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CP-MAS =cross polarization magic angle sample spinning;
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spinning; DOR = double rotation; MAS = magic angle sample
spinning; VAS = variable angle sample spinning.

1 INTRODUCTION

While NMR spectra of many inorganic solids (metals, alloys,
single crystal minerals, etc.) have been reported since the
carliest days of NMR, only at the beginning of the 1980s did
solid state NMR begin to find widespread applications in
inorganic chemistry, the materials sciences, and geochemistry.!
The main reason for this delay is simple: almost no one tried to
get high-resolution spectra from inorganic solids! An exception
to this is the work of E. R. Andrew.>* He obtained ‘high-
resolution’ spectra of Na in NaCl (an easy system since it is
cubic and has no quadrupolar broadening) but he also made the
important NMR observation that solid PCl, exists as
PCLI'[PCL)"? discovering at the same time the rotational
resonance phenomenon.’ His group also observed that the
Knight shift anisotropy of Cd broke up into numerous spinning
sidebands on slow magic angle sample spinning (MAS),* a basic
phenomenon rediscovered much later in the '*C and ®Si arena.
The rapid increase in availability of high-field (2200 MHz 'H
resonance frequency) multinuclear instruments which began
around 1980 soon led numerous groups to explore the feasibility

of analyzing inorganic solids by MAS NMR, and the area began
to blossom, with extensive investigations of **Na, Al and ¥$i
being reported.*® In what follows, we will first describe solid
state NMR applications to quadrupolar nuclei, and then foliow
this by a discussion of spin / = § systems. Quadrupolar nuclei
are by far the most abundant spin systems in the Periodic Table
but they are more difficult to observe than / = § systems. We
therefore use a technique-oriented approach for the quadrupoles,
while for the spin -4 systems we use a nucleus-by-nucleus
approach, since the observational technique is invariably MAS
or a simple variant thereof.

2 SOLID STATE NMR OF QUADRUPOLAR NUCLEI

2,1 MAS NMR

As early as 1959, Andrew reported the observation of
significant line narrowing on rapidly rotating a sample at the
‘magic angle’ of 54.7° to the main magnetic ficld B, He used
NaCl, which is cubic, and was mainly interested in removing the
strong dipole—dipole interactions between Na spins, but
surprisingly, with the exception of some studies of cubic 7AIP
and "CsCl, there was little follow up to his work. In retrospect,
the whole area of ZAl, Si MAS NMR could have blossomed
in the late 1960s, but it did not. However, with the increasing
availability of high-field MAS NMR instrumentation, many
workers began to reinvestigate “Na® and ¥AL* as well as ''B"
and more exotic species such as *Nb," and the inorganic solids
era had arrived.

In carly work, Lippmaa ¢t al® made the important
observation that the central § w —4 spin transition of 2Na in the
noncubic material NaNO, could be readily observed by using
straightforward MAS NMR techniques, and a lineshape analysis

_permitted the determination of the isotropic chemical shift, 8,

the nuclear quadrupole coupling constant, ¢’qQ/h, and the
asymmetry parameter of the electric field gradient, n, given by
equation 1:

v -v. 1
q=“_£’.’., (1)

although accurate ab initio computation of these parameters (sec
Ab Initio Calculations) in most systems is still lacking. For
example, the chemical shift of ®Na in solid NaCl has been |
known for 35 years, but has not yet been rigorously computed.
Notwithstanding this, MAS NMR has proven to be an
exceptionally important technique with which to probe the
structures of inorganic solids. Excellent books on silicates and
zeolites are available,'™ and by way of example we show in
Table 1 & compilation of e2qQ/k, n, and 3, values for Al in
a collection of common aluminosilicate minerals and synthetic
zeolites."® For YAl the single most useful spectral parameter is
&40, which for Al in octahedral coordination (see Octahedral) in
aluminas and aluminosilicates resonates around 0-10 ppm,
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while for Al in tetrahedral coordination (see Tetrahedral) Bigo =
55-80 ppm.'™" More exotic species, such as pentahedral Al,
have been proposed to resonate at around 30 ppm." Thus, a
simple MAS NMR cxperiment gives information on
coordination number (see Coordination Numbers & Geome-
fries). In the case of aluminosilicates, this can be a useful
monitor of framework (tetrahedral) or nenframework (oc-
tahedral) location, although determination of other spectral
parameters is often neccessary for confirmation of such an
assignrnent.

Table 1 Nuclear Quadrupole Coupling Constants, Electric Field
Gradient Tensor Asymmetry Parameters, and Isotropic Chemical Shifts
of 7Alin Aluminosilicates™ :

Aluminosilicate £2q0/h (MHz) ] &0 (ppm)
Sillimanite 6.77 0.532 64.5
8.93 0.462 40
Andalusite 59 0.69 36.0
15.7 0.08 -
Kyanite 6.53 0.59 75
3.70 0.89 5.0
9.37 038 -
10.04 0.27 -
Penninite 28 N 72
1.4 - 10
Muscovite 2.1 - 12
2.2 - 5
Margarite 4.2 0.5 76
6.3 0.1 11
Xanthophyllite 238 - 76
2.0 = i1
Albite 3.29 0.62 62.7
Microcline 3.22 021 58.5
Natrolite 1.67 0.503 64.0
Zeolite NaA 11 0.75 59.2

Zeolite NaY 2.0 0.5 62.8

2.2 Second-Order Effects

An unusual effect found with NMR of quadrupolar nuclei in
many materials is that the observed chemical shift is not the
isotropic chemical shift. The reason for this is that there is a so-
called second-order shift of the resonance line due to
perturbation of the Zeeman levels by the quadrupolar
interaction. The effect scales in ppm as (¢2gQ/h)¥w 2, where v,
is the Larmor frequency, the quadrupolar shift, Oy, being given
by equation 2:

4 qz qu
; 6
O =0y -8, =——xI0 [l+—]—-— (2)

15 3 )v.?

~where &, is the center of gravity of the (static or MAS)
lineshape, and vy, for TAl = (3/20)(e%qQ/h). If vg and 7 are
known, equation 2 permits a good estimate of §,,,, and if field
dependence studies arc carried out (varying w), then graphical
methods can be used to obtain even more precise values. If vy
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and 77 are unknown, then o, and v, can still be estimated Quite
reliably, since the 1%/3 term contributes at most a 15% eror,

2.3 Variable Angle Sample Spinning

Since the quadrupolar interaction to second order does not
transform like a second-rank tensor (Py(cos 8)), then optimum
angles for line narrowing other than 6 = 54.7° (Py(cos &) = 0
arc expected. In carly work, Nolle' found that spinning 4
Mo(CO), sample at 90° to B, gave an unusual *Mo NMR
lincshape, due to averaging of the sccond-order Mg -
quadrupole interaction," and this so-called ‘variable angle’
sample spinning (VAS) approach was soon extended to "B iy
borosilicates'® and ¥Na in Na,MoO, and Na,50, Figure 1
shows an cxample in which ''B NMR is observed in 3
borosilicate glass, for a static sample, and spinning at 54.7°, 36°,
and 75°.!° The 75° VAS NMR spectrum has considerably better
resolution, due to more effective averaging of the second-order
quadrupolar interaction of the trigonal (BO,) sites. However,
complete averaging requires spinning about two axes, to
average both first- and second-order interactions, as described in
Section 2.4,

85T 35T
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54.7° 6]

36° " JL (c}
75° /l

v

(4 (h)
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Figure 1 Boron-11 NMR spectra of a borosilicate glass at 8.45 and
3.52°T. (a)(d), 8.45 T static, MAS, and VAS (36°, 75°) spectra; (e}-{h),
3.52 T static, MAS. and VAS (36°, 75°) spectra. (Reproduced by
perrnission of the Royal Society of Chemistry from Schramm and
Oldfield'™
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24 Spinning Around Two Axes

The MAS and VAS techniques described above can give
factors of ~3.6 up to ~i0 decreases in linewidth, with residual
second-order quadrupolar broadening preventing further
* decreases. Two ways around this limitation have been found, in
which samples experience rotation at two different angles,
thereby averaging both first- and second-order quadrupolar
interactions. The crigins of these experiments can be understood
as follows: for a first-order quadrupolar interaction the
broadening is described by a sccond-rank tensor, Py(cos B), and
averages to zero under MAS, where § = arccos (1V3) = 54.7°,
However, for second-order broadening, when vy is a significant
fraction of w, there is a further broadening, described by the
second-order quadrupolar frequency shift (equation 3):

U=V S U, + 3 A (PP (cosf) (3)

i=2:4

where v,y is the center of gravity of the line, A {(¢,y) arc Euler
angle dependent terms describing transformations between the
quadrupole principal axis system and the rotor axis, and P,(cos
- B are terms which depend on the rotor axis orientations () in
B,, and are given by equation 4:

i 1
"B(cosf) = —(3cos” B~1); P, =—(35cos* B-30cos’ f+3) (4)
2 8

The first term is zero when f = 54.7°, the magic angle. The
second term is zero when § = 30.55° or 70.12° closc to the
optimum VAS angles.' Thus o obtzin maximum line narrowing
of a second-order quadrupolar lineshape, spins need to
experience the effects of both P, and P, averaging.
Conceptually, if not experimentally, the most straightforward

way to achieve simultancous rotation at two angles is to have a |

‘rotor within a rotor, a challenge successfully met by Samoson,
Lippmaa, and Pines'® in their doubie rotation or DOR technique.
Here, an outer MAS rotor, typically ~20 mm o.d., contains a
much smaller inner rotor, having an angle between rotation axes
of ~30.6°. The inner rotor spins about five times faster than the
outer, with maximum rates of ~{.8, 4.0 kHz being obtainsble.
The DOR method gives exceptionally good resolution, but it has
low sensitivity since most of the receiver coil is empty.

The second approach to rotation about multiple axes is the
so-called dynamic angle spinning or DAS technique.'™ Here,
the sample is toggled between two or even three axes, and either
one- or two-dimensional spectra can be obtained. The technique
is simpler_to implement than DOR, has better sensitivity, and
has been used to determine &,,,,, ¢’gQ/h, and 7 information for
"0 nuclei in silicates®® and silicate glasses,™ as well as in, for
example, a series of Rb salts, 2Figure 2 shows 11.7 T YRb DAS
NMR results on RbNO,. There are three Rb sites, characterized
by &, = —26.2, -26.8, and —30.9 ppm, having e’gQ/h, 7 values
of 1.83 ‘MHz, 0.12; 2.07 MHz, 1.00; and 1.85 MHz, 0.48.
Determination of e?qQ/h, 1, and &, requires either a computer
lineshape analysis or a field dependence study;® for example,
the ~0 and ~1 asymmetry parameters for sites ab are clearly

visible from the powder pattern cross sections shown in Figure
2.2 The DAS method requires 7, values longer than the time
required to flip the axis, and relatively weak dipolar interactions
during flipping. For systems such as oxidic glasses both criteria
are usuaily met, and the 2D DAS method appears to have
considerable utility for deconvoluting quadrupole and chemical
shift information in these and related materials.!
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Figure2 Rubidium-87 NMR spectra of RbNO; at 11.7 Tesla showing
isotropic peaks (at —29, -32, and -34 ppm), comelated with second-
order powder patterns by means of pure phase DAS. (Reproduced by
pelz'zz)nission of the American Chemical Society from Baltisberger et
al.

2.5 Oxygen-17 NMR

Oxygen-17 is the only stable isotope of oxygen which has a
nuclear spin, / = # (and a quadrupole moment of —2.610 x 10~
bams). It is of particular interest in inorganic chemistty and
geochemistry since oxygen is the most abundant ¢lement in the
Earth's crust, as well as being a major constituent of many other
materials, ranging from zeolites and high 7, superconductors to
organometallics and even to proteins. Although this isotope has
only a very low natural abundance (0.037%), 'O can often be
readily exchanged for 'O by gas phase or hydrothermal
methods; alternatively, "O-labeled ligands (such as CO or O;)
can be directly incorporated into the system of interest. The
carliest studies of 7O labeled compounds involved labeling of
simple binary oxides such as MgO, ALO,, and Si0,,™ as well as.
more complex silicates, such as forsterite (Mg,5i0,) and
diopside (CaMgSi,0).2* Using MAS it is possible to
determine the isotropic chemical shifts for 'O, as well as
e2g0/h and 1 values for individual sites. For example, as shown
in Figure 3, diopside yields a broad, relatively featureless line
when static, but under MAS (or VAS) the §, 4 transitions of the
bridging and nonbridging sites are largely resolved (Figure 3d),
and the &, ¢’q0/h, and 1 parameters can be extracted via
lineshape simulation (Figure 3e).?® Diopside is a chain silicate,
in which the chains of silicate tetrahedra are paralie] to one of
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the crystallographic axes, and the chains can be visualized as
being held together by the divalent cations. Within each chain.
each [SiO,) tetrashedron shares two oxygens with adjacent
tetrahedra (bridging oxygens, Si-O-Si), and also contains two
~ crystallographically nonequivalent oxygens which are coordi-
nated to the divalent cations (nonbridging oxygens, Si-O-M).
The bridging oxygens are also coordinated to cither one or two
divalent cations. Three crystallographically distinct oxygen sites
thus exist, two nonbridging and one bridging. For the two
nonbridging sites in diopside, e2gQ/h = 2.7 MHz, =0, and 5,
= 84, 63 ppm, while for the single oxygen bridging the two SiO,
tetrahedra, e’gQ/k = 4.4 MHz, 7= 0.3, and o; = 69 ppm.% Upon
substitution of the Ca, Mg cations by other Group 2 cations
there are significant changes in &,,, and e2gQ/h (Table 2). There
are large deshieldings observed for the nonbridging oxygens as
the radius of the aikaline earth cation increases, while the
bridging oxygen is relatively unaffected. Good cmpirical
correlations between cation radius and chemical shift have been
reporied, s0 that O NMR is a potentially powerful technique
with which to probe the structures of complex oxides. Even
more complex (sheet) silicates, such as talc (Mg;Si,0,i(OH),),%
tectosilicates such as Linde A and Y zeolites, and
aluminephosphates such as the porous AIPO,, -materials, have
now been investigated by using "’O NMR, and many structural
cotrelations have been noted.”

(a) w]\/\
(b)i'iA:SA/L (2) Simulation

(C)iﬁlk/\
200 “ 100 0 -100 80 60 40 20 0
pPm ppm

Figure 3 Oxygen-17 NMR spectra and spectral simulations of
crystalline diopside (CaMgSi;Og) at 11.7 T: (a) static: (b) 75° VAS: (c)
MAS; (d) expansion of center band of (c); (¢) simulation of {d) with
individual spectral components, two nonbridging oxygens, and one
bridging oxygen. (Reproduced by ission of the American
Chemical Society from Timken et al.”;

In Linde A and Linde Y zeolites, the effects of Si, Al on 70
£%q0/h and 8, values can be cicarly seen.”” In Linde Y there
are two types of oxygen: SiOSi and SiQAl, characterized by
£’qQ/h values of ~5.0 and 3.2 MHz, respectively, These values
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Table 2 Oxygen-I7 Nuclear Quadrupole Coupling Constantg,
Asymmetry Parameters, and [sotropic Chemical Shifts for the Alkaline
Earth Metasilicates?

e

System Oxygentype e*qQ/h (MHz) n a0 (Ppm)
MgSiO, Oup 32 06 60
Onp 32 0.0 a2
Ohe 5.1 03 62
CaMgSi,0, O, 28 0.0 85
O 28 0.1 64
Obr 45 0.3 70
-CaSi0, O 2.1 0.1 94
o 23 0.1 91
; O 38 02 75
a-$15i0, Ot 2.1 0.1 108
Oup 22 0.1 105
O 4.1 04 80
BaSiO, Oy 2.1 0.1 169
Cup 1.6 0.1 159
Ote 37 04 87

*Adapted from Timken et al,®

are extremely similar to those found in pure Silica (low
cristobalite, ¢’gQ/h = 5.3 MHz), which has solely SiOSt bonds,
or the zeolite Linde A (e’qQ/h = 3.2 MHz), indicating very
similar local bonding around oxygen, and the 'O NMR
spectrum of Linde Y can be approximated as the sum of the
spectra of 8i0, plus Linde A (SiQAl sites). Dealumination of
Linde Y produces SiO; polymorphs (sec Polymorph) having -
€%qQ/h = 5.2 MHg, close to that found in pure silica. Since the
two 'O sites in Linde A can be differentiated on the basis of
€’qQ/h and &y, it is possible to determine the Si:Al ratio (as
with ®Si NMR, see Section 3.1), with in this case the Si:Al ratio

‘being given by equation 5:

—_——t ®

where I, is the percentage of SiOSi sites, and [, the percentage
of SiOAl sites (Z, + I, = 100). In SiO,, Linde A, and Linde Y
there are small differences in apparent e’gQ/k valies obtained
from static and MAS NMR spectra, an effect thought to be due
to a small ""O chemical shift anisotropy. For AIPO, , materials,
"0 NMR shows decreased shielding (to ~62 ppm) and an
increase in e’qQ/h (to ~5.6 MHz), generally attributable to an
increase in covalent bonding (see Covalent Bonds).

The chemical shifts of many binary oxides have also been
reported,” and empirical correlations with, for example, cation
radius have been made, although full ab initio shielding
calculations have not been reported. For some binary oxides,
such as many lanthanide oxides, the observed chemical shift
range is exceedingly large (Gd,0, ~ 11 000 ppm; Nd,0, ~3000
ppm) duc to the presence of paramagnetic cations:™® the
observed shift is found to be proportional to <S>, the averaged
spin moment, and hyperfine fields can be estirnated.
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"0 NMR shieidings in other complex oxides and oxoanions
(see Oxcanion), such as MnO,”, WO,%, and V (0,%, have
been reported™ and show unusual behavior. For example, 'O
MAS NMR spectra of MnO,” and WQ,> show considerable
differences. In MnQ,”" there is a single resonance at 8, = 1197
" ppm, having a width of 400 Hz (-6 ppm) The lack of any

appreciable spinning sidebands indicates e’qQ/h = 0, and the
presence of only a single line indicates the presence of four
magnetically equivalent oxygens, consistent with the X-ray
structure of KMnO,. In contrast, the MAS NMR spectrum of
K,W"0, contains 10 groups of three lines! The frequency
separations between the 10 groups correspond to the spinning
frequency and change with spinning rate, while the separations
between the three peaks remain constant.™ Thus these peaks
represent the three nonequivalent oxygens in the WO,* ion, in
accord with peak intensity measurements. For K,WO, the
jsotropic '"O chemical shifts are 437, 429, and 422 £ 1 ppm
from external H,""0, and an analysis of the sideband intensity
ratios as a function of spinning speed according to the method
of Herzfeld and Berger” yields the following chemical shift
tensors: o,," = 564, 0’ = 530, and 0y;' = 217 ppm; 6,,° = 567,
On’ = 518, and 0y,% = 202 ppm; ¢, = 561, @, = 497, and o’
=208 ppm, where the values for ¢' represent the shift tensor for
the two equivalent oxygens in the WO, ion. As with the binary
oxides, it seems reasonable to expect a comelation between
cation ionic radius and oxygen-17 chemical shift in a series of
isoelectronic structures, and results for a series of Group 5-10
oxides and oxoanions show that this is the case. Solid state 'O
NMR has also been applied to investigating much more
complex species, such as the basic zinc dithiophosphate (y,-
[''0]-ox0)hexakis(u-0, O-diisopropylphosphorodithicato)tstra-
zinc, as well as cesium decavanadate (CsV,,''Og), 2
- polyoxosnion related to the naturally occurring mineral pascoite
(CayV 1402 17H;0), where large CSA interactions are seen.
Large CSA interactions have also been observed when oxygen
is involved in multiple bonding to lighter elements, although
ofien the CSA interaction is masked by second-order
quadrupolar effects (e.g. in ketone groups™). However, in
carbon monoxide® ligands, e2gQ/h values are typically only ~1
MHz, and in ¢.g. the Cr, Mo, and W hexacarbonyls, CSA values
of €91,.650, and 619 ppm have been reported® Upon
displacement of CO ligands, to form ¢.g. Mo(bipy)}CQ),, cis
and trans carbonyl groups can be resolved, making 'O MAS
NMR a potentially useful complement to the more conventional
C NMR method for investigating the structures of Carbonyl
Complexes of the Transition Metals.™
When both quadrupolar and chemical shift anisotropy
interactions cause line broadening, single crystal studies may be
required in order to determine e*gQ/k, 1, and the components of
the chemical shiclding tensor. In other cases, computer
lineshape analyses***™ may be used to help deconvolute spectra.
Analysis of powder pattern lineshapes of "0, ligands (see
Dioxygen & Related Ligands) bound to heme protein models
(sce Heme Proteins) such as picket fence Porphyrin,® as well as
myoglobin and hemoglobin themselves, have been reported™
and show exceptionally large CSA values. In the picket fence
porphyrin-'70, adduct, at 298 K, a,,® = 1600, ay,* = 1600, 0y,*
= 2850; 0, = 0, " = 2150, 03" = 2650 ppm have been

* to structural details,

measured, where a-= the terminal and b = the bridging oxygen.
These unprecedented CSA values presumably arise due to the
proximity of nearby excited states (see Excited State).>* The 'O
chemical shifts in the heme proteins and picket fence systems
are similar 0 those found in Oy, and give some support for
ozone-like contributions to bonding in the Fe—~O-O fragment. >

2.6 Boron-11 NMR

Boron-11 has f =4, eQ = 0.04 bamns, and a natural abundance
of 80.22%; because of its high abundance, sensitivity, and
relatively small quadrupole moment, it has been extensively
studied in inorganic solids (see Borates: Solid State Chemistry).
In pioneering work, Bray et al.** used continuous wave wide-
line NMR methods to investigate the structures of many alkali
borate glasses. There are two main classes of boron site: trigonal
(BO,) and tetrahedral (BO,), which resonate at ~20 and ~0 ppm
from an external standard of BF;-E1,0. Wide-line methods give
a good account of the relative amounts of trigonal and
tetrahedral boron, and also permit a determination of the
fraction of BO, units having all bridging, or one or more
nonbridging, oxygens.*® In the alkali borosilicate system
Na,0-B,0,-8i0;, (se¢ Borosilicate Glass), Yun and Bray have
shown that for a sodium oxide to boron oxide ratio of 0.5 or
less, the sodium ions are attracted primarily by the borate
network; therefore the temary glasses can be viewed as binary
sodium borate glasses diluted by Si0,.* When the sodium oxide
to boron oxide ratio exceeds 0.5, the additional Na,O results in
the formation of reedmergnerite [BSi,O,,]" units at the expense
of diborate and $i0, units. In this process, sodium ions are
taken up only by the borate network. After all the available 5i0,
units are consumed (to form BSi,0O), additional Na* are
proportionally ‘shared between the borate and silicate networks.
Bray et al. also pioneered the use of '’B NMR (/ = 1, eQ = 0.08
barns), and found "B to be in some cases even more sensitive
permitting quantitative determination in
glasses of many structural groupings found in crystalline
compounds of the glass forming systems. Results on Li, Na, K,

“Rb, and Cs borate glasses at various alkali contents showed a

strong dependence of the fraction of tetrahedral sites on the
alkali cation,” and results on half and half mixed (Li-Na, Li-K,
Li-Rb, Li-Cs) borate glasses at different total alkali contents
have supported the mixed alkali pairing model suggested
previousty. %7

As well as wide-line studies, many workers have used high-
field "B MAS NMR to investigate borates and borosilicate
materials. For borates containing H,O or OH groups, best
spectral resolution is obtained by using 'H decoupling to”
remove "B-'H dipolar interactions. In borosilicates and
borosilicate glasses, this is usually unnecessary. In crystalline
zeoliles containing framework boron, Veeman et al. made the
observation that framework boron appears to be able to switch
from tetrahedral to trigonal coordination on dehydration.®
Boron coordinated to silicon in glasses, minerals, or zeolites is
shielded by up to ~4 ppm from tetrahedral borates,” and can
-often be identified on this basis. The chemical shifts and
quadrupole coupling constants of many borates and borosili-
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cates have now been determined, and typical values are given in
Table 3,

Another class of boron containing materials of considerable
technological interest are the boroaluminate glasses. These have
* been investigated by using ''B and ¥ Al NMR spectroscopy, and
evidence for both three- and four-coordinate boron, as well as
four-, five- and six-coordinate aluminum, has been obtained, and
datz analyses based on the presence of all species present,
combined with local charge balance considerations, cotrectly
predict compositional variations of both "B and ¥Al NMR
parameters over a wide glass compositional range.®

As well as B in oxidic environments, ''B (and "*C)} MAS
NMR has been used to probe the highly complex B-C phase
diagram.! ' When combined the NMR results indicate that:

a) the B,C composition appears to be the most ordered and
contains essentially only B,,C icosahedra (see [rosahe-
dron) and C-B-C intericosahedral chains;

b) the extent of B/C order decreases with increasing B
content;

¢) the B|;C, composition is not fully ordered and has about
10% of its C in icosahedra;

d) the excess B over the B,C composition appears to
substitute preferentially for C in the icosahedral positions
relative to the chain positions.!

2.7 Spin-Echo NMR

The NMR spectra of most quadrupolar nuclei are broadened
by the interaction of the nuclear quadrupole moment (eQ) with
the electric field gradient at the nucleus {eq), giving rise to
splittings of the Zeeman lines or, in random powders, to broad
powder pattern lineshapes. In pulsed NMR, broad lines cause
difficulties associated with finite spectrometer recovery times,
which can fead to gross spectral distortions. One potential route

———

around this problem is to use a second, refocusing pulse, ang
generate a so-called spin-echo, If data acquisition is begun at the
top of an echo, then lineshape distortions are minimal, A
potential problem in spin-echo studies of some quadrupolar
nuclei in solids is that a series of echoes may be obtaineq,
Solomon first reported” the refocusing of first-order
quadrupolar interactions, in K'”I. Although in some cases
multiple echoes can be detected, by using a phase shifted pulse
sequence the 2t echo is vsuvally the only one observed, and 3
Fourier transform of the echo can yield an essentially
undistorted first-order powder spectrum.*® Figure 4a shows a
Al spin-echo for a 1:1 mole ratio mixture of KAI(SO,), 12
H,0 and NH,ANSO,),12H,0, in the presence of 'H dipolar
decoupling, and Figure 4b the Fourier transform of the half-
echo. There are clearly two overlapping / = § powder patterns,
characterized by slightly different e’qQ/h valves. Using a
numerical method it is possible to deconvolute the random
powder lineshape, resulting in well resolved 4 v +f and £ w 4
satellite transitions, comesponding to ¢%gQ/h = 395 kHz (K*
alum) and e%gQ/h ~ 441 kHz (NH," alum). Equivalent results
have been cobtained by using a so-called zero-field (field
cycling) approach.¥

This spin-echo approach is limited to systems in which
relatively uniform excitation of all spin transitions can be
achieved, which for many quadrupolar nuclei is impractical,
However, for large e’qQJ‘h values (which is often the case found
experimentally, ¢.g. in 'O NMR of the silica/silicate/zeolite
systems) the essentially opposite approach, that of using very
weak or soft pulse excitation of solely the 4, — transition, can be
very effective. Figure 5a shows a one-pulse experiment on ¥K
in an 1B-crown-6 ether-KNQ, complex (see Crown Ethers), at
11.7 T (corresponding to a *K resonance frequency of 23.33
MHz).* Such low Larmor frequencies generally cause problems
with pulse feedthrough due to long ringdown time constants,

Table3 Boron-11 Nuclear Quadrupole Coupling Constant and Chemical Shift Data for Borates and Borosilicates®

Boron-11 NMR parameters

Trigonal Tetrahedral
Sampie Formula QCC(MHz) &, (ppm)® QCC(MHz) &g (ppm)
Boracite M83B10]3C] 26 16.0 ~0.3 1.0
Colemanite CaB40,(OH),-H,0 24 17.0 ~0.3 14
Danburite CaB,Si,04 - s -0 ~0.7
Datolite CaB(SiQO NOH) - : - -0 1.0
Inderite MgB0:(OH)¢-(H,0),H,0 24 18.1 -0.2 1.0
Inyoite CaB,0,{0H)s-4H,0 2.3 174 0.2 1.5
Kemite Na,B,04(O0H),-3H;0 2.4 18.5 ~0.2 0.9
Tourmaline (Na, Ca)(Li, Mg, AIXAL Fe, Mn)o(BO;)x(Sig0)(OH), = 127 - -
Ulexite NaCaB 0, (OH) 5H,0 - 245 18.2 ~0.3 12
Boron phosphate BPO, - - 0 -3.3
Lithitm borate LigB, 2.5 179 -2 1.7
Potassium pentaborate  K,B,40,,-8H,0 2.5 18.9 -03 1.4
Borax Na2,B,0,-10H,0 2.4 19.0 ~0.3 20
Pyrex (1) 2.5 12.6 05 1.8
(2} 23 16.0 ~0.5 02
Reedmergnerite NaBSi;04 - - -0 -19
Alkali feldspar NaAKB)Si,0, = 2 -0 -1.1
-25

*Adapted from Tumner et al.* "From BR,-Et,0.
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Figured Aluminum-27 quadrupole-echo NMR spectrs of a 1:1 molar
mixture of KAISO,), 12H;0 and NH,AI(SO,)y 12H,0, obtained at &
magnetic field streagth of 3.52 T, in the presence of 'H dipolar
decoupling: (2) “Al spin-echo; (b) Fourier transform of half-echo
showing central (}, -4 and overlapping satellite ¢4, %; 3, ) wransitions for
the K* and NH,' atums; (c) deconvoluted version of (b) showing
complete resolution of both K* and NH," alums in both satellite
wangitions, corresponding to e'qQ/h ~ 395, 441 kHz, 1 assumed = 0.
(Reproduced by permission of Macmillan from Oldfield et al.**)

and as can be seen in Figure 5a the K spectrum is hardly
visible over the pulse breakthrough artifact. However, usc of a
‘Hahn® spin-echo (equation 6):

08, -7, ~(0)p, 1, ~(AQW;  (©

combined with the phase cycle shown in equation 7:

) = XXX yYyy XCK YYYY
¢, = XyXy Xyxy Xy Xy xyxy

$3 = YYYy XXX YYYY XXXX N

has the effect of canceling any free induction decay contribution
te the echo (Figure 5b), which after Fourier transformation
yields a well resolved second-order powder patiern lineshape
(Figure 5¢), from which equfh = 1.80 MHz, n=0.37, and §,.,
= () ppm can be derived (Figure 5d). Thus, the Hahn spin-echo
method permits the recording of undistorted powder pattern
lineshapes, much as the solid echo technique has been used to
record 'H or *H NMR spectra.

After excitation, the spin-echo decays with a time constant
Ty, and measurement of T,y values leads to a new
spectroscopic parameter with which to investigate quadrupolar
nuclei in inorganic solids.*® The response to spin-echo
radiofrequency (rf) pulse excitation of a variety of nonintegral
spin quadrupolar nuclei (PNa, Al and *Nb) in inerganic
solids (single crystal ruby and sapphire, ¢-Al, Oy, 7-ALO,, AIN,
NaNQ,, KNbO,, NaNbO;, LiNbO,, albite, and the zeolite Linde
A) subject to strong quadrupolar interactions and dipolar
interactions of varying strength, has been reported.® It has been
demonstrated that ‘soft’ rf pulse excitation with a pair of
selective a2 and x pulses yiclds predictable spin-echo decay
behavior as a function of dipolar interaction. The experimental
results are in good agreement with the theoretical predictions. In
particular, the /e decay time constant for a Gaussian decay of
the spin-echo, T,z has been shown (equation 8) to be:

Ty = 2/ (Mpp (D+ M (5)) @

where M, (18) are the second moments of the spin-echo decay
for a heteronuclear dipolar coupled spin system. If heteronuclear
dipolar coupling is negligible, then the decay can be
approximated by equation 9:

Yy ®

Experimentally, it is found that T,y values vary widely
depending on the strength of the dipolar interactions present.
This can be used to advantage in determining local
environments in complex systems. For example, in zeolites (see
Zeolites) used in the petrochemicals industry as cracking
catalysts, zeolitic Al Jevels are relatively low (typically 0.1 wt
%), while aluminum levels in binder materials (such as y-ALOs,
or clay-based materials) are much higher, of the order of 2040
wt %. It is thus difficult to observe the catalytically relevant
zeolitic sites in a typically formulated catalyst, since their
tetrahedral Al are ‘buried” under a 10? or 10° fold larger binder
signal. However, in the magnetically dilute zeolites, T, values
are much longer than those associated with the aluminaceous
binders, so that the binder signal can be completely ‘edited’
away by using a two-pulse in-phase Hahn spin-echo.

For References see p.2658
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Figure 5 Potassium-39 NMR spectra of [8-crown-6 etherKNO,
complex at 11.7 T: (a) one-pulse experiment (pulse width of 7.4 pus,
corresponding to a 90° pulse for the solid); (b), time domain response
using a first pulse width = 3.7 us, second pulse = 7.4 us, 7; = 1 ms. In
this experiment, for demonstrating the suppression of the FID due to
.use of two pulses, data acquisition was begun immediately after the first
pulse. The echo-maximum occurs at about 2 ms. (c) Fourier transform
of the (half) echo in (b). The unusually large 1, value required to
suppress all ringing results in a spectrum with 2 somewhat poorer
signal-to-noise ratio than is pormally achicvable. (d) Expansion of
spectrum in (¢). (¢) Simulation of spectrum in (d) using ¢’gQ/h = 1.80
MHz, n = 0.37, and &, = 0 ppm. (Reproduced by permission of
Academic Press from Kunwar et al. %)
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2.8 Signal Quantitation

For nonintegral spin quadrupolar nuclei, considerable care
needs to be taken when ‘counting spins’, since the exact nature
of the excitation vsed has a major influence on the results
obtained. The results of calculations of the intensities of the
central and satellite transitions for quadrupolar nuclei under
various types of rf excitation have been given by Fukushima ang
Roeder.® Freude et al.® confirmed these theoretical predictions
using an aqueous aluminum salt solution as an external spin-
counting standard, and showed that as expected a maximum
intensity of the 4, —4 spin transition in AL, was obtained by
using a 90° pulse having a width LN + 1) = m(m + 1)) or }
that of a solution standard.® These results can be applied to
other quadrupolar nuclei as well, e.g. a B (/ = }) solids-90 is
haif the solution 90° pulse length; a '*Cs (7 = ) solids-90 is
cne-quarter the solution 90° pulse length, etc. For two-pulse
spin-echo NMR, signal quantitation is more complex, since the
second pulse can give rise to mixing of the different spin states,
and it has been found to be generaily most accurate to use
extremely weak or selective pulse excitation, so that only the
central (} w -J) spin transition is excited, and observed.
Selective excitation is achieved by lowering the transmitter ff
power such that solid 90° pulse widths of ~40 s are used, in
which case excellent quantitation can usually be achieved.

2.9 Spin-Lattice Relaxation

In liquid state NMR, the spin-lattice relaxation times of
quadrupolar nuclei are almost always short, due to very efficient
quadrupolar relaxation. This is brought about by random
thermal motions, and the fluctuating electric field gradients at
the nucleus cause rapid spin-lattice relaxation. In inorganic
solids, however, there is usually little motion, and so there are :
few relaxation pathways. While phonon assisted modes may be
important at very low temperatures, they play only a small role
at room temperature,  where T relaxation times of many
seconds, or even minutes, are often observed. Thus spin-lattice
relaxation can be dominated by paramagtetic impurity centers
{e.g. Fe*), and use of T as a structural probe has therefore been
quite limited. :

There are two main exceptions to the above, in which either
molecular/fion motion, or conduction electron spins, play an
important role in T, relaxation. In some inorganic solids, water-
or ion motions provide an efficient pathway to spin-lattice
relaxation by causing a fiuctuating electric field gradient at the
nucleus. In zeolites, for example, there is no correlation between
T, and the static part of the electric field gradient (which gives
rise to the observed e2gQ/h value), however, the fiuctuating
part, #g(r) due to ion and water (dipole) motion gives rise 10
rapid spin-lattice relaxation. In '"O-labeled zeolites and Ga-
analog zeolites, it was shown that all experimental T, data {on
170, ¥Na, ¥Al, and "'Ga) could be fitted by a single model in
which eg{¢) for each nucleus was assumed to be the same, ie.
a single physical process was respogsible for relaxation of all
framework and nonframework species.” Spin-lattice relaxation
in glassy Jomic Conductors has also been investigated, and iont
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motion has been shown to be an important relaxation
mechanism in these materials as well.*® '

A second class of conductors in which spin—lattice relaxation
is very efficient are the so-called high transition temperature
(high- T)) oxide superconductors (see High Temperature
Superconductivity). In these materials, typified by the phase
YBa,Cu,0,.,. the relaxation rates (and Knight shifts) of 'O,
05Cy as well as ">'*'Ba, have all been investigated, as has the
[ = } ®Y relaxation. Of particular interest has been the
observation of near Korringa relaxation for oxygen sites, where
the Korringa relation (equation 10)

2
4xk
x’r,r["—"] ki ) 10)
Ye A

relates 7, and the Knight shift, X, while Cu relaxation is
dominated by antiferromagnetic spin fluctuations (see Antifer-
romagnetism).” The Cu, O, Y relaxation rates have been
explained in terms of so-called form factors, which describe
how Cu spin fluctuations affect the nucleus under observation.
For example, the close-to-Korringa relaxation at oxygen can be
thought of as being due to a cancellation of Cu spin fluctuations
due to antiferromagnetic coupling across oxygen (CuT-
0-Cud). The interested reader is referred to the extensive solid
state physics literature on these topics for further details (e.g.
Pennington and Slichter®").

210 Cross Polarization to Quadrupolar Nucle

The HartmanHahn-Lurie-Slichter cross-polarization tech-
nique developed by Pines, Gibby, and Waugh® has found
extensive use in the arca of solid state “C NMR, and while
cross-polarization experiments involving polarization transfer
from 'H to spin-{ nuciei such as N, ¥Si, *'P, and '*Cd have
alse now become routine, there have been few reports of cross
polarization from 'H to-quadrupolar nuclei, where the cross-
polsrization process is more complicated than with 1 = }
sysiems. For example, for integer spin nuclei such as N (/ =
1), the cross-polarization match condition differs for different
orientations in a polycrystalline sample, and can lead to
distorted spectra. In general, the match condition is given by
equation: 11:

“.YgHu =abrbﬂlb ol

where 7, and H; are the gyromagnetic ratio and rf field strength
for nucleus i, and & = [J( + 1) = m(m — 1)]'? for a transition
between levels m and (m — 1). When both nuclei have I = 4, this
equation reduces to the familiar form y,H,, = ypH . However,
for 'H cross polarization of the (§, —4) transition of e.g. "0 (7 =
§), the match condition will be 3yoH o = Y38 1, from eguation
il. These conditions amount to matching the 'H 90° pulse
length to the ‘solid’ "0 90° pulse length, which is smaller than
the solution value by the same factor o For example, with a 'H
90° pulse length of 5 ps (yuH,y = 50 kHz) onc observes

optimum cross polarization when yoH g = 16.7 kHz, which
corresponds to a ‘solution’ 'O 90° pulse length of 15 us, but to
a *sotid’ "0 90° pulse length of 5 us.®

Cross-polarization O NMR spectra of a varicty of ""O-
labeled solids (Mg(OH),, Ca(OH),, bochmite (AIO(OQH})), talc,
Ph,SiOH, and amorphous 5i0,) have been reported using high-
field static and MAS techniques, which show that large cross-
polarization enhancements can be obtained, and second-order
quadrupolar powder lineshapes observed, under cross-
polarization conditions. For example, in tale (Mg;Si,0,,(OH),),
cross polarization permits editing of the MgOH oxygen
resonances (which cross polarize) from the 5iOMg and SiOSi
oxygen sites {which do not cross polarize appreciably using
short mix times), thereby simplifying the analysis of the "0
NMR spectrum of this sheet silicate.”* ’O MAS and CP-MAS
NMR spectra of ""O-labeled bochmite (AIO(OH)), bayerite
(AI(OH),), and several transitional aluminas have also been
reported.” Cross polarization from 'H to '"O has been used to
enhance the hydroxyl oxygen resonances of boehmite and
bayerite, and to allow the observation of hydroxyl groups on the
surface of y-ALO;. The spectra yield nuclear quadrupale
coupling constants, electric field gradient tensor asymmetry
parameters, and isotropic chemical shifts for each chemically
distinct oxygen site. The quadrupole coupling constants for
tetrahedrally coordinated oxide sites (OAl,) range from 1.2 to
2.2 MHz, while those of trigonally coordinated hydroxide sites
(ALOH) are in the 5-6 MHz range. Trigonally coordinated
oxide sites (OAly), arising as a result of cation vacancies (s¢e
Vacans Site) in the transitional aluminas, have quadrupole
coupling constants of approximately 4 MHz, and it has been
shown that the observed quadrupole coupling constants and
asymmetry parameters are in good agreement with the results of
clectric field gradient calculations based on point charge
models.®

Cross polarization has been observed not only from 'H to
170, but also with a number of other quadrupolar nuclei. For
example, both *'P — PAl and 7Al — Y'P CP of AIPO-n
materials are possible, and use of rapidly relaxing “Al nuclei to
cross_polarize more slowly relaxing / =  *'P nuclei enables
rapid data acquisition. This basic idea has been extended to
cross polarization between pairs of quadrupolar nuclei, e.g. Al
- "0 in 0-ALQ;,, and in Linde A and Linde Y zeolites. When
two quadrupolar nuclei are involved, lineshape distortions
become significant when two second-order powder patterns
need to be Hartman-Hahn matched.

Other double resonance techniques, based on coherence
transfer via weak heteronuclear dipolar interactions, e¢.g.
between 7'Al and *'P, also show great promise for determining
through-space correlations,* which can then be used to establish
three-dimensional connectivities in complex materials.

2.11 Satellite Transition and Nutation NMR

The MAS NMR studies discussed above were concemed
primarily with the observation of §, =} transitions of nonintegral
spin quadrupolar nuclei. However, recent developments in the
design of very fast (~15-20 kHz) and stable (£5 Hz) MAS
probes, combined with fast recovery electronics, has now

For References see p.2658
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Figure 6 Oxygen-17 NMR spectra of magnetically aligned YBa,Cuy0,_, (Hgllc), at 8.45 T and 300 K. The peak intensities have been equalized

for clarity. The actual intensities for central and satellite transitions have the appropriate 9:8:5 relative intensity ratios. 19 of the possible 20

transitions {four oxygens X five transitions) can be observed; the central transitions for O(2,3) ovetlap. Connectivities for the individual sites are as

follows: O(1), peaks 2, 4, 12, 18, 19; 0&2.3), peaks 5-8, (10,11), 13-16; O(4), peaks 1, 3, 9, 17, 20. (Reproduced by permission of the American
}

Institute of Physics from Oldfield et al.

allowed determination of complete (central and satellite
transition) MAS NMR spectra, e.g. of g7 Al,0, and ®NaNO,,*
or determination of both quadrupole and anisotropic chemical
shielding tensors, including the relative orientation of their
principal axis systems, e.g. in NH,3'VO, and 3'V,0,.%

A second method which has been frequently used to
determine e2gQ/h and 1 values is the nutation method of
Lippmaa et al.® which allows an alternative separation of the
chemical shift and quadrupole interaction. The method is based
on the evolution of the spin system in & weak rotating B, field,
but has the sensitivity of high-field NMR, and yields a so-called
nutation spectrum.”™ A series of reference nutation spectra for [
=}, 3, 4, and § has been published" and applied to Al in
spodumene, and “*Sc in Sc,(80,),.

2.12 Single Crystal NMR

In early work, many groups used continuous wave wide-line
NMR methods to investigate quadrupolar nuclei in single
erystals. Of particular interest were minerals, of which large
well formed crystals can often be obtained. Single crystal
studies, where feasible, are highly informative, since complete
electric field gradient tensors can be determined. ™ When single
crystals are too small to give adequate signal-to-noise ratios,
large arrays of individually aligned microcrystals have bean
used, ¢.g. to observe “%Cu and 'O NMR in YBa,Cu,0,,."
When crystals are too small for mechanical alignment, the

magnetic alignment method described in Section 2.13 may be of
use.

213 Magnetic Alignment

Particles having a large anisotropy in their diamagnetic or
paramagnetic susceptibility experience a large torque when
placed in a magnetic field, and this force tends to orient or align
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them in that field. The (nuisance) effects of partial magnetic
alignment have been known in Electron Paramagnetic
Resonance of powders for many years, but more recently have
been put to good use in solid state NMR, e¢.g. to align proteins,
DNA, lipid membranes, and high temperature superconduc-
tors.® In the oxide superconductors, microcrystals are
suspended in epoxy resin, then placed into a strong magnetic
field. The crystals align (with B, parallel to the crystallographic
¢ axis in YBa,Cu,0,_), and although randomly oriented abowt
¢, samples give rise to a (pseudo) single crystal NMR spectrum. |
A typical result is shown in Figure 6 in which almost all 20 lines
cxpected can be observed (the 3, %, 3, & & 4 -4, . and the -,
—4 transitions of the two planar, the chain, and the apical
oxygen). Each line experiences a measurable second-order
quadrupolar shift, and from measurements at two or more
magnetic field strengths the electric field gradient and Knight

. shift tensor elements at each site can be determined. Similar
magnctically ordered spectra of “Cu, “5'"Ba, and ®Y have
all been reported for YBa,CuyQ, ., and its oxygen-deficient
relatives, and electric field gradient and Knight shift parameters -
determined, 15

2,14 Other Quadrupolar Nuclei

There arc many other NMR-accessible quadrupolar nuclei in
the Periodic Table which have nonzero spin but which have not
been discussed above, since they have a much less frequent
occurrence in inorganic chemical systems. Examples include
Tu' PBe. ”Mg. 338. JS.JTCL 4SSC, 4‘.'.49-“._ 61'2“. 13Ge‘ WBr‘ ﬂsr.

"9Zr, "In, and '¥La. There are also large numbers of other
possible quadrupolar candidates, but they are usually either
radioactive, or have very large quadrupole moments or very low
sensitivities, or are of limited interest to most chemists.
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3 SPINJ =} SYSTEMS

Spin f = } nuclei have no nuclear quadrupole moment, and
although rare in the Periodic Table, the frequent occurrence of
15, *C, "N, "F and PSi in inorganic solids, together with the
relatively high sensitivity and resolution obtainable with most of
these nuclei, means that a large body of information exists on
them.*® The most sensitive nuclei are 'H and '"F. While
usually a blessing, nuclei with large gyromagnetic ratios when
-present in the solid state in high concentrations experience large
homonuclear dipolar interactions, which give rise to extreme
spectral broadening, For example, a CH, group or H,0 molecule
has an ~80 kHz 'H-'H dipolar interaction, which only averages
under MAS under the condition that it is an ‘inhomogensous’
interaction, e.g. as found with isolated spin pairs, For most real
systems having multiple H-H or F-F interactions (e.g. ice,
CaF,), spinning at very high speeds, or application of a multiple
pulse train (to average the dipolar interaction) combined with
MAS, is required in order to get even moderate resolution.’*#
There have thus been few applications, and most interest has
focused on the magnetically dilute systems °C, Si, and P,
with additional but rarer applications to heavy metals (e.g. °Cd
and ‘W) also having been reported. We thus begin our
description of the / = } systems with the most studied nuclei,
then follow this with a brief discussion of some of thc more
difficult nuclei.

31 Silicon-29 NMR

Silicon-29 has a natural abundance of 4.7% and resonates at
99.3 MHz at 11.7 T (a 500 MHz 'H resonance frequency), and
is thus moderately sensitive. The lack of direct Si-H bonds in
most inorganic materials, and the smali CSA due to
approximately tetrahedral symmetry, meens that silicon NMR
spectra can- be obtained without 'H decoupling or cross
polarization, even at slow (~2-3 kHz) MAS rates, so only
simple NMR instrumentation was required in order to obtain the
first high-resolution *Si MAS NMR spectra of inorganic
solids,® and several good accounts are available which deal
extensively with this topic.'"

One of the most useful aspects of Si NMR is that the Si
chemical shift is very sensitive to the bonding around a given
Si0, tetrahedron. In simple silicates therc arc five types of
bonding: mono- or nesosilicates (Q®) having no Si—0-Si bonds,
such as forsterite (Mg,$i0,); di- or sorosilicates (Q'), having
one Si-O-Si bond; chain or inosilicates (Q? having two
8i-0-Si bonds, such as diopside (CaMgSi, 0, sheet or
phyllosilicates (Q* having three Si—O-Si bonds, such as talc
(Mg,5i,0,4(OH)y); and framework or tectosilicates (Q*) having
four 8i-O-Si bonds, such as quartz (Si0,). A second class of
Q%containing  silicates are the cyclosilicates, such as
KH,8i,0,,. For ‘the most part the chemical shift ranges
occupied by cach of the five silicate classes do not overlap
(Figure 7a),"* which permits a good estimate of the type of
silicate-environment present in a material of unknown structure.
Upon substitution of Al for 8i in the sheet or framework
materials, such as clays and zeolites, there is a decrease in
shielding for ecach Al (and counterion) added. Figure 7b shows

the entire series of Q* chemical shift ranges:'* Q*(0Al), Q*(1A1),
Q*2A), Q*3Al), and Q*(4Al). While there are clearly overlaps
in a given material, such as a Linde X or Y zeolite, there is
usually good separation between the Q*(nAl) sites, and results
for Linde A and Y are shown in Figure 8. If the Q*nAl) sites
can be assigned, and in the absence of Al-O-Al groups
(Loewenstein's rule''®), then the Si:Al ratio in framework or
layer silicates can be deduced from measurements of the
intensities of the Q‘mAl} resonances.'™™ This type of
measurement is now routinely used in the characterization of
zeolite materials. Morcover, in addition to permitting an
analysis of Si:Al ratios, ”Si NMR often permits a determination
of Si,Al ordering, ¢.g. in layer silicates, feldspars, and zeolites.”
The reason for this is that a given random or nonrandom
arrangement of Al atoms will give rise to a predictable pattern
of ZSi0(nAl) peak intensitics. However, ®Si NMR can only
rigorously disprove a random patern of ordering; it cannot
prove an ordering model in the absence of additional
information.”
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Figure 7 Silicon-29 isotropic chemical shift ranges in silicates
(Q*-Q") and framework aluminosilicates Q' 4AN-Q* (om)} (Adapted
from Engelhardt and Miche!™)

In addition to the large effects due to SiOSi or SiOAl -
bonding, ®Si NMR is an important probe of crystallographic

For References see p.2658
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Figure 8 Silicon-29 MAS NMR spectum of Linde A, Linde Y
zeolites, at 8.45 T: (a) Linde A; (b) Linde Y

site nonequivalence. This is dramatically shown in the case of
the zeolite ZSM-5.% which under certain synthesis conditions
approaches the empirical formula Si0,. However, there may be
12 or 24 crystallographically and magnetically nonequivalent
sites in ZSM-5, and Fyfe et al. showed that a low Al content
ZSM-$ gives up to 24 >Si resonances'™"* covering an ~7 ppm
chemical shift range (Figure 9a). Assignment of these peaks
represented a major chalienge, but was successfully accom-
plished by using BGi enriched materials and a 2D NMR
(INADEQUATE) technique®?; a typical 2D result is shown in
Figure 9b. Since this material is substantially aluminum free, the
chemical shift nonequivalencies exhibited are a result of
changes in the electronic wavefunctions (see Wavefunction) at
Si due to crystaliographically imposed bond angle and Bond
Length restraints. This type of nonequivalence has been
observed in numerous framework silicates, and ~20 empirical
correlations between T-O-T bond angle and chemical shift, as
well as Si-O bond length and chemical shift, have been
proposed.""’

The actual origins of the chemical shifts observed in silicates
requires in principle the application of ab initio quantum
chemical techniques, which themselves require a detailed
knowledge of the bond lengths and bond angles involved, as
well as solution of the problem of the electrostatic charge ficld
around silicon, and an ability to handie very large basis sets for
§i, Ca, Ba, etc. Fortunately, much simpler empirical approaches
to estimating chemical shifts in silicates already exist, although
the sb initic methods can be expected to improve on the
empirical methods in the future. One such empirical method is
the group Electronegativity sum approach.” Linear relations
between group electronegativity (EN) sums of ligands bonded to
tetravalent silicon and silicon-29 chemical shifts have been
shown (equation 12} to exist:

5(Si,ppm) = —24.336 ) EN +279.27 (12)

This correlation has been applied to many silicates .and
aluminosilicates (containing insular (Q®) to framework (Q*) Si
sites) to predict silicon-29 NMR chemical shifts, where all
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fragments (e.g. OAl, OLi, OCa) attached to Si are assigned (op
the basis of experiments on a series of model silicates and
equation 12} a characteistic group (or fragment) electronegativ.
ity value. OSi group clectronegativities were scaled linearly
with bridging bond angle. As an example of the use of the
method, the clectronegativity sum value for the cyclosilicate
(Q%) beryl (AlBey(SiOy)e) can be derived as EN(OBe) +
EN(QAl) + 2(EN(OSi) (168.2°) = 15.67, which predicts 5
silicon-26 chemical shift of —102.1 ppm (from Me,Si). This
compares favorably with the experimental result, 8,5 = —102.6
ppm. On the besis of a total of 99 sites in 51 different
compounds, the mean absolute deviation between theory and
experiment is <2 ppm.” and the group electronegativity sum
method appears to be one of the most accurate methods of
predicting silicon-29 chemical shifts found to date, when all
types of silicate are considered.

In addition to the many studies of SiO; tetrahedra in silicates,
®gi MAS NMR has also been found to be a valuable
spectroscopic probe of the more unusual six-coordinate silicates
found in synthetic high-pressure phases® or in phos-
phosilicates.®* The main $i"' containing phase is stishovite,
which has a chemical shift &, = —191 ppm from TMS, a value
which becomes even more shielded in the phosphosilicates, 3;,
~ —212 ppm.*®* PSi NMR has also been investigated in many
inorganic solids by using the 'H cross-polarization method
described in Section 2.10 quadrupolar nuclei; of particular
interest has been’the characterization of surface silanol (SiOH,
Si(OH),) species in high surface area silicas.”

3.2 Carben-13 NMR

While most *C NMR studies clearly fall outside the arca of
inorganic chemistry, *C MAS NMR has been found to be of use
in the area of metal carbonyl and surface organometallic
chemistry. Four main areas have been investigated: metal
complexes grafted on to oxide supports, organometallic
complexes trapped in zeolite cages, supported metal alkenes,
and small molecules (CO, CH,) directly bonded on to
supported mctal catalysts.

A number of workers have investigated the C static and
MAS NMR of solid transition metal carbonyls. A large amount
of shielding tensor data has been accurnulated,®™ and interesting
information, ¢.g. on fAuxionality (see Fiuxional Molecule) in the
solid state, has been obtained.“™** Both the isotropic chemical
shift, as well as the shift anisotropy, help differentiate terminal
from bridging (i, #3) CO ligands (see Bridging Ligand), and in
some cases the effects of J and dipolar coupling can be detected,
facilitating spectral assignments.” T

In surface organometallic chemistry, the reaction betwech
Mo{CO), and y-ALO; has been extensively studied, and
evidence obtained for mobile (physisorbed) Mo(CO),, & rotating
Mo(CO)s—surface species, and a more rigid Mo(CO),—surface
species. The interactions of 03,(C0O)y,, H;0s(CO) HOs,-
(C0)12| Rh(co)‘zc"}.t CPFQ(CIO);:CH,, Fe-_{(co)u, Ru,(CO)lg.
and KFe,Mn(CO),, with a number of surfaces (including MgO:
5i0,, and C) have been studied. The chemisiry of metal
carbonyls in zeolite cages, as well as the nature of the
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Figure 9 Silicon-29 MAS NMR spectrs of “Si-enriched zeolite ZSM-5 at 300 K: (a) 1D spectrum; (b) 2D INADEQUATE experiment.

(Reproduced by permission of Elsevier from Fyfe et al %)

interactions of metal alkenes, such as Mo,(CH,), and
Zt(C,H,),, with metal oxides have been reported, and ’C MAS
NMR has been shown to be capable of providing unique
insights into adsorbate structure.™™

Carbon-13 NMR has also been a useful method with which
to investigate the direct interaction of small molecules, such as
CO and C,H,, with supported mets] catalysts (sec Heterogene-
ous Catalysis by Metals), ¢.g. CO on RWALO;, Pty-AL0,,™ or
CH, on Ag/a-Al,O,. It has been possible to determine, for

example, C-Q bond lengths for CO on Pvy-AlLO,, to detect
bridge and end-bonded CO on Rh/y-ALQ,, as well as identify
‘bare’ carbide-type carbon signals and study surface ‘phase
transitions’.™ Many more applications of “C NMR in
heterogeneous catalysis can be expected in the future.

For References see p.2658
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3.3 Proton and Fluorine NMR

'H and '"F NMR have very high basic sensitivities, but
strong homonuclear dipolar interactions cause considerable line
broadening and loss of resolution. An interesting exception is
when the nucleus is dilute, e.g. relatively isolated H,0O
molecules in minerals, or in the case of the vnusual symmetry
arrangement of a linear arrangement of spins, such as the *F
spins in fluorapatite (Ca(PO,),F).*® In both cases the
homonuclear dipolar interaction is ‘inhomogeneous’, and slow
MAS gives an envelope of sharp spinning sidebands, from
which §;,, can be measured. Obviously, these are special cases,
and the general rule is that multiple pulse line narrowing'>"
and/or very fast MAS are required for abundant 'H, "F spin
systems.

Use of very fast (~15 kHz) MAS has led to measurement of
many "°F chemical shifts, even in phases having high "°F levels,
e.g. StF, (78.9 ppm), Hg,F, (67.2 ppm), CaF, (58.2 ppm}, SnF,
(52.6 ppm), KF (328 ppm), SnF, (16.1 ppm), CdF, (-29.1
ppm), MgF, (—31.8 ppm), HgF,; (-33.4 ppm), and NaF (-58
ppm), where the chemical shifts are in ppm from a CF;
reference.® '°F chemical shifts in these materials have not yet
been analyzed in detail theoretically, but even a qualitative
analysis permits study of topics such as fluoridation (the
mineralization and demineralization of tooth enamel). Typical
results for "F MAS NMR of CaF, (homogeneous broadening)
and fivorapatite (inhomogeneous broadening) are shown in
Figure 10, where it can be seen that siow MAS (3.9 kHz) has
very little effect on the CaF, NMR spectrum (Figure 10a), while
the same relatively slow spinning speed gives rise to a full
manifold of sidebands in fluorapatite (Figure 108),% due to the
inhomogeneous dipolar broadening in the latter case.

_ 14.0 kHz )
77 77 , l |'

—
o
=]

o

Static

| | | | | 1 | i | | | | |

200 150 100 50 0 -50
Ppm ppm

(a) )]

Figure 10 Fluorine-19 static and MAS NMR spectra of CaF, and
Auorapatite (Cas(PO,)4F) at 7 T: (a) CaF,; (b} fluorapatite. (Reproduced
by permission of Academic Press from Kreinbrink et al %)
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For 'H systems in which homonuclear dipolar interactions
are weak (because of structural or isotopic dilution),
conventional MAS has been shown to be capable of giving
important structural insights. A good example is the case of
ZSM-5 catalysts in which the Al-(OH)--Si acid catalyst sites can
be directly observed using 'H MAS NMR methods. Here, the
Al-O-H dipolar interactions can be determined, leading to an
accurate structural model for the acid site. In addition, the actual
'H chemical shifts give important information on the acidity of
a given site (e.g. SIOH, AI(OH)Si, B(OH)Si).™

34 Other I =} Systems

Most other common / = § nuclei, such as "N, 'P, "'Se, ¥y,
IO‘JAg’ IIBCd’ Il9sn' l!S-'[\e, lslw‘ I”Pt, qug. 'EOSTL and M?Pb‘
have been investigated in one or more inorganic solids, and the
techniques used to obtain high-resolution spectra of these nuclei
are basically the same as for the other dilute spin systems ("°C
and ¥8i), i.e. magic angle sample spinning, with cross
polarization where applicable. Since the chemistries of the
different elements are so dissimilar, there is no underlying
structural theme as found for Si, Al, and O, For example, ""°Cd
studies have been reported in systems as diverse as
semiconductors and proteins, while the subjects of phosphorus
NMR studies range from ceramics and glasses again to
semiconductors and . novel porous framework AIPO,, type
materials. As with ®Si NMR, two-dimensional methods, e.g.
correlating »'P and 'Cd chemical shifts, or *'P and Al
shifts,* are now appearing, and for very complex systems, two-
and even three-dimensional methods will become even more
important in the very near future.

4 RELATED ARTICLES

Borates: Solid State Chemistry; Carbonyl Complexes of the
Transition Metals; Coordination Numbers & Geometries;
Heterogeneous Catalysis by Metals; NMR in Inorganic
Chemistry; Zeolites.
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