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Abstract

Sodium-calcium-phosphate glasses doped with SiO2 or SisNs4 having similar sodium ion
concentrations were prepared by melt quenching. The conductivity was measured by impedance
spectroscopy under nitrogen atmosphere in a wide frequency range (10 mHz — 1 MHz) and wide
temperature range (153 - 473 K). At 36.6 °C, DC conductivities of all glasses vary between 1.1*1012
and 8.9¥10*? Scm™ and have similar activation energies (between 0.87 and 0.91 eV), which are
characteristic for an ionic conduction mechanism. The analysis of AC conductivities showed that the
spectra are governed by one dynamic process — hopping of the mobile charge carriers - which may be
described i.e., by the “concept of mismatch and relaxation™ or by the ‘random barrier” model. The
obtained results confirmed a higher influence of nitrogen incorporation on the various glass conductivity
parameters than shown for silicon doping alone. However, the influence of fundamental structural
changes on the glass conductivity is less relevant as is the overall sodium ion concentration, which
remains the decisive factor for a high ion conduction.
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1. Introduction

Recently, the interest in phosphate glass research increased, mostly in regard to
their application as bioactive materials [1-3]. The degradation rate and stability of
glasses in the Na-Ca-P-O system can be controlled by silicon or nitrogen doping. In
our previous work [4], we have shown that addition of low concentrations (1 - 2 mol%)
of silicon oxide or silicon nitride causes significant changes in the Raman spectra of
Na-Ca-P-O glasses. The thermal properties of the glasses e.g. glass transition and

crystallization temperatures, thermal glass stability (S = Texo — Tg) and fragility index
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are also influenced by the SisN4 content. A similar trend was observed for nitrogen rich
silicon-based glasses [5-7]. Moreover, structural analysis of these glasses confirmed
the presence of amorphous phosphates, which are likely to act as precursor for the
crystallization of hydroxyapatites. Therefore, these materials are of great interest as
potential bioactive glasses [8-10]. Usually, bioactive glasses exhibit not only good
properties for diverse biomedical applications but due to their high sodium and calcium
levels, these glasses are also good dielectrics. Nowadays, research focuses also on
the fabrication of electrically conducting scaffolds made from bioactive glass-
composites in order to stimulate cell growth electrically. It was shown that the
construction of specific niches with conductive materials, such as conducting polymers,
carbon nanotubes and graphene, can promote stem cell differentiation towards electro-
active lineages and emphasize the promising role of stem cells in electro-active tissue
regeneration [11, 12]. Moreover, Basset et al. [13] showed in the sixties, that when
deformed, bones can produce electrical charges. Describing a relationship between
piezoelectricity and callus formation, they also proposed that stress-induced bioelectric
potentials control both bone cell activity and the orientation of their molecular
bioproducts. Many researchers also found improvement in osteobonding and bone
growth on the surface of polarized hydroxyl apatite (HA) after generating a permanent
surface charge on the materials in vitro [14, 15].

However, the electrical processes that occur in bioactive materials were not further
highlighted in these papers. Therefore, studying conduction processes in bioglasses is
not only an exercise in fundamental research, but is also relevant for applications of
said bioglasses.

The high sodium oxide content of bioactive glasses let us to expect a significant
ionic conductivity for these glasses. Since conductivity is a property, which is sensitive
to many effects, including small compositional and structural variations, we further
expected significant variations in the electrical properties for the various Na-Ca-P-O
glasses doped with low levels of SiO2 and SisN4, a system we have been studying
earlier in detail in regard to glass formation, thermal properties and structural variations
[4].

In the last decades, ionic conduction phenomena in different Na-containing glasses
have attracted much interest even beyond the underlying fundamental mechanisms
[16-19] but also for applications such as solid state batteries [20, 21]. One of the most

common methods for studying charge carrier dynamics in disordered solids is
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impedance spectroscopy. A detailed analysis of the frequency and temperature
dependence of AC conductivity is necessary to characterize microscopic mechanisms
of the charge carrier transport [18]. Several papers discuss the conductivity behavior
of the Na-Si-O glass system containing different ions, including Ca?* [16, 17, 22-24].
And while phosphorous-based glass systems have been extensively studied for mixed
alkali [25] or mixed ion-polaron conduction effects [26-32], there is still a lack of
fundamental knowledge regarding the electrical properties of the Na-Ca-P-O glass
system, from which the important bioactive glasses derive.

The aim of this work is therefore to investigate the influence of a slightly changing
glass matrix on the electrical properties of the Na-Ca-P-O glass system. Impedance
studies are performed in order to analyze the influence of Si and N doping on the
conductivity. Furthermore, the results of phosphorous-based glasses are compared
with those of silicon-based glasses with a composition close to the well-known
bioglasses: 45S5 (44.97Si02-23.73Na20-26.23Ca0-5.07P0Os/2 in mol%) and S53P4
(52.94Si02-22.28Na20-21.4Ca0-3.38P0s/2 in mol%) [33].

2. Experimental

Four samples with approximately the same sodium content and different matrix
composition were synthesized by the conventional melt quenching technique. First, the
primary target glass OP with a composition of 28.6Na20-14.3Ca0-57.1P0Os/2 (in mol%)
was prepared from appropriate amounts of reagents: NaH2POa4 (= 99.5 % Sigma
Aldrich), Na2CO3 (99.9 + % ChemPur GmbH) and CaCOs3 (99.9 + % ChemPur GmbH).
Next, glasses (1PS) 1Si02-99(28.6Na20-14.3Ca0-57.1P0s2) and (2PSN) 2SisNa-
98(28.6Na20-14.3Ca0-57.1P0s2) (in mol%) were melted from shards of the pre-
prepared target glass and reagent grade SiO2z (99.99% ChemPur GmbH) or SizN4
(ChemPur GmbH). Additionally, a silicon-based glass (3SP) 23.8Na20-19.1CaO-
9.5P0s5/2-47.6Si02 (in mol%), with similar sodium content was synthesised as a
reference sample, having a similar composition as the well-known bioglasses 45S5
and S53P4. All samples were prepared in porcelain crucibles under air atmosphere.
All samples are listed in Tab.1 with their ID, as analyzed compositions, and the
respective melting process parameters. Similar trace amount of Al (~ 0.2 - 0.3 at%)
from the crucibles are found in all samples and are not included in the nominal
compositions of table 1. More detailed descriptions about the preparation process of

these phosphate glasses can be found in reference [4]. Glass densities were measured
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by the Archimedes method using ethylene glycol as an immersion fluid. The sodium-
ion concentration (Nna+) given as atoms cm3 was calculated based on the measured

densities and composition, according to relation:

__ dxnpyg*Ng

Nyar == — (1)

Mglass

Where d is the glass density (in gcm=), Mgiass is the molar mass of the glass (in
gmol™), nna is the sodium ions content (in at%) and Na is the Avogadro constant.

Plane parallel circular samples, polished on the surface were used for the electrical
measurements. The diameter of the discs was approximately 10 mm and the glass
thickness varied between 1 to 2 mm. In order to serve as electrodes, the glass discs
were coated with gold, which was vaporized under vacuum. Impedance measurements
were carried out in the frequency range from 10 mHz to 1 MHz in a temperature range
of 153 K to 473 K, with an AC voltage of 1 Vms using a Novocontrol Concept 40
broadband dielectric spectrometer. The measurements were conducted under nitrogen
atmosphere. Using a dielectric analyzer, only spectra with a conductivity from 1014
Scm* or more can be recorded, thus, only results taken above 213 K could be

effectively analyzed.

3. Results and discussion

In order to discuss the electrical properties of the prepared glasses, it is worth to
compare these properties also with the thermal properties and the structure of each of
the studied glasses. A thorough discussion on glass formation and on structure
property correlation in the Na-Ca-P-O-N glass system can be found in detail in our
previous paper [4] and only results most important for the current study will be briefly
summarized in the following paragraph.

All obtained glasses were homogeneous and amorphous. Glasses 0P, 1PS and
2PSN contained ~18 at% of sodium or ~1.3*1022 atoms*cm™ (Tab. 1), which resulted
in a high degree of depolymerization. The addition of small quantities of silicon oxide
(glass 1PS) or silicon nitride (glass 2PSN) caused significant changes in the Raman
spectra. For OP, as expected from the composition, 50% of the phosphate tetrahedra

form Q2 units or (PO2,202) that is, phosphate tetrahedra with 2 bridging and 2 terminal
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oxygen atoms, and the other 50% consisted of Q! units, PO1203%>. The phosphate
structure in glasses 1PS and 2PSN however was significantly more depolymerized
with signatures of Q! units dominating in the Raman spectra. This was explained by
six-fold coordinated silicon, as special case, though typical when low levels of silicate
are dissolved in phosphate glasses where each Si-atom connects to 6 POas-tetrahedra
[35]. In its high coordination form, SiO2 acts more like a network modifier than a network
former, depolymerizing the glass network. 3SP was not part of the previous study, but
with a composition of 23.8Na20-19Ca0-9.5P0s/2-47.6SiO2 (in mol%), has the fraction
of modifier oxides similar to the three phosphate glasses of this study. 3SP is a
metasilicate based glass containing “isolated” orthophosphate units [34].

Thermal analysis showed that the addition of low Si and N concentrations
increases the glass transition temperature Tg by more than 80 °C whereas values for
the thermal glass stability S, increase only slightly. The glass 3SP shows significantly
higher T4 (537 °C) and lower S (129 °C) values than phosphate glasses, but has a
slightly lower transition temperature than the well-known bioglasses: 45S5 (T4 = 552
°C) and S53P4 (T4 = 561 °C) [33].

Table 1 Studied glasses with their corresponding glass compositions (as analyzed), melting process
parameters: temperature (Tmeiting) and time (tmeiing), density and sodium-ion concentration.

Sample  Comment Measured composition Measured composition Tmetin -~ tmeltin Densit Na*
sID (Wt%) */. 5% (at%) */. 5% g g y concentratio
(°C)  (min) (gcm?) n (cm3) *.
*/.0.01 5%
oP Target Nay 4Cag 4P246045 NaygsCasP16.80595 950 30 2.61 1.38*10%
glass
1PS Si doped Nayo 1Cag sP253Si0 5045 Naug 2Cay sP17.3Si0.40s9.4 1000 30 2.60 1.35*10?%2
glass
2PSN Siand N Nalg‘1C613,7P24.5Si1_7044_3N1, N317‘3ca4,6P15_eSi]_.3O5gN2. 1300 20 2.55 1.26*1022
doped 4 1
glass
3SP Referenc Na19_7Ca12_2P5_25i21_2041_7 Na18_3Ca5_5P3_GSi16_1055_5 1350 30 2.57 1.29*1022
e glass

Figure 1a shows for all prepared glasses the real part of conductivity (o”) versus
the temperature as measured at three different frequencies. The ¢” values of the
glasses increase with temperature and frequency. The conductivity values are of the
same order of magnitude, when comparing glasses that were measured under the
same conditions (specific temperature and frequency). In Figure 1b, the frequency
dependence of o’ is plotted for different temperatures on the example of glass 3SP.
The other glasses show similar tendencies of their o” curves. The conductivity spectra

can be divided into two parts: the frequency-independent DC conductivity (obc) and
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the AC conductivity, which increases with frequency. The frequency range of the DC

plateau increases with the temperature for all studied samples.
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Figure 1 (a) Real part of conductivity as a function of temperature for three different frequencies
(symbol filling) shown for all samples (symbol form). (b) Frequency dependence of the real part of
conductivity for glass 3SP plotted for six different temperatures. The red lines show the fit using Eqg. 4.
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The opc values (obtained from Fig.1b) are presented in Fig. 2 as crossed symbols.
They obey the Arrhenius law which is given by equation (2), over a conductivity range

of more than seven magnitudes.

E
opcT ~ e_k_;l 2)

The Ea activation energy is related to a fundamental migration step in the
conduction process [35]. The straight lines in Fig. 2 show the fit results for the Arrhenius
relation. Values for the activation energy Ea and the frequency-independent DC
conductivity opc (at 36.6 °C) are listed in Tab. 2. For all glasses, opc values vary
between 1.1*101? and 8.9*10*> Scm™. The glass 1PS doped with 0.4 at% of silicon,
shows the lowest value of opc with the highest activation energy 0.95 eV, while glass
2PSN containing 1.3 at% of silicon and 2.1 at % of nitrogen exhibits the highest opc
with the lowest Ea = 0.86 eV. However, glass 3SP, despite having a silicate rather than
a phosphate based glass matrix, exhibits values of DC conductivity and Ea that are
almost the same as those of the glass 2PSN. The activation energy magnitude
observed is typical for an ion hopping mechanism [24] and we can therefore conclude

that Na* hopping is the ion conduction mechanism in our glasses.
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Figure 2 Arrhenius plot of the DC conductivity of all glasses. The straight lines show the results of the
Arrhenius fit (Eq. 2).
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Table 2 Conductivity parameters: ooc (from Fig. 1b), Ea of DC conductivity process (fit of Arrhenius
relation of data from Fig. 2), exponents p and r, frequencies v; and wnc (fitting data in Fig. 3 with Eq.
4), and slope (linear fit to data in Fig. 4). For further information see also description in the text.

Glass ID Ea(0obc) Ooc at 36.6 °C p va(0ocT)? r Vet (OocT)? slope
(eV) (Scm™) +/-0.01 (HzemS'K?1) +/-0.01 (HzcmS'K?') +/-0.01
+/- 0.01 +/- 0.01
oP 0.91 4571012 0.59 2.52*10° 0.95 1.12*10% 1.11
1PS 0.95 1.12*1012 0.60 1.77*10° 0.95 9.34*10% 1.07
2PSN 0.86 8.89*1012 0.56 8.40*108 0.93 3.69*10% 1.05
3SP 0.87 8.41*1012 0.61 1.58*10° 0.93 6.11*10% 1.10

DC and AC conduction are both governed by the same mechanism and are
connected with each other. Therefore, a proper understanding of AC conduction is also
important in order to obtain an in depth picture of ion transport mechanisms [36]. AC
conductivity of many dielectric systems can be described by the Jonscher power law

expressed by the following relation:
. 9\P
]

Where v is the onset frequency of the conductivity dispersion, exhibiting an Arrhenius-
type temperature dependence. The exponent p is usually smaller than unity [37].
However, at high frequencies and/or low temperatures (where the frequency vexceeds
v3 by several orders of magnitude), the exponent achieves a value that equals 1. This

type of frequency response is known as “nearly constant loss” (NCL) because of the

negligible frequency dependence of the dielectric function &' (9) =

o (9)
2mdgg [18].
Nowick [38] proposed to describe the entire AC conductivity spectra of ion-

conducting glasses by superimposing the Jonscher relation with the NCL term:

o' ®) = opel1+(2) +(:2) @

UNCL

Where exponent r is equal 1 and vj, vnc. depend on the number density of the
mobile particles, the jump distance and temperature. Based on the results of equation
(4) some authors state that Jonscher and NCL behavior originate from clearly distinct
dynamic processes. In their opinion, the first process is due to subdiffusive and

diffusive hopping motions of mobile ions whereas the NCL process is often attributed
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to the motion of groups of atomic species, including mobile charge carriers and network
atoms, an asymmetric double-well potential (ADWP) configurations [39-42].

Dyre et al. [43] reviewed the AC characteristics of many disordered solids. They
have noticed that at high frequencies, ¢’(w) follows indeed an apparent power law.
However, the power-law exponent increases slightly with the frequency and is found
to be between 0.6 and 1.0. In a fixed frequency range the exponent increases as the
temperature decreases with n—1.0 for T—0. These observations are in disagreement
with equation (4), which does not predict any increase of the exponent with frequency.

However, there are other models describing ion dynamics in glasses, which indeed
predict all above mentioned characteristics, for instance, the “concept of mismatch and
relaxation” (CMR) proposed by Funke [44] or the ‘random barrier model’ (RBM)
described by Dyre [36, 43, 45]. Both mentioned models describe the entire AC
conductivity spectra by the hopping dynamics of the mobile charge carriers. Roling et
al. [18] have shown that the hopping dynamics of mobile ions lead in various ion
conducting glasses above the temperature of 100 K, to AC conductivities and that the
formal separation into distinct power-law regimes (Jonscher and NCL) may be artificial.
In this work, we are conducting a similar route of analysis as stated in reference [18]
in order to determine if the entire AC conductivity spectra - for all measured
temperature ranges and all glasses presented here - can equally be described only by
hopping motions of the mobile ions.

It is known that the AC conductivity obeys time-temperature superposition, i.e., the
shape of o’(w) in log-log plot is temperature independent and it is possible to construct
a master curve [43]. Figure 3a presents the master curve of the AC conductivity spectra
of glass 2PSN. This master curve was generated by plotting o 'opc vs. v(opcT) ™. Any
spectra with detectable opc were observed only for temperatures above 263 K (Fig.
1b), for which the master curve extends over approximately 6 orders of magnitude on
the o’opc?! plot. Master curves of the AC conductivity spectra were obtained

analogously for other glasses.


http://mostwiedzy.pl

A\ MOST

Sample 2PSN

10° O data for T range <283 K - 473 K>
——Eq4fit

voo T (HzemS™'K™)

Figure 3 Master curve of AC conductivity of glass 2PSN.

The slope of d logo’/ d logv continuously increases from ~0.56 in the Jonscher
regime up to ~0.95 in the NCL regime, for all glasses investigated. This increase of the
conductivity slope with frequency is in disagreement with equation (4), as previously
noticed by Dyre et al. [43]. However, to examine the interrelation between Jonscher
and NCL behavior, we intentionally use Eq. 4 to estimate the approximate values of
frequencies vy and vncw. Firstly, we fit the Eg. 4 to the master curves (Fig. 3), which
resulted in apparent exponents and frequencies independent of temperature as listed
in table 2. The values of the apparent slopes p and r (from Tab. 2) were used to fit Eq.
4 to the conductivity spectra in Fig. 1b. These fit results are marked by red lines and fit
the conductivity data very well for all glasses at all temperatures. However, the AC
conductivity spectral shapes predicted by the RBM [36] and CMR [44] models may be
just as easily fitted by Eq. 4 and, contrary to Equation 4, predict these models actually
the continuous increase of the apparent exponent of conductivity with increase in
frequency.

The fit of Eq. 4 to AC conductivity spectra (Fig. 1b) gives the values of frequencies
vy and vnci, Which are shown for all glasses in Fig. 4 using the log-log scale. The linear
relation between frequencies vy and vncy for our glasses confirms the close interrelation
between the Jonscher and the NCL behavior. The straight lines in Fig. 4 show the

linear fit results and the values of their slopes are listed in Tab.2. The slopes are close
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to one. These results are in agreement with the RBM model and the observations made
by Roling et al. [18]. Therefore, we may conclude that in all our glasses in the presented
temperature and frequency range, AC conductivity spectra are due to one dynamic

process — hopping of the mobile ion — Na*.

10° o o | Trange 273 K - 463 K
7 o 1PS

10 2PSN
5 % 3SP

10 linear fit

Ve (H2)

vy (Hz)

Figure 4 Characteristic frequencies vncL versus vy for all glasses estimated from Eq. 4 fit to
conductivity spectra in Fig. 1b

The interpretation of the observed differences of the conductivity parameters for
the various glasses investigated, will also be based on structural findings presented in
our previous paper [4]. There, we showed that glasses doped with SiO2 and SisNa
exhibit less polymerized networks than was initially present in the glass OP. The
increase in depolymerization of the modified glasses was caused by the uptake of
modifier oxides from the crucible material (Al2Os and Naz0) as well as the addition of
SiO2 which is known to be octahedrally coordinated when present as minor component
in phosphate glasses [46]. Thus, all these additions will increase the number of non-
bridging oxygen atoms in the phosphate network from a Q*:Q? ratio of 1:1 in glass OP,
to a predominance of Q! over Q? in 1PS and 2PSN. Since the observed
depolymerization of the phosphate network derives from the incorporation of SiOz,
Al203 and Nb20Os, all containing highly charged cations, remains the absolute number

of potential mobile Na* ions of similar magnitude or decreases even slightly in the two
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modified phosphate glasses. The slight decrease in nna+ cm® cannot explain the
significant drop in opc for the glass 1PS (to almost a quarter of OP), and on the side
the doubling in a ooc for glasses 2PSN and 3SP. Similarly, Ea is higher for 1PS and
lower for 2PSN and 3SP compared to glass OP. It seems that the structural
modifications have a strong impact on the mobility of the Na* ions.

As mentioned earlier, the role of SiOz2 is different when it acts as minor or major
component in a silico-phosphate glass. As minor component, Si** is linked to 6
phosphate units, see for example Venkatachalam et al. [35], as major component
silicate tetrahedra connect to shape the glass network. Depending on the modifier
oxide concentration, non-bridging oxygen form on the phosphate tetrahedra, but not
on octahedral coordinated silicate. Comparing glasses OP and 1PS, the observed
difference in activation energy and conductivity is most likely linked to a mixed modifier
effect or a mixed network former effect, depending on the classification of highly
charged AI** ions in tetrahedral and Si** ions in octahedral coordination as network
modifier or former.

Glass 2PSN was prepared under similar conditions as glass 1PS, only that SizNa
was doped instead of SiO2. The silicon content is even higher than in glass 1PS, and
additionally contains glass 2PNS also nitrogen. However, this glass exhibits a higher
conductivity than both glasses OP and 1PS. This phenomenon was observed in several
oxynitride glass systems [47-50]. One explanation given for the increase in ionic
conductivity is the decreasing electrostatic energy of the glass network resulting from
nitrogen incorporation.

In this context, let us briefly consider the effects of the electrostatic binding energy
Eb and network strain energy Es on ion conduction. E, describes the coulombic forces
acting on the ion as it moves away from its charge-compensating site, and Es describes
the mechanical forces acting on the ion as it dilates the structure sufficiently to allow
the ion to move between sites [51]. As P-O bonds are replaced by more covalent P-N
bonds, the increase of network strain energy could be counteracted, leading to an
effective decrease of Ea [52, 53]. This suggestion is in accordance with the Anderson-
Stuart model, which establishes that the activation energy of ionic conduction depends
on two terms, i.e. the network strain energy and the change of electrostatic bonding

energy of the original site [46].
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In the present work, by comparing the two re-melted glasses 1PS and 2PSN, it is
shown that the influence of nitrogen incorporation on glass conductivity is high enough
to compensate the impeding effect of silicon doping.

When comparing the conductivity parameters of the three phosphate glasses with
the 3SP silicate glass containing a similar sodium-ion concentration (~1.3*10%% cm3,
Tab.1) it is observed that the electrical properties, especially between glass 2PSN and
glass 3SP, are very similar, despite changing from a phosphate based to a silicate
based glass matrix.

Like phosphate glasses, silicate glass consists of glass forming tetrahedra.
However, the role of the minority phosphate component in a silicate glass is very
different to Si as minor addition in a phosphate glass. In silico-phosphate glasses,
octahedrally coordinated silicate is bonded to 6 phosphate tetrahedra, while in
phosphor-silicate glasses, orthophosphate tetrahedra are not linked directly to the
silicate network [34]. It seems, that the mixed network modifier/former effect is less
pronounced in this second type of more open structural arrangements with non-
bridging oxygen ions, while centered at orthophosphate units, are also distributed over
all silicate tetrahedra. On the other hand, when SiO2 acts as modifier, the Si** ions
charge balancing 6 terminal oxygen ions on phosphate tetrahedra [54], ion conduction
of mobile ions is impeded by the presence of these lager superstructural units.

Overall, considering the similar conductivities and activation energies of all 4
glasses studied, the differences we observed due to the structural changes between
these glasses are relatively small. Much stronger variations in conductivities and
activation energies, covering several orders of magnitude, are observed in systems

with much higher sodium ion concentration [51]

Conclusions

Sodium-calcium-phosphate glasses doped with SiO2 or SisN4 as well as a silicate-
based glass were prepared in such a way, that they all contained similar Na
concentration. Analysis of the electrical properties showed that for all the prepared
glasses DC conductivity values vary between 1.1*10'? and 8.9*10? Scm™. The
activation energy of DC conductivity varies between 0.86 eV for the glass containing
silicon and nitrogen to 0.95 eV for the glass doped only with silicon. The analysis of

AC conductivity showed that the spectra are governed by one dynamic process —
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hopping of the mobile charge carriers, which may be described by for instance, the
‘random barrier model” or the "concept of mismatch and relaxation’. The predominant
process in DC and AC conduction in all measured glasses is sodium ion hopping.

It is shown that the influence of nitrogen incorporation on glass conductivity
parameters is high enough to compensate the negative impact of the mixing effect due
to silicon incorporation in silico-phosphate glasses, where octahedral coordinated Si**
links phosphate entities to larger units. A similar negative mixed cation effect is
negligible in phospho-silicate glasses, where tetrahedral orthophosphate is not directly
linked to the network forming silicate tetrahedral.

However, the quite similar electrical properties of all phosphate glasses and of
silicate glass with significantly different glass matrix, led to conclusion that the impact
of structural variations on the glasses’ conductivity is not as prevalent as the sodium

ion concentration.
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