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Organic-Inorganic Composites as
Photonic Antenna

Gion Calzaferri*

Abstract: A photonic antenna system is an organized multi-component arrangement in which several
chromophoric molecular species absorb the incident light and channel the excitation energy to a common
acceptor component. Photonic antenna materials, based on dye-zeolite L composites, collect excitation
energy and transport it over large distances. Fine tuning of dye-loaded zeolite L photonic antenna materials
in the size range of 30-3000 nm was realized. Stationary and time-resolved luminescence experiments on an
ensemble and space and time resolved luminescence measurements on single crystal antenna materials have
been carried out. Coupling of the photonic antenna information to an external device is in progress.
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Microporous structures containing at-
oms, clusters, molecules or complexes
provide a source of new materials with
exciting properties[1-6]. Zeolites are es-
pecialy appealing crystalline inorganic
microporous materials. Some of them oc-
cur in nature as a component of the soil.
Natural and synthetic zeolites possess a
large variety of well-defined interna
structures such as uniform cages, cavities
or channels [7-10]. A useful feature of
zeolites is their ability to host molecular
guests [3] and quantum-sized particles
[11] within the intravoid space. Chromo-
phore-loaded zeolites have been investi-
gated for different purposes such asinter-
facial electron transfer, microlasers, sec-
ond harmonic generation, frequency dou-
bling and optical bistabilities giving rise
to persistent spectral hole burning [12—
21]. Therole of the zeolite framework is
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to act as a host for realizing the desired
geometrical properties and for stabilizing
the incorporated molecules. Incorpora-
tion of chromophores into the cavities of
zeolites can be achieved in different
ways, depending on the substances used
and on the desired properties. from the
gas phase [22-24], by ion exchange if
cations are involved [3][25-28] by crys-
tallization inclusion [29] or by perform-
ing an in situ synthesis inside the zeolite
cages[11][30][31].

Plants are masters of the efficient
transformation of sunlight into chemical
energy. In this process, every plant leaf
actsasalight-harvesting device, inwhich
photonic energy is absorbed in the form
of sunlight and transported by chloro-
phyll moleculesfor the purpose of energy
transformation. The light is absorbed by
an arrangement consisting of a few hun-
dred chlorophyll molecules in a protein
environment. This photonic antenna al-
lows fast energy transfer from an elec-
tronically excited molecule to unexcited
neighbor moleculesin such away that the
excitation energy reaches the reaction
center with high probability. Trapping
occurs there [32—34]. In this natural de-
vice the formation of aggregates is pre-
vented by fencing the chlorophyll mole-
culesin polypeptide cages. A similar ap-
proach is possible by enclosing dyes in-
side a microporous material and by
choosing conditions such that the volume
of the cages and channels is able to up-
take only monomers but not aggregates.

An artificial photonic antenna system
is an organized multi-component ar-
rangement in which several chromophor-
ic molecular species absorb the incident
light and transport the excitation energy
to acommon acceptor component. Imag-
inative attempts to build an artificial an-
tenna different from ours have been pre-
sented in the literature [35]. Multinuclear
luminescent metal complexes [36-38],
multichromophore cyclodextrins [39],
Langmuir Blodgett films [4043], dyes
in polymer matrices [44-46], and den-
drimers [47] have been investigated.
Some sensitization processes in silver
halide photographic materials [48] and
also the spectral sensitization of poly-
crystalline titanium dioxide films bear, in
some cases, aspects of artificial antenna
systems [49-51]. The systems devel oped
by us so far are of bi-directiona type,
based on zeolite L as a host material,
and able to collect and transport excita-
tion over relatively large distances
[3][22][26-28][52-55] Light transport
is made possible by specifically organ-
ized dye molecules which mimic the nat-
ural function of chlorophyll. The zeolite
L crystal structure consists of a continu-
ous one-dimensiona tube system. We
havefilled each individual tube with suc-
cessive chains of different joint but non-
interacting dye molecules. Light shining
on the cylinder is first absorbed and the
electronic excitation energy isthen trans-
ported by the dye molecules inside the
tubes to the cylinder ends.
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A schematic view of the photonic an-
tennais illustrated in Fig. 1. The mono-
meric dye molecules are represented by
colored rectangles. The dye molecule,
which has been excited by absorbing an
incident photon, transfers its electronic
excitation energy to another one. After a
series of such steps the electronic excita-
tion energy reaches atrap, pictured asred
rectangles. The energy migration is in
competition with spontaneous emission,
radiationless decay and photochemically
induced degradation. Very fast energy
migration is therefore crucial if a trap
should be reached before other processes
can take place. These conditions impose
not only spectroscopic but also decisive
geometrical constraints on the material.

Favorable conditions for realizing a
photonic antenna are a high concentra-
tion of monomeric dye molecules with
high luminescence quantum yield, ideal
geometrical arrangement of the chromo-
phores and an optimal size of the device.
Dyes at high concentration have the ten-
dency to form aggregates which in gener-
al show very fast radiationless decay
[56][57]. The formation of aggregates
can be prevented by fencing dyesinsidea
microporous material and by choosing
conditions such that the volume of the
cages and channelsis only able to uptake
monomers but not aggregates. Linear
channels running through crystals allow
the formation of highly anisotropic dye
assemblies. Our investigations have been
concentrated on zeolite L as a host. The
reason for thisisthat neutral dyesaswell
as cationic dyes can be inserted into the
channels of zeolite L and that synthesis
procedures for controlling the morpholo-
gy of zeolite L crystalsin the size regime
from 30 nm to about 3000 nm are availa-
ble [53][58-60]. Many results obtained
on zeolite L are valid for other nanopo-
rous materials aswell. In Fig. 2 we show
a scanning electron microscopy picture
of azeolite L material with nice morphol-
ogy. The hexagonal shape of the crystals
can easily be recognized. For simplicity
we describe them as crystals of cylinder
morphology. A space-filling top view
and a side view of the zeolite L frame-
work isillustratedin Fig. 3. The primitive
vector ¢ corresponds to the channel axis
while the primitive vectors a and b are
perpendicular to it, enclosing an angle of
60°.

We distinguish between three types of
dye molecules.

i) Molecules small enough to fit into a
single unit cell. Some examples are bi-
phenyl, hydroxy-TEMPO, fluorenone
and methylviologen (MV2*). Structural
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Fig. 1. Representation of a cylindrical nanocrystal consisting of organized dye molecules acting
as donors (blue) and acceptors (red) acting as trap. Left: The donors are in the middle part of the
crystal and the acceptors at the front and the back of each channel. Right: The donors are at the
front and the back of each channel and the acceptors are in the middle part.

Fig. 2. SEM picture of a zeolite L sample.

Fig. 3. Framework of zeolite L. Upper: top view, perpendicular to the c-axis, displayed as stick-
(left) and as Van der Waals- (right) representation with a dye molecule entering the zeolite channel.
Lower: Side view of a channel along the c-axis, without bridging oxygen atoms (left). Schematic
view of some channels in a hexagonal zeolite crystal with cylinder morphology.
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details of the latter are known based on
vibrational spectroscopy, Rietveld re-
finement of X-ray data and molecular
modeling [25].

ii) Molecules with a size which makes it
hard to guess if they align along the c-
axis or if they find a way to fit into a sin-
gle unit cell. Oxonine, pyronine, and
thionine are molecules of thistype [54].
iii) Molecules which are so large that
they have no other choice but to align
along the c-axis. Many examples fit into
this category. It is important to know if
molecules can occupy at least part of the
same unit cell, so that they can interact
via their n-system or if they can ‘only
touch each other’ so that their electronic
coupling is negligible.

While for molecules of type (i) not
only trandational but also large ampli-
tude modes can be activated, the | atter are
severely or even fully restricted for mole-
culesof type (ii) and (iii). This has conse-
guences on their stability and also on

Table. Dye molecules and abbreviations.

BP

e (O
DPH DRaSYY
PBOX OO
MBoXE (L
POPOP
DMPOPOP @YV@*’KQ
psc =L)X
Fluorenone OO
!
Naphtalene

their luminescence quantum yield which
in genera increases. An example we
have investigated is the very light-sensi-
tive DPH whichisdramatically stabilized
wheninserted into zeolite L [22]. In other
cases a dramatic increase of stability is
observed because reactive molecules
which are too large or anions such as
hypochlorite have no access because they
cannot enter the negatively charged chan-
nels [3]. Representative dyes that we
have inserted in zeolite L arelisted in the
Table. Many of them lead to strongly
luminescent materials. Some exceptions
are fluorenone, MV2?*, ResH, and hy-
droxy-TEMPO.

We now show an experiment which
illustrates the photonic antenna principle
of Fig. 1; see [53]. Py* and Ox* were
found to be very convenient dyesfor this
purpose. The channels of zeolite L are
first loaded with Py* and then modified at
both sides with Ox*. The latter acts as a
luminescent trap which gets excited via

o NH; .
JC Py
PyGY’

PyB*

HN o NH;
100 ox
N

ResH
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radiationless energy transfer from an ex-
cited Py*. If radiationless relaxation is
not considered, Ox* can lose its energy
only by fluorescence, asit cannot transfer
it back to Py* because of itslower excita-
tion energy. Fluorescence of excited Py™,
internal conversion, and intersystem
crossing compete with the energy migra-
tion and energy transfer.

We expect that the trapping efficiency
decreases with increasing crystal length
for otherwise constant parameters, spe-
cifically constant Py* loading, because
the excitation energy has to migrate over
an increasingly large distance to reach a
trap. This can be tested if materials with
different average crystal lengths are
available. Since we have been able to
prepare these materials, experiments
with crystals of the following average
length were carried out: 1, 300 nm; 2, 500
nm; 3, 850 nm; 4, 1400 nm; and 5, 2400
nm. These crystals where loaded with
Py* so that the occupation probability

Hydroxy-TEMPO

DMSI*

N-Ethylcarbazole

Anthracene
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was always the same, namely 0.11. They
were then modified with two Ox* mole-
cules on average at both ends of the chan-
nels. The fluorescence of athin layer on
quartz was measured at room tempera-
ture after specific excitation of Py* at
460 nm. The fluorescence reported in
Fig. 4 is scaled to the same height at the
Py* emission maximum, as before. It
shows a very strong increase of the Ox*
emission with decreasing crystal length.
One can calculate that the front—back
trapping efficiency increases from 0.33
up to 0.91. This meansthat in the 300 nm
crystals, 90% of the emitted light is due
to energy migration along the Py* and
transfer to the luminescent traps Ox*. In-
terestingly, in these experiments carried
out at constant Py* loading, thereisaso a
small shift of the Py* maximum, from
525 nm for the smallest crystals to 530
nm for the largest ones. The maximum of
the Ox* emission remains at 605 nm.
This wavelength shift is most probably
due to self-absorption and re-emission
because the absorption depth increases
with increasing crystal size despite of the
constant Py* loading [53]. The measure-
ments were made on thin dye-loaded zeo-
lite L layers on quartz plates. The pro-
nounced increasing trapping efficiency
with decreasing length of the zeolite L
underlines the interpretation that the an-

tenna behavior is mainly governed by ra-
diationless energy migration [61-65],
supported by some self-absorption and
re-emission. The latter causes a shift in
the maximum of the Py* fluorescence
spectrum with increasing loading, but
also with increasing crystal size at con-
stant loading [3]. Some interna reflec-
tion aso occurs, especialy in the larger
crystals[65].

We conclude that zeolite L is a very
suitable framework for organizing awide
variety of chromophores. Its structure is
such that the formation of non-fluores-
cent dimers inside the channels can be
prohibited and chromophores can be
aligned in a certain direction. We have
shown that this host/guest system can be
used to make very efficient nanoscale bi-
directional photonic antennamaterials. A
broad spectral absorption range can be
achieved by using several different cati-
onic and neutral dyes. Wewereinterested
in reversing the scheme in Fig. 1 (left)
and to have an acceptor dyein the center,
and thedonorsat both ends, Fig. 1 (right),
because such systems could be useful for
analytical purposes or to develop a new
generation of LEDs. Itturned out that itis
indeed possible to prepare such materials
and to perform stationary energy migra-
tion experiments on an ensemble and
space and time resolved measurements

LT

Rel. fluorescence intensity

=

500

600
Wavelength / nm
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on single crystals [63-65]. It is a chal-
lenge to couple the antenna material to a
device, e.g. asemiconductor. Preparation
of organized zeolite monolayers on
flat surfaces has been reported [66][67].
The interface between the chromophore-
loaded zeolite and the semiconductor
becomes very important for the coupling
purpose. We expect that ‘ stopcock mole-
cules could function as a bridge between
the chromophores in the zeolite L chan-
nels and the device surface (Fig. 5) [65].
Thisopensawholenew exciting research
area.
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