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Abstract

Detecting and quantifying non-bridging oxygen (NBO) atoms is of particular
interest for understanding the physical properties of melts or compressed mate-
rials, and requires an unequivocal spectral signature usable during in-situ mea-
surements. In this paper, we evidence a low-energy feature of NBO in lithium
silicate crystals using X-ray Raman scattering (XRS) spectroscopy around the
energy losses of the oxygen K edge. A specific peak at 534-535 eV in the edge
onset is unequivocally attributed to the presence of NBO. Its intensity is used
to quantify NBO in lithium silicate glasses. A similar feature at low energy
has also been evidenced in NaySiO3 and MgSiOj3, generalizing the method to
other alkali and alkali-earth silicates. This non-destructive method of NBO
quantification, which is based on an X-ray inelastic scattering technique, can be
extended to other spectroscopies such as electron-energy loss spectroscopy, soft
x-ray absorption spectroscopy at the oxygen K edge.

Keywords: alkali silicates, non-bridging oxygens, XRS, O K edge, vitreous
silicates, crystalline silicates

2010 MSC: 00-01, 99-00

*Corresponding author
Email addresses: emmanuelle.de_clermont_gallerande@sorbonne-universite.fr (E. de
Clermont Gallerande), gerald.lelong@sorbonne-universite.fr (G. Lelong)

Preprint submitted to Journal of BTEX Templates September 9, 2019



20

25

30

1. Introduction

From Earth’s mantle to cutting edge technologies, silicates are ubiquitous.
Widely spread in industry for ceramics, glass-ceramics, automotive or building
applications, they are of primary importance as minerals (olivins, garnets, py-
roxenes, serpentines, ...) in the formation and the physical behavior of Earth’s
interior. All properties of silicates, and more specifically silicate melts, relevant
to rock-forming or glass-forming processes, depend on the proportion of non-
bridging oxygen (NBO) atoms, i.e. oxygen atoms solely bound to a network
former cation and bearing a negative charge. The NBO concentration is an
indicator of the silica network connectivity and affects material properties, such

as viscosity, diffusion, or ionic transport [1, 2, 3, 4, 5, 6, 7, 8].

A full description of the oxygen environment and more specifically the detec-
tion and the quantification of NBO atoms appears to be of primary interest in
the understanding of melt properties. Electron energy loss spectroscopy (EELS),
soft X-ray absorption spectroscopy (XAS) or scanning transmission X-ray mi-
croscopy (STXM) can probe the unoccupied states of oxygens [9, 10, 11, 12],
and thus bring information on the structure, but no clear spectral signature of
NBO atoms in silicates has been reported yet.[13] X-ray photoelectron spec-
troscopy (XPS) [14, 15, 16], as well as EELS, XAS or STXM, require high-
vacuum conditions, which appear to be a limiting factor for carrying out in situ
high-temperature experiments [17]. Even if 7O triple-quantum magic angle
spinning nuclear magnetic resonance (3QMAS NMR) [18, 19, 20, 21] is able to
discriminate BO and NBO atoms [22], 17O NMR experiments are still quite
challenging under extreme conditions [23, 24, 25, 26, 27, 28].

The determination of the O environment under external constraints thus
remains a difficult task because of the technical complexity of probing low-
7 elements during in situ measurements. Despite such a difficulty, numerous

studies have circumvented the problem by calculating a theoretical concentra-
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tion of NBO atoms or a number of NBO per SiOy4 tetrahedron (NBO/T) from
the chemical composition. This interpolation works well in the case of stan-
dard measurements dealing with a silica backbone solely constituted of SiO4
tetrahedra, but is no more correct as soon as ”exotic” coordination numbers of
silicon appear in the structure [29]. This can happen when silicate melts are
compressed for example. In that case, it is absolutely essential to define new
experimental strategies and methods in order to detect and quantify the pro-

portion of NBO atoms.

By probing the K edges of light elements using hard-X-rays [30, 31, 32, 33],
allowing to use complex sample environments such as high-pressure cells or
high-temperature furnaces, X-ray Raman Scattering (XRS) appears to be an
excellent alternative to other spectroscopies [34, 35, 36]. Our recent study on
lithium borates has demonstrated the great potentialities of XRS to evidence
the presence of NBO atoms using a low energy feature on the O K edge around
535 eV [37, 38]. Is this low-energy feature a universal signature of NBO atoms?
Is it possible to monitor it in order to follow the degree of polymerization of a
system? To answer to these questions, alkali and alkali-earth silicates have been
chosen since they are (i) the base components of numerous Earth’s mantle min-
erals and commercial materials and (ii) prototypic examples of the dimensional

reduction of SiOy [39, 40].

This paper is focused on probing a spectral signature of NBO atoms in sili-
cates by studying four structures of the LisO-SiO4 binary system as an example
of depolymerization processes: SiOs, LisSisOs, LioSiO3z and LiySiO4. In order
to extend the study to compounds of interest for both materials and Earth Sci-
ences, we also studied the oxygen environment in NasSiO3 and MgSiO3. By
coupling calculations based on the Density Functional Theory (DFT) with ex-
perimental XRS data, we are able to interpret finely the O K-edge spectra in
alkali and alkali-earth silicates and show that the low energy part of the O K
edge can be used to probe and quantify NBO atoms.
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2. Technical details

2.1. Samples

In order to follow the depolymerization of the silicate network by lithium
cations, four crystalline samples from the Li;O-SiOs binary system were pre-
pared with the following molar compositions: quartz-SiOs, Lio0:2Si05, Lis0:SiOs,
and 2Li0:Si05. Two additional crystals, replacing lithium by sodium or mag-
nesium at the metasilicate composition (Nay0:SiO2 and MgO:SiO2) were syn-

thesized for comparison.

The quartz-SiOs powder was obtained by crushing a crystal of a-quartz
(Herkimer diamond, Herkimer County, New York). For Li;O:SiO5, Liz0:2Si09
and Nas0:SiOs, lithium or sodium carbonate (LioCOj3 - 99.99% at Alfa Aesar
and NapsCO3 - 99.5% at Sigma-Aldrich) and fused silica (reagent grade, 99.5%
at Alfa Aesar) were mixed in appropriate quantities and placed in a platinum
crucible for melting at 1673 K for Li»0:SiOs and Li0:25i05 and 1473 K for
Nas0:Si04, respectively. Once melted the samples were quenched, ground into
powder and heated at 1301 K for 60 h for Li;O:SiO2, 773 K for 30 h and 1103 K
for 24 h for Li»0:2Si0O5 and 1073 K for 72 h for NayO:SiO5. 2Lis0:SiO5 and
MgO:SiO, were synthesized using a solid state reaction: LipCOgz (resp. MgO
- 98.0% at Merck) and SiOy were mixed in appropriate quantities, and heat
treated at 1333 K (resp. 1823 K) in a platinum crucible for 6 h interspersed

with a grinding every 2 hours.

The purity of the crystalline phases for each compound has been checked us-
ing powder X-ray diffraction at the Cu Ka radiation on a Panalytical X’pert pro
MPD. Diffractograms were compared with the literature [41, 42, 43, 44, 45, 46],
and the following crystalline phases were identified: quartz-SiO5, LisSisOs,
LisSiOg3, LigSiOy4, NagSiOs and MgSiOs. The crystal structures of these six
crystals are displayed in Fig. 1 and the crystallographic parameters are summa-

rized in Table 1.
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Figure 1: Crystal structure of quartz-SiO2 [41], Li2Si2Os [42], LipSiO3 [43], LisSiO4 [44],
NapSiO3 [45], and MgSiOgz [46]. The structures are also shown through their Si-O framework
(Li, Na and Mg atoms are omitted for clarity) and whose dimensions depend on the amount

of modifier cation (Li, Na or Mg) in the compounds
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Table 1: Structure of SiO2, Li2Si2Os5, LiaSiO3, LigSiO4, NazSiOs and MgSiOs.

Crystalline  System Space  Lattice O inequivalent Reference
compound group  parameters sites
SiOq trigonal P352; a=4921A  1site Ref [41]
b=4.921A
c=54044A
v = 120°
LiySiz 05 monoclinic Ce a=5820A 5 sites Ref [42]
b = 14.660 A
c=4.790A
LisSiO3 orthorhombic Cme2; a = 9.392A 2 sites Ref [43]
b=5397TA
¢ =4.660 A
LisSiOy monoclinic P2,/m a= 11.546 A 21 sites Ref [44]
b= 6.090 A
¢ =16.645A
B8 = 99.5°
NaySiOg orthorhombic  Cmc2; a = 10.430A 2 sites Ref [45]
b = 6.0200 A
c=4810A
MgSiOs monoclinic P2i/c  a=9613A 6 sites Ref [46]
b=8822A
c=5175A
B = 108.33°

2.2. Ezperimental details

The XRS measurements were performed at the inelastic scattering beamline
ID20 of the European Synchrotron Radiation Facility (ESRF) [47] and at the
GALAXIES beamline of synchrotron SOLEIL [48]. Powder samples were placed

into 2 mm circular holes drilled in an aluminium sample holder.
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For measurements carried out at ID20 beamline (ESRF), we used radia-
tion from 4 U26 undulators that were monochromatized by a high-heat-load
Si(111) double crystal monochromator and a successive Si(311) channel-cut
monochromator. The monochromatic X-ray beam was focused to approximately
10 x 20 um? (V x H) using a Kirkpatrick-Baez mirror. We used the large solid
angle spectrometer of ID20 [47] of the ESRF to record the XRS signals. Spectra
were collected at a scattering angle 30° for a total of 12 spherically bent Si(660)
analyzer crystals. The momentum transfer ¢ was 2.6 A™'. In order to create
losses in the vicinity of the oxygen K edge, we scanned the incident energy from
10.22 to 10.26 keV at a constant analyzer energy of 9.7 keV. The overall energy
resolution was 0.7 eV. All data were processed using the XRStools software

package [49].

Crystalline lithium silicates were also measured at GALAXIES beamline
(synchrotron SOLEIL) in order to check the reproductibility of our measure-
ments and conclusions without any resolution and spectrometer dependance.
Datas from ID20 and GALAXIES beamlines are thus treated the same way
with an exponential background subtracted to the overall spectra. The curves
were smoothed and the spectral integrated intensities were normalized to unity
between 530 and 547 eV. A very good agreement can be found between the
experimental spectra measured at the two beamlines, so only data from 1D20
beamline will be presented in this paper to allowed direct comparison between

the diverse compounds.

2.83. Computational details

All the XRS theoretical spectra were performed using XSpectra [50, 51], a
module of the suite of codes Quantum ESPRESSO [52]. As Quantum ESPRESSO is
based on DFT, uses plane-wave basis set, pseudopotentials and periodic bound-
ary conditions, that implies the use of supercell to avoid interactions between

the absorbing atoms and its images. All the Ultrasoft pseudopotentials [53]
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have been generated using PSLIBRARY [54] in the Rappe, Rabe, Kaxiras, and
Joannopoulos formalism [55], within the generalized-gradient approximation of
Perdew, Burke and Ernzerhof [56]. The pseudopotential of the oxygen-absorbing
atom was obtained by removing one 1s electron from its electronic configu-
rations. The Self-Consistent Field (SCF) calculations were carried out using
the parameters given in table 2, with an an energy cut-off for electronic wave-
functions of 100 Ry and an energy cut-off for density of 800 Ry. The Full
Core-Hole approach (FCH) was used to take the interaction between the elec-

tron and the core-hole into account [38].

The XRS spectra were calculated using a 4 x 4 x 4 k-point grid by following
the method that we developed in Ref [38]. Each monopole and dipole transitions
are calculated as a continued fraction convoluted with an energy-dependent
broadening parameter y(E) [57]:

'y(E):FH—l-FTM—i—F?Marctan {gz\j (x—;ﬂ ) (1)

where x = (E — Er)/A., Er being the Fermi energy, and I'y the core-
hole finite lifetime broadening. The following set of values has been used:
I'm = 02eV, Iy =5¢eV, Ac = 30eV and A, = 30 eV. The total
O K-edge XRS spectra were convoluted by a Gaussian function to account for
the instrumental resolution. When inequivalent crystallographic oxygen sites
are present in the structure, each individual calculated spectrum has to be
shifted in energy using the ASCF approach [37, 38]. Once repositioned, the
total spectrum is obtained by calculating a weigthed average of the individual
oxygen spectra. A constant energy shift of 535 eV was applied to all the calcu-
lated spectra to match with the experimental data. The integrated intensity of
the calculated spectra was normalized to unity over the same energy range as

the experimental spectra.
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Table 2: Calculations parameters for quartz-SiOg, LiagSioOs, Li2SiOs, LigSiO4, Na2SiO3, and
MgSiOs.

Compound  Supercell Shortest distance between k-point grid
excited atoms for SCF calculations
SiO, 2x2x2 (72 atoms)  9.842A 3x3x3

LipSi,05 2 x 1 x 2 (144 atoms)  9.580 A 2x2x2
Li»SiOs 1x2x2 (96 atoms)  9.320A 3x3x3
LisSiOy 1x2x1 (252 atoms) 11.546 A Ix1x1
NaySiOs 1x2x3 (144 atoms) 10.430 A 2x2x2

(
(
(
(
(
MgSiO3  1x1x2 (80 atoms)  8.822A 3x3x3

3. Results and discussion

3.1. FEvidence of a spectral signature of non-bridging oxygens

The Liz O-SiO4 binary is an archetypical example of dimensional reduction of
a framework constituted by corner-sharing tetrahedra (Fig. 1) [40]. When Li,O
is incorporated into quartz-SiOg, the tridimensional structure of quartz (SiOs) is
gradually transformed into layers (LizSizOs), infinite chains (LipSiO3), dimers
(LigSipO7) and monomers (LiySiO4) [39] (Fig. 1). Except for SiOq, all the
crystallographic structures present a partially or a fully depolymerized silicate
network characterized by the presence of NBOs. While quartz-SiO; is used as
a reference of a fully polymerized network solely composed of bridging oxygens,
LisSisOs5, LizSiO3 and LiySiO4 contain one, two and four NBO atoms per SiOy4
tetrahedron, respectively. Unambigously, addition of lithium ions leads to dras-
tic changes in the O K-edge XRS spectra (Fig. 2). The O K-edge spectrum of
quartz-SiOs is characterized by an intense peak around 538-539 eV correspond-
ing to electronic transition from a 1s core state to unoccupied antibonding o*
orbitals of the SiO4 tetrahedral units [58]. With the addition of alkali cations
into SiOs, the intensity of this feature decreases from SiOs to LisSiO4 and an
additional peak rises at ~ 534-535 eV, whose intensity increases with the alkali

content and the presence of NBOs.
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Figure 2: Experimental O K-edge XRS spectra of quartz-SiO2 (black), LiaSi2O5 (dark blue),
Li2SiO3 (blue) and LisSiO4 (light blue) measured at ¢ = 2.6 A™'. The low-energy feature

around 534-535 eV is a signature of the non-bridging oxygen atoms in silicates.

The calculated O K-edge XRS spectra are compared to the experimental
data in Fig. 3. Simulations reproduce well the overall shape of the experimental
spectra with slightly more contracted features which is known to be related to
the use of DFT [50, 60], in particular to neglect of self-energy effects [59]. Since
calculations take all the inequivalent oxygen atoms into account, it is possible
to decipher the contributions from BO and NBO atoms. From the calculated
decomposition, the low-energy feature at ~ 534-535 eV can be attributed to
electronic transitions from the 1s core state to the o* states of oxygen in SiO4
units solely related to NBO atoms. The peak attributed to BO atoms is shifted
of about 1.5 eV to appear at ~ 536 eV. This core-level shift, also observed in
lithium borates, can be explained by a difference in the screening efficiency of

the core-hole by the valence electron density between BO and NBO atoms [37].

10



| NBO: 66%

T T T T I T T T
L NBO:100% /

NBO: 40%

Normalized Intensity (arbit. units)

. NBO: 0% S 1

ET T T TS|

| | ‘ |

L 1 | | |
525 530 535 540 545 550 555
Energy loss (eV)

Figure 3: Comparison between experimental (dashed) and theoretical (solid) XRS O K-edge
spectra of quartz-SiOq, Li2SiaOs, LiaSiO3 and LigSiO4 at ¢ = 2.6 A. The contribution of

NBO is in magenta, and the contribution of BO is in cyan.

11



190

195

200

205

210

The O K-edge spectrum of lithium silicates is very sensitive to the pres-
ence of NBO atoms in the first few eVs of the absorption edge. The spectral
signature at ~ 534-535 eV in silicates can be used as a direct proxy of NBO
atoms, whose a quantification would be of primary interest. The calculated
XRS spectra show that fitting the pre-edge of the O K-edge spectrum with
Gaussian functions may not be reliable. For example, in the case of LisSisOj
(Fig. 3), BO and NBO contributions overlap from 535 eV which does not allow
to separate both contributions reliably. The intensity at 534 eV, which is free
from any BO contribution, is a good indicator of the proportion of NBO in the
sample. A linear relation is indeed found between the normalized intensity at
534 eV and the known proportion of NBO atoms present in each crystalline
phase (Fig. 4(a)). This trend is also supported by the DFT calculations, which
show an excellent agreement with the experimental values (Fig. 4(b)). This
proportionality means that the NBO content can be straitforwardly estimated

using the following equation:

%NBO = 2335 x (534 eV) (2)

where I(534 €V) is the intensity measured at 534 eV.

This relation is valid on a 0-66% range of NBO concentration, above which
a deviation is observed. Similarly to the case of lithium borates [37], the NBO
peak of the orthosilicate composition slightly shifts towards higher energies. As
a consequence, the intensity at 534 eV is underestimated in the critical case of
an isolated SiOﬁ_ anion. For NBO concentration up to 66%, Eq. 2 can be used
to quantify the ratio of NBO atoms in materials in which the concentration is

unknown, such as in amorphous materials, liquids or high-pressure compounds.

In order to test the reliability of Eq. 2, three lithium silicate glasses (v-SiO,
v-LizSisO5 and v-LipSiO3) were measured in the same experimental conditions
(Fig. 5(a)). The experimental intensities measured at 534 €V on the O K-edge
XRS spectra give values equal to 0.001, 0.021 and 0.027, corresponding to 3%,

12
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Figure 4: (a) Percentage of NBO as a function of the experimental intensity measured at
534 eV in the O K edge of four crystalline structures of the LioO-SiO2 binary: quartz-SiOa2,
Li2Si2Os5, LiagSiO3 and LigSiO4. The blue line represent a linear least-squares fit of the first
three crystals and the grey shaded area is indicative of the validity domain. (b) Correlation
of the experimental intensity at 534 eV with the calculated intensity at 534 eV. The grey line

is a guide for the eyes for a full correlation.

49% and 64% of NBOs in v-SiOg, v-LisSisO5 and v-LisSiOg, respectively. The
uncertainties on these values based on the signal-to-noise ratio and background
subtraction is estimated to 4= 5%. To keep charge neutrality, each lithium cation
(Li™) has to be charge balanced by a single NBO, leading to theoretical NBO
ratios of 0%, 40% and 66% for v-SiOs, v-LisSisO5 and v-LisSiOgs, respectively
(Fig. 5(b)). An excellent agreement is found with the present XRS results, but
also with the values deduced from 2°Si MAS-NMR from which an estimate of
NBO’s proportion via the distribution of Q™ groups can be deduced [61, 62,
63, 64, 65]. The proposed equation appears to be a reliables method for the
determination and the quantification of NBOs in the LioO-SiO5 system.

13
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Figure 5: (a) O K-edge XRS spectra of three glassy samples of the Lis O-SiO2 binary: v-SiOg,
v-LizSi2Os and v- Li2SiO3. The a-quartz SiO2 (black dashed line) is shown as a reference
sample fully constituted by BO. (b) Quantification of the proportion of NBOs in these three
glasses using the equation defined in Fig. 4(a)

3.2. Influence of the modifier cation on the NBO spectral signature

The spectral feature of NBO atoms in lithium silicates is clearly evidenced,
and the NBO quantification is accessible using an X-ray inelastic scattering
based technique. It is now relevant to try generalizing this approach to others
silicates such as sodium and magnesium silicates, which are of particular rele-

vance for both material and Earth science communities.

The O K-edge XRS spectra of LisSiO3, NaySiO3 and MgSiO3 are shown in
Figure 6 accompanied with the one of quartz-SiOs, a fully polymerized refer-
ence compound. Unequivocally, the sodium and magnesium metasilicates show
the same spectral signature of NBOs than the lithium metasilicate, i.e. an ad-
ditional peak arising at low-energy in the O K-edge spectrum [9], the small
peak at 530.5 eV is due to beam damages [9, 66]. The main difference resides
in the position of the edge jump, i.e., 532.2 eV for NayO, 532.7 eV for Li;O
and 533.2 eV for MgO. Since these three compounds have very similar medium-
range order (Fig. 1), the origin of this shift has to be related to a more local

property such as the polarizing power of the modifier network cation, which is

14
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BO.

directly related to their field strength: Nat (Fg = 0.19A%), Li* (Fg = 0.23 A7)
and Mgt (Fg = 0.45 AQ) (67, 68]. The addition of a modifier oxide may lead
to a change in the electronic structure of the silicate units, as the presence of
modifier cation tends to increase the ionic character of the Si-O network [69, 70].
The delocalization of the electronic density around oxygen atoms would be more
important in the case of Na™ in comparison with Li™ and Mg™, which gives a
more ionic character to the Na-O bond than to the Li-O or Mg-O bond. As
a consequence, the difference of polarization between NBO and BO would in-
crease with the cation field strength, leading to an increase of the chemical shift
(AE) between the two contributions of about 1 eV between Na and Li and of
about 0.5 eV between Li and Mg. A similar variation of AE between Na- and
Li-silicate glasses was deduced from XPS O 1s measurements, corroborating
the present results [69, 16]. More interestingly, these XPS measurements give
evidence that an even higher chemical shift between BO and NBO atoms will

be found for potassium and caesium silicates.
In the low ¢ configuration employed here, solely the dipole component con-

15
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tributes significantly to the total spectrum. Since XAS ans EELS are mainly
governed by dipole transitions, this spectral feature at low energy in the O
K edge becomes a universal signature of NBOs for X-ray and electron based
spectroscopies. The quantification of NBOs in silicates is achievable by deter-
mining a dedicated relation for each alkali oxide or alkaline-earth oxide / SiO4
binary. This non-destructive method of quantification of NBOs, which is based
on an X-ray inelastic scattering technique, will allow in a close future an in-situ

monitoring of NBOs in materials placed under external constraints.

4. Conclusion

The O K-edge XRS measurements of the four crystalline compounds of the
Li» O-SiO; system and the theoretical calculations show the presence of an ad-
ditional feature at low-energy around 534-535 eV that can be unambiguously
associated with the presence of non-bridging oxygen atoms. The intensity of
this feature is proportional to the NBO content for fully and partially depoly-
merized compounds. By using crystalline references, an equation between the
intensity at 534 eV and the NBO content has been established and used to
determine the amount of NBO on vitreous lithium silicates. A similar feature
at low energy has also been evidenced in Nay,SiOz and MgSiOgs, generalizing
the method to other alkali and alkali-earth silicates. The determination and
the quantification of NBOs developed here using XRS is also transferrable to
similar spectroscopic techniques, such as EELS, soft-XAS and STXM. As XRS
allows in situ measurements, it opens the way to novel investigations on silicate
compounds placed in complex sample environments such as high-pressure or

high-temperature cells.
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