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1 Introduction

Sodalite is a naturally occurring mineral similar to lazurite or “lapis lazuli”, which has been
used as jewelry combined with gold, silver and gemstones by ancient cultures aready more
than 5000 years ago. Similarities between sodalite and lazurite were already suggested 1890

by Brogger and Bockstroml, but it was not until 1930, when the crystal structure was solved

by PaulingZ and |ater refined by Lons and Schulz.3

Figure 1-1: A bcc packing
of corner truncated
octahedra representing
sodalite cages. The sodalite
framework is comprised of
regularly alternating AlO,4
and SO, tetrahedra with Al
and S resding at the
corners of the truncated
octahedra. Depicted here is
a salt-bearing sodalite solid
solution with mixed halide
occupancy. The extra-
framework species sodium
(small, plain), chlorine
(large, light, crossed) and
bromne (large, dark,
crossed) are shown in the
open cages. Oxygen atoms
each linking two T-sites are
not printed to increase the
clarity.

As portrayed in Figure 1-1, the sodalite mineral is an alumosilicate and its structure can be
viewed as a space filling bcc lattice built from truncated octahedra (or [3-cages), where
aluminum and silicon reside on the 24 vertices in alternating order linked via oxygen atoms.
The sodalite framework is flexible and can expand to accommodate various extra-framework
species, which is accomplished by cooperative changes in the Al-O-Si bond angles. The
compositional formula of the framework is given by [AlgSigO24]® and comprises two cages.
Even though only three monovalent cations per sodalite cage are required for charge
compensation of the negatively charged framework, an excess mineral salt unit, NaX, is
typically incorporated during the synthesis. Inside the cages of such salt-bearing sodalites one
finds a central anion surrounded tetrahedrally by four sodium cations. The naturally occurring

sodalite hosts a sodium chloride unit, which is just one example of a vast variety of
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monovalent salts that have been successfully incorporated into the soddlite lattice4 Salt-
bearing sodalites are classified as feldspatoides® and are different from sodalites with no

excess salt molecule present, which were recently dubbed salt-free sodalites.6
Such salt-free sodalites can be obtained from hydroxo (“basic”) sodalites, containing an HzO,™
anion at the center. While synthetic OH  containing sodalites synthesized under hydrothermal

conditions were reported already in 1967 by Bukin & Makarov,” much confusion existed

about the actual hydroxide and water content, until Hassan8 found the basic sodalite to have

the composition Nag[AleSicO24](OH)*2H,0 and refined the extra framework oxygen
positions. In 1992 Wiebke et. a9 finally refined the hydrogen positions and identified the

extra framework species as a hydrogen dihydroxide (H30z)_. It then had been known for a
long time that the anion with its corresponding sodium cation can be exchanged for water

molecules. The crystal structure of the resulting hydro sodalite Nas[ AleSicO24] -8H,0 was first

reported by Felsche et al.10 within the same paper these authors aso reported the high
temperature crystal structure of anhydrous hydro sodalite (or dry sodalite), which they had

previously found upon dehydration of hydro-sodalite.11 While the confusion about a variety
of hydroxide and water containing sodalite phases was removed by Engelhardt,12 the room
temperature structure of dry sodalite was only solved recently.13:14 |t was found to be a
tetragonal distorted superstructure of the regular sodalite structure with lattice constants of
about v/2ax+/2axa, where a is the cell edge of common cubic sodalite. Salt-free sodalites
are thus much closer to zeolites than to feldspatoides.15

Upon application of y-radiation, F-centers can be created in annealed salt bearing sodalites,
which has aready led to applications for data storage in the 1970s.16 An aternate route to
creation of F-centers by exposure of annealed sodalite to sodium vapor was invented by
Barrer.17 Such F-centers were successfully identified by EPR as Na,®>* centers through their
characteristic 13 line spectrum.18 The extra electron is delocalized over the volume of the
sodalite cage and absorbs light in the visible region. The color of F-center containing sodalites

turns from purple to black with increasing number of such centers. Thus pure sat-free
sodalites completely “doped” with sodium were dubbed “black sodalites’ or “sodium electro

sodalites’ (SES) and were first reported in 1996 by Engelhardt et al.19, who also showed ?’Al
and ®Si MAS NMR spectra of this material. An antiferromagnetic coupling at 48K was

discovered by Srdanov,20 who first managed to produce SES free of paramagnetic impurities.
Due to the fact that sodalites contain only one type of alkali metal clusters, which are ordered
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in a strict bcc manner, black sodalite has attracted a lot of interest by theoretical chemists,

since it can serve as a model substance for the investigation of the properties of metal nano-

clusters, aswell astheir interaction.21-24
So far, the transition from isolated F-centers to ordered F-center lattices has not been

explored, but promises interesting magnetic behavior due to a distribution of

antiferromagnetically coupled spi ns.22 The creation of disordered F-center lattices requires
solid solution materials as precursors. The key characteristic of a solid solution XY, (O<u<
1) is the random distribution of its constituents X and Y. For cubic lattices and under solid
solution conditions, such as sodalites or many metals, the cell edge, a,, is expected to obey
Vegard's rule. a, = u@,(X) + (1-u)[@,(Y). This rule is used as a convenient tool for
determining the actual stoichiometry of the solid solution, while the deviations from it may
indicate an onset of phase separation. Sodalites form an unusua type of solid solution
consisting of spatially separated molecular species inside the central cages whose interactions
are mediated by the aluminosilicate framework. Since direct interaction between the

molecular units is weak, such mixed sodalites differ from classical solid solutions. Sodalite

solid solutions were first reported by Barrer26 who investigated the kinetics of the salt
entrainment of sodalites. Unfortunately, the results were compromised by the fact that the
possible combinations of extra framework species within the sodalite cage were overestimated

a that time. Another approach to sodalite solid solutions was undertaken by Weller, who

prepared mixed halide sodalites by solid state routes, followed by crystallographic analysi 27
In 1992 Sieger showed that mixed sodalites with similar extra-framework species obey

Vegard's rule,28 but may deviate from it when these species differ substantially from each

other in size. Thus, using the same procedure as Barrerl? for transforming basic sodalite into
salt-free hydro sodalite, and then into dry sodalite, Nas[AlsSicO-4], One can transform mixed

Br/basic into Br/hydro and Br/dry sodalites without altering the bromine content.29

Solid solution systems are likely to show properties that are not present in any of the
pure phases. An excellent way to study such systems on a microscopic scale is nuclear
magnetic resonance (NMR), since this method gives an insight into the local structure of these
materials, while commonly used techniques such as x-ray diffraction and UV- spectroscopy
give only averaged information over the bulk or the surface of such phases. Fortunately each
of the interesting elements with the exception of oxygen occurring in halide sodalites (these
are 'H, ®Na, Al, ®si, *Cl, #Br and *'1) possess a sufficiently abundant nuclear isotope
applicable for NMR studies. In this connection, it is interesting to note that in sodalites all the
NMR active nuclel are separated by oxygen, which weakens direct interaction of the nuclear
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spins via dipole coupling and thus allows the observation of single particle signals. However,
with the exception of *H and °Si, these nuclei have quadrupole moments, which in general
cause specific linebroadening effects, preventing easy analysis of the spectra. It has only been
in recent years that high magnetic fields, high spinning speeds and sophisticated techniques,
such as Double Rotation (DOR)30:31 Dynamic Angle Spinning (DAS)32 and Multiple
Quantum Magic-Angle-Spinning (M Q-MAS)33 have been developed, producing well
resolved NMR spectra of such quadrupolar nuclei in the solid state. Due to these advances
quadrupolar nuclei now offer a wider variety of information than spin %2 nucle, since their
spectra also contain information about the symmetry of their local electronic environment.
The intent of this study is to gain synthetic control of sodalite solid solution systems with the
ultimate goal of creating lattices with randomly distributed F-centers and to investigate their
interactions among each other as well as with the host lattice. To this end, a comprehensive
study on the preparation and characterization of sodalite solid solution systems has been
carried out and NMR has been applied along the way from the mixed hydroxy/halide sodalite
through the step of water exchange, dehydration and metal doping.

Chapters 2 and 3 summarize the theoretical background on the techniques applied, including
the current state of the literature on their specific applications to sodalite systems. Chapter 4
reports the synthetic procedures and all the experimental specifications of the characterization
studies. In Chapter 5 | will develop a model of the growth of solid solutions, with Chapter 6
devoted to the synthetic aspects of extra framework species exchange. Chapter 7 gives a
comprehensive overview of the capabilities of NMR to investigate such solid solution systems
and fundamental relations between lattice and NMR parameters are presented. This
knowledge is applied in Chapter 8 to understand the effects of topotactic transformation on
the local and bulk structure of sodalite solid solution systems. Chapter 9 analyses delocalized
electrons without a central attractor (Nas>*-centers or F-centers) captured inside sodalite cages
and randomly distributed throughout the crystallites in concentration ranges between 10 %
and 90 % cage occupancy. While the interactions between the F-centers and the framework
are studied by NMR, the interactions between the electrons themselves resulting in magnetic
coupling are aso reflected in the NMR spectra and are further studied by magnetic
susceptibility measurements. Finally Chapter 10 summarizes the results of this thesis from a
broader perspective and outlines further possible research directions.
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2 Theory

2.1 Nuclear Magnetic Resonance
2.1.1 Semi-classical Description

The Nuclear Spin in a Static Magnetic Field

All nuclei, except those with even numbers of protons and neutrons do have angular

momentum J, resulting in a magnetic moment u by:

ﬁ =y 3 Equ. 2-1
wherey is the gyromagnetic ratio, characteristic for each nucleus.

H=g,H,J Equ. 2-2
The latter is given by the nuclear g-value g, and the nuclear magneton p, = €/(2myc), where e
is the unit charge, m, is the proton mass and c is the vacuum speed of light. If an external
magnetic field By is applied (let By be parallel with the z-axis), the component of the angular

momentum parallel to By is quantized, as will be elaborated in more detail below. Only

discrete values are allowed:

—_

J,|=hln Equ. 2-3

where mis an integer number with -1 > m=> -1 (I is the spin quantum number that is given
for any nucleus). In general, the energy of a nucleus in the state m interacting with the
magnetic field is given by:

E=-uB=-y &, Equ. 2-4
Thus, the magnetic field removes the degeneracy of the nuclear orientationa states. This
effect can be exploited for spectroscopy if the nuclel absorb photons in order to switch
between these states. According to the selection rules, for interactions between nuclei and
photons to the first order only nuclear transitions with Am =+ 1 are allowed if the photon is
to be absorbed. Thus the energy of the photon is given by:

AE(M - m+D) =y [AlB, =hAlw, Equ. 2-5
where wy isthe Larmor frequency.
The macroscopic magnetization M, paradlel to the external field By results from the
summation of the microscopic magnetic moments, whose population distribution is given by
the Boltzmann law:
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N_ -viB, O, YAiB,
— = &X 01— Equ. 2-6
N, Pk B kT i

+

where N, are the numbers of spins parallel and antiparallel to the magnetic field (Bo)-
direction. For sufficiently high temperatures (above 2K) the macroscopic magnetization is

given by:

CNy#2II +D)
=1 - = g,

I\/IZ
VKT

Equ. 2-7

Interaction of Spinswith External Radiofrequency Fields

A magnetic moment not aligned with an externa magnetic field By is subject to a torque

—

T= ﬁ x Bo , that rotates the momentum about the direction of the external field:
dM _ —dy, _ dJi _ I I ]
WL T ey e 2
This is aso true for the magnetization of an assembly of i magnetic moments. Since By is

oriented along the z-axis, the result is a set of first order differential equations:

dMm

dtx =V B M, M, =m, [cos(w, [t)
d';"ty = -y[B,M, Withthesolutions: M, =-m, [$in(w, ) Equ. 2-9
iy M, = const.

=0

where m, :(MXEO)/BOand w, =-y[B, is the Larmor frequency. While an isolated
magnetic moment could theoretically spin forever (or at least for a very long time) the
macroscopic magnetization returns to its equilibrium value by spin-lattice relaxation, while
loosing its amplitude in the xy-plane independently also by spin-spin relaxation. The latter
process describes the exchange of spin states for neighboring nuclei, causing a loss of phase
coherence and therefore reducing the number of spins in phase with the macroscopic
magnetization. Spin-lattice relaxation occurs, when a spin aigns its magnetic moment with
the externa field (increasing its orientational quantum number m). These spin flips occur
through a transfer of the excess energy to the lattice in the form of phonons. Both relaxation

processes are described by the Bloch equations:
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dM

~=y[B,M, ——=M,
dt YT
aMm, 1

=-yB,M,~— M Equ. 2-10

dt T Y
dM 1
—~2t=-—=—(M,- M
dt -I-l ( 0 Z)

1/T; is the spin-lattice relaxation rate and 1/T,* = /T, + LT, is the observed transverse
relaxation rate. The latter is composed of 1/T, which is due to spin exchange and /T, which
is caused by local field inhomogenities. Transformed into a rotating frame reference system,

spinning around By with the angular frequency of the applied rf field wy, the Bloch equations

have the form:

dM, _ 1

¢t T M, =M,, &%
M., 1 /10

=M, with M, =M, &"" Equ. 2-11

2
dv, 1 Y M, :(Mz'o - Mo) &% + M,
dt - -I-l ( z' O)

as their solutions.

Dynamicsin a Time-dependent Magnetic Field

In order to tilt the macroscopic magnetization M out of its equilibrium state aligned with the
external magnetic field, it is necessary to apply a second magnetic field B; (or Bys) which is
always perpendicular to By and M and which precesses around B, with the angular frequency
wp. This can be achieved by a linearly polarized electromagnetic wave oscillating with .

The latter consists of two circular polarized magnetic fields, one spinning with wy and one
with —u.
B, = 2B, cos(, )

B = B, (€, cosw,t +e, sinw,t)

— — — . Equ. 2-12
B, = B, (g, cosw,t —e, snwt)
gl(t) =B, (eﬁX CoSw,t + eT, sSnw,t)
Now the Bloch equations are given by:
%\t" =y M x (B, + B, (t)) Equ. 2-13

or in the rotating frame:
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FE

EIMX(B +B(t)) wo XM

MH _
dtB

[

ot

- %% M {0 +y (By) (B, +y (B, (2 ] Equ. 2-14
- EMf x
Hdt Bm yEM Ber

with Ber :%o_&g:gz:"'&@
Yy

This is essentidly the same equation as Equation 2-8. Within the rotating frame the
magnetization therefore precesses around B+ with an angular frequency (o -ux) . In case wy
is chosen to be w, the Larmor frequency, Bes is pardlel to e and the magnetization is
rotated in the y"z-plane.

The B; field can now be applied for a certain time in order to rotate the magnetization from
the z-direction into the xy-plane. This process is called a 90° pulse. A measure for the
amplitude of B; is the nutation frequency, which is given by the number of 360° rotations of
the magnetization in the y” z-plane per second. The nutation angle a is then given by:

o = yBjt Equ. 2-15

In general the same coil that induced the B; field is used to detect the oscillating
magnetization within the NMR probe, resulting in a nuclear induction signal (free induction

decay or FID) having the general form

gt) = Y Mg, [eos(e, —w, exp%;—tg Equ. 2-16
I 2i

where i denotes al of the nuclei of the isotope species under investigation. The signal is then
processed by a Fast Fourier Transformation in order to extract the frequency information,

which is usually displayed in the form of afrequency spectrum:

S(w) = }og(t) exp{—iwt}dt Equ. 2-17
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2.1.2 Quantum Mechanical Description

Angular Momentum

Most NMR experiments cannot be described classically. Therefore, instead of vectors,
dimensionless operators and observables are used:

dg=yd ad J=nO Equ. 2-18
where the angular momentum operator is given by:

j=rxl9 Equ. 2-19

I or

If the system is described by an eigenket [i,mOof 1? and 1, the corresponding eigenvalues are
given by:

21, m)y=1(1+2)1,m) Equ. 2-20

| 1,m)=mi1,m) Equ. 2-21

Ty and Ty can be combined into |adder operators,

=1, +il,

I~ =1, il Equ. 2-22
which link the eigenstates|I,m) and |I,m+1)

[, m) = 11 +2) - m(m+1) 0, m+1)

1, m) =10 +D) -m(m-1) fIl,m-1) Equ. 2-23

One might keep in mind, that T *and T are adjunct, but not Hermitian, whileTy, 1y, T, and 1°are
Hermitian with real eigenvalues. The ladder operators describe the transitions from one

nuclear eigenstate to another, as they occur in NMR experiments. For example, a spin 3/2

quadrupolar nucleus has a probability ratio of 3 : 4 : 3 for the |%) « |%), the |%) « |~ %)
andthe |- %) ~ |- %) transitions, respectively.

In the most general form, nuclear magnetic states can be written as linear combinations of

Zeeman eigenstates:

I, m) Equ. 2-24

W)= ca
The same relation is true for an ensemble of nuclear spins, as it is typical for an NMR

experiment, where the ensemble consists of about 10?* spins. In this case each state is

multiplied with the probability operator w; and X w; = 1.
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Spin Density For malism:
In quantum-mechanics, a physical measurement on a system is represented by an operator
(ﬁ) acting on awavefunction (C270)). In NMR we are again dealing with an ensemble of spins

and the average expectation value is given by:

[<|4>]: zwi<wiyﬁ]wi> Equ. 2-25
Now the density operator is defined as:
p= Zwi ‘ ¥ ><qu ’ Equ. 2-26

to yield the mean expectation value simply as the trace of the product of density operator and

“experiment” operator:

[<|q >J =tr{pHi} Equ. 2-27

Time Dependence

In the Schrodinger picture, the time dependence of a wavefunction is introduced by a time

evolution operator U(to,t) such that:
|W,t;t) =U (1, 1)

W,ty) Equ. 2-28

In NMR the time evol ution is given by the Hamiltonian operator H .

A

U (t,,t, +dt) :1—i%dt Equ. 2-29

leading to the famous SCHRODINGER Equation:

ih%\W,tO;Q = H|W,ty;t) Equ. 2-30

If the Schroédinger equation is applied to an ensemble of spins given by the density matrix
discussed above it can be shown that the time development of the density matrix is given by

the LIOUVILLE- VON NEUMANN equation:

in P - —[ﬁ, ﬁ] Equ. 2-31
dt
where the commutator is defined by: [f), H J = pH - Hp Equ. 2-32

In the most general form, H is a linear combination of several operators describing each

interaction of the nucleus with external and internal fieldsin its environment.

Htotal :HZ+Hrf +HCS+HHF+HD+HQ+H
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Here H , Isthe Hamiltonian of the Zeeman interaction, H .+ describes the interaction between

the spin system and the radiofrequency field, I—]CS is the Hamiltonian for the chemical

A

shielding interaction, H,. describes the hyperfine shift arising from unpaired electron
density, I—A|D represents the dipolar interaction, the quadrupolar interaction is given by I—A|Q

and finally the relaxation of the spin system is described by H relax -

2.1.3 Zeeman Interaction

Interaction with Static External Fields

The Hamiltonian for the Zeeman interaction is given by:
H, =-yAB,I, Equ. 2-34

Its eigenvalue is E = -uByp. The time devel opment operator can be derived by insertion of

A

H, into the Schrédinger equation, yielding:

U(t, = 0,t) = g™ Equ. 2-35
It then can be shown that, with proper starting conditions, the expectation values of [I,Jand
[,Care h/4tcos(w t) and h/4rsin(wt), respectively. Therefore the spins are oscillating in the

xy-plane with the Larmor frequency. This result is consistent with the semi-classica

description.

Interactions with Time Dependent External Fields

The Hamiltonian I—A|rf in the rotating reference frame is time independent and describes the
interaction of the spin system with the magnetic field By, arising from the applied radio-
frequency field (rf pulse).

H, =-yiBul, Equ. 2-36
where 1, is the component of the angular momentum aong the x-axis in the rotating frame.
The Zeeman and the rf Hamiltonians have by far the largest contributions to the total

Hamiltonian. The other interactions are therefore treated by first and second order

perturbation theory.
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2.1.4 Internal Interactions

The Chemical Shielding I nteraction

The chemica shielding Hamiltonian is an extension of the Zeeman Hamiltonian due to the
induced magnetic field.

Hos =hy, 10 Bo Equ. 2-37
Here the gyromagnetic ratio is labeled yy to be not confused with one of the Euler angles
introduced below. At the site of the nucleus under investigation, the magnetic field consists of
the external magnetic field and an induced magnetic field, which is caused by the interaction

between the externa field and the local eectronic environment. The induced field is not

necessarily aligned with the external field and therefore conveniently described by a second
rank tensor @ acti ng on the external field.
B =(1-0)Bo Equ. 2-38

The shielding tensor o is composed of a diamagnetic shielding contribution, due to electron
circulation in closed shells, and a paramagnetic de-shielding contribution, which arises from
the orbital angular momentum of higher electronic states mixed into the ground state under
the influence of the magnetic field. While the diamagnetic contribution due to the core
electron, is rather constant for different chemical environments of the atom, the paramagnetic

contribution is sensitive to changes of valence electron distributions caused by chemical
bonding, making the chemical shift a valuable tool for structure determination. Since o is
Hermitian, it can be diagonalized by rotation into the principal axis coordinate system (PAS)

B)'XX O, O'XZH Ejn 0 OH

T'v, o, 0,0=00 0, 00 Equ. 2-39
%rxz O, GZZD HO 0 0335
where by definition |633 — Gisp| > [611— Giso| > |022— Giso|- BY full expansion of the product of the
tensor and By the orientational dependence of the precession frequency, or chemical shift
anisotropy (CSA), iswritten as:

W, =Yy Bo(l—onsin2 Bcos’y +a,,sin’ Bsin’y +0 4, cos’ [3) Equ. 2-40
where 3 and y are the Euler angles relating the principal axis system to the laboratory
coordinate system. The isotropic shielding is given as:

O =4(0,+0, +0y) Equ. 2-41
If the chemical shielding tensor has axial symmetry, the expression simplifies as follows:

W, =Yy Bo(l—criso +}§(GD -0, X3cos2 B —1)) Equ. 2-42



Chapter 2 : Theory

13

where 6 = 611 = 62 and o) = o33 are the shielding components parallel and perpendicular to

the symmetry axis in the PAS. In case of spherical symmetry all three tensor components are

the same. Also in liquids, due to rapid molecular motion, the shielding tensor is averaged to

its trace value oig. IN a powder sample, there is a statistical distribution of al possible

orientations, thus the resulting line shape is a superposition of precession frequencies for al

angles, multiplied with their respective probabilities. Examples are given in Figure 2-1.

an=0
b) n =05
c)n=

Figure 2-1: Example of NMR spectra
displaying chemical shielding anisotropy
(CHA). In this figure the frequency
increases from right to left. All the
spectra have the same isotropic chemical
shielding. @) n = 0, wsz is at high
frequency edge (left side of the spectrum)
and wy, = w1 at the low frequency edge
of the spectrum. b) n = 0.5. w3 is at the
high frequency edge, wy; at the low
frequency edge and wyp, at the peak
position. ¢) n = 1. ws3 is at the high
frequency edge, w1 at the low frequency
edge and wy; at the peak position.

Since the shielding effect is linearly dependent on the magnitude of the external field, the

chemical shift can be defined as the relative deviation from a reference precession frequency.

In many cases, thisreferenceisa 1l molar aqueous solution of hydrated ions.

6 — wmple

wref

- ("oref

Dipolar Coupling

Equ. 2-43

The dipolar coupling interaction describes the interaction of nuclear spins through space. Its

Hamiltonian has a strong distance dependence and is given by:

A _ IJ Ai A
Hp —ﬁvivkhﬂ D, I

Equ. 2-44

wherei and k are the indices for the two nuclei and D is the dipolar coupling tensor:

— 3(ecx rik)(eB rik) —& eB

(Dik )aB

I’.ik

Equ. 2-45

€, and ez are unity vectors in Cartesian coordinates and rix is the distance between the two

nuclei. After transformation into the laboratory reference frame, for nuclei of the same

species, the Hamiltonian can be written as:
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Ay =-Ho 7 (3005 g —fari e - 1) Equ. 2-46
4re 2r]

Anaogously the heteronuclear dipolar coupling Hamiltonian is given by:

__Ho ﬁ |YS
H o 3 ] Equ. 2-4
D rl ( cos? B ) qu 2-47

whereT and S arethe nuclear spin operators of the two nuclei.

Hyperfine Coupling

The hyperfine coupling in NMR describes the interaction between an unpaired electron spin
and the nuclear spin. As long as both spins are far apart from each other the interaction can be
described as a dipolar interaction, as is the case for electrons in pure p or d orbitals. For

unpaired electrons with s-state character, however, this approximation is no longer valid and

the resulting Hamiltonian is given by:34

H,. :%ysy,hzféé(F)+y$Z' é(l ErXZ D)é Equ. 2-48

Here the first term represents the Fermi-contact interaction by the Dirac & function, which is
only non-zero at the site of the nucleus. The second term is due to the dipolar coupling
between the electron and nuclear spins. 1 and Sdenote the nuclear and electron spin and r
gives the distance between these two. Rapid spin flips of the paramagnetic electron average
contributions of the second term to zero on the NMR timescale. The resulting interaction
energy solely depends on the electron density at the site of the nucleus and the magnetic
moments of the two spins.

81-[ _—
Eue =5 Hsh |¥(O)° Equ. 2-49

Applying the high temperature approximation for the magnetic moment of a paramagnetic
electron by Bloembergen35 combined with Curie’s law for the magnetic susceptibility of

interacting electrons, the hyperfine shift (in ppm) of the nuclear resonance is given by:36

6
A5 =-A, Yo hg(s+1)— 2 Equ. 2-50

Y, 3k(T _ew)
where A, = 811 o JeHaOnH N\‘P(O)\ is the hyperfine coupling constant in Hz as known from

EPR, ys = geMsf, Yi = OnpnA @nd By is the Welss temperature. Due to the finite size of the
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nucleus, LIJ(O)\2 will vary over its expansion, which is the cause for hyperfine anomalies, for

example resulting in dlightly different coupling constants for isotopes of the same atom.
Although the electron density at the nucleus is available through Equation 2-50, additional
shielding by closed shells and de-shielding by excited electronic states occur. Thus direct
conclusions about the electron density around the atom are not possible on the basis of the
shift measurement alone.

The contact term of the hyperfine coupling is similar and sometimes confused with the Knight

shift, which was first observed by Knight37 as the shift of copper in metal compared to
diamagnetic copper compounds. While the hyperfine shift is due to a time average of electron
density of the unpaired electron at the nucleus, the Knight shift is due to a spatial average of
all conduction electrons at the Fermi level mixing with the atomic s-orbitals. Thus the Knight

shift is temperature independent due to temperature independence of the metallic

susceptibility, while the hyperfine shift varies according to Curie’s law.38

Quadrupolar Coupling

Nuclel with spin quantum numbers | > % are characterized by an asymmetric charge
distribution described by a nuclear electric quadrupole moment, which will interact with
electric field gradients. The Hamiltonian describing this interaction is given by:

Ho=o 0 i Equ. 2-51
21 (21 -1yn

where eQ is the nuclear electric quadrupole moment and V isasecond rank tensor giving the
second derivative of the electric potential @:
0°P

g,

witha ,B =x;y;z Equ. 2-52

\7, like & , can be diagonalized by transformation into the principal axis system (PAS) with
the remaining components V,, > Vy, > Vy,. Commonly the largest component is called the
electric field gradient eq = V. Since further Z V;; = 0 (Laplace Equation), all the components
can be comprised into the asymmetry parameter n = (Vxx - Vyy)/ Vz. The quadrupolar

coupling constant is then defined as:

e2
Cy = SQ Equ. 2-53
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If the quadrupolar interaction is weak compared to the Zeeman interaction, it can be treated
with first order perturbation theory. In this case the Hamiltonian can be expressed in the
laboratory reference frame as follows:

3 C:Q 2 a2 r2 _ 0/l

Hor=— 2 (3c0s? B ~1+nsin? B cos(2y) a2 - (T +1}  Equ. 2-54

8l (21 -1)
where 3 and y are the Euler angles relating the principal axis system to the laboratory
coordinate system. Its eigenvalues simply add to the Zeeman eigenvalues.
CQ 2 HyJ 2

Eq :m(scos B-1+nsin“f cos(2y)){3m = 1(l +1)} Equ. 2-55

Since to first order, the energy arising from the quadrupolar interaction is a function of m?

rather than m, the energy of the central transition (|%) ~ |- %) ) is not altered.

For strong quadrupolar coupling (about Cq = 1 MHz), the perturbation treatment has to be
extended to second order. The perturbation is no longer field independent and also affects the

central transition lineshape. The Hamiltonian which describes the second order effects given

by:

1 €0 ¢ px( mB)DZ(By)  Equ 256
Q2 wL 4| (2| _1) ;; ' 2n 2n,0 ’
where:
A%=1(1+1) -3m*  A%?=8I(I+1) -12m*-3 A% =18I(1+1) -34m? -5
B% =-(3+n%)/5 B% = (n*3)/14 B%, = n (3/14)"
B% = (18+n?)/140  B®., = 3n(5/140)" B4 = Nn%(3/2240)*

D*,n0(B,y) are the Wigner matrices in which again B and y are the Euler angles which
describe the quadrupolar PAS with respect to the laboratory reference frame. The second
order quadrupolar effects cause an increase in linewidth and a distinct, asymmetry parameter

dependent, line shape.



Chapter 2 : Theory 17

g e
an=o0
-3/2 e ) i
-

| E b) n=05

+12 . |
SIQ — g 1 ma-

o L1 - C) r] - 1
e _"_,u

o, Y My
A) B)

Figure 2-2: A) Change of nuclear Zeeman states upon first and second order quadrupolar
perturbation of an | = 5/2 spin system. The first order quadrupolar interaction does not alter
the central transition. B) Satic quadrupolar lineshapes due to second order quadrupolar
broadening. All lineshapes correspond to the same chemical shift and quadrupolar coupling
constant. The values of n are given in the figure.

2.1.5 Modern Experimental Methods

Single Pulse Time-domain NMR

The most basic NMR experiment is the one pulse experiment, in which an RF pulse is applied
to the spin system as discussed above. The pulse sequence is shown in Figure 2-2, where the
duration t of the pulseist = a/y\Bs, and the flip angleis a = 17/2. Consequently such apulseis
called a90° pulse. After application of the pulse, the oscillating magnetization can be detected
in the xy-plane, where it disappears with the relaxation rate /T, . A common problem in
NMR experiments is the noise, which can be countered by the accumulation of FIDs (signal
averaging). From statistics, it is known, that the error of an n-count is (n)™. If the relaxation
rate is sufficiently large, severa thousand FIDs can be acquired within afew minutes. Thisis
especially true for quadrupolar nuclei, where energetic exchange between the nuclei and the
vibrational modes of the lattice is facilitated by quadrupolar coupling. This mechanism is
generaly by a factor 10 to 100 more efficient than dipolar coupling, leading to T; values of
less than one second in many systems.

For acquisition of quantitative spectra with several resonances, all nuclei have to be excited
similarly, which can be achieved by application of short pulses {t < 17(4(l + ¥2))}. In addition

the intensities of the MAS centerbands (most conveniently used for quantification purposes)
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depend on the quadrupolar coupling constant itself, the magnetic field strength and the
spinning speed. A method to correct for these influences has been developed by Massiot et.
al.39

Magic Angle Spinning (MAS)
Static NMR suffers from poor resolution due to extensive line broadening caused by chemical
shift anisotropy as well as dipolar and quadrupolar interactions. The Hamiltonians of the latter
interactions all show an angular dependent term (3cos’B-1). Broadening caused by these terms
can artificially be averaged out by ra idly s innin thesa leatanan le = between
the externa field and the spinning axis. Such a rotation introduces a time dependence of the
a iltonian he tensor describin the interaction of interest is now not directly
transformed from the principal axis system (PAS) to the laboratory axes system (LAS), but
viathe spinner axis system (SAS).

Aum(SAS)
Q- U8,
R Tz

Am(PAS) O PR Am(LAS)

The transformation can be described by a Wigner rotation matrix:

Atm(LAS) = S Dhin(Qp )AL (PAS) = 3 Dl (@5 )3 D (@5 )4 (PAS) Equ. 257

The Hamiltonian can then be computed by ignoring termswith | = 1 and is then given by:
A2 = C X o{ Ao + X[ M, (LAS) + Ao (LAS) + A, (LA} Equ. 258

where C, is an interaction dependent constant and Xﬂ,m are components of a 3x3 matrix

~

X, comprising spin components or components of spin and magnetic field. Explicit

computation of the Hamiltonian resultsin:
HY = H,® + H + H, (1) Equ. 2-59

where H}® =C,X2,A), is not angular dependent and therefore isotropic,

H® = X233, 4(3cos?0 —1)2 (3cos? B —1)+ L-sin” B cos2y contains  angular
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dependent terms and H, (t) = C, /%3, X2,{C, cosw, t + S, sinw, t + C, cos2w,t + C, sin 2w, t}
is the time and angular dependent fraction of the total Hamiltonian. C; and S are time-
independent constants,40 B and y are Euler angles. Spinning at the magic angle 6 = 54.7°
nulles the anisotropic term. The time dependent term I—A|A (t) changes periodically with the
spinner rotation. Its average value over one rotor period (217wy) can be determined applying

the Average Hamiltonian Theory,41 according to which the Hamiltonian can be developed as

follows;

Equ. 2-60

where t; is the rotor period w/2m The (n+1)th element can thereby be approximated by:

~

H, .a =t,AVH, , where v isthe spectral width of the static spectrum,

For t. v << 1 the first element of the sum is a sufficient approximation of the average time
dependent Hamiltonian. In this case, the integral over I—A|A (t) equals zero and the spectrum

consists only of one sharp resonance. If t; v > 1 it is necessary to take elements of higher
order into account. As a result the time vanishes, where t = nt, holds. After Fourier
transformation, the spectrum not only consists of the central line, but also of a set of sidebands
that are separated by 1/t.. In the slow spinning limit the envelope of the sideband amplitudes
resembl e the static lineshape.

2.1.6 MAS of Quadrupolar Nuclei

Under MAS conditions the first order quadrupolar line broadening is removed, however, the
second order effects are not averaged to zero, causing characteristic powder patterns of the
central transition. The resulting lineshapes are portrayed in Figure 2-3. The position of the
center of gravity is changed by the quadrupolar shift dqgs from the position of the chemical
shift, discussed above:

dce = dcs+ Ogs Equ. 2-61
For the central transition, the quadrupolar shift is given by:

:il(l +1)-9m(m-1) -3

Equ. 2-62
™40 12(21 -1)2 a

2

5.s(m)=-D R
Qs Im 2
0
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2 2
where vp is the resonance frequency and R, :CQEJ%g Is the quadrupolar interaction

parameter (or second order quadrupolar effect parameter (SOQE)), comprising the
quadrupolar coupling constant and the asymmetry parameter. It is worthy to note that, since n
can only adopt values between 0 and 1, if n is unknown, Pq overestimates Cq always by less
than 13% and is therefore in itself a good measure for the quadrupolar interaction strength.

Table 2-1 gives the resulting | and m dependent values of D,.

I m Dim/ppm

15 05 ~50000 a) n =0
15 0.5 25000

15 15 -50000

25 25 -21000 b) n =0.5
25 15 750

25 0.5 6000 o on =1
25 05 750

25 15 -21000

Figure 2-3: MAS lineshapes due to second order
quadrupolar broadened powder patterns. All
Table2-1: lineshapes correspond to the same chemical shift
. and quadrupolar coupling constant. The values of
Dim values as a function of | and m. o :

n aregiveninthefigure.

If different magnetic fields are available, the dependence of the quadrupolar shift dgs on the
precession frequencies allows extraction of the second order quadrupolar effect parameter

from the resonance shifts d¢g (center of gravity) at high (H) and low (L) field experiments:

162 -8k
PZ :D_Tclc; _%3 Equ. 2-63
| LR v[',* 2

where Vo = wy/21t The chemical shift then follows from Equation 2-61 and 2-62. For rather
small Pq values (< 500 kHz), this method is strongly affected by the frequency resolution and
has proven impractical. A solution to this problem is SATRAS (see below).

Satellite Transition Spectroscopy (SATRAYS)

Observation of the spinning sidebands associated with the non-central Zeeman transitions
(“satellite transitions’) can be a valuable tool in accurate determination of quadrupolar
coupling parameters up to Cqo = 1 MHz. While the central transition usually shows only few

sidebands, the satellite transitions generally show a large manifold of sidebands over a wide
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spectral range. In order to evenly excite the satellite transitions, short high power pulses (t ~
0.5 ps) are necessary. Also a probe with a rather low quality factor is essential in order to
detect resonances as far as 500 kHz from the central transition.

As shown in Equation 2-62, the quadrupolar shift is different for the central (CT) and the
satellite transitions (ST). Therefore the second order quadrupolar coupling parameter can be
determined from comparison of the spinning sidebands of the satellite transition manifold and

the central transition.

0, 806 (CT) =8 (ST) O

P,=v 0, Equ. 2-64a
? O] - D = Dineos O]
8., =85 (CT) - 0¢a (CT) ~0ce (ST) Equ. 2-64b
Dlm - Dlm:0.5

Here dcg are the respective centers of gravity of the CT and two corresponding ST spinning
sidebands, and the D, are the constants from Table 2-I.

The envelope function also allows a guess of Po. While for | = 3/2 the overall frequency range
over which sidebands are observed corresponds to the value of Cq, for nuclel with | = 5/2 the

difference between the outermost sidebands is about 2 Cq. A simulation of the sideband

pattern, as shown by Jakobsen,42 also allows extraction of 1.

Multiple Quantum (MQ) MASNMR

The determination of quadrupolar coupling parameters by regular MAS NMR becomes more

difficult if multiple lineshapes overlap. Early techniques invented to conquer that problem are

double rotation (DOR)30 and dynamic angle spinning (DAS)32 NMR. These techniques are
capable of the removal of second order quadrupolar linebroadening and therefore allow better
resolution of quadrupolar lineshapes. Their disadvantage lies, however, in the challenging
experimental difficulties, since they require special probes and sophisticated spinning
techniques. Frydman and Harwood33 developed a two dimensional NMR technique in which
one dimension is free of quadrupolar broadening. Multiple Quantum (MQ) MAS NMR takes
advantage of the fact that the angular dependent terms in the resonance frequency expansion
of the central transition of quadrupolar nuclei have quantum coherence order (p) dependent

pre-factors.

pwcs+(j [AC) (p)+ A, (B.y)Ch (p)P, (cos8) + A, (B.y)C} ()P, (cos8 )| Equ. 2-65

L
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3e’0Q

2121 -2 is the quadrupolar frequency, Az(B.y) and A4(By) are orientation

where W, =

dependent functions, responsible for residual broadening, 8 is the angle between the external
field and the spinning axis, P, (cos8 ) = 1 (3cos?6 -1) and

P,(cos8) = %(3500349 —30co0s’0 + 3) are the second and fourth order Legendre Polynomials,
Ci(p)=-p|I (1 +1)-2 p?| and C}(p)=-pl8I (I +1)-% p?-5| are the pre-factors and p is
the quantum coherence order, defined as the difference between the magnetic quantum
numbers of two Zeeman Eigenstates. In the spin density matrix, this is equivalent with the

difference between column and row number of the matrix element. Under MAS conditions

Equation 2-65 simplifies to:

© ——pwcs+—[/%c (p)+ A (B.y)C! (P)Py(cos)]  Equ.2-66

The idea of the experiment is to let the spin density matrix evolve for times t; and t, for
different coherences. This can be achieved by a two pulse spin echo experiment whose

guantum coherence pathway is plotted in Figure 2-4.

Figure 2-4: Two pulse MQ MAS
NMR pulse sequence. The first
hard pulse transfers
magnetization to all elements of
the density matrix, while the last
one refocuses them.  The
coherence pathway is selected by
phase cycling, which selects the
shown path, while other
coherences are cancelled out over
one cycle.

Thesignal isgiven as:
S(t,,t,) =S, -1 (0)expl-iw,t. fexp{-icot,} Equ. 2-67

S(tl,t2)=8p,_1(0)exp§ri§rpwcs+ 2 [AC)(p)+ AB.Y)C)(p)P (0089)@

(RN
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op i s + 22 [ACH )+ A (B )CL () (cose)]ézg Equ. 2.68
we now define the MQ ratio R(I,p)=—g((_p1)) and rearrange Equation 2-68
B B Wy 3@
S, t, :Sp,—lo exph-i O pwes +— AC, (p)3,.0
(t)=5. O o2 A 5
@xpg—l : CS+°°—S ACs (—1)@2% Equ. 2-69
E L ]
oxpr i 22 A, (B.y)CL (- 1P,(cos0) R, pY, +1,)-
H B E E

/

/
Thus, by introduction of the timest;"and t;” with t, = 1:1R and t, = 1|jt1R +t}, the equation

can be rewritten in a way that the t;"dependent fraction of the signa is independent of any

angular dependent terms and therefore free from quadrupolar broadening.

sfi.t,)= Sp,-l(O)expE—i éR— phoce + [l (p)+ R (—ﬂ]@ié Equ. 270

Eéxpgri %» +%[%C$ 1+ A (B.y)C P, (cose)@ g

i

Figure 2-5: Relations between ty, t, and t;"and t,” according to equation 2-70.

The signal acquired and Fourier transformed in both dimensions, t; and t;, shows the
guadrupolar perturbed resonances as diagonal ridges with slopes, dependent on the MQ-ratio
for the nucleus and transition observed. For triple quantum (TQ) MAS NMR spectra of
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sodium and auminum, for example, these slopes are R(%,g)zgand R(g,§)=1—9,

respectively. The slopes are due to the mixing of t; and t, into t; and t, and can be brought to
zero (ridges pardlel to the F, axis), by a shearing transformation of the F; dimension.
Practically, this shearing is achieved by multiplication of the time dependent signal with

e '™ This also guarantees that, independent of p and |, the resonance shifts extracted from

the center of gravity of each resonance are given as:43:44

Bry = 8cs +80g 5., =B —1—35% Equ. 2-71

This allows the extraction of the second order quadrupolar parameter and the chemical shift
by:

175, +105 1 17
5iw=% and PQ:D—ImEvf(éFl—éFz) Equ. 2-72

where Dy, is the same as in Equation 2-62. In the sheared 2D spectrum, resonances with the

same Pq values show up on adiagonal, parallel to F; = F,and resonances with same chemical

shifts show up on aline with the slope R(1,p).

Zero Quantum Filtered MQMASAS

A problem with MQ MAS, especiadly if applied to higher coherence orders than p = 3 is, that
the efficiencies of the (O,p) and the (p,-1) transitions are not equal. This leads to phasing

problems and dispersion components in the spectra. It has been shown by Amoureux,4° that

these effects can be significantly reduced, by application of a z-filtered pul se sequence (0, p,

t, z-Filter t,
| p3 I

0, -1).

Figure 2-6: Zero quantum filter MQ MAS NMR pulse sequence. The first two pulses are
similar to the two pulse experiment. The time between second and third pulse is called zfilter,
due to the fact, that all components of magnetization perpendicular to the external field
dissipate during this period. The third soft pulse transfers the magnetization back to the xy
plane, where it can be detected.
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In such an experiment, the first pulse specifications are similar to those of the two pulse
sequence discussed above, creating the maximum amount of +p quantum-symmetrical
coherences. Both coherences evolve during t; and are refocused along p = O by the second
pulse. By applying appropriate phase cycling and a delay t, sufficient to eliminate transverse
magnetization, only populations of the + ¥ Zeeman states are not negligible after the z-filter.
The final soft 90° pulse transforms both magnetizations into an observable signal. Despite the
removal of dispersion from the spectrum, a second advantage of this pulse sequence is the
cosine dependence on t; of the signal intensity, allowing for pulse optimization applying the
first (t, = 0) spectrum.
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2.2 Magnetic Measurements

2.2.1 The SQUID

The direct-current (dc) SQUID (Superconducting Quantum Interference Device) consists of
two Josephson junctions arranged on a superconductive ring. A current applied to the SQUID,
called a bias current, divides between the junctions and, if greater than the critical current,
produces a voltage across the SQUID. Plotting this current against the voltage yields
characteristic curves. Steadily increasing the magnetic flux threading through the ring (for
instance, by bringing in a small magnet) causes the critical current to decrease and then
increase successively. The critical current is a maximum for zero flux (or an integer number
of flux quanta) and a minimum for a half-integer number of flux quanta. The period of these
oscillations is the flux quantum. This effect closely resembles the double-dlit experiment in
optics. When coherent light (such as that from a laser) passes through two parallel dlits, the
merging beams "interfere” with each other to produce a series of light and dark fringes. In a
superconductor a single wave function describes all the Cooper pairs. The wavefunctions at
the two Josephson junctions interfere with each other to produce the current and voltage
swings. In practice, one can detect changes that are smaller than the flux quantum. A tiny flux
signa produces a corresponding voltage swing across the SQUID, which conventional

el ectronics can measure.

2.2.2 Methods

Hysteresis L oop

At zero field, the sample is cooled to the desired temperature. After temperature stabilization,
the magnetic field is increased, usually in increasing steps to reach the maximum magnetic
field of the instrument. The magnetic field is then brought down to the negative value of same
magnitude and back up to the maximum field. Susceptibility measurements are undertaken at
every step. Ferro, superparamagnetic and spin glass- materials show hysteresis loops, below
their Curie (ferromagnetic) or blocking (superparamagnetic and spin-glass) temperatures. The
characteristics are the remanence and the coercive field. The remanence is the residua
magnetization in zero field after the second fifth of the loop. The coercive field is the negative
field necessary to bring the magnetization of the sample back to zero after the second fifth of
the loop. Ferromagnetic materials usually have large remanences (about saturation

magnetization) and high coercive fields on the order of 1T. Soft ferromagnets,
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superparamagnets and spin glasses show small remanences and coercive fields on the order of
10 to 100 mT.

Saturation

Saturation is reached when all the magnetic moments of the sample are aigned with the
external magnetic field. Paramagnetic materials approach this point at B/T = 3 Teda/Kelvin,
where B is the external field and T the temperature. The saturation magnetization is
determined by the atomic angular momentum quantum number of J, and is achieved, when al
magnetic moments are aligned, which is usually the case for B/T = 3 Teda/Kelvin. This vaue
could only be approximated experimentally, since the maximum field was5 T at 2 K.

Field Cooling (FC)

Field cooling experiments are performed at a constant external magnetic field (usually 10 to
1000 mT), while the temperature is lowered, usually from room temperature to the minimum
temperature of the instrument. The experiment is capable of distinguishing between
paramagnetic, diamagnetic, antiferromagnetic and ferromagnetic interactions.

Zero Field Cooling (ZFC)

If the FC run shows deviations from the above mentioned forms of magnetism, ZFC
experiments can be performed to yield further information about the material. The sample is
cooled down to the minimum temperature in zero field. Then asmall field is applied (usualy
1 to 20 mT) and the temperature is increased above all transitions observed to be cooled back
down to the minimum Temperature. Superparamagnetic and spin glass materials show a
deviation between the FC and the “field warmed” branch of the susceptibility data. Usually
the “field warmed” curve aso shows a maximum, which gives the blocking temperature. The
temperature difference between blocking temperature and onset of branch separation is a
measure of the dispersion of magnetic clusters.

If no other information about the material rules out either superparamagnetic or spin glass
phenomena, neutron diffraction is the only experimental method to distinguish between these
effects, since it is capable of showing the order of the antiferromagnetic spins of the spin-

glass.
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3 Structural Aspectsof Sodalite Solid Solutions
3.1 Relations between L attice Parameters and Sodalite Cage Geometry

As shown in the Introduction, the crysta structure of sodalite can be viewed as an
aluminosilicate framework with alternating Si-O-Al bonds, built of 14 face-sharing truncated
octahedra, which are stacked in a space filling bcc manner as portrayed in Figure 1-1. The
building blocks of these cages are SiO, and AlO, tetrahedra. The flexibility of the sodalite
framework and therefore its wide range of lattice constants between 8.47 A (LiCl-SOD) and
9.34 A (KCIO,-SOD) is achieved by atilt of the tetrahedral edges, which, in the theoretical
fully expanded structure with a lattice constant of 9.40 A, are parallel to the cell edges, as
shown in figure 4-1. The description of such structures based on a tilt angle was first

introduced by Taylor46 for silicates with one type of tetrahedra. Hassan and Grundy 47 |ater
applied this principle to sodalites with their two types of slightly distorted tetrahedra. In the
latter case different tilt angles occur for the aluminum and silicon tetrahedra.

b)

a)

Figure 3-1: Upper half of the unit cell. a) the fully expanded framework of regular tetrahedra
of equal sizes (space group Im3m). The arrows indicate the rotation of tetrahedra about axes
parallel to the cell edges which reduce the cell edge. Along each row of tetrahedra oriented

with their 4axes parallel to a cell edge, alternating tetrahedra are rotated clockwise and
counter-clockwise. b) A partially “ collapsed” structure of the sodalite lattice showing tilt
angles ¢g and ¢ and also O-O distances Eg and Ep. The Al and O atoms are shown as open

and the S atoms as filled ellipsoids. Numbersindicate heightsin % of the cell edge ap. 47

The remarkable property of the sodalite structure is that the positions of all framework atoms
can be determined, solely from the lattice constant, if the properties of the tetrahedra are

known. So far al crystal structures of aluminosilicate sodalites known are built of similar
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SiO, and AlO, tetrahedra (where the SiO, tetrahedra have Si-O distances of 1.620 A and
edges of 4¥2.626 A and 2* Eg = 2.701 A, and the AlO, tetrahedra have Al-O distances of

1.742 A and edges of 4*2.831 A and 2* En = 2.871 A).47
Thusthe Al-O-Si bond angle a solely depends on the cell edge ap and is given by:

180°  HSO  AO__ a’ E
-
AIO 2SO0 16SO[AIO Equ. 3-1
Thettilt angles are then given by:
cosd —(E, 12) Equ. 3-2

where the equation for ¢4 is analogous to the one for ¢g. The coordinates of the oxygen

position closest to the origin of the coordinate system are then given by:

E. E
Xox = ﬁcoscb s v Yox = ﬁcoscb A

1 1 . .
ZOXZE—E(EA,SH’]Q)A, +Egsindg) Equ. 3-3

If, in addition, the Na-O distance is known, also the position of the sodium (Xna, Xna, Xna) and
the Na-haide distance ( = 3%agXna) are directly deductible from the following quadratic
equation:

Nao’ O
Xlgla g(XOX + Yox + Zoy )X Na +£ Xéx + yéx + Zéx) Na(z) =0 Equ 3-4
3 3 a, {

The Na-O distances for all salt-bearing sodalites studied are 2.355 A, while for dry sodalites
and hydro sodalites Na-O distances of 2.33 and 2.51 A have been reported.10 Thus, al lattice
parameters of the systems investigated are accessible from the lattice constant and the Na-O
distance. Na-halide distances, to be discussed below, have been aways computed according to

the previous equations.
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3.2 Statistical Description of Sodalite Solid Solutions

Another important property of the systems studied and directly connected to the flexible size
of the sodalite cage is its ability to incorporate different central anions and thus forming a
special type of solid solution, where the interactions between the mixed species are moderated
by the framework. Solid solutions are characterized by a random distribution of their
constituents. Thus to understand the variety and intensity of NMR resonances occurring in
these systems, knowledge about theoretically expected distributions will be very helpful in

assigning observed peaks to certain local environments.

If A and B are the two species being distributed among the cage centers with probabilities of
P(A) and P(B) = 1 — P(A), the probability that n chosen cages are filled with i elements of
species A is given by the binomial distribution:

P(iA) = %"ED(A)i fi-PA)™  with %“E: ”(n”!_i)! Equ. 3-5
Each T-atom is part of four sodalite cages. Thus the resulting probabilities of O to 4 neighbors
can be determined directly from Equation 3-5 with n = 4. If two different kinds of
environments have to be considered, such as the influence of first and second order neighbors,
the probabilities for any combination are just the products of the single probabilities.
Simulations for specia environments of interest to this study will be discussed in the

upcoming chapters, along with the experimental data.

3.3 NMR Studies of Sodalites

Among the first applications of solid state NMR to sodalites were correl ations between lattice
parameters and 2°Si chemical shifts#8:49 where a correlation between the average T-O-T bond
angle and the chemical shift was observed. Jacobsen et. al showed that a similar correlation is
true for #’Al in 1:1 aluminosilicate sodalites,50 and also systematic variations of the *’Al
chemical shift with the average Al-O-Si bond angle in all aluminum sodalites could be
shown.51. Nielsen established exact shift and quadrupolar coupling parameters for several

sodalites via Satellite Transition (SATRAS) NMR.92 *H NMR studies on sodalites were for
the first time undertaken by Engelhardt in order to solve the phase diagram of basic/hydro
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sodalites, where ®NaMAS NMR also proved to be a valuable tool in the observation of such
transformations.9:12 Silver-sodium solid solution systems were studied by Jelinek and Stein
using 2Na NMR, .93-56 and they also conducted **Cl and #Br NMR in order to distinguish
between NasHalide and AgxNayxHalide cl usters.94 Several subsequent papers use NMR to
investigate crystal growth or to report NMR spectra of newly synthesized sodalites,7:98 and

a good overview is given by Engelhardt.59 Recently an extensive ’Al, ®Si and "Ga NMR
study appeared in the literature where the T-atom shifts were correlated against each other, as
well as against several parameters derived from the T-O-T bond angle.50 It was found that
under similar conditions, shift effects of "*Ga are twice as large as for 2’Al. Sodium electro
sodalites were characterized by NMR, which shows quantized shifts due the distribution of
Na;** centers around the T atom environments.19 These resonances are shifted with
decreasing temperature to higher frequencies, as expected for hyperfine coupling between

nuclei and paramagnetic electrons.

3.3.1 NMR of Framework Atoms.

The anaysis of the chemical shift of T atoms has become a vauable tool in the
characterization of aluminosilicates. Besides the fact that different coordination numbers can
be distinguished,51 for tetrahedral environments the chemical shift is correlated with the
average T-O-T bond angle. It has been shown, that the paramagnetic contribution to the
chemical shift can be calculated from the charge distribution of atetrahedral SiX, silicon unit
with four ¢ MOs and that it is the dominant contribution to the chemical shift.62 The polarity
of the MOs can be described by the electronegativities (EN) of the ligands and can be linearly
correlated with the chemical shift.

d0=-aEN +b Equ. 3-6
A relation between EN and the bond angle is given by the degree of s-hybridization p of the
oxygen bond orbitals, which isrelated to both, EN and the Si-O-Si bond angle a.

p =cosa /(cosa-1) Equ. 3-7

EN = EN, + p(ENs— ENy), Equ. 3-8
where ENs and EN,, are the el ectronegativities of pure s and pure p oxygen bond orbitals. Thus
a linear relation results between & and p. Due to the fact that p and a aso correlate
approximately linearly over the range of angles studied, it has become customary to use the
linear relation between a and d rather than between p and &. Since a and the cell edge ag

correlate linearly to a second order approximation as well, & has also been correlated to the
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cell edge. Comparative studies usualy give the best experimental correlation for & and
0.48,49,59 The same considerations are true for aluminum, and it is not surprising that similar

correlations have been established for aluminum and gallium.50,60

*’Al and "“Ga both have a nuclear electric quadrupole moment, thus interactions with their
local electric field gradients have to be taken into account. In sodalites, aluminum resides in
the center of a slightly distorted tetrahedron (see above), resulting in Pg values around 0.8
MHz. The ?’Al signal thus contains information about the average T-O-T angle as well as on

the degree of distortion from tetrahedral symmetry. A relation between the shear strain  and

the quadrupolar coupling constant Co was proposed by Engelhardt63 and confirmed by

6
Weller.64 The shear strain, as defined by Depmeierf® is given by:|W| = Z tan(r; —109.48°)

and the correlation found is Cq = uch a correlation can also be rationali ed by si le

point charge model calculations.

3.3.2 NMR of extra Framework Species

The point charge model has also been useful for computing Pg values for Na. While for
ionic bonds, partial ligand charges can be calculated according to Brown and Altermatt66,
covalency effects can be taken into account by artificially increasing ligand charges. Point
charge computations within this study are based on a computer program written by Arno
K entgens, which had been previously successfully employed to correlate *Na Cq vaues with
various oxygen environments, and will be elaborated in more detail in Chapter 4.67 Electric
field gradients computed by this program are transformed into quadrupolar coupling
constants.

Recently distance dependent relations between the “Na chemical shift and oxygen ligand
environments have been established theoretically by Hartree-Fock based calculations,68 but
systematic experimenta studies are still lacking. Furthermore, except for publications by the
author of this study,6:69 halide NMR has so far only once been applied to aluminosilicates,
where *Cl and ®Br MAS NMR spectra were exploited to distinguish between sodium and

silver ligands in mixed Na-Ag bromo-sodalites.54

Besides many applications in liquids, where a comprehensive overview was given by Akitt, 70
halide NMR of alkali halide salts has been a valuable tool in understanding the nature of
chemical shifts. Kondo and Yamashita’l have proposed a relation between the overlap

integrals and paramagnetic shielding o, of such compounds:
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__8UaHy Sy + S * Sk

OP - <r3>p TAE

Equ. 3-9

where E is the average excitation energy, <r3>IO is the expectation value of r® for an outer p
electron of the halide, and the Sterms are the sums of squares of overlap integrals between the
outer p orbitals of the halide ion (x) and the orbitals of other halide, alkali cations (v) or
solvent (s) ions. While Hafemeister and Flygare have computed and tabulated overlap

integrals between alkaline metal and halide ions’2 as well as relativistic corrections’3 the
basis of the semiempirical results are the akali and halide shifts of these salts at their
equilibrium distances. The sums of overlap integrals (Sxv) as computed could always be fitted
very precisely by exponential functions such as:

S, =C@ " Equ. 3-10

C and p are constants and r is the distance between the two ions. Tests of such relations have
been undertaken by the application of high pressure to the heavier halide salts of Rb and Cs’4

or high temperature measurements.’® The correlations found were linear in both cases, thus
pressure and temperature dependent side-effects always have to be accounted for, which
significantly complicates the data analysis. Finally it is worth mentioning that Hartree-Fock
based computations with much more extensive basis sets of atomic orbitals than used by

Hafemeister and Flygare, essentially result in similar decay functions, however with

somewhat different coefficients C and p./2

3.4 Magnetically Coupled Spins

The Heisenberg Hamiltonian describes the magnetic coupling between single electrons
located on sites i and j by the exchange integral Jj;:
H=-JSS Equ. 3-11

[/ |
where ; and ; are the spin operators. A negative value of J; is associated with

antiferromagnetic (AFM) coupling. The two major effects regarding mutual coupling of

electrons are kinetic and potential exchange.”®6 AFM is the result of gain in kinetic exchange
energy. In this case the two electrons have antiparalel spins and their spin functions are
orthogonal, thus they may overlap. Ferromagnetic (FM) coupling is the result of a gain in
potential exchange energy and is dominant between electrons in spatially separate orbitals that



Chapter 3 : Structural Aspects of Sodalite Solid Solutions 34

are orthogonal by symmetry and thus cannot overlap. Generally potential exchange is weaker
than kinetic exchange. It has been shown by various theoretical approaches?1-24,77 and

experiments,20,78 that the F-center electrons in sodium electro sodalite (SES) couple

antiferromagnetically and the kinetic exchange interaction can be described by second order
perturbation theory. 76

4b?
Jy =—— Equ. 3-12
U
Here bjj describes the virtual transfer of an electron from site i to site j between the localized

single occupied molecular orbital (SOMO) and U isthe on site Coulomb repulsion energy:

e L (o 1 -
U = [[dr;d, b (@ o7 ’HJ ) Equ. 3-13
1 2
U can aso be approximated by: 79
U=1+(s2f Equ. 3-14

where S¥ is the overlap integral between the magnetically interacting orbitals a and 8 at the
centers 1 and 2. Thus it is reasonable to assume that for n interacting spins, the Coulomb
repulsion potential is approximately:

U =1+ni{s? ) Equ. 3-15
while the parameter by is not affected.

The high temperature volume susceptibility caused by paramagnetic el ectronsis given by
C
T-6,

NH,g2HES(S+1)
3,

X = Equ. 3-16

whereC =

is the Curie constant, N the number of spins per unit volume, T

is the temperature and 6y is the Weiss temperature. A negative value of 6y, indicates AFM

coupling while a positive value indicates FM coupling between the spins. From the molecular

field treatment of ferromagnetism and antiferromagnetism,80 the Weiss temperature can be
calculated from the number of nn (nearest neighbors) and nnn (next nearest neighbors) spins

coupling to the spin under observation and their corresponding coupling constants J.

eW = M(Znn‘]nn + Znnn‘]nnn) Equ 3-17
3K,
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For a bce packing, as present for the F-centers in the sodalite lattice, two arrangements of nn

and nnn spins are possible, resulting in overall AFM coupling.80

a) All 8 nn are oriented antiparallel to the centra spin (AFM-I), while the 6 nnn are ordered
paralel, yielding a Néel Temperature of:

- 28(s+1) (-8J,,+6J,,) Equ. 3-18
3Ke

TNI
b) The 8 nn are aternatingly oriented parallel and antiparallel with the central spin (AFM-I1),
while al 6 nnn are ordered antiparallel with respect to the central spin. The resulting Néel
Temperature is then given by:
25(s+1) (

TNII = 3kB

-6J,,) Equ. 3-19

Thus the ratio Tn/Bw alows the identification of the type of magnetic ordering, if the ratio of
Jn/Innn 1S known. For SES this ratio has not been determined experimentally and was guessed

to be between 6:478and 1:0.24
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4 Experimental

4.1 Synthesis

Sodalites can be synthesized by high temperature conversion of other alumino-silicates such

as kaolin or Zeolite A27 or via hydrothermal routes from basic solutions containing aluminum
and silicon precursors. Since the latter methods offer a wider range for inclusion of intra-cage
species, all sodalites discussed here were synthesized from solutions or gels under
hydrothermal conditions.

In order to be able to characterize the magnetic properties of these materias, it was important
to gain knowledge and control over the inclusion of magnetic species. In al sodalites, the
dominant paramagnetic impurity is iron, which is usualy introduced by the auminum
precursor. In a common precursor, kaolin, for example, an average of 0.2 to 1.5% of the
aluminum sites are occupied by iron(l11). Aluminum oxide has an iron impurity of about
0.05% and aluminum isopropoxide of less than 10ppm. Since the quality of crystallinity
decreases and the reaction time increases in the order kaolin, Al,Os, Al(ipr)s, sodalites which
were not magnetically studied such as the mixed halide sodalites series were synthesized from
kaolin (process 1). Sodalites which were artificially iron enriched were prepared from a 1:2
mix of Al,O3 and SIO, (process 3) and “diamagnetic” sodalites pure enough to study the
interaction among the F-center electrons had to be prepared from aluminum isopropoxide

(process 2).

4.1.1 Mixed Halide Sodalites

The synthesis of the mixed halide sodalites was carried out in Teflon-coated 20 ml stainless-
steel autoclaves. The inlays were filled with 3 mmol calcined kaolin as a precursor, 0.18 mol
NaOH (as N&CO; free pellets) and 20 mmol of the desired mixture of sodium-halide salts.
Distilled water was added to give a total volume of 18 ml and the gel was stirred until al of
the sodium hydroxide was dissolved. After stirring for another 30 minutes the autoclaves were
sealed off and heated at 450K under autogenous pressure for 10 days. After decanting the
basic solution, the sodalites were washed several times with distilled water to remove excess

sodium hydroxide from the surface of the crystallites.
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4.1.2 Mixed Salt-bearing/Salt-free Sodalites
The synthesis of the halide/basic sodalites, free of iron impurities, was carried out in Teflon-

coated 40 ml stainless-steel autoclaves. A desired amount (ranging between 6 and 15 mmol)
of aluminum-isopropoxide (Aldrich: 22,940-7) and 0.36 mol of NaOH pellets (Aldrich:
30,657-6) free of carbon-dioxide impurity was topped off with 30 ml of distilled water and
stirred until a clear solution was obtained. A known amount (between 0.5 and 40 mmol) of
NaBr (Aldrich: 22,034-5) required for the bromine content desired in the mixed sodalite was
added to the solution. After stirring for 15 minutes, the corresponding stoichiometric amount
(6 to 15 mmol) of tetra-ethyl-ortho-silicate (Aldrich: 33,385-9) was added to the solution.
The autoclave was topped off with distilled water until 90 % of its volume was occupied,
closed tightly and kept at 350 K for 10 to 20 days.

After opening the containers, the highly basic solution above the sample was decanted and the
sodalite samples were washed (through a plastic membrane filter) to remove sodium
hydroxide adhered to the crystal surfaces. Only 50 ml of deionized water was used for this
purpose since prolonged washing may extract NaOH from basic sodalite cages (see below).
The samples of the halide/lhydro series were obtained by stirring Br/basic sodalites in
deionized water for severa days. The pH of the suspension was kept at 6 £ 0.5 during
extraction by frequent addition of diluted H,SO,4. The washing process was terminated when
the pH did not change significantly for aday, indicating a compl ete transformation of Br/basic
sodalite into halide/hydro sodalite.

Halide/dry sodalite samples were obtained by heating halide/hydro sodalites to 670 K under

vacuum (~5-10°® Pa) for eight hours.

4.1.3 Halide/Electro Sodalites

Dry sodalites can be doped with akali atoms from liquid or vapor. Since an akali metal liquid
was found to damage the sodalite structure, | used the vapor method: Under an argon
atmosphere about 200mg of dry sodalite were filled into a glass tube (Pyrex® or Duran®) of
9mm (outer) diameter and 200mm length. A chunk of alkali metal, having a length of about
20mm is then carefully positioned at a distance of about 120mm from the sodalite end of the
tube. The alkali metal easily sticks to the glass walls, so one has to be very careful introducing
it into the ampoule while, on the other hand, it is quite easy to fix it at the desired position.
The tubes were then attached to a vacuum valve (either to a metallic valve via Swagelock®
attachments, or to a glass valve using glass joints). This device was taken out of the argon

atmosphere and attached to a high vacuum system. It is important to achieve pressures below
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10 Pa (10” mbar, 7.6-10° Torr) in order to achieve a sufficient mean free path for the alkali

metal vapor during the doping procedure. The tubes were then sealed off above the alkali

metal chunk and heated inside a horizontal tube furnace in a way that the sodalite end is at a
temperature of 290 °C and the alkali metal chunk about 20 °C below as shown in Figure 4-1.

Figure 4-1: Glass ampoulesinside an opened tube furnace. The sodium metal is on the cooler
side of the tubes. The sodalite powder islocated near the center of the furnace. The two tubes
on the right clearly show the black frontier of already doped sodalite moving through the
undoped part. The central sample on the left side is already completely doped. The sample in
the upper left part is being distilled (one end of the glass tube sticks out of the furnace. The
white material is glass-wool.

It is helpful to distribute the sodalite within the glass tube such that it takes up less than 30%
of the diameter, but still has no contact with the alkali metal. During the doping procedure,
which takes between 5 and 24h, a border separating the undoped white and doped black parts
of the sodalite can be observed moving slowly across the sample. In order to evaporate excess
sodium on the crystallites” surfaces, the tubes were exposed to a temperature gradient of about
190 °C, condensing the sodium vapor at the non sodalite end of the tube. The latter process
took significantly longer when the sodalite was doped with potassium, since the potassium
tends to displace sodium from the crystallites, leaving them covered with aliquid mixed alkali
metal phase at room temperature. Complete doping was only successful with sodium and
potassium, while rubidium diffusion into the cages was found to be limited to the surface
layers.

It is noticeable that sodium electro sodalites decompose slowly while potassium electro
sodalites catch fire instantly when exposed to air. Even potassium electro sodalites with more
than 90% cages filled with bromine decompose immediately under these conditions. The
residual material mainly contains silicon and aluminum oxide, as well as strongly distorted
sodalite crystals. It is likely that this effect is caused by an akali metal layer that cannot be

removed from the sodalite surface at the moderate temperatures applied.
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4.2 X-ray Diffraction

X-ray diffraction is a standard method of analysis for crystalline materials. Radiation with a
wavelength of about 10! m is scattered by atoms from crystal surfaces and a few layers
below. Constructive interference is observed under reflection angles (6), dependent on the
spacing (d) between atomic layers in the sample according to the Bragg equation:
N\ =2d [sinB , where n is an integer and A is the x-ray wavelength. When the crystal
structure is known, the lattice constant can be derived from the reflection angles of a powder
pattern, while the intensities allow distinction between atoms occupying the crystal sites.
X-ray diffraction powder patterns in the 12° < 26 < 66° region were taken with Cu-K
(1.54178 A) radiation on a Scintag-X2 spectrometer in 0.02° steps and at a scanning rate of
2°/min. Silicon powder was used as an internal standard. The background correction, removal
of the Bragg reflections due to the Ka, line, and the subsequent determination of the lattice
constants by the least squares fitting procedure were done with the DMSNT 1.37 software
package from Scintag. The lattice constants were cal culated from the corrected peak datato an
accuracy of about 0.001 A. The halide/dry and halide/electro sodalite samples were kept
inside a hermetically sealed beryllium cell during the data acquisition in order to avoid

rehydration or oxidation.

4.3 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis allows to monitor the weight loss of a sample compared to a
reference, while both, sample and reference, are heated up in a specific atmosphere at a
certain rate. Sample and reference are placed on a balance, thus the relative weight loss of the
sample can be monitored. For sodalites, the percentage of water filled cages can be calculated
directly from the weight loss (in mg or % of the sample mass). Mixed halide/hydro sodalites
loose their water between 400°C and 500°C. Two sodium hydroxides in halide/basic sodalites
turn into H,O 1 and N&O at about 800°C. The weight loss w as a fraction of the total massis
then given by:

_ M ( framework) + 2(1- x)[M (NaHal )
M (framework) + 2(1- x) M (NaHal) + 8x[M (H ,0)

Equ. 4-1a

where the M( ) are the molar masses and x is the fraction of cages filled with water under the

assumption that non-halide filled cages are aways occupied by four molecules of water, asis
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the case for pure hydro sodalite. The calculation of the fractional water content is then
straightforward:

= Wi M ( framework) + 2 M (NaHal) Equ. 4-1b
8(1-w) M (H,0O) + 2w[M (NaHal)

The thermogravimetric analysis (TGA) was carried out on a Netzsch 609 Simultaneous
Thermal Analyzer. About 50 mg of sample were heated at 10 K/min from room temperature
to 1373 K against a dry Al,O3 standard and background corrected. The weight loss between
383 and 800 K was ascribed to intra cage water, while the weight loss below 383 K was
attributed to surface water.

4.4 Nuclear Magnetic Resonance

H, #Na, ZAl, #si, *Cl, #Br and I MAS NMR spectra were obtained with a Bruker “HP
WB73A MAS 4BL CP BB VTN” probe head on a high resolution Bruker DSX 500 NMR
spectrometer. Complementary experiments were undertaken on Bruker DSX 400 and CXP
200 spectrometers in order to extract chemical shift and quadrupolar coupling parameters
from field dependent data. The corresponding resonance frequencies are given in Table 4-1.
1M agueous solutions of (AINO3)s, NaCl, NaBr and Nal were used as chemical shift
references at zero ppm. For the halide resonances secondary referencing was done on the basis
of solid KCI, KBr and KI, respectively. Hydrogen and Silicon were referenced with a standard
of liquid tetramethylsilane (TMS). Typica spinning speeds ranged from 10 to 15 kHz. For all
samples simple one-pulse MAS NMR spectra were obtained with 30° pulses of 1.0 us
duration. High resolution triple quantum (TQ) MAS NMR spectra were acquired using the
three-pul se sequence with zero quantum fiItering.33’45 For 2’Al TQ MAS, the first two hard
pulses were 3.8 and 1.4 psin length, respectively. The third sel ective 90° pulse had alength of
10 ps. A total of 64 to 128 spectra, containing 72 to 144 scans each, were acquired in the F;
dimension. In the case of ®Na TQ MAS, the first two hard pulses were 3.1 and 1.1 ps in
length, respectively. The third selective 90° pulse had a length of 10 us. A total of 64 to 128

spectra, containing 48 to 96 scans each, were acquired in the F; dimension.
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Variable temperature NMR was carried out with a Bruker “HP WB73A MAS 4BL CP BB
WVT” probe in the temperature range between 160 K and 575 K at spinning speeds around
7000 Hz. The high temperature experiments were undertaken in a 9.4 T field, where active

frame cooling was available.

Natura |v /MHz | vi/IMHz |v./IMHz| eQ/ Yoo
Nucleus |Spin|Abundance|at11.7T| a 94T |a 47T | 10°m? |[Ref 70]

H /2| 99.985 | 500.13 | 400.11 | 200.04
ZNa |32 100 13226 | 10581 | 529 | 1098 | -4.1
2Tl 5/2 100 130.29 | 104.23 | 52.11 | 1403 | -23
2g 12| 467 99.33 | 7946 | 39.73

¢l 32| 7577 4899 | 39.19 19.6 -8.17

8By 32| 4931 | 13503 | 10803 | 5401 | 276

127) 5/2 100 100.04 | 80.03 | 40.01 | -789

Table 4-1: Nuclear parameters for the nuclel studied by NMR. v isthe Larmor frequency, eQ
is the nuclear electric quadrupole moment and Y., is the Sternheimer antishielding constant
(see section 4.5).

4.5 Computational Methods

4.5.1 Ab Initio Calculations

The primary objective of the chemical shielding calculations was to obtain insight into the

dependence of these shieldings on Na-halide distances. To this end, the GAUSSIAN9881
program package was used to calculate the Na, *Cl and ®Br chemica shieldings by the
Hartree-Fock method applying mainly the 6-31G* and the 6-311++G(3df,3pd) basis sets. In
the case of iodo-sodalites, the SDD basis set was applied, which gives similar results as 6-
31G* but includes heavier atoms. Other basis sets were used to study the influence of the
basis set. Since GAUSSIAN is not designed for periodic boundary conditions one important
step in the calculation of NMR parameters of nuclei embedded in crystals is to identify
representative atomic environments. Sodium is coordinated by three oxygen atoms and by the
halide ion at the center of the cage. Therefore | chose the framework six-ring, where
aluminum was exchanged for silicon, all open bonds were terminated with hydrogen and the

halide ion with its three additional sodium ligands. The six-ring model has previously been

employed for *Na shift calculations by other workers,68 as the environment for most

calculations, as portrayed in Figure 3-1.
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Figure 4-1. Bottom up view of the sodium
environment chosen for computation. In
front the sodalite six-ring, where all the T
sites are occupied by silicon (light gray
spheres) and bridged (these bonds are
marked) by oxygen atoms (small dark
spheres). The bonds connecting the six-
ring with the residual sodalite lattice are
terminated with hydrogen atoms (white
spheres, crossed). The sodium ion of
interest is centered. On the far side the
halide (large dark sphere) resides with its
additional three sodium ligands, which can
be seen behind every other oxygen atom.

| also evaluated a variety of other environments, such as isolated Na-halide “molecules’,
sodium environments of six-rings containing three aluminum ions, terminated with OH
groups and a whole cage, surrounded by four sodium ions and terminated with hydrogen. All

atomic positions (except those for the terminating ions) were computed from the sodalite

|lattice constant and an Na-O distance of 2.355 A, using the correlation by Hassan et al.47
Additional computations were undertaken for environments without halide ions using Na-O
distances of 2.330 A, as found in dry sodalite. Only the hydrogen positions were allowed to
equilibrate prior to the shielding calculations. For sodium, it was found that the variation of
basis set and local environments gives results that scatter by about + 5 ppm around the values
obtained from 6-31G* and the hydrogen terminated six-ring environment. Therefore, we
decided to use the latter as a model for comparison with the experimental results. For the
halide resonances, shielding calculations were also attempted, however, even when using the
6-311++G(3df,3pd) basis set only quaitative agreement with the experimental data was
obtained. We ascribe this to the fact that the halogen basis sets are optimized for covalent,

rather than ionic bonds.

4.5.2 The Point Charge Model
A rather simple but sometimes efficient way to compute the quadrupolar interaction

parameters Cq and n is based on a point charge model. The idea is to compute the electric
field gradient (EFG) at the site of the nucleus based on the Cartesian coordinates of all ligands
and their charges. For ionic bonds, the charge n;e of the ligand can be derived from

empirical relationships according to the model by Brown and Altermatt.66:82 |f the origin of
the coordinate system is the site of the central nucleus, the matrix elements of the EFG tensor

are computed as follows, summing up the contributions from all ligands:
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where (a,B) = (X, Vi, ) and r, =,/x? +y> +2z . The final electric field gradient tensor is

2

Equ. 4-3

then diagonalized by orthogonal rotations using a program by Kentgens.67
The largest principal value found, V. = eq, can be used to calculate the nuclear quadrupolar
coupling constant:

C, = (1—yw)$ Equ. 4-4
where eQ is the nuclear quadrupole moment and .. is the Sternheimer antishielding factor
(see Table 4-1), giving the relation between the external EFG caused by the surrounding
ligands and the internal EFG. The internal EFG is caused by anisotropic charge distributions

of the core and valence electrons as a result of the external EFG. 70 The asymmetry parameter
is computed according to Equation 2-52 (also see text).

The values computed are based on the atoms in the first coordination sphere. Although
introduction of more distant charges was in some cases capable of changing this value by up
to 30%, the values yielded from computations based on the first coordination were found to be
in best agreement with experimental results. This is reasonable, since atoms of the first
coordination sphere have a partialy covalent bond with the atom of interest and thus a more

polarizing effect on its e ectrons, compared to the more remote atoms.

4.6 Magnetic Measurements

All magnetic measurements were carried out on a QUANTUM DESIGN SQUID
(Superconducting Quantum Interference Device) which alows detection of AC and DC
susceptibilities down to 10 emu at temperatures between 2K and 400K. About 40mg of the
air sensitive samples were centered in agel capsule (6mm*12mm), pressed into the center of a
standard soft drink straw and inserted into the bore of the SQUID through a vacuum port at
room temperature. All data points were acquired in the DC mode. Above 60 K the sample
temperature was usually continuously ramped at a rate of 2 K/min and the data points were
acquired with one scan during the ramping process. At lower temperatures, the instrument
was allowed to equilibrate at the desired temperature before the measurement. In this case the
data was averaged over three scans. Field dependent measurements were carried out at various
temperatures in the “no overshoot” mode, approaching the desired temperature without

crossing it to assure correct measurements in case, the sample shows a hysteresis effect.
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5 Halideinclusion

5.1 Experimental Observations

The sodalite solid solution systems synthesized are quasi binary systems with two different
anions incorporated. They fal into two groups: Mixed halide/basic sodalites have a fraction
of their cages occupied by halide ions, while the remaining cages contain HzO, anions. The
mixed halide sodalites have two different halide species distributed among their cages. The
Cl/Br, Br/l and Cl/I containing sodalites were synthesized according to Chapter 4 and their
summarized NMR and lattice parameters are given in Tab 5-1. The samples were
characterized by powder XRD, which alows the determination of the lattice constant. All
mixed CI/Br and Br/l sodalites show one set of sharp x-ray reflections corresponding to a

|lattice with P43n group symmetry and varying lattice constants between 8.880 and 9.012 A.
Mixed Cl/I sodalite samples having comparable concentrations of Cl and | show significant
peak broadening, indicating the occurrence of domains with different lattice constants and/or
phase separation, to be discussed later. Narrow peaks are again observed for mixed Cl/I
sodalites near the corresponding endmember compositions, indicating single phase materials.

The halide fractions inside the sodalite matrix were based on a quantitative “Na MAS NMR

procedure (see below) and are plotted in Figure 5-1 as a function of the lattice constant.
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Figure 5-1: Lattice constants of various mixed halide sodalites, as a function of composition.

Thus, in case of CI/Br and Br/l sodalites, as well as some Cl/I sodalites Vegard's rule is

obeyed indicating the formation of solid solutions.
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Using the course of the sol-gel synthesis of these materials, it was found that, the
concentration ratio of the halides in the sodalite product is not solely dependent on their ratio
in the synthesis solution (see Figure 5-2). While in mixed CI/Br sodalites, the halide fractions
in the sodalite reflect their concentrations in the solution, we find that in Br/l sodalites,
bromine incorporation is generaly favored, except for the sample with the lowest bromine
concentration. Cl and | containing precursor solutions having one halide species in excess
result in single phase sodalites containing 80 to 100% of the dominant halide species. At
intermediate compositions domain separation occurs.
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Figure 5-2: Halide incorporation during the synthesis. The x axis gives the halide fractionsin
the precursor solution, while fractions of the corresponding halide included into the sodalite
framework are given on the y-axes. a) chlorinein Cl/Br sodalites, b) bromine in Br/l sodalites
and c) chlorinein Cl/I sodalites. Generally more than 98% of sodalite cages are halide filled.

In order to further investigate the effect of domain or phase separation, mixed Cl/I sodalites
where synthesized at 120°C. For these samples XRD reveals the existence of two lattices
shown in Figure 5-3.
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Figure 5-3: Bragg reflections at 54° <
a) 20 < 66° corresponding to the 521, 440,
441, 433 and 442 hkl planes. The 521

peaks partially overlap with the peak at

MWWM 26 = 56.121° from the internal silicon
‘ standard. a) | sodalite, b) Cl/I sodalite
MWM\M synthesized at 180°C, c) Cl/I sodalite
synthesized at 120°C, d) Cl sodalite, €)

Br/I sodalite synthesized at 180°C. While

d) the peaks in b) are noticeably broadened
compared to a), d) and e), the peaks of

ﬂw the Cl/I sodalite synthesized at 120°C
. clearly show two components, a broad

| | | one evidencing Cl sodalite and a shar per

54 220/0 66 oneindicating | sodalite.

The powder sample of the Cl/I sodalite synthesized at 120°C clearly shows two separate
lattices with lattice constants of 8.91 and 9.00 A corresponding to nearly pure iodo and
distorted chloro sodalites, while the Cl/I sample synthesized at 180°C shows single, however,
broad reflections corresponding to ao = 8.95 A. The powder pattern of the mixed CI/Br sample
shows sharp reflections corresponding to alattice constant of ap = 8.9 A in perfect agreement

with a solid solution of 50% chloro and bromo sodalite cages.

Similar mixed sodalite systems can be formed with halide and H3O, filled ca es he
relations between lattice constants and composition are linear over the solid solution range
with a well-defined lattice constant as portrayed in Figure 5-4. The corresponding data is
givenin Table 6-1 in the Appendix. For these mixed halide/basic sodalites, the halide contents
can be determined independently using TGA and NMR as will be discussed later. This is
important, since especialy pure basic and pure chloro sodalite have similar lattice sizes. Thus
halide contents derived from Vegard's rule for mixed Cl/basic sodalites have errors around +
15 %. All halide fractions for the mixed halide/basic sodalites were derived from NMR. They

always lie within the confidence interval of the of X-ray and TGA measurements.



Chapter 5: Halide inclusion 47

9.02 -
¢ Cl/basic SOD

o Br/basic SOD
A l/basic SOD

(o]

©

(o]
|

cell edge /A
=

8.86 ‘ \ \ !
0 25 50 75 100

halide fraction in sodalite crystallites /%

Figure 5-4: Lattice constants of the three mixed halide/basic sodalite systems. diamonds:
Cl/basic-sodalites, squares. Br/basic-sodalites, triangles. I|/basic-sodalites. Mixed I/basic
sodalites with halide contents around 50% could not be synthesized (see text).

As can be seen from Figure 5-4 the lattice constants of Cl/basic and Br/basic sodalites are in
excellent agreement with those predicted from Vegard's rule on the basis of the composition
determined by NMR. It is noticeable, that just like Cl/I sodalites, I/basic sodalites show a
pronounced solubility gap, which is wider in the latter case. Due to the fact that formation of
halide centers is generally preferred over formation of basic centers by a factor of about 100,
plots as given in Figure 5-2 for mixed halide sodalites turn out to be unsuitable for evaluating
the mixed halide/basic sodalite systems. In order to gain deeper insight into the growth of
sodalites with different extra framework species, a growth model was developed, which will

later be applied to analyze and discuss the data.

5.2 Growth Simulations

Based on the findings of the previous paragraph, it seemed necessary to develop a
mathematical model capable of describing the experimental findings by few parameters. In
addition a measure for the deviation of these quasi solid solution systems from a perfect
binomial distribution must be developed. The approach chosen here is based on a simple
model: The sodalite cages form a bcc lattice and the growth was investigated in the (111)
direction. On each new plane, each cage built is connected to four sodalite cages in the plane
below by six-ring windows and to one cage two planes below by a four ring window (see
Figure 5-5).
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Figure 5-5: Different formation scenarios for the growth of a new sodalite cage in the 111
direction. The probabilities of the new cage (transparent sphere) to be occupied by X (blue
sphere) or species Y (empty cage) are given in Table 5-I.

Also the cage can be connected to four cages in the same plane through four-ring windows.
To simplify the model, it was assumed that the preferred size of the new cage and therefore a
preference for a certain halide species is influenced by all surrounding cages, but mainly by
those connected to the cage in question by the larger six-ring windows. (It should be possible
to show that similar statistics can be achieved if all windows are taken into account, but due to
the extensive computational demand, the four neighbor model was chosen here.)

A 1000 x 1000 matrix with random (binomial) distribution of two halide species (X and Y)
according to the given concentrations of the precursor solution ([X], and [Y];) was computed.
With the first matrix as a starting point, a second matrix was calculated, where the
probabilities of inclusion of the species X were modified based on four matrix e ements
(according to the occupancies of the cages in the lower plane) of the prior matrix. Periodic
boundary conditions were chosen to eliminate surface effects. The modification of the
inclusion probability was introduced by a “ separation factor” f, which covers values between
0 and 1, where O causes no deviation from the binomial distribution and 1 causes the
maximum deviation and thus complete phase separation. The probabilities of inclusion of the
species X and Y (P(Xs) and P(Ys) ) are then defined, based on their concentrations in the
precursor solution, with the occupancies of the lower four sodalite cages and the separation

factor as shown in Table 5-I.

occﬁsgteic?rl\a(n)? ) Incorporation of minor halide | Incorporation of X
0:4) P(Xs) = [X]; - (1-f)° P(Xs) = [X]i ( 1-f)°
(1:3 P(Xs) = [X]i (1-f) P(Xs) = [X]i -(1-f)
(2:2) P(Xs) = [X]i , P(Y9)=[Y]i |P(Xs)=[X],
(3:1) P(Y9 =[Y] (1) P(Xs) = [X]i -(1-f) +f
(4:0) P(Y9) = [Y]i (1-F)° P(X9) = [X]i (1-F)* +f( 2-F)

Table 5-1: Smulated probabilities of halide inclusion for cages built in the n+1% layer as
functions of their occupancy distribution in the four connected cages of the lower crystal
layer.
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Thus, the composition of the n+1¥ layer of the fictive crystallite can be calculated based solely
upon the occupancy distribution in the n™ layer. The fractional occupation of both halides
usually converges against constant values after a few layers, only affected by statistical
deviations due to the finite size of the matrix used. As a result, the convergence limits of the
halide occupations can be considered as the halide fractions inside the sodalite crystal.

Examples of such growth matrices are displayed in Figure 5-6.

Figure 5-6: 30x30 matrices, extracted from convergent 1000x1000 matrices for precursor
fractions of 0.5 and separation factors of a) 0.0, b) 0.4 and c¢) 0.9. The columns represent the
species X, while empty spaces denote the species Y.

As can be seen from Figure 5-6, larger separation constants obviously cause agglomeration of
agiven type of halide occupied cage; while for f = 0, agglomerations are in perfect agreement
with abinomial distribution, avalue of f = 0.4 already produces small domains of each species
and avalue of f = 0.9 can be considered to produce phase separation.

Motivated by a possible NMR probe to find a numerical measure for these effects, it is
reasonable to determine the probabilities of the 5 possible combinations of 4-cage
environments present. The probabilities counted from the computed matrix can then be
compared to probabilities expected from binomial distribution at the same overall halide
content; this can be done for all halide compositions. The differences can then be summed up

over al environments resulting in adeviation factor h.

Prarp (1X) = Py (iX) Equ. 5-1

with Pin(iX) according to Equation 3-4. Pcomp(iX) is the probability of an environment with i
X-species, as determined from the convergent matrix and Pyin(iX) is the probability resulting
from the binomial distribution at a given [X]s, where [X]s is the fraction of the species X in

the convergent matrix.



Chapter 5: Halide inclusion

50

The advantage of this method is that, as will be shown later in more detail, the Al spin,

located at the joint of four sodalite cages exactly serves as such a probe and its NMR

resonances resemble the summation of the five possible environments. The effects of certain

separation constants f and precursor concentrations [X]; and [ Y], on the halide fractions in the

crystallites and the deviation factor h are shown in Figure 5-7.
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Figure 5-7. Effects
of the separation
constants  between
the solid solution
SpeECcies.

a) deviation of
probabilities of the
five aluminum
environments  from
the probabilities
resulting from
perfect binomial
distribution, as a
function of the
separation  factor
and the overall
halide fraction. The
data has a mirror
symmetry in the yz
planeat x = 0.5.

b) incorporation of
one species fromthe
precursor  solution.
The data has a C2
axes parallel to the
zaxes at X = y =
0.5.

Figure 5-7a shows the calculated deviation factor as a function of the halide fraction and the

separation factor. Since the halide fractions of sodalite solid solutions are easy accessible and
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the deviation factor can be determined experimentally via NMR, Figure 5-7a alows the
identification of the separation factor and therefore allows a simulation of the species
distribution inside the crystalite. Figure 5-7b shows the calculated dependence of the species
fraction [X]s on its fraction in the synthesis solution [X]; at different values of the separation
factor. In this figure the xy-planes are comparable to the upper left quarters of the diagramsin
Figure 5-2. For small separation factors, the relation between precursor fractions and
incorporated fractions is linear, while for higher separation factors the curve becomes more
S-shaped to turn into a step function for a separation factor of 1. Comparison of experimental
and theoretical halide incorporation curves therefore also alows the determination of the
separation constant and thus gives an insight into the likely distributions of the halide species
throughout the crystallite.

So far the results of this growth model are symmetrical with respect to the halide
species X and Y, that isno speciesisa priori preferred. In order to include this possibility into
the model it will first be discussed for the case f = 0 and later be extended for the casesf > 0.

If the cages already formed have no influence on the new cages being built, the two species
X andY will compete for the inclusion into the growing sodalite lattice.

(x) + (). ?55 (x), +{r) Equ. 52
where | and s denote the liquid and solid phases, respectively. Under equilibrium conditions,

an equilibrium constant K,y (selectivity factor) is given by:

ke - [YD X7,

Kxiy =7 =< -
ke [X7) IY7]g
or [X_‘]s =K,y x__]' Equ. 5-3
Y71, Y1,

Here [X_]s and [Y_]S =1- [X_]s are the fractional occupancies of sodalite cages by
anions X and Y, respectively. The selectivity factor, Kx,y, denotes how many times the X
species is more likely to be incorporated into the lattice than the Y species. Equation 5 — 3
thus alows to determine this selectivity factor for a system where no separation occurs (or
where this case can reasonably be expected), by the plot of the X fractions in the solid
against that in the liquid precursor solution, yielding the selectivity factor as the slope of a
linear function.

The two effects of separation and selectivity can now be combined in the following

way. The halide fractions of the synthesis solution, included in the probability determination



Chapter 5: Halide inclusion 52

for halide inclusion in the growth model, have to be exchanged for effective halide fractions
in the synthesis solution according to the selectivity factor:

KX/Y[X_]I

e S

[Y']

N S a]

Equ. 54

The latter equation can actually also be expressed similar to the first, where Ky = 1/Kyx in
accordance with Equation 5-3. It is now interesting to note that the selectivity factor can also
be easily determined for systems which show separation effects, by analysis of those synthesis
solution compositions ( [Xos]; and [Yos)i), producing the sodalite species fractions [X]s=[Y]s
=0.5inthe solid state. In this case Equation 5-3 turnsinto:

%: <y ﬁx(}sL or oy = [YO._S]I
0.5 [Yos], [Xos],

Equ. 5-5

The point [X]s =[Y]s = 0.5 is exceptional, because the influence of the separation factor is
eliminated due to equal incorporation of both species. The effects of selectivity and separation
factors on the “incorporation diagrams” such as Figure 5-2 are shown in Figure 5-8:

1 a) ideal b) separation
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Figure 5-8: Incorporation diagrams: a) ideal case: Kyy= 1 and f = O; b) domain separation
occurs. Kyy = 1 and f = 0.3; ¢) binomial distribution is still present, but one species is
generally preferred: Kyy = 6 and f = 0; d) while one species is preferred, also domain
separation occurs. Kyy = 6 and f = 0.3. In ¢) and d) the selectivity factor Kyy = 6 can be
determined from[X os]; = 0.143 and [ Y o5]| = 0.858 according to Equation 5.5.
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5.3 Discussion of the Experimental Data along the Growth Model

Equipped with such tools, we can express the preference of the mixed halide/basic sodalite for
the halide by the selectivity factor. In order to extract these values, Figure 5-9 plots the
fractional compositions according to Equation 5-3. Clearly the quality of these fits expressed
by the R value decreases from Cl to Br to I. While the fits for the Cl/basic and the Br/basic
sodalite are reliable, the extremely low quality fit for I/basic sodalites suggest that the model
applied is no longer valid. As discussed above Equation 5-3 is only valid for systems without
atrend to separation. Such trends are likely to be caused by different cage size requirements
of the two competing species, favoring spatial agglomeration of cages containing the same
anion. The differences of the equilibrium lattices between chloro sodalite, bromo sodalite and
iodo sodalite on one hand and basic sodalite on the other are 0.009 A, 0.045 A and 0.121 A,
respectively. While the sodalite lattice itself is very flexible in hosting these guests, the
formation of a solid solution requires the anions to accommodate inside a cage with
unfavorable diameter, changing its natura Na-halide distance and/or putting strain on the
lattice. With an increase of differences in equilibrium cage diameters, however, these systems

tend to deviate from solid solutions, first forming domains, dominated by one species, and

eventually leading to total phase separation such as known for ClO4basic soddites.83
Therefore it is not surprising that the deviation from the ideal behavior increases in the
observed order. Apparently in the case of I/basic sodalite the selectivity factor cannot be
determined the same way as for the other two mixed halide/basic sodalite systems. In Figure
5-8d the halide fraction in the I/basic sodalite lattice is plotted against the corresponding value
in the synthesis solution. Although a data point with [I']s = 0.5 is missing because no single
phase material with this composition could be synthesized, an approximated fitting according
to Figure 5-7d yields a value of [l ¢s); = 0.0125 + 00.25. According to Equation 5-5 this
corresponds to a selectivity factor of about 80 £ 20.
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Figure 5-9: a-c: plots of the fractional ratios of halide and OH

ratio in solution: a) Cl/basic sodalites, Kcjjon = 162 + 7; b) Br/basic sodalites, Kgon= 130 +
11; c) l/basic sodalites, K;oq = 282 £ 79 is only an apparent value. Accuracy of the fits
decreases from Cl/basic to Br/basic to I/basic from R = 0.994 to R = 0.984 to R = 0.73,
respectively. d) I/basic sodalites: plot of halide fraction in the sodalite versus the fraction in
the solution (see text).

If the incorporation diagrams in of the mixed halide sodalites (Figure 5-2) are anayzed
according to the growth model, it is obvious, that the separation factors for the mixed halide
sodalite systems increase with increasing difference of the equilibrium cell edge of the pure
sodalite species. From comparison with the data plotted in Figure 5-7b, the f-values can be
estimated to be about 0.05 for Cl/Br sodalites, 0.2 for Br/l sodalites and 0.8 for Cl/I sodalites
and thus give an idea of the clustering and the deviations from perfect binomial distribution.
In addition, we can also extract the selectivity factors according to Equation 5-5: Kgygr=1 %
0.2, Kgy = 1.5 and Ky = 1.3 = 0.8. These values are in good agreement with the
corresponding ratios of selectivity factors in the mixed halide/basic sodalite systems. The
precision of Ky is actualy this small, because the outcome of 1:1 halide ratios in the
synthesis cannot be related to any of the observed factors and might be highly sensitive to

preparation times or warming rates of synthesis vesselsin the furnace.
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It is interesting to compare these values with values observed for growth rates of pure

halide sodalites at a synthesis temperature of 95°C.84

Selectivity factor at 180°C Growth rateratio at 95°C
a) Cl/basic 162 6
b) Br/basic 130 3
C) I/basic 80 1

Oveadl the results indicate that the preference for the smaller species decreases with

increasing temperature, which is in fine agreement with the results of high temperature solid

state synthesis, where no preference for any specific halide is reported at all.27 This clearly
indicates that synthesis at sufficiently high temperatures can overcome any enthalpic
preferences for anions of certain sizes resulting in the entropy favored, thermodynamically
most stable solid solutions. Therefore we conclude that at 180°C the formation of mixed
sodalites is still controlled by enthalpy differences between different sodalite cages. The
preferred cage size appears to be somewhere between the values of pure chloro and pure
bromo sodalite. Thiswould explain the symmetry of chlorine and bromine intake, while in the
Br/l case bromine is preferred. The inability of forming Cl/I sodalite solid solutions over the
whole concentration range is then due to the different size requirements of both halide ions,
which, at this temperature, cannot be overcome energetically.
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6 Mixed Halide Sodalites

As shown in the paragraph above, in al series of sodalites having different extra framework
species, the lattice parameters vary continuously with the compositions, obeying Vegard's
rule. Investigation of the variation of NMR parameters throughout these series provides a
unigue opportunity to observe the dependence of chemical shielding and quadrupolar
coupling, with respect to distance changes between the atoms and small changes in the ionic
environments, respectively, without the application of high pressure or high temperatures,
which always involve unwanted side effects. Representative “’Al, Na, *Cl, %Br and *|
MAS NMR spectra of the various solid solution series are portrayed in Figure 6-1 to 6-3. The
corresponding NMR parameters are given in Table 6-1 in the Appendix.

6.1 Experimental Observations

6.1.1 Al MASNMR

As can be seen from Fig. 6-1A and 6-2A all of the CI/Br and Br/l mixed halide sodalites show
single >’Al NMR resonances which vary only slightly in shift and linewidth. The quadrupolar

coupling parameters Pg, determined from field dependent measurements, scatter around 0.8

MHz and are in agreement with values for pure halide sodalites.52 For al the solid solution
series, the chemical shift varies linearly with the lattice constant. For mixed Cl/I sodalites,
with compositions close to 1:1 the observed lineshapes consist of two overlapping resonances
which are also not well resolved in Al TQ MAS NMR spectra. The average chemica shifts
and quadrupolar coupling constants of those resonances, however, are close to the values of
pure Cl- and |- sodalite. This finding is in good agreement with the x-ray data indicating the
presence of two domains as shown in Figure 5-3. Apparently the different halide anion sizes
would cause too much strain on the framework if they were incorporated into a single lattice,
thus phase separation is preferred.
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6.1.2 *°NaMASNMR

Fig. 6-1B to 6-3B show the “Na MAS NMR spectra of the three series of mixed halide
sodalites. In the CI/Br series, two sodium resonances are clearly separated from each other.
Based on the compositional evolution of their intensities, it is obvious that the high frequency
resonance has to be assigned to sodium in bromo-cages, while the low frequency resonance
originates from sodium in chloro-cages. The quadrupolar coupling constants are about 0.8
MHz and 0.4 MHz for the high and low frequency resonance, respectively and scatter by only
0.1 MHz throughout the whole series. A representative TQ MAS NMR spectrum is shown in
Figure 6-4a. Besides the variation in intensity also a variation of the chemical shift with
composition is observed. As the lattice constant increases, both >*Na resonances are shifted to

lower resonance frequencies.
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Figure 6-1 (above): ©Na, *’Al, *Cl and ®'Br MAS NMR spectra of mixed Cl/Br sodalites. The
spectra were taken in a 11.7 T magnetic field at a spinning speed of 10 kHz. The sodalite
cages are over 98% occupied by halide ions of which a) 0%, b) 5%, c) 18%, d) 38, €) 56%, f)
62%, g) 76%, h) 90%, i) 100% are chlorine.
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Figure 6-2 (previous page top): *Na, ’Al, ®Br and **'I MAS NMR spectra of mixed Br/I
sodalites. The spectra were taken in a 11.7 T magnetic field at a spinning speed of 10 kHz.
The sodalite cages are over 98% occupied by halide ions of which a) 0%, b) 6%, c) 25%, d)
46, €) 65%, f) 77%, g) 86%, h) 91%, i) 100% are bromine.

Figure 6-3 (previous page bottom): 2Na, 2’Al, *Cl and **'I MAS NMR spectra of mixed Cl/I
sodalites. The spectra were taken in a 11.7 T magnetic field at a spinning speed of 10 kHz
The sodalite cages are over 98% occupied by halide ions of which a) 100%, b) 95%, c) 94%,
d) 89, e) 78%, ) 11%, g) 10%, h) 3%, i) 0% areiodine.

In the series of Br/l sodalites, aso two resonances can be observed, abeit less well resolved.
Again, the areas underneath the simulated lineshapes reflect the corresponding halide
fractions. The quadrupolar coupling parameter Pq for sodium in bromo-cages is 0.8 MHz,
similar to the one in the Cl/Br series. For sodium in iodo-cages, Pg is 1.75 MHz and increases
to 2.1 MHz for sodalites containing little iodine. These quadrupolar parameters had to be
deduced from TQ MAS spectra as shown in Figure 6-4b, which clearly separate the two

spectral components.
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Figure 6-4. “Na TQ MAS NMR spectra of a) mixed Cl/Br sodalite corresponding to sample
6-1 d, b) mixed Br/l sodalite corresponding to sample 6-2 f, ¢) mixed Cl/I sodalite
corresponding to sample 6-3 g. All spectra were acquired at a spinning speed of 15 kHzin a
11.7 T magnetic field. The 1D spectra shown below the 2D graphs represent dlices in the F,
dimension cutting through the centers of gravity of each resonance in the F; dimension.

As seen above, Cl/I sodalites do not form solid solutions over the entire compositional range.
The ®Na MAS NMR spectra of the high and low Cl containing mixed Cl/I sodalites,
however, show the same trends in intensities as in chemical shifts and P values as do the
“Na NMR spectra of the other series. For the 25% CI containing mixed Cl/I sodalites, the
“Na TQ MAS NMR spectrum (Figure 6-4c) clearly resolves the two environments. All
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parameters in this series had to be determined by TQ MAS, since the broad lineshape of the
sodium ions in the I-bearing cages cannot be fitted accurately in 1D spectra.

ZNa NMR shieldings and electric field gradients were also calculated by GAUSSIAN9881 as
described in the Experimenta section. As a reference point the sodium NMR shielding of a
sodium ion, coordinated by six water molecules was chosen. The equilibrium Na-O distances
were found to be 2.383 A, resulting in an absolute shielding o,¢ = 578 ppm. The absolute
shielding of a free sodium ion was 631 ppm. Sodium shieldings were calculated for six-ring
arrangements with chlorine, bromine and iodine, as well as with “empty” cages (dry sodalite).
The shielding values are given in Table 6-11 in the Appendix and can be converted into
chemical shifts asfollows:
o= —(0 —oref) Equ. 6-1

In good agreement with the experimental data, the calculations reveal that >Naisincreasingly
deshielded aong the series Cl r urther ore within each series the shieldin

increases with increasing Na-halide distance. With increasing halide atomic number the
sensitivity of the 2Na shielding to this distance variation increases significantly; in contrast

for sodium in dry cages aimost no dependence on the cage diameter is found in agreement

with previous experimental results.6
For the >Na quadrupolar coupling constant, our experimental results show an increase from
Cl to Br to | ligands of 0.4, 0.8 and 1.75 MHz, respectively, in good agreement with values

determined previously from SATRAS NMR spectroscopy of the pure halide sodalites.52 In
contrast this trend is not revealed by the ab-initio calculations. Furthermore the computed Cq-
values are found to be highly sensitive on the Nahalide distance at variance with the
experimental findings. These discrepancies are ascribed to the intrinsic limitations of the
theoretical model, which lacks appropriate charge balance needed to produce more accurate
results. A sufficiently charge balanced environment would require more than 100 atoms,
which is beyond our computational capabilities.

6.1.3 *°Cl, #Br and **'I MASNMR

All *Cl MAS NMR spectra of the chloride-containing mixed sodalite series show (with one
exception) a single resonance (Figure 6-1C, 6-3C). The chemical shifts observed vary
between -123.9 and —128.7 ppm for pure chloro sodalite and 5% chloride containing iodo
sodalite, respectively. The lineshapes are in all cases nearly symmetric and only weak
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quadrupolar coupling constants (Co = 0.4 + 0.3 MHz) could be estimated from field
dependent measurements. For pure chloro-sodalite a Pg value of 55 + 5 kHz was estimated
from the satellite transition spinning sideband manifold (SATRAS) portrayed in Figure 6-5a.
In the case of 50% CI containing mixed Cl/I sodalite the spectrum can be fitted with two main
resonances with chemical shifts of 127.6 and 124.6 ppm suggesting the existence of two
separate regions or phases in agreement with the segregated character of this sample. A
distribution of chemical shifts between these values can be noted as well, suggesting the

occurrence of domains with intermediate compositions.

Figure 6-5: a)*Cl, b) ®Br and c)
127) SATRAS NMR spectra of pure
chloro, bromo and iodo sodalites
at 39.19, 108.02 and 80.03 MHz,

30000 20000 10000 0 -10000 20000 -30000 -40000 respectively. The spinning speeds
were 7kHz for a) and 10kHz for
\JJMWW b) and c). The central resonance
is plotted off-scale to enhance the
b) 200000 150000 100000 50000 50000 -100000 -150000 -200000 -250000

weaker spinning sideband
manifolds generated by the effect
of MAS on the first order

MHMH mllmm. quadrupolar  satellite  powder
C) 200000 150000 100000 50000 ‘(OHZ) -50000 -100000 -150000 -200000

pattern.

The 8'Br spectra of al Br containing sodalites, displayed in Figures 6-1D and 6-2D, also show
only one resonance, the chemical shift of which depends on the composition and varies
between -217.4 and -227.8 ppm for low bromide containing chloro and iodo sodalites,
respectively. Except for pure bromo sodalite, all lines show a low frequency asymmetry,
which becomes more pronounced with decreasing bromine content. The Pg values also
increase with decreasing bromine content and vary between 0.5 MHz and 0.9 MHz. These
must be considered average values, since the lineshape indicates a distribution of quadrupolar
coupling constants.

The values given here were deduced from the peak positions measured at 9.4 and 11.7 T,
using Equation 2-63. The SATRAS spectrum of pure bromo sodalite is shown in Figure 6-5b

and indicates a distribution of Pqg values around a mean value 400 kHz.
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The *?'I spectra (Figure 6-2E and 6-3E) reveal the strongest dependence on composition.
While the chemical shift varies between —236 and —256 ppm within the range of the samples
studied, the **'I lineshape proves extremely sensitive to the composition of the sample. For
pure | sodalite, a linewidth of 270 Hz was observed, which increases to more than 4000 Hz
with decreasing iodine content in these mixed Cl/I and Br/l sodalites. In the low iodide
concentration limits, the linewidths decrease to about 1000 and 400 Hz for Cl/I and Br/I
sodalites, respectively. A similar trend is observed in the Py parameters, which change
between 400 + 20 kHz and 4.0 + 2 MHz throughout these series. The **'| SATRAS spectrum
(Figure 6-5c) again indicates a distribution of Pq values for the pure iodo sodalite around a

mean value of 0.8 MHz.

6.2 Discussion

6.2.1 Solid Solution Effects on the Framework

The first two coordination spheres of auminum in mixed halide sodalites are similar for all
aluminum atoms. Therefore it is not surprising that only single 2’Al resonances are observed
for al mixed sodalites in this study, except in those samples with incipient phase separation
(sample 6-3e). Nevertheless this observation shows that none of the central anions has a
noticeabl e effect on the electronic environment of the framework building T-atoms. While the
Pqo values for al the aluminum resonances scatter around 0.8 MHz, the chemical shifts show a

linear dependence on the calculated T-O-T bond angle as shown in Figure 6-6:
0 = 167.6 ppm — Oror- 0.744 ppm/° Equ. 6-2

Over the T-O-T bond angle range observed, Equ. 6-2 agrees with in 0. 5 ppm with the

correlations established in the literature.48,49,59 Since these systems obey Vegard's rule, in
principle the observation of the 2’Al resonance can be used instead of X-ray data for the
determination of the lattice constant. In case of deviations from solid solution behavior, the
2'Al signal is even more sensitive to domain separation than x-ray diffraction. The latter will
be of importance throughout the paper, since various cell parameters, such as T-O-T bond
angles and Na-halide distances, will be derived from lattice constants according to Chapter 3,

assuming solid solution behavior.
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Figure 6-6: ?"Al chemical NMR shift as a function of the average T-O-T bond angle, derived
from the | attice constant according to Equation 3-2.

6.2.2 The extra Framework Species

The sodium ions in halide sodalites are four coordinated by three framework oxygen atoms,
which are al part of one Al-Si six-ring and the halide in the center of the cage. Since it has
been shown that the Na-O distance for the three pure halide sodalites is (2.355 + 0.005)A it is
reasonabl e to assume that this is also valid for sodium in the cages of mixed halide sodalites.
Based on this assumption, the Na-halide distance is directly computable from the cell edge
length of the sodalite lattice as shown in Equation 3-4. Since it could be shown that this cell
edge can be tuned easily between 8.870 A and 9.012 A, the Na-halide distance can be varied
between 2.7 A and 3.07 A, giving an experimental insight into the dependence of chemical

shift on Na-halide distances, both for the 2>Na and the halide resonances.
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Figure 6-7: Visualization of the Na-halide distance dependence upon lattice expansion. a)
and b) show a six-ring window with its sodium atom and the residual atoms within the
corresponding cage for a cell edge of 8.88 and 9.10 A, respectively. ¢) illustrates the
functional relation. The Na-halide distance range of mixed halide sodalites is marked by
dotted lines.
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As discussed in Chapter 3, it has been generally established that the magnitude of the
(dominant) paramagnetic deshielding effect in ionic materials arises from the extent of anion-

cation and anion-anion overlap’l and that the distance dependences are given by rather

simple exponential decay functions asin Equation 3-10. Recently Tossell68 has shown that
the Na NMR shielding can be reliably computed by the Restricted-Hartree-Fock method
applying rather simple basis sets. Also, the shielding of a ligand environment could be
successfully computed, by summation of the shielding contributions of every single ligand,
while no significant angular dependence was observed. Based on these ideas and the fact that
the sodium-oxygen distance remains constant among the studied samples, the different
shielding contributions can be separated in order to identify the influence of the Na-halide
distance on the sodium shielding.

r

O =0 + 300, + Aga [8 Equ. 6-3

Here ocs is the absolute shielding for ®Na in the sodalite, oy is the absolute shielding of the
free sodium ion and 30¢ is the shielding contribution due to the three oxygen ligands, Anaa
and ronaqa a@re ligand dependent constants, r is the distance between sodium and the halide
ion. Anana @nd 300« represent paramagnetic deshielding contributions and are thus negative in
sign. In order to facilitate a comparison between experimental and computational data,
Equation 6-3 separates the shielding contribution dependent on the Na-halide distance from
all other contributions.

According to the calculations based on the 6-31G** basis set, the shielding of the free sodium
ion is 631 ppm and the contribution of the oxygen atoms was found to be -42 ppm, resulting

in o5 + 300k = 589 ppm ( see Figure 6-8).

30 Figure 6-8: the relation between

O¢s 8s computed Ox C
for 22Na shieldings —L calculated  shieldings (o) 2and
Oreoion observed chemical shifts for the *Na
A—‘sgg 6|31 o environments. 30o,= -42 ppm and
< " ppm 0 = + 1lppm are the offsets of the
b} (') -1'1 exponential fits and represent the
5 shielding of the sodalite environment

e without the halide ion.

Figure 6-9 thus plots -ocs + 589 ppm versus the Na-halide distance for the three series
investigated, resulting in fitting parameters of A and rq listed in Table 6-111. The original
computed data points are given in Table 6-11 in the Appendix. Figure 6-9 aso includes
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calculated data based on the Na-O distance of 2.330 A (as found in dry sodalite13,14). The
calculated shieldings based on this value are very similar, indicating a minor influence of the
exact Na-O distance on the results. In addition, calculated shielding values of halide lacking
environments as found in “dry” sodalite cages are shown. The fact that in this case (589 ppm -
Ocs) IS not quite zero can be attributed to the three sodium ions, still present in the
environment. In case of a halide filled cage, however, their influence is apparently screened
by the halideion.

Cl-cg:NaO = 2.355 A

*
40 . m Br-cg:NaO =2.355A
35 | N a Ao I-cg:NaO =2.355A
h e dry-cg:NaO = 2.355 A
E 30 - \‘\ o Clcg:NaO =2.330 A
% . ‘A o Br-cg:NaO =2.330 A
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o NS
8 15 \\\ anen — — exp. fit: Br-cg: NaO = 2.355 A
— ~ o-.
o) =~ - - - .exp. fit: I-cg: NaO = 2.355 A
10 +
o - 8
5 ] ° _‘ﬁs
0 I I I I T \
2.5 2.7 2.9 3.1 3.3 3.5 3.7

Na-Hal distance /A

Figure 7-9: Computed *Na chemical shifts for sodium in dry (circles), Cl (diamonds), Br
(squares) and | (triangles) occupied cages. The empty symbols show shifts calculated on the
basis of Na-O distances of 2.330 A, while the filled symbols show shifts determined from Na-
O distances of 2.355 A.

The sodium shielding for Na-halide “molecules” were also calculated disregarding the oxygen
environments altogether. Even in this simplified model the trends are followed, and the
corresponding fitting parameters are given in Table 6-111. In addition Table 6-111 contains the
exponential fits to the sums of squared overlap integrals as given by Hafemeister and Flygare.

Experimentally, not absolute shieldings are measured but chemical shifts against a reference

sample. Thus Equation 6-3 turnsinto:

r
_6(:3 =0, 70 :[0 fi +300x _oref]+ Aara [ fovare Equ. 6-4
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The experimental dcs values measured for all three mixed halide sodalite series could be fitted
to Equation 6-4 by fixing the value in the brackets to —11 ppm yielding: dcs + 11 ppm = -
Aexp{rirg} (see Figure 6-10). Table Il includes the corresponding fitting parameters for A
and ro from the experimental data. For sodium in chloro and bromo cages the agreement with
the calculated datais quite good, especially in view of the fact that the best fit parameters for

A and rp are very sensitive to the chosen offset values.
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Figure 6-10: **Na chemical shifts as a function of Na-halide distance, as determined from the
lattice constant, revealing the influence of the residual halide cages. The shifts plotted include
a 11 ppm correction for the oxygen ligands, allowing exponential fits, as described in the text.

distance NaCl NaBr Nal
dependence of Alppm ro/A | -A/ppm 1o /A | -A/ppm 1o /A
diso (EXP) 1260 0.63 1110 0.68 1930 0.65
diso (GAUSS. 6-ring) 800 0.65 1120 0.67 5900 0.51
3iso (GAUSS. NaHal) | 3100 0.57 3200 0.61 1300 0.78
ZSZ [Ref. 72] 51 0.35 32 0.36 31 0.38
Table 6-111: Fitting parameters for exponential decay functions of experimental and

calculated sodium shifts, as well as literature values.

While trends in the fitting parameters are not obvious, the de-shielding caused by the halide at
a fixed distance increases with atomic number and decreases with increasing Na-halide
distance. It also becomes more sensitive to this parameter with increasing atomic number of
the halide ion. Overall the trends in the magnitude of the computed de-shielding contributions
are in good agreement with the experimental results. The computed sodium shieldings for
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iodo sodalites, however, deviate from the experimental data, which is due to the fact that
because of computational limitations only the less extensive and non relativistic basis set SDD
was used.

The summed squared overlap integrals, which should be proportional to the shielding,
generaly show much smaller characteristic lengths ro. However, they have been tested only
for the equilibrium interatomic distances in the halide salts, where they qudlitatively agree
with the absolute shielding values found experimentally. The only distance dependent data

included into the model were pressure dependent resonance shifts of Rb and Cs halide salts. 74

6.2.3 Halide Chemical Shift Trendsin the Mixed Sodalites

Concerning the halide resonances, the chemical shifts compared to the 1 M agueous solutions

27| Since

decrease from —123.5 ppm for *Cl to —220.6 ppm for ®Br to —256 ppm for
experimental estimates for the chemical shifts of al free haide ions are not available,
exponential fits of the data would lead to more or less arbitrary values for A;, r; and &.
Therefore the fitted halide chemical shifts were fitted in Figure 6-11 with linear expressions,
the slopes of which increase from *Cl to ®Br and further to **'I always by a factor of about
two from 17 ppm/A to 35 ppm/A and to 75 ppm/A, respectively. This increased sensitivity

with increased atomic number agrees with genera shift trends in the Periodic Table.

The halide centers of the sodalite cages might also be viewed as molecular fragments present
in hypothetical halide salt polymorphs with tetrahedral (instead of octahedral) coordination
geometry. When the chemical shifts of the sodalite halides, corrected for their different Na-
halide distances by the linear fits from Figure 14 are compared to the chemical shifts of the
rock-salt like halide salts, the differences (8dsop - Onana) Of —77.8 ppm, -210.5 ppm and -456.6
ppm for *°Cl, ®Br and **I, respectively, indicate, that the chemical shifts in the rocksalt
structures are much more paramagnetic than those of the isolated tetrahedral fragments. The
reason for this large effect can be attributed to the strong deshielding contribution arising from
the anion-anion overlap in the rocksalt structures, which is absent in the sodalites.
Furthermore, these data illustrate the dramatic increase of the anion-anion overlap effect with

increasing atomic number of the halide.
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Figure 6-11: Experimental NMR chemical shifts of 35CI, *Br and **'| as a function of Na-
halide distance, as computed from the lattice constants in all the sodalite solid solution
samples according to Equation 3-4.

6.3 lon Mobility

Similar to the situation in sodalites, sodium ions in zeolites also occupy six-ring windows,
where it has been an open question whether or not they are capable of performing jumps along
the symmetry axis of the six ring window. Due to the m symmetry of this process, no changes
in the quadrupolar coupling constant can be expected in zeolites or dry sodalites. Thus mixed
halide sodalites offer the opportunity to study this process, sincein a 1:1 mixed CI/Br sodalite,
50% of each sodium species (in the Cl and Br cages, respectively) would change their bond
partner and therefore experience different chemical shielding before and after the jump. In
mixed Cl/Br sodalites, the two resonance lines of sodium speciesin Cl and Br cages are well
separated, which makes them an ideal probe for this process. Figure 6-12 shows the results of
thisinvestigation on the basis of temperature dependent MAS-NMR studies.
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Figure 6-12: High temperature study of mixed ClI/Br sodalite with a 1:1 halide ratio. a)
temperature dependent *Na MAS NMR, recorded at 105.81 MHz with spinning speeds of
6500 KHz. b) Fitting curves of the 550 K ?*Na spectrum from a. c) resonance shifts of the
sodium resonances portrayed in a). The diamonds represent sodium in Cl-cages, the squares
represent sodium in Br cages and the circles give the position of a third line which had to be
introduced into the 500 and 550 K spectra to reproduce the experimental lineshape.

As can be seen from this figure, the frequency difference between the two sodium resonances
decreases with increasing temperature. Over the range of these temperatures, the 2’Al
resonance shifts from 63.48 ppm at 300 K to 62.60 ppm at 550K. The ®'Br resonance shifts
from —219.5 to —217.8 ppm. The sodium resonances shift by 2.48 and 1.44 ppm for Br and Cl
associated sodium, respectively. Neglecting direct thermal influences on the shift, the 2’Al
shift suggests an increase in lattice constant from 8.92 A to 8.96 A, which theoretically goes
along with an increase of the average Na-O distance of about 0.1 A. At room temperature
such an increase would correspond, according to the relations derived above, to low-
frequency displacements of the sodium resonances by 2.4 and 1.9 ppm for the Br and Cl sites,
respectively. This is in good agreement with the experimental shift trends found, however,
deviations especially in the spectrum at 550K are noticeable. In this temperature range it is
necessary to introduce a third sodium resonance at an intermediate chemical shift to fit the

experimental data. This extra sodium line is attributed to sodium ions that are exchanging fast
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on the NMR timescale between both halide environments. From the frequency separation we
can conclude that for afraction of the sodium ions the hopping rate at 550 K is faster than 400
Hz.

Although these findings are yet an initia indication of sodium mobility, they reveal that the
mixed CI/Br sodadlite is a good probe for investigating such hopping processes, and that a
more detailed study of this case is possible as soon as equipment for higher temperatures is
available. It is interesting to note that the ®'Br resonance at 550 K is shifted to higher
frequencies, compared to the 300 K spectrum. Since the paramagnetic deshielding of sodium
decreases, this is aso expected for bromine. The opposite trend observed is on the other hand
likely to be caused by reduction of the asymmetries in the lattice and therefore the
guadrupolar coupling constant of the central cage species at higher temperatures. Thus, the
guadrupolar shift is a low frequency shift and its reduction can explain the high frequency
shift observed.
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7 Topotactic Transfor mations of the Sodalite L attice

As dready described in Chapter 1, it is possible to exchange the HsO, anion and a
corresponding sodium cation by four molecules of water, by boiling the sodalitesin a slightly
acidic (pH = 6) environment for up to a day. The water can then be removed at 400°C under
vacuum, which causes a severe expansion of the lattice. Exposure to sodium vapor then leads
to incorporation of sodium atoms forming Na,>* centers. The procedure is sketched in Figure
7-1.

vacuum sodlum
680 K vapor \\
<’ > < §> %\—' i
basic SOD hydro SOD dry SOD electro SOD

Figure 1-1: visualization of the changes in the sodalite cage during the topotactic exchange
of the extra- framework species. Inside the cage, only sodium ions (light) and oxygen atoms
(dark) are shown for simplicity.

7.1 Experimental Lattice Constants

7.1.1 Halide/Hydro Sodalites
The exchange of the basic for hydro centers in these mixed sodalite series also changes the

|attice constants as portrayed in Figure 7-2.
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Figure 7-2: Lattice constants of the three mixed halide/hydro sodalite systems. Note that the
|attice constant of pure hydro sodalite is 8.844 A violating Vegard' srule.
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While for Cl/hydro sodalites and Br/hydro sodalites the lattice constant decreases with
increasing halide content, the 1/hydro sodalites show the opposite trend. Furthermore mixed
I/OH sodalites with iodine contents between 20% and 80% could not be synthesized as pure
phases. For al soddlites, the |attice constants seem to approach a value around 8.99 A for the
pure hydro sodalite. This value stands in marked contrast to that of pure hydro sodalite (8.844
A). Apparently these mixed phases do not obey Vegard's rule at their lowest halide
concentrations. Figure 7-2 implies that the water containing cages appear to have different
equilibrium sizes in the pure and the mixed phases. Table 7-I illustrates that the
concentrations calculated from the relative mass losses of those samples, according to
Equation 4-1b, agree well with those compositions inferred from XRD data of the parent
mixed Br/basic sodalites. This result suggests that the washing procedure used to remove
NaOH from the cages does not alter the halide content.

Sample Xray: Br/basic SOD | TGA: Br/hydro SOD
abbr. code |[cell edge Br fract.(%)|mass loss Br fract.(%)
a) H209 | 8.936A 98 0.25% 98.2
b) H214 | 8.926A 76.2 2.60% 81.1
C) H183 | 8.922A 67.5 5.93% 62.6
d) H200 | 8.919A 61 6.69% 55.4
e) H182 | 8.913A 47.9 8.67% 38.6
f) H199 | 8.908A 37 9.60% 32.3
g) H172 | 8.897A 13 12.79% 11
h) H227 | 8.891A 0 14.10% 2.4
error +0.002A +6 +0.40% +3.9

Table 7-1: Comparison of halide contents by XRD and TGA assuming four water molecules
per hydro cage. The agreement is within the experimental error. The dight systematic
overrepresentation of hydro cages from TGA is most likely due to an unspecific mass loss
around 100°C due to surface water.

All halide contents given in Table 7-1 are in good agreement with each other, indicating that
the water content per cage is the same throughout the whole mixed Br/hydro sodalite series.
Thus, the reason for the extreme contraction of sodalite cages in pure hydro sodalite is not
related to the water content. This point will be investigated below by various NMR

techniques.

7.1.2 Halide/Dry Sodalites
The whole Br/hydro series and selected samples of mixed Cl/hydro and I/hydro sodalites were

dried under the conditions mentioned above, yielding halide/dry sodalites. While the structure
of pure dry sodalite is distorted (space group Pnc2) and thus non-cubic, departures from the
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cubic symmetry could not be found in any of the mixed halide/dry sodalites prepared,
however, the peaks in the x-ray diffraction patterns are somewhat broader than those for
halide/basic and halide/hydro sodalites. The observed lattice constants of Cl/dry, Br/dry and
I/dry sodalites are given in Table 8-1 in the Appendix.

In the case of halide/dry sodalites, Vegard'srule is again obeyed within the precision limits of
the measurements. The lattice constants of the members of all three series of mixed halide/dry
sodalites are, according to their compositions, the weighted averages of the lattice constants of
the pure phases. The lattice constant for a hypothetical pure dry cubic sodalite at room

temperatureisa = 9.1 A, yielding the same Z as the other cubic sodalites.
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halide fraction in sodalite crystallites /%

Figure 7-3: Lattice constants of the three mixed halide/dry sodalite systems. The lines mark
perfect obedience of Vegard's rule. The actual mixed halide phases deviate sightly from
Vegard's rule, but these deviations still fall within the experimental error. Data points are
presented only for those sodalites, which where doped with sodium and are further
characterized in Chapter 9.

8.92 4

7.1.3 Halide/Electro Sodalites
For the halide/electro sodalite series, so far only preliminary x-ray datais available due to the

fact that pure phase samples were only available recently. The halide/electro sodalites are
highly air-sensitive and since x-ray diffractometry is surface sensitive, datais easily corrupted
by surface oxidation, even if this is hardly visible in NMR. A discussion of |attice constants

determined from NMR experiments can be found in Chapter 9.



Chapter 7 : Topotactic Transformations of the Sodalite Lattice 74

7.2 Discussion

When the water molecules are removed from the cages of hydro-sodalite, the sodaite
framework expands rather than contracts. Similarly, the lattice of salt-free sodaite is
expanded in comparison with that of salt-bearing sodalites. The underlying reason for this
unusual behavior is the Coulomb repulsion between the charge compensating alkali cations.
In the absence of the central anion or some polar molecular species such as water, the
unscreened Coulomb repulsion pushes the alkali cations away from the center of the sodalite
cage. This in turn increases the average Al-O-Si bond angle leading to lattice expansion.
Because of the unusually large Al-O-Si bond angles, the aluminosilicate framework of dry
sodalite is strained and eager to absorb small atoms or molecules that can help screen
Coulomb repulsion.

The above considerations can help rationalize the observed trends in the lattice parameters of
mixed sodalites shown in Figures 7-2 and 7-3. In the halide/basic mixed halide sodalite series,
Coulomb repulsion between sodium cations is screened in both cages, which allows lattice
contraction to the point required to accommodate the two different central anions. Contrary to
this, in the halide/dry series there is an apparent competition between two opposing forces.
Coulomb repulsion is efficiently screened in halide cages, thus allowing for their contraction,
but not in dry cages hence favoring their expansion. The repulsive forces prevail in al the
three series for the whole lattice expands monotonically as the halide content decreases. The
trends in the lattice parameters of the halide/hydro series are more complex. The Coulomb
repulsion of the sodium cations in hydro cages appears to be screened to some extent, yet
repulsive forces prevail so that the Cl/hydro and Br/hydro lattices expand dlightly with the
decrease of the halide content. It appears that such atrend persists for the entire solid solution

series except at its very end where the lattice of hydro cages suddenly shrinks.
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8 Mixed Salt-bearing/Salt-free Sodalites

The mixed halide/salt-free sodalites discussed in Chapter 5 and 7 were investigated by NMR
similar to the mixed halide sodalites in Chapter 6. The substantial difference between these
two types of sodalites is that the tetrahedral symmetry of the extra framework species is not
preserved for the salt-free cages. While in halide/basic sodalites only the symmetry of the
anion H3zO,™ does not confor  with the tetrahedral sy  etry in halide hydro and halide basic
sodalites vacant sodium sites occur, which, since they are directly coordinated to the
framework are also likely to break the framework symmetry. The main focus in this study has
been placed on the Br/salt-free sodalite systems and the more extensive experiments have
been performed on these series. Nevertheless room temperature NMR spectra will be
presented for all 9 mixed salt-bearing/salt-free sodalite systems to show halide dependent
similarities and differences between these groups of sodalites.

Although an extensive amount of datais presented in this chapter, all of the data are discussed
jointly to demonstrate the close relationship between the NMR parameters for al the nuclei
used in these systems. First the basic 1 D room temperature NMR data will be presented for
each NMR isotope and supplemented by 2D and VT data to identify the observed resonances.
In the subsequent sections trends in the NMR parameters and their correlation with structura
properties will be discussed. Finally, NMR data relating to ionic mobility will be presented.
The extracted NMR parameters corresponding to the NMR spectra shown in this Chapter are
listed in Table 8-1 in the Appendix.

8.1 Observation and Assignment of NMR Resonances

8.1.1 Al MASNMR

In cubic sodalites, with identical extra framework species of tetrahedral symmetry, aluminum
has only one crystallographic site, located at the joint of four adjacent sodalite cages. In mixed
sodalites, however, the degeneracy of the aluminum site is removed thus potentialy giving
rise to multiple environments associated with different cage occupancies. As shown in
Chapter 7, this removed degeneracy is not detected by ’Al MAS NMR if the extra framework
species differ only in their central anions, but not in their symmetry. From Figure 8-1, 8-2 and
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8-3 it can be seen that thisis no longer true, if the symmetry of the extra framework species
changes along the series halide/basic  halide hydro  halide dry

Each of the first columns of Figure 8-1 to 8-3 shows the Al MAS-NMR spectra of the
respective halide/basic series. In al cases only a single resonance with a nearly symmetric
lineshape was found, whose full width at the half maximum (FWHM) varies between 80 and
270 Hz. Evidently the chemical shift differences between the various #’Al sites are smaller
than the inhomogeneous broadening caused by solid solution disorder, thus no resolved
resonances are detected. While for the Cl/basic sodalites, the chemical shift of the #Al
resonance remains constant at 64.5 ppm, for the Br/basic and I/basic sodalites, it shifts
linearly to higher frequencies (from 63.4 to 64.5 ppm for Br/basic and from 61.4 to 64.5 ppm

for I/basic sodalites) with decrease of the halide content.

I: Cl/basic II: Cl/hydro I1: Cl/dry
N\ \ |
W N
c)L k k
A AN
70 60 50 70 60 50 80 50 20

Figure 8-1. ?’Al MASNMR spectra (observed at 130.28 MH2) of the Cl/basic, Cl/hydro, and
Cl/dry series. The percentages of chloro cages, identical for all three series within the same
row, are as follows: (a) 98%, (b) 73%, (c) 45%, (d) 16%, (e) 0%.
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Figure 8-2. ’Al MASNMR spectra (observed at 130.28 MH2) of the Br/basic, Br/hydro, and

Br/dry series. The percentages of bromo cages, identical for all three series within the same
row, are as follows: (a) 98%, (b) 78%, (c) 67%, (d) 61%, (€) 45%, (f) 36%, (g) 10%, (h) 0%.
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Figure 8-3. ?’Al MAS NMR spectra (observed at 130.28 MHZz) of the I/basic, I/hydro, and

I/dry series. The percentages of iodine cages, identical for all three series within the same
row, are as follows: (a) 98%, (b) 86%, (c) 9%, (d) 0%.
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As shown in Figure 6-2, the substitution of HsO, by Br or | anions expands the sodalite
lattice and thus increases the average Si-O-Al bond angle, which changes the isotropic
chemical shift of the 2’Al resonance to more positive values (less de-shielding), as discussed

below. Simultaneously Po remains unchanged at 0.8 + 0.1 MHz in agreement with previous

studies on the end-members of this series.52:85 This indicates that the ion substitution does
not ater significantly the electric field gradient (EFG) around the aluminum site, consistent
with the fact that al the sodalite cages in the Br/basic series contain a central anion and four

Na' cations.

The ?’Al NMR spectra of the halide/hydro and halide/dry series are given in column I1 and 111
of the latter three figures. These spectra display two distinct resonances that are more widely
separated in the halide/dry series. While the high-frequency resonances in al series are
narrow and nearly symmetric, the low-frequency resonances show a marked shape asymmetry
indicating strong second order quadrupolar coupling.

In the halide/hydro series (with the exception of pure hydro sodalite), the chemical shifts
range between 64.5 and 62.2, 63.4 and 62.4, and 61.4 and 61.8 ppm for Cl/hydro, Br/hydro
and I/hydro sodalites, respectively. The Pg values of these series increase from 0.8 to about
1.6 MHz with decreasing halide concentration. The low frequency resonance, which for the
low halide containing sodalitesis only visible as a shoulder becomes more pronounced for the
low halide containing species. For sample 8-211f the 2’Al TQMAS NMR spectrum as shown
in Figure 8-4b reveals the multiple site character of the 1D spectrum, where two aluminum
sites with Pg values of 1.6 MHz and 2.1 MHz for the high and the low-frequency resonances
can be detected. Note that both resonances have the same chemical shift within the
experimental error. While at room temperature, the low frequency resonance although having
only one peak might consist of multiple components, from temperature dependent NMR data
between 273 and 373 K, as shown in Figure 8-4a, two symmetric resonances can be
distinguished, indicating that at 373 K only two sites can be identified.

The 2’Al NMR spectrum of pure hydro sodalite shows one resonance which is characterized
by a chemical shift of 65.6 ppm and a strong high-frequency shoulder. As shown in Figure 8-
5b the TQ MAS spectrum only resolves only one site, but indicates a distribution of
guadrupolar coupling constants. The temperature dependent spectra given in Figure 8-5a show
that the low-frequency shoulder decreases with increasing temperature. At 373 K only one

Al resonance, which is nearly symmetric and narrow can be observed. Thus from an NMR
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point of view, in contrast to the Br/hydro sodalite, pure hydro sodalite has only a single

aluminum site.

- 55

- 60

- 65

=70

F1

I | : III75
70 60 50 ppm 70 65 60 55 ppm

Figure 8-4: a) temperature dependent 2’Al MASNMR at i) 273 K, ii) 323 K and iii) 373 K of

the Br/hydro sodalite sample corresponding to Figure 8-211f. b) Al TQ MAS NMR spectrum
of the Br/hydro sodalite sample with 11% of bromo cages (Figure 8-2I11f)

a) )

JL 55 F1
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Figure 8-5: a) temperature dependent Al MASNMR at i) 273 K, ii) 323 K and iii) 373 K of
pure hydro sodalite (e.g. Figure 8-2I1h). b) 'l TQ MASNMR spectrum of the same sodalite.

In the halide/dry series, two well separated 2’Al resonances occur. The low frequency ones are
narrow and have chemical shifts ranging between 64.6 and 58.5, 63.4 and 58.5 and 61.4 and
58.5 ppm for the Cl/dry, Br/dry and I/dry series, respectively. The Pg values of these series
increase between the pure halide sodalites and the low halide halide/dry sodalites from 0.8 to
about 1.6 MHz. The low frequency resonances are broad and have a pronounced, but smeared
lineshape, thus thelr characterization had to be undertaken by TQ MAS NMR. A
representative spectrum is given in Figure 8-6a
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a) F2
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spectrum of the same

sample (solid line), the
simulated spectrum (dashed
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into the two line

components (dotted curves).

. Both spectra were observed
100 50 0 at 104.22 MHz.

Figure 8-6a shows the ’Al TQMAS spectrum of sample 8-2111f from the Br/dry series where
the two aluminum sites are clearly differentiated on the basis of their Pg values. As will be
elaborated in more detail in the Discussion section, the very large P value of the low-
frequency resonance (4.4 MHz) indicates a substantial distortion of the tetrahedral auminum
environmentsin that series. Using the Hamiltonian parameters derived from this experiment a
satisfactory simulation of the MAS lineshape can be achieved, as shown in Figure 8-6b. Both
the MAS and the TQMAS results suggest the presence of a distribution of Pqg values thereby
limiting the precision with which the average values can be determined. Within the Cl/dry and
I/dry series, the same trends are observed for the low frequency resonance. The chemical

shifts range between 60 and 58 ppm and will be discussed in more detail below.

The Al MAS NMR spectrum of pure dry sodalite merely shows one resonance. This
resonance with a center of gravity at 52 ppm is comparable to the low-frequency resonance in
the Al NMR spectra of mixed halide/dry sodalites. However, it has a detailed structure,
indicating an overlap of several resonances due to different auminum sites. The Al TQ
MAS NMR spectrum, shown in Figure 8-7a, supports the assignment. A possible fit to the
NMR spectra is given in Figure 8-7b. The three aluminum sites have quadrupolar coupling
constants of 3.5, 4.6 and 54 MHz with chemica shifts of 58.0, 59.0 and 58.5 ppm,
respectively. The observed integrated intensities decrease with increasing quadrupolar

coupling constants in the order of 1.0 : 0.78 : 0.48. It has to be taken into account, however,
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that the fraction of signa with strong quadrupolar coupling found in the centra MAS
resonance decreases with increasing quadrupolar coupling constant. An approximation of this

effect, based on a method developed by Massiot39 yields correction factors of 0.2, 0.15 and
0.12 resulting in aratio of 1: 1.04 : 0.80, for the latter resonances, which supports comparable

populations of all three sites in the sample. This finding is in good agreement with a recently

published room temperature structure of dry sodalite and will be discussed further below.13
The small high-frequency shoulder of the overall lineshape can be ascribed to a negligible
number of cages from which the fourth sodium has not been removed during the process of
topotactic transformation. While the chemicals shift of this site is aso around 58.5 ppm, it
does not show quadrupolar broadening.

Figure 87: a) -'Al TQ MAS
NMR spectra of dry sodalite
acquired at 104.22 MHz. The

a) F,

55

] r5\~\ﬁ F, slices corresponding to the
60 1)

] S 2 resonances are given below.
65 D o o\ 3 27

] =7 b) = Al MAS NMR spectrum of
70_; the same sample (solid line)
78 S T observed at 130.28 MHz

corresponding to Figure 8-
2I11h. The lineshape could be
simulated by three

overlapping quadrupolar
broadened contributions (see
text). The high-frequency
shoulder is most likely due to
rather  undistorted AlO,
tetrahedra resulting from
residual cages with four extra

framework sodium ions. (see

arrow)
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8.1.2 The Halide NMR Spectra

The mixed sodalites considered in this study are expected to have only one halide site where
the anions are coordinated by four Na" cations in atetrahedral geometry.

I: Cl/basic I1: Cl/hydro [11: Cl/dry
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Figure 8-8: °CI MAS NMR spectra (observed at 48.99 MHZ) of the Cl/basic, Cl/hydro, and
Cl/dry series. The percentages of chloro cages, identical for all three series within the same
row: (a) 98%, (b) 73%, (c) 45%, (d) 16%.

The *Cl resonances of Cl/basic sodalites are given in Figure 8-8l and vary only very little (
=-123.3 £ 0.1 ppm) in chemical shift. Their linewidths increase from 120 Hz to 240 Hz from
pure Cl to 45 % and 16% Cl containing sodalites. The intensity of the resonances decreases
with decreasing Cl content in the sample, which is visible in the increased S/N ratio, although
for sample 8-8ld four times as many FIDs were acquired compared to 8-8la. In the series of
Cl/hydro sodalites (Figure 8-8Il), the chemical shifts decrease from -123.3 ppm to -126.7
ppm. Also the linewidth of the latter sample increase from 120 to 400 Hz. The change of
chemical shifts and linewidth with the halide concentration is most obvious for the Cl/dry
sodalites portrayed in Figure 8-8l11, where the chemical shift decreases from -123.3 ppm to -
131 ppm and the linewidths increase up to 1800 Hz. The Pq values as determined from field
dependent NMR increase corresponding to the linewidths from 0.3+ 0.2 MHz to 1.5+ 0.5
MHz. Asfor the mixed halide sodalites, these values have been determined for the peak of the
lineshape and thus do not necessarily represent the average Pq values. Also the lineshape

indicates awide distribution of quadrupolar coupling constants around the average value.
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Figure 8-9: *'Br MASNMR spectra (observed at 135.03 MH2z) of the Br/basic, Br/hydro, and
Br/dry series. The percentages of bromo cages, identical for all three series within the same
row, are as follows: (a) 98%, (b) 78%, (c) 67%, (d) 61%, (€) 45%, (f) 36%, (g) 10%.

The 8Br MAS NMR spectra of the Br/basic sodalites (Figure 8-91) also show only a single
resonance. The ®'Br Po values scatter around 0.6 + 0.2 MHz, reflecting only weak
quadrupolar coupling in this series. Nevertheless, the random distribution of the two anionsin
the Br/basic series produces some disorder, as reveded by line broadening effects due to
distributions of chemical shifts and/or Pq values for each sample. The 8By isotropic chemical
shifts increase linearly with the decrease of the bromine content, ranging from -221 to -217.5
ppm. Samples of the Br/hydro series (Figure 8-911) also have single peak ®'Br spectra but the
chemical shift variation with bromine content is opposite to that in the Br/basic series,
reaching dcs = —226 ppm at the lowest Br content. Concomitantly the Pq values increase from
0.5t02.2 MHz.

The ®Br MAS NMR spectra of Br/dry-sodalites (Figure 8-9111) show one dominant resonance
with isotropic chemical shifts between -220.4 and -235.8 ppm. While the Pq values for this
series are small and increase only dightly with decrease of the bromine content (0.6-0.8
MHz), there is a dramatic increase in the resonance linewidth (from 250 to 2400 Hz at 11.7T).

Furthermore samples having bromine contents below 70% display complex asymmetric
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lineshapes, where the low-frequency side of the resonance extends up to —350 ppm. While
such spectroscopic features are indicative of strong quadrupolar coupling, the excessive
broadening suggests a wide distribution of interaction parameters precluding a more detailed

analysis with simulation routines.
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Figure 8-10: | MAS NMR spectra (observed at 100.04 MH2z) of the I/basic, I/hydro, and

I/dry series. The percentages of iodo cages, identical for all three series within the same row,
are asfollows: (a) 98%, (b) 86%, (c) 9%.

The | resonances, displayed in Figure 8-10, generally show similar trends as observed
above and in Chapter 7. Due to the trend of phase separation in these systems, single-phase
samples with only very high or very low iodine concentration are available. While the data for
the lowest iodine concentration can hardly be evaluated due to the low signal to noise ratio,
the 86% | containing sodalite shows **’I resonances similar to the ones of pure I-sodalite but
with about twice the linewidth. The **'I spectrum of the 86% I/dry sodalite shows a strong

low-frequency shoulder indicating awide distribution of quadrupolar coupling constants.

8.1.3 Sodium

Other than in the mixed halide sodalites, where sodium is aways coordinated by three
framework oxygen atoms and the halide ion, sodium in salt-free cages occurs in three
substantially different environments. In order to assign these resonances it is necessary to first

discuss these different coordinations of the sodium environments as portrayed in Figure 8-11.:



Chapter 8: Mixed Salt-bearing/Salt-free Sodalites 85
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Sodium cations in halide cages (Figure 8-11A) are coordinated by three framework-oxygen
atoms and one bromine anion. Within basic cages Na' cations are surrounded by the three
framework-oxygen atoms and one extra-framework oxygen (Figure 8-11B). According to low
temperature crystallographic data on pure basic sodalite, this extra-framework oxygen, a part

of the HsO, anion, is separated from the Na’ cation by 2.4 A12 |n hydro cages, sodium is

surrounded by three framework-oxygen atoms at a distance of about 2.5 A and three (out of

four) water molecules at similar distances (Figure 8-11C).12 Finally, sodium cations in dry
sodalite cages are coordinated by the three framework-oxygen atoms at a distance of 2.355 A
and three additional ones at distances of about 2.95-3.05 A of the same 6-ring (Figure 8-11D).
Due to the lack of coordination from the direction of the cage center, the four-coordinated
environment, as preserved for the earlier sodium sites in halide cages, is completely removed

for sodium in dry cages.

The NaMAS NMR spectra of the halide/basic series are presented in Figure 8-121 to 8-14.
From the compositional trends it is obvious that the high-frequency resonances have to be
assigned to sodium in halide containing cages, while the low frequency resonances can be
assigned to sodium in the different salt-free environments. As expected in Cl/basic sodalites
the resonances from sodium in halide and basic cages overlap strongly. In fact, in this series,
the resonance shifts are very similar and can only be deconvoluted due to the much broader

lineshape of the 2Na resonance from basic cages. In addition peaks at about —3 and —10 ppm
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are visible in severa spectra of this series. These resonances result from sodium in hydro
cages and sodium hydroxide on the crystallite surfaces, respectively. The latter resonance
disappears quickly, when the sample is rinsed with distilled water. Unfortunately, this also
leads to an exchange of basic for hydro cages, topotactically transforming the material, and
changing the lattice parameters. In order to avoid the latter effect, the impure sodium spectra
had to be accepted. The fraction of the Na resonance assigned to sodium in hydro cages is
lessthan 5 % in al spectra, although to the eye of the reader it might appear stronger, whichis
due to the underlying broad lineshape from sodium in basic cages.

i
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Figure 8-12. “Na MAS NMR spectra (observed at 132.26 MH2) of the Cl/basic, Cl/hydro,
and Cl/dry series. The percentages of chloro cages, identical for all three series within the
samerow, are: (a) 98%, (b) 73%, (c) 45%, (d) 16%, (e) 0%.

The #Na NMR spectrum of the halide/basic sodalite sample containing 98% Br anions
(sample 1-a) is characterized by a chemical shift of 7.5 ppm and a Pq of 0.7 MHz, in good

agreement with the literature.52 For lower bromine contents, the determination of Py values
by the two-field method becomes more difficult owing to extensive peak overlap.
Neverthel ess approximate Pq values of 0.7 + 0.1 and 0.6 + 0.2 MHz can be estimated for “Na

sites in bromo and basic cages, respectively.
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Figure 8-13. “Na MAS NMR spectra (observed at 132.26 MHZ2) of the Br/basic, Br/hydro,
and Br/dry series. The percentages of bromo cages, identical for all three series within the
same row, are: (a) 98%, (b) 78%, (c) 67%, (d) 61%, (e) 45%, (f) 36%, (g) 10%, (h) 0%.
Spinning sidebands are marked by asterisks.
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Figure 8-14. “Na MAS NMR spectra (observed at 132.26 MHZz) of the I/basic, I/hydro, and
I/dry series. The percentages of iodo cages, identical for all three series within the same row,
are: (a) 98%, (b) 86%, (c) 7%, (d) 0%.
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In the I/basic sodalite series, a strongly quadrupolar broadened lineshape ( Cq = 1.75 MHz )
can be observed and assigned to sodium in iodine containing cages similar to the case of
mixed halide sodalites in Chapter 7. The chemical shift of this resonance changes from 7.6
ppm in pure I-sodalite to about 10 ppm for the sample with the lowest iodine concentration.
The latter spectrum is dominated by a broad symmetrical resonance similar to the ®Na
resonance of basic sodalite. High and low-frequency shoulders are observed, which can be
attributed to sodium in iodo and hydro cages. Due to the strong overlap and the low overal
intensity, it was not possible to extract quadrupolar coupling or chemical shift data for the
latter two peaks.

The Na MAS NMR spectra of halide/hydro-sodalites in Figure 8-1211 to 8-1411 show two
resonances assigned to sodium in halide and hydro cages, whose lineshapes are well
separated from each other. The resonances from sodium cations in hydro cages are
characterized by Pq parameters between 1.5 and 1.7 MHz, as determined by both the two-field
method and TQ MAS NMR (see Figure 8-15a and b). The resonance shift of the latter
resonance changes between —5.5 ppm in I/hydro sodalites (Figure 8-1411b) and —2.2 ppm in
Cl/hydro sodalites (Figure 8-12l1b). This effect can mainly be ascribed to changes in the
guadrupolar coupling parameters, while the chemical shifts of the latter resonances only vary
between —1 and 0 ppm. For pure hydro sodalite we obtain o = 0 + 0.1 ppm and P = 1.1 +
0.1 MHz.

The sodium resonances originating from halide occupied cages change according to the cage
diameter similar to the case of mixed halide sodalites and will be discussed below.

a) b) Figure 8-15: ®Na TQ MAS

/\ F2 /\/\Fz NMR spectra observed at
- -5 ] 105.81 MHz. a) Br/hydro
- 0 -104 sodalite corresponding to
L5 . - Figure 8-13IIf. b) Cl/hydro
10 . FEs F sodalite corresponding to
F1 104 F1 -
: . . . ' . Figure 8-12lic.
100 5 0 -5 ppm 10 0 -10  ppm

The ®Na NMR spectra of halide/dry sodalites (Figure 8-12I11 to 8-14l11) show two dominant
lineshape components. Again the high frequency resonances can be assigned to sodium
cations in halide cages. For sodium in Cl/dry sodalites, the largest variation of resonance
shifts between 6.5 and —5.7 ppm is observed, resulting from chemical shifts between 7.0
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and —2.4 ppm and quadrupolar coupling constants between 0.4 and 1.5 MHz from pure Cl to
16% CI containing Cl/dry sodalites, respectively. For Br/dry sodalites quadrupolar coupling
constants between 0.7 and 1.8 MHz with corresponding chemical shiftsof 0.5to 7.4 ppm are
observed, for pure Br and 9% Br containing Br/dry sodalites. The MAS lineshapes, recorded
a 529 MHz in this series, revea a strong peak asymmetry indicating a superimposed
distribution of Pq values for this site (data not shown). While the quadrupolar lineshape of
nearly pure iodine sodalites is well resolved, reflecting Cq = 1.75 MHz, the presence of dry
cages causes distortions to this resonance, first removing the singularities for the *Na
spectrum of the sample containing 15% dry cages and creating a broad hump in the case of the
sample containing 92% dry cages. While NMR parameters cannot be well extracted from
these spectra, it appears, as if the chemical shift as well as the quadrupolar coupling constants
increase along with an increasing fraction of dry cages.

The second lineshape component, characterized by strong second-order quadrupolar
broadening effects, is attributed to sodium ions located in dry cages. The corresponding
lineshape can be simulated with quadrupolar coupling constants between 5.4 and 5.8 MHz

and asymmetry parameters close to zero (see Figure 8-16). These results are consistent with

values previously published for pure dry sodalite (Po = 5.9 M Hz).67

Figure 8-16: 132.26 MHz spectrum
of Br/dry sodalite with 10 % of
bromo cages (Figure 8-13lllg)
(solid line), simulated spectrum
(dashed line), and de-convoluted
lineshape components belonging to
sodium in A: bromo cages, C:
hydro cages and D: dry cages
(dotted curves).

It was also possible to obtain a*Na TQ MAS NMR spectrum of this 11% bromine containing
Br/dry sodalite as shown in Figure 8-17. Maximum rf-power had to be used and 2048 FIDs
per t; slide had to be acquired to this end. Although the strong quadrupolar lineshape
dominates the 1 D spectrum (Figure 8-13111g) the corresponding intensity is rather small in
the TQ MAS spectrum due to the unfavorable excitation probability of the triple quantum

transition in case of such large coupling constants. Nevertheless, the resonance can be
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observed and a Pq value of 5.8 MHz can be derived from the F; and F, shifts of the center of
gravity. The spectrum aso reveds the 1.8 MHz quadrupolar coupling constant of the
resonance at 4.5 ppm which has been ascribed to sodium in Br cages. The latter resonance
shows a low frequency shoulder, which can either be interpreted as the result of a large
distribution of coupling constants or a superimposed separate resonance with a quadrupolar
coupling constant of 2.5 MHz and a chemical shift of —11 ppm overlapping with the high-
frequency resonance. This signal might result from strongly distorted maybe containing n < 4
water molecules. The peak at F1 = -10 and F2 = -25 ppm might have similar origin, but its
small overal intensity (when corrected for the effect of the quadrupolar coupling constant)

indicates that it should not play a significant role in understanding the 1D NMR spectrum.

ppm ,/\d/___p_vki, Figure 8-17: “Na TQ

MAS NMR spectra of
11% Br containing
Br/dry sodalite acquired
at 10422 MHz The
glices shown below have
F, frequencies of 5 ppm,
10 ppm and 42 ppm,
respectively. At this
F1 point it is not clear, if
! , : . the lower frequency

0 -50 -100 -150  ppm resonances belong to
different dlices or are
just the consequence of

- a distribution of
- quadrupolar  coupling
— 77— parameters.
0 -50 100 ppm

8.2 Discussion of the Observed NMR Spectra.

In addition to the monotonic changes in the structural (lattice) parameters, which affect
chemical shifts of the NMR resonances of both the framework and the extra-framework
species within each series and have mostly aready been discussed along the mixed halide
sodalite series, in this chapter the discussion will focus on the second aspect of the solid
solution effects concerning the electric field gradients produced by the disorder, which gives
rise to additional sites and/or amplified nuclear electric quadrupolar interactions. Thus both of
these aspects will be discussed for al nine solid solution series, considering both the effects

on the framework and the local environments of the extra-framework ions.
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8.2.1 Solid Solution Effects on the Framework

When the water molecules are removed from the cages of hydro-sodalite, the sodalite
framework expands rather than contracts (see Figure 6-1). Similarly, the lattice of salt-free
sodalite is expanded in comparison with that of salt-bearing sodalites. The underlying reason
for this unusual behavior is the Coulomb repulsion between the charge compensating alkali
cations. In the absence of the central anion or some polar molecular species such as water, the
unscreened Coulomb repulsion pushes the alkali cations away from the center of the sodalite
cage. This in turn increases the average Al-O-Si bond angle leading to lattice expansion.
Because of the unusually large Al-O-Si bond-angles, the aluminosilicate framework of dry
sodalite is strained and eager to absorb small atoms or molecules that can help screen
Coulomb repulsion.

As shown above, the topotactic transformations lead to aremoval of the observed equivalence
degeneracy of the aluminum sites. In order to rationalize the existence of several distinct 2’Al
resonances in the Br/hydro and Br/dry series, it is necessary to consider the local aluminum
environments.

Figure 8-18: Aluminum environment in mixed
salt-bearing/salt-free sodalites. While in the
lower and left three salt bearing cages, all
central positions as well as all sodium sites,
which are linked to the oxygen atoms of the
m AlQ, tetrahedra are occupied, this is not the

case in the fraction of the cage in the upper
OAI+3 right corner. However, even if this cage lacks
(OSi*4 | a central anion, the probability of the vacant
& 02 sodium site is only 25%, since still three
@Bl framework-charge compensating sodium ions
— arepresent in the salt-free cage.

As shown in Figure 8-18, each auminum site is located at the joint of four sodalite cages.
Different environments result from different distributions of the two types of neighbors. If the
degeneracy of the aluminums sites is removed by different central anions in the bordering
cages, a binomia distribution of aluminum sites according to the fractions of cage types can
be expected. Figure 8-19 shows several simulations for aluminum site distributions. The
binomial intensity distributions expected for the aluminum sites dependent on different cage
types are given in column b), where the numbers on the x-axes correspond to the number of
salt-bearing cages neighboring the aluminum site. Model b) predicts that the main intensity is

shifted towards aluminum resonances corresponding to fewer salt-bearing neighbors with
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decreasing halide content. In the cases of mixed halide sodalites and mixed halide/basic
sodalites only one aluminum site could be resolved, indicating that these differences do not

affect the aluminum resonances to generate multiple resonances.

a) b) C) d)
98% Jﬂ_ L L L#L
s P P r— 1]
45% J& .- - i ol
33% JK o 7 1
11% JNL - N
0% ./k. : ﬁngﬁl

0 4 3 2 1 0 4 3

80 50 20ppm s

Figure 8-19: a) the Al MAS NMR spectra of Br/dry sodalites with halide fractions
according to the left column. b) probabilities for 4 to O salt free cages neighboring the
aluminum site, according to the halide fraction and binomial distribution. ¢) probabilities of 4
to 0 unoccupied sodium sites neighboring the aluminum site, according to the given halide
fraction and binomial distribution of salt-free cages. d) Same probabilities as in c¢), but with
the restriction of a maximum of one vacant sodium site per associated aluminum atom.

Also, as shown in Figure 8-18, each aluminum atom is bound to four oxygen atoms each
linked to a sodium site in a different sodalite cage. This sodium site is always occupied if the
cage is salt-bearing (or basic), but if the cage is salt-free, however, the sodium site next to the
aluminum-bound oxygen atom is vacant with a 25% probability. Statistically also a
distribution of i = 0 to 4 vacant sodium sites linked to the framework aluminum can be

expected, the probability, P(i) given by:

P(i) = z P(V) E@V %@ E@%g Equ.81

Here P(v) is the probability that v of the 4 neighboring cages are salt-free, according to the
overal halide fraction. While the resulting probabilities given in column c) behave more
similar to the experimental data than the probabilities of column b), the residual probability of

the aluminum environments with four occupied sodium sites for pure dry sodalite is in
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contrast to the observed experimental data. This is an indication that the vacant sodium sites
are not statistically distributed throughout the sodalite lattice. (It should be noted that some
order is of course present due to the fact that each salt-free cage has only one vacant sodium
site. This however, does not necessarily affect the distribution around the aluminum site, since
aluminum is neighboring sodium sites in four different cages, thus still zero to four vacant
sites are possible. While the latter effect affects the probabilities for spatially close other
aluminum sites, these effects are likely to average out statistically over the whole crystallite.)

A distribution where only two possible aluminum sites exist in these systems can be realized
under the restriction that no more than one vacant sodium site neighboring each aluminum are
allowed. The corresponding binary distribution is given in Figure 8-19d. In fact, the
corresponding probabilities agree well with the integrated pesk intensities in the ’Al NMR
spectra of Br/hydro and Br/dry sodalites, after correcting the systematic error arising from the

large differences in the QCC-va ues.39 The occurrence of only two sites is also in accordance
with the 2’Al TQ MAS NMR spectra as shown in Figure 8-6 an 8-4, where only two sites
could be resolved, but the existence of overlapping resonances in the low-frequency lineshape
could not completely be excluded. This conclusion is also consistent with recent structure

refinements of pure dry sodalite13:14 |n this materia the sodium ions are strictly ordered,
such that each auminum site is linked to only one unoccupied sodium site. Thus it can be
concluded that a similar type of short range order exists in the mixed halide/dry sodalites,
while the long range order is disturbed by the halide filled cages precluding observation by X-
ray diffractometry.

Also for mixed halide/hydro sodalites such an order is expected and in agreement with the TQ
MAS and VT NMR data. While at 373 K the *’Al NMR spectrum on 30% Br containing
Br/hydro sodalite shows only two quite narrow resonances, at 273 K the low-frequency
resonance is much broader (see Figure 8-4), what could be caused either by a distribution of
quadrupolar coupling parameters or by overlapping 2’Al resonances. As will be shown below
itislikely that the sodium vacancies are also ordered in this system and a wide distribution of
2’Al quadrupolar coupling parameters occurs as the result of “freezing” water molecules

inside the hydro cages.

As aready shown in Chapter 7, the chemical shifts of the aluminum resonances are correl ated
with the average Al-O-Si bond angles and are therefore dependent on the cell edge of the
sodalite unit cell. So far, the linear relation had only been tested on sodalites with a single

aluminum resonance.
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Figure 8-20: ’Al MAS NMR chemical shift versus average S-O-Al bond angle calculated
from the lattice constant for all three series. The spectra of mixed halide/dry sodalites contain
two #’Al NMR resonances with chemical shifts. The chemical shift of the high frequency
resonances (halide/dry-h) is always plotted in orange and the corresponding shifts of the low
frequency resonances (halide/dry-1) are marked in purple. The small open circles give the
average “’Al chemical NMR shift of each spectrum (see text for details).

Figure 8-20 gives the chemical shifts of all the ?’Al resonances observed in the nine series of
halide-containing sodalite solid solutions. For mixed halide/basic and halide/hydro sodalites,
the correlation of & = 168 ppm — 0.74 ppm/° between average Al-O-Si bond angle and
chemical shift is confirmed, indicating that even in the halide/hydro sodalite series, the
framework isin average not significantly distorted due to the absence of 25% of sodium ions.
While in this series, two 2’Al resonances can be distinguished that still have similar chemical
shifts, the two 2’Al resonances of the halide/dry series are further characterized by significant
chemical shift differences (and quite different Pg values of 1.5 MHz and 4.4 MHz). For these
resonances, the slopes in the plot of chemical shift versus average Al-O-Si bond angle are
significantly smaller than expected from the average Al-O-Si bond angle as calculated from
the lattice constant. The slope aso decreases from Cl/dry to Br/dry to I/dry sodalites. A
similar trend is observed for the low frequency resonances, but at smaller absolute chemical
shift values. Here the experimental error is about £ 1 ppm owing to significant site

distribution effects.
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It turns out that even for halide/dry sodalite solid solutions, the correlation with the average T-
O-T bond angle is maintained, if the weighted average of the chemical shifts of the two #’Al
resonances of halide/dry sodalites are plotted (see open circles in Figure 8.20). This indicates
that the average T-O-T bond angle corresponds to that predicted from locally different lattice
constants, while local deviations from the average T-O-T bond angle are detectible. In order

to rationalize these observation, the Pg values of the various aluminum sites were simulated
on the basis of a point charge model,57 usi ng nuclear parameters given in Table 4-1. While

this model is more suited for ionic environments, it has been shown for other nuclei86:87 that
such an approach is capable of mimicking the effect of electron density distributions in
bonding orbitals within the first coordination sphere. The adjustable parameter in this
procedure is the effective charge on the oxygen atoms, reflecting the polarity of the Al-O
bonds. To reproduce the experimental value of Cq = 0.7 MHz in bromo sodalite, the oxygen
charge had to be adjusted to —1.6e in these calculations. Due to the covaent nature of the Al-
O bond, this value is far from —0.67e that can be derived in ionic systems following the

procedure by Brown and Altermatt.66 This discrepancy shows the limitations of the point
charge model, yet we find this simple model is useful in comparing relative magnitudes of

quadrupolar coupling constants for the different aluminum sites. Following the predictions of

Brown and Altermatt,66 the charge of oxygen next to a vacant sodium site in Br/hydro
sodalite was increased by —0.3e to account for the missing Na-O bond. This resulted in a Cq
value of 2 MHz in good agreement with our experimental findings.

Figure 8-21: Distorted fraction of an
Al3S306-ring. If the attracting sodium ion is
gone, the electrostatic repulsion from the
three oxygen atoms as well as the expansion
of the cage caused by the unscreened
electrostatic repulsion of the remaining three
sodium ions, are likely to move the oxygen
atom away from the center of the cage. For
the computations it was assumed that the
orientation of the S-Al vector remains, while
the T-O-T bond angle increases and the T-T-
A| O angles decrease, causing distortion of the
TO, tetrahedra as well as an increase of the

average T-O-T bond angle.
In order to simulate Pq = 4.4 MHz of the ?’Al site linked to the vacant sodium site in Br/dry

sodalite, one of the four Al-O-Si bond angles was expanded by 22° as indicated by Figure 8-
21. Thiswas accomplished in our simple model by keeping the original orientation of the Al-
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Si vector while increasing the average Al-O-Si bond angle of the aluminum site by about 5.5°.
Within the sodalite lattice such an operation requires dislocation of the T atoms from their

crystallographic sites, which affects other T-O-T but also O-T-O bond angles. According to

Vogel et a,83 the change in the O-Si-O bond angle affects only the chemical shift
anisotropies, but not the isotropic values. Projecting these findings to the 2’Al NMR shifts of
our system as shown in Figure 8-20, we propose that the chemical shift difference between the
two auminum sites in the halide/dry series arises from differences in the average Si-O-Al
bond angles. In this case, the 3.3 ppm difference in chemical shift observed for the two 2’Al
resonances corresponds to a difference of about 4.5° in average Al-O-Si bond angle of the two
sites. This is in reasonable agreement with the difference in average T-O-T angles (5.5°)
deduced from the analysis of the quadrupolar interactions. The smaller slopes observed in
Figure 8-20 for each site within the halide/dry series suggest that these angles change only
dlightly. For these series, the main compositional effect concerns the population ratio of these
sites. As noted above, the universal correlation of chemical shift with the average Al-O-Si
bond angle is still obeyed, however, only if the average shift of both sites, weighed by their
population ratio is plotted.

8.2.2 Solid Solution Effects on the Extra-framework Species

As dready shown in Chapter 7, the halide NMR resonances are a sensitive tool for the
observation of the alkali-halogen distance. Figure 8-22 plots the *Cl chemical shifts versus
the Na-halide distances calculated from the lattice constants.
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Figure 8-22: *Cl chemical shift of mixed Cl/salt-free sodalites as a function of the Na-Cl
distance as computed from the lattice constant.
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The chemical shifts reflect the behavior of the cell edge increasing from pure chloro sodalite
to Cl/hydro and further to Cl/dry sodalites. The observed slope of 15.3 ppm /A isin good
agreement with the observed 17.6 ppm/A from the mixed halide sodalites in Chapter 6.
Actually the slope observed here has an internal error of about 2 ppm/A due to uncertainty in
the shift of the Cl/dry sodalites with small halide concentrations. This is due to the fact that
meaningful quadrupolar coupling constant values could only be determined from the peak
maxima of the field dependent spectra.

Likewise, Figure 8-23 reveals a universal correlation of the 8'Br chemical shift with the Na-Br
distance with a slope of —35.7 ppm/A for all three mixed Br/salt-free solution series, again in
good agreement with the data observed for mixed halide sodalites. Other than for **Cl in the
Cl/salt-free series, the Py values of the #'Br resonances in the Br/hydro series are significantly
larger than in the two other series indicating a distortion of the tetrahedra symmetry. As
already seen in Chapter 6, the ®Br resonances are more sensitive to an inhomogeneous
environment than the *Cl resonances. While in the Br/basic and the Br/dry series, the Pq
values remain below 1 MHz, these values extend up to 2.2 MHz in the Br/hydro series. The
distribution of vacant sodium sites in the neighboring cages cannot be the origin of this effect

observed in the Br/hydro series, since it can also be expected for the Br/dry series.

-215 ¢ Br/basic
=
'_g -220 - O Br/hydro
o) A Bridry
(@]
= -225
-
()
S -230 -
0
& -235 -
‘240 [ [ [ [ I |
2.7 2.8 2.9 3 3.1 3.2 3.3

calculated Na-Hal distance /A

Figure 8-23: ®Br chemical shift as a function of the calculated Na-halide distance.

The ®Br spectra of several Br/dry sodalites also show an additional low-frequency shoulder,
what is difficult to assign. The origin of the relatively large ®Br linewidths in the spectra of
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these samples is more difficult to explain, considering that the Br anions populate sites with
T4 symmetry. The quadrupole moment of ®Br is larger than for the other nuclei studied here,
which makes its NMR resonances more sensitive to structural perturbations. Also it is

conceivable that the Br anions in enlarged bromo cages do not reside in the center of the

sodalite cage, a situation similar to rare earth ions in endohedral fullerenes.89 The EFG is the
smallest in the center of the sodalite cage but rises sharply elsewhere. A displacement of the
Br anions from the center of the sodalite cages would therefore lead to strong quadrupolar
effects, which are expected to increase with increased cage size, in agreement with the

experimental findings.

The data set of the **'I resonances in mixed I/salt-free sodalites is quite limited. Between the
samples with 98 and 86 % iodine only minimal differences in the shift of the dominant
resonance can be observed. The *'I resonances of the 7% iodine containing sample are
extremely weak. This can be understood on the basis of the much larger nuclear electric
quadrupole moment of *2’I compared to **Cl and ®Br. Even slight deviations from a cubic
local environment will produce strong quadrupolar interactions, resulting in broad lineshapes.
Only a broad low-frequency shoulder is visible in the **’I NMR spectrum of 86% | containing
I/dry sodalite, which is likely to be due to similar effects as discussed for the Br/dry sodalites

above.

As already shown for the mixed halide sodalites, the 2Na chemical shifts of sodium in halide
occupied cages can be understood to be controlled by the Na-halide distances. The chemical
shifts of sodium in halide occupied cages are plotted in figure 8-24a. For the same Na-halide
distance, the deshielding increases from chlorine to bromine to iodine. The data points,
however, are more scattered than for the mixed halide sodalites, thus preventing reasonable
exponential fits of the data. Approximate linear fits yield slopes of —17, -20 and —27 ppm/A
for sodium with chlorine, bromine and iodine as the central cages anion. These slopes can be
compared to —19, -24 and —34 ppm/A for the corresponding environments in mixed halide
sodalites, if a simplified linear fit is applied to those data. If only mixed halide/basic and
halide/hydro sodalites are taken into account, the values of the slopes always agree within 2
ppm. Thus, the differences are mostly due to the experimental data points from mixed
halide/dry sodalites. This discrepancy can be understood if one assumes local cage size
variations such that the halide filled cages are on average dightly smaller and the dry cages
are dightly larger than expected. In such a case, the Na-halide distances calculated from the
experimental |attice constants are overestimated leading to systematically smaller slopes.
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Figure 8-24: *Na chemical shifts of mixed salt bearing/salt-free sodalites. a) chemical shifts
of sodiumin salt bearing cages. While the symbol represents the type of halide cage, the color
gives the type of salt free cage. b) *Na chemical shifts of sodium in basic and salt-free cages.
The color denotes the type of salt-free cage and the symbol the corresponding halide. The
experimental errors are about the size of the symbol with the exception of the *Na resonances
of dry cages, where the overlap with the high frequency resonance precludes an exact
determination of CQ (x0.2) and n (= 0.1), resulting in fairly large errors of the chemical shift.
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The **Na chemica shifts of sodium in salt-free cages are plotted in Figure 8-24b. The
chemical shift of sodium in basic cages is quite similar to sodium in chlorine occupied cages.
In addition a slope of about 17 + 2 ppm /A can be observed when the chemical shift is plotted
against the calculated Na-center distance. In Figure 8-24b, however, the chemica shift is
plotted versus the cell edge, since no single central ion exists in these cages. As show in
Chapter 3 the relation between Na-center distance and cell edge can be considered linear over
small variationsin the cell edge.

For sodium in hydro cages, no obvious correlation between the lattice parameters and the
chemical shift is observed. The chemical shifts near O ppm reflect a coordination environment
similar to that of a hexaguo complex. In contrast to the sodium environments in other cages,
sodium ions in hydro cages are octahedrally coordinated with six oxygen atoms, three of
which belong to the framework oxygen and the other three to water molecules. This sodium
environment is not expected to change much with lattice parameters, consistent with the *Na
chemical shift behavior observed. One has to keep in mind, however, that the observed
resonance shifts vary between —1.0 and -5.5 ppm and differ mainly in the contribution of the
quadrupolar shift resulting from quadrupolar coupling constants between 1.05 and 1.8 MHz.
For Br/dry sodalites, the chemical shifts of sodium in dry cages scatter between —2 and 10
ppm and suggest a relation between lattice constant and **Na chemical shifts of & = 472 ppm
—ag[A] -52 ppm/A. The relation, however, has to be evaluated with care. Due to the overlap of
the sodium resonances in the halide bearing and dry cages, the onset of the resonance with the
strongly quadrupolar broadened lineshape cannot be extracted with precision. In contrast, the
low-frequency shoulder of the signal with Pq values of about 5.8 MHz had to be used. Based
on this reference point, changes of 0.4 MHz in Pq change the chemical shift by about 20 ppm.
The data points plotted for dry sodalites in Figure 8-24b were extracted from the spectra
assuming similar nuclear quadrupolar coupling constants of about 5.7 MHz, which were only
dlightly modified to increase the quality of the fit. However, these values are uncertain by
about 10 to 15 ppm due to potential changes in the quadrupolar coupling constants throughout
the series, which cannot be detected with higher precision.

Besides the GAUSSIAN computations, the simple point charge model discussed earlier was
used to calculate the #Na quadrupolar coupling constants (Co) from the structural data. The
point charges have been determined following the procedure by Brown and Altermatt,56

resulting in -0.67e, -0.90e, -1.30e, and -0.89e for framework-oxygen, oxygen in H,O, oxygen

in HsO. , and bromide anion, respectively. Using the ©Na nuclear parameters listed in Table
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4-1, quadrupolar coupling constants of 0.6 MHz, 0.7 MHz, 2.0 MHz, and 5.5 MHz were
calculated for sodium sites in bromo, basic, hydro and dry cages, respectively. These values
are in very good agreement with the experimental data in Table 8-1. We note that the
variations of electric field gradients with lattice parameters in this series are generally small
while the increase of Pg values for sodium in bromo cages of the Br/dry series with
decreasing Br content is noticeable and cannot be explained simply by the distance change. It
is possible that the sodium ions in salt-bearing cages of Br/dry sodalites are dislocated from
the center of their six rings, asin the case of pure dry soddite.13 It is also possible that the Br
anions are displaced from the center of the sodalite cages. Since the observed field gradients

can be produced by a large variety of structura arrangements, no specific structural
information can be extracted from the experimental data.
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Figure 8-25. Fraction of bromine filled cages as determined from TGA and x-ray
diffractometry compared to those determined from quantitative Na MAS NMR on mixed
Br/hydro sodalites.

A very important accomplishment of this study was to utilize the ®Na MAS NMR spectra of
mixed halide/hydro sodalites as a convenient gauge of the sample’s chemical composition. It
was found that the halide content in mixed sodalites can be determined from sodium NMR
data in good agreement with the more traditional methods listed such as TGA and XRD. The
“Na MAS NMR signal of the sodium cations in halide cages is well separated from the
sodium resonance in hydro cages. By choosing a small (176) flip-angle and sufficiently large

relaxation delay times (t>5 s), the fractional areas of both resonances in Figure 8-1211 to 8-
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1411 can be used for accurate determination of the bromine content. The values need to be

adjusted for the sodium cage content since halide cages contain four sodium cations while

hydro cages have only three of them.

8.3 lon and Molecular Dynamics in Mixed Halide/Salt-free Sodalites

8.3.1 The Pure Hydro and Br/hydro Sodalite Systems

As can be seen in Figure 6-1, a substantial difference exists between mixed halide/hydro

sodalites and pure hydro sodalite. While the lattice constant of the former approached a value

of 8.97 A for small haide concentrations, the pure hydro sodalite has a lattice constant of
8.844 A at room temperature, which is the smallest observed for al sodium based sodalites. It

was assumed that cooperative hydrogen bonding is the reason for this effect,96 but 'H MAS

NMR spectra show chemical shifts of 4.5 and 4.3 ppm for the latter two systems, indicating

that no substantial difference in hydrogen bond strength exists. Figure 8-26 shows the H

MAS NMR spectra of 28% bromine containing Br/hydro sodalite and pure hydro sodalite.

)

b)

)

d)

)

f)

A: hydro-SOD

SFEFTT

B: Br/hydro-SOD

|
100

0
ppm

1
-100 100

T

0
ppm

|
-100

Figure 8-26: 'H MAS NMR
spectra of Br/hydro and
pure  hydro  sodalites
between 170 K and 370 K.
All  the gspectra were
acquired at 400.11 MHz at
spinning speeds of 7000 Hz.
Soectra of comparable
temperature are plotted next
to each other. The exact
temperatures for column A
and B are: a) 370K, 370 K;
b) 330 K, 340 K; ¢) 270 K,
290 K, d) 240 K, 250 K, €)
210K, 210K; f) 170 K, 180
K, respectively.

While in both systems the chemical shifts change only by about 0.2 ppm between 170 K and

370 K, the most striking difference between the spectra of the two sodalites arise in the
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intensities of the spinning sidebands at similar temperatures. In addition, the spinning
sidebands of the pure hydro-sodalites have a linewidth of 1900 Hz at the lowest temperature,
while the corresponding sidebands of the mixed Br/hydro sodalite are more than twice as wide
(3900 Hz). For al low temperature spectra, fifth order sidebands at a distance of 35 kHz of the
central transition can be observed. The relative intensity of the outer sidebands compared to
theinner onesis dightly reduced at higher temperatures.

The Al MAS NMR spectra of pure hydro sodalite show single resonances with low
frequency shoulders at low temperatures. The linewidths decrease from 640 Hz at 180 K to
268 Hz at 370 K, to increase again dightly to 323 Hz at 410 K. The resonance shift is about
63.6 ppm at 250 K and below and decreases with increasing temperature down to 61.2 ppm at
410 K.

T/IK a) Z7Al b) 2Na Figure 8-27: #Al, and *Na
spectra of pure hydro
sodalite. The spectra were
acquired at 104.23 and
105.81 MHz, respectively. The
spinning speed was 7000 Hz
in all cases. For this sample
data was only acquired up to
410 K due to the fact, that
above this temperature, the
sodalites  looses  water,
expanding the gas volume in
the closed spinner. A special
spinner cap was then
designed, allowing gas
exchange. The latter one was,
however, only applied in
subsequent experiments like
the VT NMR analysis of
Br/hydro sodalite, which is
plotted in Figure 8-28.
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The Na MAS NMR spectra also show only a single resonance in this temperature region.
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Similar to the *’Al data, the minimum linewidth of 202 Hz is found at 330 K and increases
towards higher and lower temperatures to 533 Hz at 170 K and 322 Hz at 410 K. The ®Na
chemical shift varies only little over the observed temperature region and changes from -4.4
ppm at 170 K to —3.8 ppm at 410 K.
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Figure 8-28: 2’Al, Na and ®Br spectra of 28% Br containing Br/hydro sodalite. The spectra
were acquired at 104.23, 105.81 and 108.03 MHz, respectively. The spinning speed was 7000
Hzin all cases.

The temperature dependent /Al MAS NMR spectra of a 27% Br containing Br/hydro sodalite
are given in Figure 8-28 a). At low temperatures the spectra show a single resonance at 62.1
ppm with a shallow low-frequency shoulder. Between 240 K and 270 K this shoulder
becomes more pronounced and at 370 K a separate peak at 60.3 ppm can be identified. At
higher temperatures the center of gravity of this resonance is shifted to lower frequencies up
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to 56.7 ppm at 550 K. Above 400 K, aso the high frequency resonance is shifted towards
lower frequencies, while its relative intensity decreases. The latter effect indicates a fusion of
these two peaks and will be discussed below.

The room temperature >’Al TQ MAS NMR of Br/hydro sodalite shows the existence of two
sites with distinct chemical shift and quadrupolar parameters. The ?’Al TQ MAS NMR shown
in Figure 8-29 a), acquired at 450 K, reveals the nature of the low frequency resonance. The
high frequency resonance has a chemical shift of 63.0 ppm and Pq = 1.2 MHz. The lineshape
of the low frequency resonance is smeared along aridge with an approximate slope of —10/17
indicating a distribution of the quadrupolar coupling parameter. Accordingly the shifts in F;
and F, correspond to 6 = 62.8 ppm and Py = 2.5 MHz, and & = 63.2 ppm and Pg = 3.3 MHz,

for the center of gravity and the low frequency maximum, respectively.
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Figure 8-29: Al MAS NMR spectra of a 28% bromine containing Br/hydro sodalite
acquired at 104.23 MHz. a) TQ MASNMR acquired at 450 K, the diagonal indicates F; = F».
b) 1D MAS NMR spectra: 1) at 550 K, 2) and 3) at 310 K. While spectrum 3) is before
heating, spectrum 2) was recorded, after the sample had cooled down from 550 K under
nitrogen.

Figure 8-29 b) indicates the irreversibility of the processes that have taken place during the
heating of the sample under nitrogen atmosphere. The high frequency component of the
spectrum regains its previous intensity after cooling. In contrast, the shoulder due to the low
frequency fraction is excessively broadened towards lower frequencies after cooling.

The ®Br NMR spectra observed from the Br/hydro sodalite and shown in Figure 8-28 column
b) shows only a single resonance. Between 180 K and 400 K, neither the linewidths nor the
chemical shifts change dramatically. However, the linewidth has a slight minimum at 340 K
with 1.4 kHz, while at 400 K and 180 K it is about 1.7 kHz. The shift of the resonance peak
varies from —227.7 to — 228.5 ppm between 180 K and 400 K, respectively. Above 400 K, the
linewidth increases from 4.4 kHz at 450 K to 16.7 kHz at 550 K; aso the resonance shift of
the center of gravity changes from —240 ppm at 450 K to —315 ppm at 550 K. The extreme
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linebroadening and the unfavorable Boltzmann distribution cause a drastic reduction of the
signal to noiseratio.

The ®Na MAS NMR spectra displayed in Figure 8-28 c) show two resonances, which have
already been identified earlier in this chapter as due to sodium in bromide cages (high
frequency) and sodium in hydro cages (low frequency). Except for the highest temperatures,
the high frequency resonance shows small shifts towards lower frequencies, which will be
discussed later in more detail. Its linewidth has a minimum of 245 Hz at 370 K and increases
towards higher and lower temperatures to 540 Hz at 550 K and 370 Hz at 180 K, respectively.
The low frequency resonance shows a similar minimum of 359 Hz at 370 K and increases to
significantly larger values of 1300 Hz at 180 K and 2560 Hz at 550 K. As can be seen from
Figure 8-30, the heating process (under nitrogen atmosphere) irreversibly changes both
resonances. The high frequency resonance remains about 420 Hz wide and the low frequency

resonance also shows a much more extended low frequency shoulder.
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Figure 8-30: Na MAS NMR spectra of a 28% bromine containing Br/hydro sodalite
acquired at 105.81 MHz. a) TQ MASNMR acquired at 450 K, the diagonal indicates F; = F».
b) 1D MAS NMR spectra: 1) at 550 K, 2) and 3) at 310 K. While spectrum 3) is before
heating, spectrum 2) was recorded, after the sample had cooled down from 550 K under
nitrogen.

A Na TQMAS NMR spectrum acquired at 450 K, shown in Figure 8-30 a), shows similar
NMR parameters for both resonances as the room temperature one shown in Figure 8-15. The
chemical shift of the high frequency resonance is & = 6.8 ppm with P = 0.8 MHz; the low
frequency resonance is characterized by 6 = -0.2 ppm and Py = 2.4 MHz. Although the
lineshape of the low frequency resonance is not typical, even for a strongly broadened
resonance with Pg = 2.4 MHz, the 2D spectrum does not indicate any other components.
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Figure 8-31: Temperature dependent Na NMR resonance shifts of hydro and Br/hydro
sodalite recorded at 105.81 MHz.

Figure 8-31 gives the resonance shifts of the “Na resonances of both sodalites as a function of
temperature. For the pure hydro sodalite, the *Na resonance shift is temperature independent
up to 400 K. The some is true for the high frequency resonance of the 2Na spectra of the
Br/hydro sodalite. The low frequency resonance however shifts slightly to higher frequencies
between 180 K and 400 K. Above 400 K, both resonances of the Br/hydro sodalite shift to
lower frequencies. This effect is more pronounced in the low frequency resonance, most likely
due to the fact that the quadrupolar coupling constant of this site also increases as it is shown
by the TQ MAS data given in Figure 8-30. A decrease in the quadrupolar shift between 180 K

and 370 K also explains the observed increase of the resonance shift.
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Both sodalites were also studied by temperature dependent x-ray diffractometry and the
resulting lattice constants are plotted in Figure 8-32. The peaks of the Br/hydro sodalite are on
average about twice as wide as in the case of the pure hydro sodalite, which is ascribed to the
disordered nature of this material, where, as discussed earlier, small domains with slightly
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different lattice parameters may be formed. For the pure hydro sodalite, the dehydration
process between 100°C and 300°C can be watched in situ, revealing the large lattice
expansion of about 0.34 A or 13 % in unit cell volume, which was detected by Felsche and

Luger as the difference between hydro and dry sodalite.10 A similar but less pronounced
effect (with an increase in lattice volume of about 4.5%) is observed for the Br/hydro sodalite
between 100°C and at 210°C.
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Figure 8-33: TGA of pure hydro sodalite and 28% Br containing Br/hydro sodalite. The
dashed curves give the mass loss according to the left y-axis; the dotted curves are
proportional to the temperature difference between sample and reference, indicating
exothermal (up) and endothermal (down) transitions.

The TGA data indicates that the loss of water occurs at similar temperatures and over the
same temperature range in both sodalites. The DTA signals of both sodalites have peaks at
115 °C and 280°C indicating endothermic transitions of the sodalite lattice corresponding to
the evaporation of water molecules in two steps. In the case of the Br/hydro sodalites, these
peaks are broader and dlightly less in intensity. While the mass loss below 100 °C has to be
ascribed to surface water, the loss of mass above 100 °C can be ascribed to removal of cage
water molecules from the sodalite crystallites. The latter point marks the significant difference
between the two sodalites, where the pure hydro sodalite looses 14.0 % of its mass and the
Br/hydro sodalite looses 9.8 % of its mass. According to Equation 4-1b, the latter values
correspond to halide contents of — 1% for the hydro sodalite and 31 % for the mixed Br/hydro
sodalite, respectively. These results are in good agreement with 0 % and 28 % Br content
determined by x-ray and NMR. Thus, above 370 K no significant difference concerning the
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water molecules in these sodalites can be detected, in agreement with the data plotted in
Figure 8-26.

Discussion

To understand the sideband pattern of the proton resonances in Br/hydro and pure hydro
sodalite the dipolar interactions between the protons have to be considered, causing dipolar
broadening of the static lineshape, which, in case of a two-spin interaction displays a Pake
doublet with a splitting according to the dipolar coupling constant. Static NMR spectroscopic

investigations have been undertaken in 198391 and came to the conclusion that the water
molecules in pure hydro sodalite are completely rigid below 160 K. Investigations of the T,
relaxation time lead to the conclusion that one rotational mode is active between 160 K and
250K ; above 250 K isotropic rotation and above 350 K even isotropic motion was inferred.

No structural phenomena were suggested, although different filling factors were investigated.

Later Stein et a29 found that the lattice constant of pure hydro sodalites is exceptionally
small, compared to mixed Br/hydro sodalites at room temperature and ascribed this effect to
structural hydrogen bonding.
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Figure 8-34: Smulation of the proton NMR sideband pattern for protons interacting with
another single spin ssimulated by SMPSON. a) high frequency half of the sideband envelope
as a function of the dipolar coupling constant D. b) simulated sideband intensities for the first
five spinning sidebands (x-axis, O corresponds to the center of gravity of the spectrum) at a
spinning frequency of 7000 Hz. Intensities for spectra due to dipolar coupling constants of —
10, -20 and —30 kHz are plotted (from back to front).

In this study, proton spectra were simulated based on spinning speeds of 7000 Hz and various
dipolar coupling constants, between 0 and 35 kHz, the latter corresponding to two interacting

protons at a distance of 1.51 A, as it is found in gaseous water molecules. The sideband
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intensities are given in the block diagram of Figure 8-34. With increasing dipolar coupling
constant, the Pake doubl et structure becomes increasingly evident.

It was found that the sideband patterns of both sodalite samples at low temperature are
best represented by the simulation with a dipolar coupling constant of 19500 Hz. This value

corresponds to a H--H distance of 1.8 A. This value is much larger, than e.g. for regular ice

(1.61 A)91 and also than the value of 1.54 A determined 1983 from static NMR.91 On the
other hand, it agrees well with a value of 1.79 A found by neutron diffraction as the D--D

distance of deuterium oxide loaded hydro sodalite, which has the same room temperature

|attice constant as regular (hydrogen oxide loaded) hydro sodalite.28

The MAS centerband seen in Figure 8-26 can now be interpreted as a superposition of
a MAS centerband originating from the Pake doublet and a sharp line arising from
isotropically reorienting water. Evaluation of the spectra was undertaken by fitting the ratio of
the first and second sideband to the experimental data (under the condition that the total
spectral width of the simulated spectrum also agrees with the experimental data). If the dipolar
coupling constant is known (from the fit), the simulation also delivers the ratio of the central
peak and the first sidebands due to the static water. Over the range studied, the ratio of the
intensity of the central line compared to the first sideband is fairly insensitive to the dipolar
coupling constant and remains at a value around 0.8. Thus the central peak intensity can be
deconvoluted into the parts resulting from static and the isotropically rotating protons. Figure

8-35 shows the values of these ratios as a function of the coupling constant.
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Figure 8-35: The intensity ratios of the first Figure 8-36: Fractional contribution of
sideband compared to the central transition the isotropically mobile proton in the H
(squares) and compared to the second side- MAS NMR spectra to the total signal
band under MAS conditions, at a spinning area of Br/hydro and pure hydro
speed of 7000Hz and as a function of the H-- sodalites.

H dipolar coupling constant. The arrow
mar ks the experimentally found D value.
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From Figure 8-36 it can be seen that, at a given temperature, the fractional areas of the static
and the mobile hydrogen atoms differ drastically between the two sodalites. While the fraction
of static water molecules approaches 0 already at 270 K for the mixed Br/hydro sodalite, in
the case of pure hydro sodalite, this valueis not even reached at about 410 K.
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The logarithmic plot in Figure 8-37 clearly shows that the water molecules in Br/hydro
sodalite and hydro sodalite experience different energy barriers in order to become mobile.
From TGA measurements it is known that hydro sodalite looses two of its four cage water
molecules between 100 °C and 200 °C. Thus it can be concluded, that at 370 K in both
sodalites, water is mobile and can migrate between the cages. The energy necessary to reach
this state is by afactor of 2.5 lower for the Br/hydro sodalite. The 27 kJ/mol necessary in pure
hydro sodalite already almost compares to the 40 kJ/mol evaporation energy of regular water
at 373 K. Below 330 K only asmall fraction of the water in hydro sodalite exists in the mobile
state with an activation energy of only 3.1 kJ/mol, comparable to the 6 kJ/mol necessary to
melt ice at 273 K. It isinteresting to note that at about 250 K, where the onset of the lattice
expansion occurs, no anomalies in the in the proton spectra are observed. Thus, it is
reasonable to conclude that below 250 K most water molecules are in afrozen state, where the
excited water molecules are mobile only within one cage. Only above 330 K the thermal
energy is sufficient to allow the water molecules to penetrate the 6-ring windows. In Br/hydro
sodalite the activation energy (12 kJmol) is significantly smaller than in pure hydro sodalite

and the water mobility is increased substantially. All of these findings support the idea, that
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the unusually small lattice constant of pure hydro soddlite (8.844 A at RT) arises from inter
cage bonding effects arresting the H,O molecules. Since, from the similar chemical *H NMR
shifts of the protons in both sodalites (4.1 ppm and 4.3 ppm for the pure hydro and Br/hydro
sodalite, respectively), a significant difference in hydrogen bonding can be excluded, an
alternate possibility is the inter-cage interaction between sodium and water. This idea is

supported by the fact that pure silver exchanged hydro sodalite has a lattice constant of ap =
8.950 A,92 rather similar to the low-halide concentration limit of the halide sodalites of 8.97

A In addition an attractive interaction between the water-oxygen and sodium of aneighboring

cage has been proposed by Shannon.93 However, the data presented here only alow to
conclude that the presence of bromine substantially reduces the energy necessary for inter-

cage water migration.

As shown earlier, the ?’Al chemical shift is a sensitive probe for the average T-O-T bond
angle and thus for the cell edge length in these sodalite systems. Exploiting the fact, that the
quadrupolar parameter for 2’Al resonances of these sodalites do not significantly vary in the
temperature range observed (see Figure 8-29), approximate chemical shifts can be extracted
for each resonance based on the data at room temperature and 450 K. Equation 6-2, giving a
relation between T-O-T angle and the chemical shift (d) can be converted into a relation
between the lattice constant (ap) and the chemical shift according to Equation 3-1 due to the
fact that over the small observed data range the T-O-T bond angle and cell edge are
proportional to the first order of accuracy.

a0 = 11.513 A — 3(*’Al) [ppm] - 0.0407 A/ppm Equ. 8-2

From the weighted average of al resonances in each spectrum the lattice constants can be
computed according to Equation 8-2 and the resulting data is given in Figure 8-36. These
lattice constants, determined by NMR, agree fairly well with those determined by x-ray
diffraction.

While for hydro sodalite, the onset of lattice expansion aready occurs at about 250 K, the
lattice constant of the Br/hydro sodalites does not increase significantly below 400 K,
however, above 450 K a significant increase is visible. It is interesting to note that the
Br/hydro sodalite starts expanding at a temperature, where the pure hydro sodalite has reached
exactly the same cell edge length of about 8.96 A during its expansion process. At higher
temperatures, the lattice constants derived from the ’Al NMR of the Br/hydro sodalite are
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systematically smaller than the cell edges derived from the x-ray data. A reason for this effect
might be the difference in water evaporation during the x-ray and the NMR experiments. The
Br/hydro sodalites had a large surface area exposed to a nitrogen atmosphere during the x-ray
data acquisition, while during the acquisition of the NMR data, just a hole of 0.5mm in
diameter allowed the water to leave the spinner. The latter conditions might have resulted in a
less efficient water removal during the NMR data acquisition. The final high temperature
lattice constant of pure hydro sodalite is larger than that of Br/hydro sodalite. Thisis expected
from the solid solution behavior of the Br/dry systems.
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T /K diamonds.

The ?’Al and *Na linewidth minima in both systems at about 350 K can be understood
considering the motional states of the water molecules. Below 350 K an increasing number of
water molecules is able to rotate isotropically with increasing temperature, removing
anisotropies within the sodalite cage and averaging out distortions of the neighboring
framework atoms, arising from multiple next nearest neighbor environments. If, as suggested

by Ernst,91 the water molecules are mobile between the cages, the number of water molecules
per cage can vary, causing distorted cages and thus leading to broader resonance lines of the
framework atoms. This becomes even more obvious at temperatures above 450 K, where it is
known from TGA that water leaves the sodalite crystalites, resulting in variable cage
occupancies approaching the state of dry sodalite. The TQMAS spectrum of Br/hydro sodalite
acquired at 450 K (shown in Figure 8-29 a) indicates this process. While the chemical shift of
all spectral components is about 63 ppm indicating an undistorted lattice, quadrupolar
coupling constants continuously vary between 2 and 3.3 MHz. As discussed earlier, the
variation of Py without a change in the chemical shift indicates different sodium occupancies
at the oxygen atoms about the aluminum. While at room temperature the data indicate that
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only one vacant sodium site per aluminum occurs, the high temperature TQMAS suggests that
at these temperatures, the ordering of vacant sodium sites no longer exists, resulting in

aluminum atoms with various associates vacant sodium sites.

The %Br NMR resonances in Br/hydro sodalites observed show a weak temperature
dependence below 400 K. This is expected, due to the fact that the lattice constant does not
significantly vary in the range between 180 K and 400 K. Compared to Br/basic and Br/dry
sodalites, the ®Br resonance of Br/hydro sodalites generally shows stronger quadrupolar
coupling parameters and thus an increased linewidth. Thus the halide resonance is sensitive to
asymmetries in the neighboring cages and therefore it is not surprising that its linewidth has a
minimum at 370 K most likely caused by motional narrowing due to the motion of the water
molecules. For temperatures higher than 400 K, the linewidth dramatically increases. As will
be shown below, this can be explained by the mobility of sodium ions. Sodium ions changing
from a halide containing cage into a hydro cage remove the tetrahedral symmetry of the halide
site, causing strong quadrupolar broadening and fluctuating electric field gradients causing T»

rel axation.

The *Na resonance of pure hydro sodalite does not change significantly between 170 and 370
K, although the lattice constant changes by more than 0.1 A. As discussed earlier, its chemical
shift is about O ppm at room temperature and agrees well with the chemical shift of sodium in
hydro cages of mixed halide/hydro sodalites. Apparently the chemical shift of sodium at this
siteis invariant to changes of the cage diameter and always similar to the shift of the sodium
standard. This is also in agreement with the behavior of the corresponding “Na chemical shift
in the Br/hydro sodalite systems. For the linewidth the same trend can be observed as for
aluminum and bromine. The decrease between 170 and 330 K is due to motional narrowing,
probably induced by the motion of the water molecules.

In the Br/hydro sodalite system also a linewidth minimum occurs for both Na NMR
resonances at 370 K. While the linewidth of the high frequency resonance, ascribed to sodium
in bromine cages is comparable to the corresponding one in mixed Br/Cl soddites, the
linewidth of the low frequency resonance, ascribed to sodium in hydro cages, is significantly
greater than in pure hydro sodalites. At 370 K this effect is 75 % (202 Hz to 357 Hz) and it
increases with decreasing temperature to 160 % (510 Hz to 1310 Hz)

It is likely that the water molecules freeze at disordered positions giving rise to multiple
sodium environments. At elevated temperatures also an increase of the low frequency

resonance linewidth occurs, aong with an increase in the quadrupolar coupling and low
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frequency shift. Above 450 K also a significant low frequency shift of the high frequency
resonance can be observed. Along with this effect goes a change in relative intensity of the
high frequency resonance, indicating ionic exchange between both sites. When compared to
mixed halide sodalites (Chapter 7), it is interesting to note that in Br/hydro sodalites such an
isotropic ion mobility already starts 150 K lower. This could be understood owing to two
reasons. First, hydro cages contain a vacant sodium site and second the Na-O distance in
hydro cages is about 0.2 A larger than in halide filled cages. Thus, the ions are more loosely
bound and have more attractive sites to jump to than in the case of mixed halide sodalites.
Unfortunately it is not possible to observe sodium mobility within the hydro cages directly.
However, the large distribution of P values found in the Al TQ MAS NMR (Figure 29)
indicates that thistype of hopping is already allowed before inter cage jJumps occur.
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The irreversibility of the 2Na spectrum after heating to 550 K and cooling under nitrogen is
the result of the loss of motional narrowing due to water removal. 550 K is not sufficient to
remove all four water molecules. Since for pure hydro sodalite TGA shows that the
crystallites loose two water molecules per cage below 470 K and another two between 470 K
and 670 K, it is reasonable to assume that on average one to two water molecules per cage
remained inside the sample. Thus, it is not surprising that sodium in such hydro cages
experiences a much more asymmetric environment, resulting in stronger quadrupolar
broadening, which leads to the observed lineshape. After exposure to air for about 2h, the
spectrum is identical with the room temperature spectrum observed before heating, indicating
full rehydration.
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8.3.2 Dry and Br/dry Sodalites.

The same sample studied in the preceding paragraph have been dried for 8 hours under
vacuum to yield dry and Br/dry sodalites.

While the VT NMR spectra of Br/dry sodalite are shown in Figure 8-39, the Na and #’Al
spectra of pure dry sodalite are not shown. Up to 550 K, these spectra are similar to spectra of
dry sodalites of pure dry sodalites, shown in Figure 8-1-1lle, 8-2-Il1e and 8-3-11le. The NMR
spectra of the Br/dry sodalites, in contrast, show several interesting characteristics:

T/K a) 2’Al b) 81Br c) #Na
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Figure 8-39: ?Al, Na and %'Br spectra of 28% Br containing Br/dry sodalite. The spectra
were acquired at 130.29, 132.26 and 135.03 MHz, respectively. The spinning speed was 7000
Hzin all cases.

The Al NMR spectrum shows two resonances, which already have been assigned above.
The high frequency resonance is shifted to lower frequencies with increasing temperature and
shows a linewidth minimum at 400 K. The low frequency resonance with a Pq value of 4.4 at
room temperature has a chemical shift of 58.0 + 0.3 ppm up to 500 K, and is shifted to 57.1
ppm at 550 K. Its lineshape becomes significantly more broadened at 500 K, but can till be
fitted with a Pq value of 4.2 MHz. All spectra can be satisfyingly fitted with two lineshape

components, however a occurrence of a third peak with an intermediate shift can not be
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excluded from the experimental data. The fractional share of the high frequency peak is about
26 % below 500 K and 23 % an 18 % at 500 K and 550 K, respectively.

The ®Br NMR resonances, observed do not significantly shift with temperature. The mean
valueis—237.5 = 0.5 ppm. A deviation is only found at 550 K, where the resonance is shifted
to —232 £ 3 ppm and the linewidths is reduces to 2200 Hz (compared to 2600 Hz at all other
temperatures).

The two resonances, visible in the Na NMR spectra of this Br/dry sodalite suffer from
overlap with spinning sidebands due to the spinning speed of only 7000 Hz and the large
expansion of the resonance with about 5.9 MHz. The fractional shares are about 50% for all
spectra except the one at 550 K, where the fraction strong quadrupolar coupled resonance is
only 34 %. (The fact that the fraction do not resemble the composition of the sampleis due to
the large Pg value of 5.9 MHz and the reduced excitation probability.) Similar to the ZAl
spectra, the lineshape of the *Na spectra above 450 K could also be simulated by three
components with the additional having an intermediate shift of about —15 ppm accounting for
the linewidth increase of the high frequency component. In this case, however, the data

becomes ambiguous and thus does not allow for quantitative analysis.

The Br/dry sodalite is an ideal material to test for mobility of sodium in dry sodalite cages.
From the temperature dependent NMR spectra of pure dry sodalite, it can only be concluded
that no jumps between vacant and occupied sodium sites within a single cage occur below 550
K. Assuming atwo site jump process, the quadrupolar coupling constant observed for sodium
ions, which change sites within one sodalite cage is expected to be 50% of the value of

immobile sodium ions due the change of 109° in the principal axis orientation of the EFG

resulting from such ajump.94 Jumps through a 6-ring window change the EFG tensor seen by
the sodium ion by 180°. The resulting P parameter then has the same absolute value but
different sign, which unfortunately cannot be detected by NMR because it is only sensitive to
the absolute value of Pq. In the case Br/dry sodalites, however, the situation is much more
advantageous from the NMR point of view. Due to the two different sodium resonances,
exchange of sodium ions between the two types of cages becomes directly detectable by *Na
NMR and indirectly detectable by ?’Al NMR. As shown above, the two 2’Al resonances
occurring in these spectra have different chemical shifts and quadrupolar coupling constants
due to the fact that the AlO, tetrahedra linked to a vacant sodium site are slightly distorted,
compared to the ones that have al their four sodium sites occupied.

The Al NMR spectra of Figure 8-39 show the two peaks starting to fuse with one another
above 450 K. This effect indicates an averaging of aluminum sites on the NMR timescale.
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Thus it is plausible to conclude that the sodium ions become mobile at about 450K and the
two aluminum sites become similar and experience the influence of a fractional vacant sodium
site averaged over the time of the NMR experiment. Within the same temperature range the
linewidth of the *Na high frequency resonance develops a low frequency shoulder. This
observation might signify to a new resonance, resulting from an exchange between the two
sodium sites in this mixed Br/dry sodalite.

Thus, the temperature dependences of the aluminum spectra of Br/dry sodalite indicate that
sodium becomes mobile at elevated temperatures. In addition the Na NMR spectra suggest
that at the temperatures observed, this mobility is mainly due to two site jumps through six-
ring windows, rather than due to “tetrahedral” jumps between the sites of a single sodalite
cage. Of course such a process or similar ones also have to take place, since the site on the
opposite to an occupied sodium site (with respect to the six-ring window) cannot be
permanently occupied by sodium. Therefore a jump (with an orientation change of 70.5° of

the EFG principle axis) to a neighboring vacant sodium site is necessary, (also resulting in a

reduction of the Py value of 50% with respect to the value of immobile sodium94).
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9 Mixed Halide/Electro Sodalites

As known from the literature and already discussed in Chapter 4-2 dry sodalites take up
sodium vapor to form Nas>* centers. The additional electron is delocalized over the cage and
screens the Coulomb repulsion between the sodium ions to allow lattice contraction from
9.1A in dry sodalite to 8.86A in electro sodalite. The lattice constant for the pure F-center

containing sodalite has not yet been unambiguously determined, and values of 8.881 A,95
8.8634 A,96 and 8.860 A97 appear in the literature. The electro sodalite is called “black

sodalite” due to its color or “sodium electro sodalite” (SES).98 The alkali centers in such
electro sodalites have an unpaired electron in a o like molecular orbital generated by the four
alkali ions. The electron density of such a center extends beyond the boundaries of the
sodalite cage. EPR investigations of sodalites with isolated F-centers show a 13-peak
hyperfine structure due to the four sodium nuclear spins of 3/2, characterized by hyperfine

coupling constants of 31.0 , 28.4 and 24.7 G for Cl, Br and | sodalites, respectively.99,100
While coupling with the framework nuclear spins has not been reported so far, a super-
hyperfine coupling of about 1 G was observed and attributed to sodium ions neighboring F-

center containing cages.101 As shown by Engelhardt, NMR of the framework nuclei Si and
2'Al allows investigation of much smaller coupling constants due to paramagnetic hyperfine
shifts of the NMR resonances, which arise from paramagnetic electron density at the sites of
the observed nuclei, due to the delocalization of the Na>* o-electron. While a ®Na MAS

NMR spectrum on partially doped SES has been published,99 only two sets of overlapping
peaks were found and had to be assigned in a highly speculative way. In addition, NMR on
mixed halide/el ectro sodalites offer a unique opportunity to measure the electron density at the
center of the neighboring cages, thus providing estimates of the magnetic coupling constants
between neighboring and next nearest neighboring cages. Representative samples of all three
mixed halide/el ectro sodalite series have been prepared and studied by NMR.

9.1 Experimental Observations

9.1.1 Al and ®Si MASNMR
Figure 9-1 presents the %’Al spectra of three series of mixed halide/electro sodalites, where all

of the salt-free cages have been doped with sodium. Each spectrum shows a variety of peaks,

the actual peak positions and relative intensities can be found in Table 9-1.
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Figure 9-1 (previous page): >’Al MAS NMR spectra of mixed halide/electro sodalites at
104.23 MHz and spinning speeds of 15 kHz (blue curves). To allow an easy identification of
the multiple resonances contributing to the spectra, the fitted lineshapes (red curves) with all
their components (colored lines) are also included. 1: a) 16% , b) 40% and c) 86% ClI
containing Cl/electro sodalites prepared from the Cl/dry sodalites I(b,c,d) in Figure 8-1. 11:
a) 28% , b) 54% and c) 73% Br containing Br/electro sodalites prepared from the dry
sodalites similar to Il(b,c,d) in Figure 8-2. 111: a) 9% and c )84% | containing l/electro
sodalites prepared fromthe 1/dry sodalites I (b,d) in Figure 8-3.

While the quadrupolar broadened resonance around 50 ppm, which was found in halide/dry
sodalites has disappeared, the spectra of these electro sodalites show about seven new
resonances on the high frequency side. The intensity distribution of these resonances shifts
with decreasing halide content towards the high frequency resonances as expected. A closer
look allows distinction between four sharp peaks at about 64, 73, 78 and 84 ppm and four
broader peaks at about 98, 116, 129 and 138 ppm. The line widths of the peaks within these
sets decrease with increasing paramagnetic shift.

Exposure to air causes a decrease of intensity of the high frequency resonances, while the
intensities of the peaks with smaller resonance shifts increase. When the data is fitted, usually
a small but broad resonance with a shift between 60 and 50 ppm has to be included to

optimize the fitting curve to the spectra.

PpM N ANV Figure 9-2: Al TQ MAS
| NMR spectra of sample

60 - & L llc (73%Br containing
* & = Br/electro sodalite). The
80 & & spectrum was recorded at

1 104.23 MHz at a spinning
100+ frequency of 15 kHz, 512
’ N FIDs were accumulated
120 / for the F, spectra with
1 g relaxation delays of 1s.
140 — / 192 spectra were
’ acquired for the F;

140 120 100 80 60  ppm dimension.

All observed shifts show only minor and equal quadrupolar shift contributions reflecting
coupling constants around 0.8 MHz. Values of this magnitude are also observed for other
sodalites with tetrahedral extra framework symmetry, such as mixed halide or halide/basic
sodalites. A representative Al TQ MAS NMR spectrum is given in Figure 9-2. All the peaks
are dightly shifted from the 1:1 diagonal indicating small and similar quadrupolar shifts of
about 0.3 ppm throughout the whole spectrum. Thus the paramagnetic electron density does
not alter the electric field gradients at the nuclear sites.
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peak resonance shift hyperfine shift

a) 27A| 27 2g; 27p 2g;

0° 63.9 -86.0 0.0 0.0

o' 718 -80.5 7.9 55

| | 0 79.3 -75.4 15.4 10.6

180 100 20 0 86.4 -70.3 225 15.7

1 96.8 -54.1 32.9 31.9

b) 2S5 2 116.9 -334 53.0 52.6

3 131.0 -22.2 67.1 63.8

4 140.1 -14.4 76.2 71.6

| |
30 .50 -130 Table 9-11: comparison of paramagnetic shift
ppm contributions in the Al and S MAS NMR
. - 09 spectra shown in figure 5-7-3. The resonance
Figure 9-3: “Al and S MAS NMR shifts subtracted are 63.9 ppm and —86.0 ppm
spectra of a .73% Br containing for ZAl and %S, respectivdy. The
Br/electro sodalite recorded at 104.23 paramagnetic contributions of the *°S shifts
and 79.46 MHz respectively, at a are always about 10% smaller than for the
spinning speed of 13 kHz. The spectral %Al shifts. The peak assignment is explained in
range shown is 160 ppmin both cases. the text.

Figure 9-3 compares the 2’Al and *°Si spectra of the same sample as Figure 9-1-1Ic, and Table

9-1 gives the paramagnetic shifts, relative to the resonance with the lowest chemical shift.

9.1.2 MAS NMR of the Central Anions

The *Cl, Br and **'| spectra of the halide resonances of the mixed halide/electro sodalites
are given in Figure 9-4. Asin the case of 2’Al NMR two sets of resonances can be observed
and the intensities are shifted to the higher frequency resonances with decreasing halide
content. Up to 5 sharp peaks with rather small paramagnetic shifts can be resolved in some
spectra, while up to 8 broad lineshape contributions can be found in the region of large
paramagnetic shifts. The observation of spectra in samples with low halide contents is
hampered by poor signal to noise ratios because of the low spin probe concentration. Up to
128k scans had to be acquired in the cases of the lowest halide contents.

Figure 9-4 (next page): | *Cl MAS NMR spectra of mixed Cl/electro sodalites recorded at
39.19 MHz. a) 16% , b) 40% and c ) 86% Cl containing Cl/electro sodalites prepared from
the Cl/dry sodalites I(b,c,d) in Figure 8-1 column I. I1: ®Br MAS NMR spectra of mixed
Br/electro sodalites recorded at 108.03 MHz. a) 28%, b) 54% and c) 73% Br containing
Br/electro sodalites prepared from the Br/dry samples similar to sodalites I1(b,c,d) in Figure
8-1 colum I1. I11: **'I MASNMR spectra of mixed |/electro sodalites recorded at 80.03 MHz.
a) 9% and c) 86% | containing |/electro sodalites prepared from the 1/dry sodalites I(b,d) in
Figure 8-1 column I11. To allow an easy identification of the multiple resonances contributing
to the spectra, the fitted lineshapes (red curves) with all their components (colored lines) are
alsoincluded in all spectra.
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The **ClI NMR spectra have resonances between —122 and 0 ppm. A broad signal at ~ -120
ppm shows up in al cases. The frequency separation between the peaks decreases only
slightly with increasing resonance shift, compared to the corresponding effect observed for the
?"Al spectra. The resonances in the ®Br NMR spectra are spread between —220 and + 106
ppm, thus covering a range 2.7 times as wide as observed for the Cl/electro sodalites. In the
case of l/electro sodalites, due to reasons explained before no phase pure samples with
medium halide concentrations are available. Also, for the high and low halide containing
samples clustering can be expected due to the large separation factor. Thus in the **'I spectra
only a few peaks can be observed compared to the halide spectra of the other halide/electro
sodalites. Besides the usual soddlite ?’| resonance at —260 ppm, spectrum Illc shows a sharp
peak at —200 ppm and a broader peak at —100 ppm. The remaining resonances are due to
spinning sidebands of the dominant peak at —260 ppm. The NMR spectrum of the 9 % iodine
containing sodalite shows additionally a sharp resonance at 500 ppm. The range in between
these two extremes shows an elevated baseline which might be interpreted as the overlapping

and thus not resolved signal's of amultiplet similar to the ones observed for *°Cl and ®Br.

9.1.3°NaMASNMR

The NaNMR spectra observed for all three series are given in Figure 9-5, and the data of the
fitted resonance lines are given in Table 9-1. All the spectra show a high frequency resonance,
which moves towards higher frequencies for mixed halide/el ectro sodalites, with higher halide
atomic number. The observed chemical shifts are around 90, 120 and 150 ppm at room
temperature for Cl/electro, Br/electro and I/electro sodalites, respectively. Also several spectra
show a small broad resonance at 50 to 60 ppm. Furthermore a resonance multiplet consisting
of up to 16 resonances is found between 45 and O ppm. While these multiplets are best
resolved for the Cl/electro series, where 11 distinct components can be distinguished, the
resolution decreases for the Br/electro sodalites, and for I/electro sodalites only a broad hump
with no distinguishable components is observed. The low frequency side of the multiplet
shows a shoulder in many spectra, which extends to about — 30 ppm. Assignment of these
peaks to sodium sites in the lattice is not straightforward and will be presented below in the

Discussion section.

Figure 9-5 (next page): >Na MAS NMR spectra of mixed halide/electro sodalites at 105.81
MHz and at spinning speeds of 15 kHz (blue curves). To allow an easy identification of the
multiple resonances contributing to the spectra, the fitted lineshapes (red curves) with all
their components (colored lines) are also included in all spectra. |: a) 16% , b) 40% and c)
86% CI containing Cl/electro sodalites prepared from the Cl/dry sodalites I(b,c,d) in Figure
8-12. I11: a) 28%, b ) 54% and ¢) 73% Br containing Br/electro sodalites prepared from the
Br/dry sodalites smilar to ll(b,c,d) in Figure 8-13. Il1l: a) 9% and c) 86% | containing
I/electro sodalites prepared fromthe I/dry sodalites I (b,d) in Figure 8-14.
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The spectral range shown contains all the observable Na resonances. A resonance at 4120
ppm can be assigned to a Knight shifted **Cu signal, resulting from copper in the coil of the
probe. The decreasing signal to noise ratio with decreasing halide content indicates that not all
of the Nanuclei in the sample contribute to the observed signals. The ®Na nuclei, which are

part of the Na,>* centers are expected to show paramagnetic shifts of about 5000 to 10000

ppm, as can be derived from their hyperfine coupling constant values observed in EPR.102 A
tenacious search between 0 and 20000 ppm, with accumulations of 32k scans and spectral
widths of 4000 ppm was unsuccessful. It is suspected that the Na,>* spins elude detection
since the nuclear spin-lattice relaxation through fluctuating magnetic fields, originating from
the paramagnetic electron is likely to be extremely fast. Figure 9-6 shows a representative
Na TQ MAS NMR spectrum, indicating similar and weak quadrupolar coupling (ca. 0.6

MHz) for al of the resonances of the spectrum.
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Figure 9-6: °Na TQ MAS NMR spectrum of the sample 9-4 Ilc. While the left spectrum
shows the region around 120 ppm (A-resonance) with a single broad signal, the right
spectrum shows the region dominated by the multiplet peaks (B-resonances). The spectrum
was recorded at 105.81 MHz at a spinning frequency of 15 kHz, 512 FIDs were accumul ated
for the F, spectra with relaxation delays of 1s. 128 spectra were acquired for the F;
dimension. All the peaks are dightly shifted from the 1:1 diagonal indicating small and
similar quadrupolar coupling of Na with Pg ~ 0.6 MHz.

9.2 Discussion

9.2.1 The Framework Atoms

Discussion of Resonance Shifts

The T atoms in the sodalite structure are located at the joints of four sodalite cages and thus
can have up to four Nas>* centers as nearest neighbors (nn) a a distance of about 5.0 A,
slightly depending on the cell edge length. In addition, via each neighboring T atom, the T
atom of interest is linked to another cage with a next-nearest neighboring (nnn) F-center at a
distance of about 8.1 A. Thus the T atom is surrounded by four nearest and four next nearest
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neighbors. Eight additional cages are at distances of 10.3 A but appear to be of negligible
significance to the observed spectrum. The shifts observed in the Al MAS NMR spectra
shown in Figure 9-1 have been explained by paramagnetic electron density at the site of
nucleil® (see Equation 2-50) caused by the delocalized electrons of the Na>" centers (for
further proof see Section 6-3). Consequently, they are ascribed to environments with different
numbers of neighboring cages occupied by such Nas>* centers, with diffuse electron density
distribution. The peaks were assigned according to the number of Na,>* centers occupying
nearest neighboring or next nearest neighboring cages and the assignment is visualized in

Figure9-7.19

¢ AlT-site

' Na,Br-center

@ Na-center

140 120 100 80 60 ppm

Figure 9-7: Peak assignment for T atomsin electro sodalites. The ?’Al MAS NMR spectrum of
Br/electro sodalite is given as an example. The peak at 64 ppm as also found in other
sodalites with tetrahedral symmetry is due to T atoms with no Na,>* centers in their direct
neighborhood and has the label 0°. The 0', 0%, 0°, and 0* peaks are due to aluminum sites
next to one to four occupied nnn cages, while none of the directly neighboring cages is
occupied by a Na,>* center. The peaks assigned the numbers 1 to 4 are caused by “’Al nuclel
directly connected to one to four Nas>* center bearing cages. The spectrum shown is taken
from a partially decomposed Br/electro sodalite. Due to decomposed F-centers, the intensities
of the O peaks are over-represented compared to the expected values from a binomial

distribution.

Thus the peak number gives the number of nn Na,>* centers and the superscript is equal to the
number of nnn Na,>" centers. The peaks 1 to 4 are therefore no single resonances, but overlaps
of resonances from nuclei with n nearest neighbor Na,®* centers and nn = 0 to 4 next nearest

neighbor Na,®* centers. This sub-splitting can actually be observed for the %Al spectra Ic and

Ilc in Figure 9-1, where in the number 1 resonance a peak can be resolved at the low
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frequency side which has to correspond to one nn and zero nnn Na;>* centers. That the
linewidths of the resonances as well as the frequency differences between neighboring
resonances decrease with increasing paramagnetic shift can be explained by the fact that the
electrons, which are the origins of the paramagnetic shifts, experience repulsive forces from
other electrons. This electron-electron repulsion can be described by a repulsion parameter Uy,
according to Equation 3-18, where the number of electrons interacting with a given F-center is
equal to n-1.

It is thus reasonable to assume, that the hyperfine shift (8,/n) contribution due to each
neighboring F-center is given by:

_n = i = —61 Equ 9-1
n U 1+(n-1)&

where &, is the hyperfine shift caused by only one neighboring F-center and a is a fitting
parameter. The observed shift due to n neighboring F-centers of the number n resonance is
then simply given by &, = nd:/U,.. A plot of nd,/d, as afunction of n should thus give alinear

relation as demonstrated in Figure 9-8:
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Figure 9-8: Fits of the el ectron-electron repulsion parameter: nd,/3, for the experimental %’Al
resonance shifts subtracted by the shift of the number O peak is plotted versus the number of
interacting electrons. a) gives the relation for nearest neighbors. &; = 33.3 ppm; Uy = 1+ (n-
1)*0.260 and b) for next nearest neighbors: & = 8.0 ppm; U,, = 1+ (nn-1)*0.081. In order
to increase the precision, o; and 9, are the average shifts over all observed spectra in Figure
o-1.

As shown in Figure 9-8, the agreement between the repulsion model and the experimental
data is excellent, indicating that the observed shift is indeed due to paramagnetic electron
density, experiencing a repulsive potential. The data set (eight *’Al spectra) is too small, to
confidently differentiate between the repulsive potentials of the three mixed halide/electro
sodalite series, since the results are al very similar. A reason could be that with increasing
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lattice constant (from Cl to Br to 1), two opposing effects are expected. On the one hand, when
the lattice constant increases, the distance between F-centers increases and thus the overlap
integrals should decrease resulting in less repulsion. On the other hand, an increase in lattice
constant is also expected to increase the Na-Na distance of sodium ions forming the F-centers.
This would lead to an increase in delocalization or smearing of the F-center, again tending to
increase the overlap with its neighbors.

As mentioned previously, the resonances of the peaks 1 to 4 consist of 5 resonances each, due
to the possible nnn environments. Therefore it should be possible to extract the exact
contributions of nn and nnn to the observed hyperfine shifts. Thus Equation 9-1 can be
modified to account for all nn and nnn contributions:

+
5 = N0y, + MNOyy, Equ. 9-2
' 1+(n-D @&, +(nn-1) &,

where &, n, IS the shift caused by a specific environment with n nearest and nn next nearest
neighboring F-centers and &, and a,, are the corresponding overlap integral parameters. 1,
and 91, are the hyperfine shifts due to one nn F-center and no nnn F-center, and no nn F-
center and one nnn F-center, respectively. While a,, = 0.081 and &1,n = 8 ppm are known from
Figure 9-8b, the corresponding values for the nearest neighbors cannot be extracted from
Figure 9-8a, since first and second nearest neighbor effects are intermixed. However, for the
samples with large halide concentration the hyperfine shift of the 1° peak can be determined to
be &1 = 28 ppm. For the samples containing less than 10 % halide ions, the number 4 peak
can be expected to mainly consist of contributions due to environments of 4 next and 4 next
nearest neighbors, thus allowing to estimate &4 to be about 75 ppm. Inserting these values
into Equation 9-2 results in an overlap integral parameter of a, = 0.227. Thus, the hyperfine

shift for 2Al for any specific nn and nnn environment is given by:

5 = ni28+nn(8
" 1+ (n-1) [0.227 + (nn - 1) [0.081

ppm Equ. 9-3

As a result we find that the electron density at the aluminum nucleus caused by nearest
neighboring interaction is about 3.5 times larger than the value due to next nearest neighbor
interaction.

So far, the third neighbor sphere has not been taken into account. A test for a possible
influence of the 8 F-centers at a distance of 10.3 A on the resonance shift of the T-atom of
interest is a correlation between lattice constants and resonance shifts. Since only very limited

x-ray datais available, the resonance shift data for the number O resonances as given in Table
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9-1 were corrected for the quadrupolar shift (based on the Py values from the corresponding
halide/basic sodalites) and converted via Equation 8-2 into the cell edge a,. The resulting
lattice constants were plotted versus the halide fractions as shown in Figure 9-9. The
agreement between expected solid solution behavior of the lattice constant and the
experimental data is quite good, supporting the hypothesis that the hyperfine shift of second
next nearest neighbors is negligible. Such hyperfine shifts would produce a high-frequency
contribution and application of Equation 9.4 would thus lead to systematically smaller lattice

constants compared to those expected from solid solution behavior.
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Figure 9-9: Lattice constants of various halide/electro sodalites, derived from the *Al
resonance shifts of the number O resonances, plotted against the halide content. The lines
symbolize perfect obedience of Vegard's rule under the assumption that the actual lattice

constant of pure SESis 8.8636A.96

Within the experimental error of the computed cell edges for the Cl/electro and Br/electro
sodalites there is no indication for a deviation from Vegard's rule, as observed for
halide/hydro sodalites. In the case of I/electro sodalites, however, the computed lattice
constant for the 9% | containing sample is amost 0.1 A larger than expected. This can,
however, be understood by the observed domain separation in I/electro sodalites. The signal at
62.5 ppm is therefore most likely due to domains with a high iodine concentration, causing
locally enlarged cages compared to the sample average.

As representatively shown by Figure 9-3, the °Si and ?’Al spectra of the same sample are
very similar. Both show two sets of four (five) resonances, which is very reasonable, due to
the fact that these T atoms occupy crystallographic sites with identical symmetries. A closer
look, however, indicates, that the #Si hyperfine shifts are dlightly smaller than the
corresponding #’Al shifts. This finding is especially obvious for resonances due to nnn F-
centers. In the latter case, the °Si shifts are 30% (!) smaller as plotted in Table 9-11, while the

hyperfine shifts due to nearest neighboring F-centers are quite similar for the number 1
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resonance. The difference in the shifts of the number 4 resonance can thus be explained due to
the smaller hyperfine shift contribution of nnn F-centers to the overall shift (see Equation 9-
3). Certainly the striking difference in the nnn hyperfine shifts cannot be ascribed to nuclear
effects, since the shift solely depends on the electron density and not on nuclear parameters.
Thus one explanation might be the shorter Si-O distance (compared to the Al-O distance),
screening the silicon nuclei more effectively against electron distribution along the Si-Al

direction, while the screening towards the center of the directly neighboring cages is not
affected.

Discussion of Peak Intensities

If the mixed halide/electro sodalites are perfect solid solution systems with a binomial
population distribution, it is possible to simulate the peak intensities just from the halide
fraction according to Equation 3-5. A 3D block diagram illustrating the relation between peak
intensities and halide content is given in Figure 9-10.

0% rel ative intensity

Figure 9-10: Probabilities of the 8 distinguishable environments for T atoms in halide/electro
sodalites according to the fraction of halide filled cages. Computations were undertaken for a
binomial distribution and two classes of neighbors. For n > 0 probabilities of different (nn,
nnn) environments have been summed up into one value. While the x-axis gives the peak
assignment, the y-axis gives the percentage of F-centers, and the z-axis gives the probability
in percent.

When this datais compared to the experimental spectra a disagreement in the number O peaks
and especialy the number O peak at about 64 ppm is obvious for several spectra. Besides a
departure from binomia distribution in the samples, this effect is most likely caused by
imperfectly doped parts of the sample. This might be due to residual water or hydroxide
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persisting through the topotactic transformations or to >’Al at cages close to the surface, where
Na,>" centers have been destroyed through oxidation by oxygen or water. However, these
discrepancies are small and can be mostly neglected, by considering only the n = 1 to 4 peaks
in the comparison between theoretical and experimental intensity distributions.

Thus by analyzing the intensity information of these spectra, the agreement between
experimental and theoretical peak intensities is excellent for Cl/electro sodalites (h values of
1% according to the growth model in Chapter 5-1) and still very good for Br/electro sodalites
(h = 5% on average). The peak intensities of the 2’Al spectra of |/electro sodalites do not agree
with the computed intensities based on the overall halide fraction. This is, however, in good
agreement with the halide inclusion data gained on mixed iodo sodalites so far, where high
separation constants are observed. Thus, although the x-ray data of these high or low iodine
containing mixed sodalites do not indicate phase separation, from the 2’Al MAS NMR peak
intensity distribution analysis the occurrence of separation is obvious.

Taking all this information into account, it is possible to simulate the 2’ Al MAS NMR spectra
of mixed halide/electro sodalites, where the peak positions can be computed from Equation 9-
3 and the intengities are in accordance with the binomial distribution of two groups of four

neighbors.

a)

ppm ppm

Figure 9-11: Smulated NMR spectra (dashed lines) compared to the experimental NMR
spectra (solid lines) of mixed halide/electro sodalites. Spectrum a) and c) are of 40% Cl
containing Cl/electro sodalite; Spectra b) and d) are of a 28 % Br containing Br/electro
sodalite.
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9.2.2 The Central Halide Environments.

The halide resonances as portrayed in Figure 9-4 show a similar characteristic as the /Al
spectra of the same samples with a set of large and a set of small hyperfine shifted resonances.
This can again be understood by an analysis of the various halide environments possible. Each
halide has two groups of neighbors as portrayed in Figure 9-12: eight next neighbors
connected through a six-ring window at a center to center distance of 0.866a, and six next
nearest neighbors connected through four-ring windows at a distance of ay The observed
peaks can now be assigned in asimilar way as the >’Al resonances, where the peaks number 1

to 8 are due to halide ions, which have between one and eight F centers at the closest 6-ring,
neighboring at distances of \/éao. The resonances due to environments with no F-centers

among their eight 6-ring neighbors are labeled 0 to 0°, where the superscript is identical with
the number of 4-ring neighboring cages occupied by F-centers at distances of a.

a) b) Figure9-12:

Halide environments in mixed
halide/electro  sodalites. The
halide ions at the centers of the
sodalite cages have 14 direct
neighbors. a) eight cages are
separated by 6-ring windows at
distances of 0.866a, and b) six
cages are separated by 4-ring
windows at distances of ag,
where a, is the cell edge and
varies between 8.864 and 9.012
A'in these series.

%,

A closer look at the 6-ring neighbors allows further distinction into two groups, where one has
an F-center sodium atom at the connecting 6-ring, while for the other F-centers a sodium ion
of the Na;Hal®*" center is linked to the inner side of the connecting 6-ring window. This,
however, seems to have no observable effect on the electron density at the site of the halide
nucleus. Also other than in the tetrahedral coordination of the T-atoms, environments with n
F-centers as nearest neighbors are not necessarily equivalent. For example for n = 2 there are
3 different arrangements, for n = 3 there are 4 and for n = 4 there are 4. Again the differences
in electron density at the sites of the halide nuclei can apparently not be resolved for these
arrangements.

The sizes of the hyperfine shifts can be fitted using an electron-electron repulsion potential
according to Equation 9-1. Figure 9-13 shows the fits for the types of neighboring F-centers:
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Figure 9-13: nd,/d, for the hyperfine shift contributions to the halide resonances of a) n, the
number of nearest F-centers and b) nn, the number of next nearest F-centers. The line shown
in a) isa linear fit for the ®Br resonances with a repulsion potential of U = 1 - 0.13(n-1) and
an undisturbed hyperfine shift of &; = 82 ppm. For the nn neighbors the repulsion is absent (U
= 1 within the margin of experimental error as plotted in b).

A striking finding is, that within the plotted correlation, the otherwise very different halide
shifts fall almost together into the same data points. While the correlation with the repulsion
effect of the main resonances is excellent for Br/electro sodalites, it is quite good for
Cl/electro sodalites. In addition for the first five resonances, the nd,/d, values for Cl and
Br/electro sodalites are almost identical. For the stronger shifted *°Cl resonances the repulsion
potentials appear weaker than the linear rule predicts. For the I/electro sodalites, only two data
points exist, which are in good agreement with the 8'Br data. It is interesting to note that the
value for the repulsion parameter in these 8 neighbor environments is about 1/8 while in the 4
neighbor environment of the T atomsit is about Ya.

For the four-ring neighbors, no repulsion effect can be observed within experimental error. A
possible reason for thisis that the 4-ring windows are separated from each other by the 6-ring
windows, thus the electron densities penetrating through the 4-ring windows are unlikely to
strongly overlap with each other. The ratio of hyperfine shifts caused by 6-ring and 4-ring
neighborsis 3.5, 3,7 and 3,0 for Cl, Br and I/electro sodalites, respectively. This might allow a
good guess for the ratios of J, and J,, in Equation 3-20 and will be useful in the interpretation
of the magnetic data presented in the following section.

Figure 9-14 gives an idea of the theoretical distribution between the intensities of these

resonances as a function of F-center concentration. As can be seen from Figure 9-14,
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observation of the whole multiplet cannot be expected for a given composition. This is in
contrast to the aluminum spectra, where for most halide concentrations all 5 main resonances
can be observed. Since, as discussed above, the main resonances are principally composed of
seven sub-peaks themselves, not only the peak intensities, but also the positions of these main

peaks depend noticeably on the F-center concentration.

Figure 9-14: Probabilities of F-center environments of halide filled cages. The x-axes give
the peak assignment, the y-axes give the halide fractions in %, and the z-axes indicate the
probability of the corresponding resonances. a) Probability distribution for the eight 6-ring
neighbors. b) Probability distribution for the six 4-ring neighbors, according to the F-center
concentration given and under the assumption of a binomial distribution of both species
throughout the lattice.

Another finding is that for the halide resonances the paramagnetic shifts per F-center increase
strongly with increasing halide atomic number. This finding corresponds with the well-known
fact that Knight shifts of metals also increase with atomic number. Indeed, the ratios are
somewhat similar to the ratios of Knight shifts in those akali metals that are isoelectronic
with the halide anions. This point is still under investigation, and the *K and "“Ga NMR of
mixed K and Ga exchanged halide/el ectro sodalites might shed additional light onto the origin
of this effect.

9.2.3 Sodium Environments in Mixed Halide/Electro Sodalite Solid Solutions

The assignment of the *Na resonances in the mixed halide/electro sodalites is a bit more
challenging than the assignment of the T atom resonances. Therefore it is first necessary to

consider the possible locations of Nas>* centers with respect to the »Na nucleus under
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investigation. The positions of the 10 nearest cage centers to a sodium site are portrayed in
Figure 9-15:

Figure 9-15: The environment of sodium in mixed halide/electro sodalites. a) sodalite cage
with a central anion (large, dark) and the sodium ion of interest (small, dark) slightly above.
The residual three sodium cations of the same cage are dightly below the anion (white with
black crosses). The closest neighboring cage center at a distance of 4.9 A is symbolized by a
dark sphere. b) three next nearest neighbors behind 6-ring windows at distances of 7.3 A and
are portrayed as dark spheres. The nearest neighbor is, for reference, symbolized by an empty
sphere. ¢) three “ 6-ring” neighbors at distances of 8.7A. d) three “ 4-ring” neighbors at a
distance of 7.8 A. The next neighbors at a distance of 10 A and cages with larger distances
have not been plotted due to the unlikeliness of their significance to the problem.

From Figure 9-15 it becomes obvious that a large variety of resonances can be caused by
distribution of Na,>* centers among the four different neighbor groups. Considering the fact
that the sodium resonances of the Na nuclei forming the Na,>* center are not detected, the
resonance with the strongest frequency shift can be assigned to those sodium nuclei, which
are only separated from a Na,>* center by a 6-ring window at a distance of 4.9 A (resonance
A). The fact that its resonance shift increases from Cl/electro to Br/electro to I/electro
sodalites is also consistent with the fact that the lattice constant increases in the same
direction, pushing the sodium ions closer to the 6-ring window. [As aready discussed in
Chapter 5-3 the decrease in the Na-window distance is much more important than the increase
of the distance between the cage center and the 6-ring window, which is only proportional to
the change in the lattice constant. Thus the resulting Na-Na,>* distance decreases with
increasing cell edge] Similar to the number 4 resonance of the ?’Al spectra, the broad
lineshape of resonance A is the result of overlapping resonances. In this case the latter are
caused by different F-center environments which all have the direct neighbor at 4.9 A in
common.

The resonance with the second largest high frequency shift is the one between 50 and 60 ppm
(resonance CA), the intensity and shift of which appear correlated with the halide
concentration. Close inspection of the various samples indicates a correlation between its
intensity and the intensity of the resonance at about O ppm. Therefore it will be discussed

along those lines below.
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Between 45 and 5 ppm a multiplet of up to 15 resonances is found (B resonances).
Fortunately the 2*Na spectra of Cl/electro sodalites are well resolved and offer an insight into
the nature of those resonances. Even better resolution than for the main peaks is achieved for
the first high frequency sideband due to the absence of the broad overlapping signal
contribution around -10 ppm. Figure 9-16 portrays the sideband and the fit according to the

following assignment.

a) b) 1.5 -
y=0.0492x + 0.9561
1.4 | R?=0.9976
1.3 -
1.2 -
1.1 -

1 T T T 1
Bl B3 B5 B7 B9
ppm n

Figure 9-16: a) First high-frequency spinning sideband of the 2*Na multiplet between 45 and
5 ppm of sample Ib according to Figure 9-1. Analysis of the spectrum resolves 10 peaks and,
with the exception of the first peak, a symmetric distribution around the center of gravity of
the residual multiplet. b) Plot of nd,/d, according to Equation 9-1 for the 10 peak multiplet
with respect to the peak number. The resulting repulsion parameter is U = 1+ 0.05(n-1),
where n corresponds to the peak number B,.

Considering the three groups of neighbors with different paramagnetic shift contributions a,

3, and y, the possible number of resulting peaks can be computed and are given in Table 9-111.

hyperfine couplings (combinations peaks

a B y 4*4%4 64 .

Table 9-111. Possible numbers of peaks
a a B 4* (4+3) 28 . . . .
o a a 44343 10 in the multiplet resulting from different
o B 0 a4 16 hyperfine coupling constants a, 3 and y
a  a 0 443 7 from Na** centers at the sites
a  a/3 0 4*4-3 13 portrayed in Figure 9-11b-d.
a 2a/3 0 4%4-2 14
a a/2 0 4*4-6 10

As it is highly unlikely that those three groups of neighboring F-centers have the same
hyperfine coupling with the sodium under investigation, the only model resulting in aten peak
multiplet is the last one, where one coupling constant is by coincidence only half the size of
the other one. Thus, only two of the neighbor groups appear to produce significant electron
density at the sodium site. While the larger hyperfine coupling can be ascribed to the F-
centers at 7.3 A distance, the smaller coupling is likely to result from the group of 4-ring

neighbors at distances of 7.8 A. As shown in Figure 9-16, the paramagnetic shifts of the peaks
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associated with these multiplets can aso be fitted well to a repulsion parameter according to
Equation 9-1, from which paramagnetic hyperfine shifts of 12 and 6 ppm for the two species
can be deduced. The situation was dlightly ssimplified, as all parameters for F-centers causing
the larger hyperfine shift were approximated by twice the value of the F-centers with the
smaller contribution. Thus, generally the two hyperfine shift contributions can be determined
from the first two high frequency shifted resonances with respect to the unaffected “Na
resonance of mixed halide/salt-free sodalites. For Br/electro sodalites, these are 12.5 and 8
ppm, respectively, resulting in a multiplet of strongly overlapping resonances, which can
apparently be well reproduced by simulations based on the two hyperfine shift contributions,
the repulsion potential from Cl/electro sodalites and a binomial distribution of F-centers
between the two groups of three neighboring cages. In case of the I/electro sodalites, the
multiplet is not well resolved at all. Besides the domain separation and the resulting effect on
the intensity distribution of the resonances, the Na NMR spectra of 1/electro sodalites also
show strong quadrupolar coupling preventing a more detailed analysis.

So far al the resonances with paramagnetic shifts could be assigned and two resonances at
lower frequencies, compared to the “regular” Na-halide resonance are remaining. The
intensity of the peak at O ppm (resonance CO) increases dramatically after the samples have
been exposed to air. Thus this peak can be assigned to cages with decomposed F-centers.
From the results of Chapter 6 it is known that the deshielding of the *Na nuclei inside a
sodalite cage decreases with the size of the central cage anion. Thusit islikely that the peak at
0 ppm in halide/electro sodalites is due to sodium in cages with a rather small anion, such as
oxygen or OH . The pesk at 60 to 50 ppm (resonance CA) can then be assigned to such
decomposed cage sodium sites which are linked to an F-center via a 6-ring window, similar to
the situation for sodium in halide cages giving the A resonance, just with a Na-F-center
distance of about 6.0 A. It is reasonable to assume that such surface cages can shrink to better
accommodate the small anion and thus the distance between sodium and the neighboring F-
center increases, causing a less intense paramagnetic shift, compared to sodium in halide
cages. It can be expected that a similar multiplet as for the B resonances exists for resonance
CO0, however, due to the fact that these resonances would only result from sodium sites in
decomposed F-centers at the interfaces between doped and decomposed parts of the
crystallites, their overal probability islikely to be quite small.

The broad resonance at the low frequency side of the spectrum (resonance D) can be assigned
to an overlap of resonances dueto sodiumin OH and 30, containin ca es as well as ca es

with a partially destroyed framework. The **Na resonance of sodium in OH containing cages
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(which are available through annealing basic sodalites at 400°C)12 has a precise quadrupolar
lineshape with a Cq value of 2 MHz, an n of 0 and a chemical shift of -4 ppm. The broad
signal observed in the spectra of Figure 9-5 might therefore have the same origin, but be
exposed to more site distribution effects, due to the fact that the decomposition of the F-
centers causes massive distortions in the lattice and possibly destruction of the latter. Figure
9-17 gives a comprehensive overview over the discussed 2Na resonances.

Figure 9-17: Assignment of
the observed *Na resonances
in  sodium  spectra  of
halide/electro sodalites. The
representative spectrum
shown is for a 45% Cl
containing Cl/electro sodalite

| (Figure 9-4lb). For the
200 50 100 corresponding environments

causing the resonances A-D
ppm see text.

While all resonances observed in the Na spectra of mixed halide/electro sodalites can be
assigned to certain sodium environments, only the most high frequency shifted resonance and
the multiplet between 45 and 5 ppm are due to sodium sites within the solid solution phase of
halide and F-center occupied cages. According to the model explained above, we can thus
simulate the intensities of these resonances as portrayed in Figure 9-18.

Figure 9-18:

Theoretical relative
intensity  distributions
among the A and B
resonances in the ®Na
spectra  of mixed
Cl/electro sodalites
according to a binomial
distribution. Obviously
the total intensity of all
observed  resonances

decreases with
increasing F-center
concentration due to the
unobserved “Na

resonances of sodium
forming  the Nas®'
centers.

Although the intensity distribution of the sodium resonances could be used to characterize the

distribution of F-centers within the sodalite lattice, the influence of decomposed cages and the
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reduced number of available nuclel do not allow more than qualitative comparisons between
the theoretical and experimenta intensity distributions. On the other hand, the multiple
sodium sites at different distances to F-centers allow an experimental observation of the
electron density distribution of the F-center. The observed *NaNMR hyperfine shifts are, as
discussed in Chapter 3, proportional to the electron density at the site of the nucleus. Thus
this density is proportional to the electron density at the surface of the sodium ions, allowing a
plot of relative electron density as a function of the distance between the nuclel and the center
of gravity of the F-center. Such a plot is given in Figure 9-19, where the linear behavior
indicates an exponential decay of the electron density from the center of gravity of the F-
center towards the cage boundaries and even beyond. The characteristic length of the decay is
ro = 0.8 A in this case. Thisis in fine agreement with theoretical investigations on the F-

centers, which have recently been published and aso find s character of the paramagnetic

electron.23
Sodalite | neighbor |Na-Fc-dist| HF-shift
10 - Cl-SOD | F-center 242 5140
nn 4.96 98
’E‘ 8 nnn 7.25 12
2 nnnn 7.64 6
= 6 Br-SOD | F-center | 254 4760
< 4 & nn 4.87 120
5 nnn 7.3 12.5
2 nnnn 7.65 8
0 | | | 1-SOD F-center 2.71 4100
nn 4.72 155
2 4 6 8 nnn 7.37
Na— F-center distance /A nnnn 7.66

Table 9-1V: *Na NMR hyperfine shifts in
various sodalites. The distances have been
calculated according to the lattice
constants of all the phases in which the

Figure 9-19: Na NMR hyperfine shifts as
a function of Na-F-center distance. The

shifts of the sodium nuclei in Na,>* centers
(data points below 3 A) are computed from
the EPR hyperfine coupling constants
according to Equations 2-50.

couplings were observed. Where no
crystallographic data was available the
calculations were based on Vegard's rule
and the fractional compositions. The data

isplotted in Figure 9-19.

Furthermore, the experimental data is in nearly quantitative agreement with spin densities

calculated for sodium nuclei in dry cages that are neighboring F-centers.23 (In this analysis,
the sodium positions in the dry cages were assumed to be the same as in the F-centers, just
with one vacant site. Although thisis highly unrealistic, such sodium coordinates are actually
very similar to the sodium positions in chloro sodalites.) The values are comparable to the
shifts given in Table 9-111 and are 0.0169, 0.0014 and 0.0006 au (atomic units) for Na next
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to and F-center, next nearest to an F-center by a 6-ring window and by a 4-ring window,
respectively.

9.3 Temperature Dependent NMR Studies

Recently low-temperature static NMR data of partially doped electro sodalite have been

published”8 indicating a Weiss temperature of —150 K for the number 4 peak, while the shift
of the number 0 peak was temperature independent. As shown in Chapter 3, the Weiss
temperature is afunction of the number of neighboring paramagnetic electrons as well as their
mutual coupling constants (J,, and Jynn). Therefore different Weiss temperatures are expected
for different halide concentrations and environments and thus only variable temperature NMR
can distinguish between the contributions of electron density and electron-electron interaction
to the hyperfine shift. Two sodalite samples showing all five major auminum resonances (28
% Br/e-sodalite and 40% Cl/e sodalite) were studied. The bromine sodalite was exposed to air
prior to the VT experiment allowing for an in-situ observation of the decomposition of further

F-centers, while the chlorine sodalite was kept under argon.

9.3.1 Experimental Results and Observations

Br/Electro Sodalite;

The high temperature NMR spectra are shown in Figure 9-18. The sample is the same as the
one from which the NMR spectra in Figure 9-(2,4,5)11a originate, but it had been exposed to
air prior to the high temperature experiment leading to an increase in the peaks at the low
frequency side of the spectrum, due to decomposed F-centers, as discussed above. While for
the temperatures between 300 K and 500 K the high frequency shifted resonances move to
lower frequencies with increasing temperature, no changes in the relative intensities of the

resonances can be observed.
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a) <Al b) “Na Figure 9-20: VT MAS
NMR spectra of 28% Br
575K containing mixed
Br/electro sodalite. a)
WJ Al and b) *Na
550K
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The #’Al spectra taken at 550 K and 575 K show significantly different intensity distributions
compared with the spectra at lower temperatures. While the intensities of the peaks number 4
and 3 have dropped, the relative intensities of the number 0 and 1 peaks have increased. A
similar observation can be made in the *Na spectra, where the A resonance has almost

disappeared at 575K and the resonances around O ppm have increased.

a) 27\ b) ZNa Figure 9-21. Al and

Na MAS NMR spectra
observed at 400 K. The
lower  spectra  were

t observed before heating

the sample to 575 K and
the upper ones during the
cooling process.

o

| | | |
170 100 30 200 50 -100
ppm ppm

As shown by Figure 9-21, the temperature dependent frequency shifts are reversible, while the
spectral intensities of those samples that were cooled down to 400 K from 575 K are ill
similar to the intensities at 575K (shown in Figure 9-20). An exception might be the A

resonance in the sodium spectra. While its intensity relative to the other resonances in the 400
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K spectrum after heating is still smaller than in the spectrum prior to the exposure to 575 K,
the latter intensity appears to be relatively stronger than in the spectrum taken at 575 K,
indicating a reversible change in intensities, stronger than the expected temperature

dependence due to Boltzmann distribution.

Cl/Electro sodalite:

The temperature dependent 2’Al and Na NMR spectra of the Cl/e sodalite generally show
similar trends as in the case of the Br/e sodalite, however, within the range of 200 to 550 K

the observed changesin the spectra are fully reversible.

a) /Al b) 22Na

500K, % x

450K * *

400K * *

350K * *

300K * * %

250K * *

225K

200K * *

iticis

o

180 105 30 220 55 -110
ppm ppm

Figure 9-22: ?’Al and ®Na VT-NMR spectra of a 40% Cl containing Cl/electro sodalite,
observed at 104.23 and 105.81 MHz at spinning speeds of 7000 Hz. The spinning sidebands of
the major resonances in the Na NMR spectra are marked with asterisks.
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While the Na NMR spectra of this Cl/e sodalite show the best resolved B-peak multiplet of
all mixed electro sodalites studied, it is interesting to note that, although the magnitude of the
hyperfine shifts decreases with temperature, their linewidth is reduced even more, allowing
for the observation of the 0% and the 1™ peaks in the ?’Al NMR spectrum. In order to extract
more information from these spectra a detailed investigation of the hyperfine shifts will be

presented in the Discussion section.
9.3.2 Discussion

Sodium Mobility

For temperatures below 500 K, the intensity distribution among the peaks in the *Naand *’Al
spectra remains unchanged, indicating that the overall and the local structure of the sample
does not change. The variation of peak intensities of the observed resonances between 500 K
and 550 K, however, indicates decomposition and possible rearrangement of the F-centers.
Since the sample was aready partially decomposed it is reasonable to assume that oxygen and
water are present at the outer spheres of the crystalites and become sufficiently mobile to
penetrate further into the crystallites to oxidize F-centers. While this effect explains the
irreversible intensity change of the resonance intensities, the reversible change of the A
resonances in the *Na spectra is likely to be due to an increased mobility of sodium ionsin
and next to F-centers. Thisisin good agreement with the onset of doping observed during the
preparation of the sample at about 525K, since mobile sodium ions are mandatory to allow the
migration of F-centers into all empty (or dry) cages of the sodalite lattice. Thus HT NMR
allows an in situ observation of the processes relevant in the doping mechanism.

Hyperfine Shifts.

Since the chemical shift is to the first order temperature independent, the shift changes
observed for the number 0° 2’Al NMR peak could be due to hyperfine shifts caused either by
the vicinity of more distant F-centers or by thermal expansion of the lattice and thus an
increase in the T-O-T bond angle. Since, as shown in the previous section, it is plausible to
neglect the influence of more distant (nnnn) F-centers, the temperature dependence of the
number 0° resonance is best explained by an increase in the T-O-T bond angle. Between
room temperature and 500 K the 2’Al resonances of both sodalites are shifted by only 0.7 ppm
indicating an increase of 0.025 A in lattice constant. While compared to the salt-free sodalites
discussed in Chapter 8 (up to 0.25 A) this increase is rather small, it compares well to the
|attice expansion of Cl/Br sodalite (0.035 A) discussed in Chapter 7. It is then interesting to
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note, that no abrupt increase of the cell edge is observed at around 525 K, where the doping

process becomes possible due to the sodium mobility.
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Figure 9-23: Temperature dependence of the Al hyperfine NMR shifts of a) 28% Br-
containing Br/electro sodalite and b) 40% Cl containing Cl/electro sodalite. Resonances
obeying the Curie-Weiss law show linear slopes with the Weiss temperature as the y-axis
offset. The dopes are a function of the hyperfine coupling constant according to Equation 9-5.
Theresulting datais given in Table 9-V.
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As shown in Figure 9-2, the quadrupolar shift contribution is similar for al ?’Al resonances
observed in halide/electro sodalites. Thus, the hyperfine shift of all observed resonances can
be extracted by subtraction of the resonance shift of the 0° *’Al resonance. As can be seen
from Equation 2-50 the hyperfine shift is related to the Weiss temperature of the electrons as
well as the electron density at the nucleus observed. A plot of 1/d against the temperature is
expected to show alinear relation and yields the Weiss temperature as the x-axis-offset, while
the slope is a function of the hyperfine coupling constant Ay, which is again proportional to

the electron density at the nucleus (see text near Equation 2-50)

1 _ 1 guHy 3k (T-0)
6HF AN ge“e 106hS(S+1)

Figure 9-23 a and b plot the Al NMR hyperfine shifts of both sodalites according to

Equ. 9-5

Equation 9-5. The resulting Weiss temperatures and coupling constants are given in Table 9-
V.

Although the hyperfine shifts observed are affected by both different hyperfine coupling
constants and Welss temperatures, the major distinction is caused by the coupling constants,
resulting from the occurrence of multiple F-centers around the nucleus observed. The
hyperfine coupling constants of both sodalite samples can be plotted analogous to Figure 9-8

revealing asimilar linear relation as that resulting from electron-electron repulsion.

40 % Cl/e sodalite 28 % Br/e sodalite
2’Al peak -0 /K A /kHz -0 /K A /kHz

0 92 + 27 78+8 11 + 66 60 + 10
02 114 + 17 151 + 8 40 + 42 103 + 13
0° 116 + 11 217+ 8 - -
0* 185 + 79 315 + 48 - -
1 152 + 8 403 + 10 79 + 23 298 + 18
2 175+ 6 637 + 11 108 + 15 519 + 20
3 193 +5 823 + 11 121 + 15 680 + 28
4 210+ 5 967 + 12 140 + 11 809 + 24

Table 9-V: Hyperfine coupling constants between #’Al and its surrounding F-centers as well
as the Weiss temperature measured for these aluminum resonances, as determined from
Figure 9-24.
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While the electron density at the aluminum cores changes by a factor 2.6 between the number
1 and number 4 peaks, the Weiss temperature in both cases only changes by about 33%. This
can be understood as follows: The Weiss temperature observed for a given *’Al resonanceis a
good average value arising from al electrons interacting with the nucleus. The Weiss
temperature of each electron, thus, depends on the number of nn and nnn neighboring F-
centers it is coupled with according to Equation 3-19. This average value, however, does not
exactly equal the F-center concentration in the sodalite, since the content of mutual neighbors
(neighboring the F-center as well as the /Al atom), slightly restricts the expected distribution.
Table 9-V1 shows the average number of nn and nnn F-centers neighboring an el ectron, which

ispart of either of the 8 aluminum environments.

neighboring F-centers

6-ring 4-ring Zn(average) z,..(average)
7Tal peak out of 2 out of 2 e.g. 28% Hal cont. SOD
o' 0 0 4.38 2.92
0° 0 Y 4.38 3.42
0° 0 2/3 4.38 3.59
0* 0 1 4.38 3.92
out of 2 outof 1
1 0 0 4.38 3.65
2 2/3 1/3 5.05 3.98
3 4/3 2/3 5.71 4.32
4 2 1 6.38 4.65

Table 9-VI: Dependence of the average number of neighboring F-centers (see Equation 2-50)
to an F-center contributing to the hyperfine shift of a given 2’Al resonance. The first column
gives the 2’Al resonance and the second and third give the number of F-center occupied cages
neighboring both the F-center of interest and the aluminum atom. The fourth and fifth column
give the average number of six- and four-ring neighboring F-centers, based on an average F-
center concentration of 72 % throughout the sample.
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Table 9-VI indicates that the average number of neighboring F-centers increases with the
hyperfine resonance number. Thus from the Weiss temperatures associated with the number 1
to 4 peaks it can be concluded that J., is negative, indicating antiferromagnetic coupling. In
addition from the decrease in Weiss temperatures of the resonances number 0" to 0%, whose
contributing F-centers have the same average number of 6-ring neighbors, but an increasing
average number of 4-ring neighbors, it is obvious, that J,n, is aso negative. Thus all magnetic
interactions within the sodalite lattice are antiferromagnetic.

A quantitative analysis of the absolute values of J,, and Jnn iS not possible based on the
temperature dependent data shown here. The model is, however, consistent with aratio Jy/Jnmn
of about 3 to 4, which corresponds well to the ratio of the hyperfine shifts of halide nuclei
exposed to a F-centers connected through 6-ring to those connected through the 4-ring
window. A more detailed discussion of these considerations can be found in the following

section about the bulk magnetic properties of these el ectro sodalites.

Based on Equation 9-5 the temperature dependent Na NMR data could also be analyzed.
While for the Cl/electro sodalite Weiss temperatures were determined for all resonances
observed, the severe overlap of the B resonances in the Na NMR spectra of the Br/electro
sodalite prevented further analysis of these resonances. Thus only data for the A resonance
could be extracted and is given along the data of the Cl/electro sodalite in Table 9-VII.
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Figure 9-25: Temperature dependence of the >*Na hyperfine NMR shifts of 40% Cl containing
Cl/electro sodalite. Resonances obeying the Curie-Weiss law show linear slopes with the
Weiss temperature as the y-axis offset. The slopes are a function of the hyperfine coupling
constant according to Equation 9-5 and the resulting data is presented in Table 9-VII.



Chapter 9 : Mixed Halide/Electro Sodalites 149

*Na peak By /K A/ kHz 1.4-
A (Clle) 257+ 7 786 + 14

B1 144 + 40 82 £ 10 1.31
B2 128 + 23 140 £ 11 A 121 '
B3 196 + 20 203+ 12 A
B4 201+ 15 276 + 12 A 1.1- !
B5 217 + 14 343 + 14
B6 281 + 15 433 + 16 1.01
B7 273 +12 482 + 15 0.9
B8 263+ 11 528 + 14
B9 312 +18 613 + 24 0.8 : : : : .

A (Brle) 232 29 1560 + 95 0 2 Br? resonaGnC% 8 10
Table 9-VII: Hyperfine coupling constants Figure 9-26: plot of the electron-electron
between *Na and its surrounding F- repulsion factor similar to Figure 9-24.
centers as well as the Weiss temperatures The huge error bars result from the error
measured for the °Na resonances in in the coupling constant for the Bl
Cl/electro sodalite ( from Figure 9-24). resonance.

The last line gives the values for the A

resonance in the Br/electro sodalite.

An evaluation of the Weiss temperatures as well as the electron densities at the “Na nuclei is
complicated by the fact, that the B resonances observed result from overlaps of resonances
due to substantidly different F-center environments. While up to 4 combinations of
neighboring F-centers with large and small hyperfine coupling constants are possible this
number multiplies through different occupation arrangements of the F-center occupied
neighbors among the six possible sites. However, it can be observed, that the Weiss
temperature increases with increasing peak number. It is interesting to note, that the observed
Weiss temperatures exceed the maximum Weiss temperature, measured for F-centers, which
magnetically interact with F-centers in al neighboring cages. A reason for this observation
might be the influence of an impurity conduction band involving the sodium atoms. Metallic
conductors show temperature independent Pauli susceptibility, rather than the Curie-Weiss
like susceptibility. Possibly, this Pauli-type contribution leads to a less pronounced
temperature dependence of the observed resonances and thus results in artificialy enlarged
negative Weiss temperatures, when fitting the data to Equation 9-5. However, the maximum
possible precision in observation of the resonance shift combined with the complex
composition of the observed *Na resonances precludes quantitative analysis of such
contributions.

Also the electron density at the sodium nuclei, expressed by the ?Na hyperfine coupling
constants A,, shows a different behavior than that observed for the Al nuclei. When the
coupling constants are fitted according to Equation 9-1 no significant increase of the electron-
electron repulsion with increasing peak number can be observed. However, the error bars
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would still allow such afit, due to the rather insecure hyperfine coupling constant A;. On the
other hand, the F-centers contributing to these hyperfine shifts statistically only partially
neighbor each other, reducing their average interaction and thus the e-e-repulsion. If the
hyperfine shifts themselves are plotted versus the shift number, the data can be fitted by a
linear expression with a slope of 68 kHz and crossing (0,0). As a consequence almost no e-e

repulsion would be expected in this system.

9.4 Bulk Magnetic Measurements

One of the most exciting effects in these mixed halide/electro sodalite systems is the relation
between the microscopic magnetic interactions between single F-centers and the bulk

magnetization of a whole halide/electro sodalite sample. As it has been shown by Srdanov et

al.,20 pure sodium electro soddlite is a low temperature antiferromagnet with a Néel
temperature of 48 K. Temperature dependent measurements of the bulk magnetic

susceptibilities of 1 ed relectro sodalites were underta en and the data is resented in
Figure 9-27.
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Figure 9-27: Temperature dependent magnetic susceptibility data observed at O (+ 0.1) and 1
mT. (Zero field cooling, see text) The arrows marc the chronology of the data acquisition.
Sart and finish aswell asthe order are representatively plotted in a).
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The most striking observation of the ZFC measurements presented in Figure 28 is that the
overal magnetization shows a ferromagnetic transition. The Curie or rather onset temperature
of this magnetic interaction appears to be somewhat dependent on the concentration of F-
centers in the sample studied and varies between 44 K for 28 % bromine containing sodalite
and 15 K for 73 % bromine containing sodalite. Even in the zero field cooling process, the
overal magnetization of the samples starts to rise at these temperatures (in case d) even to
negative values). This is most likely due to the fact, that the external magnetic field was not
exactly zero, but had aresidual strength of < 10 T. Since the strength of the applied magnetic
field (after the cooling process) was only 10 T, the magnetization caused by the residual field
is likely to be a significant fraction when compared to the magnetization induced by the
applied field. The deviations between the field warmed and field cooled temperature scans
also increase with increasing concentration of F-centers. While for the sodalites with lower F-
center concentration the field warmed magnetization is just a little smaller than the field
cooled one, the sample with 28% bromine exhibits a maximum in the field warmed
magnetization. The overall magnetic moment increases with increasing F-center
concentration, with an exception of the sample with the lowest bromine concentration. It is
also possible, that a maximum magnetization per F-center is reached at 50 % F-center
concentration. Also these overall magnetic moments are only a fraction of the saturation
magnetization which is g St 1) = 1.734 (in ug) per free electron. For example, for the 45%
Br containing Br/electro sodalite with a molecular mass of 934 g/mol, the magnetic moment
of 8¢10° emu/g corresponds to 2.44+10° (in pg) per F-center. Thus the magnetization is about
0.1 % of the saturation magnetization expected for a paramagnetic spin.
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Figure 9-28 a) Saturation experiment at 2 K and a maximum external magnetic field of 7 T on
a 45 % Br containing Br/electro sodalite. b) Hysteresis found for the same sample, also at 2
K.



Chapter 9 : Mixed Halide/Electro Sodalites 152

Figure 9-28 shows field dependent susceptibility measurements performed at a temperature of
2 K on the sample with 45 % bromine content. For high magnetic fields, the onset of
saturation can be observed. However, the magnetic moment per F-center at 7 T is only about
0.11 (in pg) and thus 6.4 % of the value expected for paramagnetic s-electron spins.

Also at 2 K, the magnetization shows a hysteresis loop with a remanence of 3 mT and a
coercive field of 1.5 mT. This soft ferromagnetic behavior indicates the formation of magnetic
domains and is consistent with the occurrence of a blocking temperature in the ZFC

experiments.

Discussion

As shown above, the mixed Br/electro sodalites show a bulk ferromagnetic susceptibility
characteristic with Curie Temperatures between 44 K and 15 K. In contrast, the pure SES is
an antiferromagnet. In addition the NMR data observed for these mixed halide/electro
sodalites shows, that the magnetic coupling constants between F-centers and their first and
second neighbors are antiferromagnetic, which is consistent with negative Weiss temperatures
observed for the overall magnetic susceptibility. To rationalize these observations the
following qualitative model is proposed:

As expected for unpaired electrons, al interactions between F-centers are indeed of
antiferromagnetic nature. The introduced random distribution of halide and F-center occupied
cages is the reason for a variation of Weiss as well as Néd temperatures dependent on the
number of neighboring F-centers to each spin. When the temperature is lowered in a magnetic
field, small antiferromagnetic coupled clusters occur at atemperature defined by their average
number of neighboring spins. The sizes of these clusters are likely to range from dimers to
clusters with tens of spins. Due to the parallel occurrence of clusters throughout the lattice
severa spins are trapped in states, where each orientation is parallel and antiparalel to the
same number of neighbors. Such spins are called “frustrated” spins. They cause a degeneracy
of the ground state of the whole system. Without any external field, their orientation will
statistically vary between the two possible alignments resulting in a zero magnetic moment of
the sample. In the presence of an external magnetic field, however, the state where all
frustrated spins are oriented paralel (or have a parallel component, depending on their easy
axes) with the external field is lower in energy and thus the spin system freezes in this state.
The resulting magnetic behavior therefore appears to be ferromagnetic. During the field
cooling process, the size of the freezing clusters decreases, adding more spins which are
oriented paralel with the externa magnetic field to the system. The contribution of
paramagnetic spinsis negligibly small in the small external fields applied.
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The data of the ZFC measurements can now be understood as follows. While the temperature
is lowered in a zero external magnetic field, the system freezes in a state, where the frustrated
spins are oriented randomly. The application of the external field is capable of reorienting
paramagnetic spins as well as orienting the magnetization direction of small clusters along the
external magnetic field. An increase in temperature has two effects: For small clusters, the
Néd temperature is reached and they become paramagnetic and the extra therma energy
might allow larger clusters to orient their magnetization parallel (and antiparallel) to the
externa field with the effect that the frustrated spins are then aligned parallel to the externa
field. In this temperature region the total magnetic moment of the sample still increases with
increasing temperature. With a further increase in temperature, an increasing number of
clusters becomes paramagnetic due to the fact, that their Néel temperature is reached and the
overal magnetic moment decreases. This is also in agreement with the Field dependent

susceptibility data, which shows a hysteretic characteristic.

4 Figure 9-29: Dependence of the
s e onset of cooperative magnetic
*é 50 | coupling on the bromine
o <& concentration in mixed Br/electro
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g 207 literature20 and does not correspond
s 10 - & to the Néel temperature, but to the
5 o onset of observable bulk
& ‘ ‘ ‘ ‘ ‘ antiferromagnetic coupling.
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The onset of the magnetic coupling depends on the average number of neighboring F-centers,
which is linked to the overall F-center concentration. The exact interactions are rather
complex, since each single F-center has a different temperature where the Néel condition is
fulfilled. Still antiferromagnetic coupling does not have to occur at that given temperature if
the corresponding condition is not fulfilled for a sufficient number of neighbors.

Experimentally a dependence on the Br content is observed and presented in Figure 9-29.
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10 Conclusion and Outlook

The purpose of this thesis was to investigate the magnetic phenomena found in mixed
halide/electro sodalites, which in contrast to pure electro sodalites show a ferromagnetic
instead of an antiferromagnetic transition. Within this work several ground breaking concepts
were developed in order to be able to control the content of these mixed sodalite systems and
it was shown that NMR is an ideal method to characterize these mixed halide sodalites.

The formation of mixed halide sodalites as well as mixed halide/basic sodalites systems was
studied resulting in a growth model, which allows to predict halide incorporation during the
synthesis based on two simple parameters. The selectivity factor, which describes the
preference of the sodalite for a given intra-cage species and the separation factor as a measure
for the occurrence of domain and phase separation due to incompatible space requirements of
intra-cage species, when combined with each other in a mixed system.

The mixed halide sodalites synthesized have been proven to be a model system for the
investigation of the dependence of the chemical shift on inter-ionic distances and thus
valence-electron orbital overlap. While such relations were established here for the first time
for *Cl, #Br and *'l, in the case of *Na, the distance dependent chemical shift data could
even be compared with computed *Na shieldings, resulting in excellent quantitative
agreement.

While the knowledge gained on mixed halide sodalite was helpful in order to characterize
mixed sat-bearing/salt-free sodalites, several new properties of these systems were
discovered: Sodium in halide/hydro sodalites serves as an ideal NMR probe to directly
determine the ratio of halide and hydro cages more precisaly than the previously used indirect
methods applying TGA or X-ray diffractometry. The vacant sodium sites in halide/dry
sodalites are ordered in a way that no more than a single one is associated with an aluminum
atom. The lattice constant of pure hydro sodalite is significantly smaller than in al of the
mixed halide/hydro sodalite systems. The NMR investigation on mixed halide/hydro solid
solutions show, that the latter effect has to be due to a cooperative phenomenon involving
inter cage interactions resulting in a 15 kJmol lower energetic ground state of water
molecules in pure hydro sodalite compared to the water molecules in mixed Br/hydro
sodalites.

The temperature dependent NMR studies of these sodalites indicate an onset of ionic mobility
at 550 K in mixed halide and halide/dry sodalites, while this temperature is lowered to only

400 K in water containing sodalites.
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Finadly a method of fully doping mixed halide/dry sodalites with sodium vapor was
developed. The high concentration of about 10%* cages /cm? alows not only the observation of
F-centers by NMR, but also to measure their interactions. Quantized resonance shifts were
observed for Na, 2’Al, #Si, *Cl, 8Br and **’I. The intensity distributions among the various
resonances in the NMR spectra of framework atoms were found to be a good indication of the
homogeneity of the sample, when compared to intensities of binomial distributions, based on
the possible environments. The control of the F-center distribution allowed for the first time
an assignment of the *®Na resonances of doped sodalites. The identification of the sodium
sites corresponding to the observed resonances thus allowed to experimentally measure the
electron density distribution of an F-center. Halide NMR is another probe for the distribution
of F-centers from the viewpoint of the cage center. While the intensity distributions are in
perfect agreement with the data determined from framework NMR, the hyperfine shifts, when
scaled properly, add the cage centers to the electron density map based on the sodium
hyperfine shifts. In addition, the ratio in electron densities contributed by nearest (6-ring) and
next nearest (4-ring) F-centers gives an estimate for the ratio of magnetic coupling between nn
and nnn F-centers, which is not accessible otherwise.

Temperature dependent NMR of doped sodalites allowed the distinction between the
contribution of magnetic interactions (Weiss temperature) and electrostatic interactions
(electron-electron-repulsion) to the hyperfine shifts, indicating that both effects increase with
decreasing cage diameter.

Finally the model developed could be tested on the low temperature bulk susceptibility of
halide/electro sodalites, showing an F-center concentration dependent ferromagnetic transition
below 50 K in contrast to the antiferromagnetic transition of pure sodium electro sodalite at
48 K. It could be shown, that all magnetic interactions in the sodalite are antiferromagnetic.
Thus the resulting magnetic moments are due to frustrated spins, aligning with the external
magnetic field. Based on the molecular field theory of magnetism, the concentration
dependence of the Curie or rather Nédl temperature can thus be conveniently explained as a
result of the average number of neighboring F-centers.

The work presented has just pushed open the door of quas “sodalite solid solution”,
which allows to study interactions between nano-clusters of various materias, which are
mediated by the framework and are otherwise not accessible. A more extensive VT
characterization of mixed halide/electro sodalite systems, combined with the distribution
based models presented in this these would offer the opportunity to quantitatively determine
the magnetic coupling parameters in these systems. This issue is currently of high interest to

theoretical chemists investigating the electronic structure of doped sodalites.
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The study of similar potassium based systems should allow a deeper understanding of the
ionic bonds, when compared to these sodium based systems. Furthermore an investigation of
the properties of intra cage water in such sodalites can be expected to lead to a deeper
understanding of the cooperative freezing found in pure sodium hydro sodalite.

Preliminary work by the author has shown that also potassium based mixed halide sodalites
with random distribution of F-centers are accessible. The investigation of such K,** F-centers,
an comparison with the systems described here should allow to distinguish between electronic

and cationic F-center properties.
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11 Summary

The presented thesis was written in the context of an overal research project devoted to the
creation of F-centers distributed throughout a sodalite lattice and to study the electrostatic and
magnetic properties of interacting F-centers. As a material sodalite solid solution systems
were chosen, since they alow for the variation of the inter-F-center distances as well as the
overal F-center distribution. This was achieved by topotactic transformation of synthesized
halide/basic sodalites via halide/hydro sodalites to halide/dry sodalites, where the dry cages
can be transformed into F-centers by doping the material with sodium vapor. In order to be
able to evauate the data on halide/electro sodalites, it was necessary to control each step of
the formation of these materials on the basis of a fundamental understanding of structural
organization and dynamic properties. NMR proved to be an ideal tool to selectively study the
environment and properties of each type of element occurring in these systems. With the
exception of *°0, al other framework and extra-framework atoms have excellent or good
NMR nuclei (*H, #Na, #Al, #®Si, *Cl, ¥Br and '¥). Thus, chemica shielding and
guadrupolar coupling provide detailed information about the environment, while temperature
dependent NMR even allows the observation of dynamic processes, like molecular motion or
ion mobility.

In order to study the formation of sodalites with mixed extra-framework species, mixed halide
sodalites as well as mixed basic/halide sodalites were synthesized. While the first systems
show the tendency to incorporate the dominant halide species of the precursor solution over-
proportionally, the latter systems generally prefer the incorporation of the halide over the
basic extra framework species. Since only empirical synthesis procedures for these binary
phases can be found in the literature, a growth model was developed describing the growth of
these materials based on thermodynamic and kinetic considerations. The product of a sodalite
synthesis can be predicted on the basis of the composition of the precursor gel and two
parameters: the selectivity constant and the separation parameter. While the first one describes
the kinetic effects during the formation of the crystallites resulting in the general preference of
the species with the larger surface charge density (HsO, <1 < Br < Cl), the latter parameter
considers thermodynamic effects resulting from the strain on the framework due to the
parallel accommodation of extra-framework species with different spatial requirements. While
for species with similar sizes, perfect binomial distributions are expected, an increasing

difference in size can lead from domain formation up to complete phase separation as it is
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found in I/basic or Cl/I sodalites. On the other hand, almost perfect binomial distributions can
be found in Cl/basic and CI/BR sodalite solid solution systems. Due to Vegard's rule sodalite
solid solution systems with binomia distribution and different lattice constant of their
compositional endmembers can be well characterized by X-ray diffractometry, while NMR
allows for detailed local structural characterization of al these sodalite phases. While a
correlation between 2’Al or °Si chemical shifts and the average Al-O-Si bond angle has been
known for over a decade, the fractional areas of the Na NMR spectra were shown to be a
suitable measure for the composition of any of these quasi binary systems. The onset of
cationic mobility could also be detected by NMR a 550 K. In addition, the Na-Halide
distance in mixed halide sodalites is related to the lattice constant with a high leverage. Thus
these mixed sodalites serve as a model system to investigate distance dependent chemical
shielding effects due to anion-cation overlap of sodium and halide nuclei without the
application of high pressures or temperatures. Exponential relations between Na-halide
distance and *Na chemical shielding were discovered and are in quantitative agreement with
computed shieldings calculated on a Hartree-Fock based quantum mechanical model.

An exceptional feature of the sodalite as a matrix is the fact that some extra-framework
species can be exchanged topotactically (without altering the framework), while others are
immobile at room temperature. This allows the creation of mixed halide/hydro sodalites from
mixed halide/basic sodalites. The most striking effect of these mixed halide/hydro sodalites is
the violation of Vegard's rule by the pure hydro sodalite with its exceptionally small lattice
constant. Water molecules in the known pure hydro sodalite are ordered at low temperature
and become mobile only above room temperature. In mixed halide/hydro sodalite systems, the
water molecules are aready mobile around 200 K and are unable to freeze into a similar low-
energy state, as they do in pure hydro sodalite. This effect is reflected in the lattice constants
of these systems, which are highly temperature dependent and for hydro sodalite in the frozen
state exceptionally low, compared to other water containing sodalite systems. The mobility of
water in mixed Br/hydro sodalites also has an effect on the cation mobility, lowering its onset
temperature by about 150 K. The extra-framework cation NMR spectra of mixed halide/hydro
sodalites also serve as a convenient tool to determine the halide content easier, faster and
more exactly than by conventional methods. These modified sodium sites are characterized by
a chemical shift similar to aqueous sodium ions and dlightly cage size dependent nuclear
quadrupolar coupling constants.

The removal of water from mixed halide/hydro sodalites results in a large increase of the
|attice constant due to the electrostatic repulsion of the extra framework cations, which, in this

case are not screened by the water molecules. These materials show previously undetected
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NMR resonances and an interesting type of disordering order. One out of three extra
framework sodium sites is unoccupied since only three elemental charges per cage are
necessary to compensate for the negative framework charge and no central anion exists in
such cages. The vacant sodium sites order in away that each aluminum atom has a maximum
of one of its four sodium sites unoccupied. Due to the random occupation of cages by halide
ions in these systems, however, no long range order is created, while in pure dry sodalites, the
same microscopic order results in a macroscopic superstructure. The fundamental relation
between the ’Al chemical shift of aluminosilicates and the Al-O-Si bond angleisaso validin
these systems, if the average chemical shift of all resonances, weighed by their fractional area
is taken into account.

Halide/dry sodalites can be exposed to sodium vapor at elevated temperatures, allowing for
incorporation of sodium atoms into the dry cages yielding Nas* centers, with single
paramagnetic electrons delocalized over the center of the cage and even beyond its
boundaries. Although this effect has been known for some time, only the preparation of mixed
halide/electro sodalite solid solution alows the investigation of interactions between these F-
centers as well as between the F-centers and al other neighboring atoms. F-centers
neighboring nuclei, observed by NMR give quantized paramagnetic hyperfine shift
contributions to the undisturbed signals. The intensity distribution among these resonances
allows an analysis of the distribution of F-centers and therefore halide ions throughout the
lattice. All NMR nuclei aso serve as probes for the paramagnetic electron density at their
crystalographic site allowing to map the electron density distribution within the sodalite
lattice on an experimental base.

Temperature dependent shift measurements allow the deconvolution of the electrostatic
repulsion and the magnetic interactions between F-centers producing the magnetic coupling
constants between neighboring and next nearest neighboring F-center electrons. The effects of
lattice size on these parameters can also be observed. F-centers located in larger cages (asin
most Br/electro sodalites compared to Cl/electro sodalites) interact less strongly with each
other. This manifestsin itself weather electrostatic repulsion as well as smaller average Weiss
temperatures resulting from the magnetic coupling constants.

Finaly, the bulk magnetic properties of mixed halide/electro sodalites deviate strongly from
the antiferromagnetic behavior of pure sodium electro sodalite. Although al magnetic
interactions are antiferromagnetic the overall magnetic behavior resembles that of a
ferromagnet with Curie temperatures between 15 K and 45 K. The latter effect is due to
frustrated spins, which occur in these systems of randomly distributed F-centers. Below the

Néd temperature, the latter spins freeze into the antiferromagnetic domains, aligning rather
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paralel, than antiparallel to the external magnetic field. Thus their magnetic moments add up,
dominating the macroscopic magnetic moment of the sample to showing a temperature

dependent magnetization characteristic similar to ferromagnets or superparamagnets.
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Appendix I:

Table 6-1: Lattice constants, Na-Halide distances and NMR parameters of
mixed halide sodalites:

a) mixed CI/Br soddlites

27

23

Al Na Halides
Figure c ao Na-Hal b Po dNaCl PoNaCl §NaBr PoNaBr §cCl Ped §Br Pq Br
5 % A A ppm MHz ppm MHz ppm MHz ppm MHz ppm MHz
a 0 8.938 2.857 632 0.8 72 0.7 -220.6 0.7
b 5 8.936 2.852 633 0.7 30 0.2 72 0.6 -1254 0.2 -220.8 0.3
c 18 8.932 2.842 635 08 33 0.2 75 0.6 -125.2 0.2 -220.5 04
b 38 8921 2.813 637 0.8 40 0.2 84 0.6 -124.7 0.2 -219.4 04
e 56 8913 2793 639 0.8 42 0.2 91 0.6 -124.3 0.2 -218.6 04
f 62 8.910 2.786 64.1 09 48 0.3 9.3 0.6 -124.1 0.2 -218.3 04
g 76 8.904 2771 64.2 09 51 0.3 9.8 0.6 -123.8 0.2 -217.7 0.3
h 90 8.898 2.75%6 644 09 54 0.3 10.2 0.6 -123.6 0.2 -217.3 0.3
i 100 8.893 2745 64.4 0.7 6.1 0.5 -123.2 0.2
error +3 | £0001 =0.004 +0.2 +0.1 +0.2 +01 +0.3 +01 +0.2 +01 +04 +0.2
b ) mixed Br/l soddites
Al “Na Halides
Figure Br ao Na-Hal 9 Po OdNaBr  Po NaBr o Nal Po Nal o Br Po Br Sl Pol
6 % A A ppm MHz ppm MHz ppm MHz ppm MHz ppm MHz
a 0 9.012 3.073 61.2 0.6 73 18 -255.5 10
b 6 9.008 3.059 61.3 0.6 30 0.6 1.7 18 -226.4 0.7 -255.5 11
c 25 8.9%4 3015 61.9 0.6 39 0.8 91 17 -225.0 10 -255.2 13
d 46 8.978 2.968 625 0.7 49 0.8 10.8 18 -223.7 09 -250.4 28
e 65 8.964 2.929 62.8 08 55 0.7 117 18 -223.0 0.8 -250.0 26
f 77 8.955 2903 63.0 0.8 6.1 0.7 128 18 -222.1 0.8 -247.6 21
g 86 8.948 2.884 63.0 08 6.7 0.7 136 18 -222.0 0.3 -245.5 16
h 91 8.7 2.882 63.0 0.8 6.6 0.6 141 18 -221.6 04 -245.0 18
i 100 8.938 2.875 632 0.8 72 0.6 -220.6 0.7
error +3 | £0001 =0.004 +0.2 +0.1 +0.2 +01 +0.3 +01 +04 +0.2 +0.8 +05
¢ ) mixed Cl/I soddites
Al “Na Halides
Figure c ao Na-Hal b Po dNaCl Po NaCl 4 Nal Pe Nal 46 Cl Po ol Pal
7 % A A ppm MHz ppm MHz ppm MHz ppm MHz ppm MHz
a 0 9.012 3073 612 0.6 73 18 -255.5 10
b 5 9.007 3.056 614 0.7 -01 0.3 82 19 -128.2 0.2 -254.6 17
c 6 9.005 3.050 61.4 0.6 -04 0.5 84 17 -128.7 0.2 -254.4 15
d 10 9.001 3.037 61.6 0.7 -0.2 04 89 19 -1284 0.2 -253.9 18
e 22 8.986 2991 620 0.7 52 05 103 20 -124.1 0.2 -254.8 23
g 90 8.905 2773 64.2 09 58 0.6 17.0 21 -128 0.2 -227.1 39
f 89 8.907 2778 64.2 10 59 0.6 180 21 -123.7 0.2 -228.2 43
h 97 8.8%6 2751 644 09 59 05 19.0 21 -1234 0.2
i 100 8.893 2745 64.4 0.7 6.1 04 -123.2 0.2
error +3 |£0001 =0.004 +0.2 +0.1 +0.2 +01 +0.3 +01 +03 +01 +0.8 +05
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Table 6-11: 22Na calculated shieldings in mixed halide sodalites as a function of the
Na-halide distance for Na-O distances of 2.355 A and 2.330 A.

Cell parameters “Na isotropic shieldings

/A dNa-Hal /A | Na-Cl/ppm Na-Br/ppm  Na-l /ppm | Na-dry /ppm
8.800 2.548 572.24 563.81 551.15 584.71
Na-O 8.850 2.656 575.14 568.07 559.54 584.76
= 8.900 2.773 577.41 571.58 566.45 584.70
2.355 A 8.950 2.902 579.34 574.56 572.03 584.60
9.000 3.049 581.16 577.24 576.46 584.62
9.050 3.220 582.98 579.81 579.90 584.85
9.100 3.439 584.79 582.50 582.53 585.30
8.800 2.602 572.28 564.59 553.54 583.10
Na-O 8.850 2.714 574.76 568.36 561.09 583.05
= 8.900 2.836 576.87 571.52 567.25 582.92
2.330 A 8.950 2971 578.59 574.28 572.18 582.85
9.000 3.127 580.36 576.83 576.04 582.95
9.050 3.315 582.13 579.38 579.02 583.27
9.100 3.575 583.90 582.15 581.32 583.81
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Table 7-1: Lattice constants and halide content of mixed halide/basic, halide/hydro
and halide/dry sodalites

Lattice constants /A
label sample Cl-fract Cllbasic  Cl/hydro Cl/dry
a) h128 98 8.8806 8.8806 8.8806
b) h258 87 8.882 8.897 8.961
h260 73 8.884 8.883
h206 48 8.8858 8.922
c) h267 40 8.886 8.935 9.01
h213 27 8.887 8.953
d) h268 16 8.888 8.979 9.062 (8)
e) h227 0 8.8908 8.844 9.100 (15)
label sample Br-fract Br/basc  Br/hydro Br/dry
a) H209 98 8.936 8.936 8.936
b) H214 79 8.927 8.940 8.955
c) H183 68 8.922 8.948 8.972
d) H200 59 8.918 8.953 8.982
e) H182 46 8.912 8.957 9.011
f) H199 35 8.907 8.960 9.040 (6)
o)) H172 13 8.897 8.969 9.082 (7)
label sample I-fract I/basic |/hydro |/dry
a) h217 98 9.012 9.012 9.012
h216 96 9.009
h266 95 9.006 9.009
h249 93 9.005
h265 87 8.994
b) h248 84 8.990 9.006 9.017
c) h264 9 8.902 8.989 9.078 (8)
h263 2 8.893
error +3 + 0.002 + 0.002 + 0.004
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Appendix VI:

Table 8-1-c: NMR parameters of mixed |/salt-free sodalites
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Appendix VII:

Table 9-1: Resonance shifts (ppm) of all peaks of the 2’Al, 2Na, 3*Cl, 81Br and 12/l NMR
Spectra of mixed halide/electro sodalites. The peaks are assigned according to
Chapter 9. All spectrawhere acquired in amagnetic field of 9.4 T.

Resonance shifs /ppm

27Alpeak 16 % Cl 40%Cl 84%Cl|28%Br 54%Br 73%Br| 9% 86%] | error
o° 65.2 64.6 64.8 64.4 64.0 63.9 62.5 62.0 0.2
ot 72.9 72.6 72.7 715 71.3 71.8 70.4 70.4 0.3
0? 79.4 79.5 80.2 77.9 78.1 79.3 76.8 78.2 0.3
0 85.2 85.4 83.9 85.8 0.3
1 98.3 99.4 98.2 96.3 96.8 94.3 96.5 0.8
2 119.6 1181 1152 | 116.3 1150 1169 | 1152 1177 | 0.6
3 130.6  131.1  130.8 | 129.3 1280 131.0 | 1280 1309 | 0.4
4 138.7  140.3 138.1 1366  140.1 | 1369  139.3 | 0.2
23’Napeak16%CI40%CI84%CI 28%Br 54%Br 73%Br| 9%I| 86%]I | error
Co 1.1 0.5 0.7 0.4 0.7 -0.8 0.2
0 7.4 7.6 6.7 6.1 8.1 8.0 8.6(6) | 0.2
B1 14.9 13.7 0.3
B2 19.0 18.3 0.3
B3 23.4 23.7 0.3
B4 28.6 29.9 0.3
B5 32.8 32.9 34.5 0.3
B6 355 36.1 0.3
B7 39.5 40.3 0.3
B8 43.1 43.9 0.3
B9 45.9 46.6 0.3
CA 64 63 68 67 70 2
A 101 98 96 121 120 127 156 1
Halide
NMR peak] 16 % Cl 40 % Cl 84 % CI|28 % Br 54 % Br 73%Br| 9% 86 %! | error
o° -120.0  -121.9 -123.9 | -221.0 -218.3 -220.1 | -263.4 -261.9 | 0.2
ot -116.2 -196.8  -197.9 | -200.8 -206.7 | 0.3
0? -108.6 -175.6  -176.5 | -145.5 0.3
0 -100.2 -153.6  -155.6 0.3
1 -98.2 -98.6 -96.3 | -113.2 -136.6 -97.0 975 | 1.5
2 71.4 -75.0 -55.0 -80.2 -84.7 -10.0 1.0
3 -54.6 -53.3 -12.3 -28.3 -30.0 0.8
4 -40.1 -32.6 24.2 15.2 13.0 0.6
5 -29.3 -26.6 54.3 48.4 51.6 0.5
6 -15.2 -14.4 81.3 74.4 78.9 0.4
7 2.9 2.5 106.4 99.2 0.4
8 8.8 9.9 127.7  125.1 401 (1) 0.8




Appendix: VIII

Crystal Growth Simulation Program

#include <limts. h>
#i ncl ude <stdio. h>
#i ncl ude <stdlib. h>
#i ncl ude <string. h>
#i ncl ude <nmath. h>

#i ncl ude <ctype. h>
#i ncl ude <fstream h>

void main()

{

int abbrcount,i,j,k,kr,kw, z, ps, c, | auf, konz;
float f,w, p,abbrbed;

/* Ei ngabe der Werte */

printf ("G oesse der Matrix : ");
scanf ("% ", &);
printf(" \n");

int cell[z+2][z+2][2];

float res[53][23];

float hal con[2]

float alcon[5][
5]

2
float altheo[5]]

I
2];
/*Initial concentration of specis A ps in promlle (500 = 50%*/

ps=500;

/*sweep of separation factors*/

for(lauf=0; I auf <51; | auf ++)

{

f=(1-0.02*I auf);
printf("f: 98.3f",f);
kr =0;

kw=1;

abbr count =0;

/*creation of the initial matrix */

for (i=1;i<z+2;i++)

{
for (j=1;j<z+2;j++)
w=doubl e(rand() % 1001));
cel I[i][j][0]=0;
i f (w<=ps)
cell[i][j][0]=1;
}
}
}

/*conputation of next matrix */
for (k=1; abbrcount <10; k++)

{

/* Martix k*/

hal con[ kw] =0;

for (i=1;i<z+1;i++)
{

for (j=1;j<z+l;j++)



c=cel I [i][j][kr]+cel I[i][j+1][kr]+cel l[i+2][j][kr]+cell[i+1][j+1][kr];
w=doubl e(rand() % 100001));
p = 1000- (1000- ps)*powm((f), (c-2));
if (c<2)

{
$=p8*pOW((f),(2-C));

cel I'[i][j][kw =0;
i f(w 100<p)

{
cel ITi][j][kw=1;
hal con[ kw] =hal con[ kw] ++;
}
) }
hal con[ kw] = hal con[ kw] / (z*z);

/* Introduction of periodic boundary conditions*/
for (i=1;i<z+l;i++)

{Cell[z+1][i][kV\ﬂ:ceII[l][i][kV\ﬂ;
for (i:1};i<z+l;i++)
{ cel I [i][z+1] [kw =cel I [i][1] [kw];
E:ell[z+1][z+1][kV\ﬂ:ceII[l][l][kV\ﬂ;

/* Conputation of alum num environnent*/
for (i=0;i<5;i++)

{
al con[i][kw] =0;
}

for (i=1;i<z+l;i++)

{
for(j=1;j<z+1;j++)
{
c=cel I[iI][j1[1] + cell[i][j+1][1] + cell[i][j+1][0] +
cel I [i+1][j+1][0];
al con[ c] [ kw] =al con[ c] [ kw] +1;
c=cel I[i+1][j][1] + cell[i+1][j+1][1] + celI[i]J[j][0] +
cel I[i+1][j]1[0];
al con[ c] [ kw] =al con[ c] [ kw] +1;
}
}

for (i=0;i<5;i++)

{
alcon[i][kw] =al con[i][kw]/(2*z*Zz);
}

/*abort condition*/
abbr bed=(4*z*z);
i f(pow(100*(al con[2][0]-al con[2][1]), 2)<10000/ abbr bed)
{

abbr count =abbr count +1;

[*return junp*/
kw=kwa1;
kr=kr+1;
if(kw>1)

{
kw=0;

i f(kr>1)

kr =0;
}

/* Conputation of binomal distribution*/
al t heo[ 0] [ kw] =pow( (1- hal con[ kw] ), 4);
al t heo[ 1] [ kw] =4* pow( ( 1- hal con[ kw] ), 3) *hal con[ kw] ;
al t heo[ 2] [ kw] =6* pow( ( 1- hal con[ kw] ), 2) * pow hal con[ kw] , 2) ;
al t heo[ 3] [ kw] =4* (1- hal con[ kw] ) * pow( hal con[ kw] , 3);
al t heo[ 4] [ kw] =pow( hal con[ kw] , 4) ;



/*Results are tranferred into res */

res[ | auf][0] =k;

res[lauf][1] =ps;

res[lauf][2] =hal con[ kw] ;

res[lauf][3]=1- aI con[ kwj ;

res[lauf][4]=1-f;

res[lauf][20]:0

for(i=0;i<5;i++)

res[lauf][5+i]=alcon[i][kw] *100;
res[lauf][10+i]=altheo[i][kw *100;
res[lauf][15+|]:(—altheo[i][kM+aIcon[i][kM)*lOO
res[lauf][20]=res[lauf][20] +pow(res[lauf][15+i], 2);

}
res[lauf][20] =pow(res[lauf][20],0.5);
/* Dat ensausgabe Monitor*/
printf("\n");

/ *Savi ng procedure*/
char* dat _nane;
dat _nanme="resul t.dat";
of stream t ol(dat _nane);
for(j=0;j<51;j++)
for(i=0;i<21;i++)

tol<<res[j][i];
tol<<" ",

tol<<j;
t ol<<endl ;

tol.cl ose();



