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_ ABSTRACT
294 magic ang}e spinning nuclear magnetic
resonance (MAS nmr) has been used extensively to étudy the
structure, Eroperties‘ and reactions of sfficate minerals,
ceramics and glasses; Despite many attempts to relate
chemical shift with crystal structure the factors goverhing
29Si chemical shift are not well understood.

This study investigates the effect of local
structural environment of the silicate tetrahedron on 295i
chemical shift. A simple relationship is found between the
atomic pésftions of the cations bonded to the terminal

2951 chemical shift, which

oxygéns of the tetrahedron and
can be wused to calculate chemical shift from atomic
positions. A plot of calculated against experimental
éhemical shift has a correlation coefficient of 0.986 for
124 sets of date from all groups of silicates.
29Si chemical shifts calculated from diffraction
data, are Qsed to interpret MAS nmr spectra of scapolite, a
partially disordered mineral system. Models are devised for
cation ordering throughout the solid solution series, in
which the charge on the cavities are balanced locally by
the requisite number of AIO4 tetrahedra.

29 2741, 23Na. 7

Si, Li and 9Be MAS nmr spectroscopy

is used to investligate the difference in atomic sites



-

between beryls with slightly different compositions. 9Be
and 2951 MAS nmr results agree with the presence of. domains
in the Li-Cs bgryié with the structure of low-alkali

27AI spectra of

beryls. Lack of a tetrahedral peak in the
Li-Cs beryl; el iminates the_coupled substitution o#-Lf for

Al and Al for Be. Peaks in°thé.23Na épectra of Li-Cs beryls'
from NaCl in solution in fluid inclusions_ show the:
potential of nmr to study fiuid Iaclusions.-

Models of theoretical structures based on a
symmetrical Si04'tetrahedron with Af“ or Si ligands show
that chemical shift s Iinearly'prbportional to cation-
oxygen distance (r) é%d exponentially proportional to_§i>\
rsilfﬁon-oxygen—cation angle (a). The possible ranges of
chemical shift for each type of silicate are more extensive

s

than those of Lippmaa et at. (1980).

fv‘
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CHAPTER 1
INTRODUCTIOP‘ TO NUCLEAR MAGNETIC RESONANCE

OF SILICATE MINERALS

1.1 INTRODUCTION.

- This study se% out‘ to inQestigate the effect of
local structural environment of the silicate tetrahedron on
,295i chemical shift and in doing so found a simple

‘refationship between structure:- and chemical shift. Fre
. relafionship can be used +to calculate chemical shift from
' étoﬁic positions and with structural modelling techniques
to examiné the enviromment of silicon in a structure.

The thesis is divided into three parts; chapter |,
.chapter 2, and a third section comprising chapters 3, 4,
and 5.

Chapter | explains the reasons for studying the
relationship between 2751 MAS nmr chemical shift and
silicate mineral structure. )

In Chapter 2 this relationshig is exSIored by
relating atomic positions found from Jiffcactioh methods

295

with nmr data wusing a computer crystal structure

modelling program. .
T )

Chapters 3, 4 and 5 show how this new understanding



of the factors affecting 295i MAS nmr chemical shift can be
used together with -information from MAS nmr spectroscopy of
other isctopes to study the structure of silicate minerals

23

and glaéses.'In Chapter 3, MAS nmr of 2951. ETAI. Na, and

[BC are used to devise an ordering scheme for the scapolité
series of minerals Forvboth Al-Si order in the tetrzahedral
{T) sites and for the ordering of cations and anicons in the
cavities. The changes occurring in the structure of bgryl
with the introduction of alkali cations in the channel

29 27A 23

'sites is ifnvestigated in Chapter 4, using Si., 1, Na,

7Li and 9Be MAS onmr. In Chapter 5 theoretical structures
are simulated to examine the relationship between nmr
chemical shift and both cation—-oxygen distance and $i-0- -

cation angle and to show that the relationship can be used

td study amorphous. material with only short rénge order.
.2 NUCLEAR MAGNETIC RESONANCE

When a nucléus is placed in a magnetic‘.Figld it
attains a -~ series of energy levels. HNuclear magﬁetic
resonance spectroscopy (nmr) measures the freguency of
transition between these nuclear energy levels. These radio
frequency éranéitions. which are measured as parts per
-¥§iliion of the magnetic field (ﬁmm), are affected by the
Size of the applied magnetic field, the nature of the

magnetic isotope and by the surrounding electronic



v

-environment.‘ThereFore nmr provides information about the
local chemical environment of .an atom. X-ray and neutiron
diFFraction-techniques, on the other hand, give an average

position and occupancy For a particular crystallographic

site across a crystal.

. R
Magic angle sp1nn1ng {MAS) (Lippmaa et _al. 1980)

be applied to solids and to

use of MAS nmr for
geologists has‘g  study of the crystal chemistry of
_.silicete minerai | |

. The . theory oF, wnr- fs well d0cumeﬁted (Beckef 1980;
Gunther 1980; Paud1er 1987) and a detailed description of
the application of nmr to solids can be found in Fyfe

(1983). Therefore, in this thesis, only a brief description

of the main features of nmr-fs given in Appendix. .

1.3 2951 MAS NMR
¢ 4

. \
29.. g
S5i magic angte spinning rnuciear magnetic

resonance (MAS: nmr) has. been.used extensively for the past
eight vears to study. the structure, properties and
4

reactions of silicate minerals (Sanz and Seratosa 1984;

Stebbins et al. 1986 Kirkpatrick et al. 1985), ceramics

{Carduner "'et al. 1987; Barnes et al. 1985) and glasses

(Dupree et _al. 1986; Kirkpatrick et al. 1986).



‘As it has a nuclear spin of 1/2, 295 gives simple
spectra without quadrupolar broadening--or- shift (Appendix
1, ‘séction_ 1.5). In the ' MAS nmr-speétfaiof’quadrupolar

27a1 and 23Na,

nucliei, such as quadrupolar interactions are

superimposed on chemfcal'-ShiFt making the chemical shiFt
information diFFiéu]t to extract.

29 is a dilute nucleus (4.6% abundant) which

295j-2951 dipolar interactions (Appendix I,

eliminates
section 1.4). fhe range of chemical shift for 4-coordinate
silicon is about 60 ppm from -60 to -120 ppm from the
reference tetramethylsfiane (TMS) . ‘Therefore the
diFFeréhces in 29 chemical shift between different
silicate‘ environments are greater than the error of
measurement (+/=-0.1 ppm), bgt n&t so large as to cause
instrumental problems, as {s found for the wide range of
chemical shifts of a large isotope such as 207pp.

Despite many attempts to correlate chemical shift
or peak position with \crystal stﬁucture the factors which

29g;

govern chemical shift are not well understood and this

is the subject of this thesis.

1.4 PREVIOUS WORK ON THE RELATIONSHIP OF <4751 MAS NMR
CHEMICAL SHIFT WITH MINERAL STRUCTURE

29¢;

Since the first data were published on MAS nmr

of minerals (Lippmeaa et al. 1978, 1980, 1981) 'there have



been many attempts to relate chemical shift (&) to minerai

structure.

Lippmaa et al. (1980, 1981) and Magi et al. (1984)
divided the 60 ppm range of 2°Si silicate chemical shifts
into 5 separate #anées depending on the number foF bridging
'oxygehs.(QO. qQl, @2, .3, @* Engelhardt et _al. 1973) and
.also subdivided the Qj and Q4 ranges depending on fhe
number of aluminum neXt—nearest—neighbours‘(Fig. i.l). The
overé]l trend is a8 shift to high field (higher negative
'ya]ues of & in ppm) for fncfeasing degree of condensation

j‘ ‘ »
{higher Q number) and to lower field for increased

substitution oF.silicon next—-nearest—-neighbour by aluminum.
Newsom (1985) uéing two zeolite Structsral types, faujasite
and zeoiife—A. found five correlations between the ratio of
silicon to aluminum in the unit cell and & (Fig. 1.2a;
1.2b). He interpreted the separate trends as relatjng to
the number of atuminum atoms {n the first coordfnation
sphere and the siope of fhe linear regressions as being
indicative of the number of aluminum atoms in the second
coordination sphere. |

Higgins and Woessner (1982) published the First
attempt to relate mean Si-0 distances to § using quarfz,'
cristobalite, albite and natrelite. They found a
correlation coefficient of 0.992 for their linear
regressioh' but had few data. Smith and Blackwell (1983)

found a correlation coefficient of 0.8B4 for a similar plot



e

-~

Figu}e 1.1 Ranges of 29g HAS nmr chemical shift:for
silicates and.  framework aluminosilicates
S (Witliams (Sherriff) 1984).

- .
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29g isotropié chemical shift data for 52

Figure -l.2a
synthetic materials with the faujasitic
framework plotted against the mean¥number
of éiiicon atoms in ‘the unit- cell. Thé
-
five separate Qroups of data éarrespond;'
from top to bottoh, to the different

silicon environments Si-nAl (n = 4, 3, 2, A

l} and 0) (Newsam 1985).

Figuré 1.2b 29g is;tropic chemical shift data For'%s
Zeolite-A Framewofk materials plotfed
against the mean number of silicoé'atoms B
in the unit cell. The five separate
groups of data correspond, from top_.to
.bottom, to the different sflicoﬁ

environments Si-nAl (n = 4, 3, 2, I, and

0) (Newsam 1985).
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using .ortho-, soro—-, ino-, ohylio— and tectosilicates iFig.
1.3a). They {mproved tﬁe'oorreiation coefficient to 0.93 by
| converting Si—O distances to- Si—O bond strengths using the
© formula oF Brown and‘ Shannon (1973) (Fig.1.3b). SmithJend
B]ackweii (1983) tried various correlations “of structura)
lparametees and chemicai shift" for the silica.poiyﬁorphs,
'and Fbuno‘a very poor relationship between mean SifO-bond'
.iength and chemical shiFt (Fig 1.4).° A theoreticai
reiationship produced by Grlmmer and Radeglia (1984) for
silicate and aluminosilicate minerals
’
§ = 1.187 x 104 d(51-0) e
: . C
was wused to calculate the chemioai shift of rankinite,
hemimorphife and kaoiiniten although the results are not
Iisted fn  the publication. Grimmer (1985) showed the
“directional nature of chemical shift with the reiationships
between the magnetic shielding tensor o perpendicular and
parallel to the Si-0 bond direcﬁion aod mean Si—O.diStence
(Fig 1.5). o is the magnetic‘shielding which is related to

.6by0':—5_

Yoaralte] ((Si-0) = 2070 - 1.222 x 10% d(Si-0)

s -
9 erpendicular (Si-0). = 2250 - 1.334 x 10% d(5i-0)

1



"Figure 1.3a

295i. solid state chemical shift versus

- average Si-0 bond length. (Smith et al.

Figure 1.3b

1983)

29g; isotropic chemical éhift versus

“total catidn-oxygen‘bond strength for fhe'

L

) foQF oxygen atoms surrounding _each Si

- site. (Smith_et al. 1983).
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'Fjgufe”l.4

Relation between chemical shift for 29571 ~

and structural parameéers.‘to, coesite;
CR, cristobalites; H, hoidstite; Q,
qﬁartz; TR, tridymite; UFS, uncalcined
fluoride-silicalite. Solid symbols Smith
& Blackwell 1983; open symbals Lippmaa et

al. 1980 (Smith & Biackwell,1983).
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Figure 1.5 | Bond direction related shieldfng ag(Si-0)
versus bond lengths d(Si-0) for silica

polymorphs (Grimmer 1985).

i
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However, only 6 data points were used.to obtain the

relationship.

| There have .been other attempts to relate Si-0-51
angle to nmr chemical shift with varliable success. Ernst et
al. (1974) ~and Hoebbel et al. (1976) were two of the first
to show a relationship between size 'of ring- and 29s
chemica® shift in solution of siloxanes. Smaller rings give
less negative valueé of & indicatjng a shift to low field
with tighter Si-0-Si angles. Grimmer and coworkers (1983,
1984} showed for MAS nmr of lanthanide series disilicates
that straight $i-0-Si angles produce a shift to high field.
Smith and Blackwell . (1983) obtained correlation
coefficients of over 0.99 for plots between § and méan
secant $i-0-Si or mean Si-Si distance (Fig. 1.4). They used
only sfiiéa polymorphs, however, discounted cristcobalite,

as thelr vatlue for chemical shift did not fit their trend,

and averaged twelve <tridvmite silicon sites and peaks.

Engelhardt and Radeglia (1984) used cosa/cosa-1 (a' = Si-0-

Si) from the d-p w-bonding hybridization factor of Gibbs

(1982) as a basis of the following regression for silica .

polvmorphs and zeolites:

§ = 247.05 {(cosa/cosa—1) + 2.19

They found a correlation coefficlient of 0.987 for 21 points

(Fig 1.6). They later extended their relationship (Radeglia//

12
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‘Figure 1.6

. Relationship between 2951‘

*

§ and mean oxygen s character p of the

silica polymorphs and  zeolitic

. \ .
- aluminosilicates. The line 'is obtained
from regression ahaiysisl‘ (EngLéhafdt &

Radeglia 1984).

chemical shift
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and Engefhardt, 1985) to aluminosilicate structures by
including a 'shift to low field of 5 ppm for each aluminum

next-nearest-neighbour(n).

i

Y . .
"8 = =7.2 + 50 - 223.9 (cosa/cosa-1)

This }ncreased their correlation coefficient to 0.988 for

49 data poin;;‘(Figil;7);~_

The éF#eét of electroﬁééétivfty of adjacent cations
on chemical shift was.uééd by Ernst et al. (1974) to relate
the downfield shth. of solution 295i nmr peaks with
electron donating groups. Maéf et al. (1984) showed a trend

in 6 with electrostatic bond strength and also with

-

electronegativity. Grimmer and Radeglia (1984) used a°

shielding factor related to eiectronégatfvity in finding a

relationship with chemical shift. Janes and Oldfieid {1985)

calculated an electronegativity factor (EN) from 29g MAS .

nmr data for various cation-oxygen pglrs of atoms and uqu
this to predict the chemical shift of other aluminosilicate

minerals from
§ = - 24,336 ZEN + 279.27
Allowance' was made for variation 1in EN (0~-51) due to

diFFerent 5i-0-5i anglies.

EN(OST) = (angle Si-0-Si/136.79) + 2.734

14
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. Figure 1.7

. The experimental
-

. . _ o
295§ nmr chemical shifts

Gobs of ieolites and silica polymorphs

p}otted against the shifts Gcalc' The

various Si(OSi)4_1,\(4:)Al)n—---~ units are

designated by: open circle, n = 43 closed

3
[l

circle, n = 3; open square, 2; closed

sguare, n = l; triandte, n

1
o

(Radegiia

& Englehardt 1985).
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They had a correlation ceoefficient of 0.979 for 99 data

points (Fig 1.8). _

Sherriff et. al. (1987a) modified the formula .of
Janes and Oldffeld to allow for the variation fn EN (O-Al)
with Af—Q—S? éﬁgle in their interpretation of the scapolite

series of minerals. -
EN(OA1) = (angle Si-0-Al/138.41) + 2.734

Another structural factor that has béen considered
re]qgggmﬁtommﬁhemical shift, ié the symmetry of the SiO4
tetrahedron. However Smith.and .Blackwell-‘(1983) found no.
siéniF[cant correlation between . ((angle O;Si-05—109.47) and
.8 for the silica po]ymérphs'(Fig; 1.4). |

Ab initio calculations of 295§ chemical shift were

carried out by  Tossel (1984) and Tossel and ﬂazzeretti,

(]986, I1987) on the apparently simpfel systems quartz,
olivine, SIiF,, (Si(OH) 4, H3Si0SiH3 and (OH)BSiOSi(OH)a.
They related chemical' shift -to changes In occupied to
unoccupied orbital energy gaps and found that as variations
o in c—diamaghetic {Appendix [ section 1.3) covered less than
‘1 PPM, g—paramagnhetic was the dominant factor in
determining chemical shift. They also calculated that while
) shbwed some correlation with Si-0-5i it was only weakly
dependent on Si-0 bond-length, thus corroborating the

findings of the experimentalists.

N

16
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Figure 1:8

Graph showing . corretation .between
experimental iy determined siiiéon¥29 MASS
NMR chemical shiff and chemical shift
predicted on the basis of the group
electronegativity sﬁm. Correlation

coefficient = 0.979. solid line

represents 6(experimental)=6(pFedicted).
The |, mean absolute deviation between

 experimental and prediction is 1.96 ppm

(Janés and Oldfield 1985).

o
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From all of. 'the' above studles, lthappears that
there are relatlonshlps between 6 and Si—O bond length Si-
0-Si angle. nymber of bridging oxygens and type of next-
nearest-nefghbour and other adJacent; cations. Published
plots 'fusually have gcoc values of the correlatiOn
cceFFlclent but they often teFer to only.a ‘llmlted type of
slllcate structure. (e.g. Smith and Blackwell 1283). There

is also no indication of the sphere of influence for MAS

nmr, i.e how far away a cation must bé to cease to perturb

the magnetic field at the silicon.

In 295i MAS nmr studies of siilicate minerals there

has often been considerablie debate, as to which of the

variables to use in the calculatjon of chemical shift..

ﬁwelss et al. (1987) in their study of 2:1 layer silicates
decided to‘uSe the electronegavity of cations rather than a
function for the T-0~-T angle. as this produced better
'correlatlons between calculated and experimental spectra.
In the study of glasses using 29Sl MAS nmr the only

-way to asslgn peaks - Fltted to the broad envelopes of

4 u

resonances has .been by cdhparison wlth the spectra of
crystalllne material Schramh et al. (1984) trled'asing tHe
_chemlcal.shlfts of sodjuh.ahd patasslum silicates to assign
the peaks fitted to sbectra of wlithium sillcate'glasses.
They obtained closer ‘agteem nt  between predicted and
measured chemical 'shift’ by using- the data from |ithium

silicate "crystal structures but as there was no 'Q'l

18



(sofosilfcate) type crystal structure available, that value

“had to-be extrapolated from other data.

¢
2951 MAS nmr spectroscopy of glasses has been used

_“Dﬁé determine the dTéthbutfcn of 5i-0-5i angles in silica
" . glasses (Gladden.et al. 1986; De Jong et al. 1987). However

 the djstributfoﬁ%ﬁqund is dependent on the equation used to

felate chemi;al‘shTFt"fd bbnd angle. Different empirical
co}relatipﬁ§ffké:g' Dupreé"'énd Pettifer 1984: Smith and
Blackﬁeli IQéﬁ) giQe -Véry different results for angular
distributioﬁg

298i MAS nmr chemical shift

Tﬁe #actor§ aFFécting
alsq need to be understood for the correct interpretation
of studies of dyﬁamic.‘systems such as high temperature
melting of albite glass (Liu et al. 1987). |

These: are just a few examples of the'diFFicu]ties
experienced in thé“lnterpretation oF‘295i MAS nmr spectra
due to the broblem of not wunderstanding the factors
affecting chemical shift. ﬁ@art from the theoreticél
calculations of Tossel, the studies of 295§ chemical shift
consisted of taking average .structﬁral parameters and
correléting them empirically with nmr peak position.

In the experiment described in. the next chapter, a
mathematicatl Fgﬁction is devised, which relates to the
actual electronic envireonment surrouﬁding a particu]ar 295i

atom. This is then compared with the measured 298{ chemical

shift to investigate the factors affecting chemical shift.

19



CHAPTER 2

{ CORRELATION BETWEEN ATOMIC STRUCTURE AND

- ~ 29S{ MAS NMR CHEMICAL SHIFT

2.1 INTRODUCTION

: Nmr- . chemical shift ~ts dependent on the type of
isotope and’ the électronic environment éurrounding the
magnetic nucieus. Therefore the difference between 295i MAS
nmr ;hemical shift of Sib4 groups in éiiicate structures
should he related in some way to the position and chemical
state of the surrounding. atoms.

In the lexperiment to be described in ?he following

-.Pages ;phe relationsﬁ%p between the positions of the
surrounding atoms and 29 chemical shift was studied in
crder to obtaiﬁ 3 greater understanding of +this
relationship and'-.iF possible to find some way of
calculating hhr chent.cal shift from atomic structure.

It has been eétablished that the position and
orientation of the é{ectronfc density along surrounding
bonds aéFects. chemical $HiFt (McG]inéﬁey. et al. 1986).

TheFeFore an experimeﬁt was dev{;;a to determine geometric

Funcfions for each bond surrounding a parti;ular silicon

atom and study the effect of this electronfc density\Pn

20



295i chemical shift. The bond anisotropy term of McConnell

{1957) forms a basis ?

modified by the bond fvaféﬁce-Function (Altermatt & Brown
B "lQBS)_to allow“-For"ﬁiffeééntf.types of cations 1in the

.structure. A thrrdfreF{nemEnt

[

to thé function allows for

the- effect on chemical shi?t; of tight . ring structures

producing deloca]iéed electron density.
2.2 NMR AND DIFFRACTION DATA

The measured nmr chemical shifts of 132 Si atoms in

a wide rangeaof silicates with known c¢crystal structures
were taken from various compiiations (Lippmaa et al. 1980;
1981; Smith and Blackwell 1983; Engelhardt and Radeglia

1984; Radeglia- and Engelhardt 1985; Janes and Oldfield
1985; Smith et al. 1983; Grimmer and Radeglia 1984; Newsam
1985; Williams (Sherriff) 1984; Sherriff and Hartman 1984;
Sherriff et al. 1987a; Kinsey et al. 1985; Sanz and
Serratosa 1984) and from data from 'sampies listed in
Appendix 11. The data were sorted using the DBase 11l data
processing computer program.‘

X-ray and neutron diffraction crystal structural
data of the corresponding silicates were retrieved from the
Imorganic Crystal Structure Database (ICSD) .at CISTI in
Ottéwa (Bergerhoff et al. 1983).

The nmr and diffraction data were screened for

grot-?the. calbu]aﬁioné and this is

21
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errors and inaccuracies. Five minerals, for which nmr data
were ayailable, were not used 1in the final correlation,
leaving 124 pairs of data. Discussion about the specific

mineral data used or rejected is given in Segtioh 2.4,

2.2.1 DISORDER OF CATIONS IN A CRYSTALLOGRAPHIC SITE

X-ray or neutron diffraction data for a partfcular
site in a mineral are averages for all the atoms lobated on
that sitenin the structure regardless of typeA of atom. If
there s cafion substitutional disorder the diffraction
data contain inFormation'_From sites containing different
cations. Nuclear magnetic resonance, on the other hand, is
specific to each chemical environment of one type of atom

in that site.

The best example, indeed the worst probliem, of

- cation disorder is Al1-5i ordering in tetrahedral sites.

Conventionat X-ray diffraction data do not discriﬁinate
Eetween‘ﬁetrahedral (T) s?fes containing Si 65 Al because
they have similar scattering ééctors. However aluminum Is a
larger cation than silicon, so alumina tetrahedra are .
larger than silica tetrahedra and therefore have longer T-0
bond distances. The amount of Al ina T site#-is calculated
from the T-0 bondlength, assuming the pure $i-0 bondLenéth
to be about 1.60 A and the pure Al1-0 bondiength to be about

- 1.75 A. Other structural-parameters such as T-0-T angle and



Oo-0 diétances also vary depending on whether Al or Si
occupiés the'sife.

- Thé g;dupancy of other sites arocund the tetrahedral
sité can be .dépendént on the nature o? the tetrahedral
cation. Diffraction data for a particular T-site therefore
can be averages not onlty of sites containing both S} and
Af. but also.with diFFeriﬁg next nearest neighbour cations
and hence a variety of structural and chehical
environments. Atomib positidhs calculated from diffraction
data of the tetrahedral cation, the surrounding oxygens,

and of other cation; are, therefore, average positions over

the whole crystal.

Nmr data, on the other hand, are speciFic to either

Si—- or Al- containing sites. In this study 295{ MAS nmr is

used to study just the Si containing sites. Nmr is also

very sensitive to the nature of the next-nearest neighbour
tetrahedral cation, giving a difference in chemical shift
of approximately 5 ppm for each substitution oF. Si By Al.
'.Substitutfon of other neighbouring cations also causes a
change in chemical shift. Therefore each diFFefenF chemical
environment gives_ a different peak position. These peaks
might. however, not all be individually resolvable.

In order to obtain a meaningfu) relatiohship
between structure and cHemical shift it was necessary to

eliminate all structures with a large degree of Si-Al

disorder, such as some zeo{ites, disordered scapolites and

23
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high temperature FeldSpaEs. Unfortunately if all structures.
with a possibility. of AlI-51 disorder are removed there
would be very little data left. ' C

"For some disordered minerals, such és muscovite,.

_ where the 2981

MAS nmr spectrum consists of sepafate]y
resolved peaks relating to diFFerenf next-nearest neighbour
cqnfigurq;fons of one‘T—site (Sanz and Serratosa 1984), it
is possible to assién the main ‘peak  to the‘domfnanp;;
configuration and‘use this value of. chemical shiFt' in the

. calculé%ion.

2.2.2 ,DIFFERENCE IN COMPOSITION. OR ORDERING BETWEEN
MINERAL SAMPLES. '

Anothér)prob}em encountered when relating between
diffraction and nmr data Froﬁ the literaturg is the
difference between samples used +to obtain each type éF

" data. There can be differences in composition, ordering of
state of minerals which have the same name.

Wherever possible nmr and diffraction data were
obta%ned on minerals from the same source. This was
achieved in the case of albite from the Amelia Courthouse
locality (nmr data: Sherriff and Hartman 1985; structural
déta: Har low and Brown 1980), and of the scapolite samples
from the McMaster collection (Shaw 1960a and 1960b: nmr

data: Sherriff et al. 1987a; structural data: Levien &
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Papike 1976). In s®&me compilations of nmr data; the source
of the material was not listed and in most cases it broved

impossible to find nmr and structural data on the same

material.

Differences. in composition wéré\,unavoidable in

minerals with variable chemical .cdmgoé‘ sdqh as
amphiboles.. Where possible the chemistry‘oﬁffﬂ ‘diffraction

structdre was matched to that oFﬁ'tﬁé"nmr sahﬁfé;fFor

minerals with variations in cation compositions, such as

tourmaline (Donnay & Buerger 1950), fstructurep were

selected which had the lowest possible content of iron and

other transition metals. Nmé spectroscopists can ohly Study
minerals with a low content oF. irén orn other transition
metals because of the effect of paramagnetic atoms in
broadening signals ahd reducing signal to noise ratio
(Sherriff and Hartman 1985)}.

IT the nmr data were repqrted on synthetic sampleé,
guch.as for tridymite (Smith & Blackwell 1983), diffraction
data of synthetic mineral's (Baur 1977) were wused to
eliminate any difference 1n‘ordering'betWeen synthetic and
natural minerals. |

It was sometimes difficult to determine as to which
po]ymorphic form of a m%neral the nmr data referred. In the
case of low temperature stable versus high temperature
unstable forms, the low temperaturé form such as alpha-

quartz was the obvious choice. In the case of cristobalite,

25
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Lippmaa et . (1980) report a value of -109.9 ppm for the
, = . 5

chemical shift but Smith and Blackwel | (1983) report -108.5
pepm. Smith and Blackwell had anaiyzed their sample by
powder X-ray diffraction and suggest that the discrepancy

between the two values may be due to polytypic disorder in
‘ 4%

the stacking sequence in the sample, used by Lippmaa. The
) . . L]
chemical shift of Smith and Blackwell. (1983) was used for

correlation with the caicuiated value for cristobalite.
2.2.3 INACCURATE STRUCTURAL DATA

In some cases there were errors in the numbers
obtained Frbm the data base. These were found by initially
carryiné out the calculations using at 'least two different
structures for each mineral. In tHe case of disagrgement
between the answers a chéck of calculatea againsé reported

bondlengths or angles often revealed a mistake in the

original paper such as-the transposition of two figures. In

‘the structure of anorthite (Wainwright and Starkey 1971)

the x coordinate of th& TZ2(0000) site published as Q.6485,
gives bond distances that do not agree with those quqted in
the paper but 0.6845 produced the correct results. Alf

errors found in this way have been reported back to the

database for correction. For simplicity, only the one

structure used for the final calculation is repor}ed for

each mineral.
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Accuracy of the diFfractionrdata'was also a: factor
to be considered, so recent étructureé %rom renowned
- authors 6r faboratorles‘wefe used whenever possible and the
calculations checked with second structures. -

2.2.4 ERRORS IN NMR ‘DATA

o

Purity of mineral specimens”~ and ‘éorre;t'
fidentification of mineral phases has been‘é problem in the
reporting of nmr-déta. Lippmaa et al. {1980} reported two
peaks in the ngilhas nmr spectrum of pyrophyl{ite at -91.5
and -95.0 ppm. tater author§ kBarron et al. 1983: Sanz and
Serratosa 1984). tn trying to dupricéte‘ these chemical
<shiFts of prqmﬂs. found qnly one peak at -95.0 ppm and
decided «that the peak at -91.5 was due to kaolinite
intergrown with pyrophyliite. |

To reduce the possibility of misnamed minerals I
trigg to obtain nﬁr data from at least " two diFFerth
sources giving more credence to data where it is specified
tﬁat the mineral has been . checked by X-ray diffraction.
.This was carried out on all the ;amples reéorted in
Willfams (Sherriff) (1984). Fhe samples Iisted in Appendix :
JI had alf been characterized Qy the donors.

Assessing éhe quality of_f£he published nmr data can
be difficult as often only the chemical shi?t is quoted and

sometimes to Ffew sigaTficant figures (Smith et al. 1983).



If the spectrum was figured jn the publication, or. the peak
width at half hefght reported, the accuracy . of the data
could be estimated, e.q "chondrodite reported to be 5 PPM
wide (Magi et al., 1984). T |
It s dIfficult to establish the position of the
fop of thé 'peék for broad peaks espe;ia}fy if there is
diFFiculty‘in‘phaéing the_sbectrUm'becausé the baseline is
' not bompletely Flét.  Bfoad 7peaks . ean Se due to poor
instrumentation, 'a' s1ow spihhffate or to ' paramagnetic

e?éments in the séhpleﬁ They‘cah also be dge to ovef]appfng

unresolved peaks in a spectrum duex_to different sites in

the strﬁcture. different chemical enVironmenfs;For each

., site and intergrowths, inclusions of - other minerals or

alteration products e.q. perthitic Iintergrowths of

. '
plagioclase and alkali feldspar often contained inclusions

of quartz, and showed sericitization. - A

In multipeak spectfa peaks ﬁust be allocated fd
specific crystal structure sites. This has been _doae
previously on the grounds of number and .type of next
nearest neigﬁbour and algow*by using the various empirical

calculations. Previous interpretations have usual ly been

found to coincide with peak allocation based on the

predictive method developed in this study; e.g. feldspars
(Janes and Oldfield 1985; Sherriff and Hartman 1985).
However in the case of Uridvmite where 5 peaks represent

12 sites (Smith and Biackwell 1983), and of anorthite where

~
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.3 peaks represent 8 Si containing sited (Sherriff & Hartman

1984).\thé' spectra have been reinterpreted ahd the peaks

-

-were assigned to sites on the basis of the calculated

chemical shift (Appendix VIII)Y.

Differences in spin relaxation times between sites

-

can often aid in speptral interpretation. In the case of

" intergrown minerals different delays between pulses can be

used to .enhance or suppress peaks from a secondary mineral.

Quartz intergrowths are rarely seen in spectra of feldspars

run with 'a'rélaxatiOh delay of less than 30 s because pure
duartz has a T1 of several hours (Sherriff and Hértman
1985), Broad peaks from sites close to paramagnetic

) !
elements are not seen. with relaxation delays / of greater

“than 1 s as .these have very short relajxation times.

Differences in relaxation rates of individual
mineral can lead to peaks being missed during standard runs

of the spectra. Certain peaks with initiatly long Tl’s can
. . L4
be enhanced by relaxation techniques, such as cross

bolarization {(Fyfe 1983). This is evident in the case of
clinoptilolite where the peaks due to sites close to
hydrogen atoms are enhanced with 1H cross polarization

(Lippmaa et al. 1981).

1
~

Discrepancies can also occur during integration of
A T .

. . 3
spectra in relative areas of peaks not being representative

of the number of atoms in /each environment. This can be

checked by carrying out a}l/peak integrations on duplicate
{

¥
~ )
.
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a

- spectra collected with a range of delays between pulses.

Another possible source of error, when‘ using data

from different. laboratories, iies in the use of secondary -

standards.'fAli 2991  chemical shifts are reported~ﬁifh

respect to" tetramethylsilane (TMS) However, without protonA

decoup!ing, the 29S| peak of TMS is split by ?951—1H spTn-"

spin couplfng to the 12 protons of the methyl groups givingx
a very broad signal, not suftable ‘as a standard..IMS is
also a ’very volatile toxic l{'i'quid ahdﬁ'hi_l-eu a Few drcps

added to a sealed sample For/;o{Ution nmr je;nqt;hazard0ue.

spiking poorly sealed'powder samples witH-TMS is a’heajth

30

hazard. All solid state 295j spectra are.therefore measuredr_»

with reference to a secondary standard, which is- differert f

in each laboratory. The peak, at -104.6 ppm, of a Spectrum._

of sample BLS036 oligdclase is used as a standard For the .

collection of " data In Williams (SherriFF) (1984) apd'

Appendix [l. This has been cross referenced to a'protoﬁt

LN

spin decoupled spectrum of TMS. It is- not always possible

fn the literature .o detéermine whether secondary reFerences

o

are accurate The best check is duplicate results, from

diFFerent-laboratories.

.Differences among 1nstrumentation can Tead to

‘discrepancies between reported spéctna. There can be

differences in size and homogeneity of magnetic field, and

f

in sample spinning rate. In the case of a discrepancy,

greater weight has been gf&en to spectra obtained at higher



magnetic ffeld and faster spinning rate. It is- aiso

fmportant to note the conditions of  FID acquisition

31

including the use oF_éross polarization, decoupling, or any e

N

non standard pulse sequence. The deta -should also be

- examined for digital manipulation during ?oqr?er transform

operations such as the application of 1ine broadening or

Gaussiah enhancement of the peaks.

" The matrix effect, which causes  differences in

chémical shiFt fn solution nmr depending on the composition

[ N

state nmr but this has not vet beeh found. [t is unlike]y

to cause a problem within a system suchA aS'siWicate‘

minerals where the structures are similar.

As most 'MAS nmr peaks have widths at half height

greaﬁer fhan 80 Hz (1 ppm at 79.46 MHz), the aécuracy of .

measurement of solid state nmr chemtcal'shiFt is, at best,
+/-0.1 ppm. Therefore errors of measurements less -than this
are not signiFicant'and can be ignored. 5pectral-résoiution
can be improved for very pure synthetic. materials with

fmproved instrumentation, with higher, more homogeneous

magnetic Ffelqs and with a faster spin rate (Fyfe et al.

. R
1987) but the .inherent disorder and chemical variability

prevents much improvement in the spectra of natural

~minerals.

',6F the solvent, could potentially have an effect on solid
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" 2.3 CALCULATIONS

‘-Crystal models, centred on each nonequf@alent
crystallographic silicon site, were simulated from
drFFraction data on the VAX 8600 computer using the Chem—X

crystal structure ) modelltng paFkage {developed and

distributed by Chemical Desugn Ltd OxFord, England). Atoms

were connected automatically by Chem-X "1f the spheres
representing the atoms overlapped using standard atomic
radii. Dummy atoms were inserted to mark the midpoint of
all cationuoxygen oonds (Appendix [I1).

One problem with this computer modelling technique

lies in deciding whfch atoms should'be Joined so that thefr

‘bonds are ‘included In the calculations. The Chem—x programlf

was allowed to Jofn any overlapp1ng atoms using standard

atomic rad!i thus elfmfnating human bras. -

R

i

caIculate the distance (R) between each s:llcon atom “and

the midpo1nt oF the oxygen second neighbour cation bonds._

the Iength (r) of these bonds, the distance (S) oF the
cation from the silicon atom, the angle (8) ' etween R and

ry and the Si-O-cation.angie (a) (Fig 2.1;: Appendix 1V).

Other Fortran‘computer programs (e.gﬁ.Apbendjx V)A

were " written to calculate geonetric.Functions for atoms

surrounding ‘the silfcon from these bond dfstances and .

angles. The sums of these geometric functiors were plotted

Atomic coordinates of these structures were used to_
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Figuré 2.1 ;Diagram showiﬁg the definitions of angles

® and. a and the lengths r and R. X is any

'ﬂéecpnd;heighbour cation (Including Si or

. A1) (Sherriff and Grundy 1988).
. RN a
A "
]
\
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“against 27si MAS nmr chémicél shift firstly for the silica
*polymorpﬁs and then for all Ssflicate minerals.

The Mihjtab stafistics computer program was used on
a VAX 860b to calculate éhemfcal shift, plot thelresults
and to carry out regression analyses.

Errors are -caused by rounding of figures to 5
decimal _places,. tat eéch ~§tage of the calculations.

Calculated chemicalﬂéhifts are given to +/- 0.1 ppm as this

is the accuracy of the measured chemical shifts.
12.3.1 THE FIRST TERM; MAGNETIC ANISOTROPY

The term ((3c0529—1)/3R3) was applied by McConnell
(1957) to investigate proton chemical shift in solution
spectra"oF ‘organic compounds. McGlinchey et al. (1986)
adapted the equation to provide a geometric term that could
‘be used to study the effect of orientation on the shielding
caused by a metal-metal bond (see Appendix XI).

The assumption is made that the electron density of
the bond is evenly distributed along the length of the bond
and can therefore be represented by the midpoint of the
bond in the determination of length R and aqg]e 8. This
" generalization is only correct if both atoms are the same,
as Fof the metal-metal bonds of McGlinchey and coworkers

(1986). For cation-oxygen bonds the electron density across

the bond will not be evenly distributed across the bond and
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using the midpoint is an oversimplification. The

correlation might be improved by taking another point,.

rétﬁ§;.§ﬁan the midpoint, as the average electronic density
or perhapswby having a movable point dependent on the
 electronegativity of the cation. The error 1ntroducea by
‘ thefmidp&int approximation will be in the same direction

bdt by Qérying amounts for all cation-oxygen bonds.

The summation Q of bond anisotropies provides a

L]

”‘lmeéns of calculating the effect of the position and

" orientation of ‘the electron quadrupole moments between

atoms with respect to the silicon nucleus being studied.

Q = z.(("l—aqbszei)/sR.ia) (1)

Initially th}s factor was summed over all siliéon—
oxygen bonds containea in a surrounding sphere for the
silisé polymorphs. These summations were made at 1/2 A&
intervals out to a radius of 20 A. A relationship was found
between chemical shift and Q2 at each interval.

As the summations became less erratic after 5 A&
fFig 2.2; Appendix VI),-a mean of the values 5F summat ions
at 1/2 A intervals from 6 to 10 A& was taken to represent
the steady state of +the bond anisotropy factor around the
siliconl

The bond anisotropy term (I—BCoszei)/3Ri3) was then

multiplied by different terms for angle a (the Si-0-Sj

Ay
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‘ngUre-

=

2.2 Summations of q, using equation (1), made-

at 1/2 A interéals- spherfcaliy; out from

Si, plotted against distance from Si for

the silica polymorphs. * = quartz; 'x %
cristobalite; + = coesite Tl; 4 = coesite
T2.
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angle) in an attempt to find a optimum éorrelation between
the '"steady . state bond anisotropy, factor" and chemical
shift for the silica polymorphs. The term (cosa/cosa-l)

used for angle a was taken from Gibbs (1982).

" Calculations were carried out at 1/2 A& intervals

from Si spherically out to 10 A using the three Fdllowing

" summations. .

(1) E((l-acoszei)/3R13)
(2) '2((1—3c0529i)/3R1?)(cosa/cosa—l)
(3) - 2((l—3c05261)73ai3)(1/ébsa)

The meén of the summations From‘é tb.lo A For'each
of these gecmetric terms (Appendix VII) wére plotted
against measured chemical shift for the 16 Si sites. In
these plots the chemfcal shift wvalues of frﬁdymite were
ordered according to the summation from geometric term (1).
The éalcu]ated sum of bonds using the first term plottea

”against experimental chemical shift {s given In FTgQre 2.3.

2.3.2 SECOND TERM; BOND VALENCE

To extend the caléulation tO‘othgﬁ minerals, it was

necessary to include a factor for the type of cation such
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/

Figure 2.3

[ . -
L.

\The héan of summatioﬁéi' at 172 A&

intervals, from 6 to 10 &, for the

geometric term . E((l—3c0526i)/3Ri3)

piotted against experimental chemical

shift for the silica polymorphs,‘quartz,

cristobalite, coesite and tridymite.
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as the electronegativity values -of Pauling (1967). The bond .

vaience equation of gltermatf and Brown (1985)

-

S; = (exp[(rg-r{)/0.371) . N o
allows for variations in both type, of cétfon? and ¢é£1oh;;
" oxygen distance. In this expression ri is therlength of tﬁei
catioqfoxygen bond and rg is a vélue'For un{t‘valence;--

| TRis term is an empirical correlation between bond
length and bond valence FOr‘ponds between diFFerent atoms.
It was Fbynd by p]oftfng bohd:1éhgﬁh agafnét valence for a
particular bond in fmanyi'differént structures. Browh‘éhd'

- .

Shannon (1973) first défived th¢ equation

s=(R/Rg) N : : .
‘where s fs the bond strength, R bond length and Ry and N
Fitted paFémete%s - for each type .of bond. This gave
‘diffgrenﬁ‘cUryes for each type of bond.

The equation was later rewritten as

s = exp[(ry-r;)/B] Yf*“x

and values of r, .and B ocalculated (Brown 1981)'F65—mény

tvpes o? bonds.

Later calculations, using a much larger data set,



simplified the application of the equation by constraining

all bonds to lie along the same curQe. This gives & value

for B of 0.37, for all type of bonds (Altermatt and Brown

{955)'and leaves only one’ variable, ro the unit bond
Qalénce term, to be iqput:-ValuésfoF "o ForAtiFerent‘bonds
aré listed in Brown and Altermatt (1985). C

fhe accuracy oﬁ bona. valence vélges paiculaﬁed

,usfhg these équations depends on the acburacy of the‘Vafues

o

taken For_ro and B which in turn dépend on the accﬁracy of

the bond distances in the original data from which fhrand B

were calculated.

" The data used’ for the calculation of the values of
< .

ro.'contained silicate structures which possibly showed Al-
Si disorder in the tetrahedral sites, such as =zeolites (I.

D. Brbwn. McMaster University, personal communication).

This would lead to errors in the Si-0 and A1-0 distances
and hence {inaccurate values for rg for A1-0 and Si-O.

Several 5diFFerent values of ™o were used in the

calculétions to try to 'improve the correlation between

. calculated and measured chemical shift. These were taken
‘iniffa]ly for all cétfoﬁ—oxygen bonds from Brown and
Altermatt ¢(1985), secondly from Brown (1981) and finally
. with 'éhe values for all other cation—-oxygen bonds from
érown and Altermatt (1985) and those of 5i-0 and Al-0
chénged incrementally. Q° was calculated for the 124 Si

1
sites for each set of values. The correlation coefficients
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of these plots are given in the third column of Table 2.1.

-The.values for Fg of 1.64 for Si-0 and 1.62 Fot Al-
O consistentiylwere found to ~give the best correlation
cSeFchients %%:} calculations using 2’ and also when terms
for ahg?e a we;e included. These values'were there;oﬁe used
in the final calculaticons of chemical shiFt given in

Appendix VIII.

Obtaining accurate values for Al-0 and Si-0

distances was considered to be of paramount importance as

these occur in all calculations except for some
orthosi]iéafes. The effect of changing "o for A1-0 a;a sf—O
was grgétest for.tectosilicates, where the four short T-0
bonds dominate - the calculation. As the values for $i-0 and
Al-0 wgre changed in the opposite direction, to allow for
=-Al in Si sites and vice versa, the effect was to change the
slope of the functional 1line. The values of calculatéd
chemical shift for high field sites with four 5i ne:;
" nearest neifghbours increased, and for sites with Four Al
nexé nearest neighbours decreased.

The differences between calculated and measured
chemicail shift”for minerals which have Si sites surrounded
by four si1i¢on or by-Four QCuminum atoms may be indicative
that thelvalues of

for “Si-0 and A1-0 require further

01
fine adjustments.
There is also the possibility pf'errors in the

values of ™o for other cation-oxygen - bonds. This could
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"TABLE 2.1
- Correlation coefficients between calculated and measured
- values of 295i chemical shift, for differing values K of r

for Al-0 and $71~0, and different functions of angle Si-0=X

Values of unff valence - S$i-0-X angle function "?’
rrO/B ' | + ° no term cosa/cosa—l. l1og(SizX) . cosa’
. ~ e TUURTETr
Si-0 A1-0. ST

* CoeeTonT N

0.

*1.624/0.37 1.651/0.37 0.973 o.975[‘”ﬁj?bjéjgiﬁ}fp}9245
%%1.63/8.36 1.63/0.36 0.972 - 0.975 ‘:”:?bléiéf;f 0;973‘
»e#1.64/0.36 1.62/0.36 0.981  0.981 ; }’yq;é8g,‘;fO¢§i§
%% 1.65/0.36 1.61/0.36 0.975  0.979 ko.éaﬁfi'iégei?’

» Values for ro

Altermatt (1985), B = 0.37.

** values OF‘ro and B for all. cation—dxygen bonds from

Brown (1981).

¢

re® - Values of ™ for all other cation-oxygen bonds from

Brown and Altermatt (1985), B = 0.37.

B -

for all cation-oxygen bonds from Brown and
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cause the greatest discrepancy fof minerals with only one
type "of cation other than .silicon involved 1{n the

calculation, such as hemimorphitg Zn4(5i207)(OH)2.H20.

Unfortunately there were insufficient nmr data to
investigate _this problem and separate' the eFFéct of

inaccurate values for other cations from that for Si and

- o R

,Tﬁé “bond wvalence eqUation was combined with the .

anisotropy equation to form the summation in equation 2.

ﬂ'-=:Z(Ekp[(ro—ri)/U.BTJ)((1—3c0529i)/3Ri3) (2)

[ Sians
t

.hf--ﬁés then calculated for the silica polymorphs
-and,ﬁhe;éipminuﬁﬁéificate polymorphs again with summations
out to 10 A. ;¢ | o
fThé:foth “éummatfon. found -fo. give a reasonable

correlation with measured chemical shift & was obtained

usfhg just"the cations bonded to the terminal oxygens of

the silicate tetrahedron. Equation. (2) was then used to .

caléulate 'd’ ‘For- all other si]icaté minerals for which
reliable nmr and diffraction data were available. Q° was
-céhﬁéréd with & and gave a cdrrelation coefficient of
0:?{3.:Which waé an encouraging result, -

-
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2.3.3 THIRD TERM; SI-0-X ANGLE

The third term in the eguation iéqto altow for the

effect on chemical shift of the geometric distortions

introduced by ffght rings in the structUre‘(Hoebbef'et al.

. ' ‘) )
1976) . .

There is a good correlation between salcuiated and

experimental chemical shift without introducing a third

term (column 3, Table 2%1). However it was ﬁoﬁgd that some
structures with _either very small or very lﬁfge:values‘For
angle a showed a 'large discfepéncy_ betweéh célculated and
exper imental values of chemical shift. |

JThrée méBijEatfonS- of equation 2 were tried to
include a factor For. the cation-oxygen-silicon angle (a).
The_Ffrst qufficétion Qés Qifh Gfbbs‘(f982) "hybridization

 index".For the bridging 6xygen.

S
|

(cosa/(cosa-1))

" The second was log (Si=X) Qhere Si-X is the cation-

silicon distance (Hill and Gibbs 1979) from
lég'd(si..X) = log 2d(5i—0)0+-b log sin(l/Z(anglé(Si-O—X)))

The third function tried was simply cos{a).

The first two of these modiFicat&ons were factors

- 44



used in equations to relate Si-0 bord distance with Si-0-Si
angle in sflica polymorphs and explain the relationship ‘in
. the terms of d-p w-bending as this has been conSideFed to
be imporﬁant to chemical shift determinations (James &
Oldfield 1986). "

fhe three different terms tried are not necessarily
the best functions to use .but Qererchosén because they had
been used previously to invesffgate‘ the re!atfonship
between 5i-0 bond distance. and Si-0-Si angle. All these
anéular functions gave ‘iarger.eFFects at smaller angles,
“which Was thé ?ype of correztion needed.to produce a linear
corré]atjon between ééometrié summation and measured
chemiéal shift.

Thq correlation coeFFicients FOﬁ_ the reiationship
between measured chemical shift and ca!culatfons of Q-
using each of these modiFiﬁations are given in columns 4, 5
and 6, of Appendix. V. As the best correlation was found
when using the term log(Si-X) this .was used in the final

equation.

Even with this modification benitoite, which has
tight Sij04 rings in the structure, is anomalous with a
calcuiated chemical shift of -88.9 and a measured value of

-94.2 ppm.
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2.3.4 RESULTANT EQUATION

The three terms for bond anisotropy. bond valence
and angle a are combihed together - to givé the .resultant

equation:

@’’= £[((1-3cos?0,)/3R. %) (exp(ry-r:)/0.371) (Tog(Si-X;)1(3)

The linear regression of Q°° plotted against’

measured chenj;al shift & for 124 Si sites is:4

§-= 701.6 Q77 — 45.7 (4)

This can be used to qajcu?ate thelexpected chemical
shift, to compare with measured values.

Figure. 2.4 shows. exber%mental chemical shift
plotted against values_célcu]ated .using equations 3 and 4
‘ for 124 Si sites; 12 from orthosilicates (diamonds}), 9 from
sorosilicates (+), 23 from inosilicates (sqgarés); 19 from
:phyllosilicates (x) and 61 from tectosilicates (*). The
plot.has a correlation coefficient of ;986 and a standard
deviafion of 0.66 ppm. The results of the ca]culatiogs and
the difference between calculated and experimental values
of chemical shift are given in Appendix VIil.

0-H bonds were initially included in the equation

but found to have a disproportionate effect on the -



Fad

47

Fiéure 2.4

Experimenfa]

295 .

MAS nmr chemical shift
piotted against chemical shift calculated

?rom equations 3 and 4 for orthosilicates

‘fdiambnds). ) | sorosilicates (+),

inosilicates {squares), phyliosilicates
(%), and tectosilicates (*). E is the
deviation of calcuiated from experimental

chemical shift.
& : e
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summ@t{ons produciﬁg‘fﬁfca]cujated chemical shift which was
displaced by several ppm. Minera{s such as ﬁfqas and clays
give a better cgorrelation .betweens experimental and
calculated values when"hydrogén. fs -excluded from the
calculations. ‘This indicates that the single electron of
the hydrogen atom has very little effect on the chemical
shift of 22Si in the form of 51044", where the S1 nucleus
is surrounded by 97 eliectrons in bonding "and non-bonding
orbitals, without considering the influence of other
cations outside the si]icaté tetrahedron.

The fapid]y diminishing effect of bonds with
increased distance 1is allowed for in the equation by the
factor of 3R3 in fhe denominator of the eguation. As R is
geometrically reiated to Si-0 bonds of the silicate, the
correlation found between mean Si-0 distance and chemical

shift (Smith and Blackwell 1983, Smith et al. 1983, Grimmer

and Radeglia 1984, Grimmer 1985} Higgins and Woessner 1982)

-

can be explained. et
Changes in size of the Si tetrahedra .are
fncorporated into the caiculation of R (Fig 2.1).

Distortions of the silicate tetréhedron do not appear to be
significant, which agrees with the andings of Smith and
Blackwell (1983) that there is little relationship between
0-Si-0 angle and chemical shift.

The orientation of the cation-oxygen bond with

respect to the central silicon is calculated by the term
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(1-3cos28) which has a minimum value of -2 for 8 of 180°
and 'a maximum of +1 for © of 90°. When 6 is 125.26°, or

(180 - 54.74°), the .term (lhacosze) ‘becomes zero and the

bord has no Iinfluence on chemical shift. As the éngle 6 is

dependent on the Si-O-cation angle (a) the effect of
orientation on -chemical shift anisotropy is an alternative

explanation to '‘p-d w-bonding for fhe correlation of

chemical shift with Si-0-T angle (Smith and 'Blackwell 1983, °

- Janes and Oldfield 1985, Engelhardt and Radeglia 1984,
Badeglia and Engelhardt 1985, Ramdas and Ki{nowsk{ 1984,
Sherriff et al. 1987a).
. .
2.4 A DISCUSSION OF THE RELATIONSHIP BETWEEN CALCULATED

AND EXPERIMENTAL VALUES OF CHEMICAL SHIFT. .

The relationships between caicuiated and
experimental chemical shifts shown in Fig. 2.4 will now be
discussed group by group: the minerais are listed in

Appendix VIIL. E fs the deviation of the calculated from

the experimental chemical! shift. To a degree thi§ analysis

at first sight appears to be a circular discussion but is

nevertheless legitimate. Ortho, soro, ino, phyllo and tecto
silicates are considered separately but the different
mineral groups are treated the same in all of the

calcutlations.
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2.4.1 ORTHOSILICATES .

A

Orthosilicates .have - isolated sificafé.feffahedra.

therefore the contributfons to calculasted chemical shift

are from bbnds between ogygen.and gcatjons. which usually'

have a higher ‘coordfnéinn .ﬁﬂhéé;é than  four. The
orthosilicates 1in this étudf. with“tﬁe exception of
'kyanite; have only one. siliéon‘ site 'eliminating dispute
about the allocation of peaks in fhe seectra.

%

N The 'caicuiéted chemical shift zalues for the
aldminosilicate polymorphs agree within one standard
deviation (0,7 PPm) with"the measured values, indicating a
lack of A1-Si{ disorder 1n'tHé tetrahedral sitesi

The spectrum of whife kyanite from Pfitschthal,
Tyrol (Fig. 2.5) (R.O.M. specimen M22990) has two narrow
peaks at ‘—83;2 and -82.3 ppm (Williams (Sherriff) l984f{
All other nmr spectra of kyanite report one peak at -B3.2
ppm (Janes & Oldfield 1985), -82.9 ppm (Md8gi et al. 1984),
-83.0 ppm (Willlams (Sherriff) 1984). Janes and Oldfield
(1985) catculated one value of chemical shift of -84.2 §5m

for Kyanite although it had been speculated that there

should be two different shifts for the sites (Magi et al.

1984) ., The calculated chemical shifts for the two sites,
from the diffraction data of a specimen from Celo Mines,
Burnsvilié. North Carolina (Burnham.l1963a), have similar

shifts of -83.0 and ~83.1 ppm (Appendi% VIII), as the two

50
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Figure 2.5 2955 MAS nmr  spectrym of white kyanite
. _f "

from the Tyrol {(Williams (Sherriff)
1984) . o
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ff
. sites have synilar Si-0, A1-0 distances and Si-0-Al angles.
These peaks would not be resolved and wouid give the sole
peak usuelly seen in the spectrum of kyanite. The two
“seperated'peaks for white kyenfte' indicate ‘a dfFFerent
' “structural environméntlfer silicon in thie sample from that

. A
in the more usual blue kyanite.. s

Mlnerals with an olivrne type structure. olivine, .

montlcellite and chondrodlte resonate 10 ppm to ]ower Field
than all other minerals includlng other_orthosilicafes
(Appendix VIiii). Although there are dine‘_Mg atoms
surrounding Si in olivine, six. of the twelve Mg-0 bonds
involved 1in the calculatipn have values of 8 of about
125.3°. -The magnetie anisotropy term (1—3cosza) becomes
zero at this angle - and therefore the megnetic dipole of
these bonds provide little contribution towards chemical
shth. The chemical shift 1is therefore determined by the

remaining six Mg-0 bonds, which accounts for +the small

value of ‘7 and the low Ffleld shift of olivine type

minerals.

“The humite group of ‘minerals consist of layers of
olivine structure (MgZSiO4J interspersed with léyers of
brucite structure (Mg(OH,F)Z) (Gibbs et al.. 1970) .
Chondrodite, the only humite mineral for which nmr data
were available, has a ratio/of olivine to‘brucite layers of
1:2. The Sppm width at half height of the 2951 MAS nmr peak

(M8gi et al. 1984), could be due to polytypical disorder in
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2.4.2 SOROSILICATES -

the layer” structure of chondrodite and exglain the E value

of 2.5 npm.

Garnet was excluded ~from the final correlation.

Wiliiams (Sherriff) (1984) found it .OEFy difficuit to

53

determine an accurate chemical.shift for garnet because of

broad weak signals. There 1is no indication of quality of
s}gnal‘For value of shift in. Appendix VIII‘ (Magi et al.
1984). The large number of substitutidna cations possible
'1n_garnets, fncluding paramagnetic. catidns. such as Fe2+

Fe3*, Mn* Ti, Cr - ean explain  the broad weak signals
P :

(SherriFF & Hartman 1%94) and perhaps the £ wvalue of 6.3
ppm. Janes and OIdField (1985) ailso report a value for E oF
5. 4 ppm .for grossular garnet. -

Rt

: b ~— . " A

wov D oo : 3

| Piemontite (CBZ(Mn Fe2 ,AT)ZAfo.OH[5i207J[si041 has

'three crystallographlcally nonequivalent silicdn sites

%

-
which give calculated 298i chemical shifts of -85.6, -89.4

and . =-78.3 pPm. The experimental apectrum (Williams

(Sherriff) 1984) is very poorily resoived Nconsisting'oF a

-

broad centte peak at -86.4 with two shoulders at .-90. 4‘§nd

. —Bl.g;ppm (Fig. 2.6). The width of the peaks can; possibly:'

. be attfibdtedl to cation disbrder and to tne~proximity of

_ H52+

and F¢33+

paramagnetic. centres (SherrIFF. and - Hartman
3 - ;

1985). The low field peak at -81.9 ppm is allocated.to the

.‘ @'-



Filgure 2.6 _2951' MAS nmr spectrum of piemontite - o "

' " (Williams (Sherriff) 1984). e . = ,
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isolated 5i04: site which has a calculated shiFf of =78.3
ppm.‘Largé values of £ also be reconciled with varying
substitution of Mn and Fe For'AL;in'octéhedral sites giving
the possibility of differences fn’ structure— between the

samples wused for the collection of diffraction and nmr

data.

In the melilite group of minerals there aréutwo
. . - .

tetrahedral sites. In the magnesium end member akermanfbg\

C82M95i207. Mg is supposedly ordered into the T2 site and
Si into the Tl site (Kimata and Li 1981) whereas the
aiQminum end member gehlenite éaZAlzsiZO7 has dfsorder‘of
Al and Si between the two tetrahedral sites (Kimata and Li
1982).. |

Both the nmr andAdiFFraétion data for gehlinite and
akermanite were measured on synthétié samplés (nmr data:
Janes & Oldfield 1985; structural data: Kimata & Li 1981;
1982). Disorder of the ﬁétrahedraﬂ cations between the two
- sites in both minerals would lead to Si—O. bond distances,
calculated from diffraction data, being too long, thus
explaining the calculated chemical shift being 3.0 and 1.8
ppm to higher field than that measured. Janes and Oidfield
(1985) also had higher field wvalues for calculated than
;xperimentai shift; their values of E were 6.4 and 3.8 ppm

respectively,.

Hemimorphite (Zn48i207) was excluded from the final

correiation due to the wvalue for E of 7.9 PPM being more



'_""’7'

e

' values of chemical shift. Optimization of the value of r

than L0x ffmes the. standard deviation. A very narrow peak
with 30:3?21fnewfdth (M3gi-et al. 1984) . indicates that the
nmrl data 'are ‘accurate but ‘does nét rule-out a wrongly
identiFTed *specimen. The neutron diffraction reFinement
(Hill fet el. 1977) is srmi!ar to previous X—ray studfes

(McDona]d & Crurkshank 1967) and therefore considered to be

reliable. The ma_,or contribution  to the summation is from

Zn-0 bonds, so inaccuracy of the g value for Zn-0 could

..explain the difference between calculated and experimental

0
for Zn-0, as for Al-0 and Si-0, waé not possible because of

-the smali nmr data set for Zn containing minerals.
2.4.3 INOSILICATES

The large amount of cation substitution, inciuding

‘paramagnetic fons, causes very poor resolution in many of.

the MAS nmr spectra of pyroxenes and amphiboles.

in the inosilicates there are several examples of

ocne broad expeﬁimental peak corresponding to the calcuiateq

3
values for two or more Si~sig§s. Pseudowol lastonite has one

peak at -83.5 ppm (Magi et al. 19852 Janes & Qldfield 1985)
for five tetrahedrél silicon sites which have calculated
shifts ranging from -82.0 to -83.3 ppm. In the spectrum of
the three Si sites of wollastonite, however, although two

Peaks overiap, one peak at lower fielid can be separately
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resolved GFIg.'?.7).

The 295i spectrum of clinoénstatite has twé
;ebafate peaks at -84.2 ppm and -81.8 ppm corresponding to
fhe calculated values of -84.6 and -82.2 ppm. However for
orthoenstatiite one broad experimental peak at -82.0
apparently conceals two peaks with calculated values of-
85.2 ppm and -82.5 ppm. |

The 0.6 ppm difference between the calculated
shifts for the two T-sites of omphacite would be unlikely
to produce separately resolved peaks. There is only one
peak in the experimental spectrum at -85.4 ppm.

Benitoite (BaTiSiz0q) is lisfed with inosilicates

because {t has two bridging oxygens between silicate groups

although it has a tight 5i309 ring. [t behaves anomalously

when studied by other speCtroScopic techniques and has an
unexplained brilliant blué colour (Dr. Glen Waychunas,
Stanford Universfty, personal communication). The value of
E of 5.3 ppm could be due to an unusual. electronic state

caused by the tight 51309 rings in the structure.

a

2.4.4 PHYLLOSILICATES

As with 1inositicates, phyllesilicates are subject
: _

to considerable cation substitution producing broad nmr

peaks for most naturally occurring minerals.

Separately resolved peaks (Sanz & Serratosa 1984)
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Figune

2.7 2951 MAS  nmr spectrum of
(Williams (Sherriff) 1984),

(4 mark spinning sidebands)

woilastonite
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coﬁld_be correlated _witHA Ca]éulations ' from different T-
‘sites only Forimﬁgééyiﬁé (Appéndix.VIII). There was only
one peak 1n“_égchﬂ;2951 'nmr‘flgpebtrum' for all other
phyilosflrcaté$: lTﬁé. dif#ereﬁce% 'ih- environment between;
_tetrahé&raI!sitéé;in each}hine?al are Qery small, producing
differences between :ealculaggd' va;ues of chemical shth
that would not be resolvable ﬁn HAS_§pectraj
2.4.5 TECTOSILICATES . CT 4
Most tectosflicateéf,havg the possibility of Al1-Si
disorder in tetrahedral s!%es. as well as disorder among
cat fons in other sites. gkjy structures with little or no

. — . P . .
Al-Si disorder reported; in the structure determinations

-
were used in the production of the correlation because the

ca]culatiohs are extremeyyhsensitiVe to T-0 distances.

The nmr data Forfa}l tre silica polymorphs are from
Smith and Blackwell (1983). in which all the spectra are
figured, so that an estimation of spectral resoiution could
be madg. |

The spectrum ;oF tridymite consists of a broad
envelope of ~ peaks with three maxima at -109.3, -111.0 and-
114.0 ppm and  shoulders at =112 and -113 ppm. The
calculated values of éhemica? shifts for the tﬁe}ve T-sites

in tridymite (Baur 1977) ilie between —109.5 and -116.6 ppm.
; .

The twelive sites are;%ssigned to the five experimental pkak

‘ '
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60
positions by ordering the calculated values (Appendix
VIIL).

Quartz and coesiterhave & values between 1.6 and
3.8 ppm to tow field (Appendix VIII). Janes and Oldfield
(1985) used quartz, cristobalife.and_the Tl site o# coesite
to calculate their EN véiue for Si0. Their £ value for the
T2 site of coesite was onl?‘O.? pPpm to IOQ field.~' ’

There are éeveral reported wvalués OF. ngi nmr
chemical shift for quartz. "including one measured on a
synthetic samplte, which all give results within 0.3 ppm of
—-107.1 ppm. wrigﬁt-gnd Lehman (1981) published structufel
refinements from neutron diffraction data of a synthetic
quartz crystal at 25 and 590°C. Calculations of che&ical

shift wusing these structdres give values of -104.8 and- .

110.3 ppm for the low and high temperature structures. N

-
g l'

The low temperature ordered end members of the
alkali Feldspag series, albite and microcline, both give .
three peaks reilating to the three siliébn containing
tetrahedral sites in the mineréls (Fig. 2.8). The central
spectra of figure 2.8 are of perthitic intergrowths of the
two ﬁinerais and show very clearly the difference in %
chemical -3hift. of +he outer two peaks of élbite and
Eicroclineisj;:;:e differences between fhe experimental
spectra of albite and:‘microc}ine' are reflected in the
cglculatEd peak positions (Table 2.2). The values of E for

alkali feldspars are under 2 ppm compared with those of
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Figure 2.8 2951 MAS nmr/spe&tra,of aﬂbfte/microcljnef

. perthites (Sherrtﬁ% & Hartman r984),f'
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TABLE 2.2

295i'peak allocation for feldspar minerals

Si site : ~ Chemical shift (ppm) .
Measured Calculated

albite NaAlSi

30s . _

Tom . -92.8 -93.5 -96.6*
T20 - : - -97.1 . . ~97.3  -99.3»

Tym _ -10¢.9 ~102:9 -104.8*
,oligoclase (Na, Ca)[(Al,Si)Ale 08] L g
Tom ) -5278 ~93.5
T|m ' ~104.6 -102.6 .
mrcrocltne KA181 Og ’ . . '

2m _ . = ) -100.2 . -100.2 -i0l.5%
T50 ~97.1 -97.6 -98.4*
Tlm . =94.7. -96.3 -97.1*
anorthite Ca[Al Si,0g1 ' . _ : '
T,(0000) -82.7 -81.9  -81.7**
,TI(UUIDJ , -82.7 . -81.9 -83.0%*~

(mz00). : -89.3 ~f9.0 —91.1%»

Tl(mznO) -84.7 -86.8 ° -89.6%*
T2(0z00) -82.7 -=83.6  —-83.0%*%
T5,(0zi0) - -84.7 -86.4 -85.5%*
T5(m000) -84.7 -86.1 ~84.8%*
T5(m0i0) -84.7 ~86.5 —86.3%**-

* values of chemical shift calculated by Janes and Oldfield
(1985)

. . ] R
"* Values of chemical shift from simulated spectrum of
IOO from Val Pasmeda (Ktrkpatr1ck et al. 12988).

+



dénes and Oldfield (1985) which are up to 4.3 PPM

: ﬁThe éilocation of tﬁé' three peaks {n-thg quctrum
of a]bgfé to silicon sites agrées with previous ones. The
peak-at ~104.9 is due to fhe.Tlm site, that at -97.1 to the
TZO éite and at ‘—92.8 to the T,m site. The difference
between the chemical shift of the T m peak in tﬁe pure
endmember albite from Amelia courthouse locality (Réyal

Ontario Museum ngmber Mi3943) at -104.9 ppm and the value

of -104.6 from a siightly less pure sample of oligoc]ase~

{BLs036) is reflected in the 0.3 ppm difference between -

calculations of chemical shift from the diffractyjon
structures of. Amelia albfte and oligeclase (Harlow & Brown

1980: Ribbe et _al. 1969).
29 '

.

solid solution series show considerable variation (Fig.
2.9;.‘The ordered end members albite and anorthite both
have three distinct peaks but inltermediate ﬁompositions
show a combination of these 'six peaks plus many otheE
overlapbing peaks giving ‘broad envelopes of peaks wiﬁh very
little fine structure. This s due to the complex system of
intefgréwths, 'efsolution .textureg, twinning.and\disorder
present in feldspars with tompositipné bztween albite and

anorthite.

The spectrum of ordared anorthite, from Miakejima,

Japan, has three peaks at -82.7, =84.7 and -89.3 opm with

relative peak intensities Jin the ratio of 2:5:1'(Fig.
! ) ’

[

Si MAS nmr spectra of the plagioclase feldspar
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Figure 2.9 <2°Si MAS nmr . spectra of the plagioélasé
feldspar series (Sherriff énd'-Hartﬁan_‘

' '1984) .
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2.9e). In the structural refinement of Wainwright and
Starkey (l97f). carried out on An100 anorthite from Val
Pasmeda, there are .16 crystailographically nonequivalent
sites; efight containing silicon surrounded by four aiuminum
nextAnéarest neighbours. The éér]y techniques of assigning
peaks on the grounds of number of aluminum next nearest
neighbours would be useless rin ihterpreting this spectrum
(Lippmaa et al. 1980, 1981). Calculatisns of the eight

possible 295i chemical shifts (Table 2.2) give two values

of —81.9_and one of -89.0 ppm which correspond very well to .

the outer peags in the experimental spectrum. The four
calculated shifts of about -86 ppm and the one of -83.6 ppm
have been allocated to the broad resonance with a maximum
at -84.7 pbm. |

Kirkpatrick et af. (1988) resolved six peaks in the
2951 MAS nmr spectrum of a sample of anorthite from Val
Pasmeda. They sfmulatedn tﬁe spectrum with 7 peaks which
have been assignf?! to the calculated values (column‘B,
Table 2.2) and give £ values of up to 2.1 ppm.

There are +two peaks, at -88.1 and -85.! ppm in the
2951 MAS nmr spectrum of nepheline (Fig 2.10). The initial

interpretation of- the spectrum (Lippmaa et al. .1980;

Wiltiams (Sherriff) 1984) was that the two peaks were due
to silicons with either . Si{4Al) or Si(3A] 157)
configurations. Stebbins et al. (1986), on the contrary,

allocated these peaks to the T5 and T; sites respectively
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s

. Figure 2.10

g"r N ‘
4"‘
."
- \.

‘2951 MAS nmr spectrum of nepheline

(Williams (Sherriff) 1984).
) ,
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both with four aluminum next nearest nefghbours. As TS is

-

on a special site and T, is on a general site the ratio of

the two sites is 1:2. The ratfo of Iintegrals of the two nmr

peaks is approximately 1:3.

) The' structure of nepheline is supposedly ordered

(Simmons et _al. 1972) with each silicon sffé surzounded by
four aluminum next nearest neighbours. The two Si sites'are
very similar, except that cne site is ¢lose to three éoaium
atoms and the other to two sodiums and one potassium.
Calculations of chemical shift of the two.site's
give equal values of -88.5 ppm. I[f about 257 Al-Si disorder
is allowed +vor, by Increasing all the AI-0O distances by
0.05 A and decreasing all the Si-0 distances by 0.05 &, the
calcu}ated value of chemical shift for both silicon sites
with four aluminum next nearest neigbours is -85.8 ppm.‘!F
the chemical shifts are Tecalculated with one of the
aluminum neighbours replaced by silicon and the bond
distances changed accordingly, the results are ~89.2 and
—89.8'ppm (Table 2.3). These changes in bond ltengths result
in méan 5i-0 distances of 1.605 and 1.581 & and mean A1-0
distanges of [.765 and 1.770 A, which are not abnormal Si-0

and‘AI—O dfstances;

There is dsualily an exceis of silicon over aluminum

in the stoichiometry of nepheline. (Merlino 1984). Each
excess, sflicon in an aluminum site would create four

silicons with three instead of four aluminum next nearest
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TABLE 2.3

-295i peak allocation for nephel fne

b‘I,.

Chemical shift -(ppm)

Si site Measured Calcuiated

Tg (4A1) -84.9 -88.5
Tg (4A1) -88.3 -88.5

. {Si-0 - 0.05 &, Ai-0 + 0.05 &)

Tg (4A1) -84.9 -85.8
Tg (4A1) | -84.9 -85.8
Tg (3A11Si). -88.3 -89.2

TG (3A11S1) . _88.3 \ -89.8



neighbours. Stoich}ometric amounts of B.5 sigicon atoms and
7.5 aluminum atoms would mean thaz_ 25% of the Si sites
would have SI(3A1  1Si) comfiguration. Very 1ittle
additional disorder is neceésary to producé the 3:i-ratio
of peaks observed in the nmr spectrum. |

Natural zeolites +tend to_ give extremely poorly
resolyed 2937 MAS nmr spectra due to the amount of disorder
possible in the =zeolite structure. Theﬁe-'can'be Al-Si
disorder in the tetrashedral sites, cation disorder in other
sites and variation ‘n position of cations which aré
loosely bonded in the cavities. There is also the
possibi{ity of dipolar interactions with H in HZO
molecules in the cavities which couid cause splitting of
peaks aﬁa hence many overlapping resonances.

‘The zeol ites wused for 'che correlation; scolecite,
chabazite, gmel{nite. thomsorite and heulandite, are all
supposed to have aluminum and silicon ordered into
different T-sites (Faelth & Hansen 1979 Smith & Rinald
1963; Galli et al. 1982; Albert et al. 1981; Merkle &

Slaughter 1968). However the values o? E from 0.03 to 5.3

ppm  reflect both disorder in the minerals used for the

diffraction data and also the poor quality of the nmr data
due to broad overlapping peaks. Janes and Oldfield (1985)
also found valuesi-of £ of up to 4.9 ppm for a range of

natural and synthetic zeolites.
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2.5 CONCLUSIONS

As a resulé of this study an excellent predictor of
2981 MAS UnmrAhas. been constructed thch can pow be used
togethér with  stFucture modelling to study the atomic
‘stfuctuﬁe of minerals, even 1F. they coqtéin cation

disorder.

There -is ‘a very strong relationship between 295
chemical shift calculated from equations .3 and 4 and
experimental values.

Some differences between calculated and
experimentaf values of chemical shift can be reconciled
with'diFFefences between chemistry and structure of samples
used for structurai and nmr data. The valueé of § in these
calculations are less than those of Janes and Oldfield
(1985).

Calcujated chemical shifts for-Si(45i) environments
are often to low magnetic field of the experimentad values
. and those for S5i(4A1) sites to high magnetic field of the
experimental wvalues. This could be rectified by changing
the values of rg for Si-0 and A1-0 and hence changing the
slope of the correlation line. However orthe and
sorosilicates would theﬁ nmo Tonger lie along the'same
straight line. It is possible that the correlatTon‘is not a
_stiraight line but a curve. Calculating the eguation for

such a curve would introduce a much greater level of
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complexity into a beautifuliy simple correlation.’

A plot of ¥ (from eqdatﬁon 2} againsg;experimentaf

chemical shift & gave a correlation coefficient oF-0.973;

- -

Extensive calculations resultfnﬁ_jn changes in values of EO

and terms for angle a gave a better relationéhfp with a

correlation coefficient of 0.986. Further changes in Ty and

terms for angle « may result in marginal improvements but
: . 1

give diminishing returns for the amount of time and money

Ed L

used for calculations.
One important aspect of this study is the
r
information about the size of the sphere of atoms

)
influencing chemical shift. Symmat?Bhé of geometric

¥unctions were calculated at 3.5 A intervals to 10 A.-

Although this gave some correlation within a small groug_oF
minerals, ‘the sillca polymorphs;' it wvanished when other
silicate structures were added. Th? only correlation found,
common te all silicate minerals, was between the cations
bonded to the ferminal oxygens of ' the silicate group and

N
the chemical shift of -the central silicon. Therefore the

sphere of influence is very local, betweeén 2 and 4 A. If

other cation-oxygen bonds within this zone were included
the “discrepancy beéheeﬁﬁ célculated and measured chemical
shift increased.

The approach to ‘the Einterpretation of MAS nmr
spectra develgped‘ in this* study; that of simulating the

crystal structure witH a computer graphics program and
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examining the Immediate environment of an atom, can be

-

" applied to other 2951 structures énd_lused to investigate

MAS. nmr of other magnetic nuctei.

‘.
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,. scapolite, a partially disordered minerai system.

CHAPTER 3 N

CATION ORDERING IN THE SdAPbLI¢E MINERAL SERIES

!

3.1 INTRODUCTION

MAS nmr s here used to study cation ordering In
295, .

27 23 13 29

Al, Na, énd C MAS nmr spectra are measured and Si
chemical shifts are calcu;a d /from equations ‘3 and 4 in
chapter 2. An ordering “§X§ﬂg;/is developed for both Al-Si.
and for the alkali cations and .anions by taking into
consideration both X-ray and nmr data. A comparison of the

relative intensities of the 295i

peaks anticipated from the
ordering model! with the intensities of peaks fitted to the
experimental data_is used to estimate the véﬁidity oF_thé .
structural model.

Considerable interest fn scapolite has been
generated by the proposal that meionite scaﬁolite is a
reservoir for CO2 in the lower crust (Newton & Goldsmith
1975) and also by the recent discovery of scapolite in a
chondritic mefeorite (Alexander et ai. 1987f.

A number of crystal structure refinements hdve been

reported on scapolite, covering a range FF meionite

contents., Those refined with the 14/m space group are 21.39%
73
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Me (Pabiké & Zoltai 1965), 70.1% Me (Papike & Stephenson

1966}, T77% Me (Peterson et al. 1979}, and a synthetic

suifate free sample with a composition of 84% Mé (Altkin et

al. 1984). Lin & Burley used P4,/n space group for the
reFinemenf of samples containing 21.3% Me (15738). 52% Me
(1975) and 92.7% Me (1973b) as did Levien & Papike (1976)
for a 33.5% Me sample (ON6A}. Levien & Papike also studied
thermal effects on ONSAkup to 10G0C. s L

Duplicate analyses of Scapo]iteusémples from thé
same locality can cause some confusion. The analysis of ON8
in Shaw (1960a) gives a compeosition of 19.47 Me compared to
21.3% Me produced by a later analysis by Evans et al.
(1969): Papike & Zoltai (1965) and Lin & Burley (1973) both

refer to the §arlier ‘analysis of 19.49% Me. To simplify

matters fn this thesis, the later analysis of 21.3% Me is

used even in reference "to papers which gquote 19.47% Me. A’

similar problem occurs Iin the analyses of scapolite from
Monte Somma. The analysis of Evans et al. 1969 - gives a
meionite content of 92.7%. Both Lin & Buriey (1973b) and
Ulbrich (1973) round this figure to 93.07% Me. The sample of
MONTE séapo!ite provided for the prmr analyses has been

found by D. Moecher (University of Michigan, personal

communication) to have a meionite content of 91.0%. In this

case the meiqnite content of 91.0% is used for the nmr data
and caiculations and 92.7% for the diffraction data of Lin

& Burley (1973b).
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3.2 THE STRUCTURE OF SCAPOLITE

Scapolite is a Framéwork aluminosilicate;
" , A

compositions define a solid solution series with end

o L mbers marialite, N84A135i9024Cl. and meionite,
Ca4AISSi6024CO3. Between 0 and 75% meionite, the
substitution is between CajAi,C05 and Na3Si,Cl, but from

75% to 100% meionite it only involves CaAl and NaSi (Lin
1971) . ‘

There are three tetrahedral (T) sites in the
scapolite structure ‘containing silicon or aluminunm. The T2
_ahd T3 siﬁes are geometrically ifdentical in the [4/m space
group but differ slightly in position in the P42/n space
group. '

The tetrahedral sites form four-membered rings,
efther consisting of Tl sites or of alternating T2 and T3
sites perpendicular to the ¢ axis (Fig. 3.1). The T2-T3
four-membered rings are Joined".parallel to the ¢ axis to
form chains that are linked to the Tl rings and form a
series of five membeged rings (Fig. 3.2). This rigid
framework has large cavities, which each contain Fogr
sodium or calcium cations and one chloride, carbonate or
sulFéte anion.

Perfect Al-5i ordering has been inferred, from

X-ray data, for scapolites with a composition of 37% Me
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Figure 3.1 The structure of scapolite viewed along

the c-axis (Sherriff et’al. 1987a).
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Figure 3.2 The structure of scapolite vieyed.élong

:"‘/Na: 55 (Sherriff et al. 1987a) -

-
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(Lfn 1971, Levien & Papike 1976). In this mineral, which
has a ratio of Si:Al of 2:1, the T2 site contaihs only

aluminum and the T1 and T3 sites silicon. With less

aluminum (0-37% Me), aluminum and silicon become djsorderéd'

between T2 and T3 sites, but the Tl site contains only
silicon. In thqﬂmore alumincus compositions (37-1007 Me),

aluminum and silicon become brogressive]y distributed over

all three T sites with a theoretical 507 aluminum occupancy -

of each site in end-member meifonite (Lin 1971).
Lowenstein’s rule (1954) that A1-0-Al |inkages are
unstabfe in aluminosilicates cannot be obeyed in scapolite
with greater than 37% Me as the five—-membered rings do not
allow for complete alternation of aluminum and silicon (Lin
1971).

A 3

3.3 EXPERIMENTAL

MAS nmr _spectra were obtained on a series of
" powdered scapolite samples with compositions between 21.3
and ¢91.0% Me, covering the entire range of nafq}ally
N
occurring compositions (Table 3.1). A magic angle spinning
probe (Fyfe gt al. 1982) with Delrin rotors was used with
(i) a Bruker WH-400 muitinuc?ear Fourier Transform nmr
spectrometer equipped with a 9.4 Tesla superconducting

magnet and (ii) a Bruker CXP-200 spectrometer with a 4.7

Tesla superconducting magnet at the South Western Ontario
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A \ . o TABLE 3.1 ) ‘
' u\ - Scapolite samples used for nmr ahalygés

|

N ‘3 \‘- . ‘ )
- Sample# %Meionite. Rock Type
= b )
S

L

Local ity .

% -W
\
3

syenite pegmatite

ON8  '21.3

) TANZ 59.5 hbol.px.granulite
ON7 33.3 calcareous gneiss
GL 34kl marble

ON70 39.5 -

44.5

CA63A qumatftic skarn
MAD 45.2 -

Q26 48.2 Pegmatitic skarn
Ql3 51.3 Px. gneiss

MIN ' 56.8 Skarn

ONZ27 59.3 Pegmétitic skarn

Q85 65.2 Pegmatitic skarn

BOLT 69.5 Marblie pegmatite
ON47 79.6

MONT

Gooderham, Glamorgan Twp. Ont. *
Morongoro, Tanzania. il
Monmouth Twp, Ontario. *

Gib Lake, Pontiac Twp, Ontario *.

MeWapwa, Tanzania._ | *
Grand CaiQmet Twp., Quebec. .
Madagascar. | ol
Clapham Twp, Quebec_ | »
Huddersfield Twp.,Ontarid *
Minden, Ontario. .
Olasteadv{lie, New York. U.S.A *
Huddersfield Twp., Quebec *
Bolton, Mass., U.S.A. "

Calc.silicate schist Slyudvanka, Siberia, U.5.5.R *

. 91.0 Vugs in limestone Mount Vesuvius, Naples, (taly **

* Donated by D. M. Shaw. McMaster University.

Chemical

Localities from Shaw !960a

analyses from Evans et al.

1969,

** Donated by D Moecher, University of Michigan.

Analyses from D Moecher (personal

communication)}.



‘EMR-Centre“_at Guelph UniyersityL The samples were spun at
approximately 3500 Hz af the Magic Angle of 54.7° to the
magnetic field.

2951 MAS nmr spectra were recorded at a freguency of
79.46 MHz on the Bruker WH-400 instrumeﬁt, with 8192 data
points using a spectral width of 25000 H=z, 30° pulses and a
5 seconds relaxation delay between pulses. A .range'oF
relaxation deiays from 0.1 to 30 s were tried on thrée
samples ON7, ON70 and ON47, but no difference in resolution
with relaxation delay was observed, in contrast to the
findings of Sherriff & Hartman (1985) on cegrtain sampies of

29

feldspar. MAS nmr spectra were also recorded on the

Bruker CXP-200 instrument at 38.73 MHz with 30° pulses and
a 5 seconds delay petween scans. Chemical shifts were
. 7

found to be reproducibie to + 0.1 pbm on both instruments
and are reported in parts per million of the magnetic field
with reference to tetramethyisilane (THS)..

27AI and 23Na MAS nmr spectra were recordéd‘ on the
Bruker WH-400 instrument at 104.23 and 105.80 MMz
respectively, with 15° pulses and a 0.3 secondi relaxation
delay between pulses. The. chemical shifts of 23Na were
measured with reference to 0.1M aqueous solution of NaCl,
and those of 27A1, with reference to [AI(H20)6]3+ in a
saturated aqueous solution of AI(CIO4)3.

13

C MAS nmr spectra were recorded on the Bruker

CXP200 instrument at 50.32 MHz, with 30° pulses and
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relaxation delays betwgen pulées ranging from 5 to 60
seconds to aéhfeve optimum strength oF'tHe signat.

.Peaks were fitted to the complek 2951 specfﬁa.
using a least—squares iterative curve-fitting program
written for the deconvolution of Lorentzian peaks. The
'width of fhe peaks ét half height was constrained to be the
same within each spectrum, although they were allowed to
vary between spectra, as the F;ctors which affect width of
peaks would be expected to be constant for all sites within
one sample. |

MAS nmr peaks actually have both Lorenézian and
Gaussian components and the Fit?ing procedure couid be
improved by including a function which fitted an
experfmental peak shape. However it is extremely difficult
to find a MAS nmr peak which is definitely from only one
environment to provide the inftial peak shape. ft was
decided that the error in Fitt}ng peaks to the broad MAS
nmr resonances was so Ia;ge that using an experimentally
derived peak shape would give minimal  improvement in the
accuracy.

Relative intensities of the 22sij peaks were found
from the curve-fitting program and also by cd%ting out
“individual peaks from the plot and weighing them. Both
methods gavé éimilar accuracy and reproducibility for the

simpie spectra, but the weighing technique was judged to be

less accurate for spectra with many overlapping peaks.
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2951 chemical shifts were calculated . using the

correlation ?of all possible _ Al-5i next nearest neighbour
configurations for the three tetrghedrai sites of scapolite
with '21.3% Me' (Lin & Burley 1973a), 33.5% Me (Levien &
Papike 1976), 527 Me (Lin & Bﬁ;ley 1975) 70.1% Me (Papike &
Stephenson . 1966) and 92.7% Me (Lin & Burley l973b):
Calculations for 21.3%Me, 33.5% Me and 52% Me also allowed
for the adjacent alkali cations being either Na or Ca.
These ca]culated peak'positions were used to allocate peaks
fitted to the experimeqtal 2951 MAS nmr of scapol ites with

.
similar chemical composition. : 7

N

3.4 RESULTS AND DISCUSSION '

3.4.1 2931 MAS NMR SPECTRA

ngi MAS nmr spectra of scapclite vary considerably

with meionite content. The peak positions ‘for each sample,

measured directly from the spectra, are listed in Table 3.2

and }epresentative spectra throughout the series are shown
in figure 3.3. For samples ON7 (33.3% Me) and GL (34.1% Me;
Fig. 3.3d) there aﬁéAon1y two peaks, at -106 and -92 ppm.
0N8.(21.3% Me; F}g 3.3e) has the same two peaks plus poorly
resolved pegks betweenl—QS'and -100 ppm énd at -110 ppm.
As tnhe meionfte?ééhtent incregses beyond 40% Me the higﬁ

field peak at ~IQP ppm diminishes 1{fn size, and that at
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TABLE 3.2 °

?951 MAS nmr parameters
Sample -%Meionite : Peak Positions (ppm)*
ON8 21.3 -88.9 -91.8 -95.4 -98.0 -100.8 -105.8 =110.6

. _ - .
TANZ 29.5 -91.4 -91.9 -92.5 -97.7 -102.4 -105.8 -106.1 -110.5
. \ . _

ON7  33.3 -92.0 | ~106.2

GL 34.1 . -92.1 -106.2

ONT70 39.5- 7 -92.1 - -lo0.8 . -106.3 .
CA63A 44.5 -87.9 -92.0 -92.4 . —{o6.2

MAD  45.2 -90.9 ~91.6 —92.4 ~101.0 -105.7 -106.1 ~106.6
Q26  48.2 -88.1 -91.9 -92.3 ~100.2 -106.4
QI3 51.3\ -87.3 ~91.6 -95.3 ~101.0 ~102.6 -1q;.4

MIN  56.8 -91.1 -92.8 =-95.5 o -101.5 ~106.1 -106.4
ON27 59.3 -89.0 -91.7 -98.9 -101.0 =102.8 ~106.8

Q85  65.2 -87.6 -91.5 ~99.2 -101.2 ~102.7 -106.5

BOLT 69.5 -86.6 ~90.9 —-92.7  -100.5 -102.3 —~106.1 -106.9
©ONA7  79.6 -87.6 -90.8 -  —-99.6 ~101.6 -102.7 -106.7
MONT  91.0 -87.2 -90.5 -95.6 , - =101.9 . =106.7

*Peak position measured diréctly from spectra

‘ . -, - -

(‘l
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Figure 3.3

295y . MAS nmr spectra

'_samples; (a)fHONT (91.07 Me)

' {
(b) ON47 (79.6% Me) -

(c) QI3 (52% Me)
(d) ON7 (33.3% Me)

(e) ON8 (21.3% Me)

(Sherriff et _al. 1987a) .
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approximately -100 bpm increases. ' This is shown in the
specfrpm of Q13 (51.3% Me; Fig 3.3c). At‘léhe higher
mefonite content [79.6% (ON47) and 91.0% Me (MONTE): Fig
"3.3b and . 3;3ajﬂé " Jow Fieid_=peakrabpéars Vat'—BB_ppm, and
‘those at: -106 and ~100 ppm diminfsh in size relative to the

peak at —-96 ppm.

Fitting peaks to the 29Si spectra of GL (34.17 Me),

using calculations based on the structure. of ONGA (33.5%

‘Me) (Levien & Papike 1976) shows that even the simple
two-peak spectrum of this ordered stru;;ure contains at
least two absorptions giving rise to each peak (Fig. 3.4).
Since there are only two major Si-Al configurations
possible in this structure;-Tl(ESilAl) and T3(1Si3A1), the
division into further peaks must be the effect of having
either Na or Ca as adjacent cations. Magi et al. (1984)
reported that replacing sodium by calcium produces shift to
high field in the adjacent silicon atoms. In some
structures this effect could be considerable, e.g. 8.8 ppm
for dehydrated lCa—Y zeolite (Grobet et al. 1985) although
it appears to be much less in the case of scapolites.

The jg]ues of chemical shift were caiculatéd for
Sfl(BSi 1A1) and Si3(1Si3Al) configurations, for 33.5% Me,
in which ali'the surrounding cations were either Ca or Na.
In the ca]culatigns only the type of caticon was changed as

from the X-ray data there 1is no indication oF_giFFerent

positioA% for Na or Ca.
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TABLE 3.3 -

2951 MAS nmr chemical shift calculations for

34% meionite scapolite

S

Chemical shift (ppm) . .

Si site . Measured®* Calculated** Calculated®*** #_qf;Si
TE(IAl 3Si Na) -105.5 " '=104.1  -105.9 ' " 1.9 -
TI1(1Al 3Si Ca) -106.4 -104.8 -106.7 1.9 ° 7
Difference 0.9 6.7 0.8

T3(3A1 1St Na) -91.4  -92.7  -92.8 1.8 .

T3(3Al 1Si Ca) -93.9 -95.1 -95.2 1.1
Difference 2.5 2.4 2.4

T3(4A1 Na) -86.4 : -87.4 0.3

T3(4A1 Ca) -89.4 . -89.9 0.6
Difference _ 3.0 - 2.5

* Values of chemical shift from peaks fitted to the
spectrum of GL (34.1% Me) (Fig. 3.8).

*u Calculatéd using equations 3 and 4 and atomic positions
given in Levien and Papike (1976) For.sample of 33;5 ZMe. |
*#* 5% Al estimated in all! T sites: Si-0 - 0.01 &, AI-O +

0.01 &, structure of Levian and Papike (1976) for 33.5 %Me.



.AnT;‘ For the TI site the calculated leFerence between

the calcic and sodic peaks i 0A7 ppm "and the measured

vatue From the Fltted spectrum is 0 Sfppm. For the T2 sfte

this calculeted diFFerence | 2. 4 ppﬁ 'and the measured
‘ diFFerence s 2.5 ppm (Table 3 3). The T3 site 1Is closer to
the alkati catlohs that the Tl and therefore changlng from
rNa to Ca has more eftect on the chemical shift of the T3
site than of the TI.

There is a change in the position of the TI(3SilAl)
peak across the serifes from —-105.8 ppm for ONB, the most
sodic scapolite, to -106.7 ppm for MONTE the most caicic
one. This wvariation In chemical shift can be correlated
with an increase in number of S5i sites adjacent to calcium
and hence' in the relativellntenstty_cF the high-field peak
Wwith increasing meionite content.

In view of these results for GL, 2957 MAS nmr
chemical shifts were calculated for environments with
either all Na or all Ca adjacent for compositions o? 21.3%
Me and 52% Me. In scapoiites with compositions more calcic
than 70% Me there are only insignificant amounts of Na and
so‘the calculations from the structures of 70% Me and S1.07%
Me were carried out only for calcic environments,

X—-ray leFraction techniques cannot easily
differentiate between Al and Si as they have similar
" scattering factors. Therefore T-0 distances for any

tetrahedral site containing both Al and Si are averages of

88



Al-0 and Si-0 values. ln these eases,Si—O distances ;ound
from X-ray data are longer than the true value and Al-0
distances ehorter. |

The T1(3511AI) site in all scapolite spectra can
be al]ccated to a peak at about -106 PPM by comparfson with
the spectrum of the ordered 34.17% Me scapolite. T-0 bond
distances were changed during calculations of chehical
shift, initiaily in accordance with the- Al-Si ordering
estimated by Lin (1971). Other minor adjustments to the T-0
distances were then made, allowing for differing amouﬁtg of
Al-Si diserder, until the calculated value for this peak
was within | ppm of the experimental value. The difference
between the pure Si-0 and AlI-O distances, taken from Lin
(i971) to be 0.16 &, could then be used to estimate the
amodnf of Al-Si disorder in any T-site.

Caiculations of chemical shift for the TI(3Si 1A!)
configuration of the supposediy ordered structure at 33.57%7
Me gave values of -104 ppm instead of -106 pPpm. (Tabile
3.3). The T3 site caleculations agreed with the measured
value at -92 ppm. |

[f 0.0l & is added to a]l the A1-0 bondiengths and
subtracted from the Si-0 lengths, allowing about 5% Al-Si
disorder in all - three tetrahedral sites, then the
calculated value for T1 becomes -~i06 ppm but the T3
calculation remains the same at -92 Pppm. The calculation

for the T3 site remains the same because the increase:in

89



the length of three - Al~0 bonds is cancelled by shortening
the. five Si-O0 bonds in the calculation. In the case of the

Tl site  there are .seven S{-0 bonds and only one A1;O'bond

involved in the calculation. Thus 5% disorder in all sites

gives'calquated results that fit the measured ones.

This disorder can also be seen by examination of

the structure from the X-ray data, as' the mean T-0

_bondlengths for the T1 site are 0.00!5 A }longer for 33.5%

Me than for the structure of 21.3% Me, indicating'that'the

decrease in the amount of Al in the Tl site continues past

33.5% Me to at least 21.3% Me. This“is' contrary to the

ordering scheme proposed by Lin (1971) in which there is no

Al in the Tl site at composftioné more marialitic than 37%
Me. |

Ca]culaﬁed chemical shifts for 21.3% Me, 51.3% Me,
70.1% Me and 91.0% Me were used to allocate the peaks
fitted to each spectrum and estimate the number of Si atoms
in each environment from thékrelative intensities of the
peaks and the chemical analyses. The calculated and
corresponding experimental values of che&ical shift are
given in Tables 3.4, 3.5, 3.6 and 3.7 which also include an
estimation of the silicon content of each site and the
changes in T-0 distances used 1in the calculations. The
correlation between experimental and calculated values is
very good especially when the type of adjJacent alkali

cation is taken into consideratiocon. .

- 90
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TABLE 3.4 .?

Calculated 295i chemical shift for ON8 (21.37% Me)

Chemical shift (ppm)

Si site - = Measured* Calculated** # of éi atoms
© TI(4Si OAl Na)  ~111.0 ~110.6 . 0.26
. T1(4S1 0Al Ca) =111.0 -111.0 0.26
T1(3S7 1A]1 Na) -105.2 -105.1 ‘ 1.34
T1(3Si 1Al Ca) -106.4 -105.5 - 1.93
T2(2Si 2A1 Na) -98.4 =~ -99.3 0.61
T2(25i 2A1 Ca) -101.5 -101.5 .17
T3(25i 2A1 Na) -95.8 -98.7 ' 0.74
T3(257 2A1 Ca) -101.5 . —101.5 0.17
TZ2(157 3A1 Na) -Si.4 -92.4 0.6l
T2(1Si 3A1 Ca) -93.4 -94.6 0.58
T3(1Si 3A1 Na) -90.3 -91.9 0.56,
T3(1Si 3A} Ca)y - -92.4 ~94.2 1.06

* From peaks fitted to the spectrum of ONS

** From structure of ON8 (Lin & Burley 1973a) with
5% Al estimated in Ti: Sil-0 - 0.01 &, AI-O + 0.01 &
60% Al estimated in T2 : Si2-0 — 0.095 A, Al-@ + 0.065 A

- 30% Al estimated in T3 : Si3-0 - 0.05 A, Al-O0 + 0.11 A



‘ TABLE 3.5
295i MAS nmr chemical shi#t calculated for Qi3

51.3% meionite scapolite

Chemical shift (ppm)

Si site ~ Measured* Calculated**' # of Si atoms
T1(35i 1Al Na) =106.0 -105.5 1.2
T1{3Si 1Al Ca) -106.7 -106.3 1.3
Ti(251i 2A1 Na) -100.2 ~100.2 0.5
TI(25i 2A1 Ca) -101.8 -101.0 0.3
' T2(2Si 2A1 Na) -103.8 -100.3 .4
T2(251 2At Ca) -103.8 -i02.8 .4
T2(15i 3A1 Na) -94.1 © -93.8 0.2
T2(151i 3Ai1 Ca) -94.1 -96.3 0.2
T3(151 3A1 Na) -90.8 -91.0 1.0
T3(15i 3Al Ca)y . -92.2 -93.4 1.5
T2(0Si 4A1 Na) -86.9 -87.0 0.2
T2(0Si 4A1 Ca) -86.9 -89.5 0.2
T3(0Si 4A1 Na) ~-84.0 -85.8 0.2
T3(0S1 4A1 Ca) -88.8 -88.2 0.5

* Measured from the peaks'Fitted to the spectrum of Q13
** Calculated from atomic positions of Qi3 (Lin & Burley

1975) with:

107 Al estimated in Tl site: Si-0 - 0.02 A, AI-0C + 0.14 Aj.

807 Al estimated in T2 sfte: Si-0 - 0.12 &, Al-O + 0.04 A;

15% Al estimated in T3 site: Si~0 - 0.03 &, Al-0 + 0.12 A
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TABLE .3.6

295§ MAS nmr chemical shift calculated for

70% meionite scapolite

Chemical shift (ppm)

'Si site . Measured* Catcuiated** # of Si atoms
T1(3Si 1Al) -106.0 +=105.3 . 1.6
T1(251 2A1) -101.6 -100.2 1.0

b
TI(IST 3A1) -93.4 -92.5 - 0.5

. T2(25i 2A1) -97.9 -99.2 0.3
T3(25i 2Al1) - -98.6 ' ~99.2 ‘ 0.1
T2(1Si 3A1) -90.7 -92.7 1.2
T3(1Si 3A1) -92.4 -92.7 1.2
T2(0Si 4Al) -86.4 -87.7 0.4
T3(0Si 4Al) -88.3 -87.7 0.4

* Measured from peaks fitted to spectrum of BOLT 69.5% Me.
## Structure of 70.1%‘ Me refined in the [4/m space group
(Papike & Stephenson 1966); there is no crystalliographic

difference between T2 and T3, therefore the calculations of

chemical shift are identical. Calculations carried out with

25% Al estimated in T! site: Si-O0 - 0.04 A, Al-0 + ©.1Z Ag

S0% Al in bath T2 and T2 sites: §i-0 — 0,08 &, Al-0 + .0, 084
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TABLE 3.7

Si MAS nmr chemical shift calculated for

91.0% Meionite Scapolite (Monte Somma)

* From peaks fitted

“* 307%
| Si-0
Al-0
Si-0

A1-0

Al estimated

distances
distances
distances

distances

of

of

of

of

to

in

T1

T1

T2

T2

Si site Chemical shift (ppm)
Calculated** Experimental* # of Si,atdméz

Si1(3Si,1A1) -106.5 -106.5 0.3
$11(2S1,2A1) ~101.2 . -102.0 0.4
Si1(15i,3A1) ~95.5 ' -96.3 . 0.6

Sil(4A1) -89.9 - -90.7 0.7
S$i2(151,3A1) —92.7 ~92.3 0.6

Si2(4A1) -89.1 -87.3 ¢ 0.8
5i3(2Si.,2A1) -99.6 ' -100.3 0.7
Si3(1S7.3A1) -93.

2 -95.0 0.7

the séectrum of MONTE 91.3% Me
Tl and 50% in T2 and T3 sites:
sftes —O.DSIA

sites +0.05 A

and T3 sites -0.08 A

and T3 sites +0.08 A
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3.4.2 27A1 MAS NMR SPECTRA

- The 27a1  MAS nmr  spectra oFA scapolite consist of
one broad asymmetric peak at 57.8 +0.5 ppm (ng. 3.5, Tab}e
3.8). This is in the range of chemical shifts for Al in
tetrahedral configuration (Fyfe 1983). There is.a steady
increase in peak width with increasing content of aluminum
through the solid solution series (Fig. 3.6). There is also
a discontinuity of approximately 200 Hz between 45.29 Me
and 48.27 Me.

In scapolites with meionite content less than 37%
there is insufficient Al, for AI-O-Al linkages to occu;.
Therefore the only possible Al configurations are with four

29g;

St next nearest neighbours. chemical shifts calculated

for T2 and T3 sites are similar, and so these sites would

be expected to give very similar spectra. The

variation in the widths of 27al peaks is thergfore“related
. to the reiative intensities of overlapping peaks from
T1(4S1) with T2/T3(4Si) peaks.

If there were no Al in tﬁe T! site below 37% Me
there would be a minimum in the graph of peakwidth against
meionite content (Figu2.6) at 37% Me. The decrease in
peakwidth with decréésing meionite contiques beyond 379 Me

to 21.3% Me, implying that there is still some Al in the TI

site in scapolites with compositions below 37% Me and that

95



96

Figure 3.5

27AI MAS nmr spectra of

sampfes:

(a) ON47 (79.6% Me)
(b) Q2é’(48.2% Me)
(c) CA63A (44.57 Me)
(d) ON8 (21.3% Me)

(Sherriff et al. 1987a)

W

scapolite
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Al

TABLE 3.8

MAS nmr parameters

Samp]e. 2Meionite

Peak Position

Peakwidth at haif

{ppm) height (Hz)
. y - .
ON8 21.3 58.2 *+680
TANZ 29.5 57.9 .f 830
ON7 33.3 57.9 780
GL 34.1 57.9 880
ON70 39.5 57.7 970 .
CA63A 44.5 ' _57;9' 820
MAD 45.2 58.0 880
Q26 48.2 57.6 1110
Q13 51.3 57.5. 1120
MIN 56.8 57.6 1140
ON27 59.3 . 57.6 1170
Q85 65.2 57.9 1180
BOLT 69.5 57.5 1120
ON47 ' 79.6 57.4 1250

57.3

MONT

91.0

1250

97



.Figure 3.6 A . graph of 27ai

o ‘ . v 1987a)

-
L] ' ‘.
.
- . - .
o
. - ) L
. o>,
. ’ [+
18 “ Y
e
. ) .
. _
L)
. . 2 JEEN

*
]
_ -
-
.""
- -
. .- . '
-
1 - -
- Lo
w
- . +
'
“ .
: /.
- -
- 4
f -
-
-
-
v

¥

peak width plotted

N : - Bagafnst meionite content (Sherriff.et al.rfl‘



1500
1400
1300
1200

HOO

Peak Width gt Half Height (Hz)
L
@)
O

6500

700 _

.Nﬂb._..

7.

%w%ﬁ%mw.

o

. O Grenville scapolites

R
: .

*

i

>x—

N

T

| |

600

30

._,
40 50 60
% Meionite .

70

-80 90 100



this decreases towards the marialite end of the solid
solution series.
The discontiqqity tn. the plot of 27AI peakwidth

against meionitg contebtf(Fig 3.6), at about 457 Me; cah.be

related to.thefihtrqd0ction' of Al sites with 3Si and 1Al

next néarest néighbouré due to fhe higher content of Al.
The dohtinued.fncrease in peakwidth from 45% Me to 91.37 Me
is.caused by the Al(3S5ilAl) peaks increasing in relativg
intensity. This portion EF the plot has a ‘diFFerenf slope
to that below 45% Me indicating a different mechanism
~controlling the slope.

lThe specimens from amphibolite-facies metamorphié
rdcks of ‘the Grényi]le Province lie on two linear trends

(Fig. 3.6). Specimens from other environments deviate from

this trend, indicating a different degree of Al-Si order. -

3.4.3 SODIUM-23 MAS NMR

s

In  the scapolite  structure, sodium is -in

k]
1

asymmetric eight-fold co-ordination with seven oxygen atoms -

from the tetrahedral Framework "and one - chioriné or one
oxygen atom from a carbonate or sulphate group (Fig. 3.7).
Sodium-anion distances in‘ithe polyhedra vary from 2.35 to

3.02 A (Lin & Burtey 1973a) (Fig. 3.8).

23Na MAS nmr spectra’ of scapolite - all consist of

4

'very "broad lines with Jlittle discernabte Finé structUﬁe
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Figure 3.8 A plot of (Na,Ca)-O0 distances as a
function of meibnite conteﬁt‘(SheFriFf'gg

al. 1987a)
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(Fig. 3.9; Table 3.9). The spectra of ON7 (33.3% Me), GL

(34.1% Me; Fig 3.9b), Cﬁ%3A (44.5% Me) and MAD (45.2% Me)

~all have a shoulder at approximately 21 ppm. Fhis is

present but not as pronounced in the spectra of ON70 (35.5%

Me), Q26 (48.2% Me) and BOLT (69.5% Me).

The relatively symmetrical peak at -14.7 ppm of the
23
sodium adjacent to chlorine and the peak at. -15.7 ppm from
MONT (91.0% Me) to sodium:adjacent to a carbonate group;
The shoulder at approximately -21 ppm in the spectra of
scapolite containing between 33.3 and 45.2% Me (Fig. 3.9b;
Table 3.9) is in the wrong position to be a direct overlap
of peaks from Na éfoms‘close to Cl or C03_

One possible explanation ?br the shoulder at 21 ppm

is that the increased asymmetry of the sodium sites in this

compositional range produces additional quadrupolar

distortion or shift in some of the 23Na peaks. This

asymmetry can be seen from a plot of (Ca,Na)-0 distance

against meionite content (Fig. 3.8). Bond distances between

alkali cations and 02, 03 and 04 do not vary significantly

. across the series. (Na,Ca)-05 and (Ca,Na)-06 diverge by up

to 0.20 A between 337 and 50% Me-but converge toward both

"end member compositions.

The composition of scapolite at which the shoulder

Na spectrum of ON8 (21.3% Me) (Fig. 3.9c) is due to

102

at 2! ppm vanishes, 457 Me, corresponds to the composition’“’l

at which there is a sudden increase in the 27A] MAS nmr
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Figure 3.9 23Na MAS nmr spectra of
samples:
(a) ON47 (79.67 Me)
(b) GL (34.1% Me)

(c) ON8 (21.3% Me)

(Sherriff et ai. 1987a)

&)

scapolite
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TABLE 3.9

Na MAS nmr parametefs

ra

sample 7%Meionite

Peak Posifion

(ppm)

Peakwidth at -

. half height(Hz)
ONS 21.3 ~14.7" . 1460
TANZ  29.5 -14.7 1480
ON7 33.3 -13.8 -19.7 1680
GL 34.1 -13.4 -19.4 1760
ON70 39.5 -13.5 -20.6 1680
CA63A  44.5 -13.8 -21.7 1590
MAD 45.2 ~14.7 -21.0 1630
'026 48.2 4.7 | 1590
Q13 . 51.3 ©-14.8° 1570 |
MIN 56.8 -15.3 620
Q8s 65.2 ~15.4 B 1540
BOLT - 69.5 “14.4 -22.0 2260
ON47 79.6 ~15.8- 1600
MONT 91.0 -15.7 - 2300
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peak width.
3.4.4 CARBON—13 MAS NMR Can

Thé carbonate group in scapolite is planar, tiited

less than 3° out of the (001) plane (Levien & Papike 1976)

Py

and occupies ohe of elght equivalent sites (Altkin et al.

.1984) .

lﬁcépolite gives "~ a véry - weak 3¢

spectrum,

consisting of one broad peak at 165 %! ppm, which is about
C C S -

5 ppm to the high field of other carbonate minerals (Table

-

105

3.10). Aragonite resonates.at 169.9 ppm, calcite at 167.5.

-3 ]
ppm and magnesite at 169.1 ppm. The large error in 13C
chemical shift for scapotites is due to the oVerlapping

peak from the "Delirin" rotor (Fig: 3.10).

There is & suggestion of a slight peak shift acrossi

the ser1es, but at thellevel of instrumental resoiution

available this cannot be definitely assigned to different

cafbonate environments.
_3.4.5 A MODEL FOR CATION ORDERING

One source of - variability in degree of order in
scapolite relates to occupancy of the voids. Chamﬁer]ain et
al. (1985) estimated from energy calculations that the most

-

stable arrangement is one with a maximum number of sodium



'FBC Param

@

&

TABLE 3.10

etersfb#_Scapo]fteé’

£

C

Peak Position (ppm) -

Sample A Heionfﬁé
ONS 21.3 - P
ON7 333 -3%;_
GL - 34.1 165.2
ONT70 39.5 S e 180
CA63A 445 163.8
Q26 48.2 165.9 g
Q13 52.0 165. 1
ON27 59.3 165.8
Q8s - 65.2 166.3
GN47 79.6 166. 4
calcite i67;5
magnesite - 169.1
aragonite . 16§.9 '
) N .
dolomite:. ‘ fﬁT“ - ‘ 167;73'
N '-.f}
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- Fféqre 3.lb 13C‘MAS_ nmr spectrum of scapolite samble
- Q13 (5'.Bi ﬂe). The large peakl‘at 90 ppm-

is due to the sample holder which is made
- v ' ' o * .

of “Delrin’ polymer (Sherriff et al.

= iesra).

»






ions around: chloride and of calcium fons around carbonate.

This arrangement would give predominantly Na4C1 and Ca4CO3

configurations, : with excess charges of +3 and +6,

respééfively. However, the clusters 'oF'catfons and anioﬁs
" in the. voids should be reiated to Si-Al ' ordering of the
..frahework in order thét excess qharge can be bdfénced
.Joéally. | ‘

In the theoreticaily orderéd framework 6F 37} Mé,
thené are-Four aluminum fons in the T2 _sifes ahcuna“eébh
cavity, eéch: contributing a negaéfve charge. ThereFoEe. to
obta%n é charge'balénce. the caniQurations of Na3Cacj ana
NaZCéZCOé are"donsidered to be the most favourable as both
of the;é have an gexcess charge of +4 (Fig 3.11). This
structure, with all of the Al in the T2 site and only Si in
the.TI and T3 sites, contains two silicon configurations,
TI(BSiIAI) and T3(1Si3Al1), which give 295§ nmr peaks at
-106 and -92 ppm. The T2¥T3 chains of four—-membered rings
are comprised of alternating aluminum T2 sites and silicon
T3 sites.

Alkali _cation ~and anion confiqgqurations were
calculated for scap&lfte samples from 21.3% to 91.0% Me
from ‘chemiéal‘ analyses and also for sgoichiometric

compdsitions for 0, 37, 506, 75 and 100%'He. In these

calcuiations the configurations with +4 charge are assumed

to be the most favourable (Table 3.11).

. Below 33% Me, the TI sites theoretically contain
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TABLE 3.11
Calculated cation populations of scapolite cavities

o

Sample 'iMe Na,Cl NayCaCl NapCa,COy NayCapSG, Ca,COg CayS0,

. (charge) +3 +4 +4 Y ¥4 C+6 +6
* o .1.00 = - L= = - -
ON8 21.3 0.35 0.37 0.22 - -~ -
TANZ 29.5 0.20 . 0.50 . 0.23 0.07 - -
ON7  33.3 ~ . 0.61.  0.30 0.02., . - -
GL 34.1 - . 0.58 - 0.38_ - - -
-+ 37.0. - 0.50 .0,50\*\)— - - '
ON70 39.5 -  0.46 0.44 ! 0.06 - 0.021
CA63A 44.5 - 0.41 0.40 - - -  0.093
MAD  45.2 - . 0.46 0.20 . - 0.05 0.060
Qz6  48.2 - 0.38 0.46 . - 0.12 0.026
* 50.0 - 0.33 0.50 - 0.16 -
Ql3° 51.3 - ' 0.36 0.41 - 0.20 0.10
MIN 56.8 - 0.30 0.44 - 0.12  0.13
ONz7 59.3 .- .0.26 . 0.4l L - 0.32 -
Q85 65.2 - 0.21  0.37 L= 0.18 0.16
BOLT 69.5 - 0.12 0.44 | - 0.44 -
» 75.0 - . - 0.33 - 0.67 -
_ON47  79.6 - 0.08 - 0.39 - 0.28 0.24
MONT 91.0 - . 0.04 - 0.28 . - 0.78 0.02
*  100.0 - = - = 1.00 -

* Caiculated from theoretical models described in.section 3.4.5°



only silicon, with excess Si entering the T2 site. The
X-ray -data shows -Al becoming progressively more evenly
distributed,betweéﬁ'TZ and T3 sites. Thé increase in sodium
requireg" some Na,Cl clusters, with a charge of +3 (Fig.
3.12). - This“}s'_balanced by three rather thaﬁi four
hEithOUFiﬁg A104_.fétrahedra. The extra silicon introduces
Flexib{lity‘fn'the ordering of the T2-T3 chains, which
ailo&é.Foti the distribution of aluminum betwéen T2 and T3
sites, without the necessity of Al-0-Al bonds or more than
pr Al in any four membéred ring.
‘peaks as in the_34.l% Me spectrdm and also extra peaks due
to T1(45i) at -111 ppm, T2/T3(25i2AINa) at -99 ppm and
T2/T3(2Si2A1Ca) at —10! ppm (Fig. 3.3e). These small peaks
‘are not rescolved in this spectrum aﬁd show as a raise in
the basel ine.

In scapolites with meionite contents greater than
377 Me, some (Ca4503)+6 configurations are necessary to use
up the excess Ca and CO3 jions, with +the extra positive
charge being balanced by aluminum in the Tl sites. The
change of one next-nearest-neighbour T! from Si to Al
produces a progressive decrease in the 295 peak due to
fICBSiIA!) at -106 ppm and a corresponding increase in the
T1(2Si2A1) peak at -10! ppm. There {s also an increase in
the intensity of the T2/3(4Al) peak at —-88 ppm.

In the structure of 70% Me scapolite each Tl ring

{

The 293i nmr spectrum of 21.3% Me shows the two
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Figure 3.12

Model of

scabolite

cation ordering in 20% Me
(Sherriff et al. 1987a). - .
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can have - one Al and three . Si tetrahedra, but. in

compositions more aluminous than 707 Me it is necessary to

put two aluminum atoms into some T! rings (Fig. 3.13). This'

produces T1(1Si3A1) peaks at -93 ppm and TI(4Al) peak at
-90 pph at the expenselof the ofher Tl peaks. There is also
a2 steady increase in the size of the. T2/T3(4A1) peaks. The
-tetrahedral framework oF‘all cavities now have a -5 or -6

&£

-éharge, which cannot be balanced by CI containing clusters.

Therefore there is virtually no Cl in the structure above

L

70% Me.
| Thé_number of silicon atoms 1in each tetrahedral
"configuration were calculated from ??is mode! for 20, 37,
56, 70 and 90%‘ Me and compargd with those estimated from
the measured relative intensiffes of the peaks fitted to
295i spectra (Table 3.12). For the samples ON8, ON7, Ql3,
BOLT the comparison was quite good. However there are
discrepancies between the calculated sfilicon contents of
the lower field peaks relating to the more aluminous sites
for the sample of 91.0% Me (MONT). In this spectrum the
resolution of the lower field peaks 1is poor due to many
overlapping peaks which increases t%é experimental error in
the peak fitting procedure. |

This ordering scheme is'fdeal. Divergence from the
ideal is the rule rather than %he exception in the case of

minerals. The anomolous presence of Al in the T! sites of

scapclites with meionite contents less than 37% is
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- Figure 3.13 Model . of ‘-cation ordering in  ?5%1 Me .
| scapol ite (Sherriff et al. 19B7a).’. . N
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indicated by both 2951, and 27Al nmr spectra and also by

deta]led examination of the T—O bond dlstances From X-ray

data. Domains -within the’ scapoljte; structure Found by

transmission electron “m[croscopy'(Hassan and Bcsek-l987),-

could contarn diFFering types’ oF order. }

- The dfscrepancy between the calculated and measured
Si site occupancies for scapolrte From the volcan{c
© environment of honte Scmme '(MdNTE) may findicate that the
“brdering in ecapoliteAfs =sensit%ve to the conditions of
temperature and pressure under which it formed. The plot of
27 peakuidth égainst ‘mefonite content (Fig. 3.3) als,

indicetes a diFFerence between “the ordering of scapolites

.

' From the Grenville province (Shaw et al. 1963; 1965) end."”

those formed uncer other,conditions.

LA .

3.5 CONCLUSION

This study of the scapolite series of minerals

shows the potentiaT of MAS nmr to inveetigate- orderiné in

partjally‘disordered material.
29 '

data usinglequations 3 and 4 in chapter 2, were used to
interpret the broad overlapping peaks of the MAS nmr

spectra of scapolite. This was combined"with information

available from 27Al and_zaNa MAS nmr and X-ray diFFract%on‘

data to produce a model for cation ordering throughout the

Si chemical shifts, calculated from diFFraction‘
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solid solution series, in which the charge_on the cavities

is balanced locaily by the -requisite number of AIO4

H
tetraﬁeqra.

In this model there is a maximum of two aluminum

atoms in any four membergd ring and in these aluminum atoms
alternate with siﬁicbn atoms. However the five membered
lrinQS'do' contain A1-0-Al bonds at . high concentrations of

the - meionite component. T2/T3 chains remain internally

ordered, with the apparent disorder of Al between T2 and-T3

sites in compositions greater than 33% Me, indicated by

~ X-ray data, explained by the rotation by 180° of individual

f2]T3 chains relative to one anothér (i.e, interchange of
Al frém T2 to T3). With less than 33% Me, the excess
silicon in the T2/T3 chains allows for a cHange of Al
océupancy from the T2 to T3 site to occur along aichain.

) 1 .
~ Most of the Tl sfites are occupied by silicon below

337%2 Me. MWith increasing aluminum contenf beyond 337 Me,
first one Al enteré.each'Tl r%ng and then, beyond 70% Me a
second Al. enters the -Ti rings. At this peoint ft Is

impossible to balance the charges of Cl containing cayities

' by=-the‘ surrounding tetrahedral framework and C] is

eliminated from the structure.

117

The difference in ordering between samples of -

scapolites from different environments shown by both 27Al

2

and 9Si nmr results indicate that scapolite could bé used

as a geothermometer and geobarometer.



CHAPTER 4

A MULTINUCLEAR NMR STUDY OF BERYLS

4.1 INTRODUCTION

Bery?s are hexagonal minerals, wusually found as
barrel shaped crystals, which can gfow to large sizes in
peamatite; g;g’ a 27 ft tépering crysta1 weighing 25‘tons
from Albany., Maine. Gem quality beryls have a variety of
names depending on the colours 1nduce&.by trace éIements:
aquamarine is ;pale greenish blue, QS:?anite, rose pink,
emerald deep green, gquamarine blue and gélden beryl clear
gﬁldeh yef]ow. |

In this study 2°Si, 27A1, %3Na, 7Li and %Be MAS nmr
spectroscopy is wused to investigate the diFFerenée in
atomic sites between beryis with slightly diFngent

Y

chemical compositions.

&
Beryl~ is included with +the tectosilicates in
Appendix VIII in accordance with the classification of

Zoltai (1960) that all tetrahedraily coordinated cations
(Si, Al, Be etc.) .shoula\ be considered as part of the
tetrahedral framework. he 22St MAS nmr chemical shift for
beryi at —102 ppm is in the middle of the range of chemical

shifts For'tectosilicates (Fig. 1.1).
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' 4.2 STRUCTURE OF BERYL

fThé.StfuCture ‘of beryl (Be3A125iéOi8)Tc6néists_6F

'Igix.membgred rings.QF"Sj04 tetrahedra tlying‘jpéréllél_fo-

(0001) linked by BeO, tetrahedra and distorted AlOg
. octahedra (Fig 4.1). ’

) In lithian-cesian beryls sodium ‘and pésfum i

;

v

._,ahd‘Water‘molecules occupy the channels, parallel to the c-

‘axis, formed by the sﬁlipaﬁe rings ‘(Haﬁthbrne ahd'Cerhy_
s . ‘ . :

" 1977). There is a .cohtroversy as to whether lithium

P

replaces beryllium in the tetrahedral sites or is involved

in a. coupled exchange "~ of lithium for aluminum which then

_enters the tetrahedral sites. In the emerald structure

_ trace. “amounts of Cr - replacing Al in octahedral.

configuratfon EGibbs et a{. 1968) increase the averége sizé
of the'octahedra over that for the other beryls.

| There are diFFerences.in atomic positions, sthn'by
éiffraééfpn daca, Setweqp the strUcfures of Iowmalkali
ber;l. aﬁd Li-Cs berylT These could be either evenly

djstribuféd throughout the two structures or there could be

) démains of low alkali beryl and Li-Cs beryl type»struﬁtures,

-

im the ‘crystals, with the diffraction data recording

average atomic positions. Nmr, as a site specific

‘techniqué, is here. used to determine between these

possibilities.

atoms
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4.3 EXPERIMENTAL

Four samples  of alkali beryls; SHEE-1-86, EEE—IO.

BLM503, and T-24, . from - Shatford Lake and the Tanco .

pegmétité deposit, with differing alkali contents, were
obfained for study from ProFessor F. C. Hawth@rne.
Uhiveréity of Manitoba, and three samples of emeralds from
Brazi!, New South Wales and Colombia (Ottaway et al. _1986)
from T. Ottaway of the Roval Ontarioc Museum (Appendix 11).
Anal&ses of the alkali beryls were provided by Professor P.
Cefny, University of Manitoba (Table 4.1).

The-a]ka]i beryl samples were crushed to.a powder
Fér pa;king into nmr rotors. Some of the poorer quality
emeralds ‘were crushed but the gem gquality émeralds From
Columbia were left intact, by(hrequest of the owner, and
packed ihto the rotor as chips. This resulted a relative

\ .
enhancement of one of the peaks of the 27A1 quadrupolar

121

spectra but otherwise the resolution of the spectra from .,

the chips of emeralds is comparable to that from powder

samples.

\
The nmr Iinstruments, parameters and standards for

29 23

Si, 27AI, and Na are as described in Chapter 3. 7Li and
Be were measured at 155.5 and 5G6.2 MHz respectively on the
Bruker WH400 using the MAS probe and spinning parameters as

previousily described, and their chemical shifts measured
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TABLE 4.1

\Analyses of alkali beryls (weight percent)

SHEE-1-6 EEE-10 BLM503 T-24

Li,0 | 0.03 [0.36] . [0.42) 1.25 -
Na,0 0.29  0.96 1.14 1.50
K,0 0.03 [0.03] [0.03] 0.06
Rb,0 ' 0.006 0.077 0.105 0.08
Cs,0 ' 0.17 1.41 2.46 3.68
Total Fe as

Fe,04 0.54 0.025 0.06 n.d.
ca0 & 0.003 n.d. 0.006 0.01 -
Mgo 0.005 0.004 0.013 n.d. . N
MNO | n.d. 0.003 0.002  n.d.
H,0 o n.d. 1.78 1.70 n.d.

n.d. not determined

L1

weight percent of element not oxide
Analyses provided by Professor P. Cerny, University_oF

‘Manitoba.



with reference to aqueous solutions of _LiBr and Be(NO3)2

respectively,
values of 295i chehfcal.shfft were calculated from
structgres_ of " Li-Cs beryl (Hawthorne & Cerny 1977), gem

quality beryl (Morosin 1972) and anhydrous synthetic

emerald (Gibbs et al. 1968) using equations 3 and 4 and‘the

method .described in Chapter 2.

4.4 RESULTS AND DISCUSSION

y:
. 4.4.1 SILICON-29

"The silicon site in beryl is adjaceﬁt to two
silicon and two beryllium tetrahedra. In Iithian*cesian
beryls one of the two bervilium atoms could ~be replaced by
éithgr lithium or aluminum depending on which substitution
scheme is correct (Hawthorne & Cerny 1977).

The chemical shift of the single peak in the 225i
MAS nmr spectrum varies from -102.3 to -100.9 ppm with
increasing alkali content (Table 4.2). The 295i nmr peak -of
the high alkali beryls is 100Hz wider than that for SHEE-I-
& the low alkali beryl (Fig 4.2) and of the better quality
Columbian and AuétraLian emeralds (Table 4.2}.

The difference of l.4 ppm in experimental peak

position between the spectra of SHEE-1-6 low alkali beryl

and T-24 Li-Cs beryl, 1is reflected in the 1.7 ppm
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._F.'i'gure 4.2 -.2951' 'MAS nmr spectra’ of (é) T-24 Li-Cs -

 beryl (b) SHEE-1-6 low alkali beryl
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TABLE 4.2 -

ZQSj MAS nmr parameters oF_beryl

Sample . Peak width at - Chemical shift (ppm)

half height‘(Hz)‘ R Experimenté] Calculated*

Low alkali bery]l .

SHEE~1-6 190 -102.3 . o-w0z.7
.

Lithianfcesian beryls = |

EEE-10 287. ~101.9 .

BLM-503 230 -101.3 ' o

T-24 - 289 . -100.9  -102.0. -

T-24 I o . . ‘%103;1** %

, o -

Emeralds

Brazilian ‘ 342 i” . -102.3

Columbian 7 |

(gem quality) 164 -102.5 A ;1d4.0

Australian - 110 -102.4

* Calculated from equations 3 & 4 in chapter 2.
** Calculated with next nearest neighbour configuration

Si(25i1BelLi)



difference between values of chemical shift calculated from

equations 3 and 4, using structures of low alkali beryl

(Morosin 1972) and high L{;Cs.beryll (Hawthorne and Cerny
1977) :fTable' 4.2). The ?fogef; field chemical shift,
calcg]afed'for the LI-CB‘bqry];ﬁ&s due to Be-0O tetrahedral
qiétances_being:o.ﬂz A ionger'_in- this structure .than in
that of thé low-atkali befyl._;

N The‘brbad’peaR_For tFe_higher alkali beryls appears
to éoﬁtain at léast two unresolved peaks (spectrum (a) Fig.
4.2). These two peaks cou]d_ be due to'Si-being both 1n
domains of the alkali beryl crystai“with alkalis. in the
channels, and aléo in domains of the mineral with empty
'channei éites. The apparent shift to low field with
increasing alkali content is then due to the lower field
_peak.increasfng in'infenslfy with respect .to the higher
field peak. | |

There is also a .possibility, in 225i nmr spectra of
Li-Cs Qéryls..oF overlapping peaks due to Si with either
2Be or else |Be and 1L next nearest neighbours.
UnFortunately'the calculated cnemical’ shift of the latter
environment at -103.]1 ppm (Table 4.21 lies midway between
the calculated chemical shifts for Si(2Be) site in the iow
alkali beryl at -103.7 ppm and in the Li-Cs beryl at -102.0
ppm. Therefore such a peak would not be separately
resolvable. 293

information about the posftion of Li in Li—-Cs bervls.

nmr spectra, therefore, give no'direct

126



127

The chemical stht calculated For anhydr 'emerald'

e

at —!04 o ppm fs, 0- 3 ppm to higher Fleld than _or the low

alkali beryl structures. This leFerence ls due to the Si—O

'tetrahedral distance within. the silicate ang n:emerald.

: being l 585 A compared to 1.597 A For anhydrous beryl

s

The difference oF 1 0 to 1. 5 ppm between art the

calculated values oF chemlcal stht and the correspondlng

Se "’" s

'experimental values could be resolved byf allowing For some

\ a

Si atoms ln the "8904 tetrahedra. This would mean that the
_Be—O distances were actually slightly longer than Found by
| the diFFractlon data;-lncreaS|nQ the Be—O distances in th:s
:way would glve calculated values oF chemtcal shiFt to lower

~

- Field For- all types of beryl‘and Flt wlth the experlmental

data. S R TP P

4.4.2 ALUMINUM-27.
Alumindm is" in .a dlstofteﬁ‘ octahedral slte
surrounded by ‘three silfCOn‘tethahedraland three‘tetrahedta
which usaally'-oontaih?"hetylliam =but in ll:hian-ceslah
bervls cduld contain bery}lium.-llghium ot aluminum.
27Al MAS nmn; sbectra of all. samples of beryl
consist of one resonance with two maxima at -3.2 and -7.7
ppm.(Fig. 4.3). The shape and broadhess of the peak is Wue
to: the large quadrupolar moment of the asymmetrit\\;#
£

octahedral environment. The peak width at half hReight o
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Figure 4.3 27a1 MAS nmr-spéctra'oF-
' (a) SHEE-1-6 low alkali beryl -
(b) T=24 Li-Cs bery!l '

(c) chips of emeralds from Columbia






~ -

the broad reéonance infreases with atlkali content from 840
Hz for SHEE—-1-6, low alkaii beryl to 974 Hz for T-24. Li-Cs
befyl (Table 4.3).‘ This suggests overlapping peaks from
aiuminum  étoms wit% diFFering next nearest neighbqurs in
the spectra of the high alkali beryls.

1f aluminum replaces beryllium in the-tetrahedral
site thefe. would be a 27A1 beak at about 60 ppm due to
" tetrahedral 27AI which would increase with .alkali content.
This beak is not visibte in any 27Al MAS nmr spectra of
alkali beFyls. ThekeForewfhe 27a1 MAS nmr spectra. do not
support the idea of a coupled 'replapement of lithium for
aluminum and aluminum for bervyllium in Li-Cs beryls.

27
the other samples of beryls. The diFFeﬁsnce in the relativé
intensity in the two peaks and thé possibility of an extra
peak at -4.4 ppm ih the spectrum of Columbian emeralds
(spectrum (c) Fig. 4.3) could be produced by prngrential
orientation as the chips of emeralds did not have the
random orientation of powd?fgd minerais. 27A1 spectra of
powdered sampies of other emeralds have ‘two peaks of

approximately equal infénsity as for the other samples of

bervl.

4.4.3 SODIUM-23 . - .

-
- -

Sodium is in the 2b channel site coordinated with

Al spectra of emeralds are similar to those for
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TABLE 4.3
27

130

Al MAS nmr parameters of beryl .

Peak Width at"

Sample Peak Position .
(PP} half height (Hz). | |

Low—alkali beryl

SHEE-1-6 -3.0, 7.5 .’840 o

Lithium—cesian bery]l s

EEE-10 -3.2, -7.7 870

BLM-503 -3.7, . =7.7 - 940

T;E4 ;;.0. -7.7 §74

Emeralds ) ;;£§ ) :

Brazilian -3.8, -7.9 T 945

Columbian ".' f o )
ST -

_{chips). —3.1._-4-%. -8.6 :809
Auétralian' —2.9:_i§,0

778



six. silicate oxygens and with one or two water molecules
(Hawthorne & Cerny 1977). This asymmetric siterproduces a
broad quadrupolar doublet at about !0 ppm in the 23Na MAS
nmr spectrum (Fig 4.4a). The spectrum of SHEE-1-6, which
has the lbwest concentration of sodium, had additional
boorly resolved peaks between =5 and -35 ppm which aré
possibly due to sodium in defects and' alon? grain

. -
boundaries in this sample (Fig 4.4b). These.peaks would not

T
be obviocus in the spectra of more sodic samples because the
very strong peak due to sodium in the channel sites would
'caﬁse minor peaks to vanish.into'the baseline. |

Quadrupoclar effects can be reduced by spjnning the
sample at diffgrent ahgles to the magnetic field other than
the magic anglie as explained in Appendix I section [.5. As

the angle between the rotaticomnal axis of the sample and the

appliied magnetic field H0 is progressively increased the

quadrupoiar doublet, from §3Na in' the channel site of .

beryl, collapses to a singlet and Becomes narrower (fFig
4.4c).

A -narrow reak at 0 ppm (Fig 4.4) was present in
most of the spectra. It varied in intensity relativq_to'the

quadrupciar dcublet not only between samples but also

between different aliguots of the same sampie. There is an

increase in the size of the peak at 0 ppm re]agive to the
broad doublet when shorter time intervals ares left betwe=2n

pulses, thus Iindicating that the site causing the narrow
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Figure 4.4

23Na MAS nmr spectra of

(a) SHEE-1-6 low alkali beryl

(b) T-24 Li—Cé-beryl .

{c) T-24 Li-Cs beryl spinning at an angle

fd

of approximately 65° to the applied

'magnetfc field






e

peak has a faster reléxation rate than the quadrupolar
doublet. - |

Thié narrow peak was alsc present fn a_static 23Na
spectrum of sample T-24 whereas the peak centred at -10 ppm
becamé-a broad ab%Prption curve (Fig 4.5). It also became
progressfvely broader a§ the angle of rotation was moved
away Ffom‘ the Magic Angle (Fig. 4.4c) and dipolar
interactions were no longer removed (Eckert et al. regs),
indicating that the Na -site resbonsible for this narrow
peak, is sufficientiy symmetrical for the chemical shift
effects to be dominant over quadrupolar effects. .

" The possibility that the narrow peak could be due
to contaminatfon or to sodium loosely bound in fractures in
the crystal' was investigated by washing the bery) samples
and rerunning the spectra. NG reduction of signaj was
observgd.

Solid Nabl resonates at. +6.5 ppm (Fig. 4.6b) and
becohes a broad absorption curve when spinning is stopped.
NaCl in agueous solution, has exaét]y the same chemical
shift as the narrow peak in the spectra of beryls. This is
shown by a comparison of spectra (a) and (c) in figure 4.6.

Microscopic examination ' of the samples of atkali
beryls reveals abundant Fiuié inclusifons. It 1is concluded
that the peak at 0 ppm was due to Na+ in solution in these

fluid inclusions (Sherriff et ad. 1987b).. The narrow peak

133

is not present in the 23Na nmr spectra of minerals which *
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Figure 4.5 "‘_,BNa stati_c_: nmr - sbectr‘um" _of‘-" T-;24 Li-C§
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Figure 4.6 (a) 23Na  nmr spectrum of | molar aqgqueocus

solution of NaCl

(b) 23NaJMAS nmr spectrum of sol%d_NaCIu

o

. ' t - . v
(c) 23Na MAS nmr spectrum of T-24 Li—Cséﬁff ’

" beryl
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did ho§ " contain such abundant fluid inclusions. %3Na nmr

<

'signals have also been obsérved from halite rich fluid

inclusions in quartz (Sherriff gt al. 1987b).

4.4.4 BERYLLIUM-9

"

Beryllium Is in a distorted tetrahedral site |inked

to four. silicate tetrahedra. All four .Be-0 distances are

the same but the 0-Be-0 angles have values between 90 and

1319.

N

98e MAS nmr spectra of low alkali beryls and the

Columbian emerald all have one broad symmetric peFk at

about -2.4 ppm (Table 4.4; Fig. _4.73}. In the spectra of

Li-Cs beryls the peak 1is narrower with a ‘maximum_at -1.6
and a shoulder at -2.6 ppm (Table 4.4, Fig 4.7b). This
could be due to .two overiapping peaks; one at about -2.4
ppm due to Be in low alkali type domains and cone at -1.6
pem from alkali rich domain;. It could atsc be due to
different seconu order gquadrupolar effects for beryilium in

the structures of Li-Cs and low alkali beryl.

There are three conflicting effects to consider in

explaining the reason that the 9ge peak positioh for Li-Cs

bervl is | ppm t; low field of that of low alkali bervyl.
Firstly, in studies 0f~295i MAS nmr chemical shift

it was discovered that chemical shift was directly affected

by, and very sensitive to, changes in cation-oxygen bond
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TABLE 4.4

9

13

Be HAS’ﬁmr‘parametérs for beryls

Peak width at’ &N

244

Sample : _Peékiﬁégitipn‘
fppm) half height (Hz)“
Be(N03)2 (saturated | .
aqueous salutfon) 0 'A‘I3d
Low alkali beryl
SHEE-1~6 -2.5 215 "

- BLSO091 ~2.4 "édfiﬁ ‘
BLS5093 -2:4 _f2¢6 R
BLS094 ~2.5 ‘ 215
tithian—ceSiaﬁ beryl |
EEE-10 1.6 2.6 132
BLM-503 ~1.6 2.6 136
T-24 _—1.6 -2.6 119
Emeralds
Brazilian 2.3 i
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Figure 4.7 98& MAS nmrlspectra oFi" .

(a)  SHEE-1-6 low alkali beryl.

(b) T-24 Li-Cs bérylu
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distance (Chapter 5). [nereases in distance between the

terminal oxygens of the silica tetrahedron and adjacent

catifons cause a shift to low field. If this idea is applied-

to 9Be MAS nmr -spectra, the difference between the adjacent
5i—-0 distances of 1.611 A for Li—Csiberyl and 1.620 A for
low alkali bervis would cause a shift to high field for the
Li-Cs beryl sites. |

Secondly the Be-0 tetrahedrai distance being b.Ol?A
greater in Li—-Cs beryls than in low alkali beryls would
cause the opposite effect, i.e. the observed shift to iow
field. .

Thirdfy. as 98e is a quadrupoiar nuclei with a spin
of 3/2, It experiences a quadrupolar shift (Appendix 1.5).
As the peak at =1.6 ppm appears to be narrower than the
peak at -2.6 ppm the Be site in Li-Cs beryls could have a
smaller quadrupclar moment than the Be site in low alkali
bervls.

The difference between the °Be spectra of low
alkali énd Li-Cs beryls shows that the Be site is different
in ‘the twé structures. The difference in Be~0 bond
distance, shown by the diffraction data, is therefore not
necessarily due to there being Li or Al in the BeO, site

4
but could be due to bervllium being in different

environments in the two structures. !
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4.4.5 LITHIUM=7

Lithium is oostulated to replace either beryliium
in tetrahedral configuration or aluminum in octahedral
configuration in alkali beryls. Excess lithium can also
occupy the 2Zb channel sites coordinated with six oxygens

and one or two water molecules (Hawthorne & Cerny 1977).

" Another possibte site for lithium is as lithium tetraborate’

in the abundant fluid inclusions (Londoh i987).
The beryl samples with a high lithium content? give
two 7Li'MAS nmr peaks: a strong narrow peak at 0.8 ppm and

a small peak at -1.6 ppm with respect to L#Br in aqueous

solution (Table 4.5, Fig 4.8). The chemical shift range

for ‘Li is very small: only 2 ppm in .solutibn'nmr.
Therefore the 2.4 pﬁm difference between fthese two MAS
peaks suggests very different eévfronments; These cled b&
in channel sites, in octahedral or tetrahedral
crystaflographic sites or in solution in the fiuid
inclusions.

. The large peak at 0.8 ppm is unlikely to come from
fluid fnclusions as there was no signal observed in a
stétiC.7L1 spectrum. The coupled substitution of Li for Al
and Al for Be 1is eliminated by the lack of a tetrahedral
27Al nmr peak. Therefore, the most likely interprefation of
the ‘L1 spectra is that the peak at 0.8 ppm 15 due.to Li in

channe!l sites and that at -1.6 ppm due to Li replacing Be
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TABLE 4.5

.

Li MAS nmr parameters for bervyls

. Sample

Péak width af

Peak Position
{ppm) half height (Hz)

LiBr (saturated
aquedus so]dtioh) 0 140
Low atkali bervl ‘
SHEE-1-6 ) 0.5 488
Lithian-cesian bervi
EEE-10 0.7 -1.6 - - 146
BLM-503 0.6 -1.6 156
T-24 0.6 -I.é_ ‘ 150

141



142

Figure 4.8 7L MAS nmr spectra of
(a) SHEE—I—G low atkali beryl

(b} T-24 Li-Cs bervyl
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in tetrahedral configuration.

Correct interpretationl of MAS nmr spectra reqguires
the abilify to simuiate the spéctra from calculations of
chemical shift from mineral structure. Alfhough this can
now be .done. for 295i (Sherriff and Grundy 1988), it is not
yet possible for other nuclei. Quadrupolar nuyclei are
especially complex as the quadrupéiar shi?t is superimposed
on the chemical sh}Ft. . -

The low alkali sampie of beryl, SHEE-I-6, gave a
very weak 7Li spectrum with a broaa peak and large spinning
sidebands (Fig 4.8a). This is probably due to small ahounts-
of lithium in a variety of environments, possibly along
grain boundaries and in lattice deFecfs as well as in
crystal sites and. fluid inclusioné.' As with 23Na these
‘minor peéks vanish !'nto the.baseline wHen a strong peak in

the spectrum overwhelms the minor peaks.

" 4.5 CONCLUSIONS

This multinuclear MAS' nmr study iliustrates that
useful information about type, environment and symmetry of
atomic sites can be obtained even when each spectrum
contains only one peak.

Simulation of 298i MAS nmr spectra by the techniqgue
described in chapter 2, helps in. interpretiqg stight

differences between spectra of very similar minerals.



Studies to find relationships between structure ‘and nmr

chemical shift for other nuclei would result in a much

better understanding of the MAS nmr of these more exotic
nuclei.

. 9Be,and 29si MAS nmr results are in agréement with
the presence of doméins‘ in the Li-Cs beryls_ whfch-have
;tructufes ‘*ike low-alkali beryls. - The lack of a
tetrahedral pe;;:?}n the 27a1 spectra .oF Li;Cs‘Qeryls
eliminates the possibility of a coupled substitqtfon of Li
for Al and Al for Be. | |

The 23Na peak from NaCt in solution in- the fluid
inclusions shows the potential of nmr to study thé
chemistry of fluid inclusions. Also_care must be takén‘fn

the interpretation of spgctra from minerals which contain

fluid inclusions.
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CHAPTER 5. |
MODELL ING THEORETICAL SILICATE STRUCTURES,

AND THOUGHTS FOR THE FUTURE

5.1 INTRODUCTION

In this study crystal models have been.simu1ated.
from the atomic positioné and symmetry elements of mineral
structures. [n chapter 3 a model of 37% meionite‘scapolité,
with Al-Si ordered in the tetrahedral sites, was used as é
starting point to investigate the disordered structure of

the rest of the scapolite series of minerals. In this case

cation—oxygén bend distances (r} were chahged to create
models representative of the silicon environment seen by'
29

Si nmr in contrast to the average environmept given by
diffraction techniques.
In this chapter- models of theoretical structures

are based on a svmmetrical SiO4 tetrahedron with Al or Si

‘atomé added as |ligands. These are then used to examine'the

effect on the calculations of chemical shift of changing
the structural parameFers. cation—-oxygen distance (r)-and
siliconfoxygen—cation angle (a) (Fig. 2.1).

Thg values of x’’ for the AI—S* tetrahedral

framework of . all possible silicate structures are
145



caléulated. The effects of 'other cations, in each silicate
group, are taken from the calculations producing'values.of
‘chemical shift in Appendix VI1l. From these two sets of x*

valtues the pdti;Sﬁe range af chemical ‘shift for each type
5

of silicaté ] estimated and cdmpared with the original
ranges of Lippmaa et al. (1980) {Fié. 1.13. i
A
. ] X
TETRAHEDRAL MOCDEL .

4

5.2 SI0O

-4

'An-Si04 tetrahedron with perfect cubic symmetry,

all 0-Si-0 angles 109.47° and all Si-0 distances 1.59 A,
was simulated ;gfng Chem crystal structure modelling
program. Then 4%T€ﬁér one 51 or Al atom was added to one of

the terminal oxygen.’

Distance fr) for %he ligand was varied by 0.01 &
increments from 1.67 to 1.75 A for Al and from 1.55 to 1.67
A for Si. Three different values of angle a; 180, 155 and
130°, were used for each distance (r).

Angle (a) was also varied from 125 to IBOOL by 5°
intervals using distances (r) of 1.59 A for the silicon
ligand and of 1.75 A for the aluminum ligand. Values of x°°
and hence 298i chemical shift were caiculated for these
models from equations 3 and 4. Calculated wvalues of
chemical shift were plotted flirstly against (r) for three

values of angle (a) (Fig. 5.1) and secondly versus angie «

for two values of (r) (Fig. 5.2) to examine the effect on
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Figure 5.1 Cation—oxygen distance (r) plotted 'against

. i
calculated chemical shift for one Si or Al

ligand on a terminal oxygen of a symmetrical

'SiO4 tetrahedron. Angle (a) is; (a) 130°, (b)

1559, Hc) 180°. Distance (r) is 1.55 to 1.67 A

for Si-0 and 1.67 to 1.76 A for Al1-0. The

.discrepancy at 1.67 & 1is caused by the change

in type of cation from S5i to Al.

.
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Figure 5.2 A plot. of angle A{a) againét_ ca}bulated‘
. chemical shift for; (a) Si—-0 ¢r = J.Séi'A)‘and'
- (6) A1-0 (r = |

= 1.76 A).

.
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the calculation of changes in these structural pérameters.
The x°’ wvalues from one 'Si or Al ligands were
multiplie&-by 2, 3, andr4 to. calculate vélues of x’’ for
ino, phvllio and tecéosilicates. The value of x’f for the
framewark of orthosilicates is _zero as there are no
tetrahedral Si 6r Al bondsiinvolved'in the calculation. All
contributions to chemical shiFt\6¥.the orthosilicates come
from other cations.
' In Table 5.1 the max imum and minimum values of x*’
are listed fFor the other .cations. These were calculated
from the mineral structures, listed in appendix VIII, for
each silicate‘group. These values were then added to the
_maximum and‘ minimum values of x’’ for the Al-Si framework
calculated from the theoretical model. The resu]ts'g%ve the

ranges of chemical shift possible for each group 'oF

siticate minerals (Fig. 5.3).
5.3 RESULTS AND DISCUSSION

There is a linear relationship between 5i-0 or Al-0
distance and chemical shift (Fig. 5.1; Appendix IX}. Three
linear trends are produced by varying cation-0 distances,
with angle « set at 180, 155 and 130°. The slopes of the
three lines are different because of the effect of changiné
the angle (a) but the cortelation coefficient is identical

at 0.996 for each line. Realistic values of chemical shift
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" were produced by changing the ligand catldﬁ“From'Si to Al °

at distance (r) of 1.67 &, which gives a kink in each line.
| The relationship bétwesn‘chemical shift and angle
(a) is not a straight line but a curve (Fig. 5.2} which is
more sensitive to changes- of Si-0-T angle at the small
‘values than near 180°. The two trendé in Fig. 5.2 are due
to the calculations using either Si or Al.
The ranges o# chemical shift, for the different..
'_types of silicate groups., (Fig. 5.3, Table 5.1) while
following the same trend as those of Lippmaa‘ et al. (1981)
(Fig. 2.1) show considerably more overlap These ranges are
therefore of ltimited use for allocating peaks ir spectra.
As chemical shift fs linearly dependant -on cation—oxygén
distance the shift to high field with increasing
condensation can be correlated with an increase in number
of short tetrahedral bonds rather than long cation—-oxygen
bonds from other coordinations of cations.
The shift to low field with replacement of Si next
nearest neighbours by Al, found by Lippmaa et al. (1981])
can be explained by the larger size of the Al atom compared
Qith Si increasing the distance (r} from about 1.59 & to
“1.75 A. There is also a slight shift due to the different
valence value of Si and Al, which is shown by duplicate
measurements made at a distance (r) of 1.67 A for 5i and
Al. The difference between the duplicate measurements

varies from (0.82 ppm for angle (a) of 180° to 0.53 ppm for
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Figure 5.§

Theoretical ranges of 295i MAS  nmr
chemical shift ‘FOF the five groups of

silicates; (a) tectosilicates, (b)

phyliosilicates. (c} inosilicates, (d)

sorosilicates, (&) orthosilicates.
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Table 5.1

Possible ranges of 2251 nmr-chemical shift

Q’’ Si-Al °  Q’‘other Q- calculated
framework cations total chemical shift
' (ppm)

orthosilicates

minimum - -0.02243 =0.02443 -62.8
max i mum - -0.05331 -0.05331 -83.3

sorosilicates -

minimum ~-0.01078 -0.01104 ~0.02182 -61.0
max i mum -0.03194 —-0.04032 -0.07226 -96.4

inositicates

minimum -0.02156 ~0.00638 -0.02794 -60.8
max | mum ~0.06288 ~0.03010 -0.09298 - ~110.9

phyllosilicates

minimum ~0.03234 0.00000 -0.03234 -68.4
maxamum -0.09582 ~0.04003 -0.13585 -140.9

tectosilicates

minimum -0.04312 0.00000 -0.04312 ~75.9
max i mum -0.12776 -0.01338 ~0.14114 ~t44.6



Si-0-T angle of 130°.

5.4 PRESENT STATE OF CHEMICAL SHIFT CALCULATIONS

[t is now possible to calculate 29si chemicatl shift

for ordered silicate structures directly from atomic
positions found by diffraction techniques and also to use
295i MAS mr togethier with theoretical models of structures

to study structures with cation disorder.

-~

The zone of influence of atoms on chemical shift

has been sﬁown to be-very small with only the position of
atoms bonded to the terminal ;xygens of thé SiO4
tetrahedron are involved in the caicuiation of chemica!
shift. ’

The -relationship developed in this study‘ can

explain the chemical shift ranges of Lippmaa et al (1981),

relationships between chemical shift and structural

parameters such as bond length (r), and angle (a) including

a function for the etectronegativity oF-thé cations in the

structure. ’ ~

5.5 Ideas for the Future
\

2955 MAS nmr can be used to.study reactions on the

surface of materials. There have been changes documented in

295i MAS nmr spectra of zeolites relating to local changes
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in structure when sorbate organic molecules are present
(Fyfe et al. 1988). The changes in 2°Si spectra for
sorbates_in different peositions on a silicate su}FaCe can
be calculated and information Ebout mechanisms of
adsorption can be fFound by relating simulated spectra to

experimentai resuits.

The retationship between the 295 chemical shift of
1

" tetrahedral silicate groups coutd be extended to

octahedrally coordinated silicon, e.g. stishovite. It couid

also be wused to.study silicon in structures with different

anfons such as SiC (Richardson et al. 1988y and S_iN2
(Carduner et al. 1987). The structural constraints on
chemical shift should be the same in all cases but the -

difference& in covalence of the different bonds would
probably give different regression equations.

| " A method simiiar to that described in chapter 2
could investigate the relationship between structure and
chemical shift for other isotopes with spins of 1/2. 3lP in
tetrahedral coordination in the PO4 group in phosphates
should be analogous tg 295i in silicates. However in this
case, the magnetic isotope is 100% abundant there will be
dipolar iﬁteractions between adjacent BIP nuclei causing
broad, poorly resolved peaks. I3C nmr of carbonate groups
in different” environments have a narrow chemical shift

range but could be investigated by this method. Other spin

1/2 nuclei that would be geologically interesting to study
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using MAS nmr include 19¢ and 207pp,

It is much more difficult to study MAS nmr chemical
shift oF-‘Tsotopes with spin greater than 1/2 because
quadrupolar shift is usually ‘much greater than chemical
shift. . It . is possible to model quadrupciar peak shapes
(Fyfe 1983) and deduce the quadrupotar moment of single
peaks from. sta?ic powder patterns. Calculation 6F chemical
shift from model structures of quadrupolar nuclei would
require first removing‘ tHe quadrupole effects Froﬁ the
spectra as has been demonstrated by Lippmaa (1986) for
27
catlculated chemical shift_ to simulate the experimental
spectra. . K

Experimental techniques that can be used to reduce
the gquadrupolar effect include increasing- the magnetic
field strength, spinning the sampie at a speed’bf at least

20 KH=z, or\\changing the angie of rotation. 2D nmr in

conjunction with puise - techniques such as nutation.

spectroscopy (Dedong & Veeman 1986) has been used to
separate quadrupolar from chemical shift for 23Na. 20
spectra of less sensitive nuclei are difficult to obtain

because of the large amount of instrument time required to
+

obtain the data.

The small selection of possibilities for future nmr
v
studies, discussed above, show that the method of studying

295i chemical shift described in this thesis has increased

Al. Quadrupolar effects would then be combined with
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considerably the potentiai of solid state nmr.
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APPENDIX

THE THEORY OF NUCLEAR MAGNETIC RESONANCE (NMR) -
I.1 GENERAL THEORY OF NMR SPECTROSCOPY

A spinning nucleus possesses angular momentum (p)

which is related to [ the nuclear spin quantum number by
p = lh/2n

where h is Planck’s constant and [ can be either an integer

or a half integer.

For isotopes where the mass number and charge
} : ¢

number (Z) are both even, I is =zero, the nucl
. #'

A)
us has no
angular momentum and therefore gives no’ nmr signal. This

applies to about two thirds of aill isotopes.

The magnetic moment (u) of a nucleus is given by

y is the magnetggyric ratio, which is an inherent property
of the nucleus and is different for each isotope..

When a nucleus s piaced in a uniform magnetic
Y
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fieid TBU) it attains a series of Zeeman energy levels each

with energy

Em = =Y M BO h/21T

The quantum number (m) may assume the valﬁes -1,
=I+1, o..y !;I. I, thus giving 2I+! energy levels (Fig.
1.1). The separatfon between energy levels.is proportional
to the applied magnetic fieid.

Nuclei witﬁ I=1/2 such as 295i{ have two Zeeman
energy leveis with a small excess of ruclei in the ground
(I=+1/2) state. The nmr signal results from the'excitation; 
“with radic frequency radiation, of.this excess of ground
state nuciei, from the +1/2 to -1/2 level.

An alternative way of describing this trShgitiqn-is
by using Newtonian physicé.

When a magnetic fieild (BO) is applied to a spinning
nucleus, it. causes the magnetic moment (u) ;o precess

around Bo‘with an angular momentum (w) given by

’
T

@5 = - ¥ Bg (Fig. 1.2)

The frequency of precession (uo) (the Larmor
frequency) is proportiona]/to the magnet%gyric ratio (¥y)
and the appiied magnetic field BO' x’, vy’ and z’ are

Cartesian coordinates in a frame of reference which is
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Figure 1.1 The 21+1 orientations with respect to Bg i
‘ and the quantization of u on'BO. The case

{1lustrated is .1=3/2 (Becker 1980) .
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Figure 1.2

Vectorial

'

. precession (Bgckér 1980). -

representation. of - 'Lar(nor" e
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rotating around Bo'at the Larmor frequency.

s

_ The Larmor frequency can be related to the ‘energy .

difference between energy levels in the quantumfmeéﬁ%hical

description of nmr.

A small magnetic field (Hl), formed by the passage.

of an electric currgnt through-a coil, which rotafés‘with
the Larmor Frequéncy, is placed at right anéles to éo'élong
x‘. The magnetisation of the nucleus reacts to’ the
resultant field by rotating ‘towards the %’fy’ plane'(Fig.
I.3a; 1.3b). The -y’ vector of magoétization is then

measured.

3

1.2 PULSE FOURIER TRANSFORM |

In the puilse Fourier Transform nmr experiment a

Qery.éhort. radiofrequency (rf) pulse containing a wide
naﬁge of frequencies ¥s appliéd é;ongqthe x’ ax{s (Fig.
I.Ba."I.Jc). This excites all nuclei yifh Larmor
Fredugncies within thjs range and results in an
interference pattern of s}ne wavés (Fig. I.éb; [.3d). This
free induction decay (FID) (Figl [.3d) is. then Fourier
TrahsFormed_From the time domain to the frequency domain to

give the nmr spectrum.
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Figure 1.3

(a) A 90° pulse aiong“ x* rotates the
magnetization from the equifibriuh
position to the y’ axis. |

(b) The magnetization decreases ' as the
magnetic moments dephase

(c} The .input signal, a 90° pulse

(d) Exponential  free induction decay
(FID) output signal R

(Becker 1980)
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1.3 CHEMICAL SHIFT

. The. electrons surrounding the nucleus, both those
betonging to the nucleus being studied and to adjacent

~atoms, are moving charged particles which respond to

magnetic fields. These fields effectively shield the

nucleus from the effect of the appliied magnetic field. The

field seen by the nucleus is given by

Heffective) = Bo ~ 9 By

where o is the shielding factor and depends on the chemical.

environment of the ato 1 Each nucleus with a different
-~

magnetic environment will have a different shielding factor

and hence a different chemical shift. The term chemical
shift comes from the fact that to obtain a resonance
conditign for a shielded nucleus either the Freguency is
held constant and the magnetic Fiétd is shifted to a higher
value or the field is held éonstant and the freqguency is
shifted to a lower value.

_ The shielding factor o is made up of four
components; a paramagnetic term, I and a diamagnetic term

9 both due to the electrons of the atom being studied, and

aiso screening contributions caused by neighbouring atoms
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and by interatomic electrons.

GD refers to the shje]ding due to electron density,

of s etectrons. [t is always greater than zero because, by
Lenz’s Law, the magnetic field created by the motion of the
diamagnetic. electrons always opposes the applied magnetic
field. 9p can be calculated for a theoret{cal single free
atom 1n' a spherically  symmetrical s electronic

'conFiguratfon from the equation of Lamb (1941)
g =‘4e2/3mc2 Ig ro(r) dr

where p(r} is the density of eleﬁtrons.as a function of
radial distance from the nuclieus. The numerical size of the
shielding component 1is related to atomic number and varies
from 1.8 x 1075 for hydrogen to 8.82 x 1073 For thallium

(Paudler 1987).

Op, which is always negative, allows for asymmetry

in electronic orbitals around the nucleus being observed.
Thus p electrons contribute towards the paramagnetic
component of shift. The paramagnetic effect is dominant for
all nuclei other than hydrogen and causes chemical shift
_ranges of several hundred ppm for large atoms such as lead.
The mathematical expression for Op includes terms for the
energies of excitation of the electronic states. The
computation of 9p is therefore extremely complex so that

with the opposing terms for o and op the calculation of
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chemical shift from first prinqiples is extremely difficult

for any system other than a bare proton.

The screening effect of other electrons and:

interatomic currents causes the difference ihlchemical

shift between atoms in simiiar electronic configurations,

e.q 29

chemical shift of SiO4 groups. This is again
extremely complex to calculate and can be studied bést_by
empirical types of correlatfops.

Becguse of the difficulty of absolute calecuiations,
chemical sHiFt is always measured with respect to a
reFeren&é}*Which for 29si nmr {s tetramethylisilane (TMS).

§d = (o

a6
REFERENCE ~OsamMpLE) X 10 -

Chemical shift is actually measured in fregquency
units (Hz) but as the frequency is proportionail to the
applied magnetic field, the shift is wusually reported as
' parts per million of the magnetic field. Thus chemical
shift is independent of field strength and the results from

different instruments are easily comparable.
I.4 HIGH RESOLUTION NMR OF SOLIDS
In solids, nmr peaks are broadened due to dipolar

interaction between adjacent nuclei and also chemical shift

anisotropy which is caused by differing orienfations-oF the

180



magnetic dipole with respect to the appllied magnetic field.

Dipole-dipolé interaction 1is the bertqtbgtion of
the magnetic field at one nucleus“due'fo sthe}ﬂmagnétic
nuclei producing dipolar fields In the vicinity.,!nréolidSs
these intera;tionsﬁproduce a'Eange of magnetic environments
ana hence overlapping peaks.. . This problem can b; reduced or
elfmfnated by stqdyihg only ailute spin systems. 295§ is
only 4.6% abundant so that thé chances of adjacent Sf atoms
'ﬁaQing magnetic .dipoles. for interéction are remote. The
sole magneficﬁhucleus of oxygen., !70, is 0.037% abundant,
and therefore .daés not cause dipolar interactions in
silicate minerals.

' Different orfentations of the magnetic dipole with
reépect‘ to béhe applied magnetic field cause diF?ering
valueé of the effective field at the nucleus. The isotropic
value is obtained in solution due té rapid motion. In the
case of nonspinning solids the result is many overlapping
resonances leading to broad envelopes of peaks with very

iittle fine structure -~ (Fig. l1.4a). Chemical shift

anisotropy (CS5A) refers to the _width of the spread of

chemical shifts between the extreme cases of having the
dipole either parallel or perpendicular to the magnetic
field.

The chemical shift anisotropy Hamiltonian contains
a term (3cos?e-1) which becomes zero if 8 is 54.7°9, By

spinning the sample at a speed greater than the value of
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'Figure [.4-

29g;
feldspar: -(a) static sample

(b) sample spihnihg at the magic angle'pF
54,7°_to the‘gpplfed magnetic field at a
Sﬁeed of approximately 3200 Hz

(Williams (Sherriff).1984) -

nmr spectra of .BLSO036 dli90c185enmmm
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Figure 1.5 Hagfc Angle  Spinning vectors (Paudier ’

1987),
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CSA at an angle of 54.7° (Fig. 1.5} the, aniso£ropic term
becomes zero agd the isotropic chemical shift is obserwved.

The spectra in this study were obtained at spinning
speeds between 3.2 and 3.5 KHz and often show a residual bF
the CSA as'épinning sidebands either siQe of the.jsotrébic
pegk'at a d{stance equal to the spinning speed (Fig. I[.4b).

| Fastéc-Spiﬁningican‘help to,fgddce these spinning sidebands
‘— |  ‘énd:sbeédg‘bF hp.torgo KHz_éfé now available.

- . ' . -

1.5 MAS NMR SPECTRA OF QUADRUPOLAR NUCLEI

Spe&tra‘ oF"nuélei with~'spiﬁi quantum -numberhil

A .

greater than 112 are dominated by quadrup%lgr‘fntéfgbt{on. 3

L which is "the interaction of th% nuclear qu;dfuéolar;momépf
| (eQ) with non -Sphericalry symmetrfca] elegtric, field
'gradients (Kl{ponBi 1984: FyFe 1983:'FyFe‘ efnal; 19832.
1This haé fhe‘éFFedt o% céusing broad odd shaped peaks which
can be extre¢ely difficult to interpret (Fig. I.6): . |

h The first order quadrupolar effects cani be

: . .

calculated from
c .

Zo-1)

e L Vg =1 1/27vq (m=1/2) (3cos
“(Klinowski 1984) where v, 1is the frequency of transitjon
for a '‘particular vaTue'oF m and VQ the quadrupole resoﬁahce

frequency is given by
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 QFigure [.6 fComputer simulated  variable angle éample '
spinning lineshapes for the'éent}al (m.;'
1/2) to (m = —-1/2) tranqitidh{of'-zaNa (i

= 3/2) broadened by second Torder

quadrupole effects '(Ganaﬁétﬁyd'ét,;al.

1982) .
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-

[vg.= 3e2qQ72h1(21-1)1]

’:Fromr these equations 1{t - can be seen that in the

27 " 23

case of non-integer spin nuclei such as Al  and “°Na, the

_First orger ‘tErmAFor m=l/2'transifion is zero and in fact

the +1/2 to -1/2 transition - .s unchanged:'by' first order
guadrupclar effects (Fig:--I.T). All other Ffirst order
effects can be_reduced'by spinning the sample at the magib
angle _and reducibg the term f3cosze—1) to zero. In most
spectra of non integer nuclei obtained at high field only
the central transition is observed as the other transitions
are shiFtéd to higher or lower field.

- The equation for the second order -Frequency shift

-is more complex

Zo-1)

ui/él%i~v20/16vaa;j/4)(l—cosze)(Qcos
V[vL = YBD(I—G)/Zﬂ]

.-The second ordeF‘eFFect is therefore not reduced by
spfnnfng at the magic angle although it can be reduced by
Spfnhfhg' at other angles (Ganapathy et at. 1982). It Es
howéver inversely proportional “to applied. magnetic field
whereas chemical shift is proportional to magnetic field.

" Thus the chemical shift component can be increased and the

qQadrupolar shift component decreased by obtaining the
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Figure [.7 Energy level diagram for a spin 5/2
nucleus showing the effect of first order
guadrupolar interaction on Zeeman energy

levels. (Fyfe et al. 1983).
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spectra at as high a field as possible.
1.6 RELAXATION TIMES

- There are two relaxation times: T, the spin lattice
or lohgitudina] relaxation time and T2 the .spin—spiﬁ or
transverse relaxatiqn time. Both are related to the time
during which thé‘nuclei regain their state of equilibrium.

T1 is the time in which the nuclear spins retgrn to
the z° axis from being perturbed. In gquantum theory it is
expressed as fhe rate at which the populations o%\the spiﬁ

energy levels return to equilibrium and can be expressed as

dn/dt = -2W(n-n_)

where ‘W 1Is the mean of. the probabilities of upward or

downward transition and n. is the number of nuclei in the

‘different spin states (Paudley 1987).

For spin lattice relaxation to occur a specific
guantum of energy must be given up to the surrounding
lattice. In ligquids this is accomplished by molecular
rotational or translational- motions causing fluctuating
magnetic fields that provide the mechanism for energy
transfer. In solids these motions do not exist and spin
.lattice reiaxatjon occurs by the often very inefficient

method of spin diffusion through the lattice (Abragam
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1961). Unpaired electfdns of paramagnetic ions and Iy
nuclei-inywefef molecules (Gladden et al. 1986) can provide

an efficient relaxation mechanism and shorten Tl relaxation
times. .

| ‘spin—Spin relaxation iTz) is due +to. the nuclear
spins_becoming _out oF phase in the x’-y’ plane. T2 is an
internal function but 1t is aFFected by fnhomogeneities in

the magnetic” Field which cEn be ‘caused by the unpaired

'Nuclei with short T2

slightly different Frequencies

The electric quadrun : m&ﬁent‘ Q of quadrupolar
nuclei can interact with the electric field gradIent of the
nucleus and contribute towards _.T1 relaxation. ThereFore
quadrupolar nuclei, even in so]ids usually have extremely
fast relaxafion rates and the FI1D can be accumulated with a
minimum of de]ay between pulses. For some guadrupclar

,nuctei. such as 35Cl

in an asymmetric electronic
environment. the quadrupolar relaxation rate can be faster

than'the'nmr time scale and the spectra cannot be recorded.
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APPENDIX 11

Mineral samples
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Mineral Number Locality Donor
Bery! SHEE-1-6 Shatford Lake, Manitoba. F.C.Hawthorne
Beryl - EEE~IQ Tanco'pegmatite,'Manitobé. F.C.Hawthorne
Berwyl BLM-503 Tanco pegmatite, Manitoba. F.C.Hawthorne
Beryl T-24 Tanco pegmatite, Manitoba. F.C.Hawthorne
Emerald Columbia -T. Ottaway
Emerald Emmaville, New South Wales T. Ottaway
Emerald Brazil - T. Ottaway
"Lepidelite T-38 Tanco pegmatite, Manitoba. F.C.Hawthorne
ﬁdécovite TL-48 Tanco pegmatite, Manitoba. F.C.Hawthorne
Heulandite 8407 Stodvarfiordur, lcelandic
: S-Mulasyslu, lceland Museum of
Natural History
Reyk javik
Chabasite 7924 Mjoidalur, Isafjordus, [celand
. i N—Isafjordarsysla, Museum of
_Iceiand Naturail History
Revk javik
Thomsonite 1580 Runna, Beraf jordur, [celandic
' : S-Mulasyslu, Iceland Museum of
Natural History
Revkjavik
Scolesite 1112 Teighorn, Beruf jordur, Icelandic
S-Mulasyslu, lceland Museum of
Natural History
¢ Reyk javik
Sphene  BLS5396  (synthetic) M. Crowe,
) Mcmaster

University



APPENDIX 111

DUM.FOR Fortran ‘program for emplacement of dummy atoms
at midpoints of altl catfon—oxygen bonds.

CHARACTER®*B5 LINE

DIMENSION LLA(10000), B(3,10000)

INTEGER C(8,10000),P
OPEN(UNIT=1,FILE="TEMP.DAT’ ,TYPE="0LD")
OPEN(UNIT=2,FILE="DUM.DAT", TYPE="NEW")

DO 2 I=1,2
READ(1,100)LINE

- 100 FORMAT(A&:?’?

2 CONTINUE

READ(1, 106)NUM, LINE
106 . FORMAT(14,A81)
' READ(1, 100)LINE

DO 98 I=1!,NUM
READ(I,101)}LACL),(B(K,I),K=1,3},(C(J,1),J=1,8)

101 - FORMAT(5X.Al.5X,3F10.5,814,12X)
98 .  CONTINUE
N=NUM

.. DO 97 I=1,NUM
.. IF(LA(1):NE.*0")GO TO 97
£."0")

DO 96 J=1,8
IF(C(J,1).EQ.0)GO TO 96 -
IF(LA(C(J,1)).NE.*S”) GO TO 96

“N=N+]
DO 95 K=1,3

- B(KsN)=B(K,)=((B(K,1))- B(K (C(J.1))r)ra.
95 - . .CONTINUE .

96 CONT INUE .
97 ~ CONTINUE
REWIND 1
M=N

00 77 I1=1,NUM
[F(LA(I).NE.”Q")}GO TO 77
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75

76
77

65
66

67

DO 76 J=1,8 |
IF(C(J.1).EQ.0)GO TO 76

IF(LA(C(J,I)).NE."A") GO TO 76

M=M+]
DO 75 K=1,3

B(K,MY=B(K, 1)=((B(K,1))-B(K,(C(J,1))))/2.

CONTINUE .
CONTINUE
CONTINUE

"REWIND 1. .

P=M o .
DO 67 I=1,NUM
IF(LA(I).NE.’O")GO TO 67

' DO 66 J=1,8

IF(C(Jy1).EQ.0)GO TO 66
' -

:IF(LA(C{J.de.EQ.'A’) GO TO 66

IF(LA(C(J,I)).EQ.’S") GO TO 66

P=P+1
DO 65 K=1,3

B(K.P):B(K.I)r((BEK.I))—B(K,(C(J,l))))/2.

CONTINUE
CONT INUE
CONTINUE

REWIND 1

Do 3 1=1,2
READ(1, I0C)LINE

. WRITE(2,100)LINE

CONTINUE

READ([,106)NUM, LINE
WRITE(2,106}P,LINE

L=NUM+1 . -
DO 4 I=19|‘_..

READ(1,100)LINE
WRITE(2,100)LINE
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104 -

105

107

CONTINUE

CLOSE(1) o e
CLOSE(2) .~ - S

193
CONTINUE

DO 6 [=L.N

WRITE(Z,104)(B(K,I[),K=1,3)

FORMAT(SX.’D’.4X 3F10.5,4%, 0" ,7(3X, ’0 )v
3X,70. 000',3X 1)

CONTINUE e )
.o } ;- Cos ’ j ’
DG 7 T1=N,M - g T

WRITE(2,105) (B(K, 1), K 1, 3) } - .
FORMAT(5X,’E’,4X,3F10.5,4X,°0", 7(3x.'0'5.,"'
-~ 3X,°0. 000'.3x.11')_ )

“M=M+1

DO 8 I=M,P . : e
WRITE(2,107)(B(K,1),K=1,3) L e T
FORMAT(5X, "G’ ,4X,3F10.5,4X,°0",7(3X,°0%),"

' 3X,70.0007,3X,717) . 7 .

CONTINUE -

END- - L



APPENDIX IV

L

LEN ‘FOR A Fortran program to ‘calculate atomi= distances
and angles From the -atomic coordlnates From Chem—K :

( -
INTEGER; CCIOOOO)- 0(10000) : T
'REAL LN(3 ,10000)-, - COSA(IOOOO). COSO.(10000)
CHARACTER“I LSYH(!OO) ' :
"IARR= 100000

.OPEN(UNIT-I FILE="DUM. DAT' TYPE “OoLD’ ) - e

OPEN(UNIT=2,FILE="D2:[8426701.2X003.GEOM]CO.DAT", :
‘ “TYPE="NEW" D , T
Do 2 I=1,2 "
. - . READ(1,100)LINE - T LW
.7 100 - FORMAT(AS85). ) . R
2 CONTINUE - RN .
T ‘
o READ(I.IOS)NUM LINE R |
106  FORMAT{I4,A81) . .i ST L. .
IF (NUM;LE.TARR)GOTO" 1112 A

WRITE (6, T113)NUM, IARR - - . T S
FORMAT(IX}’ ERROR NUM -GT IARR- NUM—- 15,7 IARR=",15)
READ(I;IOO)LINE E ) ' S :

00 98 I=i,NUM - © . . il g
READ( L, 101)LA(T) ,0C1); (B(K)1) K=1,3)" C(I)\;r\ .
101 (FORMAT(SX;A1,A2,3X,3F10.5,214,36X) " =~ °

98 CONTINUE
. L MeD
. DO 97 I=1,NUM PR , -
IF(LA(I).NE."D")GO TO 97 - - - IR
X=0 _ .
DO 95 K=1,3 o
X=X+((B(K, )~B(K, 1))**2) e
95 - CONTINUE -
M=M+1 .
LN(1,M)= SQRTrX)

Y=0
DO 8! K=1,3
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81

82

97

. 105

74 -

116

65

61

62

67 .

Y=Y+ ((B(K, (C{I)))~B(K,1))**2)

CONTINUE
LN(2.M)=SQRT (Y}

Z=0

DO 82 K=1,3"

Z=Z+({B(K, (C(I)})-B(K,1})**2)
CONTINUE

LN(3,M)=5SQRT(Z)

COSA (M) = (X+Z=Y) /(2*(SQRT (X)) *(SQRT(Z)))
*COSO(M)Y=(Y+Z=X) /(2% (SQRT(Y) )} *(SQRT(Z))) -
SI(M)= (SQRT(Z+X+(COSA(M)‘2*(SQRT(Z))*(SQRT(X)))))
CONTINUE .
DO 74 I=1,M
WRITE (2.105) (LN(K, 1) K=1,3),COSA(I),COSO(I).SI(I)
FORMAT(6(X,F9.5))

CONTINUE
WRITE(Z2,1186)
FORMAT("E")

M=0
DO 67 I=1,NUM
IF(LA(I)Y.NE.“E’)GO TO 67

X=0

DO 65 K=1,3
X=X+((B(K,1)=B(K,1))**2)
CONT INUE

“M=M+1

LN({1,M)=SQRT(X)

Y=0

bO &1 K=1,

Y=Y+ ((B(K, (C(I)))—B(K l))**Z)
CONTINUE

LN(2,M)=SQRT(Y)

Z=0 ) _ .
DO 62 K=1,

Z=Z+((B(K, (C(I))) B(K, 1))**2)

CONTINUE

LN(3,M)=SQRT(Z)

COSA(M)=(X+Z=Y)/(2*(SQRT (X)) *(SQRT(Z)))
COSO (M) =(Y+Z~-X)/ (2* (SQRT(Y))*(SQRT(Z)))
S1(M)=SQRT(Z+X+{COSA(M)*2*(SQRT(Z))* (SQRT (X)) ))

CONTINUE
DO 64 [=1,M
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NRITE (2 iOS)(LN(K [),K=1,3),C0SA (1), COSO(I) SI(I)
CONTINUE

WRITE(2,116)

‘M=0

DO 57 I=1,NUM

IF(LA(I).NE."G")GO TO 57

X=0

DO 55 K=1,3
X=X+{(B(K,[)-B(K,1))*=2)
CONTINUE

M=M-+ |

LN(1,M)=5QRT(X)

Y=0 o ‘ Py DY
DO 51 K=1, ) .

Y=Y+ ((B(K, (C(I))) B(K,l))"2)

CONTINUE :

EN(Z2,M)=5QRT(Y)

Z=0 o ' : . oo

- DO 52 K=1,3 T ‘ ' ,
Z=Z+((B(K, (C(1)))-B(K,I1))**2).. T 2
CONTINUE o h

" LN(3,M)=SQRT(Z)

COSA(M)=(X+Z-Y) /(2" (SQRT(X)) * (SQRT(Z))) .
COSO(M)=(Y+Z-X)/(2*(SQRT(Y)) *(SQRT(Z))) ~  *
ST(M)= SQRT(Z+X+(COSA(H)’2*(SQRT(Z)) (SQRT(X))))
" CONTINUE ipt' o ) LR
DO 54 I=1,M7 C R

WRITE (2,105)(LN(K, I) K=1 3) COSA(I) COSO(I) 5!(1)

. .CONTINUE » @

 WRITE(2,116) . ' AR S
CLOSE(1) N e e

' CLOSE(2) o - .- Lo S
END -



APPENDIX V

CHIS - 8R A fortran program which calcuiates x"'and
- hence “75i nmr chemical shift from m\

o = z(exp[(rd—ri)/d.Bjjl((1—3co528{)/3Ri3)(Iog(Si~Xj)) -

§ = 701.6 x°" — 45.7

CHARACTER™85 LINE
CHARACTER*20 MIN
CHARACTER*! E
DIMENSION B(5,10000)

OPEN(UNIT=1,FILE="CO.DAT’,T1YPE="0OLD")
OPEN(UNIT=2,F [LE="SUMI.DAT",TYPE="NEW") -~
"OPEN(UNIT=3,FILE="SUMZ2.0DAT",TYPE="NEW" ) '
OPEN(UNIT=4,FILE="CHISI4.DAT",TYPE="0LD") N

' WRITE(6,80)

80 = FORMAT(2X, WHAT IS CATION?’)

, READ(5,81)CAT

8l FORMAT(AZ)
WRITE(G 180) ‘ )

180 FORMAT (2X, ' WHAT 18 HINERAL? )

) READ(S5, [81)MIN

181 FORMAT(A20) ... . - - .
WRITE(6,181)MIN . ' .~ o

1111 H:O . . :. ;‘h'- - | : | . oo _. _ -

10° -‘READ(l.lUO)E TEMPI TEHPZ TEMP3 TEMP4

1g0 FORMAT(A] F9.5, I'1X{ 3(F9 5,1X) ) .

UL

[F(E EQ E ) GO TO 20:

. B(I.I) TEMPI.-_\ L T

- B(2,1)=TEMP2
..B(3,i)=TEMP3 "

- B(4,1)=TEMP4

I=1+]
M=M+1
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108 .

104

105
106"

101

I[=1+]
M=M+ ]

. GO TO 10

SUMS1=0

DO 9 I=1,M

0000 .

" WRITE(2,108)R,T,A,C

FORMAT(1X,F9.5,3(2X,F9.5))

X=( 1= (3% ((A)**2)))/(3*((R)**3))

S=EXP((1.64-(2*T)}/0.37)
Y=LOG!0(C)

Z=X"S*Y

SUMSI[=SUMSI+Z

WRITE(2,104)X,5,Y.Z

FORMAT (4(2X,F9.5))
- _CONTINUE

WRITE(2,105)SUMSI
- 'FORMAT(” SUMSI=",F9.5)
. WRITE(6,105)SUMSI

- WRITE(3,106)SUMSI
. FORMAT(2X, SUMSI[=’,F9.5)

M=0
I=1

_READ(1,100)E,TEMP1, TEMP2, TEMP3-, TEMP4

IF(E.EQ.’E") GO TO 201
B(Ol,)=TEMPI

B(2,1)=TEMPZ

B(3,1)=TEMP3
B(4,1)=TEMP4

[=I+1
M=M+1
GO TO 10l
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91

1051

1061

<211

0O¥Xr-HaD

‘ 1—1

o
o
{¥e)

I=i,M

<NV X
T
o000

i nnn

Dwm®

NRITE(Z.IOB)R T,A,C

X-(l—(3*((A)"Z)))/(3'((R)"3))
S=EXP((1.62-(2*T))/0. 37)-
+Y=LOG10(C)
VUL Z=X*GrY
'fSUHAL;SUMAL+Z

’waITE(2.104)x $,Y,Z
CONTINUE ~ °

WRITE (2, IUSI)SUMAL
FORMAT (" SUMAL=",
“,wRITE(s 1051)SUMAL

WRITE (3, 1061)SUFAL
FORMAT.(2X,* SUMAL=",F9.5) -

M=0

‘READ(I 100)5 TEMPI TEMP? TEMP3, TEMP4 °
“‘IF(E EQ ' ) 66 TO 211 :
B(1.1)= TENPL’ '

- B(2.1)=TEMPZ .- .
B(3.1)=TEMP3 =~ -

B(4, = TEMP4

I—I+l

M=M+1 :
GO TO 111 -
SUMCAT=0.
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83
61
62
63
64

65

67
68

69

=0

GO TO 79

, T
R=B(1,1I) .
T=B(2,1)

A=B(3,1)

C=B(4,1)
WRITE(2,108)R,T,A,C

X= (l—(3‘((A)'*2)))/(3 ((R)"S))
Y=LOG10(C)
IF(CAT.EQ.’C’ﬁGO TO 70
'IF(CAT.EQ.’H’)GO TO 71.
IF(CAT.EQ.’K’)GO TO 72

- IF(CAT.EQ.“NA")GO ' TO 73
IF(CAT.EQ.’CA*)GO TO 74
IF (CAT.EQ. “MG’)GO TO 75
IF(CAT.EQ."BE“)GO TO 76
IF (CAT.EQ.”ZR*)GO TO 77
IF(CAT.EQ.”TI’)GO TO 78
IF(CAT.EQ.’FE")GO TO 69
IF(CAT.EQ. ZN’)GO TO 68
"IF(CAT.EQ.’SC’)GO TO 67
[F(CAT.EQ."MN’)GO TO 66
IF(CAT.EQ."BA’)GO TO 65
IF(CAT.EQ.’LI1“)GO TO 64
IF(CAT.EQ.“B")GO TO 63
[F(CAT.EQ.’CS’)GO TO 62
IF(CAT.EQ.’P*)GO TO 61
WRITE(6,83)

FORMAT(2X, " BEWARE , CATION NOT LISTED""")
S=EXP((1.617-(2*T))/0.37)
GO TO 79
S=EXP((2.417=(2*T))/0.37) A
GO TO 79 '
S=EXP((!.371=(2%T))/0.37)
GO TO 79
S=EXP((1.466-(2*T))/0.37)
GO TO 79
S=EXP((2.285-(2*T))/0.37)
GO TO 79
S=EXP((1.753-(2*T))/0.37)
G50 TO 79
S=EXP((1.849-(2*T))/0.37)
GO TO 79
S=EXP((1.704—(2%T))/0.37)
GO TO 79
S=EXP((1.734-(2%T))/0.37)
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70
71
72
73
74
75
76
77

8

79

1151

“l116el

1171

1191
' 999

1192
1181

WRITE(6,1171)SUM,DEL

S=EXP((1.390-(2*T))/0.37)
GO TO 79
S=EXP((0.882-(2*T))/0.37)
GO TO 79
S=EXP((2.132-(2*T))/0.37})
GO TO 79 .
S=EXP((1.803—-(2*T))/0.37)

-~ GO TO 79
. S=EXP((1.967- (2*T))/0 37)

GO TO 79 -

S=EXP((!. 693-(2*T))/0 37).

GO -TO 79 _ ‘ )
S=EXP((1.381-(2*T))/0. 37) ‘
GO T0 79

S=EXP((1. 928-(2‘T))/0 37)
GO TO 79 .
S=EXP({1.815-(2*T))/0.37)
GO TO 79 '

Z=X*S*Y

SUMCAT=SUMCAT+Z

WRITE(2,104)X,5,Y,Z

CONTINUE =~ -

WEITE(2,1151)SUMCAT o
FORMAT(’ SUMCAT=’,F9.5) '

WRITE (6, 1151) SUMCAT

WRITE(3,1161)SUMCAT
FORMAT (2X, *SUMCAT=",F9.5)

SUM=SUMS [ +SUMAL+SUMCAT

DEL=701.6*5UM-45.7 T

WRITE(3,1171)SUM,DEL

- FORMAT (2X, ’SUMCHI— +F9.5,"CHEM SHIFT« .FII.S)'T

READ(4,1181,END=999)LINE
GO TO 1191 ’

CONTINUE .

WRITE(4,1181)MIN,SUMS], SUMAL ,SUMCAT, SUM,DEL
FORMAT (A20,5(2X,F11.5))

CLOSE(1)
CLOSE (2)
CLOSE(3)
CLOSE (4)
END
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APPENDIX VI

Values of 2 for SiO2 polymorphs summed at

OCVVDON~AONO AN WWIN

fa—
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/2 A intervatls to 10 A
Distance Value of Q '
from Si Quartz Cristo- Coesite Tridymite
balite Tt -T2 Tl T2 T3 T4
-0 -=5.121 -5.160 -5.113 -5.,093 -5.229 -5.196 ~5.189 ~5.219
-0 -5.283 -5.328 -5.281 -5.253 -5.401 -5.371 -5.359 -5.396
.5 -5.252 -5.298 ~5.255 ~5.218 -5.370 -5.344 -5.328 -5.368
.0 —-5.256 -5.310 -5.210 -5.185 -5.383 -5.354 ~5.340 ~5.378
-5 -5.217 -5:310 -5.179 -5.130 -5.394 -5.372 -5.364 -5.399
0 ~5.211 -5.296 -5.220 -5.180 -5,376 ~5.355 -5.34]1 -5.371
.5 -5.226 -5.290 -5.228 -5.192 -5.371 -5.325 -5.317 ~5.352
.0 -5.239 -5.284 -5.227 -5.182 ~5.366 -5.331 -5.314 -5.356
.5 ~5.439 ~-5.286 ~5.236 -5.192 ~-5.358 -5.330 -5.325 ~5.359
.0 -5.252 -5.295 -5.220 -5.186 -5.369 —-5.344 -5.337 -5.365
.5 -5.228 -5.300 -5.213 -5.167 ~5.376 -5.345 -5.334 -5.370
.0 -5.226 -5.305 -5.221 -5.183 -5.378 -5.35] -5.337 -5.375
.5 -5.23!1 -5.300 -5.217 -5.183 -5.378 -5.350 -5.335 ~5.371
.0 -5.231 -5.294 -5.224 -5.185 -5,377 -5.345 =5.329 -5.366
.5 -5.238 -5.293 -5.224 -5.177 -5.37] -5.338 -5.329 -5.365
.Q -5.231 -5.288 -5.213 -5.172 -5.365 -5.334 -5.322 -5.358
Tridymite
T5 T6 JLT7 T8 TS, T10 Ti1 T12
2.0 -5.313 -5.263 .368 -5.219 -5.253 -5.215 -5.155 -5.262
3.0 ~5.494 -5,433 .550 -5.388 -5.425 -5.386 -5.327 ~5.435
3.5 -5.470 -5.400 .5326 -5.354 -5,393 -5.354 -5,298 -5.406.
4.0 -5.477 -5.415 .533 -5.370 -5.406 -5.367 -5.310 -5.418
4.5 -5.490 -5.422 .548 ~-5.388 -5.419 -5.388 -5.312 -5.437
5.0 -5.468 -5.406 .522 -5.359 -5.398 -5.370 -5.292 =-5.412
5.5 -5.454 -E,3S0 .510 -5.339 -5.378 -5.355 -5.290 -5.39]
6.0 ~-5.462 -5.398 .509 ~-5.348 -5.383 -5.352 -5.292 =-5.391
6.5 -5.460 -5,393 .514 -5,355 -5.393 -5.348 -5.287 =5.398
7.0 ~5.463 -5.405 .522 -5.363 -5.400 -5.35%7 -5.297 -5.414
7.5 -5.468 -5, 408 .523 -5.359 -5.397 -5.359 -5.299 ~-5.412
8.0 -5.474 -5.404 .531 ~-5.362 -5.400 -5.362 —-5.300 -5.412
8.5 ~5.471 -5.407 .527 -5.362 -5.402 -5.362 -5.299 -5.413
9.0 ~5.466 -5.404 -5.519 ~5.358 -5.391 -5.359 -5.297 -5.407
9.5 -5.465 -5.400 -5.519 -5.353 -5.389 -5.354 -5.294 -5.402
0.0 ~5.459 -5,393 -5.512 -5.348 -5.384 -5.349 -5.286 -5.398



APPENDIX VII -

-

Summations of geometric tgrms for SiO2 po]ymdrphs

avgraged from 6 to 10 &

Mineral site 295i1nmr Chémical _ Geometric terms*®
shift (ppm) Sl 2 3
quartz © -107.1 ~5.235  2.332 -6.478
cristobalite -108.5° ~5.294  2.415 -6.312
" coesite T2 ~-108.1 - ~5.181 2.300 \46.469
coesite Tl -113.9 - —5.222 2.395_ -6.174
tridymite Tl =-111.5 ~ -5.371 2.472 -6.311
tridymite T2. -111.0 -5.342 2.491 -6.117
tridymite T3 -109.3 -5.329. 2.437 -6.322
tridymite T4 -111.0. -5.365 2.512 -6.093
tridymite T5 - =113.5 -5.465 2.580 -6.122
tridymite 76 -113.0 ) -5.40! 2.462 -—-6.443
tridymite T7 -114.0 ) : -5.520 2.609 -6.173
tridymite T8 ©o=111.0 -5.356 2.434 -6.420
tridymite T9 -112.0 -5.393 2.476 -6.366
tridymite T10 -111.0 -5.35¢6 2.458 -6.329
tridymite Tll -109.3 -5.295 2.446 -6.164
tridymite TlZ -113.0 i -5.405 2.490 -6.331
*Geometric term (1) E((l—acoszei)/3Ri3)
*Geometric term (2) E((l—Bcoszei)/3Ri3)(cosa/005c—l)
*Geometric term (3) 2((l—3coszei)/3Ri3)(l/cosa)
S
N
.\s— -
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APPENDIX VIII

295i chemical shift of silicate minerals, experimental

values and values calculated from equations 3 and 4

e

Mineral sites - l295i.pmfﬁchemicai shift References

Measured Calculated-DiFFerence nmr structure

ORTHOSILICATES

topaz ~85.6 -83.1 r =2.5 4 14
andalusite -79.8 -79.7 -0.1 1,3,4 15
kyanite T1 - -83.2 - =83.1 -0.1 ! 16
kyanite T2 -82.3 -83.0 -0.7 l 16
sillimanite - -86.4 -B6.2 -0.2 1.,3,4 17
datolite - -83.0 ' -81.2 -1.8 5 18
zircon _ -81.6 -80.2 -1.4 4 i9
sphene =79.6 -80.9 1.3 2 20
phenacite -74.2 . 375.5 1.3 4 21
"monticellite . =66.3 -64.7 ~1.6. 3 22
olivine L=62.0 -62.8 0.8 4 23
chondreodite ~-60.0 -63.5 3.5 4 24
garnet* : -83.4 -77.1 -6.3 4 25
SOROSIL ICATES
akermanite ~73.7 -76.7 3.0 3 26
gehlinite ~72.5 ' -74.3 1.8 3 27
rankinite TI -74.5 -74.0 -0.5 3,4 - 28
rankinite T2 -76.0 -78.7 2.7 3.4 .28
thorveiteite -95,3 -92.6 -2.7 4 29
lawsonite -81.0 —-80.4 -0.6 5 30
piemontite Tl ~-86.4 -85.6 -0.8 i el
piemontite T2 -90.4 -89.4 ~1.0 l 31
piemontite T3 -81.9 -78.3 -3.6 l 31
‘hemimorphite® -77.1 -85.8 ' 7.9 5 32
INOSILICATES
clinocernstatite Tl -84.2 -B4.6 0.5 3 33
-clinoenstatite T2 -81.8 -82.2 0.4 3 33
orthenstatite TI -82.0 -85.2 3.2 4 34
orthenstatite T2 -82.0 -82.5 0.5 4 34
pseudowol lastonite T1 -83.5 -83.3 -0.2 3.4 35
pseudowcl lastonite T2 -83.5 —83.%; -0.2 3.4 35
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Mineral sites ' 2981 rmr chemical shift References

S Measured Calculated Difference nmr structure

-

psétdowol lastonite T3 -83.5 -82.6 ~0.9

3,4 35
pseudowo!l lastonite T4 -83.5 - -B2.5 -1.0 3.4 35
pseudowol lastonite T5 -83.5 - -83.1 - ~-0.4 3,4 35
" pseudowol lastonite T6 -83.5 -82.0 -1.5 3,4 35
-diopside. - —84.8. ~84.6 - =0.2 1 36
Jadeite . -91.8 -89.9 -1.9 3 37
wollastonite Tl -91.7 - =91.0 -0.7 1 34
wollastonite T2 o =91.7 . =91.5 - =0.2" 1 34
" wollastonite T3 -~  -=87.6 + =B4.6 -3.0 1 34
spodumene -91.4 . =89.4 -2.0 1,3,4 38
tremolite TI T L =91.2 -91.0 -0.2 1,3.,4 39
tremolite T2 -87.2 | -86.6 f0.6 1,3,4 39
omphacite T1 - =85.4 - -86.3 0.9 1, 40
omphacite T2 ~-85.4 -86.9 . 1.5 i 40
pectol ite Tl -86.3 - -B4.4 - -1.9 1,3 41
pectoiite T2 " -B6.3 -85.9 -0.4 1,3 41
pectolite T3 g : -86.3 -89.2 2.9 1,3 41
benitoite® ~94.2 -88.9 '-5.3 4 42
PHYLLOSILICATES
tate T1 - ~97.2 -96.9 ~0.3 t.,4 43
talc T2 -97.2 . =96.8 -0.4 1,4 43
apophyliite -92.0 -92.0 0.0 4 44
kaolinite Tt -91.5 ~-92.4 0.9 l.4,7 45
kaolinite T2 -91.5 -92.4 0.9 1,4,7 45
kaolinite T3 . -91.5 -92.2 0.7 1.4.7 45
kaolinite T4 -91.5 -92.2 0.7 1,4,7 45
danburite -89.0 -88.3 -0.7 l 46
lepidoiite -89.6 -91.5 1.9 2,4 47
vermicul ite TI -88.0 - =88.3 0.3 8 48
vermiculite T2 -8£.0 -87.3 -0.7 B 48
phlogornite -86.0 -84.9 -1.1 4.8 49
muscovite T1 T =89.0 -89.9 0.9 2.,4,8 50
muscovite T2 -85.5 -86.1 0.6 2,4,8 50
margarite Tl -76.0 -78.0 2. 4,7 51
~margarite T2 -76.0 ~77.3 1.3 4,7 51
pyrophyllite Tl -94.0 . -93.0 -1.0 1.4 52
pyrophyllite T2 -94.0 -93.1 -0.9 _ 1,4 52
TECTOSILICATES
gquartz -107.1 -105.5 -1.6 1.9 53
coesite Tl -113.9 -110.1 -3.8 9 54
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29g; :?

Mineral sites nmr chemical shift " References

Measured Calcuiéted_Differen¢é fhmr‘étrudture

coesite T2 ' . ;LDB;I__;L\ 9 54

anorthite T ' -82.7. . T 10 55
ancrthite T2 T =B2.7 . 10 55
anorthite T3 - =89.3 | 7 10 55
anorthite T4 . -84.7 bl b 10 55
anorthite 75 -84.7 .- -0.9 10, 55
anorthite 76~ -84.7 1.7 100 55
anorthite T7 - .—84.T7 . - 1.4 10 55
anorthite T8 -84.7 1.8 10 55
tridymite TI - =111.0° 0.8 S 56 .
tridymite T2 -113.0 2.1 - S 56
tridymite T3 -111.0 0.3 - 9 56
tridymite T4 -113.0 2.2 9 56
tFidymite . T5 -114.0 2.6 -9 56
tridymite Té -109.3 0.2 9 56
tridymite T7 ~114.0 2.0 9 56
tridvmite T8 -109.3 0.3 9 56
tridymite T9 . ~-111.0 0.! 9 56
tridymite T10 -111.0 0.4 g 56
tridymite TI11 ~112.0 1.2 9 56
tridymite TI12 -111.0 0.0 9 56
petalite T1I -110.9 -1.4 3 57
petalite T2 : ~~109.5 -1.4 3 57
cristobalite 2 -108.5 0.3 9 S8
scapolite TI -106.2 ~-2.2 41 B9
scapolite T3 + =92.6 0.0 Il 59
Amelia albite T2 -104.9 -2.1 10 60
Amelia albite T3 -97.1 0.2 10 &0
Amelia albite T4 -92.8 0.7 . 10 60
sodalite -84.9 2.7 | 61
gmelilite ~-97.2 1.8 3.l2 62
cancrinite -86.3 2.5 1,3 63
oligociase T2 -104.6 -2.0 [0 64
oligoclase T3 -97.1 1.0 10 64
oligoclase T4 -92.8. 0.7 10 &4
microcline T2 -100.2 0.0 [0 65
microcline T3 -97.1 0.5 10 65
microcline T4 -94.7 1.6 10 65
nepheline TI ~-85.1 3.4 1,13 66
nepheline 12 -85.1 3.4 [,13 66
chabazite -98.7 -2.5 2.,3.12 &7
thomsonite TI ~89.0 -3.6 2,3.12 68
~thomsonite T2 -86.4 -3.1 2.3,12 68
"thomsonite T3 -91.7 -4.9 2,3.12 68



207~

Il Sherriff et al. 1987
13 Stebbins et al. 1986
15 Burnham & Buerger 1961
17 Burham 1963b

19 Robinso

N

Gibbs & Ribbe

21 Zachariasen 1971
23 Birle et_al. 1965
25 Novak & Gibbs 1971
27 Kimata & Li 1982

29 Smolin,
31 Dotllase
33 Pannhor

Sh
[
st

epelev & Titov
69
1984

1971

1972

Mineral sites 29g]; nmr chemical shift References
Measured Calculated Difference nmr structure
scolecite Tl ' -~95,7 -90.4 . -5.3....2,3 69
scolecite T2’ . -86.4 -84.6 . ~1.8..2,3 69
scolecite T3 ' -88.8 ¢ © -89.1 0.3 2,3 69
natrolite Tl -95.4 '=-92,.6 . =-2.8-:3,6. 70
natrolite T2 - -87.7 -88.5" 0.8 3,6 70
heutandite T1 ~-95.0 -95.,7 0.7 2,12 71
heulandite T3 -105.0 T =104.4 -0.6 2,12 71
heulandite T4 =-108.0 " -109.4 1.4 -2,12 71
‘heulandite T5 -100.0 -99.0 -1.0, 2,12 71
heulandite T6 -105.0 -103.6 -1.4 2,12 71
heulandite T7 95,0 -36.6 1.6 2.12 71
heulandite T8 =102.0 -100.2 -1.8 2,12 71
kalsilite ) ' -88.8 -88.9 0.1 13 " 72
tourmalirnre -88.1 -89.8 1.7 1 73
beryl ~102.3 -103.8 1.5 2 74
beryl Cs Na, -101.0 -102.0 1.0 2 75 :
carnegeite® -82.2 ~93:6 11.4 4 13 76 -
zZunyite TILI* -128.5 —-114.4 14.1 3 77 v
zunyite T2* . =96.7 '-89.2 7.5 3 77,
* not used in calculation of correlation e ;
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 APPENDIX .IX -

o

Calculated chemical shiFts-FromLtheoFeticaJ models

. ' (angle a varied between 125%and 180°)

tetrahedron.

209

Q°’* soro o phyilo  tecto
C T=S1C
180 1.59 -0.02826 -65.5 -85.4°  -105.2 -125.0
175 1.59 -0.02817 -65.5" =85.2" ~105.0 -124.8
170 1.5¢ -=0.02788 -65.2 =—84.8 .~104.4 ~-124.0
165 1.59 ~0.02740 -65.2 -84.2 -103.4 ~122.86
160 1.59 -0.02672 .-64.4 -83.2 -102.0 -120.7
155 1.59 - -0.02583 -63.8 -82.0 -100.1 -118.2
150 1.59 -0.02473 —63.00 -80.4 -97.8 -115.1
145 1.5 ~0.02340 -62.1 -78.5 -95.0 -111=4
140 1.59 -0.02184 -61.0 -76.4 -91.7 -107.0
135 1.59 -0.02002 -59.7 -73.8 -87.9 -101.9
130 - 1.59 =-0.01793- -58.3 -70.9 -83.5 -96.0
125 1.59 —0;01556“' -56.6 -67.5 ~78.5 -89.4

T=A1

125 1.75 -0.0098z2 -52.6 -59.5 -66.4 -73.3 .
130 1.7% -0.01107 -53.5 -61.3 -69.0 .=76.8"
135 1.75 -0.01217 ~54.3 -62.8 . -71.3 -79.8
140 1.75 -=0.01312 -54.9 -64.1 -73.3 -82.5
145 175 -0.01393 -55.5 -65.3 -75.0 -84.8
150 1.75 -0.01461 =-55.9 -66.2 -76.5 -86.7
155 1.7 -0.01517 - -56.3 -67.0 -77.6 -88.3
160 1.75 -=0.01562 -56.7 =~67.6 -78.6 -89.6
165 1.795 =0.01597 -56.9 -68.1 -79.3 -90.5
170 1.75 -0.01621 -57.1 - -68.5 -79.8 -91]1.2
175 1.75 =-0.01636 -57.2 =68.7 -80.1 -91.6
180 1.75 -0.0164] -57.2 -68.7 -80.3 -91.8
* 0’° calculated for one Si or Al bonded to SiOd



Calcuiated chemical

(distance r

vari

\

shifts from theoretical

APPENDIX X

models

ed between 1.75 and 1.55 &)

155

210

a r Qrox sSoro ino phyllo tecto
T'= Al
180" 1.75 =~0.01641 -57.2 -68.7 -80.3 ~-31.8
180 . 1.74 -0.01692 -57.6 -69.5 -81.3 -93.2
180. 1.73° -0.01744 -57.9 -70.2 -82.4 -94.7
180 1.72 -0.01798 -58.3 -70.9 -83.5 -96.2
180 1.71 -0.01854 -58.7 ~-71.7 -84.7 -97.8"
180 1.70 -0.01912 -59. 1 -72.5 -86.0 -99.4
180 1.69 -0.0197! -59.5 -73.4 -87.2 -101.0
180 1.68 -0.02033 -60.0 ~74.2 -88.5 -102.8
180 [.67 -0.02096 -60. 4 ~-75.1 -89.8 -104.5
T = Si
180 . 1.67 -0.02212 ~61.2  -76.8 -~92.3 -107.8
180 1.66 —-0.0228] -61.7 -77.7 -93.7 ~109.7
180 -1.65 =-0.02352 —-62.2 -78.7 -95.2, ~111.7
180 1.64 -0.02425 -62.7 -79.7 -96.8 -113.9
180 1.63 -0.02501 —63.2 -80.8 -98.4- -115.9
180 1.62 =-0.02578 -63.8 -81.9 -100.0 -118.1
180 1.61 -0.02658 -64.3 -83.0 -101.7 -120.3
180 1.60 —0.02741 -64.9 -84.2 -103.4 -122.7
180 1.59 -0.02826 -65.5 -85. 4 ~-10542 -125.0
180 1.58 -0.02914 - —66.1 -86.6 -107.1 -127.5
180 1.57 -0.03005 -66.8 -87.9 -109.0 ~-130.7
180 1.56 -0.03098 -67.4 -89.2 -110.9 -132.7
180 1.55 -0.03194 -68. 1 ~90.5 -113.0 -135.4
155 1.55 ~0.02911 -66. 1 -86.6 ~107.0 -127.4
. 185 ° .56 . -0.02825 -65.5 ~85.4 -105.2 -125.0
155 1.57 -0.02742 -64.9 ~84,2 -103.4 -122.7
155 1'.58 -8.02662 —64.4 -83.1 ~101.8 -120.4
155 1.59 -—£.02583 ~63.8 -82.0 -100.1 -118.2
155 1.60 -0.02508. -63.3 -80.9 -98.5 -116.1
155 . 1.61° —-0.02434 .—62.8 -79.9 -97.0 ~114.0
1.62 -0.02362 -62.6 -78.9 -95.4 ~ -112.0



o r Qo SOTQ ino phylio tecto
155 1.63 -0.02293 -61.8 -77.9 -94.0 -110.1
155 1.64 —-0.02225 -61.3 -76.9 -92.6 -108.2
155 1.65 -0.02160 -60.8 -76.0 -9].2 -106.3
155 1.66 =0.02096 -60.4 —~75.1 -89.8 ~-104.5
155 1.67 -0.02035 -60.0 -74.3 -88.6 -102.8
T = Al .
) 155 1.67 -0.01928 -59.2 -72.8 —-86.3 -99.8
' 155 1.68 ~0.01871 -58.8 -72.0 -85.1 -98.2
155 1.69 -0.01816 -58.4 </1.2 -83.9 -96.7
155 1.70 -0.01762 -58.1 -70.4 -82.8 -95.2
155 .71 =0.01710 -57.7 ~-69.7 —-81.7 -93.7
155 1.72 -0.01660 -57.3 -69.0 -80.7 -92.3
, I55 1.73 =0.01611 -57.0 -68.3 -79.6 -a0.9
) 155 1.74 -0.01563 ~56.7 -67.6 ~-78.6 -89.6
155 1.75 -=-0.01517 -56.3 ~-67.0 -77.6 -88.3
155, 1.76 —0G.01473 -56.0 -66.4 -76.7 -37.1
. 130 1.76 =0.01078 -53.3 -60.8 -68.4 ~76.0
130 1.75 -=-0.01107 -53.5 - -861.2 -69.0 -76.8
130 1.74 -0.01138 -53.7 -61.7 -69.7 -77.7
130 1.73 -0.01169 ~53.9 -6Z2.1 -70.3 -78.5
130 1.72 -0.01201 . -54.1 -62.56 -71.0 -79.4
130, 1.71 -0.01233 -54.3 ~-63.0 -71.7 -80.3
130 1.70 -0.01267 -54.6 -63.5 - ~F2.4 -81.3
. [30 1.69 -0.01301 -54.8 -64.0 -73.1 -82.2
: ) 130 1.68 -0.01337 -55.1 -64.5 -73.9 -83.2
130 1.67 -0.01373 -55.3 -65.0 -74.6 -84.2
T = 5i
130 1.67 =0.01449 -55.9 -66.0 -76.2 -86.4
130 1.66 -0.01488  -56.1 -66.6 -77.0 -87.5
130 1.65 =-0.01528 ~-56.4 -67.2 -77.9 -88.6
© . 130 1.64 -0.01570 =-56.7. -67.7 -78.8 -89.8
130 1.63 -0.01l612 -57.0 -68.3 -79.6 -91.6
‘ o 130 1.62 -0.01656  -~57.3 -68.9 -80.6 -92.2
. 130 l.61 -0.01700 -57.6 -69.6 -81.5 -93.4
o 130 1.60 -0.01746 -57.9 -70.2 -82.5 -94.7
130 1.59 =0.01793 -58.3 -70.9 -83.5 -96.0
130 1.58 -0.0184!1 = -58.6 -71.5 -84.5 -97.4
130 1.57 =0.01880 -59.0 ~72.2 -85.5 -98.8
130 1.56 ~0.01941 -59.3- ~-72.9 -86.6 -100.2
130 1.5 =-0.QJ992 . -59.7  -73.7 -87.6 -101.6 -
B - . * Q7 calculated for one Si or Al atom bonded to the SiC,

tetrabhedron



APPENDIX Xl

.The relationship between.the Mctonnell equation

and equatioﬁs 3 and 4

When a bond is placed in a magnetic field the
magnetic susceptibility anisotropy (x) of a bond creates a
ﬁagnetic dipole. The term ((1—3c0526)/393) (McConnell 1957)
describes the interaction between magnetic dipoles.The

effect on the nmr shielding tensor o G of AxLT the magnetic

N
susceptibilty anisotropy of a group G is given by:

-

G - axC (1-3cos®e)/ (3R> Lo)'ﬁ

Q
[}

4

where LO is Avogadros number and 6 and R are as defined in

.- Figure 2.1.

G G

. G . _
‘ ‘ paraliel Xperpendicular

AT o= %

, Mcpiinchey et al. (1985) wused the McConnell

equation and deFined X as the difference between the

longitudinai magnetic _gusceptibiiaty (Xpakaile
transverse magnetic. ;usceptlbliity (Xperpendicuiar) of a

k]

‘bond with cylindrical symmetry.
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s = (x/N)((1-3cosZ8)/3R%)
In section 2.3.1 Q is used in equation (1) as a
geometric term for a summation of magnetic dipole moments

for S5i-0 bonds around an Si04_2 group.

0 =’\}:( (1-3cos

In section 2.3.2 equation (1) was modified to

L
Zei)/aRi3) (1)

include a term allowing for variations in types of cations
and length of cation-oxygen bonds.

Q= Z(exp[(ro—ri)/0.37])((l—3c0528i)/3Ri3) (2)

‘Equation (3) in section 2.3.4 includes a term to

allew for the effect of tight rings on chemical shift.

Q' 7= E[((1-3cos20,)/3R, %) (exp((ry=r;)/0.371) (Toa(Si-X;)1(3)

Q7 is a gebmetrical term for the summation of
modified magnetic moments from all type of bonds
surrounding an SiO(i tetrahedron. If the summation for ail

bonds between cations and the terminal oxygens of the SiO4

tetrahedron is plotted against chemiéal shift the regession

213
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214

equatidn of the resultant straight line is:
& = 701.6 N - 45.7 (4)

The slope of the tine 701.6 is a mean value for
magnetic .susceptibility for all bonds invplvéd in the
célculation and the ratercept -45.7 ppm is the chemica)
shift qF an isolated SiO4 tetrahedon.

§ can then be calculated from equatioq (4) using
the wvalues of o7~ calculated from the strﬁctufe of the
silicate minerals.

Figure 2.4 is a plot of calculated against
measured chemical shift. £ 1is +the difference between

calculated and measured chemical shift.



