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Hydrogen Bonding of Water Confined in Mesoporous Silica MCM-41 and
SBA-15 Studied by 'H Solid-State NMR

Bob Griinberg,"”! Thomas Emmler,”! Egbert Gedat,™ Ilja Shenderovich,!
Gerhard H. Findenegg," Hans-Heinrich Limbach,*'*! and Gerd Buntkowsky**

Abstract: The adsorption of water in
two mesoporous silica materials with
cylindrical pores of uniform diameter,
MCM-41 and SBA-15, was studied by
'"H MAS (MAS =magic angle spinning)
and static solid-state NMR spectrosco-
py. All observed hydrogen atoms are
either surface —SiOH groups or hydro-
gen-bonded water molecules. Unlike

15 is observed. Water molecules in
MCM-41 exhibit a bimodal line distri-
bution of chemical shifts, with one
peak at the position of inner-bulk
water, and the second peak at the posi-
tion of water molecules in fast ex-
change with surface —SiOH groups. In
SBA-15, a single line is observed that
shifts continuously as the pore filling is

increased. This result is attributed to a
different pore-filling mechanism for
the two silica materials. In MCM-41,
due to its small pore diameter
(3.3 nm), pore filling by pore condensa-
tion (axial-pore-filling mode) occurs at
a low relative pressure, corresponding
roughly to a single adsorbed monolay-
er. For SBA-15, owing to its larger

MCM-41, some strongly bound water
molecules exist at the inner surfaces of
SBA-15 that are assigned to surface de-
fects. At higher filling levels, a further
difference between MCM-41 and SBA-

Introduction

Water is the primary solvent for most naturally occurring
chemical and biological reactions. The special physical prop-
erties of water stem largely from its extraordinary internal
cohesiveness, compared with most other liquids of similar
molecular weights. This cohesiveness is mainly the result of
water molecules’ high polarity and their ability to form hy-
drogen-bonded networks among themselves, as for example,
in the frozen phase or in the bulk-liquid phase. In restricted
geometries, water molecules can also interact with surfaces
through hydrophobic and hydrophilic interactions and hy-
drogen-bond interactions; hence there is competition be-
tween the surface-liquid and liquid-liquid interactions. This
competition can lead to interesting new structures of the
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pore diameter (8 nm), a gradual in-
crease in the thickness of the adsorbed
layer (radial-pore-filling mode) prevails
until pore condensation takes place at
a higher level of pore filling.

NMR

water that are not observed in bulk water. In particular, at
least partial ordering of the water molecules in the vicinity
of the confining surface is often found. Important examples
of such systems are water molecules enclosed in porous
media like zeolites!" or cements,””) or water molecules in hy-
dration shells of proteins.>® Specifically, the existence of
two kinds of water in pores, free water in the center of the
pore and bound water near the pore surface, has been estab-
lished by a variety of experimental techniques.'"***! Analyz-
ing these structures may help in the understanding of the
water—surface interaction at the molecular level. For this
analysis a molecular observable must be studied, which is
sensitive to the structure and binding of individual water
molecules. The 'H chemical shift of water molecules is such
an observable. Its value depends strongly on the structural
and dynamical properties of the hydrogen atoms. Because
the observed phases are often ordered, that is, anisotropic,
one can also expect at least some residual anisotropy in the
NMR parameters of the system. Therefore, these systems
have to be studied employing 'H solid-state NMR spec-
troscopy.

In the present work, we study water as a guest molecule
in mesoporous silica of MCM-41?"1 and SBA-15P" types.
These materials constitute two-dimensionally hexagonal
arrays of cylindrical pores of uniform size in the range be-
tween 2-10 nm.”” Due to this wide range of available pore
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sizes, they are very versatile molecular sieves. Whereas
MCM-41 silicas have pore sizes in the range of 2-6 nm and
smooth pore surfaces, SBA-15 silicas can be typically pre-
pared in the range of 5-10 nm and exhibit considerable sur-
face roughness, which is attributed to (SiO,), islands on the
surface.™ Owing to the high density of pores and the rela-
tively small pore diameters, these silica materials have ex-
tremely large inner surfaces, relative to the volume of the
individual particle. The particle size is typically in the range
of 5 um. The pore-to-pore distance, which is estimated as
the inverse length of the scattering vector in X-ray diffrac-
tion, is about 20 % larger than the pore diameter. The geom-
etry of the pores is highly anisotropic, such that a preferred
axis exists in the direction of the pores’ cylinder axis, and
diffusion of guest molecules in the pores is found to exhibit
deviations from ordinary diffusion.” Moreover, these sur-
face effects influence not only the translational, but also the
rotational degrees of freedom of guest molecules, as was
shown recently by low-temperature “H NMR spectrosco-
py.?! Since the physical properties of their inner surfaces,
such as the surface acidity, can be chemically modified,?**"]
mesoporous silica materials are very promising candidates
for catalytic applications; this interest has triggered several
recent studies of the dynamics of guest molecules in meso-
porous silica.?*

Experimental Section

Preparation of mesoporous silica MCM-41: The MCM-41 material was
synthesized according to the method of Griin et al.* using cetyltrimeth-
ylammonium bromide (C;;TAB) as the template. C,;,TAB (2.36 g) dis-
solved in water (120g) was mixed with aqueous ammonia (9.5g,
25 wt%). Then tetraethoxysilane (TEOS, 10 g) was added under constant
stirring at 35°C. The precipitated product was kept in the reaction so-
lution at 80°C for 72h and then filtered and washed with deionized
water. After drying in air at 105°C for 5 h, the product was heated to
550°C (1 Kmin™") and calcined under flowing air. The mesoscopic struc-
ture and the porosity of the MCM-41 material were characterized by X-
ray diffraction and gas adsorption as explained elsewhere.” The X-ray
diffraction pattern of the calcined MCM-41 sample exhibited four well-
resolved peaks conforming to a two-dimensional hexagonal lattice (space
group pbmm) with a lattice spacing of d;o=4.0 nm (pore-to-pore dis-
tance a,=4.6 nm). The nitrogen adsorption isotherm at 77 K (Figure 1a)
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Figure 1. Nitrogen isotherms of a) MCM-41 and b) SBA-15.
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was measured by gas volumetry using a Gemini 2375 apparatus (Micro-
meritics). The BET surface area (S) was measured as 1040 m*g ' and the
specific pore volume (V) as 0.93 cm®g~". The pore diameter of d=3.3 nm

was calculated by the method of Dollimore and Heal ")

Preparation of mesoporous silica SBA-15: The silica was prepared ac-
cording to the method of Zhao et al.?"! employing Pluronic P103 [EO,,—
POss—EO;;, EO=poly(ethylene oxide), PO =poly(propylene oxide);
BASF, Mt. Olive, NJ, USA] as the templating agent. P103 (8 g) was dis-
solved in distilled water (480 mL) and 97 % H,SO, (26 mL) was added to
the solution. Then TEOS (18.4 mL) was added under stirring at a temper-
ature of 40°C. The solution was first kept at 40°C for 5h and then at
108°C for another 24 h. The product was rinsed with deionized water and
calcined at 550°C. Two different batches of SBA-15 were used (TLX-1
and PLX-A). The X-ray measurement indicated that the silica was or-
dered in a two-dimensional hexagonal lattice with a lattice constant of
dyipo=38.7 nm (pore-to-pore distance a,=10.0 nm). The pore diameters of
8.0 nm (TLX-1) and 7.9 nm (PLX-A) were determined from the adsorp-
tion branch of the nitrogen isotherm (Figure 1b) employing the Dolli-
more—Heal formalism.””’ The BET surface area (S) and the specific
pore volume (V), as determined from the N, gas adsorption isotherm,
were 720 m’g~" and 0.96 cm®g ™!, respectively, for TLX-1, and 791 m*g"
and 1.01 cm®g~", respectively, for PLX-A.

'H solid-state NMR spectroscopy: All 'H NMR measurements were per-
formed on a Bruker MSL-300 instrument, operating at 7 T, equipped
with a Bruker 4 mm single resonance 'H CRAMPS probe. The room
temperature static and magic angle spinning (10000 Hz) NMR experi-
ments were performed by employing a w/2 pulse sequence with full CY-
CLOPS phase cycling. The 90°-pulse length was 3.2 us for 'H and the
sweep width was 10 kHz. All chemical shift values are referenced to tet-
ramethylsilane (TMS), with water as an external standard.

NMR samples: To obtain reproducible results the silica—water samples
were prepared in the following way. The dried silica was weighted and
filled into a 4 mm rotor (MCM-41: 14.9940.05 mg; SBA-15: 19.76 +
0.05 mg). To remove physisorbed and hydrogen-bonded water without
causing dehydroxylation of silanol groups, the samples were dried under
high vacuum (ca. 10 mbar) for 24 h at a moderate temperature of
400 K. Then a defined amount of water was added by means of a cali-
brated micropipette. The absolute amount of water was determined using
a microbalance (Sartorius) with an accuracy of +0.05mg. Employing
this value and the known surface area of the silica, we determined the
coverage of the surfaces. The spectra at the various water contents were
obtained as follows: The rotor was closed with the rotor cap, which
sealed the rotor sufficiently to prevent evaporation of the water during
the '"H NMR measurements, and the sample was weighted and measured.
After measurement, the rotor was opened again and part of the water
was removed by heating the rotor with a heat gun. The rotor was closed
again with the cap, weighted and measured. Precise data of the samples
are given in Tables 1 and 2.

Table 1. Water content of the MCM samples.

Sample!®! n [(H,0) per nm?|® Vol %! m [mg]¥l
a 30.8 100 14.33

b 6.8 23 3.19

c 1.7 6 0.80

d 0.94 32 0.44

e 0.8 2.7 0.37

f <0.05 <0.05 0

[a] The identifier for each sample (see the spectra in Figure 2). [b] The
number of H,0O molecules on the surface per nm? (calculated with re-
spect to the specific surface area, S). [c] The content of H,O in Vol %
(calculated with respect to the specific pore volume, V). [d] The mass of
water for each sample (measured with a precision microscale from Sar-
torius).
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Table 2. Water content of the SBA samples.

Sample!®! n [(H,0) per nm?]® Vol %! m [mg]¥
all 382 96.0 14.36
blel 17.4 438 6.56
clel 8.0 20.0 3.01

d 3.6 8.1 1.53

e 1.4 32 0.60

f 0.4 1.0 0.18

g 0.3 0.7 0.13

h 0.24 0.5 0.10

i <0.1 <0.1 <0.02

j <0.05 <0.05 0

[a] The identifier for each sample (see the spectra in Figure 3). [b] The

number of H,O molecules on the surface per nm? (calculated with re-
spect to the specific surface area, S). [c] The content of H,O in Vol %
(calculated with respect to the specific pore volume, V). [d] The mass of
water for each sample (measured with a precision microbalance from
Sartorius). [e] The samples a, b and ¢ consist of SBA-15 batch PLX-A in-
stead of SBA-15 batch TLX-1.

Results

Before discussing the individual spectra, we wish to report
that the filling and emptying of the pores with water was
completely reversible. By employing a heat gun with moder-
ate heating (see SBA-15 below), it was possible to complete-
ly empty the pores after filling them with a definite amount
of water. Thus in principle, the filling and emptying cycle
can be repeated as often as desired.

'H NMR of water in MCM-41: Figure 2 displays the rotating
and nonrotating '"H NMR spectra of water in MCM-41 for
different water contents. While the 'H MAS spectra (left) in
general exhibit several resolved lines with typical line widths
of 0.3-0.6 ppm, in the static spectra (right) only relatively

MCM-41

Iva

n Vol % H,0

30.8 100

6.8 23

broad lines are visible and individual sites are only reflected
by shoulders in the line shape. The MAS spectrum that was
measured after drying the sample on the vacuum line (spec-
trum f) exhibits only a single line at 0 =1.74 ppm, which we
label as I. Figure 2e displays the spectrum with the lowest
water content of 2.7 %. Here the spectrum is still dominated
by signal I, but a slight increase in the line width is ob-
served. Additional spectral intensity is visible as a high field
socket of the line (IT) and as a weak signal (III) appearing
at about 2.5 ppm. Upon further increase of the water con-
tent to 3.2% (Figure 2d), the 1.74 ppm line continues to in-
crease in width, and the line at 2.5 ppm grows strongly and
finally starts to dominate the spectrum in the sample with
6% (c). Upon further increase of the water content to 23 %
(b) this line is broadened and low-field shifted to 3.4 ppm.
In addition, a new signal appears at 4.7 ppm (I'Va) that final-
ly, in the completely filled sample with 100 % water content
(a), is the only visible line in the spectrum. In addition to
these relatively narrow lines, a weak, broad background
signal, which covers the whole range from 1 to 6 ppm, is
visible in spectra (c) and (d).

Comparing these MAS results with the static spectra, sev-
eral striking differences are evident: Firstly, the width of the
line (Figure 2 right panel) is significantly larger than the
width of the MAS lines. As a result of this, the individual
lines visible in the MAS spectra are only indicated by the
shoulders in the line shape. Secondly, in the spectra with
very low water contents (spectra e and f) no signal is visible
at all. In the spectra with intermediate water contents (¢ and
d) only a broad signal between 2 ppm and 3 ppm is visible,
and in the samples with high water contents (a and b) a very
broad asymmetric signal at 4.70 ppm is visible. For the anal-
ysis of signals in spectra a and b, a deconvolution of the line
shape into two individual lines was performed, employing

the values of the isotropic shift
from the MAS experiments.

'H NMR of water in SBA-15:
Owing to the larger pore diam-
eter with the correspondingly
lower relative surface, lower

a water fillings were employed
for the SBA-15 sample.
Figure 3 displays the rotating
b (left) and nonrotating (right)

'H NMR spectra of water in
SBA-15 for different water con-

A

e 0.94 3.2

tents. Again in the 'H MAS
spectra in general several re-
d solved lines are visible. The typ-

ical line widths of 0.2-0.4 ppm

c J \‘\\__ 1.7 8
‘i_._._—-J

e 0.8 2.7
f <005 <0.05

are more narrow than the cor-
f responding line widths in the

MCM-41 samples. The MAS

10 8 6 4 2 0 2 4 10 8 8
ppm (TMS)

Figure 2. Experimental 'H solid-state NMR spectra of water in MCM-41 at varying water contents (n=
number of H,O molecules on the surface per nm?). The letters correspond to those in Table 1. Right panel:
static (nonrotating) spectra. Left panel: MAS spectra normalized to the same maximum height.
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2 ' 0 ' 2 ' 4 spectra of the samples with the
low water contents (Figure 3h—
j) exhibit the same line I at 0=
1.74 ppm that is observed in the

MCM-41 samples. However,
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SBA-15

n Vol % H,0
38.2 96.0
17.4 43.8

L

by an individual 'H chemical
shift. While in principle these
'"H chemical shifts are unique
a for a defined structure of the
water molecule interacting with
the surface and other water
b molecules, in practice it must
be taken into account that dy-
namic exchange effects, like
molecular rotations of the
water molecules, rotations of
the surface —SiOH groups, and
proton transfer, can, and in

general will, cause exchange be-

tween these different chemical

Y 0L
L 0.24 0.5
<0.1 <0.1

shifts; this effect leads to com-

<0.05 <0.05

plete or full averaging of the

10 8 6 4 2 0 -2 -4 10 8 6
ppm (TMS)

Figure 3. Experimental 'H solid-state NMR spectra of water in SBA-15 at varying water contents (n=number
of H,0 molecules on the surface per nm?). The letters correspond to those in Table 2. Right panel: static (non-
rotating) spectra. Left panel: MAS spectra, normalized to the same maximum height.

even in the nominally completely dried sample (i) there is
some spectral intensity between 2 and 3 ppm. To remove
this water, an additional drying of the sample for 48h at
120°C on the vacuum line was necessary. This drying re-
moved the remaining water visible in spectrum i. Upon in-
crease of the water content to 0.5 %, again a slight increase
of the line width is observed, accompanied by the growth of
line III at 2.5 ppm. Again, the position of this line shifts
slightly to low-field upon increase of the water content to
3.2% (e), and the width of the line increases. At 8% filling
(d) the line at 1.74 ppm is only barely visible, and the spec-
trum is dominated by a broad line at 3.9 ppm. Further in-
crease of the water content (a—c) shifts this line smoothly to
the final value of 5 ppm (IVb). Again, in addition to these
relatively narrow lines, a weak, broad background signal
that covers the whole range from 1 to 6 ppm is visible in
spectrum c.

In the static spectra, no signal is visible in the samples
with fillings below 0.7%. Above this filling, a relatively
broad symmetric line is visible in the spectrum. The position
of this line shifts parallel to the MAS signal towards lower
fields upon increase of the water content.

Discussion

From the NMR spectra shown above it is evident that differ-
ent water environments exist inside the mesopores of the
silica. These environments can be characterized by their in-
dividual chemical shifts. The experimental results are now
discussed with respect to the water structures inside the
mesopores. Figure 4 displays the different possible scenarios
of water molecules hydrogen bonded to the silica surface, or
amongst each other, or free. Each scenario is characterized
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line positions.

Nevertheless, it is still possi-
ble to distinguish between dif-
ferent environments, and thus
determine the relative amounts
of the individual species, which
is done in the following way. As

H
/
Monomer Cluster Silanol|O 175
O. Si
H/ \H (H:0), /|I\
0.8-1.5 0.8-1.5 5.5
a b c
15 1.5
~
oL ss P [e] ‘I.SH/O
A 175 55,7 \H55
H H .
] o}
L —
i i
/ ™\ / ™\ / I\ / ™
d e f

Figure 4. Overview of possible —OH groups in the water/silica samples
and the corresponding chemical shifts in ppm (TMS). Upper row: chemi-
cal shifts of the constituents of monomeric water, water clusters and sila-
nol groups. Lower row: chemical shifts observed in various hydrogen-
bonding scenarios.

a starting point we want to note that a line between 0.8 and
1.5 ppm is not observed in any spectrum; this line would
correspond to protons of monomeric water molecules, that
is, protons that do not exhibit any kind of OHO hydrogen
bonding. This shows that all water molecules are in a hydro-
gen-bonded state. Thus, they must either form water clusters
or hydrogen bonds with —OH groups on the surface.

By employing this chemical shift information, the results
of water in MCM-41 are discussed. In the dried sample (Fig-
ure 2f), only a single resonance at 0 =1.74 ppm is observed.
Comparing this value to the chemical shift of —SiOH pro-
tons in MCM-412 (§=1.75 ppm), this signal can be attrib-
uted to the surface —SiOH protons. This shows that by
drying on the vacuum line all water molecules are removed

www.chemeurj.org Chem. Eur. J. 2004, 10, 5689 — 5696
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from MCM-41. From this we can conclude that there is no
strongly bound water, for example, due to structural inho-
mogeneities, or water molecules confined in inaccessible
places.

It is interesting to compare this result to the SBA-15 me-
sopores (Figure 3a—j). Here the simple drying procedure em-
ploying the heat gun did not cause a complete removal of
all water from the pore (spectrumi). As discussed above,
the last water molecules were only removable by drying the
sample on the vacuum line at 120°C (spectrum j). Thus, in
contrast to the MCM-41 sample, the SBA-15 sample must
possess some kind of structural inhomogeneities that cause
a stronger binding or trapping of the water molecules. This
observation corroborates results on the roughness of the sur-
face structures of SBA-15 and MCM-41, which were ob-
tained by employing the absorption of N and para-*H-la-
beled pyridine on the surfaces of these pores.”! It was
reported that a fast rotational diffusion combined with a sur-
face-hopping of pyridine molecules on the surfaces of the
pores was observed. These combined motions cause a mo-
tional averaging of the "N CSA (CSA =cross-sectional sur-
face area) and *H quadrupolar tensors of the molecule.
While for SBA-15 a complete averaging to an isotropic line
was observed, a residual anisotropy remained in MCM-41.
The full averaging observed in SBA-15 is only possible in
the case of a surface with considerable roughness due 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 between 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.

Comparing the chemical shifts of the water signals at low
filling levels (2.5-3 ppm) with the values given for the possi-
ble chemical shifts of ~OH groups, 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 averag-
ing between different water species, caused by fast chemical
exchange among them. This interpretation is supported by
the absence of monomeric water units. From Figure 4 it can
be seen that the chemical shift of non-hydrogen-bonded
water protons is 1.5 ppm. For low water concentrations,
where the number of water molecules is below the number
of surface —SiOH groups, a static configuration of water
molecules in configurations d or e (see Figure 4) would give
rise to such a line. Since this line is not observed one can
conclude that all water molecules contribute to hydrogen
bonds. The average distance between surface —OH groups
can be estimated from their surface densities™ of ngy~
3 nm~2 for MCM-41 and ~3.7 nm~? for SBA-15, as 0.58 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 in a given moment. Since both protons are
found to be magnetically equivalent, it follows that they are
in fast exchange. The assumption of a fast exchange of only
the two water protons and a fixed —SiOH--OH, hydrogen
bond would give a line of the water protons at (1.5+45.5)/

Chem. Eur. J. 2004, 10, 5689 — 5696 www.chemeurj.org
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2=3.5ppm. As the observed line of the water proton is
below 3 ppm for low filling factors, one can conclude that a
more complicated exchange 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 posi-
tions, such an exchange process would cause an average line
at (1.54+1.7545.5)/3=29 ppm for configuration d and
(1.5+1.5+5.5)/3=28 ppm for configuration e (see
Figure 4); these values are closer to those experimentally
observed. 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 that 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 —SiOH
groups is reduced, which is visible as a decline in the intensi-
ty of the 1.75 ppm line. At a water content of 8%, which
corresponds to about 3.5 water molecules per square nm,
the line of the surface —SiOH groups in SBA-15 has practi-
cally disappeared. This shows that all —SiOH groups are
now part of a hydrogen bond, that is, a network of exchang-
ing hydrogen-bonded protons (see Figure 5). This interpreta-
tion is corroborated by the surface density of —SiOH groups,
which is ~3.7 nm~2 for SBA-15.*1 Upon further increase of
the water content, this network of hydrogen-bonded —OH
groups is shifted towards lower field, caused by the higher
mole fraction of water molecules. Finally, the broad compo-
nent visible in the MAS spectra of both samples can be at-
tributed to both water domains on the surface, where residu-
al dipolar interactions among the protons are too strong to
be fully removed by MAS, and to line broadening caused by
chemical exchange.

N
175 Q
Si
e | N
1.5
7N M i )
Ho H- N H
\O/ H |
‘.‘ 55 ',3 f\ (\H/O\
' ) TH “H
C H AN o’ L o
Naloe” H \ |
0 H
8i " ) |
7N '

Figure 5. Sketch of possible water configurations hydrogen bonded to the
surface —SiOH group and the mutual proton exchange processes in these
configurations. The numbers denote the chemical shift typically associat-
ed with these configurations.
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At intermediate water contents an interesting difference
between MCM-41 and SBA-15 is observed. For MCM-41
two separate lines are visible, for example, in the spectrum
with 23 % water content corresponding to seven water mole-
cules per square nm. The first of these lines is the above dis-
cussed line caused by the exchange of water and silica —OH
groups. The second, lower field line has a chemical shift of
4.8 ppm. This value lies between the value for free water
clusters (5.5 ppm) and the value of the first line. This finding
can be interpreted as a bimodal distribution of the thickness
of the water layer on the surface, due to the coexistence of
filled pores and pores in which only the surface is covered
with water. For SBA-15, however, a smooth, low-field shift
of the line as a function of the water content is observed;
this shift indicates a monomodal distribution of the thick-
ness of the water layer on the surface.

SBA

< [ MCM

3.3nm
- =

Figure 6. Sketch of the proposed pore-filling mechanisms of SBA-15
(upper row) and MCM-41 (lower row). In SBA-15, with its wider pore di-
ameter, after initial coverage of the surface, a radial growth towards the
pore axis is proposed. In MCM-41, however, an axial filling of the pores
is proposed.

This finding has important consequences for the filling
mechanisms of the pores, which are sketched in Figure 6. In
SBA with its large pore diameter of 8 nm, after the initial
wetting of the surface (Figure 6a), further filling occurs
smoothly from the pore wall towards the center of the pore
(Figure 6b), until finally, complete filling of the pores is
achieved. In MCM, however, after the initial wetting of the
pore surfaces (Figure 6¢), a coexistence of filled pores or
pore segments with wetted pores or pore segments exists
(Figure 6d). Further filling of the pores occurs as a growth
of the filled pores (Figure 6e), until again complete filling is
achieved. Thus, for SBA the water layer in the pore grows
radially towards the pore center, while for MCM the water
layer grows axially in the direction of the pore axis.

Finally, for completely filled pores two different chemical
shift values are found, namely 4.7 ppm for MCM-41 and
5.0 ppm for SBA-15. These differences are an indication of
the different ratio of surface-water molecules to inner-water
molecules. Assuming ideally cylindrical pores for simplicity,

5694

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the amount of water molecules in a monomolecular water
layer on the surface is given by Equation (1) (r,: pore
radius, r,: radius of a water molecule, p,: density of water).

Ny :pwn(ri—(rp—er)z) (1)

The number of “inner” water molecules is given in Equa-
tion (2).

NI :pwn(rp_zrw)z (2)

The average chemical shift is given in Equation (3).

= N Ns _
6*NI+N56‘+NI+N555*
(r,—2r,) [rg—(rp—2rw)2]

1

7(rp72rw)2} 68
3)

(r=2r,)" +1r

2
p

For a simple estimation, the radius of a water molecule is
estimated from its density as 0.19 nm. By employing this
value and the respective pore radii of 1.65 and 4.0 nm, the
calculated average chemical shift values are 4.7 ppm for
MCM-41 and 5.2 ppm for SBA-15. These values are in very
good agreement with the experimentally observed chemical
shift values of 4.7 and 5.0 ppm, respectively, particularly
when the crudity of the model is taken into account. The
greater deviation for SBA-15 might be a result of its higher
surface roughness, which makes the pore radius less well de-
fined.

Comparing the static spectra of the empty pores at low
water contents for MCM-41 and SBA-15 (right panels of
Figures 2 and 3, respectively), it is evident that the line at
1.75 ppm that was visible in the MAS spectra is not visible
in the static spectra. This result corroborates our interpreta-
tion that this line has to be attributed to immobile surface
—SiOH groups. From their average distance on the surface,
a mutual '"H-'H dipolar coupling constant of 4 kHz can be
calculated; this coupling causes a strong line-broadening
that renders these protons invisible in the static spectra.
When the water content of the pore is increased, some of
these protons are mobilized by exchange with water protons,
as discussed above, which results in a more narrow line that
is then visible in the static spectra too.

It is interesting to relate the stronger bound water found
in SBA-15 to the model of the silica surface of SBA-15
(Figure 7) that was recently proposed by some of us.” The
higher roughness of the silica surface is explained as in-
complete silica layers on the inner surfaces. These incom-
plete layers might be the explanation for the observed stron-
ger binding of some of the water molecules on the sur-
face of SBA-15. On an ideal surface the —SiOH group dis-
tance is too large to permit a water molecule to form two
hydrogen bonds to the surface at the same time. On the
edges of a defect layer, however, it could be possible for a
single water molecule to be involved simultaneously with
two surface hydrogen bonds, thus nearly doubling its binding
enthalpy.
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Figure 7. Left side: model of the surface of SBA-15 which shows possible
surface defects (adapted from ref. [23]). Right side: enlargement of a sur-
face defect with a sketch of a doubly hydrogen-bound water molecule,
which is expected to have a higher binding enthalpy.

Conclusion

The adsorption of water in two different mesoporous silica
materials with different pore diameters and internal sur-
faces, namely MCM-41 and SBA-15, was studied by employ-
ing '"H MAS and static solid-state NMR spectroscopy. It is
found that the filling cycle is completely reversible and that
any adsorbed water can be removed by a vacuum pump,
possibly accompanied by moderate heating with a heat gun.
Various NMR lines of —OH hydrogen atoms are observed at
different filling factors. The assignment of the line positions
to individual types of —OH hydrogen atoms was done by
merit of the chemical shift and corroborated by the line
width of the static spectra. All observed hydrogen atoms are
either surface —SiOH groups or hydrogen-bonded water
molecules. No monomeric water molecules are observed at
any filling level. It is found that in SBA-15 there exist some
stronger bound water molecules on the surface that are only
removable by the heat gun. These water molecules are ten-
tatively assigned to surface defects that are present in SBA-
15, but not in MCM-41. At higher filling levels an interest-
ing difference between MCM-41 and SBA-15 is observed. In
MCM-41 there is a bimodal-line distribution of chemical
shifts of the water molecules, with one peak at the position
of inner bulk water, and the second peak at the position of
water molecules in fast exchange with surface —SiOH
groups. In SBA-15 only a single line with a continuously
varying chemical shift is observed. This result is an indica-
tion of different filling mechanisms for the two silica materi-
als. In MCM-41, with its lower pore diameter, after an initial
covering of the inner surfaces, the filling grows mainly in the
direction of the pore axis. In SBA-15, however, owing to its
larger pore diameter, the filling of the pore grows radially
from the pore surface to the pore axis. This result has impor-
tant consequences for the catalytic applications of these ma-
terials. Finally, it is shown that water can be employed to de-
termine the surface density of —SiOH groups and is a sensor
for surface inhomogeneity. From these results two new ques-
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tions naturally arise, namely, are there H/D isotope effects
on the filling mechanisms, and what is the temperature and
pore-diameter dependence of the pore condensation in the
silica pores? These questions are currently being studied in
our laboratory.
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