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Abstract

Methods for the functionalization of the external surface of zeolites are discussed with emphasis on zeolite L. Concepts are
presented which allow for assigning functionalities to the whole external surface or selectively to the regions of the external
surface where the channel entrances are located. This latter principle implies the development of so-called stopcocks. Stopcock
molecules are designed to provide the possibility to reversibly or irreversibly plug the entrances of zeolite channels and assign
functionalities to those parts of the external surface where the pore openings are located. Examples are presented in which the
functionalization of the external zeolite surface is applied to define and optimize the interface between guest molecules in the
channels of the zeolite and external species. To cite this article G. Calzaferri and al, C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les méthodes de fonctionnalisation de la surface externe des zéolithes sont discutées en mettant I’accent sur la zéolithe L.
Des concepts qui permettent d’attribuer des fonctionnalités a I’ensemble de la surface externe ou sélectivement aux régions
correspondant a I’entrée des canaux sont présentés. Ce dernier principe implique le développement de ce que I’on appelle
communément des obturateurs. Les molécules obturatrices sont congues de facon a permettre la possibilité de fermer réver-
siblement ou irréversiblement I’entrée des canaux des zéolithes et de conférer des fonctionnalités aux zones de la surface externe
ou se trouvent les ouvertures des pores. Des exemples dans lesquels la fonctionnalisation de la surface externe de la zéolithe est
utilisée pour définir et optimiser 1'interface entre les molécules hotes présentes dans les canaux de la zéolithe et les especes
externes sont présentés. Pour citer cet article G. Calzaferri et al, C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Keywords: Zeolite L; External surface; Functionalization; Luminescence; Supramolecular

Mots clés : Zéolithe L ; Surface externe ; Fonctionnalisation ; Luminescence ; Supramoléculaire

* Corresponding author.
E-mail addresses: dominik.bruehwiler @iac.unibe.ch (D. Briihwiler), gion.calzaferri@iac.unibe.ch (G. Calzaferri).

1631-0748/$ - see front matter © 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crci.2004.11.008



392 D. Briihwiler, G. Calzaferri / C. R. Chimie 8 (2005) 391-398

1. Introduction
1.1. Scope of the article

The defined pore structures of molecular sieves are
ideal for obtaining organized arrangements of a large
variety of guest species [1]. In order to fully exploit the
potential of these host—guest systems it is essential to
control the interaction of a given molecular sieve par-
ticle with its environment. This article discusses meth-
ods for the functionalization of the external crystal sur-
face of zeolites; thereby focusing on our research on
zeolite L. Concepts are presented which allow for
assigning functionalities to the whole external surface
or selectively to the regions of the external surface
where the channel entrances are located.

1.2. Zeolite L

Zeolite L is a crystalline aluminosilicate featuring
hexagonal symmetry [2—4]. The crystals consist of can-
crinite cages linked by double six-membered rings,
thereby forming columns in the c-direction. Connec-
tion of these columns gives rise to 12-membered rings
with a free diameter of 7.1 A. As a consequence, zZeo-
lite L possesses one-dimensional channels running par-
allel to the c-direction through the entire crystal. The

free diameter varies from 7.1 A (narrowest part) to 12.6
A (widest part). The main channels are linked via non
planar eight-membered rings forming an additional two-
dimensional channel system with openings of about 1.5
A. As can be seen from the scanning electron micros-
copy image shown in Fig. 1, the morphology of the
crystals can be approximated by a cylinder, with the
entrances of the main channels located at the base. The
number of channels is equal to 0.265(d,)?, where d_ is
the diameter of the cylinder in nanometers. A crystal
with a diameter of 550 nm, therefore, consists of about
8 x 10* parallel channels.

The substitution of Si** by AI** creates an anionic
framework. Charge compensation is accomplished by
additional cations (usually Na* and K*). The stoichi-
ometry of zeolite L containing monovalent cations M
is My[AlySi,;05,]-nH,0, where n is 21 in the fully
hydrated state, and 16 at about 20% relative humidity.
The water molecules in the large cavities of zeolite L
have been reported to behave like an intracrystalline
liquid, whereas they seem to build clusters around the
cations in the smaller pores [5].

1.3. Dye—zeolite composites

The inclusion of cationic or neutral dye molecules
into the one-dimensional channels of zeolite L yields

Fig. 1. Framework and morphology of zeolite L. (A) Framework viewed along the ¢ axis, (B) side view of the main channel, (C) scanning

electron microscopy image of zeolite L crystals.
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highly organized composites exhibiting a variety of
intriguing properties which we have extensively re-
viewed in Refs. [1,6,7]. The efficient transport of elec-
tronic excitation energy by the chains of electronically
non-interacting chromophores is the most prominent
feature of this material. Fig. 2 illustrates a bidirectional
photonic antenna based on this principle. Light is
absorbed by the strongly luminescent dye molecules in
the channels. Due to the short distances and the order-
ing of the electronic transition dipole moments, the elec-
tronic excitation energy can be transported by Forster
energy transfer to a specific trap (acceptor) located at
the channel ends. Transport of the excitation energy is
radiationless and occurs preferentially along the chan-
nel axis. For a detailed theoretical account of Forster
energy transfer in dye-loaded zeolite L see Ref. [8].

Control of the morphology and size of the host crys-
tals allows optimization of the dye—zeolite composites
for a specific application. Large crystals (>2 um) are
useful for studying the photophysical properties by opti-
cal microscopy while small crystals are ideal hosts for
the preparation of high efficiency photonic antenna sys-
tems. Disc-shaped crystals are used to obtain oriented
monolayers of zeolite L. The functionality of the dye-
loaded zeolite crystals can be extended by coupling
them to external devices [9]. The ability to do so implies
controlling the external surface properties of the zeo-
lite.

hv
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Fig. 2. Schematic representation of a bidirectional photonic antenna
based on zeolite L containing donor dyes (grey) and acceptor dyes
(black).

2. Functionalization of the external surface
of zeolite L

2.1. Basic principles

Surface hydroxyl groups are convenient targets for
modification. Besides the catalytically important bridg-
ing Si(OH)ALI groups (Brgnsted acid sites), zeolites also
contain SiOH groups (silanols). Using IR spectro-
scopic probes and zeolite ZSM-5 in its protonic form,
Otero Arean et al. [10] found that Brgnsted acid sites
are generally located on the internal surface while sil-
anol groups are the dominant species on the external
surface where they saturate dangling bonds created by
truncation of the framework. In principle, silanols
should not be present in the channels or cavities of per-
fect crystals. Silanols located on the internal surface of
zeolites are usually associated with defect sites formed
for example by dealumination [11].

In the majority of cases, functionalization of
the external surface of zeolites is achieved by reacting
the surface silanols with organosilanes of the type
R,SiX4 . X is the reactive group (typically halogen
or alkoxy) and R is a nonhydrolyzable moiety possess-
ing the desired functionality. Zhan et al. [12] modified
the external surface of nanometer-sized zeolite X crys-
tals with amino groups (by reaction with 3-aminopro-
pyltriethoxysilane, APTS) and vinyl groups (by reac-
tion with vinyltriethoxysilane, VTS). Based on Raman
and solid-state NMR spectra it was proposed that reac-
tion with APTS leads to a dipodal grafting RSi(OSi,,-
lite),, Whereas tripodal grafting RSi(OSi, . ;)3 18
obtained in the case of VTS. The difference in podality
between the two modifications was attributed to the dif-
ferent hydrolytic activity of the organosilane reagents.
The presence of reactive surface-anchored groups opens
possibilities for further functionalization. Surface-
anchored amino groups are frequently used for this pur-
pose. Reactions of zeolite-grafted amino groups with
isothiocyanates [13], chlorides [12,14], epoxides [15],
and fullerenes [16] have been reported.

Studies on the adsorption of APTS on silicon oxides
have shown that the mechanisms leading to the forma-
tion of siloxane bonds are complex and depend on sev-
eral factors, such as hydration of the surface, reaction
temperature and duration, and curing treatment. These
parameters also influence the extent of covalent cross-
linking between the APTS molecules [17]. As an alter-
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Fig. 3. Fluorescence microscopy image of zeolite L with fluorescein covalently bound to the external surface. The length of the cylindrically
shaped crystals is approximately 5 pm. The crystal on the right is standing on its base.

native to organosilanes, isocyanates can be employed
for surface modification. 1,4-Diisocyanatobutane for
example was observed to readily form urethane link-
ages with the surface hydroxyl groups of various zeo-
lites [18].

Modifications following the above principles usu-
ally affect the entire external surface of the zeolite crys-
tals. This can be demonstrated by a simple experiment:
After reaction of zeolite L with an excess of APTS in
dry toluene (room temperature), the surface-anchored
amino groups were coupled to a fluorescence marker
(fluorescein isothiocyanate FITC). Examination of
single zeolite crystals under a fluorescence microscope
revealed a uniform coverage of the external surface (see
Fig. 3). An efficient method to detect the surface-
bound amino groups is by reaction with ninhydrin,
which is known to be readily converted to Ruhemann’s
Purple (¢ = 22,000 at ,,,, = 570 nm) upon reaction
with various alkylamines [16,19].

The reactivity of alkoxysilanes towards surface
hydroxyls strongly depends on the solvent. Room tem-
perature reaction of an excess of APTS with zeolite L
was found to produce multilayer coverages in solvents
of low polarity (toluene, hexane). Coverage decreased
with increasing polarity, i.e. reaction in THF or CH,Cl,
produced sub-monolayer coverages. The result of a cor-
responding ninhydrin assay is shown in Fig. 4.

There are only few reports on the functionalization
of specific parts of the external zeolite surface: by react-
ing octadecyltrichlorosilane with aggregated zeolite Y
particles and making use of the fact that only the

exposed external surfaces of the aggregates are acces-
sible, Ikeda et al. [13] achieved partial modification.
The resulting particles of zeolite Y featured both
hydroxyl and alkylsilyl faces, thus exhibiting am-
phiphilic properties. In the case of zeolite L, one can
make use of the specific interaction of molecules with
the channel entrances at the base planes of the cylindri-
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Fig. 4. Ninhydrin assay of zeolite L after room temperature modifi-
cation with APTS in toluene (solid line) and APTS in THF (dashed
line). Samples were repeatedly washed with ethanol after the modi-
fication in order to remove physisorbed APTS. The band at 360 nm
is due to unreacted ninhydrin. The product (Ruhemann’s purple)
bands at 405 and 570 nm indicate a significantly larger amount of
surface-bound amino groups when toluene is used as a solvent.
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cal crystals to accomplish a highly selective partial func-
tionalization of the external surface. This principle,
which we have termed Stopcock Principle, will be dis-
cussed in Section 2.2.

Discriminating between the internal and external sur-
face of zeolites is not always trivial. As zeolites belong
to the class of microporous materials (IUPAC classifi-
cation [20]) and thus feature pore widths smaller than
2 nm, specific modification or probing of the external
surface is often successful by choosing molecules which
are too large to enter the pores [21]. Additionally,
hydroxyl groups on the external surface are more
exposed than those in the channels and are therefore
the most kinetically available. This latter fact allows
the discrimination between external and internal sur-
face even in the case of mesoporous silica (pore width
ranging from 2 to 50 nm), where dichlorodiphenylsi-
lane is usually applied to passivate the external surface
before directed derivatization of sites in the pores is
conducted [22].

Cationic dyes, which we frequently use as guest mol-
ecules [1], have the tendency to form aggregates on the
external surface of zeolite L. The distinctively differ-
ent photophysical properties of these aggregates com-
pared to the corresponding monomers in the channels
(i.e. adsorbed on the internal surface) can be used to
distinguish between the two cases. We have also applied
solvatochromy to check whether molecules are located
on the external surface. In this method, the dye—zeolite
composite is suspended in a solvent, which for reasons
of polarity or sterical hindrance cannot enter the zeo-
lite channels. Molecules on the external surface will
then experience a different environment resulting in a
change of the electronic absorption spectrum depend-
ing on the solvent [7].

2.2. Selective modification at the channel entrances
(Stopcocks)

Typical stopcock molecules are composed of three
parts: a narrow label which can penetrate into the chan-
nels of the zeolite, a head too large to enter the chan-
nels, and a spacer connecting head and label (see Fig. 5).
We will in the following frequently refer to label and
spacer as the tail of a stopcock molecule. While the
head moiety carries the desired functionality for the
external surface, the label and/or spacer should pro-
vide polar groups, such as carbonyl or nitro groups,

Fig. 5. Schematic representation and example of a reversible stop-
cock consisting of head (A), spacer (B), and label (C) moieties.

exhibiting a favorable interaction with the internal sur-
face of the zeolite [23,24]. Spacers should be flexible
to have the capability to adapt to the channel entrances
(e.g. aliphatic chains, polyethers, amides). We distin-
guish between reversible stopcocks [25,26] attached to
the channel entrances by adsorption and irreversible
ones anchored by covalent bonds. An example for each
type is shown in Figs. 5 and 6. Both molecules are cou-
marin derivatives with the coumarin moiety featuring
as the label. An irreversible stopcock (see Fig. 6) has to
provide groups, which can be reacted with the surface
hydroxyl groups at the channel entrances after comple-
tion of the adsorption process. Alkoxysilyl groups have
proven to be well suited for this purpose. The solvent
from which the stopcock is adsorbed onto the zeolite

H H
(EtO)asi\/\/N\n/N

o =

Fig. 6. Schematic representation of an irreversible stopcock consis-
ting of head (A), spacer (B), label (C), and an alkoxysilyl group for
covalent bonding to the channel entrance. The molecule shown as an
example contains a triethoxysilyl group to accomplish covalent ancho-
ring.
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has to be chosen so that the solubility of the stopcock is
low while inhibiting reaction of the alkoxysilyl group
with the surface hydroxyls. The latter assures that the
stopcocks are oriented correctly (tail inside the chan-
nel) before covalent anchoring takes place. In the case
of the triethoxysilylated coumarin depicted in Fig. 6,
adsorption, i.e. reversible insertion of the coumarin moi-
ety into the channels, was carried out from CH,CI,.
After centrifugation and drying in a stream of N, the
resulting material was refluxed in toluene to allow the
formation of siloxane bonds [27]. It is very likely that
the number of siloxane bonds between stopcock and
zeolite is restricted to two. The remaining ethoxy group,
therefore, corresponds to the functionality A, which
could be used for a further coupling reaction.

The location of stopcocks containing a fluorescent
moiety can be determined by examination of single zeo-
lite crystals under a fluorescence microscope. As can
be immediately seen from the images shown in Fig. 7,
the fluorescent stopcock molecule BTRX is adsorbed
selectively at the base (channel entrances) of the cylin-
drical zeolite crystals. Upon consideration of the polar-
ization of the fluorescence it becomes evident that the
BTRX emission is polarized perpendicular to the zeo-
lite channel axis. Since the S, < S, transition dipole
moment of the BTRX chromophores is mainly polar-
ized perpendicular to its tail [28], we can conclude that
the tail of the stopcock has penetrated into the channel
while the head remains outside [25].

Fig. 7. Fluorescence microscopy images of zeolite L modified with
BTRX [25]. The white rectangles indicate the position of the zeolite
crystals (approximately 2 um in length). The transmission direction
of the polarizer is given by the arrows.

The Stopcock Principle allows tuning of the exter-
nal surface properties by varying the head moieties.
BTRX for example is used for extracting electronic
excitation energy from dye-zeolite composites [25].
Light absorbed by donor molecules located in the chan-
nels is transported through migration of the electronic
excitation energy. Due to a spectral overlap between
the donor emission and the stopcock head absorption,
energy transfer can occur, thus trapping the electronic
excitation energy at the external surface. The system
can be reversed by filling the channels of the zeolite
with acceptor molecules and employing a stopcock head
with donor properties. This enables energy injection
from the stopcock head located at the external surface
to the acceptor molecules in the zeolite channels. Head
moiety functions other than energy transfer are con-
ceivable. We are currently investigating stopcock mol-
ecules with fullerenes as head moieties. Being efficient
electron acceptors [29,30], such stopcock heads open
possibilities for the investigation of electron transfer
processes in zeolites [6].

3. Coupling dye-zeolite composites to external
devices

The external surface of a zeolite constitutes the inter-
face through which communication between guest mol-
ecules in the channels or cavities and species on the
outside occurs. Functionalization of the external sur-
face provides a tool for tuning this interface to effi-
ciently perform a certain task (e.g., energy transfer) or
exhibit a desired property (e.g., hydrophobicity).
Besides tuning the interface by functionalization of the
external surface, control of size and morphology of the
zeolite crystals is important in order to accomplish ideal
interaction between zeolite and external device. A forth-
coming publication will describe methods to tune the
size (307000 nm) and the morphology (rod-shaped to
disc-shaped) of zeolite L crystals.

Embedding of dye-loaded zeolite crystals into poly-
mers is of interest for various reasons. The coupling of
dye—zeolite photonic antennae to a luminescent or pho-
toconductive polymer opens possibilities for the devel-
opment of novel LED materials. Energy transfer from
the polymer to the zeolite or vice versa is possible via
suitable stopcock molecules located at the channel
entrances. The energy transfer can be enhanced by cov-
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ering the external surface of the zeolite with acceptor
or injector molecules. This is accomplished by reac-
tion with APTS and subsequent coupling of the zeolite-
bound amino groups to an amino-reactive fluorescent
dye. We have recently prepared a polymer-embedded
dye—zeolite L material, for which we observed transfer
of electronic excitation energy from the polymer to the
dye molecules at the external zeolite surface and ulti-
mately to the dye molecules located in the zeolite chan-
nels [31]. A large variety of dyes covering the whole
visible spectrum can be included into zeolite L [1].
Embedding small crystals (<50 nm) of dye-loaded zeo-
lites into polymers hence allows color tuning without
the need of adapting the procedure of polymer prepa-
ration.

Stopcock molecules can be used to mediate the elec-
tronic excitation energy transfer from a dye-loaded zeo-
lite (=photonic antenna) to a semiconductor. In a
recently investigated system, radiationless excitation
energy transfer from a dye inside the channels of zeo-
lite L to a dye covalently bound at the external surface
and further through a thin insulating layer of SiO, (pre-
venting electron transfer) to a silicon semiconductor
was observed [32].

4. Conclusions

Zeolites are ideal host materials for supramolecular
organization. Besides their well-defined pore struc-
ture, they also feature silanol groups on the external
surface. The presence of these reactive sites opens pos-
sibilities to functionalize the external surface and thus
allows tuning of the interface between the guest mol-
ecules in the channels/cavities and the environment. By
exploiting the interaction of molecules with the pore
openings of a zeolite, selective functionalization
becomes possible in cases where the openings are
located on specific parts of the crystal surface. This
Stopcock Principle can also be used to close the pore
openings of a zeolite in order to inhibit leaching of the
guests or to provide additional protection of the guests
from external species.
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