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Nanochannels for Supramolecular
Organisation of Dyes
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Abstract: The supramolecular organisation of molecules, complexes or clusters is a fruitful concept for the design
of systems exhibiting specific macroscopic properties. The encapsulation of guest species into the pores or chan-
nels of host materials presents a challenging approach to the preparation of novel chemical and optical materials.
Zeolite L has been shown to be an ideal host for the supramolecular organisation of organic dyes. A new hierarchy
of structural ordering can be achieved by either arranging the zeolite L crystals into densely packed, oriented mono-
layers or by interfacing them to the environment via molecules bound to the edges of the crystals. These concepts
are reviewed here, as well as some potential applications.
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Introduction

The properties and reactivity of molecules,
complexes and clusters in confined space
have been studied for over 50 years.!:2l
In most of these studies, the host materi-
als were synthetic zeolites, probably due to
the well-defined, robust frameworksi3! and
their use in many industrial applications.4!
Host materials exhibiting less well-defined
frameworks but otherwise interesting prop-
erties, such as cyclodextrins!® and, more re-
cently, mesoporous materials[® or organic
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zeolites[’I have been investigated in order to
increase the variety of host—guest systems.
Studies of molecules inserted into the one-
dimensional channels of AIPO-5 and zeo-
lite L lead to the conclusion that host—guest
materials with highly anisotropic optical
properties can be prepared.[8-10]

Based on preliminary experimental re-
sultsl!1.121 and model calculations,[!3] we
have designed an antenna system for the
transport and trapping of electronic excita-
tion energy that mimics the antenna system
of green plants. These ideas, described in
more detail elsewhere,!4! turned out to be
very fruitful. Our research was mainly fo-
cussed on zeolite L, as it is currently the on-
ly host available in a sufficiently large size
regime, namely from 30 nm up to 10’000
nm, where the morphology of the crystals
can be tuned to some extent.l!5] However,
the general concept of highly organised
zeolite—guest systems can in principle be
applied to other host materials. Mesoporous
silica MCM-41 is particularly promising in
this regard, as it features a hexagonal ar-
ray of one-dimensional channels and can
be synthesized in the form of particles, fi-
bres or thin films.['®! With a tuneable pore
diameter between 2 and 10 nm, inclusion of
large guest species such as phthalocyanines
becomes possible,[1”] while surface silanol
groups allow for the generation of defined
functional group distributions on external
and internal surfaces.[!8]

The properties of zeolite L and the
methods for the insertion of dyes either by
ion exchange or by gas phase adsorption
have been reviewed recently.['] Important

steps in this research were the invention of
the stopcock principle,[2] the discovery of
quasi 1-D energy transfer,[2!] the develop-
ment of methods to prepare unidirectional
energy transfer materiall?223! and finding
ways to create materials fully transparent in
the visible range.[24 The latter is important,
since zeolite crystals exhibit considerable
light scattering due to their size and refrac-
tive index between 1.4 and 1.5. With these
tools in hand, one is now capable of design-
ing and preparing a respectable variety of
highly organised systems, some of which
are illustrated in Fig. 1.

Zeolite L is the only microporous ma-
terial currently available that allows the
realisation of all these organisational pat-
terns. These systems are highly ordered
and exhibit useful properties for the design
and preparation of novel photonic devices.
In the next sections, we will review some
of these properties along with examples of
materials under investigation.

Optically Anisotropic Energy
Transfer Materials

The structural formulas and corre-
sponding abbreviations of dyes used in the
preparation of the materials discussed in
this work are given in Fig. 2. For other dyes
which have been inserted into zeolite L see
e.g. Tables 1 and 2 of ref. [19b].

Depending on shape and size, dyes can
be organised inside the channels of zeolite
L in different ways. Information on how
they are oriented can be obtained either
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Single dye and Stopcock plugged through polarised fluorescence microscopy
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Fig. 1. Schematic representations of materials fulfilling the criteria of different
stages of supramolecular organisation. All materials shown here have
been successfully prepared. Top left: Single dye and antenna materials are
obtained by either loading zeolite crystals with one kind of dye (top) or by the
consecutive insertion of different dye molecules (bottom). Top right: Stopcock-
plugged antenna material obtained by modifying either bidirectional (top) or
monodirectional (bottom) antenna materials with specific closure molecules,
called stopcocks. Bottom: Organisation of zeolite L crystals. Oriented
monolayers of either standing or lying zeolite L crystals on a substrate and a
chain of crystals linked by the interaction between the stopcocks located at
the channel entrances.
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Fig. 2. Structural formulas of dyes used in this work
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Fig. 3. Angle-dependent absorption spectra
of a Py,Ox-zeolite L monolayer. a) Schematic
representation of the measurement situation.
b) Absorption spectra of a Py,0Ox-zeolite L
monolayer measured at angles o from 20° to
90°. The numbers correspond to values of the
angle o.

on single crystals or by measuring the angle-
dependent absorption spectra of a zeolite
monolayer. A Py,Ox-zeolite L sample will
be used to demonstrate the latter method.
The measurement method is explained in
Fig. 3a, where the dye-loaded monolayer is
represented by two single crystals. The ab-
sorptivity depends on o, defined as the an-
gle between the incident light beam and the
monolayer support, and on the orientation
of the inserted dyes. The measured angle
dependent absorption spectra are shown in
Fig. 3b. The spectra were corrected for in-
creased absorption path length as described
previously.!?! Absorptivity is highest for o
= 90°, since the transition dipole moments
of these dyes are organised in a cone-shaped
distribution with an half-opening angle of
about 72°.110:26]

Stopcock Molecules

The channel ends of zeolite L can be
modified by specific closure molecules,
which can only partly enter the channels.
Such stopcock molecules consist typically of
a head and a tail, as shown at the top of Fig.
4. Due to size restrictions, only the tail can
enter the channel.l'4! Depending on the type,
stopcocks can be bound either by physisorp-
tion (type I), by electrostatic interaction
(type II) or by covalent bonding (type III).
Fig. 4 summarises a selection of stopcocks
successfully used so far. All N-hydroxy-
succinimidyl ester (NHS) derivatives were
covalently bound by first selectively modi-
fying the channel entrances with alkoxysi-
lane derivatives sporting a protected amino
group.?”l After removal of the protecting
group, the amino groups at the zeolite sur-
face can bind the NHS derivatives.

Since these molecules are located at the
interface between the interior of a zeolite L
crystal and the surroundings, they can be
considered as mediators for communication
between dye molecules inside the nano-
channels and objects outside of the crystals.
Fluorescent stopcocks can be used to extract
or inject electronic excitation energy into or
from the zeolite L crystals by fluorescence
radiationless resonance energy transfer
(FRET).[200.391 Stopcock molecules can also
prevent penetration of small molecules such
as oxygen and water or hinder encapsulated
dye molecules from leaving the channels.
We wish the communication between the
exterior and the interior to be efficient and
spatially well controlled. Therefore, the
method for sequential modification of the
channel entrances described in ref. [27] is an
effective and flexible way to realise such an
interfacing.

In the upper part of Fig. 5, a Van der
Waals model illustrates the way a metal
complex stopcock is reversibly adsorbed
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Fig. 5. a) Top view of a Van der Waals model of metal complex stopcock
molecules (IL-1) reversibly adsorbed at the channel entrances of zeolite L.
b) SEM images showing the morphology of zeolite L crystals (left: bottom
face of a crystal; right: coat of the crystal).

Fig. 4. Stopcock molecules

at the channel entrances: the tail enters the
channel, while the bulkier head cannot
pass the pore entrance. The location of the
stopcock can be verified experimentally
by means of fluorescence microscopy, as
has been shown earlier.l?0-34.391 The mor-
phology of the crystals is shown in the
lower part of Fig. 5.

Interfacing

The stopcock principle outlined above
allows for the communication of dyes in-
side the channels with external species like
a molecule, a polymer matrix, a semicon-
ductor, a quantum sized particle, a molecu-
lar- or nano-magnet, and a biochemical or
biological object. This principle is illustrat-
ed in Fig. 6 for a bidirectional and monodi-
rectional excitation energy transport mate-
rial. Linking to a biological object has been
recently reported.[*l In the following sec-

tions, two other applications for stopcock
mediated interfacing will be presented.

Dye-sensitised Solar Cells

Our aim is to couple the developed ar-
tificial antenna materials to organic solar
cells via stopcock molecules, as sketched
in Fig. 6. In a first step, an antenna mate-
rial is prepared by sequentially filling the
zeolite L crystals with appropriate dyes.
The channel entrances are then closed
with fluorescent stopcock molecules. The
spectral properties of the dyes and stop-
cocks are precisely tuned to each other so
that, upon selective excitation of the dyes
inside, the energy travels via FRET to the
stopcocks at the edges, but not back.[38!
Depending on whether free crystals or
monolayers are used, one obtains a system
where the energy transport can occur in a
bidirectional (left) or in a monodirectional
way (right). The stopcocks can now either
re-emit this energy as fluorescence from

the crystal surface, or transfer it radia-
tionlessly to a photoelectronic or a pho-
tochemical device, labelled as ‘Reaction
centre’ in Fig. 6.

Functional Energy Transfer Labels

Another application for stopcock-
plugged dye-loaded zeolite L materials
is to use them as luminescent labels for
analytical purposes. The working princi-
ple of a functional energy transfer label
is sketched in the Scheme. The channel
entrances of dye-loaded zeolite L crystals
are terminated with stopcocks featuring
an appropriate receptor head. This system
can now bind to selected molecules or
ions. Upon binding, the distance between
the dyes inside of the zeolite (Dye 1) and
the bound analyte is short enough for en-
ergy transfer. After selective excitation of
Dye 1, the luminescence from the analyte
is observed. Preliminary results show that
this principle works.
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recently reported.l?>431 This work has
been extended, and a synthesis procedure
for transparent polymer-zeolite L materi-
als has been developed.[?*] Photographic
images of a series of such hybrid materi-

eaction cent

eaction cent

T

FRET

Toawi ”
TRRCRER E als are given in Fig. 7. All materials are
| | I [ I = = transparent and exhibit the characteristic
] I colouring of the inserted dyes.
(N[O
L -
I ] I 1 = I g Conclusions
v - . .
ll l l 1 l Zeolite L has proven to be an ideal host
material for the supramolecular organisation
hv of molecules, complexes, and clusters. The
defined geometrical constraints imposed
by the channels lead to the spatial arrange-
Fig. 6. Interfacing antenna materials to a reaction centre via stopcock m.ent Ot: the guest species, th(?reby gener-
molecules. Bidirectional (left) and monodirectional (right) energy transport atmg. hlghly organised materials. Further
functionalities can be added by assembling

materials connected to a photoelectronic or photochemical reaction centre.
The excitation energy from the dyes in the channels (green rectangles)
is transported via FRET to the stopcock molecules (red) located at the
entrances. From there, the energy is transferred radiationlessly to a reaction
centre.

such host—guest systems into well-defined
Macroscopic structures on various supports
and by promoting communication between
guests and external species or devices. The
stopcock principle offers an elegant way to
interface dye-loaded zeolite L crystals to
other devices, such as solar cells37! or even
biological systems.[*)] The outlined methods
can be applied in the development of novel
optical devices such as luminescent probes,
lenses, special mirrors, filters, polarisers,
grids, optical storage devices, or windows.

Dye 1-zeolite L

hv,
+ _C channel entrance modification th
with receptor stopcock

FRET
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Transparent Dye-loaded Zeolite L
Polymer Hybrid Materials

The properties of dye-zeolite L sys-
tems outlined above make them very
desirable for the development of optical
hybrid materials, such as lenses, infrared
plastic light-emitting diodes for use in
telecommunication, dye nanostructured
materials for optical data storage, or for
improvement of a polymer’s chemical-
physical properties.2l For many opti-
cal applications, the host—guest systems
have to be inserted into a polymer matrix
while maintaining transparency in the vis-
ible range. Drawbacks of zeolite particles
are their tendency to aggregate and the
pronounced light scattering in the vis-
ible range. Solubilisation and refractive  fig. 7. photographic images of transparent polymer-zeolite L hybrid materials. a) Selection of
index matching experiments with nano- transparent dye-loaded and unloaded zeolite L-polymer hybrid materials. b) 1% wt/wt material
sized, dye-loaded zeolite L crystals were prepared from Ox, HY3G-zeolite L.
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