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1. INTRODUCTION

The glassy state is becoming an increasingly important subject of intellectual fascination, funda-
mental research, and technology-oriented applications in a wide range of scientific disciplines .
Research objectives are quite diverse, including the study of new solid state physics phenomena in the
absence of a periodic lattice, the development of new materials for technological applications, and an
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understanding of the geological processes occuring in the earth's crust. For the pursuit of any of these
objectives, the elucidation of the atomic arrangements that constitute the structure of glasses is often at
the very center of the scientific problem studied .

Due to the absence of a periodic lattice, experimental results cannot provide a complete, closed
picture of a glass structure. Rather, the depth of information decreases rapidly with distance, and
answers to structural questions must be cast in statistical rather than determinate terms . Moreover,
these answers are often influenced by the mode of preparation, such as quenching rates, thermal
history, and the presence of impurities .

Since the existence of pre-conceived ideas in the area of glass science enhances the danger of biased
interpretations of experimental data, measurements of quantities that are directly calculable from first
principles are most desirable . The latter objective is rarely achieved, however, without any assump-
tions. In reality, it is a major advance, if a proposed model proves consistent with results from multi-
technique investigations, including structural probes such as X-ray diffraction, neutron diffraction,
EXAFS, XPS, infrared and Raman spectroscopy, and solid state NMR. Thus, in the pursuit of glass
structure, it is extremely important to use as many techniques as possible. At the same time, it is equally
important to exploit each technique to its fullest potential . The present review has been written
specifically with the second point in mind . Solid state NMR possesses a number of unique features
which, when taken full advantage of, render it an immensely powerful tool for the conceptual
description of structural and dynamic disorder in glasses. Since only the local environment of the
particular nucleus under study is probed by NMR, this method is especially well-suited for the
structural analysis of highly disordered and compositionally very complex systems, where diffraction
techniques often fail. The direct proportionality of the signal intensity to the number of contributing
nuclei makes NMR the method of choice for stringently quantitative applications, whenever bulk
information is required. Compared to several other methods, NMR is element-selective, non-
destructive and requires little sample preparation . Most importantly, however, NMR is conspicuous
for its interaction-selectivity which is unparalleled by any other technique . By choosing appropriate
experimental protocols, we can tailor the internal interaction Hamiltonian such that highly specific
information results. Combination of several such experiments can then yield a wealth of comple-
mentary information about various aspects of the structural problem under study .

Figure 1 illustrates the dramatic growth in studies of NM R of glasses during the past 10 years. The
ever more important role glasses play in materials science and technology has contributed to this
growth . Specifically one may think of the new synthesis and processing techniques (splat-cooling,
vapor-deposition, and sol-gel technology) that have expanded the range and chemical diversity of
glass-forming systems . Virtually in parallel, solid state NMR spectroscopy has evolved as an ever more
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exciting research subject in its own right, leading to dramatic advances in resolution, sensitivity, and
experimental sophistication . All of these developments have enormously enhanced the analytical and
structural significance of solid state NMR during the past 10-20 years, and widened potential ranges of
applications, glasses included . As shown in Fig . 2, currently almost half of the nuclei in the Periodic
Table lend themselves rather easily to solid state NMR investigation . Virtually all of these nuclei have
been studied in the glassy state, and those whose NMR have been especially instrumental for the
development of structural concepts, are indicated . The present review attempts to give a broad
comprehensive summary of the current state of the field .

1 .1 . Historical Background

Scattered nuclear magnetic resonance measurements on glasses appear in the 1950s literature,"''
however, the 1958 study by Silver and Bray, applying ''B NMR to boron-oxide based glasses, was
really the first one to provide any insight into glass structure!'' In the wake of this study, a very
detailed and systematic exploration of borate glasses ensued, using "B (later 10B) NMR in
combination with computer-simulation techniques. The experimental arrangement employed in this
early work probes the nuclear induction signal in response to a continuously irradiated frequency on
resonance. This steady-state technique, usually referred to as "continuous wave (cw)-NMR" requires a
linear field (or frequency) sweep for locating the resonance condition. The cw-technique remained the
dominant method for lineshape studies well into the 1980s. While it provided detailed information on
certain quadrupolar nuclei such as 10B,' 1B, and °Li, cw-NMR studies of other nuclei were generally
plagued by low detection sensitivities, saturation effects, and limited chemical shift dispersion due to
the use of low field strengths .

A major breakthrough occurred in 1982 with the nearly simultaneous publication of several pulsed,
high field Fourier Transform NMR studies,'"' using line-narrowing by magic-angle spinning (MAS) .
The substantial gain in resolution and sensitivity provided by MAS proved critical for the further
development of this field . Since then, hundreds of detailed MAS-NMR studies have followed . Today,
MAS-NMR and other selective averaging techniques are at the forefront of structural research
conducted in the rapidly evolving field of glasses . For reasons detailed below, low-field cw-NMR still
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retains decisive advantages for certain "B NMR investigations . There is, however, little doubt that this
niche will eventually vanish due both to the availability of very high field strengths and to the lack of
commercially available instrument support for cw spectrometers .

Another important development started in the 1960s, resulting in the characterization of ionic
motion in the glassy state by systematic temperature-dependent linewidth studies(' 0) and temperature-
and frequency-dependent relaxation time measurements by pulsed NMR techniques."" 12) The
interpretation of these results and their correlation with temperature and frequency-dependent
electrical conductivity measurements has remained an area of active interest and controversy up to the
present date.

1 .2. Previous Reviews, and the Focus and Organization of this Review

Table I summarizes the foci of previous reviews that have been written on the topic "NMR studies of
glasses". The goal of the present contribution is to give a critical review of the current state of the

TABLE 1. Previous reviews on NMR studies of glasses

Ref. Year Authors Main Topic

23 1960 Bray and Silver borates
24 1965 Muller-Warmuth borates
25 1967 Bray borates
26 1968 Bray borates
27 1974 Bray borates
28 1975 Bray borates
29 1977 Bray borates
30 1977 Muller-Warmuth
31 1978 Bray borates
32 1978 Jellison and Bray borates
33 1981 Khan and Luders metallic glasses
34 1982 Muller-Warmuth and Eckert NMR and Mbssbaueq comprehensive
35 1982 Bray et al. borates
36 1982 Bray et al. borates
37 1982 Bray and Dell borates
38 1983 Durand and Panissod metallic glasses
39 1985 Panissod metallic glasses
40 1985 Bray and Holupka thermal history
41 1985 Bray technique-oriented
42 1985 Bray borates
43 1985 Elliott silicates
44 1986 Bray and Lui borates
45 1986 Kirkpatrick et al. silicates
46 1987 Bray borates, silicates
47 1987 Turner et al. ceramics and glasses, technique-oriented
48 1987 Dubiel
49 1988 Bray et al . comprehensive
50 1988 Stebbins motion, dynamics
51 1988 Kirkpatrick silicates, minerals
52 1988 Marshall et a!.
53 1988 Martin motion, dynamics
54 t988 Dupree
55 1989 Dupree and Holland
56 1989 Eckert chalcogenides
57 1989 Stebbins and Farnan silicates, liquids
58 t988 Grimmer comprehensive
59 1990 Elliott silicates, silicon
60 1990 Stallworth and Bray comprehensive
61 1991 Bray et al.
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literature, with an emphasis on most recent results . This summarizes what has been accomplished,
what new kinds of questions have emerged from this knowledge, and which goals have to date proven
elusive . To this end, Section 2 of this article will summarize the physicochemical criteria of the glassy
state and give a brief introduction into the various structural models developed for the different types
of glassy materials . Sections 3 and 4 give a brief review of the necessary theory, in particular in
relationship to the study of disordered systems . The treatment will not be mathematically rigorous as
excellent monographs on these aspects of solid state NMR are already available . (13-22) Rather,
emphasis will be given to the experimental techniques, the manifestations of disorder in the
spectroscopic observables, and the corresponding structural interpretations . Then follows a detailed
discussion of the results obtained on separate types of glasses. Due to the sheer volume of published
work this review is confined to structural inorganic glasses . Other forms of amorphous or glass-like
behavior, such as spin-glasses, orientational and quadrupolar glasses are beyond the scope of this
review. Likewise, organic glasses, amorphous polymers, fossil fuels, and amorphous surface states will
not be covered. Nevertheless, the aim is to give an accurate reflection of the diversity and depth of
structural information obtained on glasses, and I apologize in advance for any bias in the selection of
the material discussed here in more detail compared to other work .

2 NONCRYSTALLINE SOLIDS AND GLASSES

Materials that lack long-range structural order, and possess a viscosity exceeding 10 13 Poise are
considered noncrystalline (amorphous) solids . The lack of long-range structural order is usually
operationally defined by the technique of X-ray diffraction, while the viscosity criterion serves to
differentiate between solids and liquids . If the material shows, in addition, the phenomenon of
structural relaxation, we speak of a glass . 162-6s " Structural relaxation is defined by the existence of a
well-defined temperature interval, the "glass-transition region", where, due to the onset of long-range
atomic and molecular motion, mechanical and thermodynamic properties become time dependent .
The onset of molecular motion manifests itself in a dramatic increase of the heat capacity, which is
easily detected by differential scanning calorimetry. Figure 3 shows a typical DSC trace for a glass and
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FIG. 3 . Typical differential scanning calorimetry (DSC) trace of a glass, revealing glass-transition temperature and
recrystallization peak.
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illustrates the definition of a glass-transition temperature Tx as the "onset point" associated with the
heat capacity change . It is important to realize that, as a result of the structural relaxation
phenomenon, Ts depends on the rate with which such thermograms are obtained . For the same
reasons, the glass transition temperature can be influenced by the cooling rate with which the glass
solidifies, higher cooling rates giving rise to higher Ts values .l62

The relationship between liquid, supercooled liquid, crystalline solid and glass is illustrated in Fig . 4 .
Glasses and other noncrystalline solids generally possess excess volume, enthalpy and entropy relative
to crystalline compounds with the same composition . Thus, their synthesis necessitates conditions that
bypass the establishment of thermodynamic equilibrium, i.e. the nucleation and growth of crystals .
Most commonly this is done from the liquid state ("melt-quenching"), which is cooled at a speed such
that the temperature interval between Tf, the liquidus temperature, and Tp the glass transition
temperature, is traversed at a rate greater than the nucleation rate. The width of this temperature
interval is at a minimum (and hence glass-forming tendency is at a maximum) near the eutectic
compositions in the phase diagrams ..

Other, less conventional, methods that circumvent nucleation include ; (1) evaporation of gaseous
materials onto cooled substrates, (2) thermal decomposition of chemical precursors, (3) polymerization
of suitable chemical precursors in solution, (4) chemical or electrochemical precipitation from solution,
and (5) exposure of crystalline materials to high pressures or neutron irradiation. A review of some
newer preparation techniques is given in Ref. 66 . Noncrystalline materials not produced from the
molten state may or may not meet the more stringent definition of "glass". Thanks to the development
of new synthetic methodology and technology, the variety of chemical systems that can be prepared in
the noncrystalline or glassy state has expanded considerably during the past two decades. Today it
encompasses essentially the entire range of chemical bonding types encountered in solid state
chemistry .

As a general rule, the tendency towards minimizing local, rather than global energy is considered the
chief driving force for amorphization. On the molecular scale, this goal can be accomplished in a
variety of ways. Depending on the particulars of the chemical systems involved, four fundamental
models have emerged for a conceptual description of glasses. The continuous random network model has
been proposed mainly for glasses dominated by heteropolar covalent bonding! 671 It assumes perfect
chemical ordering, i .e . the existence of well-defined nearest-neighbor environments, which are
comparable to those in analogous crystalline compounds . These local structures are interconnected in
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FIG . 4 . Volume as a function of temperature, to illustrate the relationship between crystal, glass, and liquid .
Reproduced with permission from Ref . 62.
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a spatially random fashion via corner-sharing. The lack of periodicity is due to variations in the bond
angles and distances to second-nearest neighbors and atoms at even longer distances . Larger structural
entities, such as molecular clusters, which would constitute intermediate-range order, are not
considered beyond their statistical probability of occurrence . The random close-packing model has been
proposed for amorphous metals .t" .6" The glass is described as a statistical distribution of atoms, with
no regard to establishing any fixed coordination number or local and chemical ordering . In such
structures, the important considerations are the packing efficiency (maximally ca. 63.7% compared to
74.05% in a cubic fee lattice), and, in packings consisting of more than one type of atom, radius ratio
and hole filling. A variation of this model, applicable to ionic systems, in particular halide glasses, is the
locally ordered random packing model. This model follows all the principles of random packing with the
important constraint that (energetically unfavorable) homopolar bonds do not form .t 707 Amorphous
linear organic polymers are described by the random coil model, which is not of concern for this review .
A fifth model, viewing glasses as a collection of crystals with particle sizes so small that no coherent
diffraction occurs ("crystallite model') "r-"I has been ruled out for many glasses based on experi-
mental evidence from radial distribution functions; nevertheless this description may well be
applicable to some of the noncrystalline solids not prepared from the molten state.

In approaching a better understanding of the glassy state, the following central structural questions
are posed: (1) Does short-range order exist, i .e. can the glass structure be described in terms of
reproducible coordination polyhedra? (2) Which atoms are bonded to each other and what are the
coordination numbers, bond lengths, and angles in such local environments? (3) How does the short
range order compare to that found in crystals? (4) How do the short range environments change as a
function of glass composition? (5) Are the coordination polyhedra interlinked in a random fashion, or
is there evidence for larger structural groupings ("intermediate-range order") on the 10 -20 A scale? (6)
Is there evidence for either macroscopic phase separation or compositional fluctuations on smaller
length scales?

Radial distribution functions (rdf-s) derived from X-ray and neutron diffraction data have played an
important role in probing glass structure and in testing the various glass structure hypotheses in
specific chemical systems .t 70 ' 7 ") Since, however, the information depends on inter-atomic pair
correlations, the situation becomes increasingly complex in multicomponent glasses. For instance, in
glasses containing four different atoms, ten different pair correlations contribute to the rdf. In these
cases, an element-selective technique such as NMR can provide much deeper insights .

Oxides form by far the most extensively studied group of glasses. The structural description of these
systems is heavily influenced by the continuous random network model. In its adaptation to oxide
glasses, it distinguishes between network formers (mostly SiO 2, P,O,, and B,O,), which establish a
chemically ordered network of well defined local environments, network modifiers (typically Li 2O,
Na,O, CaO), which are viewed to depolymerize the network by creating non-bridging oxygen atoms,
and intermediate oxides (such as A1,O„ V,O 5, Teo„ MgO), which do not form glasses themselves or
in combination with modifiers, but can be incorporated into the network established by a network
former. NMR spectroscopy has been used widely to verify these concepts in a quantitative manner and
has proven particularly effective in addressing the coordination state of intermediate oxides and in
characterizing competitive network modification processes in systems with more than one network
former .

As an ever more important aspect in the description of the glassy state, the dynamic aspects of glass
structure have moved into the focus of attention . Motional processes of interest in the area of glass
science include: low-frequency modes either activated or possibly tunnelling at very low temperatures,
atomic diffusion of Li', Na' or F - , restricted molecular reorientations around certain symmetry axes,
cooperative motion of the extended network above the glass-transition temperature, and chemical
exchange processes due to bond-breaking and bond-making in the molten state . NMR spectroscopy
provides powerful experimental probes for the characterization of such dynamic phenomena by virtue
of variable temperature and multiple-frequency lineshape analysis and by transient pulsed techniques.
Such studies have addressed questions regarding the mechanism of ionic conduction in glasses and (in
some systems) helped to clarify the structural and dynamical nature of the glass transition .
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3. FUNDAMENTALS OF SOLID STATE NMR

3 .1 . The NMR Hamiltonian

All nuclei containing an odd number of either protons or neutrons or both possess angular
momentum ("spin' I) and consequently a magnetic moment p :

p=yl .

	

(1)

Here y is a nuclear constant on the order of 10' T - ' s - ', called the "gyromagnetic ratio" . The
quantization laws for angular momentum predict the presence of 21+ 1 states, where I is the nuclear
spin quantum number. Application of an external magnetic field of magnitude Bo removes the
degeneracy of these states, due to the Zeeman interaction,

d8~=p'Bo

	

(2)
and results in discrete energy levels

Em= -myhB,p , .

	

(3)

B., is the magnetic field experienced by the nuclei, it comprises the external field Bo and internal
components Bin, ( 4 Bo), which arise from internal interactions of the nuclei with their surrounding
environments :

B,.=Bo+B,,,,.

	

(4)

Since these internal fields are intimately related to the structure of the material, their evaluation is of
central interest in NMR spectroscopy . To measure the precise energy differences between the magnetic
spin states (and hence B,,,,), electromagnetic waves in the radio frequency region (1 -600 MHz) are
applied, and the frequency at which transitions between the states occur, is measured . At resonance the
condition

a)=yBm`=y(B0+B;o,) (5)
holds. Here rv=2av, and v (in Hertz) is the frequency of the electromagnetic radiation at which
absorption occurs. Table 2 lists, among other pertinent information, the NMR resonance frequencies
at a field strength of 7 .05 T for most of the nuclei of interest in this review .

In general B,et arises from the composite effect of three physically distinct internal interaction
mechanisms : (1) magnetic dipole-dipole coupling, (2) magnetic shielding, and (3) for nuclei with spin
quantum numbers >12, nuclear electric quadrupole coupling. Table 3 lists the corresponding inter-
action Hamiltonians Accordingly, the complete NMR Hamiltonian must be written as :

3C=if+ .yE°,r+ .R°o+34°c,+(.`Q)

	

(6)
(NCQ =0 for spin-1/2 nuclei) .

31°, describes the interaction of the spins with the periodically fluctuating magnetic component of
the radiofrequency field. For a discussion of lineshapes at equilibrium conditions, Jr, is actually not
needed. However, this term is of pivotal importance for understanding pulsed and selective averaging
experiments .

The above Hamiltonian is the starting point for discussing the two crucial observables in NMR
spectroscopy: (1) energy eigenvalues as measured by resonance frequencies and lineshapes, and
(2) relaxation times, reflecting the rates of transitions between different spin states .

3 .2. NMR Lineshape in Solids

The influence of3E°o,3t°° , (and sometimes 31 °Q) upon the Zeeman energy levels is minor compared to
that of 3Y and hence can be readily calculated by first-order perturbation theory . All of the above
interactions are anisotropic . Consequently the energy correction terms arising from the perturbation
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calculation contain an angular dependence, specifying the orientation of a molecular axis system
relative to the applied magnetic field direction. (For quadrupolar nuclei, the quantum mechanical
treatment depends on the relative magnitude of WQ and W., see below.) In polycrystalline solids or
glasses, the anisotropy of these internal fields in conjunction with their statistical orientation relative to
Bo gives rise to a distribution of resonance frequencies, which is called the "NMR lineshape" .

In the following we will discuss in more detail the physical nature of these internal interactions, their
influence upon the NMR lineshapes, and what can be learned from their study .

3 .2.1 . Chemical Shift Interaction

3.2.1 .1 . Basic interaction. The chemical shift describes the effect of magnetic electron-nucleus
interactions which affect the local field experienced by the nuclei and hence influence their resonance
frequencies . Such influences comprise, (a) diamagnetic shielding by closed electronic shells, (b) para-
magnetic deshielding by the angular momenta of admixed excited electronic states, (c) shielding or
deshielding effects from rapidly fluctuating paramagnetic electron spins, and (d) shielding or
deshielding effects due to conduction electrons at the Fermi edge ("Knight shift"). Although these
contributions are physically distinct, they are inseparable in the experiment. The chemical shift
Hamiltonian, describing the composite effect of these interactions is :

Jr=I(1-a)B 0 .

	

(7)

Here a is a second rank tensor, which can be rotated into a coordinate system, the "principal axis
system (PAS)" where it has diagonal form, with a,,, a, and a„ as the only components . A complete
description of the chemical shift tensor includes six parameters, namely the three diagonal components
and the three Euler angles that relate the orientation of the PAS to the crystal or molecular axes of the
solid considered . In general, such detailed knowledge necessitates orientation-dependent measure-
ments of the resonance frequencies in single crystals . The situation is comparatively simple, if a
molecular axis of higher symmetry is present . In this case, the symmetry axis fixes the PAS and only
two chemical shift components a ll and a 1 , parallel and perpendicular to this axis need to be specified .

3.2.1 .2. Effect on the NMR lineshape . If the NMR lineshape is dominated by the chemical shift
anisotropy, the nuclear magnetic resonance frequency depends on the polar and the azimutal angles 0
and 0 of the chemical shift PAS relative to the direction of the magnetic field (see Fig . 5):

v(O, ¢)=vo{(1-a,x ) 2cos 20sin 29+(1-ayi,)2 sin 2¢sin 2 8+(1-a„ ) 2cos2 0)}IJ 2 .

	

( 8a)

For axially symmetric environments, axs =avy=a1 , and a„=app and hence v depends only on 0 .

v(O)=vo{1-a;,"-3Aa(3cos2B-1)}

	

(8b)

Equations (8a and b) include the definitions :

vo=yBo/2n,

	

(8c)

X

FIG. 5 . Polar angles 0 and 0 specifying the magnetic field direction in the chemical shift principal axis system .



In a powdered crystalline sample or a glass with no preferred orientation present, the NMR
lineshape g(v) simply reflects the statistics of 0 and 0 . For spherically symmetric (cubic) environments,
all tensor components are equal, and only one sharp, unstructured signal is observed. (Fig . 6a) . For the
axially symmetric case, the lineshape function is given by :

g(v) -{[(v-vo)/vol-ai}-1/2(a -ai)(9)
(see Fig. 6b). Nuclei in non-axially symmetric environments have lineshapes such as shown in
Fig 6c.0 s.1o-2 p Each point on the lineshape reflects a group of nuclei ("spin packet") for which the
principal axis system has the same orientation 0, d relative to the magnetic field direction .

In the absence of reliable absolute chemical shift scales for many nuclei, one usually specifies these
components as 611 , 5 22, 633 relative to a reference material, defined in ppm according to:

bu=(v, - vr,r)/vo .

	

(10)

By convention 633 >622> 61 ,, and shifts downfield from the reference standard have positive sign .

3.2 .1 .3 . Structural significance . Unfortunately, chemical shifts cannot be calculated from first
principles. Nevertheless, extensive work on crystallographically well-characterized compounds has
established a multitude of empirical and semi-empirical correlations with structural parameters .
Judicious application of such databases can therefore render chemical shifts an extremely valuable and
reliable source of structural information .

The chemical shift tensor components, which are only available in the solid state, can provide
valuable qualitative information about local symmetry . For example, if we observe a lineshape such as
that in Fig . 6b we can conclude that a higher local symmetry axis (C3 , C„ C6) is present. In glasses and
amorphous solids one typically has a distribution of chemical shift parameters . Distribution effects of
this kind are accounted for in a heuristic fashion by convoluting the simulated lineshape with a

r

a

Hz

Hz

	

Hz

Ftc. 6. Typical chemical shift-dominated NMR powder patterns: (a) spherically symmetric chemical shift tensor,
(b) axially symmetric chemical shift tensor, and (c) asymmetric chemical shift tensor.
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'm =13(6 .. +a„+a„ ), (8d)

Ac=lu ll -oj I . (8e)
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broadening function. In cases where the chemical shift anisotropy is small, this distribution effect may
then obscure structured lineshapes .

The isotropic chemical shift

6h.='3011 +622+633),

	

(11)

is the chief observable in line-narrowing experiments such as magic-angle spinning (MAS) NMR . Like
the whole tensor, b,, o depends sensitively on the chemical and electronic environment of the nucleus
under study. The influence exerted by structural factors usually follows the hierarchy :

Change in coordination number > nearest neighbor substitution
> next-nearest neighbor substitution.

Substitution effects in higher coordination spheres are generally difficult to identify, and hence
usually not considered in the interpretation of chemical shifts. In contrast, changes in nearest- or next-
nearest neighbor bond angles are also known to have profound effects on the chemical shifts . While the
determination of coordination numbers from chemical shift data (29 Si, 27 Al, 31 P) is generally
straightforward, the other chemical shift effects are often of comparable magnitude, and sometimes
mutually compensating . Therefore, the interpretation ofexperimentally observed chemical shift trends
in glasses must be done cautiously and in close feedback with known or expected chemical behavior
as a function of composition.

3.2 .2 . Magnetic Dipole-Dipole Interaction

3 .2.2 .1 . Basic interaction. The magnetic dipole-dipole interaction describes the effect of the local
magnetic fields associated with the magnetic moments of surrounding nuclei. Two mechanistic
contributions to this effect need to be considered: the "direct" (through-space) coupling and the
"indirect" spin-spin coupling transmitted via polarization of bonding electrons . For NMR spectra in
solids, the first term is usually dominant. The corresponding Hamiltonian describing the interaction
between two spins with gyromagnetic ratios y, and y2 and internuclear distance r is given in Table 3 .
This Hamiltonian can be factored into 6 terms, containing distinct bilinear combinations of the
angular momentum operators I„ 1„ and I_, respectively .

3L°o=y,y 2hr -3{ .ut + .*+W +9+ g + .cF}

	

(12)

Expressions for these six components are given in the literature. For the discussion of the static
NMR spectrum, however, only energy conserving terms need to be retained . These are :

.W=..(1-3cos 2B)h,Iz2

	

(13)

..V=-(I-3cos2B)[I,1I_2+I+2I_,]/4

	

(14)

where B specifies the angle between the internuclear vector and the magnetic field direction . The term
.W describes the classical magnetic dipolar interaction, whereas ae is the quantum-mechanical term
associated with coupled transitions ("flip-flop"-term). This latter term is energy-conserving only if the
interaction is rendered homogeneous in the presence of strong homonuclear couplings, and hence it
contributes to the lineshape only in this case .

3 .2 .2 .2 . Effect on the NMR lineshape . The second rank tensor characterizing the spatial part of the
dipolar two-spin Hamiltonian is always axially symmetric and traceless . This simplifies the mathemat-
ical description in the same fashion as previously discussed for the chemical shift anisotropy .

The influence of isolated pairs and clusters of few spins upon the NMR lineshape can be calculated
rigorously using first-order perturbation theory . For example, the spectrum shown in Fig. 7a results if
the lineshape is dominated by the dipole-dipole coupling between two spins . The problem becomes far
more complex, however, when larger numbers of spins are involved. In these cases the lineshape
usually resembles the Gaussian function depicted in Fig . 7b . The dipole-dipole coupling is then
expressed in terms of a statistical property, the second moment M 2d , which is the average mean



,PNMna a

Structural characterization of noncrystalline solids and glasses

	

173

Hz

	

Hz

Fm. 7 . Typical powder patterns dominated by dipole-dipole couplings : (a) two mutually interacting spins (two-
spin system), (b) many-spin system .

squared local field encountered at the nuclei under observation . Experimentally, the dipolar
contribution to the second moment is best evaluated by spin-echo spectroscopy (see below).

In the chemically realistic situation, where the lineshape is governed by a large chemical shift
anisotropy in addition to weaker multiple dipole-dipole couplings, the lineshape can be simulated as a
convolution of powder patterns such as shown in Fig . 6 and a Gaussian broadening function . The case
where dipolar and chemical shift interactions are of comparable magnitude requires more explicit
analysis .'"1

3 .2.2 .3. Structural significance . Since the dipolar Hamiltonian depends on the internuclear distance,
homo- or hetero-dipolar interactions are of strongest structural significance. If well-resolved spectra
such as shown in Fig. 7a are observed the internuclear distance r ii is immediately available from the
peak to peak distance, expressed in rad/s, Am :

ru= {(1) (No/4n) y2h/Aw} iio

	

(15)

Multi-spin interactions are characterized by the dipolar second moments M2d(in rad2 /s 2), which can
be calculated from the structure using van Vleck theory. ' 76) For a polycrystalline material one obtains :

i#i
The first term M2u6 is due to the local field arising from resonant nuclei, while the second term M 214Q

measures the local field due to non-resonant nuclei S. In both expressions, I and S are the spin
quantum number of the resonant and the non-resonant nuclei, respectively, and N is the number of
nuclei for which M 2d is being calculated . As will be seen below, second moments are of fundamental
significance for testing atomic distribution models in disordered materials. Expressions (16) neglect
contributions arising from indirect (scalar) spin-spin interactions .

3.2 .3 . Nuclear Electric Quadrupole Interaction

3.2.3 .1 . Basic interaction .(" ) Another perturbation on the nuclear magnetic energy levels arises from
the interaction of non-spherically symmetric nuclear charge distributions ("nuclear electric quadru-
pole tensor") with electric field gradients (EFG) generated by asymmetric electron distributions in
molecules or lattice sites . The Hamiltonian characterizing this interaction is given in Table 3. This
interaction affects only nuclei with I>12 in non-cubic environments . The anisotropy of the EFG is
described by a traceless symmetric tensor, which can be diagonalized to yield the components eq,,,
eq r,,, and eq„ in a principal axis system. Since according to the Laplace equation

Y-equ=0,

Mid=M2nd+Mz , where (16)

Mead=i(ko/4n) 2 I(1+1)ydh 2 N- rE r, i 6
ix)

(16a)

M2rsd = is(y0/4 n) 2 S(S+1)yiydh2N r ~,r ;i 6• (16b)
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only two principal components are unique . By convention, the quadrupolar interaction is then
characterized by two parameters, e 2gQ/h and q . Here eQ is the scalar nuclear electric quadrupole
moment, which expresses how much the nuclear charge distribution deviates from spherical symmetry ;
eq (=eq„) is the electric field gradient along the principal axis, and q, defined as (eq„-eq, r,),legr„
(0c i c 1), characterizes the deviation of the electric field gradient from cylindrical symmetry . For a
complete analysis, the Euler angles specifying the EFG principal axis system relative to the molecular
or crystal reference frame need to be specified . Again, the latter is not necessary if the direction of the
principal axis is fixed by local symmetry (case q=0) .

3.2 .3.2 Effect on the NMR lineshape . Depending on its strength compared to the Zeeman
interaction, the effect of the nuclear quadrupolar interaction on the solid state NMR spectrum is
calculated using either first- or second-order perturbation theory. If e 2gQ/h <0.05 v o , a first-order
perturbation treatment suffices . For an axially symmetric field gradient tensor, the resulting correction
terms for the 21+1 energy levels are calculated for the various Zeeman states according to:

E(.1 ) =e 2gQ/h (3cos20-1) (3m2-I(I+1))/(81(21-1)) .

	

(17)

Figure 8 shows the resulting energy level diagrams and the resulting powder lineshapes for 1= 12 and
I=1, respectively . (Note that the result for I=1 is identical to that for the dipolar coupled two-spin
system shown in Fig. 7a.)

For half-integer spins, the central Q'-r -;) transition is, to first-order, unaffected by the quadrupole
interaction. In principle, e 2gQ/h and q can be evaluated from the shapes of the satellite transitions,
which give rise to powder patterns similar to those shown in Figs 6b and c, because they are governed
by the same orientational dependence. In many cases, however, these transitions extend over such a
wide spectral region, that they often escape experimental detection . In glasses, the distribution of

I = 3/2

u013cos2 a-n/2

2

	

I

	

l24
4

	

ao

M. xr .ny

Hz

A

I = 1

4=vy l3cns2 a-11/8

,.34 34-q 3cas
2B-I)

J

Hz

Fso. 8. Energy level diagrams for I = 3/2 and I = I subject to first-order quadrupolar perturbation, and the
resulting lineshapes in single crystals (upper right) and powders (lower part). The upper part of this figure is

reproduced with permission from Ref . 15.
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nuclear electric quadrupole couplings due to the non-uniformity of sites aggravates the situation
further and usually renders the satellite transitions unobservable .

Stronger quadrupolar couplings necessitate treatment by second-order perturbation theory . To
second order, the lineshape of the central transition is affected . The energy correction is inversely
proportional to the nuclear magnetic resonance frequency, and exhibits a more complicated
orientational dependence.

Averaging of the resonance condition over all orientations in a powdered sample results in the
structured lineshapes for the central transitions shown in Figs 9a and b for axially and non-axially
symmetric EFG tensors. These figures also include the first-derivative spectra, which are usually
recorded by low-field cw NMR . Computer-simulation techniques are used to extract e2gQ/h and n
from such spectra . In glasses, however, both of these parameters have to be replaced by distribution
functions . It is usually difficult to analyze such lineshapes unambiguously for separate distribution
functions of e2gQ/h and q .

At high fields, the simultaneous influence of anisotropic chemical shift and second-order nuclear
electric quadrupole effects is a rather common occurrence . The lineshape then depends not only on the
five Hamiltonian parameters previously discussed, but also on the three Euler angles that specify the
relative orientation of the chemical shift and the electric field gradient tensor . Simulations of this effect
have been published in the literature .j 0 s-so t

3 .2 .3 .3 . Pure quadrupole resonance. The nuclear electric quadrupole interaction forms the basis of a
separate kind of radio frequency spectroscopy, based on the orientational quantization of the nuclei
along the internal principal electric field gradient direction . This technique, called nuclear quadrupole
resonance, NQR, requires no external magnetic field, but can be otherwise applied to samples using
standard NMR technology . Applications to spin-'g nuclei have had some relevance in the area of
glasses. In this case, one measures the quadrupolar resonance frequency :

vQ=e 2gQ(1 +n2/3)/2h.

	

(18)

a

II

b

V V
V

Fro . 9. Central transition lineshapes for half-integer quadrupolar nuclei due to second-order quadrupolar
perturbations: (a) axially symmetric EFC, (b) non-axially symmetric EFG . (1) Theoretical powder pattern,
(2) lineshape after convolution with a Gaussian broadening function, (3) first derivative of(2), as usually recorded by

the cw method .
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The advantage of such "zero-field" experiments is that v Q does not depend on orientational
parameters, and that other interactions can be ignored . NQR experiments on glasses thus provide the
vQ-distribution directly . Unfortunately, the single observable vQ depends on two unknowns . However,
it is possible to separate both parameters, ezgQ/h and t by applying a weak magnetic field, which
generates additional energy splittings (Zeeman-perturbed NQR) .

3.2.3 .4 . Structural significance. The interpretation of nuclear electric quadrupole parameters suffers
from similar restrictions as that of chemical shifts . While electric field gradients are difficult to calculate
accurately, useful qualitative and semi-quantitative conclusions are often possible. For instance, if
q=0 is found, it can be concluded that a unique local symmetry axis is present . Arguments from simple
point-charge models and valence bond approaches are often invoked in semiquantitative interpreta-
tions.ts" Generally, however, the usefulness of the nuclear electric quadrupole coupling parameters is
often limited by the inability of separating ezgQ/h and q distribution effects, and the failure of these
parameters to discriminate between the four- and six-coordinate environments so frequently present in
glasses .

3.2.4 . Effects of Atomic or Molecular Motion on Static NMR Lineshapes . The lineshapes discussed in
the preceding sections are caused by local magnetic or electric fields as present in entirely rigid
polycrystalline or glassy samples . Atomic and/or molecular motions render these local fields time-
dependent. The effect of these motional processes on the NMR spectra depends on their amplitude,
inherent timescale and their mechanistic character (periodic, stochastic, correlated), and can be
calculated rigorously for many situations .'S 0, sz 1 Thus, NMR spectroscopy can function as an
important spectroscopic tool for the dynamical characterization of solids and glasses .

Due to the fast timescale of lattice vibrations, all lineshapes recorded at room temperature are
vibrationally averaged. However, the restricted amplitude of this motion has a rather small influence
on the NMR spectra (particularly on chemical shifts and dipole-dipole couplings) . The sizeable atomic
displacements during the course of molecular reorientation and diffusion processes are a different
matter. Such motions are generally treated as stochastic processes and generally described by
exponential autocorrelation functions.

g(T)=exp-(T/TJ

	

(19)

Here, the correlation time T, characterizes how quickly on average an ensemble of molecules lose
memory of their coordinates at an earlier time . If T- ' is comparable to the frequency w;,,, of nuclear
precession in the local field, the free induction decays, and hence the NMR lineshapes are affected .
Since w;,,, is usually in the kHz region, NMR lineshapes are sensitive to motions with T. in the region of
10 - r-10 -5 s. Motions characterized by r, substantially smaller than 10 -5 s lead to a complete
averaging of the static NMR lineshape ("motional narrowing"), resulting in exponential free induction
decays and simple Lorentzian lineshapes . This is typically the situation in the liquid state, where
T,< 10- 7 s.

3.3 . Spin-Lattice Relaxation

When an unpolarized sample is introduced into the magnetic field, the orientational quantization
and the energy splitting associated with it take immediate effect . Due to this energy splitting, the spin-
state population distribution now changes from a uniform one to the familiar Boltzmann distribution
at thermal equilibrium, resulting in a macroscopic magnetization along the direction of B 0 . This
process is called "spin-lattice relaxation". The change in the population distribution lowers the energy
of the spin system; it hence involves energy transfer from the spin system to its surroundings (the
"lattice") . The attainment of thermal equilibrium can be described by first-order kinetics and
characterized by the time constant T1, called the spin-lattice relaxation time . Microscopically,
relaxation is caused by fluctuating magnetic fields from unpaired electrons, conduction electrons, or
modulated magnetic dipole-dipole interactions . For nuclei with spin> ;, fluctuating electric field
gradients are an efficient source of relaxation . Whichever mechanism dominates, relaxation can be
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effected either directly or through spin-diffusion via magnetic dipole-dipole couplings (the B-term in
re). In solids, the value of T I can span a wide range from 10's to unmeasurably long values .

Dynamical processes such as atomic or molecular motion result in fluctuating dipolar or quadrupolar
interactions, and hence facilitate spin-lattice relaxation .jB 31 The relaxation efficiency is determined by
the overlap between the frequency spectrum of the motional process and the resonance frequency .
Simplistically speaking this means that there must be a good match between the energy released from
the spin system upon its return to the Boltzmann state and the energy quanta that the lattice is apt to
accommodate. This match is described by the spectral density J(wtj . Since J(wts ) is the Fourier
Transform of the correlation function describing the motion, its functional form depends on the
mechanism of motion . For an exponential correlation function :

J(wtc)=t,(1 +(20)

A plot of J(w%) as a function of w is seen in Fig. 10, for the three regimes w ot,41, w ot,-1, and
wo t, , 1 .
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FiG. 10. Top: Frequency dependence of the spectral density function in the extreme narrowing limit (w,r, 41), the
slow motion limit (w,r, .1) and the intermediate region w,r,-1 . Bottom: Typical dependence of the spin lattice

relaxation time T, on frequency and correlation timer, . Reproduced with permission from Ref . 22 .
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Considering relaxation by stochastic motion, Bloembergen, Purcell, and Pound (BPP) derived the
following general expression for the spin-lattice relaxation rate Tj ' :(s3>

1/T,=C(t °/(1+maz2)+4t o/(1+4w t~2)) .

	

(21a)

The constant C depends on which fluctuating interaction (dipolar, quadrupolar, or chemical shift)
governs the relaxation process . C can be determined numerically from the Hamiltonian parameters
governing the static lineshape in the rigid lattice limit .

In principle, expression (21) allows detailed insights into dynamical processes via temperature- and
frequency-dependent measurements of T, . Applications generally assume an Arrhenius-type relation-
ship between t. and temperature:

T.=T~"expE°,R t (22)

where Ex is the activation energy of the motional process dominating the relaxation. For the high-
temperature side (w,T° 41), eq . (21) simplifies to

InT;'-In (5CTw)+EA/RT.

	

(21b)

In the limit of low temperatures (mot..1), one obtains

In Ti ' =1n (8Cmo 2r,-.')-En/RT.

	

(21c)

Thus, symmetrical curves of In Tj ' vs inverse temperature are expected, with a maximum at the
temperature for which mot,=1 . (Other investigators plot instead InT, vs inverse temperature, yielding
a minimum when relaxation is most effective, see Fig . 10, bottom .) In either case, E. is accessible from
both the high- and the low-temperature sides of such plots.

Experimental studies usually comprise detailed temperature- and frequency-dependent measure-
ments of T, (see below), from which the activation energy E„ and the pre-exponential factor t 0° can be
extracted by computer fitting. In glasses, the large majority of NMR relaxation measurements have
concentrated on characterizing ionic diffusion processes . As discussed later, characteristic deviations
from "BPP"-behavior are detected, suggesting either distributed correlation times or non-exponential
correlation functions .

t EXPERIMENTAL PULSED NMR

4.1 . Excitation and Detection of Resonances

In NMR spectroscopy the magnetic component of an applied radiofrequency field stimulates
transitions between the nuclear magnetic energy levels . The two most common approaches used to
achieve this condition are (1) variation ("sweep") of the external magnetic field under continuous
irradiation of a monochromatic frequency v o ("continuous wave"-NMR), and (2) polychromatic
excitation of the entire spectrum by short pulses at a carrier frequency v o and a fixed magnetic field
strength. Since, during the last 10 years, the second method has become preponderant, only this
technique will be discussed in further detail here .
To explain pulse NMR experiments, it is useful to appeal to the classical prediction that the

interaction of the nuclear magnetic moments with the magnetic field forces the nuclei to precess around
the field direction with the Larmor frequency v v =(2n)- ' y B,Oo . The macroscopic magnetization, which
forms at spin-lattice equilibrium as a result of the Boltzmann distribution, is the target of the pulsed
NMR experiment . To measure the NMR spectrum of the sample, this magnetization is converted to a
nuclear induction signal. The principle is illustrated with vector diagrams depicted in the "rotating
frame", i.e . a coordinate system that rotates with the carrier frequency vo about the magnetic field axis
(see Fig. 11). A short (1-10 ps length), intense (100-1000 Watt power) radiofrequency pulse is applied
that tips the magnetization into the plane perpendicular to the magnetic field direction ("90° pulse") .
The pulse must be applied at a carrier frequency v o in the vicinity of v v . Precise resonance is, however,
not required, since pulsed excitation is in itself polychromatic . Since samples with multiple sites have a
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FRG. 11 . (a) Detection of NMR signals by pulsed spectroscopy, shown in the rotating coordinate system associated
with the oscillating magnetic field component at the applied radio frequency w, at various stages (t ot,) of the
experiment: t,-spin system with magnetization (fat arrow) at equilibrium, t, irradiation of the B t field
orthogonal to the magnetization direction tips the magnetization, i sthe sytem after a 90° pulse resulting in
transverse magnetization M„ t 3-off-resonance precession and free induction decay in the signal acquisition period
following the pulse, t, return to spin equilibrium due to spin-lattice relaxation . (b) Timing diagram of the

experiment, followed by Fourier transformation .

range of values of vp , it is important, however, that the Fourier spectrum of the pulse includes the entire
range of such precession frequencies . In polycrystalline solids and glasses the required range is
typically 100-200 kHz, which is easily covered by short pulses (ca. 5 ,us or less).

In certain cases, site distribution effects or strong quadrupolar interactions generate much wider
ranges of resonance frequencies . One then has to resort to traditional cw NMR methods with field
sweep (if still available) . Alternatively, such broad lines can be mapped out by spin echo spectroscopy
under systematic variation of the carrier frequency v o . This technique, known as "spin echo mapping"
has proven very useful for applications in pulsed nuclear quadrupole resonance of glasses and for
measuring the magnetic hyperfine field distributions in amorphous metals . In both applications, the
frequency ranges probed can span 100 MHz or more .

Following the 90° flip by the rf excitation pulse, the magnetization premises with the v, components
of the nuclei present and induces an a .c . voltage in the detector coil of the NMR probe. This voltage
signal decays in time because the magnetization vectors lose their phase-coherence due to their
differences in vp as well as due to spin-spin interactions . The "free induction decay" signal is amplified,
and is mixed in the receiver section of the spectrometer with the carrier frequency v o . The resulting
signal then oscillates at the difference frequency v,pt„t =w p-vo l and is typically in the audio frequency
range (0-200 kHz) . If chemically distinct sites are present, this signal is a decaying interferogram
("beating pattern") of several different frequency components . Fourier Transformation of this digitized
and stored interferogram then yields the various v,tr,,, (and hence the vp) components. Chemical shifts
are determined by comparison of v, tr,,, (sample) with that of a chosen standard .
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Since the acquired signals are quite weak, signal averaging by repetitive pulsing is usually necessary .
A 90° pulse creates a state of equally populated nuclear spin levels . Hence no z-magnetization is
present immediately after the pulse, and one must allow for sufficient time for the spin system to relax
to its equilibrium state . For quantitative applications, the repetition time must exceed 5 times the
longest spin-lattice relaxation time present in the sample .

4.2. Measurement of Spin-Lattice Relaxation Times

Two experimental protocols for T, measurements are shown in Figs 12a and b . The inversion recovery
method 180°-r-90° (Fig. 12b) measures the re-establishment of longitudinal magnetization at the time
t, after the magnetization has been inverted by a 180° pulse; T, is determined from a series of
measurements with different values of q, using the relationship

I(t,)=I(0) (1-2exp -r7IT, ).

	

(23)

In the solid state, it is often difficult to provide uniform excitation over the entire spectral region by a
180° pulse . Alternatively, the saturation recovery method (90') .-t,-90' (Fig. 12a) can be used . In this
case, the re-establishment of the longitudinal relaxation after saturation of the spin system by the 90°
pulse-train is given by

a

n

b
------------------

-------------

I(tt)=l(0) (1-exp- MT)

	

(24)
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FIG. 12. Measurement of the spin-lattice relaxation time by (a) the saturation recovery (90').-t, -90° method, and (b)
the inversion recovery (180°-t,-90°) method. For the latter, the signal build-up is shown for three evolution times

t„_ ° elapsing between the preparation pulses and the final 90° detection pulse .
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4.3. Selective Averaging Techniques

In glasses, spectra as well-defined as those in Figs 6-8 are virtually never observed . This is so,
because the lack of long-range order creates always non-singular NMR Hamiltonian parameters that
are more appropriately represented by distribution functions. The ultimate goal of the NMR
experiment on a glass is to define these distribution functions as precisely as possible and to relate them
to structural and geometrical distribution functions . Furthermore, the lineshape of solids is quite
generally influenced by the combined effect of several interaction mechanisms, complicating the
spectral analysis even further .

To obtain accurate information on the distribution functions of the Hamiltonian parameters in
disordered materials and glasses, it is therefore essential to separate the various interactions by
selective averaging experiments .

Traditional precursors to such experiments have included field dependent studies, isotopic dilution,
and experiments on different isotopes of the same element . More recent approaches utilize sophist-
icated manipulations in either physical space or spin space to eliminate certain interactions in the
Hamiltonian completely while preserving others . Manipulations in spin space take advantage of the
fact that the spin-dependent components of the various interaction Hamiltonians differ from each
other and hence possess different commutation behavior with the spin Hamiltonian representing the
interaction of the nuclei with the oscillating magnetic field stimulating the transitions . Manipulations
in physical space modulate the anisotropic components of the spatial part of the internal interaction
Hamiltonians and hence serve to separate anisotropic from isotropic interactions . Table 3 summarizes
some of the experiments that are more generally applicable. There are many more selective averaging
schemes than can be discussed here, some of them very elegant and/or highly sophisticated . However, it
appears that to date the relationship between the complexity of the NMR technique and the
complexity of the sample has been an inverse one. Therefore the discussion will be limited to some of
the simpler, more robust techniques that have had a major impact on glass science applications.

4 .3 .1 . Magic-Angle Sample Spinning. Equations 8, 13 and 17 reveal that if the principal axis of the
internal interaction tensor has an angle of 54.7° relative to the magnetic field, the term 3cosz 0-1 is
zero and the anisotropy vanishes. This situation is attained in the liquid state, where due to the rapid
molecular motion on the NMR timescale, the orientational average is 54.7° for all molecules present.
In the solid state, a similar situation can be accomplished by rotating the sample very rapidly around
an axis inclined by this angle ("magic-angle spinning-MAS").[sa s"I This manipulation changes the
orientation 0 in a periodic fashion. During the rotor period, a given spin packet (corresponding to an
initial orientation 0,) traverses a range of 0 values as represented by a cone around the orientation
0=54.7° . While spin packets with different initial orientations (0 r etc .) travel on different cones, in all
cases the same rotational average is 54 .7° for fast rotation. Thus, MAS modulates the anisotropic
components of the interaction Hamiltonians and averages the angular dependence of the perturbed
Zeeman eigenvalues over the rotation period. At sufficiently fast spinning speeds v, such that v,~> Av,
(Av being the linewidth in cycles per second) the only terms that need to be considered in the nuclear
spin Hamiltonian are those associated with the isotropic components of the various interactions
present. The situation is then essentially the same as in the liquid state, where the traceless dipolar and
quadrupolar interactions are completely averaged out by isotropic motion, and sharp resonance lines
characterized only by isotropic chemical shifts and scalar spin-spin couplings are observed . In glasses,
MAS-NMR lineshapes obtained in this fast-spinning limit are often dominated by distributions of
isotropic chemical shifts .

If the condition v,?Av is not achieved (at lower spinning speeds) there may be additional
contributions to the MAS-NMR linewidths due to incompletely averaged dipole-dipole couplings .
Furthermore, the effect of incompletely averaged heteronuclear dipolar couplings and chemical shift
anisotropies will give rise to spinning sidebands appearing at integer multiples ofthe spinning speed . In
crystalline solids it is often possible to extract the anisotropic chemical shift tensor components from
such spinning sideband patterns .tss . s» In glasses, these possibilities are more limited . Due to the
intrinsically broader MAS-linewidths the need for low spinning speeds (to enhance sideband
intensities) often conflicts with the need of observing resolved spinning sideband patterns .
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For hall-integer nuclei subject to second-order quadrupolar interactions, magic-angle spinning
leads to incomplete line-narrowing, because the nuclei are no longer strictly quantized along the
magnetic field. In crystalline solids, highly characteristic MAS-NMR lineshapes result, from which
e 2 gQ/h and p can be extracted via computer-simulations.tss> In glasses, however, MAS-NMR
lineshapes of quadrupolar nuclei have little significance, since they are broadened by the distributions
of both chemical shift and quadrupole coupling parameters . Two more recent developments exploit (a)
incremented angle variation (DAS = dynamic angle spinning), or (b) double rotation (DOR) about two
fixed axes with respect to the magnetic field, to eliminate the residual broadening of MAS-NMR
spectra due to second-order quadrupolar effects."' , 90i Simple Gaussian or Lorentzian lineshapes are
observed, whose resonance location is given by

Thus, field-dependent DAS/DOR measurements of 3„ p afford both b„° and the factor (e 2gQ/h)
(1+q 2/3), and their respective distribution parameters .

4.3 .2 . Dipolar Spin-Echo NMR . The simple spin-echo pulse sequence (90°-t,-180°, Fig . 13) has proven
to be a powerful tool for the selective measurement of homonuclear dipole-dipole couplings .91-93)

Following the initial 90° preparation pulse, the transverse magnetization decays during the evolution
period t, due to the combined effect of homo- and heteronuclear interactions, as well as chemical shift
distribution effects . Application of the 180° pulse at t„ however, reverses the part of the decay due to all
interactions linear in I. (i .e. chemical shift anisotropy and heteronuclear dipole couplings), resulting in
a spin echo at the time 2t, . Thus, the intensity of the spin echo is attenuated only by homonuclear
dipole couplings during the evolution time 2t, . The evolution time is then systematically incremented,
giving rise to an experimental spin echo decay I(2t,)/I(0) . Figure 13 shows the situation for three
different values of q . For an isolated two-spin system!

I(2t,)/I(0)= (cos a„ t, >,

	

(27)

90°rtr180°

	

echo

acquire(t2) 1

echo
1 ;
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FIG. 13. Spin-echo sequence for measuring homodipolar second moments . Shown are three acquisitions with
incremented evolution time t „ showing decreasing spin echo intensity due to homodipolar interactions. Typically

ca 20 different evolution times are used .

tt tt

b° •p=b
;,°+b(2) . (25)

Here, SQI is the second order quadrupole shift, which is calculated (in ppm) according to :

SQi=-3(e2 gQ/h) (I(I+1)-a)(1+>,2/3)/40I2(2I-1)2vo . (26)



The dipolar oscillations are damped out, and the resulting decay very often resembles a Gaussian :

I(2t1)/I(0)=exp - ((2t1) 2 M2d/2).

	

(30)

Equation (30) defines a semilogarithmic plot of normalized edho height vs (2t 1 )2 , which affords a
convenient measurement of the second moment characterizing the homonuclear dipolar interactions .
Disordered systems often show dramatic deviations from Gaussian behavior if, due to randomness, a
wide distribution of second moments exists. In such cases, eq. (30) must be replaced by

I(2t,)/I(0)=N ' S, exp-((2t1)2 Mzd,/2)

	

(31)

where the summation goes over i nuclei from I to N . In conjunction with eq . (16) this formula allows
one to simulate a spin echo decay based on hypothetical atomic distribution models.

The above approach is generally not applicable for the following situations: where (a) the
homonuclear dipole interaction is the major defocusing mechanism for the transverse magnetization
created by the preparation pulse, hence precluding the formation of a spin echo, or (b) the I nuclei are
coupled to non-resonant S-nuclei whose Zeeman eigenstates change during the duration of the
experiment. This could happen either due to strong S-S dipolar interactions giving rise to coupled
spin-transitions ("flip-flop mechanism") or due to quadrupolar interactions that couple strongly with
the lattice, hence producing fast relaxation. In either case, the I-S interaction is not completely
refocused . An approximate theory for this situation has been given by Reimer and Duncan .t 93t The
spin-echo decay I(2t,)/1(0) of resonant spins I that are dipolarly coupled to non-resonant spins S whose
z-components fluctuate with the time constant T 2 , s is given by:

1(2t,)/I(0)=exp - {2(T2s/T2 .rs) 2 ((2t1/T2,s)+(4exp -(t,/T2s))-(exp- (2t,/T2s))- 3)} .

	

(32)

Here (Tz ,s) 2 =1/M 2,rs characterizes the strength of the heteronuclear I-S dipole-dipole interactions.
Due to these possible interferences, the ability of spin-echo NMR to measure homonuclear second

moments accurately in crystalline compounds is somewhat limited. Fortunately, the situation
improves in the presence of disorder . Due to the lack of chemical uniformity, invariably a distribution
of chemical shifts will be present . At sufficiently high field strengths, such shift distributions then not
only ensure the formation of spin echoes, but also uncouple the neighboring heteronuclei from each
other and hence quench their flip-flop transitions, Thus, the presence of disorder is of considerable
advantage for the measurement of dipole-dipole interactions by spin echo methods.

4.3 .3 . Dipolar Spin-Echo Double Resonance Spectroscopy . Heteronuclear dipolar interactions can be
measured selectively by the method of spin-echo double resonance spectroscopy . It was noted in the
previous section that the spin echo technique only refocuses the heteronuclear dipolar interaction if the
eigenstates of S, remain constant during the timescale of the experiment . If, on the other hand, we
intentionally change the eigenstates of S . by irradiation with a radiofrequency field on resonance, the
spin echo will suffer additional attenuation because now the I-S interaction is no longer refocused. In
analogy with the discussion above, this effect forms the basis for a selective measurement of
heteronuclear dipolar interactions. The experiment uses a normal spin-echo sequence for the observed
nuclei, but now includes a 180' pulse on the S nuclei during the evolution period . Figure 14 shows the
pulse sequence . The delay time between the 90° pulse and the 180° (S) pulse is incremented (not shown
in this figure), and hence defines the time variable characterizing the spin echo decay as a result
of the dipolar I-S interaction. This experiment has been called "spin echo double resonance
(SEDOR)"l94-96) The SEDOR decay of the observed nuclei I arises from the combined effect of I-I
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where

4i=(Po /4n) y 2 h (1-3 cos t 0) r, 3 (28)

and < > denotes averaging over all orientations 0 .
In the case of multiple pairwise interactions, we must write instead :

I(2t)/I(O)=ll i <cos not, > . (29)



184

	

H. ECKERT

FIG . 14. SEDOR pulse sequence for measuring heterodipolar second moments between observe nucleus I and
heteronucleus S .

and I-S interactions:

1(2t1)/Io=Eexp((2t,) 2 M2,-1/2)exp((2t1) 2 M21_5/2) . (33)

The contribution due to . homonuclear I-I interactions can be studied separately by carrying out a
regular spin echo study (with the 180° (S) pulse absent) . Thus,

I(2t,)/I0=(F(2t,)/Fo) - E,exp((2tt) 2 My-s/2),

	

(3 4)

where F(2t,)/F0 is the experimental spin echo decay function measured in the absence of the S pulse.
It is important to realize that SEDOR results can be seriously affected by systematic experimental

errors if the 180° (S) pulse is imperfect and/or applied off resonance . In that case, only a fraction of S
spins are flipped and hence the I spin echo decays more slowly with 2t, than expected. To account for
this experimental artifact, eq . (34) then has to be replaced by

I(2t1)/1o=(F(2t1)/Fo)-((1-a)+ a •E,exp((2t,) 2 M21-s/2)),

	

(35)

where a (Oca< 1) characterizes the fraction of spins actually flipped by the 180°(S) pulse.
Several other techniques have been used to measure heteronuclear interactions . Like the SEDOR

technique, they utilize double irradiation, but study the resulting defocusing process on rotational
echoes generated by MAS rather than on static spin echoes. These methods, which have been known as
REDOR (rotational spin echo double resonance)t 971 and RRR (rotary resonance recoupling)( 9 s .99) are
able to selectively measure individual heteronuclear dipolar couplings for multiple-peak MAS NMR
spectra in crystalline solids . In disordered materials giving rise to MAS-NMR spectra with linewidths
governed by wide chemical shift distributions, however, the comparatively small broadening effects
caused by the re-introduced heteronuclear dipole-dipole couplings would be impossible to detect. In
such cases, the SEDOR technique is the method of choice .

4.3 .4. Cross-Polarization . A second experiment that is sensitive to heteronuclear dipolar couplings is
cross-polarization (CP)( 100) (see Fig. 15). This method achieves magnetization transfer (via cross-
relaxation) from an abundant-spin system S (usually protons) to the spin system of the observe-nucleus

---~~-- 90° phase shifted ---I.	S t

tm

	

t2

FIG. 15 . Pulse sequence for cross-polarization. Following an initial 90 0 pulse the S magnetization is spin-locked
along an applied B, field. For the duration of the mixing time t„ a long pulse is supplied to the I spins such that
eq . (36) is fulfilled . Following this pulse, acquisition of the transverse I-spin magnetization commences during the

acquisition period t,, while the S-spins are continuously irradiated to provide spin-decoupling .
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I whose signal is desired. To accomplish this, the S-spins are first converted into a non-equilibrium
state: a 90° preparation pulse is followed by a strong B, field in phase with the transverse
magnetization which forces the S-spins to precess around the B, direction ("spin-locking") . Since
B, 4 Bo, the population difference between the spin states is now too large, and thus there is a driving
force for relaxation (and energy exchange) . The desired pathway in this technique involves magnetiza-
tion transfer via cross-relaxation to the I-spin system, i .e . the observe-nuclei. To this end, a radio
frequency field is applied at the resonance of the I-spins such that :

(wt).s.=(wr).e"m

	

(36)

for a fixed amount of time tm on the order of 1-10 ms. Condition (36), known as the "Hartmann-Hahn
condition""" ensures that the I-spins and the S-spins precess at the same frequency in the rotating
frame, hence enabling cross-relaxation via the zero-quantum term in the heteronuclear dipolar
Hamiltonian. The rate of magnetization transfer is characterized by the cross-relaxation time Tco ,
which can be determined by variable contact time experiments . The stronger the dipole coupling, the
shorter the cross-relaxation time.

CP experiments have been invaluable for ensuring the observation of signals for rare nuclei, and for
indicating spatial proximity on a qualitative basis . It is more difficult to determine Mm values or
internuclear distances from CP experiments, because Hartmann-Hahn mismatch and competing spin-
lattice relaxation processes in the rotating frame can affect the efficiency of cross-relaxation .

4.3.5 . Chemical Shift Correlation Spectroscopy. Unlike the techniques discussed above, correlation
spectroscopy is not directed at the measurement of selected internal interactions but at uncovering a
spatial relationship between sites with different resonance frequencies (chemical shifts) . This relation-
ship is detected in the form of coherence transfer that is mediated either by physical diffusion or spin
diffusion . For the convenient measurement, two-dimensional pulse sequences are employed. Figure 16
gives two simple examples:l 102) Two-dimensional correlated spectroscopy (COSY) employs a two-
pulse 90°-t,-90°-t 2 sequence as shown in Fig. 16a . The evolution time t, between the two pulses is
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no. 16. Two-dimensional coherence transfer spectroscopy . (a) 90°-t,-90° sequence for homonuclear correlated
spectroscopy via scalar spin-spin couplings (COSY). The evolution time t, is systematically incremented . (b)90°-
t,-90°-t,-90' sequence for homonuclear correlated spectroscopy via chemical exchange or nuclear Overhauser effect
(NOESY). The evolution time q is systematically incremented . During the mixing period tm coherence transfer

occurs by virtue of chemical exchange or spin diffusion .
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systematically incremented. Following the first 90° pulse the magnetization associated with a specific
site characterized by an isotropic chemical shift S„ precesses in the plane perpendicular to the magnetic
field under the influence of its isotropic chemical shift and spin-spin coupling Hamiltonians .
Application of the second 90° pulse causes coherence transfer from this site to other sites, whose
chemical shifts S a are different, if there is indirect spin-spin coupling between both sites SA and S a .
Following the second pulse, part of the magnetization now precesses at the new frequency Sa at the
start of the signal acquisition period t, . Double Fourier transformation with respect to both t, and t,
dimensions then yields a symmetric correlation plot of chemical shifts . The magnetization components
that have taken part in coherence transfer manifest themselves as off-diagonal cross-peaks in this plot .
Similar ideas can be implemented for correlating chemical shifts of different types of nuclei . In the solid
state, the 2D COSY experiment is generally carried out in combination with MAS . Coherence transfer
is accomplished via one- or two-bond indirect spin-spin couplings . Thus, the observation of such a
cross-peak at OA, Sa) in the two-dimensional spectrum then provides positive evidence for spatial
through-bond connectivity .
Figure 16b shows a second useful correlation method, the NOESY experiment . This experiment

establishes a chronological relationship between sites having different chemical shifts . As such the
technique is well-suited to study chemical exchange pathways and equilibria . First, the incremented
evolution period t, serves to label individual spins by their chemical shifts, During the mixing time t m
the chemical shifts of these spins are altered due to the chemical exchange process under consideration .
Thus, during the detection period t, part of the magnetization that previously oscillated at S A now
oscillates at Sa. This chemical shift correlation manifests itself as a corresponding cross-peak in the
two-dimensional double-Fourier transform plot .

4.4. Quantitative NMR Spectroscopy in Glasses

One of the greatest advantages of NMR spectroscopy is the strict proportionality of signal intensity
to the number of nuclei giving rise to this signal . This property has proven to be immensely useful for
the development of quantitative structural concepts describing disordered systems, amorphous
materials, and glasses. To maintain the quantitative character of the experiment, however, rigorous
protocols have to be adhered to in the execution of the experiments . As a simple test of the chosen
experimental conditions, absolute signal intensity measurements of weighed samples with known
analytical compositions can be carried out .

Problems distorting the quantitative information available in principle can arise both in the
excitation and the detection step- First of all, nuclei in certain chemical environments may not give rise
to any NMR signal . This situation can arise, if the nuclear spins are not quantized along a direction
near that of the externally applied magnetic field . Examples are nuclei close to paramagnetic electron
spins and quadrupolar nuclei interacting with strong electric field gradients . Even if signals are
observed for such nuclei, quantitative studies may be difficult or even impossible to perform. Secondly,
non-uniform excitation can lead to serious quantitation errors . Nuclei that resonate far away from the
carrier frequency experience smaller effective flip angles, resulting in reduced signal intensities, and
affecting relative signal areas for spins with different offset frequencies . One can test for such artifacts
by reducing the experimental pulse lengths, and by recording the spectra at various different carrier
frequencies .

In the following paragraph the most important case, that of half-integer quadrupolar nuclei (such as
"B z"Na, 27A1, and "Ga) deserve some special attention. For these nuclei often only the central
4, -z transition is observable. The signal intensity then is only 40%, 25 .6% and 19% for spin-z, I
and i nuclei, respectively, compared to the signal intensity observable for an equal number of nuclei in
an isotropic solution. However, the percentage of visible signal may be higher than specified above, if
nearby satellite transitions contribute to the integrated area . It also may be lower, if the central
transition is strongly broadened by second-order quadrupolar effects . In addition, the quadrupolar
interaction influences the excitation behavior for such spins . The precession frequency in the rotating
frame (determining the required pulse length for a 90° pulse) depends on whether or not the outer
quadrupolar transitions are being excited . This question can be clarified by measurements under
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systematic incrementation of the pulse length .( 03. .06) For the quantitative spectroscopy ofquadtupo-
lar nuclei, such "nutation NMR studies" are a mandatory part ofthe experimental procedure. To avoid
lineshape distortions from differing degrees of excitation selectivity in the sample, short flip angles
(<22.5°) must be used .

Quantitative NMR studies also require that conditions of spin-lattice equilibrium be maintained .
This means that the recycle delay between pulses has to be at least 5 times the longest spin-lattice
relaxation time present in the sample. Otherwise, the resonances of those nuclei with the longer T,
values are partially saturated and give rise to reduced intensities . For reasons related to these issues,
NMR spectra obtained with the cross-polarization method are usually not quantitative . Here, the
signal intensity results from a complicated interplay of cross-relaxation and spin-lattice relaxation
processes, and rare-spin nuclei that are too remote from the abundant-spin magnetization reservoir are
not detected at all.

Finally, simple one-pulse experiments are affected by the fact that the NMR signal can usually not be
detected immediately after the excitation pulse . Due to receiver recovery and probe ringing problems,
typically a "dead time" of ca . 10µs has to elapse before the start of signal acquisition . The signal loss
during this deadtime will depend on the rate of the free induction decay, which correlates with the line
width ofthe NMR spectrum. In MAS-NMR spectra of crystalline solids, where the line widths range is
10-100 Hz, the effect is negligible. On the other hand, MAS- and wide line NMR spectra ofglasses can
be as wide as 10 kHz, in which case 27% of the signal is lost during a 10 µs dead time (assuming
exponential decay). Under such conditions, the effect can obviously introduce severe absolute and
relative quantitation errors if two lines with substantially different widths are compared . By using a
range of delayed acquisition experiments, it is sometimes possible to calibrate the signal loss, but such a
procedure still suffers from the fact that the true shape of the FID during the deadtime must be guessed .
The deadtime problem can also be circumvented by acquiring the spectrum with a 90°-t-180° spin echo
method . . Variable z values must be used in order to account for quantitation artifacts due to the
irreversible dephasing of magnetization during the evolution time 2t .

With the above discussion in mind, scepticism is appropriate whenever glass structure models are
discussed on the basis of NMR experiments that do not maintain sufficiently rigorous protocols for
quantitative signal excitation or detection .

5. SILICATE GLASSES

The great interest in the structure of silicate glasses stems from the importance of these glasses as
structural and optical materials compared to other glass-forming systems, and from the pivotal
importance of molten silicates in the Earth Sciences .

The first NMR study explicitly addressing the network structure of silicate glasses was carried out by
M(iller-Warmuth and coworkers using 39Si rapid adiabatic passage and cw wideline NMR ; toss
additional compositions in the K2O-SiO 2 system were later investigated with this technique by Harris
and Bray .0 06) Meanwhile, the benefits of increased magnetic fields and line-narrowing techniques, first
demonstrated in 1982, have led to an explosive development of research activity . Detailed answers
have emerged to many questions that are central to an understanding of the glassy state. Such vital
questions include, but have not been limited to (1) the Si-O-Si bond angle distribution, (2) the
distribution of non-bridging oxygen atoms introduced by network modifiers, (3) the spatial distribu-
tion of alkali and alkaline-earth metal cations, (4) the structural role and the distribution of
intermediate oxides such as A1 z,O 3 , (5) anion substitution effects (F, C, N), (6) the speciation and
structural role ofwater, (7) the effect of high pressures, and (8) the influence of sol-gel processing upon
the structure of these glasses . A brief summary of these issues is given in Fig . 17 .

5.1 . Bond Angle Distribution in Vitreous SiO2
In spite of the rapid development of new and unusual glass compositions during the last decade,

SiO2 (silica) remains the archetypical example of a glass-forming material . It has generally been
recognized that glassy silica retains the tetrahedral SiO 4,, environment present in all of the silica
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FIG. 17. Issues concerning silica-based glasses that have been addressed by solid state NMR methods : (A) network
modification by alkali ions; (B) glass synthesis by the sol-gel method ; (C) hydrolysis ; (D) coordination change at
high pressures or in the presence of P 2 O, and alkali; (E) nearest neighbor substitution (oxyfluoride glasses) ; (F)
nearest neighbor substitution (oxynitride glasses) (G) nearest-neighbor substitution (oxycarbide glasses) ; (H) next-

nearest neighbor substitution by alumina and other network forming oxides .

ambient-pressure polymorphs . Theoretical calculations show a very broad energy minimum in the
Si-O-Si bond angle distribution FJSi-O-Si).(tol) Glass formation in silicates is generally attributed
to an unusually pronounced variability of Si-O-Si bond angles, resulting in the lack of long-range
ordering. Therefore, a numerical evaluation of the Si-0-Si bond angle distribution function is the
heart of understanding the glassy state in such systems ; NMR spectroscopy has made notable
contributions to this issue. Figure 18a shows a representative spectrum. A single broad line is seen,
whose width is governed by a distribution of chemical shifts . Benchmark studies on crystalline model
compounds reveal a systematic correlation between d ;,e( 39Si) determined from MAS and
a(Si-O-Si)! tost Based on an empirical least squares fit between S ;,o ( 29Si) and the mean Si-O-Si bond
angle, it was initially suggested that these two quantities are linearly correlated . However, on
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FIG. 18 . (a) Experimental ' 9Si NMR spectrum of S102 glass. Reproduced with permission from Ref . 114. (b) Plots
of d 9Si NMR chemical shift against mean bond angle using the (a) linear model, (b) point charge model, (c) secant
model, and (d) s-hybridization model. Experimental data for different silica polymorphs are shown as points .
Reproduced with permission from Ref. 113 . (c) The deduced bond angle distribution using the (a) linear model, (b)
point charge model, (c) secant model and (d) the x-ray result by Mom and Warren, J. Appi. Cryst. 2,164 (1969) .

Reproduced with permission from Ref. 113 .
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theoretical grounds the paramagnetic component of the 29Si chemical shift is expected to correlate
linearly with the degree of s-character of the bridging oxygen atoms . Since the latter is calculated by the
well-known relationship

s=cosy(Si-O-Si)/(cosa(Si-O-Si)-1),

	

(37)

the correlation between chemical shift and bond angle is actually non-linear . A least-squares treatment
of the experimental data results in the equation

6,w= - 247.05 s +2.19

	

(38)

where s denotes the mean s hybridization parameter over the four Si-O-Si bonds present for a given
site . (`) Analyses based on the Si-O overlap integrals ( "' , "' ) and incorporation of point charges
arising from second-nearest neighborsp 121 lead to essentially similar functional dependences, all of
which are shown in Fig. 18b .(' 13) At the present time, however, none of these models alone can be
considered satisfactory, since none of them predict the NMR spectrum of tridymite with sufficient
accuracy ." ' 31
The 29Si MAS-NMR spectrum of vitreous silica yields an approximately Gaussian lineshape

centered at -112 ppm with a full width at half height of 11 .5 ppm." 14) Minor differences in the
experimental results reported by different groups are most likely due to uncontrolled water contents of
the samples investigated . These water contents result in variable contributions from OH-bearing
silicon species to the lineshape,' 14.115) and possibly also influence the bond angle distribution.""'
Under the usual MAS-conditions (3-5 kHz) in samples containing 29Si at natural abundance, the
lineshape is entirely governed by a distribution of isotropic chemical shifts . Thus, using expression (38)
or one of the correlations shown in Fig . 18b, this shift distribution can be translated into the Si-O-Si
bond angle distribution function . Figure. 18c shows the result for the different models ." 131 While
uncertainty remains as to which of the correlations is most realistic, a common conclusion made from
this work is that F,(Si-O-Si) in glassy silica is narrower than previously deduced from X-ray
diffraction" 171 and that the most probable Si-O-Si bond angle lies between 142° and 151' .
F"(Si-O-Si) can apparently be modified by exposure to high pressure and to neutron irradiation!"')
Naturally occurring opals seem to have a somewhat narrower bond angle distribution" 191

Initial attempts at relating 170 wideline NMR data of vitreous silica to bond angle distributions
have been reported, albeit with lower accuracy ." 20' In principle, 17O NMR would be the more direct
probe for addressing this issue . To this end it will be necessary to separate the distributions in e 2 qQ, q,
and b;," by wideline, MAS, and DOR studies over a wide range of magnetic field strengths . Also,
extensive benchmark studies of crystalline model compounds will be useful.

5 .2 . Network Structure of Silicate Glasses

5.2.1. Formation ofSi'"1 Sites and Their Analysis by 29 Si NMR. It is well-known that the incorporation
of alkali and alkaline-earth oxides into glassy silica has a profound effect on the thermomechanical
behavior of silicate glasses, indicating a depolymerization of the SiO 2 network.(61 "63, This experi-
mental result is understood in terms of the traditional network modification model, where each
molecular unit of alkaline oxide leads to the breakage of one Si-O-Si bridge, resulting in two non-
bridging oxygen atoms . This depolymerization could lead to five distinct silicon microstructures
(V'° species, also labeled Q" 1 species in the literature), all of which are well-known in the crystal
chemistry of silicates. These units are defined in Fig. 19, which also summarizes their NMR behavior .
Extensive work on such crystalline model compounds has shown that each type of Si'" 1 units falls
within a fairly distinct isotropic 29 Si chemical shift range.(" 1-123) Further distinction can be made by
the chemical shift anisotropies : Si'4) and Si10 I species have cubic point symmetry, hence resulting in zero
chemical shift anisotropies . In contrast, Si" 1 and SP ) species have axial symmetry, giving rise to
powder patterns such as that shown in Fig. fib, whereas Si(2) is distinguished by a non-axially
symmetric chemical shift pattern (Fig . 6c).

Assuming that the Si'"'speciation also exerts the dominant effect on 29Si isotropic chemical shifts in
silicate glasses, peak deconvolution of MAS-NMR spectra (Fig . 20b) can be used to quantitate these
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FIG. 19. Sit"t (also labeled Q(O in the literature) species in alkali silicate glasses and their static chemical shift powder
patterns .

species. Generally, Gaussian lineshapes are assumed. Justification for this approach comes from the
fact that the species distributions derived in this fashion (with some exceptions) are found to be
quantitatively compatible with the amount of non-bridging oxygen introduced with the network
modifyer ." 24-tn)

Sit 4) species can be quantitated independently from non-spinning ("wideline") NMR
spectra."28- ' 301 The analysis takes advantage of the fact that, due to the near-zero chemical shift
anisotropy, Sit4t species give rise to fairly narrow wideline spectra, in contrast to Sits) and Sit 21 species,
which have extended powder patterns due to sizeable chemical shift anisotropies . Figure 20a illustrates
the spectral decomposition. Analyses of this kind require that the unobserved FID during the
spectrometer dead-time (usually around 10 ps) be taken into consideration. During this deadtime, the
FID's due to Sit4 ), Si (3j, Si (e) species decay at different rates due to their differences in line widths, and
hence Sit 4) species concentrations derived from simple one-pulse experiments tend to be over-
estimates . More accurate numbers could in principle be obtained from spin-echo Fourier transform
experiments .
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FIG . 20 . Quantification of Si'"' structural units by spectral deconvolution . Top: experimental static "Si spectrum of
K,Si,O, 2 glass (a) and its dcconvolution into individual chemical shift powder patterns associated with the Sia"1
units (b) and (c). Bottom: "Si MAS-NMR spectrum of Na,SiO, glass deconvoluted into Gaussian components .

Reproduced with permission from Ref. 141 .

5 .2.2. Silo) Species Distribution and Cation Clustering in Binary Alkaline Silicate Glasses . Although the
"Si MAS-NMR data in most studies of silicate glasses are generally consistent with the balance of
non-bridging oxygen atoms expected from the glass composition, the detailed quantitative distribu-
tion of these Sit") units in alkali silicate glasses has been subject to controversy! 124-141) Some early
studies have concluded that this distribution is "binary", i .e . contains a maximum of two Si 1 "1 species,
namely those that are present in the stoichiometric crystalline phases closest to the composition of the
glass,"`,"') while others have preferred a more statistical distribution . 026j Figure 21 shows a
representative dataset for the glass system Na 2O-SiO 2 , and contrasts the quantitative predictions
made by the two different models . Some of these earlier studies employ inappropriate fitting methods
(ignoring spinning sidebands), are hampered by low signal-to-noise ratios, possibly affected by phase
separation, and yield results inconsistent with the number of non-bridging oxygen atoms calculated
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Ftc.21 . (a) Compositional dependence of the 19Si MAS-NMR spectra in the glass system Na 20-SiO 2 . Repro-
duced with permission from Ref. 141 . (b) Quantitative predictions of the Sil" species distributions in the binary and

random model. Reproduced with permission from Ref . 144.



1 9 4

	

H.ECKERT

from the composition . The experimental results reported in more recent studies"2s-14" in most cases
detect clear deviations from the binary distribution . All of the more recent studies suggest, however,
that the Si'"' distribution is far from random . It must be noted, that these conclusions are based on the
fitting of heavily overlapping lines whose detailed shapes are unknown, and could still be severely
biased by the commonly made assumption that the MAS-NMR lineshapes are Gaussian . As in the case
of amorphous silica, the widths of these peaks are likely to be governed by bond angle distribution
effects." 3 n

Since the non-bridging oxygen atoms are considered to be in the direct vicinity of the alkali metal
cations, the silicon speciation directly reflects the degree of dispersion of the cations in the glass .
Maximum cation dispersion would result in a binary distribution, whereas in the case of cation
clustering, deviations from this distribution would be expected . The specific effect of the alkali metal
ion upon the detailed species distribution has been the subject of several comparative studies on glasses
with constant M,O/SiO2 ratios . The results are summarized in Table 4. Not surprisingly, there are
severe differences between results for identical systems investigated by different groups .
Presumably this is due to the differences in the inherent assumptions made for the MAS- or wideline
NMR analysis (see discussion above) . On the other hand, there is a clear trend when glasses subjected
to the same analysis procedure are considered. In general, the higher the cation field strength, the
stronger the deviation from the binary distribution. This trend also implies that among the alkali ions,
Lit has the strongest clustering tendency . In the Li,O-SiO, system, this clustering in fact manifests
itself in a tendency towards phase separation at Li,O contents below 32 mole% Li,O . Phase
separation results in Si("' lineshapes and average chemical shifts that are independent of the glass
composition, and effects of this kind are clearly visible in some of the reported MAS-NMR spectra of
the Li,O-SiO, system . It should be pointed out that early, low-field, low-temperature, cw-NMR
studies of 'Li and 23Na appear to provide some evidence of cation clustering in silicate glasses,
although this effect is difficult to assess quantitatively due to the multiple contributions to the
lineshape."' •10SJ In principle, the selective measurement of 'Li-'Li dipolar couplings by spin echo
spectroscopy should be able to quantity the degree of Li clustering in more precise terms .

The discussion of the Si'"' distribution in silicate melts can be cast in terms of the disproportionation
reaction

which is accessible from the experimentally determined concentrations of each species . From careful
analysis of wideline NMR spectra, K is determined to be 0.013 for glassy Li,Si,O,!129) Dupree
et at.' 131) conclude that K=0.022 and 0.008 for Li,Si,O, and Na2Si2O, glasses, respectively . The
difference in K again reflects the stronger tendency of the Li' cation to cluster, compared to the Na'
cations. In corroboration of this trend, K is estimated to be close to zero for K3Si2O, glass."') A
recent re-investigation has confirmed this trend, although the apparent equilibrium constants are
generally found to be somewhat higher .""

The structural disproportionation of Si'2' and Si") species can be discussed in a similar fashion, and
a similar trend with regard to the dependence on the counter-cation is observed .(141) Potassium
metasilicate glass shows evidence for two SO) species, which have been assigned to chain and ring
structures . The relevant temperature for these equilibrium constants K is the glass transition
temperature T® at which all bond-breaking and bond-making processes are frozen in . By varying Ts
over a range of 80 K (using different quenching rates) Brandriss and Stebbins showed that for
Na,Si2O, glass, K for the reaction (39) increases with increasing temperature . From this temperature
dependence, AH is estimated as 30±15 kJ/mol!142) Similar effects are observed in a mixed
Na,O-CaO-silicate glass .

Another aspect of silicate glass structure, recently addressed by NMR, is the connectivity of the Si'"'
species. Specifically, the question is whether Si'4q, SP), and Si"' species are mainly bound among

2Sij3'z± Si(2)+&14A (39)
characterized by a phenomenological equilibrium constant K,

K=[Si'4}][Si1'J/[Si'3']2 (40)
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TABLE 4 . Sit"' speciation of M,O-SiO, glasses with selected compositions

M,Si409 (20 mol. % M,O)

Remarks

low S/N, phase separated?
in conflict with 0 - balance
phase-separated? conflict with 0 - balance
phase-separated? conflict with 0 - balance
phase-separated?
phase-separated? unusual 6 for Q2

low SIN, fitting method unclear

isotopically enriched

inconsistent with 0 - balance

M,Si,O 3 (33 .3 mol. % M,O)

Alkali Si(4) Si 131 Si"' Ref. Method
Chem.
analysis Remarks

Li (33.0) 21 .9 57 .3 14.6 126 MAS no
Li(34.0) 26.8 62.2 9.2 126 MAS no
Li(32.9) 10.2 79.6 8.2 134 static yes
Li(33.3) 14.5 71 14.5 130 static no
Li (33.3) 100 125 MAS no incorrect from spectrum inspection
Li(33.4) 22.6 55 .8 21 .6 133 MAS yes
Li (33.3) 22 63 15 141 MAS no
Li(33.3) 11.5 77 11.5 129 static no
Li(33.3) 8 81 11 127 MAS no

Na(30) 7 88 5 140 MAS yes
Na(33 .3) 11 79 10 141 MAS no
Na (33 .3) 8 84 8 127 MAS no
Na(33 .3) 7.5 85 7.5 130 static no
Na(33 .3) 100 125 MAS no
Na(33 .3) 100 124 MAS yes
Na(33 .3) 6.4 87 .2 6.4 129 static no
Na (34 .2) 7.2 85 .6 7.2 128 static yes
Na(33 .5) 17.4 61 .7 20.9 133 MAS yes

K(33 .3) 5.5 89 5.5 130 static no
K(33 .0) 100 138 MAS yes
K(33 .3) 7 86 7 141 MAS no
Rb(33 .3) 3 94 3 130 static no
Cs(31 .3) 9 91 135 MAS yes

Alkali Si(-) Si(3) Si'2' Ref. Method
Chem .
analysis

Li(15 .0) 55 45 0 125 MAS no
Li(15 .0) 48 .5 37 11.9 126 MAS no
Li(17.5) 47 41 .1 11.9 126 MAS no
Li (20) 37 .2 50.4 12.4 126 MAS no
Li(22.5) 32 .8 63 .2 3 .9 126 MAS no
Li (20) 63 24 13 130 static no

Na. (15.0) 63 37 0 125 MAS no
Na(16.0) 56 43 1 141 MAS no
Na(20) 43 .5 56.5 0 131 MAS no
Na(20) 50 50 0 131 MAS no
Na(19 .6) 52 48 0 124 MAS yes
Na(20) 48 51 1 140 MAS yes
Na(20) 50 48 2 141 MAS no
Na(20) 54 40 6 130 static no

K(17 .2) 55 45 0 138 MAS yes
K(20) 57 35 8 130 static no
K(20) 33 66 0 131 MAS no
K(20) 49 51 0 141 MAS no
K(22 .3) 45 55 0 138 MAS yes

Rb(21 .5) 47 53 0 135 MAS yes
Cs(23 .3) 33 67 0 135 MAS yes
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themselves, thus forming "island-like" domains, or whether there is a sizeable fraction of inter-
connected Si'"'species. The observation that the chemical shift for a given Si'"I species depends on the
composition ofthe glass argues against island formation ." Z4•''3',140' More direct evidence comes from
2D COSY studies"..'on Na2SiO3 and Na 2Si4O9 glass, both enriched in 29 Si . The results, shown in
Fig. 22, clearly confirm the existence of Sits) -Sit4' and Si(2)_Si(3) cross-connectivities, although their
quantitative extent is difficult to determine with this method. Significantly, the cross-peaks do not
coincide exactly with the chemical shifts of the peak maxima seen in the regular IDMAS spectra.
Rather, the presence of a direct connection to a site with different n appears to shift the more
polymerized sites further upfield, and the less polymerized sites further downfield compared to the
peak positions of the unperturbed sites . It is not clear, whether inductive next-nearest neighbor effects
or differences in the Si-O-Si bond angle distribution are responsible for this effect .

5 .2.3. St+"t Species Distribution and Cation Clustering in Alkaline Earth Silicate Glasses and Related
Systems. Several attempts to extend the 29 Si MAS NMR analysis to the speciation of microstructures
in alkaline earth silicate glasses have met with only limited success . " 17•' 3 "No clear site resolution is
obtained, indicating that the spread of chemical shifts due to bond angle variations is comparable to
the effect of the nonbridging oxygen . It was noted that there is a systematic trend for the 39Si MAS-
NMR linewidth to decrease with increasing size ofthe alkaline earth metal ion, but there is little hope
that an unambiguous structural interpretation for this effect will be found .

Better site resolution is accomplished for lead silicate glasses .("", 144-146) This glass system forms
over an exceptionally wide compositional region, extending to 70 mol .% PbO. The use of 39 Si static
NMR is clearly inadequate in this case," 45' but MAS-NMR data can be explained consistently in
terms of a Sit"' distribution that is very close to statistical ."" This behavior contrasts sharply with that
of the alkali metal ions . While Dupree et al . conclude that glasses containing 65 and 70 mol .°% PbO
contain mostly SP ) units,' 4 b' as expected from the stoichiometry, Kirkpatrick and coworkers cite
Pb2SiO4 glass (66 .6 mol.% PbO) as an interesting example of a Si(") speciation that differs from the
expectation based merely on stoichiometry .' 4 Sj Several crystalline Pb 2SiO4 polymorphs are known,
none of which has Si" sites, in spite of the orthosilicate composition. Comparisons of '70 and 29Si

FIG . 22 . Two dimensional 19Si COSY spectroscopy of a glass with composition Na,SiO, . The Si(3) Si(4)

connectivities are revealed by the existence of cross-peaks. Reproduced with permission from Ref. 143.
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MAS-NMR data with those on crystalline model compoundsl 14b 1 strongly suggest that the structure of
the glass resembles that of the low-temperature polymorph, which contains dimeric Si(" environments .
This, in turn, implies that the glass must contain Pb-O-Pb bonds . Older 207 Pb chemical shift data on
this glass system seem indeed to confirm this interpretation .t' 471

5 .3. The Structure of Aluminosilicate Glasses

Among all oxide glass systems studied, aluminosilicate glasses' are perhaps those with the greatest
geological significance as well as the most commonly used ones in daily life . Al2O, is known as an
"intermediate oxide" ; incapable of forming glasses by itself or in combination with modifyer oxides, it
can be introduced into glass-forming systems in great quantity . Introduction of Al2O, into alkali
silicate glasses enhances their thermal, mechanical and chemical stability to considerable extent,
resulting in widespread practical applications. While this effect signifies that aluminum adopts a
network-former role in these glasses, direct evidence for this idea had been lacking before the advent of
NMR. Other questions, such as the effect of Al on the silicon speciation, and its possible role as a
network modifying cation at certain compositions are still matters of considerable controversy. Not
surprisingly, therefore, there has been tremendous activity in the structural exploration of these glasses,
including an abundance of solid state NMR studies.

5 .3 .1 . Approaches, Promises and Limitations of MAS NMR in Aluminosilicate Glasses. The structure
of aluminosilicate glasses can be discussed in terms of 15 different Sim"1 units, corresponding to SiO4
tetrahedra with all possible permutations of n bridging oxygen atoms and m AI next-nearest-neighbors
(m < n) . Studies of crystalline model compounds show that the presence of Al next-nearest-neighbors
has a strong effect on 6 ;.(29Si). Likewise, Fig. 23 illustrates that the 39 Si chemical shift of aluminosilic-
ate glasses shows a distinctive dependence on the Si/(Si+AI) ratio!" ) What is unfortunate for the
investigation of aluminosilicate glasses, however, is that changes in m as well as inn by one unit result
in up or downfield shift effects of comparable magnitude, generally resulting in poorly resolved spectra
whose interpretation is highly ambiguous . Because resolved peaks are generally not observed,

Fro- 23. Effect of aluminium next-nearest neighbor substitution in aluminosilicate glasses on the 39Si chemical
shift . The plot shows a correlation of 6„o("Si) with the ratio Si/(Si+AI) . Reproduced with permission from Ref . 51 .
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investigators have resorted to the use of the linewidths as indicators of the extent to which distributions
in n and m are present. Due to the arbitrary way in which the linewidth is defined (full width at half
height) and due to the multiple contributions to them, the conclusions based on such analyses must be
treated with caution . It remains to be seen whether the use of more sophisticated statistical approaches,
recently proposed for the spectral analysis of aluminosilicate glasses°45149) prove any more
successful.

Due to the above-mentioned problems with 29Si NMR, investigators have turned to the 27AI
resonance for additional information . ;7A1 MAS-NMR offers a fairly easy chemical shift distinction
between four-coordinate Al (Al"', 40ppmCb;,,C80ppm) and six-coordinate Al (Al", -20ppm
Cd,,C20ppm). Recently, however, the picture has been complicated by the identification of five-
coordinated Al sites (Al') with intermediate chemical shift properties and strong second-order shift
contributions . Furthermore, complications intrinsic to NMR studies of half-integer quadrupolar
nuclei make it difficult to obtain rigorous quantitative information about site populations: the signal
arising from strongly distorted Al sites (of any coordination number) may go undetected, due to the
inability of MAS to narrow second-order quadrupolar powder patterns beyond a certain width. This
difficulty requires careful spin counting studies on weighed samples, using suitable standards . Since it is
difficult to find defect-free solids, often liquid samples are employed as quantitation standards. Results
of experiments of this kind have been reported in the literature. Using an unspecified method, Hallas
et al. report that only a fraction of Al is being detected in their studies of sodium aluminosilicate
glasses"50) In contrast, Kirkpatrick and co-workers conclude on the basis of FID back-extrapolation
studies on static samples that their 27A1 spectra of alkaline-earth aluminpsilicate glasses are
quantitative.(rsl r The latter conclusion rests, however, on the assumption that the unobserved free
induction decay during the receiver dead-time after the pulse (40 ps in their experiments) has the form
of an exponential. More extensive protocols, such as discussed in Section 4 may be required to settle
this question . As a general rule such tests are crucial if quantitative information is sought from the
NMR of nuclei subject to second-order quadrupolar perturbations .

5.3 .2 . Silicon Site Speciation and the Coordination ofAluminium in Aluminosilicate Glasses. The NMR
data of aluminosilicate glasses appear generally consistent with a glass model in which the addition of
aluminium to a binary alkali or alkaline-earth silicate glass successively increases the degree of
polymerization, reducing the number of non-bridging oxygen atoms .("2) This occurs via formation of
AIO,,, units which attract the positively charged cations . For advancing a structural discussion, it is
useful to divide the glass into various compositional regions . Denoting the M,O (or MO)/A1,O 3 ratio
as x and the AI,O 3/SiO, ratio as y, these four regions are :

(1): x=1, and y<0.5 ;

(2): x>1, and y<0.5;

(3): x>l, and y>0.5;

(4): x < 1, y assuming any value.

A detailed MAS NMR study of glasses in the system CaO-A1,O,-SiO, .has been interpreted in
these terms." 52 ~ Glasses in region (1) are thought to form fully polymerized networks of Si(.4) units,
containing all of the AI in the form of AIO,,,- tetrahedra . In corroboration, 27A1 MAS-NMR studies
show that all of the detected aluminium is four-coordinated ." 52) Furthermore, a uniform 29Si average
chemical shift trend appears to reflect the statistics of Si/Al next-nearest neighbors. Likewise, a good
correlation is found between 5 ;~( 3 'Si) and 6(27 A]) . The interpretation of b( 27Al) is ambiguous, however,
due to a contribution from the second order quadrupolar shift .

Glasses in region (2), where the modifier content exceeds the AI,O, content, contain non-bridging
oxygen atoms, i .e . Sim3' 2 .1 " 0 i units, in addition to the Sim41 units, but otherwise unaltered Al
environments . Again 27AI MAS detects only Aln'. All of the data in regions (1) and (2) are considered to
be consistent with the Al-O-Al avoidance principle (Loewenstein's rule" 53)), It must be admitted,
however, that for glasses within this compositional domain NMR has done little more here than
provide additional support to previously existing views .
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The structure of glasses with A1,0 3/SiO, ratios >-0.5 (region 3) is of special interest, since due to
their stoichiometry, they cannot follow the above structural model while adhering to the aluminium
avoidance principle. Engelhardt et al . postulate that such glasses contain extra-framework aluminium
in addition to Alt', which they claim is unobservable in their spectra due to strong quadrupolar
couplings (and possibly wide distributions thereof) in highly distorted environments.' 52 Specifically
they suggest a Si44j+Sic t distribution for the geologically important glass of composition CaAI 2SiO6.
This interpretation conflicts with the more ordered model of Kirkpatrick et al. who invoked
exclusively Si4t units, and a glass structure analogous to crystalline CaAI 2SiO6Ps 11 As mentioned
above, these authors also claimed that all of the aluminium is being detected in their experiments . More
experimental and quantitative work is needed to clarify the structural role of aluminium in this region .

An interesting situation arises in glasses with CaO :A12O 3 ratios less than one (region 4) . Due to
charge balance constraints, the "excess" aluminium cannot be present in the form of AIO; units. Two
possibilities exist: (a) A1 3 + might act as a network modifier and hence depolymerize the silicate
network, leading to the appearance of Si!"t units with n <4 ; or (b) Al participates in the formation of
neutral units such as Al(AIO,), species or "triclusters" . 147 Based on 29Si NMR data, which do not
reveal an increase in the amount of non-bridging oxygen species, Engelhardt et al . favor the second
alternative! 172) The 27AI MAS-NMR spectra of the glasses with the highest excess in aluminium show
a new, six-coordinated, type of Al species, in addition to the tetrahedral site . This behavior is nicely
consistent with some early cw 27AI NMR data on K 20/A12O3/SiO, glasses, which show dramatic
linebroadening effects (albeit no site resolution) when the K,O/AI,O 3 ratio drops below V" , "') The
exact details of the Al environments in this compositional region are still not clear, however.

Notwithstanding the methodological difficulties and constraints mentioned above, aluminosilicate
glasses have been the subject of numerous other NMR studies .ltsv -36 et Table 4 summarizes the chief
conclusions from this work, illustrating that important qualitative information is often available from
a detailed inspection of the compositional dependences.

Recently, roller-quenching techniques and sol-gel methodology have made possible the preparation
of modifier-free binary A1 203Si0 2 glasses!170-172) The quenched material is phase separated,
whereas the sol-gel derived material appears to be single-phase . This difference manifests itself in the
Z 9 Si MAS-NMR spectra, which suggest stronger Al-O-Si connectivity in the dehydrated gel material .
The 37Al MAS-NMR spectra (see Fig . 24) are fairly complex and reveal the presence of Alty, Alv, and
Alvt. Upon heat-treatment above 950°C the samples convert to mullite (A16Si 2O,3 ). A detailed
structural interpretation of these effects must await a reliable relative quantitation of these species .
Considerable interest has also been devoted to the structural characterization of amorphous
aluminosilicate gels, which are important catalytic materials . NMR studies show that these materials
have basically disordered and disrupted zeolite-like atomic arrangements, containing both MW and

TABLE 5 . Chief conclusions made from NMR studies of aluminosilicate glass systems

Main conclusion

only AI'v detected
thermal history effects
some Alvl for A1 20 3 /CaO> 1
only APv detected
alkali metal influences 5,,,
only APv detected
Al increases degree of Si-polymerization
systematic linewidth changes
tentative Si speciations
all glasses fully polymerized
Al increases degree of Si-polymerization ;
all Al detected and in AIO~ coordination
some Alv and Alvl
APv, Alv, AIV1 present simultaneously

System Ref.

Na20-A1203-Si02 150
Na20-A1,03-SiO, 168
CaO-A1203-Si0 2 152
CaO(MgO)-A1 20 3-Si02 157
CaO(M 20)-AI203-SiO 2 158,159
NaAISi3OaNaBSi 3O6 160
CaMgSi2O6NaAISi 30 s 165
MAISi3Oa (M=K, Na, Ca) 167
NaAlSi 3O s-CaAI 2Si 2Oa 161
Na(K)AlSi 3OaSiO2 166
CaMgSi2O6-CaAI2SiO6 151
CaAI2 Si2O6CaMgSiObMg2SiO, 162
Na,A1 2 Si 4O12 F etc. 169b
(A1203)..- (Sr02)1-x 170,171
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AIv'species to variable extents ."7J-1761 Site resolution in this case is accomplished best by 2D notation
NMR. 1771

5.4. Anion Substitution in Silicate Glasses

O

	

-AI(5)

Partial replacement of oxygen by fluoride, nitride, or carbide ions influences both the optical and
mechanical properties of silicate glasses. A number of NMR studies have been carried out to study the
influence on the structural properties ."33,178,171,191,182,195-187) In an exemplary application of
dipolar 19F spin echo spectroscopy, Duncan et at. studied the atomic distribution of small amounts of
fluoride in glassy silica." 781 In principle, the incorporation of fluorine could generate SiO312 F,
SiO2/2 F2 , SiO,,2F,, and SiF, coordination environments, which are easily distinguishable on the basis
of the homonuclear 19F- 19F dipolar coupling. Dipolar spin echo spectroscopy of a glass containing
1 .03 wt% F reveals that only the first two units are present. The SiO 2t2F2 units, which contain two
closely spaced fluorine atoms are responsible for the fast decay at short evolution times (2t, <0 .2 ms),
whereas the less strongly coupled F atoms in the SiO 312 F units give rise to a much slower spin echo
decay at longer evolution times . The experimentally determined spin echo decay data are compared
with simulations based on the three different 19F-19F pair radial distribution functions depicted in
Fig. 25a. This comparison (Fig . 25b) reveals that the fraction of Si02j2 17 2 units is substantially
enhanced over the statistical probability. Most recently, the location of fluoride in jadeite glasses was
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Fro . 25 . (a) Hypothetical radial distribution functions G(r) for 19 17- 1917 pairs in amorphous SiO 2. The 0-0 pair
distribution function is based on a molecular dynamics simulation . (b) Experimental 19Fspin echo decay functions
and comparison with decay predicted by the three radial distribution functions in (a). Reproduced with permission

from Ref. 178 .

studied by 19F-37A1 CPMAS NMR.p 69 b) The results confirm that the fluoride ions bind selectively to
Al atoms, and convert them partially into Al' and Al' species .

Nitridation of silicate glasses is known to result in desirable thermo-mechanical properties such as
increased glass transition temperatures, viscosity, hardness and a reduction in the thermal expansion
coefficient.t'sol These effects are generally attributed to the partial substitution of bridging oxygen by
bridging nitrogen atoms, which results in a higher degree of polymerization of the glass . Si-N bonds
are easily detected by 29Si MAS-NMR, as coordination of silicon to nitrogen causes the E 9Si resonance
to move downfield. This effect can be exploited to estimate the average number of Si-N bonds . In
nitrided aluminosilicate glasses, N shows a distinct preference for Si over A1 . 1182 j Unfortunately, the
limited spectroscopic resolution precludes further quantitative interpretations .""- tat .192)



202

„Si NMR Spectra

CH,Si(OCH,),

methyl-Mm.thazysilae.

0

H. ECKERT

-40

	

-80
vom

-i20

FIG. 26. 39 Si NMR spectra of oxycarbide glass and precursor : top: methyltrimethyloxysilane, middle : dry gel,
bottom: final glassy product. Reproduced with permission from Ref. 187.

Recently, there has been substantial interest in the synthesis and characterization of silicon
oxycarbide glasses! 183,18a1 These materials can be synthesized via sol-gel routes from precursors
containing silicon-carbon bonds, followed by high-temperature treatment . This treatment results in
extremely hard materials of interest for ceramic fiber applications. 29Si MAS-NMR has been
instrumental in showing that materials prepared in this fashion have a silicon oxycarbide structure
with mixed SiO,,C, local environments and are not segregated amorphous SiO 2/carbon mix-
tures .tres -187) Figure 26 shows typical "Si NMR spectra obtained for the precursor, the dried gel and
the glassy material, illustrating excellent chemical shift resolution between the various SiO,-,C,
microenvironments .t 187)

5 .5 . Silicate Glass and Melt Structure at High Temperatures

As discussed in Section 2, an important feature of glassy materials as contrasted to other crystalline
or amorphous solids is the phenomenon of structural relaxation . The property is a consequence of long
range molecular mobility activated above the glass transition temperature T s. Studies of NMR
lineshapes and relaxation parameters provide excellent ways of studying dynamical properties of
glasses on a wide range of timescales . Very slow atomic motions (timescale- ls) are sensitively detected
by 1D or 2D chemical shift exchange spectroscopy . NMR lineshape parameters are affected by
motions with correlation times in the ms region, whereas the spin-lattice relaxation times are most
sensitive to motions on the timescale of nuclear precession periods, i .e. 10 -8 s .

Due to the fundamental geological importance of silicate melts, a number of high-temperature in situ
studies have been carried out ;188-1921 all of which have shown that for all practical purposes, the
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Fm. 27 . Contour plot of the 2D chemical exchange 29Si NMR spectrum of K,Si4O9 glass at 571° C. The cross-
peaks C and D reveal that the Si'°' and Si" ) species are in chemical exchange with each other . Feature E possibly
reflects a five-coordinated silicon species (Siv) in equilibrium with Sites. Reproduced with permission from Ref . 188.

network structure of silicate glasses below Ta can be viewed as rigid. 2D 39Si chemical exchange
spectroscopy has shown that in glassy K,Si 4O9 the glass transition at 500°C is probably associated
with a slow Sit"*_Sil3' site exchange process ." 88 ' Figure 27 shows a typical result, obtained at 571°C .
Site exchange manifests itself as a cross-peak (-106ppm, -55ppm) corresponding to the peak
maxima of the static powder patterns of Si(4) and SP', respectively. The Sit`",Sit3 ' site exchange
process is very slow at this temperature, and thus has no effect on the static NMR lineshapes .
Nevertheless these results establish, for the first time by NMR, a direct link between the glass transition
and the Si-O bond breaking/bond making processes resulting in chemical exchange phenomena . This
finding explains the NMR-established fact," 93, that fibers quenched during rapid shearing of liquids
produce no local alignment. Since the Si-O bonds are so labile at temperatures as low as T. shearing
cannot produce cooperative flow in this case or in other oxide glasses ."' )

Figure 28 shows that the Si(3) and Si"' powder patterns persist up to 200°C above T 1. Above 700°C,
the static NMR spectra of the Si' 3J and Si(" species are affected simultaneously by this site exchange
process and by motional averaging of the chemical shift anisotropy and dipole-dipole couplings .
When the temperature exceeds 1000°C, the lifetime of individual silicate tetrahedra becomes very short
on the NMR timescale, resulting in chemical-shift averaged, sharp "liquid-like" lines. Although the
resulting effect on the lineshape is rather complex, it is possible to simulate the chemical exchange effect
and derive approximate exchange rates at different temperatures (see Fig . 28) .(' 89" The Arrhenius plot
of exchange rate versus temperatures yields an activation energy of 179 .4±5.4 kJ/mole. Furthermore,
from back-extrapolation of this line it is predicted that the exchange rate at T, amounts to
ca. 9 Hz ." 89" Results obtained for Q"'-.Q(" site exchange in lithium silicate glasses with high lithium
contents have led to similar conclusions ." 89"

Valuable information about molecular motional processes has also been obtained from T,
measurements ." 90-192, Generally, the temperature dependence of 39Si T, in silicate glasses reveals a
distinct discontinuity at T„ whereas the T, of a mobile cation (such as 2 3 Na) is affected to a much lesser
extent . These results provide supporting evidence for the central role of silicon motion in the



204 H. ECKERT

(d)

(e)

-50 -100 -150 -200
PPM

G)

-50 -100 -150 -200
PPM

Fto. 28. Variable temperature 29Si NMR spectra of K2 Si4O9 glass (a-c) and corresponding simulations (f-j) based
on chemical exchange between Si''' and Si(` ) units . Temperatures and exchange rates are : (a) 697°C, (b) 774°C, (c)
800°C, (d) 847°C, (e) 997°C, (f) 2000 Hz, (g) 10,000 Hz, (h) 25,000 Hz, (i) 50,000 Hz, (j) 500,000 Hz. Reproduced with

permission from Ref. 189a .

interpretation of the glass transition . The quantitative interpretation of the Ti t vs T curves at high
temperatures in terms of molecular mechanisms and relaxation processes is rather complex and not yet
fully understood .

5.6 . Silicate Glass and Melt Structure at High Pressures

The structural behavior of silicate melts at high pressures is of central importance for the
understanding of many geological processes occurring in the Earth's interior . Elevated pressure can
affect the Si-O-Si bond angle distribution function, Si""° speciation equilibria in silicate melts, and the
silicon coordination number . As discussed below, 29Si MAS-NMR has made important contributions
to the quantitative elucidation of such pressure effects, hence considerably advancing the current state
of knowledge .

Upon exposure to elevated temperature and pressure (50 kBar, 600°C) amorphous silica undergoes
substantial densification (16%) .p 94 t A 2 .5 ppm downfield shift is observed in the 29Si MAS-NMR peak
maximum."')Consistent with X-ray diffraction work"' ) this effect is interpreted in terms of a 5' shift
in the Si-O-Si bond angle distribution function towards smaller values . This result is in qualitative
agreement with previous MO calculations by Ross and Meagher." 97) However, assuming that
correlation (37) still holds at elevated pressure, the NMR data would suggest that densification occurs



JPNMRS D

Structural characterization of noncrystalline solids and glasses

	

205

with no change in the width of Si-O-Si bond angle distribution function. This result conflicts both
with theoretical predictions as well as with X-ray diffraction data .

While ambient-pressure silicates show silicon invariably in four-coordination, crystalline silicates
formed in the Earth's interior at 500 km depth (where pressures are in the ON range) have
predominantly six-coordinated Silicon (Si") . Indeed, molecular dynamics simulations predict a
transition of silicate melts from Si' to Si" at pressures in the GPa tange ." 98) Data on crystalline
reference compounds show that the chemical shift range (-190 to -210 ppm) of Si" is quite distinct
from Sllv . (199-201)

Very recently, Stebbins and coworkers have identified small peaks in this chemical shift range in
binary sodium and potassium silicate glasses quenched from 1500°C at high pressures and
decompressed at room temperature." 02-204) They also observed a pronounced change in the Sit'
speciation present in these glasses, indicating a shift of the Si ( s) disproportionation equilibrium (39) to
the right side, and a new peak at -150ppmj 202-204) The latter resonance is assigned to five-
coordinated silicon (Siv), an unprecedented species in the crystal chemistry of silicates (to this author's
knowledge). Figure 29 illustrates nicely the gradual emergence of Si" and Siv in Na 2 Si`O9 glass as the
pressure is increased .'202)

In a similar fashion, Al has been reported to convert to six-coordination in albite glass at 6-8 GPa
and 1650-2000°C ." 05 j However, Stebbins and Sykes" 06) could not reproduce this result. Also there
appears to be no coordination change for silicon in this pressure range.

FIG . 29. 29Si MAS-NMR spectra of glassy Na 2Si,0 9 samples quenched from-high temperatures and different
pressures Oisted in the figure) and decompressed at room temperature . The formation of Si' and Si" indicated by
the gradual emergence of peaks at -150 and -210 ppm (indicated by arrows) as the pressure is increased.

Reproduced with permission from Ref. 202 .
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5.7. The Interaction of Water with Silicate Melts and Glasses

Silicate melts are known to dissolve considerable amounts of water at elevated temperatures and
pressures. The nature and the structural properties of this water in the resulting hydrous glasses have
received considerable attention in both geology and materials science! " 07) From the standpoint of
geology, water plays a crucial role in modifying phase equilibria and physical properties of magmas ;
hence much effort has been devoted to determining the concentration and chemical speciation of water
in volcanic glasses and synthetic analogues of magmas.t2 °s .2° 9) From a materials science standpoint,
the presence of even minute amounts of water has a dramatic effect on physical properties such as bulk
modulus, melt viscosity, ionic conductivity and the optical absorption characteristics ofglasses, hence
influencing possible ranges of technological applications . ("" The latter is especially significant in view
of the hydrous environments encountered in modern sol-gel processing techniques for silicate glasses
(see below) .

5.7.1 . Structural Characteristics of the Hydrous Species

5 .7.1 .1 . The speciation ofwater. Many previous experimental studies'2071 suggest that water acts to
depolymerize the silicate network, according to the reaction :

Si-O-Si +H20-'2 Si-OH.

	

(41)

Recent studies ofinfrared-overtone and combination bands indicate, however, that water in silicate
glasses is present both in the form of OH groups, and as molecular water species . (20H,20 ' ) This result
is confirmed by 'H wideline NMR spectra which appear to be superpositions of a broad Pake doublet
attributed to H 2O, and a sharper Gaussian component assigned to OH groups. 1110-3141 Thus, eq . (41)
has to be viewed as a chemical equilibrium . The determination of the equilibrium constant necessitates
a separate quantification of OH and H 2 O species. Other, more detailed, questions of interest include :
(a) the strength of its interaction with the network oxygen atoms (0-H • . . 0 bond lengths) ; (b) the
spatial distribution of OH and H 2O species in the network, (random or clustered), and (c) the motional
properties of water molecules in glasses .

The relative amounts of OH and molecular H 2 O species have been determined by 'H MAS-NMR
for a series of albitic glasses with water contents ranging from 0.5 to 8 wt% H2O)21 .(219,219) The left side
of Fig. 30 shows typical experimental 'H MAS-NMR spectra . Parallel studies were carried out on the
model compounds tremolite and analcite as models for structurally isolated OH and H 2O groups,
respectively (see Fig . 30, top). The spectra indicate that at the spinning speed employed (around 8 kHz),
the OH groups give rise only to a strong centerband, because all the interactions affecting the static
spectrum of the OH groups are effectively averaged by MAS . In contrast, 8 kHz MAS is unable to
average the strong intramolecular dipolar interaction between the H atoms in the water molecule,
resulting in a well defined spinning sideband pattern for this species . The OH/H,O ratio can then be
determined from the intensity of the sidebands relative to the centerband . A typical comparison
between experimental and simulated sideband intensities is shown in Fig . 30, right side .

The main problem generally encountered in 'H magic-angle spinning NMR is the strength of the
homogeneous dipolar interactions among protons, which make it difficult to achieve significant line-
narrowing at technically feasible spinning speeds . Thus, the well-resolved sideband patterns of Fig . 30
might seem surprising at first sight. However, in samples with a low hydrogen content, where the
hydrous species are relatively isolated from one another, inhomogeneous line broadening mechanisms
dominate. Specifically, theory predicts that the homonuclear dipolar interaction within an isolated
pair of two spins is inhomogeneous, hence resulting in well-defined spinning sideband patterns upon
MAS. This prediction has been verified experimentally on a number of crystalline hydrates 220 . 222)

Nevertheless, in the application of 'H MAS-NMR to hydrous glasses, the use of spinning speeds
3 8 kHz is crucial, since the effects of secondary 'H-'H dipole-dipole couplings and of the chemical
shift anisotropy upon the spinning sideband intensities are eliminated only under fast-spinning
conditions.

Figure 31 summarizes the resulting NMR-derived water speciation for various aluminosilicate
glasses4218' 21J At low overall water contents, most of the hydrous species are present in the form of
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Fto. 30. 'H high-speed MAS-NMR studies of hydrous silicate glasses . Left side: experimental spectra at 8 kHz
spinning speed. Top: experimental spectra obtained on tremolite (T ; model for structurally isolated OH groups) and
analcite (A ; model for structurally isolated H 2 O groups). Right side : spinning sidcband peak heights (in arbitrary
units) for the same glasses. Solid lines are experimental results, crosses are heights predicted by additive
superposition of the experimental spectra of analcite and tremolite, in a ratio such that identical heights for the
centerbands (not shown here) result . Results for the following glasses are shown : (a) orthoclase glass, containing
1 .5 wt % H 2O; (b) orthoclase glass containing 2.7 wt% H,O, and (c) anorthite-silica-wollastonite glass containing

7.9 wt% H2O. Reproduced from Ref. 219.

OH groups . This behavior is consistent with previous measurements on glasses with very low water
contents .(215-2"I As the water concentration increases, the OH species concentrations level off at
2-3 wt% H 2O, and the concentration of molecular water species increases steeply . The observed
behavior agrees well with IR spectroscopic results, which are consistent with an equilibrium constant
of -0.2 characterizing the above reaction .(208 .209) The overall intensity profile of the sideband pattern
in the glasses reveals further that the OH and H 2O units are randomly distributed and not
clustered!2[8,229)

5 .7.1 .2. Hydrogen bond strength characteristics. Another question of interest is the strength of the
interaction between the hydrous species and the silica network, i .e. the hydrogen bond strength

a

b

C
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characteristics . Theoretical studies indicate that the 'H chemical shift should be very sensitive to
hydrogen bonding effects .'2231 As a convenient measure of the hydrogen bonding strength, one may
take the O-H. . .0 distance of the hydrogen bond. A linear least-squares regression analysis of the 'H
chemical shift database on crystalline model Compounds ( 319-2221 yields 12191

5;,jppm)=79.05 -25.5d(O-H- -O) (A).

	

(42)

This correlation allows us to estimate average hydrogen-bonding lengths in a variety of water-bearing
silicate glasses. In albitic glasses the distribution is more-or-less uniformly centered around
d(O-H . . -0) of 2.9 A.(218 .219) This result has been confirmed independently by measurements of the
average 2H quadrupolar coupling constant of D 2O-bearing glasses on the basis of a similar empirical
correlation with O-D . . .O distances . (2241 'H MAS-NMR spectra obtained on hydrous alkali silicate
glasses reveal a decidedly bimodal behavior including rather short (2 .6 A) and longer (2 .9 A)
distances!'") The appearance of short H-bonds is believed to be due to strong coordination of OH
groups to the non-bridging oxygen atoms in these glasses .

The location of the OH species in silica has been addressed more specifically by 29 Si CPMAS
NMR!2261 Since cross-polarization requires the presence of 'H- 29Si dipole couplings, only those
silicon atoms that are near a hydrogen atom can be detected this way . This principle affords a selective
amplification of the signal due to Si-OH groups . The spectra obtained are consistent with a model in
which the reaction of water with the silica melt results mostly in Si-OH and only few Si(OH) 2 units. In
sharp contrast, CPMAS NMR studies fail to detect any Si-OH groups in albite glasses . In a major
departure from previous thinking, the authors hence suggest that reaction (41) is not applicable to this
network .j 3271 The presence of water was found to perturb the 23Na resonance quite strongly, indicating
that there are significant OH . . . Na interactionst 227) Unfortunately, the spectroscopically observed
effects do not lend themselves easily to a quantifiable result such as an average sodium-proton
distance. It should be pointed out that the presence of strong alkali metal-proton interactions in
glasses is not unprecedented . Effects of this kind were noted first by Miiller-Warmuth and coworkers
based on a detailed analysis of the heteronuclear contributions to the 'H second moments in binary
alkali silicate glasses with different modifier cations .'2 'e 1
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5.7.1 .3. Motional properties . Information about the motional properties of molecular water in
silicate glasses has come predominantly from 2H NMR of rhyolitic glasses obtained by autoclaving
melts at 850°C with D2O.t 2241 2HNMR lineshapes and spin-lattice relaxation times are extremely
sensitive to motional effects . Figure 32a shows a typical 2H NMR spectrum of a D 2O-containing
silicate glass . This lineshape can be decomposed into two distinct contributions, b and F which are
shown in Fig 32 together with corresponding simulations (d and e) . Species b and c are characterized
by a two-orders of magnitude difference in spin-lattice relaxation times . The spectrum of the rapidly
relaxing component can be observed selectively by using very small recycle delays (10 ms) . Its lineshape
is characteristic of the motionally averaged powder pattern resulting from D 2O molecules undergoing
two-fold rotations about their bisector axes at rates rapid compared to the NMR timescale (10 -5 s).
The lineshape of c, on the other hand, is typical of a rigid O-D deuterium species, with a close-to-
axially symmetric quadrupole interaction tensor . The separation of D 2O and OD species on the basis
of differences in T, is possible here (in contrast to glasses containing regular water) because the 2H
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Ftc . 32. 2 H NMR spectra at 76.8 MHz of rhyolitic glass containing 4.89 wt% D,O . (a) Fully-relaxed spectrum:
(b) partially saturated spectrum, resulting in selective detection of the D20 species; (c) difference spectrum, assigned
to the OD groups; (d) simulated spectrum for a D,O molecule undergoing 180° flips; (e) simulated spectrum for a

rigid OD species . Reproduced from Ref. 224.
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quadrupolar interaction results in strong inhomogeneous broadening effects suppressing the spin
diffusion mechanism .

5 .7.2 . Interaction of Glasses with Water at Low Temperatures . Structural effects of water have also
been noticed at low interaction temperatures in the glassy, as opposed to the molten state .
Hydrothermal leaching experiments carried out on a sodium aluminosilicate glass show pH dependent
cation exchange, depolymerization, and water incorporation effects presumed to occur via a
dissolution-reprecipitation mechanism ."' ,'" ) The original 23Na lineshape is strongly perturbed
indicating the formation of a hydration shell surrounding this ion .

5.8 . Network Structure and Hydrogen Environments in Sol-Gel Prepared Glasses and Amorphous Silicas

The "sol-gel" process used in the synthesis of oxide glasses is based upon the hydrolysis of a suitable
monomeric precursor species . This hydrolysis product forms a colloidal solution ("sol") that undergoes
polymerization ("gellation") upon standing . This heavily hydrated "gel" is then thoroughly dried and
heated to remove residual water, resulting in further densification and eventually in bulk glassy
Material 12 30) For silica-based glasses, the standard precursor is tetraethylorthosilicate (TEOS) . The
sol-gel process can be summarized by the following reaction schemes :

For the purpose of glass synthesis this process is appealing for several reasons . Since the low-
temperature mode of synthesis avoids the molten state, it bypasses existing thermodynamic con-
straints . Therefore, it is often possible by copolymerization of suitable precursor species to prepare
homogeneous glasses for systems that would show liquid-liquid phase separation in the melt . In
certain cases, the sol-gel technique succeeds in extending the glass-forming region, hence making the
synthesis of glasses possible that cannot otherwise be prepared, Finally, perhaps the most important
advantage is the opportunity for the synthetic chemist to control the entire process, and concomitantly
the structure and properties of the final product, by fine-tuning a large number of experimental
parameters at each individual stage of the reaction . It is therefore not surprising that, since its
inception, the low-temperature synthesis of silicate and other oxidic glasses by sol-gel chemistry has
been the subject of intense research .

Of course, the processes summarized in eqs (43a-c) proceed via many steps . Substitution of OEt by
OH occurs one moiety at a time, and the polymerization of the resulting SO ) species yields more highly
condensed Si(" species, i .e . Sit' (end groups), Sit 2 t (middle groups), SP' (213-branching groups), and
Si(4) (3D-branching groups). These species are in perfect analogy to those introduced in Section 5 .1,
except that they are terminated by OH rather than 0 - .

Nuclear magnetic resonance has proven to be an excellent method for monitoring each stage of the
reaction . Since the hydrolysis and the initial stages of polymerization of the hydrolysis products occur
in homogeneous solution, they can easily be followed by standard liquid-state 29Si NMR. A plethora
of solution-state NMR studies have concerned themselves with the kinetics of the hydrolysis and
polymerization stages, with the identification and quantification of molecular intermediates, and the
effect of experimental parameters (pH, temperature, chemical additives, etc). Figure 33 summarizes the
assignments for TEOS hydrolysis and condensation products . For TEOS hydrolysis, there is a
monotonic chemical shift trend with increasing degree of OH substitution . Furthermore, dimeric
species occur in a separate chemical shift region, while the various Sit") sites present in the
polymerization products are again nicely separated . The solution-state line widths of these peaks are
much broader, due to a combination of increased spin-spin relaxation rates and chemical shift
distribution effects. The numerous NMR applications investigating the mechanisms of hydrolysis and
condensation in the liquid state are beyond the scope of this review, and the reader is instead directed
to several key referencest 231-23s t

hydrolysis : Si(OEt) 4 +4H20-.Si(OH),+4EtOH, (43a)

condensation: nSi(OH)4-.[SiO,(OH),_ 2x],,+xnH2O (43b)

dehydration: [SiO x(OH),_ 2,]"-.n"Si0 2"+n(4-2x)/2H20. (43c)
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Ftc . 33 . Typical 39 Si solution state NMR spectrum of a TEOS hydrolysate/condensate . The various species are
labeled in the figure. Reproduced with permission from Ref. 232.

The dehydration step (43c) converts the heavily hydrous silica gel to a bulk glass . Important issues at
this stage are the structural identification and quantification of the various hydrogen environments
present, the structural evolution of the silica framework (or whichever glassformer is studied), and the
residual water content in the final glass . Incidentally, these questions are the same as those asked for
the structural characterization of the well-known amorphous silica gels . Due to this similarity, and
because the philosophy of the NMR application is essentially the same, the results on silica gels and
sol-gel glasses will now be discussed together .

5 .8 .1 . Identification and Quantification of the Hydrous Environments . 29Si 'H CPMAS has been of
great utility for the selective detection of Si-OH groups . Figure 34, top, demonstrates that 29 Si
chemical shifts generally differentiate quite well between Si0, 13 , Si(OH)0312, and Si(OH) 202r2 species
(peaks A, B, and C, respectively). The peak assignments are based on the different cross-polarization
dynamics of the silanol groups compared to those of Si atoms more removed from hydrogen. To
illustrate this effect, Fig . 34, bottom, shows variable contact-time experiments obtained on a sample of
silica gel .' 239j CPMAS experiments with a contact time on the order of ca . 5 ms will lead to the selective
enhancement of Si-OH resonances relative to other silicon atoms . While the CPMAS spectra do not
lend themselves easily to quantification, this can be accomplished by 29Si MAS-NMR one-pulse
experiments . Though rigorously quantifiable, these spectra are usually much less-well resolved, due to
the dominance of Si(4) groups. In practice, one therefore carries out both experiments . The CPMAS
studies are used to characterize the -SiOH and =Si(OH)2 groups by unambiguous lineshape
parameters, which are then used for peak fitting in the less-resolved single-pulse spectra.

In the same fashion, 19 0-'H CP enables the selective detection of the silanol oxygen .(240) The NMR
parameters of this species are found to be clearly different from those of the bulk SiO 2 resonance .
However, as in many applications of quadrupolar nuclei, it appears difficult to carry out this
separation in a quantitative manner.

Complementary information has come from high resolution proton NMR, obtained either by fast
magic-angle spinning, multiple pulse line-narrowing, or a combination of both . This technique permits
the distinction of molecular H2O, isolated SiOH groups and H-bonded SiOH groups . The assignment
is carried out by combined dipolar dephasing and chemicall exchange spectroscopy experiments ."")
Furthermore 'H NMR spectroscopy is useful for detecting residual organic matter in the
glasses (242 .243)
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FYa . 34. (a) 39 Si CPMAS spectrum of a silica gel sample . (b) Plot of ' 9Si signal amplitudes measured by variable
contact time experiments on silica gel . (A) Peak attributed to regular Si )4j units . (B) Peak attributed to Si-OH (SO)
groups. (C) Peak attributed to Si(OH)2 (Sij 2)) groups. Note that the different cross-polarization dynamics enable
one to enhance selectively resonances due to OH-bonded silicon atoms . Reproduced with permission from Ref. 239 .

The influence of experimental conditions on the network structure and the fate ofresidual hydrous
species during the various stages of the gel-glass transition have been studied in detail by Vega and
Scherer. (244) Figure 35 shows the aging process for a gel over a period of several months . The spectra
show three peaks, assigned to Sit 2j, Si(3) and Si(4) species. The peak ratio of these species changes
remarkably little upon aging and syneresis, indicating that the polymerization is to a large degree
arrested at the gellation stage. The peak deconvolution on the final glass samples attained after
prolonged aging shows Sit 4) and Si(3) in roughly equal proportions and a small amount (< 5%) of Si(2)
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FIG. 35. 39 Si NMR spectra of a static sample clan aging gel that was kept in a closed vial at room temperature after
refluxing for 3 h and stripping to 1 .1 g/cm3 as a function of aging time . The molar composition of the parent

solution was TEOS/Ht0/ethanol/HCI=1/16/4/0 .01 . Reproduced with permission from Ref . 244.

species. This corresponds to a final OH content of 0 .5-0.6 units per silicon . Independently performed
proton spin-counting experiments reveal that after prolonged drying and aging near room-temper-
ature an ultimate H/Si ratio between 0 .5 and 0.9 is attained. At the low end, this number is nicely
consistent with the 29 Si peak analysis, whereas at the high end the deviation is due to a small amount of
free molecular H 2O .

Information about the hydroxyl dynamics is available from an inspection of the 1 H free induction
decays (Fig . 36). Two signals are present : a rapidly decaying ("solid-like") signal with an apparent T2 of
ca. 40 ps and a liquid-like species with an apparent T 2 > 150 Its. The solid-like signal arises from rigid
Si-OH groups. It represents the exclusive signal contribution at H/Si ratios of less than 1 .0 . At higher
hydrogen contents, the liquid-like component appears and becomes the only contribution above H/Si
1 .5, at which point all the protons from Si-OH groups and molecular water constitute one liquid state,
with the hydrogen atoms exchanging rapidly between free water and bound silanol groups . In the
intermediate range of hydrogen content (1.0CH/Si<1 .5) this exchange takes place only in those
regions of the sample where the local water content is sufficiently high. Figure 37 shows representative
'H and 39Si MAS-NMR spectra for a series of gels at different stages of hydration. The liquid-like
component dominates the spectrum at H/Si ratios ofabove 1.0, and gradually broadens and shifts from
ca . 5 .0 ppm towards 2.0 ppm at lower proton contents. The 2 .0 ppm peak is accompanied by a wide
spinning sideband pattern (not shown), which originates from strong H-H dipolar interactions,
indicating pairing or clustering. Two additional sharp signals at 3.0 and 1 .0 ppm are attributed to
isolated Si-OH groups involved in different degrees of hydrogen bonding. Overall the hydrogen
species observed are remarkably similar in nature to the hydrous species observed on amorphous silica
surfaces.

5 .8 .2. Network Structure of Sol-Gel Derived Silicas and Silicate Glasses . Most of the work in this area
has concentrated on sol-gel derived silicas . The 39Si MAS-NMR spectra shown in Figs 35 and 37
(from the study by Vega and Scherer) bear important information on the network structure .(241,241)
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FIG . 36. 'H free induction decays for static samples of gels that were given the indicated drying treatments . The first
column indicates whether and for how long the stripped sol-gels were aged, the second column shows the periods of
exposure to vacuum at room temperature and 50 °C. Note the systematic variation of the shape with H/Si ratio (last
column), but the lack of correlation with the drying schedule . The molar composition of the parent solution was

TEOS/H2O/ethanol/HCI = 1/16/4/0.01 . Reproduced with permission from Ref . 244 .

Evidently, the Sit") speciation remains constant at this stage of dehydration (H : Si < 2.0). The Sil"1 peaks
are clearly resolved at H/Si ratios above 1 .5 and below 0.8, respectively, but rather poor resolution is
observed inbetween . To reduce the hydrogen content any further, high-temperature treatment is
necessary .(246,"$,"6) The NMR spectra reveal that samples heated above 950°C are essentially
devoid of hydrogen."' 5 .161 During this process, some subtle lineshape changes are observed for the
Si (4) species at intermediate stages (500-600°C), and have been tentatively attributed to changes in the
Si-O-Si bond angle distribution!"', "6J However, the bond angle distribution in the final glass is
identical to that in fused silica glass . (2 L 6 ' 15,116)
The 39Si MAS and CPMAS approach has been extended further to TEOS-based multifunctional

sol-gel materials,("') SiO zTiO, ZrO2 copolymerizates,t 24s1 vitreous precursors to sphene
(CaTiSiOS ) glass ceramics(249) and binary B 2O2-SiO2 glasses." 50,25 t 1 For the latter system, it was
concluded that virtually no mixed B-O-Si linkages occur in the polymerized gel at room temperature .
Upon heating these samples, certain changes are observed in the 11 B spectra, including an increase in
the fraction of tetrahedral boron atoms (B 4). This behavior was interpreted to signify B-O-Si bond
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Fiu. 37. 'H and "Si MAS-NMR spectra of gels dried to various residual moisture levels. The various H/Si ratios
are indicated along side each spectrum . The molar composition of the parent solution was TEOS/H,O/ethanol/

HCl = 1/16,/4/0.01 . Reproduced with permission from Ref 244 .

formation, although the NMR spectra are unable to specify the extent to which this occurs . Finally,
29Si and 7 Li MAS-NMR have been used to measure the site speciation Sit' ) in binary Li3O-SiO2
glasses prepared by the sol-gel method .( 262' 256) Apart from the effect of residual H present, the site
speciation is found to be otherwise similar to that seen in compositionally analogous glasses cooled
from the melt . (252)

6. BORATE GLASSES

Although alkali borate glasses have less wide-spread practical importance than silica-based glasses,
they have attracted substantial interest from a fundamental point of view : (1) the continuous random
network hypothesis appears to be not applicable here, and (2) "B solid state NMR is a particularly
powerful structural probe . Using t tB and 10B NMR, Bray and his coworkers have provided extremely
detailed insights into the structure of borate glasses, Since their work has been discussed extensively in
previous reviews (see Table 1), only a condensed summary of the main findings will be given here .

6.1 . Short and Intermediate Range Order in Glassy BO,

One of the fundamental issues regarding glassy B 2O3 is the question of whether and to what extent is
its structure based on six-membered boroxol (B 30303,2 ) rings . This hypothesis, initially based on
density and viscosity data,(255,256) implies that the glass is characterized by substantial intermediate
range order and hence violates Zachariasen's continuous random network concept . Substantial
support for the boroxol hypothesis has come from the observation of a strong, highly polarized Raman
band at 808 cm- ', which can be assigned unambiguously to the symmetric boroxol breathing
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mode.(251) Subsequent work has shown, however, that this mode is strongly over-emphasized in the
Raman spectrum, due to an extremely large transition probability . ' 238 ' Although NMR data are still
unable to offer unambiguous quantitative answers to the question of boroxol ring occurrence,
substantial progress has been made . The chief conclusion from much of the early work' 25s-2621 was
that, due to the presence of second order quadrupolar broadening, boron is coordinated to three
oxygen atoms (BI" species). Furthermore, detailed analyses revealed that there had to be either a non-
zero asymmetry parameter or a distribution of quadrupole coupling constants and/or asymmetry
parameters . This ambiguity could be resolved later with the help of 10B NMR data, which, in contrast
to "B NMR, also discriminates between distribution effects of e2gQ/h and q, respectively .j 265 ' Thus,
Jellison et al. succeeded in fitting both the 10B and the "BNMR lineshapes of glassy B 2 O, to a
consistent set of Gaussian distribution functions for both e 2gQ/h and g, respectively . A few mutually
contradictory semi-quantitative approaches have been used to interpret these distribution effects in
structural terms.'264,265)

Additional evidence for the existence of boroxol groups comes from the observation that the
"0 NMR lineshapes can be fitted in a satisfactory manner to two distinct oxygen sites, with e 2 gQ/h (q)
values corresponding to 4.69 MHz (0.58) (site 1) and 5.75 MHz (0.4) (site 2). 12631 Site 1 might
correspond to 0 atoms within the boroxol rings (B-0-B angle 120°), whereas site 2 might correspond
to 0 atoms linking two boroxol rings and having a substantially wider B-0-B angle . While these fits
are probably not unique, it is worth noting that ab initio calculations on H 2B OBH, have indeed
indicated that the quadrupolar parameters for both sites should be similar . j266 .267

If the structure of glassy B 203 is entirely composed of boroxol rings, a (site 1/site 2) ratio of 2 is
expected. On the other hand, Jellison et alL found that this ratio lies in the vicinity of 1 .2,' 263) which is
compatible with a model where 83% of the boron atoms are within boroxol rings. Recently "B pure
NQR studies on glassy B 203 have indeed confirmed the presence of two distinct boron sites . Two
resonances are detected, characterized by average quadrupolar frequencies vo of 1358 and 1305 kHz,
respectively .' 268-27° ' In excellent agreement with the 17O NMR fits, the ratio of these boron sites is
estimated to be 85 :15, assuming that the observed NQR peak intensities reflect site populations . It
remains now to be shown whether the e2gQ/h and 'i distributions extractable from these NQR data are
compatible with the 10B and 11 BNMR lineshapes reported in earlier studies .

6.2 . Network Structure in Binary Alkali Borate Glasses and Related Systems

6 .2 .1 . Boron Short Range Order and its Analysis via "BNMR. Introduction ofalkali oxide into glassy
B2O, results in the formation of four-coordinated B0 4 (B') units as well as three-coordinated boron
atoms bonded to non-bridging oxygen (81"(0-2'). The ability of boron to increase its coordination
number from three to four results from its Lewis acid character . In these B lv units the charge formally
resides on the B atom, but is in reality delocalized over the entire B04 unit, whereas in the B"° O-3 ' units
the negative charges are localized on oxygen atoms . In an abundance of detailed experimental studies,
NMR spectroscopy has proven its unique suitability for determining the speciation ofthese units in a
quantitatively accurate manner .

Since "B is a quadrupolar nucleus (I=4), its static lineshape is affected by nuclear electric
quadrupolar interactions (both first- and second-order perturbations), as well as by chemical shift
anisotropy and distribution effects . Even at very low fields, the highly symmetric B' units are affected
only by first-order effects, resulting in a sharp central 1-.-j transition . In contrast, the central
transition lineshapes for all the Bll 1 species in three-coordinate environments are strongly affected by
second-order quadrupolar effects . The lineshapes for three-coordinate boron atoms with zero or three
non-bridging oxygen atoms (B" 1 ' 0 j and B" 113 ' species) are characterized by a quadrupole coupling
constant around 2 .7 MHz with a small asymmetry parameter, due to approximate D 3 „ local
symmetry. We will refer to both of these units as symmetric three-coordinate (B") units, The
lineshapes of the B"' species with one or two non-bridging oxygen atoms (BI"") and BI"12J species) are
characterized by e2gQ/h around 2.6 MHz and p ofca . 0.6 ; these species will be called asymmetric three-
coordinate (B1..e) units . Figure 38 shows typical lineshapes (in the first derivative mode as usually
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Fir . 38. Typical low-field "B NMR derivative spectra of a glass in the system Li2O-B,O„ and its deconvolution
into Bw, B0°, and B 1 °a units . This figure also summarizes the terminology used in the text . Reproduced with

permission from Ref. 42.

recorded and presented in the literature) and shows the units expected along with the terminology used
here.

While the qualitative assignment summarized in Fig. 38 and the peak deconvolution are straightfor-
ward, the quantitative interpretation of quadrupole coupling constants and asymmetry parameters is
still uncertain . Thus the analysis has concentrated on the quantitative deconvolution of experimental
lineshapes in terms of the fractional contributions N 4, N 3a and N 3„ using standard computer-fitting
methods .l 272-2731 A typical example is shown in Fig . 39 . Simpler spectral decomposition procedures as
used in some of the earlier t'BNMR work are likely to be less accurate . Specifically they tend to
overestimate N4 if a significant fraction of Ba" species are present, since these units give rise to intensity
in the same spectral region near the central resonance frequency . Interestingly, for N4 determinations,
static low-field cw NMR has so far proven to be superior to pulsed, high field methods . At low field
strengths, chemical shift distribution effects are minimized, whereas second-order quadrupolar
broadening effects are maximized, resulting in optimum spectroscopic resolution between the
individual lineshape components in Fig . 38 . If the field strength is increased, the spectra associated with
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FiG. 39. Quantitative boron speciation in the system Li 2O-B 2O 3 , as obtained with lineshape deconvolution as a
function of R = mole Li20/mole B,0, . Reproduced with permission from Ref. 303 .

the But species (dominated by the quadrupolar interaction) get narrower, whereas those associated
with the Bw species (dominated by chemical shift distribution) broaden . At field strengths above 8T,
both components have merged into an essentially inseparable composite lineshape. Even if the high
field is combined with MAS, the achievable resolution is limited due to the inability of MAS to
effectively narrow lineshapes affected by second order quadrupolar effects, except potentially at the
highest field strengths currently available .(330J

A series of papers have challenged the lineshape deconvolution procedures in terms of discrete
spectroscopic sites . These authors argue that similar "B lineshapes could also result if the distribution
of quadrupolar coupling constants were not bimodal as generally assumed, but much wider and much
less regular . (274-277) If this were indeed true, the structural insights obtained by "BNMR would be
severely limited . The premises of this alternative view have been debated in Ref . 278. Overall, the
observation of well-defined quadrupolar satellites (measured by the dispersion technique)' 279) and of
well-resolved 10BNMR spectra in alkali borate glasses(2 B 0) argue strongly against such ideas .
Furthermore, recent pure "B NQR results obtained by Lee, Gravina and Bray clearly show that the
distribution of "B quadrupole coupling constants in borate glasses is quite narrow .' 368-27 ° ) Besides
refuting the arguments raised above, the latter work also illustrates that the various boron sites present
in crystalline and glassy borates can be distinguished sensitively on the basis of their nuclear electric
quadrupole coupling .

6 .2.2 . Binary Alkali Borate Glasses. Table 6 summarizes the published "BNMR determinations of
N, for binary alkali borate glasses and other systems ."' 1-330) The compositional dependence of N, in
alkali borate glasses is characterized by the following observations : At low alkali oxide content
(<0.33 mol.%), N,=R=[mol.% M2O]/[mol.% B2O3] . In this compositional region, each molecular
unit of alkali oxide is used nearly quantitatively to convert two boron atoms from three- to four-
coordination. N4 reaches a maximum near R =0 .5 (33 mol.% alkali oxide), while at higher alkali oxide
contents N, decreases again, approaching zero at R near 2. Remarkably, the N, maximum can be
correlated with relative extrema in many of the thermal and mechanical properties of borate
glasses.""' In particular, N, and Tr appear to be closely related'332.333) Planar B0 312 groups result in
essentially two-dimensional bonding . The tetrahedral B'v units can be thought of cross-linking two-
dimensional B0 3j2 -based layers, thus favoring an increase in Ts. In contrast, B'aD -2 ' units containing
non-bridging oxygen decrease the polymerization, thus lowering Tr .
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TABLE 6. N 4 analysis in binary and ternary borate glasses

Additive
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Li,O

	

282, 288, 301,303, 322
Na,O

	

282, 288, 292, 294, 322, 330
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281, 282, 292, 319,32Z 327
Rb20

	

282,322
Cs 20

	

282, 293
NaF, KF

	

285,291
MgO

	

302
CaO
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SrO
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BaO

	

289
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290
ZnO

	

316
CdO

	

449
SnO
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PbO
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310,325
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298
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311
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Na 2O-V 2O 5
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PbO-Fe 2O3
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V 2 0,-A1203
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Figure 39 shows the concentrations of B' , Bus, and B1°' units in the system Li2O/B,03.1303 j

Especially at low alkali oxide contents (R values) these distributions are found to be strongly non-
statistical, indicating a high preference for certain structural units within limited compositional ranges .
For instance, species with non-bridging oxygen atoms are essentially absent below R = 0.5 . It is for this
reason, that the structural speciation of borate glasses is often expressed in the form of simple reaction
equations, illustrating the transformation of a given structural unit by additional modifier oxide into
another, usually more highly charged one .

While early studies noted no significant influence of the alkali ion on the boron speciation, ( z 82)

newer results using improved lineshape deconvolution procedures suggests that there is a specific
cation effect :(a2z) Above R=0.5, N 4 decreases in the order Li- .Na-3K-Rb--.Cs at any given R-value,
indicating that B1lt 11 and 811142) species compete more and more effectively with Brv species, as the size
of the alkali ion is increased . Even more interesting, mixed alkali glasses with a given R value show a
systematic depression of N 4 , much below the average value of the pure binary glasses.j3221 This finding
appears to be a manifestation of the so-called mixed alkali effect, which is thought to constitute a
preferential pairing of unlike cations .t334.3351 Evidently such pairing is energetically more favorable if
the charges are localized on single oxygen atoms, and hence the formation of units with non-bridging
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oxygen atoms is favored . All of these systematics are also in excellent agreement with the experi-
mentally observed Ts behavior. In contrast, there appears to be no evidence for mixed cation effects in
(Ag20, Li20)B203 glasses . (312)

6.2.3. Boron Conversion in Systems Related to Alkali Borate Glasses . The study of alkali borate glasses
has been extended to a number of related systems based on monovalent network modifiers . KF has
principally the same influence as alkali oxide,12 s 5s9u resulting in the formation of tetrahedral BO,F
and BO 2F2 groups. The latter give rise to very characteristic lineshapes given by the simultaneous
effect of strong quadrupolar and heteronuclear dipole-dipole interactions .13361 Thallium borate
glasses have been reported to show unusually high N, at low R values. To explain these results, one has
to invoke the formation of three-coordinated oxygen .( 2901 This system should be re-examined in view
of subsequent investigations by neutron diffraction and Raman spectroscopy, which have failed to
detect any three-coordinate oxygen atoms .l' 371 The structural speciation of boron in silver borate
glasses is closely related to the behavior in alkali borate glasses 1 2971 Silver borate glasses doped with
AgI have recently attracted substantial interest for solid electrolyte applications, and have thus been
widely studied. For glasses with R C 1 it was found that the addition of AgI to a silver borate glass with
fixed R value does not change N„ resulting in the conclusion that AgI is dispersed within the interstices
of the network and not structurally active. (30) In glasses with higher Ag 2O contents, the addition of
large amounts of AgI tends to lower N6(325) Most likely the AgI indirectly influences the melt
equilibria determining the balance of B, and B 3p species. In contrast, lithium sulfate additive tends to
increase N, at a given R-value ;226) hence suggesting that the sulfate ions are structurally active .

Divalent oxides act as modifiers in the borate network in a similar way as monovalent oxides: by and
large the N,=R rule is followed at low R values, whereas at higher metal oxide concentrations N,
decreases due to the formation of non-bridging oxygen . At certain compositions, in the systems
SrO-B2O,,129 s 1 PbO-B2O"(28 31 and ZnO-B 2O,(3161 the structures of the glasses deviate from those of
stoichiometrically analogous crystalline compounds . This finding is a rare one for oxide glasses . In
CuO- and MoO3containing glasses, N, seems to depend strongly on the glassmaking temperature,
although the effect may be difficult to evaluate in view of the paramagnetism of Cue+1306 ' 311)
Paramagnetic effects on the "B and 307PbNMR spectra have been studied in further detail by
Bucholtz and Bray in the PbO-Fe 203B2O3 system .134)

In the systems MgO-Na2O-B203 ,(298) PbO-B2O3 (283) and B 2O 3TI2O(290) changes in the boron
conversion rate at higher R values have not been interpreted in terms the B"/BII" balance, but in terms
of the ability of the metal oxide additive of becoming part of the network rather than contributing to its
transformation. According to this interpretation, the added metal ion forms its own MO, (" -4) units
(n being the charge of the metal cation) . This behavior appears to be generally correlated with a
markedly reduced number of B 111' species as compared to alkali borate glasses at comparable
compositions. Qualitative evidence for the contention that the cations gain network forming ability
has come from the observation of certain chemical shift trends observed for the nuclear magnetic
resonances of metal ions (specifically 207Pb and 20'TI) that are introduced into the
network. (283,290 .338)

Trivalent oxides act as network modifiers and boron conversion agents only in exceptional cases,
such as Bi2O3 !284 i Mostly, however, such glass constituents are intermediate oxides, which gain
network forming capability in the borate network. This structural feature of borate glasses is discussed
further in Section 6.3 .

6.2.4 . Intermediate Range Order in Alkali Borate Glasses. Beyond the issue of nearest-neighbor
environments, a key question has been the existence of intermediate-range order in borate glasses . The
latter view was advanced by Krogh-Moe, who observed that the vibrational spectra of borate glasses
can be interpreted in terms of the typical intermediate-range environments present in crystalline
borates .l 39j According to this interpretation, the structure of borate glasses consists mostly of well-
defined ring structures, (see Fig . 40), and their populations can be assumed to follow simple lever rule
predictions. Obviously, this view contradicts the cm model of Zachariasen . A number of NMR studies
have been undertaken to test such ideas . These studies have exploited the fact that the wideline NMR



RG . 40 . Intermediate-range order structural units proposed for glassy B 203 and alkali borate glasses . (a) Boroxol
rings; (b) pentaborate groups; (c) triborate groups; (d) tetraborate groups; also called diborate groups ;

(e) metaborate groups ; (0 pyroborate groups ; (g) orthoborate groups; (h) loose BO, groups

lineshapes of the less abundant isotope, "B, (I = 3) reveal substantially more detail than "B NMR
lineshapes. The observed 1°B spectra usually comprise the two central (0-+-1) and (1-0) transitions,
which also allow a separate assessment of e2qQ/h and q distributions . In a series of papers, Bray and
coworkers have analyzed such lineshapes in terms of a total of nine individual components,
characterized by unique quadrupolar Hamiltonian parameters subject to Gaussian distribution
funetions .l zso.34o-3431 These components are identified with the B'v and B" sites of the structures
shown in Fig. 40, primarily on the basis of the compositional dependence of their population . The
lineshape fitting is then done in compliance with a number of constraints imposed by the stoichiometry
R, the B'v/But ratio ofcertain sites, and the value N4 measured independently by "B NMR. Based on
these assumptions the authors find that only for R<0.4 is the distribution of microstructures
consistent with simple lever rule predictions in the Krogh-Moe model, whereas at higher alkaline oxide
contents the population distribution shows substantial deviations from this model . It is conceiveable,
however, that a variety of other models fit equally well . Additional support for the Krogh-Moe model
could come from '°B NMR measurements ofcrystalline model compounds. Such studies could impose
additional constraints on the quadrupolar Hamiltonian parameters chosen for the various But and B'
sites in the glasses, and thereby limit the number of adjustable variables .

6 .3 . Network Modification of Borate Glasses by Intermediate Oxides

6 .3 .1 . Alkali and Alkaline-Earth Aluminoborate Glasses. Incorporation of A1z0, into alkali and
alkaline earth borate glasses at constant R leads to a reduction in N, .4286 - 3001 This observation is
qualitatively consistent with the partial consumption of modifier oxide to convert the AI present to
four-coordinated AlO4,z (Al'v) units, at the expense of the boron conversion process. It was noted
early on, however, that not all of the aluminium can exist in this coordination, since even at a ratio
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M(2)O/AI 203 of unity a sizeable amount of four-coordinated boron is detected . Subsequent high-field
"Al MAS-NMR studies indeed confirm the presence of six-coordinated aluminium (Al 1 ') over a wide
compositional range.""- 348) These results are fundamentally different from the situation in alumino-
silicate glasses, where Alv' is usually never detected unless the M (2)O/A1 203 molar ratio is below unity .
While in alurninosilicate glasses the formation of Al" takes precedence over any other network
conversion process, in aluminoborate glasses Al and B appear to compete for the modifier oxide on a
more equal footing. The final balance between both conversion processes also seems to depend on the
counter-cation. Na and K favor aluminium conversion, whereas boron conversion is more preferred
with Li and Pb, thus resulting in a larger fraction of Al" in the glass structure .(346,148) Unfortunately,
absolute intensity measurements with a NaAIO 2 standard indicate that only ca . 25% of the At atoms
are detected . Presumably, the majority of the Al atoms are not observable due to extreme quadrupolar
broadening resulting from highly distorted environments . (345 ' This difficulty precludes a more
quantitative interpretation of these results .

6 .3 .2 . Related Systems. The study of intermediate oxide effects on the boron conversion process has
been extended to glass systems containing Moo";323) V205 )299.318 .328.329) and Te0 2 1307 While the
binary TeOzB2 O3 system has glass-forming ability, it has a high tendency to phase-separate, except
within the region of 6-25 mol .% B203 ( 349) "B NMR indicates that these glasses contain a substantial
fraction of B'v units, This effect suggests that the tellurium coordination numbers are altered as
well,3°" a possibility that should be tested by 125Te MAS-NMR. Harris and Bray investigated a large
series of glasses in the ternary system B ZO3--Te02Li 201317) The development of structural models
based on the N4 measurements is complicated here by the fact that both Te0 2 and alkali oxide
function as sources of four-coordinated boron. By extrapolation, the fraction N 4(R=0) due to TeO 2
was determined to be ;

N4(R=0)=0.46K for K50.5

	

(44a)

N4(R=0)=0.09 K+0.19 for K 30 .5

	

(44b)

(K=mol. % TeO2/mol . % B 203 ).
These expressions are in fact well-compatible with the N 4 values published for the three binary glasses
by Goring et al.' 307)

Harris and Bray also investigated ternary B 2O3TeOiA12O 3 glasses! !317) The presence of A12O3
tends to reduce the fraction of four coordinated boron, presumably because some of the oxygen
introduced into the glassy network is now directed towards the aluminium network . These results are
in close analogy to the situation found in calcium aluminoborate glasses .(21 6)

Recently, borovanadate glasses have attracted some interest .'318, 323, 328, 329) While in pure binary
B203V20 5 glasses only B'a is detected, the simultaneous introduction of A1 20, has been reported to
produce some B". At the same time, the situation is complicated by partial reduction of vanadium to
the quadrivalent state. N4 measurements of ternary alkali borovanadate glasses reveal that the
alkaline oxide is used for both boron and vanadium conversion .(299)

Ge02 forms homogeneous glasses with B 20, over a wide composition range . "BNMR studies
indicate the absence of 81v units in these glasses .' 296) The formation of a mixed B-O-Ge network is
suggested by a systematic compositional trend in the "B nuclear electric quadrupole coupling
constant. Recently Dickinson et al. published preliminary multinuclear MAS-NMR results on the
achetypical three-network-former system Si0 2B2O3P205 1 351) These glasses also contain some
hydrogen, as evidenced by mass spectrometric analysis . CP-experiments on these glasses establish that
this hydrogen is only associated with phosphorus atoms . Furthermore, P is believed to promote
B3 -* B 4 conversion, giving rise to BPO 4-like groups, and 29Si MAS-data suggest substantial
silicon-boron interactions .

6 .4. Further NMR Studies of BO, and Borate Glasses

Elevated pressure has relatively little effect on the structure of B,0 3 1 352) Water functions as a
network modifier in B2O3 converting But to B"-OH units .' 353 a, n ) Rigid-lattice 7Li linewidths and
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second moments have been measured ." 1 .12."'1 In the limit of low lithium contents (below R=0 .5)
these second moments appear to be much too large compared to a statistical distribution, and
independent of the lithium content. Assuming that these second moments are dominated by 'Li-'Li
interactions, the conclusion has been offered that there is substantial cation clustering! !12 • 3 741 On the
other hand, due to the coulombic interaction between Li' ions and the negatively charged BOa units,
strong 11B-'Li dipole-dipole couplings are expected. As discussed previously, the experimental
M 2 ('Li) values at low lithium contents can be accounted for if an average B-Li distance of 1 .8A is
assumed !341

Several authors have used 1 !B NMR to study the structural depolymerization of glassy B,O 3 and
alkali borate glasses at elevated temperatures !310 .355-359) Room temperature measurements on alkali
borate glasses with different quenching histories suggest that N 4 decreases with increasing temper-
ature .t 5 " This seems to be corroborated by the most recent high-temperature 11BNMR measure-
ments. Surprisingly, however, N4 appears to decrease even at temperatures below T s !3s8)

An additional area of interest has been the study of low-temperature spin-lattice relaxation
phenomena, which appear to be connected with low-frequency phonon-like modes in the glassy state .
Due to the existence of these modes, quadrupolar nuclei (in particular 11 8 and 'Li) have several orders
of magnitude shorter spin-lattice relaxation times in glasses as compared to crystalline solids at low
temperatures . Various phenomenological models have been proposed to explain this behavior . These
models involve either bridging oxygen atom tunnelling between two potential wells (35 v.362) or low-
frequency phonon-like modes characteristic of the glassy state! 360,3611

7 . PHOSPHATE GLASSES

Phosphate glasses have been known for a long time as laboratory curiosities with few specialized
applications . Recently, however, these systems have gained considerable interest in connection with
the development of fast ionic conductors, 364 .365) new optical lens materials and of glasses with non-
linear optical properties . (366-368)

7.1 . Network Structure in Binary and Pseudobinary Phosphate Glasses

Due to its extreme hygroscopicity, pure glassy P 2O 5 is very difficult to synthesize . Presumably this is
the reason that no NMR results have appeared in the literature until very recently . The 31P MAS-
NMR spectrum is characterized by a single wide spinning sideband pattern revealing an axially
symmetric chemical shift tensor. The central resonance (-55 ppm) lies within the range of values
observed for the three crystalline P 2O, polymorphs. (36 s)

In contrast to glassy P 2O 5 , binary and ternary alkali, silver and thallium phosphate glasses are
readily prepared. The structure of these glasses is generally described in terms of corner-shared
coordination polyhedra with local symmetry close to tetrahedral . Depending on the oxide/P 2O5 ratio,
four distinct types of local phosphorus environments are then formed, which are depicted in
Fig. 4113701 In analogy to the nomenclature for silicate glasses, these units are labeled Pt") (0<n<3),
where n is the number of bridging oxygen atoms . Each of these microstructures is characterized by a
distinct 31P isotropic chemical shift range . Furthermore, Fig. 41 illustrates that 31P anisotropic
chemical shift tensor components distinguish equally well between these structural units . Olyschliiger
and Muller-W armuth were the first to develop a comprehensive chemical shift scale for crystalline and
glassy phosphates in terms of the Pt" ) speciation . 3711 These results were later confirmed by high-field
NMR studies, which in combination with MAS also resulted in more precise chemical shift
information. (3 ' 2-376) The 31P chemical shift anisotropies for p(3) , P(21 and PIt) units are quite large,
resulting in intense spinning sidebands for typical "P MAS-NMR spectra of phosphate glasses . While
these sidebands slightly complicate the quantitative analysis of the NMR spectra, their presence
further facilitates structural assignments .

As for silicate glasses, the quantitative P!" 1 speciation is of intrinsic interest for an understanding of
phosphate glasses. Again the question is whether the binary or a random model are more suitable .
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Fto.41. Distinguishable short range order arrangements in phosphate glasses, and their static 01 PNMR
lineshapes expected. This figure also summarizes the terminology used in the text.

Since the chemical shift separation for the Pt" 1 units is significantly better than for the Sit" species in
silicate glasses, the quantitative analysis of the 31P spectra should be a rather straightforward matter .
Unfortunately, however, the quantitation is complicated by the fact that, due to their hygroscopic
nature, binary alkali phosphate glasses usually contain water, which by itself acts as a network
modifier. Thus, the water content of the glass has to be known exactly, before any conclusions on the
distribution of non-bridging oxygen species can be drawn . This determination can, in principle, be
made by 1HNMR.t377' 3ra) Although a number of studies with informational content on the issue of
the P1"t site distribution in phosphate glasses have appeared in the literature,(" 3,319-391) it was
not until the study of Brow et al .j 382 that some definite knowledge on this question was obtained.
Taking the water content into consideration, the detailed quantitative data presented for the
Na,,O-P,,O,-H=O system strongly favor the binary model in phosphate glasses . Representative
spectra and a summary of their quantitative analysis are shown in Figs 42a,b . The binary model is also
substantiated in the fast ionic conductors based on Ag2O-AgI-P,,O, glasses, which show excellent
chemical shift resolution for the Pt* species!"' ) The results of that study are in partial conflict with the
findings of Rao and coworkers, who suggest that the addition of AgI facilitates a disproportionation of
pyrophosphate units into meta and orthophosphate .("4) Additional experimentation will be necessary
to resolve this problem. As found to be true quite generally in such ionically conductive systems, the
AgI component does not participate in the network modification, but appears to be dispersed
throughout the glass structure, thereby facilitating silver ionic conduction .

7.2 . Anion Substitution in Phosphate Glasses

Nitridation is known to increase the hydrolytic stability of alkali phosphate glasses considerably.
31P and ' 3N NMR have been used in an attempt to gain an understanding of this effect on a structural
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no. 42. (a) Typical 71P MAS-NMR spectra of sodium phosphate glasses with the Na 20/P s0 5 compositions,
x indicated . MAS-NMR centerbands are indicated in the figure. Reproduced with permission from Ref. 381 (b) P'"
speciation (denoted Q(") in the figure) as a function of composition, taking into account the measured H20 content
of these glasses. Dashed lines show the species concentrations expected from the binary model . P1 O, P' 2 ', and P 43 i
species concentrations are denoted by circles, triangles and squares, respectively . Reproduced with permission from

Ref. 382 .

basis .(383) The 31P MAS NMR spectra show partially resolved peaks assigned to P04 , P03N and
PO2N2 units, since each substitution of 0 for N results in a downfield shift increment of approximately
10 ppm. The spectral areas of these units as a function of nitrogen content show similar trends to those
expected from probability arguments. '5N NMR spectra, obtained on isotopically enriched samples
invariably show two resonances at 90 and 60 ppm, respectively . The relative ratios of these peaks
appear not to depend on the composition in any systematic manner . Only the 60 ppm resonance shows
spinning sidebands at spinning speeds around 5 kHz, hence suggesting that both nitrogen species have
substantially different chemical shift anisotropies . Based on this fact and model compound studies, the
two peaks at 60 and 90 ppm are assigned to spz and spa hybridized N atoms, respectively . Overall the
results of this study suggest that nitrogen replaces oxygen in the phosphate glass network both in the
form of P-N = P and P-N-P nearest neighbor arrangements .

P
These results support the interpretation that nitrogen cross-links the structure, but not as efficiently

as does a cationic glass constituent such as Al" .
Recently, preliminary results have been presented on the technologically interesting fluorophosph-

ate systems .t 386-39 " Introduction of fluoride into phosphate glasses is known to depolymerize the

2.0
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network, resulting in the conversion of p (27 into Pj 11 and PO 3F units . However, in the quantitative
analysis of this effect, NMR has contributed relatively little new knowledge . Although this conversion
process has also been studied by 31P and 19F NMR in several complex glasses, simple cw-NMR or 11P
MAS-spectra are not sufficiently informative due to the lack of chemical shift resolution . Clearly, more
selective approaches, involving 31P-19F double resonance and other, more sophisticated experiments
are desirable to clarify the structure of these interesting glasses .

7.3. Coordination of Other Glass Constituents in Phosphate Glasses

Further NMR studies of phosphate glasses have addressed the coordination and chemical bonding
properties of other glass constituents . For instance, 'Li second moments, measured by the cw
technique, indicate that the lithium-lithium interactions in phosphate glasses are significantly weaker
than in silicate glasses with comparable Li contents.)"" This result suggests that the Li ions are in a
state of wider dispersion in phosphate glasses . Other examples of older, previously reviewed
applications include: S 1V and 31 PNMR investigations of V2O5P2O5 glasses,1392-39 s ) the effect of
composition and temperature on the 205T1 resonance in TI-phosphate glasses, 396 .39'1 and the
coordination of aluminium in the systems CaO-Al2O3 P 205 (39 s.399) and Na,O-Al,O,-P2O5 (400)
In contrast to aluminosilicate glasses, aluminophosphate glasses appear to contain large fractions of
the aluminium in six-coordinated environments .

& OXIDE GLASS COFORMER SYSTEMS

8 .1. The Structure of Phosphosilicate Glasses

Phosphorus is an important component of many synthetic and natural glasses and can have a
significant effect on their crystallization and thermodynamic behavior-( 401 ) Like SiO 2 , P 2O5 is a
network former, and will, in the molten state, react with network modifiers under formation of non-
bridging oxygen attached to P . The structure ofcoformer systems containing both SiO 2 and P2O5 is
thus characterized by the competition of both glassforming constituents for the modifier oxide . The
quantitative consequences ofthis effect have been recently studied in ternary P 2O5SiOZM2O glasses
(M=Li, Na, K) .1402-4°61 Figure 43 shows representative 29Si MAS-NMR results, illustrating the effect
of small amounts of P2O5 present in lithium disilicate melts (the Li 2O/SiO2 is kept fixed to 0.5,
resulting in an average Si'3~ speciation) . Note the gradual replacement of the Si 13) resonance by the Si 141
resonance as the P content is increased . These data reveal a repolymerization of the silicate network . At
the same time, the P 2O5 network is depolymerized : For lithium disilicate glasses, 31P MAS-NMR
identifies mostly p03- (P(0 )) species, consistent with the melt reaction :

3SiO, 12O- +P(O)O 312 -. PO; - + 3Si041, .

	

(45a)

In contrast, Na 2 Si 2O5 and K2Si2O5 glasses show dominant formation of dimeric pyrophosphate
(P2047 - , Pj 1 )) groups, indicating the reaction

4SiO312O- +2P(O)0312 -.PZ04, - +4SiO412 .

	

(45b)

The P(') groups become more and more dominant with increasing size of the alkali ion and with
increasing P2O5 content. Considering both reaction modes, the Si 14) /Si13 ' ratio in a glass rM 2O/
sSiO 2 /pP2P5 is calculated from the expression:

Si(4)/Si(3)=(l-3r-p(1-2(3m+2n))/(2r-2p(3m+2n))),

	

(46)

where m and n, the fractions of P(0) and P( 1) groups, (m+n=1) are determined experimentally from the
3 1P NMR spectra. This model, which assumes the absence of any P-O-Si linkages, was found to be in
reasonable agreement with the experimentally determined Si(" ) speciation . Evidently, small concentra-
tions (up to 11 mol .%) of P 2 0, compete extremely effectively for the modifier oxide, acting essentially
as scavengers . Similar effects have been observed for alkaline-earth silicate glasses of composition
MSiO3 (M= Mg, Ca, Sr, Ba) .( 3 ° 2)
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8.0 mol%

FIG. 43 . Influence of P,O, on the 39Si MAS-NMR spectra of lithium phosphosilicate glasses with composition
Na,0/2SiO,/pP,O, . Reproduced with permission from Ref. 405 .

Due to the limited content of alkali metal ions in the disilicate compositions investigated, reactions
(45a and b) are only applicable up to p=0.33 and 0.5, respectively . Indeed, the 29Si and 3'P MAS-
NMR spectra shown in Fig. 44a reveal that beyond a threshold value ofp=0.37 the structure of P 2O,
containing sodium disilicate glasses is fundamentally different . Within 0.37<p<1.0, metaphosphate
units (P(2)) are the only P-containing structural units present, consistent with the reaction

SO) +P(3) -. Si(4) +P(2).

	

(45c)

The modifier oxide not associated with the p(2) units again controls the Sill)/Si(3) balance . This is
confined by a systematic 29Si chemical shift trend observed in this concentration range . (Presumably
due to a distribution of Si-O-Si and Si-O-P bonds, no separate Sit') peaks are observable here .)
Consistent with the modifier oxide content, the NMR spectra reveal that for p= 1 .0, the glass contains
only Si(4) and metaphosphate (P121) units.

For p > 1 .0, the NMR spectra reveal the formation of SiP 2O z-like regions in the glass, containing
only bridging P atoms and six-coordinated silicon with chemical shifts close to those ofthe crystalline
material. The fraction of SiV 1 in the glass increases with p, up to 40% at p = 4. 2D 29Si COSY studies
have failed to reveal appreciable concentrations of two-bond connectivities between Sit' and Si",
hence confirming the idea of SiP 2O,like islands.0 3) Figure 44b shows that the fraction of Si', at a
fixed SiO 2/P 2O, ratio increases with increasing metal ion content r . Binary SiO2 P 2O, glasses
contain mostly Si'',t 4o7.4097 although small amounts Sivl have also been reported at certain
compositions. Thus, the presence of modifier oxide favors the formation of six-coordinated silicon in
silicophosphate glasses. Glasses quenched at different rates have markedly different T s values and
Si"/Si" ratios . Partial substitution of P 2O, by A1 20 3 reduces the Si'' content and leads to formation
of AI". (406) Overall, it appears that the structure of Na 2O-SiO2P 2O, glasses is controlled by the
formation of certain phosphorus units that are energetically favorable in specific concentration
regimes, to which the Si speciation accommodates .

Binary P2O,-SiO 2 glasses are of considerable technological importance, since the incorporation of
small amounts of P 2O, and AI,O 3 into glassy SiO 2 can be used to tailor the refractive indices ofoptical
waveguides .t 409) The 31PNMR spectra of such binary SiO, P 2O, glasses reveal axially symmetric
chemical shift tensors, consistent with the presence of 0=PO312 (PI 3) groups (see Fig. 45a). Figure 45b
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29SI

b

FIG . 44 . (a) ' 9Si and "P MAS-NMR spectra of sodium disilicate glasses containing the amounts of P,0, shown
against each spectrum. Note the formation of Si" at high 13,0 5 concentrations . Reproduced with permission from
Ref. 406. (b) Observed fraction of Siv' in glasses of composition rM,O-2SiO, 3P,O, as a function of r (0 <_ r S t) .

Reproduced with permission from Ref. 406.

illustrates typical results from 3'P dipolar spin-echo experiments . The experimental data agree with a
model in which the phosphorus groups are distributed in a more-or-less statistical fashion, and are not
clustered.t4091 Ternary SiO,--P,OSA1 203 glasses show more symmetrical AIPO, like sites .t 41 o1

8.2. The Structure of Borophospflate Glasses

Both 31P MAS-NMRj4'1-4 t"1 and "B wideline NMRt414-68 1 have been utilized to study the
competitive network coformer effect in borophosphate glasses . "B NMR generally shows that the
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introduction of P,O 5 into binary alkali borate glasses increases N, . Furthermore, the presence of
phosphorus in the glass markedly alters the dependence of N, on R, and is best described by the
relation :

N,=0.5 aR+(l,

	

(47)

where a and fi depend on the ratio K=[P,O,]/[B,03] 14161

This result means that there are at least two fundamentally different types of BO, units in the glass
structure: those formed as a consequence of the interaction of B,O 3 with alkali oxide and those formed
as a consequence of the interaction of B,O 3 with P,O, . The latter are suggested to be B(OP), units,
well-known to exist in crystalline BPO, .
The most important contribution to our current knowledge of the structure of borophosphate

glasses has come from the excellent study of Villa et al. (413) The various phosphorus environments that
are expected in these glasses will be denoted as Pl?, where n is the number of bridging oxygen atoms
and in is the number of next-nearest B neighbors (m <, n). Thus, we expect a total of 10 distinct units,
namely P(O) , Pb", p( l), po2), p~21, P'z1, l) Pi3j Pist P ;3) An additional possibility is the formation of a
"BPO;' unit, P41, known to exist in crystalline borophosphate . Chemical shift assignments for these
units, as far as they exist, have come from detailed compositionally dependent MAS-NMR studies on a
wide range of glasses in the systems Li,O-z[(B,0 3),(P205), _ y ] and Ag20- z[(B203),(P205)1-,] .
The results on the lithium-based glasses are somewhat affected by reduced resoluti .n(4 '2,413) and
potential phase separation problems, but the silver-based glasses have resulted in exceptionally
detailed information . Figure 46a shows typical spectra and corresponding peak assignments . From
these studies, the following picture has emerged : In the ultraphosphate region (z> 1), substitution of
P,O5 by small amounts of B,O 3 leads to the immediate "disproportionation" of p(3) units (P (3) units
connected to boron are concluded to be unstable) into PQ' and P ;2' units . As y is increased, the P114)
units are depolymerized under successive formation of P ;2', PZ', and (at high y values) P," units.
Similar effects are incurred in the meta- and pyrophosphate region . The NMR data can be interpreted
comprehensively by calculating the average charge of the PO, tetrahedron

Q=E i(P13-'y) (48)

with i=-1, 0, 1, 2, and 3 for P"', p(3) , p(2), P(", and P(O) units, respectively . Q can be obtained by
measuring the fractional contributions (Pl"°) (n=3-i) via peak deconvolution of the assigned spectra .
Figure 46b summarizes the results, illustrating that B substitution generally leads to an increase of Q,
i .e . a decrease in the average number of bridging oxygens per P atom . These results clearly argue
against an "equal partition model" which would leave the average state of polymerization constant
and independent of y . Instead, the results favor a distribution of the network modifier such that the
charge on the phosphorus units is systematically increased . This result is again reminiscent of the
"scavenging" effect observed for phosphorus in silicate glasses (see above). For low y values, the results
are quantitatively consistent with the notion that the phosphorus charge is actually maximized,
whereas for y-values > 0.5 a compromise between equal partition and charge maximization is attained .
It is in this compositional region that dopant components (LiCI, AgI) that are added to increase the
ionic conductivity, are also found to have a pronounced influence on the glass structure, by generally
favoring charge maximization for the P atoms . The pronounced effect of AgI and LiCI dopants in the
present system is exceptional, and contrasts with their structural inertness in many other glass systems .
Most likely this is a kinetic effect, however, and does not involve direct participation of the halide ions
in the phosphorus coordination environments .

It would be of interest to compare the conclusion from the 31 P MAS-NMR data regarding the
maximization of the phosphorus charge with the 11BNMR data of Yon and Bray .'476) Even if we
assume that the different counter-cation used in both studies do not affect the behavior, the primary
difficulty lies in the fact that the low-field cw 11B technique cannot differentiate between the four-
coordinate B atoms arising from the borate-phosphate interaction and those arising from the
borate-alkali oxide interaction. It is therefore not possible to quantitate the fraction of modified
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Ftc .46 . 31P MAS-NMR results obtained on silver borophosphate glasses . (a) Glasses in the system Ag 30 x 2
(B,0 3), (P20,), . The terminology used by the authors translates into the terminology used here in the following
manner. MO=POD, EB=P (,' ) , EP=P$ ), MB2=l7 , MB1=P;31, MP=P"', BP =Pr 3), BPO,=P41. ( b) Average
negative charge of phosphate units in silver borophosphate glasses of composition Ag,0 x n (B2O 3 ), (P2O,)r-, as
a function of n and y. Open circles, filled circles, and x refer to glasses, partially crystallized samples, and glasses
doped with Agf, respectively. The dashed-dotted line represents an equal partition of non-bridging oxygen atoms
between the borate and the phosphate networks, whereas the dashed curves correspond to a model in which the

average charge on phosphorus is maximi,ed . Reproduced with permission from Ref. 413 .
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boron. This question awaits an answer from 11 B MAS-NMR studies at high fields, which might be
able to resolve separate peaks for both types oftetrahedral boron atoms .

8 .3 . The Structure of Borosilicate Glasses

Because of their widespread practical applications, borosilicate glasses have attracted great interest
for fundamental structural studies includingg solid state NMR investigations . To date, the majority of
knowledge has been derived from low-field cw' IB NMR spectra,("9-4µ) which are analyzed in terms
of Bm, But", and B" species along the lines of Fig . 38 . More recently, these studies have been
complemented by "0 and "Si MAS-NMR work.'"' ) While the 39SiNMR spectra are broad and
unresolved, the resonance center permits a qualitative estimate of the Si'"' species containing non-
bridging oxygen atoms. A promising complementary method recently introduced by Kirkpatrick and
coworkers is high-field "0 wideline or MAS NMR'44 » Even at the highest available field strengths
the static lineshapes are governed by second-order quadrupolar broadening, giving rise to spectra such
as shown in Fig. 9. As illustrated in Fig . 47, 170 NMR is uniquely suited for differentiating between
various oxygen sites in borosilicate glasses . The assignments made in Fig. 47 are based on model
compounds and the expectations from the earlier "B NMR work, regarding compositional depend-
ences .

Early on, elaborate reaction schemes were developed in order to explain the compositional
dependence of N„ N 3„ and N 3 , measured by "B NMR and these descriptions have evolved
considerably over time. As stated by Dell et al." 73' it is important to realize that these reaction schemes

FIG . 47. "0 NMR spectra of static samples and assignments in sodium borosilicate glasses . The numerals
indicate molar percentages of Na,O, B,O,, and Si0„ respectively. Reproduced with permission from Ref . 445.
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should not be taken in the literal sense, but simply as a way of picturing the (highly non-statistical)
species distributions as a function of composition .

In general, for glasses of the general composition xNa,O • yB,O,-zSiO 2 , the boron speciation can
be discussed separately within four distinct compositional regimes, characterized by the quantities
R =x/y and K=z/y. Again, this choice in the description is necessarily a simplification ofthe multitude
of mutually dependent equilibria in the molten state, and the transitions from one regime to the next
are not to be viewed as discontinuous .4433)

Region I: (R <0.5X In this region, the boron speciation is identical to that found in binary borate
glasses, regardless of silica content. Only B' and Bn' units are present . Likewise 29Si MAS-NMR
spectra are identical with those of glassy Si02, and Si-O-Na linkages appear to be absent in the
"ONMR spectra!4431 These NMR results thus suggest that in region I the borosilicate glasses are
essentially mixtures of alkali borate glasses and vitreous silica . Indeed, borosilicate glasses in this
compositional region are known for their tendency to phase-separate .

Region II: (0.5<R<Rm„=0.5+K/16) . In this region, the boron speciation in alkali borosilicate
glasses starts to deviate from that of binary alkali borate glasses . Specifically, N4 continues to increase
with R, up to a limiting value depending on K. The interpretation of this result invokes the formation
of reedmergnerite (NaB(OSi) 4 ) units (R = 1 ; K=8). This suggestion is supported by the chemical shift
of the sharp t 1 B NMR line, which lies close to that of reedmergnerite! 4301 It is assumed that all of the
silicon present is involved in these units . Furthermore, for 0.5 < R < Ro ,t,=0.5+K/16 all ofthe alkaline
oxide added to the network is assumed to contribute to the formation of these species, and non-
bridging oxygen bonded to boron (Bin' units) is not present . Therefore, in this compositional region the
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Frc. 48. Compositional dependence of N 4. N,p andN„ in sodium borosilicate glasses, as a function of R = mol .3'.Na,0/mol.% B,0, and K=mol.%SiO,/mol .°%B,O,. Reproduced with permission from Ref. 433 .
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total concentration of tetrahedral boron is still equal to the sodium content in the glass . Comple-
mentary evidence for this idea has been given by 170 and 29Si NMR, although these experiments are
less definitive due to poor resolution .'."

Region III : Rm„<R<RD,=0.5+K/4. In this region, the glass contains silicate units with non-
bridging oxygen atoms. It is assumed that little further boron conversion takes place here, and N,
remains approximately constant . This idea, originally conceived from the interpretation of 11B-N,
data is strongly supported by 29Si MAS, which shows a systematic downfield shift in accordance with
the formation of Si'`' species. ("a 5)

Region I V: R > RD , : In this region, the B'v species are successively converted to Ba' • species, thus
leading to a decrease of N, . The alkali ions are partitioned more or less equally among the borate and
silicate networks, respectively .

Within each compositional region, a separate set of relations is used to describe the quantities N,
and N 35 as a function of R and K . These expressions, which are derived in Ref. 433, are depicted in
Fig. 48, along with experimental results for the glass system Na2O-B103-S'01 . Similar models have
been proposed for lithium borosilicate glasses . Furthermore, a number of borosilicate and
germanate glasses with divalent cations have been published . For PbO-B2O3-SiO2'°a 7 .448

Cd0-B2O,SiO2 ,j449i and CdO-B2O3-GeO2 glasses' . .6I the N, balance differs substantially from
the situation in the alkali borosilicates . This is primarily due to two reasons: (a) the number of BVa'
species bonded to non-bridging oxygen atoms is small, and (b) at higher concentration the divalent
oxide gains the ability to participate in the network formation . Qualitative evidence for the latter is
given by 113Cd and $ 07 Pb chemical shift trends . '447,449) For cadmium borogermanate glasses, the
NMR results are consistent with an equal sharing of the modifier between the borate and the
germanate networks.

9. OTHER IONIC GLASS SYSTEMS

9.1 . Gallium Oxide Based Glasses

In contrast to A1203 , the heavier homologue Ga 20, is able to form glasses in combination with
alkali oxides. A particularly wide region of glass formation is encountered in the system Ga 2O 3-Cs 2O.
Zhong and Bray have studied the 71Ga and 69Ga resonances of such glasses at a field strength of
7T.'" Based on model compound studies, they conclude that 71Ga, the isotope with the smaller
quadrupole moment, provides reasonably good chemical shift separation between four and six-
coordinated Ga atoms . The relative Ga(4)/Ga(6) peak ratio was shown to increase systematically with
increasing Cs content. The question of whether all of the gallium present is actually detected, still needs
to be examined .

9.2 . Tellurium Oxide Based Glasses

TeO2-based glasses show potential promise in the area of solid electrolytes and infrared optics .
NMR investigations of such systems are at a very early stage . Preliminary 1STe NMR measurements
of simple alkali tellurite glasses show rather broad signals with limited informational content{45') In
the systems LiF-TeO 2 and Li2O-TeO 2, 'Li and 19F second moments have been extracted from
wideline NMR spectra and interpreted in terms of possible atomic distribution models .(453) It is not
clear, however, whether the wideline spectra are entirely dominated by dipolar effects, as assumed in
the analysis.

9 .3 . Halide Glasses

The structure of BeF 2 glass is very analogous to that of silica glass, consisting of corner-sharing
BeF, tetrahedra. To date, only low-field cw 19F and 'Be NMR studies have been reported on BeF 2 -
based glasses.(454-45n The F atoms appear to be somewhat mobile at room temperature, resulting in a
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reduced "F second moment . In addition to a broad 9Be signal, an "anomalous" 98e resonance is
detected, with a much sharper line width than predicted from the Be-F distances from eq . (16b) .'455
Since this line cannot be attributed to the effect of fluoride diffusion (it stays sharp down to 77 K), the
authors ascribe it to the presence of reduced berryllium clusters in the glass . Alternatively, the sharp
line could be a rare example of the self-decoupling phenomenon, previously observed in compounds
with presumably similar spin dynamics (KF and AgF) .( sss .459) According to this interpretation, the
19F-9Be dipolar interaction is averaged out by very rapid '9F-'9F flip-flops.

Addition of NaF to glassy BeF 2 increases the strength of the nuclear electric quadrupole coupling, as
detected by second-order effects on the 9Be resonance at very low-fields . While the authors take this as
evidence for some 5-coordinated Be, introduction of a non-bridging F atom is expected to have a
similar effect . High-field NMR work still remains to be done in order to elucidate the detailed effect of
network modifiers on the structure of glassy BeF 2 .

Pronounced glassforming tendency is found in many phase diagrams involving heavy metal
fluorides such as LaF, and ZrF 4 and mixed systems . (460) These "halide" glasses are an interesting new
class of solid state materials with promising applications for infrared windows and solid electrolytes .
Although NMR spectroscopy has been widely applied to elucidate the diffusive behavior of the mobile
fluoride ions in these systems (see section 12), to date few substantial structural insights have been
obtained . The 19F NMR lineshape is dominated by very strong homonuclear dipole-dipole coupling
among the ' 9 17 spins.(461) In view of the multicomponent character of these glasses one expects to find a
number of chemically distinct fluoride species . Repeated experimental claims to this effectt462.46 a 1

require further examination by high-field, high resolution solid state NMR . This task necessitates
either MAS at spinning frequencies in excess of the dipolar line width (> 20 kHz) or in combination
with special multiple-pulse sequences. Neither of these experimentally demanding applications have
been reported so far on these relatively novel materials .

9.4. Other Glass Systems

27 AI MAS-NMR studies of amorphous alumina films generated via anodic oxidation reveal the
presence of Al 14 , AV, and Alv' . 14641 Amorphous SiO shows two signals at -67 and -109 ppm, which
are attributed to a-Si- and a-Si0 2like environments, respectively . The quantitative evaluation of these
results is difficult, because only ca . 50% of the expected signal intensity is seen . In connection with ESR
spin counting studies, the authors conclude that nearby unpaired electron spins render a significant
fraction of the silicon nuclei unobservable . (465 )

10. NON-OXIDE CHALCOGENIDE GLASSES

Non-oxide chalcogenide glasses based on the sulfides, selenides, and tellurides of Main Group III-V
elements are a promising new class of solid state materials, with intriguing possibilities for applications
as low-frequency waveguides, fibers, and solid electrolytes . 14 b 6 j In the past two decades, much work has
been devoted to the phase diagrams, regions of glass formation and the thermodynamic and
physicochemical properties of these systems . It has been much more recently that, driven by the search
for structural guidelines to optimize materials properties, the atomic arrangements of these systems
have been subject to direct spectroscopic investigation . During the course of such studies a number of
unusual structural features have been uncovered that are challenging the applicability of existing glass
structure hypotheses, and, bear great intrinsic interest for a better understanding of glass formation in
covalent systems. These features have included valence alternation pairs,t 66" new types of micro-
environments not known in analogous crystalline compoundst46e"691 and cluster entities with a high
degree of intermediate range order . 1470) Since, however, many of the spectroscopic techniques used are
not inherently quantitative and tend to emphasize ordered environments, there is currently a great
need for new experimental probes that can test the existing structural hypotheses in a more stringent
manner. Solid state NMR appears to be an excellent method of choice, particularly in view of the many
contributions this technique has made to fundamental knowledge in the oxide glass area . Indeed, a
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number of cw NMR applications to chalcogenide glasses have been published since the early
1970x:167-4951 A more detailed discussion of these early works can be found in Ref . 34. While much of
these initial NMR applications broke new ground, the inability of low-field cw NMR techniques to
provide sufficiently specific structural information, and the lack of a database for crystalline model
compounds was a clear handicap in these early studies. It has been much more recently, that, with the
application of selective averaging techniques, the considerable potential of modern solid state NMR
techniques has become much more apparent .

In general, the types of chalcogenide glasses currently under investigation can be grouped into two
classes: (a) binary and ternary Ill-V chalcogenides, and (b) network former/network modifier systems,
which are based on stoichiometric main group III -V chalcogenides and stoichiometric sulfides of
electropositive cations . In the following these groups will be discussed separately .

10.1 . Atomic Distribution and Site Speciation in Binary and Ternary III, IV, and V Chalcogenides

This group comprises the glassy alloys of main group III-V elements with sulfur and selenium. A
characteristic feature ofthese glasses, which distinguishes them from compositionally analogous oxidic
systems, is their pronounced tolerance towards deviations from stoichiometry . In binary systems, the
region of glass formation typically extends from the pure chalcogen well beyond the stoichiometry of
the binary compound known in the crystalline state . Incorporation of a third constituent often
enlarges the region of glass formation considerably . Currently, the interest in these systems focuses
mainly on their potential uses in infrared optics . The air- and moisture-sensitivity and the low glass
transition temperatures of many systems, however, have remained substantial challenges that need to
be overcome by the development of new materials.

10.1 .1 . Binary Boron Chalcogenide Glasses. In analogy to B,O3 , samples with the nominal composi-
tions B,S3 and B,Se, can be prepared in the glassy state . A number of NMR studies of glassy B,S,
have been published in the literature .1355 .496-4981 As discussed in Ref. 499 studies employing
commercial B,S 3 without further purification are suspect due to the doubtful chemical composition of
this material . The production of research-quality samples necessitates either very elaborate clean-up
procedures or synthesis from the elements under carefully controlled experimental conditions .J69s .499,

The "B ew wideline NMR spectrum of glassy B,S 3 produced in this fashion confirms that the glass
structure is based on trigonal BS, / , units . The lineshape can be fitted to a much narrower EFG
distribution than that of B,O 3 , hence suggesting a lesser degree of disorder ."" ) In contrast, the
corresponding B-Se glasses show no evidence of analogous BSe,,, units . Instead, the composition
"B,Se 3" appears to disproportionate into BSe, and a yellowish amorphous selenide B .Se (x c l) . BSe,
prepared in this fashion has a polymeric structure containing a selenium-selenium bond (see Ref. 500).
Strong internuclear dipole-dipole interactions detected by NMR indicate that the B .Se phase must
contain boron-boron bonds .149 s 1 The dramatic differences between the B-S and the B-Se systems
reveal the increasingly efficient competition of homo-atomic (B-B and Se-Se) versus heteroatomic
(B-Se) bond formation as the size of the chalcogen atoms is increased . Binary boron tellurides are not
even known. 15o11

10 .1 .2 . Binary Silicon Chalcogenide Glasses. In contrast to SiO„ the heavier silicon chalcogenides SiS,
and SiSe, can only be converted to the glassy state by rapid melt-quenching . Extensive infrared and
Raman spectroscopic studies carried out on these glasses have revealed the presence of SiX 4„
tetrahedra interconnected by edge-sharing .l 5oz-5041 Such edge-sharing units are well-recognized
structural features in the crystal chemistry of silicon sulfides and selenides .'500 However, in the glassy
state they constitute a violation of the traditional Zachariasen network model, which explicitly
excludes any connectivities different from comer-sharing . While vibrational spectroscopy is limited to
the qualitative aspect, further quantitation can be obtained by solid state NMR .(505 50s) Figure 49
compares the MAS-NMR spectra of glassy Si02 1141 with those obtained on glassy SiS, and
SiSe,}soy-soil Note that, in contrast to the SiO, spectrum, the spectra of the latter two glasses show
multiple peaks. This finding suggests that the bond angle distribution functions in glassy SiS, and
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Flc. 49 . "Si MAS-NMR spectra of glassy SiO 2 , SiS 2, and SiSe2 . The Sit), spectrum is reproduced from Ref . 114.

SiSe 2 are non-monotonic and contain distinct maxima and minima . The three broad maxima observed
in the NMR spectra can be assigned"" to silicon tetrahedra sharing edges with no, one or two
adjacent tetrahedral units EI01, Ell', and E1 2 1, respectively . These units are shown below (Scheme 1) .
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Evidently, the individual E'" ) species have sufficiently different average Si-S-Si bond angles, that
discrete resonances can be observed. Compared with the situation in silicates, the relationship between
S ;p(29Si) and average bond angles <2> appears to be reversed here, with smaller angles yielding more
upfield shifts . This reversal arises from the combined effect of multiple electronic factors contributing
to the measured chemical shift value . It serves to illustrate the inherent difficulties one confronts when
relating chemical shifts to structural properties .

The quantitative ratio E' 0) : E"' : Ej 2 ' is roughly 1 : 2 : 1 both in glassy SiS 2 and glassy SiSe 2. )sm- e0r )

Note that the observation of E' 2) units implies the presence of a [SiSe 2 ]" chain of at least three silicon
atoms. At the present time it is not possible, however, to answer the question of the distribution of
chain lengths and the connectivity of the E'"' species . Studies of Si-X glasses with higher chalcogen
contents show different behavior for the sulfides and selenides . Si-S glasses tend to phase separate,
hence yielding a compositionally independent E'" ) distribution."S 08 ' In contrast, Si-Se glasses with
higher Se contents show an increase of the E(O ) component, whereas the E' 2 ' component is essentially
absent'506) The same result is obtained in mixed SiSe= P 2Se 5 glasses, indicating a more continuous
distribution of silicon microstructures, including the presence of Si-Se-Se and Si-Se-P linkages . The
inapplicability of a segregation model in the Si-Se system is also consistent with evidence from
vibrational spectroscopy .iso9)

10.1 .3 . Phosphorus Chalcogenide Glasses

10.1 .3 .1 . The system P-Se. The system phosphorus-selenium is characterized by a pronounced
tendency towards vitrification . Glasses are formed over a wide compositional region, from 0-52 and
62-S0 mol. % P. There is a marked change in the compositional dependence of thermal and mechanical
properties near 40 at% P. In part due to mutually contradictory phase diagrams, the structural
organization of these glasses has been subject to a great deal of speculation and controversy." 0-5)6)

Extensive spectroscopic investigations have been carried out,1117-51 9) but it has been only very
recently that modern solid state NMR techniques have been employed .'S 20-525) Figure 50 shows some
possible short-range order environments that might be present . NMR experiments on crystalline
model compounds show that three- and four-coordinate P atoms have distinct chemical shift ranges .
For three-coordinate P atoms, however, it is not possible on the basis of chemical shifts to identify the
number of P or Se nearest neighbors" 2"

Figure 51a shows representative 31P MAS-NMR spectra of binary P-Se glasses .'S 2 " Very fast
spinning is an essential prerequisite for achieving site resolution in these systems, since the linewidths
are rather large due to wide chemical shift distributions . Thus, it is only at spinning speeds of
12-14 kHz that the sidebands are sufficiently decreased in intensity and far enough removed from the
centerbands, to make the analysis reliable . In accordance with the model compound work, the two
peaks in the vicinity of 130 and 10 ppm are assigned to three and four-coordinate P (P"' and P`v,

E(2)
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FYc. 50 . Possible short-range order environments in P-Se glasses,

respectively . Note the systematic depletion of Ptv units at higher P contents as expected from
equilibrium considerations .

Figure 51b shows the mole fraction of four-coordinated P atoms [Pt"] = N4{P} as a function
of composition. Here {P} is the total mole fraction of P present and N4 is the fraction of four-
coordinated P atoms. The quantitative phosphorus speciation in the region of low phosphorus
contents (up to 30 at%) can be nicely explained in terms of a melt-equilibrium model :

PSe 3/2 + Se n Se=PSe 312

	

(49)

assuming an equilibrium constant around 0 .8 at . -1
Within the compositional region from 30 to 50 at%P 31P MAS-NMR spectra show only small

differences. Above 47 .5 mol. % P, the MAS-NMR spectra reveal molecular P 4Se3 units, which are
dispersed within the glassy matrix .

The statistics of P-P versus P-Se bonding have been addressed by dipolar spin-echo spectro-
scopy .(522-525) Ultimately this issue raises the question of how the phosphorus atoms are distributed in
space. Three such possible distributions, corresponding to (a) uniform (b) clustered, and (c) random
arrangements are shown in Fig . 52. Obviously these three arrangements produce significantly different
internuclear distance distributions . Via eq. (16), these distance distributions yield different theoretical
Mid values, which are then compared with experimental data from spin-echo NMR (see eq . 31) .

Figure 52 shows the results of experimental spin-echo NMR studies and computer-simulations,
illustrating the comparison between calculated and experimental M id values for the three different
distribution models. Clearly the experimental data are incompatible with either uniform, clustered or
random arrangements. Qualitatively, these results indicate that P-P bond formation does occur over a
wide range of compositions, however, to a distinctly lesser extent than statistically probable . More
quantitative information is obtained from a detailed analysis of the overall spin echo decay function .
As revealed by the simulations in Fig. 53, the spin echo decays for P atoms coordinated to selenium
only and the decays for P atoms with a phosphorus nearest neighbor are distinctly different . One can
then vary the fraction of P-bonded P atoms in the simulations until a satisfactory agreement with the
experimental data is obtained .("') Typical results are shown in Fig . 54. The simulations reveal that
P-P bonds contribute to the glass structure above 25 at%P .
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FIG . 51 . (a) Representative 3'P MAS-NMR spectra of binary P-Se glasses . Reproduced from Ref. 521 . (b) Mole
fraction of four-coordinated P atoms present in P-Se glasses, as a function of composition . This number is
calculated as [Ply] = N,{P), where N, is the fraction of P atoms that are four-coordinated and {P} is the atomic
fraction of phosphorus present in the glass. The solid curve is calculated according to an assumed equilibrium

PSe 312 +Sense=PSe 3 , 2 with an equilibrium constant of 0 .8 at . fraction - ' .

The combined analysis of 31P spin-echo and MAS-NMR results yields the final phosphorus
speciation of Fig. 55) 524) There is a definite preference towards formation of P-Se rather than P-P
bonds. Likewise P-Se bonds are greatly favored over Se-Se bonds, although the latter can be found
over the entire glass-forming region . While there exists a distinct driving force for the formation of
PSe 3t2 groups, the reaction of these units with excess Se to form Se=PSe 312 groups is much less favored.
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FIG. 52. Possible atomic distribution models for P-atoms in phosphorus-selenium glasses and other chalcogenide
systems and their test against the compositional dependence of the 31P second moments.

FIG. 53. Computer simulations of spin-who decays for phosphorus atoms bonded to one P, and for phosphorus
atoms not bonded to P in a P-Se glass containing 40 at%P randomly distributed beyond the first coordination

sphere . Included are the results of a rigorous calculation as well as a Gaussian approximation .

The multitude of structural units present at each composition tends to disfavor nucleation processes
that would eventually lead to crystallization . This chemical disorder qualitatively explains the high
tendency for glass formation in the P-Se system and the great resistance of these glasses to
recrystallization.

It is interesting to explore the relationship of the microstructural speciation shown in Fig. 55 with
the compositional dependence of Tr . No unusual features or speciation discontinuities are visible
around 40 at% P. Most likely, the Ts increase is not a short-range order effect, but rather a percolation
phenomenon,( 526 I related to a depletion of longer Se, chain units. Indeed, application of the
percolation concept to P-Se glasses predicts the rigidity percolation threshold right at 40 at% P.024)
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Ftu . 54. Experimental (points) and calculated (curves) spin echo decays for P-Se glasses, using the fraction of
P-bonded phosphorus atoms . Note the systematic deviation of the experimental a 'P spin echo decays of P-Se
glasses with low P contents from the calculated decays assuming a random P distribution with no P-P bonding

Reproduced from Ref. 524 .
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Ftc . 55 . Site speciation in P-Se glasses, as deduced from the combined analysis of spin-echo and MAS-NMR
investigations. A : Se-Se bonds, B : PSe,, 2 units, C: Se=PSe, 1, units, D : P-P bonded units . Reproduced from

Ref. 524.

While both the MAS-NMR and spin-echo data disagree with the cluster model as portrayed in Ref.
517, at low P concentrations the srP spin echo intensities deviate significantly from the simulations
based on random P distribution and no P-P bonding, as shown in Fig. 54. This result could signify a
more subtle intermediate-range ordering phenomenon, where the formation of P-Se-P linkages is
favored to some degree . The situation is sketched schematically in Fig. 56 . Evidently, the P distribution
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Scenario I : Isolated P

Scenario It : clustered P

Fin . 56 . Two possible scenarios on the P-distribution in P-Se glasses with low P contents : (a) random distribution
of P atoms : (b) partial clustering, resulting in an enhanced probability of P-Sc-P bridges . Black circles: P atoms,

grey circles : P-bonded Se atoms, white circles : Se-bonded Se atoms .

looks more like that in part (b) rather than part (a) of this figure . This question can be investigated by
studying the "P "Se dipole-dipole couplings with the SEDOR technique .( "') Figure 57 shows the
echo intensity as a function of dipolar evolution time . Part A of this figure shows that even in the
absence of the 31 P pulse; the "Se spin echo decays slowly with 2t, (open squares) . This behavior is
attributed to the effect of "Se-"Se interactions . In contrast, when the 31P pulse is present, the
SEDOR decay (filled squares) has two distinct components : a short-term component due to Se-atoms
directly bonded to P, (and hence decaying rapidly because of the strong 31 P-"Se dipole coupling), and
a long-term component due to Se atoms not directly bonded to P . For the long-term component, the
31 P-"Se interaction is insignificant, and the time behavior matches closely that of the regular "Se
spin echo decay (i.e. in the absence of the 31p pulse) observed for the entire Se population.
Extrapolation of this long time behavior to zero time yields Se a„ the percentage of Se atoms not
directly bonded to P. Furthermore, subtraction of the long-term spin echo decay function from the
entire set of data affords the decay function of the P-bonded Se atoms selectively . As shown in the
simulations Fig . 57, part B, these decay functions differ substantially between a Se species bonded to
one and only one P atom and a Se species, which forms a P-Se-P linkage . The experimental data show
intermediate behavior between the two extreme scenarios of Fig . 56 .
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Frc.57 . 71 P--"Se spin echo double resonance (SEDOR) NMR results for P-Se glasses with low phosphorus
contents. (A) Normalized "Se spin echo intensities as a function of evolution time 2h (a) without and (b) with
application of the "P pulse. The straight lines are linear least squares fits to the whole data of curve a and to the
long-time behavior of curve b, respectively . (B) Dipolar decay curves of the P-bonded Sc atoms, obtained via
SEDOR difference analysis . Top: glass containing 12.5 at% P . Bottom : glass containing 20 at % P. The solid curves
show the simulated decay within the region 0 ms g;S 2t, 50 .85 ms for isolated P-Se bonds and P-SC-P bridges,

respectively .

10.1 .3 .2 . Ternary P-Se based systems. Introduction of a third glass constituent such as germanium,
arsenic, or tellurium into P-Se based glasses has a profound influence on the thermal and chemical
stability . Extensive 31 P MAS-NMR studies have been carried out to elucidate the structural effect of
such compositional modifications. Partial substitution of P by As within the compositional series
[P,As, _ J, _,Se, leads to a systematic increase in N, . ("~1 In view of the well-documented fact that in
the binary As-Se system the glass structure is dominated by AsSe 3J2 groups and no tetrahedral
Se=AsSe 31 , units exist, the equilibrium description eq . (49) can be expanded by assuming As to
substitute only for PSe 3) , groups:

RSe3l,+Se za Se=RSe 3) ,,

	

(50)

where R=P, As .
The data in Fig. 58 suggest that the basic structure of P-Se glasses is essentially retained upon

successive substitution of P by As up to substitution levels of x=0.5 . Evidently the compositional
perturbation caused by replacing P with the exclusively three-coordinated As is counterbalanced by
changes in the phosphorus speciation such that the overall fraction of four-coordinated pnictogen
atoms remains approximately constant . It is only for higher As contents that [R."] is noticeably
decreased, although still distinctly higher than expected from an interpolation between the data in the
system P-Se and As-Se ([RN]=0 for the latter system at all compositions) . This result implies non-
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FiG. 58 . (a) Typical 31P MAS-NMR spectra for glasses of the system(P, ,As,)a0Se,,-(b) The total molar fraction
[R v] of Se =PSe, r2 units in (P, ,As,), , glasses as a function of x and y . The experimental data are compared
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statistical ordering, indicating that the formation of four-coordinated species in these glasses is
energetically relevant . It also reveals, indirectly, that the site speciations of P and As are different.

In contrast to the effect ofAs substitution for P, preliminary studies indicate that the substitution of
Se by Te decreases N,( ' 20 An explanation can be found if one assumes that phosphorus-tellurium
bonds are absent, and that tellurium forms its own microdomains or substitutes only within the Sex
chains and rings in these glasses . Support for this assumption also comes from the crystallization
behavior, which shows the formation of crystalline tellurium upon annealing above T s. Overall, the
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results suggest that Se and Te are both structurally and thermodynamically inequivalent in these
glasses.

10.1 .3 .3 . The System P-S . The phosphorus-sulfur system forms glasses with compositions ranging
from 0 to 25 mol. % P. The structure of these glasses has been studied by combined dipolar spin echo
and MAS-NMR spectroscopy,5291 as well as liquid state NMR carried out on extracts .(529-531) MAS-
NMR data show that at low P contents the spectra are dominated by a broad resonance at 112 ppm .
The static and magic angle spinning spectra for this resonance reveal a wide chemical shift anisotropy
pattern characteristic of an axially symmetric shift tensor . The comparison with 5, ; values for a
number of crystalline phosphorus sulfides""',532-536, strongly suggests that the peak at 112 ppm
reflects a S=PS 3 , 2 group and not a PS 312 group .

For P contents above 15 at% P additional sharper resonances at 51 and 57 ppm become increasingly
intense and finally dominate the spectrum at 25 at% . These peaks indicate the presence of molecular
P4S,o and P 4S9 "cluster"units in the glass structure and signify that the distribution of P atoms is non-
statistical.

Spin-echo echo experiments confirm these segregation effects t529, Figure 59 shows the composi-
tional dependence ofM2d, as compared with M2d values calculated, (a) for both uniform and P4$,,
cluster models, and (b) for a random distribution of P atoms, excluding the formation of P-P bonds.
The significantly higher values of M2d measured in the experiment throughout the entire region of
glass-formation indicate an increased propensity of P-S-P bond formation . The preferred formation
of such linkages leads to the formation of molecular clusters at higher P contents, and culminates in the
crystallization of P4S, o at the glassforming border .

10 .1 .4. Arsenic Chaccogenide Glasses . Glassy As 2S3 and As2Se3 are probably the most widely-studied
chalcogenide glasses. Unfortunately, their investigation by NMR methods has been hampered by the
unfavorable properties of the nuclear isotopes "Se and 7'As. "Se has long T, values and gives rise to
very broad spectra due to large csa and shift distributions and hence, the structural significance of 79Se
NMR in glasses has been limited .t4r4, 475, Ore, "As possesses such a strong nuclear electric quadrupole
moment, that the nuclear spin is usually quantized along the direction of the principal component of

10

0

Fta.59. Experimental dipole 31P second moments, M 2d (open squares) in Phosphorus-Sulfur glasses, and
comparison with the values calculated from various models : (a) uniform distribution and P 4 S, e clusters, and (b) a

random distribution excluding P-P bonds (filled symbols). Reproduced from Ref. 529.
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the electrostatic field gradient tensor rather than the externally applied magnetic field . In these systems,
it has been possible, however, to conduct pure( 537-541) or Zeeman-perturbed j473j nuclear quadrupole
resonance experiments. This approach has proved to be very successful in the investigation of binary
and ternary arsenic chalcogenide glasses . Although the NQR spectra in the glasses are quite broad due
to the distribution of local environments, the average nuclear electric quadrupole frequencies of AsX,,,
coordination environments and As-As-bonded microstructures are sufficiently different to permit
facile site resolution in arsenic chalcogenide glasses.

All the available experimental evidence indicates that binary arsenic chalcogenide glasses possess a
much higher degree of chemical ordering than the homologous P-Se glasses .(524t Specifically, the
structure of glasses containing 40% As (corresponding to the stoichiometric composition As 2S, or
As 2Se,) appears to be completely dominated by AsX, l2 groups (X=S, Se), giving rise to single peaks
near 78 and 58 MHz for the sulfide and selenide systems, respectively . At these compositions and at
lower arsenic contents, no significant amounts of either As-As-bonded or X=AsX,, 2 groups are
present . As the arsenic content increases such that it exceeds that of the stoichiometric compositions
As,S, and As2Se,, new structures containing As-As bonds must be formed . These new structural units
yield new NQR peaks at 90 and 80 MHz, for the sulfide and the selenide glasses, respectively . The
fractional areas of these new peaks are quantitatively consistent with the reaction

4AsSe,i2 + 2As -. 3Se2, 2As-AsSe212

	

(51)
hence suggesting that predominantly species with one As-As bond are formed . The same process
occurs in ternary glasses with the stoichiometry Cu,(As2i5X3f5 ), F . Because of the tendency of Cu to
adopt four-coordination by selenium, the As environment is depleted in selenium, resulting in the
formation of As-bonded arsenic atoms, as seen in Fig . 60a. The fraction b of the As-As bonded
structures is predicted to be (54o 1

b=2.5x(1-x)' .

	

(52)
As shown in Fig. 60b, the NQR results are quantitatively consistent with this prediction . Although it is
also possible to detect 63Cu NMR signals in these systems, their structural significance is limited by
strong second order quadrupolar broadening and distribution effects .' 541 1

10 .2 . Site Speciation in Network Former/Network Modifier Systems

These.types of chalcogenide glasses are compositionally analogous to the usual oxide glass systems
discussed above, differing from the latter merely in the replacement of oxygen by sulfur or selenium .
Experimental studies have concentrated on Li 2S containing glasses based on B 2S„ SiS2, and P 2S5,
which are formed by rapid quenching techniques . Although these materials are solid electrolytes with
high room temperature ionic conductivities (10 -2 S/cm), wide spread applications of these glasses as
components in lithium batteries have been limited, perhaps due to their instability in moist air, their
recrystallization above Ts, and their reactivity towards lithium metal anodes. The development of new
materials with improved thermal and chemical stabilities and maintaining their ionic conductivity is
an area of active research, and requires support by structural investigations! 542t In this context, a
salient question is how far the compositional analogy between these glasses and binary alkali borate,
silicate, and phosphate glasses translates into structural analogy .

10 .2 .1 . Network Modification in Boron Chalcogenide Glasses . Like its oxide analogue, glassy B2 S, is
known to accommodate network modifiers such as Li 2S, although fast quenching (ice-water) of small
samples is necessary to preserve the glassy state . Confirmed regions of glass-formation are : (T1 2S),
(B2S 3) 1 _, (0Cx<0.75) and (Li2S),(B2S,),_, (0.5 < xC0.7). Both Na,S and Li2S, as well as TI 2S
generate four-coordinated boron atoms, 544-547, the quantitative compositional dependence being in
rough analogy to the behavior of alkali oxide modifiers in alkali borate glasses (see Section 6) .
Figure 61 shows typical 11B MAS-NMR spectra of the binary Li 2S-B2S, glass system at a field
strength of 11 .7 T .17481 Although three- and four- coordinated B atoms are well separated on the I'll

chemical shift scale, the quantification is still complicated by the spinning sideband contributions,
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FIG. 60. (a) "As NQR lineshapes for glasses in the system Cu,(As, . 4S 0 6)1 , as a function of x . (b) Fraction of As
sites containing one As-As bond, b, as a function of x in glasses with composition CuAAS,.4So.s)r- . (open squares)
and in Cu,(As, . 4 Se o .b),_ i (open circles) . The solid curve corresponds to the behavior predicted according

to eq. (52). Reproduced with permission from Ref. 540 .

which lead to undesirable spectral overlap . To suppress these sidebands, spinning speeds of ca. 15 kHz
would be required . Nevertheless, the successive decrease of N4 with increasing Li 2S content is clearly
evident, and qualitatively consistent with an earlier cw NMR study of this effect .t 54 s 1

10.2.2 . Network Modification in Alkali Thiosilicate Glasses . Glasses in the system (LizS), (SiS 2 )r _,
(0.4EXE0.6) are prepared by heating the starting materials in vitreous carbon crucibles to approx .
850°C, followed by rapid quenching in liquid nitrogen .t 54 s. ssol The region of glass-formation can be
extended further (to x values as low as 0 .20) by using roller-quenching methods!5611 In view of the
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Flo. 61 . "B MAS NMR spectra at 11 .7 Tin the binary glass system (Li,S),(Ba53), _,.

compositional analogy of these glasses to binary alkali silicate systems, the question arises as to
whether the well-accepted network modification model discussed above for the silicate glasses is also
applicable for the sulfide analogs. Data from Raman spectroscopy do indeed suggest that Li,S acts as a
network modifier much in the same fashion as Li 2O in oxide glasses, creating non-bridging sulfur
atoms!551 ' However, Raman spectroscopy is unable to offer conclusions on the quantitative aspects of
this network transformation and the role of the edge-sharing units in this process .
Comprehensive "Si MAS-NMR studies of SiS iLi,S glasses and crystalline model compounds

reveal that the "Si chemical shifts are dominated by the Et"r rather than the Si ( " ) (Q°")) specification ;
this means also that the number of non-bridging sulfur atoms produces only minor chemical shift
changes for a given Et") species.""- 153) It is therefore not possible to quantitate the number of non-
bridging sulfur atoms. The NMR spectra show, however, that introduction of Li,S into glassy SiS,
initially reduces the extent of edge-sharing markedly, and the E' 2r species have disappeared for the
composition x = 0.30. Figure 62 illustrates the network modification scheme developed on the basis of
the NMR data . This model reveals that, implicitly, the destruction of edge-sharing units by Li zS
(represented by diagonal arrows) will result in the formation of non-bridging sulfur atoms . In the
compositional region where the most stable glasses form (0 .38 < x < 0 .6) the El") distribution remains
approximately constant, with a EjOt/Etll ratio of ca . 2 .5 : 1. Glasses prepared by ampule quenching and
by the faster twin-roller quenching method show almost identical T r values and El") speciations.
Finally, preliminary studies carried out on the system Na,S-SiS, reveal the same principles as
discussed above, although the fraction of edge-sharing units appears to be consistently higher.(5511

10.2.3 . Network Modification in the System Li2S-P2S5. The high ionic conductivity of glasses in the
system (Li,S),-(P,S,), , has already come to commercial utilization . Initially, the region of glass
formation was reported to be rather narrow,"") but subsequent studies have shown that rapid
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FIG. 62, '"Si MAS-NMR spectra (a) and structural interpretation (b) for glasses in the system (Li 1 S)AS1S 2 ) 1 _,.
Reproduced from Ref. 553 .
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quenching of samples sealed in quartz ampules affords glasses within the compositional range
0.5 5 x 4 The glass transition temperature increases with increasing Li2S content, reflecting the
change of the molecularly organized P 2S, glass to a material held together more strongly by ionic
forces. There are four binary compounds with stoichiometries UPS, (x=0 .5), Li,P2S 6 (x=0.66),
Li,PS,(x=0 .75), and Li,PS 6 (x=0.875) which have been crystallographically characterized .

31P MAS-NMR studies carried out on the whole range of glassy materials are shown in
Fig. 63a .j 3 O 11 Within the entire glassforming region, large chemical shift differences between crystalline
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Mo. 63 . 31 P MAS-NMR spectra (a) and structural interpretations (b) for glasses in the system (Li,S)JP2S 5 ) 1 _r
Reproduced from Ref. 557.
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and glassy phases are observed at most compositions .' 557 ' Figure 63b suggests a tentative interpret-
ation of the results obtained . In the glasses, the chemical shift anisotropies measured from the observed
spinning sideband patterns follow similar systematic compositional dependences as observed pre-
viously for phosphate glasses. For this reason, the structural environments present in the glassy state
are thought to resemble those present in phosphate glasses . For example in (Li,S)a,5 (P2S5)o .5 glass, a
MAS-NMR pattern with numerous spinning sidebands is observed, revealing a large chemical shift
anisotropy with a non-zero asymmetry parameter . In conjunction with model compound work
undertaken on phosphates, this spectrum is assigned to the non-axially symmetric P (2) units expected
at this stoichiometry . Likewise, the well-defined spectrum observed for (Li2S)0 .67(P2S5)0 .33 glass is
assigned to the dimeric 1' units expected for this stoichiometry . The spinning sideband intensities are
much weaker here, reflecting a significantly lower chemical shift anisotropy . The spectrum at the
intermediate composition x=0 .40 is easily explained in terms of a superposition of PQ 1 and p(2 '
contributions . Note that in view of the limited chemical shift difference (ca . 8 ppm) and the relatively
broad lines the respective centerbands are actually not resolved from each other and the main
distinction is afforded by the spinning sideband intensity patterns .

In contrast to the situation in the glassy states there appears to be no close structural correspon-
dence between lithium phosphorus oxides and sulfides in their crystalline forms . In particular, glass
with x = 0.66 (Li,P 2S 7 ) disproportionates on crystallization, according to

Li,P,S, (glass)-*Li,P,S, (cryst .) t S .

	

(53)

Thus, it appears that the pyro-thiophosphate unit can only be preserved in the glassy state . A close
inspection of the spectra in Fig . 63a reveals that the decomposition occurs, in fact, also to a limited
degree (< 10%) in the glassy state, as suggested by the downfield shoulder near 105 ppm. Overall,
however, the structural differences between the crystalline and the glassy states in this system are quite
pronounced, and this seems to be a quite general characteristic for pseudobinary network former/net-
work modifier glasses based on chalcogenides .

10.2.4 . Competitive Network Modification in Chalcogenide Glasses . Recently, pseudo-ternary lithium
sulfide based glasses generated from mixed network former systems have been shown to have certain
distinct advantages over simple pseudobinary systems in their electrochemical behavior . For example,
addition of P,S, as a third component to Li,S-SiS, glasses results in a marked improvement of the
stability of these glasses against Li anode material in battery systems!"', The detailed structural
origins of the stabilizing action of such coformers is not known, but may be related to the formation of
three-component structural units in these glasses . Certainly, modern solid state NMR techniques are
expected to provide some answers on a structural basis . In addition, the issue of how the two networks
compete for the Li,S modifier species is an interesting fundamental one that has provided important
insights into the structural principles operative in oxide systems (see Section 8) . In this connection, a
series of experiments has been undertaken, addressing the effect of second network former constituents
such as SiS„ B,S3 , and A12S3 on the structure of (Li,S),-(P,S,), _ x based glasses. The results can be
summarized as follows .

(1) Effect of SiSz3'P MAS-NMR measurements have been carried out in the system
(Li2S)6 .6 [(S'S,), _r(P,S3),,]6,, . For y= 1 .0, the spectrum reveals a superposition of PM and Pte) Units .
With the successive introduction of SiS„ the pt2) units are destroyed, and a monotonic shift in the peak
maximum is observed, reflecting the gradual replacement of P-S-P by P-S-Li and/or P-S-Si linkages .
Thus, the NMR spectra suggest that, as the result of the competition of the network formers for Li,S,
the average number of nonbridging S atoms around P is increased in the pseudo-ternary glass
system." 591 This behavior is reminiscent of the alkali metal scavenging effect of phosphorus in alkali
phosphosilicate glasses. In sharp contrast to the oxide system, however, Li 2S-P,S,-SiS, glasses show
no evidence for six-coordinated silicon .

(2) Effect of AI2S,,Figure 64 shows "P MAS NMR spectra of a series of glassy and crystallized
samples in the system (Li,S)6 .67 [(P2S5)1 _,(A12S3),]0 33 ! 560, The spectra suggest that the presence of
A1 2S 3 favors to some extent the disproportionation reaction (53) in the glassy state . Furthermore,
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Fro. 64. "P MAS-NMR spectra of (a) glasses and (b) crystallized samples in the system (Li2S)o .6,[(P :Ss)x-,
(Alxss,loss The value of y is indicated in the figure . Assignments are (A) P,S;" and PS, - groups ; (B) P2 St"

groups; (C) tryst Li 4P 2S6 ; (D) tryst . Li3PS4; (E) tryst . Li,PS 6 . Reproduced from Ref. 560.

changes in line widths and peak positions seem to indicate that AI2S3 also influences the Vol speciation .
More definite information on this matter comes from the spectra of crystallized samples, which reveal
Li4P1S6 , Li 3PS4 , and Li,PS 6 , respectively . Crystallization of the first phase can be correlated to the
presence of P(l ) units in the glassy state, whereas the other two phases must originate from P ( ' ) units .
The results clearly indicate that the presence of Al 2S 3 in the glass increases the average number of
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nonbridging S atoms around phosphorus . Bearing in mind that (Li,S)0 67 (A12S3 )o.a3 would nominally
be an Al" species, the network former competition can be characterized by the process :

AP) +PM-.Ah4) +p ( O

	

(54)

This scheme is consistent with the well-known tendency of aluminium to avoid non-bridging oxygen
species in aluminosilicate glasses .

(3) Effect of BS,-Similar studies have been carried out with glasses in the system
(Li2S)6.67[(P,S5),_,,(B2S3)r]o,3j 4546) This system tends to phase separate and does not form a
continuous series of glasses . Combined measurements of N,("B), M,,(31p), and S ;,,(31 P) suggest that
glasses with y; 0.7 phase separate into a binary Li 2S-11 2S, glass with a lower network modifier/net-
work former ratio than 0.67 :0.33, and a mixed Li,S/PISS/B,S3 glass with a higher network
modifier/network former ratio than 0.67/0.33 . The phosphorus environment in this second glass phase
is independent of composition and most likely a Pt 0) (PS;- ) unit . Thus a common thread for all
competitive network former systems studied so far is the tendency of phosphorus to maximize its
number of non-bridging chalcogen atoms (i.e. minimize the number n in the p(") notation). This
phenomenon compares well with the "alkali metal scavenging" effect of phosphorus in the alkali
borophosphate glasses (Section 9 .2).

11. IONIC DIFFUSION STUDIES OF GLASSY SOLID ELECTROLYTES

Besides providing information on the structure of the rigid glass network, NMR spectroscopy also
offers the opportunity of studying dynamic behavior in glasses on a variety of experimental time scales .
NMR lineshapes and relaxation times have proved to be very sensitive to the effects of ionic diffusion
in glasses. This has been an area of very intense research effort, the ultimate goal being a deeper
understanding of the detailed mechanism of ionic transport in glasses . There are a number of
important, partly inter-related questions to be answered : Does the "weak electrolyte theory",e56q
formulated on the basis of thermodynamic data, have physical reality? Do the ions move in a
correlated manner, as implied by Funke's jump relaxation model,t 562) or is the motion stochastic? Has
the non-Debyean relaxation behavior so often observed for the electrical conductivity and other
transport properties in glasses( 563) an intrinsic theoretical foundation or is it merely an artifact of the
disordered state?

There has been an abundance of experimental studies, mainly devoted to the effect of ionic motion
on static NMR interaction parameters and spin-lattice relaxation behavior . Broadly, three principal
areas can be distinguished : (a) fluoride conducting ZrF4 -based glasses,t 564-576) (b) amorphous Ag solid
electrolytes (mostly the system AgI-Ag,O-B,O 3 ), (577- sss ) and (c) Li'-containing solid electrolytes,
including silicate, borate, phosphate, chalcogenide and fluoride-based glasses .tsa 6-6o 1) There have also
been a few studies of other mobile ions such as sodium, (602,603) cesium '(604) and thallium. (6o5) Since,
however, the principle of application is essentially the same in all of these systems, no distinction will be
made here .

11 .1. Temperature-Dependent NMR Lineshape Studies

Figure 65 illustrates some typical experimental results from temperature dependent ' °F and 'Li
static wideline NMR spectroscopy in ionically conductive glasses . As the temperature is increased, the
thermally activated ionic motion modulates the anisotropic static interactions (magnetic dipole-dipole
couplings, nuclear electric quadrupole couplings) . As a result, one typically observes for these nuclei a
continuous decrease in the fine width and a lineshape change from Gaussian to Lorentzian . Other
systems (especially in the case of F - motion) show the emergence of a relatively sharp line, which grows
at the expense of the original broad line as the temperature is increased . According to Resing (666) such
is the expected behavior if a wide distribution of correlation times is present . The two regimes of T.

corresponding to the motional narrowing situation and the rigid lattice behavior, respectively, are
separated by a cut-off correlation time T,, . As the temperature increases, this mobility window is
shifting, hence resulting in all of the experimental observations .
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FIG. 65 . Effect of ionic motion on the 1 °F and 'Li static lineshape derivatives in (LiF)a_s(BaFx)0 .1ffhFJ03
(ZrF.)0 ,,, typical glassy solid electrolyte . The behavior shown here is representative of most of the glasses

investigated in this field . Reproduced with permission from Ref. 568 .

There have been several phenomenological attempts to relate the motional narrowing effects to
temperature dependent correlation times, but in general their physical justification has remained
uncertain. Indepth discussions of these approaches and critical comparisons are given in Refs 607 and
608. At present, a theory describing the detailed lineshape changes over the entire temperature region
in agreement with experimental results in glasses is still lacking . In part, this unsatisfactory situation
arises from the fact that static lineshapes are influenced by more than one basic interaction . In the case
of 'Li, for instance, the static lineshape includes contributions from 'Li-'Li dipole-dipole couplings,
heterodipolar couplings to other nuclei (such as 11 B and "P) in the glass, and nuclear electric
quadrupole couplings . Furthermore, due to site variations in glasses, all of the corresponding
Hamiltonian parameters are subject to distribution effects . Finally, when motion is activated, different
ions are expected to experience different dynamics .

In spite of the complexity of this situation, temperature-dependent wideline NMR spectra are useful
for qualitative purposes and can serve as a fast screening method for examining the suitability of
certain glass composition for solid electrolyte applications . While the electrical conductivity (a)
depends on both the carrier concentration (n) and mobility µ (a=nep) the temperature dependent
NMR data address explicitly the question of ionic mobility . A few important conclusions from such
studies (generally consistent with detailed a .c. and d .c. electrical conductivity measurements) are the
following: (1) The Li' mobility of lithium-based glassy electrolytes generally increases with increasing
lithium content, particularly when additional lithium is added in the form of halide . This lithium
halide appears to be widely dispersed in the glass structure and there is no evidence by NMR for the
formation of separate microdomains. (2) Lithium sulfide-based glasses have much higher ionic



256

	

H. ECKERI

mobilities than their corresponding oxide counterparts. (3) The mobility of fluoride ions in ZrF, based
glasses increases with the content ofnetwork modifiers such as BaF, and LiF. (4) Both Li' and F - are
mobile in such glasses.

11 .2. Temperature-Dependent Spin-Lattice Relaxation Time Studies

A large number of spin-lattice relaxation studies have been carried out, with the goal of providing
further insights into the mechanistic aspects of ionic transport in glassy solid electrolytes . The bulk of
the experimental T, measurements have been on 7Li in, lithium-conducting glasses. A complete data
s, t constitutes a measurement over a wide temperature range at atleast two different nuclear magnetic
resonance frequencies ; an example is shown in Fig . 66 . When interpreting such a data set, it is at first
necessary to identify which internal interaction dominates the spin-lattice relaxation rate. For 'Li the
relaxation appears to be dominated by fluctuating magnetic homonuclear dipole-dipole interactions .
The magnetization recoveries measured upon saturation or inversion are generally found to be
exponential, as expected . Only a single T, is measurable, indicating that strong 'Li-'Li dipole-dipole
interactions cause efficient spin diffusion . The situation is different in the case of the 8Li S-radiation
detected NMR studies, where the absence of spin diffusion results in a relaxation time manifold . Here,
each lithium ion has its own, individual T, value, and this manifests itself in non-exponential
magnetization decays .1589-591)

Silver conducting glasses (particularly in the system AgI-Ag 2O-B2O,) have been studied by both
109Ag and "B spin-lattice relaxation times . For 109Ag, the relaxation mechanism is caused by
chemical shift fluctuations, resulting in exponential magnetization recoveries. In contrast, the 11B
relaxation is caused by electric field gradient fluctuations due to the diffusive behavior of the Ag' ions .
This relaxation mechanism is outside of the realm of BPP theory in the limit of slow motion (w0r, > 1).
For a spin 3/2 nucleus, two quadrupolar spin-lattice relaxation rates, a, and a2 are defined in the slow
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FIG . 66. Temperature and frequency dependent 'Li spin lattice relaxation rate of a glass with composition
54B,S,-34Li,S-24LiI . Left side : comparison with theoretical fit to BPP theory assuming a Cole-Davidson
distribution of correlation times . Right side: comparison with theoretical fit to Funke s jump relaxation model.
Note that only the latter model describes the frequency dependence correctly . Reproduced with permission from

Ref. 600.
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motion limit:

M,of-Mo 4

	

l	=exp-f'"t}+lexp-(°z, )exp-(°z ,)
M(O)-M ' 5

	

5

where, a,-T(2wo) a2 - T(w° ),
This situation results in non-exponential magnetization recovery, as long as all of the transitions are

being excited by the radio frequency pulse . As the temperature decreases, a point is reached where
wore > 1 . In this regime, the static spectrum is split into the three separate transitions shown for I=2 in
Fig . 8 . If the quadrupolar interaction is sufficiently strong, the two outer transitions can then no
longer be excited by the radio frequency pulse . As a consequence, the effective 90° pulse length is
shortened to one-half of its original value . In this limit, the magnetization recovery will resume once
again exponential character, and only T, for the central Z-.-2 transition will be measured .
Complications of this kind must be kept in mind when executing and interpreting temperature
dependent T, measurements of nuclei with larger quadrupole moments ("B, 23Na, 'AI).

All relaxation time measurements carried out so far on sonically conductive glasses have shown a
common pattern of grossly BPP-deviant behavior. (1) The 1/T, vs T- ' curves are asymmetric, with a
much smaller slope in the low-temperature regime than in the high-temperature regime . (2) The
frequency dependence of T1 ' in the low-temperature regime is closer to WO' than to WO" . (3) The
activation energy extracted from the low-temperature slope is significantly smaller than the value
determined from d .c. electrical conductivity measurements . (4) The prefactor r, ° in eq . (22) assumes
unrealistically small values.

Substantial effort has gone into attempts to modify expression (21a) to yield better agreement with
experimental T, data.t6os.609) A frequently used approach is to replace the correlation time r, in
eq. (22) by a distribution function . The use of the Cole-Davidson function has been quite successful in
this regard, although the physical meaning of this distribution function is not clear . Alternatively, the
data can be fitted very well, if the exponential correlation function (19) is replaced by the stretched
exponential, the Kohlrausch-Williams-Watts functionts 63,

g(T) =exp { - T/r. }B

	

(55)
(f<I).

Equation (55) implies non-Debyean relaxation behavior . This is quite common in amorphous
systems; for instance the KW W-function also explains successfully the frequency dependence of the a .c.
conductivity in amorphous solid electrolytes. It was first pointed out by Ngai, that the BPP-deviant
behavior and the non-Debye behavior of the electrical conductivity have a common origin .t610 ' An
explicit discussion of this issue is given by Angell and Martin,t 6u , who argue that the low apparent
value of the activation energy as determined from the low-temperature slope of T, vs T- ' data
compared to the value from d .c. conductivity is a direct consequence of non-Debyean relaxation .
Figure 67 illustrates the principle . The left side of this figure shows a typical plot of temperature and
frequency dependence for a solid electrolyte . While at low frequencies there is virtually no frequency
dependence of the a.c . and d.c. conductivities over a wide range of temperatures, this is not the case in
the frequency range around 1o'-1os Hz, where the NMR experiment is usually undertaken . The
frequency dependence is steeper at low temperatures, where the structural relaxation tends to lag
behind the rapidly oscillating a.c . field. The result of this temperature-dependent behavior at each fixed
frequency is plotted on the right side . At low temperatures, the slope of a as a function of T - ' at a fixed
frequency decreases with increasing (fixed) frequencies, manifesting itself in an apparently lower
activation energy . In contrast, no appreciable frequency dependence of the conductivity exists in the
high temperature region where all the curves on the right side of Fig. 67 have joined .

According to the above explanation, the activation energy extracted with eq . (21b) from the high
temperature side of the relaxation maximum should be in good agreement with that from d .c.
conductivity data. Unfortunately, however, this region is seldom reached experimentally, because it
often fies beyond the glass-transition temperature . Thus, for most glasses a relaxation rate maximum is
not observed, since at temperatures above T, other types of relaxation mechanisms contribute to
'Li-T, and, furthermore, crystallization may occur .
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FIG . 67 . Temperature and frequency dependent ac . conductivity in glassy (Li,O),.,(P,O,)o.,, showing frequency
dependent activation energy in the a.c. regime, and expected behavior at an NMR frequency of 108 Hz Note that
the apparent slope of o vs inverse temperature depends on the frequency of the measurement . Reproduced with

permission from Ref. 611 .

The explanation by Angell and Martin immediately suggests a number of experiments for
verification: a .c. conductivity measurements in the 10"-10s Hz region for a direct comparison with the
NMR data, and NMR relaxation time measurements at low effective magnetic fields . The latter is
possible, for instance, via T,-measurements in rotating frame (T, o ), which provide for an inherent
timescale of 10 3-105 Hz. It must be borne in mind, however, that conductivity relaxation on the one
hand and nuclear magnetic spin-lattice relaxation on the other are of intrinsically different nature .
Conductivity relaxation occurs in response to a periodically oscillating a .c. field,, whereas NMR spin-
lattice relaxation is not a process driven by an externally applied field . Rather, the applied
radiofrequency merely defines the window of observation for motional processes occurring on the
timescale of the nuclear precession period It is therefore, in this author's opinion, not obvious that the
activation energies from both experiments (even when carried out at identical frequencies) should
necessarily agree.

While the KWW function thus provides a common formalism to explain the experimental results
relating to the frequency dependent conductivity behavior, the temperature-dependent linewidth, as
well as the T,- relaxation behavior of solid electrolytes, the deeper meaning behind it still remains to be
understood . Recently, Funke has presented an appealing jump-relaxation model, based on correlated
rather than stochastic ionic motion-'562,6'-bra) According to this model, the mutual repulsive
interaction between the mobile ions causes a jump diffusion consisting of correlated forward-
backward hopping sequences. Funke also showed that this model results in KWW behavior's . .) and



Structural characterization of noncrystalline solids and glasses

	

259

can be used to fit frequency dependent spin-lattice relaxation NMR data in a quantitatively
satisfactory manner (see for example Fig . 66).("h • 600) A conceptually similar approach derives from
Ngai's "coupling model", combined with a previously developed two-level-system (TLS) formalism for
spin-relaxation.(616) The TLS model was originally developed to describe experimental results
indicating a very weak frequency dependence of the spin-lattice relaxation rate T ; ' in glasses at low
temperatures:

Ti'_wom(0.8>m>0.5) .

	

(56)

Somewhat surprisingly, in glasses with low alkali metal contents (such as (Li,O) 0 25(B,O3 )0 , 75 and
others with comparable cation concentrations) this peculiar frequency dependence seems not to be
restricted to low temperatures . Rather, the spin-lattice relaxation of mobile nuclei (such as 7 Li, 23Na) in
these glasses is described rather well by the expressions (602)

T7' .T"rwom

	

(T<100K, 0CyC0.3) 0.5Cm<,0 .8

exp(-E/kT)wom (T,>300K)

	

0.5Cm,<0.8.

	

(57)

Based on these findings, the authors suggest that the TLS model may be applicable over a wide
temperature range. Ngai's model then predicts a universal relationship between the two activation
energies derived from conductivity and NMR measurements:(602, 603)

E,(NMR)= fE, (conductivity),

	

(58)

where i4 is the Kohlrausch-Williams-Watts exponent .
Recent 20Na T, and conductivity measurements have verified this expression experimentally for a

range of Na,O-GeO, glasses'603t Thus, E, (conductivity) can simply be obtained from E,(NMR) and
6 is obtained from a .c . conductivity measurements .

Both in the jump-relaxation and the coupling model the parameter 6 characterizes the degree to
which the cation motion is correlated . For 9= I the motion is completely random, while for $=0 the
motion is completely correlated. The degree of correlation will depend on both ion-ion interactions
and the single ion potential, both of which are subject to distribution effects in glasses . As the alkali
concentration of a glass is increased, the average proximity of the ions increases and the well-depth
decreases, resulting in mutually reinforcing effects on the degree of correlation . Qualitatively, this
prediction is borne out by experiment . For example, in various alkali germanate glasses, d decreases
markedly with increasing alkali concentration particularly at very low alkali concentrations . This
dependence is not monotonic, however, and there is a striking, somewhat unsatisfactory, prevalence of
/1-values around 0 .5-0.6 over a wide range of compositions .j6D3 t Possibly such behavior might reflect
cation clustering or sub-microscopic phase segregation phenomena occurring in glasses with these
compositions .

In view of these new developments it appears that NMR-spin-lattice relaxation data may have
substantial potential to advance our understanding of ionic transport mechanisms in amorphous solid
electrolytes . Challenges for the future include : quantitative verification of KWW/jump-relaxation
behavior on a wider range of solid electrolytes, a deeper quantitative understanding of the fractional
exponent S in terms of structural properties, and the development of more quantitative theories for the
motional narrowing effect seen in the temperature-dependent NMR lineshapes .

12. AMORPHOUS HYDROGENATED SILICON FILMS AND RELATED SYSTEMS

12.1 . Amorphous Hydrogenated Silicon

Amorphous hydrogenated silicon (a-Si :H) films are technologically interesting materials for a
variety of applications in solar cells and thin-film transistors . These materials are prepared by glow
discharge or by plasma-enhanced chemical vapor deposition (PECVD) of silanes on heated substrates.
In the past there has been considerable interest in these materials because of their potential
applications, resulting in many research programs aimed at elucidating their structure-property
relationships.('") A large number of NMR studies have been published, including several providing
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textbook examples illustrative of the immense power of selective NMR techniques . The work carried
out has centered on three principal topics : (1) the geometrical structure of the silicon network and the
silicon speciations, (2) the spatial distribution and chemical nature of the hydrogen atoms, and (3) the
atomic distribution and geometrical inter-relationship of substituents or dopants (B, C, Ge, N, F,
and P) added to modify the electronic properties of these materials .

12.1 .1 . Silicon Speciation and Bond Angle Distributions in Hydrogenated Amorphous Silicon . 29Si-'H
CPMAS NMR studies of hydrogenated amorphous silicon films show very broad (50-70 ppm)
unresolved lineshapes bearing little structural information . The reported peak positions differ
substantially between the various studies .'61 s -621) The explanation for these variations lies in the fact
that these lineshapes are comprised of several distinct components, whose contributions are sample-
dependent. The most convincing argument comes from a study of the cross-polarization dynamics,
which suggests the presence of three species .'622) Since these samples are known from IR spectroscopy
to contain both Si-H and SiH 2 groupings in addition to Si-only bonded silicon atoms, interpretational
attempts were initially made in terms of such distinct sites . Later work has shown that this view is too
simplistic and suggests that the 29Si CPMAS spectra can best be interpreted in conjunction with
wideline'H NMR spectra . As discussed in more detail below, the 'H NMR spectra of a-Si :H samples
are composed of a broad and a narrow line respectively . The broad line is assigned to hydrogen atoms
within a cluster ("CL") region where the protons are densely clustered, hence resulting in strong
dipolar band broadening. The sharp line is attributed to a dilute ("DI") region with a low proton
concentration, and hence moderately weak dipolar coupling . Both regions are spatially distinct, and
their relative abundances depend on the overall hydrogen content and the sample preparation
conditions. Hayashi et al . were the first to discover that the 1H and the 29Si NMR spectra of a-Si :H
samples are closely correlated . (623-625 l Si atoms within the DI region resonate near -40 ppm, whereas
Si atoms in the CL region resonate near -80 ppm . The average 39Si chemical shift reflects the relative
occurrences of DI and CL regions . Experimental spectra and a schematic of this correlation are shown
in Fig. 68.

The origin of the large chemical shift difference between Si atoms within the CL and DI regions is
not clear, '625) likewise a good explanation has not been given for the large downfield shift of the 21 Si
MAS peak for a-Si relative to crystalline Si (-40 vs -80 ppm) .'626 .627)

The width for the 29Si peak is partly due to the simultaneous presence of DI and CL regions, and
partly due to bond angle distribution effects . Thus, if bond angle distribution effects are to be studied,
samples must be carefully selected: one region (CL or DI) should predominate and all other
experimental parameters need to be held constant . This has been done by Gerstein and coworkers,
who observed that in hydrogen-depleted a-Si samples annealed to various temperatures, the peak
width correlates with the bond angle distribution width determined independently by radial
distribution function (RDF) measurements . The results obtained in this study suggest that with
increasing annealing temperature, increasing bond angle order is obtained, resulting in partial
crystallization above 600°C.'626,627)

Amorphous, hydrogen-free silicon is of great fundamental interest as a possible model for a
tetrahedrally-bonded continuous random network. Several theoretical approaches for modelling such
networks have been published, and found to be in excellent agreement with experimental RDF
results. (62 e -633) The most elegant modelling approach used starts from the crystalline silicon (c-Si)
lattice and amorphizes this lattice by introducing random bond switches ."' 1" 331 This process of bond
switching newly introduces five- and seven-membered rings, at the expense of the 6- and
8-membered rings (the only ones present in c-Si) . The resulting ring statistics and rms bond angle
distributions depend on the number of such bond switching defects . In addition to characterizing the
overall rms bond angle distribution (which is ca . 11° according to RDF studies) detailed local
information about such ring size distributions and bond switches would be highly desirable. At the
present time, the complexity of the S 9Si NMR lineshape in a-Si, the impossibility of calculating
chemical shifts with the required accuracy, and the lack of a suitable data base on crystalline model
compounds make it rather difficult to assess the potential of 39Si NMR to provide such topological
information in a-Si materials .
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Fro . 68. 'H and ' 9 Si NMR results for a-Si :H samples . Top: experimental results for two amorphous samples with
different H/Si ratios : sample A : atomic ratio H/Si=0.16. Sample B : atomic ratio H/Si=0.40 . Results for a partially
crystalline sample (;4c-Si : H) are also included . Bottom: schematics of the correlation between 'H DI/CL ratio and

39 Si chemical shift . Reproduced with permission from Refs 623 and 625 .

12.1 .2. Hydrogen Environments in Amorphous Hydrogenated Silicon. When a-Si is prepared via
plasma decomposition of SiH, or Si3H6, residual hydrogen from the molecular precursor is
incorporated into its structure. This hydrogen plays the important role of removing the defect states in
the band gap, reducing their concentration by four orders of magnitude. As a result, the Fermi level of
a-Si can be controlled by dopants, hence giving a-Si all the important properties of a useful
semiconductor. Due to this beneficial effect of hydrogen on the electrical properties of amorphous
silicon materials, there has been a tremendous interest in its chemical speciation and atomic
distribution within the amorphous matrix. During the past ten years, a significant amount of
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knowledge on this topic has come from 'H and 'H NMR lineshape, spin-echo, and spin-lattice
relaxation experiments .

12 .1 .2.1 . The spatial distribution of hydrogen. Quite generally, the NMR studies of amorphous
hydrogenated silicon samples reveal that the hydrogen distribution is quite inhomogeneous, even for
device-quality material (which contains typically 8-20 at% H).' 63~84 ' There are regions with isolated
Si-H bonds (DI), giving rise to 1H NMR spectra that are quite sharp (Av,,, -3-4 kHz), due to fairly
weak 'H-'H dipole-dipole couplings. In addition, the observation of a broad lineshape component
(Av1j2 - 25 kHz) is indicative of regions with hydrogen clustering (CL) . Most pulsed FT studies
devoted to the quantitative determination of the CL/DI ratio will tend to produce underestimates, if
the results have not been corrected for the faster decay of the broad lineshape component during the
spectrometer deadtime. In spite of these caveats, it can be concluded from these studies that the CL/DI
ratio generally increases with increasing hydrogen content, and that it can be influenced further by a
number of experimental parameters (concentration of silane in the gas phase, substrate temperature,
film thickness, type of silane and diluent gas used, presence of dopants, deposition rate, annealing
temperature, homogeneous chemical vapor vs rf plasma deposition) .( 639-648) These studies support
the general picture that up to 5 at% H the DI phase is dominant, whereas any additional hydrogen
atoms contribute mostly to the CL phase . Phosphorus doping reduces the DI/CL ratio, even when the
overall hydrogen content remains constant .

The contention that the DI and CL regions are spatially distinct is confirmed by hole-burning (619)
and solid echo experiments .' 638 ' Two-dimensional cross-polarization experiments show, however, that
both types of hydrogen interact equally strongly with the silicon,("') and thus both must arise from
silicon-bonded atoms .

The CL phase is thought to contain both Si-H as well as SiH 2 groups. Although the 'H NMR
spectrum of SiH2 species is expected to be a Pake doublet as shown in Fig . 7a, such a pattern is actually
never observed experimentally, because the lineshape is broadened out by dipolar interactions with
other nearby hydrogen atoms in this phase . Nevertheless, Boyce succeeded in detecting two-spin
behavior typical of SiH, groups in the free induction decay of certain a-Si-H samples, hence providing,
for the first time, direct evidence for Sill, groups 1652)

Information concerning the more specific arrangements in the CL phase has come from multiple-
quantum NMR .' 654-656) This technique uses specifically designed pulse sequences to force the nuclear
spins to interact collectively via their dipole-dipole couplings. This results in a coherent superposition
of states with differences in magnetic quantum numbers Am larger than the usually allowed Am= 1
transition . The preparation time required to build up these multiple-quantum coherences depends on
the strength of the dipole-dipole couplings ; i.e. on the distances between the nuclei contributing to the
multiple quantum coherence . The preparation time x also governs the order of the highest coherence
excited, Am.. . For a random or uniform distribution of spins, Am,,,,, increases with increasing T in a
monotonic fashion . If the spins form isolated clusters, however, Am .„ is simply equal to the cluster
size, and the multiple quantum count will reach a plateau as a function of T . Using this technique,
Baum et al. were able to show that a sample of amorphous Si containing ca . 8 at% H had discrete
cluster units of 6±1 hydrogen atoms. '611) Systematic investigations carried out by Reimer and
coworkers reveal further that the cluster size depends critically upon the temperature of deposition and
can be influenced by dopants, with phosphorus increasing and boron decreasing the cluster
sizes."' 5 .657) (see Fig. 69) . Larger amounts of carbon present in the sample destroy the hydrogen
clusters, resulting in the formation of hydrogenated carbon atoms with sp 3 hybridization ."658, Thus
multiple-quantum NMR provides a powerful complementary technique to dipolar spin-echo NMR
for the characterization of dipole couplings . This is true especially if well-defined clusters exist, whose
sizes can then be determined by multiple-quantum coherence counting .

12.1 .2 .2 . Spin-lattice relaxation by molecular hydrogen . Besides rigid, Si-bonded hydrogen, many
NMR studies reveal the presence of molecular H 2 , which is considered to be trapped within
microvoids .'659-6847 At room temperature its corresponding NMR signal is motionally narrowed and
contributes to the narrow component of the 'H NMR spectrum . Contrary to the assertion by
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FIG . 69. (a) Effect of dopant incorporation on the hydrogen clusters in a-Si : H samples. The highest observable
multiple-quantum coherence is plotted against the preparation time . (A) P-doping (B) P- and B-doping (10:1
atomic ratio) ; (C) P- and B-doping (1 :1 atomic ratio) (D) no doping (E) P- and B-doping (1 :10 atomic ratio).
Reproduced with permission from Ref. 657 . (b) Possible arrangement of hydrogen atoms in hydrogenated a-Si ;
consistent with the experimental observation of Am...=6. Reproduced with permission from Refs 655 and 657 .
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FIG. 70. rH NMR evidence for molecular H s in a-Si : H, as evident by the Pake doublet observed at 1 .43 K.
Reproduced with permission from Ref. 665 . Top: complete spectrum ; bottom: vertically expanded spectrum .
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Lamotte, (659) molecular H, usually represents a minor constituent (10-20% of the total H content or
less) in un-annealed a-Si :H. To freeze out the H, motion, extremely low temperatures are required .
Under such conditions, H, manifests itself in the spectrum as a Pake doublet with a 175 kHz splitting
(see Fig . 70),(663-665) although it is not clear whether this "freezing-out" effect represents orientational
ordering or a slow relaxation phenomenon ! 6 ' 2-614) In addition, molecular H, species are easily
detected and quantitated by either 'H (or 'H) spin-lattice relaxation time (T,) measurements, or 'H
wideline quadrupole echo NMR studies . Using either of these three techniques it has been shown that
annealing a-Si:H samples to temperatures above 500°C produces a significant increase in the
molecular hydrogen fraction .

Variable temperature spin-lattice relaxation measurements are a particularly powerful means of
probing and characterizing molecular H, species in a-Si samples . Most plasma-deposited a-Si : H films
show a 'H T, minimum in the temperature region between 25 and 55 K. Figure 71 shows such a typical
result. The relaxation rate maximum and its frequency dependence suggest a molecular reorientation
process with a motional correlation time in the range of yo-', i .e. in the MHz region at this
temperature . This relaxation process, first observed by Carlos and Taylor(665 > is attributed to the
reorientation of the H, molecule .(667 j Since only a small fraction of such H, relaxation centers are
present, the large majority of hydrogen atoms are relaxed via spin diffusion . Proof for this mechanism
comes from the sensitivity of T, to the process of ortho-para-H, conversion and to the concentration
of hydrogen atoms present. In general, the spin-lattice relaxation rate T,` can be calculated
by: 638.675)

T;'=T,'(SD)+T,'(O)

	

(59)

where T; '(SD) is the rate contribution due to spin diffusion, whereas T~ '(O) comprises relaxation
from other sources (e .g. paramagnetic relaxation from dangling bonds) . Especially near the T,
minimum, the contribution Ti ' (SD) dominates. Considering the effect of finite spin diffusion rates,
one can write :

T, (SD) = A T, (H,) + B.

	

(59a)

The constant A is given by the ratio of the spin heat capacities for H, and H, respectively:

A = 1/2(nH/n H ,)

	

(assuming 75 mol .% o-H,)

	

(59b)

14.ECKERT

T (K)

FiG.71 . Molecular hydrogen related T, data for two representative a-Si ; H samples (labeled II and III,
respectively). Included are corresponding fits to eq . (59a) with the parameters shown. Reproduced with permission

from Ref. 675 .



Structural characterization of noncrystalline solids and glasses

	

265

In the above expressions, n„ is the total concentration of bonded hydrogen, and nn and T,(H,) are
the concentration and spin-lattice relaxation time of the ortho-hydrogen molecules relaxing to the
lattice . The constant B characterizes the limiting relaxation time, due to spin-diffusion forming a
kinetic bottleneck . This "bottleneck relaxation rate" is given by :

B - ' = 4nDu bn ' 1gnx2

	

(59c)

where D is the spin-diffusion constant (on the order of 10 -12 =2/s) and b„ corresponds to a
characteristic distance between H, and its nearest H neighbor . (A similar expression holds for the
relaxation of 2H in a-Si :D.) Since the quantity Ti' (H,) is an intrinsic property of the ortho-hydrogen
molecule and can be calculated independently, expressions (59a, b and c) can be used to determine na ,
and the spin diffusion constant Dn . It should be noted that not all a-Si :H samples give relaxation rate
maxima in this temperature region . The diversity of 'H relaxation behavior simply reflects the fact that
the concentration of H z in the microvoids in these samples is variable and subject to preparation
conditions .

12 .1 .2 .3 . Deuterium NMR studies of a-Si : D. The use of SiD, and D, in the vapor deposition
atmosphere leads to incorporation of deuterium into a-Si, hence providing the opportunity of
obtaining complementary structural information by 2H NMR. In all of such studies, the Si-bonded
deuterium gives rise to a typical axially symmetric powder pattern (see Fig . 8b). From the splitting,(670)
e 2gQ/h = 8 kHz is determined and shows little dependence on temperature . In addition to this
dominant species (typically> 90% of the deuterium present), which comprises deuterium atoms within
both DI and CL region, various other lineshape components, all of which are associated with
molecular HD, D, or "weakly bound" deuterium are present(68s) In the temperature range
4 < T< 70 K a characteristic 27 kHz broad central line appears, which can be made to disappear upon
annealing at 350 K . Also, sharper central lineshape components, attributable to D, molecules that are
less motionally hindered, are observed . Finally, samples with very high D concentrations (above
20 at%) show a characteristic powder pattern with an apparent e2gQ/h of 29 .3 kHz. This lineshape
component has a very short T1 and can be amplified selectively by rapid pulsing ; it is assigned to the
powder pattern of rapidly rotating SiD 3 groups!68 ' Even at 1 .6 K this motion appears to be rapid on
the NMR timescale . Based on these findings, it has been suggested that these "silyl rotors" either
extend out of the bonded silicon network into microvoids or that they are bonded to surfaces of
microcrystalline inclusions. Figure 72 shows a typical 2H NMR spectrum, summarizing the various
contributions to the 2H NMR lineshapes.

12 .1 .3 . Isovalent Substitution in a-Si : H

12 .1 .3 .1 . Amorphous hydrogenated germanium and Ge-Si alloys . A variety of studies on germanium-
containing systems, prepared analogously by decomposition of GeH 4 have been carried out ; mainly
using deuterium NMR .t 6 ss-69o) These germanium-containing films generally show a less well defined
rigid 2H signal with a somewhat reduced quadrupole coupling constant (-80 kHz) ; furthermore a
large fraction ( .2/3) of the D is present in the form of molecular species . Below 50 K para-D, gives rise
to a resolvable powder pattern with a coupling constant e'qQ/h=101 kHz . "Germyl rotors" (GeD 3
groups) have not been detected so far .

12 .1 .3 .2 . Fluorinated amorphous silicon .t691-698) Fluorine is thought of as playing a similar role as
hydrogen in a-Si, neutralizing dangling bonds and thereby removing defect states from the band gap.
In contrast to the 'H spectrum in a-Si :H, the 19F NMR spectra of fluorinated a-Si are motionally
averaged at roomtemperature!...tThis mobility arises from a large fraction of molecular SiF4present
in these films, in addition to analogous DI and CL phases .(697j Direct evidence for SiF 4 is obtained
from low-temperature (4.2 K) studies, which show the structured spectra and oscillatory FID
components typical of four-spin systems.(694) A more detailed study indicates that in order to explain
the experimental NMR spectra satisfactorily, an additional resonance, assigned to SiF 3 species must
be invoked .j 69 ' 1
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Fm. 72. 2H NMR results for an a-Si : D, H sample. Variable recovery delays (indicated on the left side of the figure)
have been used for selective amplification of the various lineshape components present . Reproduced with

permission from Ref. 694 .

12 .1 .3.3. Amorphous hydrogenated Si, C .•H

alloys and a-C

: H. Co-deposition of SiH4, CH4, and H2
affords amorphous hydrogenated silicon carbide, which is of comparable interest to a-Si : H for electric
and photovoltaic applications . A variety of NMR studies have been carried out to study the
hybridization state of carbon in these alloys and how carbon in a-Si :H changes the hydrogen
distributionJ699-7011 Multiple quantum NMR studies show that the well-defined cluster sizes seen in
certain a-Si :H samples are eliminated . t6ssl'3C NMR experiments have indicated the presence of both
sp2- and spa-hybridized carbons, with a ratio dependent on sample preparation conditions . In part,
such discrepancies arise from the use of cross-polarization, which is inadequate to detect carbon atoms
remote from hydrogen . To attain a quantitative understanding of the structure on the basis of
13C NMR it is therefore important to abstain from cross-polarization and study simple Bloch decays
instead, allowing enough time between pulses for spin-lattice relaxation . Such experiments have been
carried out by Reimer and coworkers . (65R.699) By studying the effect of 'H decoupling they have
further shown that it is possible to differentiate between protonated and non-protonated C-atoms .
This is so because the protonated C-atoms are subject to strong 'H-1JC dipole-dipole couplings
which broaden their resonances beyond delectability in the absence of 'H irradiation . Taking
advantage of this effect, Petrich et al . could show that the majority of the spa C-atoms are protonated,
whereas the majority of the sp2 C-atoms are non-protonated (658 .699)
Films of amorphous hydrogenated carbon (a-C: H) are prepared by radio-frequency plasma

decomposition of hydrocarbons in a similar fashion to that used for a-Si :H. These materials are of
interest because of their hardness, transparency, high resistivity and chemical inertness . In principle,
13C NMR can be used to investigate the carbon hybridization state,'704-712' although some of the
earlier studies undertaken with the cross-polarization technique are probably not quantitative for the
reasons discussed above . The bandgap of a-C : H deposited near room temperature is ca . 3 eV, but this
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can be lowered substantially by increasing the deposition temperature . Solid state NMR ('H and 13C-
MAS without CP) has been used to investigate ifthis trend in band gap can be attributed to systematic
changes of either hydrogen content, or carbon hybridization state . No correlation was found,
suggesting that the observed effect is due to changes in the bulk density of these materials with
deposition temperature . (712) From these studies, the fraction of diamond-like (unhydrogenated spa)
carbon is estimated at 10-30 at%.

12 .1 .4 . Local Structure ofDopants in Hydrogenated Amorphous Silicon- a-Si:H can be doped n- or
p-type by the addition of PH 3 or B 2H5 to SiH4 during vapor phase deposition,l7 ts 1 hence giving rise to
potential device applications principally in the same fashion as crystalline silicon, P and B dopants in
crystalline silicon are known to reside in substitutional four-coordinated sites . The fact that the doping
efficiency in a-Si :H is, by contrast to c-Si, much reduced, suggests that the local bonding structures of
the dopants present in a-Si :H are fundamentally different . In particular, three-coordinated PSi 3 and
BSi, units, which are coordinatively saturated, are possibly present and found to be doping-inactive .
Thus, the local coordination of the dopants is an important question . Furthermore, the spatial
distribution of dopant atoms in relation to each other and the hydrogen species is of interest . Finally, in
multiply doped ("compensated") samples, the spatial relationship between different dopants is a key
issue. Much of the knowledge acquired in this field so far has been the result of well-designed selective
solid state NMR experiments bearing in mind the specific spin dynamics in these materials .

Figure 73 shows the 31P NMR spectra of several lightly doped (0 .16-1 .8 mol .% P) a-Si :H samples.
Two distinct contributions are present : a component around -175 ppm is assigned to three-
coordinated P atoms (P°1 ), whereas a shoulder at -70 ppm is attributed to four-coordinate P atoms
(PIV). (714) The assignments are confirmed by the chemical shifts of suitable model compounds: for
P(Si(CH 3 ) 3 ), and PH(Si(CH,)3)2 6,p =-251 ppm and -237 ppm, respectively, in the liquid
state, (715 and the six chemically inequivalent three-coordinate P atoms in crystalline SiP give MAS-
NMR peaks at -143, -152, -232, -235 (double intensity), and -239 ppm .I' 16I As a model for P"

species one may take the 31 P resonance in P-doped polycrystalline silicon, for which the center of
gravity lies around -70ppm .I 717I Several other studies have failed to detect the PIV resonance,
particularly in more heavily doped samples$IS -7201 This discrepancy may be due to the reported
metastability of this phosphorus site, which can be brought to disappearance by light-soaking and
restored by dark annealing .17237

Further selective experiments have served to characterize the detailed nearest-neighbor coordina-
tions of these two phosphorus sites, 180° pulses fail to refocus the transverse magnetization associated
with PIV, indicating that this resonance is homogeneously broadened by dipole-dipole couplings with
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Fie. 73. 31 P wideline NMR spectra of several lightly doped a-Si : H, P samples A, B, and C contain 1 .8, 0.33, and
0.16 moL % P, as determined by ion microprobe analysis . Reproduced with permission from Ref . 714.
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Fm. 74. 'H-J 1P SEDOR decay of an a-Si : H, B, P sample prepared by glow discharge deposition. The sample
contains ca. 13 at % H, and 2 at % B and P respectively. The theoretical curve is discussed in the text . Reproduced

with permission from Ref . 720.

nearby 1H .'71~ By contrast, the Pal species not only give rise to well-defined spin echoes, but the
intensity of these spin echoes is apparently completely unaffected by the 'H spins. The 31P spin echo
decay function for these Pat spins can be explained solely on the basis of 31P-31P interactions among
randomly distributed 31P spins. The weakness of the 'H-Pm interactions is confirmed by SEDOR
experiments, which indicate that neither singly doped nor compensated a-Si samples have any
appreciable P-H bonding . A simple analysis of the experimental SEDOR curve is shown in Fig. 74.
The experimental data can be fitted assuming a bimodal 1 :1 distribution of P-H nearest approaches of
2.6 and 4.1 A, respectively .""ol All of these results indicate that the Pm species reside in the DI phase .
This is interesting in view of the fact that, according to 1 H NMR results, P-doping actually reduces the
DI/CL ratio .

Boron doping has been studied to a lesser extent. Field-dependent "B widehne NMR spectra reveal
clear second-order quadrupole effects, hence suggesting that all of the B atoms detected are three-
coordinated! 71 s>'H-"B SEDOR experiments reveal fundamental structural differences between a
singly doped a-Si:B, H and a compensated a-Si :B, P, H sample (see Fig . 75)." 7201 While no strong B-H
interactions can be detected in the compensated sample, singly-doped a-Si :(B, H) gives rise to a
dramatically accelerated SEDOR decay, consistent with 40% of the B atoms having a B-H single
bond at 1 .6 A . Finally, the "B- 31 P SEDOR experiment indicates that the relative B-P distribution in
the compensated sample is non-random and involves a fair amount of mutual B-P clustering . 40% of
the boron atoms are P-bonded in this sample, with an approximate B-P distance of ca. 2 .1 A .

12 .1 .5 . Amorphous Si-N and B-N Based Films. Plasma deposited silicon nitride is a common
passivation material for integrated circuits . The thermal stability can be improved by fluorination,
resulting in thin films of a-SiNH, :F. 'H NMR studies of these films reveal a hydrogen distribution
that is distinctly different from a-Si :H,721° and 29Si NMR using selective decoupling experiments
with and without MAS reveals a strong propensity for N-H vs Si-H bonding ." 791 The fluorinated
materials contain clustered silicon-fluorine and nitrogen-hydrogen regions within an amorphous
silicon-nitrogen matrix .""- 731) In contrast, hydrogenated boron nitride films behave quite differ-
ently. Here, the analysis of dipolar couplings suggests that the hydrogen atoms are essentially
randomly distributed."72)

12 .2 . Amorphous Phosphorus and Arsenic

Both phosphorus and arsenic can be easily prepared in the amorphous state. Preliminary structural
investigations by "P NMR and "As NQR have been carried out. In the case of amorphous
phosphorus, the techniques used (T,, T2 , FID) were found to be rather insensitive to structural detail,
and a broad similarity of spectroscopic behavior to that observed for black crystalline P remains the
only condusion!733 j The nuclear electric quadrupole coupling constant of amorphous As was
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FIG . 75 . 'H-''B SEDOR decay for hydrogenated a-Si, doped with boron . (a) Singly doped sample, containing
ca. 0.5 at% B . The rapid initial decay is attributed to B atoms bonded to H . (b) Compensated sample, containing
ca . 2 at% B and P, respectively . Curve A assumes that each B atom is bonded to an H atom, and curve B assumes a
random distribution of B and H. Neither of these assumptions reproduce the data . Phenomenological two-

Gaussian fits are shown as solid curves . Reproduced with permission from Ref. 720 .

measured by pulsed NQR and found to be substantially larger (63 .5 MHz) than for rhombohedral and
orthorhombic arsenic (23 .5 and 46.3 MHz); this was qualitatively attributed to a higher degree of sp
hybridization . Due to disorder in the nearest neighbor geometries, a wide spread of quadrupole
couplings exists .I 734 j

12 .3. Amorphous III- V Semiconductors

It is possible to prepare the III-V semiconductors GaAs and GaP in the amorphous state by either
radio frequency sputtering or by molecular beam epitaxy . These systems can be essentially considered
as heteropolar analogs of amorphous silicon. For such heteropolar structures, the generation of
random networks' via bond-switching as described above for a-Si will necessarily lead to homopolar
III-III and V-V bonds. With the objective of detecting and possibly quantitating such "chemical
disorder", 69, "Ga and 75As NMR studies have been carried out .t 733,73 St The spectra obtained are
dominated by the interaction ofthe nuclear electric quadrupole moments ofthese isotopes with electric
field gradients, causing second-order lineshape perturbations . Since, unfortunately, these field
gradients cannot be calculated with the desirable degree of accuracy, the question of chemical
disordering has remained unanswered in these systems. Conclusive evidence for these phenomena is,
however, obtained by dipolar NMR spectroscopy on II-IV-V 2 chalcopyrite glasses, discussed in the
section below .
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12 .4 . Pnictide Glasses

It has been known for some time that CdGeAs2 , CdGeP2 , and a variety of other P- and As-based
semiconductors with the chalcopyrite stoichiometry can be prepared in the glassy state by rapid melt-
quenching .t73 j Most strikingly, these glasses have consistently higher densities than the corresponding
crystalline compounds, hence suggesting that there are marked structural differences between these
two states of matter!738 In spite of this unusual feature there have been virtually no attempts at direct
structural characterization of these glasses to date. Crystalline CdGeAs 2 and CdGeP 2 are strictly
chemically ordered with Ass - and P 3' ions occupying exclusively the anionic sites of the tetragonal
chalcopyrite structure. (771 Figure 76 compares the 13Cd MAS-NMR spectra of glassy CdGeP 2 with
those of related crystalline compounds . Evidently, the well-ordered Cd environments in the crystalline
CdP2 and CdGeP 2 are not preserved upon going to the glassy states, where only an extremely wide
chemical shift distribution is seen . The chemical dissimilarity is confirmed further by a marked upfield
shift of the resonances for the glassy material .

The chemical bond distribution in glassy CdGeP2 has been examined in detail by various dipolar
NMR approaches. Figure 77 shows the comparison of the experimental 31P spin echo decay data with
simulations for a chemically ordered chaloopyrite structure, a random distribution of P atoms over all
the lattice sites, and an additive superposition of both. The results confirm unambiguously the
occurrence of P-P bonds in glassy CdGeP 2 , albeit at a sub-statistical level. At the same time,
31P--"'Cd SEDOR NMR results (not shown here) suggest that the average number of Cd-P bonds is
lower than in the crystalline state, and corresponds more or less to that expected for a statistical
distribution of atoms! 74o.741)

Systematic dipolar NMR studies of various compositions in the system CdGeAs 2 -,P, confirm that
the 31 P-31P dipolar couplings in the glasses are consistently stronger than in their crystalline
counterparts. From the data it can be concluded that chemical disorder involving the formation of
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FIG . 76 . Comparison of the 113Cd MAS-NMR spectra for glassy CdGeP 2 and model compounds.
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Fio. 77 . (a) Possible distributions of P in glassy CdGeP, . (b) Dipolar NMR spectroscopy of glassy CdGeP, . 31P
spin echo decay . Included is a comparison of the experimental data with data calculated based on a chemically
ordered and a random distribution of P atoms as shown in (a) . The best fit to the data turns out to be a

superposition of both models.

homopolar P-P bonds exists within the entire compositional region."74't As discussed above, the
presence of such homopolar bonds is entirely consistent with a continuous random network simulated
by introducing bond switches into the chalcopyrite structure .

Disparity between glassy and crystalline structures is also evident in the 113Cd spin echo NMR
studies of compositions in the system CdGe sAs, (0CxC 1) . (742) Here, the spin echo decays of glassy
CdAs2 and CdGeAs, are substantially more rapid than those of their crystalline counterparts, and
rather resemble that observed for crystalline Cd3As2 t'42l The suggestion that the structure of these
glasses is characterized by the presence of Cd 3As, and As domains is consistent with the metastable
eutectic observed in the Cd-As system at 61 .5% As . (143) In excellent agreement with this prediction,
most recent DSC and X-ray studies have revealed that glassy CdAs, undergoes either a glass- .glass
transition or a primary crystallization step to form Cd 3As2 and As, before converting into the
equilibrium phase CdAsz""

1 .0
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13. METALLIC GLASSES

13 .1 . Overview

Amorphous metals or metallic glasses are an interesting novel class of solid state materials, which
can be formed by rapid quenching of certain elemental compositions from the molten or gaseous state
("splat cooling", melt-spinning, ultra-high-vacuum deposition) . The lack of long-range periodicity in
these systems results in materials with unique mechanical, electronic and magnetic properties that are
of great interest to both materials scientists and theoretical physicists . NMR studies of these systems
have focused on three central topics: (I) the characterization of the electronic structure and the charge
transfer properties via Knight shift and spin-lattice relaxation studies, (2) NMR spin-echo mapping of
the magnetic hyperfine field distributions at the nuclear sites in materials displaying cooperative
magnetic behavior, and (3) elucidation of spatial structure and local atomic arrangements via selective
measurement of dipole-dipole and nuclear electric quadrupole interactions . Although both electronic
and magnetic structure constitute an essential part of the structural description of amorphous metals,
space limitations demand here that the subsequent discussion will concentrate on topic (3) . The key
question here has been whether metallic glasses can be appropriately described as dense random
packings of hard spheres (DRP model), or whether they show reproducible atomic correlations
characteristic of chemical or short-range ordering.

Unfortunately, chemical shift effects in amorphous metals are dominated by nuclear hyperfine field
distributions, or s-electron spin densities, and thus contain essentially no structural information.
Therefore, the structural characterization by NMR hyperfine interactions is limited to interpreting
nuclear electric quadrupole and magnetic dipole-dipole couplings . Although the systems studied are
chemically rather diverse, several features have emerged in the NMR characterization that appear to
be rather common for the large majority of metallic glasses studied to date .(743-741)

(I) Results on quadrupolar nuclei show generally quite well-defined quadrupolar splittings,
indicating that the distributions of electric field gradients in these glasses are fairly narrow. This result
argues strongly against the DRP model for most systems, as the latter would generally predict much
wider EFG distributions . Rather the NMR results support the existence of short range order, which
usually seems to mimick the short range order present in compositionally related crystalline model
compounds .

(II) As in other types of glasses, the line width of the signal (in Hz) increases linearly with the
strength of the applied magnetic field. This indicates that the lineshape is influenced by a distribution of
Knight shifts . The detailed dependence of the line width Av as a function of field strength (or frequency
vv ) has been measured for a variety of systems . In general one expects a behavior according to :

(AV)2 =(Av)n+a 2vo .

	

(60)
The field independent linewidth Av, is obtained from such data by extrapolation to zero field strength
(resonance frequency). By assuming a Gaussian lineshape, the dipolar second moment M 2d is
calculated according to

M2d =4rz2 (Av s/2.36) 2

	

(61)

if Avd is defined as the full width at half height. This number should only be affected by dipole-dipole
interactions, and thus should be analyzable in terms of eq . (16) for testing hypothetical atomic
distribution functions . Unfortunately, this method does not allow one to differentiate between homo-
and heterodipolar interactions, and the error in the extrapolation is large . Possibly more information
might be obtained by using more selective experiments based on spin echo decay and SEDOR . No
such applications to metallic glasses have been reported to date.

(III) NMR measurements of magnetic hyperfine field distributions in ferromagnetic samples differ
strongly from those in applied field studies. The spectra in such alloys arise from the interaction of the
constituent nuclear magnetic moments with magnetic hyperfine fields at the nuclear sites; thus no
external magnetic field is necessary . Since in the amorphous state, a distribution of magnetic hyperfine
fields is always present, one generally observes quite wide lines, sometimes extending over tens of MHz.
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Spectra this broad require the use of the spin-echo mapping technique discussed earlier (Section 4) .
Structural information from such experiments has been deduced predominantly from careful studies of
compositional dependences and from comparison with crystalline model compounds . Generally, the
assumption is made that the hyperfine field distribution is in some way a reflection of the short-range
order environment, although the detailed nature of this relationship is not well-known .

A further serious complication in the interpretation of zero-field spectra arises from the strong
enhancement factor of both the local magnetic excitation field and the NMR signal received in
ferromagnetic materials . While enhanced signals are generally desirable for sensitivity reasons, the
enhancement factor is, unfortunately, orientationally dependent . Thus, in cases where a high magnetic
field anisotropy exists, the nuclei in domain walls parallel to the polarization direction of the applied
B, field contribute most of the signal . If, on the other hand, the magnetic anisotropy is weak, the range
of nuclear orientations contributing to the NMR lineshapes will depend greatly on the applied rf field
strength. It is clear, then, that this behavior results in considerable complications affecting peak
assignments, interpretations, and quantitative NMR studies in such systems . These complications can
be avoided by applying an external saturating field, resulting in a loss of the enhancement factor . rf field
strength dependent lineshapes are a particularly common feature for cobalt based amorphous alloys .
For compounds with more than one NMR active isotope it must be home in mind that zero-field

spectra yield no a priori information about the assignment of a certain spectral feature to a particular
nuclear isotope. In general, such assignments would have to come from isotopic substitution studies or
general chemical considerations. A final complication arises for nuclei with large nuclear electric
quadrupole moments . In this case, the observed resonance arises from the combined effect of hyperfine
magnetic fields and nuclear electric quadrupolar interactions, and the analysis and interpretation of
such spectra is naturally quite difficult .

Following this overview, specific systems will be discussed below . The types of systems investigated
to date include: amorphous metallic hydrides, glassy metal-metalloid systems (mainly transition metal
borides and phosphides) and amorphous alloys consisting exclusively of metals .

13.2 . Amorphous Metal Hydrides

A number of NMR studies have been carried out on amorphous hydrides with compositions
TiCuHrj748-751) Zr 2PdH„752753, Zr,RhH„t 756' Pd soCu,Si,3H,t7571 and (Zro .,Nio.,)oesPo .o2Hr,75s • 7587 The bulk of the work has concentrated on the electronic structure as revealed by Knight
shift and spin-lattice relaxation measurements, and on the characterization of hydrogen mobility by
variable temperature and frequency 'H and 2H lineshape and spin-lattice relaxation measurements . As
a general result, it is found that the hydrogen in these amorphous phases has much higher mobility
than in their crystalline counterparts . Thus, the 1H and 2H NMR spectra are continually averaged at
room temperature, and cryogenic temperatures (77 K) are necessary to reach the rigid lattice limit . The
structure of amorphous TiCuH 1 .4 has also been discussed on the basis of such low-temperature 'H
second moments .l 751 j More explicit and far-ranging simulations, together with model compound work
are required to develop this application further in the future .

133. Amorphous Metal-Metalloid Systems

Transition metal boride and phosphide systems constitute the largest known class of metallic
glasses. The region of glass formation usually extends from ca . 10 to 30 at% phosphorus or boron .
Both 31P and 11B NMR have been used extensively in order to characterize the dipole-dipole
couplings, chemical shift distributions and the distributions of nuclear electric quadrupole couplings in
these systems .

13 .3.1 . IronBorides. Magnetic amorphous alloys Fe,_,B,(0.12<x<0.25)areprepared byquenching
the corresponding melts on rapidly spinning metal disks ("melt-spinning") . The NMR spectra of these
materials are very broad and have to be recorded by the zero-field spin echo mapping method . Isotopic
enrichment studies show that 37Fe contributes very little to the observed natural abundance NMR
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MHz

Flu . 78. Normalized NMR zero-field spin echo amplitude in glassy Fe, _,B, alloys" resonance frequency in MHz.
The spectra are attributed mainly to "B nuclei . Results are shown for three compositions x, as indicated in the

figure. Reproduced with permission from Ref. 761 .

lineshapes. (760) Since the nuclear electric quadrupole moment of "B is small, the lineshapes are
entirely governed by the magnetic hyperfine field distributions at the boron sites . Figure 78 shows the
compositional dependence of the spectra .( '6D At low x, a broad bell-shaped curve centered around
39 MHz is observed. As the B content is increased, the lineshape broadens considerably, as sites
exposed to lower hyperfine fields are successively occupied by additional boron atoms. Concomitantly,
the average hyperfine field decreases resulting in a peak maximum at ca. 35 MHz at x=0.23. With
respect to this compositional dependence of the magnetic hyperfine field there seems to be general
confluence between the results of Hines et aL ( 761) on the one hand and Pokatilovt 763) on the other . In
contrast Zhao et at . have reported substantially different results! 763)

Extensive attention has been paid to the crystallization behavior of Fe,B alloys upon
annealing. (76s

-,6,)
At annealing temperatures below 390°C a-Fe crystallizes, as revealed by the

appearance of a sharp resonance at 46.7 MHz. The broad resonance remains initially, but shifts to
lower frequency as expected for a glass that is now richer in boron . Heating above 420°C results in
crystallization of the Fe3B phase, yielding well-defined sharp signals .

The above studies have been extended to multicomponent alloys (containing Co, Mn, Si), however,
the complexity of the results obtained in these systems makes any interpretation difficult at this
stage.4768, 769)

Iron phosphides have been studied to a lesser extent . Investigations have concentrated on alloys
with the composition Fe, 3P,3C,o(7 ss .770) The hyperfine field distribution in this ferromagnetic
material was mapped out and, in conjunction with isotopic enrichment studies, the contributions due
to 31P and. "Fe were separated.t 770)

13 .3.2. Cobalt Borides and Phosphides . Ferromagnetic amorphous Co, _,B, alloys can be prepared
over the compositional range 0 .17 <x <0.30 by the melt-spinning technique . The zero-field spectrum
of a-Co3B extends from 50 to 200 MHz, reflecting an enormous range of magnetic hyperfine fields
experienced by the "Co nuclei f 7411 Since the quadrupolar interaction is moderately weak, the
spectrum is dominated by the distribution of magnetic hyperfine fields. It must be borne in mind,
however, that due to the effect of anisotropic magnetic enhancement factors, the spectra are not
inherently quantitative and depend significantly on the applied radio frequency field strength .("'- 773)
These complications can be avoided in studies using applied saturating fields .' 773 > Using this
technique, Bohner et al. showed that the mean hyperfine field at the Co nuclei decreases monotonically
with increasing X . (7 73) A similar decrease has been observed for amorphous Co-Si alloys . (174) 59Co
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signals have also been recorded and analyzed for a variety of compositionally more complex
Co-boride alloys containing other atoms such as Fe, Mn, and Ni, 17 S-771 as well as more complex
Si-substituted ones .j7a -781)

Amorphous Co-P alloys are generally prepared by chemical or electrochemical deposition . In zero
field the S 9Co nuclei resonate around 200 MHz ; 752-7561 with a gradual decrease in the average
resonance frequency as the phosphorus content increases .('" As for the Co-B system, the lineshapes
are affected by anisotropic domain wall enhancement factors and have to be carried out in weak
applied saturating fields .l 772 ' 7851

13 .3 .3. Nickel Borides and Phosphides- Amorphous specimens with compositions Ni t

(0 .18 < x <,0.40) have been studied by a variety of NMR techniques! 787-7901 These materials are Pauli
paramagnets and their NMR spectra are dominated by the "B nuclear electric quadrupolar
interaction. As predicted theoretically from first order perturbation theory, the quadrupolar inter-
action splits the line into three components, corresponding to the central transition and two satellite
lines, respectively (see Fig. 8, left side) . The general peak patterns observed in glassy Ni,B and Ni aB,
closely resemble those observed in their respective crystalline counterparts .17B9.790) This close
correspondence and the observation of satellite transitions per se, argue strongly in favor of well-
defined short range order in these samples, and are in stark contrast to predictions made on the basis of
the DRP model. For the latter case one would expect that there would be a wide distribution of
quadrupole couplings and hence that the satellite transitions would be unobservable. In spite of the
close general agreement between the ' 1 B NMR spectra of c-Ni,B and amorphous Ni-B glass with
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Fio. 79 . "B NMR spectra in the binary nickel-boron system (a) "B NMR spectra in amorphous Ni IOO -.B.
alloys as a function of x . (b) "B NMR spectra in crystalline nickel borides and the boron coordination in them .

Reproduced with permission from Ref. 790 .
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Fm. 80. The principal component of the electric field gradient tensor, V,,, as calculated by a point-charge model as
a function of the distance from the central boron atoms up to which the calculation is performed . V_(co) is

computed up to 40 A distance. Reproduced with permission from Ref . 790 .

similar compositions (see composite Fig. 79), the average nuclear quadrupole coupling constant
e2gQ/h is significantly larger in the glasses than in the crystalline compound . This is explained, in
conjunction with Fig . 80, on the basis of electric field gradient calculations by the point charge model .
Figure 80 illustrates the result of such a calculation for crystalline Ni 3B inside a sphere of radius r
around a central B atom, as a function of distance . This figure shows that the Vim, due to nearest or next-
nearest neighbor atoms (within one or two atomic distances) is significantly larger than the net V„((>o)
calculated from all contributions up to very large distances (40 A). The figure implies that in crystalline
Ni3B the shells at higher distances make a significant contribution to V,r As shown by Fig. 80 the
contributions of these further removed atoms tend to reduce the net field gradient . In contrast, for
glasses one expects that only atoms that are nearest (or possibly next-nearest) neighbors will contribute
substantially to V,,, because due to the disordered state, the distribution of atoms at higher distances
will be approximately spherical . Hence there is no such diminishing effect on the field gradient in the
glasses, resulting in somewhat stronger overall quadrupole coupling. These model compound studies
are important as they illustrate that long-range effects can make quadrupole coupling constants
between crystalline compounds and compositionally analogous glasses substantially different, even if
the short range order is the same .

Some of the most widely studied systems are the amorphous alloys derived from the binary
Ni1_rP, system! 791-8021 Glasses can be formed over a compositional range of approximately
0.12 `x 0.27 .

Due to the absence of a nuclear electric quadrupole moment, the interpretation of the 71P NMR
spectra has focused on dipole-dipole coupling information as extracted from the zero-field intercepts
of field-dependent M r measurements .( '9n,'94, 7961 From the values obtained it is generally concluded
that no direct phosphorus-phosphorus contacts occur in these alloys . These results support Polk's
structural hypothesis stating that in amorphous metal-metalloid alloys the metal component adopts a
DRP structure, while the metalloid component occupies interstitial sites present in such packings .tsoa1
This basic model was refined later by Gaskell, who assumed a random packing of well-defined
metalloid coordination polyhedra, surrounded by six metal atoms in a trigonal prismatic environ-
ment.18041 It should be noted, however, that the error of the Mz measurement itself and the
extrapolation to zero field strength could be substantial (especially because the line shapes deviate
visibly from Gaussian shapes), and thus a measurement of Mzd by the spin-echo method would be
more desirable. Furthermore, explicit simulations of the M zd distributions expected from the Polk
model could lend further support to the conclusions .

A variety of ternary Ni-P-X systems have been investigated (especially with X=Pt, Pd). P-P
avoidance appears to be one of the common conclusions, but the emphasis of these studies has been on
subtle changes in the electronic structure upon metal substitution .l' 9 s-800)
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A detailed analysis of dipole-dipole interactions has been published for the ternary Ni-Cu-P
system .t 79`~ Here, the zero-field second moment is dominated by the heteronuclear direct
dipole-dipole coupling between 31P and 63.65Cu nuclear spins . The extrapolated zero-frequency
second moment for 3 'P appears to agree with the value calculated for a model in which Cu and Ni form
a DRP structure . This agreement may be fortuitous, however, as eq . (16c) would not be applicable if the
63,65Cu nuclei experience strong quadrupolar interactions . In the latter case (which seems likely for a
random structure), the fact that the Cu are no longer strictly quantized in the magnetic field, leads to
the theoretical prediction that the second moment should be higher by a factor 1 .8 than that calculated
from eq . (16c) .'80s, eoet Thus, the magnitude of the nuclear quadrupolar coupling constant needs to be
determined from 63Cu or "Cu NMR (or NQR) experiments .

The NMR investigations on the binary Ni-P and Ni-B systems have also been extended to the
ternary systems Ni-P-131( 807-B ' °) and Ni-Si-Bj 807 The dipolar analysis for non-spin-f nuclei such as
"B is more complicated. Field dependentM 2 measurements along the lines of eq . (16) will fail to yield
dipolar second moments because at low fields, second-order quadrupolar broadening will appear .
Thus, the "B-"B dipolar interaction has to be extracted from spin-echo experiments . Furthermore,
the theoretical expression that has to be used in lieu of eq. (16) depends on the presence and strength of
nuclear electric quadrupolar interactions, and on the extent to which the quadrupole splittings render
the nuclei inequivalent .t81 ' A preliminary discussion of structural models based on 11 11 spin-echo
decays has been given .t 8121

13 .3 .4 . Other Metal-Metalloid Systems. More complex systems that have been studied, with a
primary emphasis on electronic structure and/or magnetic hyperfine field distributions include
Mo-B,t 747 t Mo-Ru-B,(747) Mn-%t8131 Fe-Mn-P-B,tB 14 t Fe-Ni-Mn-B-Si ("') Fe-Ir-B,(816 )
Fe-V-W"1 bt Fe-B-C,t 8171 Fe-Co-Mn_B_Si,t 780.78t t Fe-Co-B-Si,("9.srst and Fe-Co-Ni-
Si_B-C .t778 t

13.4 . Amorphous Intermetallic Systems

The feasibility of NMR studies on amorphous strictly intermetallic systems was first demonstrated
in 1980 for the system Eu 80Au20 . The 151 Eu NMR spectrum, obtained by spin-echo mapping, ranges
from ca. 70-270 MHz, and its width arises from the combined effect ofa very strong, dominant nuclear
electric quadrupolar interaction, and a magnetic hyperfine field distribution.' 819) Since that study, the
structure of a number of intermetallic systems (magnetic and non-magnetic) has been investigated,
predominantly by field-dependent cw line width measurements and studies of quadrupolar inter-
actions. Again, the existence of short range order (as opposed to the DRP model) has been a key
question in these studies . To date, the experimental results obtained for the majority of systems
support the view that chemical order does exist, and that the DRP model is not applicable . While "Ga
NMR spectra of a-La3Ga show that there is a quadrupolar interaction in the glassy state (as contrasted
to the cubic crystalline phase), the distribution of nuclear electric quadrupole coupling constants
required to simulate the experimental spectrum (which resembles that of Fig . 8a for a spin 3/2 nucleus
perturbed in first-order by the quadrupolar interaction) is rather narrow .t'4 't Similar conclusions can
be drawn from the 27AI NMR spectra of melt-spun glasses in the system Ca l -,Al,
(O.15,<x<,0.45) . 4820 ' 821 t These spectra are also dominated by first-order quadrupolar interactions,
giving rise to well-observable satellites . Such structured spectra and narrow EFG distributions are not
expected for a dense random packing of spheres . Rather, such an arrangement would generate large
local variations in electric field gradients, and hence would broaden any first-order quadrupolar
satellites beyond detection . Surprisingly, in the amorphous Ca-Al system, there appears to be no
compositional lineshape trend. This indicates either that the chemical environment is uniformly
similar in all of the samples investigated or that low-field 27AI NMR is not sufficiently sensitive to
specific details of the short range order of aluminium . Further studies at higher field strengths are
required to clarify this point .

A number of other studies have been carried out, addressing the short range order of amorphous
zirconium-based alloys, such as the systems Be-Nb-Zr,t 822-824J Be-Mo-Zr,ts23,s24 V_Zr,
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Tm-Zr,(s 26) and Cu-Zr.tB 271 Due to the unfavorable NMR properties of the 91Zr isotope, most of the
structural information has relied on the isotopes introduced with the other metal constituents . This
makes it more difficult to compare the various individual systems with each other . In Be-Zr-Nb alloys
the authors attempt to analyze extrapolated 'Be second moment at zero applied magnetic field, in
terms of 9Be-93Nb dipolar interactions.' 832t Various other Co-based alloys have been
investigated.( sa 7-932) As for all Co-based alloys, the NMR spectra are characterized by wide hyperfine
field distributions.

14 CONCLUSIONS AND OUTLOOK

During the past ten years, research devoted to the synthesis of new types of glasses and their
structural characterization has accelerated with a breath-taking pace . As illustrated by Fig . 1, the use
of NMR spectroscopy is taking an active part in this growth . Powerful new techniques, most notably
MAS-NMR in combination with high-field and Fourier transform spectroscopy, are today providing
information at a detailed level not thought achieveable only ten years ago .

To date,, the bulk of the published work has concentrated on the experimental facts concerning
nearest- and next-nearest neighbor environments, which constitute the short-range order in glasses .
The quest for a more fundamental understanding of these facts on a thermodynamic basis has already
triggered several in situ high-temperature NMR studies of molten phases ; and increased emphasis in
this direction can be foreseen .

Understanding the short-range-order, however, is only a first step towards the understanding of a
glass. In future efforts, the attention will be increasingly directed towards understanding ordering/dis-
ordering phenomena on larger length scales (10-20 A) . Since NMR chemical shifts are rather
insensitive to such long range effects, the accurate measurement and modelling of internuclear
dipolar interactions will become increasingly important . One can therefore anticipate that selective
averaging experiments other than MAS, which carry dipolar coupling information (spin echo,
SEDOR, correlation spectroscopy, and multiple-quantum NMR) will become more and more
important . As discussed in this article, the beginnings of such applications have been made .

Perhaps most important for the future of this field is the fact that solid state NMR spectroscopy has
remained a vital and attractive research area in its own right . The continued influx of new solid state
NMR methodology and techniques into this area is very likely to assure that structural investigations
of glasses will remain a challenging and an intellectually stimulating research subject .
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