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Infrared and Raman spectroscopic studies of CsHSO, suggest the occurrence of the following
phase transitions:
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While the ordered phase, 1V. has a monoclinic structure, the high-temperature superionic phase, I,
has a tetragonal structure involving the free rotation of HSO; . Phase Il is close 1o being orthorhombic
with a small monoclinic distortion. The transition to the superionic phase, I, is accompanied by the
appearance of broad, structureless bands in the infrared and Raman spectra, as well as changes in
the O-H stretching region due to decrease in hydrogen bonding. Accompanying the IHI-11 transition,
we observe the disappearance of the O - - - O stretching and 8{S-OH) bands and a decrease in the
HSQ; libration lrequency. Across the phase transitions, the separation between the »(S-() and
v(5-0OH) bands shows stepwise changes. The high-temperature superionic phase essentially has sulfate-
like spccies with a relatively short -0 bond, in contrast to the low-temperature phase, which has
long and shert S—( distances. Substitution of Cs by Li in CsHSO, has an effect similar to that of
increasing the temperature. The vibrational spectrum of Csg;Lip HSO, corresponds to a state of

disorder between those of phases Il and 1.

Introduction

Compounds of the type MHXO, (M =
Rb, Cs, elc., and X = S, Se) are known to
exhibit interesting phase transitions in the
solid state involving rotational motions of
thc¢ HXO, ions and in some instances the
translational motion of the cations or pro-
tons as wcll (/). High-temperature phases
of such solids are generalty found to be su-
perionic or plastic. A particularly interesting
member of this family of solids is cesium
hydrogen sulfate, CsHSO,, which is re-
ported to undergo a phase transition around
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417 K to a superionic state (2). A phase
transition has been reported at 318 K, al-
though it is subject to some doubt {3). A
phase transition from the room-lemperature
phase to an intermediate phase has been
supgested to occur around 335 K associated
with the transformation of the HSO, chains
to H5O, dimers. Infrared and Raman spec-
tra of CsHSO, through the phase transitions
have been investigated by Pham-Thi et al.
{4) and Dmitriev et al. (3, 6). These workers
have discussed the changes in the spectra
in terms of hydrogen bonding and structural
disorder. Studies of the different phases of
CsHSO, by inelastic neutron scattering and
neutron diffraction have also been reported
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(7-9). Besides the phase transitions at
340 K and 417 K, a transition around 380
K has been suggested to occur based on
calorimetry by Baranowski et al. (10).

In spite of several investigations, there
are many aspects of the occurrence and the
nature of the phase transitions of CsHS0,
that are not clearly understood. We have
investigated the phase transitions of
CsHSO, by employing infrared and Raman
spectroscopy over the temperature range
300—450 K. The study has not only unrav-
elled the nature of structural changes with
increasing temperature, but has also estab-
lished the occurrence of two phase transi-
tions around 340 and 380 K, before the tran-
sition to the superionic phase at 417 K. We
have studied CsHSQ, by variable-tempera-
ture X-ray diffraction, to establish the struc-
tures of the different phases. We have exam-
ined the infrared and Raman spectra of
Cs,_,Li, HSO, since substitution of Cs by
Liis known to affect the properties substan-
tially (/1). The present study has shown that
substitution of Cs by Li up to 30% gives
rise to a room-temperature phase which has
properties somewhere between those of the
high-temperature superionic phase and the
room-temperature phase of CsHSO,.

Experimental

CsHSO, was prepared by evaporation of
stoichiometric aqueous solutions of Cs,CO,
and H,50,. Cs,_ Li,HSO, was similarly
prepared by taking the required quantity of
Li,CO; along with Cs,C0;. The samples
were characterized by differential scanning
calorimetry (DSC) and X-ray diffraction.
Differential scanning calorimetry was car-
ried out with a Perkin—-Elmer (DSC-2) in-
strument. We show typical DSC traces in
Fig. 1. Infrared spectra were recorded with
a Briiker IFS 113V FT-IR spectrometer.
Spectra were recorded in KBr (3500-500
cm~") and polyethylene (300-50 cm ™) ma-
trices and with powdered sample between
two Csl windows (500-300 cm™Y. Poly-
ethylene melts before the occurrence of the

~
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FiG. 1. Differeniial scanning calorimetry of
Cs,_,Li,HS0,.

superionic transition. A Specac variable-
temperature cell and temperature controller
were used for variable-temperature IR stud-
ics, Raman spectra were recorded with a
Spex 1403 Laser Raman Spectrometer using
the 314.5 nm line of 2 Spectra-Physics Argon
ion laser.

High-resolution X-ray diffraction data of
CsHSQ, at different temperatures were ob-
tained with a STOE automatic powder dif-
fractometer using a Ge(l11) monochroma-
tor, CuKe, (A = 1.5406 A) radiation, and a
linear PSD in the transmission mode. For
the high-temperature data collection the
sample was loaded in a quartz capillary and
kept rotating in a graphite heating element.
The temperature was measured using a
EUROTHERM temperature controlier.
The patterns were indexed using the
INDEX program of STOE and then refined
using LATREF and RS PFSR PACKAGE.
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FiG. 2. Infrared spectra of the different phases of CsHSQ,.

Results and Discussion

Spectroscopic Study of CsHS0,

In Fig. 2 we show the infrared spectra of
CsHSO, at different temperatures corre-
sponding to the different phases. The main
changes in the spectra are in the O-H
stretching, -0 stretching, S—-OH deforma-
tion, and S-0 deformation modes and in the
220-190 cm™! region involving the O - - -
O stretching of the hydrogen bond and the
librational motion of the HSO; ion. We
also note changes in the translational
(T’ HSO; ) region around 100 cm~!. We see
from Fig. 2 that the structure of the O-H
stretching band at 300 K is typical of a mod-
erately hydrogen-bonded system giving rise
to an ABC type absorption centered around
2400 ¢m ™', as pointed out by Pham-Thi ez al.
(9). With increase in temperature, changes
occur in the structure of this band, accompa-
nied by an increase in the »(OH) stretching
frequency in the high-temperature phase.
Clearly, the strength of hydrogen bonding
decreases substantially in the high-tempera-
ture phase. Accordingly, we see interesting
changes in the relevant low-frequency
bands as well, At 300 K there is a doublet
in the infrared spectrum with maxima at 208

and 196 cm™'. The band at 208 cm ! disap-
pears around 380 K, well before the trans-
formation to the superionic state; in addi-
tion, the frequency of the 196 ¢m™' band
decreases gradually to 180 cm™' at 413 K.
We assign the 208 cm ™! band to the O - - -
O stretching mode, since it would disappear
in the absence of hydrogen bonding as in
the high-temperature superionic phase. The
196 ¢cm™! band, in the room-temperature
phase, considered to be due to the libration
mode of the HS50, ion, softens till nearly
free rotation sets in at high temperatures.
The doublet around 100 cm ! at 300 K due
to translation of HSQ; becomes a single
band at 413 K. These changes show that
with increasing temperature, the HSO, spe-
cies essentially becomes free, accompa-
nying the decrease in hydrogen beonding.
Consistent with the HSQ, species becom-
ing free at high temperatures, we see inter-
esting changes in the 420 cm ™! band due to
the 8(30,) mode. This band, appearing as a
triplet at 300 K, becomes a broad single band
above the superionic transition tempera-
ture. The broad band around 470 ¢cm ™! due
to S—OH deformation disappears around
380 K, prior to the transition to the su-
perionic phase at 417 K.
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F1G. 3. Temperature variation of the mfrared band
frequencies due to the HSOy libration and the O - - -
O stretching modes.

In Fig. 3 we have shown the variation of
the positions of the infrared bands at 208
and 196 cm~! with temperature. We see that
the 208 cm™' band disappears abruptly
around 380 K, while the other band under-
goes a progressive shift to lower frequency,
with a sharp decrease around 413 K. The
total band area under the band envelope
covering both the 208 and 196 ¢cm ! bands
is plotted against temperature in Fig. 4a.
There is a drop in intensity around 340 K
and again around 380 K. The intensity of
the 470 cm ! band due to 8(SOH) goes to
zero around 380 K, as can be seen from Fig.
4b, These changes suggest the occurrence
of phase transitions around 340 and 380 K.

In Fig. 5 we show the Raman spectra of
CsHSO, at different temperatures. Signifi-
cant changes occur in the #(5-0) and
v(8—OH) stretching bands appearing around
999 and 863 cm~! respectively at 300 K.
With increase in temperature, the frequency
of the ¥»(S-0) mode increases while that of
the »(S—OH) mode decreases, causing the
separation between the two bands to in-
crease. The bands become broad in the
superionic phase. The »,(S0O,) band
(1050-1260 cm ') disappears around 380 K,
while the v,(SO,) band (570-620 cm ™~ ") loses
its structure, In Fig. 6 we have plotted the
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changes in the frequencies of the »(S-0) and
v(S-OH) bands with temperature. There is
a sharp increase in the v(8-0) frequency
and a corresponding decrease in the
v(S-OH) frequency around 340 K and simi-
lar though smaller changes around 380 K.
There are larger changes in these band fre-
quencies around 417 K, when the material
becomes superionic. In the inset of Fig. 6
we have plotted Av(S—-0/S-0OH) to demon-
strate the occurrence of phase transitions
around 340, 380, and 417 K. The width of
the »(S—0) band also shows marked changes
around 380 and 417 K. By the nature of the
variations of the 1(§—0) and »(5-OH) band
frequencies, it appears that the transitions
around 340 and 417 K are both first order.
This is in agreement with calorimetric stud-
ies which show finite changes in latent heat
at these temperatures. Baranowski er al.
(10) have reported a latent heat change of
1.1 kJ mol~! for a transition around 375 K,
We find a somewhat vague suggestion of a
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Fi1G. 4, Temperature dependence of the intensity of
(a) the 200 cm™’ doublet due to » (O - - - 0) and
R(HSO,) and (b) the 470 cm~! (§—-OH deformation)
bands.
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FiG. 5. Raman spectra of the different phases of
CsHSO,.

phase transition around 380 K in the DSC
recorded by us (see Fig. 1).

Based on the present study of tempera-
ture-dependent infrared and Raman spectra,
we depict the phase transitions of CsHSO,
as follows:

v I II |
340K WK 417K

melt.

480K

We see no evidence for the 318 K transition
reported by some workers. In Table I we
list the major vibrational bands of the four
phases of CsHSO, with assignments. In Fig.
7, we show the Raman spectra in the
9001100 ¢m ™! region at temperatures close
to the IV-III transition to demonstrate the
coexistence of the two phases in the transi-
tion region. It would appear that the IV and
III phases are structurally similar. Qur spec-
troscopic results show that the phase 1 of
CsHSO, is plastic and superionic, involving
free rotation of HSO, and translational dis-
order of protons and cations. The broad vi-
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brational bands of phase I (Figs. 3 and 3)
are clearly characteristic of such a disor-
dered state.

X-Ray Diffraction Study of CsHSO,

The room-temperature phase (1V) of
CsHSO, (space group P2,/m) consists of a
hexagonal array of Cs* ions stacked along
onedirection with zigzag chains of hydrogen
bonded HSO, ions perpendicular to it (/2).
The monoclinic unit cell parameters of
phase [V are ¢ = 7.339, b = 5.837, ¢ =
5.517 Aand 8 = 101.52°. The high-tempera-
ture superionic phase I above 417 K has the
space group I 4, (8). Our infrared and
Raman studies suggest the occurrence of
three transitions around 340, 380, and
417 K as discussed in the previous section.
We have recorded the X-ray diffraction pat-
terns of these phases at the appropriate tem-
peratures (Fig. 8}. The diffraction pattern of
the room-temperature phase (IV) is in
agreement with the reported monoclinic
structure. A comparison of the diffraction
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FiG. 6. Temperature dependence of »(S-0) and
v{S—-0H) Raman bands of CsHSQ,. Inset shows the
variation of the separation between the two bands
with temperature.
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TABLE 1
INFRARED AND RaMaN SPECTRA OF THE DIFFERENT PHASES oF CsHSO,
300 K (1V) 360 K (11D 400 K (II) 423 K (1)
IR Raman IR Raman IR Raman IR Raman Assignment
2920s,vb 29525, b 3000s,b 3020s,b (A)
2600 m 2590m 2500m
2480 2446m — 2504m,b {B) O-H stretch
2384} m
1745 a 1742 a 1740 a a <)
]659} m l660] m 1660} m 1683w,b
1330 1320] w 1320sh O-H deformation
1288 ™ ]289} m 1289w 1300sh
1250s 1253m(A,)  1218s 1214m  1218s 1214mb 121ls,vb 1214mb u(S50,)
1219s(A) 1 185(A,} 1180s 1180s 1117sh
1180s(B,}
1068s 1068s 1060m  1068s —
1048w(A,) 1059m(By) 1049w 1024s — 1024s,b  1053s 1036s,vb  S—0 stretch
10055 999s(A,}  1008s 991w 1005s 990w 995w
887s 383w 384s 3845
875w(B,) 863m(Bg) 875w 875w 848m,b  B42s 838m,vb S-OH stretch
850s(A,) 8465 852m 846s
647m 647w 600sh
613s 616m(A,)  613m 589m 590s 589m 586s 589m,b  »{(S0,)
386s(A,) 605m(B,) 5865 —
573s(By) 59lm(Bg) 573s
575m(A,)
470m 47Tm(B,)  470m 470m — - — — S5-0H deformation
425m(B,) 423m{A,) 425m Hiw
422m 423m(B,) 422m 420m 429m 420m 430m,b 423m,vb &(50,
416m 416m 414m
208m(B,) 215m(Bp 208sh — —_ — — — O - - - O stretch
196m{A,) — 190m 184m 170m R HS504
100m{A,) a4 100m 30m -
T0m(A. ) 70m a a  THSO;

Note, s—strong. m—medium, w—weak, v—very, b—broad, sh—shoulder, a—not examined.

pattern of phase IIl with that of phase IV
shows subtle differences in the intensitics
of some of the peaks at higher angies, but
we are able to index the pattern of I1II with a
monoclinic cell. The absence of a significant
change in crystal structure and symmetry
would not be consistent with the changes
observed in the vibrational spectra and la-
tent heat. The coexistence of IV and 11
phases (Fig. 7), however, suggests a close
similarity between the structures of the two
phases. The X-ray diffraction pattern of
phase Il is distinctly different from those
of phases III and 1V. We could index the

diffraction pattern to a cell with a = 7.37,
b= 11.14, ¢ = 10.04 A, with a small mono-
clinic distortion of (8 = 97.19°). The II1-11
transition is supposed to depend on the
moisture content of the sample, the extent
of grinding, and the rate of heating (13). In
Table II, we list the unit cell parameters of
phases 1V, II, and I of CsHSO,.

The X-ray diffraction pattern of the su-
perionic phase (1) could be indexed in the
body-centered tetragonal cell with ¢ =
5.714and ¢ = 14.212 A, The idealized model
of this phase consists of two interpenetrat-
ing quasi-diamond lattices, one formed by
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FiG. 7. #(§-0) stretch Raman bands close to the
IV-II1 transition of CsHSO,, showing coexistence of
the two phases.
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the SO, tetrahedra and the other by the Cs*
cations, The disordered state of protons
leads to the tilting of hydrogen-bridged SO,
tetrahedra from their ideal position (8). We
have carried out a Rietveld profile analysis
of the superionic phase based on the above
model. The observed patiern has a high
background and weak lines, especially at
higher 26 angles (Fig. 9). In Table III we give
structural details of this phase. The $5-0O
and Cs-0 bond distances for the superionic
phase I are 1.401 and 2.926 A respectively.
In the room temperature phase IV, the
Cs—0 bond distance ranges from 3.12 to 3.26
A andﬂthe S-0 distance ranges from 1.44 to
1.50. A. The observation of a single 5-O
distance in the high-temperature phase is
consistent with the presence of a sulfate-

"like free anion.

The structural changes from X-ray dif-
fraction studies are consistent with our
spectroscopic results, which show increas-
ing structural disorder with increase in tem-
perature. Thus we have monoclinic (IV) —
monoclinic (III}) — nearly orthorhombic
(II) — tetragonal (I) transitions.

1 Cs HSOA

LI B L B

|

418 K(1}

N
5
L B AL

413 KD

~
W
(=]
T T T

40K

Intensity (arb.units)
g

300K(IV)

0 80 60
28

Fic. 8. X-ray diffraction patterns of the different phases of CsHSO,.
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TABLE 1i
UriT CELL PARAMETERS OF THE DIFFERENT PHASES oF CsHSO,

Lattice constants

Phase T(K) System a, A b, A c, A g
v 300 Monochinic 7.339(001) 5.837(001) 5.517001) 101.52(01)
11 413 Monoclinic 7.376(008) 11,1426{020) 10.004(011) 97.19(13)
i 418 Tetragonal 5.714(002) S. 7T14(002) 14.212{006) —
400~ CsHSO, L18 KD
300 |
200
100 (-
of
400 - Calcul ated
S 300
s O F
> 200
t'é 100
£ 0
E 300 | Difference
w0l
100 t——
0
| T S SRS T TV N TN S RN TS SRR VA N RS TR SR S |
10 20 30 40 50 60 70
28
F1G. 9. Observed, calculated, and difference X-ray diffraction patterns of the superionic phase of
CsHSO, (D.
Cs,_ Li HSO,
On progressive substitution of cesium by
TABLE 111 lithium in CsHSO,, the phase transitions
AToMIC COORDINATES OF CsHSO(I) dlsappe.ar (Fig. 1). Infrared SpeCt_ra _Of
Cs,_,Li,HSO, (x = 0-0.3) are shown in Fig.
(A) 1¢. The changes observed on Li substitution
. oo tarer pdy | 2T€ similar to those found on heating
14| x ¥ < cc. faclor .o
: CsHSO0, through the phase transitions. Ac-
s 05 0.25 0.125 1 songyy  cordingly, on Li substitution the HSO; li-
5 1.0 0.75 0.125 1 0.0161(03) 1 - 1 1
0 0.2034(¢])  0.6553(02) 0.085(01) 0.5 0.01H61(03) bra[lon and O O Stretc_hllng frequenCIBS
o oo 0s 0.0 025 o3 decrease and the 470 cm~' (§—OH defor-

“ Rypy = Q.035, Rypy = 0071, Ry ) = 0.25.
* Hydrogen positional and temperafure factors are fixed on the basis
of the neutran study (8).

mation) band disappears; the triplet around
420 cm™! (380,), as well as the bands at 875
cm™' (S—OH stretch) and 1050 cm~! (§-0



172

Cs, Li,H50,

x=0.2

S

Transmittance

|
1000 500 1-00 300 200 ‘IOO

Wavenumber (cm

2000
F16. 10. Infrared spectra of Cs;_, Li, HSO,.

stretch), loses its structure. In addition, a
lithium-oxygen polyhedral mode appears
around 380 cm ™! as a broad band. In Fig.
11, we show the variation of RHSO, and
O - -+ O stretching bands with Li content.
The RHSO, band decreases from 196 cm ™!
in CsHSO, (x = 0.0) to 167 cm™! when

= 0.3. Rotation of HS0O; has been de-
scribed as a soft mode (8) for the superionic
transition (11-I). It is interesting that we find
softening of this band with respect to tem-
perature as well as lithium substitution.

Raman spectra of Cs,_,Li, HSO, (Fig. 12}
show a shift in the v(S—0O) band by 25cm ™.
The multiplet around 600 cm =" (21,50,) loses
its structure when x = 0.2. When x = 0.3,
the band at 470 cm ™! disappears and all the
bands become broad. It appears that with
increase in lithium substitution disorder in-
creases, Comparing the IR and Raman data
of the different phases of CsHSO, with those
of Cs,;_,Li,HSOQ,, we find that progressive
lithium substitution induces the IV-I1I and
I11-1I transitions. With 30% lithium substi-
tution, the degree of disorder is somewhere
between that of phase II and that of the
superionic phase 1. Further substitution
does not seem to have any effect.
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FiG. 11. Variation of the infrared band frequencics
due to HSQ, libration and O - - - O stretching mode
with lithium content.
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Fi1G. 12. Raman spectra of Cs,_,Li, HSO,.
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