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Abstract 

Glass-ceramics are an attractive oxide-based material routinely used for biomineral repair such as 

porcelain veneers in dental crown applications. The short- and long-range structure of a 

commercial glass-ceramic feldspar material, VITA VM9, has been investigated as a function of 

annealing temperature. The relative amounts of amorphous and crystalline components were 

monitored using a combination of powder X-ray diffraction and solid-state 23Na, 27Al, and 29Si 

nuclear magnetic resonance spectroscopy. The insight gained from this study was then applied to 

analyze a series of synthetic lab-grade ceramics Na0.5K0.5Al1–xMxSi3O8 (x = 0.1; M = B, Al, Ga), 

whose onset of crystallization was found to resemble that of the commercial ceramic material. 



 
 

Introduction 

 Feldspars are naturally occurring framework aluminosilicate minerals having compositions 

that are generally based on solutions of the end-members NaAlSi3O8 (albite), KAlSi3O8 

(orthoclase), and CaAl2Si2O8 (anorthite). Synthetic feldspars have many industrial applications. In 

particular, they are widely used as glass-ceramic dental materials (crowns, implants, and veneers) 

because they retain the esthetically pleasing appearance of natural teeth while showing good 

performance characteristics.  The attractive optical properties are conferred by an amorphous 

glassy component, and the robust mechanical and corrosion-resistant properties are conferred by 

a crystalline ceramic component [1–4].  The properties of these synthetic materials depend on the 

degree of solid solution and the relative amounts of amorphous vs crystalline components [5,6]. 

Unfortunately, commercial veneers made of feldspars are prone to fracture along the ceramic-core 

interface, and 15% of them suffer from chipping within two years. These failures are attributed to 

microcracking, mismatches in the thermal expansion coefficients and elastic modulus between the 

porcelain and zirconia core [7–9], a weak bond at the zirconia-porcelain interface, poor porcelain 

veneer strength, restoration design, and annealing procedure [1,10–12]. To improve the properties 

of these materials, a deeper understanding of the structural details at varying annealing 

temperatures is essential. 

 The structures of glass-ceramic materials are challenging to analyze precisely because they 

contain both amorphous and crystalline components. Short- and long-range order are important to 

determine, but no one technique can accomplish this alone. However, the structure of a glass-

ceramic material can be elucidated through the complementary techniques of powder X-ray 

diffraction (XRD), which probes the long-range order present in the crystalline portion, and solid-

state nuclear magnetic resonance (NMR) spectroscopy, which probes the local environments 



 
 

around individual atomic sites [13,14].  Previous studies of aluminosilicates, including feldspars, 

by solid-state NMR spectroscopy, have illustrated its utility in providing characteristic signatures 

that are related to the degree of Al/Si disorder, in distinguishing between crystalline vs amorphous 

components, and in revealing other details of bonding [15–21]. 

 Magnetic shielding and quadrupolar coupling are two prominent NMR interactions that 

offer sensitive markers to qualitatively and quantitatively assess natural and synthetic minerals.  

The most important interaction is the chemical shift, because it is extremely sensitive to the 

coordination environment and neighbouring species within various crystalline and amorphous 

oxides [22–26].  NMR-active nuclei having a nuclear spin of I > ½ can further assist in assessing 

local and medium-range structure when they exhibit a non-zero electric field gradient (EFG), 

which couples to the intrinsic quadrupole moment of the NMR-active nucleus. The resulting 

nuclear quadrupole interaction provides further information through characteristic lineshapes and 

breadths [27,28]. 

 Herein, we examine the effect of annealing temperature on the structural evolution and the 

relative degrees of crystalline and amorphous components in a commercial dental material (VITA 

VM9) and in several synthetic feldspar materials using powder XRD and solid-state NMR 

spectroscopy. To assess how the network-forming and network-modifying cations affect the 

structural features, 1D and 2D NMR experiments were conducted at high (14.1 T) and ultrahigh 

(21.1 T) fields. The ultrahigh-field experiments led to improved resolution, enabling the relative 

amounts of crystalline and amorphous components to be quantified. This study demonstrates that 

a multinuclear, ultrahigh-field magnetic resonance approach can offer additional insights into the 

structures of glass-ceramic materials and may help unravel complex structure-property 

relationships. 



 
 

Experimental 

 Commercial materials. Commercial dental ceramic VITA VM9 was obtained from Vita 

Zahnfabrik, Germany.  The bulk powder was cold-pressed into several pellets, each of which was 

placed in a Pt–Au (95%/5%) crucible and heated to various set temperatures (ranging from 600 to 

1100 °C) for 18 h in a box furnace, followed by cooling to room temperature. 

 Synthetic materials. A synthetic sample of Na0.5K0.5AlSi3O8 feldspar was prepared from a 

stoichiometric mixture of Na2CO3 (99.5%, Alfa-Aesar), K2CO3 (99.9%, Sigma-Aldrich), Al2O3 

(99.5%, Sigma-Aldrich), and SiO2 (>99%, Sigma-Aldrich), which were ground finely for 30 min 

in an agate mortar. The mixture was cold-pressed into a pellet and heated from 700 to 1100 °C 

stepwise in 100 °C increments over five days.  The product was subsequently reground, pressed 

into a pellet, and annealed at 900 °C overnight. B- and Ga-substituted samples were prepared in 

an identical manner, except that 10% of Al2O3 was replaced by either B2O3 (99.9%, Sigma-

Aldrich) or Ga2O3 (99.9%, Sigma-Aldrich). 

 X-ray diffraction. Powder XRD patterns were collected on an Inel powder diffractometer 

equipped with a curved position-sensitive detector (CPS 120) and a Cu Ka1 radiation source 

operated at 40 kV and 20 mA. Le Bail profile fitting was carried out as implemented in the FullProf 

software suite [29].  Diffraction peaks located at 2θ = 37° and 43° are a background artefact from 

the sample holder and not from the dental glass-ceramics. 

SEM and EDX analysis. Scanning electron microscopy imaging and energy-dispersive X-

ray (EDX) analyses were performed on a JEOL JSM 6010LA InTouchScope scanning electron 

microscope, operated with an accelerating voltage of 10 kV. 

 Solid-state NMR spectroscopy. Silicon-29 magic angle spinning (MAS) NMR spectra were 

collected on a Bruker Avance 300 MHz NMR spectrometer equipped with a double resonance 4-



 
 

mm MAS probe, using a short tip angled (~10°) Bloch pulse (gB1/2p = 62.5 kHz), recycle delay 

of 40 s, and 3000–6000 co-added transients.  To ensure that spin-lattice relaxation did not impact 

the results described, a series of experiments was performed in which the recycle delay was varied 

from 30 to 1200 s. As shown (Figure S1), few changes were observed in the overall intensities.  

The presence of small paramagnetic impurities within these oxides assists nuclear relaxation 

through paramagnetic relaxation, enabling quick recycle delays when combined with short pulse 

widths.  Nevertheless, we refrain from peak-fitting the 29Si NMR results. All compounds were 

ground using an agate mortar and pestle, packed in ZrO2 rotors (4 mm o.d.), and spun at a 

frequency of 5 kHz.  The spectra were referenced to TMS (d = 0) by setting the high-frequency 

peak of tetrakis(trimethylsilyl)silane to –9.8 ppm. The 11B, 23Na, 27Al, and 71Ga MAS NMR spectra 

were collected on an Agilent VNMRS 600 MHz NMR spectrometer equipped with a triple 

resonance (HXY) Varian MAS probe, using a Bloch pulse of 0.2 to 1.0 µs (tip angles of 7° for 

23Na, 11° for 27Al, 33° for 71Ga, and 12° for 11B), a recycle delay between 1 and 3 s, 2000-5000 

co-added transients, and a spinning frequency of 16 kHz.  Spectra were referenced to 0.1 M NaCl 

(0 ppm, 23Na), 1.1 M AlCl3 (0 ppm, 27Al), 0.1 M H3BO3 (+19.6 ppm, 11B), or 1.1 M Ga(NO3)3 (0 

ppm, 71Ga).  All NMR experiments were performed under ambient conditions [19]. 

 Ultrahigh-field 23Na and 27Al MAS NMR spectra were collected on a Bruker Avance II 

900 MHz NMR spectrometer equipped with a double resonance Bruker probe.  Samples were 

packed into 2.5 mm ZrO2 rotors and spun at a frequency of 31.25 kHz. Sodium-23 NMR spectra 

were acquired using a Bloch pulse of 0.5 µs (tip angle of 30°), 512 co-added transients, and a 

recycle delay of 1 s.  Aluminum-27 NMR spectra were acquired using a Bloch pulse of 0.3 µs (tip 

angle of 30°), 256 co-added transients and a recycle delay of 1 s. Multiple quantum (3Q) MAS 

NMR spectra were acquired using a three-pulse z-filtered sequence.  Each pulse was optimized for 



 
 

maximum transfer efficiency (23Na: P1 = 4 µs, P2 = 1.5 µs, P3 = 10 µs and 27Al: P1 = 2.6 µs, P2 

= 0.9 µs, P3 = 10 µs).  The 23Na 3QMAS data were acquired using a 0.4 s recycle delay, 2048 

scans, and 96 t2 increments set to four times the rotor period. The 27Al 3QMAS data were acquired 

using a 2 s recycle delay, 96 scans, and 128 t2 increments set to two times the rotor periods.  Spectra 

were processed using TOPSPIN software (Bruker) and between 50 and 300 Hz exponential 

apodization. 

 

Results and Discussion 

 Among many factors that influence the structure and properties of synthetic feldspars, the 

heat treatment applied during synthesis is poorly understood and forms the focus of the present 

study.  How the heat treatment affects the evolution from disordered (amorphous) to semi-ordered 

structures (glass-ceramic) in a commercial dental ceramic and related synthetic materials can be 

tracked by diffraction and spectroscopic methods. 

 

Figure 1.  (a) Powder XRD patterns of dental ceramic VITA VM9 treated at different 
temperatures. (b) Expanded view for patterns at 800, 850 and 900 oC revealing an underlying 
broad component.  (Diffraction peaks located at 37° and 43° in 2θ are an artefact from the sample 
holder.) 



 
 

Evolution of crystalline component. Separate samples of the commercial dental material VITA 

VM9 were treated at various temperatures between 600 and 1100 °C and examined by powder 

XRD (Figure 1a).  In general, the broad humps in these patterns are attributed to an amorphous 

component and the sharp peaks to a crystalline component. At room temperature, the untreated 

starting material is largely amorphous. No drastic changes are observed between room temperature 

and 600 °C. Above 600 °C, the broad hump begins to be suppressed by the sharp peaks, indicating 

that a gradual rearrangement of atoms is taking place, inducing ordering and indicating the onset 

of crystallization.  The sharp peaks begin to dominate between 800 and 950 °C, indicating 

increased ordering. Close examination of the XRD patterns reveals that a broad background 

remains at these temperatures (Figure 1b), indicating that some amorphous component is always 

present as part of the dental material. Above 1000 °C, all crystallinity is lost and a liquid melt 

forms, as confirmed by visual inspection of the sample when it was removed from the furnace. 

Upon melting, the sample transforms into a glass, which lacks long-range periodic order and is 

manifested as a broad hump in the XRD pattern at 1100 °C.  

 Lattice parameters of the crystalline component were obtained from the profile fitting of 

the XRD patterns between 800 and 950 °C (Table S1). Na-rich feldspar, NaAlSi3O8, crystallizes 

in a triclinic (nearly monoclinic) form, whereas K-rich feldspar, KAlSi3O3, exists in both triclinic 

and monoclinic forms. The commercial dental material is found to adopt the triclinic form as 

shown in Figure 2, consistent with the composition Na0.5K0.5AlSi3O8 as revealed by EDX analysis 

(Table 1).  

 

 

 

 



 
 

 

 

Figure 2. Crystal structure of Na0.5K0.5AlSi3O8 (triclinic). 

Table 1. EDX analyses (mol%) of commercial and lab-grade dental ceramics. 

 VITA VM9 Na0.5K0.5AlSi3O8 Na0.5K0.5Al0.9Ga0.1Si3O8 

Na 9(1) 9(1) 10(1) 

K 13(5) 10(4) 10(5) 
Al 16(1) 19(1) 15(2) 

Ga   3(1) 
Si 62(2) 62(2) 62(2) 

 

 The effect of annealing on the morphology of the samples was examined by SEM (Figure 

S2). As the temperature increases, the particles increase in size and become more uniform in shape. 

At 1100 °C, the surfaces are smooth, which indicates that melting has occurred, as corroborated 

by the XRD patterns and NMR spectra. 

Network-forming oxides. In glass science, oxide components are often classified into network-

forming species (e.g., SiO2, B2O3, Al2O3), which build up the structure, and network-modifying 

species (e.g., alkali and alkaline-earth cations), which disrupt the polymerized network to form 

non-bridging oxygen atoms and which compensate for the charge of the anionic network to 

maintain overall charge neutrality. NMR spectroscopy is a robust method to probe the local 

structure of glasses by detecting changes in coordination environments and neighbouring cations 



 
 

which would otherwise be invisible using other tools. The presence of a broad amorphous feature 

in the powder XRD patterns of the dental ceramic warrants further investigation by 29Si and 27Al 

MAS NMR spectroscopy. 

 29Si NMR spectroscopy (I = ½; 4.7 % natural abundance) is well suited to characterize 

aluminosilicates [14,30], with the ability to reveal second-coordination environments based on the 

Al substitution pattern around four-coordinate Si with all bridging oxygens, denoted as Q4. There 

are five types of possible environments around the Si atoms, ranging from zero (Q4(0Al)) to four 

Al neighbours (Q4(4Al)) within the second coordination sphere. The ranges of chemical shifts for 

these Si environments are approximately -102 to -116 ppm for Q4(0Al), -97 to -107 ppm for 

Q4(1Al), -92 to -100 ppm for Q4(2Al), -85 to -94 ppm for Q4(3Al), and -82 to -92 ppm for 

Q4(4Al) [14].  The gradual trend in the chemical shift to a higher frequency with the greater number 

of Al atoms serves to identify the type of silicate species present in the feldspar. Some overlap 

occurs in these chemical shift ranges and is exacerbated by the broader resonances often associated 

with the disordered structures of feldspars. The diminished resolution results from the distribution 

of chemical shifts arising from the varying T-site bond lengths and angles caused by Si/Al and 

Na/K disorder. 



 
 

 29Si MAS NMR spectra (B0 = 7.05 T) were collected for the same series examined earlier 

by powder XRD (Figure 3). They show a broad Gaussian-like resonance spanning from -85 to 

-110 ppm, consistent with an overall amorphous structure. These results are consistent with 

previous NMR studies of natural feldspar minerals, which can range from well-resolved data, with 

three distinct Si resonances appearing at -102 ± 2 ppm (T1m), -97 ± 2 ppm (T2o), and -91 ± 2 

ppm (T2m) in highly ordered structures, to the collapse of these signals into a single, broad 

Gaussian-like resonance [15,16,31,32]. For the dental ceramic studied here, there are four 

crystallographically inequivalent T-sites, each of which could experience second coordination 

environments varying between zero to four Al neighbours. Thus, there are a total of 20 possible Si 

chemical environments. The large variation in Si environments in a glass or glass-ceramic would 

lead to a broad 29Si signal spanning a wide range of chemical shifts. If Lowenstein’s rule is obeyed 

(i.e., no [4]Al-O-[4]Al linkages are permitted) and the stoichiometric ratio of network-forming 

Figure 3.  (a) 29Si MAS NMR spectra (B0 = 7.05 T) for dental ceramic VITA VM9.  (b) 
Expanded view of the spectrum for the sample treated at 900 °C, with assignments based on 
ref. 15. 



 
 

cations (1 Al : 3 Si) is considered, then the most probable medium-range Si chemical environments 

have one to two Al neighbours [33]. 

 At room temperature and above 1000 °C, the spectra are dominated by the broadest 

Gaussian-like lineshapes of the amorphous component. The broad resonance encompasses the 

range of expected chemical shifts for Q4(2Al), and Q4(1Al) sites (and possibly others), and are 

consistent with the Na/K-feldspar structures [16,30,34].  Between 800 and 950 °C, there is a 

perceptible narrowing of the lineshapes and a slight shift in peak positions, suggesting that ordering 

is being induced. At 850 and 900 °C, multiple resonances begin to emerge from the broad 

resonance and are tentatively assigned to T1m, T2o, and T2m regions (Figure 3b). Altogether, 

these spectra provide evidence for the occurrence of intermediate Al-O-Si ordering and for the 

presence of Si in both amorphous and crystalline components of the glass-ceramic material. The 

underlying broad resonance and insufficient resolution inhibit a quantitative analysis of the 

amorphous and crystalline components, but they are consistent with the presence of significant 

amounts of the amorphous component, as indicated by the powder XRD results discussed earlier. 

The slight narrowing and emergence of three Si environments is also consistent with the XRD 

data, where the onset of crystallization was observed to occur between 800 and 950 °C. 

  



 
 

 

To examine the network further, 27Al NMR spectroscopy (I = 5/2; 100 % natural abundance) was 

used to monitor changes in chemical shift and quadrupolar interaction, as aluminium can reside in 

any of the T-sites in crystalline feldspars. The 27Al MAS NMR spectra (B0 = 14.1 and 21.1 T) are 

shown in Figure 4. At either extreme of the temperature range, the spectra show a broad Gaussian-

like resonance with a distribution in chemical shifts caused by the amorphous nature of these 

materials.  The overall resonance spans 30 ppm across a range from 40 to 70 ppm, consistent with 

a four-coordinate Al chemical environment ([4]Al) [11,17,18].  Examination of the ultrahigh-field 

27Al NMR spectra between -10 and 40 ppm reveals no evidence of higher coordinated aluminum 

chemical species ([5]Al & [6]Al), with the exception of the annealed samples at 600 and 950 °C, 

where a low intensity peak assigned to [6]Al is attributed to a minor amount of Al2O3.  This implies 

that nearly all the [4]Al sites within the network are formed by [4]Al-O-[4]Si linkages (considering 

Lowenstein’s Al avoidance rule) [33]. 

Figure 4.  Aluminum-27 MAS NMR spectra for dental ceramic VITA VM9 subjected to 
various heat treatments, collected at (a) B0 = 14.1 T and (b) B0 = 21.1 T. 
 



 
 

 When the data at 14.1 and 21.1 T are combined, the extraction of random slices from the 

27Al MQMAS spectra (vide infra) reveals a gradual reduction of the quadrupole coupling constant 

from CQ = 3.8 ± 0.4 (RT/melt) to 3.1 ± 0.2 MHz (900 °C), associated with a reduction in the 

distribution of quadrupolar parameters, consistent with the onset of crystallization.  Past studies 

have reported CQ values between 3.1 and 3.3 MHz for Na/K feldspars minerals [16].  Between the 

critical annealing temperatures of 800 and 950 °C, the 27Al central transition narrows, with 

evidence of an asymmetric tail extending toward lower frequency, which is caused by a 

quadrupolar interaction whereby a distribution of EFGs becomes apparent as crystallization is 

induced.  This is further supported by the 2D 27Al MQMAS, below, where the dominant 

distribution in chemical shifts is reduced in this range [35,36]. Although averages of quadrupole 

coupling constants are reported here, we note that there is a significant distribution in the CQ values 

that have been reported for a series of solid solutions (Na/K feldspars); as such, a distribution of 

both smaller and larger CQ values (upwards to 5.5 MHz) are required to effectively simulate these 

lineshapes. This result is consistent with a substantial variation in the Al T-site (T1o), and 

consequently, supports the broad 29Si resonances observed where Si variations also cause the wide 

distribution in chemical shift noted above [15]. 



 
 

 Network-modifying oxides. The dental ceramic material contains two network-modifying 

cations, Na+ and K+, which can serve as analytical markers to assess the relative degrees of 

amorphous vs crystalline character. In principle, both of these cations can be probed, but 23Na is 

much more favourable (I = 3/2; 100 % natural abundance and Ξ = 26.45 %) than 39K (I = 3/2; 93 

% natural abundance and Ξ = 4.67 %) for 1D NMR studies and provides an accessible avenue for 

2D studies [19,37]. 

 The 23Na MAS NMR spectra collected at 14.1 T indicate the presence of at least two unique 

Na chemical environments (Figure 5a). To improve spectral resolution by reducing the second-

order quadrupole broadening and to boost sensitivity, NMR spectra were also collected at 21.1 T 

(Figure 5b). The RT and 1100 °C samples give nearly identical spectra with a broad 23Na resonance 

spanning nearly 30 ppm (between 0 and – 30 ppm), which is consistent with an average 

coordination sphere of eight to ten oxygen atoms. The lack of a defined second-order quadrupolar 

Figure 5.  23Na MAS NMR spectra for dental ceramic VITA VM9 subjected to various heat 
treatments, collected at (a) B0 = 14.1 T and (b) B0 = 21.1 T. 
 



 
 

lineshape implies that the breadth is dominated by a distribution of chemical shifts due to the 

amorphous component. When the sample is annealed between 800 and 950 °C, the spectra are 

highly asymmetric, with the formation of two distinct resonances having centre-of-gravity shifts 

(𝛿cgs) at –28 and –19 ppm. These can be assigned to the crystalline and amorphous components, 

respectively [15].  As the heat treatment temperature increases, the intensity increases for the peak 

at 𝛿cgs = –28 ± 1 ppm (CQ = 1.3 ± 0.1) attributed to the ordered (crystalline) component, but 

decreases for the peak at 𝛿cgs = –19±3 ppm (CQ = 2.3±0.3) attributed to the disordered (amorphous) 

component.  This result provides a direct atomic-level method to quantify the relative amounts of 

crystalline and amorphous components present in the sample under different annealing conditions.  

The reduction in CQ and the change in chemical shift are consistent with Na+ cations entering a 

more symmetric environment made possible by the presence of K+ cations. As has been previously 

reported, as the alkali-metal site expands, due to the introduction of larger K+ cations, the overall 

Na-O distances increase, causing the bonding arrangement to become increasingly ionic and 

leading to a smaller electric field gradient, reducing CQ [15]. The fitted data used to quantify the 

crystalline and amorphous components are shown in Figure S3 and summarized in Table S2. Based 

on this quantitative analysis, an annealing temperature of 850 °C maximizes the degree of 

crystallinity, with ~29% of the glass-ceramic material exhibiting a crystalline component. At 

higher annealing temperatures, the crystalline component diminishes and gives way to greater 

amounts of the amorphous component. 

 Although the bulk glass-ceramic sample has an overall composition of Na0.5K0.5AlSi3O8, 

consisting of equal parts of Na and K, the characteristic shifts and quadrupolar coupling constants 

for the crystalline and amorphous features suggest that the crystalline portion is K-rich whereas 

the amorphous portion is Na-rich. This implies that the onset of crystallization is impacted not 



 
 

only by temperature, but also by the partitioning of the network-modifying cations. Based on 

previous reports of Na/K feldspar solid solutions, we estimate that the crystalline component of 

the commercial dental material has a composition between Na0.2K0.8AlSi3O8 and Na0.4K0.6AlSi3O8, 

while the amorphous component accepts the excess Na [15]. 

 

 The 27Al and 23Na NMR spectra of the commercial dental material are compared with 

spectra at 21.1 T simulated based on past results for crystalline NaAlSi3O8, KAlSi3O8, and 

Na0.5K0.5AlSi3O8 (Figures S4 and S5) [15]. As expected, the parameters for the dental material are 

Figure 6.  Triple quantum (3Q) 27Al (left) and 23Na (right) MAS NMR spectra (B0 = 21.1 T; 
ωr/2π = 31.25 kHz) of dental ceramic VITA VM9 at 25 °C (bulk powder, no heat treatment), 
heat-treated at 900 °C, and quenched melt at 1100 °C.  The chemical shift (CS) axis is marked 
by the dashed lines, and four-coordinate aluminum environment is abbreviated as [4]Al. 
 



 
 

intermediate between those for NaAlSi3O8 and KAlSi3O8.  However, the dental material shows 

much broader spectra than the end-members, confirming a high degree of structural disorder 

arising from the Na/K mixing and the distribution of sites within the amorphous component.  To 

verify that no further sites are hidden underneath the spectra, additional MQMAS experiments 

were performed (Figure 6). In general, the MQMAS spectra are consistent with the corresponding 

1D ultrahigh-field NMR spectra discussed above, with a single Al site and two distinct Na sites. 

The onset of crystallization is accompanied by a reduction in the CS distribution in the 27Al 

MQMAS spectra, while crystalline and amorphous components are resolved in the 23Na MQMAS 

spectra. The amorphous nature of the RT and 1100 °C samples is manifested by a single resonance 

with a sizable distribution in chemical shifts, complementing the 1D NMR results. As indicated 

above, 23Na NMR spectra are highly valuable for interrogating the degree of disorder induced by 

different heat treatments. Although the 1D NMR data at 21.1 T were sufficient to reveal these 

structural details, 23Na MQMAS experiments are an attractive approach if access to higher field 

instrumentation is unavailable.  The projected isotropic spectra are provided in Figure S6. 

 Manipulation of glass-ceramic balance. To determine if the proportions of amorphous and 

crystalline components in dental ceramics can be adjusted through synthetic modifications, we 

prepared a lab-grade ceramic with the same composition as the commercial material, 

Na0.5K0.5AlSi3O8, as well as the derivatives Na0.5K0.5Al0.9B0.1Si3O8 and Na0.5K0.5Al0.9Ga0.1Si3O8 in 

which 10% of the network-forming Al atoms was substituted by smaller B or larger Ga atoms.  

Except for the sample containing B (which cannot be detected by EDX analysis), these 

compositions were confirmed (Table 1).  These samples were then subjected to a similar analysis 

as performed on the commercial material. 



 
 

 The powder XRD patterns for these samples are similar to those of the commercial material 

(Figure S7).  The heat treatment was adjusted slightly to mitigate the volatility of starting materials 

(i.e., Na2CO3 and K2CO3), followed by longer annealing to improve crystallinity.  Compared to 

the commercial material, the broad background is less prominent in Na0.5K0.5AlSi3O8 and 

Na0.5K0.5Al0.9Ga0.1Si3O8, implying higher crystallinity, but it is still present in 

Na0.5K0.5Al0.9B0.1Si3O8, which is consistent with the excellent glass-forming behaviour generally 

found in borates.  The patterns were fit to a triclinic lattice with parameters similar to those of the 

commercial sample (Table S1). 

 The 27Al MAS NMR spectra are shown in Figure 7a. Compared to the commercial material, 

the 27Al resonance of Na0.5K0.5Al0.9Ga0.1Si3O8 narrows slightly (Figure S8), but it is broader and 

shifted to higher frequency in Na0.5K0.5Al0.9B0.1Si3O8. Interestingly, the synthetic sample of 

Na0.5K0.5AlSi3O8, which underwent longer annealing, does not show a narrower peak and is 

Figure 7. (a) 27Al (B0 = 14.1 T; ωr/2π = 16 kHz) and (b) 23Na (B0 = 14.1 T; ωr/2π = 16 kHz)	
MAS NMR spectra for dental ceramic VITA VM9 and synthetic samples of Na0.5K0.5AlSi3O8, 
Na0.5K0.5Al0.9Ga0.1Si3O8, and Na0.5K0.5Al0.9B0.1Si3O8. 
 



 
 

Gaussian-like, suggesting a distribution in chemical shift. Regardless of the treatment, all 

resonances exhibit some distribution in quadrupolar coupling characteristics, as seen in the right 

skewed edge of the resonance. All synthetic samples reveal the presence of some six-coordinate 

aluminum ([6]Al) species with a centre-of-gravity chemical shift of 𝛿cgs = 14 ppm (Figure S9), 

consistent with a small amount of unreacted Al2O3 starting material, which was also apparent in 

the powder XRD patterns. 

 The 23Na NMR spectra again prove to be the most informative, providing sufficient spectral 

resolution between the two chemically distinct environments (Figure 7b). The synthetic sample of 

Na0.5K0.5AlSi3O8, which was annealed for 60 h, exhibits more ordered environments around the 

Na atoms, implying greater crystallinity and less variability in the T site, similar to previous reports 

[16,31].  Quantitatively, the crystalline portion (𝛿cgs = −28 ppm) constitutes ~80% of the sample.  

Likewise, Na0.5K0.5Al0.9Ga0.1Si3O8 reveals two resonances, and the proportion of the crystalline 

component is greater for this sample than it is for the commercial sample. The spectrum of 

Na0.5K0.5Al0.9B0.1Si3O8 is dominated by a broad unresolved resonance in the amorphous region, 

which appears to represent disordered Na chemical environment. We note that the lineshape 

suggests the presence of two non-resolvable Na chemical environments that have similar center of 

gravity chemical shifts but different quadrupole coupling constants as the spectrum appears to be 

modeled well with a narrow and broad Gaussian lineshape (Figure S10). Combining the 23Na and 

27Al NMR results leads to the conclusion that a small addition of borate hinders the onset of 

crystallization. Structural changes have also been reported in phosphosilicate bioglasses when 

incorporating small amounts of B and Al [38–40]. 



 
 

 B and Ga can adopt various coordination environments in its oxides: [4]B and [3]B are both 

common in borates, whereas [4]Ga is preferred in gallates, although [6]Ga and [5]Ga are occasionally 

found [41–43]. 11B and 71Ga MAS NMR spectra are shown for Na0.5K0.5Al0.9B0.1Si3O8 and 

Na0.5K0.5Al0.9Ga0.1Si3O8 (Figure 8). The 71Ga MAS NMR spectrum shows a characteristic [4]Ga 

resonance with δcgs = 165±5 ppm and CQ = ~6.5±0.5 MHz (Figure 8a), consistent with other 

gallium-containing oxides [44-48]. The incorporation of Ga into the feldspar material results in a 

sizable 71Ga CQ compared to those for other Group 13 synthetic sister materials. The electric field 

gradient is nearly an order of magnitude larger about the [4]Ga vs. [4]Al when we account for the 

differences in both the quadrupolar frequency and the nuclear quadrupolar moment of 71Ga (Q = 

10.7 fm2, I = 3/2) and 27Al (Q = 14.66 fm2, I = 5/2). This finding suggests that replacing Al3+ for 

the larger Ga3+ cation within the aluminosilicate network introduces considerable GaO4/2 

polyhedral distortions, and the smaller B3+ cation adopts a more symmetric pseudo-tetrahedral [4]B 

environment as discussed below. 

 

Figure 8. (a) 71Ga and (b) 11B MAS NMR (B0 = 14.1 T; ωr/2π = 16 kHz)	spectra for synthetic 
samples for Na0.5K0.5Al0.9Ga0.1Si3O8 and Na0.5K0.5Al0.9B0.1Si3O8. 
 



 
 

The 11B MAS NMR spectrum shows that Na0.5K0.5Al0.9B0.1Si3O8 contains 90 ± 2% of [4]B 

and 10 ± 2% of [3]B (Figure 8b). The chemical shifts are -2.0 ± 0.2 ppm (CQ = 0.35±0.03 MHz) 

for [4]B and 14 ± 1 ppm (CQ = 2.5 ± 0.2 MHz), consistent with other borosilicates [23,48–50]. 

Because borates are excellent glass formers, substitution with B is less likely to induce 

crystallization in feldspar glass-ceramic materials under similar annealing conditions.  This may 

provide an alternative means to control the proportions of amorphous and crystalline components 

in glass-ceramics while maintaining the esthetic features required for dental applications. 

 

Conclusions 

 A strategy has been demonstrated to elucidate the evolution of amorphous and crystalline 

components of dental glass-ceramic materials. The long-range structure of the crystalline 

component was probed by powder XRD, and the local structure of both the crystalline and 

amorphous components was probed by multinuclear solid-state magnetic resonance spectroscopy. 

In particular, the most useful insight into the structural changes induced by various heat treatments 

was provided by the 23Na NMR spectra. Quantifying the relative proportions of crystalline and 

amorphous components was made possible by the improved resolution in ultrahigh-field 23Na 

NMR spectroscopy.  Alternatively, 2D MQMAS is a suitable approach at lower magnetic fields.  

The commercial dental material VITA VM9 contains a largely amorphous component before heat 

treatment, with only a minor (<30%) crystalline component. Small additions of B or Ga can change 

the relative amounts of these components and provides a means to control the properties of dental 

materials.  Crystallinity is maximized between temperatures of 800 and 950 °C. These factors 

should thus be considered carefully in manufacturing processes. 
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