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Abstract

Probing the structure and the disorder of multi-component silicate
glasses and melts: Insights from high-resolution solid-state NMR

Park, Sun Young
School of Earth and Environmental Sciences
The Graduate School
Seoul National University

The structures and the extent of chemical and topological disorder
in multi-component silicate glasses and melts provide insight into the
macroscopic properties of natural silicate melts. Despite the importance and
implications, the detailed structures and disorder in multi-component
silicate glasses and melts including basaltic and andesitic glasses and melts
are not fully understood.
This dissertation is for a systematic exploration of the atomic
structure in multi-component silicate glasses and melts with varying
composition–a model system for natural melts- using high-resolution multinuclear (29Si, 27Al, 17O and 7Li) solid-state nuclear magnetic resonance (NMR)
that can provide detailed coordination environments of framework cations
as well as the degree of network polymerization in silicate glasses. The main
objective of this thesis is probing the effect of composition on the atomic
structures and their effect on macroscopic properties in multi-component
silicate glasses including basaltic and andesitic glasses and melts.

i

The effects of composition on the structure of quaternary CaO-MgOAl2O3-SiO2 (CMAS) glasses in diopside (CaMgSi2O6) and Ca-tschermakite
(CaAl2SiO6) join and glass in the diopside-anorthite (CaAl2Si2O8) eutectic
composition (Di64An36)-model systems for basaltic melts- was explored using
multi-nuclear solid-state NMR. The predominance of [4]Al and its extensive
mixing with [4]Si is consistent with the negative enthalpy of mixing for CMAS
glasses obtained by solution calorimetry. The observed increase in nonbridging oxygen (NBO) fraction with increasing mole fraction of diopside
(XDiopside) indicates an obvious decrease in melt viscosity toward a diopside
endmember. The partitioning of Ca2+ and Mg2+ and/or unmixing of these
cations between NBOs and bridging oxygens (BOs) may result in variations
in the activity coefficients of CaO and MgO, thus the compositions of melts.
The structural details of model andesitic glasses [CaO-MgO-Na2OAl2O3-SiO2 (CMNAS)] in the diopside and jadeite (NaAlSi2O6) join were
investigated using high-resolution solid-state

27Al, 17O

MAS and triple-

quantum (3Q) MAS NMR and 29Si MAS NMR spectroscopies. The presence
of Al-O-Al in jadeite glass implies a violation of the Al-avoidance rule in the
glasses and the decrease in the fraction of NBOs with increasing XDiopside is
consistent with a decrease in their viscosity. Considering all the experimental
Al coordination environments available in the literature, together with the
current experimental studies, we attempt to establish the relationship
between the fractions of highly coordinated Al and composition, particularly
average cationic potential of non-network forming cations (<c/r>ave, defined
as cationic potential normalized by the mole fraction of each non-network
cation). The fraction of highly coordinated Al increases nonlinearly with
increasing <c/r>ave.
ii

The detailed atomic environments and the extent of cation mixing in
Li-Ba silicate glasses with varying XBaO [BaO/(Li2O+BaO)] using highresolution solid-state NMR spectroscopy were explored. Considering the
previously reported experimental results on chemical ordering in mixedcation silicate glasses, the current results reveal the effect of difference in
ionic radius of the cation on a hierarchy in the degree of chemical order for
various network modifying cations in the glasses.
The extent of chemical and topological disorder in multi-component
Na2O-MgO-Al2O3-SiO2 (NMAS) glasses in nepheline-forsterite-quartz
eutectic composition and KLB-1 basaltic glasses were investigated using
high-resolution solid-state 27Al and 17O NMR. The fraction of [5]Al in KLB-1
basaltic

glasses

increases

upto

~2.6%

with

increasing

XMgO

[MgO/(MgO+Al2O3)]. The 17O 3QMAS NMR spectra for the KLB-1 basaltic
glasses studied here confirm that the degree of polymerization (BO content)
decreases with increasing XMgO. Based on the analysis of the peak position of
{Ca, Mg}-mixed NBOs, non-random distributions of Na+, Ca2+, and Mg2+
around both NBOs and BOs are manifested by a moderate degree of
partitioning of Ca2+ and Mg2+ into NBOs and by the spatial proximity
between Na+ and BOs (Al-O-Al and Al-O-Si) in the KLB-1 basaltic glasses
studied here.

Keywords: multi-component silicate glasses and melts, basaltic and
andesitic melts, solid-state nuclear magnetic resonance, structure and
disorder
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Figure 2.1. Quadrupolar coupling constant (Cq) of [4]Al in CaO–MgO–Al2O3–
SiO2 glasses in diopside–Ca-tschermakite pseudobinary join with
varying XDiopside. The asymmetry parameter is assumed to be 0.5. The
estimated error bar of ±0.4 MHz for

[4]Al

and ±0.5 MHz for

[5]Al

are

determined on the basis of uncertainty in position of center of gravity
of each peak.
Figure 2.2. 29Si MAS NMR spectra for CaO–MgO–Al2O3–SiO2 glasses in
diopside–Ca-tschermakite join at 9.4 T with varying mole fraction of
diopside (XDiopside).
Figure 2.3. Peak widths (full-width at half-maximum) of

[4]Si

in

29Si

MAS

NMR spectra for CaO-MgO–Al2O3–SiO2 glasses in diopside–Catschermakite pseudobinary join at 9.4 T. XDiopside is the mole fraction
of diopside. Diamonds indicate the results in this study and circles
denote the results for previous study (Kirkpatrick et al., 1986). Error
bar of ±0.5 ppm was estimated from the uncertainty in sample
composition, phasing of NMR spectrum, and NMR processing
conditions.
Figure 2.4.

27Al

3QMAS NMR spectrum for glass in diopside–anorthite

eutectic composition (Di64An36) at 9.4 T. Contour lines is drawn at 5%
intervals from relative intensities of 12% to 87% with added lines at
2%, 3.5%, 6%, and 8%.
Figure 2.5.

17O

3QMAS NMR spectrum for glass in diopside–anorthite

eutectic composition (Di64An36) at 9.4 T. Contour lines is drawn at 5%
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intervals from relative intensities of 3% to 88% with added lines at 4.5,
6 and 37%.
Figure 2.A1. The isotropic projections of 27Al 3QMAS NMR spectra for CaO–
MgO–Al2O3–SiO2 glasses in diopside-Ca-tschermakite join and
diopside-anorthite eutectic composition (red) with the simulated
peaks of [4]Al (~-40 and ~-52 ppm) and [5]Al (-25 ppm). Note that [5]Al
fraction can be calculated from the ratio of -25 ppm peak
fraction/total area. XDiopside is the mole fraction of diopside.
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Figure 3.1. 27Al MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite join at 9.4 T with varying mole fractions of
diopside (XDiopside).
Figure 3.2. (A) 27Al 3QMAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2
glasses in the diopside–jadeite join at 9.4 T with varying mole
fractions of diopside (XDiopside).Contour lines are drawn at 5%
intervals from relative intensities of 12% to 97% with added lines at
2%, 4%, 6%, and 8%. The total NMR collection time for single
spectrum is approximately 16~18 h. (B) Total isotropic projection of
27Al

3QMAS NMR spectra.

Figure 3.3. Quadrupolar coupling constant (Cq) of

[4]Al

in glasses in the

diopside–jadeite pseudobinary join with varying XDiopside. The
asymmetry parameter is assumed to be 0.5. The estimated error bar
of ±0.4 MHz for [4]Al was determined based on the uncertainty in the
position of the center of gravity of each peak.
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Figure 3.4. 17O MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite join at 9.4 T with varying mole fractions of
diopside (XDiopside).
Figure 3.5.

17O

3QMAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2

glasses in the diopside–jadeite join at 9.4 T with varying mole
fractions of diopside (XDiopside). Open square refers the predicted peak
position of Na-O-Si. Contour lines are drawn at 5% intervals from
relative intensities of 7% to 92% with added lines at 2.5% and 5%. The
total NMR collection time for single spectrum is approximately 3~4
days.
Figure 3.6. Total isotropic projection of 17O 3QMAS NMR spectra for CaO–
MgO–Na2O–Al2O3–SiO2 glasses in the diopside–jadeite join at 9.4 T
with varying mole fractions of diopside (XDiopside).
Figure 3.7. 29Si MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite join at 9.4 T with varying mole fractions of
diopside (XDiopside).
Figure 3.8. (A) Peak widths (FWHM) of
CaO–MgO–Na2O–Al2O3–SiO2

[4]Si

in 29Si MAS NMR spectra for

glasses

in

the

diopside–jadeite

pseudobinary join and CaO–MgO–Al2O3–SiO2 glasses in the
diopside–Ca–tschermakite pseudobinary join at 9.4 T. XDiopside is the
mole fraction of diopside. Error bar of ±0.5 ppm was estimated from
the uncertainty in the sample composition, phasing of the NMR
spectrum, and the NMR processing conditions. (B) Center of gravity
of 29Si MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses in
the diopside–jadeite pseudobinary join and CaO–MgO–Al2O3–SiO2
glasses in the diopside–Ca–tschermakite pseudobinary join at 9.4 T.
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x

Figure 3.9. (A) Population of

[5]Al

for CaO–MgO–Al2O3–SiO2 glasses in the

diopside–Ca–tschermakite pseudobinary join, diopside–anorthite
eutectic glass, and CaO–MgO–Na2O–Al2O3–SiO2 glasses in the
diopside–jadeite pseudobinary join with varying mole fractions of
diopside (XDiopside). (B) Population of [5]Al for the glasses with <c/r>ave
(average cationic potential). The error bar of ±0.5% was estimated
based on estimated uncertainty in the peak area and the quadrupolar
coupling constant (Cq) that affects peak intensity.
Figure 3.10. Ternary phase diagram showing the glass compositions of the
current and previous studies of the Al coordination environments in
the diverse ternary and multi-component silicate glasses. M refers to
non-framework cation (Ca2+, Mg2+, Na+, K+, Ba2+). Each symbol shows
the composition of the glasses (as labeled with references) plotted in
the ternary diagram.
Figure 3.11. The population of

[5,6]Al

in the diverse ternary and multi-

component aluminosilicate glasses with varying average cationic
potential, <c/r>ave.
Figure 3.12. (A) The population of

[5,6]Al

in peraluminous aluminosilicate

glasses with varying <c/r>ave. The blue dotted line is for
Mn+On/2/Al2O3 of ~0.3. The red dotted line is for Mn+On/2/Al2O3 of
~0.6. (B) The population of

[5,6]Al

of charge-balanced glasses

(Mn+On/2/Al2O3 = 1) with varying Si/Al ratio. (C) The population of
[5,6]Al

of peralkaline aluminosilicate glass with varying <c/r>ave.

Figure 3.13. The predicted population of

[5]Al

in natural volcanic glass that

includes basalt, rhyolite, andesite, phonolite, and trachyte with
varying <c/r>ave.
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Figure 4.1. Variations in the isotropic chemical shift (𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 ) and quadrupolar
coupling constant (Cq) of NBOs in the 17O 3QMAS NMR spectra of

silicate glasses (Angeli et al., 2011; Lee, 2004b; Lee et al., 2003; Lee and
Stebbins, 2000b, 2003; Maekawa et al., 1996; Timken et al., 1987; Xue
et al., 1994).
Figure 4.2. 17O MAS NMR spectra of Li-Ba silicate glasses with varying XBaO
[BaO/(Li2O+BaO)] at 9.4 T.
Figure 4.3. 17O 3QMAS NMR spectra of Li-Ba silicate glasses with varying
XBaO [BaO/(Li2O+BaO)] at 9.4 T. The contour lines are drawn at 5%
intervals for relative intensities of 7–97%, with added lines at 5%.
Figure 4.4. Total isotropic projection of the 17O 3QMAS NMR spectra for LiBa silicate glasses with varying XBaO [BaO/(Li2O+BaO)] at 9.4 T.
Figure 4.5. (A) 17O 3QMAS NMR spectra of Li-Ba silicate glass at XBaO = 0.25
with varying rf field strength (B1 strength). (B) Total isotropic
projection of the 17O 3QMAS NMR spectra for Li-Ba silicate glass at
XBaO = 0.25 with varying rf field strength. The green area shows Li-OSi, the red area shows Si-O-Si, and the blue area shows {Li, Ba}-O-Si.
Figure 4.6. Simulation results of the 17O MAS NMR spectra of Li-Ba silicate
glasses with varying XBaO [BaO/(Li2O+BaO)]. The red and black lines
represent the experimental and simulation results, respectively.
Figure 4.7. Fraction of N-O-Si (N = Li+, Na+, and Mg+) as determined from
the simulation results by varying XM [XM=M/(M+N), M = Ba2+ and
Ca2+]. The black diamonds indicate the Na-O-Si fractions for Na-Ca
silicate glasses (Lee and Stebbins, 2003); the open circles present the
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fractions of Na-O-Si for Ba-Na silicate glasses; the black triangle
indicates the Mg-O-Si fraction for a Ba-Mg silicate glass (Lee et al.,
2003); and the blue squares indicate the Li-O-Si fractions for Li-Ba
silicate glasses (current study).
Figure 4.8. (A) 7Li MAS NMR spectra for of Li-Ba silicate glasses with
varying XBaO [BaO/(Li2O+BaO)] at 9.4 T. (B) Variation of the peak
maximums and peak widths of the 7Li MAS NMR spectra of Li-Ba
silicate glasses (XBaO = 0 and 0.75). (C) 7Li MAS NMR spectra for
Li2Si2O5 glasses with varying spinning speed (12, 15, and 18 kHz).
Figure 4.9. Full-width at half-maximum of the 7Li MAS NMR spectra of LiBa silicate glasses with varying XBaO [BaO/(Li2O+BaO)] at 9.4 T. The
error bars of ±0.3 ppm were estimated from the uncertainty in the
sample composition, phasing of the NMR spectrum, and NMR
processing conditions.
Figure 4.A1. 29Si MAS NMR spectra and simulation results for Li-Ba silicate
glasses with varying XBaO [BaO/(Li2O+BaO)] at 9.4 T.
Figure 4.A2. Qn distribution in Li, Na, K, and Li-Ba silicate glasses with
varying M2O (M refers to non-framework cation, Li+, Na+, K+, and
Li++Ba2+). Diamonds indicate the results in this study (black one is Q3,
blue one is Q2 and red one is Q4) and circles, squares, and triangles
denote the results for previous study (Maekawa et al., 1991).
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Figure 5.1. (A) 27Al MAS NMR spectra for Na2O–MgO–Al2O3–SiO2 glasses in
nepheline-forsterite-quartz eutectic composition at 9.4 T with varying
XMgO [MgO/(MgO+Al2O3)]. (B) 27Al 3QMAS NMR spectra for Na2O–
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MgO–Al2O3–SiO2 glasses in nepheline-forsterite-quartz eutectic
composition with varying XMgO. Contour lines are drawn at 5%
intervals from relative intensities of 2% to 97%. (C) Total isotropic
projection of 27Al 3QMAS NMR spectra for Na2O–MgO–Al2O3–SiO2
glasses in nepheline-forsterite-quartz eutectic composition with
varying XMgO.
Figure 5.2. (A) 27Al MAS NMR spectra for KLB-1 basaltic glasses at 9.4 T with
varying XMgO [MgO/(MgO+Al2O3)]. (B) 27Al 3QMAS NMR spectra for
KLB-1

basaltic

glasses

at

9.4

T

with

varying

XMgO

[MgO/(MgO+Al2O3)].Contour lines are drawn at 5% intervals from
relative intensities of 12% to 82% with added lines at 4%, 6% and 8%.
(C) Total isotropic projection of 27Al 3QMAS NMR spectra for KLB-1
basaltic glasses with varying XMgO.
Figure 5.3. Population of [5]Al for KLB-1 basaltic glasses with varying XMgO.
The error bar of ±0.5% was estimated based on estimated
uncertainty in peak area and quadrupolar coupling constant (Cq) that
affects peak intensity.
Figure 5.4. Quadrupolar coupling constant (Cq) of
Al2O3–SiO2

glasses

in

composition and those of

[4]Al

in Na2O–MgO–

nepheline-forsterite-quartz

[4]Al

and

[5]Al

eutectic

in KLB-1 basaltic glasses at

9.4 T with varying XMgO [MgO/(MgO+Al2O3)]. The asymmetry
parameter is assumed to be 0.5. The estimated error bar of ±0.4 MHz
for

[4]Al

and that of ±0.5 MHz for

[5]Al

were determined based on

the uncertainty in the position of the center of gravity of each peak.
Figure 5.5. 17O 3QMAS NMR spectra for Na-Mg silicate glasses with varying
XMgO [MgO/(MgO+Al2O3)]. Contour lines are drawn at 5% intervals
from relative intensities of 3% to 98%.
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Figure 5.6. Total isotropic projection of 17O 3QMAS NMR spectra for Na-Mg
silicate glasses with varying at 9.4 T with varying XMgO
[MgO/(MgO+Al2O3)].
Figure 5.7. 17O 3QMAS NMR spectra for Na2O–MgO–Al2O3–SiO2 glasses in
nepheline-forsterite-quartz eutectic composition at 9.4 T with varying
XMgO [MgO/(MgO+Al2O3)]. Contour lines is drawn at 5% intervals
from relative intensities of 8% to 98% with added lines at 3% and 5%.
Figure 5.8. Total isotropic projection of 17O 3QMAS NMR spectra for Na2O–
MgO–Al2O3–SiO2 glasses in nepheline-forsterite-quartz eutectic
composition at 9.4 T with varying XMgO [MgO/(MgO+Al2O3)].
Figure 5.9. 17O MAS NMR spectra for KLB-1 basaltic glasses at 9.4 T with
varying XMgO [MgO/(MgO+Al2O3)].
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Chapter 1. Introduction

1.1. Introduction
The structures (e.g., coordination number and network connectivity)
and the extent of chemical and topological disorder in multi-component
silicate glasses provide insight into the macroscopic properties (e.g., energy,
entropy, viscosity, diffusivity, and activity coefficients of silica) (e.g.,
Giordano et al., 2008; Karki and Stixrude, 2010; Kelsey et al., 2008; Lee, 2005;
Navrotsky et al., 1983; Neuville et al., 2004, 2006; Potuzak and Dingwell, 2006
and references therein). Despite the importance and implications, the
detailed structures and disorder in multi-component silicate glasses and
melts including basaltic and andesitic glasses and melts are not fully
understood. Because it is in general challenging to probe the local atomic
structures of multi-component silicate glasses beyond ternary, as the number
of species (and the types of chemical bonding) in the glasses and thus the
overlaps among them increase with increasing number of components.
The composition of melt varies with temperature, pressure, and the
melt fraction (e.g., Kushiro, 2001). Crystal fractionation, wall-rock
assimilation, and magma differentiation process also affect the composition
of melts. Recent study of ocean rise provides that the compositions of natural
melts vary with mantle composition, temperature, and focused melting
(Dick and Zhou, 2015). This thesis is for an exploration of the atomic
structure in multi-component silicate glasses and melts with varying
composition using high-resolution multi-nuclear (29Si,

27Al, 17O

and 7Li)

solid-state Nuclear Magnetic Resonance (NMR) that can provide detailed
coordination environments of framework cations as well as the degree of
1

network polymerization in silicate glasses. The main objective of this thesis
is probing the effect of composition on the atomic structures and their effect
on macroscopic properties in multi-component silicate glasses including
basaltic [diopside (CaMgSi2O6)-Ca-tschermakite (CaAl2SiO6) join, diopsideanorthite eutectic, basaltic melts from upper mantle peridotite (KLB-1) and
andesitic [diopside-jadeite (NaAlSi2O6) join] glasses and melts.
This thesis is composed of 5 chapters. In chapter 1, the principle of
NMR spectroscopy are briefly demonstrated. In chapter 2, the structure and
disorder and their effect on macroscopic properties of basaltic glasses and
melts in diopside-Ca-tschermakite join and diopside-anorthite eutectic
composition are presented. In chapter 3, the effect of composition on
network connectivity and structural disorder in multi-component glasses in
the diopside and jadeite join and implications for structure of andesitic melts
are presented. In chapter 4, the effects of difference in ionic radii on chemical
ordering in mixed-cation silicate glasses are presented. In chapter 5, highresolution solid-state 27Al and 17O NMR study of NMAS (Na2O-MgO-Al2O3SiO2) glasses in nepheline-forsterite-quartz eutectic composition (simplest
model basaltic melts) and basaltic glasses generated from upper mantle
peridotite (KLB-1). Finally, in the appendix, abstract of paper published in
domestic journals and publication list are presented.

1.2. Background of NMR spectroscopy
NMR process occurs when the nuclear magnetic moment
associated with a nuclear spin is placed in an external magnetic field. Using
this process, NMR spectroscopy measure interaction between rf signal and
spin relaxation of material. The enhancement of NMR is an element-specific
probe for the analysis of molecular structure. Also NMR provides
2

quantitative information. Solid-state NMR has been particularly effective in
unveiling atomic structures of multi-component glasses (e.g., Allwardt et al.,
2005; Kelsey et al., 2008; Lee, 2010; Lee et al., 2005; Lee and Sung, 2008;
Neuville et al., 2006; Park and Lee, 2012, 2014; Xue and Kanzaki, 2008).
The ‘chemical shift’ is major important term in NMR spectroscopy.
The magnetic fields experienced by nuclei at two sites in the same molecule
are different if the electronic environments are different. This effect is called
the chemical shift. Though the unit of NMR spectrum is frequency like other
spectroscopy, it is expressed dimensionless ppm traditionally, which is
divided relative shift to reference compound (usually liquid with same
isotope) by Larmor frequency of investigating nuclei.
The detail information of quantitative analysis for the fraction of
highly coordinated Al in multi-component silicate glasses using 3QMAS
NMR are demonstrated in chapter 2 appendix. The previous studies for the
atomic structure of multi-component silicate glasses using multi-nuclear
NMR are presented in chapter 2 and the previous studies for the highly
coordinate Al in aluminosilicate glasses using high-resolution solid-state
NMR are presented chapter 3.
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Abstract
Here, we report experimental results on the effects of composition
on the structure of quaternary CaO–MgO–Al2O3–SiO2 (CMAS) glasses in
diopside (CaMgSi2O6) and Ca-tschermakite (CaAl2SiO6) join and glass in the
diopside–anorthite eutectic composition (Di64An36)-model systems for
basaltic melts-using multi-nuclear solid-state nuclear magnetic resonance
(NMR). The

27Al

3QMAS NMR spectra of CMAS glasses in diopside–Ca-

tschermakite join show predominant
[5]Al.

The fraction of

[5]Al

[4]Al

and a non-negligible fraction of

species increases with increasing mole fraction of

diopside (XDiopside). The structurally relevant quadrupolar coupling constant
of

[4]Al

in the glasses decreases with increasing XDiopside, suggesting a

decrease in network distortion around

[4]Al.

Approximately 3.3% of

[5]Al

is

observed for Di64An36 glass, consistent with a previous study (Xue and
Kanzaki, 2007). There are also non-negligible fraction of Al–O–Al and
significant fractions of Si-O-Al in Di64An36 glass, indicating extensive mixing
between Si and Al and violation of the Al-avoidance in basaltic glasses. The
17O

3QMAS NMR spectra of CMAS glasses show that three types of bridging

oxygens (BO, Si–O–Si, Al–O–Al, and Si–O–Al) and two types of nonbridging oxygens (NBO, Ca-NBO, and mixed {Ca, Mg}-NBO) are partially
resolved. The fraction of NBO in the basaltic glasses decreases with
6

decreasing XDiopside. A presence of the prominent 3Ca-NBO peak (NBO
surrounded by three Ca2+ cations) in the CMAS glass at an intermediate
compositions (XDiopside = 0.5) suggests non-random distributions of Ca2+ and
Mg2+ around NBOs and BOs, characterized either by preferential
partitioning of Ca2+ into NBOs and/or structural arrangement toward
unmixing of Ca2+ and Mg2+ around NBO.
The observed structural changes in the CMAS glasses can provide
an improved understanding of their structure–property relationships. The
predominance of

[4]Al

and its extensive mixing with

[4]Si

is consistent with

the negative enthalpy of mixing for CMAS glasses obtained by solution
calorimetry. The observed increase in NBO fraction (as also expected from
the chemical composition) with increasing XDiopside indicates an obvious
decrease in melt viscosity toward a diopside endmember. The partitioning
of Ca2+ and Mg2+ and/or unmixing of these cations between NBOs and BOs
may result in variations in the activity coefficients of CaO and MgO, thus the
compositions of melts.

2.1. Introduction
The structures (coordination number and network connectivity) and
the extent of chemical and topological disorder in multi-component basaltic
glasses and melts provide insights into the macroscopic properties (e.g.,
energy, entropy, viscosity, diffusivity, crystal-melt partitioning coefficients,
and activity coefficients of silica) and the dynamics of magmas in the Earth’s
crust and interior (e.g., Giordano et al., 2008; Karki and Stixrude, 2010; Kelsey
et al., 2008; Lee, 2005, 2011; Lee and Stebbins, 2009; Mysen and Richet, 2005;
Navrotsky et al., 1983; Neuville, 2006; Neuville et al., 2004; Potuzak and
Dingwell, 2006 and references therein). They also allow us to understand
7

geochemical processes involving magmas (i.e., melting, migration, and
emplacement) and have implications for the chemical differentiation of the
early Earth (e.g., Asimow and Ahrens, 2010; Lee et al., 2010; Lee, 2011; Mysen
and Richet, 2005; Ohtani, 2009; Ohtani et al., 1986; Stebbins, 1995; Stixrude
and Karki, 2005; Tinker et al., 2003 and references therein). The detailed
structures of basaltic glasses can also play an important role in dissolution
behavior of the glasses in contact with aqueous fluids (Gordon and Brady,
2002), potentially controlling the chemistry of groundwater in basaltic
aquifers. Despite the importance and implications, the detailed structures
and disorder in key multi-component basaltic glasses and melts are not fully
understood. The objective of this study is thus to unveil the detailed atomic
configurations and the degree of network connectivity and disorder in the
model basaltic glasses and melts with varying composition and provide
atomistic links between the structure and properties of corresponding melts.
Quaternary CaO–MgO–Al2O3–SiO2 (CMAS) glasses and melts
[particularly, diopside (CaMgSi2O6)–Ca-tschermakite (CaAl2SiO6) and
diopside–anorthite (CaAl2Si2O8) joins], are among the most geologically
important model systems for basaltic melts (e.g., Bowen, 1915; Gasparik,
1984; Herzberg and Zhang, 1996; Kushiro, 1998; Lee et al., 2005; Liu and
O'Neill, 2004; Neuville and Richet, 1991; Presnall et al., 1979; Walter and
Presnall, 1994; Winter, 2009 and references therein). The CMAS glasses also
have major applications in the glass-ceramics industry (Khater, 2010; Xiao et
al., 2006). The macroscopic properties of CMAS glasses and melts in these
joins vary with composition. For example, the enthalpy of mixing for glasses
in the diopside–Ca-tschermakite join [XDiopside= (MgO+SiO2)/Al2O3 ratio]
shows negative deviation from ideal mixing, but those for crystalline
analogues were reported to be positive (Navrotsky et al., 1983). The
8

configurational entropy, densities, and bulk modulus of the glasses and
melts in the diopside-anorthite join increase with diopside content (Xdiopside=
MgO/Al2O3 ratio) (Ai and Lange, 2008; Asimow and Ahrens, 2010; Barbieri
et al., 2004; Schilling et al., 2001; Taniguchi, 1989). The viscosities of silicate
melts in diopside–anorthite join decrease with increasing diopside content
(Del Gaudio and Behrens, 2009; Getson and Whittington, 2007; Tauber and
Arndt, 1987). A study of the dissolution reactions of natural basaltic glasses
showed that the leaching of Mg2+ is faster than that of Ca2+ (Gordon and
Brady, 2002). The concentration of Ca2+ in groundwater is lower than
predicted from the compositions of basaltic glasses (Hurwitz et al., 2003). As
for the CMAS glass in the diopside–anorthite eutectic (Di64An36), important
model basalts, the density, viscosity, and bulk modulus of the melts have
intermediate values between those of diopside and anorthite (Ai and Lange,
2008; Taniguchi, 1989).
The changes in the aforementioned thermodynamics and kinetic
properties of CMAS glasses and melts in diopside-Ca-tschermakite and
diopside–anorthite joins with composition strongly indicate that the atomic
structures (short-range to medium-range scale) of these glasses and melts
vary with composition. However, it is in general challenging to probe the
local atomic structures of multi-component silicate glasses beyond ternary,
both theoretically and experimentally as the number of species (and the
types of chemical bonding) in the glasses and thus the overlaps among them
increase with increasing number of components. Indeed, whereas earlier
pioneering studies of atomic structure of multi-component CMAS glasses
provided information on average coordination numbers (see below), the
detailed atomic environments such as connectivity and proximity of each
atomic species in multi-component silicate glasses have not yet been fully
9

understood (e.g., Brown et al., 1995; Mysen and Richet, 2005 and references
therein). Consequently, little is known about the extent of Al-Si mixing,
network polymerization, and topological disorder in glasses with more
realistic chemical compositions, comparable to natural basaltic melts.
Whereas compositions of basaltic melts vary with temperature, pressure,
and melt fraction (Kushiro, 2001), the structural evolution of basaltic melts
and glasses with composition is not well-understood.
In this study, we thus explore the structures (coordination number
of framework cations and connectivity between them) and the extent of
disorder (chemical and topological) in quaternary silicates glasses in the
CaO–MgO–Al2O3–SiO2 glasses in diopside (CaMgSi2O6)–Ca-tschermakite
(CaAl2SiO6)

join

and

the

diopside–anorthite

(CaAl2Si2O8)

eutectic

composition (Di64An36) using high-resolution multi-nuclear (29Si, 27Al, and
17O)

solid-state NMR that can provide detailed coordination environments

of framework cations (Si and Al) as well as the degree of network
polymerization in silicate glasses [bridging oxygen (BO) and non-bridging
oxygen (NBO) environments] (See 2.2. below for previous studies). While
natural basaltic glasses have additional essential components (FeO and
Fe2O3), NMR has shown limited utility in resolving atomic structures of ironbearing glasses. Thus the focus of the current study is on the iron-free CMAS
glasses.

2.2. Experimental methods
2.2.1. Sample preparation
A series of CMAS glasses in diopside (CaMgSi2O6) - Catschermakite (CaAl2SiO6) join containing 0, 25, 50, 75, and 100 mol%
CaMgSi2O6 component were synthesized from carbonate (CaCO3) and
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oxides (MgO, Al2O3, and SiO2). The nominal compositions of the glasses are
CMAS quaternary with xCaO:yMgO:(x - y)Al2O3:(x + y)SiO2 (x = 4, y = 0, 1, 2,
3, 4) (Table 2.1). The starting Al2O3, CaCO3, and SiO2 powders were dried at
400 °C for 48 h; MgO was dried at 1300 °C for 2 h. The weighed powders
were mixed by grinding in an agate mortar, and then decarbonated in a Pt
crucible at 800 °C for 1 h. The samples were then melted above their
respective melting temperature (1550–1600 °C) for 1 h, and quenched into
glasses by plunging the bottom of the Pt crucible into a water bath.
Approximately 0.2 wt% of cobalt oxide was added to enhance spin–lattice
relaxation. A negligible weight loss (~0.1-1.0 wt%) was observed after
considering decarbonation.

17O-enriched

glasses in the diopside – Ca-

tschermakite join and glass in the diopside (CaMgSi2O6)–anorthite
(CaAl2Si2O8) eutectic composition (diopside:anorthite = 64:36 mol%,
CaO:MgO:Al2O3:SiO2 = 25:16:9:50 mol%) were synthesized from carbonates
(CaCO3) and oxides, including 17O-enriched SiO2. The 17O-enriched SiO2 was
prepared by hydrolyzing SiCl4 in 20% and 40%

17O-enriched

water.

Approximately 0.2 wt% of cobalt oxide was added to enhance spin–lattice
relaxation. The mixtures were then fused in a Pt crucible for 1 h at 1600 °C in
an Ar environment. The melt was quenched by removing the crucible from
the furnace and then manually lowering it into water. A negligible weight
loss (~1.0 wt%) was observed after considering decarbonation. Table 2.1
shows the nominal compositions of CMAS glasses in diopside–Catschermakite join and glass in the diopside–anorthite eutectic composition.
Table 2.2 also shows the chemical compositions of CMAS glasses determined
by ICP-AES. The analysis was performed for CaO, MgO, and Al2O3 because
SiO2 is volatilized during pretreatment by reacting with hydrofluoric acid at
160–180 °C. While the chemical analysis here assumes that the nominal SiO2
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content is correct, taking into consideration negligible weight loss during
synthesis and the consistency with ICP analysis, the compositions of the
glasses are likely to be close to the nominal compositions. The
predicted NBO fraction [NBO/(NBO + BO)] --the degree of network
polymerization-- varies from 0.67 (XDiopside = 1) to 0 (XDiopside = 0) (Eckert,
1994): the NBO/T (the number of non-bridging oxygens per tetrahedral
network cation) values for CMAS glasses in the join, predicted from the
composition, change from 2 (XDiopside = 1) to 0 (XDiopside = 0) (Table 2.1). We
also note that because the structures explored here were those of glasses
quenched from melts, the structures studied here represent the atomic
configurations of super-cooled liquids and at the glass-transition
temperature, below which the melt structure is frozen. Because the glasstransition temperature is lower than the melting temperature of silicate
glasses and thus the structures of glasses studied here are expected to be
different from the structures of corresponding liquids. The effect of
temperature on the glass structure can be probed using NMR by controlling
quench rate during synthesis (and thus variation in Tg), which often show
minor but detectable structural differences (e.g., Stebbins et al., 2008).

2.2.2. High-resolution NMR spectroscopy of quaternary silicate glasses
Solid-state NMR has been particularly effective in unveiling atomic
structures of multi-component glasses (Eckert, 1994; Oestrike and
Kirkpatrick, 1988; Stebbins, 1995). Because high-resolution NMR is the main
experimental tool here, we briefly summarize the previous experimental
efforts to reveal the structures of quaternary CMAS glasses using NMR. 1D
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Table 2.1. Nominal compositions of CaO–MgO–Al2O3–SiO2 silicate glasses in
diopside–Ca-tschermakite pseudobinary join and glass in the diopside–
anorthite eutectic (Di64An36). XDiopside is the mole fraction of diopside.

Composition

XDiopside

Di64An36

NBO/T

Tg

CMAS mol% (nominal composition)

(ºC)

CaO

MgO

Al2O3

SiO2

0

0

842*

33.3

0.0

33.3

33.3

0.25

0.4

802§

30.8

7.7

23.1

38.4

0.5

0.8

769§

28.6

14.3

14.3

42.9

0.75

1.3

727†

26.7

20.0

6.7

46.6

1

2

715‡

25.0

25.0

0.0

50.0

0.9

730‡

25.0

16.0

9.0

50.0

NBO/T=2*(X(CaO+MgO)-XAl2O3)/(1-(X(CaO+MgO)-XAl2O3))
*(Neuville et al., 2004a)
†(Goel et al., 2008)
‡(Taniguchi, 1992)
§ The Tg of the glass was calculated assuming a linear increase in Tg with
decreasing XDiopside.
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Table 2.2. Nominal compositions and ICP analyses for CaO–MgO–Al2O3–
SiO2 glasses in diopside–Ca-tschermakite pseudobinary join and glass
in the diopside–anorthite eutectic (Di64An36). XDiopside is the mole fraction
of diopside.

Composition

XDiopside

CMAS mol%

CMAS mol%

(nominal composition)

(ICP analysis)*

CaO

MgO

Al2O3

CaO

MgO

Al2O3

0

50.0

0.0

50.0

49.3±1.7

0.1

50.6±1.7

0.25

50.0

12.5

37.5

49.9±0.5

12.3±0.7

37.8±1.2

0.50

50.0

25.0

25.0

50.5±0.5

24.8±0.9

24.7±0.9

0.75

50.0

37.5

12.5

50.3±0.3

37.5±0.2

12.2±0.5

1

50.0

50.0

0.0

50.0±0.2

49.9±0.1

0.1

50.0

32.0

18.0

50.0±0.5

32.0±0.5

18.0±1.1

Di64An36

*The analysis was performed for CaO, MgO, and Al2O3 because SiO2 is
volatilized during pretreatment by reacting with hydrofluoric acid. The
chemical analysis here assumes that the nominal SiO2 content is correct.
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29Si

magic-angle spinning (MAS) NMR study of glasses in diopside–Ca-

tschermakite join showed that the coordination number of Si is 4 (Kirkpatrick
et al., 1986). 27Al MAS NMR studies of quaternary aluminosilicate glasses
showed that the four coordinated Al ([4]Al) is dominant (Allwardt et al., 2007;
Kelsey et al., 2008; Neuville et al., 2008) and the fraction of highly
coordinated Al in glasses in the pyrope (Mg3Al2Si3O12)-grossularite
(Ca3Al2Si3O12) join increases with Mg2+ content (Kelsey et al., 2008; Neuville
et al., 2008). Detailed Al coordination environments and topological disorder
(due to bond length-angle distribution and distortion of glass networks
around Al) in multi-component aluminosilicate glasses were also revealed
by 2D triple-quantum magic-angle spinning (3QMAS) (e.g., Allwardt et al.,
2005; Allwardt et al., 2007; Angeli et al., 2007; Kelsey et al., 2008b; Lee et al.,
2005; Lee et al., 2009b; Lee et al., 2010; Lee and Stebbins, 2000; Lee and Sung,
2008; Neuville, 2006; Neuville et al., 2008; Toplis et al., 2000; Xue and Kanzaki,
2007, 2008). The fraction of [5]Al and the degree of network distortion around
Al in Ca-Mg aluminosilicate glasses are more significant than those in CaNa aluminosilicate glasses (Lee et al., 2005). The presence of a few % of [5]Al
in hydrous glasses in diopside–anorthite join (Xue and Kanzaki, 2007, 2008),
in good agreement with the results from molecular dynamics simulations
(Vuilleumier et al., 2009).
The degree of polymerization and cation mixing in silicate glasses
can be estimated by probing bonding environments around bridging (BO)
and non-bridging oxygens (NBOs) using 17O 3QMAS NMR (see Lee et al.,
2005; Stebbins et al., 2001a; Stebbins et al., 2001b): these studies showed the
evidence of the presence of Al–O–Al in peralkaline aluminosilicates
(CaO:MgO:Al2O3: SiO2 = 9.3:27.9:12.4:50.4 mol%) (Lee et al., 2005), an
increase in the topological disorder in Si–O–Si and Si–O–Al in CaO–Na2O–
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Al2O3–SiO2 glasses with Ca2+ content (Lee and Sung, 2008), and non-random
Ca-Mg mixing around NBO in grossularite-pyrope composition glasses
(Kelsey et al., 2008). NBO fraction in CaO–Na2O–Al2O3–SiO2 glasses is also
reported to decrease with pressure (Lee, 2011).

2.2.3. Spectrometer
The

27Al

3QMAS NMR spectra of CMAS glasses in diopside–Ca-

tschermakite pseudobinary join and the Di64An36 glass were collected using
a Varian solid-state NMR 400 system (9.4 T) at 104.229 MHz with a 3.2 mm
Varian double-resonance probe (Seoul National University, Korea). A fast
amplitude modulation (FAM)-based shifted-echo pulse sequence (consisting
of two hard pulses with durations of 3.0 and 0.6 µs and a subsequent soft
pulse with a duration of 15 µs) was used in 27Al 3QMAS NMR (Baltisberger
et al., 1996; Madhu et al., 1999; Zhao et al., 2001). A relaxation delay of 1 s
was used. We have not observed any differential relaxation of Al sites with
varying relaxation delays. Approximately 2880 to 6240 scans were averaged
to achieve the signal-to-noise ratio shown in the 3QMAS NMR spectra. The
17O

MAS and 3QMAS NMR spectra of CMAS glasses and the Di64An36 glass

composition were collected on a Varian solid-state NMR 400 system (9.4 T),
at a Larmor frequency of 54.229 MHz, using a 4 mm Doty double-resonance
probe. The relaxation delay for

17O

MAS NMR were 1 s and the radio

frequency pulse strength was 0.4 µs. Sample spinning speeds of 14 kHz were
used. In the 3QMAS NMR experiment at 9.4 T, a FAM-based shifted-echo
pulse sequence with a hard pulse of duration 4.5 μs for multiple-quantum
excitation and two 1.1 μs pulses for single quantum reconversion, a soft pulse
of duration approximately 20 μs, and an echo time of approximately 500 μs
(integer multiple of a rotor period) was used with a relaxation delay of 1 s.
16

While the longer relaxation delays are necessary to fully relax the spectrum
for Ca-bearing silicate glasses, previous studies showed that negligible effect
on differential relaxation of oxygen sites in the glasses (Allwardt et al., 2003;
Lee and Stebbins, 2006). Approximately 12960 to 19296 scans of freeinduction decay (FID) were averaged to achieve the signal-to-noise ratio
shown in the

17O

3QMAS NMR spectra. Approximately 60–70 FIDs were

collected to construct the 2D spectra. The radio frequency (rf) field strengths
for hard pulses for 27Al 3QMAS and 17O 3QMAS NMR are approximately
125 kHz and 75 kHz, respectively. The spectra were referenced to external
tap water. 29Si MAS NMR spectra were collected using a Varian solid 400
system at 9.4 T at 79.495 MHz, with a recycle delay of 3 s, a pulse length of
1.6 µs, and a spinning speed of 12 kHz, providing improved signal-to-noise
ratio in the spectrum compared with an earlier pioneering study (Kirkpatrick
et al., 1986). Previous studies have not shown any evidence of potential
differential relaxations with varying relaxation time from 1s to 60 (Allwardt
et al., 2003). All spectra were referenced to tetramethylsilane (TMS) solution.
Note that the level of contour line for 27Al 3QMAS NMR spectra presented
here is as low as 2%, and that for 17O 3QMAS NMR spectra for CMAS glasses
in diopside-Ca-tschermakite join is 4% (that for diopside-anorthite eutectic
are 3%), the quality of the spectra are thus much improved from the previous
2D NMR results for multi-component silicate glasses (e.g., Lee et al., 2005
and other 17O and 27Al NMR studies).
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2.3. Results and discussion
2.3.1. Effects of composition on Al coordination environments in basaltic
glasses and melts in diopside–Ca-tschermakite join:

27Al

3QMAS NMR

results
27Al

3QMAS NMR spectra for CMAS glasses in diopside–Ca-

tschermakite join with varying mole fractions of diopside (XDiopside) show two
Al-coordination environments, mostly

[4]Al

and a small fraction of

[5]Al

(as

labeled). Note that these peak assignments are based on previous NMR
studies on crystalline and glassy aluminosilicates (see Baltisberger et al., 1996
and references therein). The 27Al 3QMAS NMR spectrum of Ca-tschermakite
glass shows predominantly

[4]Al

and a non-negligible amount of

[5]Al.

The

peak maximum of [4]Al moves from -42±1.5 ppm (XDiopside = 0.75) to -46±1.5
ppm (XDiopside = 0) in the isotropic dimension. The peak maximum of

[5]Al

moves from -20±2.5 ppm (XDiopside = 0) to -25±2.5 ppm (XDiopside = 0.75) in the
isotropic dimension. The peak width (the width of full spectrum in MAS
dimension) of

[4]Al

in the MAS dimension measures the magnitudes of

quadrupolar interactions and thus the degree of distortion around the Al
coordination environments (chemical shift distribution in each Al species
partly contributes to the peak width in the MAS dimension). The measured
peak width at half-maximum of [4]Al in the MAS dimension decreases from
53.5±1.5 ppm (XDiopside = 0) to 43.9±1.5 ppm (XDiopside = 0.75), suggesting that
the degree of network distortion around Al (and thus the bond length and
angle distribution) apparently decreases with increasing XDiopside. As
indicated by an increase in the number of contour lines for [5]Al from 1 (for
Xdiopside = 0.25) to 3 (for Xdiopside = 0.75), the fraction of [5]Al tends to increase
with increasing XDiopside, suggesting a moderate increase in chemical disorder
(i.e., configurational disorder due to mixing between
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[4]Al

and

[5]Al

that

increases with increasing [5]Al fraction) in the glasses with Mg2+ content (see
further results and discussion below).
The total isotropic projections of the 27Al 3QMAS NMR spectra for
CMAS glasses in diopside–Ca-tschermakite pseudobinary join with varying
XDiopside confirms that
fraction of

[5]Al

[4]Al

is dominant and a small, but non-negligible,

can also be detected. Although

[6]Al

is not clearly shown in

the 2D NMR spectra, the total isotropic projection shows an intensity near
the expected peak positions for

[6]Al

(~ -5 ppm in MAS and isotropic

dimension) in the glasses with XDiopside = 0.75 (Baltisberger et al., 1996). We
thus note that there could be a minor fraction of [6]Al in glasses in diopside–
Ca-tschermakite join, below the current detection limit of ~0.5% in the 2D
NMR spectra (considering signal to noise ratio of the spectrum) in particular,
for glasses with high Mg2+ contents; this may be detected in high-field MAS
NMR (> 14.1 T) (Stebbins et al., 2000).
The peak maximum of [4]Al in the isotropic projection shifts toward
higher frequency with increasing XDiopside, accompanied by a shift to higher
frequency in the MAS dimension. This is because the fractions of Q4Al(4Si)
(Al3+ is surrounded by four

[4]Si

as the next nearest neighbors) and/or

Q4Al(3Si) increase with increasing XDiopside with increasing Si/Al ratio in the
glass [here, QnAl(mSi) refers to a Al species with n bridging oxygens and m
(0-4) Si as the next nearest neighbors]. The similar results were observed for
charge-balanced Ca- and Na- aluminosilicate glasses (Lee and Stebbins,
2000). As mentioned above, the measured peak width for [4]Al in the isotropic
projection slightly decreases with increasing XDiopside, partly as a result of a
decrease in dispersion in Q4Al-species distribution: All the Al atoms tend to
be fully polymerized-- surrounded by only BOs (i.e., Q4Al) (Allwardt et al.,
2003), and the Al–O–Al fraction in the glass decreases while the Si-O-Al
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fraction increase with increasing XDiopside. Therefore, the decrease in Al
fraction (and Al-O-Al) with increasing XDiopside inevitably results in an
increase in the fraction of Q4Al species with a larger number of Si as next
nearest neighbors [i.e., Q4Al(4Si) and/or Q4Al(3Si)].
The relative population of

[5]Al

is calibrated taking into

consideration the 3QMAS efficiency (excitation of triple-quantum coherence
and its reconversion to single-quantum coherence) of each Al site (Lee et al.,
2010). Note that the 3QMAS efficiency is affected by quadrupolar
interactions between nuclear quadrupole moment and electric field gradient
around Al nuclide (Bak et al., 2000; Baltisberger et al., 1996). The calibrated
fraction of

[5]Al

slightly decreases with increasing XDiopside from 1.7±0.5%

(XDiopside = 0) to 1.2±0.5% (XDiopside = 0.25), while the variation is within error
range. It increases with a further increase in XDiopside to 3.0±0.5% (XDiopside =
0.75) (see appendix for detailed procedures for quantitative estimation of Al
site fraction). This trend is to some extent consistent with previous NMR
studies ternary aluminosilicate glasses where the fraction of

[5]Al

increases

with increasing cation field strength (Allwardt et al., 2005; Bunker et al., 1991;
Kelsey et al., 2008; Lee et al., 2005).
While more detailed description of quantification of Al site fractions
is given in appendix, we note that estimation of the fraction of a small
amount of

[5]Al

and

[6]Al

(~1-10%) is intrinsically difficult because the

measurement and analysis of 1D 27Al MAS NMR at high (and low) field often
depends on the model for the parameter (Cq and isotropic chemical shift)
distributions and assumptions used to fit the 1D experimental data and 2D
27Al

3QMAS technique is not quantitative and the larger Cq sites are often

underestimated. Recent

27Al

3QMAS and MAS NMR spectra for Ca-

tschermakite at 17.6 T indicated that the [5]Al fraction ranges ~8 % (Neuville
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et al., 2006). The reason for the potential difference in the

[5]Al

fraction is

likely due to the different rf power levels (150 kHz vs. 125 kHz) and static
magnetic fields of the two experiments (17.6 vs. 9.4 T): experiments at higher
rf field often lead to more signal intensity from larger Cq sites. It should be
noted that the

[5]Al

fraction in the current study may not be regarded as

unique value but rather represents one of the possible solutions (potentially
minimum values, see appendix for details).
Figure 2.1 shows the effects of composition on the quadrupolar
coupling constant [Cq = Pq/(1 + η2/3)1/2 where Pq and η are the quadrupolar
coupling product and the asymmetry parameter, respectively] of

[4]Al

in

CMAS glasses in diopside–Ca-tschermakite join. As Pq (instead of Cq) is
obtained from the 2D 3QMAS NMR spectrum, in order to calculate Cq the
asymmetry parameter is assumed to be 0.5 here: average η of Al sites in
crystalline anorthite is ~0.66 and there is minor difference in Pq and Cq with
varying η from 0.4 to 0.7 (5%≤) (Kirkpatrick et al., 1985). The Cq of
quadrupolar nuclide is sensitive to variations in local symmetry and thus its
value represents the extent of lattice distortion (Baltisberger et al., 1996;
Ghose and Tsang, 1973). The average Cq of

[4]Al

in the glasses decreases

slightly with increasing XDiopside from 6.6 ± 0.4 MHz (XDiopside = 0) to 6.1 ± 0.4
MHz (XDiopside = 0.75). The current result suggests that the degree of average
deviation from perfect tetrahedral symmetry around

[4]Al

(due to bond

length and angle distribution and thus network distortion around Al)
decreases with increasing XDiopside: on the basis of chemical composition of
the glasses studied here, the proportion of Q4(3Si) (Al with 1Al and 3Si nextnearest neighbors), instead of Q4(4Si) is expected to increase with decreasing
XDiopside = 0.75 to 0 and the former is likely to be more distorted because a
further deviation from tetrahedral symmetry for the former is obvious from
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Figure 2.1. Quadrupolar coupling constant (Cq) of [4]Al in CaO–MgO–Al2O3–
SiO2 glasses in diopside–Ca-tschermakite pseudobinary join with varying
XDiopside. The asymmetry parameter is assumed to be 0.5. The estimated error
bar of ±0.4 MHz for [4]Al and ±0.5 MHz for [5]Al are determined on the basis
of uncertainty in position of center of gravity of each peak.
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the composition of the species, and contributes to an increase in the average
Cq values. The Cq of [5]Al seems to increase slightly from 4.4 ± 0.5 MHz (for
XDiopside = 0) to 4.9 ± 0.5 MHz (XDiopside = 0.75) with increasing XDiopside. This
result demonstrates that the presence of Mg2+ leads to the formation of [5]Al
and increases the degree of network distortion and thus Al-O bond length
and angle distribution around

[5]Al.

Note that due to relatively low

intensity there is uncertainty in the absolute Cq value of

[5]Al.

[5]Al

Furthermore,

the Cq value for the site can be larger at higher magnetic field. The current
results thus show the observed trend for Cq‘s for both [4,5]Al with increasing
XDiopside at 9.4 T. The observed effect of composition on Al coordination
environments may be partly due to the effect of varying glass transition
temperature (Tg) with composition on the glass structures. The Tg of the
glasses tends to increase with decreasing Xdiopside (Goel et al., 2008; Neuville
et al., 2004; Taniguchi, 1992) (Table 2). Whereas an increase in Tg would result
in an increase in the fraction of highly coordinated Al, the opposite trend (a
decrease in

[5]Al

fraction with increasing Xdiopside) is shown from 27Al NMR

spectra, indicating that the observed trend is not likely due to Tg effect.
While the Ca K-edge XANES may not be sensitive to changes in
local distortion around Ca, network distortion around Ca in crystals and
glasses were recently investigated using Ca K-edge XANES (e.g., Cormier
and Neuville, 2004). Revealing the detailed structures of multi-component
aluminosilicate glasses using x-ray scattering techniques is challenging: one
of the best experimental results for ternary calcium aluminosilicate glasses
(similar composition to Ca-tschermakite glass) using x-ray scattering
successfully reported the structure factor of the glasses with varying
scattering vector up to 40 A-1, yet the extracted Si coordination number (3.2)
was significantly smaller than 4 (Petkov et al., 2000).
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2.3.2. Effects of composition on network connectivity and disorder in the
glasses and melts in diopside–Ca-tschermakite join: Insights from

17O

MAS and 3QMAS NMR results
The peak assignments for the oxygen clusters in the following 17O
MAS and 3QMAS NMR spectra are based on the previous reports on binary,
ternary, and quaternary CMAS glasses. Here, the term cluster is defined as
a specific structural unit or structural environment that consists of several
cations and anions with specific bonding between them in the glass network.
Briefly, while NBO and BO peak positions slightly vary with composition
(Si/Al, fractions of non-network forming cations, etc.), peaks positions for
three types of BOs (Si-O-Si, Al-O-Al, and Si-O-Al) in

17O

3QMAS NMR

spectra for oxide glasses at 9.4 T have been well constrained (e.g., Lee and
Stebbins, 2002). NMR characteristics (peak positions and structurally
relevant NMR parameters) for various NBOs (Ca-O-Si, {Ca, Mg}-O-Si) in the
CMAS glass were reported in the previous 17O NMR study for ternary CaMg silicate glasses with varying Ca/Mg ratio, Ca-aluminosilicate glasses,
and quaternary Ca-Mg aluminosilicate glasses (e.g., Allwardt et al., 2003;
Allwardt and Stebbins, 2004; Kelsey et al., 2008; Lee et al., 2005; Lee and
Stebbins, 2000, 2002; Stebbins and Xu, 1997).
The 17O MAS NMR spectra of Ca-tschermakite (CaAl2SiO6) glasses
show the presence of a Ca-NBO (Ca-O-Si) peak at ~99 ppm and overlapping
Al–O–Al and Al–O–Si peaks, consistent with an earlier NMR study (Lee and
Stebbins, 2002): the presence of NBOs (approximately 4–5%) in nominally
fully polymerized Ca-aluminosilicate glasses including anorthite composition
glass was previously reported (Stebbins and Xu, 1997). Si–O–Si and {Ca,
Mg}-mixed NBO are partially resolved in the 17O MAS NMR spectrum for
diopside glass (see 17O 3QMAS NMR spectrum below where these peaks are
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better resolved). As NBO peak positions move to lower frequency (more
negative chemical shift) from Ca-O-Si (~100 ppm) to Mg-O-Si (i.e., Mg-NBO
at ~35 ppm) (Allwardt and Stebbins, 2004; Lee et al., 2003), the NBOs in Catschermakite glass are all 3Ca–O–Si (the superscript refers to the number of
each cation around NBO: e.g., 2Ca1Mg thus refers to two Ca2+ and one Mg2+
around NBO). Those in quaternary CMAS glasses at the intermediate
composition show varying fractions of 3Ca–O–Si and {Ca, Mg}-O-Si (2Ca1MgO-Si and 1Ca2Mg-O-Si) (Allwardt and Stebbins, 2004). 3Mg-O-Si peak
overlaps with other NBO and BO peaks in the join. No evidence for the
presence of Al-NBO (e.g., Ca-O-Al at ~130-150 ppm in the MAS NMR
spectrum at 9.4 T) was found. Whereas considerable overlaps among BO and
NBO peaks make it difficult to estimate quantitatively the changes in their
fractions with varying XDiopside, qualitatively, the peak shape and width for
each oxygen sites change with increasing XDiopside, indicating changes in
oxygen cluster populations and thus the connectivity among cations.
17O

3QMAS NMR spectra for CMAS glasses in diopside–Ca-

tschermakite join with varying XDiopside provide enhanced resolution among
the oxygen peaks compared to that obtained in

17O

MAS NMR spectra:

because the total projection of the spectra into MAS dimension in the 2D 17O
3QMAS NMR spectrum for the glass yields a spectrum similar to the 1D 17O
MAS NMR spectrum, the overlaps among oxygen peak in the 17O MAS NMR
spectra can be expected. These spectra show multiple oxygen sites,
particularly Si–O–Si, Si–O–Al, and Ca-O-Si peaks. The oxygen peak from 130
ppm to 0 ppm in the MAS dimension stem from different types of NBOs
[3Ca-O-Si, 3Mg-O-Si, and mixed-{Ca, Mg}-NBO]: the 3Ca-O-Si peak is well
resolved at -64 ppm in the isotropic dimension and the Mg-O-Si and/or
mixed-NBO peaks partially overlap with the BO peaks. The chemical
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shielding of the mixed-NBO peaks increases with increasing XDiopside (the
peak shifts to a higher frequency in the isotropic dimension); the chemical
shift dispersion of NBO peak apparently increases with increasing XDiopside.
The partially resolved 3Ca-O-Si peak is observed for the CMAS glass with
varying XDiopside from 0 to 0.5, suggesting prevalence of 3Ca-NBO in the
quaternary silicate glasses studied here. The current results also show that
peak position of 3Ca-O-Si is rather invariant with composition (see 3.3 below
for further discussion).
For BOs, the previous study showed that the peak maxima of Al–
O–Al and Al–O–Si in CMAS glasses are at approximately -36 and -40 ppm,
respectively, in the isotropic dimension (Lee and Stebbins, 2002). The
proportion of each BO and NBO structural environment apparently changes
with XDiopside. For example, the proportion of each BO was reported to be 38
± 5% for Al–O–Al and 62 ± 5% for Al–O–Si in Ca-tschermakite (CaAl2SiO6)
glass (Lee and Stebbins, 2002), and the fraction of both species apparently
decreases with increasing XDiopside. The significant fractions of Al-O-Si in all
the CMAS glasses indicates extensive mixing between Al and Si (Lee et al.,
2005; Lee and Stebbins, 1999). The spectra at Xdiopside = 0.5 and 0.75 are
different in that the latter shows apparently larger Si-O-Si peak intensity.
While Al-O-Al peak overlaps with mixed NBO peak as well as Si-O-Al, the
intensity of the feature at -20 ppm in the isotropic dimension (a high
frequency tail of Al-O-Al peak) is smaller for the latter, indicating a decrease
in Al-O-Al fraction. The intensity of Si–O–Si peak (-50 ppm in the isotropic
dimension) and {Ca, Mg}-mixed NBOs peak also increase with increasing
XDiopside up to endmember diopside glass, where the Ca/Mg ratio reaches 1.
Again due to overlap, quantitative fractions of these sites cannot be obtained.
The total isotropic projection (the sum of data along lines parallel to the MAS
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axis of the 2D 3QMAS NMR spectrum) of 2D 17O 3QMAS NMR spectra for
CMAS glasses in diopside–Ca-tschermakite join show that the Ca-NBO (3CaO-Si) peak is partially resolved at approximately -64 ppm for glasses with
XDiopside values of 0, 0.25, and 0.5 (For the glasses with XDiopside = 0.75 and 1,
3Ca-O-Si

peak overlaps with mixed {Ca, Mg}-NBO peaks).

2.3.3. The extent of Ca-Mg disorder in the glasses in diopside–Catschermakite join: A view from 17O NMR
The degree of Ca-Mg disorder in silicate glasses can be estimated
from atomic environments around NBO sand BOs that are resolved in the
17O

NMR spectra for the glasses studied here. The

17O

3QMAS NMR

spectrum for CMAS glass at an intermediate compositions (XDiopside = 0.5)
shows that a partially resolved 3Ca-O-Si peak is observed at approximately 64 ppm. The presence of the observed prevalence of 3Ca-O-Si peak in the
intermediate composition glass may have important structural implications,
particularly Ca2+ and Mg2+ distribution around NBOs and BOs. In order to
check whether a random distribution of Ca2+ and Mg2+ around NBOs can
account for the observed prevalence of 3Ca-NBO in the CMAS glasses
studied here, we attempt to calculate the hypothetical NBO distribution
assuming a random distribution of Ca2+ and Mg2+ around NBOs for CMAS
glasses at XDiopside = 0.5. The random distribution model of Ca2+ and Mg2+
around NBOs in CMAS glasses leads to the formation of four possible NBO
configurations, i.e., 3Ca-NBO, 2Ca1M g-NBO, 1Ca2Mg-NBO, and 3Mg-NBO
(Allwardt and Stebbins, 2004). On the basis of the peak position and width
of Ca-NBO (from Ca-tschermakite) and those of Mg-NBO (from MgSiO3
glass) (Allwardt and Stebbins, 2004; Lee et al., 2003), and the expected trend
in the chemical shift in which the peak position of the NBO linearly increases
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with the number of Ca2+ around the NBO (as is the case for Ca-Mg and CaNa silicate and aluminosilicate glasses) (Allwardt and Stebbins, 2004; Lee
and Sung, 2008), the predicted peak positions of each NBO are
approximately -67 (3Ca-NBO), -56 (2Ca1Mg-NBO), -46 (1Ca2Mg-NBO), and 36 (3Mg-NBO) ppm in the isotropic dimension. Then, the fraction of each
NBO environment at Ca/(Ca + Mg) (x = 0.67) can be calculated for the glass:
taking into account the number of distinguishable configurations for each
NBO environment (i.e., 3C0, :3C1,: 3C2, :3C3 = 1:3:3:1), the predicated fractions
assuming its random distribution are 29.5% [3Ca-NBO, x3], 55.5% [2Ca1MgNBO, 3x2(1 - x)], 22.3% [1Ca2Mg-NBO, 3x(1 - x)2], and 3.7% [3Mg-NBO, (1 x)3] (Kelsey et al., 2008). The expected peak maximum for the total NBOs,
based on the random distribution model, is at approximately -54 ppm as
shown in a predicted hypothetical isotropic projection of NBO in glasses at
XDiopside = 0.5. Therefore, random distribution of Ca-Mg apparently fails to
account for an observation of a distinct NBO peak maximum at the 3Ca-NBO
peak (around ~-64 ppm) in the 2D 17O 3QMAS NMR spectrum for CMAS
glass at XDiopside = 0.5. These results therefore indicate that fraction of 3Ca–O–
Si in total NBO is likely to be higher than that predicted from the random
distribution of Ca2+ and Mg2+.
The observed prevalence of 3Ca–O–Si and the deviation from
random Ca-Mg mixing may have following structural origins. First, it may
imply the obvious preferential partitioning of Ca2+ into NBOs and proximity
between Mg2+ and BOs, including Si–O–Al and Al-O-Al, at intermediate
compositions: Mg2+ can thus play a role as a charge-balancing cation, while
Ca2+ acts as a network-modifying cation in CMAS glasses in diopside–Catschermakite join. The preferential partitioning of Ca2+ and Mg2+ between
NBOs and BOs (Al–O–Al, Al–O–Si) in glasses can be expressed:
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Ca--- Al–O–Al + Mg-NBO = Mg---Al–O–Al + Ca-NBO

(1)

Ca--- Al–O–Si + Mg-NBO = Mg--- Al–O–Si + Ca-NBO

(2)

Ca--- Si–O–Si + Mg-NBO = Mg--- Si–O–Si + Ca-NBO

(3)

Note that Ca --- T-O-T indicates the proximity between Ca2+ and bridging
oxygen T-O-T (T is framework cation including Si and Al). Here, the
fractions of Al-O-Al, Al-O-Si, and Si-O-Si in the glasses depend on the Si/Al
ratio and the degree of Si/Al disorder. With increasing Si-Al disorder, the
Al-O-Al fraction increase at constant Si/Al ratio (see below for the discussion
the degree of Al avoidance).
Second, the current result with the prevalence of 3Ca-O-Si peak in
the intermediate composition glasses also imply a non-random distribution
of Ca-Mg around NBOs toward a slight degree of unmixing between these
cations (i.e., clustering of Ca2+ and Mg2+). This leads to smaller fractions of
mixed NBO peaks (2Ca1Mg-O-Si and 1Ca2Mg-O-Si ) than those predicted
from random distribution model, which results in partially resolved 3Ca-OSi peaks observed in the current study. Previous 17O MAS NMR study of
glasses in pyrope-grossularite join also showed that Ca-Mg mixing around
NBO may not be well-explained with a random mixing of the nonframework cations (Kelsey et al., 2008): the result rather indicated that the
3Ca-NBO

intensities were roughly (or slightly larger than) those expected

from the random model, but the 2Ca1Mg-NBO was much lower. The authors
thus suggested that there is an excess of Mg2+ over Ca2+ present in the
average coordination shell of the NBO (Kelsey et al., 2008). Although the
analysis given in the previous study is careful, due to peak overlap among
Mg-O-Si peak and BO peaks (a well resolved Mg-NBO peak is necessary to
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confirm the asserted conclusion in Mg-NBO preference), an unambiguous
conclusion that can be drawn from the previous

17O

MAS NMR data is

indeed the prevalence of 3Ca-O-Si peak, which is consistent with the current
result. Whereas it is not explicitly proposed in the previous study, this
implies a structural tendency toward Ca-Mg unmixing in the CMAS glasses
rather than Mg-NBO preference because a Mg-NBO preference should lead
to a decrease in 3Ca-O-Si peak fraction (i.e., should be less than that predicted
from a random distribution model).
We note that the first proposal of preferential partitioning of Ca2+
into NBOs may not completely comply with experimental results for the
binary alkali silicates and other quaternary glasses. For example, preferential
partitioning of network modifying cations into BO has been found for Ca–
Na aluminosilicate glasses, where the cation (i.e., Ca2+) with the larger cation
field strength prefers to have close proximity to NBOs (Lee and Sung, 2008).
This is consistent with the suggestions from earlier Raman and

29Si

MAS

NMR studies of binary alkali silicate glasses where disproportionation
among Q-species [Kn=[Qn+1] [Qn-1]/[ [Qn]2, here, Qn refers to a Si species with
n bridging oxygens] increases with increasing cation field strength of
network modifying cations at constant NBO/T (Maekawa et al., 1991; Mysen,
1988; Mysen et al., 1982). These indirect results imply that cation with a larger
field strength may have preferential proximity to NBOs. The proposed CaNBO preference (over Mg-NBO) in the CMAS thus indicates that the local
arrangement of non-network-forming cations can be more complicated in
the composition join studied here, and this cannot simply be predicted from
the cation field strength of the network-modifying cations alone. In contrast
to the known preference of a high field strength cation to NBO, when a pair
of cations with identical charges but different ionic radii are mixed, steric
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effects may predominate, favoring the larger cation, with a low cation field
strength, for occupation of both BOs and NBOs (Lee et al., 2003): In mixing
between Ca2+ and Mg2+ in CMAS glasses, the difference between the ionic
radius of Ca2+ (1.14 Å) and that of Mg2+ (0.72 Å) may play a major role in
the partitioning of Mg2+ and Ca2+ into both NBOs and BOs. This anomaly
may result from a strong affinity between Mg2+ and Al–O–Al (e.g., Eq. 1) due
to structural preference to have smaller charge-balancing cations (Mg2+
instead of Ca2+) near Al-O-Al.
The proposed non-random distribution of Ca-Mg around NBOs
toward unmixing between these cations in the CMAS glasses here is not
completely consistent with the earlier suggestion of Ca-Mg random mixing
in the glasses in the grossularite-pyrope join deduced from the viscosity
measurement and estimation of macroscopic configurational entropy
(Neuville and Richet, 1991). Ca-Mg mixing in the join (and a slight deviation
from random distribution) can only partly contribute to the total
configurational entropy of the glasses and additional (and often unknown
amount of) topological contribution needs to be constrained. Whereas these
two possible descriptions of the nature of Ca-Mg mixing in the glasses are
consistent with the prevalence of 3Ca-O-Si as shown in 2D 17O NMR spectra,
the above analyses based on 3QMAS NMR can be non-unique due to peak
overlap for the Mg-NBO and the BO. The data given here thus cannot
independently confirm whether the observed prevalence of 3Ca-O-Si is due
to unmixing of Ca-Mg or preferential preference of NBO for Ca over Mg or
a combination of both. The current discussion of Ca-Mg distribution around
NBO (as well as BO) can be more complicated upon formation of
thus

[5]Al-O-[4]Si.

Because the fraction of

[5,6]Al-O-[4]Si

[5]Al

and

is minor, its

contribution to the pronounced Ca-Mg distribution in the glasses is not likely
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to be significant. Its contribution, however, can be prominent for the
aluminosilicate glasses quenched from melts at high pressure where
significant fractions of highly coordinated framework cations were observed
(see Lee, 2010 and reference therein). Because the information of Q-species
distribution of alkaline earth aluminosilicate glasses (beyond ternary) is
difficult to obtain using both Raman and 29Si NMR, the current 17O NMR
data, though insufficient, provide an opportunity to unveil the nature of
cation mixing around NBO in the multi-component quaternary glasses.
Future attempt with a complete model of the 2D NMR data may provide
better analysis of the Ca-Mg mixing and proposed preferential portioning in
the quaternary silicate glasses.
We also note that the trend in composition-induced changes in peak
position and width for Si-O-Si in glasses suggests that thus Si-O-Si can have
spatial proximity to both Mg2+ and Ca2+ because both BOs and NBOs are
apparently affected by the changes in Ca/Mg in the glasses. The trend
suggests a rather homogeneous distribution of Mg2+ and Ca2+, without
formation of nano-meter scale heterogeneity characterized by segregation of
Ca–Mg (Lee and Stebbins, 2003, 2009).

2.3.4. Effect of composition on Si environment in glasses in diopside–Catschermakite join: 29Si MAS NMR results
Figure 2.2 shows the

29Si

MAS NMR spectra for CMAS silicate

glasses in diopside–Ca-tschermakite join. Note that four distinct Si
environments were well-resolved in the

29Si

MAS NMR spectra for

crystalline diopside–Ca-tschermakite solid solutions (Flemming and Luth,
2002). However, a single broad peak of slightly asymmetric shape is
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Figure 2.2. 29Si MAS NMR spectra for CaO–MgO–Al2O3–SiO2 glasses in
diopside–Ca-tschermakite join at 9.4 T with varying mole fraction of
diopside (XDiopside).
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observed in

29Si

MAS NMR spectra of the CMAS glasses. These chemical

shift ranges for the peak correspond to four-coordinated Si, consistent with
earlier 29Si MAS NMR studies (Kirkpatrick et al., 1986). The peak maximum
increases with increasing XDiopside from ~-82.3 ppm for XDiopside = 0 to ~-80.5
ppm for XDiopside = 0.5, and then decreases to ~-81.7 ppm for XDiopside = 1. This
slight changes in peak maximum and the asymmetry in peak shape are due
to complicated variations in the fractions of Qn(mAl) species (Si species with
zero through m Al next nearest neighbors with n bridging oxygen, n≥m) that
has distinct 29Si chemical shifts with varying n and m (Kirkpatrick et al., 1986).
Figure 2.3 shows that the peak widths (full-width at half-maximum,
FWHM) of the

29Si

MAS NMR spectra for the CMAS glasses decrease

systematically from approximately 18 ppm for XDiopside = 1 to approximately
14 ppm for XDiopside = 0. The trends (increasing peak width with decreasing
diopside content) are consistent with earlier

29Si

MAS NMR study

(Kirkpatrick et al., 1986). The slight difference in peak width between the
previous and current studies is mostly due to a significant increase in signalto-noise ratio in the current spectrum and/or potential difference in chemical
composition and synthesis conditions (e.g., quench rate). The peak shapes of
29Si

MAS NMR spectra of glasses in diopside–Ca-tschermakite join also

reveal an increased asymmetry at lower frequencies. As the

17O

3QMAS

NMR spectra for CMAS glasses showed that the NBO fraction increases with
increasing XDiopside, and all the NBOs are bound to Si (i.e., Ca–O–Si, Mg–O–
Si, and {Ca, Mg}–O–Si), an increase in peak width with diopside content is
thus consistent with increasing configurational disorder due to dispersion in
Q-species distribution: several Q species including Q1, Q2, and Q3 is also
likely to be present with increasing diopside content (Kirkpatrick et al., 1986;
Mysen and Richet, 2005). However, predominant Q4 species (in addition to
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Figure 2.3. Peak widths (full-width at half-maximum) of
NMR

spectra

for

CaO-MgO–Al2O3–SiO2

glasses

[4]Si

in

in

29Si

MAS

diopside–Ca-

tschermakite pseudobinary join at 9.4 T. XDiopside is the mole fraction of
diopside. Diamonds indicate the results in this study and circles denote the
results for previous study (Kirkpatrick et al., 1986). Error bar of ±0.5 ppm
was estimated from the uncertainty in sample composition, phasing of NMR
spectrum, and NMR processing conditions.
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a minor fraction of Q3 species predicted from the presence of Si-NBO) are
present for Ca-tschermakite glass with predicted relative fractions of ~60%
of Q4(4Al), ~35% of Q4(3Al), and ~5% of Q4(2Al), respectively on the basis of
the moderate degree of Al avoidance (Q of ~ 0.85) expected for Caaluminosilicate glasses (Lee and Stebbins, 1999); the degree of Al avoidance
[Q, varies from 0 (random Si-Al mixing) to 1 (complete Al-avoidance)]
decreases with Mg2+ content, which leads to a formation of more Al-O-Al
and thus broadening of Qn(mAl) distribution (Lee et al., 2005).

2.3.5. Structure and disorder in Di64An36 glass: insights from highresolution solid-state NMR
The melts in diopside–anorthite eutectic composition have been
used to model the first formed basaltic melts (Bowen, 1915). Figure 2.4 shows
the 27Al 3QMAS NMR spectrum for Di64An36 glass. The peak maximum for
[4]Al

is at -41.3±1.5 ppm and that of [5]Al is at -21.8±2.5 ppm in the isotropic

dimension. The fraction of
earlier

27Al

[5]Al

is ~3.3±0.5%, in good agreement with the

NMR study for the Di64An36 glass (Xue and Kanzaki, 2007):

whereas the percentage of

[5]Al

is from 3.0% (for XDiopside = 0) to 5.1% (for

XDiopside = 0.8) in diopside–anorthite join without Cq-3QMAS efficiency
calibration (Xue and Kanzaki, 2008), the calibrated [5]Al fractions considering
3QMAS efficiency, however, are consistent with the current results.
The Cq of [4]Al for glass in Di64An36 is 6.0 ± 0.5 MHz and that of [5]Al
is 4.6 ± 0.5 MHz, which is similar to the values for CMAS glasses in diopside–
Ca-tschermakite join (in particular, XDiopside = 0.75). The current Cq values is
similar to those from the earlier study (Cq‘s of [4]Al and [5]Al in Di64An36 glass
were 5.5 MHz and 4.3 MHz, respectively) (Xue and Kanzaki, 2007): note that
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Figure 2.4.

27Al

3QMAS NMR spectrum for glass in diopside–anorthite

eutectic composition (Di64An36) at 9.4 T. Contour lines is drawn at 5%
intervals from relative intensities of 12% to 87% with added lineat 2%, 3.5%,
6%, and 8%.
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in the previous study, the Pq values were reported and thus Cq values were
estimated from Pq, assuming an asymmetry parameter η of 0.5. The slight
difference is due to the fact that in the previous study the peak maximum
position is used to get the Cq value while we used the center of gravity of
each peak.
Figure 2.5 shows the 17O 3QMAS NMR spectrum for Di64An36 glass.
This spectrum shows partially resolved multiple oxygen sites such as Si–O–
Si, Si–O–Al, Al–O–Al, and Ca-NBO (-62.5 ppm in the isotropic dimension).
The NBO peaks from -80 ppm to -25 ppm in the isotropic dimension stem
from distinct NBOs (Ca-O-Si, Mg-O-Si, and {Ca, Mg}-O-Si). The Mg-NBO
and {Ca, Mg}-NBO peaks partially overlap with the Si–O–Al peak. The CaNBO peak in the spectrum for Di64An36 glass is also well resolved at -63 ppm
in the isotropic dimension as is the case for CMAS glasses in the diopsideCa-tschermakite join whereas Ca/(Ca + Mg) ratio for Di64An36 glass is 0.61.
Taking into consideration similar arguments presented in section 3.3, the
presence of distinct 3Ca–O–Si peak in the 2D spectrum for Di64An36 glass
again suggests NBOs preference to Ca2+ and/or a tendency toward a slight
degree of unmixing between Ca and Mg around NBO. The spectrum also
shows a non-negligible fraction of Al–O–Al with Al/Si ratio in the glasses of
~0.36. Here we calculated oxygen cluster populations considering varying
degree of Al avoidance (Q) from 0.80 (expected for Mg-end member) to 0.875
(value for charge-balanced aluminosilicate glasses) using the relations
(equations) presented in the previous modeling because it has also been
shown that the degree of Al avoidance decrease with increasing cation field
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Figure 2.5.

17O

3QMAS NMR spectrum for glass in diopside–anorthite

eutectic composition (Di64An36) at 9.4 T. Contour lines is drawn at 5%
intervals from relative intensities of 3% to 88% with added lines at 4.5, 6 and
37%.
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strength of non-framework cations (Mg2+ and Ca2+) (Lee et al., 2005; Lee and
Stebbins, 1999, 2002): the calculated fractions of total-NBO, Al-O-Al, Al-O-Si,
and Si-O-Si in the glass at Q=0.8 are 38.1 %, 6.7 (5.3) %, 29.4 (32.1) %, and 25.8
(24.4) %, respectively [the value in ( ) is fraction of oxygen species calculated
at Q=0.875]. The significant fraction of Si-O-Al also suggests the extensive
mixing between Al and Si in Di64An36 glass (see Lee, 2005 for details).

2.3.6. Implications for macroscopic thermodynamic and transport
properties and geochemical processes
While the solid-state NMR techniques provide an improved
resolution among atomic sites in geologically relevant, complex multicomponent silicate glasses, further efforts should be given to develop
methods to yield quantitative information of these partially resolved
features in 2D spectrum, which will better constrain the diverse degree of
disorder in the glasses. As basaltic glasses certainly have another important
components including iron oxides (in addition to non-negligible fractions of
MnO, TiO2, Na2O, K2O, and P2O5), the application of current results of model
basaltic glasses to real natural basaltic glasses thus have obvious limitations.
Solid-state NMR has a limited usefulness in resolving atomic configurations
in iron-bearing melts and glasses due to interaction between unpaired
electrons in d-orbitals and nuclear spins of interest. The observed atomic
structures of CMAS glasses in diopside–Ca-tschermakite join and Di64An36
glass provide atomistic insights into macroscopic properties and relevant
geophysical processes. Due to overlap among peaks in the glass system
studied here, the information of quantitative fraction of each oxygen cluster
is missing. The information is necessary to make a direct-quantitative link
between atomic structures and properties: the degree of deviation from
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random mixing is necessary to constrain the enthalpy of mixing. The
following discussion is thus qualitative and only focuses on the properties
that can be consistent with experimental observation revealed from the NMR
study here. First, the predominance of [4]Al and its extensive mixing with Si,
as evidenced by the significant fractions of [4]Al–O–[4]Si, is consistent with the
negative experimental enthalpy of mixing obtained by solution calorimetry
for CMAS glasses in diopside–Ca-tschermakite join (Navrotsky et al., 1983).
The extensive Si-Al mixing in the glasses studied here is similar to the results
from previous studies of ternary and quaternary aluminosilicate glasses
where mixing between different framework cations are often preferred (Lee
et al., 2005). The presence of Al-O-Al is also apparent for the glasses studied
here. While it is difficult to quantify the fractions of those bridging oxygens
due to overlap among peaks, as reported for ternary aluminosilicate glasses,
it is likely that the degree of intermixing between Al and Si (degree of Al
avoidance, Q) may range between a random distribution, (Q=0) and
chemical order (Q=1). Upon mixing between Ca-tschermakite and diopside
endmember

components

in

the

glasses,

major

contribution

to

configurational thermodynamic properties (e.g., configurational enthalpy
and/or excess Gibbs free energy of mixing) is from the mixing between
framework units, namely,

[4]Al

and

[4]Si

in the glasses: mixing between

CaAl2SiO6 – CaMgSi2O6 can thus be modeled with taking into consideration
only a mixing between 2Al and 1Si (with Mg2+). Due to considerable mixing
between Si and Al in the melts, activity coefficient of silica is thus expected
to be less than 1 (predicted value for a random distribution of Al-Si),
increasing the tendency to form a silica-rich melt in contact with mantle
rocks (see Ryerson, 1985 and references therein).
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Second, as it can also be expected from the composition, the relative
NBO fraction increases with increasing XDiopside. The viscosities of silicate
melts decrease with decreasing degree of melt polymerization and thus NBO
fraction (e.g., η ∝ exp[A/(B + XNBO)], where A and B are constant) (Giordano
and Dingwell, 2003; Lee et al., 2004). The viscosities of silicate melts in
diopside–anorthite join decrease with increasing XDiopside (Del Gaudio and
Behrens, 2009; Getson and Whittington, 2007).
Third, the chemical shift dispersion of NBO peak increases with
XDiopside, implies extensive mixing between Ca2+ and Mg2+ around the NBOs.
However, the Ca-Mg distribution around NBO is more complicated as the
prevalence of 3Ca-NBO in intermediate compositions in glasses in diopside–
Ca-tschermakite join and Di64An36 glass provide evidence for a moderate
degree of preferential partitioning of Ca2+ into NBOs and/or a non-random
Ca-Mg distribution toward a slight degree of unmixing of these cations
around NBO. Because major configurational thermodynamic properties of
the glasses in the join results from framework mixing, the slight deviation
from randomness in Ca-Mg disorder may not contribute much to the total
thermodynamic properties in the join. We note that due to overlap among
oxygen peaks and thus lack of information of quantitative fractions of
oxygen sites, it is difficult to provide the quantitative estimation of
configurational entropy using the current results.
Finally, while it is largely speculative and the current data cannot
confirm the structural orgins of the prevalence of 3Ca-O-Si , the proposed
preferential partitioning of Ca2+ and Mg2+ between NBOs and BOs and
potential deviation from random Ca-Mg mixing may result in variations in
diffusivity of theses cations in the melts (Allwardt et al., 2003). Again it is
certainly a weak correlation, but the suggested NBO preference also has
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implications for dissolution mechanisms of basalts in contact with aqueous
fluids. Taking into consideration the stronger bond between networkmodifying cations (Ca2+) and NBOs, Mg2+ (with proximity to BO) in basalts
is likely to be dissolved easily. Thus, this preference could affect the chemical
composition of groundwater on volcanic islands where Mg2+ concentration
is higher than expected from the composition of basalts (Hurwitz et al., 2003).

2.4. Conclusions
The experimental data presented here provide structural details of
atomic configurations, cation connectivity, and the extent of disorder in
multi-component CMAS glasses in diopside–Ca-tschermakite pseudobinary
join and the Di64An36 glass. On the basis of variation of peak width in 29Si
MAS NMR spectra for the glasses, while it is currently difficult to provide a
quantitative description of the extent of topological disorder due to overlap
among each Q-species, topological (peak widths) and chemical disorder
(dispersion in Q species) around [4]Si apparently increases with Mg2+ content.
The 27Al 3QMAS NMR spectra for the join clearly show that the fraction of
[5]Al

increases with XDiopside. It is thus evident that the degree of

configurational (chemical mixing) disorder around Al due to the formation
of

[5]Al

increases with XDiopside: disorder due to chemical mixing increases

with increasing

[5]Al

fraction. The

topological disorder around
around

[5]Al

[4]Al

27Al

Cq‘s for

[4,5]Al

demonstrate that a

clearly decreases with XDiopside while that

increases with XDiopside. We cautiously speculate that the

distortion of in the electric field gradient around [4]Al may be less significant
with Mg2+ near [4]Al, leading to a decrease in 27Al Cq.
17O

3QMAS NMR spectra for CMAS glasses studied here show that

the degree of polymerization decreases with increasing XDiopside, consistent
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with a prediction from composition of the glasses: the 2D spectra show that
the non-negligible fraction of 3Ca-O-Si in the Ca-tschermakite composition
glass (XDiopside =0) and the significant fraction of NBO in the diopside
composition glass (XDiopside =1). The intensity for NBO peak apparently
increases with XDiopside. The significant fraction of Si-O-Al again supports an
extensive mixing between

[4]Al

and

[4]Si.

Al-O-Al is also clearly visible in

Di64An36 glass, highlighted with the presence of Al-O-Al and

[5]Al.

A non-

random distribution of Ca2+ and Mg2+ around both NBO and BO is
manifested: on the basis of analysis of 3Ca-O-Si peak position analysis in the
2D 3QMAS NMR spectrum, this could be due to a moderate degree of
partitioning of Ca2+ into NBO and spatial proximity between Mg2+ and Al-OAl and/or Al-O-Si in the basaltic glasses studied here. Additionally, the
prevalence of 3Ca-O-Si peak implies potential tendency toward unmixing of
Ca-Mg around NBO. Further theoretical calculations and effort to model 2D
spectra with overlapped oxygen peaks are necessary to confirm the current
speculations and suggestions.

APPENDIX
Here, we briefly discuss the potential problems in quantification of
small fractions of Al sites in the glasses using NMR. First, NMR experiment
at 9.4 T, 1 dimensional 27Al MAS NMR for the glasses studied here does not
yield any evidence for the presence of highly coordinated Al (data not shown
here). However, 2-dimensional

27Al

3QMAS NMR data indeed provide

evidence for the presence of non-negligible fractions of

[5]Al.

As this 2D

3QMAS NMR technique is not quantitative in that the species population is
dependent on the Cq of the site at a given rf field. In most cases, with
increasing Cq from 4 to 8 MHz (typical Cq ranges for Al sites), the peak
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intensity decreases (Lee et al., 2010). Therefore the fractions of large Cq sites
are underestimated. In order to yield quantitative fraction, it is necessary to
calibrate the experimental fraction with the Cq-intensity curve. In the current
study, we yielded calibrated fraction taking into consideration Cq-peak
intensity curve that we have calculated using numerical simulations (Lee et
al., 2010). While the above procedures are rigorous, it is also possible that
large Cq sites are intrinsically underestimated.
Previous 1D MAS for CAS glass at high field provide careful and
quantitative information of small amount of [5]Al sites (Neuville et al., 2006).
[5]Al

peak fraction of ~ 8% was reported for CaAl2SiO6 glass in the 27Al NMR

spectra collected at higher magnetic field (Neuville et al., 2006), which is
larger than that presented in the earlier 27Al 3QMAS NMR and current study
at lower magnetic fields (Lee and Stebbins, 2000, 2006). We also note that the
calculated Cq of

[5]Al

site in CaAl2SiO6 glass is reported to be 7.8 MHz,

systematically larger than these reported in the current study as well as those
reported by Xue and Kanzaki (Xue and Kanzaki, 2008) at 9.4 T (~4-5 MHz).
These results again suggest that the 2D 3QMAS study at 9.4 T may not excite
the Al sites with larger Cq effectively and thus the faction of these Al site can
be underestimated. Additionally, lineshape analysis of 1D MAS at high field
can be model dependent and may systematically overestimate the width of
[5]Al

peak that leads to a larger Cq values.
We also summarized how the Cq and the fraction of Al sites were

calculated, along with their uncertainties. Center of gravity for each Al peak
was obtained from projections in the MAS and isotropic dimension. The
estimated center of gravity for

[4]Al

and

[5]Al

peaks ( δ 3QMAS is the center of

gravity in the isotropic dimension and δ MAS is that in MAS dimension in
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3QMAS NMR spectra) are shown in table A1. On the basis of relationship
between structurally relevant NMR parameters and δ 3QMAS and δ MAS ,
CS
mean values of Pq and δ iso
of Al sites were estimated (Lee and Stebbins,

2000). Finally, Cq was calculated by assuming that η is 0.5. The results are
also shown in table A1.
The isotropic projection was obtained by integrating NMR data
from -120 ppm to 50 parallel to the MAS dimension (spanning the frequency
range for [4]Al), which often obscures the presence of peak with low intensity
(such as [5.6]Al). This method of projection is necessary to obtain quantitative
[4,5]Al

fractions. Therefore, we used the information from 2D NMR to

constrain the presence of peak in the isotropic projection. Isotropic projection
of the 27Al 3QMAS NMR spectra were simulated using multiple Gaussian
peaks representing [4]Al and [5]Al. Figure A1 show the results of a simulation
with several Gaussian peaks of the total isotropic projection of the

27Al

3QMAS NMR spectra. As mentioned in the text, the NMR signal intensity in
the 3QMAS NMR experiment is determined by efficiencies in triple quantum
excitation and single quantum reconversion that are dependent on the
magnitude of the interactions between the nuclear quadrupolar moment and
the electric field gradient (i.e., Cq). The observed NMR signal intensity was,
therefore, scaled to take into consideration the magnitude of the quadrupolar
interactions characteristic of each Al coordination environment by numerical
simulations. The 3QMAS efficiency with quadrupolar coupling constant (Cq)
at quadrupolar asymmetry parameter (η) of 0.5 has been calculated in the
previous study (Lee et al., 2010). The error bar of 0.5% of Al site fraction
stems from a) Cq variation and corresponding changes in 3QMAS efficiency
(~0.3%) and b) uncertainty in the

[5]Al
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fraction in peak area estimation

(~0.3%). Taking into consideration of other unknown uncertainties including
that of compositions, and the total error bar ±0.5% is estimated.
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Figure 2.A1. The isotropic projections of 27Al 3QMAS NMR spectra for CaO–
MgO–Al2O3–SiO2 glasses in diopside-Ca-tschermakite join and diopsideanorthite eutectic composition (red) with the simulated peaks of

[4]Al

(~-40

and ~-52 ppm) and [5]Al (-25 ppm). Note that [5]Al fraction can be calculated
from the ratio of -25 ppm peak fraction/total area. XDiopside is the mole
fraction of diopside.
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Chapter 3. High-resolution solid-state NMR study of the effect of
composition on network connectivity and structural disorder in multicomponent glasses in the diopside and jadeite join: implications for
structure of andesitic melts
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Abstract
The structural evolution of andesitic melts with varying
compositions remains one of the unsolved questions in high-temperature
geochemistry and petrology. In this article, we report the structural details
of model andesitic glasses [CaO–MgO–Na2O–Al2O3–SiO2 (CMNAS)] in the
diopside (CaMgSi2O6) and jadeite (NaAlSi2O6) join using high-resolution,
multi-nuclear, solid-state nuclear magnetic resonance (NMR). The 27Al NMR
spectra of CMNAS glasses confirm that

[4]Al

is dominant. While a minor

fraction of [5]Al is observed, its presence is only prevalent in the glasses with
higher Ca-Mg content. Topological disorder in the glass network also tends
to increase with Ca–Mg content as evidenced by the increase in the
quadrupolar coupling constant (Cq) of

[4]Al

for glasses with increasing

diopside contents (XDiopside). Despite the complex nature of the glasses
studied here (with five oxide components), the 17O 3QMAS NMR spectra
resolve diverse bridging oxygens (BOs) and non-bridging oxygens (NBOs),
from which the degree of Al avoidance among framework cations (Si and Al)
and preferential proximity among non-network cations (Ca2+, Mg2+, and Na+)
and each oxygen site can be estimated: presence of Al–O–Al in jadeite glass
implies a violation of the Al-avoidance rule in the glasses and the decrease
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in the fraction of NBOs with increasing XDiopside is consistent with a decrease
in their viscosity. Analysis of the peak position of {Ca, Mg}-mixed NBOs,
along with the absence of Na-NBO peak, and the peak shape of Si–O–Al
reveals preferential partitioning of Ca2+ and Mg2 into NBOs and the
proximity of Na+ to BOs. The fraction of highly coordinated Al has been
linked to thermodynamic and transport properties of the melts. Considering
all the experimental Al coordination environments available in the literature,
together with the current experimental studies, we attempt to establish the
relationship between the fractions of highly coordinated Al and composition,
particularly average cationic potential of non-network forming cations
(<c/r>ave, defined as cationic potential normalized by the mole fraction of
each non-network cation). The fraction of highly coordinated Al increases
nonlinearly with increasing <c/r>ave. The fraction of [5,6]Al is negligible up to
<c/r>ave =~ 1.7, then it increases above <c/r>ave > ~1.7 regardless of changes
in other compositional variables (e.g., Si/Al, NBO content). This indicates
the presence of a threshold <c/r>ave value for the formation of

[5,6]Al.

The

current experimental results with the changes in network polymerization,
coordination environments, and the degree of disorder in the CMNAS
glasses can improve understanding of the structure–property (particularly,
configurational

thermodynamic

properties)

relationships

of

multi-

component natural silicate melts, including andesitic melts and glasses.

3.1. Introduction
CaO–MgO–Na2O–Al2O3–SiO2 (CMNAS) glasses in a diopside
(CaMgSi2O6)–jadeite (NaAlSi2O6) pseudobinary join can be regarded as an
important model system for andesitic melts (e.g., Bell and Davis, 1969; Jindal,
2012; Jindal et al., 2011; Schairer and Yoder, 1960). The intermediate
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composition of the diopside–jadeite join can also represent high-Mg
andesitic melts (defined as having Mg# ≥ 0.45 and SiO2 = 54~65%) (e.g.,
Wood and Turner, 2009). Andesite (rock) consists of mineral assemblages
including quartz, pyroxene, feldspars, and hornblende. As we are exploring
the structure of andesitic glasses and melts with typical oxide mole % (e.g.,
SiO2: Al2O3: CaO: MgO: Na2O: K2O: FeO(T)= 62.4: 10.8: 8.3: 6.3: 3.6: 1.1: 6.4
(mol%)] (e.g., Mysen and Richet, 2005), when it comes to its major element
composition, diopside-jadeite join with five-oxide components can represent
iron free andesitic melts. Andesitic melts are the second most abundant melts
in volcanic eruptions next to basaltic melts and several models have been
suggested regarding the mechanism of their generation. These includes
partial melting at the mantle wedge under hydrous conditions (e.g., Hirose,
1997a; Parman and Grove, 2004), mixing of basaltic melts with felsic crustal
components (e.g., Straub et al., 2011; Zhu et al., 2013), and crystallization
differentiation of mantle-derived basalt (e.g., Grove and Kinzler, 1986;
Mortazavi and Sparks, 2004; Prouteau and Scaillet, 2003) . Changes in the
chemical compositions of andesitic melts are accompanied by the above
processes of magma generation and differentiation, which lead to changes in
the atomic structures and properties of the melts. Thus, understanding the
structure and disorder in andesitic melts with varying compositions is
essential for comprehending their properties and the complex magmatic
processes relevant to andesitic magma in subduction zones. However,
despite their importance, details regarding the atomic structure and disorder
of these melts, such as the network connectivity and the systematic
structure–property relationships, remain unsolved. The objective of this
study is to reveal the atomic structure in terms of network connectivity and
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disorder in model andesitic melts and glasses with varying compositions,
and to unveil systematic structure–property relationships.
The atomic structure (e.g., coordination number, various types of
structural disorder, and network connectivity) of multi-component silicate
glasses and melts including CMNAS glasses has considerable implications
for the macroscopic properties of natural silicate melts (e.g., Bauchy et al.,
2013; Giordano et al., 2008; Kelsey et al., 2008b; Lee, 2005, 2011b; Mysen and
Richet, 2005; Navrotsky et al., 1983; Neuville et al., 2004b, 2006b; Potuzak
and Dingwell, 2006, and references therein). However, overlaps among
peaks (in any spectroscopic methods) and scattering factors (both x-ray and
neutron scattering) of the multi-component silicate glasses become more
prominent with increasing numbers of oxide components due to enhanced
topological (due to bond angle and bond length distribution and distortion
of glass networks around Al and Si) and configurational disorder (due to
mixing between different species, e.g., mixing between [4]Al and [5]Al) in the
glasses, making it challenging to probe their detailed atomic structures
(Mysen and Toplis, 2007) (see 2.3 below for the definitions used to describe
the degree of disorder). In contrast, the macroscopic properties of CMNAS
glasses and melts in diopside–jadeite joins have been extensively studied.
The configurational entropy of the melts increases with increasing diopside
component (Richet, 1984). While the bulk modulus of the glasses decreases
in glasses along the diopside–jadeite join, the Poisson’s ratio increases with
increasing diopside content (Jindal, 2012). The viscosities of silicate melts in
diopside–jadeite joins decrease with increasing diopside content (Suzuki et
al., 2005).
These changes in the thermo-mechanical and transport properties of
CMNAS glasses and melts are obviously linked to changes in the atomic
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structure related to changing composition. Despite the aforementioned
difficulties in exploring the local structures of multi-component silicate
glasses, the cation coordination environments of complex quaternary oxide
glasses with geochemical implications have recently been reported. For
example of Al coordination environments, recent studies of the model
basaltic glasses in diopside–Ca–tschermakite and diopside–anorthite joins
show the presence of five coordinated Al ([5]Al) (Park and Lee, 2012; Xue and
Kanzaki, 2008). A previous study of the shock-compressed model basaltic
glasses (diopside–anorthite eutectic composition, Di64An36) also showed that
the fraction of

[5]Al

in the basaltic glasses increased upon dynamic

compression up to peak pressure of ~20 GPa (Lee et al., 2012). Al
coordination environments in hydrous andesite glasses have also been
studied extensively (Malfait et al., 2012; Mysen and Richet, 2005 for review)
(further details in section 2.3).
The intermediate composition of a crystalline diopside–jadeite join
(diopside–jadeite = 50:50) shows cation ordering in both octahedral and
tetrahedral sites with preference in Ca–Mg and Na–Al pairs (i.e., omphacite).
The relevant question is whether there is similar ordering for glass and the
precursor liquids in the diopside–jadeite join. Previous studies have shown
that the extent of disorder, such as network connectivity and the degree of
Al avoidance (Si/Al framework disorder), is important in understanding the
configurational thermodynamic properties of the aluminosilicate glasses,
such as configurational entropy and heat capacity as well as the Gibbs free
energy of mixing (Lee, 2005, 2011; Lee and Stebbins, 1999, 2006, 2009; Mysen
and Richet, 2005; Navrotsky et al., 1983; Stebbins, 1995 and references
therein). Various types of additional structural disorder also affect
configurational properties of melts and glasses. These structural disorders
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include bonding preferences between NBOs and the framework cations (e.g.,
Si–NBO vs. Al–NBO) (Allwardt et al., 2003) and partitioning of network
modifying cations between non-bridging oxygens (NBOs) and bridging
oxygens (BOs) (Lee and Sung, 2008; Park and Lee, 2012). Information
regarding these types of disorder can be obtained using various
spectroscopic methods, particularly with

17O

NMR (see Lee, 2010 and

references therein). Additional intrinsic structural disorder also results from
bond angle and length distribution (topological disorder). Furthermore, the
degree of network connectivity, often represented by the fractions of NBO,
offers insights into the viscosity and activity coefficient of SiO2 (e.g.,
Giordano and Dingwell, 2003; Lee, 2011, and references therein). Previous
efforts and advances to reveal the extent of disorder have often focused on
relatively simple model silicate glasses. Relatively few studies have been
performed to explore the structure and extent of disorder in other diverse
geologically important multi-component glasses and melts, such as andesitic
melts. Here, we attempt to reveal the nature of the various aspects of
disorder (Si/Al ordering, preference between non-network cations and BOs
and NBOs), and the degree of polymerization in five-component andesitic
melts in the diopside–jadeite join.
Together with the diverse structural disorder in the glasses, the Al
coordination number for silicate melts could provide insight into their
macroscopic properties (Allwardt et al., 2005; Neuville et al., 2006; Toplis and
Dingwell, 2004; Urbain et al., 1982). The effect of temperature, pressure, and
composition on the Al coordination number in diverse model ternary and
quaternary aluminosilicate glasses has been reported widely: for example,
the fraction of highly coordinated Al increases with increasing quenched
temperature [e.g., the

[5]Al

fraction in anorthite glasses increases with
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increasing fictive temperature from 7.2% (1100 K) to 8.9% (1260 K)] (Stebbins
et al., 2008) and also increases with increasing pressure (Lee, 2010; Lee et al.,
2012, and references therein). The fractions of highly coordinated Al are also
affected be the diverse compositional constraints, such as field strength of
non-framework cations, (e.g., Allwardt et al., 2005; Florian et al., 2007;
Iftekhar et al., 2011; Kelsey et al., 2009; Le Losq et al., 2014; Lee et al., 2005;
Thompson and Stebbins, 2011; Thompson and Stebbins, 2012, and references
therein), and NBO/T (number of non-bridging oxygens per tetrahedral
network cation) (Neuville et al., 2006b; Neuville et al., 2008) [see also section
2.3 for a summary of previous NMR studies of the Al coordination number
in aluminosilicate glasses]. With consideration of the available structural
studies of Al coordination environments in aluminosilicate glasses, it would
be necessary to pursue systematic efforts to provide an integrated view of
the effect of composition on [5,6]Al with the objective of accounting for (and
predicting) the composition-induced coordination environment of Al in
multi-component glasses.
In this study, we explore the coordination environments of
framework cations, network connectivity, and extent of disorder (i.e.,
chemical and topological disorder) in multi-component model andesitic
glasses in diopside–jadeite joins using multi-nuclear (29Si, 27Al, and 17O) highresolution solid-state NMR, which has proven effective in revealing detailed
degrees of disorder in such glasses (e.g., Lee et al., 2009; Stebbins and Xu,
1997; for a recent reveiw see, Stebbins and Xue, 2014; Stebbins et al., 2001). In
conjunction with previous studies of the Al coordination environment of
such glasses, we also explore the effect of composition (particularly, the
average cationic potential) on the fractions of highly coordinated Al in
ternary and quaternary multi-component silicate glasses with the aim of
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establishing a model for the prediction of the Al coordination environment
in multi-component natural silicate glasses.

3.2. Experimental methods
3.2.1. Sample preparation
A series of CMNAS glasses in diopside (CaMgSi2O6)–jadeite
(NaAl2SiO6) joins containing 0, 25, 50, 75, and 100 mol% CaMgSi2O6 were
synthesized from carbonates (Na2CO3, CaCO3) and oxides (MgO, Al2O3, and
SiO2). The Al2O3, CaCO3, Na2CO3, and SiO2 powders were dried at 300 °C for
~48 h and the MgO was dried at 1300 °C for 2 h. The weighed powders were
mixed and then decarbonated in a Pt crucible at 800 °C for 1 h. The mixed
powders were heated above their respective melting temperatures (1600 °C)
for 1 h and then quenched into glasses by removal of the crucible from the
furnace, which was then lowered manually into water (e.g., Lee and Stebbins,
1999; Mysen et al., 2003; Stebbins et al., 2008). Previous studies with similar
synthesis condition showed that quench rate is ~100 °C/s (e.g., Dubinsky
and Stebbins, 2006). Approximately 0.2 wt% of cobalt oxide was added to
enhance the spin–lattice relaxation. Weight loss of ~1.5–1.7 wt% was
observed after decarbonation. 17O-enriched glasses in the diopside–jadeite
join were also synthesized from carbonates (CaCO3, Na2CO3), oxide agents,
and 17O-enriched SiO2. The mixtures were melted in an Ar environment in a
Pt crucible for 1 h at 1600 °C. Iron-free model phonolite glass
(CaO:MgO:Na2O:K2O:Al2O3:SiO2:TiO2:MnO =1.4:8.0:9.0:3.8:12.9:64.0: 0.7:0.2
mol%) (see (Mysen and Richet, 2005 and references therein) was synthesized
from carbonates (Na2CO3, CaCO3, K2CO3) and oxides (MgO, Al2O3, TiO2,
MnO, and SiO2). The mixtures were melted at 1400 °C for 1 h. Table 3.1 shows
the nominal compositions and chemical compositions of the CMNAS glasses
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Table 3.1. Nominal compositions and ICP analyses for CaO–MgO–Na2O–Al2O3–SiO2 silicate glasses in the diopside–jadeite
pseudobinary join. XDiopside is the mole fraction of diopside. NBO/T = 2*{X(CaO+MgO+Na2O)-XAl2O3}/[1-{X(CaO+MgO+Na2O)-XAl2O3}].
CMNAS mol% (nominal composition)

Composition

XDiopside

1)

NBO/T1)

CaO

MgO

Na2O

Al2O3

SiO2

0

0.0

0.0

0.0

16.7

16.7

66.7

0.25

0.4

7.7

7.7

11.5

11.5

61.5

0.50

0.8

14.3

14.3

7.1

7.1

57.1

0.75

1.3

20.0

20.0

3.3

3.3

53.3

1

2.0

25.0

25.0

0.0

0.0

50.0

NBO/T = 2*{X(CaO+MgO+Na2O)-XAl2O3}/[1-{X(CaO+MgO+Na2O)-XAl2O3}]

Composition
CaO

CMNAS mol%

CMNAS mol%

(nominal composition)

(ICP analysis)

MgO

0
XDiopside

Na2O

Al2O3

CaO

MgO

Na2O

Al2O3

50.0

50.0

0.0

0.0

49.2±0.4

50.8±0.4

0.25

20.1

20.1

29.9

29.9

19.6±0.3

20.1±0.9

29.7±0.3

30.7±0.8

0.50

33.4

33.4

16.6

16.6

32.7±0.2

34.2±0.3

16.6±0.4

16.6±0.2

0.75

42.9

42.9

7.1

7.1

41.8±0.3

43.5±0.4

7.3±0.3

7.5±0.4

1

50.0

50.0

0.0

0.0

50.0±0.2

49.9±0.1

0.0

0.1

*The ICP analysis was performed for CaO, MgO, Na2O, and Al2O3. SiO2 was volatilized during pretreatment of the glasses
(see text for details).
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determined by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). SiO2 in the glasses was removed by reacting with the hydrofluoric
acid for the ICP analysis, therefore, we report CaO, MgO, Na2O, and Al2O3
compositions only. Considering the minor to negligible weight loss during
glass synthesis and the consistency with ICP analysis for other components,
the SiO2 content and total chemical compositions of the glasses are expected
to be close to the nominal compositions.

3.2.2. NMR spectroscopy
The 27Al MAS and triple quantum (3Q) MAS NMR spectra of the
CMNAS glasses in the diopside–jadeite join and the synthetic phonolite
glasses were collected using a Varian solid-state NMR 400 system (9.4 Tesla)
at a Larmor frequency of 104.23 MHz with a 3.2-mm Varian probe (Seoul
National University, Korea) with spinning speed of 15 kHz. The relaxation
delay for the 27Al MAS NMR was 1 s, and the radio frequency (rf) pulse length
was 0.3–0.5 µs (~ 30 degree tip angle). A fast-amplitude modulation (FAM)based shifted-echo pulse sequence was used in the 27Al 3QMAS NMR. This
pulse sequence consisted of two hard pulses (3.0 and 0.6–0.8 µs, respectively)
and a subsequent soft pulse (~15 µs) with ~500 µs echo time and a relaxation
delay of 0.5–0.8 s. The

27Al

MAS and 3QMAS spectra for the synthetic

phonolite glass are not shown here; however, we do report the [5,6]Al fractions
in the glass (see section 3.4).
17O

MAS and 3QMAS NMR spectra of CMNAS glasses were

collected on the Varian solid-state NMR 400 system (9.4 Tesla) at a Larmor
frequency of 54.23 MHz, using a 4-mm Doty double-resonance probe. The
relaxation delay for the 17O MAS NMR was 1 s and the rf pulse length was
1.0 µs with a spinning speed of 14 kHz. In the 17O 3QMAS NMR experiment,
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a FAM-based shifted-echo pulse sequence was used. This consisted of a hard
pulse with duration of 4.5 µs for multiple-quantum excitation, two 1.1-µs
pulses for single-quantum reconversion, and a soft pulse of approximately
20-µs duration. The spectra of 17O 3QMAS were referenced to external tap
water. The rf field strengths of the hard pulses for the 27Al 3QMAS and 17O
3QMAS NMR were approximately 125 and 77 kHz, respectively. While the
lowest contour lines of the usual 2D NMR spectra have been often ~7 to 10 %
in other previous studies (e.g., Lee and Stebbins, 2000), the level of the
contour line for the 2D 27Al 3QMAS NMR spectra presented here is as low as
2%, and that for the 17O 3QMAS NMR spectra of the CMNAS glasses in the
diopside–jadeite join is as low as 2.5%. To achieve current signal-to-noise
ratio in the 2D

17O

3QMAS NMR spectra, approximately 3~4 days of

collection time for each spectrum was required. The 29Si MAS NMR spectra
were collected at 9.4 Tesla (79.495 MHz), with a recycle delay of 3 s, pulse
length of 1.6 µs, and spinning speed of 12 kHz. The 29Si NMR spectra were
referenced to an external tetramethylsilane solution.

3.2.3. Previous studies on the fraction of highly coordinated Al in
aluminosilicate glasses using high-resolution solid-state NMR
High-resolution solid-state

27Al

NMR has been used to yield

unambiguous information on Al coordination environment in simple and
complex multi-component glasses. Here, we summarize previous highresolution 27Al NMR studies to reveal the fractions of highly coordinated Al
([5,6]Al) in these aluminosilicate glasses (Allwardt et al., 2005; Florian et al.,
2007; Iftekhar et al., 2011; Kelsey et al., 2009; Lee, 2010a; Lee et al., 2005; Lee
et al., 2012a; Lee et al., 2012b; Malfait et al., 2012; Neuville et al., 2006;
Neuville et al., 2008; Stebbins et al., 2008; Thompson and Stebbins, 2011;
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Thompson and Stebbins, 2012). The fraction of

[5,6]Al

changes with

temperature, pressure, and composition (including the cation field strength
of non-network cations, Si/Al ratio, and NBO/T). The [5,6]Al fraction slightly
increases with increasing glass transition temperature (Tg): the proportion of
[5,6]Al

in fast-quenched glass (higher Tg) is higher than in slow-quenched

(lower Tg) aluminosilicate glass (the difference of [5,6]Al fraction is from ~0.9%
to ~1.7%) (Stebbins et al., 2008). Previous 27Al NMR studies have reported
that highly coordinated Al in the aluminosilicate glasses increases with
increasing pressure with complex composition dependence (Allwardt et al.,
2005a; Allwardt et al., 2005b; Kelsey et al., 2009; Lee, 2004, 2010; Lee et al.,
2004; Lee et al., 2012a; Lee et al., 2012b; Yarger et al., 1995). It decreases from
~3.5% to ~1.5%with an increasing Si/Al ratio in Ba-aluminosilicate [(1X)BaO-(X)Al2O3-(0.3)SiO2, X=0.30, 0.32, 0.35, 0.38] (Thompson and Stebbins,
2012). It has also been well-known that changes in the metal oxide/Al2O3
ratio from peralkaline (Mn+On/2/Al2O3 >1) to peraluminous (Mn+On/2/Al2O3
<1) composition strongly affect the

[5,6]Al

fraction; the proportion of

[5,6]Al

increases from with decreasing MgO/(MgO+Al2O3) and it somewhat
increases with decreasing silica content (Neuville et al., 2008; Toplis et al.,
2000). The highly coordinated Al in Ca-aluminosilicate glasses [(1-X)CaO(X)Al2O3-(0.5)SiO2, X=0.25, 0.30, 0.35, 0.40)] also increases from 7% to ~29%
with an increasing Al2O3/CaO ratio at a constant silica content (Neuville et
al., 2006). However, in peralkaline ternary aluminosilicate glasses, it
apparently decreases with increasing NBO/T (Neuville et al., 2006; Neuville
et al., 2008; Toplis et al., 2000). Additionally, as for more complex,
geologically important aluminosilicate glasses, the proportion of [5]Al in the
glasses in the diopside-Ca-tschermakite join increases from 0% to ~3% with
an increasing mole fraction of diopside (Park and Lee, 2012), and ~ 3% of
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[5]Al

is observed for Di64An36 glass (Xue and Kanzaki, 2008). Furthermore, the

presence of less than 2% highly coordinated Al has been reported in complex
rhyolitic and andesitic glasses (Malfait et al., 2012). Note that the detailed
discussion on the effect of composition on the quantitative fractions of [5,6]Al
is provided in the section 3.4 (See Figures 3.1, 3.2, 3.9, 3.11, 3.12, and 13).
Because information on the fraction of [5,6]Al as a function of composition in
silicate glasses and melts has been reported and the trends are provided,
further systematic efforts to provide an integrated view of the effect of
composition on [5,6]Al is necessary. In this study, we explore the relationships
among the fractions of

[5,6]Al

and various compositional parameters.

Particularly, we introduce the average cationic potential as a descriptor of
the fraction of highly coordinated Al in silicate glasses (see section 3.4).
As we pursue to explore the diverse degree of disorder in silicate
glasses, we note that there are several ways to define the nature of disorder
(Lee, 2005; Richet and Bottinga, 1986 and references therein): particularly, a
recent study used geometric (due to bond angle and bond length
distribution), topological (due to ring structures, building units, and
coordination sequences distribution), and chemical disorder (due to atomic
substitutions and compositional variability) to describe the degree of
disorder in the oxide glasses (Massiot et al., 2013). The topological disorder
in the current study may include both topological and geometrical disorder,
accounting for the variation of bond angle and length distribution and
network distortion. The configurational disorder refers the disorder
resulting from the diversity in distribution of coordinated species. Note that
these two are somewhat interdependent.
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3.3. Results and discussion
3.3.1. Al coordination environments in model andesitic glasses in the
diopside–jadeite join: 27Al MAS and 3QMAS NMR results
Figure 3.1 shows the 27Al MAS NMR spectra for CMNAS silicate
glasses in the diopside–jadeite join. The

[4]Al

peak at ~53.0 ± 1.0 ppm is

dominant in all the glasses studied here. Only

[4]Al

is observed in jadeite

glass, consistent with a previous NMR study (Lee and Stebbins, 2000). The
shape of the spectrum is also characterized by long tails extending to lower
frequencies (i.e., smaller chemical shift ranges). This trend results from
distributions of the quadrupolar coupling constant (Cq) and the isotropic
CS
) of Al environments in the glasses, indicating extensive
chemical shift ( δ iso

structural disorder in the glasses. The peak widths (full-width at halfmaximum, FWHM) of the 27Al MAS NMR spectra for the CMNAS glasses
increase systematically with increasing mole fractions of diopside (XDiopside)
from ~23.0 ± 1.5 ppm for XDiopside = 0 to ~34.5 ± 1.5 ppm for XDiopside = 0.75.
The result suggests that the degree of distortion around the Al (e.g., change
of bond angle and bond distance) and/or configurational disorder may
increase with the diopside component of the glasses. We note that previous
1D 27Al MAS NMR results for glasses in the diopside–jadeite join containing
P2O5 and CaF2 indicate that all of the Al is present as [4]Al (Abo-Mosallam et
al., 2010).
Figure 3.2A shows the 2D

27Al

3QMAS NMR spectra (with much

improved site resolution than the 1D MAS) for CMNAS silicate glasses with
varying XDiopside. While only [4]Al is observed in the glasses in the diopside–
jadeite join up to XDiopside = 0.5, consistent with the 1D NMR results, a minor
but detectable amount of [5]Al is also observed for the glass at XDiopside = 0.75
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Figure 3.1. 27Al MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite join at 9.4 T with varying mole fractions of diopside
(XDiopside).

72

Figure 3.2. (A) 27Al 3QMAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2
glasses in the diopside–jadeite join at 9.4 T with varying mole fractions of
diopside (XDiopside).Contour lines are drawn at 5% intervals from relative
intensities of 12% to 97% with added lines at 2%, 4%, 6%, and 8%. The total
NMR collection time for single spectrum is approximately 16~18 h. (B) Total
isotropic projection of

27Al

3QMAS NMR spectra for CaO–MgO–Na2O–

Al2O–SiO2 glasses in the diopside–jadeite join at 9.4 T. XDiopside is the mole
fraction of diopside.
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(~–22 ± 1.5 ppm in the isotropic dimension), indicating an increase in the
topological and configurational disorder in the glasses with increasing
XDiopside. The measured peak width (FWHM) of [4]Al in the MAS dimension
of the 2D spectra increases from 20.7 ± 1.5 ppm (XDiopside = 0) to 22.6 ± 1.5
ppm (XDiopside = 0.75). The peak width in the MAS dimension is directly
proportional

to the magnitudes

of

the quadrupolar

interactions.

Additionally chemical shift distribution in each Al site can also partly
contribute to the peak width. Because Al is a quadrupolar nuclide (with a
spin-quantum number, I > 1/2), non-spherical nuclear charge is interacting
with the electric field gradient around Al nuclide. The magnitude of the
quadrupolar interactions is parameterized with quadrupolar coupling
constant, Cq. This interaction is a measure of the degree of distortion and
thus a deviation from perfect cubic symmetry around the Al environments
(Baltisberger et al., 1996; Ghose and Tsang, 1973). The deviation from perfect
tetrahedral symmetry is relevant to the distortion of

[4]Al

in the silicate

glasses. Thus the observed trend of increase in average Cq suggests that the
degree of network distortion around the Al (and thus, Qn species) increase
with increasing XDiopside (see Figure 3.3 below for further discussion).
Figure 3.2B shows the total isotropic projections (sum of the
spectrum into the isotropic dimension) of the 27Al 3QMAS NMR spectra for
CMNAS glasses in the diopside–jadeite join with varying XDiopside. The peak
maximum of [4]Al in the glass shifts from –37.5 ± 1.5 ppm (XDiopside = 0) to –
40.3 ± 1.5 ppm (XDiopside = 0.75) in the isotropic dimension. The change of peak
maximum suggests a change of Q4Al(nSi) species [fully polymerized

[4]Al

species with n number of Si as next nearest neighbors; it is often labeled as
q4(nSi)] as Al in the glasses is expected to be fully polymerized forming only
Q4 species (Allwardt et al., 2003). While Q4Al(nSi) species is dominant in
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glasses in anhydrous diopside-jadeite join, previous study shows the
evidence for the presence of the depolymerized Q3Al(nSi) species in Naaluminosilicate with H2O (Zeng et al., 2000).
Based on the known relationship between peak position of Q4(nSi)
species with increasing n, the observed changes in the peak position
indicates the change of Q4Al(nSi) species with increasing XDiopside (Lee and
Stebbins, 2000). Additionally, the changes could also be due to the presence
of cations with higher field strength (e.g., Ca2+ and Mg2+): with increasing
cation filed strength of non-network forming cations, the peak position in
the isotropic dimension moves to more negative shift (Lee and Stebbins,
2000). The estimated peak width (FWHM) for [4]Al in the isotropic projection
slightly increases from ~9.5 ± 1.5 ppm (XDiopside = 0) to ~11.4 ± 1.5 ppm
(XDiopside = 0.75) with increasing XDiopside. This result again confirms that the
configurational disorder in the glasses increases with increasing XDiopside. The
relationships among peak position in the 3QMAS in MAS dimensions, and
CS
as well as the second-order quadrupolar shift were shown in
the δ iso

appendix.
Figure 3.3 shows the effects of composition on the structurally
relevant Cq [= Pq/(1 + η2/3)1/2, where Pq and η are the quadrupolar coupling
product and the asymmetry parameter, respectively] of [4]Al in the CMNAS
glasses. Here, Pq was obtained from the center of gravity of the [4]Al peak in
the 27Al 3QMAS NMR spectra and the asymmetry parameter (η ) is assumed
to be 0.5 (see appendix): note that the change in η does not lead to noticeable
changes in the calculated Cq (Park and Lee, 2012). The Cq of [4]Al in the glasses
increases slightly with increasing XDiopside from 4.7 ± 0.4 MHz (XDiopside = 0) to
5.3 ± 0.4 MHz (XDiopside = 0.75). Larger Cq indicates a larger deviation from
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Figure 3.3. Quadrupolar coupling constant (Cq) of [4]Al in CaO–MgO–Na2O–
Al2O3–SiO2 glasses in the diopside–jadeite pseudobinary join with varying
XDiopside. The asymmetry parameter is assumed to be 0.5. The estimated error
bar of ±0.4 MHz for

[4]Al

was determined based on the uncertainty in the

position of the center of gravity of each peak.
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the perfect cubic symmetry around Al, which can result from Al–O bond
length (as well as bond angle) distribution. The term topological disorder in
the current manuscript thus also refers to the degree of deviation from
perfect tetrahedral symmetry. The current results indeed indicate that the
degree of overall topological disorder around [4]Al increases with increasing
XDiopside in the diopside–jadeite join. As the Q species in the glasses varies
with composition, the observed variation in average Cq of Al sites in the
glasses is likely to be affected by the variation in Q4Al(nSi) species and each
Q species have distinct Cq values (see Lee and Stebbins, 2000 and references
therein). The degree of distortion of each Q4Al(nSi) species may also change
with Ca2+ and Mg2+ (those increases with increasing XDiopside): presence of
higher field strength cations leads to the larger network distortion,
contributing to an increase in the average Cq value with increasing XDiopside
(Lee and Stebbins, 2006, 2009; Park and Lee, 2012).
The current 27Al NMR results with observed trends for the model
andesitic glasses are somewhat different from previous results for the model
basaltic glasses in the diopside-Ca-tschermakite join (Park and Lee, 2012).
Whereas the predominant Al species is [4]Al in both compositional joins, the
fraction of [5]Al is somewhat larger in the glasses in the model basaltic glasses,
potentially due to the abundance in high field strength cations in the latter.
Additionally, the peak maximum of the isotropic projection decreases in the
diopside–jadeite join with increasing XDiopside, whereas it increases in the
diopside–Ca–tschermakite join. This difference is mostly due to the
difference in peak maximum of

[4]Al

in the isotropic projection of end

members [i.e., jadeite glass (–37.5 ± 1.5 ppm) and Ca–tschermakite (–46 ± 1.5
ppm)]. This difference in chemical shift is because the Si/Al ratio of jadeite
(2) is higher than that of Ca–tschermakite (0.5), resulting in noticeable
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difference in Q4Al(nSi) species distribution between these endmembers. The
fractions of ~84% of Q4Al(4Si), ~15% of Q4Al(3Si), and ~1% of Q4Al(2Si) can be
predicted in the jadeite glass (Si/Al = 2) based on a moderate degree of Al
avoidance (Q of ~0.95), whereas fractions of ~4% of Q4Al(4Si), ~20% of
Q4Al(3Si), ~36% of Q4Al(2Si), ~30% of Q4Al(1Si), and ~9% of Q4Al(0Si) are
expected in the Ca-tschermakite glass (Si/Al = 0.5), based on the larger
degree of Al avoidance (Q of ~0.85) (Lee and Stebbins, 1999). Finally,
whereas the Cq of

[4]Al

in the glasses in the diopside–jadeite join increases,

that of the diopside–Ca–tschermakite join decreases with increasing XDiopside
(Park and Lee, 2012). The difference in trend of Cq is again derived from the
difference value of Cq for each end member [i.e., jadeite (~4.7 MHz) and Catschermakite (~6.6 MHz)] and thus, their structural differences associated
with the Q4Al(nSi) distribution and its effect on the network distortion
around the Al.

3.3.2. Probing the extent of network connectivity and configurational
disorder in the model andesitic glasses and melts in the diopside–jadeite
joins 17O MAS and 3QMAS NMR results.
Figure 3.4 shows the 17O MAS NMR spectra for the CMNAS glasses
in the diopside–jadeite join. The 17O MAS NMR spectrum of jadeite glasses
shows a broad peak that results from overlapping BOs, mostly, Si-O-Al and
Si-O-Si. That of diopside glass shows partially resolved Si-O-Si and {Ca, Mg}NBO (i.e., {Ca, Mg}-O-Si) as labeled. Both the peak shape and width for each
BO and NBO site in the intermediate composition change with increasing
XDiopside. In particular, the {Ca, Mg}–O–Si peak intensity increases
systemically with increasing XDiopside, indicating that the degree of
polymerization (BO fraction) decreases. The overlapped peaks due to the
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Figure 3.4. 17O MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite join at 9.4 T with varying mole fractions of diopside
(XDiopside).
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NBO and BO sites are not fully resolved in the 1D MAS NMR spectra, but
better resolution can be achieved by use of 17O 3QMAS NMR.
Figure 3.5 shows the 2D

17O

3QMAS NMR spectra for CMNAS

glasses in the diopside–jadeite join with varying XDiopside, showing much
enhanced resolution among the oxygen peaks compared with the 17O MAS
NMR spectra (Figure 3.4). The BOs (Si–O–Si, Al–O–Si, and Al–O–Al) are
fully (for jadeite composition) and/or partially resolved (for other glasses in
the join). The peaks of the NBOs are not fully resolved yet the peaks due to
{Ca, Mg}–O–Si and Ca-O-Si can be seen as labeled; the oxygen clusters from
120 to 0 ppm in the MAS dimension stem from the different types of NBOs
such as {Ca, Mg}–O–Si and Ca-O-Si (with peak maximum at ~ 100 ppm).
Note that the peak assignments of BOs and NBOs in the 17O NMR spectra
are based on previous studies of diverse crystalline and non-crystalline
aluminosilicate glasses (e.g., Allwardt et al., 2003; Allwardt and Stebbins,
2004; Dirken et al., 1997; Lee, 2010; Lee et al., 2005; Pingel et al., 1998; Stebbins
et al., 2001; Stebbins and Xu, 1997; Stebbins et al., 2001; Van Eck et al., 1999,
and references therein). The 17O 3QMAS NMR spectrum of jadeite glasses
shows fully resolved Si-O-Al and Si-O-Si. It also shows a non-negligible
fraction of Al–O–Al species, indicating a violation of the Al-avoidance rule
in the jadeite glass. As expected from the composition, the intensity of Si–O–
Al decreases with increasing XDiopside. The intensity of Si-O–Si and the mixed
NBOs increases with increasing XDiopside up to the end member diopside glass.
The presence of an Al–O–Al peak cannot be seen in the other glass
compositions except the jadeite glass, partly due to low Al/Si ratio with
increasing XDiopside.
Figure 3.6 shows the total isotropic projection (sum of the spectral
intensity into the isotropic dimension) of the 2D 17O 3QMAS NMR spectra
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Figure 3.5.

17O

3QMAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2

glasses in the diopside–jadeite join at 9.4 T with varying mole fractions of
diopside (XDiopside). Contour lines are drawn at 5% intervals from relative
intensities of 7% to 92% with added lines at 2.5% and 5%. The total NMR
collection time for single spectrum is approximately 3~4 days.
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Figure 3.6. Total isotropic projection of 17O 3QMAS NMR spectra for CaO–
MgO–Na2O–Al2O3–SiO2 glasses in the diopside–jadeite join at 9.4 T with
varying mole fractions of diopside (XDiopside).
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for CMNAS glasses in the diopside–jadeite join. Again, a minor fraction of
Al-O-Al, and dominant Si–O–Al and Si–O–Si peaks are clearly resolved in
the jadeite glass, whereas these peaks are overlapped with the mixed NBO
peaks with increasing XDiopside. We did not attempt to quantify the fraction of
BO and NBO peaks due to the overlap among the peaks in the intermediate
composition glasses; while quantitative fractions of these oxygen clusters
have been reported for a few quaternary aluminosilicate glasses with
relatively small concentration of high field strength cations (Lee, 2011; Lee
and Sung, 2008), considerable overlaps among BO and NBO peaks make it
difficult to yield quantitative analysis of NBO/BO fractions. Nevertheless,
the spectra qualitatively shows that the fraction of NBOs and Si–O–Si
apparently increases with increasing XDiopside (increasing network modifying
cations such as Mg2+), whereas the Si–O–Al peak intensity decreases.

3.3.3. Preferential partitioning between NBO and non-network cations and
the degree of Si/Al disorder.
These

17O

NMR results can also help constrain the role of non-

framework cations in the glasses, for example, the NBO/T is 0.4 and the XNBO
is 0.17 (~16.7%, predicted from the composition, see table caption 1) in the
glasses in the diopside-jadeite join at XDiopside = 0.25. In this composition,
among the non-framework cations, Na+ is 75% and Ca2+ +Mg2+ are 25%.
Although Na+ is the most dominant non-framework cation, the Na–O–Si
peak (~-20 ppm in isotropic dimension, see Figure 3.5, open square) is not
observed: Na-O-Si peak position is well-defined in the 2D NMR spectra and
it does not have strong composition dependence (Lee et al., 2003; Lee and
Stebbins, 2003). Additionally Na-O-Si and Si-O-Al peaks are relatively wellresolved in

17O

3QMAS NMR spectrum (Lee and Stebbins, 2009). If more
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than 2-3 % of Na-O-Si would exist in jadeite glass, Na-O-Si peak could have
been observed. Currently 17O 3QMAS NMR spectra for the glasses do not
show any evidence for Na-O-Si.
Nevertheless, a few % of Na-O-Si in diopside-jadeite join, if exist,
due to overlaps with Si-O-Al and extremely broad {Ca, Mg}-NBO, may not
be detected. The 17O 3QMAS NMR spectrum at XDiopside = 0.25 shows very
clear presence of {Ca, Mg}–O–Si peak (Figure 3.5), indicating the strong
preference of NBO for Ca2+ and Mg2+. These results suggest that Na+ plays a
preferential role as a charge-balancing cation, whereas Ca2+ and Mg2+ can act
as a network-modifying cation, forming NBOs. The observed nonrandomness in the partitioning of those cations (Ca2+, Mg2+, and Na+) into
BOs and NBOs can be due to the differences in their field strengths
(Maekawa et al., 1991; Mysen, 1988; Mysen et al., 1982); higher field strength
cations {e.g., Ca2+, Mg2+} in the glasses studied here are expected to be
preferentially partitioned into NBOs, whereas Na+ would be expected to
have proximity to BOs (e.g., Si-O-Al).
While the NBO preference between Na+ and {Ca2+, Mg2+} is clearly
demonstrated in the current

17O

NMR study, it is not a straightforward

matter to probe the preference between Ca2+ and Mg2+ because of the peak
overlap between Ca–O–Si, Mg–O–Si, and {Ca, Mg}–O–Si. Nevertheless, the
peak of Ca–O-Si (intensity at ~ 100 ppm in the MAS dimension and ~-64 ppm
in the isotropic dimension) is observed at XDiopside = 0.25, indicating the
unexpected stability of Ca–O–Si. Similar features with Ca–O–Si have been
observed in the glasses in the diopside–Ca–tschermakite join that have been
attributed to preferential affinity between Ca2+ and the NBOs (over Mg2+)
and/or potential clustering of Ca2+ and Mg2+ around NBOs (Park and Lee,
2012). As Na+ plays a preferential role as a charge-balancing cation in
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diopside-jadeite glass, Ca2+ and Mg2+ are primarily network modifying
cations, forming NBO. The hypothetical NBO distribution was calculated
assuming a random distribution of Ca2+ and Mg2+ around NBOs with
varying XDiopisde (all the glasses have identical Ca/Mg ratio of 1). The random
distribution model of Ca2+ and Mg2+ around NBOs leads to the formation of
3Ca–NBO

(i.e., Ca-O-Si, ~-67 ppm in isotropic dimension), 2Ca1Mg–NBO (~-

56 ppm), 1Ca2Mg–NBO (~-46 ppm), and 3Mg–NBO (~-36 ppm) (Allwardt
and Stebbins, 2004). The predicted NBO fractions at a fixed Ca/(Ca + Mg)
ratio are 12.5% (3Ca–NBO), 37.5% (2Ca1Mg–NBO), 37.5% (1Ca2Mg–NBO),
and 12.5% (3Mg–NBO), respectively (Kelsey et al., 2008). While the predicted
fraction of Ca-O-Si is only 12.5% in diopside-jadeite join with varying XDiopside,
the intensity of the feature at ~-64 ppm (i.e., Ca-O-Si) remains apparently
prevalent regardless of composition. Though qualitative, the result indicates
that the observed Ca-O-Si in glasses is likely to be higher (qualitatively) than
the expected Ca–NBO based on the random distribution model. Currently
due to peak overlap, it is not possible to deduce the origin of the unexpected
presence of Ca-O-Si in the glasses quantitatively. Nevertheless, the observed
trends in the model andesitic glasses also show that Ca2+ and Mg2+ in the
network both deviate from a random-distribution.
The preferential partitioning of Na+, Ca2+, and Mg2+ between NBOs
(Na–O–Si and {Ca, Mg}–O–Si) and BOs with charge-balancing cations (i.e.,
Na---Al–O–Al, {Ca, Mg}---Al–O–Si) in glasses can be described using the
following quasi-chemical equations:

Na---Al–O–Si + {Ca, Mg}–O–Si = {Ca, Mg}---Al–O–Si + Na–O–Si

(1)

Na---Al–O–Al + {Ca, Mg}–O–Si = {Ca, Mg}---Al–O–Al + Na–O–Si

(2)

Na---Si–O–Si + {Ca, Mg}–O–Si = {Ca, Mg}---Si–O–Si + Na–O–Si

(3)
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In the glasses in the diopside–jadeite join, the current results demonstrate
that the formation of Na---Al(Si)–O–Si(Al) and {Ca, Mg}–O–Si species {Ca,
Mg}---Al(Si)–O–Si(Al) and Na–O–Si is favored: the result indicates Na+ may
have spatial proximity toward BOs (Si-O-Si, Al-O-Al, Si-O-Al) and Ca2+ and
Mg2+ are used to form NBOs.
The peak width of each BO and NBO species in the isotropic
dimension of the 3QMAS NMR spectra also provides complementary
information of the configurational disorder in the glasses. For example, the
peak width of the BOs in the 2D NMR spectra and their isotropic projections
is much narrower than for the NBOs because the chemical dispersion of the
BOs is less than that of the NBOs. This indicates that the BOs have weaker
interaction with the non-framework cations and thus, that their
environments are less sensitive to changes in the types of network as also
shown in the previous 17O NMR studies of other silicate glasses with simpler
composition (Lee et al., 2005; Lee and Stebbins, 2009; Lee and Sung, 2008).
Additionally, the peak width and shape of Si–O–Al change with Ca2+ and
Na+ contents; the peak width for Na---(Si–O–Al) in the isotropic dimension
is much narrower than for Ca---(Si–O–Al) not to mention the mixed {Ca,
Mg}–Si–O–Al (Figure 3.5). The Si–O–Al peak width (though it overlaps other
BOs and NBO peaks) apparently increases only slightly from pure jadeite
glasses to XDiopside = 0.5. However, that with XDiopside = 0.75 (having more Ca
and Mg around Si–O–Al) is much larger. The trend confirms that Na+ plays
a preferential role as a charge-balancing cation around Si–O–Al, even with
relatively high Ca–Mg contents of the glasses with XDiopside = 0.5, suggesting
that BOs have proximity to Na+ over Ca2+ and Mg2+.
Qualitatively, the fraction of each BO and NBO structural
environment changes with XDiopside. The fraction of Al–O–Al decreases with
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increasing R (Si/Al ratio) in the charge-balanced NaAlSiRO2+2R glasses (Lee
and Stebbins, 2000). It is noted that a small, but non-negligible fraction of Al–
O–Al is observed at approximately –10 ppm in the 2D 17O NMR spectrum of
the jadeite glass (i.e., R = 2). The presence of Al–O–Al in the glasses again
confirms that the distributions of

[4]Si

and

[4]Al

in the jadeite melts deviate

from the complete Al-avoidance rule. The fraction of Al–O–Al decreases
with increasing XDiopside (as the Si/Al ratio increases) and it is below the
detection limit (~ 1%) when XDiopside = 0.25.

3.3.4. Si environment in the multi-component aluminosilicate glasses in
the diopside–jadeite join: 29Si MAS NMR results
Figure 3.7 shows the

29Si

MAS NMR spectra for CMNAS silicate

glasses in the diopside–jadeite join, from which a single broad peak due to
[4]Si

can be seen. The peak maximum increases with XDiopside from –93.4 ± 1.5

ppm for XDiopside = 0 to –81.7 ± 1.5 ppm for XDiopside = 1, variations in the
fractions of the Qn(mAl) species (Si species with zero through m Al nextnearest neighbors with n bridging oxygens) (Kirkpatrick et al., 1986). The
observed trends indicate increases of Q2 and Q3 with increasing NBOs
(XDiopside) in the join. Figure 3.8 shows the peak widths (FWHM) and center
of gravity of the 29Si MAS NMR spectra for CMNAS glasses in the diopside–
jadeite join (red squares). Those for CMAS glasses in the diopside–Ca–
tschermakite join are also shown for comparison (closed diamonds)
(Kirkpatrick et al., 1986; Park and Lee, 2012). The FWHM of the CMNAS
glasses increases from 18.0 ± 1.5 ppm for XDiopside = 0 to 20.6 ± 1.5 ppm for
XDiopside = 0.50, and then it decreases to 18.0 ± 1.5 ppm for XDiopside = 1. As the
FWHM in these glasses corresponds to the degree of configurational
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Figure 3.7. 29Si MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite join at 9.4 T with varying mole fractions of diopside
(XDiopside).
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Figure 3.8. Peak widths (FWHM) of [4]Si in 29Si MAS NMR spectra for CaO–
MgO–Na2O–Al2O3–SiO2 glasses in the diopside–jadeite pseudobinary join
and CaO–MgO–Al2O3–SiO2 glasses in the diopside–Ca–tschermakite
pseudobinary join at 9.4 T. XDiopside is the mole fraction of diopside. Error bar
of ±0.5 ppm was estimated from the uncertainty in the sample composition,
phasing of the NMR spectrum, and the NMR processing conditions. Center
of gravity of 29Si MAS NMR spectra for CaO–MgO–Na2O–Al2O3–SiO2 glasses
in the diopside–jadeite pseudobinary join and CaO–MgO–Al2O3–SiO2
glasses in the diopside–Ca–tschermakite pseudobinary join at 9.4 T. XDiopside
is the mole fraction of diopside.
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disorder around the Si atoms, the results show that that the degree of
disorder around

[4]Si

in the intermediate composition glass is higher than

those of endmembers. An apparent difference in the trend of peak width
between the previous study on a diopside–Ca–tschermakite join and the
current study can also be observed. That of the former (CMAS glasses)
decreases from 18.0 ± 1.5 ppm for diopside glass to 14.0 ± 1.5 ppm for XDiopside
= 0. The centers of gravity for [4]Si in the 29Si MAS NMR spectra for glasses in
the diopside–jadeite join and those in the diopside–Ca–tschermakite are also
shown . The center of gravity of the glasses in the diopside–jadeite join
increases from –93.1 ± 1.5 ppm to –82.0 ± 1.5 ppm with increasing XDiopside.
The observed difference in those trends between the two systems
can be explained by differences of the atomic structure around Si (Qn species)
of each end member (i.e., jadeite, Ca–tschermakite) and their mixing for the
intermediate composition glasses. While both end members are chargebalanced glasses with primarily Q4(mAl) species, the fractions of ~60% of
Q4(4Al), ~35% of Q4(3Al), and ~5% of Q4(2Al) can be predicted in the Ca–
tschermakite glass based on a moderate degree of Al avoidance (Q of ~0.85).
Here, we note that there could be ~10% of Q3 species as expected from the
presence of ~ 4~5% NBO in Ca-tschermakite glass [i.e., 2*Q2+Q3=4*XNBO/(2XNBO)] (Lee and Stebbins, 2002a; Stebbins and Xu, 1997). Whereas fractions
of ~6% of Q4(4Al), ~25% of Q4(3Al), ~38% of Q4(2Al), ~25% of Q4(1Al), and
~6% of Q4(0Al) are expected in the jadeite glass (Si/Al = 2), based on the
larger degree of Al avoidance (Q of ~0.95) expected for Na–aluminosilicate
glasses (Lee and Stebbins, 1999). The peak position is expected to change
from ~80 ppm [for Q4(4Al)] to ~110 ppm [for Q4(0Al)] for both Ca- and Na
aluminosilicate glasses (Lee and Stebbins, 1999). These differences in Q
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species distribution lead to changes in the observed variations in peak
widths and positions.

3.3.5. Effects of average cationic potential on Al coordination
environments in multi-component aluminosilicate glasses
The observed changes in the Al coordination environments in the
glasses with varying composition (Figure 3.2) are compared with previous
studies showing the effect of composition on the Al coordination
environments. As has been discussed (see section 2.3), the fractions of highly
coordinated Al in ternary aluminosilicate glasses at 1 atm are heavily
dependent on the cationic potential (here, defined as c/r, where c and r are
the charge and ionic radius of the cation) of non-framework cations. While
we use cationic potential to provide quantitative relationship between Al
coordination number and composition, the similar trend is also expected to
be valid with the cation field strength (i.e., c/r2). In order to quantify this
effect in the more complex multi-component silicate glasses, we use the
average cationic potential <c/r>ave of the non-network cations as a parameter
to control the population of

[5,6]Al.

Here, <c/r>ave is defined as cationic

potential normalized by the mole fraction of each non-network cation. The
average cationic potential (<c/r>ave) can thus be given as
(4)

<c/r>ave = ∑𝑗𝑗 𝑥𝑥𝑗𝑗 𝛼𝛼𝑗𝑗

where xj and αj are the mole fraction and the cationic potential of cation j,
respectively. For example, the cationic potential of Na+ is ~1.0, that of Ca2+ is
~2.0, and that of Mg

2+

is ~2.8. Thus, <c/r>ave of XDiopside = 0.25 is ~1.4. The

<c/r>ave value of glasses in the diopside–jadeite join varies from 1.0 (XDiopside
= 0) to 2.4 (XDiopside = 0.75).
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Figure 3.9A shows that the population of [5]Al for CMNAS glasses in
the diopside–jadeite join, CMAS glasses in the diopside–Ca–tschermakite
join, and diopside–anorthite eutectic composition glass apparently increases
with increasing XDiopside. The dispersion of the

[5]Al

fraction in the studied

glasses can be combined into a less-dispersed trend line by utilizing <c/r>ave.
Figure 3.9B shows that the population of [5]Al non-linearly increases with the
increasing <c/r>ave of the glasses in the diopside–Ca–tschermakite join,
diopside–anorthite eutectic, phonolite, and diopside–jadeite join. While the
population of [5]Al does not change with increasing <c/r>ave (1.0 to ~1.7) but
it increases from 0 to 3.5% with increasing <c/r>ave (~1.7 to 2.4).
To further explore the effect of <c/r>ave on the fraction of [5,6]Al in the diverse
aluminosilicate glasses, previously reported

[5,6]Al

populations in other

ternary and quaternary aluminosilicate glasses were presented with varying
<c/r>ave. Figure 3.10 shows the ternary composition diagram that marks the
compositions of aluminosilicate glasses (used for the presentation),
including ternary and quaternary glasses with known [5,6]Al fractions (MO–
Al2O3–SiO2, M refers to non-framework cations, Ca2+, Mg2+, Na+, K+, and
Ba2+). Peralkaline (Mn+On/2 > Al2O3), peraluminous (Mn+On/2 < Al2O3), and
charge-balanced (Mn+On/2 = Al2O3) joins are shown. In addition to the glasses
shown in Figure 3.9A, those for glasses in other compositions are taken from
previous 27Al NMR studies (Allwardt et al., 2005b; Kelsey et al., 2008; Malfait
et al., 2012; Neuville et al., 2006; Neuville et al., 2008; Stebbins et al., 2008;
Thompson and Stebbins, 2011; Thompson and Stebbins, 2012; Xue and
Kanzaki, 2008). These previous efforts, together with the results from the
current study, allow us to provide a general view of the effect of composition
on Al coordination environments. The shaded area also shows the typical
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Figure 3.9. (A) Population of

[5]Al

for CaO–MgO–Al2O3–SiO2 glasses in the

diopside–Ca–tschermakite pseudobinary join, diopside–anorthite eutectic
glass, and CaO–MgO–Na2O–Al2O3–SiO2 glasses in the diopside–jadeite
pseudobinary join with varying mole fractions of diopside (XDiopside). (B)
Population of

[5]Al

for CaO–MgO–Al2O3–SiO2 glasses in the diopside–Ca–

tschermakite pseudobinary join, diopside–anorthite eutectic glass, and CaO–
MgO–Na2O–Al2O3–SiO2 glasses in the diopside–jadeite pseudobinary join
with <c/r>ave (average cationic potential). The error bar of ±0.5% was
estimated based on estimated uncertainty in the peak area and the
quadrupolar coupling constant (Cq) that affects peak intensity.
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Figure 3.10. Ternary phase diagram showing the glass compositions of the
current and previous studies of the Al coordination environments in the
diverse ternary and multi-component silicate glasses. M refers to nonframework cation (Ca2+, Mg2+, Na+, K+, Ba2+). Each symbol shows the
composition of the glasses (as labeled with references) plotted in the ternary
diagram.
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composition of natural igneous rocks (Mysen and Richet, 2005). Figure 3.11
shows the relationship between the population of

[5,6]Al

and <c/r>ave in all

the ternary, quaternary, and five-component aluminosilicate glasses studied
so far. Regardless of composition of the glasses the fraction of [5,6]Al generally
increases with increasing <c/r>ave of non-framework cations. Furthermore,
the population of [5,6]Al only slightly increases with increasing <c/r>ave from
1 to ~1.5, and then it increases significantly when <c/r>ave is larger than 2.
The observed trend demonstrates that there is a threshold value for the
<c/r>ave. Note that we are considering silicate glasses synthesized at 1 atm.
Additionally, the population of

[5,6]Al

(e.g., when <c/r>ave is 2) has

various values depending on the composition: the population of

[5,6]Al

is

apparently scattered when <c/r>ave is 2.0 (see Figure 3.11). The dispersion
can be explained by the effect of Mn+On/2/Al2O3 (from peraluminous join to
peralkalaine join) and Si/Al on
population of

[5,6]Al

[5,6]Al

population. The change in the

caused by each parameter is outlined in the following.

First, Figure 3.12A shows the population of

[5,6]Al

in peraluminous silicate

glasses (Mn+On/2/Al2O3 < 1) with <c/r>ave. The thick dotted curves show the
trend lines connecting previous experimental data for Mn+On/2/Al2O3 ratio
at 0.3 and 0.6 (Neuville et al., 2006; Neuville et al., 2008). The two trend lines
suggest that the population of [5,6]Al may be higher with a low Mn+On/2/Al2O3
ratio at a constant <c/r>ave. Second, the population of

[5,6]Al

shows an

increasing trend with increasing <c/r>ave in the charge-balanced join;
however, it appears scattered (see red rectangles in Figure 3.11). The

[5,6]Al

fraction with constant <c/r>ave and Mn+On/2/Al2O3 value is also affected by
additional composition constraints such as the Si/Al ratio (Kelsey et al., 2008;
Neuville et al., 2006; Neuville et al., 2008; Thompson and Stebbins, 2012). For
example, Figure 3.12B shows the relationship between the population of
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Figure 3.11. The population of

[5,6]Al

in the diverse ternary and multi-

component aluminosilicate glasses with varying average cationic potential,
<c/r>ave.
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Figure 3.12. (A) The population of [5,6]Al in peraluminous aluminosilicate glasses with varying <c/r>ave. The blue dotted line is for
Mn+On/2/Al2O3 of ~0.3. The red dotted line is for Mn+On/2/Al2O3 of ~0.6. (B) The population of

[5,6]Al

of metaluminous glasses

(Mn+On/2/Al2O3 = 1) with varying Si/Al ratio. (C) The population of [5,6]Al of peralkaline aluminosilicate glass with varying <c/r>ave.
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[5,6]Al

and the Si/Al ratio at constant Mn+On/2/Al2O3 ratio of = 1 (i.e., charge-

balanced join) and a onstant <c/r>ave of 2.0. The population of [5,6]Al obtained
from the high-field 1D MAS NMR method increases (when the Si/Al ratio
changes from ~0 to ~0.5) and then decreases (when the Si/Al ratio changes
from ~1.0 to ~1.7) with increasing Si/Al ratio (Neuville et al., 2006; Park and
Lee, 2012; Thompson and Stebbins, 2011; Xue and Kanzaki, 2008). The 2D
NMR results however show that the population of

[5,6]Al

may not change

significantly when the Si/Al ratio changes from ~0.5 to ~0.6. As the
comparison of the fractions of

[5,6]Al

from the different methods (1D vs. 2D

NMR) have been discussed (Park and Lee, 2012), the apparent discrepancy
between the estimated fractions from 1D and 2D NMR is primarily due to
the differences in the way to quantify the Al species: briefly, in order to yield
quantitative fractions from the 2D 3QMAS NMR technique, additional
calibration considering the effect of Cq on the 3QMAS efficiency is necessary,
which can often be model-dependent used for the calibration. In the highfield 1D NMR data, the fractions of highly coordinated Al can appear slightly
overestimated, whereas the fractions can be rather underestimated in the
low-field 2D NMR data (Park and Lee, 2012; Xue and Kanzaki, 2008).
The population of

[5,6]Al

increases with increasing <c/r>ave in

peralkaline glasses (i.e., Mn+On/2/Al2O3 >1). Figure 3.12C shows the
relationship between <c/r>ave and the population of [5,6]Al at Mn+On/2/Al2O3
= 3, showing the increasing trend of the population of [5,6]Al with increasing
<c/r>ave. The current and previous results show that temperature, pressure,
and composition (e.g., Mn+On/2/Al2O3, and the Si/Al ratio) are the main
factors that affect the population of [5,6]Al (Lee, 2010; Lee et al., 2012; Neuville
et al., 2006; Neuville et al., 2008; Stebbins et al., 2008); furthermore, <c/r>ave,
can be useful to account for the formation of highly coordinated Al. Taking
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into consideration effect of composition on [5,6]Al, Figure 3.13 also shows the
predicted population of [5,6]Al of natural volcanic glasses that include basalt,
rhyolite, andesite, phonolite, and trachyte with varying <c/r>ave. The current
trend with <c/r>ave will be useful for predicting the

[5,6]Al

fractions in

complex, multi-component natural aluminosilicate glasses.

3.3.6. Implications for macroscopic thermodynamic and transport
properties and geochemical processes
Andesitic

glasses and melts have other important

major

(particularly iron), minor, and volatile components that provide important
insights into the petrogenesis and properties. Thus, the application of the
current results of the model andesitic glasses to real natural andesitic glasses
has obvious limitations. In addition, we have studied the structure of the
quenched glasses, i.e., that of supercooled liquid frozen below the glass
transition temperature that is much lower than the liquidus and thus, the
effects of the other components and the temperature remain to be explored.
Nevertheless, the current results can provide unique information on the
microscopic origins of the properties of andesitic melts with varying
composition and yields insights into the formation of the melts.
The current 17O NMR results unambiguously show that NBO prefers
Ca2+ and Mg2+ over Na+ in an intermediate composition in the diopside–
jadeite join (XDiopside = 0.25, 0.5), whereas Na+ prefers to have proximity to
BOs. The observed bonding preferences among non-network formers and
BO and NBOs highlight the non-random distribution of non-network
formers in the glass network. Cation-ordering in the crystalline omphacite is
characterized by the preference between Ca–Mg and Na–Al (related to local
charge balance on the M sites). In contrast, the ordering in glasses in an
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intermediate composition is characterized by the non-randomness of the
distribution of cations, such as the preferential partitioning of nonframework cations into NBOs and BOs, contributing to the configurational
thermodynamic properties.
Additionally, while the potential prevalence of Ca-NBO in the
glasses in the intermediate composition and thus a certain degree of
unmixing between Ca and Mg around NBO may additionally contribute to
the mixing properties (toward a positive deviation), the configuration
enthalpy (~ excess Gibbs free energy of mixing) of the CNMAS is expected
to show negative deviation due to a strong deviation from the randomness
observed in the Si/Al distribution towards chemical ordering and
preferential partitioning among network modifying cations and NBOs/BOs.
The viscosities of silicate melts in the diopside–jadeite join decrease
exponentially with increasing XDiopside (Suzuki et al., 2005), partly due to an
increase in NBO content. The current 17O 3QMAS NMR results confirm that
NBO content certainly increases with XDiopside (as also expected from the
composition), providing atomic-level insights into the strong compositional
dependence of melt viscosity. On-going modeling of melt properties
utilizing the diverse degree of experimentally observed disorder will
certainly be useful in quantifying structural disorder and predicting their
macroscopic properties (e.g., Lee, 2011). Future applications of these recent
advances and progress (i.e., the network connectivity and the preferential
partitioning of non-framework cations into NBOs) in the diopside–jadeite
join and other multi-component melts should provide full insights into the
atomistic origins of their macroscopic properties.
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As the andesitic melts are generated in various tectonic settings, the
composition of the mantle and crustal source as well as the formation depth
(pressure) affect the generation and composition of high–Mg andesite. It is
reported that the SiO2 content increases as the MgO content in the melts
decreases with increasing H2O content and pressure (Falloon et al., 2008;
Hirose, 1997; Kushiro, 1969; Liu et al., 2006; Parman and Grove, 2004; Walter
and Presnall, 1994; Wood and Turner, 2009, and references therein). With
increasing XDiopside in the diopside–jadeite join, the SiO2 content decreases
and that of MgO increases (Table 1). The change of composition in the
diopside–jadeite join with increasing XDiopside can thus provide insights into
the change of composition and structure with increasing pressure and H2O
content: while we are not explicitly exploring the detailed effects of pressure
and H2O on the degree of structural disorder, indirectly, changes in the
composition of the glasses allow us to see the variations in the NBO and BO
fractions due to changes in the composition of the melts with pressure and
H2O content.
Finally, the results for the Al coordination with <c/r>ave offer the
possibility of estimating the fraction of highly coordinated Al in melts,
including andesitic melts, when the compositions of the melts are known: as
shown in Figure 3.13, the current trend would certainly allow us to predict
the Al coordination environments in the diverse silicate glasses and melts at
1 atm. Efforts have been made to correlate the highly coordinated Al with
configurational and vibrational properties for relatively simple ternary Ca–
aluminosilicate glasses and melts (e.g., Richet et al., 2009, and references
therein). We expect that similar efforts could be made for more complex,
natural silicate melts.
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Figure 3.13. The predicted population of

[5]Al

in natural volcanic glass that

includes basalt, rhyolite, andesite, phonolite, and trachyte with varying
<c/r>ave.
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3.4. Conclusions
The experimental data presented here provide structural details of
atomic configurations around Si and Al atoms, their connectivity (through
changes in NBO and BO environments), and the extent of chemical and
topological disorder in multi-component CMNAS glasses in the diopside–
jadeite pseudobinary join. The 27Al MAS and 3QMAS NMR spectra for all
the joins show [4]Al as well as [5]Al. The spectral analysis of [4]Al peak suggests
that the degree of distortion around the Al coordination environments
increases with increasing XDiopside. The 2D 17O 3QMAS NMR spectra revealed
previously unknown details of diverse structural disorder in the multicomponent glasses. In addition to the clear effects of composition
(particularly the effect of the cationic potential of non-network-forming
cations: Ca2+, Na+, and Mg2+), the 17O 3QMAS NMR spectra for the model
andesitic glasses studied here confirm that the degree of polymerization (BO
content) decreases with increasing XDiopside. The significant fraction of Si–O–
Al supports extensive mixing between [4]Al and [4]Si. Furthermore, Al–O–Al
is also visible in the jadeite glasses, suggesting a deviation from Al avoidance
in these glasses. Based on the analysis of the peak position of {Ca, Mg}–mixed
NBOs in the intermediate composition and the peak shape of Si–O–Al, nonrandom distributions of Na2+, Ca2+, and Mg2+ around both NBOs and BOs
are manifested by a moderate degree of partitioning of Ca2+ and Mg2+ into
NBOs and by the spatial proximity between Na+ and BOs (Al–O–Al and Al–
O–Si) in the andesitic glasses studied here. Based on the variations of peak
width in the 29Si MAS NMR spectra for the glasses, although it is currently
difficult to provide a quantitative description of the extent of topological
disorder because of the overlap among each Q species, the topological (peak
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widths) and chemical disorders (dispersion in Q species) around the [4]Si are
found to be highest in the intermediate compositions.
The relationship between the fraction of highly coordinated Al and
composition, particularly, the average cationic potential of non-network
cations was proposed and tested. The results in this study show an
increasing trend of highly coordinated Al with increasing <c/r>ave. The
future generalization for the increasing trend of the fraction of highly
coordinated Al may be possible for all compositions, including the model
and natural compositions, through <c/r>ave. The current results provide
insights into the structure–property relationship in complex andesitic melts
and glasses.

APPENDIX
Center of gravity for each Al peak was obtained from projections in
the MAS and isotropic dimension. The estimated center of gravity for

[4]Al

( δ 3QMAS is the center of gravity in the isotropic dimension and δ MAS is that
in MAS dimension in 3QMAS NMR spectra) is shown in table A1. NMR
parameters were obtained from δ 3QMAS and δ MAS from the following
relationships (Baltisberger et al., 1996a and references therein):

CS
2Q
δ 3QMAS = −17 / 31δ iso
+ 10 / 31δ iso
CS
2Q
δ MAS = δ iso
+ δ iso

Where
27Al),

(A1)
(A2)

2Q
δ iso
is the second-order quadrupolar shift for spin 5/2 nuclei (i.e.,

6000 Pq / ϖ 0
2

2

( ϖ 0 is the Larmor frequency). From the above
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CS
relations, mean values of Pq and δ iso of Al sites were estimated. Finally, Cq

was calculated by assuming that η is 0.5. The results are also shown in Table
A1.
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Table A1. The center of gravity (obtained from MAS and isotropic
CS
) and
dimension) and NMR parameters [the isotropic chemical shift ( δ iso

quadrupolar coupling constant (Cq)] for [4]Al in CaO–MgO-Na2O–Al2O3–SiO2
glasses in diopside-jadeite join. XDiopside is the mole fraction of diopside.
center of gravity (ppm)
XDiopside

CS
(ppm)
δ iso

Cq (MHz)

MAS

isotropic

dimension

dimension

0

49.2 ±1.5

-38.4 ±1.5

62.3 ±0.8

4.7 ±0.2

0.25

48.3 ±1.5

-39.2 ±1.5

62.9 ±0.8

4.9 ±0.2

0.50

47.3 ±1.5

-39.7 ±1.5

63.1 ±0.8

5.1 ±0.2

0.75

48.3 ±1.5

-40.8 ±1.5

64.7 ±0.8

5.3 ±0.2
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Abstract
Understanding of the extent of cation disorder and its effect on the
properties in glasses and melts is among the fundamental puzzles in glass
sciences, materials sciences, and physical chemistry. Particularly, the nature
of chemical ordering in mixed-cation silicate glasses is not fully understood.
The Li-Ba silicate glass with significant difference in the ionic radii of
network-modifying cations (~0.59 Å) is an ideal system for revealing
unknown details of the effect of network modifiers on the extent of mixing
and their contribution to the cation mobility. These glasses also find potential
application as energy and battery materials. Here, we report the detailed
atomic environments and the extent of cation mixing in Li-Ba silicate glasses
with varying XBaO [BaO/(Li2O+BaO)] using high-resolution solid-state
nuclear magnetic resonance (NMR) spectroscopy. The first

17O

MAS and

3QMAS NMR spectra for Li-Ba silicate glasses reveal the well-resolved peaks
due to bridging oxygen (BO, Si-O-Si) and those of the non-bridging oxygens
(NBOs) [Li-O-Si, mixed {Li, Ba}-O-Si, and Ba-O-Si]. The fraction of Li-O-Si
decreases with an increase in XBaO and is less than that predicted by a random
Li-Ba distribution. These results demonstrate a non-random distribution of
Li+ and Ba+ around NBOs characterized by a prevalence of the dissimilar Li117

Ba pair. Considering the previously reported experimental results on
chemical ordering in mixed-cation silicate glasses (e.g., Na-Ba and Ba-Mg
silicate glasses), the current results reveal the effect of difference in ionic
radius of the cation on a hierarchy in the degree of chemical order for various
network modifying cations in the glasses [e.g., K-Mg (~0.66 Å ) ≈ Ba-Mg
(~0.63 Å ) ≈ Li-Ba (~0.59 Å ) > Na-Ba (~0.33 Å ) > Na-Ca (~0.02 Å )]. The 7Li
MAS NMR spectra of the Li-Ba silicate glasses show that the peak maximum
increases with increasing XBaO, suggesting that the average Li coordination
number and thus Li-O distance decrease slightly with increasing XBaO,
potentially leading to an increased activation energy barrier for Li diffusion.
Current experimental results confirm that the degree of chemical ordering
due to a large difference in ionic radii controls the transport properties of the
mixed-cation silicate glasses.

4.1. Introduction
Nature of the extent of structural disorder and its effect on the
properties of glasses and the corresponding melts with varying composition
are one of the fundamental and unsolved problems in materials sciences of
glasses and ceramics, and physical chemistry. In particular, the "mixedcation effect" in glasses and melts refers to a significant drop (up to several
orders of magnitude) in the transport properties (e.g., diffusivity and ionic
conductivity) of the glasses and the melts with intermediate compositions
compared to those of end members (e.g., Amma et al., 2016; Cormier et al.,
2010; Cramer et al., 2003; Day, 1976; Doremus, 1974; Ghosh and Ghosh, 2003;
Isard, 1969; Le Losq and Neuville, 2013; Maass et al., 1992; Matusita et al.,
1980; Moynihan and Lesikar, 1981; Sen et al., 1996; Swenson and Adams,
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2003; Zotov et al., 1995). To elucidate the atomistic origins of the mixedcation effect in mixed-cation silicate glasses, previous studies employed
diverse

experimental

efforts

using

neutron

and

X-ray

scattering

measurements, X-ray absorption spectroscopy, and theoretical efforts
including molecular dynamics simulations (e.g., Cormack and Du, 2001;
Cormier et al., 2010; Cormier and Cuello, 2013; Greaves, 1998; Habasaki and
Hiwatari, 2003; Konstantinou et al., 2015; Park and Cormack, 1999; Vessal et
al., 1992). These studies suggested that the mixed-cation effect can indeed
depend on the degree of cation disorder: because activation energy for a
cation to hop to a site previously occupied by another type of cation is
suggested to be higher than to a site vacated by the same type of cation (e.g.,
Lengyel and Boksay, 1954; Maass et al., 1992; Matusita et al., 1980; Sen et al.,
1996), the degree of cation mixing and thus the fractions of dissimilar pairs
(e.g., Na-Ca) is expected to control the overall transport properties.
Together with the aforementioned progress, high-resolution

17O

nuclear magnetic resonance (NMR) spectroscopy has been an effective
experimental tool for probing the degree of chemical mixing among network
modifiers, because it provides unique information on the nature of cation
distribution around the non-bridging oxygens (NBOs,

e.g., Na-O-Si) as

well as the bridging oxygens (BOs, e.g., Si-O-Si) (e.g., Farnan et al., 1992;
Florian et al., 1996; Lee et al., 2003; Lee and Stebbins, 2003; Lee and Sung,
2008; Park and Lee, 2012, 2014; Stebbins et al., 1997). Table 4.1 summarizes
the results of previous

17O

NMR studies on the distribution of cations in

various mixed-cation silicate glasses. Briefly, a pioneering 17O dynamic angle
spinning (DAS) study on K-Mg silicate glasses demonstrated the deviation
from randomness in K-Mg mixing around the NBOs (Farnan et al., 1992).
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Table 4.1. Order/disorder of cation distribution in various mixed-cation
silicate glasses.
The
Cationcation

difference
in ionic

Cation distribution

Method

Ref.

radius
(Å)

Li-Ba

0.59

Ba-Na

0.33

Ba-Mg

0.63

Na-Ca

0.02

Na-Ca in
CNAS
K-Mg

0.02
0.66

preference for Ba-NBO
or dissimilar pairs
preference for Ba-NBO
strong preference for BaNBO
preference for Ca-NBO
or dissimilar pairs
preference for Ca-NBO
or dissimilar pairs
preference for Mg-NBO

17O

3QMAS NMR

Current study

17O

3QMAS NMR

(Lee et al., 2003)

17O

3QMAS NMR

(Lee et al., 2003)

17O

3QMAS NMR

17O

3QMAS NMR

17O

3QMAS NMR

17O

3QMAS NMR

17O

3QMAS NMR

17O

3QMAS NMR

(Lee and
Stebbins, 2003)
(Lee and Sung,
2008)
(Allwardt and
Stebbins, 2004)

preferential partitioning of
Ca-Mg in
CMAS

0.28

Ca into NBO or unmixing
between Ca-NBO and

(Park and Lee,
2012)

Mg-NBO
preferential partitioning of
Ca-Mg in
CMNAS

0.28

Ca into NBO or unmixing
between Ca-NBO and

(Park and Lee,
2014)

Mg-NBO
Ca-Mg

0.28

random

Na-K

0.36

random

Ca-Ba

0.35

random

Li-Na

0.23

random

17O

17O

DAS NMR

3QMAS NMR

23Na

and 7Li

SEDOR NMR
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(Allwardt and
Stebbins, 2004)
(Florian et al.,
1996)
(Stebbins et al.,
1997)
(Gee and
Eckert, 1996)

A subsequent 17O DAS NMR study of K-Na silicate glasses suggested that
K+ and Na+ are likely to be distributed randomly around the NBOs (Florian
et al., 1996). A

17O

triple-quantum magic angle spinning (3QMAS) NMR

study of Ca-Ba silicate glasses suggested a random mixing of Ba2+ and Ca2+
(Stebbins et al., 1997). In contrast, the NBOs in Ba-Mg silicate glasses
revealed the presence of only two dominant types of NBOs, namely, Ba-NBO
and the NBO with a Ba+ and two Mg2+, indicating a certain degree of
structural ordering (Lee et al., 2003). Studies on Ba-Na and Ca-Na silicate
glasses showed the prevalence of the dissimilar pairs [{Ba, Na}-NBO and {Ca,
Na}-NBO], implying extensive mixing between those cations toward a
chemical ordering (Lee et al., 2003; Lee and Stebbins, 2003). A 17O 3QMAS
study of K-Mg silicate glasses revealed that these glasses contain mostly MgNBO while the K+ has proximity toward the BO (Allwardt and Stebbins,
2004). The non-random distribution of cations around the NBO and the BO
has also been observed in complex, multi-component silicate glasses: in CaNa, Ca-Mg, and Ca-Mg-Na aluminosilicate glasses, Ca2+ and Mg2+ tends to
be preferentially partitioned into the NBOs with the highlighted proximity
of Na+ to the BOs (Lee and Sung, 2008; Park and Lee, 2012, 2014).
While the preferential proximity between the network-modifying
cations and the diverse oxygen species (e.g., BOs and NBOs) is suggested to
be controlled by the differences in nature of non-network cations (Lee et al.,
2003), the effects of the difference in the ionic radii on chemical ordering in
mixed-cation silicate glasses remain to be fully understood. Whereas
previous studies on Ba-Mg (~0.63 Å) and K-Mg (~0.66 Å) silicate glasses may
address the effect of the ionic radii on the degree of cation mixing, the
observed non-randomness in these glasses is attributable to the distinct
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nature of Mg2+ (i.e., strong affinity between Mg2+ and NBOs), rather than the
difference in ionic radii on mixing between these cations (Lee et al., 2016).
Thus, in order to establish the effects of the difference in the ionic radii on
chemical ordering, study of other mixed-cation silicate glasses with a larger
difference in ironic radii has been anticipated. In this study, we chose Li-Ba
silicate glasses, in which the difference in the ionic radii of networkmodifying cations is significant (Li+: 0.76 Å, Ba2+: 1.35 Å, the difference in the
ionic radii among cations is ~0.59 Å). Li-Ba silicate glasses also show the
significant difference in the isotropic chemical shift ( 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 ) (~110 ppm)

between Li-NBO [Li-O-[4]Si in Li2Si2O5 glass with 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 of ~42 ppm] (Lee et

al., 2003; Maekawa et al., 1996; Timken et al., 1987) and Ba-NBO [Ba-O-[4]Si

with 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 of ~151 ppm in BaSi2O5 glass] (Lee et al., 2003; Maekawa et al., 1996;

Timken et al., 1987) (see Figure 4.1), and thus the difference in peak positions,
enabling robust estimation of the degree of disorder. Furthermore, Li-Ba
oxide glasses also find wide application as energy and battery materials:
while crystalline Li oxides and silicates have been used as Li-ion conductor
materials (e.g., Nytén et al., 2005; Thangadurai and Weppner, 2005), a recent
study suggested that amorphous Li-bearing oxides pose a potential promise
as a component for high-capacity cathode materials for rechargeable Li-ion

batteries (Afyon et al., 2014). Li-bearing glass-ceramics have also been used
as solid-state electrolytes in Li batteries with high power densities (Ren et al.,
2015; Xu et al., 2007). Glass electrolytes have advantages such as isotropic
conductivity and a lack of grain boundaries when compared to crystal
electrolytes (Dudney, 2003). Thus, probing the atomic structure of Li-bearing
silicate glasses provides atomic insights into the properties of these glasses
with potential applications as cathode materials and electrolytes in batteries.
Along with the oxygen environments, the atomic environments around Li
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can be effective in exploring the mixing behavior of Li-Ba silicate glasses. The
7Li

NMR techniques have been used to probe the atomic structures

(coordination number) and Li-diffusivity (and/or mobility) of Li-bearing
silicate glasses (e.g., Alam et al., 2012; Ali et al., 1995; Dupree et al., 1990; Sen
et al., 1996; Stebbins, 1998; Xu and Stebbins, 1995) and batteries (e.g., Bottke
et al., 2014; Grey and Lee, 2003; Indris et al., 2012; Lee et al., 2004; Tucker et
al., 2002; Wohlmuth et al., 2015). Particularly, 7Li spin-lattice relaxation times
(T1) of a mixed-cation glass (LiBa0.5Si2O5) and a single alkali glass (Li2Si2O5)
with variable temperature conditions revealed that the mean barrier height
for Li diffusion was higher in the case of the Li-Ba silicate glass than for the
pure Li-silicate glass, consistent with the mixed-cation effect (Sen et al., 1996).
Whereas such a variation in mobility with composition implies a certain
degree of Li-Ba ordering in the glasses, the detailed atomic structures around
Li and the extent of Li-Ba disorder in the Li-Ba silicate glasses are not
currently available.
In this study, we explore the degree of chemical ordering and thus
Li-Ba mixing behaviors, and Li environments in Li-Ba silicate glasses with
varying XBaO using high-resolution multi-nuclear (17O and 7Li) solid-state
NMR. Particularly, we report the first 17O NMR spectra for the mixed Li-Ba
silicate glasses, revealing their detailed NBO and BO environments. Taking
into consideration all the available experimental results on the nature of
cation distribution in mixed-cation silicate glasses, we discuss the effects of
the difference in the ionic radii on the chemical ordering of those cations
around NBO.
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4.2. Experimental methods
4.2.1. Sample preparation
Mixed-cation Li-Ba disilicate glasses [(Li2O)1-x(BaO)x2SiO2] with
varying XBaO = BaO/(BaO+Li2O) were synthesized from 17O-enriched SiO2
(20%), BaCO3, and Li2CO3. ~0.2 wt% paramagnetic cobalt oxide was added
to enhance the spin–lattice relaxation, and thus to reduce the total NMR
collection time. The mixtures were decarbonated and then melted in a Pt
crucible for 1 h at 1600 °C in an Ar atmosphere. The melts were subsequently
quenched to form homogenous glasses. Table 4.2 shows the nominal and
chemical compositions of the Li-Ba silicate glasses estimated by inductively
coupled plasma atomic emission spectroscopy (ICP-AES). Because SiO2 was
removed prior to the ICP analysis (Park and Lee, 2012, 2014), only the Li2O
and BaO compositions were reported. The negligible weight loss during
glass synthesis as well as the consistency in Li/Ba contents in the glasses
indicates that the overall chemical compositions of the glasses are close to
the nominal ones.

4.2.2. NMR spectroscopy
The 17O NMR and 7Li NMR spectra of the Li-Ba silicate glasses were
collected using a Varian solid-state NMR 400 system (9.4 T) at Larmor
frequencies of 54.23 MHz for 17O and 155.6 MHz for 7Li nuclides, respectively.
The 17O MAS and 3QMAS NMR spectra of the Li-Ba silicate glasses were
collected using a 4 mm Doty double-resonance probe. The recycle delay for
the 17O MAS NMR analysis was 1 s. The radio frequency (rf) pulse length of
1.0 μs with the spinning speed of 14 kHz are used. During the 17O 3QMAS
NMR experiments, a fast-amplitude modulation (FAM)-based shifted-echo
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Table 4.2 Nominal compositions and ICP analysis results for Li-Ba silicate
glasses. XBaO is the BaO/(BaO+Li2O) mole fraction.
Nominal composition (mol%)

XBaO

Li2O

BaO

SiO2

0

33.3

0.0

66.7

0.25

25.0

8.3

66.7

0.50

16.7

16.7

66.7

0.75

8.3

25.0

66.7

XBaO

Nominal composition (mol%)
Li2O

BaO

0

100.0

0.0

0.25

75.0

0.50
0.75

ICP analysis (mol%)
Li2O

BaO

25.0

74.0

26.0

50.0

50.0

48.0

52.0

25.0

75.0

23.0

77.0
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pulse sequence was used; it consists of a hard pulse with a duration of 4.5 μs
for multiple-quantum excitation, subsequent 1.1 μs pulses for singlequantum reconversion, and a soft pulse of approximately 20 μs for the Li-Ba
glasses (Lee and Stebbins, 2006). An echo delay and the recycle delay are 500
μs, and 1 s, respectively. Approximately 60–90 free-induction decay scans
were made to construct the two-dimensional (2D) 17O 3QMAS NMR spectra
of the Li-Ba silicate glasses. The 17O 3QMAS NMR spectra were referenced to
external tap water. The 7Li MAS NMR spectra were collected using a 3.2 mm
Varian double-resonance probe, with a recycle delay of 1 s, a pulse length of
0.5 μs. Spinning speed of 12, 15, and 18 kHz are used to explore the effect of
spinning speed on 7Li-7Li dipolar coupling. Negligible difference in the
spectra with varying spinning speed was observed. All the spectra were
referenced to a 1M LiCl solution.

4.3. Results and discussion
4.3.1. The NBO and BO environments in Li-Ba silicate glasses: 17O MAS
and 3QMAS NMR results
The structurally relevant NMR parameters [i.e., 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 and the

quadrupolar coupling constant (Cq)] of the NBOs vary with the local atomic

configurations, symmetry and thus the extent of structural distortion around
target nuclides (Baltisberger et al., 1996; Ghose and Tsang, 1973). For instance,
the 17O 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 of BOs in Na silicate glasses increases with an increase in the Si-

O bond length (Angeli et al., 2011). Those of NBOs and BOs in crystalline
metasilicate with varying types of network forming cations (i.e., MgSiO3,
CaMgSi2O6, CaSiO3, SrSiO3, and BaSiO3) also increase with increasing cation

radius (Timken et al., 1987). The 17O Cq of NBOs in the silicate crystals tends
to increase with increasing electronegativity of network modifying cations
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(Timken et al., 1987). Particularly, figure 4.1 shows the trend between 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖

and Cq values of diverse NBOs in silicate glasses (Angeli et al., 2011; Lee,
2004b; Lee et al., 2003; Lee and Stebbins, 2003; Maekawa et al., 1996; Xue et al.,
1994) where Li-NBO (Li-O-Si) and Ba-NBO (Ba-O-Si) show one of the largest
differences in 𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 and Cq values among the diverse NBO configurations in

the silicate glasses. This results in a substantial peak separation in both 17O 1D
and 2D NMR spectra, enabling robust estimation of the effects of cation radii
on the degree of inter-mixing between network modifiers.
Figure 4.2 shows the

17O

MAS NMR spectra of the Li-Ba silicate

glasses {(BaO)x(Li2O)1-x2SiO2 with XBaO [=BaO/(BaO+Li2O)]}, revealing
partially resolved Si-O-Si (BO) as well as Li-O-Si (~31 ppm), Ba-O-Si (~130
ppm), and {Li, Ba}-O-Si (ranging from ~40 to ~120 ppm). The

17O

MAS

spectrum of endmember Li2Si2O5 glass (XBaO = 0) shows partially resolved LiO-Si and Si-O-Si peaks. Because of the larger difference in peak positions for
Ba-NBO and Li-NBO, the spectra of the Li-Ba silicate glass with XBaO = 0.75,
0.50, and 0.25 show a broad peak that results from the overlapping of Si-O-Si
and the NBOs [Li-O-Si, Ba-O-Si, and mixed {Li, Ba}-O-Si], as labeled. While
the width of the mixed NBO peaks depends mainly on the multiple
configurations of the NBOs with increasing XBaO, Li-O-Si exhibits a much
narrower chemical shift distribution (and thus well-defined structural
environments) than Ba-O-Si. This indicates a lower degree of Li
configurational disorder around NBO. The intensity of the Li-O-Si peak
decreases, while that of the mixed NBO peak increases with increasing XBaO.
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Figure 4.1. Variations in the isotropic chemical shift (𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 ) and quadrupolar

coupling constant (Cq) of NBOs in the 17O 3QMAS NMR spectra of silicate

glasses (Angeli et al., 2011; Lee, 2004b; Lee et al., 2003; Lee and Stebbins,
2000b, 2003; Maekawa et al., 1996; Timken et al., 1987; Xue et al., 1994).
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Figure 4.2. 17O MAS NMR spectra of Li-Ba silicate glasses with varying XBaO
[BaO/(Li2O+BaO)] at 9.4 T.
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The noticeable intensity of the mixed NBO peaks and their evolution with
composition demonstrate an extensive mixing between Li+ and Ba2+ around
the NBO.
Figure 4.3 shows the 17O 3QMAS NMR spectra of the Li-Ba silicate
glasses; the Li–O–Si, {Li, Ba}-O-Si, Ba-O-Si, and Si–O–Si peaks are better
resolved. The peak assignments of the BOs and NBOs in the

17O

3QMAS

NMR spectra are based on previous studies on crystalline and amorphous Li
and Ba silicates (Lee et al., 2016; Lee and Stebbins, 2000; Maekawa et al., 1996;
Timken et al., 1987). In 17O 3QMAS NMR spectrum for Li2Si2O5 glass, the LiO-Si (~-29 ppm in the isotropic dimension, and ~31 ppm in the MAS
dimension) and Si-O-Si (~-46 ppm in the isotropic dimension) are completely
resolved. The oxygen clusters at ~40–120 ppm in the MAS dimension stem
from the mixed NBOs with varying coordination environments (i.e., 1Li2BaNBO and 2Li1Ba-NBO) as also expected from the

17O

MAS NMR spectra

(figure 4.2). These mixed NBO peaks are observed for all the glasses at
intermediate compositions (XBaO = 0.25, 0.50, and 0.75). While the Ba-O-Si
peaks overlap with those of {Li, Ba}-O-Si yet the peak due to Li-O-Si are fully
resolved. The maximum of the mixed NBO peak in the isotropic dimension
moves to that of Ba-NBO with XBaO, suggesting that the fractions of 1Li2BaNBO and Ba-NBO increase with increasing XBaO. The intensity of the Li-O-Si
peak apparently decreases while that of the Ba-O-Si peak increases with
increasing XBaO. The current result confirms a preference to form Li-Ba pairs
around NBO in the glasses. Figure 4.4 shows the total isotropic projection
(the sum of the peaks on the 3QMAS dimension) of the 17O 3QMAS NMR
spectra for the Li-Ba silicate glasses. The intensity of the Li-O-Si peak
decreases markedly while that of the Ba-O-Si peak increases with increasing
XBaO. The presence of mixed NBO peak with varying configuration is also
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Figure 4.3. 17O 3QMAS NMR spectra of Li-Ba silicate glasses with varying
XBaO [BaO/(Li2O+BaO)] at 9.4 T. The contour lines are drawn at 5% intervals
for relative intensities of 7–97%, with added lines at 5%.
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Figure 4.4. Total isotropic projection of the 17O 3QMAS NMR spectra for LiBa silicate glasses with varying XBaO [BaO/(Li2O+BaO)] at 9.4 T.
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prevalent, confirming the formation of Li-Ba pair near NBO at the expense
of Li-NBO.
Although the narrow Li-O-Si peak is separated from the other mixed
peaks, the quantitative information on the population of the NBO peak for
these glasses in the 2D 3QMAS spectrum is not trivial because of several
well-known uncertainties, particularly, uneven excitation of the oxygen
peaks with distinct Cq values (Amoureux et al., 1996; Frydman and Harwood,
1995). For example, the fraction of Si-O-Si (with Cq of ~ 5 MHz) is expected
to be underestimated while that of NBO (with Cq of ~ 2.5 MHz) is
overestimated. Furthermore, the intensity is also dependent on the rf power
of the pulses. Figure 4.5A shows 17O 3QMAS NMR spectra for Li-Ba silicate
glass at XBaO = 0.25 with varying rf strength (~80 kHz and ~35 kHz) where
the changes in the peak intensity of each oxygen site with rf strength is
demonstrated: the fraction of Si-O-Si peak is larger at high rf strength (~80
kHz) than is at low rf strength (~35 kHz) while that of NBOs (Li-O-Si and {Li,
Ba}-NBO) is smaller at high rf strength. With decreasing rf field strength, the
overall signal intensity also decreases. The larger Cq sites (e.g., 5 MHz for SiO-Si) are also selectively suppressed at low rf field strength. Figure 4.5B
shows the total isotropic projections of the 17O 3QMAS NMR spectra for LiBa silicate glass at XBaO = 0.25. The green area shows Li-O-Si, the red area
shows Si-O-Si, and the blue area shows {Li, Ba}-O-Si. These spectra confirm
that the Si-O-Si peak is more effected excited at higher rf fields power (~80
kHz).
Taking into consideration the non-quantitative representation of the
peak intensity in the 2D NMR spectra with rf field strength and Cq, the
quantitative fractions of oxygen sites were obtained from the simulation of
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Figure 4.5. (A) 17O 3QMAS NMR spectra of Li-Ba silicate glass at XBaO = 0.25
with varying rf field strength (B1 strength). (B) Total isotropic projection of
the

17O

3QMAS NMR spectra for Li-Ba silicate glass at XBaO = 0.25 with

varying rf field strength. The green area shows Li-O-Si, the red area shows
Si-O-Si, and the blue area shows {Li, Ba}-O-Si.
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17O

MAS NMR spectra that provide quantitative information. However, the

information of peak positions and widths were obtained from 2D NMR
spectra. The 17O MAS NMR spectra with varying Ba/Li ratio were simulated
using a Si-O-Si and four NBO sites (4Li, 2Li1Ba, 1Li2Ba, and 3Ba) (Lee et al.,
2003; Lee and Stebbins, 2003). Because coordination numbers of the NBO and
Li+ and Ba2+ are not fully understood, the choice of the four NBO peaks with
distinct Li+ and Ba2+ coordination environment can be somewhat arbitrary
[e.g., 4 Li atoms around NBO for the Li-end member, 4Li-O-Si vs. 3 Ba atoms
around the NBO for the Ba-end member, 3Ba-O-Si]. Despite the uncertainty,
the purpose of the current simulation is to determine the relative intensity of
the Li-O-Si peak from the 1D NMR spectra and compare its fraction with
predicted peak intensities based on either a random mixing or chemical
order. We used four Gaussian functions to represent the four NBO
environments and two Gaussian functions to represent the Si-O-Si. Because
the position of the 4Li-O-Si peak in the MAS dimension (i.e., the position in
the 17O MAS NMR spectrum) in the 2D spectrum is well constrained (Figure
4.2) and does not change with varying XBaO, and thus its peak position is
fixed at 31 ppm. The initial peak position of 3Ba-O-Si is obtained from
previous 17O MAS NMR study for BaSi2O5 glass (130 ppm) (Lee et al., 2003)
and is also based on results of several trial simulations. The peak positions
of 3Ba-O-Si move toward higher frequency (larger chemical shift, ~136 ppm)
with increasing XBaO. The FWHM of 3Ba-O-Si (45 ppm) are obtained from
previous

17O

MAS NMR study for BaSi2O5 glass with small ranges of

variation (4 ppm) allowed for compositional effects (Lee et al., 2003). Initial
peak positions of the mixed NBO peaks were assumed to be the statistical
average of the endmember peaks 4Li-O-Si (31 ppm) and 3Ba-O-Si (130 ppm)
peak, and thus 2Li1Ba-NBO: ~64 ppm [=31+(1/3)*(130-31)], 1Li2Ba-NBO: ~97
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ppm [=31+(2/3)*(130-31)]. These are allowed to vary during simulations.
The FWHM of 2Li1Ba-NBO and 1Li2Ba-NBO peaks are set to be 30 ppm, again
based on results of several trial simulations. The quadrupolar peak shape of
Si-O-Si peak is simulated with two Gaussian functions. The initial Si-O-Si
peak positions are obtained from 2D 3QMAS NMR spectrum of Li2Si2O5 and
move toward higher frequency with increasing XBaO, consistent with
variation of Si-O-Si peak positions in the MAS projection of the 2D

17O

3QMAS NMR spectra (which is similar to 1D MAS NMR spectra). The
FWHM of two Gaussian peaks for Si-O-Si are set to be 65 and 30 ppm,
respectively, which reproduces the major quadrupolar patterns for BO site
(Lee et al., 2003; Lee and Stebbins, 2003). Table 4.3 lists the final simulation
parameters for each NBO and BO sites for 17O MAS NMR spectra of Li-Ba
silicate glasses. Due to the aforementioned uncertainty, the simulation
results for these peaks are not unique. Nevertheless, it should also be noted
that, during the simulation, the ratio of the BOs and NBOs [NBO/(NBO+BO)]
is fixed to be 0.4, consistent with the nominal composition of the glasses
studied here. It also provides a quantitative fraction of Li-O-Si peak among
the NBOs. Figure 4.6 shows the simulation results for the 17O MAS NMR
spectra of the Li-Ba silicate glasses with varying XBaO where the decrease in
Li-NBO with increasing XBaO is demonstrated.
Figure 4.7 shows the estimated fraction of Li-O-Si with varying XBa
[=Ba/(Li+Ba)]. The extent of Li-Ba disorder is expected to vary from one
extreme case of clustering of similar pairs (i.e., formation of Ba-rich and Lirich domains) through random distributions to the other extreme of chemical
ordering where the formation of dissimilar pairs are prevalent. The black
solid line indicates the fraction of Li-O-Si based on a random distribution of
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Figure 4.6. Simulation results of the 17O MAS NMR spectra of Li-Ba silicate
glasses with varying XBaO [BaO/(Li2O+BaO)]. The red and black lines
represent the experimental and simulation results, respectively.
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Table 4.3. Simulation parameters and results for 17O MAS NMR spectra for
Li-Ba silicate glasses.
Composition

XBaO=0

Oxygen species
‡NBO

4Li-O-Si

†BO

Si-O-Si

‡NBO
XBaO=0.25
†BO

‡NBO
XBaO=0.50

†BO

‡NBO
XBaO=0.75

†BO

Peak position

FWHM

(ppm)

(ppm)

31

24

0.66

Intensity

0

65

0.29

30

30

0.18

4Li-O-Si

31

24

0.34

2Li1Ba-NBO

70

30

0.14

1Li2Ba-NBO

95

30

0.07

Si-O-Si

7

65

0.26

40

30

0.15

4Li-O-Si

31

24

0.12

2Li1Ba-NBO

70

30

0.16

1Li2Ba-NBO

95

30

0.13

3Ba-O-Si

130

45

0.06

12

65

0.25

42

30

0.14

Si-O-Si

4Li-O-Si

31

24

0.0006

2Li1Ba-NBO

75

30

0.073

1Li2Ba-NBO

98

33

0.12

3Ba-O-Si

136

49

0.16

17

65

0.25

42

30

0.12

Si-O-Si

‡ NBO are simulated with four Gaussian functions assumed that there are four NBO sites
(4Li, 2Li1Ba, 1Li2Ba, and 3Ba). The choice of types of NBO peaks is somewhat arbitrary.
† BO is simulated with two Gaussian functions due to second-order quadrupolar
broadening.
Notes: The position and width of the Li-O-Si (NBO) peak are relatively well constrained by
the spectrum for Li2Si2O5. The peak position and FWHM of mixed NBO peaks are set
based on results of several trial simulations.
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Figure 4.7. Fraction of N-O-Si (N = Li+, Na+, and Mg+) as determined from
the simulation results by varying XM [XM=M/(M+N), M = Ba2+ and Ca2+]. The
black diamonds indicate the Na-O-Si fractions for Na-Ca silicate glasses (Lee
and Stebbins, 2003); the open circles present the fractions of Na-O-Si for BaNa silicate glasses; the black triangle indicates the Mg-O-Si fraction for a BaMg silicate glass (Lee et al., 2003); and the blue squares indicate the Li-O-Si
fractions for Li-Ba silicate glasses (current study).
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Li+ and Ba2+ around the NBOs: the estimated fractions of each NBO
environment at XBa = 0.33 are 30% [4Li-NBO, (1-x)3], 44% [2Li1Ba-NBO, 3x(1x)2], 22% [1Li2Ba-NBO 3x2(1-x)], and 4%[3Ba-NBO, x3] (Kelsey et al., 2008).
The dashed black line indicates the fraction of Li-O-Si when the Li+ and Ba2+
are phase separated. The simulation results show that the fraction of Li-O-Si
decreases with increasing XBaO and is less than that predicted by the random
distribution of Li+ and Ba2+. This indicates a prevalence of the dissimilar LiBa pair around the NBO. Figure 4.7 also shows the predicted fraction of NBO
with varying extent of cation distribution (Qm) in diverse mixed-cation (MN) silicate glasses. Qm was defined previously and varies from chemical
short-range order with preference to form M-N pairs around NBO (Qm=1),
random distributions of M-N (Qm=0), to phase separation among cations
(Qm=-1) (Lee et al., 2003). Additional long-range order (LRO) in the cation
distribution refers to the situation where the N-M pair extends beyond
nearest-neighbor interactions and N-O-Si fraction can be expressed as 1-3XM
(Lee et al., 2003). The fractions of Li-O-Si (in Li-Ba silicate glasses) and NaO-Si (in Na-Ba silicate glasses) are much less than would be predicted by a
random distribution of mixed cations. Furthermore, these fractions are less
than those predicted from LRO partly due to the NBO preference to Ba over
Li. It should be note that the fractions of Li-NBO in the Li-Ba silicate glasses
are somewhat less than those of Na-NBO in Na-Ba silicate glasses. This
indicates a larger chemical alkali-Ba ordering in the former, revealing the
effect of difference in ionic radius of the cation on a hierarchy in the degree
of chemical order for various network modifying cations in the glasses (see
below for further discussion).
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4.3.2. Li environments in Li-Ba silicate glasses: 7Li MAS NMR results
Figure 4.8A shows the 7Li MAS NMR spectra for the Li-Ba silicate
glasses with varying XBaO. The NMR peak is characterized with the
Lorentzian broadening (and thus the life-time broadening), suggesting the
substantial mobility of the Li+ in the glasses at room temperature. The peak
position and width of 7Li MAS NMR spectra vary with XBaO. While a
previous 7Li MAS NMR study for Li-Na disilicate glasses with varying Li
contents does not show the changes in peak position with varying Li/Na
contents (at constant peak maximum of ~0.4 ppm) (Ali et al., 1995), the peak
maximum in the Li-Ba disilicate glasses increases with increasing XBaO from
0 ppm (for XBaO = 0) to 0.3 ppm (for XBaO = 0.75) (Figure 4.8B). Because 7Li
𝛿𝛿𝑖𝑖𝑖𝑖𝑖𝑖 of Li site tends to decrease with increasing coordination number (and

thus Li-O distance) (Alam et al., 2012; Stebbins, 1998; Xu and Stebbins, 1995),
the trend shown in the 7Li MAS NMR spectra for Li-Ba silicate glasses
suggests that the average Li coordination number in the mixed-cation silicate

glasses may decrease slightly with increasing XBaO. The result also indicates
a minor decrease in Li-O distance with increasing XBaO, potentially leading
to an increased activation energy barrier for Li diffusion. Figure 4.8C shows
the 7Li MAS NMR spectra for Li disilicate glasses with varying spinning
speed (12, 15, and 18 kHz) where a slight (though minor) change in peak
width was observed. Therefore, the peak broadening in the 7Li MAS NMR
spectra in Li-Ba silicate glasses is also controlled by the 7Li-7Li dipolar
interaction as well as the Li mobility while both mechanisms may prevail.
Taking into consideration the pronounced Li mobility at room temperature
and the sample spinning-induced increases in temperature, the peak width
could be partly affected by changes in the dynamics due to the frictional
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Figure 4.8. (A) 7Li MAS NMR spectra for of Li-Ba silicate glasses with
varying XBaO [BaO/(Li2O+BaO)] at 9.4 T. (B) Variation of the peak maximums
and peak widths of the 7Li MAS NMR spectra of Li-Ba silicate glasses (XBaO
= 0 and 0.75). (C) 7Li MAS NMR spectra for Li2Si2O5 glasses with varying
spinning speed (12, 15, and 18 kHz).
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heating during magic angle spinning (Doty et al., 1998; Elbayed et al., 2005;
Kim and Lee, 2013). Despite the complexity, the systematic variation of peak
position in the Li-Ba glasses with composition also confirms a substantial
mixing between Li+ and Ba2+, consistent with 17O NMR results and further
suggests that Li mobility may vary with increasing Ba content.
Figure 4.9 shows that the FWHM of the 7Li MAS NMR spectra for
the Li-Ba silicate glasses show positive deviation from linearity: the FWHM
increases from 3.3 ppm (XBaO = 0) to 3.6 ppm (XBaO = 0.25). However, it
decreases with a further increase in XBaO to 2.2 ppm (XBaO = 0.75). Note that
the FWHM of 7Li MAS NMR spectra for Li-Na silicate glasses linearly
decreases with decreasing Li contents mainly due to an expected decrease in
the dipolar coupling by an increase in distance between 7Li’s (Ali et al., 1995).
The observed non-linear trend in Li-Ba silicate glasses indicates a complex
effect of both Li mobility and magnitude of the dipolar coupling between
7Li’s

in the Li-Ba glasses that are distinct from those of Li-Na silicate glasses.

A slight increase in the peak with at intermediate composition in the Li-Ba
silicate glasses implies a larger drop in the Li mobility than that in the Li-Na
silicate glasses (see below for further discussion).

4.3.3. The extent of cation order, difference in cation radii, and transport
properties
The observed atomic structures of the Li-Ba silicate glasses yield
insights into the effect of difference ionic radii on the extent of mixing among
network modifiers. The 17O NMR results confirm a non-random distribution
of Li+ and Ba2+ around the NBOs characterized by the prevalence of the Li-
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Figure 4.9. Full-width at half-maximum of the 7Li MAS NMR spectra of LiBa silicate glasses with varying XBaO [BaO/(Li2O+BaO)] at 9.4 T. The error
bars of ±0.3 ppm were estimated from the uncertainty in the sample
composition, phasing of the NMR spectrum, and NMR processing
conditions.
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Ba pair due mainly to the substantial difference in their ionic radii (Δr = ~0.59
Å). This corroborates previous proposal where a chemical ordering becomes
prevalent with a potential threshold Δr value of ~0.3 Å (e.g., Ba-Na and BaMg) (Lee et al., 2003). As also shown in Table I, the mixing of two alkalis or
two alkaline-earth elements with relatively similar cation field strength (c/r2,
where c and r are the charge and ionic radius of the cation) [e.g., Na (~0.96)-

K (~0.53) and Ca (~2.00)-Ba (~1.10)] is likely to be random (Allwardt and
Stebbins, 2004; Florian et al., 1996; Stebbins et al., 1997). Furthermore, when
the mixing involves an alkali and an alkaline earth element (e.g., K-Mg and
Ca-Na), chemical ordering between network modifiers seems to occur
(Allwardt and Stebbins, 2004; Lee and Stebbins, 2003). The current results
with Li-Ba silicate glasses allow us to conclude that the greater difference in
the cation radii leads to an increased degree of chemical ordering. For
instance, as shown in figure 4.7, the estimated Li-NBO fraction in the Li-Ba
silicate glasses (Δr of ~0.59 Å) is less than Na-NBO in Na-Ba silicate glasses
(Δr of ~0.33 Å), suggesting an increased Li-Ba ordering over Na-Ba in Na-Ba
silicate glasses. While the origins of enhanced chemical ordering in Ba-Mg
and K-Mg in the Mg-bearing silicate glasses have been somewhat obscured
due to ambiguous structural role of Mg2+, based on the current results, the
difference in the ionic radii is the primary factor affecting the degree of
chemical ordering in mixed-cation silicate glasses. A greater difference in the
ionic radii may result in greater chemical ordering [e.g., K-Mg (~0.66 Å) ≈
Ba-Mg (~0.63 Å) ≈ Li-Ba (~0.59 Å) > Na-Ba (~0.33 Å) > Na-Ca (~0.02 Å)].
While the observed prevalence of Li-Ba pair is also stemming from the
difference in charges of the cations, the degree of Li-Ba order is apparently
larger than those of Na-Ca in the Na-Ca silicate glasses, indicating that the
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steric effect appears to be dominant and thus the mixing behavior can be
predicted mainly from the difference in the ionic radii.
The observed atomic structures of the Li-Ba silicate glasses also
yielded atomistic insights into the Li-mobility. As demonstrated previously,
the diffusivity of mixed-cation silicate glasses that shows a non-random
distribution (towards a chemical order favoring dissimilar pair) of the
network-modifying cation is lower than that of glasses with a random
distribution (Lee et al., 2003). For example, a previous 17O NMR studies on
Na-K and Na-Ca silicate glasses suggested that the diffusivity of Na+ in NaCa silicate glasses is lower than that in Na-K silicate glasses, because of the
chemical ordering of the Na-Ca silicate glasses (Lee and Stebbins, 2003). It is
also expected that the diffusivity of Li+ in Li-Ba silicate glasses is smaller,
owing to the enhanced chemical ordering, than that in Li-Na silicate glasses,
in which the cations are randomly distributed around the NBOs (Gee and
Eckert, 1996). This prediction is consistent with trend observed in ionic
conductivity in Li-bearing silicate glasses: the ionic conductivity of the Li-Ba
silicate glasses is smaller than that of Li-Na silicate glasses (Mazurin and
Borisovskii, 1957).

4.4. Conclusions
We elucidated the structural details of the atomic configurations
around O and Li atoms in Li-Ba silicate glasses and the nature of distribution
of alkali-alkaline earth pairs, in which ionic radii are significantly different.
The 17O NMR spectra of the Li-Ba silicate glasses show that the fraction of LiO-Si decreases with increasing XBaO and is less than that predicted by a
random distribution of Li+ and Ba2+ around NBOs. These results
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demonstrate a non-random distribution of Li+ and Ba+ into NBOs
characterized by a prevalence of the dissimilar pair. The 7Li MAS NMR
spectra of the Li-Ba silicate glasses imply that the average Li coordination
number and/or Li-O distance may decrease slightly with increasing XBaO,
leading to an increased activation energy barrier for Li diffusion. The current
results allow us to propose the relationship between the chemical ordering
and the difference in the ionic radii in mixed-cation silicate glasses. The
larger difference in the ionic radii of the cations in mixed-cation silicate
glasses leads to an increase in the degree of chemical ordering [e.g., K-Mg
(~0.66 Å) ≈ Ba-Mg (~0.63 Å) ≈ Li-Ba (~0.59 Å) > Na-Ba (~0.33 Å) > Na-Ca
(~0.02 Å)] and thus the degree of inter-mixing between network modifiers
can be predicted mainly from the difference in the ionic radii. The results
highlight the atomistic origins of transport properties of archetypal Li-Ba
silicate glasses and can be potentially utilized to account for the complex Libearing oxide glasses with noble applications in amorphous ionic conductors,
battery and related materials.

APPENDIX
3.A.1 Si environments in Li-Ba silicate glasses: 29Si MAS NMR results
29Si

MAS NMR spectroscopy has been used to probe the Si

environments in silicate glasses, such as the degree of polymerization (i.e.,
the abundance of Qn species in silicate glasses; Qn refers to a Si species with
n bridging oxygens) (e.g., Grimmer et al., 1984; Maekawa et al., 1991; Martin
et al., 1992; Stebbins, 1987). For example, the

29Si

MAS NMR spectra of

lithium, sodium, and potassium silicate glasses have shown that the
abundance of Q3 decreases, whereas that of Q2 and Q4 increases with an
increase in the cation field strength (charge/r2; r is the ionic radius) of the
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alkali metal for the same alkali oxide concentration. (Maekawa et al., 1991)
That study reported that ~22% of Q4, ~63% of Q3, and ~15% of Q2 were
observed in Li2Si2O5 while another 29Si MAS NMR study of Li2Si2O5 glass
reported that ~11 % of Q4, ~81% of Q3, and ~8% of Q2 were observed.
(Grimmer et al., 1984) The differences in the fractions of the Qn species
observed in these studies stem from differences in the experimental
conditions during the NMR experiments and/or the fitting parameters used.
The former was performed at 4.7 T, while the latter was performed at 8.5 T.
Further, the peak positions of Q2, Q3, and Q4 in the former study were -102.7,
-91.0, and -81.1 ppm, respectively, while those in latter study were -105.0, 90.5, and -78.5 ppm, respectively. In this study, we perform high-resolution
29Si

MAS NMR experiment for Li2Si2O5 glass in order to determine the

fractions of the Qn species in the glass using high-resolution solid-state NMR
and to elucidate the effects of the network-modifying cations on network
polymerization in Li-Ba silicate glasses with varying compositions.
Figure 4.A1 shows the 29Si MAS NMR spectra and fitting results for
the Li-Ba silicate glasses. A single overlapped broad peak is observed for all
the Li-Ba silicate glasses. The peak maximum decreases with increasing XBaO
from -90.6 ± 1.0 ppm for XBaO = 0 to -92.1 ± 1.0 ppm for XBaO = 0.25 and 0.50.
It increases further to -90.6 ± 1.0 ppm for XBaO = 0.75. The 29Si MAS NMR
spectra for the Li-Ba silicate glasses with varying XBaO are simulated with
three Gaussian functions corresponding to the Q4, Q3, and Q2 species,
respectively. The peak positions are set to -102.4 ± 1.0, -91.4 ± 1.0, and -82.1 ±
1.0 ppm for Q4, Q3, and Q2 species, respectively. The FWHM is set to 13.3 ±
0.2, 12.2 ± 0.5, and 10.4 ± 0.5 for the Q4, Q3, and Q2 species, respectively. The
predicted fractions of Q4, Q3, and Q2 for Li2Si2O5 are 18 ± 1%, 64 ± 1%, and 18
± 1%, respectively.
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Figure 4.A1. 29Si MAS NMR spectra and simulation results for Li-Ba silicate
glasses with varying XBaO [BaO/(Li2O+BaO)] at 9.4 T.
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Figure 4.A2 shows the fractions of the Qn species with varying mole
fractions of the network-modifying cations in the silicate glasses. The
fractions of Q2 and Q3 increase with increasing M2O (M=K, Na, Li) while that
of Q4 decreases; a previous 29Si MAS NMR study on Li2Si2O5 reported Q4, Q3,
and Q2 fractions of ~22%, 63%, and 15%, respectively. (Maekawa et al., 1991)
While the predicted fraction of Q4 (~22%) is higher than that of Q2 (~15%) in
the aforementioned study, (Maekawa et al., 1991) another 29Si MAS NMR
study on Li2Si2O5 glass reported Q4, Q3, Q2 fractions of 11%, 81%, and 8%,
respectively. (Grimmer et al., 1984) The results of the simulation perform in
this study show that the fraction of Q4 (~18%) is similar to that of Q2 (~18%).
The differences in the fractions of the Qn species in the aforementioned
previous studies are probably owing to differences in the experimental
conditions for the NMR analysis and/or the fitting parameters used, as
mentioned above. The fitting results for the fractions of Qn species may have
significant uncertainties in the latter case. However, in spite of these
uncertainties, the predicted fractions of the Qn species suggest that the Qn
species in Li-Ba silicate glasses do not change significantly with XBaO,
suggesting that a change in XBaO would not affect the environments of BO
and thus the role of Li+ and Ba2+, the network-modifying cations.
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Figure 4.A2. Qn distribution in Li, Na, K, and Li-Ba silicate glasses with
varying M2O (M refers to non-framework cation, Li+, Na+, K+, and Li++Ba2+).
Diamonds indicate the results in this study (black one is Q3, blue one is Q2
and red one is Q4) and circles, squares, and triangles denote the results for
previous study (Maekawa et al., 1991).
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Chapter 5. Probing the structural disorder of natural basaltic glasses and
melts: high-resolution solid-state

27Al

and 17O NMR study of glasses in

nepheline-forsterite-quartz eutectic composition and KLB-1 basaltic
glasses

Abstract
The structural evolution of natural basaltic melts with varying
compositions remains one of the unsolved problems in high-temperature
geochemistry and petrology. Here, we report experimental results on the
effects of composition on the structure of multi-component NaO-MgO-Al2O3SiO2 (NMAS) glasses in nepheline (NaAlSiO4)-forsterite (Mg2SiO4)-quartz
(SiO2) eutectic composition and basaltic glasses generated by partial melting
of upper mantle peridotite (KLB-1) using high-resolution, multi-nuclear
solid-state nuclear magnetic resonance (NMR). While the

27Al

MAS and

3QMAS NMR spectra for NMAS glasses in nepheline-forsterite-quartz
eutectic composition show only
[5]Al

as well as

[4]Al.

[4]Al,

The fraction of

those for KLB-1 basaltic glasses show

[5]Al

in KLB-1 basaltic glasses increase

upto ~2.6% with increasing XMgO. The spectral analysis of [4]Al peak in NMAS
glasses in nepheline-forsterite-quartz eutectic composition suggests that the
degree of distortion around the Al coordination environments increases with
increasing XMgO [MgO/(MgO+Al2O3)]. Despite the complex nature of the
glasses studied here (with six oxide components), the

17O

3QMAS NMR

spectra resolve diverse bridging oxygens (BOs) and non-bridging oxygens
(NBOs). The first 2D 17O 3QMAS NMR spectra revealed previously unknown
details of diverse structural disorder in the multi-component NMAS glasses
in nepheline-forsterite-quartz join and KLB-1 basaltic glasses. The
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17O

3QMAS NMR spectra for the KLB-1 basaltic glasses studied here confirm that
the degree of polymerization (BO content) decreases with increasing XMgO.
The significant fraction of Si-O-Al supports extensive mixing between
and

[4]Si.

[4]Al

Furthermore, Al-O-Al is observed in NMAS glasses in nepheline-

forsterite quartz eutectic composition and KLB-1 basaltic glasses, suggesting
a deviation from Al avoidance in these glasses. Based on the analysis of the
peak position of {Ca, Mg}-mixed NBOs, non-random distributions of Na+,
Ca2+, and Mg2+ around both NBOs and BOs are manifested by a moderate
degree of partitioning of Ca2+ and Mg2+ into NBOs and by the spatial
proximity between Na+ and BOs (Al-O-Al and Al-O-Si) in the KLB-1 basaltic
glasses studied here. The current experimental results with the changes in
network polymerization, coordination environments, and the degree of
disorder in the NMAS glasses and KLB-1 basaltic glasses can improve
understanding of the structure-property relationships of natural silicate
melts, including basaltic melts and glasses.

5.1. Introduction
The compositions of multi-component basaltic melts vary with
temperature, pressure, and melt fraction (Kushiro, 2001). Especially, the
eutectic point (the composition of first melt) of nepheline (NaAlSiO4)forsterite (Mg2SiO4)-quartz (SiO2) moves with pressure from silica-saturated
to highly undersaturated and alkaline melts (Gupta et al., 1987; Kushiro, 1968)
and these composition can be regarded as a simplest model system for
basaltic melts (Eggler, 1978; Windom and Boettcher, 1981; Yoder and Tilley,
1962). Nepheline-forsterite-quartz eutectic composition could be model
system for alkali rich basaltic melts (e.g., Humphreys and Niu, 2009; Niu,
2008). The compositions of basaltic melts generated by partial melting of
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upper mantle peridotite (KLB-1, the olivine xenolith from Kilbourne Hole)
also vary with pressure (Hirose and Kushiro, 1993; Takahashi, 1986; Zhang,
1994). While previous

27Al

NMR study for diopside-anorthite eutectic

composition suggested the effects of pressure on the atomic structure of
model basaltic glasses, the effects of composition on the atomic structure of
natural glasses and melts remain unsolved (Lee et al., 2012).
KLB-1 has been used to represent the composition of mantle in
many high-pressure experimental studies (Agee and Walker, 1993; Herzberg
et al., 1990; Herzberg and Zhang, 1996; Hirose, 1997a, b, 2002; Hirose and Fei,
2002; Hirose and Kawamoto, 1995; Hirose and Kushiro, 1993; Konzett and
Fei, 2000; Matsukage and Kubo, 2003; McFarlane et al., 1994; Takahashi, 1986;
Takahashi et al., 1993; Wang and Takahashi, 2000; Yoshino et al., 2004; Zhang,
1994) and theoretical studies (Arndt et al., 1997; Dobretsov et al., 2006;
Iwamori et al., 1995; Katz et al., 2003; Komiya, 2004; Moore et al., 1998; Ogawa
and Nakamura, 1998). Previous experimental and theoretical studies depend
on the KLB-1 bulk composition because it is among very few natural
peridotite samples that may approximate the composition of the source of
the typical mid-ocean ridge basalt (MORB). While compositions of MORB
indicate that the upper mantle is fertile with respect to major elements such
as CaO, Al2O3, and Na2O, but depleted K2O, all natural peridotite samples
are depleted in those elements relative to the MORB source and have nonnegligible K2O (Salters and Stracke, 2004; Workman and Hart, 2005).
The atomic structure (e.g., coordination number, various types of
structural disorder, and network connectivity) of multi-component silicate
glasses and melts including Na2O-MgO-Al2O3-SiO2 (NMAS) glasses in
nepheline-forsterite-quartz eutectic composition and KLB-1 basaltic glasses
and melts has considerable implications for the macroscopic properties of
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natural silicate melts (Bajgain et al., 2015; Bauchy et al., 2013; Giordano et al.,
2008; Kelsey et al., 2008; Lee, 2005, 2011; Moulton et al., 2016; Mysen and
Richet, 2005; Navrotsky et al., 1983; Neuville et al., 2004, 2006; Potuzak and
Dingwell, 2006). However, overlaps among peaks (in any spectroscopic
methods) and scattering factors (X-ray and neutron scattering) of the multicomponent silicate glasses become more prominent with increasing numbers
of oxide components due to enhanced topological (due to bond angle and
bond length distribution and distortion of glass networks around Al and Si)
and configurational disorder (due to mixing between different species, e.g.,
mixing between [4]Al and [5]Al) in the glasses, making it challenging to probe
their detailed atomic structures (Mysen and Toplis, 2007). As a results, the
structure of basaltic glasses and melts has been studied on relatively simple
model system, thus the structural behavior of the natural basaltic glasses and
melts remains unsolved question. In contrast, melting experiments at high
pressure and temperature and macroscopic properties of multi-component
silicate glasses including NMAS glasses in nepheline-forsterite-quartz and
KLB-1 basaltic glasses and melts have been extensively studied. The previous
study for the viscosity of olivine tholeiite and calc-alkaline andesite melts
showed that the viscosity decreases with increasing pressure and the
viscosity of tholeiitic magma is larger than that of calc-alkaline magma
(Kushiro, 1976). Previous study for the partial melting of KLB-1 peridotite
showed that the partial melting of KLB-1 peridotite occurs fast. Thus the
melting rate may be faster than the seismic time scale and may be a dominant
factor in defining the seismic velocity and attenuation of partially molten
regions (Du et al., 2014). Vp and VS were measured for synthetic KLB-1
peridotite and bulk modulus was calculated from those measurement. The
results showed that the velocities for an aggregate with the pyrolitic
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composition of KLB-1 are in close agreement with seismic data at the depths
of the Earth’s upper mantle (Wang et al., 2015). While the element
partitioning coefficient changes with NBO/T in silicate, there is no simple
universal structural relationship that relates mineral/melt partitioning
behavior to NBO/T of the melt. Those results suggest that the composition
of silicate melt affect mineral/melt element partitioning (Kushiro and Mysen,
2002; Mysen, 2004; Mysen and Dubinsky, 2004).
These changes in the thermo-mechanical and transport properties
of NMAS glasses in nepheline-forsterite-quartz eutectic composition and
KLB-1 basaltic glasses and melts are obviously linked to changes in the
atomic

structure

related

to

changing

composition.

Despite

the

aforementioned difficulties in exploring the local structures of multicomponent silicate glasses, the cation coordination environments of complex
quaternary oxide glasses with geochemical implications have recently been
reported. For example of Al coordination environments, recent studies of the
model basaltic glasses in diopside–Ca–tschermakite join and diopside–
anorthite eutectic composition showed the presence of five coordinated Al
([5]Al) (Park and Lee, 2012; Xue and Kanzaki, 2008). A previous study of the
shock-compressed model basaltic glasses (diopside–anorthite eutectic
composition, Di64An36) also showed that the fraction of

[5]Al

in the basaltic

glasses increased upon dynamic compression up to peak pressure of ~20 GPa
(Lee et al., 2012). Al coordination environments in hydrous andesite glasses
have also been studied extensively (Malfait et al., 2012). A previous study of
the model andesitic glasses in diopside–jadeite join showed only

[4]Al

is

observed in those glasses (Park and Lee, 2014).
Previous studies have shown that the extent of disorder, such as
network connectivity and the degree of Al avoidance (Si/Al framework
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disorder), is important in understanding the configurational thermodynamic
properties of the aluminosilicate glasses, such as configurational entropy and
heat capacity as well as the Gibbs free energy of mixing (Lee, 2005, 2011;
Mysen and Richet, 2005; Navrotsky et al., 1983). Various types of additional
structural disorder also affect configurational properties of glasses and melts.
These structural disorders include bonding preferences between NBOs and
the framework cations (e.g., Si–NBO vs. Al–NBO) (Allwardt et al., 2003) and
partitioning of network modifying cations between non-bridging oxygens
(NBOs) and bridging oxygens (BOs) (Lee and Sung, 2008; Park and Lee, 2012,
2014). Information regarding these types of disorder can be obtained using
various spectroscopic methods, particularly with

17O

NMR (Lee, 2010).

Additional intrinsic structural disorder also results from bond angle and
length distribution (topological disorder). Furthermore, the degree of
network connectivity, often represented by the fractions of NBO, offers
insights into the viscosity and activity coefficient of SiO2 (Giordano and
Dingwell, 2003; Lee, 2011). Previous efforts and advances to reveal the extent
of disorder have often focused on relatively simple model silicate glasses.
Relatively few studies have been performed to explore the structure and the
extent of disorder in other diverse geologically important multi-component
glasses and melts (Park and Lee, 2012, 2014). Here, we attempt to reveal the
nature of the various aspects of disorder (Si/Al ordering, preference between
non-network cations and BOs and NBOs), and the degree of polymerization
in the simplest basaltic glasses and melts (NMAS glasses in nephelineforsterite-quartz eutectic composition) and multi-component KLB-1 basaltic
glasses and melts.
In this study, we explore the coordination environments of
framework cations, network connectivity, and the extent of disorder (i.e.,
164

chemical and topological disorder) in NMAS glasses in nepheline
(NaAlSiO4)-forsterite (Mg2SiO4)-quartz (SiO2) eutectic composition and
basaltic glasses generated by partial melting of upper mantle peridotite (KLB1) using multi-nuclear (27Al and 17O) high-resolution solid-state NMR, which
has proven effective in revealing detailed degrees of disorder in such glasses
(Lee et al., 2009; Stebbins et al., 2001a; Stebbins and Xu, 1997; Stebbins and
Xue, 2014). While natural basaltic glasses have additional essential
components (FeO and Fe2O3), NMR has shown limited utility in resolving
atomic structures of iron bearing glasses. Thus the focus of the current study
is on the iron-free basaltic glasses.

5.2. Experimental methods
5.2.1. Sample preparation
Na-Mg silicate glasses, NMAS glasses in nepheline-forsteritequartz eutectic composition, and KLB-1 basaltic glasses were synthesized
from oxide (Al2O3, SiO2, MgO, and TiO2) and carbonate (CaCO3, Na2CO3, and
K2CO3). Small weight loss (~0.9~2.1 wt%) was observed after decarbonation.
Approximately 0.2 wt% of cobalt oxide was added to reduce the spin–lattice
relaxation time. The mixtures were then melted in a Pt crucible for 1 h at
1450~1600 °C (above their respective melting temperatures) and then
quenched by removing the crucible from the furnace and manually lowering
it into water.

17O-enriched

Na-Mg silicate glasses, Na2O-MgO-Al2O3-SiO2

glasses in nepheline-forsterite-quartz eutectic composition, and KLB-1
basaltic glasses were synthesized from oxide (Al2O3, MgO, and TiO2),
carbonate (CaCO3, Na2CO3, and K2CO3), and 17O-enriched SiO2. Negligible
weight loss (~1.2~2.4 wt% for NMAS glasses and ~0.8–1.4 wt% for KLB-1
basaltic glasses) was observed after decarbonation. The mole fraction of FeO
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and Fe2O3 were removed from the composition of KLB-1 basaltic glasses
using previous results of the oxidation state of Fe in basalt (Fe3+:Fe2+ = 0.16 :
0.84) (Cottrell and Kelley, 2011). The oxidation state of Fe in subduction zone
basalts is higher than basalts from other tectonic settings (Fe3+:Fe2+ = 0.25:0.75),
thus the composition of basaltic glasses and melts generated from KLB-1
could have variation due to the difference of oxidation state (Kelley and
Cottrell, 2012). The composition of KLB-1 basaltic glasses are recalculated by
the mole fraction of FeO are replaced MgO fraction and that of Fe2O3 are
replaced by Al2O3 fraction. The effects of composition on natural basaltic
glasses and melts including iron remain to be explored. Table 5.1, 5.2, and 5.3
show the nominal and chemical compositions of the Na-Mg silicate glasses,
NMAS glasses in nepheline-forsterite-quartz eutectic composition, and KLB1 basaltic glasses estimated by inductively coupled plasma atomic emission
spectroscopy (ICP-AES).

5.2.2. NMR spectroscopy
17O

NMR, 29Si NMR, and 27Al NMR spectra of Na-Mg silicate glasses

and nepheline-forsterite-quartz eutectic glass were collected on the Varian
solid-state NMR 400 system (9.4 T) at Larmor frequency of 54.23 MHz, 79.50
MHz, and 104.23 MHz respectively. 17O MAS and 3QMAS NMR spectra NaMg silicate glasses were collected using a 4 mm Doty double-resonance
probe. The relaxation delay for the

17O

MAS NMR was 1 s, the radio

frequency pulse length was 1.0 µs, and the spinning speed was 14 kHz for
Na-Mg silicate glasses. A 0.4 μs radio frequency (rf) pulse was used with a
relaxation delay of 1 s and 1920 scans of free-induction decay (FID) were
averaged for Na-Mg silicate glasses. In the 17O 3QMAS NMR experiment at
9.4 T, a FAM-based shifted-echo pulse sequence was used, which consisted
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Table 5.1. Nominal composition and ICP analysis of Na-Mg disilicate glasses.

XMgO

Nominal composition (mol%)
Na2O

MgO

SiO2

0.025

32.5

0.8

66.7

0.05

31.7

1.7

66.7

0.1

30.0

3.3

66.7

0.25

25.0

8.3

66.7

0.5

16.7

16.7

66.7

0.75

8.3

25.0

66.7

Nominal composition
(mol%)

XMgO

ICP analysis (mol%)

Na2O

MgO

Na2O

MgO

0.025

97.5

2.5

95.8

4.2

0.05

95.0

5.0

93.5

6.5

0.1

90.0

10.0

87.8

12.2

0.25

75.0

25.0

70.8

29.2

0.5

50.0

5.0

44.9

55.1

0.75

25.0

75.0

21.7

78.3
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Table 5.2. Nominal composition and ICP analysis of Na2O-MgO-Al2O3-SiO2
(NMAS) glasses in nepheline-forsterite-quartz eutectic composition.

XMgO

NMAS mol% (nominal composition)
Na2O

MgO

Al2O3

SiO2

NBO/T

0.13

10.4

1.6

10.4

77.6

0.03

0.24

13.2

4.1

13.2

69.5

0.09

0.30

14.5

6.2

14.5

64.8

0.13

0.39

16.4

10.3

16.4

56.9

0.23

NMAS mol% (nominal
composition)

XMgO

NMAS mol% (ICP analysis)

Na2O

MgO

Al2O3

Na2O

MgO

Al2O3

0.13

46.4

7.1

46.4

45.0

12.2

42.8

0.24

43.3

13.4

43.3

42.1

16.6

41.3

0.30

41.2

17.6

41.2

39.7

20.9

39.4

0.39

38.1

23.9

38.1

36.1

27.4

36.5
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Table 5.3. Nominal composition and ICP analysis of KLB-1 basaltic glasses.
composition
(mol%)

XMgO
0.55

0.70

0.79

SiO2

54.3

49.8

46.2

TiO2

0.7

0.4

0.3

Al2O3

12.3

9.5

8.1

MgO
CaO

15.2
12.4

22.5
16

29.6
14.7

Na2O

4.7

1.6

0.8

K 2O

0.2

0.1

0.1

NBO/T

0.51

0.89

1.18

nominal composition

ICP analysis

XMgO

XMgO

composition
(mol%)
0.55

0.70

0.79

0.55

0.70

0.79

TiO2

1.5

0.8

0.6

1.6

1.0

1.0

Al2O3

27.0

19.0

15.1

23.5

16.7

13.3

MgO

33.4

44.9

55.2

34.9

47.0

57.9

CaO

27.3

31.9

27.4

28.9

31.9

26.2

Na2O

10.3

3.2

1.5

10.6

3.2

1.4

K2O

0.4

0.2

0.2

0.5

0.3

0.2
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of a hard pulse with a duration of 4.5 μs for multiple-quantum excitation,
two 1.1 μs pulses for single-quantum reconversion, and a soft pulse of
approximately 20 μs duration for Li-Ba and Na-Mg silicate glasses. A 500 μs
echo time was used with a relaxation delay of 1 s.
The

27Al

MAS and 3QMAS NMR spectra of glasses in nepheline-

forsterite-quartz eutectic composition and KLB-1 glasses were collected
using a Varian solid-state NMR 400 system (9.4 T) at a Larmor frequency of
104.23 MHz with a 3.2-mm Varian probe (Seoul National University, Korea)
with spinning speed of 17 kHz. The relaxation delay for the 27Al MAS NMR
was 1.0 s for glasses in nepheline-forsterite-quartz eutectic composition and
that was 0.5 s for KLB-1 basaltic glasses. The rf pulse length was 0.3 µs (~ 30
degree tip angle). A fast-amplitude modulation (FAM)-based shifted-echo
pulse sequence was used in the

27Al

3QMAS NMR. This pulse sequence

consisted of two hard pulses (3.0 and 0.6 µs) and a subsequent soft pulse (~15
µs) with ~500 µs echo time and a relaxation delay of 0.5–1.0 s. Approximately
768–864 scans were averaged to achieve the signal-to-noise ratio shown in
the 3QMAS NMR spectra for glasses in nepheline-forsterite-quartz eutectic
composition and 3168–4032 scans were averaged for KLB-1 basaltic glasses.
The

17O

MAS and 3QMAS NMR spectra of glasses in nepheline-

forsterite-quartz eutectic composition are performed with Varian solid-state
NMR 400 system (9.4 T) at a Larmor frequency of 54.23 MHz with a 4 mm
Doty probe (Seoul National University, Korea) with spinning speed of 14
kHz. The relaxation delay for the

17O

MAS NMR was 1.0 s for glasses in

nepheline-forsterite-quartz eutectic composition and that was 0.5 s for KLB1 basaltic glasses. The rf pulse length was 0.3 µs. A FAM-based shifted-echo
pulse sequence was used in the

17O

3QMAS NMR. This pulse sequence

consisted of two hard pulses (3.0 and 0.6 µs) and a subsequent soft pulse (~15
µs) with ~500 µs echo time and a relaxation delay of 0.5–1.0 s. Approximately
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768–864 scans were averaged to achieve the signal-to-noise ratio shown in
the 3QMAS NMR spectra for glasses in nepheline-forsterite-quartz eutectic
composition and 3168–4032 scans were averaged for KLB-1 basaltic glasses.
5.3. Results and discussion
5.3.1. Al environments of NMAS glasses in nepheline-forsterite-quartz
eutectic composition and KLB-1 basaltic glasses: 27Al MAS and 3QMAS
NMR results
Figure 5.1A shows

27Al

MAS NMR spectra of NMAS glasses in

nepheline-forsterite-quartz eutectic composition with varying XMgO,
revealing predominant [4]Al (here, XMgO is mole fraction of MgO). The peak
maximum of

[4]Al

increases from 51.1 ± 1.5 ppm at XMgO = 0.13 to 54.3 ± 1.5

ppm at XMgO = 0.39, suggesting that the fraction of Q4Al(nSi) species around
Al change with XMgO. Additionally, the changes could also be due to the
presence of cations with higher field strength (e.g., Mg2+): with increasing
cation field strength of non-network forming cations, the peak position in
the isotropic dimension moves to more negative shift (Lee and Stebbins,
2000). The peak width of [4]Al (i.e., full-width at half-maximum, FWHM) is
consistent (~24 ppm) from XMgO = 0.13 to XMgO = 0.30, suggesting that the
topological disorder (including atomic configuration) around Al is
consistent. However, it increases with a further increase in XMgO to 25.8 ± 1.5
ppm (XMgO = 0.39).
Figure 5.1B shows 27Al 3QMAS NMR spectra of NMAS glasses in
nepheline-forsterite-quartz eutectic composition with varying XMgO. The [4]Al
is only observed at ~-37 ppm in isotropic dimension in NMAS glasses in
nepheline-forsterite-quartz eutectic composition, consistent with the 1D 27Al
MAS NMR results. The peak position of [4]Al in the glasses shifts from -36.6.
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Figure 5.1. (A) 27Al MAS NMR spectra for Na2O–MgO–Al2O3–SiO2 glasses in
nepheline-forsterite-quartz eutectic composition at 9.4 T with varying XMgO
[MgO/(MgO+Al2O3)]. (B) 27Al 3QMAS NMR spectra for Na2O–MgO–Al2O3–
SiO2 glasses in nepheline-forsterite-quartz eutectic composition with varying
XMgO. Contour lines are drawn at 5% intervals from relative intensities of 2%
to 97%. (C) Total isotropic projection of 27Al 3QMAS NMR spectra for Na2O–
MgO–Al2O3–SiO2 glasses in nepheline-forsterite-quartz eutectic composition
with varying XMgO.
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± 1.5 ppm at XMgO = 0.13 to -38.6 ± 1.5 ppm at XMgO = 0.39 in the isotropic
dimension. The measured peak width (FWHM) of

[4]Al

in the MAS

dimension of the 2D spectra increases from 21.5 ± 1.5 ppm (XMgO = 0) to 22.5
± 1.5 ppm (XMgO = 0.75). The peak width in the MAS dimension is directly
proportional

to the magnitudes

of

the quadrupolar

interactions.

Additionally chemical shift distribution in each Al site can also partly
contribute to the peak width. Because Al is a quadrupolar nuclide, nonspherical nuclear charge is interacting with the electric field gradient around
Al nuclide. The magnitude of the quadrupolar interactions is parameterized
with quadrupolar coupling constant, Cq. This interaction is a measure of the
degree of distortion and thus a deviation from perfect cubic symmetry
around the Al environments (Baltisberger et al., 1996; Ghose and Tsang,
1973). The deviation from perfect tetrahedral symmetry is relevant to the
distortion of [4]Al in the silicate glasses. Thus the observed trend of increase
in average Cq suggests that the degree of network distortion around the Al
(and thus, Qn species) increases with increasing XMgO.
Figure 1C shows the total isotropic projections (sum of the spectrum
into the isotropic dimension) of the 27Al 3QMAS NMR spectra for NMAS
glasses in the nepheline-forsterite-quartz eutectic composition with varying
XMgO. The peak maximum of

[4]Al

in the glass shifts from -36.6 ± 1.5 ppm

(XMgO = 0.13) to -38.6 ± 1.5 ppm (XMgO = 0.39) in the isotropic dimension. The
change of peak maximum suggests a change of Q4Al(nSi) species (fully
polymerized [4]Al species with n number of Si as next nearest neighbors) as
Al in the glasses is expected to be fully polymerized forming only Q4 species
(Allwardt et al., 2003). Based on the known relationship between peak
position of Q4(nSi) species with increasing n, the observed changes in the
peak position indicate the change of Q4Al(nSi) species with increasing XMgO
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(Lee and Stebbins, 2000). Additionally, the changes could also be due to the
presence of cations with higher field strength (e.g., Mg2+): with increasing
cation field strength of non-network forming cations, the peak position in
the isotropic dimension moves to more negative shift (Lee and Stebbins,
2000). The estimated peak width (FWHM) for [4]Al in the isotropic projection
slightly increases from 8.9 ± 1.5 ppm (XMgO = 0.13) to 10.9 ± 1.5 ppm (XMgO =
0.39) with increasing XMgO. Those results again confirm that the
configurational disorder around Al in the glasses increases with increasing
XMgO.
Figure 5.2A shows the

27Al

MAS NMR spectra for KLB-1 basaltic

glasses with varying XMgO. The [4]Al peak at ~52.7 ± 1.0 ppm is dominant in
all the glasses studied here. While only

[4]Al

is observed in glass at XMgO =

0.55, non-negligible fraction of [5]Al are observed in glass at XMgO = 0.79. The
shape of the spectrum is also characterized by long tails extending to lower
frequencies (i.e., smaller chemical shift ranges). This trend results from
distributions of the quadrupolar coupling constant (Cq) and the isotropic
chemical shift (δiso) of Al environments in the glasses, indicating extensive
structural disorder in the glasses. The peak widths (FWHM) of the 27Al MAS
NMR spectra for KLB-1 basaltic glasses increase systematically with
increasing XMgO from ~36.3 ± 1.5 ppm for XMgO = 0.55 to ~45.7 ± 1.5 ppm for
XMgO = 0.79. Those results suggest that the degree of distortion around the
Al (e.g., change of bond angle and bond distance) and/or configurational
disorder may increase with the MgO component of the glasses. 3QMAS
NMR provides a much improved resolution in 2D spectra over 1D MAS
NMR and thus can yield detailed information on the network connectivity
in oxide glasses (e.g., Frydman and Harwood, 1995).
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Figure 5.2. (A) 27Al MAS NMR spectra for KLB-1 basaltic glasses at 9.4 T with
varying XMgO [MgO/(MgO+Al2O3)]. (B) 27Al 3QMAS NMR spectra for KLB1 basaltic glasses at 9.4 T with varying XMgO [MgO/(MgO+Al2O3)]. Contour
lines are drawn at 5% intervals from relative intensities of 12% to 82% with
added lines at 4%, 6% and 8%. (C) Total isotropic projection of 27Al 3QMAS
NMR spectra for KLB-1 basaltic glasses with varying XMgO.
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Figure 5.2B shows the 2D

27Al

3QMAS NMR spectra (with much

improved site resolution than the 1D MAS) for KLB-1 basaltic glasses with
varying XMgO. While only

[4]Al

is observed in the glass at XMgO = 0.55,

consistent with the 1D NMR results, a minor but detectable amount of [5]Al
is also observed for the glasses at XMgO = 0.70 and 0.79 (~–20 ± 1.5 ppm in the
isotropic dimension), indicating an increase in the topological and
configurational disorder in the glasses with XMgO = 0.70 and 0.79. The
measured peak width (FWHM) of

[4]Al

in the MAS dimension of the 2D

3QMAS NMR spectra increases from 29.5 ± 1.5 ppm (XMgO = 0.55) to 35.1 ±
1.5 ppm (XMgO = 0.79). The peak width in the MAS dimension is directly
proportional to the magnitudes of the quadrupolar interactions originating
from the electric field gradient around the Al nuclide and the nuclear
quadrupolar moment (i.e., quadrupolar coupling constant, Cq). This
interaction is a measure of the degree of distortion and thus a deviation from
perfect cubic symmetry around the Al environments (Baltisberger et al., 1996;
Ghose and Tsang, 1973). Thus the trend indicates that the degree of network
distortion around the Al increases with increasing XMgO. Figure 5.2C shows
the total isotropic projections of the

27Al

3QMAS NMR spectra for KLB-1

basaltic glasses with varying XMgO. The peak maximum of

[4]Al

in the glass

shifts from –40.6 ± 1.5 ppm (XMgO = 0.55) to –42.1 ± 1.5 ppm (XMgO = 0.79) in
the isotropic dimension. The change of peak maximum suggests a change of
Q4(nSi) species (fully polymerized [4]Al species with n number of Si as next
nearest neighbors) as Al in the glasses is expected to be fully polymerized
forming only Q4 species (Allwardt et al., 2003). Based on the known
relationship between peak position of Q4(nSi) species with increasing n, the
observed changes in the peak position indicates that the proportions of
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Q4(4Si) and Q4(3Si) species increase with increasing XMgo (Lee and Stebbins,
2000).
Figure 5.3 shows that the relative population of

[5]Al,

which is

calibrated taking into consideration the 3QMAS efficiency (excitation of
triple-quantum coherence and its reconversion to single-quantum coherence)
of each Al site (Lee et al., 2010). Note that the 3QMAS efficiency is affected
by quadrupolar interactions between nuclear quadrupole moment and
electric field gradient around Al nuclide (Bak et al., 2000; Baltisberger et al.,
1996). The calibrated fraction of

[5]Al

slightly increases upto ~2.6% (XMgO =

0.79) with increasing XMgO, while the variation is within error range. This
trend is to some extent consistent with previous NMR studies ternary and
quaternary aluminosilicate glasses where the fraction of [5]Al increases with
increasing cation field strength (Allwardt et al., 2005; Bunker et al., 1991;
Kelsey et al., 2008; Lee et al., 2005; Park and Lee, 2014). We note that
estimation of the fraction of a small amount of

[5]Al

and

[6]Al

(~1-10%) is

intrinsically difficult because the measurement and analysis of 1D 27Al MAS
NMR at high (and low) field often depends on the model for the parameter
(Cq and isotropic chemical shift) distributions and assumptions used to fit
the 1D experimental data and 2D 27Al 3QMAS technique is not quantitative
and the larger Cq sites are often underestimated. It should be noted that the
[5]Al

fraction in the current study may not be regarded as unique value but

rather represents one of the possible solutions.
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Figure 5.3. Population of [5]Al for KLB-1 basaltic glasses with varying XMgO.
The error bar of ±0.5% was estimated based on estimated uncertainty in
peak area and quadrupolar coupling constant (Cq) that affects peak intensity.
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5.3.2. Variation in NMR parameters in NMAS glasses in nephelineforsterite-quartz eutectic composition and KLB-1 basaltic glasses
Figure 5.4 shows the effects of composition on the structurally
relevant Cq [=Pq/(1 + ŋ 2/3)1/2, where Pq and ŋ are the quadrupolar coupling
product and the asymmetry parameter, respectively] of
glasses and

[4]Al

and

[5]Al

[4]Al

in the NMAS

in KLB-1 basaltic glasses. Here, Pq was obtained

from the center of gravity of the [4]Al and [5]Al peak in the 27Al 3QMAS NMR
spectra and the asymmetry parameter (ŋ) is assumed to be 0.5: note that the
change in ŋ does not lead to noticeable changes in the calculated Cq (Park
and Lee, 2012). The Cq of [4]Al in NMAS glasses in nepheline-forsterite-quartz
eutectic composition increases with increasing XMgO from 5.0 ± 0.4 MHz
(XMgO = 0) to 5.4 ± 0.4 MHz (XMgO = 0.75). Larger Cq indicates a larger
deviation from the perfect cubic symmetry around Al, which can result from
Al–O bond length (as well as bond angle) distribution. The current results
indeed indicate that the degree of overall topological disorder around

[4]Al

increases with increasing XMgO in the NMAS glasses in nepheline-forsteritequartz eutectic composition. As the Q species in the glasses varies with
composition, the observed variation in average Cq of Al sites in the glasses is
likely to be affected by the variation in Q4Al(nSi) species and each Q species
have distinct Cq values (Lee and Stebbins, 2000 and references therein). The
degree of distortion of each Q4Al(nSi) species may also change with Mg2+
(those increases with increasing XMgO): presence of higher field strength
cations leads to the larger network distortion, contributing to an increase in
the average Cq value with increasing XMgO (Lee and Stebbins, 2006, 2009; Park
and Lee, 2012, 2014). The Cq of

[4]Al

in KLB-1 basaltic glasses increases

slightly with increasing XMgO from 6.5 ± 0.4 MHz (XMgO = 0.55) to 6.8 ± 0.4
MHz (XMgO = 0.79). The current results indeed indicate that the degree of
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Figure 5.4. Quadrupolar coupling constant (Cq) of

[4]Al

in Na2O–MgO–

Al2O3–SiO2 glasses in nepheline-forsterite-quartz eutectic composition and
those of

[4]Al

and

[5]Al

in KLB-1 basaltic glasses at 9.4 T with varying XMgO

[MgO/(MgO+Al2O3)]. The asymmetry parameter is assumed to be 0.5. The
estimated error bar of ±0.4 MHz for [4]Al and that of

±0.5 MHz for [5]Al were

determined based on the uncertainty in the position of the center of gravity
of each peak.
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overall topological disorder around [4]Al (due to Al–O bond length and angle
distribution) slightly increases with increasing XMgO in the KLB-1 basaltic
glasses, accompanied with enhanced variations in Q species in the glasses
with an increase in XMgO. The Cq of [5]Al seems to increase slightly from 4.8 ±
0.5 MHz (for XMgO = 0.70) to 5.1 ± 0.5 MHz (for XMgO = 0.79) with increasing
XMgO. This result demonstrates that the presence of Mg2+ leads to the
formation of

[5]Al

and increases the degree of network distortion and thus

Al-O bond length and angle distribution around

[5]Al.

Note that due to

relatively low [5]Al intensity there is uncertainty in the absolute Cq value of
[5]Al.

Furthermore, the Cq value for the site can be larger at higher magnetic

field. The current results thus show the observed trend for Cq’s for both [4,5]Al
with increasing XMgO at 9.4 T.

5.3.3. Probing the extent of network connectivity and configurational
disorder: 17O 3QMAS NMR results of Na-Mg silicate glasses
Figure 5.5 shows

17O

3QMAS NMR spectra for Na-Mg silicate

glasses with varying XMgO. The current peak assignment is based on previous
reports on binary and ternary silicate glasses (Lee and Stebbins, 2009). The
peak intensity, position, and width for each NBO and BO peak varies with
composition, suggesting changes in structurally relevant NMR parameters
and the degree of disorder with the degree of polymerization. While the peak
position of Na-O-Si is ~-22 ppm in isotropic dimension in Na-disilicate glass
(Lee and Stebbins, 2003), the NBO peaks [Na-O-Si + {Na, Mg}-NBO + Mg-OSi] are observed around ~-24 ppm in isotropic dimension at XMgO = 0.025,
0.05, 0.10, 0.25, and 0.50. The NBO peak shifts to lower frequency (~-26 ppm)
with a further increase in XMgO (XMgO = 0.75). The Si–O–Si peaks are
completely resolved at ~-45 ppm in isotropic dimension as labeled. The peak
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Figure 5.5. 17O 3QMAS NMR spectra for Na-Mg silicate glasses with varying
XMgO [MgO/(MgO+Al2O3)]. Contour lines are drawn at 5% intervals from
relative intensities of 3% to 98%.
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maximum of Si-O-Si changes with increasing XMgO. The peak maximum of
Si-O-Si shifts toward higher frequency in isotropic dimension with
increasing XMgO, suggesting that the topological disorder (i.e., Si-O-Si bond
angle and length) changes with increasing XMgO. The peak width (full width
at half maximum) of Si-O-Si increases with increasing XMgO. The peak shape
of glass at XMgO=0.025 is similar with Na-disilicate glass (Lee and Stebbins,
2003, 2009). The peaks of Na-O-Si, {Na, Mg}-O-Si, and Mg-O-Si are expected
in Na-Mg silicate glasses at XMgO = 0.025. Nevertheless, if a few % of Mg-OSi exist in Na-Mg silicate glasses at XMgO = 0.025, due to the overlap with SiO-Si and Na-O-Si may not be detected. The peak width of {Na, Mg}-O-Si
increases with increasing XMgO because of the increased NBO configurations
and structural perturbation caused by Mg2+ (higher cation field strength).
The peak width of Si-O-Si slightly increases from ~6.4 ppm at at XMgO = 0.025
to ~7.5 ppm at XMgO = 0.75 with increasing XMgO, suggesting that Mg2+
interacts with Si-O-Si.
Figure 5.6 shows total isotropic projection of

17O

3QMAS NMR

spectra for Na-Mg silicate glasses with varying XMgO. The Si-O-Si peak is well
resolved in Na-Mg silicate glasses. The peak maximum of Si-O-Si increases
from -46.4 ± 0.5 ppm at XMgO = 0.025 to -44.5 ± 0.5 ppm at XMgO=0.75. The
peak maximum of NBOs [Na-O-Si + {Na, Mg}-NBO + Mg-O-Si] increases
from -24.5 ± 0.5 ppm at XMgO = 0.025 to -23.8 ± 0.5 ppm at XMgO=0.05. It
further decreases to -25.7 ± 0.5 ppm at XMgO = 0.75. It should be noted that
both NBO and BO peak positions change with composition, suggesting a
relatively homogenous distribution of Mg2+. In other word, Mg2+ interacts
with BO and NBO. Similar observations have been reported for Ca-silicate
glasses and Na-silicate glasses, where both the NBO and BO peak positions
are strongly dependent on composition (Lee and Stebbins, 2006, 2009). The
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Figure 5.6. Total isotropic projection of 17O 3QMAS NMR spectra for NaMg silicate glasses with varying at 9.4 T with varying XMgO
[MgO/(MgO+Al2O3)].
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peak width of Si-O-Si increases from 6.3 ± 0.5 ppm at XMgO = 0.025 to 7.5
± 0.5 ppm at XMgO=0.75. The peak width of {Na, Mg}-O-Si increases from
8.5 ± 0.5 ppm at XMgO=0.025 to 13.5 ± 0.5 ppm at XMgO=0.75 in isotropic
dimension.

5.3.4. Probing the extent of network connectivity and configurational
disorder in NMAS glasses and melts in nepheline-forsterite-quartz
eutectic composition: 17O MAS and 3QMAS NMR results
Figure 5.7 shows the 2D 17O 3QMAS NMR spectra for NMAS glasses
in the nepheline-forsterite-quartz eutectic composition with varying XMgO,
showing much enhanced resolution among the oxygen peaks compared with
the

17O

MAS NMR spectra (data not shown here). The peak of Si-O-Si is

completely resolved and those of Si–O–Al, and Al–O–Al are partially
resolved. While the peaks of the NBOs [Na-O-Si, {Na, Mg}-O-Si, and Mg-OSi] are not fully resolved due to peak overlapped with BOs, the peak shape
of overlapped peak (Si-O-Al + NBOs) change with increasing XMgO,
suggesting an increase of NBOs. The NBO peaks are partially resolved at -35
ppm in isotropic dimension at XMgO = 0.39. Note that the peak assignments
of BOs and NBOs in the 17O NMR spectra are based on previous studies of
diverse crystalline and non-crystalline aluminosilicate and silicate glasses
(Allwardt et al., 2003; Allwardt and Stebbins, 2004; Dirken et al., 1997; Lee,
2010; Lee et al., 2005; Lee et al., 2016; Maekawa et al., 1996; Pingel et al., 1998;
Stebbins et al., 2001a; Stebbins and Xu, 1997; Stebbins et al., 2001b; Timken et
al., 1987; Van Eck et al., 1999). The intensity of Si–O–Si decreases with
increasing XMgO. While the mixed NBOs peaks are overlapped with Si-O-Al,
17O

3QMAS spectra show that the intensity of mixed NBOs peaks increases
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with increasing XMgO, consistent with expected fraction from composition. A
non-negligible fraction of Al-O-Al species are observed in all of composition,
indicating a violation of the Al-avoidance rule in the NMAS glasses in
nepheline-forsterite-quartz eutectic composition. The fraction of Al-O-Al
increases with increasing XMgO.
Figure 5.8 shows the total isotropic projection of the 2D 17O 3QMAS
NMR spectra for NMAS glasses in nepheline-forsterite-quartz eutectic
composition. While Si–O–Al are overlapped with NBOs, the Si-O-Si are
clearly resolved and the fraction of Si-O-Si decreases with increasing XMgO.
The peak position of Si-O-Si decreases from ~-42.7 ppm at XMgO = 0.13 to ~44.5 ppm at XMgO = 0.39. The peak position of Si-O-Al + NBOs [Na-O-Si +
{Na, Mg}-O-Si + Mg-O-Si] increase from ~-26.3 ppm at XMgO = 0.13 to ~-28.9
ppm at XMgO = 0.39. A non-negligible fraction of Al–O–Al (~-12 ppm at XMgO
= 0.13) are partially resolved and it increases with increasing XMgO.
Figure 5.9 shows the

17O

MAS NMR spectra for KLB-1 basaltic

glasses with varying XMgO, which a single broad peak due to the overlap
among BOs and NBOs can be seen. The peak maximum of 17O MAS NMR
spectra for KLB-1 basaltic glasses increases from ~13 ppm (XMgO = 0.55) to
~19 ppm (XMgO = 0.79), suggesting the fraction of BOs and NBOs change with
XMgO. The overlapped peaks due to the NBO and BO sites are not resolved in
the 1D MAS NMR spectra, but better resolution can be achieved by use of
17O

3QMAS NMR. While the 1D MAS NMR spectra provide quantitative

information for each BO and NBO, it is difficult to quantitative analysis due
to peak overlap, the following discussion is thus qualitative.
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Figure 5.7. 17O 3QMAS NMR spectra for Na2O–MgO–Al2O3–SiO2 glasses in
nepheline-forsterite-quartz eutectic composition at 9.4 T with varying XMgO
[MgO/(MgO+Al2O3)]. Contour lines is drawn at 5% intervals from relative
intensities of 8% to 98% with added lines at 3% and 5%.
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Figure 5.8. Total isotropic projection of 17O 3QMAS NMR spectra for Na2O–
MgO–Al2O3–SiO2 glasses in nepheline-forsterite-quartz eutectic composition
at 9.4 T with varying XMgO [MgO/(MgO+Al2O3)].
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Figure 5.9. 17O MAS NMR spectra for KLB-1 basaltic glasses at 9.4 T with
varying XMgO [MgO/(MgO+Al2O3)].
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Figure 5.10 shows the 2D

17O

3QMAS NMR spectra for KLB-1

basaltic glasses with varying XMgO, showing much enhanced resolution
among the oxygen peaks compared with the 17O MAS NMR spectra (Figure
9). The peaks of BOs (Si–O–Si, Si–O–Al, and Al–O–Al) are partially resolved.
The peaks of the NBOs are not fully resolved yet the peaks due to {Ca, Mg}–
O–Si and Ca-O-Si can be seen as labeled; the oxygen clusters from 120 to 0
ppm in the MAS dimension stem from the different types of NBOs such as
{Ca, Mg}–O–Si and Ca-O-Si (with peak maximum at ~ 100 ppm in MAS
dimension). Note that the peak assignments of BOs and NBOs in the

17O

3QMAS NMR spectra are based on previous studies of diverse crystalline
and non-crystalline aluminosilicate glasses (e.g., Allwardt et al., 2003;
Allwardt and Stebbins, 2004; Dirken et al., 1997; Lee, 2010; Lee et al., 2005;
Pingel et al., 1998; Stebbins et al., 2001a; Stebbins and Xu, 1997; Stebbins et
al., 2001b; Van Eck et al., 1999, and references therein). It also shows a nonnegligible fraction of Al–O–Al species (~-12 ppm in isotropic dimension),
indicating a violation of the Al-avoidance rule in KLB-1 basaltic glass at XMgO
= 0.55. As expected from the composition, the intensity of Si–O–Al increases
and that of Al-O-Si decrease with increasing XMgo. The intensity of Si-O–Si
and the mixed NBOs increases with increasing XMgO.

5.3.5. Preferential partitioning between NBO and non-network cations and
the degree of Si/Al disorder.
The 17O MAS and 3QMAS NMR results can also help constrain the
role of non-framework cations in the glasses, for example, the NBO/T is 0.51
and the XNBO is 0.22 (~22%) in the KLB-1 basaltic glass at XMgO = 0.55. Na–O–
Si peak position is well-defined in the 2D NMR spectra and it does not
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Figure 5.10. 17O 3QMAS NMR spectra for KLB-1 basaltic glasses at 9.4 T with varying XMgO [MgO/(MgO+Al2O3)].Contour lines are
drawn at 5% intervals from relative intensities of 8% to 98% with added lines at 4%.
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have strong composition dependence (Lee et al., 2003; Lee and Stebbins,
2003). Additionally Na–O–Si and Si–O–Al peaks are relatively well-resolved
in 17O 3QMAS NMR spectrum (Lee and Stebbins, 2009). If more than 2–3%
of Na–O–Si would exist in KLB-1 basaltic glass at XMgO = 0.55, Na–O–Si peak
could be observed. Currently 17O 3QMAS NMR spectra for KLB-1 basaltic
glasses do not show any evidence for Na–O–Si. Nevertheless, a few % of Na–
O–Si in KLB-1 basaltic glass, if exist, due to overlaps with Si–O–Al and
extremely broad {Ca, Mg}-NBO, may not be detected. The 17O 3QMAS NMR
spectrum for KLB-1 basaltic glass at XMgO = 0.55 shows very clear presence
of {Ca, Mg}–O–Si peak, indicating the strong preference of NBO for Ca2+ and
Mg2+. These results suggest that Na+ plays a preferential role as a chargebalancing cation, whereas Ca2+ and Mg2+ can act as a network-modifying
cation, forming NBOs. The observed non-randomness in the partitioning of
those cations (Ca2+, Mg2+, and Na+) into BOs and NBOs can be due to the
differences in their field strengths (Maekawa et al., 1991; Mysen, 1988; Mysen
et al., 1982; Park and Lee, 2014); higher field strength cations {e.g., Ca2+, Mg2+}
in the glasses studied here are expected to be preferentially partitioned into
NBOs, whereas Na+ would be expected to have proximity to BOs (e.g., Si–
O–Al).
While the NBO preference between Na+ and {Ca2+, Mg2+} is clearly
demonstrated in the current

17O

NMR study, it is not a straightforward

matter to probe the preference between Ca2+ and Mg2+ because of the peak
overlap between Ca–O–Si, Mg–O–Si, and {Ca, Mg}–O–Si. Nevertheless, the
peak of Ca–O-Si (intensity at ~100 ppm in the MAS dimension and ~-64 ppm
in the isotropic dimension) is observed at XMgO = 0.79, indicating the
unexpected stability of Ca–O–Si. Similar features with Ca–O–Si have been
observed in the glasses in the diopside (CaMgSi2O6)–Ca–tschermakite
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(CaAl2SiO6) and diopside-jadeite (NaAlSi2O6) join that have been attributed
to preferential affinity between Ca2+ and the NBOs (over Mg2+) and/or
potential clustering of Ca2+ and Mg2+ around NBOs (Park and Lee, 2012,
2014). As Na+ plays a preferential role as a charge-balancing cation in KLB-1
basaltic glasses, Ca2+ and Mg2+ are primarily network modifying cations,
forming NBOs.
The hypothetical NBO distribution was calculated assuming a
random distribution of Ca2+ and Mg2+ around NBOs with varying XMgO. The
random distribution model of Ca2+ and Mg2+ around NBOs leads to the
formation of 3Ca–NBO (i.e., Ca–O–Si, ~-64 ppm in isotropic dimension),
2Ca1Mg–NBO

(~-56 ppm), 1Ca2Mg–NBO (~-46 ppm), and 3Mg–NBO (~-36

ppm) (Allwardt and Stebbins, 2004). The predicted NBO fractions at
Ca/(Ca+Mg) = 0.33 (XMgO = 0.79) are 4% (3Ca–NBO), 22% (2Ca1Mg–NBO), 44%
(1Ca2Mg–NBO), and 30% (3Mg–NBO), respectively (Kelsey et al., 2008).
While the predicted fraction of Ca–O–Si is only 4% in KLB-1 basaltic glass at
XMgO = 0.79, the intensity of the feature at ~-64 ppm (i.e., Ca–O–Si) remains
apparently prevalent regardless of composition. Though qualitative, the
result indicates that the observed Ca–O–Si in glasses is likely to be higher
than the expected Ca–NBO based on the random distribution model.
Currently due to peak overlap, it is not possible to deduce the origin of the
unexpected presence of Ca-O-Si in the glasses. Nevertheless, the observed
trends in KLB-1 basaltic glasses also show that Ca2+ and Mg2+ in the network
both deviate from a random-distribution. The preferential partitioning of
Na+, Ca2+, and Mg2+ between NBOs [Na–O–Si and {Ca, Mg}–O–Si] and BOs
with charge-balancing cations (i.e., Na---Al–O–Al, {Ca, Mg}---Al–O–Si) in
glasses can be described using the following quasi-chemical equations:
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Na---Al–O–Si + {Ca, Mg}–O–Si = {Ca, Mg}---Al–O–Si + Na–O–Si

(1)

Na---Al–O–Al + {Ca, Mg}–O–Si = {Ca, Mg}---Al–O–Al + Na–O–Si

(2)

Na---Si–O–Si + {Ca, Mg}–O–Si = {Ca, Mg}---Si–O–Si + Na–O–Si

(3)

In the KLB-1 basaltic glasses, the current results demonstrate that
the formation of Na---Al(Si)–O–Si(Al) and {Ca, Mg}–O–Si species over {Ca,
Mg}---Al(Si)–O–Si(Al) + Na–O–Si is favored. Qualitatively, the fraction of
each BO and NBO structural environments changes with XMgO. The fraction
of Al–O–Al decreases with increasing R (Si/Al ratio) in the charge-balanced
NaAlSiRO2+2R glasses (Lee and Stebbins, 2000). It is noted that a small, but
non-negligible fraction of Al–O–Al is observed at ~–15 ppm in isotropic
dimension in the 2D 17O 3QMAS NMR spectra of the KLB-1 basaltic glasses.
The presence of Al–O–Al in the glasses again confirms that the distributions
of

[4]Si

and

[4]Al

in the KLB-1 basaltic glasses and melts deviate from the

complete Al-avoidance rule. The fraction of Al–O–Al decreases with
increasing XMgO (as the Si/Al ratio increases upto 5.7) and it is below the
detection limit (~ 1%) when XMgO = 0.79.

5.3.6. Implications for macroscopic thermodynamic and transport
properties and geochemical processes
Natural basaltic glasses and melts have other important major
(particularly iron), minor, and volatile components that provide important
insights into the petrogenesis and properties. Thus, the application of the
current results of the model basaltic glasses to real natural basaltic glasses
has obvious limitations. In addition, we have studied the structure of the
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quenched glasses, i.e., that of supercooled liquid frozen below the glass
transition temperature that is much lower than the liquidus and thus, the
effects of the other components and the temperature remain to be explored.
Nevertheless, the current results can provide unique information on the
microscopic origins of the properties of basaltic glasses and melts with
varying composition and yields insights into the formation of the melts. Due
to overlap among peaks in the glass system studied here, the information of
quantitative fraction of each oxygen cluster is missing. The following
discussion is thus qualitative.
The negative experimental enthalpy of mixing in NMAS glasses
in nepheline-forsterite-quartz eutectic composition and KLB-1 basaltic
glasses can be expected from the predominance of

[4]Al

and its extensive

mixing with Si, as evidenced by the significant fractions of [4]Si–O–[4]Al. The
extensive Si–Al mixing in the glasses studied here is similar to the results
from previous studies of ternary and quaternary aluminosilicate glasses
where mixing between different framework cations are often preferred (Lee
et al., 2005; Park and Lee, 2012). The presence of Al–O–Al is also apparent for
the glasses studied here. While it is difficult to quantify the fractions of those
bridging oxygens due to overlap among peaks, it is likely that the degree of
intermixing between Al and Si (degree of Al avoidance, Q) may range
between a random distribution, (Q = 0) and chemical order (Q = 1). Due to
considerable mixing between Si and Al in the melts, activity coefficient of
silica is thus expected to be less than 1 (predicted value for a random
distribution of Al–Si), increasing the tendency to form a silica-rich melt in
contact with mantle rocks (Ryerson, 1985).
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The current

17O

NMR results unambiguously show that NBO

prefers Ca2+ and Mg2+ over Na+ in the KLB-1 basaltic glasses, whereas Na+
prefers to have proximity to BOs. The observed bonding preferences among
non-network formers and BOs and NBOs highlight the non-random
distribution of non-network formers in the glass network. Additionally,
while the potential prevalence of Ca-NBO in the glasses in the intermediate
composition and thus a certain degree of unmixing between Ca2+ and Mg2+
around NBO may additionally contribute to the mixing properties (toward a
positive deviation), the configuration enthalpy of the KLB-1 basaltic glasses
is expected to show negative deviation due to a strong deviation from the
randomness observed in the Si/Al distribution towards chemical ordering
and preferential partitioning among network modifying cations and
NBOs/BOs. It is certainly a weak correlation, however previous study for the
model basaltic glasses and melts suggested that NBO preference could affect
the chemical composition of groundwater on volcanic islands where Mg2+
concentration is higher than expected from the composition of basalts
considering the stronger bond between network-modifying cations (Ca2+)
and NBOs, Mg2+ (with proximity to BO) (Hurwitz et al., 2003; Jeong and Sohn,
2011; Park and Lee, 2012). This correlation also could apply for KLB-1 basaltic
glasses, where Mg2+ is likely to be dissolved easily due to NBO preference of
Ca2+ while Na+ is likely to be dissolved easily due to NBO preference of Ca2+
and Mg2+ in andesitic glasses (Park and Lee, 2014). Nevertheless, natural
basalts have significant minerals, thus the application of dissolution
mechanisms in KLB-1 basaltic glasses to real natural basalts has limitations.
The dissolution mechanisms in minerals are different from those process in
glasses. For, example, the dissolution in crystalline diopside is determined by
the weaker bonding of Ca2+ (which is in M2 sites) than Mg2+ (which is in more
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strongly bonded M1 sites). Thus Ca2+ is dissolved easily than Mg2+ in
crystalline diopside (e.g., Schott et al., 1981). In contrast, the dissolution in
basaltic glasses is determined by NBO preference between cations. Thus Mg2+
is likely to be dissolved easily than Ca2+.
The viscosities of silicate melts are strongly affected by the
volatiles (i.e., H2O and CO2) in natural magma. For example, the fraction of
H2O affects melt polymerization, thus the viscosity that depends on silicate
polymerization decreases with increasing the fraction of H2O (e.g., Richet et
al., 1996). The viscosity also depends on the CO2 content because the
formation of CO32- species requires that the silicate melt becomes more
polymerized (e.g., Bourgue and Richet, 2001). Thus the viscosities of silicate
melts decrease with increasing NBO fraction {e.g., ŋ ∝ exp[A/(B + XNBO)]},
where A and B are constant) (Giordano and Dingwell, 2003; Lee et al., 2004).
The estimated NBO fraction from the composition of glasses in nephelineforsterite-quartz eutectic composition increases with increasing XMgO from
∼1.6% (XMgO = 0.13) to ~10.9% (XMgO = 0.39). The current 17O 3QMAS NMR
spectra for NMAS glasses in nepheline-forsterite-quartz eutectic composition
also confirm that NBO content certainly increases with an increase of XMgO.
Although the experimental melt viscosity data for NMAS glasses in
nepheline-forsterite-quartz eutectic composition are not available, a decrease
in the degree of polymerization due to an increase of NBO fraction implies
that the melt viscosity at constant temperature is expected to increase (e.g.,
Giordano and Dingwell, 2003; Mazurin, 1983).
Although the viscosities of silicate melts are affected by melt
polymerization, it is also affected by highly coordinated Al because that
property is proportional to exp(1/Sconfig), which is related to the fraction of
highly coordinate Al (Adam and Gibbs, 1965; Neuville and Richet, 1991;
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Richet, 1984). Previous

17O

NMR study for Ca-aluminosilicate glasses

suggested that the highly-coordinated Al could affect an increase of viscosity
because it could have a role of highly-coordinated Si (Stebbins and Xu, 1997).
Current 27Al NMR results for KLB-1 basaltic glasses show that the fraction of
[5]Al

increases upto ~2.6% with increasing XMgO. Those results suggest that

the viscosity of KLB-1 basaltic glasses and melts are expected to decrease due
to

[5]Al

as well as NBOs. Because the iron contents are removed from the

original composition of KLB-1 and thus the viscosity of KLB-1 basaltic glasses
studied here are expected to be different from natural basaltic glasses and
melts generated by partial melting of KLB-1. For example, the viscosity of
model basaltic melts (diopside:anorthite = 50 : 50) is higher than that of
natural basaltic melts (Hofmeister et al., 2009; Villeneuve et al., 2008). Thus
the application of viscosity for current results have limitations. The
viscosities of silicate melts affect melt mobility. For example, the mobility of
carbonate-rich melt is higher than that of basaltic melts due to the difference
of viscosity between carbonate and basaltic melts (e.g., Kono et al., 2014).
While the viscosity of basaltic melts slightly increases due to highlycoordinated Al with increasing XMgO, it could affect the melt mobility and
thus it yield the effective melt extraction.
Previous

27Al

MAS and 3QMAS NMR study for diopside-

anorthite eutectic composition (model basaltic glasses) at high pressure
showed that highly coordinated Al increases with increasing pressure (Lee et
al., 2012). Current 27Al 3QMAS NMR results for KLB-1 basaltic glasses show
that the fraction of

[5]Al

increases with increasing XMgO, suggesting that the

depth where the highly coordinated Al are generated is shallower than
expected one. The highly coordinated Al could affect the transport properties
such as viscosity.
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On-going modeling of melt properties utilizing the diverse
degree of experimentally observed disorder will certainly be useful in
quantifying structural disorder and predicting their macroscopic properties
(e.g., Lee, 2011). Future applications of these recent advances and progress
(i.e., the network connectivity and the preferential partitioning of nonframework cations into NBOs) in the KLB-1 basaltic glasses and other multicomponent melts should provide full insights into the atomistic origins of
their macroscopic properties.

5.4. Conclusions
The experimental data presented here provide structural details of
atomic configurations around Al atoms and their connectivity (through
changes in NBO and BO environments), and the extent of chemical and
topological disorder in multi-component NMAS glasses in nephelineforsterite-quartz eutectic composition and KLB-1 basaltic glasses. While the
27Al

MAS and 3QMAS NMR spectra for NMAS glasses in nepheline-

forsterite-quartz eutectic composition show only
basaltic glasses show

[5]Al

as well as

[4]Al.

[4]Al,

those for KLB-1

The fraction of

[5]Al

in KLB-1

basaltic glasses increase upto ~2.6% with increasing XMgO. The spectral
analysis of [4]Al peak in NMAS glasses in nepheline-forsterite-quartz eutectic
composition suggests that the degree of distortion around the Al
coordination environments increases with increasing XMgO. The 2D

17O

3QMAS NMR spectra revealed previously unknown details of diverse
structural disorder in the multi-component NMAS glasses in nephelineforsterite-quartz eutectic composition and KLB-1 basaltic glasses. In addition
to the clear effects of composition, the 17O 3QMAS NMR spectra for the KLB1 basaltic glasses studied here confirm that the degree of polymerization (BO
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content) decreases with increasing XMgO. The significant fraction of Si-O-Al
supports extensive mixing between

[4]Al

and

[4]Si.

Furthermore, Al-O-Al is

observed in NMAS glasses in nepheline-forsterite quartz eutectic
composition and KLB-1 basaltic glasses, suggesting a deviation from Al
avoidance in these glasses. Based on the analysis of the peak position of {Ca,
Mg}-mixed NBOs, non-random distributions of Na+, Ca2+, and Mg2+ around
both NBOs and BOs are manifested by a moderate degree of partitioning of
Ca2+ and Mg2+ into NBOs and by the spatial proximity between Na+ and BOs
(Al-O-Al and Al-O–Si) in the KLB-1 basaltic glasses studied here.

APPENDIX
5.A.1. Effect of composition on structural disorder
5.A.1.1. Effect of composition on network connectivity for Na-Mg silicate
glasses with varying XMgO.
Figure 5.A1 shows the 17O MAS NMR spectra for Na-Mg silicate
glasses with varying XMgO [MgO/(MgO+ Na2O)] at 9.4 T. The peak shape of
17O

MAS spectrum of Na-Mg silicate glasses at XMgO = 0.025 is similar with

that of previous study for Na2O·2SiO2 glass (Lee and Stebbins, 2009). The
NBO peaks [Na-O-Si (~35 ppm)+ {Na, Mg}-O-Si + Mg-O-Si (~30 ppm)] and
a BO peak (Si-O-Si) are partially resolved in the 17O MAS NMR spectra for
Na-Mg silicate glasses. Because of the smaller difference in the peak
positions for Na-NBO and Mg-NBO, the spectra of the Na-Mg silicate glasses
show a broad peak that results from the overlapping of Si-O-Si and the NBOs
[Na-O-Si, Mg-O-Si, and mixed {Na, Mg}-O-Si], as labeled. The peak
maximum of 17O MAS spectra for Na-Mg silicate glasses decreases from 29.7
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± 0.5 ppm at XMgO = 0.025 to 24.3 ± 0.5 ppm at XMgO = 0.25 with increasing
XMgO. It increases with a further increase in XMgO to 27.0 ±0.5 ppm at XMgO =
0.75. Those results suggest that the oxygen environments change with
increasing XMgO. The noticeable intensity of the mixed NBO peaks and their
evolution with composition demonstrate an extensive mixing between Na+
and Mg2+ around the NBO.

201

Figure 5.A1. 17O MAS NMR spectra for Na-Mg silicate glasses with varying
XMgO [MgO/(MgO+Al2O3)].
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5.A.1.2. Effect of composition on Si environments of Na-Mg silicate
glasses
Figure 5.A2 shows the 29Si MAS NMR spectra and fitting results for
the Na-Mg silicate glasses. A single overlapped broad peak is observed for
all the Na-Mg silicate glasses. The chemical shift of 29Si MAS NMR spectra is
sensitive to variations in bond angles and length as well as second and third
neighbor environments around the Si atom. So the wider variety of the
atomic arrangements around Si atoms will result in broader linewidth
(FWHM) in its 29Si MAS NMR spectrum. The peak maximum is consistent
(~-89 ppm) at XMgO = 0.025, 0.50, and 0.10 and then it decreases to ~-93 ppm
for XMgO = 0.50. The 29Si MAS NMR spectra for the Na-Mg silicate glasses
with varying XMgO are simulated with three Gaussian functions
corresponding to the Q4, Q3, and Q2 species, respectively. The peak positions
are set to -98.5, -89.0, and -78.5 ppm for Q4, Q3, and Q2 species, respectively.
The FWHM is set to 13, 9.8, and 8.5 ppm for the Q4, Q3, and Q2 species,
respectively. Previous 29Si MAS NMR study for Na2Si2O5 glass reported that
the fractions of Q4, Q3, and Q2 for Na2Si2O5 are 11%, 79%, and 10%,
respectively (Maekawa et al., 1991). The predicted fractions of Q4, Q3, and Q2
for glass at XMgO = 0.025 are ~10%, ~17%, and 74%, respectively. The
predicted fractions of Q4, Q3, and Q2 for glass at XMgO = 0.05 are ~10%, ~18%,
and 72%, respectively. Those results indicate that the variation of Qn species
(i.e., degree of disorder around Si) is not significant with varying XMgO.
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Figure 5.A2. 29Si MAS NMR spectra for Na-Mg silicate glasses with varying
XMgO [MgO/(MgO+Al2O3)] and simulation results of the

29Si

MAS NMR

spectra for Na-Mg silicate glasses at XMgO=0.025 and 0.05. The red and black
lines represent the experimental and simulation results, respectively.
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5.A.1.3. Effect of composition on Al environments of NMAS glasses in
nepheline-forsterite-quartz eutectic composition
Figure 5.A3 shows that the estimated peak width (FWHM) for [4]Al
in the isotropic projection slightly increases from 8.9 ± 1.5 ppm (XMgO = 0.13)
to 10.9 ± 1.5 ppm (XMgO = 0.39) with increasing XMgO. Those results again
confirm that the configurational disorder around Al in the glasses increases
with increasing XMgO.
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Figure 5.A3. Peak widths (full-width at half-maximum) of

[4]Al

in total

isotropic projection of 27Al 3QMAS NMR spectra for Na2O–MgO–Al2O3–SiO2
glasses in nepheline-forsterite-quartz eutectic composition with varying
XMgO [MgO/(MgO+Al2O3)] at 9.4 T.
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5.A.1.4. Effect of composition on network connectivity of NMAS glasses
in nepheline-forsterite-quartz eutectic composition
Figure 5.A4 shows the 17O MAS NMR spectra for the NMAS glasses
in nepheline-forsterite-quartz eutectic composition with varying XMgO,
which shows a single broad peak that results from overlapping BOs and
NBOs. The peak maximum of 17O MAS NMR spectra increases from 14.4 ±
1.5 ppm at XMgO = 0.13 to 19.8 ± 1.5 ppm at XMgO = 0.39, suggesting the change
of BOs and NBOs fraction. Figure 10 shows the 17O MAS NMR spectra for
the KLB-1 basaltic glasses with varying XMgO. Those spectra also show a
single broad peak that results from overlapping BOs and NBOs. The peak
shape, position, and width for each BO and NBO site change with increasing
XMgO. The peak position of 17O MAS NMR spectra increases from 12.6 ± 1.5
ppm at XMgO = 0.55 to 18.9 ± 1.5 ppm at XMgO = 0.79, suggesting the change
of BOs and NBOs fraction. The overlapped peaks due to the NBO and BO
sites are not fully resolved in the 1D MAS

17ONMR

resolution can be achieved by use of 17O 3QMAS NMR.
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spectra, but better

Figure 5.A4. 17O MAS NMR spectra for Na2O–MgO–Al2O3–SiO2 glasses in
nepheline-forsterite-quartz eutectic composition at 9.4 T with varying XMgO
[MgO/(MgO+Al2O3)].
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5.A.1.5. Effect of composition on network connectivity of KLB-1 basaltic
glasses
Figure 5.A5 shows the total isotropic projection (sum of the spectral
intensity into the isotropic dimension) of the 2D 17O 3QMAS NMR spectra
for KLB-1 basaltic glasses. We did not attempt to quantify the fraction of BO
and NBO peaks due to the overlap among the peaks in these glasses.
Nevertheless, the spectra clear shows that the fraction of NBOs and Si–O–Si
apparently increases with increasing XMgO, whereas the Si–O–Al peak
intensity decreases.
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Figure 5.A5. Total isotropic projection of 17O 3QMAS NMR spectra for KLB1 basaltic glasses at 9.4 T with varying XMgO [MgO/(MgO+Al2O3)].
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A1.1. A solid-state 27Al MAS and 3QMAS NMR study of basaltic and
phonolitic silicate glasses

Sun Young Park and Sung Keun Lee
Published in Journal of Mineralogical society of Korea, 28, 61-69 (2015)

Abstract
While the macroscopic properties and eruption style of basaltic and
phonolitic melts are different, the microscopic origins including atomic
structures are not well understood. Here we report the atomic structure
differences of glass in diopside-anorthite eutectic composition (basaltic glass)
and phonolitic glass using high-resolution 1D and 2D solid-state Nuclear
Magnetic Resonance (NMR). The 27Al MAS NMR spectra for basaltic glass
and phonolitic glass show that the full width at half maximum (FWHM) of
[4]Al

for basaltic glass is about twice than phonolitic glass, suggesting the

topological disorder of basaltic magma is larger than that of phonolitic
magma. The 27Al 3QMAS NMR spectra for basaltic glass and phonolite glass
show much improved resolution than the 1D MAS NMR, resolving [4]Al and
[5]Al.

Approximately 3.3% of

[5]Al

is observed for basaltic glass,

demonstrating the configurational disorder of basaltic magma is larger than
phonolitic magma. This result confirms that the topological disorder of [4]Al
in basaltic glass is larger than that of phonolitic glass. The observed
structural differences between basaltic glass and phonolitic glass can provide
an atomistic origin for change of the macroscopic properties with
composition including viscosity.
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요약 (국문초록)
다성분계 비정질 규산염의 원자구조와 물리 화학적 특성을 밝히
는 것은 지구 내부의 마그마의 이동, 지구 시스템의 분화 등의 설명에
실마리를 제공해 준다. 자연계 용융체의 조성을 가지는 다성분계 비정질
규산염의 거시적 성질에 대해서는 많은 이론적-실험적 연구들이 수행되
었으나 시스템을 근본적으로 설명해 줄 수 있는 원자 구조에 대한 연구
는 대부분 이성분계나 삼성분계에 대해서만 이루어져 왔고 비정질 자체
가 가지고 있는 고유의 무질서도와 성분이 많아지면서 여러 원자 환경을
지시하는 분광 스펙트럼이 겹치는 것을 극복할 수 있는 적절한 분광 분
석 장치의 부재로 다성분계 비정질 규산염에 대한 명확한 구조 분석은
지금까지

풀어야

할

난제로

남아있었다.

고상

핵자기공명(nuclear

magnetic resonance, NMR) 분광분석은 특정 원자 중심의 정보를 제공하
며 정량적인 정보를 제공하므로 다성분계 비정질 규산염의 구조를 분석
하기에 적합하다. 본 학위논문에서는 NMR 분광분석을 이용하여 자연계
용융체를 나타내는 다성분계 비정질 규산염의 조성에 따른 원자구조의
변화에 대해 연구하여 자연계 용융체의 구조와 물성 간의 관계를 체계적
으로 정립하고자 하였다.
현무암질 용융체의 모델 조성인 투휘석(CaMgSi2O6)과 Ca-처마카
이트(CaAl2SiO6) 유사이원계와 투휘석과 아노르다이트(CaAl2Si2O8) 유사
이원계의 조성을 가지는 다성분계 비정질 규산염의 조성에 따른 원자 구
조가 NMR 분광분석을 통해 연구되었다. 본 연구에서 규명된 원자구조
를 통해 현무암질 용융체 내에서의 혼합 엔탈피의 값의 변화가 설명 되
었으며 투휘석의 양이 증가할수록 점성도가 감소하는 것이 설명되었다.
본 연구에서 밝혀진 Ca2+과 Mg2+의 선호적인 분배 혹은 비연결산소(nonbridging oxygen, NBO)와 연결산소(bridging oxygen, BO) 사이에서 양이
온들이 섞이지 않는 현상은 중앙해령에서 생성되는 현무암질 용융체의
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조성에 영향을 미칠 수 있다.
안산암질 용융체의 모델 조성인 투휘석과 제이다이트(NaAlSi2O6)
유사이원계의 조성을 가지는 다성분계 비정질 규산염의 원자구조가 고분
해능 2D 17O, 27Al 3Q(triple quantum) MAS(magic angle spinning) NMR 분
광분석과

29Si

MAS NMR 분광분석을 통해 연구되었다. 본 연구의 결과를

통해 제이다이트 비정질 규산염 내에 Al-O-Al의 존재가 확인되었으며
이는 안산암질 용융체 내에서 Al-avoidance rule이 적용되지 않는 것을
의미한다. 투휘석의 증가에 따른 NBO의 증가는 안산암질 용융체 내에서
투휘석의 양이 증가할수록 점성도가 감소한다는 것을 의미한다. 이전 연
구와 본 연구의 결과의 종합을 통해 평균 양이온세기(average cationic
potential, <c/r>ave)라는 새로운 변수가 제시되었으며 이를 통해 고배위수
Al의 양과 조성과의 관계가 정립되었고 용융체 내의 고배위수 Al은
<c/r>ave이 증가할수록 비선형적으로 증가하는 것이 확인되었다.
Li-Ba 비정질 규산염의 조성에 따른 원자구조의 변화가 NMR 분
광분석을 통해 규명되었다. 본 연구의 결과를 통해 NBO 주변에 Li+과
Ba2+ 이온이 랜덤하지 않게 분포하는 것이 확인되었다. 본 연구의 결과
와 이전 연구 결과의 종합을 통해 이온 반경의 차이가 클수록 비정질 규
산염 내에서의 화학적 질서도가 증가하는 것이 밝혀졌다.
가장 복잡하지만 실제 자연계에 존재하는 용융체의 조성과 가장
유사한 시스템인 상부맨틀 암석인 “KLB-1”으로부터 생성되는 현무암질
용융체의 생성되는 깊이의 변화에 따른 조성의 변화가 원자구조에
미치는 영향이 NMR 분광분석을 통해 연구되었다. 연구결과 KLB-1
으로부터 생성되는 현무암질 용융체 내에 XMgO[MgO/(MgO+Al2O3)]가
증가할수록

[5]Al이

증가하는 것이 관찰되었고 이는 용융체 내의 배열

엔트로피의 증가로 인해 점성도가 감소할 수 있다는 것을 의미한다.
또한 이전 모델 조성에서도 관찰되었던 Ca2+, Mg2+, Na+의 NBO와 BO
사이의 랜덤 하지 않은 분포가 실제 자연계 용융체의 조성과 유사한
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KLB-1으로부터 생성되는 현무암질 용융체 내에서도 일어나는 것이
확인되었다.
본 학위논문의 결과와 같이 용융체 내의 조성의 변화는 용융체
내의 원자 구조의 변화를 가져오는 것이 확인되었으며 이를 통해 조성의
변화에 따른 물성의 변화의 근본적인 원인이 밝혀졌다. 본 학위 논문의
결과를 통해 현무암질 용융체와 안산암질 용융체를 포함하는 자연계 용
융체 내의 구조와 물성의 관계에 대한 체계적인 이해가 증진될 것이 기
대된다.

주요어: 다성분계 비정질 규산염, 현무암질 안산암질 용융체, 고상
핵자기공명 분광분석, 구조와 무질서도
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