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Abstract. The EPR spectra of the x-irradiated fast proton conductgHgi$SOy)4 - H,O were
investigated in the temperature range of 80—415 K.

Two kinds of paramagnetic SOcentres with different proton configurations below about
370 K and freeze-out behaviour of one of them below about 200 K were observed. The role of
acid proton dynamics with respect to the glassy-like transition is discussed.

1. Introduction

CsH3(SOy)4 - HoO—abbreviated as PCTHS—belongs to a new family of superionic
conductors [1] which exhibits dynamic disordering of the H-bond network in the high-
temperature state. This kind of proton disorder means proton disorder in the double-well
potential of the H-bonds as well as disorder of the H-bonds themselves [2, 3]. The peculiarity
of this compound is the suppression of the phase transition into the ordered ferroelectric
phase.

Instead PCTHS was found to be the first in the family to transform into a glasslike state
on cooling below7, = 260 K. In contrast to the well known family of mixed hydrogen
bonded crystals such as KDP/ADP [4] the glasslike freezing in PCTHS does not need a
competition interaction. This is the reason why this problem is very interesting in solid
state physics.

At room temperature PCTHS belongs [3] to the space grBég/mmc (Dep). The
crystal structure comprises two types 0f$@etrahedron which form alternating networks
in the (001) layers: ‘static’ S)(1) and ‘mobile’ SG(2) ones. The latter appear to be
dynamically disordered: their centres of gravity (i.e. S atoms) remain static and the vortices
perform reorientations among three different positions. Adjacerﬁ*G@ and S@*(Z)
tetrahedra are partially connected by proton O=B bonds. The positions of these bonds
depend on instantaneous orientations of 3@) tetrahedra.

In the crystal structure of PCTHS three types of hydrogen bond exist. Their centres
occupy 6(h), 12(k) and 24(l) sites with the lengths 2.68, 3.03 and &.8%pectively and
occupancy rates arg, ¢ and ;5.

The double disorder of protons (intra-bond and inter-bond) favours both proton transport
at high temperatures and the proton-glassy state at low temperatures.
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We perform EPR studies of x-irradiated PCTHS with the aim of looking closely (from
a local probe point of view) at glassy-freezing phenomena.

The X-irradiation can produce in €43(SQy)4 - H,O samples the SP paramagnetic
centres. After x-irradiation the breaking of hydrogen bonds (preferably the longest one) can
also lead to EPR superhyperfine proton structure due to electron spin and nuclear proton
spin interaction.

2. Experimental details

The CgH3(SOy)4 - H2O crystals were grown by slow evaporation of an aqueous solution
at room temperature [1].

Colourless, transparent, single crystals of PCTHS were next x-irradiated (tungsten
cathode, 40 kV, 10 mA) for 5-6 h. The sample after x-irradiation remained colourless.

The EPR measurements were made with an X-band spectrometer operating with a
liquid-nitrogen system of temperature control and stabilization of 80-420 K. Xh&
orthogonal laboratory frame chosen for the EPR line anisotropy pattern is relateddg the
¢y, crystallographic axes [2]X || an, Z || cpy Y || (an X cp).

3. EPR spectra

The EPR spectrum recorded after x-irradiation and repeated a few days later consists of
13 narrow lines with the linewidt!\ B, = 0.25 mT and line separatiofBy =~ 0.5 mT.

In the pure x-irradiated Gbl3(SOy)4 - H,O paramagnetic centres are formed in the process
SOLZ,'_ +hv — SO, + €.

It is expected that the 12 EPR lines should be divided into several structurally
nonequivalent SP paramagnetic units with superhyperfine proton structure due to the
electron spin § = %) interaction with nearest proton nuclear spimhs= %).

The EPR spectrum anisotropy in tl# plane is shown in figure 1. As one can see
the lowest-field triplet and highest-field doublets have different extremes.

From the anisotropy data for tB¢Y andZ X planes (not presented here) we have found
that the main crystal field-axis lies in theZY plane except for the highest-field doublet
for which thez crystal field axis is inclined a® = 25 to the ZY plane.

Also the EPR spectrum recorded at two different microwave powers (figure 2) shows
different intensity behaviour of the lines consisting of the 13-component spectrum, proving
our spectrum division into separate units.

In order to explanation of the EPR spectra observed, we present in figure 3 the projection
of the crystal structure [3] of the hexagonal PCTHS phase on the (001) plane. Large open
circles represent Cs atoms and the partially filled circlg® kholecules. The two S(1)
and SQ(2) groups are distinguished. Rotations of the tetrahedra are shown by arrows on
the largest circles. The small open circles show the H-bonds perpendicular to the (001)
plane. On this picture we have marked in addition the main crystal fielges in accord
with the extrema (minima) of the EPR spectra in the (001) plane (figure 1).

The essentially different temperature behaviour of the lowest triplet spectrum (marked
as®) and all others presented in the next paragraph allows us to assume that two different
SOy(1) and SQ(2) units are involved in our complex EPR spectra.

We have marked in figure 3, by the black circles, the possible hydrogen positions near
SOi(1) and SQ(2) type units after X-irradiation (the black circles replace some of the
open circles in the nonirradiated structure), which should give the ‘triplet’ and two lowest
‘doublet’ spectra presented in figure 1.
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Figure 1. EPR spectra anisotropy in tH&Y plane of x-irradiated G#H3z(SOy)4 - H20 at room
temperature (RT)O, H-SQ, doublets; ®, H-SQ, -H triplet; +, H-SQ, doublet; ¢, H-SO,
doublet; A, SO, singlet; A, free electron, single line.

Figure 2. EPR spectra recorded at two different microwave powers:20 dB; —, 6 dB.

Figure 3 with the mainz-axes in theXY plane of the complexes under discussion is
simplified because simulated anisotropy for ‘triplet’ spectra needs a s&dl) (nclination
from the XY plane (see figure 4).

A similar structure projection in th& X plane (not presented here) for the x-irradiated
sample should give two high-field doublets ot$0,) (1) type marked as open circles in
figure 1 differently oriented due to SQ) tilting during H-bond formation as claimed by
Merinov et al [3] and x-irradiation.
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Figure 3. The projection of the crystal structure of hexagonal PCTHS on the (001) plane. Large
open circles, Cs atoms; partially filled circle, moleculglH The tetrahedra drawn in the largest
circles show the possible reorientations ofiS(I) in contrast to the static 30(1) tetrahedra
connected with SﬁI(Z) by hydrogen bonds marked by dashed lines. Small open circles, H-
bonds perpendicular to the (001) plane. In addition we have marked by arrows the main crystal
field z-axes for each complex and by black circles the possible proton positions in x-irradiated
PCTHS.
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Figure 4. The simulated anisotropy of ‘triplet’ spectra in ti& plane of PCTHS. Solid lines,
fit; filled circles, experimental data.

Because, as we mentioned above, the superhyperfine proton structure line separation is
of the order of the linewidth we cannot neglect the nuclear Zeeman term in the resulting
spin Hamiltonian.
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In figure 4 we present the anisotropy simulation (solid line) with experimental results
(points) for the lowest triplet (figure 1). The simulation has been performed according to
the equation of Wertz and Botton [5] for the resonance field:

B, = Byt a/2 1)

with a = [A + B(3cog6 — 1)]h/(gB), whereA is the isotropic part of the superhyperfine
proton structureB is the anisotropic part, an€l is the angle between theaxis and the
external magnetic fieldB.

(1) is fulfilled for |B,| <« |Bsr| and conditionA > B, where Bgr is the magnetic
field on the hydrogen nuclei evoked by the electrons.

In this case of B,| « |Bsr| only allowed nuclear transitions should be observed [5].
This is the reason why numbers of superhyperfine EPR lines allow us to ‘measure’ the
number of protons near S2) units.

We presume that conditiofB,| <« Bsr| holds also for the remaining eight lines of
H(SOy)~(1)-type paramagnetic centres. They are distinguished irZtheplane due to a
slight difference of its crystal field axis orientation in space.

In a special orientation the full EPR spectra is covered to the low-field triplet and one
doublet with ag, strong line inside as shown in figure 5.

8e

Figure 5. EPR spectra recorded in teX plane for® = 5° to the Z-axis.

The anisotropy pattern in figure 1 is mainly due gdactor anisotropies. Than EPR
spectra are divided into doublets instead of quartets as expected [FBfor | Bsr|.

4. Temperature dependence of the EPR spectra

The temperature dependence of EPR spectra for an external magnetic field directed along
® = 60° to Z(c,)-axis (figure 1) and sequences of heating and cooling runs 295 K

95 K — 390 K — 295 K reveals that only the lowest triplet of H-#®@)—-H, with the
intensity ratio 1:2:1 at RT, changes due to smooth line broadening. The last nine lines do
not change with temperature as demonstrated in figure 6 for a few temperatures.

The smooth EPR line smearing of this lowest superhyperfine triplet is completed at a
temperaturel, which depends on the cooling rate and recooling cycles and varies from
203 K for faster cooling to 150 K for slower cooling. Such an EPR spectrum evolution
reflects the freezing of rotational dynamics of the,8) groups.

The SQ(2) as well as SQ1) groups are connected by hydrogen bonds. With
temperature lowering the slowing down of acid proton motion in hydrogen bridges is
expected.
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Figure 6. EPR spectrum records for an external magnetic figldlong® = 60° to the Z-axis
in the ZY plane for a few temperatures: 295, 159, 150 and 377 K.

In KDP-like structures such a slowing down motion leads to EPR line narrowing and
splitting [6]. In our case the EPR spectrum of the lowest triplet shows EPR line smearing
which means that in addition to slowing down of proton motion the random rotational
freezing of SQ(2) units take place.

For the heating run the lowest-field triplet smoothly changes into a doublet at about
370 K. It should be noted that changes of SfPoup vibrations near about 370 K have been
also detected in Raman spectra [7].

All the above EPR spectra changes versus temperature are reproducible as long as the
temperature does not exce®d~ 395 K, where all spectra, except that wigh = 2.0023,
disappear due to conversion of S@aramagnetic centres to nonmagneticﬁso

The SQ paramagnetic centres are not good probes for studying the fast-proton
conductivity abovel’ ~ 415 K because they are annealed at higher temperatures. Figure 7
shows this annealing process for a few temperatures. At 415 K all thec8@res disappear;
the line marked ag, at lower temperature remains very small. A strong line with 2.005,
which may be tentatively described as a line of the,S@dical [8], is recorded, and the
sample at this temperature is opaque and ‘milk white’.

5. Discussion

CsH3(SOy)4 - H20 has a structural motif similar to that of Me(AO,), crystals, built up
by layers consisting of S{tetrahedra linked by the hydrogen bonds where the acid protons
occupy the hydrogen bond position with the probabi@tYl, 9].

Due to superhyperfine electron—proton interaction we can record protonic positions in
the ring formed by six SQ tetrahedra.

Figure 8 shows the EPR spectra for six S@trahedra linked by hydrogen bonds with
the corresponding number of neighbouring protons.

Our 12-EPR-lines spectra are divided into six nonequivalent Hn8Qits with n =
0, 1, 2 nearest protons in hydrogen bridges.

An unusual behaviour of the lowest triplet with decreasing temperature can be explained
as follows: the SQ(2) units, as mentioned above, are orientationally disordered and
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Figure 7. EPR spectrum changes above 390 K.
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Figure 8. A schematic division of a 12-component EPR spectrum into t{®®] configuration;
n =0, 1, 2 depending on the number of protons near each of thg Gats.

their site symmetry (&) is realized dynamically. Thus two ‘close’ proton superhyperfine
structures of the H-S[X2)-H paramagnetic centre is realized dynamically as shown in
figure 9.

Below RT the superhyperfine structure smearing appears if tjgZ@otion frequency
is lower than the superhyperfine line splittidgd (w, = y$H/h = 1.7 x 10’ s71).

With increasing temperature, the frequency of,$8) motion grows. It follows that
the two-‘close’-proton superhyperfine structure with intensity ratio 1:2:1 at RT is observed.
At about 370 K only one ‘close’ proton EPR spectrum is recorded which means that the
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Figure 9. A schematic explanation of the lowest-field EPR spectrum temperature evolution due
to dynamicalw, motion of SQ(2) type units versus temperature.

second ‘close’ proton quickly jumps between different H-bond sites (intermolecular proton
motion).

Glasslike dielectric dispersion has been detected bé&lpow 260 K; this is attributed to
freezing of the acid hydrogen bond [1] which linked the ,Sfpoups into two-dimensional
layers.

In addition the proton NMR maximum linewidth occurs aroufd[10], demonstrating
the slowing down of acid proton motion and freeze-out of crystalline water reorientations.

Our data, described above, show anomalous behaviour of HH+B@PR lines which
directly indicates the freezing of acid proton dynamics and resulting random rotational
freezing of SQ(2) tetrahedra.

TheT, dependence on cooling rate we detect is typical for glasslike systems and reflects
peculiarities of the transition between ergodic and nonergodic states.

Another interesting feature in EPR spectra is the reversible transformation of the lowest
triplet into a doublet atT ~ 370 K. This temperature is close B ~ 360 K where
pronounced changes in Raman spectra occur [7].

A model proposed by Yuzyulet al [7,11] tries to explain these anomalies by the
orientational disordering of S{Q1) type groups occupying 4(e) positions. This means that
above about 360 K two S@1) and SQ(2) groups are energetically equivalent—unlike the
case at lower temperatures. Our EPR data are not in conflict with this model.

As can be seen from figure 6, at lower temperatures the full EPR spectra recorded
consist of lowest-field triplet and highest-field doublets; ab®ve 370 K the lowest-field
triplet transforms to a doublet. As a result the spectrum is built from doublets, which means
that SQ(2) and SQ(1) groups have now the same ‘one-proton’ configurations.

6. Conclusion

The above results are a direct local proof for the existence of two structurally and
dynamically different S@ groups in PCTHS at room temperature.

In the temperature range of 200-150 K, depending on cooling rate, only the rotational
dynamics of S@(2) groups are pronounced. This change of local dynamics is responsible
for the glasslike dispersion observed [1]. At about 370 K this specific difference i{2$0
and SQ(1) group dynamics disappears. It is our supposition that this is due to fast interbond
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motion. The question of the real number of protons near eagh8@ in the nonirradiated
PCTHS crystal is not solved unambiguously anywhere.

In the paper of Kadleet al [12] it is only suggested that during the transition into the
glassy phase the rotations of 5Q@) tetrahedra freeze in three different orientations. In this
way, nonequivalent 5{SQy)3~ complexes are formed and there are several possibilities for
their orientation.

Yuzyuk et al [13] claim that hydrogen bonds called ‘principals’ bind together sulphate
groups into isolated complexesg(-$o4)ﬁ* of a ‘propeller-like’ form, which assume several
orientations in the PCTHS structure.

In our case of x-irradiated G8l3(SOs)4 - H,O where about 10 ppm SQOradicals are
produced we may have to deal with a small perturbed zone in the real PCTHS structure.
The breaking of the weak part of O-HO bonds leads to H-Sbr H-SQ—H ions [10].

The superhyperfine structure can be seen by the electron located on the sulphur ion
only due to S—-O-H bonds and only protons ‘captured’ by, S@it are seen. The number
of protons near Sﬁ) units (pure crystals) and SO(x-irradiated) does not have to be
mandatorily the same. Nevertheless differenf, §) and SQ (1) type tetrahedron dynamics
are proved directly by the EPR spectra and ‘visualized’ for the first time.

The H,O molecules located between $@yers must be orientationally disordered as
well. We cannot look at this problem by the EPR of S€entres but we observed the®
motion freezing indirectly using V&, another paramagnetic probe [14].
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