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Abstract. Investigating how the chemical composition of glass influences its network 
structure is a crucial aspect in glass research. In this study, we have used the concept of 
glass optical basicity (Λglass), calculated from the chemical composition, to explore the 
relationship between the oxygen chemical environment and various structural parameters 
within complex network of Na- or/and Ca-bearing aluminoborosilicate glasses. We also 
incorporated extensive structural data from different glass systems reported in the literature. 
Our findings demonstrate a strong correlation between optical basicity and the following 
parameters: the maximum binding energy (B.E.) positions of the XPS O1s spectra, the 
chemical shifts of 23Na and 27Al from NMR spectra, the Ca-O distances from Ca K-edge XAS 
spectra, and the non-bridging oxygen (NBO) content calculated from 11B and 27Al NMR data. 
Furthermore, in low polymerization glasses, optical basicity also shows a strong correlation 
with the N4 values (proportion of BO4 species) obtained from 11B NMR spectra and the 
apparent average n value of Qn units derived from Raman spectra. The higher optical 
basicity aluminoborosilicate glasses is associated with higher oxygen binding energies, 
shorter Na-O and Ca-O distances, smaller Al-O-Si bond angles, higher NBO contents and 
lower degrees of network polymerization. This work provides new insights in using glass 
optical basicity for optimizing formulations of functional glasses and studying the effects of 
various components within glass systems. 

Keywords: Aluminoborosilicate glasses, Structure of glass network, Glass optical basicity 

1. Introduction 

We outlined in Part I the existence of several key parameters to be used for characterizing 
glass structures, including network connectivity (average n value of Qn units), non-bridging 
oxygen content (NBO%), and the role of cations, along with corresponding effective 
characterization methods: Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS), 
X-ray Absorption Spectroscopy (XAS) and Solid-State Nuclear Magnetic Resonance 
spectroscopy (NMR). In the present accompanying paper (Part II), we will delve into 
exploring the relationship between glass structure and chemical properties, aiming to explain 
the underlying reasons behind their correlation. Given the complexity of the glass system 
currently studied (CaO-Na2O-Al2O3-B2O3-SiO2), which encompasses various effects such as 
Mixed Former Effect (MFE, e.g. the RnKp series), Mixed Modifier Effect (MME, e.g. the CxNy 
series), and the influence of cation quantities (e.g. the RnKp and B15Nay series), the notions 
of R’ and K’ (R’ = ([CaO] + [Na2O]) / ([Al2O3] + [B2O3]), K’ = ([SiO2]) / ([Al2O3] + [B2O3])) used 
in Part I appear insufficient for discussing such a broad range of compositions in different 
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glass systems. For instance, the model developed by Dell et al. [1] and the subsequent 
improvement made by Du and Stebbins [2] addressed the structural changes involved in Na-
bearing glass series and so far; these models have not yet been adapted to analyze Ca-
bearing aluminoborosilicate glasses. only the model of Dell modified by Lu et al. [3], has 
incorporated Ca by introducing a coefficient of glass modifier ai with the help of machine 
learning. However, the rationale behind this coefficient remains unverified. Alternatively, it is 
crucial to select an appropriate representative parameter for chemical properties to compare 
effectively all the investigated glasses.  

In diverse applications of complex silicate glasses and slags, such as metallurgical 
extraction, nuclear waste immobilization, and geochemistry, the concept of “basicity” finds 
extensive application in oxide studies. Historically, in the molten glass state, the bonding 
between oxides was interpreted as an acid (covalent network oxide) – base (ionic oxide) 
reaction. However, due to the challenge of measuring single ion activity, the application 
range of parameter like potential values, akin to solution pH values, is limited. This limitation 
arises from the inability to compare, for example, Na-bearing silicate melt with Ca-bearing 
silicate melt [4]. Additionally, basicity has been used to quantify the activity of free oxygen 
ions (i.e. O2-). For example, studies have examined the dependency of refractive index and 
absorption coefficient on basicity in Ca, Mg, and Al-bearing silicate slag [5], and investigated 
the influence of compositions in Ti2O3-doped silicate, borate and phosphate glasses on the 
Ti3+/Ti4+ oxidation-reduction reaction [6].  

Another widely acknowledged concept is the optical basicity (Λglass), initially proposed in 
the 1970s by Duffy and Ingram [7,8]. Originally, Λglass was measured by introducing trace 
metal ions, such as Tl+, Pb2+ and Bi3+, during glass melting, using UV probe spectroscopy to 
quantify the negative charge donating ability of oxygen atoms, known as the nephelauxetic 
effect. Subsequently, more studies have measured Λglass using alternative methods, including 
electron density [9], electronegativity (Λχav) [10,11], energy gap (ΛEg) [11,12], refractive index 
(Λn) [13,14], and ionic-covalent parameters (ΛICP) [15,16]. Moreover, Λglass has demonstrated 
strong predictive capabilities in transport properties, including viscosity, electrical 
conductivity, and diffusion [17]. Additionally, it is also correlated with thermochemical 
properties such as entropy of fusion, thermal expansion coefficient and thermodynamic 
activity coefficients [17–19], as well as properties like magnetism [20], catalysis [21,22], and 
lubrication [23]. In terms of glass structure, Λglass has been shown to be closely related to the 
non-bridging oxygen per tetrahedron (NBO/T) [17] and the band energy of XPS O 1s peak 
[24], representing the overall average state of oxygen in the glass network. Λglass has been 
validated not only in relation to the physical properties of glass but also as a predictive tool 
for the structure of functional glasses. For example, it has also been used to explain the 
tendency for nepheline (NaAlSiO4) crystallization in high-level radioactive waste vitrification 
glasses [25].  

Nonetheless, many additional aspects related to the glass optical basicity are to be 
explored. For instance, recent work [26] has shown that Λglass could be used to predict iodine 
solubility in aluminoborosilicate glasses synthesized under high-pressure conditions. 
However, the proposed work suffered from approximation in the calculation of the Λglass 
considering that the effect of pressure on the glass structure was not determined. The work 
of Soudani et al. [27] showed that B speciation is strongly affected by pressure conditions. 
According to Dimitrov et al. [28], the change in the network forming elements and their 
associated structural units (i.e. Qn species for Si, aluminate species and borate species) 
should be taken into account for calculating a reliable value for glass optical basicity. 
Applying the concept of glass optical basicity could also be beneficial for other volatile 
elements modelling such as CO2 or SO2 in silicate glasses [29–31] owing to the fact that their 
dissolution mechanisms have been found to be controlled by oxygen speciation (i.e. BO and 
NBO distribution in glasses). 
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In the present work, we wish to capitalize on the various knowledge that we acquired on 
the structure of aluminoborosilicate glasses as demonstrated in the Part I of the 
accompanying paper. We propose to discuss the combination between the theoretical Λglass 
values, determined from the glass chemical composition, and experimentally obtained 
structural information of glass. Our objectives include verifying whether Λglass can still serve 
as a reliable reference for the oxygen chemical environment in complex aluminoborosilicate 
glass systems and exploring the impact of the oxygen chemical environment on the other 
atoms within the glass network.  

2. Methods for the calculation of the glass optical basicity 

The theoretical glass optical basicity ΛGlass was calculated according to the equation of Duffy 
based on the compositions of oxide systems [8]:  

  lass    
  

  
            (1) 

Where Xi represents the oxygen molar fraction of the oxide i, and γi represents the 
basicity moderating parameters of the oxide i. For all the glasses, the value of γi or Λi (1/ γi) 
referred to the work of Rodriguez et al. [25]. The calculated ΛGlass for investigated glasses is 
reported in Table 1. We used the glass chemical composition determined by SEM EDS (B2O3 
is determined using LA-ICP-MS, see Part I) or reported in subsequent publications [32,33]. It 
is worth emphasizing that the calculated ΛGlass represents an approximate value of the glass 
optical basicity, not the value measured by experimental methods as mentioned previously. 

In the present calculation of the ΛGlass we did not consider the distribution of the 
structural species as suggested in Dimitrov et al. [28]. As such, it would require investigating 
the glass speciation for obtaining the distribution between BO3 and BO4 for the borate 
network; the distribution between AlO4, AlO5 and AlO6 for the aluminate network; and the Qn 
species distribution of the silicate network, in which the Qn species represents a silicon 
tetrahedral unit with n BOs. Whereas the B and Al species distributions have been extracted 
from the NMR analyses we have conducted, the Qn species distribution cannot be accessed 
in a quantitative way considering that we do not have performed 29Si NMR investigation. 
Moreover, one of the objectives is to determine if the relationships between a simple 
calculation from glass chemical composition and advanced structural probing exist. 

Nonetheless, we have tested the change in the ΛGlass if the distribution of B and Al 
species is considered. For doing so, we have taken the γBO3 and γBO4 provided by Dimitrov et 
al. [28]: 2.38 and 4.17, respectively. For C0N35 (see Table 1) that is the glass with the 
highest B2O3 content (~30 mol.%), the N4 value is 0.53, which corresponds to absolute 
number of 14.4 and 16.3 mol.  for BO3 and BO4, respectively; the ΛGlass is decreased by 
0.034 between 0.555 and 0.521. This is the most important change in ΛGlass observed and it 
does not exceed 10% in relative to the value. For Al species, the main problem is that there 
is currently no existing γ values for AlO5 species. Komatsu et al. [34] reported γAlO4 and γAlO6 
values: 1.67 and 2.5, respectively. We can expect the γAlO5 value to be intermediate in 
between the two. At first sight, we might speculate on a non-negligible change in the ΛGlass 
owing to the large change in γ, however, the total Al2O3 content in our glass does not exceed 
7.2 mol.% in Ca-R2K1 glass. For this glass, the Al species distribution is 80.9% and 19.1% 
for AlO4 and AlO5 species and no AlO6. It corresponds to absolute number of 5.8 and 1.4 
mol. for AlO4 and AlO5, respectively. Considering an intermediate value for γAlO5 of 2.09 and 
integrating the change in B speciation, we have calculated a change in the ΛGlass of 0.010 
between 0.596 and 0.586. This change in the ΛGlass is negligible and we will only consider the 
ΛGlass calculated from glass chemical composition without taking into account the element 
speciation.



 

Table 1. Calculated optical basicity and key parameters of network structure of investigated glasses along with corresponding characterization methods, including 
the R’ value (([Na2O] + [CaO])/([Al2O3] + [B2O3]), the band energy of maximum intensity of XPS O 1s peak (B.E.max, ±0.2 eV), the isotropic chemical shift of 

sodium and 4-fold coordinated aluminum (δNa, δ[4]Al, ±0.3 ppm), the quadrupolar coupling constant of sodium and 4-fold coordinated aluminum (CQNa, CQ[4]Al, ±0.2  
MHz), Ca-O distance (rCa-O, Å), NBO content (NBO%), proportion of 4-fold coordinated borate species (N4) and apparent average Q

n
 value (Appa. Q

n
). The error 

bars are reported in between brackets and were estimated by the propagation of uncertainty or estimated from the spectra fitting processes. 

Glass ID ΛGlass* R’ 
B.E.max 
O 1s  

δNa 
(NMR) 

CQNa 
(NMR) 

δ[4]Al 
(NMR) 

CQ[4]Al 
(NMR) 

rCa-O 
(XAS) 

NBO% 
(NMR) 

N4 
(NMR) 

Appa. Qn 
(Raman) 

CaNa-R2K1 0.650 2.8 531.5 6.5 3.2 67.3 5.0 2.55(28) 50.4(5) 0.17(6) 2.7(1) 

CaNa-R2K2 0.597 2.6 532.0 1.0 3.2 64.8 5.1 2.66(32) 31.7(4) 0.40(6) 3.1(1) 

CaNa-R2K3 0.565 2.2 532.2 -3.2 3.0 63.0 5.3 2.67(32) 21.8(3) 0.52(6) 3.3(1) 

CaNa-R3K2 0.631 3.2 531.7 6.0 3.3 66.7 4.9 2.54(28) 45.7(4) 0.22(6) 2.8(1) 

CaNa-R3K3 0.611 3.6 532.1 2.6 3.3 65.2 5.1 2.60(29) 39.1(3) 0.39(6) 3.1(1) 

CaNa-R3K4 0.584 3.2 532.6 -0.5 3.2 63.7 5.1 2.66(66) 29.4(3) 0.51(6) 3.3(1) 

            

Ca-R2K1 0.595 1.7 531.5 - - 66.3 6.6 2.59(28) 37.2(7) 0.21(6) 2.8(1) 

Ca-R2K2 0.564 1.6 531.5 - - 63.4 6.9 2.65(27) 25.4(5) 0.27(6) 3.0(1) 

Ca-R2K3 0.545 1.5 531.9 - - 62.7 6.9 2.68(68) 17.5(4) 0.24(6) 3.0(1) 

Ca-R3K2 0.602 2.5 531.6 - - 65.9 6.6 2.54(54) 41.9(5) 0.24(6) 2.8(1) 

Ca-R3K3 0.581 2.5 531.8 - - 63.9 6.8 2.57(57) 34.0(4) 0.26(6) 3.0(1) 

Ca-R3K4 0.562 2.3 532.0 - - 63.1 6.8 2.66(30) 27.3(3) 0.24(6) 3.1(1) 

            

C35N0 0.542 1.0 n.a. - - 62.8 6.1 n.a.** 19.1(9) 0.33(6) 2.9(1) 

C30N5 0.543 1.0 n.a. -7.7 2.6 62.9 5.7 n.a. 17.6(9) 0.35(6) 3.0(1) 

C20N15 0.546 1.0 n.a. -3.6 2.9 63.9 4.9 n.a. 15.2(9) 0.41(6) 3.1(1) 

C10N25 0.551 0.9 n.a. -0.6 3.1 64.6 4.8 n.a. 14.5(9) 0.44(6) 3.2(1) 

C0N35 0.555 0.9 n.a. 1.3 3.2 64.9 4.6 n.a. 10.7(9) 0.53(6) 3.4(1) 

            

B15Na10 0.504 0.5 532.3 -12.4 2.5 59.2 5.1 n.a. 0.0 0.36(6) 3.7(1) 

B15Na20 0.526 0.9 531.7 -6.5 2.8 61.8 5.2 n.a. 3.8(4) 0.65(6) 3.5(1) 

B15Na30 0.565 1.4 531.5 -0.5 2.9 63.7 5.0 n.a. 15.4(5) 0.61(6) 3.4(1) 

B15Na40 0.594 1.7 531.2 3.4 2.7 65.8 4.5 n.a. 25.1(5) 0.37(6) 3.0(1) 

*: optical basicity values are calculated by Eq 1. 

**: not analyzed.



 

3. Results and discussion 

3.1 Chemical environment of oxygen 

As mentioned in Part I, the chemical environment of oxygen can be directly measured by 
XPS since the changes in the electron density within the valence band of an oxygen affects 
the energy with which electrons are bound to the oxygen nucleus, therefore affecting the 
binding energy (B.E.). While, the ΛGlass can represent the overall average state of oxygen in 
glass. Previous works have observed a negative correlation between B.E. of O 1s peak 
obtained by XPS and the calculated ΛGlass in simple glass systems like Na2O-SiO2 [24,35] 
and Na2O-B2O3-SiO2 [36]. In Figure 1, we show the change in B.E. O 1s determined for the 
investigated CaO-Na2O- Al2O3-B2O3-SiO2 glasses (see Table 1) as function of ΛGlass along 
with the data from the literature: Na2O-SiO2 from Matsumoto et al. [24] and Nesbitt et al. [35]; 
Na2O-B2O3-SiO2 from Miura at al. [36]. The literature data focuses on relatively simple glass 
systems for which the distinction between BO and NBO is much easier. In the literature data, 
they give a clear distinction between the NBO and BO peaks in the XPS O 1s spectra and all 
the points correspond to the B.E. obtained for the OBO 1s peak. Variations in B.E. for the 
ONBO 1s follow a similar trend with a lower B.E. value. For our investigated glasses, 
considering that, the NBO and BO peaks strongly overlap; the B.E. values reported in Figure 
1 correspond to the O 1s peak at maximum intensity. From the Figure 1, we observe that 
glasses with the same ΛGlass can exhibit different B.E. values, glasses showing the same B.E. 
can exhibit different ΛGlass value.  lasses with a ΛGlass value of approximately 0.6, such as 
CaNa-R2K2, CaNa-R3K3, Ca-R2K2, Ca-R3K3, and B15Na40 glasses, have B.E. values of 
532.1, 532.0, 531.6, 531.5, and 531.2 eV, respectively. However, when examining each 
series, the B.E. values shift towards lower energy with increasing ΛGlass. This trend is 
consistent with the literature data in which, the negative slope is nearly identical: a decrease 
in B.E. of ~0.5 eV corresponds to an increase in the ΛGlass value of ~0.05. It corroborates the 
strong correlation between O 1s B.E. values and ΛGlass. Other factors influencing B.E. values 
include the complexity of the glass system. For example, the B.E. values in the Na2O-B2O3-
SiO2 system are lower than those in the Na2O-SiO2 system with same ΛGlass values. The type 
of modifying cation (i.e. Na+, Ca2+ or both) also affects B.E. values, for example, CaNa-R2Kp 
and CaNa-R3Kp glass series have higher B.E. values than Ca-R2Kp and Ca-R3Kp glass 
series for a given ΛGlass value, with a difference of around 1 eV (see Figure 1). Additionally, 
the R’ value of the studied system might play a role, owing to the fact that CaNa-R2Kp and 
Ca-R2Kp glass series have higher B.E. values as compared to CaNa-R3Kp and Ca-R3Kp 
glass series with same ΛGlass values. However, the difference appears small (~0.25 eV), and 
possibly within the error of the XPS determination. It is worth emphasizing that even for the 
same Na2O-SiO2 system in the literature (Matsumoto et al. [24] and Nesbitt et al. [35]), 
identical compositions can yield different B.E. values, likely due to experimental errors, as 
the trends of the two lines are completely consistent. 

By verifying the relationship between ΛGlass and B.E. of O 1s, we can establish that the 
calculated ΛGlass value, a parameter solely derived from the chemical composition of glass, is 
indeed closely related to the overall chemical environment of oxygen in the glass network. it 
highlights the potential of using XPS to study the impact of compositional variations within 
the same glass system on the oxygen environment. This approach provides a valuable tool 
for understanding how changes in specific components affect the overall glass structure. By 
extension, the observed linear relationship between O 1s B.E. (i.e. oxygen environments) 
and ΛGlass value also suggests that ΛGlass value could be used for correlation with other 
variables such as volatile element solubility and speciation. Recently, Morizet et al. [33] 
related the iodine dissolution mechanisms with the nature of oxygen atoms. Previous works 
showed that C and S dissolutions as CO3

2- and SO4
2-, respectively; were strongly correlated 

to the distribution between BO and NBO atoms [29,31,37–39]. It would be pertinent to 
observe a potential correlation between CO2 and S solubilities with ΛGlass. 
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Figure 1. Evolution of B.E. of O 1s XPS peak as function of Λglass. Data from this study (solid points) 
were obtained by measuring the maximum intensity of the O 1s peak. Literature data (open points) 

correspond to the band energy of the BO O 1s peak. Error bars are set at ±0.2 eV, as reported in the 
literature. 

3.2 Chemical environment of sodium and calcium 

The local environment of sodium in the glass samples is characterized by 23Na NMR, 
focusing on the isotropic chemical shift (δNa) and the quadrupolar coupling constant (CQNa). 
The relationship between ΛGlass and these two parameters is reported in Figure 2A and 
Figure 2B, respectively. In Figure 2A, the solid points represent the results from our 
investigated glasses, the open squares represent previously published results by our group, 
and other open symbols represent results from similar glass systems reported in the 
literature.  

The Figure 2A shows that, for most data points, the δNa value increases with increasing 
ΛGlass value. For example, the data points for CaNa-RnKp and B15Nay glass series show an 
almost linear increase, with ΛGlass increasing from 0.50 to 0.65 and the δNa increasing from -
12.4 to 6.5 ppm. However, other compositional parameters also influence the chemical shift 
of 23Na. Firstly, as reported by Bradmüller et al. [40], the Al/B ratio, represented by the 
composition line 60SiO2-xAl2O3-(20-x)B2O3-20Na2O, affects δNa. The corresponding four data 
points in Figure 2A have x values of 5, 10, 15 and 20 from left to right as marked by the red 
arrow (Al/B ratio) in Figure 2A. Although ΛGlass increases with the replacement of B2O3 by 
Al2O3, the δNa remains constant. Secondly, the Mixed Modifier Effect (MME) on the δNa is also 
apparent. For instance, in the CxNy series and in two CaO-Na2O-Al2O3-B2O3-SiO2 series 
from Wu et al. [41], Ca progressively replaces Na in the glass (xNa = Na2O/(Na2O+CaO), 
while other component concentrations remain unchanged), the ΛGlass values are around 0.55. 
As xNa increases marked by the blue arrow in the Figure 2A, the δNa increases from -10 to 1 
ppm. The glasses in our study show the same trend as those in the literature (black 
triangles), indicating that the δNa is indeed influenced by MME. Thirdly, the ratio Al/Si also 
has an impact on δNa as indicated by data from Zheng et al. [42] with the composition line 
(80-x)SiO2-xAl2O3-5B2O3-15Na2O marked by the black arrow (Al/Si ratio). With increasing 
replacement of SiO2 by Al2O3, ΛGlass rises from 0.52 to 0.55, which δNa dramatically 
decreases from 2 to -12 ppm. 
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Figure 2. Evolution of isotropic chemical shift (A) and quadrupolar coupling constant (B) of 
23

Na 
derived from 

23
Na NMR spectra and Ca-O distance derived from Ca K-edge XAS spectra (C) as 

function of Λglass. The solid points are standing for the investigated glasses in this study and the open 
points are standing for the data reported in the literature. In Figure 2A, blue, red and black arrows 

indicate the increase xNa (CxNy series and series reported in Wu et al., 2009 
[41]

), Al/B ratio (series 
reported in Bradtmüller et al., 2019 [40]), and Al/Si ratio (series reported in Zheng et al., 2012 [42]), 
respectively. The blue arrow in Figure 2B indicates the same as the blue arrow in Figure 2A. Error 
bars for δNa and CNNa are ±1 ppm and ±0.2 MHz for our glasses, respectively, with values from the 
literature used for others. The error for rCa-O is approximately 0.3 Å, as provided by the fit software 

Artemis (not shown). 

As previously mentioned in Part I, δNa is sensitive to the average Na-O distance (dNa-O). 
Several studies have observed that δNa increases as dNa-O decreases [43–46]. Empirical 
relationships between these two parameters have been proposed based on the crystalline 
silicates, aluminosilicate compounds [45,47,48] as well as glasses [49]. Since the role of 
sodium in network is related to the dNa-O, numerous studies have demonstrated that Na-
modifiers are located near NBOs, while Na-charge compensators are positioned in the 
vicinity of tetrahedral BO4 or AlO4 units to balance the excess negative charge. Under those 
circumstances, the Na-charge compensators exhibit longer dNa-O. Accordingly, as shown in 
Figure 2A, Na increasingly acts as a modifier with the general increases of Λglass. A 
particularly noteworthy result is the pronounced MME illustrated in Figure 2A. When Na is 
replaced by Ca, the theoretical Λglass remains relatively constant, while δNa shows a marked 
decrease. This suggests that in Ca-rich aluminoborosilicate glasses, Na initially tends to act 
more as a compensator. Meanwhile, the MFE of Al/B reals that substituting B2O3 with Al2O3 
has minimal impact on the primary role of Na, as equal amounts of tetrahedral BO4 or AlO4 
units necessitate an equivalent amount of Na to serve as charge compensator. For the MEF 
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of Al/Si shows that replacing SiO2 with Al2O3 significantly changes the role of Na from 
modifier to charge compensator. This observation introduces a novel approach for studying, 
even comparing the impact of compositional parameters, using Λglass as a reference. 

Although CQNa is not as useful as δNa as a local probe for dNa-O and coordination number 
due to its sensitivity to local sites distortions [48], it is still interesting that CQNa exhibits 
systematic changes with composition. As shown in Figure 2B, for Na2O-Al2O3-B2O3-SiO2 and 
CaO-Na2O-Al2O3-B2O3-SiO2 glasses, CQNa increases from 2.25 (Pyrex® [50]) to 3.25 MHz 
with increasing Λglass. The trend is evident across B15Nay and CaNa-RnKp series. Besides, 
the MME is evident in the CxNy series and previously reported CaO-Na2O-Al2O3-B2O3-SiO2 
glasses (Wu et al. [41]), where CQNa rises with Na content. The increase of CQNa may due to 
the change in the coordination number (CN) from 6 to 5 as described in the literature: CN = 

6, triangular prism, CQNa ≈ 2.0 MHz; CN = 5, square pyramid, CQNa ≈ 2.8 MHz [48]. For 

glasses with CQNa exceeding 2.8 MHz, this can be attributed to the rising proportion of Na+ 
cation near NBO (Na-modifier) for which the electric field gradient (EFG) is higher than for 
the ones close to BO (Na-charge compensator).  

The Ca chemical environment in the glass samples has been characterized by Ca K-
edge X-ray Absorption Spectroscopy (XAS, see Part I), specifically through the determination 
of the distance between Ca2+ and the first nearest neighbour oxygen (rCa-O) and also the 
coordination number between Ca atoms and surrounding O atoms (CNCa-O). There are 
relatively few studies using Ca K-edge XAS to obtain rCa-O in glass materials, such as in CaO-
SiO2 [52] and CaO-Al2O3-SiO2 [52–55] systems. Other methods have been used to study the 
chemical environment of calcium, including neutron diffraction [56,57], molecular dynamic 
simulation [58], an 43Ca NMR [59,60]. In the current work, we have tried to compile and 
compare our results with available literature data. However, we excluded the studies by 
Hannon et al. [56] and Cormier et al. [58] from the comparison because their focus was on 
CaO-Al2O3 and CaO-Al2O3-SiO2 glass systems, with very high Al2O3 content and even higher 
than SiO2 content in the glass. It significantly differs from our glass compositions and 
comparison might be unreliable. The relationship between Λglass and rCa-O is reported in 
Figure 2C. 

The Figure 2C shows that in our investigated glasses, rCa-O decreases with increasing 
Λglass. Although the data points are limited, this trend appears nearly linear in the CaNa-
R2Kp, CaNa-R3Kp, Ca-R2Kp and Ca-R3Kp series, with each series exhibiting approximately 
a 0.1 Å change. Despite this difference falling within the error range of XAS measurements, 
the consistent trend across all four glass series suggests the presence of a relevant 
correlation in between the glass optical basicity and the local environment of Ca in glasses. 
Additionally, similar trends are observed in the 43Ca NMR fitted data [59] for CaO-Al2O3-SiO2, 
CaO-Na2O-Al2O3-SiO2, and CaO-Na2O-SiO2 glasses (showing a change of about 0.15 Å) and 
in the XAS results [53] for CaO-Al2O3-SiO2 systems (showing a change of about 0.1 Å), with 
corresponding Λglass values calculated using Eq. 1. This further supports the reliability of the 
observed relationship between Λglass and rCa-O. It is noteworthy that the rCa-O values we 
obtained (mean value of 2.6 Å) differ significantly from those reported in the literature (mean 
values of 2.45 and 2.3 Å). This discrepancy might be due to differences in the investigated 
glass systems, as our studied glasses contain relatively higher B2O3 contents. It could be due 
to experimental errors or the way the simulation of the Ca EXAFS radial distribution function 
is carried out that is strongly model dependent. Due to the limited amount of available data 
and the lack of references, it is challenging to determine the exact cause of this discrepancy.  

In summary, the 23Na NMR and Ca XAS data both indicate that the chemical 
environments of Na and Ca are closely related to the overall oxygen chemical environment in 
the glass. For high Λglass value (i.e. indicating high oxygen activity), the distances between Na 
and O, as well as Ca and O, are relatively shorter. Although it was expected, this relationship 
underscores the significant influence of oxygen activity on the positioning and behaviour of 
these cations within the glass network. 
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3.3 Chemical environment of aluminium 

The chemical environment of aluminium in the glass samples has been characterized by 27Al 
NMR, including the isotropic chemical shift (δ[4]Al) and the quadrupolar coupling constant 
(CQ[4]Al). We focused our attention to the 4-fold coordinated Al species considering that it is 
the most abundant species observed in the investigated glasses. The relationship between 
the Λglass and these two parameters is shown in Figure 3A and 3B, respectively. We also 
provide results from previously published data from similar glass systems reported in the 
literature. 

The Figure 3A demonstrates a strong positive linear correlation between δ[4]Al and Λglass, 
applicable to both our investigated glasses and to those reported in the literature 
[40,42,50,61–66]. For instance, the Pyrex® glass [50], which has the lowest Λglass value of 
0.48, shows a δ[4]Al of 56.5 ppm, whereas the CaNa-R2K1 glass, which has the highest Λglass 
value of 0.65, exhibits a δ[4]Al of 67.3 ppm. This significant range indicates a robust 
relationship between δ[4]Al and Λglass. Furthermore, this correlation appears consistent across 
different glass systems, as Na2O-Al2O3-SiO2 [61], CaO-Al2O3-SiO2 [61,65,66], Na2O-Al2O3-
B2O3-SiO2 [40,64], CaO-Al2O3-B2O3-SiO2 [27] and CaO-Na2O-Al2O3-B2O3-SiO2 [50] glasses 
all follow the same correlation line. Notably, in our investigated glasses, the Al/Si ratio is 
consistently less than 1. As a result, data from CaO-Al2O3-SiO2 glasses with Al/Si > 1, 
reported by Neuville et al. [66] were excluded, even though this positive correlation can also 
be observed in high-Al2O3 aluminosilicate glasses.   

 

Figure 3. Evolution of isotropic chemical shift (A) and quadrupolar coupling constant (B) of 
27

Al for 4-
fold coordinated Al species derived from 

27
Al NMR spectra, as function of Λglass. Solid points indicate 

the investigated glasses in this study, while open points correspond to data from the literature. In 
Figure 3B, the blue arrow indicates the increase in xNa within the CxNy series. The error bars for δAl 
and CQ[4]Al in our investigated glasses are ±1 ppm and ±0.2 MHz, respectively. Error bars for other 

glasses are as reported in the literature. 

Based on previous 27Al NMR studies reported in the literature, the δAl is primarily related 

to the degree of coordination of Al atoms (i.e. δ[4]Al ≈ 60 ppm, δ[5]Al ≈ 30 ppm, δ[6]Al ≈ 0 

ppm). However, another important factor affecting the δAl value is the Al-O-Si bond angle. A 
negative correlation between these two parameters has been observed both in crystalline 
aluminosilicate compounds [67–69] and in aluminosilicate glasses [65,70,71]. In addition, 
Angeli et al. [72] proposed that the continuous decrease in the Al-O-Si angle is attributed to 
the continuous decrease in the distance between Mn+-O in CaO-Al2O3-B2O3-SiO2 glasses. 
This is because the T-O-T triplets are increasingly disturbed by the presence of the modifiers 
in the immediate surrounding. Those findings align with our observations in the previous 
sections, where we suggest that as Λglass increases, the dNa-O, rCa-O and Al-O-Si bond angle 
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decrease, supported by chemical shift of 23Na, Ca K-edge XAS analysis and 27Al chemical 
shift of  AlO4 species, respectively.  

The Figure 3B suggests that the CQ[4]Al value is independent with the Λglass value. 
However, two regions can be identified: the CQ[4]Al is notably higher in Ca-rich 
aluminoborosilicate glasses compared to Na-rich ones. For instance, in Na2O-Al2O3 -SiO2 
glass, such as the NAS glass reported by Gambuzzi et al. [61], in Na2O-Al2O3-B2O3-SiO2 
glasses, such as the B15Nay series, C0N35 glass, and data from Bradtmüller et al. [40], Lee 
et al. [64], and Soudani et al. (Na22B23 and Na35B8 glasses) [63], as well as in Na2O-CaO-
Al2O3-B2O3-SiO2 glasses with xNa > 0.4, including the C10N25 and C20N15 glasses in the 
CxNy series, the CaNa-RnKp series, ISG [62] and NH [62] glasses, CQ[4]Al values range 
between 3.5 and 5.5 MHz. In contrast, in CaO-Al2O3-SiO2 glasses, such as data from 
Neuville et al. [66] and the CAS glass reported by Gambuzzi et al. [61], in Na2O-CaO-Al2O3-
B2O3-SiO2 glasses with xNa < 0.4, such as the C30N5 glass and the CASN glass reported by 
Gambuzzi et al. [61], as well as in CaO-Al2O3-B2O3-SiO2 glasses like the Ca-RnKp series, 
C35N0 glass, Ca21B18 and Ca33B11 glasses in Soudani et al. [63], CQ[4]Al values are 
higher, range from 5.5 to 9.3 MHz.  This difference is also evident by examining the MME in 
CxNy series, where a decrease in xNa associated with a significant increase in CQ[4]Al 
(ΔCQ[4]Al = 1.5 MHz), highlighting the impact of Ca content on CQ[4]Al. This can be explained 
by the fact that the proximity of high-field-strength Ca2+ cations near the Al species induces a 
distortion in the AlO4 tetrahedron units, deviating them from tetrahedral symmetry. 
Consequently, Figure 3B underscores the substantial impact of Na or Ca as charge 
compensators on CQ[4]Al of AlO4 species: in Na-rich aluminoborosilicate glasses, sufficient Na 
content allows Na to preferentially charge compensate AlO4 species, resulting in relatively 
lower CQ[4]Al values.  When Ca assumes the role of charge compensator for AlO4 species, 
the CQ[4]Al increases substantially. This phenomenon has also been reported in the studies of 
ZrO2 and rare-earths (Nd, La)-bearing soda lime aluminoborosilicate glasses [73]. 

3.4 Degree of polymerization 

To address the degree of polymerization of glass network, the average Qn provides a direct 
view of the global structure of the silicate network. According to the model of Dell et al. [1], 
the N4 value can also indicate the polymerization process in Na2O-B2O3-SiO2 glass system. 
The depolymerization of the glass network proceeds when BO4 species start to decrease and 
BO3 increases conjointly. Therefore, we examined the relationship between the apparent 
average Qn derived from Raman spectra, the N4 value derived from NMR spectra and the 
Λglass. We observed a correlation between Qn, N4 and Λglass only for depolymerized glass (R’ > 
1). As Λglass increases, both Qn and N4 decreases (see Table 1). However, for polymerized 
glasses, N4 does not show a predictable relationship with Λglass. More details are presented in 
the Suppl. Mat. 

Another important parameter for characterizing the degree of polymerization in the glass 
network is the NBO content. We used the 11B NMR and 27Al NMR results to calculate the 
proportion of NBO in the investigated glasses. The nNBO is calculated with the following 
equation [63]:  

nNBO  nMn+  n   B  n   Al    (2) 

Where nNBO is the absolute number of NBO, nMn+ is the absolute number of alkaline 
or/and alkaline-earth ions, and n[4]B and  n[4]Al is the absolute number of [4]B and [4]Al species 
calculated based on NMR results and glass chemical composition. Numerous studies in the 
literature also use NMR to analyse the glass structure, allowing us to compare the NBO% 
(NBO% = nNBO/nO, where nO is the absolute number of oxygen atoms) of our investigated 
glasses with those from others in the literature. The results are shown in Figure 4 and also 
provided in Table 1. 
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Figure 4. Evolution of NBO content calculated from 
11

B and 
27

Al NMR data as function of Λglass. Solid 
points represent the investigated glasses in this study, while open points correspond to literature data 
recalculated using our method. Errors, estimated using the principle of error propagation, are smaller 
than 1% and are not visible in the figure. The blue arrow indicates the increase of xNa in the CxNy 

series and series reported in Wu et al., 2009 [41]. 

The Figure 4 reveals a positive correlation between NBO% and Λglass not only among our 
investigated glasses but also in glasses with similar glass systems reported in the literature. 
As Λglass increases from 0.48 to 0.65, the NBO% increases from 0 to 50%. Furthermore, three 
distinct trend lines with a similar slope can be observed: at the top are the CaO-Al2O3-B2O3-
SiO2 glasses (e.g. Ca-RnKp series, Ca21B18 and Ca33B11 glasses from Soudani et al. 
[27]); in the middle are the CaO-Na2O-Al2O3-B2O3-SiO2 glasses (e.g. CaNa-RnKp series); 
and at the bottom are the Na2O-Al2O3-B2O3-SiO2 glasses (e.g. B15Nay series, Na22B23, 
Na35B8, and other Na2O-Al2O3-B2O3-SiO2 glasses reported in the literature [27,40,74,75]). 
This observation suggests that at a given Λglass value, the CaO-Al2O3-B2O3-SiO2 glasses 
exhibit a higher NBO% compared to CaO-Na2O-Al2O3-B2O3-SiO2 glasses, which in turn have 
a higher NBO% than Na2O-Al2O3-B2O3-SiO2 glasses. For example, when the Λglass value is 
0.6, the NBO% for CaO -Al2O3-B2O3-SiO2, CaO-Na2O-Al2O3-B2O3-SiO2 and Na2O-Al2O3-
B2O3-SiO2 glasses are 37, 32 and 25%, respectively. Additionally, this general observation is 
also confirmed in the CxNy series and in the two glass series from Wu et al. [41]. As Ca is 
replaced by Na, which is indicated by the blue arrow, the NBO% decreases witnessing the 
different behaviour between Na and Ca as well as the MME in glasses. It is noteworthy that 
the Al/B ratio, also influences the NBO%. Clues can be found in the data from Zheng et al. 
[42] shown in Figure 4. As B2O3 is replaced by Al2O3, Λglass decreases and NBO% decreases. 
Given that the Al/B ratio in our investigated glasses is always less than 1, the quantity of 
[5]/[6]Al is negligible. Thus, glasses with an Al/B ratio greater than 1 reported in the literature 
were not included in our comparison. These glasses are characterized by a high content of 
[5]/[6]Al, sometimes reaching up to 20% according to the literature, rendering our method for 
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calculating NBO% no longer suitable because the exact role of [5]/[6]Al in silicate glasses is still 
unclear. 

It is clear from Figure 4 that the Λglass is an excellent proxy of the glass degree of 
polymerization. It should also be pointed out that the Λglass can be applied to complexed 
silicate-based glass systems. For instance, the NBO/T defined in early work [76–79] for 
aluminosilicate glasses and applied to Earth sciences materials cannot be applied to more 
complex glass compositions such as the aluminoborosilicate glasses investigated in nuclear 
waste immobilization. The NBO/T only relies on the equilibrium between negative and 
positive charge within the glass composition and does not take into consideration any 
potential affinity for one cation or another. For instance, it has been shown that CO2 
dissolution is enhanced in Ca-bearing glasses as compared to Mg-bearing ones [30] 
suggesting a preferential affinity of CO2 molecules for Ca2+ charge compensating cations. 
The Λglass has the advantage to take into consideration the different nature of the cations 
whether they are network formers or modifiers. 

4. Conclusions 

In the present work, we used the glass optical basicity (Λglass) calculated solely from the glass 
chemical composition, representing the overall chemical environment of oxygen in the glass 
network. This parameter has been used to investigate the glass network structure. Our study 
encompassed various aspects of the glass structure, including the local environment of 
individual atoms as determined by various analytical techniques such as XPS (O 1s binding 
energy), NMR (chemical shifts of Na and Al), XAS (Ca local environment), and the degree of 
network polymerization as inferred from NMR-determined NBO content. This work 
represents the first attempt to use optical basicity as a mean for examining the structure of 
aluminoborosilicate glass networks on a large sample database. 

We established the reliability of Λglass as a representative of the overall chemical 
environment of oxygen by demonstrating its strong correlation with the O 1s B.E. obtained 
from XPS spectra. The recovered trend is in agreement with previous studies. Within the 
investigated glass system, the higher Λglass values correspond to lower O 1s B.E., indicating 
stronger shielding effects and higher oxygen electronegativity. We found that higher Λglass 
values were associated with shorter Na-O and Ca-O distances, smaller Al-O-Si bond angles, 
and increased NBO content. These findings suggest that Λglass is a powerful indicator of the 
glass network's structural parameters. Finally, we effectively used Λglass to study the mixed 
network modifier effect in glasses. The addition of Ca resulted in a decrease in the Na-O 
distance, an increase in the symmetry of aluminate tetrahedron, and an increase in the NBO 
content of the network. 

This study underscores the importance of the oxygen chemical environment in 
understanding the glass network structure. We hope that our findings will provide new 
insights for future research on glass properties and the optimization of glass formulations. It 
also points towards the fact that glass optical basicity serves as a reliable parameter to 
characterize the oxygen environment that 1) can be applied to complex silicate-based 
glasses and 2) can simulate the glass degree of polymerization that is major structural 
parameter involved into the incorporation of various element; either volatile species involved 
in magmatic systems or nuclear waste volatile elements. 
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