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The stacking of pyronine and oxonine in the channels of zeolite L microcrystals is possibly due to their high
affinity for entering the channels and to the narrowness of inside the channels, which prevents the dyes from
gliding past each other. This allowed us to invent experiments for observing energy migration in pyronine-
loaded zeolite L microcrystals of cylinder morphology. Organic dyes have the tendency to form aggregates
at relatively low concentrations which cause fast thermal relaxation of electronic excitation energy. The role
of the zeolite is to prevent this aggregation even at very high concentrations and to superimpose a specific
organization. Light is absorbed by a pyronine molecule located somewhere in one of the zeolite channels.
The excitation energy migrates preferentially in both directions along the axis of the cylinder because of the
pronounced anisotropy of the system. It is eventually trapped by an oxonine located at the front or at the
back of the microcrystal. This process is called front—back trapping. The electronically excited oxonine then

_ emits the excitation with a quantum yield of approximately one. The pronounced anisotropy of the electronic

transition moments of both pyronine and oxonine can be observed in an optical fluorescence microscope by
means of a polarizer. Maximum luminescence appears parallel to the longitndinal axis of the cylindrical
microcrystals, extinction appears perpendicular to it, and their base always appears dark. We report experimental
results for the front—back trapping efficiency of pyronine-loaded zeolite L microcrystals of different average
lengths, namely 700, 1100, and 1500 nm, different pyronine occupation probability, ranging from 0.03 to
0.48; and modification at the base with oxonine as luminescent traps. Extremely fast electronic excitation
energy migration along the axis of cylindrical crystals has been observed, supported by the increase of the
effective excitation lifetime cansed by self-absorption and re-emission of the pyronine vertical to the cylinder
axis. Effective energy migration lengths of up to 166 nm upon pyronine excitation have been observed, which

thus leads to the remarkable properties of this material.

1. Introduction

Zeolite microcrystals can act as hosts for the supramolecular
organization of molecules, complexes, and clusters, thus en-
couraging the design of precise functionalities.!~® The main role
of the zeolite framework is to provide the desired geometrical

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 mono-
meric dye molecules of up to 0.4 M with a large Forster energy
transfer radius and a high luminescence quantum yield in a
specific geometrical arrangement.>’—° Organic dye molecules
have the tendency to form aggregates at much lower concentra-
tions, and such aggregates are known to cause fast thermal
relaxation of electronic excitation energy. The role of the zeolite
is to prevent this aggregation and to superimpose a specific
organization, which is possible as we have shown recently.’ In
such an antenna, light is absorbed by cne of the strongly
luminescent chromophores. Because of short distances and the
alignment of the electronic transition dipole momenis of the
dyes along the channels, the excitation energy is transported
by preferentially Forster-type energy migration along the axis
of the cylindrical antenna to a specific trap. The ideal dimension
of a microcrystal containing several million chromophores is
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less than a micrometer. A completely different approach for
constructing nanometer-sized species with light-harvesting
properties has been followed by Balzani and co-workers!? and
has led to beautiful dendrimeric transition metal compounds.

We recently demonstrated that the intercalation of pyronine
and oxonine molecules into the linear channels of zeolite L. can
be visualized with a fluorescence microscope.” One can observe
the alignment of the dyes in the channels by means of a
polarizer, because maximum luminescence appears paralilel to
the longitudinat axis of the microcrystals, and extinction appears
perpendicular to it. Furthermore the cylindrical microcrystals
always appear dark at their base. A simple experiment for the
visual proof of the energy transfer from pyronine to oxonine in
zeolite L is based on the observation that both dyes are
intercalated from an aqueous solution within about the same
time leading to short donor—acceptor distances, which allow
efficient energy transfer between them. The formation of
aggregates, which can act as unwanted traps, is prohibited for
spatial reasons. Hence, there are no such traps inside the
microcrystals. The dyes are arranged with their long molecular
axes along the linear channels, and they cannot glide past each
other because the linear channels are too narrow. This allows
the filling of specific parts of the microcrystals with a desired
type of dye.

Theoretical considerations of energy migration as a series of
Forster energy transfer steps have shown that energy migration
rate constants of up to 30 steps/ps can be expected in a material
of this kind.® This is faster than in the antenna system of natural
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SCHEME 1: Schematic Representation of a Cylindrical Microcrystal Consisting of Supramolecularly Organized
Pyronine Molecules (X = CH), Indicated by Empty Rectangles, and an Oxonine (X = N) Trap at the Front and the Back
of Each Channel, Indicated by Shaded Rectangles. The Enlargement Shows a Detail of the Zeolite L. Channel with a Dye
Molecule and Its Electronic Transition Moment, Which Is Aligned along the Channel Axis.
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photosynthetic organisms, where approximately 0.2 steps/ps
have been reported.’12 In this first report on experimentally
observed energy migration along the axis of pyronine-loaded
cylindrical zeolite L. microcrystals, we show that it is possible
to realize at least part of these theoretical predictions. The
principle of the system investigated is illustrated in Scheme 1,
where the empty bars represent pyronine molecules located in
the channels of zeolite L., and the dashed bars are oxonine
molecules that 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 and the total
number of sites available. Hence, p adopts values between 0
for an unloaded zeolite and 1 for a zeolite loaded to its
maximum, The enlargement shows a zeolite L channel with a
pyronine molecule (X = C—H), the electronic transition moment
Hs,—s, of which is aligned along the channel axis. A schematic
view illustrating the paraliel-lying channeis filled with pyronine
monomers is given in Scheme 2. The primitive vector ¢
corresponds to the channel axis, whereas the primitive vectors
a and b are perpendicular to it, enclosing an angle of 60°.1%14
A feeling for the material is obtained by realizing, for instance,
that a zeolite L microcrystal of 700 nm length and a diameter
of 600 nm gives rise to about 95 000 parallel-lying channels,
each of which bears a maximum of 470 sites for the pyronine

molecules. So far up to two thirds of the I.5-nm-long sites
available in zeolite L have been filled by us with chromophores.

In the experiments reported, light is absorbed by a pyronine
molecule located somewhere in one of the chanmels. The
excitation energy can then migrate along the axis of the
microcrystal, as indicated by the arrows in Scheme 1, and is
eventually trapped by an oxonine located at the front or at the
back of the cylinder. The electronically excited oxonine then
emits the excitatipn with a quantum yield of approximately one.
This process, which we call front—back trapping, has been
investigated theoretically for energy migration occurring by
Forster' energy transfer. We found that a total front trapping
efficiency of up 99.8% can be obtained for microerystals of 50
nm length, if al sites are occupied by a pyronine chromophore.?
Self-absorption and re-emission were not considered in this
theoretical study, which focused on crystals of about 50 nm,
However, for crystals with larger dimensions, particularly larger
diameter, pyronine-pyronine self-absorption and re-emission are
expected to contribute significantly to the energy migration
properties. We now describe experiments investigating the
front—back trapping efficiency independently of the mechanism
that governs the energy migration. They are based on the fact
that pyronine-loaded zeolite L microcrystals, modified with one
oxonine molecule at the front and at the back of each chanrel
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SCHEME 2: Schematic View of Some Channels in a
Hexagonal Zeolite, The Dimension of the Channels and
the Dyes Have to Be Chosen so That the Dyes Can Enter
as Monomers Only. a, b, and ¢ represent the Lattice
Constants of the Hexagonal Framework.

on average, can be prepared as illustrated in Scheme 1 and that
it is possible to synthesize zeolite L microcrystal cylinders of
different average lengths with natrow size distribution. Micro-
crystals with an average length of 700, 1100, and 1500 nm have
been investigated.

2. Experimental Section

2.1. Physical Measurements. UV/vis absorption spectra were
recorded with use of a Perkin-Elmer Lambda 14 spectropho-
tometer. For the absorption measurements of aqueous zeolite L
suspensions (6.7 x 107* g zeolite L per milliliter, which
corresponds to approximately 10° zeolite microcrystals per
milliliter), the spectrophotometer was equipped with an integrat-
ing sphere (Labsphere RSA-PE~20). For the fluorescence
measurements the suspensions contained about 3 x 1075 g
zeolite L per milliliter. Emission spectra were carried out on a
Perkin-Elmer LS 50B spectrofluorimeter. In both cases 10-mm-
path length quartz cuvettes were used. The crystallinity and the
motphology of the zeolite L samples were investigated by X-ray
powder diffraction and scanning electron microscopy, respec-
tively.

2.2. Materials. Zeolite L with the stoichiometry Xo(SiOz)27-
(AlO2)e*21H;0 (M = 2883 g/mol) was synthesized using silica
(AEROSIL-Dispersion, K330; Degussa), A{OH); (Fluka, pu-
rum), and KOH (Fluka, Biochemical). Pyronine and oxonine
with perchlorate as counterion were synthesized and purified
according to the procedure in the literature.™6!7 The extinction
coefficients of pyronine (€max == 8.3 x 10* L mol~lem~!) and
of oxonine (€msx = 7.8 x 10¢ L mol lem™!) reported by
Miiller'® and Bonneau and Joussot-Dubien,'® respectively, were
used in all subsequent measurements to determine the concen-
tration of the corresponding dye solutions.

2.3 Synthesis of Zeolite L. Al(OH); was dissolved at 100
°C in a solution consisting of KOH and water and then under
vigorous stirring added to a mixture of colloidal silica and water.
After a few minutes this mixture, which had turned into a thick
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gel, was transferred into a pressure tight PTFE reaction vessel.
Crystallization followed without stirring at 160 °C within 6 days.
After cooling, the upper part of the strongly alkaline solution
was decanted. The white residue was washed with hot water
until it remained neutral. It was then air-dried for 14 h at 100
°C and stored at room temperature in a closed flask. Cylindrical
microcrystals of different lengths were obtained by varying the
K,0/AL;Q3 ratio and the water content. An injtial solution with
the molar ratio of 3.0 X320, 1.0 ALOs;, 10.7 Si0,, 169.3 H,O
leads to zeolite L microcrystals of 700 nm in length and 600
nm in diameter, on average. With an initial solution with a molar
ratio of 3.0 KxO, 1.0 Al,Os, 10.7 8i0,, 182.0 H20 we obtained
zeolite L microcrystals with a length of 1100 nm and a diameter
of 700 nm, whereas a stoichiometry of 2.6 K20, 1.0 Al,O3, 9.7
Si0,, 161.3 H,0 yields microcrystals with a length of 1500 nm
and a diameter of 950 nm, on average. This procedure differs
in some details with respect to the synthesis of zeolite L reported
in the literature.®

2.4, Preparation and Characteristics of Dye-Loaded Zeo-
lite L. The dye-loaded zeolite L microcrystals, used for the
investigations of energy migration, were prepared as follows:
100 gL zeolite L suspension (1 g/50 ml) was added to 3 mL
doubly distilled water containing 800 uL of 2 1.04 x 10~ M
aqueous pyronine solution. This suspension was treated in an
ultrasonic bath for 10 min in order to avoid aggregation of the
microcrystals and was refluxed overnight. This yields a pyronine
loading {occupation probability pyy) of 0.24, where p is defined
as

_ number of dye molecules
number of sites

(D

Under these conditions an equal distribution of pyronine in
the microcrystals is obtained. The equilibrium constant K for
the exchange reaction is defined as follows:*

Df +K; =D, +K; @

where Dy is the dye in the solution, Dy is the dye in the
zeolite, K'Z" is the cation in the zeolite, and K;' is the cation in
the solution,

_ DZIIKS]
[D31EX]

The equilibrium constants for pyronine and oxonine in 2
potassium zeolite L were > 10 at room temperature (RT). The
spectral overlap of the absorption and fluorescence spectra of
pyronine at RT was determined as Jpypy = 1.05 x 1071 cm®
M~ and the spectral overlap for the pyronine-emission and
oxonine-absorption as Jpyex = 1.29 x 10713 cm’ M~13

2.5, Modification of Pyronine-Loaded Zeolite L Micro-
crystals with Oxonine Traps for Front—Back Trapping
Experiments. Because of the large equilibrium constant of
pyronine 2nd oxonine (K > 107) and because the dye molecules
cannot glide past each other in the narrow channels, it is possible
to modify a pyronine-loaded zeolite with oxonine in a precise
way, see section 3.1, According to eq 3 in ref 8 the total number
(n) of sites per channel is:

3

I

n —_—
wcl

@

where || is the length of the primitive vector ¢ and u is the
number unit cells per site. For pyronine and oxonine in zeolite
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L, where |¢| is 0.75 nm, any site spans two unit cells. For
oxonine to occupy two sites per channel, the following cccupa-
tion probability pox is required:

2 _ 2w
n Loy

P = 3

On average one oxonine molecule is added to both ends of
each channel. To do this for the 700-nm material, for example,
50 uL oxonine solution of 2.9 x 1073 M was added to the total
volume of a suspension prepared as described in section 2.4
and boiled under reflux for 0.5 h. This yields an oxonine
occupation probability p, of 0.0042.

2.6. Measurements of Energy Migration. Pyronine and
oxonine were much more stable in “self-synthesized” zeolite L
then in the commercial product from Union Carbide, which was
used in previous work.”?! The reason for this is not clear, but
it must be related to reactive sites (impurities) present in the
commercial material. To measure the energy migration the
samples were excited at 470 nm where only pyronine absorbs
light, and the fiuorescence spectra of pyronine and oxonine were
monitored. After specific excitation of pyronine, the electronic
excitation either causes pyronine fluorescence or migrates along
the pyronine molecules until it reaches an oxonine trap, where
it causes oxonine fluorescence.

3. Results and Discussion

The trapping function 7(} is defined as the probability that
the electronic excitation reaches a trap doring the time period
¢ after irradiation. 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
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Figure 1. Front—back trapping efficiency Trp.. as a function of the
occupation probability pgy for microcrysteals of about 700 nm (above)
and as a function of the inverse length of the cylindrical microcrystals
(Ieyy™" for an occupation probability py, of 0.5 (below),

rate constant k; in this system is proportional to the square of
the occupation probability of the pyronine pgyz multiplied by

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 It divided by the total luminescence Jioy:

I

T, =+ 6
w1 ©)
It is sufficient that the donor and the acceptor molecules have
equat fluorescence quantum yields for eq 6 to hold. We have
discussed in a previous report that it is convenient to distinguish
batween different types of trapping, which we named according
to the position of the traps.® In this context we focus on front—
back trapping Trs(?}, which refers to traps on the front and cn
the back of a cylindrical microerystal. Front—back trapping is
governed by energy migration along the channel axis. In the
experiments described here, the donors that absorb light are
pyronine whereas the traps are oxonine molecules and their
luminescence intensity is Iy and Iy, respectively. We will show
that the system described fulfilis the conditions needed for the

front—back trapping efficiency Tep,.. to be given by:

I

Topo =7 7
B Ly 1oy

The migration length iz corresponds to the mean distance
an electronic excitation can travel during the natural lifetime
Tpy. It is related to the average rate constant for energy migration
from a site i to a site j, (ky) by'5%

lig = A/ alk)Ty, (8)

where q is 2 constant. We have shown that the energy migration

the spectral overlap Joypy.®

2
ki o< Doyl sy ®)

From this it follows that Iy, fulfills the following propor-
tionality:

Liig > Py A pspy (10)

The total luminescence intensity Iy + I is determined by
the length of the microcrystal L. The excitation energy
migrating in both directions can be trapped, hence, the oxonine
luminescence intensity Jox is given by twice the migration length
Imie. The front—back trapping efficiency Tis .. can therefore be
expressed as:

2.
T =2 (11)
' Icyl
From this and eq 7 it is possible to determine the migration
length experimentally as a function of the pyronine occupation
probability by monitoring the front—back trapping at different
Ppy andfor Iy independent of the mechanism:

1

brig 21

(12)

The theoretically determined Tgp.., as a function of the
occupation probability py, for a microcrystal of 700 nm and as
a function of the length of the cylindrical microcrystals ley; for
a given ppy of 0.5, is reported in Figure 1, It is proportional to
the occupation probability and also to the inverse length of the
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Figure 2. Competition between front—back trapping Trs(?} (solid) and
pyronine fluorescence F(¢) (dashed) of a pyronine-loaded zeolite L
cylinder of 200 nm (left) and of 700 nm (right) length and diameter
with p = 0.5, for parallel orientation of the chromophores and thus
parallel orientation of all electronic tramsition dipole moments with
respect to the cylinder axis.

time / ns

cylinders, as stated in egs 10 and 11, respectively. The
calculations have been carded out the same way as those
reported in Figure 10 of ref §. This means that self-absorption
and re-emission have not been included and that the results
characterize a reference system with only energy migration,
trapping, and luminescence. Deviations from the theoretical
finding can therefore be used for identifying additional processes
that might occur in the microcrystals. The results illustrated in
Figure 1 indicate that two kinds of measurements should lead
1o relevant information for characterizing the energy migration
of the pyronine-loaded zeolite mijcrocrystals. The first is to
measure the front—back trapping efficiency T¥s .. as a function
of the cceupation probability ppy, and the second is to measure
Trp - as 2 function of the length of the microcrystals Zy. In the
following sections we describe experiments that allowed us to
monitor quantitatively emergy migration in pyronine-loaded
zeolite L microcrystals by using oxonine as a luminescent trap.

3.1. Detecting Energy Migration by Trapping with a
Luminescent Dye. The principle of this experiment is as
follows: First, the microcrystals are ion exchanged with
pyronine up to the desired loading pyy. Second, a caleulated
amount of oxonine is added to the suspension such that one
oxonine molecule enters on both sides of each channel on
average. This is the simplest way to realize experimentally the
situation illustrated in Scheme 1. It works because of the much
larger affinity of these dyes for the inside of the channels than
for the outer surface, as long as there is sufficient free channel
space available. The competition between front—back trapping
Tre(t) and pyronine fluorescence F(t) in a pyronine-loaded
zeolite L cylinder can be caiculated as described in ref 8. The
results so obtained are reported in Figure 2. They show that
the front—back trapping can compete well in microcrystals of
200 nm length, but that it becomes inefficient for microcrystals
of 700 nm, We will see below that this changes significantly

by taking into account the anisotropic pyronine self-absorption.

and re-emission occurring in our system.

Before proceeding we report an observation that makes the
interpretation of the experimenta] results especially easy. The
fluorescence quantum yields of pyronine and oxonine in water
at room temperature were found to be approximately 1, and
their decay times were 2.3 ns and 3.2 ns, respectively.” These
characteristics remained about the same after intercalating the
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Figure 3. Absorption and fluorescence spectra of pyronine-loaded
zeclite L microcrystals of 700-nm average length and a loading py, of
0.24 (solid). Absorption and fluorescence specira of the same micro-
crystals after they have been medified with one oxoning at both sides
of each channe! (dotted). The excitation wavelength for the fluorescence
spectra was 470 nm.

0.

dyes into zeolite L. Figure 3 illustrates that the decrease in
pyronine luminescence is compensated quantitatively by the
increase of oxonine luminescence, when the oxonine is used as
a front—back trap for pyronine-loaded microcrystals. The solid
lines in this figure correspond to the absorption and fluorescence
spectra of the 700-nm pyronine-loaded zeolite L with a loading
Ppy of 0.24. The dashed curves comrespond to the absorption
and fluorescence spectra after the microcrystals have been
modified on both ends with one monolayer of oxonine traps
(Pox = 0.0042). We observed that the absorption spectrum is
affected only slightly by the oxonine modification in the 600-
nm region, whereas the pyronine luminescence is significantly
reduced by the oxonine traps but fully compensated by the
oxonine luminescence. It is sufficient to compare the peak
heights because of the similarity of the shape of the pyronine
and the oxonine fluorescence spectra, Integrating the bands leads
to the same result. This proves that the pyronine and the oxonine
quantum yields are indeed the same under these conditions and
that it is correct to use eq 7 for analyzing the data. It also proves
that emission of the oxonine comes only from oxonine excited
by pyronine—oxenine energy transfer because the so-called
trivial energy transfer caused by pyronine emission and oxonine
reabsorption is negligible because of the low oxonine loading
(Pox = 0.0042), This conclusion is supported by the resulis
reported in ref 9 where a simple and elegant experiment for the
visual proof of the efficient energy transfer from pyronine to
oxonine in zeolite L is described. We would also like to
remenmber that the absorption and emission of both, pyronine
and oxonine in zeolite L, are highly anisotropic and occur only
perpendicular to the cylinder axis (which coincides with the
channel axis). This can easily be observed with the help of a
fluorescent microscope.

3.2, Energy Migration as a Function of the Occupation
Probability. The front—back trapping efficiency Trp... can be
used to determine the migration length i, which in turn serves
to estimate the length of a microcrystal at which light harvesting
within its volume and transport to its front and back surfaces
remains efficient. From this it is easy to derive the characteristics
of front trapping alone.? We therefore have measured the
fluorescence spectra of the oxonine-modified, pyronine-loaded
zeolite, as a function of the pyronine loading ppy for micro-
crystals of about 700 nm. Resulis of these measurements are
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500 600 700
A/ nm

Figure 4. Energy migration in pyrosine-loaded microcrystals as
observed by the oxonine fluorescence at different pyronine loadings
Py Lo Poy = 0.03; 2, ppy = 0.06; 3, poy = 0.12; 4, ppy = 0.24; 5, pp, =
0.48. We show the relative intensity I 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 corresponds to one
molecule at the front and one at the back of each channel in all samples.
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TABLE 1: Experimentally Observed Front—Back Trapping
Efficiency Trp,.., Effective Migration Length lugem, and
Migration Length Ly, Calculated for Forster-1ype Energy
Migration, as 2 Function of the Pyronine Loading p,, for
Microerystals of About 700 nm Length (I = 700 nm}

Pyy Trpa. Fwig otr/NIM Lygfmm
0.03 0.19 66 3.7
0.06 0.23 79 7.3
.12 0.31 108 14,7
0.24 0.40 141 294
0.48 0.48 166 58.9

500 600 700
A/ nm

Figure 6. Energy migration in pyronine-loaded microcrystals as

0.6 . . .
B observed by the oxonine fluorescence at constant pyronine loading of
. Ppy = 0.36 but for microcrystals of different length Iy modified with
L ............... one oxonine trap at the front and one at the back of each channel. 1,
04 g It = 700 nm; 2, foy = 1100 nmy; 3, Ly = 1500 nm. Ly corresponds to
T, " the average length of the microcrystals. We show the relative intensity
\ Foe '.-" Ia of the fluorescence spectra recorded after specific excitation of only
0.2 e’ pyronine at 470 nm. The spectra have been normalized to equal height
‘ / at the pyronine emission maximum at 515 nm.
0 1 i ! 08
0 0.2 0.4 0.6
Pry 06 T
Figure 5. Energy migration in pyronine-loaded microcrystals. The Trpeo
front—back trapping efficiency Trg.. is shown as a function of different 04 o et ®
pyronin loadings pyy. The experimental data (dots) correspond 0 those
in Figure 4. The calculated data (solid) have been obtained by neglecting 02 b
self-absorption and re-emission, ’
-
L l 1 L
reported in Figure 4. The excitation wavelength was 470 nm, 0 06 08 ) 12 1.4

and the spectra were normalized to equal height at the pyronine
emission maximum. The spectra illustrate the increase of the
oxonine emission with its maximum at 605 nm. Although the
maximum of the pyronine emission shifts from 515 to 522 nm
with increasing loading pyy, we observed that the maximum of
the oxonine emission remains at the same position. The shift
of the maximum in the pyronine is caused by self-absorption,
which becomes more and more important with increasing
pyronine concentration. Because the oxonine concentration is
always the same and always very low, the emission maximum
does not shift, From the data shown in Figure 4 we derive the
front—back trapping efficiency Trs. as a function of ppy
according to egs 10 and il. This is shown in Figure 5 where
we compare it with the theoretical value. The theoretical values
have been caiculated in the same way as those illustrated in
Figure 1, by neglecting seif-absorption and re-emission. It is
obvicus that the observed trapping efficiency Tep.. is much
larger than the calculated values. We also observe that Teg ..
levels off at large pp,. From this we determine the effective
migration length knig e by using eq 12. The values reported in
Table 1 show that the effective migration length is already
astonishingly large for a low pyronine loading.

3.3. Energy Migrafion in Microcrystals of Different
Lengths. It would be interesting to compare the calculated

Lt

Figure 7. The front—back trapping efficiency Trs. is shown as a
function of the inverse length of the microcrystal iy—1. The experi-
mentzl data (dots) correspond to those shown in Figure 6. The calculated

data (solid) have been obtained by neglecting self-absorption and re-
emission.

dependence of the front—back trapping efficiency, Trp,, a5 2
function of the length of the cylindrical microcrystals Iy and
for a given occupation probability, py,, with experimental results.
Microcrystals of different lengths must be available, for this
reason we have been able to prepare such material, which bas
a narrow distribution of the cylinder length. The procedure is
described in the Experimental Section. This allowed us to study
energy migration on pyronine-loaded zeolite L with average
lengths of 700, 1100, and 1500 nm, modified with oxonine traps
on both ends. The morphology of the microcrystals used in these
experiments is the same as reported in Figure 2 of ref 9.

The experimental results reported in Figures 6 and 7 have
been obtained for microcrystals with Ly = 700, 1100, and 1500
nm. All samples had the same pyronine loading, pyy = 0.36,
and were modified with the same amount of froni~back-located
oxonine traps corresponding o one molecule at the front and
one at the back of each channel. The excitation wavelength was
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SCHEME 3: Ilustration of the Anisotropic Properties of a Dye-Loaded Zeolite 1. Microcrystal.
exciting light
. . ,: luminescent
o, anisofropic acceptor molecules
< D 2 S S
< 7 '
eneigy migration ,
. \‘ hv
-

Anisotropically arranged elechonic fransition moments

470 nm, and the spectra where normalized to equal height at
the pyronine emission maximum at 515 nm. The spectra
illustrate nicely the decrease of the oxonine trap emission with
its maxiraum at 605 nm with increasing average length of the
cylinders. We note that the maximum of the pyronine emission
as well as the maximum of the oxonine emission remain at the
same position in the three samples because the local dye
concentration is the same in each case. Again, interpretation of
the results is straightforward, The longer the cylinder, the longer
it takes an excitation to reach the oxonine trap at the front or at
the back of the microcrystal. This means that the probability
for an electronic excitation to be trapped by an oxonine
decreases with the increasing length of the microcrystals. To
compare these results with the theoretical results iflustrated in
Figure 1, in Figure 7 we report the observed trapping efficiency
Tep,- as a function of the inverse length of the microcrystals
I.y1 It is obvious that the trapping efficiency is much better than
what was calculated.

3.4. Self-absorption and Re-emission. Self-absorption and
re-emission are well known to give rise to a systematic
lengthening of measured fluorescence lifetimes.?® Different
geometries have been investigated for this process by Ham-
mond,?* Although pyronine—oxonine reabsorption and re-
emission processes can be neglected in all experiments we have
described, it was not surprising to find that pyronine—pyronine
self-absorption and re-emission play an jmaportant role in the
material discussed in this article. We also expect that total
internal reflection cannot be neglected despite the fact that the
dimension of the microcrystals is similar to the wavelength of
the light with which we are working. We cannot yet give a full
quantitative account of these processes in the material investi-
gated. However, a simple estimate of where self-absorption and
re-emission come in is useful to obtain an idea of the order of
magnitude at which they play a role. The concentration, even
in the material with the lowest occupation probability of ppy =
0.03, corresponds to a 1.2 x 10~* M solution, whereas it
corresponds 10 & 0.2 M solution for pyy = 0.48. One must realize
further that the pronounced anisotropic ordering of the electronic
transition moments along the axis of the cylinder causes a molar
extinetion coefficient three times larger than the one measured
in a solution in which the transition moments are randomly
distributed in space. The simplest geometrical situation we can

imagine is an infinitely extended anisofropic and very thick layer

containing a certain concentration of dyes lying paraliel to the

yz-surface and all oriented in the same direction which we chose
to be z. Light of low intensity comes in perpendicularly
(x-direction) to the yz-surface. Part of it is reflected and the
major part enters the layer, depending on the difference of
refractive indices. The lght penetrating the sample is absorbed
according to Beer’s law and its intensity decays accordingly.
A molecule that has been excited can ejther perform energy
transfer to one of its neighbors or it can emit a photon in the
z=x and 4=y direction. Only photons emitted in —x direction have
a chance to leave the layer, according to Beer’s law, and
depending on the refractive index of the material and the
environment, they can also be back-reflected. To get a rough
idea we consider a spectral range in which the molar extinction
coefficient for the incident photon is the same as for the re-
emitted photon. Neglecting the cosine-square dependence of the
transition probability, one finds that 50% of the photons re-
emitted in —x direction are reabsorbed. This means that a
maximum of 1/8 of the incident photons reach the surface from
the ingide in the —x direction, where they can either leave the
material or be reflected.

Coming back to the microcrystals, it is obvious that the
effective energy migration length lLygerr is affected by these
processes. Because front—back trapping is governed by pro-
cesses perpendicular to the absorption and re-emission, we
assume that eq 8 is still valid and that we can substitute the
natural lifetime of the pyronine molecules 7,y by an effective
lifetime z.g of the excitation inside of a microcrystal. Time-
resolved measurements and measurements at different temper-
atures carried out by us do support this interpretation.

3.5 Conclusions. We have shown that zeolite L microcrystals
can act as hosts for supramoleculsr organization of strongly
luminescent organic dyes in their one-dimensional channels.
Extremely fast electronic excitation energy migration along the
axis of cylindrical crystals has been demonstrated in pyronine-
loaded zeolite L modified with oxonine as luminescent traps.
We have good evidence that the antenna properties of this
system are governed by Forster-type energy migration, supported
by an increase of the effective excitation lifetime because of
self-absorption and re-emission. However, more detailed pho-
tochemical and photophysical stadies of this fascinating system
are needed to fully understand the processes that take place.
Many other highly organized dye-zeolite materials of this type
can be prepared and are expected to show a wide variety of
remarkable properties.> Characteristics of the material investi-
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gated are explained in Scheme 3, which emphasizes on the
pronounced anisotropy for light absorption/emission and energy
migration. They provide different possibilities for building
sophisticated artificial antenna devices. In addition, the largely
improved chemical and photochemical stability of dye molecules
intercalated in an appropriate zeolite framework allows us to
work with dyes that otherwise would be considered uninteresting
because of lack of stability.’ New electronic structures are
accessible by specific geometrical arrangerments. The structure
of the host and the techniques for arranging zeolite microcrystals
of good quality and narrow size distribution as dense monograin
layers on different substrates can be used to realize specific
properties, 2526
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