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A B S T R A C T   

The oxygen speciation in (Na2O)x(GeO2)100-x glasses with 4 ≤ x ≤ 28 is studied using high-resolution 17O NMR 
spectroscopy at ultra-high field (35.2 T). The structure of glasses with x ≤ 18 consists of oxygen atoms bridging 
either two four-coordinated GeIV atoms (O44) or a GeIV and another six-coordinated GeVI atom (O46). The O46: 
O44 ratio monotonically increases with increasing Na2O content in this composition range. Further addition of 
Na2O results in a lowering of O46 and in a concomitant rise in the concentration of non-bridging oxygen (NBO) 
atoms. The resulting compositional variation in the average coordination number of Ge atoms is associated with 
the non-monotonic evolution of density and the germanate anomaly in these glasses. On the other hand, 
increasing fictive temperature results in a net conversion of GeVI → GeIV + NBO in these glasses, which is argued 
to be a source of temperature dependent configurational entropy in germanate liquids.   

1. Introduction 

The incorporation of an oxide ion into the structure of silicate or 
phosphate glasses via the addition of a modifier oxide to SiO2 or P2O5 
results in the formation of non-bridging oxygen (NBO) atoms that lower 
the connectivity of the network [1,2]. On the other hand, the borate and 
germanate networks respond quite differently as the coordination 
number of B and Ge cations increases upon initial addition of oxide ions 
and consequently the connectivity of the network increases [3]. Spe-
cifically, in borates, some four-coordinated boron begins to form from 
trigonal groups, and in germanates some five-or six-coordinated Ge 
begins to form from tetrahedral species. The conversion of 4-fold coor-
dinated GeIV atoms to 5-fold and 6-fold coordination (GeV and GeVI, 
respectively) can be expressed in the form of structural reactions such as 
[4]: 

M2O+GeIV ∅4/2→
[
GeVI∅6/2

]2−
+ 2M+ (1)  

M2O+ 2 GeIV ∅4/2→2
[
GeV ∅5/2

]−
+ 2M+ (2) 

In these reactions ∅ and O− represent bridging and non-bridging 
oxygen atoms, respectively, and M+ is a modifier cation. 

In the case of alkali germanates, the concentration of high- 

coordinated Ge is maximized at an alkali oxide concentration of 
~15–20 mol%, beyond which further addition of alkali oxide results in 
the lowering of the relative fraction of the high-coordinated Ge and a 
concomitant increase in the NBO content [5,6]. This structural change 
can be represented via reactions such as [5]: 
[
GeVI∅6/2

]2−
+ 2M+ +GeIV ∅4/2→2

(
GeIV ∅3/2O− .M+

)
(3) 

At this point, similar to silicates and phosphates, the connectivity of 
the germanate network starts to decrease. This compositional evolution 
of the network is believed to give rise to the so-called “germanate 
anomaly”, where the density and the glass transition temperature Tg of 
alkali germanate glasses display a non-monotonic variation with the 
modifier content and go through a maximum at an alkali oxide content 
where the concentration of the high-coordinated Ge also maximizes 
[4–8]. Previous structural studies of alkali germanate glasses employed 
Raman spectroscopy, X-ray and neutron scattering and Ge extended x- 
ray absorption fine structure (EXAFS) spectroscopy, all of which pro-
vided clear evidence in favor of an increase followed by a decrease in the 
average Ge coordination number with the addition of modifier alkali 
oxide [9–13]. However, the relative abundance of the GeV and GeVI 

species in these glasses has remained undetermined. A number of these 
studies have challenged the idea of a sole causal link between the 
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germanate anomaly and the Ge coordination environment [7,14–17]. 
These studies suggested instead that GeV may the most dominant high- 
coordinated species in alkali germanate glasses and the germanate 
anomaly is a consequence of a complex interplay between this species, 
the formation of NBOs and the appearance of three-membered GeO4 
rings [7]. More recent 17O triple-quantum magic-angle-spinning 
(3QMAS) nuclear magnetic resonance (NMR) spectroscopic studies of 
glassy sodium germanates have also provided clear corroborating evi-
dence in favor of an increase in the relative concentration of five- and/or 
six- coordinated Ge atoms with the addition of up to ~20 mol% modifier 
alkali oxide [4,5]. Further increase in the alkali content was shown to 
result in the appearance of NBOs in the glass structure and a concomi-
tant lowering of the concentration of high-coordinated Ge atoms. 17O 
NMR can potentially provide key information regarding not only the 
concentration of Ge in different coordination environments but also 
their connectivity in the network. However, it may be noted that 
multiple-quantum MAS NMR is inherently a semi-quantitative tech-
nique, and “single-quantum” MAS data would be highly desirable for 
obtaining fully quantitative oxygen speciation in these glasses [4,5]. 

Finally, the pronounced difference between the compositional vari-
ation of the molar volume of sodium germanate glasses and that of the 
corresponding liquids was suggested in the literature to be indicative of 
significant temperature dependence of the Ge speciation reactions in 
Eqs. (1 and 2) [4,14,18]. Temperature is indeed well known to have a 
significant effect on the coordination of B atoms in oxide glasses/liquids 
where it has been demonstrated that increasing temperature shifts the 
speciation equilibrium BO4 = BO3 + NBO to the right, with BO4 and BO3 
being the relative fractions of 4- and 3- coordinated B atoms, respec-
tively [19–25]. Such speciation increases the configurational entropy 
Sconf of the borate network, and has been linked to viscous flow within 
the framework of the Adam-Gibbs configurational entropy model 
[19–21,25,26]. According to this model the temperature dependence of 
the configurational entropy of a glass-forming liquid i.e. dSconf

dT is pro-
portional to its fragility, which is a measure of the degree of departure of 
its viscosity from an Arrhenius behavior in the glass transition range. It 
may be noted here that the fragility of a glass-forming liquid is param-

eterized by the fragility index m, which is defined as: m =
dlog10η
dTg/T

⃒
⃒
⃒
T=Tg 

[26]. Indeed, recent high-temperature Raman spectroscopic studies of 
K2O-GeO2 liquids have hinted that the Ge speciation in these liquids is 
temperature dependent such that the formation of NBOs is favored with 
increasing temperature at the expense of the high-coordinated Ge spe-
cies according to the reaction in Eq. (3) [27]. 

The temperature dependence of this speciation reaction is consistent 
with density being related to the Ge coordination and its decrease with 
increasing temperature is consistent with an attendant decrease in 
average Ge–O coordination number. Again, high-resolution 17O MAS 
NMR spectroscopy may offer unique and direct element-specific infor-
mation on the temperature dependent oxygen speciation in these 
glasses. 

However, 17O MAS NMR spectroscopy of alkali germanate glasses 
has proved to be rather challenging with poor resolution even at mag-
netic fields of up to 18.8 T, indicating the need for the utilization of even 
higher magnetic fields where the quadrupolar line broadening effects 
would be minimized [4,5,28]. It may be noted that for central transition 
spectra of half-integer quadrupolar nuclides such as 17O broadened by 
second-order quadrupolar effect, an increase in magnetic field results in 
an increase in resolution and sensitivity proportional to the square of the 
magnetic field in ppm scale [29,30]. Here we present high-resolution 
17O MAS NMR spectroscopic data on binary Na2O-GeO2 glasses with 
4 mol% ≤ Na2O ≤ 28 mol% obtained at an ultra-high magnetic field of 
35.2 T. These results are utilized to investigate the compositional evo-
lution of the oxygen speciation and Ge–O coordination as well as their 
temperature dependence in these glasses. 

2. Experimental 

2.1. Glass synthesis and characterization 

(Na2O)x (GeO2)100-x glasses with x = 4, 8, 18 and 28 were synthe-
sized from 17O isotope-enriched crystalline trigonal GeO2 and Na2CO3 
by decarbonating the stoichiometric mixtures at 750 ◦C followed by 
melting in sealed Pt tubes at 1200 ◦C for 1 h followed by quenching. The 
17O isotope-enriched GeO2 was obtained by hydrolysis of Ge(OC2H5)4 
with 76% 17O-enriched H2O followed by heating the product at 350 ◦C 
in Ar gas. The details of the hydrolysis procedure can be found in pre-
vious studies [4,5]. Samples of “as-quenched” glasses with x = 18 and 28 
were annealed at Ta = 490 and 420 ◦C, respectively, for 7 days to 
equilibrate these to lower fictive temperatures Tf. These two glasses are 
designated as “annealed” in the subsequent discussion and the annealing 
temperatures Ta were chosen such that Tg/Ta were identical (Tg/Ta ~ 
1.06) for both compositions. The glass transition temperature for these 
two glasses with x = 18 and 28 were taken from the literature to be 
~537 and 463 ◦C, respectively [8]. Density of all glasses was measured 
using a gas expansion pycnometer (Micromeritics AccuPyc II 1340) at 
20 ◦C using helium (6 N purity) as the displacement gas, and for the “as- 
quenched” samples was found to be consistent the values reported in the 
literature for comparable compositions [8]. As expected, the density of 
these glasses goes through a maximum near x = 18. Moreover, the 
density of the samples with x = 18 and 28 increase upon annealing at 
temperatures below Tg for 7 days, indicating a concomitant lowering in 
Tf. These density values are shown in Fig. 1. 

2.2. NMR spectroscopy 

The 17O MAS NMR spectra of all (Na2O)x (GeO2)100-x glasses were 
collected at the National High Magnetic Field Laboratory (NHMFL) 
using the ultra-high field (35.2 T) series-connected hybrid magnet (17O 
resonance frequency 203.4 MHz) using a Bruker Avance NEO console 
and a 3.2 mm MAS probe designed and constructed at the NHMFL. 
Crushed glass samples were taken in ZrO2 rotor and were spun at 16 
kHz. The 1D 17O Hahn echo (π/2-τ-π-acq) experiments were recorded by 
setting the inter-pulse delay τ to be equal to 8 rotor periods, and with π/2 

Fig. 1. Composition dependence of density of as-quenched (Na2O)x (GeO2)100-x 
glasses (red circles) and for glasses with 18 and 28 mol% Na2O after annealing 
(blue triangles). Density of (Na2O)x (GeO2)100-x glasses reported in the literature 
(open squares) is shown for comparison [8]. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of 
this article). 
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and π pulse lengths of 6.0 and 12.0 μs, respectively. All spectra were 
collected at ambient temperature with recycle delay of 1 s, and 320 to 
1080 transients were averaged, and Fourier transformed. A recycle 
delay of 1 s was found to be sufficient as delays longer than 1 s did not 
significantly affect the line shape. The 17O chemical shift for all spectra 
was referenced externally to distilled H2O at 0 ppm. 

3. Results and discussion 

3.1. Compositional evolution of glass structure 

The ultra-high field 17O MAS NMR spectra of all (Na2O)x (GeO2)100-x 
glasses studied here are shown in Fig. 2. The 17O MAS NMR spectra of 
glasses with x ≤ 18 display two resonances centered near ~50 and 90 
ppm and their associated spinning sidebands. Based on the 17O chemical 
shift systematics in alkali germanates established in previous studies, 
these two resonances can be assigned, respectively, to bridging oxygen 
in GeIV-O-GeIV (denoted henceforth as O44) and GeIV-O-GeV or GeIV-O- 
GeVI (denoted henceforth as O45 and O46) environments [4,5]. These 
spectra clearly indicate an increase in the relative intensity of the O45/46 

resonance with increasing alkali content in this composition range, 
implying a corresponding increase in the relative concentration of high- 
coordinated GeV and/or GeVI species. Besides these two resonances, the 
17O MAS NMR spectrum of the glass with x = 28 (Fig. 2) displays an 
additional partially resolved resonance near ~40 ppm, which can be 
assigned to a NBO environment and a rather weak but well-resolved 
resonance near ~237 ppm, which corresponds to an oxygen bridging 
three GeO6 octahedra i.e. an O666 environment [4]. To the best of our 
knowledge, this is the first observation of such oxygen environments in 
alkali germanate glasses. The apparent absence of other three- 
coordinated oxygen species such as O466 or O566 can then be 
explained using simple bond valence arguments. For example, for an 
O666 environment each of the three GeVI contributes +2

3 charge to the 
oxygen and thus the total positive charge of +2 is exactly compensated 
by the − 2 charge on the oxygen ion. In contrast, the total positive charge 
on the oxygen for an O466 environment would be: 1 + 2

3 +
2
3 = 2.33 and 

that for an O566 environment is: 45+
2
3+

2
3 = 2.13, either of which would 

result in an excess positive charge on the oxygen ion, rendering such 
oxygen species energetically less stable. 

Gaussian lines are used to simulate these resonances in the 17O MAS 
NMR spectra in Fig. 2. It may be noted that the quadrupolar broadening 
effect on the 17O NMR line shape is significantly smaller than the 
broadening induced by chemical shift distribution at such high magnetic 
fields. For example, for an oxygen environment with a quadrupolar 
coupling constant CQ of 5 MHz, the intrinsic quadrupolar linewidth at 
this field is only ~5 ppm, which is ~4× to 10× lower than the full width 
at half maximum (FWHM) of the constituent 17O resonances in these 
germanate glasses (see below), and the latter is thus entirely controlled 
by the chemical shift distribution. Consequently, these ultra-high field 
17O MAS spectra can be treated as those of spin-1/2 nuclides, which 
justifies the use of Gaussian lines in these simulations [30]. The simu-
lation parameters and the relative fractions of the various oxygen spe-
cies as obtained from the peak areas under these resonances are listed in 
Table 1. The isotropic chemical shifts δiso as well as the relative fractions 
of these oxygen species are consistent with those estimated from 17O 
3QMAS NMR spectra (Fig. 3) in previous studies [4,5]. It may be noted 
that the δiso for both O44 and O45/46 species continuously increase with 
increasing Na2O content in these glasses (Table 1). This trend was 
attributed in previous studies by Stebbins and coworkers [4] to a 
lengthening of Ge–O bonds related to the closure of Ge-O-Ge angles due 
to an increased interaction between the bridging oxygen atoms and the 
modifier Na cations. On the other hand, the FWHM of the 17O reso-
nances corresponding to the O44, O45/46 and NBO environments are 
found to be quite different from one another (Table 1). The FWHM of the 
O45/46 resonance is the largest (~ 40–45 ppm), while that of the NBO 
resonance is the smallest (16 ppm). The FWHM of the O44 resonance is 
characterized by an intermediate value of ~27–28 ppm. The FWHM, 
indicative of the chemical shift dispersion of these resonances in the 17O 
MAS NMR spectra, is likely a manifestation of the structural disorder in 
the bonding environment of the corresponding oxygen species. There-
fore, it may be argued that the increasing concentration of high- 
coordinated Ge atoms in these glasses upon progressive addition of 

x 

x x 

x 

** * * *
* **

*
* * * * * * *

Fig. 2. Experimental (black solid line) and simulated 
(solid red line) 17O MAS NMR spectra of as-quenched 
(Na2O)x (GeO2)100-x glasses with compositions given 
alongside the spectra. Asterisks denote spinning 
sidebands. Center band and spinning sidebands of 
individual simulation components for O44, O45/46, 
NBO and O666 sites are shown in green, blue, pink and 
orange, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article).   
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Na2O to GeO2 to at least up to 18 mol% leads to increasing short-range 
structural disorder. 

It was noted in previous studies that the resonance centered near 
~90 ppm in the 17O NMR spectra of these glasses cannot be uniquely 
assigned a priori to either O45 or O46 environments, as an experimental 
determination of the δiso for the former has remained elusive due to the 
absence of such oxygen environment in known crystalline germanate 
phases. Moreover, the experimental δiso for the O46 environment covers a 
rather broad range of 80–150 ppm in crystalline sodium germanates. On 
the other hand, density functional theory-based calculations on small 
Na-germanate clusters have indicated that the difference between the 
17O δiso for the O44 and O45 environments can range between 26 and 35 
ppm, while that between O44 and O46 environments can range between 
37 and 61 ppm [28]. Therefore, when taken together, the experimental 
δiso of the O45/46 environment (~ 90 ppm) and its difference of ~40 ppm 
from that of the O44 environment suggest that the resonance at ~90 ppm 

likely corresponds to the O46 environment. Further insight into this 
problem can be gained by estimating the average Ge–O coordination 
number from the oxygen speciation as evidenced in the 17O MAS NMR 
spectra (Fig. 2, Table 1). For a glass of composition (Na2O)x (GeO2)100-x 
the total number of oxygen atoms in the formula unit is: 200-x. If y is the 
relative fraction of oxygen atoms in O45/46 environment, then the 
number of oxygen atoms in this configuration is: y*(200-x). If all of these 
oxygen atoms are of the type O46 i.e. high-coordinated Ge atoms are only 
of the type GeVI, and the GeVI∅6/2 octahedra are interspersed with 
GeIV∅4/2 tetrahedra such that these octahedra do not share any corner, 
then the total number of GeVI atoms per formula unit is: y*(200-x)/6, 
provided all bridging oxygen atoms are coordinated to two Ge atoms. 
The rest of the Ge atoms are obviously of the type GeIV and hence, the 
average Ge–O coordination number can be obtained from a simple 
weighted average of the number of GeVI and GeIV atoms in the formula 
unit. Similarly, if all high-coordinated Ge atoms in the structure were 
only of the type GeV then the total number of such atoms per formula 
units would simply be y*(200-x)/5. 

It may be noted that previous neutron scattering studies and the 17O 
NMR results presented in this study indeed verify the validity of the two 
key assumptions made in these calculations: (i) all bridging oxygen are 
two-coordinated and (ii) GeVI∅6/2 or GeV∅5/2 polyhedra do not share 
corners with one another [4,11]. A rather minor violation of the second 
assumption is noted in the 17O MAS NMR spectrum of the glass with x =
28, which indicates the presence of ~1% of the oxygen in the O666 

environment (Fig. 2, Table 1). A comparison of the average Ge–O co-
ordination numbers calculated following the abovementioned scheme 
with those obtained from previous neutron scattering experiments on 
(Na2O)x (GeO2)100-x glasses is shown in Fig. 4, which displays a 
remarkable agreement only for the case of all high-coordinated Ge being 
present in these glasses as GeVI species. This result clearly suggests that 
the O45/46 resonance in the 17O NMR spectra in Fig. 2 can be ascribed 
predominantly to the presence of O46 environments in these glasses. This 
preference of Ge to form GeVI over GeV is in clear contrast with that 
displayed by Al or Si, where the formation of fivefold coordinated AlV 

and SiV species almost invariably accompanies and often dominate over 
their sixfold coordinated counterparts in oxide glasses except perhaps in 
phosphosilicate glasses [31–35]. Therefore, such a preference of Ge for 

Table 1 
17O MAS NMR spectral simulation parameters for spectra of as-quenched 
(Na2O)x (GeO2)100-x glasses collected at 35.2 T.  

(Na2O)x (GeO2)100-x 

Glass composition 
sites δiso 

(ppm) 
width 
(ppm) 

Relative 
fraction 
(±1.5%) 

x = 4 
O44 43 26 85% 

O45/46 83 40 15% 

x = 8 
O44 47 28 70% 

O45/46 86 45 30% 

x = 18 
O44 55 28 48.2% 

O45/46 92 48 51.8% 

x = 28 

O44 61 24 50.8% 

O45/46 93 37 28.3% 

NBO 44 20 19.7% 

O666 237 16 1.2%  

Fig. 3. Compositonal variation of the relative fraction of various oxygen spe-
cies in as-quenched (Na2O)x (GeO2)100-x glasses (filled symbols) as estimated in 
this study from simulation of ultra-high field 17O MAS NMR spectra and those 
obtained from 17O 3QMAS NMR spectra [5] for comparable compositions (open 
symbols). The experimental error bar for the filled symbols is on the order of 
±1.5% and range between ±3% and ± 6% for the open symbols. 

Fig. 4. Average Ge–O coordination number of as-quenched (Na2O)x 
(GeO2)100-x glasses estimated from 17O NMR-based oxygen speciation under the 
assumption of all high-coordinated Ge atoms being present as GeVI (filled cir-
cles) and as GeV (open circles). Average Ge–O coordination number of (Na2O)x 
(GeO2)100-x glasses determined in a previous study by neutron scattering (filled 
squares) is shown for comparison [11]. 
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sixfold coordination with oxygen is unusual and its fundamental cause 
remains unclear at this stage. It may be noted here that previous Raman, 
Infrared and Ge K-edge EXAFS spectroscopic studies of (K2O)x 
(GeO2)100-x and (Rb2O)x (GeO2)100-x glasses by Jain and coworkers 
suggested a similar modification mechanism of the germanate network 
via the progressive conversion of GeIV to GeVI in compositions with up to 
x ≈ 15–20 [36–38]. Finally, the compositional evolution of the average 
Ge–O coordination number in Fig. 4 and consequently the connectivity 
of the network go through a maximum near ~18 mol% Na2O. The 
location of this maximum is consistent with the corresponding variation 
in the density of these glasses as shown in Fig. 1 as well as in their Tg as 
reported in the literature, both of which go through a maximum in the 
vicinity of this composition [8]. Therefore, when taken together, these 
results suggest a mechanistic connection between the germanate 
anomaly and the average Ge–O coordination number and connectivity 
of the network. 

3.2. Fictive temperature dependence of glass structure 

The 17O MAS NMR spectra of the as-quenched and annealed (Na2O)x 
(GeO2)100-x glasses with, respectively, higher and lower Tf are compared 
in Fig. 5 for compositions with x = 18 and x = 28. These spectra, when 

normalized to the O44 resonance at ~50 ppm, clearly indicate that 
annealing below Tg and consequent lowering of Tf results in a relative 
increase in the intensity of the resonance near ~90 ppm. Therefore, in 
these glasses the ratio of GeVI/GeIV increases with decreasing Tf, which is 
indeed consistent with a concomitant increase in density (Fig. 1). This 
result suggests a causal relationship between density and Ge–O coor-
dination number, thus validating the key hypothesis of germanate 
anomaly. 

Simulation of these 17O MAS NMR spectra in Fig. 5 indicates that for 
the glass with x = 18 the relative fraction of the O46 species increased by 
1.2% upon annealing at 490 ◦C for 7d (Table 2). On the other hand, in 
the case of the glass with x = 28, while the relative fraction of the O46 

species increased by 2.5%, that of the O44 and the NBO species decreased 
by 1.5% and 1.2%, respectively, upon annealing at 420 ◦C for 7d 
(Table 2). Finally, it is interesting to note that the relative fraction of the 
O666 species in this glass increased from 1.2% to 1.4% on annealing. 
Considering oxygen balance, such a change in oxygen speciation indeed 
suggests, within experimental error, a temperature dependence of the 
structural reaction in Eq. 3, which was proposed in a recent Raman 
spectroscopic study of K2O-GeO2 liquids [27]. This reaction shifts to the 
right with increasing temperature and is reminiscent of the well-known 
borate speciation reaction BO4 = BO3 + NBO, which has been estab-
lished as a source of temperature dependent configurational entropy 
dSconf

dT in borate liquids [25]. Therefore, it can be argued that, similar to 
borates, the apparently anomalous increase in fragility in germanate 
liquids with increasing connectivity upon initial addition of modifier 
alkali oxide to GeO2 is associated with the fact that network-forming 
cations such as B and Ge can assume multiple coordination environ-
ments with relative fractions that are sensitive to temperature [26]. 

4. Conclusions 

The analysis of the high-resolution 17O MAS NMR spectra presented 
here yields a comprehensive picture of the compositional evolution of 
structure and its temperature dependence in Na2O-GeO2 glasses and 
liquids. When taken together, the NMR results indicate that initial 
addition of Na2O to GeO2 to at least up to 18 mol% results in an 
increasing connectivity of the Ge–O network primarily via the forma-
tion of GeVI species. Further addition of Na2O results in a typical 
modification of the network i.e. a progressive loss of its connectivity as 

Fig. 5. 17O MAS NMR spectra of as-quenched (solid black line) and annealed 
(dashed red line) (Na2O)x (GeO2)100-x glasses with compositions given along-
side the spectra. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article). 

Table 2 
17O MAS NMR spectral simulation parameters for spectra of as-quenched vs. 
annealed (Na2O)x (GeO2)100-x glasses collected at 35.2 T.  

(Na2O)x (GeO2)100-x 

Glass composition 
sites δiso 

(ppm) 
width 
(ppm) 

*Relative 
fraction 

x = 18  

Quenched 

O44 55 28 48.2% 

O45/46 92 48 51.8% 

x = 18  

Annealed 

O44 55 28 47% 

O45/46 92 48 53% 

x = 28  

Quenched 

O44 61 24 50.8% 

O45/46 93 37 28.3% 

NBO 44 20 19.7 

O666 237 16 1.2 

x = 28  

Annealed 

O44 61 24 49.3% 

O45/46 93 37 30.8% 

NBO 44 20 18.5 

O666 237 16 1.4  

* For each glass composition relative variation between the site fractions ob-
tained in simulations for quenched and annealed samples is ±0.5% or less. 
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the NBO species appears and increases in concentration. This non- 
monotonic evolution of the connectivity of the network is consistent 
with the germanate anomaly in the corresponding compositional vari-
ation in density and Tg of these glasses. Finally, the germanate network 
in these glasses displays a temperature dependent speciation equilib-
rium that can be schematically represented as: GeVI ↔ GeIV + NBO. This 
equilibrium shifts to the right with increasing temperature. Such 
speciation may act as a source of Sconf in supercooled germanate liquids 
and may provide an atomistic mechanism for viscous flow [39]. 
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