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The adsorption of water in the mesoporous silica material with cylindrical pores of
uniform diameter, Controlled Pore Glass 10-75 (CPG), was studied by *H-MAS solid
state NMR spectroscopy. From the NMR spectra it is evident that inside the mesopores of
the silica different water environments exist, which are characterized by their individual
chemical shift. All observed hydrogen atoms are either surface —SiOH groups or hydrogen
bonded water molecules. It is found that there exist some stronger bound water molecules
on the surface which are not removable even by heating at a vacuum pump. As a tentative
assignment these water molecules are attributed to surface defects or inaccessible cavities
in the CPG 10-75. At intermediate water filling levels, the principal signal is a single
NMR line with continuously varying chemical shift. This finding is interpreted as the
result of a radial water filling mechanism. That is, the filling of the pore grows from the
pore surface towards the pore axis. Finally it is shown that water is a sensor for surface
and structural inhomogeneity and that a coexistence of inner pore and outer bulk water
exists in the system.

1. Introduction

Silica materials with large surfaces are important technical materials for filter-
ing processes in food technology. In particular they are employed to remove
unwanted proteins from aqueous-protein solutions while leaving the desired
proteins. Until now, the application of these silica materials is based on a purely
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empirical basis. Understanding the interactions of the protein with the sil-
ica surface could greatly help in designing more efficient surface morpholo-
gies. Since water is the solvent which mediates the interaction of the protein
with the surface, the first steps in the characterization of the surface protein
interactions are studies of the interaction of water with both silica and pro-
teins. In a previous work we therefore characterized water in well defined
silica materials which allows a deep understanding of the interactions on the
molecular level [1,2]. In the present work we compare these results to the
behavior of water in a less ordered and thus less well defined porous sil-
ica glass, which is expected to be more inhomogenous and thus more close
to technical materials. With these experiments we want to see, to which ex-
tend the results from the ordered materials can be transferred to the technical
materials.

Water is the primary solvent for most naturally occurring chemical and
biological reactions. The special physical and solvent properties of the water
stem largely from its extraordinary internal cohesiveness, compared to most
other liquids of similar molecular weights. This cohesiveness is mainly the
result of the water molecules high polarity and their ability to form hydro-
gen bonded networks among themselves, as for example in the frozen phase
or in the bulk liquid phase. In restricted geometries the water molecules can
also interact with the surfaces through hydrophobic and hydrophilic interac-
tions and hydrogen bond interactions; hence there is a competition between the
surface-liquid and liquid-liquid interactions. This competition can lead to in-
teresting new structures of the water, which are not observed in bulk water. In
particular often at least partial ordering of the water molecules in the vicin-
ity of the confining surface is found. Important examples of such systems are
water molecules enclosed in porous media like zeolites [3] or cements [4], or
water molecules in hydration shells of proteins [5—11]. Specifically, the exis-
tence of two kinds of water in pores, free water in the center of the pore, and
bound water near the pore surface, has been established by a variety of ex-
perimental techniques [3, 12—-22]. Recently such surface and core water phases
were observed by *H-MAS solid state NMR spectroscopy in mesoporous silica
materials MCM-41 [23] and SBA-15 [24] with parallel arrangement of cylin-
drical pores [1]. There a dependence of the pore filling mechanism on the pore
diameter was found. Besides the interesting application potential for techni-
cal processes these materials are also powerful NMR models for the study of
surface—fluid interactions [1, 2, 25-29].

In the present work we study water as a guest molecule in the mesopores
of a Controlled Pore Glass (CPG). This material constitutes an amorphous net-
work of pores of uniform size in a range between 4 and 10% nm [30]. Due to
their wide range of available pore sizes they are very versatile molecular sieves.
The pore cross sections of the Controlled Pore Glass are approximately circu-
lar and therefore are thought of as having roughly cylindrical pores. They are
prepared by a spinodal decomposition process that involves quenching a liquid
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mixture of oxides into the two-liquid-phase region. The pore size is determined
by the time at which the quenched mixture is kept at an intermediate tempera-
ture, before the final quench to room temperature. Such glasses have a narrow
distribution of pore diameters, and have been widely used in experimental stud-
ies. The interpretation of such experimental results has often relied on models
in which the pore structure is presented by a set of straight, cylindrical, non-
connected pores having a range of diameters. However, electron micrographs
of these glasses [31] show a sponge-like networked structure with winding
pores, and simple straight cylinder models of these materials do not capture
some important confinement effects.

Analyzing water structures inside the porous space can provide a detailed
understanding the water—surface interaction on the molecular level and this
knowledge may help later in studying the interactions of these surfaces with
biological molecules. For this analysis a molecular observable must be studied,
which is sensitive to the structure and binding of individual water molecules.
In the present work the *H-chemical shift of the water molecules is employed
as such an observable. Its value depends strongly on the structural and dy-
namical properties of the hydrogen atoms. Since the observed phases are often
ordered, i.e. anisotropic, one can expect at least some residual anisotropy in
the NMR parameters that contributes to the line-width of the observed spec-
trum.

The line-width of an NMR signal depends strongly on the microscopic en-
vironment of the nucleus under study. Interactions such as the chemical shift
and dipole-dipole coupling between neighboring spins are anisotropic and im-
pose a dependence on the NMR frequency based on the orientation of the spin
or molecule with respect to the main magnetic field direction.

In liquid samples the fast isotropic motion of the molecules averages the
anisotropic interactions, resulting in an isotropic chemical shift frequency and
removal of the line broadening due to dipolar coupling. In solid samples on the
other hand, the lack of molecular mobility results in broad lines. These inter-
actions can be averaged out by spinning the sample at the magic angle with
the direction of the external magnetic field (MAS-NMR). Therefore the hetero-
geneous system of water—Controlled Pore Glass is studied by *H-MAS-NMR
spectroscopy.

2. Experimental section
2.1 Sample preparation

The Controlled Pore Glass (CPG 10-75) material supplied by Fluka consists of
an interconnected pore network with a narrow pore size distribution (average
Ar < 0.5nm) and an average pore diameter of 10.3 nm. The specific surface
area (after Brunauer, Emmett, Teller characterization, BET) of CPG 10-75 is
182 m?/g and the specific pore volume is 0.47 cm®/g. Any organic impurities
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and physisorbed water in the samples were removed by storing them in con-
centrated H,SO, for three days, followed by Soxhlet extraction with de-ionized
water for two days and heating at 150 °C at 10~ mbar for 24 h. CPG 10-75 was
loaded into a 4 mm o.d. NMR rotor to a height of ca. 1 cm. The sample was
heated under vacuum during 24 h using a vacuum line to remove any moisture
from the tube walls and the silica, then filled with argon and weighed on an
analytical balance (METTLER) with an accuracy of £0.05 mg. The obtained
weight (35.55+0.05 mg) and the specific characteristic of the pore volume
were used for the determination of the total pore volume in the sample. Then
the defined amount of normal water (H,O) was added to the sample employ-
ing a syringe, the sample was weighed and left for a few hours to achieve
saturation of the pores by water. The removal of water was realized by two
different ways depending on water amount in the silica. At high water con-
tents the sample was simply heated with a heat gun for a few minutes for water
evaporation. At low water contents the sample was placed into a vacuum line
to actively pump out the water confined in the silica pores or adsorbed on the
pore walls. The amount of removed water was controlled by temperature and
time of the pumping process. After this procedure the *H-MAS-NMR spec-
trum as a function of the pore filling was measured. The sample was weighed
before and after each experiment to ensure that no water losses took place
during the measurements. For the *H-NMR experiment the rotor was closed
with a rotor cap, which seals the rotor sufficiently tight to prevent the evap-
oration of the water during the *H-NMR measurements. Then the controlled
amount of water was removed, the sample weighed and the *H-NMR spec-
trum was recorded. This procedure was repeated until a sole line at 1.74 ppm
appeared in the spectrum and its intensity has not decreased, which is char-
acteristic for surface silanol groups. Precise data of the samples are given
in Table 1.

2.2 'H-solid-state-NM R-spectroscopy

All *H-NMR measurements were performed on a solid state NMR spec-
trometer, operating at 7 Tesla, equipped with a Bruker 4 mm single reson-
ance *H-CRAMPS probe. The room temperature magic angle spinning (MAS,
10000 Hz) NMR experiments were performed employing a one-90°-pulse se-
guence with a full CYCLOPS phase cycling. 90°-pulse length was 3.9 us and
the sweep width was 200 kHz. All *H-NMR chemical shift values are ref-
erenced to the signal from TMS. Before the *H-NMR experiment of each
sample TMS was measured as an external standard. The recycling delay time
was determined by the water longitudinal relaxation time. Because the re-
laxation time depends strongly on water content in the pores, the recycle
delay time decreased from 10s in saturated samples to 1s in the unsaturated
samples.
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Tablel. Water content in the CPG 10-75: The first column shows the identifier for each
sample (see the spectra in Fig. 1), n(H,O) and V are the estimated number of H,O
molecules on the surface per nm? and the content of H,O in pore volume (calculated with
respect to the specific surface area S, and the specific pore volume V,, correspondingly).
The last column shows the mass of water in each sample. The percentage values give the
nominal filling of the sample. In the experiments it is shown that part of the pore volume
is inaccessible to water.

sample n (H,0), pro nm? V, % m, mg
a 104.5 134.0 20.0
b 67.3 86.3 12.9
c 16.4 20.9 31
d 13.7 17.6 2.6
e 25 3.2 0.5
f 0.8 1.0 0.1
g < 0.05 < 0.05 0.0

3. Resultsand discussions
3.1 Experimental results

Figure 1 displays the *H-MAS-NMR spectra of water in CPG 10-75 for dif-
ferent water contents recorded at a MAS frequency of 10 kHz. All presented
spectra are normalized to their maximal intensity. The spectra, in general,
exhibit several resolved lines with typical line-widths of (0.2-0.7) ppm. The
'H-MAS-NMR spectrum which was measured after drying on the vacuum
line (g) exhibits a single line at § = 1.74 ppm. This single line is labeled as 1.
However, even in the nominally completely dried sample some spectral inten-
sity between two and three ppm is observed. To remove the remaining water
the sample was additionally dried for 48 h at 100 °C on the vacuum line. The
!H-MAS-NMR spectrum (not shown here) measured after that did not reveal
a decrease of spectral intensity. This is evidence for residual water molecules,
which are probably stuck in the pore defects and hydrogen bonded to silica
surface. Figure 1 (f) displays the spectrum with the lowest water content of
1.0% nominal. Here the spectrum is still dominated by I, but an increase of the
line-width and a slight low field shift to 1.78 ppm are observed. Additionally
a low field shoulder of the line with a broad distribution of spectral frequen-
cies from two to four ppm (I1) and a high field peak of the small intensity at
0.88 ppm (I11) are visible. Upon further increase of the water content to 3.2%
nominal (€) the broadening of the 1.78 ppm line continues and a slight shift of
the peak (111) to 0.91 ppm is observed. The lower field shoulder Il grows up to
a single line at 3.0 ppm that finally starts to dominate the spectrum (d) in the
sample with 17.6% nominal water. Upon further increase of the water content
to 20.0% nominal (c) the line (11) is broadened and low field shifted to 3.2 ppm.
The spectrum is accompanied by two peaks with small intensity at 1.26 ppm
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Fig. 1. Experimental *H-MAS solid state NMR spectra (10 kHz) of water in CPG 10-75 at
variable water content. The letters refer to Table 1.

and 0.80 ppm. In the spectrum with 86.3% nominal water filling (b) a new sig-
nal appears at 4.9 ppm (1V), while two high field peaks with small intensity
(1'11) are shifted to 1.79 ppm and 1.39 ppm. The spectrum (a) from an over-
loaded sample with 134% nominal water content represents a superposition of
two lines: The signal 1Va shifted to 5.0 ppm and the signal at 5.3 ppm (1Vb)
with dominating intensity. In addition to these relatively narrow lines a broad
background signal, which covers the whole range from 1 ppm to 8 ppm is visi-
ble in the spectra (b)—(e) exhibiting a maximal intensity in the spectrum (c).

3.2 Discussion

From the NMR spectra shown above it is evident that inside the silica pores dif-
ferent water environments exist. They can be characterized by their apparent
chemical shift, which is caused by the interplay of the individual chemical shift
values of the different protons and the chemical exchange of the protons. In the
following the experimental results are discussed with respect to the water struc-
tures inside the pore space. Figure 2 displays the different possible scenarios of
water molecules hydrogen bonded to the silica surface or among each other or
free. Each scenario is characterized by an individual *H-chemical shift. While
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Fig. 2. Overview of possible —OH groups in the water/silica samples and the correspond-
ing chemical shifts in ppm (TMS). Upper row: chemical shifts of the constituents of
monomeric water, water clusters and silanol groups. Lower row: chemical shifts (adapted
from Refs. [1, 32, 35]) observed in various hydrogen bonding scenarios.

in principle these *H-chemical shifts are unique for a defined structure of the
water interacting with the surface and other water molecules, in practice it must
be taken into account that dynamic exchange effects like molecular reorienta-
tions of the water molecules, rotations of the surface —SiOH groups and proton
transfer can and in general will cause changes of these chemical shifts that
lead to complete or full averaging of the line positions. Nevertheless it is still
possible to distinguish between different environments and thus determine the
relative amounts of the individual species by virtue of the *H-chemical shift, as
discussed by Griinberg et al. [1].

Employing this chemical shift information the results of water in CPG
10-75 are discussed. In the dried sample (Fig. 1g) only a single resonance at
8 = 1.74 ppm is observed. Comparing this value to the chemical shift of —SiOH
protons in MCM-41 (8 = 1.75 ppm) [32], it is evident that this signal can be at-
tributed to free surface —SiOH protons. The presence of the background line at
around 2 ppm in nominally dry sample shows that not all water molecules are
removable from CPG 10-75. That means that there is strongly bound water in
the pores, for example due to structural inhomogeneities or structural defects,
respectively water molecules confined in inaccessible places.

This finding can be compared with the mesoporous silica materials SBA-15
and MCM-41 studied by Griinberg et al. [1]. For comparison the correspond-
ing spectra are reproduced below (Fig. 3). There it has been shown that in
well ordered MCM-41 with a pore diameter of 3.3 nm all water molecules can
be easily removed on a vacuum line by moderately heating the sample with
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Fig. 3. Experimental *H-MAS solid state NMR spectra (10 kHz) of water in MCM-41 and
SBA-15 (adapted from Ref. [1]).

a heat gun. This is obvious from the *H-NMR spectrum exhibiting a single
line at 1.74 ppm. In contrast to MCM-41, in SBA-15 sample with a pore diam-
eter of 8.0 nm such a procedure did not cause a complete removal of all water
from the pores, while only the drying on the vacuum line at 120 °C during
24 h removed the remaining water from the sample. Thus the SBA-15 sam-
ple exhibits some kind of structural inhomogeneities which cause a stronger
binding or trapping of water molecules. This observation is corroborated by
the investigation of the surface roughness of SBA-15 and MCM-41 carried
out by Shenderovich et al. [33]. In this work a fast rotational diffusion, com-
bined with a surface hopping of the *N and para-2H labeled pyridine molecules
on the surfaces of the pores was observed. These combined motions cause
a motional averaging of the **N chemical shift anisotropy and ?H quadrupolar
tensors of the molecule. While in the case of SBA-15 a complete averag-
ing to an isotropic line was observed, residual anisotropy has remained in
MCM-41. The full averaging observed in SBA-15 is only possible in case
of a surface with considerable roughness, owing to the presence of structural
defects.

Since the general chemical and crystalline structures of MCM-41 and
SBA-15 are very similar with respect to the hydrogen bonding of the water
molecules to the surface, these structural defects are the main difference be-
tween MCM-41 and SBA-15. Thus one can conclude that they are responsible
for the trapping of the strongly bound water molecules on the surfaces.

In the case of the CPG 10-75 the remaining water is observed in the
nominally dried sample, which leads to conclusion about considerable surface
roughness of the CPG material. In comparison to SBA-15 even a longer ther-
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mal treatment of the CPG under vacuum does not provide an absolute removal
of water from the sample. That means that there is not only the structural sur-
face inhomogeneity, but also trapping sites that keep the water molecules. The
most probable sources for such traps are microdefects with diameters much
smaller than the average pore diameter. Therefore the confined molecules can
not be easily removed from CPG 10-75.

Comparing the observed chemical shifts of the water signals at low fill-
ing levels (2.0 ppm-3.2 ppm) with the values given for the possible chemical
shifts of ~OH groups (see Fig. 2), it is evident that none of these shifts matches
the observed shift. From this it follows that the observed shift is the result of
the weighted averaging between different water species, caused by fast chem-
ical exchange among them and consequently, all water molecules contribute to
hydrogen bonds.

The average distance between surface —OH groups can be estimated from
their surface densities. The number of —OH groups per surface unit for the
CPG material to the best of our knowledge is not known. This value is sup-
posed to depend strongly on the manufacturing process of the sample and
to vary with calcination temperature and other conditions. But knowing the
surface densities [1, 33], Noy &~ 3nm=2 for MCM-41 and ngy ~ 3.7 nm~2 for
SBA-15 the averaged distance between surface —OH groups can be estimated
as 0.58 nm and 0.52 nm, respectively. These average distances are too large
to be bridged by a single, hydrogen bonded water molecule. In other words
only one of the two water protons can be in a hydrogen bond with surface
—OH groups in a given moment. Since both water protons are found to be
magnetically equivalent it follows that they are in fast exchange. The assump-
tion of (i) fast exchange of only the two water protons and (ii) a fixed —-SiOH
... OH, hydrogen bond would give a line of the water protons at (1.5 ppm +
5.5 ppm)/2 = 3.5 ppm. Since the observed line of the water proton is below
3 ppm for low filling factors one can conclude that a more complicated ex-
change process, which involves the proton of the —SiOH group occurs. The
simplest mechanism is the mutual exchange of the two water protons with the
—SiOH proton.

Assuming a symmetric exchange between all three positions, such an
exchange process would cause an average line at (1.5ppm + 1.75ppm +
5.5 ppm)/3 = 2.9 ppm for configuration (d) (Fig. 2) and (1.5 ppm + 1.5 ppm
+ 5.5ppm)/3 = 2.8 ppm for configuration (€) (Fig. 2), which are closer to
the experimentally observed chemical shifts. In practice one can assume
that this process is not a simple chemical exchange of the three protons
but a surface hopping of the water molecule, which is accompanied by
the formation and breaking of covalent —OH bonds and O...H hydrogen
bonds.

Upon further increase of the water content two processes start: on the one
hand the average of the line is low field shifted towards the chemical shift
values of water clusters and on the other hand the number of free surface
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—SiOH groups is reduced, which is visible as a decline in the intensity of
the 1.74 ppm line. At water content of 17.6% nominal, which corresponds to
ca. 13.7 water molecules per square nm, the line intensity of the surface —-SiOH
groups in the CPG 10-75 is significantly reduced and in the sample with 20.9 %
nominal water content corresponding to ca. 16.4 water particles per surface
unit has practically completely disappeared. This calculated SiOH surface den-
sities exceed significantly the surface density characteristics of SBA-15 and
MCM-41 determined by us from *H- and **N-NMR and in other silica mate-
rials, determined by thermographimetric analysis [34]. This shows that in the
case of CPG, the water does not homogeneously absorb on the inner surfaces
before filling the pores, as in SBA-15 and MCM-41. Instead an inhomogeneous
distribution of adsorption sites, core water and outer bulk water (see below) is
present. This distribution is visible in the broad signal in the spectra ranging
from ca 6 ppm to 3 ppm. In principle a measurement of the absolute density
of SiOH groups in this material would necessitate the adsorption of pyridine,
where silanol bound pyridine is distinguishable from bulk pyridine by virtue of
the N-chemical shift [33].

Upon further increase of the water content the network of hydrogen bonded
—OH groups is shifted towards lower field, which is caused by the higher mole
fraction of water molecules. The position of the *H-NMR signal is gradually
changed from 2.92 ppm at 1% nominal water content to 3.22 ppm at 20% nom-
inal water content. This systematic low field shift of the line as a function of
the water content is interpreted as a preferential layer wise growth of the wa-
ter layer on the surface. The similar mechanism of water filling is found in
SBA-15, while in MCM-41 one has a bimodal distribution of the thickness of
the water layer on the surface, due to the coexistence of filled pores and pores
where only the surface is covered with water [1]. There the different pore fill-
ing mechanisms were explained by the difference of the pore diameters of these
materials. The larger pore diameters of 8.0 nm (in SBA-15) and of 10.3 nm (in
CPG 10-75) give rise to a distribution of the thickness of the water layer on
the inner pore surfaces, while the narrower pore diameter of MCM-41 (3.3 nm)
promotes another mechanism of the pore filling, where completely filled pores
or pore regions coexist with pores, where only the silica surface is covered with
water.

The proposed filling mechanism for the CPG is sketched in Fig. 4. After the
initial wetting of the surface and filling of defect sites (left fragment in Fig. 4),
further filling occurs layerwise from the pore wall towards the center of the
pore (middle fragment in Fig. 4) until finally complete filling of the pores is
achieved (right fragment in Fig. 4). Upon further increase of the water content
the single line at 4.94 ppm is visible in the spectrum with 86% nominal wa-
ter content. This value lies between the value for free water clusters (5.5 ppm)
and the value caused by the exchange of the surface —OH groups. Therefore
this signal is attributed to the bulk water inside the pore channel, which is in
fast exchange on the NMR time scale with the water phase on the surface. In
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Fig. 4. Sketch of the proposed pore filling mechanism of CPG 10-75. Initially only the sur-
face and some defect sites are covered with water; later a radial growth towards the pore
axis is monitored.

the following this phase is called the core water. Upon closer inspection of the
line shape, a shoulder on the low-field side at 5.3 ppm is visible. Its origin is
discussed below.

Finally in the spectrum of the sample overloaded with water (134% nom-
inal water content) a single asymmetric line is found, which at deconvolution
gives two signals, a broad component centered at 5.0 ppm and a narrow com-
ponent at 5.3 ppm. The first broad component is attributed to the core water.
The narrow line at 5.3 ppm is attributed to water outside of the silica grains.
From the pore volume of the sample, the calculated water excess is 34% nom-
inal. Thus the integral intensity of this line should be only 34% nominal of the
integral intensity of the core water. The line shape analysis of the spectrum re-
veals that both lines have roughly the same integral, i.e. they correspond to the
same amount of water. Thus the amount of water outside the pores is a factor
of two larger than expected from the pore volume.

In principle there are two different interpretations for this finding: (i) In
the small pore diameter samples we always observed a complete filling of the
pores before noticeable amounts of bulk water outside the pores were observed.
If this would be also the case in the CPG sample the excess of outer water
compared to the core water would lead to the conclusion that part of the pore
volume of the CPG 10-75 is inaccessible to the water and thus not filled with
water molecules. From the excess intensity one would estimate that roughly
25% nominal of the pore volume is inaccessible to the water. (ii) Owing to the
larger pore width and the smaller specific pore surface the equilibrium ratio of
inner to outer water is shifted in favor of the outer bulk water.

Since an inaccessible pore volume of 25% is far too high to be reasonable,
we can exclude the first explanation. Thus it follows that complete pore fill-
ing is likely to be achieved only when the porous glass is totally immersed in
bulk water in CPG-10-75. This will happen probably also in other high diam-
eter silica. This conclusion explains also the presence of the low-field shoulder
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in the 86% nominal sample. Already here a substantial amount of free water
is outside the pores even so the accessible pore volume is not yet completely
filled.

In addition to the relatively narrow components of the core water, the
surface-monolayer and the outer water, a broad component with low intensity
covering the scale from 2 ppm to 8 ppm is observed in the spectra at intermedi-
ate water content. This broad component can be explained by several scenarios
of water binding, which are not mutually exclusive, namely (i) outer bulk and
surface water; (ii) strongly bound immobilized water molecules, where residual
dipolar interactions among the protons are too strong to be fully removed by
MAS; (iii) line broadening caused by chemical exchange between protons;
(iv) possible defect sites in the silica with distributions of chemical shifts, for
example due to the formation of water dimers or trimers inside these defects.

Finally, in all spectra, except the nominally dry sample, one or two very
weak lines between 0.8 ppm and 1.79 ppm are observed. The following facts
help to attribute them: (i) their positions are lower field shifted at increasing
water content in the CPG 10-75, (ii) these lines do not appear in the nomi-
nally dry sample and finally, (iii) their chemical shifts are close to the value
of monomeric water. Thus one can assume that these lines stem from the
molecules of water vapor occurring inside or outside the pores.

4. Summary and conclusion

The desorption of water in mesoporous silica material CPG 10-75 was studied
employing *H-MAS solid state NMR spectroscopy. Various NMR lines of -OH
hydrogen atoms are observed at different water contents in the pores. The as-
signment of the line positions to individual types of —OH hydrogen was done
by virtue of their chemical shift. All observed hydrogen atoms are either sur-
face —SiOH groups or hydrogen bonded water molecules. It is found that there
exist some stronger bound water molecules in the CPG 10-75, which are not re-
movable by heating at a vacuum pump. As a tentative assignment these water
molecules are attributed to surface defects or inaccessible cavities in the CPG
10-75. At intermediate filling levels a principal single line with continuously
varying chemical shift is observed. This leads to the conclusion that the filling
of the pore grows radially from the pore surface towards the pore axis, simi-
lar to the previously studied SBA-15. This result has important consequences
for catalytic applications of this material. Moreover it is shown that, owing to
the large pore diameter and lower surface area, already at moderate pore fill-
ing a substantial amount of outer bulk water is formed, which is in equilibrium
with the inner pore water. Finally it has been shown that water can be em-
ployed (i) to determine the surface density of —SiOH groups and (ii) as a sensor
for surface inhomogeneity. From these results two new questions arise, namely
if there are H/D isotope effects on the filling mechanisms and what is the tem-
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perature and pore diameter dependence of the pore condensation in the silica
pores. These questions are currently studied in our lab.

Finally our study shows that mainly the pore diameter is responsible for the
behavior of water inside the silica pores and thus well ordered silica materials
like SBA-15 are good model compounds for the study of less ordered silica, as
for example the technical silica materials employed in food processing.
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