shifts, compared to their
parent rylenebis(dicarboxi-
mide)s, while the excellent
photostabilities and high fluo-
rescence quantum yields are
retained. 4041

n-system/expanded rylenes

R'=diisopropylphenyl 2,2, Phenoxylation of Rylene

, PDI Dyes
,TDI

, QDI

it The introduction of sub-

stituents such as phenoxy
B groups at the bay position
e has been widely applied and
it allows control over the
band gaps and improves
their solubility and processa-
bility.*!  Substitution with
phenoxy arms in the bay posi-
tion is one of the most fre-
quently used synthetic meth-
ods for the entire family of
rylene dyes (PMI, PDI, TDI).*? It is a convenient way to
increase the solubility of these colorants and prevent aggre-
gation through  stacking.”! For example, substitution in the
bay area with large phenoxy-based dendritic arms not only
improves the solubility in organic solvents but has also been
found to protect the core chromophore from oxygen or
radicals.® This strategy has been employed not only in single-
molecule studies! but also in the generation of femtosecond
laser-induced shockwave production of nanoparticles.[***! At
the same time, the photophysical and redox properties of the
chromophores are changed. Compared to the unsubstituted
rylene dyes, for example, 1, the bay-substituted perylene
derivatives 2 and 3 (Figure2) reveal less vibronic fine
structure, bathochromically shifted absorption and emission
spectra, different fluorescence lifetimes, and a pronounced
increase in the Sy—S, absorption strength. This behavior is
due to the electron-donating character of the phenoxy
substituents and this effect can be enhanced further by
increasing the donating character of the substituents by the
introduction of meta or para-methoxy groups (2b,c;
Figure 2).1 In the case of both PDI and TDI chromophores,
the attachment of more-bulky substituents results in a slight
twisting of the planar core of PDI chromophore 3
(Figure 2)*% as well as multiexponential fluorescence
decays because of the conformational freedom of the
substituents“>>!! (Table 1). Furthermore, the properties of
higher excited states are influenced by the phenoxy groups. In
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Figure 2. Molecular structures and stationary spectra of an unsubstituted (1, left) and a bay-substituted (3, right) PDI chromophore. The
difference in the vibronic fine structure is clear: The pronounced band at 440 nm in the absorption spectrum on the right is the S,—S, absorption

band.

Table 1: Maxima of the ground-state absorption and emission spectra, extinction coefficients, and the fluorescence decay times of three dyes in
toluene which are partially substituted in the bay region with phenoxy groups.

Sy—S; Absorption
maximum [nm]

So—S, Absorption
maximum [nm]

Emission & [Lmol™ em™]

maximum [nm]

Fluorescence decay time
[ns] and amplitudes [%]

peryleneimide unsubstituted (4) 520 -
substituted (5) 530 -

perylenediimide  unsubstituted (1) 525 -
substituted (3) 580 440

terrylenediimide  unsubstituted (12)® 651 -
substituted (38)" 677 450

560 38300 42

575 41000 40

536 - 3.7

606 42000 5.5 (94%)
0.55 (6%)

670 85000 32

710 85000 3.2 (80%)
0.9 (10%)

0.115 (10%)

[a] Structure with 2,6-diisopropylphenyl group instead of the alkyl chain. [b] Structure without sulfonyl groups.

the case of the phenoxy-substituted PMI §, the S,—S,
absorption spectrum is substantially shifted, which leads to
less overlap with the fluorescence spectrum (Figure 3), and
hence a reduced singlet-singlet annihilation rate is observed.

The already excellent photostability of rylene dyes is
further improved by the phenoxy groups, for reasons which
are not fully understood. This property is particularly useful
for measurements on single molecules (see Section 3).5

www.angewandte.org
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2.3. Rainbow Perylene Monoimides by “Push-Pull” Substitution

The introduction of substituents in the 1-, 6-, and 9-
positions of the N-(2,6-diisopropylphenyl)perylene-3,4-dicar-
boximide core resulted in the generation of novel perylene
dyes 6-10 (Figure 4).°1 A “push-pull” family of perylenes (6,
7) was achieved through a three-step reaction™! by using the
carboxydiimide group of PMIs as an electron acceptor and
selectively functionalizing the 1-, 6-, and 9-positions with

Angew. Chem. Int. Ed. 2010, 49, 9068 — 9093
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Figure 3. Emission and S,—S, absorption spectrum of top: PMI dye 4
and bottom: phenoxy-substituted PMI 5. The gray area indicates the
overlap between the two spectra, which is one of the determining
factors for the efficiency of singlet—singlet annihilation amongst
identical chromophores.

different electronic donors (Figure 4). These dyes exhibit a
rainbow of colors as well as tunable spectroscopic and
electrochemical properties. Their absorption maxima can be
successfully shifted throughout the entire visible region by
changing the donor and acceptor strengths and the position at
which the substituents are attached to the scaffold of the
perylenes. Moreover, orbital calculations and optical meas-
urements indicate that an intramolecular charge transfer
occurs when the perylene core is functionalized with a donor
and an acceptor substituent at opposite peri positions.*l Such
dyes, thus, become relevant candidates as sensitizers in dye-
sensitized solar cells (DSSCs). On the basis of these results
the highly efficient perylene sensitizer 11 was designed by
carefully selecting the appropriate substituents in the bay and
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peri positions. These PMIs can be modified with anhydride
groups for use in DSSCs. Saponification then leads to
dicarboxylic acid groups, which can attach to TiO, surfaces.
The perylenemonoanhydride (PMA) 11 reveals an incident
monochromatic photon-to-current conversion efficiency of
87 % as well as a power conversion efficiency of 7.2 % when
included in DSSCs.* The fine-tuning of the substituents
provides a powerful way to generate new perylene sensitizers
with stronger intramolecular charge transfer (ICT), more
suitable HOMO or LUMO energies, and more favorable light
absorption properties for solar conversion.

In this section, we have discussed the most prominent
ways to tailor the optical properties of rylene dyes through the
introduction of functional groups at distinct positions of the
chromophore core. In the following section the influence of
the environment on the optical properties of single rylene
dyes will be elaborated. The sensitivity of rylene chromo-
phores towards their nanoenvironment combined with their
high photostability means that these dyes can serve as
efficient individual reporters of their local surroundings.
Indeed, multiparametric single-molecule spectroscopy has
proven to be an excellent tool to probe the local environments
of individual dyes.**>!

3. Rylene Emitters as Single-Molecule Reporters of
their Local Nanoenvironments

3.1. Single-Molecule Investigation of Rylene Emitters

One of the greatest challenges is still the visualization of a
single molecule. Performing experiments at the single-mole-
cule level enables information to be obtained that would
otherwise not be observed from the ensemble average.” ) In
this way, single-molecule measurements provide direct access
to subpopulations in an ensemble, enable the detection of rare
events, and lift the requirement of synchronization in the
study of time-dependent phenomena. Ideally, a molecule used
in single-molecule spectroscopy (SMS) has a high molar
absorption coefficient, quantum yields close to unity, and
good photostability.[!! When these parameters are satisfied,
almost every absorbed photon will result in an emitted photon
and the molecule can go through a high number of absorp-
tion/emission cycles before an irreversible photoproduct is
formed (photobleaching).>**! As a general rule, the lower
limit of the product of the extinction coefficient (¢) and the
fluorescence quantum yield (@y)e x @ at the applied excita-
tion wavelength is set at 20000M 'cm™' for a good single-
molecule assay."!! As mentioned before, rylene dyes easily
pass this threshold. Since they outperform other dye mole-
cules at the single-molecule level in terms of “survival time”,
they are the preferred molecules for many experimental-
ists,[58:66-69]

Amongst the rylene family, phenoxy-substituted PDI 3
(Figure 2) is probably one of the most robust molecules, with
survival times from minutes to tens of minutes under normal
single-molecule excitation conditions (1 kWcm™).%521 A
characteristic time trace (detected number of counts per
predefined time interval as a function of time) of a single PDI

www.angewandte.org
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Variation at the peri position

Figure 4. Chemical structures of “push-pull” PMIs 6-10 and perylene sensitizer 11.

molecule embedded in a polymethylmethacrylate (PMMA)
polymer film is shown in Figure 5. A typical observation in the
study of immobilized single molecules is that the fluorescence
rate is not constant over time, that is, the fluorescence
intensity changes as a function of time. This phenomenon is
referred to as blinking and has been observed to occur on time
scales ranging from microseconds to tens of seconds.*7
PDI, like any organic molecule, blinks on a timescale of
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Figure 5. Time trajectory of a single PDI molecule in a PMMA thin
film. The inset shows an intensity correlation function of the trajectory
and gives a blinking process with a time constant of 77 us, which is
attributed to formation of a triplet.

tens to hundreds of microseconds (see Figure 5, inset). The
physical process responsible is thought to be intersystem
crossing (ISC), and the microsecond timescale is the typical
time that organic molecules reside in the triplet state when
immobilized in a polymer film.”*™ Unlike many other
molecules, PDI rarely shows long off times (none are
observed in the time trace shown in Figure 5). The general
consensus regarding the cause of this effect is that such off
times are due to intermolecular charge transfer between the
single molecule and the surrounding environment.[7!

The observed photostability and lack of complex inherent
dynamics allows rylene dyes to be used as reporter molecules
of their local nanoenvironment in a wide variety of material-
science-related single-molecule studies. Although the blink-
ing of single molecules has been regarded as a possible

www.angewandte.org
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limitation for the applicability of SMS, it has recently been
shown that this previously unwanted property can become an
advantage: The blinking of single molecules can be employed
for super-resolution microscopy or nanoscopy. For further
information on this topic we refer to the corresponding
literature [0

3.2. Following Polymer Dynamics Near the Glass-Transition
Temperature T, with Rylene Dyes

The glass transition and the associated glass-transition
temperature 7, are widely known and well-studied concepts
in polymer physics. Physical properties, such as viscosity,
change abruptly, often over orders of magnitude, at the glass-
transition temperature.”*) This unique property of glass
formers originates from complicated relaxation processes of
polymer chains. For a number of years, researchers have
attempted to monitor relaxation processes in glass formers by
embedding a single dye molecule in a polymer of interest.**!
The idea is that small rotational motions of the embedded dye
would be able to report back on the relaxation process of the
polymer under investigation. Several microscopy techniques
have been developed over the last years to monitor the
rotational motion of single molecules in three dimensions.
One such method is the defocused wide-field imaging
technique, which provides direct pictures (referred to as
patterns) of a given 3D orientation of a molecule (Figure 6).
The principles and merits of this technique have been
reviewed recently.[**%]

By using defocused imaging and 3 as a reporter molecule,
the rotational motion of a single emitter 3 could be followed.
The analyzed sequence of rotational motions allows a
correlation function to be constructed, and subsequent
curve fitting can then extract the relevant relaxation times
of the polymer.

Angew. Chem. Int. Ed. 2010, 49, 9068 — 9093
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Figure 6. a) Description of the reference frame and angles in the
defocused imaging experiments. b) Calculated defocused patterns
(defocusing depth of 1 micrometer) for different orientations of the
transition dipole moment associated with a PDI molecule. c) Defo-
cused images of 3 in a PnBMA thin film at 310 K. Experimental
emission patterns (top row) and corresponding simulated patterns
(bottom row). The polymer used is PnBMA:poly(n-butyl methacrylate)
with M,,=10200 gmol~' and M, /M, =1.06.

3.3. Visualization of Mesoporous Films by Using an Asymmetric
TDI Dye

Related nanoreporters based on a TDI scaffold have been
designed which allow complex and industrially important
materials, such as mesoporous silicates in which channels are
present, to be studied. The extended size of the TDI scaffold,
which induces a red-shift of the emission and absorption
spectra compared to PDI, makes it an attractive emitter for
single-molecule investigations because of the reduced scatter
and fewer problems with impurities. A desymmetrized TDI
nanoreporter was designed by introducing a bulky diisopro-
pylimide group and an N-alkyl chain at the peri position of the
TDI dye (Figure 7a). This TDI emitter is highly lipophilic and
diffuses freely in organic solvents such as chloroform. In
addition, the presence of the four oxygen atoms of the imide
structure allows the formation of secondary interactions with
their surroundings.

The diffusion of TDI 12 within a porous network
templated by cetyl trimethylammonium bromide (CTAB)
was recorded by the simultaneous observation of the orienta-
tional and spectral dynamics of the TDI molecules. This
provided direct information about the influence of the local
environment on the guest molecule (Figure 7b,c).'>*"*¥ In
the presence of air, the TDI reporter molecules are nearly
immobile, which might be due to an interaction with the
oxygen atoms of the carbonyl groups, whose lone pair of
electrons can interact with the positively charged heads of the
CTAB molecules or active silanol groups (Figure 7d). If the
solvent is changed to chloroform, which is a favorable solvent
for the lipophilic TDI dye, small solvent molecules likely form
a lubricant-like phase inside the pores (Figure 7¢). As a
result, the TDI molecules are solvated and diffuse along the
pores.
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Figure 7. a) Chromophore design of the asymmetric TDI derivative 12.
b) Trajectory of 12 and the structure-directing agent CTAB. c) Calcu-
lated angular time trajectory of 12. d) Schematic representation of TDI
molecules immobilized in the mesoporous material in air; *: active
silanol groups. e) TDI molecules in the mesoporous material in the
presence of chloroform; the TDI molecules are solvated (green stripe)
and diffuse along the channels, and their “walk” is occasionally
interrupted by adsorption events.

The orientation of the single TDI molecules (long axis
parallel with the channels) and their trajectories map directly
the direction of the channels and the domains of parallel
channels. The high photostability of the TDI reporters in
mesoporous materials allows individual molecules to be
tracked for over 1000 s. In this time interval, molecules can
diffuse over considerable distances. These data hold great
importance for the optimization of the synthesis of highly
structured molecular membranes or molecular sieves. It was
also shown that information on the channels obtained with
single-molecule microscopy could be overlaid with structural
information obtained by electron microscopy techniques,
thereby validating fluorescence microscopy based on rylene
dyes as a valuable tool for the characterization of materials.””™
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3.-4. Nanoemitters for the Visualization of Polymerization
Processes

In Section 3.3 we showed that rylene dyes can serve as
sensitive reporters of motional as well as polarity changes in
their immediate surroundings. We will now proceed from the
molecular to the macromolecular level and introduce nano-
sized rylene emitters (“nanoemitters”) as sensitive reporters.
The covalent incorporation of chromophores into the core
leads to macromolecular architectures of well-defined sizes.*!
The attachment of shape-persistent dendritic branches such as
polyphenylenes to a central PDI dye substantially improves
the film-forming properties, and the aggregation of PDI is
efficiently suppressed in the solid state.*] Adjusting the
polyphenylene shell enables nanoemitters of well-defined size
to be obtained. Figure 8 shows the transition from a molecular
PDI emitter 13, for example, bearing two reactive styryl
groups, to a third-generation dendrimer 14 with a PDI dye in
the center. An increase in the number of polyphenylene rings
results in a stepwise augmentation of the sizes of the

13
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nanoemitters from 3.1 nm for the first-, 4.7 for the second-,
and 6.1 for the third-generation dendrimers (Figure 8; PDI
chromophores 15, 16, and 14, respectively).

Since the diffusion coefficient reflects the capacity of a
single nanoemitter to diffuse freely in a given environment,
the ability to synthesize emitters of defined sizes allows the
detection of changes in the surrounding nanoenvironment
(for example, free volume or viscosity). For example, if the
viscosity is increased, the larger macromolecules should be
considerably more affected than single chromophores or
smaller emitters. Such dendronized chromophores can, there-
fore, serve as efficient reporters of the viscosity or mobility of
the direct surroundings.

SMS measurements were performed during the radical
polymerization of polystyrene by detecting changes in the
diffusion constants of rylene based dyes that were acting as
probes.* A combination of fluorescence correlation spec-
troscopy (FCS) and wide-field single-molecule tracking
(WFM) was used to collect these data. On the basis of the
above-mentioned notion that the mobility of PDI reporter

d=6.1nm

Generation 2 O -
d=47nm s

Figure 8. Two-dimensional structures of the molecular PDI emitter 13 with two reactive styryl groups that allow cross-linking through
polymerization reactions. The transition from the emitter 2a to the nanoscopic dendritic emitters 15 with four branches in the first generation, 16
with second-generation, and 14a with third-generation polyphenylene dendrimer branches. 14a has a 2D structure of a third-generation dendrimer
with PDI in the center, while 14b shows the 3D structure of the same molecule.
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molecules changes during the polymerization process, varia-
tions in the diffusion times of molecular and macromolecular
emitters were studied.

The dynamic ranges that can be covered by the two
methods overlap, thus allowing the entire polymerization
process to be monitored through fluorescence measurements.
The polymerization of styrene in the absence and presence of
a cross-linker was studied by using dye molecules 13 and
14a." In the absence of a cross-linker, 13 and 14a diffuse
freely in the surrounding medium, but, as expected, the more
bulky molecule 14a diffuses more slowly than the smaller
molecules 13 or 2a (Figure 9).1*l The rate of diffusion of both

Figure 9. Top: WFM pictures at about 0.64 U (U is the conversion),
including tracks for up to 20 steps for the three types of experiments
discussed in the text. Left: 14a without cross-linker. Middle: Dye 14a
with 1% cross-linker. Right: 13 without a cross-linker. Bottom: Sche-
matic representation of the dyes in their surroundings. The dyes are
shown as circles, the color of which indicates their current velocity
(white: too fast for detection by WFM, yellow: slow enough for WFM,
red: very slow/immobilized).

molecules decreases as a function of the conversion rate until
the point is reached that FCS measurements are no longer
adequate. From that point on, single molecules can be tracked
by wide-field detection. In the presence of a cross-linker, the
motion of the PDI reporter molecules describes the onset of
heterogeneity, which arises during the formation of a net-
work. This heterogeneity can be directly visualized during the
wide-field measurements: a fraction of the molecules is
clearly trapped by its nanoenvironment while the remainder
seems to diffuse unhindered.

These investigations can be readily extended to other
polymerization systems such as interpenetrating networks
and nanocomposites. These studies will provide a deeper
understanding of the factors that control heterogeneity in a
polymerization process. Possible other applications include
stimulated emission depletion microscopy (STEM), a tech-
nique that requires substantial photon loads on dye mole-
cules™*1%2 " and catalysis,'®!™ in which the low level of
intrinsic dynamics of some of the rylene dyes at the single-
molecule level seems promising to follow the dynamics
(individual turnover events) of the catalytic process itself.'!

In Section 3 we showed that chemical modifications of the
rylene chromophore core as well as changes in the dynamics
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or polarity of their direct environment have a considerable
impact on their optical properties. In Section 4 we will
introduce the concept of arranging distinct numbers of
rylene chromophores in a restricted molecular volume. Such
multichromophore nanoemitters offer the unique opportunity
to study the result of varying the chromophore distance,
orientation, and spectral overlap on energy-transfer processes
on the single-molecule level.

4. Multichromophoric Nanoemitters and Energy
Cascades

The concept of concentrating chromophores in a
restricted volume has been perfected by nature in a variety
of light-harvesting complexes,'°'%! and, to a certain extent,
in multichromophore fluorescent proteins'®! such as the red
fluorescent protein DsRed from Discosoma sp. The arrange-
ment of multiple chromophores in proximity leads to
interactions between the chromophores and influences their
photophysical behavior. In particular, Forster-type energy-
transfer processes (between identical or different types of
chromophores) such as singlet-singlet energy transfer as well
as singlet—triplet and singlet-singlet annihilation represent
new and competitive excited-state deactivation pathways in
multichromophoric systems.”® Above, we described that
individual rylene dyes are well-suited for single-molecule
microscopy. Increasing the quantity of these bright emitters
within one molecular scaffold offers additional features, such
as considerably increased absorption cross-sections and high
emission intensities, as well as prolonged observation and
survival times. We will now discuss different design concepts
for introducing multiple chromophores within a macromo-
lecular scaffold. In this context, the impact of the size and
shape of the scaffold, the orientation, distance, and nature of
the chromophores on different energy-transfer processes will
be highlighted. First, we will consider dendritic multichro-
mophores where one type of rylene chromophore is placed at
distinct locations in the scaffold of polyphenylene dendrimers.
The molecular emitters obtained by this strategy are ideally
suited to study energy hopping and singlet annihilation, and
constitute a new class of “single photon on demand”
emitters.? 11014 Next, we will discuss molecular and macro-
molecular dyads and triads containing different kinds of
rylene chromophores. Such multichromophores allow in-
depth investigations of excited-state energy-transfer process-
es on the single-molecule level, which allow a better under-
standing of nature’s light-harvesting arrays.

4.1. Dendritic Nanoemitters.

Dendrimers are monodisperse, repeatedly branched cas-
cade molecules with a very high spatial order.'">! Polyphen-
ylene dendrimers, which consist of benzene units as building
blocks, are considered as rigid, monodisperse, and shape-
persistent macromolecules."'®!"”) They offer access to com-
plex macromolecular structures with an extremely high
degree of structural organization and the possibility to
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introduce chromophores in the core (see Figure 8 in Sec-
tion 3.4), within the dendritic scaffold, or at the periphery.[''¥!
Besides the topologically defined location of the functional
groups and the high shape persistence, a further advantage of
polyphenylene dendrimers for use as a nanosupport is the
absence of functional groups within the dendritic scaffold.
This makes them chemically and thermally highly stable. In
addition, the opportunity to modify the substitution pattern of
rylene chromophores as well as the scaffold of polyphenylene
dendrimers allows for the precise adjustment of chromophore
distances and orientations within a defined nanoscopic
volume. Furthermore, polyphenylene dendrimers are opti-
cally inert in the visible part of the spectrum, for example,
because of the presence of twisted benzene rings. Polyphen-
ylene dendrimers absorb at up to 350 nm, depending on the
generation considered, and do not emit above 450 nm.[''”)
Therefore, they represent an ideal scaffold since they do not
interfere with energy-transfer processes themselves, provided
that the chromophores involved are chosen to absorb and
emit in the visible part of the spectrum.!%12]

A biphenyl unit 191?33 or a tetraphenylmethane moiety
17 or 187124121 were chosen as central dendrimer cores for
the preparation of polyphenylene dendrimers with different
numbers of PMI chromophores at distinct locations of the
periphery (Figure 10). The tetraphenylmethane core ensures
a higher structural rigidity as well as the formation of a
globular architecture, whereas the biphenyl unit results in a
higher degree of mobility along the biphenyl unit as well as a
flatter architecture.'**") Symmetric polyphenylene dendrim-
ers of the first, second, and third generation based on a
tetraphenylmethane contain 4, 8, and 16 PMI chromophores
at the periphery, respectively, whereas functionalization of
dendrimers with a biphenyl core resulted in a higher PMI
density of 8, 16, and 32 PMI chromophores for the first,
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Figure 10. Overview of the design concepts for achieving dendritic
multichromophores with various numbers of PMI chromophores,
predefined geometries, different chromophore orientations, and vari-
ous chromophore distances. The terms “1, 2, 3 PMIs” refers to
dendrimers with one, two, or three PMI chromophores at the
periphery. G1-G3 denote the dendrimer generation. *: refers to the
attachment point.
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second, and third generation of the dendrimer, respec-
tively.'?!]

In addition to the dendrimer core, the number of PMI
chromophores within one dendrimer generation was varied
systematically."*! The consecutive growth of single dendritic
branches from the desymmetrized tetraphenylmethane core
17 was achieved by a convergent approach (synthesis of the
dendrons first and then reaction with the core molecule). In
this way, first-generation polyphenylene dendrimers with an
increasing number of (one to four) PMI chromophores were
obtained. For example, 3 PMI dyes (in the case of 22 and 24)
could be exclusively located at the periphery of dendrimers
with diameters of approximately 3 nm.'*¥l In the case of
second-generation dendrimers, single dendrimers with pre-
cisely one to four chromophores were obtained. Calculations
on energy-minimized structures suggest diameters of about
5 nm (Figure 11). In addition to the number, the orientation
of the chromophores was varied by attaching the PMI
chromophores in the meta (24, 25) or para positions (22, 23)
of the outer phenyl groups of the dendritic scaffold.

4.2. Photophysical Properties of Dendrimer-Based
Multichromophores

The Forster model is applicable when two fluorescent
chromophores are in proximity (2-10 nm range) and there is a
weak interaction between their transition dipole moments.!'*!
The physical basis for this so-called Forster resonance energy
transfer (FRET) involves the transfer of excitation energy
from a donor to an acceptor with two weakly coupled
transition dipole moments. The process is best known for
dedicated donor and acceptor molecules; however, the
original theory was derived for a system in which the acceptor
was chemically identical to the donor molecule. This phe-
nomenon is now commonly known as energy hopping or
homo-FRET.I"*¢'%

Within the Forster model, direct excitation of one of the
PMI chromophores in a multichromophoric dendrimer can
lead to energy hopping to a neighboring chromophore. The
distance (R,) at which there is a 50 percent change in this
process is called the Forster radius, and can be calculated
from Equation (1). In this Equation, x* represents the an

Ry = 0211(1k6>n* dpJ (1)) (1)

orientation factor, which describes how the transition dipole
moments are oriented, n is the refractive index of the
medium, @y, is the quantum yield of the donor, and J(1) is
the spectral overlap of the emission spectrum of the donor
with the absorption spectrum of the acceptor. For nonparallel
oriented chromophores, energy hopping can be determined
experimentally by time-resolved fluorescence depolarization
experiments. Depolarization measurements were carried out
on a series of four first-generation polyphenylene dendrimers
based on a tetraphenyl core with increasing numbers of one
up to four PMI chromophores attached at the meta position
(for example, 24 of Figure 12 with 3 PMI chromophores).['*¥
Besides the rotational correlation time of the chromophore,
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Figure 11. a) Second-generation dendritic multichromophore 26 based
on a biphenyl core with 16 PMI dyes at the periphery. The terminal,
protected ethynyl groups allow for further growth of the dendrimer.
The generation of perfectly defined arrangements of multichomo-
phores was achieved by using this design concept. Higher dendrimer
generations, such as 26, were prepared with 16 PDI chromaphores
(second generation) as well as 32 dye chomaphores (third generation).
b) In an another approach, a desymmetrized PDI dye was used as a
branching reagent to generate second-generation dendrimer 27 with a
larger molecular diameter (up to 12 nm) and up to 24 emitters in the
dendrimer scaffold.®"! By applying the synthesis concepts described in
Section 4.1 highly fluorescent nanoemitters with an extremely high
number of dye molecules were prepared, which had a defined volume
and whose density of dye molecules was comparable to the natural
light-harvesting complex. The photophysical properties of multichro-
mophore dendrimers are discussed in Section 4.2.1*"

an energy-hopping component was found that could be
correlated to the increasing number of PMI chromophores.

Two excited states (S,) can be present in a single molecule
at the same time if the multichromophoric system undergoes
optical excitation under high photon flux. If the §,—S,
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Figure 12. a) Fluorescence intensity (count rate v, [kHz] versus time

t [s]) and fluorescence lifetime trajectory (fluorescence lifetime 7 [ns]
versus time t [s]) of a single molecule of dye 23. b) Second-order
intensity correlation of the different intensity levels clearly demon-
strates different “off” times (triplet related) at different intensity levels.
c) Expanded view of the first intensity level of a single molecule of 23,
which demonstrates short “off” times (triplet related) and one long
“off” event (related to formation of an anion).

transition of one chromophore is in resonance with a
transition of the other chromophore from S; to a higher
excited singlet states, that is, a S;—S, transition, energy
transfer between the excited singlet states can occur. The
process results in only one excited state remaining in the
multichromophoric system and is often referred to as singlet—
singlet annihilation.

The presence of this process was already proven at the
ensemble level by means of femtosecond fluorescence
upconversion and time-resolved polychromatic femtosecond
transient absorption measurements.'® At the single-mole-
cule level, singlet-singlet annihilation ensures that multi-
chromophoric dendrimer systems act as excellent single
photon sources. Indeed, increasing the number of chromo-
phores at the nanometer scale results in a higher absorption
cross-section. Multiple excitations can be generated with each
pulse if pulsed laser light is used (higher excitation powers),
just like in solution. In the case of efficient singlet-singlet
annihilation, which depends on the spectral characteristics of
the chromophores used and the distance between them, the
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process represents a feedback mechanism that ensures the
emission of only one photon per pulse, even though multiple
excitations have occurred. The application and quality of
several of the structures discussed in Section 4.1 as single-
photon sources have already been investigated and quanti-
fied [28126.127129.136-138] Oyther approaches to generate single-
photon sources with dendronized rylene systems comprise
shockwave-induced particle formation with compound 16, in
which aggregation of the chromophores is prevented, and
tightly packed particles with large cross-sections are pro-
duced.[*4]

Repeated excitation (as in the case of single-molecule
studies) of the chromophores can also lead to ISC to the
triplet state. The relatively long lifetime of the triplet state
means that a second chromophore in the individual dendri-
mer molecule can be excited while the first chromophore is
still in the triplet state. As a result, two excited states are
present, a S; and a T, state. If the triplet state undergoes
transitions into higher excited triplet states, T,, that are in
resonance with the S;—S§, transition, energy transfer from the
excited singlet state to the energetically lower-lying triplet
state, can occur.'?”! This process is often called singlet—triplet
annihilation. Such a process is not easy to see in bulk
experiments, but manifests itself directly in single-molecule
fluorescence trajectories as collective “on/off” steps (see
Figure 12a).1"! Careful analysis of the “on/off” jumps that
correspond to different intensity levels in multichromophoric
systems can result in quantitative information on ISC, and
even ISC involving higher excited states (see Figure 12b).[1?)

Besides the above-mentioned on/off blinking process,
there is an additional rarer event that leads to longer
fluorescence intermittence than excursion to the triplet
state. Long off times (in the range of seconds) are caused by
the formation of a radical anion on one of the rylene
chromophores. This radical anion can quench the fluores-
cence of the other chromophores through energy transfer (see
Figure 12c¢).

4.3. Light Harvesting and Energy Cascade Systems.

In Section 4.1 design concepts for the introduction of
either PMI or PDI chromophores into the core, the scaffold,
or the periphery of polyphenylene dendrimers were de-
scribed. This concept was extended to the attachment of
different rylene dyes, for example, naphthaleneimide, PMI,
and TDI chromophores, to generate light-harvesting arrays
for the vectorial transfer of excitation energy."** Nature
has perfected this principle, as can be seen from the crystal
structure of the light-harvesting antenna complex (LH2) of
the purple bacterium Rhodopseudomonas acidophila."*" In
biological systems, a combination of Forster-type energy
transfer and strongly coupled chromophores arrays is used to
transfer energy over large distances.'*"'*J Additionally, the
chromophore systems are protected from photobleaching by
the presence of other molecules, for example, carote-
noids.'*'*! The introduction of strong and weak coupling
as well as protective units in one molecular system is at
present out of reach for synthetic chemistry and, therefore, we
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focused first on achieving a cascade of energy transfer by
spatially arranging arrays of FRET-donor and FRET-
acceptor molecules.

In a photosynthetic system, light is generally collected by
the antenna system and transferred to the reaction center.
Thus, chromophores absorbing at short wavelengths are
located at the outside and transfer their energy to acceptor
chromophores that absorb at longer wavelengths. Thus, we
arranged different rylene dyes in a similar fashion on a
dendritic scaffold. PMI, PDI, and TDI chromophores are
excellent chromophores for investigating directed energy-
transfer processes because of their fairly large absorption
cross-sections and high emission quantum yields. The rigidity
of the scaffold is of paramount importance to maintain precise
interchromophore distances and allow quantitative interpre-
tation of the obtained data. Many other dendrimer-based
vectorial energy transfer systems have been proposed in
which the lack of structural rigidity hampered quantitative
interpretation. 146147

Bichromophoric molecules, that is, donor—acceptor (D/A)
dyads composed of a designated PDI donor molecule and a
designated TDI acceptor molecule linked by fairly rigid
oligophenylene spacers with different lengths %l have
been designed as model systems for the more complex
dendrimers. The term “dyad” corresponds to a bi- or multi-
chromophore that bears two different types of chromophores.
At the same time, the influence of the orientation of the
chromophores on the energy-transfer process can be nicely
demonstrated (Figure 13).114514]

The geometry of linear-chain macromolecules is not ideal
for efficient energy transfer; in particular, it is difficult to
achieve an energy gradient for a vectorial transduction of
light energy over long distances.™®" Nevertheless, a system
comprising a rigid DNA scaffold and five different dyes
resulted in energy transfer over 13.6nm and covered a
spectral range of 200 nm.">"*2 However, in our view, and
inspired by the geometrical arrangements found in natural
light-harvesting systems, the globular shape of dendrimers has
the distinct advantage that it provides a large surface area that
can be decorated with multiple chromophores."** Globular
dendritic light-harvesting arrays were designed according to
two different kinds of strategies: The first approach com-
prised the localization of the shorter-wavelength-absorbing
PMI chromophores as well as the longer-wavelength-absorb-
ing TDI dye at the periphery of a first-generation polyphen-
ylene dendrimer (Figure 13a). In a second attempt, the TDI
chromphore was placed at the center of a dendrimer,
surrounded by four or eight terminal PMI chromophores
(Figure 13b,c). 28-30 represent three molecular PMI-TDI
dyads corresponding to the two design concepts. Dyad 28 with
three PMIs and one TDI chromophore was generated by a
convergent-growth approach, which facilitated an asymmet-
rical distribution of functional groups at the periphery. Such a
well-defined distribution of substituents is based on a
“desymmetrization” step as the synthetic key step by using
a nonsymmetric tetraphenylmethane core such as 17. This
dyad behaves as a light-harvesting antenna, since a directed
energy transfer occurs from the PMI chromophores toward
the TDI dye.[43’48’124’]25'130'134’154'155]
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Figure 13. a) Dendritic dyad 28 with 3 PMI chromaphores and one TDI
chromophore at the periphery. b) First- and c) second-generation
polyphenylene dendrimers 29 and 30 with a TDI chromophore in the
center and 4 and 8 PMI chromophores, respectively, at the periphery.

In contrast to 28, dendritic dyads 29 and 30 with the TDI
chromophore in the center and PMI chromophores at the
periphery revealed a high photostability that is suitable for
single-molecule experiments. An efficient, vectorial energy
transfer through an energy gradient from the periphery
towards the center of the dendrimer was obtained for
multichromophores based on this design concept. For 29, it
was found by two-color (separate donor and acceptor
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channels) experiments that the bleaching of PMI chromo-
phores can compete with the nearly quantitative energy
transfer between PMI and TDI. This suggests that bleaching
can also occur from the singlet state of a molecule.'"
Simultaneous emission in the donor and acceptor channels
was detected at later stages in the fluorescence trajectories of
individual molecules of 29 and 30. A detailed defocused wide-
field study revealed that unfavorably oriented donor mole-
cules (with respect to the acceptor) are responsible for the
observed simultaneous emission, rather than an exciton
blockade >

Probably the most elaborate architecture devised for
vectorial energy transfer is the third-generation globular
polyphenylene dendrimer 31 (Figure 14) with a TDI chro-
mophore as a core, PMI chromophores in the scaffold, and
NMI chromophores at the peripherty. This nanoemitter
reveals a high degree of complexity since all the spatial
locations, distances between the chromophores, and their
absorption and emission spectra were adjusted carefully.'>®
In this way, an efficient dendritic triad was obtained that
absorbs light over the whole spectrum of visible light and
shows stepwise energy transfer over long distances from the
periphery via the scaffold towards the center of the dendri-
mer.

Such multichromophores show a similar structural com-
plexity as natural light-harvesting arrays.”"'* A single-
molecule study revealed that there is a competition between
the cascade transfer NMI-PMI-TDI and directional transfer
between the NMI-TDI chromophores, most probably as a
consequence of spectral overlap of the emission spectrum of
NMI and the S,—S, absorption band of TDLF!

In natural arrangements, the antenna system is coupled to
a redox center in which electron transfer occurs. Coupling an
antenna to a redox center is a clever design that offers
multiple advantages: 1) the cross-section is increased, thus the
probability that a photon is captured by the antenna is much
larger than if the reaction center was directly excited. This
ensures that reaction centers can be cycled much more
rapidly. 2) The antenna displays a broader absorption spec-
trum than the reaction center, thus photons of various
energies can induce the electron-transfer reaction. A next
logical step is to combine the antenna systems we designed
with an artificial type of reaction center to induce electron
transfer. Usually electron-transfer reactions are fast, on the
order of picoseconds, and, as a result, fluorescence is
quenched. Ultrafast pump-probe measurements are often
used to follow or deduce the kinetics of electron-transfer
reactions in bulk measurements. At the single-molecule level
it is much harder to study electron transfer for the simple
reason that fluorescence is quenched.

5. Redox-Active Chromophore and Multichromo-
phore Arrangements
5.1. Electron Transfer in Rylene Compounds

Electron transfer (ET) involves a pair of electron-donor
and electron-acceptor entities, and its efficiency decreases
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Figure 14. Top: Chemical structure of the triad 31 containing eight
NMI chromophores in the outer shell, four PMI chromophores within
the scaffold, and one TDI in the center. Bottom: The arrows in the 3D
structure of 31 illustrate energy-transfer processes after exciting the
NMI chromophores.

exponentially with increasing donor-acceptor distance. How-
ever, whereas a highly efficient FRET results in fluorescence
emitted mainly from the acceptor chromorophore, a highly
efficient ET usually leads to a strong quenching of the
fluorescence of the emitting chromophore. At the bulk level,
systems based on rylene dyes have been reported in which
electron transfer was studied by fast spectroscopic tech-
niques."1%! In contrast to single-molecule FRET investiga-
tions, studies dealing with single-molecule-photoinduced ET
(ET that occurs when the donor is in the excited state as a
result of the absorption of a photon) are rather limited
because of the occurrence of the strong quenching mentioned
in Section 4.3.

One of the few reports published on electron transfer at
the single-molecule level employed PDI, which was separated
from an indium tin oxide (ITO) electrode by a self-assembled
monolayer (SAM; Figure 15a). The SAM prevents direct
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Figure 15. a) Schematic representation of an interfacial electron-trans-
fer system based on a PDI chromophore with an carboxylic acid alkyl
tail that is self-assembled in a mixed monolayer on an ITO electrode
(R=1-hexylheptyl). b) Fluorescence trajectories (counts in 20 ms) for a
PDI chromophore on quartz and c) in a self-assembled monolayer on
ITO. At t=275 s, an irreversible photobleaching of the PDI chromo-
phore occurs.

contact between the PDI and the electrode surface, therefore
slowing the ET process between the photoexcited PDI and
the electrode such that fluorescence can still be observed. As
indicated in Section 3, PDI chromophores studied at the
single-molecule level usually show very few long blinking
events, as exemplified in Figure 15b for PDI on quartz.
Bringing PDI chromophores in close contact to an ITO
electrode leads to a drastic increase in the amount of blinking
that is observed, as can be seen in Figure 15¢ for a SAM in
which a PDI chromophore is randomly incorporated.!'*!!
Since the occurrence of the longer (more than 20 ms) off
times is clearly related to the proximity of the ITO electrode,
it is deduced that these blinking events result from electron
transfer to the ITO electrode. Further studies based on this
concept should lead to a better understanding of the effect of
the length and nature (conjugated versus nonconjugated) of
the spacer and of binding functional groups on the rate of
electron transfer. This question is of enormous interest to
both molecular electron transfer experimentalists and theo-
reticians.

A special case of ET is the case when the locally excited
state (LES) and the charge-separated state (CSS) are close in
energy. Upon excitation, the LES deactivates mainly by
forward ET to the CSS and, if the radiationless deactivation of
the CSS to the ground state (GS) is inefficient (Figure 16), the
CSS decays via the LES by reverse ET. As a net result, the
emitted fluorescence is delayed but can retain a high quantum
yield.[162'164]
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Figure 16. Forward and back electron transfer resulting in delayed
fluorescence. LES =local excited state, GS = ground state, CSS=
charge-separated state, kg, =rate constant for the forward electron
transfer, k., = rate constant for the back electron transfer, kess_cs=
rate constant from the charge-separated state to the ground state.

To explore photoinduced electron transfer by fluores-
cence we designed dendritic architectures based on the
building-block concept described in Section 4, which allows
electron-donating and electron-accepting groups to be intro-
duced at the center as well as at the periphery of a
polyphenylene dendrimer.'®” In view of the exponential
distance-dependence of the ET process, the structural rigidity
provided by the polyphenylene units represents a key feature
to control the distance between the donor and acceptor
moieties. In this way, molecular dyads were prepared that
consisted of electron donors covalently linked through
polyphenylene spacers to a PDI chromophore, which acts as
an acceptor.'® Redox-active triphenylamine (TPA) groups,
which are widely used as hole-transport (HT) and electron-
donor materials,'° ") were introduced into the bay region of
PDI (Figure 17).1%) The distance between the PDI electron
acceptor and the TPA donors was varied at the nanoscale by
increasing the number of dendrimer generations. This design
concept further benefits from the presence of the rigid
dendritic shell, as electronic coupling between the PDI and
TPA substituents is increased and self-quenching caused by
aggregation of PDI™ is suppressed.

Single molecules of 32-34 were embedded in polystyrene.
As intended, individual donor-acceptor molecules undergo
reversible electron transfer, as can be deduced from the
delayed fluorescence that is emitted with a high photon count
rate.l'"™ Fluctuations in both the forward and backward
electron transfer spanning a broad range, from milliseconds to
seconds, were found by monitoring the fluorescence decay
times. The observed fluctuations were shown to be induced,
on the one hand, by conformational changes in the dendrimer
structure and, on the other hand, by reorientations of the
polymer chain in the vicinity of the observed single molecules.
Conformational changes have been linked to libration, that is,
changes in the torsional angle of adjacent phenyl rings located
in the dendritic branches near the donor moiety that transfers
the charge. The net result of this torsional motion is a change
in the through-bond donor—acceptor coupling, which induces
fluctuations in the decay time on the millisecond time scale.
Reorientation of the polymer chain resulted in changes in the
local polarity of the donors and hence to changes in the
solvation of the CSS.

Up until now, material-science-related applications of
rylene dyes have been discussed. More specifically, the
environments in which the rylene derivatives were used
turned out to be highly apolar. This fits well with the large
aromatic moieties that comprise this class of colorants. A key
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Figure 17. First-, second-, and third-generation polyphenylene dendrim-
ers (32, 33, and 34) based on a PDI core with 4, 8, and 16 TPA groups
at the periphery, respectively.

question is whether the superior performance of rylene dyes
can also be exploited in aqueous environments, notably in
biological applications. This question will be addressed in the
next section.

6. Applications of Rylene Dyes in Biogical Systems

6.1. Water Solubility

Fluorescence techniques are well-suited to investigate
many fundamental biological processes such as the interplay
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or trafficking of biomolecules.® A suitable biolabel 1) can be
excited without exciting the biological matrix, 2) is soluble in
relevant buffers, 3)is biocompatible, 4) has a high molar
extinction coefficient, 5) has a high fluorescence quantum
yield, as well as 6) having a single functional group for site-
specific labeling.®! Rylene dyes have mainly been used for
applications in organic solvents because of their highly
lipophilic nature and their strong tendency to form aggregates
in a polar environment. As a consequence of their extended
aromatic scaffolds, rylene chromophores are not soluble in
water and the introduction of water-solubilizing groups while
preserving a high fluorescence quantum yield has been a
challenging goal.l”’ Perylene chromophores carrying hydro-
philic substituents, such as sulfonic acid moieties™>!'*! and
quaternized amine groups*’! or crown ethers, polyethylene
oxide,'1 or peptide chains!'"””! attached to the chromo-
phore showed almost no fluorescence in water.””l For
example, in the case of a PMI chromophore with a long
PEO tail (PMI-PEO), the loss of fluorescence was directly
connected to the formation of aggregates in polar solvents.!'*]
The presence of the long PEO chain results in this chromo-
phore showing good solubility in polar and apolar solvents.
Interestingly, the fluorescence quantum yields of this chro-
mophore reflected the polarity of the surrounding media. In a
hydrophobic environment, high fluorescence quantum yields
were found, whereas in polar solvents, the fluorescence
quantum yields dropped significantly because of aggregate
formation. In this way, PMI-PEQO served as a nanoreporter for
polarity changes in its direct vicinity, a feature that was
exploited in cell-staining experiments. Its bright emission in a
hydrophobic environment as well as its low fluorescence
quantum yields in aqueous media has resulted in this PMI-
PEO nanoemitter being used to selectively stain cell mem-
branes in in vitro experiments.'*!" This feature was further
exploited for a PMI derivative with a single carboxylic acid
group (35, PMI-COOH,"®! see Figure 18a). This amphiphilic
molecule was designed to interact with membranes. The
planar aromatic scaffold of PMI has a high driving force to
intercalate into lipid layers, whereas the carboxylic acid group
was designed to mimic the negatively charged phosphate
groups at the membrane surface. 35 has an extinction
coefficient of 38000m 'cm ™' at 500 nm and nearly quantita-
tive fluorescence quantum yields in organic solvents. How-
ever, 35 is practically devoid of fluorescence in water, because
of the formation of aggregates in polar solvents that are
characterized by red-shifted emission bands, strongly reduced
fluorescence quantum yields, and a longer decay time
compared with the PMI monomer."” Furthermore, it was
demonstrated that the photostability and hence survival time
of 35 in a membrane is much higher than those of
commercially available membrane dyes.'’) When 35 is
added to a medium of growing cells, the dye stains the
membrane, thereby rendering the cells brightly fluorescent. It
was demonstrated by using giant unilamelar vesicles with
different compositions as model systems for cells that the
decay time of incorporated 35 strongly depends on the phase
(fluid phase versus liquid-crystalline phase) of the phospho-
lipids used.'” This observation could be explained by
differences in packing, and in the free volume between

www.angewandte.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. Weil et al.

Figure 18. a) Structure of the amphiphilic PMI-COOH dye 35. b) Fluo-
rescence (left) and transmission image (right) of Hela cells on a
coverslip treated with 35. c) Fluorescence intensity (gray) and fluores-
cence lifetime images (color) obtained for 35 in a Jurkat cell after
extraction of the cholesterol with methyl-f-cyclodextrin. d) Fluores-
cence intensity (gray) and fluorescence lifetime images (color)
obtained for 35 in a Jurkat cell stimulated by cross-linking membrane
CD3 receptors by using specific antibodies (4 pL mouse anti-CD3
antibodies (Sigma)); the yellow arrow points to a region where the
lifetime of 35 is different from that in the rest of the membrane. This
result is attributed to the formation of a large lipid raft. All FLIM
images are represented using the same scale bar, from 2.8 to 5.8 ns.

different phases."”1?l The sensitivity of the lifetime of the
dye to its local environment suggests that it could be used to
probe the local packing in cell membranes, notably in studies
on lipid rafts, in combination with fluorescence lifetime
imaging (FLIM). Lipid rafts are microdomains rich in
cholesterol that are thought to exist in cell membranes and
they are believed to play an important role in signal trans-
duction. Figure 18c,d shows intensity images (gray) and
lifetime images of Jurkat cells stained with 35. Figure 18c
shows images of a cholesterol-depleted cell, whereas Fig-
ure 18d shows images of a cell in which the formation of large
rafts was induced. According to the lifetime images, clear
differences in the decay times between the two cells and even
within parts of a cell (enlarged image right in Figure 18d)
were elucidated. This experiment validates the use of rylene
dyes in biological research and stimulated us to explore more
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advanced strategies of attaching polar substituents to the
rylene scaffold.

The most successful approach for achieving water sol-
ubility and a high quantum yield of fluorescence is based on
the introduction of hydrophilic substituents into the bay
region of the chromophore.'"” In particular, PDI derivatives
with four sulfonic acid (36), pyridinium (37), or quaternary
amino groups displayed good spectroscopic properties.*!
Interestingly, in contrast to PDI, the TDI analogue with
four sulfonic acid groups in the bay region revealed a high
tendency to form nonfluorescent aggregates in water.*!"]
This dye also showed a high affinity to lipophilic environ-
ments and a high photostability, which was explored for the
fluorescence labeling of lipid membranes and membranes
containing compartments such as artificial liposomes or
endosomes in living HeLa cells (Figure 19).[1%1

Rylene emitters exhibit superior properties compared
with most other dyes in single-molecule experiments, partic-
ularly when embedded in polymer films. In this context, a
single-molecule study of 36 in polymeric films revealed
excellent photostability with respect to photobleaching, far
above the photostability of other common water-soluble dyes,
such as oxazine 1, sulforhodamine B, and a water-soluble
perylenediimide derivative.""'! A new type of chromophore
was introduced recently to the WS-TDI family. WS-TDI
pyridoxy 37 is the first analogue reported that does not form
aggregates and thus fluoresces in water, while its photo-
physical properties are preserved.'”) The strategy of introduc-
ing charged substituents into the bay region of rylene
chromophores represents the structural basis for the applica-
tion of rylene dyes as biolabels, which is elaborated in more
detail in Section 6.2.

6.2. Monofunctional Perylene Dyes for Protein Tagging

Chemical and biological labeling is essential for the
exploration of protein function since fluorescent probes
allow the detection of molecular interactions, mobility, and
conformational changes." In particular, FRET has become
an important tool to study the conformational distributions
and dynamics of biomacromolecules.'"™ Such studies, how-
ever, require the ability to introduce fluorescent reporters at
specific sites of the protein.

There are currently a variety of chromophores to choose
from. Organic dyes, metal-ligand complexes, lanthanide
chelates, and fluorophores of biological origin such as
phycobiliproteins or genetically encoded proteins as well as
nanocrystal chromophores have been applied successfully as
biolabels.’! Fluorescent probes such as bodipy, Alexa,!”!
and ATTO!"""! derivatives combine high fluorescence quan-
tum yields, moderate to good solubility, as well as low
nonspecific adsorption. These dyes have been used, in
particular, for experiments in a polar environment, such as
water, buffers, or cytoplasm, and have been applied to a broad
range of applications including SMS.'”®! Until now, rylene
dyes have been less popular for labeling biomolecules in
aqueous solution, even though remarkable progress in design-
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Figure 19. a) Structural formula of 36. b) Fluorescence image of single
molecules of 36 embedded in a polymer matrix. C) Imaging of lipid
membranes of compartments in living HeLa cells after application of
36. d) Structural formula of 37.

ing improved PDI and TDI probes has been achieved recently
by tailored functionalization approaches (Figure 20).

A special feature of rylene dyes is that different functional
groups can be placed independently within the imide
structure or into the bay region.’**" In addition, the imide
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Figure 21) allows the site-specific labeling of proteins with an
oligohistidine tag in the presence of nickel ions."”!

In contrast to other previously reported NTA-functional-
ized chromophores, the photophysical properties of the PDI-
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Figure 20. Overview of different PDI and TDI biolabels.

structure allows the introduction of two different kinds of
substituents and, therefore, a single reactive group for
biolabeling could be attached at this position.!'”>!*") In this
way, water-soluble PDI and TDI dyes with four sulfonic acid
groups as well as a single group that allows bioconjugation, for
example, carboxylic acid or amino groups, suitable for
formation of an amide bond with lysine, glutamic acid, or
aspartic acid groups were obtained.® Chromophores 38-40
are highly soluble in water and have high fluorescence
quantum yield. The higher homologue WS-TDI 41 absorbs
above 600 nm and thus is well-suited for single-molecule and
live-cell experiments. For example, a bioconjugate of WS-TDI
41 and DNA showed good resistance against photodegrada-
tion and photoblinking."! One of the most frequently used
approaches for the selective labeling of proteins is based on
the introduction of a cysteine point mutation at a desired
location of a recombinant protein surface, while the chromo-
phore possesses a group that reacts with thiols. PDI 40 with a
maleimide group (Figure 20) represents an attractive fluo-
rescent probe for targeting accessible thiol groups.'®) One of
the most common techniques in molecular biology is the
expression of proteins with an oligohistidine tail, which
usually facilitates the isolation and purification of the protein
on tailored columns containing nitrilotriacetic acid groups
(NTA). This tag could also be addressed by chromophores
carrying such a specific moiety. The attachment of an NTA
group within the imide structure of PDI (PDI-NTA 42;
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Figure 21. Protein labeling with the Ni-NTA-functionalized PDI dye 42
was successfully demonstrated using ATP synthase with an oligohisti-
dine sequence.
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ions."8'1 Protein labeling with this NTA-functionalized
perylene(dicarboximide) was successfully demonstrated by
applying oligo-His-tagged ATP synthase.['” In this context, it
has been demonstrated that PDI-NTA is characterized by a
stable emission wavelength and high emission intensity upon
complexation with nickel ions. Such chromophores are
particularly valuable for investigations of protein dynamics
at the single-molecule level since the fluorescent reporter has
a relatively small molecular weight (1555 gmol™!), thus
avoiding limitations arising from the large size of autofluor-
escent proteins or quantum dots. Therefore, the PDI-NTA
chromophore offers great potential for the characterization of
protein functions, dynamics, as well as their interaction
partners.

6.3. Single Protein Spectroscopy

Single proteins, virions, drugs, and other single bioparti-
cles have been labeled and their pathway and interactions
have been followed inside living cells to elucidate their
mechanism of cell uptake, trafficking, and interaction part-
ners."*! By using the asymmetric PDI chromophore 39, single
phospholipase enzymes were functionalized and visualized,
even on a fluorescently labeled substrate."™ " Under these
demanding conditions, the PDI 39 revealed survival times 600
times longer than with ATTO 647N,'””! which is often
considered an ultrastable fluorescent reporter.' The
enzymes labeled with this PDI dye allowed the actions of
phospholipase on their natural substrates to be characterized,
for example, on phospholipid-supported layers.'*} This
approach enabled phospholipase mobilities to be correlated
with the catalytic activities for the first time.!®) Furthermore,
this assay allowed the validation of the influence of the layer
composition and fluidity on both the phospholipase mobility
and activity (Figure 22).'%

We have shown in previous sections that the combination
of the hydrophobic rylene scaffold and polar substituents can
lead to the formation of highly amphiphilic molecules. These
can serve as nanoreporters of the polarity of their direct
surroundings, thus allowing the visualization of membranes
with high contrast. This remarkable contrast is not only a
result of the preference of such nanoemitters for lipophilic
environments, but also supported by the formation of non-
fluorescent chromophore aggregates in aqueous solution. In
Section 6.4 we present the concept of achieving high sub-
cellular specificities by the presence of multiple charges. Such
water-soluble and fluorescent rylene polyelectrolytes display
outstanding subcellular specificities for natural polyelectro-
lytes.

6.4. PDI-Polyelectrolytes with High Subcellular Specificity

Charges play an important role in cell biology. Negatively
charged membranes regulate the cellular uptake and efflux of
molecules or macromolecules.'"'® In the cell nucleus,
positively charged histone proteins form highly ordered
histone octamers that interact tightly with negatively charged
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Figure 22. Single-protein spectroscopy of PDI 39 labeled phospholi-
pase on the phospholipid substrate palmitoyl oleoyl phosphatidyl
choline (POPC). a) Schematic representation demonstrating the con-
cept of the experiment (phospholipid layers in green, individual
phopholipases in yellow). b) Absorption (dashed lines) and emission
spectra (full lines) of 3,3’-dioctadecyloxacarbocyanine perchlorate
(DiO, used to stain the substrate layers) and PDI label 39 (used to
stain the individual enzymes) in green and yellow, respectively. By
selecting the right filter the PDI label 39 allows sufficient photons to
be obtained to discriminate individual enzymes even with a fluores-
cence background from the layers. c) Labeling of the layers allows
visualization of steps in the layers and in combination with the labeled
enzymes also for visualization of preferential adsorption of enzyme
molecules at the steps. The image was obtained after accumulating
eight frames (400 ms) The white square corresponds to the magnified
image on the right side where two enzymes are situated at the step
between two POPC layers (white arrows) and two enzymes moving on
a POPC layer (orange arrows). d) Trajectories of individual enzymes as
a function of time. The left trajectory corresponds to an enzyme
moving on a POCP layer, while the right trajectories correspond to
enzymes situated at the edge between two layers. From such trajecto-
ries, the MDS of individual enzymes can be calculated. From these
data diffusion constants can be extracted for single active enzymes
operating at the edge of a layer, which vary between 0.07 and
1.7x10 8 cm?s™".
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DNA, thus forming the nucleosome for storing the genetic
material.'®) The design of nanoemitters with a large number
of positive or negative charges should enable electrostatic
interactions with natural polyelectrolytes such as DNA or
nuclear proteins. To date, little is known about the fate of
polyelectrolytes in cells. This lack of information is mainly
due to the fact that it is difficult to combine nanometer sizes,
fluorescence, and multiple charges in one molecule. Our
design concept is based on the fact that the attachment of
dendritic branches to a central rylene core offers the
introduction of a high number of substituents exclusively
located at the periphery. This concept has been applied to the
design of complex core—shell macromolecules consisting of a
central PDI chromophore, surrounded by a hydrophobic
polyphenylene shell. This core-shell structure offers access to
molecular dimensions and protects the inner chromophore, as
the outer shell bears multiple amino or carboxylic acid groups
(Figure 23).1%) These macromolecules were synthesized by
atom-transfer radical polymerization (ATRP) grafting from a
fluorescent, polyphenylene macroinitiator. The number of
charges was adjusted during the polymerization reac-
tion." "% The chain lengths were varied from 10 to 50
monomer units, and in this way the numbers of carboxylic
acid and amino groups could be varied. In this way, macro-
molecules with 80-1280 polar surface groups were pre-
pared.'™ Such PDI polyelectrolytes display high water
solubility and moderate to good fluorescence quantum
yields.""™ Interestinglyy, PDI nanoemitters with a high
number of positive charges, for example, 44 (Figure 23b),
showed fast cell uptake!™ and specific interaction with the
highly negatively charged components of the extracellular
matrix (ECM; Figure 23d).lY The ECM surrounds cells and
plays an important role in many aspects of cellular fate,
including cell migration, stem cell differentiation, and cancer
progression. The dendritic polyelectrolyte 44 with about
50 repeat units (n = 50) represents the first chromophore able
to stain the ECM in both fixed and living preparations by
strongly binding to its negatively charged constituents.'*!
Even more remarkable, negatively charged PDI core—shell
macromolecules bearing multiple carboxylic acid groups 43
were employed successfully to selectively stain the cell
nucleus through specific interaction with positively charged
nuclear proteins (histones; Figure 23c¢).

The formation of the complex was exemplarily studied by
isothermal titration calorimetry after application of 43 to
cationic lysine-rich histone proteins H1.'"*! Very low dissoci-
ation constants in the low nanomolar range were calculated,
which points towards tight interactions between 43 and HI.
Interestingly, the emission intensities of the central PDI dye
increased significantly after binding to the ECM or histone
proteins, thus making these nanoemitters attractive for multi-
ple channel fluorescence imaging studies.

7. Conclusions
We have shown in this Review that tailored rylene-based
nanoemitters are prepared by the introduction of functional

groups at distinct positions of the chromophore core. Their
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Figure 23. a) First-generation core—shell macromolecule 43 containing
approximately 400 carboxylic acid groups within the outer shell.

b) First-generation core—shell macromolecule 44 with about 400 pri-
mary amino groups. c) Confocal microscopy images of Drosophila
larval tissue stained with 43, which demonstrates exclusively nuclear
localization. d) Confocal images of ECM staining with 44 in fixed wing
epithelium. e) Uptake of 44 after 15 min into ECV-304 cells.
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optical properties, solubility, as well as intra- and intermo-
lecular interactions can be manipulated by the nature of the
attached functional groups. In addition, the opportunity to
decorate rylene chromophores with two different groups
within the imide structure as well with various numbers of
substituents within the bay region offers access to nonsym-
metric chromophores that are attractive for the build-up of
complex nanoscopic architectures, as nanoreporters, or as
fluorescent markers for specific protein-staining experiments.

In this way, high-performance nanoemitters have been
obtained that cover the whole visible light and near-infrared
region of the spectrum, with distinct absorption and emission
envelopes, high fluorescence quantum yields, and superior
photostabilities. In particular, the positioning of polar or
charged groups either on their scaffolds or within their direct
surroundings has a significant impact on their optical proper-
ties. It has been shown that the high photostabilities of such
nanoemitters means that they have great potential as single
reporters of their local environment. Tailor-made rylene
derivatives have enabled the study of polymer dynamics,
polymerization kinetics, pore stuructures in mesoporous
materials, and membrane uptake.

The concept of introducing rylene dyes as nanoreporters
within a relative small volume has been brought to perfection
in the case of dendritic multichromophores. The combination
of more than one rylene chromophore at a distinct position
within a defined nanoscopic volume offers the unique
opportunity to study the results of varying the chromophore
distances, orientations, and spectral overlap on energy- or
electron-transfer processes at the single-molecule level. Such
complex macromolecules allow a better understanding of
phenomena such as the collective behavior of multichromo-
phores, and pave the way towards improved synthetic light-
harvesting arrays. The combination of nanoscopic rylene dyes
with high numbers of positive or negative charges leads to the
formation of core-shell polyelectrolytes that display out-
standing subcellular specificities for natural polyelectrolytes
such as DNA or histones.

The versatile and tunable properties of rylene dyes ensure
that they will remain a cornerstone in the future development
of high-performance functional dyes.

8. Abbreviations

5DI pentarylenebis(dicarboximide)

ATRP atom-transfer radical polymerization

Bodipy 4,4'-difluoro-4-bora-3a,4a-diaza-s-inda-
cenes

CSS charge-separated state

CTAB cetyltrimethylammoniumbromide

DiO 3,3’-dioctadecyloxacarbocyanine

DSSC dye-sensitized solar cells

ECM extracellular matrix

ET electron transfer

FCS fluorescence correlation spectroscopy
FLIM fluorescence lifetime imaging

FRET Forster resonance energy transfer
GS ground state
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HDI hexarylenebis(dicarboximide)

HOMO highest occupied molecular orbital

HT hole transport

ISC intersystem crossing

ITO indium tin oxide

LES locally excited state

LH2 light-harvesting antenna complex

LUMO lowest occupied molecular orbital

MSD mean-square deviation

NIR near infrared

NMI naphthalenemonoimide

NTA nitrilotriacetic acid

PDI perylenebis(dicarboximide)

PEO polyethyleneoxide

PMI perylene-3,4-dicarboximide

PMMA polymethylmethacrylate

PnBMA poly(n-butylmethacrylate)

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline

QDI quaterrylenebis(dicarboximide)

SAM self-assembled monolayer

SMS single-molecule spectroscopy

STED stimulated emission depletion

T, glass-transition temperature

TDI terrylenebis(dicarboximide)

TPA triphenylamine

WFM wide-field microscopy

WS-TDI 1,6,7,12-tetra(4-sulfonylphenoxy)-N,N-

(2,6-diisopropylphenyl)terrylene-3,4:9,10-
tetracarboxidiimide
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