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Abstract 

Previous researchers have developed correlations between oxide electronegativity and oxide basicity. 

The present paper revises those correlations using a newer method of calculating electronegativity of the 

oxygen anion. Basicity is expressed using the Smith a parameter scale. A linear relation was found 

between the oxide electronegativity and the Smith a parameter, with an R2 of 0.92. An example 

application of this new correlation to the durability of high-level nuclear waste glass is demonstrated. 

The durability of waste glass was found to be directly proportional to the quantity and basicity of the 

oxides of tetrahedrally-coordinated network forming ions. 

1. Introduction 

The concept of oxide basicity is widely used in oxide chemistry. There are several scales used to classify 

oxide basicity [1-3]. Portier et al. [4] has determined that two of the scales, the optical basicity scale [1] 

and the Smith [2] a parameter scale, are equivalent and can be used to estimate each other. The Smith [2] 

scale is particularly interesting because it can be determined directly from thermodynamic data, which is 

more widely available than the optical spectroscopy methods used to measure optical basicity. 

Nonetheless, the optical basicity scale has become more popular than the Smith scale. Given the 

correlations in Portier et al. [4], the optical basicity can be calculated from the Smith basicity without the 

need to resort to optical spectroscopic measurements. Portier et al. [4] has suggested there is a linear 

relationship between the Smith a parameter and electronegativity, where the Smith a parameter is the 

measure of basicity in the Smith scale. This same research group has since derived a better way to 

calculate electronegativity ofthe oxygen anion in oxides [5]. Consequently, the present paper will update 



the relationship between Smith scale and electronegativity using the oxygen anion electronegativity of 

Campet et al. [5]. 

The Smith scale can be and is best determined from thermodynamic data [2], which is widely available 

for common oxides. Consequently, the relation developed in this paper would be most useful for oxides 

that cannot be synthesized in a pure form, such as oxyanions, because enthalpies of formation cannot be 

determined on these types of oxides directly from calorimetry. Another application would be to multi

component oxides when the reactivity of only one of the oxide components is of interest. An example 

application of the new correlation to the durability of glass produced from the vitrification of multi

component nuclear waste will be given. This study will show that the impact of network-forming oxides 

on the overall glass on durability is highly correlated to the basicity of those oxides, as expected from 

theory [6, 7]. 

2. Modeling Approach 

Smith [2] assumed that the acidity of an oxide could be defined by its tendency to accept an oxygen anion 

from a basic oxide. Smith [2] defined a parameter, the Smith Alpha (ai), for each oxide (i) that scales the 

tendency of the oxide to accept an oxygen anion. The Smith a is related to the enthalpy ofthe reaction 

between the acidic and basic cations by the relation: 

Equation 1 



where A and B are the stoichiometry of the acidic and basic cations, aA and aB are the Smith a parameter 

for the acidic and basic oxide, and h(A,B) is the change in enthalpy during the reaction. The Smith scale 

is anchored by defining the Smith a of water as zero. 

Bratsch [8J has proposed that enthalpies of formation of oxides could be determ ined from the Sm ith a 

parameter if the parameter could be estimated from some non-thennodynamic source. Bratsch [8J 

proposed that the Smith a parameter could be estimated from the electronegativity ofthe oxides. Portier 

et al. [4J proposed their own functional relationship between the Smith a parameter and the 

electronegativity scale developed by the lead author [9). In the Portier et al. [9J scale, the 

electronegativity of cations in oxides (XM) is estimated from the bond lengths and charge through the 

equation: 

X M =O.274*z-O.15*z*r-O.Olr+l+b Equation 2 

where z is the charge on the cation and r is the radius, which depends on the coordination environment 

[10). The variable "b" was called "a" by the original authors but was renamed b here to avoid confusion 

with the Smith a. The quantity b in Equation 2 is an element specific constant reported in Portier et al. 

[9). The total electronegativity of the oxide was detennined by Portier et al. [4 J using the following 

equation: 

_ r( )m * ( )n ]I/(m+n) 
Xoxide - ~ XM Xo Equation 3 

where XM and Xo are the electronegativities of the cation and oxygen anion, respectively, and m is the 

stoichometery of the cation in the oxide while n is the stoichiometry of the oxygen anion in the oxide. 



Portier et al. [4] used Equation 2 to estimate the electronegativities of the cations (XM), but they used the 

Pauling electronegativity for the oxygen anion electronegativity (Xo). Since 2003, that same research 

group has developed an improved estimate of the electrQnegativity of the oxygen anion, which depends 

on the cation to which the oxygen is bound [5]. The purpose of this paper is to determine the relationship 

between the electronegativities of oxides and the Smith a parameter using the revised oxygen anion 

electronegativity equation developed by Cam pet et at. [5] so that an improved estimate of Smith a can be 

obtained. The revised equation for electronegativity of the oxygen anion is [5]: 

Equation 4 

According to Campet et al. [5], Equation 4 is not valid for oxygen anions bound to metal ions with 

partially filled d orbitals. Consequently, transition metal ions with partially filled d orbitals were 

excluded from the present correlation unless they had no crystal field stabilization energy, such as Mn(H) 

and Fe(III). Table 1 contains all of the oxides used in the present study, along with the electronegativities 

calculated from Equations 2 through 4, and the Smith a parameters reported by Smith [2]. As shown in 

Figure 1, there is a linear relationship between the oxide electronegativity and the Smith a parameter. 

Regression of this data leads to the following formula with an R2 statistic of 0.92: 

a = 11.33 X - 26.989 Equation 5 

s 



Figure 1. Correlation between Basicity (Smith a Parameter) and Oxide Electronegativity 
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Smith [2] reported that the average standard deviation of Smith a parameters detennined from heats of 

reaction were between 0.2 to 1 KJ/mol, with most clustering around 0.5 KJ/mol. The differences between 

Smith's [2] values and those predicted from Equation 5 range from 0.05 for Ah03 to 3.06 for Li20. This 

indicates that the Smith a parameters measured by calorimetry are more precise than the values predicted 

from the regression equation, and the values derived from thennodynamic data should be used when 

available. The high R2 yet large residuals (measured minus predicted) indicate that the electronegativity 

as calculated by Equations 2 through 5 explains most but not all of the oxide basicity. The precision 

shown in Figure 1 is sufficient to distinguish acidic from basic oxides but cannot distinguish between 
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small differences in oxide basicity [11]. As is evident by the high R2 statistic (0.92), Equation 5 is 

accurate over the entire range of electronegativities. Most residuals (measured minus predicted values) 

were much less than 3 KJ/mol. Table 1 compares the measured and predicted values for each of the 

oxides considered by the regression. 

Table 1. Electronegativities and Smith a for Oxides used in Regression. 

Oxide Electronegativity (Eq 3) Smith a from Calorimetry [2] Predicted Smith a (eq. 5) 
Ah0 3 2.210 -2 -1.95 
As20 s 2.826 5.4 5.03 
BaO 1.630 -10.8 -8.57 
BeO 2.033 -2.2 -3.96 
Ce02 2.289 -2.7 -1.05 
CdO 1.911 -4.4 -5.33 
Cs20 1.255 -15.2 -12.77 
Fe203 2.384 -1.7 0.020 
Ga203 2.219 -1.6 -1.85 
HgO 1.858 -3.5 -5.94 
K20 1.235 -14.6 -12.99 
LizO 1.299 -9.2 -12.26 
MnO 2.009 -4.8 -4.22 
Na20 1.284 -12.5 -12.43 
P4O lO 2.913 7.5 6.02 
PbO 1.729 -4.5 -7.40 
Si02 2.632 0.9 2.83 
Sn02 2.400 2.2 0.20 
SrO 1.744 -9.4 -7.23 
Ti02 2.468 0.7 0.974 
W03 2.938 4.7 6.30 
ZnO 2.089 -3.2 -3.3 
Zr02 2.301 0.1 -0.92 

3. Application 

The preferred way to determine the Smith a for an oxide is from enthalpy of formation data for the oxide 

and reaction products, as done by Smith [2]. However, there are situations when this type of data is not 

"7 



realistically available. An example would be when one is interested in only the reactive sites of a multi

component oxide, because the local basicity of a multi-component oxide is not the same as the overall 

basicity ofthe oxide. For instance, Duffy et al. [12] found that the basicity at the iron atoms in iron

bearing silicate glasses is not the same as the average basicity of the glass. The local susceptibility to 

acid-base reactions of a multi-component oxide may depend on the basicity of that portion of the oxide. 

An example of this will be shown for nuclear waste glass durability in order to demonstrate the 

applicability of Equation 5. 

Much of the nuclear waste generated around the world will be vitrified and the resulting waste glass will 

be buried in a geological repository. The durability of waste glass is a contributing factor to the release of 

long-lived radionuclides into the environment. The dissolution ofthese glasses is governed by ion

exchange reactions between alkali in the glass and acids in solution as well as the hydrolysis of bridging 

oxygen bonds [13]. The hydrolysis of these bridging oxygen bonds is believed to be from nucleophilic 

attack by basic hydroxide ions from the aqueous phase [6, 7]. Given that this hydrolysis reaction is an 

acid-base reaction, the susceptibility of these bonds to hydrolysis likely depends on the basicity of the 

network forming ions. Feng and Barkatt [14] hypothesized that the relative impact of oxides on glass 

durability is a function of the hydration enthalpy of the oxides. Given that the hydrolysis of bonds is 

believed to be an acid-base reaction, and that Smith a defines the basicity of an oxide ill terms of its 

enthalpy of formation relative to water (which is proportional to the hydration enthalpy), it follows that 

the relative effect of different network-forming oxides on durability will be proportional to the Smith a of 

the oxides. This hypothesis is tested here. 

The early-stage dissolution of glass in water is believed to be driven by the ion exchange reactions 

between hydronium ions in the liquid phase and glass network modifiers in the glass phase [13, 15]. This 

ion-exchange reaction is followed by an attack on the bridging oxygen bonds of the network forn1ers from 

hydroxide ions in solution [6, 7, 13]. Given that most sodium species are highly soluble, sodium can be 



used to follow the extent ofthe ion-exchange reaction. Many of the network formers, however, have 

limited solubility and they re-precipitate or re-polymerize on the glass surface [16, 17]. This re

precipitation or re-polymerization creates a gel-phase on the surface that may be able to slow the reaction 

down in the long run [16]. Boron is a network former that is soluble and not incorporated into the gel 

appreciably (18). Therefore, the concentration of boron in the liquid phase is used as an indicator of the 

destruction ofthe glass network. In the present study, the susceptibility of the network to attack by 

hydroxide is the acid-base reaction of interest. 

The gel-layer on the glass surface may act as a barrier to long term destruction ofthe glass [16, 17, 19]. 

Therefore, the short-term dissolution of the glass is the best-indicator of the relative susceptibility of the 

glass to attack by hydroxide. The long term performance of the glass is also dependent on the 

concentration of ions in the liquid [20, 21], which may come from other sources than glass dissolution. 

Therefore, the product consistency Test (PCT) has been developed to evaluate the relative durability of 

glass [22], without being subject to these other complicating factors. In the PCT, glass powders of a 

defined particle size are immersed in hot water for 7 days, and the release of indicator ions from the glass 

into solution is measured. Boron release is used as an indicator of the dissolution of the glass network 

[18]. The PCT response changes with glass composition; therefore, the PCT test is an indicator of the 

relative performance of glasses in this short period [22]. Isotopic exchange experiments have confirmed 

that glass hydrolysis is the primary control of glass durability during the time frame of the PCT test, 

rather than the formation of a protective layer [23]. Consequently, PCT response can be regarded as the 

relative rate of glass dissolution up to 7 days oftime. 

The PCT response changes with glass composition, and glass composition changes with waste 

composition and formulation approach. Consequently, waste vitrification facilities have developed 

models to predict PCT response as a function of glass composition so that acceptable glass can be 
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formulated [24]. A popular PCT model is the first order mixture model where the natural logarithm of the 

normalized boron release is described as a first order function of the glass composition [25]: 

In normalized boron release = I ljmi Equation 6 

where mi is the mole fraction of constituent "i" and ri is an empirically determined coefficient that 

describes the relative impact of the constituent on durability. The accuracy of the model and the values of 

the coefficients depend somewhat on the size of and components in the glass composition region of 

interest [26]. Vienna et al. [25] report a set of model coefficients applicable to a broad range of glass 

compositions relevant to the vitrificaiton of radioactive waste in the United States. The ri coefficients the 

report for the oxides of the most prevalent network forming ions in nuclear waste glass (silica, boron, 

aluminum, and ferric iron) are shown in Table 2. In nuclear waste glass, these ions are predominantly, 

though not entirely, coordinated by four oxygens [27, 28). The measured basicity value for Si02 is 

available (Table 1) but measured Smith a parameters for Fel03, Ah03, and B20 3 are not available for the 

case where the cations are coordinated by four oxygens. The Fe203 and Ab03 in Table 1 represent the 

case where Fe and AI are coordinated by six oxygens. Consequently the Smith a parameter for Fe203, 

Ab03, and B20 3 for four-coordinate Fe, AI, and B was calculated using Equations 2 through 5 and the 

results are shown in Table 2. The difference between the oxide electronegativity of four and six 

coordinated cations is in the ionic radius used in Equation 2 [10). 

Table 2. First Order Mixture Model Coefficients [25] and Smith a Parameters for Dominant Network 

Oxides of Tetrahedrally Coordinated Cations in Nuclear Waste Glass. 

Tetrahedral Oxide ri (Equation 6) Smith a 

Si02 -4.352 0.9 

lC 



Fe203 -9.692 0.73 

AI20 3 -28.483 -1.22 

820 3 13.749 2.06 

Figure 2 presents the rj coefficients for Equation 6, a measure of the oxide's impact on glass durability, 

against the basicity, as defined by the Smith u. As can be seen in Figure 2, there is roughly a linear 

relationship between durability and basicity for these four tetrahedrally coordinated network formers. 

This result is consistent with theory [6] and the observations of Reynolds [7]. 

Figure 2. Correlation between Basicity and the First Order Mixture Model Coefficients for the Oxides of 

the Tetrahedrally-Coordinated Network Forming Ions. 
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A new relationship between oxide basicity, as measured by the Smith a parameter [2], and the 

electronegativity of the oxide was developed (Equation 5). A linear relation was found between the 

Smith a and the oxide electronegativity as calculated by the methods of references [4] and [5]. This 

relationship can be used to distinguish basic oxides from acidic oxides. An example application of this 

equation to nuclear waste glass durability was used. The relative impact of tetrahedrally coordinated 

network formers on glass durability was found to be proportional to the basicity of those oxides, as 

expected from theory. 
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