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1. Introduction

1.1 Molecules, clusters, and nanoparticles
Materials properties change if one goes from single atoms or molecules to solids. Clusters

or nanoparticles present a state of matter which lies between the smallest element of the

material (atom or molecule) and its bulk phase. In general the name “cluster” is used for

an aggregate of a small number of atoms, while a nanoparticle lies in the nanometer size

regime and often consists of several hundreds of atoms. One property, which can change

with particle size, is the color of the material. This phenomenon is called quantum size

effect and is often observed in semiconductors. 

Figure 1.1.1: Correlation scheme relating the energy levels of the bulk phase, of clusters

and of the monomer of a semiconductor.

The development of the energy levels from a molecule to a cluster to the bulk phase of a

semiconductor is illustrated in Figure 1.1.1. By aggregation of molecules into a cluster,

the HOMO and the LUMO of the monomer split into several delocalized molecular

orbitals, the number of which depends on the cluster size. In the bulk phase continuous

bands of energy levels instead of discrete levels are formed. The energy gap between

valence band and conduction band is called band gap Eg. Depending on the band gap of

the semiconductor the electrons of the valence band can be thermally or electronically

excited to the conduction band. By exciting an electron to the conduction band one

creates a hole in the valence band. The electron and the hole are bound together by a

screened Coulomb interaction to form a so-called Mott-Warnier exciton with a materials

dependent exciton Bohr radius.[1,2] Quantum size effects occur when the radius of the
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semiconductor cluster becomes comparable to the bulk exciton radius. The energy of the

first excited state of the cluster is shifted by

                                                                                                           (1.1.1)❆E = h2

8meffr2

from its energy in the bulk material, where h is the Planck constant, meff is the effective

mass of the electrons and holes, and r is the cluster radius. This means that the band gap

increases with decreasing cluster size as 1/r2. The electronic spectra of clusters are then

blue-shifted compared to the bulk resulting in a color change of the material. 

Quantum size effects have been observed on a number of semiconductors such as Zn-

and Pb-chalcogenides,[3-5] while a lot of work has been done on Cd-chalcogenide

compounds. Cd-chalcogenide nanoparticles show a large quantum size effect  (exciton

Bohr radius 5.6 nm for CdSe[1]) and are well studied objects with fascinating properties

such as photo- , electro- and chemiluminescence.[6-8]  The color of the emitted light can be

tuned over a large spectral range by selecting nanoparticles of different size. This makes

them interesting for applications in LEDs and display devices.

1.2 Silver sulfide clusters
Silver sulfide is a semiconductor as well and thus is expected to show quantum size

effects in small enough clusters. The electronic transition from the valence band to the

conduction band of bulk α-Ag2S is essentially a charge transfer from 3p(S) to 5s(Ag)

states. This property is kept for the HOMO-LUMO transition of Ag2S monomers.[9]

Extended Hückel molecular orbital calculations of Ag2S monomers were carried out by

Dominik Brühwiler[10] and Stephan Glaus[11] and are summarized in Figure 1.2.1. The

model Ag2S has a bond angle of 112° and an Ag-S bond length of 2.42 Å. There are 4

strong transitions between 300 nm and 400 nm which are expected to be observed in the

absorption spectrum, while the HOMO-LUMO transition has a very weak oscillator

strength. 

Until recently there were no spectroscopic data available for small (Ag2S)n-clusters and

especially the Ag2S molecule. This may be due to the fact that Ag2S shows a strong

tendency for aggregation into bulk. Several methods have been developed for the

synthesis of silver sulfide clusters. By using different kind of polymers as stabilizing

agents[12-15] or by implantation into silica glass[16] silver sulfide clusters of a few nanometers

were synthesized. However, the first silver sulfide clusters showing a significant blue-shift

in the absorption spectra were synthesized by Dominik Brühwiler.[9,10] He developed a
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method for synthesizing silver sulfide clusters in zeolite A. Due to the small dimensions of

the zeolite cages the size of the clusters is limited to less than 15 Å. The silver sulfide

clusters stay after the synthesis as guests inside the zeolite cages yielding very stable

materials. This means that small silver sulfide clusters in the molecular dimension can be

stabilized and investigated. These host-guest systems were found to reveal interesting

photoluminescence properties depending on the cluster size. The aim of this thesis was to

deeper investigate these luminescence properties and to study the influence of different

factors on the synthesis and properties of the silver sulfide clusters.

Figure 1.2.1: Energy level diagram of a Ag2S molecule with the calculated transition

energy and oscillator strengths.[17]
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2. The Zeolite A - Ag2S / Host-Guest System

Zeolites are porous crystalline materials which are used in a broad field of applications.

Due to their ion exchange capability they can act as water softeners and their well defined

cavities allow size-selective reactions, for example in catalysis, or removal of pollutants.

Some examples are given in Refs. [18-22]. Zeolites are also suitable hosts for

supramolecular organization of different kinds of molecules, clusters, and metal

complexes.[23] The cages of zeolite A turned out to be convenient for hosting small ions

and semiconductor clusters.[24-26] In this work zeolite A was chosen as a host for the

synthesis of silver sulfide clusters in the size regime of a few Å. The zeolite prevents the

small silver sulfide particles from aggregation into larger clusters or bulk. 

The optical properties of  zeolite A - Ag2S / host-guest materials strongly depend on the

amount of silver sulfide inside the zeolite and will be discussed in chapter 3. In this

chapter some properties of zeolite A are introduced and the principle of the

“ship-in-a-bottle” synthesis of silver sulfide clusters is described.

2.1 Zeolite A - structure, morphology, and ion exchange
The framework of zeolite A is built up by SiO4 and AlO4 tetrahedra. The tetrahedra are

connected over the oxygen atoms in the corners resulting in a larger building unit called

β-cage (or sodalite cage) which is shown in Figure 2.1.1B. The oxygen bridges are

represented as black lines where the blue dots stand for Si and Al atoms. Eight β-cages

are linked together over the 4-membered rings giving rise to a larger cavity called α-cage.

The diameter of the α-cage is 11.4 Å while the largest window (8-ring, see Figure 2.1.1C)

has a diameter of 4.1 Å. The negative charge of the framework is compensated by

cations which are located at different positions in the framework. Under ambient

conditions the cations are coordinated to water molecules, which are also present inside

the zeolite cages. In dehydrated zeolites the cations have three different possibilities for

coordination to the oxygen atoms of the framework. Either they coordinate to a

4-membered ring (18 sites/α-cage), or to a 6-membered ring (8 sites/α-cage), or to a

8-membered ring (3 sites/α-cage). In the case of the 4-membered ring one can

distinguish between two different positions, position S 4S in the β-cage (12 sites) and

position S 4L in the α-cage (6 sites). In common zeolite A the amounts of Si and Al are

equal and the corresponding tetrahedra alternate. So, for charge compensation 12

monovalent or 6 divalent cations per α-cage are needed, leading to the formula

M12[(AlO2)12(SiO2)12] or M6[(AlO2)12(SiO2)12], respectively, where M stands for the cations.
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This formula is also named pseudo unit cell and is more convenient than the

crystallographic unit cell, which consists of eight pseudo unit cells. 

A typical synthesis procedure yields cubic crystals with the composition

Na12[(AlO2)12(SiO2)12]·27 H2O and chamfered edges as shown in Figure 2.1.1D. Other

cation forms can be prepared by ion exchange in aqueous solution. For small cations like

Na+ and Ca2+ ions the most occupied position is S 6 in the 6-membered ring. In one

pseudo unit cell eight Na+ are located at S 6, three Na+ at S 8, and one Na+ at S 4S. In the

case of Ca6[(SiO2)12(AlO2)12] all six Ca2+ are coordinated to S 6.

Figure 2.1.1: Scheme of the building units of zeolite A (A-C) and electronmicrographic

image of typical zeolite A crystals (D). In C the framework of zeolite A with its

crystallographically identified cation positions is shown.

All Na+ ions be can be exchanged with other monovalent or divalent cations at room

temperature. In a suspension of zeolite A in water the cations inside the zeolites are in

equilibrium with the cations in solution:[27]

b Aa+
(solution)  +  a Bb+

(zeolite) ==∏   b Aa+
(zeolite)  +  a Bb+

(solution)                                               (2.1.1)

The equivalent fractions of the exchanging cation A in the solution S(A) and in the zeolite

Z(A) are defined by:

                                                                                    (2.1.2)S(Aa+) =
aA (solution)

a+

bB (solution)
b+ + aA (solution)

a+

                                                                                                              (2.1.3)Z(Aa+) = nA

NA

2  The Zeolite A -Ag2S / Host-Guest System

6



where nA is the number of equivalents of the exchanging cation Aa+ and NA is the total

number of equivalents in the zeolite according to the stoichiometric composition. For

zeolite A NA = 12 for monovalent cations and NA = 6 for divalent cations.

The order of decreasing selectivity for monovalent cations in zeolite A is according to Ref.

[27]: 

Ag > Tl > Na > K > NH4 > Rb > Li > Cs

For divalent cations, the order of decreasing selectivity is:

Zn > Sr > Ba > Ca > Co > Ni > Cd > Hg > Mg

The ion exchange properties are often described by means of ion exchange isotherms.

The ion exchange isotherm is a plot of Z(Aa+) as a function of S(Aa+) at a given total

concentration in the equilibrium solution and at a constant temperature. Depending on the

ion pair one can classify different types of exchange isotherms.[27] As an example the ion

exchange isotherms of the ion pair Ag+/K+ in zeolite A measured at different temperatures

are shown in Figure 2.1.2.[28] It demonstrates that the entering cation Ag+ is initially

preferred over the leaving cation K+. 

In practice, one can use ion exchange isotherms for calculating the precise amount of the

exchanging cation needed for a specific exchange degree (Z). Complete ion exchange

can be achieved for a lot of ion pairs by suspending the zeolites several times in an

excess of the corresponding aqueous salt solution.

Figure 2.1.2: Ion exchange isotherms of the system Ag+/K+ -zeolite A at different

temperatures. The isotherms were measured in 0.1 M aqueous KNO3 solution. 
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Depending on the charge compensating cations the effective pore size of zeolite A

changes. This can be tested by gas adsorption (e.g. N2, Ar) on dehydrated zeolites. The

gas adsorption isotherms give information about the occupation of the S 8 sites. It was

found that Ca2+-zeolite A adsorbs molecules up to a size of 5 Å while Na+-zeolite A only

adsorbs molecules smaller than 4 Å.[29] The difference is due to the occupation of the S 8

site by three Na+ per pseudo unit cell. In K+-zeolite A the S 8 position is occupied as well,

resulting in an effective pore size of 3 Å, because the ionic radius of K+ is larger than the

ionic radius of Na+. The different effective pore size of these three cation-forms of zeolite

A gave them the names Linde type 5A, 4A, and 3A, respectively.

Zeolite ZK-4 has the same framework as zeolite A but the Si/Al ratio is > 1 and thus the

number of cations per pseudo unit cell is smaller than 12. The typical synthesis procedure

used in this work yields crystals with the composition Na9[(AlO2)15(SiO2)9]·nH2O. This

means that the less favored cation positions are not occupied. Gas adsorption

experiments showed that the S 8 positions are free.[30]
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4  The electronic structure of Ag+ zeolite A

Rálek et al. reported in 1962 that hydrated
colorless zeolite Ag+

xNa+
12-xA turns yellow

to brick-red on activation [31]. No
explanation of this phenomenon was given
at that time. Later it was believed that the
color change was due to formation of silver
clusters (Ag0

n) in the cavities of silver
zeolite A. These neutral silver species were
assumed to be formed at elevated
temperatures via an auto-reduction process
in which O2 from the zeolite framework was
released [32]. We studied the vibrational
spectra of Ag+ zeolite A materials in some
detail [33], and we showed that activation at
room temperature under high vacuum is
already sufficient to produce the yellow
form of Ag+

xNa+
12-xA. The fully reversible

color change, which depends on the
hydration state of the silver zeolite, was
attributed to electronic charge transfer
transitions from the oxygen lone pairs of the
zeolite framework to the empty 5s orbital of
the Ag+ ions, denoted as Ag+(5s)←O(n)
[34]. Silver containing sodium zeolite A is
colorless in its fully hydrated form. In
activated silver zeolite A materials, the Ag+

is forced to coordinate zeolite oxygen
because an insufficient number of available
water molecules is present. The question
remained if specific coordination sites
which act as yellow and/or red „color
centers” can be identified. We answered this
question by studying the UV/vis spectra of
Ag+

xNa+
12-xA and of Ag+

xCa2+
6-0.5xA materials

in their fully hydrated, in HV room
temperature dehydrated, and in HV elevated

2.2 Ag+-exchanged zeolite A
In this chapter the electronic properties of Ag+-exchanged zeolite A will be discussed. It

will be shown that they depend on the amount of exchanged silver ions (silver loading x)

and the co-cations which influence the occupation probability of Ag+ at specific cation

sites. The silver loading x expresses the number of Ag+ per α-cage and can take any

value between 0 and 12. The abbreviations Ag+
xNa+

12-xA, and Ag+
xCa2+

6-0.5xA, and so on

are used for differently loaded samples where A stands for the framework of zeolite A.

2.2.1 Chapter of the Publication: “The electronic structure of Cu+, Ag+, and Au+ zeolites”

Chem. Soc.Rev. 2003, 32, 29-37.

Gion Calzaferria)*), Claudia Leiggenera), Stephan Glausa), David Schürcha), Ken’ichi Kugeb)

a) Department of Chemistry and Biochemistry,
University of Bern, Freiestrasse 3, CH-3000 Bern 9, Switzerland

b) Faculty of Engineering, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263, Japan

A variety of procedures have been used to prepare d10-zeolite materials. The electronic structure of
these materials can be regarded in a first approximation as a superposition of the framework, of the
charge compensating ions, of solvent molecules and of guest species. Zeolite oxygen to d10-ion
charge transfer transitions dominate the electronic spectra if the ions coordinate to the zeolite
oxygens. Specific coordination sites can influence the energy and the intensity of these transitions
remarkably. Intra guest transitions dominate in quantum dot materials, as discussed in detail for
luminescent Ag2S zeolite A.  The zeolite is not needed for the photocatalytic water oxidation on
Ag+/AgCl photo anodes with visible light. It can, however, be used to increase the active surface
area substantially.
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temperature dehydrated states. The possible
ion positions in Ag+

xCa2+
6-0.5xA, probed by

gas adsorption experiments, offered the
unique possibility of investigating different
coordination sites of Ag+ ions in zeolite A
[35]. Pure sodium and calcium zeolite A do
not absorb light within the spectral range
from 200 - 1000 nm we have investigated.
This means that any absorption band or
colors observed in silver zeolite A materials
are due to the presence of silver ions. Figure
9 shows the different colors of a Ag+

6Na+
6A

zeolite in its fully hydrated state (white),
after activation under high vacuum (2×10-7

mbar) at room temperature (deep yellow)
and after heating in the vacuum to 200 °C
(red). The spectrum of the yellow sample is
fully reversible. After readsorption of water
the yellow samples turn white again and the
absorption spectrum is the same as before
the activation.

→

3.0

2.0

1.0

0

4.0

3.0

2.0

1.0

0
200

200 300 400 500 600 700 800

300 400 500 600 700 800
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3.0

2.0

1.0

0
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2

3

Figure 9: Samples (left) and the corresponding
UV/Vis spectra (right) of Ag+

6Na+
6A in its fully

hydrated state (1), after activation in high
vacuum at room temperature (2), and after
activation in high vacuum at 200° C (3).

We found that 6- and 8-ring
coordinated Ag+ give rise to electronic
transitions in the near UV region. An
absorption in the visible, namely at 450 nm,
was only observed in materials where 4-ring
coordinated Ag+ was present and only they
showed the typical deep yellow color. We
also observed that Ag+ avoids the 4-ring
sites as long as possible in Ag+

xCa2+
6-0.5xA,

namely as long as x is smaller than 10. In
the case of Ag+

xNa+
12-xA either a Na+ or a

Ag+ is forced to coordinate a 4-ring site
because all other places are occupied. The
presence of the 450 nm absorption
responsible for the yellow color, already at x
< 0.2, proves that isolated Ag+ ions are
sufficient to cause it and that the 4-ring
coordination of Ag+ is significantly stronger
than that of the Na+. The red color of
elevated temperature activated samples is
caused by a strong absorption band at 520
nm. We observed that samples which
remained colorless after room temperature
activation never turned red, that samples
with lower silver content than one Ag+ per
α-cage never turn red, and that room
temperature dehydration under our
experimental conditions was not sufficient
to produce red colored samples. These
observations strongly indicate that only
samples with 4-ring coordinated Ag+ can
give rise to the 520 nm band and this only
occurs if a second Ag+ is not too far away at
a 6-ring site, so that they can interact to
develop a corresponding low lying state.

Molecular orbital calculations
carried out on a sufficiently large zeolite
part consisting of 1296 atoms allowed us to
address questions about the nature of the
HOMO and of the LUMO region, about the
contributions of the zeolite framework
atoms to the electronic transitions, about the
influence of the local symmetry of the Ag+

at 4- and at 6-ring sites, and about the
importance of Ag+—Ag+ interactions.

We found that 6-ring coordinated
Ag+ give rise to electronic transitions in the
near UV and that the 4-ring coordinated Ag+

2  The Zeolite A -Ag2S / Host-Guest System
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2.2.2 Ag+-exchange in K+-zeolite A
K+-zeolite A has the same amount of cations as Na+-zeolite A and the K+ ions are

expected to occupy the same coordination sites in the dehydrated zeolite as the Na+ do.

However, the affinity for specific sites is different. The observation that Ag+
xNa+

12-xA turns

yellow on dehydration already at very low silver loading (x < 0.2) led to the conclusion that

first the Na+ ions in the 4-membered ring are exchanged with Ag+, because only 4-ring

coordinated Ag+ give rise to transitions in the visible, while 6-ring and 8-ring coordinated

Ag+ are responsible for transitions in the UV. This means that the affinity of the

4-membered ring is higher for Ag+ than for Na+, or the affinity of the 6- and 8-membered

rings is higher for Na+ than for Ag+. I observed that the situation changes if one uses

K+-zeolite A instead of Na+-zeolite A. At a silver loading of x = 2 dehydrated K+-zeolite A is

still brilliant white. Only at higher silver loadings (x > 3) the samples start slowly to turn

yellow on dehydration. At a silver loading of x = 6 the color is as intense as in the

corresponding Ag+
xNa+

12-xA samples. Figure 2.2.1 shows a photographic picture of

dehydrated Ag+
xK+

12-xA samples with different silver loading.

is responsible for the deep yellow color of
the room temperature activated material.
This implies that similar Ag+(5s)←O(n)
LMCT transitions are to be expected in
other Ag+ exchanged zeolites. Ag+

exchanged zeolite Y can be used  as a test.
We therefore measured UV/vis spectra of
pure Na+

69Y, of room temperature HV
dehydrated Ag+

69Y, and rehydrated Ag+
69Y.

The main result is that an intense band at
about 34’000 cm-1 appears upon dehydration
which vanishes upon rehydration [35].
Analogously one would expect a similar
type of LMCT transitions in Cu+ zeolite
materials. Cu+(4s)←O(n) LMCT transition,
reversible upon HV hydration/dehydration,
have indeed been observed in Cu+ zeolite A
and X [36]. 

Based on all the information which
has been collected over the last few years,
we can now draw the schematic state
diagram in Figure 10 for Ag+ containing
zeolites.

-12

-10

-8

-6

-4

 O<   Zeolite
 O<  H O2

 O<   Zeolite

En
er

gy
 / 

eV

Figure 10: State diagram of Ag+-loaded zeolite
A. On the left side we show the levels observed
in room temperature activated zeolites in which
all three sites are occupied by silver ions, while
the scheme on the right side corresponds to
situations typically observed in Ag+

xCa2+
6-0.5xA

materials containing some water.
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Figure 2.2.1: Photographic picture of dehydrated Ag+
xK+

12-xA samples with different x. 

1) x = 2, 2) x = 5, 3) x = 6. The samples are sealed in airtight quartz ampoules.

This observation also corresponds to the absorption spectra in Figure 2.2.2. Samples with

a silver loading of x < 3 only reveal absorption bands in the UV which can be assigned to

charge transfer transitions of 6-ring coordinated Ag+ ions.[30] The band at 450 nm which is

responsible for the yellow color starts to rise at a silver loading of x = 4 and becomes

intense at x ã 6. Its position is the same as in Ag+
xNa+

12-xA. These results indicate that first

three to four K+ in 6-ring positions are exchanged with Ag+ before the K+  in the 4-ring is

exchanged.

Figure 2.2.2: Diffuse reflectance spectra of dehydrated Ag+
xK+

12-xA with different x. KM

stands for the Kubelka-Munk formula.
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On the first sight it is astonishing that not all of the eight 6-ring positions are occupied by

silver ions before they occupy 8-ring and 4-ring positions. An explanation can be given by

considering the results of Pluth and Smith[37] who found two differently coordinated K+ in

the 6-ring with different bond lengths and thus different binding energies. These two

possibilities of coordination to the 6-ring are explained to be caused by electrostatic

repulsion between neighboring K+. For the smaller Na+ ions one cannot distinguish

between two different coordination sites in the 6-ring.[38] Ag+ ions are expected to have a

similar affinity to specific sites as K+ ions due to the similar ionic radii (rAg+ = 1.26 Å, rK+ =

1.33 Å), while the Na+ ions are smaller (rNa+ = 0.95 Å). 

These results of dehydrated silver-exchanged K+-zeolite A also helped to understand the

different thermodynamic data obtained by measuring the ion exchange isotherms of

Ag+/Na+ and Ag+/K+ in zeolite A. The data predict a different exchange behavior of silver

ions in K+-zeolite A than in Na+-zeolite A and are discussed in Ref. [28].

2.3 Silver sulfide
Silver sulfide crystallizes in two different forms, α and β,=having the=stoichiometry Ag2S.

The low-temperature α-form named acanthite is monoclinic and stable up to 173 °C.

Above this temperature the cubic β-form named argentite appears. With its band gap of

about 1 eV at 20 °C silver sulfide is a semiconductor. Due to its photoconductivity silver

sulfide has also been used in photoelectric cells.[39,40] Thin layers of silver sulfide have

been considered for photoimaging and photodetection in the IR.[41] In photography sulfur

compounds are used to increase the photographic efficiency of silver halide microcrystals.

This process is known as sulfur sensitization and small (Ag2S)n-clusters such as Ag4S2 on

the surface of the silver halide crystals are expected to play a central role.[42,43]

2.4 The “ship-in-a-bottle” synthesis
There are several interesting compounds obtained by means of a so called

“ship-in-a-bottle” synthesis in zeolites.[44-46] The name is due to artistic bottles containing a

ship that is larger than the bottle neck. In chemistry it means the in situ synthesis of

compounds occluded in a host material. This is done by insertion of sufficiently small

molecules and ions into the cavities of the host and further reaction until the product is too

large to leave the cavities. Zeolite A is a suitable host material for this kind of synthesis of

guest species because the diameter of the α-cage is much larger than the largest

entrance (see chapter 2.1). 
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The synthesis of silver sulfide clusters in the cavities of zeolite A is based on the

knowledge that Ag+-exchanged zeolite A can be reversibly dehydrated at room

temperature. The dehydrated Ag+-zeolites are then exposed to H2S gas which reacts with

the Ag+ inside the zeolite yielding AgSH and a proton:

Ag+
(zeolite)   +   H2S(g)   ∏   AgSH(zeolite)   +   H+

(zeolite)                                                        (2.4.1)

Equation (2.4.1) predicts that the amount of protons produced during this reaction

depends on the silver loading. Protons are known to destabilize the lattice of zeolite A and

at a certain amount of protons the zeolite will be destroyed. So if one wants to go to high

silver loading (x > 6) it is better to do the synthesis in two steps. This means first a sample

with a small or medium silver sulfide content is synthesized, then the protons are

exchanged with other cations (e.g. Na+, Ca2+, etc.), and then the whole synthesis

procedure is repeated starting with silver ion exchange. In fact materials with x = 6

produced in a two-step-synthesis have a higher luminescence quantum yield than the

corresponding products of the one-step-synthesis.[47]

After the reaction with H2S according to Equation (2.4.1) the samples are allowed to take

up water again. Rehydration of the zeolite causes solvatation and mobilization of AgSH

which is small enough to pass the 8-ring windows. Diffusion of AgSH is followed by the

reaction of two AgSH to Ag2S and H2S according to Equation (2.4.2).

AgSH  +  AgSH   ∏   Ag2S  +  H2S                                                                             (2.4.2)

H2S is displaced by water and leaves the zeolite, which can be easily recognized by the

smell of freshly synthesized samples. Ag2S is expected to be less mobile than AgSH due

to sterical hindrance of the diffusion through the zeolite, but further reaction with AgSH

can occur leading to the formation of larger silver sulfide clusters.

Ag2S  +  AgSH ==π===Ag3S2H                                                                                        (2.4.3)

Ag3S2H  +   AgSH  =π   Ag4S2  +  H2S                                                                         (2.4.4)

Particles having the stoichiometry (Ag2S)n are stable in the hydrated zeolite because their

solubility product in water is very low, while particles like Ag3S2H are expected to be less

stable. Once the stable particles are built, further aggregation is prevented by the zeolite.

The largest (Ag2S)n cluster that would fit into the α-cage would approximately be Ag8S4.[17]

2  The Zeolite A -Ag2S / Host-Guest System

14



The nomenclature used in the following for zeolite A - Ag2S / host-guest materials is

Ag2S-MA-x, where M stands for the charge compensating cations (co-cations), A for the

framework of zeolite A, and x denotes the silver loading.

2.5 Summary
The cavities of zeolite A provide a suitable environment to host silver ions and small silver

sulfide clusters. The silver ions are introduced by means of ion exchange. On dehydration

of silver-exchanged zeolite A, the silver ions are forced to coordinate to oxygen atoms of

the zeolite lattice resulting in a change of the absorption spectra. While the absorption

spectrum of fully hydrated Ag+-zeolite A corresponds to Ag+ in water, the absorption

spectra of dehydrated Ag+-zeolite A reveals Ag+(5s)←O(n) LMCT transitions in the UV

and in the visible. The position of the absorption bands depends on the coordination site

of the silver ions. 4-ring coordinated Ag+ absorbs at 450 nm and is thus responsible for

the yellow color of some dehydrated Ag+-zeolite A samples. The order of the occupation

of different coordination sites by silver ions is influenced by the exchanging cation. This

could be demonstrated by comparing the ion pairs Na+/Ag+ and K+/Ag+. All color changes

due to dehydration/rehydration of silver-exchanged zeolite A at room temperature are

reversible. 

Silver-exchanged zeolite A is the starting material for the „ship-in-a-bottle” synthesis of

silver sulfide clusters in zeolite A. The silver sulfide clusters are expected to have the

stoichiometry (Ag2S)n and to be located in the α-cages. The size of the particles can

theoretically range from the Ag2S molecule to the Ag8S4 cluster or even arrays of clusters

in different=α-cages, and is given by the initial amount of silver ions per α-cage (silver

loading x). Tuning the size of the silver sulfide clusters leads to different and fascinating

optical properties of these host-guest materials, which will be discussed in the following

chapters.
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3.  Optical Properties of Ag2S-Zeolite A Materials

The optical properties of Ag2S-zeolite A systems depend on the silver sulfide content and

to a certain extent on the charge compensating cations (co-cations) present during and

after the silver sulfide synthesis. The influence of the silver loading (x) on the size of the

silver sulfide clusters is exemplified in chapter 3.1 for Ca2+-exchanged zeolite A. Systems

with other cations will be discussed in chapter 3.2.

3.1 Ag2S-CaA-x
The Ca2+-exchanged form of zeolite A (CaA) turned out to be very suitable for

investigating optical changes of the samples as a function of increasing silver sulfide

content. The color of these materials is brilliant and not grayish as sometimes observed

for Ag2S-NaA-x. Also the luminescence is quite intense and in most cases even visible at

room temperature. In this chapter the influence of the silver loading (x) on the optical

properties of Ag2S-CaA-x will be discussed. It was found that this kind of material is

sensitive to specific environmental changes. Especially the influence of water, of the

temperature, and of additional silver ions on the optical properties of Ag2S-CaA-x will be

presented. The main conclusions of the work on the Ag2S-CaA-x system is summarized in

the publication “Luminescence properties of Ag2S and Ag4S2 in zeolite A”  at the end of

this chapter.

3.1.1 Influence of the silver loading

Pure zeolite A does not absorb light in the visible part of the spectrum (200 - 1000 nm), so

the color of all samples is due to absorbing silver sulfide species.  Figure 3.1.1 shows the

absorption spectra of differently colored Ag2S-CaA-x samples. The colorless sample (A)

reveals transitions in the UV, while the spectra of yellow colored samples (B and C) have

a shoulder at 450 nm. With increasing x the samples start to become brown and absorb in

the whole visible region (D and E). The spectra lose their structure and the absorption in

the UV gets so strong that saturation effects occur. In comparison the absorption

spectrum of bulk silver sulfide is shown in (F).
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Figure 3.1.1: Diffuse reflectance spectra of Ag2S-CaA-x with different x (A - E) and of bulk

silver sulfide (F). KM stands for the Kubelka-Munk function. The shaded part shows the

spectral region where saturation effects occur.
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Figure 3.1.2: Luminescence spectra of Ag2S-CaA-x at -190 °C upon excitation at 320 nm.

The color of the luminescence changes from green to orange with increasing silver sulfide

content. The development of the luminescence bands as a function of x can be seen in

the spectra in Figure 3.1.2. Over a large range of different silver loading (x) the

luminescence spectra consist of one or two emission bands, one “green” band at 490 nm

and one “orange” band at 610 nm. At x > 2 there is a shoulder in the red part of the

“orange” luminescence band. This shoulder becomes stronger with increasing silver

sulfide content.
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Figure 3.1.3: Excitation spectra of the same samples observed at 490 nm (solid), at 610

nm (dots), and at 780 nm (dash).

The excitation spectra of the same samples are shown in Figure 3.1.3. Up to x = 2 one

can distinguish again between two different spectra with more or less structure. At higher

x the spectra become unstructured and the excitation spectrum at 780 nm is very broad.

It seems that samples with 0.01= x  x = x 2 contain always the same two luminescent

species in variable ratio. The rise of the luminescence band at 610 nm goes

simultaneously with the decrease of the relative luminescence at 490 nm. This is

illustrated in the plot in Figure 3.1.4. The relative luminescence intensities are calculated

as follows:
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                                                                                                          (3.1.1)I1 = I490
I490 + I610

                                                                                                          (3.1.2)I2 = I610
I610 + I490

where I490 is the luminescence intensity at 490 nm and I610 is the luminescence intensity at

610 nm.

Figure 3.1.4: Plot of the relative luminescence intensities at 490 nm (I1) and at 610 nm

(I2) as a function of silver loading.

These results indicate that in a defined loading range of 0.01= x  x = x 2 Ag2S-CaA-x

samples contain only two different silver sulfide species. At low silver loading green

luminescent species are preferentially built which are then replaced by orange

luminescent species with increasing silver loading. From experimental and theoretical

reasons it can be concluded that the luminescence at 490 nm is due to single Ag2S

molecules.[17] The calculated electronic transitions of Ag2S (see chapter 1) can be

recognized in the absorption spectrum of Ag2S-CaA-0.01 (Figure 3.1.1) and in all

excitation spectra of the green luminescence (Figure 3.1.3). The formation of Ag4S2 by

linking together two Ag2S molecules is discussed in Ref. [17] and in chapter 3.1.4. The

main conclusion out of that work is that the LUMO of Ag4S2 lies lower than the LUMO of

Ag2S while the HOMO stays at the same energy, resulting in a red shift of the
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luminescence. So it is fair to assume that the luminescence at 610 nm is due to Ag4S2.

The shoulder in the red part of the spectrum at higher silver loading is probably caused by

larger silver sulfide clusters. Energy Dispersive X-ray analysis (EDX) gives a Ag/S ratio of

2 up to a silver loading of x = 6. This means that up to x = 6 the stoichiometry of the silver

sulfide species is still (Ag2S)n. Possible candidates are Ag3S6 and Ag4S8 that still fit into an

α-cage. In highly loaded samples one may also consider interactions between clusters in

different α-cages which form some kind of supercluster.

The luminescence lifetimes lie all in the order of magnitude of several microseconds.

They were studied as a function of silver loading and of temperature. The longest

luminescence lifetime in Ag2S-CaA-x have isolated Ag2S molecules with about 300 µs.

The luminescence decay of Ag2S can be fitted in a good approximation to a

single-exponential function. However, as soon as Ag4S2 clusters are present in the same

zeolite crystal, the decay is no longer single-exponential. It can be then fitted to a

bi-exponential function and the average luminescence lifetime was found to decrease with

increasing amount of Ag4S2. The data of a series of measurements of samples containing

different ratios of Ag2S and Ag4S2 are summarized in Table 1 of chapter 3.1.4. The

explanation given there is that energy transfer from excited Ag2S to Ag4S2 occurs.

Actually, we have in our system an analogue situation as Förster describes in Ref. [48],

where the donor and the acceptor molecules are assumed to be at fixed positions. In our

case the donors are Ag2S and the acceptors are Ag4S2, which are spatially separated

from each other by the zeolite framework as illustrated in Figure 3.1.5. 

The rate constant for energy transfer kEnT strongly depends on the distance between

donor and acceptor and can be expressed as follows:

                                                                                                  (3.1.3)kEnT(i) = 1
�DC

R0

Ri

6

τD* is the luminescence lifetime of the donor without acceptor, R0 is the Förster radius,

and Ri is the distance between donor and acceptor. With increasing donor-acceptor

distance the probability of radiative relaxation of the donor increases. In the situation

shown in Figure 3.1.5 the probability that the excitation energy of Ag2S is transferred to

the nearest Ag4S2 (distance R1) is therefor much higher than to the diagonal lying Ag4S2

(distance R2).
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Figure 3.1.5: Scheme of Ag2S and Ag4S2 in the α-cages of a zeolite A crystal. An excited

Ag2S can transfer its excitation energy to a neighboring Ag4S2.

The luminescence decay of the donor can then be described by a so called stretched

exponential function:

                                                                   (3.1.4)< �DC(t) > = exp(− t
�DC

) A exp −2 t
�DC

ρD* is the luminescence intensity of the donor as a function of time, and γ is defined as

follows

                                                                                                        (3.1.5) =
❧

2 cA
4❧
3 R0

3

where cA is the concentration of acceptors. 

Theoretically, the luminescence decay of Ag2S is expected to fit to Equation (3.1.4), and γ

should become larger with increasing silver loading because the concentration of the

acceptors (Ag4S2) increases with increasing silver loading. In practice, we noticed that

such a fit is not possible. As an example the luminescence decay of a Ag2S-CaA-0.5

sample containing Ag2S and Ag4S2 will now be discussed. The time-resolved

luminescence spectra of Ag2S-CaA-0.5 are shown in Figure 3.1.6. 
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Figure 3.1.6: Top: Time-resolved luminescence spectra of Ag2S-CaA-0.5 at -150 °C. The

first six spectra after the excitation pulse are shown. Excitation was performed at 320 nm

and the time-window for detection (gate) was 100 µs. Bottom: Corresponding decay curve

at 490 nm (Data). The functions F1 (single-exponential), F2 (stretchted-exponential), and

F3 (adapted model function) are explained in the text.
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The luminescence decay of Ag2S can be fitted to a bi-exponential function with the

parameters a1 = 0.894, a2 = 0.106, τ1 = 143 µs, and τ2 = 423 µs.

                                                                       (3.1.6)I(t) = a1 A exp − t
�1

+ a2 A exp − t
�2

For comparison a single-exponential function (F1 with τ = 300 µs) and a

strechted-exponential function (F2 with τ = 300 µs and γ = 2) are plotted in the same

Figure 3.1.6. It can be seen that the data better fit to F2 at the beginning of the decay, but

later the decay is slower. One can also see that an approach to get the model function

closer to the data is by taking the sum of F1 and F2. This means that we have again a

bi-exponential function similar to Equation (3.1.6), but the new function is constructed out

of the decay function of the donor without acceptor (j1) and the decay function of the

donor in the presence of the acceptor (j2).

F3:                                   (3.1.7)I(t) = j1(t) + j2(t) = c1 A exp − t
�1

+ c2 A exp −2 t3

�2
3

τ1 and τ2 are in the ideal case equal to τD*, but in the following procedure they were varied

within a reasonable range. For the model function F3 in Figure 3.1.6 the following

parameters were used: τ1 = 210 µs, τ2 = 300 µs, c1 = 0.7, c2 = 0.3, and γ = 3.

The same procedure was also applied on other samples with different silver loading and

thus different Ag2S/Ag4S2 ratios. The parameters used for the model functions are listed in

Table 3.1 and the corresponding decay curves are shown in Figure 3.1.7.

Table 3.1: Parameters for the luminescence decay of Ag2S in Ag2S-CaA-x.

70.680.323002001.25

3.50.450.553002100.75

2.50.20.83002650.1

γc2c1τ2 / µsτ1 / µsx
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Figure 3.1.7: Decay curves of the luminescence of Ag2S in Ag2S-CaA-x with different x

and the corresponding model functions.

The parameters in Table 3.1 have arbitrary values and they are not independent from

each other. The idea is just trying to find suitable values to get the model function as

close as possible to the real decay curve. However, two important points have to be

mentioned. First, the value of γ=has to increase with increasing silver loading. Second, the

stretched exponential function has to be more weighted with increasing silver loading

(larger c2). Both is fulfilled and indicates that energy transfer from excited Ag2S to Ag4S2 is

favored at higher silver loading due to a higher concentration of the acceptor Ag4S2.

The reason why the Ag2S/Ag4S2-zeolite A system cannot be described only by the

stretchted-exponential model probably lies in the heterogeneous nature of the samples.

Within one sample not every crystal contains the same amount of Ag2S and Ag4S2. One

may expect to find crystals with a distribution of Ag2S and Ag4S2 which favors energy

transfer and others where most of the Ag2S relax radiatively.

Another problem by investigating energy transfer between Ag2S and Ag4S2 is that the

donor Ag2S cannot be selectively excited. By exciting Ag2S one always excites Ag4S2 as

well, so it is difficult to say which part of the Ag4S2 luminescence is due to direct excitation

and which part is due to energy transfer. Only the other way around is possible, namely

selective excitation of Ag4S2. The luminescence decay of Ag4S2 was also studied as a

function of silver loading and is always multi-exponential. Best fits were achieved by using

three exponents. The luminescence lifetimes of Ag4S2 are always shorter than the
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luminescence lifetimes of Ag2S and stay the same up to a silver loading of x = 2. At x > 2

they become shorter with increasing silver loading. This observation correlates with the

broadening and the red-shift of the orange luminescence band at x > 2.  An explanation is

that the presence of larger cluster and cluster-cluster interaction at higher silver loading

give rise to new pathways for radiationless relaxation.

3.1.2 Influence of the environment
All Ag2S-CaA-x samples are very stable under ambient conditions. During the first few

weeks after the synthesis the color of the samples still becomes more intense, but then

the spectra do not change for years. Water has no effect on the absorption, but strongly

influences the luminescence. After dehydration of Ag2S-CaA-x samples in high vacuum

the absorption properties do not change. However, dehydrated samples do not show

luminescence at all. The dehydration/rehydration process is completely reversible. After 6

h storage of the dehydrated samples under ambient conditions the luminescence spectra

are again identical to fully hydrated samples. This observation is on the first sight

astonishing because water is usually known to favor radiationless relaxation. The

interpretation of this phenomenon is the following: in the dehydrated state the silver

sulfide particles are stronger attached to the zeolite lattice than in the hydrated state. The

interaction between the silver sulfide particle and the zeolite is not strong enough to cause

spectral shifts but it quenches the luminescence. 

Figure 3.1.8: A: absorption spectrum of Ag2S-CaA-1, B: absorption spectrum of

Ag+/Ag2S-CaA-1, C: difference spectrum of A and B.
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Exchangeable cations also influence the optical properties to a certain extend. Alkaline

and earth alkaline ions will be discussed in chapter 3.2. The strongest effect is observed

when Ag2S-CaA-x is suspended in a aqueous solution containing silver ions. A yellow

sample (e.g. Ag2S-CaA-1) turns orange within seconds. This indicates a very fast

exchange of cations from the inside of the zeolite (Ca2+ and H+) with Ag+ from solution and

a strong electronic interaction between Ag+ and silver sulfide. The color change is shown

in the spectra in Figure 3.1.8. The difference spectrum demonstrates that there are new

transitions at 480 nm and in the UV due to the additional Ag+. These transitions are not

observed in pure Ag+-CaA and can therefor be assigned to Ag+(Ag2S)n species.

The luminescence properties also strongly depend on the temperature. The decreasing

luminescence intensity with increasing temperature correlates with simultaneously

decreasing luminescence lifetimes and can be explained by thermally favored

radiationless relaxation. Detailed results are reported in the publication in chapter 3.1.4.

An interesting aspect is that the luminescence of Ag4S2 is more affected by temperature

than the luminescence of Ag2S and that samples containing both particles therefor

change there luminescence color with temperature.

3.1.3 Summary
Using CaA as a host material and choosing silver loadings between x = 0.01 and x = 2

leads to systems with Ag2S and Ag4S2 as the only silver sulfide species. The

luminescence properties of these species were studied in detail and are summarized in

the following publication “Luminescence properties of Ag2S and Ag4S2 in zeolite A”

(chapter 3.1.4). At higher silver loading than x = 2 the formation of larger clusters than

Ag4S2 is favored. This is revealed in a broadening and a red shift of the luminescence

spectrum and is related to a brown color of the material. However, an assignment to a
specific particle is more difficult than in the case of Ag2S and Ag4S2. All samples are

sensitive to environmental influences such as water, cations and temperature which

makes them interesting for applications in specific sensor devices.     
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1  Introduction

Several methods have been developed for the
synthesis of nanosized silver sulfide
particles. By using different kind of polymers
as stabilizing agents1-4 or by implantation
into silica glass5 silver sulfide particles of a
few nanometers were synthesized. Zeolites
can act as hosts for the synthesis of even
smaller semiconductor quantum dots or
arrays.6 Their well defined cavities allow to
synthesize particles in a specific size regime
and prevent them from aggregation. In
previous communications we reported the
synthesis of the first luminescent silver
sulfide clusters in zeolite A.7,8 The procedure
is based on the knowledge that Ag+-
exchanged zeolite A can be reversibly
activated in vacuum at room temperature.9,10

A scheme of the synthesis is shown in Figure
1. After ion exchange and dehydration of the
zeolite the silver ions occupy some of the
cation positions so that they are coordinated
to the oxygens of the zeolite lattice. The
formation of silver sulfide can then be
described as follows: 1) Reaction with H2S
yields AgSH and a proton, the AgSH
molecules still being coordinated to the

zeolite lattice. 2) Rehydration of the zeolite
causes solvatation and mobilization of
AgSH. 3) Diffusion of AgSH is followed by
the reaction of two AgSH to Ag2S and H2S.
H2S is displaced by water and leaves the
zeolite, which can be easily recognized by
the smell of freshly synthesized samples.

The optical properties of Ag2S-zeolite A
are influenced by the initial amount of
exchanged silver ions. This observation led
to the conclusion that the size of the silver
sulfide clusters can be tuned by using
different Ag+ loading densities. At a very low
Ag+ loading single Ag2S molecules are
formed which exhibit a blue-green
luminescence. With increasing silver sulfide
content the color of the samples changes
from colorless over light yellow to deep
yellow to orange-brown or brown (the
specific coloring depends on the co-cations).
The color of the luminescence was found to
change as well (see Figure 2). The red shift
of the absorption and of the luminescence is
caused by larger (Ag2S)n clusters.

The environment inside the zeolite cages is
expected to play a role in the formation and
stabilization of different kind of silver
sulfide clusters. It is known that the charge

3.1.4 Publication
“Luminescence properties of Ag2S and Ag4S2 in zeolite A”

J. Mater. Chem. 2003, 13, 1969-1977.

Claudia Leiggener, Dominik Brühwiler, and Gion Calzaferri*

Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, CH-3000 Bern 9,
Switzerland

Silver sulfide particles of different size are synthesized in the cavities of zeolite A and ZK-4 by
exposing the Ag+-exchanged dehydrated zeolites to H2S. The two smallest stable particles
synthesized by this method are the Ag2S molecule and the Ag4S2 cluster. Both show
photoluminescence in the visible. The luminescence properties of the samples are studied as a
function of temperature, of the silver sulfide content, and of the co-cations. By using the
Ca2+-exchanged form of zeolite A it is possible to synthesize silver sulfide-zeolite systems which
contain Ag2S and Ag4S2 in the same zeolite crystal. After excitation with UV light energy transfer
from the excited Ag2S to Ag4S2 most probably occurs. These systems are potential materials for
thermometry because their luminescence properties strongly depend on the temperature.
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compensating cations influence the amount
and the arrangement of water molecules
inside the zeolite cavities.11,12 Generally
zeolites with small cations contain more
water, with stronger localization around
bivalent cations compared to monovalent
cations. Because of their different pKa values
the cations also to a certain extent determine
the pH inside the cavities.13 We have
investigated the influence of the co-cations
on the properties of silver sulfide clusters in
zeolite A. For that purpose we exchanged the
Na+ ions of zeolite A with other cations (Li+,
K+, Mg2+, Ca2+, Sr2+) before loading the
zeolite with silver sulfide. In an additional
experiment we synthesized silver sulfide
clusters in ZK-4 which has the same
structure as zeolite A but a higher Si content
and thus less charge compensating cations.
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Fig. 1 A: SEM picture of typical zeolite A crystals. B:
Framework of zeolite A showing the
crystallographically identified cation positions. C:
Scheme of the silver sulfide formation inside the
zeolite cages.

Fig. 2 Photographic pictures of zeolite A samples
containing silver sulfide with increasing silver sulfide
content from the left to the right. Upper: Color seen in
reflection. Lower: Luminescence of the same samples
at -10° C upon excitation at 360 nm.

2  Experimental

Synthesis
Zeolite A (Na12[(AlO2)12(SiO2)12]) and ZK-4
(Na9[(AlO2)9(SiO2)15]) were synthesized and
characterized according to ref. 14 and ref. 9,
respectively. The ion exchanged samples
were prepared by suspending 500 mg NaA or
NaZK-4 in 20 ml 0.5 M M(NO3)n solution
(M = Li+, K+, Mg2+, Ca2+, Sr2+) for 15 min at
room temperature. After repeating two times,
the samples were washed three times with
bidistilled water. Completely exchanged
samples were obtained by this procedure
except for Mg2+ which can only reach an
exchange level of 85% in zeolite A.15 The
synthesis of Ag2S in zeolites consists of four
steps and is described in detail in ref. 8: 1.
Insertion of a defined amount of Ag+ by
means of ion exchange, 2. dehydration of the
Ag+-zeolite in vacuum at room temperature,
3. reaction of Ag+ with H2S, 4. rehydration
and cluster growth. Only freshly exchanged  
Ag+-samples were used for the synthesis of
silver sulfide clusters.

Nomenclature
The following abbreviations are used: NaA
for sodium zeolite A (Na12[(AlO2)12(SiO2)12]),
CaA for calcium zeolite A
(Ca6[(AlO2)12(SiO2)12]) and so on, as well as
Na-ZK4 for sodium ZK-4
(Na9[(AlO2)9(SiO2)15]), Ca-ZK4 for calcium
ZK-4 (Ca4.5[(AlO2)9(SiO2)15]) and so on. The
stoichiometry of the silver sulfide-zeolite
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composites is AgxS0.5xM12-xHxSi12Al12O48A

nH2O for zeolite A with monovalent cations
M+ and AgxS0.5xM6-0.5xHxSi12Al12O48AnH2O for
zeolite A with divalent cations M2+. We use
the abbreviations Ag2S-MA-x (M = Na, Li,
K, Mg, Ca, Sr) for differently loaded
samples, where x denotes the number of
silver ions per α-cage of zeolite A.

Optical Measurements
All samples were prepared on quartz plates
and were measured in their fully hydrated
state. For that purpose the samples were
suspended in bidistilled water, dropped on a
clean quartz plate and then let dry on air at
room temperature. Diffuse reflectance
spectra (DRS) were recorded at room
temperature using a Perkin-Elmer Lambda
900 spectrophotometer with an integrating
sphere. The data were converted using the
Kubelka-Munk formula. Since the scattering
coefficient of zeolites is gradual in the
wavelength region of interest, the
Kubelka-Munk function is expected to be a
good representation of the absorption
spectrum.8 Steady-state luminescence spectra
were taken on a Perkin-Elmer LS 50B
spectrofluorometer equipped with a nitrogen
cryostat (Oxford Instruments PE 1704).
Time-resolved luminescence measurements
were performed by exciting the samples with
a pulsed laser. The system used for this
purpose consists of a Nd:YAG laser (Quantel
Brilliant), an OPO (Opotek MagicPrism
Vibrant Vis) which is pumped by the third
harmonic and an UV-Mixer Module for
excitation in the UV. The energy of the laser
pulse is around 4 mJ per pulse for visible
light and around 0.5 mJ per pulse for UV
light on a surface of about 0.5 cm2. To
determine the luminescence decay curves,
the time-dependent spectra were integrated
over the wavelength region of interest. The
data were then fitted with a n-exponential
function which gives n luminescence
lifetimes (τn) and their corresponding
amplitudes (an). The average luminescence

lifetime was calculated by the following
formula:

                                             (1)< � > = � an A �n
2

� an A �n

3  Ion exchange and cluster growth

The stoichiometry of ion exchange of zeolite
A containing monovalent alkali ions M+ by
silver ions is described as follows: 

M12A  +  xAg+   π  M12-xAgxA  +  xM+            (2)

where A stands for [(AlO2)12(SiO2)12]12- and 0
x x x 12. In a crystal of 1 µm3 size consisting
of nα = 5·108 α-cages x can take any value
between nα

-1 ( = 2·10-9) and 12. The lowest
silver loading we used for the synthesis of
silver sulfide clusters is x = 0.01 which
means that a crystal of 1 µm3 size contains
5·106 silver ions or 2.5·106 Ag2S molecules.
Figure 3 shows the calculated distribution of
silver ions in zeolite A after the exchange of
monovalent cations by Ag+.16 pJ is the
relative number of α-cages containing a
specific number (J = 0, 1, ... 12) of Ag+. If
there is no Ag+-exchange (x = 0), p0 is 1
while all other pJ are zero. This means that
100 % of the α-cages are empty (0 Ag+, 12
M+) . With increasing x the number of empty
α-cages decreases and the probability of
finding α-cages with 1 and more Ag+

increases. At a silver loading of x = 0.5 for
example p0 is 0.6, p1 is 0.3, and p2 is 0.1. The
relative number pJ of α-cages with a higher
number of Ag+ then drops rapidly with
increasing J. At a silver loading of x = 1.5
the distribution is significantly different:
most of the α-cages contain 1 Ag+ (p1 =
0.35), around 30 % of the α-cages contain 2
Ag+ (p2 = 0.3), 20 % of the α-cages contain 0
Ag+ (p0 = 0.2), 15 % of the α-cages contain 3
Ag+ (p3 = 0.15), and around 10 % of the
α-cages contain 4 Ag+ (p4 = 0.1).
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Fig. 3 Distribution pJ of Ag+ in zeolite A after
exchange of monovalent cations. x is the average
number of Ag+ per α-cage (= Ag+ loading) and pJ is
the relative number of α-cages containing J = 0, 1, 2,
...12 Ag+ for a given exchange x.

Up to a silver loading of x = 0.1 there are
only α-cages with 0 or 1 silver ions.
Therefore the reaction of H2S with Ag+ in a
sample with such a low silver loading leads
only to the formation of AgSH as shown in
equation (3). Rehydration of the zeolite
causes solvatation and diffusion of AgSH
molecules which become mobile at room
temperature. They can then react to Ag2S and
H2S according to equation (4). For x = 0.1
we then find one Ag2S per 20 α-cages.
Experimental evidence for this mechanism
was reported in ref. 8. The reversibility of
reactions (4) and (6) was confirmed by
adding an excess of H2S to dehydrated
samples containing silver sulfide. For
reaction (5) we assume that Ag3S2H is less
stable than Ag2S and Ag4S2 so that the

formation of Ag2S and Ag4S2 is favored.
Indeed, Energy Disperive X-ray Analysis
(EDX) gives a Ag/S ratio of 2 up to a silver
loading of 6 Ag+ per α-cage. This means that
after rehydration most of the silver sulfide
clusters have the stoichiometry (Ag2S)n. The
equilibria (4) and (6) can be shifted towards
Ag2S and Ag4S2, respectively, by removing
H2S after the reaction.

Ag+
(zeolite) +  H2S(g)  →  AgSH(zeolite) + H+

(zeolite)    (3)

AgSH  +  AgSH  π  Ag2S  +  H2S                  (4)

Ag2S  +  AgSH  π  Ag3S2H                       (5)

Ag3S2H  +  AgSH =π  Ag4S2  +  H2S               (6)

Ag2S  +  Ag2S   →   Ag4S2                       (7)

Ag2S molecules have a very low diffusion
rate in hydrated zeolites at room temperature
so that they are stable for years if they are in
isolated α-cages and no reaction with AgSH
according to equation (5) occurs. An
explanation for the low diffusion rate at
room temperature gives the size and
geometry of the Ag2S molecule. Figure 4
illustrates the dimensions of a Ag2S molecule
compared to an α-cage of zeolite A. For the
calculation of the size of the Ag2S molecule
we used a bond angle of 112° and a bond
length of 2.42 Å from previous calculations8

and the ionic radii r(Ag+) = 1.26 Å and r(S2-)
= 1.84 Å. The 8-ring window of zeolite A
has a structural diameter of 4.1 Å. However,
the effective pore size of zeolite A varies
with exchanged cations. It was found that
Ca2+-exchanged zeolite A adsorbs molecules
up to a size of 5 Å while the Na+-exchanged
form only adsorbs molecules smaller than 4
Å.17 The difference is due to the occupation
of the cation sites in the 8-ring. Diffusion of
Ag2S from one α-cage to another should be
possible especially in cases where the 8-ring
cation site is vacant. The diffusion rate is
expected to increase at elevated temperature,
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mainly because of the activation of
ring-breathing vibrations.18,19

112°

2.42 Å2.42 Å

L = 6.53 Å

H
=

4
.4

5
Å S

Ag Ag

4.1 Å

Fig. 4 Top: Geometries of the Ag2S molecule and of
the framework of zeolite A, respectively. The height
and the length of the Ag2S molecule include the
interatomic distances and the ionic radii of Ag+ (1.26
Å) and of S2- (1.84 Å). The structural diameter of the
8-ring of zeolite A is known from crystallographic
data.20 Bottom: Space-fill model of a Ag2S molecule in
an α-cage. For the orientation on the right hand-side it
appears to be possible that the Ag2S molecule can
leave the α-cage through the 8-ring window.

It is most likely that in samples with a
silver loading smaller than 0.1 (the exact
value depends on the co-cations) the cluster
growth stops after reaction (4) since after
some time no AgSH is left and the distance
between the isolated Ag2S molecules is too
large so that they cannot reach each other by
diffusion. This means that samples with a
low silver loading contain to a great extent
single Ag2S molecules.

The reactions (5)-(7) mainly play a role in
higher loaded samples where the Ag+ content
of the individual α-cages varies to a certain
extent (see Figure 3). The formation of Ag2S
proceeds much faster because AgSH
molecules do not have to diffuse through
several cages until they can react with other
particles. Free AgSH reacts with Ag2S to
form larger silver sulfide particles as

described by equation (5) and (6). Reaction
(7) is likely to take place if two Ag2S are
either in the same or in neighboring α-cages
or if the samples are heated so that the
diffusion rate of Ag2S is increased. This
process is observed upon heating hydrated
Ag2S-CaA-x samples for 1 h at 90° C in
toluene. Figure 5 shows the luminescence
spectra of Ag2S-CaA-0.01 and of
Ag2S-CaA-0.75 before and after heating. In
both cases there is an increase of the
luminescence band at 610 nm after heating.
Additionally a color change of
Ag2S-CaA-0.75 from bright yellow to darker
yellow was observed. Slightly less
pronounced changes were observed after
heating the samples at 80° C for 1.5 h in air.
Considering the distribution of the silver ions
in the zeolite and the cluster growth
mechanism described above we can assign
the luminescence band at 490 nm to isolated
Ag2S molecules.

We will now discuss the exchange of
divalent cations by silver ions. One divalent
cation is always exchanged by two silver
ions according to equation (8) (z = zeolite, s
= solution). This means that at low silver
loading there would only be α-cages
containing 0 or 2 silver ions. To obtain only
one silver ion per α-cage, ion exchange
according to equation (9) or (10) would be
required. However, these reactions play a
less important role than reaction (8). On the
one hand there is no evidence for Ca2+

exchange by H+ under our reaction
conditions. There is always a higher Ag+

concentration than H+ concentration in a
neutral solution (for example to achieve a
silver loading of x = 0.01, 120 mg zeolite are
suspended in 10 ml of 5·10-4 M Ag+

solution). The exchange of one Ca2+ by two
Ag+ is an explanation for the observation that
the formation of larger silver sulfide particles
at low silver loading is more favorable in
CaA than in NaA (see Figure 6 in ref. 8).
Nevertheless it seems that at a low enough
silver loading (x = 0.01) only single Ag2S are
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formed also in CaA. At such a low silver
loading one Ca2+ is exchanged by two Ag+

according to equation (8). This results in a
loading density of 2 Ag+ per 200 α-cages.
Since the two silver ions are in the same
α-cage occupying two different cation sites,
the reaction with H2S leads to the formation
of two AgSH in the same α-cage. During
rehydration of the zeolite both AgSH become
mobile and form Ag2S and H2S (equation
(4)). Thus one out of 200 α-cages contains
one Ag2S molecule and the probability for
aggregation of two Ag2S molecules as a
result of diffusion is very low at room
temperature.

Ca2+
(z)  +  2Ag+

(s) =π  Ca2+
(s)  +  2Ag+

(z)           (8)

H+
(z)  +  Ag+

(s)  =π   H+
(s)  +  Ag+

(z)               (9)

Ca2+
(z)  + Ag+

(s)  + H+
(s) =π  Ca2+

(s)  + Ag+
(z)  + H+

(z)
  (10)

The occupation of specific cation sites by
Ag+ in dehydrated zeolites and the thereby
determined position of AgSH after the
reaction with H2S affect the cluster growth.
Zeolite A samples with Ag+ in the 4-ring
position turn yellow upon dehydration. The
yellow color is due to a charge transfer
transition from the oxygen atoms of the
zeolite lattice to the empty 5s orbital of the
silver ions.9,10 Silver ions generally avoid the
4-ring position. Ag+-NaZK4 samples and
Ag+-exchanged zeolite A samples with
divalent co-cations and a silver loading of x
< 10 do not turn yellow upon dehydration
because there are enough other free cation
sites which can be occupied by Ag+ so that
all 4-ring positions stay free. In NaA the Na+

at the less favorable position in the 4-ring is
exchanged by Ag+ first. This is the reason
why Ag+-NaA samples turn yellow at a silver
loading of as low as x < 1.  In contrast to
Ag+-NaA, Ag+-LiA and Ag+-KA  show a
yellow coloring upon dehydration only at
higher silver loading (approximately x = 4
for Ag+-KA). This indicates that first some
K+ and Li+ at the 8-ring or 6-ring positions

are exchanged by Ag+. K+ in a 4-ring is
replaced by a Ag+ only after three of these
positions have been occupied. These effects
are caused by the different size of the cations
and thus their different preference for
coordination to the zeolite lattice.
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Fig. 5 Luminescence spectra of Ag2S-CA-0.01 (top)
and Ag2S-CaA-0.75 (bottom) at 80 K after excitation
at 320 nm. The solid line is the spectrum before
heating and the dotted line is the spectrum after
heating the fully hydrated samples for 1 h at 363 K in
toluene.

4  Diffuse Reflectance Spectra

The color of Ag2S-MA-x samples strongly
depends on the silver loading and on the
co-cations and varies between colorless,
yellow, orange and brown. Colorless samples
which contain only Ag2S molecules absorb
in the UV (see Figure 6). Compared to
Ag+-exchanged zeolite A the absorption of
Ag2S-CaA-0.01 consists of more than one
absorption band. The color of Ag2S-CaA-x

3  Optical Properties of Ag2S-Zeolite A Materials

34



samples changes from light yellow to dark
yellow to brown with increasing silver
loading. The yellow color is typical for
Ag2S-CaA-x samples with 0.1 < x  x 2 and is
related to an absorption between 400 and 500
nm while brown samples (x > 2) absorb
almost in the whole visible region. The
absorption of the colored samples in the UV
is very strong so that saturation occurs.
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Fig. 6 DRS (Kubelka-Munk) of fully hydrated
Ag6Na6A (A) and Ag2S-CaA-x (B and C). B: x = 0.01,
C: a) x = 0.01, b) x = 0.1, c), x = 0.5,  d) x = 1.25, e) x
= 2, and f) x = 3. Strong absorption in the UV causes
saturation for samples of high Ag+ loading.

The co-cations affect the optical properties
of Ag2S-zeolite materials. We synthesized a
series of samples with similar silver sulfide
content but with different co-cations (Li+,
Na+, K+, Mg2+, Ca2+, Sr2+). All samples with a
silver loading around 1 Ag+ per α-cage show

an intense color. In the case of Ag2S-CaA-1
and Ag2S-SrA-1 the color is bright yellow.
Ag2S-MgA-1 is yellow-orange due to an
absorption between 500 nm and 600 nm
which is missing in the corresponding Ca2+

and Sr2+ samples (see Figure 7, right
hand-side). The color of Ag2S-KA-1 is
orange and this is in contrast to Ag2S-NaA-1
and Ag2S-LiA-1 which are brown.
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Fig. 7 DRS (Kubelka-Munk) of Ag2S-MA-1 samples
with M = Li+, Na+, K+, Mg2+, Ca2+, and Sr2+. The
dotted line below 300 nm means that in this
wavelength region saturation effects may occur.

5  Photoluminescence

Luminescence of Ag+-zeolite A
The luminescence properties of Ag+-zeolite
A strongly depend on the amount of water
and on the cations present in the cavities.
The Ag+-luminescence can be clearly
distinguished from the luminescence of
silver sulfide containing zeolites. The
luminescence of fully hydrated Ag+-zeolite
samples considered here is always much
weaker and at higher energies than the
luminescence of Ag2S-zeolite samples. Ca2+

and Mg2+ exchanged zeolites containing Ag+

3  Optical Properties of Ag2S-Zeolite A Materials

35



show luminescence in their fully hydrated
state while in the case of fully hydrated
Na+-exchanged samples no luminescence
could be observed. Figure 8 shows the
luminescence spectra of a Ag+ exchanged
CaA sample (1 Ag+ per α-cage) in its fully
hydrated state directly after the ion exchange
and one year later after storage in a closed
vessel under ambient conditions. A state
diagram of AgxCa6-0.5xA containing some
water is also shown in Figure 8. The
absorption of UV-light leads to a charge
transfer transition from the oxygen lone pairs
of water to the 5s orbitals of Ag+. From there
radiative relaxation to the lone pairs of the
zeolite oxygens can take place.21 The color of
Ag+-exchanged samples changes from
brilliant white to grayish white after several
weeks and a red shift of the emission and of
the excitation spectrum is observed. This
could be due to some migration of the silver
ions and further reactions inside or outside
the zeolite cages. Previous work about
Ag+-exchanged zeolites showed that the
luminescence properties of partially
dehydrated AgxNa12-xA irreversibly changed
under intense illumination with UV light.22

These changes might be due to
photochemical reduction and formation of
silver clusters.

Luminescence properties of Ag2S-CaA-x
as a function of silver loading 
By varying the silver loading the color of the
luminescence of Ag2S-CaA-x changes from
green over different kinds of yellow and
orange to red. Looking at the luminescence
spectra in Figure 9 it can be seen that the
green luminescence is related to an emission
band at 490 nm, the orange luminescence is
related to an emission band at 610 nm, and
the yellow luminescence is caused by a
mixture of both bands. At high silver loading
(x > 2) the orange luminescence band shifts
to lower energies which results in a dark red
luminescence.
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Fig. 8  Top: Excitation (A) and emission (B) spectra
of Ag1Ca5.5A in its fully hydrated state at 80 K. Solid
line: freshly exchanged sample, dotted line: after one
year storage under ambient conditions. Bottom: State
diagram of AgxCa6-0.5xA containing some water. O<
symbolizes the oxygen lone pairs of water and the
zeolite lattice, respectively.

In the case of Ag2S-CaA-x with 0.01 < x <
2 the luminescence spectra can be broken
down into two components, at 490 nm and
610 nm. Time resolved measurements show
that the two components decay with different
rates (see Figure 10, bottom). Considering
the low silver loading and the distinct
absorption bands in the excitation spectrum
of the green luminescence we can assign the
band at 490 nm to single Ag2S molecules.
This assignment is supported by MO
calculations.8 The band at 610 nm can
therefore be assigned to larger clusters. We
propose that the luminescence at 610 nm is
caused by the presence of Ag4S2 clusters. The
structure of Ag4S2 clusters was theoretically
studied by Bagatur’yants et al.23
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Fig. 10 Left: Time resolved luminescence spectra of
Ag2S-CaA-0.01 (top) and Ag2S-CaA-0.75 (bottom) at
123 K. Excitation was performed at 320 nm and the
time window for detection was 100 µs. Right: The
corresponding decay curves at 490 nm (points) and
610 nm (squares). The luminescence lifetime of
Ag2S-CaA-0.01 is 295 µs. The average luminescence
lifetimes of Ag2S-CaA-0.75 are 181 µs at 490 nm with
τ1 = 252 µs (a1 = 0.312) and τ2 = 99 µs (a2 = 0.688)
and 69 µs at 610 nm with τ1 = 108 µs (a1 = 0.199), τ2

= 43 µs (a2 = 0.44) and τ3 = 15 µs (a3 = 0.361). 

By choosing different silver loadings we
are able to synthesize systems which contain
only Ag2S monomers (x = 0.01), Ag2S and
Ag4S2 clusters in different ratios (0.01< x <
2), and mainly Ag4S2 (x = 2). The decay of
the Ag2S-luminescence strongly depends on
the amount of Ag4S2. If only Ag2S molecules
are present, a nearly single exponential decay
with a luminescence lifetime of about 300 µs
is observed (see Figure 10, top). With
increasing silver sulfide content the
luminescence lifetime of Ag2S decreases and
the decay can no longer be described by a
single exponential function. Table 1 shows
the luminescence lifetimes of Ag2S as a
function of silver loading. With increasing
silver loading the Ag4S2 concentration
increases and the luminescence lifetime of
Ag2S decreases. This effect is most likely
due to energy transfer from Ag2S (donor) to
Ag4S2 (acceptor). The mechanism of this
energy transfer is expected to be of the
Förster type because the individual silver

Fig. 9  Top: Luminescence spectra of Ag2S-CaA-x with x = 0.01, 0.75, and 2 from the left to the right at
different temperatures (80 K, 123 K, 173 K, 223 K, 273 K, and 293 K). The luminescence intensity increases
with decreasing temperature. Excitation was performed at 320 nm. Bottom: Excitation spectra at 490 nm (solid
line) and at 610 nm (dotted line) at 80 K.
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sulfide particles are located in different
α-cages therefore eliminating physical
contact. A spectral overlap of the emission
spectrum of Ag2S and the excitation
spectrum of Ag4S2 is a further indication that
energy transfer is probable (see Figure 9).

Table 1  Luminescence lifetimes (τn) in µs and their
corresponding amplitudes (an) of Ag2S as a function of
silver loading x at 123 K. <τ> is the average
luminescence lifetime in µs. Excitation wavelength =
320 nm, time window for detection = 100 µs,
detection of the green luminescence at 490 nm
(Integration region 450-550 nm). The average
lifetimes are mean values of three measurements.

15268 (0.672)217 (0.328)1.25

17899 (0.688)252 (0.312)0.75

21094 (0.725)304 (0.275)0.5

276117 (0.543)341 (0.457)0.1

297--------293 (1)0.01

<τ>τ2=(a2)τ1=(a1)x 

Although the orange luminescence band can
be described in a good approximation by a
Gaussian curve and decays homogeneously,
the decay behavior is not single exponential
and a dependence on the excitation
wavelength is observed. For example the
average luminescence lifetime of
Ag2S-CaA-2 is 71 µs (with τ1 = 111 µs, a1 =
0.117, τ2 = 27 µs, a2 = 0.32, τ3 = 4 µs, a3 =
0.563) after excitation at 440 nm and 55 µs
(with τ1 = 83 µs, a1 = 0.193, τ2 = 30 µs, a2 =
0.316, τ3 = 9 µs, a3 = 0.491) after excitation
at 320 nm. This is probably due to a
distribution of the same clusters but with
slightly different environment, for example
different positions in the α-cage and different
coordination to water and co-cations.
Another possibility is that these samples also
contain a small amount of Ag3S2H particles
(see mechanism of cluster growth) which
may influence the luminescence decay
behaviour by acting as a trap for the energy
transfer. We conclude that the luminescence

lifetime of Ag4S2 clusters is much shorter
than that of Ag2S molecules and that most
probably energy transfer from excited Ag2S
to Ag4S2 occurs.

Luminescence properties of Ag2S-CaA-x
as a function of temperature
Luminescence measurements at different
temperatures reveal a different intensity and
lifetime dependence of the two luminescence
bands (see Figure 9). There is a stronger
thermal quenching of the intensity of the
orange luminescence band than of the green
luminescence band. This can also be
observed by looking at a sample under the
UV lamp at different temperatures. The color
of the luminescence then changes from
bright orange to yellow to green with
increasing temperature.
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Fig. 11 Average luminescence lifetimes of Ag2S
(green luminescence) and Ag4S2 (orange
luminescence) in µs as a function of temperature.
Excitation was performed at 320 nm for Ag2S and at
440 nm for Ag4S2.

The luminescence lifetimes of the two
bands have a different temperature
dependence as shown in Figure 11. In the
case of Ag2S-CaA-0.01 where only single
Ag2S molecules are present, the electronic
relaxation can be regarded as the sum of
radiative and thermal relaxation since no
other processes are involved. The measured
lifetime τ is therefore the inverse of the sum
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of the rate constant of the radiative relaxation
kL and of the rate constant of the thermal
relaxation kIC :

                        (11)� = 1
kIC + kL
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Fig. 12  Temperature dependence of the luminescence
lifetime of Ag2S and of Ag4S2. Experimental data
(dots) and fit curve (line). A: Luminescence lifetime of
Ag2S with τ0 = 300 µs, ∆E = 11.54 kJ mol-1, and A =
1.003·106 s-1. B: Luminescence lifetime of Ag4S2 with
τ0 = 80 µs, ∆E = 11.17 kJ mol-1, and A = 3.805·107 s-1.
C: Luminescence lifetime of Ag4S2 with τ0 = 100 µs,
∆E = 6.88 kJ mol-1, and A = 2.982·106 s-1 in the
temperature region 123-213 K.

The temperature dependence of kIC can be
described by the following equation:

                    (12)kIC(T) = A exp −❆E
kB T

where kB is Boltzmann’s constant, ∆E is the
thermal quenching energy, and A is a
pre-exponential factor. We then obtain the
inverse lifetime τ-1 as a function of
temperature:

               (13)1
� = A exp −❆E

kB T + kL

kL is the rate constant of the radiative
relaxation and the inverse of the intrinsic
lifetime τ0.=If we plot the inverse lifetime τ-1

versus the inverse temperature T-1, estimate
the intrinsic lifetime to 300 µs (kL = 3333 s-1)
and fit the data to equation (13), we obtain
∆E = 11.54 kJ mol-1 and A = 1.003A106 s-1

(see Figure 12A). 
To get the temperature dependence of the

luminescence lifetime of Ag4S2 we choose a
Ag2S-CaA-2 sample which contains mainly
Ag4S2 clusters and excited it at 440 nm
where Ag2S does not absorb. Figure 12C
shows that a good fit is achieved only by
using data between 123 and 213 K.

Influence of the co-cations on the
luminescence of Ag2S-MA and
Ag2S-MZK4
The co-cations influence not only the color
of the silver sulfide-zeolite samples but also
their luminescence properties. Looking at the
luminescence spectra in Figure 13 we can
distinguish different luminescent species. All
samples except Ag2S-KA-1 feature a band
around 490 nm. The position of the
maximum slightly depends on the co-cations
and lies between 480 nm for Ag2S-NaA and
495 nm for Ag2S-SrA. Comparing the
excitation spectra we conclude that this
luminescence band is due to Ag2S molecules.
An assignment of the other luminescence
bands is more difficult. The band around 610
nm which we assigned in the case of
Ag2S-CaA samples to Ag4S2 clusters is
observed in every sample but its position and
its width varies. This may be a consequence
of the different neighboring co-cations or of 
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an overlap of the luminescence of different
kind of (Ag2S)n clusters. The luminescence
band of Ag2S-KA-1 differs from the
luminescence band of other sample that its
maximum does not depend on the excitation
wavelength. The excitation spectra of the
orange luminescence do not supply much
information because saturation effects
especially below 400 nm complicate the
spectral analysis. Nevertheless there are
some similarities between Ca2+ and Sr2+

samples, between K+ and Mg2+ samples, and
between Li+ and Na+  samples.
While in the case of K+, Mg2+, Ca2+, and Sr2+

samples the spectra can be assigned to one or
two luminescent species, the luminescence
spectra of Ag2S-NaA-1 and Ag2S-LiA-1 can
be broken down into three and four
components, respectively. This indicates that
in Ag2S-NaA and Ag2S-LiA a larger variety
of silver sulfide particles is present which is
in agreement with the broad unstructured

absorption. Besides the luminescence bands
of Ag2S-NaA-1 at 480 nm and at 620 nm
which again can be assigned to Ag2S and
Ag4S2, there is also a luminescence band at
540 nm. Its excitation spectrum consists of
distinct absorption bands (see Figure 14A),
suggesting a species with molecular
properties. The thermal quenching of this
luminescence band is much stronger
compared to the other luminescence bands7

and its existence is related to the position of
the Ag+ ions in dehydrated zeolites. Two
observations were made: 1. Ag+-NaA is the
only sample that turns yellow under
dehydration already at an exchange level of 1
Ag+ per α-cage. For Ag+-KA and Ag+-LiA a
higher exchange level is needed. 2.
Luminescence spectra of Ag2S-NaZK4
samples do not show a similar emission band
(see Figure 15) and Ag+-ZK4-1 does not turn
yellow under evacuation. The yellow color of
dehydrated Ag+-exchanged zeolites was
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Fig. 13  Luminescence (left) and excitation (right) spectra of Ag2S-MA-1 samples with M = Li, Na, K, Mg, Ca,
and Sr at 80 K. The dotted line in the luminescence spectrum of  ”Li” corresponds to a Ag2S-LiA-0.5 sample.
Excitation was performed at 320 nm (solid line) and at 440 nm (dashed line). The spectra are scaled to the
same height. Emission was observed at the maxima of the green luminescence band (solid line) and of the
orange luminescence band (dotted line), respectively.  
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attributed to Ag+-ions coordinated to the
oxygens of the 4-ring.9 Ag+-ZK4-1 does not
turn yellow because less cation sites are
occupied than in zeolite A, so that all 4-ring
positions are free. We conclude that the
origin of the luminescence band at 540 nm of
Ag2S-NaA samples is most likely a small
silver sulfide particle which is coordinated to
the 4-ring oxygens even after rehydration of
the zeolite. In Ag2S-LiA-1 the same
luminescence band is present but it is very
weak and in contrast to Na-samples it cannot
be observed at lower silver loadings. This
indicates that only a very small number of
Ag+ in LiA occupies the 4-ring position since
no visible color change of Ag1Li11A under
evacuation could be observed.

The long wavelength part (> 550 nm) of
the luminescence spectrum of Ag2S-LiA-1
consist of at least two overlapping emission
bands. There is some difference in the
excitation spectra at 580 nm and at 640 nm
as shown in Figure 14B, suggesting two
different luminescent species in Ag2S-LiA.
Excitation spectra of samples with other
co-cations do not show such a dependence
on the detection wavelength. The
luminescence spectra in Figure 13 show that
Ag2S-LiA-1 emits at longer wavelengths
than other samples after excitation at 440
nm. The lifetime of this luminescence is
around 100 µs which is 30 - 40 µs longer
than the luminescence lifetime of the other
samples under the same conditions (see
Table 2).

wavelength / nm

A B

In
te

n
si

ty
/

a
.u

.

wavelength / nm

300 400 500

0.5

1

nm 300 400 500

0.5

1

nm

Fig. 14  A: Excitation spectrum of Ag2S-NaA-1 at 540
nm. B: Normalized excitation spectra of Ag2S-LiA-1
at 540 nm (solid line), at 580 nm (dotted line) and at
640 nm (dashed line).

Table 2 Luminescence lifetimes (τn) in µs and their
corresponding amplitudes (an) of the orange
luminescence band of Ag2S-MA-1 at 123 K.
Excitation was performed at 440 nm, the time window
for detection was 10 µs, integration was done from
560 to 712 nm.

714 (0.697)32 (0.243)134 (0.060)Sr

729 (0.431)48 (0.531)190 (0.038)Ca

642 (0.455)24 (0.319)83 (0.226)Mg

606 (0.580)31 (0.312)103 (0.108)K

683 (0.369)22 (0.370)88 (0.261)Na

1003 (0.311)22 (0.455)129 (0.234)Li

<τ>τ3=(a3)τ2=(a2)τ1=(a1)M

Ag2S-MZK4 samples look very similar to
Ag2S-MA samples. Figure 15 shows the
luminescence spectra of Ag2S-MZK4-1 with
M = Na+, Ca2+, and Mg2+. The main
difference is the missing luminescence band
at 540 nm in Ag2S-NaZK4 as mentioned
above, the other luminescence bands are
almost the same as in the corresponding
Ag2S-MA samples except for some spectral
shifts.
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Fig. 15 Luminescence spectra of Ag2S-NaZK4-1
(left), Ag2S-CaZK4-1 (middle), and Ag2S-MgZK4-1
(right) after excitation at 320 nm.

6  Conclusions

The optical properties of Ag2S-zeolite
materials are mainly influenced by the silver
loading density and the co-cations and only
to a small extent by the Si content of the
zeolite (Zeolite A compared to ZK-4). By
choosing different silver loadings in
Ag2S-CaA-x samples, we are able to
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synthesize systems which contain only Ag2S
(x = 0.01), Ag2S and Ag4S2 in different ratios
(0.01< x < 2), and mainly Ag4S2 (x = 2).
These samples could be used for
thermometry over a large temperature range
(80 K and below - ~ 300 K) by measuring
the luminescence intensity, the luminescence
lifetimes, and the intensity ratio of the Ag2S
and Ag4S2 emission. An advantage of such a
thermometer is that it can be placed
anywhere because it does not have to be in
contact with an electric device and it is
insensitive to the environment because the
luminescent silver sulfide particles are
encapsulated in zeolites. Ag2S-zeolites could
be employed in addition to other luminescent
nanoparticles or complexes which are
suitable for thermometry.24,25 By arranging
suitable Ag2S-zeolites as monolayers it
would be possible to measure the
temperature difference of a surface with a
high temperature resolution. With this
arrangement one could get an imaging
capability with high spatial resolution (µm).
Another potential application would be a
combination of Ag2S-zeolites with AgCl for
photocatalytic water splitting.21,26 The
photochemical hydrogen production with
suspensions of CdS was found to be
increased by modifying the CdS powder with
silver sulfide.27

The luminescence lifetime of Ag4S2 is
much shorter than that of Ag2S and shows a
more complex decay behavior. In mixed
Ag2S-Ag4S2 samples energy transfer from
excited Ag2S to Ag4S2 most probably occurs.
A scheme of the involved energy levels and
of the energy transfer is sketched in Figure
16. Both particles are excited with UV-light
(320 nm). Ag4S2 can also be excited at lower
energy (440 nm) most likely to another
energy level. From the excited states
radiationless relaxation into the LUMO
occurs. Molecular orbital calculations state
that the LUMO of Ag4S2 lies below the
LUMO of Ag2S while the HOMO is
energetically equal.8 This is an explanation
why the luminescence of Ag4S2 is red shifted

compared to the luminescence of Ag2S. The
same calculations give a very low oscillator
strength for both HOMO-LUMO transitions
in agreement with the large Stokes shift and
the long luminescence lifetimes which were
observed. In mixed Ag2S-Ag4S2 systems the
excited Ag2S can either relax radiatively or
non-radiatively to the ground state or it can
transfer its energy to an excited state of
Ag4S2.
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Fig. 16  Energy level diagram of Ag2S and Ag4S2

 It seems that the size and the amount of
the co-cations, and thus the space available
for silver sulfide particles in the α-cage, does
not play an important role for the cluster
growth. It is more likely that the co-cations
influence the mobility of small silver sulfide
particles during the cluster growth and the
position and coordination of the final
particles inside the zeolite cages. This might
be due to different interactions of the
co-cations with the zeolite framework, with
the water molecules and with the silver
sulfide clusters. However, the influence of
the co-cations on the formation and on the
optical properties of silver sulfide clusters in
zeolites is not yet understood.   
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3.2 Ag2S-MA-x
Although the co-cations are not expected to be directly involved in the formation of silver

sulfide clusters, they are somehow responsible for the nearest environment of the silver

sulfide inside the zeolite cages. Depending on the co-cations the amount of water, the

availability of coordination sites and the pore size (opening of the 8-ring) of the zeolite

differ. In a series of experiments silver sulfide clusters were synthesized in different cation

forms of zeolite A and silver loadings between 0.1 and 2 were chosen. The cations were

alkaline and earth alkaline cations, namely Li+, Na+, K+, Mg2+, Ca2+, and Sr2+, which can be

introduced by means of ion exchange before the synthesis of silver sulfide clusters. It was

expected that within the defined silver loading range Ag2S and Ag4S2 particles could be

synthesized similar to what was observed in CaA.

Figure 3.2.1: Diffuse reflectance spectra (Kubelka-Munk) of Ag2S-MA-x with different

co-cations and different silver loading. The value of x is indicated in the figures.
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Figure 3.2.2: Luminescence spectra of Ag2S-MA-x at different temperature (-190 °C, -150

°C, -100 °C, -50 °C, 0 °C, and +20 °C, decreasing intensity for A-E) upon excitation at 320

nm. A: Ag2S-MgA-1, B: Ag2S-CaA-0.75, C: Ag2S-SrA-1, D: Ag2S-LiA-1, E: Ag2S-NaA-0.5,

F: Ag2S-KA-1.
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3.2.1 Absorption
In general, samples with a low silver loading are colorless and become more and more

colored with increasing silver loading. In Figure 3.2.1 the absorption spectra of samples

with different co-cations and different silver loadings are shown. Depending on the

co-cations the spectra are more or less structured. The mostly unstructured spectra

belong to samples with Li+ and Na+ co-cations suggesting that these samples contain a

larger variety of silver sulfide species than samples with other co-cations. The grayish

color observed for some Ag2S-NaA-x samples at higher silver loading could also be due to

silver sulfide on the surface of the zeolite that absorbs in the whole visible range.

3.2.2 Luminescence
The differences of the luminescence properties depending on the co-cations are more

significant than the differences observed in the absorption spectra. Figure 3.2.2 shows

the temperature dependent luminescence spectra of samples with similar silver loading

(0.5 - 1) and different co-cations. One can roughly distinguish between three types of

spectra. 1. Spectra of samples containing divalent cations (A, B, and C) consist of two

emission bands. 2. Spectra of samples containing Li+ and Na+ (D and E) consist of at

least three emission bands. 3. Spectra of samples containing K+ show an additional

emission band at elevated temperature. The reasons for these three types of spectra are

not obvious and will be discussed in the following.

1. Spectra A - C: Ag2S-MgA-x and Ag2S-SrA-x reveal the same two luminescence bands

as Ag2S-CaA-x which were assigned to Ag2S and Ag4S2. However, the relative intensities

of the luminescence bands are quite different. We may assume that the amount of Ag2S

and Ag4S2 in all three samples is about the same. The similar absorbance supports this

assumption. If this is correct, then the difference in the luminescence intensities could be

due to cation dependent quenching mechanisms. Figure 3.2.3 shows the excitation

spectra at the maxima of the two luminescence bands for the di-valent co-cations. In all of

the three excitation spectra at 490 nm the typical transitions of Ag2S at 280 nm and

around 325 nm (double peak) can be recognized. In the case of Ag2S-SrA-x there is also

a clear transition at 386 nm which is predicted by theoretical reasoning of the Ag2S

molecule.[17] The theoretical value of the oscillator strength of this transition is smaller than

the oscillator strengths of the other transitions. The reason why this transition can be

observed in Ag2S-SrA-1 and not in Ag2S-MgA-1 is not clear. From phenomenological

observation one can state that it has something to do with the concentration of Ag2S

molecules because in Ag2S-CaA-x samples it becomes more intense with increasing

silver loading. The excitation spectra at 620 nm attributed to Ag4S2 are all noisy below 300
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nm which is most probably due to saturation effects, and they show the same three

transitions at 360 nm, 405 nm and 440 nm. The transition at 440 nm seems to be

enhanced in Ag2S-MgA-x compared to Ag2S-CaA-x and Ag2S-SrA-x.

Figure 3.2.3: Excitation spectra at 490 nm (top) and at 620 nm (bottom) of Ag2S-MA-x (M

= Mg, Ca, Sr) at -190 °C.

The luminescence lifetimes of Ag2S and Ag4S2 in Ag2S-MA-1 (M = Mg, Ca, Sr) are shown

in Table 3.2. The values are similar and lie within the normal deviation of data of different

measurements. An exception is the luminescence lifetime of Ag2S which is obviously

shorter in Ag2S-MgA-1 than in Ag2S-CaA-1 and Ag2S-SrA-1. We may argue that either

there is a stronger quenching of the luminescence of Ag2S in the presence of Mg2+, or

energy transfer from Ag2S to Ag4S2 is favored in Ag2S-MgA-x compared to energy transfer

in the other cation forms. Both explanations would be in accord with the different

luminescence intensities of the spectra in Figure 3.2.2 (A,B,C). Ag2S has the lowest

luminescence intensity and the shortest luminescence lifetime in MgA. An argument for

the enhanced energy transfer is given by the excitation spectra of Ag4S2 in Figure 3.2.3.

The transition at 440 nm is stronger in MgA than in CaA or SrA leading to a larger

spectral overlap between Ag2S emission and Ag4S2 absorption. In SrA the opposite is
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observed, the luminescence of Ag2S is enhanced compared to the luminescence of

Ag4S2.

Table 3.2: Luminescence lifetimes (τ) in µs and the corresponding amplitudes (a) of Ag2S

and Ag4S2 in Ag2S-MA-1  (M = Mg, Ca, Sr) at -150 °C. <τ> is the average luminescence

lifetime.

714 (0.697)32 (0.243)134 (0.06)16852 (0.675)224 (0.325)Sr

6611 (0.460)42 (0.341)97 ( 0.200)16352 (0.612)207 (0.388)Ca

642 (0.455)24 (0.319)83 (0.226)9742 (0.875)176 (0.143)Mg

<τ>τ3 (a3)τ2 (a2)τ1 (a1)<τ>τ2 (a2)τ1 (a1)

Ag4S2Ag2SM

For a detailed argumentation about energy transfer in Ag2S-MgA-x and Ag2S-SrA-x

samples more and systematic work would be needed, similar as it was done in the case of

Ag2S-CaA-x.

2. Spectra D and E:

The luminescence spectra of Ag2S-LiA-x and Ag2S-NaA-x can be roughly divided into

three bands at 480 nm, at 540 nm, and at 620 nm. The excitation spectra recorded at the

maxima of the three luminescence bands are shown in Figure 3.2.4. The band at 480 nm

again corresponds to single Ag2S molecules as can be seen in the excitation spectra. The

band at 540 nm is only observed in the presence of Li+ and Na+ as co-cations and is

probably due to a silver sulfide species in the size regime between Ag2S and Ag4S2. Its

excitation spectrum reveals transitions around 280 nm, 320 nm, and 410 nm suggesting

rather an Ag2S particle. Another possibility is that the luminescence at 540 nm comes

from Ag3S2H particles which are also involved in the cluster growth process. But then the

question arises why they cannot be observed in samples with divalent cations. Besides a

large amount of these species should also give a Ag/S ratio below 2 in the EDX data,

which could not be confirmed for Ag2S-NaA-x samples.[10] So let us assume that one can

distinguish between two different Ag2S particles, one also observed in samples with

divalent co-cations and one only observed in the presence of Li+ and Na+. The second has

an additional absorption band at 410 nm and its luminescence is red shifted and stronger

affected by temperature than the luminescence of the first Ag2S. In the following

discussion the two different Ag2S are named Ag2S(480) and Ag2S(540) related to their

emission wavelength. The luminescence lifetimes of Ag2S(480) and Ag2S(540) in

3  Optical Properties of Ag2S-Zeolite A Materials

48



Ag2S-LiA-1 are similar at -160 °C (see Table 3.3). Measurements at higher temperature

were not possible because then the luminescence at 540 nm is too weak. The

appearance of two electronically different Ag2S has to be connected with the number of

co-cations and their probability of occupying specific sites in the zeolite. In Na+-ZK4, which

has less than 12 Na+ ions, Ag2S(540) could not be observed. One can suggest that

Ag2S(540) is an Ag2S molecule at a less favorable site in the zeolite than Ag2S(480) and

that it only appears if there are no other sites available. An example for such a less

favorable site is a position near the 4-membered rings.

Figure 3.2.4: Excitation spectra of Ag2S-LiA-1 (top) and Ag2S-NaA-0.5 (bottom) recorded

at different luminescence wavelengths (λem) at -190 °C. 1) λem = 480 nm, 2) λem = 540 nm,

3) λem = 620 nm.

The luminescence around 620 nm can again be assigned to Ag4S2 in the case of

Ag2S-NaA-x. However, in the case of Ag2S-LiA-x this luminescence can be broken down

into two overlapping bands. This is more clearly demonstrated in the spectra in Figure

3.2.5 (chapter 3.2.3). One can assume an equilibrium between two different forms of

Ag4S2, one being similar to what is observed in Ag2S-NaA-x and the other one having red

shifted electronic spectra.
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Table 3.3: Luminescence lifetimes (τ) in µs and the corresponding amplitudes (a) of

Ag2S-LiA-1 at  -160 °C after excitation at 320 nm. <τ> is the average luminescence

lifetime.

2476 (0.789)135 (0.181)506 (0.030)540 nm

2086 (0.818)129 (0.150)406 (0.032)480 nm

<τ>τ3 (a3)τ2 (a2)τ1 (a1)λem

3. Spectra F:

Ag2S-KA-x samples show a deep red photoluminescence at room temperature which is

not observed in samples with other co-cations. In the temperature dependent

luminescence spectra in Figure 3.2.2 one can see that the “normal” luminescence band at

low temperature is replaced by a luminescence band at 710 nm at elevated temperature.

This phenomenon is known as luminescence thermochromism and will be discussed in

detail in chapter 4. 

3.2.3 Stability

All samples are stable under ambient conditions in a sense that the silver sulfide clusters

stay inside the zeolite cages. However, depending on the co-cations some changes of the

luminescence with time can be observed. The most obvious changes happen in

Ag2S-LiA-x and in Ag2S-NaA-x samples while in Ag2S-CaA-x there are only little changes.

Examples of luminescence spectra of Ag2S-LiA-1, Ag2S-NaA-1, and Ag2S-CaA-0.75 at

different times after the synthesis are shown in Figures 3.2.5 - 3.2.7.

One can imagine that the silver sulfide clusters are not in a rigid position in the α-cage

and that they change their coordination sphere until they reach an energetically favorable

position. Depending on the co-cations which are competing for coordination sites of the

zeolite lattice and for the water molecules this can take more or less time. Also the

diffusion rate of small species such as AgSH may be influenced by the co-cations. It also

has to be considered that the reactions leading to cluster growth, which are described in

chapter 2.4 (Equations 2.4.1-2.4.4), are equilibria. The presence of co-cations was not

taken into account, but may have some effect on the kinetics to establish these equilibria. 
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Figure 3.2.5: Luminescence spectra of Ag2S-LiA-1 at different times after the synthesis.

A) after one week, B) after 2 months, C) after 15 months. The spectra were measured at

-190 °C upon excitation at 320 nm.

Figure 3.2.6: Luminescence spectra of Ag2S-NaA-1 at different times after the synthesis.

A) after 3 weeks, B) after 17 months. The spectra were measured at -190 °C upon

excitation at 320 nm.

Figure 3.2.7: Luminescence spectra of Ag2S-CaA-0.75 at different times after the

synthesis. A) after 2 weeks, B) after 3 months. The spectra were measured at -190 °C

upon excitation at 320 nm.
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3.3 Conclusions
The optical properties of Ag2S-zeolite A materials can be tuned by varying the amount of

silver sulfide and the co-cations. The color of these materials ranges from white over

different kind of yellow and orange to brown. All samples show photoluminescence in the

visible, the color and the intensity of which is influenced by several factors. However, the

reasons for the influence of the co-cations on the optical properties of silver sulfide

clusters are not yet understood.

The size of the silver sulfide clusters depends on the initial silver loading of the zeolite.

The two smallest silver sulfide clusters that we propose being stabilized inside the α-cage

are the Ag2S monomer and the Ag4S2 cluster. The luminescence properties of these

species were studied in detail in Ca2+-exchanged zeolite A. Over a silver loading range of

x = 0.01 - 2 samples containing Ag2S and Ag4S2 in the same zeolite crystal were obtained.

The ratio of Ag2S and Ag4S2 is given by the silver loading and can therefor be varied at

the beginning of the synthesis. Upon excitation with UV light Ag2S emits at 490 nm and

Ag4S2 at 610 nm, while Ag4S2 can also be excited at longer wavelengths (λ=≤=500 nm).

Time-resolved luminescence measurements at different temperatures yield an intrinsic

luminescence lifetime around 300 µs for Ag2S and around 100 µs for Ag4S2 in zeolite A.

Considering all spectroscopic results one can say that Ag2S and Ag4S2 can both be

excited to short-lived excited states from where fast radiationless relaxation to the first

excited state occurs, followed by a long-lived luminescence. This is in agreement with MO

calculations which predict a weak oscillator strength for the HOMO-LUMO transitions of

Ag2S and Ag4S2. In samples containing Ag2S and Ag4S2 the excited Ag2S can either relax

radiatively or non-radiatively to the ground state or it can transfer its energy to an excited

state of Ag4S2. The mechanism of this energy transfer is expected to be of the Förster

type. 

The same two species are also found in zeolite A with other co-cations and in ZK-4. In the

presence of Li+ and Na+ co-cations an additional luminescence band at 540 nm is

observed. Its existence is related to 4-ring coordinated Ag+ in dehydrated zeolite A and its

excitation spectrum indicates a particle with molecular properties similar to Ag2S. Our

suggestion is that the luminescence at 540 nm is due to Ag2S molecules located near the

4-ring, which is a less favorable position, and that this position is only occupied if no other

coordination is possible.

The next larger silver sulfide clusters may have the stoichiometries Ag6S3 and Ag8S4. They

are supposed to be responsible for the brown color of samples with increasing silver
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loading and for the red shift of the luminescence, which correlates with decreasing

luminescence lifetimes.

The luminescence properties of all Ag2S-Zeolite A samples strongly depend on the

temperature which makes them potential materials for thermometry. Most interesting are

Ag2S-CaA-x (with 0.01 > x > 2) showing a different thermal quenching of the Ag2S and

Ag4S2 luminescence and Ag2S-KA-x samples showing luminescence thermochromism.
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4.  Monolayers of Zeolite A Containing Luminescent Silver Sulfide
     Clusters

For future applications of Ag2S-zeolite A materials it is a big advantage to have the zeolite

crystals arranged as monolayers. For example if one would like to create a sensor for

water or for specific cations it is much easier to study the optical changes on a monolayer.

With a monolayer of zeolite A microcrystals containing silver sulfide clusters, which show

luminescence changes with temperature, one could map surface temperatures with a high

spatial resolution. Another possibility to make use of Ag2S-zeolite A monolayers is in the

field of photocatalytic water splitting which is another current project in our group.[49,50]

Thin AgCl layers can act as photocatalysts in the presence of a small excess of silver

ions. In the photocatalytic reaction water is oxidized to O2 and protons, and Ag+ is reduced

to silver upon irradiation. The reduced silver species are then reoxidized, which makes the

system catalytic.[51,52] The photoactivity of the system extends from the UV to the visible

region due to silver clusters adsorbed on the surface. This process is known as

self-sensitization. The photoactivity of AgCl layers was enhanced by modification with

gold colloids.[53] The modification of the same layers with Ag2S- or Ag+-zeolites could have

a similar effect. On the one hand the silver sulfide clusters may act as photosensitizers

due to their absorption in the visible. On the other hand the active surface area of the

photoanode is increased by the presence of the zeolites, so that a higher O2 production

rate is expected.

The publication “Monolayers of Zeolite A containing Luminescent Silver Sulfide Clusters”

in chapter 4.1 reports the synthesis of Ag2S-zeolite A monolayers on quartz, and two

special optical phenomena of these materials in the presence of potassium co-cations,

namely luminescence thermochromism and laser action, are described. In chapter 4.2

and 4.3 some additional information about these phenomena will be given, and in chapter

4.4 the preparation of zeolite monolayers on other substrates and their use in

photocatalytic water splitting experiments will be discussed.
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Luminescence thermochromism is an optical
phenomenon which was first observed in
copper(I) complexes.[1] Recently also silver
and gold compounds were found to be
among the few good examples showing
luminescence thermochromism.[2,3] We have
reported how luminescent silver sulfide
species can be synthesized in the cavities of
zeolite A.[4] The color of the luminescence
of these materials changes with temperature
due to a stronger thermal quenching of the
luminescence of Ag4S2 than of the
luminescence of Ag2S. The synthesis of
these new species is based on the

observation hat thin layers of Ag+-loaded
zeolite A can be reversibly activated
(dehydrated) at room temperature.[5] We now
describe a new procedure for preparing very
stable, high-quality zeolite A monolayers on
quartz and similar substrates, and we report
the first example of an in situ
”ship-in-a-bottle”[6] cluster synthesis on such
monolayers. To our surprise we observed
that, in the presence of potassium
co-cations, luminescence thermochromism
occurs.
The preparation and properties of
monolayers of zeolite crystals were

4.1 Publication
“Monolayers of Zeolite A containing Luminescent Silver Sulfide Clusters”

ChemPhysChem 2004, 5, 1593-1596.

Claudia Leiggener and Gion Calzaferri*

Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, CH-3000 Bern 9,
Switzerland
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Figure 1: Formation of stable zeolite A monolayers on quartz and subsequent ”ship-in-a-bottle”
synthesis of luminescent silver sulfide clusters, step 1-5. a) Electron micrograph of a single
 zeolite A crystal with an edge length of 3 µm. b) Optical microscopic image of a monolayer 
of zeolite A crystals, seen in transmission. c) Electron micrograph of a monolayer of zeolite A 
crystals with an edge length of about 3-4 µm. d) True color optical microscopic images of
luminescent zeolite A monolayers containing Ag4S2 (orange) and Ag2S (green).
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described in 1995[7] and later substantially
expanded by several groups.[8] We found
that the procedure explained in Figure 1 is
very convenient for preparing stable zeolite
A monolayers, which can afterwards
successfully be modified, for example, by
means of a ”ship-in-a-bottle” synthesis.
First zeolite A crystals are deposited as
monolayers on quartz (or another
appropriate substrate) by sedimentation at
room temperature, step 1. In the next step 2,
the physisorbed crystals were fixed by
heating the layer up to 600 °C. The layers
are stable in aqueous environment, so that in
3 the insertion of Ag+ into zeolite A by
means of ion-exchange could be carried out
in a well-controlled way. Then the layers
were dried under high vacuum at room
temperature to remove water from the
zeolite cages. The samples were now ready
for exposure to H2S(g), which diffused into
the zeolite cages and reacted with Ag+

yielding AgSH and a proton, step 4. The
samples were then rehydrated in step 5 so
that AgSH became sufficiently mobile and
the desired (Ag2S)n clusters were formed and
stabilized in the α-cages of zeolite A. It was
experimentally easy to vary the amount of
exchanged Ag+ precisely. This allows
control of the size of the clusters, so that for
example either green luminescent zeolites
containing Ag2S monomers or orange
luminescent zeolites containing Ag4S2 may
be obtained.

The cations compensate the negative
charge of the zeolite framework and are
usually Na+ ions due to the synthesis
conditions of zeolite A. The cations occupy
specific positions in the framework and may
also be exchanged with other cations. We
found that the co-cations can also be
exchanged after the silver sulfide synthesis
if the silver sulfide content is not too high.
In the presence of K+ as co-cations a new
phenomenon appears, which corresponds to
what is known as luminescence
thermochromism. We observed that zeolite

A samples containing K+ and silver sulfide
show, at room temperature, a bright
deep-red photoluminescence with its
maximum emission at 710 nm. Figure 2
shows the luminescence spectra of
K+-zeolite A containing silver sulfide with a
concentration of one Ag+ per a-cage. With
decreasing temperature the luminescence
band at 710 nm becomes weaker and is
replaced by an orange luminescence at 620
nm. This process is completely reversible,
which is a prerequisite for luminescence
thermochromism. The luminescence decay
at 620 nm fits to a three-exponential
function with the lifetimes τ1 = 110 µs, τ2 =
26 µs, and τ3 = 5 µs at –150 °C, with the
amplitudes a1 = 0.126, a2 = 0.438, and a3 =
0.437, resulting in an average luminescence
lifetime of 67 µs. The fractional contribution
of the components is defined as Equation
(1).
                                                                              

                                               (1) fj =
aj A � j

� i ai A � i

The values obtained are f1 = 0.505, f2 =
0.415, and f3 = 0.08. The position of the
orange luminescence band at 620 nm, its
excitation spectrum, and its decay behavior
indicate that it comes from Ag4S2 clusters.[4]

The luminescence band at 710 nm has a
completely different excitation spectrum, as
shown in Figure 3.
There are different reasons for assuming that
a temperature-dependent equilibrium and
not a thermally stimulated luminescence or
energy transfer is responsible for this
luminescence thermochromism. First, we
can exclude the thermally activated
population of an energy level of the same
compound because the excitation spectra
observed at 620 nm and at 710 nm are too
different. Second, the luminescence at 710
nm is not observed at temperatures below
–100 °C. If the species that emit at 710 nm 
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Figure 2: Luminescence spectra of Ag2S-KA-1 at
different temperatures after excitation at 320 nm.
T = 22° C (solid line), -50° C (dots), -100° C
(dash), and  –190° C (dash-dot).

were also present at low temperature, they
would be expected to show luminescence
after excitation at a suitable wavelength also
at low temperature. Besides, the
luminescence lifetime of the 710 nm band
decreases with increasing temperature (see
Table1), while the intensity increases. This
observation can only be explained as
follows: The increasing intensity is due to
the favored formation of the red luminescent
form at elevated temperature, however, the
luminescence lifetime decreases because of
stronger thermal quenching. In other words,
at room temperature the amount of the red
luminescent form is higher than at –50 °C,
but its luminescence lifetime is shorter than
at low temperatures due to thermal
quenching. So one can consider equilibrium
between two luminescent forms X(L1) – see
Equation (2) – which stands for the orange
emitting species (620 nm) and B(L2), which
corresponds to the red emitting species (710
nm).

X (L1) •==B (L2)        (2)

The observation that the red luminescence at
710 nm only occurs in samples containing
K+ indicates that it is due to specific
interaction between K+ and silver sulfide. In
fact, on exchanging Li+ in a Ag2S-LiA-0.5

Table 1. Luminescence lifetimes of the red
luminescence (710 nm) in µs. <τ> is the average
luminescence lifetime.

  187[a]0.052 0.405 16 0.9480.595197 -50

1190.1240.335 37 0.8750.665131 -30

970.1260.496 16 0.8740.504109 -10

610.2010.513 17 0.7990.48771 0

<τ><τ><τ><τ>  f2a2τ2 f1a1τ1T[°C]

[a] A better fit is achieved by using three components
(τ1 = 286 µs, a1 = 0.305, τ2 = 126 µs, a2 = 0.306, τ3

= 16 µs, a3 = 0.389) resulting in an average lifetime
of  227 µs.

Figure 3: Luminescence (dots) and excitation (solid
line) spectra of Ag2S-KA-1 at different temperatures.
(a) –190 °C, (b) –100 °C, and (c) 20 °C. Excitation
was performed at 440 nm. Excitation spectra were
measured at 620 nm (I) and at 710 nm (II).
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sample for K+ the band at 710 nm appears
and the two other bands, assigned to Ag2S
(500nm) and Ag4S2 (620nm) disappear
(Figure 4). If K+ is exchanged for Ca2+ the
opposite happens: The band at 710 nm
disappears and a band at 500 nm rises. This
means that the luminescence at 710 nm is
due to the formation of K+-silver sulfide
clusters. Equilibrium (2) can then be written
as Equation (3)

X (L1)  +   K+       •====XK+ (L2)         (3)

where X stands for Ag2S or Ag4S2.  XK+ is
stabilized at elevated temperature while at
low temperature (T < -100° C) the
interaction between K+ and silver sulfide is
so weak that only the luminescence of Ag2S
and Ag4S2 is observed.

The refractive index of zeolites is in the
same range as that of quartz. This index is
expected to vary to some extent depending
on the co-cations, the water content, and the
silver sulfide loading. Thus optical effects

observed in tiny glass fibers, due to total
internal reflection, are expected to appear in
zeolite crystals as well. Taking into account
these effects, one may ask if a zeolite crystal
can also be considered as a
microresonator.[9] We now report some
observations we made when exciting a layer
of zeolite A crystals containing silver sulfide
clusters and K+ as co-cations with a pulsed
laser. At room temperature such crystals
show a deep red photoluminescence. The
light emission is enhanced at the corners of
the cubic crystals, as illustrated in the
confocal luminescence microscopy image on
the right side of Figure 5. A layer of
Ag2S-zeolite a crystals was excited with 5 ns
laser pulses at 450 nm. The excitation power
was increased in several steps, as shown in
the inset of Figure 5. Up to an excitation
power of 90 MWcm-2, the measured
emission spectra matched the fluorescence
spectra. Above this intensity, two new peaks
started to appear, one at 590 nm that stems
from the 620 nm band which is otherwise
only observed at low temperature (see
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Figure 4: Luminescence spectra of a) Ag2S-LiA-0.5, b) K+-Ag2S-LiA-0.5, 
c) Ag2S-KA-0.1, and d) Ca2+-Ag2S-KA-0.1 at 20° C after excitation 320 nm.



Figure 2) and a more intense one at 767 nm.
The ratio of the intensity of the new peak at
767 nm and the fluorescence band at 735 nm
indicate a threshold at about 90 MWcm-2.
These observations are remarkable and it
would be challenging to find out if these
properties could be used to develop a new
kind of laser material.

In summary, very stable high quality
zeolite A monolayers have been prepared by
deposition of zeolite A crystals on quartz
and on other substrates, followed by thermal
fixation. These layers have been
demonstrated to be suitable for a
”ship-in-a-bottle” synthesis, exemplified on
silver sulfide clusters. Zeolites containing
green luminescent Ag2S and orange
luminescent Ag4S2 show a remarkable
change in their luminescence color with
temperature due to a stronger thermal

quenching of the green luminescence than of
the orange luminescence. However, only in
the presence of K+ do the samples show a
real luminescence thermochromism, which
suggests a specific interaction between K+

and silver sulfide. This interaction is
strongest at room temperature, resulting in a
deep-red luminescence at 710 nm and
becomes weaker with decreasing
temperature until only the luminescence of
Ag2S and Ag4S2 is observed. K+ can also be
added after the silver sulfide synthesis and
the detection of the red luminescence is then
a proof of the presence of potassium ions.
The reason for the specific influence of the
K+ is not yet understood. There are
similarities to observations made on gold(I)
complexes.[10] The procedures and
observations reported in this
Communication have the potential to
promote the development of a challenging
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Figure 5: Luminescence spectra of a layer of K+-Ag2S-zeolite A crystals at increasing excitation power.
The sample was excited at 450 nm with a pulsed laser (5 ns pulses). The inset shows the ratio between the
intensity at 767 nm and 735 nm. On the right is a confocal microscopy image showing a single luminescent
K+-Ag2S-zeolite A crystal with an edge length of 3000 nm, excited with an Argon laser at 488 nm at room
temperature.
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class of materials for example, for
electro-optical applications.[9]

Experimental Section

Zeolite A was synthesized and characterized
according to ref.[8a] yielding crystals of the
composition Na12[(AlO2)12(SiO2)12]·27 H2O.
After the synthesis all Na+ ions were exchanged
for K+ ions by suspending the zeolites three
times in a 0.5 M KNO3 solution and then
washing three times with double-distilled water.
Zeolite A monolayers were prepared by
depositing a drop of an aqueous suspension of
zeolite A on a quartz plate (diameter = 8mm)
and let it dry slowly, similar to the procedure
described in ref.[8a]. An important condition for
obtaining high quality monolayers is a narrow
size distribution of the zeolite crystals. The
physisorbed crystals were fixed by heating the
layers at 600° C for 24 h.
The synthesis of silver sulfide clusters in zeolite
A can be divided in 4 steps: 1) Insertion of a
defined amount of Ag+ by means of ion
exchange, 2) dehydration of the zeolites in
vacuum, 3) reaction with H2S, 4) rehydration
and cluster growth. Details can be found in
refs.[4].
For the cation exchange after the synthesis of
silver sulfide, the samples were suspended two
times in a corresponding aqueous nitrate
solution during 20 min and then washed with
bidestilled water.
The following abbreviations are used: NaA for
zeolite A (Na12[(AlO2)12(SiO2)12]) and KA for
zeolite A when all Na+ are exchanged by K+.
Ag2S-KA-x means KA containing silver sulfide
while x denotes the number of Ag+ per α-cage
and is therefor proportional to the total silver
sulfide content. Ca2+-Ag2S-KA-x stands for a
Ag2S-KA-x sample that was exchanged with
Ca2+ after the silver sulfide synthesis and
K+-Ag2S-LiA-x for a Ag2S-LiA-x sample that
was exchanged with K+ after the synthesis.
Confocal fluorescence microscopy was
performed with a fluoview FV300, Olympus,
accessory-equipped with an argon laser
operating at 488 nm. For a detailed description
of the equipment used for measuring the
absorption spectra and the stationary and

time-resolved luminescence data we refer to
ref.[4c].
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4.2 Luminescence thermochromism of Ag2S-KA-x
Luminescence thermochromism of silver sulfide clusters in K+-zeolite A is not limited to

samples with a silver loading of x = 1. It also occurs in samples with other silver loadings

as demonstrated in the luminescence spectra in Figure 4.2.1. At silver loadings of x = 0.1

and x = 0.5 the luminescence bands of Ag2S and Ag4S2 at low temperature can be

recognized, however their luminescence is quite weak. The reasons for that are not yet

understood. According to the luminescence spectra it is not clear if only Ag4S2 or also

Ag2S particles are involved in the thermal equilibrium. The question arises what actually

happens to the silver sulfide clusters when they interact with K+ and why no similar effects

could be observed in the presence of the other investigated co-cations. To answer these

questions absorption and luminescence spectroscopy are not sufficient and one may

have to consider other analytical methods.

Figure 4.2.1: Luminescence spectra of Ag2S-KA-x with different x at room temperature

(solid line) and at -190 °C (dots) upon excitation at 320 nm.
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4.3 Laser action
Amplified spontaneous emission and laser action have been observed in other zeolites

loaded with organic dyes e.g. zeolite L[54] and AlPO4-5[55], in different kind of materials

providing microcavities such as semiconductor quantum dots[56], and InGaAs

microdisks.[57] A prerequisite for laser action is that the laser-active dye is inside a

resonator. Zeolites can be expected to act as resonators. The light emitted by the

fluorophore circulates inside the zeolite due to total internal reflection at the edges of the

zeolite, until the gain required to overcome the lasing threshold is reached. This seems

also to be true for luminescent silver sulfide clusters in zeolite A. Similar results as for

Ag2S-KA-x (chapter 4.1) were obtained by investigating Ag2S-CaA-2 containing to a great

extent orange luminescent Ag4S2 clusters. The main difference is that in Ag2S-CaA-2

several laser modes are observed as shown in Figure 4.3.1.

Figure 4.3.1: Luminescence spectra of Ag2S-CaA-2 upon excitation with a pulsed laser (1

pulse per spectrum) at 440 nm. Left: normal excitation. Right: Focussed laser pulse

(increased excitation power). The dotted spectra shown for comparison were measured of

the same sample without focussing and with 100 scans (100 pulses per spectrum) and

are scaled to the same height. 

Green luminescent zeolite A crystals containing Ag2S may also show a similar behavior,

because the electronic structure of Ag2S is at least a three level system with a long-lived

excited state as well. The reason why no laser experiments on these samples were made

so far is, that the excitation wavelength has to be in the UV and the excitation power of

the laser available for these experiments is not high enough in the UV to overcome the

lasing threshold of the samples. 
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4.4 Zeolite A monolayers on different substrates
For the synthesis of silver sulfide clusters in zeolite A, monolayers of physisorbed crystals

on quartz are stable enough, especially when they have been heated up to 600 °C. The

heating may have two effects. First, water molecules between the zeolite and the quartz

surface are removed, leading to a closer contact of the zeolites and the quartz. Second, a

few covalent bonds between the OH-groups on the zeolite surface and OH-groups on the

quartz surface may be built at 600 °C, which is near the melting point of quartz. However,

in this case one cannot talk of a complete covalent binding of zeolite crystals to a

substrate, because the zeolites can be removed by ultrasonic treatment. For covalent

binding the zeolite crystals to a substrate one has either to modify the external surface of

the zeolite or the surface of the substrate or both. Yoon et al. have used different kind of

silanes to achieve covalent binding of zeolite A and ZSM-5 on glass.[58] 

Another approach to link zeolites to a substrate is described in Ref. [59], where

dye-loaded zeolite L crystals were modified on the external surface with a covalently

bound dye (ATTO680) and arranged on a silicon semiconductor. It could be shown that

after excitation of the dye inside the zeolite, excitation energy transfer to the external dye

and to the silicon occurred. Such photonic antennae systems offer new possibilities of

developing, for example, more efficient solar cells.[60] One can also consider a similar

approach for Ag2S-zeolite A systems to trap the excitation energy of the silver sulfide

clusters on the external surface of the zeolite. The task then would be to find a suitable

dye to modify the surface and as small as possible zeolite A crystals would be an

advantage.     

For the application of zeolite A monolayers in photocatalytic water splitting or any

electrochemical experiments, they have to be prepared on conducting substrates. In first

experiments glass supports with a thin gold or SnO layer were used. The idea was to bind

the zeolite crystals with a silane to the conducting layer and is illustrated in Figure 4.4.1.

For the gold layer 3-mercapto-trimethoxysilane and for the SnO layer

1,6-bis-trimethoxysilyl-hexane were used.
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The silanes were diluted in toluene and deposited on the substrate. Zeolite monolayers

were prepared as described in chapter 4.1 and then fixed to the silane by heating at 110

°C for 3 h. Afterwards silver sulfide clusters were synthesized in the common way, taking

care that the silver loading was x > 2. Finally the Ag2S-zeolite A monolayers were loaded

again with silver ions in the stoichiometric ratio of 2 Ag+ per 1 Ag2S unit.
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Figure 4.4.1: Scheme of the preparation of zeolite A monolayers on gold-coated glass

(1-3) and on SnO-coated glass (4-5). 1: Deposition of the silane from toluene at room

temperature. 4: Deposition of the silane from toluene at 110 °C. 2/5: Preparation of zeolite

A monolayers. 3/6: Heating of monolayers at 110 °C in air.
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To improve the mechanical stability of the layer it was coated with a very thin polymer

layer (PVA) before the experiments. Then 150 nm of silver were deposited on the top of

the Ag+/Ag2S-zeolite A layer by means of physical vapor deposition (PVD). The silver

layer was then electrochemically oxidized to AgCl in 0.2 M KCl. With this kind of

zeolite-modified AgCl electrode photoelectrochemical experiments were carried out

similar to the experiments described in Refs. [53,61]. Upon illumination of the electrode

the O2 production and the photocurrent were measured. First results showed an oxygen

production rate of around 500 nmol/h which is similar to gold colloids modified AgCl

electrodes. The photocurrent was a bit lower with 9 to 11 µA instead of 14 µA. The signals

were stable for several cycles and over more than 60 hours. This is a remarkable

improvement compared to previous experiments with Ag+-zeolite A modified electrodes,

which showed an immediately decrease of the signals after the first cycle.[61,62] One reason

for this rapid decrease of the O2 signal was the lack of electrical contact between reduced

silver clusters on the surface of the zeolites and the conducting substrate. It seems that

this problem can be prevented by the presence of silver sulfide clusters inside the

zeolites.  

In another experiment smaller zeolite A crystals were used. For that purpose crystals with

an edge length of ≤ 1µm were synthesized as described in chapter 6.1 (synthesis

procedure 3) and monolayers were prepared in the same way as it was done for the large

crystals. Figure 4.4.2 shows the SEM image of such a monolayer on SnO-coated glass.

The problem with these small crystals was that they formed aggregates instead of

homogeneous layers. Photoelectrochemical experiments with this kind of monolayers

containing Ag+/Ag2S-clusters revealed, so far, weaker O2-signals than the corresponding

layers with large crystals. This may be due to worse contact of the aggregated crystals

with the conducting surface. To avoid aggregation of small zeolite crystals one could try to

suspend them in other solvents than water and try to use surfactants before

sedimentation, or one would have to develop another preparation method for the small

crystals than for the large crystals.
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5 mµ

Figure 4.4.2: SEM image of a monolayer of small zeolite A crystals (synthesis procedure

3) on SnO-coated glass.
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4.5 Conclusions
It was shown that it is possible to prepare high quality zeolite A monolayers on different

substrates which can be afterwards successfully loaded with silver sulfide clusters. This

was first demonstrated on Ca2+-zeolite A monolayers on quartz. The silver sulfide loading

was proved by the luminescence of the layers which is typical for Ag2S and Ag4S2 in

Ca2+-zeolite A. The same principle was extended for preparing Ag2S-zeolite A modified

AgCl-electrodes for photocatalytic water splitting. First experiments with Ag+/Ag2S-CaA

monolayers showed promising results. In further experiments one could vary the silver

loading and the co-cations or one could even try to load monolayers of disk-shaped

zeolite L crystals with silver sulfide. The synthesis of silver sulfide clusters in the channels

of zeolite L will be discussed in chapter 5.

Silver sulfide clusters in zeolite A show luminescence thermochromism in the presence of

potassium co-cations. All Ag2S-KA-x samples (0.1 ≤ x  ≤ 2) reveal a luminescence band

at 710 nm that is strongest at room temperature and becomes weaker with decreasing

temperature until it completely disappears. The disappearance of this luminescence goes

simultaneously with a rise of the luminescence bands of Ag2S and Ag4S2. We propose a

thermal equilibrium between two different luminescent forms of silver sulfide clusters. One

form is observed at low temperature and is similar to Ag2S and Ag4S2 in samples with

other co-cations. The second form is stable at room temperature and is probably due to

specific interaction between potassium cations and silver sulfide. The observation, that

the luminescence at 710 nm disappears by exchanging K+ with other cations and that it

reappears by exchanging other cations with K+, supports this idea. However, at the

moment we do not have a suggestion what such a K+(Ag2S)n-cluster could look like and

why the other investigated co-cations do not have a similar effect on the luminescence of

silver sulfide clusters.

Zeolite A crystals can act as microresonators for the luminescence of silver sulfide

clusters. Ag2S-zeolite A samples showing luminescence at room temperature start lasing

upon excitation with a pulsed laser and high excitation power. This could be demonstrated

for red luminescent Ag2S-KA-x samples and orange luminescent Ag2S-CaA-x samples.
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5.  Silver Sulfide Clusters in other Zeolites

In principle the same synthesis procedure of silver sulfide cluster could also be applied for

other ion-exchangeable materials having a cavity structure. Depending on the size of the

cavities, larger silver sulfide clusters or clusters having a different geometry and other

properties than those in zeolite A are expected. In the following experiment zeolite L was

used as a host.

5.1 Zeolite L
Zeolite L is like zeolite A a crystalline aluminosilicate, but its framework consists of

one-dimensional channels. In Figure 5.1.1 the framework of zeolite L with the

crystallographically identified cation positions is shown. Only the cations located in

position D are exchangeable at room temperature. Nevertheless, this is enough to

produce silver sulfide clusters inside the channels of zeolite L.

 

Figure 5.1.1: Framework of zeolite L with the different cation positions (A-D). View along

the channels (left) and perpendicular to the channels (right).

Ag2S-zeolite L samples with silver loadings of 0.01, 0.5, and 1 Ag+ per unit cell were

synthesized in the same way as it was done for zeolite A. At a silver loading of 0.01 the

samples are colorless and show a weak luminescence at 495 nm (see Figure 5.1.2),

which can be assigned to isolated Ag2S molecules. The luminescence and the excitation

spectra are the same as in zeolite A indicating that Ag2S has about the same geometry in

zeolite L. Samples with a higher silver loading have a yellowish color but are also a bit

gray. This is probably due to the formation of bulk silver sulfide at the entrances of the

channels on the base of zeolite L. However, these samples show a bright green to yellow

photoluminescence after cooling with liquid nitrogen. In contrast to Ag2S-zeolite A
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samples the color change of the luminescence with increasing silver sulfide content is not

due to the appearance of a second luminescence band, but is caused by a red shift of the

band at 495 nm and the rise of a broad shoulder in the red part of the spectrum. The

excitation spectrum shifts as well with increasing silver loading, but the transitions stay the

same. The typical luminescence band around 610 nm assigned to Ag4S2 cannot be

observed in the investigated zeolite L samples.  It seems that the formation of Ag4S2

particles, which are observed in zeolite A, is not favored in zeolite L. The reason for that is

probably the different framework of the zeolites. While a small molecule like Ag2S finds

similar coordination sites in both zeolites, the geometry of clusters such as Ag4S2 may be

more influenced by the shape of the zeolite cavities. Also the absorption spectrum of

Ag2S-zeolite L with a silver loading of 1 Ag+/u.c. looks quite different than the

corresponding spectrum of zeolite A (Figure 5.1.3). The absorption bands at 280 nm and

at 320 nm typical for Ag2S can be still recognized and there is another clear transition at

400 nm. The appearance of this transition correlates with the red shift of the

luminescence. A possible interpretation of this observation is that from a certain silver

loading on (x ≈ 0.5) interaction between neighboring Ag2S molecules occur. This

interaction causes changes in the electronic spectra, but its not that strong that the Ag2S

molecules loose their identity, so one cannot talk of the formation of a larger silver sulfide

particle.

Figure 5.1.2: Luminescence (left) and excitation (right) spectra of Ag2S-zeolite L with

different silver loading at -190 °C upon excitation at 320 nm. The spectra are scaled to the

same height. The silver loadings are 0.01 (solid line), 0.5 (points), and 1 (dash)  Ag+/ u.c.
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Figure 5.1.3: Diffuse reflectance spectrum of Ag2S-Zeolite L with a silver loading of 1

Ag+/u.c. KM stands for the Kubelka-Munk function.

It would be interesting to see what happens if one goes to higher silver loadings than 1

Ag+/ u.c. Theoretically the silver sulfide particles could be aligned to each other through a

whole channel forming something like a molecular wire. This kind of material could be

highly interesting, but is difficult to realize. First one has to make sure that the silver ions

are equally distributed over all channels after ion exchange. One has to consider that the

diffusion in zeolite L is limited to one dimension and hence the ion exchange process may

be slower than in zeolite A. An equally exchanged sample could probably be obtained by

a longer and stepwise ion exchange. The second problem is the formation of silver sulfide

at the entrances of the channels which hinders the diffusion of H2S into the zeolite. 
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6.  Experimental

6.1 Synthesis of zeolite A
In this work three different synthesis procedures have been used to obtain crystals of

different size and morphology. Most of the experiments were carried out with crystals from

synthesis procedure 1, which yields large crystals with a nice shape. The product of

procedure 2 is ZK-4. ZK-4 has the same framework as zeolite A but a lower Al content

and hence less charge compensating cations. Procedure 3 was developed for small

crystals with an edge length of about 1 µm or less. All products were characterized by

SEM, XRD, and EDX (Energy Dispersive X-ray Analysis).

In all procedures two solutions (A) and (B) are prepared separately in Teflon flasks, (A)

containing Si- and (B) containing Al-precursors, then the solutions are combined forming

a gel. Heating the gel for several hours leads to crystallization. The size and the

morphology of the crystals depend on the composition of the starting gel. The Si source of

procedure 1 is tetra-ethoxysilane, while in procedures 2 and 3 SiO2 is used. Very fine

powder of SiO2 is obtained as follows:

72.86 g of di-isopropylamine was diluted in 75 ml doubly distilled water and stirred for 1 h

until the solution was clear. Under vigorous stirring 150 g of Si(OEt)4 (tetra-ethoxysilane)

was added and the mixture was stirred for 48 h. The white product was separated by

centrifugation and suspended in 400 ml ethanol. The suspension was stirred for 1 h and

then filtrated (glass frit, pore size 4). The product was washed twice with ethanol and

dried in vacuum at 100 °C for 2-3 h. Thermogravimetric analysis gives a lost of 20% at

800 °C.

Procedure 1 [63]

(A): 5.93 g of NaOH was dissolved in 150 ml doubly distilled water and 7.721 g of Si(OEt)4

(tetra-ethoxysilane) was added. The mixture was refluxed under N2(g) at 60 °C for 3 h.

(B): 5.93 g of NaOH was dissolved in 150 ml doubly distilled water and 2 g of Al-wire was

added. The mixture was refluxed under N2(g) at 90 °C for 3 h.

The solutions were cooled to room temperature before (A) was added to (B). The gel was

stirred for 15 min at room temperature and then for 16 h under reflux at 90 °C. The

mixture was filled in a beaker for sedimentation of the product. The supernatant was

removed an the product was washed three times with 250 ml boiling doubly distilled water.

Then the product was washed with ethanol, filtrated (pore size 4) and dried at 80 °C.
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Product: Na12[(AlO2)12(SiO2)12], cubic crystals of different size (average 3-5 µm) with

chamfered edges, nearly no intergrowth. The SEM image is shown in Figure 6.1.1.

Procedure 2: ZK-4 [35]

(A) 4.34 g of SiO2 and 25.74 g of tetra-methyl-ammoniumhydroxide (TMAOH) were

dissolved in 57 ml doubly distilled water at 90 °C for 2 h with constant stirring.

(B) 0.962 g of Al-wire, 2 g of NaOH, and 6.435 g of TMAOH were dissolved in 50 ml

doubly distilled water at 90 °C for 3 h.

The solutions were cooled to room temperature before (A) was added to (B). The gel was

stirred for 15 min at room temperature and then for 24 h under reflux at 90 °C. The

product was separated by centrifugation and was washed three times with boiling doubly

distilled water. After washing with ethanol the product was first dried at 80 °C and then the

TMA ions were destroyed by calcination at 500 °C in air. The remaining protons were

exchanged with Na+ by suspending the zeolites three times for 15 min in 0.1 M NaNO3

solution.

Product: Na9[(AlO2)9(SiO2)15], cubic crystals with sharp edges, average size 1-2 µm,

intergrowth. The SEM image is shown in Figure 6.1.2.

Procedure 3: small crystals

(A) 0.6225 g of SiO2 and 4.47 g of tetra-methyl-ammoniumhydroxide (TMAOH) were

dissolved at 90 °C under N2(g) for 2 h with constant stirring.

(B) 0.5 g of Al-wire, 0.6 g of NaOH, and 5.328 g of TMAOH were dissolved at 90 °C under

N2(g) for 4 h.

The solutions were cooled to room temperature before (A) was added to (B). The gel was

stirred for 2 days at room temperature. For crystallization the gel was filled into

Polypropylene flasks and placed in a rotating oven at 100 °C for three days. The product

was separated by centrifugation and was washed three times with boiling doubly distilled

water. After washing with ethanol the product was first dried at 80 °C and then the TMA

ions were destroyed by calcination at 500 °C in air. The remaining protons were

exchanged with Na+ by suspending the zeolites three times for 15 min in 0.1 M NaNO3

solution.

Product: Na12[(AlO2)12(SiO2)12], cubic crystals with slightly rounded edges, size  x 1 µm,

few intergrowth. The SEM image is shown in Figure 6.1.3.
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Figure 6.1.1: SEM image of the synthesis product of procedure 1.

Figure 6.1.2: SEM image of the synthesis product of procedure 2.
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Figure 6.1.3: SEM image of the synthesis product of procedure 3.
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6.2 Synthesis of silver sulfide clusters
500 mg of NaA were suspended in 20 ml of a 0.5 M M(NO3)n solution (M = Li, K, Mg,

Ca,Sr) for 20 min. After centrifugation this step was repeated twice. Then the zeolites

were washed three times with doubly distilled water and dried at 80 °C. The product is MA

where Mn+ are the charge compensating cations Li+, Na+, K+, Mg2+, Ca2+, or Sr2+.

The synthesis of silver sulfide clusters is divided into four steps:

1. Ag+ exchange

120 mg of MA were suspended in 10 ml of the corresponding 0.01 M M(NO3)n solution.

Then the desired amount of 0.1 M AgNO3 solution was added and the suspension was

stirred for 2 h in the dark. The samples were washed twice with doubly distilled water,

filled in small quartz vessels and dried at room temperature over night.

2. Dehydration

The samples were placed into the vacuum system described in Figure 6.2.1. The

procedure for evacuation of the system is the following:

- switch on pump 1, open the valves v1 and v2, switch a to position 1, then open b and d.

- switch on detector 1 (D1) and wait until the pressure is 1 mbar.

- close b, switch a to position 2, open c

- wait until the pressure is about 10-2 mbar, then switch on pump 2.

The zeolites are dried in dynamic vacuum for 2-3 days until the pressure in the system is

about  2-3·10-6 mbar.

3. Exposure to H2S

The samples are exposed to H2S gas for one hour, then the excess H2S is trapped with

liquid nitrogen, and the whole system is flooded with nitrogen gas. To remove the trapped

H2S the system is exposed to a continuos nitrogen flow for 75 min and the emitted H2S is

oxidized in a FeCl3 solution. The following procedure is used:

- close d

- open e and evacuate the trap for liquid nitrogen

- open f and evacuate the hose

- close c and a and switch off the pumps

- switch off detector D1

- switch on detector D2 and calibrate it to 0 Torr

- add 60 Torr of H2S gas
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- open d and wait  for 1 h

- add liquid nitrogen to the trap until D2 shows nearly 0 Torr

- open the N2 gas and g until the pressure in the systems equals the pressure outside

- open h and leave the system under nitrogen flow for 75 min

- evacuate the system over night as described before 

4. Rehydration

All valves are closed and the pumps are switched off. The system is flooded with nitrogen

gas until the pressure inside equals the pressure outside. The samples are removed and

stored under ambient conditions.

Figure 6.2.1: Scheme of the vacuum system. Sample: sample holder for three samples;

Pump 1: rotary slide-valve oil pump ; Pump 2: turbo molecular pump; D1,2: pressure

gauges 1 = Balzers PKR 250 with device TPG 251A for pressure < 10 mbar, 2 = MKS

Baratron with device 111A for pressure > 1 Torr; N2 gas bomb; H2S gas bomb; Trap:

liquid nitrogen trap; FeCl3 solution; a-h: valves.
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6.3 Spectroscopy
6.3.1 Sample preparation
Ag2S-MA-x: 

All samples were synthesized as described in chapter 6.2. For spectroscopy the final

products were prepared on quartz plates and measured in their fully hydrated state. For

that purpose the samples were suspended in doubly distilled water, dropped on a clean

quartz plate, and then let dry in air at room temperature.

AgxK12-xA:

80 mg of KA were suspended in 8 ml of 0.01 M KNO3 solution. A calculated amount of 0.1

M AgNO3 solution was added and the suspension was stirred for 2 h in the dark. The

silver exchanged zeolite was washed three times with 10 ml of doubly distilled water.

Then it was suspended in 0.5 ml of doubly distilled water and transferred into a cylindrical

quartz cuvette with a vacuum adapter. The cuvette was connected to the vacuum system

and the water was slowly evaporated at 5 mbar. The zeolite was further dried in high

vacuum (10-6 mbar) for about 80 h. Then the cuvette was sealed with a burner and

separated from the vacuum system under airtight conditions.

6.3.2 Absorption spectra
Absorption and diffuse reflectance spectra were recorded on a Perkin Elmer Lambda 900

(UV/VIS/NIR) spectrophotometer with an integrating sphere. The diffuse reflectance

spectra were converted into absorption spectra by applying the Kubelka-Munk function.[64]

                                                                                             (6.3.1)F(Rÿ) =
(1 −Rÿ)2

2Rÿ

= K
S

where R∞ is the diffuse reflecting power, K is the absorption coefficient, and S is the

scattering coefficient.

6.3.3 Luminescence spectra
Steady-state luminescence spectra were recorded on a Perkin Elmer LS 50B

luminescence spectrometer equipped with an Oxford PE1704 cryostat and a thermostat

which allows measurements at temperatures between -195 °C (liquid nitrogen) and room

temperature.
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6.3.4 Time-resolved luminescence spectra

Measuring method:

The same measuring method as in Ref. [10] was used. A scheme of the experimental

setup for time-resolved luminescence measurements is shown in Figure 6.3.1. It is built

up of the following components: Vibrant Laser System, Optical Multichannel Analyzer

(OMA), Digital Delay (DG535), Digitizing Oscilloscope (TEK), Polychromator with

detector, PC with GPIB interface, OR-Gatter, sample holder (SH), quartz fiber (Q), cutoff

filter (F), photodiode (D), beam splitter (BS), beam lift (BL), and shutter (S). 

Figure 6.3.1: Scheme of the setup for time-resolved luminescence measurements. The

light (----) and the electric signals (—) are shown. The components are described in the

text.

The system allows to record spectra at different times after the excitation of the sample

with a pulsed laser. The Vibrant Laser System consists of a NdYAG laser and an OPO.

The OPO is pumped with the third harmonic of the NdYAG laser (355nm) and the output

wavelength can be tuned in the visible (410-690 nm) and  in the UV (250-300nm, 320-380

nm) via a computer. The pulse length is 5 ns. The flash lamp runs with a frequency of 10
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Hz and the frequency of the Q-switch can be selected between 1, 2, 5, and 10 Hz. For

time-resolved measurements a frequency of 1 Hz is used. The spectra are recorded on

an Optical Multichannel Analyzer (OMA 1460) equipped with a gated detector (Parc

EG&G model 1455R-700-HQ). The emission light of the sample is collected in a quartz

fiber and transferred to the polychromator. The filter F selectively cuts off the laser

emission light and can be exchanged depending on the excitation wavelength. Different

grating positions of the polychromator can be chosen for different spectral ranges. The

detector consists of a diode array of 1024 photodiodes giving 1024 points of intensity in

the spectrum. The detection time (gate) can be tuned between 100 ns and 10 ms. The

OMA is triggered by the laser system via the Digital Delay and the OR-Gatter. The trigger

signals induce the OMA for light measurements (A, spectra) and dark measurements (B,

background). The shutter (S) is opened by an electric signal induced by the OMA before

each measurement and closed at the end of the measurement. The TEK records the

laser pulses (CH 1) and the gate (CH 2) during the measurement. The time and the

intensity of the laser pulse and the gate width are important for the evaluation of the data.

Time resolved spectra are measured by recording a series of spectra at different delays

after the excitation pulse. This means that the gate stays the same during a series of

measurements, but the onset of the gate shifts in time (see Figure 6.3.2). 

Figure 6.3.2: Left: time-resolved spectra recorded with a gate width of 10 µs and a

delayincrement of 10 µs. Right: Scheme of a series of gated measurements. The laser

pulse sets the time t = 0, g is the gate, d is the delay, and a is the delayincrement.

The whole process is controlled by a program (laser.exe) running on a PC that is

connected via a GPIB interface with the OMA and the TEK. The program is based on

DOS and allows to change the settings (gate, grating position, number of spectra and so
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on). It also reads the measured data of the OMA and the TEK and saves them as an

ASCII file. The handling of the program is described below.

The samples were measured in a special sample holder described in Ref. [65]. The

chamber of the sample holder can be evacuated by a vacuum pump and can be cooled

with liquid nitrogen. A thermostat allows measurements at different temperatures. The

Ag2S-MA-x samples were all measured in their hydrated state and at temperatures

between -150 °C and room temperature. This was achieved by evacuating the chamber

down to 10 mbar and then cooling with liquid nitrogen. Typically 19 time-resolved spectra

per measurement were taken (memory j) while one spectrum is the sum of 100 individual

spectra at the same delay (number of scans i). The values for the gate width (g) and for

the delayincrement (a) have to be chosen in a way that one obtains a complete decay

curve.

Program “laser.exe”

1. Start program

2. Change the settings 

     f: choose filename (max 8 characters)

     u: choose between ns, µs, and ms

     g: gate width

     d: delay

     a: delayincrement

     i: number of scans

     j: memory (number of spectra k)

3. Enter “o” for initializing the OMA (the settings are transfer to the OMA) and wait

4. Enter “x” to start the measurement

Data evaluation:

The data were evaluated with two Mathcad programs written by Dominik Brühwiler. The

programs fit the data to a multi-exponential decay curve where the number of exponents

equals the number of lifetimes. The number of exponents and the spectral range for the

evaluation can be chosen by the user. The following fitting function is used:
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   (6.3.2)

where Ek is the relative intensity of measurement k, tk is the time at the beginning of

measurement k, g is the gate width, m is the number of exponents, An are the amplitudes,

and τn are the corresponding luminescence lifetimes.

The luminescence intensity as a function of time is obtained by integration of every

spectrum over a desired spectral range, usually over the whole luminescence band.

The luminescence decay of Ag2S and Ag4S2 in the same sample can be analyzed

separately by choosing a suitable integration region, respectively. An example is given in

Figure 6.3.3, where the integration region for Ag2S is from 450 nm to 530 nm and the

integration region for Ag4S2 is from 580 nm to 720 nm, resulting in two different decay

curves.  Another method is to fit every time-resolved spectrum to two gaussian curves

and then plot the intensity of the gaussian curves as a function of time. This method takes

more time and the resulting decay curves and lifetimes are the same. It shows, however,

that just spectral separation of the two luminescence bands is enough.

Figure 6.3.3: Left: time-resolved luminescence spectra of Ag2S and Ag4S2 in zeolite A.

The dotted lines indicate the integration regions for each luminescence band which are

450 - 530 nm and 580 - 720 nm. Right: Corresponding luminescence decay curves of the

two luminescence bands.
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The average luminescence lifetime is calculated by the following formula:

                                                                                                     (6.3.3)< � > = � an A �n
2

� an A �n

where τn are the luminescence lifetimes and an are the corresponding amplitudes.

6.3.5 Laser experiments
Laser experiments on Ag2S-KA-x and Ag2S-CaA-x samples were carried out at room

temperature. The samples were prepared as thin layers on quartz plates and fixed in a

cuvette sample holder. The laser beam was focussed with a lens giving a spot of less

than 1 mm2 on the sample. Tuning of the laser power was achieved by using different

optical transmission filters in front of the sample. Typically one scan per spectrum was

taken due to the fast destruction of the sample at high laser power.
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6.4 Preparation of  zeolite A monolayers
6.4.1 Size separation of zeolite A crystals
The preparation of homogeneous zeolite A monolayers requires crystals of about the

same size. However, the size distribution of the synthesis product is often quite broad (1 -

8 µm). It was found that crystals of different size can be separated to a certain extent by

fractional sedimentation.[30,63] The idea behind is that large crystals sediment faster than

small crystals. For that purpose a column containing small glass tubes is used. A scheme

of this column is shown in Figure 6.4.1. The column is filled with 0.01 M NaNO3 solution

and a suspension of zeolite A in water/ethanol (1:1) is put on the top of the column. The

sediment is collected in a plastic hose at the end of the column. The sedimentation takes

about 2-3 days. The hose is cut away, stored for 2 h at -20 °C, and then cut into pieces

giving fractions A - F. Fraction A consists of the largest crystals and fraction F of the

smallest crystals as can be seen on the electron microscopy images in Figure 6.4.2.

Figure 6.4.1: Scheme of the column used for fractional sedimentation of zeolite A crystals.
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Figure 6.4.2: SEM images of the fractions A to F of the size separation showing crystals

of different size. The largest crystals are found in the first fraction (A) at the bottom of the

hose, and the smallest in the last fraction (F).
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6.4.2 Preparation of monolayers 

The best monolayers were obtained by using crystals of a medium size (fraction C - E).

The zeolites were suspended in doubly distilled water. The concentration of the

suspension was 3 - 5 mg of zeolite per 1 ml of water depending on the average crystal

size. 50 -150 µl of the suspension was dropped on the clean substrate. The water was

slowly evaporated in a chamber in the presence of a saturated aqueous KNO3 solution,

ensuring an atmosphere of approximately 92% humidity.  

6.5 Ag+/K+ ion exchange isotherms
The experiments were carried out with a special equipment represented in Figure 6.5.1,

consisting of a double-walled vessel with a thermostat and two electrodes connected to a

voltmeter. The working electrode is a silver sulfide electrode and the reference electrode

is a double junction Ag/AgCl electrode. The measured voltage is proportional to the Ag+

concentration in solution. Ion exchange isotherms were obtained by measuring the

voltage in a suspension of K+-zeolite A after the addition of different amounts of AgNO3

solution and further evaluation of the data by a Mathcad program.[28,66]

Figure 6.5.1: Scheme of the equipment used for measuring ion exchange isotherms. The

double-walled vessel in the middle of the scheme contains the zeolite suspension and a

magnetic bar. The space between the walls is filled with distilled water from the

thermostat.
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6.5.1 Experimental 
Ion exchange isotherms were measured at five different temperatures, 25 °C, 30 °C, 35

°C, 40 °C, and 45 °C. The temperature was set by the thermostat and controlled with a

thermometer dipped in the solution. For every temperature a calibration function was

measured, which was necessary for the data evaluation. In all experiments the vessel was

wrapped in aluminum foil preventing photoreduction of Ag+ and helping to keep the

temperature constant.

Calibration function: 100 ml of 0.1 M KNO3 solution was filled into the double-walled

vessel and heated up to the desired temperature. First, 4 µl of 0.1 M AgNO3 solution was

added with constant stirring and the voltage was measured right afterwards. This step

was repeated several times, giving at the end 19 measured values. The volumes of 0.1 M

AgNO3 solution added at every step are listed below.

1300 µl - 2300 µl500 µl17-19

200 µl - 800 µl100 µl10-16

40 µl - 100 µl20 µl6-9

4 µl - 20 µl4 µl1-5

Total Volume 0.1 M AgNO3Added Volume 0.1 M AgNO3Measurement #

Ion exchange: 100 mg of KA were suspended in 100 ml of 0.1 M KNO3 solution and filled

into the double-walled vessel. The suspension was heated up to the desired temperature

with constant stirring. 0.5 ml of 0.1 M AgNO3 solution was added and the suspension was

stirred for 20 min before the voltage was measured. It turned out that after 20 min the

equilibrium is achieved. This step was repeated eleven times giving twelve data points at

the end.
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7. Conclusions and Outlook

Zeolite A is a suitable material to host small silver sulfide clusters. The clusters are

synthesized by means of a “ship-in-a-bottle” synthesis and their size is limited by the

dimensions of the α-cage leading to quantum sized silver sulfide clusters as guest

species. The two smallest species found in zeolite A are the Ag2S monomer and the

Ag4S2 cluster, while the largest cluster is expected to have an approximate stoichiometry

of Ag8S4. Compared to the band gap of bulk silver sulfide, which is around 1 eV, the

energy gap between HOMO and LUMO of the silver sulfide clusters is blue shifted and is

around 2.5 eV (490 nm) for Ag2S and around 2 eV (610 nm) for Ag4S2. This is consistent

with theory and means that the electronic properties of the silver sulfide clusters are only

little affected by the zeolite framework. The electronic structure of these host-guest

systems can thus be regarded as a superposition of the electronic structures of the zeolite

and of the silver sulfide clusters. It was, however, found that the co-cations influence the

optical properties of silver sulfide clusters to a certain extent. The most obvious influence

was observed in the presence of potassium co-cations which are supposed to interact

specifically with silver sulfide.

The optical properties of the otherwise colorless zeolite A crystals change completely by

the presence of the silver sulfide clusters. The amount and the size of the clusters can be

varied in a well controlled way during the synthesis, resulting in differently colored

materials, which all show photoluminescence in the visible. The color of the luminescence

ranges from blue-green (Ag2S monomer) over different kind of yellow and orange to red

depending on the size and on the ratio of the differently luminescent clusters. 

Excited Ag2S can transfer its excitation energy to Ag4S2. One can imagine that the

excitation energy could also be transferred to the external surface of the zeolite if suitable

acceptors are there. In zeolite L this was done by modifying the external surface with

different dye molecules and monodirectional energy transfer from the dyes inside the

zeolite to the outside or the other way round was observed.[60,67,68] In zeolite A

three-dimensional energy transfer would be expected.

The optical properties are sensitive to water, to co-cations, and to temperature. So one

can consider a zeolite A crystal containing silver sulfide clusters as a microsensor. A clear

change of the samples color occurs upon addition of silver ions to yellow Ag2S-CaA

samples, which afterwards become orange. The most obvious changes of the

luminescence properties are observed after addition of potassium ions. How sensitive this

systems really are to small amounts of Ag+ and K+ has to be checked in further
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experiments. The strong temperature dependence of the luminescence of all Ag2S-zeolite

A materials could be used for thermometry. The change of the luminescence with

temperature is in all samples reversible. The most interesting samples for luminescence

thermometry are Ag2S-CaA containing Ag2S and Ag4S2 and Ag2S-KA. In Ag2S-CaA the

color of the luminescence changes with temperature due to a stronger thermal quenching

of the luminescence of Ag4S2 than of Ag2S. The ratio of the two luminescence bands can

be measured over a large temperature range (from -190 °C or below up to room

temperature). For a more narrow temperature range Ag2S-KA samples may be suited.

These samples show luminescence thermochromism, which means that around -50 °C a

new luminescence band at 710 nm appears and becomes stronger with increasing

temperature and the low-temperature luminescence disappears. 

One step towards potential applications of these materials was done by developing a

method to arrange the zeolite A crystals as monolayers on different substrates. It could be

shown that it is possible to prepare first the zeolite monolayers and then load the zeolites

with silver sulfide. The same method was used to modify AgCl electrodes for

photocatalytic water splitting. First experiments showed promising results, so that it is

worth to continue this work. 

Another potential application of these luminescent host-guest systems could be in

biotechnology. Coupling inorganic nanoparticles to biomolecules for diagnostics and

analytical tests attracts a lot of current interest.[69] Luminescent nanoparticles coupled via

a linker molecule to a specific protein allow, for example, very sensitive detection of

antibody-antigen recognition. By means of confocal microscopy one can also observe the

diffusion of labeled biomolecules to their receptors. Compared to organic dyes used as

luminescent labels, inorganic compounds are expected to be more stable against

photobleaching and their usually long luminescence lifetimes allow time-delayed

fluorescence measurements, which can be used to suppress the autofluorescence of

biological matrices.  So far, mainly CdS nanoparticles[70,71] and CdSe/core-shell (shell ZnS

or CdS) nanoparticles[72,73] have been applied as luminescent biological labels.

Luminescent zeolite A nanocrystals would be a nontoxic alternative. The zeolite surface

could, for example, be modified by silanes, which are discussed in Ref. [69] as typical

linker molecules, and which have been used to couple SiO2-coated nanoparticles to

biomolecules. In Figure 7.1.1 the structures of two potential linker molecules are shown.

A prerequisite for the use of zeolites as biological lables is that one has zeolite crystals in

the nanometer-scale. The synthesis of nano-sized zeolite crystals has already been

realized for zeolite L.[74] This task could probably also be fulfilled for zeolite A by further

developing the synthesis procedure 3 (chapter 6.1) and/or by finding a suitable method for
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size-separation of these small crystals e.g. by fractional centrifugation. To be competitive

with the current luminescent labels the Ag2S-zeolite A materials have to be highly

luminescent. It was shown in this work that the luminescence intensity at room

temperature depends on the co-cations, hence they have to be considered.

Figure 7.1.1: Schematic representation of a method to couple zeolite A nanocrystals and

biomolecules. FG stands for the functional coupling group of the biomolecule. In a) and b)

two potential linker molecules are shown.

Although Ag2S-zeolite A materials show many interesting optical properties, some of the

mechanisms behind are not yet understood. Using additional analytical methods may give

a deeper insight. It would be worth, for example, to find a method to investigate the

interaction of the co-cations with the silver sulfide clusters. Some information may be

obtained by IR and Raman spectroscopy. The IR transitions are expected to be at low

frequency, similar to what was observed in Ag2S-B2S-Ge2S glasses, where the vibrations

of Ag+ are at 110 cm-1.[75] So KBr as a matrix and also monolayers on quartz or on ZnSe

are not suited. A possibility would be to prepare thin self-supporting wafers of zeolite A as

described in Ref. [33]. Another possibility is to analyze the samples by means of extended

x-ray absorption fine structure spectroscopy (EXAFS). EXAFS data give information about

the nearest neighbors of an atom and about bond lengths. It would even help to

determine the structure and the position of the silver sulfide clusters in zeolite A.
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9. Summary

Due to the fast development of nanotechnology, the synthesis and characterization of

nanosized semiconductor particles continues to attract considerable interest. While much

work has been done on a large number of different semiconductor clusters, quite little is

known about the properties of small silver sulfide species. In our group a synthesis

procedure has been developed, which yields very stable host-guest systems where the

host material is zeolite A and the guests are silver sulfide species in the molecular size

regime. Zeolite A provides a suitable cavity structure for the in situ synthesis of silver

sulfide clusters and prevents further aggregation of the small clusters into larger ones or

bulk. The smallest silver sulfide particle found in zeolite A is the Ag2S monomer. This was

the first time that Ag2S monomers could be stabilized in a way that spectroscopic

investigations became possible.

This thesis gives a deeper insight into the optical properties of Ag2S-zeolite A systems. It

was found that these materials emit visible light when they are irradiated with UV light.

The color of the emitted light depends on the size of the silver sulfide clusters. Ag2S

monomers emit green light, while the color of the emission of the dimers, Ag4S2, is

orange. It is possible to synthesize samples containing Ag2S and Ag4S2 in the same

zeolite crystals, resulting in a yellow colored emission. The presence of larger silver

sulfide clusters than Ag4S2 leads to a red-shift of the emission. Within this work it was

tried to find explanations for the processes inside these systems and to investigate the

influences on their optical properties. It was found that some of these materials are

sensitive to environmental changes such as temperature, water, and specific cations by

reversibly changing their optical properties. A single zeolite A crystal containing Ag2S and

Ag4S2 particles can, for example, be regarded as a tiny luminescent thermometer because

the color of the emitted light changes with temperature. The reason for that is a stronger

thermal quenching of the luminescence of Ag4S2 than of the luminescence of Ag2S. The

results obtained from time-resolved luminescence spectroscopy on these systems

indicate that electronically excited Ag2S can transfer its excitation energy to a neighboring

Ag4S2. An overview of the luminescence properties of Ag2S and Ag4S2 in zeolite A has

been published in the Journal of Materials Chemistry (J. Mater. Chem 2003, 13, 1969).

On exchanging the charge compensating cations of zeolite A for potassium ions a new

phenomenon appears, which corresponds to what is known as luminescence

thermochromism. We observed that zeolite A samples containing K+ and silver sulfide

show, at room temperature, a bright deep-red photoluminescence with its maximum
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emission at 710 nm, suggesting a specific interaction of K+ with the silver sulfide clusters.

This interaction is strongest at room temperature and becomes weaker with decreasing

temperature until only the luminescence of Ag2S and Ag4S2 is observed. K+ can also be

added after the silver sulfide synthesis and the detection of the red luminescence is then

a proof of the presence of potassium ions.

The observations reported in this PhD thesis show that Ag2S-zeolite A systems have the

potential to be among a challenging class of materials for the development of new

optoelectronic devices. One step towards this direction was done by finding a method to

arrange zeolite A crystals as monolayers on different substrates. It could be shown that it

is possible to prepare first the zeolite monolayers and then succesfully load the zeolites

with silver sulfide in a well controlled way. The preparation of these luminescent zeolite A

monolayers has been reported in ChemPhysChem (2004, 5, 1593). The same principle

was extended for preparing Ag2S-zeolite A modified AgCl-electrodes for photocatalytic

water splitting. First experiments, in which AgCl-electrodes were combined with

Ag+/Ag2S-zeolite A monolayers, have shown promising results.
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