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We report O and ?’Al NMR results for 17O-enriched synthetic and natural layer silicates
with significantly improved resolution of oxygen sites including basal and apical oxygens
using 'O 3QMAS NMR spectroscopy. These oxygen sites have well-defined ranges of 'O
isotropic chemical shifts (dis;) and quadrupolar coupling constants (Cg). The C, of basal oxygen
(MSi—0—MSi) range from 4.1 to 5.2 MHz for these phases, and dis, varies from 39 to 55
ppm. The Jis, value of the basal oxygen sites increases with increasing Cq. The Cq and diso
values of apical oxygens (“1Si—O—2[¢IAl) are about 3.4 MHz and about 64 ppm, respectively,
and are similar among the phases examined. The hydroxyl group (2[8JAl—OH) has the largest
Cq (about 7 MHz) among the oxygen sites, as well as the most shielded chemical shift of
about 37—44 ppm. Analysis of the 2’Al MAS NMR spinning sideband manifolds yields precise
NMR parameters for the [PIAl sites. 27’Al MAS and 3QMAS NMR spectroscopies at 14.1 T
yield excellent quantification of the IAI/MAI ratio of 2 for natural muscovite. The methods
described here, in particular 17O 3QMAS at high Hy field (14.1 T), are effective probes of
crystallographically distinct sites with similar Cq and dis, value in layer silicates and are
thus potentially useful for characterizing the complex and heterogeneous natural layer
silicates and other nanoscale earth materials, such as crystalline and amorphous oxyhy-
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doxides and oxides.

Introduction

The surfaces of layer silicates, such as micas and clay
minerals, can greatly affect the chemistry of ground-
water and the adsorption and transport of nuclear waste
and heavy metals.1=3 Many layer silicates, especially
those formed in low-temperature environments, can be
regarded as natural nano-geomaterials.* Layer silicates
also have important applications as industrial catalysts,
and there has been extensive theoretical and experi-
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mental study of their structures, stability, and reactiv-
ity.5 The composition and distribution of cations among
tetrahedral and octahedral sites often determine the
surface charge, the bonding behavior of reactive sites
on the grain edges, and key structural characteristics
(e.g., bond angle variation),?® and thus, they signifi-
cantly affect many properties, including reactivity with
aqueous solutions and metal adsorbates. Such detailed
structural information is difficult to obtain from con-
ventional X-ray diffraction methods, and solid-state 2°Si
and 2’Al NMR spectroscopies have been important
tools in exploring the short-range order and structural
configuration in layer silicates.>’~14 Such studies have
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provided important insight into such structural details
as the tetrahedral Si/Al distribution, the distribution
of Al on octahedral and tetrahedral sites, the distribu-
tion of paramagnetic impurities, and the presence of
crystallographically distinct Al sites.15-19

170 NMR spectroscopy is also an effective structural
probe of aluminosilicate materials, revealing, for in-
stance, local site connectivity (e.g., [*1Si—O—[*Si and
MISi—O—MAl) and oxygen site-specific reactivity, but
such studies of layer silicates are very limited.?2°=22 In
their pioneering study of synthetic talc [Mg3SisOi0-
(OH),], Walter et al. used conventional static 7O NMR
spectroscopy and static proton cross polarization (*H—
170 static CP) to probe the oxygen environments.?° More
recently, we reported 7O triple-quantum magic-angle
spinning (S3QMAS) NMR spectra for 7O-enriched natu-
ral kaolinite and muscovite that provide improved
resolution of the signal for the apical oxygens and,
particularly, three crystallographically distinct basal
oxygen sites in kaolinite, providing further insight into
the origin of possible reactivity differences among the
sites,?! as previously demonstrated for zeolites, where
“ISi—O0—MAl reacts more rapidly than “1Si—O—MSi with
H,0 vapor.2324 170 NMR studies of layer silicates are
limited, largely because the NMR-active isotope, 170,
has a natural abundance of only 0.037%, and its
relatively large quadrupolar moment can broaden the
resonances through interactions with the electric field
gradient (EFG).

Here, we use 170 and 2’Al MAS and triple-quantum
filtered MAS (3QMAS) NMR spectroscopies at various
static magnetic fields (Hp) to explore the short-range
cation order and O-site characteristics in three 17O-
enriched synthetic layer silicates and 17O-enriched
natural muscovite and kaolinite. Excellent resolution
in the 170 3QMAS NMR spectra at high field (14.1 T)
allows previously unattainable discrimination of signals
for multiple basal and apical oxygen sites, and the data
provide the NMR characteristics of these sites. These
results and methods provide a basis for future investi-
gations of the oxygen sites in complex and heteroge-
neous nanomaterials. 3QMAS 7O NMR spectroscopy
has previously proven effective in investigating the
structures of crystalline oxide-based materials, includ-
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Table 1. Synthetic Layer Silicate Samples

sample name  starting composition final products

CAW1974 kaolinite kaolinite + smectite
CAW1964 pyrophyllite pyropyllite + kaolinite
CAW1961 pyrophyllite pyropyllite + kaolinite

ing zeolites and aluminosilicate glasses.?3—30 Here, we
use the FAM (fast amplitude modulation) modified pulse
sequence, which can enhance the efficiency in triple
guantum to single quantum conversion relative to that
achieved with early methods.2431-33

2TAl MAS NMR spectroscopy has been widely used to
investigate the Al sites in layer silicates and to quantify
the Al distribution between tetrahedral and octahedral
layers, but principally because of second-order quadru-
polar interactions (SQIs), such quantification has some-
times proven difficult (see ref 5 and references therein).
Higher fields can reduce these difficulties,34-36 and
analysis of spinning sideband manifolds under fast MAS
can provide a better method of obtaining structurally
relevant quadrupolar coupling constants (Cg) and iso-
tropic chemical shifts (diso).?637-% Here, we use these
techniques and ?’Al 3QMAS to determine improved
NMR parameters for layered silicates.

Experimental Section

Sample Preparation and Characterization. Three 7O-
enriched layer silicate samples (CAW1961, CAW1964, and
CAW1974; see Table 1) were synthesized hydrothermally from
gels using methods described previously.®® Stoichiometric
aliquots of AI(NO3); and TEOS (tetraethyl orthosilicate) were
gelled in an excess of NH4(OH) and then dried at 50 °C. The
dried gels were then crushed with a mortar and pestle. XRD
analysis showed that they were amorphous. The layer silicates
were synthesized hydrothermally*° by reaction of a portion of
gel with excess 46%-enriched 7O water in a sealed gold tube
for 1 month at 350 °C and 1 kbar. Powder X-ray diffraction of
the final products shows that they are mixtures of crystalline
layer silicates (Figure 1). Samples CAW1961 and CAW1964
had initial bulk compositions equivalent to that of pyrophyllite
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Figure 1. X-ray diffraction data for synthetic layer silicates.
The thin line shows the data for ethylene glycol-treated
samples to check the presence of expandable layers.

(Al/Si = 2) and produced a mixture of pyrophyllite and
kaolinite. Sample CAW1974 had an initial bulk composition
equivalent to that of kaolinite (Al/Si = 1) and produced a
mixture of kaolinite and expandable smectite. The fraction of
each phase is difficult to quantify. These samples might also
contain residual amorphous material, as suggested by the
broad diffraction peaks spanning 20—30° 26. If an amorphous
phase is present, it must be nearly pure (hydrous) silica, as
the Al NMR data contain no signal attributable to it. The
formation of expandable smectite in CAW1974 is unexpected
because of the kaolinite composition and might be due to the
presence of NH** in the starting reaction mixture.*
Preparation and characterization of the ’O-enriched natural
samples is described in our previous report.?* Briefly, 150 mg
of muscovite powder from Maine (Stanford University mineral
collection #62780) was mixed with an equal mass of 46% *7O-
enriched water and reacted at 773 K and 1 kbar for 1 month
in a sealed gold tube in a cold seal hydrothermal vessel.
Standard Georgia kaolinite (KGa-1b, from the Clay Minerals
Society Source Clay Repository, hereafter called kaolinite_Ga)
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was reacted with an equal mass of 46% ’O-enriched water at
573 K and 200 bar for 1 month in an approach similar to that
used with muscovite.? KGa-1b was well-characterized,*? and
the O-enriched kaolinite_Ga contained no alteration products
or evidence of dissolution—recrystallization detectable by SEM
with EDX or by Al MAS NMR spectroscopy at 14.1 T.

NMR Spectroscopy. 1O NMR Spectroscopy. The 70O NMR
spectra were obtained with three spectrometers at magnetic
fields of 9.4, 14.1, and 18.8 T. At 14.1 and 18.8 T, data were
collected using Varian INOVA 600 and Varian INOVA 800
systems at Larmor frequencies of 81.31 MHz (14.1 T) and 108.4
MHz (18.8 T), respectively. Varian/Chemagnetics T3 MAS
probes (3.2 mm) with spinning speeds of 18 and 20 kHz were
used at 14.1 and 18.8 T, respectively. Relaxation delays were
1 s with pulse lengths of 0.15 (14.1 T) and 0.2 ms (18.8 T).
The 70 3QMAS NMR spectra at 14.1 T were collected using
an FAM-based,?*31732 shifted-echo pulse sequence composed
of pulses of 3 and 0.7 ms for triple quantum excitation and
single quantum reconversion, respectively, and a selective
pulse with a duration of 20 ms with varying delay times
depending on the spin—Ilattice relaxation time of the samples
with a spinning speed of 18 kHz.

The O MAS and 3QMAS spectra at 9.4 T were collected
with a modified Varian VXR-400S spectrometer at a Larmor
frequency of 54.22 MHz, using a 5-mm Doty scientific MAS
probe at a spinning speed of 15 kHz. Recycle delays ranged
from 1 to 15 s with radio-frequency pulse lengths of 0.3 ms
(about 15° tip angle for the central transition in solids). The
FAM-based shifted-echo pulse sequence comprising hard
pulses with durations of 5.2 and 1.7 us, a selective pulse with
a duration of 26 us, and an echo time of an integer multiple of
the rotor period was used. Static Hahn-echo (“nonspinning”)
NMR spectra were collected for sample CAW1964 to examine
the spin—spin relaxation time (T) of the oxygen sites using
two pulses of 13 us (7/2) and 26 us (1) and varying echo times
with a recycle delay of 0.3 s. The YO NMR spectra are
referenced to external tap water (9.4 T) and ’O-enriched water
(14.1 and 18.8 T). 3QMAS data were processed with a shear
transformation, with the isotropic dimension frequencies
scaled as described previously.*?

2TAl NMR Spectroscopy. 2’Al 3QMAS NMR spectra at 9.4 T
(104.22 MHz) and 14.1 T (156.28 MHz) were collected with
the shifted-echo pulse sequence described previously,?8:3043
with spinning rates of 14 kHz (9.4 T) and 18k Hz (14.1 T) and
recycle delays of 1 s. Al MAS NMR spectra at 14.1 T were
collected with recycle delays of 1 s and a radio-frequency pulse
length of 0.23 us, which is approximately a 15° tip angle for
the central transition in solids. Peak positions were reported
relative to external 1 M aqueous AlI(NOgz)s. MAS spinning
sidebands for 2’Al were simulated with the STARS software
package (Varian Inc.) The effect of preferred orientation on
NMR spectra was previously found to be negligible.?*

Results and Discussion

170 MAS NMR Results. Each of the samples studied
yields distinctive 170 MAS NMR spectra at 9.4 and
14.1T, and although resolution of different oxygen sites
is better at 14.1 T, even this field is insufficient to allow
discrimination of crystallographically distinct oxygen
sites or to determine the NMR parameters for each
oxygen site from MAS spectra alone (Figure 2). Dioc-
tahedral (2:1) layer silicates contain several types of
oxygens (apical 21AI-0—MISi, basal “ISi—0O—MISi, basal
“Si—O—MAl, and oxygens in hydroxyl groups), as
illustrated in Figure 3 for pyrophyllite [Al»Si,O100-
(OHg2)]. The poor resolution in our MAS spectra is due
to a combination of spectral broadening caused by
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Figure 2. YO MAS NMR spectra for the indicated layer
silicates at (A) 9.4 and (B) 14.1 T, and (C) comparison of spectra
at 14.1 and 18.8 T for sample CAW1961.

Basal oxygen

T

. i,gi-.,. v S i i F &~ — Hgj

Basal oxygen

A

Apical oxygen

Hydroxyl group

Figure 3. Structure of pyrophyllite illustrating apical, basal,
and hydroxyl group oxygen sites.

unaveraged second-order quadrupolar effects (SQI, which
decreases with increasing Hy field strength) and the
similarity of the NMR responses of some sites.1® The
resonances for muscovite might be further broadened
by the presence of paramagnetic impurities or possible
Si—Al disorder in the tetrahedral layers. The observed
resonances can be assigned on the basis of previous

Lee et al.

studies.2044.45 The sharp peak near 50 ppm is due to
apical 2BIAI-O—[4IS; sites that link the tetrahedral and
octahedral layers. The group of overlapping resonances
between 0 and 45 ppm is due to multiple basal oxygen
sites.?! Broad features in the lower-frequency shoulder
of the spectra (at negative chemical shifts) are due to
hydroxyl groups with relatively large C, values of about
7 MHz, consistent with previous studies of hydroxyl
groups in talc and silica gel.2%444 CAW1961 and
CAW1964 show higher intensity than the other samples
near 30 ppm, possibly due to “#ISi—O—[ISi in residual
amorphous material or basal oxygens with relatively
large [ISi—O—ISi angles in pyrophyllite (see discussion
below).

Resolution of apical and basal oxygen sites is im-
proved at 18.8 T, as shown in our previous study of
kaolinite?! and the data for sample CAW1961 (Figure
2C here). With increasing Ho field, the peak position of
each oxygen site moves toward higher frequency be-
cause of reduced SQI. Resolution of basal and hydroxyl
sites does not improve, however, because these sites
have similar 7O isotropic chemical shift (dis,) ranges
and relatively large Cq values. For example, dis, of the
basal oxygens in kaolinite ranges from 46.5 to 54.3 ppm
with a Cq of about 4.65 MHz, whereas the corresponding
values for hydroxyl groups are about 41.5 ppm and 6.9
MHz.21

170 3QMAS NMR Results. 70 3QMAS NMR spectra
provide a significant improvement in resolution (Figure
4), especially among basal and apical oxygen sites,
because of averaging of the SQI in the isotropic dimen-
sion. Peak positions in this dimension, however, are
related to both dis, and the second-order quadrupolar
shift.#6 For the "O-enriched natural muscovite, two
different types of basal oxygens, [11Si—O—[ISi and ISi—
O—MAl (required by the presence of Al in the tetrahe-
dral layers), are well-resolved, whereas they cannot be
distinguished by 17O MAS NMR spectroscopy. In con-
trast, the apical oxygens are somewhat less well re-
solved from ISi—O—[ISi. Signal for the hydroxyl groups
can be detected at negative chemical shifts. The 3SQMAS
NMR spectrum of CAW1974 shows higher resolution of
the same types of sites, probably because of the absence
of paramagnetic impurities. The apical and basal oxy-
gens are well-resolved in this spectrum. [4ISi—O—M“Al
is again due to Al substitution in the tetrahedral layer,
which is the source of the permanent negative layer
charge for the expandable smectite observed by XRD
(Figure 1). Careful examination indicates the presence
of at least two types of ISi—O—[ISi sites, as expected
by the presence of both kaolinite and smectite in the
sample. The 2[81AI-O—H peak is difficult to observe in
this spectrum because of the relatively rapid T, relax-
ation of the hydroxyl oxygen (see below) and its large
Cq. The relatively large radio-frequency field strength
in this study (122 kHz) and the large fraction of oxygens
on hydroxyl sites in 2:1 dioctahedral layer silicates
(17%), however, allow detection of some signal from
them here.2%44
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Figure 4. YO 3QMAS NMR spectra of enriched natural
muscovite (top) and CAW1974 (bottom) at 14.1 T. The struc-
turally relevant NMR parameters such as quadrupolar cou-
pling constant (Pg) and isotropic chemical shifts (diso) from the
approximate peak positions of basal and apical oxygens are
as follows. Peak positions and NMR parameters of each peak
are given in the order Omas, d3gmas, Cqg, Jiso, @SSUMING an
asymmetry parameter () of 0. Muscovite: “ISi—O—MSi (Guas
= 35 ppm, d3gmas = —35 ppm, Cq = 4.5 MHz, diso = 53.2 ppm),
MISi—0O—MAl (37.6 ppm, —27.5 ppm, 2.89 MHz, 45.22 ppm),
MISi—0O—2M81Al (55 ppm, —40 ppm, 3.5 MHz, 66.3 ppm), 26IAl—
OH (—15 ppm, —34.8 ppm, 7.4 MHz, 34 ppm). CAW1974:
MISi—0-Msi (1) (31 ppm, —34 ppm, 4.6 MHz, 50.5 ppm), [“-
Si—0—-MISi (I1) (35 ppm, —36 ppm, 4.6 MHz, 54 ppm), [“Si—
O—MAI (36 ppm, —27 ppm, 3 MHz, 44.3 ppm), ¥ISi—O—2[°IAl
(55 ppm, —39.5 ppm, 3.4 MHz, 65.7 ppm), 2BIAI-OH (—14
ppm, —33.4 ppm, 7.2 MHz, 33.2 ppm). See Figure 9 for NMR
parameters obtained from simulations of MAS NMR spectra
using the parameters obtained from peak position in 3QMAS
NMR spectra as initial guesses.

A comparison of the spectra obtained at 9.4 and 14.1T
for sample CAW1964 demonstrates the greatly im-
proved resolution in 170 3QMAS NMR spectra at higher
Hoy fields (Figure 5). Apical and basal oxygens are not
well resolved at 9.4 T, whereas the 14.1-T spectrum
clearly shows at least four or five [4ISi—O—[IS;j sites and
well-resolved apical oxygen. No [“1Si—O—MA] sites are
expected for this sample, because XRD shows that it
contains only pyrophyllite and kaolinite, neither of
which contain AL In general, 7O 3QMAS NMR
spectroscopy at high fields more effectively resolves sites
with similar quadrupolar coupling products, Pg, and dis,
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and NMR parameters of each peak are given in the order dmas,
Jd3gmas, Cq, Oiso, @SSUMING an asymmetry parameter (i) of 0.
CAW1964: MSi—0-MSi (A) (31.7 ppm, —35.3 ppm, 4.2 MHz,
52.2 ppm), Si—0—MISi (B) (26.9 ppm, —33.3 ppm, 4.9 MHz,
48.2 ppm), ¥ISi—0O—MSi (C) (20.8 ppm, —31.8 ppm, 5.1 MHz,
44.12 ppm), “ISi—0—-MSij (D) (15 ppm, —30 ppm, 5.2 MHz, 40
ppm), ¥ISi—0—-MSi (E) (10 ppm, —28.6 ppm, 5.5 MHz, 36 ppm),
MISi—0—26Al (54 ppm, —38.5 ppm, 3.4 MHz, 64.2 ppm).

whereas low-field 3QMAS NMR spectroscopy more
effectively resolves sites with different Cy's. Here, Pq =
Cq(1 + n213)Y2, where 0 < n =< 1 is the quadrupolar
asymmetry parameter. dis, can be obtained from the
center of gravity of the peak in 3QMAS NMR spectra.*®

Projection of the signal onto the isotropic dimension
of 170 3QMAS spectra (the so-called total isotropic
projection) often provides important structural informa-
tion, because of the absence of second-order quadrupolar
effects on the peak shape, as illustrated in Figure 6 for
samples CAW1964, CAW1974, and kaolinite_Ga. Their
spectra are consistent with our previous results that
apical oxygens sites have smaller Cy's and larger
isotropic chemical shifts than basal oxygens, and that
hydroxyl group oxygens have an isotropic chemical
shifts similar to that of basal oxygens but have larger
Cq's. These results for the 17O-enriched natural kaolinite
were discussed previously.2! For this sample, the peaks
for the two apical oxygens with slightly different Si—O
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Figure 6. Total projections in the isotropic dimension of 'O
3QMAS spectra for two synthetic layer silicates and kaolinite
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reported.?
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Figure 7. O Hahn-echo static NMR spectra of CAW1964
at 9.4 T with varying echo times as labeled.
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Figure 8. Fitting results for 170 MAS NMR spectra for layer
silicates at 14.1 T. Thin lines refer to results simulated using
the Cq and dis, from 170 3QMAS NMR spectroscopy as initial
parameters. Thick lines are observed spectra.

and Al-0 bond lengths occur at —38 (main peak) and
—39 ppm (arrow) in the total isotropic projection and
are narrower than the same peaks for the other samples.
The peak positions for the three basal oxygen sites are
similar to A, B, and C in the CAW1964. These three
peaks reflect three crystallographically distinct sites
with different Si—O—Si angles in the natural kaolinite
(see below for peak assignment and ref 21 for detailed
information).
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Figure 9. 70O Cq and dis, ranges of each oxygen site in layer
silicates. The closed and open circles are for CAW1964 and
kaolinite_Ga, respectively. The closed and open squares refer
to the NMR parameters of bayerite*> and natural muscovite,?
respectively. The closed circle is for the NMR parameters of
boehmite.*> Open triangles are 'O Cq and dis results for
CAW1974. Larger ellipses suggest the ranges of the NMR
parameters for layer silicates.
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Figure 10. Al MAS NMR spectra for layer silicates at 14.1
T. The asterisks (*) show the spinning sidebands.

The total isotropic projection for CAW1974 shows a
poorly resolved signal for apical sites about —39 ppm,
two resolved peaks for MSi—O—[Si (peak positions
similar to A and B in CAW1964), and [ISi—O—M“Al
(broad peak at —26 ppm) due to oxygen sites in smectite,
as discussed above (Figure 6). The [ISi—O—[ISi signals
are due to these sites in both kaolinite and smectite,
but assignment is difficult: Kaolinite_Ga contains three
crystallographically distinct basal oxygen sites, but the
structures of smectites are poorly understood in detail.
The intensity of the peak at —32 ppm in the isotropic
dimension (peaks C) is smaller for CAW1974 than for
kaolinite_Ga, possibly because of differences in the
kaolinite polytype. However, it is also possible that the
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Figure 11. (A) Spinning sideband manifold of 2’Al MAS
spectra for kaolinite. (B) Simulation of the satellite spinning
sidebands and central transition (CT) of kaolinite. ST denotes
satellite transitions (outer ST {5, — £%/5}, inner ST {£3/, —
+1/,}). (C) Details of the SSB patterns for kaolinite and
CAW1964.

relative peak intensities for the natural kaolinite do not
represent true crystallographic site populations because
of differences in the reactivity among oxygen sites.
The 14.1-T 10 3QMAS spectrum of CAW1964, which
contains both kaolinite and pyrophyllite, exhibits a
broad peak for apical oxygens at about —39 ppm and
four or five peaks for basal 1Si—O—[*ISi sites (labeled
A—E in Figure 6). Unique quantitative structural as-
signment of these peaks is not currently possible,
because the relationships between structure (principally
Si—0O-Si bond angle) and NMR parameters remain
uncertain, and because the differences in bond angles
and lengths among the crystallographically distinct
basal oxygen sites of kaolinite and pyrophyllite are
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small. In addition, the proportions of the phases in the
synthetic samples are not known. Qualitative assess-
ment will, however, be useful in future spectral analysis.
The three relatively low-frequency peaks for CAW1964
(A, B, and C) appear to be similar to the peaks for the
basal oxygen sites in kaolinite, as discussed above.?! The
higher-frequency (less negative in the isotropic projec-
tion) sites D, E, and some part of C, which occur for
only CAW1964 might be related to the three basal
oxygen sites of pyrophyllite. This would explain the
absence of sites D and E in the total isotropic projection
of kaolinite (see below). NMR data for pure minerals
including pyrophyllite would be helpful for further
guantification of such results.

170 Hahn-Echo Static NMR Spectra for CAW1964.
Quantitative signal intensity interpretation of 170
3QMAS NMR spectra is sometimes possible if the
3QMAS efficiency (which depends on Cy and experi-
mental conditions) is carefully calibrated using stan-
dards.3%3¢ Such interpretations for layer silicates are
complicated, however, by potentially different T, relax-
ation times for different oxygen sites due, perhaps, to
different distances from the protons of hydroxyl groups
or dipolar and quadrupolar interactions between 7O
and other nuclei. This effect is well illustrated by the
9.4-T 170 static Hahn-echo NMR spectra of synthetic
sample CAW1964 obtained with varying echo times
(Figure 7). These spectra provide NMR signal free from
probe ringing, including information regarding the
dephasing time of the different sites. With increasing
echo time, the intensity of the [MISi—O-[MISi signal
(doublet with larger width, C, of about 4.5—5 MHz)
increases, whereas the signal for [41Si—O—[Al (central
region, Cq of about 3.5 MHz) becomes less prominent.
This must be due to a shorter T, value for [“Si—O—
Al 3QMAS experiments involve manipulation of
spin—echos, and thus, the intensities of sites with with
smaller T, values are likely to be underestimated, as
recently observed for silica gel.**

Peak Assignment and NMR Characteristics of
Oxygen Sites in Layer Silicates. As discussed above
and in our previous study,?! assigning the 170 peaks for
the various basal oxygen sites in layer silicates is
challenging because differences in the bond lengths and
angles of crystallographically distinct sites are relatively
small and because there is uncertainty in the correla-
tions between NMR parameters and structure. Previous
quantum chemical calculations and 7O NMR data for
crystalline coesite (SiOz) suggest that the 17O Cq of
ISi—O—MISi sites increases with increasing “Si—0—
MISi angle,*” but other studies of zeolites do not show
this simple trend.*8

Simulation of the 14.1-T 7O MAS NMR spectra of our
samples using the NMR parameters (Pq and diso) for
most sites from the 3QMAS NMR spectra (these pa-
rameters are given in the captions of Figures 4 and 5)
provides important insight into the relationships for
MISi—0O—MISi sites in layer silicates (Figure 8). Fitting
of the MAS spectra yields values for Cq and #», which

(47) Grandinetti, P. J.; Baltisberger, J. H.; Farnan, I., Stebbins, J.
F.; Werner, U.; Pines, A. J. Phys. Chem. 1995, 99, 12341—12348.

(48) Bull, L. M.; Bussemer, B.; Anupold, T.; Reinhold: A.; Samoson,
A.; Sauer, J.; Cheetham, A. K.; Dupree, R. J. Am. Chem. Soc. 2000,
122, 4948—-4958.
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Figure 12. ?’Al 3QMAS NMR spectra for muscovite at (A) 9.4 and (B) 14.1 T. Contour lines are drawn from 7 to 97% of total
intensity with addition of a line at 5% intensity. (C) 2’Al 3QMAS NMR spectra of natural kaolinite at 9.4 T and (D) CAW1964 at

14.1 T. The asterisks (*) denote spinning sidebands.

cannot be determined independently from the P, values
of the 3QMAS spectra. The Cq and 7 NMR parameters
for kaolinite were given in our previous publication and
are the best constrained?! because the sample is single-
phase. The simulations for CAW1964, CAW1974, and
muscovite are quite good but are nonunique and should
be regarded as one possible solution. For CAW1964, we
fitted five basal oxygen sites (A—E in Figure 6) to fully
describe the spectrum.

The overall results show well-defined ranges of diso
and Cq for 170 in our layer silicate samples (Figure 9).
This figure also includes the NMR parameters for 17-
OH in bayerite [AI(OH)3] and boehmite [AIO(OH)] for
comparison of the hydroxyl groups.*®> For the basal
oxygens, Cq increases with increasing diso, but we do not
attempt to assign the peaks to crystallographic sites for
the reasons described above. In our previous study,?!
we used the correlation of Cq and bond angle for peak
assignment of kaolinite,*” leading to the assignment of
the peak equivalent to peak C here to the site with
largest bond angle (142.5°) and the peaks equivalent to
peaks A and B (smaller C4 and larger dis) to basal
oxygen sites with smaller Si—O—Si angles (130.6° and
131.4°).%° For pyrophyllite, the Si—O—Si angles for the
three basal oxygen sites are all approximately 135—
136°, making assignment using this correlation uncer-

tain. Individual Si—O—Si and Si—O—Al bond angles are
unknown for muscovite, because of tetrahedral Al—Si
disorder. The quadrupolar asymmetry parameters, 7,
for apical oxygens and oxygens of hydroxyl groups are
0.8 (£0.05) and 0.5 (£0.2), respectively, and for the basal
oxygens they vary from 0.2 to 0.5. More experiments
with pure samples, in particular for pyrophyllite, are
necessary to better constrain results for more complex
systems.

27Al NMR Results. The2’Al MAS NMR spectra of our
samples obtained at 14.1 T support the structural
interpretations from the 17O data and provide new, high-
resolution results concerning the octahedral sites (Fig-
ure 10A). Muscovite yields both Al and [®IAl peaks with
an [BIAI/MA] ratio of 1.95 (4-0.1), consistent with the ideal
composition. The 2’Al MAS NMR spectrum of CAW1974
shows unresolved Al for kaolinite and smectite and
an additional 7—8% [Al, consistent with the presence
of 4ISi—O—MAl sites in the smectite inferred from the
170 3QMAS NMR spectrum. Kaolinite_Ga and CAW1961
yield negligible fractions of [*IAl. The [®IAl peak widths
of CAW1961 and CAW1974 are broader than that for
kaolinite_Ga, probably because of the presence of two

(49) Bish, D.; Vondreele, R. B. Clay Clay Miner. 1989, 37, 289—
296.
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phases in the synthetic samples. The shoulder on the
lower-frequency side of the [EIAl peak might be due to a
distribution of Cq caused by structural disorder or
overlap of signal from the two phases.

The intensity on the high-frequency side of the [FIAl
central transition peak (arrow in Figure 10B) is a
satellite transition spinning sideband (SSB), as shown
by a simulation including both the inner and outer
satellite transitions (STs) (Figure 11B). (See ref 38 for
more information.) Figure 11A shows the entire 27Al
MAS NMR SSB manifold for kaolinite_Ga, and Figure
11B illustrates the SSB fitting results, including the
contributions of the inner {43/, — £1/,} and outer {45/,
— +3/,} ST SSBs. There is a good fit between the
simulated and observed individual SSBs, but the simu-
lated SSB manifold for the entire frequency range has
more prominent singularities than the experimental
data.®8 This discrepancy is probably not due to the effect
of chemical shift anisotropy (CSA) and its interaction
with the quadrupolar tensor, but rather to the off-
resonance conditions for this experiment, as manifested
in the asymmetry of the manifold. The Cq, diso, and
values of Al in kaolinite from this analysis are 3.1
(£0.05) MHz, 8.1 (+0.3) ppm, and 0.95 (+0.05), respec-
tively. These values are comparable to the results
obtained from previous studies (e.g., diso = 7 (£1) ppm
and Py = 3.6 (£0.2) MHz®0), but the values from the
analysis of the SSB manifold are much more precise. A
previously published analysis of the 27Al MAS NMR
SSB manifold of a more ordered kaolinite obtained at
9.4 T showed the presence of two [EIAl sites, one with
Cq = 3.53, » = 0.67, and dis, = 8.9 ppm and the other
with Cq = 2.89 MHz, 5 = 0.97, and dis, = 7.8 ppm.1®
The means of these values are similar to the values
presented here. Even if our sample did contain two [€l-
Al sites similar to these, it would be difficult to observe
two signals in the inner ST sidebands for kaolinite_Ga
because its crystallinity is lower than that of the sample
used for the previous study (Figure 11C),1® which leads
to broader [PIAl peak for kaolinte_Ga. The inner SSBs
of CAW1964 do contain two features (Figure 11C),
suggesting resolution of the BIAl sites from kaolinite and
pyrophyllite.

(50) Ashbrook, S. E.; Berry, A. J.; Wimperis, S. J. Phys. Chem. B.
2002, 106, 773—778.
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To seek better resolution of the different [6JAl sites in
our samples, we applied 2’Al 3QMAS NMR spectros-
copy,®! but separate sites were not observed. The 9.4-
and 14.1-T 2’Al 3QMAS NMR spectra of muscovite show
only single Al and [6IAl peaks, with better quantifica-
tion of the IAI/MAI ratio at 14.1 T than at 9.4 T, as
observed under MAS only (Figure 12A and B), whereas
the shape of the BIAl peak at 9.4 T might suggest two
sites with different Cq and dis, values. The 9.4-T 27Al
3QMAS NMR spectrum of natural kaolinite (Figure 12
C) again demonstrates the presence of only one site,
whereas that of CAW1964 (Figure 12 D) at 141 T
suggests multiple but unresolved BIAI sites with similar
atomic environments and thus similar dis, and Cq
values.

Conclusions

170 and 2’Al MAS and MQMAS at high fields provide
much improved spectral resolution for the oxygen and
aluminum sites of layer silicates than previous MAS
NMR studies and allow discrimination of crystallo-
graphically distinct basal, apical, and hydroxyl sites.
These oxygen sites have well-defined ranges of Cy and
isotropic chemical shift (Figure 9). Further studies with
phase-pure samples might allow peak assignment for
the basal oxygen sites. Detailed SSB manifold analysis
yields precise values of 2’Al NMR parameters that
cannot be obtained from 27Al 3QMAS NMR data or
27Al MAS data alone. Good quantification of the [EIAl/
ALl ratio is achieved in 27Al MAS NMR spectroscopy
at high field.
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