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Investigations of new single crystals grown in the K;H(SO,),—(NH,);H(SO4),—

superprotonic phase transitions; structural

conditionality; conductivity. H,O0 system from solutions with different K:NH, concentration ratios have been
carried out. Based on the X-ray diffraction data, the atomic structure of the
CCDC reference: 1573140 crystals was determined at room temperature taking H atoms into account. It
has been determined that [K,43(NH,4)os57]sH(SO,), crystals are trigonal at
Supporting information. this article has ambient conditions such as the superprotonic phase of (NH4);H(SO,), at high

ting information at journals.iucr.org/b .
supporiing formation af journals.tuer.org temperature. A distribution of the K and N atoms in the crystal was modelled on

the basis of the refined occupancies of K/N positions. Studies of dielectric
properties over the temperature range 223-353 K revealed high values of
conductivity of the crystals comparable with the conductivity of known
superprotonic compounds at high temperatures, and an anomaly corresponding
to a transition to the phase with low conductivity upon cooling.

1. Introduction

The crystal family M,,H,(AO4)¢nim2-yH,O (M = K, Rb, Cs,
NH,, and AO,4 = S, Se, HPO,, HAsO,) is of special interest
owing to its unique properties, especially high proton
conductivity (see e.g. Ramasastry & Ramaiah, 1981; Baranov
et al., 1982, 1989; Pawlowski et al, 1990), which are condi-
tioned by the hydrogen-bond network rearrangement (see e.g.
Mkarova et al., 1988; Lukaszewicz et al., 1993; Melzer, 1996;
Chen et al., 2000; Matsuo et al., 2002; Baranov, 2003; Lim &
Ichikawa, 2006; Ivanov-Schitz & Murin, 2010; Pavlenko et al.,
2011; Makarova, 2015). Because of the high proton conduc-
tivity, the value of which is close to the conductivity of the
melts of these salts (107°-107" Q' em™'), these crystals are
promising materials for various electrochemical devices,
including proton exchange membranes in fuel cells (see e.g.
Norby, 2001; Fitzergerald, 2001; Otomo, 2003; Haile et al.,
2007).

A systematic study of the salt system of K;H(SO,),—
(NH,4);H(SO,),—-H,0 solid solutions and crystal growth was
performed for the first time at the Shubnikov Institute of
Crystallography of the Russian Academy of Sciences (IC
RAS) (see e.g. Dmitricheva et al., 2014a,b; Dmitricheva et al.,
2014, 2015; Selezneva et al., 2018). It was found that solutions
© 2017 International Union of Crystallography of K3H(SO4)2 and (NH4)3H(SO4)2 with different K:NH, ratios
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crystallize in different structure types. Using K;H(SO,), and
(NH,4);H(SO,), solutions with a K:NH, ratio close to 1:1, one
can grow single crystals with a structure type different from
that of the initial compounds: the chemical formula of the
grown single crystals is [K;_,(NH,),]oH7(SO4)s-H,O (see e.g.
Dmitricheva et al., 2014a,b). A comparison of the data on the
KoH7(S0,4)s-H,O (Makarova et al, 2014) and
[Ki_x(NHy4),]JoH7(SO4)s-H,O crystals (Dmitricheva et al,
2014b) showed that the replacement of potassium with
ammonium, even ~4%, reduced the temperature of structural
phase transition by 8 K. At the same time, the formation of
additional hydrogen bonds between NH, and SO, groups,
which block the conductivity channels for K ions, leads to a
decrease in conductivity by four orders of magnitude, which
indicates simultaneously the contribution of K ions to the
conductivity of the (K,NH,)oH;(SO,4)s-H,O compound.
K3H(SO,), and (NH,4);H(SO,), solutions with a ratio of 9:1
were used to grow crystals of the same structure type as
K;5H(SO,),; the single crystals were described by the chemical
formula [K;_,(NH,),]sH(SO,), (Dmitricheva et al., 2014;
Selezneva et al., 2018). Based on the refined structural model,
it has been concluded that the [K;_,(NH,),]sH(SO,), samples
contain no less than 3% ammonium. This amount of ammo-
nium is found to be sufficient to change significantly the
kinetics of structural phase transitions in comparison with
K3H(SOy), crystals; this is related to the formation of addi-
tional hydrogen bonds and the change in the anisotropy of the
coordination environment of both cations and SO, tetrahedra.
This paper reports the results of research on single crystals
grown in the K3;H(SO,),~(NH,4);H(SO,4),-H,O system from
solutions with a K:NH, concentration ratio of ~3:7.

2. Experimental details

Single crystals of (K,NH,);H(SO,), were grown by controlled
reduction of solubility. Growth solutions were prepared using
K,SO,, (NH,4),SO, and H,SO, reagents. The crystals were
grown by combining synthesized stoichiometric solutions.
Crystallization was carried out over the temperature range of

Figure 1
Single crystals of [Kg43(NHy)o.57]sH(SOy),.

Table 1

Experimental details.

Crystal data

Chemical formula

M,

Crystal system, space group
Temperature (K)

a, c(A)

V (A%)

D, (gem™)

zZ

Radiation type

p (mm~")
Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Scan mode
Tinin> Tinax
N

emax
No. of measured, independent and

[Ko.43(NH4)o.571sH(SO4)2
274.41

Trigonal, R3

293

5.7768 (3), 22.0983 (12)
638.65 (8)

2.023

3

Mo Ka

1.276

0.20 x 0.17 x 0.15

Xcalibur, Sapphire3 with high
theta cut

Multi-scan using CrysAlis PRO;
empirical absorption correction
using spherical harmonics,
implemented in
SCALE3 ABSPACK

®

0.935,1

32.72

4750, 533, 490

observed [I > 30([)] reflections

Rine . 0.018
(Sin 0/A) pax (A7) 0.767
Refinement

R[F? > 20(F?)], wR(F?), § 0.027, 0.038, 2.46

Refinement based on F with a w = 1/6*(F)
weighting scheme

No. of reflections 490

No. of parameters 60

Extinction coefficient (isotropic, 0.09 (4)
type 1)

H-atom parameters constrained
0.18, —0.30

H-atom treatment
APimaxs Apmin (6 A7)

CrysAlis PRO, SCALE3 ABSPACK (Oxford Diffraction, 2011), JANA2006 (Petricek et
al., 2014.

303-313 K. Solutions with a K:NH, concentration ratio of 3:7
yielded large single crystals with high optical activity suitable
for study. Pseudo-hexagonal thin plates were grown with the
predominant face (001) (Fig. 1).

Studies of the chemical composition of the single crystals
grown were performed with a Quanta 3D scanning electron
microscope (FEI, USA) equipped with an EDXS attachment
for X-ray energy-dispersive microanalysis (EDAX Inc.,
Mahwah, NJ, USA) using an accelerating voltage of 15 kV
under high vacuum (6.95 Pa). Spectra were obtained from
fresh cleavages of single crystals. Elemental compositions
were calculated using the EDAX program (Edax Inc,
Mahwah, NJ, USA) with due regard for the atomic number,
absorption and fluorescence.

The X-ray diffraction studies of single crystals were carried
out on an Xcalibur S diffractometer (Oxford Diffraction) with
a CCD area detector. The experimental data were processed
using CrysAlis PRO (Oxford Diffraction, 2011). The diffrac-
tion intensities were converted to structure-factor amplitudes,
taking into account the kinematic and polarization factors.
Structure refinement was carried out using JANA2006
(Petricek et al., 2014). The final values of structural parameters
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were refined by the full-matrix least-squares method.
Corrections for secondary extinction were made following the
Becker—Coppens formalism (Becker & Coppens, 1974).
Table 1 summarizes the main crystallographic characteristics,
experimental diffraction data and the results of the refine-
ments of the (K,NH,);H(SO,), structure at room temperature.

The dielectric spectroscopy studies were carried out in an
isothermal regime in the temperature interval 223-353 K and
the frequency range 10~'-10" Hz using a broadband dielectric
spectrometer (Novocontrol Concept 40). The sample used
here was 3 mm x 4 mm X 0.44 mm and had a plate-like form
with dominant (001) faces. Silver paste served as the elec-
trodes.

3. Results and discussion
3.1. Structural analysis

Our study shows that the crystals grown belong to the same
structure type as the high-temperature phase of
(NH,4);H(SOy), (Fukami et al., 1996). The X-ray diffraction
pattern for the (K,NH,);H(SO,), sample in the plane hk0 of
reciprocal space is shown in Fig. 2, which confirms the trigonal
symmetry. The analysis of the systematic absences and
symmetry-equivalent reflections indicates two possible space
groups R3m and R3 for the room-temperature structure. The
structure refinement in the more symmetrical model (space
group R3m) meant that it was not possible to reduce discre-
pancy indices below R/wR = 0.17/0.22; any attempts to take
into account the occupancy g of atomic sites led to the g values
having no physical meaning. In view of this, further calcula-
tions were performed using the space group R3.

To refine the crystal structure of the (K,NH,;);H(SO,),
sample, the coordinates of the basic non-H atoms from
Dmitricheva et al. (2015) were used as the initial data. Using
the refined structural parameters, the difference electron-
density maps from the complete set of reflections were
calculated (Fig. 3). The electron-density distribution demon-
strates a residual positive peak between O1 and O1’ positions
related by the O1—HI1---O1" hydrogen bond with the H1
atom not included in the structural model (Fig. 3a). The
refinement of the structure model including the H1 atom led

Figure 2
X-ray diffraction pattern for the [K,43(NHy)o57]3H(SOy), sample at the
hkO plane of reciprocal space.

to the discrepancy indices R/wR = 0.15/0.20 (disregarding the
replacement of K atoms with NH,). The difference electron-
density maps were calculated at this stage (Fig. 3b) with A pp;n/
ApPpax = —2.32/2.49 ¢ A~3. The inclusion of the H atom in the
model led to the map clearance between O1 and O1’. At the
same time, disorder of the O atoms was observed as shown by
the residual values near their positions.

Occupancies of K/N positions (gx + gn = 1.0) were refined
in order to determine the potassium and nitrogen contents
(for K1/N1 and K2/N2 positions independently, the thermal
displacement parameters of K and N were assumed to be
equal). To provide the most efficient estimation, the depen-
dence of R factor on the g value was calculated (‘stepwise
scanning’). The occupancies of K1/N1 and K2/N2 sites were
obtained as follows: gx; = 0.80 (2) and gn; = 0.20 (2); g2 =
0.25 (1) and gn; = 0.75 (1) corresponding to ~57% [or 5.0 (2)
atoms] of the nitrogen content per unit cell. With allowance
for the replacement of K atoms with N in the structural model,
R factors decreased to R/wR = 0.052/0.085 (Apmin/APmax =
—0.57/0.97 ¢ A7),

Consideration of anharmonicity showed a significant
deviation of atomic displacement parameters from the
harmonic approximation only for O atoms, with the values of
other anharmonic parameters being effectively harmonic
within the relevant standard uncertainties. For two O atoms, in
correspondence with the site symmetry, there are 102 refined
anharmonic parameters, to the sixth order inclusively. Among

= 0.0Q‘ -
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‘:"'\\“_'_-_:_ \
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e
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Figure 3

Difference electron-density maps: the H1 atom is disregarded (a); the H1
atom is taken into account (b). Positive (solid lines) and negative (dotted
lines) contour intervals are 0.03 e A~ Ol atoms are shown, which are
located near this cross section.
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Table 2

Wyckoff positions and occupancies (¢q), atomic coordinates (x/a, y/b, z/c), and effective isotropic atomic displacement parameters (U) for the basic atoms

in the crystal structure of [Kg43(NH,)o57]sH(SO,), at 293 K.

H atoms were refined with isotropic thermal parameters. O atoms were refined in the anharmonic approximation (to the sixth order inclusively).

Wyckoff U

Atoms position q xla yib zlc (A%
K1/N1 3a 0.80 (2)/0.20 (2) 0 0 0 0.039 (1)
K2/N2 6c 0.25 (2)/0.75 (2) 0 0 0.20082 (9) 0.046 (1)
S 6¢ 1 0 0 0.40761 (2) 0.036 (1)
o1t 6¢c 1 0 0 0.3398 (1) 0.087 (1)
024 18f 1 0.1371 (2) —0.1367 (3) 0.57250 (6) 0.054 (1)
H1 e 0.33 0.5 0 0 0.08 (1)
H2 18f 0.75 0.07 (3) 0.17 (3) 0.21 (3) 0.09 (7)
H3 6c 0.75 0 0 0.15 (2) 0.09 (7)
H4 18f 0.1 0.07 (3) 0.15 (3) 0.02 (1) 0.06 (5)
H5 6¢ 0.1 0 0 —0.06 (2) 0.07 (8)
+ O1: C"M' = —0.08 (2), CM'% = —0.04 (2), C'® = —0.002 (1), D" = —0.13 (2), E'" = 0.41 (5), E'''2 = 0.20 (3), F!'''122 = —0.07 (3), F''''33 = 0.0010 (4).  02: C'* = —0.0006 (1),

C*3=0.0007 (1), C*** =0.00059 (5), D'"'? = 0.009 (2), D"'** = —0.0015 (4), D''** = 0.0004 (1), D'?*? = 0.009 (3), D'*** = 0.0004 (1), D**** = 0.005 (5), D?*** = 0.0004 (2), E'""'?* =0.0019 (5),

E12222 = —0.004 (2), E22222 = —0.013 (5)’ Fllllll —

them, 25 parameters were chosen which exceeded standard
deviations (Table 2).

The consideration of anharmonic parameters led to a
decrease in the residual peaks in electron-density maps near
O1 and O2 atoms and reduced R factors to R/wR = 0.028/0.041
(the Appmin/ApPmax ratio is —0.44/0.28 e A’z'). The partial
substitution of tetrahedral ammonium groups by K atoms
allowed the NH, tetrahedrons to realize their inner axis of
symmetry of the third order, building the corresponding
coordination sphere, which led to the formation of the trigonal
symmetry in the entire crystal. Observed deviations from

Figure 4

~0.008 (5), F11122 = 0,002 (1), F'12 = —0.0006 (3), F'1%22 = —0.003 (1).

harmonic approximation in displacement parameters of O
atoms indicate dynamical disordering of O positions due to the
increase of symmetry.

The calculated electron-density distribution demonstrates
residual positive peaks near N1 (Figs. 4a, 4b) and N2 (Figs. 5a,
5b) positions corresponding to the H atoms of ammonium
groups, which have been lacking in the structural model till
now. The positions of the H2, H3 and H4 atoms were deter-
mined from the difference electron-density maps. The coor-
dinates of the H5 atom were calculated from the reasonable
geometry of tetrahedral NH, groups. After H atoms of

TR <&M TR
o R 1Y 31 P R
YO\ THATE_HeT

N
0.2

0
0 ;
(d)

T et At

i

04 06

Difference electron-density maps: the H4 atoms are disregarded (a), (b); the H4 atoms are taken into account (c), (d). Positive (solid lines) and negative
(dotted lines) contour intervals are 0.03 e A73.S, 01, 02, K1/N1 positions are shown, which are located near this cross section.
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Table 3
Main interatomic distances in the crystal of [Kg43(NH,)o57]:H(SOy)s.
Distance
Bond (A)
K1—02 x6 2.863 (2)
K1—O1 x6 3338 (1)
K2—02 x3 3.024 (1)
K2—02 x3 3.026 (2)
K2—02" x3 3.069 (2)
K201 3.072 (3)
S—02 x3 1438 (2)
s—o1 1.498 (3)

ammonium groups were taken into account, R factors
decreased to R/wR = 0.027/0.038 (ApPmin/APmax = —0.30/
0.18 e 13(3). The chemical formula of the crystal was finally
determined as [Kg43(NHy)o57]5H(SO,),. The refined posi-
tional and atomic displacement parameters for the basic atoms
of the crystal structure are given in Table 2. The main
interatomic distances for the refined structural model are
listed in Table 3.

Fig. 6(a) shows a model of the atomic structure of the crystal
under study. The independent part of the unit cell contains two
K atoms at (0, 0, 0) and (0, 0, z) positions, one S atom at a
(0,0, z) position, and two O atoms: O1 (0, 0, z) and O2 (x, y, z).
The SO, tetrahedron contains one elongated S—O1 bond with
a length of 1.498 (3) A and three equal S—O2 bonds with a
length of 1.439 (1) A (Fig. 7). The vertices of the SO, tetra-
hedra are connected by O1—HI1.--O1’ hydrogen bonds

02 04
(a)

Figure 5

3.348 (1)A long. This value corresponds to the distance
between central positions O1 on the threefold axis whereas
the atoms themselves undergo thermal vibrations, which are
essentially anharmonic. The O1 atom, which is involved in
hydrogen bonds, forms the longest S—O bond and occupies a
dynamically disordered position which means that O1 changes
its position each time forming O1—H---O1" bonds. Ol
changes its position, which leads to the formation of new
temporary O1—H- --O1’ bonds.

Thus, the main structural motif is a double layer of SO,
tetrahedra whose vertices are linked by hydrogen bonds
(Fig. 6b). The hydrogen-bonded system is a two-dimensional
network of hydrogen bonds, which is characterized by a
dynamic disordering of both the positions of H atoms and the
orientation of hydrogen bonds, similar to the high-tempera-
ture phase of other members of the M3H(AQ,), family, for
example, Rb;H(SeO,), (Mkarova et al., 1988) or K;H(SO,),
(Makarova et al., 2010).

The refinement of the structure reveals that the
[Ko.43(NH4)o 57]3H(SO,), crystal contains about 57% ammo-
nium, which leads to the formation of an additional hydrogen
subsystem. These data are in good agreement with structural
parameters obtained by using synchrotron radiation at the
SNBL BMO1A experimental station of the European
Synchrotron Radiation Facility, Grenoble (data to be
published).

Thus, the ratios of K/N are 5/1 in the K1/N1 position and 1/3
in the K2/N2 position. Such values can be described by 6 x 6
cells with 144 atoms of K and 180 atoms of N. The corre-

Difference electron-density maps: H2 (a) and H3 (b) atoms are disregarded; the H2 (c) and H3 (d) atoms are taken into account. Positive (solid lines)
and negative (dotted lines) contour intervals are 0.03 ¢ A™>. S, 02, K2/N2 positions are shown, which are located near this cross section.
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sponding model of the distribution of the K and N atoms in the
crystal is shown in Figs. 8(a) and 8(b). Most of the ammonium
groups replace potassium in the K2/N2 position located
between the layers of SO, tetrahedra. This leads to the binding
of these layers by additional hydrogen bonds, and at the same
time the symmetry of the coordination environment of the
cations changes and the axis of symmetry of the third-order

b TT_
7

AL

(&)
Figure 6
Atomic structure of the [Kg43(NHy)o.57]sH(SO,), crystals: (a) the K1/N1
and K2/N2 positions, SO, tetrahedron and hydrogen bonds are shown;
(b) the system of hydrogen bonds.

02’

02 1439

Figure 7
Main interatomic distances are shown in (SO,)- - -H- - -(SO,) dimer.

forms (Fig. 8c). The fact that the [Kg43(NHy)os7]sH(SO,),
crystals have lower symmetry than the (NH,);H(SO,), and
K;3H(SO,), crystals can be explained by the replacement of
potassium with ammonium. Replacements in the cation
sublattice lead to a decrease in symmetry.

3.2. Chemical analysis

According to the results of chemical analysis, the use of
K;3;H(SO,), and (NH,);H(SO,), solutions with a ratio of 3:7
leads to the growth of crystals containing K™ 9.82 mol% and

Figure 8

Systematic atoms in the

arrangement of K and N
[Ko.43(NHy)o.573H(SOy), crystals: the layer with K1/N1 positions (a);
the double layer with K2/N2 positions (b); the layers with K1/N1 and K2/
N2 positions together (c). SO, tetrahedra and hydrogen bonds with H1
are omitted.
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N* 13.61 mol% (K:N =~ 0.42:0.58). These results are in good
agreement with occupancies of K/NH, positions refined from
structural analysis.

3.3. Dielectric properties

The measurements were carried out along the c¢ axis.
Measurements along this direction allow us to estimate the
binding layers of SO, tetrahedra due to additional hydrogen
bonds between NH,; and SO, groups. Conductivity in
isostructural crystals of K;H(SO,), and (NH,);H(SO,), is not
isotropic (the highest values are observed perpendicular to the
¢ axis, because the system of hydrogen bonds is parallel to the
ab plane). However, the small thickness of the samples under
study does not allow measurements in the plane.

Fig. 9 represents the frequency dependence of the real &
and imaginary ¢ parts of the dielectric permittivity, the AC
conductivity o5c and dielectric loss tangent tan § for various
temperatures. On the &'(f) plots (Fig. 9a) one observes at high
frequencies a limiting constant value &', which is related to

223
233
243
253
263
273
283
-293
303
313
323
333
343
353

223
- 104‘ %&-ﬁwxx«xw«\ « 233
= 243
B 2 3 —y— 23
3 1073 st ..unnuﬂ‘::g :?
~1 £ 1‘ i __'(,_,
L] =L I
= 1074 2 . S
b 283
2 1074 . 203
2= = 303
g s
. L] a3
g 107 ,i’}"i:-nnll"". 333
“ ;:;f?”' 343
iptt L 353
-f

107 e . e

2 3 5 T

1! 10" 10t 1wt 100 10t 100 10 10

f[Hz]
(e}
Figure 9

the fast polarization processes occurring in the material. This
value increases with temperature from &', = 18 at 223 K to 28
at 353 K. With decreasing frequency &'(f) increases and shows
a ‘step’ (which is more pronounced at low temperatures). In
the same frequency range a ‘structure’ (a ‘shoulder’ on the
high-frequency side of the peak) is observed on &”(f) spectra
(Fig. 9b), which is a manifestation of a dielectric polarization
process. This dispersion region shifts to higher frequencies
with increasing temperature which indicates a thermally acti-
vated process.

At even lower frequencies &'(f) and ¢’(f) show a rapid
increase and demonstrate giant values (~10%), which
obviously do not correspond to the bulk properties of the
material. In this frequency range random diffusion of the ionic
charge carriers via activated hopping gives rise to a frequency-
independent conductivity characterizing the conductivity opc
(Fig. 9¢), whose values increase with increasing temperature
from 107" Q "em™" at 223K to ~3 x 107" Q 'em™" at
353 K. For comparison, the (NH,);H(SO,), crystals have the
value opc ~107*Q “'em™! at 425K (Schwalowsky et al,
1998). Simultaneously the plateau region shifts to higher

i =
& e By —a-223
< * g P, W +—233
.‘.g L L T o O X S 3
. “(‘l‘!::: 3 ! o Vot .i’g& s 243
107 = by’ ‘:’{1;‘."] ) ; .qd ‘O*‘:D'*’.*y** 353
L a A V. 4 ® *.g\'f \'>< % 263

!_ . Ay o k0 X

« 223
o 233
a— 243
v 253

263
«— 273

283
o 293
—+— 303
« 313
—s— 323

333
< 343
~#—~383

tand

Frequency dependencies of the real & () and imaginary &’ (b) parts of complex dielectric permittivity, AC conductivity (c¢) and tan § (d) at different

temperatures indicated on the plot.
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frequencies indicating that the conductivity is a thermally
activated process. Thus, the high values of &'(f) and &”(f) are
due to the charge carrier motion within the sample. Moreover,
o in Fig. 9(c) decreases with decreasing frequency at very low
frequencies and high temperatures, and this drop correlates
with a peak in £”(f) and a ‘saturation’ of &'(f) at very low
frequencies. Such a behaviour at very low frequencies and
high temperatures is typical of a high ionic conductor and can
be ascribed to the processes of electrode polarization
(MacDonald, 1987), which result from the presence of
blocking electrodes, where a space charge ‘builds up’ resulting
in a large bulk polarization.

The temperature dependence of the DC conductivity opc is
presented in Fig. 10 in Arrhenius coordinates. It is clearly seen
that there is a change in the slope of the curve at T ~ 283 K.
Below and above this temperature the data can be described
well by the Arrhenius equation

A -U
Opc = T exp (ﬁ) ) (1)

where U is the activation energy, k is the Boltzmann constant.
Below 283 K U = 0.72 eV and above this temperature U =
0.52 eV. The difference in the activation energies means that at
283 K there is a possible structural transition that changes the
energy landscape for the drifting ions. Additional evidence for
the existence of a structural transition can be seen in the
frequency dependencies of the dielectric loss tangent, tan § =
&"l¢’, given in Fig. 9(d) for various temperatures. The rela-
tively large values of tan § confirm the important contribution
of the DC conductivity to the dielectric permittivity in this
material. The tan §(f) plots exhibit well defined peaks, which
shift to higher frequencies with increasing temperature. The
peaks are observed in the frequency region of the DC
conductivity (Fig. 9c) indicating that they are related to the
conductivity relaxation. It is interesting to follow the depen-
dence of the magnitude of the tand peak on temperature:
below 273 K it decreases with increasing temperature, and it

0.52eV

-104
0.71 eV

In(sT) [S*em™ 1 *K]

N
3]
-

-14 4

-16

r * 1 1 + T * & 51T F 1T 5% 1 &t 1T F 1

28 30 32 34 36 38 40 4.2 44 486
103/T [1/K]

Figure 10

Arrhenius plot of the conductivity for the [Kg43(NH4)os7]3H(SO4),
crystal.

increases above 283 K. This temperature interval agrees fairly
well with the temperature at which the conductivity activation
energy changes (Fig. 10). This fact can serve as another indi-
cation of structural changes in the material in this temperature
interval affecting conductive properties.

The values obtained for the activation energies U = 0.72 eV
and U = 0.52 eV for the phases of [Kg43(NHy)o57]3H(SO4)2
crystals correspond to the values U = 0.76 eV and U = 0.47 eV
for the low- and high-temperature phases, respectively, of
(NH,4);H(SeO,), crystals (Lindner et al., 2014). The transition
from the high-temperature R3 phase to the high-temperature
R3m phase in (NH,);H(SeO,), is accompanied by a decrease
in the activation energy to U = 0.33 eV.

4. Conclusion

Based on a systematic study of the salt system of Kz;H(SO,),—
(NH,);H(S0O,4),-H,O solid solutions, one may conclude that
the use of K;H(SO,), and (NH,);H(SO,), solutions with
different K/N ratios leads to the growth of single crystals of
distinct structure types with varied physical properties.

The use of K;H(SO,), and (NH,4);H(SO,), solutions with a
K/N ratio of ~3:7 leads to the growth of crystals of the same
structure type as the high-temperature superprotonic phase of
(NH,);H(SO,), (space group R3).

In contrast to the known members of the family M;H(AQO,),
(M =K, Rb, Cs, NHy; AO, = SOy, SeO,4, HPO,, HAsO,) that
have a superprotonic phase transition with an increase in
symmetry from monoclinic to trigonal at heating, the crystals
of [Ko43(NHy)os7]5H(SO,), have a superprotonic trigonal
phase under ambient conditions. Trigonal symmetry is condi-
tioned by the K/N occupation ratio and the corresponding
coordination of NH, groups. The appearance of the threefold
axis leads to disordering of the O atoms involved in hydrogen
bonds and as a result to the formation of a dynamically
disordered network of hydrogen bonds.

The dielectric properties of the crystal are mainly influ-
enced by its high DC conductivity, which increases from
107°Q "em ' at 223 Kto~3 x 1071 Q" em ™" at 353 K. It is
found that the conductivity is thermally activated below and
above T ~ 283 K with corresponding activation energies of
0.72 and 0.52 eV. This critical temperature probably corre-
sponds to the structural transition at which the symmetry of
the [Ko.43(NHy)o.57]3H(SO,), crystals changes.
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