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DAS VEILCHEN

Ein Veilchen auf der Wiese stand,
Gebilckt in sich und unbekannt;
Es war ein herzig's Veilchen.
Da kam eine Junge ScMferin,
Mit leichtem Schritt und munterm Sinn.
Daher, daher,
Die Wiese her, und Sang.
Ach.! denkt das Veilchen; war ich nur
Die schonste Blume der Natur,
Ach nur ein kleines Weilchen,
His mich das Liebchen abgepjlilckt,
Und an dem Husen matt gedrilckt!
Ach nur, ach nur,
Ein Viertelstilndchen lang!
Ach! aber ach! das Madchen kam,
Und nicht in Acht das Veilchen nahm,
Ertrat das arme Veilchen.
Es sang und starb und freut sich noch:
Und sterb' ich denn. so sterb 'ich doch
Durch sie, durch sie,
Zu ihren FiljJen doch.

1775.
Tekst: J. W. von Goethe
Op muziek gezet door W.A. Mozart
(KV476)
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Samenvafting
Dit proefschrift beschrijft NMR experimenten aan een aantal natuurlijke en synthetische
verbindingen en glazen. Het doel van die experimenten is na te gaan, hoe samenstelling en
structuur van die verbindingen aan elkaar gerelateerd zijn. Dit is van belang, omdat tal van
eigenschappen, of dat nu (geo)chemische, fysische of andere eigenschappen zijn, afhankelijk
zijn van de samenstelling.
Na een algemene inleiding (hoofdstuk 1), worden in hoofdstuk 2 vaste stof NMR
experimenten aan een vijftal synthetische en natuurlijke alkalifluoroaluminaten beschreven.
Deze verbindingen bestaan uit AIF 6 octaeders die, net als Si04 tetraeders, aan e1kaar
geschakeld kunnen worden. Daarbij ontstaan plaatstructuren, netwerkstructuren of structuren
met gelsoleerde octaeders. Zowel de 23Na als de 27Al chemical shift zijn afhankelijk van het
type structuur. De 27Al chemical shift wordt - analoog aan Si chemical shifts in silicaten 
steeds negatiever gaande van gersoleerde AIF 6 octaeders naar octaeders in plaatstructuren en
netwerkstructuren. Voor het eerst wordt rechtstreeks aangetoond, dat ook de 23Na chemical
shift afhankelijk is van het aantal liganden: NaF 6-groepen hebben een minder negatieve
chemical shift dan NaFs-groepen. Tevens laat hoofdstuk 2 zien, dat de 27Al chemical shifts
in oxiden meer dan 20 ppm hoger zijn dan die van equivalente fluoriden.
In hoofdstuk 3 worden NMR experimenten beschreven aan een tweetal zeldzame
mineralen, zunyiet en harkeriet, die een bijzondere kristallografische groep bevatten. Deze
groep is opgebouwd uit een centrale T0 4 tetraeder (T=Si voor zunyiet en Al voor harkeriet)
met 4 Si04 tetraeders eromheen. De T-O-Si hoeken zijn 1760 (harkeriet) of 180 0 (zunyiet).
Het mineraal zunyiet heeft een overschot aan AI. Met 27Al NMR wordt aannemelijk gemaakt
dat dit, net als bij harkeriet in de centrale tetraeder wordt ingebouwd. Een bekende correlatie
tussen de 27Al chemical shift en de AI-O-Si intertetraedrische hoek voor netwerk aluminosi
licaat structuren kan daardoor uitgebreid worden naar hoeken van 1760 (was 153.7 0 ).
In hoofdstuk 4 wordt off-resonance nutatie NMR spectroscopie toegepast op een
vijftal synthetische glazen. Deze glazen hebben een samenstelling nauw verwant aan een
graniet, waarbij de alkali ionen vervangen zijn door respectievelijk Li, Na, K, Rb of Cs. De
off-resonance nutatie NMR spectroscopie techniek, ontwikkeld bij de HF NMR faciliteit in
Nijmegen, blijkt zeer goed bruikbaar om de kwadrupole interactie van Al in amorfe syste
men te bepalen. Hierdoor kan ook de isotrope 27Al chemical shift nauwkeuriger bepaald
worden. De kwadrupool interactie van Al en zijn isotrope chemical shift nemen af als de
iongrootte van het alkali ion toeneemt. Hierbij wordt de in hoofdstuk 3 beschreven
correlatie tussen de 27Al chemical shift en de AI-O-Si intertetraedrische hoek gebruikt om
aan te tonen, dat de toename van de ionstraal van het alkali ion gepaard gaat met een
vergroting van de ringen waaruit deze glazen zijn opgebouwd. Het feit, dat de kwadrupool
interactie van de Al kemen in het glas en de polariteit van het alkali ion een lineair verband
vertonen. toont aan, dat er een sterke interactie tussen beide typen ionen bestaat en
waarschijnlijk dicht bij elkaar zitten. Ditzelfde verband wordt voorspeld door een theoretisch
model.
Hoofdstuk 5 gaat in op de vraag of korund (a-AI 20 3 ) gebruikt kan worden als een
standaard in kwantitatieve Al NMR. Het kwadrupoolkarakter van Al zorgt ervoor, dat
kwantitatieve metingen aan een aantal voorwaarden moeten voldoen om vergelijkingen

ix

tussen intensiteiten van verschillende verbindingen te kunnen maken. Hoofdstuk 5 vergelijkt
de intensiteiten van een aantaI synthetische en natuurlijke korund monsters en toont aan, dat
zelfs aIs aan aIle voorwaarden voldaan is de intensiteiten ver uiteenlopen. Korund gemaakt
door het verhitten van AI(OH)3 levert goede resultaten op, maar de natuurlijke korunden en
een synthetisch eenkristaI van korund laten een groot verlies aan intensiteit zien.
Waarschijnlijk worden de verschillen in intensiteit veroorzaakt door een verschil in relaxatie
gedrag. Korund aIs standaard voor kwantitatieve Al NMR metingen lijkt aIleen dan zinvol,
aIs het een zuiver, goedgekarakteriseerd monster betreft.

x

Summary
In this thesis solid state NMR experiments on a variety of minerals and glasses are
described with the aim of studying the dependence of their structure on the chemical com
position. Chapter 1 introduces the reader to the subject.
Chapter 2 describes 23Na and 27Al NMR experiments on a number of alkali
fluoroaluminates. These substances consist of AIF6 octahedra which can be linked together
to form a variety of structures, similar to the way in which Si04 and AI04 tetrahedra are
linked together in aluminosilicates. The 23Na and 27Al chemical shifts correlate well with the
type of structure. AIF 3 is a network structure and has the most negative 27Al chemical shift
(-16 ppm). The chemical shift increases from -3 and -1 ppm in the sheet structure chiolite
(NasAI 3F 14) to 0 ppm in cryolite (N~AIF6)' The 23Na chemical shift is dependent of the
number of fluorines coordinating Na: Na in an NaF 6 group has a more positive chemical
shift than Na in NaF s. Additionally, 27Al chemical shifts for oxides are shown to be at least
20 ppm less shielded than those in similar fluorides.
Chapter 3 studies pentameric (Si,Al)s016 groups with (almost) straight intertetrahedral
AI-O-Si angles in a zunyite with excess Al and in harkerite. The excess Al in the zunyite
lattice is shown to occupy the central tetrahedral Si(l) site. The 27Al chemical shift correlati
on with the AI-O-Si angle is extended to 176 0
Chapter 4 reports the first application of off-resonance nutation spectroscopy to five
alkali aluminosilicate glasses. These glasses have a chemical composition similar to that of
a granite, with the alkali's replaced by Li, Na, K, Rb, and Cs. Off-resonance nutation
spectroscopy, newly developed at the HF-NMR facility in Nijmegen, proves to be very
powerful in determining the quadrupole interaction and subsequently the isotropic chemical
shifts for Al in these glasses. The quadrupole interaction and the chemical shift decrease
when the size of the charge-balancing counterion increases. The correlation of the 27Al
chemical shift with the AI-O-Si angle for framework aluminosilicate structures (see also
chapter 3) is used to show, that the size of the alkali ion determines the size of the rings
building up the glasses. Since the quadrupole interaction for Al is linearly correlated with
the polarising power of the alkali ion, the aluminium and the alkali ions are believed to be
closely bound. This is supported by a theoretical ionic model predicting this correlation.
Chapter 5 investigates the use of corundum (a-AI 20 3 ) as a standard in quantatative
NMR measurements. As AI is a quadrupolar nucleus, a number of requirements have to be
fullfilled in order to obtain reliable results. Most importantly, only the central transition is
excited by using a very short rf pulse in order to be in the region of linear response. The
intensities of five natural and synthetic corundum samples are compared. Despite the fact
that all experimental conditions are identical and in the linear region, the intensities differ
considerably. A synthetic corundum obtained by heating Al(OH)3 has the highest intensity,
close to the expected value, but the other samples have much too low intensities. Relaxation
effects are shown to be responsible for this. It is proposed, that only in case of a well
characterized corundum sample without impurities a-A1 20 3 can be used as a standard for
quantitative NMR measurements.
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Chapter 1

Introduction
1.1

General

Approximately 95% of the minerals and rocks in the earth's crust were originally
formed by crystallization from silicate melts (Burnham, 1981). It is thus obvious, that
these melts are of overwhelming importance in geochemistry.
An understanding of the melt structure is vital to understand its physical, chemical
and thermal properties (Tossell and Vaughan, 1992). Directly or indirectly, most geologi
cal processes are influenced by these properties. For instance, partitioning behaviour
between melts and fluids and/or crystals is a function of the chemical composition (Web
ster, 1990). A direct consequence of this functionality is the development of economically
important ore-deposits. Eruption behaviour of volcanoes also depends on the type of
magma involved, more specifically the viscosity(11) and the gas content of the magma.
The viscosity is probably the most important property of a silicate melt (Perchuk and
Kushiro, 1991). Viscosities of SiOz-rich magma (granitic/rhyolitic; Si0z>68 wt%) are
much higher (11 "'" 10 lZ Poise at 1100°C) than SiOz-poor magma (alkali basalt, 11=10 z-10 3
Poise at 1100 0c) (Cas and Wright, 1987). Clearly, viscosity is a function of the chemi
cal composition, in this case the SiOz content. Other factors controlling viscosity are the
volatile content (HzO, F, Cl, COz), temperature, pressure, crystal content and bubble
content. Additionally, SiOz-rich melts can dissolve more HzO than SiOz-poor melts (Cas
and Wright, 1987). So not only is there a wide range of factors that influence the visco
sity, and in fact all properties of natural magmas, they are also interconnected.
This complexity has urged experimental geochemists to study these factors separa
tely in synthetic systems with all experimental techniques available. A vast majority of
these studies involves glasses that were quenched rapidly to room temperature and at
mospheric pressure in order to freeze the conditions of the melt.
Despite the fact that some authors question the validity of this assumption and the
fact, that in situ measurements on melts are becoming more and more feasible (McMillan
et al., 1992; Cote et al., 1992; Stebbins, 1991), much of our understanding of the beha
viour and structure of silicate melts stems from glass studies.
1.2

The continuous random netwOlk model

Many, if not all spectroscopic methods available to modem-day geochemists have
been applied to silicate glasses and minerals. Much of the initial understanding of glass
structure comes from radial distribution functions (RDF's) from X-ray and neutron
diffraction studies (Mozzi and Warren, 1969; Taylor and Brown, 1979a,b).
This technique has taught us, that (alumino)silicate melts are built up of Si04 (and
A10 4 ) tetrahedra. These tetrahedra are connected by bridging oxygens (figure 1) into Q
species with a range of compositions. Additionally, these tetrahedra can also be connec
ted to network modifying cations by non-bridging oxygens. This description is also valid
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for crystalline aluminosilicates. The key difference between the crystalline and the
amorphous state is the lack of periodicity in the latter. This is caused by variations in the
bond angle and distances to second-nearest neighbors. This description is the most
widespread model for silicate glass structure and is usually called the continuous random
network model (Zachariasen, 1932; Mysen, 1988).

o

Figure 1. The continuous random network model.
Two TO. tetrahedra (T=Si or A l) are connected through a bridging oxygen (RO). One of the
tetrahedra is bonded to a network modifying cation (M) (for instance an alkali ion) through a
non-bridging oxygen (NBO). T-O-T angles and bond lengths (M-O, T-O)are subject to large
variations.

The above mentioned radial distribution functions, from which much of the early
data originated, become increasingly difficult to interpret as the number of constituents
increases. Other techniques have emerged, which are used to determine the above mentio
ned Q-species and their distributions in the melt, the most important being vibrational
spectroscopy (My sen, 1988). This technique has been successful in the identification of
the Q-species, but quantification is quite difficult because of calibration problems and
overlap of broad bands encountered in vibrational spectra of amorphous systems. In case
of the interaction of H 20 with aluminosilicate melts, for instance, there is a lot of debate
about the assignment of some absorption bands (Sykes and Kubicki, 1993; Kohn et al.,
1992). From these bands, many conclusions are drawn; it is therefore of vital importance
that these are checked with as many structural tools and as thoroughly as possible.
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Solid state NMR spectroscopy

Solid state NMR is a relatively new technique, which has experienced an explo
sive growth since the advent of FT pulse technology in combination with high field
superconducting magnets and Magic Angle sample Spinning (MAS).
Solid state NMR has a few unique features making it ideally suited for studying
amorphous systems. First of all, NMR is element specific, and as a result it is, in princi
ple, independent of the complexity of the system. Secondly, the NMR signal is proporti
onal to the number of contributing nuclei, making it useful for quantitative applications.
The third advantage of NMR is, that it is interaction specific. This implies, that by
changing the experiment setup (pulse sequence, excitation of more than one kind of
nucleus), we can tune into a specific interaction of interest. An example is the study of
the homonuclear or heteronuclear dipolar interactions. This interaction can give informa
tion on internuclear distances between atoms of the same or of different types, respecti
vely. Other interactions, which are of considerable structural significance are the chemical
shift interaction (in fact the most widely used) and the quadrupole interaction.
Finally, NMR can give information on dynamic phenomena such as atomic or
molecular motion and exchange via studies of NMR lineshapes and nuclear spin relaxati
on (Abragam, 1961; Slichter, 1992; Liu et al., 1987; Stebbins, 1988). The region in
which NMR is sensitive to these processes spreads from Hz to 100's of MHz.
A disadvantage of NMR is, that the above mentioned interactions can be calcula
ted ab-initio only with great difficulty. As a result, extraction of information from NMR
spectra relies heavily on the availability of reference systems. Much of the effort in solid
state NMR is put into the development of these systems.
In this thesis, 29Si, 23Na, and 27Al have been studied, with emphasis on 27AI. 29Si
has spin 1=\12, 4.7 % natural abundance and often suffers from long T 1 relaxation times,
making 29Si measurements rather time consuming. 29Si chemical shifts can be correlated
with coordination state, tetrahedral polymerisation, number of Al next-nearest neighbors,
mean Si-O-T bond angle per tetrahedron (T=Si, AI) and group electronegativity (Lippmaa
et al., 1980; Lippmaa et al., 1981; Smith and Blackwell, 1983; Kirkpatrick, 1988).
27AI has a 100% natural abundance, spin 1=5/2 and is therefore a quadrupolar
nucleus. Smith (1993) and Kirkpatrick and Phillips (1993) have recently given a thorough
review of solid state 27Al NMR spectroscopy. Theoretical and experimental aspects of
NMR of quadrupolar nuclei have been reviewed by Freude and Haase (1993).
Quadrupole interaction

Nuclei with spin I> 1/2 have a quadrupole moment (eQ), which is a result of a
non-spherical charge distribution. This quadrupole moment interacts with the electric field
gradient at the nucleus, causing an electrostatic interaction, the quadrupole interaction.
This interaction is described by the quadrupole coupling constant (QCC) and asymmetry
parameter (11 ) (Cohen and Reif, 1957). In case of spin 1=1/2 nuclei there are only two
nuclear energy levels, -1/2 and 1/2, so there is only one transition possible. In case of
aluminium with spin I = 5/2, there are (21+ 1) = 6 nuclear energy levels (figure 2). In the
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absence of an external magnetic field
Bo, these levels have an equal energy,
Second order
First order
Zeeman
quadrupole
Quadrupole
interaction
but in case of B o ~ 0, these levels (m)
interaction
Interaction
m
get their own specific energy (Zeeman
interaction). The transition energies
are equal (aE). The quadrupole inter
/I.E
action has an additional effect on the
position of the nuclear energy levels.
/I.E
The six equally spaced levels are per
turbed in first and second order, ex
No field
cept for the central (-112, 112) trans
/I.E
/I.E
ition, which is only affected in second
order. The non-central (satellite) trans
/I.E
itions are usually spread over a fre
quency range in the order of vQ
(=3QCC/(2I(2I-l))), which can be in
the MHz range. This is the reason
why these satellite transitions are
.!512
usually not observed in solid state
Figure 2. Graphical representation of the Zeeman
NMR spectra. The central transition is interaction and first and second order quadropole
affected only in second order. The interaction.
lineshape is distorted and in the ab
sence of other strong line broadening interactions it has a form characteristic for the
quadrupole parameters QCC and 1/. This form is called a powder pattern (Samoson and
Lippmaa, 1983b). Magic Angle Spinning (MAS) averages first order effects, but not the
second order effects. As a result, line narrowing is incomplete and a powder pattern is
preserved. Additionally, the line is shifted from its isotropic chemical shift value. As
quadrupole effects are inversely proportional to the square of the magnetic field strength,
resolution of solid state spectra benefits greatly from the use of very high (> 11.7 T)
magnetic fields.
27Al NMR is sensitive to coordination state (Muller et aI., 1981; de long et al.,
1983), mean AI-O-Si angle (for [4IAI in framework aluminosilicate structures; Lippmaa et
al., 1986). For [4JAl, 0i'o is also sensitive to the degree of polymerisation of the AI0 4
tetrahedra (Muller et al., 1986). The quadrupolar nature of Al can complicate the inter
pretation of the NMR spectra, but is also an extra source of structural information. It can
be used to investigate the local symmetry of the first coordination sphere of AI. Ghose
and Tsang (1973) studied a wide range of AI-containing phases and concluded, that the
27AI e 2qQ/h (quadrupole coupling constant) is eorrelated with the distortion of the nearest
neighbor oxygen polyhedron.
Getting information on the various interactions in amorphous phases is complica
ted by severe line-broadening effects due to a distribution of interactions. The amorphous
character is due to variations in the bond angle and distances to second-nearest neighbors.
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Important new developments in solid state NMR are Dynamic Angle Spinning
(DAS) NMR (Liar and Virlet, 1988; Chmelka et al., 1989), Double Orientation Rotation
(DOR) NMR (Samoson et al., 1988). DAS is a two-dimensional technique, in which
there is a rapid flipping of the sample between two axes. In DOR NMR there is a simul
taneous spinning of the sample around two axes. These techniques average the first and
second order quadrupole broadening and as a result NMR signals are narrowed as com
pared to MAS NMR.
Additionally, satellite transitions can be studied. These transitions have an intrinsi
cally narrower linewidth (Samoson, 1985). However, this technique, denoted as SATRAS
by Jager et al. (1992), seems to be limited to nuclei with spin 1=5/2 (Freude and Haase,
1993).
A promising technique, which allows for an accurate determination of the qua
drupole interaction in amorphous solids is an extension of nutation NMR spectroscopy,
called off-resonance nutation NMR (Kentgens, 1993; Chapter 4 of this thesis).
1.4

Scope and organisation of this thesis

The aim of this thesis is to obtain a better insight into the structural dependence of
27Al (and partly 23Na) NMR in mineral and glass structures. The mineral structure infor
mation can be used as a reference for future studies on mineral and glass structures.
Chapter 2 deals with 23Na and 27Al MAS NMR on alkali fluoroaluminates. This
type of substances is commonly encountered in synthetic and natural F-rich melts. This
chapter can be used as a reference system for NMR studies of these melts.
Chapter 3 extends the well-known correlation in 27Al MAS NMR between the 27Al
isotropic chemical shift and the Al-O-Si angle for framework aluminosilicates to Al-O-Si
angles of 176°. This is done by studying two rare minerals: zunyite and harkerite. These
minerals contain similar (Si,Al)s016 groups (pentamers) with (almost) straight intertetra
hedral angles.
Chapter 4 reports the first application of off-resonance nutation spectroscopy. It is
used to study the role and position of the charge-balancing cation in a series of synthetic
framework alkali aluminosilicate glasses (alkali = Li, Na, K, Rb, or Cs).
Chapter 5 tries to evaluate the use of corundum (a-A1 20 3) as a standard in quan
titative 27Al NMR studies.
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Chapter 2
Influence of Octahedral Polymerisation on Sodium-23 and Aluminum-27 MAS
NMR in Alkali Fluoroaluminates

2.1

Abstract

Solid state 23Na and 27Al MAS NMR spectra of NaF, (X- and I3-AIF 3, cryolite
(N~AIF6)' chiolite (Na sAI 3F I4 ) and elpasolite (K 2NaAIF 6) have been studied. Structures
and chemical compositions have been checked by X-ray diffraction, DTAffGA and wet
chemical analyses (ICP-AES, AAS, ISE). 27Al NMR isotropic chemical shifts range from
-13.2 to + 1.4 ppm, indicating octahedral coordination by fluorine, which is in agreement
with crystallographic data. Compared to AI0 6 octahedra in aluminates, the AIF 6 octahedra
in fluoroaluminates are at least 20 ppm more shielded. The 27Al results show, that Al
chemical shifts become more shielded as the degree of polymerisation of the AIF 6 octa
hedra increases. SO structures with isolated AIF6 octahedra fall into a region around 0
ppm with a spread of only 2 ppm. Sheet-structures with S2 and S4 octahedra, have Al
resonances at -1 to -3 ppm and Al in network structures resonates at -12.5 to -13.2 ppm.
This trend is explained by a decrease in the number of non-bridging fluorines per octa
hedron (NBF/O). Consequently, 23Na NMR depends on the type of AIF 6 polymerisation.
Octahedrally coordinated Na stepwise becomes more shielded from 7.2 ppm for NaF, via
2.4 ppm for cryolite to -6 ppm for chiolite. Eight-coordinated Na resonates at more
negative chemical shifts than six-coordinated Na, -9.3 ppm in cryolite and -21 ppm in
chiolite. The observation of the 27Al and 23Na signals of two closely related structures,
cryolite and elpasolite, indicates, that both 27 Al and 23Na NMR are insensitive to cationic
substitution within the lattice, probably because of the ionic character of the AI-F and
Na-F bonds.
2.2

Introduction

Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) spectroscopy is
an important technique to determine the coordination state and local symmetry of struc
tural units such as (Si,Al)04' AIO s or AI0 6 polyhedra within crystalline and amorphous
solids. In general, increased shielding of a nucleus by its ligands and an increase in
coordination number results in a more negative chemical shift. In the case of AI, chemi
cal shifts for 4-, 5- and 6-coordination fall into the range 50-80, 35-40 and -10-+ 15
respectively (Muller et al, 1981; Kirkpatrick, 1988; Akitt, 1989).
The degree of polymerisation of Si04 tetrahedra in crystalline as well as amorp
hous solids can be determined with one dimensional 29Si NMR experiments (Smith et al.
1983; Magi et al. 1984; Stebbins, 1987; Kirkpatrick, 1988). Increased polymerisation
causes an increased shielding of the silicon nuclei. The chemical shifts of Al in AI0 4 are
considered to be insensitive to polymerisation effects and shift to higher fields if the
tetrahedra are connected to Si04 tetrahedra (Muller et al, 1986). Muller and Bentrup (1989)
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studied various hydrous alkali fluoroaluminates and concluded that 27AI NMR is hardly
affected by differences in condensation of AIF 6 octahedra. Na- (and Li-) fluoroaluminates
were not considered, though the Na-AI-F-system is particularly suited for the study of AIF 6
condensation, as a variety of structures exists in this system with a similar cationic second
sphere of Na atoms. Furthermore, 23Na NMR chemical shifts can be compared to give
additional information on polymerisation phenomena.
In this paper one dimensional solid state 23Na and 27AI magic angle spinning NMR
spectroscopic results on compounds in the system Na-AI-F are presented.
The first aim is to find out whether chemical shift data of 23Na and 27Al correlate with
structural features within these phases. In this way it may be possible to discriminate be
tween various types of AI-F structure types. For this purpose, a crystallogra-phic review of
all compounds considered is presented prior to any NMR data.
Recently, Kohn et al (1991) reported the existence of ISlAI and [6lAI complexes in
melts of jadeite + NaF and jadeite + cryolite (N~AIF6) compositions with 27AI and 27AI_19F
CP NMR at 22 and -5 ppm respectively. They, among others (Manning, 1981; Mysen and
Virgo, 1985), suggest that Al and F are present in F-rich aluminosilicate melts as Na-AI-F
complexes. In this study we use Magic Angle Spinning NMR spectroscopy to distinguish
AI-O complexes from AI-F complexes directly by 27AI chemical shifts.
23Na NMR can give information whether or not Al and F form clusters with Na which
resemble crystalline sodium fluoroaluminates. Cationic effects on 27Al chemical shifts are
investigated by comparing 27 Al NMR data of two almost isostructural compounds. (cryolite,
N~AIF6 versus elpasolite, K2NaAIF 6) and combining these with previous work on alkaliflu
oroaluminates (Muller and Bentrup, 1989).

2.3

Ctystallography

In the system NaF-AIF 3, NaF, AIF 3 and NasA1 3F 14 exist as stable phases besides the
well-known mineral cryolite (N~AIF6). NaF and Na,A1 3F 14 occur in nature as the minerals
villiaumite and chiolite respectively. The crystal structures of these compounds have been
determined and refined.
Villiaumite (NaF) has the halite structure (Barth and Lunde, 1927), a simple cubic
closest packing of F with Na in the octahedral interstices.
AlF 3 has a stable a-form; a beta-phase has been obtained by dehydration of a
AlF 3-3H 20 (Christoph et al, 1965), a gamma-phase by thermal decomposition of NH4AlF4
(Shinn et al, 1966). Le Bail et al (1988) reexamined the ~-phase prepared from dehydrating
a-AIF 303H20, assuming that it was identical to the 'Y-phase. No structure-determination has
been carried out for 'Y-AIF3. The stable a-AIF 3 crystallizes as a rhombohedral structure
(Hoppe and Kissel, 1984). It can be regarded as a VF 3-type structure (Hepworth et ai, 1957)
which is built up by a distorted closest packing of fluorine atoms, with aluminum in octahed
ral sites. The highly regular AIF\ octahedra share corners, in a three dimensional network.
The metastable ,s-AIF3 phase consists of a 3-dimensional network of very regular AIF\
octahedra with 2 distinct AI-sites. The structure can be regarded as a slightly deviated
hexagonal tungsten bronze (HTB) structure (Magnelli, 1953), in which sheets of intercon
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nected AIF\ octahedra parallel to the a-b plane are stacked along the c-axis. At 500°C (3
AIF 3 irreversibly transforms to a-AIF 3 (Le Bail et ai, 1988).
The crystal structure of cryolite (Na~IF6) is made up of isolated AIF\ octahedra
linked by 6-coordinated Na, forming a regular octahedron and 8-coordinated Na, creating
a highly distorted cubic antiprism (Hawthorne and Ferguson, 1975). The AIF\ octahedra are
very regular. The structure has a pseudocubic, monoclinic symmetry, attaining a true cubic
symmetry in the beta-cryolite phase, above the reversible transformation temperature of 561
°C (Majumdar and Roy, 1965).
Elpasolite (~NaAIF6) has the cryolite structure with the two 8-coordinated Na atoms
replaced by K. It has a cubic symmetry, with undistorted AIF 6 octahedra (Sabelli, 1987).
Chiolite (NasAI3FI4) is a tetragonal phase, which structure was refined by Jacoboni
(1981). Two types of octahedra form independent [Al3F14fnon layers perpendicular to the c
axis. Within each layer octahedra having 21m or 4/m symmetry alternate with each fourth
octahedron replaced by a sodium atom. Two Na atoms are coordinated by eight F, the other
eight by six F. One AIF6 octahedron shares corners with 4 octahedra; the other octahedron
with two octahedra.
In general, the structures involved can be divided into three types, depending on the
polymerisation of the octahedra. The a- and (3-AIF 3 phases are three dimensional networks
of AIF 6 units. NasAl 3F 14 is a sheet structure and N~AIF6 can be considered as a 'nesostruc
ture' since its AIF6 octahedra are entirely isolated.
2.4

Experimental
Samples

Na~IF6 and NasAI3F14 are available as the minerals cryolite and chiolite respectively,
both from the Ivigtut deposit, Greenland (B0ggild, 1953). The synthetic equivalents and
elpasolite (~NaAIF6) are prepared using the methods described by Cowley and Scott (1948).
(3-AIF3 is prepared by decomposing NH 4AIF4 at 315°C under a nitrogen flow, a method
described by Shinn et al (1966) and by dehydrating a-AIF 3"3H2 0 (Christoph et aI., 1965).
NaF is available as analytical grade reagent from MERCK (Art.6449). a-AIF3 is put to our
disposal by Billiton ore company. All compounds are checked for impurities by X-ray
diffraction with a Philips PW 1050125 diffractometer using CuKa radiation.
Chemical analyses of all the fluorides have been carried out by dissolving them in a
40 mol% Li 2C0 3-60 mol% K 2C0 3 flux at 550°C. The flux is then dissolved in water and
analysed for K and Al by ICP-AES (ARL 34000), for Na by atomic absorption spectroscopy
(Perkin Elmer 460) and for F by means of a fluorine selective electrode (Orion, Fluoride
Electrode, Model 9409 and Reference Electrode, Model 9001). Analytical errors are 5 % for
fluorine and sodium, and 10 % for potassium and aluminum.
DTAlTGA measurements were conducted under a N 2 -atmosphere with a Du Pont
Instruments 1090 Thermal Analyzer at a heating rate of 10 °C/min. The temperatures are
correct within 5 0c.
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NMR spectroscopy

The one dimensional solid state NMR spectra were collected on Bruker CXP-300,
AM-SOO and AM-600 solid state high resolution spectrometers, operating at 7.1 T, 11.7 T
and 14.1 T respectively. To assure relative saturation of the 27Al and 23Na resonances, the
spectra were measured with short pulse excitations, using typical pulse lengths of 1-2 J.1S,
relaxation delays of 0.25-0.5 seconds and 40-100 kHz spectral widths. Per measurement 100
12000 FlD's were collected. The 27Al and 23Na chemical shifts are measured relative to an
external standard of aqueous AICI 3 and NaCl solution respectively. Spinning rates are typi
cally 12 kHz, unless stated otherwise.
23Na and 27Al isotropic chemical shifts (Oioo) and quadrupole coupling constants (QCC)
are determined by calculating the quadrupolar induced shift at different magnetic fields (7.1,
11.7 and 14.1 T), assuming Tf = 0 and that the lines are symmetric. Contributions of the
quadrupole broadening to the line-width can be calculated (Engelhardt and Michel, 1987).
In some cases does the calculated broadening exceed the experimental linewidth, which is
an indication that the asymmetry parameter must be closer to 1. The asymmetry parameter
has no influence on the 0iso in the calculations, as a change in Tf from 0 to I is compensated
by a change in QCC of approximately IS %. Peak positions are correct within I ppm just
as 0ioo' Taking the error in peak position into account, the error in the QCC increases to I
MHz. In the case of chiolite, 0ioo and the QCC are extracted from the spectra by using the
frequencies for the singularities (Muller, 1982; Engelhardt and Michel, 1987) at two C3Na)
and three magnetic fields C7Al). An ASPECT 3000 based computer program called pow
DER (Muller and Bentrup, 1989) is used to check the calculations on the 23Na and 27Al
spectra of chiolite.

2.5

Results
X-ray diffraction

The spectra of NaF, a-AIF3, natural cryolite and synthetic and natural chiolite and
synthetic elpasolite do not contain reflections of impurities. The synthetic cryolite sample
contains approximately 5 wt% chiolite. This impurity is not detected in the 23Na and 27Al
NMR spectra. The 8-AIF 3 phases were identical, so the NMR study is limited to the 8-AIF 3
phase obtained by dehydration of a-AIF 3·3H20.
DTA/TGA
All phases were examined by thermal analyses to obtain additional chemical and
structural information. NaF displays no thermochemical effect in the temperature range 25
750°C. The a-AIF.} DTA-spectrum has a small endothermic peak at 450°C and a larger one
at 750 DC. TGA results on a-AIF 3 show a 10% weight loss over the temperature region 450
780 CC. The onset of this volatilization corresponds to the first endothermic peak in the
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DT A. At this temperature the a-phase transforms to a high temperature phase (Robie et aI.,
1978). The peak at 750°C has not been reported in literature. The I3-AIF3 phase displays an
exothermic reaction at 720°C. The reaction represents the structural transformation to a
AIF 3. This result is in good agreement with the result of 720°C claimed by Shinn et al
(1966). However, Le Bail et al (1988) reported a transformation temperature of 500°C for
their (j-AIF 3 . DTA on the I3-AIF3 obtained by dehydration of a-AIF 3"3H20 does not display
a transformation at 500°C. It further justifies rejecting 'Y-AIF3 as a separate phase.
Both natural and synthetic cryolite display an endothermic peak at 562°C. The peak
represents the reversible transformation of the monoclinic a-cryolite to the cubic (j-cryolite.
The temperature is in excellent agreement with the temperature of 561°C reported by
Majumdar and Roy (1965). Additionally, the synthetic cryolite loses a few percent water at
125°C. Elpasolite only displays one small DTA-peak at 113 °C, most probably caused by
a water-loss of about I wt% from the sample.
The DTA-curve of natural chiolite shows a melting temperature of 700°C, 75°C
lower than reported by Mesrobian et al. (1972). Their experiments were conducted under
non-atmospheric pressures up to 400 bars, however, so an absolute comparison is not entire
ly justified. The synthetic chiolite displays one small peak at 175°C resulting from loss of
a few percent water.
Chemisti)'
The F-content of a-AIF 3 is low, probably because of an impurity of corundum, which
is lower than the X-ray detection limit of about 5 wt%. Additional F is lost during analysis,
due to the high vapour pressure of AIF3. It is not to be expected, that the impurity influences
in anyway the 27Al NMR results.
All samples acquired by precipitation from an aqueous solution, i.e. synthetic cryolite,
chiolite and elpasolite, have a sum smaller than 100 %. This is due to uptake of some water
as evidenced by DT AfTGA. The stoichiometric compositions corrected for possible water
losses are within analytical accuracy.
27AI and

~a

NMR

The 27Al and 23Na NMR data for a- and (j-AIF3, NaF, N~AIF6' K 2NaAIF 6 and
NasAl 3 F14 are listed in table I and 2, respectively. The symbol So is used on the analogy of
Muller et al (1986) with Q (of Quaternary) replaced by S (of Senary). The superscript n
indicates the number of bridging fluorines per octahedron. If n equals zero, the structure
consists of isolated AIF6 octahedra. If n equals 6, the octahedra have condensed into a three
dimensional network. The intermediate types of octahedra, with n=2 and n=4, alternate in
chiolite and form a sheet-structure.
The 27Al isotropic chemical shifts in these fluoroaluminates range from -13.2 to + 1.4
indicating an octahedral coordination of Al by F in all AI-bearing phases (Muller et al, 1981;
Kirkpatrick, 1988; Akitt, 1989). This is in agreement with crystallographic data and with
earlier studies on alkalifluoroaluminates (alkali = NH4, K, Rb, Cs) by Grimmer et al (1982)
and Muller and Bentrup (1989). Results from synthetic and natural samples are identical. In
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Table 1. 27A I NMR results.
sn(AI)
compound

0i'o
(ppm)
1.4
0.8

QCC
(MHz)
o
2.0
Na3AIF 6
K 2NaAIF 6
o
1.4
-1
8.2
2
NasAl 3F I4
4
-3
6.5
a-AIF 3
6
-13.2
2.8
{3-AIF,
6
-12.5
3.4
* Q.B.: calculated second order quadrupole broadening

Table 2. 23Na NMR results.
compound
C.N"
0iso

(ppm)
NaF
Na,AIF 6
K 2NaAIF 6
Na5 A15 F 14

*

1
7.2

2

1

2

2.4
4
-9.3-8
2.1
-6

8

-21

o
2.3

(Hz)
1

o
o

0.9
1.45 0.75

o

2
1.0
0.25

o
3.2
1.5

=

220/60

110/30

1450
4301100
1200
640/160
0 and 0.75, resp.

Width

QCC
(MHz)

o

6
6
8
6
6

0
0
0
1
0
0
for 71

Q.B"
(Hz)

Width
(Hz)
1050
1000

Q.B"
(Hz)

1

1

600
400

o
o

700

1400/330

500

o

0.15

o

C.N.: Na coordination number
**
Q.B.: calculated second order quadrupole broadening for 1] = 0 and 0.75, resp.,
1: This study; 2: J.F. Stebbins and X. Xue, written communication
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try parameter of 0 (Kentgens et ai.,
-10.3
1983). The high intensity of the right
11.7T
singularity points to an additional site
with a small intensity overlapping the
other site. The data in table 2 are from
J.F. Stebbins and X. Xue (written com
2.4
munication), who collected spectra at
9.4 T. The lower magnetic field allows
a more accurate estimation of the NMR
data. We used these data to simulate
our spectra and became very good re
sults. In case of cryolite (figure 2), our
variable field data are combined with
the computer simulation data of Steb
bins and Xue in order to compare the
two approaches. Within the errors of
estimates, the data correspond well. The
SSB
lack of structure on the 4 ppm peak,
SSB
even in the 9.4 T spectra, is responsible
100
-50
50
o
-100
-150
for the spread of '1/. Starting point for 150
the analysis of the 27Al spectra of chioPPM
lite (figure 3) was the assumption that
the outermost signals correspond to a Figure 2. 23Na MAS NMR spectrum of cryolite.
site with '1/ = 0, while the signal in the SSB =spinning sideband.
middle corresponds to a site with '1/ = 1.
Calculating QCC and 0i.o at the three magnetic fields resulted in three sets of data which are
mutually consistent. This data set was then refined in a computer simulation. The shoulder
at the low field side of the spectrum is the result of a background signal from the probe, for
which we did not correct. Linewidths (Full Width at Half Height) are 1000-1500 Hz for 27AI
and 400-700 Hz for 23Na. If the second order quadrupole broadening is substracted from
these values and other contributions to the linewidth are ruled out, the broadening due to the
coupling of Al and F and of Na and F becomes 600-1000 and 100-600, respectively.
2.6

Discussion

27AI
The 27Al spectrum of a-AIF3 displays one peak at -16 ppm at 11.7 T, which shifts to 
15 ppm at 14.1 T, corresponding to a 0i'o of -13.2 ppm. The -16 ppm value has previously
been reported by Kimura and Satoh (1989) and Satoh and Kimura (1990), who did not con
sider quadrupole induced shifts. Their -16 ppm value may indicate that the minor impurity
in our a-AIF 3 has no influence on the NMR results.
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Figure 3. 27A / MA S NMR spectra of chiolite at different magnetic fields. Spinning speeds are (A)
J 3.9, (B) 9, and (C) JJ kHz, respectively. SSB = spinning sidehand.
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,s-AIF3 has an isotropic chemical shift of -12.5 ppm, with only one peak at both fields of
11.7 T and 14.1 T. According to the crystallography of ,s-AIF 3, the structure has two Alsites,
which are almost identical. The dif
ferences between these two sites are
too small to be detected as two se
parate NMR resonances.
NasAI 3F 14 has 27Al chemical
shifts of -I ± 2 ppm and -3 ± 2
ppm. This is in agreement with the
two different octahedral AI-sites in
chiolite, known from structure de
terminations. Crystallographic data
show, that the S4-site occupies 33
% of all the Al and should have the ~
lowest intensity in the 27Al spectra.
The AI-site with a chemical shift of
-3 ppm, QCC = 6.5 ± 0.5 MHz and
TJ = I can be assigned to the S4-site,
25 20 15 10
5
0
-5 -10 -15
the S2-site must then be represented
AI chemical shift (ppm)
by the -I ppm signal with QCC =
8.2 ± 0.5 MHz and TJ = O.
Figure 4. Graphical representation of the 27A I chemical
The isolated AIF6 octahedra in shifts of A IX 6 octahedra in oxoalum inates and fluoroa
cryolite (Na~IF6) have an 27AI iso luminates.
tropic chemical shift of 1.4 ppm.
Previously, Muller and Bentrup (1989) reported 27Al chemical shifts of -0.6 and -0.1 ppm
in similar compounds, (NH4)3AIF6and K 3AIF6, respectively. The cubic elpasolite (KzNaAIF6)
structure is strongly related to the (pseudocubic) monoclinic cryolite structure. Two of three
Na atoms are replaced by K atoms. Like cryolite, the 27Al NMR isotropic chemical shift is
± I ppm. The spread in peak positions of these four hexafluoroaluminates is only 2 ppm.
This observation leads us to the conclusion, that second sphere influences ofNa, K, or NH 4
on the shielding of Al by F are of very small importance in alkalifluoroaluminates. The
cation effects are even smaller than the 6.4 ppm range for interconnected AI0 4 tetrahedra
in K-, Li-, and Na- aluminates (Muller et al., 1986). The Al nucleus is more effectively
shielded from its surroundings and less sensitive to second sphere substitutions, due to the
more ionic character of the AI-F bond.
Figure 4 displays a graphical presentation of the isotropic chemical shifts of Al in
alkalifluoroaluminates. The 27AI chemical shifts decrease from I ppm in So- to -I in S2_, -3
in S4_ and -13 to -IS in S6_structures. It follows, that 27Al chemical shifts decrease as the
degree of polymerisation increases, analogous to 29Si results in aluminosilicates (Engelhardt
and Michel, 1987). The number of non-bridging fluorines per octahedron (NBF/O, equal to
6-n) decreases from 6 in SO to 4 in S2, 2 in S4 and 0 in S6_structures. Non-bridging fluorines
control the residual charge on the AI-nucleus and thereby its shielding. The observed trend
in the 27Al chemical shift can be explained by a decrease in NBF/O with polymerisation.
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23Na NMR data can
add important information
in elucidating polymerisa
tion effects of AIF 6 octa
hedra in alkali fluoro-alu
minates. It is possible to
assign specific resonances
of Na to crystallographic
sites. In the case of NaF,
the 7.2 ppm peak obvious
+
ly results from a very re
NaF
gular octahedral coordina
tion ofNa by 6 fluorine at
oms.
Based on crystallo
graphy, the cryolite-struc
10
5
o
-5
-10
-15
-20
contains twice as
-25 ture
Na chemical shift (ppm)
much 8- as 6-coordinated
Figure 5. Graphical representation of the 23Na chemical shift of
Na. As a result, the 23Na
sixfold and eightfold-coordinated Na in alkalifluoroaluminates.
resonance with the lowest
intensity should be assig
ned to 6 coordinated Na (figure 2). Therefore, the 2.4 ppm peak represents 6 coordinated Na
and the -9.3 ppm peak represents 8-coordinated Na. This is in accordance with the general
observation, that more shielded nuclei with more ligands resonate at higher fields (Engel
hardt and Michel, 1987). Moreover, 6 coordinated Na in NaF resonates at 7.2 ppm, which
is reasonably close to the 2.4 ppm in cryolite. Compared with cryolite, two 8 coordinated
Na sites are occupied by Kin elpasolite. The remaining octahedrally coordinated Na atom
resonates at 2.1 ppm, very close to the 2.4 ppm in cryolite, which is another argument for
assigning the 2.4 ppm peak to the 6-coordinated site.
In chiolite, the 6-coordinated Na has a chemical shift of -6 ppm. Again, the 8 coor
dinated Na atoms are more shielded and have a peak position of -21 ppm. Clearly, 23Na
NMR is sensitive to the coordination number, just as 29Si and 27Al NMR. Previously, Phillips
et al (1988) observed a much more continuous change in chemical shift with a change in
Na/(Na+K) ratio in an alkali feldspar solid solution. The continuous change in the
Na/(Na+K) ratio causes the effective Na coordination number to increase, causing a conti
nuous decrease in chemical shift. As for AI, the graphical representation of the 23Na chemical
shifts (figure 5) evidently shows, that the chemical shifts of 6- and 8 coordinated Na are
determined by the number of AIF 6 octahedra per Na atom in the structure. In NaF, with a
chemical shift of 7.2 ppm, no AIF 6 octahedra are present. The chemical shift of 23Na decrea
ses to 2.4 ppm in cryolite (0.3 AIF 6 octahedron on 1 Na) and -6 ppm in chiolite (0.6 AIF 6

+
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octahedron on 1 Na). In the case of 8-coordinated Na, the trend is from -9.3 ppm in cryolite
to -21 ppm in chiolite.
The fact, that both 27Al and 23Na chemical shifts correlate with the degree of polyme
risation of the AIF6 octahedra points to a complex interaction of Al-F polymerisation and
Na-F bonds.

Isotropic 27Al chemical shift data of octahedrally coordinated Al in compounds other
than silicates are available only for the Al 20 3-polymorph corundum (16.0 ppm, Skibsted et
al, 1991) and Yttrium Aluminum Garnet (0.8 ppm, Massiot et al, 1990). Peak positions in
oxialuminates other than of sodium have been reported by Muller et al (1981) and de long
et al. (1983) and range from 5 ppm for BaO'6A120 3 to 22 ppm for spinel, MgAI 20 4 Compa
ring AI-O compounds to AI-F compounds, 27Al isotropic chemical shifts of oxialuminates
are at least 20 ppm less shielded than 27Al chemical shifts offluoroaluminates. The 3-dimen
sional network structures A1 20 3 and AlF 3 have chemical shifts of 16 and -13 ppm, resp. It
is interesing to compare the mean bond lengths of [61Al_O and [61AI_F. [6IAl_O interatomic
distances are approximately 0.07 Alonger than for !61AI_F (Shannon and Prewitt, 1969). This
might be a reason why there is a difference in chemical shielding for the two types of
ligands.
2.7

Conclusions

1.
Isotropic 27Al chemical shifts systematically decrease with the increase in the degree
of polymerisation of AIF6octahedra in sodium fluoroaluminates. This trend can be explained
by considering the number of bridging fluorines per octahedron (NBF/O).
2.
Na coordinated by 8 fluorines has more negative isotropic chemical shifts than Na
coordinated by 6 fluorines.
3.
Isotropic 23Na chemical shifts of 6- and 8-coordinated Na become more shielded as the
AIF6 polymerisation increases.
4.
Al nuclei in AlF 6 octahedra are at least 20 ppm more shielded than Al nuclei octahed
rally coordinated by 0.
5.
Second coordination sphere effects of alkali cationic substitution on 23Na and 27Al NMR
are of very small influence.
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Chapter 3
Solid State 27 AI MAS NMR Study of Pentameric Aluminosilicate Groups with 1800
Intertetrahedral AI-o-Si Angles in Zunyite and Hmkerite
3.1

Abstract

The minerals zunyite (AIl3Sis02o(OH,F)lsCl) and harkerite (C~4Mgs[Al
SiiO,OH)16liC0 3MB0 3MH20,Cl) have been studied by solid state 27Al MAS NMR. These
minerals contain Si s0 16 (Zunyite) and AlSiiO,OH)16 (Harkerite) pentamers. These pentameric
groups are unique because their T-O-Si angles are (almost) 180°. Chemical analysis of the
zunyite sample shows, that it has excess Al in its lattice: the Al/Si ratio is 2.9, compared to
the ideal of 2.6.
High speed spinning (II-13kHz) 27Al MAS NMR spectra show two additional signals
as compared to the spectra obtained by Kunwar et al. (1984). The signal with Qi'o= 46.8 ppm
represents the excess Al which enters the central Si(I) site of the Sis0 16 pentamer. This
assumption is confirmed by the fact, that Qiso of Al in the AlSiiO,OH)16 pentamer in harke
rite is 44 ppm. Additional proof comes from comparing the electrostatic energy and the
quadrupole interaction of Al in either a Si(I) or Si(2) configuration.
The Al site in the pentamers of zunyite and harkerite can be considered as a q4(4Si)
site. In this case AI-O-Si angles are correlated with the 27Al chemical shift (Lippmaa et aI.,
1986). This correlation holds well for the 27Al data ofharkerite. The value for zunyite indica
tes, that the structure adapts to the incorporation of Al in the Si( 1) site by narrowing of the
AI-O-Si angle to 171 0 • The lower limit of the chemical shift range for Al in framework alu
minosilicates is decreased by 12 ppm from 55.8 ppm for mordenite to 44 ppm for harkerite.
3.2

Introduction

The mineral zunyite, AIl3SiS02o(OH,F)lsCl, (Pauling et aI., 1933; Kamb, 1960; Louis
nathan and Gibbs, 1973; Baur and Ohta, 1982) contains two rare crystallographic units. The
first is a pentameric SiS0 16 group and the second a tridecameric AI l3 group. The Sis0 16 group
is special because its Si-O-Si intertetrahedral angles are 180 0 . The SiS0 16 group is very
similar to the AlSiiO,OH)16 group in the mineral harkerite, C~4Mgs[Al
SiiO,OH)16liC03MB03MH20,C1)(Tilley, 1951; Guiseppetti et al., 1977). The pentamer in
harkerite has AI-O-Si intertetrahedral angles of 176 0 .
The Al[3 group occurs in nature only in zunyite. Similar to it are A1 l3 groups in
synthetic Al[3 salts (Johansson, 1960). The AI l3 complex as it occurs in solution can be used
for the pillaring of clay minerals, making them useful catalysts (Plee et al., 1985; Kloprogge,
1992).
Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) spectroscopy is an
important technique to determine the coordination state and local symmetry of structural
units such as (Si,A1)04' A10 s or AI0 6 polyhedra within crystalline and amorphous solids In

general, increased shielding of a nucleus by its ligands and an increase in coordination
number results in an upfield chemical shift. In the case of AI, chemical shifts for 4-, 5- and
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6-coordination fall into the range 50-80, 35-40 and -10-+ 15, respectively (Muller et aI, 1981;
Kirkpatrick, 1988; Smith, 1993). The same effect has been shown for Si (Stebbins, 1989,
1991b) and Na (Phillips et al., 1988; Dirken et al., 1992; Xue and Stebbins, 1993). On top
of determining the coordination state, NMR is also sensitive to polymerization effects, next
nearest neighbours effects and bond lengths/angles.
It is well known, that the AI-O-Si angle is correlated with the 27Al chemical shift in
framework aluminosilicate structures (Lippmaa et al., 1986). Until now, the maximum AI-O
Si angle used in this correlation was 153.7 0 for the mineral mordenite. This correlation is
important in structural studies of glasses, because it can give an estimate of the size of rings
building up aluminosilicate glasses (Oestrike et al., 1987; Dirken et al., submitted). It is also
used in 27Al NMR studies of Si,Al ordering in leucite (Philips et aI., 1989) and zeolites
(Engelhardt and Michel, 1987) to assign signals in the NMR spectrum to sites in the lattice.
Previous 27Al NMR investigations on zunyite and AI 13 salts established the existence
of a signal from fourfold and sixfold coordinated Al (Lampe et al., 1982; Kunwar et al.
1984). These NMR data, however, were collected using slow spinning conditions ( "'" 3 kHz),
with overlapping resonances and spinning sidebands.
We present 27Al NMR data of the pentamer in harkerite and compare it to 27Al NMR
data of a zunyite sample with excess AI. The use of fast MAS (11-13 kHz), in contrast to
the slow-spinning conditions used by Kunwar et al. (1984), reveals two extra Al signals for
zunyite, one of which is proven to be due to the excess Al which is incorporated into the
Si pentamer. The Al chemical shift of this signal is used for assigning Al to the Si( 1) or
Si(2) site of zunyite.
Additionally, we try to extend the correlation mentioned above to 180 0 AI-O-Si
angles. This is the widest possible angle in aluminosilicates, it might help refining models
on atomic structure of minerals and glasses.
3.3

Experimental
Samples

Chemical analyses of the samples were determined with a Jeol Jx-8600 Superprobe,
using a 15 kV accelerating voltage and a 1 l!m spot size. Secondary phases were examined
with optical microscopy and with a Philips PW 1050/25 X-ray powder diffractometer using
CuKa radiation.
Zunyite
The zunyite sample is from the type locality, Zuiii mine, San Juan county, Colorado,
USA. Chemical analyses were consistent with previous analyses (Turco, 1962; Baur and
Ohta, 1982). The Al/Si ratio is 2.9, compared to 2.6 for the ideal ratio. The sample contained
several secondary phases, viz. rutile, galenite, pyrite, kaolinite and a (PO4-S04) phase with
varying PO/S0 4 ratios, some of which had a considerable amount of Ca, Sr, Ce and Th.
This composition could correspond to a florencite, which has an alunite type structure (Burt,
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1985). Important for the NMR experiments is the coordination of AI. In kaolinite and the
alunite-type phases all Al is present in octahedral coordination.
Harkerite
The harkerite sample is from the type locality at Camas Malag on the isle of Skye,
Scotland. Harkerite is identified by X-ray diffraction and optical microscopy. The minera
logical assemblage of this skarn locality has been described by Tilley (1951). Tilley reports
monticellite (CaMgSi0 4), calcite (CaC0 3 ), and diopside (CaMgSi z0 6) as the principal asso
ciates of harkerite. Calcite is formed as an alteration product of harkerite.
Our microprobe and X-ray diffraction analyses reveal the existence of additional
kirschteinite (CaFe z+Si0 4) , periclase (MgO) and serpentine (Mg 3Si z0 5(OH)4)' Kirschteinite
forms a solid solution series with monticellite.
Important with respect to the z7Al NMR experiments is the Al content of these secon
dary phases. Monticellite, kirschteinite and serpentine contain 1 wt% Al z0 3 . Diopside con
tains 0.1 wt% Al z0 3, considerably less than the value of 3.6 wt% given by Tilley (1951).
Their wet analyses are believed to be less reliable, however, than our microprobe analyses.
Determining the exact stoichiometry of harkerite by means of microprobe analyses
is difficult because boron is too light to be analysed. The relative contents of AI, Si, Ca, and
Mg, however, are consistent with the analysis of Tilley (1951) and Barbieri (1977).

NMR spectroscopy

The solid state z7Al NMR experiments were performed on Bruker CXP-300, AM-500
and AMX-600 spectrometers, operating at 78.2 MHz (B o=7.l T), 130.3 MHz (B o=11.7 T)
and 156.4 MHz (B o=14.l T), respectively. A home-built probehead with a Doty MAS assem
blage was used.
As Al is a quadrupole nucleus, care has to be taken to assure relative saturation of the
Z7Al resonances (Samoson and Lippmaa, 1983; Dec and Maciel, 1990; Alemany, 1993).
Therefore, short pulse excitations (0.7 Ils = 11"/10) were used, with 0.5 s relaxation delays and
100 kHz spectral widths. Per measurement 5000-20000 FID's were collected. The Z7Al
chemical shifts are determined relative to an external standard of I M aqueous AICl 3 soluti
on. Processing of the FID was carried out without any filtering. The quadrupole interaction
and the isotropic chemical shifts (Oiso) are determined by using the second order quadrupole
induced shift of the center of gravity of the peak (Meadows et aI., 1983; Engelhardt and
Michel, 1987).
The z9Si NMR spectrum of zunyite was collected on an AM-500 spectrometer using
a 5 s relaxation delay, 50 kHz spectral width, a 5 Ils pulse length (11"/2) and a spinning speed
of 3.7 kHz. 28000 FID's were collected, referenced to the -89.2 ppm resonance of a Zeolite
A standard. Integration of the intensities was carried out on a SUN microcomputer using
NMRi software.

3.4

Crystallogmphy

Harlcerite

Harkerite (C<lz4Mg8[AISiiO,OH)16MC03)8(B03MH20,Cl)) from a skarn deposit in
Skye (Scotland) was described by Tilley (1951). It is structurally similar to Sakhaite
(2 {C<lz4Mg8[(B03MC03MH20)}). The main difference between the two structures is the
replacement of the aluminosilicate pentamer by 4 B03 in sakhaite (Davies and Machin, 1970;
Machin and Davies, 1976). Harkerite crystallizes in the (pseudo-cubic) trigonal space group
Rln with lattice parameters a = 18.131 A, and a = 33.46 0 (Machin and Miehe, 1976; Gui
seppetti et al., 1977). The crystal structure has an incomplete cubic close packing of and
Ca with Mg in octahedral sites, Si and Al in tetrahedral sites and B and C in triangular
groups with (figure 1a). The [A1SiiO,OH)ld pentamer is unique and only related to the
Si s0 16 pentamer in zunyite (Pauling, 1933; Baur and Ohta, 1982). In NMR terminology it
can be summarized as four Ql(1AI) Si atoms arranged around one q4(4Si) Al atom with in
tertetrahedral angles of 176 0 (figure 1b).
Some discrepancies remain between the idealized and actual chemical composition,
probably as a consequence of substitution of aluminosilicate, borate and carbonate, hydroxy
or water groups (Barbieri et al. 1977).

°

°

Zunyite

The crystal structure of zunyite (AI13Sis02o(OH,F)18CI) was first described by Pauling
(1933) and refmed later by Kamb (1960), Turco (1962) and Baur and Ohta (1982). The last
authors give an excellent systematic description of this complicated structure. It consists of
two crystallographic units, a SiS0 16 pentamer and a Keggin-mo1ecu1e-type (Furrer et al.,
1992) group with an AI 130 16 (OHb stoichiomety (figure 2a). The Si s0 16 cluster consists of
a central Q4(4Si) Si atom and four Ql(1 Si) Si atoms with Si-O-Si intertetrahedral angles of
180 0 (figure 2b). The Si S0 16 pentamer is surrounded by AI0 3(OH)3 octahedra from the AI 13
group. Twelve Al atoms are arranged in groups of each three AI0 6 octahedra around a
central Al atom in fourfold coordination. The A1 l3 group and the pentamer alternate in a 1: 1
ratio, resulting in the AI13Sis020(OR,F)18CI stoichiometry. F can substitute for the OR groups
and CI resides between 2 AI l3 groups or an A1 l3 and a Sis0 16 group.
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Figure 1. a. The crystal structure of
harkerite with the A ISi 40 16 pentamer as indicated.
The planar triangular groups are COj or BO j
groups.

06
06

Figure 1 b. The A ISiPl6 pentamer of harkerite.
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Figure 2 a. The crystal SlntctllYe of
zlInyile with the 8i 5 0 16 pentamer as
indicated.

Figure 2 b. The 8i5 0 16 pentamer of
zlInyite.
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3.5

Results and discussion
Hmkerite

The 27Al NMR spectrum of harkerite at a magnetic field B o of 11.7 T is shown in
figure 3. It is dominated by a set of intense spinning sidebands. These sidebands belong to
the peak at 44 ppm, as can be determined by varying the spinning speed. The strong intensi
ties of the spinning sidebands is caused by the presence of Fe3+ in the lattice. Magnetic
coupling of unpaired electrons with Al causes line broadening and intensity of the center
band to be lost into the sidebands (Watanabe et aI., 1983; Murdoch et al., 1985). Indeed,
Tilley (1951) reports a FeP3 content of 0.85 wt%. The peak position of the -112-112
transition is not affected by the presence of Fe (Engelhardt and Michel, 1987).
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Figure 3. 27AI MAS NMR spectmm oj harlcerite at a magneticjield oj 11.7 T.
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The peak position is 44.3 ppm at 11.7 T, 43.9 ppm at 7.1 T, and 43 ppm at 14 T. As
the error in the peak position is about 1 ppm, the quadrupole interaction is very small (<< 1
MHz), and the isotropic chemical shift is 44 ± 1 ppm.
The 44 ppm value falls outside the range generally accepted for AI0 4 (50-80 ppm)
and AI0 5 (30-40 ppm) (Smith, 1993). It fits, however, well the correlation of the 27Al che
mical shift with the AI-O-Si angle in framework silicates (Lippmaa et aI., 1986). These
authors give the following equation for this correlation:
OJ,o(Al)
with

=

(-0.50 () +132) ppm

o;so(Al)
()

=
=

27Al isotropic chemical shift;
AI-O-Si intertetrahedral angle;

With () = 176° (Guiseppetti et aI., 1977) 0;,0 becomes 44 ppm, which is exactly the experi
mental value (figure 4). Of course, the harkerite structure is not a framework structure in the
70 - - , . - - - - - - - - - - - - - - - - - - - - - - ,
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FigUft 4. C01Te/ation between the isotropic chemical shift OjSO CUld the A/-O-Si intertetrohedrai CUlg/e
8 for framework silicates. Crosses represent data from Lippmaa et al. (1986), CUld this study
(harlcerite at 8 = J 76°). The square represents zunyite.
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strict sense, since it is essentially a carbonatelborate mineral. However, from the point of
view of the central Al atom it resembles a framework structure, because the AI0 4 group is
surrounded by 4 Si(O,OH)4 tetrahedra, i.e. it is a q4(4Si) Al atom (Engelhardt and Michel,
1987).
The peak at 58.7 ppm is due to Al in fourfold coordination in a secondary phase,
most probably monticellitel kirschteinite. The 14 ppm value arises from Al in sixfold coor
dination. This signal is ascribed to Al in serpentine. Because of the bad SIN ratio of the 29Si
spectrum and the severe linebroadening and overlap of peaks because of the Fe content of
the various minerals, no attempt was made to analyse the Si spectrum.
Zunyite

Zunyite has been studied previously by 27AI NMR by Kunwar et al. (1984). They
report two signals in a 1: 12 intensity ratio. These signals are also present in our spectra
(figure 5). The 71.5 ppm signal represents Al from the central AI0 4 tetrahedron, the 7.8 ppm

~I ~I ~II~

Figure 5.

27A

I MA S NMR spectrum of zunyite

aJ

a magnetic field of 11.7 T
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signal with the highest intensity represents AI from the 12 AI0 6 octahedra around the AI04
group. The isotropic chemical shifts and quadrupole data, all determined by using the field
dependent second order quadrupole induced shift are given in table I together with the data
of Kunwar et al. (1984).

.

Table 1. Data (or 27A I o( zunyite
Site
Diso
(ppm)
I
2
[41AI (AI 13 )
72
71.6
[61AI (AI 13 )
8
8.9
[4 JAI(penta)
46.8

**.
***.

QCC
(MHz)
I
2
0.6
0.8
2.2
2.2
0.5-1

1/

0
0
0

Q.B."
(Hz)
I
2
30
20
280 280
30

FWHH'"
(Hz)
520
900
250

I :Data from Kunwar et aI., 1984; 2:Data from this study;
Q.B.: Second order quadrupole broadening at B o = 11.7 T;
FWHH: Full width at half height at Bo = 11.7 T.

In addition to these two signals, there are signals at 46.6 ppm and -2.4 ppm. Both
resonances could in principle arise from the secondary phases present in the zunyite. Howe
ver, the secondary phases all have Al in octahedral coordination with possible chemical
shifts between -IS and + IS ppm. Only the -2.4 ppm resonance is therefore caused by these
impurities. The 46.6 ppm is believed to be from the zunyite itself.
The 46.6 ppm peak (B o = 14.1 T) shifts to 46.1 and 46.3 ppm at magnetic fields of
7.1 and 11.7 T, respectively. This corresponds with an isotropic chemical shift of 46.8 ppm
and a QCC of 0.5-1.0 MHz. It falls outside the range for octahedral AI, but is close to the
value of 44 ppm for Al in the pentamer of harkerite. It seems plausible to assume, therefore,
that the excess Al known from chemical analyses is incorporated into the Si sO l6 pentamer.
Baur and Ohta (1982) concluded from the shortening of the 0(2)-0(5) edge in the
Si(2)04 tetrahedron and the increase in the 0(5)-0(5) edge (figure 2b), that Al occupies the
Si(1) site. Sherriffet aI. (1991) do not give an unambiguous interpretation of their X-ray and
29Si NMR study of zunyite. They state, that both the Si(1) and Si(2) site are potential reci
pients for the excess AI. Zagalskaya and Belov (1964) propose that the SiS0 16 pentamer is
in reality a AISi 40 16 pentamer and that Si partly occupies the fourfold coordinated Al site
of the AI l3 group. Louisnathan and Gibbs (1972), however, consider this to be in error, since
the AI-0(2) bond length (1.73-1.8 A) is not compatible with the value derived from structure
refinements (1.628 A). This value however, is also not compatible with an occupation by Si
alone.
Incorporation of more than one AI atom into the pentamer can be ruled out, since it
would involve the formation of AI[41_0_AI[41 bridges. It is energetically more favourable to
form two AI 14t O-Si bridges than one Si-O-Si and one AI141_O_AI[41 bridge. This is called the
Loewenstein rule (Loewenstein, 1954; Liebau, 1985).
In addition to the arguments proposed by Baur and Ohta (1982) there are a number
of arguments that suggest, that AI is in a (central) Si(1) site.
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First of all, incorporation of A1 3+ into the central Si4+(1) site causes four 0(2) bonds
to be polarized, in contrast to only one 02 for incorporation into the Si4+(2) site. If Al would
enter the Si(2) site, an AI-0(5)-Al bond (last Al from an AID group) is formed and
polarization of the 0(5 ) is lost. This polarization leads to an additional bonding energy,
which favours an Al(1 )Si(2)4016 pentamer over an Al(2)Si(1 )Si(2)3016 pentamer. This effect
has previously been used to explain the preference of various ions for crystallographic sites
in the spinel structure (Blasse, 1964; Hill et al., 1979).
A second argument for positioning Al on the Si(1) site is the close resemblance in
structure and NMR data between harkerite and zunyite. The Al in harkerite, which is in a
coordination comparable to Al in a Si(1) site in zunyite, fits the correlation between the 27Al
chemical shift with the AI-O-Si angle for framework aluminosilicates (vide supro). The 27Al
isotropic chemical shift in the pentamer of zunyite differs only by 2.8 ppm from that of
harkerite. The value of 46.8 ppm does not fit an AI-O-Si angle of 180°, however. The 46.8
ppm value for zunyite must correspond to an angle smaller than 176°, since this is the value
for a known AI-O-Si angle in harkerite. In fact, 46.8 ppm corresponds to an AI-O-Si angle
of 171.2° (figure 4). It must be noted, that this value is based on an extrapolation of the data
of Lippmaa over 25° to one datapoint for harkerite. As a result, the error in the AI-O-Si
angle for zunyite might be large «5°).
A third argument for of Al in the Si(1) site comes from the quadrupole data. Nuclei
with a spin I> 1/2 are quadrupole nuclei. These nuclei have a non-spherical charge distribu
tion. The quadrupole moment can interact with the electric field gradient at the nucleus
(Cohen and Reif, 1957) and causes line-broadening and displacement of the peak from the
isotropic value (Muller, 1982). The magnitude of the interaction is described by the quadru
pole coupling constant (QCC) and the asymmetry parameter 1]. The quadrupole interaction
can be determined in various ways (Smith, 1993).
The quadrupole interaction can be used to give an estimate of the distortion of the
first coordination sphere of an atom in a particular site. The larger the quadrupole coupling
constant (QCC), the higher the distortion of the site. Ghose and Tsang (1973) relate the 27Al
QCC of fourfold coordinated Al to the so called shear strain 'I' in crystalline aluminosilica
tes. The shear strain is a measure of the departure of the individual bond angles from the
ideal value of 109.47° It is defined for Al in fourfold coordination as

Here ()i are the individual O-AI-O angles of the actual tetrahedron.
Since the crystal structure of zunyite is known, the shear strain of Al in a Si(1) site
and Al in a Si(2) site and the corresponding QCC can be calculated and compared to the
experimental value. The oxygen shell around Si(1) is arranged as a regular tetrahedron, with
all Si-O-Si angles equal to 109.47° This leads to a 'I' value of O. Theoretically, the QCC
would therefore have to be O. The empirical correlation of Ghose and Tsang, reports for a
site with '1'=0, a QCC of 1 MHz., very close to our experimental value of 0.5-1 MHz. This
is a very small value for Al in aluminosilicates. Freude and Haase (1993) recently reviewed
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quadrupole effects in solid state NMR and report the QCC values of Al in a wide variety
of aluminosilicate phases. The only phases with Al QCC values comparable to our value for
zunyite are a number of sodalites (QCC = 590-890 kHz). This is an indication, that indeed
Al is located in a site with a very high symmetry.
If we calculate the shear strain value for Al in a Si(2) configuration, the shear strain
i' becomes 0.102. Ifwe apply the empirical correlation of Ghose and Tsang to this i'value,
the QCC is calculated to be 2 MHz. The error in the correlation is rather large (approxema
tely ± IMHz), but it is apparent, that in the case of Al in a Si(2) configuration, the QCC
would be larger than the value for Al in a Si( I) configuration.
This assumption is strengthened by the use of a point charge model used to calculate
the E.F.G. at the Al nucleus (Koller et aI., 1994; chapter 4 of this thesis). The calculation
model is a model in which each ion is considered as a point charge, with an effective charge
(taken to be -1 for 0, as is found in many theoretical studies of aluminosilicates (van
Genechten et aI., 1988), and + I for the alkali ion). This models predicts a QCC of 0 MHz
for Al in a Si(l) configuration and 0.5 MHz for a site in a Si(2) configuration. In this model
an equal effective charge is presumed for
all four oxygen atoms around. This holds
~I ~I
~,'I
well if Al is in the Si( I) site, but because of
polarisation effects (vide supra), this will
I
not hold for Al in the Si(2) site. As a result,
the electric field gradient is larger than it
would be if purely geometric considerations
were taken into account. Therefore the
calculated QCC for Al in a Si(2)
environment may well be larger than 0.5
MHz.
Although both models cannot be
used to accurately predict the electric field
gradient, the general trend is, that Al in a
Si(2) site has a larger QCC than that in a
Si(l) site. As the experimental QCC is very
small, this is an additional indication that
the excess Al in the zunyite structure occu
pies the Si(l) site. Our Si spectrum (figure
6) is comparable to those previously
reported (Grimmer et aI., 1983; Sherriff et
al., 1991).
-l
,
I
,
I
,
I
,
I
,
I
,
The -95.6 ppm peak is from Si in a
o -20 -40 -60 -80 -100 -120 -140 -160 -180 -200
Q\ ISi) configuration with Si-O-Si angles of
PPM
180 0 . The -128.2 ppm peak is from Si in a
Q4(4Si) configuration also with Si-O-Si Figure 6. 29Si MAS NMR spectrum of zunyite.
angles of 180 0 . The relative intensities of

the Ql(1 Si) and Q4(4Si) have been determined by integration of the peak areas and are 1:4,
as expected from the stoichiometry of the pentamer. Both chemical shifts are extremely
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shifted as a result of the 180° intertetrahedral angles. This effect is well known and
described for 29Si by Smith and Blackwell (1983). It is equivalent with the dependence of
the 27Al chemical shift on the AI-O-Si angles (Lippmaa et aI., 1986).
The -91.2 ppm peak is reported in all Si spectra zunyite. It is assumed by Grimmer
et al. (1983) and Sherriff et al. (1991) to arise from nacrite which is present as a secondary
phase. We report kaolinite as a secondary phase, which is closely related to nacrite.
It must be noted, however, that the value of -91.2 ppm is the value that is to be
expected for a Si atom in a Ql(1Al) site with Si-O-AI angles of 180°. This site is formed by
incorporating Al into the Si(1) site. It is well known, that per Si atom in the next nearest
neighbour shell that is substituted for Al a downfield shift of 5 ppm is observed for the Si
chemical shift of the central atom (Kirkpatrick, 1988). In this case, Ql(Al) should be located
5 ppm downfield from -95.6 ppm, i.e. -90.6, within analytical accuracy equal to -91.2 ppm.
Computer integration of the peak areas shows that the intensity of the -91.2 ppm is
about the same as that of the Q4 signal at -128.2 ppm. From these intensities we can calculte
the amount of kaolinite present in the sample, assuming all of the intensity of the -91.2 ppm.
If nacrite is responsible for this signal, that would mean that II wt% kaolinite is present in
the zunyite sample. From X-ray diffraction and optical microscopy, a 5-10 wt% kaolinite
content can be deduced. It is apparent, that kaolinite is responsible for most of the intensity
at -91.2 ppm. However, it cannot be ruled out, that part of the intensity (up to 50%) is due
to the Si in a Ql(1Al) in the zunyite sample itself. The samples that have been measured
previously by NMR (vide supra) all come from the Zuni mine, and therefore all have excess
Al in the lattice. The -91 ppm signal in these studies could, therefore well be due to Si in
a Ql(1AI) site in the zunyite.
This ambiguity can only be solved by obtaining 27Al and 29Si NMR spectra of a (syn
thetic or natural) zunyite which has no excess AI. Baur and Ohta (1982) report a structure
refinement of such a zunyite from Quartzsite, Arizona.

3.6

Conclusions

Until now, q\4Si) sites and their 27AI NMR chemical shifts were reported from
mordenite (Oi,o = 55.8 ppm, AI-O-Si = 153.7°) to scolecite (Oi,o = 66.4 ppm; AI-O-Si =
132.7°). From this study it is apparent, that this range can be extended to 44 ± I ppm for
Al sites in framework aluminosilicate structures with AI-O-Si angles of 176°.
Excess Al in the zunyite structure occupies the central Si(1) site of the SiS0 16 penta
mer. Prove for this comes from a comparison of the data of zunyite with harkerite, and by
studying the quadrupole interaction and expected electrostatic energies of a AI(1 )Si(2)4016
pentamer compared to a AI(2)Si(1 )Si(2)3016 pentamer.
The zunyite structure adapts to the presence of excess Al by narrowing the AI-O-Si
angle from 180° to 171 0.
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Chapter 4
Off-resonance Nutation NMR Study of FramewOIk Aluminosilicate Glasses with U,
Na, K, Rb or Cs as charge balancing Cation
4.1

Abstract

Framework alumino silicate glasses with varying charge-balancing cation (Li, Na, K,
Rb, and Cs) have been studied with z7Al and 29Si MAS NMR and z7Al on-resonance and off
resonance nutation NMR spectroscopy. The first application of off-resonance nutation NMR
proves that it is a very powerful technique for the determination of quadrupole interactions
in glasses. Line widths for Al and Si decrease systematically with increasing size of the
cation. In case of Al this decrease is due to a decrease of the quadrupole interaction from
5.0 ± 0.1 MHz for the Li-glass to 2.8 ± 0.1 MHz for the Cs glass. A simple point charge
model effectively predicts the decrease in the quadrupole interaction. This indicates, that the
alkali ion is located close to aluminum. The Al and Si chemical shift dispersion do not
change significantly with the type of alkali ion. The data are consistent with a change in the
number of tetrahedra per ring. The larger the cation, the larger the number of tetrahedra per
nng.
4.2

Introduction

A better knowledge of the atomic structure of aluminosilicate melts is essential to the
understanding of the relationship between their microscopic and macroscopic properties. The
importance of the topic is made clear by the fact, that viscosity, atomic diffusion, and
thermodynamic properties are temperature and composition dependent (Perchuk and Kushiro,
1991). Diffraction and vibrational studies and recent solid state NMR studies on both melts
and their supposed low temperature equivalents have shown that aluminosilicate melts
consist of (Si,Al)04 tetrahedra (Taylor and Brown, 1979a, b;Eckert, 1992). These tetrahedra
are connected via bridging oxygens, the relative number of which is an indication of the
degree of polymerization. The larger the number of bridging oxygens per tetrahedron, the
higher the degree of polymerization (My sen, 1988; de Jong, 1983, 1987; Kirkpatrick, 1988).
It is now believed, that silicate glasses consist of rings of tetrahedra and that the number of
tetrahedra per ring and the inter-tetrahedral angles are subject to large variations. Especially
Raman spectroscopy was very useful in determining the amount of each type of structural
(Si,AI0 4)n species present in the melt (Mysen, 1990).
However, it was not until the rise of high resolution solid state NMR and especially
MAS NMR, that coordination changes of Al and Si in glasses could be shown. NMR at
ambient and high temperatures (Farnan and Stebbins, 1990; Stebbins, 1991 a; Cote et al.,
1992) is very sensitive to the number of ligands and the way in which they are arranged
around the central ion (Muller et al, 1981, 1986; Phillips et al, 1988; Dirken et al., 1992).
Five- and sixfold coordinated Al has been observed in SiO z-Alz0 3 glasses with excess
Al z0 3 (Risbud et al., 1988; Sato et al., 1991), and fluorine containing jadeite glasses (Kohn
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et al., 1991). Five-coordinated Si has been reported (Stebbins, 1987, 1991b). A wealth of
infonnation exists linking 27Al and 29Si chemical shifts with structural species in silicates
(Smith et al., 1983; Lippmaa et al., 1980).
Very little attention has been paid, however, to the network modifying cations in
aluminosilicates. Line width effects of 29Si in Na, K and Ca containing silica and a1umi
nosilicate glasses have been studied (Murdoch et al., 1985). There is an increase in the
chemical shift dispersion with increasing cationic size. The 23Na chemical shift in framework
aluminosilicate glasses becomes less shielded with decreasing Na/(Na + K) ratio, a trend
which is opposite to that in the crystalline phases (Oestrike et al., 1987). Due to the small
chemical shift range, possible correlations between the 23Na chemical shift and structure are
difficult to trace until a good reference system is developed.
Another approach to obtain infonnation on the influence of the alkali cation on the
structure of aluminosilicate melts is to replace Na by other alkali ions. Variations in the
properties of the network fonning cations can be related to intrinsic properties of the alkali
IOns.
In this study we present a 27AI, and 29Si study of Li, Na, K, Rb and Cs-charge balan
ced aluminosilicate glasses. Besides chemical shift data, line width effects and quadrupole
parameters (in case of AI) are studied. The 27Al quadrupole interaction is detennined with
two-dimensional off-resonance nutation NMR (Kentgens, 1993) and the field dependent 2nd
order quadrupole shift at 7.1, and 11.7 T. The glass composition of MAISi s.30 12.6 (M = Li,
Na, K, Rb, Cs) is that of the hap10granitic eutectic at 1 kbar (Manning, 1981).

4.3

Experimental
Materials

The glasses are synthesized from gels (Hamilton and Henderson, 1968) which were
melted at 1550 °C for 3 hours in a Pt crucible and rapidly quenched by putting the bottom
of the crucible in silicon oil. All glasses were checked for crystalline phases and phase
separation by X-ray powder-diffraction (XRD) and Transmission Electron Microscopy
(TEM). X-ray diffraction was carried out on a Philips PW 1050125 diffractometer using
CuKa radiation and the TEM analyses on a Philips CM 20 using an accelerating voltage of
200 kV. Both methods showed the glasses to be homogeneous, without phase separation and
crystalline phases down to a scale of less than loA.
27 AI NMR Spectroscopy
The solid state 27AI NMR experiments were perfonned on Bruker CXP-300, and AM
500 spectrometers operating at 78.1 MHz (B o=7.1 T), and 130.3 MHz (B o=11.7 T),
respectively. The spectra were obtained using a home-built probe equipped with a high-speed
Doty MAS assembly, spinning at 12-13 kHz. As Al is a quadrupole nucleus, care has to be
taken to assure relative saturation of the 27Al resonances (Massiot et al., 1990; Samoson and
Lippmaa, 1983a, b). Therefore, short pulse excitations (0.7 IlS = 11"/10) were used, with 0.5
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s relaxation delays and 100 kHz spectral widths. Per measurement 500-1000 FID's were
collected. The 27 Al chemical shifts are determined relative to an external standard of I M
aqueous AICl3 solution. Processing of the FID was carried out without any filtering.
The two-dimensional on- and off-resonance nutation experiments were carried out on
the AM-500 spectrometer. The on-resonance spectra were recorded at an rf-field strength of
50 kHz, with a Is recycle delay, 100 kHz F 2 spectral width, 256 tJ-increments of 2.0 ~s,
corresponding with an F J spectral width of 250 kHz. Per experiment 200 FIDs were collec
ted. The off-resonance nutation spectra were recorded at an rf-field strength of 50 kHz, with
a I s recycle delay, 256 tJ-increments of 1 ~s, corresponding to an F J spectral width of 500
kHz. Per experiment, 250-350 FIDs were recorded. The on-resonance nutation spectra were
recorded at a spinning speed of 2-3 kHz, slow enough not to affect the nutation spectra. The
off-resonance spectra were recorded statically. FIDs were processed on a SUN microcompu
ter system, using NMRi software. The theoretical nutation spectra were calculated on IBM
compatible PC's (Kentgens et al., 1987; Kentgens, 1993).
29Si NMR Spectroscopy
It is well known that 29Si can have very long relaxation times T J (up to one day),
especially in anhydrous glasses without any paramagnetic impurities (Kirkpatrick, 1988). A
series of experiments with increasing relaxation delays was performed on the Na-containing
glass to deduce the shortest possible relaxation delay which preserves all the information.
Changes in the relative line intensities occurred up to recycle delay of 3 min. The 29Si
spectra were collected on an AM-500 spectrometer using a 180 s relaxation delay, a 6 ~s
pulse length (11"/2) and a spinning speed of 4.5 kHz. 140 FID's were collected per
measurement. The spectra are referenced relative to the -89.2 ppm resonance of a Zeolite-A
standard and processed without filtering.

4.4

Results and discussion
27AI MAS NMR spectroscopy

The 27Al NMR spectra of Li, Na, K, Rb and Cs glass both at 7.1 T and 11.7 T
magnetic field strengths show one broad peak at approximately 40-50 ppm (figure 1). This
is consistent with the composition of the glasses, especially the molar M/Al ratio of ] (M
= Li, Na, K, Rb or Cs), which predicts, that all Al should be in 4-coordination in a 3
dimensional connected network with 4 Si nearest neighbours (Engelhardt and Michel, ] 987).
All the 27Al resonances have a steep low field side and a more gradually decreasing high
field side characteristic for the tetrahedral 27Al resonance in aluminosilicates. This effect has
previously been noticed (Kohn et aI., ]989) and is due to a spread in the electric field
gradient (E.F.G.) of the Al nuclei, due to the quadrupolar character of AI. Nuclei with a
large E.F.G. have a larger quadrupole induced shift and thus contribute more to the high
field side of the line than nuclei with a small E.F.G..

Li

300

200

100

0

-100

-200

-300

Chemical Shift (ppm)
Figure 1. 2'A I spectra of Li, Na, K, Rb, and Cs glass

at

a magnetic field of 7. J T.
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Figure 1 clearly shows a decreasing line width going from the Li-glass to the Cs
glass, while the high-frequency side remains at about the same position. There are several
effects that contribute to the line width of lD resonances of quadrupole nuclei. The first
group of line-broadening contributions is formed by the dipole-dipole interaction and
chemical shift anisotropy effects, which are averaged to zero by MAS. They are thus not
present in our spectra.
The second important line broadening effect is the quadrupole interaction. This is the
interaction of the nuclear electric quadrupole moment with the electric field gradient at the
nucleus (Cohen and Reif, 1957). This interaction is described by the Quadrupole Coupling
Constant (QCC) and asymmetry parameter (11). For nuclei with spin I > 1/2 more than one
transition is possible. In most cases, however, only the 1/2, -1/2 transition is observed, which
is broadened by the quadrupole interaction only in second order. The second order
interaction is not averaged to zero by MAS, so that in principle characteristic powder
patterns are obtained. If these patterns are well-resolved, which is often not the case,
theoretical calculations can be used to yield the quadrupole parameters (Abragam, 1961). All
other transitions are affected by the quadrupolar interaction in first order and therefore
broadened beyond detection.
The third contribution to the line width is the chemical shift dispersion (C. S.D.). It
is caused by disorder of the structural environment of the atom under study.
A fourth broadening effect is caused by the transfer of magnetization of the observed
nucleus to paramagnetic impurities (Engelhardt and Michel, 1987). This contribution can be
neglected in this study since it is concerned with synthetic samples, free of paramagnetic
impurities.
Summarizing, line width changes of MAS NMR resonances of quadrupole nuclei in
the samples under study can be attributed to changes in the quadrupole interaction and to
changes in the chemical shift dispersion due to disorder. The quadrupole interaction can be
determined from the experimental lD spectra either by studying the shift dependence of the
center of gravity or by the linewidth of the resonance as a function of field strength. Once
having obtained the quadrupole parameters one can determine the true isotropic chemical
shift of the resonance and get information concerning a possible distribution of this shift.
These procedures are discussed in some detail below and the results are summarized in table
1.

Quadrupole induced shift. It is well known that the center of gravity of the (1/2,-1/2)
transition is shifted from the isotropic value in second order by the quadrupole interaction
and that this shift is field dependent (Meadows et aI., 1982; Lippmaa et aI., 1986):

(1)
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Where

v =
Q

2

3e Q
2I(2I-l) h

vL = Larmor frequency;
11 = asymmetry parameter.
By collecting the 1D NMR spectra at more than one field, both the quadrupole
interaction and the isotropic chemical shift can be calculated from the shift of the center of
gravity of the peak. Until now, this is the most widely used method. Because of the very
asymmetric character of the line the peak maximum does not coincide with the center of
gravity. This is why it is incorrect to use the peak maxima as a tool to calculate the
quadrupole interaction. The center of gravity is in fact the weight average of the chemical
shift and the intensity:
(2)

Where

n = number of points covering the peak;
Ii = intensity of point i with chemical shift 0i;
~ot = summation of Ii over n points.

From the difference in oeG between the 7.1, and 11.7 T data, the quadrupole coupling
constant is calculated. Using these results, the isotropic chemical shift can then be
determined using equation 1. Apparently, the QCC decreases from 6.0 to 4.8 from the Li
glass to the Cs glass, as is summarized in table 1. These results, however, seem to be in
conflict with the obtained line widths as a function of the field strength. As the chemical
shift dispersion is proportional to the field strength, whereas the contribution of the
quadrupole interaction to the line width is inversely proportional to the field, the separate
contributions at 7.1 T and 11. 7 T can be obtained in the following way:
FWHH""P
7.1

C.S.D· 7. 1

+

Q.B· 7. 1

5/3C.S.D· 71

+

3/5Q.B.7.I

(3)

In which

FWHH'iJ"P = Full width at half height at field B.
C.S.D. B = Chemical shift dispersion at field B.
= Second order quadrupole broadening at field B.
Q.B.B

Table 1. 27AI data for the Li, Na, K, Rb and Cs glasses. FWHH is the full width at half height; Q.c.c. is the quadrupole coupling constant; C.S.D.
is the chern ical shift dispersion; Q.B. is the second order quadrupole broadening of the central transition; 0iSO is the isotropic chern ical shift and LA 1-0
Si is the AI-O-Si intertetrahedral angle.

Li
Na
K
Rb
Cs
1:
2:
3:
4:

FWHH
7.1 T
(Hz)
4420
2850
2000
2050
1920

data
data
data
data

FWHH
11.7 T
~z)

3480
2390
1970
1920
1900
from
from
from
from

Q.C.c. 1
2nd:Slllil
_JMHz)
6
5.2
4.8
5.1
4.9

Q.C.C. 2
nutation
(MHz)
5.0
3.9
2.9
2.9
2.8

Q.C.c. 3
model
(MHz)
4.5
2.6
1.5
1.3
1.0

C.S.D. 4
7.1 T
(Hz)
780
640
720
650
710

C.S.D 4 .
11.7 T
(Hz)
1300
1060
1200
1080
1190

Q.B 4
7.1 T
(Hz)
3640
2210
1280
1400
1210

Q.B 4
11.7 T
(Hz)
2180
1330
770
840
7~

0;'0

L AI-O-Si

(ppm)
60.5
56
56
55
55

(0)
143
152
152
154
154

the induced shift as a function of field strength;
off-resonance nutation spectra;
point charge model calculations (see text);
field dependent linewidth (equation 3).
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As the lines are featureless it is not possible, however, to obtain accurate quadrupole
parameters from these data. In fact to our knowledge, the accuracy of the above described
methods has never been studied explicitly. Therefore we turned to nutation NMR
spectroscopy.
Nutation NMR. On-resonance nutation NMR (Samoson and Lippmaa, 1988; Kentgens
et al., 1987) is a two-dimensional NMR measurement, in which the evolution of the spin
system (t l period) is studied as a function of the pulse length. Projection of the resulting 2D
spectrum in the F 2 direction yields the normal ID spectrum, while the F 1 projection is the
nutation spectrum. This ID spectrum is a function of the ratio between the quadrupole
interaction (wQ) and the field strength (Wrf). Unfortunately, the range in Wrf is limited in
standard solid state NMR probes, so that the ratio WdWrf is limited as well. Typically, field
strengths of 40-70 kHz are used, corresponding with quadrupole interactions ranging from
1 MHz to 4 MHz (for nuclei with spin 1=512). In these intermediate cases, the nutation
spectrum is well resolved, and can easily be calculated to give the exact Quadrupole
Coupling Constant (QCC) and asymmetry parameter (71). Quadrupole interactions larger than
4 MHz result in just one nutation frequency at (1+ 1/2) wrf. At small quadrupole interactions,
say <1 MHz, the nutation spectrum again consists of just one frequency at I wrf. In this case
it is possible to lower the field strength, so that smaller interactions can be determined, but
then the resonance offset, which is negligible at high field strengths, becomes an important
factor and obscures the nutation spectra.
Off-resonance nutation NMR, a recent development in nutation NMR, extends the
range of quadrupole interactions to be measured, by irradiating the spins with an off-resonan
ce rf-field (Kentgens, 1993). The choice of the appropriate resonance offset introduces
additional transition frequencies into the nutation spectrum, so that it no longer consists of
one line at 3wrf. Again, these spectra
can be calculated, and experimental
and calculated spectra can be
compared to give the right
quadrupole interaction. Furthermore,
the use of more than one frequency
offset allows a more accurate
determination and gives an
indication of a possible distribution
of the quadrupole parameters.
In case of the Cs glass, there
is a reasonably well resolved on
resonance nutation spectrum which
points to an intermediate (1-4 MHz)
100
0
-100
300
200
quadrupole interaction. The
Nutation Frequency (kHz)
simulated spectrum corresponds to a
Figure 2. On-resonance nutation NMR spectmm of the
QCC of approximately 2.7 MHz and Li glass at an Wif of 50 kHz.
an asymmetry parameter of 0.5-1.0.
For the other glasses, the spectrum is
dominated by a peak at 3wrf. This is most pronounced for the Li glass (figure 2).
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Figure 3. Off-resonance nutation NMR spectrCl of Li, Na, K, Rh, and Cs glass at an
and a resonance offset of 142 kHz, and 242 kHz.
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As there is very little structure in the on-resonance nutation spectra, the quadrupole
interaction cannot be determined accurately. To be able to determine the QCC for all the
samples we performed off-resonance nutation NMR experiments at an offset of 142 kHz and
242 kHz. Figure 3 displays the experimental as well as the simulated off-resonance spectra
of the Li, Na and K glass. The spectra of the Rb and Cs glass are comparable to the
spectrum of the K glass and are therefore omitted from figure 3. The off-resonance spectra
show additional frequencies compared to the on-resonance spectra. The main features of the
spectra consist of three distinct lines at an offset of 142 kHz and two at an offset of 242
kHz.
Results of simulations of the spectra (Table 1), show, that the QCC first decreases
sharply from 5.0 MHz for the Li glass to 3.9 MHz for the Na glass. Then the QCC falls
more gradually to 2.8 for the Cs glass. Comparison of the data from the two offsets
indicates, that the QCC values are correct within 0.1 MHz. The spectra are not as sensitive
to the asymmetry parameter as to the QCC, but the asymmetry parameter ranges from 0.5
to 1.0. Clearly, the QCC values obtained by nutation NMR do not correspond to values
obtained by using the quadrupole induced shift. They do, however, agree well with the
linewidth data. This shows, that nutation NMR is a superior method to obtain accurate
quadrupole parameters. The induced shift data appear to overestimate the quadrupole
coupling constants and can only be used to determine a relative trend.
From the off-resonance nutation spectra it can be seen, that the line widths of the
nutation lines also decrease considerably going from the Li to Cs glass. It is not clear which
interaction is the main contributor to this linewidth. Dipolar interactions (the experiments are
performed statically) and a range in quadrupole interactions seem to be the most likely. A
comprehensive study of the distribution of the quadrupole interaction is in progress.
In case of an AI0 4 tetrahedron, the charge distribution is determined by the position
of the oxygen atoms and second sphere influences. In this study, the latter can be nearby
location of Si04 groups or of an alkali ion. Dispositioning of the
atoms by changing the
O-AI-O angle and/or changing the AI-O distances has a large impact on the QCC. It has,
however, been pointed out by several theoretical studies (Navrotsky et al., 1985; Kubicki and
Sykes, 1993), that in glasses, the Si/AI0 4 tetrahedra themselves are very stable. The changes
in conditions or composition are mainly incorporated by changes in the Si/AI-O-Si
intertetrahedral angle. Thus we don't expect the QCC to change as a function of the alkali
ion. Therefore, second sphere influences must play an important role in the amount of
distortion of the direct Al environment. The location of an alkali ion near the AI0 4
tetrahedron may cause charge to be drawn away from the tetrahedron, distorting it and
increasing the electric field gradient at the Al nucleus. This is reflected in an increase in the
QCC.
A simple measure for the strength of this type of interaction is the polarising power
of the alkali ion. The polarising power is in fact the amount of charge per unit of surface,
i.e. z/r2 (z= valence of the alkali ion, r is the atomic radius of the alkali ion). Figure 4
shows a plot of zlr2 against the QCC. There is a more or less linear correlation with the
polarising power. This proves, that there is a strong interaction between the alkali ion and
the AI0 4 tetrahedra in our glass samples. Additionally, we can assume, that the decrease in
the quadrupole interaction in our glass samples is not due to dispositioning of the oxygen

°
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atoms around AI. It is merely caused by
perturbation of the electron cloud around
Li
5.e
Al by a nearby alkali ion.
This assumption is strengthened by
the use of a point charge model used to
calculate the E.F.G. at the Al nucleus with
an adjacent alkali ion. The configuration
Na
used is that of figure 5. The tetrahedron is
an ideal one, with Al-O distances of 1.73 A
(Brown and Shannon, 1973) and O-Al-O
angles of 109.24 0 • The distance between
R K
J.e
the Al atom and the alkali is increased as
Cs
the size of the alkali increases. The
calculation model is a model in which each
2. 5.:r-,-,..,.,-rnrrr",-,-,-.......,..,.-rrr"""-'-'-",,,,"""-rrT-rnrrl
2.00
e.50
1.00
1.50
e.ee
ion is considered as a point charge, with an
Polarising Power
effective charge (taken to be -1 for 0, as is
found in many theoretical studies of Figure 4. Correlation of the quadrnpole
aluminosilicates (van Genechten and coupling constant (QCC) with the polarising
Mortier, 1988), and + 1 for the alkali ion). power of the alkali cation.
The coordinating ions interact with the
central atom and cause an electric field gradient (0 for the initial perfect tetrahedron).
Table 1 shows, that the model effectively predicts the decrease in the QCC with
increasing size of the alkali ion. Also, it predicts the rate of decrease: an initial sharp
decrease from Li to Na and K and a slower
decrease from K to Cs. This is completely
consistent with our experimental data. Other
influences like the Al-O-Si angle changes
and small deviations from perfect
tetrahedral symmetry of the Al0 4 unit are
responsible for the difference in absolute
values of the E.F.G.. Moreover, the point
charge model obviously IS a gross
simplification. The trends in the model and
our experiments are, however, very much
alike.
The values of the quadrupole parameters
obtained from the off-resonance nutation
spectra are used in line shape calculations
of the 1D spectra (Muller, and Bentrup,
1989) in order to obtain the isotropic
chemical shift. The chemical shift
Figure 5. Configuration used in modelling the
interaction between an AID4 tetrahedron and an
distribution was obtained from the field
alkali cation (M).
dependent line width. The isotropic shift
appears to decrease when going from the Li

44

Chapter 5

to the Cs glass. The chemical shift dispersion, however, varies only slightly and is not
correlated with the type of alkali.
The AI-O-Si angle is known to be correlated with the 27Al chemical shift (Lippmaa
et al., 1986) It has been noted, that nepheline glass consists of six-membered rings and
anorthite glass of four-membered rings (Taylor and Brown, 1979b). Also, recent molecular
orbital calculations on H6 Si 2AI0 9, H6SiAl 20 9 and ~A1309 cyclic molecules suggest, that at
least in case of framework aluminosilicates with small cations like Na, three and possibly
four membered Si,AI-O rings are stable (Kubicki and Sykes, 1993). Table 1 gives the OiBo
for the various glasses and the corresponding mean AI-O-Si angle. The AI-O-Si angle
increases as the size of the alkali ion increases. The network accommodates the larger
cations by expanding the rings which form the glass. An expansion of the rings can be
achieved by increasing the number of tetrahedra per ring.
Summarizing, our data point to two mechanisms: 1. The alkali is closely bound to AI,
perturbing its charge distribution, but leaving the AI0 4 tetrahedron itself geometrically
unchanged. 2. The size of the alkali determines the size of the rings building up the glass
network. The distribution of AI-O-Si angles in the glasses remains constant.
29Si MAS NMR spectroscopy

A typical 29Si MAS NMR spectrum
for the Li, Na, K, Rb, and Cs glasses is
shown in figure 6. It displays a peak at 
104 ppm, consistent with Si in a Q4
configuration with 4 Si next neighbours
(Q4) (Kirkpatrick, 1988; Engelhardt and
Michel, 1987) and a small shoulder
resulting from Si sites in a Q4 site with one
Si replaced by AI, i.e. Q4(lAl). Within
analytical error, the peak position of the
spectra shows no correlation with the type
of alkali (table 2).
Table 2. 29S; data for the Li, Na,
K, Rb, and Cs glasses.
FWHH
0
(Hz)
(ppm)
Li
-104.5
1860
-104.0
Na
1800
K
-105.0
1720
Rb
-105.0
1720
1630
-104.5
Cs

~,w.~
I

I

I

I

I

I

200

\00

·100

·200

·300

·400

Chemical Shift (ppm)

Figure 6. z9Si MAS NMR spectmm of the Li

This is consistent with recent glass at an Wif of 50 kHz and 11.7 T
correlations of silicate structure and 29Si magnetic field.
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chemical shifts, stating, that in case of alkali charge balanced (alumino)silicates the chemical
shift of the separate Q-species is independent of the type of alkali ion (Prakabar et aI., 1991).
The line width, given in table 2, however, decreases slightly from 1860 Hz for the Li-glass
to 1630 Hz for the Cs-glass. Because Si is not a quadrupolar nucleus, linewidths are entirely
determined by the variation in the bond lengths and angles, i.e. by the chemical shift
dispersion. 29Si NMR in Si02 polymorphs and aluminosilicates is correlated with mean Si-O
Si bond angles (Lippmaa et aI., 1980; Dupree and Pettifer, 1984). Correlations of this kind
in aluminosilicate glasses are not warranted (Oestrike et aI., 1987), since there are not only
Q4(OAI) sites, but also Q4(lAI). As a consequence, a variation of peak positions, peak widths
and intensities have to considered. It is hard to predict how each species will react to
changing charge balancing ion. Most probably, it will affect the Q4(lAI) sites most, since
the alkali ion is closely bound to AI. Additionally it has been noticed, that the Si chemical
shift in framework aluminosilicate glasses is more strongly influenced by the Si/(Si+AI)
ratio, which is held constant in this study. The small variation in the 29Si peak width is in
agreement with the small spread in the chemical shift dispersion for the 27Al data.

4.5

Conclusions

Off-resonance nutation NMR is a powerful tool for the determination of the quadrupo
le interaction and as a result the mean isotropic chemical shift of Al in aluminosilicate
glasses. Applying this technique to framework aluminosilicate glasses shows, that the Al
quadrupole interaction decreases as the size of the charge-balancing alkali ion increases. A
correlation between the QCC and the polarising power of the alkali ion and a point charge
model predicting this correlation indicates, that Al is closely bound with the alkali ion.
The known correlation between the Al chemical shift and the Al-O-Si intertetrahedral
angle shows, that the mean ring size in framework aluminosilicate glasses increases as the
size of the alkali ion increases. This can be attributed to an increase in the number of
tetrahedra per ring. The range in chemical shift for Al and Si remains constant as the size
of the charge-balancing alkali ion increases.
In contrast to past studies of aluminosilicate glasses, 27Al NMR is much more
informative than 29Si NMR.
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Corundum (a-AI20 3) : a useful standard in
quantitative Al NMR spectroscopy?

~

5.1

Introduction

One of the greatest advantages of NMR spectroscopy is the strict proportionality
between signal intensity in the NMR spectrum and the number of nuclei giving rise to this
signal. For spectral assignment it is useful in determining exact relative populations of
crystallographic sites in a sample (Massiot et al., 1990; Pearson and Schramm, 1990;
Alemany et al., 1991). In the case of spin 1= 1/2 nuclei such as 29Si, this proportionality is
easily observed.
However, in the case of half-integer quadrupolar nuclei (viz. llB (1=3/2), 23Na (1=3/2),
27Al (1=5/2), or 71Ga (1=7/2», quantitative measurements are complicated by the presence
of a quadrupole moment. The excitation of the nuclei in the sample becomes dependent on
the magnitude of the quadrupole interaction. This is usually overcome by using a very short
excitation pulse (Samoson and Lippmaa, 1983b). This means however, that good care has
to be taken concerning experimental conditions. An important point is, that part of the
intensity can be unobservable by NMR. For instance it has been shown by quantitative 27 Al
NMR on zeolites, that part of Al in extra-framework alumina is "invisible" (Ernst et al.,
1993). These sites have NMR signals, that are broadened beyond detection due to the large
quadrupole interaction. Sato et al. (1991) used quantitative 27Al NMR to prove, that in case
of Si02-A1 20 3 glasses all Al is detected. It is therefore important to have a reliable standard
in order to account for all of the observed intensity in one's spectra.
For pulse spectrometers, the probe is tuned and matched upon changing the sample.
Tuning on a solid or on a fluid may have considerable consequences for the magnitude of
the rf field (Freude and Haase, 1993). Calibration of solid intensities on fluid standards is
therefore doubtful.
Consequently, quantitative NMR spectroscopy could benefit from having a suitable
solid state standard. A logical candidate seems corundum, a-A1 20 3 . It is readily available,
cheap, it has a high Al content from one well-defined crystallographic site with an accurately
determined quadrupole interaction. Additionally, it is easy in use, i.e. it is inert, and not hy
groscopic or poisonous. In fact, in some studies it has already been used as a standard (Sato
et al., 1991)
In order to establish corundum as a reference for quantitative 27Al NMR
measurements, we studied the excitation behaviour of a wide variety of synthetic and natural
corundum samples.
Additionally, we performed spin-echo Fourier 27Al NMR at high rf powers ("" 200
kHz). The spin-echo technique may offer advantages for the investigation of sites with large

QCC values (Haase and Oldfield, 1993). These sites can suffer from spectrometer dead
times, resulting in signal loss and lineshape distortion (Kunwar et al., 1986). Moreover, spin
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echo NMR can be used to distinguish between different chemical species through differences
in spin-echo decay (T 2E) values. This technique has been used recently to study Si-OH-Al
sites in a dehydrated H-ZSM-5 zeolite structure (Ernst et al., 1993). These authors were able
to observe these sites for the first time. They calculated a QCC of 16 MHz for these sites.
This large quadrupole interaction had earlier prevented their observation. We use this
technique to check if any signal loss in the quantitative measurements can be accounted for
by Al with very large quadrupole interactions, for instance in surface sites or lattice defects.
5.2

Corundum crystal structure

The M20 3 structure (M=Al for corundum, but can also be Fe, Cr, V, and Ti) has been
described by Newnham and de Haan (1962) and Ishizawa et aI. (1980). It crystallizes in the
hexagonal space group R3c with a=4.754A and c=12.99 A. The atoms are arranged in an
almost ideal hexagonal close packing with Al atoms occupying 2/3 of the octahedral
interstices. The vacant positions are arranged in an ordered way. Common impurities in
corundum are Cr, Fe, and Ti. Traces (ppm) of Cr give corundum a red colour. Traces of Fe
and Ti give corundum a blue colour. Red coloured gem quality corundum is called ruby,
any other colour is called sapphire. The M-M distances in the corundum type structure are
one of the shortest observed for oxides (2.657 A for AI-AI).

°

5.3

Theory

The quantitative determination of spins in powdered samples is strongly influenced
by the presence of a quadrupole interaction (Abragam, 1961; Fenzke et al., 1984; Man et aI.,
1988). The response of a quadrupolar nucleus depends on the relative values of Wrf (strength
of the rf excitation pulse), wQ (the quadrupole splitting), the pulse length T and the spin
quantum number I. This effect is used in 2D nutation NMR spectroscopy (Samoson and
Lippmaa, 1983a; Kentgens et al., 1987). In this technique, the evolution of the spin system
is studied as a function of the pulse length. Fourier transformation of the spectra in two
directions leads to a 2D nutation spectrum. Information on the chemical shift interaction and
the second order quadrupole interaction is preserved in the projection of the 2D spectrum
onto the F2 direction. This is in fact the "normal" ID single pulse NMR spectrum. Projection
of the 2D spectrum onto the F I direction gives the nutation spectrum which contains
information about wQ . For quantitative excitation, however, this effect can be a nuisance.
Two extreme cases have to be distinguished. The first is where wrf»wQ . In this case,
all the energy levels are perturbed, and the excitation is called non-selective. In the nutation
spectrum, one single nutation frequency is observed at Wrf' The intensity of the m-m+ I
transition is given by (Freude and Haase, 1993):

ns
Gm,m+l (0)

=sin (lo>rf"t)

3{I(I+l) -m(m+l)}
2I(I+l) (2I+l)

[1 ]
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If m=-l!2, the intensity of the central transition -112-112 is equal to the intensity obtained
from continuous wave experiments and becomes:

Gr:~/2, 1/2 ( 0 )

3 (2I+l) sin(w .)
8I(I+l)
If

[2]

The second case is where w,t<wQ. In this case, only two neighbouring energy levels
are perturbed, and the excitation is called selective. In the nutation spectrum, again, one
single nutation frequency is observed at (1+ l!2)wrf. The intensity of the m-m+ 1 transition
are in this case given by:

[3]

Where

Wm=1/2v'I(I+l) m(m+l}

Ifm=-l!2, the intensity of the central transition -112-112 becomes (Freude and Haase, 1993):

[4]

Finally, if wQ "'" Wrf, every spin packet has its own nutation frequency and the nutation
spectrum has a complex lineshape. This lineshape can be calculated numerically to give the
quadrupole coupling constant (e 2qQ/h) and the asymmetry parameter (11) (Kentgens, 1987).
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For very short pulses T, sin[wyfT] = WyfT and sin[(I+1/2)wyfT] = (I+1/2)WyfT. Equations
[2] and [4] then become identical. For this to be true, Freude and Haase (1993) give as a
critical pulse length (intensity error < 10%):

Writ

<v I(I+l)
0.6
-3/4 - 4 (I+l/2)
TI

[5]

As long as equation [5] is obeyed, the intensity of the central transition is independent of
W Q, and the intensities can be compared directly.
Man et al. (1988) and Fenzke et al. (1984) calculated the intensities of the central
transition as a function of wQ and T and found, that in case of non-selective excitation, the
maximum intensity for the -1/2 -1/2 transition is 9/35 times the total. This is at a pulse
length one third of that of the maximum for selective excitation. Kentgens (1991) proposed
a quantitative excitation experiment, in which the carrier frequency is swept using a
frequency-stepped adiabatic half-passage (FSAHP). In principle the full magnetization of the
central transition can be recorded by a FSAHP.
In order to be sure that condition [5] is obeyed, an accurate determination of Wyf is
essential. Only then, pulse lengths and angles can be related. For this purpose, excitation
curves/nutation spectra are obtained. In order to obtain uniform excitation of the central
transition the experiments are performed on-resonance and without magic angle spinning
(MAS).
Additional to excitation phenomena, there are a number of experimental conditions,
that have to be met with in order to obtain quantitative results. First, the reference sample
and the experimental sample should both have the same size and position with respect to the
coil, since the rffield is inhomogeneous. Secondly, repetition times between the pulses must
be larger than 5 times the spin-lattice relaxation time T j . Thirdly, intensities and linewidths
of the absorption lines of the experimental and reference sample should be similar.
5.4

Experimental
Samples

Five different corundum samples have been studied, three synthetic and two natural
samples. The first synthetic sample (Sample Corundum A) was prepared by heating 1 gram
of Al(OH)3 powder at 1100 DC for 4 days. The second synthetic sample (Sample Vemeuil
corundum) is a single crystal of about 1 cm3 prepared by the Vemeuil method. The third
synthetic sample was obtained by annealling 250 mg of the Vemeuil type corundum
hydrothermally for 5 days at 610 DC and 2.6 kbar in a cold-seal pressure vessel. The natural
samples are a number of red and blue coloured corundum crystals from Bamble (Norway)
and the Isle of Naxos, respectively.
The natural and Vemeuil type corundum crystals were crushed into fine grained
powder in a Tungsten Carbide (We) ball-mill.
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The corundum structure of all the samples was confinned by X-ray powder diffraction
with a Philips PW 1050125 diffractometer using CuKa radiation.
The Al content of all the samples was checked independently by using X-ray
fluorescence spectroscopy (Philips PW1400100) and electron microprobe (Jeol Jx-8600
Superprobe) analyses. Within analytical accuracy, the chemical analyses of all the samples
from both techniques agrees with the Al z0 3 stoichiometry. The Bamble sample contains 0.2
wt % FeZ,03, and 0.3 wt% CrZ0 3, which gives it its red colour. The Naxos sample contains
0.5 wt% FeZ0 3 , and 0.1 wt% TiO z , giving it its blue colour.
NMR spectroscopy

The ID z7AI MAS NMR spectra were collected on Bruker AM-500 and AM-600
spectrometers, operating at 130.3 MHz (B o = 11.7 T) and 156.3 MHz (B o = 14.1 T). A
home-built probe was used, equipped with a Doty MAS assembly. A 0.7 Ilsec. pulse was
used with an rf field strength Wrf of approximately 50 kHz and a 100 kHz spectral width. The
delay between subsequent pulses was 1 s. Per experiment 200 FIDs were acquired.
The quantitative Al NMR measurements were perfonned on a Bruker AM-500 spec
trometer operating at 130.3 MHz for z7AI (B o =11.7 T). All experiments were perfonned in
a home-built high power (maximum wrf"" 200 kHz) probe under static conditions. The volume
of the sample and the position of the sample within the coil were kept constant. Therefore,
samples of 10-50 mg with approximately the same volume were carefully weighed and put
into the sample holder at a constant position. Between the measurements the probe was
tuned and matched, but adjustments were minimal. The excitation curves were collected as
standard nutation NMR experiments: 64 experiments of 32 scans exactly on-resonance were
perfonned with a pulse increment of IllS, 100 kHz spectral width and 5 s delay. In stead
of a 2D Fourier transfonnation -as is done to obtain the 2D nutation spectrum- the spectra
were Fourier transfonned and phase corrected only in the F z direction on a SUN micro
computer using NMRi software. Projection of the sum of the F z spectra onto the F 1 direction
resulted in the required excitation curves.
The spin-echo experiments were also collected on a Bruker AM-500 spectrometer,
prior to the collection of the nutation spectra. A phase cycled selective echo sequence
(7r/20.s~s , delayzo~" 7rl~S) was used with a 0.5 s delay and 250 kHz spectral width, similar to
the methods used by Ernst et al. (1993). The rf field strength Wrf was ",,200 kHz. The
experiments were perfonned under static conditions.

5.5

Results.

A typical ID 27Al NMR spectrum of corundum is given in figure I. Despite the
moderate quadrupole interaction (quadrupole coupling constant (QCC) = 2.38 MHz,
asymmetry parameter (1/) = 0.0) (Lee and Bray, 1991; Skibsted et al., 1991), no powder
pattern is observed.
13.8

150

100

50

o

-50

-100

PPM
Figure 1. ID 27AI MAS NMR spectrum of corundum A at a magnetic field of 11.7 T and 11
kHz spinning speed.

This might be an indication of strong broadening due to homonuclear (AI-AI) dipolar
interactions. As has been pointed out in the section on the corundum crystal structure, the
AI-AI distance is rather short (2.657 A). In fact, the broadening due to homonuclear dipolar
interactions (.1w) between like spins is inversely proportional to the internuclear distance rik
(Abragam, 1961):

[6]
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I excitation curves for the various corundum samples.
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where

F
I

and

110

'rAt
h
I

4I(I+l) + [2I2 (I+l) 2+3I(I+l) +13/8]
27
18(2I+l)

permeability of free space; 411"" 10- 7 Wb/Am;
gyromagnetic ratio of aluminium; 6.9763'10 7 (soA/mr 1;
(=211"'11) Planck's constant; 6.6262 10-34 J s;
spin quantum number
0

For r ik = 2.657 A and I = 5/2, .1w becomes 4880 Hz. The experimentallinewidths are 5800
6000 Hz (under static conditions and at a magnetic field strength of 11.7 T) for the synthetic
samples and 7000, and 8100 Hz for the Bamble and Naxos samples, respectively. The results
of the synthetic samples are in good agreement with the data of Huggins and Ellis (1992).
If magic angle spinning (MAS) is applied, linewidths are 700 for the synthetic and 1000
1050 for the natural corundum samples. Of this linewidth, 350 Hz can be attributed to the
second order quadrupole broadening. The extra linebroadening of the natural samples, as
compared to the synthetic samples, is due to the presence of paramagnetic impurities. It can
be seen, that dipolar interactions are responsible for 60-80 % of the linewidth. This is
probably the reason, why no powder pattern is observed under static conditions. In principle,
MAS should average dipolar interactions to zero. In the case of strong interactions, however,
residual linebroadening is still observed. For corundum, these residual dipolar interactions
obscure a quadrupole structure in the MAS spectrum as welL
Collecting the 1D spectra at more than one magnetic field strength makes it possible
to calculate the quadrupole coupling constant using the field dependent second order
quadrupole shift (Samoson et al" 1986). At a magnetic field of I 1.7 T, the peak position for
all the corundum samples is 13.8 ± 0.1 ppm, and increases to 15.0 ± O. ppm at 14.1 T. This
corresponds with a QCC of 2.44 ± 0.3 MHz, assuming f/ = O. The 2.44 MHz value is in
reasonable agreement with previous studies: Lee and Bray (199 I) and Skibsted et al. (199 I)
report a QCC of 2.38 and asymmetry parameter of 0.0.
The excitation curves for all the corundum types are given in figure 2. The curves are
normalised to the intensity of 100 mg of Al z0 3 . The shape of all the curves is approximately
sinusoidal, as one would expect from selective excitation of the central transition. Only in
case of the Verneuil type there is a large departure of the ideal shape. This is reflected in
the nutation spectrum, which is in fact a Fourier transform of the excitation curve. The
nutation spectrum for the Verneuil type corundum is shown in figure 3. Additional to the
intensity at I and 3 Wrf, there is also considerable intensity at nutation frequencies of 6 and
9wrf. This is probably a result of too short a relaxation delay (Kentgens, 1987).
For the Naxos and Bamble type corundum, there is also a slight departure from the
ideal sinusoidal shape. This can be explained as follows. In the case of selective excitation
only one frequency is observed, giving rise to an ideal sinusoidal shape of the excitation
curve. If the condition of selective excitation is not entirely met with, additional frequencies
in the excitation curve will cause the shape of the curve to become more complex. This
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Verneuil corundum
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Nutation frequency (Hz)
Figure 3. Nutation NMR spectrnm of the Vemeuil type cornndum.

effect is of course exploited in nutation NMR. For corundum at the conditions described in
this study, the excitation is not perfectly selective. There is also a contribution to the signal
from sites with nutation frequencies of I Wrf and as a result, there is a departure from the
sinusoidal form. Figure 4a and 4b show calculated excitation curves together with
experimental curves for the corundum A sample and the Bamble type sample. Calculation
has been carried out using the programme Antiope by Stickney de Bouregas and Waugh
(1992) and the parameters are QCC = 2.38 MHz, and ." = o. Values for Wrf were derived
from nutation spectra (vide infra). Comparison of the two samples reveals, that the Bamble
type corundum follows the theory correctly. For a perfect sinusoidal shape, the second
minimum and the fourth maximum in the curve are too low and too high, respectively. The
corundum A sample, however, does not agree well with the parameters given above. The
curve is more sinusoidal in shape. This is an indication, that the I wrf signal has less
intensity, as compared to the Bamble type sample.
The corresponding nutation spectra (figure Sa and Sb) clearly reveal that indeed the
relative intensities of the I Wrf and 3wrf signals differ for the two samples. The I Wrf (at 35
kHz) signal of the corundum A sample is less intense than the IWrf signal (at 35.5 kHz) of
the Bamble type corundum.This is rather surprising, because it points to the presence of sites
in the corundum A sample with a larger quadrupole interaction than 2.38 MHz. In fact, the
spectrum of corundum A can only be simulated by an (avarage) QCC of 2.6 MHz.
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Corundum A
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Figure 4a. Experimental and calculated excitation curves for the conmdum A sample. The vertical
scale represents the intensiy.
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Figure 4b. Experimental and calculated excitation cU1Vesfor the Hamble type cornndum sample. The
vel1ical scale represents the intensiy.
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Figure 5a. Experimental and simulated nutation spectra for the corundum A sample.
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Bamble corundum
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FigUR 5b. Experimental and simulated nutation spectrofor the Ramble type conmdum sample.
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The first part of the excitation curves in figure 2 is in all cases linear, making it
indeed possible to perfonn quantitative measurements. However, despite the fact that all
experimental conditions are identical (the experiments were perfonned during one session),
there are large differences in intensity between the various corundum samples. Table 1 gives
a numerical representation of figure 2 with a pulse length of 1 up to 6 ~s. Corundum A has
the highest intensity (48.8) at a pulse of 3 ~s. The maxima of the Bamble and Naxos type
corundum samples are about at the same pulse length (3 and 3.5 ~s) and have intensities of
29.6 and 23.0, respectively. The Verneuil type corundum and its annealed derivative have
their highest intensity (20.0 and 20.3) at a pulse length of 1.5 ~s.
Table 1. Intensities of cornndum samples as a function of pulse length.A II intensities have
been nonnalised to 100 mg. of A 12 3 ,
Corundum type

°

Pulse length

Corundum A

Vemeuil

Naxos Bamble

14.0
25.5
36.7
42.2
48.8
46.3
46.8
38.3
34.4
22.9
16.4

10.7
20.0
19.0
18.0
13.1
11.3
7.6
6.3
3.4
2.2
0.2

6.2
11.9
16.6
20.4
23.0
23.0
22.6
18.6
16.5
10.0
7.0

(Ils)
I
1.5

2
2.5
3
3.5
4
4.5
5
5.5
6

Vemeuil
annealed
Intensity
(arbitrary unit)
9.4
20.3
19.8
18.4
14.9
11.6
9.2
6.5
4.5
2.3
0.9

7.6
15.5
20.6
26.1
28.9
29.6
28.9
24.3
21.7
14.0
10.2

At a IllS pulse length and wrf=30 kHz (obeying equation [5] for a linear pulse
response of the intensity) there are also considerable differences between the various types
of corundum. Relative to corundum A, the intensities of the single crystal, Naxos and
Bamble type corundum are 24.7 %, 56.0 %, and 46.9 % lower.
Additional spin-echo experiments were used to check if any signal loss could be
attributed to "invisible" sites, i.e. sites with a very large quadrupole interaction due to a large
distortion of the nearest neighbour oxygen shell around aluminium. If there are any such
sites in the corundum samples, linewidths and lineshapes of single pulse and spin-echo
experiments will be different. This has been shown by Ernst et al. (1993) for Si-OH-Al sites
in H-ZSM-5 zeolites. A typical spin-echo spectrum is shown in figure 6 for the Naxos type
corundum. There is no significant difference between the single pulse (static) spectra and the
spin-echo spectra. The linewidths of the echo NMR signal for all the samples are 1-1.5 kHz
larger than for the single pulse experiments. Unfortunately, relaxation delays of the echo
experiments were much shorter (0.5 s) than the delays for the single pulse experiments.
Therefore, it is difficult to compare the results more systematically. In any case, there is no
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indication of any sites with very large quadrupole interactions (> 10 MHz) present in our
samples.
13.8
Finally, in an additional
session, the Al intensity of
corundum A has been compared
to the Al intensity of a sample
and an aluminium nitrate
solution (A. Bos, 1993). In order
to obey equation [5] a 10° pulse
length was used for the solution,
corresponding to a 30° pulse
length for the solid state.
NH 4Al(SO4)2 °12H20 has a very
low quadrupole interaction
·900
o
(QCC = 0.456 MHz; T/ = 0
PPM
(Freude and Haase, 1993)) and
as a result, all Al is detected. Figure 6. 27AI spin-echo spectrum of the Naxos type
Comparison of the signal conmdum sample at a 11.7 T magnetic field and an if field
of 200 kHz.
intensities of the three samples
shows, that within 10 %, all Al
in the corundum A sample is obser
ved.
5.6

Discussion

27Al intensity measurements of the various corundum samples vary considerably. The
natural and Verneuil type corundum lose up to 56 % of their intensity.
Nuclei in certain chemical environments may not give rise to any NMR signal.
Examples are nuclei close to paramagnetic electron spins (Eckert, 1992). These impurities
cause a very rapid relaxation of closely bound nuclei (in this case Ai) and as a result these
nuclei are not observed. In case of the Naxos and Bamble type corundum, paramagnetic
impurities may be responsible for the intensity loss. The fact that the samples are coloured
already points to presence of impurities and they have also been observed in microprobe
analyses (vide supra).
It is interesting to compare the two synthetic samples in this study. The Verneuil type
sample loses part of its intensity, probably because of a too short delay between the rf
pulses. The corundum A sample, however, recovers 100 % of its intensity. Both do not
contain paramagnetic impurities. The only difference between the samples is the way in
which they were prepared. The Verneuil type sample is a good quality single crystal, while
the corundum A sample is a very fine grained powder made by dehydrating Al(OH)3' As a
result, the surface area and the nature of the surface of the two samples will differ
considerably. It is well-known that the nature and the area of the surface of a-, "{- and
transition aluminas is subject to large variations. This makes them of great use in catalytic
processes. O'Reilly (1960) performed 27Al solid-state NMR of transition aluminas (including
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a-AI 20 3). He concluded, that at the surface of these compounds there were sites with very
large electric field gradients, making them unobservable by NMR techniques. Huggins and
Ellis (1992), however, show that this effect is due to dynamic effects at the surface. It is
known, that 27 Al relaxation is achieved almost entirely by quadrupolar relaxation (Pound,
1950) and more importantly, by fluctuating electric field gradients (Freude and Haase, 1993).
This can be achieved through motion of lattice defects (Becker, 1982) or paramagnetic
centers (Pound, 1950). Our excitation curves and nutation spectra indicate that in corundum
A sites are present which have large quadrupole interactions. This points to the presence of
defects at the surface. Motion of these defects along dislocations could cause efficient
relaxation of Al both at the surface and in the bulk of the sample. This reduces the average
spin-lattice relaxation time as compared to the Verneuil sample, in which defects are present
at a much lower level. As a result, much more intensity is observed for the corundum A
sample than for the single crystal Verneuil sample.
In addition to paramagnetic impurities, the absence of many defects in the natural
corundum samples may also contribute to loss of intensity. The quality of the natural
corundum samples is comparable to that of the synthetic single crystal. They are of good
quality and have a low specific surface.
There is no significant difference between the standard single crystal sample and the
annealed sample. This is an indication, that surface defects with very large E.F.G.'s (> 10
MHz) are not the cause of the observed low intensity. Annealing the sample reduces the
number of these defect sites and results in a higher observed intensity. This is not observed
in our experiments. This is in agreement with the quantitative Al measurements on Yttrium
Aluminium Garnet (YAG) by Massiot et al. (1990). In this study, identical quantitative re
sults were obtained for a polycrystalline sample obtained from sol-gel synthesis and a single
crystal. This is also supported by the spin-echo experiments.

5.7

Conclusions

There is a large difference in the intensity response of 27Al as a function of the pulse
length in a variety of synthetic and natural corundum samples. The natural samples and the
single crystal sample all have much lower intensities than the corundum A sample for which
all Al intensity is observed. We show, that the relaxation behaviour of various samples
governs the outcome of the quantitative measurements. The presence or absence of defects
influences the number of nuclei that are observed on the NMR time scale. In case of the
natural samples, the presence of paramagnetic impurities causes very rapid relaxation of Al
nuclei causing signal loss. In case of the synthetic single crystal made by the Verneuil me
thod, the low level of defects (impurities or others) causes very long relaxation times and
loss of signal. Comparison of the Al intensity of the corundum A sample with an aluminium
nitrate solution and NH4Al(S04k 12H20, a sample with a very small quadrupole interaction,
shows, that all Al is observed in corundum A. This is probably the result of defect sites,
which cause a relaxation rate that is just right for the observation of most of the nuclei in

the sample.
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