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Abstract
DSC, TG-DTA and X-ray diffraction measurements have been performed on cesium hydrogen selenate CsHSeO4
and deuterated CsDSeO4 crystals. The superionic phase transitions for the proton and deuterated compounds
were found to occur at 402.6 and 398.1 K, respectively. The thermal decomposition accompanied by hydrolysis
in both compounds started at around the transition temperature, and the maximum rate of weight loss from the
reaction was observed at around 490 K. The space group symmetry (monoclinic P21/c) and structural parameters
were determined at 298 and 355 K. The expansion of the O-H-O hydrogen bond at room temperature by the
substitution of deuterium for hydrogen was observed to be 0.015(7) Å. The geometric isotope effect on the
hydrogen bond structure by deuteration was realized in the CsHSeO4 crystal. The experimental results denied the
existence of a phase transition from phase II to III in the proton and deuterated compounds.
Keywords: CsHSeO4, CsDSeO4, crystal structure, phase transition, isotope effect, DSC, TG-DTA, X-ray
diffraction
1. Introduction
Alkali (or ammonium) ions (M+ = K+, Rb+, Cs+, or NH4+) and sulfate (or selenate) ions (XO42-, where X = S or Se)
exist generally in five types of compounds with the following chemical formulas: M2XO4, MHXO4, M3H(XO4)2,
M5H3(XO4)4, and M3H5(XO4)4. Many crystals of these types are superionic conductors at high temperature. Some
of them are characterized by their isomorphism, ferroelasticity, ferroelectricity and sequential structural phase
transitions. The physical properties and phase transition mechanisms for these types have been widely studied by
using many experimental methods.
Cesium hydrogen selenate (CsHSeO4) crystal belongs to a family of MHXO4-type compounds, and undergoes
two phase transitions at TI-II (401 K) and TII-III (323-370 K) with three phases (Baranov et al., 1982, 1984; Checa
et al., 2009; Colomban et al., 1986; Kamazawa et al., 2010; Komukae et al., 1990; Luspin et al., 1995, 2000;
Ortiz et al., 2008; Pham-Thi et al., 1985; Yokota, 1982; Yokota et al., 1982). These phases are denoted as I, II,
and III in order of decreasing temperature. The crystal is a superionic conductor in phase I and ferroelastic in
phase III (Baranov et al., 1982, 1984; Komukae et al., 1990; Yokota, 1982; Yokota et al., 1982). The structure at
room temperature has been found to be monoclinic with space group P21/c containing four molecules in the unit
cell with lattice parameters a = 7.978(1), b = 8.420(1), c = 7.813(1) Å, and β = 111.34(1)º, and to consist of a
one-dimensional hydrogen bonded zigzag chain along the c-axis (Baran & Lis, 1987; Komukae et al., 1990). The
bond length of the O-H-O hydrogen bond connecting SeO4 tetrahedra is 2.603(15) Å. Moreover, the structure in
phase I has been reported to be tetragonal with space group I41/amd (Foose & Mitra, 1977; Komukae et al., 1990;
Yokota, 1982).
The transition temperature TI-II in all published papers for the CsHSeO4 crystal is very close to 401 K, almost
without exception. However, the transition temperature TII-III is in the range of 323–370 K depending on the type
of investigation (Baranov et al., 1982; Checa et al., 2009; Colomban et al., 1986; Luspin et al., 1995, 2000; Ortiz
et al., 2008; Pham-Thi et al., 1985). The reason for the wide spread of TII-III is most likely to be due to sample
quality. For example, three endothermic peaks in DSC curves have been described in the previous paper by Ortiz
et al. (2008), despite that the presence of either one or two transitions has already been reported in many papers.
This anomaly is inferred to be caused by using low-quality samples in their experiments, and this type of mistake
can be eliminated by inspecting the crystal structure of sample. By removing obviously deviant data the phase
transition temperature TII-III from phase II to III can be modified to be in the range of 323–350 K (Checa et al.,
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2009; Colomban et al., 1986; Luspin et al., 1995, 2000; Pham-Thi et al., 1985).
In contrast to CsHSeO4 crystal, studies on deuterated cesium hydrogen selenate (CsDSeO4) crystal are extremely
rare. The velocity of sound and the elastic constants for the deuterated crystal have been obtained at 293 K, and
the space groups in room- and high-temperature phases have been determined to be monoclinic P21/c and
tetragonal I41/amd, respectively (Balagurov et al., 1986; Lushnikov et al., 1987). Moreover, structural
information on partially deuterated crystal with deuteration level x = 70% has been obtained at room temperature
by analyzing neutron powder diffraction data using the Rietveld method (Balagurov et al., 1987). However, the
accurate crystal structure of CsDSeO4 and the isotope effect on properties of CsHSeO4 by substitution of
deuterium for hydrogen have not yet been reported.
The purpose of this paper is to report the phase transition from phase II to III in CsHSeO4 and CsDSeO4 crystals,
and to determine the crystal structure of the room-temperature phase of CsDSeO4. Isotope effects on the
structure and properties of the CsHSeO4 crystal by deuteration have been studied.
Table 1. Crystal data, intensity collections and structure refinements for CsHSeO4 and CsDSeO4 at 298 and
355K
Compound
Mr
Crystal color
Temperature [K]
Crystal system
Space group
a [Å]
b [Å]
c [Å]
β [º]
V [ Å3], Z
D(cal.) [Mg/m3], µ(Mo
1
Sample shape
Size in diameter 2r [mm]
θ range [º]
Index ranges

CsHSeO4
276.88
Colorless
298
355
Monoclinic
Monoclinic
P21/c
P21/c
7.9988(7)
8.0208(6)
8.4360(6)
8.4424(5)
7.8264(7)
7.8530(7)
111.303(3)
111.463(3)
492.02(7), 4
494.89(6), 4
Kߙ) 3.738, 14.817 3.716, 14.731
Sphere
Sphere
0.30
0.30
3.65-37.57
2.73-37.83
-13<h<13
-13<h<13
-14<k<14
-14<k<14
-13<l<13
-13<l<13
Reflections collected, unique
13523, 2567
13661, 2602
R(int)
0.0469
0.0446
Completeness to θ [%]
98.7
97.8
Absorption correction type
Spherical
Spherical
Transmission factor Tmin-Tmax
0.0579-0.0979 0.0579-0.0984
Date [I>2σ(I)], parameters
1859, 60
1768, 60
R1, wR2 (final indices)
0.0292,
0.0318,
R1, wR2 (all data)
0.0496,
0.0601,
*
Factors a and b in weighting
0.0291,
0.0323,
Goodness-of-fit on F2
1.206
1.146
Extinction coefficient
0.0390(12)
0.0245(9)
1.114, -1.069
Largest diff. peak and hole 1.855, -0.711
3
*
2
2
2
2
Å
Weighting scheme: w=1/[σ (Fo )+(aP) +bP], P=(Fo +2Fc2)/3.

2

CsDSeO4
277.88
Colorless
298
355
Monoclinic
Monoclinic
P21/c
P21/c
7.9972(6)
8.0228(7)
8.4314(5)
8.4397(6)
7.8295(8)
7.8569(9)
111.407(3)
111.557(3)
491.50(7), 4
494.78(8), 4
3.755, 14.833 3.730, 14.735
Sphere
Sphere
0.34
0.34
3.65-37.84
2.73-37.68
-13<h<13
-13<h<13
-14<k<14
-14<k<14
-13<l<13
-13<l<13
13577, 2575
13638, 2585
0.0946
0.0574
97.2
98.0
Spherical
Spherical
0.0425-0.0816 0.0425-0.0814
1521, 60
1669, 60
0.0309,
0.0286,
0.0553,
0.0610,
0.0209, 0.0
0.0315,
1.017
1.172
0.0207(8)
0.0143(8)
2.089, -1.686
0.739, -1.089
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2. Experimental
2.1 Crystal Growth
Single crystals of CsHSeO4 and CsDSeO4 were grown at room temperature by slow evaporation from aqueous
solutions containing a molar ratio 1:2 of Cs2CO3 and H2SeO4 in desiccators over P2O5. The deuterated crystals
thus obtained were recrystallized five times from a mixed D2O solution by the evaporation method. The grown
crystals had platelike shapes.
2.2 Thermal Measurements
Differential scanning calorimetry (DSC) and thermogravimetric-differential thermal analysis (TG-DTA)
measurements were carried out in the temperature range of 100-600 K using DSC7020 and TG/DTA7300
systems from Seiko Instruments Inc, respectively. The sample amounts for the DSC and TG-DTA measurements
varied between 3.28 and 10.97 mg, and the heating and cooling rates were 5 or 10 K/min with flowing dry N2
gas.
2.3 X-Ray Crystal Structure Determination
The X-ray diffraction measurements were carried out at 298 (phase III) and 355 (phase II) K on a Rigaku Saturn
CCD X-ray diffractometer with graphite monochromated Mo Kα radiation (λ = 0.71073 Å). Diffraction data were
collected by using an ω scan mode with a detector distance of 40 mm to the sample crystal, and the data were
processed using the CrystalClear software package. Intensity data were corrected for Lorentz polarization and
absorption effects. The structures were solved with direct methods of SIR2008 and refined on F2 by full-matrix
least-squares methods using the SHELXL-97 program in the WinGX program package (Burla et al., 2007;
Farrugia, 1999; Scheldrick, 1997). A summary of crystal data, intensity data collections, and structure
refinements is given in Table 1.
3. Results and Discussion
3.1 Thermal Analysis
Figure 1 shows the DSC curves of (a) CsHSeO4 and (b) CsDSeO4 crystals for heating and cooling in the
temperature range from room temperature to 455 K. The endothermic and exothermic peaks in the DSC curves
respectively are clearly seen at 403.6 and 390.7 K for the proton compound, and at 399.3 and 384.8 K for the
deuterated compound. The temperature hysteresis between the endothermic and exothermic peak temperatures in
both compounds is about 14 K. Moreover, there are slight decreases in the DSC peak temperature between the
two compounds. The decreases in the peak temperature of the heating and cooling curves by deuteration are
about 4 and 6 K, respectively. The decrease of the DSC peak temperature can also be seen in the previously
reported papers of Na3H(SO4)2 and (NH4)3H(SeO4)2 crystals (Fukami & Chen, 1999, 2003). The onset
temperatures of the endothermic and exothermic peaks are respectively determined to be 402.6 and 392.0 K for
the proton compound, and 398.1 and 385.6 K for the deuterated compound. The onset temperature in the heating
curve for the proton compound is very close to the I-II transition temperature (401 K) (Kamazawa et al., 2010;
Komukae et al., 1990; Luspin et al., 1995, 2000; Yokota et al., 1982). Generally, it is believed that a clear peak in
the DSC chart is attributed to the change of exchange energy at phase transition in almost all cases. A first-order
phase transition is characterized by a sharp endothermic peak at transition and is accompanied by a thermal
hysteresis with transition temperature. Therefore, we concluded that the proton and deuterated crystals undergo a
first-order structural phase transition at 402.6 and 398.1 K, respectively. However, the DSC peak corresponding
to the II-III phase transition previously reported by some investigators can not be seen in the curves for both
compounds, as shown in Figure 1. Moreover, no significant endothermic or exothermic peaks in DSC curves
were observed in the temperature range of 100 K to room temperature. Therefore, these results indicate that there
is no phase transition in the temperature range of 100–400 K for both compounds.
The transition enthalpies ΔH (entropies ΔS) obtained from the endothermic and exothermic peaks are
respectively determined to be 6.26 (1.87R) and 5.84 kJ mol-1 (1.79R) for the proton compound, and 6.11 (1.85R)
and 5.39 kJ mol-1 (1.68R) for the deuterated compound, where R is the gas constant (8.314 JK-1mol-1). The
obtained ΔH (or ΔS) for both compounds is very close to the reported values of 5.74 kJ mol-1 and 1.94R (Friesel
et al., 1989; Yokota et al., 1982). Table 2 shows the peak temperatures, transition temperatures Tc (onset
temperatures), transition enthalpies ΔH and entropies ΔS determined from the DSC curves of the proton and
deuterated compounds.
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Figure 1. DSC curves ffor heating and
d cooling of (aa) CsHSeO4 annd (b) CsDSeO
O4. Sample weiights of CsHSeeO4
and CsD
DSeO4 were 4..94 and 5.43 mg,
m respectivelyy. The heatingg and cooling rates were 5 K//min under a ddry
nitrogen flux of 40 ml/m
min
P
temperaatures, transitio
on temperaturres Tc (onset temperatures)), transition enthalpies
e
ΔH
H and
Table 2. Peak
entropies ΔS
Δ obtained froom (a) DSC, (b) DTA and (cc) DTG curvess for CsHSeO4 and CsDSeO4
CsDSeO4

CsHSeeO4
heating
(a) DSC

heating

cooliing

Peak temp. [K]

403.6

390.7

399.3

384.8

Tc [K]

402.6

392.0

398.1

385.66

ΔH [kJ moll ]

6.26

5.84

6.11

5.39

ΔS/R

1.87

1.79

1.85

1.68

Peak temp. [K]

406.5 487.9 518.0 540.7

405.2 487.5 518.1 541.3

Tc [K]

401.4

399.8

-1

A
(b) DTA

cooling

(c) DTG Peak temp. [K]
Gas constaant R=8.314 JK
K-1mol-1.

485.4

486.1

Figure 2 shhows the TG, differential TG
G (DTG), andd DTA thermal analysis curvees for CsHSeO
O4 and CsDSeO
O4 at
temperaturres up to 600 K
K. The two disstinct and two weak endotherrmic peaks aree seen in the DTA
D curves for both
compoundds, and a large peak is also seeen in the DTG
G curves. The peak
p
and onset temperaturess in the DTA cuurves
are respectively determiined to be 406
6.5 and 401.4 K for the protton compound
d, and 405.2 annd 399.8 K foor the
deuteratedd compound. T
The sharp peaak at around 400 K in thee DTA curvess corresponds to the superrionic
transition. The onset tem
mperatures forr both compouunds are very close to thosee obtained from
m the DSC cuurves.
Large peakks in the DTG
G curves for the
t proton andd deuterated compounds
c
resspectively are seen at 485.44 and
486.1 K, and
a these correespond to the large endotherrmic peak at about
a
488 K in
n the DTA currves. The peakk and
onset tempperatures deterrmined from th
he DTA and D
DTG curves aree listed in Tab
ble 2. The diffeerences in the peak
and onset temperatures between the proton and ddeuterated com
mpounds are about 1 and 2 K, respectiively.
Apparent slight
s
decreasees in the peak and onset tem
mperatures by deuteration
d
aree observed, annd these are sim
milar
to the resuults from the DSC curves.
The TG annd DTG curvees exhibit a weeight loss owinng to the decom
mposition proccess of samplee. The large peeak at
488 K in the
t DTA curves is mainly attributed
a
to thhe thermal deccomposition of the sample. Moreover, a sslight
deviation from
f
the baselline in the TG curves for botth compounds can be seen att around the suuperionic transsition
temperaturre. This indicaates that the th
hermal decompposition reactioon of the samp
ple starts at arround the transsition
temperaturre. The weighht loss at arou
und 490 K obbtained from the
t TG curves for the protton and deuterated
compoundds is 3.31 and 3.43%, respeectively. Similaarly to the theermal decomposition of CsH
HSO4 (Ortiz eet al.,
2006, 2008), we assumee a reaction in which two m
molecules of CssH(D)SeO4 typ
pically dissolvve to Cs2Se2O7 and
H(D)2O ass follows:
4
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2 CsH(D)SeO4 → Cs2Se2O7 + H(D)2O.
Since the weight
w
loss is accompanied by the evolutiion of H(D)2O molecules, th
he theoretical weight loss foor the
proton annd deuteratedd compoundss is calculated to be 3.25%
3
[=18.0
02/(2×276.88)]] and 3.60%
% [=
20.03/(2×2277.88)], respeectively. Thesee values are veery close to thee experimental weight losses of 3.31 and 3.43%,
respectivelly. Thus, it is concluded thaat the weight looss at around 490
4 K is causeed by the evapporation of H(D
D)2O
vapor from
m the decompoosition of the sample.
s
The tw
wo weak peakss at about 518 and 541 K in the
t DTA curvees for
both comppounds are presumed to be associated withh the behavior of thermal pro
operties of Cs2Se2O7. Similarrly to
the results obtained by D
DSC, no peak corresponding
c
g to the II-III trransition is obsserved in the DTA,
D
TG and D
DTG
curves for both compounnds.

Figure 2. TG, DTG, aand DTA therm
mograms for (aa) CsHSeO4 annd (b) CsDSeO
O4 for heating. Sample weighhts
(powder) of
o CsHSeO4 annd CsDSeO4 were
w 8.22 and 88.10 mg, respeectively. The heeating rate wass 10 K/min unnder a
dry nitrogenn flux of 300 ml/min
m
on
3.2 X-Ray Crystal Structture Descriptio
In CsHSeO
O4 and CsDSeO4, the crystall structures at 2298 (phase III)) and 355 K (p
phase II) were analyzed by X
X-ray
diffractionn. The lattice parameters calcculated from alll reflections inndicated that th
hey belong to monoclinic syystem.
The system
matic extinctioons of the reflections revealedd that the spacce groups are determined
d
to be
b P21/c. Moreeover,
weak refleections owingg to superlattiice structure w
were observedd in many saamples for booth compoundds, as
similarly reported
r
by K
Komukae et al.. (1990). The R factor calcuulated for the reflections obbserved from tthese
samples inn the refinemennt was not redu
uced to below 4 %. Thus, in order to obtain
n accurate struuctural informaation,
we carefullly chose sampples for which
h the diffractioon pattern show
wed no superllattice reflectioons. As a resuult, as
shown in Table
T
1, the R factor and th
he highest peakk of residual electron
e
densitty in the final difference Foourier
map were calculated to bbe around 3 % and below 2.11 e Å-3, respecttively.
o (a) CsHSeO
O4 and (b) CsDSeO
C
ctures on the ac-plane at rroom
Figure 3 shows perspeective views of
4 struc
temperaturre. The positioonal parameters in fractions oof a unit cell annd the thermall parameters arre listed in Tabble 3.
The selectted bond lengthhs (in Å) and angles (in deggrees) are given in Table 4. The
T hydrogen bond geometrry (in
Å and degrees) is presennted in Table 5.
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Table 3. Atomic coordinates and thermal parameters (×104Å2) at 298 and 355 K for (a) CsHSeO4 and (b)
CsDSeO4 with standard deviations in brackets. The anisotropic thermal parameters are defined as exp[-2π2
(U11a*2h2+U22b*2k2+U33c*2l2+2U23b*c*kl +2U13a*c*hl +2U12a*b*hk)]. Isotropic thermal parameters (Å2) for H(D)
atoms are listed under U11
(a) CsHSeO4
Temp.

Atom

x

298 [K]

Cs

355 [K]

Y

z

U11

U22

U33

U23

U13

0.78992(3) 0.12819(3) 0.29379(3) 274(1)

304(1)

283(1)

-10.0(9) 88.3(8)

-18.5(8)

Se

0.25403(5) 0.12609(4) 0.22086(5) 234(2)

208(2)

232(2)

10(1)

13(1)

O(1)

0.4309(4)

0.2178(4)

0.3859(5)

264(14) 601(21) 531(20) -288(17) 99(14)

-21(13)

O(2)

0.1031(4)

0.2584(4)

0.1351(4)

377(16) 413(16) 440(17) 61(13)

174(13)

O(3)

0.1880(5)

-0.0180(3)

0.3137(5)

651(23) 336(16) 590(21) 105(14) 414(19) -36(14)

O(4)

0.3490(4)

0.0658(3)

0.0803(4)

461(17) 364(15) 336(14) 0(12)

H

0.442(9)

0.267(7)

0.476(8)

0.09(2)

94(1)
80(14)

U12

245(13) 63(13)

Cs

0.78850(4) 0.12793(3) 0.29374(4) 346(1)

378(2)

351(1)

-12(1)

112.2(9) -22(1)

Se

0.25272(5) 0.12557(4) 0.22002(5) 299(2)

263(2)

289(2)

13(1)

123(1)

O(1)

0.4290(5)

0.2182(5)

0.3853(6)

339(17) 754(26) 635(24) -328(21) 109(16) -8(16)

O(2)

0.1021(5)

0.2575(4)

0.1353(5)

461(20) 546(21) 530(21) 81(16)

O(3)

0.1870(6)

-0.0177(4)

0.3125(6)

807(28) 421(19) 717(27) 120(17) 494(23) -46(18)

O(4)

0.3477(5)

0.0666(4)

0.0803(5)

576(21) 497(18) 422(18) 1(15)

H

0.418(9)

0.262(8)

0.486(9)

0.08(2)

Y

z

U11

99(16)

16(1)
214(16)

301(16) 83(16)

(b) CsDSeO4
Temp.

Atom

x

298 [K]

Cs

355 [K]

U22

U33

U23

U13

U12

0.78970(4) 0.12812(4) 0.29348(4) 267(2)

303(2)

294(2)

-8(1)

97(1)

-17(1)

Se

0.25350(6) 0.12563(5) 0.22043(6) 226(2)

212(2)

237(2)

9(2)

99(2)

15(2)

O(1)

0.4309(5)

0.2171(6)

0.3842(7)

254(19) 548(28) 591(30) -239(24) 120(18) -23(17)

O(2)

0.1041(5)

0.2582(5)

0.1358(5)

386(21) 394(23) 445(23) 48(17)

106(17) 164(17)

O(3)

0.1865(6)

-0.0177(4)

0.3132(6)

679(28) 290(21) 588(28) 73(18)

419(22) -61(19)

O(4)

0.3485(5)

0.0659(5)

0.0804(5)

466(22) 406(22) 353(20) -5(17)

269(17) 51(17)

D

0.442(10)

0.258(10)

0.463(10)

0.08(3)

Cs

0.78824(4) 0.12785(3) 0.29349(4) 318(2)

388(2)

374(2)

-10(1)

107(1)

-21(1)

Se

0.25228(5) 0.12499(4) 0.21987(5) 272(2)

276(2)

308(2)

11(2)

116(1)

16(1)

O(1)

0.4291(5)

0.2182(5)

0.3856(6)

306(17) 697(24) 720(26) -302(21) 125(16) -13(16)

O(2)

0.1024(5)

0.2575(4)

0.1341(5)

457(21) 525(22) 601(23) 65(16)

O(3)

0.1857(6)

-0.0183(4)

0.3118(6)

832(30) 420(19) 763(28) 104(18) 521(24) -68(18)

O(4)

0.3475(5)

0.0664(4)

0.0810(5)

512(21) 508(19) 486(19) -4(16)

D

0.417(9)

0.266(8)

0.504(9)

0.09(2)

102(17) 210(16)
296(16) 72(16)

The observed crystal structures for both compounds at 298 and 355 K are very close to the previously
determined structure of CsHSeO4, and consist of O-H(D)-O hydrogen bonds connecting adjacent SeO4
tetrahedra, forming a one-dimensional zigzag chain along the c-axis (Baran & Lis, 1987; Komukae et al., 1990).
The bond length of the O-H-O hydrogen bond at 298 and 355 K has the same value of 2.608(5) Å. However, the
length of the O-D-O hydrogen bond decreases from 2.623(6) to 2.613(5) Å with increasing temperature. This
implies that the O atoms of the O-D-O hydrogen bond are slightly displaced into a more stable position with
increasing temperature. In all the observed structures, the SeO4 tetrahedra are slightly disorder from a regular
tetrahedron because the magnitudes of the O(1)-O(4) length and O(1)-Se-O(4) angle differ from those of the
6
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other lengths and angles in the SeO4 tetrahedra, respectively. Moreover, the two bond distances between the Se
atom and the O atoms (O(1) and O(4)) ended to the H(D) atom (the distance of the Se-O(-H(D)) bond) are longer
than that of the other Se-O bonds. These characteristics of bond length and angle can be seen in all the four
structures, and the magnitudes in these differences are almost the same value. Thus, it is considered that there
exists a bonding strength between the O atoms involved in the O(1)-H(D)-O(4) hydrogen bond, and the bonding
strength is not affected by deuteration. The bonding strength has also been reported in previous papers on
Na3H(SO4)2 and (NH4)3H(SeO4)2 crystals (Fukami & Chen, 1999, 2003).
Table 4. Selected interatomic distances (in Å) and angles (in degrees) for (a) CsHSeO4 and (b) CsDSeO4 at 298
and 355 K
(a) CsHSeO4
Temp.

(b) CsDSeO4

298 [K]

355 [K]

298 [K]

355 [K]

Cs-O(2)

(a)

3.076(3)

3.085(3)

3.083(3)

3.081(3)

Cs-O(3)

(b)

3.123(3)

3.131(4)

3.125(4)

3.127(4)

Cs-O(3)

(c)

3.152(3)

3.166(4)

3.156(4)

3.169(4)

Cs-O(4)

(d)

3.181(3)

3.189(3)

3.179(4)

3.190(3)

Cs-O(2)

(e)

3.229(3)

3.241(4)

3.227(4)

3.240(4)

3.292(3)

3.306(4)

3.284(4)

3.308(4)

Cs-O(1)
Cs-O(4)

3.351(3)

3.353(4)

3.348(4)

3.350(4)

(f)

3.359(3)

3.371(4)

3.354(5)

3.372(4)

Cs-O(3)(f)

3.365(4)

3.377(4)

3.364(4)

3.382(4)

Se-O(1)

1.715(3)

1.718(4)

1.710(4)

1.723(4)

Se-O(2)

1.602(3)

1.598(3)

1.594(3)

1.599(3)

Se-O(3)

1.601(3)

1.597(3)

1.600(4)

1.598(3)

Se-O(4)

1.629(3)

1.626(3)

1.625(4)

1.622(3)

O(1)-O(2)

2.666(4)

2.660(5)

2.650(6)

2.661(5)

O(1)-O(3)

2.693(5)

2.692(6)

2.694(6)

2.702(5)

O(1)-O(4)

2.580(4)

2.580(5)

2.563(6)

2.578(5)

O(2)-O(3)

2.677(4)

2.665(5)

2.666(5)

2.670(5)

O(2)-O(4)

2.703(4)

2.699(5)

2.694(5)

2.691(5)

O(3)-O(4)

2.684(4)

2.686(5)

2.687(5)

2.686(5)

O(1)-O(4)

(b)

3.384(4)

3.403(5)

3.388(6)

3.402(5)

O(2)-O(3)

(g)

3.133(4)

3.137(5)

3.131(5)

3.135(5)

O(4)-O(4)

(d)

3.295(5)

3.329(6)

3.304(7)

3.340(6)

O(1)-Se-O(2) 106.9(2)

106.6(2)

106.6(2)

106.4(2)

O(1)-Se-O(3) 108.6(2)

108.6(2)

108.9(3)

108.9(2)

O(1)-Se-O(4) 101.0(2)

100.9(2)

100.4(2)

100.8(2)

O(2)-Se-O(3) 113.4(2)

113.1(2)

113.2(2)

113.3(2)

O(2)-Se-O(4) 113.6(2)

113.7(2)

113.7(2)

113.4(2)

Cs-O(2)

O(3)-Se-O(4) 112.4(2)
112.9(2)
112.9(2)
113.1(2)
Symmetry codes: (a) x+1,-y+1/2,z+1/2; (b) -x+1,y+1/2,-z+1/2; (c) -x+1,-y,-z+1; (d) -x+1,-y,-z; (e)
-x+1,y-1/2,-z+1/2; (f) x+1,y,z; (g) -x, y-1/2, -z+1/2.
Except for the O(1)-H(D)-O(4) hydrogen bond, there are three O-O bonds (O(1)-O(4), (2)-O(3) and O(4)-O(4))
between two adjacent SeO4 tetrahedra in all the observed structures, as shown in Table 4. For example, the
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lengths of the O(1)-O(4)), (2)-O(3) and
d O(4)-O(4) boonds in the prooton compound
d at 298 K are 3.384(4), 3.1333(4)
and 3.295((5) Å, respectiively. The rem
maining peak inn the differencee Fourier synth
hesis during sttructure refinement
is found at
a around the ccenter in the th
hree O-O bondds. Therefore, it is possible that a hydroggen atom is loccated
almost at the
t center of thhese O-O bond
ds. Based on N
NMR results, Yoshida
Y
et al. have
h
suggestedd that all protoons in
CsHSeO4 move to intersstitial sites witth broken hydrrogen bonds inn the temperatture range of 370-401
3
K, and the
proton in hydrogen bonnds and the moving
m
protonn with the brooken one coex
xist in the rannge of 160-3770 K
(Yoshida et
e al., 2005, 20008). Thereforre, it is consideered that the protons
p
below the
t transition temperature
t
(4402.6
K) may traansfer betweenn four position
ns (one noncenter and threee center positio
ons) in the O-H
H-O hydrogenn and
three O-O bonds.

Figuree 3. Perspectivve views of (a) CsHSeO4 andd CsDSeO4 struuctures on the ac-plane at 2998 K with 60%
%
probability-dispplacement therrmal ellipsoidss. The dashed lines
l
show O-H
H(D)-O hydroggen bonds
H
bondd distances (in
n Å) and angles (in degrees) for (a) CsHSeeO4 and (b) CssDSeO4 at 2988 and
Table 5. Hydrogen
355 K
Temp.

O(1)-H(D)

H(D)ڄڄڄO((4)(a) O(1)ڄڄڄO
O(4)(a) OH(D))O(a)

298 [K]

0.80(6)

1.91(6)

2.608(4))

146(7))

355 [K]

0.91(6)

1.81(6)

2.608(5))

146(6))

( CsDSeO4 298 [K]
(b)

0.68(7)

2.03(8)

2.623(6))

146(8))

1.05(7)

1.71(7)

2.613(5))

141(5))

( CsHSeO4
(a)

355 [K]
Symmetryy codes: (a) x,-yy+1/2,z+1/2.
3.3 Phase Transition from
m Phase II to III
I

I
phase traansition tempeerature is in thee range of 3233–350 K exceppt for
As describbed in the Introoduction, the II-III
that obtaiined from pooor-quality sam
mples. Differences in crysstal symmetry
y and structuural parameterrs at
temperaturres between 2998 and 355 K could not be ffound in both compounds. Moreover,
M
no peak
p
corresponnding
to the II-IIII transition waas observed in
n the DSC, TG
G, DTG and DT
TA thermogram
m curves. Thuss, we concludee that
the II-III phase
p
transitionn (that is, phasse II) does not exist in CsHSeeO4 and CsDSeO4 crystals.
3.4 Geomeetric Isotope Ef
Effect
Ichikawa has pointed oout the geomeetric isotope eeffect on O-H-O hydrogen bond structurre, based on m
many
accurate data
d
concerninng the crystall structures annd related prooperties of O-H-O hydrogeen-bonded cryystals
(Ichikawa,, 1978, 2000). The expansion
n of the bond llength upon deeuteration is reeported as the length
l
varied iin the
range of about
a
2.43 to 22.65 Å, and th
he maximum magnitude off the expansion
n is about 0.03 Å at a lenggth of
around 2.55 Å. Figure 4 sshows the expansion ΔR of the O-H-O hyydrogen bond upon
u
deuteration as a functioon of
the hydroggen bond lengtth (Ichikawa, 1978,
1
2000; Fuukami et al., 20010a, 2010b). The bond lenggth (2.608(4) Å
Å) of
8
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the O-H-O
O hydrogen bonnd in CsHSeO
O4 is in the rannge of the expaansion, as show
wn in Table 5. The expansions of
the bond leength at 298 annd 355 K upon
n deuteration aare observed too be 0.015(7) and
a 0.005(7) Å,
Å respectively. The
value of 0.015(7) Å is aadded in Figurre 4, and it is iin good agreem
ment with the data for the expansions
e
of oother
compoundds. Thus, the ggeometric isoto
ope effect on the O-H-O hyydrogen bond structure at rooom temperatuure is
realized inn the CsHSeO4 crystal.

O-H-O hydroggen bonds upon
n deuteration as
a a function oof
Figuree 4. Expansions ΔR [=d(O-D-O)) - d(O-H-O)] of O
hydroggen bond distaance (Ichikawaa, 1978, 2000; Fukami et al., 2010a, 2010b)
4. Conclussion
We summaarize the resullts from DSC, TG-DTA and X-ray diffracttion measurem
ments for CsHS
SeO4 and CsDSeO4
crystals. The
T superionic phase transition temperaturres for the protton and deuterrated compounnds are found tto be
402.6 and 398.1 K, respectively. Moreeover, it is founnd that the theermal decompo
osition for bothh compounds sstarts
at around the transition temperature, and the maximum rate of weight
w
loss taakes place at around
a
490 K
K. We
suggest that the weight lloss of the sam
mples is attribuuted to the evaaporation of H(D)
H 2O vapor formed
f
by reaaction
with Cs2See2O7. The crysstal structures of the proton and deuteratedd compounds at
a 298 and 3555 K are determ
mined
to be monooclinic with sppace group P2
21/c by means oof single-crysttal X-ray diffraaction. The ressults obtained from
three different types of m
measurements indicate no strructural phase transition from
m phase II to IIII in the protonn and
deuteratedd compounds, and those from
m DSC and TG-DTA also inndicate that th
here is no phase transition inn the
temperaturre range of 1000–400 K. Th
he expansion of the O-H-O
O hydrogen bo
ond at room temperature
t
byy the
substitutioon of deuterium
m for hydrogen
n is observed tto be 0.015(7) Å. The geomeetric isotope efffect on the O--H-O
hydrogen bond
b
structuree by deuteration
n is confirmedd to exist in thee CsHSeO4 cry
ystal.
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