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Abstract: The proton activity inside the
channels of zeolite L has been studied
by investigating dye-loaded zeolite L
crystals under different conditions,
such as water content, nature of the
counterions, and nature of the solvent.
The discussion is made within the
frame of three types of dye-loaded zeo-
lite L systems, classified according to
their ability to exchange matter (dyes,

the channels to exchange small mole-
cules, cations, and solvent molecules
with the environment, but not dyes.
The “open” systems also allow for dye
exchange. UV-visible and fluorescence
spectroscopy have been used to ob-
serve the proton activity inside the zeo-
lite L channels. The influence of the
proton activity on the luminescence of
encapsulated dyes is discussed, special
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attention being given to luminescence
quenching by excited-state protonation.
Partially proton-exchanged zeolite L
can be a superacid, whereas for the M-
exchanged form (M: K*, Lit, Cs™,
Mg?*, Ca’*) the pH ranges from about
2.5 to 3.5. For these last forms, the dif-
ferences in pH are due to the acid-
base reactions of the respective metal
cations with water inside the zeolite.

cations, solvent, and other small mole-
cules) with the environment. The clas-
sification refers to dye-loaded zeolites.
The term “closed” and “semi-open”
characterize different possibilities of

guest systems

Introduction

Zeolites play an important role in petrochemical processes,
in which they act as size-selective catalysts in cracking reac-
tions."! The efficiency in catalyzing these reactions stems
from their high acidity, which is mainly due to the presence
of Brgnsted sites. The acid sites are formed after calcination
of the zeolite as the protonated H-form is produced. Classi-
cal zeolites are built up by corner-sharing TO, tetrahedra
(T: Si, Al) forming a three-dimensional system of channels
and cavities. The substitution of a tetravalent silicon atom
by a trivalent aluminum atom in a TO, unit generates a neg-
ative charge, which is then balanced by a charge-compensat-
ing cation. These cations can be completely or partially re-
placed by means of ion exchange, depending on the type of
zeolite, giving rise to a large variety of cation-exchanged
zeolites. Hydrolysis and calcination leads to the formation
of Brgnsted sites as explained in Scheme 1, which shows a
simplified view of a zeolite represented by two TO, units
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Finally, we describe an easy experimen-
tal procedure that can be used to tune
the proton activity inside the zeolite L
to a considerable extent.

host—

and Na*, H;O%, and NH,* as counterions. Brgnsted sites
are produced by hydrolysis (reaction I), followed by calcina-
tion (reaction II)."”

Reaction I explains why suspensions of exchanged zeolite
crystals in distilled water tend to be basic, whereas at the
same time the proton concentration and, therefore, the acid-
ity inside the cavity increases. For example, calcination of
zeolite ZSM-5 at 400°C leads to the highest acidity due to
the formation of Brgnsted sites, whereas calcination at
700°C leads to fully hydrated predominance of Lewis acid
sites.!
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Scheme 1. Schematic representation of a zeolite showing the formation of
Brgnsted sites through hydrolysis (I) and calcination (I). M™* is a charge
compensating cation and X: H,O, NH;, NH(CHj;),, or other small mole-
cules.
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The acidic proton shown in Scheme 1 is usually bonded to
one of the four oxygen atoms surrounding the negatively
charged aluminum. It can jump from one oxygen to another
and its mobility is greatly increased in the presence of H,O
or by heating.[" Several methods have been used to study
the Brgnsted acidity, such as microcalorimetry,” solid-state
NMR spectroscopy,” temperature-programmed desorp-
tion,"”! vibrational and electronic spectroscopy,® " and quan-
tum mechanical calculations.!

Brgnsted sites influence the photophysical behavior of
dyes encapsulated into zeolite L crystals and, therefore, they
can affect the properties of photonic antenna systems based
on dye-zeolite host—guest materials. The luminescence of
the dyes as a rule is increased upon encapsulation, because
of space restrictions inside the small one-dimensional (1D)
channels, which do not allow large-amplitude motions and
also suppress luminescence quenching caused by bimolecu-
lar reactions or aggregate formation.'"? The acidity of the
Brgnsted sites can, however, influence the luminescence of
encapsulated dyes by means of ground- or excited-state pro-
tonation to a considerable extent. For example, a strong lu-
minescence quenching of Hostasol Red (see Scheme 2) is
observed as a result of fast nonradiative deactivation paths
due to excited-state protonation. Another example is oxo-
nine, which is highly fluorescent in the monoprotonated
form and nonfluorescent in the diprotonated form.'¥ Zeo-
lite L can be made so acidic that degradation of acid-labile
dyes can occur. Therefore, understanding and controlling
the proton activity inside the channels is important if one
wishes to achieve optimal photophysical properties of dye-
loaded zeolite L, host-guest materials.

The photophysical behavior of encapsulated dyes is influ-
enced not only by protons, but also by interactions with
other counterions present in the zeolite. These interactions
depend on the presence or absence of solvent molecules,
such as toluene, methanol, or water. Encapsulated dyes are
usually adsorbed on the walls of the main channel, where
many cations are located. In the absence of a solvent, a
direct interaction between dyes and cations takes place and,
as a consequence, changes observed in the spectra are
strongly correlated with the nature of the counterions.
Under this condition, the heavy-atom effect can play an im-
portant role.!! Increasing the content of solvent molecules
inside the zeolite leads to solvation of the counterions,
which then weakens their interaction with the dyes. In this
case, the interaction between the dyes and the protons be-
comes more important than the nature of the counterion.
This is the situation we are mainly addressing here. The stoi-
chiometry of zeolite L with monovalent cations M that con-
tains some protons is My_H7* (Si0,),,(Al0,)en H,O in
which n=21 in fully hydrated materials."? This means that
the number of water molecules in an acid-base reaction of
dye molecules D located inside the zeolite L channels,
Equation (1), can not be considered as being constant. This
is expressed in Equation (2), in which K, is the acidity con-
stant expressed by means of the activities a of the corre-
sponding species.
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Scheme 2. Top: Equilibrium equations. R: dye; S;: singlet excited state;
T: triplet state; pK*(X) corresponds to the pK, in the X excited state (X:
Tor S;). Bottom: Structure of organic dyes. The * shown in the structures
indicate at which position protonation can occur. The abbreviations used
for the dyes are slightly different from those often found in the literature
in order to emphasize their protonated states. Ground- and excited-state
pK, values measured in H,O (thionine, oxonine, Dsm*, and Resorufin)
and in DMSO (JCG65 and Hostasol Red). Thionine (ThHY): pK, =
11.0, pK,,=—0.33,2 pK*(S,)=3.1, pK(T) =6.3;* oxonine (OxH™):
pKyo=-12, pK,,=1127,2 pK%(S,)=1.2;® Dsm*: pK,,=3.7*; Hos-
tasol Red (HR): pKZ(S;)=1-2; JCG65: pK, =8-9; Resorufin (ResH):
pK.=55"" pK}(S;)=—13%]; For Pyronine the second protonation,
which occurs at the carbon atom, breaks the long m system of the dye
and causes PyH?* solutions to be colorless.

D + H,0" = DH' + H,0 (1)

dpu+ 4,0
K, = —

)

ap ag,o+

Solving Equation (2) for the proton activity and express-
ing the result in terms of concentrations and activity coeffi-
cients y, we obtain Equation (3).
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This means that the proton activity inside the zeolite
channels can be obtained by measuring the ratio [DH*]/[D]
by means of electronic absorption spectroscopy. The change
of the number of water molecules in the protonation reac-
tion in Equation (1) can be taken into account. It is not so
important for fully hydrated zeolite, but can become very
important in partially hydrated materials. It would be desir-
able to have more quantitative information about the activi-
ty coefficient term, which will not be addressed here. It is,
however, useful to keep in mind that the [H;O%]/[H,O]
ratio of a fully hydrated zeolite L containing one proton per
unit cell is about 0.047. This corresponds to the acidity of a
2.5M hydrochloric acid solution.”!

This work aims at investigating the proton activity inside
the channels of zeolite L and to understand its influence on
the photophysical properties of encapsulated dyes. The dis-
cussed concepts are also valid for other microporous and
mesoporous systems.

Materials and Methods

Zeolite L: Zeolite L is an aluminosilicate composed of thou-
sands of parallel channels featuring hexagonal symmetry
(see Figure 1). The fully hydrated crystal has stoichiometry

Figure 1. a) Structure of a zeolite L crystal viewed from the top (the
counterions are omitted for clarity); b) SEM pictures of two crystals of
about 2 um length and 1.5 um diameter showing the base and coat of zeo-
lite L crystals; c) Pictorial view of the parallel 1D channels of zeolite L.
The zoom on the right shows a main channel with an encapsulated dye
with the transition dipole moment oriented as indicated by the double
arrow.

My(SiO,),,(A10,)e21H,O, in which M is a monovalent
charge-compensating cation, necessary because the zeolite L
framework is negatively charged. Out of the nine cations
per unit cell, 3.6 are located in the large channel and can be
exchanged without loss of crystallinity. A large number of
different luminescent organic dyes can be easily inserted
into the main channels of zeolite L, the openings of which
have a Van der Waals diameter of 7.1 A.') This is done in
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the gas phase for neutral dyes, or in solution by means of
ion exchange for cationic dyes. A very high dye concentra-
tion in the monomeric form can be achieved by this encap-
sulation. Forster energy transfer between the encapsulated
dyes has been observed to be very fast and efficient"®! and
has been used to establish communication between the
inside of dye-loaded zeolite L crystals and an acceptor locat-
ed at a specific place on the outer surface of the crystals."”)

Dye-loaded zeolite L crystals can be functionalized with
the so-called stopcock molecules.”>!") These molecules
have a tail that penetrates into the channels and a head
which is too bulky to enter (Figure 2).

Figure 2. Pictorial view of a section of a dye-loaded zeolite L crystal func-
tionalized with the so-called stopcock molecules, which close the channel
entrances.

The stopcocks allow communication between the encapsu-
lated dyes and the chemical environment outside the zeoli-
te L, for example, by means of fluorescence resonance
energy transfer, FRET.'! The zeolite L crystals can be fur-
ther organized to form an oriented monolayer, in which the
crystals are aligned with the ¢ axis perpendicular to a sub-
strate, to which they are covalently bonded.!'"*) Therefore,
a highly anisotropic material can be built, which is very im-
portant in the design of monodirectional photonic anten-
Hae.[17’21]

Dyes: The dyes discussed in this work are shown in
Scheme 2, together with some pK, values of the ground and
excited states. In this work, the dye concentration inside the
zeolite L has been expressed in terms of the loading, which
varies from 0 to 1. A loading of 0.5, for example, indicates
that 50% of the available zeolite sites are occupied by
dyes.?

Methods: The Brgnsted acidity of dye-loaded zeolite L crys-
tals was investigated through the analysis of the fluorescence
and absorption spectra of dyes in solution and encapsulated
dyes, both under different conditions (pH of the solution,
water content, nature of the zeolite counterion, and nature
of the solvent). Molecular orbital calculations were carried
out to help with the interpretation of the experiments.
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Results

The investigated systems have been shown to be heteroge-
neous in nature, because the encapsulated dyes can be influ-
enced by cations, by the solvent, and by other molecules
present inside the channels or cavities. For this reason, the
systems have been divided into three main types (shown in
Table 1) that have been grouped according to their ability to

Table 1. System types describing the ability of dye—zeolite crystals to ex-
change matter with the environment (Y =yes).

System type

Matter exchanged closed semi-open open
1 11 111 v 1 II

dyes - - - - - Y Y

small molecules - Y Y Y Y Y Y

(not solvent; e.g. O,, N,)

small cations - - - Y Y - Y

(e.g., HY, Na™, Ca’")

solvent - - Y - Y Y Y

exchange matter with the environment. The definitions refer
to dye-loaded zeolites. The term “closed” and “semi-open”
characterize different possibilities of the channels to ex-
change small molecules, cations, and solvent molecules with
the environment, but not dyes. The “open” systems also
allow for dye exchange. Whether the conditions are satisfied
depends, in general, not only on the nature of the channel
entrances and on the dyes, but also on the nature of the en-
vironment. It is very important to have full control of the
external surface of the crystals when synthesizing dye-
loaded zeolite L materials. Washing the crystals with an ap-
propriate solvent is the most successful method to eliminate
unwanted molecules from the outer surface. Knowledge of
the category to which a system belongs is also important for
this purpose.

Examples of the system types given in Table 1 are de-
scribed as follows.

Closed: Dye-loaded zeolite L crystals with channel entran-
ces plugged by means of stopcock molecules that do not
allow any molecules or ions to pass is the typical example.
Dye-loaded zeolite L. crystals in a flame-sealed evacuated
ampoule also characterizes a closed system.

Semi-open I: The stopcock may be such that small molecules
can pass, but not the dyes. This situation may also be realiz-
ed in the absence of stopcocks if, for example, zeolite L crys-
tals loaded with cationic dyes are suspended in solvents
composed of relatively bulky nonpolar molecules, which do
not allow cation or dye exchange because the solvent has no
ability to accept charged species.

Semi-open II: Systems of this type are very similar to those

of the semi-open I type, the only difference being that now
the nonpolar solvent is composed of small molecules that
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can pass through the space left between the dye and the
zeolite framework.

Semi-open III: Only exchange with small cations such as
protons, alkali, or alkaline-earth metals and similar ions can
occur, whereas the used solvent molecules cannot enter for
steric reasons. This is achieved when dye-loaded zeolite L
crystals are suspended in a polar solvent, the molecules of
which are too big to enter the channels that might be parti-
ally blocked by means of stopcocks.

Semi-open IV: This can be achieved by plugging the chan-
nels with specific stopcocks, by encapsulating dyes with a
strong interaction with the zeolite channels, or if the encap-
sulated dyes are polymerized.

Open: This system always allows dye exchange, insofar as
the dye has the appropriate size to pass through the channel
openings. In this work we present many situations in which
the systems can be described by the open II type, in which
all species can be exchanged. The open I type can, however,
be also observed, if cation-exchanged zeolite L loaded with
neutral dyes is suspended in a solvent composed of small
nonpolar molecules in which the dye is soluble. A typical ex-
ample of such system is given by K*-exchanged anthracene-
loaded zeolite L suspended in a nonpolar organic solvent,
which solubilizes anthracene.

There has been some confusion in the literature about dif-
ferent effects that have been reported to be supposedly ob-
served on the same dye—zeolite materials. These differences
are, according to our experience, often due to the fact that
these systems were not the same, because they belong to
one of the different categories explained above. The use of
this terminology helps to more clearly specify the systems
and, as a consequence, to better understand the experimen-
tal observations. We explain the different cases by discussing
experimental results obtained for some cationic, neutral,
and anionic dyes. Insertion of any dyes is carried out under
conditions which characterize open systems. However, this
also allows for a large variety of situations. We start by dis-
cussing some principles related to cationic dyes.

Cationic dyes: As the zeolite L framework is negatively
charged and has charge-compensating cations within its
structure, cationic chromophores can generally be inserted
by ion exchange as follows: 1) Zeolite L is suspended in an
appropriate solvent and 2) during stirring, the desired
amount of dye dissolved in the same solvent is added. De-
pending on the dye, it might be necessary to heat the sus-
pension, sometimes under reflux. The insertion time strongly
depends on the properties of the dye, the size and shape of
the crystals, and the desired final loading. We explain this
for monovalent cationic dyes and monovalent charge-com-
pensating cations. The principle remains the same if doubly
charged cations are involved, but details may change consid-
erably. The ion-exchange mechanism can be divided into
two steps. First the monovalent cationic dye (D¥) dissolved

Chem. Eur. J. 2007, 13, 8939 —8952
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in water or another appropriate solvent (sol) is adsorbed to
the external surface of the zeolite crystal (Zs). If there are
metal ions (M ™) available for exchange on the external sur-
face of the zeolite, then ion exchange can take place as de-
scribed in Equation (4).
nD + (Mg ), = (Mg )xa(Dz)n + 1M 4)
It is also possible that the dye D™ is adsorbed to the outer
surface of the zeolite without ion exchange, which then
gives rise to the alternative first step [Eq. (5)].

nD;:)l + (DJZ:)V = (Dzs)ern (5)

The dyes are inserted into the channels of zeolite L (Z,)
in a second step. If ion exchange has taken place in the first
step, Equation (4), no ion exchange occurs in the insertion
equilibrium described by Equation (6). If no ion exchange
has occurred in the first step [Eq. (5)], the second step is de-
scribed by Equation (7). The overall ion exchange reaction
is a mixture of both possibilities described above and can be
expressed by Equation (8).

(D2)n = (D2)a~(D7,,). (6)
(M7,)x(Dz)y = Mz, )xn(D7 )y-n(Dz,, )n + 1M, (7)
nDg + (Mg, )y = (Mg, )x-a(Dz, )n + 1My, (®)

To increase the dye concentration in the zeolite crystals,
the equilibrium can be shifted towards the right side of
Equation (8) by extracting M/, from the reaction. This can
be done by centrifuging the suspension and discarding the
supernatant, which contains the cations, after partially load-
ing the zeolites with dyes. The zeolites are then suspended
in fresh dye solution to continue the loading. Another way
to shift the equilibrium shown in Equation (8) to the right is
by extracting the cations from the suspension by using a
cryptand that selectively complexes those ions. This has
been explained in references [12] and [29], in which we also
described an interesting visual demonstration of the reac-
tions given by Equations (5) and (6).

Thionine (ThH™): An aqueous suspension of K*-exchanged
zeolite L crystals loaded with monoprotonated thionine cor-
responds to an open II system, because ThH*, K*, and H,O
can be freely exchanged. Conditions can be chosen such
that the amount of dye at the outside (dissolved or ad-
sorbed) is very low and negligible for the following discus-
sion.’). The absorption spectra of an aqueous solution of
ThH™ and of an aqueous dispersion of ThH*-loaded zeoli-
te L host—guest crystals are compared in Figure 3 (curves 1
and 3, respectively). We observe that the spectrum of the
ThH*-loaded zeolite L is slightly more structured and red-
shifted by about 30 nm. Both changes are due to confine-
ment effects.’”* There is not enough space for the forma-
tion of dimers inside the channels of zeolite L; however, the
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Figure 3. Absorption spectra of ThH* scaled to the same height at the
maximum in: 1) Water; 2) 2.5m HCI solution; 3) aqueous suspension of
K*-exchanged ThH*-loaded zeolite L; and 4) aqueous suspension of H*
-exchanged ThH*-loaded zeolite L. The concentration of ThH* was

10~°m for the solutions. For the ThH*—zeolite samples, the loading was
0.07 dye molecules per site.

situation is different in the larger cavity of zeolite Y, in
which formation of dimers has been observed.®!

Curve 4 of Figure 3 shows the spectrum of H*-exchanged
ThH™-loaded zeolite L dispersed in water. We observe that
encapsulation of ThH* in the acidic H-form of zeolite L
generates a new band with a peak around 675 nm, which is
due to the presence of the doubly protonated ThH,**. The
same band (blue-shifted) is exhibited by ThH™" dissolved in
2.5m HCI (curve 2). This shows that the acidity experienced
by the ThH* in the channels of the H-form of zeolite L is
equivalent to that of 2.5M HCI. Because the extinction coef-
ficients of ThH™ at 590 nm and of ThH,’>™ at 660 nm are
similar and the pK,, of ThH* is —0.33, the similar intensities
observed for those peaks (curves 2 and 4) indicates that the
proton activity inside the H-form of zeolite L is approxi-
mately equivalent to a solution with pH —0.33.”!

From the stoichiometry of a hydrated zeolite L, we see
that the addition of one proton drastically increases the
acidity inside the unit cell, because the H;O*/H,O ratio be-
comes 1:21. This is close to the value of 0.047, calculated for
a 2.5m HCI solution. Because it is possible to exchange up
to 3.6 cations per unit cell,?? it is clear that the fully proton-
ated H-form of zeolite L is a superacid. It is interesting that
exchange of some K% ions by protons resulted in much
faster insertion kinetics of ThH* from aqueous media, prob-
ably because ThH,** is travelling faster than ThH™*."!

We emphasize that, for the systems under study, the terms
acidity and proton strength should be preferentially used in-
stead of pH, because of the very high ionic strength usually
found inside the channels of zeolite L. It is nevertheless
sometimes tempting to use the term pH. If, for example,
curves 3 and 4 in Figure 3 are compared to curve 2, we can
guess a pH of less than —0.3 inside the channels for the par-
tially proton-exchanged zeolite, whereas we get pH>3 in
the case of K*-exchanged zeolite suspended in water. The
situation is different when suspending the loaded zeolite L
crystals in a buffer solution, because in this case the cations
belonging to the buffer participate in the ion exchange equi-
librium. It is also very different if the zeolite is dried in
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vacuum and, for example, investigated under closed condi-
tions, because protons are not solvated under these condi-
tions.

A few dimers remaining at the outer surface of the zeolite
do not affect the absorption spectra of the ThH*-loaded
zeolite L crystals suspended in water. When discussing fluo-
rescence properties of dye—zeolite materials, however, each
single dimer on a crystal can have an enormous effect and
very efficiently quench the luminescence. The standard
method to quantitatively eliminate such dimers from the
outer surface is to wash the zeolite crystals, usually under
semi-open III or semi-open IV conditions, with an appropri-
ate solvent. This has been applied for preparing the OxH*-
loaded zeolite L samples, which we now discuss.

Oxonine (OxH™): The two xanthene dyes OxH™ and PyH*
have been proven to be extremely useful for studying For-
ster energy transfer between randomly mixed donor-accept-
or systems,'® for monitoring diffusion kinetics inside the
channels of zeolite L by means of energy transfer,™ and for
developing fascinating antenna materials.'*'”) Both dyes are
strongly luminescent in their monoprotonated form, OxH™*
and PyH™, with quantum yields close to one, they are highly
unstable in their deprotonated form, as expected for free
amines, and both are nonfluorescent when doubly protonat-
ed. PyH" becomes colorless when doubly protonated, be-
cause the resonance is interrupted. Therefore, controlling
the proton activity of this kind of system turns out to be
very important.’*! We focus on OxH* rather than on PyH™,
because the protonation equilibrium of the former (see
Figure 4, top) is fully reversible. We do not only have to
consider protonation in the electronic ground state, but also
in the first electronically excited singlet state, S;. At pH 1,
oxonine exists in the protonated form OxH*, whereas in the
S, state 60 % of the molecules are doubly protonated. This
means that excitation of OxH™* at this pH gives rise to a
fluorescence intensity which is approximately 60% less in-
tense than that at pH 3, for example, at which more than
98 % of the oxonine is monoprotonated in the S; state. This
fluorescence quenching occurs because the protonation in
the excited state is at least ten times faster than the fluores-
cence decay,”>>! which has a fluorescence rate constant of
3x10%s7! for OxH*.P"! This is confirmed by a comparison
between the fluorescence spectra of aqueous solutions of
OxH™ at pH 3 and 1 (Figure 4, bottom), the latter showing
about 60 % less intensity.

In loaded zeolite samples, the quenching through energy
transfer is much stronger because the distance between the
molecules in these materials is small. Besides, the absorption
spectrum of OxH,** is similar to that of OxH*, which
allows an efficient energy transfer from (OxH')* to the
nonfluorescent OxH,*". Therefore, the quenching caused by
OxH,?* can be very severe.

Methods for preparing standing zeolite L crystals on a
substrate have been recently developed.'”?! A convenient
method for this is to first modify a glass or quartz substrate
with triethoxysilane derivatives and then to attach the zeo-
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Figure 4. Top: Energy diagram showing the second protonation of oxo-
nine in the ground state S, and in the excited singlet state S;. At pH 1
mostly OxH* is present in the S state (>99 %), but after absorption the
population of the diprotonated form is about 60 %, leading to the loss in
the fluorescence intensity through the nonradiative decay k,, of OxH,>*.
Bottom: Comparison between the fluorescence spectra of aqueous solu-
tions of oxonine at pH3 (——) and pH 1 (-++++). ¢c=2x10"M, A, o=
550 nm, T=298 K.

lite. HCI is produced upon the reaction of the zeolite with
the modified surface; for details see reference [17]. This can
be seen when loading the zeolite monolayer prepared in this
way with OxH*, immersing the sample in toluene, and
measuring the absorption spectrum.’™ A new absorption
band at 640 nm is observed, as shown by the arrow in
Figure 5 (top). The same band appears when dissolving
OxH™" in a 2.5M HCI solution; however, it is much weaker
(Figure 5, bottom, solid line). This means that the acidity
inside the channels of the zeolite L monolayer is higher than
that of 2.5m hydrochloric acid. The acidity of the system is
conserved because the toluene is unable to accept the pro-
tons from the zeolite. The system “OxH*-loaded zeolite L
monolayer”, when immersed in toluene, can be regarded as
a semi-open II system. Controlled adjustment of the pH is,
however, possible by a short immersion of the sample in an
alkaline ethanol solution (semi-open IV system). Referring
back to toluene and again measuring the absorption spec-
trum shows that the peak at 640 nm has disappeared as a
result of the neutralization reaction (Figure 5, top, dotted
line).

Dsm™: This dye works nicely as a Brgnsted acidity probe
for the interior of zeolite L, because the ratio between the
absorbances of Dsm*t (4,,=450nm) and its protonated
form, DsmH>* (1,,,,=330 nm), allows the accurate determi-
nation of the proton activity (Figure 6) and its pK,; is appro-
priate for a frequently used acidity range. Better under-
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Figure 5. Top: Absorption spectra of partially H*-exchanged OxH*-
loaded zeolite L monolayer in toluene, before (——) and after (s«-)
short immersion in an alkaline ethanol solution. The loading of OxH™ is
0.012 dye molecules per site. The arrows indicate the position where
OxH,** absorbs (640 nm). Bottom: Absorption spectra of 3x 10 °m solu-
tions of OxH* in water (s--++) and in 2.5m HCI solution (—). T=
298 K.I"!

2
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Figure 6. Absorption spectra of aqueous solutions of Dsm™ at different
pH values ranging from 2 to 8. The bands around 330 and 450 nm corre-
spond to DsmH?* and Dsm™, respectively. c=10""m and T=298 K. The
extinction coefficients are 34600 and 43660m ' cm™! for Dsm* (450 nm)
and DsmH?* (330 nm), respectively.

standing of the behavior of this dye in the cavities of zeolites
is also of interest in connection with recent research on
second-order harmonic generation zeolite films.[*!

Diffuse transmission spectra of M-exchanged Dsm*-
loaded zeolite L crystals (M: K, LiT, Cs*, Mg**, Ca’") dis-
persed in water have been recorded and the ratio between
the bands of DsmH*" and Dsm™ were used to estimate the
proton activity inside a fully hydrated zeolite L. This al-
lowed the investigation of the influence of the zeolite coun-
terion on the proton activity of the Brgnsted sites. The re-
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sults are shown in Table 2, together with the pK, values of
aqueous solutions of the corresponding metal ions.

Table 2. The pK, values of aqueous solutions of metal ions (M) com-
pared to the pH values estimated inside Dsm*-loaded M-exchanged zeo-
lite L crystals dispersed in water at 298 K.

Exchanged cation (M) pK, pH inside the zeolite
Lit 13.6 345
K+ 14.0 3.38
Cst - 3.68
Mg*t 11.2 2.82
Ca’t 12.7 3.10

The differences observed among the counterions can be
interpreted through acid-base reactions with water. It is
well known that metal cations give acidic solutions when
dissolved in water, according to Equation (9):*)

[M(H,0),]"" + H,0 = [M(H,0), ,(OH)]" "+ H;0" (9)

These pH changes, which depend on the nature of the
cation (see pK, values in Table 2), explain the difference in
acidity inside the Dsm*-loaded zeolite L crystals. Zeolites
exchanged with Mg®* showed the strongest proton activity,
in agreement with its small pK, value.

In another experiment, K*-exchanged Dsm*-loaded zeo-
lite L crystals were suspended in different buffers and their
diffuse transmission spectra were recorded, allowing the es-
timation of the proton activity (Figure 7). The estimated pH
values inside the zeolite L were 3.29, 3.34, 3.56, and 3.63,
corresponding to the buffers with pH 5, 6, 7, and 9, respec-
tively. It is interesting to note that, although the pH of the
buffers varied by four pH units, the pH estimated inside the
zeolite remained nearly constant. This is because the cations
belonging to the buffers participate in the ion-exchange
equilibrium of this semi-open IV system.

Rel. Intensity / a.u.

Wavelength / nm

Figure 7. Diffuse transmission spectra of K¥-exchanged Dsm™-loaded
zeolite L crystals suspended in aqueous buffer solutions, the pH values of
which are indicated for each case. The Dsm™ loading is 0.05 dye mole-
cules per site. For comparison purposes the intensity of the band at
450 nm was kept constant. T=298 K.
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Neutral dyes: Having discussed host-guest materials based
on cationic guest molecules, in which we have to deal with
semi-open III and semi-open IV systems, we now turn to
materials based on neutral guests, in which semi-open I and
semi-open II situations are often found.

Hostasol Red (HR): Protonation of HR can only occur in a
very acidic medium. This compound shows strong fluores-
cence in a 1:3 acetone/water mixture at neutral pH or under
slightly acidic conditions with a maximum at 615 nm, where-
as a much weaker emission around 650 nm is observed at a
pH of zero. The molecule can be easily inserted into
vacuum-dried zeolite L from the gas phase by means of sub-
limation. Samples prepared with different zeolite L crystals
containing K*, Cs*, and Mg** as charge-compensating cat-
ions (M) show different luminescence intensities, depending
on M, which strongly influences their color. We show in
Figure 8 three samples inside sealed evacuated glass am-
poules at about 107> mbar at room temperature. The most
intense luminescence by far of HR-loaded zeolite L is ob-
served in the Cs*-exchanged zeolite, it is medium for K*-,
and weakest for the Mg®"-exchanged sample.

Figure 8. Color of M-exchanged HR-loaded zeolite L samples (left), and
the same samples under excitation at 366 nm (right) observed at RT. M:
Mg?*, K*, and Cs*; the HR loading is 0.05 dye molecules per site.

These samples can be classified as closed systems, because
they are inside the ampoules. The nature of the counterion
evidently plays an important role. It would be tempting to
attribute the differences shown in Figure 8 to specific HR—
cation interactions, by forgetting the protons remaining
inside the channels, which may also influence the behavior
of those systems. The strong luminescence exhibited by the
samples with Cs* as counterion is blue-shifted with respect
to the other samples, and the same strong emission is ob-
served in a 1:3 acetone/water mixture solution of HR at
pH 35, in which no Cs* ions are present. Therefore, the
strong luminescence observed for Cs*-exchanged HR-
loaded zeolite L cannot be attributed to the heavy-atom
effect. It seems, however, that the different behavior of the
three samples correlates with the different acidity inside the
zeolite L channels, which, according to Table 2, increases in
the order Cs™ <K* <Mg**. We should be aware that these
changes are larger under closed conditions than under, for
example, semi-open III conditions, under which ion ex-
change can take place. Measuring proton strength and
proton mobility in such samples is not easy, but one has nev-
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ertheless some understanding in this matter.*”” The pK* of
HR is in the order of 1.5. This means that in the excited
state HR can be partially protonated at pH 2. Therefore, it
makes sense to assume that the acidity in the Mg**-ex-
changed zeolite L is such that efficient protonation in the
excited state takes place, causing efficient luminescence
quenching. The acidity of K*t-exchanged zeolite L is closer
to that of Cs*-exchanged samples, so that much less quench-
ing takes place.

We did the following experiments to further test the valid-
ity of this interpretation. Proton hopping is relatively slow
in dry zeolite L. However, excited-state protonation is ex-
pected to be more efficient if the protons have a high mobi-
lity, because it must take place within the lifetime of the ex-
cited state. Proton mobility is greatly increased in the pres-
ence of some water molecules.”! The number of water mole-
cules inside the zeolite can be reduced by evacuating the
system under semi-open II conditions. This can be used to
investigate their influence on the luminescence quenching of
the encapsulated HR. Experiments were carried out at
room temperature for K*-exchanged samples in an appara-
tus described™ which allows us to monitor the pressure and
hence the vapor pressure of water. The effect is that the lu-
minescence of the sample is strongly increased and blue-
shifted upon evacuation, as seen in Figure 9 (top).

1.0 0.01 mbar ) /,\ :
f /,’J .\\ §0 /\\A/‘\/\
081 z [N
s g / &
© £ foo
~ 06 = .
N ol ”
= 450 550 850 750 850
2 0.4 Wavelength / nm
Q
2
i

T T T = e
500 550 600 650 700 750 800 850

Wavelength / nm

500 550 600 650 700 750 800 850
Wavelength / nm

Figure 9. Top: Fluorescence spectra of K*-exchanged HR-loaded zeoli-
te L crystals obtained by gradually evacuating the air-equilibrated
sample, which was in the powder form. The inset shows the deconvolu-
tion of the emission spectrum at 0.01 mbar (—) into 2 Gaussians (-—-)
and the random distribution of the residues; Bottom: Emission spectra of
the same HR-loaded zeolite L samples at 7x10* mbar (—) and after
increasing the pressure to 1 mbar upon exposure to water vapor (——-).
The HR loading=0.015 dye molecules per site, A, =473 nm, 7=298 K.
The water was previously degassed by the pump-freeze-thaw technique.
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Deconvolution of the emission spectrum (Figure 9, inset)
shows two bands which may be attributed to the emission of
the HR (A,,,,~600 nm) and emission of perturbed HR, per-
haps HR protonated in the excited state (4,,,~650 nm).
The small contribution of the band at 650 nm obtained from
the deconvolution is indicative of a low water content at
0.01 mbar, which causes a considerable decrease in the
proton mobility. We observed that dipping the HR-loaded
zeolite L crystals in a 0.1m NaOH aqueous solution for a
few seconds, similarly to the procedure carried out for
OxH™, causes a blue shift in the emission and an increase of
the intensity by about a factor of two in all cases. This sup-
ports the interpretation that the main factors influencing the
fluorescence behavior of HR inside the zeolite L are the
concentration and mobility of the protons.

Figure 9 (bottom) shows the emission spectra of K*-ex-
changed HR-loaded zeolite L initially evacuated at 7x
10~* mbar (solid line) and after adding degassed water vapor
to reach 1 mbar (dashed line). These wet and dry situations
correlate well with the two Gaussians obtained by deconvo-
lution of the emission spectrum of the same system at
0.01 mbar (Figure 9, inset).

Reversible color changes have been observed upon vary-
ing the water content of p-nitroaniline-loaded zeolite Y and
mordenite, depending on the kind of charge-compensating
cations M equal to Li*, Na*, K*, Rb*, and Cs*.*¥ The
changes of the absorption spectra were attributed to the dif-
ferent interactions of the dyes with the metal cations, which
were shown to depend on the water content. Full hydration
of the cations diminishes direct interaction with the encap-
sulated dyes.

The influence of proton transfer in the excited state has
also been studied for 3-hydroxyflavone (3-OHF) synthesized
by means of a ship-in-a-bottle procedure in zeolite 3. 3-
OHF shows two emission bands in ethanol, corresponding
to the two excited-state isomers N* and T*, whereas only
the emission band of N* 3-OHF is observed inside the zeoli-
te B, providing evidence for the protic/polar environment of
the zeolite f cavity.*!

JCG65: This dye can assume the cis and trans forms (rela-
tive to the double bond of the aliphatic nitrogen, see
Scheme 2), but only the latter is able to enter into the zeoli-
te L channels because of spatial restrictions. In solution, the
absorption spectrum of JCGG65 exhibits an intense and
broad band at 425 nm, which corresponds to the neutral
form, and at pH >9 a new absorption band of the deproton-
ated dye appears at 575 nm (see Figure 10).

The small shoulder at around 507 nm disappears at pH <
3.4, and also in the spectrum of the encapsulated form, indi-
cating that this band may be due to the cis form, which
cannot be encapsulated. The lack of an isosbestic point
around 500 nm in Figure 10 is due to the absence of a 1:1
stoichiometry between protonated and deprotonated
JCG65, because more than one isomer is involved in the
acid-base equilibrium. On the other hand, a clear isosbestic
point is seen at =344 nm (Figure 10, arrow), which is re-
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Figure 10. Absorption spectra of JCG65 in DMSO at different pH values,
c=14x10"*m and T=298 K. Curve C represents the initial JCG65 solu-
tion, the other curves being produced by addition of HCI (curves A and
B) or NaOH (curves D, E, F, and G). The measured pH values of the sol-
utions were: A) 2.3, B) 3.4, C) 9.1, D) 9.8, E) 11.2, F) 12.0, and G) 13.0.
The arrow indicates an isosbestic point (A =344 nm), which involves only
the alkaline solutions.

moved upon addition of HCIL. The assignment of the absorp-
tion bands shown in Figure 10 is discussed in more detail in
the section on molecular orbital calculations.

Encapsulation of JCG65 inside the zeolite L gives rise to
a single absorption band peaked around 425 nm (Figure 11,
solid line). The same band is observed for the NG43 dye,

Absorption / a.u.

0 .

300 350 400 450 500 550 600 650 700
Wavelength / nm

Figure 11. Absorption spectra of JCG65 in DMSO (+++-+), JCG65 inside

K*-exchanged zeolite L crystals suspended in ethyl benzoate (—) and

NG43 in DMSO (—--). The loading of JCG65 inside the zeolite L is 0.5

dye molecules per site. c=4.7x107°m and 1.4x107*m for the NG43 and
JCG65 solutions, respectively. 7=298 K.

the structure of which is similar to that of JCG65, the only
difference being the naphthalene moiety, which is present in
JCG65, but absent in NG43. By comparing the structures
and absorption spectra of both dyes, it turns out that the ab-
sorption band at 425 nm observed for JCG65 is localized in
the naphthalimide moiety.

The K*-exchanged JCG65-loaded zeolite L crystals sus-
pended in ethyl benzoate (Figure 11) correspond to the
semi-open I system, because the cations cannot be accepted
by the nonpolar ethyl benzoate, and JCG65 does not leave
free space for the diffusion of the bulky ethyl benzoate. If
one added to this suspension a crown ether specific for K*
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ions, the system would be characterized as semi-open III,
because the counterion could now be exchanged.

The absorption spectrum of JCG65 inside the zeolite L is
very similar to curve A of Figure 10, which then indicates
that the proton activity experienced by JCG65 inside the
zeolite corresponds to a pH value smaller than 3.4 (curve B)
and higher than 2.3 (curve A).

Solvent Green 5 (SG5): It has been observed that the ab-
sorption spectra of SG5 exhibit a strong change when the
SGS5 is encapsulated inside the K*-exchanged zeolite L. In
contrast to the previous cases discussed, the spectral change
is caused by an acid hydrolysis occurring inside the zeolite,
during which isobutanol is produced (see Scheme 2). Addi-
tion of SG5 to HCl or NaOH aqueous solutions leads to the
hydrolysis of the dye, resulting in the disappearance of the
absorption band around 480 nm and appearance of a weak
absorption band around 400 nm. The absorption spectra of
both acidic and basic hydrolyzed species exhibit the same
shape, as expected.

Figure 12 shows a comparison between excitation and
emission spectra of a solution of SG5 in ethanol and K*-ex-
changed SG5-loaded zeolite L crystals dispersed in ethanol.
The dispersion in ethanol is characterized as an open II
system.

Intensity / a.u.

400 500 600 700
Wavelength / nm

Figure 12. Excitation and emission spectra of K*-exchanged SG5-loaded

zeolite L crystals suspended in ethanol (-++++) and of a 1.7x10°m SG5

ethanolic solution (—). For the emission spectra A.,,=410 nm and for

the excitation spectra A.,, =510 nm. The loading of SG5 inside the zeolite

crystals was 0.8 dye molecules per site. 7=298 K.

The results show that, once inside the zeolite L, the SG5
dye is irreversibly hydrolyzed, the excitation and emission
spectra being always the same. The reaction back to the ini-
tial ester form of SG5 is hampered, because the aromatic
part of the species formed has a much stronger interaction
with the zeolite L, whereas the small isobutanol molecules
formed can diffuse much more easily through the channels
and escape. The same does not occur in solution, in which
the initial absorption spectrum of SG5 can be restored by
adding H,SO, to a solution of SGS in ethanol previously hy-
drolyzed by addition of KOH.
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The excitation spectrum of the encapsulated SG5
(Figure 12, dotted line) also remains the same after dipping
the SG5-loaded zeolite L crystals in HF, under which condi-
tions the zeolite framework is dissolved.

Other chemical reactions inside zeolites have been detect-
ed through the change in the absorption or emission spectra
of the loaded crystals. Spectral changes observed in ZSM-5
single crystals loaded with furfuryl alcohol molecules, for ex-
ample, have been attributed to a polymerization reaction in-
volving those molecules.**! Also, luminescence quenching
through electron transfer of [Ru(bpy);]** by methyl violo-
gen, both encapsulated inside the zeolite X or Y, has been
monitored by means of confocal microscopy of a single crys-
tal™! A variety of interesting photochemical reactions
inside zeolites has been recently reviewed.[*]

Anionic dyes: Little is known about anionic dyes inside zeo-
lite L and other zeolites, because the anionic framework
does not easily accept anions. Special procedures are needed
for preparing and stabilizing such systems. The best studied
example is Resorufin-loaded zeolite L.

Resorufin (ResH): This dye presents absorption maxima at
480 nm in the protonated form, ResH. The deprotonation of
Resorufin to form the Res™ species gives rise to a new ab-
sorption band with fine structure peaked around 578 nm.*”!
The absorption spectra of both forms in ethanol and of K*-
exchanged ResH-loaded zeolite L crystals are shown in
Figure 13. The absorption spectrum of the encapsulated
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Figure 13. Normalized absorption spectra of ResH (——) and Res™ (s++++)

in ethanol at the concentration of about 10°m and of K*-exchanged
ResH-loaded zeolite L crystals suspended in CH,BrCl (dashed line) after
washing the crystals with ethanol. Loading=0.07 dye molecules per site,
T=298 K.

ResH (Figure 13, dashed line) clearly shows that washing
the K*-exchanged ResH-loaded zeolite L crystals with etha-
nol leads to deprotonation of Resorufin, because the band
characteristic of Res™ is also present around 580 nm. A
much more efficient deprotonation of the encapsulated
ResH is usually made by dipping the loaded zeolite L crys-
tals in a 0.2m KOH solution, after which the band at 480 nm
completely disappears. This procedure can be performed for
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open systems, although it is more efficient for the semi-
open IV ones, in which proton exchange occurs, as the dye
remains inside the zeolite. Because the pK, of Resorufin is
5.5, and the ratio between the bands at 480 nm (ResH) and
580 nm (Res™) is around two (Figure 13, dashed line), one
can estimate the pH inside the K*-exchanged zeolite L after
washing with ethanol to be approximately 5.2. This value
larger than those estimated with Dsm™ (see Table 2). This
may be attributed to the washing with ethanol, which per-
haps decreases the proton activity inside the zeolite. The os-
cillator strengths of Res™ and ResH are very similar.*”)

Although both ResH and Res™ forms are luminescent,
Res™ is completely quenched when encapsulated into K*-
exchanged zeolite L crystals. Interestingly, encapsulation of
Res™ into LiT-exchanged zeolite L crystals reestablishes its
luminescence. This may be attributed in part to the heavy-
atom effect, which is known to decrease or even extinguish
the fluorescence of dye-loaded zeolites upon increasing the
atomic number of the counterion.'! For example, the inten-
sity 1atio Ipposphorescence/ [Ftuorescence 10 dry naphthalene-loaded
zeolite X increases 1600 times upon changing the Li* coun-
terion by K+.[4

Molecular orbital calculations

Hostasol Red (HR): Extended Hiickel molecular orbital cal-
culations were found to be appropriate for discussing the
frontier orbitals of HR as configuration interaction plays a
minor role in this case. The so-obtained molecular orbital di-
agram of HR is shown in Figure 14.

The HOMO—LUMO excitation has m*«m character.
The frontier orbitals illustrated in Figure 14 and the charge
distribution in Scheme 3 show that electron density is shifted
from the sulfur to the carbonyl group upon this electronic
excitation. This supports the interpretation that protonation
of the excited singlet state of the Hostasol is expected to
occur in the oxygen of the carbonyl group, as shown in
Scheme 2, and explains why protonation of HR in the S,
state is possible at moderate pH.

JCG65: The structures of the cis and trans isomers of
JCG65 have been optimized with the semiempirical AM1
method™ and exhibit very similar energies. The excited sin-
glet states have been calculated with the ZINDO/S
method®” by using configuration interaction with single ex-
citations within an active window of 40 occupied versus 40

HOMO
Scheme 3. Atomic partial charges of the HOMO and LUMO orbitals of HR.
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Figure 14. Molecular orbital diagram of HR and molecular orbitals of the
HOMO and the LUMO.

unoccupied molecular orbitals. The oscillator strengths and
energies of the transitions to the first excited singlet
(S;<-S;) of JCG65 are shown in Table 3, in which the labels
trans and cis~ represent the deprotonated species.

The theoretical results shown in Table 3 have been used
to assign the bands in the absorption spectra of JCG6S.
Comparison between the experimental absorption spectra of

Table 3. Calculated oscillator strengths and wavelengths of the electronic
transitions to the lowest excited singlet of JCG65 in the different isomer
and protonated/deprotonated forms.

Isomer Asi_so [nm] Oscillator strength Transition typel®!
trans 372 1.03 e
trans~ 525 1.06 e
cis 348 0.56 e
cis™ 507 0.53 e

[a] These transitions are mainly HOMO —LUMO in character.

JCG65 in DMSO at different pH values and the calculated
transition energies and oscillator strengths is shown in
Figure 15, in which the vertical bars represent the electronic
transitions given in Table 3 and their heights have been
scaled with the respective oscillator strengths. The intense
absorption bands centered around 425 and 575nm
(Figure 15, solid line) stem from the trans and trans~ iso-
mers, respectively. The shift observed between the experi-
mental and calculated values are assumed to arise from the
solvent effect, which was not taken into account in the cal-
culations. The shoulders on the left side of both bands may
be due to the cis and cis™ species. The attribution of these
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Figure 15. Comparison between the absorption spectrum of JCG65 in
DMSO at pH 13.0 (—), 11.2 (-—-), and 2.3 (s++-+), and the calculated
oscillator strengths and transition energies of this dye (vertical bars). The
height of the bars is given by their respective oscillator strengths.

shoulders is, however, not trivial, because keto-enol tauto-
merism may also play a role in this case.

The decrease of the pH of the JCG65 solution (Figure 15,
dashed line) causes partial protonation of the trans™ and cis~
species, decreasing the intensity of their respective absorp-
tion bands, as well as of the shoulder observed around
400 nm. Further decrease of the pH to a value of 2.3
(Figure 15, dotted line) causes the absorption bands of the
trans~ and cis~ and of the shoulder at 400 nm to completely
disappear. The remaining band centered at 425 nm is also
observed upon encapsulation of JCG65 into the zeolite L
(see Figure 11, solid line), indicating that only the trans
isomer can be encapsulated.

The absorption band assigned to the trans form (A4
~425 nm) is also observed in solutions of the NG43 dye, the
chromophore of which is similar to that of JCG65 (see
Scheme 2), in DMSO. This indicates that the absorption
band of JCG65 is localized in
the moiety containing the imide

(M: K*, Li*, Cs*, Mg?*, Ca**) ranges from about 2.5 to
3.5, whereas it is less than —0.33 for partially proton-ex-
changed, OxH™"-loaded zeolite L. In particular, the differen-
ces observed in the estimated pH inside the Dsm*-loaded
zeolite L samples are attributed to an acid-base reaction of
the metal cations with water, which is known to increase the
acidity of aqueous media.

Evacuation of dye-loaded zeolite L crystals, which
changes the water content and therefore the proton mobility
inside the channels, directly changes the proton activity, as
has been shown by an efficient excited-state protonation ob-
served for HR-loaded zeolite L samples. This interpretation
is reinforced by measurements carried out for Hostasol
Yellow (HY, see Scheme 2), which has a similar structure to
that of HR, the only difference being that the carbonyl
group of the imide group present in HY does not influence
the aromatic conjugation as does the carbonyl group in HR.
As a result, excited-state protonation is not observed in HY
solutions.

The proton activity of both H*-exchanged and M™*-ex-
changed dye-loaded zeolite L. crystals can be tuned by im-
mersion in an alkaline solution, as has been illustrated for
different dyes. Although this has been done for open sys-
tems, fine tuning of the proton activity may be achieved by
using semi-open III or IV systems, in which cation diffusion
may be slower depending on the stopcock used. This treat-
ment allows fine tuning and hence control of the spectro-
scopic properties of encapsulated dyes.

In summary, we have studied the proton activity inside
the channels of zeolite L by investigating the influence on
the spectroscopic properties of encapsulated dyes under dif-
ferent conditions, such as the water content inside the zeo-
lite, nature of the counterion, and nature of the solvent of
the dispersion. The systems investigated have been divided
into closed, semi-open, and open types, which express their

group. In fact, a linear combi- 29
nation between the HOMO
and HOMO-1 molecular orbi- 04
tals of JCG65 can be used to
show that its S;<S, transition is T i A
indeed localized in that part of -
the molecule, as shown in L g
Figure 16. % T

S 5

Conclusions
4 LG . ., HOMO + (HOMO-1)

Zeolite L crystal samples parti- HOMO-1 ——88——" " 55 rovo)
ally exchanged with protons ex- -10 1 —
hibit proton activity higher than ——sa—— ’
that of 2.5m HCI solutions and 2= T
can even be regarded as being Orbitals

superacids. The pH inside the
fully hydrated, M-exchanged,

Dsm™-loaded zeolite L crystals HOMO-1 orbitals.
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Figure 16. Molecular orbital diagram of the trans isomer of the JCG65 dye calculated by using the AMI1
method. The two lower molecular orbitals shown on the right side are linear combinations of the HOMO and
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ability to exchange matter with the chemical environment
outside the zeolite. This ordering has been found to be very
useful to improve our understanding of dye-zeolite host—
guest materials and hence to better control their properties.

Experimental Section

Materials: Zeolite L was synthesized according to the procedure de-
scribed.”!! The dyes JCG65, HR, and SG5 were provided by Clariant
GmbH. Resorufin was synthesized according to the description of Eich-
ler.’” Pyronine was synthesized following the description of Miiller.l!
Oxonine was synthesized according to reference [54]. Dsm* was pur-
chased from the company Micro Probes. Thionine was obtained by con-
verting its hydrochloride form, purchased from Merck, to the free base,
according to the procedure described in reference [9]. The solvents used
were toluene (Fluka, puriss), DMSO (Merck, Uvasol), ethanol (Merck,
Uvasol), CH,BrCl (Fluka, purum), and ethyl benzoate (Fluka, purum).
The following buffer solutions were used: pH 1 (0.13m HCI, 0.05m KCl),
pH 2 (0.03Mm citric acid, 0.0082m HCI, 0.061m NaCl), pH 3 (0.04Mm citric
acid, 0.21m NaOH, 0.06 m NaCl), pH 5 (0.096 m citric acid, 0.2m NaOH),
pH6 (0.06M citric acid, 0.16mM NaOH), pH7 (0.029m NaOH, 0.05m
KH,PO,).

Oriented zeolite L monolayer: Zeolite L crystals were covalently bound
to a glass substrate functionalized with (3-chloropropyl)trimethoxysilane,
as described in reference [17].

Dye-loaded zeolite L: The cationic dyes (oxonine, pyronine, thionine,
and Dsm™) were inserted through ion exchange with the counterions of
K*-exchanged zeolite L crystals in aqueous solution. The neutral dyes
(Hostasol Red, JCG65, and Solvent Green 5) were inserted in the gas
phase. Resorufin was inserted in the gas phase and then the loaded zeoli-
te L crystals were dipped in a KOH solution to generate the deprotonat-
ed form."”! The procedures of gas-phase and ion-exchange insertion are
described in reference [12]. The samples shown in Figure 8 were pre-
pared by first drying 80 mg of the sample under vacuum for 2 h at 150°C,
sealing the ampoules, and loading for 48 h, at 250°C.

Spectroscopic measurements: The absorption spectra were recorded by
using a Perkin-Elmer Lambda 900 UV/Vis spectrometer. Excitation and
emission spectra were recorded by using a Perkin—Elmer LS 50B lumi-
nescence spectrometer.

Low-pressure measurements: The emission was measured at low pressure
by using a high-vacuum chamber described in reference [41] by using an
Alcatel turbomolecular vacuum pump, model Drytel 1025. The acquisi-
tion of the spectra was carried out on a system consisting of a Nd:YAG
pulsed laser (Quantel Brilliant) and an OPO (Opotek MagicPrism Vi-
brant Vis), which was pumped by the third harmonic. The pulse length
was 5 ns.

Molecular orbital calculations: The Extended Hiickel molecular orbital
calculations were carried out by means of the ICON-EDiT program,*
whereas all the other quantum chemical calculations were carried out by
using the Hyperchem 7.51 program.*
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