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OBSERVATION OF TWO 4-COORDINATED Al SITES IN MONTMORILLONITE
USING HIGH MAGNETIC FIELD STRENGTH *’Al MQMAS NMR
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Abstract—Analyses of the layer structure of Na-montmorillonite have been performed using >’Al MAS
and >’A1 MQMAS NMR techniques. Results of 27A1 MAS NMR measurements at higher magnetic field
strength (16.4 T) suggest that the 4-coordinated Al site in Na-montmorillonite has two different structures.
This was confirmed by the fact that two peaks corresponding to 4-coordinated Al are observed in the 27A1
MQMAS NMR at high magnetic field strength. The ratio of two 4-coordinated Al sites was found to be
affected by water in the interlayer space because the area ratio of cross peaks corresponding to two
4-coordinated Al sites changes with the water content.
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INTRODUCTION

Montmorillonite is a typical 2:1 type layered clay
mineral and is of interest because of its properties, e.g.
swelling with water absorption (Mooney et al, 1952;
Fukushima, 1984), catalystactions (Mastalir et al., 2001;
Khan et al, 1991; Ferris and Ertem, 1993), cation
exchangeability (Staunton and Quiquampoix, 1994), and
versatile applications in chemical reactions in organic
media (Campanati et al., 2002; Bharadwaj et al., 2002).
Montmorillonite contains an octahedral sheet sand-
wiched between two tetrahedral sheets, i.e. it has
lamellar structure with parallel sheets of tetrahedral
silicate and octahedral aluminate sheets. It is well known
that isomorphic substitution of Si** by AI>* occurs in the
tetrahedral sheet. The properties of montmorillonite
have been considered to be mainly due to the layer
structures but the layer structure of montmorillonite has
not been examined in sufficient detail.

High-resolution solid-state nuclear magnetic reso-
nance (NMR) is a powerful tool for analyzing the local
structure of materials. Measurements by 2°Si and %’Al
MAS (magic angle spinning) NMR have been applied to
studies of the layer structures of montmorillonite
(Lippmaa et al., 1980; Janes and Oldfield, 1985). The
*Si MAS NMR spectra have indicated that mont-
morillonite mainly consists of silicates with Q> structure,
and these have been used for identification of tetrahedral
structures of various clay minerals.

The *’Al MAS NMR method has also been used in
the structural analysis of montmorillonite, because *’Al
MAS NMR measurements make it possible to determine
coordination numbers of Al (Miiller et al, 1981).
However, the ’Al MAS NMR spectral data are not
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sufficient for quantitative discussion, because the central
transition (—1/2,1/2) is split by second-order quadrupo-
lar interaction (Kundla et al., 1981). Moreover, MAS
NMR measurements using low spinning rate also make
detailed structural analyses of montmorillonite difficult,
because of overlapping of spinning side-bands (Hannus
et al., 1995). Of importance is the fact that the second-
order quadrupolar interaction is inversely proportional to
field strength (Behrens and Schnabel, 1982). Hence,
MAS NMR measurements at high field strength are
expected to be effective for half-integer quadrupole
nuclei such as *’Al.

Recently, multi-quantum (MQ) MAS NMR has been
applied to structural analysis of non-crystalline materi-
als, such as glasses (Kanehashi and Saito, 2002;
Kanehashi et al., 2000; Stebbins er al., 2001;
Fernandez and Amoureux, 1995) and aluminosilicates
(Rocha, 1999; Saito et al., 2001), since MQMAS NMR
can average the second-order quadrupole interaction.
Thus, the MQMAS technique is also expected to be
useful in structural studies of tetrahedral and octahedral
Al sheets in montmorillonite.

It is well known that the interlayer space of
Na-montmorillonite increases noticeably with interlayer
water (Hawkins and Egelstaff, 1980). In order to
understand whether Al structures in tetrahedral and
octahedral sheets are changed with water content, we
examined hydrated and dehydrated
Na-montmorillonites. In this study, we report the
detailed Al structure of Na-montmorillonite using *’Al
MAS and MQMAS NMR techniques at high magnetic
field strength.

EXPERIMENTAL

The montmorillonite used in the present study is
classified as a dioctahedral smectite and was supplied by
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the Japan Clay Science Society (JCSS-3101). The
chemical composition of JCSS-3101 is listed in
Table 1. The internal surface area and cation exchange
capacity (CEC) are 750 m?/g and 119 meq/100 g,
respectively. The exchangeable cations are Na* (87%),
Ca” (10%) and K* (3%). The Na-montmorillonite was
kept at room temperature under 50% humidity, and such
montmorillonites are referred to as the ‘original’ sample
in this paper. The sample of dehydrated Na-mont-
morillonite (‘dehydrated sample’) was prepared by
heating an original sample at 150°C for 48 h, and
cooling to room temperature under vacuum. The
dehydrated samples were packed into a NMR sample
tube and analyzed.

The >’Al MAS NMR measurements were performed
on the Chemagnetics CMX-300 and the JEOL ECA-700
spectrometers at 7.05 T and 16.4 T. Samples were spun
at 1618 kHz in the 4 mm probes. At room temperature,
the 2’Al MAS NMR spectra were measured using pulse-
widths of 1.02 ps and 1.50 ps on the CMX-300 and the
ECA-700, which correspond to 18° pulses in 2’Al NMR
of liquid AICl;. In order to avoid drying of samples with
spinning at high speed and purging with dry air to
suppress any temperature increase in the sample tube
accompanied by pulse radiation, the original samples
were wrapped in a poly(vinylidene chloride) sheet. The
dehydrated samples were analyzed without wrapping,
because they were already free of water. The effective-
ness of such sample treatments was confirmed by NMR
spectra taken after 24 h which are consistent with those
of the initial hydrated and dehydrated samples.

The ’Al MQMAS NMR spectra were recorded using
pulse sequences including a z-filter pulse shown in
Figure 1, which is selective at low rf-powers (Amoureux
et al., 1996). In the MAS NMR experiment, the sample
was rotated at the magic angle 54.74°, which is the angle
between the static field and the rotation axis. Therefore,
the chemical shift anisotropy and the dipolar interactions
are averaged out, whereas the effect of second-order
quadrupolar interaction is not reduced (Frydman and
Harwood, 1995; Amoureux, 1993). The MQMAS NMR
method can average the second-order quadrupolar
interaction employing the appropriate excitation
sequences. The multi-quantum coherences +pQ (for I =
5/2, pQ can be selected as 3Q or 5Q) are excited during
the evolution time tl and the given coherence is
selectively transferred to the detectable single-quantum

Table 1. Chemical composition of clay JCSS-
3101 from the Japan Clay Science Society (wt.%).

Si0, 55.39 TiO, 0.14
ALOs 19.91 Fe,04 1.57
FeO 037 MnO 0.01
MgO 3.40 Ca0 0.52
Na,0 337 K,O 0.07
P,Os 0.04 H-0 15.0

CO, 045 Total 100.24
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coherence (-1)Q just before the acquisition time t2. As a
result, all anisotropies can refocus in the t2-domain. The
3QMAS NMR method has been widely used in the
MQMAS NMR technique, because the triple-quantum
coherence is most readily excited and converted to
single-quantum coherence. Typically, SQMAS NMR
experiments give higher resolution than 3QMAS NMR
(Amoureux and Fernandez, 1998). Frydman and
Harwood demonstrated that this multiple quantum to
single quantum transfer method can yield purely
isotropic spectra for half-integer quadrupole nuclei.
The signal observed in MQMAS NMR depends strongly
on the quadrupolar products.

The excitation and conversion pulses were 2.8 and
1.1 pus, and were optimized independently for each
sample. The MQMAS NMR experiments with the
hyper complex method were carried out to obtain pure
adsorption mode 2D spectra (Massiot et al., 1996), in
which MAS and isotropic dimensions represent cross
peaks. As an alternative processing method, the sharing
transformation was performed in order to obtain the
isotropic and anisotropic dimensions.

Curve-fitting analyses of NMR peaks were carried
out to quantify the chemical shifts and peak area by
using a spectroscopic analysis program (spinsight/3,
Chemagnetics and delta/4.2, JEOL USA).

1
tl t2

3Q with z-filter

e —

J

5Q with z-filter

Figure 1. The pulse sequences including a z-filter pulse used for
MQMAS measurements.
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Chemical shifts (ppm) were referenced to the *’Al
signal of a 1.0 M aqueous solution of AICl;. The error in
the chemical shift is <5%.

RESULTS AND DISCUSSION

Figure 2 shows *’Al MAS NMR spectra of the
original sample measured at 7.05 T. As seen from
Figure 2, two peaks are observed at around —0.7 ppm
and ~64.3 ppm, which are assigned as >’Al signals
corresponding to 6- and 4-coordinated Al sites, respec-
tively. The area ratio of 4-coordinated Al to 6-coordi-
nated Al was determined as ~0.05 by curve-fitting to two
peaks in Figure 2. Furthermore, two peaks at ~—0.7 ppm
and ~64.3 ppm in Figure 2 are found to be broad and
asymmetric in shape. This is supposed to be due to the
effect of second-order quadrupolar interaction of 27Al.
Hence, we could not discuss local structures of 4- and
6-coordinated Al in detail on the basis of the >’Al MAS
spectrum measured at 7.05 T in Figure 2.

The MAS NMR experiments at high magnetic field
strength are advantageous, because the second-order
quadrupolar interaction decreases in inverse proportion
to the field strength in frequency scale. In order to obtain
the 2’A1 MAS NMR spectra with higher resolution, we
measured the Al MAS NMR spectra of the same
sample at 16.4 T. The result is shown in Figure 3 and
found to be different from that in Figure 2, i.e. the line
width is considerably narrower and the resonance
positions are shifted to lower field. The peak area ratio
of 4-coordinated Al to 6-coordinated Al was determined
to be 0.09 by using the same method as described above.

6-coordinated Al -0.7 ppm

\
4-coordinated Al l/ \

64.3 ppm | \
* Mj\\// \ %
Jf“/\‘ LV\'\W ks W""“\,VNW“‘AAH‘VJF
e L CL LN L L
200 100 0 100 -200
Ppm

Figure 2. ’Al MAS NMR spectrum of original Na-montmor-
illonite. Measurement conditions; spinning rate: 16 kHz, pulse
delay time: 0.5 s, magnetic field: 7.05 T, 400 scans. * is
spinning side-band.
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This result is more accurate than that in Figure 2,
because the peaks of 4- and 6-coordinated Al in Figure 3
are more distinct than those in Figure 2, and in the NMR
spectrum measured at high magnetic field in Figure 3
the second-quadrupolar interaction should be decreased.
There have been other MAS NMR studies on montmor-
illlonite (Hannus et al., 1995; Drachman et al., 1997).
The spectrum in Hannus et al. (1995) represents peaks
corresponding to 4-coordinated Al and a superposed
spinning side-band; hence there was no detailed discus-
sion. In the Drachman et al. (1997) spectrum of
Ca-montmorillonite, there were two peaks corresponding
to 4-coordinated Al. However, they did not discuss why
two peaks were observed. The interesting result in
Figure 3 is that the line shape corresponding to
4-coordinated Al is asymmetric. This suggests that
there are 4-coordinated Al sites with different structures
in Na-montmorillonite. Unfortunately, the 27A1 MAS
NMR spectrum is not capable of defining the difference
in structure.

The MQMAS NMR technique can average absolutely
the second-order quadrupolar interaction of the *’Al
MAS NMR spectrum. In order to examine the structures
of 4-coordinated Al, we measured the *’Al 3QMAS
NMR spectrum of the original sample at 16.4 T. The
result is shown in Figure 4. The distinct peaks of
4-coordinated Al are observed as two cross peaks. It is
clear that the 4-coordinated Al in the Na-montmorillon-
ite has two different sites. Furthermore, the 3QMAS
cross peaks of 6- and 4-coordinated Al are found to
spread along quadrupole-induced shift (QIS) and iso-
tropic chemical shift (8) axes, respectively. These results
indicate that the 6-coordinated Al has an asymmetric
structure and suggest that the 4-coordinated Al in

6-coordinated Al
—4.01 ppm

4-coordinated Al
70.4 ppm

200 150 100 50 0 -50
ppm

-100  -150 -200

Figure 3. 2’Al MAS NMR spectrum of original Na-montmor-
illonite. Measurement conditions; spinning rate: 18 kHz, pulse
delay time: 0.5 s, magnetic field: 16.4 T, 200scans. * is spinning
side-band.
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Figure 4. ’Al 3QMAS NMR spectrum of original Na-montmor-
illonite taken under the following conditions; excitation pulse
width: 2.8 ps, conversion pulse width: 1.1 ps, z-filter pulse
width: 0.2 ms, tl increment: 14 ps, spinning rate: 18 kHz, pulse
delay: 0.3 s, magnetic field: 16.4 T, 1440 scans. * is spinning
side-band.

Na-montmorillonite is distributed differently in different
chemical environments. The average isotropic chemical
shifts (8;,) and quadrupolar product (Pg) were estimated
from the isotropic dimension and the centers of gravity
in MAS dimension of the 3QMAS line in Figure 4 using
equations 1 and 2, respectively (Amoureux and
Fernandez, 1998).

Biso = 20055 + 11359 (1)
Qs :i[4l(l+ D - 3] [&] . 106 (2)
BT arer - P oo

mas and 819 are the positions (in ppm) of the
centers of gravities of peaks in MAS axis and isotropic
axis of the 3QMAS in Figure 4, 5%18 is the value of
quadrupole induced shift, ®, is the Zeeman frequency,
and [ is the spin quantum number. The resulting ;,, and
Pqg values are 9.01 ppm and 24.0 MHz for 6-coordinated
Al, and 62.9 ppm, 16.7 MHz, 74.2 ppm, and 15.6 MHz
for two 4-coordinated Al (I and II), respectively.

In order to confirm the validity of the above
considerations, we measured the *’Al 5QMAS NMR
spectrum of the original sample. With the SQMAS NMR
spectra we can expect higher resolution than for 3QMAS
NMR. The resultis shown in Figure 5 where the SQMAS
NMR spectrum has higher resolution than that from
3QMAS in Figure 4 as expected, and two cross peaks
corresponding to 4-coordinated Al are observed clearly.
Therefore, it can be concluded without doubt that two
sites exist for 4-coordinated Al and that the existence of

where
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Figure 5. %Al 5QMAS NMR spectrum of original Na-montmor-
illonite taken under the following conditions; excitation pulse
width: 2.8 ps, conversion pulse width: 1.1 ps, z-filter pulse
width: 0.2 ms, tl increment: 14 ps, spinning rate: 18 kHz, pulse
delay: 0.3 s, magnetic field: 16.4 T, 1440 scans. * is spinning
side-band.

two sites in Al is responsible for the observation of
asymmetric shape of 4-coordinated Al in 2’Al MAS
NMR spectrum in Figure 3.

We measured the Al MAS NMR spectrum of the
dehydrated sample to examine the effect of interlayer
water on two 4-coordinated Al sites. Figure 6 shows the
?’Al MAS NMR spectra of the original and dehydrated
samples in the range 40 —90 ppm recorded at 16.4 T. The
area ratio and chemical shift of two peaks (I and II)
corresponding to 4-coordinated Al in the dehydrated
sample seem to be different from those of the original. It
was confirmed from reproducible experiments that the

I

dehydrated
sample

original
sample

80 70 60 50

ppm

Figure 6. ’Al MAS NMR spectra of original and dehydrated
Na-montmorillonites recorded at 18 kHz spinning rate at 16.4 T.
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difference in chemical shift is due to the effect of the
number of data sampling points. The area ratios (I/II)
obtained from the curve-fitting method are 0.4 and 0.3
for dehydrated and original samples, respectively. From
these results, it is considered that the 4-coordinated Al
sites are specifically affected by the interlayer water, i.e.
the peaks observed at ~60 and ~70 ppm are assigned to
4-coordinated Al which has interacted with interlayer
water (~60 ppm), and that which is free from the
interaction with interlayer water (~70 ppm).

Furthermore, two peaks of 4-coordinated Al in the
dehydrated sample are found to be broader than those in
the original sample. This is attributed to the slight
structural changes in the two 4-coordinated Al sites
caused by the dehydration.

CONCLUSIONS

The ’Al MAS NMR spectra of Na-montmorillonite
measured at 7.05 T show two peaks at ~-0.7 and
64.3 ppm, which are assigned to 6- and 4-coordinated
Al, respectively. The Al MAS NMR spectra were
measured at a higher magnetic field strengthof 16.4 T to
decrease the effect of second-order quadrupolar interac-
tion. As a result, the peak with asymmetric line shape
assigned as 4-coordinated Al was observed at ~65 ppm.
The asymmetric peak was found to be separated into two
peaks (at ~60 and ~70 ppm) by using MQMAS
techniques at 16.4 T. This indicates that there are two
different sites for 4-coordinated Al in
Na-montmorillonite. The distribution ratios of two
4-coordinated Al were found to be influenced by water
content in Na-montmorillonite. From this result, it is
suggested that the peaks observed at ~60 and ~70 ppm
are assigned to 4-coordinated Al which interacted with
interlayer water and 4-coordinated Al which did not,
respectively.
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