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Abstract. lonic glasses exhibit peculiar chemical formulations, atomic structures, and macro-
scopic properties. In particular, structure—property relationships cannot be explained using the
classical network hypothesis; a standing challenge for understanding variations in ion mobility,
vibrational dynamics and non-linear mixing effects. Here, we report on the substitution of oxy-
gen by chlorine atoms in [(Naz0)o.4-x2(NaCl)x](B203)0.48(P205)0.12 glasses up to a substitution
degree of around 10 %, effectively combining the enhanced electrical conductivity of halides
and the chemical durability of oxide glasses. A mechanism of chlorine introduction, specific to
borophosphate glasses, is proposed. The substitution of O?- ions for CI- ions induces polymer-
ization of the borophosphate network and conversion of BO4 groups into BO3 groups, thereby
forming Na* and CI- enriched regions dispersed within a sodium-poor borophosphate network.
Then, the associated increase in electrical conductivity and the dramatic changes in the elastic
constants can be explained within the mixed random network model.
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1. Introduction

lonic glasses, where ionic cross-linking predominates over covalent bonding, exhibit increased
configurational entropy, liquid fragility, Poisson’s ratio, and ionic conductivity.[1], [2] Such prop-
erties stem from strong ionic interactions, which favor specific topologies and local structures
with low structural dimensionality (i.e., the absence of a percolating network according to con-
ventional terms) and high local disorder: this glass family has gained considerable attention
due to possible applications ranging from sensor components to energy and data storage,
optics and biomedicine.

Adding halides (such as LiX and NaX; with X = F, CI, Br, or |) to an oxide, sulfate or, e.g.,
sulfide glass has great consequences for the ionic conductivity and mechanical properties.[3-
5] In NaCl-containing sulfate glasses, Na*and Cl-ions are homogeneously distributed through-
out the glass network, and are charge-compensated by the other glass constituting ions.[6] In
Na,SisO7 and CaSi»Os glasses doped with NaCl or CaCly, it was found that the local environ-
ment of CI- ions consists mostly of network modifiers (Na* and Ca?*).[7]

125


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:lothar.wondraczek@uni-jena.de
https://orcid.org/0000-0003-2903-2404
https://orcid.org/0000-0001-7631-2797
https://orcid.org/0000-0001-9192-2454
https://orcid.org/0000-0002-0747-3076

Zhang et al. | Glass Europe 3 (2025)

Borophosphate glasses exhibit non-linear trends in structure and properties [8], [9], [10],
[11], [12], strongly correlated with the type and concentration of network modifiers, and, more
directly, with the BO4 to BOs ratio. These glasses typically possess a low softening tempera-
ture, high electrical conductivity, and good chemical durability; they find use as glass solders,
as host materials for high-power lasers,[13] for waste vitrification,[14] or as electrolytes in solid-
state batteries. Hence, it is of interest to further investigate the tailoring of their properties
through changes in their anionic composition.

Here, we elaborate on highly modified xNaCl-(40-x/2)Na,0-48B,03-12P,0s5 glasses,
where chlorine atoms substitute up to 10 % of the oxygen atoms. The emphasis is placed on
understanding the compositional dependence of glass structure and the associated electrical
and elastic properties.

2. Materials and Methods

2.1 Sample Preparation

A series of glasses with a nominal composition of [(Na20)o4-x2(NaCl),](B203)0.48(P205)0.12,
where x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30, was prepared by conventional melt
quenching. The specific composition was chosen to maintain a fixed Na:B:P cation ratio, so as
to vary only the anion composition, from nominal [CI/(CI+QO)] = 0 to 12 %. Glass batches were
prepared from analytical grade raw materials, NaCl, Na,COs, HsBO3, and NaPOj3; (Carl Roth
GmbH & Co. KG). Appropriate quantities of each reactant were thoroughly mixed to ensure
proper homogeneity. Melting was conducted in an electric furnace. The mixed starting materi-
als were melted in covered silica crucibles at temperatures ranging from 850 to 900 °C for one
hour. The melts of the sample with 0 < x < 0.2 were then cast into a graphite mold which was
heated at around 30 °C below their T4 in another furnace, and the two most Cl-rich samples
were cast on a copper plate and splat-quenched to prevent crystallization. All glass samples
were annealed in air at around 30 °C below their T4 for one hour in the furnace. They were
cooled down to room temperature by turning off the annealing furnace. The obtained glass
samples were immediately transferred into a desiccator to prevent any reaction with ambient
humidity. Before further characterization, the glass slabs were cut into square slices of approx-
imately 10 mm x 10 mm x 2 mm, and polished to optical grade using oil-based dispersions of
CeO: particles, with a final sample thickness of 2.0 mm.

2.2 Characterization

X-Ray diffraction (XRD) measurements were performed on powdered samples using a Rigaku
Miniflex 600 diffractometer with CuK, radiation (0.154 nm) in the 10 — 75° 20 range at a scan-
ning rate of 5°/min.

A Jeol JSM-7001F scanning electron microscope (SEM) equipped with an energy-disper-
sive X-ray spectrometer (EDX) was used to conduct elemental analyses. The samples were
coated with a carbon film to achieve a conductive surface prior to the measurements.

Differential scanning calorimetry (DSC) experiments were carried out using a NETZSCH
STA 449F1 instrument, operating with a heating rate of 20 K/min. The glass transition temper-
ature (Tgy) was determined at the transition’s onset points, while the crystallization temperature
(T.) was determined as the position of the associated exothermic peak.

The glass density was determined using the Archimedes method at 20 °C in ethanol
(p = 0.78945 g/cm?).

Raman spectra were collected in the 200 — 1300 cm~' range with a Raman microscope
(Renishaw inVia), equipped with a low-frequency notch filter, utilizing an excitation wavelength
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of 457 nm (Ar laser) in 90°scattering geometry. A confocal microscope with a 50x objective

was used, and the Raman spectra were acquired for a duration of 90 s and averaged over 10
scans with a resolution of 2 cm™".

All Raman spectra were corrected for air scattering to further analyze the low-frequency
range. For this, the reduced Raman intensity (I"*?(w)) was calculated from the measured Ra-
man intensity (Imeas(w, T)) as the product of reduced density of states (g(w)/w?) and the cou-
pling coefficient (C(w)), according to:

red _ Imeas(w,T) _ M
"4 (w) = g e = C@)z (1)

where n(w, T) = [exp (:—wT) — 1]~ is the Bose—Einstein population factor for a given frequency
B

w and temperature T, kj is the Boltzmann constant, and h is the reduced Planck constant. The
Raman scattered light intensity depends both on the vibrational density of states and on the
coupling efficacy between vibrations and photons. The empirical coupling coefficient is propor-
tional to w* (0 < p < 2), based on whether the excess in the vibrational density of states arises
as hybrid modes, acoustic modes, or local optical modes. The following log—normal function
was used to fit the asymmetry of the non-Debye low-frequency anomaly (we term this anomaly
Raman boson peak (Raman BP) in the following); this was done in order to derive precisely
and consistently the BP peak frequency wep, following:

In(1+20“=2E2) 2
I(w) = Aexp {—an %] }+ I (2)

where A, g, and w describe respectively the amplitude, asymmetry, and width of the function,
while [y is an offset parameter.

A Fourier transform infrared (FTIR) spectrometer was employed to collect infrared trans-
mittance and reflectance spectra on bulk glass samples, from 1600 to 4000 cm~' and from 450
to 1600 cm™, respectively, at a 2 cm~" resolution.

Magic-angle-spinning nuclear magnetic resonance (MAS-NMR) experiments were con-
ducted with a Bruker Avance lll 400 spectrometer, operating at a 9.4 T magnetic field, corre-
sponding to a Larmor frequency of 162 MHz for 3'P. One-pulse 1D 3'P NMR experiments were
performed with 60° pulses (2 ps) and a 350 s recycle time, employing 4 mm MAS probes in a
Zirconia rotor and a sample rotation frequency of 12.5 kHz. All spectra were referenced to a
85 wt% H3POj4 solution.

Impedance measurements were performed using an Alpha-A High Performance Analyzer
apparatus (Novocontrol). They were carried out at temperatures ranging from 50 to 250 °C in
25 °C increments, in the 10! to 10”7 Hz frequency range. The electrical conductivity (o) was
derived from Nyquist plots (where the imaginary part of impedance is plotted against the real
part, i.e., Z” and Z’ respectively), with the diameter of the semicircle taken as the direct current
resistance (Rbc), according to:[15]

3)

|~

1
g=—"
Rpc

where / and A are the thickness and the area of the sample, respectively. The temperature
dependence of the electrical conductivity was described using an Arrhenian equation,

o(T) = %exp (— %) 4)

where g, is a pre-exponential factor, and Ea is the activation energy for the DC conductivity.
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The elastic properties were determined by ultrasonic echography. The longitudinal (w.)
and transversal (v7) sound velocities were measured using a piezoelectric transducer (Echom-
eter 1077, Karl Deutsch GmbH &Co KG) with frequencies of 8 — 12 MHz. The shear modulus
(G), bulk modulus (K), elastic modulus (E), and Poisson’s ratio (v) were subsequently obtained
according to:[16]

G = pv2 (%)
4
K= p(w? —tv) 6)
_ 3vi-4v2
E=rlems) 7)
_ vi—2wi
= 207-00 ®)

3. Results and Discussion

3.1 Chlorine Solubility in Oxide Glasses

All synthesized samples were fully transparent, colorless and slightly hygroscopic. For further
analysis, they were stored in silicate desiccant. The XRD patterns of the obtained
[(Na20)0.4-x2(NaCl),](B203)0.48(P205)0.12 glasses are shown in Figure 1. For the Cl-free glass,
the XRD profile exhibits various broad humps across the 10 — 75° range, confirming its amor-
phous nature. However, two distinct diffraction peaks are observed at 32 and 45° upon substi-
tution of Na O for NaCl. These peaks are ascribed to crystalline NaCl, and are especially visi-
ble in the Cl-rich materials, i.e., with x = 0.25. Hence, it appears that approximately 4 % of the
total oxygen atoms can be nominally substituted by chlorine in these sodium borophosphate
glasses before observing marked crystallization of sodium chloride.
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X=0.1
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x=0 e
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Figure 1. XRD patterns of [(Na20)o.4-w2(NaCl)x](B203)o.4s(P20s)o.12 glasses.
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Table 1. Nominal and experimentally determined atomic compositions (Na, P, Cl, and Si) of [(Na20)o.4-
x2(NaCl)x](B203)0.4¢(P20s)0.12 glasses, derived from EDX measurements. The values in brackets indli-
cate the statistical errors.

Element Sample (x)
(at%) 0.00 0.05 0.10 0.15 0.20 0.25 0.30
Nom. Na 18 17.9 17.8 17.7 17.6 17.5 17.4

Exp. Na | 23.3(0.1) | 21.5(0.1) | 23.3(0.1) | 20.9(0.1) | 21.5(0.1) | 21.0(0.1) | 20.8(0.1)

Nom. P 54 54 5.3 5.3 5.3 5.3 5.2

Exp.P | 5.8(0.2) | 56(0.1) | 59(0.2) | 54(0.2) | 5(0.1) | 54(0.2) | 5.00.2)

Nom. Cl 0 1.1 2.2 3.3 4.4 5.5 6.5

Exp.Cl | 0(0.1) | 1.2(0.1) | 2.4(0.2) | 3.1(0.2) | 4.1(0.1) | 5.00.1) | 5.8(0.2)

Exp. Si 0.27(0.1) 0.34(0.1)

The nominal and experimentally determined atomic compositions of the investigated
glasses are summarized in Table 1 (error range in brackets). A good agreement was found for
both P and CI contents, which confirms the substitution of oxygen for chlorine. The Na content
was found to be systematically larger than expected. This deviation is attributed to the transi-
tion from using NaPOs; to NaCl as raw materials. Furthermore, a minor fraction of Si was ob-
served in two of the samples, originating from silicate crucible dissolution. Overall, the experi-
mentally determined atomic composition of the main elements Na : P : Cl was obtained as
expected.

Figure 2(a) and Figure 2(b) depict the DSC curves and the glass transition temperatures
(Tg) of the various glasses, respectively. The Ty decreases linearly with increasing Cl content,
from 446 down to 374 °C. Although less evident, one can see that the crystallization tempera-
ture (T¢) also decreases as Cl substitutes for O. In the case of the most Cl-rich glass, the
difference between T; and Ty, indicative of the glass forming ability, is of the order of 30 K.
Such a small value reflects a high tendency of the glass to crystallize upon quenching, which
is in agreement with the diffraction peaks of NaCl previously observed. A well-defined endo-
thermic peak is observed for the two most Cl-rich glasses, at approximately 800 °C. This pro-
cess is ascribed to the melting of NaCl crystals. Therefore, it appears that the fraction of crys-
tallized NaCl is more pronounced in only these two samples.
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Figure 2. (a) DSC curves, and (b) glass transition temperature (Ty) and crystallization temperature (Tc)
of [(Na20)o.4-w2(NaCl)x](B203).48(P20s)0.12 glasses, the error is within the symbol.
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3.2 A Structural Model for Oxychloride Glasses

Raman spectra of glasses facilitate the analysis of the network connectivity (P-O-B linkages),
considering the contributions of PO, tetrahedra with different environments, i.e., with varying
PO, and BOx next-nearest-neighbors. The Q"mgox notation is introduced, where n represents
the number of bonded PO. polyhedra, m the number of bonded BOy polyhedra, and x the
coordination state of boron, with x = 3 or 4. The Raman spectra of the glasses under study are
shown in Figure 3(a).

The spectrum exhibits its stronger bands in the region from 600 to 1160 cm~" and a num-
ber of weaker bands at lower frequencies, in the range of 250 — 600 cm~', with another band
at 1228 cm~". In the lower frequency range, bands at 325, 485, and 554 cm~" are observed,
the band at 325 cm~' is assigned to the P-O-P bending vibrations of phosphate lattice, while
the other two bands could be related to the bending vibrations of O-P-O in borophosphate
and/or phosphate chains according to a previous study.[17] The band at 1228 cm~" (with in-
creasing intensity as chlorine substitutes for oxygen) could be due to Q% gox when 0.1 < x. [18]

In the s area from 600 to 1160 cm~' multiple overlapping Raman bands are attributed to
borate and interconnected borophosphate networks. To better identify and quantify the under-
lying structural changes, the Raman spectra in this range are deconvoluted using 11 Gaussian
contributions, each corresponding to specific vibrational modes: (1) P-O-B stretching vibrations
in Q2 units (630 cm), [18] (2) bending modes of metaborate chains BO,:NBO~ (673 cm), (3)
vibrational modes of borate rings consisting of one trigonal BO3; group and two tetragonal BO4
groups (715 cm™), (4) vibrational modes of borate rings consisting of two BO3 groups and one
BO4 group (766 cm™"), (5) vibrational modes of three BO3 groups in boroxol rings (800 cm-1),
[9,]1, [19], [20], [21], [22](6) modes indicative of the presence of pentaborate (895 cm~'),[21] (7)
stretching mode of the BO4~ tetrahedra (947 cm~"),[20] (8) vibrational mode of Q% gox (980 cm~
1),[18] (9) symmetric stretching vibrations of phosphate terminal tetrahedra connected with tet-
rahedral or trigonal boron units in Q'1sox (1015 cm~"), (10) symmetric stretching vibrations P-
O- of phosphate terminal tetrahedra in Q"1 gox (1070 cm=),[23] (11) symmetric stretching mode
of Q% gox (1108 cm~")[18]. Note that the positions of each Raman band slightly shift with in-
creasing fraction of CI-ions, while some are no longer observed in Cl-poor glasses. The results
are presented in Figure 3(b). The relative intensity of the deconvoluted peaks in this region
with standard error is shown in Figure 3(c). According to Yano et al.’s study the Raman band
intensities regarding to borates were found to be correlated quite well with the results of ''B
NMR spectroscopy,[24] therefore, the relative fractions of BOs and BO4 groups are then de-
rived from the areas of the vibrational modes of the present glass samples (Figure 3(d)). As
chlorine substitutes for oxygen, numerous changes in relative intensity and position of the vi-
brational modes occur, indicative of reorganizations of the glass network. Specifically, the de-
crease of the relative intensity of peak (8) and the increase of peak (11) suggest that the unit
Q1 gox is converted to Q% gox. In addition, the increase of peak (9) indicates that the phosphate
tetrahedra with P-O bonds involving NBOs become more connected to borate units. A clear
trend emerges, wherein the fraction of BO4 groups (i.e., the [BO4/(BO4+BQO3)] ratio) experi-
ences a linear drop from 59 % down to 52 % as x increases from 0.00 to 0.2, followed by nearly
no changes with further addition of chlorine. This indicates that the structural rearrangement
of the glass network follows a two-step process. From x = 0.00 to x = 0.2, CI- ions promote the
conversion of BO4 groups into BO3; groups, while another mechanism prevails starting from
x =0.25.
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Figure 3. Raman spectra in the 200 — 1300 cm™" range, (b) deconvolution of the vibrational modes in
the 600 — 1160 cm™" range, deconvoluted peaks with different number are discussed above, and (c)
relative intensity of the deconvoluted peaks calculated from the integral of the peak area, with solid
lines relating to the borate units and dashed lines relating to the phosphate units, and (d) composi-
tional dependence of the [BO4/(BO4+B0O3)] ratio of [(Naz20)o.4-x2(NaCl)x](B203)o.4s(P205)o.12 glasses.

Figure 4(a) shows the reduced low frequency 0 — 200 cm-' Raman spectra of the glass
samples. The derived compositional dependence of the BP’s frequency (wsp) is presented in
Figure 4(b). One can clearly see a nearly linear decrease, from 59 down to 52 cm~', as chlorine
gradually substitutes for oxygen. The boson peak is commonly associated with a degree of
disorder in the intermediate to long-range order structural length scale.[25], [26], [27] In a prag-
matic consideration, it serves as a signature of structural inhomogeneity on the scale of a few
nanometers, as proposed in the non-continuous vitreous structural model developed by Duval
et al.[28] The model assumes the existence of cohesive domains, within which the atoms are
more strongly linked with respect to atoms located outside of these domains. Consequently,
the average length scale of dynamic heterogeneity is inversely proportional to the BP fre-
quency. The shift in BP frequency observed in this study thus reflects an increased heteroge-
neity of the glass network, e.g., through non-random distributions of ions, or through bonding
preferences.[29]
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Figure 4. (a) Reduced low—frequency Raman spectra in the 0 — 200 cm™' range, and (b) compositional
changes in Boson peak’s frequency (wsp) of [(Na20)o.4.x2(NaCl)x](B203)o.4s(P20s)0.12 glasses (error bar
is within the symbol).

Complementarily, the vibrational modes present in the FTIR-absorbance spectra of the
various glasses (see Figure 5(a)) are identified following previous works.[30], [31], [32] As ob-
served using Raman spectroscopy, numerous vibrational modes characteristic of phosphate
and borate networks are reconfirmed: vibrations of bridging P-O-P linkages (820 cm"), defor-
mation of P-O bonds (560 cm~"), bending of bridging B-O-B linkages (695 cm~"), stretching of
BO,4 groups (948 cm~'), and stretching of BO3 groups (1475 cm~"). The vibrational modes of
BOs groups, and those of non-bridging O-P-O linkages, are superposed at 1370 cm™.

Considerable shifts in position and relative intensity of several vibrational modes, specifi-
cally involving B-O-B and P-O-P linkages, as well as disappearance of terminal P=0O bonds
(1090 cm™), strongly suggest the incorporation of phosphate chains into the borate network
following chlorine addition. Moreover, the peak at 1210 cm~" indicates an increase of BO4 units.
Therefore, the glass network mainly consists of chains and rings of BO3; and BO4 groups inter-
connected through B-O-B linkages, alongside PO, tetrahedra connected to other PO, tetrahe-
dra and to BOy groups through P-O-P and P-O-B linkages. Sodium ions act as network modi-
fiers, and are neighboring both PO, and BOy structural units.
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Figure 5. FTIR-absorbance spectra of [(Naz0)o.4-xw2(NaCl)x](B203)0.46(P20s)0.12 glasses (a) in the 450 —
2000 cm~' range, and (b) calculated A/l'p vs. IR frequency from raw FTIR-transmittance spectra in the
2500 — 4000 ¢~ range.
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FTIR-absorbance spectra in the near infrared provide insights into the water content of
glasses. Typically, three characteristic bands associated with -OH bonds are observed at 2350
cm', and in the 3300 — 3640 cm~" and 2600 — 3000 cm~' ranges.[33], [34], [35], [36] Hence,
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the determination of the total water content requires a summation of all three bands, using the
area of each absorption band (A) following the Beer-Lambert law:[37], [38], [39]

_18.024

= (9)

lpe

A
c=1 (10)

where c is the water concentration in wt% (equation (9)) or in mol-L-" (equation (10)), ¢ is the
molar extinction coefficient for water, and / and p denote the sample thickness and mass den-
sity, respectively. In previous literature, ¢ slightly varies across different glass chemical sys-
tems, and typically ranges from 88 to 115 L-mol~'-cm~'.[40] A value of 98 L-mol-'-cm~" was
used for this study.

Table 2. Calculated water content, obtained individually and in total for each
[(Na20)o.4x2(NaCl)x](B203)o.48(P205)0.12 glass, from FTIR-absorbance spectra at 3320 cm~' and 2740

cm.
Sample (x) cu,0at3320cm™ | cy,o at 2740 cm™ cu,o in total
wt% mol-L™" | wt% mol-L™" | wt% mol-L™"
0.00 0.025 0.004 0.155 0.021 0.180 0.025
0.05 0.029 0.004 0.160 0.021 0.189 0.025
0.10 0.030 0.004 0.163 0.022 0.193 0.026
0.15 0.037 0.005 0.162 0.021 0.199 0.026
0.20 0.032 0.004 0.161 0.021 0.193 0.025
0.25 0.051 0.007 0.167 0.021 0.218 0.028
0.30 0.040 0.005 0.172 0.022 0.212 0.027

The calculated A/l-p vs. IR frequency from raw FTIR-transmittance spectra of the investi-
gated oxychloride glasses in the 2500 — 4000 cm~" range are displayed in Figure 5(b). Only
two distinct absorption bands peaking at 2740 and 3320 cm~" are identified, due to the small
intensity and overlap of the third band. As summarized in Table 2, the calculated water con-
tents are small (< 0.3 wt%, or < 0.03 mol-L-"), and are nearly independent of the chlorine
content. The resultant random error in the transmittance is no more than + 0.03%. The effect
of water on the changes in glasses macroscopic properties was therefore disregarded in the
following.

1D 3'P MAS-NMR spectra of the glass series are shown in Figure 6(a). The Cl-free glass
exhibits two main peaks at 4.5 and —4.5 ppm, characteristic of P' and P? units, where the
superscript refers to the number of bridging oxygens, whether in P-O-P or P-O-B linkages to
PO4, BO3 or BO4 units. Further substitution of oxygen by chlorine induces a change in position
of said peaks towards lower chemical shifts, as well as a commensurate broadening, indicative
of superimposed peaks, i.e., additional structural units.

To reach a deeper understanding of the complex structure of oxychloride glasses, the
obtained 1D 3'P MAS-NMR spectra were deconvoluted considering the contributions of PO4
tetrahedra in different environments, i.e., with varying PO4 and BOy next-nearest-neighbors.
The fits were made on the basis of 1D and 2D 3'P solid-state NMR data from previous works,
performed on similar borophosphate and phosphate glasses,[41], [42], [43]using the DMFIT

133



Zhang et al. | Glass Europe 3 (2025)

software.[44] They are presented in Figure 6(b). Based on the chemical shifts, which are di-
rectly correlated with the nature and number of neighboring structural units, and full widths at
half maximum of each structural unit, various Q" sox environments are identified, from largest
to smallest in ppm: Q% gox, Q'0,80x, Q%1,80x, Q% 80x, Q% Box, aNd, Q1 gox. The Q' sox and Q% gox
peaks are close together, we assign them both based on Raguenet et al.’s work[41], however,
Tricot et al. assigned these two peaks in the opposite order.[45] However, due to the difficulty
in decomposing the broad and complicated 1D 3'P NMR spectra from borophosphate glasses,
both assignments could be possible in our work. This ambiguity does not affect our conclu-
sions. [46] After the Monte Carlo uncertainty calculations the absolute error of the fitting pa-
rameters is less than 0.1 ppm.
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Figure 6. (a) 1D 3'P MAS-NMR spectra of [(Naz0)o.4-x2(NaCl)x](B203)o.4s(P20s)0.12 glasses, and (b) de-
convolution of the 3'P 1D MAS-NMR spectra into various Q"m,sox Structural units. (c) Compositional de-
pendence in chemical shift of the various Q"m,sox Structural units.

Although the chemical shifts of each structural unit are independent of the Cl content (see
Figure 6(c)), great changes are observed with respect to their proportions (shown in Figure
7(a)). While the glass network is initially predominantly constituted of Q% gox (50 %) along with
Q'o.80x (35 %) and Q% gox (15 %) structural units, Q'osox and Q% gox are gradually substituted
for Q% sox, Q'1.8ox and Q% gox as x increases from 0.00 to 0.20. Starting from x = 0.25, Q% gox
structural units are also replaced by Q% gox.

Hence, in a first step (x < 0.20), PO, tetrahedra form more P-O-B linkages with BOy poly-
hedra (m increases). This is accompanied by a decrease in NBO per PO, tetrahedra (repre-
sented in Figure 7(b)), i.e., by a polymerization between phosphate and borate networks. In a
second step (x = 0.25), Q% gox structural units convert to Q% gox, i.e., P-O-P linkages form at
the expense of P-O-B linkages. This behavior occurs at similar concentrations of ClI- ions as
(i) the plateauing of the [BO4/(BO4+BO3)] ratio derived from Raman spectra, and (ii) the crys-
tallization of NaCl during quenching. We infer that the conversion of BO4 groups into BO3
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groups is strongly intertwined with the formation of P-O-B linkages, but also with chlorine sol-

ubility.
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Figure 7. (a) Relative intensity of the various Q"m,sox Structural units in
[(Naz20)0.4x2(NaCl)x](B203)0.4(P205)0.12 glasses derived from the corresponding 1D 3'P MAS-NMR
spectra. (b) Number of NBO (square symbols) and P-O-B linkages (round symbols) per P tetrahedra
derived from the relative intensity of the various Q"m,sox Structural units.

From the various and highly consistent insights provided by Raman spectra, FTIR-absorb-
ance spectra, and 1D 3'P MAS-NMR spectra of the obtained glasses, we now infer the local
environment of chloride ions and, ultimately, suggest a structural model for sodium borophos-
phate oxychloride glasses. Indeed, the introduction of CI- ions induces changes both in the
connectivity (formation of P-O-B linkages) and in the polymerization degree (decrease of the
NBO/P ratio) of the glass network. Yet, the oxygen to chlorine ratio is the sole variable in the
investigated glass compositions. Hence, we propose that sodium ions, initially participating in
P-O--Na and B-O--Na linkages, preferentially situate in the first coordination sphere of Cl-ions,
thereby forming Na* and CI- enriched regions embedded inside the borophosphate network.
This is supported by the study of Sandland et al.,[7] where the local environment of Cl-ions in
silicate and aluminosilicate glasses mostly consisted of network modifiers, and by the in-
creased structural inhomogeneity which is suggested from the shift in the boson peak fre-
quency.

The Cl-free glass structure is depicted in Figure 8(a). The structural changes resulting
from the substitution of an oxygen atom by two chlorine atoms can be summarized in the fol-
lowing equations:

2P0O--Na* + 2CI- — P-O-P + 2NaCl+ 02 (11)

2BO4-Na* + 2CI- — 2BO3 + 2NaCl+ 0% (12)

PO--Na* + BO4s*Na* + 2CI- — P-O-BO, + 2NaCl+ 0%~ (13)

Schematically, Na* ions (highlighted in red in Figure 8(b)) migrate out of the borophos-
phate network and form Na* and CI- enriched regions (highlighted in green in Figure 8(c)),
leaving behind a glass network with a higher crosslinking density through the formation of P-
O-B and P-O-P linkages, yet with decreased dimensionality through the conversion of BO4
groups to BO3; groups. Hence, the presence of BO4 groups is crucial to enable large solubilities
of CI- ions in oxide glasses. This decrease in network dimensionality is reflected through the
gradual decrease in T4 upon chlorine addition (see Figure 2(b)), in agreement with previous
observations in some other glass systems, although it is not a universal phenomenon.[47],
[48], [49] Nevertheless, when the concentration and size of these enriched regions reach a
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critical volume fraction (x = 0.25), crystallization of NaCl occurs during quenching (see Figure

1),

Figure 8. (a) Suggested structural model of sodium borophosphate glasses composed of BOz and
BOg structural units (blue), as well as Q%,sox, Q"0,80x, Q°1,80x Q%2,80x, and Q%3 80x PO4 structural units
(vellow). (b) Identification of Na* ions (red) prone to form Na* and CF enriched regions. (c) Structural
model of sodium borophosphate oxychloride glasses, with Na* and CF enriched regions (green), and

newly formed BOx (blue) and Q"msox (yellow) structural units.

3.3 Electrical and Elastic Properties

The Nyquist plot of Cl-free glass, consisting of a typical semicircle, is shown in Figure 9(a).
The red points, associated with the double layer effect, are not considered. The temperature
dependence of the electrical conductivity with increasing Cl content is shown in Figure 9(b).
No deviations from an Arrhenian behavior are observed. The electrical conductivity is on the
order of 108 S/cm at 50 °C for the Cl-free glass; it increases roughly linearly by one order of
magnitude as oxygen atoms are substituted by chlorine atoms, albeit showing a sudden drop
in the most Cl-rich glass (see Figure 9(c)). Interestingly, the activation energy for DC conduc-
tivity (E,) shows an abrupt increase of 0.2 eV as x increases from 0.00 to 0.05, and no further
changes upon further introduction of chlorine (shown in Figure 9(d)). This is indicative of similar
ion mobility mechanisms across the various glass compositions, presumably closely con-
nected to the structural effect of Cl- ions on Na* mobility.

First, we infer that the compositional dependence of the electrical conductivity is unrelated
to the water content. While it is known that protonic conduction can play a significant role in
phosphate glasses,[36], [37], [38] this effect is minor: in MO-P.0s (M = Mg, Ca, or Ba) glasses,
an increase in water concentration from 0.03 mol-L~" to 0.10 mol-L-" resulted in an increase of
electrical conductivity by only 10-'© S/cm (measured at 144 °C).[33], [37] In the present study,
the largest change observed in water concentration is an order of magnitude smaller, while the
changes in electrical conductivity are on the order of 108 S/cm. They are thus ascribed to
mechanisms of a different nature.
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Figure 9. (a) Nyquist plot of the Cl-free glass (Na20)o.4(B203)0.4s(P205)0.12 measured at 50 °C. Red
points, ascribed to the double layer effect, are not considered. (b) Temperature dependence of the
electrical conductivity of [(Na20)o.4-x2(NaCl)x](B203)o.4s(P20s)o.12 glasses. (c) Compositional depend-
ence of the electrical conductivity of [(Na20)o.4-x2(NaCl)x](B203)o.4s(P20s5)0.12 glasses measured at 50
°C. (d) Compositional dependence of the activation energy for DC conductivity of [(Na20)o.4-
x2(NaCl)x](B203)0.45(P205)0.12 glasses.

Compositional dependence of the electrical conductivity showing a local maximum was
previously observed in numerous glass systems, e.g., when B>O3 substitutes for P>Os in so-
dium borophosphate glasses,[50] or in ternary Li;O-P20s-LiX glasses (X = I, Br, or Cl) with
increasing LiX content.[51] Multiple arguments were put forward to elucidate this phenomenon.
Among these, the non-linear changes in (1-x)K2O-xLi.O-2SiO, glasses electrical conductivity
were explained in the light of Greaves’s modified random network (MRN) model, considering
that “foreign” cations become “stuck” within the conduction channels and thus effectively block
the motion of cations belonging to the initial host glass.[52]

In the present study, the increase in electrical conductivity following the introduction of ClI-
ions is greatly interlinked with the Na* and CI- enriched regions, and can be explained based
on the MRN model. For small chlorine concentrations (x <0.20), Na* ions preferentially localize
with CI- ions in the channels outside the borophosphate network. Sodium ions, no longer
closely bonded to the glass network through P-O-Na and B-O-Na linkages, exhibit increased
mobility and become efficient charge carriers.[53] However, at large chlorine concentrations
(x = 0.25), the considerable increase in polymerization degree of the glass network (NBO/P
decreases from 2.5 to 1.8 as x increases from 0.00 to 0.30) both hampers the mobility of Na*
ions, and promotes the segmentation of percolation channels, ultimately forming isolated Na*
and CI- enriched regions and effectively confining charge carriers.[54] The intricate interplay
between these two mechanisms thus sheds light on the dependence of the electrical conduc-
tivity on increasing substitution of O%- ions by ClI- ions in sodium borophosphate oxychloride
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glasses. The structural models of Cl-poor and Cl-rich sodium borophosphate glasses are rep-
resented schematically using the MRN model in Figure 10(a) and Figure 10(b), respectively.

Figure 10. MRN model for [(Na20)o.4-x2(NaCl)x](B203)0.48(P205)0.12 glasses, after Greaves.[55] Un-
shaded areas correspond to network former regions, while shaded areas highlight the percolation
channels for cation diffusion, (a) with small concentrations of CI- ions (x < 0.20), and (b) with large
concentrations of CI- ions (x 2 0.25). Covalent bonds are represented with solid lines, and ionic bonds
with doftted lines.

The molar volume (Vi) of the various glass samples is calculated from the corresponding
glass composition and density, according to:

Vi = 212 (14)

where f; and M; are the atomic fraction and the molar mass of the " constituting element, re-
spectively. From there, the packing density (C,) is calculated following:

NAngL'fi‘ria

Cq (15)

Vm

where r; is the ionic radius of the it" constituting element, and N, is the Avogadro number. It is
representative of the efficiency of element packing in a given matrix.

The density and the molar volume of the investigated glasses are shown in Figure 11(a),
while the corresponding packing density is depicted in Figure 11(b). As x increases from 0.00
to 0.30, i.e., as O% ions (rgz- = 1.35 A) are substituted by larger CI- ions (r¢- = 1.81 A)[56],
the density of the glasses decreases from 2.46 to 2.27 g/cm?3, and the molar volume oppositely
increases from 37.5 to 38.5 cm®mol. Nevertheless, these compositional changes translate but
to very slight changes in glass packing density. Indeed, it can be considered fairly independent
from the chlorine content, standing at a nearly constant value of 56 %.

The shear modulus (G), bulk modulus (K), and elastic modulus (E) of the glasses under
study are presented in Figure 11(c). The Poisson’s ratio (v) is plotted separately in Figure
11(d). Indeed, while G, K, and E all dramatically decrease by approximately 60 % as x in-
creases from 0.00 to 0.30, v shows a surprising opposite behavior and increases from 0.213
to 0.248. One can also note the abrupt decrease in G, K, and E when x exceeds 0.20, stem-
ming from the large fraction of crystallized NaCl.
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Following the model of Makishima and Mackenzie, both an increase in volume density of
energy (G;) of the glass constituents and in glass packing density are expected to lead to an
increase in the elastic modulus[57]:

E= ZCngiGi (16)

where g; is the molar fraction of each glass constituent, and G; is calculated from the molar
dissociation energy of the constituent oxides and chlorides. However, one can clearly see that
the changes in packing density are too small (< 0.5 %) to account for the sudden drop in elastic
modulus, from 77.1 down to 32.5 GPa, as chlorine atoms substitute for oxygen atoms. In ad-
dition, (i) sodium forms stronger bonds with chlorine than oxygen (412 kJ/mol for Na-Cl bonds,
and 270 kJ/mol for Na-O bonds), and (ii) the molar dissociation energy of NaCl is larger than
that of Na>O (320 and 294 kJ/mol, respectively[58], [59]). Hence, one would intuitively expect
an increase in elastic modulus based solely from these simple approaches. Furthermore, while
it is well known that increasing packing density leads to a noticeable increase in Poisson’s
ratio, it is evident that the striking increase in Poisson’s ratio observed here finds its origins
elsewhere.

Based on the previously presented MRN model of sodium borophosphate oxychloride
glasses, their glass structure can be seen as a superposition of (i) a network modifier-poor
borophosphate glass, with (ii) Na* and CI- enriched regions of varying sizes. The former usually
show small elastic moduli (< 40 GPa) due to lower polymerization between phosphate and
borate, while the second can be found comparable to crystalline NaCl, for which E is close to
40 GPa[60]. Therefore, the elastic moduli gradually decrease as Na* ions migrate away from
the borophosphate network, and the volume fraction of these enriched regions increases. This
is further accentuated as NaCl crystallizes during quenching.

The introduction of 1-fold CI- ions at the expense of 2-fold O? ions increases the cross-
linking density of the glass network, but also induces the conversion of BO4 groups into BO3
groups. This mechanism effectively decreases the dimensionality of the glass network, as tri-
dimensional structural units are converted to bidimensional structural units, which further trans-
lates into a smaller average coordination number. Indeed, it was previously observed that an
increase in Poisson’s ratio is strongly correlated with a decrease in average coordination num-
ber, which was specifically outlined for various borate glasses as well as for other glass fami-
lies.[60], [61], [62] Hence, it is inferred that these structural reorganizations ultimately give rise
to an increase in Poisson’s ratio.

139



Zhang et al. | Glass Europe 3 (2025)

250 =
[38.7 8 05641"
@245l " LI )
(E, 384 g & .
:@2.40- ‘q—;g 0.561 -
- 381 © o . =
5 2351 S£ . "
c 378 g 5 0.5581 .
o ©
) 2.30 . =q .
- m [3750
2251 , . , = 05551 , , ,
0.0 0.1 02 0.3 0.0 0.1 0.2 03
NaCl Content (x) NaCl Content, (x)
8o0{c "G o 0.2504d
A
@ 70. Lo . i = 0.245 . -
% 50 R L 0.240
~ 0] ) 0.235 .
i) ol ® e . C 0230 .
v . ¢ . ) 0.225 .
. 301 L T = 0.220 .
O 2 . Q. 0215{
10— . . T . : . :
0.0 0.1 0.2 0.3 0210 0.0 0.1 0.2 03
NaCl Content (x) NaCl Content,(x)

Figure 11. Compositional dependence of [(Na20)o.4-x2(NaCl)x](B203)0.4s(P20s)0.12 glasses on (a) den-
sity and molar volume, (b) packing density, (c) shear modulus (G), bulk modulus (K), and elastic mod-
ulus (E), and (d) Poisson’s ratio (v).

4. Conclusion

Mixed-anion (O%- and CI-) oxychloride glasses from the NaCl-Na,O-B,03-P>0s chemical sys-
tem were produced and characterized. Oxygen-to-chlorine substitution rates of around 4 %
were experimentally achieved without noticeable crystallization of NaCl.

The combined Raman, FTIR, and 1D 3'P MAS-NMR spectroscopic analyses provided in-
sights into the local structure and compositional dependence of PO4 and BOyx polyhedra,
providing insight on the local environment of CI- ions. As chlorine substitutes for oxygen, it
preferentially forms Na* and CI- enriched regions within the glass network. As a consequence,
the polymerization degree of backbone borophosphate network increases through the for-
mation of P-O-B and P-O-P linkages, while the BO4 to BO3 ratio decreases in a disproportion-
ation reaction. At large chlorine concentrations, NaCl crystallizes from the enriched regions.

The proposed mechanism of chlorine introduction, specific to borophosphate networks,
was considered in the light of the MRN model, which further allowed to describe the physico-
mechanical properties of these glasses. The electrical conductivity first increases by one order
of magnitude, thanks to the increased mobility of Na* ions, and slightly decreases with further
addition of ClI-ions, following from the increased crosslinking density of the glass network and
segregated NaCl-rich regions, which impede the motion of charge carriers. The decrease in
dimensionality of the glass structure, and the formation of a sodium-deficient borophosphate
network containing large regions of aggregated Na* and CI- ions, resulted in a significant de-
crease in elastic moduli G, K, and E by approximately 60%, contrasting with a substantial
increase in Poisson’s ratio from 0.213 to 0.248.
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Data availability statement

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Underlying and related material

Table S1. Fitting parameters: positions, widths and integrated area of Raman bands associated
with different vibrational species present in the examined glasses.

Species NaCl, x
0 005 | 04 | 015 | 02 | 025 | 03
P-O.Bl 630 630 | 630 | 630 | 631 | 631 | 631
Metaborate2? 673 673 673 674 674
1BOs+2BO | 799 721 | 720 | 719 | 718 | 716 | 715
2BOs+IBOSM | 763 763 | 764 | 765 | 765 | 765 | 766
cm* Pentaborate!?"! 895 | 895
B0 947 947 | 947 | 948 | 948 | 948 | 948
Q% sl 980 980 | 980 | 980 | 980 | 980 | 980
Q"1 50x 1015 | 1013 | 1012 | 1011 | 1009 | 1008 | 1006
(;\figx'[?a] 1069 | 1070
Qa0 11 1098 | 1100 | 1102 | 1105 | 1106 | 1107 | 1108
P-O-B 030 | 034 | 1.04 | 200 | 204 | 103 | 116
Metaborate 059 | 030 | 056 | 026 | 0.17
1BOs+2BO. | 16.08 | 1641 | 17.76 | 17.41 | 1617 | 7.83 | 7.77
2BO,+1BO. | 14.01 | 1561 | 17.76 | 19.66 | 19.46 | 15.95 | 15.07
Boroxol fings 116 | 142 | 1.29 | 165
:Til' % Pentaborate 6.62 | 7.77
BO. 185 | 166 | 13.6 | 14.27 | 11.60 | 13.54 | 12.61
Q1 50x 3033 | 2892 | 17.76 | 12.34 | 1545 | 919 | 5.92
Q"1 50x 593 | 522 | 1227 | 11.74 | 11.25 | 18.02 | 22.65
NBO in Q"1.80x 10.59 | 10.78
Qo 14.84 | 1714 | 1935 2111 | 22.10 | 15.95 | 14.55
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Table S2. Fitting parameters positions, widths, and integral of all the peaks from different species
of NMR measurements.

Species NaCl, x
0 0.05 0.1 0.15 0.2 0.25 0.3
Q% 15.3 141
Q%pgox | O-1 4.9 5.1 3.2 4.5 2.0 3.3
Position, Q%gox | 17 1.5 1.5 0.1 0.7 -0.3 -0.1
ppm Q%g0x | -3-3 -3.5 -4.4 -5.0 -4.9 -5.5 -5.5
Q'ypox | 94 -10.0 -9.9 -9.9 -9.5 -9.9 -9.9
Q0% Box -11.0 -12.5 -12.5 -12.9 -12.3
Q% 6.0 7.0
Qlogox | 48 4.8 4.3 5.6 4. 5.4 4.4
Width, Q%gox | 46 4.2 5.9 4.5 4.9 4.0 4.4
ppm Q%EBox 9.4 9.8 8.0 7.7 8.1 7.5 7.1
Q'ygox | 143 10.8 7.5 6.9 9.0 8.1 7.9
Q% gox 17.0 12.0 12. 141 14.6
Q% 1.1 0.9
Q'oox | 33.6 26.7 9.8 9.5 3.2 23 0.8
Rel. Int, % Q% pox | 144 10.4 23.0 6.6 7.8 1.8 2.5
Q%goy | 48.3 60.2 56.7 63.6 66.3 47.2 36.6
Qligox | 25 1.6 5.7 9.1 12.3 20. 19.0
Q0% Box 4.6 10.9 10.1 28.3 40.9
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