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Abstract
Raman shifts of the symmetric stretch of silicate Q2 species vary over a range of ~90 cm−1 in crys-

tals and glasses containing alkali and alkaline earth oxides. The shifts display a striking, sympathetic 
relationship with the electronegativity of the alkali and alkaline earth metals (M), with the highest 
frequency observed for Mg-silicate glasses and crystals and the lowest frequency for Cs-bearing glasses. 
Frequencies are determined primarily by the electron density on constituent Si and O atoms of the Q2 
tetrahedra, as measured by Si 2p and O 1s X-ray photoelectron spectra (XPS). The electron density is, 
in turn, determined by the extent to which electronic charge is transferred from the modifier metal “M” 
to the NBO of the Q2 tetrahedron. The charge transferred to NBO is redistributed (delocalized) over all 
atoms of the tetrahedron by the four equivalent Si sp3 orbitals. Although negative charge accumulates 
on all atoms of the tetrahedron, it accumulates preferentially on Si. Coulombic interactions among 
Si and all O atoms are thus weakened, resulting in decreased force constants and lowered symmetric 
stretch frequencies of Q2 species.

Density functional theoretical (DFT) calculations on six staggered and eclipsed M6Si2O7 (M = Li, 
Na, K) molecules corroborate the findings. Charge is transferred from the metal atoms to NBO and 
delocalized over tetrahedra in accordance with Li, Na, and K electronegativities. Calculated Si-O force 
constants and Raman shifts decrease with decreasing electronegativity of the cation but surprisingly, 
calculated Si-NBO bond lengths are largely unaffected, with all being similar at 1.665 ± 0.003 Å.
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Introduction
Silicate crystals, glasses, and melts incorporating alkalis and 

alkaline earth (M atoms) are partly covalently bonded (sp3 hy-
bridized Si-O bonds) and partly ionically bonded (M-O bonds). 
Study of the molecular and ionic components consequently 
requires techniques sensitive to the properties of each type of 
contribution. Raman spectroscopy is sensitive to vibrational 
properties of silicate tetrahedra, such as the frequency of the 
symmetric stretch, and it has been used routinely to determine 
the presence and abundance of the various types of Si tetrahedra 
in these phases (e.g., Brawer and White 1975; Furukawa et al. 
1981; Mysen et al. 1982; Matson et al. 1983; McMillan 1984; 
Chopelas 1991; 1999; Mysen and Frantz 1992; 1993; Frantz and 
Mysen 1995; Richet et al. 1996, 1998; Choudhury et al. 1998; 
Wang et al. 2001; Neuville 2006; Nasikas et al. 2011; Nesbitt 
et al. 2018, 2019, 2021; Bancroft et al. 2018; O’Shaughnessy 
et al. 2020; Moulton et al. 2021). Raman spectroscopic results 
pertinent to metasilicate crystals and glasses of near-metasilicate 
composition are the focus of the study, with particular emphasis 
placed on understanding the processes affecting the symmetric 
stretch of SiO4 tetrahedra in these phases.

Si tetrahedra are commonly described in terms of Qn species 
where the central Si is bonded either to bridging oxygen (BO or 
Si-O-Si moieties) or to non-bridging oxygen (NBO or Si-O-M 
moieties). The superscript “n” represents the number of BO 
atoms bonded to a Si center. The symmetric stretch of Q spe-
cies is located in the region between ~800 and ~1250 cm−1 of 
Raman spectra, and there is general acceptance that Raman 
shifts decrease in a regular, stepwise manner from Q4 to Q0 in 
alkali and alkaline earth glasses and crystals: ~1200 cm−2 for Q4; 
1050–1100 cm−1 for Q3; 950–1000 cm−1 for Q2; ~900 cm−1 for 
Q1; and ~850 cm−1 for Q0 (Brawer and White 1975; McMillan 
1984; Bancroft et al. 2018). Calculations on simple crystalline 
“structural units” are qualitatively consistent with this trend 
(Furukawa et al. 1981). Evidence presented here demonstrates 
that the Q2 species symmetric stretch spans a much greater 
range than previously considered and that its frequency depends 
strongly on the type of counter cation (M) present in the crystal 
or glass. The large range of frequencies observed (Tables 1 and 2) 
has been neither previously discussed nor explained, perhaps 
because, as noted by McMillan (1984) and Williams and Cooney 
(1992), there has been “neglect of M-O interactions” and their 
effect on Raman shifts. To address this aspect, we use Raman 
and XPS spectroscopic results from the literature and ab initio 
(DFT) calculations on model M6Si2O7 “species” to investigate 




