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Abstract

Plants are masters of transforming sunlight into chemical energy. In the ingenious antenna system of the leaf, the energy
of the sunlight is transported by chlorophyll molecules for the purpose of energy transformation. We have succeeded in
reproducing a similar light transport in an artificial system on a nano scale. In this artificial system, zeolite L cylinders adopt
the antenna function. The light transport is made possible by specifically organized dye molecules, which mimic the natural
function of chlorophyll. Zeolites are crystalline materials with different cavity structures. Some of them occur in nature as
a component of the soil. We are using zeolite L crystals of cylindrical morphology which consist of a continuous
one-dimensional tube system and we have succeeded in filling each individual tube with chains of joined but noninteracting
dye molecules. Light shining on the cylinder is first absorbed and the energy is then transported by the dye molecules inside
the tubes to the cylinder ends. We expect that our system can contribute to a better understanding of the important light
harvesting process which plants use for the photochemical transformation and storage of solar energy. We have synthesized
nanocrystalline zeolite L cylinders ranging in length from 300 to 3000 nm. A cylinder of 800 nm diameter, e.g. consists of
about 150 000 parallel tubes. Single red emitting dye molecules (oxonine) were put at each end of the tubes filled with a
green emitting dye (pyronine). This arrangement made the experimental proof of efficient light transport possible. Light of
appropriate wavelength shining on the cylinder is only absorbed by the pyronine and the energy moves along these
molecules until it reaches the oxonine. The oxonine absorbs the energy by a radiationless energy transfer process, but it is
not able to send it back to the pyronine. Instead it emits the energy in the form of red light. The artificial light harvesting
system makes it possible to realize a device in which different dye molecules inside the tubes are arranged in such a way
that the whole visible spectrum can be used by conducting light from blue to green to red without significant loss. Such a
material could conceivably be used in a dye laser of extremely small size. The light harvesting nanocrystals are also
investigated as probes in near-field microscopy, as materials for new imaging techniques and as luminescent probes in
biological systems. The extremely fast energy migration, the pronounced anisotropy, the geometrical constraints and the
high concentration of monomers which can be realized, have great potential in leading to new photophysical phenomena.
Attempts are being made to use the efficient zeolite-based light harvesting system for the development of a new type of
thin-layer solar cell in which the absorption of light and the creation of an electron-hole pair are spatially separated as in
the natural antenna system of green plants. Synthesis, characterization and applications of an artificial antenna for light
harvesting within a certain volume and transport of the electronic excitation energy to a specific place of molecular
dimension has been the target of research in many laboratories in which different approaches have been followed. To our
knowledge, the system developed by us is the first artificial antenna which works well enough to deserve this name. Many
other highly organized dye–zeolite materials of this type can be prepared by similar methods and are expected to show a
wide variety of remarkable properties. The largely improved chemical and photochemical stability of dye molecules inserted
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in an appropriate zeolite framework allows us to work with dyes which otherwise would be considered uninteresting because
of their lack of stability. We have developed two methods for preparing well-defined dye–zeolite materials, one of them
working at the solid–liquid and the other at the solid–gas interface. Different approaches for preparing similar materials
are in situ synthesis (ship in a bottle) or different types of crystallization inclusion synthesis. © 2000 Éditions scientifiques
et médicales Elsevier SAS. All rights reserved.
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1. Introduction [1]

Zeolite nanocrystals can act as hosts for
supramolecular organization of molecules, com-
plexes and clusters, thus encouraging the design of
precise functionalities [2,3]. The main role of the
zeolite framework is to provide the desired geometry
for arranging and stabilizing the incorporated species
[4,5]. Focusing on supramolecularly organized dye

molecules in the channels of hexagonal zeolite L
crystals we have shown that they provide fascinating
possibilities for building an artificial antenna device
which consists of highly concentrated monomeric
dye molecules in a specific geometrical arrangement
[6]. Organic dyes have the tendency to form aggre-
gates even at low concentration [7]. Such aggregates
are known to cause fast thermal relaxation of elec-
tronic excitation energy. The role of the zeolite is to
prevent this aggregation and to superimpose a spe-
cific organization. Dye molecules of appropriate size
are arranged with their long molecular axis along the
one-dimensional channels and they cannot glide past
each other because the channels are too narrow. This
allows the filling of specific parts of the nanocrystals
with a desired type of dye. In such an antenna, light
is absorbed by one of the strongly luminescent chro-
mophores. Due to short distances and the ordering
of the electronic transition dipole moments of the
dyes, the excitation energy is transported by Förster
type energy migration [8] preferentially along the
axis of the cylindrical antenna to a specific trap. We
have recently demonstrated that the insertion of
pyronine and oxonine molecules into the channels of
zeolite L can be visualized with the help of a fluores-
cence microscope [9]. One can observe the ordering
of the dyes in the channels by means of a polarizer.

Theoretical considerations of energy migration as
a series of Förster energy transfer steps have shown
that in materials of this kind energy migration rate
constants of up to 30 steps/ps or even more can be
expected [6]. The principle of the investigated system
is illustrated in Fig. 1.1, where the empty bars repre-
sent donor molecules, e.g. pyronine, located in the
channels of zeolite L. The shaded bars are acceptor
molecules, e.g. oxonine, which act as luminescent
traps at both ends of the cylinder. We define the
occupation probability p as the ratio between the
number of sites occupied by a dye molecule and the
total number of sites available. A site corresponds to
a rectangle. Hence, p adopts values between 0 for an

Fig. 1.1. Representation of a cylindrical nanocrystal consisting of
organized dye molecules acting as donors (empty rectangles) and
an acceptor acting as trap at the front and the back of each
channel (shaded rectangles). The enlargement shows a detail of
the zeolite L channel with a dye molecule and its electronic
transition moment, the ordering of which with respect to the
channel axis depends on the length and the shape of the molecule.
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Fig. 1.2. Representation of a bidirectional antenna; l1Bl2Bl3. A cylindrical zeolite L nanocrystal containing blue emitting dye molecules
in the middle part, followed on both sides by green and then red emitting ones. All dyes are present as monomers and the spectral overlap
integrals between the absorption and the emission spectra are sufficiently large. The arrows indicate the direction of energy migration. In
the scheme below, only one of the two possible directions is indicated. Both directions are possible in each color region. Once a blue photon
has passed into a green or a red region, however, there is no way back. kEM is the rate constant for energy migration, kET is the rate
constant for energy transfer, while kA

F, kDg
F and kDb

F are the rate constants for fluorescence of the acceptor and the green (g) and the blue
(b) emitting donors. The donor molecules are marked as green and blue rectangles while the acceptors are red [3,12].

unloaded zeolite and 1 for a zeolite loaded to its
maximum. The enlargement shows the structure of a
zeolite L channel with a donor molecule, the S0lS1

electronic transition moment of which is aligned
along the channel axis. A nanocrystal of 600 nm
length and a diameter of 800 nm gives rise to more
than 150 000 parallel-lying channels, each of which
bears a maximum of 400 sites for molecules like
oxonine and pyronine.

In the experiments reported in Ref. [10], light is
absorbed by a pyronine molecule located somewhere
in one of the channels. The excitation energy then
migrates along the axis of the nanocrystal, as indi-
cated by the arrows in Fig. 1.1, and is eventually
trapped by an oxonine located at the front or at the
back of the cylinder. The electronically excited ox-
onine then emits the excitation energy with a quan-

tum yield of approximately one. We call this process
front–back trapping [6].

For some applications it is desirable or even neces-
sary to arrange the nanocrystals as monolayers on a
substrate such as a semiconductor, a conducting
glass or a metal. An example is a potential new type
of a dye-sensitized solar cell. In such a device all
incoming light is absorbed within the volume of the
nanocrystals of less than 1 mm length containing
appropriate dye molecules for light harvesting. The
excitation energy is then transported via very fast
energy migration to the contact surface with the
semiconductor. By efficient (radiationless) energy
transfer from an excited dye to the semiconductor, it
creates an electron hole pair in the semiconductor.
This means that the absorption of light and the
creation of an electron hole pair are spatially sepa-
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rated, similar to the natural antenna system of green
plants. The semiconductor could, for example, con-
sist of a very thin silicon layer which by itself would
be much too thin to absorb a significant amount of
light. The electron hole pair can then be separated as
in an ordinary silicon-based solar cell. This would
result in a thin-layer solar cell of only a few mm
thickness [2]. We have shown that crystal-monolay-
ers, of the type needed for realizing such a device,
can be formed with zeolite A and we are confident
that the same will be possible with zeolite L and
other zeolite nanocrystals bearing the appropriate
morphology (see e.g. figure 4 in Ref. [11]). For such
a device monodirectional antenna nanocrystals are
needed, while in plastic solar cells and devices based
on nano- or microporous materials bidirectional an-
tennae can be used [3]. We have recently been able to
prepare a bidirectional antenna with three different
dyes, as illustrated in Fig. 1.2 [12].

2. Zeolite L as a host for thin and long stretched dye
molecules

Like other hexagonal zeolites, zeolite L consists of
linear channels running through the whole nanocrys-
tal (Fig. 2.1). The main channels of zeolite L are
made by the stacking of sections with a length of
0.75 nm in the c-direction. The sections are joined by
shared 12-membered ring windows having a free
diameter of 0.71–0.78 nm. These rings make up the
narrowest parts of the main channel. The largest free
diameter is about 1.3 nm and lies midway between
the 12-membered rings mentioned above [5].

These structural properties determine the kind of
material which can be prepared by inserting organic
dye molecules into the voids of zeolite L. Only
molecules with a diameter less than about 0.75 nm
can enter the channels. Molecules of only 1.3 nm
length or less can, in principle, be arranged in any
direction while longer molecules must align along the
c-axis. In addition, the long molecules cannot stack
above each other if their kinetic diameter is larger
than about 0.4 nm. The anionic framework of zeolite
L has another interesting property. Cationic
molecules can be inserted by means of cation ex-
change, while neutral molecules can be inserted from
the gas phase, a melt or a solution. The combination

of these two possibilities leads to most interesting
materials [12].

Methylviologen MV2+ is too short and too flex-
ible to allow reliable predictions concerning its geo-
metrical arrangement in zeolite L. It was therefore
worthwhile to consider different possible orienta-
tions. On the base of a detailed study including
Rietveld refinement of X-ray data and molecular
modeling we found that the MV2+ lies along the
channel wall, and that the angle between the main
MV2+ axis and the c-axis of the zeolite is 27° [13].
This is illustrated in Fig. 2.2.

MV2+, for which an occupation probability per
unit cell of about 0.85 was found, can be considered
as a limiting case. Larger and less flexible molecules
must align along the c-axis. The occupation proba-
bility p is always defined with respect to the number
of sites available for a given molecule. This means
that p takes values between zero and one, indepen-
dent of the size of the dye molecules. This definition
has many advantages as we will see later.

Zeolite L crystals with cylindrical morphology can
be prepared. The c-crystal axis and the long axis of
the cylinder coincide [6,14]. An electron microscopy
side view of a zeolite L crystal of about 1500 nm is
illustrated in Fig. 2.3. In the same Figure we show
that in crystals of this size insertion of dyes into the
channels can be observed by means of optical
fluorescence microscopy. One can see how the
molecules penetrate the cylinders from the bottom
and the top surface. After an exchange time of 5 min
at 98°C with pyronine, its characteristic green
fluorescence can be observed at both ends of the
cylinder while the section in the middle remains
dark. During this short exchange time, the dye
molecules coming from both sides only penetrate a
small part of the channels. After an exchange time of
2 h, the fluorescent areas have become larger because
the dyes on both sides have moved towards the
center. If the sample is now exchanged with oxonine
for 2 h, a stacking of the molecules inside the tubes
is achieved. This is visible by the green emission of
the pyronine in the middle and the yellow emission
of oxonine near the bottom and the top of the
surface. The stacking of the dyes shows that during
the oxonine exchange, the inserted pyronine does not
leave the zeolite anymore. It also showws that
inside the channels the dyes cannot glide past each
other.
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Fig. 2.1. Simplified drawing of a zeolite L channel containing a
dye molecule, visualizing the geometrical requirement for a small
molecule or ion to pass the dye molecule [19].

enter them and which therefore adsorb only at the
outer surface. Out of the many possible examples we
give only two in Fig. 3.1 for which some experimen-
tal results will be reported.

4. Insertion equilibria

In this chapter we describe equilibria between dyes
inside the zeolite L channels and dyes outside either
in gas phase or in solution. We assume that the dye
molecules only interact with the zeolite framework,
including the cations and small molecules like water
present in the channels, but that they do not interact
with themselves for geometrical reasons. We rely on
a recently published study of non interacting parti-
cles in microporous materials [15]. Some conse-
quences of results reported there are discussed with
respect to the following three cases:

Solid-gas equilibrium : dye molecules D in the gas
phase (g) are in equilibrium with dye molecules in
the channels of the zeolite Z. The parameter r counts
the number of sites occupied by dye molecules. Its
values range from 0 to nbox. nbox is equal to the
number of sites in one channel. In case of a 300 nm
long zeolite and a 1.5 nm long dye, which occupies
two unit cells, nbox is equal to 200.

ZDr−1+D(g)?ZDr (4.1)

Displacement equilibrium : neutral dye molecules D in
the zeolite ZDrXp−x can be displaced by x molecules
of X. The states of X(out) and D(out) have to be
specified.

Fig. 2.2. Location of methylviologen in zeolite L. Left: view along
the channel axis showing the position and orientation of a
molecule. Right: side view of the channel depicting the observed
arrangement of the molecules [13].

3. Dyes discussed in this article

The dyes reported in Table 3.1 have been inserted
into zeolite L. For additional dyes which have been
inserted into zeolite L so far we refer to Refs. [2,12].

Interesting experiments can be made with
molecules of similar structure as those inserted into
the channels of zeolite L, but which are too large to

Fig. 2.3. Upper: electron microscopy picture of a zeolite L crystal with a length of 1500 nm. Lower: fluorescence microscope pictures of
single zeolite crystals of the same length. Left: after 5 min exchange with pyronine; middle: after 2 h exchange with pyronine; right: after
additional 2 h exchange with oxonine [9].
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Table 3.1
Names, formulae and approximate values for the maxima of absorption (abs) and emission (em) of inserted dyes discussed in this article

Fig. 3.1. Dyes which only adsorb at the outer surface of zeolite L
[16,17]. Left: cresylechtviolet. Right: Ethyleneblue.

ZDr−1Xp+D(out)?ZDrXp−x+xX(out) (4.2)

Ion exchange equilibrium : in most experiments de-
scribed here, monovalent cationic dyes have been
used. D+

S and M+
S denote the dye cation and the

alkali metal cation in solution. Z stands for zeolite
and Y describes the cation concentration inside the
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Fig. 4.1. Dependence of the equilibrium constant K for insertion
of a dye in zeolite L as a function of the occupation probability pr,
calculated for K1=7.75×108.

Kr+1=Kr

� r
r+1

nbox−r
nbox−r+1

n
(4.7)

It is sufficient to know, e.g. K1, from which all other
Kr can be calculated. The decrease of Kr with in-
creasing r is due to the fact that the entropy of the
system decreases with increasing loading. It is most
pronounced for very low or very high loading. This
is illustrated in Fig. 4.1 where the dependence of the
equilibrium constant Kr as a function of the occupa-
tion probability is shown for K1=7.75×108. From
this it follows that the dye insertion is complete for
low loading, but that the situation changes for
higher loadings. This fact must be taken into ac-
count when doing experiments of the type described
in this article.

For a better understanding of the consequences of
this relation it is useful to discuss an example more
explicitly. We choose the ion-exchange equilibrium
(4.3). The total concentration of dye molecules inside
an ensemble of zeolite nanocrystals dispersed in a
solvent [DZ]tot, expressed with respect to the total
volume under consideration, is:

[DZ]tot= %
nbox

r=1

r [ZYn box−rDr ] (4.8)

The total number of channels A0, expressed in terms
of the total number of zeolite L unit cells uc is given
by:

A0=
uc

s ·nbox

(4.9)

where s is the number of unit cells required by one
dye molecule (s=2 for e.g. pyronine or oxonine).

Using equation (16) of Ref. [15] the individual
concentrations [ZYn box−rDr ] can be expressed as
follows:

[ZYn box−rDr ]=
([DS

+][MS
+])r 5

r

j=0

Kj

%
nbox

i=0

�
([DS

+] [MS
+])i 5

i

j=0

Kj
� A0 (4.10)

In this equation K0=1, by definition. Using the
abbreviation:

fr=
r

r+1
nbox−r

nbox−r+1
(4.11)

and therefore Kr+1=Krfr and defining f0=1, we
find after some rearrangement for r=1, 2, …, nbox:

zeolite. For monovalent cations and dyes which oc-
cupy two unit cells in zeolite L (e.g. pyronine or
oxonine) we must use Yn box−r= [(M+

18)n box−r(M+
17)r ]

to describe the state of a given channel. An empty
site contains 18 M+ cations. Only one of them can
be exchanged by a singly charged dye D+ cation. By
the exchange of rD+ molecules the number of sites
containing 18 cations is reduced by r, and r sites
containing only 17 alkali cations are formed.

ZYn box− (r−1)Dr−1+DS
+?ZYn box−rDr+MS

+

(4.3)
Using the abbreviation SG for solid–gas, DI for
displacement and IE for ion exchange, the equi-
librium constants for these three cases can be ex-
pressed as follows:

Kr
SG=

[ZDr ]
[ZDr−1][D(g)]

(4.4)

Kr
DI=

[ZDrXp−x ]
[ZDr−1Xp ][D(out)]

[X(out)]x (4.5)

Kr
IE=

[ZYn box−rDr ]
[ZYn box− (r−1)Dr−1][DS

+]
[MS

+] (4.6)

These equations show that the equilibrium constants
depend on r. All three cases correspond to the
situation expressed in equations (26)–(29) of our
study on particle distribution in microporous materi-
als [15]. This means that the r-dependence of the
equilibrium constants KSG

r , KDI
r , K IE

r can be de-
scribed by the same formula:
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[ZYn box−rDr ]=
([DS

+][MS
+]K1)r 5

r−1

j=0

f j
r− j

%
nbox

i=0

([DS
+][MS

+]K1)i 5
i

j=0

f j
i− j

A0

(4.12)

By using this equation it is possible to calculate the
distribution of channels containing a certain amount
of dye molecules as a function of the dye concentra-
tion in the solvent (see Fig. 4.2).

Eq. (4.12) can be inserted into Eq. (4.8) which
leads to the following expression:

[DZ]tot=
A0

1+ %
nbox

i=1

�
([DS

+][MS
+]K1)i 5

i

j=0

f j
i− j�

%
nbox

r=1

r([DS
+][MS

+]K1)r 5
r−1

j=0

f j
r− j (4.13)

This equation can be used to determine the equi-
librium constant K1 because the dye concentration in
solution [DS

+], the cation concentration in solution
[MS

+], the total number of channels available A0, the
number of sites per channel nbox, and the total dye
concentration [DZ]tot can be measured. A numerical
solution of Eq. (4.13) is easy to obtain.

Fig. 4.3 shows the total concentration of dye
molecules in the channels of zeolite L [DZ]tot ex-
pressed as occupation probability p, versus the dye
concentration in solution in units of the total num-

Fig. 4.3. Total concentration [DZ]tot of dyes in the channels
expressed as occupation probability p, vs. the concentration of
free dyes in solution expressed in units of the total number of
available sites uc/2, calculated with the same parameters as used
in Fig. 4.2.

ber of available sites uc/2. From the results illus-
trated it follows that it is easy to prepare materials
with low loading but that sophisticated techniques
are needed for high loading.

Only few data are available for this kind of analy-
sis. In addition to the pyronine zeolite L data pre-
sented above, exchange isotherms have been
measured for thionine zeolite L [16] and for
methylviologen MV2+. An experimental result for
potassium zeolite L suspended in water and ex-
changed at room temperature is shown in Fig. 4.4.
For details see Ref. [13].

Fig. 4.2. Distribution of channels containing 1, 2, 3, 4, 5 or 6 dye
molecules in equilibrium as a function of the dye concentration in
the solvent, calculated by means of Eq. (4.12) for: K1=7.75×108,
[M+

S ]=1.9×10−3 M, nbox=100 and A0=4.4×10−7 M. The
free dye concentration is expressed in units of the total number of
available sites uc/2.

Fig. 4.4. Occupation probability p of the MV2+-loaded zeolite L
at room temperature as a function of CMV2+, which is the number
of mol of MV2+ per mol of zeolite L unit cells present in the
aqueous suspension. Experiments with self-synthesized zeolite L
(dotted) and with commercial zeolite (Linde type ELZ-L, Union
Carbide) (solid) [13].



G. Calzaferri et al. / Solid State Sciences 2 (2000) 421–447 429

5. Dyes adsorbed at the outer surface

All cationic and neutral dyes have the tendency to
adsorb at the outer surface of the zeolite nanocrys-
tals. Their properties at the inner and outer surface
of zeolites can be very different. It is therefore useful
to make a guess at how many molecules can adsorb
as a monolayer on a given amount of zeolite L. The
number of molecules nD needed for a monolayer on
a cylinder of equal length and diameter can be
expressed as follows:

nD=
Azeol

AD

·
1

NA

=
mzeol

rzeollcyl

·
6

ADNA

(5.1)

Azeol is the outer surface of the zeolite cylinders, lcyl

is their length, rzeol is the density, mzeol is the total
amount of zeolite in g, AD is the surface required by
one dye lying flat on the zeolite (typically 1.33 nm2)
and NA is Avogadro’s number. For zeolite cylinders
of 600 nm average length this leads to:

nD=mzeol·5.8×10−6 mol
g

(5.2)

The number of molecules nZ which can be placed on
one cylinder of equal length and diameter is:

nZ=
3
2

p
l cyl

2

AD

(5.3)

The number of unit cells uc of a zeolite crystal of
radius rcyl is:

uc=
2p


3
lcylr cyl

2 1
�c ��a �2 (5.4)

where �c �=0.75 nm and �a �=1.85 nm are the lengths
of the unit cell along the corresponding crystal axis.

From this we find that about 106 molecules form a
monolayer on a 600 nm zeolite L crystal. This num-
ber can be compared with the 7.7×107 unit cells of
such a crystal. It is not yet known under what
conditions real monolayers are formed. We expect a
large difference in affinity towards the bottom and
top surface and the coat. This topic is currently
under investigation.

Cationic dye molecules have the tendency to form
aggregates on the zeolite surface as can be observed
by means of UV–Vis and luminescence spec-
troscopy. An interesting experiment was reported
with thionine [2]: when zeolite L is added to an
aqueous thionine solution, aggregates on the zeolite
surface are immediately formed, as indicated by the
violet color (see Fig. 5.1). When boiling the sample
for about 1 min a sudden color change is observed
from violet to blue. The dye molecules slip into the
zeolite L channels where only monomers can exist
for spatial reasons. The blue color remains when the
test tube is cooled to room temperature.

In an additional step, not illustrated in Fig. 5.1,
we add to the three test tubes on the right a few
drops of a 13% hypochlorite solution. The effect is
striking: while the color of the first sample on the left
fades rapidly, nothing happens to the sample that
was boiled. This illustrates how insertion of a dye
into an appropriate host can change properties. This
experiment is used in our laboratory as a convenient
probe to check the success of a zeolite L synthesis. If
the test is negative, we can skip the more involved

Fig. 5.1. Experiment illustrating the formation of aggregates when zeolite L is added to a solution of thionine in water and the formation
of monomers upon heating. Left: two test tubes 1 and 3 containing 4 ml of a 2×10−5 M aqueous solution of thionine monomers. The
test tube 2 contains pure water and serves as a reference. Middle: addition of 2 ml of a zeolite suspension (0.2 g zeolite L in 10 ml water)
to each of these test tubes results in thionine aggregates immediately formed at the outer surface of the crystals (1 and 3). Right: the test
tube 3 was heated to near boiling for about 1 min. The color change observed is caused by the molecules entering the channels of the zeolite
where they can exist only as monomers.
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Fig. 5.2. Spectra of a thionine zeolite L suspension in water at
70°C measured at different times after mixing. 1: 0 min; 2: 4 min;
3: 20 min; 4: 2 h; 5: 4 h; 6: 24 h. The spectrum of thionine in
aqueous solution (2×10−5 M) at room temperature is given as a
reference (marked by an asterisk) [16].

(TH+)m
n

ads

[mTH+]cage (5.5)

Mn− t
+ L

�� t
m

−1
�

(TH+)m

n
ads

[mTH+]cage�Mn− t
+ L

�� t
m

−2
�

(TH+)m

n
ads

[2mTH+]cage

m, n and t are stoichiometry coefficients.
The intense band of the aggregates at short wave-

lengths decreases upon insertion and eventually dis-
appears completely when all of the dye is inserted. It
corresponds to what we expect for parallel aggre-
gates [7]. This means that the thionine molecules lie
on top of each other in the aggregates, so that their
electronic pp* transition moments are parallel.

Similar observations have been reported for ox-
onine [17]. Insertion of this dye can be followed by
means of absorption and fluorescence spectroscopy.
We observe a band at short wavelengths in the
absorption spectrum which disappears with time.
The fluorescence intensity increases simultaneously.
The aggregates are assumed to be parallel for the
same reason as explained for thionine. They quench
the fluorescence very efficiently. Oxonine is too large
to form aggregates inside the zeolite L channels
where its fluorescence is no longer quenched (see Fig.
5.3).

If dye-loaded zeolite L crystals are suspended in a
solvent which for steric or polarity reasons cannot
enter the zeolite cages, the dyes at the outer surface
and those inside the cavities will feel a different
environment. Hence they show a different absorp-
tion spectrum. The sensitivity of absorption proper-
ties towards solvent polarity is called solvatochromy

powder X-ray and SEM characterization and start a
new synthesis. Hypochlorite can also be used to
destroy unwanted molecules adsorbed at the outer
surface of the zeolite.

More quantitative information is obtained by
means of UV–Vis spectroscopy. In Fig. 5.2 we illus-
trate the change of the absorption spectra of an
aqueous dispersion of zeolite L and thionine. These
spectra illustrate that the kinetics of the adsorbed
dye on the outer zeolite surface [t/m(TH+)m ]ads go-
ing into the channels (expressed as [mTH+]cage) can
be written as follows (for details see Ref. [16]):

Mn− t
+ L

� t
m

(TH+)m
n

ads

�Mn− t
+ L

�� t
m

−1
�

Fig. 5.3. Left: fluorescence spectra of oxonine zeolite L dispersions at r.t. measured at different times after mixing an aqueous zeolite
suspension with the dye: 10 s, 30 s, 90 s, 4 min, 4 h, 18 h (bottom to top). The excitation wavelength was 580 nm. Right: absorption spectra
measured under the same conditions: 1: 30 s; 2: 9 min; 3: 190 min; 4: 1 day; 5: 7 days [17].
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Fig. 5.4. Absorption spectra of oxonine zeolite L (left) and of methyleneblue zeolite L (right) suspensions in different solvents. Cyclohexane
(dashed), CH2BrCl (dotted), water (solid). The spectra on the left are shifted because otherwise they would coincide.

Fig. 6.1. Processes taking place in a zeolite L crystal containing a
mixture of donor (pyronine) and acceptor (oxonine) molecules,
after excitation of a donor. kET is the rate constant for energy
transfer, while kA

F and kD
F are the rate constants for fluorescence

of the acceptor (red rectangles) and the donor (green rectangles),
respectively.

[18]. Fig. 5.4 compares spectra of oxonine which
does enter the zeolite L channels and methyleneblue
which we found to be too large to enter under the
applied conditions [16]. The absorption spectra of
the oxonine zeolite L nanocrystals are the same in
water, CH2ClBr and cyclohexane. The spectra of
methyleneblue zeolite L samples are, however, sig-
nificantly different. The dramatic change of the spec-
trum in water is due to the formation of parallel
aggregates.

Additional experiments with molecules located at
the outer surface of the zeolite are discussed in
Sections 7 and 11.

6. An elegant experiment for visual proof of energy
transfer

An experiment for the visual proof of the energy
transfer between dyes in zeolite L is based on the
observation that pyronine and oxonine cations are
incorporated from an aqueous solution with about
equal rates. It is therefore possible to realize the
situation illustrated in Fig. 6.1 in which the donors
are pyronine and the acceptors oxonine molecules.
The mean distance between donors D and acceptors
A can easily be changed by varying the occupation
probability. The main processes in this experiment
are energy transfer and luminescence. Energy migra-
tion between the donor molecules and between the
acceptor molecules, which are of similar probability
as the energy transfer, and also radiationless relax-
ation processes are not indicated.
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Fig. 6.2. Photographic picture of the fluorescence of suspensions 1–5 after excitation at 256 nm illustrating the increasing pyronine to
oxonine energy transfer rate from left to right. The dye concentration inside the nanocrystals is increased in each sample from left to right.
The experiment was carried out with zeolite L of 300 nm average length [9].

To carry out the experiment we have two possibil-
ities: the first is to work with a constant total
amount of oxonine and pyronine and to vary the
amount of zeolite L. The second is to work with a
constant amount of zeolite L but to vary the amount
of oxonine and pyronine. Both lead to dye-loaded
zeolite L nanocrystals with different occupation
probabilities and therefore varying donor to accep-
tor distances. In aqueous dispersions the first type of
experiment gives better results for visual demonstra-
tion, while the second possibility is more satisfactory
for quantitative investigations because light scatter-
ing is constant for each sample. The five suspensions
illustrated in Fig. 6.2 have been prepared by starting
with aqueous solutions containing the same amount
of oxonine and pyronine (10−6 M). To 2.5 ml of
these solutions a decreasing amount of zeolite L
(average length of the nanocrystals 300 nm) was
added: 1, 10 mg; 2, 4 mg; 3, 2 mg; 4, 1 mg; 5, 0.5 mg.
Under these conditions incorporation of the dyes is
quantitative when boiling the samples under reflux
for 2 h. The concentration of each dye inside the
nanocrystals was 1, 5×10−4 M; 2, 1.25×10−3 M;
3, 2.5×10−3 M; 4, 5×10−3 M; 5, 1.0×10−2 M. A
rough estimate of the mean donor to acceptor dis-
tance RDA can be obtained by assuming isotropic
conditions:

RDA=
� 3

4p
·

1
cANA

n1/3

(6.1)

NA is Avogadro’s number and cA is the concentra-
tion of oxonine in the zeolite nanocrystal. From this
we obtain the following mean donor–acceptor dis
tances: 1, 93 A, ; 2, 68 A, ; 3, 54 A, ; 4, 43 A, ; 5, 34 A, .

A more sophisticated theoretical treatment, which
takes the anisotropy of the material into account can
be found in Ref. [6].

Taking into account radiationless processes,
namely internal conversion kIC, intersystem crossing
kISC, and bimolecular quenching kQ[Q] with a
quencher Q, the time-dependent concentrations of
the donor D and the acceptor A in the excited singlet
state S1, [DS1

] and [AS1
] can be expressed as follows:

d[DS1
]

dt
= jabs− (kET+kF

D+k IC
D +k ISC

D +kQ
D[Q ])[DS1

]

= jabs− [DS1
] % kd

D (6.2)

d[AS1
]

dt
=kET[DS1

]− (kF
A+k IC

A +k ISC
A +kQ

A[Q ])[AS1
]

=kET[DS1
]− [AS1

] % ka
A (6.3)

where jabs is the number of photons absorbed per
unit time. The fluorescence quantum yield of the
donor FD

F and of the acceptor FA
F under stationary

conditions is therefore:

FF
D=

kF
D

% kd
D

(6.4)

FF
A=

kET

% kd
D

·
kF

A

% ka
A

(6.5)

A quantity which in many cases can easily be mea-
sured, even in a heterogeneous system, is the ratio
between these two fluorescence quantum yields. We
therefore write:
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FF
A

FF
D=kET·

kF
A

kF
D % ka

A

(6.6)

This equation shows that the ratio between the accep-
tor and donor fluorescence quantum yields is directly
proportional to the energy transfer rate constant kET.
The rate constant kET

ij for energy transfer from an
excited dye molecule on site i to an unexcited one on
site j depends on the fluorescence quantum yield Fi of
the donor in absence of acceptors, on its natural
lifetime ti, on the refractive
index n of the medium, on the geometrical factor Gij,
on the spectral overlap Jij of the donor emission and
the acceptor absorption spectra, and on the
occupation probabilities pi and pj of the respective
sites [6].

kET
ij =

9(ln 10)
128p5NAn4

Fi

ti

Gij Jijpipj (6.7)

The absorption and fluorescence spectra of pyronine
and oxonine in Fig. 6.3 illustrate the large pyronine/
pyronine, pyronine/oxonine and oxonine/oxonine
spectral overlap, which is one of the reasons why
these dyes are well suited for these experiments (see
Section 8).

The geometrical factor Gij takes into account the
influence of the geometrical arrangement of a donor
i and an acceptor j. It depends on the distance Rij and
on kij. The latter describes the relative orientation in
space of the transition dipole moments (mS1�S0

)i

and (mS1�S0
)j of the donor i and of the acceptor j,

respectively:

Gij=
k ij

2

Rij
6 (6.8)

For energy transfer from an excited donor d to
acceptors a, the rate constant kd

ET can be expressed as
follows:

kET
d =%a kET

da =
9(ln 10)

128p5NAn4

Fd

t
d

%a Gda Jdapa (6.9)

In this equation pd is equal to one and does therefore
not appear, because we describe energy transfer from
a donor which is excited with a probability equal to
one. In addition, we average over many such events
taking place in many different nanocrystals with
similar geometrical environment �Sa Gda�. Since Jda

also appears as an average quantity, Eq. (6.9) can be

Fig. 6.3. Absorption (solid) and corrected emission (dashed) spec-
tra of pyronine zeolite L and oxonine zeolite L suspended in
water. The maxima of all spectra were adjusted to equal height.
The spectral overlap regions of the two dyes are shaded; the
pyronine/oxonine spectral overlap is not marked.

simplified as follows:

kET
d =

9(ln 10)
128p5NAn4

Fd

td

�Jda�#%a Gda
$

pa (6.10)

Inserting this expression into Eq. (6.6), we obtain [3]:

FF
A

FF
D=

>
kF

A

kF
D % ka

A

9(ln 10)
128p5NAn4

Fd

td

�Jda�#%a Gda
$?

pa

(6.11)
This equation tells us that the ratio of the acceptor to
donor luminescence quantum yield is proportional to
the acceptor occupation probability pa. Provided that
all values in the curved brackets are kept constant we
can write:

FF
A

FF
D=C ·pa (6.12)

where C is equal to:

C=
kF

A

kF
D % ka

A

9(ln 10)
128p5NAn4

Fd

td

�Jda� #%a Gda
$

(6.13)

Eq. (6.12) can best be tested by carrying out the
second type of experiment mentioned at the begin-
ning of this chapter, namely by working with a
constant amount of zeolite L but by varying the
amount of oxonine and pyronine. Under these condi-
tions light scattering is constant. The results of such
an experiment are illustrated in Fig. 6.4 for occupa-
tions pa:2a×0.0015, a=0, 1…4, which cor-
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Fig. 6.4. Fluorescence spectroscopic examinations of five suspen-
sions with pa=0.0014, 0.0036, 0.0072, 0.0144 and 0.0288 after
specific excitation of pyronine at 465 nm. Left: fluorescence
spectra normalized to the same peak height for the pyronine
emission at about 520 nm. The intensity of the oxonine emission
(peak on the right) increases with increasing pa. Right: ratio of the
fluorescence intensity Fox of the acceptor (oxonine) and the donor
(pyronine) Foy as a function of the loading pa of the zeolite L.

carried out in a slightly different way show the same
behavior.

7. Insertion and exit kinetics

The energy transfer in the channels of zeolite L
discussed in Section 6 can be used for measuring the
insertion kinetics. A situation as illustrated in Fig.
7.1 must be prepared at the beginning of the experi-
ment. Immediately after all dye molecules have en-
tered the zeolite channels maximum energy transfer
is observed because the donor to acceptor distance is
short. When the molecules diffuse into the channels
the donor to acceptor distance increases and hence
the energy transfer rate decreases. From this the
insertion kinetics can be derived.

From Eqs. (6.6) and (6.7) we find that the ratio of
the acceptor to donor fluorescence yield, which is
equal to the ratio of the corresponding intensities I,
at position z of a microcrystal at time t, is given by:

FF
A

FF
D (z, t)=

IF
A

IF
D (z, t)=C ·pA (z, t)·pD (z, t) (7.1)

What we can observe with our instrumentation is an
average over the whole microcrystal, which means an
average over z :

IF
A

IF
D (t)=

#IF
A

IF
D (z, t)

$
=C ·�pA (z, t)·pD (z, t)� (7.2)

where C is given by Eq. (6.13). If an experiment is
carried out so that the occupation probabilities
pA(z, t) and pD(z, t) are equal, they can be expressed
as follows:

respond to dye concentrations inside of each
nanocrystal of 2a×0.0006 M. The experiment was
carried out with zeolite L of 700 nm average length.
The fluorescence spectra on the left side of Fig. 6.4,
measured after specific excitation of pyronine, show
that at the lowest loading the green emission of
pyronine with a maximum at about 520 nm domi-
nates. An increase in the loading causes this emission
to decrease and the oxonine emission with a maxi-
mum at about 605 nm to increase. At p=0.0288 the
oxonine emission clearly dominates. The ratio of the
acceptor to donor fluorescence intensity illustrated
on the right side of Fig. 6.4 shows that the linear
relation (Eq. (6.12)) holds with a constant C=121
site. The bathochromic shift of the maximum
of the pyronine emission band is due to self-absorp-
tion and re-emission, which will be discussed in
Section 9. Data reported in Ref. [9] for experiments

Fig. 7.1. Diffusion of dye molecules in the channels of zeolite L measured by means of Förster energy transfer. An idealized situation at
the beginning of the experiment is shown. The donor molecules are marked as green and the acceptors as red rectangles.
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Fig. 7.2. Initial state of a channel and state after diffusion has occurred for some time.

p(z, t)=
p0


4pDt
%
nz

−nz

e− (z−nz )2/(4Dt) (7.3)

where D is the diffusion coefficient, t the time, p0 the
distribution at time t=0 and 2nz+1 is the number
of sites nbox in a channel. This situation is illustrated
in Fig. 7.2.

If the channels used in an experiment are long
enough, so that they consist of at least a few hun-
dred sites, the reasoning can be simplified as follows:
first we assume that at time t=0 the system is
prepared so that the initial distribution of the donor
and the acceptor molecules can be assumed to be
equal:

pD
0 :pA

0 (7.4)

Then we assume that the number of sites in the
channels extends to infinity, so that the situation can
be described as illustrated in Fig. 7.3.

Applying these assumptions, the donor and the
acceptor distributions can be expressed as follows:

pD(z, t)=
pD

0


4pDt
e−z2/(4Dt) (7.5)

pA(z, t)=
pA

0


4pDt
e−z2/(4Dt) (7.6)

Inserting this into Eq. (7.2) results in:

IF
A

IF
D (t)=

#IF
A

IF
D (z, t)

$

Fig. 7.3. Initial state of a channel extending to infinity. The
Gaussian distribution expressed by Eq. (7.5) is also shown.

=C ·
# pA

0


4pDt
e−z2/(4Dt)·

pD
0


4pDt
e−z2/(4Dt)$

(7.7)

Using Eq. (7.4) this can be expressed as:

IF
A

IF
D (t)=C ·

(p0)2

4pDt
&�

−�

e−z2/(2Dt) dz (7.8)

which leads to:

IF
A

IF
D (t)=C ·

(p0)2


8p

1


Dt
(7.9)

The result of an experiment is illustrated in Fig. 7.4.
It shows that the (Dt)−1/2 dependence is well fulfilled
after an initial preparation time.

A different approach was used for measuring the
exit kinetics of an anionic dye [19].
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Fig. 7.4. Insertion kinetics observed on zeolite L crystals of 1400
nm length at 80°C in an aqueous suspension. A: relative intensity
(IA

F/ID
F )(t) vs. time. B: relative intensity (IA

F/ID
F )(t) vs. 1/
t and

linear regression through the last 20 points on the left.
Fig. 8.1. Fluorescence and excitation spectra of pyronine zeolite L
(A) and oxonine zeolite L (B) at 80 K (solid), 193 K (dotted) and
293 K (dashed). The fluorescence spectra have been scaled to the
same height as the corresponding excitation spectrum.

8. Temperature dependence of the spectral overlap

The spectral overlap Jij is equal to the integral of
the corrected and normalized fluorescence intensity
fi(l) of the donor multiplied by the extinction coeffi-
cient oj(l) of the acceptor as a function of the wave
number l :

Jij=
&�

0

oj(l( )fi(l( )
dl(
l( 4 (8.1)

Jij is expressed in units of cm3 M−1.
We have investigated the temperature dependence

of the spectral overlap of the following donor/accep-
tor pairs in the channels of zeolite L: pyronine/py-
ronine, oxonine/oxonine and pyronine/oxonine.
Dye-loaded zeolite L layers were prepared on circu-
lar quartz plates (15 mm in diameter) by depositing
a calculated volume of an aqueous suspension of
dye-loaded zeolite L (occupation p=0.01) and dry-
ing overnight. The resulting layers where of about
3000 nm average thickness. Figs. 8.1 and 8.2 show

Fig. 8.2. Fluorescence spectra of pyronine zeolite L (left) and
excitation spectra of oxonine zeolite L (right) at 80 K (solid), 193
K (dotted) and 293 K (dashed). The fluorescence spectra have
been scaled to the same height as the corresponding excitation
spectrum.
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the excitation and fluorescence spectra for the inves-
tigated donor/acceptor pairs at three different tem-
peratures. For a specific dye molecule the maximum
of the excitation spectrum measured at room temper-
ature was set equal to the extinction coefficient at the
absorption maximum in aqueous solution. The inte-
grals of the excitation spectra were then normalized
to the integral of the corresponding spectrum at
room temperature. This is reasonable because the
oscillator strength f of a transition n�m does not
depend on the temperature. f can be expressed as
follows:

f=
8p2l( cme

3he2 �m� nm
ed �2 (8.2)

Thereby the electronic transition-dipole moment m� nm
ed

between two wave functions cn and cm is defined as:

m� nm
ed =�cn �m� ed�cm� (8.3)

The oscillator strength is a temperature independent
intrinsic property of a molecule. The relation be-
tween the molar decadic extinction coefficient o and
the oscillator strength f can be expressed as follows
[20]:

f=4.32×10−9 &
band

o(l( )dl( (8.4)

The spectral overlap of the investigated donor/accep-
tor pairs does not change significantly in the temper-
ature range from 80 to 300 K (see Fig. 8.3). The
large difference between the absolute values of the
overlap integrals of oxonine/oxonine and pyronine/
pyronine is due to a different Stokes shift (140 cm−1

for oxonine, 560 cm−1 for pyronine). Note that
there is a nice mirror symmetry between excitation
and fluorescence spectra for these two cases. This is
not given in the case of the pyronine/oxonine over-
lap integral, which concerns the opposite side of the
spectra (low energy side of the fluorescence spectrum
and high energy side of the excitation spectrum).

The results shown so far suggest that the spectral
overlap between the absorption and fluorescence
spectrum of a molecule does not change significantly
with temperature. However, there are cases where
this is not true. For DPH in zeolite L (p=0.5) we

Fig. 8.4. Fluorescence and excitation spectra of DPH-loaded
zeolite L at 100, 180, 200, 240 and 293 K (top to bottom). The
fluorescence spectra have been scaled to the same height as the
corresponding excitation spectrum. The excitation spectra have
not been normalized to the same integral in order to demonstrate
the decreasing fluorescence intensity with increasing temperatures.

Fig. 8.5. Temperature dependence of the spectral overlap of
DPH-loaded zeolite L. Note that the values are ten times smaller
compared with the overlap integrals in Fig. 8.3.

Fig. 8.3. Temperature dependence of the spectral overlap of the
investigated donor/acceptor pairs in the channels of zeolite L.
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found an increasing spectral overlap with increasing
temperature. In Fig. 8.4 we chose a different way of
presenting the spectra, since the fluorescence quan-
tum yield of DPH strongly depends on the tempera-
ture. The excitation spectra were not normalized to
the same integral for graphical presentation. Fig. 8.5
compares the values of the spectral overlap integral
at different temperatures.

9. Self-absorption and re-emission of fluorescence

A general phenomenon with which we have to be
concerned is the fact that there is some overlap
between the absorption and the emission spectra for
most luminescent organic dyes. This is illustrated in
Fig. 6.3 where we show the absorption spectrum of
pyronine superimposed on its fluorescence spectrum,
as an example. The observed overlap allows a
fluorescent photon to be absorbed by a molecule of
the same type. Such re-absorption is termed self-ab-
sorption and the emission of the secondary photons
is termed re-emission. Depending on the spectral
characteristics of a dye, its concentration, its relative
orientation, the geometry of the sample and the
refractive index of the solvent, several self-absorp-
tion and re-emission processes can take place.

A(S0)+photon�A(S1)

A(S1)�A(S0)+photon%

A(S0)+photon%�A(S1)

A(S1)�A(S0)+photon%% etc.

Self-absorption and re-emission processes are some-
times called ‘trivial energy transfer mechanisms’ [8].
This term is misleading because the consequences of
such processes can be quite complex and interesting
[21,22]. We will presently ignore many possible com-
plications and only discuss cases where the line shape
of the absorption and of the emission spectra can be
thought of as homogeneous due to the rapid ex-
change that occurs between the various ensembles.

9.1. Spherical geometry

Consequences of self-absorption and re-emission
can best be discussed by assuming spherical geome-
try. This situation is experimentally approached if
photons out of a small solid angle are collected, as

Fig. 9.1. Spherical geometry: S=source of emission and D=
point of detection.

illustrated in Fig. 9.1. We further assume that the
only concentration-dependent process that can affect
the luminescence decay parameters with respect to
infinite dilution is self-absorption/re-emission. Our
derivation holds for situations where the excitation
intensity is low enough so that the concentration of
molecules in the excited state is small. The absorp-
tion of light by them can therefore be neglected.
First, we consider the spectral properties of the
re-emitted photons in relation to the emission spec-
trum at infinite dilution. Second, the time evolution
of the first re-emission is calculated for a single
exponential decay and also for a sum of single
exponential decays.

E(l) describes the normalized emission spectrum
at the source of emission and a(l) the absorption
probability between the source of emission and the
point of detection:

a(l)=1−10−o(l)cr (9.1)

o(l) is the molar extinction coefficient, c the concen-
tration in mol/L and r the path length. The total
fraction of fluorescence photons atot absorbed be-
tween the source of emission S and the point of
detection D in the sample is described by:

atot=
&

l

E(l)a(l) dl (9.2)
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The spectrum of the primary emission F0(l) at the
point of detection is different from E(l), due to
self-absorption:

F0(l)= [1−a(l)]E(l) (9.3)

with h as fluorescence quantum yield, we obtain for
the first re-emission at the point of detection:

F1(l)=hatot[1−a(l)]E(l)=hatotF0(l) (9.4)

and for the jth re-emission:

Fj(l)= (hatot) jF0(l) (9.5)

The observed total emission FT(l) is the sum of all
contributions:

FT(l)=F0(l) %
n

j=0

(hatot) j (9.6)

A conclusion which can be drawn is that each emis-
sion has the same spectrum F0(l) if detected at the
same point and its shape does not depend on the
fluorescence quantum yield. This is correct as long as
the emission spectrum E(l) at the source of emission
and also the absorption probability a(l) do not
change. We illustrate the consequences of self-ab-
sorption and re-emission in Fig. 9.2 for pyronine as
a typical example for dyes with a large overlap
between the absorption and the fluorescence spec-
trum. For dyes with a smaller spectral overlap the
effect is smaller and for dyes with a larger spectral
overlap it is even more pronounced.

The example corresponds to a 10−5 M concentra-
tion in a 1 cm cuvette or a 0.1 M concentration in a

1000 nm layer with an isotropic transition moment
distribution of the molecules. For highly ordered dye
molecules and a 1000 nm layer it corresponds to
0.033 M. The calculated shift of the maximum of the
fluorescence spectrum FT(l) as a function of rc for
an isotropic distribution is shown in Fig. 9.3. We
observe that the shift becomes significant for rc\
10−6 M cm and that it increases linearly with log(rc)
above rc:10−5 M cm.

Self-absorption and re-emission not only affect the
shape of the emission spectrum, but also the fluores-
cence decay time. We simplify the calculations by
assuming that the decay time t is independent of the
emission wavelength and we study a single exponen-
tial decay at the source of emission where the
fluorescence spectrum is given by E(l). With these
simplifications the normalized primary emission
V0(t) after a d-pulse excitation equals the system’s
impulse response T(t) at the source of emission and
also at some distance, as long as rc is small (typically
rcB10−6 M cm).

V0(t)=
1
t

e− t/t (9.7)

The time evolution of the first re-emission V1(t) is
described by the convolution of the primary emission
which acts as excitation source with the impulse
response:

V1(t)=
atoth

t2

& t

0

e−u/te− (t−u)/t du (9.8)

from which we get:

V1(t)=
atoth

t

t
t

e− t/t (9.9)

Fig. 9.2. Absorption probability a(l) (solid), emission spectrum at
infinite dilution E(l) (dotted) and total emission spectrum FT(l)
(dashed). E(l) and FT(l) have been scaled to the same height at
their respective maxima, while a(l) is shown in absolute values for
rc=10−5 M cm, which corresponds to atot=0.244.

Fig. 9.3. Shift of the fluorescence spectrum due to self-absorption
calculated for pyronine as a function of log(rc); expressed in nm
on the left and in cm−1 on the right.
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V1(t) is the exciting function of the second re-emis-
sion V2(t). The time evolution of V2(t) is therefore:

V2(t)=
(atoth)2

t3

& t

0

ue−u/te− (t−u)/t du (9.10)

which leads to:

V2(t)=
1
2

(atoth)2

t

�t
t

�2

e− t/t (9.11)

V3(t) and higher terms can be calculated the same
way. The time evolution VT(t) of the fluorescence
decay is then given by:

VT(t)= (1−atot)[V0(t)+V1(t)+V2(t)+…] (9.12)

Inserting (9.7), (9.9) and (9.11) we obtain:

VT(t)= (1−atot)V0(t)�
1+atoth

t
t
+

1
2
�

atoth
t
t

�2

+…
n

(9.13)

The scaling factor 1−atot does not influence the
decay time and can be omitted. In many practical
situations quadratic and higher order terms in atoth

contribute little and can be neglected. We obtain:

VT(t)=
�

1+atoth
t
t

� 1
t

e− t/t (9.14)

If the intensity of the excitation source is modulated
at a frequency v we can observe the frequency

response of the emission T(v), which is given by the
Fourier transform of VT(t):

T(v)=
&�

0

VT(t)e− ivt dt=
1

1+ ivt
+

atoth

(1+ ivt)2

(9.15)

The phase shift F(v) between the exciting source
and the emitted light is then:

tan F(v)=
Im T(v)
Re T(v)

=vt
�

1+atoth− (atoth)2

(1−v2t2)
1+v2t2+atoth(1−v2t2)

�
(9.16)

Neglecting higher orders in atoth, this simplifies to:

tan F(v)=vt(1+atoth) (9.17)

from which we deduce an often used relation be-
tween the decay time at infinite dilution t(c�0) and
the decay time at a concentration c which we name
teff(c):

teff(c)=t(c�0)(1+atoth) (9.18)

The results in Fig. 9.4 indicate that measurements at
different concentrations are needed in order to dis-
tinguish between cases with and without re-emission,
because the shape of the decay curves is well de-

Fig. 9.4. Comparison of a single exponential fluorescence decay with and without self-absorption and re-emission in the time domain (left)
and in the frequency domain (right), calculated for atoth=0.5. Dotted lines illustrate the single exponential decay in the absence of
re-emission with t=3.2 ns. Solid lines show the behavior of a single exponential decay with an effective decay time teff=4.8 ns. Dashed
lines result in cases of self-absorption and re-emission. The dashdot curve in the time domain graph illustrates the behavior of the
re-emission V1(t). In the frequency domain we show the difference between the phase in presence and in absence of re-emission (dashdot)
and the difference between the phase calculated for teff and for the exact calculation (solid, lower curve). Veff(t), V0(t) and VT(t) have been
scaled to the same height at t=0.
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scribed by means of an effective decay time even for
large atoth values, despite of the characteristic form
of the re-emission function V1(t) and despite of the
fact that in frequency domain experiments phase
differences of less than 1 mrad can be measured. The
concentration dependence of the effective decay time
teff and the extrapolation to infinite dilution Eq.
(9.18) was studied in detail for rhodamine 6G [23].
We report data of this study in Table 9.1. They
support the conclusion that Eq. (9.18) can be used
for values of atoth up to about 0.1.

Systems can often not be described by a single
exponential decay. Multiexponentials or even more
complex functions are needed. An extension to mul-
tiexponentials is simple. We write:

V0(t)=
1

%
k

aktk

%
k

ake− t/tk (9.19)

The first re-emission is then given by:

V1(t)=atoth
& t

0

V0(u) V0(t−u) du (9.20)

Inserting V0(t) we obtain:

V1(t)=
atoth�%

k

aktk

�2 %
k,x

akax

& t

0

e−u/tke− (t−u)/tx du

(9.21)

which can be expressed as:

V1(t)=
atoth�%

k

aktk
�2 t %

k

(ak)2e− t/tk (9.22)

VT(t)=
1−atot

%
k

aktk

%
k

ak

:
1+atoth

ak

%
k

aktk

;
e− t/tk (9.23)

Ignoring the scaling factor (1−atot)/�k aktk and us-
ing the abbreviation:

bk=
ak

%
k

aktk

(9.24)

we can write:

VT(t)=%
k

ak(1+atothbkt)e− t/tk (9.25)

If the intensity of the excitation source is modulated
at a frequency v we can observe the frequency
response of the emission T(v) which is given by the
Fourier transform of VT(t):

T(v)=
&�

0

VT(t)e− ivt dt=%
k

ak(1+atothbkt)

tk

1+ ivtk

+
atoth

(1+ ivt)2 (9.26)

from which we find after some rearrangement:

T(v)=%
k

aktk

1+ (vtk)2

�
1+atothbktk

1− (vtk)2

1+ (vtk)2

�
− iv %

k

aktk
2

1+ (vtk)2

�
1+2atothbktk

1
1+ (vtk)2

�
(9.27)

The phase shift F(v) between the exciting source
and the emitted light is then:

tan F(v)=

v

%
k

aktk
2

1+ (vtk)2

�
1+2atothbktk

1
1+ (vtk)2

�
%
k

aktk

1+ (vtk)2

�
1+atothbktk

1− (vtk)2

1+ (vtk)2

� (9.28)

In absence of self-absorption and re-emission atot is
equal to zero. The expressions in the brackets be-
come equal to one and Eq. (9.28) describes the phase
shift caused by a multiexponential decay in the ab-
sence of self-absorption and re-emission.

We now consider a dual exponential decay with
the following components: t1=3.2 ns, t2=0.2 ns,
a2/a1=0.4 and atot=0.5. We observe that it is no
longer possible to represent the decay by means of
an effective lifetime. The deviations are significant,
both in time and in frequency domain measurements
(see Fig. 9.5). Experiments carried out at different
concentrations are, however, also in such cases use-
ful in order to find a correct interpretation of the
system’s behavior.

Table 9.1
Rhodamine 6G at different concentrations in ethanol with 5%
watera

teff/ns t/ns extrapolated c�0 atotConcentration/M

0.11363.871.03×10−5 4.28
4.05 3.835.15×10−6 0.0633

0.01393.833.881.03×10−6

0.00705.15×10−7 3.843.87
1.03×10−7 3.85 0.00143.85

a Degassed solutions, observed at 540 nm emission wavelength
and under magic-angle polarization [23].
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Fig. 9.5. Comparison of a dual exponential fluorescence decay with and without self-absorption and re-emission in the time domain (left)
and in the frequency domain (right), calculated for atoth=0.5. Dotted lines illustrate the dual exponential decay in absence of re-emission.
The dashed lines result in case of self-absorption and re-emission. Solid lines show the behavior of a single exponential decay with an
effective decay time teff=4.8 ns. The dashdot curve in the time domain graph illustrates the behavior of the re-emission V1(t). In the
frequency domain we show the difference between the phase in presence and in absence of re-emission (dashdot) and the difference between
the phase calculated for teff and for the exact calculation (solid, lower curve). Veff(t), V0(t) and VT(t) have been scaled to the same height
at t=0.

9.2. Layers

As before we assume monochromatic low intensity
excitation falling on the front side of an infinite sheet
of dye medium of thickness d, as illustrated in Fig.
9.6. Fluorescence is measured in a detector D at the
back. S is the source of emission.

Consider fluorescence within the medium, in a
wavelength interval l+dl from a point S acting as
source, between cones of half angle u and u+du.
The pathlength of the light to the back and to the
front side of the layer is given by rb=x/cos u and
rf=d−x/cos u, respectively. The fraction of radia-
tion absorbed before reaching the medium boundary
is therefore:

1−10−o(l)c·x/cos u (9.29)

and:

1−10−o(l)c·(d−x/cos u)

The fraction of radiation emitted by going into the
cone slice is:

1
2

sin u du (9.30)

Thus, the fraction of radiation absorbed for
isotropic emission from S is:

1
2
�& p/2

0

(1−10−o(l)c·x/cos u) sin u du

+
& p/2

0

(1−10−o(l)c·(d−x/cos u)) sin u du
n

(9.31)

This equation can be integrated numerically for spe-
cific values of o(l)c and x. Some special cases have
been discussed in the literature [21,22].

Fig. 9.6. Infinitely extended thin layer.
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Fig. 9.7. Schematic view of a POPOP-loaded zeolite L nanocrystal. Left: side view of the morphology, size and anisotropy of the material.
Right: front view of a few individual channels filled with dye molecules with electronic transition moments aligned along the axis of the
channels. The polarization of light which can be absorbed is illustrated.

9.3. Nanocrystals

We now consider a dye-loaded zeolite L nanocrys-
tal in the size regime studied in our group which is in
the range 300–3000 nm. In Fig. 9.7 we illustrate the
morphology and the pronounced optical anisotropy
of a material loaded with POPOP. Some individual
channels are illustrated. Only light polarized along
the c-axis can be absorbed or emitted because the
electronic transition moment of each individual dye
molecule is polarized along the c-axis. The wave-
length of the light we are working with is in the
order of the length of these channels, namely 300–
1000 nm. This can cause interesting phenomena
which are presently under discussion.

The dye concentration C(p) in mol/L in a zeolite
L nanocrystal is related to the occupation probabil-
ity p as follows:

C(p)=
rz

Mmzs
p (9.32)

rz is the density of the nanocrystal, Mmz is the

molmass of one unit cell, s is the number of unit cells
which form one site and p is the occupation proba-
bility. Using rz=2.17 g/cm3, Mmz=2883 g/mol and
s=2, we obtain:

C(p)= (0.376 mol/l)p (9.33)

This relation is now used to consider the penetration
depth of light falling on such a material. A discus-

Fig. 9.8. Penetration depth calculated for three different concen-
trations: 0.005 M (solid), 0.05 M (dotted) and 0.1 M (dashed). An
extinction coefficient of o=50 000 M−1 cm−1 was used. Left:
isotropic orientation. Right: anisotropic orientation.
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Table 9.2
Experimental and calculated spectral shifts of the fluorescence spectrum of pyronine zeolite L (700 nm average length) of different loading

lmax/nm Dlmax/nmp atotc/M

Exp. Exp. Calc.

Isotropic Anisotropic Isotropic Anisotropic

0.005 0.002 515.7 0.0 0.0 0.0 0.004 0.011
0.016 0.006 517.1 1.4 0.0 1.3 0.011 0.033

519.7 4.0 0.70.013 2.70.035 0.024 0.067
522.4 6.7 2.00.070 4.70.026 0.046 0.112

3.30.052 6.70.140 0.087 0.205
0.1040.280 5.4 9.5 0.153 0.308

sion of diffraction phenomena is postponed and we
only discuss the penetration depth of a thin infinite
layer. In this case, the light intensity as a function of
the thickness can simply be calculated from Eq. (9.1)
by drawing 1−a(l) as a function of the thickness r.
The results illustrated in Fig. 9.8 show that for
organic dyes with their large oscillator strengths
penetration depths of less than 500 nm can be real-
ized. This makes such materials very interesting.

We are now prepared to discuss the influence of
self-absorption and re-emission on the fluorescence
spectrum of these materials. Eq. (9.2) is used to
calculate the total fraction of absorbed photons atot.
The spectral shift of the fluorescence spectrum is
calculated by means of Eq. (9.3). In Table 9.2 exper-
imental values on thin pyronine zeolite L (700 nm)
layers on quartz plates are reported and compared

with the theoretical values. Fig. 9.9 shows the corre-
sponding experimental luminescence spectra. Theo-
retical values obtained for anisotropic situations are
also added for comparison. It is obvious that the
anisotropy also influences this aspect of the material.
The calculation underestimates the experimentally
observed shift, but the general trend is well repro-
duced. One of the reasons for the larger experimen-
tally observed shift may be that the experiments were
done on thin layers, but not on monolayers. This
point must be further investigated.

10. Very fast energy migration

We recently reported extremely fast electronic ex-
citation energy migration along the axis of cylindri-
cal crystals of pyronine-loaded zeolite L nanocrystals
modified on both ends with oxonine as luminescent
traps [10]. The antenna property of this system is
governed by Förster-type energy migration. Because
of the pronounced anisotropy of the material we
expect that the polarization of the donor–donor
self-absorption and re-emission is the same as the
polarization of the absorbed and of the emitted light
as indicated in Fig. 10.1.

Two kinds of stationary experiments give useful
information on the energy migration characteristics:
one is to measure the trapping efficiency as a func-
tion of the loading and the other is to measure it as
a function of the length of the nanocrystals. Both
have been carried out by us [10]. The trapping
efficiency T� is equal to the sum of the excitation
probabilities of all trapping sites at infinite time after
irradiation. In a system where donors and traps have

Fig. 9.9. Scaled fluorescence spectra of thin pyronine zeolite L
layers at different loading: p=0.005 (solid), p=0.016 (dotted),
p=0.035 (dashed), p=0.070 (dashdot).
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Fig. 10.1. Main processes occurring in the energy migration from an excited donor (pyronine) taking place mainly along the cylinder axis
because of geometrical constraints. The excitation energy is finally trapped by an acceptor (oxonine) located at the end of the zeolite L
nanocrystal which emits red light. kET is the rate constant for energy transfer, while kA

F and kD
F are the rate constants for fluorescence of

the acceptor (red rectangles) and the donor (green rectangles), respectively. Polarization of the absorbed and of the emitted light is
indicated.

a luminescence quantum yield of one and where the
traps are excited exclusively by receiving energy from
the donors, the trapping efficiency corresponds to
the ratio of the luminescence intensity of the traps
divided by the total luminescence. In the experiments
described here, the donors which absorb light are
pyronine while the traps are oxonine molecules, both
of which have a quantum yield of nearly 1. Their
luminescence intensity is given by Ipy and Iox, respec-
tively. We have shown that for this system the
following simple relation holds [6,10].

T�=
Iox

Ipy+Iox

(10.1)

An experiment which demonstrates the extremely
fast energy migration is illustrated in Fig. 10.2. The
experiments were carried out with zeolite L
nanocrystals of 700 nm average length. The samples
were suspended in water. Effective energy migration
lengths of up to 166 nm were observed (see table 1 of
Ref. [10]). Note that only the emission maximum of
the donor (pyronine) shifts to longer wavelength
with increasing loading. The emission maximum of
the acceptor which is oxonine, placed at both ends of
the cylindrical crystals, does not shift. The reason for
this is that its concentration is always low and the
same in each experiment.

We have recently improved the material and the
experimental techniques. Glass plates were coated

with a thin dye-loaded zeolite L layer. The effective
energy migration length [6] estimated from the re-
sults is in the order of 200 nm [24].

Fig. 10.2. Energy migration in pyronine zeolite L nanocrystals as
observed by the oxonine fluorescence at different pyronine load-
ings ppy, increasing from 1 to 2, 3, 4, 5: 1, p=0.03; 2, p=0.06; 3,
p=0.12; 4, p=0.24; 5, p=0.48. The material was suspended in
water. We show the relative intensity of fluorescence spectra
recorded after specific excitation of only pyronine molecules at
470 nm scaled to the same height at the maximum of the pyronine
emission. The amount of front–back located oxonine traps corre-
sponds on average to one molecule at the front and one at the
back of each channel in all samples [9].
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11. External trapping

So far experiments on energy transfer, energy mi-
gration and trapping taking place inside the dye-
loaded zeolite L nanocrystals have been discussed.
We now discuss radiationless energy transfer to an
external acceptor. The principle of an experiment to
probe for energy transfer to a trap located at the
outside of a nanocrystal is illustrated in Fig. 11.1.
Energy is absorbed by a donor located somewhere
inside the crystal, it then migrates very quickly to
one of the ends of the cylinder where it is trapped by
an acceptor. The latter is able to transfer the energy
to an external acceptor. The internal acceptor is not
necessary, but it is convenient in many cases.

We have carried out a number of such experi-
ments from which we report two, both realized
without an internal acceptor. The first consists of
adsorbing a molecule which is too large to enter the
channels of zeolite L. It should have a large spectral
overlap with the donor molecules located inside the
crystals. Cationic dyes such as methyleneblue,
ethyleneblue, cresylechtviolet and others readily ad-
sorb at the zeolite L crystal surface and they do not
enter the channels. In Fig. 11.2 we show a result
obtained with cresylechtviolet. It illustrates that ex-
ternal trapping works well. Experiments with
methyleneblue as an external trap lead to similar
results.

The second experiment was carried out on a thin
oxonine-loaded zeolite L layer on glass onto which
in one case different amounts of gold (Fig. 11.3) and
in the other case different amounts of silicon were
evaporated. In both cases quenching of the oxonine
luminescence was observed. It was more pronounced
for gold than for silicon. Care was taken that light
absorption by the material deposited on the
nanocrystal did not disturb the experiment.

Fig. 11.2. Left: spectral overlap between the absorption spectrum
of the external quencher (cresylechtviolet, solid) and the fluores-
cence spectrum of the internal donor (pyronine, dotted). Right:
fluorescence of pyronine as a function of the amount of cre-
sylechtviolet adsorbed on the outside of the nanocrystals. The
pyronine loading was about 0.006. The amount of cresylechtviolet
on the outside increases from spectra 1–5. Its concentration was
in each case so low, that possible absorption of the pyronine
luminescence by the quencher remained unimportant.

Fig. 11.1. External trapping of energy absorbed somewhere by a donor inside of a dye-loaded zeolite L nanocrystal. Energy migration takes
place mainly along the cylinder axis because of geometrical constraints. The excitation is trapped by an acceptor located at both ends. The
thus excited acceptor either transfers its energy to an external acceptor or relaxes by emitting a photon, depending on the conditions.
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Fig. 11.3. Quenching of the oxonine luminescence of oxonine-
loaded zeolite L nanocrystals (coated as a thin layer on glass) by
vapor-deposited gold. The oxonine loading was about 0.065
(empty squares) and 0.025 (circles). The absolute thickness d of
the gold layer given in A, could not be measured precisely in these
experiments, but the estimated values are sufficiently precise.

Gfeller for many interesting discussions and sugges-
tions. We also thank René Bühler for preparing the
pyronine and for carrying out the experiments re-
ported in Figs. 5.1 and 6.2.
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12. Conclusions

We conclude that the fascinating properties of the
systems discussed in this article give rise to much
speculation on applications. The antenna properties
can perhaps be used in realizing a new type of
photovoltaic device in which the absorption of light
and the creation of an electron-hole pair are spatially
separated. Contributions to new imaging techniques,
data storage, specific biological and medical applica-
tions can be imagined. The antenna nanocrystals can
also be regarded as candidates for realizing a new
type of electronic screen with high spatial resolution.
The pronounced anisotropy, the geometrical con-
straints, the high concentration of monomers which
can be realized and the extremely fast energy migra-
tion have great potential to lead to new photophysi-
cal phenomena.
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