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Abstract 

 

 Diverse geological processes in the Earth’s surfaces and interiors 

are controlled by the macroscopic thermodynamics and transport 

properties of crystalline and non-crystalline Earth materials. These 

properties depend on their atomic structure with varying temperature and 

composition. However, the detailed temperature-induced structural 

changes in aluminum (oxy)hydroxide polymorphs at low temperature and 

structure and disorder in iron-bearing silicate glasses and melts at high 

temperature are not fully understood. In this study, we explore the detailed 

temperature-induced structural changes in aluminum (oxy)hydroxide 

polymorphs up to 300°C using high-resolution 27Al MAS NMR. We also 

attempt to unveil the effect of iron content on the structure (the degree of 

network polymerization) and the extent of disorder in iron-bearing sodium 

silicate glasses using Raman spectroscopy and multi-nuclear NMR. 

 Structural transitions involving metastable phases at low 

temperature, such as aluminum (oxy)hydroxide polymorphs allow us to 

provide better understanding of natural processes in Earth’s surfaces such 

as diagenesis and weathering. We first investigate the temperature-induced 

structural changes in aluminum (oxy)hydroxide polymorphs (boehmite, 

gibbsite, and bayerite) and their phase transition to metastable alumina 

using high-resolution NMR. The 27Al MAS NMR spectra show previously 

unknown detailed changes in Al coordination environment upon transition 

into γ-Al2O3 and η-Al2O3: the fraction of [4]Al and peak widths of [6]Al in 

aluminum (oxy)hydroxide polymorphs increase with increasing 
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temperature. The detailed structural transition, however, shows distinct 

transition behaviors. Upon transition from boehmite to γ-Al2O3, the fraction 

of [4,5]Al increase gradually with increasing temperature up to 300°C. 

Transition from gibbsite to γ-Al2O3, however, were characterized with an 

abrupt increase in [4]Al fraction with temperature. The transition from 

bayerite to η-Al2O3 exhibits similar trend where abrupt coordination 

transformation within a narrow temperature range is observed. The 

presence of [5]Al in boehmite and its absence in other polymorphs suggest a 

larger topological disorder in the former and may be responsible for the 

observed gradual coordination transformation. These results suggest that 

the detailed of structural transition in aluminum (oxy)hydroxide depends 

both on the types of precursors and temperature. The current results with 

prototypical single-component of aluminum (oxy)hydroxide can provide 

atomistic link to the structural phase transition in complex and multi-

component oxide in the Earth’s surfaces. 

 The presence of iron in Earth materials affects their atomic 

structures and has significant geochemical implications for diverse igneous 

processes involving mid-ocean ridge magmatism and seismic heterogeneity 

at the core-mantle boundary. Despite these geochemical and geophysical 

implications, revealing the atomic structure and disorder in iron-bearing 

silicate melts and glasses remains a fundamental yet difficult problem in 

geochemistry, glass sciences, and physical chemistry due to lack of suitable 

experimental structural probe of iron-bearing silicate glasses. Here, we 

report experimental results on the effect of iron content on the structure 

and disorder in iron-bearing sodium silicate glasses (up to 34.60 wt% Fe2O3) 
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using Raman and 29Si and 17O solid-state NMR [1D MAS and 2D triple 

quantum (3Q) MAS] spectroscopy. Raman spectra for iron-bearing sodium 

silicate glasses with varying iron content probe the potential variation in Qn 

(where n refers to the number of bridging oxygen per tetrahedrally 

coordinated cation) species with increasing iron content. 29Si T1 relaxation 

time for the glasses decreases with increasing iron content due to an 

enhanced interaction between nuclear spin and unpaired electron in Fe. 29Si 

and 17O MAS NMR spectra for the glasses with varying iron content also 

show a decrease in signal intensity and an increase in peak width with 

increasing iron content. However, the heterogeneous peak broadening in 

both 29Si and 17O MAS NMR spectra suggests the heterogeneous 

distribution of Qn species and oxygen clusters around iron in iron-bearing 

silicate glasses. 17O MAS NMR spectra for the glasses show well-resolved 

non-bridging oxygen (NBO, Na-O-Si) and bridging oxygen (BO, Si-O-Si) 

sites even at relatively high iron concentration (~34.60 wt% Fe2O3). The 

fraction of NBO apparently decreases with iron content, implying that iron 

can play a dual role as both network modifying and network forming 

cations. The peak widths of NBO and BO in isotropic dimension increase 

with iron content. The result indicates that life-time broadening due to 

spin-electron interaction is significantly larger than quadrupolar interaction. 

These results demonstrate that solid-state NMR, particularly 17O 3QMAS 

NMR can be an effective probe of the detailed structure and the extent of 

disorder in iron-bearing silicate glasses. It may also provide an atomistic 

explanation for effect of iron content on the element partitioning between 

crystals and melts, entropy, and viscosity of iron-bearing silicate melts and 
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glasses. 
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1. Introduction 

 

 Diverse geological processes in the Earth’s surface and interior 

depend on the macroscopic properties of Earth materials which are 

determined by their microscopic scale local structure. For example, 

coordination environment and topological disorder of atoms in silicate 

melts and glasses play a crucial role in the generation, migration, and 

dynamics of magma (Lee, 2005; Lee et al., 2010b). Therefore, probing 

microscopic scale of atomic configuration is essential in understanding and 

predicting macroscopic properties and diverse geological processes.  

 Whereas there have been extensive theoretical and experimental 

studies of the atomic structures of Earth’s material, several questions to 

even very simple and ubiquitous system in nature have remained to 

unsolved problem. The thermodynamic properties change on atomic 

structure of metastable/disordered crystal phase (Bokhimi et al., 2001; 

Hemingway, 1991; Hemingway et al., 1991; Violante and Huang, 1993) and 

the structural change of silicate melts with increasing iron content are 

examples of unsolved question. In Earth system, phase transition of 

metastable or disordered crystal phase in low temperature can 

considerably affect the surface process such as weathering, diagenesis, 

dehydration and mixed-layer silicate transition (Pollastro and Bohor, 1993; 

Sass et al., 1987; Whitney and Northrop, 1988). And effect of iron content on 

structure in silicate melt can used to infer details about the origin of magma, 

and also affect physical and chemical properties such as melt structure, 

viscosity, the behavior of volatile components (Mysen, 2006; Mysen and 
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Virgo, 1985; Rossano et al., 2000). 

 Recent advanced in spectroscopic techniques especially for solid-

state NMR with developments of experimental techniques yields 

information that is element specific and allows the determination of short-

range structures around elements of interest in diverse amorphous and 

disorder silicate. Solid-state NMR also has been traditionally effective in 

carrying out quantitative investigation of atomic structures in amorphous 

oxide including silicates (Lee et al., 2010b). Development and recent 

progress in the multiple quantum magic angle spinning (MQMAS, or triple 

quantum MAS, 3QMAS) experiments provide considerably improved 

resolution over 1D MAS NMR and have thus proved to be extremely 

beneficial for resolving the atomic configurations surrounding quadrupolar 

nuclides. On the basis of these recent studies, detailed information 

concerning distribution of cations and anions in complex crystalline and 

non-crystalline solids has begun to be unveiled.  

 The organization of this thesis is as follows. First, summary of the 

principles of solid-state NMR spectroscopy used in this study is presented 

in chapter 2. In this chapter, NMR methodologies which are used to obtain 

high-resolution signal are also presented. Second, we report high-

resolution 27Al MAS NMR spectra for aluminum (oxy)hydroxide 

polymorphs with varying annealing temperature to explore the 

temperature -induced structural change below 300°C in chapter 3. This 

study would provide better insights into natural processes in Earth’s 

surfaces such as weathering and diagenesis. We also discuss the 

relationship between structural changes in atomic scale and phase stability 
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in low temperature. Third, we explore the effect of iron content on 

structures (degree of polymerization and network connectivity) and the 

extent of disorder in iron-bearing sodium silicate glasses and melts 

utilizing Raman and high-resolution multi-nuclear (29Si and 17O) solid-state 

NMR spectroscopy in chapter 4. Finally, appendix (abstract of papers 

participated and curriculum vitae) are presented in the end of this thesis.  

 

Keyword: aluminum oxyhydroxide, low-temperature phase transition, Fe-

bearing sodium silicate glass, NMR, T1 relaxation, atomic structure 
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2. The principle of NMR 

 

 The nuclear magnetic resonance (NMR) phenomenon is based on 

the fact that nuclei of atoms have magnetic properties that can be utilized to 

yield chemical information. Quantum mechanically subatomic particles 

(protons, neutrons and electrons) have spin. In some atoms (e.g., 12C, 16O, 

32S), these spins are paired and cancel each other out so that the nucleus of 

the atom has no overall spin. However, in many atoms (1H, 13C, 31P, 15N, 19F, 

etc.) the nucleus does possess an overall spin.  

 In quantum mechanical terms, the nuclear magnetic moment of a 

nucleus will align with an externally applied magnetic field of strength B0 

in only 2I+1 ways, either with or against the applied field B0 (Zeeman 

effect). For a single nucleus with I=1/2 and positive γ (gyromagnetic ratio), 

only one transition is possible between the two energy levels. The 

energetically preferred orientation has the magnetic moment aligned 

parallel with the applied field (spin m=+1/2), whereas the higher energy 

anti-parallel orientation (spin m=-1/2) also exist. The rotational axis of the 

spinning nucleus cannot be orientated exactly parallel (or anti-parallel) 

with the direction of the applied field B0 but must precess about this field 

at an angle. Each nucleus has a characteristic value of γ, which is defined as 

a constant of proportionality between the nuclear angular momentum and 

magnetic moment. For a proton, γ = 2.674x104 gauss-1 sec-1. This precession 

process generates an electric field with frequency ωo (precession rate which 

is also called Larmor frequency). If we irradiate the sample with radio 

waves (in the MHz frequency range) the nucleus will absorb the energy 
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and be promoted to the less favorable higher energy state. This energy 

absorption is called resonance because the frequency of the applied 

radiation and the precession coincide or resonate. By irradiating the 

nucleus with electromagnetic radiation of the correct energy, a nucleus 

with a low energy orientation can be induced to transition to an orientation 

with a higher energy. The absorption of energy during this transition forms 

the basis of the NMR method. 

 A nuclear spin, however, experiences a great number of 

interactions in condensed matter such as solid phase. The main three 

interactions are dipolar coupling (interaction between magnetic moments 

of nuclei), chemical shift anisotropy (interaction between nuclear-electron 

interaction), and quadrupolar coupling (interaction between a nuclear 

electric quadrupole moment and an electric field gradient). These 

interactions often lead to very broad and featureless line. In liquids, most of 

these interactions will average out due to the rapid time-averaged 

molecular motion that occurs. Hence, it is necessary in solid-state NMR to 

apply techniques to achieve high resolution in spectra. These three 

interactions can be averaged by magic angle spinning (MAS) technique. 

The MAS NMR spectrum become narrower than static NMR spectrum and 

increasing the resolution for better identification and analysis by spinning 

the sample at the magic angle (=54.74°) with respect to the direction of the 

magnetic field. The nuclear dipole-dipole interaction averages to zero at 

magic angle. The chemical shift anisotropy also averages to a non-zero 

value. The quadrupolar interaction is only partially averaged by MAS 

leaving a residual secondary quadrupolar interaction.  
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 One of the reasons for the impact of nuclear magnetic resonance on 

physics, chemistry, material science, and geology is its ability to give 

information about processes at the atomic level such as coordination 

number, bond length and angle distribution, and short–range ordering in 

atomic structure. In addition, solid-state NMR is an element specific and 

quantitative probe of short-range structure and thus suitable and powerful 

spectroscopy to investigate atomic configuration and extent of disorder in 

crystalline solid and amorphous oxide including silicates. 
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3. Atomistic origins of phase transition mechanism of aluminum 

(oxy)hydroxide polymorphs at low temperature: Insights from high 

resolution 27Al MAS NMR study 

 

 

3.1.  Introduction 

 

The detailed knowledge of the atomic configuration changes of 

aluminum hydroxide and (oxy)hydroxide is essential for understanding 

diverse geological processes in the Earth’s surfaces, such as weathering and 

diagenesis. Dehydroxylation and phase transition from aluminum 

(oxy)hydroxide to transition alumina at low temperature below 300°C is 

similar to the structural changes in layer silicates during burial diagenesis 

(e.g. smectite-illite transition). The study of structural transition occurring 

in simple aluminum (oxy)hydroxide thus allows getting better 

understanding of natural processes involving diverse metastable phases at 

low temperature. However, the detailed temperature-induced structural 

changes of aluminum (oxy)hydroxide polymorphs below 300°C is not fully 

understood. This is due mainly to a great variety of parameters such as 

time, transformation mechanism, and nature of starting materials, as well 

as the variables, such as temperature, pressure and composition, that are 

commonly used to define equilibrium in low temperature (Essene and 

Peacor, 1995). The objective of this study is to investigate the temperature-

induced structural changes of varying aluminum (oxy)hydroxide 

polymorphs in well-designed experiment condition below 300°C using 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

18 

high-resolution solid-state 27Al MAS NMR. 

 Aluminum is the third most common element in Earth’s crust and 

key component to form aluminum hydroxide, oxyhydroxide and alumina 

during weathering, hydration, and diagenesis in Earth’s surface 

(Damodaran et al., 2002; Isobe et al., 2003; Levin and Brandon, 1998). 

Aluminum oxyhydroxide which is composed with aluminum, oxygen and 

hydroxyl has two different crystalline forms, boehmite (γ-AlOOH) and 

diaspore (α-AlOOH) in nature. Aluminum hydroxide also has two different 

crystalline forms, gibbsite (γ-Al(OH)3) in nature and bayerite (α-Al(OH)3) 

by synthesis.  

 Industrially, aluminum (oxy)hydroxide is one of the most 

important material. Aluminum (oxy)hydroxide polymorphs compose the 

bauxite which is aluminum ore and main provider of aluminum. Alumina, 

which is produced by annealing of aluminum (oxy)hydroxide, is most 

commonly used for catalysis and catalyst supports due to its thermal, 

chemical, and mechanical stability (Kim et al., 2007; Kwak et al., 2008; 

Paglia et al., 2004). Recently, aluminum (oxy)hydroxide also used of 

absorbent in pharmaceutical industry and mock marble in construction 

industry.  

 These aluminum (oxy)hydroxide polymorphs are a structural 

precursor of α-Al2O3 which has a well-known corundum structure at a 

higher temperature than 1200°C with each different thermal 

dehydroxylation and/or phase transition sequences for each aluminum 

(oxy)hydroxide polymorphs. It occurs in the following transformation 

sequences:  
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Boehmite (γ-AlOOH) ¾®¾  γ ¾®¾  δ ¾®¾  θ ¾®¾  α-Al2O3 

Gibbsite (γ-Al(OH)3) → boehmite ¾®¾  γ ¾®¾  δ ¾®¾  θ ¾®¾ α-Al2O3 

          
¾®¾  χ ¾®¾  κ ¾®¾  α-Al2O3 

Bayerite (α-Al(OH)3) ¾®¾  η ¾®¾  θ ¾®¾  α-Al2O3 

 

 Irreversible dehydroxylation and phase transition of each 

aluminum (oxy)hydroxide polymorphs produces a series of metastable 

phases so-called transition aluminas (Hill et al., 2007; O'Dell et al., 2007; 

Pecharroman et al., 1999). Due to its metastability, transition alumina has 

wide range of phase transition temperature and co-exist with varies phases 

at same temperature. In particular, the detailed studies for dehydroxylation 

and phase transition in relatively low temperature still remains to be 

explored. This is because these processes are controlled by both 

thermodynamic and kinetic factors (Essene and Peacor, 1995), and thus 

well-constrained experiment is difficult. The investigation of structural 

changes is also difficult due to fine level of structural changes in low 

temperature. 

 Extensive research has been reported over the past few decades 

characterizing the structural changes in respect to dehydration and phase 

transformation. However, poorly developed and disordered crystallinity 

made it difficult to probe such fine and disordered structural changes using 

classic methods. In particular, X-ray diffraction (XRD) (Boumaza et al., 2009; 
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Zhou and Snyder, 1991) provides similar patterns for various phases and 

does not allow to unambiguously characterizing the phases because these 

structures have very similar d-spacing, which makes difficult the precise 

solution of the structure by XRD. Transmission electron microscopy (TEM) 

can clarify some of these problems, but, its spatial resolution is not adapted 

for providing a general description of samples. Infrared spectroscopy (IR) 

(Pecharroman et al., 1999), a representative method to identify unique 

vibrational modes of hydroxyl groups and bending and stretching modes 

AlOn polyhedra, has been used to prove the hydrogen environment of 

aluminum (oxy)hydroxides with increasing temperature. However, 

generally, those features were not fully resolved and cannot detect fine 

structure in low temperature. Achieving good resolution and quantification 

is essential to understanding of temperature-induced structural changes for 

varying aluminum (oxy)hydroxide polymorphs.  

 High-resolution solid-state NMR spectroscopy yields information 

that is element specific and allows the determination of short-range 

structures around elements of interest in diverse amorphous and 

disordered silicate (references). In particular, 27Al MAS NMR spectroscopy 

is suited to characterize the coordination of aluminum and distortions of 

polyhedra with increasing temperature. However, there are some 

ambiguities to quantify the aluminum coordination in 27Al MAS NMR 

spectra due to quadrupolar line broadening in previous study. Recent 

progress in solid-state NMR techniques including triple quantum magic 

angle spinning (3QMAS) NMR has yielded two-dimensional (2D) spectra, 

resolving structural details around quadrupolar nuclides. However, low 
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sensitivity of 2D NMR techniques precludes the detection of trace levels of 

aluminum coordination changes in low temperature. Thus, high-resolution 

27Al MAS NMR spectrum is obtained to resolve structural details around 

quadrupolar nuclides at 11.7 T, obtaining a high signal-to-noise ratio by 

averaging of large number of 27Al MAS NMR spectrum. 

 Here, we explore the detailed temperature-induced structural 

changes below 300°C in aluminum (oxy)hydroxide polymorphs (boehmite, 

gibbsite, and bayerite) using high-resolution solid-state 27Al MAS NMR. 

These provide an insight into the dehydroxylation and phase transition 

mechanism for aluminum (oxy)hydroxide polymorphs. We also discuss 

difference of structural stabilities each phase depending on its initial 

precursor with comparison of the trend of temperature-induced structural 

changes. 

 

 

3.2. Experimental procedure 

 

Sample preparation and characterization 

 Boehmite and bayerite were synthesized by hydrolysis of 

aluminum tri-sec butoxide (ASB, Aldrich Chemical Co.). Boehmite was 

prepared by adding 4.52 g of ASB to 1.04 ml of distilled water which was 

dried for a week at room temperature (25°C) in air. For synthesizing of 

bayerite, ASB (5.23 g) was added to distilled water (200 ml). Gibbsite (99.7% 

of Al(OH)3, D50: 50 μm) was obtained from KC cooperation of Korea and 

was used as received. To confirm these three kinds of aluminum 
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(oxy)hydroxide polymorphs, we collected X-ray diffraction patterns of 

samples (Figure 1). X-ray diffraction spectra were collected on a X-ray 

diffractometer (using Cu Kα source (λ=1.5418 Å) in continuous mode 

between 2θ value of 10° and 70°, with a step size 0.01°/s. These samples 

were annealed for 2 h across the range of 50 ~ 300°C at 50°C increments 

using heating mantle and furnace with Pt crucible in air. 

 

NMR spectroscopy 

27Al MAS NMR spectra for series of each aluminum (oxy)hydroxide 

polymorphs were collected at two static magnetic fields on Bruker Avance 

II 500 MHz (11.7 T) spectrometer with Larmor frequency of 130.28 MHz 

and 4 mm ZrO2 rotor in triple-resonance MAS probe and on Varian 600 

MHz spectrometer (14.1 T) at a Larmor frequency of 156.34 MHz using 2.5 

mm ZrO2 rotor in double-resonance MAS probe. The recycle delay was 1 s 

with radio-frequency pulse lengths of 0.23 μs (11.7 T) and 0.25 μs (14.1 T) 

which corresponds to about a 15° tip angle for the central transition in 

solids. Sample spinning speed was 15 kHz for 11.7 T and 20 kHz for 14.1 T. 

All spectra were referenced to AlCl3 solution. 

 

 

3.3.  Results and Discussion 

 

 Figure 1 shows three different crystal structures for aluminum 

oxyhydroxide and hydroxide polymorphs. In the structure of boehmite 

(Figure 2A) (Walter and Oldfield, 1989), equivalent aluminum octahedra 
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([6]Al) are formed by coordination of Al to nonequivalent oxygen, and these 

octahedral are set out in straight double chains to build a sheetlike 

structure linked through hydrogen bonds between hydroxyls in 

neighboring planes. However, there are two crystallographically 

inequivalent aluminums that build layers of edge-sharing aluminum 

octahedra to produce the stacked layer sequence AB BA AB …  (gibbsite, 

Figure 2B) (Saalfeld and Wedde, 1974) and AB AB AB … (bayerite, Figure 

2C) (Zigan et al., 1978). These differences of crystal structure for aluminum 

octahedra can be resolved in 27Al MAS NMR spectrum of aluminum oxy-

hydroxide polymorphs in Figure 3. 27Al MAS NMR spectra at 11.7 T of 

boehmite (Figure 3A) shows the presence of equivalent [6]Al site with single 

Gaussian curve at ~ 9.5 ppm. The spectra for gibbsite and bayerite (Figure 

3B and 3C), however, present two distinct [6]Al sites. The spectrum of 

gibbsite (Figure 3B) consists of two lines, one with second-order 

quadrupolar structure, is known from previous studies (Bastow et al., 1994). 

For bayerite, observed chemical shifts of the peaks are 12.4 and 8.5 ppm. 

The two distinct [6]Al environments in gibbsite and bayerite show striking 

dissimilarity in the way chemical shielding and quadrupole interaction 

parameter are affected by the difference in the inequivalent [6]Al sites.  

 The 27Al MAS NMR spectra at 11.7 T for boehmite, gibbsite and 

bayerite series annealed at 50°C intervals from room temperature to 300°C 

are shown in Figure 4. As annealing temperature increases, the peak shapes 

and position of 27Al MAS NMR spectra vary with the atomic environment 

around aluminum, such as [4]Al, [5]Al and [6]Al. To clarify understanding the 

detailed structural transition changes, each spectrum was magnified 10 
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times in Figure 5. The spectra for boehmite series (Figure 4A and 5A) show 

the presence of [4]Al and [5]Al with increasing annealing temperature. The 

spectrum consists of three features at ~ 10, ~ 35, and 70 ppm, due to [6]Al, 

[5]Al, and [4]Al. With increasing temperature, [4]Al and [5]Al fraction increase 

gradually even if annealing temperature is lower than 300°C, lower limit of 

structural transition temperature range from boehmite to γ-Al2O3. It is 

considered as a result of the disordered nature of the boehmite framework. 

This result, however, indicates the transition to γ-Al2O3 as also suggested 

by the previous 17O 3QMAS NMR result for presence of oxygen 

coordinated to three aluminum ions (OAl3) under 300°C. According to 

these results, the phase transition temperature range would be expanded to 

lower temperature than 300°C.  

 The feature of [5]Al also observed in only boehmite series with 

increasing temperature (Figure 5A). However, there are some uncertainties 

to ensure the presence of [5]Al sites due to quadrupolar broadening cause of 

overlapping among [n]Al feature in low field NMR. Therefore, high field 

NMR experiment needs to confirm the presence of [5]Al sites. Figure 6 

shows the 27Al MAS NMR spectra for boehmite series at 14.1 T. The feature 

of [5]Al site is certainly resolved in 14.1 T. This yields unambiguous 

experimental evidence for the existence of [5]Al sites in boehmite series 

although this fraction is relatively small. The presence of [5]Al in boehmite 

series is significant to estimating the origins of structural stability which is 

noticeably lower than another polymorphs series. There are some 

controversy about the reason why [5]Al exist, such as tentatively assigned to 

Al the external surface of alumina particle (Pecharroman et al., 1999) or 
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indicator disorder. Recently, the NMR experiment result suggests that [5]Al 

can be regarded as the degree of disorder in the amorphous oxides, which 

increases with increasing [5]Al contents and also the significant fractions (~ 

40%) of [5]Al in amorphous thin films suggest that amorphous Al2O3 may be 

potentially useful as a new class of catalysts (Lee et al., 2009). Thus, the 

presence or [5]Al in boehmite suggest a larger topological disorder and may 

be responsible for gradual structural changes. The catalytic ability of γ-

Al2O3 also can be explained on the presence of [5]Al.   

 While the fraction of [4]Al and [5]Al increases gradually in boehmite 

series, the fraction of [4]Al abruptly increases with increasing temperature in 

gibbsite and bayerite series. As will be discussed, there are no evidence to 

substantiate the presence of [5]Al in gibbsite and bayerite series, implying 

the degree of disorder in atomic structure of boehmite series is extremely 

high. Figure 4B and 5B present the 27Al MAS NMR spectra for gibbsite 

series with increasing temperature. As mentioned above, the subsequent 

alumina phase formed by transition from gibbsite is γ-Al2O3 and χ-Al2O3. 

At this point a χ-Al2O3 component is non-detectable in XRD patterns so that 

it can be expected that the subsequent alumina phase is γ -Al2O3 in this 

study. The fraction of [4]Al starts to increase slightly from 250°C and 

abruptly increases at 300°C, indicating the lower limit of structural 

transition temperature range is higher than boehmite series. Thus, this 

result shows the trend of structural transition in gibbsite series is totally 

different with boehmite series even if boehmite and gibbsite has same 

transition sequence to γ-Al2O3. This is due to difference of temperature-

induced structural stability in between γ-Al2O3 formed from boehmite and 
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gibbsite. Thus, the γ-Al2O3 formed from gibbsite has higher structural 

stability than γ-Al2O3 formed from boehmite. It suggests that most 

important structural and textural properties of subsequent alumina formed 

downstream are strongly influenced by the phase of aluminum 

oxyhydroxide precursors.  

 Figure 4C and 5C shows the 27Al MAS NMR spectra for bayerite 

series with increasing temperature. On heating, bayerite transforms to η-

Al2O3 at 200 ~ 300°C, whereas boehmite and gibbsite transform to γ-Al2O3. 

The fraction of [4]Al starts to detect at 200°C, and abruptly increases at 

250°C with faster increasing trend more than gibbsite series. And then, the 

fraction of [4]Al at 300°C is almost equal to at 250°C, implying phase 

transformation is already completed in 200 ~ 300°C. Compared with the 

transformation series of another aluminum hydrate polymorph, the 

transition temperature range of bayerite series is narrow. Thus, η-Al2O3 is 

more stable and less metastable than γ-Al2O3 in low temperature.  

 The peak width (full-width half-maximum, FWHM) of [6]Al 

measures the magnitudes of quadrupolar interactions and thus the degree 

of distortion around the Al coordination environments, such as bond 

length and bond angle. The peak width of [6]Al increases with increasing 

temperature in every aluminum oxyhydroxide polymorph series. This 

result indicates that the degree of Al site distortion increases due to 

formation of transition alumina which is metastable phase with increasing 

temperature. The trend of increasing peak width with increasing 

temperature is almost same with trend of Al coordination change. Thus, the 

degree of structural stability for the subsequent alumina from each 
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aluminum (oxy)hydroxide polymorphs can be estimated from the trend of 

Al coordination and peak width. 

 The quantification of fraction of [4,5]Al is obtained by fitting 27Al 

MAS NMR spectra with multiple Gaussian function. The accurate and 

precise quantification of the Al coordination is not straightforward because 

of the asymmetric peak shape for the different Al coordination and the low 

concentration of [4,5]Al for investigated temperature range. In order to 

extract quantitative data from the spectra, we applied the following fitting 

procedure. The total area of each 27Al MAS NMR spectrum was obtained, 

and then the peak of [6]Al is fitted by three Gaussian components to account 

for the asymmetry of the peak and their combined area is considered to 

represent the abundance of [6]Al. The next step is to subtract obtained [6]Al 

abundance by fitting with three Gaussian function from total area. These 

values are abundance of [4,5]Al for each spectrum. The uncertainties during 

this stage can lead to both random and systematic errors in the 

quantification of [6]Al. We estimate the uncertainties on the abundances to 

be around 5% absolute. 

 Figure 7 shows distinct structural change behavior with different 

precursors using the variation in the fraction of [4,5]Al in aluminum 

(oxy)hydroxide polymorphs with increasing temperature. The fraction of 

[4,5]Al is normalized to the fraction of [4,5]Al at 300°C for each aluminum (oxy) 

hydroxide polymorph. Figure 8 presents the 27Al MAS NMR spectra for all 

precursors annealed at 250°C, suggesting that the increasing [4,5]Al fraction 

is distinct, and thus the degree of structural changes is also distinct with 

different precursors even at same temperature. Normalized population of 
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[4,5]Al at 250°C by the fraction of [4,5]Al at 300°C is 0.97 for bayerite, 0.82 for 

boehmite, and 0.21 for gibbsite, implying that structural changes is almost 

done for bayerite and is just started for gibbsite at 250°C. These distinct 

structural transition behavior is closely related to structural stability for 

each aluminum (oxy)hydroxide polymorph and subsequent alumina 

phases. 

 

 

3.4. Conclusion 

 

 In this study, we explored the detailed temperature-induced 

structural change in aluminum (oxy)hydroxide polymorphs below 300°C 

using 27Al MAS NMR at 11.7 T and 14.1 T. The spectra show the evidence 

for the structural phase transition from aluminum (oxy) hydroxide 

polymorphs to transition alumina phase including γ-Al2O3 and η-Al2O3, the 

fraction of [4]Al and peak widths of [6]Al in aluminum (oxy)hydroxide 

polymorphs increase with increasing temperature. The detailed structural 

transition, however, shows distinct transition behavior. The presence of 

[5]Al in boehmite and its absence in other polymorphs suggest a larger 

topological disorder in the former and may be responsible for gradual 

structural transitions. This result suggests that structural changes of 

aluminum (oxy) hydroxide depend on precursor minerals as well as 

temperature. The results provide the atomistic link to the structural phase 

transition of complex and heterogeneous natural materials, such as clay 

minerals in Earth’s surface.  
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4. The effect of iron contents on structure and disorder in iron-

bearing silicate glasses: High-resolution 29Si and 17O MAS and 

17O 3QMAS NMR 

 

 

4.1.  Introduction 

 

 The nature of polymerization or connectivity among framework 

cations and non-network cations and the extent of chemical and topological 

disorder in silicate glasses and melts is a key factor that affects their 

macroscopic thermodynamic and transport properties (e.g., energy, 

entropy, viscosity, diffusivity, crystal-melt partitioning coefficients, and 

activity coefficients of silica) and dynamics of magmas and partial melts in 

the Earth’s crust and interior. They also allow us to understand 

geochemical processes involving magma (i.e., melting, migration, and 

emplacement) and have implications for the chemical differentiation of the 

early Earth. In particular, the iron in silicate glasses and melts also affect 

significantly their macroscopic properties. Understanding the structure and 

disorder of iron-bearing silicate glasses and melts provides constraints for 

the establishment of thermodynamic and transport model in tholeiitic 

magmas and iron-rich silicate system in core-mantle boundary. For 

example, liquid immiscibility is a well-known feature of alkaline-rich 

silicate liquids containing FeO. The K2O-FeO-Al2O3-SiO2 melts separate into 

Fe-rich mafic liquid and K-rich felsic liquid at low temperature (Roedder, 

1951), suggesting that the coexistence of Fe2+ and K+ is energetically 
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unfavorable. Despite the importance and implications, the detailed 

structure and disorder in iron-bearing silicate glasses and melts are not 

fully understood.  

 Due to its ubiquitous abundance on Earth and its heterovalent 

nature in silicate melts and glasses, iron plays a significant role in many 

magmatic processes and iron redox-ratio (Fe3+/Fe2+) also affect to a wide 

number of physical and chemical properties of iron-bearing silicate glasses 

and melts system. The iron content affect the melt viscosity significantly. 

And the viscosity of iron-bearing silicate melts decrease considerably with 

decreasing Fe3+ content of the melts (Bouhifd et al., 2004; Dingwell, 1989, 

1991; Dingwell and Virgo, 1987; Liebske et al., 2003). Crystallization and 

melting behavior are also affected by iron contents and iron redox ratio of 

silicate melts and glasses (Carmichael and Ghiorso, 1986, 1990; Fudali, 1965; 

Shi and Libourel, 1991; Snyder et al., 1993; Toplis and Carroll, 1996; Toplis 

and Corgne, 2002; Wager, 1956). Hence, many studies have addressed 

structure role of Fe3+ and Fe2+ in melts and glasses (Alberto et al., 1996; 

Burkhard, 2000; Calas and Petiau, 1983; Galoisy et al., 2001; Giuli et al., 2002; 

Mysen and Virgo, 1985; Rossano et al., 1999; Rossano et al., 2000; Virgo and 

Mysen, 1985). The structural role of Fe3+ in silicate melts and glasses in 

considered to be similar to that of Al. Thus, in most cases, Fe3+ was 

assigned to tetrahedral site geometry, although evidence for higher 

coordination was also found, especially at low Fe3+ contents (Farges et al., 

2004; Hannoyer et al., 1992). On the other hand, Fe2+ is distributed over 

sixfold-, fivefold- and fourfold-coordinated sites in silicate glasses and 

melts. The observation of fourfold Fe2+ has been taken as evidence for 
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network-forming role of Fe2+ (Jackson et al., 1993; Waychunas et al., 1988). 

However, a network-forming behavior of Fe2+ is in conflict with viscosity 

data. In addition, the network-modifying role of Fe2+ via redox-dependent 

changes in the polymerization of the samples was clearly shown using 

Raman spectroscopy (Wang et al., 1993, 1995).  

 Several decades of intense spectroscopic and diffraction studies 

have demonstrated that the short- and medium-range order of iron-bearing 

silicate glasses and melts strongly influences their bulk properties (Lee and 

Stebbins, 2002; McMillan and Wolf, 1995; Mysen, 2006; Navrotsky, 1995). In 

particular, Raman spectroscopy was utilized to study for iron-bearing 

silicate glasses (Mysen et al., 1985b; Virgo and Mysen, 1985; Wang et al., 

1993, 1995).  

However, no direct investigation of the local structure. Mossbauer 

spectroscopy (Burkhard, 2000; Mysen, 2006; Mysen et al., 1985a; Rossano et 

al., 2008; Virgo and Mysen, 1985) is common technique to investigate iron 

redox ratio and structural roles, but those features were not fully resolved. 

The iron 1s-3d pre-edge features have been investigated as a function of the 

oxidation state and coordination geometry of iron in silicate glasses and 

melts using XANES method (Bonnin-Mosbah et al., 2001; Brown et al., 1995; 

Delaney et al., 1998; Galoisy et al., 2001; Wilke et al., 2007; Wilke et al., 2001) 

but the connectivity and polymerization of iron-bearing silicate glasses 

cannot be yielded directly.  

 Advanced in modern high-resolution solid-state NMR methods 

provide new opportunities in the study the glass structure and disorder. 

Because NMR can provide element-specific atomic configurations around 
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nuclide of interest, it is particularly suitable to study for environments 

around multi-nuclear. However, there is critical problem to investigate 

atomic structure and disorder of iron-bearing silicate glasses using solid-

state NMR spectroscopy due to paramagnetic properties of iron. 

 The paramagnetic properties of iron seriously limit the application 

of solid-state NMR spectroscopy for the iron-bearing silicate glasses and 

melts. Unpaired electrons in paramagnetic cation such as iron, nickel, and 

manganese give rise to strong local magnetic fields that mask original 

spectroscopic properties of objects investigated, such as chemical shift, 

signal loss, line shapes of resonances, and their T1 (spin-lattice relaxation) , 

T2 (spin-spin relaxation) relaxation times (Kelsey et al., 2008; Sharp et al., 

2001; Stebbins and Kelsey, 2009). For example, early reports showed severe 

broadening of 29Si MAS NMR peaks, and even loss of an observable signal, 

in minerals such as olivine ([Mg,Fe]2SiO4) with a few wt% FeO (Grimmer et 

al., 1983; Smith et al., 1983). 29Si MAS NMR spectrum for natural samples of 

pyrope garnet ([Mg,Fe]3Al2Si3O12), containing up to 3.5 wt% FeO (Stebbins 

and Kelsey, 2009), and olivine polymorphs with cobalt impurities (Stebbins 

et al., 2009) contain anomalous NMR peaks which would be considered by 

pseudo-contact shifts from dipolar interactions with unpaired electron 

spins. Thus, generally, the presence of paramagnetic cations in solids is not 

desirable, particularly at accurate structural studies of materials by NMR.  

 Influence of paramagnetic cations, however, will obviously depend 

on their concentrations and electron relaxation times. The term “relaxation” 

is widely used in the physical sciences to indicate the re-establishment of 

thermal equilibrium after some perturbation is applied. Thermal 
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equilibrium is first established in the absence of a field, so that all nuclear 

spin orientations are equally likely. When a magnetic field is applied, this 

situation no longer corresponds to equilibrium, and the system relaxes to 

the new equilibrium state, in which the spin polarizations are distributed 

anisotropically. If the magnetic field is suddenly switched off at later time 

toff (where ton-toff>>T1), the nuclear spin magnetization relaxes back to zero 

again (Bakhmutov, 2011). The relaxation time constant T1 depends on the 

nucleus and the sample, indicating parameters such as temperature and 

viscosity, if the sample is liquid. Typically, the value of T1 is in the range ms 

to s, although T1 may be as long as days or even years in exceptional cases. 

However, this T1 relaxation time is significantly shortened due to 

paramagnetic cations. The T1 relaxation time is controlled by recycle delay 

in solid-state NMR experiment. Therefore, their optimal combinations can 

lead to a number of positive effects. In general, signal-to-noise (S/N) ratio 

of NMR signal is decrease for iron-bearing materials, but S/N ratio is 

developed by averaging of a lot of scanning of signals due to short recycle 

delay time. Thus, we can obtain high-resolution solid-state NMR spectra 

for direct investigation of the local structure and disorder in iron-bearing 

silicate glasses in spite of paramagnetic cation.   

 29Si MAS NMR is one of the most well-established solid-state NMR 

techniques for probing the environment around Si atom in silicate materials 

(Duxson et al., 2005; Kirkpatrick et al., 1986; Lee and Stebbins, 1999; Pierce 

et al., 2010). The environment around Si atom can be described using Qn 

notation which refers to tetrahedral Si groups with n number of bridging 

oxygen atoms.  
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 17O NMR is unique probe of local structures around bridging and 

non-bridging oxygen (BO and NBO) that can provide critical information 

on the extent of disorder among framework and non-framework cation 

(e.g., connectivity, degree or polymerization, non-framework disorder, 

topological disorder, etc.). While conventional 17O MAS NMR often cannot 

yield highly resolved spectra due to residual second order quadrupolar 

broadening, in these studies 2D (dimensional) 17O 3QMAS NMR provides 

significantly improved resolution over MAS NMR and has been applied to 

a diverse range of oxide glasses quenched from melts (Allwardt and 

Stebbins, 2004; Du and Stebbins, 2003; Lee, 2005; Lee et al., 2004; Lee et al., 

2010a; Lee and Stebbins, 2009). 17O 3QMAS NMR studies allow us to probe 

the detailed bonding environments around the bridging (BO) and non-

bridging oxygens (NBOs), and thus provide quantitative estimates of the 

degree of cation mixing among framework and non-framework cation in 

silicate glasses system. 

 Here, we report the first high-resolution solid-state NMR spectra 

(29Si and 17O) for iron-bearing sodium silicate glasses, together with Raman 

spectra. Sodium silicate glasses and melts are archetypal model systems for 

assessing new approaches to understanding structural investigation for 

complex covalent oxide glasses and melts. This system has key implications 

for geochemical processes such as magma dynamics and melts generation 

in subduction zones as well as wide applications in the glass and ceramic 

industry, stimulating extensive studies of their atomic structures with 

various spectroscopic and scattering techniques (Angeli et al., 2010; Lee et 

al., 2009; Malfait et al., 2008; Stebbins et al., 1995).  In addition, sodium 
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silicate glasses are the ideal system to study atomic structure in silicate 

melts due to their relatively low liquidus temperature and wide glass 

forming region. These provide an insight into the effect of iron content on 

structure (polymerization and connectivity) and extents of disorder in iron-

bearing sodium silicate glasses, model system for complex magma. We also 

discuss the structural role of iron in the silicate glasses.  

 

 

4.2.  Experimental Procedure 

 

Sample preparation and characterization 

 Sodium disilicate and iron-bearing sodium silicate glasses with 

varying Fe2O3 contents (see Table 1.) [e.g., (Na2O)1-x⋅(Fe2O3)x⋅(SiO2)2 with 

x=0.03, 0.05, 0.10, 0.20, 0.30, 0.50] were synthesized from sodium carbonate 

(Na2CO3) and oxide reagents (Fe2O3 and SiO2). For 17O MAS and 3QMAS 

NMR experiment, 20% 17O-enriched SiO2 was used to synthesize (Na2O)1-

x⋅(Fe2O3)x⋅(SiO2)2 with X=0.05, 0.10, 0.20. The 20% 17O-enriched SiO2 was 

prepared by hydrolyzing SiCl4 in 20% 17O-enriched water. For sodium 

disilicate, 0.2 wt% of cobalt oxide was added to reduce spin-lattice 

relaxation time. The mixtures in Pt crucible were decarbonated at 700°C for 

1 h and fused at 1100°C for 1 h in an Ar environment. The melt was 

quenched by removing the Pt crucible from the furnace and manually 

lowering it into distilled water. To avoid iron loss through saturation of the 

used Pt crucible with Fe, glass synthesis process was repeated two times 

using same Pt crucible.  
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NMR spectroscopy 

 29Si MAS NMR spectra were collected on a Varian 400 MHz solid-

state spectrometer (9.4 T) at a Larmor frequency of 79.48 MHz for 29Si with 

a 4 mm ZrO2 rotor in Doty Scientific triple-resonance magic-angle spinning 

(MAS) probe. The recycle delay was 60 s for iron-free sodium disilicate and 

0.3~1 s for iron-bearing samples with the radio-frequency pulse lengths of 

1.67 μs that correspond to about a 30° tip angle for the central transition in 

solid. The sample spinning speed was 14 kHz. The spectra were referenced 

to tetra-methyle silane (TMS). 

 We also collected 17O MAS and 3QMAS NMR spectra for (Na2O)1-

x⋅(Fe2O3)x⋅(SiO2)2 with X=0.05, 0.10, and 0.20 at 9.4 T with 4 mm silicon 

nitride rotor in same probe. The recycle delay for MAS NMR experiment is 

0.3 s, with radio-frequency pulse lengths of 0.3 us (about 15° tip angle for 

the central transition in solids). 17O 3QMAS NMR spectra were collected 

using fast-amplitude modulation (FAM) based shifted-echo pulse 

sequences [5.5 μs –delay – 2 μs – echo delay (approximately 0.17 ms) – 20 

μs]. The recycle delay is 1 s, and a spinning speed of 14 kHz was used. The 

17O NMR spectra were referenced to external tap water. 

 

Raman spectroscopy 

 The Raman spectra were obtained with Raman-laser spectroscopy 

built in Seoul National University, using the 488 nm line of an external 

argon laser with typically 50 mW of laser power at the sample surface. The 

spectra were collected with 40 acquisitions of 30 s each. 
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4.3. Results and Discussion 

 

4.3.1. Effect of iron content on degree of polymerization: Raman 

spectroscopy results 

 Figure 9 shows the Raman spectra for iron-bearing sodium silicate 

glasses [(Na2O)1-x ⋅(Fe2O3)x⋅(SiO2)2] with varying iron content, XFe2O3
 

[=Fe2O3/(Fe2O3+Na2O)]. There is a broad, asymmetry peak at 500 to 600 cm-

1. This peak is a composite peak due to bending vibrations of the silicate 

network and four-membered rings (McMillan and Hess, 1990). The overall 

peak decreases intensity and shifts to lower wavenumbers with increasing 

Fe2O3 content. At higher Fe2O3 contents, it is difficult to analyze due to peak 

broadening. 

 The remainder of this Raman experiment will focus on the spectral 

region between 850 and 1250 cm-1. This is the region where the stretching 

vibrations of the different Qn species are present (indicated on Figure 9). In 

this spectra region, several changes occur with increasing Fe2O3 content. 

The peak, assigned to Q4 (Mysen and Frantz, 1993b), is not resolved in 

these spectra. The position of the 1100 cm-1 peak, which is generally 

assigned to Q3 (McMillan et al., 1992; Mysen and Frantz, 1993a, b) decrease 

in intensity with increasing Fe2O3 content and seems to shifts to lower 

wavenumbers at higher Fe2O3 content. The peak at ~950 cm-1, which can be 

unambiguously assigned to Q2 (McMillan et al., 1992; Mysen and Frantz, 

1993a) rapidly increases in intensity with increasing Fe2O3 content. The 
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weak shoulder around 850 cm-1 is present at iron-free sodium disilicate. 

This peak, which can be assigned to Q1 (McMillan and Wolf, 1995), also 

rapidly increase with increasing Fe2O3. However, it is difficult to imply that 

the degree of polymerization decrease with increasing iron content because 

the frequency of vibration of Fe-O is lower than Si-O. Thus, the peak shift 

may be considered in iron-bearing silicate glasses in these spectra.  

 

4.3.2. Effects of iron contents on spin-lattice relaxation: 29Si T1 

relaxation time measurements 

 Spin-lattice relaxation (T1 relaxation) data presented hear based on 

saturation-recovery measurements. After a train of pulses to saturate the 

magnetization, an incremented time delay (τ) is allowed for partial 

recovery, and then an observed pulse is used to measure the signal 

(Stebbins and Kelsey, 2009). Directly integrated or fitted peak areas (M) 

were normalized to that observed in the longest-delay spectrum as an 

approximation of the fully relaxed value (M∞) and analyzed with a 

“stretched exponential” equation (Tse and Hartmann, 1968; Hartman et al., 

2007).  

 

M/M = A[1 − exp [−(τ/T ) ]] 

 

 Here, A is a constant that would be precisely 1 if the longest delay 

magnetization was exactly that of the fully relaxed sample; commonly 

relaxation may not be 100% complete so that A is slightly less than 1. A 

value of either less than or greater than 1 can result simply from fitting 
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imprecision as well. In cases where the magnetization equilibrates rapidly 

throughout the sample (for example by physical or spin diffusion), all spins 

may relax at the same rate and a single exponential behavior (β = 1) is 

commonly observed. In this case, T’ is equivalent to a single “spin-lattice 

relaxation time” T1. However, it is common for 29Si in silicate that relaxation 

is dominated by through-space dipolar coupling between nuclear spins and 

the unpaired electronic spins of paramagnetic cations. In this case, 

relaxation of each spin will depend strongly on the distance to an 

paramagnetic center. This heterogeneity often results in relaxation that is 

well-approximated by a “stretched” exponential with β = 0.5 (Tse and 

hartmann, 1968; Hartman et al., 2007; Hartman and Sherriff, 1991; Stebbins 

et al., 2009; Hayashi et al., 1992). In cases where mixed relaxation 

mechanisms are present, relaxation curves may be best fitted with values of 

β between 0.5 and 1. Figure 10 and Figure 11 show that the 29Si T1 

relaxation (saturation-recovery) time for iron-bearing sodium silicate 

glasses with varying XFe2O3
 decrease with increasing iron content due to 

an enhanced interaction between nuclear spin and unpaired electron.  

 

4.3.3. Signal intensity and spinning sideband of NMR spectra with 

increasing paramagnetic cation contents 

 Figure 12 shows 29Si MAS NMR spectra for iron-bearing sodium 

disilicate glasses [(Na2O)1-x⋅(Fe2O3)x⋅(SiO2)2] with varying iron-content 

[XFe2O3
=Fe2O3/(Fe2O3+ Na2O), 0, 0.03, 0.05, 0.10, 0.20, 0.30, 0.50]. Note that 

vertical scale of these spectra (Figure 12) is absolute value for comparison 

the peak intensity between each sample with varying Fe2O3 content. Three 
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distinct Si environments (Qn species) for [4]Si are partially resolved in 29Si 

MAS spectra for iron-free sodium disilicate. The features relevant to Q2 (~ -

75 ppm), Q3 (~ -90 ppm), and Q4 (broad component ~ 100 ppm) species are 

revealed. The peak intensity of 29Si MAS NMR is exponentially decreases 

and the peak width is increase with increasing iron content. Thus, a single 

broad peak is observed in 29Si MAS NMR spectra for iron-bearing sodium 

silicate glasses with high Fe2O3 content. Figure 13 shows 17O MAS NMR 

spectra for iron-bearing sodium silicate glasses [(Na2O)1-x⋅(Fe2O3)x⋅(SiO2)2] 

with varying iron content [XFe2O3
= Fe2O3/(Fe2O3+ Na2O), 0, 0.05, 0.10, 0.20]. 

The vertical scale of Figure 13 is also absolute value. The peak intensity of 

17O MAS NMR spectra is also exponentially decreases with increasing iron 

content. As shown in Figure 14, the trend of signal loss is consistent 

between 29Si and 17O MAS NMR spectra with increasing iron content. In 

particular, the signal intensity of 29Si MAS NMR exponentially decreases 

with increasing iron content. This result is consistent with decreasing 29Si T1 

relaxation time with increasing iron content, implying that the enhanced 

interaction between nuclear spin and unpaired electron is led to decrease 

signal intensity. While the signal intensity decreases exponentially, signal is 

detected in MAS NMR even iron content is up to 34.60 wt% of Fe2O3. 

 Figure 15 and Figure 16 shows 29Si and 17O MAS NMR spectra for 

iron-bearing sodium silicate with varying iron content. These figures are 

equal to Figure 12 and 13 but horizontal scale is extended for observing of 

spinning sideband. While the signal intensity decreases exponentially, the 

decaying of spinning sideband intensity is distinct behavior with increasing 

iron content. 
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4.3.4. Effect of iron content on distribution of Qn species around Fe: 29Si 

MAS NMR results 

 Figure 17 shows the 29Si MAS NMR spectra for iron-bearing 

sodium disilicate glasses [(Na2O)1-x⋅(Fe2O3)x⋅(SiO2)2] with varying iron 

content [XFe2O3
=Fe2O3/(Fe2O3+ Na2O), 0, 0.03, 0.05, 0.10, 0.20, 0.30, 0.50]. 

Three distinct Si environments, relevant to Q2 (~ -75 ppm), Q3 (~ -90 ppm), 

and Q4 (broad component ~ 100 ppm) species, are partially resolved in 29Si 

MAS spectra for iron-free sodium disilicate. However, a single broad peak 

is observed in 29Si MAS NMR spectra for iron-bearing sodium silicate with 

higher than XFe2O3
=0.05 due to peak broadening with increasing Fe2O3 

content. Figure 18 shows that the peak widths (full-width at half-maximum, 

FWHM) of the 29Si MAS NMR spectra for the iron-bearing sodium silicate 

glasses increase with increasing iron content from approximately 13 ppm 

for XFe2O3
 =0.05 to approximately 23 ppm for XFe2O3

=0.50. The trend of 

increasing peak width is diametrically the opposite of the trend of signal 

loss with increasing iron content (Figure 16). Thus, it is difficult to infer the 

changes in Qn species with increasing iron content using 29Si MAS NMR 

spectra. The position of peak maximum increases with increasing XFe2O3
 

from -88.7 ppm for XFe2O3
=0 to -93.2 ppm for XFe2O3

=0.5, but the change of 

peak position is negligible. 

 

4.3.5. Effects of iron contents on network connectivity and disorder in 

iron-bearing sodium silicate glasses: 17O MAS NMR and 3QMAS 

NMR results 
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 The peak shapes and positions determined by chemical shift, Cq, 

and η in 17O MAS and 3QMAS NMR spectra vary with the atomic 

environment around oxygen in silicate glasses. Thus these values are useful 

to understanding the effect of iron content on structure and disorder for 

iron-bearing silicate glasses and melts. 

 Figure 19 shows the 17O MAS NMR spectra for iron-bearing 

sodium disilicate glasses [(Na2O)1-x⋅(Fe2O3)x⋅(SiO2)2] with varying iron 

content [XFe2O3
=Fe2O3/(Fe2O3+ Na2O)] at 9.4 T. The MAS spectrum for iron-

free sodium disilicate is consistent with previous results (Lee et al., 2009; 

Xue et al., 1994). While a NBO peak (a narrow component around 35 ppm, 

Na-O-Si) and a BO peak (a broad component, Si-O-Si) are partially resolved 

in 17O MAS NMR spectra for the iron-free sodium disilicate glass. The peak 

width of NBO and BO peak in glasses clearly increase with increasing 

Fe2O3 content, consistent with increasing topological disorder (e.g., 

broadening of bond length and angle distribution). Thus, the NBO and BO 

peak are somewhat less well resolved for iron-bearing sodium silicate 

glasses with XFe2O3
=0.05 and totally overlapped for XFe2O3

=0.10 and 0.20, 

making it difficult to infer the changes in oxygen configuration with the 

increasing Fe2O3 content. Peak position of NBO peaks slightly shift toward 

lower frequency (more positive in frequency domain) with increasing Fe2O3 

content. It is clear, however, that the peak shape and width vary with the 

Fe2O3 content, implying changes in oxygen cluster population and atomic 

environment around oxygen. In particular, the peak width of NBO for iron-

bearing silicate glasses seems to be broader than BO with increasing Fe2O3 

content. Whereas more resolution would be necessary to confirm its 
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assignment, peak broadening with increasing Fe2O3 content suggests that 

both NBO and BO environments are affected by iron and stronger 

interaction between iron and NBO sites than BO sites. 

 3QMAS NMR provides a much improved resolution in the two-

dimensional (2D) spectra for quadrupolar nuclides (Amoureux et al., 1996; 

Frydman and Harwood, 1995; Medek et al., 1995) over one-dimensional 

MAS NMR and thus can yield detailed information on the network 

connectivity in oxide glasses (Dirken et al., 1997; Lee et al., 2009; Stebbins 

and Xu, 1997). Figure 20 shows 17O 3QMAS NMR spectra for iron-bearing 

sodium silicate glasses with vary XFe2O3
, yielding improved resolution 

among BO and NBO sites as labeled in Figure 20 over conventional MAS 

spectra (Figure 19). NBO (Na-O-Si, about -25 ppm in the isotropic 

dimension) and BO (Si-O-Si, -56 ppm in isotropic dimension) sites are fully 

resolved for iron-free sodium disilicate glass. NBO and BO peak for iron-

bearing glasses, however, are partially resolved each oxygen cluster peaks 

due to peak broadening with increasing Fe2O3 content. The widths of both 

NBO and BO peaks in the isotropic dimension increase with increasing 

Fe2O3 content. Figure 21 presents the total isotropic projection of the 2D 17O 

3QMAS NMR spectra for iron-bearing sodium disilicate glasses with 

varying Fe2O3 content. The peak intensity, position, and width for each 

NBO and BO peak varies, indicating changes in structurally relevant NMR 

parameters and the degree of disorder with the with Fe2O3 content. The 

widths of the BO and NBO peaks abruptly increase with the Fe2O3 content.  
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4.4. Conclusion 

 

 In this study, we report the first experimental results on the effects 

of iron content on the structure and disorder of iron-bearing sodium silicate 

glasses (up to 34.60 wt% Fe2O3) using Raman and 29Si and 17O solid-state 

NMR spectroscopy. The 29Si T1 relaxation time and peak intensity decrease 

and peak broadening increases with increasing iron content due to 

enhanced interaction between nuclear spin and unpaired electron. The 

heterogeneous peak broadening in 29Si and 17O MAS NMR spectra suggests 

the heterogeneous distribution of Qn species and oxygen cluster (NBO and 

BO) around iron in iron-bearing silicate glasses. The 17O 3QMAS NMR 

spectra for iron-bearing sodium silicate glasses show well-resolved NBO 

and BO sites even at varying iron content (up to 34.60 wt%). These results 

demonstrate that solid-state NMR, particular 17O 3QMAS NMR can be 

effective probe the structure and disorder of iron-bearing silicate glasses. In 

this study, we reported the first experimental data to explore the structure 

and disorder in iron-bearing silicate glasses and melts using solid-state 

NMR, which can shed light on opportunities to study of effect of iron 

content on the element partitioning between crystals and melts in silicate 

glasses and melts as well as transport properties, such as viscosity. It also 

may provide an atomistic explanation for chemical reaction between 

silicate mantle and liquid metal core of partially molten iron-rich structure 

in core-mantle boundary, and thus can predict the thermal history of Earth 

and terrestrial planets, such as Mars. 
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Figure 1. X-ray diffraction patterns for aluminum (oxy)hydroxide 

polymorphs. (A) boehmite, (B)  gibbsite, and (C) bayerite 
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Figure 2. Crystal structures of aluminum (oxy)hydroxide polymorphs. (A) boehmite, (B) gibbsite, and (c) bayerite. 

AlO6 polyhedra are shown in blue and sky blue, O atoms in pink and O atoms with hydrogen bond in red. 
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Figure 3. 27Al MAS NMR spectra for aluminum (oxy)hydroxide 

polymorphs at 11.7 T. (A) boehmite, (B) gibbsite, and (C) bayerite. 
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Figure 3. 27Al MAS NMR spectra for aluminum (oxy)hydroxide polymorphs at 11.7 T. (A) boehmite, (B) gibbsite, 

and (C) bayerite. 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

63 

 

 

 

Figure 5. 27Al MAS NMR spectra for (A) boehmite, (B) gibbsite, and (C) 

gibbsite with varying annealing temperature at 11.7 T. Vertical scales 

enlarged by 5✕ (A and B) and 3✕ (C) from Figure 4. 
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Figure 6. 27Al MAS NMR spectra for boehmite with varying annealing 

temperature at 14.1 T 
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Figure 7. The variation of [4,5]Al population for series of aluminum 

(oxy)hydroxide polymorphs below 300°C. Each value is normalized by the 

[4,5]Al fraction at 300°C. 
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Figure 8. 27Al MAS NMR spectra for annealed aluminum (oxy)hydroxide 

polymorphs at 250°C (11.7 T) 
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Figure 9. Normalized Raman spectra for iron-bearing sodium silicate 

glasses at 9.4 T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. 
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Figure 10. 29Si MAS NMR spectra for iron-bearing sodium silicate glasses at 

τ from 0.0003 to 0.1 s with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as 

labeled. 
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Figure 11. log10-log10 plot of 29Si T1 relaxation (saturation-recovery) data for 

iron-bearing sodium silicate glasses at 9.4 T with varying XFe2O3
 

[=Fe2O3/(Fe2O3+Na2O)], as labeled. 
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Figure 12. 29Si MAS NMR for iron-bearing sodium silicate glasses at 9.4 T 

with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. Vertical scale is 

arbitral unit (not normalized) due to comparison of signal intensity with 

increasing XFe2O3
.  
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Figure 13. 17O MAS NMR spectra for iron-bearing sodium silicate glasses at 

9.4 T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. Vertical scale 

is arbitral unit (not normalized) due to comparison of signal intensity with 

increasing XFe2O3
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Figure 14. Variation of maximum peak intensity for 29Si (closed triangle) 

and 17O (open circle) MAS NMR spectra with varying XFe2O3
.  
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Figure 15. 29Si MAS NMR spectra for iron-bearing sodium silicate glasses at 

9.4 T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. The spinning 

side band is also presented in this Figure. Vertical scale is arbitral unit (not 

normalized) due to comparison of signal intensity with increasing XFe2O3
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Figure 16. 17O MAS NMR spectra for iron-bearing sodium silicate glasses at 

9.4 T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. The spinning 

side band is also presented in this Figure. Vertical scale is arbitral unit (not 

normalized) due to comparison of signal intensity with increasing XFe2O3
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Figure 17. Normalized 29Si MAS NMR spectra for iron-bearing sodium 

silicate glasses at 9.4 T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as 

labeled. 

  



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

76 

 

 

 

 

 

 

 

Figure 18. Variation of full width at half maximum (FWHM) of 29Si MAS 

NMR spectra for iron-bearing sodium silicate glasses at 9.4 T with varying 

XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. 
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Figure 19. Normalized 17O MAS NMR spectra for iron-bearing sodium 

silicate glasses at 9.4 T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as 

labeled. 
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Figure 20. 17O 3QMAS NMR for iron-bearing sodium silicate glasses at 9.4 

T with varying XFe2O3
 [=Fe2O3/(Fe2O3+Na2O)], as labeled. Contour lines 

are drawn from 8% to 98% of relative intensity with a 5% increment and an 

added line at 6%. 
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Figure 21. Total isotropic projection of 17O 3QMAS NMR for iron-bearing 

sodium silicate glasses at 9.4 T with varying XFe2O3
 

[=Fe2O3/(Fe2O3+Na2O)], as labeled. 
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Tables 

 

Crystal Composition 

Lattice Parameter 

Space 
Group(number) 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

Boehmite(1) γ-AlOOH Cmcm(36) 2.848 12.227 3.7 90 90 90 

Gibbsite(2) γ-Al(OH)3 P2(1)/n(14) 8.684 5.078 9.736 90 94.54 90 

Bayerite(3) α-Al(OH)3 P2(1)/n(14) 5.062 8.671 4.713 90 90.27 90 

(1) Tertian and Papee, 1958 

(2) Saalfeld and Wedde, 1974 

(3) Rothbauer et al., 1967 

 

Table 1. Space groups and lattice parameters of aluminum (oxy)hydroxide polymorphs. 
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XFe2O3
 

Mole% (nominal)  Weight% (nominal) 

Na2O Fe2O3 SiO2 
 Na2O Fe2O3 SiO2 

0 33.33 0 66.67  33.66 0 66.34 

0.03 32.33 1.00 66.67  31.98 2.60 65.41 

0.05 31.67 1.67 66.67  30.63 4.39 64.98 

0.10 30.00 3.33 66.67  28.94 8.38 62.68 

0.20 26.67 6.67 66.67  23.76 16.07 60.16 

0.30 23.33 10.00 66.67  19.70 22.88 57.42 

0.50 16.67 16.67 66.67  13.22 34.60 52.18 

 

Table 2. Composition of Na2O-Fe2O3-SiO2 silicate glasses with varying Fe2O3 content. XFe2O3
 is the mole fraction of 

Fe2O3 
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Appendix 

 

Appendix 1    Nature of chemical and topological disorder in 

borogermanate glasses: Insights from B-11 and O-17 solid-state NMR and 

quantum chemical calculations  

(Lee, S. K., Kim, H. N., Lee, B. H., Kim, H. I., Kim, E. J., J. Phys. Chem. B., 

2010) 

 

 Knowledge of the extent of chemical and topological disorder in 

topological disordered oxide glasses and melts is essential for 

understanding the atomistic origins of their macroscopic properties. Here, 

we report the high-resolution B-11 and O-17 triple quantum magic angle 

spinning (3QMAS) NMR spectra for binary borogermanate glasses. The 

NMR results, together with quantum chemical calculations of cluster 

energy difference, allow us to estimate the extent of chemical disorder and 

topology variation with composition. The B-11 NMR result shows that the 

boroxol ring fraction decreases nonlinearly with increasing mole fraction of 

Ge and is smaller than that in binary borosilicate glasses, suggesting that 

the Ge/Si content influences the topological changes. Whereas oxygen 

clusters are not well resolved in O-17 NMR spectra, the Ge-O-Ge fraction 

apparently increases with increasing GeO2 content. The estimated degree 

of framework disorder (Q) in borogermanate glasses is approximately 0.4, 

according to quantum chemical calculations based on density functional 

theory. This is halfway between chemical order (Q=1) and a random 

distribution (Q=0). In contrast, Q is approximately -0.6 for borosilicate 

glasses, indicating a moderate tendency toward complete phase separation 
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(Q=-1). This result confirms that the degree of framework disorder shows a 

strong dependence on the type of framework cations (Si or Ge). The 

predicted configurational enthalpy of borogermanate glasses, explicitly 

considering both chemical and topological disorder, shows a negative 

deviation as predicted from the positive Q value. The results demonstrate 

that the macroscopic properties of topologically disordered noncrystalline 

solids can be established from the detailed quantification of topological and 

chemical disorder. 
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국  요약 

 

질이 갖는 열역  질이나 이동 질과 같  거시 인 질  

질  구 는 원자 단  구조 인 열, 인 분  등  원자 

단  보를 통해 이해   있다. 이  질  구 는 원자  

구조는 도, 압 , 조 과 같  다양  변 를 통해 결 므  이  

같  미시 인  지구 질 연구는 궁극  주어진 경에  

거시 인 뿐만 아니라 지구 인 질  거동  명   있는 

요  단 가 다. 그러므  질  원자 단  보를 량 는 

것  지구 질과   일  리,  분야에 도 요  연구 과  

여겨지고 있다. 이러  요 에도 불구 고 300°C 이  에  

일어나는 도에 른 원자 구조  변  철이 포함  질 규산염 

용 체  원자단  보, 즉 원자구조나 질 도를 알아내는 일  

실  실험 인 법  통해 내는 것에 계가 있  에 과  

인 분야에 걸쳐 아직 풀리지 못  난  남아있다. 

300°C 이  도 역에  산 알루미늄  도가 상승함에 라 

안 상  상 이가 일어난다. 이러  질  상 이 과  

이해 는 것  지 면에  일어나는 풍 , 변질, 그리고 속 작용과 같  

복잡  지질  상  이해 는데 도움  다. 특히 

산 알루미늄  경우 상  간단  조  가지고 있는 것과 

동시에 다양  동질이상  가지고 있  에 도  불어 상 이 

과 에 향  미 는 다른 요소들에  향  찰 는데 

효과  사용   있다. 고분해능  고상 핵자 공명 분 분  
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(NMR)  다양  동질이상  갖는 산 알루미늄  상 이 과  에 

도에 라 미 게 변 는 원자 경 지 게 찰   

있 며 원자단  연결 상태를 보다 고 량  규명   

있게 다. 라  본 연구에 는 고상 핵자 공명 분 분  이용 여 

300°C 이  경에  도에 른 산 알루미늄  상 이 과   

변 는 알루미늄 주변  원자 경  찰함 써 각 질  상 이 

작과 는 원자구조  질 도를 규명 고자 다.  

상 에   다른  개   상태 (보헤마이트, 싸이트, 

베이어라이트)를 갖는 산 알루미늄  27Al MAS NMR 스펙트럼  

살펴보면 모  [6]Al  를 갖는 알루미늄만  이루어  있  

알  있다. 이  각각  상태에 라 약간씩 다른 스펙트럼 모양  

보이고 있는데 이는 각 동질이상이  다른 알루미늄 경  

이루어  있다는 것  지시 다. 이  개   상태에  모  도가 

상승함에 라 4  5  를 갖는 알루미늄 ([4,5]Al)  이 

증가 고 [6]Al  크  폭이 어지고 있  알  있다. 이  같  

 역에  알루미늄 경  변 는 상  미  변 이므  

존 연구에  명 히 보고 지 못 지만 본 연구  고해상도  

실험  통해 역에  [4,5]Al  존재 여부뿐만 아니라  

산 알루미늄  태에 라 [4,5]Al   변 양상이 연 게 

다르게 나타난다는 것  인 다. 보헤마이트에  γ-Al2O3  

이 는 경우 [4,5]Al이 진  증가 는 양상  보이지만 

싸이트에  γ-Al2O3 , 베이어라이트에  η-Al2O3  이 는 경우 

특  도를 심  격 게 증가 고 있는 [4,5]Al이 찰 다. 또  
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다른 시료에 는 나타나지 않는 [5]Al이 보헤마이트 계열에  명 게 

나타나고 있는데 이것  다른 산 알루미늄에 해 상  큰 

질 도 (topological disorder)를  것  이  같  보헤마이트 

계열  큰 질 도는 진  증가 는 상 이 경향에 향  미  

것  추 다. 이 게 얻어진 결과를 통해 산 알루미늄  도에 

른 상 이 과 에는 도 뿐만 아니라  질  상태 역시 요  

변  작용 고 있  알  있 며 이는 상  복잡 고 

불균질  지 면  질에  나타나는 속 작용  상 이 과  

이해 는데 도움    있  것  다. 

철이 포함  규산염 용 체는 지구  동  주체가 는 

마그마를 구 고 있는 주요 질이며 맨틀-핵 경계에 존재 다고 

알 진 속도  명   있는 요  지질  미를 갖는 

질이다. 특히 철  지구 체를 구 는 이 원소  가장 높  

 차지 고 있 며 아주  양  존재만 도 구  질  

, 리 인 질들에 큰 향  미  에 철  포함  

규산염 용 체를 연구 는 것  지구 내부 질   변 를 이해 는 

것에  실마리를 공 다. 이  같  요 에도 불구 고 철이 

포함  규산염 질  원자구조  질 도에  연구는 쉽게 

이루어지지 못 고 있는데 이는 철   가지 산 상태에 른 원자구조 

내  철  역 이 히 알  있지 않  뿐만 아니라 이  같  

원자구조를 직  연구   있는 실험 법이 부재했  이다. 

지만 NMR  경우 특  원자 주변  경  직  찰 여 

원자 간  합도  연결도에  보를 시 므  규산염 질  
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원자구조를 규명 는데 강  법  사용 고 있다. 그 지만 

철이 포함  규산염 용 체 내에 존재 는 상자  원소 ( . 철)  인  

NMR 신  분해능  감소  각 크가 어지는 상  인해 그 

동안 철이 포함  질에 있어 NMR 법이 이용 는 것  거  

불가능해 보 다. 지만 본 연구에 는 철이 포함  알칼리 규산염 

질  29Si  17O MAS NMR과 17O 3QMAS NMR 스펙트럼  공 며 

상자  원소가 포함  규산염 질 질에  원자구조  보를 

 시 고자 다. 

, 철이 포함  알칼리 규산염 질  29Si  T1 이 시간  경우 

상자  원소가 가지고 있는 자 (unpaired electron)  핵 스  

(nuclear spin)이 갖는 상 작용이 커지  에 철  함량이 증가함에 

라 T1 이 시간이 짧아지는 것  인   있다. 이 결과는 철이 

자 경 에  규산염 질  이  르게 다는 원자단  

보 외에 NMR 실험 법상에 도움  주 도 다. 상자  원소  

인해 NMR 법에 어 움이 뒤 르지만 짧  T1 이 시간  갖는 

질  경우 른 시간 내에 동일 실험  많이 복   있게 므  

신   잡   크게 향상시킬  있는 효과를 다. 이  같  

짧  T1 이 시간  이용 여 얻어진 철이 포함  알칼리 규산염 

질  29Si  17O MAS NMR 결과를 살펴보자.  29Si MAS NMR  

스펙트럼  보면    철이 함  질  경우 Q2, Q3 

그리고 Q4가 부분  분해 지만 철  함량에 라 크  폭이 

증가 여 철  함량이 높  질  경우 구분이 거  불가능  모습  

볼  있다. 지만 크  폭이 증가 는 양상  살펴보면 특  향, 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

90 

특히 Q4 크  향  어지고 있  알  있다. 17O MAS NMR 

결과도 역시 높  철  함량  갖는 질에 는 NBO  BO  구분이 

거  불가능 지만 29Si  결과  마찬가지  크 폭  증가 양상이 

특  향  이루어지고 있다. 이  같  철  함량에 른 크 폭  

어짐 상이 특 향  강 고 있다는 결과를 통해 철 주변  

Qn과 NBO, BO가 불균질 게 분포 고 있  추   있다. 철이 

포함  알칼리 규산염 질  2차원 17O 3QMAS NMR 결과는 철  

함량에 라 그 크 폭  MAS 결과  마찬가지  어지고 있 에도 

불구 고 NBO  BO가 잘 분해 고 있  알  있다. 이 결과를 

통 여 철이 포함  규산염 질  철  함량에 른 산소 주변  

원자 경, 합도  연결도  질 도에  보를 량 여 

얻   있게 다. 이  같  결과를 통해 상자  원소가 포함  

질  원자 보를 얻는 것에 그 동안 계가 있다고 알   

NMR이 고  장  지 여 철이 포함  규산염 질  

원자단  직 인 보를 주는 데 효과  이용   있다는 

사실과 함께, 특히 17O 3QMAS NMR  이용 여 고분해능  데이 를 

얻   있  시 다. 

 


