High-resolution 1H MAS NMR spectra of 2: 1 phyllosilicates
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Solid-state 'TH MAS NMR at high magnetic fields and high
spinning speeds provides a powerful means of identifying
the different proton sites in smectites and affects informa-
tion on the octahedral nature, the octahedral layer charge
deficit and the charges on the cations residing in the
interlayer space of the silicate.

Solid-state magic angle spinning nuclear magnetic resonance,
MAS NMR, spectroscopy has long been recognised as a
powerful tool for the study of the structura and physico-
chemical properties of inorganic silicates, aluminosilicates and
zeolites, as well as for the study of the structure of adsorbed
molecules and the sorbate—sorbent interactions between mole-
cules and such solids. In consequence, MAS NMR is an
experimenta technique widely used in solid state chemistry
research, both from basic and applied points of view.:

In particular, solid-state proton NMR offers an extremely
useful tool in the characterization of both the proton-containing
parts of the solids, i.e. structural hydroxyls and water, and the
adsorbed molecules in these materials.2 Moreover, it provides
several advantages over other experimental techniques, such as
X-ray diffraction and IR spectroscopy: (i) it is an intrinsically
guantitative measurement, the area of the spectrum being
directly proportional to theamount of hydrogen present;3 (ii) the
chemical shifts are characteristic of the hydrogen environment,
different bands being associated with different structural sites;4
(iii) both the inter-hydrogen distances, d_p,° and the hydrogen
bonding distances® can be determined; and (iv) the strength and
concentration of Bronsted acid sites can be quantitatively
studied.”

However, conventional proton MAS NMR spectra in the
solid state are usualy very broad due to homo- and hetero-
nuclear dipolar interactions and, to a lesser extent, chemical
shift anisotropy. The main problem generally encountered in 1H
MAS NMR is the strength of the homogeneous dipolar
interactions among protons, which produce significant line-
broadening. Experimental techniques that make use of com-
bined rotation and multiple-pulse spectroscopy, such as
CRAMPS and WAHUHA,, improve the quality of these spectra
but imply the acquisition of more complicated experimental
systems.8 Partial deuteration of the samples reduces the spectral
broadening but, again, a more complicated manipulation
of the samples and a much more expensive preparation is
involved.®

In contrast with these disadvantages, the advent of higher
field magnets and the technical possibility of achieving very
high spinning speeds has allowed the acquisition of high-

Table 1 Structural formulae of the selected smectites

resolution proton spectra through conventional single-pulse
MAS NMR experiments on solids samples, provided that either
the hydrogen density in the sample is less than about 15 atoms
nm—3 or the motions of the molecules containing protons are
fast enough, which isin accordance with classical works on the
subject.10 This technique has been successfully used to
characterise many hydrous species in mineras, including
pyrophyllite and talc, the two end-members of the smectite
family.1* However, the application of the solid-state tH MAS
NMR techniqueto the study of clay mineralsand their reactions
has been largely unexplored, even when the information which
could be obtained might be extremely useful for those numerous
researchers who employ these samples in various areas of the
chemistry.

This report details the study of proton spectra of samples
representative of the smectite group and analyses the relation-
ship between the spectra and the mineralogical composition of
the samples. Likewise, useful applications for such measure-
ments are proposed.

Samples of representative species among smectites with
mineralogical compositions close to ideal were selected and
homoionised in sodium. The set of sampleswas supplied by the
Source Clay Minerals Repository of Missouri University
(Columbia), and includes members of the dioctahedral and
trioctahedral series as well as others with different tetrahedral
Si/Al ratios. Additionally, the samples were also homoionised
with different interlayer cations. The structural formulae of the
samples studied in this report are included in Table 1 and
characterised in more detail elsewhere.12

High-resolution 1H MAS NMR spectra were recorded at
room temperature for the smectites equilibrated in air (hydrated
samples) and after heating at 150 °C, to ensure the complete
removal of interlayer water (dehydrated samples), in order to
separate both contributions. A more detailed description of the
experimental procedure is given elsewherel2 Spectra were
acquired inamagneticfield of 9.39 T and rotorswere spun at 12
kHz. Pulse spaces of 5 swere used and the radiofrequency field
for protons was 60 kHz.

1H MAS NMR spectra of the different sodium-saturated
smectites described in Table 1, after dehydration at 150 °C, are
given in Fig. 1 (dotted lines in the right-hand column). The
spectra of talc and pyrophyllite have aso been included. All of
the spectra show a single component, assigned to structural
hydroxyl groups, which have been fitted with a Lorentzian
curve (solid lines in the right-hand column of Fig. 1). The
chemical shift (6) and the full-width at half-height (fwhh)
values are displayed in the upper-right-hand graph of Fig. 1.

Short name [41Gj4+ [4A]3+ [61A |3+ [6]Fe3+ [6]M93+ [6lLj+ [6] T4+ M+
Talc 8.00 — — — 6.00 — — —
SHCa-12 7.96 0.04 0.04 — 5.30 0.66 — 0.66
SapCa-1° 7.20 0.80 — 0.14 5.79 — — 0.80
Pyrophyllite 8.00 — 4.00 — — — — —
Trancos® 7.64 0.36 3.09 0.28 0.69 — — 0.87
SAz-1¢ 797 0.03 271 0.14 113 — 0.02 114

a Hectorite. ® Saponite. ¢ Montmorillonite.
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The hydroxyl NMR bands show avalue of ca. 0.5 ppmfor the
trioctahedral samples and of ca. 2.0 ppm for the dioctahedral
ones. The differencein chemical shift between these samplesis
a consequence of differences in the composition of the
octahedral sheet and is in agreement with the 225i MAS NMR
data reported for these materials.23 In trioctahedral minerals,
OH bond axes are perpendicular to the layers and point toward
the hexagona cavities, while they are aimost paralel to the
layers in dioctahedral minerals.14 In consequence, the proton
position in the dioctahedral smectites allows an interaction
between these OH groups and the apical oxygen atoms of the
tetrahedral sheets, a hydrogen bond, which causes adeshielding
of the protons and, hence, a displacement of their resonancesto
lower fields.

Within each series, the chemical shift value is related to the
octahedral layer charge: the higher the octahedral layer charge,
the higher the field. This fact is explained on the basis of the
localisation of charge deficits created by isomorphous substitu-
tionsin the smectites.15 If the deficit originatesin the octahedral
shest, the excess negative charge tends to be delocalised around
the whole sheet and the proton shielding of the structural
hydroxyls increases as the octahedral charge is elevated.
However, if the deficit occursin the tetrahedral sheet, the excess
negative charge tends to be localised on single oxygen atoms
and the effect on the hydroxyl proton shielding is negligible.

As regards the band widths, these are influenced by both
structural and compositional parameters. Firstly, trioctahedral
structures provide a more symmetrical environment for the
hydroxyl protons than dioctahedra minerals. In the latter
structures, the hydroxyls are tilted and pointing toward one of
the tetrahedra of the hexagonal array, alibrational motion being
allowed. In consequence, the trioctahedral minerals show a
unique hydroxyl chemical environment and narrower *H NMR
signals, whilst dioctahedral minerals show an average of
different hydroxyl orientations and wider bands.

Secondly, the mineralogical composition affects the band
width in atwo-fold manner: those samples without isomorphic
substitutions show the narrowest bands in each series and the
incorporation of paramagnetic impurities and NMR-active
nuclei causes a broadening of the signals.

In order to evaluate the influence of the interlayer cation, *H
MASNMR spectraof saponite exchanged with different cations
are included in the left-hand column of Fig. 1, similar results
being obtained for the other smectites. Dehydrated and
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Fig. 1 A: tH MAS NMR spectraof saponite saturated with Na* (a), Li* (b),
Mgz2* (c), Al3+ (d), La3* (€), and Lud* (f) ions. B: Subtraction from *H MAS
NMR spectra shown in the left column of the *H MAS NMR spectra
obtained from the samples after dehydrating at 150 °C (dotted lines) and
Lorentzian fitting curves (solid lines). Chemical shifts and full-widths at
half-height are shown in the upper-left diagram for each fitting curve. C: 1H
MAS NMR spectra of (g) talc, (h) Nahectorite, (i) Na-saponite, (j)
pyrophyllite, (k) Na-Trancos montmorillonite, and (I) Na-SAz-1 montmor-
illonite after dehydrating at 150 °C (dotted lines). Lorentzian fitting curves
have been included for each experimental curve (solid lines). Chemical shfts
and full-widths at half-height are shown in the upper-right diagram for each
fitting curve.
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exchanged saponites display similar *H NMR hydroxyl signals
regardless of the identity of the interlayer cations, indicating
that these species have no influence on the OH protons.

As regards the *H NMR water signa, the centre column of
Fig. 1 exhibits, as dotted lines, the experimental spectra shown
in the left-hand column, after subtraction of the corresponding
spectra of the dehydrated samples. These spectra are composed
of a single component, associated with the interlayer water of
these materials. A clear relationship between the chemical shift
value and theinterlayer cation chargeisobserved. Asthe charge
of the cation increases, the proton acidity increases and the band
is shifted to lower fields: chemical shifts for the water protons
of samples exchanged with trivalent cations are found to lie
within the narrow range 4.60-4.55 ppm; those of samples
exchanged with divalent cationslie closeto 4.36 ppm; and those
of samples exchanged with monovalent cations lie around 4.10
ppm. ldentical chemical shifts were found for the other
smectites exchanged with the same cations. Therefore, the
position of the water band is uniquely affected by the charge of
the interlayer cation.16.17

However, the fwhh is less influenced by both the charge and
the size of the cation, the response being much more
complicated. The variations in the linewidths of proton spectra
in similar systems are affected by the mobility of water and, in
consequence, complicated diffusion processes are involved,
more sophisticated models being necessary for a discussion of
these effects.

In summary, this report shows that the combined use of high
magnetic fields and spinning speeds affords single-pulse 1H
MAS NMR spectra of smectites of similar quality to those
currently obtained by using multiple-pulse sequences. More-
over, these spectrarequire only very short acquisition times and
a simple instrumental set up. The spectra directly provide
information on the octahedral nature, the octahedral layer
charge, and the charge of the interlayer cation of the mineral,
structural aspects of elevated importance in the study of these
materials. In particular, they can be used as initial character-
ization measurements and can be valuable for monitoring
structural changes in the course of many treatments in which
smectites can change their layer charge, suffer leaching
processes, or modify their interlayer compositions. Finaly,
such spectra afford the opportunity to devel op two-dimensional
cross-polarisation experiments with other nuclei, such as 275,
29A| and “Li, which would improve the information currently
obtained from MAS NMR spectroscopy.
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