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Multinuclear Magic-Angle Sample-Spinning Nuclear
Magnetic Resonance Spectroscopic Studies of
Crystalline and Amorphous Ceramic Materials

GARY L. TURNER," R. JAMES KIRKPATRICK,' SUBHASH H. R[SBUD,* and ERIC OLDFIELD
University of Illinois, Urbana, IL. 61801

Nuclear magnetic resonance (NMR) spectroscopy using
magic-angle sample-spinning (MASS) techniques is a
powerful tool for determining the local structural envi-
ronment of a wide variety of elements in both crystalline
and amorphous materials. It is useful for determining the
phases present in a sample and the structure (including
order/disorder) of such phases and for following the course
of reactions at the atomic level. Applications of the MASS
NMR method to ceramic materials are discussed. Some
of the published data for materials of ceramic interest
are reviewed, Some new results for such systems are pro-
vided. Nuclides discussed include ''B, N, 77Al, #Si, and
JIP_

The local structure of amorphous oxidic and nonoxidic ceram-

ic systems is a subject of considerable importance in modern

materials science. Structural studies of a wide variety of glasses,
ceramics, and semiconducting materials of aluminate, silicate,
germanate, borate, chalcogenide, and fluoride compositions have
been published. Topological modeling approaches, Raman and
ir spectroscopy, neutron diffraction, X-ray radial distribution
functions, extended X-ray absorption fine structure (EXAFS),
and molecular dynamics simulations are among the many meth-
ods directed toward probing the long and short range structures
of such systems. With the rapid development of unconventional
processing methods for ceramics production (e.g. rapid solidi-
fication, sol-gel synthesis, and high pressure compaction), there
is a growing awareness that the structure of a material is sig-
nificantly related to its mode of formation and to its subsequent
transformations.

The present paper discusses the application of “magic-angle”
sample-spinning nuclear magnetic resonance (MASS NMR)
spectroscopy to ceramic materials. Although NMR techniques
for investigating liquids have been used for many years, it is
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only in the last 5 or 6 yr that high resolution NMR spectroscopic
techniques have become popular for examining the local struc-
tural environment of a wide range of nuclei in solid samples.
These techniques have proven to be of particular importance
in examining the structures of fine grained and amorphous ma-
terials that cannot be effectively examined by single crystal
diffraction {or NMR) methods.

The present paper briefly reviews the theory of MASS NMR
of solids, describes the instrumentation needed, presents exper-
imental results and interpretations for a number of nuclides in
glasses and crystals of technological interest, and discusses fu-
ture prospects for application of the method. The nuclides for
which data are presented and discussed include "B, N, Z7Al,
»8i, and VP

Theoretical Background

An elementary but fairly complete introduction to NMR the-
ory is given by Davis.! More advanced treatments are given by
Akitt,? Farrar and Becker,® Becker,* and Abragam.’ Fyfe® pro-
vides an excellent and extensive treatment of MASS NMR.
Brief summaries of the theory necessary to understand MASS
NMR of solids and of the experimental methods are presented
in articles by Lippmaa et al.,” Samoson ef al.* Miiller et al.’
Smith et al.,'* and Kirkpatrick ef al.'' Oldficld and Kirkpatrick'?
have presented a short summary of MASS NMR theory and
recent results.

The following summarizes the most important points needed
te understand MASS NMR. (1) Many atomic nuclei possess a
quantized property called spin, characterized by the nuclear
spin quantum number, I. Application of a static magnetic field,
H;, removes the degeneracy of the nuclear spin energy levels,
giving rise to 27+ 1 such levels. For example, if I=1%, the nu-
cleus has (2x'%)+1=two energy levels and behaves as a mag-
netic dipole. If I=1, the nucleus has mote than two energy
levels and behaves as a magnetic quadrupole. (2) The NMR
experiment measures the frequency of the radio frequency ra-
diation which has the correct energy to cause transitions from
one nuclear spin state to another. (3} The frequency that causes
this transition, for a particular set of energy levels and for a
particular nuclide, depends primarily on the magnitude of H,
but varies a small amount from one chemical environment to
another because electrons in the vicinity of the nucleus shield
it to varying degrees from the applied magnetic field. These
resonance frequencies are reported as deviations from an ex-
perimentally useful standard and are called chemical shifts.
They are generally small, of the order of a few parts per million,
but can be as large as several thousand parts per million for
the heaviest elements. More positive chemical shifts correspond
to higher frequency absorptions and correlate with less shielding
(i.e., the nuclei “see” a larger value of the external magnetic
field, Hy, thus resonate at a higher frequency). (4) For crystalline
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materials under MASS conditions, nuclides with =1, such as
13C, N, ¥Si, and ¥'P, yield narrow peaks at the true, isotropic
chemical shift value. (5) Quadrupolar nuclides (721, such as
uB, "0, ®Na, Mg, and TAl) often yield peaks that are broad-
ened and split by quadrupolar interactions and are often dis-
placed from the isotropic value. The magnitudes of these effects
are controlled by the nuclear quadrupole coupling constant (QCC)
and the asymmetry parameter (n) of the electric field gradient
tensor at the nucleus. For quadrupolar nuclides, usually only
the central (172, —1/2) transition is observed because the rest
of the spectrum is exceedingly broad due to the guadrupolar
interaction. The quadrupole interaction does not affect the cen-
tral (1/2, —1/2) transition to first order since it behaves as a
pscudospin—1/2 particle.

For solids examined under nonspinning conditions, a variety
of magnetic interactions may greatly broaden the peaks. How-
ever, peaks almost as narrow as for solutions (51 ppm) can often
be obtained for nuclei having I=1/2 by spinning the sample
(usually 50-200 mg of powder) at kilohertz frequencies about
an axis oriented at 54.7° to the (H,) magnetic field direction
(“magic-angle” sample-spinning, MASS,; sec Andrew?). This is
because the equations describing most of these interactions (un-
der MASS conditions) contain terms involving 3 cos? #—1, where
9 is the anple between H, and the axis of rotation. This term
reduces to zero when #=54.7°, Magic-angle sample-spinning
averages the orientation-dependent contributions to the chem-
ical shielding (found in powders), as well as the dipele-dipole
interaction between nuclei and the first-order quadrupole inter-
action. However, if the QCC is very large, then second-order
quadrupolar broadening effects become significant, and these
residual broadenings remain in the MASS spectrum and are
only partially averaged by sample-spinning. If the orientation-
dependent chemical shielding is very large, then characteristic
“powder pattern” lineshapes may be observed for nonspinning
samples, reflecting the principal elements of the chemical shift
tensor (8,1,0:,6:;). Magic-angle sample-spinning at rates less than
the overall breadth of this interaction causes formation of spin-
ning sidebands, the intensities of which yield the elements of
the chemical shift tensor. If the interaction is small, only the
isotropic chemical shift (equal to 1/3(8,,+ 0, +85,)) is observed,
as with the case of nonspinning samples. However, in both sit-
uations the use of MASS gives improved {peak) signal-to-noise
ratios due to the collapse or narrowing of broad static lineshapes
and frequent removal of both chemical shift and dipolar inter-
actions.

There is, at present, no simple and precise way of theoretically
calculating the magnitude of the chemical shift for a particular
known (or assumed) local structural environment. Thus, because
chemical shifts cannot be readily calculated, most recent work
has involved examining the MASS NMR behavior of structur-
ally and chemically well known phases in order to provide a
database from which to interpret the spectra of less well char-
acterized materials in a more-or-less empirical fashion. The var-
iations in the reasonance frequencies (chemical shifts) of a par-
ticular nuclide in solids appear to be due primarily to nearest-
neighbor (NN) and next-nearest-neighbor (NNN) interactions.
It is this reason: that makes NMR such a powerful technique
for examining the focal structural environment of atoms, even
in, for instance, Al/Si disordered crystals and glasses.

Modern NMR spectrometers determine the resonance fre-
quency by detecting the radio frequency emission from a sample
in which the population of nuclei in the higher energy spin-state
has been raised by absorption of a few-microsecond-long burst
of radio frequency radiation at the resonance frequency. The
emitted radiation is detected in the so-called time domain (in-
tensity vs time), and the signal is then Fourier transformed into
the frequency domain (intensity vs frequency) to yield the NMR
spectrum., This is referred to as the pulsed Fourier transform

NMR approach. A much higher signal-to-noise ratio is usually
obtained with this method than with the older continuous wave
methods which have been used to examine plass structure!
because of the multichannel advantage of the Fourier transform
method, which arises because both signal and noisc are simul-
taneously monitored (as opposed to occasionally scanning through
a peak). The Fourier advantage is lost, however, when only a
single peak is present in the spectrum. A high field continuous
wave approach would appear most attractive for studies of ex-
tremely broad lines in ceramic materials, but unfortunately such
instruments are not commercially available.

A modern NMR spectrometer consists of 2 high field magnet
(now mostly superconducting solenoids); electronics for gener-
ating the radiofrequency pulses that excite the nuclei into higher
energy spin states (basically, an amateur radio transmitter); a
sample-containing probe (a simple LC circuit); electronics for
detecting the radiofrequency emission from the sampie (a radio
receiver); and a computer and disk system for controlling the
electronics and processing, plotting, and storing the NMR data,
The sample is held inside the magnet by a “prebe” which con-
tains the sample-spinning apparatus, an antenna coil used for
transmitting rf to and from the sample, and capacitors to tune
the circuit to resonance. Spectrometers can be purchased com-
mercially (approximately $200 000 to $700 000), or can be “home-
built™ at less cost. Field strengths of currently available MASS
NMR spectrometers range from 2.3T (100 MHz 'H resonance
frequency) to 11.7 T (500 MHz 'H resonance frequency). In-
struments operating in the range 600 to 900 MHz are likely to
become available in the next 5 yr, although the very highest
field instruments will likely cost in excess of $1.0 million.

Results And Discussion
Spin /=1/2 Nuclides

Nuclides with nuclear spin f=1/2 normally yield the most
easily interpreted spectra because all linebroadening interac-
tions are averaged by MASS. In particular, there are no quad-
rupolar effects to broaden and distort the peaks, However, spec-
tra of the intrinsically most sensitive 'H and "F nuclei are
difficult to obtain in solids, because they often have large dipole-
dipole interactions, which can only be removed at the highest
spinning speeds or by application of more difficult multiple-pulse
techniques. Spectra and spectral interpretations are presented
here for the spin f=1/2 nuclides "N, #Si, and *P, which are
readily obtained even at low magnetic field strengths, although
high field operation facilitates determination of the individual
elements of the chemical shielding tensor and provides enhanced
sensitivity.

Silicon-29 Because of its importance and relative experi-
mental simplicity, *Si has been the most investigated nuclide
in inorganic solids, and for silicates a great deal is now under-
stood about the relationships between the #Si chemical shift
and Si-0-(8i,Al) bond angles, Si-O bond distances, polymeri-
zation state, number of Al NN and NNN and NNN bond
strengths, band gap magnitudes,'* and NN and NNN group
electronegativities.'® This work on silicates has recently been
reviewed by Mégi er al.,'" Kirkpatrick et al.,"* and by Oldfield
and Kirkpatrick.'”? The present paper will concentrate instead
on silicate glasses, mixtures of glasses and crystals, carbides,
nitrides, and oxynitride ceramics.

Figure 1 presents ¥Si MASS NMR spectra of a variety of
crystalline, partially crystalling, and amorphous materials. The
spectrum of «-8iC (Fig. 1{A)) contains three peaks and illus-
trates the point that different electronic environments for a given
element, even in the same material, can give rise 1o NMR peaks
at different chemical shifts. For 6H SiC all Si atoms are four-
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Fig. 1. #S5i NMR spectra at 8.45 T: (A} o-SiC, 3.0 kHz MASS, 200
scans, 2 us pulse length, 10 s recycle time, 50 Hz exponential line-
broadening, spectral window =3.6 kHz; (B) 8i,"N,, 3.2 kHz MASS,
356 scang, 6 ps pulse length, 30 s recycle time, 10 Hz exponential
linebroadening, spectral window =3.8 kHz; (C) Si,'*N,, Si;N,O mix-
ture, 3.5 kHz MASS, 305 scans, 6 us pulse length, 30 s recycls
tima, 10 Hz exponential linebroadening, spectral window =5 kHz;
(D) Ne,© (46%). AlOs(12.5%)- S10,{41.5%), 2.9 kMz MASS, 387
scans, 3 us pulse length, 120 s recycle time, 10 Hz exponential
linebroadening, spectral window =10.7 kHz; {E} mullite-SiQ, mixture,
2.5 kHz MASS, 1810 scans, 2.3 us pulse length, 10 s recycle time,
50 Hz exponential linebroadening, spectral window=10.8 kHz; (F}
cordierite-forsterite, 2.7 kHz MASS, 1075 scans, 4 us pulse length,
60 s recycle time, 50 Hz exponential linebroadening, spectral win-
dow=10.7 kHz.

coordinated by C atoms. Finlay et al.’® have attributed these
three peaks to three different NNN structural environments for
Si and have alsc demonstrated that the three NNN environ-
ments to C in 6H SiC give rise to three *C NMR peaks.
Figure 1{B) presents the *Si spectrum of Si;N, and shows
two partially resolved peaks, which presumably arise from the
o and B polymorphs. Figure 1{C) presents the ®Si spectrum of
Si;N, and 8i,N,O (along with unreacted elemental Si) produced
by reacting “*N, gas with Si at 1450°C in an SiO; glass tube.
Silicon nitride has the least shiclded signal and Si the most.
Because Si does not suffer from quadrupolar interactions, if
care is taken to allow the *Si nuclear spin system te fully relax
between pulses, peak areas in such spectra are directly propor-
tional to the total number of Si atoms in each phase. These two
spectra show clearly that Si in an oxynitride environment can
be readily distinguished from that in a nitride environment.
Figure 1(D) presents a *Si spectrum of an Na,0-AL,0,-8i0,
glass with a relatively high Na content and illustrates the point
that for most glasses the Si peaks are broad and essentially
structureless. Well-resolved »Si peaks are observed for only a
few Li- and Na-silicate glasses, which may be phase separat-
ed.””* In general, the increased breadth of the peaks for glasses
relative to those for crystals is due to an increased number of
types of Si sites in the glasses, together with a broad range of
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Fig. 2. "N NMR spectra at 11.7 T. For all, 3 xs pulse length, 120
s recycle time. (A) ""NH,®NO, 3.1 kHz MASS, 72 scans, 20 Hz
exponential linebroadening, spectral window =50 kHz; {B) K'NO,,
3.0 kHz MASS, 58 scans, 20 Hz axponential linebroadening, spactral
window =50 kHz; (C) Si;*N,, Si"*N,0O mixture, 3.9 kHz MASS, 300
scans, 20 Hz exponential linebroadening, spectral window =5 kHz;
{0} MgSIAION, 3.9 kHz MASS, 864 scans, 100 Hz exponential
linebroadening, spectral window=27 kHz.

bond angles and bond distances for each type of site.? Despite
the lack of resolution in the *Si spectra of glasses, the average
chemical shift, as measured by the position of the peak maxi-
murn, becomes more shielded (more negative) with increasing
Si/(Si+ Al) ratio and increasing average polymerization, par-
alleling the variations found for crystalline silicates.

Silicon-29 MASS NMR is also useful for detecting the pres-
ence of glass and crystalline phases in a composite sample, in
identifying the crystalline phases, and in determining something
about the glass structure and composition. Figure 1(E) is the
»8i spectrum of a partially devitrified glass with the composition
588i0,-42A1,0,, cooled from above the liquidus at ~100°C/
min. The spectrum consists of a relatively narrow peak at —87.0
ppm, due to crystalline mullite, and a broader peak at —108.3
ppm, due to a nearly pure Si0, glass (pure 5i0, plass is at
approximately — 111 ppm). The peak for the mullite is relatively
broad for a crystalline material, and the peak breadth may in-
dicate the presence of overlapping signals from several sites.

Figure 1 is the ®Si spectrum of crystalline cordierite. The
peaks near — 80 ppm are due to signal from the T1 Si sites in
cordierite with from [ to 4 Al next-nearest neighbors,* and the
peaks between —90 to — 110 ppm are due to a signal from the
T2 Si sites of cordierite with from 1 to 4 Al next-nearest neigh-
bors. 2

Nitrogen-15 Nitride and oxynitride ceramics are important
components of many refractory materials and glasses and are
becoming increasingly important in many technological proc-
esses. Unfortunately, the only spin F=1/2 nitrogen nuclide is
’N, which has a 0.37% natural abundance, and it can only be
readily observed in costly, artificially '*"N-enriched samples. There
is a considerable body of literature about *“N NMR in solution
and in organic solids, but there have been only a few studies of
inorganic solids,*-*

Figure 2(A) is the “N MASS NMR spectrum of “NH,*NQ,.
The peak at 0 ppm arises from N in the ammonium group
(which we use as the chemical shift standard, which is 358 ppm
upfield of CH,;NOQ,, another common '*N reference material).
The peak at 353 ppm from "NH/NO, arises from N in the
nitrate group. The remaining peaks are spinning sidebands which,
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Fig. 3. Phosphorus-31 chemical shift ranges.

in this case, are associated with the nitrate peak. Figure 2(B)
is an N spectrum of K¥NO;. The isotropic peak is at 358 ppm,
and the remaining peaks are spinning sidebands. Thus, replace-
ment of NH,* by K* causes only a small (=3 ppm) change in
chemical shift because the nitrate N is effectively isolated from
the counterions by the three covalently attached oxygens. The
N is, however, in a rather distorted {trigonal) environment in
NO,-, whereas in the NH,* ion it is at a center of high sym-
metry, As a result, the chemical shiclding in the solid is mark-
edly orientation-dependent for NO,~, but is essentially orien-
tation-independent for the NH,* ion. These effects can be quanti-
tatively described by a chemical shift tensor, having components
5,,=448 ppm, §;,=411 ppm, and 3,,=200 ppm for NH,*NO,,
and 8, =434 ppm, §,,=378 ppm, and 5,;%264 ppm for K'*NO,.
For “NH,NO,, 8;, =8, 81;™ buompc =0 PPML Note that very
small chemical shift tensors (i.e. &,,~8,~8y) are expected to
be seen for any ion on 2 high symmetry site, ¢.8. IN*-, in a
cubic material. Only if there are strongly directional bonds, as
for example in NO,~ or NO,~, are large chemical shift tensors
expected to be seen.

Figure 2(C) is the "N MASS NMR spectrum of (eariched)
Si,'sN, and Si,""N,O made by reacting 15N, gas with elemental
Si at 1450°C in a SiO, glass tube. The peak at 68.9 ppm is
from an impurity, possibly MoN (perhaps formed by reaction
of Mo or MoSi, vapor given off by the MoSi, heating elements).
The shoulder at =57 ppm on the Si;N, peak may be from the
less abundant a-Si,N, phase, while the main peak {at 51.6 ppm)
probably arises from 8-Si;N.. The peak at 40.6 ppm is from
Si,N,0, and it is clear that the presence of oxygen around the
NSi, tetrahedra increases the shiclding at the N nucleus. As in
the ®Si spectrum of this sample, oxynitride and nitride envi-
ronments are readily distinguished.

Figure 2(D) is the "N MASS NMR spectrum of a Mg-
SiAION glass, prepared by melt cooling an MgO-ALO0y-Si0-
8i,’N, batch. The peak has a broad maximum at ~27 ppm
and, as with spectra of most nuclides in glasses, is broadened
relative to those for crystals, The full width at half-height for
the glass is ~20 ppm, compared with only ~i-2 ppm in the
crystals. The N in this glass is clearly in a nitride or oxynitride
structural environment, based on its close similarity in chemical
shift to Si;N,/Si,N;0, and is clearly not present as nitrate,
which should resonate several hundred parts per million away.
Because the N content of this glass is low (batched at =10
wt%), the N is nonetheless likely to be in a very oxygen-rich
environment. An alternative possibility is that all or part of the
N may be coordinated to Al, as well as Si atoms. The N
chemical shift for AIN has not yet been recorded, and experi-
ments with Al-free MgSiON glasses are in progress to clarify
this point.
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Fig. 4. Piot of /P chemical shift vs cation
Pauling electronagatlvity for orthophos-
phates. The straight line represents the lin-
ear least-squares fit to the points.

The results presented here and elsewhere indicate that "N
chemical shifts (currently) fall into the ranges 335 to 360 ppm
for nitrate groups, 550 to 565 ppm for nitrite groups, =10 to
80 ppm for nitrides and oxynitrides, and are ~~0 ppm for am-
monium groups. The range for nitrides is very likely to expand
considerably as more data become available.

Phosphorus-31 Phosphorus is an important component in
many glasses and crystalline or partiaily crystalline ceramic
materials and in Al-phosphate and phosphosilicate catalysts and
molecular sieves. The 3P MASS NMR behavior of & number
of systems has been described. These include: AIPO, molecular
sieves,®* polymerized (condensed) phosphates,’ and ortho-
phosphates.™

Phosphorus-31 chemical shifts fall into distinct ranges for
different types of structural environment (Fig. 3). Overall, the
variation parallels that observed with #Si. The ghielding at P
increases as polymerization increases,” and for orthophosphates,
the shiclding at P increases as the electroncgativity of the NNN
cation increases (Fig. 4).2

Figure § presents *'P MASS NMR spectra of a representative
selection of crystals and glasses. The spectra of crystalline
Na,PQ,. 12H,0 and AIPO, (Figs. 5(A) and 5(B)) illustrate the
typically narrow peaks obtained when investigating crystalline
compounds. However, NaPO, glass (Figure 5(C)) yiclds a much
broader ¥P resonance than crystalline Na,PO,- 12H,0, and the
isotropic chemical shift occurs at a more shielded value due to
its greater polymerization. This latier spectrum may indicate
that the dominant structural environment about P in the me-
taphosphate glass is the same as in the crystal (PO, groups
containing bridging oxygens) but that there is a range of P-O
bond lengths and O-P-O bond angles in the glass. Also notable
is the large increase in chemical shift anisotropy in the poly-
merized state. The P spectrum of a CaSiO; glass to which 2
wit% P,0; has been added is also broader than a crystalline
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Fig. 5. P MASS NMR spectra of phosphates at 8.45 and 11.7
T: (A) NasPO,- 12H;0, 4.8 kHz MASS, 124 scans, 3 28 pulse length,
10 s recycle time, 20 Hz expohential inebroadening, spactral win-
dow =20 kHz, proton-decoupled; (B} AIFO,, 4.6 kHz MASS, 20 scans,
4 us pulse length, 10 s recycle time, 20 Hz exponential lnebroad-
aning, spectral window =20 kHz; {C) NaPQ, glass, 3.1 kHz MASS,
80 scans, 1 us pulse length, 20 s recycle time, 100 Hz exponential
inebroadening, spectral window =2 kHz (The isotroplc chemnical shift
Is at —20.4 ppm; the other peaks are spinning side-bands.); (D)
CaSiO, glass with 2 wi%e Py0y, 3.1 kHz MASS, 9388 scans, 5 us
pulse length, 3 s recycle time, 50 Hz exponentlal linsbroadening,
spactral window=14.5 kHz.

phase of the same overall composition (Fig. 5(D)). The peak
maximum is at the same position (+3 ppm from H,PO,) as
Cay(PO,),, suggesting that phosphorus in the glass does not enter
the polymerized silicate structure but instead is present as cal-
cium orthophosphate-like units, Phosphorus-31 MASS NMR,
then, appears to be a potentially useful technique for deter-
mining the structural environment of P in a wide variety of
materials, and plans are being made to obtain spectra of fluo-
rophosphate glasses which are of current interest in glass-metal
sealing.

Spin 1>>1/2 Nuclides

Nuclides which have spin F>>1/2 have a nuclear quadrupole

morment (eQ) that can interact with the clectric field gradient
at the nucleus {eq) to give a large broadening interaction char-
acterized by the quadrupole coupling constant (QCC), e¢Q/h.
If the QCC is large, the peak for a given structural site can be
broadened, displaced to more shiclded values than the true (is-
otropic} chemical shift, and split and distorted into complicated
shapes. The majority of nuclides which have a nonzero spin are
quadrupolar, and therefore there is considerable interest in de-
veloping NMR techniques for analyzing these systems. Those
that yield the most readily obtainable spectra are those with
nonintegral spins (J=3/2, 5/2, 7/2, 9/2), for which the central
(—1/2, 1/2) transition can be readily observed, because to first-
order it behaves as a spin J=1/2 nuclide and is not broadened
by quadrupolar cffects, However, as the quadrupole interaction
becomes a significant fraction of the Zeeman interaction {the
splitting of the otherwise degencrate cnergy levels due to ap-
plication of the external magnetic ficld), the higher order terms
can affect the lineshape. Specifically, the observed width and
shape for large QCC values are dominated by the second-order
quadrupole interaction.'?

For a given QCC, the second-order broadening decreases as
the magnetic field strength increases. Quantitatively, it can be
shown for systems in which the second-order broadening dom-

(B)
L /V\J

JLJ

Y ko

200 =200 230

Al (4}
200

i:lCl

230
ppm from 1M Al {H,0)3*

Fig. 6. 7At NMR spectra at 11.7 T: {A) Mixed-layer iNite/smeactite
synthetic clay, 3.7 kHz MASS, 5876 scans, 12 u8 pulse length, 1 s
recycle time, 100 Hz exponential Wnebroadening, spectral win-
dow=>58 kHz; (B} synthetic muliite, 3.3 kHz MASS, 5824 scans, 4
18 pulse length, 1 s recycle tima, 100 Hz exponantial linebroadening,
spactral window =37 kHz; (C) 50CaQ - BAlLQ, . 425i0, glass, 4.5 kHz
MASS, 358 scans, 2 us pulse length, 1 s recycle time, 50 Hz ex-
ponential linebroadening, spectral window=59 kHz; (D} 50Al;0,.
50810, glass, 3.8 kHz MASS, 2000 scans, 2 us pulse length, 0.5 s
racycle time, 100 Hz exponential lnebroadening, spectral win-
dow=59 kHz.

inates the linewidth that the spectral resolution (peak separation
divided by peak width) increases as (H,)*. Thus, spectra of
nonintegral spin quadrupolar nuclei should (usually) be col-
lected at the highest magnetic field strengths possible. All spec-
tra reported here were collected at H,=11.7 {the largest com-
mercially available field strength in a persistent magnet) unless
otherwise specified. Care should be taken when comparing
chemical shifts of quadrupolar nuclei obtained at different mag-
netic field strengths because of the potential displacement of
the peak position duc to the second-order quadrupole interac-
tion, Kirkpatrick ef al."! and Kinsey ef al.’ have illustrated the
effects of field strength on the ¥*Na and Al MASS NMR
spectra of crystalline aluminosilicate materials. If quadrupole
coupling constant information is required for sites having very
small e’gQ/h values, low field operation is preferable, since the
magnitude of the second-order broadening is inversely propor-
tionat to the applied field strength,

Aluminum-27  Aluminum-27 is the most thoroughly inves-
tigated quadrupelar nuclide in inorganic solids. Aluminum-27
MASS NMR has found application in examining, for example,
zeolite catalysts and molecular sieves, clay minerals, glasses,
and aluminas. The variation of the YAl chemical shift with
structure and composition in crystalline aluminosilicates has
been discussed by Kirkpatrick et al.®*

One of the most important uses of YAl MASS NMR is the
detection of four-coordinated (Al(4)) and six-coordinated (Al(6))
Al, which is usually an easily made distinction. Figure 6(A) is
the Al MASS NMR spectrum of a synthetic clay (mixed-layer
illite /smectite) showing the presence of peaks for Al(4) at 69
ppm and Al(6) at 3 ppm. For oxides and alumincsilicates, the
7A] chemical shifts for Al(4) fall into the range of =45 to 80
ppm, and those for Al(6) fall into the range of about —10 to
+15 ppm.

For aluminosilicates, the Al(4) chemical shift becomes less
shielded (more positive) with decreasing Sl/(St+Ai(4)) The
YAl chemical shift of Al(4) with four bridging oxygens is more
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shielded than that of Al(4) with three bridging oxygens by =10-15
ppm at the same Si/(Si+ Al(4)) ratio.

Figure 6(B) is a Al MASS NMR spectrum of a synthetic
mullite, showing peaks for Al(4) at ~64 ppm and Al(6) at ~0
ppm, and an additional small peak at =44 ppm. The peak at
44 ppm could arise from Al{4) in triclusters, These Al atoms
are coordinated to oxygen, which is three-coordinated by Al(4),%
which could cause an increased shielding of the Al atoms co-
ordinated to it, However, additional experiments at much higher
spinning-speeds will be required in order to rule out the possi-
bility that this peak arises from spinning side-bands.

Aluminum-27 NMR is also a powerful tool for determining
the structural state of Al in glasses and gels. A number of
papers?¥-4 have investigated the ¥Al MASS NMR behavior
of varicus amorphous aluminosilicates. Figure 6(C) shows the
Al spectrum of a 50Ca0-8ALO,- 4280, glass, Although the
peak is somewhat broader than that for aluminoesilicate crystals,
the peak position clearly indicates that only Al(4), with four
bridging oxygens, is observable. The results of additional ex-
periments indicate that all ¥Al in this glass (+10%) may be
accounted for, i.¢., there is no evidence for any significant quan-
tities of Al(6).

Figure 6(D) is the Al MASS NMR spectrum of a 50:50
mol% Al,O,/SiQ, glass, made by rapidly quenching a melt be-
tween two liquid-N-cooled Ti rollers. The spectrum clearly in-
dicates the presence of both Al(4) at 63 ppm and Al(6) at 3
ppm. The peak at 33 ppm in this case is most likely due to
pentahedrally coordinated Al

The Al MASS NMR results available to date indicate that
glasses and gels with molar ratios of modifier oxide/Al,0,>1
contain only Al(4), and that most of that is in Q¥ sites.?* Amor-
phous materials with greater amounts of Al,O; generally exhibit
some peak intensity in the vicinity of O ppm, indicative of Al(6).
For NaAlSi,O, glass, Ohtani et al.¥ have recently used Al
MASS NMR to demonstrate the appearance of Al{(6) in sam-
ples subjected to pressures >6 GPa.

Aluminas have also been investigated to some extent by Al
MASS NMR.** These studies clearly show the presence of
only Al(6) in the AL;Q, precursors gibbsite and bayerite, the
appearance of Al(4) on heating the precursors in the temper-
ature range 400°-800°C, the presence of both Al(4) and Al(6)
in the transitional aluminas, and the presence of only Al(6) in
a-Al;O, (corundum). Note that quantitatively reliable estimates
of the actual percentages of the YAl observed in most of the
NMR experiments cited above have not yet been reported, al-
though they are certainly feasible.

Boron-11 Like Al, B is commonly present in solids in two
different coordination states, in this case trigonal, B(3), and
tetrahedral, B(4). Boron-11 MASS NMR can readily distin-
guish these two coordination environments and determine their
relative abundances. As for PAl, the largest A, magnetic field
strengths give the best resolution. Boron-11 NMR using wide-
line methods was pioneered by P. J. Bray and has been a most
important method for examining the structure of borate and
borosilicate glasses for many years.”

However, few laboratories are currently equipped with low
field, continuous-wave NMR instruments, so some typical high
field "B MASS NMR spectra are presented below. The prin-
cipal advantage over the earlier work is that isotropic chemical
shifts may be obtained for B(3} and B(4), although the shift
ranges for each are small. A disadvantage of the !B MASS
NMR methoed is that the QCC parameters for the (very narrow)
B(4) sites are difficult to obtain at high field. However, this may
be remedied in some instances by means of B MASS NMR
{data not shown).

Turner et al.** have examined the "B MASS NMR behavior
of a variety of borate and berosilicate crystals and glasses. Fig-
ure 7 presents ''B spectra and computer lineshape simulations

A) (©)

ppm from BF;. Et,Q
|

Fig. 7. "B NMR spectra at 11.7 T together with their computer
simulations. For both, spectral window=8 kHz. {A) Li,B,0,, 6 kHz
MASS, 256 scans, 2 us pulse length, 1 s recycle time; ( B} simulation
of (A)., B{3) parameters are QQC=2.5 MHz, Isotroplc chemical
shift=17.9 ppm, relative ratio=1; B{4) parameters are: QCC~0.2
MHz, isotropic chemical shift=1.7 ppm, relative ratio=1; (C) com.
mercial pyrex glass, 4.2 kHz MASS, 256 scans, 2 us pulse length,
1 s recycle time; (D) simulation of {C), B(3) (low fleld signal) param-
eters ars QQC=2.3 MHz, isotropic chemical shift=18.0 ppm, rel-
ative ratio=2. B(3} (high field signal} parameters are QCC=2.55
MHz, isotropic chemical shift=12.6 ppm, relatlve ratio=86. B{4) (low
field signal) parameters are QCC=:0.5 MHz, isotropic chemical
shift=1.8 ppm, relative ratio="1. B(4) (high field signal) parameters
are QCC=0.5 MHz, isotropic chemical ghift=0.2 ppm, relative ra-
tio=1.

(B) f\

of some of these materials. Figure 7(A) is of Li,B,0, and shows
the presence of B(3) and B(4). The simulation (Fig. 7(B)) in-
dicates that two sites are present in a 1:1 ratio, in agreement
with X-ray diffraction data and general compositional rules. The
B(4) site yields a narrow, unsplit peak because of a low QCC
(==0.2 MHz), indicating a highly symmetric site. The B(3) site,
however, is less symmetrical, has a QCC of ==2.5 MHz and
consequently yields a broadened and split peak. Such obser-
vations are not new. However, the isotropic chemical shifts of
17.9£0.2 ppm (from BF;. Et,0) for B(3) and 1.7+ 0.2 ppm for
B(4) are, and further studies of these isotropic chemical shifts
may augment our understanding of borate (glass) structures.

Figs 7(C) and 7(D) show the observed and simulated spectra
of & pyrex glass (commercial glassware) and demonstrate that
two B(3) and two B(4) sites are present. The relative abundances
are: B(3), 60%: B(3), 20%:; B(4), 10%:; and B(4), 10%. The more
shiclded B(3) site and the more shiclded B(4) site are tentatively
interpreted as due to the effect of Si(4) substituting for B(3) in
the NNN coordination shell, an effect which is quite large (=4
ppm) for UB(4) in reedmergnerite,

Future Prospects

Because high field NMR spectrometers can detect signals
from such a wide range of nuclides, the technique is likely to
find rapidly increasing application in examining the local struc-
tural environments present in many kinds of materials of current
technological interest. Table I lists the nuclides that are likely
candidates for NMR spectroscapy of solids, their spin, the dif-
ficulty of the experiment, and the type of experiment most casily
used to examine it.

In addition, MASS NMR itself seems likely to become a
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Table I.  Some Nuclei of Potential Use in NMR Studies of Ceramics Acknowledgments
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