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Abstract: The everyday routine of most chemists is dic-
tated by large numbers. The chemical rules for ensem-
bles of molar size (N~ N, =6.022x 10*) are well known
and can be understood in most cases by using Boltz-
mann distribution. It is an interesting question how a
small ensemble of a chemical system behaves and if it
differs from the respective large-ensemble counterpart.
The experimental approach presented in the current
paper involves the division of a macroscopic volume
into compartments that contain only a small number of
reactants. The compartments represent the pores of
tailor-made nanoporous materials.

Keywords: confinement effects - host—guest systems -
Kmesoporous materials - nanochemistry - surface design )

Introduction

One of the paramount paradigms in catalysis is that the cat-
alyst affects only the rate of the respective conversion,
whereas the equilibrium constant K is not altered. This is
surely true. The catalyst forms a transitional conjunction
with the reactants and vacates the conversion as it entered.
The transitional states are represented by a sequence of re-
action paths that are different to the noncatalysed case due
to chemical bonding to the catalyst. These “new” reaction
paths are associated with at least one lower activation barri-
er, leading to overall higher reaction rates k,_,, (r=reac-
tants, p=products), but constant equilibrium K=k, /k, ..
In heterogeneous catalysis, solid-state or molecular type,
catalytically active species are present at the interface of a
solid material. As a consequence, the maximisation of inter-
face becomes an important task. Porous materials or materi-
als composed of small particles may exhibit a large surface
area.!! Ultimately, the catalyst itself might be produced in a
porous form, or in the form of small particles. Alternatively,
the catalyst can be immobilised on particles or on the inter-
nal surfaces of a porous support, metallocene polymerisation
catalysts bound to silica particles or attached to mesoporous
silica being nice examples.”) Both subjects have already
been extensively described in several excellent review
articles.¥

However, for chemical reactions occurring in the vicinity
of solid surfaces a possibility exists that an additional factor
influences the outcome of the reaction. Unlike in solution
or gas phase, the reactants cannot move freely in 3D space
anymore. In other words, the reacting system is restricted to
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a confining reaction field (CRF). It is an interesting idea to
specify the strength of such a confinement by the mean cur-
vature of a surface (H), which is defined by two orthogonal
curvature radii [Eq. (1)].

1 1

The two principal curvatures can either be positive or
negative, depending on if the surface is locally convex or
concave. In the case of H>0, the mobility of a molecule at
the surface is only restricted due to geometric factors alone.
The degree of confinement will be influenced mainly by the
interaction between the reactants and the surface (see
Scheme 1, i). A volume surrounded by an interface with neg-
ative curvature (Scheme 1, iii) is most effective regarding
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Scheme 1. Schematic representation indicating a chemical reaction pro-
ceeding from reactant A to product B in the vicinity of the surface of a
system with i) positive curvature, H>0 (i.e., a particle), ii) zero curvature
(i.e., a flat surface) and iii) negative curvature, H <0 (i.e., a pore).

spatial restriction, more or less irrespective of the character
of interaction (attractive or repulsive). Because the surface
to volume ratio increases with increasing curvature, albeit
its sign, it is reasonable to argue that the chemical and phys-
ical properties of the surface will gain further importance
for large curvatures or small nanoscaled structures. Al-
though we believe that consideration of the mean curvature
is rather useful, it needs to be mentioned that nano-objects
with rectangular shape, for instance nanocubes, also possess
significant amounts of interface in relation to volume and
might also represent interesting candidates as CRFs, al-
though the interfaces themselves are not curved.

In the current paper we are interested in the influence of
CRFs on chemical processes impartial from a catalytic activ-
ity of the materials. However, it should be emphasised that
confinement effects are likely to play a role in catalysed re-
actions occurring in the vicinity of surfaces.

A Gedanken Experiment—The Ideal Confining
Reaction Field

Although Scheme 1 illustrates a purely geometrical con-

struction, it is intuitive that surfaces with H <0 lead to the
separation of a particular volume. If this volume is small it
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leads to a significant spatial restriction. Therefore, strong
CRFs can be expected from porous materials with pore size
(Dpore) Of just a few nanometers (mesopores with 2 nm >
Dpore >S50 nm, or micropores D, <1 nm).”) Alternatively,
the interior of a small droplet, like in emulsions or micelles,
represent promising CRFs.®! Due to the arguments men-
tioned above, one important criterion for a good CRF is the
ability to adjust the chemical and physical properties of the
interface surrounding the confinement, indicated as hierar-
chy level I in Scheme 2. Such an adjustment can only be
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Scheme 2. Schematic representation indicating the hierarchy of require-
ments for confining reaction fields. Level I: properties of the confining
interface; level II: CREF size; level III: CRF shape; level IV: CRF accessi-
bility/connectivity; level V: macroscopic CRF assembly.
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managed if one gains control over the functional groups at-
tached to the confining surface. The next key factor is the
option to generate CRFs with different dimensions of the
order 1-20 nm and as monodisperse in size as possible (hier-
archy level Il in Scheme 2). The CRF volume (Vcgg), at
given concentrations (c¢) of reactants, determines the size of
the ensemble per CREF, as indicated in Equation (2), with
N, = Avogadro constant. Note that Ncrp considers only the
number of potential reactants and not the total number of
molecules per confinement, including solvent molecules.

mol
Negrr = C(T>VCRFNA (2)

The shape of the CRF (hierarchy level III) is also of some
interest as it allows us to investigate 3D confinements
(spherical compartments), 2D confinements (cylindrical
compartments) and 1D confinements (laminar compart-
ments). A crucial, and to a certain degree contradictory,
issue is the accessibility of a single CRF. An ideal CRF pre-
vents any mass and energy transfer to or from the environ-
ment. If the CRF was an isolated pore, separated from the
environment by a solid, robust wall, it would be extremely
difficult to open, fill, empty, or re-seal it. Thus, it became
impossible to study confined processes in porous solids. At
least limited accessibility of pores is inevitable. Although
there is no direct connection between micelles or emulsion
droplets, they may not necessarily represent ideal CRFs
with respect to criterion IV (Scheme 2). This is due to the
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high dynamics, fusion and fission of self-assembled soft-
matter structures in solvents. However, there have been in-
dications that under certain circumstances emulsion droplets
are stable and do not exchange on a timescale of weeks."]
Because it is so difficult to gain control over criterion IV it
is important to take care that exchange processes taking
place between the individual CRFs (for instance mass ex-
change by diffusion) proceed on a timescale significantly
slower than the chemical processes for which confinement
effects are to be studied. Finally, it can be experimentally
very difficult to investigate one single compartment contain-
ing only a limited number of molecules. Therefore, it is prof-
itable to have a large number of identical CRFs available
that can be observed simultaneously. However, this creates
the additional problem that we need to ensure that single
CRFs are assembled in such a way that no additional
volume accessible for the ongoing chemical processes is
present.

In the following paragraphs it will be highlighted in how
far nanoporous materials fulfil the mentioned requirements
formulated for CRFs. Finally, some examples for chemistry
in confining reaction fields are described.

The preparation of mesoporous materials with narrow pore-
size distribution: Because a large number of excellent and
comprehensive review articles have already been published
on the preparation of mesoporous materials, only a very
brief description about the synthesis of this class of materi-
als is given here.** Porous materials in general can be gen-
erated from the combination of a cross-linking process form-
ing an inorganic network and a template. If the template
size is of the order of 2-50 nm, an attractive force between
the template surface and the inorganic network exists, and if
the crystallite size of the inorganic network is sufficiently
small, the pore size will be in the meso-regime after tem-
plate removal. The formation of inorganic oxides is most
frequently achieved by sol-gel processing starting from alk-
oxide precursors. Due to the narrow pore-size distributions
and the ordered pore systems, mesoporous materials origi-
nating from lyotropic phases as templates have gained enor-
mous impact since 1992, when MCM-41 was reported, a
silica material with ~3 nm wide cylindrical pores aligned in
a hexagonal fashion.') Another classical example is the so-
called SBA-15 material, prepared from a lyotropic phase of
an amphiphilic PEO-PPO-PEO (PEO =poly(ethylene
oxide); PPO=poly(propylene oxide)) block copolymer
(Pluronic) and Si(OEt), in acidic solution.!'*? The Si(OEt),
hydrolyses and polycondensates in the hydrophilic domains
of the liquid crystal. In an ideal case, the pore system repre-
sents a 1:1 replica of the template structure.'™! In addition to
the mesopores, it is known for many ordered mesoporous
materials (OMMs) that they also possess a significant
amount of micropores. For instance, the micropores in SBA-
15 are caused by PEO chains from the block-copolymer
template penetrating into silica network.'" The micropores
might represent an additional CRF system. However, be-
cause their volume is rather small in comparison to the mes-
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opores, the confinement effect should be less significant
with respect to the entire system restricted to pores. In the
following, we will concentrate on silica OMMs as CRFs.

Hierarchical Features of Mesoporous Silica
Materials as Prototypes for Confining Reaction
Fields

Surface properties of mesoporous silica materials: Consider-
ing the preparation of mesoporous silica materials described
briefly in the previous section, different approaches can be
identified to influence the properties of the surfaces of the
CRFs (hierarchy level I; Scheme 2). Functional groups R
can be attached to the surfaces by post-synthetic modifica-
tion, meaning that the porous material is prepared first and
then treated with a functionalised compound reacting at the
interfaces. An alternative, more direct approach is to use al-
ready functionalised precursors leading to a modified net-
work composition and bringing the desired functional R
groups to the surface. Good progress has been made on
post-synthetic functionalisation, also known as grafting, for
silica materials. Grafting is possible because silica prepared
by sol-gel methods possesses reactive silanol groups (Si—
OH) at the surfaces, even after calcination. Typically, the
density of silanol groups in OMMs is of the order of 1-3
groups per nm>.""") Surface modification with pendant organ-
ic groups can be achieved by Si-O-Si bond formation by
using suitable organosilanes. Both bond types, Si-O-Si and
Si—C are chemically inert. They are stable in air up to
300°C (for Si—C), sometimes even higher, and stable in
acids (except Si-O-Si in hydrofluoric acid) and under moder-
ate basic conditions. Suitable organosilanes are R;SiCl (with
R=an organic group) or alkoxide precursors (R'O);-
SiR.'%11 Many different systems have been prepared by
using the grafting strategy; for example, relatively elementa-
ry surface modifications like attached alkyl or aminoalkyl
groups. In the meantime, the development has gone much
further, from very complex functions like surface-bound,
catalytically active, transition-metal complexes—for instance
the immobilisation of a bimetallic, ferrocene-containing, Pd-
catalyst on mesoporous silica™®—to sensors or biological
active receptors,’®?! to name only a few. However, there
are certain disadvantages associated with the grafting tech-
nique. The pendant organic substituent and potential gela-
tion of the surface modification agent leads to a decrease in
pore size, or even complete closure of the pore. Depending
on accessibility and density of Si—OH groups (see above),
only a fraction of the silanols are modified. The composition
of the materials has to be described as (SiO,);_+(RSiO; 5),
in which x can be as high as 20%; cases of only 5% modifi-
cation have also been reported.”*! Thus, it is also very diffi-
cult to guarantee a homogeneous distribution of the organic
groups along the pore surface.

The ability of the mentioned organoalkoxysilanes to form
cross-linked organosilica gels can also be used as an advant-
age. The materials RSiO, 5 obtained from the pure precur-
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sors (R'O);SiR can be prepared in both a porous and non-
porous form.['”2!! Unfortunately, the preparation of OMMs
with a narrow pore-size distribution from organic liquid
crystals as templates was not possible unless the organosi-
lane is diluted with a source of pure silica: (1—x)Si(OR),+
x(R'0);SiR —(Si0,),_+(RSiO;5),. The described method
became known as the co-condensation approach and was
first applied to MCM-41-type materials in 1996.2 However,
there are many problems associated with the co-condensa-
tion method that arise from the inevitable dilution of the or-
ganosilica matrix with pure silica. It was only possible to
derive a pore systems typical for OMMs from ~25 % or less
of (R'O);SiR used during the sol-gel process. The reason for
this phenomenon is probably that the microphase separation
into hydrophobic and hydrophilic domains leading to the
lyotropic phase (the template) is hindered due to the stron-
ger hydrophobic character induced by the pendant organic
substituent in (R'O);SiR and also its dipolar orientation.
Furthermore, the organic substituent attached to the silicon
atoms affects the hydrolysis kinetics of the Si-OR’ bonds in
comparison to the tetraalkoxysilanes. In an extreme case, if
the kinetics are significantly different, it might come to two,
more or less independent, gel-formation steps. All three fac-
tors, enhanced hydrophobicity, limited degree of organic
modification and changed gelation kinetics are negative fac-
tors with respect to a good homogeneity of the material and
the surfaces.

The problems mentioned for grafting and co-condensation
were solved when a new class of materials was introduced in
1999 by three independent groups: The so-called periodic
mesoporous organosilica (PMO) materials.”>?”) The meso-
porous materials were prepared by using silsesquioxane pre-
cursors possessing a bridging organic group R: (R'O);Si-R-
Si(OR");. Interestingly, the bridged silsesquioxane precursors
were known before the synthesis of OMMSs.”! Tt has to be
emphasised, that for real PMOs the organosilane precursor
is not further diluted with a precursor leading to pure SiO,,
as described in the co-condensation case. The enhanced hy-
drophobicity of the organic substituent R is compensated by
the two silicic acid building blocks arranged in such a way
that a weaker dipole results in comparison to (R'O);SiR.
This allows the use of (R'O);Si-R-Si(OR’); in an undiluted
form and the composition of the materials corresponds to
RSi,05. As a result, the materials are very homogeneous.
Furthermore, due to the bridging mode of the organic
group, it does not protrude into the pore-volume anymore,
but is imbedded inside the pore surface. In the meantime a
large variety of new and highly interesting PMO materials
have been reported. A more comprehensive description can
be found in recent review articles.””’ To bring any desired
functional group to the surfaces, the corresponding silses-
quioxane precursors need to be synthesised first. Therefore,
it is challenging to develop multifunctional precursors that
can be transformed into a variety of functional entities at
the precursor state or even directly at the surfaces of the
mesoporous solid. Nice examples for such a multifunctional
system are PMOs with bridging ethylene, methylene or bro-
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mophenylene and the corresponding precursors.?>*?’! Eth-
ylene-bridged silica can react in bromination or Diels—Alder
reactions.>*! In our group we were able to achieve the
enantioselective, catalytic hydroboration of bis(trimethoxysi-
lyl)ethene followed by the preparation of a PMO materials
with chiral OH groups along the pore surfaces.’” Another
interesting system are PMO materials with bridging Si-CH,-
Si units.”*" Earlier, though not on PMO-materials, Corriu
showed that the precursor bis(triethoxysilyl)methane can be
deprotonated due to the negative hyperconjugation of the
molecular orbitals of the two C—H bonds with the antibond-
ing o* orbitals at the silicon atom. The resulting anion can
react with a variety of electrophiles according to nucleophil-
ic substitution reactions.”

In our group, we concentrated on a different system con-
taining a phenyl ring as a multifunctional entity.?) PMO
materials with bridging phenyl located along the pore surfa-
ces are very interesting, because it is possible to achieve
crystalline pore walls.”” While all other ordered mesoporous
silica and organosilica materials are amorphous, i interac-
tions between the phenyl rings can induce local ordering.
Furthermore, the thermal stability of the materials is very
high; under inert conditions they can be heated up to
~500°C and in the presence of oxygen up to ~380-400°C
without degradation. Further derivatisation of the phenyl
ring has also been reported, for example, sulfonation, ami-
nation, and conversion to amine-functionalised silica or the
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attachment organometallic complexes [-C{H,M(CO)s-].!

We became interested in the development of a system of
even greater chemical versatility, namely a PMO precursor
and resulting mesoporous material containing a bridging
bromophenyl entity (see Figure 1).*! From 1,5-bis(triisopro-
poxysilyl)-3-bromobenzene it is possible to synthesise a
mesoporous organosilica material though not with a highly
ordered pore system. The advantage of this system is that
the entire range of derivatisation chemistry known for halo-
genated aromatic compounds can now be applied in the
field of PMOs. Different functional groups can be attached
to the precursor or alternatively directly in the preformed
pore (Figure 1).”"! To date, porous matrices containing ben-
zoic-acid, aninilin, ketones, chiral benzylalcohols or even
styrene can be provided with this approach. Because each
of these building blocks can be further modified, it is possi-
ble to design the functional properties of the mesoporous
materials and their surfaces.

Pore-Size Adjustment

One blemish of the chemistry involved in the preparation of
mesoporous materials was that most of the obtained silica
structures were not discovered by planning, but more by ser-
endipity. Significant work has been devoted to gain more
control over the pore shape and size. There is, in principle,
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Figure 1. Left-hand side: The formation of a new PMO material from the multifunctional precursor 1,5-bis(triisopropoxysilyl)-3-bromobenzene is shown.
The organisation of the bridging organic groups in an amorphous silicate network determined by force-field calculations is indicated. Right-hand side:
The variety of PMO materials that can be prepared starting from 1,5-bis(triisopropoxysilyl)-3-bromobenzene as a precursor is shown.
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no limitation for accessible pore sizes in amorphous silica
materials.*” The amorphous silica in materials like MCM-41
is insignificantly less stable than the most stable form of
SiO,, crystalline quartz. This means that if a suitable experi-
mental path can be found to reach a certain pore size, then
the materials will be absolutely stable. Considering the re-
marks made about the synthesis of mesoporous materials, it
is straightforward to expect that the size of the template will
directly influence the size of pores. Consequently, three in-
dependent methods exist for pore-size adjustment:

1) The variation of the amphiphile size (especially the hy-
drophobic part). As larger amphiphilic molecules will
lead to larger self-assembled structures (lyotropic phases
with larger periodicities) there should be a correlation to
pore size.

2) Swelling of the lyotropic phase by addition of selective
solvents.

3) Change in reaction parameters like temperature or elec-
trolyte concentration.P!

All these methods include changes in the packing parame-
ter (V) of the amphiphile given in Equation (3), in which
v=volume of the hydrophobic chain; /=Ilength of the hy-
drophobic chain and a,=-effective area of the head group.

v

One way to change pore sizes is to vary the temperature
during the preparation of the material;""* the higher the
temperature, the larger the pores. Also the electrolyte con-
centration is an important factor.® A change in the electro-
lyte concentration changes the physical character of the
aqueous phase and due to interactions of the ions with the
ionic/polar head of the surfactant the head-group area.
Swelling of the lyotropic phase changes the volume of the
hydrophobic chain, which also is included in the packing pa-
rameter. Consequently, this can be used for pore-size expan-
sion.**#!l The dependence of the pore size on the length of
ammonia-based surfactants was demonstrated by the first by
Beck, Vartuli, Kresge et al.*1%-4

An investigation in our group on Brij surfactants C,(EO),
showed that this dependency also applies to non-ionic tem-
plates, but that in this case the length of the hydrophilic
chain influences the pore size as well.”} A quantitative rela-
tion between the size of the mesopore D, and the composi-
tion of the used block copolymer (length of hydrophobic
and hydrophilic block) was derived. It was shown that the
size of a pore depends, in principle, just on the average
number of monomer units in the self-assembled amphiphile
structure.” This average number can be simply varied if
one uses mixtures of amphiphiles (for instance a small and a
large surfactant) in different amounts. Besides the predic-
tion of pore sizes from the molecular composition, this is a
key-result as it is now possible to obtain every pore size be-
tween two borders determined by the “parent templates”.
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The use of liquid crystals of different non-ionic amphiphiles
ranging from cyclodextrins,*! alkyl-poly(ethylene oxide)
surfactants, poly(styrene)-poly(ethylene oxide) block co-
polymers, to poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) triblock copolymers allows the prepa-
ration of mesoporous materials with pore sizes ranging from
1.5nm to ~10 nm (see Figure 2c).**! Other groups could
even prepare porous materials with pores ~20 nm in diame-
ter.*) The mentioned range of pore sizes correlates to con-
fining volumes of several orders of magnitude as indicated
in Figure 2b.
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Figure 2. a) A representative TEM image of a mesoporous silica material
with a “wormhole” pore system. b) The range of accessible pore volumes.
c) DFT Pore-size distribution functions (cumulative pore-volumes) ob-
tained by N, physisorption measurements.

Pore Shapes

The pore shape appears to be of minor importance from the
viewpoint of molecular reactions occurring under spatial
confinement. It is not clear if a reaction is affected by CRFs
with same volume but different shapes. However, the situa-
tion changes when solid-phases are produced inside the
pores of a mesoporous material, because here the shape of
the resulting particles often resembles the size and morphol-
ogy of the pores. Good examples are the synthesis of nano-
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wires in cylindrical pores or the replication of the entire
pore system by carbon.”! The pore shape, which is also re-
lated to pore connectivity (criterion IV; Scheme 2) is also
very important in catalytic applications of porous materials.
In catalysis, 3D pore systems possess advantages due to the
better mass transport of reactants and products. Like the
pore size, the pore shape is also directly connected to the
morphology of the intermediate organic-inorganic lyotropic
phase. The morphology of a liquid-crystalline phase is
mainly concentration-dependent. At first, at low amphiphile
concentrations micelles are formed. As the amphiphile con-
centration increases, more micelles are present that, due to
their monodisperse size, pack into ordered arrays of differ-
ent symmetry. The use of micelles as templates leads to iso-
lated, spherical pores randomly distributed in the silica
matrix. Depending on the density of the surrounding matrix
it might be impossible to remove the template and to access
the pores. The templating of ordered arrays of spherical mi-
celles leads to spherical pores that are eventually connected
at the points at which the micelles touch (Figure 3c)."! De-
pending on the symmetry and the extend of micelle fusion,
different kinds of pores in the form of supercages and 3D
pore systems can be generated.!*”!

Silica-source
+

Amphiphile

v

Lyotropic phase
+
Network formation

v

Mesoporous
Material

Figure 3. Alternative pore shapes of silica materials. a) Gyroid phase in
MCM-48 (schematical image). Reprinted with permission from Chem.
Mater. 1996, 8, 1141. Copyright 1996, American Chemical Society. b) Cy-
lindrical, hexagonally aligned pores observed by SEM. Reprinted with
permission from Angew. Chem. 2003, 115, 2232; Angew. Chem. Int. Ed.
2003, 42, 2182 . Copyright 2003 Wiley-VCH. c) TEM-image of spherical
pores, densely packed. Reprinted with permission from Langmuir 2003,
19, 4455. Copyright 2003, American Chemical Society. d) Pores with
buckled cylinder morphology (schematical image). Reprinted with per-
mission from Langmuir 2000, 16, 8291. Copyright 2000, American Chem-
ical Society. ¢) TEM image of rectangular pores, Reprinted with permis-
sion from Non-Cryst. Solids 2005, 351, 2217. Copyright 2005 Elsevier.
f) TEM image of rectangular pores, Reprinted with permission from
Angew. Chem. 2000, 112, 4013; Angew. Chem. Int. Ed. 2000, 39, 3855.
Copyright 2000 Wiley-VCH
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At higher concentrations of amphiphiles, lyotropic phases
form with hexagonal symmetry containing cylindrical aggre-
gates. The use of the such structures as templates leads to
the formation of the well-known cylindrical pores reported
for MCM-41 or SBA-15 (Figure 3b).™ Due to differences
in the formation of mesoporous materials prepared accord-
ing to the true liquid-crystal-templating and synergistic co-
assembly mechanisms, pores with a honeycomb cross-section
have been reported for MCM-41.33% At higher amphi-
phile concentrations one typically finds lamellar structures,
and their use as templates should lead to 2D pores. Howev-
er, the resulting materials are only stable as long as the tem-
plate is not removed.’”!” In the transition region between
the cylindrical and lamellar phase, another highly interesting
pore structure is possible, the so-called minimal gyroid
shape (Figure 3a).’"*?l The addition of swelling agents
during the synthesis of the mesoporous silica material can
either lead to a pore-size expansion (see previous para-
graph) or it can change the morphology of the template
more or less dramatically. A nice example is the template
transition from a hexagonal, cylindrical shape, through buck-
led cylinders to an emulsion system caused by the successive
addition of trimethylbenzene to a lyotropic crystal of a Plur-
onic block copolymer as a template (Figure 3d).*! Interest-
ing effects can occur when the mesoporous material is pre-
pared as a thin film.’**¥ From a cylindrical phase the pores
can be contracted in such a way that an elliptical or rectan-
gular cross section results (Figure 3e).’>* When Kanemite
is used for the synthesis instead of the liquid silica source,
interestingly, mesoporous materials with square channels
could be obtained (Figure 3f).5")

Macroscopic Form

The first ordered mesoporous materials were prepared in
the form of powders that were precipitated from diluted sol-
utions.*'? The single mesoporous particles were typically
sized in the sub-micrometer domain and exhibited very un-
usual shapes.”) Due to their high potential in diverse appli-
cations a lot of research was devoted to the development of
mesoporous silica spheres. In the meantime, such materials
are available with sphere sizes ranging from several tenth of
nanometers to ~ 1 mm, most of them synthesised by a modi-
fied Stoeber process.*) Mesoporous silica materials with
1D and 2D extensions,* that is, fibres and films, respec-
tively, have also extensively studied. However, from the
viewpoint of performing chemistry under confined condi-
tions such shapes of mesoporous materials are not absolute-
ly suitable as CRFs. On the one hand it is preferable to
have a high number of confined processes happening at the
same time, on the other hand you have to make sure that
these processes take place exclusively inside the pores and
not in the volume between mesoporous particles. A macro-
scopic block, a so-called monolith, containing only the de-
sired mesoporous system and no additional porosity would
be ideally suited as a CRF. Although various reports on

Chem. Eur. J. 2008, 14, 9816—-9829


www.chemeurj.org

Nanoporous Materials

monoliths have been published, it is difficult to prepare a
porous monolith with the mentioned characteristics.>% Tt
is feasible to prepare a monolith with filled pores (with sol-
vent or template). A problem is to acquire empty pores. The
difficulties are not solely associated with an ordered pore
system, although here the template has to be removed prior
to drying. The same problems are encountered during the
synthesis of aerogels.”!! The problems are connected to the
interplay of increasing stiffness of the silica network during
condensation and the capillary stress created during drying.
At a certain point in the wet state, the silica matrix is not
flexible enough for deformation caused by the capillary
stress, but also not strong enough to avoid cracks. Therefore,
the monolith morphology can normally not be retained
under conditions of normal drying. Supercritical drying is re-
quired to obtain an ordered mesoporous monolith possess-
ing accessible pores after template removal by liquid-liquid
extraction and solvent exchange. On the other hand, granu-
lar monolithic silica materials have been reported by careful
calcination (see Figure 4).1°%! The disadvantage of such ma-
terials is that they possess only irregular shapes and some
cracks. However, the intrapore volume is much larger than
the external pore volume. Therefore, this last material fulfils
the criterion V indicated in Scheme 2.

Figure 4. Photographic image of the infiltration of a granular, mesopo-
rous silica monolith prepared by mild calcination with a liquid reactant
solution.

Features of chemical processes in CRFs

Influence on chemical equilibria: Considering basic thermo-
dynamic rules, it is evident that many physicochemical pro-
cesses will be affected by confinements. For instance, a CRF
can be regarded as a capillary with very small diameter. The
imposed curvature of a liquid meniscus in capillaries gives
rise to a Laplace pressure and consequently to a change in
vapour pressure of the confined liquid. Typically, the vapour
pressure of the liquid decreases with decreasing pore size.
The correlation between pore size and vapour pressure is
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based on Kelvin equation, which in a modified form is used
to determine pore-size distributions from physisorption
measurements.® It is much less evident that also other
phase transitions like freezing and melting or phase separa-
tions are influenced by spatial confinements.**®! However,
it was found for numerous systems that the melting point
decreases up to AT=70K depending on the confinement
strength.®%! It has to be noted that also melting-point de-
pression is a surface effect. Such surface effects are all char-
acterised by the same scaling law typical for the so-called
surface dispersion (F) and the fraction of atoms located at
the surface: Foc N""*ocr™! in which N=number of atoms;
r=particle radius.”” The function of the spatial confinement
is here to set an upper limit for the particle size 2r and to
introduce a new type of interface excess energy (wall-solid
Vws and wall-liquid y,; see also level I, Scheme 2). The first
aspect has been clearly shown even for inorganic nanoparti-
cles growing in confinement.*>* Due to quantum size ef-
fects, these particles may have special properties, for in-
stance in catalysis."”! Melting-point depression AT can de-
scribed by the Gibbs-Thomson Equation [Eq. (4)] in which
Va=molar volume and AH,_,,=melting enthalpy.

( ws w[) m
— W)V 4

Considering the Gibbs-Thomson equation, a positive
value for AT is possible if <y, that is, if the attractive
interaction between the pore surface and the solid phase is
stronger than with the liquid phase. However, there are
other confinement effects than solely changes in tempera-
ture that are possible for phase transitions. The temperature
range in which the phase transition occurs can broaden sig-
nificantly.”!! The reason is that phase transitions are cooper-
ative processes whilst the ensemble inside a CRF is very
small.l"”

Such a small ensemble situation can also influence the
crystallisation process directly. In some cases alternative
crystal phases, amorphous, glassy or even supercooled liquid
states for otherwise crystalline materials have been reported
in CRFs.™! A well-studied example is the crystallisation of
water in nanoporous silica materials. Here, co-existing ice
phases, that is, cubic and hexagonal, can be found." Fur-
thermore, while under standard conditions first-order phase
transitions are normal, under spatial confinement the situa-
tion can be more complicated. One possibility is a crystal-
to-hexatic phase transition prior to liquidification, which
means the melting of a crystal occurs in two-dimensions.[””
A small ensemble situation can also influence other chemi-
cal processes, which we would like to discuss in some detail
in the following paragraphs. Molecular equilibrium reactions
are of great interest for the investigation of confinement ef-
fects especially when they exhibit more than one possible
reaction path. A simple reaction of reactant A with reactant
B in equilibrium with a product C is considered in
Scheme 3. The number of potential reaction partners B that
species A might meet performing a random walk through
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Scheme 3. Confined versus non-confined reaction. Note that neither the
distribution nor the density of reactants has been changed on the right-
hand side. The grey line indicates a potential random-walk through the
system.

the volume is much higher under non-confined conditions in
comparison to the confined situation. Although the overall
concentration and distribution of molecules has not been
changed, the chance for finding a reaction partner has de-
creased.

The first reaction of the described type that we were in-
vestigating concerning the influence of a confining situation
was the formation of pyrene excimers.” Pyrene is a tetracy-
clic aromatic molecule (see Figure 5a) that can be excited
by light. The resulting excited pyrene can either relax by
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Figure 5. a) Scheme for the formation of pyrene excimers and the associ-

ated equilibrium. The light colour indicates that pyrene is in the excited

state. b) The fluorescence spectra for solutions of pyrene at a concentra-

tion of c=6x10molL"! in different solvents, infiltrated into a large

pore silica-material.
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fluorescence associated with three, well-defined fluorescence
signals I-III (see Figure 5b), or it can bind to an additional,
ground-state pyrene molecule forming the so-called excimer
complex (Figure 5a). The equilibrium between the mono-
meric pyrenes and the dimeric excimer complex can be ex-
pressed by the quotient of the two related fluorescence sig-
nals. To obtain a first impression about the role of pyrene—
silica interactions we investigated a solution of pyrene in dif-
ferent solvents, but of constant concentration. It is seen (Fig-
ure 5b) that in the nonpolar solvent heptane, excimer forma-
tion is suppressed completely. Under such conditions the
pyrene molecules are immobilised due to adsorption at the
SiO, walls; this demonstrates the pivotal importance of
guest-wall interactions in CRFs. Excimer formation is
simply suppressed by immobilisation, but not due to a con-
finement effect. The adhesion of pyrene on the silica walls
can be prohibited when a solvent with similar polarity to the
silica surface (like butanol) is used.” Solutions of pyrene in
butanol with different concentrations have been infiltrated
into mesoporous silica materials possessing different pore
sizes. The fluorescence measurements were referenced to
non-confined solutions of pyrene in butanol.

In all cases it is seen that the excimer signal is significant-
ly lower after infiltration (see Figure 5b). Furthermore, the
smaller the pores get, the smaller the value for the “equilib-
rium coefficient” [exyJimony (€Xc=excimer, mon=momer)
becomes and the more the equilibrium is shifted to the side
of the monomeric species. To understand this effect in more
detail, it should be noted that the average number of pyrene
molecules N, is given by the average pore volume and the
pyrene concentration [see Eq.(2)]. A plot of IyTimon)
against N, is shown in Figure 6a. It is seen that all the ex-
perimental points lie on one curve, despite the fact that dif-
ferent materials with different pore sizes have been used.
The curve can be described by the following model: How
high is the probability for accidently finding two pyrene
molecules in one pore, provided that the pyrene molecules
at a particular concentration are randomly allocated into a
large number of pores? The answer is the Poisson distribu-
tion function also shown in Figure 6a. This result indicates
that in CRFs the pyrene equilibrium is dictated solely by
statistic factors, by the coincidental number of pyrene mole-
cules per pore. Interestingly, this has notable implications
beyond the partial suppression of excimer formation.

It is possible to determine thermodynamic parameters for
the pyrene—excimer system (AG.., AH.. and AS..) by
using methods described in the literature by Stevens and
Ban.™ The enthalpy AH,,. was calculated by a plot of In-
(Ixom) against T~ (see Figure 6b). Then, AS,, was deter-
mined. The difference between the enthalpies for excimer
formation for the non-confined in comparison to the con-
fined situation seems to depend linearly on the CRF diame-
ter (Figure 6b). For large pores above 9 nm there is only a
small difference to the value expected for the non-confined
situation. However, in very small pores the value for AH,
differs significantly. The fact that AH,,. does not scale with
the surface dispersion (oxr') is a clear indication that the
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Figure 6. a) The dependence of the relative flourescence intensity /iy
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the reaction enthalpy on pore size (grey). Life-time measurements of
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conditions; no confinement (light grey), medium confinement (grey;
Dcrp=28nm) and strong confinement (black; Dcgp=2 nm).
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observed effects are caused by the restricted volume. Calcu-
lating the entropy for this process from the intercept in Fig-
ure 6b, an apparent change from AS,,.=—37 JK 'mol™! for
the normal solution to AS.,.=—205JK 'mol~ for a 5.0 nm
confinement is found. In Figure 6a we can see that the prob-
ability for excimer formation is altered due to the confine-
ment to the porous host. From this perspective, and taking
into consideration that the equilibrium is shifted towards
less excimer formation due to the confinement, it is no
longer surprising that the entropy values are also altered.
The change of the values of the thermodynamic state func-
tions appears to be strange at first sight, but several points
have to be taken into account. It was shown that in the cur-
rent situation we are dealing with a very small ensemble of
pyrene molecules (Figure 6a). A classical thermodynamic
treatment does not account for this situation. On other
small ensemble systems the description “break-down of
thermodynamics” has been used.”? However, the situation
in silica mesopores is somewhat similar to the microcanoni-
cal ensemble situation, which is well described in statistical
thermodynamics. In the microcanonical ensemble, the entro-
py depends directly on the probability for a particular mi-
crostate p, [Eq. (5)].

§= ZS pslnpg (5)

Changes in typical equilibrium parameters have also been
reported for other systems. It is interesting to note that the
enatiomeric excess (ee) of a reaction catalysed by a molecu-
lar catalyst immobilised at the surfaces of a mesoporous
silica host might be pore-size dependent. In the case of an
enantioselective, hydrogenation catalyst, the increase in ee
value was rationalised in such a way that the proximity of
the curved surface enhanced the stereospecific induction of
the chiral ligand attached to the organometallic Rh com-
plex.™ However, it should also be considered that spatial
confinements might influence the electronic systems of
guests directly. For zeolites it is known that such effects are
induced on the one hand by strong electrostatic fields,®!
and on the other hand by pure confinement.®! Although
the pore size of MCM-41 is significantly larger than for zeo-
lites, the effect of the confinement on the electronic system
of a zinc-phenanthroline complex was reported.*”

Influence on Kinetics

So far nothing was said about the kinetics of chemical pro-
cesses in CRFs. It is informative to return to the model
system discussed above, pyrene molecules confined to silica
mesopores. Lifetime measurements indicate that excited
states under confinement relax much slower than in the free
system (see Figure 6¢,d). The energy once inserted into the
system can not be dispersed so easily into Boltzmann distri-
bution. Therefore, it is reasonable that the lifetime of a
single pyrene monomer differs very much in different pore
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systems (Figure 6¢). It can also be seen that a pore size of
8-9 nm imposes practically no significant confinement on
the system. Very strong confinements can be found for CRF
sizes below 3 nm, which is in agreement with studies per-
formed on other systems.*®"#1 The longer persistence of
excited states can also bee seen on other occasions. If one
follows the decomposition of guests located inside silica
mesopores using TGA, one frequently finds that the impor-
tant decomposition steps are shifted towards lower tempera-
tures.?*** This virtual decrease in activation barrier can
be explained by activated states that have a longer lifetime.
Thus, a higher probability for the reaction is given in CRFs
in comparison to non-confined reference systems. However,
one has to be careful with such a simple interpretation. It is
more likely to distinguish two cases: 1) that in which there
are no appropriate reaction partners present in the CRF to
react with the excited species and 2) that in which appropri-
ate reaction partners are present. Imagine reactive radical
species as key intermediates in a particular chemical reac-
tion. In silica pores, in the absence of suitable reaction part-
ners, the stability of the radicals is much higher, also be-
cause they cannot recombine with other radicals. There
were several reports describing the enhanced stability of
radicals in silica mesopores studied by EPR spectroscopy,
for instance during polymerisation reactions,®! on surface-
confined ketyl radicals®! and during photoinduced charge
separation.’”! However, in the opposite case, if suitable reac-
tion partners are present, the chances for a reaction of these
partners are greatly enhanced inside a CRF. This last type
of behaviour was demonstrated in a very elegant study in
2005; HO" radicals were generated by radiolysis and were
then trapped by the profluorescent compound coumarin.®
The reaction with coumarin competes with the reaction of
hydroxyl radicals with each other and the reaction of hy-
droxyl radicals with the pore-surface silanol groups. The au-
thors were able to show that under the described conditions
there is a significant enhancement for the reaction of the
radicals./®

Furthermore, the acceleration of chemical reactions plays
only a role as long as diffusion through the pore system
does not become the dominant factor. It was already men-
tioned in a previous paragraph that diffusion into the pore
system and outside from the pore system in the case of
porous materials is unavoidable to fill and empty the pores.
Several studies on mobility of guests inside porous materials
support the assumption that the diffusion coefficients in
CRFs can be significantly smaller.’” The translational
motion of water in MCM-41 was studied by neutron-scatter-
ing techniques.’” Interesting results have been obtained.
Not only was the mobility significantly reduced in the CRF,
the diffusion showed an Arrhenius type of temperature de-
pendence, unlike bulk water.”**'l An impressive study on
diffusion in mesoporous hosts was presented by Bein
et al.’ The authors were able to identify specific regions of
a thin mesoporous film, because they were marked with
polystyrene spheres and gold colloids. As a result the move-
ment of single-molecule probes could be followed by fluo-
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rescence microscopy mapping, which was then correlated
with the pore structure known from TEM measurements re-
corded at the same position. The authors proved that the
shape of the pores determines the mobility of the guests.”
The movement was unidirectional in cylindrical channels.
Furthermore, detailed statements were made about the
change in dynamic properties at defects in the porous
framework.

Reduced diffusion not only makes the reaction slower, it
can also change the reaction order. To study the influence of
CREFs on kinetics experimentally, we used mesoporous silica
materials possessing different pore sizes and loaded them
with molybdenum trioxide (M0Q5)."® The reduction of the
MoO; was achieved by the infiltration of an aqueous solu-
tion of hydrazinium sulfate. This allowed us to monitor the
reaction by UV/Vis and EPR spectroscopy because Mo" is
blue and paramagnetic (d' system). At high concentrations
of hydrazinium salt, the reaction rate can be expressed as
Equation (6) in which y(Mo"") is the mole-fraction of the
Mo"! centres.

VI

dX(I\C:IO ) _ _k/X(MOVl)n (6)
t

A plot of In(y(Mo"")) against the time ¢ is informative re-
garding the order of the reaction n. The corresponding plot
is shown in Figure 7 for a mesoporous silica material with
small pores (strong confinement) and a material with large
pores (weaker confinement). The relationship In(y(Mo""))
against time is almost linear for strong confinement condi-
tions, indicating a first-order kinetic. Under weak confine-
ment, the reaction is much more complex and practically
identical to the non-confined state. The strong impact on ki-
netics was also verified by Monte-Carlo simulations on gen-
eral reactions of the type reactant A +reactant B.** In rare
cases the two confinement effects (acceleration and reaction
rate reduction) interfere with each other and a maximum at
medium pore sizes is realised. An example is the activity of
a surface-bound 1-phospha-3,6-diphenyl-4,5-dimethyl-2-tri-
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Figure 7. Kinetic plots for the reduction of MoO;-confined mesoporous
silica materials with different pore sizes (D,~2 nm (triangles), D,~5 nm
(squares)).!
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ethoxysilylnorbornadienerhodium(I) complex; the hydroge-
nation reaction of post-functionalised 1-hexene reached a
maximum at intermediate pore sizes of ~5 nm.

Conclusion

The investigation of chemical processes composed of a small
ensemble of reactants is very interesting and delivers some
surprising results; different methods exist to obtain such en-
sembles. Among them, the approach to divide a macroscop-
ic volume into nanoscaled compartments by using porous,
inorganic materials appears to be very promising. One of
the many advantages of solid, inorganic, porous materials is
that they can be operated as CRFs with practically every
solvent, and in a very wide temperature (=~550°C for
normal silica materials) and pressure range. It was demon-
strated that is possible to adjust the properties of porous in-
organic solids on various length scales. In the meantime it is
possible to modify the surfaces of such materials in such a
way that the interaction with guests inside the pores can be
adjusted precisely. Here the target-oriented synthesis of
mesoporous organosilica materials is of particular impor-
tance. Porous materials with narrow pore-size distributions
can be produced in the pore-size range of ~2-20 nm with
suitable lyotropic phases as templates. Different pore shapes
have been reported, and the materials can be obtained with
different macroscopic morphology. Ultimately, monolithic
materials are accessible, macroscopic objects avoiding unde-
sired volumes other than the pore volume. The field of
OMMs has evidently reached a very high level. However, it
seems that the developments highlighted in the current
paper regarding surface modification, pore sizes, pore
shapes and macroscopic appearance are viewed separately
from one another. From the viewpoint of CRFs, a remain-
ing, major challenge is to bring all these features together.

It could be shown that chemistry in confining reaction
fields is indeed different from the respective, non-confined
cases. Some general trends can be concluded. Matter inside
a CRF is automatically forced into a state in which the ratio
of surface species to volume becomes a dominating factor.
This and the additional interactions with the surfaces of the
pore walls lead to a significant change in basic processes de-
termined by thermodynamics, for example, all different
kinds of phase-transitions. Even when surface effects do not
play a dominant role, CRFs influence equilibrium processes
whenever intra- and intermolecular pathways compete. It
seems that the statistical number of reactants per CRF
(Ncgp) determines the chemical behaviour. When Negp <2,
intermolecular reactions are repelled. As a consequence of
this it is found that excited states possess a longer lifetime in
comparison to non-confined conditions. On the other hand,
for Negp>2 it can even come to an enhancement of the
product of the intermolecular process. Furthermore, diffu-
sion in porous matrices is hindered. The restricted mobility
of reactants in CRFs can alter the kinetics of chemical pro-
cesses.
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Summarising, one can say that the interaction of guests
with the CRF wall is of pivotal importance, and that a CRF
diameter of ~2-5 nm is very effective. Weak confinement is
realised in CRFs with diameter 4-7 nm. Above this size con-
finement effects are only of minor importance.
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