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Trapping Energy from and Injecting Energy
into Dye±Zeolite Nanoantennae**
Huub Maas and Gion Calzaferri*

The light-harvesting system in green plants is a supra-
molecular machine that collects light energy for photosyn-
thesis. The beauty of this photonic antenna has inspired many
researchers to examine and even try to mimic it. Different
approaches have been used to build artificial photonic
antennae.[1±5] Exciting results based on a host ± guest system
have been obtained in our group[6±10] with the host material
zeolite L, a hexagonal crystal with one-dimensional channels

small crystals between copper electrodes was constructed,
which allowed the crystals to be monitored during measure-
ments. An atmosphere of 1 ± 2 bar SF6(g) was used, and
conductivity measurements (Keithley electrometer 6517A)
were performed on six single crystals of TPP ¥ y(I2) (y� 0.65 ±
0.75, T� 25 �C), which were obtained from two different
crystallization attempts (route III, Figure 3). �� values in the
order of 10�6 ± 10�8 ��1m�1 were found for a potential of 50 V.
However, three of these crystals were exposed to a voltage of
50 V, an increase in the current I (up to a factor of two) was
observed with time. In cases where the voltage was 500 ±
1000 V, the conductivity could be enhanced by a factor of
30 ± 300, depending on the individual crystals. For crystals in
which a stable current was established after several hours, an
anisotropy factor (��, ��) of about 30 was measured. This
factor provides evidence for a preferred conductivity along I2
chains in the TPP channels. Further investigation of the
nonlinearity and the time dependence of the I(U) function is
in progress.

In summary, we present the first example of I2 molecules
being brought into a chainlike configuration, surrounded by a
�-donor-type environment, which separates chains laterally.
Observed values of the conductivity of TPP ¥ y(I2) are of the
same order as those in the (b,c) plane[11] of iodine (1.7�
10�6 ��1m�1, 25 �C). Efficient sorption of I2 by the TPP ¥
x(THF) zeolite crystals may find application in the sensing
and removal of radioactive 129I2.[19]

Experimental Section

1H NMR spectra were recorded on a Bruker-Spectroscopin AC 300
spectrometer. The UV/Vis spectra were measured on a Cary spectrometer.

Preparation of TPP: Hexachlorocyclophosphazene (recrystallized in hep-
tane), sublimed pyrocatechol, and anhydrous sodium carbonate were
mixed in dry THF. The resulting precipitate was filtered off and dried. The
product was purified by recrystallization (toluene) and a double sublima-
tion (p� 10�2 mbar, T� 210 �C).

Preparation of the TPP ¥ x(THF) clathrate: TPP was dissolved in THF at
60 �C. Single crystals up to several millimeters long were obtained by slow
cooling (1 �Ch�1). The ratio of TPP/THF was determined by 1H NMR
spectroscopy (x� 0.60, Ia). Partially desolvated clathrate crystals were
obtained when exposed to vacuum at room temperature for 24 h (x� 0.35,
Ib).

Preparation of inclusion compounds TPP ¥ x�(THF) ¥ y(I2) (route I): TPP ¥
x(THF) crystals were sealed in ampoules (V� 3 cm3) with an excess of
iodine and placed into the homogeneous hot zone of a glass oven at a
temperature of 25 ± 100 �C.

Preparation of inclusion compounds TPP ¥ y(I2), route II: Cocrystallization
was performed in the gas phase in ampoules (V� 3 cm3), up to 180 �C, with
a small temperature gradient between iodine(l) and TPP(s).

Route III: Sublimated TPP and an excess of iodine were dissolved in
mesitylene at 80 ± 100 �C. Black single crystals (III), were obtained by slow
cooling (1 �Ch�1). The ratio of TPP/iodine was measured by UV/Vis
spectroscopy, by using three independent series of crystals and standard
solutions for iodine. The average content (y) of I2 varied between 0.65 ± 0.75
for different batches. A value of y� 0.75 demonstrates that batches with a
maximum concentration of iodine could be prepared.
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along the crystal axis.[11±13] As guests we have used a
wide range of highly fluorescent dye molecules. The
size and shape of these dyes is such that they can
enter the free open diameter of the zeolite L
channels but they are prevented from forming
dimers once inside. In this way we are able to build
highly organized systems in which monomeric dyes
are present in a high concentration. The distance
between the individual dye molecules is in the order
of magnitude of the Fˆrster radius for energy
transfer,[14] which enables efficient energy transport
in such dye-loaded zeolite L crystals. We have made
photonic antennae with two (see Figure 1A)[7] and
three dyes,[9] and inverse antennae in which the
donors are located at both ends of the crystals and
the acceptors in the middle.[15]

The systems reported so far are able to transport
electronic excitation energy radiationless within the
zeolite crystal structure. To mimic the natural supra-
molecular machine and for a number of technolog-
ically interesting applications it would be desirable to
lead the collected energy out of the crystals, or to
inject energy from the exterior into the dye-loaded
crystals. Our suggestions to reach this goal involve
stopcock molecules (as shown in Figure 1B).[6, 16] These
molecules have a stopcock shape with a head that is too big
to penetrate the free open diameter of the zeolite channels
and a label that is smaller and can enter. The head and the
label are connected by a flexible spacer. Herein we show for
the first time that such stopcocks can trap electronic excitation
energy at the zeolite crystal surface, and inject excitation
energy into dye-loaded zeolite L crystals in a complementary
arrangement.

The ratio between the internal and the external surface of
the zeolite L crystals is proportional to the ratio between the
number of molecules that can be inserted in the crystal
channels and the number of molecules that can be adsorbed as
a monolayer on the external surface. One way of keeping this
ratio small is by using small zeolite L crystals; the synthesis of
zeolite L crystals with a size of about 30 nm has been
reported.[7, 17] The large external surface of these nanocrystals
makes them suitable hosts to show energy transfer from
molecules inside the crystals to molecules on the surface and
vice versa.

Because the zeolite L crystals have a cylindrical shape, one
can distinguish between two external surfaces: the coat, and
the base. The coat is vaulted and lacks channel entrances,
while the base is flat and contains the channel entrances.
These differences give rise to different adsorption affinities.

Scheme 1 shows the dye molecules BTRX and B493/503 we
have used as stopcocks. Their head consists of a BODIPY
fluorophore, and their label is a succinimidyl ester.[18] The
succinimidyl ester makes the label polar and we know that
keto groups form specific interactions to sites inside the
channels. Although BTRX and B493/503 have polar groups it
is possible to dissolve small amounts in an apolar solvent such
as cyclohexane. If a suspension of nanocrystals in the same
solvent is then added to this solution, the stopcocks are
extracted from the solution onto the polar zeolite surface.

Scheme 1. Dyes examined: BODIPY TR-X SE (BTRX), BODIPY 493/
503 SE (B493/503), pyronine� (Py�), and oxonine� (Ox�).

Owing to the adsorption equilibrium, the more preferred
adsorption sites will after some time be predominantly
occupied. Thus a difference in adsorption affinity between
the coat and the base of the crystals will be pronounced after
the adsorption process has reached its equilibrium state. If the
dye concentration on the crystal surface becomes too high,
aggregation will occur. Aggregates usually quench fluores-
cence[19] and it is therefore necessary to work with well-
controlled amounts of dye so that only monomers are present.

Figure 1. Dye-loaded zeolite L antenna; A) blue-emitting donor molecules inside the
zeolite transfer electronic excitation energy to red-emitting acceptor molecules at the
left and right of the cylindrical crystal. B) Antenna system with stopcock molecules as
external traps and a schematic picture of a stopcock at the end of a zeolite L channel.
The stopcock contains a head, a spacer, and a label.
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Energy-transfer experiments were
done on the two different systems
shown in Figure 2. The Py�/BTRX
system was used to investigate energy
transfer from Py� molecules inside
the zeolite channels to the BTRX
stopcocks, and the Ox�/B493/503 sys-
tem to investigate energy transfer
from B493/503 stopcocks to Ox�

molecules inside the zeolite channels.
For these experiments zeolite nano-
crystals with a size of about 30 nm
were used.

The optical properties of Py�-load-
ed and of BTRX modified nanocrys-
tals are shown in Figure 3A. The
spectral overlap integral between
the fluorescence spectrum of Py�

and the excitation spectrum of BTRX
is large–a prerequisite for effective
energy transfer. Py� ± zeolite L crys-
tals with different occupational prob-
abilities, pPy, were modified with
two BTRX stopcocks per channel.
Py� was selectively excited at
22000 cm�1. Figure 3B shows the re-
sulting fluorescence spectra for dif-
ferent Py� loads. After Py� excitation,
we can clearly see the fluorescence
band of BTRX around 16000 cm�1. It
is the result of energy transfer from
Py� molecules inside the crystals to
BTRX molecules on the external
surface (Figure 2 top). The dotted
spectrum in Figure 3B arises from a
sample in which the amount of Py� inside the channels is twice
the amount of BTRX on the external surface. An increase of
the donor concentration leads to a decrease of the mean

Figure 2. Top: Py�-filled zeolite L channels; the ends of the channels are
modified with BTRX stopcocks for external trapping of electronic
excitation energy. Bottom: Ox�-filled zeolite L channels; and the ends of
the channels are modified with B493/503 stopcocks for electronic excitation
energy injection.

donor ± acceptor and mean donor ± donor separation. It is
expected that this results in more effective energy transfer,
which is what we observe (Figure 3B). We attribute the
bathochromic shift of the Py� emission band to self-absorp-
tion and re-emission.[8]

The reverse of this external trapping is injection of
electronic excitation energy. For this, we need a system, such
as the chosen B493/503-modified Ox�-zeolite L, in which the
donor stopcocks are at both ends and the acceptor molecules
are inside the zeolite channels (Figure 2 bottom). We first
characterized the Ox�-zeolite nanocrystals and the nano-
crystals modified with B493/503 separately (Figure 3C).
Again the spectral overlap integral between the emission
spectrum of B493/503 and the excitation spectrum of Ox� is
large. The B493/503 stopcocks are excited selectively at
21740 cm�1. We modified Ox�-zeolite L crystals with one
molecule of B493/503 per channel. The occupational proba-
bility of Ox� was chosen to be very small (0.008) so that 3.5
times more donor molecules were present than acceptor
molecules. After specific excitation of the B493/503 stopcocks
at 21740 cm�1 the emission spectrum of Figure 3D was
obtained, which shows that impressive energy transfer takes
place from the B493/503 stopcocks to the Ox� molecules. The
emission band at 16000 cm�1 is due to energy injection from

Figure 3. A) Fluorescence (±±±) and fluorescence excitation (––) spectra of Py� in, and BTRX on the
external surface of zeolite L nanocrystals; �Py� (�max)� 83200 cm�1��1, �BTRX (�max)� 68000 cm�1��1;
JPy�-BTRX� 3� 10�10 cm3��1, pPy� 0.06; the crystals with BTRX were modified with two molecules per
channel. B) Fluorescence spectra of Py�-zeolite L nanocrystals modified with two BTRX per channel. ––
: pPy� 0.02, ±±±: pPy� 0.06, - - - -: pPy� 0.10. C) Fluorescence (±±±) and fluorescence excitation (––)
spectra of Ox� in, and of B493/503 on the external surface of zeolite L nanocrystals; �Ox� (�max)�
84100 cm�1��1, �B493/503 (�max)� 84000 cm�1��1; JB493/503-Ox� 1.5�10�10 cm3��1, pox�0.008; the crystals
with B493/503 were modified with one molecule per channel. D) Fluorescence spectra of Ox�-zeolite L
nanocrystals modified with one B493/503 per channel. All spectra have been scaled to the same height
Imax�1.
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B493/503. This energy injection works even better than the
energy trapping of excited Py� molecules by BTRX. The
length of the tail of BTRX is 1.8 nm and that of B493/503 is
0.9 nm. The shorter tail of B493/503 allows shorter donor ±
acceptor separationsRDA. Because the Fˆrster energy transfer
rate falls off with R�6DA the shorter distance is presumably the
main reason for the higher transfer efficiency.

Although the nanocrystals are a good choice for energy-
transfer experiments, it is at the present time technically not
feasible to examine the organization of the individual dyes
with an optical microscope. To visualize this we therefore used
large zeolite L crystals of about 2 �m length. Our aim was to
establish on which zeolite surface the stopcocks preferably
bind and to try to image the energy transfer. Modification of
large Py�-zeolite L crystals with two BTRX molecules per
channel led to the fluorescence microscope images shown in
Figure 4. The zeolite crystals were exchanged with Py� for
very short periods so that the Py� molecules could not diffuse
far into the zeolite channels. This accounts for why the middle
part of the crystals in Figure 4 are dark.

Figure 4. Fluorescence microscope images of 2 �m Py�-zeolite L crystals
modified with 2BTRX molecules per channel. The white rectangles
indicate single zeolite L crystals. 1, 2) Images of BTRX-modified zeolites
after excitation at 545 ± 580 nm and detection with a 610 nm cut-off filter
using a polarizer (the direction of the transmitted polarization is indicated
by the arrows); 3) image of a crystal detected without polarizer. 4 ± 7)
images of the same crystal as in 3) after excitation at 470 ± 490 nm and
detection with a 515 nm cut-off filter at different polarizations.

Images 1 and 2 in Figure 4 show the emission after BTRX
excitation of two perpendicular lying crystals; the transmitted
polarization direction is indicated by the arrows. It is clear that
the stopcocks are located at the bottom and top of the
cylindrical crystals and that the BTRX emission is polarized
perpendicular to the crystal axis. The S0� S1 transition dipole
moment of the BODIPY fluorophore is polarized along the
chromophore axis.[20] Molecular orbital calculations[10c, 21]

reveal that the S0�S1 transition dipole moment of BTRX is
similarly polarized. One would therefore expect an emission
perpendicular to the crystal axis when the molecules partly
penetrate the zeolite L channels. Images 3 ± 7 in Figure 4 all
show the same crystal. Image 3 shows the emission after
BTRX excitation and images 4 ± 7 show the emission after Py�

excitation. The color of the emitted light changes significantly
with polarization. Depending on the polarization a green to
yellow emission dominates. The yellow color is a mixture of
green (Py�) and red (BTRX) emission. If the Py� and the
BTRX molecules are differently oriented, different contribu-

tions of red and green occur for the different polarization. For
the polarization perpendicular to the crystal axis (as approx-
imately is the case in image 5), the red contribution is largest
and the crystals appear yellow.

In conclusion we have shown that electronic excitation
energy can be trapped outside and injected into nanoantennae
by stopcock molecules that preferably adsorb at the base of
the cylindrical zeolite L crystals. This opens the door to a wide
range of applications, for example, for mimicking the natural
photosynthesis apparatus, for supramolecular nanoprobes,
and in dye-sensitized solar cells and light-emitting diodes.[16]

Experimental Section

Chemically pure zeolite L materials were synthesized and characterized as
described in reference [7]. The potassium zeolite L crystals were pretreated
by stirring in a buffer of pH 6 for 1 h followed by washing with doubly
distilled H2O three times. Py� and Ox� were synthesized and purified
according to the procedure in reference [10b]. BTRX (BODIPY TR-X SE)
and B493/503 (BODIPY 493/503 SE) were obtained from Molecular
Probes Inc. and used as received. Py� and Ox� molecules were inserted in
the zeolite L channels by ion exchange from H2O. An aqueous zeolite L
suspension was treated in an ultrasonic bath for 20 min and then added to
an aqueous dye solution containing the appropriate amount of dye. The
mixture was refluxed for 1 h. Afterwards the dye-loaded crystals were
washed twice with MeOH by ultrasonic treatment for 15 min to remove
dyes from the external surface. For the adsorption of BTRX and B493/503
the zeolite L crystals were suspended in cyclohexane and sonicated for
20 min. Then a dye solution in cyclohexane with the appropriate amount of
dye was added and the mixture was sonicated for 30 min at room
temperature. Adsorption of BTRX and B493/503 onto the dye-loaded
zeolites did not extract any cationic dyes from inside the zeolite. Solid-state
samples were prepared on 16 mm diameter quartz plates for fluorescence
measurements which were carried out the same day.

Fluorescence spectra were measured with a Perkin Elmer LS 50B
luminescence spectrometer using suitable cut-off filters (Py� was excited
at 455 nm and detected at 550 nm; BTRX was excited at 550 nm and
detected at 690 nm; Ox� was excited at 560 nm and detected at 670 nm;
B493/503 was excited at 460 nm and detected at 575 nm). Absorption
spectra were recorded on a Perkin Elmer Lambda 900 spectrophotometer.
Optical microscopy images of fluorescent samples were recorded under an
Olympus BX 60 microscope combined with a Kappa CF 20 DCX Air K2
CCD camera with 100� magnification using an immersion oil. The light
stemming from a mercury lamp was first passed through a 438 nm cut-off
filter. It was then passed through appropriate excitation cubes comprising a
narrow-band excitation filter, a dichroic mirror, and a cut-off filter. Py� was
excited between 470 and 490 nm and detected with a cut-off filter at
515 nm, BTRX was excited between 545 and 580 nm and detected with a
cut-off filter at 610 nm. By inserting a polarizer in front of the camera the
fluorescence images could be examined at different polarizations.
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Sr4N3: A Hitherto Missing Member in the
Nitrogen Pressure Reaction Series
Sr2N	Sr4N3	SrN	SrN2**
Yurii Prots, Gudrun Auffermann, Michael Tovar, and
R¸diger Kniep*

In the course of our investigations on the formation and
existence of diazenides of strontium,[1] we developed an
analytical method for quantitative nitrogen speciation.[2] By
means of this technique (carrier-gas hot extraction with a
controlled temperature program), we could confirm the
results of the structure determinations on SrN ( �� (Sr2�)4
[N3�]2[N2

2�]) and Sr[N2] ( �� (Sr2�)[N2
2�]). The system was

calibrated by using, for example, Sr2N[3] (the starting material
of the high-pressure synthesis of diazenides).[1] In the course
of our studies, it turned out that Sr2N, synthesized at ambient
pressure, often contains significant portions of diazenide

which were not clearly visible by X-ray or spectroscopic
investigations.[4] In principle, these experimental results would
be consistent with a homogeneity range of Sr2N towards SrN
according to (partial) formation of mixed crystals Sr2�xN
(complete miscibility in the limits 0
 x
 1), although pre-
vious studies[1] had provided ™no indication for homogeneity
ranges∫ of the nitride diazenides. In fact, we now find that at
lower N2 reaction pressure (already above 1 bar), Sr2N reacts
to the hitherto ™overlooked∫ nitride ± diazenide Sr4N3.

Sr4N3, a dark gray powder with metallic luster, was
synthesized in autoclaves[5] by the reaction of Sr2N with
molecular nitrogen (9 bar) at 650 �C for 6 h.[6] No impurities
were detected by X-ray and neutron diffraction investiga-
tions[7] at ambient pressure nor by chemical analysis.[9] The
contents of oxygen, hydrogen, and carbon were below the
limits of detection. At constant reaction temperature (650 �C)
and time (6 h), the diffraction pattern of Sr4N3 was observed
up to a reaction pressure of 100 bar amongst the characteristic
reflections of SrN. The lattice parameters of Sr4N3 and SrN,
determined at ambient pressure, remained unchanged within
the standard deviations.

The crystal structure of the air- and moisture-sensitive
microcrystalline powder of Sr4N3 was solved by a combination
of X-ray and neutron diffraction.[7] The observed and
calculated neutron diffraction diagram, as well as the differ-
ence profile, are given in Figure 1. The crystal structure of
Sr4N3 is depicted in Figure 2 (center) showing the close

Figure 1. Neutron diffraction diagram of Sr4N3 ��Sr8[N]4[N2] (powder
diffractometer E9, HMI Berlin) at 298 K: Observed (red dots), calculated
(black solid line), and difference profiles (blue line). The green ticks mark
the positions of the Bragg reflections of the monoclinic C-centered cell.[7]

relation to the starting material Sr2N (left) and the next higher
™pressure stage∫ SrN (right). The evident structural relation
makes it reasonable to suppose the reaction paths during the
formation of Sr4N3 via an intercalation step.[10] Thus, these
structural chemical facts can easily be described when starting
with the subnitride Sr2N[3] as the host structure (CdCl2 type).
In the first step of the N2-pressure induced intercalation which
occurs already at about 1 bar (pN2

), one half of the octahedral
holes (�(o)) between two adjacent layers 2�(Sr6/3N) along [001]
in the host structure, are occupied by N2. Thus, packages of
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