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High-resolution 29Si and 27Al NMR spectra have been obtained from seven crystalline samples of lithium

a-sialon with different compositions. The 29Si isotropic chemical shift is found to be constant within the

experimental error across the whole substitution range and its value, dSi#248 ppm, suggests that silicon

remains largely in an SiN4 coordination for all compositions. The 27Al 1D MAS NMR spectra exhibit a range

of tetrahedral coordinations AlOxN42x (x~0–4), which vary as the aluminium and oxygen contents increase.

The results are consistent with previous studies of sialons, which indicate that silicon prefers to be coordinated

by nitrogen whereas aluminium prefers coordination by oxygen. Some NMR parameters are derived from

two-dimensional 27Al MQMAS spectra, including those for the resolved AlO4 peak. However, it is shown that

this technique does not allow the different aluminium tetrahedral mixed environments (AlO3N, AlO2N2 and

AlON3) to be resolved.

Introduction

The term ‘‘sialons’’ is used to describe phases in the Si–Al–O–N
and M–Si–Al–O–N (M~metal) systems. Of the many such
phases that have been characterised, the a- and b-forms are the
most important from both scientific and technological points of
view.1–3 These compounds have three-dimensional structures
composed of (Si,Al)OxN42x (0¡x¡4) tetrahedra. In b-sialons,
aluminium and oxygen substitute for silicon and nitrogen to
give a solid solution of the type Si62zAlzOzN82z, where 0v

zv4. a-Sialons4 are formed from a-Si3N4 by partial replace-
ment of Si4z by Al3z, with valency compensation being
achieved by inserting modifier cations (Li, Ca, Y and most Ln)
into the interstices of the (Si,Al)–N network. Some oxygen atoms
also replace nitrogen atoms, and a’-phases therefore have a
general composition of the type MxSi122(mzn)AlmznOnN162n

where x¡2 because there are only two available interstitial sites
per unit cell, and m(Al–N) plus n(Al–O) bonds replace
(mzn)(Si–N) bonds in the unit cell of a-Si3N4. The M cations
occupy the large interstices in the structure.

High-resolution solid-state NMR has proved to be a
powerful technique for probing the short-range structure and
chemistry of materials, particularly when phase mixtures of
crystalline and amorphous components are present. It is
particularly valuable compared to conventional diffraction
techniques such as X-ray diffraction (XRD) for aluminosili-
cates and oxynitride ceramics because of the similarity in
scattering factors for the pairs of atoms aluminium/silicon and
oxygen/nitrogen. The technique of magic-angle spinning
(MAS) has been used to distinguish different silicon and
aluminium local coordinations by their isotropic chemical
shifts. Local coordination units which have been identified in
ceramics by 29Si and 27Al MAS NMR include SiOxN42x

(x~0–4), AlN4, AlO4, AlO5 and AlO6.5–16 By contrast to what
happens in the case of spin I~1/2 nuclei such as 29Si, the 27Al
nucleus (spin I~5/2) has an electric quadrupole moment
which interacts with surrounding electric field gradients, arising
from non-spherical charge distributions around the nucleus.

Normally only the central (1/2<21/2) transition is observed as
it is free of quadrupolar effects to first order and affected only
by the much smaller second-order quadrupolar interaction.
Although MAS can average out the first-order interactions,
this technique is not able to completely cancel the second-order
quadrupolar interaction. Recently, a new two-dimensional
multiple-quantum MAS NMR technique (MQMAS) has been
proposed by Frydman and Harwood,17 which yields high-
resolution spectra for half-integer quadrupolar nuclei. This
method usually allows the determination of the isotropic
chemical shift and electric field gradient (efg) tensor compo-
nents via analysis of the line positions along the two
dimensions.

In the present work 27Al MAS and 2D 3Q MAS NMR
techniques are applied to examine seven Li a-sialon samples,
LimSi122(mzn)AlmznOnN162n (i.e. x~m) with different m, n
values, as indicated in Table 1. For the purposes of compar-
ison, the compositions are all given such that the atom counts
of Si and Al add to 12, but samples are listed in order of
decreasing N : O ratio. We regard the N : Si ratio as particularly
significant (it correlates with the amount of Li present and is
not influenced by the presence of AlO6 in glassy domains), so
this is also to be found in Table 1. The 2D 3Q MAS NMR
experiment may be useful to identify the different aluminium
sites and to determine the isotropic chemical shift as well as the
efg tensor components which characterize each of these sites. It
has been shown16 that mixed aluminium tetrahedral coordina-
tions of the type AlOxN42x (x~1–3) are found for b’-sialons,
giving 27Al shifts in the range between 60 ppm (which
corresponds to the shift of AlO4 coordination) and 110 ppm
(which corresponds to the shift of AlN4 coordination). It is of
interest to know if such mixed units also form in Li a’-sialons
and if better resolution can be obtained by the use of the
MQMAS NMR technique compared to that of conventional
MAS NMR. In this work, we clearly show the existence of such
mixed units. In addition, the results obtained by 29Si MAS
NMR will be presented.
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Experimental

A. Sample preparation

The compositions investigated lie on the a-sialon plane defined
by the formula LimSi122(mzn)AlmznOnN162n. The synthesis of
these samples has been described in a recent publication.18

Even though the compositions have been calculated to lie
exactly in the a-sialon plane, it is common to find that
additional oxygen has been incorporated into the mix during
milling due to hydrolysis of the starting nitride powders. It is
therefore expected that some residual Li–Si–Al–O–N glass will
remain in the samples after processing.

B. NMR measurements

Silicon-29 MAS NMR spectra were collected at B0~7.05 T on
a Varian Unity Plus spectrometer operating at 59.583 MHz. A
Doty probe was used, samples were packed in a 7 mm ZrO2

rotor, and the spin rate was in the range 3.4–3.6 kHz. All
experiments used a single p/2 pulse excitation (6 ms duration),
a rf field strength of 42 kHz (as determined via a sample of
solid tetra(trimethylsilyl)methane), a 300 s recycle delay and a
spectral width of 30 kHz. The 29Si spectra generally required
between 160 and 288 transients each. The spectra were
referenced to the 29Si resonance of an external sample of
solid tetra(trimethylsilyl)methane at dSi~21.4 ppm with respect
to the conventional shift reference of TMS.

The 27Al 1D MAS and 2D 3Q MAS NMR experiments were
carried out using a Chemagnetics Infinity-600 spectrometer
(B0~14.1 T). The corresponding 27Al Larmor frequency is
156.384 MHz. For both 1D and 2D 3Q MAS experiments, a
standard 3.2 mm Chemagnetics MAS probe with a MAS
frequency of 20 kHz was used. For obtaining the 27Al 1D MAS
spectra a single-pulse excitation of 1 ms, corresponding to a
p/10 flip angle, and a recycle delay of 250 ms were used. No
saturation effects have been observed. For each sample, 2048
transients were added. The 2D 3Q MAS experiments were
carried out using the three-pulse phase-modulated split-t1

experiment proposed by Wimperis and Brown.19,20 The
experiment makes use of the more efficient |Dp|~2 triple- to
single-quantum conversion compared to the |Dp|~4 one, which
means that, in contrast to the optimum spin I~3/2 experiment,
the two parts of the t1 period are separated by the spin-echo
interval. The main advantage of this experiment is that no
shearing of the data is required as the whole echo is acquired. A
rf field strength of nrf #156 kHz was used, as determined using
a 1.0 M AlCl3?6H2O aqueous solution. The duration of the
triple-quantum excitation pulse was 2.45 ms, while those of the

p~z3 to p~z1 transfer pulse and of the p~z1 to p~21
conversion pulse were 0.8 ms. Typically, 1632 transients
consisting of 256 points each were added for each of the 128
increments of t1, and the recycle delay was 200 ms. The t1

increments ranged from 4 to 10 ms and the duration of the spin-
echo interval was typically 1 ms. The 27Al chemical shifts,
reported in parts per million, were determined relative to an
aqueous external sample of 1.0 M AlCl3?6H2O by replacement.

The 1D spectra only yield apparent 27Al chemical shifts,
which will be denoted here as d’Al. The standard procedure21–25

for 2D MQMAS spectra is to measure the positions of the
centres of gravity (with respect to the reference frequency)
DnMAS and Dn1 along the MAS and isotropic dimensions,
respectively. It has been shown that these values can be used to
determine the true (isotropic) chemical shift dAl of a given
aluminium site, using eqn. (1), adapted from refs. 22 and 23 for
the case of a spin-5/2 nucleus:

dAl~106 16Dn1z15DnMASð Þ=31n0 (1)

where n0 is the 27Al Larmor frequency. The second-order
quadrupolar effect parameter, which we denote by l, is then
given by eqn. (2), adapted from ref. 25:

l2~x2 1z
g2

Q

3

 !
~2000(Dn1{DnMAS)n0=93 (2)

where x is the quadrupolar coupling constant (~e2qQ/h) and
gQ the asymmetry parameter of the electric field gradient
tensor. Discrimination among the exact contributions of x and
gQ to the shifts in both dimensions is usually carried out by
analyzing the powder lineshapes which can be resolved from
the 2D MQMAS spectrum for each chemical site. However,
one usually requires well-defined lineshapes such as typical
second-order quadrupolar powder patterns.26 In this work, the
lineshapes that can be extracted from the 2D 3Q MAS spectra
are featureless and it is therefore not possible to determine
accurately the NMR parameters (isotropic shift, quadrupolar
coupling constant and asymmetry parameter of the efg tensor)
by this method. Another procedure to extract the NMR
parameters involves the fit of the full MAS NMR spectrum
using as starting parameters those that can be deduced from the
analysis of the line positions along the two dimensions.27

However, this method requires the knowledge of the popula-
tion of each site when several sites are present in the sample.
Again, this was not feasible in the present work. Therefore, this
work is limited to the analysis of the line positions in both
dimensions. Since 0¡gQ¡1, the ratio of the highest to the

Table 1 Aluminium-27 isotropic chemical shifts and second-order quadrupolar effect parameters for the Li a-sialon samples

Sample no. Compound N : O N : Si dMAS
a/ppm d1

a/ppm dAl/ppm lb/MHz Assignmentc

I Li1.3Si9.5Al2.5O1.2N14.8 12.3 1.56 87 106 97 3.2 ‘‘AlO2N2’’
53 58 56 1.6 AlO4

II Li1.69Si9.0Al3.0O1.31N14.69 11.2 1.63 90 103 97 2.6 ‘‘AlO2N2’’d

54 66 60 2.5 AlO4

III Li1.0Si9.5Al2.5O1.5N14.5 9.7 1.53 85 106 96 3.3 ‘‘AlO2N2’’
54 64 59 2.4 AlO4

21 6 3 1.9 AlO6

IV Li2.0Si8.5Al3.5O1.5N14.5 9.7 1.71 93 102 98 2.1 ‘‘AlO2N2’’d

V Li1.0Si9.0Al3.0O2.0N14.0 7.0e 1.56 92 100 96 2.1 ‘‘AlO2N2’’
55 57 56 1.2 AlO4

3 15 9 2.6 AlO6

VI Li2.0Si7.5Al4.5O2.5N13.5 5.4 1.80 91 102 97 2.4 ‘‘AlO2N2’’d

54 57 56 1.4 AlO4

0 10 5 2.3 AlO6

VII Li1.0Si8.5Al3.5O2.5N13.5 3.9e 1.59 94 111 103 3.0 ‘‘AlO2N2’’
2 13 7 2.4 AlO6

adMAS and d1 are the centres of gravity in the two dimensions of the MQMAS spectra. bSecond-order quadrupolar effect parameter, see
eqn. (2). c‘‘AlO2N2’’ includes AlO3N, AlON3 and (probably) AlN4 environments. dIncludes a substantial amount of a high-frequency signal
which can probably be assigned to AlN4. eProbably somewhat higher in the crystalline domains since a substantial amount of the AlO6 environ-
ment is detected, presumably from glassy regions.
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lowest possible value of |x| in eqn. (2) is 1.15, so that,
determining l gives a good estimation of |x|. The isotropic
chemical shift and the second-order quadrupolar effect
parameter have been obtained for each site in the following
way: the shift Dn1 was obtained for each site from the
projection of the 2D 3Q MAS spectrum in the isotropic
dimension. Then for each site at its Dn1 shift, a slice was taken
in the MAS dimension and DnMAS (the centre of gravity of that
MAS lineshape) was determined using an in-house computer
program, freq MQ. From the values of Dn1 and DnMAS, one
deduces DnAl and l using eqns. (1) and (2). The isotropic
chemical shifts dAl and second-order quadrupolar effect
parameters g that can be deduced from the analysis of the
line positions in the two dimensions are given in Table 1. These
are believed to be accurate to ca. ¡2 ppm and ¡0.3,
respectively.

Results

Because the compounds studied in this work have different
compositions, the 27Al experimental results can be presented in
several ways, but in Table 1 and Figs. 1–3 the order is in terms
of increasing oxygen content (decreasing N : O ratio). Another
possible way would be in terms of increasing aluminium
content, which would place the samples in the order I, III, V, II,
VII, IV, VI. This order is also used in part of the discussion.
First, the spectrum of each compound will be briefly described.
The data extracted from the 27Al MQMAS results are given in
Table 1.

Sample I: Li1.3Si9.5Al2.5O1.2N14.8 (m~1.3; n~1.2)

Fig. 1 shows the 27Al MAS and 3Q MAS NMR spectra of this
sample. The 1D spectrum exhibits a narrow line at

d’Aly53 ppm and a broad peak centred at y83 ppm. Note
that these values are the positions of peak maxima and do not
correspond to the isotropic chemical shifts. A high-frequency
shoulder at y102 ppm is also present. The 3Q MAS NMR
spectrum consists of two peaks.

Sample II: Li1.69Si9.0Al3.0O1.31N14.69 (m~1.69; n~1.31)

The 27Al MAS and 3Q MAS NMR spectra of sample II are
displayed in Fig. 2. The 1D spectrum consists of two relatively
narrow peaks, a low-intensity one at y56 ppm and a dominant
one at d’Aly95 ppm. A broad shoulder and a small peak are
also present at y79 and y1 ppm, respectively. The 3Q MAS
NMR spectrum exhibits two peaks.

Sample III: Li1.0Si9.5Al2.5O1.5N14.5 (m~1.0; n~1.5)

The 27Al MAS 1D NMR spectrum of this sample shows a weak
peak at d’Aly21 ppm and a dominant broad peak at
d’Aly78 ppm, with a narrower peak at y56 ppm which is
much less intense than the corresponding signal for sample I. A
shoulder is also present at y101 ppm. The 3Q MAS NMR
spectrum contains three peaks, one of them corresponding to
the 1D signal at y21 ppm.

Sample IV: Li2.0Si8.5Al3.5O1.5N14.5 (m~2.0; n~1.5)

The 27Al MAS 1D NMR spectrum of this sample is very similar
to that of sample II, though the peak at d’Aly1 ppm is rather
stronger and that at d’Aly55 ppm rather weaker. Only one site
appears in the 27Al 3Q MAS NMR spectrum.

Fig. 1 Aluminium-27 1D MAS (top) and 2D 3Q MAS (bottom) NMR
spectra of sample I (Li1.3Si9.5Al2.5O1.2N14.8) recorded at B0~14.1 T and
nr~20 kHz. Asterisks on the 1D MAS spectrum correspond to
spinning sidebands.

Fig. 2 Aluminium-27 1D MAS (top) and 2D 3Q MAS (bottom) NMR
spectra of sample II (Li1.69Si9.0Al3.0O1.31N14.69) recorded at B0~14.1 T
and nr~20 kHz. Asterisks on the 1D MAS spectrum correspond to
spinning sidebands.
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Sample V: Li1.0Si9.0Al3.0O2.0N14.0 (m~1.0; n~2.0)

The 27Al MAS 1D NMR spectrum of this sample is similar to
that of sample III, though the peak at d’Aly3 ppm is
significantly stronger and that at y57 ppm even weaker. The
shoulder at y101 ppm is slightly more prominent than for
sample III. The 3Q MAS spectrum exhibits three peaks.

Sample VI: Li2.0Si7.5Al4.5O2.5N13.5 (m~2.0; n~2.5)

Whilst the general shape of the 1D spectrum of this sample
closely resembles those of samples II and IV, the signal at
d’Aly1 ppm is significantly stronger. Three sites are resolved in
the 3Q MAS spectrum.

Sample VII: Li1.0Si8.5Al3.5O2.5N13.5 (m~1.0; n~2.5)

The 27Al MAS and 3Q MAS NMR spectra of this sample are
shown in Fig. 3. The relatively narrow peak at d’Aly2 ppm
now has very significant intensity and there seems to be no
sharp signal at y53 ppm. The shape of the dominant broad
peak centred at y88 ppm is similar to that of sample I, with
weak shoulders at y60 and y72 ppm. Two sites can be
resolved in the 3Q MAS spectrum.

Finally, Fig. 4 shows the 29Si MAS NMR spectrum of
sample VII recorded at B0~7.05 T and nr~3.6 kHz. This
spectrum exhibits a single relatively broad peak and is
representative of the 29Si MAS spectra obtained for all the
samples involved in this work. The observed 29Si isotropic
chemical shifts and linewidths are summarized in Table 2.

Discussion

All the 29Si isotropic chemical shifts (Table 2) are found to lie
in a very narrow range, from dSi~249 to dSi~247 ppm,

indicating that the silicon environments in all of these phases
are electronically similar. Linewidths are found to lie in the
range 250–350 Hz (though this includes the 100 Hz line
broadening) and no obvious correlation with the content in
nitrogen or aluminium can be found, as was previously shown
for b-sialons.11 The 29Si isotropic chemical shifts are very close
to those observed for b-Si3N4,28 b-sialon,7 polytypoids 21R,9

15R8,9 and several compositions of a-sialon stabilized by Ca
and Y.29 They are also very close to those reported for the two
silicon positions in a-Si3N4,28 O-sialons30 and 12H polytypoid.8

In fact, it is accepted that silicon is coordinated by four
nitrogen atoms in the latter phase.7,29 An alternative explana-
tion29 is that the chemical shift remains unaltered, even though
the composition of the SiN42xOx (x~0–4) tetrahedra in the
structure changes, as a consequence of the nature of iso-
morphous substitution, i.e. an Al–O unit replaces an iso-
electronic Si–N unit, since the groups have similar
electronegativities31 and, thus, only very small changes in the
electron distribution over atomic orbitals of importance to the
isotropic chemical shifts are expected. However, the 29Si
isotropic chemical shifts for the complete range SiN42xOx

(x~0–4) have been previously obtained5 and, although some
overlap of the chemical shift ranges from different tetrahedral
units occurs, it is normally possible to differentiate distinct
environments. It is quite likely therefore that the majority of
silicon atoms are in an SiN4 coordination in all the Li a-sialon
samples involved in this work, confirming the general prefer-
ence for silicon to bond to nitrogen. However, small amounts
of SiN3O environments cannot be excluded. The a-sialon
unit cell contains two types of silicon site, as for a-Si3N4.
Unfortunately the 29Si linewidths we observe (4–6 ppm)
obscure the expected signal splitting (1.9 ppm in a-Si3N4

28)
so we are unable to tell if Al substitution occurs preferentially
at one of the sites, though this might conceivably account for
the apparent small variation in our values of dSi. Increasing
content of Li seems to cause the 29Si line to become broader,

Fig. 3 Aluminium-27 1D MAS (top) and 2D 3Q MAS (bottom) NMR
spectra of sample VII (Li1.0Si8.5Al3.5O2.5N13.5) recorded at B0~14.1 T
and nr~20 kHz. Asterisks on the 1D MAS spectrum correspond to
spinning sidebands.

Fig. 4 Silicon-29 MAS NMR spectrum of sample VII (Li1.0Si8.5-
Al3.5O2.5N13.5) recorded at B0~7.05 T and nr~3.6 kHz. An exponen-
tial line broadening function of 100 Hz was applied prior to Fourier
transformation. Asterisks correspond to spinning sidebands.

Table 2 Silicon-29 isotropic chemical shifts and linewidths for the Li
a-sialon samples

Sample Compound dSi/ppma fwhhb/Hz

I Li1.3Si9.5Al2.5O1.2N14.8 247 260
II Li1.69Si9.0Al3.0O1.31N14.69 247 320
III Li1.0Si9.5Al2.5O1.5N14.5 248 250
IV Li2.0Si8.5Al3.5O1.5N14.5 249 330
V Li1.0Si9.0Al3.0O2.0N14.0 247 250
VI Li2.0Si7.5Al4.5O2.5N13.5 248 350
VII Li1.0Si8.5Al3.5O2.5N13.5 247 260
aEstimated to be accurate to ¡2 ppm. bFull width at half-height,
estimated to be accurate to ca. z10 Hz. However, these values
include a superimposed 100 Hz line broadening function.
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probably because of an increase in disorder in the structure.
This result means that, because of stoichiometric constraints,
aluminium is expected to have a range of tetrahedral
coordinations, AlN42xOx (x~0–4).

As the content in oxygen increases, the 27Al 1D MAS spectra
show distinct changes in the relative intensities and the shapes
of the peaks, while the actual peak positions remain almost
constant (Table 1). The well-separated shift ranges of AlO4 and
AlO6 units usually allow rapid identification of the coordina-
tions present in a given phase. All the 27Al MAS spectra except
that shown in Fig. 1 exhibit a relatively broad peak in the range
21 to z3 ppm (note that this corresponds to the positions of
peak maxima and not to isotropic chemical shifts) which can be
unambiguously attributed to AlO6 octahedra. The correspond-
ing NMR parameters are given in Table 1. The isotropic
chemical shifts are found to lie between dAl~3 ppm and
dAl~9 ppm. The second-order quadrupolar effect parameters
are found to be in the range l~1.9–2.6 MHz. As previously
mentioned, they give good estimates of the quadrupolar
coupling constants |x|. These are relatively small, as expected
for aluminium in AlO6 environments. Detailed inspection of
Figs. 1–3 (and the Al spectra of the other samples) shows that
the intensity of the peak corresponding to AlO6 octahedra
generally increases with increasing oxygen content. It should be
emphasized that this corresponds to a relatively small amount
of AlO6, even for the sample having the highest content in
oxygen. Furthermore, a small amount of Li–Si–Al–O–N glass
may remain in the materials.18 These facts suggest that this
peak is likely to arise from the glassy components. The
implication of this observation is that with increasing oxygen
content there is a tendency for the glassy components to resist
crystallization.

The one-dimensional 27Al spectra show similar character-
istics in their bandshapes in the four-coordinate region.
Generally, there is a broad band at d’Al~ca. 84–94 ppm
with sharper peaks or shoulders to high (y100 ppm) and to
low frequency (d’Al~53–55 ppm). However, there are distinct
differences in the intensity distribution between the spectra.
Thus, the Al spectra of samples II, IV and VI are closely
comparable in that the high-frequency peak is prominent
whereas the low-frequency signal is weak. For samples I, III,
and V, on the other hand, the reverse is the case. Both signals
are very weak or absent in Fig. 3. In all cases (especially for
samples I, III, V and VII) the majority of the intensity lies
between the sharper peaks, which are apparent largely because
of their sharpness. These sharper signals clearly relate to 27Al
environments which are relatively symmetric and may be
assigned to AlO4 (low frequency) and AlN4 (high frequency)
sites on the grounds of their chemical shifts (though it should
be recognised that lack of precise tetrahedral symmetry arising
from more remote substituents and/or low crystallographic site
symmetry may even for AlO4 and AlN4 environments lead
to substantial electric field gradients). Their sharpness also
suggests that the signals arise from crystalline domains. The
broad central signal in the four-coordinate region presumably
arises from the mixed environments AlO3N, AlO2N2 and
AlON3. These are expected to have higher nuclear quadrupole
coupling constants and therefore to give broad overlapping
bands with unresolved second-order features.

Previous 27Al MAS NMR studies of nitrogen ceramics
reported a relatively narrow resonance at d’Aly110 ppm, and
this peak has been assigned by comparison with AlN to AlN4

coordination.6,8 Also, Smith has studied a series of b’-sialons,
Si62zAlzOzN82z with z~1, 2 and 4, by 27Al 1D MAS NMR.16

The peaks at d’Aly68 and y89 ppm in the spectrum of the
z~4 sample were assigned to AlO4 and AlO2N2 units while
those at d’Aly75 and y108 ppm in the spectrum of the z~1
sample were attributed to AlO3N and AlN4 coordinations,
respectively. In view of the fact that the high-frequency peak
maximum seen for samples II, IV and VI is only at

d’Aly100 ppm, we cannot be sure this represents AlN4

environments, but there is no reason to suppose AlON3

would have the lower quadrupole coupling constant implied
by the relative sharpness of the signal observed.

Because of the variations of bandwidth and bandshape of
the various peaks obtained in the present work (and of the
existence of spinning sidebands), it is not feasible to extract
quantitative or even semi-quantitative information of relative
intensities. However, the qualitative features are clear. The
AlN4 site has substantial intensity when m is high, i.e. the
Li : (SizAl) ratio is high. This correlates with a high ratio of
N : Si (between 1.63 and 1.80) so that satisfying the preference
of Si for N is easy, leaving substantial amounts of nitrogen to
coordinate to Al. Correspondingly, the AlO4 peak is very weak
for these samples. We have no explanation as to why the AlO4

intensity is markedly higher in Fig. 1 than for any other sample.
When N : Si is low (between 1.53 and 1.59), on the other

hand, the AlN4 signal only appears as a shoulder, whereas the
AlO4 peak is more prominent. The exception to the latter
situation is Fig. 3, and it is probably significant that in this case
the N : Si ratio (1.59) is the highest in the group, as is the
intensity in the AlO6 signal.

The one-dimensional 27Al spectra therefore clearly reveal the
changing nature of the aluminium environment as the sample
composition is varied. The conclusions are strengthened and
confirmed by the two-dimensional spectra. Samples I, II, III, V
and VI show 2D signals assigned to AlO4 environments. The
NMR parameters were derived using eqns. (1) and (2), and are
given in Table 1. The isotropic chemical shifts are found to lie
between dAl~56 ppm and dAl~60 ppm. The second-order
quadrupolar effect parameters are, as expected, modest in
magnitude for this signal, being in the range 1.2–2.5 MHz.

The more intense 2D peak does not allow any distinction to
be made between AlO3N, AlO2N2, AlON3 and AlN4 units,
even at the high magnetic field used. Some average NMR
parameters may be derived and are reported in Table 1. The
isotropic chemical shifts thus obtained are all in the range
dAl~96 ppm to dAl~98 ppm, except for Li1.0Si8.5Al3.5O2.5-
N13.5, for which the shift is unaccountably higher (dAl~
103 ppm). The second-order quadrupolar effect parameters are
in the range 2.1–3.3 MHz, in general higher than for the AlO6

and AlO4 sites, as expected, and notably so for samples lacking
a strong high-frequency 1D peak (the exception in this case
being sample V).

It has been suggested,11,16 that 27Al spectra of sialons are
consistent with a model in which distinct (Si,N) and (Al,O)
micro-domains exist, the (Si,N) one becoming smaller and the
(Al,O) one becoming larger when the aluminium and oxygen
contents are increasing. At low aluminium and oxygen contents
the small (Al,O) regions would result in virtually all aluminium
being close to the interface, so that the majority of aluminium
coordinations will be mixed. When the aluminium and oxygen
contents increase, the majority of aluminium coordinations
may still be mixed and the relative intensity of the peak due
to AlO4 units will increase compared to that of the peaks
attributed to aluminium tetrahedral mixed units. Although we
cannot resolve separate signals from such mixed units, we
believe our results are consistent with the presence of a range
of Al environments in each case, with concentrations varying
as sample composition changes.

The characteristic lines for pure distribution of the efg tensor
and the isotropic chemical shift are drawn on the 3Q MAS
spectra.32,33 A detailed inspection of the 2D 3Q MAS NMR
spectra of samples I (Fig. 1), III, V and VII (Fig. 3) reveals that
the main peak appears to have a trend in the general direction
of the distribution line for isotropic chemical shifts. This
distribution will result in a significant broadening of the 27Al
1D MAS NMR spectra due to the range of isotropic chemical
shifts generated. In the other cases, the peak is sharper and
shows some evidence of a small distribution in both isotropic
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chemical shifts and efg tensor components, as can be seen for
samples II (Fig. 2), IV and VI. The peaks tend to run parallel to
the chemical shift distribution line at the high-frequency side,
indicating a small distribution in isotropic chemical shifts. At
the low-frequency side they bend away in the quadrupolar
distribution line direction, reflecting a small distribution in efg
tensor components. The reason for these observations is not
clear. They may relate to the inherent disorder in the structure.
It is well known that both atomic and structural disorder can
occur in sialons,34 though XRD clearly confirms the samples to
be crystalline. A variation in the proportions of the different Al
environments is probably responsible.

Conclusions

The effect of (Al,O) substitution for (Si,N) on the structure of
Li a-sialon ceramics has been studied using 29Si and 27Al MAS
NMR. The 29Si resonance showed very little change across the
whole substitution range. The invariant peak position at
dSi#248 ppm suggests that SiN4 units form the preferred
environment at all compositions. This result means that
aluminium is expected to have a range of tetrahedral coor-
dinations, AlN42xOx (x~0–4), and confirms the general
preference for silicon to bond to nitrogen.

The 27Al 1D MAS NMR spectra show the presence of a
small octahedral AlO6 peak across most of the substitution
range. This peak is likely to be arising from the glassy
components. A range of tetrahedral coordinations is observed,
including a distinct signal for AlO4, a broad band for
AlO3NzAlO2N2zAlON3 and a sharper high-frequency
signal for AlN4 (or possibly AlON3). The AlO4 peak tends
to be prominent for low N : Si ratios whereas the AlN4

resonance is of higher intensity when the N : Si ratio is high,
leaving more nitrogen to coordinate to aluminium. These
results confirm the general preference for nitrogen to bond
to silicon and for oxygen to coordinate to aluminium. Two-
dimensional MQMAS spectra confirm these conclusions and
produce some data on true Al chemical shifts and quadrupolar
effect parameters. However, the results show that, although the
MQMAS NMR technique does not allow the different
aluminium tetrahedral units with mixed N,O coordination to
be resolved, the 27Al spectra of lithium a-sialons have
considerable value in monitoring the changes from more
nitrogen-rich to more oxygen-rich Al(O,N)4 environments as
the N : O ratio in the starting composition is varied.
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