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Abstract. There have been great improvements in the quality of 2?A1 NMR spectra from so-
lids over the last decade. The impact of this technique on structure determination for a wide
range of solids is briefly reviewed. Emphasis is placed on the effects arising from the presence
of the quadrupolar interaction and strategies that allow unambiguous spectral interpretation. It
is demonstrated that in addition to the chemical shift, the quadrupolar interaction itself can be
a rich source of local information about solids. The insight obtained from 2’Al NMR into
atomic level structure often contains surprises, such that previous models of structure and
properties have to be reassessed.

1. Introduction

Aluminium is one of the most naturally abundant elements and occurs in a
wide range of solids that are of significant technological and scientific inter-
est including minerals, zeolites, catalyst supports, ceramics, gels, glasses and
thin films. To understand many of the key properties of these materials de-
mands examination of the atomic level structure. NMR has been shown to
be a powerful probe of the local structure (i.e. nearest neighbour nn and
next nearest neighbour nnn) and provides complementary information to
standard characterization techniques such as diffraction, microscopy and vi-
brational spectroscopies. >’Al is an attractive nucleus for NMR having a
moderately large gyromagnetic ratio (y = 6.9763 - 107 rads™'T~!) and 100%
natural abundance so that its receptivity is 20% that of 'H. It is a spin-5/2
(I) nucleus and has a moderate quadrupole moment (eQ) of 0.149 - 10728
m? The presence of the quadrupolar interaction can complicate interpreta-
tion of the NMR spectrum but the quadrupolar moment acts as a very sensi-
tive probe of the electric field gradient (efg = eq) at the nucleus and can
provide information about the local structure.
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Fig. 1. ?Al NMR spectra of MgO(3.5A1,0,) spinel, a static and b MAS together with MAS
spectra of ¢ a-Al,O5, d Na-Y zeolite and e AIN at 9.4 T.

In the last decade with the increasingly widespread availability of high ap-
plied magnetic fields (> 7 T) and magic angle spinning (MAS) [1] aluminium
has become much studied in the solid state. 2’Al principally experiences di-
polar, chemical shielding and quadrupolar interactions in diamagnetic insu-
lating solids. An important structural question is often simply: is aluminium’s
local coordination tetrahedral (Al(4)), penta-coordinate (Al(5)) or octahe-
dral (Al(6)) and to what element? NMR can usually answer this question
from the value of the isotropic chemical shift (d,,). For solids, application
of MAS largely removes anisotropic contributions improving resolution and
making identification of Al(4), Al(5) and Al(6) much more straightforward
[2—6]. Fig. 1 shows the ranges of shift from some materials with well defined
aluminium coordinations. The spinel MgO - (3.5A1,0;) has Al(4) and Al(6)
species present and although there is some evidence for this from the static
spectrum (Fig. 1a), their resolution becomes complete using MAS (Fig. 1b).
The change of shift due to the nn is exemplified by comparison of zeolite
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Na-Y with four oxygen nn, which resonates at 56.5 ppm (Fig. 1d), and AIN
with four surrounding nitrogens (Fig. 1e) that is shifted to 114 ppm.

The ability to resolve these differences enable key questions about materials
to be tackled. For example, what is the Si/Al order in framework minerals
(including zeolites) and how is aluminium distributed between tetrahedral
and octahedral layers in clay minerals? What structural changes occur when
zeolites are dealuminated, and in glasses and ceramics as their compositions
are changed? Many of these materials are poorly crystalline and/or atomi-
cally disordered so that conventional techniques, particularly diffraction can
offer little insight. The impact that ??A1 NMR has had in these areas is
briefly reviewed. However 2’Al solid state NMR did not develop at the rate
of spin-1/2 nuclei such as ?°Si and '*C because of a number of complica-
tions that result from the quadrupolar interaction. Structural differences that
can be readily resolved as distinct spectral features from spin-1/2 nuclei are
often obscured in 2’Al MAS NMR spectra as a result of only partial remo-
val of the quadrupolar broadening. Many of the early studies also reported
large discrepancies between the known aluminium distribution and content
compared to that deduced from NMR spectra [e.g. 7—9]. The peak position
was observed to be a magnetic field dependent quantity and its usual ident-
ity with the isotropic chemical shift is invalid. As illustration, consider the
polymorphs B- and y-LiAlO, where at 6.35 T their peak positions differ by
around 10 ppm, which cannot be explained on the basis of any structural in-
fluences on d,,,. This difference is almost entirely due to quadrupole effects
(vide infra), which are different for the two materials (Table 4), and when
suitably corrected for gives a difference in d,,, of only ~1 ppm [10]. The
following two sections are devoted to a discussion of the quadrupolar inter-
action and its influence on the NMR spectrum before proceeding to the ap-
plications of solid state 2’ Al NMR.

2. The Nuclear Quadrupole Interaction

Nuclei with > 1/2 possess a quadrupole moment (e(), resulting from a
non-spherical distribution of the nuclear electric charge, which interacts with
the gradient in the electric field (Ve) at the nucleus caused by the external
charges with an energy -

E=¢e¢Q Ve. 1

This is an electrostatic interaction but the energy is determined by the z-
component of the magnetic quantum number (m) thereby producing an ef-
fect on the NMR spectrum. The nuclear quadrupolar Hamiltonian may
generally be written down as [11—16]
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where V, are the components of the second-rank electric field gradient tensor.
In the Principal Axes System (PAS) V,=./3/2V,;=3/2eq, V,, =0 and
V= Vix — Vyy = (eqn/2):

e’qQ

yPAS
e 41Q2I-

1)[312 I(I+1)+2 (1+—12)] 3)

Measurements are made in the laboratory frame, where the z-direction is
defined by the applied magnetic field B, to which J#FAS may be readily
transformed by using the standard Wigner rotation matrices D [17] on the
components of the efg tensor:

=3 oo @

—2<1<2

where (@, 9, y) are the Euler angles which define the orientation of the PAS
in the laboratory frame. The effect 7, has on the nuclear spin energy levels
will be considered in the limit when the Zeeman interaction is large so that
standard perturbation theory may be applied:

E=EO+EOD+EP+ .., Q)
where
EY=—mhyB, (Zeeman interaction), (6)
=2 —
E{ 41(21 [ 273 Gm® = 1A+ ))Ve, %
E(2)=<— 0 )2—— V., V., Qém(m—1)— 4I(I+ 1)+ 9)
m 4[(21_ 1) [ +1 —1( m(m ) ( )

+ V_22V+2 (12m(m—1)— 4I(I+ 1) +6)] . ®)
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For static spectra the appropriate expressions for V, may simply be inserted
and the effect on the frequency of a single quantum transition derived. The
basic frequency will be the Larmor frequency (v,) resulting from six equally
spaced energy levels (Fig. 2a). The influence of the first-order quadrupolar
perturbation is:

C
vy = II%IfT) (Bcos?® —~ 1 + nsin?d cos2@)(m—1/2) . 9

Practically this has two consequences, the central transition (1/2, —1/2) has
no first-order effects, and the non-central transitions are spread over a fre-
quency range of order v, (=3C,/2I(21— 1)) which can be easily in the
MHz range and hence are difficult to observe by pulsed methods (Fig. 2b).
This means that usually only the central transition is observed. The quadru-
polar interaction can be sufficiently large that second-order quadrupolar ef-
fects must be considered. For general m and 5 quite involved expressions
exist (see [15]), but for the central transition these effects may be written as

v = € ——[9(3 — ncos@)*sin*d
P 144y,

—12(6 + 1% — 5ncos2@)sin’d + 492]. (10)

This gives rise to a characteristic powder pattern (Fig. 2c¢) which if clearly
resolved can be used to deduce C, and #, the latter clearly having a marked
influence on the lineshape (Fig. 3). However the presence of other aniso-
tropic interactions, particularly dipolar, usually smooth the lineshape obscur-
ing the defining singularities and shoulders.

The standard technique for improving resolution and removing anisotropic
contributions is to rapidly rotate the sample at the magic angle (54.7°) to the
applied magnetic field. This is very effective at removing the first-order per-
turbations and has been discussed in much detail [18]. However the more
complicated angular variation of the second-order perturbation (Eq.(10))
means that MAS at v, can only produce partial narrowing. Under rotation
at an angle S to the applied magnetic field the laboratory components of the
efg can be written down in terms of a double angular transformation:

2

2
Vi = Z D@ (w,1,B O)Z DG (@D y) Vs, (11)
r=-=2

p=—2

Such transformations have been used to calculate second-order quadrupolar
perturbed spectra from rotating solids {19—24]. The lineshape of the
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Fig. 2. a Nuclear energy levels for an I =5/2 nucleus showing first and second-order quadru-

polar effects and the resulting static powder patterns (7= 0) for b all transitions perturbed

to first-order and c the second-order broadening of the (1/2, —1/2) together with d its MAS
spectrum. A (I(f+1) — 3/4)v, /16w,

(m, m—1) transition and its related sidebands can be written down as an
analytical function in the case of v, — o which is often a good approxima-
tion for the (1/2, —1/2) transition and a characteristic lineshape is still ob-
tained (Figs. 2d and 3). For the outer transitions and when C, becomes
large enough the approximation v, ~ o breaks down and a summation over
different orientations of the rotor are required to obtain the lineshape
[25, 26] which can be quite different from the infinite spinning speed limit
and the centrebands and sidebands will in general have a different shape
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Fig. 3. The quadrupolar perturbed powder patterns of the (1/2, —1.2) transition for various 7
static (plain) and MAS (shaded). (From [16] with permission of Kiuwer Academic publishers.)

(Fig. 4). This produces a frequency dependence for the (m, m—1) transi-
tion:

Ommes = O + 02, (12)

m, m— 180

where 6 is the second-order quadrupolar contribution which for the cen-
tral transition for /= 5/2 produces [15, 16, 27]:

9C2 3 172 1
s €8 L3 e e L s0c0es — .
i 8o0vEl 5 (I+ 3 ) 10 3 + 30cos?® — 35cos* D)

+ g (1.— 8cos?® + Tcos* D) cos2q

2 4
+ ;7—8 ((— 3+ 10c0s*d — Tcos* D) cos2 = )] (13)
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Fig. 4. The Al MAS NMR spectrum of Al,Ge,0; at 74.5 MHz and v, = 7 kHz. (From [26]
Massiot et al. Magn. Reson. Chem. 28, $82 (1990) with permission of John Wiley and Sons Ltd.)

and this produces a second-order quadrupolar contribution to the isotropic
shift of

50 =——C (23 —36m(m—1))(1 + 77—2) (14)
&% = 160002 37

Although there is still a characteristic lineshape, the overall width under MAS is
reduced by a factor of between 3 and 4 for the central transition, depending on
77 (Fig. 3 [20]). The second-order width and shift of the peak depend on C; and
B3? so that for large C, and low B, equating the peak position to d;, can be
significantly in error. There is also a weak dependence on 7 and stronger de-
pendence on m (Fig. 5). The (£3/2,£1/2) transition is ~ 70% narrower and
has only 12.5% of the isotropic second-order quadrupolar shift of the (1/2,
—1.2) transition (Table 1), so provided that sufficient intensity is present in the
low order sidebands of this transition it can provide significant advantages in
resolution and determination of d;, [27). The aluminosilicate mineral leucite has
three crystallographically distinct Al(4) sites but only two can be observed in the
centreband of the (1/2, —1/2) transition but the sidebands of the (+3/2, £1/2)
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Fig. 5. The second-order quadrupolar shift of the centre of gravity away from J,, for the (1/2,
—1/2)and (+3/2, £1/2) transitions for an I = 5/2 nucleus as a function of C, at 845 T.

transition clearly resolve all three sites (Fig. 6) [28]. Recording these satellite
transitions has been used in the cases of albite [27], vesuvianite [29], thom-
sonite and scolecite [30].

For the more complex angular variation of the second-order term there are
other choices of angle that minimize the broadening from it. The term vari-
able angle spinning (VAS) is used to describe the studies of samples spin-

Table 1. Quadrupolar related spin properties of an I = 5/2 nucleus.

Transition Al (1/2,-1/2) (£3/2,%1/2) (*5/2,%3/2)
[{m| I |m—1)[ na. 9 8 5
Peak pulse intensity 1 0.086 0.081 0.064
Short rf-pulse intensity 1 0.257 0.228 0.143
90° pulse length 1 0.333 0.354 0.442
Isotropic second-order quadrupolar  n.a. 1 —0.125 —35
shift”
Second-order quadrupole na. 1 0.292 1.83
linewidth®
Intensity of low order n.a. 1 0.12 0.006
sidebands”

* Relative to the (1/2, —1/2) transition, for details see [27].
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Fig. 6. “7Al MAS NMR spectrum of leucite 999 showing the enhanced resolution in the side-
bands of the (+3/2, £1/2) transition. (From [24] with permission of Springer Verlag.)

ning at angles other than 54.7° [25, 31—34]. In the range 60°—70° the mini-
mum width is obtained (depending on 7) and at 43.5° the lineshape becomes
independent of 5 [33]. Calculations of the intensity distribution of the spin-
ning sideband intensity have also been performed [25, 34]. VAS is useful
when the sources of linebroadening other than the quadrupolar interaction
are negligible but unfortunately for 27Al this is not often the case.

It would clearly be desirable to remove both first-order and second-order terms
simultaneously and recently schemes have been devised to achieve such avera-
ging [35, 36]. As no single rotation axis can remove both the terms proportional
to P,(cos®) = 1/2(3cos’® — 1) and P,(cosd) = 1/8(35cos*d — 30cos’ & + 3)
the axis direction must be made time-dependent. Two distinct schemes have
been developed. One scheme, termed dynamic angle spinning (DAS) flips the
rotation axis between two different angles 9, and 9, to the applied field so as
to satisfy P,(cos®;)=— kP,(cosd,) and P,(cosd;)=— kP,(cosD,). There
are a continuum of solutions depending on the relative time spent at each angle.
In the case of equal times, ¥, = 37.38° and &, = 79.19°. The data is collected
either as a one-dimensional data set of the echo amplitude as a function of the
evolution time; or as a two-dimensional NMR data set with the f2-dimension
containing the complete spectrum (the data after the echo) while the f1-dimen-
sion (the evolution time) contains only isotropic information [37]. The alternative
method (DOR) is to make the direction of the spinner axis continuously variable
by having a spinner within a spinner, both of which rotate. The effect of such ro-
tation on the Hamiltonian can be derived from Eq.11) by having three suc-
cessive rotations; from the PAS to the first rotor, then to the second rotor and
finally to the laboratory. The two angles which have to be set to remove both
first and second order effects are the angle between the two rotor axes and the
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outer rotor and B, They are set so as to solve P,(cosd;)=0 (ie.
¥, = 54.7°)and P (cosd,) = 0 (i.e. &, = 30.56° or 70.17°) [38].

The other main difference between quadrupolar nuclei and spin-1/2 nuclei
is that their pulse response depends on C, which has been discussed in a
number of theoretical papers [23, 39—44]. The intensity is spread amongst
the five transitions, each of which has an inherent quantum intensity fixed by
the matrix element |(m|I,|m—1)|> (Table 1 [39]). There are two limiting
cases either v, >> v, (= yB,/2x) and the central transition is well separated
from the outer ones and the pulse response is AsindAw,?, (Where
A=[I(I+1) = m(m—1)]'? and ¢, is the pulse duration). The magnetiza-
tion corresponding to the different transitions behaves effectively as an inde-
pendent spin-1/2 nucleus but with its gyromagnetic ratio enhanced, and in-
tensity diminished by a factor A and is termed a fictitious spin-1/2 system
[13]. This has been accurately demonstrated using a single crystal of a-Al,O,
by putting each of the transitions on resonance in turn [45]. In the other
limit where v, << v, the energy levels becomes almost equally spaced and
hence the transitions are degenerate and the nucleus behaves as a spin-1/2
nucleus with the same gyromagnetic ratio and response A ’sinw,¢,. Between
these two extremes the pulse response becomes complex and non-sinusoidal
[23,39,43] (Fig. 7). A comparison of AI(NO;); in aqueous solution
(Cq~ 0) and Y;Al;0,, which has Al(4) (C, = 6 MHz) and Al(6) (C,= 0.6
MHz) provides examples of all three cases for which the effective 90° pulses
and intensities are clearly seen to be different.

These effects have some important consequences for conducting experiments
so as to obtain quantitatively reliable data. If C, is known then any pulse-
length can be used with suitable correction. To allow direct comparison that
does not demand accurate knowledge of C, the small pulse angle limit
should be used (Fig. 7). Then the approximation sinx ~ x is valid and in
both v, limits the observed intensity tends to A2, For less than 5%
error in quantitative comparison [30]:

1 i
(I+§)w1tp<—6—. (15)

The C -dependence of the pulse response can be useful for discriminating
sites with differing C, that overlap in one-dimensional NMR spectra, and to
a limited extent can be used to determine C,. This is the basis of the 2D nu-
tation method [46, 47].

The efg is produced by a non-uniform distribution of charge outside the nu-
cleus such as surrounding ions and bonding electrons. The r~3 dependence
of this effect means that charges closest to the nucleus are most significant.
The charges outside the inner spherical charge shells of the atom produce a
field gradient g” but when this impinges upon the electrons their spherical
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distribution will distort to minimize their own energy, thereby enhancing the
efg at the nucleus. This can be significant due to their proximity to the nu-
cleus and is described by the Sternheimer antishielding factor y., [48, 49]:

g=(0-7)q". (16)

This factor is always present in the measured values of g, and can be re-
garded as approximately constant for a particular element (for 2’Al as AI**
Y« =—23.61 [50]) so does not complicate comparison between samples.
However for heavier elements it can become very much larger and makes
comparisons of the site distortions for different elements far from straight-
forward.

The quadrupolar nature of 2’Al can also effect the spectra of spin-1/2 nu-
clei with which it interacts since if the quadrupolar interaction becomes suf-
ficiently large compared to the Zeeman interaction m is no longer a good
quantum number for the aluminium spin states and MAS can only partially
remove dipolar and J-coupling interactions [51]. Usually v, << v, so that
these residual effects are seldom observed but reports exist of the distortion
of the 3P-?Al J-coupled sextet in the complex (CH;);P-AICl; in dehy-
drated Na-HY zeolite [52] and in a very pure sample of kyanite where para-
magnetic broadening was not the limiting factor two distinct 2°Si could be
resolved at high field [53].

3. Experimental Methods

One pulse acquisition experiments in conjunction with MAS are the most
common for 2’ Al NMR studies of solids, and careful thought has to be given
to the extraction of the data from such experiments. To fully interpret any
spectrum it is a prerequisite that C,, # and J,,, are known. Methods avail-
able to extract these parameters include:

(1) Observation and simulation of second-order quadrupolar lineshapes of
the (1/2, —1/2) transition for either static or MAS cases.

(2) Observation and simulation of the first-order spectra from the non-cen-
tral transitions for static or MAS cases to determine C, and 7 and the
centre of gravity of the (+3/2, £1/2) transition to estimate 0.

(3) The field dependence of the (1/2, —1/2) transition with B,
(4) The 2D pulse response nutation experiment.
(5) Application of VAS, DAS or DOR techniques.

If a second-order quadrupolar powder pattern can be clearly observed for
the central transition all parameters can be unambiguously extracted. Static
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27A1 MAS-NMR from Kyanite (Al SiO;)

Bo=11.7T, v =11.3kHz

Spectrum

Simulation

Components
- A2
/ N A3
R e .Y S
__—___/'/\_4_/Rlﬂ—
1 1 ! 1 "l 1 Il L 1 A L L
40 20 [o] -20 -40 -60

27] Chemical shift in ppm from [AI(H20)5]3+

Fig. 8. 27A1 MAS NMR spectrum of kyanite at 11.7 T and v, = 11.3 kHz together with a
spectral simulation.

spectra tend to be smoothed and suffer from increased overlap in the cases
when multiple sites are present hampering extraction of the parameters.
MAS improves both of these points and the spectrum of kyanite (a poly-
morph of ALSiOs, Fig. 8) clearly shows four sites (Table 2). The ability to
produce such a spectrum has only recently become possible because of the

Table 2. Simulation parameters, integrated spectral intensity, magnetization in the centreband
and corrected intensity for the 27Al MAS NMR spectrum of kyanite.

Site C,(MHz) g d,, (ppm) Inmtegrated Fraction of Corrected

intensity (1/2,—-1/2)  spectral
of the transition intensity
centreband in the
centreband
A2, AlO, 3.7 0.89 5 0.29 1.00 0.26
A3, AlOg 6.53 0.59 7.5 0.29 0.95 0.27
A4, AlO, 9.37 0.38 13 0.20 0.81 0.22

ALAIO, 1003 027 15 0.22 0.78 0.25
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Fig. 9. Simulations of the ?’Al fast MAS NMR spectra of kyanite as a function of applied
magnetic field.

combination of fast MAS and high B, [54—59]. The resolution improves as
B3 and Fig. 9 shows the effect on simulated spectra of kyanite. Between 4.7
and 9.4 T the bandshape is almost identical except scaled by a factor of two.
As the most shielded sites Al and A4 have the larger C, at these fields
their centres of gravity are at more deshielded values. However as B, in-
creases the centre of gravity approaches 0,,, and at 135.3 T four clearly re-
solved lines exist, but note at the intermediate field of 18 T there is con-
siderable overlap which is a result of the relative d;, and J ;,® at this

field.

The residual second order width under MAS for the central transition is
[16, 58]:

C:?
=—"9 2 . 1
A’VMAS 2850 Vo (6 + ’7) ( 7)

This is often significant compared to v, and for the centreband to be unen-
cumbered by spinning sidebands and to effectively produce some narrowing
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Fig. 10. 2’A1 MAS NMR spectra of sillimanite at 9.4 T as a function of v,.

requires v, >> Avy,?. Failure to satisfy this can lead to an unnarrowed and
consequently broad line that could be lost from the spectrum. Andalusite
(another polymorph of A1,SiO;) has attracted much attention because it has
a well defined Al(5) site. It also has an Al(6) site with C,=15.6 MHz
(Table 4). Early MAS work using moderate spinning speeds (< 4 kHz) could
only reveal the Al(5) site with the only evidence for the other aluminium
species being a broad underlying resonance [60, 61]. Subsequent studies at
higher fields (> 11.7 T) and faster MAS (> 15 kHz) showed both lines
[59, 62, 63]. The effect of B, and v, can be appreciated by considering 4
kHz at a field of 7.05 T where the largest C, that gives a centreband free
from sidebands is 4.9 MHz while for 15 kHz at 11.7 T this has increased to
12.3 MHz (assuming 7= 0). This is illustrated by the evolution with spin-
ning speed of the spectrum of sillimanite, the third polymorph of AlSiOs, at
9.4 T. There are Al(4) and Al(6) sites which under sufficiently rapid MAS
produce second-order widths for the centreband of 6.7 and 11.4 kHz re-
spectively. At 3.3 kHz (Fig. 10a) very limited narrowing occurs and a com-
plex overlapping bandshape is obtained. 7.15 kHz exceeds the residual
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Fig. 11. a The static 9.4 T NMR spectrum of LaAlO, (C, = 0.12 MHz) showing all the tran-

sitions and b, ¢ MAS spectra of a-Al,O; showing the narrowed outer transitions with an in-

tensity envelope similar to the static pattern and d a simulation. (b—d from [66] with per-
mission of Academic Press.)

width for the Al(4) site and the comparatively narrow resonance from this
site is now dominant, but little narrowing of the Al(6) site occurs (Fig. 10b).
However by 14 kHz (Fig. 10d) both sites have narrowed and can clearly be
distinguished. It is important to recognize that these effects are particularly
important in disordered materials where a range of C, and 7 are present so
that at different fields and spin rates significantly different spectra can be
obtained as differing fractions of the sites narrow.

For smaller C, (< 2.5 MHz) the second-order structure is often too small to
be resolved even under MAS. However the first-order width is now not pro-
hibitively large so that pulse methods can be used and lineshapes obtained
(Fig. 11a). Fast MAS accurately at the magic angle can cause dramatic nar-
rowing of the outer transitions into a set of sharply defined spinning side-
bands whose intensity envelope closely follows the static lineshape. This im-
proves the resolution and means that from the (+3/2,+1/2) transition 6,
can also be more accurately determined. To narrow such broad resonances
requires accurate setting and high stability of the magic angle. Suppose that
the angle is slightly misset by &, so spinning is at (8 + §), this produces a re-
sidual width of
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Av,, = 3cosfBsinfAv, &. (18)

As the static width (A, ) becomes large the accuracy of the setting of the
magic angle becomes increasingly crucial so that standard compounds such
as KBr [64] are not sensitive enough and the angle should be calibrated on
each compound. Other experimental considerations include the effects of the
delay in recording the start of the free induction decay (FID) after the pulse
and the rf-excitation profile of the pulse both of which can be modeled as
sinc functions [26, 59, 65]. The digitization of the signal can also be a prob-
lem in that narrow spectral features (the sidebands) are spread over a broad
frequency range. In the time domain this means very short lived rotational
echoes have to be rapidly digitized to accurately determine the intensity en-
velope of the spinning sidebands but the acquisition time must be long
enough to capture the whole of the slowly decaying component and prevent
truncation. These two criteria often exceed the capabilities of most digitizers
available, even for spectrometers designed for solids. However the first-
order singularities in the sideband pattern from a-Al,O; where C, = 2.38
MHz can be clearly observed (Figs. 11b — 11d) [66, 67] and has been ap-
plied to other compounds [67, 68].

It is apparent that second-order lineshapes from the central transition are
often obscured leaving slightly asymmetric Gaussian lineshapes. Some work
has estimated a correction to the peak position to find d;,, using this line-
width [69] but as this width usually contains contributions other than quad-
rupolar, tending to make 8, too paramagnetic [30]. The change of peak po-
sition (or more correctly the centre of gravity) with B, is a good way to esti-
mate J,,,. The shift of the centre of gravity is:

2

32 C2(1 +%)

6 = 6is0_

cg

12592 B} (19

A typical set of data shows the peak position (in ppm) plotted against Bg?
for the clay mineral kaolinite (Fig. 12) producing a very good straight line.
The gradient is proportional to C,(1 + n2/3)"/% this combination is some-
times termed the second-order quadrupole effect parameter [58, 70]. Either
this product can be quoted or some approximation for 7 made. As long as
any assumption is clearly stated the data is useful; # = 0.67 gives the smal-
lest maximum error in C, of 15%. The intercept at By 2=( (a poor man’s
way of getting very high field data) gives Jy,. The linewidth variation of
MAS spectra with field can also provide information as there are usually
two main contributions: the residual second-order quadrupolar width and
dispersion of the isotropic chemical shift (Avy,) so that the half width can
be written as:
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Fig. 12. Peak position of the 2?A1 NMR from kaolinite plotted as a function of Bj2.
Avi=AvP + Avy . (20)

Av{) decreases inversely and Avg, (in Hz) increases directly with B,. For
glasses and zeolites 2’Al MAS spectra at high field have linewidths domi-
nated by chemical shift dispersion [71, 72]. This information is useful in
characterizing ”disorder” in solids.

If C, is such that v, ~ v, an alternative approach to estimate C_ is to follow
the pulse response. This has been developed into the simple but effective
two dimensional quadrupolar nutation sequence with the second time
dimension simply being the pulselength. This experiment separates the spec-
tral information so that the normal, high field spectrum lies in f2 and along
fl there is quadrupole excitation information. While the pulse is on
B~ 0.001B, the experiment is effectively a low field experiment with the
spin states determined by the quadrupolar interaction, while retaining high
field sensitivity. In the limits v, << v, and v, >> v, the f1 response lies at v,
and 3v,. However in the intermediate regime where v, ~ v, the response is
complex but allows deduction of C, and # by comparison with theoretical
simulations (Fig. 13). Nutation experiments are usually performed on static
samples but can be combined with MAS provided that ¢, < ¢,/4 [47].

The question of quantification of aluminium spectra has caused much dis-
cussion, with for example dealuminated zeolites sometimes showing signifi-
cant loss of signal intensity, corresponding to distorted sites producing so
called "NMR invisible” aluminium. Comparison can be made to a standard
compound (e.g. a-Al,O; [73,74], 1 M AICl; aqueous solution [735]) to see
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Fig. 13. Theoretical nutation spectra for 7= 5/2 as a function (w,/ ). (Note that the vertical
scales are not equivalent, taken from [46] with permission of Academic Press.)

how much signal is being lost. Differing T leads to differential signal loss
during the initial system recovery time which can be compensated for by
extrapolation to t=0 but very broad spectral components can be com-
pletely lost. Most work has shown that with higher magnetic fields and bet-
ter spectrometer technology, allowing more rapid recovery, these problems
are much diminished, but it is crucial for any work in this area to quote the
pre-acquisition delay to allow the quality of the data to be assessed. In quan-
tification of work at slower spinning speeds when both Al(4) and Al(6) were
present overlap of sidebands often hampered accurate deconvolution. The
TOSS pulse sequence was used to produce sideband free spectra and reveal
partially obscured peaks [76]. Much of the earlier spectra could be usefully
repeated with the more rapid rotation rates now available.

Spectra accumulated in the linear regime (Fig. 7) with fast MAS and rapid
system recovery while being quantitative still present the difficulty of esti-
mating the fraction of magnetization present in the centreband. Why not
simply integrate over sidebands as well as the centreband as for spin-1/2
nuclei? The difficulty is that there is no necessity for these to have the same
lineshape (Fig, 4) and the sidebands can be as broad as the centreband but
with only (5—10)% of the intensity, with the added difficulty of the superpo-
sition of the sidebands from the non-central transitions. This can make their
integration very much less accurate than that for the centreband, which
could be corrected by knowing the amount of magnetization present. For
the (1/2, —1/2) transition this amount depends on the parameter (v;/v,%;)
and for the outer transitions (|1 — 2m|v,/v,) and weakly on 7 (Figs. 14a and
14b) [77]. Kyanite (Fig. 8) has four equally populated Al(6) sites but direct
integration of the centrebands gives intensities in the range (20—30)%
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(Table 2) [59]. It can be seen (Table 2) that the sites with larger C, have the
lower apparent intensity but correcting using Fig. 14a shows that all sites
more closely approach 25% (Table 2).

In the case of kyanite, only the central transition contributes significantly to
the centreband (cb). Y;Al;0,, provides a more interesting case where the
two sites Al(4) and Al(6) have very different quadrupolar parameters (Table
4). Integration of the centreband gives 1:1 whereas from the structure it
should be 3 : 2. For the Al(6) site, since the quadrupolar interaction is small
the intensity (/n) contribution from the non-central transitions can no longer
be neglected:

Incb=ZIn;’;,. (21)
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Table 3. Intensity correction factors from different transitions for the 2’Al centrebands of

Y,ALO4,.
Site AlO, AlOg
v, (kHz) 900 90
O, (PPm) 76.0 0.8
Integrated intensity of centreband (relative) 1 1
Transition (1/2,—1/2)
vZ/vev, 148 0.15
Inherent intensity 1 1
Fraction contributed to centreband 0.78 1
Transition (3/2,1/2) + (—3/2,—1/2)
[1—2m|v,/ v, 257 25.7
Inherent intensity 1.78 1.78
Fraction contributed to centreband 0 0.045
Intensity contributed to centreband 0 0.08
Transition (5/2,3/2) + (—5/2,—3/2)
1—2m|v/v, 514 514
Inherent intensity 1.11 111
Fraction contributed to centreband 0 0.3035
Intensity contributed to centreband 0 0.039
Total contributed intensity 0.78 1.12
Corrected centreband intensity (relative) 1.28 0.89

An experiment carried out at 78.21 MHz and v, = 7 kHz (Fig. 14¢) {77] re-
sults in only 78% of the central transition intensity in the centreband of the
Al(4) site and no contribution from the outer transitions (Table 3). For the
Al(6) site all the (1/2, —1/2) magnetization is in the centreband and there
is also a significant contribution from the outer transitions. After suitable
weighting by the inherent quantum intensity (Table 1) the non-central transi-
tions contribute an additional 12% to the centreband (Table 3). The cor-
rected intensities produce Al(4) : Al(6) of 1.28 : 0.89, very close to the crys-
tal structure.

Of course to get quantitative information, it is implicit that sufficient recycle
delay is used to prevent saturation of the magnetization. In general *’Al re-
laxation is fast with T, often less than 1 s, being ~ 1 ms [78] for some ze-
olites, but it can be as long as 20 s in some ceramics. For quadrupolar nu-
clei the relaxation is often multicomponent which comes from there being
more than two energy levels {65, 79]. MAS can complicate determination of
T, as the pulse usually excites all nuclei in the central transition but only a
small fraction of the non-central transition. In the case of a 90°—7—90° se-
quence nuclei excited by the first pulse will not necessarily be the same sub-
set excited by the second because the orientation of the rotor will have
changed. Measurement of 2’Al relaxation in albite showed that a saturating
comb always gave a longer T, value than the 90°—7—90° sequence {80]. Dif-
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ferences were also noted between static (7, = 8.8 s) and MAS (T, =194 s)
experiments [80].

The high natural sensitivity of 2’Al means that cross-polarization (CP) has
been seldom employed but 'H-?’Al [81—84] and '°F-?’Al [85] have been re-
ported. A weaker signal than for the one pulse experiment is usually ob-
tained due to the distribution of nuclei and the spin dynamics. The selectiv-
ity of the experiment preferentially polarizes those nuclei close to the pola-
rizing nucleus at short contact times and means that minor resonances in the
direct spectrum may be enhanced. For a quadrupolar nucleus the Hartmann-
Hahn condition has to be modified in the case that C, is large to take into
the account the effective gyromagnetic ratio so that for the central transition:

3yaBi{t=y,B7. (22)

For 'H-?’Al CP aluminium hydroxide and kaolinite have been used as set-
up compounds. It should be noted that T, obtained from MAS experiments
may be spurious as when v, ~ v (due to the spin-lock pulse) sizeable ex-
cursions out of the transverse plane may occur so that nuclei are unable to
follow the spin-lock field [82]. Applications of CP are discussed below.

4. The Al-O-H System

Aluminas are widely used as a catalysts and catalyst supports. a-Al,O, is
formed by calcination of the hydroxides (bayerite, gibbsite) and oxyhydrox-
ide (boehmite) causing dehydroxylation and proceeds via various intermedi-
ate aluminas [3, 6, 86, 87]. Calcination produces changes in the structure
mirrored in the fraction of Al(6) sites, with MAS NMR spectra giving 0.94
for AIO(OH), 0.75 for y-AlL,O; and 1 for o-Al,O; (Fig. 1c) [3, 86]. The
transitional aluminas have close-packed oxygens in a spinel-like structure
with aluminium and vacancies distributed over the interstitial octahedral and
tetrahedral sites. A fractional Al(6) content for y-Al,O; of 0.75 confirms
Lippen’s model for the structure with all the vacancies ordered onto the te-
trahedral sites [6]. Calcination of hydragillite produces a very poorly crystal-
line intermediate state with three peaks at 3, 35 and 64 ppm which were as-
signed to Al(6), Al(5) and Al(4). Further heating causes conversion into 1-
Al,O; and eventually a-Al,O; [88]. Revisiting these materials using rapid
MAS (> 10 kHz) to remove all the sidebands from the isotropic region has
produced clearer spectra. Dehydroxylation of gibbsite was followed in detail
with Al(6) and Al(4) sites apparent. However the spectra often are not
simple superpositions of spectra of the constituent phases as broad unnar-
rowed components are present. p-alumina, known from XRD to be highly
disordered, showed a third peak at 27 ppm, probably due to Al(5). Calcines
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derived from gibbsite at (900—1000)°C, with significant x-alumina content
showed some interesting structure in the Al(4) region with a peak/shoulder
at 45 ppm although its source was not identified [89).

High surface area aluminas tend to show a decrease in the observable alumi-
nium intensity with increasing surface area [90]. CP experiments preferen-
tially enhance surface species and both Al(4) and Al(6) are observed, but
the latter more strongly so. y-Al,O; produced a stronger CP signal than o-
Al,0; which was interpreted as being due to a higher number of Bronsted
acid sites on y-AlLO,. A surface area of at least (2—3) m?g™! is necessary to
allow observation of surface species [81]. Examination of various transitional
aluminas which had molybdenum deposited on the surface indicated the for-
mation of Al,(MoO,); [91].

The aluminium species present in aqueous solution have a profound effect
on the oxides/hydroxides which precipitate out. Normally [Al(H,O)** is
present but is replaced at higher pH by [Al(OH),]”. More complex species
can also be present such as the tridecameric cation [Al,;0,(OH),,(H,0)]**
and narrow NMR signals from Al(4) species at 62.4 ppm and a much
broader Al(6) peak at 8 ppm have been observed [92].

Sol-gel preparations of aluminas from both boehmite and aluminium sec-bu-
toxide showed the formation of y-AL,O; [93] but with different Al(4)/Al(6)
ratios suggesting differing orderings of the cations. Gelation of sols shows two
Al(6) sites initially form at 8 ppm (Av,,, ~ 90 Hz) and 0 ppm (Av,,, ~ 2200
Hz). Addition of HNO; rapidly enhances the peak at 0 ppm at the others ex-
pense as the aluminjum sol-polymers form a more extensive amorphous gel
network [94]. Calcination of dehydrated gel powders formed from aluminium
proponiate at 800°C showed that an unsonicated powder gave a-Al,O; while
a sonicated powder produced y-Al,O; [95]. A comparison of a series of tran-
sitional alumina gels prepared with differing crystallinity and morphology
showed concomitant changes in the surface properties. An amorphous sample
showed lower activity, which could be correlated to a smaller number of Al(4)
sites [96]. Precursor solutions (Al(OPr),-AlCl;-citric acid-H,0) for alumina
fibre formation contain predominantly Al(6), but at least three distinct sites
were observable. Only the initial stages of reaction were followed and further
work to examine changes of the fibre structure with heat treatment would be
valuable [97].

Protection of aluminium with anodically deposited thin oxide films offers
significant improvements in corrosion resistance. The largely amorphous
layer has a hexagonal pore structure with the wall being almost pure alumina
and the intermediate region contaminated by the electrolyte. MAS NMR
spectra show three narrow resonances at 4, 30 and 63 ppm assigned to
Al(6), AL(5) and Al(4) on the top a broader resonance (Fig. 15) [6]. As the
rotation rate is increased and more nuclei satisfy the condition that
v, >> Avyas?, the intensity in the broader component is reduced but the
larger Avyas® means that the apparent resolution of the sharp components
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Fig. 15. 27Al MAS NMR spectra of an anodic alumina barrier film at 8.45 T at various spin
rates.

is degraded. Films prepared with chromic acid as the electrolyte are thought
to be more ordered and only showed a narrow Al(6) resonance. Others pre-
pared from phosphoric, oxalic and sulphuric acids have a decreasing cell
wall thickness that was correlated with an increase in the Al(6) content of
the spectra [98].

5. Aluminates

Distinguishing between Al(4) and Al(6) species in simple aluminates was
one of the earliest applications of ?Al MAS NMR |2, 5]. d;, for *Si is
known to be sensitive to the connectivity of the constituent tetrahedra
(referred to as a Q" species, where n is the number of bridging bonds; see
[99]). For ?’Al careful correction of the peak position is necessary (vide
supra). 0, clearly distinguishes Al(4) and Al(6) (Fig. 16) as well as Al(4)
with either Al(4) or Al(6) nnn since the Al(6) nnn causes an increase in the
average Al—O bond length, enhancing the shielding [100]. Q" species are
poorly distinguished by d,,, which is attributed to the relative similarities of
Al—-O bridging and non-bridging bonds as compared to Si—O and P—O.
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Fig. 16. ¥’ Alisotropic chemical shift ranges of different coordinations in solids.

For Al(6) units an early study suggested that J,,, showed large changes with
increasing bond covalency through the sequence: isolated, corner-sharing,
edge-sharing to face-sharing. The veracity of the suggestion is difficult to as-
certain as the experiment was performed at low field and the suggestion
based on uncorrected peak positions [5]. For Al(4) C, and 7 are more sen-
sitive to changes in site symmetry than &, with Q! and Q* generally giving
n~0and C,(Q%Q*) < C,(Q',Q%Q?). Systems studied include Li,0-Al,O;
[10], CaO-Al,0,-H,O [58, 101, 102], BaO-AL,0;-H,0 [103], Y,05-Al,0;
[73], La,05-Al,0;3 [104] and CaO-(Eu,La,Y,Pr),0;-AL0; [105]. Y,ALO,
contains isolated (Al,0,)°" groups with two Al(4) connected via a single
bridging oxygen and for this unit C, must be very large as no Al(4) reson-
ance could be observed under MAS. However a prominent Al(6) resonance
was seen that could be attributed to a very minor impurity (< 2%) of YAIO;
that could not be detected by XRD illustrating that 2’Al MAS NMR is good
at characterizing very minor components in phase mixtures [73]. Measure-
ment of the phonon-impurity relaxation time in the solid solution
Y, JLu,Al,O,, showed an anomalous peak at x~ 0.75, the same composi-
tion that gave the minimum 2’Al NMR linewidth, suggestive of Y/Lu orde-
ring [106]. Recently some impressive experiments involving in-situ melting of
aluminates, requiring temperatures up to 2110°C, using a laser heated levita-
tion NMR probe have been performed which show that LaAlO; (74 ppm),
YAIO; (71 ppm), Y;ALO;, (68 ppm) and a-Al,O; (53 ppm) appear to
become Al(4) in the molten state compared to being predominantly Al(6) in
the solid [107]. Al(5) containing crystalline phases are quite rare but the res-
onances have been reported from barium aluminium glycolate
(BaAlO4Cq 7sH 4 75) [60, 61], Al,Ge,O; and LaAlGe,0, [26].
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Dehydration of Na,O - Al,O, - 3H,0 was followed by 2’Al NMR in the tem-
perature range (100—600)°C with the changes generally reflecting the water
content. The Al(4) unit in the sodium form gives # ~ 0.85 compared to ~ 0
for the potassium form [108], indicating the differences in the Al(4) coordi-
nations in these two compounds of Al(OH),(OAl), and AI(OH)(OAl), re-
spectively. The fully hydrated forms are polymerized with Al—O—Al link-
ages but the NMR evidence cannot distinguish cyclic or linear possibilities.
Dehydration produces a decrease in C, as Q° units form taking only 10
minutes to complete at 400°C but more than 1000 minutes at 150°C [108].

The cation ordering in AB,O, spinels over the tetrahedral and octahedral
interstitial sites in the oxygen lattice range from A(4)B(6), in a normal spinel
to B(4)A(6)B(6) in the inverse case. For stoichiometric spinel (MgAl,O,),
natural samples tend to have a lower degree of inversion (i.e. B(4)/B(6))
than synthetic samples, for which a maximum inversion of 0.4 was found in
samples quenched from 900°C and above [109, 110]. This inversion has
profound consequences for the thermodynamics of some important geo-
mineral reactions. A solid solution MgO - xALO; (0> x> 3.5) exists at
elevated temperatures where Mg?* is replaced by AI** and charge balancing
vacancies. The increase of Al(4) content with x was followed readily by
MAS NMR and under the assumption that no magnesium inversion occurs,
preferential occupation of the octahedral sites is suggested [L11]. Subsequent
re-examination of the data allowing for some magnesium inversion shows
that this scheme cannot be distinguished from a random distribution but
there is clearly no preference of the vacancies for the tetrahedral site [112].
Much more accurate Al(4)/Al(6) ratios could now be obtained by employ-
ing faster MAS.

Calcium aluminates and their hydrates have been extensively studied be-
cause of the role they play in the chemistry of cements [113, 114]. Of par-
ticular note in CaAlsO,, the two Al(6) sites could be distinguished but the
Al(5) site could not be observed and in CaAl,O, the large C, was attributed
to some oxygen sites being tri-coordinate [101]. In hydration of calcium
aluminates there is a coordination change Al(4) to Al(6). The process has
three stages: an initial induction period, then rapid Al(4) to Al(6) conversion
followed by a slower conversion regime [113]. NMR showed that the actual
phases formed and their rate of formation markedly changed between 70°C
and 20°C with the reaction rate slowing by two orders of magnitude. The
addition of lithium-containing accelerators was shown not to increase the
rate of reaction but simply to remove the induction period as initially pre-
cipitated hydrated LiAlO, overcame the nucleation barrier [115].

A combination of single crystal and powder MAS NMR of 2’Al in rutile
(TiO,) revealed the aluminium dissolution mechanism. The single crystal
work showed two sharp resonances on top of a broader one, the latter
corresponding to an exsolved phase that is reduced on heating to 1500°C.
The two narrower lines reveal aluminium nuclei experience little dipolar
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coupling, which together with only two distinct sites indicate that aluminium
replaces titanium rather than being on interstitial octahedral positions as
there would then be four resonances [116]. Dehydration and calcination of
AI-Nb-O sols gives a largely amorphous catalyst support between
(500—750)°C with three peaks at 58, 30 and 0.8 ppm. Above 750°C
AINbO, crystallizes out [117]. Arsenoaluminates AlAsO,-5 and AlAsO,-6
can be formed hydrothermally using ethylenediamine as a template molecule
give resonances at — 14.5 and — 8 ppm respectively, as compared to fully
dense AlAsO, at 47 ppm [118].

6. Zeolites

Understanding the aluminium ordering and changes that occur on dealumi-
nation in the commercially important zeolite catalysts provided much of the
early impetus for solid state 2’Al NMR. These microcrystalline compounds
of general formula M, ,, (AlO,), (SiO,), - mH,0 (y> x) are difficult to char-
acterize by conventional XRD experiments due to similarity in the X-ray
scattering factors of silicon and aluminium and their microcrystalline nature.
The acid sites of the zeolite structure are associated with framework alumi-
nium so that its aluminium content and distribution are key materials
properties. Dealumination can be used to control these properties, but de-
tailed understanding of the structural changes that occur are largely limited
by the amorphous nature of the non-framework species. Previous reviews
have covered the early development of the subject [99, 119—121].

Al(4) sites in aluminosilicate frameworks give resonances in the range
(51.5—65) ppm below the values associated with aluminates (Fig. 16, Table
4) [119]. The distortion of the Al(4) site is strongly linked to the counter ion
and the degree of hydration. For zeolite tho the anhydrous form produces a
highly distorted site but sorption of water or methanol restores the sym-
metry {122, 123]. Dehydration of NH,-ZSMS5 increases C, from 0.85 MHz
to 1.97 MHz after 3 days at 503 K. However the loss of intensity of the
spinning sidebands from the non-central transitions is more pronounced due
to a reduction in the correlation time of the molecular motion in the cage.
This moves the system from the fast exchange limit to the intermediate
regime which interferes with the formation of the rotational echoes [72]. The
27Al relaxation time increases markedly on dehydration from ~ 1 ms to
> 100 ms in zeolite A as the motion of the sorbate molecules decrease. This
reduces the modulation of C, at the aluminium site which has been shown
for zeolites to be the dominant relaxation mechanism [124]. The aluminium
signal from the framework can be observed even in highly siliceous materials
where (Si/Al) ~ 1000. However the ability to resolve crystallographically
distinct sites is limited compared to 2°Si as a result of the smaller range of
isotropic chemical shifts and broader MAS NMR resonances for 2’Al. In-
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Fig. 17. 9.4 T YAl MAS NMR spectrum of zeolite Q formed from kaolinite showing two te-
trahedral sites and the original kaolinite after 50% conversion (sample 1) and 90% conversion
(sample 2). (From [129] with permission of the Royal Society of Chemistry.)

stances of the detection of inequivalent aluminium sites do exist, including
ZSM-5 [125, 126] and mazzite (zeolite ) [127—130], which has two Al(4)
sites (Fig. 17). Zeolite Q has four-membered and six-membered rings with
tetrahedral sites in the ratio 2:1. Conversion of kaolinite into zeolite Q
showed that the ratio of these two peaks in the NMR spectrum changes
from 1.10:1 to 1.26 : 1. This demonstrates that the aluminium occupation
is non-random and favours the six-membered rings, which is more pro-
nounced during the early stages of formation so that distributional zoning of
the aluminium occurs [129].

Extensive studies of zeolite dealumination have been reported including ze-
olite A [131, 132], zeolite Y [133—143] and zeolite Q [128, 130]. Com-
monly either steam or SiCl, are used to remove aluminium from the frame-
work, which decreases the activity of the zeolite decreasing problems of cok-
ing and promoting the thermal stability of the zeolite, and is referred to as
ultrastabilization. In this process, aluminium is ejected from the actual
framework but remains as a largely amorphous species within the pore
space, much of which can be subsequently leached out. It was established
that on expulsion from the framework the aluminium coordination changes
from four to six (Fig. 18) [e.g. 144]. A major problem was the inability to
reconcile the aluminium distribution indicated by NMR spectra and that
known to be present from chemical analysis (i.e. inconsistent amounts of
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Fig. 18. 9.4 T 27Al MAS NMR spectra showing the dealumination of NaY-zeolite a intially, b

after heating at 560°C with SiCl, for 3 hours and washing with distilled water and c after ex-

tensive washing. (Reprinted with permission from [144] copyright 1983 the American Chemi-
cal Society.)

Al(6) knowing the framework composition). The missing aluminium was
known as "NMR invisible” aluminium, being attributed to sites with large
C,. In 27Al spectra of dealuminated samples, broad underlying peaks could
be observed [145]. Addition of complexing agents such as acetyl acetone
often increased the amount of observed aluminium as C, at some sites
were reduced [146]. Much work was done on zeolite Y and understanding
of the spectrum has improved with the technique. Work at 11.7 T showed
three peaks at ~ 60, 30 and O ppm [135]. Nutation spectroscopy revealed
distorted Al(6) sites (i.e. large C,) and Al(4) sites with a range of C,. Im-
portant questions were whether the distorted Al(4) was part of the frame-
work or not and what was the origin of the 30 ppm peak? One interpreta-
tion of the 30 ppm peak was as the low frequency part of a very distorted
Al(4) site [135]. It was however suggested that on steaming zeolites Al(5)
species often formed [147]. Later fast MAS combined with observation at
more than one magnetic field showed that this was so (Fig. 19) [83]. CP ex-
periments revealed the 0, 30 ppm and part of the 60 ppm lines cross-po-
larized strongly to 'H and that these signals could be attributed to Al(6),
Al(5) and Al(4) in an amorphous aluminosilicate phase, since very similar
spectra could be produced by steaming silica-alumina mixtures (Fig. 19)
[83, 84].
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Fig. 19. 27Al MAS NMR spectra of NaY-zeolite after a double ammonium exchange and an

aluminium exchange followed by calcining at 650°C, 1 atm of steam 2 h in a 20 cm deep bed

a at 94 T, b with 'H CP. A simulation of the suggested Al(4) at ¢ 9.4 Tand d 7.1 T and e

7.1 T spectrum are also shown. A comparison of the 7.1 T Al MAS NMR spectra of f

steamed NaY-zeolite with a silica-alumina mixture h prior to heat treatment and g after an
identical steaming. (From [83] with permission of Elsevier Science Publishers.).

7. Framework Aluminosilicate Minerals

Framework aluminosilicate minerals provide a rich source of often structu-
rally well characterized compounds, some with unusual coordinations, such
as Al(5) in andalusite. Extensive 2?Al NMR work has been performed on
these systems and reviewed [148, 149]. Early single crystal work determined
C, and 77 in a number of cases [150]. The magnitude of C, has been corre-
lated to parameters that reflect the distortion of the local coordination
polyhedra, such as the longitudinal strain (=) |In(/;, — [,)| where [, is the
individual Al1—O bond length and /, is the bondlength corresponding to an
ideal octahedron with the same volume) and the shear strain
(= Y.;ltan(d, — Dygen )|, where ¥ is the O—Al—O bond angle) [144]. Careful
extraction of d,,, for 2’Al has shown that, as for silicon, it is sensitive to nnn
effects, bond lengths and bond angles, the latter giving a correlation [30]:

8, (Al)=— 0.59 + 132 (ppm). (23)
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As for zeolites the resolution is usually insufficient to reveal crystallogra-
phically distinct sites, although nepheline and leucite are exceptions
[28, 30]. Mullite, a poorly crystalline aluminosilicate of general composition
Aly,,,Si; 5,000, (O =vacancy) also shows two distinct Al(4) sites at
~69 and 42 ppm in addition to an Al(6) signal. The 42 ppm peak is
thought to be from Al(4) with tri-coordinate nn oxygens [151]. Formation
of mullite via colloidal, polymeric and spray pyrolysis methods proceeds by
differing atomic arrangements. The early stages all show Al(4) and Al(6),
with additionally Al(5) in small amounts by the polymeric route and large
amounts for spray pyrolysis. The amount of Al(5) can be correlated with
the size of the 980°C exotherm and the subsequent formation of y-Al,O,
initially in the colloidal and polymeric preparations compared to the direct
formation of a 3:2 mullite from the amorphous state in spray pyrolysis
[152].

The elemental Si, Al disorder is of significance to the thermodynamic
equilibrium of minerals as it influences the entropy of the system. Lowen-
stein’s rule prevents Al—O—Al linkages [148] so that only Al(OSi), units
occur. Increasing Si, Al disorder tends to cause increasing NMR linewidths
due to the increase in the range of bond lengths and angles. In alkali feld-
spars the 2’Al NMR linewidth of the intermediate (Na, K)-compositions is
greater than the end members of the series due to disorder in the (Na, K)
distribution [153, 154]. For sodic feldspars increasing time at elevated tem-
peratures causes increases in the 2’Al linewidths due to disordering of the
sodium [155]. Disordering effects have also been observed in the scapolite
series (Na,Al,Si,0,,Cl-Ca,AlSic0,,CO;) [156] and in the series pyrope
(Mg;AlL,Si;0;, )-majorite (Mg,Si,0,,) [157] where cation disorder only oc-
curs over the octahedral sites as only Al(6) is observed throughout. Al-
though °Si is more sensitive to differing sites, studies of leucite proposed
widely different ordering schemes because the complex Si spectra were
difficult to unambiguously interpret. Al spectra constrained this interpre-
tation as the three distinct tetrahedral sites could be resolved with T1, T2
and T3 assigned to 0,,, 69.2, 64.7 and 61.0 ppm respectively on the basis
of a d,,-bond angle correlation similar to Eq.(23), as their mean bond
angles are 145.9°, 138.9° and 130.4°. The aluminium distribution obtained
directly from the ?’Al spectrum disagreed with those required by the pre-
vious assignments of the 2°Si spectra which consequently led to the ?°Si
spectrum being reinterpreted. The element specificity of NMR means that
rather than seeing effects averaged over all T—O—T’ bond angles, as with
XRD, the bond angles associated with the particular sites probed are ob-
served. In disordered phases the ?’Al resonances appear to higher fre-
quency than expected from the mean bond angle so that aluminium must
be associated with sites with the larger bond angles [28]. Further work in
this area would be of much interest.
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8. Layer Aluminosilicates

Layer aluminosilicates are important constituents of clay minerals and soils,
and are precursors to a number of catalysts and ceramics. They consist of a
series of separate tetrahedrally and octahedrally coordinated layers, the lat-
ter of which contain either magnesium (trioctahedral) or a mixture of alumi-
nium and vacancies (dioctahedral) (Fig. 20a), and are often poorly crystal-
line. Aluminium can occur as Al(6) (Fig. 20b), substitutionally as Al(4)
(Fig. 20d) or in both (Fig. 20c) [7, 70, 158—163]. Previous structural charac-
terization involved a combination of XRD (which can be difficult to inter-
pret) with the silicon and aluminium distributed over the idealized structure
with the overall (Si/Al) ratio determined by chemical analysis. *°Si NMR
gives an accurate measure of the aluminium content of the tetrahedral layers
but early 2?Al NMR work found large discrepancies in the Al(4)/Al(6) ra-
tios determined via NMR and that known from other techniques. This prob-
lem has largely been resolved by performing experiments at higher B, with
fast MAS [70]. Both 6,, and C, increase with decreasing Si/(Si + Al) and
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Fig. 20. a Idealized structure of a 2:1 phyllosilicate and 2?Al MAS NMR spectra of clay

minerals recorded at 7.01 T of b pyrophyllite, ¢ muscovite and d phlogopite P8. (b—d re-
printed with permission from [7] copyright 1984 American Chemical Society.)
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with the total layer charge; properties which are related to increasing distor-
tion of the layer. Correlations to these properties have been strong enough
that the NMR parameters can be used to estimate them. The shift ranges
from layer aluminosilicates is relatively small being (7.5—4.2) ppm for Al(6)
and (70.5—74.5) ppm for Al(4). The Si, Al ordering within the tetrahedral
layers has been shown to be much stronger than Lowenstein’s rule and is
such so as to minimize the number of Al-O—S8i—O—Al linkages [e.g. 8].

Such minerals, together with materials such as imogolite and allophanes, are
important constituents of soils [164]. These phases can be formed from
spherical aluminosilicate particles. NMR of synthetic (8—10) nm hollow
aluminosilicate spheres showed that the wall was similar to a 1:1 layer
aluminosilicate with the tetrahedral and octahedral layers on the outside and
inside respectively. Furthermore high levels (> 25%) of aluminium substitu-
tion in the Si(4) were observed together with high levels of defects in the
Al(6) layer [165]. Weathering produces structural changes in already poorly-
ordered aluminosilicates. Precipitation of such phases from solution shows
that at Si,Al > 1 protoimogolite can form as well as disordered allophanes
and the major aluminium coordination changes from Al(4) to Al(6). In such
materials the combination of 2°Si and 2’Al NMR reveals that aluminium
preferentially coordinates silicons that do not already have three aluminium
nnn [166]. Structural transformation of layer aluminosilicates can result in
highly complex intermediate states such as the 1.4 nm mineral appearing in
Korean Utlisols, which is probably a result of conversion of muscovite to
vermiculite and kaolin group minerals. The NMR data suggests that as this
process occurs a 1:1 aluminosilicate forms in the interlayer space of the
2:1 parent compound [167]. Changes of structure in processes such as
metamorphism and diagenesis, where smectite layers are converted to illite,
are accompanied by changes in the Al(4) content, but again resolution of
different Al(4) is poor [158, 168]. In rectorite both swelling (i.e. smectite-
like) and non-swelling (i.e. mica-like) layers are present which from *°Si
NMR have quite different (Si/Al) ratios, but only one Al(4) resonance is de-
tected [8]. Generally the peaks in these materials do not show any second-
order quadrupolar structure but tend to be skewed to negative shift indicat-
ing a range of C, and 7. This spread is unsurprising given that there is a
large degree of disorder with faults in the layer stacking, finite crystallite size
and compositional disorder including aluminium/vacancy over the Al(6)
sites. Halloysite and dickite have differing degrees of order according to
XRD but give similar 2Si and 2’Al NMR spectra suggesting that over the
short-range they are similarly ordered [160]. Studying clays with varying
iron-content has indicated that the iron distribution is very inhomogeneous
with some very iron-rich domains [82]. CP-experiments revealed that 3.3%
of the aluminiums occur at fault edges that can act as Bronsted acid sites
[82]. Tobermorites, 2 : 1 layer hydrated calcium silicates, exhibit cation se-
lectivity. Aluminium can partially substitute for silicon and NMR reveals it
to all be Al(4) with two cation exchange sites identified. If a mixture of
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Fig. 21. 27A1 MAS NMR spectra at 9.4 T showing the thermal decomposition of kaolinite.
(From [172] with permission of Springer Verlag.)

aluminium and sodium are substituted the sodium site can act as an addi-
tional exchange site. Then the cation selectivity changes from
Sr* < Ba®* < Mg?* to Mg?* < Sr** < Ba?* [169].

One of the most important reactions in ceramic processing is the thermal
decomposition of clay minerals. Various stages are involved with, initially,
loss of hydroxyls from the Al(6) layer, then gross breakdown of the struc-
ture followed by phase separation into largely amorphous components that
then chrysalises into phases determined by the initial composition. The inter-
mediate dehydroxylate can vary between being crystalline for pyrophyllite to
amorphous for kaolinite. Thermal decomposition of kaolinite has been ex-
tensively studied by MAS NMR [9, 170—176] but much of the early work
was done at low fields (e.g. 4.7 T) and with slow spinning speeds (e.g. 3
kHz) so that as little as 10% of the total aluminium content was observed in
the NMR spectrum [9]. Again, this has now been improved upon. For the
intermediate metakaolinite phase it is clear that Al(4), Al(5) and Al(6) are
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all present (Fig. 21) [174, 175]. At this stage simple rehydration will reverse
the process [177]. Acid-leaching will preferentially remove the AI(5) [174].
(Note that extensive grinding of kaolinite has been shown to induce changes
from crystalline to non-crystalline components, with Al(5) peaks forming,
but annealing will again reverse the process [178]). Further heating will
cause an irreversible structural breakdown and the Al(6) content reaches a
minimum at around (750—800)°C, increasing again at higher temperatures
[175]. Phase separation into silicon-rich and aluminium-rich phases occurs
with some debate as to whether the aluminium-rich phase is y-Al,O, or a
mullite phase. The inorganic fraction present in coals is largely kaolinite-like
and on combustion of the coal this fraction shows similar structural changes
as those observed for pure kaolinite [179]. Thermal decomposition of other
systems has been studied. Pyrophyllite dehydroxylate has been shown to
have a well defined Al(5) environment from XRD and from the 14.1 T
NMR spectrum, which was fitted to a quadrupolar lineshape [180] but field
dependent simulations have pointed out some discrepancies [58]. Other sys-
tems studied include pyrophyllite [181], montmorillonite [182], muscovite
[183], imogolite [184, 185], polygarskite/sepiolite [186] and laponite [187]
have been reported. The transformation in the pillaring of clays has also
been followed [188—190].

9. Aluminosilicate Glasses, Gels and Fibres

Aluminosilicate glass structures are of significant technological interest and
also serve as models for geological melts. Glasses from the binary Al,O,-
SiO, up to 50 wt% AlLO; have been studied with NMR and phase separ-
ation into Al-rich and Al-poor phases occurs between (15—40) wt% Al,O,.
Roller-quenched specimens show three peaks that were attributed to Al(4),
Al(5) and Al(6) [191]. An extensive study of aluminosilicate glasses showed
that at quench rates of (10>—103YC -s™! only Al(4) and Al(6) were present
with the Al(6) content increasing with the level of aluminium. Glasses quen-
ched at (10°—10°)°C -s™! showed a broad underlying resonance and par-
tially resolved peaks at 8, 27 and 55 ppm, which were assigned to Al(6),
Al(5) and Al(4) (Fig. 22) [71]. From the slower quenched glasses all the
aluminium was observed in the NMR spectrum, whereas those glasses that
were more rapidly quenched were missing about (15—30)% of the alumi-
nium, suggesting a much more distorted framework. It is believed that the
AlO; of the framework is charge-balanced by the higher coordination
species. Studies at more than one magnetic field showed that for Al(4) and
Al(5) in the rapidly quenched glasses C,~ 3.5 MHz [71]. The changes of
structure with quench rate indicate that extrapolation to the melt could be
hazardous. Gel-derived aluminosilicate glasses show a more pronounced
tendency to phase separate. On heating gels Al(4) is converted to Al(5) and
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Fig. 22. ?7Al MAS NMR spectra at 8.45 T with v, ~ 15 kHz of rapidly quenched (SQ) and
more slowly quenched (NQ) glasses of silica(S)-alumina(A) mixtures. (Reprinted with per-
mission from [71] copyright 1991 American Chemical Society.)

Al(6), and as the full density is approached the Al(5) content begins to fall.
The Al(4)/Al(6) distribution was observed to be different in gel-derived and
melt quenched glasses but crystallization resulted in the same final phases
[192].

In ternary systems MO-AlL,O,-SiO, the aluminium coordination is the key to
understanding the polymerization of the aluminosilicate framework
[74, 75, 193—202]. In the system SiO,-CaAl,SiO; the glasses appear to be
fully polymerized with no Al(6). A shift to more positive values is observed
with decreasing Si/(Si + Al) which can be speculatively related to a decrease
in the average number tetrahedra per ring although it should be recognized
that NMR is poor at constraining intermediate range-order [75]. A lot of
work has been done on the system CaO-Al,0;-SiO, and aluminium does
not appear to act as a network modifier. For CaO : AL,O;=1:1 a fully
polymerized network is present with Ca?* charge-balancing the framework
AlO;. When Al,O; exceeds CaO higher aluminium coordinations form [74].
Aluminium tends to occupy the most polymerized part of the network but
for CaO and MgO containing systems there is some evidence for aluminium
occupation of Q® sites at high alumina content. This is also the case for
CaMgSi;04-CaAl,SiO4 with the peak tending to become more positive at
higher alumina levels [196]. Jadeite glasses showed only Al(4) despite the
crystalline compounds being exclusively Al(6) [197].
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Changes of glass structure under differing physical conditions and on chemi-
cal reaction are also of interest. Albite (NaAlSi;Oy) is often taken as a
model aluminosilicate glass. Quenching a melt from 30 kbar and 1200°C
only shows Al(4), but above 30 kbar increasing Al(6) content is revealed as
the structure changes to relieve the pressure [199]. A more recent study at
(8—10) GPa did not observe the narrow — 16 ppm peak of Ohtani ef al but
with increasing pressure there was increasing intensity negatively shifted
from the dominant Al(4) peak, consistent with increased aluminium coordi-
nation at some sites [200]. Hydrothermal reaction of glassy aluminosilicates
at moderate temperatures (~ 250°C) is a common crustal process. Studies of
albite [201] and rhyolite [202] showed that the secondary phases that
formed varied with pH. Rhyolitic glass gave kaolinite and the original glass
at pH < 3, whereas for pH > 9.1 the glass becomes hydrated (although not
depolymerized) and an expandable smectite forms [202]. The reaction pro-
ceeds via a dissolution/precipitation mechanism. For an albite glass kaolinite
forms at low pH, while for pH ~ 5 the secondary phase was an amorphous
2 : 1 phyllosilicate. At pH > 9 no Al(6) was found in the secondary phase
which were p-zeolite and an amorphous aluminosilicate. Dissolution was
again thought to proceed via a surface reaction [201]. Forcing water into an
albite melt at high pressure and then quenching surprisingly caused no net-
work depolymerization although the 2’Al NMR linewidth did decrease with
increasing water content indicating a reduction in C, [203]. Addition of
Ca0, Li,0O, BaO and SrO to synthetic albite glasses induced ordering of the
glass, and, at > 80 mol% CaO caused crystallization and phase separation
[204].

Amorphous gels prepared from solution are being increasingly used as pre-
cursors in low temperature synthesis routes for glasses [192, 205—212], and
zeolites [213]. The ability of NMR to act as a local probe has allowed new
insights to be gained into these amorphous phases and the structural changes
that occur. On gelation polymeric chains tend to form, which on dehydration
and heat treatment become three-dimensional frameworks. In aluminosilicate
gels Al(4) tends to be dominant until (Si/Al)> 0.9 [205]. Addition of al-
kaline-earth cations shows a sharp increase in Al(4)/Al(6), as in the cation
poor system the Al(6) species act as charge-balancers. The starting composi-
tions influence the final phase-separation, with for example a mixture of so-
dium silicate and aluminate giving little Al(6) while gels formed from di-s-
butoxyaluminooxytriethoxysilane have Al(4), Al(5) and Al(6) [211]. Similarly
for cordierite prepared from a gel; initially a mixture of all three coordina-
tions is observed with the higher coordinations converted to Al(4) on heat-
ing [208]. 27Al NMR of Al,0;-SiO, xerogels in the compositional range
(21—73) wt% Al,O; show that at high alumina content Al(6) is the domi-
nant coordination, whereas at 21 wt% comparable amounts of Al(4) and
Al(6) were observed. At all compositions Al(4), Al(5) and Al(6) exist. At 47
wt% Al,O; the surface area decreases anomalously by about two orders of
magnitude. No corresponding change is observed in the NMR spectrum in-
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dicating that these effects must be on a scale larger than nnn [214]. The
aluminosilicate fibre Nextel has a largely disordered structure but gives a
clear NMR spectrum, similar to poorly crystalline mullite with an Al(6) site
and two Al(4) sites [215].

10. Aluminophosphates

Systems containing Al—O—P linkages have found a number of applications
including bioglasses and molecular sieves. The polymorphs of AIPO, are
completely connected corner-sharing tetrahedral frameworks with strictly al-
ternating Al(4) and P(4) that are isostructural to the polymorphs of SiO,. A
similar correlation of d,, of 2’Al with Al—O—P bond angle as for #Si in
SiO, exists [216]. Metavariscite (AIPO, - 2H,0) has a well defined Al(6) co-
ordination [217] while ammonium and alkali phosphates have both Al(4)
and Al(6) coordinations [218]. For compounds with phosphorus nnn the
7A1 shift ranges associated with Al(4) and Al(6) are typically (25—35) ppm
below the shift ranges associated with aluminates (Fig. 16). This shift is asso-
ciated with the phosphorus decreasing the p-character of the Al—O bond.
The aluminophosphate minerals senegalite and augelite have Al(5) (as well
as Al(6)) environments with phosphorus nnn but their d;, of 36 and 31
ppm are very similar to Al(5) in aluminas and aluminosilicates (Table 4)
[219]. The layer aluminophosphate tarankite (HzK;Al;(PO, )« nH,0) was
shown to contain all the aluminium as Al(6) [220]. In orientationally disor-
dered Na,PO, the substitution AI3* 4 2[00 «— 3Na* occurs with the alumi-
nium going into an Al(4) site and in combination with *'P MAS NMR
shows that the substitution minimizes the number of AI—O—P linkages per
P(4) [221].

AIPO, molecular sieves are formed by the hydrothermal treatment of alumi-
nophosphate gels in the presence of a template molecule which can remain
in the structure or subsequently be removed by calcination to leave an open
channel structure. To optimize their stability, performance and formation the
structures and their changes with hydration need to be well understood. 2’Al
MAS NMR has appeared on AIPO,-5 [222, 223], -8 [224], -11 [216—217],
-17 [217], -21 [62, 228, 229] and -25 [229]. AIPO,-21 contains Al(5) with P
nnn and they show the expected positive shift of the Al(5) species with both
sites being at 15 ppm (Fig. 23, [62]). Most others AIPO,s show prominent
Al(4) peaks in the range (45—35) ppm and some smaller resonances in the
Al(6) range of — (15—25) ppm. CP experiments considerably enhance the
latter signal and its intensity is reduced on heating under vacuum, indicating
that the conversion of Al(6) to Al(4) is by loss of coordinated water mole-
cules. Structural changes with hydration and examination of preferential sites
for water coordination have provided the first application of DOR to ?’Al
NMR [227, 229, 230]. AIPO,-25 has two Al(4) sites in the ratio 2 : 1. Ex-
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Fig. 23. a 27A1 MAS NMR spectra of AIPO,-21 at 11.7 T with », = 13.2 kHz with spectral
simulations of b the complete spectrum and ¢ the separate components. (From [62] with per-
mission of Academic Press.)

periments at 11.7 T give no evidence for two sites, but studies at 4.7 T using
DOR reveals two peaks at 21.9 and 33.6 ppm. The evolution of the spec-
trum with B, indicates that d,, are similar for the two sites but that their C,
differ (Table 4). Hydration causes 25% of the sites to become Al(6) (Fig. 24,
[229]). AIPO,-11 contains channels made up of ten-membered rings and the
body centred orthorhombic structure contains three crystallographically dis-
tinct Al, P(4) sites, but they cannot be distinguished by NMR [225-227}.
On hydration, the structure becomes primitive orthorhombic and two Al(4)
and an Al(6) site at — 18 ppm were observed [225]. A later study at a
higher magnetic field in combination with DOR showed three aluminium
sites in the hydrated sample in the ratio 1:3:1, as well as the octahedral
site and concluded that all the tetrahedral sites were equally susceptible to
hydration [227]. VPI-5 is a remarkable aluminophosphate baving 18-mem-
bered channels. The NMR spectrum consists of peaks at 40.7 and — 19
ppm, the former splitting under DOR (Fig. 25, [230, 231]) to give three
peaks in the ratio 1:1: 1. The unambiguous assignment of these resonances
to the 4- and 6-membered rings of the structure, as well as which sites hy-
drate is not possible on the basis of the NMR results, although following the
hydration process reveals a large number of sites formed in the intermediate
state (Fig. 25).
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Fig. 24. Al MAS NMR at v, = 5.5 kHz of dehydrated AIPO,-25 at a 11.7 Tand b 42 T

and DOR spectra with the outer rotor at 750 Hz at ¢ 11.7 T and d 4.2 T. Al DOR NMR

spectra of hydrated AIPO,-25 at e 11.7 T and f 4.2 T with the outer rotor spinning at 650
Hz (Reprinted with permission from [225] copyright 1991 American Chemical Society.)

NMR has shown in making AIPO, molecular sieves from aluminophosphate
gels in the presence of template molecules that the framework structure
forms during the early stages of the reaction [232]. However there is some
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Fig. 25. ?’Al NMR spectra of hydrated VPI-5 at 9.4 T using a simple MAS and b DOR (iso-

tropic peaks are indicated by arrows) and ¢ MAS and d DOR spectra of a dehydrated sample

with e and f showing partial rehydration. (Taken with permission from Nature 346, 550, copy-
right 1990 MacMillan Magazines Ltd.)
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variability to the structure giving a spread of bond lengths and angles, and
for the cases of Pr;N-AIPO,-5 gives a spread of +0.5 MHz in C, [232].
The template molecule is thought to initially enhance the stability of the
Al(4) site by physically preventing reaction with water to form Al(6). Reac-
tion of phosphoric acid with pseudoboehmite gel converts Al(6) to Al(4).
The absence of a template molecule allows reconversion to Al(6), so that
Al(4) formation is favoured by high (P,05/Al,0;) and (Et;N/Al,O,) ratios
[233]. Aluminophosphates formed from solutions with excess alumina (i.e.
P/A1< 1) are largely amorphous and the question is at the local level do
Al,O, and AIPO, form as pure phases or does a continuous disordered lat-
tice with aluminium and phosphorus distributed over it form? No linear
combination of y-Al,O; and AIPO, spectra could reproduce the observed
spectra which suggests a distribution of Al(OAl),(OP),_,, accounting for the
very different properties of the mixture compared to the end-member phases
[234].

Many elements can be substituted within the AIPO, framework; silicon is
common forming SAPOs. Two substitutional mechanisms can be envisaged,
either pairwise (P, Al), or preferential substitution of the phosphorus
[228,235—240]. It is unclear as to whether one is universally favoured,
probably depending to some extent on the composition and formation con-
ditions. Other substitutions studied include boron into AIPO,-5 [241] and
magnesium in the sodalite structured AIPO,-20 [242]. For MgAIPO-20 the
shift of 34.4 ppm is quite negative even for A}(OP), units and is related to
the large mean Al—O—P bond angles. Magnesium was shown to substitute
exclusively on the aluminium sites and modeling the *'P spectral intensity
distribution showed that the compound was atomically very ordered [242].
Manganese (Mn?") replaces aluminium in AIPO,-5 and despite having an
unpaired electron, T, is sufficiently short that only moderate broadening
occurs and the contact shift is small [243].

Glasses from the system CaO-Al,0,-P,Os showed three peaks at — 21, 4
and 37 ppm which were assigned to Al(OP)s, AI(OAl)s and Al(OP), [244].
Similar spectra were observed from alkali aluminophosphate glasses [245],
Sb,0,-A1,0,-P,0; [246] and the binary Al,0,-P,05 [245] precluding cation
effects being their source. Early work was hampered by loss of intensity with
some samples showing as little as 20% of the total aluminium content
[244].In the antimony system at high antimony contents a fourth resonance
at (51—57) ppm became dominant [246]. More recent studies at higher mag-
netic fields have shown that in xAl,O;- (1—x)NaPO, for x<0.125 Al(6)
was dominant, but at higher alumina contents Al(4) becomes favoured [245].
The change in the coordination can be explained as Al(6) can satisfy
oxygen’s bonding requirement at low phosphorus content, but beyond the
diphosphate composition (14.3 mol% P,O;) lower aluminium coordination
are necessary to prevent oxygen from becoming underbonded [245]. The 4
ppm resonance (Fig. 26) was reassigned to Al(OP); rather than Al(OAl)s on
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Fig. 26. Al MAS NMR spectra of xAl,O, - (1—x)NaPO; glasses. (From local structure of
xALO; - (1—x)NaPO; glasses: An NMR and XPS study, RK. Brow ef al J. Am. Ceram. Soc.
73, 2293 (1990) with permission of the American Ceramic Society.)

the basis that segregation into only all phosphorus or all aluminium nnn is
unlikely unless phase separation occurs, for which there is no evidence
[245]. In the Al,O5-P,O; binary 7, increases and the thermal expansion
coefficient decreases with increasing aluminium content which is related to
increasing cross-linking of the metaphosphate chains [245]. On conversion of
Al(6) to Al(4) in these glasses there is a discontinuity in these properties, il-
lustrating how probing the atomic level can aid understanding of bulk
properties. The addition of phosphorus to alkali silicate glasses causes re-
polymerization of the silicate network such that at high phosphorus-content
SiO4 sites form in an amorphous Si,P,0,-like phase. The introduction of
aluminium to give a composition of Na,O - 2Si0, * (3—x)P,0; * xAL,O; re-
duces the intensity of SiOg. This is thought to be due to preferential occupa-
tion of the octahedral sites by aluminium rather than any underlying structu-
ral change. At higher alumina-contents peaks at — 20, 8 and (35—41) ppm
are observed for 2’Al. No change in the relative intensities of these lines oc-
curs up to x= 0.9 but then progressive loss of Al(6) occurs up to x=1.5
when Al(6) disappears. This is interpreted as changes in the relative stability
of the amorphous structures [247].
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11. Aluminoborates

Most interest in these materials has centred on glasses and glass-ceramics
since they are potentially useful as sealing agents or as separators in environ-
ments where attack by alkali metals, such as batteries, is likely. All early
work on alkali (and alkali-earth) aluminoborate glasses M;0-Al,0;-B,0;
for Li [248], Na [248, 249], K [248], Mg [248, 250, 251], Sr [248, 251] and
Ba [248, 251] was characterized by resonances near 0, 30 and 55 ppm.
These works generally assigned the resonances as Al(6), Al(4) with B(3) (tri-
gonal) nnn and Al(4) with Al or B(4) nnn. With differing quench rates of
the Na,O glasses of 1 K- min~! and 10* K - min™!, samples with fictive tem-
peratures that differ by around 100 K are produced, and the more rapidly
quenched glass shows a 10% reduction in the *’Al signal intensity suggesting
that this glass was more disordered |[249]. Crystallization of MgO-Al,O;-
B,0, glasses showed structural changes but no Al(OB), units form as in the
phase Al;(B,0,, [250]. At different compositions in the system PbO-Al,O;-
B,0; four resonances were observed with the fourth one resonating at 78
ppm at high PbO content [248]. Studies of the dissolution mechanism of
aluminium as either a-Al,O, or albite in fluxes of 2PbO + B,0; in the range
(1—23.8) mol% aluminium showed that the bulk of it enters as Al(4) with
little dependence on the total aluminium content in this range. With a-Al,O,
two other peaks appear at 0 ppm associated with Al(6) and a small peak
(< 2%) at 30 ppm which is probably Al(5) and does not appear with albite
[253). For alkali aluminoborates as SiO, is added even at high silica contents
Al(6) is present. This is very different behaviour from non-boron containing
systems and it has been suggested that the B(4), B(3) equilibrium stabilizes
that for Al(4), Al(5), Al(6) [251].

The original assignments of the 2’Al spectra from alkali (earth) aluminobor-
ate glasses has recently been questioned [251]. Electronegativity arguments
cannot justify Al(OB(4)), and Al(OB(3)), being separated by as much as 25
ppm. It is also a little difficult to envisage Al(OAl), and Al(OB), appearing
without any intermediates with mixed nnn, and 55 ppm is too negative for
Al(4) with all aluminjum nnn. The lack of observed mixed nnn species could
be explained if they had large C, but this can be discounted as the crystal-
line phase SrAIBO, has Al(OB),(OAl), and produces an observable reson-
ance at 62 ppm [251]. Hence the middle peak is most likely Al(5) and
changes in the peak position of the Al(4) with composition is as a result of
changes in the average character of the nnn [251]. Studies at more than one
magnetic field show that C, is only (1—2) MHz [251]. Although the main
structural changes occur with composition some cation effects are notice-
able; for example at 40 mol% MO magnesium gives 33% Al(4) while ba-
rium produces 75%. Hence the structures of these glasses are complex mix-
tures of B(3), B(4), Al(4), Al(5) and Al(6) governed by some subtle equili-
bria.
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12. Fluorine-Containing Systems

A series of crystalline ammonium and alkali fluorides and their hydrates
containing well defined AlF, units were investigated by 2’Al NMR. Their
shift range was 0 — (— 14) ppm and J,,, was much less sensitive to structural
changes than C, (Table 4). For isolated (AIF6)*~ units C, is no larger than
1.5 MHz whereas for chains and layers these units are in the range
(7.5—13.5) MHz [254]. Fluoroaluminophosphate glasses have attracted at-
tention because of their favourable optical properties and good mechanical
and chemical durability. Addition of fluorine to Al(PO,); as BaF, showed
the formation of AlFy [255]. In the complex Ba-Al-P-O-F-(N) system three
resonances were observed at — 9, 13 and 50 ppm probably associated with
Al(6), Al(5) and Al(4). As the fluorine content is increased the 13 and 50
ppm lines show a (3—4) ppm negative shift which could indicate that flu-
orine is bonding to these units at the same time as the proportion of

—

AIF,

AlO;  AIF,

=

150 100 50 0 .50 -100

27Al chemical shift in ppm

Fig. 27. Al MAS NMR spectra of a jadeite glass and jadeite-NaF glass (Na;Al,Si,O,F) at
b 845 T, c14.1 T and at d 845 T with 19F->’Al CP (Taken from NMR evidence for five-
and six-coordinated aluminium fluoride complexes in F-bearing aluminosilicate glasses S.C.
Kohn et al. Am. Mineral. 76, 309 (1991) with permission of the American Mineralogical So-

ciety.)
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Al(OP); is increasing [255]. The effect of CaF additions to calcium alumi-
nate glasses showed little effect on the ?Al NMR spectra despite the expec-
tation that AlO,F units would be formed. The only observable difference
was a very small (~ 1%) Al(6) peak at 9 ppm in the fluorine-free glass
[256, 257).

AlO,(OH,F), units occur in minerals such as topaz (~ 3 ppm) and the series
amblygonite (LiAIPO,F)-montebrasite (LiAIPO,OH) (~ — 10 ppm). The lat-
ter series contain two crystallographically distinct Al(6) sites but only one
broad resonance is observed that shifts from — 11.3 ppm to — 8.7 ppm as
F/(F + OH) changes from ~ 0.15 to 0.75 which was explained as a decrease
in the bond covalency at the aluminium site [258]. Dissolution of fluorine in
magmatic melts has marked effects on their physical properties, thought to
be due to changes in the structure. Anhydrous jadeite glasses with additions
of either NaF or cryolite were quenched from melts at 1250°C and (3—3.5)
kbar. Experiments showed asymmetric lineshapes indicative of a range of C
and 7. Al(4) is dominant (> 93.5%) at all compositions, but small Al(5) and
Al(6) resonances are present which become clearer at higher applied mag-
netic fields (Fig. 27) [85]. 1°F-*’Al CP experiments preferentially enhance the
Al(5) and Al(6) resonances at short contact times, suggesting that AlF; and
AlF, environments are present agreeing with the observed shifts [85]. Such
units must be accompanied by the formation of non-bridging oxygens in the
jadeite network which is consistent with the 2°Si MAS NMR spectrum [85].

13. Metals and Semiconductors

Aluminium metal shows a Knight shift due to conduction electrons of
0.164% and a room temperature T; of 5 ms [259]. The static NMR line-
shape of 27Al was seen to change in Cu-Zn-Al alloys on passing through the
152 K martensitic phase change, consistent with the local atomic rearrange-
ment. The spectra were generally deconvoluted into two resonances with the
lower temperature phase showing a Knight shift of (0.09—0.0975)%, larger
than the higher temperature phase indicating an increased s-electron density.
The lower temperature phase can be seen prior to 152 K with its proportion
becoming dominant below the transition temperature [260].

Aluminium forms cubic compounds with the Group V elements P, As and
Sb that have important semiconducting properties. The widths of these 27Al
resonances are related to exchange effects. The spinning sideband envelopes
are Lorentzian indicating that some sites experience efg due to point defects
[261]. Successful predictions of the trend in &, in these materials have been
made using Harrison’s bond-orbital method and the Szigeto effective charge
e; = 3e1(¢. t+ 2), where e is the effective transverse electronic charge and
€., is the high frequency dielectric constant [262].
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For Al,Ga,  As the aluminium bonding is poorly understood as it is domi-
nated by changes in the conduction band. As x goes from 1 to 0.25, the
27Al1 NMR resonance shifts from 131 ppm to 136.5 ppm. So that as x in-
creases there is an effective decrease in the electron density at the alumi-
nium nucleus. This corresponds to an increase in the ionicity of the Al—As
bond. On doping with silicon or boron a broad resonance centred at 40
ppm also appears but no assignment was made [263].

14. Nitrides and Oxynitrides

AlN is a stable non-toxic strong ceramic with high thermal conductivity that
has become increasingly used as a heat sink in high power electronics. It has a
hexagonal wurtzite structure with an AIN, environment, indicated by the iso-
tropic chemical shift of 114 ppm due to the increased p-character of AI-N
bonds relative to Al—O [264—268]. Preparation is either by nitridation of me-
tallic aluminium or AICl;/AlO,, often with trace additives such as Y,0;. The
presence of oxygen species can seriously effect the bulk properties of AIN and
AlO4 resonances can often be detected at trace levels (Fig. 1e). These oxygen
environments can be emphasized by saturation of the AIN, resonance for
which T, is (0.5—19) s depending on the paramagnetic ion content [266].
Ultrafine AIN powders react with water at room temperature producing AlO,
at about 5 ppm [267]. The reaction is thought to proceed via some mixed
oXygen/nitrogen nn environments but as they were not observed in the NMR
spectrum it was suggested that these species react rapidly after their forma-
tion. However it is possible that the C, for such units may be large preventing
their observation at moderate magnetic fields. The defect spinel structure of
v-ALO; can be stabilized at high temperature by the introduction of nitrogen.
ALON phases form, centred around 33.7 mol% AIN. Usually three narrower
peaks at 114, 65 and 12 ppm are seen on top of a much broader component
[73]. Mixed nitrogen/oxygen environments should be present but it is only
those species with either all nitrogen or all oxygen that narrow as the others
have too large C, for the present spin rates and magnetic fields.

Ceramic alloying of nitride ceramics produces some high strength engineer-
ing materials. For example addition of silicon and oxygen to AIN form a
series of layered polytypoid ((Si,Al),,(O,N),,;) structures. To prevent any
face-sharing by tetrahedra early NMR results showed that models predicting
the formation of AlQg layers were correct even though only a small fraction
of the aluminium sites gave narrow AlOg; and AIN, resonances [264, 268].
The unnarrowed components were largely from mixed nn environments
where C is thought to be in general larger. MAS NMR spectra where much
higher fractions of the aluminium-content narrowed for both 15R and 21R
AlN-polytypoid phases showed two distinct Al(4) resonances at 114 and 93
ppm, the latter being assigned to AIO,N [269]. In conjunction with 2°Si
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Fig. 28. 27Al MAS NMR spectra at 11.7 T and v, ~ 15 kHz for B*- sialons (Si;_,ALO,N,_,) for
ax=0.5,bx=1andc x= 2 together with d a structure consistent with the NMR results.

NMR strict partitioning of oxygen and nitrogen appears to occur so that no
Si—O bonds form. The B-sialon solid solution is formed by isostructural
substitution of Al, O for Si, N in -Si;N, to give Si;_,ALON,_, (0 <x<2).
The ?°Si resonance remains unshifted throughout the composition range at
— 48 ppm, corresponding to SiN, [270]. Early 2’Al MAS NMR spectra
were again handicapped by only a small fraction (as little as 10%) being ob-
served and most of that as a broad resonance [73]. There was also a prob-
lem with overlapping sidebands obscuring the resonances [73,271] and
TOSS was used to clarify the spectra [272]. However rapid MAS (up to 18
kHz) at 11.7 T produces a more complete and accurate picture of the Al(4)
environments present (Fig. 28) [269]. It is clear that AIN, is a minor envi-
ronment throughout this series but at low x no AlO, are present; however
these become dominant at high x. Hence the different species may be as-
signed shifts of AIN, at 108 ppm, AIO,N, at 89 ppm and AIO,;N at 75
ppm. This implies a microdomain structure of which a layered form is fa-
voured [73]. Low temperature synthesis of p’-sialon by carbothermal reduc-
tion and nitridation of dodecylammonium-exchanged montmorillonite mixed
with polyacrylonitrile has been followed by NMR. Thermal decomposition
produces initially increasing AlO, up to 1100°C as a nanocomposite forms
which then reacts with nitrogen to form [‘-sialon, whose content is
maximized at 1300°C. Higher temperatures encourage the formation of SiC
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and AIN [273]. Spectra of B"-sialon (MgsAlSi;O,;N) (67 ppm) [73] and o-
sialon (102 ppm) are dominated by AlO, and AIN, respectively.

Incorporation of nitrogen into aluminosilicate glasses has a marked effect on
their physical properties. The trivalent nitrogen increases the amount of
structural cross-linking which is believed to be the source of increasing vis-
cosity. With 1 wt% nitrogen, glasses showed peaks at 0, 35 and 50 ppm as-
signed as Al(6), Al(5) and Al(4). Pure aluminosilicate glasses of closely re-
lated composition showed no Al(5) [274].

15. Conclusion

It has been demonstrated that ?’Al NMR is of widespread utility in probing
many technologically and scientifically important solids at the atomic level.
The increased understanding of the influence of the quadrupole interaction
on the interpretation of the NMR spectrum and improvements in the ex-
perimental technique now allow more complete extraction of d,,, quadru-
pole parameters and quantitative information from 2’Al NMR spectra. Even
materials such as Y;Al;O,, and andalusite that contain aluminium sites with
widely differing quadrupole interaction parameters can be accurately quanti-
fied. NMR can also probe disordered (both structurally and elementally)
materials allowing increased understanding of these materials. One striking
example is the obvious widespread occurrence of Al(5) species in glasses
and other disordered phases, that NMR has revealed for the first time. It is
expected that fast MAS at high applied magnetic fields will increasingly be
used as a standard characterization tool of aluminium-containing materials
and that the technique will continue to evolve with innovations such as
DOR.
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