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Abstract: A series of solid acid compounds, representing the large family MmHn(AO4)(m + n)/2-yH20
(where M =K, Rb, Cs, NHy; AO4 = SOy, SeOy, HPO4, HAsOy), is characterized by high values of
own proton conductivity, which arises as a result of a phase transition through the formation of a
dynamically disordered hydrogen bond network. Such superprotonic phase transitions are observed,
however, not for all compounds of the family and RbsH(SOy); is one of them. The occurrence of
superprotonic phase transitions has been experimentally demonstrated in the (KyRbj_,)3H(SO4),»
solid solutions through cation substitution. The high-temperature phases are unstable towards
decomposition reaction, and their temperature range of existence is about 1-7 °C. The implementation
of superprotonic transitions is discussed in terms of hydrogen bond lengths.

Keywords: hydrogen bond; superprotonic crystals; phase transitions; substitution; solid solutions

1. Introduction

The high proton conductivity of solid acids attracts attention in relation to using this
phenomenon in various electrochemical devices, including fuel cells. The mechanism
of high proton conductivity is a variation of the Grotthuss mechanism and is called the
“Paddle-Wheel” mechanism [1,2], which is associated with the rotational disordering of
polyanions and corresponds to a specific type of disorder in solid acids; the positions of
hydrogen bonds in the crystal are dynamically disordered [3]. The disordering of hydrogen
bonds occurs as a result of phase transitions in which the conductivity jumps by 3-5 orders
of magnitude.

Solid acid compounds M3H(AO4), (M = Na, K, NHy, Rb; A =S, Se) are part of the
superprotonic family and belong to monoclinic symmetry. Some of them undergo super-
protonic phase transition (C2/c-R3m) upon heating at ambient pressure [3]. The crystal
structure of the low-temperature monoclinic phase of M3H(SOy4); crystals (M = K, Rb) is
shown in Figure 1. The independent region of the elementary cell contains one AQOj tetra-
hedron and two non-equivalent M atoms, one of which is located in the special position
M1 (4e) and another in the general position M2 (8f). The structure is characterized by
an ordered system of hydrogen bonds that connect the SOy tetrahedra. The structure of
the superprotonic phase is similar to the low-temperature phase, but the hydrogen bond
network is disordered [4,5].

Phase transitions refer to classical first-order phase transitions, and the thermodynam-
ics of these transitions are well described in terms of hydrogen bond disordering. At the
transition to the trigonal R3m phase, one proton is disordering among three positions, and
the oxygen atom of the oxoanion tetrahedron has a final occupancy of 1/3. The change in
enthalpy during phase transitions for the M3H(AQOy), group is in good agreement with
the change in configurational entropy AS = R In 3 (9.13) J/(mol-K) [3]. The range of ex-
istence of the trigonal phase for solid acid compounds, M3H(AOQy),, is different and is
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determined by the stability of the phases with respect to the dehydration reaction, which
can be represented by the general scheme:

2M3H(SO4)2 — M25207 + 2M2804 + Hzo, (1)
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Figure 1. Structure of the monoclinic phase MsH(SO4), (M = K, NHy, Rb; A =S, Se).
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Rb3zH(SOy); is a member of the M3H(AO,), group, but the phase transition does not
occur under normal pressure [6] but is realized under pressure [7]. Another superprotonic
compound, K3H(SO4), despite the fact that its structure is similar to other representatives
of the M3H(SOy4), group, exhibits anomalously slow kinetics of the superprotonic phase
transition. To reveal a transition and correctly determine its temperature, the measurements
must be carried out upon stepwise heating with long exposures at a constant temperature [8,9].
On the other hand, the influence of cationic substitution on the phase transition in KsH(SO4),
was demonstrated. The phase transition kinetics radically changes due to the change in the
system of hydrogen bonds [4], whose formation involves additional ammonium protons.
So, the purpose of the work was to investigate the influence of composition on the phase
transitions in Rb3H(SO4), and K3H(SO,); crystals.

2. Materials and Methods

RbySO4 (high-purity grade, TU (Technical Requirements) no. 6-09-04-198-83), HySO4
(special purity grade, 99.8%), and K;SOy4 (reagent grade, TU no. 6-09-04-201-82) were used
as initial agents. These agents were used without any additional purification.

The method of growing single crystals was similar to that described in reference [10].
The phase equilibria in the KySO4—Rby504-H,50,4-H;0 system were studied by using the
simultaneous parallel crystallization method.

A series of initial solutions in identical airtight vessels (crystallizers) with an altering
ratio of initial dry components (~15 g) and a minimal amount of distilled water (~5 mL)
were prepared. Subsequently, small amounts of water (1-5 mL) were added at a temper-
ature slightly higher than the ambient temperature (50 °C). This process continued until
saturated solutions, characterized by a minimal percentage of bottom sediment (no more
than 3-5 salt crystals), were obtained. Then, the solutions were held for two days at a con-
stant temperature. This exposure period is necessary to establish the dynamic interphase
equilibria between a saturated solution and sediment in the crystallizer. Following this
holding period, the temperature of the crystallizers was gradually lowered to the desired
levels over several days. The crystals grown through this method ranged in size from 2 to
5 mm and could be easily separated from the solution through elutriation. Problems arose
with solution compositions K: Rb = 1:1 and 4:6. These compositions are close to the phase
boundary between MgH7(504)s-HpO and M5Oy [10]. Therefore, obtaining high-quality
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single crystals for composition 1:1 proved to be unsuccessful, and for the 6:4 composition,
only unit cell parameters were measured.

Cation compositions of the grown crystals were measured using energy-dispersive
X-ray spectroscopy (Orbis EDAX, Pleasanton, USA) in conjunction with scanning electron
microscopy. Measurements were conducted on fresh flat cleavage surfaces of single crystals
by averaging the results from 5 experiments.

X-ray powder diffraction analysis (XRD) of grounded single crystals was performed
at room temperature using a desktop X-ray diffractometer, Miniflex 600 (Rigaku, Japan)
(CuK radiation, continuous mode at a rate of 1.0-3.0 degrees/min, step size 0.01°, 26
range 5-75°, static sample, ambient atmosphere). Unit cell parameters were calculated by
means of Le Bail refinement (Jana 2006 [11]).

X-ray structural studies of the crystal, grown from a solution with a K: Rb ratio of
4:6, were conducted at room temperature using the XtaLAB Synergy-DW diffractometer
(Rigaku, Tokyo, Japan) (MoK).

Thermal properties of single- and polycrystalline samples were reviewed by the syn-
chronous thermal analysis (thermogravimetry (TG) differential scanning calorimetry (DSC))
in the temperature range of 25-250 °C on the Netzsch STA 449 F1 instrument. Measure-
ments were carried out under a flow of dry argon at heating rates of 1-5 K/min. The
calculations were made in the Netzsch Proteus software Version 6.1.0. and the separation
of peaks in the Netzsch Peak separation program. Calibration on heat was carried out on a
sapphire single crystal.

Research on the electrical conductivity of single- and polycrystalline samples was
conducted in the temperature range of 25-210 °C in air, using the impedance spectroscopy
method within a frequency range of 1.0-3.0 x 10”7 Hz (Alpha-A impedance measurement
system, Novocontrol, montabaur, Germany). Frequency-dependent impedance measure-
ments were carried out during stepwise heating with temperature stabilization; the average
temperature change rate was 0.07 K/min. Static bulk conductivity was calculated using
equivalent circuit models obtained from the impedance spectra. Naturally faceting crystals
(KxRb14)3H(SO4), possess a well-developed crystal plane (011). Therefore, single crystal
samples with an orientation along the [100] axis were prepared by slightly polishing the
crystal surface to form thin plates with characteristic linear dimensions of 5 mm and a
thickness of 1 mm. Polycrystalline samples were obtained by grinding single crystals to a
powder with the characteristic grain size of 5 um and subsequently pressing (2 t/cm?) into
tablets. The silver paste was used as electrodes.

Changes in the optical properties of single crystals upon heating were investigated
within the temperature range of 25-210 °C. The samples under investigation were cut
into optically transparent plates with parallel planes, allowing observations in the [100]
direction. The samples were heated in the optical stage Linkam 420 (Linkam, London,
UK), which was installed on a graduated rotating stage, enabling the measurement of
optical activity angles. Observations were conducted in polarized light using parallel and
crossed Nicols.

3. Results

Compositions of the samples and their relations to compositions of initial solutions
are presented in Figure S1, as well as XRD patterns of all grown compositions in Figure S2.

The lattice parameters of the solid solutions, (KxRbj_4)3H(SO4), (Where x = 0-1) were
determined, and the data are summarized in Table A1.

The End members of the solid solutions KsH(SO,4), and Rb3H(SO,), have the same
symmetry (C2/c) but slightly different atomic coordinates; therefore, they are not isostruc-
tural. To determine the cell parameters of (K\Rb;_,)3H(SO4)2, we used the initial lattice
parameters of RbsH(SO4), (ICSD #249556) for x = 0-0.64, and K3H(SO4), (ICSD #174401)
for x = 0.66-1. Dependence of the unit cell parameters, Figure S3, and the volume of the
elementary cell on the composition of the solid solution, (KxRb_4)3H(SO4),, Figure 2,
demonstrates a break at structure changes around x ~ 0.66. Within the structural type,
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the dependence on the composition is nearly linear and satisfies Vegard’s rule. Reliable
data on the hydrogen bond lengths and the site occupancy of the M1 and M2 positions
by potassium and rubidium cations are better obtained from structural studies of single
crystals, which will be completely conducted in a separate study. In the present work, the
structure was determined for one of the samples, occupancy positions were identified, and
the hydrogen bond length was resolved based on single crystal X-ray diffraction (XRD) data.
Complete experimental data and atomic coordinates are provided in Tables A2 and A3,
respectively. Cell parameters are in good agreement with the powder XRD data and have
also been included in Figure S3 and Figure 2.
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Figure 2. Dependency of the volume of the elementary cell of solid solutions (KxRbj_4)3H(SO4), on
composition. Red dot responds to the single crystal XRD data.

The results of the polycrystalline samples, (KxRbj_y)3H(SO4),, thermal properties
study are presented in Figure 3. The large endothermic effect in the temperature range of
180-210 °C and additional effect around 220 °C (x = 0.69-0.9) corresponds to the decom-
position multistep process and are accompanied by a mass loss (Figure S4) of the sample
at the temperature of the effect of about 0.5% by mass [6,12]. It is clearly seen that for
compositions, x = 0.23-0.64, an additional endothermic peak appears.
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Figure 3. DSC signal of the solid solutions (KxRbj_,)3H(SO4), powders, including pure compounds,
at a heating rate of 1K/min.
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The change in configurational entropy was calculated according to Equation (2)

Q

AS = T 2
where Q is the heat flow peak area and T is the extrapolated onset peak temperature.
For additional peaks, the change in entropy is 7.8-9.8 J/(mol-K). Table 1 depends on
composition, which is close to the theoretical value for a superprotonic phase transition
(9.13 J/ (mol-K)). Therefore, we suppose that these additional peaks correspond to a phase
transition. It was also found that the additional peaks depend on the sample morphology
and heating rate Figures S4-S6. This behavior is typical for anomalously slow kinetics of
phase transition. In pure K3H(SO4), and solid solutions based on it, the phase transition
does not manifest in DSC due to its slow kinetics [4]; therefore, only the decomposition
reactions show thermal effects.

Table 1. Temperatures of thermal effects for polycrystalline samples of solid solutions
(KxRbj_4)3H(SO4); at a heating rate of 1 K/min, where Ty is the decomposition temperature, Tonset tr
is the extrapolated onset temperature of the phase transition, AS; is the change in configurational
entropy during the phase transition.

(KxRb1,X)3H(SO4)21

X Tonset tr, °C ASyy, J/(mol-K) T4, °C

0 201.9
0.1 195.4
0.23 187.5 7.8 189.5
0.38 185.0 8.9 184.8
0.64 175.9 9.8 182.7
0.81 180.7
0.87 182.8
0.95 180.6

1 196.3

In the conductivity study of the singe-crystalline samples with slow kinetics of phase
transition, it is necessary to perform isothermal exposures for about 5-6 h in the transition
temperature range [4]. These conditions significantly impede the experimental detection of
the phase transition, making it preferable to investigate polycrystalline samples.

Examples of impedance spectra for low and high temperatures and fits are given in
Figures S7-510. Figure 4 presents the conductivity data of polycrystalline solid solutions
(KxRb1_x)3H(SO4), x = 0-0.64 and single crystals, Figures S7 and S10. As mentioned in the
experimental description, the average rate of stepwise heating was 0.07 K/min, which is
an order of magnitude lower than the heating rate used in synchronous thermal analysis
experiments. It turned out that the shape of the conductivity curve for solid solutions does
not differ from the curve for decomposition in Rb3H(SO4),, accompanied by a conductivity
jump, and this behavior is reproducible in subsequent thermal cycles, Figure S7. A two-
step conductivity jump was expected upon heating (Figure 5), so it could be attributed
to the very narrow range of existence of the superprotonic phase. The two processes
lead to conductivity growth: phase transition and solid phase decomposition. If they are
not separated by temperature or are weakly separated, we can expect a behavior similar
to Figure 4. However, it can be seen that the temperature range of conductivity jump
widens with increasing potassium content and reaches about 13 °C for the composition
x = 0.64. Such behavior can also be attributed to compositional inhomogeneity. Moreover,
the conductivity of compositions x = 0.1 and 0.23 exhibits peculiarities in the temperature
range of 170-190 °C, which could be associated with surface decomposition processes of
the sample, as well as phase transitions. A similar behavior is observed for solid solutions
with x = 0.81-1, Figure 5. For the pure K3H(SO4), sample, a phase transition occurs at
180 °C, and the conductivity jump at 188 °C corresponds to the decomposition process. The
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existence range of the superprotonic phase is narrow and is only 8 °C. In solid solutions,
the conductivity plateau corresponding to the superprotonic phase disappears, and the
magnitude of the conductivity jump becomes comparable to the jump in conductivity due
to decomposition. Additionally, anomalies in conductivity appear at x = 0.87 and 0.81
in the temperature range of 170 °C to 190 °C, resembling conductivity plateaus similar
to K3H(504),. However, the conductivity jump is small, so attributing these anomalies
to phase transitions is questionable and could be associated with surface decomposition
reactions of the samples. Such temperature behavior indicates the loss of stability of the
superprotonic phase (confirmed by weight loss Figure S4) in relation to the decomposition
reaction under substitution. Thus, conductivity studies are unable to reliably establish
the presence of phase transitions and determine their temperatures, except for the clearly
manifesting phase transition in K3H(SO4)s.
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Figure 4. Temperature dependencies of conductivity in solid solutions (KyRbj_,)3H(SO4)2,
x = 0-0.64.
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Figure 5. Temperature dependence of conductivity in solid solutions (KxRbj_)3H(SO4),, x = 0.81-1.

Research on polarized light is well applicable to crystals of the M3H(SOy4), group,
allowing for direct observation of both decomposition processes and the movement of
phase front boundaries during phase transitions.
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The crystals are characterized by monoclinic symmetry, and as a result, domain struc-
ture extinction is observed at a 90° angle, corresponding to a two-fold axis. Observations
are conducted in the [100] direction, and after the phase front passes, a three-fold axis
is formed so single crystals become optically isotropic in this direction. The phase front
boundary is clearly visible at the crossed Nicols observation. Microphotographs of single
crystal samples (KxRbq_,)3H(SO4)2, where x = 0-0.64, are shown in Figures 6 and S11.

Figure 6. Microphotographs of single crystals (KxRbj_,)3H(SO4)2, x = 0-0.64 under polarized light in
crossed Nicols at different temperatures. Temperature stabilization time was 15-30 min. The values
of x are given next to the corresponding crystals.

It can be seen that the phase transition is present in all samples except for x = 0 and
0.1. The phase front moves from the edges of the sample towards the center, Figure 7,
with its shape initially replicating the original sample shape and becoming more diffuse
as it advances. In addition, the initial monoclinic phase breaks up into domains during
the transition, indicating the presence of mechanical stresses in the crystal due to unit
cell volume difference [13]. Furthermore, traces of decomposition, Figure 7 (187 °C),
are visible on the sample surface in parallel Nicols, simultaneously with the phase front.
The decomposition process and phase transition can, nevertheless, be distinguished by
observing the transition at lower temperatures while increasing the exposure time, Figure 8.
Prolonged exposure results in a complete phase transition, and upon subsequent cooling, a
new domain structure emerges wherein the domains twin with respect to the lost symmetry
element of the trigonal phase, the three-fold axis. Consequently, a system of domains with
a two-fold axis is formed, with the domains themselves disoriented by 60° relative to each
other. Figure 8 demonstrates the positions of extinction for different domains when rotated
by 30°, and alignment between the positions of illumination and extinction is achieved
when rotated by 60°. Thus, it is evident that the phase transition is reversible, exhibiting
a temperature hysteresis of approximately 4 °C. We have determined a change in point
symmetry during the phase transition as 2/m <« 3m and suppose that the change in space
symmetry is similar to other representatives of the M3H(SOy), group (C2/c <+ R3m).

Figure 7. Single crystal (Kg23Rbg77)3H(SO4), at different temperatures. The light background
corresponds to parallel Nicols, black-crossed Nicols. The sample boundary is shown for clarity and
the arrows indicate the path and current position of the phase front.
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169 °C 169 °C 1hour 169 °C 2.5 hours

| cooling
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cooling
—

Figure 8. Single crystal (Kg g4Rbg 36)3H(SO4); at heating—cooling-heating thermal cycle. The light
background corresponds to parallel Nicols and black-crossed Nicols; times of isothermal exposures
are given next to the corresponding pictures.

A similar behavior is observed in crystals, x = 0.68-1, Figure 9. In the photos taken in
crossed Nicols, the border of the phase front is visible; in parallel Nicols, the degradation
of the samples is also evident, Figure S12. The transition temperatures were determined in
the wake of the appearance of the isotropic phase at the edge of the samples. Therefore, the
presence of a phase transition is confirmed for all crystals, x = 0.68-1.

Figure 9. Microphotographs of single crystals (KxRbj_,)3H(SO4), x = 0.68-1 under polarized light in
crossed Nicols at different temperatures. Temperature stabilization time was 20-45 min. The values
of x are indicated next to the corresponding crystals.

4. Discussion

The study of properties of solid solutions conducted in this research is complicated by
the following factors: slow kinetics of phase transition, a very narrow range of existence
of the superprotonic phase, and the presence of a solid-state decomposition process with
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its own kinetics. To obtain reliable conclusions, it is necessary to separate the effects of
these factors with respect to temperature, for example, by using different heating rates
and varying the morphology of the samples. This was fully achieved only by polarized
light single crystals observations and interpreting data from other research methods; more-
over, the reversibility of the transition was shown. Taking into account the kinetics and
peculiarities of the phase front movement (from the crystal surface towards its volume)
in the crystal, it is logical to switch to polycrystalline samples. A decrease in the crystal
size allows for increasing the fraction of the formed phase by upsizing the boundary area.
However, the use of polycrystalline samples has significant drawback conditions for de-
composition reaction and rapid degradation of samples are created for samples with a
large surface. Nevertheless, the use of polycrystalline samples and low heating rates of
1 K/min allowed the detection of endothermic effects corresponding to phase transitions
for (KxRb1_4)3H(SO4); x = 0.23-0.64 compositions. Such conditions are still not sufficient
to detect phase transitions in solid solutions with a high potassium content, the kinetics of
which are even slower. Reducing the rate to 0.07 K/min and using polycrystalline samples
(KxRb1_4)3H(SO4),, where x = 0.81-1, allows the observation of a transition in K3H(SOy),
at conductivity studying, but even this slow rate is insufficient to observe transitions in
single crystals and isothermal exposure for several hours is required. The effect of the
heating rate on the temperature of phase transitions and the decomposition from DSC data,
conductivity, and optical observations is shown in Figure 10. It is clearly visible that it can
be roughly approximated by two linear dependencies with a break corresponding to the
change in the structure type at x ~ 0.66. It should be noted that the temperatures of the
presumed phase transitions for compositions of x = 0 and 0.1 are higher than the decompo-
sition temperatures. However, such transitions will be observed when the decomposition
reaction is suppressed by applying an external pressure.

205 ; _
200 e 2Im o 3n’3 -
1 o decomposition o
195 S @]
190 5 o
. ® O
185 A o
] O 8]
180 - ° g o .
o E
S 175 .
" 170 .
165 e conductivity . ¢
1 e optics . *
160 - .
{ e DSC
155 -
1 DSC powders 1 K/min [
150__ conductivity powders 0.07K/min
145 ] optics - single cystals isotermal exposure

— T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10
Rb3H(S04)2 mol. fraction K K3H(SO04)2
Figure 10. The dependence of the phase transition temperature on the composition x of solid solutions

(KxRb1_4)3H(SO4),. Open symbols represent the decomposition process of compounds for which
the phase transition was not detected.

Next, we considered the data obtained from the point of view of hydrogen bonds. The
possible correlation between hydrogen bond length and temperature of the superprotonic
phase transition in the group of crystals MgH(AO4), (M = Na, K, NHy, Rb; A =S, Se) was
demonstrated in [14]. Based on this idea, we propose to use hydrogen bond length as a
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criterion for occurring phase transitions. Phase transitions and proton conductivity of the
group, M3H(AQOy),, have been well studied up to the present, and the group itself is a
model for such research. Known data on hydrogen bond lengths for structures near room
temperature, superprotonic structures and phase transitions are given in Table 2. Similar
lithium compounds are absent. We also have not found any structural data for CssH(SO4),
and NazH(SeOy);. Attempts to crystallize these compositions failed, so we consider their
existence to be doubtful.

Table 2. Data on the lengths of hydrogen bonds in M3H(AQO4), solid acids for low-temperature
and high-temperature phases are presented, including X-ray experiment temperatures and phase
transition temperatures.

Composition Sp.gr. T, °C do.o, A Tsp, K Sp.gr. T, °C do.o, A

(Na)3H(SO4), P2, /c RT 2.434(4) [15] 240 hexagonal [8] - -

(NH,)3H(SOy),  C2/c 20 2.572(2) [9] 140 R3m 147 2.674(3) [9]
K3H(SO4), C2/c 20 2.496(1) [4] 182 R3m 185 2.648(5) [4]
Rb3H(SOy); C2/c 19 2.485(9) [16] Decomposition ! [6]

Cs3H(SOy), Doubtful

(Na)3;H(SeOy4), Doubtful

(NHy)sHSeOy),  CI 2 2535(6) [17] 59 Rom s g:gg‘égg HS}

K3H(SeOy), 2 C2/c 26 2.524(5) [19] 115 R3m 120 2.601(10) [20]

Rb;H(SeOy4), C2/c RT 2.514(7) [21] 178 R3m 182 2.63(2) [5]
Cs3H(SeOy), CC22//§1 12277 2%55076((27))[[2222]] 183 R3m 210 2.66(2) [23]

1. The transition of Rb3H(SOy), to the R3m phase occurs under pressure [7,24]. 2. K3H(SeOy),—the data requires
verification because [20] is the only study with data on hydrogen bond length in the superprotonic phase, but the
reported data for room temperature significantly differ from data obtained in other studies [19].

Using the data of Table 1, crystallographic analysis [14], and data on hydrogen bond
formation energy [25,26], we constructed a diagram, Figure 11, showing the dependence of
the hydrogen bond energy on the M3H(AQOy); group for low-temperature and superpro-
tonic phases. The diagram clearly shows the separation of all low-temperature phases into
two regions relative to the phase transition, where the phase transition occurs and where
the decomposition of the compound (Na, Rb) takes place (dotted line, Figure 11) [14]. Thus,
the value of the bond length do.o ~ 2.49 A at room temperature serves as a threshold for
the implementation of the phase transition into the superprotonic phase. We suggest that
the bond length in the superprotonic state could be considered as the criterion for achieving
the phase transition when the rotational disorder of oxoanions begins. Accordingly, the
bond lengths for these superprotonic R3m phases are shown in Figure 11. From Figure 11
and Table 1, it can be seen that for trigonal phases, the range of bond lengths is very narrow,
with a maximum difference in transition temperatures of about 120 °C. This means that
the phase transition occurs when the threshold bond length is reached, and the transition
temperature, in this case, is a dependent parameter. We have evaluated the range of hy-
drogen bond lengths as dp.o ~ 2.645-2.673 A (dash lines in Figure 11) for the MsH(SO4),
group (M = Na, K, NHy, Rb, Cs; A =S, Se), which includes the minimum energy of the
hydrogen bond system at 2.669 A (0.24 eV) (the intersection of the energy of hydrogen bond
formation and the energy of proton on bond hopping) (Figure 11). Hydrogen bond length
for the trigonal phase K3H(SeOy), only presented in one study [20], although included in
Table 1, is missing in Figure 11 and is considered to have a systematic error.
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Figure 11. The lengths and corresponding energies of hydrogen bond formation for the group
M3H(AOy); (M =Na, K, NHy, Rb; A =S5, Se). The dotted line represents boundary for hydrogen bond
lengths near room temperature (black marks for sulfates and red marks for selenates), which divide
the compositions relative to phase transition or decomposition. The two dashed lines represent the
bond lengths for the superprotonic phases (blue marks for sulfates and green marks for selenates).

Consider the criterion of hydrogen bond length regarding the phase transition in
Rb3H(SO4);: the transition is not realized under normal pressure [10] but is realized under
pressure [24]. Thus, upon heating RbsH(SO4),, the elongation process of hydrogen bonding
begins, but the threshold bond length is not reached, and a decomposition process occurs.
Application of external pressure allows for suppression of the dehydration reaction (1)
(according to Le Chatelier’s principle), the threshold bond length will be achieved, and a
phase transition will occur. It should be noted that the application of pressure changes the
threshold length of the hydrogen bond. The thermodynamic potential takes the form:

G=U-TS+pV, 3)

where G is Gibbs free energy, U is internal energy, T, S, P and V are temperature, entropy,
pressure and volume, accordingly. The contribution of the pV term to the thermodynamic
potential is small at pressures close to atmospheric. However, as the pressure increases,
this contribution becomes significant and needs to be taken into account. It is evident that
the volume, which is associated with the length of the hydrogen bond, dependence on
pressure differs for the monoclinic and trigonal phases. So, the conditions for equalizing
the potentials of the monoclinic and trigonal phases (phase transition conditions) will
change when pressure is applied and correspond to a different threshold length for the
hydrogen bond. Therefore, our assumptions about the role of hydrogen bond length in
phase transitions are only valid for ambient pressure.

Cationic/anionic substitution in this study was implemented to control the length
of hydrogen bonds at room temperatures. Based on the values of hydrogen bond lengths
for the end compositions of a series of solid solutions and the preservation of their struc-
tural type, it can be assumed that the hydrogen bond lengths are in the range between
do.o = 2.485(9) A (Rb3H(SO,);) and do.o = 2.496(1) A (K3H(SOy),) at room temperature.
This is confirmed by the structural studies of the crystal (Ko 4Rbg 36)3H(SO4)2, where the
hydrogen bond length was determined dp.o =2.4957(11). The substitution of potassium
leads to an increase in the hydrogen bond length, resulting in a phase transition upon
heating. From this point of view, phase transitions in other solid solutions can also be
interpreted. The introduction of about 5% at. ammonium into KsH(SO,), leads to an
elongation of hydrogen bonds (dp.o = 2.496(1) A — 2.549(8) A) and anomalously slow
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kinetics of the phase transition becomes typical for superprotonic transitions [27]. The
introduction of 57% at. leads to the occurrence of a disordered hydrogen bond network
already at room temperature (do.o = 3.2 A RT) [28].

The influence of the substitution of K with Rb is also peculiar. The weak dependence
of the phase transition temperature for these compositions, Figure 11, should be consid-
ered from the perspective of the specific crystallographic sites, Figure 1, rather than the
overall content of introduced rubidium. For (KyRb;_,)3H(SeQy,), solid solutions, it has
been shown that with the substitution of rubidium, it predominantly occupies the M2
sites between the layers of selenate tetrahedra [29]. Therefore, such a substitution has
practically no effect on the hydrogen bond length and, as a consequence, weakly affects the
phase transition temperature. We assume a similar uneven occupancy of crystallographic
sites in (KxRbq_,)3H(SO4), solid solutions. Furthermore, the substitution also affects the
conductivity of solid solutions in the monoclinic phase, depending on their composition.
When potassium is replaced by rubidium, the conductivity increases, leading to a decrease
in hydrogen bonding. Whereas, in the case of the Rb substitution, the conductivity re-
mains almost unchanged, indicating the occupation of rubidium in the M2 position of
the structure.

The question arises about the applicability of the threshold value of hydrogen bond
length to other groups of superprotonics, such as the MHAQO, group. The hydrogen bond
network of this group is complex and three-dimensional. For the best-known representative
of the group CsHSQOy, the determination of hydrogen bond lengths is a difficult task.
The location of the heavy atoms could be determined precisely, but several models were
proposed for oxygen and hydrogen atoms. As a result, the last published data on hydrogen
bond lengths in the superprotonic phase were do.o = 2.56 A and 2.98 A, but these data
are given for a specific model [30]. For the CsHSeOy crystal, do.o = 3.35(1) A and 3.50(1)
A were supposed to be the potential hydrogen bonds. These distances were calculated
between the centers of thermal ellipsoids. However, the authors supposed that due to the
strong librating movement of oxygen atoms, the momentary distances are much shorter,
approximately 2.5 A [31]. Thus, in the case of a complex three-dimensional hydrogen bond
network in the MHAOQO, group, the data on hydrogen bonds are not as unambiguous as
for the M3H(AOy), group. Therefore, the conclusions drawn in this paper apply to the
M;3H(AOy), group, and the concept of using the hydrogen bond length as a criterion for
phase transition requires further verification.

The idea of using hydrogen bond length as a criterion for phase transitions reveals
experimental confirmation. This criterion can also be used to estimate the temperatures
of phase transitions. By determining the thermal coefficient of hydrogen bond length
change from the coefficient of crystal linear expansion in the [0kl] direction (for the group
M;3H(AOy),), these data can be extrapolated to the critical bond length value and the
temperature of the superprotonic phase transition can be estimated.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13091401/s1, Figure S1. Dependence of the composition
of single crystals of solid solutions (KxRbj_,)3H(SO4), on the composition of the initial solution;
Figure S2. XRD patterns of the (KxRb;_4)3H(SO4); solid solutions at room temperature. Multiphase
sample corresponds to K:Rb = 0.5 solution; Figure S3. Lattice parameters of the (KyRb_ x)3H(SO4);
at room temperature. Red dot responds to the single crystal XRD data; Figure S4. DSC signal
and weight loss of (KxRbj_,)3H(SO4), powders at heating rate 1K/min; Figure S5. DSC signal
and weight loss of (KxyRbj_y)3H(SOy4); single crystals at heating rate 1K/min; Figure S6. DSC
signal and weight loss of (KxRbj_4)3H(SO4), polycrystalline samples at heating rate 5K/min; Figure
S7. Temperature dependencies of conductivity of the (Kg23Rbg77)3H(SO4), single crystal in two
subsequent heating-cooling cycles; Figure S8. (Kg23Rbg 77)3sH(SOy), single crystal. (a) Nyquist
plots and fits for different temperatures. The complete impedance spectrum is shown in the inset
as well as equivalent circuit for fitting; (b) and (c) Bode plots and fits for different temperatures;
Figure S9. (K¢ 23Rbg.77)3H(SO,), single crystal. (a) Nyquist plots and fits for different temperatures.
The complete impedance spectrum is shown in the inset as well as equivalent circuit for fitting; (b) and
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(c) Bode plots and fits for different temperatures.; Figure S10. Conductivity of (KxRbj_4)3H(SO4),
(x = 0-0.38) single crystals at stepwise heating, mean heating rate was 0.07K/min; Figure S11.
Microphotographs of single crystals (KxRb;_y)3H(SO4), x = 0-0.64, under polarized light, crossed
Nicols, at different temperatures. Temperature stabilization time was 15-30 min. The values of
x are given next to the corresponding crystals; Figure S12. Microphotographs of single crystals
(KxRb1_)3H(SO4); x = 0.68-1 under polarized light. (Crossed Nicols—black background, parallel
Nicols—light background). The pictures were taken for the same samples state. Trigonal phase and
decomposition regions are marked by narrows.
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Appendix A

Table Al. Lattice parameters and cation compositions of (KxRb; _ x)3H(SO4), at room temperature.

Composition ~ RPYIGOM2 by KomRbords  (KossRbosds  (KossRboseds (KogsRboss)s (KosRborsds (KosrRborsds (KossRbogsds  1CoD?
(EDXS) #249556 0.1 0.9/3 0.23 0.7773 0.38 0.6273 0.64 0.36/3 0.68 0.32/3 0.81 0.1973 0.87 0.1373 0.95 0.05/3 #172401
SperiZ Cl2/c1,4  Cl2/cl,4  Cl2/cl,4  Cl2/c1,4  Cl2/cl4  Cl2/cl,4  Cl2/cL4  Cl2/cl,4  Cl2/cl,4  Cl2/cl4

a0 A 15.1460(5) 15.106(9) 15.062(19) 15.033(6) 14.967(7) 14.809(1) 14.75(20) 14.718(4) 14.695(9) 14.685(3)
bA 5.8914(19) 5.87503) 5.858(8) 5.850(2) 5.82003) 5.741(5) 5.714(5) 5.696(4) 5.684(8) 5.676(1)
o A 10.1590(3) 10.116(6) 10.079(13) 10.056(3) 10.001(5) 9.872(8) 9.827(3) 9.799(8) 9.783(3) 9.772(1)
B,° 102.540(6) 102.62(17) 102.69(4) 102.75(2) 102.82(5) 102.96(7) 102.98(7) 103.00(6) 103.0009) 103.2(1)
v, A3 884.87 876.06(9) 867.55(20) 862.53(6) 849.52(8) 818.03) 807.2(5) 800.6(2) 796.3(8) 793.00

Table A2. Main crystal data, characteristics of X-ray diffraction experiments, and the refinement
parameters of the (Kg g4Rbg 36)3H(SO4); structure.

Chemical Formula (Ko.6aRbg 36)3H(SO4)2
T,K 293
M; 3875
Space group, Z C2/c, 4
a, A 14.957(1)
b, A 5.816(1)
¢, A 9.993(2)
B, deg 102.83(1)
v, A 847.59(3)
Dy, g/cm? 3.0369
Crystal size, mm 0.184 x 0.1 x 0.056
Radiation; A, A MoKq; A = 0.71073
i, cm 10.784
Diffractometer XtaLAB Synergy-DW
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Table A2. Cont.

Chemical Formula

(Ko.64Rbg 36)3H(SO4)2

Scan mode

w

Absorption correction; Tiin, Tmax

Numerical over a multifaceted crystal model, Empirical using
spherical harmonics;

0.891/1
Omax, deg 44.62
—27/29
Limiting h, k, I indices —-11/11
—18/19
No. of measured/independent/observed [I > 30(I)] reflections 38006/3016/1875
Rint 0.0291
Refinement method Least-squares on F2
Weighting scheme 1/(c%(I) + 0.0004 1?)
Number of parameters 67
Extinctiqn corrgction, coefficient 0.1890 (130)
(isotropic type 2)
R1/wR2 0.0179/0.0383
S 1.10
Apmin/ Dpmax, €/ A3 —0.49/0.46
Software CrysAlisPro, Jana 2006

Table A3. Coordinates (x/a, y/b, z/c), position, site occupancy (4), and equivalent isotropic parameters
of thermal vibrations (Ueq, A2) of the basic atoms in the structure at 293 K.

Atoms Position q xla y/b zlc Ueq
Rbl 4b 0.2094(12) 0.5 0.24504(3) 0.75 0.02307(7)
K1 4b 0.7906(12) 05 0.24504(3) 0.75 0.02307(7)
Rb2 8f 0.7268(13)  0.306546(7)  0.23137(2)  0.34832(1)  0.02331(4)
K2 8f 02732(13)  0.306546(7) 0.23137(2)  0.34832(1)  0.02331(4)
s1 8f 1 0.613712)  0.72578(3)  0.96157(2)  0.01767(6)
01 8f 1 051029(4)  0.6832(1)  0.94017(7)  0.0302(2)
02 8f 1 0.65152(4) 0.5293(1) 0.90123(6) 0.0253(2)
03 8f 1 0.65013(5)  0.73765(9)  1.10991(7)  0.0250(2)
04 8f 1 0.62557(4) 0.9406(1) 0.89317(6) 0.0279(2)
H1 8f 0.5 04931(17)  0.441(4) 1.021(2) 0.028(6)
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