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ABSTRACT 24 

 Raman shifts of the symmetric stretch of silicate Q
2
 species vary over a range of ~90 cm

-1
 25 

in crystals and glasses containing alkali and alkaline earth oxides. The shifts display a striking, 26 

sympathetic relationship with the electronegativity of the alkali and alkaline earths metals (M) 27 

with highest frequency observed for Mg-silicate glasses and crystals and the lowest frequency 28 

for Cs-bearing glasses. Frequencies are determined primarily by the electron density on 29 

constituent Si and O atoms of the Q
2
 tetrahedra, as measured by Si 2p and O 1s X-ray 30 

Photoelectron Spectra (XPS). The electron density is, in turn, determined by the extent to which 31 

electronic charge is transferred from the modifier metal ‘M’ to the NBO of the Q
2
 tetrahedron. 32 

The charge transferred to NBO is redistributed (delocalized) over all atoms of the tetrahedron by 33 

the four equivalent Si sp
3
 orbitals. Although negative charge accumulates on all atoms of the 34 

tetrahedron, it accumulates preferentially on Si. Coulombic interactions among Si and all O 35 

atoms are thus weakened resulting in decreased force constants and lowered symmetric stretch 36 

frequencies of Q
2
 species.  37 

 Density functional theoretical (DFT) calculations on six staggered and eclipsed M6Si2O7 38 

(M=Li, Na, K) molecules corroborate the findings. Charge is transferred from the metal atoms to 39 

NBO and delocalized over tetrahedra in accordance with Li, Na and K electronegativities. 40 

Calculated Si-O force constants and Raman shifts decrease with decreasing electronegativity of 41 

the cation but surprisingly, calculated Si-NBO bond lengths are largely unaffected, with all being 42 

similar at 1.665 ± 0.003 Å.  43 

INTRODUCTION 44 

 Silicate crystals, glasses and melts incorporating alkalis and alkaline earths (M atoms) are 45 

partly covalently bonded (sp
3
 hybridized Si-O bonds) and partly ionically bonded (M-O bonds). 46 
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Study of the molecular and ionic components consequently requires techniques sensitive to the 47 

properties of each type of contribution. Raman spectroscopy is sensitive to vibrational properties 48 

of silicate tetrahedra such as the frequency of the symmetric stretch and it has been used 49 

routinely to determine the presence and abundance of the various types of Si tetrahedra in these 50 

phases (e.g., Brawer and White, 1975; Furukawa et al., 1981; Mysen et al., 1982; Matson et al., 51 

1983; McMillan, 1984; Chopelas, 1991; 1999; Mysen and Frantz, 1992; 1993; Frantz and 52 

Mysen, 1995; Richet et al., 1996; 1998; Choudhury et al., 1998; Wang et al., 2001; Neuville, 53 

2006; Nasikas et al. 2011; Nesbitt et al. 2018; 2019; 2021; Bancroft et al. 2018; O’Shaughnessy 54 

et al. 2020; Moulton et al., 2021). Raman spectroscopic results pertinent to metasilicate crystals 55 

and glasses of near-metasilicate composition, are the focus of the study, with particular emphasis 56 

placed on understanding the processes affecting the symmetric stretch of SiO4 tetrahedra in these 57 

phases. 58 

 Si tetrahedra are commonly described in terms of Q
n
 species where the central Si is 59 

bonded either to bridging oxygen (BO or Si-O-Si moieties) or to non-bridging oxygen (NBO or 60 

Si-O-M moieties). The superscript ‘n’ represents the number of BO atoms bonded to a Si center. 61 

The  symmetric stretch of Q species is located in the region between ~800 cm
-1

 and ~1250 cm
-1

 62 

of Raman spectra and there is general acceptance that Raman shifts decrease in a regular, 63 

stepwise manner from Q
4
 to Q

0
 in alkali and alkaline earth glasses and crystals: ~1200 cm

-2
 for 64 

Q
4
; 1050-1100 cm

-1
 for Q

3
; 950-1000 cm

-1
 for Q

2
; ~900 cm

-1
 for Q

1
; and ~850 cm

-1
 for Q

0
 65 

(Brawer and White, 1975; McMillan, 1984; Bancroft et al., 2018). Calculations on simple 66 

crystalline "structural units" are qualitatively consistent with this trend (Furukawa et al. 1981). 67 

Evidence presented here demonstrates that the Q
2
 species symmetric stretch spans a much 68 

greater range than previously considered, and that its frequency depends strongly on the type of 69 
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counter cation (M) present in the crystal or glass. The large range of frequencies observed 70 

(Tables 1, 2) has been neither previously discussed nor explained, perhaps because, as noted by 71 

McMillan (1984) and Williams and Cooney (1992), there has been "neglect of M-O interactions" 72 

and their effect on Raman shifts. To address this aspect, we use Raman and XPS spectroscopic 73 

results from the literature and ab-initio (DFT) calculations on model M6Si2O7 "species" to 74 

investigate the properties affecting or controlling the frequencies of the Q
2
 symmetric stretch of 75 

metasilicate crystals and glasses. The findings have important implications related to verification 76 

of calculations of glasses and melts. 77 

BACKGROUND 78 

Characteristic and proxy frequencies 79 

 The relationship among vibrational frequency (), force constant (k) and reduced mass 80 

() of a harmonic oscillator is (Moelwyn-Hughes, 1964): 81 

   =  (a/2)(k/)                  (1) 82 

The proportionality constant ‘a’ is 1 where units are N/m and 25.89 for dynes/cm. The  83 

symmetric stretch of Q
2
 species of crystals and glasses is determined by ‘’ and ‘k’ of the Si-O 84 

oscillators of tetrahedra. The characteristic vibrational frequency of the  symmetric stretch of a Q 85 

species is its Einstein frequency (*). The Einstein frequency is not much different from the 86 

Raman shift at 298K [(298)] which may be taken as a reasonable proxy for *, as now shown. 87 

The Raman frequencies of the symmetric stretch of Q species vary with temperature (Balkanski 88 

et al., 1983; Nesbitt et al., 2018) according to: 89 

 (T) = * + C[1 + 2/(e
x
 – 1)] + D[1 + 3/(e

y
 – 1) + 3/(e

y
 – 1)

2
]          (2) 90 

where (T) is the Raman shift (cm
-1

) at temperature T (K), * is the Einstein frequency, C and 91 
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D are constants, x = h*/2kT, y = h*/3kT, h is Planck’s constant, k is the Boltzmann constant, 92 

and h*/k is the Einstein temperature (E) of the Raman oscillator. Expansion of Eq. 1 yields: 93 

 (T) = * + C + D + C[2/(e
x
 – 1)] + D[3/(e

y
 – 1) + 3/(e

y
 – 1)

2
]          (3) 94 

Substitution of T = 0 (absolute zero of temperature) into Eq. 2 yields 95 

 (0)  =  * + C + D                (4) 96 

and where T = 298 K: 97 

 (298)  =  (0) + C[2/(e
x
 – 1)] + D[3/(e

y
 – 1) + 3/(e

y
 – 1)

2
]           (5) 98 

Values of (T) for six Q
2
 crystals are plotted on Fig. 1 and the trends were fit using Eq. 2 99 

(Nesbitt et al. 2018). Raman shifts for enstatite and wollastonite were extracted from figures 100 

(Zucker and Shim, 2009; Swamy et al., 1997). They are consequently less accurate than the other 101 

values and only the * and C[2/(e
x
 – 1)] terms of Eq. 2 were used for the fit (i.e., D of Eq. 2 = 102 

0.0). The resulting values for (298), (0), *, C and D are listed in Table 1 (see caption to Fig. 103 

1 for uncertainties). The C and D coefficients are small so that (298) and the Einstein 104 

frequency (*) differ little at 298K. The (298) values are used as proxies for * because of 105 

their ready availability.  106 

Molecular and average (bulk) polarizabilities 107 

 Cationic polarizability has broad application to glasses including aspects related to 108 

optical basicity, bond strengths and ‘average’ electronegativities (Huheey et al., 1997; Reddy et 109 

al., 2001; Dimitrov and Komatsu, 2012 and references therein). Cationic polarizabilities reported 110 

by Dimitrov and Komatsu (2012), correlate poorly with Q
2
 Raman shifts listed in Table 2 111 

(correlation coefficient of 0.42) and although very useful in other regards they are not useful 112 

here.  113 
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EXPERIMENTAL DATA and CALCULATIONS 114 

Raman shifts for Q
2
 species 115 

 Raman shifts for the Q
2
 symmetric stretch of alkali- and alkaline earth-bearing crystals 116 

and glasses at ambient temperatures are listed in Tables 1 and 2. As previously explained, the 117 

data selected are, where possible, those for which the temperature dependence of Q
2
 Raman 118 

shifts are known. There may be variation in Q
2
 Raman shifts due to differences in long range 119 

order and in site symmetry. Effects of long range order are evident by comparing (298) of 120 

wollastonite (composed of Q
2
 chains) with (298) of pseudowollastonite (composed of three-121 

membered Q
2
 rings). Their Q

2
 frequencies differ by ~10 cm

-1
 and (0) by ~15 cm

-1
 at 298 K 122 

(Table 1).. The Q
2
 frequencies of enstatite and clinoenstatite are split by up to ~ 20 cm

-1
 due to 123 

site symmetric effects (e.g., Zucker and Shim, 2009; Chopelas, 1999). Where splitting occurs, 124 

average values of the frequencies have been adopted (Table 1).  125 

  It has not been possible in some cases to make glasses with 50 mol% M2O or MO 126 

(metasilicate composition) so that Q
2
 frequencies were taken from glass spectra containing 30-127 

45mol% modifier oxide where the Q
2
 band was well-resolved. The Q

2
 Raman spectral bands for 128 

Na2SiO3 and K2SiO3 reported by Brawer and White (1975, their Fig. 1) are strongly asymmetric 129 

for unknown reasons and are not utilized. Frequencies from better resolved spectra of glasses 130 

with 30-40 mol% Na2O and K2O are listed in Table 2 (e.g., Frantz and Mysen, 1995, their Fig.9). 131 

The shifts are in reasonable agreement. Average values of (298) are listed in Table 2 (third 132 

column from the right) and Pauling electronegativities of the counter metal (Huheey et al. 1997) 133 

are listed in Tables 1 (last column) and 2 (second last column). The (298) values quoted for 134 

individual Q
2
 peaks of crystals have uncertainties in measurements of ~2 cm

-1
 whereas those of 135 
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glasses typically have uncertainties of ~5-7 cm
-1

 depending on how the spectra were fit. Refer to 136 

the original literature sources given in the Tables to evaluate uncertainties of individual bands.  137 

Calculations on M6Si2O7 species 138 

 Relationships among electronegativities, Raman shifts, and charge distribution on atoms 139 

of tetrahedra are explored theoretically using DFT calculations on charge-neutral eclipsed and 140 

staggered M6Si2O7 (M= Li, Na, K) species (Fig. 2). Following de Jong and Brown (1980) and 141 

Uchino et al. (1991; 1992), the dimer was chosen rather than the more complex M2SiO3 species 142 

to simplify the calculations while retaining the same moieties (e.g., Si-NBO-M, Si-O-Si). To 143 

further simplify the calculations, D2h (eclipsed) and D3d (staggered) point-group symmetries were 144 

imposed. These restrict the Si-O-Si bond angle to 180. Each M atom is bidentate (bonded to two 145 

NBO atoms) as an attempt to mimic bonding of M atoms in crystals, glasses and melts where 146 

they are encased in (and constrained by) oxygen polyhedra. During the vibrational breathing 147 

mode, the Si-BO bonds move in and out synchronously, while the Si-NBO bonds move out and 148 

in synchronously. GAUSSIAN 03W, Version 6.1 (Frisch et al., 2004) and the DFT method was 149 

used for the calculations with the 6-31G+(d):B3LYP basis set:functional combination. 150 

Additional details are provided in the Appendix. 151 

RESULTS and INTERPRETATION 152 

Q
2
 Raman shifts and Electronegativity  153 

 Symmetric stretch frequencies (Tables 1, 2) of Q
2
 species in crystals and glasses extend 154 

over a range of ~90 cm
-1

 (Figs. 3a, 3b), and the Raman shifts correlate remarkably well with 155 

modifier metal electronegativities for both crystals and glasses. The similar temperature 156 

dependence of the shifts (Fig. 1) indicates that good correlations should exist at high 157 

temperature. Linear least squares fits to the data were performed and the slopes of both trends are 158 
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similar but glass frequencies are ~20-30 cm
-1

 lower than for the crystals. Diopside and 159 

Ca1/2Mg1/2SiO3 glass, although plotted on Fig. 3 as open circles, were not included in the fits 160 

because values for the abscissae of the diagrams cannot be rigorously assessed. The R
2
 values 161 

indicate that 94% of the variations in (298) of crystals, and 99% of the variations in (298) of 162 

glasses, are attributable to the differences in electronegativities of the metal of the modifier 163 

oxide. There is no discontinuity in trends between alkali and alkaline earths, indicating that 164 

separately, charge and mass of the counter cation have no systematic effect on (298). To 165 

emphasize this aspect, the frequencies of Li, Na and Sr glasses are almost identical (Fig. 3b), 166 

although masses and charges differ.  167 

 Electronegativity is a measure of the tendency of an atom within a molecule to attract (or 168 

retain) electrons (Pauling, 1960) and the greater the electronegativity of an atom the more likely 169 

it will retain its electron density. The converse is also true; the less the electronegativity, the 170 

more likely an atom is to transfer electron density to other atoms of a molecule. Of the alkalis 171 

and alkaline earths, Mg is most electronegative (Huheey et al., 1997, Table1) and the least 172 

electron density should be transferred from Mg to the NBO in glasses or melts. The greatest 173 

electron density should be transferred from Cs to NBO. As apparent from the R
2
 values (Figs. 2a, 174 

2b), the Q
2
 symmetric stretch of crystals and glasses are correlated almost exclusively with the 175 

electronegativities of the metals of the modifier oxides.  176 

 A common practice is to correlate properties of binary silicate glasses with cation field 177 

strength (i.e., [z
+
z

-
]/r

2
 where z = nominal charge and r is the cationic radius. There is a strong 178 

correlation between electronegativity values and the field strength values of the alkalis and 179 

alkaline earths (R
2
 = 0.90), so that a good correlation must exist between (298) and (z

+
z

-
)/r

2
. 180 

The relationship for glasses is illustrated in Fig. 3c where a least squares best fit (dashed line) 181 
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yields R
2
 = 0.84. The better correlation is with electronegativity. The question as to why and how 182 

electronegativity affects these frequencies is addressed subsequently.  183 

 As already noted differences in long range order and crystal site symmetry may alter Q
2
 184 

Raman shifts by up to ~20 cm
-1

, as evident from the data of Table 1 (e.g., wollastonite and 185 

pseudowollastonite or enstatite and diopside). Effects of long range order and splitting due to site 186 

symmetry cannot, however, explain the large dispersion of Raman shifts observed Figs. 3a and 187 

3b. As for glasses, the dispersion of the alkaline- and alkaline earth-bearing crystals vary 188 

sympathetically with the electronegativities of the modifier oxides.  189 

Differences in Q
2
 Raman shifts of crystals and glasses 190 

 The Q
2
 symmetric stretch frequencies of Q

2
 species in alkali and alkaline earth crystals is 191 

systematically greater than in the equivalent glasses by ~20-30 cm
-1

 (compare Figs. 3a and 3b). 192 

Although there is no experimental evidence to explain the crystal-glass offset, it may relate to the 193 

differences in volumes. Knocke et al. (1994) provide molar volumes of glasses/melts and their 194 

data were extrapolated to obtain the molar volume of 47.52 cm
3
mol

-1
 for a 50 mol% Na2O glass 195 

at 298K. The molar volume of Na2SiO3(c) is 46.24 cm
3
mol

-1
 (McDonald and Cruickshank, 196 

1967). The glass volume is 2.8% greater than the crystal and the effect of increased volume may 197 

be to decrease the frequencies of the symmetric stretch. Glass and melt volumes may, for 198 

example, be related to the coordination numbers of counter cations (M). Another, more general 199 

explanation relates to differences in site potentials arising from long range forces differing in 200 

crystals and glasses. This general explanation of course would give rise to differences in volumes 201 

as well as other properties. These aspects remain untested because this is not the focus of the 202 

study. 203 

Electronegativity and valence electron densities 204 
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 The explanation for the trends of Figs. 3a and 3b begins with the effect of alkali and 205 

alkaline earths electronegativity on the valence charge density on Si and O atoms of SiO4 206 

tetrahedra. All Group I and II metals are less electronegative than O and Si and wherever M-O 207 

bonds exist, charge will be transferred from M to O atoms, thus increasing electron density on 208 

NBO atoms (and BO atoms where M is bonded to a BO). Moreover, the lower the 209 

electronegativity of the metal ‘M’, the greater will be the charge transferred and the greater the 210 

electron density on the associated NBO. The increased charge density on NBO atoms is 211 

redistributed (delocalized) over the other atoms of the tetrahedron via the four equivalent Si sp
3
 212 

hybrid molecular orbitals (Pantellides and Harrison, 1976; de Jong and Brown, 1980; Uchino et 213 

al. 1992; Demiralp et al., 1999; Nesbitt et al., 2017a,b). As a result, the electronegativity of the 214 

metal ‘M’ affects the electron density on all atoms of SiO4 tetrahedra.  215 

 The explanation of charge-transfer has been simplified by assuming that the metal atom 216 

‘M’ transfers charge to tetrahedra only through NBO. The argument is too restrictive because M 217 

may approach BOs as closely as it does NBOs, as apparent from study of crystalline phases (e.g., 218 

Na-silicates, McDonald and Cruickshank, 1967; Ching et al., 1983). Where M-BO and M-NBO 219 

are separated by similar distances, charge is likely to be transferred via both NBO and BO to 220 

tetrahedra, thus allowing numerous ‘pathways’ by which charge is lost from M and acquired by 221 

Si and O atoms of tetrahedra.  222 

 The increased electron density on Si and O atoms has been confirmed by X-ray 223 

Photoelectron Spectroscopy (XPS) through measurement of binding energies (BEs) of core and 224 

valence orbitals of silicate crystals and glasses (Hsieh et al. 1994; Namba et al. 2003; Nesbitt et 225 

al., 2011; 2014; 2017a,b; Sawyer et al., 2012; 2015). The BEs of Si 2p, O 1s of BOs and O 1s of 226 

NBOs all decrease with increased Na and K content of the glasses (Fig. 4). The decreases in BEs 227 
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(referred to as chemical shifts) result from transfer of outermost ‘s’ electrons of Na and K to 228 

NBO and on to Si and BO atoms of the tetrahedron via sp
3
 hybrid bonds (Carlson, 1975; Namba 229 

et al., 2003; Nesbitt et al. 2017a,b). The charge originating on the metal becomes delocalized 230 

over the entire tetrahedron. The chemical shifts are greater for potassic glasses than for sodic 231 

glasses, a consequence of K having a lower electronegativity than Na. The relationship between 232 

electronegativity and charge density is most apparent for the NBO O1s data of Fig. 4a. The NBO 233 

1s BEs are consistently ~0.5 eV less for potassic glasses than for the sodic glasses, 234 

demonstrating that there is greater electron density on the NBO associated with K than with Na. 235 

The K and Na electronegativity differences also explain the slopes of the BO 1s and Si 2p trends 236 

in that they are steeper for K-silicate glasses than for Na-silicate glasses. 237 

 Namba et al. (2003)  and Nesbitt et al. (2017a,b) note that increased alkali content causes 238 

a greater chemical shift (i.e., BE) for the Si 2p signal than for the O 1s signal of either BO or 239 

NBO (as indicated by the slopes of the trends of Figs 4a and 4b). The greater slope of the Si 2p 240 

trend (greater BE) indicates preferential accumulation of negative charge on Si relative to BO 241 

and NBO atoms. The accumulation of charge on Si (relative to O) is, in fact, greater than the plot 242 

indicates because the sensitivity of the Si 2p BE to a unit charge ‘q’ is about one-half that of O. 243 

This arises because BE (i.e., chemical shift), is to a first approximation (Carlson et al. 1975): 244 

 ΔBE= Δq (e
2
/<rv>)                (7) 245 

where Δq is the change in valence charge on either Si or O, and  e
2
/<rv> is the reciprocal of the  246 

mean radius of the valence orbital being considered (Carlson, 1975, Table 5.7). Expressed in eV, 247 

these values are: 31.6 eV for O 2p, 13.8 eV for Si 3p, and 18.1 eV for Si 3s. Using the weighted 248 

mean for the Si sp
3
 hybrid, one obtains an e

2
/<rv> of 14.9 eV, which is close to half of that for O 249 

2p given above. From Eq. 7, and using the above slopes (0.023, 0.037, and 0.054) as measures of 250 
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BE, one obtains ΔqSi ~5ΔqBO and ΔqSi ~3qNBO. A q of 0.1 results in a BE of ~3eV for O 1s 251 

(Eq. 7) and a BE of ~1.5eV for Si 2p. Relaxation and point charge effects decrease BE of both 252 

by up to 50% (Carlson, 1975; Hsieh et al. 1994; Nesbitt et al. 2017a,b). The calculations explain 253 

the magnitudes of the Si 2p and O 1s chemical shifts and the slopes observed in Fig. 4. They are 254 

due to increased charge on both Si and O atoms of tetrahedra, the charge being transferred from 255 

K and Na. Proportionally greater charge is transferred from the former metal than the latter, in 256 

accordance with their electronegativities. Figure 4 and the calculations also point to the 257 

importance of partial charges on Si and O atoms, as discussed in more detail in the section on 258 

computations.  259 

Raman shifts and XPS BEs related  260 

 Figures 3 and 4 illustrate that both Raman shifts and Si 2p BEs decrease with charge 261 

transfer from alkalis and alkaline earths to Si and O atoms of tetrahedra. A direct correlation is 262 

therefore expected between Raman shifts and Si 2p BEs for both crystals and glasses. Raman and 263 

XPS data for some crystals and glasses listed in Table 3 are plotted on Fig. 5. The solid line 264 

indicates the trend for crystals and the dashed line the trend for glasses. For the crystals, both 265 

Raman shift and Si 2p BE decrease sympathetically from cristobalite to pyroxenes (en, di) and to 266 

forsterite. Similarly for Na glasses (Fig. 5, dashed line), there is a sympathetic decrease in both 267 

variables. The trends are confirmation of the relationship among charge transfer, Raman shifts 268 

and BEs. To emphasize this aspect consider the two compositionally equivalent metasilicate Q
2 

269 

species, Na2SiO3 glass and enstatite (MgSiO3). Na is less electronegative than Mg, so that a 270 

greater portion of charge (‘s’ electrons) should be transferred from Na to Q
2
 compared with that 271 

transferred from Mg to Q
2
. The greater charge transfer from Na is confirmed in that the change 272 

in Raman shift and Si 2p BE are greater for Na2SiO3 than for MgSiO3. 273 
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  The sympathetic relationships between Raman shifts and Si 2p chemical shifts (Fig. 5) 274 

are simply explained if both are controlled by the electron density on Q species. This argument 275 

also explains the dispersion of Raman shifts observed for crystals and glasses of Fig. 3; the 276 

dispersion results from variable of electron densities on Si and O atoms of Q
2
 tetrahedra with the 277 

electron densities being controlled by the electronegativities of Groups 1 and 2 metals. 278 

Preferential accumulation of electronic charge on Si (Fig. 4) relative to O weakens all Si-O 279 

coulombic interactions and Si-BO and Si-NBO force constants. Decreased force constants are 280 

manifested in the SiO4 symmetric stretch frequencies, which decrease according to Eq. 1 and as 281 

shown in Fig. 3. Apparently the partial charges on Si and O atoms of tetrahedra are a critically 282 

important control on the frequencies of the symmetric stretch of Q species.  283 

COMPUTATIONS 284 

 The data of Table 4 lists properties derived from the calculations on the six model 285 

M6Si2O7 structures (Fig. 2) where M= Li, Na, K and where Si-O-Si bond angles are fixed at 180 286 

degrees. Although there are similar calculations on MxH4-xSi2O7 molecules with M = Li, Na and 287 

K (de Jong and Brown, 1980; Uchino et al.1991, 1992), this is the first to use only alkali cations 288 

bonded to NBOs (i.e., no H) and to report reduced masses, force constants and Raman shifts. 289 

Brown et al. (1969) demonstrated that Si-O bond lengths in framework silicates varied 290 

depending on the Si-O-Si angle. The angle was held constant in these calculations. this has the 291 

advantage of emphasizing the effects of other aspects such as charge distribution among atoms of 292 

the tetrahedra and the modifier cations.  293 

Reduced masses 294 

 The reduced masses in Table 4 range from 18.8 to 20.2 and average 19.5 mass units. Are 295 

these reasonable? The M6Si2O7 molecule consists of two SiO4 tetrahedra of staggered and 296 
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eclipsed geometries, sharing a BO atom (Fig. 2). The two Si atoms of the staggered form move 297 

synchronously toward and away from the BO atom, which is stationary. The reduced mass 298 

includes the Si atom (=28.1 mass units). With O of 16 mass units, and BO stationary, total mass 299 

of the O atoms is 3x16 mass units and the reduced mass is: 300 

   =  {(28.1•(3•16))/(28.1+(3•16))}  =  17.7 mass units 301 

The calculation assumes that the six M cations have no effect on the reduced mass. Inclusion of 302 

BO in the calculation increases the reduced mass to 19.5 which is similar to those reported in 303 

Table 4. Apparently, other contributions to ‘’ such as the alkalis, are minor, a finding consistent 304 

with the calculations of (Furukawa et al., 1981). 305 

Raman shifts and force constants 306 

 The simulated frequencies of the symmetric stretch for Li2Si2O7, Na2Si2O7 and K2Si2O7  307 

average, respectively, 902 cm
-1

, 856 cm
-1

 and 831 cm
-1

. The review by McMillan (1984) reports 308 

an average value of ~900 cm
-1

 and our values compare well with the 889 cm
-1 

value calculated 309 

by Furukawa et al. (1981) for the Si2O7 dimer (their Table II). The systematic decrease in 310 

frequencies from ~902 cm
-1

 to ~831 cm
-1

 cannot be ascribed to the masses of the alkalis. It is, 311 

instead, related to the electronegativities of the alkalis and to transfer of charge to NBO and on to 312 

Si and O atoms of tetrahedra thus changing the electron densities on these atoms. K is the least 313 

electronegative, thus it transfers the greatest portion of charge to NBO and Li transfers the least 314 

charge. The redistribution of charge throughout the tetrahedron and its preferential accumulation 315 

on Si weakens the coulombic Si-O interaction and the associated force constant thus decreasing 316 

the frequency of the symmetric stretch (Table 4). Although the masses of the alkali cations do 317 

not affect the symmetric stretch, their electronegativities do, and the variations in the latter 318 

property explain the trends of Fig. 3.  319 
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 The force constants derived from the calculation (Table 4) range from 7.5x10
5
 to 9.7x10

5
 320 

dynes/cm. The values selected by Furukawa et al. (1981) were somewhat less, at 5x10
5
 (Si-BO) 321 

and 4.5x10
5
 (Si-NBO) dynes/cm. The force constants derived for some crystals, however, range 322 

from 10.0x10
5
 to 8.3x10

5
 dynes/cm (e.g., Fleet and Henderson, 1997; McKeown et al., 1996; Le 323 

Cleac'h and Gillet, 1990). The force constants obtained from the calculations seem reasonable. 324 

Most importantly, their values are dependent on the electronegativities of the alkali bonded to 325 

NBO. These calculations corroborate our earlier conclusion that the force constants and the 326 

frequencies of vibration are determined primarily by the partial charges on the atoms of the 327 

tetrahedron. 328 

Bond lengths and bond angles 329 

  The simulated Si-BO bond lengths of the M6Si2O7 molecules vary from 1.63Å to 1.65Å 330 

to 1.67Å in the order Li<Na<K. These conform to bond lengths observed for crystalline and 331 

glassy silicates (Shannon, 1976; Liebau, 1985, Chap. 3). The simulated Si-NBO bond lengths 332 

(Table 4) are all 1.66Å and independent both of the nature of the cation and of the form of the 333 

molecules. The Si-NBO bond lengths are, however, slightly greater than Si-BO bond lengths for 334 

the Li and Na forms (Table 4) and consequently contravene the general relationship where Si-BO 335 

distances are slightly greater than Si-NBO bond lengths in silicate glasses (Liebau, 1985, Chap 336 

3). This may result from constraining the Si-O-Si bond angle to 180° (Brown et al., 1969) and 337 

from NBO-M bonding, where the M atoms are bonded to two NBO atoms only. They are 338 

typically bonded to more O atoms in glasses, thus there likely is freer, and more extensive 339 

vibrational motion in the calculations than is realistic. The M-O bond lengths derived from the 340 

calculations (Table 4) are 0.1- 0.2Å shorter than values obtained by summing ionic radii of 341 

Shannon (1976) but are similar to literature crystalline and glass values (e.g., Gagné and 342 
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Hawthorne, 2016; Smyth and Hazen, 1973; McDonald and Cruikshank, 1967; Ghose et al. 343 

1986). The M-O, Si-NBO and Si-BO bond lengths are not correlated with electronegativities of 344 

the cations in these calculations. Neither do simulated and measured bond lengths correlate 345 

strongly with Si-O force constants, or with symmetric stretch frequencies. Apparently, there is no 346 

systematic relationship between force constants and bond lengths in silicates. 347 

 Calculations on Na silicate crystals and glasses yield Si-O bond lengths of about 1.6 Å 348 

(e.g., Cormack et al., 2002; 2003; Du and Corrales, 2006; Yamamoto et al., 2017), but these 349 

papers have emphasized that both ab-initio and MD calculations may not represent accurately 350 

interatomic potentials (IP) and force fields especially for glasses. Yamamoto et al. (2017), for 351 

example, used two IP's on a range of compositions from SiO2 to Na2SiO3 where partial charges 352 

on Si and O atoms were allowed to vary with composition. They obtained constant Si-O bond 353 

lengths of 1.64Å (IP1) and 1.57Å (IP2) regardless of glass composition even though Si and O 354 

partial charges changed with composition. Clearly, aspects other than charge affect bond lengths 355 

in these calculations, although they were not elucidated. MD calculations on Li, Na, K silicate 356 

glasses by Du and Corrales (2006) used the same charges on the Si (+2.4), O (-1.2), and Li, Na, 357 

K (+0.6) for all glasses containing up 50 mol% M2O. The simplification is unrealistic and in 358 

conflict with the experimental XPS results.  359 

 In our calculations (Table 4) all cations are bonded to two NBOs and this bidentate 360 

bonding yields systematic change in M-NBO-M bond angles with the increasing size of the 361 

cation (Table 4). The average O-Si-O bond angle is ~109
 
 in all six structures and, as for bond 362 

lengths, this angle does not correlate with electronegativity of the modifier oxides or their size. 363 

Both BO-Si-NBO and NBO-Si-NBO angles correlate with the size of the cation but in opposite 364 

senses. The O-M-O and M-O-M angles correlate very strongly with cation size but again in 365 
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opposite senses.  366 

Mulliken, AIM and partial charges from XPS 367 

    Mulliken and AIM (atoms-in-molecules) charges on Si, NBO, BO and M of the M6Si2O7 368 

molecules are listed in Table 4. The Mulliken partial charges on Li, Na and K average +0.44, 369 

+0.84 and +0.86 for both staggered and eclipsed forms, hence Li loses least and K loses most 370 

charge, as expected from their electronegativities. Other studies yield similar values. Yamamoto 371 

et al. (2017) obtained partial charges on Na of  +0.9( ±0.1) for glasses containing 30-67 mol% 372 

Na2O and Uchino et al. (1991) and de Jong and Brown (1980) obtained respectively +0.7±0.05 373 

and 0.75 on Na of simulated H5Na1Si2O7, H4Na2Si2O7 and H2Na4Si2O7 molecules. Uchino et al. 374 

(1992) modelled H5Li1Si2O7, H5Na1Si2O7 and H5K1Si2O7 molecules yielding partial charges for 375 

Li, Na, and K respectively of ~0.60, ~0.70 and ~0.81 whereas and de Jong and Brown (1980) 376 

obtained respectively, ~0.49, ~0.75 and ~0.89. The calculations yield Mulliken partial charges on 377 

Na intermediate between the partial charges on Li and K as expected from electronegativities. 378 

Note, however, the comparatively high charge on Na obtained by our calculations. The 379 

calculations of de Jong and Brown (1980), Uchino et al. (1991; 1992), Namba et al. (2003) for 380 

Na2Si2O5 and Na2SiO3 crystals, and Hsieh et al. (1994) for Na2Si3O7 glass obtained partial 381 

charges on Na between ~0.8 and ~0.6. Our values (Table 4) seem somewhat too positive. 382 

 The Mulliken Si charges from our calculations range from +1.14 to +1.72 (Table 4). 383 

Other calculations have obtained Si charges ranging between +2.3 and +1.27 on vitreous and 384 

crystalline SiO2, Na silicates and model compounds (Yamamoto et al., 2017; Hsieh et al., 1994; 385 

Demiralp et al., 1999; Uchino et al., 1992; de Jong and Brown, 1980). The range of the Si 386 

charges is reasonable. Our calculations do not, however, demonstrate a systematic change in Si 387 

charge as a function of metal electronegativity. The Si charge on Na6Si2O7 is, for example 388 
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greater than on K6Si2O7 which is opposite to that expected from the electronegativities of the 389 

metals (Table 4). Similarly, Na6Si2O7 displays aberrant NBO and BO charges with respect to 390 

those of Li6Si2O7 and K6Si2O7. The lack of regular trends in the charges on Si, NBO and BO 391 

(Table 4) is not readily explained other than to conclude that calculated and XPS results are not 392 

consistent. To emphasize the difficulties in calculating these charges, Uchino et al. (1992) used 393 

ab initio calculations to obtain Mulliken charges in the model cluster Na2H4Si2O7. Using four 394 

different basis sets, they obtained Si charges ranging between +1.462 and +1.937. Additional 395 

studies are required to reconcile XPS experiment results with calculations. 396 

 Namba et al. (2003) used DV-Xα cluster MO calculations and population analysis to 397 

obtain Mulliken charges on Si for vitreous and crystalline SiO2, for Na2Si2O5 glass in which Q
3
 398 

species dominates, and for Na2SiO3 glass in which Q
2
 species dominates. Plotted at the top of 399 

Fig. 5 are the Si charges calculated by Namba et al. (2003). Their results enable evaluation of the 400 

partial charge on Si for the metasilicate crystals, enstatite (MgSiO3) and diopside 401 

(Ca0.5Mg0.5SiO3) by interpolating between the Si charge on SiO2 (~2.1) and on the disilicate 402 

glasses (~1.95). A Si charge of ~2.0 is obtained. The Si charge of ~2.0 applies to Si of the Q
2
 403 

species of these crystals. The Na2SiO3 glass also consists predominantly of Q
2
 species but the Si 404 

charge of this phase is ~1.8, which differs from that on enstatite by ~0.2. The difference in 405 

charge on Si of ~0.2eV (between MgSiO3 and Na2SiO3) is largely responsible for the difference 406 

in the Raman shift of two phases, which is ~70 cm
-1

 (Fig. 5, Table 3). The more positive charge 407 

on Si of enstatite results in a weaker Si-O Coulombic attraction (weaker bond) and a decreased 408 

frequency for the Q
2
 symmetric stretch. This is a first attempt to relate Si charges to Raman 409 

shifts. High quality ab initio calculations of the Q
2
 Raman shift for crystalline metasilicates are 410 

required where the effects of different counter cations are compared and contrasted. Belmonte et 411 
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al. (2016), for example, obtained a Raman shift of 955 cm
-1

 for Na2SiO3 whereas the 412 

experimental shift is 966 cm
-1

 (Richet et al. 1996).  413 

 The calculated AIM charges on the metal atoms of the three M6Si2O7 molecules differ 414 

minimally, ranging between +0.91 and +0.87 (Table 4). The positive charges on the M atoms are 415 

in the order Li>Na>K (i.e., 0.91, 0.89 and 0.87) and contrary to that expected from 416 

electronegativities and XPS results. AIM charges and their meaning require additional study as 417 

has also been suggested previously (Dean, 2018).  418 

IMPLICATIONS 419 

 An important question is raised by these observations. How can the Raman shifts and the 420 

XPS BE changes be so pronounced without Si-O bond lengths changing appreciably? As 421 

previously noted, Si-O bond lengths are similar (within 0.02Å) for widely varying orthosilicate 422 

and metasilicate compositions. In diatomic molecules, force constants and bond lengths are 423 

directly related (e.g., Smith, 1968 and references therein). In great contrast, bond lengths are not 424 

directly related to force constants and Raman shifts in these silicate condensed phases! 425 

Pantelides and Harrison (1976), for example, show a large range of Si-O bond lengths for 426 

different SiO2 polymorphs where Si-O bond lengths vary from 1.55Å in β-cristobalite to 1.63Å 427 

in β-quartz. In addition, Demiralp et al. (1999) showed that Si charges vary from +1.216 in β-428 

cristobalite to +1.32 in α-quartz and vitreous SiO2. Perhaps Si-O bond lengths are more sensitive 429 

to crystal packing forces than to Si-O force constants. 430 

 The above observations indicate that several factors should be considered where testing 431 

ab-initio or MD calculations. First, reproduction of Si-O bond lengths is a necessary test, but not 432 

a sensitive test of the veracity of a calculation. Reproduction of Raman shifts would seem to be a 433 

much more sensitive test. Also, and perhaps most importantly, no study has conducted a 434 
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comprehensive, comparative analysis of charge redistribution on M, Si or O atoms of binary 435 

silicate glasses (or melts) containing different modifier oxides. Included in such a study should 436 

be an attempt to evaluate the effects of partial charges on Raman shifts. 437 

 Theoretical calculations seem to be the best avenue to reconcile these aspects. Ab-initio 438 

calculations should be the best approach but they commonly are not practical for many large 439 

systems such as silicate glasses where long times are required for proper calculation (e.g., Liu et 440 

al., 1994; Stixrude and Karki, 2005; de Koker et al., 2009; Spiekermann et al., 2013; Belmonte et 441 

al., 2016). Classical molecular dynamics (MD) calculations typically prescribe force fields and 442 

potential energy characteristics in place of (or in conjunction with) ab-initio calculations. Both 443 

approaches have shortcomings in that force fields calculated from first principles or prescribed 444 

(MD calculations) may not be accurate representations of actual fields and potentials in the 445 

condensed phases considered here (e.g., Cormack et al., 2002; 2003; Mantisi and Micoulaut, 446 

2016; Yamamoto et al., 2017). Perhaps the most striking of these problems is highlighted by 447 

recent calculations by Yamamoto et al. (2017) on Na silicate glasses. They used two potentials 448 

which yielded different Si-O bond lengths for the same glasses, 1.57Å and 1.64Å. These did not 449 

vary with glass composition, which is in stark contrast to the EXAFS/XANES studies of 450 

Henderson (1995) and McHale et al. (1988) where bond lengths varied with composition (from 451 

1.59Å to 1.67Å). Secondly, Yamamoto et al. (2017) evaluated the coefficient of thermal 452 

expansion () using the two potentials and both yielded underestimates. Tomlinson et al. (1958) 453 

noted that ‘’ was dependent on coulombic attractive forces between M and O but the potentials 454 

used do not seem to have captured accurately these interactions. Third, Yamamoto et al. (2017) 455 

do not distinguish between NBO and BO, but Na interacts more with NBO than BO as noted by 456 

Cormack et al. (2002; 2003). Nevertheless, their effort to address partial charges is commended 457 
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and similar efforts are required of future ab-initio and MD calculations because charges affect 458 

dramatically Si-O force constants and associated vibrational frequencies as illustrated in Fig. 3. 459 

 In addition, calculations should be tested against Raman and XPS experimental results. 460 

This may be done by comparing calculated and experimental changes to charge density on atoms 461 

of crystals and glasses as a function of modifier oxide type, and as a function of modifier oxide 462 

content (e.g., Fig. 4). Demiralp et al. (1999) used the charge equilibration procedure of Rappé 463 

and Goddard (1991) which allowed charges to be adjusted as geometric configurations changed 464 

for SiO2 crystals and glass. Additional insight and modelling are required to fully understand and 465 

explain the partial charges on Si, BO and NBO, and an appreciation of electronegativities should 466 

be an important aid to interpretation of results. 467 

CONCLUSIONS 468 

            The range of Raman shifts (over ~90 cm
-1

), Si 2p and O 1s XPS BEs (over 2 eV) 469 

observed for Q
2
 species of alkali silicate glasses and crystals results ultimately from the 470 

differences in modifier cation electronegativities. The largest Raman shift and the largest XPS 471 

BEs chemical shifts are observed for the most electronegative cation, Mg. The electronegativity 472 

of the metal controls the extent to which 's' electrons are donated to NBO and delocalized over 473 

all atoms of SiO4 tetrahedra. As noted by several XPS studies (Namba et al. 2003; Hsieh et 474 

al.1994; Nesbitt et al. 2017a,b), the electron density on Si increases more than the charge on the 475 

O atoms of tetrahedra resulting in a weakened Coulombic interaction between the two, thus 476 

weakening Si-O bonds, which results in the decrease in the symmetric stretch frequencies of Q
2
 477 

species. Ab-initio calculations on M6Si2O7 (M=Li,Na,K) species corroborate the important effect 478 

of electronegativity on Raman shifts.  479 
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 713 

Appendix 714 

 Optimized structures and their (harmonic) vibrational spectra were obtained from 715 

GAUSSIAN 03W, Version 6.1 (Frisch et al., 2004), with GAUSSVIEW 6.1 (Dennington et al., 716 

2003) used as the user interface. The DFT method was used for the calculations with the 6-717 

31G+(d):B3LYP basis set:functional combination. The detailed structure of this type of 718 

calculation varies with the particular basis set:functional used. Standard convergence criteria 719 

were used for the optimizations, and quadratically convergent SCF was used as needed. The 720 

latter does not change either the optimized structures found or their minimized energies or their 721 

vibrational spectra. The symmetries imposed on the optimizations are indicated in the text. None 722 

of the symmetry-restrained optimized structures are those that would be found if no symmetry 723 

were imposed, and therefore as expected, negative (imaginary) frequencies were found in the 724 

lower frequency range of the calculated vibrational spectra.  725 

 Mulliken charges are those for the optimized structures from the GAUSSIAN output. The 726 

Mulliken gross charge on an atom (QA) is related to "net" charge on an atom (QAA) by the 727 

formula (Mulliken 1955; Namba et al. 2003):  728 

 QA=QAA+1/2QAB                 (6) 729 

and 1/2QAB = the total overlap population.  730 

 Atoms in Molecules (AIM) charges which are based on in principle, observable electron 731 

densities (Bader, 2005), were calculated using the AIMAll suite of programs (Keith, 2016). 732 

Formatted checkpoint files for use as input for the AIMQB sub-program of AIMAll, were 733 
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obtained from standard checkpoint files outputted by GAUSSIAN via the FormChk utility of that 734 

program. 735 

736 
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 737 

Table 1: Raman shifts (±2 cm-1) of Q2 crystals   
Crystal (298) (0) * C D Pauling 

  cm-1   cm-1     E.N.f 

enstatitea 1025 1038 1048 -
10.5 0 1.31 

diopsideb 1008 1010 1017 -
7.27 -0.15 1.16g 

wollastonitec  971 972.4 974.4 -
5.75 0 1.00 

p-wollastoniteb 981 983 988 -
4.94 

-
0.196 1.00 

Li2SiO3(c)b 975 975 981 -
4.08 

-
0.421 0.98 

Na2SiO3(c)b 966 966 970 -
3.96 

-
0.286 0.93 

K2SiO3(c)d 963 ~963 ~971 ? ? 0.82 

BaSiO3(c)e 964 ? ? ? ? 0.89 
 a  orthoenstatite from Zucker and Shim (2009).   
 b  from Richet et al. (1996; 1998)    
 c  from Swamy et al. (1997)     
 d  from Brawer and White (1975) 

    e from Moulton et al. (2021) 
     f  Pauling Electronegativities from Huheey et. al., (1997) 

 g  electronegativity of diopside: Av. of Ca and Mg (not in fit) 
 738 

739 
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 740 

Table 2: Q2 Raman shifts at 298K for glasses  (see references for uncertainties)      

Glass Kal.1 Ret.2 
B-
W3 Fur.4 F&M5 Ban.6 O'Sh.7 M-

828 Av.Val. Electro- M-O 
Composition cm-1 cm-1 cm-1 cm-1 cm-1 cm-1 cm-1 cm-1 cm-1 neg.9 dist.9 

MgSiO3 990               990 1.31 0.1575 
CaMgSi2O6   960           969 965   0.1441 

CaSiO3     950   963 
  0.1335 

CaO=44.4%         955       956 1.00 0.1335 
SrO= 44.4%         951       951 0.95 0.0982 
BaO=44.4%     944      0.0808 
BaO=46.1%               947 946 0.89 0.0808 

Li2Si2O5   950        
 Li2O=40%   955        
 Li2O=30%             950   952 0.98 0.2088 

Na2SiO3     963   949 
  

 Na2O=40%   950 952       
 Na2O=30%       950    
 Na2Si2O5     945           952 0.93 0.1601 

K2O=40%   935        
 K2O=30%           943     939 0.82 0.1347 

Rb2Si2O5   935    
 

 
   Rb2O=30%             935   935 0.82 0.0993 

Cs2Si2O5   931      
   Cs2O=30%             931   931 0.79 0.0819 

 1  1 - Kalampounias (2009) - evaluated from their Fig. 3        2 - Retsinas et al. (2014) - evaluated from their Fig. 4        3 - Brawer and White (1975) from their Fig.4. 
        4 - Furukawa et al. (1981) - from their Fig. 5         5 - Frantz and Mysen (1995) from their Fig. 5 for CaSiO3 and Fig. 9 for Na2SiO3.  

   6 - Bancroft et al. (2018) - from their Table 2 
        7 - O’Shaughnessy et al. (2020) - from their Tables 

       8 - Mysen et al. (1982) - from Figs. 4 to 7. 
        9 - Electronegativities and bond lengths: Huheey et al. (1997) 

      741 

 742 
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Table 3: Raman shifts and Si 2p3/2 BEs of some crystals and glasses 

Phase Composition 
R. 

Shift 
Si 

2p3/2 
O 

1s(NBO) 
O 

1s(BO) Reference1 

    cm-1 eV eV eV   

Crist./Qz2 SiO2 1200 103.6 
 

532.8 5,6 

Enstatite MgSiO3 1023 102.7 531.3 532.5 7,8 

Diopside (CaMg)0.5SiO3 1008 102.7 531.2 532.8 9,8 

Forsterite Mg2SiO4 856 101.7 531.0 
 

10,6 

Vit. Silica SiO2 1205 103.7 
 

533.2 11,12 
Q3 of 
glass3 Na2Si2O5 1091 102.0 532.0 530.0 13,12 
Q3 of 
glass4 K2Si2O5 1098 101.8 529.7 531.9 14,15 

Q2 of glass Na2SiO3 952 101.1 529.6 531.4 16,12 
 1 - 1st reference to the Raman shift and the 2nd is to the XPS 
values  

  2 - Raman shift is for cristobalite and Si 2p value is for quartz 
  3 - Raman shift is the average of Q3 peak maxima of six Na-silicate glasses 

 4 - Q3 peak maximum in a 30 mol% K-silicate glass 
   5 - Richet and Mysen (1999) 

     6 - Zakaznova-Herzog et al. (2005) 
     7 - Zucker and Shim (2009,  Table 1) - Av. of n27 and n28 (site splitting) 

 8 - Zakaznova-Herzog et al. (2008) 
     9 - Richet et al. (1998) 

      10 - Chopelas (1991) 
      11 - Nesbitt et al. (2019) 
      12 - Nesbitt et al. (2011) 
      13 - Mysen et al. (1982) 
      14 - O'Shaughnessy et al. (2020) 

     15 - Sawyer et al. (2012) 
      16 - from Table 2 
      743 

744 
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 745 

Table 4: Simulated properties for the M6Si2O7 molecules   

 
Li6Si2O7 Na6Si2O7 K6Si2O7 

  
 

Eclipsed Staggered  
Eclipsed Staggered  

Eclipsed Staggered 

Bond lengths  (Å)     
  Si-ONBO 1.662 1.662 1.667 1.666 1.667 1.664 
  Si-OBO 1.635 1.633 1.653 1.649 1.673 1.668 
  M-ONBO 1.843 1.845 2.166 2.174 2.493 2.515 

  M-Si 2.306 2.304 2.649 2.64 3.006 2.975 
Bond angles      
ONBO-Si-ONBO 103.9 104.1 107.9 108.6 109.6 111.2 
ONBO-Si-OBO 114.6 114.4 111.0 110.4 109.3 107.7 
ONBO-M-ONBO 90.5 90.4 77.0 77.0 66.2 66.2 

M-ONBO-M 125.1 126.0 141.7 146.8 155.1 168.8 
Mulliken charges      

   Si 1.54 1.59 1.65 1.72 1.14 1.36 
   ONBO -0.93 -0.94 -1.25 -1.26 -1.18 -1.22 
   OBO -0.11 -0.20 -0.82 -0.91 -0.26 -0.55 
   M 0.44 0.44 0.83 0.84 0.85 0.87 

AIM charges       
   Si 3.19 3.19 3.17 3.17 3.16 3.16 

   ONBO -1.69 -1.69 -1.66 -1.67 -1.65 -1.65 
   OBO -1.66 -1.66 -1.66 -1.67 -1.68 -1.69 
   M 0.91 0.91 0.89 0.89 0.87 0.88 

Raman shifts (cm-1)   
 A band 901 902 852 859 833 828 

Force constants (dynes/cm) 
      9.7E+05 9.7E+05 8.4E+05 8.4E+05 7.8E+05 7.6E+05 

Reduced masses 
     20.2 20.2 19.5 19.5 19.0 18.8 

 746 

747 
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Figure Captions: 748 

Fig. 1: Temperature dependence of some Q
2
 symmetric stretch frequencies for some metasilicate 749 

crystals. Enstatite (en) data are from Zucker and Shim, (2009), wollastonite (wo) from 750 

Swamy et al., (1997), diopside (di), pseudowollastonite (p-wo), Na2SiO3(c) and 751 

Li2SiO3(c) from Richet et al. (1996; 1998) and K2SiO3(c) from Brawer and White (1975). 752 

Uncertainties in Raman shifts are typically ±2 cm
-1

 but ±4 cm
-1

 where obtained from 753 

plots (see text and Nesbitt et al., 2018). 754 

Fig. 2. The M2Si2O7 molecule in eclipsed (a) and staggered (b) forms with symmetries indicated 755 

in brackets. Two silicon (Si) atoms center two tetrahedra with each Si bonded to one 756 

bridging oxygen (BO) atom and three non-bridging oxygen (NBO) atoms. There are six 757 

metal (M) atoms and each is bonded to two non-bridging oxygen (NBO) atoms as an 758 

attempt to mimic M atoms encased in O polyhedra of crystals, glasses and melts.  759 

Fig. 3: Illustrates the relationship between Q
2 

Raman shifts [(298)] of alkali- and alkaline earth-760 

bearing crystals and glasses versus electronegativities of the modifier metal oxide: (a) the 761 

crystals en, di, wo and p-wo (defined in Fig. 1), and Li = Li2SiO3(c), Na = Na2SiO3(c) 762 

and K = K2SiO3(c); (b) binary silicate glasses where the modifier oxide is indicated by its 763 

constituent metal. Sources of data are provided in the Tables. (c) Q
2
 frequencies plotted 764 

against z/r
2
 where r is the cationic radius (Huheey et al., 1997) for the most likely 765 

coordination number (CN). The solid bar associated with Ca illustrates the variation in 766 

z/r
2
 with change in CN from 6 to 10 and is typical of variations in z/r

2
 with CN for the 767 

cations plotted. Straight dashed lines are linear, least squares fits to the plotted data. 768 

Diopside and Ca1/2Mg1/2SiO3 glass frequencies are plotted as open circles by taking 769 

average values for the abscissae (i.e., (Ca+Mg)/2) but they are not included in the fits 770 
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because the values for the abscissae cannot be rigorously assigned. R
2
 values represent 771 

goodness-of-fit. See original references and Nesbitt et al. (2018) for uncertainties. 772 

Fig. 4: Illustrates the relationship between alkali oxide (Na2O and K2O) content and BEs of Si 2p 773 

and O 1s core orbitals in Na and K silicate glasses. (a) diamonds and filled triangles 774 

represent O 1s BEs of BOs in K- and Na-silicate glasses; shaded and filled circles 775 

represent O 1s BEs of NBO in the same glasses. (b) Shaded and filled circles represent Si 776 

2p BEs in K- and Na-silicate glasses. The solid lines are least squares best fits to Na-777 

silicate data and the dashed lines are best fits to K-silicate data. The slope of each line is 778 

indicated by ‘m’ and R
2
 represents goodness of fit. Error bars represent ±0.2 eV 779 

uncertainty in the measurements. Experimental data are from Nesbitt et al. (2011; 2017a, 780 

b) and Sawyer et al. (2012; 2015). Uncertainties are illustrated as bars. 781 

Fig. 5. Illustrates the sympathetic decrease in Raman shifts and Si 2p BEs for Q species in 782 

numerous crystals and glasses containing progressively greater metal oxide contents. The 783 

solid symbols represent crystals and include cristobalite (crist.), enstatite (en), diopside 784 

(di) and forsterite (fo). The shaded circles represent glasses and include vitreous SiO2, Q
3
 785 

of Na and K disilicate glasses and Q
2
 of the Na metasilicate glass (data from Table 4). 786 

The solid and dashed curves are least squares best fits to the respective crystal and glass 787 

data. The partial charges on Si plotted at the top of the diagram are those of Namba et al. 788 

(2003). Uncertainties are large at typically ±30 cm
-1

. 789 
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