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Abstract: Despite numerous investigations, the thermodynamic properties of potassium silicates
remain apparently contradictory. In situ experiments are complicated by the unstable behavior of a
K,0-5i0; melt in the region of compositions with a high potassium oxide content. In this paper, we
study the structure of melts by the method of physicochemical modeling, taking into account the
results of high-temperature Raman spectroscopy. To do this, the Raman spectra were curve-fitted,
taking into account the second coordination sphere of silicon atoms. From the interpretation of
the spectra of K;O-5i0O; glasses and melts having a K,O content of up to 55 mol.%, quantitative
characteristics of the system were obtained. Since available information on the thermodynamic
properties of potassium silicates is known to be contradictory, coordinated thermodynamic character-
istics of potassium silicates, some of which were evaluated, were used as input data for modeling.
Structural modeling of glasses and melts of the K;O-5iO; system was carried out across a range
of compositions up to 60 mol.% potassium oxide. The database of structural units of melts of the
potassium silicate system, updated according to experimental data, will find practical application in
chemistry, geochemistry and engineering fields.
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1. Introduction

The physicochemical properties of potassium silicates, which form a component of
many minerals, are important for geochemistry, petrology and mineralogy. Both in terms
of theoretical calculations and experimental approaches, it is the structure of the crystalline
phases K;O-SiO, forming in melts that is of supreme interest. Diffraction [1-3] and
spectroscopic [3-7] techniques have been widely used to describe the structural features that
control the properties of alkali silicate glasses, as well as more complex compositions [8-11].
However, fundamental questions concerning the structure of the silicate anionic network
in alkali silicate glasses and liquids remain unanswered. Whereas the potassium-silicate
system offers a wide glass formation area, the high-alkali region is characterized by the
crystallization, water sensitivity and alkali volatility. In situ experiments of the K,O-5iO,
melts are complicated by unstable behavior already observed in the region of compositions
from 40 mol.% of potassium oxide. Arising from these difficulties, there is continuing
disagreement about the interpretation of experimental data and its implications for the
structure of glasses [12-16].

In this paper, we attempted to study the structure of glasses and melts by two methods:
physicochemical modeling and Raman spectroscopy. Although various approaches can
be taken to study the structural description of silicate systems, a polymer theory is more
convenient for the present purposes. Commonly, the degree of polymerization is quantified
via the abundance of the different Q" species, where Q represents a 5iO, tetrahedron and
n is the number of bridging O atoms. The composite anions comprising such variably
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polymerized structural units, connected via bridging bonds in a melt or a disordered
network in a glass, form the basis of silicate crystal chemistry. According to this system
description, it is necessary to determine which structural units occur in melts and in what
concentrations depending on composition and temperature. The abundance of these Q"
species is controlled by the following disproportionation reactions:

20" =Q"1+ Q" ' (n=3,21), (1)

2Q° =2Q"' + 0%, )

where O%~ is a free oxygen ion not included in a tetrahedron.

The result of simulation and Raman spectroscopy can be presented in the form of a
Q" distribution to allow the correction of models based on experimental data. Potassium
silicate glasses and melts have been the least studied compared with lithium and sodium
silicate systems. This is especially true for high-temperature experimental data, which have
only been published, to date, for compositions up to 38 mol.% K,O [5,17,18]. In this regard,
the expansion of the research area of the structure of this system up to 55 mol.% K,O is an
absolute novelty.

2. Methods
2.1. Modeling Method

The universal “Selektor-C” software (ver. 1, Institute of geochemistry SB RAS, Irkkutsk,
Russia) complex was used for analyzing data from physicochemical processes occurring in
the potassium silicate melts. The decision to use this software was made due to its versatility,
as demonstrated by a number of pieces of work in the field of geochemistry, chemistry,
metallurgy, materials science, etc. [19,20]. The results of applying this approach to the study
of the structure of binary alkali silicate [21], germanate [22] and borate [23] glass-forming
systems are published in our previous papers. The approach for modeling the structure of
melts assumes the existence of a database of structural units. Earlier modeling has been
carried out across a wide range of compositions for lithium and sodium silicate glasses and
melts based on the available quantitative information about their structure [4,24].

The formalism of physicochemical modeling is comprehensively described in the work
by [21]. Briefly, it is worth recalling that the equilibrium of a system is calculated through
the global minimum. Independent components represent the smallest number of stoichio-
metric components from which it is possible to obtain compositions of all components
and phases of the system by their linear combination with positive coefficients. In the
case of silicate systems, these are silicon-oxygen structural units. Individual substances
are called dependent components of the system, whose number is minimal but necessary
for describing the system in equilibrium. Using the quasicrystalline approximation, based
on the assumption that the melts comprise ideal associated solutions, the thermodynamic
characteristics of crystalline silicates can be used to describe the structure of the melts in
terms of the distribution of Q" units. This approach allows the thermodynamic values of
the melt components to be described in the absence of assumptions about the size and
shape of silicate anions. In order to determine the thermodynamic characteristics of struc-
tural units, thermodynamic data on stoichiometric silicates were used as initial parameters;
here, quartz, di-, meta-, pyro- and orthosilicates corresponded to the characteristics of
the structural units of the silicate systems Q4, Q3, QZ, Ql and QO, respectively. In accor-
dance with the phase diagram of silicates, the stoichiometric compounds considered in the
model have the following forms: SiO,, 0.5K;5i,05, K55i03, 0.5K¢Si;O7 and K4SiO4. When
simulating the structure of silicate melts in the “Selector-C” software package, we took
into account the influence of the chemical composition (510, /K,O ratio) and temperature
on the component composition of the melt. Here, the chemical composition varied from
pure silica to orthosilicate (60 mol.% K,O) while the temperature range was set from 20 to
1300 °C. According to our approach, the “melt” phase included all the components in the
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liquid state that characterize the K,O-5iO, system, namely SiO,, KSiO; 5, K;5103, K35i03 5,
K4SiO4 and Kzo.

A necessary part of the modeling process is the stage of model adjustment based
on experimental data, which is provided in the software package. However, there are
contradictions in the available information on the thermodynamic properties of potassium
silicates [25-28]. As input data for modeling, we used the consistent thermodynamic
characteristics of potassium silicates, some of which have been evaluated [29]. Thus,
the correction of physicochemical models is the second stage of the modeling process.
It involves a determination of the free energy of the formation of the components of
the melt system from its composition. The results of in situ Raman spectroscopy can
be used as experimental data to obtain a quantitative distribution of structural units in
the glass-forming system. The correction of the physicochemical model is a necessary
stage of modelling not only for obtaining adequate results but also for the creation of a
base for further research. By taking into account the results of high-temperature Raman
spectroscopy for the correction of physicochemical models, we obtained a database of
thermodynamic properties of structural units of oxide melts. The approach applied here
uses limitations on components of the glasses and melts model from their analytical
composition obtained from spectroscopy. For this purpose, the results of experimental
investigations of the potassium silicate glasses and melts structure at temperatures from 20
to 1115 °C were used.

Thus, the novel method applied for studying the structure of glass-forming systems
presented in this work was based on physicochemical modeling of the structure of glasses
and melts and introduction of corrections based on the results of high-temperature Raman
experiments. The updated databases of the thermodynamic characteristics of structural
units of melts and glasses updated as a result of this work will form a useful resource for
studying these systems across an extended range of compositions and temperatures.

2.2. Raman Spectroscopy Data

Correction of the physicochemical model is a required step of modeling-based ap-
proaches not only to obtain adequate results but also to form a database for further research.
The approach for calculating the structure of potassium silicate glasses and melts implies
the introduction of restrictions from their analytical composition obtained from in situ
Raman spectroscopy. For the registration of a Raman spectrum of a melt, a crucible with
the glass sample was placed in a platinum compact oven equipped with a temperature
controller providing for the stability of the set temperature with an accuracy of £1 °C. The
non-polarized Raman spectra were registered by a powerful LTI-701 Nd laser (A = 532 nm,
<P> =1 W) with a pulse frequency of 8.7 kHz and duration based on acoustic optical shutter
of 2 us. This was used together with a synchronized photon counter, which opened only
during a laser pulse. An uncooled FEU-79 photomultiplier was used to detect the Raman
signal [30]. In order to compare the spectra obtained at various temperatures, we adjusted
them for the thermal population of vibration levels [31]. To attain a detailed description of
the melt structure, the Raman spectra were represented as a superposition of Gaussians
in accordance with a technique previously developed for binary alkali silicate glasses.
The background was removed using a second-order polynomial fit in the 400-650 and
700-1000 cm~! spectral region with its further extrapolation to the lower wave numbers
and subtraction from the spectrum.

As shown earlier [4,24,32], the correct interpretation of the Raman spectra of silicate
and germanate systems can be achieved if the second coordination sphere of silicon atoms
(germanium) is taken into account. Therefore, when deconvoluting the Raman spectra into
a superposition of lines, the presence of Q""" structural units was taken into account, where

‘n’ indicates the type of the central tetrahedron and ‘m” indicates the type of the nearest

tetrahedron connected by a bridge connection [24]. Interpretation of the Raman spectra of
glasses and melts of the K,O-5i0, system only became possible due to the introduction of
several types of structural units with 2 and 3 non-bridging oxygen atoms. This approach



Minerals 2023, 13, 94

40f13

has proven itself in the curve fitting of the high-frequency region of the spectra of binary
and three-component silicate and germanate systems.

3. Results and Discussion
3.1. Raman Spectroscopy of KyO-5i0, Melts and Glasses

Figure 1 depicts the Raman spectra of glasses xK,O-(1 — x)SiO, with x = 33, 40, 50,
55 (further 33KS, 40KS, 50KS, 55KS). Regular changes are observed in the Raman spectra
with an increase in the proportion of potassium in the composition of the system, namely,
a decrease in the high-frequency band at about 1100 cm~! and the appearance of a band
of about 945 cm ™!, which can be attributed to vibrations in the structural units Q° and
Q?, respectively. The two shoulders appearing in addition to these two bands would be
impossible to interpret without introducing other types of the same structural units. Thus,
the interpretation of similar Raman spectra of the sodium silicate system was carried out
using the introduced parameter Q™" [24].

975

1060

Intensity

700 900 1100
Raman shift, cm™

Figure 1. Raman spectra of the K,O-5i0, glasses with 30, 40, 50 and 55 mol.% K,O.

Detailed discussions of this issue by researchers studying the structure of potassium
silicate glasses by NMR spectroscopy have concluded that the standard approach of the
symmetric contribution of each type of Q" unit to the NMR spectrum does not apply in
the case of potassium disilicate [13]. The results of the X-ray diffraction (XRD) and ?’Si
NMR spectroscopy of crystalline potassium silicate shows that only Q3 types are present in
the crystal. However, here the Q® signals are not distributed symmetrically with respect
to the chemical shift, but bimodally. As it happened, although only one type of Q was
fitted, a better description of the spectrum would have been obtained using two Gaussian
peaks. In any case, whether choosing one or another type of interpretation for bands on
the spectrum, it is necessary to control the composition by the number of non-bridging
oxygen atoms NBO/Si [12,33]. Various approaches have been applied to interpret the NMR
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spectrum of potassium metasilicate and glass of the same composition [34]. Here, whereas
the potassium metasilicate spectrum displays four peaks, the sodium metasilicate spectrum
includes only three peaks. In an attempt to obtain a fit where NBO/Si = 2.0, one type of Q!,
two types of Q? and one type of Q? species were assigned to the peaks, even though there
was no expectation of the presence of two different Q? species in potassium silicate glasses.

The temperature dependence of the melt structure can be determined based on changes
in the Raman spectra of glasses and melts of the potassium silicate system (Figure 2). The
melts of 55KS compositions have not been studied by Raman spectroscopy due to alkali
volatility. In our early work [18,33], the deconvolution of the spectra of 33KS and 40KS
glasses was given without taking into account several types of the same species of silicon-
oxygen tetrahedrons; for this reason, the interpretation turned out to be incomplete. Figure 3
shows the curve fitting models of high-frequency spectral regions for each composition
used in this work for determining Q" distributions in glasses and melts of the potassium
silicate system. Since the shape of the 33KS spectrum is similar to 33NS [24], it can be
described by the same set of lines—Q?, Q3 and Q%2. The spectrum of 40KS glass is similar to
the 40NS spectrum but is characterized by a noticeable shoulder in the region of 1060 cm ™!,
which we consider to be a characteristic of vibrations of Q32 units. With this form of the
spectrum, it is necessary to introduce another band, which may be the result of vibrations
of the bonds of the Q%3 units. Although both bands are observed in the spectra of glasses
up to the composition of 55KS, it is the band in the region of 1060 cm ™! in the 50KS glass
that is the distinguishing feature of potassium glass from lithium and sodium glasses.
Interestingly, the shape of this spectrum is similar to the Raman spectrum of the 40NS glass
from [24].

1115 °C

1040 °C

1015 °C

Intensity

33KS b 40KS 50KS

1044 °C

1006 °C
1006 °C

919:°C

910 °C

20 °C

700

1100 700 900 1100 700 1 100
Raman shift, cm!

Figure 2. Raman scattering spectra of glasses and melts of the compositions: 33KS (a), 40KS (b) and
50KS (c), depending on temperature [18,33].
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Figure 3. Decomposition and interpretation of Raman spectra of K,O-5iO; glasses (a) and melts (b).

In general, our results agree with the results of the NMR spectroscopy of glasses, where
it was assumed that a significant amount of the second type of Q? units is determined in
the glass of potassium metasilicate composition and that two types of Q3 units are present
in the structure of potassium silicate glass of disilicate composition [13,34]. The metasilicate
glass is characterized by an increased content of structural units Q3, and metasilicate glass
is characterized by Q2. Therefore, it is to be expected that two types of Q3 units will be
implemented in disilicate compositions, whereas several types of Q? structural units can
be expected in compositions close to 50 mol.% of alkali. In order to fully comply with
the calculated data from NMR spectroscopy, it would be necessary to attribute a band of
about 1060 cm ! to vibrations of structural units Q%; however, this is not possible. Rather,
these differences are likely to be related to the absorption of water and the incorporation
of H,O in highly alkaline silicate systems due to dissolving in the form of OH groups
and the formation of so-called “molecular” water [33]. The break-up of oxygen bridges by
the formation of OH groups is known to lead to large structural modifications at water
contents < 3 wt% H;O, as indicated by the density data, as well as by Raman and NMR
spectroscopy [35,36]. In the future, this issue should be solved by applying, for example,
the method of IR spectroscopy, which makes it possible to separate vibrations of bound
and free water [35,36].

On the basis of the resulting deconvolution of Raman spectra of potassium silicate
glasses and melts, it can be concluded that the size of the modifier cation, which can
be described as Q" distribution, has a significant effect on the system structure. The
calibration coefficients from peak signals to concentrations of structural units in glasses
were calculated. These are equal to 5.8, 1.8 and 1 for units of Q!, Q? and Q3, respectively.



Minerals 2023, 13, 94

7 of 13

The further procedure is similar to that used earlier for alkali silicate systems [4,24]. The
high-frequency region of the Raman spectra of 33KS and 50KS glass and melts was curve
fitted by a number of lines using the PeakFit v. 4.11 software package (Systat, CA, USA).
The results for compositions of 33KS and 50KS are presented in Tables 1 and 2, respectively.

Table 1. Vibration frequencies, concentrations of structural units and equilibrium constants of
Reaction (1) at n = 3 in glasses and melts of the potassium silicate sample with 33 mole per cent of
potassium oxide at various temperatures (:-NMR data [34]).

Vibration Frequencies, cm™

1 Concentrations of Structural Units Q", %

L°C Q? 0% Q3 ot Q3 Q2 ks
20 946 1036 1108 8/71 84/86 1 8/71 0.01
336 936 1031 1102 10 80 10 0.01
434 931 1045 1101 9 82 9 0.01
925 925 1017 1091 15 70 15 0.05
1015 924 1016 1089 19 62 19 0.09
1040 920 1013 1087 20 60 20 0.15
1115 921 1005 1077 22 56 22 0.23
Table 2. Vibration frequencies, concentrations of structural units and equilibrium constants of
Reaction (1) at n = 2 in glasses and melts of the potassium silicate sample with 50 mole per cent of
potassium oxide at various temperatures.
Vibration Frequencies, cm™! Concentrations of Structural Units Q", %
T°C Q2 Q! Q2 0% Q32 Q! Q2 Q3 ka
20 846 904 956 1024 1071 17 66 17 0.07
478 846 896 947 1014 1070 19 63 19 0.09
595 834 888 940 994 1061 23 54 23 0.18
684 828 880 936 998 1064 24 54 22 0.18
798 828 880 935 993 1058 24 53 23 0.19
919 820 871 935 988 1043 24 52 24 0.22
1006 811 869 934 984 1028 28 50 22 0.25
1044 810 868 930 984 1030 28 49 23 0.27

The calculated concentrations of structural units allow us to calculate the equilibrium
constant of the reaction between them in the system. For glasses and melts of 33KS and
50KS compositions, the equilibrium is described by Equation (1) at n = 3 and 2, respectively.
Table 1 shows that the equilibrium constant k3, calculated from the distribution of Q"
species, increases with temperature. The equilibrium shifts to the right side, causing the
formation of additional tetrahedra Q? and Q*. Increasing temperature from 20 to 1115 °C
leads to a decrease in Q° content from 84 to 50 mol.% by increasing the concentration of Q?
and Q* from 8 to 25 mol.% (Figure 4). At the same time, the k3 value increases from 0.01 to
0.23 with temperature, while Q® remains the main structural unit in the 33KS melt.

The calculated concentrations of Q" species in 50KS glasses and melts are shown
in Table 2. Here, it can be seen that the number of Q? species decreases from 66 + 3.3
to 49 £ 2.9 mol.% with heating of the sample up to 1044 °C. Structural units interacting
by Reaction (1) at = 2 are mainly represented by Q? units included in the chains. The
increased numbers of Q% and Q! species indicate a significant shift of Reaction (1) to the
right for all temperature points.
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Figure 4. Result of calculated Q" distribution in K,O-5iO, system at 20 and 1300 °C in comparison
with the results of Raman spectroscopy after correction. Points are experimental data. Lines are the
results of modeling.

Thus, taking into account the second coordination sphere of silicon atoms (Table 3),
the interpretation of the Raman spectra of potassium silicate glasses and melts was used
to determine the quantitative characteristics of the structure of the K,O-5iO, systems.
Information about the Raman bands positions can serve as a basis for the interpretation
of experimental data on spectroscopy of silicon-containing oxide systems, one of the
components of which is potassium oxide. The thus-obtained Q" distribution is suitable for
correcting the physicochemical model of the potassium silicate melt.

Table 3. Interpretation of characteristic bands in the Raman spectra of melts and glasses of system
compositions K,O-5iO5.

Vibration Frequencies, cm~—1 Q" Species Interpretation of Characteristic Bands
810-842 Q2 Tetrahedron with one bridging atom of oxygen, connected to Q?
868-946 o Tetrahedron with one bridging atom of oxygen, connected to Q',
which is the part of the dimer
930-952 Q2 Tetrahedron with two bridging atoms of oxygen, connected to the
same Q
984-993 Q23 Tetrahedron with two bridging atoms of oxygen, connected to Q3
1030-1062 Q32 Tetrahedron with three bridging atoms of oxygen, connected to Q?

3.2. Physicochemical Modeling of K;O-SiO, Melts and Glasses

The physicochemical modeling of the K,O-5iO, melt was carried out using an ap-
proach previously used for silicate melts [21]. In this paper, the area of compositions
for which the distribution of structural units was calculated was significantly expanded.
The model was corrected using the results of high-temperature Raman spectroscopy of
33KS and 50KS melts. Figure 4 shows the distribution of structural units calculated by the
minimization method in the K,O-5i0, melt at 20 and at 1300 °C in comparison with experi-
mental data. The model updated with experimental data was used to correct the database
and obtain adequate solutions for melts of the control compositions 33KS (Figure 5a) and
50KS (Figure 5b). The simulation results describe an increased content of Q3 structural
units in the potassium silicate system, which can be found in all glasses and melts of
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the system up to the composition of potassium pyrosilicate. This is consistent with the
results of Raman spectroscopy, where tetrahedra with one non-bridging oxygen atom can
be detected in all the studied compositions.

100- 100+ )
30 1 804 S50KS A Qg
§ .
— )? ° 3
2 60/ ] o
*E 1 1 1 t ' "
T 40, 40
é) i | ) g ) ii
201 o 20 9 4§ & & ¢
o
- )2 1
0 . 4 : -
500 700 900 1100 500 700 900 1100
T, °C T, °C

Figure 5. Results of modeling 33KS (a) and 50KS (b) melt structure depending on temperature. Points
are experimental data from Raman spectroscopy; lines are simulation results.

The thermodynamic characteristics of the structural units obtained after adjusting
the model, as well as the equilibrium constants of Reaction (1) at n = 3, are presented
in Table 4. The table shows that the equilibrium constant decreases with a decreasing
temperature, which is accompanied by a shift in the equilibrium of Reaction (1) to the left.
The equilibrium constant of Reaction (1) at n = 2 could not be calculated due to the absence
of corrected thermodynamic characteristics of the structural unit Q!. This would be possible
in the case of recording the Raman spectrum of 60KS melt and obtaining information about
the structure of a highly alkaline melt.

Table 4. Calculated Gibbs free energy values of the formation of Q" structural units of the K,O-SiO,
melt and equilibrium constants of Reaction (1) at n = 3 as a function of temperature.

A¢G, KJ/mol.
T, °C
Q Q? Q ks
527 -1369.95 -1113.28 -758.77 2.66 x 107°
627 -1360.27 -1097.14 -741.81 0.0001
727 —1349.66 -1081.40 —724.95 0.0015
827 -1328.89 -1061.36 -708.17 0.0114
927 -1300.25 -1038.25 -691.46 0.0456
1027 -1270.62 -1014.95 —674.82 0.1219
1127 -1240.89 -991.36 —658.24 0.2762
1227 -1211.40 -967.31 -641.72 0.6019

Figure 4 also shows the distribution of structural units at 1300 °C. The rising amount
of Q3 and the disappearance of Q* and Q? units with the cooling of the melt corresponds to
the ordered increase in the structure and possible crystallization of potassium disilicate.
The Figure 4 shows how adjusting the model with the maximum possible number of control
points influences the result. To make corrections of the model of the potassium silicate sys-
tem, only experimental data of 33KS and 50KS melts were taken into account. In this regard,
the results of calculations of the system structure in the region with a significant content of
Q! units can be evaluated only at a qualitative level. The thermodynamic characteristics
of this type of tetrahedra have not been corrected due to the lack of experimental data for
melts of potassium pyrosilicate composition despite their content in the system playing an
important role in the structure of the melt compositions starting from 33 mol.% K;O.
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a

In k,= —14596/T + 8.8254 s+ NMR

In k= —10853/T + 5.9974

The distribution of structural units depending on composition and temperature can
be considered as having been correctly determined as a result of modeling. However,
the temperature dependence of the distribution of the structural units in the potassium
metasilicate melt is not so pronounced. This leads to important limitations concerning
the model’s application: it does not work correctly outside the temperature range taken
into account during the model correction procedure with limited experimental data. As
a starting point for modeling melts, it is most convenient to focus on the glass transition
temperature, Tg. A similar conclusion is formulated about the composition range: the model
will only work correctly in the area of melts of those compositions whose thermodynamic
characteristics of the constituent components have been corrected.

Figure 6a compares the results of physicochemical modeling with the temperature
dependences of Ink; based on the results of Raman spectroscopy and NMR [34], as well
as those calculated from NIST database [37]. The equilibrium constants calculated from
the results of the Raman spectroscopy and NMR spectroscopy of 33KS glass are in good
agreement. The value of the change in the enthalpy of Reaction (1) in the 33KS melt was
determined from the angle of inclination of the Inks (1000/T) curves at temperatures up to
Tg. According to the results of physicochemical modeling and Raman spectroscopy of the
33KS melt used in this work, the values are AH; =121 + 24 and 89 + 18 kJ /mol, correspond-
ingly. The values are slightly higher than the value of the enthalpy change in this reaction
calculated from the NIST database (53 + 11 k] /mol). In addition, it differs from the values
of 58 kJ/mol [6] and 33.1 &£ 7.3 k] /mol [5]. This may be explained by a different approach
to spectrum deconvolution [5,34]. In this work, the band between about 1010-1040 cm~1
characterizing the vibrations of the Q% units was taken into account [4,21,24].

b + Raman

In k,= —4614/T + 2.3167

_1..

= Raman

In k,= =3504/T + 1.0682

1.6 2.6 36 0.6 1.6 2.6 3.6

1000/ T 1000/ T

Figure 6. Temperature dependence of the equilibrium constant of Reaction (1) in the 33KS (a) and
50KS (b) melts according to the modeling results (red line), NIST data (green line) and experimental
data: Raman (blue markers) and NMR (red marker) [21].

Figure 6b shows the dependence of the logarithm of the equilibrium constant of
Reaction (1) at n = 2 on 1000/T, calculated from the results of Raman spectroscopy of
50KS. Based on the angle of inclination of the Ink, (1000/T), the experimental change in the
enthalpy of the reaction was determined to be equal to AH; = 38.3 & 7.6 k] /mol. The value
obtained from the results of physicochemical modeling equal to AH; =29.1 &+ 5.8 k] /mol is
within the margin of error. Differences in the thermal effects of reactions between structural
units in melts of compositions 33KS and 50KS correlate with the data obtained for the
sodium silicate system [21]. The value of the change in the enthalpy of the reaction decreases
with an increase in n. In addition, the value of AH, varies from —18.7 + 4 (estimate) —
8.5 £ 2 (experiment) — 38.3 £ 7.6 (experiment) in the series Li — Na — K for the reaction
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in the melt of the metasilicate composition. A similar relationship was determined for
the reaction between structural units in the melts of the disilicate composition: —18 & 4
— 202 £4 — 89 £ 18. The change in the enthalpy of reactions similar to Reaction (1)
between structural units is certain to increase with the growth of the ionic potential of the
modifier cation.

In addition, it was noted that in alkali silicate glasses there is a decrease in the equilib-
rium constant of Reaction (1) at n = 3 k3 with an increase in the radius in the series from
lithium to cesium [33]. The latter fact indicates a shift in the equilibrium of this reaction
to the left with an increase in the ionic potential of the cation, which leads to an increased
content of Q?-type structural units in lithium glass. In the case of Reaction (1) atn =2, a
slightly different situation is observed. Here, with an increase in the radius in the range
from lithium to potassium, there is a change in the equilibrium constant k, from 0.04 to
0.07. Conversely, in the melt at 1120 °C, the value of the constant changes from 0.02 —
0.14 — 0.32. That is to say, with an increase in the ionic potential of the cation, there is a
shift in the equilibrium of Reaction (1) at # = 2 to the right, which leads, in particular, to a
reduced content of Q?-type structural units in potassium glass, as compared with sodium
and potassium glasses. The obtained results demonstrate the correctness of the chosen
approach, on which basis the structure of the melt is predicted along with the features
of its glass transition to evaluate the quantitative characteristics of the composition and
properties of the system.

It should be noted that the presented physicochemical modeling results are based
on thermodynamic data obtained during the correction of the model, which was, in turn,
based on experimental data. The Raman spectra were interpreted under the assumption of
more than one subtype of each type of Q" unit in glasses and melts. The obtained results
may be useful in interpreting other experimental data of similar oxide systems.

4. Conclusions

As a result of studying the structure of glasses and melts of the K,O-5iO, system by
Raman spectroscopy and physicochemical modeling, we were able to significantly expand
the region of study up to compositions of 60 mol.% potassium oxide. By correcting the
physicochemical model on the basis of available experimental data, an updated database of
structural units of potassium silicate melts was obtained. The limits of purely experimental
approaches can be overcome by combining theoretical and experimental approaches to
the study of the melt structure. The formed models of the potassium silicate system can
be used to predict the structure of the melt depending on temperature and composition.
The obtained thermodynamic characteristics of Q" units can be used for both studying
the behavior of the system in the studied compositions depending on temperature and
interpolating data within the studied composition region. The proposed approach to the
interpretation of the Raman spectra of K,O-5i0; melts thus forms a reliably substantiated
theoretical basis for further studies of potassium-containing melts and quantitative analysis
of structural changes occurring in them.

Although the advantage of the proposed method of accounting for several subtypes
of structural units of the same type in alkali silicate glasses and melts is demonstrated by
the structural interpretation, additional direct studies are necessary to clarify the structure
of highly alkaline melts. At the same time, it is extremely important to ensure control
over moisture absorption, which unambiguously affects the structure of potassium silicate
systems due to the formation of “molecular” water in glasses and melts. The obtained data
will be used both in the study of the spectral characteristics of new compounds and in the
study of magma-forming melts in experimental geochemistry.
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