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The isobaric, isochemical coefficient of thermal expansion () is the proportionality
constant relating 9V/V and dT. Noting that dV/V equals dIlnV at constant pressure and

composition (i.e., P and X):
ov

*= (vaT>P,X

B OlnV
S\ T Jpx

A polynomial expression for the temperature dependence of InV yields direct and
accurate calculation of o of melts and glasses. Using the approach, o of Na-silicate
glasses is shown to be constant between 300 and ~650 K (P and X constant), but it
increases linearly with Na,O content, indicating that « is controlled mostly by Na

behaviour. Values of « for a melt or glass are necessarily (thermodynamically) related to
the coefficients of thermal expansion of its ‘N’ melt components (o) by:

a =101+ afs + azfz + -+ anly

where 6 represents volume fraction of a component. Calculated ay,,0 and agio, values
compare satisfactorily with reported values for melts containing ~40-60 mole% Na,O but
are less satisfactory for highly siliceous melts, implying need for refinement of « values.

The Coulombic force of attraction between cation and anion is the primary determinant
of the magnitude of a values of alkali and alkaline earths oxides. Their values represent a
lower bound on « of 3d and 4f modifier oxides. Values larger than this lower bound likely

result from a change in coordination number (CN) from higher to lower CN values of
modifier cations. Experimental and molecular dynamics studies indicate that partial
charges on NBO (O of Si-O-M moieties) and BO (O of Si-O-Si moieties) are about —0.96
and -0.64 respectively, thus NBOs should be incorporated into the first coordination
spheres of modifier cations in preference to BOs. A simple mechanism is proposed
whereby NBO-BO exchange occurs and CN of the modifier cation decreases with minimal
topological adjustment or energetic cost to the melt.

1. INTRODUCTION

The volumetric properties of silicate melts and glasses are
critically important to the glass industry, to igneous petrol-
ogy, and to the prediction of natural hazards. To give a sin-
gle example, these properties must be known to determine
the buoyancy of magma from mantle to the surface of the
Earth, which makes them particularly relevant to the pre-
diction or forecasting of volcanic activity. Explosive volcan-
ism represents a continual and immediate environmental
hazard to life. It is also a hazard to the stability of climatic
conditions on the short term (a few years), due primar-
ily to contamination of the upper atmosphere and stratos-

phere with volcanic gases and particulate matter. There is,
therefore, good reason to expand our understanding of the
processes that affect volumetric properties. This study fo-
cusses on the isobaric coefficients of thermal expansion of
melts and glasses and on the coefficients of thermal ex-
pansion of their constituent oxides (ay, N = metal oxide).
Although « values of numerous melts were documented
over 60 years ago (Bockris et al., 1956; Tomlinson et al.,
1958), there seems to be no discussion of the basic phys-
ical-chemical factors that affect the magnitudes and signs
of a for glasses or melts. The situation exists because the
relationships among «, isothermal compressibility (5) and
heat capacities (Cp—CV = TVa?/B) does not provide general,
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fundamental insights into aspects affecting o owing to the
specificity of the atomic interactions involved in different
systems. Lange and Carmichael (1990) however, offer in-
sight by noting a systematic, inverse relationship between
thermal expansion and cationic field strength of the alkali
oxides. To understand better the physical chemical aspects
contributing to «, the relationship between temperature
and the molar volumes of melts and glasses is addressed
followed by an investigation into the relationship between
a of a melt (or glass) and a of its ‘N’ component oxides
(ay)- We then address the effects that Coulombic interac-
tions have on ay, followed by aspects affecting coordina-
tion numbers (CNs) of modifier cations, including discus-
sion of a mechanism by which CNs are altered.

2. MOLAR VOLUMES AND THERMAL
EXPANSION

2.1. Functional relationships

Coefficients of thermal expansion («) cannot be measured
directly. The densities of melts or glasses first must be de-
termined as a function of temperature at a constant pressure
(P) and composition (X). With densities known, molar vol-
umes (V), then «, can be calculated. Values of « tradition-
ally were determined using a finite difference approach («
~ [AV/AT]/V ) derived from the partial differential expres-
sion of equation (1), given below. Volumes may be deter-
mined, for example, at two temperatures, T, and T,, from
which an average volume (V,, = [V9—Vr(]/2) is obtained.
Similarly, AV/AT can be evaluated ([V,—Vr]/[T5-T4]) and
taken as an approximation to dV/0T, which then may be
used to estimate . A numerical methods approach, using a
Taylor series expansion would provide both accurate evalu-
ation of « over a specified temperature range and of its un-
certainty over the same range. This, however, should be the
focus of a separate study.

Ottonello (1997, p. 254, table 5.22), in his summary of
thermal expansion of some crystalline silicates, used the
following expression to evaluate the coefficient of thermal
expansion, «, as a function of temperature:

ov

“- (W)M = a1t aT +asT (1)

T is temperature, 0V/0T is the partial derivative of volume
with respect to temperature of a phase held at constant
pressure (P) and composition (X). Values for a4, a2, a3 are
obtained by fitting volumetric-temperature data. Where
temperature alone is varied (P and X are constant), equa-
tion (1) can be rewritten as an ordinary differential equa-
tion:

a=(1/V)dV/dT =a; + asT + a3T*? (2)
With respect to the differentials:
a=(dV/V) = (a1 + aT + a3T*)dT (3)

Integrating both sides of equation (3) (at constant P and X),
then combining the constants of integration yields:
InVpx=aT + (as/2)T? + (a3/3)T* + C (4)
where C is the constant of integration. It may be eliminated
by integrating between two temperature limits. The sub-

scripts indicate that the equation holds only where P and
X are constant. Fits of anP,X versus T yield the a4, as, as,
and C coefficients, from which Vpx and « may be evaluated
using respectively, equations (4) and (2). Because the same
coefficients are used in evaluations of both InVpy and a,
their uncertainties are commensurate.

Not all coefficients may be required to fit volumetric data
over limited temperature ranges. Employing only the first
polynomial term (a;) of equation (4) yields:

l’n,Vp’X = T+C (5)
The constant of integration, C, equals InVpy at T = 0 K.
Integration between two temperature limits eliminates C.
Fitting experimental InVp-T data yields a value for the a;
fit coefficient, which is the coefficient of thermal expansion
for the phase (a = ai1;a2 = a3 = 0). The coefficient of ther-
mal expansion thus is determined directly from the fit to
the anP,X'T experimental data. Importantly, a separate fit
or calculation is not required to obtain «. The equation per-
tains to sodic glasses.

Over large temperature ranges volume is likely to be a
function of T requiring at least the first two terms on the
right side of equation (4) to be used. If so then:

InVpx =aiT + (az/2)T? + C (6)
A fit to experimental data (anP,X versus T) permits deter-
mination of a; and as, (a3 = 0) which can be substituted
into equation (3) to obtain the value of « for the phase at
T. Substitution of the coefficients into equation (3) yields
the temperature dependence of o with accuracy commen-
surate with the fits to the experimental volumes. The fits
and fit coefficients, however, are accurate only between the
temperature limits of the fits. Where volume follows a qua-
dratic expression in temperature (eq 4), a fit of anP’X—T ex-
perimental data yields the a1, as, a3 fit coefficients which
can be substituted into equations (1) or (2) to obtain « at T.
The fit coefficients obtained from equation (4) permit eval-
uation of both a and Vp as a function of temperature. By
fitting a polynomial of order ‘n’ to InVpx vs T data to ob-
tain the fit coeffcients, the derivative (a polynomial of order
‘n-1°), and its coefficients, are immediately obtained which
yields « as a function of temperature. The uncertainty in
a is commensurate with that of V. A numerical methods
approach utilizing a Taylor series rather than an arbitrary
polynomial such as equation (4) would be a better approach
in that the uncertainty in V and a would be obtained.

2.2. An example: diopsidic melts

The logarithms of the molar volumes of diopsidic melts
(Vyp are plotted against T in figure 1A using the same data
as Toplis and Richet (2000, their fig. 7c). The dashed curve
represents a least-squares, quadratic fit to the data using
equation (6). The derivative of the fit yields the expression
for a as a function of temperature. It is linear in T, as shown
in figure 1B. The coefficients required to determine « of
equation (3) are obtained from the fit coefficients shown in
figure 1A. Noting the constant, a,/2 of equation (6), a be-
comes:
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Figure 1. The temperature variation of InV and « of diopsidic melts employing the same data as Toplis and
Richet (2000, their fig. 7c). (A) A quadratic fit to InV - temperature data is illustrated by the dashed line. The
thick lines terminated by dots represent data of Toplis and Richet (2000) near and beyond the fictive temperature
(~966 K). Separate dots are from Gottsmann and Dingwell (2000), Knoche et al. (1992), Lange and Carmichael
(1987) and Taniguchi (1989). (B) a values calculated by finite differences (o = (AV/AT)/V), are shown as large dots.
The dashed line is a least-squares best fit to the dots. Additional, and different, values of o« may be obtained
using different AT step sizes. The o values determined from the fit shown in figure 1A are represented by the
solid line. Its slope and intercept were calculated from the fit coefficients of figure 1A (m = 2x[-4.134x108] and b =
2.05x10"%). Both approaches use the same molar volume temperature data.

(dinV/dT)p x = «

= 2(—4.134210%)T + 2.05210*

= —8.268210° + 2.05210*
It is shown as the straight line in figure 1B. The straight
line is not a fit. Its slope and intercept were determined en-
tirely from the coefficients of the fit to the InVy; versus T
data (fig. 1A) so that the uncertainty in « is commensu-
rate that of the experimental volume of the melt. The fi-
nite difference calculations (a = (AV/AT)/V) of « are illus-
trated as large dots and the uncertainty associated with the
technique is apparent. The dashed line is the best fit to
the dots. Additional volumetric measurements may demon-
strate that InVp y vs T is better described by a cubic or quar-
tic expression in temperature, and re-evaluation of « then
would be required.

(7)

2.3. Na-silicate glasses

Knoche et al. (1994) determined the temperature depen-
dence of molar volumes of Na-silicate glasses containing
1.9, 4.9, 10.6, 16.0, 20.2, 25.7, 30.4, 35.3, 40.2 and 45.0
mole% Na,O. Four results are illustrated in figure 2. InVp ¢
values between 300 and 650 K (fig. 2, dots) were fit using
equation (5). Fits to the other glass compositions are sim-
ilar, all yielding effectively linear trends. The values of the
slopes of the fits (a1) equal ag and they are constant be-

tween 300 and 650 K for each glass composition and at am-
bient pressure. With glass transition temperatures (Tg) be-
tween ~710 and 780 K, configurational changes do not
contribute to the molar volumes of the glasses at T < 650
K, although Si-O and Na-O vibrational contributions do
(Lange, 1997; Richet, 2001b, 2001a; Richet & Neuville,
1992).

2.3.1. VIBRATIONAL CONTRIBUTIONS

An anharmonic potential energy (PE) surface of a diatomic
molecule (fig. 3A) is used as an analogue for Si-O and Na-
O potential energy (PE) wells of Na-silicate glasses (Huheey
et al., 1993, pp. 99-104), recognizing that PE wells vary ap-
preciably for lack of long range order. Na-O and Si-O dis-
sociation energies (D,) are 257 and 798 k]/mol respectively
(Speight, 2005), thus Na-O bonds are much weaker than Si-
O bonds. The energy levels separating the ground and ex-
cited vibrational states of a PE well are dependent on D, so
less energy is required to promote a Na-O than a Si-O vi-
bration from its ground state to its first excited state, which
results in increased M-0 bond distances (fig. 3A) and mo-
lar volumes (Bayram & Freamat, 2012; Moelwyn-Hughes,
1961, pp. 416-418). The increase in volume of Na-silicate
glasses between 300 and 650 K (fig. 2) thus should derive
from the Na,O component of these glasses. As evidence,
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Figure 2. Plots are shown of InV versus temperature for Na-silicate glasses at four different glass compositions.
Least-squares fits to the dots, using equation (2), are illustrated by straight lines. The temperature interval for all
fits is 300 K to 650 K. The data represented by the crosses were not included in the fits. All measurements were at

ambient pressure. Data are from Knoche et al. (1994).

the slopes of the fits of anP’X versus T (fig. 2), which rep-
resent o values, are plotted against X y,0 in figure 4. The
ag values increase linearly with Na,O content. The linear
relationship is that expected if o were controlled by Na-O
vibrational excitation in asymmetric potential energy wells.
The increased InV values result primarily from promotion
of Na* to excited vibrational states. Si-O vibrations remain
mostly ground state vibrations.

Si-O vibrational excitation apparently contributes negli-
gibly to ag of the glasses, an indication being the very small
value of the intercept of the fit (6.77x10°% K-1) shown in fig-

ure 4. The intercept represents o of a glass devoid of Na,O
(but containing 0.03-0.1 wt.% H,0 as measured by Knoche
et al., 1994, their table 1). The value is greater than quoted
by Deng et al. (2020) for bulk fused silica, but as they and
Oishi and Kimura (1969) emphasize, variation in the value
is expected and may be related to H,O or other contami-
nants (Knoche et al., 1994). There is an effectively constant
« value for fused silica applicable to the sodic glasses for T
< Tg.
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Figure 3. Hypothetical potential energy (PE) surfaces are plotted as functions of distance separating a cation and
an anion. (A) PE surface constructed from a Coulombic attractive potential (PE,) and a Born (electron cloud)
repulsive potential (PEg) following Huheey et al. (1993). Hypothetical ground and first excited states are shown
as dashed lines. Shaded circles are located at the equilibrium bond distance for the ground and first excited
states. (B) PE surfaces for a strong cation-anion interaction (PE surface of X) and a weak cation-anion interaction
(PE surface of Y). Dissociation energies (D,) for each are shown. Dash-dot lines are slopes to each PE surface at
their respective ground state energy and are determined primarily by the tangent to the PE, contribution to the

PE surface.

2.3.2. CONFIGURATIONAL CONTRIBUTIONS

InV increases non-linearly with T beginning at ~650-750 K
(fig. 2, crosses) indicating an additional contribution to «
(hence V). Na-0O potential energy (PE) wells are shallower
than Si-O PE wells, so that with increased temperature, Na
should become mobile in advance of Si, with Na* migrat-
ing (hopping) from one site to another, resulting in new
topologies (Cormack et al., 2002; Habasaki, 2021). Thus,
with thermal agitation, Na-O bonds are ruptured by Na*
‘topping’ PE barriers, allowing new, more energetic
arrangements (topologies) to be accessed (Richet, 2001a,
his fig. 5). As evidence, Lei et al. (2015) classify Na,Si,O;
glass as a fast Na-ion conductor at temperatures above
~600-700 K and they emphasize that Si and O contribute
negligibly to conduction at these temperatures. At
~600-700 K, some Na-O bonds rupture with some reform-
ing to produce more energetic arrangements (topologies),
which affect V and a. As evidence, Na* mobility results in
an abnormal increase in heat capacity of NaSiO5 crystals
above ~700 K (Nesbitt, Cormack, et al., 2017; Richet et al.,
1996) followed by production of some Q3 species (Si tetra-
hedra with 3 apical BOs and a NBO) in NaSiO- crystals com-
mencing at 750-800 K (Nesbitt, Bancroft, et al., 2017; Nes-
bitt, Cormack, et al., 2017). The Q3 species form cross-chain
linkages which stabilize the chains. Importantly, upon re-
moval of Na* from its PE well, the original Coulombic force

of attraction between Na* and O atoms of its first coordina-
tion sphere is replaced by Coulombic repulsion among the
same O atoms. Net repulsive forces build within the glass as
the fraction of mobile Na* increases. These repulsive forces
likely promote relaxation of glasses at temperatures some-
what greater than that at which Na becomes mobile. The
repulsive forces can be minimized only by rearrangement
of Si tetrahedra, which contributes to changes in V and «
(Richet, 2001a).

3. MOLAR AND PARTIAL MOLAR
COEFFICIENTS OF THERMAL EXPANSION

The volume of a crystal, glass, liquid, aqueous solution or
gas, is the sum of the partial molar volumes (V) its ‘N’ com-
ponents multiplied its mole fraction. The molar volume of
a melt or glass (Vy; or V;) thus may be expressed as:

Vi =ViX1+VoXo+ VX3 +--+VyXny  (8)
where V y is the partial molar volume and V y is the mole
fraction of the Nth component. The relationship between
molar and partial molar volumes is illustrated in figure 5A
for Na,0-5i0, glasses at 703 K. The quadratic fit to the
glass molar volumes reproduces the data within experimen-
tal uncertainty and to obtain ‘_/5102 and V Na,0 Of the glass
at X ng,0 = 0.311, the derivative of the quadratic equation
at this composition may be taken (dashed line of fig. 5A).

American Journal of Science 5
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Figure 4. Illustrates the coefficients of thermal
expansion of sodic glasses (o) at specific Na,0
contents. The o values were obtained by fitting
equation (2) (InV vs. T) to the experimental data for a
glass of specific Na,0 content over, the range ~300-650
K, as shown in figure 2. The dots represent o for each
glass composition. All data are from Knoche et al.
(1994).

Its extension to the compositional boundaries yields 175,02
and T/Nwo at 703 K (X yg,0 =0.311; P = 101.3 kPa). The pro-
cedure may be repeated for any composition.

Where two components mix ideally, the molar volumes
of a melt (or glass) adhere to a straight line with respect
to composition, where the intercepts at the compositional
boundaries are V°g;0, and V° y,,0, (the molar volumes of
pure liquid SiO, and Na,0). Where glasses or melts display
linear mixing trends over a limited compositional range (fig.
5B), the linear mixing trend cannot be taken as evidence
for ideal mixing unless it is shown that the partial molar
volumes, Vg0, and V y,,0 equal respectively, V° g0, and
VcNaZO-

Following Moelwyn-Hughes (1961, p. 815), and differen-
tiating equation (8) with respect to temperature, at con-
stant pressure and composition, yields:

v\ [0V oV,
( aT )P,X_ ( aT >X1+ ( aT >X2

Rearranging equation (1) to (0V/0T)py = oV and noting that
0Vy/0T = oV and 9V /0T = a0V , then substitution
of the last two equations into equation (9) gives:

OV B
(57) =

= CX1V1X1 + QQVQXQ
+-e 4+ aN‘_/NXN

The symbols oy and oy refer respectively to the molar co-
efficient of thermal expansion of the melt and the coef-
ficient of thermal expansion attributable to the Nth com-
ponent of the melt (or glass) at constant composition and
pressure. Division of both sides of equation (10) by the melt
molar volume (Vy,) yields:

(10)

aM:a101+a202+a303+-~‘+aN6’N (11)

where By, is the volume fraction of the Nth component By =
V vXy/Vyp) and 26y = 1.0. For binary systems:
(12)
Bockris et al. (1956) report molar volumes and o for sil-
icate melts containing 11-60 mole% Na,O. Bottinga et al.
(1983) report as;0,, ®Na,0, V ° si0, and V° 4,0 to be respec-
tively 1.0x1076 K~1 and 25.9x1075 K1, 26.75 cm3/mole and
29.03 cm3/mole. These values were substituted into equa-
tions (8) and (12) to calculate V; and oy, of the melt at each
composition reported by Bockris et al. (1956). The same
procedure was performed using the results of Lange and
Carmichael (1987) and Ghiorso and Kress (2004). These cal-
culated Vy; values are compared with the experimental val-
ues in figure 6A and the three studies yield remarkably good
approximations to experimental V), values. Only at the ex-
tremes of composition do they differ appreciably from ex-
periment.

Equation (12) provides a rigorous test of the accuracy
of ay values in that oy can be evaluated from oy values
via equation (12) and compared directly to experimental oy,
values. Equation (12) has been used to calculate oy, of sodic
melts from the component oy values listed by Bottinga et
al. (1983), Lange and Carmichael (1987), and Ghiorso and
Kress (2004). The calculated values are compared with the
experimental values of Bockris et al. (1956) in figure 6B.
Calculated oy values from these studies agree with ex-
periment between ~30 and 53 mole% Na,O, but those of
Ghiorso and Kress (2004) reproduce best the experimental
values within the above-noted compositional range. None
of the studies reproduces accurately the experimental oy,
values of highly siliceous melts (SiO, > 75 mole%). The
deviations from experimental values observed in figure 6B
arise from inaccuracies in ayg,0 and ag;p, values. Addi-
tional studies are required to re-evaluate these coefficients
and perhaps the other alkali and alkaline earths « values in
highly siliceous melts.

apy = ag+(ay — aq)0;

4. POTENTIAL ENERGY, COULOMBIC
INTERACTIONS AND «

Coulombic interactions account for ~90% of bond energies
of ionic crystals. Dispersion, zero-point energy and other
aspects account for the remainder (Huheey et al., 1993,
Chapter 3; Moelwyn-Hughes, 1961). Navrotsky et al. (1985)
emphasized that equilibrium M-O bond distances were sim-
ilar in ionic crystals, glasses and melts from which we sur-
mise that these same forces affect alkali-O and alkaline
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Figure 5. Illustrates the relationship between the molar volume (V) and partial molar volumes (V) of

components, of sodic glasses and melts. (A) Illustrates the relationship between V

containing 31.1 mole%

glass

Na,0 (Xya20 = 0-311) and the partial molar volumes of the two components, Vs;02 and V ya20, of the glass.

Mixing is of a non-linear nature. (B) Illustrates the relationship between V

melt aNd V502 and V 20 of Na-silicate

melt where linear mixing is assumed to occur over the compositional interval Xy,,o = 0.2 to 0.6. Determination

of V values is explained in the text.

earth-O interactions in the three states of matter. In sup-
port, Nesbitt et al. (2022) demonstrate that ionic M-O bond
distances derived from ionic crystals (Huheey et al., 1993;
Ottonello, 1997; Shannon, 1976) can be utilized to calculate
partial molar volumes of modifier oxides in melts and
glasses.

Following Huheey et al. (1993; p. 99-104), the derivative
(with respect to distance) of the Coulombic force of attrac-
tion yields the attractive potential energy (PE,) of a di-
atomic molecule composed of a cation (M) and an anion
(0), as shown qualitatively in fig. 3A:
(z9) (=)

4 } /d
where d is the M-O bond distance. The derivative of the
Born repulsive force yields the repulsive potential energy
(PEg, fig. 3A, dash-dot line).

PER = (g)/d"’l

PE, = [ (13)

(14)

B is a constant and ‘n’ is the ‘Born exponent’, which is typi-
cally ~9 (Huheey et al., 1993, pp. 99-104). The sum of equa-
tions (13) and (14) yield a potential energy curve (a PE ‘well’
in 3 dimensions) as shown in figure 3A (thick curve). Its
minimum occurs at the equilibrium M-0 bond distance.
Potential energy wells resulting from the above interac-
tions are asymmetric due to the differing nature of the at-
tractive and repulsive forces. The asymmetry leads to an-
harmonicity, and as noted in a previous section, heating
increases M-0 bond distances, volumes and « through pop-
ulation of excited vibrational states (fig. 3A). The energy
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separating the ground and first excited state is related to
the slope of the PE, curve in that the shallower the slope
the smaller the energy separating the vibrational levels,
primarily because the slopes are mostly determined by the
M-O dissociation energy (D) and the force constant (k) as-
sociated with M-O vibrations (Bayram & Freamat, 2012;
Moelwyn-Hughes, 1961, p. 485). The stronger each is, the
steeper the slope of the attractive portion (PE,) of the PE
well near the vibrational ground state energy (fig. 3B). The
slope of the PE, curve at a specified M-O distance is the
derivative of equation (13) and yields equation (15) which
is Coulomb’s Law. With heating, time-averaged M-O bond
distances, molar volumes and « should increase in propor-
tion to the inverse of Coulomb’s force of attraction.

To emphasize the relationship between D, and the slope
of the PE, curve, two PE wells labelled X and Y are shown
in figure 3B. The cation-anion bond is stronger for “X”
than for ‘Y, as required by the different values of D,. The
slopes of the PE, portions of the two curves at the vibra-
tional ground state are labelled ‘c’ and ‘d’ respectively. The
smaller is D, the weaker is the bond, and the shallower
is the slope of the attractive part of the PE curve (PE,)
near the ground state energy. With an equivalent amount
of heating, the time-averaged equilibrium bond distance
should increase more for Y’ than for X’. From this we ar-
gue that ay, should correlate the inverse of Coulomb’s force
of attraction (1/F). The relationship between o and 1/F is
thus explored.
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V
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and oy, in Na-silicate melts of different Na,O content. (A) Experimental molar volumes of melts of Bockris

et al. (1956) are compared with molar volumes calculated using equation (8), V na20 and V g;0, values quoted by
the three studies listed. (B) Experimental melt molar coefficients of thermal expansion (o) of Bockris et al.
(1956) are compared with melt molar coefficients of thermal expansion calculated using equation (11) and
partial molar coefficients of thermal expansion (ay,y0 and og;qy) reported by the three studies. Carm. indicates

Carmichael.

4.1. Alkali and Alkaline earth oxides

Coulomb’s force of attraction (F¢) is:

Fo=k(z"27)/d? (15)
where k is a proportionality constant, z* and z~ are the
charges on the cation (M) and anion (O) and d is the equi-
librium distance separating them. Equilibrium bond dis-
tances ‘d’ were calculated using the ionic radii of alkali and
alkaline earths cations and 0%~ (= 1.21A) listed in table 1
(Huheey et al., table 4.4, 1993). Alkali and alkaline earth ox-
ide oy values of table 1 are plotted against 1/F on figure
7. There is a correlation, even though maximum bond dis-
tances are greater than equilibrium bond distances. The ay
values describe an arcuate trend referred to and labelled as
the ‘Coulombic trend’. The trend is arcuate owing to the
values of Rb,0 and Cs,0. The seven other oxides conform
to an effectively linear trend regardless of the charge or ra-
dius of the cation (fig. 7). Clearly, the stronger the Coulom-
bic force of attraction, the smaller the coefficient of thermal
expansion (o) of Groups I and II metal oxides. The conclu-
sion is that oy varies as 1/F¢ for the Group I and II oxides.

The ay values of Rb,0 and Cs,O plot above the dotted
linear trend of the others, indicating an additional con-
tribution that enhances their o values. This contribution
may relate to the previous approximation that the repulsive
force makes the same contribution to PE wells of all alkali
and alkaline earth oxides. The approximation probably is
overly simple in that the weaker the Coulombic force of

attraction the greater the proportional contribution of the
repulsive force to the cation-anion interaction. Rb,0 and
Cs50 are the most likely of all Group I and II oxides to in-
clude a greater repulsive contribution and greater than ex-
pected ay values.

4.2. 3d and 4f oxides

The ay values of the 3d- and 4f-metal oxides (tables 2, 3)
plotted on figures 8A and 8B describe near-vertical trends
with the largest values being greater than ag,o. The small-
est ay values of the 3d metal oxides plot close to the
Coulombic trend. The oy values of MnO, one ZnO and one
NiO are similar to those of MgO and CaO, and Coulombic
interactions likely determine their oy values. The oy val-
ues of 4f metal oxide describe a similar trend (fig. 8B) in
that they span a large range in a with two values being
greater than ag,o. Four values plot close to the Coulombic
trend and near oy of MgO and CaO. The low oy values
of these 4f metal oxides are consistent with control by
Coulombic interactions. Apparently, Coulombic interac-
tions set a lower bound on oy values of the 3d, 4f, alkali and
alkaline earths oxides.

Other oy values are greater than expected from Coulom-
bic interactions. Guo et al. (2013), for example, observed
an increase in V g0 as CaO was added to Fe silicate melts
at constant temperature. Addition of CaO resulted in a de-
crease in the proportion of VIFeO and an increase in [VFeO

American Journal of Science 8
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Table 1. V and « of alkali and alkaline earths at 1673K

Oxide V per O ax10° CN. r(ion) 1[(z*z')/d?]
cm3/mol K1 A -A2/e2
Oxide lon 2 1.21
Bottingaetal. (1983); T = 1673K
Li,O 17.31 220 4 0.73 1.88
Na,O 29.03 25.9 5 1.14 276
K,0 46.30 35.9 7 1.52 3.73
Rb,O 54.22 61.3 9 1.77 4.44
Cs,0 68.33 714 10 1.95 4.99
MgO 12.32 12.2 5 0.80 101
CaO 16.59 16.7 8 1.26 1.53
SrO 20.45 154 10 1.50 1.84
BaO 26.20 17.4 12 1.75 2.19
Lange and Carmichael (1987) at 1673K
Li,O 16.85 312 4 0.73 1.88
Na,O 28.78 25.7 5 1.14 2.76
K,O 45.84 26.0 7 1.52 3.73
MgO 11.45 229 5 0.80 1.01
CaO 16.57 17.6 8 1.26 1.53
Lange (1997, table 4); V and « are evaluated at 1673K
Na,O 28.88 26.6 5 1.14 276
K,O 46.07 26.2 7 1.52 3.73
MgO 11.69 28.0 5 0.80 1.01
Cao 16.53 22.6 8 1.26 1.53
Courtial and Dingwell (1999, table 4) evaluated at 1673K
MgO 12.45 30.0 5 0.80 1.01
Ca0O 19.91 18.8 8 1.26 1.53

(Guo et al., 2013, their fig. 5), demonstrating a relationship
between V g.o and CN of FeO. The change in volume at con-
stant temperature necessitates, by equation (2), an increase
in OO, thus a change to CN leads to a change in ay. The
ay values of 3d and 4f oxides plotting above the Coulom-
bic trend of figure 8 thus may reflect CNs differing from
those plotting on the trend. The question to answer then
becomes; why do cations of similar size have different CNs.
Changes to CN change packing. Corner-shared tetrahedra
pack less efficiently than octahedra (Chaikin, 2007; Hoyl-
man, 1970; Song et al., 2008), especially where the latter
share edges (Rossano et al., 2000). Similarly, different a,q,
oo Values (table 2) may result from the same cation being
differently coordinated in different melts or glasses (Calas
et al., 2014; Rosenthal & Garofalini, 1987).

4.3. Network-former oxides

The oy values of table 3 describe a near-vertical trend
on figure 8C extending from negative values (Ga,O; =
-9.1x107% K™1; Al,05 = -3.2x107> K1) to 37.1x107> K! for
TiO, (table 3). An apparently unique aspect of the network-
former oxides is that some have very small or negative oy
values. If controlled solely by Coulombic interactions, the

lower limit of « values would be ~8x107> K! (fig. 8C) for
these oxides. Clearly, other interactions affect a values of
the network former oxides. CN transitions cannot explain
the small positive to negative a values of ag;p, and ageo,
because they do not change CN in melts at ambient pres-
sure. Electrostriction may provide a partial explanation.
Nesbitt et al. (2022) demonstrate that tetrahedra collapse
around all modifier cations in melts, decreasing somewhat
melt molar volumes. Collapse around modifier cations thus
may contribute to small or negative « values of Si and Ge
tetrahedra. Although Coulombic interactions causes such
collapse, these interactions are largely insensitive to tem-
perature, the major effect being on Si-O and M-O bond
distances and are unlikely to cause additional changes to
Vsio, OF Veo2- This aspect combined with the effects of
electrostriction should result in small ag;p, values. Elec-
trostriction does not affect vitreous silica and cannot ex-
plain its small ag;p, values. Topological aspects clearly are
important (Deng et al., 2020).

With respect to other network former oxides, Courtial
and Dingwell (1999) provided a concise summary of aspects
related to V a,0, and aar,0, values. Vro,, ario,, Vpe,0,,
aFe,0, VFeo and apo vary due in part to changes to CN
and to the presence of different counter oxides in the melts

American Journal of Science 9
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Figure 7. Coefficients of thermal expansion of Groups I
and II metal oxides (o) plotted against 1/F¢ (1/F¢ =
1/[kez**z/d2]). The dashed curve represents a least
squares cubic polynomial fit to the data and for
convenience it is referred to as the ‘Coulombic trend’.
The straight dotted line represents the trend of oy, for
the metal oxides excluding Rb,0 and Cs,0.

(Courtial & Dingwell, 1995; Guo et al., 2013; Henderson
et al., 2003, 2006; Henderson & Fleet, 1995; Liu & Lange,
2001, 2006; Toplis, 2001). Changes to CN and different melt

compositions also may be relevant to Ni, Co and Zn oxides
(Allwardt et al., 2005; Calas et al., 2014; Farges et al., 2001,
2004; Galoisy et al., 2001; Galoisy & Calas, 1993a, 1993b;
Hunault et al., 2014; Jackson et al., 1993, 2005; Stebbins,
1995). The above-quoted studies point to changes in CN as
(partial?) explanations for the different V and «a values of
various network former oxides. The effects of cluster forma-
tion and complexes are not considered here, although they
may contribute significantly to nonlinear volumetric-com-
positional relations (for example, Bockris et al., 1956; Nes-
bitt & Fleet, 1981; Toplis, 2001).

The large positive oy values of TiO, and Fe,O- (fig. 8C)
may be related to change from higher to lower CN (Guo et
al., 2013; Henderson et al., 2003; Liu & Lange, 2006). As
previously noted, changes to CN affect packing, as apparent
from lattice packing of corner-linked tetrahedra compared
with edge-shared octahedra (Rossano et al., 2000). The-
oretical considerations have considered packing efficien-
cies in disordered materials, yielding tetrahedral and octa-
hedral packing efficiencies of ~39% and ~92% respectively
(Chaikin, 2007; Hoylman, 1970; Song et al., 2008). Two as-
pects concerning changes to CN are now addressed.

5. COORDINATION CHANGES IN MELTS

Some 3d and 4f metal oxide components display more than
one CN and oy value (tables 2 and 3), examples being ZnO,
FeO, Fe,0Oz and TiO, (figs. 8B, 8C). Questions thus arise
concerning why and how CNs of oxide components change
in melts and glasses, and what effect the changes have on
ay- Noting that the lower limit of oy for 3d and 4f ox-
ides coincides with the Coulombic trend defined by the al-
kali and alkaline earths (Fig. 8A, 8B), we focus on proper-
ties of the first coordination sphere (FCS) of the alkalis in
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Figure 8. Illustrates the relationships between oy and 1/F (F¢ = kez*ez/d2). Groups I and II metal oxides from
table 1 are plotted as shaded circles on all figures and the Coulombic trend of figure 7 is also shown. (A) Triangles
represent oy values from Bottinga et al. (1983) and R. A. Lange and Carmichael (1987). Solid circles represent
more recent data for 3d metal oxides listed in table 2 (see references in table 2 for dates). (B) solid circles
represent oy values of the 4f metal oxides (see table 2). (C) Solid circles represent o values of the network former
metal oxides from table 3. Negative values are not plotted to maintain scale with figures 8A and 8B.
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Table 2. V and o of 3d and 4f metal oxides at 1673K

Oxide V per 02 ax10° C.N. r(ion)P 1[(z*z')/d?]
cm3/mol K1 estimated A -A2/e?
Oxideion 1.21
V and a of 3d metal oxides: Bottinga et al. (1983) et al.
MnO 14.13 151 6 0.97 1.19
ZnO 13.46 43.0 4 0.73 0.94
FeO 13.94 34.7 6 0.92 1.13
NiO 12.48 24.9 5 0.77 0.98
Fe, 04 14.80 321 6 0.785 0.66
FeOP 13.65 214 6 0.92 1.13
Fe,0gP 14.04 216 6 0.785 0.66
NiO¢ 16.14 9.3 4 0.69 0.90
CoO¢ 13.85 21.2 6 0.75 0.96
Znod 14.10 11.8 4 0.73 0.94
FeO® 12.11 6 0.92 1.13
FeO® 17.10 4 0.77 0.98
Fe,048 15.17 26.5 4 0.785 1.00
Fe,058 11.37 6 0.63 0.56
V and a from Courtial and Dingwell (2005) at 1673K
La,0,f 15.10 7.2 9 1.356 1.10
La,0,f 14.04 32.1 9 1.356 1.10
Ce,04 15.46 49.7 9 1.336 1.08
Pr,04 18.20 15.3 9 1.319 1.07
Nd,O4 14.15 27.1 9 1.303 1.05
Sm,04 14.08 19.5 9 1.272 1.03
Eu,04 14.08 8 1.206 0.97
Gd,04 13.27 38.8 8 1.193 0.96
Th,0O4 13.44 8 1.18 0.95
Dy,03 15.92 8.1 8 1.167 0.94
Ho,04 13.75 14.0 8 1.155 0.93
Er,O4 11.58 231 8 1.144 0.92
Tm,04 11.94 8 1.134 0.92
Yb,04 12.30 8 1.125 0.91

a - Partial molar volume per mole of O.

b - Lange and Carmichael (1987).

¢ - Courtial et al. (1999)

d - Potuzak et al. (2006) for Na-disilicate melt

e - Guo et al. (2013), V and « quoted for 1723 K

f - Courtial and Dingwell (2006) for Na and K silicate melts
g - Liu and Lange (2006); Table 5, o for Fe,O5 is very small.

an attempt to understand better, aspects affecting CN and
ay of modifier cations, including 3d and 4f cations. Hess
(1996) emphasized that “cations are coordinated not only
to NBOs, but to BOs as well”. This becomes apparent by
considering a trace amount of a mono or divalent modi-
fier oxide dissolved and well dispersed in SiO, melt. Each
monovalent cation produces one NBO™ upon dissolution. If
the cation were tetrahedrally coordinated, then three BOs
would be incorporated into its FCS to achieve 4-fold coor-
dination. Divalent cations produce two NBO™ in a siliceous
melt. If the CN of the cation were 6, then as many as 4

BOs would be incorporated into its FCS. Molecular dynam-
ics calculations on siliceous Li, Na and K glasses are illu-
minating (Du & Cormack, 2004; Du & Corrales, 2006). Re-
sults of the 2006 study are plotted on figure 9. Each alkali
is coordinated to both NBO and BO, and the ratio changes
as a function of melt composition. Figure 9 also shows that
the greater the CN of the cation the greater the fraction of
BO contributing to the FCS. Modifier cations of crystals are
also coordinated to both NBO and BO, as in a-Na,Si,0;,
B-Na,Si, Oz and Na,SiO (Ching et al., 1983 and references
therein), and Li,SiyO; and Li,SiO5 crystals (Ching et al.,
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Table 3. V and o of network-former oxides at 1673K

Oxide V per 02 ax10° C.Nb r(ion)P 1N(z+Z)/d2\]
cm3/mol K1 A -A2/e?
Si0,2 13.38 0.10 4 0.40 0.32
Siozb 13.44 -1.23 4 0.40 0.32
SiO ¢ 13.43 4 0.40 0.32
Siozd 13.53 4.26 4 0.40 0.32
GeO,*® 14.87 2.18 4 0.53 0.38
Ga,05¢ 12.20 12.4 6? 0.76 049
Ga,04° 16.46 9.1 4 061 041
Al,O4P 12.37 7.12 4 0.53 0.50
Al,O45¢ 12.47 4 0.53 0.50
AlLOd 12.30 -322 4 053 0.50
TiO,? 11.23 37.10 4 0.56 0.39
Ti02b 11.58 31.26 4 0.56 0.39
TiO2f 13.94 25.75 4 0.56 0.39
TiO,% 15.20 16.15 4 0.56 0.39
PbO? 25.71 16.10 4 1.18 143
Fe,05" 15.17 32.10 4 0.63 0.56
Fe,04" 11.33 21.58 6 0.79 0.66

a - Bottinga et al. (1983)

b - Lange and Carmichael (1987) — see their table 6.
¢ - Lange (1997)

d - Courtial and Dingwell (1999)

e - Holzapfel et al. (2001), Na

f - Liu and Lange (2001), NTS-1 sample

g - Liu and Lange (2001), KTS-2 sample

h - Liu and Lange (2006)

1985). In the sodic crystals, and in melts and glasses, Na
bonded to BO (at equilibrium bond distances) results in
the BO being 3-fold coordinated (two Si-BO bonds and one
Na-BO bond). The 3d and 4f cations likewise should in-
corporate both types of oxygen into their FCS at least in
highly siliceous glasses because there are insufficient NBOs
to fully coordinate the modifier cations (Hess, 1996). From
these observations we conclude that most, if not all, mod-
ifier cations incorporate both BO and NBO into their FCSs
in siliceous melts and glasses. Electron densities on bridg-
ing and nonbridging oxygens are different (Briickner et al.,
1980; Ching et al., 1983; Nesbitt et al., 2015; Nesbitt, Hen-
derson, et al., 2017), which requires the partial charges on
each to be different. We here investigate the consequences
of differing partial charges on BO and NBO of modifier
cation polyhedra and their effect on CN. We then introduce
a mechanism by which CNs of these cations may be altered.

5.1. Effects of NBO and BO partial charges

XPS studies demonstrated that the partial charges on BO
and NBO differed, with the greater negative charge resident
on NBO (Briickner et al., 1980; Ching et al., 1983, 1985;
Hsieh et al., 1994; Nesbitt et al., 2015; Nesbitt, Henderson,
et al., 2017). They also demonstrated that the charges on
NBO and BO become more negative with increased alkali
oxide content. With this information as guide, we propose

a means by which CNs of modifier cations may change as a
function of NBO and BO content of melts and glasses.

Guo et al. (2013) demonstrate that V reo increases and
o decreases in Fe-silicate melts to which CaO is added.
They attribute these to topological changes associated with
production of Q3 species at the expense of Q% species, or
alternatively, production of NBO at the expense of BO. We
focus on NBO and BO. Two moles of NBO are produced per
mole of Fe2* dissolved in a melt. The CN of Fe*, however,
ranges from ~6 to ~4 (Guo et al., 2013) thus in siliceous
melts or glasses, and as previously argued, both NBO and
BO likely are present in the first coordination sphere of
Fe2*. Progressive addition of FeO to a silicate melt de-
creases the ratio of O:Fe from, for example, 5:1 in FeSi,;O;
to 2:1 in Fe,SiO4 melt, due primarily to the decrease of
BO contributed by SiO,. Addition of CaO to a Fe-silicate
melt causes the O:Fe ratio to decrease still more, resulting
in competition between Fe and Ca for O atoms required
to establish their coordination spheres. One response to
the competition is to share O atoms by establishing shared
edges of Fe and Ca polyhedra, such as observed by Rossano
et al. (2000).

Where both BO and NBO are present in FCSs of modifier
cations, there is another means by which Fe* polyhedra
may adjust to competition for O atoms. The partial charges
on NBO and BO atoms are about —0.96 and -0.64 respec-
tively in Na disilicate glass (Hsieh et al., 1994). The greater
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(2006, their table 6).

charge density on NBO has been confirmed by others
(Briickner et al., 1980; Ching et al., 1983, 1985; Nesbitt et
al., 2015; Nesbitt, Henderson, et al., 2017). Also, the charge
on BO is supported by MD simulations of Demiralp et al.
(1999). The greater negative charge on NBO favors its in-
corporation (over BO) into the first coordination sphere
(FCS) of cations. The ionic radius of FeZ* is ~0.924A in 6-fold
coordination and ~0.77A in 4-fold coordination whereas the
radius of Ca%* is ~1.26A (Huheey et al., 1993). Fe2*-NBO
Coulombic attraction consequently is stronger than
Ca2*-NBO attraction at equilibrium bond distances. NBOs
produced upon dissolution of CaO in Fe-silicate melts thus
will be attracted more to the FCS of the smaller Fe2* than to
that of the larger Ca%*. There is an important implication.
Consider a Fe2* coordination sphere consisting of 2 NBOs
and 4 BOs. Its total charge is —4.48 (2[-0.96]+4[-0.64]). Re-
placement of three BOs by two NBOs leaves the total charge
of the FCS unchanged at —4.48. Its CN has decreased from 6
to 5, as observed by Guo et al. (2013). Competition between
Fe2* and Ca2* for O atoms thus may be resolved by Fe2*
shedding BOs while incorporating additional NBOs into its
coordination sphere, thereby decreasing by one its CN. The
BO lost may be incorporated into the FCS of a Ca2*. Com-
petition for O atoms by modifier cations, coupled with the
difference in charges on NBOs and BOs provides an expla-
nation for changed CNs of Fe2* in response to CaO disso-
lution in Fe-silicate melts. Uchino and Yoko (1999, p. 1857,
last paragraph) came to the same conclusion from their
ab-initio molecular orbital calculations on Li- and Na-sili-
cate clusters. Their calculations indicated that the smaller
Li atom bonded preferentially to NBOs for energetic rea-
sons. Na (the larger cation) by contrast was coordinated to
proportionally fewer NBOs and to proportionally more BOs.
Shimoda et al. (2007) provide an example where Mg coor-
dination decreases from 6 in MgSiO; glass to 5 in Mg,SiO,
glass. We suggest that destabilization of Mg sites by a de-

American Journal of Science

crease in CN is compensated for by an increased proportion
of NBO in its first coordination sphere.

The change in CN (VIFe to VFe) results in less efficient
packing (Hoylman, 1970; Song et al., 2008) and a greater
V reo (table 2). Where the change occurs at constant tem-
perature, ap.o must increase (eq 2), all changes being dri-
ven by progressive dissolution of CaO in the Fe silicate
melt. The process should affect preferentially CNs and oy
of small cations in melts containing large cations. Al3*,
Fe3* and Ti%* are likely candidates to undergo CN reduc-
tion. MD calculations can be used to test the process by
checking NBO:BO ratios in FCS of cations and correlating
them with CNs of the cations. The MD code must, however,
allow charges to be readjusted with change in melt topol-
ogy, as did Demiralp et al. (1999).

5.2. A mechanism to change CN of cations

To decrease a CN by one, a M-O bond must be ruptured to
extract an O atom from the FCS of M. An obvious mech-
anism would be for a tetrahedron to migrate away from
the modifier cation, thereby removing an O from the FCS.
The energetic cost likely would be similar to that associated
with viscous flow. There is an energetically more favorable
mechanism where no tetrahedra need to be ‘displaced’ be-
yond the second coordination sphere of the modifier cation.

A triangular section through a Si tetrahedron with an
idealized O-Si-O angle of 109.45° and a Si-O ionic bond
length of 1.61A is illustrated in figure 10A. Its solution
yields an O-0O distance of 2.63A, as obtained by Du and Cor-
rales (2006, their table 7). Consider a K" bonded to the two
O atoms separated with the equilibrium K-O bond length.
Accepting a VIIK-0 ionic bond distance of 2.86A (Huheey et
al., 1993, table 4.4), the O-K-O bond angle of figure 9A is
calculated to be 54.7°. Du and Corrales (2006) documented
the bond angle frequencies from their MD simulations and
they obtain the greatest frequency at ~50° (fig. 10B, aster-
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Figure 10. (A) Illustrates the geometric relationships
between the 0-Si-O angle of a tetrahedron and the O-
M-O angle with a shared 0-O side. The Si-O-Si triangle
shown is a portion of a tetrahedron with an ideal
tetrahedral angle of 109.45° and a typical Si-O bond
length of 1.61A. The 0-M-O triangle represents a
portion of the K* cation polyhedron with a K-O bond
length equal to K-O values obtained by Du and
Corrales (2006). The 0-O bond distance, 2.634A is
calculated from the O-Si-O triangle and the 0-K-O
angle is calculated by solving the triangle using the O-
O and K-O bond lengths. (B) Illustrates the frequency
distribution of 0-K-0 bond angles in K disilicate glass
derived from molecular dynamics simulations of Du
and Corrales (2006). The asterisk indicates the bond
angle to be compared with the calculated O-K-O bond
angle shown in (A).

isk). The ~50° bond angle is expected where two O atoms
of the same Si tetrahedron are bonded to one K* as shown
in figure 10A. The arrangement should be stable in that the
0-Si-0 tetrahedral angle is little strained and all bond dis-
tances are equilibrium values. The same calculation is per-
formed on sodic glasses. Du and Corrales (2006) reported
Na to be ~5-fold coordinated in Na-disilicate glass. The
VNa*-0 ijonic bond length is 2.35A (Huheey et al., 1993).
With this Na-O bond length and an O-O bond distance of
2.63A (fig. 10A), an O-Na-O bond angle of 68.1° is obtained
by solving the O-Na-O triangle. The MD simulations of Du
and Corrales (2006, their fig. 10b) yielded a strong bond an-
gle frequency at ~60°. It is the angle expected where one
tetrahedron contributes two O atoms to the first coordina-
tion sphere of Na*. In support, Du and Cormack (2004) had
already noted that the small angle peaks in Na-silicate crys-
tals arise from the arrangement. The O-M-O bond angle
agreement is reasonable for K, and somewhat less so for

Na. The results demonstrate that individual tetrahedra may
contribute two O atoms to the first coordination sphere of
modifier oxides of size similar to or greater than Na*.

Figure 11A is a schematic diagram of a modifier cation
(M) coordinated to ‘n” O atoms, of which four O atoms are
illustrated. The Q3 species contributes a NBO and BO to the
first coordination sphere of M (fig. 11A). With the partial
charge on BO being less than that on NBO, the BO-M bond
is weaker than, and is more likely to dissociate than the
NBO-M bond. With rupture of the BO-M bond, BO may ro-
tate away from M (fig. 11B, dashed arrow) thereby decreas-
ing the CN of M by one with no change to the Si content of
the second coordination sphere of M. Repeated rupture and
re-formation of the BO-M bond results in a non-integer CN
value of M averaged over time. Where a NBO approaches
M, it may form a NBO-M bond displacing a BO-M bond.
As NBO accumulates in the first coordination sphere of the
modifier cation its CN may decrease by preferential loss of
BOs, as argued in the previous section.

6. CONCLUSIONS

Integration of the differential form for the coefficient of
thermal expansion (eq 1) to obtain a logarithmic expression
in volume and temperature (eqgs 2, 4, 6) simplifies quan-
tification of « values and should provide more accurate «
values of melts (and their components) than do traditional
methods. A thermodynamically rigorous equation is devel-
oped (eq 11) by which to check « values of components of
melts or glasses against experimentally determined « val-
ues of a bulk melt or glass. The equation provides a severe
test of the accuracy of partial a values of the constituent
components of melts and glasses.

The coefficients of thermal expansion of alkali and al-
kaline earths oxides in siliceous melts are determined pri-
marily by the strength of the Coulombic force of attraction
between the cation and oxygen ion. The oxide with the
weakest attraction (Cs,O) has the greatest expansivity of
the Group 1 and 2 metal oxides whereas that with the
strongest Coulombic interactions has the smallest expan-
sivity (MgO). The coefficients of thermal expansion of a
few 3d (MnO for example) and 4f metal oxides (Dy,0- and
Ho,05) also seem to be controlled by the Coulombic force
of attraction, but ay for the majority of both groups likely
are determined by changes to CN. The oy values of network
formers apparently are determined by changes to CN yield-
ing both large positive and negative « values and to elec-
trostriction.

The partial charges on NBO (-0.96) and BO (-0.64) affect
their ratio in the first coordination sphere of Na* (and other
modifier cations) as well as affecting the CN of a modifier
cation. The greater the number of NBOs in the coordination
sphere of a modifier cation, the lower its CN may be. These
partial charges also influence, indirectly, the mechanism by
which CNs of cations are altered. By the mechanism pro-
posed, changes to the CN of a modifier cation involve only
rotation or tilting of Si tetrahedra contributing O atoms to
the first coordination sphere of a cation. No disruption to
the second coordination sphere (Si atoms) of the modifier
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Figure 11. Illustrates the manner in which the coordination number of a modifier cation decrease without
involvement of the second coordination sphere (Si atoms) of the modifier cation. (A) Highly schematic
representation of a modifier cation (K*) bonded to four Si tetrahedra, one of which contributes two O atoms to
the first coordination sphere (FCS) of K*. For simplicity, only 5 O atoms of the FCS are shown. One tetrahedron
contributes a NBO and a BO thus to the FCS of K*. (B) With thermal agitation, the weaker BO-K* bond may
rupture while the NBO-K" is maintained, thus reducing by one the CN of K*. In response the partial molar
volume of the modifier oxide should increase in response to a decrease in CN (as should expansivity if the change
to CN occurs at constant (or very small change to) temperature. There is, however, no change to the second

coordination sphere of the modifier cation.

cation need occur during changes to CN of the modifier
cation.

ACKNOWLEGMENTS

The authors thank Drs. R. Sack, F. Spera, P. Asimow and Dr.
Ague for detailed reviews of the manuscript. Their insight
and comments resulted in great improvement to the final
product. We extend special thanks to Dr. S. Talman for ad-

vice concerning clarification of mathematical aspects. We
also thank Drs. J. Ague, (associate editor of the journal) and
M. Brandon (editor) for providing valuable suggestions and
guidance which improved substantially the manuscript. We
thank our respective departments and universities for the
logistical support required to conduct this study.

Editor: Mark T. Brandon, Associate Editor: Jay Ague

Submitted: July 30, 2022 EST, Accepted: February 29, 2024 EST

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License
(CCBY-NC-ND-4.0). View this license’s legal deed at https://creativecommons.org/licenses/by-nc-nd/4.0 and legal code at
https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode for more information.

American Journal of Science 1 5


https://ajsonline.org/article/115477-thermal-expansion-of-metal-oxides-in-silicate-melts-a-simple-theoretical-analysis/attachment/220988.jpg

Thermal Expansion of Metal Oxides in Silicate Melts: A Simple Theoretical Analysis

REFERENCES

Allwardt, J. R., Stebbins, J. F., Schmidt, B. C., Frost,
D. ]., Withers, A. C., & Hirschmann, M. M. (2005).
Aluminum coordination and the densification of
high-pressure aluminosilicate glasses. American
Mineralogist, 90(7), 1218-1222. https://doi.org/
10.2138/am.2005.1836

Bayram, S. B., & Freamat, M. V. (2012). Vibrational
spectra of N,: An advanced undergraduate laboratory
in atomic and molecular spectroscopy. American
Journal of Physics, 80(8), 664—669. https://doi.org/
10.1119/1.4722793

Bockris, J. O. M., Tomlinson, J. W., & White, J. L.
(1956). The structure of the liquid silicates: partial
molar volumes and expansivities. Transactions of the
Faraday Society, 52, 299-310. https://doi.org/10.1039,

tf9565200299

Bottinga, Y., Richet, P., & Weill, D. F. (1983).
Calculation of the density and thermal expansion
coefficient of silicate liquids. Bulletin de Minéralogie,
106(1), 129-138. https://doi.org/10.3406,
bulmi.1983.7675

Briickner, R., Chun, H.-U., Goretzki, H., & Sammet,
M. (1980). XPS measurements and structural aspects
of silicate and phosphate glasses. Journal of Non-
Crystalline Solids, 42(1-3), 49-60. https://doi.org/
10.1016/0022-3093(80)90007-1

Calas, G., Galoisy, L., Cormier, L., Ferlat, G., &
Lelong, G. (2014). The Structural Properties of
Cations in Nuclear Glasses. Procedia Materials
Science, 7, 23-31. https://doi.org/10.1016
j.mspro.2014.10.005

Chaikin, P. (2007). Random thoughts. Physics Today,
60(6), 8-9. https://doi.org/10.1063/1.2754580

Ching, W. Y., Li, Y. P,, Veal, B. W., & Lam, D. J. (1985).

Electronic structures of lithium metasilicate and
lithium disilicate. Physical Review B, 32(2),
1203-1207. https://doi.org/10.1103/physrevb.32.1203

Ching, W. Y., Murray, R. A., Lam, D. J., & Veal, B. W.
(1983). Comparative studies of electronic structures
of sodium metasilicate and a and B phases of sodium
disilicate. Physical Review B, 28(8), 4724-4735.
https://doi.org/10.1103/physrevb.28.4724

Cormack, A. N., Du, J., & Zeitler, T. R. (2002). Alkali
ion migration mechanisms in silicate glasses probed
by molecular dynamics simulations. Physical
Chemistry Chemical Physics, 4(14), 3193-3197.
https://doi.org/10.1039/b201721k

Courtial, P., & Dingwell, D. B. (1995). Nonlinear
composition dependence of molar volume of melts in
the Ca0-Al,05-Si0, system. Geochimica et
Cosmochimica Acta, 59(18), 3685-3695.
https://doi.org/10.1016/0016-7037(95)00272-2

Courtial, P., & Dingwell, D. B. (1999). Densities of
melts in the Ca0-Mg0-Al,05-5i0,system. American
Mineralogist, 84(4), 465-476. https://doi.org/10.2138
am-1999-0401

Courtial, P., & Dingwell, D. B. (2005). High-
temperature density of lanthanide-bearing Na-
silicate melts: Partial molar volumes for Ce;0x,
Pr,03, Nd;05, Sm,04, Eu,05, Gd, 04, Tb,05, Dy,05,
Ho,04, EryOz, Tm,04, and Yb,05. American
Mineralogist, 90(10), 1597-1605. https://doi.org/
10.2138/am.2005.1786

Courtial, P., & Dingwell, D. B. (2006). A partial molar
volume for La, O+ in silicate melts. Journal of Non-
Crystalline Solids, 352(4), 304-314. https://doi.org/
10.1016/j.jnoncrysol.2005.12.002

Courtial, P., Gottsmann, J., Holzheid, A., & Dingwell,
D. B. (1999). Partial molar volumes of NiO and CoO
liquids: implications for the pressure dependence of
metal-silicate partitioning. Earth and Planetary
Science Letters, 171(1), 171-183. https://doi.org/
10.1016/s0012-821x(99)00142-9

Demiralp, E., Cagin, T., & Goddard, W. A. (1999).
Morse Stretch Potential Charge Equilibrium Force
Field for Ceramics: Application to the Quartz-
Stishovite Phase Transition and to Silica Glass.
Physical Review Letters, 82(8), 1708-1711.
https://doi.org/10.1103/physrevlett.82.1708

Deng, B., Shi, Y., & Yuan, F. (2020). Investigation on
the structural origin of low thermal expansion
coefficient of fused silica. Materialia, 12, 100752.
https://doi.org/10.1016/j.mtla.2020.100752

Du, J., & Cormack, A. N. (2004). The medium range
structure of sodium silicate glasses: a molecular
dynamics simulation. Journal of Non-Crystalline
Solids, 349, 66-79. https://doi.org/10.1016
j.jnoncrysol.2004.08.264

Du, J., & Corrales, L. R. (2006). Compositional
dependence of the first sharp diffraction peaks in
alkali silicate glasses: A molecular dynamics study.
Journal of Non-Crystalline Solids, 352(30-31),
3255-3269. https://doi.org/10.1016
j.jnoncrysol.2006.05.025

American Journal of Science 1 6


https://doi.org/10.2138/am.2005.1836
https://doi.org/10.2138/am.2005.1836
https://doi.org/10.1119/1.4722793
https://doi.org/10.1119/1.4722793
https://doi.org/10.1039/tf9565200299
https://doi.org/10.1039/tf9565200299
https://doi.org/10.3406/bulmi.1983.7675
https://doi.org/10.3406/bulmi.1983.7675
https://doi.org/10.1016/0022-3093(80)90007-1
https://doi.org/10.1016/0022-3093(80)90007-1
https://doi.org/10.1016/j.mspro.2014.10.005
https://doi.org/10.1016/j.mspro.2014.10.005
https://doi.org/10.1063/1.2754580
https://doi.org/10.1103/physrevb.32.1203
https://doi.org/10.1103/physrevb.28.4724
https://doi.org/10.1039/b201721k
https://doi.org/10.1016/0016-7037(95)00272-2
https://doi.org/10.2138/am-1999-0401
https://doi.org/10.2138/am-1999-0401
https://doi.org/10.2138/am.2005.1786
https://doi.org/10.2138/am.2005.1786
https://doi.org/10.1016/j.jnoncrysol.2005.12.002
https://doi.org/10.1016/j.jnoncrysol.2005.12.002
https://doi.org/10.1016/s0012-821x(99)00142-9
https://doi.org/10.1016/s0012-821x(99)00142-9
https://doi.org/10.1103/physrevlett.82.1708
https://doi.org/10.1016/j.mtla.2020.100752
https://doi.org/10.1016/j.jnoncrysol.2004.08.264
https://doi.org/10.1016/j.jnoncrysol.2004.08.264
https://doi.org/10.1016/j.jnoncrysol.2006.05.025
https://doi.org/10.1016/j.jnoncrysol.2006.05.025

Thermal Expansion of Metal Oxides in Silicate Melts: A Simple Theoretical Analysis

Farges, F., Brown, G. E., Jr., Petit, P-E., & Munoz, M.
(2001). Transition elements in water-bearing silicate
glasses/melts. Part I. A high-resolution and
anharmonic analysis of Ni coordination
environments in crystals, glasses, and melts.

Geochimica et Cosmochimica Acta, 65(10), 1665-1678.

https://doi.org/10.1016/s0016-7037(00)00625-6

Farges, F., Lefréere, Y., Rossano, S., Berthereau, A.,
Calas, G., & Brown, G. E., Jr. (2004). The effect of
redox state on the local structural environment of
iron in silicate glasses: a combined XAFS
spectroscopy, molecular dynamics, and bond valence
study. Journal of Non-Crystalline Solids, 344(3),
176-188. https://doi.org/10.1016
j.jnoncrysol.2004.07.050

Galoisy, L., & Calas, G. (1993a). Structural
environment of nickel in silicate glass/melt systems:
Part 1. Spectroscopic determination of coordination
states. Geochimica et Cosmochimica Acta, 57(15),
3613-3626. https://doi.org/10.1016
0016-7037(93)90143-k

Galoisy, L., & Calas, G. (1993b). Structural
environment of nickel in silicate glass/melt systems:
Part 2. Geochemical implications. Geochimica et
Cosmochimica Acta, 57(15), 3627-3633.
https://doi.org/10.1016/0016-7037(93)90144-1

Galoisy, L., Calas, G., & Arrio, M. A. (2001). High-
resolution XANES spectra of iron in minerals and
glasses: structural information from the pre-edge
region. Chemical Geology, 174(1-3), 307-319.
https://doi.org/10.1016/s0009-2541(00)00322-3

Ghiorso, M. S., & Kress, V. C. (2004). An equation of
state for silicate melts. II. Calibration of volumetric
properties at 105 Pa. American Journal of Science,
304(8-9), 679-751. https://doi.org/10.2475

ajs.304.8-9.679

Gottsmann, J., & Dingwell, D. B. (2000). Supercooled
diopside melt: confirmation of temperature-
dependent expansivity using container-based
dilatometry. Contributions to Mineralogy and
Petrology, 139(2), 127-135. https://doi.org/10.1007
pl00007666

Guo, X., Lange, R. A., & Ai, Y. (2013). The density
and compressibility of CaO-FeO-Si0, liquids at one
bar: Evidence for four-coordinated Fe2* in the
CaFeO,, component. Geochimica et Cosmochimica
Acta, 120, 206-219. https://doi.org/10.1016
j.gca.2013.06.007

Habasaki, J. (2021). Atomistic Simulations of
Transport Properties. In P. Richet, R. Conradt, A.
Takada, & J. Dyon (Eds.), Encyclopedia of Glass
Science, Technology, History, and Culture (Vol. 1, pp.
501-510). John Wiley & Sons, Inc. https://doi.org/
10.1002/9781118801017.ch4.6

Henderson, G. S., Calas, G., & Stebbins, J. F. (2006).
The Structure of Silicate Glasses and Melts. Elements,
2(5), 269-273. https://doi.org/10.2113
gselements.2.5.269

Henderson, G. S., & Fleet, M. E. (1995). The structure
of Ti silicate glasses by micro-Raman spectroscopy.
Canadian Mineralogist, 33, 399-408.

Henderson, G. S., Liu, X., & Fleet, M. E. (2003).
Titanium coordination in silicate glasses investigated
using O K-edge X-ray absorption spectroscopy.
Mineralogical Magazine, 67(4), 597-607.
https://doi.org/10.1180/0026461036740120

Hess, P. C. (1996). Upper and lower critical points:
Thermodynamic constraints on the solution
properties of silicate melts. Geochimica et
Cosmochimica Acta, 60(13), 2365-2377.
https://doi.org/10.1016/0016-7037(96)00095-6

Holzapfel, C., Courtial, P., Dingwell, D. B.,
Chakraborty, S., & Palme, H. (2001). Experimental
determination of partial molar volumes of Ga,0- and
GeO, in silicate melts: implications for the pressure
dependence of metal-silicate partition coefficients.
Chemical Geology, 174(1-3), 33-49. https://doi.org/
10.1016/s0009-2541(00)00305-3

Hoylman, D. J. (1970). The densest lattice packing of
tetrahedra. Bulletin of the American Mathematical
Society, 76(1), 135-137. https://doi.org/10.1090
$0002-9904-1970-12400-4

Hsieh, C. H., Jain, H., Miller, A. C., & Kamitsos, E. I.
(1994). X-ray photoelectron spectroscopy of Al- and
B-substituted sodium trisilicate glasses. Journal of
Non-Crystalline Solids, 168(3), 247-257.
https://doi.org/10.1016/0022-3093(94)90336-0

Huheey, J. E., Keiter, E. A., & Keiter, R. L. (1993).
Inorganic Chemistry: Principles of Structure and
Reactivity (4th ed.). Harper-Collins.

Hunault, M., Calas, G., Galoisy, L., Lelong, G., &
Newville, M. (2014). Local Ordering Around
Tetrahedral Co2* in Silicate Glasses. Journal of the
American Ceramic Society, 97(1), 60—62.
https://doi.org/10.1111/jace.12709

Jackson, W. E., de Leon, ]J. M., Brown, G. E., Jr.,
Waychunas, G. A., Conradson, S. D., & Combes, J.-M.
(1993). High-Temperature XAS Study of Fe,SiO,
Liquid: Reduced Coordination of Ferrous Iron.
Science, 262(5131), 229-233. https://doi.org/10.1126
science.262.5131.229

American Journal of Science

17


https://doi.org/10.1016/s0016-7037(00)00625-6
https://doi.org/10.1016/j.jnoncrysol.2004.07.050
https://doi.org/10.1016/j.jnoncrysol.2004.07.050
https://doi.org/10.1016/0016-7037(93)90143-k
https://doi.org/10.1016/0016-7037(93)90143-k
https://doi.org/10.1016/0016-7037(93)90144-l
https://doi.org/10.1016/s0009-2541(00)00322-3
https://doi.org/10.2475/ajs.304.8-9.679
https://doi.org/10.2475/ajs.304.8-9.679
https://doi.org/10.1007/pl00007666
https://doi.org/10.1007/pl00007666
https://doi.org/10.1016/j.gca.2013.06.007
https://doi.org/10.1016/j.gca.2013.06.007
https://doi.org/10.1002/9781118801017.ch4.6
https://doi.org/10.1002/9781118801017.ch4.6
https://doi.org/10.2113/gselements.2.5.269
https://doi.org/10.2113/gselements.2.5.269
https://doi.org/10.1180/0026461036740120
https://doi.org/10.1016/0016-7037(96)00095-6
https://doi.org/10.1016/s0009-2541(00)00305-3
https://doi.org/10.1016/s0009-2541(00)00305-3
https://doi.org/10.1090/s0002-9904-1970-12400-4
https://doi.org/10.1090/s0002-9904-1970-12400-4
https://doi.org/10.1016/0022-3093(94)90336-0
https://doi.org/10.1111/jace.12709
https://doi.org/10.1126/science.262.5131.229
https://doi.org/10.1126/science.262.5131.229

Thermal Expansion of Metal Oxides in Silicate Melts: A Simple Theoretical Analysis

Jackson, W. E., Farges, F., Yeager, M., Mabrouk, P. A.,
Rossano, S., Waychunas, G. A., Solomon, E. L., &
Brown, G. E., Jr. (2005). Multi-spectroscopic study of
Fe(Il) in silicate glasses: Implications for the
coordination environment of Fe(II) in silicate melts.
Geochimica et Cosmochimica Acta, 69(17), 4315-4332.
https://doi.org/10.1016/j.gca.2005.01.008

Knoche, R., Dingwell, D. B., Seifert, F. A., & Webb, S.
L. (1994). Non-linear properties of supercooled
liquids in the system Na,0-Si0,. Chemical Geology,
116(1-2), 1-16. https://doi.org/10.1016
0009-2541(94)90154-6

Knoche, R., Dingwell, D. B., & Webb, S. L. (1992).
Non-linear temperature dependence of liquid
volumes in the system albite-anorthite-diopside.
Contributions to Mineralogy and Petrology, 111(1),
61-73. https://doi.org/10.1007/bf00296578

Lange, R. A. (1997). A revised model for the density
and thermal expansivity of K,0-Na,0-CaO-MgO-
Al,02-5i0, liquids from 700 to 1900 K: extension to
crustal magmatic temperatures. Contributions to
Mineralogy and Petrology, 130(1), 1-11.
https://doi.org/10.1007/s004100050345

Lange, R. A., & Carmichael, I. S. E. (1987). Densities
of Na,0-K,0-Ca0-MgO-FeO-Fe,0z-Al,05-TiO,-SiO,
liquids: New measurements and derived partial molar
properties. Geochimica et Cosmochimica Acta, 51(11),
2931-2946. https://doi.org/10.1016
0016-7037(87)90368-1

Lange, R. A., & Carmichael, I. S. E. (1990). Chapter 2.
Thermodynamic properties of silicate liquids with an
emphasis on density, thermal expansion and
compressibility. In J. Nicholls & J. K. Russell (Eds.),
Modern methods of igneous petrology (pp. 25-64). De
Gruyter. https://doi.org/10.1515/9781501508769-006

Lei, X., Jee, Y., & Huang, K. (2015). Amorphous
Na,Si,0; as a fast Na* conductor: an ab initio
molecular dynamics simulation. Journal of Materials
Chemistry A, 3(39), 19920-19927. https://doi.org/
10.1039/c5ta04474j

Liu, Q., & Lange, R. A. (2001). The partial molar
volume and thermal expansivity of TiO, in alkali
silicate melts: Systematic variation with Ti
coordination. Geochimica et Cosmochimica Acta,
65(14), 2379-2393. https://doi.org/10.1016
s0016-7037(01)00565-8

Liu, Q., & Lange, R. A. (2006). The partial molar
volume of Fe, 05 in alkali silicate melts: Evidence for
an average Fe3* coordination number near five.
American Mineralogist, 91(2-3), 385-393.
https://doi.org/10.2138/am.2006.1902

Moelwyn-Hughes, E. A. (1961). Physical Chemistry
(2nd revised ed.). Pergamon Press.

Navrotsky, A., Geisinger, K. L., McMillan, P., & Gibbs,
G. V. (1985). The tetrahedral framework in glasses
and melts? inferences from molecular orbital
calculations and implications for structure,
thermodynamics, and physical properties. Physics and
Chemistry of Minerals, 11(6), 284—298. https://doi.org/
10.1007/bf00307406

Nesbitt, H. W., Bancroft, G. M., Henderson, G. S.,
Richet, P., & O’Shaughnessy, C. (2017). Melting,
crystallization, and the glass transition: Toward a
unified description for silicate phase transitions.
American Mineralogist, 102(2), 412-420.
https://doi.org/10.2138/am-2017-5852

Nesbitt, H. W., Cormack, A. N., & Henderson, G. S.
(2017). Defect contributions to the heat capacities
and stabilities of some chain, ring, and sheet
silicates, with implications for mantle minerals.
American Mineralogist, 102(11), 2220-2229.
https://doi.org/10.2138/am-2017-6103

Nesbitt, H. W., & Fleet, M. E. (1981). An ion-
association model for PbO-SiO, melts: interpretation
of thermochemical, conductivity, and density data.
Geochimica et Cosmochimica Acta, 45(2), 235-244.
https://doi.org/10.1016/0016-7037(81)90168-x

Nesbitt, H. W., Henderson, G. S., Bancroft, G. M., &
Ho, R. (2015). Experimental evidence for Na
coordination to bridging oxygen in Na-silicate
glasses: Implications for spectroscopic studies and
for the modified random network model. Journal of
Non-Crystalline Solids, 409, 139-148. https://doi.org/
10.1016/j.jnoncrysol.2014.11.024

Nesbitt, H. W., Henderson, G. S., Bancroft, G. M., &
O’Shaughnessy, C. (2017). Electron densities over Si
and O atoms of tetrahedra and their impact on
Raman stretching frequencies and Si-NBO force
constants. Chemical Geology, 461, 65-74.
https://doi.org/10.1016/j.chemgeo.2016.11.022

Nesbitt, H. W., Richet, P., Bancroft, G. M., &
Henderson, G. S. (2022). Partial molar volumes of
metal oxides in silicate melts: Effects of Coulombic
interactions. American Journal of Science, 322(5),
683-704. https://doi.org/10.2475/05.2022.02

Oishi, J., & Kimura, T. (1969). Thermal Expansion of
Fused Quartz. Metrologia, 5(2), 50-55.
https://doi.org/10.1088/0026-1394/5/2/004

Ottonello, G. (1997). Principles of Geochemistry.
Columbia University Press.

American Journal of Science

18


https://doi.org/10.1016/j.gca.2005.01.008
https://doi.org/10.1016/0009-2541(94)90154-6
https://doi.org/10.1016/0009-2541(94)90154-6
https://doi.org/10.1007/bf00296578
https://doi.org/10.1007/s004100050345
https://doi.org/10.1016/0016-7037(87)90368-1
https://doi.org/10.1016/0016-7037(87)90368-1
https://doi.org/10.1515/9781501508769-006
https://doi.org/10.1039/c5ta04474j
https://doi.org/10.1039/c5ta04474j
https://doi.org/10.1016/s0016-7037(01)00565-8
https://doi.org/10.1016/s0016-7037(01)00565-8
https://doi.org/10.2138/am.2006.1902
https://doi.org/10.1007/bf00307406
https://doi.org/10.1007/bf00307406
https://doi.org/10.2138/am-2017-5852
https://doi.org/10.2138/am-2017-6103
https://doi.org/10.1016/0016-7037(81)90168-x
https://doi.org/10.1016/j.jnoncrysol.2014.11.024
https://doi.org/10.1016/j.jnoncrysol.2014.11.024
https://doi.org/10.1016/j.chemgeo.2016.11.022
https://doi.org/10.2475/05.2022.02
https://doi.org/10.1088/0026-1394/5/2/004

Thermal Expansion of Metal Oxides in Silicate Melts: A Simple Theoretical Analysis

Potuzak, M., Dingwell, D. B., Ledda, B., & Courtial, P.
(2006). A partial molar volume for ZnO in silicate
melts. American Mineralogist, 91(2-3), 366—374.

https://doi.org/10.2138/am.2006.1817

Richet, P. (2001a). Glasses and the Glass Transition.
In C. A. Geiger (Ed.), Solid Solutions in Silicate and
Oxide Systems (Vol. 3, pp. 419-447). E6tvos University
Press. https://doi.org/10.1180/emu-notes.3.15

Richet, P. (2001b). The Physical Basis of
Thermodynamics. Springer. https://doi.org/10.1007
978-1-4615-1237-0

Richet, P., Mysen, B. O., & Andrault, D. (1996).
Melting and premelting of silicates: Raman
spectroscopy and X-ray diffraction of Li2SiO3 and
Na2Si03. Physics and Chemistry of Minerals, 23(3).
https://doi.org/10.1007/bf00220727

Richet, P., & Neuville, D. R. (1992). Thermodynamics
of Silicate Melts: Configurational Properties.
Thermodynamic Data, 132-161. https://doi.org/
10.1007/978-1-4612-2842-4 5

Rosenthal, A. B., & Garofalini, S. H. (1987). Structural
Role of Zinc Oxide in Silica and Soda-Silica Glasses.
Journal of the American Ceramic Society, 70(11),
821-826. https://doi.org/10.1111
j.1151-2916.1987.tb05634.X

Rossano, S., Ramos, A. Y., & Delaye, J.-M. (2000).
Environment of ferrous iron in CaFeSi,O glass;
contributions of EXAFS and molecular dynamics.
Journal of Non-Crystalline Solids, 273(1-3), 48-52.
https://doi.org/10.1016/s0022-3093(00)00124-1

Shannon, R. D. (1976). Revised effective ionic radii
and systematic studies of interatomic distances in
halides and chalcogenides. Acta Crystallographica
Section A, 32(5), 751-767. https://doi.org/10.1107
s0567739476001551

Shimoda, K., Tobu, Y., Hatakeyama, M., Nemoto, T.,
& Saito, K. (2007). Structural investigation of Mg
local environments in silicate glasses by ultra-high
field 25Mg 3QMAS NMR spectroscopy. American
Mineralogist, 92(4), 695-698. https://doi.org/10.2138
am.2007.2535

Song, C., Wang, P., & Makse, H. A. (2008). A phase
diagram for jammed matter. Nature, 453(7195),
629-632. https://doi.org/10.1038/nature06981

Speight, J. G. (2005). Lange’s Handbook of Chemistry
(70th Anniv. ed.). McGraw Hill Standard Handbook.

Stebbins, J. F. (1995). Structure, Dynamics, and
Properties of Silicate Melts. In P. F. McMillan, D. B.
Dingwell, & J. F. Stebbins (Eds.), Reviews in
Mineralogy (Vol. 32, pp. 191-246). Mineralogical
Society of America. https://doi.org/10.1515
9781501509384

Taniguchi, H. (1989). Densities of melts in the system
CaMgSi,04-CaAl,Si,Og at low and high pressures,
and their structural significance. Contributions to
Mineralogy and Petrology, 103(3), 325-334.
https://doi.org/10.1007/bf00402919

Tomlinson, J. W., Heynes, M. S. R., & Bockris, J. O.
(1958). The structure of liquid silicates. Part
2.—Molar volumes and expansivities. Transactions of
the Faraday Society, 54(0), 1822-1833. https://doi.org/
10.1039/tf9585401822

Toplis, M. J. (2001). Quantitative links between
microscopic properties and viscosity of liquids in the
system SiO,—Na,O. Chemical Geology, 174(1-3),
321-331. https://doi.org/10.1016,
50009-2541(00)00323-5

Toplis, M. J., & Richet, P. (2000). Equilibrium density
and expansivity of silicate melts in the glass
transition range. Contributions to Mineralogy and
Petrology, 139(6), 672—683. https://doi.org/10.1007
$004100000171

Uchino, T., & Yoko, T. (1999). Sodium and Lithium
Environments in Single- and Mixed-Alkali Silicate
Glasses. An ab Initio Molecular Orbital Study. The
Journal of Physical Chemistry B, 103(11), 1854-1858.
https://doi.org/10.1021/jp984139w

American Journal of Science

19


https://doi.org/10.2138/am.2006.1817
https://doi.org/10.1180/emu-notes.3.15
https://doi.org/10.1007/978-1-4615-1237-0
https://doi.org/10.1007/978-1-4615-1237-0
https://doi.org/10.1007/bf00220727
https://doi.org/10.1007/978-1-4612-2842-4_5
https://doi.org/10.1007/978-1-4612-2842-4_5
https://doi.org/10.1111/j.1151-2916.1987.tb05634.x
https://doi.org/10.1111/j.1151-2916.1987.tb05634.x
https://doi.org/10.1016/s0022-3093(00)00124-1
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.2138/am.2007.2535
https://doi.org/10.2138/am.2007.2535
https://doi.org/10.1038/nature06981
https://doi.org/10.1515/9781501509384
https://doi.org/10.1515/9781501509384
https://doi.org/10.1007/bf00402919
https://doi.org/10.1039/tf9585401822
https://doi.org/10.1039/tf9585401822
https://doi.org/10.1016/s0009-2541(00)00323-5
https://doi.org/10.1016/s0009-2541(00)00323-5
https://doi.org/10.1007/s004100000171
https://doi.org/10.1007/s004100000171
https://doi.org/10.1021/jp984139w

	Thermal Expansion of Metal Oxides in Silicate Melts: A Simple Theoretical Analysis
	1. INTRODUCTION
	2. MOLAR VOLUMES AND THERMAL EXPANSION
	2.1. Functional relationships
	2.2. An example: diopsidic melts
	2.3. Na-silicate glasses
	2.3.1. Vibrational contributions
	2.3.2. Configurational contributions


	3. MOLAR AND PARTIAL MOLAR COEFFICIENTS OF THERMAL EXPANSION
	4. POTENTIAL ENERGY, COULOMBIC INTERACTIONS AND
	4.1. Alkali and Alkaline earth oxides
	4.2. 3d and 4f oxides
	4.3. Network-former oxides

	5. COORDINATION CHANGES IN MELTS
	5.1. Effects of NBO and BO partial charges
	5.2. A mechanism to change CN of cations

	6. CONCLUSIONS
	ACKNOWLEGMENTS

	References


