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Abstract

Sodium-alkaline earth-silicate glasses, of nominal molar composition 16Na,0O—10R0O-74Si0O,
(R=Ca, (CaMg) and Mg) doped with 0.5 wt% of Fe,O;, were studied by UV—Visible-NIR
absorption spectroscopy and electron paramagnetic resonance (EPR) at X- and Q-band to understand
the structural control of Fe’* optical absorption properties as a function of iron redox and glass
composition. By comparing with a set of “IFe’", PlFe’™ and “)Fe’" crystalline references, optical
absorption spectra indicate the presence of 5-fold Fe’" in addition to a majority of tetrahedral Fe’*. The
combination of Q- and X-band EPR data shows Fe’" partition among isolated, distributed sites and Fe-
rich clusters, providing unique insight into the distortion of isolated Fe’* sites. It demonstrates also the
peculiar character of the residual Fe®" sites that exist in reduced glasses. Changing Ca to Mg increases
the amount of tetrahedral Fe’ sites and decreases their distortion. The presence of Mg also reduces the
amount of isolated rhombic Fe’* sites and promotes the formation of clusters. These clusters confirm
the non-homogeneous structure of silicate glasses, as well as the preference of Fe’™ for a more calcic

than magnesian environment in sodic (Ca,Mg) glasses.
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1 Introduction

Iron, an impurity encountered in most industrial glasses, may be used to control glass coloration
and to give rise to functional glasses, by controlling energy transmission and thermal insulation.
Understanding the influence of Fe on glass properties may then help develop innovative functional
glasses. Iron usually occurs under two oxidation states Fe* (ferrous) and Fe’* (ferric). The relative
proportion of these two oxidation states defines the redox state of iron (R = Fe*'/Fe,,). R is a function
of glass composition, elaboration temperature and oxygen fugacity.[1-3] Ferrous and ferric ions are
localized in specific environments within glass structure, giving diluted glasses a blue (Fe*"), yellow
(Fe*") or green (mixed oxidation states) color. Ultraviolet-Visible-Near-Infrared (UV-Visible-NIR)
spectroscopy provides a direct correlation between the colorimetric properties of transition metal-
containing glasses through their transmittance functions, and the structural surrounding of these
transition elements, through the sensitivity of optical absorbance functions to crystal field effects,
charge-transfer transitions or magnetic coupling.[4] Optical absorption spectroscopy has been used to

study Fe-speciation and redox properties in glasses.[5—7]

Among transition elements, optical properties of Fe’* in glasses are still a matter of discussion, due
to the low intensity of their spin-forbidden optical transitions and the field-independent character of
the most intense transitions. In addition, these transitions are superimposed either to the tail of Fe**
bands in the visible range (at least 10 times more intense) or to the tail of the oxygen to metal charge
transfer (OMCT) transitions (100 to 1000 more intense) in the near UV. In a sodium-silicate glass with
higher than 3 wt% Fe,0;, Fe’" is not only in tetrahedral sites (‘'Fe’"), ~30% of ferric ions are in a
higher coordination.[8] The presence of higher coordinated Fe’* in glasses has been deduced from X-
ray absorption spectroscopy, neutron diffraction and numerical simulation studies [9-12] although,

their influence on optical absorption spectra in iron-doped glasses is still speculative.

Since the pioneering work of Castner et al. [13], electron paramagnetic resonance (EPR) has
proven to be a sensitive technique to probe the environment of Fe** in glasses (the short spin-lattice
relaxation time of Fe*" precludes direct observation of Fe’* in glasses with conventional EPR). The X-
band EPR spectrum of Fe** in silicate glasses is characterized by an asymmetric signal at g=4.3",
accompanied by two weaker features near g=8 and g=2. The resonances at g=4.3 and g=38
originate from paramagnetic transitions of isolated Fe’" ions in rhombic (C,, with E/D ~ 1/3) and
axially (E/D ~ 0) distorted sites, respectively.[14—16] The attribution of the feature at g=2 is less
clear.[17] Different scenarios have been proposed: (i) a signal due to exchange-coupled pairs or
clusters of more than two atoms[18] involving edge- or face-sharing Fe’* sites [16,19,20]. These

clusters could be trimers [21] up to nano-clusters as in ferritine[22], nanoparticles[23] or obsidian

wt.%
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glasses[7,24]; (ii) a paramagnetic signal due to Fe’* in axially distorted sites (E/D ~ 0)[19], this signal
being enhanced by dipole-dipole interactions.[25] The proportion of these two overlapping
contributions depends on glass composition and Fe-redox state.[16,26] The g =2 signal can also be
assigned to Fe*" in regular site with high symmetry, e.g. tetrahedral or octahedral[15,27]. However,
this latter interpretation is not coherent with the long tail above 350 mT that goes back to 0 around
600 mT. Low-temperature EPR measurements have shown the presence of paramagnetic clusters in
Fe-doped borate glasses, because small clusters exhibit an antiferromagnetic behavior, whereas the
EPR signal of diluted Fe’* exhibits a paramagnetic behavior.[28] Thus, the disappearance of the g =2
signal when temperature decreases is used as evidence of the presence of Fe’* containing clusters, as

observed in ferritin [22] or nanoparticles[23].

The aim of this study is to improve our understanding of the local environment of Fe’" in silicate
glasses at low Fe’" concentration and interpret the origin of the most important Fe’* optical transitions
by comparing variable temperature EPR spectroscopy with optical absorption spectroscopy of glasses
and crystalline references. We report the first Q-band EPR data on Fe®' in silicate glasses, showing
that Fe’" site distortion is limited. Regarding the results, the presence of Fe’*-containing clusters varies
with redox and composition and seems to do not affect the optical absorption. Moreover, Fe*" shows a

structural and chemical preference for larger alkaline earth environment.

2  Experimental details

2.1 Sample preparation

Three series of silicate glasses containing 0.5 wt% of Fe,O; were prepared using reagent-grade
materials (Fe,O;, SiO,, Na,CO;, MgO and CaCO;) with the nominal molar compositions 16Na,O-
xCaO-(10-x)MgO-74Si0, (x =0, 5, 10). They will be denoted as NMS05-X, NCMS05-X and NCS05-
X, respectively. X describes the redox state R = Fe’'/Fe,,: Med for medium (R = 25%), Red for
reduced (R = 99%), and Ox for oxidized (R = 5%). The redox was adjusted using three experimental

protocols:

e Normal conditions (Med) — R = 25%: 400 g of batch was melted and stirred at 1500°C for 1 hin a
Pt crucible under air atmosphere. Samples were poured and quenched onto preheated plates,
annealed at 580°C for 1 h to release internal stresses, and finally cooled down to room temperature
at 1°C/min.

e Reducing conditions (Red) — R = 99%: 20 g of batch was melted at 1500°C for 1 h in a carbon
crucible under N, atmosphere. Glasses were not annealed to avoid oxidation.

e Oxidizing conditions (Ox) — R = 5%: 5 g of batch was melted at 1200°C at 200°C/h in a Pt
crucible, under O, atmosphere, then kept at 1200°C for 2 h and cooled down at 150°C/h. Glasses

were not annealed to avoid reduction.
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The amount of Fe*" and total iron was determined by wet chemical analysis based on standard test
method [29] using the absorption band of the complex formed between o-phenanthroline and Fe®" at
510 nm. The measured redox states are presented in Table 1. The vitreous nature of the glasses was
checked using X-ray diffraction. Sample homogeneity was checked using an electron probe micro-
analyzer (CAMECA SXFive) at the Camparis Facility (Université Pierre et Marie Curie, Paris,
France). Analyses were made with a 15 kV accelerating voltage and a 4 nA sample current. Actual and

nominal compositions (in wt%) are shown in Table 2.

2.2 Optical absorption spectroscopy

Optical absorption spectroscopy was carried out using a Perkin-Elmer® Lambda 1050 UV-Visible-
NIR spectrophotometer in transmission mode in the range 196 - 3333 nm (51000 - 3000 cm™).
Double-sided polished samples (2.5 mm thick) were used. In order to estimate the absorption
background related to reflection phenomena on surfaces, 2.5 and 5.5 mm thick samples were measured
for the three compositions NCS05-Med, NCMS05-Med and NMS05-Med. The absorption difference
gives the equivalent spectrum of a 3 mm thick sample corrected from reflection. The intensity of Fe*"
bands was measured after the removal of the UV edge using two Gaussian curves. The procedure
explained in [30] was used from 27500 to 31000 cm™ in order to fit the tail of the OMCT bands before
absorbance saturation. The fitted Fe’* bands (above 20000 cm™) are not influenced by the Fe®" tail

(below 20000 cm™).

2.3 Electron paramagnetic resonance (EPR) spectroscopy

EPR spectra were measured using a Bruker ESP300 spectrometer at X-band (9.5 GHz) and Q-band
(34 GHz), with a field modulation of 100 kHz and an amplitude modulation of 1 mT. Low-
temperature measurements were carried out using helium Oxford cryostats allowing measurements
down to 4K. Samples were machined to have a cylindrical form: 15 mm long by about 2 mm diameter
for X-band and 2 mm long by 1.5 mm diameter for Q-band. Samples were placed in pure silica tubes
(Suprasil) for X-band or stuck on a pure silica rod for Q-band. The measurements were performed at
different microwave power to adjust a convenient signal to noise ratio without saturation phenomena.
EPR X-band spectra were normalized to sample mass, gain, amplitude modulation and square root of

power (in mW).

3 Results and discussion
3.1 Optical absorption spectroscopy

The shape and position of the main Fe’* bands (near 22800, 24000 and 26300 cm™) are similar in
NCS05-Med and NCS05-Ox together with a weak and broad band at around 20500-21200 cm™
(Figure 1). After removal of the OMCT edge, a Gaussian fit of the NCS05-Ox spectrum (Figure 2 and

Table 3) was performed by comparison with three Fe''-bearing crystalline references: (1) Fe-

orthoclase [4,31], with substituted 4-fold Fe*" in a tetrahedral site, (2) yoderite[32,33], a 5-fold Fe*
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bearing mineral and (3) andradite[4,34], a 6-fold Fe’* bearing garnet.

According to the transitions observed in crystalline references (Table 4), the three resolved bands at
around 22800, 24000 and 26300 cm™ are commonly assigned to tetrahedral “'Fe’*.[30] However, a
good fit may only be obtained with at least three additional contributions at around 21200, 25500 and
27200 cm’', otherwise Gaussian shape residuals are present at these positions. A weak contribution at
around 27200 cm™ can be attributed to uncertainties related to edge subtraction. The band at around
25500 cm™, which has a similar absorbance as the bands at 22800 and 24000 cm™', is absent from
optical spectra of Fe-orthoclase (‘'Fe*") or andradite (I/Fe*"). Moreover, the important integrated area
is indicative of a non-centrosymmetric site, such as in BIFe* | which is consistent with the position and
intensity of the °A(S) — *T,(D) transition of ®'Fe’” in yoderite (Table 4).[32] The correspondence of

this band between glass and mineral supports the existence of 5-fold Fe’" in glasses.

The contribution around 20500-21200 cm™ has been assigned to the °A;(S) — *T»(G) transition of
tetrahedral Fe’*.[35] For the glasses under investigation, this band is broader than in Fe-orthoclase and
no decrease of the absorbance is observed between the signal at 20500 cm™ and the band at 22800 cm®
'. This can be explained by the overlapping of absorption bands of higher coordinated Fe’", such as
BIFe’*, whose bands at 20700 and 21500 cm™ in yoderite are assigned to the transition °A; — [*A,,
*E(G)].[32] The optical evidence of "!Fe’" in glasses may indicate a Fe*-site distribution from 4- to 5-

coordinated sites, as shown for Fe*".[36,37]

However, there is no evidence of 6-fold coordinated Fe’" in the investigated glasses in the 12000—
17000 cm™ range expected for the crystal field dependent transitions of ®/Fe’ (6A1g(S) — 4T1g(G) and
°A1(S) — *To(G) as in andradite: Table4). In this range, there is no significant contribution

3 is sufficient to

superimposed to the tail of Fe*" absorption band. The presence of “Fe’" and Fe
account for the visible-UV transitions between 20000 and 26000 cm''. In this range, optical absorption
bands of /Fe’” occur almost at the same positions as 4- and 5-fold coordinated Fe’* with similar
intensities. By contrast, band intensity is expected to be weak in the absence of a 3d-4p hybridization
for centrosymmetric geometries such as Oy, Dyy, or axially strained site geometries as in andradite (Cs;)

(see [38] and references therein).

The spectrum of NCS05-Red (Figure 1) does not show evidence of Fe'" d-d transitions: the band at
26300 cm™ is not discernible, even after the UV edge removal. The absence of Fe’” bands confirms
the high Fe*"/Fe,, ratio (R = 99%). In the spectral region of interest for Fe’", i.e. between 18000 and
28000 cm™', the background is slightly higher than in the NCS05-Ox and two weak bands are visible
around 21500 and 23400 cm™. These two weak bands, which can not be ascribable to residual Fe**
(the Fe'" concentration is estimated here at ~50 ppm), are assigned to the Fe’" spin-forbidden
transitions *T»(D) — *T;(H) and *T,(D) — *T»(H) as suggested in Fe*"(H,0)¢ [4] and in a sodium-

alkaline earth silicate glass.[39] Grandidierite (*'Fe*") shows similar weak features between 20000 and
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25000 cm™'.[40,41] Our measurements suggest that the background of the optical spectra of reduced
silicate glasses containing iron is constituted by a succession of poorly resolved bands with low
intensities related to Fe®* spin-forbidden transitions that could lead to overestimate the background if

the minimum of the spectrum around 18000 cm™ is considered as the background value.

The Ca:Mg ratio influences the optical absorption spectra as shown in Figure 3. When replacing Ca by
Mg, the background-subtracted Fe*" spectra keep a similar shape, the NCMS05-Med spectrum being
closer to NCS05-Med rather than to NMS05-Med. At the same time, the 26300 cm™ and 25500 cm’™
bands become more intense and weaker, respectively. This could arise from an increasing proportion

of "Fe*" in the oxidized and medium Mg-rich samples (NMS) compared to Ca-rich samples (NCS).

3.2 X-band electron paramagnetic resonance (EPR) spectroscopy

NCS05-Med and -Ox glasses give typical EPR signals for a Fe’*-bearing glass (Figure 4) with two
main lines at 160 mT (g =4.3) and at 340 mT (g = 2) characteristic of the site repartition presented in
the introduction. However, NCS05-Red (50 ppm Fe’*) gives rise to a peculiar EPR signal (Figure 4)
with (i) a zero field signal, (ii) a sloping background below 100 mT, (iii) a weak signal at g=8
(around 80 mT), (iv) appearance of shoulders just before and after the g =4.3 line (at 130 mT and 170
mT), and (v) a split signal at g=4.3 (See the inset of Figure 4). Moreover, two signals are
superimposed at g =2: a wide signal (marked A in Figure 4) related to clustering of Fe’* ions and a
sharp one at 350 mT (marked B in Figure 4) related to defects trapped on silicate groups that will not
be studied here. The split signal at g =4.3 observed in the reduced samples is due to the separation of
the three EPR Kramer’s doublet transitions d,y, dyy and d,,, which are not overlapping each other. This
unusual splitting indicates that the distribution of the isolated Fe®" sites is relatively narrow and does
not include sites with a pure rhombic distortion. By contrast, in oxidized samples, Fe*" (>1000 ppm)
the broad site distribution among different site geometries includes sites with rhombic distortion,
which is consistent with optical spectroscopy. Site geometry does depend on Fe’* concentration: in
that sense, residual Fe®* appears to probe the specific ("defective") sites of the structure of reduced

glasses, as it probes an average local structure broader site distribution at higher concentration.

3.3 Low-temperature X-band EPR

The EPR spectrum of NCS05-Red at 4K (Figure 5) shows an intense and broad line centered on 60
mT (g~13), which follows a Curie’s law (I, is proportional to 1/T). This signal may be caused by a
ferromagnetic resonance due to traces of metallic Fe [16], and is at the origin of the zero field signal
and the sloping background observed at room temperature (Figure 4). The g = 4.3 line is narrower at
4K than at room temperature and shows a shoulder at 170 mT. The g =2 signal for both NCS05-Med
and NCS05-Ox keeps the same shape at low temperature but the g, 3/g, ratio is two times higher than
at room temperature. For NCS05-Red, the g =2 line (marked A in Figure 4) is wider (AH,, ~60 mT)
than in NCS05-Med and NCS05-Ox (AH,,, ~25 mT). These observations confirm a modification of the
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Fe’" site repartition as a function of the redox state of the glass. As the intensity of the signal at g =2
line disappears on the EPR spectra of NCS05-Red when temperature is lowered to 4K, this signal is
assigned to the presence of Fe’™ clusters, with Fe* —Fe’™ and/or Fe**—Fe*” magnetic coupling becomes
insignificant in comparison with the increase of the paramagnetic effect of isolated iron in regular sites

at g =4.3.[5,15-17,28,42-46]

3.4 Low-temperature Q-band EPR

To our knowledge, Q-band EPR spectra have not been investigated in silicate glasses despite a
higher microwave frequency may help in assessing the rhombic distortion of the Fe’" site. Q-band

(34 Ghz) EPR spectra have been investigated for NCS05-Med and NCS05-Red samples (Figure 6).

The NCMO05-Med signal is not constant before and after the g = 2 line, suggesting the presence of a
broad signal originating from Fe*'-Fe’" interactions and overlapping with the isolated Fe’" signal at

g = 2 (dashed line in Figure 6).

The signal proportion between g =2 and g=4.3 are inverted comparing to X-band. The dramatic
loss of intensity of the g=4.3 signal indicates that rhombic distortion is small relative to Q-band
frequency. As a consequence the g = 2 signal of isolated paramagnetic species is expected to increase
relative to X-band spectra, which is observed: the Q-band signal of the NCS05-Med sample at g =2 is
a relatively sharp and intense signal. In the NCS05-Med sample, about 80 to 90% of the integrated
signal is at g =2 whereas 10 to 20% is at g =4.3. The remaining g = 4.3 weak line demonstrates the
presence of a low amount of sites with a rhombic distortion. This confirms that Fe’™ plays a network
former role with a limited distribution of the polarization of the oxygens in polymerized glasses and

that only a few sites show a rhombic distortion.

In the Q-band spectrum of NCS05-Red (Figure 6), the absence of g=4.3 signal suggests a less
distorted environment for Fe*” in reduced than in medium samples. The numerous Fe’* peaks between
1000 and 1300 mT may be related to a lower site distribution, in agreement with the splitting observed
at g=4.3 in X-band (inset of Figures 3 and 4). The low-field signal (below 500 mT) confirms the

presence of a few ppm of metallic Fe, already detected at X-band.

3.5 Evidence of non-random distribution of Fe**

As observed with optical absorption spectroscopy (Figure 3) and X-band EPR (Figures 7a, 7b and 7¢),
NCMS shows an intermediate behavior between NCS and NMS. Surprisingly, the NCMS05-Med
spectrum does not correspond to an average of the spectra of NCS05-Med and NMS05-Med, meaning
that the environment of Fe’* in NCMS looks more like Fe*" in NCS than in NMS. This indicates that
Fe'" sites are not randomly and homogeneously distributed into the glass matrix as they are sensing a
more calcic than magnesian environment. A similar preferential coupling between transition elements

and alkalis/alkaline earths has been observed for Cr’* ions in soda-lime glasses, where Cr’* shows a
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preference for a Na-rich environment.[47]

3.6 Site distortion

The redox state of the samples investigated influences the EPR spectra (Figure 8). The almost
linear evolution of I, and AH,,, with redox for a fixed total iron content (0.5 wt% of Fe,O;) is similar
to the variation obtained by changing the total iron content at a given redox.[26] This indicates a linear
variation of the Fe’* concentration with the redox values in the glass elaboration conditions used. The
quasi-linearity of the product I,,.AH,, (Figure 8c) confirms the Lorentzian shape expected for the
g = 4.3 signal of Fe’" in diluted glasses.[26] Increasing Fe’" concentration leads to a broadening of the
EPR signal, which is indicative of a larger distribution including isolated Fe’* sites with a smaller
average distortion. On the contrary, at low Fe’*-content, site distribution is smaller (discrete EPR
transitions at g=4.3 compared to oxidized sample without split signal) with a predominance of
distorted sites (smaller AH,,,). However, the Q-band EPR signal at g =4.3 (Figure 6) indicates that
only a small amount of rhombically distorted sites are present in NCS05-Med while there is no
resonance in NCS05-Red. Despite the average sites appear more distorted in NCS05-Red, NCSO05-

Med presents sites with a stronger rhombic distortion.

In Q-band, the integrated EPR signal at g = 4.3 participates in less than 10% of the total integrated
EPR signal, while it represents 50-60% in X-band. The trend of the g =2 signal to increase at Q-band
relatively to X-band, in which the g=4.3 signal is dominating, is in accordance with previous
observations [42] on borate glasses. However, in the sodium-alkaline earth-silicate glasses
investigated, the low intensity of the Q-band signal at g=4.3 suggests a smaller proportion of

rhombically distorted Fe® sites than in lithium-borate glasses.

The nature of the alkaline earth cations has a smaller effect on I,, and AH,, than the redox.
Nevertheless, Mg-containing samples show weaker and broader g = 4.3 signals. Whatever the redox,
the larger linewidth of the g=4.3 signal (Figures 7b and 8b) for NMS samples compared to NCS
samples reflects a decrease of the rhombic distortion of Fe’* sites (i.e. lower value of A = E/D).[26] A
lower rhombic distortion is supported by the increase of the signal associated to axially distorted sites
at g=28 (Figure 7a) and g=2 (Figure 7c). Due to smaller coordination numbers, 4-fold sites are
indeed less subject to distortion- This effect is consistent with the increase of the concentration of
tetrahedral sites in Mg-bearing glasses compared to Ca-bearing glasses, with lower average
coordination number for Fe'" in soda-magnesia glasses (~4.5) than in soda-lime glasses (~5.0).[48]
This is supported by our optical absorption data (Figure 3) suggesting an increase of the 25500 cm™
contribution (attributed to 5-fold Fe’") and a decrease of the 26300 cm™ contribution (attributed to

tetrahedral Fe'").

3.7  Clustering vs isolated sites
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Clustering effects may be evaluated by the ratio between the intensity of the transitions linked to
isolated and clustered Fe’" at g =4.3 and g = 2, respectively (Figure 9). The reduced samples have the
lowest I,,(g = 4.3)/I,,(g = 2) ratio, suggesting that they contain a higher proportion of Fe’” involved in
clusters than more oxidized samples. This interpretation is corroborated by the antiferromagnetic
origin of the g = 2 signal in reduced samples (Figure 5). According to previous articles that studied the
effect of total Fe-content in sodium-silicate glasses, the reduced samples investigated here have a g =2
signal shape similar to the one observed at higher iron content ([Fe,O;] > 1 mol%).[17,18] In these
high Fe-glasses, Fe’"-rich clusters have been shown by optical absorption and Mdssbauer
spectroscopic properties [49] and confirmed by neutron diffraction and numerical simulations.[50]
The present study shows that, in reduced samples, residual Fe’" tends to segregate, with an EPR
signature similar to that in concentrated glasses. In minerals, clusters involve [“Fe’" cations.[51] By
analogy, iron clusters in glasses would be favored by Fe’* located in 5-fold or 6-fold coordinated sites:
this indicates that reduced glasses contain a higher proportion of "'Fe’" and/or ®/Fe’" than the
corresponding oxidized glasses. Indeed, the linkage between tetrahedral cation sites is unfavored
energetically, as predicted by the Lowenstein exclusion rule[52] leading to the formation of oxygen
triclusters. Whatever the redox, the ratio I,,(g=4.3)/I,,(g=2) decreases when Mg is added,
suggesting that the NMS05 glass contains a higher proportion of Fe’* clusters than the NCS05 glass.
This result indicates that smaller alkaline-earth ions promote Fe’* cluster formation, in agreement

agrees with previous studies.[53]

4 Conclusions

Complementary data from X- and Q-band EPR at variable temperature, and optical absorption
spectroscopy provide unique information on the structural behavior of Fe’* in sodium-alkaline earth
silicate glasses as a function of redox (oxidized glasses with Fe*"/Feo~ 5%, medium glasses with
Fe’'/Fe, = 25% and reduced glasses with Fe®'/Fe =~ 99%) and glass composition. In medium and
oxidized glasses, a majority of Fe’* occurs in tetrahedral sites with a minority of 5-fold coordinated
sites. These sites are partitioned between isolated and clustered sites. There is a significant
compositional dependence of the spectroscopic properties of sodium-alkaline earth silicate glasses.
Changing Ca to Mg increases the amount of tetrahedral Fe’" sites and decreases their distortion, which
modifies glass optical transmission in the visible. It also reduces the amount of isolated rhombic Fe’*
sites and promotes the formation of Fe-rich clusters. These compositional effects confirm the non-

homogeneous structure of silicate glasses.

The site distortion of the isolated sites has been evaluated by X- and Q-band EPR at helium and
room temperature. The Fe-redox state has an important effect on the local environment of Fe’*. In
medium and oxidized glasses, Fe’* sites are mostly isolated with a broad distribution centered on a
modest rhombic distortion, but including a small proportion of rhombically distorted Fe*" sites. This

3+

indicates a high proportion of “IFe’" sites. Reduced glasses show a larger contribution of Fe-rich
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clusters, with a possible presence of metallic Fe. An original feature is the presence of rhombically
distorted, isolated Fe’" sites with a narrow site distribution, which is consistent with the presence of
higher coordination numbers. The spectroscopic behavior of Fe*” in these reduced glasses indicates an
original surrounding, which is hidden within a broader site distribution at higher Fe’*-content in the

medium and oxidized glasses.
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Table 1: Redox measurements: Fe**/Fe,, (in %), of the 0.5 wt% Fe,0; doped silicates from wet chemical analysis (3%

uncertainty).

Sample name Oxidized (Ox) Medium (Med)  Reduced (Red)
NCS05 6 28 99
NCMS05 5 25 99
NMSO05 6 24 99

Table 2: Electron microprobe analysis (EMPA) measurements (in wt%) and nominal composition (converted in wt%),

standard deviations of each element are in parenthesis.

SiO, Na,O CaO MgO Fe,0; Total
NCS05-Med 73.89 (0.73) 15.73(0.37)  9.47(0.23)  0.01(0.01)  0.52(0.02) 99.61 (0.56)
NCS05-0x 75.43 (0.50) 15.99 (0.40)  8.26(0.31)  0.00(0.00) 0.54 (0.004) 100.23 (0.43)
NCS05-Red 74.32 (0.80) 15.61 (0.44)  9.35(0.33)  0.00(0.00)  0.51(0.02) 99.79 (0.58)
Nominal-NCS05 73.75 16.45 9.30 0.00 0.50 100.00
NCMS05-Med 75.78 (1.18) 16.05(0.51)  4.54(0.23)  3.31(0.31)  0.52(0.03) 100.17 (0.84)
NCMS05-0Ox 77.32 (0.56) 15.89 (0.10)  4.43(0.17)  2.84(0.10) 0.52(0.003) 100.99 (0.59)
NCMS05-Red 74.50 (0.68) 16.37 (0.65)  4.97(0.16)  3.67(0.16)  0.55(0.04) 100.05 (0.61)
Nominal-NCMS05 74.73 16.67 4.71 3.39 0.50 100.00
NMS05-Med 75.62 (0.96) 16.77 (0.43)  0.01(0.01)  7.03(0.21)  0.51(0.03) 99.93 (0.88)
NMS05-Ox 75.69 (0.47) 17.61 (0.28)  0.00(0.00)  7.00(0.16)  0.56 (0.01) 100.87 (0.46)
NMS05-Red 75.45(0.91) 17.04 (0.37)  0.02(0.03)  7.19(0.20)  0.52(0.02) 100.19 (0.88)
Nominal-NMS05 75.74 16.89 0.00 6.87 0.50 100.00
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Table 3: Fitting parameters and corresponding spin forbidden d-d transitions attribution for the absorbance peaks of Fe**

ions in the NCS05-Med glass.

.. Full width at half .
Peak # Peak p o_?ltlon maximum Peak l_ﬁelghﬁ Assignments
(em™) a (L.mol".cm™)
(em™)
21200+200 23604300 0.13+0.02 HIFe™, °Ai(S) — “Tx(G)
[S]Fe3+s 6A1(S) i 4A174E(G)

2 22810+40 1450470 0.46+0.02 “IFe’, °A(S) — *AL'E(G)
3 23980430 13704100 0.38+0.02  MFe™, *Ai(S) — “Ty(D)
4 25600430 1030475 0.42+0.02 PR, *Ai(S) — “Ty(D)
5 26340+10 910+10 1.71+0.02 HIFe’, °A(S) — *E(D)
6 27190450 540+100 0.11+0.02 PO, °Aye(S) = *Eg(D)
7 36400300 80504500 900+£30  OMCT Fe’* — O™
8 424004300 16500900 120430  OMCT Fe’' — O™

Table 4: Fe** spin forbidden d-d transitions attribution for the absorbance peaks (in cm™) of 3 Fe-bearing minerals with
different site symmetry and coordination number (CN). Band numbers in parenthesis correspond to the fit of the glass
(Table 3).

Name CN__Geometry "Ty(,(G) "Tao(G) "Asg, E(G) “Taw (D) "Ei(D) _refs
_ [4]p 3+ 20000 23800 26460
Fe-orthoclase ‘“Fe T4 (#1) 22600 (#2) (#3) (#5) [4,31]

20700 (#1) 25500 28200

yoderite  PFe’™  Cy, 21500 #1) () (46) [32,33]
andradite ~ Fe’™ 3 (Ss) 12450 16650 %%88 24000 2(7#?6(;0 [4,34]
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Figure 1: Optical absorption coefficient of the oxidized (NCS05-Ox / yellow), the intermediate redox (NCS05-Med / green)
and the reduced (NCS05-Red / blue) soda-lime-silica glasses. The inset is a zoom on the Fe** d-d transitions range.
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Figure 2: Resulting fit of Fe** bands in the soda-lime oxidized glass (NCS05-0x) after UV-edge removal. The Fe** bands
were fitted with Gaussian functions. The experimental spectrum and the fitted spectrum are shown as a blue line and a

red dashed line, respectively.
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Figure 3: Optical absorption spectra for the three sodium-alkaline earth silicate glasses with a Fe’'/Fe,,, ratio around
25%: NCS05-Med (red), NCMS05-Med (green) and NCM05-Med (blue). UV-edges have been removed using a Gaussian
fit of the charge transfer band.
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Figure 4: Room temperature X-band EPR signals of a soda-lime-silica glass at three different redox: NCS05-Ox (yellow /
R =6%), NCS05-Med (green, R = 28%) and NCS05-Red (blue, R = 99%). The inset is a zoom on the g = 4.3 line.
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Figure 5: Low-temperature X-band EPR signals of a soda-lime-silica glass at three different redox: NCS05-Ox (yellow /
R =6%), NCS05-Med (green, R = 28%) and NCS05-Red (blue, R = 99%). The inset is a zoom on the g = 4.3 line.
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Figure 6: Q-band EPR signals for the samples NCS05-M (green, R = 28%) and NCS05-Red (blue, R = 99%) for the soda-
lime glass measured at 20K. The intensities are not normalized. The EPR signal of NCS05-Red has been magnified for
clarity reasons.
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Figure 7: Effects on the X-band EPR signals when Ca** is substituted by Mg’" in the glassy matrix for the three
intermediate redox (NCS05-Med (red), NCMS05-Med(green) and NMS05-Med(blue)): (a) increase of the g =8 line, (b)
decrease and broadening of the g = 4.3 line and (c) increase of the g = 2 line.
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Figure 8: (a) g = 4.3 peak-to-peak intensity (I,,), (b) g = 4.3 peak-to-peak linewidth (AH,,) and (c) the product of AH,,
and I, as a function of redox R = Fé*/Fe,,, for the three glass compositions under study: NCS, NCMS and NMS. The
lines are a guide for the eyes.
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Figure 9: Ratio between the peak-to-peak intensity at g = 4.3 and the peak-to-peak intensity at g =2 at 298 K as a function
of the composition of the glassy matrix. The ratio I,,(g = 4.3)/1,,(g = 2) is correlated to the proportion of Fé*" in isolated
distorted sites vs Fe’" in clusters.
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