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Abstract

In natural photosynthesis, light is absorbed by photonic antenna systems consisting of a few hundred chlorophyll molecules.
These devices allow fast energy transfer from an electronically excited molecule to an unexcited neighbor molecule in such a
way that the excitation energy reaches the reaction center with high probability. Trapping occurs there. Systems with similar
properties can be prepared by enclosing dyes inside a microporous material and by choosing conditions such that the cavities are
able to uptake only monomers but not aggregates. The materials we discuss generally consist of cylindrical zeolite L crystals, in
the size range of 30—7000 nm, the channels of which are filled with dye molecules. The synthesis is based on the fact that
molecules can diffuse into individual channels. In some cases it is desirable to modify the channel openings afterwards by
adding a closure molecule. Functionalization of the closure molecules allows fine-tuning of, for example, wettability, refractive
index, and chemical reactivity. The supramolecular organization of the dyes inside the channels is a first stage of organization. It
allows light harvesting within a certain volume of a dye-loaded nanocrystalline zeolite and radiationless transport to both ends of
the cylinder or from the ends to the center. The second stage of organization is the coupling to an acceptor or donor stopcock
fluorophore at the ends of the zeolite L channels, which can trap or inject electronic excitation energy. The third stage of
organization is the coupling to an external device via a stopcock intermediate. Another host—guest system, which will be shortly
presented, is zeolite A containing silver sulfide. Due to the small dimensions of the cages of zeolite A it is possible to stabilize
Ag,S monomers and dimers. In contrast to bulk silver sulfide these small particles show photoluminescence in the visible. In
both host—guest systems interesting optical phenomena such as laser action are observed. The wide-ranging tunability of these
highly organized materials offers fascinating new possibilities for exploring excitation energy transfer phenomena, and chal-
lenges for developing new photonic devices for solar energy conversion and storage. To cite this article: G. Calzaferri et al.,
C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Dans la photosynthese naturelle, la lumiere est absorbée par des systémes d’antennes photoniques formées de quelques
centaines de molécules de chlorophylle. Ces systemes permettent le transfert rapide de I’énergie d’une molécule électronique-
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ment excitée vers une molécule voisine non excitée, de telle facon que 1’énergie d’excitation atteigne avec une tres forte proba-
bilité le centre de réaction, ou a lieu la capture. Des systemes de propriétés similaires peuvent &tre préparés en introduisant des
colorants dans un matériau microporeux et en choisissant des conditions telles que les cavités soient capables d’incorporer
seulement des monomeres et non des agrégats. Les matériaux généralement utilisés consistent en des cristaux cylindriques de
zéolites L de taille comprises entre 30 et 7000 nm, dont les canaux sont remplis de molécules de colorant. La synthese repose sur
le fait que les molécules peuvent diffuser dans les canaux individuels. Dans certains cas, il est désirable de modifier ultérieure-
ment I’ouverture du canal en ajoutant une molécule pour la fermer. La fonctionnalisation des molécules de fermeture permet, par
exemple, un contrdle précis de la mouillabilité, de I’indice de réfraction et de la réactivité chimique. L’ organisation supramolécu-
laire des colorants dans les canaux est la premiere étape de I’ organisation. Elle permet la collecte de la lumiere dans un certain
volume de la zéolite nanocrystalline remplie de colorant et le transport sans émission lumineuse, jusqu’aux deux extrémités du
cylindre, ou depuis les extrémités jusqu’au centre. La deuxieme étape de I’organisation est le couplage d’un accepteur ou d’un
donneur luminescent aux extrémités des canaux de la zéolite L, qui peut capter ou injecter de 1’énergie d’excitation électronique.
La troisieme étape de I’ organisation est le couplage a un systéme externe par un intermédiaire. Un autre systeéme hote/invité, qui
sera présenté rapidement, est la zéolite de type A, qui contient du sulfure d’argent. A cause de la petite dimension des cages de
la zéolite A, il est possible de stabiliser les monomeres et dimeres Ag,S. Contrairement au sulfure d’argent massif, ces petites
particules sont photoluminescentes dans le visible. Dans les deux systémes hotes/invités, des phénomenes optiques intéressants,
tels que 1’action laser, sont observés. Le grand domaine d’ajustement de ces matériaux fortement organisés ouvre de nouvelles et
fascinantes possibilités pour explorer les phénomenes de transfert d’énergie d’excitation. Ils représentent un défi en vue du
développement de nouveaux dispositifs photoniques pour la conversion et le stockage de I’énergie solaire. Pour citer cet article :
G. Calzaferri et al., C. R. Chimie 9 (2006).

© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction can be prepared in a large size range. We have filled the

individual tubes with chains of different dye molecules

In natural photosynthesis, light is absorbed by pho-
tonic antenna systems consisting of a few hundred chlo-
rophyll molecules. These devices allow fast energy
transfer from an electronically excited molecule to an
unexcited neighbor molecule in such a way that the
excitation energy reaches the reaction center with high
probability. Trapping occurs there. The anisotropic
arrangement of the chlorophyll molecules is important
for efficient energy migration. In natural antennae the
formation of aggregates is prevented by fencing the
chlorophyll molecules in polypeptide cages. A similar
approach is possible by enclosing chromophores inside
amicroporous material and by choosing conditions such
that the cavities are able to uptake only monomers but
not aggregates. Zeolites are suitable hosts for specific
organization of chromophores and for the investiga-
tion of changes of their optical properties due to inter-
action with different environments [1,2]. In most of our
experiments we have been using zeolite L as a host
because it was found to be very versatile. Its crystals
consist of an extended one-dimensional tube system and

and we have shown that photonic antenna materials can
be prepared, not only for light harvesting within the
volume, but also for radiationless transport of elec-
tronic excitation energy to a target molecule fixed at
the ends of the nanochannels as well as with an injector
molecule fixed at their ‘entrances’. The dye molecules
in Fig. 1 are represented by rectangles. The molecule,
which has been excited by absorbing an incident pho-
ton, transfers its electronic excitation to another one.
After a series of such steps the electronic excitation
reaches a luminescent trap, pictured as dark rectangles.
The energy migration is in competition with spontane-
ous emission, radiationless decay, quenching, and pho-
tochemically induced degradation. Fast energy migra-
tion is therefore crucial if a trap should be reached
before other processes can take place [3].

We consider the supramolecular organization of the
dyes inside the channels as a first stage of organiza-
tion. It allows light harvesting within a certain volume
of a dye-loaded zeolite and radiationless energy trans-
port to the ends of the cylinder or from the ends to the
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Fig. 1. Three stages of organization from left to right. (a) Dye-loaded zeolite L crystal; electronically excited donors (light gray rectangles)
inside the zeolite L transfer their energy to acceptors (dark gray rectangles) at the left and right of the crystal. A 800-nm-long crystal containing
a donor in the middle part and an acceptor at both ends as seen in an optical microscope is shown (middle: donor luminescence; lower: acceptor
luminescence). (b) Antenna system with stopcock molecules as external traps and picture of a stopcock at the end of a channel. The stopcock
generally consists of a head, a spacer, and a label. (¢) Top: Energy Transfer (EnT) from a photonic antenna to a semiconductor, creating an
electron-hole pair in the semiconductor (radiationless near field process). Bottom: EnT from acceptors inside the channels via a stopcock to a

polymer which is drawn as a ribbon.

center. A second stage of organization is the coupling
to an acceptor or donor stopcock fluorophore. A third
stage of organization is the coupling to an external
device via a stopcock intermediate. We distinguish
between the coupling to artificial reaction centers of
molecular, macromolecular, and macroscopic dimen-
sion. The wide-ranging tunability of these highly orga-
nized materials offers fascinating new possibilities for
exploring excitation energy transfer phenomena and
challenges for developing new photonic devices [4].

2. Host materials

Because of their well-defined internal structure with
uniform cages, cavities or channels, zeolites are ex-
tremely well suited as host materials. Classical zeolites
are inorganic nanoporous crystalline aluminosilicates.
They can be thought of as sponge-like material with
channels and cages that extend regularly across their
entire structure. We show the framework of zeolite A
(LTA) and zeolite L (LTL) in Fig. 2. It illustrates that
although the various zeolites are chemically very simi-
lar, they have different geometrical properties. Zeolites

have higher mechanical and thermal stability com-
pared to organic hosts. There are approximately 40 natu-
rally occurring and well over 100 synthetic forms of
zeolites [5].

Control of the shape and size of the crystals is a pre-
requisite for particular applications. Large crystals of a
few hundred to a few thousand nm are very useful for
studying the optical and photophysical properties of
dye-zeolite composites on single crystals by means of
optical microscopy methods. Crystals in the range of a
few tenths to a few hundred nm are needed for high
efficiency photonic antenna materials, useful as fluo-
rescent microprobes in cell biology and analytical
chemistry, for developing a new generation of dye-
sensitized solid state solar cells, or for preparing a new

Fig. 2. Two zeolite frameworks: (a) LTA, having cages and (b) LTL,
having a one-dimensional channel system [5].
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600 nm
946'000
channels

Fig. 3. Morphology and channel structure of zeolite L crystals. Left: Side and top view of a zeolite L crystal. The length of the upper crystal is
about 900 nm; the diameter of the lower crystal is about 850 nm. Middle: A schematic view of some channels running through the whole crystal.
A zeolite L crystal of 600 nm diameter consists of about 96,000 strictly parallel channels. Right: Enlargement which shows details of a channel
with a dye and its electronic transition moment (indicated as double arrow) which is parallel to the c-axis for long molecules and tilted for shorter
ones. The diameter of the channel window is 0.71 nm and the largest free diameter is 1.26 nm. The length of a unit cell is 0.75 nm and the center

to center distance between two channels is 1.84 nm.

generation of light emitting diodes. Fine-tuning of the
size of zeolite L crystals in the range of 30 nm up to
7000 nm can be realized by changing the composition
of the starting gel for otherwise similar reaction condi-
tions [6,7]. This means that materials covering a vol-
ume range of seven orders of magnitude are available.
We illustrate the morphology and channel structure of
zeolite L crystals in Fig. 3. Zeolite A, which has a cubic
framework, forms cubic crystals; for details we refer to

[8].

3. Guest molecules

A representative selection of dye molecules which
have been inserted into zeolite L is shown in Fig. 4
where we also give abbreviations used in this article. It
is important to distinguish between three types of dye
molecules. (i) Molecules small enough to fit into a
single unit cell. Some examples are biphenyl (BP),
methyl viologen (MV2+), fluorenone, naphthalene, and
anthracene. (ii) Molecules the size of which makes it
hard to guess if they align along the c-axis or if they
find a way 1o fit into a single unit cell. Ox*, Py", and
Th* are molecules of this type. (iii) Molecules which
are so large that they have no other choice but to
align along the c-axis. Many examples belong to this
category. POPOP, DMPOPOP, MBOXE, pTP, DPH are
some of them [4]. A different kind of material is
obtained by means of a ‘ship-in-a-bottle’ synthesis
[9,10]. A prominent example is [Ru(bpy);]** the syn-

thesis of which in zeolite Y has been studied in detail
[11]. A more recent example for which we will give
more details below is quantum-sized silver sulfide
which was prepared in zeolite A [8,12].

The fact that appropriately chosen dyes cannot glide
past each other because the channels are too narrow is
the underlying principle for preparing photonic antenna
materials as explained in Fig. 1. This was for the first
time reported in 1998 for Py* and Ox™ [13] and later
much further developed [14]. A review about the stan-
dard method for preparing a large variety of sandwich
materials with fascinating properties has recently been
published [4a]. The first step results in a material we
name dyel-zeolite L. Next dye?2 is inserted. Conditions
must be chosen such that dyel has no chance to exit
the channels at the beginning of this second step. Once
adye2 molcule has entered each channel on both sides,
the dyel molecules have no chance to escape anymore.
On the contrary, they are pushed deeper into the chan-
nels by the following dye2 species, and we obtain the
dye2, dyel-zeolite L material. The same procedure is
repeated for dye3. The resulting material is the dye3,
dye2, dyel-zeolite L material [4a]. Different insertion
methods can be combined. Dyel can be a cationic dye.
Hence it is inserted by cation exchange. Dye2 can be a
neutral dye; hence we insert it from the gas phase and
so on. Structures with more than three different dyes
can be prepared if desired. The stacking of the dyes is
often easily visible in an optical fluorescence micro-
scope equipped with polarizer and appropriate optical
filters for sufficiently large crystals, or even better by
means of confocal microscopy.
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Fig. 4. Selection of dyes (and abbreviations) which have been inserted in zeolite L.
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4. The stopcock principle

Extension beyond the interior of the zeolite crystals
is achieved by selectively positioning molecules at the
entrances of the zeolite channels. The properties of these
so-called stopcock molecules are designed to allow
communication between the guest molecules on the
inside with materials or molecules on the outside. These
can be an artificial reaction center of (i) molecular
dimension (e.g., a head of a stopcock molecule which
changes its properties as a function of pH, or of the
presence of a specific molecule), (if) macromolecular
dimension (photoconducting or conducting polymer,
quantum dots, semiconductor) [15], and (iii) macro-
scopic dimension (semiconductor, conductor, quan-
tum wells) [16]. Furthermore, the stopcock molecules
can prevent small molecules like H,O or O, from dif-
fusing into the interior of the crystals. Typical stopcock
molecules are composed of three parts: a narrow label
which can penetrate into the channels of the zeolite, a
head too large to enter the channels, and a flexible
spacer connecting head and label, as illustrated in Fig. 5
[17].

We distinguish between reversible stopcocks [18]
attached to the channel by adsorption of the tail inside
of them, electrostatically bound stopcocks to the nega-
tively charged channel of zeolite L, and irreversibly
bound stopcocks anchored by covalent bonds. An
example for each type is shown in Fig. 6. In order to
adsorb a reversible stopcock molecule, its interaction
with the zeolite channel needs to be stronger than its
interaction with the solvent. Labels with polar moi-
eties, especially carbonyl groups, have proven to be

advantageous due to their specific interaction with sites
inside the channels [19]. It seems that electrostatically
bound stopcocks are especially easy to handle [20]. An
irreversible stopcock has to provide a moiety able to
undergo a reaction with surface hydroxyl groups of the
zeolite to yield at least one covalent bond. Alkoxysi-
lane groups are widely used for the modification of
silica surfaces. 3-aminopropyltriethoxysilane for ex-
ample is a common reactant for this purpose. Reaction
in dry solvent, usually toluene, leads in this case to
nucleophilic displacement of the silane ethoxyl by sur-
face hydroxyl, resulting in the liberation of ethanol and
the formation of Si—O-Si linkages [15,16]. An irrevers-
ible stopcock molecule as shown in the lower right part
of Fig. 6 is first adsorbed by incorporation of the label
and subsequently covalently anchored by reaction of
the ethoxysilane groups with surface hydroxyl groups
located at the channel entrances [21].

For communication via energy transfer, the stop-
cock molecules need to contain a sufficiently strong
fluorescent unit. Depending on the application, the fluo-
rophore can be located on the head or on the label moi-
ety. In the latter case the fluorophore is protected by
the zeolite framework. Fluorescent head moieties on
the other hand have the property of being closer to the
external surface, which is desirable for communication
with the environment. Efficient trapping or injection of
excitation energy furthermore requires a sufficiently
large spectral overlap between the stopcock molecules
and the donor or acceptor molecules inside the zeolite
channels.

We show in Fig. 1c as an example the coupling to a
semiconductor device for energy transfer from the pho-
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Fig. 5. Stopcock principle. Left: The typical shape of a stopcock molecule consisting of a head which is to large to enter the channel and a tail,
typically composed of a spacer and a label penetrating into the channel. Right: A few channels closed on both sides by means of stopcock

molecules.
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Fig. 6. Different ways to fix a stopcock. From top to bottom: reversible stopcock attached to the channel by adsorption of the tail inside of them,
electrostatically bound stopcock, and two examples of irreversibly bound stopcocks anchored by covalent bonds.

tonic antenna through an insulating layer creating an
electron-hole pair in the semiconductor. The coupling
of zeolite antennae (see Fig. 1c) to a luminescent or
photoconductive polymer offers possibilities for the
development of novel LED materials. When embed-
ding zeolite crystals in polymer films, methods to
covalently anchor dye molecules on the outer surface
of the zeolite can be employed to enhance the contact
area between polymer and zeolite. Such grafting pro-
cedures, which use silane reagents to couple the dyes
to the surface of the crystals, have been applied to
immobilize dye molecules in mesoporous silica [22].
We have recently prepared a polymer embedded, sur-
face modified Ox*-zeolite L, for which we observed
transfer of electronic excitation energy from the pho-
toconductive polymer to the dye molecules at the exter-
nal zeolite surface and ultimately to the Ox* molecules
located in the channels [15].

5. Zeolite monolayers

The preparation of monolayers of zeolite crystals has
first been reported in 1995 [23], and later optimized by

several other groups [24]. Recently the first example
on specific chemical reactions such as in situ or ‘ship
in a bottle’ synthesis on high-quality zeolite monolay-
ers has been demonstrated [25]. The procedure is
explained in Fig. 7. First, zeolite A crystals are depos-
ited as monolayers on quartz by sedimentation at room
temperature, step 1. In the next step, 2, the physisorbed
crystals are fixed by heating the layer up to 600 °C.
The layers are now stable in aqueous environment, so
that in step 3 the insertion of Ag* into zeolite A by
means of ion exchange can be carried out in a well con-
trolled way. Then the layers are dried in high vacuum
to remove water from the zeolite cages. The samples
are now ready for exposure to H,S(g) which diffuses
into the zeolite cages and reacts with Ag* yielding
AgSH and a proton, step 4. The samples are then rehy-
drated in step 5 so that AgSH becomes sufficiently
mobile and the desired (Ag,S),, clusters are formed and
stabilized in the a-cages of zeolite A. An easy param-
eter to vary is the amount of exchanged Ag*, by which
the size of the clusters can be controlled, so that for
example either green luminescent zeolites containing
Ag,S monomers or orange luminescent zeolites con-
taining Ag,S, are obtained [12].
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Fig. 7. Formation of stable zeolite A monolayers on quartz and subsequent ‘ship-in-a-bottle’ synthesis of luminescent silver sulfide clusters, step
1-5. (A) Electron micrograph of a single zeolite A crystal with an edge length of 3000 nm. (B) Optical microscopic picture of a monolayer of
zeolite A crystals of the same size, seen in transmission. (C) Electron microscopic picture of a zeolite A monolayer.

An important step towards adding further function-
ality to dye-zeolite L systems and achieving a higher
level of organization is the controlled assembly of the
zeolite crystals into oriented structures. In the case of
zeolite L this implies the alignment of the unidirec-
tional channels over a large number of crystals. Yoon
and coworkers have shown that crystals of zeolite A
and ZSM-5 can be covalently attached to a substrate by
the use of linker molecules, thereby yielding robust
monolayers [24b]. We have applied these methods to
zeolite L with the goal to arrange the cylindrical crys-
tals such that most of them are standing on their base.
In such an arrangement the dye-filled channels of the

©

f

[j 45 % standing

zeolites would run perpendicular to the substrate sur-
face, allowing efficient transport of electronic excita-
tion energy towards the zeolite-substrate interface.
Using crystals with an aspect ratio (length to diameter)
of 1.4 resulted in monolayers with 45% of the crystals
in the desired orientation (see Fig. 8, left). We have
recently been able to prepare hockey-puck shaped crys-
tals which yield monolayers with 95% standing crys-
tals (see Fig. 8, right). Further optimization of the mor-
phology (flat basal planes) and size distribution is
expected to lead to monolayers with higher packing
density.

95 % standing

Fig. 8. Monolayers of zeolite L on glass stabilized by covalent linkers. The crystal morphology determines the degree of orientation.
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Fig. 9. Fluorescence spectra of a layer of Ox*-zeolite L crystals at
increasing excitation power. The inset shows the ratio between the
peaks at 625 and 660 nm. The size of the crystals was 800 nm on the
average and the loading was 0.05 Ox™ per unit cell.

6. Photophysical properties

Electronic excitation energy transfer in organized
dye-zeolite L systems leads to fascinating material prop-
erties which have been reported in a number of publi-
cations [4] and we therefore focus on some other prop-
erties. The refractive index of zeolites is in the same
range as that of quartz. It is expected to vary to some
extent depending on the cations, the water content, and
the dye loading. Thus optical effects observed in tiny
glass fibers due to total internal reflection are expected
to appear in zeolite crystals as well. Taking into account
these effects, a zeolite crystal can also be considered as
a microresonator [4c]. We wonder to what extent such
a tiny resonator can be described by classical optics,
since its dimensions are in the order of the wavelength
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of the light. We now report some recent observations
we made by exciting two different materials with a
pulsed laser. In one of these experiments a layer of Ox*-
zeolite L crystals was excited with 5-ns laser pulses at
532 nm. The excitation power was increased from 0.2 to
5.5 MW/cm?. Up to an excitation power of 2 MW/cm?,
the measured emission spectra matched the fluores-
cence spectra. A new peak at 625 nm started to develop
at an excitation power of 2 MW/cm?. Taking the ratio
of the intensity of the new peak at 625 nm and the
fluorescence peak at 660 nm, a threshold at about
2 MW/cm? is observed (inset of Fig. 9). The peak at
625 nm is considered as laser action of the dye-loaded
zeolite L material, since threshold behavior is common
for lasing. Full proof has been established that Ox*-
zeolite L crystals are actually lasing [4e].

Similar experiments were made with zeolite A crys-
tals containing silver sulfide clusters. Such crystals con-
taining K* as co-cations show at room temperature a
deep red photoluminescence with maximum emission
at 735 nm. The light emission is enhanced at the cor-
ners of the cubic crystals, as illustrated in Fig. 10a. A
layer of Ag,S-zeolite A crystals was excited with 5 ns
laser pulses at 450 nm. The excitation power was
increased in several steps, as shown in the inset of
Fig. 10b). Up to an excitation power of 90 MW/cm?,
the measured emission spectra matched the fluores-
cence spectra. Above this intensity, two new peaks
started to develop, one at 590 nm stemming from a band
which is otherwise only observed at low temperature
(for details see [25]) and a more intense one at 767 nm.
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Fig. 10. (a) Luminescence spectrum of K*-zeolite A containing silver sulfide. Excitation was performed at 450 nm at room temperature. Inset:
confocal microscope image showing a single luminescent zeolite A crystal of an edge length of 3000 nm. (b) Luminescence spectra of a layer of
K*-Ag,S-zeolite A crystals at increasing excitation power. The sample was excited at 450 nm with a pulsed laser. The inset shows the ratio

between the intensity at 767 and 735 nm.
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Taking the ratio of the intensity of the new peak at
767 nm and the fluorescence band at 735 nm reveals a
threshold at about 90 MW/cm?.

The question arises if materials with high up-
conversion efficiency could be made. To our knowl-
edge, such dye-zeolite materials have not yet been
reported. It seems, however, to be rather probable that
due to the possibility to pack two kind of dyes with
appropriate spectral characteristics very closely, with-
out changing the electronic properties of the dyes which
still act as monomers, either in form of layers or as
random mixtures, up-conversion materials with high
efficiency can be made for which the following mecha-
nism holds:

D(S,) L D(S,)
D(S)) — D(T)
DT, —, D7)
D(T,)+A(S,) —DCIBY Tamsfer, o 4 AGS)

It seems to be feasible to design down-conversion
materials in a similar way for the same reasons. Clever
up- and down-conversion schemes have been dis-
cussed in connection with third generation solar cells.
Theory predicts the possibility of considerably improv-
ing single band gap photocells [26].

7. Solar cells sensitized by dye-zeolite antenna
materials

In view of practical applications the coupling of dye—
zeolite composites to external devices is of special inter-
est. A challenging application is the development of
new photonic devices for solar energy conversion. A
few examples are given in Table 1.

The zeolite systems described so far constitute bidi-
rectional antennae. Due to the symmetric arrangement

Table 1
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Fig. 11. Two strategies for the preparation of stopcock modified
monodirectional materials.

of different dye molecules excitation energy is trans-
ported along the one-dimensional channels in both
directions. For coupling to a macroscopic device such
as a semiconductor, excitation energy transport in only
one direction might often be preferable. The synthesis
of monodirectional (asymmetric) antennae, where this
transport occurs in one direction only, is currently under
investigation in our laboratory. Fig. 11 illustrates two
pathways which can be tried. We can for example first
modify the substrate by preparing a monolayer of stop-
cocks and then add a zeolite in such a way, that the tail
of the stopcocks penetrates into the channels. The fixed
zeolite crystals can then be filled from the top with any
desired chromophores. Another possibility is to stack
crystals with differently charged stopcocks on top of
each other, as illustrated on the right side of Fig. 11.
A dye-zeolite composite prepared as a monodirec-
tional antenna would open possibilities for different
types of sensitized solar cell. Arranging small compos-
ite crystals with their c-axis perpendicular to the sur-
face of a semiconductor would allow transport of the
excitation energy towards the zeolite-semiconductor
interface by energy migration. Stopcock molecules are
placed at the channel ends to allow energy transfer. Only

Overview of new photonic devices for solar energy conversion, incorporating antenna-sensitized materials. The sensitization occurs via electro-
nic excitation energy transfer. For each device, the role of the sensitizing antenna is indicated

Thin film solar cells Plastic solar cells

Redox-systems based solar cells
Dye-sensitized solar cells

— Embedding of 30 nm crystals
— Oriented layers of monodirectional
300-600 nm crystals

— Sensitization of the polymer
— Sensitization of C60, C70 unit

Oriented layers of monodirectional
300-600 nm crystals
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Fig. 12. Top: Sensitized solar cell based on dye-loaded zeolite L antenna systems. The antenna systems absorb light and transport their energy
mainly along the c-axis of the crystals to the semiconductor surface. Electron-hole pairs are formed in the semiconductor by energy transfer from
the antenna system to the conduction band of the semiconductor. Bottom left: Tandem solar cell where monodirectional antenna systems with
blue, yellow, and red dyes are put between two n-type semiconductors with different band gaps. Bottom right: Light-emitting nanocrystals. The
electrical source supplies excitation energy that can be transferred from the semiconductor to the nanocrystals. The dyes inside the crystals lose
their energy by fluorescence because of their high fluorescence quantum yield.

a very thin semiconductor is needed in this case,
because the electron-hole pairs form near the surface.
The transfer of electrons from antenna to semiconduc-
tor can be prevented by introducing an insulating layer.
Energy transfer from dye-zeolite crystals to bulk sili-
con has recently been demonstrated [16]. Energy can
also be transferred from the semiconductor to the
antenna composites by reversing the current and put-
ting a voltage over the semiconductor. The dye-zeolite
composites on the semiconductor surface subsequently
lose their energy by emitting light. The color of the
emission can be tuned by adapting the ratio of blue,
yellow, and red fluorescent dyes. Higher luminescence
efficiency is expected for such a system compared to
conventional LEDs. The principle of these monodirec-
tional antenna systems is illustrated in Fig. 12. Options
for combining the antenna systems with redox-based
dye-sensitized photovoltaic cells exist (see Table 1), but
will not be further discussed here.

8. Summary

The concept of filling luminescent dyes into hexago-
nal zeolite crystals consisting of one-dimensional chan-
nels with molecular diameter and tunable length leads
to new inorganic—organic host—guest materials with fas-
cinating properties and challenging options for chemi-
cal modifications. The concepts described are not lim-
ited to zeolite L as a host. Quantum-sized silver sulfide
encapsulated in the cavities of zeolite A was demon-
strated to be a highly interesting material. It was found
that zeolites can act as microresonators so that differ-
ent kinds of luminophores start lasing upon excitation
with a pulsed laser. A nice feature of zeolite L is that
neutral as well as cationic dyes can be inserted and that
methods for tuning the size and morphology of chemi-
cally pure crystals are known. For many dyes insuffi-
cient space is available for electronic overlap, so that
they keep the properties of monomers. Additionally, the
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entrance of the channels is chemically sufficiently dif-
ferent with respect to the coat, so that fine-tuning of
stopcock molecules is feasible. The supramolecular
organization of the dyes inside the channels is consid-
ered as a first stage of organization. It allows light har-
vesting within a certain volume of a dye-loaded nanoc-
rystalline zeolite and radiationless transport to both ends
of the cylindrical crystals or from the ends to the cen-
ter. A second stage of organization is the coupling to
an external acceptor or donor stopcock fluorophore at
the ends of the zeolite L channels which can trap elec-
tronic excitation energy from donor molecules inside
the crystal or inject electronic excitation energy to an
acceptor inside the channels. The third stage of orga-
nization consists of coupling the so organized micro-
or nanocrystals to an external device. This can be done
by arranging the zeolite crystals as monolayers on dif-
ferent substrates. Two examples for the preparation of
stable zeolite monolayers were demonstrated. These
highly organized systems have the potential to pro-
mote the development of new photonic materials and
devices, for example dye-zeolite sensitized solar cells.

Acknowledgements

This work was supported by the Swiss National Sci-
ence Foundation Project NFP47 (4047-057481), NF
2000-053414/98/1 and by the Bundesamt fiir Ener-
giewirtschaft Project 10441.

References

[1] M. Ganschow, C. Hellriegel, E. Kneuper, M. Wark, C. Thiel,
G. Schulz-Ekloff, C. Briauchle, D. Wohrle, Adv. Funct. Mater.
14 (2004) 269.

[2] Y. Komori, S. Hayashi, Chem. Mater. 15 (2003) 4598.

[3] M.M. Yatskou, M. Meyer, S. Huber, M. Pfenniger, G. Calza-
ferri, ChemPhysChem 4 (2003) 567.

[4] (a) G. Calzaferri, S. Huber, H. Maas, C. Minkowski, Angew.
Chem. Int. Ed. Engl. 42 (2003) 3732; (b) G. Calzaferri, H.
Maas, M. Pauchard, M. Pfenniger, S. Megelski, A. Devaux,
Adv. in Photochem. 27 (2002) 1; (¢) G. Calzaferri, M. Pau-
chard, H. Maas, S. Huber, A. Khatyr, T. Schaafsma, J. Mater.
Chem. 12 (2002) 1; (d) D. Briihwiler, G. Calzaferri,
Microporous Mesoporous Mater. 72 (2004) 1. (e) F. Laeri, O.
Bossart, S. Huber, G. Calzaferri, Internal Report, March 2003.

[5] C. Baerlocher, W.M. Meier, D.H. Olson, Atlas of Zeolite
Framework Types, fifth ed, Elsevier, Amsterdam, 2001.

[6] S.Megelski, G. Calzaferri, Adv. Funct. Mater. 11 (2001) 277.

[71 A.Zabala Ruiz, D. Brithwiler, T. Ban, G. Calzaferri, Monatsh.
Chem. 136 (2005) 77.

[8] G. Calzaferri, C. Leiggener, S. Glaus, D. Schiirch, K. Kuge,
Chem. Soc. Rev. 32 (2003) 29.

[91 A.Corma, H. Garcia, Eur. J. Inorg. Chem. 6 (2004) 1143.

[10] W. DeWilde, G. Peeters, J.H. Lunsford, J. Phys. Chem. 84
(1980) 2306.

[11] P. Lainé, M. Lanz, G. Calzaferri, Inorg. Chem. 35 (1996)
3514.

[12] C. Leiggener, D. Briihwiler, G. Calzaferri, J. Mater. Chem. 13
(2003) 1969.

[13] N. Gfeller, S. Megelski, G. Calzaferri, J. Phys. Chem. B 102
(1998) 2433.

[14] M. Pauchard, A. Devaux, G. Calzaferri, Chem. Eur. J. 6 (2000)
3456.

[15] H. Maas, G. Calzaferri, Spectrum 16 (2003) 18.
[16] S. Huber, G. Calzaferri, ChemPhysChem 5 (2004) 239.

[17] G. Calzaferri, International patent, Int. Appl. Number
PCT/CHO01/00647 Priority data: 03. 11. 2000, Int. Publ.
Number: WO 02/36490 Al; 10 May 2002.

[18] (a) H. Maas, G. Calzaferri, Angew. Chem. Int. Ed. 41 (2002)
2284; (b) A. Khatyr, H. Maas, G. Calzaferri, J. Org. Chem. 67
(2002) 6705.

[19] A. Devaux, C. Minkowski, G. Calzaferri, Chem. Eur. J. 10
(2004) 2391.

[20] O. Bossart, L. De Cola, S. Welter, G. Calzaferri, Chem. Eur. J.
10 (2004) 5771.

[21] (a) T. Ban, D. Briihwiler, G. Calzaferri, J. Phys. Chem. B 108
(2004) 16348. (b) S. Huber, G. Calzaferri, Angew. Chem. Int.
Ed. Engl. 43 (2004) 6738.

[22] Y. Rohlfing, D. Wohrle, M. Wark, G. Schulz-Ekloff, J. Rat-
housky, A. Zukal, Stud. Surf. Sci. Cat. 129 (2000) 295.

[23] J. Li, K. Pfanner, G. Calzaferri, J. Phys. Chem. 99 (1995)
2119.

[24] (a) P. Lainé, R. Seifert, R. Giovanoli, G. Calzaferri, New J.
Chem. 21 (1997) 453; (b) K. Ha, Y.-J. Lee, H. J. Lee, K. B.
Yoon, Adv. Mater. 12 (2000) 1114; (c) A. Kulak, Y.-J. Lee, Y.
S. Park, K. B. Yoon, Angew. Chem. Int. Ed. 39 (2000) 950; (d)
K.Ha,Y.-J. Lee, D.-Y. Jung, J. H. Lee, K. B. Yoon, Adv. Mater.
12 (2000) 1614; (e) L. Huang, Z. Wang, J. Sun, L. Miao, Q. Li,
Y. Yan, D. Zhao, J. Am. Chem. Soc. 122 (2000) 3530; (f) G.S.
Lee, Y.-J. Lee, K. B. Yoon, J. Am. Chem. Soc. 123 (2001)
9769.

[25] C. Leiggener, G. Calzaferri, ChemPhysChem 5 (2004) 1593.
[26] P. Wiirfel, T. Trupke, Phys. J. 2 (2003) 45.



	Light-harvesting host–guest antenna materials for quantum solar energy conversion devices
	Introduction
	Host materials
	Guest molecules
	The stopcock principle
	Zeolite monolayers
	Photophysical properties
	Solar cells sensitized by dye-zeolite antenna materials
	Summary

	Acknowledgements
	References

