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High-resolution, solid state, nuclear magnetic resonance (NMR) spectra for nuclei

such as'esi *d 13C *ith spin I of %provid,e useful structural information. Due to the

more complex quadrupolar interactions for spinl>Yz nuclei such as 
tTAl and'3Na,

structural information is difficult to extract. This study concentrated on derivation of the

quadrupolar parameters (quadrupolar coupling constant Co, asymmetry parameter q) and

isotropic chemical shift ô¡o, and on clarifying ambiguities produced by simulation of

broad featureless 27Al spectra.

Using XRD data, Co and q for 27Al in minerals were calculated theoretically using

ab ínitio quantum modeling. Electric field gradient (EFG) calculations using full crystal

linear augmented plane wave (FC LAPW) gave values of Co and n for the ordered

minerals corundum, the AlzSiO5 polymorphs, tugtupite, cryolite, chiolite, pachnolite and

thomsenolite that are comparable with experimentally derived values. The QI parameters

for the disordered minerals zrnyite, ralstonite and prosopite were derived theoretically

with the molecular orbital (MO) model. Comparisons between the calculation methods of

FC LAPV/ and MO were made using tugtupite. The origin of the EFG was deduced for

these ordered minerals from the theoretical calculations.

Using different NMR experimental methods such as teF-decoupled satellite

transition (SATRAS) NMR (run by Dr. F. Taulelle), multiple quantum MAS NMR

(assisted by Dr. G. Wu), high spinning speed NMR (run by Dr. F. Taulelle), combined

with theoretical quantum calculations, accurate values of chemical shift, Co and n were

obtained. The relation between the NMR parameters ô¡ro, Cq, n and mineral structure

were investigated for Al-F minerals and zunyite.
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The application of magic angle spinning nuclear magnetic resonance (MAS NMR)

spectroscopic methods to solids has become an important tool in mineralogy, cataiyst

research, polymer chemistry and ceramics (Yang et a1.,1986; Smith,1993; Kirþatrick &

Phillips, 1993; Lacassagne et a1.,2002; Barner et a1.,2003). NMR has been applied to study

the site occupancies, crystal defects, coordination, atomic order and polymerization in

crystalline materials (Phillips et ø1.,1988; Skibsted et al.,l99l; Smith, 1993; Kirþatrick &

Phillips, 1993; Kroeker et a1.,2002; Neuhoff er a1.,2002; Neuhoff ¿r a1.,2003). NMR can

also be used to detect the structure of amorphous and poorly crystalline materials, and the

structures of crystalline phases too fine-grained to be examined by single-crystal X-ray

diffraction (Kirkpatrick & Phillips, 1993). NMR techniques are also very useful for studying

structure and dynamic behavior of melts and the investigation of chemical reaction

mechanisms on surfaces (Wilson,1987; Kirþatrick & Phillips, 1993; Spearing et a1.,1994;

Sherriff e/ al., 1997; Lacassagne et al., 2002).

This wide range of information is attainable, in part, due to the NMR chemical shift

(ô¡ro) resulting from magnetic shielding effects of electrons on the nucleus. Such shielding

effects are extremely sensitive to local environment and to bonding between atoms. Chemical

shift anisotropy (CSA), dipole-dipole interaction (D-D) and first order quadrupolar

interaction (QI) for nuclei with spin number I>Il2 canbe removed partially or completelyby

magic angle spinning (MAS) NMR. Unfortunately, the second order QI still remains and

broadens the peaks. However, quadrupolar interactions contain information about the

Chapter 1 Introduction



structure of solids. One focus of this thesis is the extraction of structural information from

NMR spectra of the quadrupolar nucleus, 2'Al,inminerals.

The quadrupolar interaction (QI) is caused by interaction between the non-

sym.metrical nuclear charge distribution (quadrupolar moment) and the electric field gradient

(EFG) around the nucleus (Cohen & Reif, 1957; Slichter,1992), and is a ground state

property of a crystal and determined by chemical composition and structure. The magnitude

and character of QI can be represented by the quadrupolar coupling constant (Co) and

asymmetry parameter (q), which are dependent on the EFG at the nucleus. Thus, ô¡ro, Cq, and

q can be correlated with structural characteristics such as bond length, bond angle,

coordination number, polymerization and atom substitutions (Smith, 1993). NMR

techniques such as dynamic angle spinning (DAS), double rotation (DOR) and multi-

quantum magic angle spinning (MQMAS) have been designed to extract more accurate

values for ð¡ro, Cn and r7 from solid state NMR spectra (Wu ef a1.,1990a,1990b; Mueller e/

al., 1990, I99I; Xu & Sherriff, 1993,1994). However, it is difficult to interpret these spectra

accurately and quantitatively, especially for broad, overlapping peaks caused by second order

QI, residual dipolar-dipolar interaction and J-coupling between different nuclei. Complex

compounds or minerals with multiple sites or disorder caused by atom substitutions also

result in complex NMR spectra which pose difficulties to interpret, although structural

information may be contained in these spectra. Hence, it is important to establish standard

procedures and tools for interpreting these spectra.

'7 Al ænd2esi ur" important magnetic isotopes in crustal rock-forming minerals.

Because of the quadrupolar interactions for2TAl in solids, the interpretation of27 AINMR

spectra is difficult compared to 2esi spectra. In this study, the emphasis is on the calculation



of EFG from the electronic structure and hence Co and q for 27Al in minerals. Such

calculations can assist the interpretation of27 AINMR spectra and so can play an essential

role in the application of MAS NMR to minerals.

There have been many methods of calculations for the electronic structure in solids

published in the past hundred years. Before density functions theory @FT) (Kohn & Sham,

1965) and powerful computation facilities were available, the point charge model (PCM)

with direct iattice summations dominated EFG calculation for solids. In such a model, each

atom in a structure was viewed as a point charge. The contribution to the EFG at the target

nucleus from these point charges in the structure can be calculated by a sum over the entire

number of atoms in the structure. There are different methods for PCM calculations which

depend on the summation algorithm for convergence: direct lattice summation (Rao &

Narasimhamurty, 1963; de'Wette & Schacher,1965; Koller & Englehart,Igg4); the Evjen

method of dividing the atoms in a crystal into different almost neutral charge groups (Evjen,

1932); and the Ewald method of dividing the summations into direct lattice and reciprocal

lattice (Nijboer & de ÏVette,1957; de Wette & Nijboer, 1958; de Weffe, 1959; de Wette,

196l; de Wette & Schacher, 1965). Due to the finite volume of each atom in the crystal, the

PCM method was revised using a point-multipole model to calculate the EFG tensors at the

target atoms self-consistently (Taylor & Das, 1964; Arbman & Murphy,1966; Artman, 1966;

Hafner & Raymond,I967a; Rao & Ptao,1967; Hafner & Raymond,1968; Hafner, Ra¡rmond

et a1.,1910; Raymond & Hafirer, 1970; Raymond, 1971).

All these methods approximate the continuous charge distribution by discrete point

charges, and ignore the wavefunction and chemical bonding between atoms. As a result,

there are large discrepancies between calculated and experimental EFG results. An



antishielding factor (1-y) was sometimes used to correct the EFG results from PCM

(Sternheimer,1954, 1957,1959; Burns, 1959; Bersohn, 1958; Koller et a1.,1994;}y'ritchell et

al.,1996), but might introduce another source of uncertainty for calculations.

Facilitated by a better understanding of DFT and powerful computation resources,

modern ab intio quantum methods give more accurate predictions of the electric structure in

crystals, and have proved to be powerful interpretation tools for MAS NMR spectra of solids

(Nagel, 1985; Tossell, 1986; Salasco et a1.,1991; Brown & Spackman,7992; Mitchell et al.,

1996; Winkler et a1.,1996; Bryant et a1.,1999; Iglesias et a1.,2001). Two kinds of ab initio

quantum calculations are employed in this study. The molecular-orbital (MO) method is used

for disordered minerals. kr MO calculations, the closed-shell molecular wavefunctions are

represented by linear combinations of atomic orbitals with Gaussian-t1pe basis sets. With the

Bom-Oppenheimer approximation (Kittel, 1996) for the nuclei and a DFT approximation for

the correlation effect between electrons, the molecular orbital wavefunctions (and the electric

properties) can be solved for the chosen cluster in a crystal using the computer program

Gaussian9SW. However, when the MO method is applied for EFG calculations in a chosen

cluster from the mineral, it ignores the contributions to EFG from the atoms beyond that

cluster. It does not consider the periodicity for crystals either, so it is most useful for

disordered minerals where the periodicity character is not obvious.

Blaha et al. (1985) developed a first-principles method to compute EFGs from an all-

electron band-structure calculation. This calculation was implemented by the WIEN code to

solve the Kohn-Sham equations using the full-potential linearized augmented plane wave

(LAPW) method within DFT. Since 1985, this method has been applied successfully to a

variety of crystal structures (Winkler et al.,1996; Bryant et a1.,1999; Iglesias et a1.,2001;



Asadabadi et a1.,2002). The parameter-free band-structure LAPW calculation has been

found to be the most reliable and accurate quantum mechanical method for physical property

calculations in crystals, and has increased in popularity, although it requires large

computational resources and is limited to ordered minerals (V/inkler et a1.,1996).In this

LAPW method, Bloch summation is applicable due to the periodic character of the ordered

mineral, so the crystal wavefunction can be formed using the Bloch theorem (Kittel, 1996).

Due to the simplification of using the Kohn-Sham (Kohn & Sham, 1965) equations, the

quantum many-body problem in a crystal can be transformed to non-interacting single-

particle equations. The periodic potential in a crystal is taken as the "Muffin Tin", i.e., the

unit cell is partitioned into (I) non-overlapping atomic spheres (centered at atom sites and

having a certain radius) and (II) interstitial regions between the spheres. The potential around

the atom is represented by functions such as a sphere while the potential in the interstitial

region is represented by functions such as constant planes. In the two types of regions,

different basis-set expansions are used. lnside the atomic spheres, atom-like solutions of

Schrödinger's equation (numerical radial functions multiplied by spherical harmonics) are

chosen as the basis set for the crystal wavefunction, while in the interstitial region, plane

waves are used for the basis sets (Blaha et a1.,2001). With the help of DFT, and exchange

and correlation effects, the wavefunction is solved self-consistently using the Rayleigh-Ritz

variational principle for the Kohn-Sham equation (Grosso & Parravicini, 2000). Thus, the

electronic structure for the crystal can be derived.

In this study, in order to test the method, LAPW calculations were applied to ordered

minerals such as corundum and the AlzSiOs polymorphs, and QI parameters determined by

experiments compared with theoretical calculations. Then LAPW was used for ordered



aluminofluride minerals. Quantum calculations for disordered minerals were done with MO

methods.

ln the LAPW calculation for the ordered minerals, the QI parameters were derived

directly from the calculated EFG, and the results calculated were also analyzed to provide

information about chemical bonding, electron density, charge distribution anisotropy in the

atoms, and density of states (DOS). This information was then compared with the

experimental results in order to give insight into the structure of these minerals. At the same

time, ab initio MO calculations using Gaussian9SW for some ordered minerals were

compared with the results of calculations using V/IEN2k in order to assess efficiency,

açcùracy and limitation of this method.

Combining the F-decoupled MQMAS NMR 27Al spectra, 2esi and reF MAS NMR

spectra and ab initio}y'rO quantum calculations, the complex2T AIMAS NMR spectrum for

the disordered mineral zunyite (Alr:SisOzo(OH,F)1sCl), especially the27 Albroad peak around

0 pp*, was interpreted in terms of the structure and chemical substitution of F for OH. MO

calculations were applied to other disordered aluminofluoride minerals such as prosopite

(CaA12(F,OH)3) and ralstonite (Na3Mg3[4113(OH)17F¡r](HzO)z) in order to investigate the QI

parameters and the structural significances of these parameters.

Some empirical relation between ôiro of 27Al or'esi and coordination number,

polymenzation, order/disorder, bonding character and dynamical properties in the

aluminosilicate minerals have been established (Sherriff et aL.,1991; Kirþatrick & Phillips,

1993; Smith, 1gg3). The correlations between structural characters and 17O NMR parameters

also have been extensively investigated using different NMR techniques and theoretical

calculations (Grandinetti et al., T995; Vermillion et a|.,1998; Clark & Grandinetti, 2000).



However, less such research has been done for the aluminofluoride minerals, so the last part

of this thesis is devoted to a study of a series of these minerals. With the calculated QI

parameters for27 Al in these minerals, the correlation between ô¡.o and structure, the effects of

different cations on NMR experiments, the role played by the substitution between F and OH

on2'Al chemical shift are discussed.



Chapter 2 Theoretical background

2.1 Quadrupole Interaction (QI)

Because of the electron distribution and the potential around the nucleus, there is an

electrostatic interaction which can be taken as a perturbation to the Zeeman interaction. The

electrostatic interaction energy is given by the following expression (Volkoff, 1953; Cohen

& Reif, 1957; Slichter, 1992):

n : 
J ñ r,x,x r)r (x,x,x r)d x, d x, d x,

wherep(x1, xz, xt) is electron density, xr, x2, x3 àrè the coordinates in 3-dimensions and V(q,

xz, xz) is the potential. After the potential at the nucleus is expanded in a Taylor series, the

interaction can be expressed in the form of a tensor product because of the finite volume of

the nucleus (Cohen & Reit 1957; Slichter,1992):

¡7 : ! d *, dx, d x, p(*, x 2, x 3)1, ->#),. - *iÁr:h),. * o* l rr.r,

where Vo is the potential at the center of the nucleus, and indices a, þ : 7 , 2, 3 . The first

term in equation (2.2) relates to the electrostatic energy of the nucleus taken as a point

charge, which is constant. Due to the parity of the nuclear ground state, the dipole moment

vanishes, and usually only the quadrupole moment is considered (moments higher than

quadrupole are neglected) (Cohen & Reif, 1957; Slitchter, 1992). The electric quadrupole

moment for the nuclei eQoBis defined as follows (Cohen & Reit 1957; Slichter, 1992):

e eoB : J Q* * o - õ.,pr') fu) n r, d x, d x,

(2.r)

where ,t : (*'t +Ì, +*3¡, p: p{xr, xz, xt) is the electron density function, e

charge and õqB is the Kronecker delta funciton.

8

(2.3)

is the electron



With Zsatisfring the Laplace equation, the quadrupole energy E is (Slichter, 1992):

E -+2I*o eSoB e.4)

where theEFG V- -(.\ p

To obtain a quantum mechanical expression for quadrupolar coupling coffesponding to the

classical expression in equation (2.2),the quadrupole operator (Slichter, 1992) is defined as

n Q9l) : u 2[ Q* - * p - õop r') 4, _ro) d x, d x, d x': e ** ** * - õoBrl

ã,V
ãuãB

the quadrupole term for the Hamiltonian operator Hgthen

Hs:IZI*Bre"JB
qþ

k( prolons)

The Wigner-Eckart theorem plays an essential role in the transformation of the

classical expression for multiple moments into a quantum form through the Clebsch-Gordan

coefficients (Slichter, 1992). From this theorem, the multiple moment tensor operator, which

is a function of space, is related to the spin operator (function of spin) in the principal axis

system (PAS) denoted by coordinates x, y and z by (Cohen & Reit 1957; Slichter, 1992):

Hn: ,,r& )V,"Qr: 
-r')+(rt*-r,,\ri -r)l

k(protoß) (2.5)

is given by (Slichter,7992):

(2.6)

Where p is the quadrupole moment of the nucleus, Vo, Vw and V,, are EFG tensor in PAS

and Ir, \, I, are the spin operators 1in the x, y andz directions.

Equation (2.7) shows that only two parameters V," and Vo-í/r, are necessary to

charactenze the derivatives of the potential. Customarily, two symbols (eq andr1) are used to

present the two parameters and are defined as:

(2.1)



e q : max(rr *l,lrr,l,¡r,,1)

lv* -rr,,lÂ-l "|,V
zz

Due to the non-spherical symmetry of the nuclear charge distribution for nuclei with

spin number I > % (such as 
2tA1¡, the electrostatic interaction between the eQ and the EFG

will give a quadrupolar lineshape. The magnitude of this interaction, the quadrupole coupling

constant (Cu), is expressed as:

Cn:"gq I h

where Q is 14.6 fm2 for Al (V/u, personal communication), q is the maximum absolute value

of EFG principal component in PAS and h is the Planck's constant. Cn and r¡ are obtained

from the EFG tensors, which can be calculated with FC LAPW and MO methods. For

example, with the calculated value of -0.456 lO2lVlmz for eq (i.e., V*) at the Al atom in

tugtupite, the calculated Co is -1.578 MHz.

The first order energy with magnetic quantum number ffi, E|^is given by equation

(2.10) (Smith, 1993):

,:,,:#hQ*' -r(r +t))

(2.8)

Usually, the perturbatíon Hgis approximated to the second order (Volkoff, 1953; Smith,

1993) as:

(2.e)

(2.r0)
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where Bp is the external magnetic field, 1is the spin number for the nucleus, and V+t, V-1, V+z

and V-z are the linear combination of EFG tensors. Thus, quadrupole coupling will shift the

NMR energy levels.

2.2 A review of the classical models for the calculation of EFG in crystals

The electronic structure ofsolids has been studied for over one hundred years. Before

the quantum treatment for the electrical properties in solids was feasible, there were four

kinds of models to calculate the electrical field. All of these models assume that there is little

covalent character in the bonds. The main difference among them is in the way in which

different models deal with convergence of the calculation.

2.2.1 Dir ect summation method

The direct summation method was developed by Bersohn (1958), Bernheim & Gutowsky

(1960), Belford et al. (1961).

The expression for the EFG component along z axis (V*) is given by the equations (2.12)

and (2.13) (Bersohn, 1958; Bemheim & Gutowsky, 1960):

(2.r1)

v",t1n¡ :*, Q ¡ :)e i\94;Ð :*,Ðt, cos' o,¡,

, 7? r; j i
-ù,il
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where Vext(zz) is the extemal EFG in the z direction, j represents all the different ions in a unit

cell withacharge of e¡,i isi'thunitcellof thestructure, z¡ isthezcoordinateof theionin

the structure, r¡ is the distance between origin and i unit cell, r¡¡ is the distance between orgin

andT ion in unit i, and 0¡, is the angle between the z axis and the rìj vector.

In the original unit cell, the summation does not include the target nucleus, but

beyond the original unit cell, all ions are included. The other five components of the EFG

tensors (Vyy, Vo, Vry, Vo, Vyr) can be calculated in a similar way (Rao & Narasimhamurty,

1963; de Wette & Schacher,7965; Koller et a1.,1994). These EFG tensors can be calculated

by summing directly to transform the conditionally convergent series into an absolute

convergent series. The central routine for the program calculates the vector positions of each

ion in the crystal. Generally, the number of the series to be computed is the number of atoms

per unit cell times the number of necessary components of the EFG. The calculated result for

NaXO¡ compounds shows that the summations for EFG converge at a radius (R) about 50,4.

(Evjen, 1932; 
'Wood, 1960; Grosso &Parravicini,2000).

2.2.2Evjen method

The Evjen method is based on the nature of the short-range effects for a group of

atoms or ions with a neutral or approximately neutral total charge (Evjen cell) by the proper

grouping of atoms. As the Evjen cell increases in size, one can expect a rapid convergence

for the summation (Evjen, 1932).

I2



2.2.3Ewald method

The basic idea for the Ewald method is that by choosing a proper auxiliary function,

the conditionally convergent summation can be split into two rapidly converging functions in

direct and reciprocal space (Sherman, 1932; Catti, 1978). Parseval's formula, which

correlates the integrals of two multiplications in real and reciprocal space, plays an essential

role (Nijboer & de Wette, I95l). The Ewald method consists of balancing both real and

reciprocal space summations. This is achieved by splitting the function to be summed into a

short-range part to be computed in real space, and a long-range part to be represented and

computed in reciprocal space (Grosso et aL.,2000).

De Wette and Nijboer published extensively using this method (Nijboer & de Wette,

7957; de Wette & Nijboer, 1958; de Wette, 1959; de'Wette, 196I; de'Wette & Schacher,

1965), giving a general expression for the summation by the Ewald method. For a

conditionally convergent summation:

s:f/(")
which converges slowly, the function may be separated into two parts by an appropriate

auxiliary function ((n):

s : x/( ") Ç(") +\ 
"f 

(") | - Ç(")j

for which the first term will converge quickly in real space. The second term is a flat function

and converges fast in reciprocal space after Fourier transformation. Thus the general

procedure is: (1) find the expression for the summation, (2) split the summation into two-

parts using appropriate auxiliary function, (3) use Parseval's formula for each part to give the

summation expression for the two-part integral in real and reciprocal space. De'Wette also

(2.13)

(2.14)
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derived the Ewald summation expression for cases with composite structure and general

symmetry (de Wette & Nijboer, 1958; de Wette & Nijboer, 1959; de'Wette, 1961,1965).

2.2.4 SeÊ-consistent model for EFG calculation

The three models above assume that the ions are infinitely small; however, each ion

has a finite volume and a multipole moment. For each point in the structure, the multipole

moments of all sites (including the atom whose parameters are being calculated), and each

component of the potential tensor from the different moments, will conhibute to each

moment or potential tensor component by the polarizabilities and co-efficients from the

lattice summation (Taylor & Das, 1964; Artman & Murphy,1966; Artman, 1966; Hafner &

Rayrnond, 1967a; Hafirer & Ra¡rmond,7967b; Rao & Rao,1967; Hafüer & Ra¡rmond,1968;

Hafirer et a1.,1970; Raymond & Hafirer, 1970; Raymond, 1971). There are two kinds of self-

consistent equations, from which the potential components or multipole moments for the

special site can be solved.

The derivative of potential can be defined by

v 
ij Ø) : II-tu H ( AA' ) Q, ( A' )

where i, j,kandl arex,y or z coordinate, A,A'are nucleus sites, and K¡¡¡¡are the co-efficients

from the lattice summation. The following expression can then be used to calculate the

multipole moments (Talor & Das, 1964):

A', ijkl

A, (¿) : 4¡v ¡ (.E) : q>>K,¡ o, ( AA' ) Q, ( A' )
A' tjU

where 0.¡¡ àre polarizabilities.

In the same manner, the selÊconsistent equations

derived.

t4

(2.rs)

(2.r6)
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Most of the research using these models has been done on corundum and the Al2SiO5

polymorphs (Sharma & Das, 1964; Hafüer & Raymond,I967b; Hafirer et a1.,1970;

Rayrnond, 1970 Sharma & Das, 1964). The structures for these minerals are simple and

without atomic disorder. Therefore the results of calculations can be easily compared with

experimental data.

All of these methods are based on ionic models, which neglect covalent bond

character and effect of the overlap and transfer of charge between atoms. This approximation

can lead to a discrepancy between calculated and experimental results. Some authors have

tried to revise this inadequate treatment (Sharma & Das, 1964; McClure, 1962; Ra¡rmond,

1970,197T,1973a, b). Raymond (1973a) used the Sawatzky formulation to calculate overlap

effects. There were few studies of the calculation of EFG with more elaborate schemes until

recent years, when EFG calculation experienced a renaissance. Kolier et al. (1994) and

Nielsen et al. (2000) adapted the Brown method (Brown & Altermatt, 1985) and the

electronegativity model in order to solve the covalent or overlapping issue.

2.2.5Tb'e Brown and Electronegativity Models for the effective ionic charge

ln the Brown model, the effective charges of the atom i around the target nucleus of

interest are derived by determining the covalent character (f) of the bonds between atom i

and its nearest neighbors (nn). Defining ^sy âs

"u 
:"*p("0 _/r)tc]

where C is an empirical parameter, ïs, r¡àta bond distance (rs: the ideal bond distance), i

and j are the I atom and adjacent atomj. The covalent character is given as (Brown &

Shannon, 1973):

15

(2.r7)



-f¡ :as{
where a and M are empirical constants.

The effective charge for the adjacent atom í can be obtained by the following

equation (Koller et a1.,1994):

u':(Y,)-' 
e,s)

The EFG can be derived from all the neighboring atoms with corresponding effective charge

q¡. One of the decisions to be made with this model is the number of neighboring atoms to be

included.

The difference between the Electronegativity model and the Brown model is that the

electronegativities of the atoms rather than bond distances are used to calculate the covalent

nature of the bonds (Koller et al.,1994). The effective charge for atom i is given by:

Q;:\,.'
j

where

I¡:7-*n[-þ, -r,)' t+f

(2.18)

and x¡ artd x¡ are the electronegativity for i and j atoms.

The most reasonable model for the calculation of electron distribution in solids is the

many-body quantum calculations. Owing to the po\iler of modem computers, such a model is

now feasible.

(2.20)
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2,3 Ab ìnítío quantum calculation of EFG in solids

2.3.1 Band theory for crystals

Many physical and chemical properties of solids are determined by the electric

structure. The interaction between all the particles in solids is a complicated many-body

problem (Slichter, 1992):

2

^H..:!&'"':>h-àfu-l
where p¡D.m and P7/ZM are the kinetic energy terms for electron (i) and nucleus (1) in the

system, z¡ or z¡ are the 1(.,f nuclear charge number, m and M¡ arc the electron mass and the

mass of nucleus (1), and r and R are electron and nuclear position vectors.

The last three terms on the right hand of equation (2.21) represent the electrostatic

interaction between electrons and nuclei. Due to the large mass difference between the

electrons and nuclei, the second and last terms of equation (2.21) can be ignored by fixing the

nuclear positions. Thus the many-body problem becomes a many-electron problem. Such an

approximation is the famous Born-Oppenheimer approximation. Many methods have been

devised to attack the many-electron problems.

If all N atoms in the solid were free, each electron with a given quantum number

would be N-fold degenerate. However, due to perturbation from the couiomb interaction

between the atoms and the periodical potential in the crystal, most of the s¡rmmetry possessed

by the electrons in an individual atom is destroyed. Hence the energy levels are shifted and

degeneracy is removed (Landsberg,1969; Stiddard, 1975). Hopping of electrons between

atoms caused by the overlap of wavefunctions gives extra-translational energy. Each state of

the given quantum number of a free electron in the crystal is spread into a band of energies

due to this extra energy. The energy of the electrons with the higþest translational energy

I7

Pi 2zt€

, -R,l
(2.21)



(Fermi energy) determines the band width for an eleckon with a certain quantum number.

The width of the band depends on the density, the interaction between the atoms, and the

periodical potential of the crystal structure (Ziman,1972). This periodic potential, as well as

the boundary conditions in crystals, allows simplification of the solution for the Schrödinger

equation (2.21) using the Bloch theorem. This theorem states that the eigenfuctions ty¡(r) for

equation (2.21) can be represented by the product between a plane wave with the wavevector

k and a function u¡,(r) with the crystal periodicity (Kittel, 1996):

Wr?):uo(r)exp(itr -r)

The eigenfuctions ry¡(r) for equation (2.21) maybe expressed as a Fourier series with the

wavevector summation using coefficients C(k-G) over the reciprocal lattice as (KJttel, 1996):

WØ :\C(tc - G) e'@-<)' - eik' u kQ)
G

with the definition of (Kittel, 1996):

uo(r):\c(k -G)e'o'
G

For a periodic structure, the crystal wavefunctions composed of linear combinations

of atomic orbitals satisff the Bloch theorem. This is called the tight-binding approximation

(Grosso & Parravicini, 2000):

4t ,r):#*'0,.Q,(,-t,)

where /, is the lattice vector,.ò/is the number of the unit cell in the crystal, and Q" is local

atomic orbital.

With the Bloch form of the wavefunction and the Hamiltonian (equation (2.21)),the

coefficients in the wavefunction can be solved with the proper determinant. Simple one, two

(2.22)

(2.23)

(2.24)

(2.2s)
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or three dimensional periodic potential problems have been solved (Loly & Bahurmuz,1979;

Bahurmuz &,Loly,1980; Kittel, 1996; Grosso & Paravicini, 2000). The Hamiltonian and the

crystal wavefunction for minerals are much more complicated, and further simplification and

approximation are necessary to solve for a real crystal.

With the Born-Oppenheimer approximation, the Hamiltonian of the system in

equation (2.2I) became simpler but was still too complex to be solved. From the Hartree

operator developed in the early 20th century to the density function theory (DFT), much

research has accumulated to reduce equation (2.2I) to an approximate but tractable form. ln

the Hartree theory, the ground-state wavefunction for the many-body system is expressed as

a simple product of orthonormalized one-electron spin-orbitals. The Hartree Hamiltonian is

composed of kinetic, and coulomb electron-nuclei and electron-electron interactions (Harhee

potential). Single electron spin-orbitals g¡ can be obtained by solving the Hartree equation

(Grosso & Parravicini, 2000):

f ^2 I
lÍ- +V,,,*,(r)+ttr?)lq :q q (2.26)
L¿M I

where Vn,"¡is the potential due to nuclei, Vnisthepotential due to other electrons (Hartree

potential).

The Hartree equation is not totally adequate because it ignores the exchange term due

to antisymmetry resulting from the Pauli principle. The Hartree-Fock theory remedied this

problem. ln such a treatment, instead of the simple product of all these one-electron spin-

orbitals, the ground-state wavefunction for the N-electron system is in the determinantal form

composed of the spin-orbital for each electron. An additional exchange term is included in

the Hartree-Fock operator (Grosso & Parravicini,2000):
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where Vu"¡is the exchange potential due to the determinantal state.

As for the Hartree equation, the electron spin-orbital can be calculated by the Hartree-

Fock equation. However, the one-electron approximation for the many-electron system with

Hartree-Fock leaves opposite electron spins uncorrelated (Grosso &,Panavicini, 2000). The

large calculations for the exchange term makes the Hartree-Fock operator impractical. The

Kohn-Sham equation (1965) approximates the correlation term in a more practical way.

Kohn and Sham (1965) found a one-to-one relation between the extemal potential and

the ground-state density function from which the electric field gradient of solids can be

derived. ln the Hohenberg-Kohn theory the Hamiltonian for the crystal is decomposed into

an internal part (kinetic, electron-electron coulomb energy for each electron) and on extemal

part (electronic-nuclear interaction). Thus, the total energy functional for the many-body

system can be written in terms of the density explicitly as:

Elp]:ro[p]*tr,lp]+v,"lp]+v",,lp] Q.zs)

where Zo is the kinetic energy for non-interacting electron gas, Vr" is the exchange and

correlation effects, V r r¡ is the external interaction (electronic-nuclei).

The above expression can be interpreted as the energy functional of a non-interacting

classical electron gas, which is subject to two external potentials: one due to the nuclei, the

other to exchange and correlation effects. As the result, the corresponding Hamiltonian

(Kohn & Sham, 1965) is in the form (Cottenier,2002):

(2.27)

Hr, :ro +t/H +r/," +ï/*, :-f;v: *âlffidr'+v," +vu,
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where e¿ is the permittivity of free space, and the exchange-correlation potential is given by

the functional derivative of density with h:h/2n.

Finally, with a proper approximation such as the Local Density Approximation

(LDA) and the Generalized Gradient Approximation (GGA), the exchange-correlation

functional can be approximated with the desired accuracy. The term V",¡is determined by the

crystal symmetry and the atoms in the unit cell, which can be simulated by the Muffin-tin

model. Then, the many-electron problem ends up with an infinite set of one-electron

equations (Cottenier, 2002):

(-*vi * â I ffi dr' +r'I, 
" 
*-,) Q,,?) : e,, ø.,(,)

where rn stands for quantum numbers k and n (state number), and the eigenfuncti on fu can

be expanded in the base set with the P-dimension as:

P

ør,:>id,
p1

where f o are the basis functions.

With DFT, emphasis is focused on the much more manageable one-body ground state

electron density n(r),rather than the eigenfunction (Grosso & Parravicini, 2000). There are

different kinds of implementation for the band structure to solve the crystal Hamiltonian

equations using the variational principle.

Based on the choice for the basis set and approach, band structure caiculations can be

separated into two groups, with three different methods in each goup. The first group

consists of the tight-binding method (LCAO), the orthogonalized plane wave method (OPW),

and the pseudopotential method. In this group, the whole crystal states are expanded as

(2.30)

(2.3r)
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energy-independent Bloch functions. Bloch sums are made with atomic orbitals for LCAO,

with plane waves for OPW, and the plane waves are orthogonalized to core states in the

pseudopotential method. The second group is based on the single-cell formulation and adopts

an energy-dependent basis function. It includes the cellular method, the augmented plane

wave method (APW) and the Green's function method. For the cellular method, a spherical

symmetry potential is assumed within the Wigner-Seitz cell, and the energy dependent

solution for the radial Schrödinger equation constitutes the basis set for the crystal

wavefunctions. Energy dependent spherical and plane waves are used as the basis set for

APW. Spherical functions are used as the basis set for Green's function method.

Linear Combination of Atomic Orbitals (LCAO) is a tight-binding method. In this

method, in corresponence to the atomic orbital r¡,the Bloch sum of Õ¡ with vector kis

(Grosso & Paravicini, 2000):

e, (k, r) : hlu'o'. 
q? - t,,)

and the crystal state ry(k,r) can be represented by linear combinations of atomic orbitals with

the coefficients c¡(k) (Grosso & Parravicini, 2000; Blaha et a1.,2001):

Ñ,r):Tc,(kÞ,(k,')

Using these atomic orbitals as a basis set, the determinantal compatibility matrix

elements are approximated with two-center integrals, i.e., only the potentials of the nearest

neighbor are taken into the integral calcuiation for the matrix. By standard variational

methods on the coefficients c¡(k), the matrix is (Grosso & Parravicini, 2000):

(2.32)

(2.33)
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where M¡¡ andS4 are the matrix elements for crystal Hamiltonian H and overlap matrix,

respectively, and E is the state energy (eigenvalue of the matrix). Finally, the crystal

wavefunctions can be worked out. This method can provide a reasonable qualitative

description of occupied states.

The OPW method is very attractive because of the simplicity of the matrix elements

of the crystal Hamiltonian using plane waves as a basis set. Due to the variational collapse

problem (Grosso &,Panavicini, 2000), the plane waves of this basis set waves are modified

to orthogonalize to all the known core states. The determinantal compatibility matrix is

derived, and the crystal wavefunctions can be solved. The effective potential around the

nucleus (true potential plus the orthogonalization terms) in the OPW model can be simulated

by an appropriate weaker and much smoother pseudopotential (Grosso & Parravicini, 2000).

In the pseudopotential method, only valence and conduction states can be calculated.

Usually, the chemically inert core states do not change significantly from free atoms to

solids, and do not influence the chemical and physical properties of solids (Ziman,1972).

However, the chemically active valence states determine the actual properties of the

materials. Therefore, OPW and pseudopotential methods can be useful for some cases.

In cellular method, the potential in the Wigner-Seitz cell is represented as a sphere.

The crystal wavefunctions can be expanded by linear combinations of the product of the

spherical harmonic functions and the energy dependent radial solution regular at the origin of

the radial wave equation of the crystal Schrödinger equation (Grosso & Parravicini, 2000;
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Cottenier, 2002). The coefficients for such linear combinations c¿rn be solved with the

boundary conditions required by the Bloch theorem. This method is limited by an arbitrary

choice of surface points to solve the coefficients.

The APW method combines the merits of the OPW and Cellular methods. In this

method, the crystal potential is approximated by a muffin-tin potential, i.e., the non-

overlapping spherical symmetry potentials centered at each atom, and constant planes

elsewhere. In the sphere, the cellular-t1pe function is used as basis set, while the plane wave

is used as the basis set outside the spheres (Ziman,1972):

A(k,,r,tr:{r\t/#ßr^Qr,)r,.,?)n,(z,r),reÇ\,

A(k,,r,tr:{r+:#Z,t,i,{k,,,)r},(rc,)r,^("),=e+,-e4

wherej¿ are the spherical Bessel functions of order l, Yt*(r) are spherical harmonic functions,

Yt.&) are the spherical harmonic functions in the reciprical lattice, R(E,r) is the radial

wavefunction which is the solution of the radial equation, C),n, is the Wigner-Seitz cell, Ç), is

the muffin-tin sphere area in Wigner-Seitz cell, and Ois the unit cell volume. These two

functions are required to join continuously. Thus, with this definition of basis sets, the

eigenfunction can be expanded within the Wigner-Seitz cell in the form (Grosso &

Parravicini, 2000; Blaha et al., 200 1 )

w(k,r) =\a,(tt),,t(k + h,,r,n)

with the coefficients of a¡(k).

By the variationai procedure with respect of a¡, the following secular equation is

obtained (Grosso & Parravicini, 2000):

(2.3s)
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so the crystal states can be solved. With APW, not only can the valence and conduction states

be found, but also the core or semi-core states. One limitation for this method is the

efficiency of the muffin-tin model to mimic the real crystal potential. Another is the

computational effi ciency.

As in the cellular method, the solution u(E,r) inside the spheres for the APW method

is still energy dependent. This problem can be avoided by using a linearized augmented plane

wave (LAP'W, linearizating the energy E) method. The function uo¡E,r¡ with an unknown

eigenenergy E atthe aatom can be constructed from the known quantities of energy Eo with

the Taylor expansion as (Cottenier,2002);

,i(r,E):ui?,no)+(no - qd"Xu) l,o,+o(Eo - E)'

Substituting the known functions at a fixed Eo for the first fwo terms in

the basis set Q¡ inside and outside the spherical potential at atom øis in

et a1.,2002):

(2.37)

l¡n'ro'
4 (') :t> 

.,Q,frr,r{,, Eo)+ Bffk üPE*,): 
.,{,)

where Z is volume of the unit cell, Y(r) are spherical harmonic functions, A and B are the

coefficients determined by the sphere boundary conditions

In the LAPW method, the core electrons, which do not participate directly in

chemical bonding, will behave almost exactly as if it were in a free atom. Valence states are

(2.38)

the above expansion,

the form (Asadabadi

(2.3e)
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those states leak out the muffin-tin sphere and participate in chemical bonding. States

between core and valence states are called semi-core, which can be described and calculated

by local orbital (LO) methods. A local orbital is defined by a particular quantum number

combination l, m for a particular atom c,. These LOs are almost same as the LAPW basis set

inside the spherical potential, but vanish in the interstitial region. With LO, the basis set size

for LAPW is increased, but it gives better accuracy (Cottenier, 2002).

2.3.2 MO method

The Bloch theorem cannot be used for a molecule or cluster embedded in a disordered

mineral due to the lack of periodicity. The molecular orbital (MO) method can be applied to

the study of the properties of minerals with closed-shell molecular wavefunctions. In these

cases, with the Hamiltonian in the Hartree-Fock form, the solution for the many-electron

system (Hartree-Fock wavefunction) is a determinant of the molecular orbitals. The

individual molecular orbital @ is defined as the linear combinations of an N-dimension basis

set function, the basis set functions I are atomic orbitais (AO) or gaussian-type functions

with a resemblance to AO (Foresman & Frisch 1996):

Q:\"r,zo
tÈ

where cpi ãra the coefficients for the linear summation.

The ground states for the elements are required, so the variational theorem is

applicable as in the periodic crystal case. With the expectation energy for the system

(Richards & Horsley, I970;Liu et a1.,2002):

z:16uedc

(2.40)
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where @is the determinantal wavefunction for the system, flis the system Hamiltonian

operator, and ris the integral space, the derivatives for E with the combined coefficients Cp i

in the system should be (Profeta et a1.,2002):

oE
dCpt

:0 (for all u, i)

Therefore, the MO and wavefunction of the system can be derived.

As mentioned in the section on crystal wavefunctions, the correlation effect is ignored

in the Hartree-Fock operator (Cottenier, 2002), which fails to consider the open-shell

wavefunction. Therefore, methods beyond Hartree-Fock have been devised, taking the

Hartree-Fock method as a starting point to generate a convenient set of one-electron spin-

orbitals, and then inserting excited configurations. Depending on the adopted

implementations, these methods are named either as Configuration lnteraction (CI), or

Møller-Plesset perfurbation theory Io 2nd,3'd and 4th order (MP). Since the exact

wavefunction can not be expressed as a single determinant, CI proceeds by constructing other

determinants, by replacing one or more occupied orbitals within the Harhee-Fock

determinant with a virtual orbital (Foresman & Frisch, 1996). For the Møller-Plesset

perturbation theory, higher excitations are added to Hartree-Fock operator as small

perturbations. The first and higher-order perturbation energies to the Hartree-Fock energy are

calculated. Then the perturbed wavefunction can be calculated as the linear combinations of

the substituted wavefunctions (virtual orbitals). Those procedures have been used to obtain a

better description of the ground-state and the lowest lying excitations for molecules and

clusters (Grosso & Parravicini, 2000). As with the band theory for crystals, the effects of

(2.42)
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electron correlation in clusters or molecules can also be dealt with DFT at lower cost with

sufficient accuracy.

The choice of the basis set plays an important role in MO calculation. In principle, a

more complete basis-set gives more accurate results. However, the computational expense

for a Hartree-Fock MO calculation will increase dramatically with the size of the basis-set.

So, optimally, the smallest basis set which gives the desired accuracy should be chosen.

There are Slater-type atomic orbtal minimal basis sets approximated by a linear combination

of Gaussiantype (STO-3G*), split-valence (3-21G-), polarized (6-31G(d), 6-311G(d,p)),

diffuse (6-31l+G(d,p)) and high angular momentum (6-311+G(2d,p)) basis sets. For heavy

atoms, the effective core potentials for chemically-inert core electrons have been represented

by the basis-set LANL1MB or LANL1DZ (Foresman & Frisch, 1996).
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3.L Materials

3.l.l Zanyite

Euhedral tetrahedral crystals of zunyite were hand-picked under a binocular

microscope for all samples. Sample 112911 consists of colorless crystals from Utah; some

crystals in this sample are coated with Fe oxides and have oscillatory zoning, shown in

electron backscatter microprobe images. Powder XRD detected some rutile inclusions and a

trace amount of pyrophyllite in this sample. Sample E1609 from the Zuni Mine of Colorado

is composed of gray crystals with some solid and fluid inclusions. Trace amounts of quartz,

rutile and akdalaite were detected by XRD. Sample Karab from the Kazabas Deposit in

Kazakhstan consists of clear crystals, some rutile was found by XRD, and possibly trace

amounts of pyrophyllite exist. Sample MI6225 from South Afüca contains pink-zoned

tetrahedra, with trace amount of rutile, diaspore and akdalaite found by XRD.

3.1.2 Tugtupite

The sample of tugtupite is from llímaussaq, Narssaq Kommune, South Greenland

(Royal Ontario Museum sample number M32790) (Xu & Sherriff, 1994).

3.1.3 Aluminofluoride minerals

The crystals were hand picked under a binocular microscope for all the

aluminofluoride minerals samples. The samples of cryolite, pachnolite, thomsenolite and

weberite were provided by the late Dr. Murray Brooker of the Memorial University of

Newfoundland. Cryolite formed dark-colored crystals about 0.5 cm, which showed two

cleavage directions clearly. Thomsenolite formed groups of tabular, white crystals.

Chapter 3 Materials and Methodology
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Pachnolite crystals were columnar with basal terminations, which formed a network with two

different orientations of the crystals at right angles. Weberite consisted of clear, colorless

0.1cm grains. The chiolite sample was from the collection of the Dr. R. B. Ferguson Museum

of the Department of Geological Science, University of Manitoba. The chiolite crystals were

clear, colorless grains around 0.2cm in length. The samples of prosopite (M25944) and

ralstonite (Ml1020) were obtained on loan from the Royal Ontario Museum. Prosopite,

colorless transparent, tabular crystals with a vitreous luster, was intergrown with fluorite,

pachnolite and thomsenolite. Ralstonite was clear, colorless octahedral and cubo-octahedral

crystals with small amounts of impurities of pacholite and thomsenolite.

3.2 X-ray Diffraction

Powder X-ray Diffraction (XRD) was used to veriff the purity for all hand-picked

mineral samples. The data were collected at room temperafure with a computer-controlled

Philips PWl70 automated powder diffractometer using CuKo radiation, 1o divergence and

anti-scatter slits, a step width of 0.02o for L20, a 20 range from 1 0 to 70o and count times of 5

s per step.

3.3 Elemental analyses

Single crystals of zunyite and aluminofluoride minerals were analyzed using a

computer-controlled electron microprobe (CAMECA SX-50) operating at 15 kV and 20 nA,

with a beam size of 5 u m, count times of 20 s, and using fluorite, albite, diopside, kyanite

and fayalite as standards. Results were calculated using Z\F-conection and matrix

corrections with the PAP procedure (Pouchou & Pichoir,1984,1985). Four to thirteen points

were analyzed across each mineral grain.
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3.42'ATMAS NMR

ttAl MAS NMR spectra for all samples were obtained on a Bruker Avance-500

spectrometer at Queen's University and on a Bruker AMX-500 spectrometer at the

University of Manitoba operating at 130.3 MHz (l l.l T). All of these samples were also run

at 8.7 T (93.5 MHz) on the AMX-500 spectrometer which had a second 360 MHz magnet at

the University of Manitoba. MAS NMR experiments were done using a Doty Scientific MAS

probe. Powder samples were packed into zirconium oxide rotors. Spinning frequency was

typically I2.5 kllz on the Bruker Avance-500 spectrometer, and 6 to 8 kHz on the Bruker

AMX-500 spectrometer.2T Al spectra were recorded with a 15o pulse angle and a recycle

delay of 0.3 s. T¡4pically, a spectral width of I25 kHz was used. Chemical shifts were

referenced to [AI(H2O)6]3* using an aqueous solution of aluminum nitrate. tTAl MAS NMR

spectra were obtained at four different spinning speeds for zunyite sample El609 (5 kHz, 10

l<ÍIz,17 kHz and 30 kHz) on the Bruker DSX500 Spectrometer with a2.5 mm MAS

probehead by Dr. Francis Taulelle at Université Louis Pasteur, Strasbourg, France.

3.5 27Al Triple Quantum MAS (3QMAS) NMR

The triple-quantum MAS (3QMAS) spectra were collected on a Bruker Avance-500

spectrometer with the assistance of Dr. Gang Wu at Queen's University, Kingston, Ontario,

using the z-filter pulse sequence (Frydman & Harwood, 1995; Wt et al.,1995; Amoureux e/

a1.,1996a,b;Wu et al., 1996; Wu e/ a1.,1997; Amoureux et a1.,1998; Amoureux et al.,

2002). The pulse widths for 3Q excitation and 3Q-to-1Q conversion were 4.0 and 1.0 ps

with a B1 field of 60 kHz, respectively. The pulse width for the selective 90o pulse was 20

ps. The recycle delay was 0.5 s. A total of 480 transients were collected for each of the 128

t1 increments.
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3.6 reF-decoupled Satellite transition (SATRAS) MAS NMR MAS NMR

2tAl MAS NMR spectra were obtained with reF decoupling at spinning speeds of

1OkHz at 11.7 T for all the samples at the Université Louis Pasteur, Shasbourg Cedex,

France. The probe is a special probe with fluorine decoupling facility instead of proton.

Alternated æ-pulses developed by Tekely et at. (1994) were used while acquiring 27Al MAS

NMR spectra decoupled with 1eF, with the rotor synchronization between rrRI'! ,!rr duration

and spinning period at about 1.85 as described by Detken et al. (2002). For the 4mm probe,

lkW decoupling power rf field was used on the leF ,esonance.

3,7 ?9S|MAS NMR

A 2esi MAS spectrum of zunyite was obtained using a Doty MAS probe on a Bruker

AMX500 spectrometer at the University of Manitoba. Powdered samples of zunyite were

spun at speeds of 6-8 kHz in a Doty Scientific MAS probe. Spectra were recorded at the

frequency of 99.3 MHz (1 I.7 T) with 4096 data points, 30o pulse, and delays from 5 to 300 s

between pulses. Peak positions were measured with reference to external tetrametþsilane

(rMS).

3.8 19F MAS NMR

leF MAS NMR spectra for zunyite, prosopite and ralstonite samples were obtained by

Dr. Francis Taulelle at Université Louis Pasteur, using a Bruker DSX500 spectrometer with

a2.5 mm MAS probehead at a spinning speed of 25W2,200þJIz spectral width, 3 ps pulse,

3 s recycle delay, and 64 accumulated FIDs. The 1eF spectra were referenced to 0 ppm for

CFCI3, using as a secondary solid-state reference, NaF at -22I ppm (Tekely et al., 1994).

For the aluminofluoride minerals cryolite, pachnolite, thomsenolite, weberite and

chiolite, teF MAS NMR spectra of the samples were obtained on a Bruker DPX300 NMR
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spectrometer by Dr. J. Stephen Harlman at Brock University operating at282.88MHz (7.4

T). Using a Bruker MAS probe with 4-mm zircotiarotors, spin rates of 5 to I2.5 kÍI2.256 to

10000 scans of 32 K data points were obtained, and Fourier-transformed with 5 - 25 Hz of

line broadening. Powdered Teflon was used as the external standard, with its chemical shift

being set to -123.0 ppm with CFCI¡ as the reference. In some cases the DEPTH pulse

sequence suggested by Miller et al. (1996) was employed to remove background leF signals

from the probe.

3.9 leF-decoupled NMR spectra

27Al MAS NMR spectra were obtained with teF decoupling at spinning speeds of

l0kHz by Dr. Francis Taulellue at the Université Louis Pasteur, Strasbourg Cedex, France.

The alternated rc-pulse sequence developed by Tekely et al. (1994) was used while acquiring

2tAl MAS NMR spectra decoupled with leF, with rotor synchronization between "RF ru"

pulse duration and spinning period (Detken et a1.,2002). For the 4 mmprobe, 1 kW

decoupling po\ryer rf field was used on the teF resonance. The probe is specially designed

with fluorine decoupling instead of rH.

3.10 Simulation of NMR spectra

Simulations of the 2esi, leF 
and27 AIMAS NMR spectra were done with V/infit

(Massiot et a1.,2002). For 27Al MAS NMR spectra, after inputting peak position, Cq, I and a

line-broadening factor, the program Winfit could adjust these values iteratively over a very

small range, i.e., the NMR parameters were obtained mainly by adjusting these parameters

manually. The simulations for the centrai transition 27Ai MAS NMR spectra of zrnyite,

weberite, prosopite, chiolite and ralstonite were done by Dr. Francis Taulelle using the

program of 'Winfit, 
and the simulation results for27 Al satellite transitions of cryolite,
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pachnolite, thomsenolite, weberite, prosopite and ralstonite were obtained by Dr. Francis

Taulelle and Dr. Jørgen Skibsted using the program of STARS. Dr. Francis Taulelle also

simulated the the teF MAS NMR spectrum of zunyite.

3.ll Ab ínítío quantum calculations

For ordered minerals, the LAPW calculation was used with the code WIEN2k (Blaha

et al.,1999,2001,2002). The input files were the atom coordinates, unit-cell parameters and

space group for corundum (Finger &Hazen,1978), tugtupite (Hassan et a1.,1991), AlzSiOs

polymorphs (Ralph et a1.,1979), and the aluminofluoride minerals cryolite (Hawthome &

Ferguson, I975), thomsenolite (Cocco et a1.,1967; Adhlkesavalu et a1.,1985), weberite

(Giuseppetti & Tadini, 1978; Knop et al., 1982) and chiolite (Jacoboni et al., 1981).

The values of R.¡, fr points, cut-off value of R^¡K*o, and numbers of plane waves are

given in Table 3.1 for corundum, the AlzSiO5 polymorphs, tugtupite, cryolite, pachnolite,

thomsenolite, weberite and chiolite. Local orbitals were used for the semicore states of Al, Si,

O and F in these calculations.

The calculations were run in parallel mode on the High Perforrnance Computer (HPC)

at the University of Manitoba. The Self-Consistent (SCF) Cycle reached convergence at

0.0001 Ry using nonspin-polanzed calculations and generalized gradient approximation

(GGA) for the exchange and correlation effects. Generally GGA method is superior for

calculations of the EFG compared with local density approximation (LDA) (Winkler et al.,

1996), thus, LDA was not tried in this study.

Ab initio MO calculations were done for the disordered minerals prosopite, ralstonite

and zunyite as well as the ordered mineral tugtupite. The EFG for each possible Al

environment in these minerals was calculated from the chosen cluster using Gaussian9SW.
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The MO calculations of chosen cluster embedded in point charge background were applied

for tugtupite and compared with those without point charge background. The calculations

were carried out using the 6-3 1 G(d) or 6-3 1 1+G** basis sets at the theory levels of HF or

B3LYP on a Pentium III computer, and calculated results with the different basis and theory

levels u/ere compared to find the optimized calculations. No attempt was tried to eliminate

the "dangling bonds" in the clusters due to the limitation of time, efforts will be exerted on it

in future. The summation of the oxidation number for each atom in the cluster was taken as

the total charge for the cluster. Closed shell was assumed for the ciuster calculations in this

study, so the multiplicity for the cluster is the summation of one with two times of total

charge.

The size of the cluster for MO calculation was chosen as a compromise between

accuracy and efficiency. Twenty atoms were included around the two Al sites in the cluster

for prosopite, using the atom coordinates of Giacovazzo & Menchetti (1969) and Pudovkina

et at (1973). Thirteen atoms within first two spheres at the distance of 3.1 Å. around the Al

were included in the cluster for the MO calculation for ralstonite. The coordinates for the

atoms in the cluster in ralstonite were taken from the single-crystal XRD structure refinement

for the two minerals (Pudovkina et al., 7973; Effenberger et a1.,1984). As distant atoms

provide smaller contributions to the EFG and the limited calculation resource, they were not

included in the MO calculations.

The atom coordinates the clusters used for MO calculations for zunyite were taken

from the single crystal XRD structure refinement (Baur &. Ohta,1982). More atoms were

included for the clusters for tetrahedrally coordinated Al sites than for octahedrally

coordinated A1 sites. Based on a compromise between accuracy and efficiency, a cluster of
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Table 3.1 The input parameters for WIEN2k calculations

Minerals

corundum

AlzSiOs
polymorphs

R,¡ (a.u.) for each atom
in the unit cell without

charse leakaee

tugtupite

Al: L7
O: 1.7

Al: 1.8

O: i.5
Si: 1.4

A1: 1.8

Si:1.5
Be: 1.6
Na: 1.8

O: 1.4

Cl: 2.0
cryolite

Converged k-
point

thomsenolite

110

Al: 1.8

Na: 2.5
F: 1.6

36

Plane-waves
number

A1: 1.8

Na: 1.8

Ca: 1.8

F: 1.4

O: 1.1

H: 0.7

t43

pachnolite

2470

14471

243

A1: 1.8

Na: 1.8

Ca: 1.8

F: 1.4

O: 1.1

H: 0.7

2s900

weberite

t96

chiolite

1 8933

Nal: 2.6
Na2:2.9
I|l4g: 2.1
F: 1.58

196

3986s

Na1
Na2:2.5
Al1: 1.6

Al2:7.7
F: 1.73-1.63-1.66

2.85

39344

t70

84

10714

tt062
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forty-one atoms were included for the MO calculation. The third shell in this cluster

consisted of twelve H atoms. The cluster with Al replacing Si(l) in the central tetrahedron of

the pentamer unit has twenty-one atoms within the radius of 3.53 Å around the central Al,

which includes the twelve H atoms in the third layer. The ciuster with Al replacing Si(2) in

the pentameric unit was obtained with seven atoms in two shells within a radius of 3.25 Å,

from the central A1 atom.

The clusters for the octahedrally coordinated A1(2) site in zunyite are more complex than

those for the tetrahedrally coordinated Al sites. Fifteen atoms within a radius of 3.25 Å,

around Al(2) were included in the calculation. As each OH group in the cluster was replaced

by F, the number of atoms in the clusters was reduced by one. As a result, five inequivalent

clusters for Al(2) were produced.

Similarly, the clusters were chosen for MO calculations in tugtupite from the XRD

refined structure of Hassan & Grundy (1991) (Table 4.4).The clusters with 9, 21,3I and 59

atoms, which are within the first two, three and four spheres around the central Al atom, were

used for the MO calculations.

3.1,2 Calculation of õiro using calculated ôo

For the Al sites with small values of Co (smaller than 3 MHz), the shift for the

center of gravity (ô.r) of the CT of MAS NMR 27Al spectrum caused by second-order

quadrupolar shift (ôo) can be calculated from Cn aîd'tl (Samoson, 1985; Smith, 1993; Xu &

Sherriff, 1994):

4: 40 r'? QI -r)' ut

3 to6 cî
Qv -t)-%,('-+)
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where ôo is the second order quadrupolar shift, vs is the Larmor frequency (MHz), I is the

spin number, Co is the quadrupolar coupling constant and r¡ is the asymmetry parameter.

Therefore, the isotropic chemical shift (ð¡,o) can be obtained as:

ó,r":ó* -4
3.13 Estimation for the uncertainty for experimental and calculated results

It is very important to assess and estimate the uncertainty from theoretical

calculations and experiments. Uncertainty of Cq, 11 and hence, ô0, and ô;ro mainly results from

theoretical calculation, NMR experiments, simulations of the spectra, spectral measurements

of ô"".

The SCF calculations using Gaussian9SW and WIEN2k were convergent at an energy

level less than 0.00005 Ry, corresponding the range of the change for calculated EFG is less

than0.5o/o. Therefore, the uncertainty for QI parameters resulting from the numerical

approximation in the theoretical calculations using GaussiangSW and WIEN2k is negligible.

For the theoretical calculations for minerals with ordered structure, generally higher cutoff

values R^,K*o* and ft-point improve the accuracy of the calculations for EFG. By comparing

the EFG results calculated using different R^K^* and k-point values, convergence is reached

where the variation of EFG and thus the QI parameters in this study was in the range of Io/o.

Many NMR techniques have been invented to improve the sensitivity, efficiency and

resolution for quadrupolar nuclei (Samoson, 1985; Skibsted et a1.,7989,1991; Jäger,1992;

Kunath-Fandrei et al., 1995; Frydman & Harwood, 1995; Lacassagne et al., 1998; Nielsen er

a1.,2000; Vosegaard et a1.,2000a,2000b, 2001; Kwak et a1.,2000, 2001,2003;' Gan &

Grandinetti,2002; Prasad et a1.,2002; Amoureux et a1.,2003). ln this study, optimal NMR

experimental conditions such as pulse amplitude, pulse duration, pulse phase, accurate

(3.2)
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spinning angle, probe bandwidth, filter and signal bandwidth, the synchronizationbetween

spinning and pulse were reached for best possible spectral resolution, thus, the experimental

uncertainty is under l%o in this study.

The fitting programs used play a role in uncertainty. The parameters of Cq, q and ô¡ro

for white kyanite (Pfitschthal, Tyrol, Austria) were obtained with several different NMR

techniques, simulation programs and theoretical calculations. Therefore, this mineral could

be used to assess the uncertainty caused by the simulation program of Winfit (Massiot et al.,

2002). By adjusting the input parameters LBIGB, Co, r'¡ and ôi.o for the four sites, the results

could be compared with previously published values (Table 4.2) (Hafter & Raymond,

I967b; Hafüer et al.,1970; Rayrnond, I97l; Alemany et a1.,7997; Iglesias et al,200I; Smith

et al. 1994). Similarly the uncertainty in using the program STARS to simulate SATRAS

spectrum of cryolite were t0.1 ppm, t0.005 }il}{z and t0.02 for ô¡.o, Cq, and r'¡, respectively

(Skibsted, personal communication).

The second-order line width (in Hz) is given by Co2lvs(Prasad et a1.,2002),the

sensitivity for Co and q using second-order method is high with large Co or small v6, while

the uncertainty will increase with decreasing Co and increasing v6. Thus, the simulation of

the second-order 2741 lineshape of the central transition with large Co give accurate results

for the sites or samples with large Cq, especially for leF-decoupledzT AIMAS NMR spectra

of chiolite and prosopite. By adjusting the QI parameters and comparing the simulated

spectrum with the experimental one using a least-square correlation, the uncertainty for the

simulated QI parameters can be estimated to be no more than 5o/o.

For the sites with a small Co, if the sensitivity is high enough, satellite transitions

have the advantage in that they are much naffower than the central transition whose width is
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proportional to Cq (Skibsted et al., I99l; Prasad et a1.,2002). Simulations for the complete

spinning sidebands (ssb) of satellite transitions give the QI parameters with the uncertainty

less than 2o/o, as q is sensitive to the shape of the envelope of the ssb. The second-order

lineshape for satellite transitions also have advantages over that of central transition. For

example, the width and quadrupolar shift for I:512 are Il9 and ll3 of those of central

transitions (Jäger, 1992). As a result, using the central gravity of inner transition for true

chemical shift, the uncertainty Âô is given theoretically by (Samoson, 1985):

"õ:*Fa,-t -f+(-Io)

(112, -ll2)transitions, the so-called SOQE of Cr^P*r|\can be obtained with a small

Correspondingly by measuring the center gravity differences between (m, m-I) and

uncertainty (generally less than 5%) estimated by equation (3.3) (Skibsted e/ a1.,1989,l99I;

Jäger, 1992). However, in this study, because of limited ssb for pachnolite and thomsenolite,

QI parameters obtained from simulating the envelop of satellite transitions for these minerals

are estimated to be 25o/o.Therefore, theoretical calculations play an very important role in

constraining the NMR parameters in these cases.

Usually MQMAS experiments suffer from the low sensitivity because the coherence

must be transferred between observable and unobservable parts of the density matrix

(Amoureux et a1.,2003). The excitation efficiency for MQMAS depends on the Co, spin-ning

speed, RF-field and the angle, duration and phase for pulse. Therefore, MQMAS seems

inherently non-quantitative. In this thesis, most MQMAS spectra are only used quantitatively

to determine number of seperate peaks. MAS NMR experiments at two magnetic fields were

also used to investigate the factors for line-broadening and estimate roughly the Co value. For

(3.3)
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the case such as ralstonite where possible multiple sites overlap, line-broadening factor was

used to assist to analyze the uncertainty too.

Uncertainty in the measurement of õ., from spectra are relatively small. They were

obtained using the program SpinWorks (Marat, 1994) by taking points at half height along

the sides of the peak and finding the midpoint between these points. This is more accurate

method of obtaining the peak position than estimating the position of the top of the peak

especially for broad peaks. The error due to imposed line broadening and phasing of the peak

is considerably reduced by this technique. The uncertainty in the measurement of ð., is

estimated to be less than t0.1 ppm.
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Chapter 4 Ab ínítío quantum calculations of QI parameters for ordered minerals

4.1 Corundum (Al2O3)

Corundum is a well-ordered mineral with trigonal symmetry (R3 c). There is only one

Al site, which occupies two thirds of the total octahedrally coordinated sites; the other sites

are empty. AlOo octahedra share edges and form layers parallel to {001} (Finger &,Hazen,

1978) (Fig. a.1). Because of its simple and ordered structure, corundum is verypopular as a

test for different spectroscopy experiments and theoretical calculations (Table 4.1).

Ab ínitio MO cluster calculations have been applied to investigate the bonding

between Al-O bonds (Brown & Spackman, 1992; Sousa et al., 1993; Clotet et al., 1994),

with two different conclusions being made. Brown & Spackman (T992) argued that there is

significant covalent character in the A1-O bonds in corundum, while Sousa et al. (1993) and

Clotet et al. (1994) indicated that the O-Al bond is highly ionic with a net atomic charge for

Al being of > +2Je.

In this study, Co and n \Mere calculated using FC LAPW with V/IEN2k. The QI

parameters from this study and previous work are given in Table 4.1. The calculated Cn and

rl of 2.3I }t4Hz and 0 in this study, respectively, ffia very close to the Co from a single crystal

NMR experimental value of 2.393 MHz (Pound, 1950), and from a SATRAS NMR study (Cn

:2.38+0.01MHz, t'ì : 0.00+0.02) (Jakobseî et a1.,1989). The EFG for corundum has been
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Fig. 4.1 Corundum structure
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Table 4.1 QI parameters from experíments and theoretical calculations for

corundum

Methods

Experiment

Co (MHz)

2.393

2.38

0.905

n

0.447

0.0

Theoretical

calculations

0.0

Techniques

1.988

0.0

Single-crystal NMR

1.888

0.0

SATRAS NMR

2.2t4

Point-charge lattice
summation

0.0

t.695

Point-charge and
dipole lattice
summation

Reference

0.0

Pound, 1950

2.31

Multiple-moment
lattice summation

0.0

Jakobsen et al.,
1989

SelÊconsistent
multiple-moment
lattice summation

0.0

ArLman & Murphy,
1964

HF-LCAO quantum
calculations

Sharma & Das,
1964

0.0

Quantum calculation
using program
CRYSTAL

Hafner &
Ravmond. 1968

FC LAPW
calculations

Hafirer &
Raymond, 1970

Nagel, 1985

Salasco et a1.,7991

This study
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calculated with different models (Table 4.1). Based on the ionic model, the point charge and

dipole contribution summation gave values for Co of 0.905 MHz (Artman & Murphy,1964)

and 0.447 MHz (Sharma & Das, 1964), while the lattice summation including point charge,

dipole, and quadrupole contributions (Hafirer & Raymond, 1968, 1970) gave values of 1 .988

and 1.888 MHz for Co. Since the 1980's, quantum calculations dominate such electronic

calculations Q.{agel, 1985; Salasco et a1.,1991; Brown & Spackman,1992; Sousa et al.,

1993; Clotet et a1.,1994). MO cluster calculations for corundum gave Cn values of 2.214

(Nagel, 1985), and the all-electron HF-LCAO calculation using program CRYSTAL gave the

value of 1.695 MHz for Co (Salasco et al.,l99I). Due to the C: site syrnmetry at the Al site

in corundum, t'¡ is zero in ali these calculations. The values of Co from the lattice summation

based on the ionic bond deviate from the experimental results significantly (Artman &

Murphy, 1964; Sharma & Das, 1964) (Table 4.1). Quantum calculations supply Co values

closer to the experimental results (Nagel, 1985) but the value calculated in this study with FC

LAPW gave the most accurate value.

The FC LAPW calculations give -2846.95 Ry for the total energy, 0.419 Ry for the

Fermi energy, and-0.137 Ry for the separation of the semi-core and valence states. The

calculations also show that 98o/o of the contributions to the EFG at the Ai site comes from

electrons with strong p-characteristics (3p), and the valence electrons (between the energy

gap of -0.137 Ry and Fermi energy of 0.419 Ry) contributel0o/o of the total EFG at the A1

atom. The EFG at the Al site is dominated by the region very close to the nucleus. The EFG

had already reached 94o/o of the total value within 34o/o of the R6 for the nucleus. It is

possible to analyze the bond character between the Al and O atoms from the electron density

contour map (Fig. 4.2). Charye transfer and charge distribution are shown along the Al-O
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atomic bond. The strong deformation of electron-density in the vicinity of the oxygen atoms

indicates the significant covalent character of the Al-O bonds in corundum (Fig.a.Ð.

4.2 Al2SiO5 polymorphs

The AlzSiO5 polynorphs have been utilized extensively to test different theoretical

calculation models (Table 4.2) because of their well-known ordered structures and also the

number of different Al environments in these minerals. There are two different Al sites in

andalusite and sillimanite, and four in kyanite with three different coordination numbers: 4, 5

and 6. In this study the EFG's of all the three polymorphs were calculated using FC LAPV/

with WIEN2k to give values of Co and r1 using the parameters listed in Table 3.1.

4.2.1Nl.ineral structures for the polymorphs

The AlOe octahedra in andalusite form chains along the c axis by edge-sharing, and

these chains are cross-linked by double chains of corner-sharing SiO¿ and AlO5 bipyramids

(Ralph, et al.,1979) (Fig. a.3). The sillimanite structure is similar to that of andalusite. The

edge-sharing A106 octahedra form chains parallel to c axis, but these chains are cross-linked

by the double chains formed by the corner-shared SiO¿ and AIO¿ tetrahedra (Fig. a.a)

(Peterson & McMullan, 1986). In kyanite, four different AlOo octahedra form"zig-zag"

chains parallel to c axis, and these chains are cross-linked by SiO¿ tetrahedra and another

AlOo octahedra (Fig. 4.5) (Yang, et a1.,1997).
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4.2.2Previous NMR work on the polymorphs

Different NMR experiments such as single-crystal NMR (Hafner & Raymond,l967b;

Hafrrer et a1.,1970; Bryant et a1.,1999) and SATRAS NMR (Alemany et al.,l99l;Dec et

al.,I99l; Smith et al.,1994) gave parameters for all sites in the polymorphs (Table 4.2).

There is close agreement between the results from different NMR experiments. ln kyanite,

the values found for Co and n are 10.05+0.05 MHz, 0.27 for Al(1), 3.68+0.02 MHz,

0.88+0.02 Al(2),6.52+0.08 l¡l4H2,0.59 for Al(3) and 9.3+0.1 MH2,0.36+0.02 for Æ(a)

(Table 4.2). All the MAS NMR experiments show the two Al sites in andalusite clearly with

values of 15.48+0.15 MHz, 0.08+0.04 and 5.83+0 .07 MHz, 0.69+0.02 for Co and n at the

two sites, and 8.93 }i4H2,0.46 and 6.77 MH2,0.53 for the two Al sites in sillimanite. Only

the 5-coordinated Al site in andalusite was well-resolved in the MQMAS experiment by

Bodart et al. (1999). They gave a value of 6.5 MHz for the second-order quadrupolar effect

parameter ,r^l( +rflt), i.e., Co and n were not separated. ð¡56 wÍrS estimated in that

experiment to be 33.5 ppm.

Efforts to calculate these parameters theoretically include different models such as

PCM and ab initio (Raymond, 197 l; Bryant et al., 1999; Iglesias et al., 2001) (Table 4.2).

The calculated QI parameters from PCM model for the Al(1) site in andalusite and

sillimanite (Raymond, l97I) as well as the Al(2), Al(3) and Al(a) in kyanite (Raymond,

1911) are closer to experimental values than those from ab-initío calcuiation models (Bryant

et al.,1999; Iglesias et a1.,2001) (Table 4.2). However, the calculated results from ab ínitio

methods for the Al(2) site in andalusite and sillimanite (Bryant et a1.,1999;
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Table 4.2 Calculated and experimentalz7 AlCo and q for AIzSiOs polymorphs

Minerals

Andalusite
Al(1)

Experimental results

cq
(MHz)

At(z)

15.6"
15.5"
15.5d
15.26"

5.9^

5.9"
5.nd
5.83"

n

0.09u
0.r2"
0.0d

0.1"
0.69u

0.7"
0.7d

0.67"

ôiro

(ppm)

Sillimanite
Al(1)

PCM
calculation

A t(2\
Kyanite

A1(1)

cq
(MHz)

12"

10d

Ab initio
calculation

g.93b

6.77b

ß.49h

n cq
(MHz)

36"
35d

0. l4h

0.46b
0.53b

10.0u

10.03d
10.04f
10.1c

10.03j

aaàJ./
3.ld
3.70r
3.6c

3.7i

6.5u

6.53d

6.53f
6.68

6.53i

g.4u

g37d
g37f
g.2e

s.3d

At(z)

5.6h

13.91'
13.64"

Calculations
this study
usine WIEN2k

n

0.21"
0.27d

0.27f
0.278

0.27j

0.ggu

0.ggd
0.ggf
0.95c
0.8E

0.59u
0.59d
0.59f
0.59c
0.5E

0.3u

0.3gd
0.3gf
0.39c
0.38j

0.69h

cq
(MHz)

0.09'
0.09"

9.25h
4.ggh

Al(3)

5.32'
5.59'

15d

rc.2j

5u

14.12

q

0.26h
0.64h

0.73'
0.76"

g.ggh

0.09

9.03'
6.29i

Al(4)

0.22h

5.60

0.49i
0.51i

9.20'

4.04h

0.74

7.d

7.5u

-9.68
-6.1 I

0.26'

0.91h

0.45
0.s6

3.32'

6.46h

9.24

e.d

13u

0.94'

0.4gh

0.25

6.06'

9.77h

-3.27

ß.7r

0.64'

o32h

0.88
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g.6g'

-5.81

0.39'

0.69

-8.35 0.42



a.

b.
c.

d.

e.

Hafner et a1.,1970 þy single-crystal MAS NMR experiment)
Raymond & Hafüer, 1970 (by single-crystal MAS NMR experiment)
Dec et al.,I99I (by MAS NMR experiment)
Alemany et a1.,1991 (by the CT and SATRAS NMR experiments)
Bryant et a1.,1999 þy single-crystal MAS NMR experiment and ab
inítiocalculations)
Haûrer & Ra¡rmond,l967b (by single-crystal NMR experiment)
Smith et a\.7994 (by SATRAS NMR experiment)
Raymond, l97I þy point-multipole model calculation)
Iglesias et a|,2001þy FC LAPW calculation usingLAPW)
This study (MQMAS and high spinning speed MAS, Winfit simulations)

f.
oÞ.
h.
i.
j.
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Iglesias et a\.,2001) as well as the Al(1) in kyanite (Iglesias et a|.,2001) are closer to

experimental values than those from the PCM method (Raymond, 1971). Even in the case of

Al(1) in andalusite, which has the biggest discrepancy between the QI results from

experimental (Hafner et a1.,1910) and ab inítio calculations (Bryant et a1.,1999), Cn from

theoretical calculation (I3.64 MHz) still is within l2o/o of the experimental value (15.6

MHz). Taking consideration of errors in NMR and XRD data, previously calculated QI

parameters by Bryant et al. (1999) and Iglesias et al. (2001) seem reliable.

4.2.3 NMR experiments and theoretical calculations

In this study, high-speed MAS (Fig. 4.6) and MQMAS (Fig. a.7) NMR spectra were

obtained just for kyanite at Queen's University with the assistance of Dr. Gang Wu. The

results of simulations of the MAS NMR spectrum using Winfit (Massiot et a|.,2002) are

presented in Table 4.2. The results for Cq, n and ði,o for Al(1) to Al(4) of 10.03 }l4H2,0.27,

16.2ppm 3.7 MH2,0.89,7.0 ppm; 6.5 }l[H2,0.59,9.6 ppm and 9.4MH2,0.38, 13.7 ppm are

very close to previous experimental and calculated parameters of 10.03 l;4H2,0.27, 15 ppm

(Alemany et ø1.,1991);3.7 MH2,0.89,5 ppm (Hafirer et a1.,1970);6.5MH2,0.59,7.5 ppm

(Hafirer et al.,l9l0) and 9.3 MHz, 0.38, i3 ppm (Hafner et a|.,1910) (Table 4.2).Theratio

between relative intensities of 0.22:0.25:0.29:0.24 is approximately equal as the kyanite

mineral structure requires. From the MQMAS NMR spectrum, four different Al sites are

visible (Fig. a.T.

The results for QI parameters using the FC LAPW method in this study are very close

to those of Bryant et al. (1999) and Iglesias et ø1. (2001) with the same method. Co and t1

values for kyanite of 9.24MH2,0.25 (41(1));3.27 MHz, 0.88

54





i
d

J\t
1
¡
I

J

\I
I

f
J
'1\
J
l
t:

r;

+--:- _--

e
¡È)

:"
1
I
I!
{

J
!,
d

_)
"l

-t

t

ll

ll
ti

-.e --.-.-*ã--1,\l 
't*--.r==-

pSll

-10ü

-5ü

ü

5ü

1ûtl

Fig.4.7 "Al MqMAS NMR spectrum for kyanite atll.7 T
(courtesy of Dr. G. Wu)

56



(Al(2)); 5.81, 0.69 (Al(3)) and 8.35 ,0.42 (41(4)) compare favourably with9.20MHz,0.26;

3.32MH2,0.84; 6.06 MH2,0.64 and 8.68 MHz, 0.39 for A1(1) to A1(4) found by Iglesias e/

al. (2001). For andalusite, values for Co and n of I4.I2 MHz, 0.09 for Al(1 ); 5.6 ldHz, 0.7 4

for Al(2) calculated in this study, compare well with 13.91MHz, 0.08 for A1(1); 5.32MH2,

0.73 for Al(2) (Iglesias et a1.,2001). Similarly, values of Co and q of 9.68 MH2,0.45 for

Al(1); 6.11 MH2,0.56 for Al(2) in sillimanite, inthis stud¡ are similarto 8.03 }l4H2,0.49 for

Al(1); 6.29 }l4H2,0.51 for Al(2) given by Iglesias et al. (2001). The agreement of these

calculated values of Co and t'¡ with previously published data (RaSrrnond, I97l; Bryant et al.,

1999; Iglesias et ø1.,2001) and experimental data indicated that the calculation methodology

is reliable.

These calculations provide accurate QI parameters for each Al site in all the

polymorphs which allows calculation of Cq, n and hence ôiso so that the assignments of the

experimental NMR frequencies for the different crystallographic A1 sites are unambiguous.
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4.3 Tugtupite

Tugtupite ([Nas(AlzBezSisOz+)Cl2]) is a well-ordered mineral which contains the four

quadrupolar nuclei'7 Al,t7O,23Na and eBe, 
and therefore provides an excellent structure to

investigate the use of different calculation methods for the interpretation of MAS NMR

spectra. In this study, tugtupite was used to test the reliability and utility of both the FC

LAPW and MO models. The structure is then discussed in light of these calculation and the

results of multi-nuclear MAS NMR spectra.

4.3.1 Structure of tugtupite

Tugtupite is a tectosilicate mineral with tetragonal symmetry, and is isostructural with

sodalite (Danø,1966; Hassan & Grundy, 1991). Four-membered rings of AlOa, SiO¿ and

BeO+ tetrahedra in the faces of unit cell form six-membered rings about the corners of the

unit cell (Fig. 4.8), which are connected to form the framework of tugtupite (Danø,1966).

The four-membered rings in the faces normal to ø axis consist of two Si, one Al and Be

ordered tetrahedra, whereas in the faces normal to the c axis, they contain only Si tetrahedra

(Fig. a.8). All six-membered rings have an ordered arrangement of Al, Si and Be tetrahedra.

Na and Cl atoms reside in the cage formed by the six-membered rings, where Cl is at the

comer and the center of the unit cell. In contrast to the four-coordinated Na in sodalite

(Wartchow,l99l), Na in tugtupite is five-coordinated by one Cl and four O atoms (Hassan &

Grundy, 1991).
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4,3.2 Experimental results for tugtupite

MAS NMR spectra of27 Al,23Na and eBe for tugtupite were acquired by Xu &

Sherriff (1994) using different techniques (MAS, DOR, DAS). One tetrahedral2TAl peak

recorded at the both 8.6 T and l1r7 T shows the two maxima of a typical quadrupolar

lineshape, and the center of gravity of 63 and 62.5 ppm at the two magnetic fields,

respectively. The width at half peak-maximum for27 Al spectrum at the field of 11.7 T was

found to be 1.5 ppm, which is relatively naffow for27 Al in solids. The 23Na spectrum has a

quadrupolar lineshape, with the center of gravity of 3.5 and2.5 ppm, and widths of 4.3 and

5.6 ppm in 11.7 T and 8.6 T fields, respectively. The eBe spectrum gave an extremely naffow

peak at 1.1 ppmin the II.7 T field. 23Na 
and27 AIDOR experiments showed only one

naffow peak for each. As the27 A|and 23Na MAS spectra showed distinct quadrupolar

lineshapes, Co and n were estimated from the simulation of central transition. Quadrupolar

shift (ôq) and isotropic chemical shift (ô¡,o) were then calculated from the DOR arìd the MAS

spectra at two magnetic field strengths as well as from the spinning side bands of the inner

satellite transition (xllL <--> x3l2). The two sites for Al and Na in tugtupite were also

verified by DAS NMR experiments (Xu & Sherrift 1994).

In this study, two different calculation methods are used: the FC LAPW calculation

with the program WIEN2k, and the MO calculation with program Gaussian9SW. For the

latter model, the effects of using different sizes of clusters, different basis sets and theoretical

levels, and point-charge background were investigated. The different calculation schernes

were assessed to find the model, which gave the best combination of efficiency and accuracy.

Based on the calculation and multi-nuclei MAS NMR spectra, the experimental results are

interpreted in terms of the crystal structure of tugtupite. Quantum chemical calculations of
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the electric structure, bonding information, and the source of EFG and geometry in tugtupite

are investigated and discussed.

4.3.3 Calculated results using LAPW and MO methods

For the FC LAPV/ calculation using WIEN2k (Blaha et aL.,1999,2001), the atomic

coordinates and the synrmetry with the unit cell parameters of a: b:8.64 Å, c : 8.873 Å

were taken as input for tugtupite (Hassan & Grundy, 1991). Values of R^, for different atoms,

k-points, cut-off R^¡K^* ñrd plane waves for the calculation are listed in Table 3.1 . Different

R^K** values (from 6 to 8.5) and fr-point (400, 500, 800, 1000) were tested for convergence.

This gives basis sets consisting of approximately 10,360 to 25,900 LAPW functions plus

local orbitals. Integrations in reciprocal space were performed using the tetrahedral method,

Different k-mesh (from 52 to 500k) were used for the calculation. For the wavefunctions

inside the atomic spheres angular momentum components up to l: 12 were included. The

calculations were run in parallel mode on the High Perforrnance Computing (HPC) centre of

the University of Manitoba. After 11 self-consistent-cycles (SCF) in 40 days, the SCF

reached the convergent condition of 0.0001 Ry. These SCF were run at the non-spin-

polanzed mode using WIEN2k.

The MO calculations using Gaussian9SW were done for different clusters chosen for

tugtupite. These clusters included 9,21,31 and 59 atoms, respectively.The EFG tensors of

Al from the different clusters, embedded in point charges within a distance of 11 Â, were

calculated to assess the effect of the point charge background on EFG. The calculations

without a background of point charges were also processed for comparison. Two different

schemes were used for assigning the point-charge for each atom in the background: the
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oxidation number for each atom, and the Mulliken population values from the Gaussian

calculation for each atom (Koller et a1.,1994). Different theoretical levels (HF and B3LYP)

and basis sets (6-3 1 G(d) and 6-3 I I G+d* *) were used for the MO calculation for the Al site.

Ail the quantum chemical calculations were done on a Pentium II personal computer.

4.3.3.1Results of FC LAPW calculations

Calculations using FC LAPW with the different cut-off values and k-point show the

range for the change EFG is from -0.4568 to -0.4579 l}2rVlm', i.".,less than 2%o of the

average value. As a matter of the fact, the calculation already reached convergence using the

cut-off values of 7.0 and 143 k-point.

Co and q for 27Al were calculated, using WIEN2k, to be 1.58 MHz and 0 (Table 4.3),

respectively, which are close to the experimental results of 1.70 MHz and 0.19 for Cn and 11

(Xu & Sherrift 1994). Substituting values of Co and 11 calculated with WIEN2k into the

equation (a.1) (Xu & Sherriff 1994):

L6n :ç.32tci(t*r/)

gives a value of 0.81 ppm for the quadrupolar shift difference (^õq) at the two magnetic

fields of 8.6 and 1 1.7 T. This reproduces almost exactly the measured difference of 0.8 ppm

(Xu & Sherriff, t994), whereas Âôq was calculated to be 0.96 ppm using the simulated

values of Co and q from Xu & Sherriff (1994). Therefore, there is an excellent agreement

between the theoretical calculation using WIEN2k and the experimental results.

The values l.26}y'^Hz and0.27 of Co and r'¡ for 23Na, were derived from the

calculation of EFG with WIEN2k. The calculated Co is also very close to 1.27 MHz from

(4.1)
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Table 4.3 EFG, Cq, ï¡ for 2tAI, 23Na, eBe using \ryIEN2k and the experimental results

Nuclei Q(b)

,AI

"Na

Calculation with WIEN

0.14

"Be

0.1

Cq: 1.58 MHz q:0.0

Âôe: Difference in ôq at the magnetic fields of 8.6 and 11.7 T.

n/a: Not available because of the low values for Co and n.

0.05

Cq:L26 }l[Hz 11:9.271

Cq: 0.05 MHz q :0.0

Âôq

calculated

0.81 ppm

Results from Xu et al.,

1994

2.40 ppm

nla

Cq:1.70 (MHz) î :0.19

Cq:7.27 (MHz) î :0.48

nJa

Âôq

calculated

0.96 ppm

2.3 ppm

n/a
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simulations of the spectrum byXu & Sherriff (1994),but, the calculated q shows alarge

discrepancy from the experimental value of 0.48. The theoretical Co and n give a more

accurate Aôq from using the equation (4.1), which is closer to the measured value from the

spectra at the two fields.

From the small EFG tensor caused by the high site symmetry and the small

quadrupolar moment, the theoretical values predict an extremely narrow lineshape for eBe,

which agrees well with the experimental data.

All O-AI-O angles in the AIO¿ tetrahedron arc atthe ideal 109.5", and the low shear

strain Y value of 0.06 (Ghose & Tsang, 1973) shows the27 Al site to be very synmetrical.

Therefore, the calculated value for q of 0.0 is more reasonable than simulated value of 0.19

from Xu & Sherriff (1994). Therefore, Âðq calculated using the theoretical values of Co and

r'¡ is more accurate than that using the simulated Co and n. From the Âôq result for Na, it is

also reasonable to believe that the calculated values of Co and q for Na are more reliable. The

calculated results for eBe fit the structural environment satisfactorily.

The semicore and valence bands for Al in tugtupite are separated by -0.468 Ry, and

the Fermi energy is 0.048 Ry. With the top of valence band set at 0.0 Ry, figure 4.9 shows

the total valence density-oÊstates (DOS) for Al (Fig. 9a) and its oxygen nearest neighbors

(Fig. 9b). The decomposed cross-feature total DOS indicates that the valence band consists

mainly of O-2p, Al-3s and Al-3p, which contribute mainly the EFG at A1 (Fig. 9).

The anisotropy ofp electron charge (Ano) is negative because of the largevalue of p,.

As the result, from equation4.2, EFG and so the Co is negative (Iglesias et a1.,2001):
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n,t:*,(l),

The origin of the EFG is also interesting as it comes from both the semicore (Al2p

and O 2s orbitals) and the real valence states (Al 3s, 3p, O 2p), with semicore states

contributing about 22Yo of the total EFG. The main contribution to the EFG comes from the

valencep electrons, withthep-p contributing9T% of total EFG. Therefore, the dominant

contribution to the EFG comes from electrons with strongp-characteristics.

The EFG is dominated by the region very close to the Al nucleus, even at the distance

of only 20% of R-t (1.8 a.u.), the EFG has already reached 9lo/o of the total. The calculation

also shows that the interstitial region contributes only -0.021 07 Ylmz for the EFG (lattice

EFG) compared with the valence EFG of-0.45707 V/n]. The states between 4.52 Ry and

the Fermi Energy contribute -0.436Y/m2,while the states below 4.52Fty contribute only

-0.067 Ylmz for the EFG.

Figure 4.10 shows the calculated electron-density contour map for the unit cell in the

11001 direction. The low charge overlap between Be and O atoms due to the ionic bond

between Be and O can be compared with the strong covalent bonds between Al and O

indicated by the electronic overlap between the Al and O atoms. The difference between the

crystalline electron density and the superimposed electron densities of the neutral atoms, Âp

(Fig. 4.11), allows the charge transfer and the bond character to be viewed more directly.

The polarization of the charge density of the oxygen atoms towards the Al atom shows the

covalent character of the O-Al bond.

The AiO+ tetrahedron in tugtupite is very symmetricai with equal Al-O distances of

1.145 

^. 
The calculation from FC LAPW in the periodic structure shows that EFG tensor in

PAS at Al and Be site in tugtupite corresponds to the crystal a, b and c axis, i.e.,
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the largest EFG tensor component is parallel to the crystallographic c direction, and the other

two components are along a and å, respectively. Such correspondence is also required by the

site symmetry of Al in tugtupite. As EFG tensor components along the a and å axes are

equal, 11 must be 0.

FC LAPW calculation for tugtupite using \iVIEN2k reached the convergence

condition of 0.00005 Ry for total energy after 11 SCF taking 40 days, it is obvious that such

calculations are very slow and inefficient. ln principle, the relaxation calculation for the

tugfupite structure could be done by adjusting the atom positions with general coordinates to

reach the minimum total energy of the mineral. However, due to the extremely time-

consuming procedure for the SCF, such a relaxation calculation is not feasible in practice.

4.3.3.2 Calculation by MO discrete cluster method

The results of the calculations of EFG for Al in tugtupite by Gaussian9SW with

different cluster sizes (Fig. 4.12), theoretical levels, and background point charges, are

presented inTable 4.4.

As the cluster size increases (from 9 to 59 atoms), the calculated Co at A1 site (Table

4.4) becomes closer to the experimentally derived values (Table 4.3). With the MO discrete

cluster model, the most accurate Co value was of I.63 MHz, compared with 1 .58 MHz from

FC LAPW calculation. This value was obtained from the largest cluster with 59 atoms, which

is embedded in a point-charge background within a radius of 11Å (Table 4.4). Only clusters

with 2l and 3 1 atoms give the correct t'¡ value of 0. For bridging " O, Co and q appear to

converge within the first coordination sphere of the O, while ôiro is deterimined by several

coordination spheres (Vermillion et a|.,1998; Clark et a1.,2001). However, this study
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Table 4.4 EFG tensors, Cn and 11 for 27AI calculated with oxidation

number point charge background, different cluster sizes and theoretical

levels using Gaussian9SW

Cluster

9 atoms cluster in
310 point charges
background

Level

21 atoms cluster,
298 point charges
background

EFG tensors (atomic units)

HF

21 atoms cluster
without charge
backsround

X

B3LYP

-0.025 -0.013 0.038

31 atoms cluster,
288 point charge
background

Y

HF

-0.036 -0.005 0.041

83LYP

Z

-0.008 -0.008 0.016

B3LYP

59 atoms cluster,
240 point charge
backsound

-0.0 9 -0.009 0.043

Cq

(MHz)

HF

-0.019 -0.019 0.037

B3LYP

q

-0.022 -0.009 0.031

1.31

B3LYP

Time
(hours)

-0.024 -0.024 0.048

t.4l

0.34

0.55

-0.035 -0.0i5 0.047

0.1

0.65

1.49

0.00

1.5

t.28

0.00

1

1.06

0.00

30

1.65

29.s

0.42

1.63

0.00

J

83

0.43 1s8
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showed Co values calculated at Al site can be improved significantly by larger cluster size.

The time required for the calculation is approximately proportional to the cube of the number

of atoms in the cluster (Tossell, 1999). As the size for the cluster is changed from 9 atoms to

59 atoms, the computing time at B3LYP level is increased from 1.5 hour to 158 hours (Table

4.4). Therefore, calculation efficiency decreases dramatically with a large number of atoms.

The personal computer was inadequate for the calculation of more then 70 atoms because of

the limitation of memory. For a site with high symmetry, the most accurate MO calculations

have been obtained with a small, charged cluster (the first two or three shells around the

central nucleus) embedded in the grid of point charges, which simulate the background of the

cluster (Bryant et a1.,1999).ln this study the cluster with 21 atoms in three shells around the

central Al atom, which is embedded in point charges within the distance of 11 ,Ä, gave the

best balance between efficiency and accuracy as the values of Co (1.49 MHz) and t'¡ (0) were

within 10o/o the values from WIEN2k (Table 4.4)."\ value calculated with MO method is

more elusive compared with that of Co (Vermillion et al., 1998; Bryant et al., 1999; Clark et

a1.,200I) although Koller et al. (1994) reported q at Na site was more stable and reliable

than Co.

The factors determinin g accuracy and convergence include spin number

(multiplicity), total charge, dangling bonds, geometry optimization and the background

beyond the cluster. The most important factor is the ability of the chosen cluster to simulate

the real crystal. Usually the dangling O bonds are terminated with H to make the cluster as

neutral as possible (Tossell, 1986,1993,1999; Koller et a1.,1994; Vermillion et al., L998;

Clark et a1.,200I), in this study, dangling bonds are left unattended, research in future will

be taken to compare results calculated with H-terminated clusters. Considered modelling the
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condensed phase geometries in this study, optimization is ignored. The point charge

background seemed to affect both the Cq and q values. Two different schemes were used to

provide the proper charge for each atom in the background: oxidation number and Mulliken

population derived from the cluster calculation. No significant difference was found between

these different schemes. By comparing the results from the cluster embedded in the point

charge background with those from the same cluster without embedded point charges

background, the contribution from these point charges were found to be around I0% of the

total EFG.

The theoretical level used to model the molecular system plays an important role. The

results from the HF method, which neglects electron correlation, show alarge discrepancy

from the experimental values (Table 4.4).DFT can be used to approximate electron-

correlation effects at a much lower computation cost than the traditional correlation methods.

The hybrid DFT functional B3LYP combines local and gradient-corrected exchange terms

for eiectron correlation linearly with the Hartree-Fock method (Foresman et a1.,1996). The

results from this method are more accurate than those from the simple HF method, as the Co

resulting from B3LYP is much closer to that from WlENZkthanthe HF method (Table 4.4).

Thus, as pointed by Tossell (1999), calculations with higher accuracy requires higher theory

level, although such improvement might not be so dramatic after certain level (Bryant et al.,

1999). There is no difference for the final results between using the 6-3 1G(d) and 6-

31 1G+d** basis sets, probably because all atoms involved are light atoms and the s, p, d

orbital electron basis sets are adequate. The new basis sets ofcorrelation consistent polarized

valence double/triple zeta (cc-pYDZlcc-pYTZ) were tried too, but the results were not better

than the ones with 6-3 lc(d) and 6-3 I lc+d** basis sets although the time consumed was
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many times. Tossell pointed out that EFG was strongly influenced by the choice of basis set,

and taking consideration of the modification EFG due to other atoms within the real

condensed-phase materiais, more elaorate basis may be not necessary (Tossell, 1993). Thus,

generally 6-31G(d) is used for MO calculations. The choice of basis sets, such as with or

without polanzation, diffuse functions, influences the individual Al sites in andalusite in a

different ways (Bryant et al.,1999), even in away oppsite to each other, therefore,

sometimes the agreements between MO calculations and experimental results are forfuitous

(Vermillion et al.).

The calculated values for t'¡ using Gaussian9SW showed a large variance from 0.1 to

0.63 (Table 4.4). This might be due to the small differences among the EFG tensor

components, as small changes in the EFG tensors may lead to a large difference for the ratio

between them (equation (2.8)). As the result, q varied significantly with the different

clusters. On the other hand, Table 4.4 shows that calculations for the cluster containíng2l

atoms gave the proper q value, so the choice of cluster may play a roie in determining the

value of n.n in this study and Bryant et al. (1999) is changed erratically with different

cluster sizes, basis set, theoretical levels, etc.. In this research, q from the cluster with 21

atom is 0 as required by the site symmetry (Table 4.4), it is probabiy because'q depends on

the symmetry for chosen cluster, so the choice of cluster may play a role in determining the

value of r1. The dependce of q on intratetrahedron bond angles is not consistent with different

system (Vermillion et a1.,1998; Clark & Grandinetti,2000; Clark et a1.,2001). The linear

correlation between Co and q (Vermillion et a1.,1998; Clark et a1.,2001) doesn't exist in this

sfudy.
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The maximum EFG tensor component is along theZ-axis in the PAS system and

positive, while the components along X- and Y-axis in the PAS are negative (Table 4.a). This

reflects the general geometry and symmetry as well as the electronic distribution around the

Al nucleus. Such trends are in agreement with those from the FC LAPW calculations.

Nevertheless, geometry optimization for the discrete clusters in the minerals is less stable and

meaningful.

It is worth to mention that calibration (Koller et al., 1994; Vermillion et a1.,1998;

Clark & Grandinetti, 2000; Clark et a|.,200I) between experimental and calculations with

MO for tugtupite was not carried on due to the single Al site, the scaling factor was not

considered too.

Based on the limitations above, MO calculation using Gaussian9SW can give the

qualitative QI values although it is much more efficient (taking around 6 days for the cluster

with 59 atoms), it can be used for disordered minerals, where V/IEN2k is not applicable.

4.4 Conclusions

The agreement between calculated and experimental results for corundum, the

AlzSiOs polymorphs and tugtupite showed that FC LAPV/ could be used to predict the

electronic structure of an ordered mineral, and serve as an interpretation tool for MAS NMR

spectra. The results of the EFG calculation reproduced the MAS NMR experimental data for

27 AIincorundum, the AlzSiO5 polymorphs, and for27 Al,23Na and eBe nuclei in tugtupite.

The MO-luster model is another option for quantum calculation in minerals because

of the inefficiency of the FC LAPW calculation, and the limitation of this method to ordered

minerals. These results show that MO calculation using Gaussian9SW for a small cluster,
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embedded in a point-charge background, can give 2tAl EFG tensors in tugtupite with

equivalent accuracy and greater efficiency compared to LAPW calculations. The point-

charge background contributes about l0%o to the EFG at the Al site in tugtupite. The MO

cluster calculation becomes closer to the experimental results as the number of atoms in the

clusters increases, but the calculation cost increases too. The theoretical level for MO

calculation affects the final results significantly. The level B3LYP and basis sets 6-

311++G** found to be suitable in this study.

Calculations using both WIEN2k and Gaussian9SW give the correct sign for Co,

which cannot be obtained from powder MAS NMR experimental data. The negative sign for

Co is due to the accumulated electron density along the z-axis for the Al site in tugtupite

(equation (4.2)).

From the EFG values, the experimental peaks can be assigned to the different Al

sites.

The energy calculated from FC LAPW indicates the equilibrium and stability of the

minerals. From the DOS and electron-density results, it can be seen that EFG mainly

originates from valenceband p-p and p-s electrons for all the ordered minerals studied.
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5.1. Introduction

The formula of zunyite, [A113Si5Ozo(OH,F)raCl], was first proposed by Pauling (1933)

who discovered that it contained a Si5O16 pentamer unit and a group of twelve aluminum

octahedra. The structure was refined further by Kamb (1960) and Bartl (1970). The issue of

Al:Si order has been a topic of controversy for many years. Zagal'skaya & Belov (1964)

suggested that Si should be in the center of the Keggin structure and Al in the center of the

pentamer but the structure refinements of Louisnathan & Gibbs (1972) and Baur &. Ohta

(1982) disproved this but showed that excess Al could be accommodated in the center of the

pentamer.

The 2esi magic angle spinning nuclear magnetic resonance (MAS NMR) spectrum of

zunyte contains the lowest frequencypeak (128 ppm) recorded in aluminosilicate minerals.

However, despite several 21AI and2esi NMR studies, there remain problems with peak

assignment which may be related to Si:Al and F:OH substitutions. In this study, four zunyite

samples with varying F, Al and Si contents were analyzed, and atomic ordering was

investigated with multiple nuclei NMR spectroscopy and theoretical calculations.

The structure is composed of two unusual units: an Alr¡Oro(OH)ro Keggin structure

(Baker & Figgis 1970) and a SisOr6 pentamff group. The pentamer units consist of four outer

SiO+ tetrahedra with Qt(tSÐ environments linked to a central SiO¿ tetrahedron witn q41+S¡

environment, the SiO-Si bond angles being 180o (Louisnathan & Gibbs 1972). These are

linked together by Keggin groups (Fig. 5.1), which are built from four trimers of

Chapter 5 Zunyite
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hexacoordinated Al atoms connected by their vertices to a central A1O¿ tetrahedron

(Louisnathan & Gibbs 1972) (Fig. 5.1). This unit has the u-Keggin conformation, which is

only found in zunyite (Baker & Figgis, 1970, Allouche et al.200l).

Among the six nearest-neighbor (nn) atoms of the octahedrally coordinated Al(2)

(Fig. 5.2), there are three oxygen atoms which form bridges to tetrahedral sites. Two O(5)

atoms are shared with the Si(2) tetrahedron in the pentamer unit and with Al(2) in the Keggin

unit, and O(1) is linked to the Al(1) of the central tetrahedron of the Keggin unit. Three other

oxygen atoms complete the Al(2) octahedron: one O(3) and two O(4) [O(4)4, O(4)B] that

are connected to H. Bartl (1970) identified the positions for these hydrogen atoms using

neutron diffraction. The H(2) linked to O(3) lies in the straight line along the c axis of

zunyite with the H(2)-O(3) distance being about 0.99 Ä (Bartl, 1970). Baur & Ohta (19S2)

suggested two possible positions for the H(1) atoms, which are bonded to O(4): H(14) and

H(18) (Fig. 5.2). The interatomic distance for O(4)-H(14) is 0.99 Å, and that for O(4)-H(18)

is 0.94 Á.. Th,rs, distinct environments at the A1(2) octahedron are produced.

Bearing in mind that the OH at the O(3) position cannot be replaced by F, owing to

the avoidance of Cl for F (Louisnathan & Gibbs l9J2,Baw & Ohta, 1982), the substitution

of F for OH at the O(a) site produces further possible environments at the Al(2) site. The two

H positions, H(14), H(18), give four possible environments when one OH is replaced by F.

There is also the possibility of both O(4)H(iA) and O(a)H(18) being replaced by F. As a

result, there is a total of seven possible different local environments around Al(2) (Fig. 5.2):

I: o(1), o(3), 2[o(5)], 2lo(4)H(1,A.)l

II: o(1), o(3), 2[o( s)], 2lo(4)H(1 B)l

III: o(1), o(3),2[o(s)], o[(44)H(14)], F(4)

79





IV: o(1), O(3), 2lo(s)1, o[(44)H(18)], F(4)

V: o(1), o(3), 2[o(s)], o[(48)H(14)], F(4)

VI: o(1), o(3),2[o(5)], o[(48)H(18)], F(4)

VII: O(1), o(3), 2[O(s)], 2F(4)

Taking into consideration the symmetry of the different local environments, these

seven possible environments produce five non-equivalent clusters by combining III with V,

and tV with VI because O(44) and O(48) are equivalent.

21 Al and2esi MAS NMR spectra have been previously obtained (Grimmer et al.,

1983, Sherriff et a1.,1991, Dirken et al.1995). Although the assignments of the major peaks

at-97 and-128 ppm for'esi und 72 and 10 ppm for 27Al in MAS NMR spectra of zunyite

have been determined, there is still controversy over a minor 2esi peak at-91ppm and the

27Al peaks at about 46 ppm and -3 ppm.

Kunwar et al. (1984) and Dirken et al. (1995) derived a value of 2.2 (+0.5) MHz for

the quadrupole coupling constant (Cq) for the broad resonance between 10 and -3 ppm in the

2tAl MAS NMR spectrum using a weighted least-squares analysis and the fieid-dependent

second-order quadrupole-induced shift. This value differs significantly from theT.3 lll4Hz

suggested by the longitudinal strain cr value of 0.12 (Kunwar et al. 1984). The peak at about

10 ppm is symmetrical in the spectrum shown by Kunwar et al. (1984) who assumed that

only one site was represented. However, the spectrum obtained by Dirken et al. (1995) shows

a second broad 2tAl resonance at -3 ppm, which was interpreted as being caused by

impurities containing Al in octahedral coordination.

In this study, "Al NMR parameters were estimated from the electric field gradient

(EFG) derived from theoretical ab ínitio cluster quantum calculations for all the possible Al
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environments in zunyite. Comparison of these values with the experimental NMR data

allowed investigation of the assignment of the 2e Si and 27Al MAS NMR peaks. The degree

of order of Al and Si, and F and OH, in zunyite was investigated using a series of samples of

zunyite, from different locations with various Al:Si and OH:F ratios, with additional

information from leF MAS NMR , and27 AI3QMAS NMR.

5.2 Results and discussion

The F content for the four samples Karab, ll29l1, E1609 andMl6225 varies from

4.46 to 6.60 wt.o/o, the Al:Si ratio from 2.65 to 2.88, and the F:OH ratio from 0.19 to 0.29

(Table 5.1). The trace amounts of pyrophyllite found in the samples ll29l1 and Karab by

XRD are not considered sufficient to produce a visible NMR signal.

The 2esi spectra for all the samples contain three peaks at -9I, -96 and -128 ppm (Fig. 5.3).

However, the relative intensities of these peaks show some variation between samples (Table

5.2). The tTAl MAS NMR spectra for all the samples consist of two narïo% symmetrical

peaks at about 72 ppm (Peak A) and 46 ppm (Peak B) as well as a naffow, symmetrical peak

at 10 ppm (Peak C) which overlaps a broad peak centered at -3 ppm (Peak D) (Fig. 5.a).

These spectra for samples of zunyite with different chemical compositions were very similar

to the spectrum of Dirken et al. (1995). The intensity of the Peak D increased with F content.

5.2.1 Tetr ah e dr øl S íte s

The 2esi peak at -96 ppm was assigned to Si(l)P in the outer tetrahedra of the

pentamer group with Q1(1Si) configuration (Grimmer et a1.,1983, Sherriff et al.,1991,

Dirken et al.,1995). The peak at-128 ppm was assigned to the Si(2) at the inner tetrahedron

with Q4(+Si) configuration, which is at a very low frequency owing to four almost straight

<Si-O-Si> angles (Grimmer et a1.,1983, Sherriff et a1.,1991').
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TABLE 5.1 Chemical composition of samples of zunyite

Weieht %
SiOz
AlzO¡
Fe2O3

F

Sum
Aptu
Si
A1

F
Ti
OH
CI
Ratio of apfu
F/OH
AI/Si

}/4t6225
24.67 (0.77)
ss.s0 (0.4e)
0.01 (0.02)
4.46 (0.11)

84.64

4.91

13.03
2.87

0.02
15.18
1.00

0.19
2.6s

E1609
24.41(0.63)
s6.06 (0.45)
0.01 (0.00)
s.07 (0.26)

8s.46

4.86
t3.16
3.r9
0.00
15.03

0.92

0.2r
2.7r

r12911
23.23 (0.88)
s6.6e (3.2)
0.06 (0.06)
6.11 (0.42)

85.99

4.51
13.14
3.80
0.01
14.68
0.52

0.26
2.88

Karab
24.s1 (1.31)
ss.8t (r.23)
0.00
6.60 (1.r2)

86.88

4.88
13.r2
4.t6
0.01
74.2
0.64

0.29
2.69
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ppm -90.0 -100.0 -1 10.0 -120.0 -130.0

Fig.5.3 The 2esi MAS NMR spectrum of zunyite (sample
112911) (courtesy of Dr. F. Taulelle)

-140.0
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TABLE 5.2 Isotropic chemical shifts (õ¡,o) and relative intensities (R.I.) from

simulations of 2esi MAS NMR spectra

Sample AVSi

Mr6225 2.7

Karab 2.7

81609 2.7

tt2gtt 2.9

Peakl
ôi.o R.I.

-90.6 ppm 16%

-90.8 ppm 16%

-90.7 ppm 16%

-90.5 ppm 21%

Peak2
ôi.o

-96.0 ppm 64%

-96.0 ppm 66%

-95.9 ppm 6l%

-95.9 ppm 55%

R.I.
Peak3

ôi.o

^127.8 ppm 20%

-127.6 ppm 18%

-127.7 ppm 23%

-127.6 ppm 18%

R.I.
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ppm

Fig. 5.4 The 27Al MAS NMR spectrum of zunyite (sample Karab) showing the
designation of peaks as ArBrC and D

80.0 40.0 0.0 -40.0 -80.c
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Grimmer et al. (1983) assumed that the 2esi peak at-9I ppm was caused by an impurity of

nacrite in their sample of zuynite. From the bond distances in the pentamer, Baur and Ohta

(1982) showed that excess Al replaced some Si atoms at the inner tetrahedron of the

pentamer unit. Dirken et al. (1995) suggested that part of the intensity of the peak at -91 ppm

might be due to such a replacement. Sherriff et al. (I99L) demonstrated that substituting one

Al for a neighboring Si could cause around a positive 6 ppm shift for tnsi, *ith an Si-O-T

angle of 180". There is a positive correlation between the Al:Si ratio and the relative

intensity of the 2esi peak at-91ppm (Table 5.2). Therefore, this study demonstrated that in

ntnyite, replacement of an adjacent Si by Al(l)P shifted the 2esi peak from -96 ppm to -91

ppm for the Qr Si(2XAl) configuration.

To investigate the assignment of the "Al Peak B, the quantum cluster method was

used to calculate the EFG and hence Cq and l. ôiro could then be obtained by simulating the

experimental spectra, using the calculated quadrupolar parameters, for Al substituting into

either the Si(1) or Si(2) sites in the pentamer (Table 5.3). The incorporation of Al at the Si(l)

site [A.1(1)P ] produced values of 2.35 MHz for Cq, 0.93 for 11 and 46.5 ppm for ô¡.o. The

values for Cq and ôiro were close to the values measured by Kunwar et al. (1984), and Dirken

et al. (1995). However, they estimated r"¡ value to be between 0 and 0.2. Al substituting at the

Si(2) site gave the large value of 6.41MHz for Cq which did not agree with the naffow

s¡rmmetrical peak. Thus, our results confirmed the finding of Dirken et al. (1995) that the

27Al MAS NMR Peak B is caused by Al repiacement of Si(1) in the central tetrahedron of the

pentamer.

The Al content of the central position in the pentamer, calculated from relative

intensities of peaks, increased from 0.2 apfu for MI6225, with 13.03 apfu total A1, to 0.4
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TABLE 5.3 Calculated EFG tensors (atomic units), Co and t'¡ using th.e ab ínítío

quantum cluster method for all possible Al sites in zunyite

Sites

Al(1)K

Al(1)P

Al(2) (environment I)

Al(2) (environment II)

Al(2) ( environmentlll&ry)

Al(2) (environment V & Vf

A1(2) (environmentVll)

Peak EFG tensors
V**, Vr, Yu

-0.054,0.024,0.030 1.86

-0.067, -0.004, 0.068 2.35

-0.156, 0.049,0.135 3.34

-0.07r, 0.029,0.065 2.44

-0.2t0, -0.009, 0.104 7.26

-0.131, 0.047, 0.r22 4.50

-0.195,-0.0953,0.201 6.69

Cq (MHz)

K: Keggin unit; P : Pentamer unit

0.1

0.93

0.55

0.50

0.4s

0.57

0.51
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apfu for 81609, 112911 and Karab, which have 13.16,73.74,13.12 apfa total Al,

respectively. With Al substituting for Si in the pentamer, the charge imbalance may be

compensated by excess H* or displacement of H, as no other cation was found in elemental

analyses.

All previous researchers agteed that the 27Al Peak A represented the central

tetrahedron of the Keggin unit, which is surrounded by twelve Al-centered octahedra

(Kunwar et a|.1984, Kirþatrick & Phillips 1993, Dirken et al. 1995). The quantum cluster

calculation for the central Al tekahedron in the Keggin unit gave 1.86 MHz and 0.1 for Cq

and q (Table 5.3). The Cq value is close to that of 2.2 MHz from Kunwar et al. (1984), but

further from the value of 0.8 MHz proposed by Dirken et al. (1995). However, in these

studies, a value of zero was assumed for 11 and Cq was estimated by simulating the field-

dependent second-order quadrupolar lineshape. Simulation of the 27Al spectrum of Karab in

this study gave values of 1.96 MHz for Cq and 0.1 for'q, close to the results for Cq of

Kunwar et al. (1984). The small values of Cq and q are due to the highly syrnmetrical

distribution of atoms around A1(1)K. The shear strain Y of Al(1) (Ghose & Tsang, 1973) is

almost zero because the O-AI-O angles in the tetrahedron are the ideal value of I09.47".The

calculated isotropic chemical shift for A1(1)K is 72.0 ppm, which is in the usual range for Al

in tetrahedral configuration. The close agreement between our calculated parameters and the

experimental data shows the reliability of the calculated results for the tetrahedral peaks in

this study.

A 3QMAS experiment was run to obtain better resolution of the octahedral

components of the Al spectrum than with MAS NMR. ôiso and the second-order quadrupole
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shift (ô2Qi,o) of the ¡uvo 
NAI sites could be obtained from the 27Rl 3qVtAS spectrum (Fig.

5.5) using the equations of Baltisberger et al. (1996):

ô¡eros: -07131)ô;,"+ (10/31)ô2ai* (5.1)

ðues: ðiro*ô2Qiro 6.2)

where ôreros is the center of gravity of the peak in the Fl dimension and ôrr¡ns the center of

gravity of the peak measured in the F2 dimension. These conventions are in agreement with

the Unified Scaling of MQMAS and STMAS of Amoureux et al. (2002). The isotropic

chemical shifts were calculated to be 10.6 and 46.2 ppm for these sites using equations (5.1)

and (5.2). Direct simulation of slices of the 3QMAS spectrum using the MASAI program

(Quoineaud et al. 2002) gave values for Cq and n of 1.96 MHz,0.1 and 2.25 MHz,0.7 for

the tetrahedral peaks A and B (Table 5.4). There is an excellent agreement between the

results from simulations of MQMAS, and MAS spectra and from quantum calculations.

5.2.2 Octahedral sítes ín the Keggín unit

The high percentage of leF, 
a magnetically abundant nucleus with a large

magnetogyric ratio (1), produces strong dipolar interactions causing very broad leF

MASNMR peaks for zunyite. In this experiment, no efficient homo-decoupling experiment

was available to reduce the broadening of lines. However, the high rate of sample rotation of

25Wlz,allowed the observation of multiple sites in the teF MAS NMR spectra of zunyite.

The broad leF spectrum of samples Ei609 could be simulated with two overlapping

peaks at-133 and -130 ppm (Fig. 5.6) which varied in relative intensity with F content

(Table 5.5). Three peaks would be expected for the three Al octahedral environments (III-[V,

V-VI and VII) although the differentiation of the aluminum sites would not necessarily apply

to fluorine. As the Keggin unit does not have a perfect tetrahedral symmetry, F at the two
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Fig. 5.5 The 27Al3QMAS spectrum of zunyite (sample L129ll) at'11.7 T with
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TABLE 5.4 27Al parameters from simulations of MAS and 3QMAS spectra

Al(1)K

A1(1)P

Al(2) (without F)

A1(2) (with one F)

Site ôi.n (ppm) (MHz)

TABLE 5.5 Relative intensities of the two leF MAS NMR peaks in zunyite

72.2

46.5

7.8

14.0

2.25

t.96

2.80

7.08

1.0

0.7

0.4

0.4

Peakl(-133+1 ppm)

Peak2(-l30+1 ppm)

}/4t6225
40%t20%

60%L20%

21%!20%

79%!20%
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O(4)H sites would be crystallographically inequivalent, leading to site differentiation. The

isotropic chemical shifts of -133 and -130 ppm indicate that F is covalently bonded to Al, in

a bridging position (Huve et al.,1992,Zeng and Stebbins, 2000).

In the 27Al MAS NMR spectra of zunyite, Peak A naffows and increases in height as

the rate of spin increases from 5 to 30 kHz, whereas there is no obvious change in the peaks

for octahedral Al peaks (Fig. 5.7). This increase with rotation speed of the peak, due to the

Keggin tetrahedral site, is indicative of a small quadrupolar interaction. Once the central

transition is reduced to its second-order lineshape, increasing the rate of spin adds more

intensity from the isotropic peaks of the external transitions to the central hansition peak. For

a low value of quadrupolar interaction, the second-order quadrupolar shifts are small and

these isotropic lines are superimposed. This situation does not occur for the peaks for

octahedral Al with much larger values of Cq.

The broad 27Al octahedral resonance could be resolved into two components in the

isotropic chemical shift dimension (F1) of the 27el 3qMAS spectrum (Fig. 5.5). Fluorine

coupling, as well as possible disorder caused by H displacement due to 413* charge balance,

would cause some broadening of the peaks. The five possible 27Al octahedral environments,

described earlier, could have slightly different chemical shifts. The overlap of such peaks

could lead to a distribution of chemical shifts and quadrupolar parameters, which could be

modeled with the MASAI software of Quoineaud et al.(2002). However, only two chemical

distributions were found in slices of the 3QMAS 27Al spectrum, although there maybe some

distribution of quadrupolar parameters due to the different Al(2) environments. It was

impossible to extract such discrete distributions of Cq and q from the experimental spectrum,

although multiple environments were indicated by the broad octahedral peaks.
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Fig. 5.7 2tAl NMR MAS spectra of zunyite for sample E1609 with the rotor
spinning at (a) 5l<IJ'z, (b) 10 kIIz, (c) l7l<IJz, (d) 30 kIIz (courtesy of Dr. F.

Taulelle)

-20 -40
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The MAS 27Al spectrum was simulated using the quadrupolar parameters measured on slices

of the 3QMAS experiments. The intensities of each line in these spectra varied because of the

dependency of the hiple quantum excitation-conversion efficiency on Cq and on the strength

of the radio-frequency field. Only four components were therefore used, two for the

tetrahedral peaks and two for the octahedral peaks (Table 5.4). With this fitting procedure,

the lines attributed to the octahedral sites had ô¡,o values of 7.8 (Peak C) and 14 ppm (Peak

D), with Cq and t'¡ of 2.80 }l4H2,0.4, and 7.08 MHz, 0.4 for these two sites (Fig. 5.8),

respectively. These represent 2.5 and 9.5 apfu Al, respectively for the sample Karab.

Quantum calculations lead to the values of Cq and q for the five possible local

environments at octahedral Al sites as well as the two tetrahedral sites (Table 5.3). The EFG

tensors for tetrahedral sites Al(l)K, with a site syrnmetry of 3m, and Al(1)P, with a site

symmetry of 43m, are several times smaller than for octahedral Al(z),with a site symmetry

of m.For A1(2), the calculated values of EFG along the X-axis (V**) in the principal axis

system (PAS) are negative, those along the Z-axis (Y-) are positive, and those along Y-axis

(Vrr) are very small. The maximum EFG components (V-) are negative and along the X

crystallographic axis except in the case of two F substitutions for O(4)H, where the

maximum is along the Z axis and positive. These show the general geometrical character for

Al(2), where the equatorial ligands overbalance the contributions from the apical ones.

The calculated values of quadrupolar parameters can be grouped into three categories

(Table 5.3). A1(2) sites with 2OH (environments I and II) have Cqof 2.4 to 3.3 MHz, those

with lOH and 1 F (environments III, fV, V and VI), Cq of 1.3 and 4.5 ll4}{z, and with 2 F

(environment VII), Cq is 6.9 MHz (Table 5.3). There is, therefore, a general tendency to

increase Cq with the progressive replacement of OH by F. The calculated t"¡ for all the
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environments is around 0.5, which is close to the experimental value. As the Al-F bond

length is shorter than AI-OH (Tossell, 1993), higher distortion of the Al(2) octahedron would

be expected with F substitution, and thus a larger EFG and Cq.

The experimental values obtained in 3QMAS and MAS experiments for the

octahedral sites are in agreement with the trends predicted by the quantum calculations.

However, environments I and II cannot be distinguished, or III to VI. Three environments, (I

and II), (III to VI) and VII, could therefore possibly be resolved, but one of these three

possible components was missing. The atoms associated to each site, 2.5 apfu for Peak C and

9.5 for Peak D, allowed the assignment. For one fluorine atom, in the O(4) site which bridges

two Al(2) atoms, two Al sites are affected. The Karab sample contains 4.16F apfu leading to

8.32 apfu Al(2) affected by one F substitution and 3.68 Al octahedral without F. For the

replacement of two OH by F in one octahedron, the number of Al octahedra affected equal

the number of F atoms. For Karab, there would be 7 .84 apfu Al represented by Peak C and

4.16by Peak D. The values obtained from the 3QMAS decomposition,2.5 and 9.5 apfu for

Peaks C and D, are closer to the values of 3 .68 and 8.32 apfu for one F substitution than for

the values for 2 substitutions. So our data which does not support the existence of 2F Al(2)

environments is in agreement with Baur & Ohta (1982) and with the two teF MAS NMR

peaks at-133 and -130 ppm. Therefore the site at 7.8 ppm with Cq of 2.80 };4.Hz, t'¡ of 0.4

and 2.5 apfu, and the site at 14 ppm with Cq of 7.08 MHz, t'¡ of 0.4 and 9.5 apfu are Al(2)

octahedral with 2O(4)H and 1F1O(4)H, respectively.

The Mulliken charge distribution, which shows the charge transfer between Al(2) and

O, indicates a strong covalent component to the bonds. The covalency of the bond to Al

decreases as F replaces OH, indicating that27 Alwould become more shielded and ôi56 rrlore
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negative (Dirken et a\.1992, Smith 1993, Tossell 1993). Nevertheless, the ôiro of 2741 at the

octahedral sites in the Keggin structure moves from 7.8 to 14.0 ppm with the substitution of

F for OH, contradicting the idea that F substitution gives a more negative ð;ro (Dirken er a/.

1992). This anomalous shift must be due to the unusual Keggin conformation in zunyite.

As 3QMAS spectra of several polycations rvere recently published by Allouche et al.

(2001), a classification of the quadrupolar interactions of the different types of environment

could be undertaken. The A136 polycation (Allouche et a1.2000) has two ô Keggin units

linked by a ring of four Al octahedra. The ô Keggin unit has a kimeric unit connected by

vertices as in the a Keggin polycation, though the three other trimeric units are of e Keggin

type (Fig. 5.9). There are distinct trends in the quadrupolar interactions ¿ìmong the different

kinds of Keggin structures. Cq values for A1(2) of the e Keggin units (Johansson 1963),

range around 10 + 0.5 MHz, whereas for the a Keggin units they range from 4 to 6 MHz

with Cq of the connecting ring sites in A1¡o being 5 MHz. The unusual change in 27Al 
ô¡ro

with fluorine substitution of the u Keggin structure in zunyite indicates that a more thorough

quantum mechanical investigation is needed to understand these structures.

5.3 Conclusion

With the help of ab inítío quarrt'xn mechanical cluster calculations, a combination of

leF, tesi, t7Al MAS and27 AI3QMAS NMR spectra has allowed definite assignments for the

2'Al,zesiand reF MAS NMR spectral peaks. The -91 ppm peak in the 2esi spectrum

corresponds to the 46 ppm peak in 27Al spectra as Al replaces Si in the central tetrahedron of

the pentamer unit. For 2741, the peak with ôi.o of 7.8 ppm is assigned to Al(2) in the

environment with 2 O(4)H, with F monosubstituted Al(2) being assigned to the peak with õ¡,o

of 14 ppm.
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The cr Keggin unit of zunyite is fluorine-substituted, in the intertrimeric O(4) site,

leading to the creation of crystallographically inequivalent sites for fluorine. Contrary to the

usual trend, the 2741 the octahedral A1(2) site in zunyite becomes less shielded (ôi." 14 ppm)

due to the F substitution for OH than the non-fluorinated sites (7.8 ppm), instead of being

more shielded. This is probably due to the special ø Keggin polycation.
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Chapter 6 The NMR parameters õ¡ro, Co and r'¡ for27 1'Jin the aluminofluoride minerals

and the structural significance

6.1 Introduction

In this study, the minerals chosen all contain Al as A1(F,OH)6 octahedra. The AlF6

octahedra in cryolite, pachnolite, thomsenolite and weberite are isolated with no bridging

fluorines (Cocco et a1.,1967; Giuseppetti & Tadini, 1978; Knop et a1.,1982; Hawthome &

Ferguson, 1983; Hawthorne, 1984; Adhikesavaht et al., 1985). The AlFo octahedra are

designated as S0. The differences among this group of minerals with isolated AlFo octahedra

are due to different cations or HzO molecules around the AlFo octahedra. The Al(F, OH)6

octahedra in prosopite form chains by sharing edges, with two bridging OH groups (S2)

(Giacovazzo & Menchetti,1969; Pudovkina et a1.,1973). There are two kinds of AlFo

octahedra in chiolite: one with two bridging fluorines (S2) to form chains, and one with four

bridging fluorines (S4) to form sheets, both of which are parallel to the c-axis (Jacoboni et al.,

1981). Ralstonite has six bridging fluorines (S6) for the AlFo octahedra to form a framework

structure (Effenberger & Kluger, 1984). Thus, the different environments for AI(F,OH)6

octahedra in these minerals, due to the different polymerization and adjacent cations or water

molecules, provide an excellent opportunity to study systematic change in ôtro and other 2741

NMR parameters. The shielding effects due to O and F can also be compared.
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Compared with the research on aluminosilicates, there are fewer NMR studies for

aluminofluoride minerals. Dirken et al. (1992) and Spearing et al. (1994) studied the effects

on ttAl 
ô¡.o of the degree of polymerizationand cations around the A1(F,OH)6 octahedron,

and compared ô¡o for 27Al in aluminosilicate and aluminofluoride minerals. Aluminofluoride

minerals pose a special difficulty for MAS NMR because of the strong leF residual dipole-

dipole (D-D) coupling caused by the high natural abundance and large magnetogyric ratio (y)

for the spinYznucleus. The strong leF-leF dipolar and J-coupling could not be averaged out

completely even in MAS NMR experiments with higþ spinning speeds (Lacassagne et al.,

199S). Therefore, accurate determinations of 2741ô¡ro suffered because there was spectral

broadening caused by the strong residual D-D interactions and J-coupling.

The Co values for27 Al octahedra in these aluminofluoride minerals are usually small

because of the syrnmetrical AlFe octahedra in these minerals. Therefore, the major factors

controlling peak width are D-D interactions, which broaden the 27Al MAS NMR spectra and

hide the structural information possibly available from QI. As a result, it is it is very hard to

deduce accurate parameters ôi.o, Cq and r'¡ from the featureless ttAl MAS NMR spectra and it

is more difficult to investigate the relation between NMR parameters and mineral structure

than for aluminosilicate minerals.

Different combinations for Co and n may give very similar spectra if large line

broadening factor was used. Multiple sites or very broad experimental spectra leave even

more room for arbitrary and ambiguous fitting. As the result, different values of Co and t1

have been calculated from experiments even for ordered aluminofluoride minerals (Dirken er

a1.,7992; Spearing et a1.,1994; Lacassagne et a1.,1998). Theoretical calculations for Co and

r'¡ from the EFG can supply possible solutions for these problems. Therefore, to cope with
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these difficulties in deriving accurate NMR parameters for27 Alin these minerals, different

NMR experimental techniques (MQMAS, leF-decoupled SATRAS, fast spinning MAS

NMR) have been combined with theoretical calculation models.

"Æ qI parameters, Co and n, were calculated using the Full Crystal Lineanzed

Augmented Plane'Wave (FC LAPW) and Molecular Orbital (MO) methods with the

computer programs WIEN2k and Gaussian9SW respectively. The input data for FC LAPW

calculations using WIEN2k for cryolite, pachnolite, thomsenolite, weberite and chiolite are

presented in Table 3.1. The electronic properties of the ordered minerals cryolite,

thomsenolite, pachnolite, weberite and chiolite were calculated using the LAPW method with

WIEN2k (Blaha et a1.,1985, 1988,1990,1992,2007). For the disordered minerals prosopite

and ralstonite, MO method was used with Gaussian9SW (Tossell, 1986,1993; Koller et al.,

1994; Foresman & Frisch, 1996; Yamada et a1.,2000). The effects of the interaction between

HzO molecules and F (O-H-F bonds) on the 27Al spectra are discussed. These can be

important in aluminofluoride minerals and were not considered in previous studies (Dirken ør

al, 1992; Spearing et al., 1994).

6.2 Results and discussion

The purity of these samples was verified by XRD. There is small amount of fluorite,

chiolite andtopaz present in cryolite, a small amount of ralstonite in pachnolite, a trace

amount of ralstonite and sellaite in thomsenolite. Trace amounts of rutile and some amount

of fluorite, thomsenolite and/or pachnolite were found in the weberite sample. There is

pachnolite, thomsenolite and fluorite in ralstonite, and some fluorite in prosopite. Only small

amount of fluorite was found in the chiolite sample. These trace impurity phases (less than
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0.2 %) are not considered to be sufficient to cause significant resonance peaks in the NMR

spectra.

The chemical compositions for these samples were obtained by EMPA (Table 6.1). It

can be seen that the apfu for all these samples are very close to the stoichiometric

composition.

The resolution in the Fl dimension (isotropic) from the MQMAS spectra for

aluminofluoride minerals was not enhanced from the MAS spectra as the heteronuclear

dipolar interaction was multiplied by the coherence order during the triple-quantum evolution

of the MQMAS experiments (Lacassagne et a1.,1998). F-decoupled SATRAS NMR

experiments gave spectra with higher resolution, especially for the case of relative small Cq,

from which more accurate NMR parameters could be derived.

6.2.1 Cryolite

Cryolite (Na3AlF6) is an ordered mineral with pseudo-cubic symmetry (P2/n)

(Naray-Szabo & Sasvari, 1938; Hawthorne & Ferguson,l975). The structure consists of

comer-sharing AlF6 and Na(2)Fo octahedra which alternate to form chains parallel to the c

axis, with cavities occupied byNa(l) in eight-coordination (Fig. 6.1). The AlFo octahedron is

extremely regular with Al-F bond lengths of 1.808 ,Ä and F-AI-F angies of 90.0o. The slight

departure of the cryolite structure from ideal cubic symmetry is due to the small Na atom

(Hawthorne & Ferguson, 197 5).

27 A7 Cr,q and ôi.o for cryolite have been obtained previously from simulations of27 Al

MAS NMR spectra. Dirken et al. (1992) gave the value of 2.0MH2,0.0 and 1.4 ppm for Cq,

n and ð¡56, respectively, whereas Spearing et al. (1994) found the values to be
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Table 6.1 Chemical compositions (wt%) and formula (øpfu) for the aluminofluoride
minerals

Wt% cryolite pachnolite thomsenolite weberite prosopite chiolite ralstonite
AI
Na
Mg
K
Ca
Sr
F
Fe
Ni

Sum

13.16
3: el

0.03

*oo

t02.1

12.90
,__tu

17.t0
1.88

o_:o'

89.71

atomic proportion per formula

1 1.89

10.22

-tr.oo

52.04

91.55

unit (aptu)

0.971

?;'

0.95

:-oo

1.00

A1

Na
Mg
K
Ca
Sr
F
Fe
Ni

12.32 2t.60 17.77 2t.87

1.011

t__0,

ioo

17.s0 0.06
10 .08

0.27
0.02 16.23

s9.07 33.52
0.02
0.02

99.03 7r.41

r.121

l_nu

1.00
0.04

:_oo

1.00OHÆ{uO

-- : Not found
1 : Taking atomic number of F as a constant number
2: Taking atomic number of Al as a constant number

24.22 4.69
s.00

0.36
0.02 0.02

s6.00 43.80

----

98.37 75.36

1.451
2.32

!;'

Joo

2.002

:_o'

1.01

i.o,

it,

3.r21
5.00

0.04
0.00

t4

13.002
3.40
3.40

0.00

i.1tu

9.92
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0.6MH2,0.0 and 0.0 ppm. The Co result from Spearing et al. (1994) is more reasonable

because of the naffow lineshape.

27Al MAS NMR spectra for cryolite were acquired at two different fields (8.6 T and

11.7 T, respectively) (Fig. 6.2). Both spectra show a single, narrow, symmetrical Gaussian

peak centered around 0.0 ppm with no obvious quadrupolar lineshape, indicating a small Co.

The HHFV/ decreases from 13.6 ppm at 8.6 T to 9.8 ppm at II.l T magnetic fields with same

spinning speed. As the HHFW for cryolite is narrower at lI.7 T than at 8.6 T, it seems that

27Al quadrupolar interactions play asignificant role in the line broadening. However, the

second-order QI lineshape is not observed due to the small Co. The MQMAS spectrum (Fig.

6.2) showed only one Al site with ô¡o of 0.0 ppm in the F1 (isotropic) dimension without any

improvement of resolution because of the enhanced Al-F heteronuclear dipolar interactions.

From the F-decoupled SATRAS spectrum for cryolite (Fig. 6.3), the values of 0.579 MHz

(10.005) and 0.89 (10.02) for Co and q were extracted by simulating the envelope of the

compiete spiruring side bands (ssb) using STARS (Skibsted, personal communication).

The NMR parameters were also calculated by ab initioFC LAPW calculations using

the program WIEN2k and refined structure data from Hawthorne & Ferguson (1975). The

values of 0.6 MHz and 0.9 for Co and n were obtained from the EFG (Table 6.2). These

values are close to the simulated values of Co and q from the simulated SATRAS spectrum

(Skibsted, personal communication).

The calculations using WIEN2k showed a total energy for cryolite of
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-5320.52 Ry. The energy to separate semicore and valence states was -0.4834 Ry, the Fermi

energy is -0.12186Ry, and the important valence 2p electronwas at an energy level of -
4.5775 Ry. The electron density in cryolite shows limited electron overlap between atoms,

indicating strong ionic character for the Al-F bond in cryolite. Figure 6.4 shows the electron-

density map in the (100) plane.

Due to the small QI for cryolite, the shift for the center of gravity (ô,*) of the 27Al

MAS NMR spectrum caused by the ôo at 1 1.7 T could be calculated from Co and 11 using by

equation (3.1). Thus, the true ô¡5e wâs found to be -0.49 ppm by shifting the ô., of

-0.73 ppm for cryolite by the calculated value of ôo of -0.24 ppm (equation 3.2). This is

similar to the simulated results by SATRAS (Table 6.3).

6.2.2 P achnolite and thomsenolite

Pachnolite (Fig. 6.5) and thomsenolite (Fig. 6.6) (NaCaAlFo.HzO) are dimorphs with

monoclinic symmetry (Cocco et a1.,7967; Hawthome & Ferguson, 1983; Adhikesavalu et

a1.,I985).In both minerals, the AlFo octahedra are linked by the bonds between F and H of

HzO molecules as well as Ca to form infinite chains parallel to [010]. AlFo octahedra and

lCuFn(HzO)zl8- dimers (Fig. 6.5b) form continuous sheets parallel to [001] by sharing

corners (Figs. 6.5a and 6.6). These sheets are joined together by Na polyhedra, and hydrogen

bonds provide additional linkage both within and between the sheets. The AlF6 octahedra in

both minerals are the typical for the aluminofluoride minerals with average Ai-F bond length

of 1.807 Å lHawttrorne & Ferguson, 1983). H is stronglybonded to F atoms with a mean H-F

bond length of 2.37 Å and O-H-F angle of I23' for both polymorphs. The shortest H-F bond

length is 1.82 Å, and the shortest O-F distance is 2.74 Â lRanites avalu et at., 1985). H

participates in bonds to several F acceptors. These bonds link the AlFo octahedra to form
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Table 6.2 Experimental and calculated values of 27Al Cn and r'¡

Minerals

cryolite

pachnolite

X

thomsenolite

EFG tensors

0.056 0.025 -0.08lu

MO

Y

weberite

prosopite

0.035 0.016 -0.050

Z

-0.0s9 0.028 0.072

Ar(1)

cq
(MHz)

chiolite

0.091 0.023 -0.114

A1(2)

2.90u

-0.069 -0.032 0.102

Ar(1)

FC LAPW

q

0.201 0.022 -0.223

0.39u

cq
(MHz)

1.70

-0.247 -0.0s8 0.30s'

At(z)

2.49

3.17u
0.59b

0.38

ralstonite

Experimentai
values

n

3.94

0.43

0.156 0.156 -0312e

a: calculated results using the structure of Naray-Szabo & Sasvari, 1938

b : calculated results using the structure of Hawthorne & Ferguson, 1975

c: Dirken et ø1.,1992
d : Spearing et al., 1994
e: this studyby SATRAS simulations
f : calculated results using the structure of Brosset, 1938
g : calculated results using the structure of Jacoboni et a1.,1987
h: Lacassagrle et a1.,7998

-2.r8

0.29u
0.94b

cq
(MHz)

3.s3

0.60

1.83

1.72

2.0"
0.6d
0.59"

0.80

0.36

-0.007 -0.007 0.015

ôiro

(ppm)
in this
study

1.83

n

10.s3

0.62

0.80

1.5"

0.0"
0.0d
0.99"

0.31

0.62',

1.5

-10.80

0.7"

-0.5

0.03'
7 34s

0.7"

0.00'

r.2"

-0.4

0.52

0.00'
0.1 gc

7.95"

3.68'
-6.01c

-0.3

0;7"

0.0

9.2"
g.gd

g.0h

9.04'

-2.0

0;75"

0.95'
0.00c

5.8

0.0'
0.0d

0.1 3h

0.1 3'
6.01"
6.5d

6.0h
6.00"

6.0

-2.5

0.0"
0.0d

0.04h
0.04'

3.9'

-4.2

0.75"

t12

6.3





Table 6.327 Alô¡se, p€âk width and ôo for the aluminofluoride minerals atll.7 T

Minerals

Cryolite S'

õcc at
(ppm)

Pachnolite S"

Thomsenolite S'

Peak
width
(ppm)

Weberite S"

Prosopite
S2

-0.7

-3.5

ôq

calculated
from Cn

and n
loom)

-2.3

Al(1)

9.8

Chiolite

At(z)

6.0

1.9

ô¡ro: ôç6-ôq
(ppm)

Al(1)
S4

6.6

9.8

-0.2

Ralstonite S"

-20.5

Al(2)
S2

N. A.: simulation for CT provided ôiro with enough accuracy due to the large Co

a : from Dirken et a1.,1992
b : from Spearing et al.,1994
c: from Lacassagne et a1.,1998

t2.r

-3.i

-34.9

4.9

õi.o from
literature

(ppm)

-1.9

-0.5

-23.0

N. A.

-r.7

-0.4

N. A.

-2.9

-0.8

-0.3

N. A.

l.4u
0.0b

N. A.

-2.0

t2.9

N. A.

5.8

N. A.

6.0

-9.2

-4.2

-2.5

6.3

-J'

-2.9"

-1","
-1.5'
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infinite chains parallel to å (Fig. 6.5 and 6.6). The strong bonding between F and H may

cause a charge transfer from H to F causing F to behave as a bridging fluorine.

The structural difference between these two minerals is that the sheets of AlFo

octahedra and [Ca2F1z(HzO)z]8- dimers are planar in pachnolite, but undulating in

thomsenolite. This difference results in different interstitial Na coordination numbers of nine

in pachnolite and eight for thomsenolite (Hawthome & Ferguson, 1983). Therefore, in

thomsenolite, there are layers parallel to 1001] consisting exclusively of Na atoms, and these

layers alternate with similar layers of water molecules (Fig. 6.6). ln contrast, for pachnolite,

each of the corresponding layers contains both Na and HzO in equal numbers (Fig. 6.5)

(Adhikesav alu et al., 1985).

The spectra of pachnolite and thomsenolite are similar in having a Gaussian lineshape

(Fig. 6.7). Whereas the width for thomsenolite is similar to cryolite, being 9.8 ppm,

pachnolite is na¡rower with a HHFIV of 6.0 ppm. The ô", for'7Al MAS NMR spectra from

pachnolite and thomsenolite are-3.5 and-2.3 ppm (Table 6.3), respectively.

The MQMAS spectra of pachnolite and thomsenolite (Fig. 6.8) show only one peak

in Fl dimension with no improvement in resolution.By fitting the reF-decoupled 27Al

SATRAS spectra (Fig. 6.9), values of 1.5 (10.5) MHz and 0.7 (t0.3) were found for Co and t1

for both pachnolite and thomsenolite.

The FC LAPW calculations gave the values for Al Co and t"¡ of -2.18 MHz and 0.8

for pachnolite, and 1.80 MHz and 0.6 for thomsenolite (Table 6.2),which are similar to the

sma1l QI found from the experimental data. Using the QI parameters from
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WIEN2k, ôo was calculated to be 3.1 and2.0 ppm for pachnolite and thomsenolite,

respectively. Thus, -0.4 and -0.3 ppm were obtained for ôiro by correcting the measured

values of õ., with the corresponding ôo $able 6.3).

The mean Al-F bond distance, 1.807(1) Å, is the same for the isolated AlF6 octahedra

in both pachnolite and thomsenolite (Adhikesavalu et a1.,7985). Therefore, the difference in

27Al 
ôi.o and peak width between these minerals may be due to variations in the environments

around the AlFe octahedra caused by the position of sodium atoms or water molecules.

Spearing et al. (1994) suggested that significant na:rowing and changes in the shape of the

leF spectrum of cryolite with increasing temperature are probably the result of averaging Na-

F and possibly Al-F interactions due to cation motion. The rigid [AlF6] octahedra oscillate

with the increasing temperature, giving the average features observed in the 2741 spectra.

Therefore, the different widths for the 27Al peaks of the two dimorphs might be caused by

more translational or rotational motion between H and F in pachnolite than thomsenolite,

reducing the D-D effects. Differences in the geometry of HzO around the AlFo octahedral site

may also change the peak width. tn pachnolite, O-H(l) F(5) and O-H(2) F(4) are almost in

the same plane, however, there is a 10o between them in thomsenolite. The geometry and the

O-H(2) ...F bond in thomsenolite are different from those in pachnolite (Adhikesavalu et al.,

198s).

6.2.3 Weberite

Weberite (Na2MgAlFT) has orthorhombic symmetry (Imm2) (Giuseppetti & Tadini,

1978; Knop et al., 1982). All the cations in weberite occupy special positions with point

symmetry 2/m. AIF s and MgF6 are regular octahedra, with bond distances of 1.80 Å for At-

F and 1.95 Ä for Mg-F. Two independent Na atoms form a flattened hexagonal bipyramid
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(Na(l)Fs) and a square prism (Na(2)Fs) (Fig. 6.10). These polyhedra link by sharing

comers or edges to form chains parallel to the a, b and c axes and the diagonal directions

(Fie.6.10).

The 27Al MAS NMR spectrum for weberite is a broad asymmetrical doublet (Fig.

6.ll). The ð., the major peak at ll.7 T is around 1.9 ppm, which is in the chemical shift

range for isolated AlFo octahedra. The second peak is at-3.7 ppm. The HHFW for

weberite at the two fields of 7.6 T and lI.7 T remains I2.0 ppm, instead of becoming

naffower as the second order QI is smaller at higher field. The tTAl MAS NMR spectrum

of weberite could be simulated with three Gaussian peaks at 1.5, -3.8 and -6.3 ppm with

peak widths of 738, 716 and2600Hz (Fig. 6.11a), such a simulation is very vague. The Fl

dimension of the MQMAS spectrum shows one isotropic peak with broad shoulder (Fig.

6.11 b). One site was also indicated by the simulation of the F-decoupled SATRAS

spectrum (Fig. 6.12). Only one Al site has been previously reported for well-ordered

orthorhombic weberite (Giuseppetti & Tadini, 1978; Knop et a1.,1982).

The calculations using WIEN2k gave a Cn value of 1.8 MHz and t'¡ of 0.3, which

could not reproduce the experimental lineshape. If the peak at -3.8 ppm is assumed to

possess the calculated QI parameters, the corrected ôi.o from ôr, becomes

-2.0 ppm (Table 6.3), which is significantly more negative than for cryolite, pachnolite and

thomsenolite which have isolated AlF6.

The27 AIMAS NMR spectra for weberite are very difficult to interpret as they do

not relate to one Al in the structure shown by SATRAS or MQMAS data or to the
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calculated values from WIEN2k. The monoclinic weberite with Fe, Zn, Ni and other

cations at the Mg site has three different Al sites (Dahlke et a1.,1998). Thus, the

structure for weberite might not be as simple as expected. There might be several Al

environments and/or a certain degree of cationic disorder in small domains (Laligant &,

Calage, 1989), or some paramagnetic cations are present in the lattice.

6.2.4 Prosopite

Prosopite (CaA12(F,OH)3) has monoclinic symmetry with the space group C2/c

(Ferguson, 1949; Giacovazzo & Menchetti, 1969; Pudovkina et al., 1973). There are two

different Al sites in prosopite due to the arrangement of F and OH around Al. These two

adjacent Al octahedra share two OH and alternate to form the chains along the c axis (Fig.

6.I3a, Fig. 6.13b) (Pudovkina et a1.,1973). It is therefore classified as a chain structure

(Hawthorne, 1984). In prosopite, each Al octahedron has four OH and two F nearest

neighbors with average Al-F bond distances of 1.877 and 1.785 Â for A1(1) and Al(2),

respectively (Pudovkina et a1.,1973). The bond distances between Al(1) and OH

range from 1.852 to 1.877 Å, and from 1 .877 to 1.922 for Al(2) (Giacovazzo & Menchetti,

1969;Pudovkina et a1.,1973). Al(i) and A1(2) have point syrnmetries I and m.

The major 27Al MAS NMR peak at 5.7 ppm for prosopite is 4.9 ppm wide at Il.7 T.

With leF-decoupling in the MAS and SATRAS NMR spectra a second peak was clearly

resolved (at20 ppm), which possesses a quadrupolar lineshape indicating large Co (Fig.

6.14). The second peak is also visible in the SATRAS spectrum (Figure 6.12). From

simulations of the SATRAS and MAS NMR spectrum Co and 1 were
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Fig. 6.14 ttAl MÄ,S NMR and simulated spectra for prosopitewith reF-

decoupled ú11.7 T (courtesy of Dr. Francis Taulelle)
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found to be 1.2 (10.5) MHz,0.7 (10.3) and 7.85 (10.05) MH2,0.75 (+0.05) for A1(1) and

Al(2), respectively (Table 6.2).

The FC LAPW calculation was not applicable for prosopite due to the disorder

caused by substitution of F and OH. Therefore, the MO cluster method was used to

calculate EFGs (Co and q) for the two sites with GaussiangSW (Table 6.2). The calculated

values of 7.72 MHz and 0.8 for Cn and q are very close to the experimental values 1.9 ily''Hz

and 0.8 for the A1(2) site. However, the values of 3.53 MHz and 0.4 show discrepancies

from the experimental ones of 1.2 MHz and 0.7 for Cn and n at Al(1) site. ôi,o for Al(1) was

found to be 5.8 ppm by adjusting õ.s (6.6 ppm) by the calculated value of ôo (0.8 ppm).

The narrow Al(1) peak at 5.8 ppm shows a significant contrast in ôiro and width with

other aluminofluoride minerals which do not have OH substitution for F in the AlF6

octahedra. The residual D-D interaction would be smaller than for other aluminofluoride

minerals due to the lower number of F neighbors. Thus, the small residual D-D interaction

and QI are responsible for the narrow 27A1peak.

The relative intensities of the signals for the Al sites is 1:1, the ratio of A1(1) to Al(2)

in prosopite. Prosopite appears to be a well-ordered mineral, even though both OH and F

occur in the mineral.

6.2.5 Chiolite

Chiolite CNasAl¡Fr¿), space a group P4/mnc, consists of alternating AlF6 and distorted

edge-sharing NaF6 octahedral layers parallel to a axis (Fig. 6.16). There are two kinds of Al

sites: Al(1)Fo octahedra with four bridging fluorines (Sa) are surrounded by four Al(2)F6

octahedra with two bridging fluorines 1S) (nig. 6.i6). The A1(1)-F distance is from 1.779 to

133





1.795,Â, and from 1.789 to 1.826 Å for etlZ¡-F (Jacoboni et a1.,1981). The F-AI-F angles

are between 90 and 91.7' (Jacoboni et al., L98I) showing that the sites are extremely

symmetrical. The Al(1)F6 octahedra form sheets, which are connected by Al(2) octahedra.

The 27Al MAS NMR spectrum for chiolite had previouslybeen found to be very

broad (Dirken et al., 1992; and Spearin g et al., T994). Earlier simulations of27 Al MAS NMR

spectra by Dirken et al. (1992) gave the values of 8.2 }i4Hz,0.0 for Co and "4 for Al(1) and

6.0 MHz, 0.0 for Al(2), while Spearing et al. (1994) found 8.9 MHz and 0 for Al(1) and 6.5

MHz and 0.0 for Al(2) (Table 6.2).

The 27Al MAS NMR spectra acquired in this study are also broad (Fig. 6.17) due to

the large Cn at the two Al sites. The resolution was improved with the increasing the spinning

speed from 5 kHz to l0kÍIz, and further enhanced by decoupling reF (Fig. 6.17). Simulation

of the teF-decoupled MAS NMR spectrum gave values of ô¡ro, Co and rl of 4.2 (10.5) ppm,

6.0 (10.02) }l4H2,0.04 (+0.01) forAl(1) and1.5 (t0.5) ppm, 8.0 (f0.02) MH2,0.13 (+0.01)

for the Al(2) site (Table 6.2).

Using the FC LAPW method with the structure data from Jacoboni et al. (1981),the

values of Cn and n were calculated tobe7.3 MHz and 0.18 for Al(2), and -6.0 MHz and 0.0

for Al(1) site (Table 6.2). These calculated values are close to our experimental ones and to

those from Dirken et al. (1992) and Spearing et al. (1994) (Table 6.2).

FC LAPV/ calculation has proved to be very sensitive to the atom positions in

crystals. The calculated results using recent structural data (Jacoborri et al., I98l) almost
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exactly reproduce the experimental results, whereas data from Brosset (1938) gave Co and n

values of 0.03 MHz,0.0 for A1(1), and 3.68 MH2,0.85 for Al(2) (Table 6.2) although there is

little difference for the F positions between them (Table 6.4). Using different set of structural

data for cryolite, the results calculated from the structural data of Hawthorne & Ferguson

(I975) with FC LAPW calculations gave the QI parameters very close the experimental ones,

whereas the calculations from Naray-Szabo & Sasvari (1938) gave values of 3.17 MHz and

0.29 for Co and r'¡.

From the theoretical calculation, the sign for the Co Q.34 and-6.01) in chiolite was

found to be opposite for these two sites (Table 6.2). This is caused by the different charge

distributions at these sites. There is a higher charge density along the Z direction for Al(2)

than that in X artd f plane, while higher charge density in X and Y plane than that along Z

direction for A1(1) (i.e., oblate vs. prolate shape).

The total energy for chiolite is -II762.3 Ry. The energy to separate the semicore and

valence states is -0.59487 Ry, and the Fermi energy is -0.0924 Ry. For the A1(1) site, most

contributions to the EFG come fromthe p-p electrons. The EFG had already reached 88% of

total EFG at a distance of 20o/o of R6 at the Al(1) site, indicating that the EFG is dominated

by the region close to the Al nucleus. However, the At(2) site is unusual in that the lattice

EFG has a large value of 2.9 5 V ln],whereas the valence EFG is only -0. 833 V lmz . ln

contrast to the electron-density map for tugtupite and corundum (Zhou et a1.,2003a), the

electron density map for chiolite (Fig. 6.18) shows no distortion, and less electron overlap

between atoms. This indicates a stronger ionic character for the bonds between F and other

cations in chiolite.
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Table 6.4 Atomic coordinates for chiolite and cryolite

Atoms

chiolite

Na(l)

Brosset (1938)

Na(2)

0.0

A1(1)

X

0.275 0.715 0.25

A1(2)

v
0.0

0.0 0.0 0.0

F(1)

0.0 0.s 0.0

z

F(2)

0.5

0.0 0.0 0.185

F(3)

cryolite

Jacoboni et al. (1981)

0.07 0.2s 0.0

Atoms

x
0.0

0.2t 0.535 0.12

AI

0.2768 0.7768 0.2s

Naray-Szabo & Sasvari (1938)

Na(1)

V

0.0

x

0.0

0.0

Na(2)

0.0

0.0

F(1)

z

v

0.5

0.0

0.0

0.0 0.0 0.t7rt

0.5 -0.055 0.24

F(2)

0.0

0.0642 0.2477 0.0

0.5

0.065 0.06 0.22

F(3)

z
0.0

0.0

0.7794 0.5364 0 .1198

-0.29 0.16 0.03

0.5

0.0

Hawthorne (1975)

0.15 0.28 -0.06

X

0.0

0.0

v
0.0

0.s133 -0.0519 0.2474

0.0

0.1026 0.0455 0.2194

z
0.0

-0.2732 0.1737 0.0462

0.5

0.1634 0.2690 -0.0630
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6.2.6 Ralstonite

Ralstonite, Na3Mg3[Alr3(oH)r7F¡r](Hzo)2, has cubic symmetry with the space goup

Fd3m (Pabst, 1939), and is classified as a framework mineral because all the F atoms are

shared between A1(F,OH)6 octahedra (Fig. 6.19) (Hawthorne,l984). The Al-F distance is 1.862

Ä (nffenberger &Kluger, 1984). Pabst (1939) showed that, on heating, the structure of

ralstonite remained almost the same despite the loss of 19 wto/o. This weight loss indicates that

both the water of crystallization and the hydroxyl is not strongly bonded. From the chemical

composition, F in the Al octahedron maybe substituted by OH (Table 6.1) (Effenberger &

Kluger, 1984). The 27Al MAS NMR spectrum of ralstonite has a HHFW of I2.9 ppm and a ô.,

of -29 ppm. However, there is a shoulder (Fig. 6.20) and so the spectrum can be simulated

with two peaks, one with parameters of 3.8 (10.1) MH2,0.75 (10.05) and3.2 (10.5) ppm for

Cq, I zmd ô¡5e, and a second verybroad Gaussian lineshape at -8.6 ppm (Fig. 6.20).

However, there is only one Al site in ralstonite. The tTAl SATRAS NMR spectrum of

ralstonite only showed one peak, shedding doubt on the MAS simulation (Fig.6.2l). The MO

cluster calculation using GaussiangSW gives the value of 0.52 MHz for Co (Table 6.2).The

asymmetry parameter n was calculated to be 0, in accordance with the cubic site symmetry.

The value of 6.3 ppm for ô¡ss wâs obtained by shifting ô.e by ôq (-9.2 ppm) calcuiated with the

simulated Co and q (Table 6.3).

Chemical shift distribution is indicated by the peak shouider, which is simulated by a

broad fitted MAS NMR lineshape. As a result, the fitted larger quadrupolar lineshape is the

average of the overlapping lineshapes from the different Al sites due to the complex
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substitution, so the fitted ô¡.o, Co and n are average QI parameters for these different Al sites.

This broad peak might be caused by the disorder because of the OHÆ substitution in the

A1(F,OH)6 octahedron.

6.2.7 NMR spectral parameters and structure

The widths of 27Al peaks vary with mineral structure and chemical composition. Line

broadening mechanisms for 27Al MAS NMR specha include quadrupolar interaction, residual

D-D interactions 12741-1eF, 
leF-leF) and atomic disorder resulting in a distribution of chemical

shifts and Cn. For the minerals with a small value of QI, such as cryolite, pachnolite and

thomsenolite, residual 1eF-2741 D-D coupling seems to be the most important contribution to

peak width. The stron greF-'1 Al coupling is partly due to the 100% isotopic abundance of leF

which cannot be removed completely in MAS NMR experiments, i.e., spin diffusion of leF-leF.

The resolution is enhanced with leF-decoupling NMR experiments. With OH substitution for F

in the Al octahedron of prosopite, the "Al MAS NMR peaks become narrower because of the

reduced D-D interaction (4.8 ppm width for prosopite compared with 9.8 ppm for cryolite).

Dynamic movements of water molecules in pachnolite and thomsenolite may affect the

width of these spectra. The geometry of the water molecules may determine these dynamic

movements. Different dipolar interactions between leF and lH in pachnolite and thomsenolite

might also cause the difference in width for the 27Al MAS NMR spectra.

Compared with the õ¡.o value of -0.5 ppm for cryolite (S0), prosopite with 52 should be

more shielded than cryolite and õiro should be more negative due to the higher degree of

polyrnerization (Dirken et al.,1992). However, the MAS NMR data gave chemical shifts of 5.8

and 6.0 ppm for two Al sites in prosopite. The four OH in the Al octahedron may play a role in

determining Al shielding. Compared with F, O atoms with a lower electronegativity leave more
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residual charge on the central Al atom, and so lead to more positive values of ôi.o. A similar

case was found in zunyite (A1r¡SisOzo(OH,F)r8Cl) with both F and OH in the Al octahedron.

The õ¡o for27 Al in the AI(F,OH)6 octahedra in zunyite is around 14 ppm (Chapter 5,Zhou et

a1.,2003b). The ôiro data from all these aluminofluoride minerals fall into two separate groups

(Fig. 6.22), i.e., the groups with ôi.o for pure AlF6 octahedra and for A1(F,OH)6.

Dirken et al. (1992) and Du et al. (2000) suggested that the chemical shifts of

2tAllOH,F)6 octahedra move to lower frequency with an increase in number of bridging F

atoms. In this study, minerals with AlFe octahedra, cryolite, pachnolite, thomsenolite and

chiolite, showed a slight decrease in ôiro as the number of bridging fluorines increase (Fig.

6.22). An increase of two in the number of the bridging fluorines causes 
27Al chemical shift to

decrease by about 2.0 ppmas shown by the ôi.o of -0.4+0.1 ppm for the S0 sites in cryolite,

pachnolite, and thomsenolite, 1.5 ppmfor Al(2) with 52 configuration in chiolite and,4.2

ppm for S4 etlt¡ in chiolite. ðr.o for the 56 Al site in synthetic AIF¡ has been reported as -12.5

ppm (Dirken et a1.,1992). This trend is observed despite the narrow range of Al-F bond

distance and very similar Al environments in aluminofluoride minerals with AlF6 octahedra.

The relation between structure and ô¡.o can be examined by calculating charge

distribution. The shielding effect on the central Al from the surrounding atoms is inversely

proportional to the cube of the atom distance and proportional to the electronegativity of the

atom (Sherriff et a1.,1991). A variable 1 for each atom around central Al can be defined as:
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r:>i
where e is Pauling's electronegativity for the í atom, r,y is the distance between the central Al

and the i atom. A plot of 1 for the first two atomic shells around Al vs. chemical shifts shows a

linear trend with RÍ of 0.95 (Fig.6.23). Therefore, Al will be less shielded when surrounding

atoms have smaller electronegativities or are further away. This relation provides an

explanation for the effect of degree of polymerizationon'7Al chemical shift. For higher

polymerization, y is larger due to the shorter atomic distances and higher electronegativity for

Al than for other cations causing the central ttAl ir to be more shielded. Replacement of F

(electronegativity a.\by OH (electronegativity 3.5) causes the deshielding of Al, giving up to

6 ppm of positive shift, i.e., deshielding.

The polymenzation degree for A1(F,OH)6 octahedra does not seem to have a dominant

effect on 2tA1 
ô¡ro. For prosopite with two bridging anions 1S2¡ ana 2.46 apfu OH, the values of

5.8 and 6.0 ppm for ô¡ro for the two 27Al sites are close to the 6.3 ppm for " Al inralstonite

which has 4 bridging anions with 3.59 apfu OH.

Groat et al. (1990) argued that as F(F+OH) increases, tTAl 
ô¡.o for tetrahedral 27Ai will

move to more positive values in the amblygonite-montebrasite series, contrary to our results.

The shielding effects from the nearest neighbors F on 27Al for Al(F,OH)a tetrahedra shouid be

more pronounced because of shorter Al-F distances than in A1(F,OH)6 octahedra.

Variation in Al-F bond iength reflects the charge distribution between atoms and so

affects Co. The deviation of Al-F bond lengths from the average value 1.807 Å is ,r"ry small for

aluminofluoride minerals (Adhikesavalu et a1.,1985), but can be represented by longitudinal

strain lryl (Ghose & Tsang, 1973). There is a positive correlation between longitudinal strain

(6.1)
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and Cq (Fi9.6.2Ð.

6.3 Conclusions

teF-d".o.rpled SATRAS NMR experiments improved the resolution of 2TAl MAS

NMR spectra, allowing QI parameters to be obtained from simulations for aluminofluoride

minerals. For the Al sites with a small Cq, the ô", of the central transition corrected using ôq,

calculated from the QI parameters calculated, gave reliable values for27 Al ô¡ro with an

uncertainty smaller than 0.2 ppm. For Al sites with large Co, simulation of the central-

transition lineshape and the SATRAS spinning sideband envelop provide NMR quadrupolar

parameters.

Theoretical calculations using WIEN2k and Gaussian9SW can provide parameters of

Co and q, which are crucial for the accurate determination of ðo and ôiro for27 AIMAS NMR

spectra. The EFG calculation using V/IEN2k is very sensitive to the atom coordinates, and

the geometry of the atomic environments. Theoretical calculations can assist in assigning

several Al sites.

The sign for Co could be investigated with the FC LAPW calculations, as it is not

available from simulations of experimental data. This can give useful information about the

electronic structure at the A1 atom.

Generally, there is a trend for the 27Al 
ôiro with the systematic change of structure for

these minerals with pure AlF6 octahedra. Shielding for27 Alincreases weakly with the degree

of polymeri zation,leading to more negative values of27 Al ð¡.o. For the Al(F, OH)6 octahedra

in minerals, 27Al 
ô¡ro is much more positive than the corresponding pure AlF6 octahedra.

Compared with the corresponding Al-O minerals, 27A1is more shielded and hence, the

ttAl 
ôiro more negative for aluminofluoride minerals. Comparison of ðiro with surrounding
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electronegativities indicate that this may be caused by the higher electronegativity of F than

oH.

H-F bonds significantly affect the27 AIMAS NMR spectra of pachnolite and

thomsenolite. The spectrum of prosopite shows it to be a well-ordered mineral, whereas the

Al site in ralstonite appears to be complicated by the F:OH and Al-Mg substitution. As a

result, a distribution of chemical shifts is produced, and only the average chemical shift and

QI parameters could be obtained if the differences between these parameters are not too

large. The27 Al spectrum for weberite suggests a more complicated structure than indicated

by the crystal-structure refinement.
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In this research, the emphasis is on the derivation of accurate QI parameters and ôiro

by combining different NMR experiments (MQMAS, leF-decoupled SATRAS, high spinning

speed MAS NMR) and theoretical calculations (MO and FC LAPW). So this thesis

concemed the assessment of approaches for theoretically modeling EFGs, with specific

demonstrations of how such calculations can be used in conjunction with experimental NMR

data to illuminate interrelationships between spectroscopic observations and their structral

orgins. For ordered minerals, calculations with the FC LAPW method using WIEN2k gave

generally accurate QI parameters for corundum, the aluminosilicate polymorphs, tugtupite

and ordered aluminofluoride minerals. FC LAPW also gave detailed information about the

electron distribution in these crystals. For disordered minerals, the theoretical calculations of

the EFG at the 27Al site were done by MO method using GaussiangSW.

Theoreticallly the following conclusions were drawn:

1. Calculations from FC LAPW supplied more accurate electronic properties in solids

because this method considers the periodic nature of the crystal structure. The

calculated results for ordered minerals by the FC LAPW method are in good

agreement with those from the NMR experiments. With XRD refined structure dafa,

proper cutoff values and k-points provided, high precision parameters are available.

The LAPW model also gave insight into the electronic properties and supplied

information about the source of the EFG, charge distribution and bonding in these

minerals, which can aid in understanding the properties of solids. FC LAPV/ could be

used to optimize the atomic coordinates from XRD refinements by minimizing the

total energy for the mineral corresponding each set of structure data.

Chapter 7 Conclusions
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2. In MO calculations, the effects of the atoms in the structure beyond the chosen cluster

are approximated as a point-charge background. The MO method was used for EFG

calculations for tugtupite as a comparision with those from FC LAPW and for

disordered zunyite and aluminofluoride minerals. For tugtupite, Co and 11 varied with

size for all the clusters used. The accuracy of Co can be increased with a larger cluster

size. Generally MO calculations have qualitative importance for the QI parameters.

3. The theoretical calculations allowed investigations of ambiguities produced during

simulation, i.e., different combinations of QI giving the same lineshape and ôiro.

4. For the Al sites with relatively small Co and large residual D-D interactions in solids

such as aluminofluoride minerals, 2TAl MAS NMR spectra are generally symmetrical

without the typical QI lineshapes. Therefore it was difficult to estimate the QI and ô¡o

experimentally. Advanced NMR experiments, MQMAS, leF-decoupled SATRAS,

fast spinning, MAS NMR at two magnetic fields with theoretical calculations using

FC LAPV/ and MO, allowed derivation of the QI parameters and ôi,o. MQMAS did

not improve the resolution for these spectra due to enhanced F-coupling during MQ

transfers. The calculations from the FC LAPW method reproduced the simulated QI

parameters for cryolite, chiolite, pachnolite and thomsenolite extracted from the leF-

decoupled SATRAS 27Al spectra.

From the NMR specoscopic observation and theoretic calculations in this study, new

structural information about these minerals has been obtained.

1. The MO calculation for zunyite gave insight into the Keggin and pentamer

structures. The broad peak from 10 ppm to -20 ppm in the27 AIMAS NMR

spectrum of zunyite was investigated with MO calculation and different multiple-

153



nuclei NMR experiments. As a result, the F/OH and Al/Si ordering became clearer.

The excess Al in zunyite enters the pentamer unit and substitutes for Si at the

central SiO+ tetrahedron in the pentamer unit. Although there are five different

possible Al octahedral environments in the Keggin structure, only two different

chemical shifts were definitely identified. Although there might be some

distribution of QI parameters for the different possible Al octahedral environments,

the chemical shifts do not vary. These data, which do not support the existence of

2F Al(2) environments are in agreement with Baur & Ohta (1982) and with the two

leF MAS NMR peaks at-133 and -130 ppm. The Al octahedron environment in

the Keggin structure with two F atoms substituting for OH was not likely.

With these accurate QI parameters, ô¡ro for27 A|has been derived with a high

degree of confidence. This is fundamental for establishing the correspondence

between NMR experiments and crystal structure. For minerals containing F (e. g.,

zunyrte and aluminofluoride minerals), 27Al 
ôiro can be separated into two parts:

that corresponding to pure AlFo and that to AI(F,OH)6 octahedra. For pure AlF6

octahedra, õiro values for 27Al 
are negative and become more shielded as

polyrnerization increases. However, such correpondence is very weak compared

those for 27Al in aluminosilicate (Smith ,1993) and rrB in borates (Kroeker &

Stebbins, 2001). For AI(F,OH)6 octahedra in zunyite, prosopite and ralstonite, a

more positive ô¡ro is found for27 ATbecause it is less shielded with some OH

neighbours. The 27Al 
ôiro for AlOo octahedra in the aluminosilicate minerals are

more positive compared with the corresponding AlF6 octahedra in aluminofluoride

minerals.

2.
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J. H or water mayplay a role in line broadening for27 AIMAS NMR spectra, as

illustrated by the dimorphs of thomsenolite and pachnolite. Due to the different

geometry and mobility of H* and water in the two minerals, there are large

differences between peak widths for the spectra of these minerals. H* also is very

important for the charge balance during the Al:Si subsitution in zunyite, and plays

a role in the line-broadening for the 27Al MAS NMR speckum for zunyite.

It is possible to establish the correspondence between NMR parameters and

mineral structure based on accurate NMR parameters derived by different

experimental techniques and theoretical calculations, and so to better understand

the mechanism behind these relationships. This should allow "Al NMR to become

a more powerful probe for structural investigation of parameters such as

coordination number, degree of polyrnerization, atomic ordering, electrononic

distribution, and dynamic characteristics in solids.

According to the 27Al MAS NMR spectroscopic analysis, prosopite is a well-

ordered mineral, while weberite is a more complex than found by XRD. The 27Al

MAS NMR spectroscopic behaviour for weberite might be caused by multiple Al

environments and/or a certain degree of disorder in small domains.

4.

5.

For further research, different techniques would be used to improve the QI spectral resolution

in order to obtain accurate NMR parameters. New NMR pulse sequences have been devised

to improve the efficiency, sensitivity and resolution for quadrupolar nuclei. Recently, rotation

assisted population transfer (RAPT) and an enhanced RAPT sequence have been used to

increase the sensitivity of the central transition of quadrupolar nuclei, obtain accurate QI
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parameters from the RAPT profiles, or cause selective suppression or excitation for multiple

sites (Yao et a1.,2000; Prasad et a1.,2002; Kwak et a1.,2003). RAPT was also applied before

rotation induced adiabatic coherence transfer (RIACT) MQMAS to increase the sensitivity

(Kwak et a1.,2001). Similarly faster spinning transfer enhancement MQMAS has been used

to increase the sensitivity of triple quantum preparation and mixing in MQMAS experiment

by exploiting the rotary resonance between the rf field and sample rotation at the magic angle

(Vosegaard et a1.,2001; Gan & Grandinetti,2002). The sensitivity for modulated-rf

MQMAS has been enhanced by using the X -7 pulse train in the mixing period (Vosegaard

et a1.,2000a,2000b). 2D Satellite transition MAS (STMAS) is a new method to improve the

sensitivity of quadrupolar nuclei NMR spectra as coherence transfers occur on single-

quantum levels only (Amoureux et a1.,2003).It can be predicted that more effective ways

will be worked out to tackle these difficult but very important problems of quadrupolar nuclei

NMR in solids.
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