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Abstract: The defined pore networks of silicate-based molecular sieves are attractive for the development of 
highly organized inorganic/organic hybrid materials. Efficient energy transfer systems are obtained upon inclusi-
on of dye molecules into the one-dimensional channels of zeolite L. The resulting host-guest materials form the 
basis for an advanced luminescent solar concentrator. The selective functionalization of the channel entrances 
with zinc phthalocyanine offers further possibilities in terms of employing the dye–zeolite composites for the 
sensitization of organic solar cells. Having larger pore sizes than zeolites as well as highly modifiable channel 
walls, mesoporous silicas have recently emerged as versatile starting materials for the synthesis of drug delivery 
devices. One of the most challenging aspects in this context is the control and the analysis of the functional group 
distribution. This topic is discussed on the basis of our recent work on the reaction of aminopropylalkoxysilanes 
with mesoporous silica MCM-41.
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1. Introduction

The unique properties of the defined 
channel systems of silicate-based porous 
materials, such as zeolites or mesoporous 
silica, are of interest for a variety of ap-
plications, including fields as diverse as 
catalysis,[1] biological imaging,[2] and 
drug delivery.[3,4] Appropriate function-
alization of the porous host materials is 
the key to a successful implementation. 
Extending the organization provided by 
a given channel system to a macroscopic 
level and/or establishing an interaction 
with the surrounding medium or exter-
nal objects requires multiple degrees of 
modification. This aspect of the chemistry 
of microporous and mesoporous materi-
als is discussed in the following by two 
examples of our recent research. In the 
case of mesoporous silica, we will focus 
on the synthetic and analytical challenges 
associated with the controlled placement 
of functional groups on specific parts of 
the external and internal surfaces, par-
ticularly concerning potential applica-
tions of the materials as drug delivery 
devices. The possibilities in terms of 
achieving supramolecular organization of 
guest molecules in the channel systems 
of zeolites are illustrated by our research 
on dye–zeolite energy transfer materials. 
These highly organized composites can 
be used as color changing media, photo-
nic antenna systems for the sensitization 
of organic solar cells, or light-absorbing 
and emitting components in luminescent 
solar concentrators.[5]

2. Mesoporous Silica and Zeolite L

Since the first report of the M41S type 
materials in 1992,[6] the synthesis of meso-
porous silica has been further developed 
to provide a wide range of pore sizes and 
morphologies (spheres, rods, fibers, thin 
films, etc.).[7] Narrow pore size distribu-
tions (PSDs) are obtained by means of a 
structure-directing agent (SDA), such as 
alkyltrimethylammonium ions[6] or block 
copolymers (Fig. 1).[8] The SDA is re-
moved after the formation of the mesopo-
rous framework by calcination at elevated 
temperatures (typically around 500 °C) or 
extraction. Functional groups can be in-
troduced by postsynthetic grafting or co-
condensation.[9] The latter method implies 
that the moiety to be introduced is stable 
under the conditions of the mesoporous 
silica synthesis. While most procedures 
for the synthesis of mesoporous silica 
require the use of hydrothermal condi-
tions, high-quality materials can also be 
prepared by means of scale-up friendly 
room temperature syntheses and with-
out necessitating costly lab equipment.
[10] Fig. 1 shows the PSDs of mesoporous 
silica MCM-41 synthesized under hydro-
thermal conditions[11] in comparison to 
the corresponding materials prepared at 
room temperature.

Zeolites are classified as microporous 
materials (pore sizes smaller than 2 nm, by 
IUPAC definition).[12] Unlike their mes-
oporous counterparts that feature amor-
phous pore walls, zeolites are crystalline 
silicates or aluminosilicates. Our work has 
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mainly focused on zeolite L. Similar to the 
mesoporous MCM-41, zeolite L is char-
acterized by a hexagonal array of parallel 
one-dimensional channels. The free diam-
eter of the channels varies from 0.71 nm 
(narrowest part) to 1.26 nm (widest part). 
Crystals of zeolite L are usually obtained 
with cylindrical morphology. The parallel 
main channels run through the entire crys-
tal along the cylinder axis and are acces-
sible from the base surfaces (Fig. 2). By 
careful control of the synthesis parameters, 
the aspect ratio of the cylindrical crystals 

can be adjusted to afford rod-shaped and 
even disc-shaped particles.[13] The latter 
are ideal for the preparation of oriented 
layers.

Apart from the pore size, a key differ-
ence between mesoporous silica and zeo-
lite lies in the nature of the pore surface. 
The pore surface of mesoporous silica is 
characterized by a large number of silanol 
groups (approximately three silanols per 
nm2, depending on the mesoporous silica 
type and on the thermal treatment during 
synthesis and calcination/extraction).[14] In 
zeolites, on the other hand, silanol groups 
are predominantly found on the external 
surface and to a lesser extent at defect sites 
in the pores where the framework is inter-
rupted.

3. Functionalization of Mesoporous 
Silica Surfaces

3.1 Drug Delivery Devices Based 
on Mesoporous Silica

Amorphous silica particles are non-
toxic and highly biocompatible. The de-
fined, structurally stable one-dimensional 
channel system of mesoporous silica such 
as MCM-41[6] or SBA-15[8] furthermore 
offers possibilities to control the uptake 
and release of drug molecules. The opti-
mum size of the mesoporous silica par-
ticles for drug delivery mainly depends on 
the route of administration as well as on 
the target. For intravenous applications, 
for example, the particle size should be 
between 50 and 300 nm.[15] Functional 
groups on the external particle surface de-
fine the interaction with the surrounding 
medium. Solving different tasks, such as 
targeting, avoiding detection by the im-

mune system, or preventing particle ag-
gregation, requires multi-functionaliza-
tion. In addition to the modification of the 
external surface, the internal (pore) sur-
face needs to be functionalized indepen-
dently with moieties for the optimization 
of drug adsorption. An ideal drug delivery 
system should further be equipped with 
stimuli-responsive gates ensuring zero re-
lease before reaching the target. The con-
cept of opening and closing mesoporous 
silica channels by an external physical 
or chemical stimulus has recently gained 
substantial interest.[3]

3.2 Synthetic Challenges
As outlined above, a potential drug de-

livery device based on mesoporous silica 
requires different types of covalently at-
tached functional groups, each with a pre-
determined surface location. The ability 
to control and analyze the distribution of 
these groups is crucial. In order to inves-
tigate the parameters that affect the sur-
face distribution, we have been mainly 
focusing on amines, as they are among 
the most frequently employed groups for 
the modification of mesoporous silica 
surfaces. Once the amines are anchored, 
a further moiety can be coupled by means 
of amine-reactive derivatives such as iso-
thiocyanates or sulfonylchlorides. We 
have found this to be especially useful 
for the analysis of the amino group dis-
tribution, as it allows for the attachment 
of fluorescent labels which can be ana-
lyzed by methods based on fluorescence 
quenching or confocal laser scanning mi-
croscopy (CLSM).

Most reactions targeting the anchor-
ing of amino groups rely on 3-aminopro-
pyltrialkoxysilanes (alkoxy = methoxy or 
ethoxy), which are most commonly depos-
ited from toluene. When a random distri-
bution of the functional groups is desired 
(in cases of less than full coverage), the use 
of dry toluene is essential in order to mini-
mize silane cross-linking and prevent the 
eventual formation of a non-uniform sur-
face coverage. However, even when keep-
ing trace water to a minimum, deposition 
from toluene produces aggregated grafted 
amino groups and preferential external sur-
face grafting, as well as anchoring to inter-
nal surface sites close to the pore entranc-
es.[16] Interestingly, the choice of solvent 
determines to a certain extent the distribu-
tion of the surface-grafted amino groups. 
Less aggregation and increased site isola-
tion has for example been obtained upon 
deposition from alcohols or THF.[17,18] The 
deposition of alkoxysilanes from the gas 
phase offers multiple advantages over the 
common solvent-based techniques: The 
elimination of trace water and silane oli-
gomers is straightforward, while the ab-
sence of a solvent during the deposition 
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Fig. 1. Left: PSD of mesoporous silica MCM-41 synthesized at 110 °C under autogenous pressure 
and subsequent calcination at 550 °C (crosses), compared to materials prepared by the same 
procedure but conducting the condensation step at room temperature with removal of the SDA 
by calcination (solid circles) or extraction (empty circles). Right: PSD of five different mesoporous 
silica materials. The samples with pore sizes below 4 nm are of the MCM-41 type, whereas 
the slightly broader distributions above 4 nm have been achieved with SBA-15 type materials. 
All materials feature a 2D hexagonal structure. The MCM-41 materials have thin channel walls 
(approximately 0.8 nm), whereas SBA-15 type materials are characterized by thicker channel 
walls. PSDs were calculated from the desorption branch of the nitrogen isotherm by the Barrett-
Joyner-Halenda (BJH) method.

Fig. 2. Scanning electron microscopy (SEM) 
image of rod-shaped zeolite L crystals. The 
detail shows the hexagonal framework viewed 
along the cylinder axis. A crystal with a 
diameter of 2 µm contains approximately 106 
parallel channels.
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and washing of the samples is particularly 
beneficial for ecological and economi-
cal reasons. We have recently shown that 
amino-functionalized MCM-41 prepared 
by gas phase deposition features a narrow 
PSD, comparing favorably to correspond-
ing samples prepared by deposition from 
toluene.[10]

The distribution of the amino groups 
can be tuned by adjusting the reactivity 
of the respective alkoxysilane precursor. 
We have investigated the relationship be-
tween the reactivity and the surface dis-
tribution by depositing submonolayer 
amounts of various alkoxysilane precur-
sors (Fig. 3) onto MCM-41 from tolu-
ene.[18] Dipodal trialkoxysilanes, such as 
bis(trimethoxysilyl)propylamine (BTM-
SPA), reacted preferably with sites on the 
external surface and at the pore entranc-
es, whereas monoalkoxysilanes, such as 
3-aminopropyldimethylmethoxysilane 
(APDMMS), produced a more uniform 
distribution with excellent site isolation. 
The commonly employed trialkoxysi-
lanes showed intermediate behavior. Due 
to the comparatively large average pore 
diameter (3.6 nm) and the small amounts 
of alkoxy silane precursors (leading to a 
coverage of one amino group per 15 nm2 
assuming uniform distribution), the dif-
ferent distributions of the grafted amino 
groups cannot be attributed exclusive-
ly to sterical effects. In fact, the bulky 
3-aminopropyl diisopropyltriethoxysilane 
(APDIPES) produced a more uniform 
distribution of grafted amino groups than 
3-aminopropyl trimethoxysilane (APT-
MS). The specific surface distributions 
are rather a result of the subtle interplay 
between the number of alkoxy groups per 
molecule and the nature of the amine (pri-
mary or secondary).[18]

A common strategy to passivate the 
external surface of mesoporous silica is to 

employ a small amount of dichlorodiphe-
nylsilane.[19] This method relies on the as-
sumption that the most kinetically available 
silanol groups are those on the external sur-
face. Quantitative evidence concerning the 
distribution of the grafted silane is, how-
ever, difficult to obtain in this case. We are 
currently investigating to what extent the 
relationship of reactivity and surface loca-
tion can be extended to silanes containing 
other functional groups.

When developing methods for the se-
lective modification of the external surface, 
it is tempting to take advantage of the fact 
that the mesoporous silica is synthesized 
with a SDA which subsequently blocks 
the pores unless it is removed by calcina-
tion or extraction. Careful examination 
of functionalization methods employing 
SDA-filled pores reveals that the selectiv-
ity for the external surface is usually not 
sufficient. The reaction of APTMS with 
MCM-41 still containing the SDA (hexa-
decyltrimethylammonium ions) is such 
an example. The APTMS molecules are 
apparently able to diffuse into the pores 
despite the presence of the SDA. An in-
fluence on the PSD is already observed at 
low APTMS loading (Fig. 4). It is reason-
able to assume that grafting to the pore 
surface occurs as a result of an exchange 
between APTMS and SDA.[20] Our current 
approach employs bulky protecting groups 
to enhance the selectivity for external sur-
face grafting. Results from the investiga-
tion of pore blocking effects suggest that 
protecting groups with sizes similar to half 

the pore size are most likely sufficient to 
yield a high selectivity for the external sur-
face.[21]

3.3 Analytical Challenges
The determination of the number of or-

ganic functional groups bound to the sur-
face of mesoporous silica is not straight-
forward. Conventional techniques such as 
elemental analysis provide reliable results 
for high surface concentrations, but are 
generally not applicable in the low load-
ing regime. Chromogenic reactions, as for 
example the reaction of ninhydrin with 
surface-grafted amines, are a promising 
alternative. It is, however, essential to de-
compose the mesoporous framework be-
fore applying such methods, as functional 
groups deep inside the pores might not be 
accessible, leading to an analysis result 
which is biased by the distribution of the 
functional groups on the silica surface. To 
avoid this problem, we have developed a 
procedure based on the fluorogenic amine-
derivatization reaction of fluorescamine[22] 
that can be used under the alkaline condi-
tions required for the decomposition of 
the mesoporous silica framework. A wide 
range of amino contents can be covered 
with this analytical tool, allowing a reliable 
determination of the amount of surface-
grafted amino groups independent of their 
distribution.[10]

To analyze the surface distributions 
obtained with different aminopropylalk-
oxysilane precursors (Fig. 3), we labeled 
the grafted amino groups with fluorescein 
isothiocyanate (FITC). The results were 
surprising. Samples containing identical 
amounts of labeled amino groups fea-
tured significantly different PSDs and 
luminescence intensities (Fig. 5).[18] This 
enabled us to classify the aminopropyl-
alkoxysilanes according to their tendency 
to produce uniform distributions on the 
mesoporous silica surface. A compara-
tively large average pore diameter of the 
labeled sample indicates that the function-
al groups are concentrated on the external 
particle surface and on the pore surface 
close to the channel entrances (BTMSPA), 
whereas a small average pore diameter is 
obtained as a result of a more homoge-
neous distribution of the functional groups 
(APDMMS). Small distances between 
the FITC-labeled amino groups cause 
self-quenching of the luminescence, an 
effect which was particularly pronounced 
in BTMSPA-modified samples. Uniform 
distributions, on the other hand, are iden-
tified by a high luminescence intensity. 
Functionalized mesoporous silica parti-
cles exhibiting bright luminescence have 
recently attracted increased attention due 
to their potential use in intracellular imag-
ing applications.[23] Labeling with pyrene 
sulfonylchloride (PSC) affords similar 

Fig. 4. PSD of MCM-41 reacted with APTMS 
and subsequent extraction of the SDA (empty 
circles). A corresponding blind sample is given 
for comparison (solid circles). APTMS clearly 
reacts with pore surface sites, leading to a 
reduction of the pore size. A small amount 
of APTMS was used in this experiment 
(corresponding to a surface coverage of 0.1 
amino groups per nm2 assuming homogeneous 
distribution). PSDs were calculated from the 
desorption branch of the nitrogen isotherm by 
the Barrett-Joyner-Halenda (BJH) method.
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Fig. 3. Structures and abbreviations of selected 
alkoxysilanes for the functionalization of 
mesoporous silica with amino groups.
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information concerning the proximity of 
the amino groups. The formation of ex-
cimers is indicative of densely spaced 
PSC-labeled groups. When applying such 
methods for comparative studies, it is es-
sential that the samples contain identical 
numbers of labeled groups.

We are currently investigating the po-
tential of CLSM with regard to imaging the 
functional group distribution. To obtain a 
reasonable resolution, large particles, pref-
erably in the vicinity of about 5 µm, with 
defined morphology are required. The 
synthesis of such materials is not straight-
forward, as the majority of the reported 
mesoporous silica syntheses yield irregu-
lar particle morphologies with sizes below 
2 µm. Fig. 6 shows an example of large 
mesoporous silica spheres and a non-uni-
form distribution of FITC-labeled amino 
groups detected by CLSM. In addition to 
the CLSM analysis, we are developing a 

method which can also be used for smaller 
particles containing fluorescence-labeled 
functional groups. We have termed this 
technique ‘surface-selective quenching’, 
as it employs quencher species that are 
too large to enter the channels of a given 
mesoporous material and therefore exclu-
sively quench the luminescence of labels 
located on the external particle surface. 
The comparison with reference systems 
featuring a defined distribution of labeled 
functional groups can then be used to esti-
mate the relative amounts of external and 
internal grafting.

4. Dye–Zeolite Composites

4.1 Photonic Antenna Systems 
with Phthalocyanine Stopcocks

A variety of dye molecules have been 
introduced into the channels of zeolite L 

by deposition from the gas phase (neutral 
dyes) or ion exchange from solution (cat-
ionic dyes).[24] As sequentially included 
dyes cannot pass each other in the narrow 
zeolite L channels, dye-zeolite compos-
ites featuring defined dye domains can be 
synthesized. Due to the strong confine-
ment, high local concentrations of non-
aggregated dye molecules are achievable, 
enabling efficient Förster resonance ener-
gy transfer (FRET). The transport of elec-
tronic excitation energy along the chan-
nels of the dye–zeolite crystals becomes 
a particularly useful process if one is able 
to extract the energy and subsequently 
transfer it to an external object. In order 
to solve this complex task, the channel 
entrances of the zeolite crystals need to 
be functionalized with appropriate accep-
tor molecules. Due to the relatively nar-
row channels of zeolite L, methods that 
rely on steric constraints have provided 
a high selectivity for the modification 
of the channel entrances. Molecules that 
are used for this purpose have the typi-
cal shape of a stopcock, consisting of a 
large (chromophoric) head and a long 
narrow tail.[24] While the tail is able to 
enter the channels, the head is too large 
and remains on the external surface. An 
example of such a stopcock molecule is 
shown in Fig. 7.[25] Stopcocks are usu-
ally deposited onto the zeolite crystals 
from a solvent. The optimization of the 
channel entrance adsorption (with tails 
extending into the channels) while simul-
taneously avoiding adsorption on the coat 
of the crystals is a delicate process that 

Fig. 5. Left: PSDs of FITC-coupled amino-functionalized samples prepared with different 
alkoxysilane precursors. Right: Luminescence spectra of the same samples excited at 450 nm. 
Fluorescein contents are (20.0 ± 1.0) µmol/g. PSDs were calculated from the desorption branch of 
the nitrogen isotherm by the Barrett-Joyner-Halenda (BJH) method.
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Fig. 6. Left: SEM image of spherical mesoporous silica particles (5.3 nm average pore diameter). 
Right: CLSM cross-section of a spherical mesoporous silica particle (ca. 8 µm diameter) 
functionalized with amino groups and subsequently labeled with FITC. The dark center of the 
particle indicates that the amino groups are predominantly located on the external surface and on 
the pore surface close to the pore entrances. The external surface area accounts for only 2% of 
the total surface area. The latter is approximately 800 m2/g in this case.

Fig. 7. A stopcock with a zinc phthalocyanine 
head which can be selectively adsorbed 
at the channel entrances of zeolite L. The 
fluorescence microscope image shows a 
zeolite crystal of ca. 5 µm length that has been 
functionalized with this particular stopcock. 
Bright fluorescence is observed at the base 
surfaces of the cylindrical crystal.
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requires extensive screening of different 
solvents and adsorption conditions. Our 
work mainly focuses on stopcocks with 
zinc phthalocyanine heads.[25] These are 
of special interest for the sensitization of 
organic solar cells.[26]

4.2 An Advanced Luminescent 
Solar Concentrator

The concept of using luminescent solar 
concentrators (LSCs) to reduce the cost of 
photovoltaic power dates back to the late 
1970s.[27] Intensive research continued un-
til the early 1980s, when several problems, 
outlined below, hindered further develop-
ment. Recent advances in the area of or-
ganic and inorganic luminescent materials 
have led to a renewed interest in LSCs.[28]

A conventional LSC consists of a 
transparent material (usually polymethyl-
methacrylate PMMA) that contains lu-
minescent dye molecules (Fig. 8).[27] 
Photons entering the face of the LSC 
plate are absorbed by the dye molecules 
with subsequent emission of photons. A 
large fraction of these emitted photons 
are trapped by total internal reflection 
and travel towards the edges of the plate, 
where they can be received, for example, 
by a photovoltaic cell or a thermal ab-
sorber. The ratio of the area of the face 
to the area of the edge corresponds to the 
geometric gain for the LSC plate. An effi-
cient LSC with a high geometric gain has 
the potential of significantly lowering the 
cost of solar energy conversion, as a given 
area covered with a comparatively expen-
sive solar cell can be reduced to the much 
smaller edge area of a corresponding LSC 
plate. Contrary to conventional optical 
concentrators such as lenses, LSCs are 
able to concentrate diffuse light and there-
fore do not require tracking of the sun. 
Unfortunately, conventional LSCs suffer 
from a series of major problems. Organic 
molecules with a high fluorescence quan-
tum yield generally feature a considerable 
overlap between absorption and emission 
spectra. This leads to self-absorption, im-
plying that luminescent photons have a 
high probability of being reabsorbed on 
their way to the edges of the LSC plate. 

A quantum of energy undergoing succes-
sive absorption and emission processes 
basically executes a random walk in the 
LSC, thereby increasing the probability of 
being lost, for example by a non-unit flu-
orescence quantum yield or by emission 
into the escape cone.[29] The latter process 
is a significant loss mechanism. For a con-
ventional LSC based on a PMMA matrix, 
the escape probability amounts to 26% for 
isotropic absorption and emission.[30]

We are developing an advanced LSC 
that has the potential to solve the self-ab-
sorption problem and reduce the relative 
amount of photons emitted into the escape 
cone.[26,31] The concept is based on a thin 
zeolite–polymer layer. The zeolite con-
tains a large number of donor molecules, 
which absorb the incident light and sub-
sequently transfer the electronic excitation 
energy to a comparatively small number 
of acceptor dyes. As the donor molecules 
are not able to absorb the acceptor lumi-
nescence, photons emitted by the acceptor 
molecules can travel to the edges of the 
LSC plate without being reabsorbed. Due 
to their low concentration, self-absorption 
by the acceptor dyes is expected to become 
negligible. The electronic transition dipole 
moments of the acceptor dyes can further 
be aligned by orienting the zeolite crystals. 
This offers possibilities of generating opti-
cal anisotropy and reducing the emission 
into the escape cone.

Organic dyes in conventional LSCs are 
often derivatives of perylene, having fluo-
rescence quantum efficiencies approach-
ing 1.00, high extinction coefficients, and 
superior photostability when compared 
to other dyes with similar photophysical 
properties.[32] Despite the high intrinsic 
stability of these dyes, the stability of con-
ventional LSCs is not sufficient for long 
term (10–20 years) outdoor application. 
We can use many of the dyes initially de-
veloped for conventional LSCs in our ad-
vanced LSC concept, as their size permits 
inclusion into the channels of zeolite L. 
Unlike the conventional approach of di-
rectly dispersing the dye in a polymer, we 
are not limited by the often low solubil-
ity of the perylene pigments. It is expected 

that the strong confinement in the zeolite 
channels will be beneficial in terms of the 
photostability of the dyes and therefore 
lead to a prolonged lifetime of the LSC 
devices. Furthermore, the zeolite channels 
provide an environment that is chemically 
relatively inert compared to organic poly-
mers, which often contain reactive species 
due to incomplete polymerization.

5. Conclusions

Silicate-based materials with defined 
nanochannels provide a platform for the 
development of robust and highly func-
tional particles. Zeolites are ideal hosts for 
the supramolecular organization of small 
molecules. Selective functionalization of 
the channel entrances establishes commu-
nication between the included guest mole-
cules and external objects. With pore sizes 
in the range of 2 to 50 nm, mesoporous 
materials can accommodate larger guests 
and additionally provide a high density 
of binding sites for functional groups. A 
key to potential applications of function-
alized mesoporous silica lies within the 
ability to control the surface distribution 
of the functional groups. To develop the 
corresponding modification techniques, 
methods accomplishing the reliable anal-
ysis of the functional group distribution 
are indispensable. Fluorescent labeling 
opens various possibilities for studying 
the functional group distribution, includ-
ing quenching experiments and confocal 
laser scanning microscopy. These methods 
effectively complement the data obtained 
from the analysis of the nitrogen sorption 
isotherms.
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