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The acid-base properties of oxidic media are quantified in terms of the optical basicity concept, which serves
to correlate many properties with chemical constitution. Optical basicity valudsave been assigned to 25
oxides such that they relate fofor crystalline CaO being taken as unity. Sintdor an oxide is proportional

to the degree of negative charge borne by the ox{dé) atom or ion, it follows that optical basicity should

go hand-in-hand with the ionic/covalent nature of the cation-ox{dé bonding. Unfortunately, this assumption
produces many anomalies and trends that do not fit normal inorganic trends. The problem is resolved by
adjusting the influence of ionic forms to the bonding by taking into account the heats of formation. In contrast
to the (Pauling) electronegativity treatment of oxides, this procedure allows assignment of percentage ionicity
to the bonding, and the trends in these in the Periodic Table are as expected for inorganic oxides.

Introduction The optical basicity method has found wide applications,
especially in the technological areas quoted previously. It has
been especially successful for correlating the properties of an
oxidic medium with its chemical composition. In glass science,
these properties have included refractive in8iéultraviolet

Acid—base theory pervades many aspects of chemistry.
Technological inorganic applications are in the areas of glass
manufacture, geochemistry, extraction metallurgy, catalysis,
optical properties, redox equilibria, and many others. These 14 . . -
applications are very often concerned with oxidic compounds '_[ranigir;ancﬂl, hostl_ng properties to‘ivgrd dissolved metal
(metal or nonmetal oxides and ones containing oxyanions), and'®"S: .redox behavior of glass me!%%, and depende.nce
their acid-base properties were originally handled in terms of Of Viscosity on temperatur.In extraction metallurgy, optical
oxide—(-I1) ion activity.! This method proved unsatisfactory in ~ Pasicity is used for dealing with the refining power of slags,
many instances, primarily because of the difficulties in assigning €xPressed as their capacities for removing sulfur, phosphorus,
Sing|e ion G~ activities'z for example, in attempt|ng to compare alkali metals, etc. from the molten metal and has also been used
the basicities of sodium silicate melts and potassium silicate in the computer management of blast furna€e#: The optical
melts. basicity method has been applied to demonstrate how enthalpies

These problems are largely overcome by using the Lewis of formation of silicates can be calculated from chemical
theory where a base is a donor of electrons and an acid is ancompositio® and also to show how basicity is affected by
acceptoB Quantitative adoption of the Lewis theory became changes in the coordination numiér.

possible through the establishment of a scale that expressed the One reason for the success of the optical basicity method in
extent of electron donation by oxiei¢-Il) when an oxidic  dealing with the previous areas is that it expresses the ionic
medium was probed by small concentrations of (acidic) metal state of the oxide(-1l) atom (or ion). In other wordsA

ions such as Tlor P*.# The ultraviolet'S, — Py absorption  represents the extent of negative charge residing on the-exide
frequencies of_these ions were re_d-shlft_ed _(as compared _vv_lth(_”), —go,28 and also its electronic polarizabili®.The impor-
gaseous, free ion values) increasingly with increasing basicity y,nce of this feature of optical basicity is emphasized by workers

of the plrobed ijgd(;ut;n. JThe rifg-smfts pa;allleled che ﬁtre:\ds concerned with the aciebase nature of surface sites of oxide
previously quantified by Jargensan the NEPhelauxetc etlec catalysts’®=32 and the problem of ioniecovalent bonding and

for transition metal complexes, although the-sp transitions ) . . . . .

in T and PB* probabl?/ decrease b)? a somewhat different 'S relat|onsh.|p to optical bq5|C|ty has beep considépetp. In
mechanism than just orbital expansion. T8g— 3P, frequency th's_ connection, the following long-standing p_ar.adox .Of the
red-shifts observed for different media (silicates, borates, etc. o_ptmal ng|C|ty mod_el must be resolved. The d_|ff|gu|ty 'ithat
of various metal ions) were compared with the red-shift observed SINc€ A 2': proportional todo (the relationship isqo =
for TI* or P+ in crystalline calcium oxide to produce what —1.15A),%8 there is an implication that metal oxides having

was called the optical basicity value, symbolizedh§ Calcium similar optical basicities have similar degrees of covalency/
oxide was defined as having unit optical basicity, and on this ionicity in the bonding. For example, FeO, MnO, and CaO have
basis, the red-shifts for the probe ions yielded valuea éébr very close basicities, as is evidenced from slag performance

a wide range of oxidic media. Subsequently, other methods of data in the iron and steel indus#y.Their A values are,
optical basicity determination have been developed, for example,respectively, 0.93, 0.95, and 1.00 (see Table 1), and therefore,
using far-infrared spectroscofyaxygen 1s binding energiés,  the oxide-(-Il) ions of these oxides should bear similar negative

and measurements of electronic polarizabfity. charges. However, it does not necessarily follow that the ionic/
covalent character of the metabxygen bonding is similar for
* Corresponding author. E-mail: j.a.duffy@abdn.ac.uk. the three oxides. After all, B& and Mr#+ are transition metal
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TABLE 1: Optical Basicities,® Heats of Formation, Q,> and vitreous form). With the development of newer methods of
lonicity Data of Oxides optical basicity determination, it became possible to make direct
oxide A(MsOy) o  Q(kImoll) xo—xu % ionicity measurements on binary oxides, and these were found usually
Cs0 155 178 2458 153 80 to agree with ones derived from probe ion measurements (i.e.,
RO 145  —1.67 339.0 1.52 73 see ref 29).
BaO 1.35 —1.55 548.0 1.85 74 A values are known for several oxides (see Table 1), and
ﬁzg ig’g :1-22 gg%g i-ig 28 their availability means that calculation of optical basicity is
La22033 120 _1ag 1805 192 67 possible for the media they may constitute (e.g., &NeCaO-
Na,O 1.10 —1.27 414.2 1.65 54 SiO, glass or a Ca©Al,0:—SiO, metallurgical slag). It was
Sro 1.05 -1.21 592.0 1.91 59 this facility that made the optical basicity model available for
CaOo 1.00 -1.15 634.9 1.96 58 application to such a wide range of technological problems.
Yo0s 1.0 - —1.15 1757 1.90 56 Making measurements in molten inorganic oxide media at
e A 38r.7 1.60 44 1400-1600 °C is usually extremely difficult. However, for
eO 0.93 1.07 273.5 1.41 37 . - o
7n0 0.91 ~1.05 348.2 1.54 39 optimum technological performance, it is necessary to have
Ag0 0.91* —1.05 32.4 0.86 20 available data for such media, for example, concerning redox
SeO;  0.91 —-1.05 1716 1.88 50 equilibria of the F&"/Fe* couple in molten glass or the
Li-O 081  -093 597.9 191 45 phosphorus/phosphate couple in molten slags. The facility for
GaO;  0.71 —0.82 1073 1.56 30 calculating optical basicity provides the means for avoiding
Fe0s 0.69* —0.79 837.4 1.42 25 . . - .
Cr,0s 0.69* —0.79 1150 1.60 30 much of this experimental \_Nork since a set of resu_lts obFalned
MgO 0.61 ~0.70 601.6 1.92 34 for one system (e.g., N@—SiO,) can be correlated with optical
Sio, 0.48 —0.55 910.7 1.71 22 basicity, and the relationship is then conveniently transferred
P4O10 0.48 —0.55 2979.0 1.45 17 to many other systems. The optical basicity method has even
Sli%g 8-2% :8-3; 12?2% 1-?;2 % shown how redox data in aqueous solution at@%an be used
B,0s 0.40 —0.46 1274 166 18 for making quantitative predictions of redox equilibria in oxidic

melts at 1400°C .38

a Except those asterisked, valueshofpply to crystalline or vitreous lonic—Covalent Character of Oxides.Before embarking

solids and are derived from refractivity measureméhtssterisked

values were obtained by pragmatic méArisee text). From GO to on a strategy for assessing ionic character in binary oxides, it
Y,0s, figures are quoted to the nearest 0.9¥alues ofQ are taken is necessary to consider the implications of arguments based
from ref 43. on optical basicity and also electronegativity.

The optical basicity,A, of an oxide or oxidic system
represents the tendency for the oxidell) atoms (or ions) (i)
to donate electronic charge to a hosted metal ion and thereby
provide an environment of appropriate charge for stability (e.g.,
Fe*t over Fé" or vice versa¥18and (ii) to partake in reactions
such as (in metallurgical slag’y®

ions, and their behavior is greatly influenced by the availability
of d-orbitals, which is not the case for the Zdon.

What is the connection between the aeihse properties of
oxides and the nature of chemical bonding? This question is
considered here, and a model is proposed that provides
numerical ranking of ionicity for oxides within the context of
optical basicity usage. . _

Optical Basicity Background. It is important to note that, S(metal)+ O” (slag)= S (slag)+ 1/20,(gas) ~ (3)
owing to experimental difficulties, direct probe ion optical
basicity measurements of crystalline metal oxides have not beenThese types of behavior are examples of havis related to
made (apart from CaO and one or two other oxides), and thethe degree of negative charge borne by oxi@id), —go.
assignment of\ values to individual oxides was originally made ~ The assessment of ionic/covalent character in the bonding
using data of probe ions in media such as vitreous silicates andof binary compounds can usually be made, at least in semi-
borates. This became possible through the establishment of tthuantitative terms, through application of electronegativity

following empirical relationshig®37 arguments. In general, the larger the electronegativity difference,
the more ionic the bonding. For oxides of general formula,
A:X(Aoa/z) +X(Bob/2) + Q) MaOp, the (Pauling) electronegativity differencgo—xu, is
Va Ve obtained from the heat of formatio®, as follows:4°
where X(AOg2), X(BOyp), ... are the molar proportions of 0+ 11
oxide—(-1l) atoms contributed by the oxides A@ BOysz, ... Xo = Xu = Z—b 4)

andya, s, ... are basicity moderating parameters that express
the power of the cations, BP™, ... to attenuate the (average)
electron donor power of the oxigg-11). For a single oxide,
MOy, eq 1 is simplyA(MOny2) = 1/ym, and the relationship,

eq 1, becomes

Q is in electronvolts (1 e\= 96.48 kJ/mol) and is corrected
for the 7-bonding in Q by adding 1.13 eV (or 101.3 kJ) per
mol of oxide—(-11).
The resulting values ofo—xy for the oxides in Table 1 show
A = X(AO,,)A(AO,,) + X(BOL,)A(BO,,) + ... (2) several anomalies, and these arise owing to the variability in
the oxide-(-1) electronegativity: as the negative charge on
Examination of probe iom values for a variety of calcium  oxide—(-Il) increases, so there is a decreasedrt! It can be
silicate glasses, together with substitution fofCaO) (equals seen (Table 1) that the oxides $jQAlI,03, MgO, and CaO
1.00) in eq 2, allowed calculation of the optical basicity of 5iO follow the expected increasing trend in line with increasing
[A(SIO) = (Aglass — X(Ca0))X(SiOy)], which was found to ionicity. However, the reverse is the case for CaO;MJ&;0,
be 0.48. TheA values of other metal oxides were similarly and RBO, where, instead of the expected increasegnxy,
determined through probe ion examination of their silicates (in there is a decrease. There are further anomalies, for example,
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TABLE 2: Percentage of lonicity in Oxides? 100
1A 1A A 1B IVB VB 80 4
- per cent
Iilszo %803 lonlcity 60 4
54 34 21 22 17 40 1
K0 CaO Se0s Ga0s GeQ
66 58 50 30 21 20 +
Rb,O SrO Y-03 In,O3
73 59 56 40 ! ) ' . 25
Cs0 BaO LaOs 0 0.5 1 15 2 )
80 7 4 67 Electronegativity (A & R)

ad-Block metal oxides:GO3z 30; MnO 44; FeO 37; F©; 25; ZnO
39; and AgO 20.

Xo-Xm for NaxO is similar to that for BOs. Clearly, the (Pauling)
electronegativity model does not apply straightforwardly to
oxides.
Results

Calculation of lonicity. Often in chemistry, the assignment

Figure 1. Plot of percentage ionicity of binary oxides versus (Allred-
Rochow) electronegativity of the nonoxygen element. The unlabeled

cluster of points close to the top-left of the straight line are for alkali
and alkaline earth metal oxides.

Sodium Oxide. With A(Na&O) = 1.10,q0 = —1.26. There
are two sodium ions for each oxigé-1l), which means that

the formal chargenais 1/2 x 1.26 (i.e.,+0.63). The corrected

heat of formationQ', is 414.2+ 101.3 (Table 1) (i.e., 515.6
kJ/mol oxide-(-11)) and again, with respect to calcium oxide,

of numerical parameters for a particular property is made on
an arbitrary basis: examples include ionic radii and polariz-
abilities. Nevertheless, such parameters are very useful, espe
cially for the purposes of ranking, and this could be the case
for arbitrarily assigned ionicities for metal oxides, where there
are likely to be applications such as in ion migration studies or
catalysis.

the adjustedn, is (515.6/736.2)« 0.63= 0.44. The electronic
charge used for covalency is22 x 0.63= 0.74, amounting
to 0.37 per Na-O bond, and the ionicity is 0.44/(0.44 0.37)
(i.e., 54%).

Silicon Dioxide. The corrected heat of formation (Table 1),
Q, is 910.7+ 2 x 101.3= 1113.3 kJ/mol SiQ (i.e., 556.7

With this in mind, the following method has been devised, kJ/mol oxide-(-1)). With A(SIO,) = 0.48, the value ofo is

which incorporates the Pauling method that was originally used —(0-48 1.15)=—0.55, and although the charge on the silicon
for obtaining electronegativity values of the elements by using 'S T(2 x 0.55), as far as the SO bond is concerned, the
heats of formation of binary compounds (other than oxides). Efféctivedsi is half of this, that is, ther0.55 and adjusteds;
However, the difficulties arising from the variability of oxige 'S (556.7/736.2)< 0.55= 0.42. Since the electronic charge used
(-1) electronegativity are circumvented by considering the [OF covalency (in one StO bond) is 2— 0.55 (i.e., 1.45), the
problem from the viewpoint of optical basicity. The charge on 1OMiCity is 0.42/(0.42+ 1.45) = 22%. _ _
oxide—(-11), —qo, obtained from the relationshig = —1.15A The results for the remaining oxides are in the right-hand
represents the portion of the dinegative charge that is used forclumn of Table 1.

electrovalency. It follows that the portion of negative charge

available for covalency (e.g., for a 1:1 oxide) amounts te 2 Discussion

|qol. For crystalline calcium oxideA = 1.00 (by definition),
and thereforego = —1.15,qca = +1.15, and 0.85 electron-
worth of charge is used for covalency. The ionicity for CaO is
then taken asic/(qca + 0.85) (i.e., 1.15/2= 58%) and this, it

As indicated previously, the percentage ionicities for the
oxides in Table 1 were derived by applying a combination of
optical basicity and electronegativity arguments. When the
values are inserted into the Periodic Table, as shown in Table

should be noted from Table 1, is associated with a corrected 2, it is apparent that the pattern follows closely the chemical

heat of formationQ’, of 634.9+ 101.3 & 736.2) kJ/mol.

trends of the elements. For example, it is seen that on descending

For dealing with other oxides, CaO is chosen as the standardeach group, there is the expected increase in ionicity, while on
state since this oxide was adopted for the original optical basicity moving from left to right along a Period, the ionicity decreases.
scale? With an ionicity of 58% corresponding @' = 736.2 For the acidic oxides £3, SiO,, and BOs, which are regarded
kJ/mol, the positive charge on the metal ion is adjusted assumingas covalent, the ionicities are very low. Also, the ionicities for

linearity betweerQQ" and ionicity. For a metal oxide, MO, with
corrected heat of formatioQ'v, the adjustment for the charge
on the metal iongu, is obtained by multiplying byQ'm/Q'ca
(i.e.,Q'm/736.2). The electron worth of charge for covalency is
still assumed to be 2 |go|, and the ionicity is taken ag)(u/
736.2)[[Q'm/736.2) + 2 — |gol]. The following calculations
illustrate the method.

Zinc Oxide. The optical basicity of ZnO is 0.91, amg} is
—1.15x 0.91= —1.05, so that formallygz, = +1.05 and there
is a quantity (2= 1.05)= 0.95 electron worth of charge supplied
by oxide(-1l) for covalency. From Table 1, it is seen that the
correctedQ’ = 348.2+ 101.3 (i.e., 449.5 kJ/mol oxide(-Il)).
The ionic contribution in ZnO is therefore much less than in
CaO, and to take account of thig, (= +1.05) is reduced by
a factor of (449.5/736.2); the adjustgg, is +0.61. Thus, the
ionicity in the ZnO bond is given by 0.61/(0.6& 0.95) (i.e.,
39%).

the d-block metal oxides fit well with the chemical character-
istics of the metal ions. When the ionicities of the oxides in
Table 1 are plotted against the electronegativity of the nonoxy-
gen element, there is a reasonable straight line relationship
(Figure 1), apart from data for ®, MgO, AlLO3, and AgO,

and they are omitted in Figure 1. It is interesting that for 100%
ionicity, the straight line extrapolates to an electronegativity
close to zero. The plot in Figure 1 is for AllredRochowt?
electronegativity, but the pattern obtained using Pauling elec-
tronegativities (not shown) is very similar.

The ionicities assigned to the oxides (Table 2) remove the
anomalies referred to in the Introduction. Thus, the overall
decrease in (Pauling) electronegativity differencg,xu, ob-
served from LiO to CsO (see Table 1), which might have
suggested decreasing ionicity, is resolved. Similarly, the ap-
proximate equality oko-xna andxo-Xg (Table 1) can no longer
be imagined to indicate approximately equal ionicity. Further-
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