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Nanostructured mesoporous silicates displaying hexagonally arranged channels, templated using a liquid crystal
mesophase, were investigated using H-2 and N-15 NMR spectroscopy. It is shown that N-15 MAS NMR spec-
troscopy allows to estimate the surface acidity of mesoporous materials by measuring the N—H bond length via
the N-15 chemical shift. Further, H-2 and N-15 NMR spectroscopy identify significant differences between the
structure of the surface area of H; silica and MCM-41. Static N-15 NMR spectroscopy was used to differentiate
between pyridine located in channels perpendicular to the magnetic field from, for example, pyridine located in
channels orientated parallel to the field. This observation offers the possibility of separating the NMR signals
and thus pursuiting the goal of “liquid phase single crystal NMR spectroscopy”.

1. Introduction

A number of alternative routes to the formation of nano-
structured ceramic oxides [1, 2] have been discovered since
the first mesoporous silica was synthesised in 1992 [3]. One
versatile, and well understood, templating approach using
liquid crystal mesophases has allowed the formation of
nanostructured ceramics [4], polymers [5] and metals [6].
Deuterium NMR spectroscopy has proven to be a valuable
tool in determining the templating mechanism responsible
for the formation of the nanostructured ceramic H;j silica
{7] (a mesoporous silica displaying a regular hexagonal ar-
ray of channels, formed from a H; non-ionic surfactant lig-
vid crystalline phase). In addition, deuterium NMR spec-
troscopy has been used to investigate the molecular motion
and surface-solvent interactions of organic probe molecules
adsorbed onto nanostructured ceramics [8, 9]. These inves-
tigations highlighted significant differences in the ratio of
intra- to extrachannel surface area (intra: surfaces within
the cylindrical channels, extra: external, defect surfaces) be-
tween Hj silica and the classic MCM-41 material, with the
latter possessing much less intrachannel surface. This find-
ing has important repercussions for the application of
nanostructured ceramics to the cracking of large hydrocar-
bons (which are too big to be accommodated inside micro-
porous zeolite catalysts) as the required chemistry depends
on Bronsted acid-base interactions occurring on intrachan-
nel surface area.

In order to further understand the nature of the solvent-
surface (acid-base) interactions, N-15 NMR spectroscopy
has been used to investigate N-15-labelled pyridine adsorb-
ed onto nanostructured Hj silica and aluminium silicate. It
is known that the N-15 chemical shift correlates to the
N —H hydrogen bond length for a series of acid-base com-
plexes [9]. Therefore, monitoring the N-15 chemical shift
allows one to estimate the N — H distance and thus the acidi-
ty or proton-donating power of surfaces. To demonstrate
this application, using two samples displaying different
acidity (H, silica and aluminium silicate), are compared.

2. Experimental

The nanostructured ceramics were prepared according to
the classic method described by Attard et al. [1]. Samples
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for the NMR measurements were dried at 150 °C under high
vacuum (10"7bar) for 24h inside a 7mm glass MAS
(magic angle spinning) NMR insert (Spintec). An exact
amount of dry N-15-labelled pyridine (Chemotrade) was
condensed onto the sample, and then the glass insert was
flame-sealed while cooled in liquid nitrogen. An amount of
8.1 mg pyridine was adsorbed onto 70 mg H; silica (1), and
6.2 mg pyridine was adsorbed onto 52.5 mg aluminium
silicate (2). The N-15 NMR spectra were recorded at am-
bient temperature on a Bruker MSL-300 instrument em-
ploying a Bruker 7 mm MAS NMR probe, with typical spin-
ning speeds of 4 kHz.

3. Results

The N-15 MAS NMR chemical shift of pyridine adsorbed
onto Hj silica displays a high field shift of 24.5 ppm (44 Hz
half height line width) from bulk liquid pyridine, while
pyridine adsorbed onto aluminium silicate displays a larger
high field shift of 37.2 ppm (249 Hz halfheight line width).
These spectra are displayed together with the static N-15
NMR spectrum of bulk pyridine recorded with a MAS pro-
be (Fig. 1).

The static N-15 NMR spectrum of pyridine adsorbed on-
to Hy silica (Fig. 2) displays two signals: i) a Lorentzian line
shape, ii) a signal which can be fitted with a CSA line shape
(note: this line shape is an ensemble of shifts arising from
pyridine-located channels which are orientated between per-
pendicular and parallel to the magnetic field, and thus dis-
playing a different average shielding or deshielding shift
anisotropy). The static N-15 NMR spectrum of pyridine ad-
sorbed onto MCM-41 (Fig. 2) displays an intense Lorent-
zian line shape and a very low intensity CSA line shape.

4. Discussion

4.1 The Influence of Surface Acigdity
on N-15 NMR Chemical Shifts

The N-15 chemical shift difference between bulk liquid
pyridine and its protonated form covers a range of 105 ppm
[11], as such it serves as a sensitive indicator of acidity. This
property, which was first used by Haw and Maciel et al. in
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Fig. 1

Comparison of the MAS N-15 NMR chemical shifts of N-15-labelled
pyridine: a) bulk liquid (static), b) 8.1 mg pyridine adsorbed onto
70 mg H; silica, c) 6.2 mg pyridine adsorbed onto 52.5'mg aluminium
silicate

200

1981 [12a], has been used extensively in several NMR spec-
troscopy surface investigations of zeolites [12b—d], and is
covered in a number of general reviews [13a—c]. In the pre-
sent work, MAS N-15 NMR spectra of pyridine adsorbed
on to H, silica are compared with those of pyridine adsorb-
ed onto aluminium silicate (Fig. 1).

Pyridine forms a hydrogen bond with the Si-OH groups
on the surface of Hj silica via the nitrogen lone pair of elec-
trons (N—H-0). At room temperature these hydrogen
bonds are readily broken and reformed as a result of rapid
jumps of the pyridine molecules between Si-OH sites, thus
the spectra represent the rapid exchange regime. Therefore,
a single N-15 NMR chemical shift is obtained representing
an ensemble average over a range of acidic Si-OH sites. For
H; silica the 24.5 ppm high field chemical shift, relative to
pyridine, shows that a weak hydrogen bond is formed with
the surface Si-OH groups. In principle, it is possible to mea-
sure the N-15 MAS chemical shifts of pyridine, permanent-
ly bound to Si-OH sites (slow exchange regime), by cooling
the sample. Such spectra will directly display the range of
Si-OH acidities. It has not been possible to measure low
temperature MAS NMR spectra due to difficulties involved
in obtaining stable sample spinning for the long experiment
times required to acquire a sufficient signal-to-noise ratio.
Nevertheless, useful qualitative indications of the surface
acidity have been gained from room temperature measure-
ments.

The N-15 MAS NMR chemical shift of pyridine adsorbed
onto aluminium silicate displays a single broad signal
37.2 ppm high field from bulk liquid pyridine. As this rep-
resents the ensemble average of chemical shifts over all the
acidic surface sites, it clearly reveals a wider range of acidic
sites, relative to H; silica, with a significant contribution
from strongly acidic Si-OH and Si-OH(AI) groups. It was
not possible to determine whether Brensted acid sites were
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Fig. 2

Comparison of the static N-15 NMR spectra of N-15-labelled pyridine

adsorbed onto: a) Hj silica, b) MCM-41

present in this sample. Although, the Al-27 MAS NMR
spectra revealed only tetrahedrally coordinated aluminium
to be present in this sample [14]. Further evidence for the
formation of stronger hydrogen bonds at the surface of
aluminium silicate is available from the halfheight width of
the N-15 MAS NMR signal. Even at room temperature this
signal is broad (compared to Hj silica) and thus reflects the
reduction in the rate of jumping from acidic site to acidic
site, and so indicates that molecular motion is closer to the
slow exchange regime,

A tentative extrapolation of the available N-15 NMR
data, combined with the known correlation between N-15
chemical shift and N—H hydrogen bond length [10], pro-
vides N—H distances in the range of 2.0+0.3 A for H,
silica and 1,6 +0.3 A for this aluminium silicate.

4.2 The Influence of Confinement Within Nanoscale
Channels

Static H-2 NMR spectra of an organic solvent adsorbed
onto the surface of H; silica (Fig. 3) clearly identify two
distinct molecular motions. Molecules adsorbed onto intra-
channel surface undergo anisotropic rotation coupled with
translational diffusion and give rise to a Pake pattern, while
molecules adsorbed onto extrachannel surfaces undergo
isotropic rotation coupled with translational diffusion and
give rise to a Lorentzian line (Fig. 4). As expected, basic
molecules such as pyridine-ds display a stronger interaction
with the surface and therefore a more anisotropic motional
behaviour than less basic molecules such as benzene-dg [8].
A comparison between the static H-2 NMR spectra of pyri-
dine-ds adsorbed onto Hj silica and MCM-41 shows that
the intrachannel surface area of H; silica, as displayed by
the Pake pattern, is dominant (Fig. 3a), while it is the extra-
channel surface area of MCM-41, as displayed by the iso-
tropic signal, which is dominant (Fig. 3b).

The N-15 static NMR spectrum of N-15 labelled pyridine
adsorbed onto Hj silica (Fig. 2) displays two signals, arising
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Fig.3
A comparison of the deuterium NMR spectra of pyridine-ds adsorbed
onto: a) H; silica, b) MCM-41

b)

Fig. 4

A scheme showing the jump motion of pyridine: a) on extrachannel
surface, which gives rise to an isotropic NMR signal, b) on intrachannel
surface, which gives rise to an anisotropic NMR signal

from intra- and extrachannel solvent-surface interactions.
This supports the results from the deuterium NMR investi-
gations and also provides additional information. The dis-
tinct ‘CSA’ line shape reflects the anisotropic rotational

motion coupled with translational diffusion, however, this
line shape is an ensemble of many signals and is not a single
CSA pattern. The origin of these multiple signals are ex-
plained using the following argument, which assumes that
there is a limited number of molecular orientations possible
within any given channel. Take for example a single chan-
nel, orientated perpendicular to the external magnetic field
[15], and observe only the shielding tensor lying along the
N —H-O hydrogen bond. Jumping of pyridine molecules
from one acidic site to the next, around the circumference
of the channel, will average the tensor, while translational
diffusion along the channel will have no net effect on the
magnitude of the tensor. Identical jumping and transla-
tional ‘diffusion behaviour within a channel orientated
parallel to the magnetic field will, for the shielding tensor
lying along the N — H-O bond, produce no net averaging of
the tensor at all. Despite the simplicity of this argument,
which assumes smooth surfaces and ignors the complicating
influence of transition states, as well as ‘free’ (non-bound)
pyridine and the orientation of the pyridine molecules to the
surface, it shows how the averaging of the shielding tensors
of nitrogen depend on the relative orientation of the chan-
nel to the magnetic field.

Fig. 2 displays the N-15-static NMR spectrum of pyridine
adsorbed onto MCM-41. Despite the reported similarity of
the nanostructures of H, silica and MCM-41, the spectra
are in stark contrast to one another. The dominant feature
of the latter spectrum is an intense Lorentzian line shape
produced as a result pyridine moving on extrachannel sur-
face. Underlying this signal is a very weak CSA line shape.
The reason behind the differences observed between these
NMR spectra is the relative ratio of intra- to extrachannel
surface area. The H-2 and N-15 NMR results show con-
clusively that the proportion of intrachannel surface area in
MCM-41 is significantly less than for Hj silica.

5. Conclusion and Outlook

The acidity of the surface of two materials have been esti-
mated in terms of an N — H bond distance determined using
the N-15 MAS NMR chemical shift as a measure. More fa-
vourable probe molecules are currently being investigated
which should enter the slow exchange regime at more readi-
ly accessible temperatures, yet also display the same N-15
chemical shift dependence on the acidity.

Significant and important differences were observed be-
tween the NMR spectra of pyridine adsorbed onto the sur-
faces of Hj silica and MCM-41. These indicate that the
relative intrachannel surface area of MCM-41 is very much
smaller than for Hj silica. As such, this has important con-
sequences for the application of these mesoporous materials
as catalysts, which depend directly on the quality and quan-
tity of nanostructured surface area.

The NMR results may now enable a new technique to be
developed. As it is possible to differentiate between pyridine
located in channels orientated, for example, parallel and
perpendicular to the magnetic field, then it should also be
possible to separate their NMR signals. This represents an
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unique opportunity to pursuit the goal of “liquid phase
single crystal NMR spectroscopy”.
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