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Abstract

Binary alkali borate glasses R,0-B,0; (R = Li, Na or K) are a model system for oxide glasses due to the major
modification of their structure and properties with alkali concentration. The present study correlates optical absorption
and electron paramagnetic resonance (EPR) spectroscopy data on binary alkali borate glasses containing Cu®" in the
range 10-33 mol%. These glasses show a color change from light cyan to sky blue with increasing alkali content. The
chemical dependence of the spectroscopic properties of Cu®" in alkali borate glasses is different from what is observed
for other divalent transition metal ions (Ni**, Co>"): (i) there is no change in the coordination of Cu*" as a function of
alkali content, confirming that tetrahedral Cu®" is rather rare in oxide materials; (ii) as a consequence, the color change
of Cu”"-containing glasses as a function of their chemical composition remains limited; (iii) cation field strength does
not significantly influence the spectroscopic properties of Cu”", the alkali content being the main chemical parameter
governing Cu”" speciation in these glasses; (iv) there is no clustering of Cu®" ions in low-alkali borate glasses. By
correlating the data obtained from optical absorption spectroscopy and from EPR, information is gained on the
variation of Cu site geometry as a function of the alkali content of the glass. In low-alkali glasses, the Cu”" sites show a
higher distortion than in high-alkali glasses and their coordination geometry is less distributed. This may indicate a link
with the rigid superstructural borate units of these glasses. The spectroscopic parameters of Cu®" in low-alkali glasses
show also a noteworthy similarity with those of aqueous Cu®* complexes. The smaller site distortion in high-alkali
glasses is accompanied by a more covalent character of the = Cu”"-O bonds, resulting from a weakening of the B-O
bonds due to the progressive conversion of *'B to [/B with increasing alkali content. The color changes from light cyan
to sky blue due to the increase in absorption efficiency in the red portion of the visible spectrum. Indeed, in high-alkali
glasses, a greater distribution of the Cu”" sites causes a broadening of the Cu®" absorption band. These modifications
are explained by considering the influence of axial ligands on the distortion of Cu®" sites. The intensity of this axial
distortion governs the anisotropy of the Cu®" sites, even if the contribution of axial ligands to the local charge balance
of Cu”" remains minor. The Cu®" speciation in alkali borate glasses derived from this spectroscopic approach is
consistent with a bond-valence model. As Cu" is used widely as a structural probe in crystals and glasses, such a bond-

valence approach may shed light on the local environment of Cu®" in oxide glasses.

© 2022 published by Elsevier. This manuscript is made available under the CC BY NC user license
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https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0022309322003106
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0022309322003106

36 Keywords: borate glasses; Cu®" spectroscopy; glass structure; UV-visible spectra; Electron Paramagnetic Resonance

37 (EPR); crystalline borates.



38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

1. Introduction

By contrast to most glasses, which are considered to have only a short range ordered structure, borate glasses
show some medium range order due to the presence of rigid superstructural units [1], based on an arrangement of 3-
and 4-coordinated boron (referred hereafter to as !B and !B, respectively). Up to a Na,O/B,0s ratio of about 0.5, B-
coordination in oxide melts and glasses varies with composition, temperature and pressure. The coexistence of *'B and
[*IB causes borate glasses to exhibit unique structure-property relationships, because of the complex interplay between
these two B coordination states and the other glass components. This medium range order in binary alkali borate
glasses varies with the alkali content [2]. The boron coordination change from "B to !B with increasing alkali content
modifies the local structure of the glasses, as the alkali ions associated to B turn from a modifying to a charge-
compensating role. As a consequence, alkali borate glasses exhibit important modifications of their physical and
chemical properties as a function of cation content and cation field strength [3].

When containing transition metal ions, binary alkali borate and borosilicate glasses exhibit a spectacular color
change as a function of the alkali nature and content, which has been mostly approached in the past through optical
absorption spectroscopy [4,5]. X-ray absorption spectroscopy (XAS) has provided structural scenarios explaining such
color changes, e.g. in Ni- and Co-containing alkali borate glasses, in which these elements exist only in the divalent
state. The correlation between optical absorption spectroscopy and XAS has shown the importance of 5-coordination of
Ni*" in oxide glasses [6,7]. The color due to Ni*" in alkali borate glasses varies from green in 10 mol% RO to glasses
to brown at higher alkali content and even deep purple at high K,O content, due to the progressive conversion of Ni**
from 6- to 5- and 4-fold coordination [7,8]. This sensitivity to the concentration and field strength of the alkali explains
the large palette of colors of Ni-containing alkali borate glasses. Later studies have shown that the geometry of the Co*"
site shows a similar chemical dependence in the same borate glass compositions: there is a decrease in the coordination
number of Co>* from 6 to 5 and 4 with increasing alkali levels and decreasing field strength of the alkali. This causes
the color to vary from pink to blue in 10% R,0 and 30% R,O glasses, respectively, due to the conversion of Co*" from
6- to 5- and 4-fold coordination [9]. Here too, decreasing the alkali field strength (from Li" to K") enhances the
formation of low coordinated sites. Similarly to 3d elements, the coordination number of uranyl groups in borate
glasses decreases with increasing glass alkalinity, as shown by the smaller number of equatorial ligands measured by

X-ray Absorption Near Edge Structure (XANES) [10].
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It is interesting to investigate the behavior of other divalent transition metal ions in alkali borate glasses, as a
function of the alkali content or of the alkali field strength. Copper may exist in glasses under oxidation states usually
ranging between 0 and +2 [4,5] and Cu®", a d” ion causes the well-known blue to green color of glasses and crystals [4].
By contrast, Cu’ metallic nanoparticles cause an intense red coloration [4] and Cu’ does not give rise to any glass
coloration, as it is a @'’ ion [11]. As Cu® has only one half-filled electronic orbital, this 3¢’ configuration gives rise to a
relatively simple energy level structure with one ground state 2Eg and one excited state Zng in regular octahedral fields
[11]. Divalent copper spectroscopy has been extensively investigated in glasses since the pioneering studies of Hosono
and coworkers [12-14]. The colors caused by Cu”" in glasses vary between blue and cyan, as in stained glasses [15,16]
or antique tesserae [17]. Variations in the intensity of the crystal field are not the only reason for this change of color.
Octahedral Cu®" ions undergo a Jahn-Teller distortion that also affects glass color. Cu®" ions constitute a useful
spectroscopic probe of the local structure of glasses [12,13]. In addition, recent studies on Na borate glasses show an
original sensitivity of Cu*" spectroscopy to the influence of other doping impurities in borate glasses [14,18].

Numerical modeling [19,20] shows an elongation by 3 to 16% of the axial Cu-O bonds, as a result of a Jahn
Teller effect, a value close to the 10% axial elongation of the Cu®" site substituted in crystalline lithium borates [21]. In
glasses, the focus has been mostly on specific borate glasses within a limited range of alkalis, therefore leaving aside
questions regarding the differences between low- (< 20 mol% alkalis) and high-alkali glasses [12,13,22]. The origin of
these differences still raises questions. As EPR provides evidence of a modification of the Cu”" sites between low- and
high-borate glasses, XAS does not evidence any sharp change, though the presence of Cu” may limit an accurate use of
this technique [23]. Moreover, optical absorption data are still scarce, especially in the near infrared. In this work, we
determine the relation between EPR and optical absorption spectroscopy data in binary Li-, Na- and K-borate glasses,
by considering the influence of the alkali concentration, in the range 10-33 mol% alkali oxides, and of the alkali field
strength. This structural information is compared to the surrounding of Cu®" in crystalline borates and with structural
scenarios expected from from a bond-valence modeling. These data show that Cu®* occurs in axially elongated
octahedra, the position of the axial ligands being dependent on the links between the Cu-sites and the borate framework.
The absence of a clear coordination change of Cu®" in alkali borate glasses limits a strong variation of the color with
glass composition and is a major difference with what is observed for Co”" and Ni**, due to the different electronic

properties of these ions.
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2. Experimental methods

We synthesized, by a melt quenching technique, binary alkali borate glasses, nX,0 — (1-n) B,O3, where X is Li,
Na or K and n ranges from 0.1 to 0.33. Each batch of 3g consisted of reagent grade CuO, alkali carbonate (Li,COs,
Na,COs3, K,CO;3) and H3;BO;. The raw materials were dehydrated overnight, at temperatures ranging from 150°C to
350°C and mixed together in an agate mortar. The resulting powder was then melted in a platinum crucible under
ambient atmosphere at 1100°C for 2 h. The glass was reground and re-melted for 2 h at 1100 ° C. It was then cast
between two copper plates, annealed for 2 h at 20°C below the glass transition temperature of each glass and stored in
paraffin oil to prevent hydration. The X-ray amorphous nature of the glasses was checked by X-ray diffraction (Fig.

S1). Glass plates were shaped for EPR spectroscopy. Table 1 summarizes the composition of the samples synthesized.

Table 1. Nominal composition of the alkali borate glasses investigated (mol%). The samples were added 0.2 mol%

CuO for each batch.
B,0; Li,O Na,O K,O

LiB10 90 10

LiB14 86 14

LiB21 80 21

LiB25 75 25

LiB33 67 33

NaB10 90 10

NaB14 86 14

NaB25 75 25

NaB33 67 33

KB10 90 10
KB14 86 14
KB25 75 25

KB33 67 33
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Optical absorption spectroscopy analyses were performed on glass sections mechanically polished on both sides.
The thickness of the polished slabs was determined by an Olympus ultrasound gauge 45MG-X-MT-E. Optical
absorption spectra were recorded at room temperature using a Perkin-Elmer Lambda 1050 UV—Visible-NIR
spectrophotometer in transmission mode in the range of 300-3300 nm (33330-3030 cm ™ '). The absorption spectra,
corrected from reflection at the glass surface, were normalized to sample thickness.

For Electron Paramagnetic Resonance (EPR) measurements, the glasses were shaped as cylinders for a measure
in silica (Suprasil) tubes for X-band. The EPR signals were collected using a Bruker ESP 300 at X-band (9.5 GHz),
with a field modulation of 100 kHz and an amplitude modulation of 1 mT. The measurements were performed at
different microwave powers to avoid signal saturation. The inter-comparison of the X-band EPR signals was achieved
by normalization to the mass of the sample, the gain, the amplitude modulation and the square root of power
(expressed in mW). The same volume of sample, accurately weighted, was used for each spectral measurement to

minimize inaccuracies due to the variation in the sample position within the EPR cavity.

3. Results

3.1. Optical absorption spectroscopy

The glasses present different colors in terms of hue and saturation (Fig. 1), ranging from light cyan to sky blue
with increasing alkali content. In addition to hue variations, the saturation of the coloration is larger in alkali rich
glasses. This may be related to the chemical dependence of the Cu?' site geometry and of the redox ratio Cu*'/Cugal.
The color change of these glasses occurs near 20 mol%, a value similar to the color change observed in binary alkali

borate glasses doped with other transition elements, as above mentioned.



X,0 10 14 21 25 33

(mol%)
e -
Li,O \ w
. e [
Na,0 | , k \ | X
— m\“
K,O ( l '
133 o |
134 Fig. 1. Color of the investigated glasses
135
136
= ° Y
‘T,\ g 3 g >
£6 | g 4k H 1 @
% OH groups > 2 g 3
g [ / g r 1 g — 2 g
X 2 A 3 o
\ ”,
£ 4 ol el 2 :
ko) - 6000 12000 18000 24000 30000 o
%) J =
s M 3
o >
3 UV absorption edge =
5, | I
[ 2
2 | —kB33{ 5
< —KB10 ~
0 'O TR T T TR NN TR SRNN TR TR NN TR THNN THNNS WA NN THNN SR TR TH NN TH THNN NN SR B T 0
5000 10000 15000 20000 25000 30000
Wavenumber (cm'1)
2000 1000 800 700 600 500 400 300
] ] ] ] ] ] ] |
137 Wavelength (nm)

138 Fig. 2. Optical absorption spectra of Cu”" in two potassium borate glasses. The spectra have been normalized to the
139 same intensity of the Cu®" absorption band, due to a higher absorbance at higher alkali content. The inset compares the
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141 trend. The spectra have been normalized to the same intensity of the Cu®" absorption band for comparison purpose.
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The optical absorption spectra of low- and high K-borate glasses show several differences (Fig. 2). Three
spectral domains are recognized. (i) In the near infrared, an intense absorption near 3500 cm™ ' arises from the
stretching vibrations of hydroxyl impurities. This absorption of OH groups is more important in low alkali than in high
alkali glasses. On the low wavenumber side, it is superimposed to an abruptly rising absorption due to the vibrations of
the borate network, such as the first overtone of the *!B-O stretching vibration near 2800 cm™'; ii) In the visible part of
the spectrum, the large and asymmetrical Cu®" absorption band is centered near 12500-13000 cm™. This band is
narrower by about 20% and less intense by 40% in the alkali-poor KB10 glass than in the alkali-rich KB33 glass. A
similar difference is observed between an aqua-complex and a silicate glass (Fig. 2, Inset), which may arise from the
disorder-induced distribution of the geometry of the Cu®" sites in glasses by opposition to aqueous solutions; (iii) In the
near UV, the position of the absorption threshold depends also on glass composition. It shifts to lower wavenumbers in

alkali-rich compositions. As the intensity of the Cu”" absorption band also increases in alkali-rich glasses, the

modification of the UV threshold can be linked to an 0> —> Cu’" charge transfer, though an intervalence charge

transfer Cu” —> Cu”" may be another possibility, as suspected in other borate glasses [25]. The influence of an

intraconfigurational 3d'’4s’—>3d’4p’ transition of Cu” can be discarded as this transition occurs at wavenumbers

above 35000 cm™ and is not easily detected in glasses [26].
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Fig. 3. Optical absorption spectra of binary alkali borate glasses for alkali R levels varying between 10 and 33 mol%
R,0. (a): Li-borate glasses; (b): Na-borate glasses; (c): K-borate glasses. These spectra show similar differences
between alkali-poor and alkali-rich glasses for the three spectral domains discussed in the text: OH stretching modes,
Cu’* crystal field band and UV-threshold. (d): Alkali-poor borate glasses show similar Cu®* absorption band and

possess the same transmission window, which give them a color independent of the nature of the alkali.

Fig. 3 depicts the optical absorption spectra, after normalization to a linear absorbance scale. All spectra exhibit
the broad Cu®" absorption band centered near 12500-13000 cm™, close to the boundary between the visible range and
the near infrared. Its high-energy side absorbs red radiations, defining a characteristic transmission window in the blue-
green domain. The position and shape of this band vary with glass composition. In alkali-poor glasses, it is of low

intensity and asymmetrical on its low wavenumber side with a shoulder near 10000 cm™. We find a good agreement
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between the position and width of the Cu®" absorption band in these low alkali glasses and the data obtained in aqueous
solutions, where Cu”" occurs as hexa-aquo complexes [24,27]. At higher alkali content, the intensity and width of this
band increase and an asymmetry appears on its high wavenumber side, due to a shoulder near 14 000 cm™. The
concentration and, to a lesser extent, the nature of the alkali influence the shape of the absorption band, as exemplified
in Figs 3a, 3b and 3¢, with the exception of the alkali poor glasses, for which the Cu*" band is almost identical for the
three Li, Na and K three XB9 glasses (Fig. 3d).

The position of the Cu®" absorption band shifts only by less than 5% over the glass composition range
investigated (Fig. S2). The influence of the alkali content of borate glasses on the color imparted by Cu®" is more
limited than for other transition metal ions as Ni*" [8] or Co”" [9] that suffer major coordination changes in alkali borate
glasses, from 6-, to 5- and 4-coordination at increasing alkali content. The small modifications observed in the optical
spectra indicate the absence of such drastic coordination change of Cu®" in this composition range. However, by
contrast to the position of the band, its width increases by about 30% with the alkali content (Fig. 4) causing a

perceptible color change (see 4.2).
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Fig. 4. Full width at half maximum of the Cu”" band. The arrow indicates the value observed for the Cu®" aqua ion

[27], which is similar to the values observed in low alkali borate glasses.

3.2 EPR spectroscopy

10
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Fig. 5. EPR spectrum of Cu®" in the KB33 and KB10 glasses. gy and g, are the parallel and perpendicular components

of the g-factor, respectively. The parallel signals are on the low field side of the spectrum, an indication of the

elongation of the Cu®" site. The parallel and perpendicular components of the hyperfine A-tensor, 4 and 4.,

respectively, are designated by the interaction with the nuclear spin (varying from -3/2 to +3/2). The g-factor is defined
by the relation 2v=gfH, where v is the microwave frequency, H is the applied magnetic field, S is the Bohr
magneton, and / is the Planck constant. It is determined from the center of each hyperfine structure and its value is
given for the two parallel structures of KB33 and KB10 glasses and for the perpendicular structure of KB33, which is

resolved due to the large value of the hyperfine structure in high alkali glasses.

The EPR data do not reveal the presence of Cu*'-rich clusters. The baseline is horizontal, indicating the absence
of superparamagnetic contributions that would arise from Cu”"-rich clusters. Indeed, the presence of these clusters
would be characterized by a broad and asymmetric signal, as observed in presence of copper oxide clusters and
nanoparticles [28]. An abundant literature has been published on the EPR spectra of diluted Cu®" in borate glasses [12-
14,18-20,22,25,29-31]. The spectra of the KB10 and KB33 glasses (Fig. 5) show two sets of well-resolved, equally

spaced hyperfine components, characterizing the asymmetrical Cu®" site. The parallel hyperfine structure occurs at a

11
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lower magnetic field than the perpendicular structure indicating g, > g, > 2.0023 (g.): this corresponds to an axial

elongation of the octahedral Cu*-site along the z-axis, with a ground state being the afxz—y2 orbital (°B 1¢ state). The EPR
signals occur at a lower magnetic field in the low alkali glass KB10 than in the high alkali glass KB33, indicating
larger g-values in the former relative to the latter. As it will be discussed in §4.1, this spectral shift corresponds to
larger Cugyia-O bond lengths. This is in contrast to the clustering observed for other divalent transition metal ions (Ni*",
Co*") and Zn*" in low-alkali borate glasses [32,33].

The position of the hyperfine components (Fig. 5) is characteristic of an axial Cu®" signal. The perpendicular
structure is narrower and less resolved in low-alkali than in high alkali glasses because of a smaller hyperfine splitting
that causes the four hyperfine components to overlap. The parallel hyperfine structure shows a larger hyperfine
splitting arising from the elongation of the Cu®" site. It shows also a progressive inhomogeneous broadening and
weakening with increasing magnetic field. The same behavior has been observed on the EPR spectra of Cu®" in silicate
glasses and aqueous solutions, the former being more disordered than the latter [34]. The spectra are better resolved in
alkali-poor glasses, as previously observed for the optical properties (see 3.3). This indicates a more limited local
disorder as compared to alkali-rich compositions, probably linked to the presence of “/B-containing super-structural

units(see 4.2).

4. Discussion

4.1 Structural information from EPR

12
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Fig. 6. Evolution of the EPR parameters as a function of the nature and concentration of the alkali. (a) and (b) represent
the variation of the parallel and perpendicular g-factor, respectively; (c) and (d) represent the variation of the parallel
and perpendicular hyperfine parameters, respectively. The arrow symbols indicate the values obtained for the EPR

arameters (parallel components) of the Cu®" hexa-aqua complex in D,, symmetry [data from 35,36].
p p

Previous studies demonstrated that EPR parameters of Cu>" show a marked chemical dependence in binary alkali
borate glasses [12,13,22,37]. This dependence is similar for the parallel and perpendicular components (Fig. 6 and
Table S1). However, as the g-factor decreases with increasing alkali content, the hyperfine coupling constant 4 follows
an inverse trend. It results a noteworthy inverse linear relationship between g, and A, as a function of glass
composition (Fig. 7a). A similar relationship has been observed in most glassy systems containing Cu®" [37,38]. The

seminal work of Peisach and Blumberg [39] established experimentally the general linear trend anti-correlating g, and

13
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Ay values in Cu*" complexes. This inverse relation has been modeled by DFT calculations on Cu®* complexes with

oxygen ligands [40]. If we assume a similar behavior of the EPR parameters of Cu" in glasses and in solutions,

decreasing g, while increasing 4, values at higher alkali content corresponds to shorter Cu-Ocquatorial bond lengths. Such

a shortening increases the sharing of d-electron density between Cu®” and its oxygen neighbors, i.e. a larger
delocalization of Cu®" d-electron density [40,41]. By contrast, large bond lengths enhance the localization of the d-
electron density on Cu®" in alkali-poor borate glasses. It is of interest that the EPR parameters of these alkali-poor
glasses are close to those found in aqua-complexes, as based on experiment [35] and DFT modeling [36]. This

similarity between Cu*” EPR parameters in alkali-poor borate glasses and in solutions is illustrated in Figs 6 and 7.
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Fig. 7. (a): Correlation between the EPR parameters g, and A, in alkali borate glasses. The black square represents the

value for Cu” © aqua complexes using the data from [35,36]. (b): Evolution of the anisotropy of the g-factor, as

expressed by Ag =g/~ 2..

The anisotropy of the g-factor, obtained from the difference between the parallel and the perpendicular g-factor

components, characterizes the magnitude of the Cu®" site distortion. This anisotropy decreases with increasing alkali

content, indicating a smaller site distortion as compared to low alkali borate glasses (Fig. 7b).

4.2 Optical properties of Cu’" and the cyan to blue color change of borate glasses containing Cu’"
/4

The molar extinction coefficient € of Cu®” increases with the alkali content of alkali borate glasses,

14
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approximately doubling from 25 to 50 L.mol™.cm™ in the 11-33 mol% Na,O range [5]. The 50 L.mol".cm™ value is
consistent with that determined in similar air-melted Na,O-3B,0; glasses by Duran and Navarro [42]. As the in-plane
n-bonding parameter increases also at high alkali content (see 4.5), covalency effects may play a role in this evolution
of € values.

The differences between low- and high-alkali borate glasses evidenced by EPR correspond also to a modification
of the optical absorption properties of Cu®", causing a color change easily detected by the naked eye (Fig. 1). It is
characterized by a broadening of the Cu>" absorption band and by a modification of its shape at high alkali content.
This causes the transmission window to narrow around the blue region of the spectrum, giving rise to the color change
visually observed. The absorption band may broaden because of a larger distribution of Cu-O bond lengths or from a
modification of the intensity of the quadratic distortion of the Cu®" site. As the EXAFS data obtained on Cu-containing
alkali borate glasses show only a limited radial disorder of the Cu-O bonds [23], an O-Cu-O bond angle distribution
may be at the origin of this broadening.

After subtracting a linear baseline, the Cu®" absorption band has been fitted with Gaussian components. The
deconvolution is considered satisfactory when the residue is less than 1% of the source value at all points and the result
remains stationary for different starting configurations tested. A Gaussian lineshape is expected for crystal field
transitions scaled in wavenumbers [11,43] as it is a scaling proportional to energy. Only a few studies present Cu’"
optical absorption spectra inadvertently Gaussian fitted on the basis of a wavelength scale [44]. A three-Gaussian
modeling gives consistent results for all samples (Fig. 8a). It corresponds to the three electronic transitions expected

from the analysis of the electron level diagram in D, site symmetry (see 4.2).
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Fig. 8. (a): Fitting of the main Cu®" band into 3 Gaussian components for the optical absorption spectrum of the KB33
sample. These three components are assigned to the three transitions expected in a distorted quadratic symmetry, as
indicated on Fig. 10. The residual of the fit is shown at the bottom. (b): Position of the maximum absorbance and full
width at half maximum (FWHM) of the v, Gaussian component. As the high wavenumber side of this band absorbs in

the red-orange region of the spectrum (up to 20000 cm™), a shift in its position will modify the glass color.

For most glasses, the nature of the alkali has a limited influence on the energy of the electronic transitions. This
is especially true for alkali-poor glasses, which present an almost identical absorption band, independently of the field
strength of the alkali (Fig. 3d). By contrast, there is a marked difference between low and medium alkali glasses
(Table S2). At low alkali levels, the Gaussian components v; and v, are closely located. As component v; is more
distant, this causes an asymmetry of the low wavenumber side of the Cu®" absorption band. At higher alkali content,
the three components move away from each other. The increasing spacing between components v, and v, is
responsible for the broadening of the band (Fig. 2). This causes an asymmetry of its high wavenumber side, affecting
the transmission window in the visible range and modifying the color of the glass from cyan to blue. Indeed, the
maximum spectral sensitivity of the human eye under daylight conditions is at wavenumbers close to 18000 cm™. This
makes the visual evaluation sensitive even to the minor variations of the Cu®" absorption band. Indeed, the O* to Cu*"
charge transfer band in the near UV does not affect the glass color as it absorbs only weakly the short wavelengths of

the visible spectrum [26].
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302 In order to emphasize the evolution of the hue with glass composition, the colorimetric coordinates have been
303 calculated by normalizing the absorbance of the Cu®* band to an optical density of 10 (Fig. 9). The potassic glasses
304 present the largest variation of color coordinates: as shown on Fig. 4, K-rich glasses show the broadest Cu®* band,

305 which absorbs more efficiently the red portion of the visible spectrum than in the other glasses. This results in a higher

306 purity of the blue color.

307
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308 X

309 Fig. 9. Colorimetric coordinates of copper-doped alkali borates. The saturation has been overstated to make more

310 explicit the colorimetric differences, as explained in the text. The purity of the color increases in high alkali glasses.

311
312 4.3 Chemical dependence of Cu’" crystal field parameters in alkali borate glasses
313 Cu’" has one unpaired electron, corresponding to the d’ configuration, extensively investigated in crystalline

314 materials [11,45-47]. In an octahedral crystal field, the free ion term D splits into ground zEg and excited °T' 1 levels and

315 only one crystal field parameter, 10Dg, needs to be considered. As the Jahn-Teller effect lowers site symmetry down to
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Dy, or lower, three crystal field parameters (Dg, Ds, Dt) are operational and the ZEg and 2T2g levels further split into
‘B lg(dxz_yz) and “4 ,g(dzz) and into Zng(de) and ZEg(dXZ, dy,) levels, respectively. As a consequence, three optical

transitions from the ground state °E,, are expected. They will be referred to as vy, v, and vs. (Fig. 10).
g g p

C"xz' dyz
dle dyzl dxy P Egz' 4Dq - DS + 4Dt Y U—
,__<:’
ZD /,, 2T29 \\\
L T B,,=—4Dq + 2Ds - Dt 7
— oy
- ,———— A,,=6Dq - 2Ds - 6Dt
\ / d22
\\ ,/
\\ 2 ,/
\ Eg 7
dxz_yz, dez
\\ V] Vz V3
\\
h B,,=6Dq + 2Ds - Dt
dxz_yz
Free ion Octahedral Tetragonal elongation Optical transitions
Oy Dy

Fig. 10. Schematic representation of the energy levels of the Cu®" ions for tetragonally elongated octahedral
coordination. Dgq is the cubic field parameter and D¢ and Dt are the tetragonal field parameters. The parameterization of

the electronic levels is indicated on the right side of each level [after 11 and 43, modified].

The Dq, Ds and Dt parameters define the energy difference between these levels [48]. The matrix elements for

the four electronic states of Cu®" in a Dy, crystal field are given by the following set of equations:
ry g

E(°4,,) = 2+6Dg — 2Ds — 6Dt (d,”) (1)
E(’B,g) = 6Dq + 2Ds — Dt (d,”.,") (2)
ECE,) = —4Dq — Ds + Dt (dy,d,,) 3)
E(’Buo)= —4Dq + 2 Ds — Dt (dyy) (4)
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Three d-d absorption bands are thus expected in tetragonal (D) symmetry and the three Gaussian components used to
fit the Cu®" absorption band may be assigned to the vi, v, and vs transitions of Fig. 10, one in the near infrared and two
in the red region of the visible spectrum [11,43]. This ordering of the energy levels is consistent with the EPR spectra.

Indeed, the relation g/, > >2.0023, observed for most Cu”"-site geometries (elongated octahedral, square pyramidal
8/~ &1

or square planar) is consistent with a d,(z_y2 ground state.

The axial ligands govern Cu-site anisotropy. Their contribution creates a distorted tetragonal field, which shifts
the d - d electronic transitions to lower energy relative to a square-planar geometry, as was shown by DFT calculations
on Cu’ " aqua-complexes [36]. However, the dxz_y29 dy transition (v, transition) undergoes only a small influence

from these axial ligands and remains at about the same value in all alkali borate glasses investigated (Table S2). By

contrast, the effect of an axial coordination is more pronounced for the dxz_y29 d , transition (v; transition). Indeed,
z

the d-orbitals having "z" components (dy, , d,, d,?) experience an increase in the electrostatic repulsion from axial
ligands.

The cubic Dg and tetragonal Ds and Dt crystal field parameters (Table S3) can be extracted from the value of
the vy, v, and 'v; transitions. The cubic parameter Dg has similar values for all glasses, at ca. 1220 cm™, with only 1%
dispersion. This value is consistent with those found in crystalline compounds [11]. The alkali concentration and field
strength do not influence Dg and there is no chemical trend apparent. The tetragonal parameters show a distinct
behavior. The Ds parameter values are dispersed by about 20%, without any significant trend but they remain in the
same range as in minerals [11]. By contrast, the Dt parameter shows an inverse dependence with the alkali content
(Fig. 11a), showing that Cu®" sites are more distorted in low-alkali than in high-alkali borate glasses. D parameter

values fit well within the range determined in most Cu-crystalline compounds [11,45-47].
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Fig. 11 (a) Evolution of the optically derived tetragonal crystal field parameter Dt with glass composition. (b)
Evolution of the tetragonal distortion parameter derived from EPR (defined by the g//A4, ratio, in cm values). The arrow

symbol represents the value found for Cu®" aqua complexes.

4.4 Cu’* site distortion

The distortion of the Cu-site can be discussed at the light of the data obtained from EPR and optical
spectroscopy: anisotropy of the g-factor and tetragonal distortion parameter for the former and tetragonal field
parameter Dt and splitting of the Gaussian components of the Cu®* absorption band for the latter. Figs 11a and 11b
show that there is a similar chemical dependence of the tetragonal distortion parameter derived from optical absorption

spectroscopy and from EPR.

The anisotropy of the g-factor Ag (Ag = g/~ g1), is also related to Cu®" site distortion. Ag is lower in alkali-rich

than in alkali-poor borate glasses (Fig. 7b), an indication of a more symmetrical site. This is in line with the conclusion
drawn above from the values of the g and 4 EPR parameters. They indicate that larger bond lengths occur in alkali-
poor borate glasses, which show EPR parameters similar to the values found in aqua- complexes. The Cu®” site
distortion may be also qualitatively estimated by a tetragonal distortion parameter defined by the g,/A/, ratio (in cm
values) [41] and shown on (Fig. 11b): planar complexes give rise to values in the range 110-120 cm and an increasing
tetragonal distortion corresponds to values in the range 130—150 cm and 180-250 cm from a slight to a strong
distortion. In alkali borate glasses, we find a ratio between 150 and 200 cm. The lower values of this parameter with

increasing alkali content confirm that the distortion of the Cu®" site progressively decreases at high alkali content.
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Complementary evidence for an increasing distortion of the Cu®" site at high alkali content is provided by the
large values of the Dt tetragonal field parameter (Fig. 11a) and by the broadening of the Cu®" absorption band with at
high alkali content (Fig. 4). These variations result from an increasing splitting of the Gaussian components evidenced

by the band fitting (Table S1).

4.5 The Cu-0 bonding

The parameters of the in-plane o- and n-bonding between the Cu®* d- orbitals and the ligand p-orbitals can be
assessed by the parameters a” and [3’12 that represent the contribution of the 34 atomic orbitals of the cupric ion to the

‘B 1g and Zng anti bonding orbitals, respectively. The former measures the in-plane 6-bonding coefficient between the

dxz_y2 orbital of Cu*" and the ligand 2p orbital (°B 1¢ level). The latter describes the in-plane n-antibonding between the
3d,, orbital of Cu’" and the 2p-orbitals of the ligand (Zng level). a” and [3’12 are defined by the following relations

[29,30,49,50]:

at=—|tLH L1 2e = o = 5
3l PP 3% T8y )

2=E(V2) 1-81

By 2 (6)
4ia g

where P is the dipolar hyperfine coupling parameter, 0.036cm ', A=[(1/3)A4; +(2/3)A 1] and A is the spin-orbit coupling
constant (—828 cm ). E(v») represents the energy of the v, (B 1¢ 2 B>) transition, as defined on Fig. 10. The fit of the
broad Cu®" absorption band gives a more reliable value of the energy of this electronic transition than the position of its
apparent maximum, improving the evaluation of normalized covalency values. The o and /3’12 coefficients are

indicators of the bonding character, with values between 0.5 and 1 (Table S4). A value of 1 indicates a purely ionic

bond. If the overlapping integral is vanishingly small and o” = 0.5, the covalency between the oxygen ligand orbitals
and the d,, orbital is high. The values of o’ and /312 are close to those found in the literature for borate glasses covering

a large set of compositions [12,13,38,41,50]. These parameters retain an intermediate value, showing that both the in-

plane o-bonding and the in-plane-z-bonding between Cu*" and O neighbors are moderately covalent. The values of o
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395 remain close to around 0.8 in the borate glasses investigated. By contrast, the [3’12 parameter decreases at higher alkali

396 content and lower cationic field strength, from Li- to Na- and K borate glasses (Fig. 12). This indicates a more covalent
397 character of the Cu’"-O n-bonds, resulting from the weakening of the B-O bonds due to the progressive conversion of
398 PIB into B with increasing alkali concentration. This is consistent with an increased electron delocalization in alkali-

399 rich compositions shown by EPR (see 4.1).
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402 Fig. 12. Chemical dependence of the bonding coefficient (in-plane n-bonding)

403

404

405 4.6 Cu’*speciation in alkali borate glasses

406 The chemical dependence of the spectroscopic properties of Cu”” in alkali borate glasses is different from that

407 observed for other divalent transition elements, as Co®" or Ni*". Indeed, these elements suffer a dramatic coordination
408 change from 4- and/or 5-coordination in high or medium alkali borate glasses to 6-coordination at low alkali content
409 [7,8,32,33]. This coordination change was rationalized by Wong and Angell [5] as resulting from the competition, in
410 highly acid oxide glasses such as B,O3, between network formers such as B or Si and intermediate cations as transition
411 elements for available oxygen ligands. By contrast, there is no coordination change of Cu®" in alkali borate glasses.
412 Instead, the distortion of the elongated Cu®" octahedral sites varies as a function of glass composition. The equatorial

413 and axial ligands of the Cu-site play a distinct role, the former being more strongly bound to Cu’" than the latter. This
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is illustrated by the structure of CuO, that is not a face-centered cubic (fcc) arrangement, as Cu”" ions are only
coordinated by four oxygen atoms, the two axial oxygen neighbors being in a remote position [51].

The detailed picture of the speciation of Cu®" in alkali borate glasses brought by combining optical absorption
and EPR data is consistent with these expectations, demonstrating an important compositional dependence of several
key structural parameters. The Cu”" sites are more distorted in alkali-poor than in alkali-rich compositions, as discussed
in §4.4. The topology of these sites is also less distributed than in alkali rich glasses where disorder effects cause a
broadening of Cu®" optical absorption and EPR spectral features: in these compositions, the formation of /B provides
an increased diversity of borate supergroups [2] that leads to a broader distribution of Cu-site geometry. The medium
range order around Cu”” obeys Pauling rules, as a consequence of the need for charge neutrality: *'B and B share 1
and 0.75 v.u. charges with their O-ligands, respectively, which will modify the Cu-site geometry. This diversity of
medium range organization is well illustrated by the crystal chemistry of crystalline Cu-borates [52-55] (Fig. S4). The
absence of clustering of Cu”" ions in low-alkali borate glasses is demonstrated by the absence of superparamagnetic
contributions and of EPR signal broadening. It is probably one of the most original properties of these glasses. It is at
variance to what is observed for other divalent transition elements Co>" and Ni*" and for Zn*" in the same glass

compositions [8,9,32,33].

4.7 Molecular scale scenarios using bond-valence approach

Bond-valence requirements [56,57] constrain the role of borate groups due to the existence of two B
coordination numbers. A preferential bonding of Cu®” sites to either BOs triangles or BO, tetrahedra may be
rationalized by considering bond-valence constraints: trigonal B brings a charge compensation of 1 valence unit (v.u.)
to its oxygen ligands, as compared to 0.75 v.u. for tetrahedral B (Fig. 13a). This increases the charge deficit of the
oxygen involved in bonding to a tetrahedral vs. a triangular boron. There is no strong bonding possible between a *'B-
BIB bridging oxygen and Cu®" sites, the charge of this oxygen being already neutralized by the two "'B-O bonds. This
bonding requirement explains the contrast in the reactivity of borate melts for dissolving metals: it is noteworthy that
molten B,0; dissolves about 40 times less Cu”" than molten alkali borate melts [58]. Such a difference may be related
to the different coordination state of B between these two melts, B in the former and /B in the latter.

A simple scenario occurs for a !B linked to two Cu-sites (Fig. 13d), as the shared oxygen atoms receive 1 v.u.

from B and twice 0.5 v.u. from the Cu®" sites, ensuring their neutrality. Similarly, when an equatorial ligand serves as a
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442 bridging oxygen "B-0-"IB (Fig. 13b), its charge is compensated. As a consequence, the axial ligands are found in a

443 remote position, as observed in crystalline alkali-copper borates (see Fig. S4), which avoids Cu*" overbonding.

444
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446 Fig. 13. Structural order predicted from a bond-valence modeling. (a): the charge received by the bridging oxygen from
447 its B-neighbors is deduced from the existing bonds, decreasing from 2.0 v.u. to 1.75 v.u. and 1.5 v.u. from the top to
448 the bottom, as B coordination increases. (b) and (d) illustrate how oxygen atoms bridge Cu-sites and the borate

449 framework. (c): Local structure of HT a-LisCuB40, showing the charge compensating role played by Li" ions. (e):

450 weak contribution of the axial ligands in HT a-LisCuB4O, using calculations from Relation 9.
451

452
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Alkalis help adjust the bond-valence requirements for oxygen atoms: in the scenario presented on Fig. 13c¢, the
oxygen atom receives 1.5 v.u. from bridging to Cu®" and /B and it receives an additional twice 0.25 v.u. charge
compensation from the two Li" neighbors.. The coordination number of the alkali plays an important role in the
contribution of alkalis: as Li" is tetrahedrally coordinated in a-LigCuB4O,0, and Na' is 7-coordinated in Na,Cu,B1,0,1,
Li" and Na" contribute 0.25 and 0.14 v.u., respectively. However, the size of the alkali does not modify the
coordination number of Cu**, which remains located in distorted octahedron geometry. As a consequence, the short-
range order in glasses does not correspond to a substitution mechanism (e.g. Cu>” — Li" (K") evocated in borate
glasses [59]. The coordination change observed in Li-, Na- or K- oxide glasses containing Co>" or Ni** [7-9] does not
correspond to such substitution schemes. Tetrahedrally coordinated transition elements in high K-glasses correspond to
a network-forming position of Ni and Co, i.e. tetrahedral sites that are corner-linked to the glass framework. By
contrast, bond-valence requirements impose higher coordination numbers of these transition elements in Li-glasses, the
reverse to what would be expected by considering the size of the alkali.

The bond-valence model provides a way to evaluate the relative charge s;; of the equatorial and axial Cu*

ligands as a function of the length of the bond R;; [56,57]:

S =eX M (9)
i p B

where R, and B are the bond-valence parameters of the ion pair ij, empirically defined as 1.67A and 0.37A,
respectively, for Cu® [57]. The application to the speciation of Cu®" in borates is illustrated in Fig. 13e. In the high
temperature polymorph of a-LisCuB4O o, the Cu-Ocquacorial distances are 1.86 and 2.03A, as the Cu-O,yia distance is
2.82A. The predicted bond-valence values are 0.6, 0.37 and 0.04 v.u., respectively. This demonstrates that, although
minute modifications of the Cu-O,ya distances modify the spectroscopic properties of Cu®’, the structural importance
of such changes is limited in terms of electrical neutrality of the local structure. A nice demonstration of this sensitivity
has been shown by co-doping experiments of sodium borate glasses with high field strength cations [14,18]. In that
case, even low concentrations of additional cations modify the EPR signature of Cu®" in these glasses. This is a
consequence of the competition for charge compensation observed in multicomponent glasses: a high field strength
cation as Zr*" occurs in alkali-containing glasses as an octahedral species, which requires charge-compensating alkalis
[60]. As underlined in other glass systems [60,61], the competition between various structural environments of cations

is at the origin of the modification of glass properties, an illustration of the structure-property relationships in glasses.
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Such a competition for charge-compensation between network forming (e.g. B*") and networking elements (e.g. Zr*")
has been observed in Na-Ca alumino-borosilicate glasses with a decreasing preference in the order: Al> Zr> Zn>B
[62]. It is interesting that the codoping experiments on sodium borate glasses [14,18] confirm that Zr competes
favorably with B for charge compensation, forming /B at the expense of B and accordingly modifying the local
structure around Cu®".

These molecular-scale considerations predict that the effective charge of the axial ligands of Cu®" increases with
the alkali content of the glass, as they are more loosely attached to Cu®" than the equatorial ones. The three scenarios
depicted in Fig. 13a show that the charge deficit of a bridging oxygen decreases with the coordination state of its B
neighbors, corresponding to the evolution expected for the B coordination number with decreasing alkali content in
binary borate glasses. At low alkali levels, a lower effective charge of axial Cu®" ligands leads to an increase of the Cu-
O bond length, resulting in a higher site distortion. As the planar B sites favor rigid, 2D-based, polymeric

supergroups [1,2], the local disorder is also expected to decrease at the same time.

5. CONCLUSION

R,0-B,0; glasses containing 0.2 mol% CuO exhibit a cyan to blue color change as a function of the alkali content.
These glasses were investigated using UV—vis-near IR absorption spectra and EPR spectroscopy. Optical absorption
spectra show an asymmetric absorption band corresponding to three transitions of Cu®" ions from the ’B ,g(dxz_y2

ground level to the partially empty °4 ,g(dzz), ‘B 2(dyy) and ZEg(dxz, dy,) levels, consistent with distorted Cu2+ octahedral
sites. The correlation between the data obtained from EPR, as the anisotropy of the g-factor and the tetragonal
distortion parameter- and from Cu’" optical spectroscopy, as the tetragonal field parameter Dt and the splitting of the
Gaussian components, shows that the Cu®” sites are more distorted in alkali-poor than in alkali-rich compositions. Low-
alkali glasses show a noteworthy similarity with the spectroscopic parameters of aqueous Cu®* complexes. These
structural modifications are linked to a more covalent character of the Cu**-O 7-bonds, resulting from the weakening of
the B-O bonds due to the progressive conversion of *'B into /B with increasing alkali concentration. The Cu®" sites
are also more distributed in alkali rich glasses where the formation of !B provides a larger distribution of the geometry

of borate supergroups that leads to a broader distribution of the geometry of Cu-sites.
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The originality of the spectroscopic properties of Cu”" as compared to Ni** or Co” in alkali borate glasses comes
from several factors. For most spectroscopic parameters, the pertinent parameter is not the cation field strength but the
cation concentration. The cation clustering observed for Co*" and Ni*" in low-alkali borate glasses is not observed for
Cu®". In contrast to borate glasses containing Co”” or Ni**, there is no coordination change as a function of glass
composition, tetrahedral Cu*" being rather seldom in oxide-based materials [52]. Instead of major changes of Cu*"
coordination , the spectroscopic properties show a modification of the axial elongation of the Cu*" octahedral site with
glass composition. This may result from the modification of the Jahn Teller effect by the local constraints due to glass
structure, in particular in presence of rigid super-structural borate units in the alkali-poor compositions.

Bond-valence considerations predict that the effective charge of the axial ligands of Cu®” increases with the
alkali content of the glass, affecting primarily the distortion of the Cu®" site. The three scenarios depicted in Fig. 13a
show that the charge deficit of a bridging oxygen decreases with B coordination, as the bond-valence of the B-O bond
increases from 0.75 to 1 v.u. This causes a deficit of this bridging oxygen of 0.5, 0.25 and 0 v.u. for the /B -O-*B,
*IB-0-PIB and P'B-0-P'B linkages, respectively, corresponding to the evolution expected for the B coordination
number with decreasing alkali content in binary borate glasses. The charge deficit of the 'B-O-"IB bridging oxygen
explains the !B maximum observed in alkali borate systems. As early as in 1952, Abe postulated that adjacent
tetrahedral boron atoms are energetically unfavorable [64], because of the difficulty for large alkalis to fit in the glassy
framework for achieving charge compensation around this bridging oxygen.

These observations illustrate the usefulness of Cu®" as a sensitive structural probe [63]. The coordination change
usually observed for transition elements in alkali borate glasses is replaced by a modification of the distortion of the
Cu’" octahedral site This original property gives rise to more subtle color changes in the absence of drastic

coordination changes.
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