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ABSTRACT

New data is presented on mixed modified tetra-silicate glass of composition (1-

z)[K2xMg(1−x)O · 4SiO2] · zCuO where x = 1, 0.875, 0.75, 0.625, and 0.5, and z ≈ 0.004.

This glass, with compositions of x = 1 and 0.5, was studied using 17O dynamic-angle

spinning (DAS) NMR in 1992 by Farnan and coworkers [1] and it was shown that there

was considerable order of the non-bridging oxygen sites. The 29Si sites were studied

using two-dimensional magic angle flipping (2D MAF) NMR at natural abundance

to examine the degree to which this clustering can be observed in a range of glass

compositions. A chemical shift anisotropy, ζδ site 1, of -84.7 ± 0.1 ppm for the x = 1

sample and, ζδ site 2 of -60.4 ± 0.2 ppm for the x = 0.5 sample were determined based

on a two site simulation of the MAF spectra. The chemical shift anisotropy of the

x = 1 sample corresponds to a pure potassium coordination environment, whereas,

the chemical shift anisotropy of the x = 0.5 sample corresponds to a mixed potas-

sium/magnesium coordination environment, which is proposed as a K2i · Mgi, where

the potassium-to-magnesium ratio is believed to be restrictive but the total number

of modifier cations near each non-bridging oxygen is not known. A three-site simula-

tion was used to fit the other glass compositions. Two distinct anisotropic lineshapes

were found with: ζδ site 1 = -85.5 ± 1.1 ppm and ζδ site 2 = -63.1 ± 4.8 ppm for the

x = 0.875 sample, ζδ site 1 = -86.2 ± 0.4 ppm and ζδ site 2 = -58.6 ± 0.3 ppm for the

x = 0.75 sample, and ζδ site 1 = -87.5 ± 0.6 ppm and ζδ site 2 = -61.9 ± 0.3 ppm for
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the x = 0.625 sample. These sites correspond to the same cation clustering coordina-

tion environments from the x = 1 and x = 0.5 samples. Ab initio quantum chemical

calculations were performed on a basic silicate tetrahedron built to emulate various

Q(n)-species with different Si-NBO bond distances to investigate the experimentally

determined trend between the network modifying cation potential and the anisotropy

of the clusters. Both the experimental results and theoretical ab initio calculations

indicate that as cations with larger cation potentials are incorporated into the glass,

the magnitude of the anisotropy increases.
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CHAPTER 1

Introduction

1.1 Glass

1.1.1 History of Glass

Since early human history, glasses have had and continue to have great techno-

logical impact on our society, with applications such as drinking glasses, cookware,

automotive windshields, laboratory apparatus, dental materials, and even nuclear

waste containment [13–15]. The glassy state also plays an important role in natural

geological processes, such as volcanism [13], and even in biological processes, such

as anyhydrobiosis [16]. Volcanic glasses, such as obsidian, were first used by man

to make weapons and tools [17–19]. Glasses were some of the earliest man-made

materials and were first created in the Middle-East (Mesopotamia, Egypt, or Syria)

approximately five thousand years ago [13, 20, 21]. Early glasses were cloudy and

fragile due to the presence of metals within the glass structure [13, 22]. Glass was

the first material that early man had the ability to produce with a given property

(its color) by altering the composition at will [13]. Early glasses were reserved for

royalty and used as jewels and amulets [13, 17]. The development of glassblowing,

which made shaping and making glasses faster and less expensive, by the Ptolemies

in the third century B.C., started an industrial revolution in glassmaking [13,23,24].
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Glass making evolved over the next two thousand years into a major industry and

was even integral in scientific advancement [13,17,19,25].

1.1.2 Glass Formation and Definition

There are many different ways to define a glass [13,19]. One particular definition

states that glass formation is achieved by rapidly cooling a liquid into a super-cooled

liquid-like state [14]. The rapid cooling, or quenching, does not allow the atoms and

molecules in the liquid state to rearrange into a low energy crystalline solid state. This

definition is somewhat restrictive as glasses can be formed from a solid or gas [26–34],

from precipitation [35, 36], and even by electrolytic deposition [37, 38]. Therefore, to

avoid dealing with these semantics, we will discuss the broader issue of atomic-level

structure determination in non-crystalline solids, which include glasses [19]. Glasses

are often described as amorphous solids implying that there is an atomic-level disorder

within the glassy structure, although the extent of order and disorder is not well

understood [14]. An improved understanding of the atomic-level structure of glass,

and how this structure is correlated to properties would allow glasses to be designed

for improved technological performance.

1.1.3 Structural Models of Glasses

Due to the disorder inherent in the glassy structure, atomic-level details about

the structure of glasses have proven illusive [39–41]. Glass structure was first de-

fined based on its short range bonding order, which is a central atom connected to

ligands. Silicate glasses, for example, are known to be composed of a network of

silicate tetrahedra [2] that are interlinked through bridging oxygen bonds as shown

in Figure 1.1. As network-modifying cations are incorporated in the glass structure,
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Crystalline A
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Glassy A
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3
 

Figure 1.1: The structure of glass (right) from the model proposed by Zachariasen
[2]. The glass structure is described as having local order but lacking long-range
periodicity. The structure is shown in contrast to the structure of a crystalline solid
(left), which contains long-range structural periodicity.

Si-O-Si bonds are broken to form non-bridging oxygen (NBO) sites [19] as shown in

Figure 1.2. Therefore, the oxygen anions within the glass can be divided into two

types, those that connect two silicate tetrahedra are called bridging oxygen (BO),

and the terminal oxygens that coordinate to a network modifying cation, called non-

brdging oxygen (NBO) sites. The distribution of these network modifying cations

was first proposed to be ordered and to depolymerize the silicate structure through-

out the glass structure by Zachariasen [2]. However, Warren and Briscoe studied the

glass structure by X-ray diffraction (XRD) [3] and determined that their results led

not to an ordered distribution of modifying cations within the glass structure, but

to a random distribution of the modifying cations throughout the glass, as shown in

Figure 1.3.
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Figure 1.2: When a network modifying cation is introduced into the glass, Na+ is
shown, the bridging oxygen (BO) sites within the glass structure are broken. The
terminating oxygen sites within the glass are called non-bridging oxygen (NBO) sites.
The network modifying cations cluster near the NBO sites within the glass.

Na

Si

O

Figure 1.3: The random network model as proposed by Warren and Briscoe [3], where
the network modifying cations cluster randomly throughout the glass structure.
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Figure 1.4: The modified random network model as proposed by Greaves [4] shows
the network modifying cations (green) forming clustering channels within in the glass
structure. While the silicon (blue) and oxygen (red) form a polymerized random
network.

Greaves, in 1985, utilized extended X-ray absorption fine structure (EXAFS) to

study the glass structure. Based on these results a modified random network model [4]

was proposed by Greaves, where the network modifying cations are shown clustering

in channels near the NBO sites, instead of randomly placed within the glass structure

(Figure 1.4).

Understanding the local bonding environment around silicon can provide infor-

mation on the structural disorder within the glass. The coordination of silicon is

commonly denoted as Q(n) where n is the number of bridging oxygen per silicate

tetrahedron and ranges from zero to four. The structure of glass, in contrast to

crystals, is not dictated by the requirements of a fixed unit cell, prohibiting detailed

analysis by diffraction based techniques.
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One way to explore these structural models for the cation clustering in silicate

glasses is by examining the thermodynamic disproportionation equilibria of the Q(n)-

species. The reaction,

2Q(n) = Q(n+1) +Q(n−1), where n = 3, 2, 1, (1.1)

represents this thermodynamic model. The concentrations of the Q(n)-species are

used to calculate the disproportionation constant, kn, by the equation,

kn =
[Q(n+1)][Q(n−1)]

[Q(n)]2
. (1.2)

If a binary distribution of Q(n)-species exists in the glass then all of the k values

will be equal to zero. However, if k3 = 0.375, k2 = 0.495, and k1 = 0.311 then the

distribution of Q(n)-species is considered to be random [42,43]. A binary distribution

of Q(n)-species, as observed by Dupree et al. [44], has only two Q(n)-species present

at a time with sequential appearance of the next Q(n)-species as the modifying cation

concentration increases, as shown on the left of Figure 1.5. The random distribution

model mentioned above any Q(n)-species can exist at a given cation concentration, as

shown on the right of Figure 1.5

1.1.4 Previous Structural Investigations of Silicate Glasses

Vibrational techniques, such as infrared transmission or reflection, or Raman scat-

tering, have been extensively used for the investigation of the atomic-level structure of

amorphous solids, specifically silicate glasses [45]. Raman scattering was instrumental

in the early understanding of glass structure, especially in silicate glasses [13], includ-

ing the observation of the dependence on composition of the polymerization state of

silicate glasses [45]. Raman spectroscopy has been utilized to describe the short and
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Figure 1.5: The thermodynamic model of a binary model (left) and a random model
(right) for the Q(n)-species distribution in silicate glasses containing varying concen-
trations of network modifying cations.

medium range bonding order in silicate glasses by identifying different Q(n)-species

within the glass [13,46–49]. Raman studies also revealed that in silicate glasses with

high alkali concentrations the silicate tetrahedra form 4-6 member rings [50]. The

distinct difference between the silicon coordination environment in stishovite, which

is known to have six coordinate silicon, and quartz that was observed by Lyon [51]

was the first observation of the tetrahedral environment of silicon in quartz.

X-ray and neutron scattering and diffraction techniques have also been used to

study the atomic-level structure of glasses [52]. Scattering and diffraction techniques

yield results in terms of distances and angles within the structure of the molecule that

is being studied, such as the radial distribution function (Tx(r)), shown in Figure 1.6,

which is a measure of the density of atoms a distance, r, from the atom of interest [5].

Therefore, a distribution of interatomic distances and angles within the glass structure
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Figure 1.6: The radial distribution function (Tx(r)) of silica glass [5]. The radial dis-
tribution function is calculated by taking the Fourier transform of acquired diffraction
data and is a measure of the density of atoms at distances, r, from the atom of interest.

can be obtained from X-ray and neutron scattering or diffraction studies of silicate

glasses. Along with silicate glasses, structural details of germanium [53], titanium [54],

and boron [55] oxide glasses have been studied using XRD and neutron diffraction

experiments. X-ray absorption techniques, such as EXAFS, have also been routinely

performed to study the structure of silicate glasses [52].

The first order coordination sphere that was described by Zachariasen [2] was

confirmed using XRD, infrared spectroscopy, and neutron diffraction [3, 53, 55–59].

The radial distribution function of silica glass [5] indicates that there is a range of

interatomic Si-Si distances (Figure 1.6), in agreement with the proposed structure

by Zachariasen [2]. While these other spectroscopic techniques have been used to

study the structure of silicate glasses, nuclear magnetic resonance (NMR) has proven
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especially useful because of the ability to separate each Q(n)-species through the

resonance shift [7, 60–64]. NMR spectroscopy also allows for accurate quantification

of the Q(n)-species within the glass structure [6, 63, 64]. The relative abundance of

each Q(n)-species is determined by integrating the area under each resonance shift.

1.2 Nuclear Magnetic Resonance

Discovered in 1945, NMR spectroscopy is a technique that detects the nuclear

spin of molecules precessing in a magnetic field. NMR spectroscopy can be used to

identify nuclei with different bonding environments within a particular molecule, due

to differing resonance shifts.

1.2.1 Macroscopic Model of NMR Active Nuclei

Thinking of a nuclear spin as a macroscopic spinning top is a useful macroscopic

model for NMR. If the spinning top is placed in a zero gravity environment the

top will not precess. However, if the top is then placed in a gravitational field,

Figure 1.7A, then the top will precess about the direction of the gravitational field,

with a characteristic frequency that is determined by parameters that are unique to

the particular top and environment, such as the mass and moment of inertia of the

top, and the gravitational field strength. If a bar magnet is placed along the spinning

axis of the top, and the top is placed within a magnetic field the top will begin

precessing about the magnetic field axis (Figure 1.7B). The top will precess with a

characteristic frequency, ω0, called the Larmor frequency. The Larmor frequency is

linearly related to the strength of the external magnetic field, B0. By wrapping a

wire, or coil, around the precessing top, as shown Figure 1.8, Faraday’s Law can be
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Figure 1.7: A macroscopic spinning top (A) placed in a gravitational field precessing
about the direction of the gravitational field (along the z axis). A spinning top with
a bar magnet inside (B) placed in a magnetic field (along the z axis) precessing about
the external magnetic field, B0.

exploited to measure the change in magnetic flux,

E = −dΦ

dt
, (1.3)

where E is the Electromotive Force, EMF, and Φ is the magnetic flux. The EMF, E,

that is induced in the coil is given by

Ex(t) = ω0
µ0

2rcoil
|µ| sinψ sin(ω0t+ ξ0), (1.4)

where ω0 is the precession frequency, |µ| is the length of the precessing magnetization

vector, ψ is the angle between the z axis and the precessing magnetization vector,

and ξ0 is the initial phase of the vector, as shown in Figure 1.9. The amplitude of the

signal that is acquired is proportional to the magnetic dipole strength and the angle

from the external magnetic field axis. The Electromotive force is maximized when

the angle ψ is perpendicular to the external magnetic field axis.
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Figure 1.9: The magnetization vector ~µ as it precesses about B0, shown in the carte-
sian coordinate system.
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1.2.2 Magnetic Resonance

Each NMR active nucleus (one that has spin angular momentum that is not

equal to zero) can be thought of as a microscopic spinning top. When an NMR

active nucleus is placed into a magnetic field then the coupling between the magnetic

dipole vector and the external magnetic field will cause the nucleus to precess about

the external magnetic field axis. The Larmor frequency that a nucleus precesses at

is determined, to first order, by the gyromagnetic ratio, γ, and the magnetic field

strength, B0, by the equation,

ω0 = −γB0. (1.5)

The nuclear gyromagnetic ratio is dependent on the nucleus. The Larmor frequency

of a nucleus is caused by the coupling between the magnetic dipole vector of the

nucleus and the external magnetic field, called the Zeeman interaction. As discussed

in the section above, the amplitude of the NMR signal is proportional to the angle

the net magnetization vector is from the external magnetic field. Therefore, to detect

the maximum signal the bulk magnetization of the sample must be in the xy plane.

However, the bulk magnetization in an external magnetic field will be aligned along

the direction of B0. The bulk magnetization is placed in the xy plane by applying a

small secondary magnetic field, B1, in the form of a radio frequency (rf) pulse into

the coil, which serves to tilt the net magnetization from the z axis. This B1 field is

applied multiple times until the net magnetization is in the xy plane. The magnetic

resonance phenomenon is shown in Figures 1.10 and 1.11.
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Figure 1.10: The net magnetization aligns along the external magnetic field direction,
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The net magnetization then tips slightly toward the +y axis from the +z axis. Once
a precession of 180◦ is achieved another B1 magnetic field is applied along the −y
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Figure 1.11: The result of magnetic resonance is shown, where the alternating small
magnetic fields shown above have shifted the net magnetization vector from the +z
axis into the xy plane.
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1.2.3 Nuclear Shielding and Chemical Shift

The varying resonance shifts in a sample are caused in part by the nuclear shielding

of the NMR active nucleus, where the nuclear shielding of a particular NMR nucleus

in a fixed molecule system is defined by the second rank tensor (note that bold face

text will be used to denote a variable that is a tensor),

σ =

σxx σyx σzx
σxy σyy σzy
σxz σyz σzz

 (1.6)

Each unique bonding environment around the NMR active nucleus yields a different

resonance shift. Based on the geometry of the molecule, local magnetic fields are

induced in the molecule that increase, or decrease, the net magnetic field that is

experienced by the nucleus with respect to the shielding of a reference compound [65].

This increasing, or decreasing, of the net magnetic field is called nuclear shielding, or

deshielding, where the nuclear shielding value for a particular NMR nucleus is given

with respect to a bare nucleus, where σ = 0. Therefore, all nuclear shielding values

are positive, and increasing nuclear shielding values correspond to a larger density

of electrons near the nucleus. The nuclear shielding of the NMR center causes the

unique resonance frequency that is characteristic of an NMR spectrum. Therefore, the

geometry of molecules can be explored by determining the nuclear shielding of each

unique site. The nuclear shielding effect is accounted for in the precession frequency,

ω, by the equation

ω = −γ(1− σiso)B0, (1.7)

where σiso is the isotropic nuclear shielding. The isotropic nuclear shielding is defined

as

σiso =
1

3
Tr {σ} =

1

3
(σzz + σyy + σzz), (1.8)
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where the trace of the second rank nuclear shielding tensor is the components, or

eigenvalues, of the tensor in its principal axis system. The nuclear shielding tensor is

important because it describes the shielding interaction in three-dimensional space.

The nuclear shielding tensor can be thought of as an ellipsoid in three-dimensional

space; however, this is best understood if the isotropic nuclear shielding is subtracted

from the diagonal components of the nuclear shielding tensor yielding,

λzz = σzz − σiso, (1.9)

λyy = σyy − σiso, (1.10)

λxx = σxx − σiso. (1.11)

In this reference frame the λ values describe deviations, positive or negative, from a

sphere. The direction of the deviation in three-dimensional space is determined by

the eigenvector of the particular component of the nuclear shielding tensor. While

the nuclear shielding tensor is asymmetric it is treated as symmetric (σxy = σyx) as

a first-order approximation [66]. It is difficult to determine the nuclear shielding of

the nucleus of interest due to the fact that a precise measurement of the B0 field is

required, which means the magnetic susceptibility of the sample must be taken into

account. Therefore, chemical shift is often used to label resonance shifts due to its

convenience. A chemical shift value (δij) can be calculated for each of the nuclear

shielding tensor components creating a chemical shift tensor. The isotropic chemical

shift of a sample is defined as,

δiso =
ωiso − ωref

ωref
(1.12)

in terms of the NMR frequency, and

δiso =
σref − σiso
1− σref

(1.13)
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in terms of the nuclear shielding of the molecule, where σref and ωref are the nuclear

shielding and the NMR frequency, respectively, of a reference compound. Therefore,

the chemical shift values have the opposite sign as nuclear shielding and as the nucleus

becomes more shielded the chemical shift value decreases. The chemical shift trends

that are obtained from an NMR experiment can be related to the nuclear shielding

trends, which in turn are related to the electron density around the nucleus. However,

relating the chemical shifts values to nuclear shielding values is difficult due to the

fact that an exact nuclear shielding reference is required.

In powdered samples, the NMR frequency contains contributions from each unique

orientation of the crystallite with respect to the external magnetic field. While this

causes NMR lineshapes to become significantly broadened because of the underlying

anisotropy, analyses of these lineshapes can provide rich structural detail around

nuclei of interest. The primary interaction for spin I = 1
2

nuclei, like 29Si, is the

nuclear shielding which gives rise to an anisotropic lineshape. Stebbins [6] realized

that each Q(n)-species has a distinct anisotropic lineshape (Figure 1.12), and used

this relationship to separate multiple sites in the static 29Si NMR spectra of glasses.

Therefore, the anisotropic lineshapes of silicate glasses can be used to identify the

Q(n)-species. The distinct anisotropic lineshapes of the Q(n)-species can be related to

the nuclear shielding based on the effect each nuclear shielding eigenvalue has on the

lineshape, as shown in Figure 1.13. When using the Haeberlen convention [67],

|σzz − σiso| > |σyy − σiso| > |σxx − σiso|, (1.14)
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(shown as spinning at 90◦ with respect to the magnetic field) as shown by Stebbins [6].
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the anisotropy of the NMR lineshape can be described by using two parameters, ζ

and η, which are defined as,

ζσ = σzz − σiso, or ζδ = δzz − δiso, (1.15)

and

η =
σyy − σxx
σzz − σiso

=
σyy − σxx

ζσ
, or η =

δyy − δxx
ζδ

(1.16)

where ζσ is the nuclear shielding anisotropy, ζδ is the chemical shift anisotropy, and

η is the nuclear shielding asymmetry parameter of the nuclear shielding tensor. ζ

and η describe the shape, deviation from spherical, of the nuclear shielding tensor.

Therefore a nuclear shielding tensor where both ζ and η are zero is a sphere in

three-dimensional space. As the symmetry of the electron density around the nu-

clei of interest decreases the magnitude of the anisotropy, ζ, increases. However, η

increases when the asymmetry of the nuclear shielding tensor becomes increasingly

multi-directional. This asymmetry in the nuclear shielding tensor arises due to the

Si-NBO bonds of the Q(n)-species and the cation clustering around each non-bridging

oxygen. This allows each Q(n)-species to be resolved due to the anisotropic lineshape

and unique chemical shift value.

1.2.4 Magic Angle Spinning

Magic angle spinning [68–70] reorients the sample to average away the anisotropy

in powdered solids by simulating the continuous reorientation of liquid state NMR by

spinning the sample, packed in a rotor, rapidly about a fixed angle. The magnitude

of the anisotropy scales as the second-order Legendre polynomial, P2cos(θ), which is

zero when the angle, θ, is 54.74◦, which is called the magic angle. The magic angle
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Figure 1.13: The contributions of the nuclear shielding tensor parameters on the
anisotropic lineshape.

is typically chosen due to the fact that while spinning at the magic angle the second-

order anisotropic interactions are averaged to zero assuming that the spinning speed

is greater than the width of the anisotropy. Spinning sidebands appear at integer

multiples of the spinning speed if the spinning speed is not sufficiently fast enough

(Figure 1.14). Averaging away the anisotropy of the NMR lineshape increases the

sensitivity of the spectrum because the total integrated area of the broad powder

pattern has been collapsed into a narrow resonance with MAS.

The chemical shift values for each Q(n)-species within silicate glasses are well

known [71–73]. While MAS is effective, the MAS lineshapes in glasses are composed

of a distribution of isotropic chemical shifts that lead to broad overlap in the NMR

spectrum, due to the disordered nature of glass resonance. These broad overlaps in
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Figure 1.14: The characteristic spinning sideband pattern of each Q(n) species when
the spinning speed is less than the width of the anisotropy for the sample.

the MAS NMR spectrum lead to broad Gaussian lineshapes [74]. In order to improve

resolution various multidimensional NMR techniques have been developed to correlate

a pure isotropic dimension, which contains narrower, albeit overlapping, NMR line-

shapes, to a purely anisotropic dimension where broad anisotropic lineshapes are ob-

served [75–78]. The benefit of this approach is that narrow lineshapes can be acquired

while maintaining the structural information contained within the anisotropic pow-

der patterns. The two-dimensional experiments that can be used to correlate purely

anisotropic and a pure isotropic dimension include Magic Angle Hopping (MAH) [75],

Magic Angle Flipping (MAF) [75], Magic Angle Turning (MAT) [76], and 2D Phase

Adjusted Spinning Sidebands (2D PASS) [77,78].

1.2.5 Magic Angle Flipping

The 2D MAF experiment reorients the rotor axis between two angles, typically

magic (54.74◦) and 90◦ with respect to the magnetic field, to manipulate the spatial

dependence of the chemical shift anisotropy. The magnetization is allowed to evolve

for a variable time, t1, while spinning at 90◦ with respect to the magnetic field. The
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variable time, t1, makes MAF a two-dimensional experiment. Because the magnitude

of the anisotropy scales as the second-order Legendre polynomial, P2cos(θ), when the

rotor is spinning at 90◦ with respect to the external magnetic field the anisotropy is

introduced because P2cos(θ) = −0.5 [79]. Following the evolution period the mag-

netization is stored and the rotor is mechanically hopped, using a stepper motor, to

the magic angle where the anisotropy is fully averaged away. The signal can then

be detected, or the echo can be shifted out in time to ensure the entire echo is col-

lected [75,80]. The resulting 2D data is amplitude modulated in t1 by the contribution

of the anisotropy. A 2D frequency domain spectrum that correlates a dimension that

is a 90◦ dimension and the MAS dimension is produced by a 2D Fourier transform.

The 90◦ dimension can be transformed into a purely anisotropic dimension through

a shear of the 2D data. The data can then be fit using the unique isotropic chemical

shift values for each Q(n) site. The MAF experiment is limited due to the need for

specialized hardware and the fact that it causes broadening in the MAS dimension.

Carr-Purcell-Meiboom-Gill (CPMG) echo train acquisition [81,82] can be used to en-

hance the sensitivity of the 2D MAF experiment. In the experiments that follow the

angle pair has been switched; therefore, the anisotropic contributions evolve during

the echo shift, τecho, and the isotropic contribution evolves during t1. This effectively

exchanges the broad and narrow dimensions.

1.3 Ab Initio Calculations of the Nuclear Shielding Tensor

Computational chemistry has proven itself a powerful tool when used to correlate

experimental and theoretical trends [83–90]. The use of ab initio quantum chemi-

cal calculations to model large clusters has become more practical with advances in
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computing power. Ab initio quantum chemical calculations use linear combinations

of functions, typically Gaussian functions, to approximate the wave function of the

molecule. The approximate wave function is then utilized to calculate the parameters

that are desired using the fundamental laws of quantum mechanics. Computational

chemistry can be used to calculate the NMR parameters for small molecules and

clusters that mimic the short-range structure of larger molecules. Cheeseman et

al. [91] explored the level of theory and basis set that can most accurately calculate

the nuclear shielding tensor, with respect to computational cost, of certain NMR ac-

tive nuclei using various cluster sizes. Using ab initio quantum chemical calculations

to correlate theoretical trends to experimental results can help elucidate structural

details of amorphous materials.

The nuclear magnetic shielding tensor is calculated in ab initio calculations as a

perturbation of the overall Hamiltonian and is expressed as the mixed second deriva-

tive of the energy [91],

σNji =
∂2E

∂Bi∂mNj

, (1.17)

where i and j are the components of the external magnetic field and the induced mag-

netic moment respectively. This is used by computational software packages to calcu-

late the nuclear magnetic shielding tensor of each nucleus in the molecule. There are

several different methods that are available for calculating the nuclear shielding ten-

sor, including gauge-independent atomic orbital (GIAO), and continuous set of gauge

transformations (CSGT). These methods differ in how the nuclear shielding tensor

is calculated within the overall Hamiltonian function during the ab initio quantum

chemical calculations and have been extensively studied [91].
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The next chapter will focus on the use of ab initio calculations to confirm exper-

imental trends found in network modified silicate glasses. Combining the theoreti-

cal trends obtained from ab initio quantum chemical calculations with experimental

trends can be useful to provide confirmation of the experimental model being pre-

sented.

The third chapter will focus on the use of 2D MAF NMR to study the clustering of

network modifying cations in a mixed potassium/magnesium tetra-silicate glass. The

clustering of the network modifying cations can provide insight into the long-range

structural order of mixed modified glasses.
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CHAPTER 2

Computational Investigation of 29Si Nuclear Shielding
Tensors in Network-Modified Silicate Glasses

2.1 Introduction

Previous studies have been conducted by Grandinetti and Clark [89, 90] using ab

initio quantum calculations to correlate 17O quadrupolar coupling parameters to the

Si-O bond distance and Si-O-Si bond angle in silicate glasses. The correlation between

the 29Si nuclear shielding tensor parameters and Si-O bond distance can be achieved

by using computational chemistry. Ab initio quantum chemical calculations can be

used to calculate the nuclear shielding tensor and output its cartesian coordinates

for tetrahedral silicate clusters emulating Q(n)-species with varying bond distances

to simulate different cation clustering environments within the glass structure. The

nuclear shielding tensor of the silicon center changes with changes in the bonding

environment near the 29Si nucleus [9]. This can be shown through changes in either

the nuclear shielding anisotropy or the nuclear shielding asymmetry parameter. The

nuclear shielding anisotropy can be calculated from the nuclear shielding tensor for

each Q(n)-species and used to correlate the experimental results for the Q(n)-species

within the glass structure to bonding environment of each non-bridging oxygen within

the glass structure. Grimmer and coworkers [9,10] reported experimentally obtained
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trends correlating Si-NBO bond distance with a nuclear shielding tensor eigenvalues.

Davis et al. [7, 8] determined experimentally that there was a strong correlation be-

tween increasing cation potential of the modifying cation and decreasing magnitude

of the chemical shift anisotropy. This trend was related to the previous trend reported

by Grimmer, and it was determined that as cations with higher cation potential are

incorporated into the glass, the Si-NBO bond length must be decreasing. Thus, it is

important to combine theoretical trends correlating the magnitude of the anisotropy

to a change in Si-NBO bond distance to confirm the experimental trends reported

in previous studies. Therefore, in this study we will correlate the changes in the nu-

clear shielding tensor with changing 29Si bonding environment to the experimentally

observed trends in the chemical shift anisotropy.

2.2 Computational Methods

The nuclear shielding tensors were investigated using Gaussian 03 [92] at a Hartree-

Fock level with a 6-311+G(2d,p) basis set used for all atoms. The nuclear shielding

tensor elements for the molecule of interest, a silicate tetrahedron with varying Si-

NBO bond distance that was built to model different Q(n)-species with various mod-

ifier cations, were calculated using Gaussian 03. Calculations were performed on

silicon centered clusters, as shown in Figure 2.1, that were built in the axis system

shown to the right of each cluster (the axis not shown in both A and B of Figure 2.1

is positive coming out of the page). These clusters were built in their principal axis

system with respect to the perturbation of the Si-O bond distances that was to be per-

formed. These clusters were built in a Q(4) environment, using a Si-O bond distance

of 1.61 Å based on the bond distance of α-quartz [10,93], with hydrogens bonded to
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Figure 2.1: Silicon centered clusters that were built in their principal axis system,
shown to the right of each cluster, with respect to the perturbation dependent on the
Q(n)-species that was being modeled. The axis that is not shown in positive coming
out of the page. (A) the Q(3) and Q(1) cluster is shown, and (B) the Q(2) cluster is
shown.

the end of each oxygen anion and held at a bond angle of 180◦ (not shown). These

clusters were built to emulate the first coordination sphere of a silicate tetrahedron

of various Q(n)-species. The Q(3) clustering environment was made from the cluster

shown in Figure 2.1A by decreasing the Si-O bond, by 0.01 Å from 1.61 Å to 1.51 Å,

that is at the top of the cluster. This depression of the Si-O bond distance simulates

the changing Si-NBO bond distance in the presence of different network modifying

cation. The Q(2)-like cluster was made by decreasing the Si-O bond distance of two

bonds at the top of the cluster shown in Figure 2.1B to 1.51 Å in steps of 0.01

Å. The Q(2) clusters were simulated by a symmetric depression of the two Si-NBO

bonds, which is meant to model a Q(2) site with a single modifying cation. The Q(1)

cluster was built using the same starting cluster as the Q(3) cluster; however, the

Si-O bond was stretched to 1.71 Å, by 0.01 Å, to simulate the other three oxygens

as non-bridging oxygens and the perturbed oxygen as the bridging oxygen. This dif-

ference in the bond that is being changed has no effect on how the tensor changes
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based on the change in bonding environment near the 29Si nucleus. The changing

Si-O bond distance should in theory be placing more or less electron density near the

29Si nucleus.

2.3 Results and Discussion

The nuclear shielding tensor parameters for the Q(3) like cluster, shown on the

left side of Figure 2.2, were determined to become more shielded along the z axis,

while becoming deshielded along the x and y axes as the Si-NBO bond distance

was decreased from the Q(4) α-quartz parameters. The λzz value is also the nuclear

shielding anisotropy for the cluster. Therefore, the magnitude of the anisotropy, ζ,

for the Q(3) cluster was determined to become greater as the Si-NBO bond distance

decreased in agreement with the previously reported trend by Grimmer and coworkers

[9, 10]. Thus, as the Si-NBO bond distance increases the electron density near the

silicon nucleus decreases causing the z axis to be deshielded. This is found to be

in agreement with the correlation found by Davis et al. [7, 8] that as cations with

higher cation potential are incorporated into the glass structure the Si-NBO bond

distance increases causing the chemical shift anisotropy to decrease. This decrease in

ζ corresponds to the nuclear shielding tensor becoming more symmetric due to the Si-

NBO bond distance approaching the distance of the Si-BO bond distance. The cluster

that is shown in the center of Figure 2.2, and on the right of Figure 2.3, represents the

symmetric Q(4) environment and is shown with a spherical nuclear shielding tensor,

represented by all zero λ values. The cluster that is shown in the top left corner of

Figure 2.2 represents a Q(3) cluster that is modified by a weak cation, due to the

short bond (1.51 Å). Based on the trends in the principal components of the nuclear
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shielding tensors the shape of the nuclear shielding tensor changes from a football

along the z axis to a sphere as the cation potential of the network modifying cation

are increased.

The Q(1) cluster calculations determined that the 29Si nucleus became deshielded

along the z axis, while along the x and y axes the 29Si nucleus became more shielded as

the Si-NBO bonds were effectively decreased, as shown on the right side of Figure 2.2.

The magnitude of the nuclear shielding anisotropy, shown as λzz in Figure 2.2, of the

Q(1) cluster was found to increase with decreasing Si-NBO bond distance, in agree-

ment with the previous results [7–10]. Due to the fact that the far right of the graph

represents the shortest Si-NBO bonds, the cluster in the top right corner of Figure 2.2

is a representation of what the bonding environment of a silicate tetrahedron might

be like in the presence of a weak network modifying cation. For this type of clus-

ter the nuclear shielding tensor has effectively been perturbed from a sphere into a

pancake-like shape in the xy plane. Therefore, as the cation potential of the network

modifying cation in a Q(2) site is increased the nuclear tensor transforms from this

shape into a sphere.

The Q(2) site cluster with a single network modifying cation was determined to

become more deshielded along the y axis, which is orthogonal to the Si-NBO bods,

while becoming more shielded along the x axis, which is parallel to the Si-NBO bonds,

based on the principal nuclear shielding tensor components (Figure 2.3). The z axis,

which is between the two Si-NBO bonds, remained unchanged with respect to the

perturbation. The changing nuclear shielding anisotropy is λxx as shown in Figure 2.3

due to the fact that the Haeberlen convention has been ignored to keep the molecule

in the axis system in which it was built. Therefore, the nuclear shielding elements are
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along the axis in the original axis system as indicated in Figure 2.1B. The trend in

changing anisotropy, as shown in Figure 2.3, with respect to Si-NBO bond distance

was found to be in agreement with the previously reported trends [9,10]. The tensor

for a cluster emulating a weak network modifying cation is shown in the top left

corner of Figure 2.3. Based on the trends in the nuclear shielding tensor components

it has been determined that the shape of the nuclear shielding tensor transforms from

a football in the xz plane that has been squeezed along y axis to a sphere as the

cation potential of the network modifying cation increases.

The theoretical results obtained using ab initio quantum chemical calculations

were found to be in good agreement with the previous experimental results [7–10] that

were obtained using NMR spectroscopy. Therefore, the theoretical and experimental

trends both indicate that the introduction of a network modifying cation with a

greater cation potential yields an increase in the magnitude of the anisotropy due to

the lengthening of the Si-NBO bond. This lengthening of the Si-NBO bonds causes

a decrease in electron density near the 29Si center along this bond.

2.4 Conclusions

The theoretical results obtained using ab initio quantum chemical calculations

were found to be in good agreement with the previous experimental results [7–10] that

were obtained using NMR spectroscopy. Therefore, the theoretical and experimental

trends both indicate that the introduction of a network modifying cation with a

greater cation potential yields an increase in the magnitude of the anisotropy due to

the lengthening of the Si-NBO bond. This lengthening of the Si-NBO bond causes

a decrease in electron density near the 29Si center along this bond. This decrease in
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electron density near the 29Si center causes a decrease in shielding along the direction

of decreasing electron density. Thus, network modifying cations with greater cation

potential will cause an increase in the Si-NBO bond distance causing a decrease in

the electron density in that direction around the 29Si nucleus causing the change in

the nuclear shielding tensor.
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CHAPTER 3

Q(3)-site Variations in a Mixed Potassium/Magnesium Glass
using Natural Abundance 29Si Magic Angle Flipping (MAF)

NMR

3.1 Introduction

Previous studies by Greaves et al. [94, 95] using X-ray absorption fine structure

(EXAFS) determined that the network modifying cations are regularly coordinated

to the NBO sites in silicate glasses. Neutron diffraction studies [96, 97] have shown

that the ordering of network modifying cations extends beyond the local bonding en-

vironment into the intermediate bonding environment by the determination of strong

correlations between Ca-Ca and Ca-O distances in CaSiO3 glasses. Nuclear magnetic

resonance (NMR) has been routinely used to study the order, or disorder, of network

modifying cations within the structure of glasses with only a single network modify-

ing cation [1, 7, 8, 44, 60, 61, 98, 99]. However, few studies [1, 98] have utilized NMR

to understand how the glass structure changes when two or more different modifying

cations are present.

The use of two-dimensional magic angle flipping (2D MAF) NMR has been shown,

in previous studies [60,61], to give over an order of magnitude improvement in quan-

tification of Q(n)-species concentrations in comparison to conventional Magic Angle

33



Spinning (MAS) lineshape analysis. 2D MAF NMR produces a two dimensional spec-

trum correlating isotropic and anisotropic nuclear shielding contributions. 2D MAF

NMR has been utilized by Davis et al. [7,8] to understand how the magnitude of the

chemical shift anisotropy changes for samples containing different modifying cations.

A clear trend was observed indicating that as cations with higher cation potential,

defined as the charge of the cation divided by the atomic radius, were incorporated in

the glass structure, the magnitude of the chemical shift anisotropy should linearly de-

crease. Using trends initially reported by Grimmer and coworkers [9,10], this change

in the chemical shift anisotropy was related to a changing Si-NBO bond length. It

was proposed that as cations with higher cation potential are incorporated into the

glass, the Si-NBO bond length must therefore be decreasing. These studies, however,

focused on analyzing silicate glasses with a single modifying cation.

When multiple network modifying cations are introduced into the glass structure

the cation coordination environment near each non-bridging oxygen site is not only

dependent on the total number of cations coordinated to the oxygen but also which

particular cations are present near the NBO site. Therefore, the number of cation

coordination environments within the glass structure is greatly increased with the

addition of multiple network modifying cations. This increase in the possible number

of cation coordination environments indicates that there could be multiple anisotropic

nuclear shielding interactions for a particular Q(n) site within the glass structure.

New results are presented on a previously studied mixed potassium/magnesium

tetra-silicate glass [1], of composition K2xMg(1−x)O · 4SiO2. Farnan and coworkers

determined via 17O dynamic angle spinning (DAS) NMR that there was one unique

cation clustering coordination environment for the K2O · 4SiO2 glass and one unique
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Figure 3.1: A binary model for the cation clustering coordination environments of the
K2xMg1−xO · 4SiO2 glass based on the previous 17O DAS results [1]. The green line
represents a pure potassium coordination environment; while, the red line represents
a mixed potassium/magnesium coordination environment. The mixed coordination
environment is proposed to be K2i · Mgi. The coordination environments for the
compositions x < 0.5 are unknown; however, several possible linear distributions of
cation coordination environments are shown (gray dashed lines).

cation clustering environment for the K1.0Mg0.5O · 4SiO2 glass. Therefore, the cation

clustering environment in the K2O · 4SiO2 glass must be a pure potassium envi-

ronment, while the cation clustering environment in the K1.0Mg0.5O · 4SiO2 glass

must be a mixed potassium/magnesium coordination environment. This suggests a

large amount of ordering of the network modifying cations within this mixed modified

silicate glass.

In Figure 3.1, a model is presented for cation clustering coordination distributions

in all compositions of the mixed potassium/magnesium tetra-silicate glass, based on

these previous results. This model assumes a binary distribution of the two unique
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cation clustering coordination environments; therefore, at any given composition be-

tween the x = 1 and the x = 0.5 compositions both unique cation coordination envi-

ronments must be present at varying concentrations. The green line represents a pure

potassium coordination environment around the non-bridging oxygen, while the red

line represents a mixed potassium/magnesium coordination environment. The mixed

potassium/magnesium coordination environment that is proposed is a K2i · Mgi co-

ordination, where it is believed that the potassium-to-magnesium ratio is somewhat

restrictive. However, the exact number of cations clustering to each non-bridging

oxygen is not known. Any number of different coordination environments could be

present with linear or non-linear dependencies on composition for compositions of

x < 0.5. Therefore, only a few possible coordination environments are proposed (all

linearly dependent on composition), the gray dashed lines, including distributions of

pure magnesium coordination, the K2i · Mgi coordination environment, and a differ-

ent mixed potassium and magnesium environment, Ki · Mgi. However, there is no

evidence to suggest any particular distribution of any of these coordination environ-

ments is present in these magnesium rich compositions of the glass.

3.2 Experimental

3.2.1 Sample Preparation

Five samples were prepared with the compositions (1-z)[K2x Mg(1−x)O · 4SiO2] · zCuO,

where x = 1, 0.875, 0.75, 0.625, and 0.5 and z ≈ 0.004. Approximately 2g of each

sample was synthesized from K2CO3 (Aldrich, 99+%), MgO (Alfa Aesar, 99.95%),

SiO2 (Aldrich, 99.995%), and CuO (Mallinckrodt). Prior to synthesis the K2CO3

and MgO were placed in a dehydrating furnace at 150◦C overnight to remove any
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Table 3.1: Elemental analysis showing the relative population, in weight percent, of
each element in each composition, errors are shown as ±1σ.

Glass sample Silicon Potassium Magnesium

0.9958(K2O · 4SiO2) · 0.0036CuO 31.6 ± 3.2% 21.6 ± 2.2% –
0.996(K1.75Mg0.125O · 4SiO2) · 0.004CuO 32.1 ± 3.2% 18.8 ± 1.9% 0.92 ± 0.09%
0.996(K1.5Mg0.25O · 4SiO2) · 0.004CuO 33.8 ± 3.4% 16.4 ± 1.6% 1.70 ± 0.17%
0.9961(K1.25Mg0.375O · 4SiO2) · 0.0039CuO 34.4 ± 3.4% 14.7 ± 1.5% 2.77 ± 0.28%
0.9964(K1.0Mg0.5O · 4SiO2) · 0.0036CuO 34.9 ± 3.5% 11.6 ± 1.2% 3.67 ± 0.37%

water from the sample. The starting materials were ground and placed in a furnace

at 700◦C overnight to decarbonate followed by melting at 1100◦C for the x = 1 and

0.875 compositions, 1300◦C for the x = 0.75 and 0.625 compositions, and 1400◦C for

the x = 0.5 composition for 1.5 hours. Each sample was quenched by placing the

bottom of the platinum crucible in water. Each sample was ground into a powder

and packed in a rotor in a nitrogen filled glove bag. We found that doping with

Cu(II), which has a short enough T1,e to reduce the 29Si T1 without significantly re-

ducing the 29Si T2 could aid in shortening our relaxation times. While the relaxation

times for some of our undoped samples exceeded 1000s, doping with approximately

0.004 mole fraction CuO reduced the relaxation delay by a factor of approximately

20. An elemental analysis, results shown in Table 3.1, was performed by Galbraith

Laboratories (Knoxville, Tennessee). Within the 95% confidence limits, the results

were determined to be the same as the proposed compositions.
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3.2.2 Nuclear Magnetic Resonance

All experiments were performed on a Tecmag Apollo NMR spectrometer operating

at a field strength of 9.4 Tesla (79.474 MHz for 29Si) using homebuilt 4mm (for the

x = 1, 0.75, and 0.5 compositions) and 7mm (for the x = 0.875, 0.625 compositions)

DAS probes each based on a previous design [100]. Spin lattice relaxation times,

T1, were determined by the saturation recovery experiment with a recover time t.

The relaxation curves were found to be multi-exponential and were best fit with a

stretched exponential function,

A(1− e(
t
T1

)β
), (3.1)

where T1 is the relaxation time for the sample. When a distribution of T1 values is

present within the relaxation of the sample a stretched exponential is used to to fit

the relaxation curve due to the fact that a stretched exponential function fits a range

of T1 distributions. The β parameter is a measure of the range of the T1 distribution,

where a β = 1 is a single exponential function with one T1 value and β = 0 is an

infinite distribution of T1 values. The single exponential fit for the x = 0.625 glass

sample, shown in Figure 3.2, clearly does not represent the saturation recovery data.

Therefore, the stretched exponential function was chosen to fit the saturation recovery

data, shown in Figure 3.3, and was determined to be a good fit for the determination

of the spin lattice relaxation times for the glass samples.

The time for 75% of the signal maximum to have recovered for each composition

and the recycle delays that were used for each experiment are shown in Table 3.2.

The recycle delay was initially set (for the x = 0.5 and 0.75 compositions) such that

full relaxation was achieved throughout the sample. However, to further enhance
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Figure 3.2: The saturation recovery data (diamonds) for the x = 0.625 sample pre-
sented with a logarithmic time axis (horizontal) fit to a single exponential function
(solid line).
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Figure 3.3: The saturation recovery data (diamonds) for the x = 0.625 sample with a
logarithmic time axis (horizontal) fit to a stretched exponential function, with β ≈ 0.5
(solid line).
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Table 3.2: Relaxation times and recycle delays used for the 2D MAF-CPMG experi-
ments for each composition.

Glass composition 75% time / s Recycle delay / s

K2O · 4SiO2 17.3 60.0
K1.75Mg0.125O · 4SiO2 11.3 20.0
K1.5Mg0.25O · 4SiO2 43.0 10.0 / 200
K1.25Mg0.375O · 4SiO2 20.0 7.0
K1.0Mg0.5O · 4SiO2 50.9 210

the signal-to-noise ratio (S/N) of the experiments, the recycle delay for the x = 0.75

composition (K1.5Mg0.25O · 4SiO2) was set to 10 seconds, when just over 50% of the

signal maximum had recovered, to allow for a large number of scans to be performed in

an identical amount of time. The two 2D MAF spectra were processed identically and

a S/N enhancement of approximately 2 times was achieved. The spectra were scaled

by their signal maxima, and then subtracted from one another to yield residuals that

were purely noise. This gave evidence that the copper dopant was evenly distributed

throughout the glass structure and that all 29Si centers were being relaxed equally.

Therefore, the recycle delay was truncated to shorter than full relaxation for the

remaining compositions to allow for greater sensitivity and shorter experiment times.

The 2D MAF experiment correlates MAS frequencies to anisotropic frequencies

obtained while spinning off the magic angle during the τecho evolution period. The

detection angle, θR, used in this experiment is 90◦, or perpendicular to the external

magnetic field direction, where the averaged anisotropic frequencies are scaled by a

factor of −1
2

[79]. The 2D MAF spectra were obtained using the shifted-echo MAF

pulse sequence [75, 80] with CPMG [81, 82] echo-train acquisition (Figure 3.4) to
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Figure 3.4: The shifted-echo Magic Angle Flipping (MAF) pulse sequence with CPMG
echo train acquisition used for all experiments. The initial half-echo was acquired for
only the x = 0.875 sample to enhance the signal-to-noise ratio of the experiment.
Hypercomplex acquisition is performed to obtain positive and negative t1 quadrants
in the 2D time domain signal [11], as indicated by the dashed line.

enhance sensitivity due to the low isotopic abundance (∼4.7%) and NMR frequency

of 29Si. The original incarnation of the 2D MAF-CPMG experiment [8] detected at

the magic angle due to the fact that the samples were nearly 100% 29Si-enriched.

When detection is performed away from the magic angle, the homonuclear 29Si-29Si

dipolar interactions lead to a rapid dephasing of the signal and echo train. However,

in the natural abundance samples that were studied for this paper detection at 90◦

from the external magnetic field allows for more echoes to be detected in the same

period of time due the shortening of the echo time when spinning off the magic angle.

The initial half-echo was acquired, for the x = 0.875 composition, processed separately

and added to the rest of the data to further enhance the signal-to-noise ratio. An

exponential line apodization was applied to the echo dimension of each spectrum to

achieve the maximum enhancement of the sensitivity. The anisotropic dimension in
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all 2D MAF figures is displayed as a pure static anisotropic dimension. This is due

to a shear that was applied to the dimension to remove the isotropic contributions

from the 90◦ spinning anisotropic lineshape, and a scaling of the frequency.

The notation, ζδ site m, will be used for the different chemical shift anisotropy

values for the same Q(n) sites, where m indicates the arbitrary number assigned for

the Q(n) site with that chemical shift anisotropy value.

3.3 Results and Discussion

The MAS spectrum of each composition contains a broad resonance with two dis-

tinct peaks centered near δiso = -105 ppm and δiso = -95 ppm. The presence of these

two unique isotropic chemical shifts is consistent with overlappingQ(4) (δiso = -105 ppm)

and Q(3) (δiso = -95 ppm) resonances. Figures 3.5–3.9 show the 2D contour plots of

the MAF spectra for all compositions, where the two distinct isotropic chemical shifts

can be clearly seen in the 1D projection along the isotropic dimension (vertical axis).

Note that there is a clear diagonal line of noise present in all of the MAF spectra,

which is due to the stepper motor that is being used for angle hopping. This char-

acteristic noise can be ignored due to the fact that it does intersect any of the data

and therefore does not affect the fitting of the 2D spectra.

Each Q(n)-species has well-defined differences in the 29Si nuclear shielding tensor,

which manifest as a distinct anisotropic lineshape [60, 61]. In Figures 3.5–3.9, the

MAS lineshape is clearly dominated by Q(4) near δiso = -105 ppm and by Q(3) near

δiso = -95 ppm based on their distinct anisotropic linehapes found in the 90◦ dimension

(horizontal axis). Each 2D spectrum was simulated using a Gaussian distribution of

isotropic shifts for each site in the glass sample. The anisotropic lineshape for each
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Figure 3.5: 2D MAF-CPMG spectrum of K2O · 4SiO2 glass. One dimensional projec-
tions are provided onto the MAS and anisotropic dimensions. Selected cross sections
of the anisotropic dimension are presented to the right of the 2D spectrum. The
anisotropic dimension shown is obtained as a 90◦ spinning dimension and a shear is
applied and the frequencies are scaled to yield a purely static anisotropic lineshape.
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Figure 3.6: 2D MAF-CPMG spectrum of K1.75Mg0.125O · 4SiO2 glass. One dimen-
sional projections are provided onto the MAS and anisotropic dimensions. Selected
cross sections of the anisotropic dimension are presented to the right of the 2D spec-
trum. The anisotropic dimension shown is obtained as a 90◦ spinning dimension and
a shear is applied and the frequencies are scaled to yield a purely static anisotropic
lineshape.
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Figure 3.7: 2D MAF-CPMG spectrum of K1.5Mg0.25O · 4SiO2 glass when a recycle
delay of 10 seconds was used. The residuals of the experiment where the recycle
delay was set to 200 seconds and the experiment shown were found to be noise.
One dimensional projections are provided onto the MAS and anisotropic dimensions.
Selected cross sections of the anisotropic dimension are presented to the right of
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Figure 3.8: 2D MAF-CPMG spectrum of K1.25Mg0.375O · 4SiO2 glass. One dimen-
sional projections are provided onto the MAS and anisotropic dimensions. Selected
cross sections of the anisotropic dimension are presented to the right of the 2D spec-
trum. The anisotropic dimension shown is obtained as a 90◦ spinning dimension and
a shear is applied and the frequencies are scaled to yield a purely static anisotropic
lineshape.
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Figure 3.9: 2D MAF-CPMG spectrum of K1.0Mg0.5O · 4SiO2 glass. One dimensional
projections are provided onto the MAS and anisotropic dimensions. Selected cross
sections of the anisotropic dimension are presented to the right of the 2D spectrum.
The anisotropic dimension shown is obtained as a 90◦ spinning dimension and a shear
is applied and the frequencies are scaled to yield a purely static anisotropic lineshape.
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Q(n) site was modeled by several parameters: (1) a Gaussian line broadening, (2) the

overall isotropic chemical shift, δiso, (3) the principal components of the chemical shift

tensor, δxx, δyy, and δzz, (4) the integrated intensity of each Q(n) site, and (5) the

isotropic shift distribution of each Q(n) site (〈δiso〉 and the width). No constraints were

placed on the parameters that were being used to model the anisotropic lineshape

for each Q(n) site. Therefore, all of the parameters varied freely throughout the

simulations.

The best fit values for the chemical shift anisotropy for each Q(n) site and the

relative fraction for each Q(n) site are shown in Table 3.4. While, the mean and width

of the isotropic chemical shift distributions for each Q(n) site are shown in Table 3.5.

Previous work by Farnan et al. [1] suggested that the x = 1 and 0.5 compositions had

a single unique chemical shift anisotropy; therefore, the x = 1 and 0.5 spectra were

simulated assuming a two site model, one Q(3) and one Q(4) site. The chemical shift

anisotropy for the Q(4) was assumed to be nearly zero and was held constant across

all isotropic shift values. The chemical shift anisotropy of the Q(3) site was also held

constant across the isotropic chemical shift distribution; however, the anisotropy, ζδ,

in the x = 1 composition was determined to be -84.7 ± 0.1 ppm, while for the x = 0.5

composition it was found to be -60.4 ± 0.2 ppm, as shown in Table 3.4. The chemical

shift anisotropy for the Q(3) site associated with a pure potassium clustering envi-

ronment is labelled as ζδ site 1; whereas, the mixed potassium/magnesium clustering

environment is labelled as ζδ site 2.

Therefore, a distinct chemical shift anisotropy, ζδ, for the x = 1 and 0.5 composi-

tions was found, in agreement with the previous 17O results [1]. The x = 0.5 sample,

which has a composition of K1.0Mg0.5O · 4SiO2, has equal by charge, populations
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of potassium and magnesium. Therefore, the cation clustering coordination in the

x = 0.5 composition is believed to be the K2i · Mgi coordination environment that

was proposed earlier. This mixed cation clustering environment has a potassium-

to-magnesium ratio that is thought to be somewhat restrictive; however, the exact

number of modifying cations is not known. The chemical shift anisotropy, ζδ, for the

x = 1 (K2O · 4SiO2) and 0.5 (K1.0Mg0.5O · 4SiO2) compositions were determined to

be in agreement with previously reported trends [7, 99] for varying network modify-

ing cation potential. The chemical shift anisotropy for the K2i · Mgi coordination

environment was determined to be between previous results for pure potassium and

pure magnesium silicate glasses. Therefore, the Si-NBO bond distance for the K2i ·

Mgi coordination environment is believed to be between the Si-NBO bond distance

for pure potassium and pure magnesium silicate glasses.

According to the earlier proposed binary model the x = 0.875 (K1.75Mg0.125O · 4SiO2),

x = 0.75 (K1.5Mg0.25O · 4SiO2), and x = 0.625 (K1.25Mg0.375O · 4SiO2) compositions

are believed to have two distinct Q(3) sites with a differing relative population in

each distinct Q(3) site. These compositions were simulated (Figures 3.10A–3.12A)

with the same two site model (one Q(4) site and one Q(3) site) as the x = 1 and 0.5

compositions; a three site model (one Q(4) site and two Q(3) sites) was also employed,

Figures 3.10B–3.12B. The three site simulation was determined to be a better fit for

the experimental data than the two site model using the F-test [101]. The F-test that

was used to compare the two different models was defined as,

F =
(χ2

1 − χ2
2)/(P2 − P1)

χ2
2/(n− P2)

, P2 > P1, (3.2)

where χ2
1 is the chi-squared value for the two site model, χ2

2 is the chi-squared value

for the three site model, P1 is the number of parameters used to constrain the two site
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Table 3.3: The Fcalc values for the two and three site model for the x = 0.875, 0.75,
and 0.625 compositions.

Glass composition χ2
1 χ2

2 Fcalc Fcritical
K1.75Mg0.125O · 4SiO2 81428 77414 19.2 1.0
K1.5Mg0.25O · 4SiO2 105318 94618 41.9 1.0
K1.25Mg0.375O · 4SiO2 166042 120422 140.4 1.0

model, P2 is the number of parameters for the three site model, and n is the number

of bootstrap simulations used for both models. The number of parameters for the two

site model was 14 (P1), and the number of parameters used in the three site model

was 18 (P2). The calculated F values are shown in Table 3.3. The three site model is

shown to be a significantly better fit than the two site model based on the F-test. The

comparison of the two and three site models for the x = 0.75 sample in Figure 3.11

clearly shows the deficiencies of the two site model. Therefore, by assuming a three

site model for the x = 0.875, 0.75, and 0.625 compositions and using the chemical

shift anisotropy parameters from the x = 1 and 0.5 compositions as a starting point,

each spectrum was fit, shown in Table 3.4.

The chemical shift anisotropy for each site in the compositions was found to be

similar to the original starting parameters; however, due to factors that were not

accounted for, such as non-identical experimental conditions, or slight disparities in

composition, the ζδ for each site in each composition were not found to be identical.

However, it is believed that the chemical shift anisotropy for the distinct Q(3) sites

in each composition correspond to the same cation clustering coordination environ-

ment. The large error that is present on ζδ site 2 for the x = 0.875 composition is
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Figure 3.10: 1D cross section of the 2D MAF-CPMG spectrum of K1.75Mg0.125O ·
4SiO2 glass at δiso = -97.9 ppm with respect to TMS. The experimental (solid line)
cross section is shown with simulated cross sections (dashed lines) when a two site
model (one Q(4) and one Q(3) site) was used (above, red line) and when a three site
model (one Q(4) and two Q(3) sites) was used (below, green line). The anisotropic
dimension shown is obtained as a 90◦ spinning dimension and a shear is applied and
the frequency is scaled to yield a purely static anisotropic lineshape.
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Figure 3.11: 1D cross section of the 2D MAF-CPMG spectrum of K1.5Mg0.25O ·
4SiO2 glass at δiso = -97.0 ppm with respect to TMS. The experimental (solid line)
cross section is shown with simulated cross sections (dashed lines) when a two site
model (one Q(4) and one Q(3) site) was used (above, red line) and when a three site
model (one Q(4) and two Q(3) sites) was used (below, green line). The dimension that
is displayed is a pure static anisotropic dimension due to the shear applied to the
obtained 90◦ spinning dimension and a scaling of the frequency.
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Figure 3.12: 1D cross section of the 2D MAF-CPMG spectrum of K1.25Mg0.375O ·
4SiO2 glass at δiso = -97.9 ppm with respect to TMS. The experimental (solid line)
cross section is shown with simulated cross sections (dashed lines) when a two site
model (one Q(4) and one Q(3) site) was used (above, red line) and when a three site
model (one Q(4) and two Q(3) sites) was used (below, green line). The anisotropic
dimension shown is obtained as a 90◦ spinning dimension and a shear is applied and
the frequency is scaled to yield a purely static anisotropic lineshape.
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likely due to the low fraction of Q
(3)
site 2 within the composition and the fact that its

narrower lineshape is difficult to model underneath the wider and more abundant

Q
(3)
site 1 lineshape. Therefore, the fitting of the three site model was most difficult

to implement on the x = 0.875 composition. The low fraction of the wider Q
(3)
site 1

lineshape in the x = 0.625 sample can be fit with relative ease, as evidenced by the

small errors in Table 3.4. The x = 0.625 sample can be fit with ease due to the fact

the the least abundant Q(3) lineshape is the wider lineshape corresponding to a pure

potassium clustering environment and therefore it is not hidden underneath a wider

more abundant lineshape like the fit for the x = 0.875 sample.

The relative populations of the two Q(3) sites were calculated based on the in-

tegrated intensity of each Q(n) lineshape from the fit and are shown in Table 3.4.

The errors for all parameters were calculated using the bootstrap resampling method

during the simulations [12] and are reported as one standard deviation (±1σ). The

relative populations of the two distinct Q(3) sites in each composition were deter-

mined to be in good agreement with the binary model for the cation clustering en-

vironments around each non-bridging oxygen, as shown in Figure 3.13. Therefore,

the network modifying cations coordinated near the NBO sites in this mixed magne-

sium/potassium tetra-silicate glass for all compositions, 1 ≥ x ≥ 0.5, are believed to

be found as a binary mixture of a pure potassium coordination environment and a

K2i · Mgi mixed coordination environment. This suggests, in agreement with previ-

ous result, a considerable amount of ordering in the cation clustering within the glass

structure.

In Figure 3.14, the ab initio calculations and the 2D MAF experimental results

are combined to create a model for the cation clustering environments within this
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Figure 3.13: The binary model for the cation clustering coordination environments
with the MAF results for each composition. The error bars reported for the fraction of
each cation clustering environment (vertical dimension) are ±1σ and are taken from
Table 3.4. The points with no error bars have errors that are smaller than the size of
the point and therefore the error bars are not visible. The error bars reported for the
composition (horizontal axis) are from the elemental analysis of the glass samples.

57



Pure K coordination K2i • Mgi coordination

K

O

Si

Mg

Figure 3.14: A model is presented for the cation clustering in the glass. The nuclear
shielding tensors are represented based on the relative Si-NBO bond distance that
is expected for each clustering environment determined from their chemical shift
anisotropy from Table 3.4. A coordination of four (Pure K) and three (mixed K/Mg)
modifier cations was chosen to represent the clustering environment based on an
analysis of Pauling’s Rules [102] and to keep a charge balance for the cation clustering
environments. However, there are probably various numbers of cations modifying each
non-bridging oxygen.

mixed potassium/magnesium glass composition. The nuclear shielding tensors are

shown based on the relative Si-NBO bond distance that is determined based on the

chemical shift anisotropy determined from the MAF results. The number of modifier

cations was chosen to be four and three based on an analysis of the oxygen anions using

Pauling’s rules [102] and to create a balance of the overall charge of the clustering

environments. However, there could be various numbers of modifier cations near each

non-bridging oxygen.
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3.4 Conclusions

A range of compositions of a mixed potassium/magnesium tetra-silicate glass was

synthesized and analyzed by natural abundance 29Si 2D MAF NMR. The spectral

analysis yielded a close to equal distribution of Q(3) and Q(4) sites within the glass as

expected from the stoichiometry of the glass. Two distinct chemical shift anisotropy

patterns were determined from the simulations, centered near -85 ppm, correspond-

ing to pure potassium region of cation clustering, and approximately -60 ppm, cor-

responding to a mixed potassium/magnesium region of cation clustering, which was

proposed as a K2i · Mgi coordination environment. This was in agreement with the

previous 17O DAS results. The relative populations of each Q(3) site within each

compositions were found to be in agreement with the binary model proposed in this

paper. Therefore, a large amount of order is present within the glass relating to how

the network modifying cations cluster near the non-bridging oxygens. The chemical

shift anisotropy observed for the two unique Q(3) sites was consistent with established

trends in which the 29Si nucleus becomes more shielded with decreasing silicon non-

bridging oxygen bond distance, causing an increase in chemical shift anisotropy when

a lower field strength modifier cation is coordinated to the non-bridging oxygen.
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