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ABSTRACT: A solid-state 1H magic-angle spinning (MAS) NMR
method is described to characterize the internal pore spaces and
the external void spaces of powdered mesoporous solids containing
surface OH groups. This method is based on fast proton exchange
between homogeneously distributed surface OH groups of the
porous hosts and added guests containing exchangeable NH
protons. The position of the coalesced NH/OH signal in a given
local space depends on its surface/volume ratio (S/V). In the case
of slow guest exchange between spaces with different S/V ratios,
coalesced signals are observed for each space where the relative
signal intensities reflect the mole fractions of the guests in the
different spaces. This method was tested by performing 1H MAS
NMR experiments on the samples of liquid 4-methyl-1H-pyrazole
(MPz) embedded in mesoporous silica of the MCM-41 type (2.9 nm pore diameter) and the SBA-15 type (8.9 nm pore diameter).
To guarantee fast NH/OH proton exchange, the experiments were performed at 398 K well below the boiling point. Three distinct
signals were observed for MPz assigned to (i) the internal cylindrical pores, (ii) the external interstitial void space between the
packed particles, and (iii) the space outside the powdered solid containing neat liquid MPz. From the NMR data analysis, surface/
volume ratios are derived for the internal pores, which agree well with those obtained with a simple geometrical model after applying
a surface-roughness correction. In addition, S/V ratios for the external space, as well as internal surface/external surface (S/S) and
internal volume/external volume (V/V) ratios, are derived. It is shown that at low filling fractions, MPz preferentially enters the
internal pores, but at larger fractions, MPz enters the external spaces. Moreover, it is shown that the final internal pore NH/OH ratio
is achieved before the pores are filled. A scenario that rationalizes these findings in connection with the hydrogen-bonded states of
MPz is presented where the number and the hydrogen-bonded state of guest molecules in a given pore are discussed.

■ INTRODUCTION

Porous nano- or mesoscopic solids are of wide interest in
science and technology.1,2 They exhibit large surface areas in
confined void spaces inside crystallites or particles, which can
be filled with fluid guest molecules. Often, the materials consist
of inorganic oxides such as silica-containing surface OH
groups. The latter can serve as anchors for functional
molecules or catalysts. Among the main properties of such
materials are their specific pore surface areas S and pore
volumes V per weight, which are generally determined using
the Brunauer−Emmet−Teller (BET) technique.3 In the latter,
the N2 gas adsorption isotherms at 77 K are measured as a
function of pressure. It is assumed that the density of the
adsorbed nitrogen is the same as in the liquid state and, hence,
the “ruler” used to explore surfaces and volumes is of molecular
dimensions. It is possible to determine S and V separately for
internal and external spaces by methods based on adsorption
isotherm measurements and comparison with reference

materials,4 by Hg-intrusion porosimetry5 and by He-
pycnometry.6 Last but not least, pulsed-field gradient (PFG)
NMR techniques have been used to study diffusion and
transport of fluids in porous systems from which structural
features such as S/V ratios can also be derived.7−9 However,
the interest is focused on meso- to macroscopic dimensions,
leading to S/V ratios, which differ from those obtained in the
molecular scale. For example, S/V ratios of porous rocks
measured using PFG NMR of water as fluid were between 9
and 85 times smaller than those obtained by BET techniques.8
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This is because the PFG NMR measurements do not detect
the fine roughness of the surfaces that exhibit fractal properties.
Here, we describe an NMR method applicable to molecular

dimensions to obtain further information not only about S/V
ratios of porous solids but also about the number and location
of guest molecules in the latter as a function of the guest filling
fraction. This method is applicable to materials containing
surface OH groups or other groups containing exchangeable
protons. Generally, the number of surface OH groups of
porous oxides is proportional to the surface area. Fluid
heterocyclic molecules are used as guest molecules, which
exhibit exchangeable NH groups.
For such systems, we show that the guest molecule/surface-

OH ratios R = NNH/NOH can be obtained by the solid-state 1H
NMR from which S/V ratios can be derived. This method
requires fast host−guest proton exchange (HGPE) between
the guest NH groups and the surface OH groups. In this case,
an average NH/OH signal is observed by 1H NMR, exhibiting
a characteristic chemical shift from which R can be derived. R
is very sensitive to the shape and the size of the confined space
containing the guest and can therefore be different for internal
pores and external spaces. R can also provide information
about the pore filling processes of both environments.
After searching for a suitable fluid molecular guest and NMR

marker, we chose 4-methyl-1H-pyrazole (MPz),10 whose
chemical structure is shown in Scheme 1. Pyrazoles contain

exchangeable NH protons and can form hydrogen-bonded
linear and cyclic self-associates subjected to various kinds of
proton exchange in the liquid and the solid state.11−14 In
contrast to other pyrazoles, MPz is liquid at room temperature
so that it can be easily loaded into porous materials. Its boiling
point is 477 K10 and, hence, weight losses due to evaporation
are small. MPz constitutes a drug, which is also called
“fomepizole”, as it is an inhibitor of alcohol dehydrogenase.15

At 100 K, MPz forms cyclic H-bonded trimers as found by X-
ray crystallography.16

As we were interested in porous SiO2 materials, which are
often used as excipients for drug delivery,17,18 we have
developed and applied the HGPE technique to the study of
ordered mesoporous silicas of the MCM-4119 and SBA-15
types.20 These materials have been the subjects of an
increasing number of studies of structure and dynamics, as
well as applications, in particular after the introduction of
functional groups.21−30 According to X-ray diffraction, neutron
scattering, and electron microscopy,31−35 MCM-41 and SBA-
15 form hexagonal crystallites (Figure 1a), where each one
constitutes arrays of approximately hexagonally arranged
cylindrical pores of uniform size disposed parallel to each
other and separated by thin walls (Figure 1b). The pore
diameters of MCM-41 range between 2 and 7 nm and of SBA-
15 between 5 and 15 nm. The dimensions of the silica
materials studied here, obtained from Findenegg et al.’s group,
are illustrated in Figure 1.35 We note that the materials may

exhibit small pore deformations after filling with molecular
guests.36−38 Some properties of the materials studied in this
work are assembled in Table 1.

Scheme 1. Chemical Structure of 4-Methyl-1H-pyrazole
(MPz, Fomepizole)

Figure 1. (a) Crystalline powder of mesoporous silica consisting of
hexagonally shaped crystallites. The arrow indicates the external or
interstitial space between crystallites. (b) Cylindrical ordered
mesopores of a given crystallite. The arrow indicates the volume of
an internal pore. (c) Rotor filled with mesoporous silica powder for
magic-angle spinning (MAS) NMR experiments. The centrifugal
forces compress the crystallites somewhat toward the rotor walls and
create an axial void space outside the powder, as illustrated by the
arrow. (d) Model of an inner pore wall according to ref 41. Different
types of exchangeable surface protons are depicted: single SiOH
groups of the Q3 type and geminal Si(OH)2 groups (Q

2 type). Both
types can form hydrogen bonds with added guest molecules in the
internal pores or form hydrogen bonds within the walls. The
dimensions were taken from ref 35.

Table 1. Structural Properties of the MCM-41 and SBA-15
Materials Studied

MCM-41 SBA-15

pore ordering (X-ray
diffraction electron
microscopy35)

hexagonal
arrays

surface silanol groups
(NMR39)

isolated SiOH
uniformly
distributed

isolated, hidden,
interacting SiOH,
geminal Si(OH)2

pore-to-pore distance (X-
ray diffraction35)

a0 4.0 nm 11.1 nm

pore diameter (N2
adsorption35)

d 2.9 nm 8.9 nm

wall thickness (X-ray
diffraction, electron
microscopy,35 NMR40)

a0 − d 1 nm 2 nm

specific surface area
(BET35)

SBET 1180 m2 g−1 750 m2 g−1

specific pore volume
(BET35)

VBET 0.79 cm3 g−1 1.06 cm3 g−1

surface/volume ratio
(BET)

SBET/VBET 1.495 nm−1 0.7075 nm−1

surface silanol groups per
surface area (NMR)39

nSiOH 3 nm−2 3.7 nm−2
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The internal pore surface is very large in comparison with
the external surface of the crystallites and has usually been
neglected. Moreover, little is known about the external
volumes, which might depend on the way how the crystallites
are compacted. In solid-state NMR experiments, which employ
magic-angle sample spinning (MAS), there is a third possibility
for the location of an added liquid guest in a rotor, as
illustrated in Figure 1c. Crystallites are displaced toward the
rotor walls by centrifugal forces and lead to a void space
around the rotor axis. We label this space or macropores as
outside. When mesoporous silica materials containing catalytic
centers are embedded in colloidal solutions for catalyzing
chemical reactions, the external and the outer space coincide.
The atomic structure of mesoporous silica has been explored

using multinuclear high-resolution solid-state NMR of the
neat42−44 and filled or functionalized materials.39,41,68,45−57 In
particular, signal enhancement using the dynamic nuclear
polarization (DNP) method has been proposed.58−60 These
studies have revealed that mesoporous silica exhibits surface Si
atoms of the Q4, Q3, or Q2 type containing either no, one, or
two (geminal) SiOH groups, as depicted in Figure 1d. MCM-
41 exhibits mostly isolated surface OH groups of the Q3 type, 3
per nm2, about 0.5 nm away from each other (Table 1). They
can all form hydrogen bonds with pyridine, as revealed by
solid-state NMR.39 An anisotropic motion of pyridine while
jumping from one SiOH group to the next one indicates a
small surface roughness. By contrast, SBA-15 type exhibits very
rough inner surfaces, which have been modeled in terms of
surface complexes reaching into the pore center.39

In the following, after the Experimental Section, we describe
the results of 1H MAS NMR experiments performed at 398 K
on MPz embedded in MCM-41 and SBA-15. This temperature
is well below the boiling point so that MPz molecules in the
gas phase do not need to be considered in the data analyses.
MCM-41 and SBA-15 have pore diameters of 2.9 and 8.9 nm,
respectively.35 The MPz/silica weight/weight filling ratios were
varied in a wide range.
By analysis of the spectra, we obtained information about

the NH/OH ratio R as a function of the filling of the pores. At
high filling ratios, separate NMR signals were observed for
MPz in the internal, external, and outside spaces, which
allowed us to characterize the guest capacity of the internal
pores. The results are then discussed and modeled in terms of
a cylindrical pore structure corrected for the roughness of the
inner surfaces.

■ EXPERIMENTAL SECTION
1H NMR spectra were measured under MAS conditions using
a Varian Infinity Plus instrument, equipped with an Oxford
wide-bore (9 cm) superconducting magnet of 7.1 T (300.13
MHz 1H frequency) and a Varian 6 mm Chemagnetics pencil
probe. Dry air was used for rotor bearing, driving, and heating
via three separate gas lines. The sample temperatures were
established using a Chemagnetics CMX temperature con-
troller. The spinning rates were adjusted to 5 kHz. The
chemical shifts were referenced to an external sample of solid
sodium-3-trimethylsilyl-propionate (TSP). All spectra were
measured using 90° pulses of about 4 μs duration with pulse
delays of 5 s, sufficient enough to achieve full 1H longitudinal
relaxation, as the longitudinal relaxation times were shorter
than 1 s.
Liquid 4-methyl-1H-pyrazole 99% was purchased from

Sigma-Aldrich and used without further purification.

The MCM-41 (2.9 nm pore diameter) and SBA-15 (8.9 nm
pore diameter) materials were taken from batches studied
previously,39 synthesized by Findenegg et al.35 Since the
materials are highly hygroscopic, they were dried at 10−6 mbar
and 100 °C for 24 h before use. Contact with air was avoided
as far as possible during the sample preparation and
subsequent measurements. The solid-state 1H MAS NMR
spectra were similar to those described before.39

The samples were prepared at room temperature as follows.
An empty 6 mm rotor was weighed, including its homebuilt
cap. The desired amount of MCM-41 or SBA-15 was loaded
into the rotor, dried under vacuum, closed with the cap, and
weighed. After taking an initial 1H MAS NMR spectrum, the
rotor cap was shortly removed, and using a microsyringe, a
known volume of MPz was added. Then, the sample was
closed and weighed again. After that, it was stored overnight at
room temperature in an evacuated closed glass vessel to ensure
that the diffusion through the matrix was complete. The
following day, the 1H MAS NMR spectrum was taken at 398
K. This cycle was repeated several times, during which
successive amounts of MPz were added.
Measurements of neat MPz were performed using special

homebuilt Teflon inserts for 6 mm MAS rotors. A list of all
samples is included in Tables S1 and S2 of the Supporting
Information.

■ RESULTS
1H MAS NMR Spectra of 4-Methyl-1H-pyrazole inside

MCM-41 and SBA-15. We prepared various samples of
MCM-41 and SBA-15 containing different amounts of MPz.
The compositions of the samples were characterized by the
overall MPz/silica mass ratio

W
m
m

MPz

silica
=

(1)

The weight ratios of all samples are listed in Tables S1 and S2
of the Supporting Information.
The 1H MAS one-pulse NMR spectra of a sample of MPz in

MCM-41 with W = 0.379 at 298 and 398 K are depicted in
Figure 2. The aromatic CH signal appears at 7 ppm and the
methyl signal at 1.7 ppm. These signals do not change their
position with temperature. Their line width decreases only to a
small extent when heating the sample. This indicates a fast
rotational diffusion of MPz in the sample. By contrast, a
broader signal is observed at 298 K around 10 ppm, which

Figure 2. 1H single 90° pulse NMR spectra of 4-methyl-1H-pyrazole
(MPz) embedded MCM-41 (2.9 nm pore diameter, MPz/silica ratio
0.379, 5 kHz spinning speed) at 298 and 398 K.
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shifts to about 9 ppm when the temperature is increased to 398
K. We assign this signal to the mobile protons of the sample,
i.e., to the NH protons of MPz and to the surface SiOH
protons, which are subjected to fast proton exchange and
hence signal coalescence. At room temperature, the coalesced
NH/OH signal still contains some exchange broadening,
which disappears only at high temperatures when the proton
exchange is ultrafast. The observed shift to a high field arises
from the breaking of hydrogen bonds.
To minimize the effects of exchange broadening, we

therefore choose 398 K as the temperature where all
subsequent experiments were carried out. This temperature
is still far from the boiling point of MPz at 477 K.10 All spectra
measured are included in Figures S1 and S2 of the Supporting
Information. Here, in Figure 3, for the sake of clarity, only
some typical spectra measured are depicted.
For comparison, Figure 3a shows the spectrum of neat liquid

MPz at 398 K. The NH signal of neat liquid MPz at 398 K now
appears at 12 ppm, whereas a value of 13 ppm is observed at

298 K (not shown). Again, the difference arises from the
partial dissociation of hydrogen-bonded MPz complexes when
the temperature is increased. We expect that the cyclic trimers
are formed as in the crystalline state dominantly.16

Neat guest-free MCM-41 and SBA-15 samples give rise to
well-known signals for non-hydrogen-bonded surface SiOH
groups around 1.75 ppm (Figure 3).39 The spectra measured at
398 K exhibit some line broadening, whose origin was not
further elucidated in the present study. In some samples, we
observed two weak sharp signals around 1 ppm characterized
in Figure 3 by asterisks; we found out that they stem from
small amounts of grease from the high-vacuum glass apparatus
used for sample preparation.
As illustrated in Figures 3 and S1, the addition of MPz to

silica materials leads to low-field shifts of the coalesced NH/
OH signals. These shifts arise from two different phenomena,
(i) the increase of the mole fraction of MPz, which resonates at
a low field and (ii) the formation of hydrogen bonds between
the SiOH groups and the aromatic nitrogens of MPz. The
latter is similar to the case of pyridine added to mesoporous
silica, where surface −SiOH···pyridine hydrogen bonding leads
to a low-field shift from 1.75 to 10 ppm.39

For samples with an excess of MPz, an unexpected effect is
observed: the coalesced NH/OH signals cease to shift further
to a low field in the presence of additional MPz, but new
coalesced NH/OH signals appear close to the NH signal of
neat liquid MPz. These different coalesced NH/OH signals
stem from different local environments, which we assign to
internal, external, and outside spaces labeled as l = int, ext, and
out, respectively. These environments exhibit different NH/
SiOH ratios R(l).

Data Analysis. In the first step, we determined the overall
molar ratio of the NH groups of MPz vs the number of surface
SiOH groups of silica

R
N
N

NH

OH
=

(2)

As R becomes very large for samples characterized by a large
excess of the MPz guest, we also used the overall mole fraction
of the NH groups given by

X X X
N

N N
R

R

R
X

X

(1 )
1

,

1

NH OH
NH

NH OH

NH

NH

≡ = − =
+

=
+

=
− (3)

where XOH represents the fraction of surface SiOH groups.
The values of R were obtained by signal integration, taking

into account that the number of the aromatic CH groups is
twice that of the NH groups. R is given by

( )
R

N
N

N
N

N

N N

I
I I

2 2

2

N
NH

OH

CH

OH

CH

OH NH 2

CH

NH/OH CH

CH
= = =

+ −

=
− (4)

Here, ICH stands for the intensity of the aromatic proton
signals and INH/OH for the intensity of the coalesced NH/OH
signals. All three quantities characterizing the sample
composition, i.e., W, R, and X, are included in Figure 3.

Figure 3. Some typical 1H single 90° pulse NMR spectra at 398 K and
7 T of 4-methyl-1H-pyrazole (MPz) in different environments.
Additional spectra are depicted in Figure S1. (a) Neat bulk liquid (3
kHz spinning speed). (b) MPz loaded into MCM-41 (2.9 nm pore
diameter, 5 kHz spinning speed) and (c) loaded into SBA-15 (8.9 nm
pore diameter, 5 kHz spinning speed). The vertical expansion of the
spectra was adjusted arbitrarily to optimize the representation of the
NH/OH signals. For the signal assignment, see the text.
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In the next step, our aim was to know that the guest
molecules MPz are distributed between the different spaces as
a function of the overall filling fraction.
The ratio of NH vs OH groups in space l is given by

R
N
N

l, int , ext, outl
l

l
NH

OH

= =
(5)

and the corresponding fraction of NH groups by

x
N

N N
l

l

l l
NH

NH OH

=
+ (6)

The fraction of mobile NH/OH groups in space l with respect
to the total number of mobile NH/OH groups is given by

p
N N
N N

l
l l

NH OH

NH OH
=

+
+ (7)

The fraction of MPz molecules in space l with respect to the
total number of MPz molecules can be calculated from the
values of x(l), p(l), and X according to

i

k
jjjjj

y

{
zzzzz
i

k
jjjjj

y

{
zzzzz
i
k
jjjjj

y
{
zzzzz

i
k
jjj

y
{
zzz

N
N

N
N N

N N
N N

N N
N

x p
X

x p
R

1
1

l l

l l

l l

l l
l l

NH

NH

NH

NH OH

NH OH

NH OH

NH OH

NH
=

+
+
+

+

= = +
(8)

once xl, pl, and X or R have been obtained from the spectra. By
multiplication with the total mass of MPz, we then obtain the
mass of MPz, which enters a given space l

m
N
N

ml
l
NH

NH
MPz=

(9)

To compare the different samples, it is convenient to divide by
the total mass of silica, which leads to the relative mass ratioWl

of the guest in the different spaces

W
m
m

N
N

m
m

N
N

W
x
X

p Wl
l l l l

lMPz

silica

NH

NH

MPz

silica

NH

NH
= = = =

(10)

We will use eq 10 to interpret the filling results described in the
following. To obtain the values of pl, we performed the
lineshape analyses of the coalesced NH/OH signals depicted
in Figure 4. We assumed a slow guest exchange between the
different spaces. The values obtained are included in Table 2.
To determine the values of the NH fractions xl in the different
spaces needed in using eq 10, we proceeded as follows.
First, we plotted in Figure 5 the chemical shifts δNH/OH of

the averaged NH/OH signals as a function of the overall NH
fraction X = R/(1 + R). The filled data points in Figure 5 (see
Tables S1 and S2) were taken from the samples containing
only a single coalesced NH/OH signal for which X = xint. We
included the data point of neat MPz at X = 1. Then, we
searched for an empirical function δNH/OH = f(X) to represent
the filled data points. We found that eq 11 visualized in Figure
5 as a solid curve represented all data points very well, both for
MCM-41 and SBA-15. In the next step, we took the
experimental δNH/OH chemical shifts obtained by lineshape
analysis (Figure 4) and placed them as open symbols on the
solid line by adapting the corresponding xl values for each
sample and space l.

Ä

Ç
ÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑX

X1.75 21.8 1
1

3.1
6.1 1 1NH/OHδ = + − [ + − ]

(11)

Host−Guest Filling Diagrams. In Figure 6, the values of
Wint, Wext, and Wout of MPz are plotted as a function of the
total weight ratio W = Wint + Wext + Wout. The dotted lines
were not calculated but represented as a guide for the eye.
In the case of MCM-41, until a weight ratio W of about 1,

only the internal pores are filled successively as the total
amount of MPz is increased. Above this threshold, in addition
to the internal pores, the space between the pores is filled, but
the space outside is still empty. Above a mass ratio of 2, more
MPz is observed in the external space, but the internal space
continues to be filled until the highest value of the filling ratio
W is obtained. At a mass ratio of 4, a substantial amount of
MPz enters the outside space, but most of MPz is located in
the external volume.
In the case of SBA-15, initially, only the internal pores are

successively filled, but then the increase is reduced at the
expense of the external space. Already at a mass ratio of 1, most
MPz molecules are located in the latter. The outside space is
filled in a similar way as in the case of MCM-41.
In Figure 7, we have plotted the individual NH fractions xl as

a function of the total NH fraction X of the mobile NH and
OH protons. X represents another measure for the filling
fraction (see eq 3). The individual NH mole fractions of MPz
in the external spaces of MCM-41 and of SBA-15 are about 0.8
or higher, even when the internal spaces are far from being
filled with MPz molecules, as a comparison of the data points
in Figure 7 with those of Figure 5 shows. This is not
compatible with the formation of monolayers exhibiting small
NH/OH ratios but with the formation of small liquid clusters
exhibiting much more guest−guest interactions than host−
guest interactions. This point will be discussed later in more
detail.
However, the line widths (see Figure 4) are large, suggesting

a distribution of microspaces with somewhat different S/V

Figure 4. Lineshape analyses of the 1H MAS NMR spectra of Figure
3. The vertical expansion of the spectra was adjusted arbitrarily to
optimize the representation of the NH/OH signals. For further
explanation, see the text.
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ratios. That is not surprising, as the silica crystallites are not
ordered with respect to each other. Naturally, the mole fraction
of MPz in the outside space is unity.
The results obtained for the internal spaces are also

astonishing for both MCM-41 and SBA-15. In the early stages
of the filling, the NH fraction inside the internal pores
increases linearly with the total NH fraction as expected for the
formation of submonolayers, which then increase to mono-
layers. However, above an NH fraction of about 0.5−0.6, the
increase of the NH fraction of the internal pores stops,

although they continue to be filled as is illustrated in Figure 6a.
The final NH fractions in the internal pores are about 0.6. This
means that in the internal pores, the NH groups of MPz

Table 2. Composition of Samples of 4-Methyl-1H-pyrazole (MPz) in Mesoporous Silica at 398 K Determined by the
Integration of the Signals of the 1H MAS NMR Spectra in Figures 3 and 4a

W R X component l NH/OH signal δl (ppm) pl Rl xl

4-Methyl-1H-pyrazole Neat Liquid
∞ ∞ 0 0 11.9 1.0 ∞ 1.0

4-Methyl-1H-pyrazole/MCM-41 Pore Diameter 2.9 nm
0 0 0 int 1.75 1.0 0 0
0.114 0.24 0.19 int 5.4 1.0 0.24 0.19
0.427 1.02 0.51 int 9.5 1.0 1.02 0.50
1.28 2.75 0.73 int 9.6 0.71 1.17 0.54

ext 11.7 0.24 19 0.95
out 11.8 0.05 ∞ 1

4.18 8.13 0.89 int 9.7 0.37 1.33 0.57
ext 11.9 0.47 30 0.97
out 12.0 0.15 ∞ 1.00

4-Methyl-1H-pyrazole/SBA-15 Pore Diameter 8.9 nm
0 0 0 int 1.75 1.0 0 0
0.085 0.09 0.083 int 5.1 1.0 0.09 0.083
0.282 0.38 0.275 int 7.9 1.0 0.38 0.275
1.26 1.55 0.61 int 10.4 0.3 1.86 0.65

ext 11.0 0.7 3.5 0.78
2.83 3.5 0.78 int 10.4 0.34 1.94 0.66

ext ≈11.3 0.57 ≈6 ≈0.86
out 11.8 0.09 ∞ 1

aW is the MPz/silica sample mass ratio. R is the NH/OH ratio determined by signal integration using eq 4. X is the corresponding NH mole
fraction of the ensemble of NH and OH groups. δl: the chemical shift of NH/OH signal l in Figure 3. pl: the fraction of signal l in Figure 4 with
respect to the total NH/OH signal intensity as determined by lineshape analysis. Rl: the NH/OH ratio of space l. xl: the NH mole fraction of
mobile protons in space l determined by accommodating the experimental chemical shifts δl to the solid line in Figure 5.

Figure 5. Chemical shifts δ of the averaged NH/OH groups of MPz
inside mesoporous silica of the MCM-41 and SBA-15 types as a
function of the MPz/SiOH mole fraction X. The solid line was
calculated using the empirical relation of eq 11. Filled symbols stem
from spectra exhibiting only a single averaged NH/OH signal. Open
symbols refer to the spectra exhibiting more than one averaged NH/
OH signal. Their chemical shifts were placed on the solid line from
which the individual MPz vs SiOH mole fractions xl, l = int, ext, and
out were obtained.

Figure 6. Uptake of MPz as the guest in the different spaces l = int,
ext, and out of MCM-41 and SBA-15 samples. The abscissa represents
the total weightW of MPz incorporated per 1 g of silica. The ordinate
represents the partial weight Wl (eq 10) loaded into space l. The solid
lines are guidelines for the eye. For further explanation, see the text.
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represent 60% of the exchangeable protons and the SiOH
groups 40%. For MCM-41, the value is slightly less than 60%
and for SBA-15 slightly larger.
All values determined from the 1H MAS spectra are included

in Table 2. The implications of these findings are discussed in
the next section.

■ DISCUSSION
By measuring the 1H MAS NMR spectra of 4-methyl-1H-
pyrazole (MPz) in mesoporous silica of the MCM-41 and
SBA-15 type at 398 K as a function of the pyrazole/silica ratio
in the regime of fast host−guest proton exchange, we have
obtained a number of parameters that provide information
about the filling of the silica pores and the state of MPz inside
the pores. The purpose of this discussion is to describe this
information in detail.
Our first aim is to discuss the results obtained for the silica

materials, which are fully loaded with the MPz guest. We will
derive the number of molecules in the different spaces and the
surface/volume, surface/surface, and volume/volume ratios for
the internal pores and external spaces. A surface-roughness-
corrected cylindrical pore (SRCCP) model will be developed,
which enables the comparison with other analytical methods
such as the BET technique. In the next step, we will discuss the
filling processes of the different cavities and their competition
for receiving the MPz guest molecules. Finally, we will discuss
the role of host−guest and guest−guest hydrogen bond
formation.
Sample Structures. Surface-Roughness-Corrected Cylin-

drical Pore Model (SRCCP Model) to Predict the Number of
MPz Guest Molecules in the Internal Pores of MCM-41 and
SBA-15. To elucidate how many MPz molecules can enter a
given space, we first need to estimate the volume of a single

MPz guest molecule at 398 K. This molecular volume is given
by

M N/MPz MPz Aυ ρ= (12)

MMPz is the molar mass, ρ is the density of liquid MPz at 398
K, and NA is Avogadro’s number. As indicated in Table 3, the

density of MPz has been reported for the solid at 100 K by
Goddard et al.,16 whereas Auwers et al.10 measured two values
of ρ around room temperature. As we could not find any other
experimental density data of MPz in the literature, we plotted
the three values as a function of temperature, which gave a
perfectly linear dependence (see Figure S3) with a slope
typical for a number of organic solvents,61 and finally adopted
the extrapolated value of 0.92 g cm−3 at 398 K. The latter gave
a molecular volume of υMPz = 0.148 nm3 for a single MPz
molecule.
In Table 1, we had already assembled some main properties

of the two silica samples studied. From the BET specific
surface areas and pore volumes, we calculated the BET
surface/volume ratios SBET/VBET of 1.5 nm−1 for the MCM-41
sample and 0.7 nm−1 for the SBA-15 sample. For comparison,
we calculated the corresponding values of a cylindrical tube
with length l and diameter d (Figure 8a).

S V
ld

l d
d/

( /2)
4/cyl cyl

2
π

π
= =

(13)

Equation 13 gives a similar value, i.e., 1.4 nm−1 for the MCM-
41 sample but a somewhat smaller value of 0.45 nm−1 for the
SBA-15 sample. We assign this difference to the different
roughness of the inner pore surfaces as stated before,39 which
is moderate in the case of MCM-41 but large for SBA-15 as
illustrated schematically in Figure 8.

Figure 7. Individual MPz vs SiOH mole fractions xl of MPz/silica
samples as a function of the total MPz mole fraction X. The solid lines
are guidelines for the eye. For further explanation, see the text.

Table 3. Molecular Volume of Liquid 4-Methyl-1H-pyrazole
(MPz)

molar mass M 82.106 g mol−1

density solid 100 K ref 16 ρ 1.19 g cm−3

density liquid 289.9 K ref 10 ρ 1.0183 g cm−3

density liquid 293.2 K ref 10 ρ 1.015 g cm−3

density liquid 398 K extrapolated ρ 0.92 g cm−3

molar volume 398 K M/ρ 89.25 × 1021 nm3 mol−1

molecular volume eq 12 υMPz 0.148 nm3

Figure 8. Models of internal pore segments of mesoporous silica. (a)
Cylindric pore segment. (b, c) Surface-roughness-corrected cylindrical
pore (SRCCP) segments schematically representing the situation of
the MCM-41 and SBA-15 samples.
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We found that the cylindrical model can be modified in a
simple way to take the surface roughness into account. We
assume that the pore volume is not much affected by the
surface roughness, i.e.

V V Vcor BET cyl= ≅ (14)

By contrast, the real surface is larger than that calculated for a
cylindrical tube. Let F be a correction factor, which transforms
the cylindrical surface into the correct one

S FScor cyl= (15)

By a combination of eqs 14 and 15, it follows that F can be
evaluated from the experimental BET surface/volume ratio

S
V

F
S
V

S
V

cor

cor

cyl

cyl

BET

BET= ≅
(16)

Thus, using the experimental surface areas and specific
volumes, we are able to calculate the surface/volume ratios
for any pore segment of length l = 1 nm and diameter d using
the SRCCP model, as illustrated in Table 4. Naturally, the

corrected ratios are the same as those obtained by BET. Using
eq 15 and the experimental pore diameters, we obtain for such
a pore segment a surface area of 9.9 and 44 nm2 for the MCM-
41 and SBA-15 samples, respectively.
The numbers nOH of SiOH groups per surface area can be

calculated from the values obtained previously by NMR by
some of us.39 In that study, nOH = 3.0 SiOH groups per nm2

were found for MCM-41 and 3.7 per nm2 for SBA-15. These
values lead here to 29.6 SiOH groups for the MCM-41 pore
segment and 163 SiOH groups for the SBA-15 pore segment.
For comparison, crystalline silica surface values of about 4.5
per nm2 were reported.39,62

The maximum number of MPz in a filled pore segment is
given by

N
V ld N

M4MPz

cor

MPz

2
A

MPzυ
π ρ

= =
(17)

where υMPz is the molecular volume of MPz, ρ is the density of
MPz at 398 K, and NA is Avogadro’s number. As illustrated in
Table 4, for the filled pore segment, we then obtain NMPz = 45
molecules of MPz in MCM-41 and 420 in SBA-15,
corresponding to the molar NH/OH ratios Rcor = NMPz

cor /NOH
cor

of about 1.5 and 2.6 or to the NH mole fractions Xcor ≡ XNH
cor =

Rcor/(1 + Rcor) of 0.6 and 0.7.
Comparison of the SRCCP Model Results with Those

Obtained by NMR. The SRCCP model, which is based on the
BET technique, can only describe the regular internal pores of
mesoporous silica but not the irregular external spaces between
crystallites because of the orientational disorder. By contrast,
using the NMR-detected host−guest proton exchange, we
obtained the data for both types of cavities that are assembled
in Table 5. In the following, we assume that both the internal

pores as well as the external spaces are entirely filled in the case
of the samples containing the largest amounts of MPz. This is
justified as, in these cases, the outside space (Figure 1)
contained substantial amounts of neat liquid MPz (Figures 3
and 4).
Among other data, we obtained the experimental molar

NH/OH ratios Rint = NMPz
int /NOH

int of 1.33 for the internal pores
of MCM-41 and of 1.94 for SBA-15 or to the NH mole
fractions Xcor ≡ XNH

int = Rint/(1 + Rint) of 0.57 and 0.66. These
values are in good agreement with those obtained using the
BET data of the SRCCP model (Table 4); the mole fractions
are identical to the experimental data obtained for the largest
total MPz mole fraction X on the right side of Figure 6. If we
assume that the number of surface SiOH groups is well
described by the value of NOH

cor in Table 4, we obtain by NMR
39 MPz molecules for a filled pore segment of MCM-41 and
316 for SBA-15. These numbers are slightly smaller than the
ones estimated using the SRCCP model.
For a direct comparison, we calculated the surface/volume

ratios entirely from the NMR data, assuming that the pores are
full in the samples containing the highest amounts of MPz. In
addition, we assume that the number nOH of SiOH groups per
surface area is the same in the internal pores and the external
void spaces. Then, the surface obtained from NMR data is
given by

Table 4. Properties of Internal Pore Segments of Length l =
1 nm and Diameter d Calculated Using the SRCCP Model
for the MCM-41 and SBA-15 Materials Studied

variable/equation MCM-41 SBA-15

volume of a cylindrical pore
segment (nm3)

Vcyl 6.61 62.2

surface area of cylindrical pore
segment (nm2)

Scyl 9.11 28.0

surface/volume ratio of a
cylindrical pore segment
(nm−1)

Scyl/Vcyl eq 13 1.38 0.45

surface correction factor, F F /S
V

S

V

cor

cor

cyl

cyl=
eq 16

1.083 1.57

corrected surface/volume ratio
of pore segment (nm−1)

S
V

S
V

cor

cor

BET

BET= 1.495 0.707

corrected volume of pore
segment (nm3)

V
cor eq 14 6.61 62.2

corrected surface of pore
segment (nm2)

S
cor eq 15 9.87 44

number of surface silanol
groups in pore segment

NOH
cor = nSiOHS

cor 29.6 163

number MPz in full pore
segment

NMPz
cor = V

cor/υMPz
eq 17

45 420

number MPz/number OH
ratio in full pore segment

Rcor = NMPz
cor /NOH

cor 1.52 2.58

Table 5. Properties of the MCM-41 and SBA-15 Materials
Containing 4-Methyl-1H-pyrazole (MPz) Obtained by NMR
(This Work)

MCM-41 SBA-15

experimental NH/OH ratioa Rint = NMPz
int /NOH

int 1.33 1.94
number of MPz molecules in
filled internal pore segment

NMPz
int = RintNOH

cor 39.4 316

S/V ratio of internal pores
(nm−1)

S
V n R

1int

int
SiOH

int
MPz

=
υ

1.69 0.94

experimental NH/OH ratioa Rext = NMPz
ext /NOH

ext ≈30 ≈6
S/V ratio of external space
(nm−1)

S
V n R

1ext

ext
OH

ext
MPz

=
υ

≈0.075 ≈0.30

external/internal volume
ratioa

V
V

p

p

ext

int

ext

int≅ 1.27 1.68

external/internal surface ratio S
S

V
V

S
V

V
S

ext

int

ext

int

ext

ext

int

int= 0.053 0.54

surface correction factor, F F /S
V

S

V

int

int

cyl

cyl= 1.225 2.09

aValues taken from Table 2.
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l l
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OH

OH

MPZ

OH

= = =
(18)

for both the internal and the external spaces, and the volumes
by

V N l, int , extl l
MPz MPzυ= = (19)

It follows that

S
V n R

l
1

, int , ext
l

l l
OH MPzυ

= =
(20)

Table 5 shows that the internal surface/volume ratios obtained
by NMR, i.e., 1.69 and 0.94 nm−1 for both materials compare
well with those of the SRCCP model, i.e., with the BET values
of 1.5 and 0.7 nm−1 (Table 4). In view of the complex
structure of the materials and the number of possible
systematic errors, the agreement of the BET and NMR
methods is very satisfactory.
For the internal pores of MCM-41, the S/V ratio is more

than 20 times larger than for the external space. In addition,
the experimental NH/OH ratio of the external space of MCM-
41 is much larger than that of the internal pores. This means
that the external surface is much smaller than the internal one,
and it is justified to neglect the external surface of MCM-41
when interpreting surface data obtained by the BET method.
However, this is not true for SBA-15, where the S/V ratio of

the internal pores is only 3 times larger than of the external
spaces. This indicates that the “advantage” of ordered pores in
SBA-15 is much less pronounced.
Finally, we were able to evaluate the external and internal

surface/surface and volume/volume ratios by NMR. For this,
we assume that the relative amounts p(l) of MPz in the
external and internal spaces obtained by lineshape analysis
(Figure 4 and Table 2) can be interpreted in terms of the
volume ratio

V
V

p
p

ext

int

ext

int≅
(21)

By combination with the surface/volume ratios of Table 5, we
then obtain also the external/internal surface ratios

S
S

V
V

S
V

V
S

ext

int

ext

int

ext

ext

int

int=
(22)

The results are included in Table 5. We are surprised that the
external volumes are between 30 and 70% larger than the
internal volumes. These results might depend on magic-angle
spinning (MAS, see Figure 1), which could compress the
external volumes.
On the other hand, the external surface of MCM-41

represents only 5% of the internal surface, whereas the external
surface of SBA-15 represents more than 30% of the internal
surface.
In principle, it is possible using NMR to measure the volume

ratios of different samples, e.g., of MCM-41 vs SBA-15 for the
internal and external spaces. However, this requires the parallel
measurement of standardized samples, a procedure that was
beyond the scope of this study. Moreover, for comparison, the
densities of the pure silica samples should also be known to
evaluate the ratio of the free volumes to the total sample
volumes.

Host−Guest Filling Behavior. Figures 6 and 7 indicate
that guest molecules enter first the internal space, then the
external, and the outside space. However, the external space
starts to be filled before the internal space is full, and the
situation is similar for the outside and external spaces.
To understand this host−guest filling behavior of the silica

samples studied, we need to recall some results of Table 5. For
MCM-41, the internal surface is 20 times larger than the
external surface, whereas it is only 3 times larger for SBA-15.
By contrast, the internal and external volumes are similar. In
this section, we discuss whether the above-mentioned
structural features are able to explain the observed host−
guest filling behavior depicted in Figures 6 and 7.
Two questions are addressed, (i) why does MPz populate

preferentially the internal pores at low filling fractions but the
external spaces at large fractions? And (ii) why is the final
MPz/SiOH fraction for the internal pores already achieved
even if the pores are not yet filled?
We will try to answer these questions in a qualitative way, as

depicted in Figure 9, for a well-ordered porous silica material.

The surface SiOH groups are symbolized by yellow triangles
and the MPz guest molecules by yellow forms, where the polar
NH groups are also represented by triangles and the nonpolar
aromatic side by the rounded parts. Figure 9 shows on the left
side a scenario for internal regular pores and on the right side
for irregular external spaces or irregular internal pores. To
symbolize the small surface/volume ratio, only a small surface
is shown in contact with a much larger volume around.
At small filling fractions, submonolayers are formed on both

internal and external surfaces where the guests attach to the

Figure 9. Simplified filling scenario of MPz guests in mesoporous
silica. The left column refers to internal pores characterized by very
large internal surface/volume ratios. Different stages are considered,
e.g., submonolayer formation, monolayer formation with a tendency
to form liquid clusters, cluster formation exhibiting the final NH/OH
ratio, and filled pore. The right column refers to external spaces,
exhibiting small surface/volume ratios. In the beginning, MPz
molecules enter mainly the internal pores but eventually they
populate the larger volumes of the external space dominantly. For
further explanation, see the text.
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surface SiOH groups via hydrogen bonding. This explains the
finding in Figure 6 that at low filling fractions, MPz molecules
are located only on the surface.
The situation changes when the formation of a monolayer is

approached. Then, the number of SiOH groups is similar to
the number of MPz molecules. The absence of vacancies leads
to a decrease of the binding entropy. A second and a third layer
are rapidly formed where hydrogen bonds to the first layer are
unlikely. At this stage, there is no advantage for guests to enter
the internal pores anymore. The critical importance of specific
guest−surface interactions for the uptake and localization of
the guest into pores was demonstrated in the past for different
guests.63−65 Thus, it is understandable that at this stage, more
guest molecules enter the external space, as revealed in Figure
6. Then, in both spaces, the internal and external ones, small
droplets may be formed, whose size is limited in the pores by
the close distance between the walls, in contrast to the external
spaces. As a result, the final NH/OH ratio in certain pore
segments may be achieved before the whole pore is filled
because some segments will be locally filled, whereas others
remain more or less empty. The individual and the overall NH
fraction become similar only in the case of the full pores. Thus,
these scenarios can explain both the findings of Figures 6 and
7.
We note that the process of filling the pores of mesoporous

silica with water was studied by some of us in the past.48 For
SBA-15, with its larger pore diameter, after an initial coverage
of the surface, a radial growth toward the pore axis was
proposed. By contrast, for MCM-41, an axial filling of the pores
was suggested. This is in agreement with the present

observation of the final NH/OH fraction in partially filled
pores. On the other hand, in Figure 9, we did not consider yet
the more irregular pore surface found for SBA-15 as compared
to MCM-41.39

Visualization of a Snapshot of MPz Molecules in a
Pore Segment of MCM-41 and OH/NH Host/Guest
Proton Exchange. Finally, we discuss how MPz molecules
might be arranged in a regular pore. As it is difficult to consider
SBA-15 with its large surface roughness, we refer here only to
MCM-41.
For this system, we have visualized in Figure 10, a pore

segment of diameter 3 nm typical for the MCM-41 sample
studied filled with MPz. For the sake of clarity, only a segment
of length 0.5 nm is depicted, which corresponds approximately
to the thickness of an MPz molecule. According to Table 5,
such a segment contains then 15 surface SiOH groups, which
are arranged about 0.5 nm from each other.39 In view of the
molar NH/OH fraction of 1.33 determined experimentally, we
have added 20 MPz molecules into the pore. We let 13 MPz
molecules bind to SiOH groups and place 7 molecules inside
the core. Figure 10 represents a static scenario, where we have
arranged all MPz molecules arbitrarily in the xy-plane for the
sake of clarity.
The hydrogen-bonded complexes could not be determined

in this study, but there are some general aspects that make the
choice of complexes depicted in Figure 10 plausible. For the
core, we have considered a cyclic trimer in analogy to the
crystalline state,16 a linear trimer and a monomer. Linear
dimers could also be formed, and we have depicted a dimer in
a hydrogen bond to a surface SiOH group.

Figure 10. Molecular scenario of MPz molecules in a half pore segment of MCM-41 of 0.5 nm length and 3 nm diameter. According to the NMR
data analyses of Table 5, 20 MPz molecules were placed inside the pore and 15 SiOH groups (Table 4) on the silica surface. Thirteen MPz
molecules were considered to form surface-hydrogen bonds. Seven MPz molecules are located in the core, either free or forming various types of
hydrogen-bonded complexes, for example, a cyclic dimer observed in neat MPz crystals.16 Surface 1:1 MPz/SiOH complexes exhibiting O−H···N
hydrogen bonds are expected to be stronger than O···H−N hydrogen bonds.66 The mechanism of host−guest proton exchange is unknown. It
probably takes place in surface guest−host complexes via multiple proton transfers, possibly involving H-bond rearrangements and zwitterionic
intermediates or transition states.14 For further explanation, see the text.
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The different H-bond environments exhibit different
chemical shifts in the slow H-bond exchange limit. However,
as only a single averaged OH/NH signal is observed for a given
pore environment, the exchange between the different
hydrogen-bonded environments is fast, in addition to the fast
OH/NH proton exchange. This also means a fast molecular
rotational and locally translational mobility, indicating that at a
given time all MPz molecules should point in different
directions.
The hydrogen bond structures of the surface-bound MPz

molecules were rationalized as follows. Obvious complexes are
1:1 SiOH−MPz surface complexes, exhibiting either a single
O−H···N or an O···H−N hydrogen bond or a cyclic form with
both of them. Previously, it has been shown that O−H···N
hydrogen bonds are stronger and shorter than O···H−N
hydrogen bonds.66 Moreover, in a cyclic 1:1 complex, both
hydrogen bonds are nonlinear, i.e., less stable.
The distance of 0.5 nm between two SiOH groups of MCM-

41 seems to be too far for the formation of 2:1 SiOH−MPz
complexes, which are, therefore, not included. On the other
hand, cyclic 1:2 complexes between the OH groups and two
pyrazole molecules have been observed by X-ray crystallog-
raphy in which a triple proton transfer can take place, and such
a complex is depicted in Figure 10.14

The presence of some nonhydrogen-bonded NH groups is
justified by the observation of a high-field shift of about 1 ppm
for neat MPz by increasing the temperature from 298 to 398 K.
This indicates the increase of the fraction of nonhydrogen-
bonded SiOH and NH groups.
At present, one can only speculate about the mechanism of

the host−guest proton exchange between the MPz molecules
and the surface SiOH groups. Proton exchange could take
place in the 1:1 complexes via a double proton transfer or as a
consecutive single proton transfer via a zwitterionic inter-
mediate or a transition state, as illustrated in Figure 10.67 Also,
a triple proton transfer could be realized in the cyclic 1:2
complex in analogy to the related systems.11−13,66 However,
even 2:1 or higher complexes cannot be excluded as
intermediates of host−guest proton exchange.
Figure 10 also shows that when the pores are filled,

hydrogen bonds are formed between the guest MPz molecules.
This phenomenon contributes to the observed low-field shifts
of the NH signals of MPz (Figures 3, 5, S1, and S2), in
addition to proton exchange between the NH and OH groups.
The signals of the SiOH groups will also be shifted downfield
upon hydrogen bonding to the MPz molecules. The situation
is quite complex, which makes it difficult at present to interpret
the shift of the average NH/OH lines to low field upon
increasing the guest/host ratio, according to Figure 5.

■ CONCLUSIONS

The conclusions of the present study can be summarized as
follows.

(i) Host−guest proton exchange (HGPE) can be used to
obtain information on the filling mechanisms and the
structures of porous solids containing surface OH
groups using solid-state 1H NMR under MAS
conditions. The guest molecules, preferentially hetero-
cyclic compounds, need to exhibit mobile NH groups
involved in fast proton exchange with the surface OH
groups. The preference of guest molecules for entering
the internal, external, and outside spaces (Figure 1) of

the materials can be followed by NMR. The observed
OH/NH ratios provide insight into the pore filling
mechanisms. From the data analysis, surface/volume,
volume/volume, and surface/surface ratios of the
different spaces can be derived.

(ii) The HGPE NMR tool is useful for the study of the
structures of porous solids in molecular dimensions,
which complements the traditional tools1−6 described in
the Introduction. By contrast, diffusion NMR represents
an important tool for the study of microscopic
structures.8

(iii) We have found that the volumes of the external void
spaces of the MCM-41 and SBA-15 samples studied are
larger than those of the internal pores. On the other
hand, the surface areas of the external spaces are much
smaller than those of the internal pores in the case of the
MCM-41 sample, whereas the difference is much less
pronounced in the case of SBA-15.

(iv) The filling of the internal pores of the mesoporous silica
samples with the guest molecules such as 4-methyl-1H-
pyrazole (MPz) seems to proceed after the formation of
a submonolayer in an inhomogeneous way with the
coexistence of filled and void pore segments. First, guest
molecules only enter the internal pores but at larger
filling ratios more guests are found in the external spaces,
although the internal pores are not yet full. For SBA-15,
the irregular internal surface observed previously39 will
increase the inhomogeneity of the guest filling in such a
way that the difference with the external cavities is
alleviated.

(v) Estimates of the number of MPz molecules and their
relative size with respect to the surface features, ideas
about their hydrogen-bonded structure, and proton
exchange mechanisms in the internal pores are
presented. These ideas might provide a guideline for
future molecular simulations of hydrogen-bonded
guest−host interactions.

(vi) Many open questions remain, among which are whether
MAS techniques are compulsory or whether also static
samples could be measured, whether MAS decreases the
external volumes strongly, whether the results depend on
temperature, whether the samples studied are represen-
tative for all samples of the same type, whether there is
an influence of the type and shape of the crystallites,
whether the internal/external surface and volume ratios
can be modeled, and whether guest exchange between
different spaces can be characterized. These and other
open questions could not be studied at present, where
we focus on the method but may constitute a fruitful
research area in the future.
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The Supporting Information is available free of charge at
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Composition of 4-methyl-1H-pyrazole (MPz) inside
silica of the MCM-41 type and 1H MAS chemical shifts
δ at 398 K (Table S1); composition of 4-methyl-1H-
pyrazole (MPz) inside silica of the SBA-15 type and 1H
MAS chemical shifts δ at 398 K (Table S2); selected
single 90° pulse 1H MAS NMR spectra at 398 K and 7 T
of 4-methyl-1H-pyrazole in MCM-41 (Figure S1);
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selected single 90° pulse 1H MAS NMR spectra at 398 K
and 7 T of 4-methyl-1H-pyrazole in SBA-15 (Figure
S2); and density of neat 4-methyl-1H-pyrazole at
different temperatures according to the data of Table 3
(Figure S3) (PDF)
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