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Abstract Synthesis and structural characterization by single-
crystal X-ray diffraction method, thermal behavior, and elec-
trical proprieties are given for a new compound with a
superprotonic phase transition Cs,(HSO4)(H,AsO,). The title
compound crystallizes in the monoclinic system with the P2,/
n space group. The structure contains zigzag chains of
hydrogen-bonded anion tetrahedra that extend in the [010]
direction. Each tetrahedron is additionally linked to a tetrahe-
dron neighboring chain to give a planar structure with
hydrogen-bonded sheets lying parallel to (101). The existence
of O—H and (S/As)-O bonds in the structure at room temper-
ature has been confirmed by IR and Raman spectroscopy in
the frequency ranges 4000-400 cm ™ 'and 1200-50 cm ', re-
spectively. Differential scanning calorimetry analysis of the
superprotonic transition in Cs,(HSO,4)(H,AsO,) showed that
the transformation to high temperature phase occurs at 417 K
by one-step process. Thermal decomposition of the product
takes place at much higher temperatures, with an onset of
approximately 534 K. The superprotonic transition was also
studied by impedance and modulus spectroscopy techniques.
The conductivity in the high temperature phase at 423 K is
1.58x 10 Q' ecm™', and the activation energy for the proton
transport is 0.28 eV. The conductivity relaxation parameters
associated with the high disorder protonic conduction have
been examined from analysis of the M”/M” ., spectrum mea-
sured in a wide temperature range. Transport properties of this
material appear to be due to the proton hopping mechanism.
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Introduction

The compounds of general formula MHXO,4 and
MH,X’0,4 (where M is a monovalent cation: K, Rb",
Cs"; X is S or Se and X’ is P or As) seem to be interesting
since their high temperature phase exhibits unusually high
conductivity [1-3]. Thus, they belong to the family of
superionic conductors which are of great interest because
of their potential use in various electrochemical devices
such as batteries and fuel cells [4-7].

In the last few years, new mixed hydrogen sulfate phos-
phate [8—11] and hydrogen sulfate arsenate [12] have been
synthesized and structurally characterized. Some of these
compounds are known to undergo phase transitions to
superprotonic or ferroelectric phases [1, 2]. An examination
of'the literature has shown so far no structural study of the title
compound. Many solid acids in this compounds family have
been examined as superprotonic conductors. Proton transport
in the superionic phase is facilitated by the rapid reorientation
of SO, groups [13, 14]. Owing to the limited number of struc-
tural types known as exhibiting superprotonic behavior, it has
been difficult to assess the role of the hydrogen bond network
and/or local hydrogen bond geometry in the proton transport
and transformation mechanisms.

Following the investigation concerning the synthesis and the
crystal structure of Rb,(HSO4)(H,PO,) and
Cs,(HSeOy4)(H,AsO,) compounds [10, 15], we describe in this
paper the synthesis and crystal structure of a new cesium hy-
drogen sulfate arsenate, Cs,(HSO,4)(H,AsO,4) denoted
(CsHSAs) which is the second compound belonging to the
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family of compound with general formula M,(HSO4)(H,AsO4)
(M = Cs, Rb, K, Na, NHy) after the compound
(NH4),(HSO4)(H,As0,) [12]. We demonstrate here through
some results of calorimetric analysis and through measurements
of conductivity using the complex impedance method, all car-
ried at high temperature, that the transition in CsHSAs at 417 K
is protonic and accompanied by breaking of the hydrogen
bonds.

CSzCO3 + HzSO4 + H3ASO4

e —_—

Experimental details
Crystal growth

Single crystals of Cs,(HSO4)(H,AsO,4) grew from aqueous
solutions of cesium carbonate, sulfate acid, and arsenic acid,
in which the mole ratio of Cs:SO4:AsO, was fixed in 10:5:5
according to the following reaction:

—
CSz(HSO4) (HzASO4) + HzO + C02

Just enough deionized water was added to a mixture of the
carbonate and acids to cause dissolution. This resulting solu-
tion was kept under ambient conditions which allowed it to
evaporate slowly. A few days later, colorless, transparent, and
plate-like crystals of Cs,(HSO4)(H,AsO,4) were obtained. It is
noted that the compound is stable in air, and its formula is
determined by chemical analysis (Table 1) and confirmed by
refinement of the crystal structure.

Investigation techniques
X-ray diffraction

Single-crystal X-ray diffraction intensity data were obtained
on an Enraf-Nonius Kappa CCD diffractometer using MoK
radiation (A = 0.71073 A). Data were collected at room tem-
perature from an as-synthesized specimen measuring
0.23 x 0.14 x 0.09 mm® in size. The unit cell parameters
optimized by least-squares refinement were calculated and
refined using indexation of the collected intensities and re-
vealed CsHSAs to be monoclinic with lattice parameters
a=7435@2) A, b=7543 (1) A, c = 7.598 (3) A, and
B = 100.7 (4)°. The raw intensity data were corrected for
Lorenz and polarizing effects before proceeding to the refine-
ment of the structure. An absorption correction was performed
by the program SORTAV [16]. Atomic scattering factors were

Table 1  Results of chemical analysis for Cs,(HSO4)(H,AsO4)

As (%) Cs (%) S (%)
Calculated 14.86 52.76 6.37
Experimental 14.94 (1)* 52.69 (2)° 6.31 (4)°

 Determined by volumetric
® Determined by atomic absorption
¢ Determined by the ICP/OES method
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taken from the International Tables for X-ray crystallography
[17]. A total of 4454 reflections were collected in the whole
Ewald sphere for 3.8° <0 <30° of which 1318 reflections had
an intensity of / > 20(I). An analysis of the systematic ab-
sences showed the space group to be P2;/n.

We solved the structure by first location cesium atom po-
sition using the SHELXS-97 program [18], and subsequently,
the remaining non-hydrogen atoms were deduced from differ-
ence Fourier maps during the refinement of the structure with
the SHELXL-97 program [19]. The H atoms were located
through difference maps with the aid of a calculation of bond
distances and angles and on the basis of the results for the
refinement of the structure of Rb,(HSO,4)(H,PO,4) by neutron
powder diffraction [10]. Details of the data collection and
structural analysis are presented in Table 2. The atomic coor-
dinates and parameters are given in Tables 3 and 4.

Infrared and Raman spectroscopy

Infrared spectrum was recorded in the range of 4000—
400 cm ' with a “Perkin—Elmer FTIR” spectrophotometer
1000 using a sample dispersed in spectroscopically pure
KBr pellet. Furthermore, Raman spectra were measured with
a LABRAMHR 800 triple monochromator under a x50 LF
objective microscope. A He-Ne ion laser operating at about
20 mW was used (on the sample) as an excitation source

(514.5 nm), with a spectral step of 3 cm™ .

Thermal analysis

Thermo-gravimetric (TG) investigations were performed
using a multi-module 92 SETARAM analyzer operating from
room temperature up to 1098 K at a constant rate of 5 K min ™'
under flowing argon. Dry argon was used with a flow of
60 ml/min. A powdered sample, 49.28 mg, was spread evenly
in a large platinum crucible to avoid mass effects.
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Table 2 Summary of crystal
data, intensity measurements, and
refinement parameters for
Cs2(HSO4)(H2A504)

1. Crystal data

Formula

Formula weight

Crystal system: monoclinic
a=17435Q2) A

b=17543 (1) A
c=7598(3) A

deat = 3.996: deyp = 4.003 g.cm™
Linear absorption factor:
Habit

Crystal size

1. Intensity measurements
Temperature, 293 K
Diffractometer
Monochromator

Theta range

Measurement area:

Total reflections = 4454
Parameters of thermal agitation

III. Structure determination
Lorentz and polarization correction
Structure solution

Refinement method

Thermal displacement parameters
Unique reflection included:
Refined parameters

(Ap)min, (Ap)max

Unweight agreement factor R; = 0.0415

Cs,(HSO4)(HAs04)
503.82 g.mol

Space group: P2;/n

8= 100.7 (4)°
V=418.76 (2) A
zZ=2

F(000) = 452

p=12.88 mm'
Colorless

0.23 x 0.14 x 0.09 mm®

AMo - K,) =0.71073 A

Enarf-Nonius Kappa CCD

Graphite plate

3.8°-30°
-10<h<10;-10<k<10;-11 <I<11
Independents reflections = 1925

Rine = 0.0086 et R, = 0.0273

Absorption correction was applied

Direct methods

Full-matrix least squares on F?

Isotropic for H atoms, anisotopic for non-H
1318 with 7> 20 (1)

67

—1.03 and —0.91(e/A>)

Weight agreement factor wR, = 0.0837

Ry = (S[IF,| — [FJVEIF,| and wRy = (S[W(F* , — F> o) YIW(F* )’ '

Differential scanning calorimetry (DSC) has been per-
formed on a DSC Mettler TA 4000 between 300 and 1100 K.

Table3  Fractional atomic coordinates and temperature factors (Ui, for
H atoms) for Csy(HSO4)(H,As04) (Esd given in parentheses)

Atoms X Y V4 Ueq Occupation
Cs 0.8907 (2) 0.8211(2) 0.7793 (2) 0.0264 (6) 1

As 0.3988 (5) 0.8158 (5) 0.7458 (4) 0.0148 (3) 0.496(3)
S 0.3988 (5) 0.8158 (5) 0.7458 (4) 0.0148 (3) 0504(3)
o1 0.5042 (5) 0.6866 (6) 0.6652 (4) 0.0023 (2) 1

02 0.5243 (5) 0.9622 (6) 0.8418 (4) 0.0047 (2) 1

03 0.2961 (8) 0.7343 (7) 0.8804 (7) 0.0089 (3) 1

04 0.2602 (9) 0.9054 (7) 0.5995(6) 0.0131(3) 1

H(la) 0.2200 0.0940 0.6140 0.050 0.5
H(lb) 0.2600 0.5260 0.8860 0.050 0.5

H2 0.0000 0.5000 0.5000 0.050 0.5

_l * *
Ueq43 EiEjUijai aj a;3;

Impedance measurements

The analysis of the frequency response of ac conductivity
data was used to determine the superprotonic behavior of
Cs,(HSO4)(H,As0,4). Complex impedance measurements
were performed using a compressed pellet of ~5 mm di-
ameter and 2 mm thickness sintered at 293 K. Silver paint
was evenly applied on both sides of the pellet for better
electrical contact; the sample was then held between two
spring-loaded electrodes. The electrical properties were
collected under the stagnant air atmosphere and deter-
mined by impedance and modulus method using a fre-
quency response analyzer (Hewlett-Packard 4192A LF).
The impedance |Z*| and phase angle 6 were measured
with a computer interface. The frequency range was
100 Hz—13 MHz, and measurements were carried out at
constant ranging from 373 to 473 K and maintained at
+1 K accuracy by a Herrmann-Moritz 28480 controller
for half an hour before collecting data.

@ Springer
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Table 4 Anisotropic

displacement parameters. The Atoms Un Uz Us; Uz Uiz Uz

anisotropic displacement

exponent takes the form Cs 00261 (9)  0.0240(8)  00287(9  —0.0003(7)  00039(5)  —-0.0040 (7)

exp.[27°%; 5 Ughihjaia; ] As 00170 (2)  0.0130(19) 00151 (19)  —0.0017(14)  0.0042(13)  —0.0021 (14)
S 00170 (2)  0.0130(19) 00151 (19)  —0.0017(14)  0.0042(13)  —0.0021 (14)
o1 0.0313(5)  0.0316(5  00327(15  0.0076 (5) 00583 (4)  0.0011 (4)
02 0.0491(5) 00557 (6)  0.0364(8)  —0.0082(4)  00855(4)  —0.0023 (4)
03 00453 (7)  0.0461 (6)  00853(6)  —0.0131(5)  0.0783(5)  —0.0031(5)
04 0.0246(8) 00731 (6)  00365(5)  0.0099 (5) ~00163(5)  —0.0181 (5)

Results and discussion
Structural study
Description of the structure

At room temperature, the structure of Cs,(HSO4)(H,AsOy)
was found to be monoclinic with a unit cell very close to those
in Rby(HSO4)(H,POy4) [10], Cso(HSeO4)(H,As0,) [15], and
Rb,(HSeO4)(H,PO4) [20]. The crystal structure of
Cs,(HSO4)(H,AsOy) is built up from discrete H,S(As)O4
tetrahedra connected to zigzag chains via hydrogen bridges.
Theses chains are linked by additional hydrogen bonds to a
layer-like hydrogen bonding system.

Figure 1 shows a projection on the bc plane of
Cs,(HSO4)(H>AsO,). A projection on the ac plane is depicted

Fig. 1 Projection of
Cs,(HSO4)(H,As0,) crystal
structure along the a axis

/Q
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in Fig. 2. This structure could be regarded as infinite (101)
layers of hydrogen bonding joining the H,S(As)O4 groups
into infinite chains along the [010] direction. From this de-
scription of the structure, we can notice that the atomic ar-
rangement in Cs,(HSO4)(H,AsQ,) is similar to that in
Cs,(HSeO,)(H,As0,4), with a small decrease in the unit cell
volume due to the small size of the S atom. The sulfate and
arsenic atoms in CsHSAs are statistically disordered on one
atomic position. The calculation in the non-centrosymmetric
space group Pn also led to disordered atomic positions. In this
monoclinic phase (room temperature), each S(As) atom is
bonded to four oxygen neighbors that nearly form a slightly
distorted tetrahedron. The S(As)O, tetrahedra present three
long distances (S/As—02 = 1.578 (1) A, S/As—
03=1.538(3) A, and S/As—04 = 1.541 (2) A) and one short
bond (S/As-O1 = 1.485 A). An important point in this
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Fig. 2 Projection of
Cs,(HSO4)(H,As0,) crystal
structure along the b axis

structure is that the mean value of S/As—O distances (1.552 A)
are intermediate between those of S—O distances (1.446 A) in
CsHSO, [21] and As—O distances (1.687 A) in CsH,AsO,
[22]. The main interatomic distances and bond angles for the
S(As)Oy, tetrahedron are given in Table 5.

In our investigation of this structure and previous works on
this family of compounds [10, 15], it is possible to use differ-
ences in bond lengths to identify with which O in the O-O
bond the proton is more highly associated. So, the localization
of the hydrogen atoms based on the S/As—O bond distances
and indications in the difference electron maps is in good
agreement with the hydrogen bond net which can be deduced

Table 5 Bond distances (A) and angles (°) in Cs,(HSO4)(H,AsO4)
with standard deviations in parentheses

a. S/AsOy, tetrahedron

S/As-O1  1.485(2) 01-02 2472(2) OI-S/As-02 110.7 (7)

S/As-02 1578 (1) 0O1-03 2491 (4) OI-S/As-03 113.0(7)

S/As-03  1538(3) O1-O4 2385(5) OI1-S/As-04 109.5 (7)

S/As-04 1541 (2) 02-03 2555(7) 02-S/As-03 107.9 (7)
02-04 2477(6) 02-S/As-04 107.2(7)
03-04 2490 (6) 03-S/As—04 108.3 (8)

b. Cesium coordination

Cs-O(1)' 2976 (2) Cs-0(3)Y  3.010 (3)

Cs-O(D" 2,998 (1) Cs-0(Q2) 3.043 (2)

Cs—0(2)™ 3.005 (2) Cs—O@)" 3265 (3)

Cs-O(1)  3.019 (1) Cs-0(4)"Y  3.349 (6)

Cs-0(3)"Y 3.041 (3) Cs-0(#H)Y' 3.550 (2)

Symmetry codes: I: —x+3/2,y+ 1/2, =z +3/2; l: x+ 1/2, =y +3/2,z+ 1/
2, ML —x+32,y—12,—=z+3/2;IVix+ 1,y,z, Vix+ 12,—y+3/2,z— 1/
2; VL —~x+1,—v+2,—z+1

from the short intermolecular O...O distances. The oxygen
atoms O(2), O(3) and O(4) corresponding to the longest S/
As—O bond distances can therefore be considered to belong
to hydroxyl groups. In fact, the oxygen atom O(1) of the
shortest S/As—O bond distances is not involved in any O-H
bond. The O-S(As)-O angles range from 107.2 (7)° to 113.0
(7)°, indicating that the distortion of the S(As)O, tetrahedron
is not so great (Table 5).

The cesium atom is coordinated by nine oxygen atoms. The
Cs—O distances range from 2.976 (2) to 3.349 (6) A. The next
oxygen atom is 3.550 (2) A further away from the cesium
atom and cannot be considered as belonging to the coordina-
tion sphere of Cs. These nine coordinating oxygen atoms be-
long to six different S(As)Oy tetrahedra. In comparison, the
cesium atoms in CsHSO,4 and in CsH,AsO, are coordinated
by eight oxygen atoms, with Cs—O distances range from 3.105
to 3.503 A [21] and from 3.056 to 3.259 A [22], respectively.

The hydrogen bonding

Projection views of the title compound indicating the hydro-
gen bonding in Csy(HSO,4)(H,AsO,) are depicted in Figs. 1
and 2. Among the main geometrical feature of the hydrogen
bond network reported in Table 5, it must be noted that all
hydrogen atoms participate in the formation of hydrogen
bonding. An examination of the intertetrahedral O—O bond
lengths suggested the presence of two hydrogen bonds, the
first one linking O(2) and O(2)™, and the second one linking
0O(3) and O(4). The proton coordinates were established from
the location of peaks in Fourier difference maps in the vicinity
of O(2)-0(2)™ and O(3)-O(4). So, in the case of H(2), a peak
was found at a distance of 1.280 (3) A from O(2) and at the

@ Springer
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inversion center (a special position) relating O(2) and O(2)™.
The angle formed between the S(As) atom, the O(2) atom, and
this site, 115.20°, was close to the ideal tetrahedral value of
109.5°. The proton H(2) was thus taken to reside at this posi-
tion and to have a fixed occupancy of 0.5. In the vicinity of
0OQ3) and O(4), two Fourier difference peaks of comparable
heights were found, one closer to O(3) and H(la) atoms, and
the other closer to O(4) and H(1b) atoms. The absence of a
symmetry element relating the two O atoms indicated that
H(1a) and H(1b) resides in two asymmetric potential minima
between the oxygen atoms O(3) and O(4), and each of them
has a fixed occupancy of 0.5. The distances dos)-
H(la) = 1.067 (3) A and dO(4)-H(1b) =0.932 (3) A The angles
formed between the S(As) atom, the O atom, and potential
sites [S(As)-O(3)-H(la) = 114.24° and S(As)-O(4)-
H(1b) = 116.62°] This results are in good agreement with
the results obtained in the structure determination of
Rb,(HSO4)(H,PO,4) by neutron powder diffraction [10]
(Table 5) and with the chemical formula of the title compound
that contains 1.5 protons per Cs atom, or three protons per
formula unit.

The hydrogen bond O(3)-H(1a)...H(1b)-O(4) connects
the HyS(As)O, tetrahedra to zigzag chains parallel to the b
direction (Fig. 1) with S(As)-S(As)-S(As) angles of
118.91°. Theses chains are linked by additional hydrogen
bonds O(2)-H(2)-O(2)"™ to a layer-like hydrogen bonding
system (Fig. 2). The O—O bridges with distances between
2.525 (9) A and 2.561 (3) A belong to the strong hydrogen
bonds [23] (Table 6).

Vibrational study

Although IR and Raman spectroscopy belong to the major
physical methods of investigation of molecular structure, we
have studied the IR and Raman spectra of the polycrystalline
samples of CsHSAs, in order to confirm the presence of the
two anions (SO4° and AsO,>") in the same crystal, and to
elucidate the hydrogen bonds in their crystal lattice. The pres-
ence of two anions (S and As) at the same position as well as

the low symmetry of CsHSAs render a complete group factor
analysis of this compound difficult. In this compound, the
sulfate and arsenic tetrahedra deviate significantly from tetra-
hedral symmetry, which can be explained by the addition of
protons to these tetrahedra. Consequently, the vibrational
spectra are expected to differ in frequency values and intensi-
ties depending upon the symmetry. To make a qualitative as-
signment of the IR and Raman peaks to vibrational mode, we
examine the modes and frequencies observed in similar hy-
drogen sulfate dihydrogen arsenate compounds [24, 25]. The
infrared and Raman spectra of Cs,(HSO,4)(H,AsO,) at room
temperature are shown in Fig. 3 and Fig. 4, respectively, and
the observed IR and Raman bands are given in Table 7.

The IR and Raman spectra of CsHSAs that we obtained
consist of a number of distinct and well-separated groups of
bands, and can be divided into three frequency regions: 50—
250 cm ', lattice mode; 2501200 cm™ ', AsO, > and SO,
internal modes; and 1200-3700 cm ™', high frequency hydro-
gen modes [26, 27]. The bands below 125 cm ' in Raman
spectra are due to external modes which contain the transla-
tions of Cs" [28] and lattice vibrations of AsO4>~ and SO4>~
anions [24]. The very weak lines between 125 and 200 cm '
in Raman spectra probably correspond to the motion of O—
H...O hydrogen stretching (v, ,) and bending (8, ).

The low-frequency bonds are attributed to SO,> and
AsO437 internal modes, in particular, the Raman bonds obtain-
ed at 278, 319 and 347 cm ™' are interpreted to V(AsO.)
mode. We distinguish the v,(SO,4) by the medium broad and
the strong Raman bands at about 446 and 479 cm ', respec-
tively, and by the medium infrared bands near 478 cm™'. The
v4(AsO,4) mode is assigned to the medium broad and the two
strong Raman bands observed in 389, 421, and 437 cm ™.

The Raman bonds observed at 593 and 625 cm ™' are at-
tributed to v4(SO,4) mode which is expected to be the strong
peak in the IR spectrum at 598 cm™'. The peaks observed in
the region 804-864 cm ' are associated to the v,(AsO4) mode
and those noted in the IR and Raman spectrum at 1043;
1094 cm™' and 984; 1053 cm ', respectively, are presumed
to result from v{(SO4). The v5(AsO,4) mode is observed in the

Table 6 Hydrogen bonding

systems of Cs,(HSO,)(H,AsO,),  O(d)-H-O(a) 0(d)...0@) A O(d)-H A H...O@) A O(d)-H...0(@) (°)
distances (A), and angles (°)
0(3)-H(la) ...04)"" 2.525(9) 1.067(3) 1.466(3) 171.9(8)
2.533(7) 1.070(2) 1.470(2) 171.02)
O(4)-H(1b) ...03)V™I 2.525(9) 0.952(3) 1.564(3) 168.7(8)
2.533(7) 0.960(2) 1.570(2) 167.02)
0Q2)-H(2) ...0)* 2.561(3) 1.280(3) 1.280(3) 180.0
2.550(6) 1.275(4) 1.275(4)

Entries given in italics refer to the results for the structure determination of Rb,(HSO4)(H,PO,) [10] obtained by

neutron powder diffraction

Symmetry codes: VII: —x + /2,y — 1/2, —z+ 3/2; VII. —x+ 1/2,y + 1/2, =z + 3/2; IX: —x + 1, -y + 2, —z + 2
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Fig. 3 IR spectrum of Cs,(HSO4)(H,AsO4) compound at room
temperature

IR spectrum at about 931 cm™' and at 923; 959 cm ™' in the

Raman spectrum. The strong peak around 1180 cm™' in IR
spectra is tentatively attributed to the v3(SO4) mode and by
the weak Raman bands near 1116 cm ™.

The higher frequency IR peaks are attributed to reflect hy-
drogen modes [26, 27]. The corresponding OH stretching vi-
bration give rise to characteristic broad trio bands of ABC
type, associated to strongly hydrogen-bonded systems.
These bands have been interpreted as OH stretching modes
in Fermi resonance with combinations involving mainly OH
bending vibrations or in terms of a strong coupling between
fast OH and O...0O stretching modes [29, 30]. The broad lines
at 2843, 2358, and 1740 cm ' in IR spectra can be assigned,
respectively, to the ABC bands of OH stretching vibrations of
both the short and the long hydrogen bonds in the

Relative intensity

L

1 I 1 1 1
200 400 600 800 1000 1200
Wavenumber (cmn!)

Fig. 4 Raman spectrum of Cs,(HSO4)(H,AsO,4) compound at room
temperature

Cs,(HSO4)(H,As0O4) compound. It is noted that the broadness
of the ABC bands is due to a structural disorder [31].

Thermal behavior

The results of the high temperature behavior of (CsHSAs)
are presented in Fig. 5. The differential scanning calori-
metric (DSC) revealed that the title compound undergoes
structural changes over the temperature 417 K with a cal-
culated transition enthalpy AH; = 56.81 J/g, which are
unrelated to decomposition; its weight showed by the
thermo-gravimetric curve (TGA) is stable to 480 K. This
endothermic peak was also characterized by impedance
and modulus measurements and was attributed to the
superprotonic phase transition of (CsHSAs) materials.
The high-temperature phase of Cs,(HSO4)(H,AsOy) is
thus “superprotonic” in nature.

The thermo-gravimetric (TG) curve shows that a first
weight loss is followed by a plateau from 480 to 630 K ac-
companied with an important peak endothermic in the DSC
curve at 534 K (AH, = 67.49 J/g) correspond approximately
to the departure of 1.5 molecules of water per chemical for-
mula (calculated weight loss, 5.13 %). Taking account that the
compound not containing water molecules in its structure, one
can assume this weight loss is attributed to the decomposition
of Csp(HSO4)(H,As0Oy). The last weight loss is accompanied
by endothermic peaks in the DSC curve at 841 K
(AH; = 98.84 J/g). At present, the nature of the volatile spe-
cies that evolve at high temperature is unknown, but probably
includes SO, gases.

ac conductivity behavior

Four different formalisms are generally employed for analyz-
ing the ac response of materials namely the complex dielectric
constant ¢*, complex electric modulus M*, complex imped-
ance Z*, and complex admittance G*. We have used the Z*,
¢*, and M* representations to analyze the conductivity behav-
ior. The following relations were used in evaluating the vari-
ous quantities. The real part of impedance (Z’) and the imag-
inary part (Z”) were directly measured in the frequency range
100 Hz-13 MHz.
The complex dielectric constant is:

1 1

[ 1
T jwCzr T M¥ ()

with w = 27tf and Cyis the vacuum capacitance and where
e¥ =¢’ +je” (2)

"

and tand = % (3)
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Table 7 Observed Raman and IR frequencies (cmﬁl) and band assignment at room temperature of Cs,(HSO,4) (H,AsO,4)

IR (cm™) I Raman I Assignments
o 62 VW
. 71 VW Lattice vibrations of Cs+,AsO43 -
. 91 W and SO,
_ 145 sh 3o..0
o 230 sh Vo..o
o 278 w )
_ 319 m > V2(AsOy)
o 347 m
J
_ 389 m 3
L 421 S \ v4(AsOy)
L 437 s )
o 446 mb
478 M 479 S } v2(S04)
598 S 593 \&
o 625 wb } V4(S0)
o 760 Vs
812 Y 804 s
o 826 sh V1(AsOy)
864 Y 849 s }
931 S 923 s
B 959 w } v3(AsOy)
o 984 Vs
1043 Vw 1053 Vs vi(SOy)
1094 Vw o
1180 S 1116 w v3(SOy)
1428 B o O(OH)
1740 “C” Vb o ~
2358 “B” Wb o X v(OH)
2843 “A” Vb o
3404 Vb - :
3736 B o . v(OH) of free H,O of KBr
3854 Vb o

Z
Relative intensities: s/ shoulder, w weak, vw very weak, wb weak broad, m medium, mb medium broad, b broad, vb very broad, s strong, vs very strong,

sb strong broad
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Fig. 5 The differential scanning calorimetry (DSC) and thermo-

gravimetric analyses of Csy(HSO,4)(H,AsO,4) compound
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Fig. 6 a, b Complex impedance (a)

The real part of the electric modulus is
!

€
M= (e + ") @

and the imaginary part of the electric modulusis
"

€

M” = m . (5)

The ionic conductors (ICs) with point defects lead to a
conductivity ranging up to 107> Q' cm™' whereas the
superionic conductors (SICs) result in a conductivity of at
least 10°* Q' cm ™. The main difference between these two
groups of materials concerns the activation energy (AE,): in
the case of SICs, AE, is lower than 0.4 eV while in ICs,
values varying between 0.6 and 1.2 eV are usually observed
[32]. The superionic conductors have thus a high conductivity

diagrams —Z” versus Z’ for 30000
. 4 © T=423K
CSz([“ISO4)(H2ASO4) at various -Z" @) I‘ 0.1< f(KHZ) <13000
temperatures ’ =T=418K
AT=413K
KT=403K
¢ T=373K
20000 -
PIpURReR 2 2 X TN
e e ‘eay .
Ky *
o OKHORIRIRK Kx KRk, ‘e
R D
JE Ky
10000
A
iA R A . *
0¥ ‘ ‘ A T :
0 10000 20000 30000 40000 Z'(Q)
h -
zo] 0.1<f(KHz) <13000 T=473K
XT=463K
300
AT=453K
*T=443K
uT=433K
200
Z Q) 600
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far below the melting point. This fundamental difference is
due principally to the particular structures of SICs.

The temperature dependence of the protonic conductivity
of Cs,(HSO4)(H,As0O,) was determined from the analysis of
the impedance spectroscopy at different temperatures.
Complex plane plots of the complex impedance diagrams,
—Z” versus Z’, at selected temperatures are shown in
Figs. 6a, b in the low and high temperature phases, respective-
ly. These impedance spectra show one non-ideal semicircle
arc, which was attributed to the bulk properties and whose
center is displaced below the real axis. This shows that
(CsHSAs) follows the Cole-Cole law, and their extrapolation
gives rise to an [a(71/2)] dispersion angle where o = 0.26 is an
empirical parameter (0 < o < 1) proportional to the degree of
deviation from the Debye model. The bulk ohmic resistance
relative to each experimental temperature is the intercept on
the real axis of the zero-phase angle extrapolation of the
highest-frequency curve. The observed non-ideal semicircle
was modeled using an equivalent circuit that contains one
sub-circuit which consists of a resistance Rg, a capacitance
Cg, and a constant phase element (CPE) connected in parallel
which represents the grain response of the sample. These
curves also show the temperature dependence of the resistance
proving the superprotonic conduction properties of
(CsHSAys).

The temperature dependence of the conductivity between
373 and 473 K is shown in Fig. 7, in alog(o'T) vs 1000/T plot.
Below 413 K, the protonic conductivity can be well described
by the Arrhenius relation:

With an activation energy equal to AE; = 0.47 eV,
where 0 is the pre-exponential factor, AE, is the acti-
vation energy for ion migration, and k& is Boltzmann’s
constant. The conductivity jumped from
1.97 x 10°° Q' cm™' at the temperature 373 K to
1.81 x 107* Q7' em™' at 433 K, characterizing the
superprotonic conduction phase of the salt. The activa-
tion energy decreases from 0.47 eV (7 < 413 K) at low
temperature to 0.28 eV (T > 423 K) in the superionic
phase, also such behavior shows the superprotonic con-
duction of (CsHSAs) [32]. The transition observed at
413 K corresponds to the structural transformation be-
tween the monoclinic phase and the superprotonic phase.
Therefore, this transition which was revealed by thermo-
differential measurement is well related to the hydrogen
bonds in which the proton moves between the potential
wells. Thus, the superionic phase transition corresponds
to the melting of the proton sublattice reaching the
“quasi-liquid” state where protons of the SO4* and
AsO,”" tetrahedral ions contribute to the unusually high
conductivity as in the case of CsHSO, [1]. This behavior
is characteristic of a plastic phase and implies a “free”
rotation of HSO, ions on given sites. In the superionic
phase, a “quasi-liquid” state is manifested and both pro-
tons and cesium ions are disordered while in low tem-
perature; the disorder is essentially confined to the pro-
tons. The drastic increase in conductivity by almost
around twenty orders of magnitude on going from
413 K (0 = 7.53 x 100 Q' cm™') to 423 K
(0 =158 x 10" Q" cm™") is thus related to the high

o T = opexp(~AEq/kT) (6) disorder of both sublattices.
Fig. 7 Temperature dependences 03 Log(¢D)Q-lcm! Log(fp) Hz / 5
oflog (oT) and log fp = £ (10%/T), r N [
where fp is the M”max peak fre- |
quency, for Cs,(HSO,4)(H,AsO,) -0,5- 45
-1 F 4
-1,5- r 3,5
2 r3
_—>
2,5 25
-3 2
3,5 ‘ >+ 15
L5 2 25 3 1000/T(KY) 35
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An analysis of the ion conductivity relaxation process in
Cs,(HSO4)(H,As04) has been undertaken in the complex
electric modulus formalism:
M* =M’ +jM” (7)

This formalism is useful in determining the charge car-
rier parameters such as the conductivity relaxation time
[23, 32]. For a temperature and a frequency given, the
real part, M’, and the imaginary part, M, of the M* com-
plex modulus have been calculated from the complex im-
pedance data

by the following relations:

M’ = QCyZ” 9)
and
M’ = QCyZ’ (10)

Isothermal frequency spectra, during heating process of the
real, log M’, and the normalized M”/M” ..« imaginary part of
the electric modulus for Csy(HSO,4)(H,AsO,) versus log f are
displayed in Figs. 8a, b, respectively. It is noticed that for all
temperatures given, the real modulus M’ tends to be a
frequency-independent constant M’,, at high frequencies. At

=77 (8)  low frequencies, it decreases sharply (Fig. 8a), which indicates
Fig. 8 a Plots of log M’ versus (a)
log f for Cs,(HSO,)(H,As0,) at 0 C
various temperatures. b Plots of logM 1 OT=443K
normalized modulus (M”/M” ,..) HT=433K
versus log f for a || ®TmdK
Cs,(HSO4)(H,AsOy4) compound AT=413K
at various temperatures ~T-403K
*T=373K
-2 4
4
t .
s tom
2 A " 3
. .oy ®
A L J
- $
4 ]
$
s
6 , : , i i ‘ 5
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1
w MM e oT=443K
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that the electrode polarization phenomena make a negligible
contribution to M* and may be ignored when the electric data
are analyzed in this form [33].

The M”/M” ..« spectrum relative to a given temperature
shows an asymmetrical peak almost centered in the dispersion
region of M’ (Fig. 6b). The region to the left of the peak is
where the H' protons are mobile over long distances whereas
the region to the right is where the ions are spatially confined
to their potential wells. It is clear from this figure that the
maximum of the asymmetric peak shifts toward higher fre-
quencies as the temperature is increased. The frequency range
where the peak occurs is indicative of the transition from long-
range to short-range mobility at increasing frequency and is
defined by the condition {27,,~1 where T, is the most proba-
ble proton relaxation time. The M”/M” .« curves are asym-
metric, in agreement with the non-exponential behavior of the
electrical function that is well described by the empirical
stretched exponential Kohlrausch function

9(t) = exp.[~(1/70)’] (1)

[32],0 <3< 1 where (s the stretched exponential parameter.
The smaller the value of 3, the larger the deviation of the
relaxation with respect to a Debye-type relaxation (3 = 1).
The full width at half maximum (FWHM) of the M”/M” ..«
spectrum (1.3 decades) is greater than the breadth of a Debye—
peak (1.14 decades) [34], and it results with an average value
of 3 = 0.87 for the Kohlrausch parameter. This value of /3
clearly indicates that the relaxation is non-exponential.

In Fig. 7, we introduce the temperature dependence of
log(fp), where

fp=1/2m1, (12)

is the frequency relative to M” . peak corresponding to the bulk
relaxation. An Arrhenius type law is shown with a noticeable
jump at about 413 K and confirms the superprotonic transition
already observed by measurements of conductivity and of
thermo-differential analysis at the same temperature. At low
and superprotonic phase temperature, both lines of the conduc-
tivity log (oT) and the modulus peak maxima log (fp) observed
in the temperature studied are quasi-parallel, the activation ener-
gies deduced from the impedance (AE) and modulus (AE)
spectra are close (AEgr 1) = 0.28 eV; AEq 1) = 0.27 eV);
AEgqm =047 eV; AEg 1 = 0.46 eV in the temperature range
373-473 K), suggesting that the H" proton transport in
(CsHSAs) is probably due to a hopping mechanism [35].

On the other hand, the value of the FWHM of peaks (Fig.
6b) corresponding to various temperatures is approximatively
close to an average value of 1.3 decades. Consequently, 5 may
be considered as an independent of temperature in the temper-
ature studied range. The value of the 5 parameter, smaller than
1, can be attributed to the existence of a distribution of relax-
ation times in the compound. Such an interpretation has been

@ Springer

adopted for many solid electrolytes [1-3]. On the contrary,
recent studies based on the overlapping of the log M’ vs. log
fand log M” vs. log f plots obtained for various temperatures
have shown that this interpretation was questionable [32].

Conclusion

Chemical preparation and crystal structure are described for a
new mixed dicesium hydrogen sulfate dihydrogen arsenate
salt Cs,(HSO4)(H,AsO,). The structure is determined by a
single-crystal X-ray analysis, and shows that this compound
crystallizes in a monoclinic system P2;/n. This structure is
characterized by disordered H,S/AsO, tetrahedra connected
to zigzag chains via hydrogen bridges along the [010] direc-
tion. These chains are linked by additional hydrogen bonds to
a layer-like hydrogen bonding system parallel (101). The O...
O bridges with distances between 2.525 and 2.561 A belong
to the strong hydrogen bonds. Cesium atoms have nine oxy-
gen atom neighbors. The main feature of this structure is the
coexistence of two different anions (H,AsO,4 and HSO,) in the
same crystal structure, and the ratio of sulfate-arsenate is 1:1.
The infrared and Raman spectrum of the title compound was
acquired at room temperature and is characterized by the ap-
parition of a few bonds which confirm the presence of these
two different anions. The thermo-differential analysis shows
three anomalies at 417, 534, and 841 K. The first one corre-
sponds to a superprotonic phase transition. The dehydration
steps are revealed by the thermo-gravimetric analysis which
indicates that the weight of (CsHSAs) is stable to ~480 K; this
shows that the transition at 417 K is unrelated to decomposi-
tion. From ac impedance measurements, both conductivity
and modulus spectra of this compound were analyzed at low
and high frequency in the 373-473 K temperature range. The
relaxation conductivity is well described by the empirical,
stretched exponential Kohlrausch function @(¢) = exp.[—(#/
T,)"]. Information about charge carrier transport mecha-
nism is obtained by comparison of AE; with AE,.

The activation energies for the Cs,(HSO4)(H,AsO,4) com-
pound calculated respectively from the modulus and imped-
ance spectra are approximately close, suggesting that the pro-
tonic transport above and below the superprotonic phase tran-
sition (417 K) is probably due to a hopping mechanism.
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