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Nanochannel Materials for Quantum Solar
Energy Conversion Devices

Dominik Briihwiler*a, Le-Quyenh Dieu?, and Gion Calzaferri®

Abstract: The supramolecular organization of dye molecules in one-dimensional zeolite channel systems leads to
materials with intriguing properties that can be exploited for a variety of applications. Two concepts are presented
outlining how zeolite-based hybrid host—guest compounds can be employed in solar energy conversion devices.
The first concept describes light-harvesting and sensitization, while the second concept focuses on luminescent

solar concentrators.
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1. Introduction

The concept of organizing guest molecules
in robust silicate-based porous solids is well
established.l!l In this context, zeolites (pore
diameter below 2 nm) are popular host ma-
terials, as their crystalline frameworks pro-
vide defined channel architectures!2l while
being transparent from UV to near-infrared.
One-dimensional channel systems are of
particular interest, because the inclusion of
chromophores can result in materials fea-
turing optical anisotropy.B! The molecular-
sized channels offer possibilities to obtain
high local concentrations of monomeric
dyes. In such systems, electronic excitation
energy is efficiently transported along the
channels by means of Forster resonance en-
ergy transfer (FRET).[*! Furthermore, dyes
in the channels are protected by the inert
aluminosilicate framework, often leading
to increased stability. The interplay of con-
finement and enhanced guest stability has
been studied for specific cases.5! Gener-
ally, it can be inferred that the penetration
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and diffusion of reactants is limited due to
the steric constraints imposed by the guest-
filled channels. In the following, we present
two concepts outlining the potential use of
dye-nanochannel inclusion compounds in
quantum solar energy conversion devices.

2. Sensitization of Organic Solar
Cells

Fig. 1 illustrates the design of a nano-
channel-based photonic antenna currently

being investigated in our lab. Various zeo-
lites featuring one-dimensional channel sys-
tems can in principle be used as host mate-
rials in such an assembly. Even mesoporous
solids are interesting candidates, given the
recent progress in the synthesis of ordered
thin films with perpendicular orientation of
the channels.[®! For guest molecules smaller
than 7 A (at least in two dimensions), zeo-
lite L is an ideal choice. Crystals of zeolite
L are typically cylindrical. Channels run
through the entire crystal along the cylinder
axis and are accessible through 7.1 A win-
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Fig. 1. A) Schematic axial cut through channels containing dye molecules (green) and stopcocks
(red) with intrinsic insulating groups (yellow). The channel length depends on the crystal size. B)
Nanochannels containing two types of dye molecules (blue and green) and stopcocks (red). Light
absorbed by the blue molecules travels to the stopcock heads by FRET via the green molecules.
C) Integration of dye-stopcock-zeolite crystals into an organic solar cell (1: contacting oxide, 2:
conducting polymer, 3: active material, 4: back contact).
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Fig. 2. A) Zeolite L framework projected along the channel axis (c-axis). The lines represent oxygen
bridges between Si and Si/Al. B) Side view of the main channel and C) its dimensions.

dows located at the base surfaces (see Fig.
2). A zeolite L crystal of 550 nm diameter
provides approximately 80’000 parallel
channels. Different crystal sizes ranging
from 30 to 20’000 nm in length are fea-
sible.[’] The aspect ratio can be tuned to
a certain extent, affording disc-shaped or
rod-shaped morphologies. A disc-shaped
morphology is ideal for the preparation
of zeolite L monolayers with the channels
oriented perpendicular to the substrate sur-
face.l8] A multitude of cationic and neutral
dye molecules has been included into zeo-
lite L by cation exchange and adsorption
from the gas phase, respectively.lal It was
generally observed that dye molecules
cannot pass each other once they are in the
channels. Sequential introduction of dif-
ferent dye molecules therefore results in
highly ordered materials featuring dye do-
mains (Fig. 1B). This allows for directed
transport of electronic excitation energy
along the channels. The energy transfer
efficiency of a given donor—acceptor pair
thereby depends on the relative orienta-
tion of the electronic transition dipole mo-
ments and the donor—acceptor distance.
The latter should be minimal, but exclud-
ing m-interaction. For the optimization
of FRET efficiency, dye molecules with
bulky alkyl substituents are ideal. Such
moieties are able to inhibit m-interactions
by filling the intrachannel space between
adjacent guest molecules.

A mediator is required to extract the
electronic excitation energy that has
reached the channel entrances via an en-
ergy transfer cascade (Fig. 1B). This is ac-
complished by employing stopcock mol-
ecules, which are designed to specifically
adsorb at the channel entrances, either by
physisorption, electrostatic interaction or
covalent bonding.[®1 A stopcock molecule
contains a tail that can enter the zeolite
channel (Fig. 1A). For maximum stability,

this tail should carry a reactive group for
coupling to amino-functionalized chan-
nel entrances.[1%1 The chromophoric head,
which is too large to enter the channels,
figures as the acceptor for the electronic
excitation energy. Large spectral overlap
between donor emission and stopcock
head absorption is crucial. Furthermore,
parallel alignment of the electronic tran-
sition dipole moments of the included
donor molecules and the stopcock heads
should be provided to ensure efficient
FRET. Once the energy has reached the
stopcock heads, it is available for transfer
to an external component, e.g. the active
layer in an organic solar cell.['!1In order to
prevent electron transfer, a thin insulating
layer should be present between the stop-
cock heads and the active material. As an
elegant solution, we propose to incorpo-
rate this insulating layer into the stopcock
heads by means of suitable peripheral sub-
stituents (Fig. 1A).[12]

Apossiblesolarcell designbased on ori-
ented monolayers of dye—stopcock—zeolite
crystals is shown in Fig. 1C. Charge trans-
portis accomplished by a conducting poly-
mer, such as PEDOT,!3] which is placed
between the zeolite crystals. Consequent-
ly, the coat of a given cylindrical zeolite
crystal is exposed to a different environ-
ment than its base. Recent results show
that the coat and base surfaces of zeolite
L can be functionalized independently,[14
thus allowing for an optimization of these
various interfaces. The stopcock mol-
ecules are separated from the active ma-
terial by intrinsic insulating groups, pre-
venting electron transfer (Fig. 1A). Zinc
phthalocyanine (ZnPc) is an example of a
suitable active material for such a design.[!!]
ZnPc features weak or even no absorp-
tion between 400 and 550 nm. This gap
can easily be covered by a corresponding
dye—zeolite antenna.
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3. Luminescent Solar Concentrators

Aluminescent solar concentrator (LSC)
is basically a transparent plate (plastic or
glass) containing luminescent centers.
Light enters the face of the plate and is
partially absorbed and reemitted by these
centers. A fraction of the luminescent light
is trapped by total internal reflection and
guided to the edges of the plate where it can
be converted to, for example, electricity by
a solar cell. As the edge area of the plate is
much smaller than the face area, the LSC
operates as a concentrator of light.!15]

The photostability of the dye—matrix
composite is an important factor determin-
ing the potential of LSCs for photovoltaic
energy conversion applications. Direct in-
clusion of luminescent organic molecules
into an organic matrix is particularly prob-
lematic in this regard. Introducing suit-
able dye molecules into nano-sized zeo-
lite crystals and dispersing the resulting
dye—zeolite composites in an organic poly-
mer is expected to yield increased photo-
stability. This ‘prepackaging’ of molecules
furthermore opens possibilities for the use
of dyes which would be incompatible with
a given organic matrix. A first step into this
direction has recently been accomplished
by the successful preparation of transpar-
ent zeolite—polymer hybrids.[16]

For strongly luminescent materials
there is a considerable overlap between
absorption and emission spectra. Self-ab-
sorption therefore becomes an important
loss mechanism in LSCs. A solution to this
problem is the use of a two-dye—zeolite
system. Absorption and emission spectra
are separated by employing an absorb-
ing species A and an emitting species B.
The concentration of A is high to ensure
efficient light absorption. The electronic
excitation energy is transferred along the
zeolite channels by FRET to B, which then
emits light in a wavelength range where A
does not absorb. As the concentration of B
does not necessarily need to be high, self-
absorption of light emitted by B becomes
negligible. Zeolites containing more than
two dyes can be used to create an energy
transfer cascadel> and to adjust the ab-
sorption properties of the LSC to the spec-
trum of the incident radiation.

The design shown in Fig. 3 goes a step
further by employing oriented dye—zeolite
monolayers instead of homogeneously dis-
persed and randomly oriented dye—zeolite
nanoparticles. Such a design is promising
in terms of exploiting the defined orien-
tation of electronic transition dipole mo-
ments present in dye—zeolite composites.
For a given guest molecule in zeolite L,
the possible orientations of its electronic
transition dipole moment can be described
by a double cone-shaped distribution.[!7]
The opening angle of this cone depends
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to a large extent on the size of the guest
molecule.! For most of the organic dyes
that have been included into zeolite L, the
electronic transition dipole moment of the
first m#<—m transition coincides with the
long axis of the molecule.l'2l As a long
molecule tends to align with its long axis
parallel to the channel axis, the opening
angle of the corresponding transition di-
pole moment double cone is small. Short
molecules, on the other hand, typically
feature larger opening angles.

Light shining on the face of a LSC plate
will be mostly absorbed by dipoles which
are oriented parallel to the face. However,
such dipoles also have a higher probability
of emitting light into the escape cone. The
half apex angle of the escape cone is given
by arcsin (1/n), where n is the index of re-
fraction of the plate. Light emitted into the
escape cone will not be totally internally
reflected and therefore literally escape
(if no reabsorption occurs). An arrange-
ment as shown in Fig. 3 could be used to
minimize emission into the escape cone.
In a first step, light entering the face of the
plate is absorbed by molecules with a wide
double cone distribution of electronic tran-
sition dipole moments (blue). In a second
step, the electronic excitation energy is
transported by FRET to an acceptor fea-
turing a narrower double cone distribution
(green), therefore having a lower probabil-
ity of emitting into the escape cone (red).
Whether such an arrangement would be
beneficial for the efficiency of LSCs has
yet to be experimentally verified.

4. Conclusions

When using zeolites as host materials,
the options for combining different guest
species and engineering the photophysical
properties are manifold. One-dimensional
channel systems, as present in zeolite L,
allow for a high degree of supramolecu-
lar organization, which can be exploited
to obtain energy transfer cascades and
orientation of electronic transition dipole
moments. The excellent compatibility of
zeolites with many different environments
and the extensive tunability of dye-zeolite
inclusion compounds offer new challenges
for implementation in photonic devices for
solar energy conversion.
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Fig. 3. Luminescent solar concentrator (LSC) based on oriented dye—zeolite crystals. The channels
of the disc-shaped zeolite crystals run perpendicular to the face of the LSC. The schematic axial cut
(right) shows the double cone distribution of the electronic transition dipole moments for two different
dyes. The blue double cones represent the light absorbing molecules (large cone angle), whereas the
green double cones indicate the light emitting molecules (small cone angle). The concentration of
the latter is kept low to avoid self-absorption. The red cone illustrates an escape cone originating at
a light emitting molecule located close to a channel entrance.
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