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Abstract. The microscopic mechanism of proton transport in partially deuterated potassium hydrogen
selenate (KHSe) and in partially deuterated ammonium hydrogen selenate (AHSe) were studied by
means of one-dimensional Fourier transform 2H nuclear magnetic resonance (NMR), two-dimensional
2H NMR and dielectric measurements over a wide temperature range. In both systems, KHSe and
AHSe, the slow chemical exchange processes of deuterons between different hydrogen bridges oc-
cur. It was established that the rates of exchange between deuteron sites, which are involved in in-
finite chains of hydrogen bonds, are approximately the same for both crystals. The rates of exchange
between these positions and the deuterons in the dimer groups of KHSe are approximately hundred
times more slowly. On the basis of our findings, we discuss the models of the microscopic mecha-
nism of hydrogen transport for both substances.

1 Introduction

Crystals with proton conductivity have attracted growing attention of many re-
searchers in the last years. This is caused on the one hand by the important
practical applications of these crystals in energy storage and fuel cells and on
the other hand by the possibility to study the fundamental problem of the mi-
croscopic mechanism of the electric conductivity m superionic crystals [1-6].
From this point of view of particular interest are crystals with the structural pe-
culiarity of quasi one-dimensional (1-D) chains of atomic groups bound by hy-
drogen bonds showing proton conductivity. Such crystals serve as very appro-
priate model objects in order to verify the various assumptions about the micro-
scopic mechanisms of ionic conductivity. Our 2-D-?’H-NMR (nuclear magnetic
resonance) exchange spectroscopy experiments [5—7] prove the presence of chemi-
cal exchange processes between deuterons of hydrogen bonds in the structure of
ammonium hydrogen selenate NH,HSeO, (AHSe), betaine phosphate (BP), be-
taine phosphite (BPI) and mixed crystals BP,_ BPI, containing quasi 1-D chains



432 Yu. N. Ivanov et al.

of SeO,-, PO,-, or PO;-tetrahedra connected by hydrogen bonds. A close rela-
tionship between chemical exchange and ionic conductivity processes was proved
[7]. Potassium hydrogen selenate (KHSe) contains the quasi 1-D chains of SeO,-
tetrahedra connected by hydrogen bonds too and further insight into the con-
ductivity mechanism can be expected from the study of KHSeO, crystals.
Thus, it is the aim of this paper to combine different NMR measurements
with dielectric studies in order to throw light on the microscopic mechanism of
ionic conductivity. In particular, a (partial) deuteration of the respective crystal
samples enables the application of the powerful method of deuterium NMR for
the study of proton (deuteron) transport processes. Complementary to the usual
1-D Fourier transform NMR measurements, also the 2-D chemical exchange NMR
spectroscopy will be applied, because it enables one to investigate the slow deu-
teron exchange between well defined structural entities in the crystals and, thus,
opening unique possibilities for the study of the elementary steps of these pro-
cesses. It will be shown that the jump rates derived from the 2H-NMR exchange
experiments can be directly related to the conductivity measurements.

2 Experimental

Deuterated (80%) potassium hydrogen selenate and partially deuterated (25%)
ammonium hydrogen selenate crystals were grown from solutions with heavy
water. In this process not only a deuteration of the bridging atoms but also that
in the ammonium groups of AHSe were achieved. For the NMR measurements
in all cases the same crystal samples were used as for dielectric investigations
in order to facilitate the comparison of results.

H NMR measurements were run at a resonance frequency of 46.073 MHz
on a Bruker MSL 300 NMR spectrometer. The 2-D ?H NMR exchange experi-
ments were carried out by applying the echo sequence (n/2).-t,-(n/2)_,-7,-(n/2),-
7-(n/2) -7-t,. The values ¢, #,, 7 and 7, denote evolution time, acquisition time,
pulse distance, and mixing time, respectively. An excitation of the complete 1-D
spectrum was achieved with pulse durations of 2.5 to 4 us. To avoid the influ-
ence of the dead time, a quadrupole spin echo sequence with a pulse distance
of r= 25 ps was used. Furthermore, proton decoupling was applied to suppress
the broadening of the H NMR lines due to dipolar interaction between the deu-
terons and the remaining protons.

Measurements of the dielectric permittivity of KHSe and AHSe crystals were
perfomed at a frequency of 1 kHz with a homebuilt response analyzer. The mea-
surements were run in the temperature range also covered by the NMR measure-
ments. Slices with a thickness of ca. 0.8 mm were cut from the crystals and
covered with a thin gold layer.



2-D NMR Study of Chemical Exchange 433

3 Results and Discussion

AHSe belongs to the group of crystals in which the appearance of the ferro-
electric state is connected with proton ordering in the hydrogen bond system.
The most interesting features of this crystal are the existence of an incommen-
surate phase {8, 9] and the observation of protonic conductivity [1, 2]. The crystal
structure of the paraelectric phase (261 to 417 K) is monoclinic (B2) with six
formula units per unit cell [10]. The structural framework (Fig. la) is formed
by selenate ions bound by hydrogen bonds in infinite chains along the ferro-
electric b-axis. The ammonium ions bind the selenate ions along the two other
axes a and c. Two types of hydrogen bonds referred to as a- and B-bonds are
present in the crystal structure (Fig. 1a). In the paraelectric phase the protons in
the o- bonds are disordered between two positions.

The crystal structure of the potassium hydrogen selenate KHSeO, (KHSe) is
orthorhombic (P,_) with 16 formula units per unit cell [11]. In contrast to AHSe,
only one half of selenate ions are bound by hydrogen bonds in infinite chains
along an a-glide plane of KHSe crystal (Fig. 1b). The other selenate ions are
linked by a double hydrogen bridge on both sides of a symmetry center, form-
ing an isolated dimer (Fig. 1b). The plane of the dimer is almost parallel to the

NH4(2)

. a

Fig. 1. a Fragment of structure of NH,HSeO, in the paraelectric phase (half of the unit cell), b frag-
ment of structure of KHSeO,.
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(001) crystallographic plane. Layers of quasi 1-D chains of selenate ions and
dimers form the structural framework of KHSe.

Quadrupole-perturbed *H NMR experiments are applied to both partially deu-
terated AHSe and KHSe crystals, which enable a separate characterization of the
behavior of protons (deuterons) belonging to the different crystallographic posi-
tions. Typical temperature dependences of ’H NMR spectra in the range between
room temperature and 400 K are displayed in Fig. 2 for AHSe and KHSe. The
AHSe NMR spectra were acquired in the orientation where the b-axis is perpen-
dicular to the external magnetic field B, and the angle between the a*-axis and
B,-field is equal to 15°. In this orientation two line groups can be observed. The
central-line doublets can be assigned to the deuterons of ammonium groups and
three doublets with frequency splitting larger than 20 kHz are assigned to the
deuterons in the hydrogen bonds. Our previous studies [5-7] indicated that the
contribution of the ammonium group diffusion to the AHSe conductivity is neg-
ligible. Therefore, the central-line doublets will be not discussed hereinafter. The
KHSe NMR spectra (Fig. 2b) were acquired in an orientation where the b-axis
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Fig. 2. a Temperature dependence of the quadrupolar line splitting in the paraelectric phase of AHSe.

A crystal orientation was chosen where the b-axis is perpendicular to B, and the angle between the

a"-axis and By-field is 15°. b Temperature dependence of the quadrupolar line splitting of KHSe. A

crystal orientation was chosen where the b-axis is perpendicular to B, and the angle between the a-
axis and B-field is 40°.
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is perpendicular to the external magnetic field B, and the angle between the a-
axis and B,-field is 40°. In this orientation eight lines can be observed. The two
central doublets can be assigned to the deuterons in the chains of hydrogen bonds
of KHSe and two doublets with frequency splitting of approximately 60 kHz are
assigned to the deuterons of dimers.

One can see from Fig. 2a that at temperatures from 300 to 350 K no changes
in the line shape of AHSe NMR spectra are observed. Above 350 K, a broad-
ening of those lines can be observed which are assigned to the o- and two
magnetically nonequivalent B’- and B”-positions in the hydrogen bonds (Fig. 2a).
This behavior points towards the presence of chemical exchange processes but
the exchange rate does not exceed the value of the quadrupolar splittings until
the phase transition temperature to the superionic phase (417 K). For this rea-
son, 1-D H-NMR experiments are not suitable for the study of details of the
chemical exchange processes. It is only possible to estimate the exchange rate
by means of the well-known Anderson theory (see, e.g., ref. 12), according to
which the exchange rate can be calculated from the line shape. The rates thus
estimated are approximately 0.5-10° s™' at 370 K, 2-10° s7! at 390 K, and 4-10°
s~! at 400 K.

From the temperature-dependent measurements of KHSe crystal (Fig. 2b) it
follows that no change in the line shape is observed at temperatures from 300
to 340 K. Above 340 K, a change only of those lines can be observed which
are assigned to the deuteron positions in the quasi 1-D chains of hydrogen bonds
(Fig. 2b). Above 380 K, a single doublet with splitting close to 30 kHz appears
instead of the quartet NMR lines observed at room temperature from the deuter-
ons in the chains of hydrogen bonds. The intensities of these NMR lines increase
with increasing temperature. This result points towards the presence of chemical
exchange processes in KHSe crystal. The exchange rates estimated by means of
the Anderson theory are 1.4-10°s™! at 365 K, 2.8 10° s™' at 375 K, and 4.5-10°
s7! at 380 K.

In order to investigate the exchange processes in the case of low exchange
rates, i.e., when the exchange rate is much less than the quadrupolar splitting,
the 2-D 2H NMR exchange spectroscopy was used for both AHSe and KHSe
crystals. Details about the 2-D ?H NMR measurements on AHSe samples are
treated in our previous work [5]. We shall only emphasize here the essential
results. For AHSe, the 2-D H NMR exchange experiments were performed in
the temperature range between 300 and 350 K. A typical 2-D ?H exchange NMR
spectrum of AHSe (at 350 K with a mixing time of 3 ms) is represented in Fig.
3a. It was measured in the same orientation as the spectrum shown in Fig. 2a.
The off-diagonal peaks (cf., e.g., refs. 13 and 14) in Fig. 3a indicate exchange
processes between deuterons of the two types of hydrogen bonds in the struc-
ture (- and B-bonds) and between magnetically nonequivalent positions of neigh-
boring B-chains. The analysis shows that the exchange rates for these two pro-
cesses are approximately equal. Over whole temperature interval of the para-
electric phase an exchange between the deuterons in the ND, groups and hydro-
gen bonds can clearly be excluded according to our results from the 2-D spec-
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Fig. 3. a 2-D *H NMR exchange spectrum for AHSe (only the upper left-hand quadrant is shown)

at 350 K with 2 mixing time of 3 ms. The crystal orientation was as for Fig. 2a. b 2-D 2H NMR

exchange spectrum for KHSe (only the upper left-hand quadrant is shown) at 300 K with a mixing
time of 100 ms. The crystal orientation was as for Fig. 2b.

troscopy. For KHSe, the 2-D *H NMR exchange experiments were performed in
the temperature range between 300 and 340 K. A 2-D °H exchange NMR spec-
trum of KHSe (at 300 K with a mixing time of 100 ms) is represented in Fig.
3b. It was measured in the same orientation as the spectrum shown in Fig. 2b.
This 2-D spectrum also exhibits cross peaks for the magnetically nonequivalent
deuteron positions in the chains of hydrogen bonds. As can be seen from Fig.
3b, up to 340 K an exchange between the deuterons in the dimer groups and
chains of hydrogen bonds is not observed.
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Figure 4 shows the plot of exchange rates obtained from 1-D and 2-D NMR
experiments versus the reciprocal temperature for AHSe (curve 2) and KHSe
(curve 1) crystals. The rates P can be fitted to an Arrhenius equation with the
activation energy E,:

P(T) = pyexp(E,/RT). (1)

It should be noted that for both crystals the data from 2-D NMR spectros-
copy and the estimations from 1-D NMR spectra are consistent with each other
and provide values for the activation energy of about 81 kJ/mol and a pre-expo-
nential factor p, of 1.9-10" s™! in AHSe and E, = 85 kJ/mol, p, = 2.7 10" s~!
in KHSe, respectively. One can see from the temperature-dependent measurements
(Fig. 4, curves 1 and 2) that the rates of the exchange between deuterons of hy-
drogen-bound chains in both AHSe and KHSe crystals are approximately the same.
This circumstance proves the existence of a similar mechanism of proton mobil-
ity in both crystals. As it was mentioned above, the layers of quasi 1-D chains
of selenate ions, which are separated by layers of dimers, form the structural
framework of KHSe in contrast with structural framework of AHSe. Therefore
one can expect an anisotropy of conductivity in the KHSe crystals.

By means of dielectric measurements [7] the dc-conductivity (g,.) of AHSe
parallel and perpendicular to the crystallographic b-axis (chain direction) was
determined and represented in form of the plot of o - T versus 1/T (Fig. 5, curve
1). We have not found any anisotropy of o in the AHSe crystals in the tem-
perature range of 300-350 K within the limits of experimental error. The activa-
tion energies calculated from the temperature dependence of ¢, (Fig. 5, curve
1, averaged values of £, = 84 kJ/mol, o, = 4-10'° K/Wm) are in good agree-
ment with that calculated from Arrhenius plots of our NMR data (Fig. 4, curve
2, E, = 81 kJ/mol). In order to check whether an anisotropy of conductivity ap-
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Fig. 4. Exchange rate between hydrogen bond deuterons of KHSe (curves 1, 3) and AHSe (curve 2)
versus the reciprocal temperature. Open squares, 1-D NMR data, KHSeO,; solid squares, 2-D NMR
data, KHSeO,; open circles, 1-D NMR data, NH,HSeO,; solid circles, 2-D NMR data, NH HSeO,.
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Fig. 5. Dc-conductivity for AHSe (curve 1) and KHSe (curve 2) versus reciprocal temperature. Open
squares, g, open circles, o,; open triangles, o,; KHSeO,. Solid squares, NH,HSeO,.

pears in the KHSe crystals, the dc-conductivity (o) was determined along to the
crystallographic a-, b- and c-axis (Fig. 5, curve 2). We have not found any anisot-
ropy of o, in the KHSe crystals over the whole temperature interval within the
limits of experimental error. The fit over the whole temperature interval led to the
average value for the activation energy of the quantity o - T of E, = 110 kJ/mol.
The discrepancy in this activation energy, compared to the one for the exchange
processes of E, = 85 kJ/mol, is far beyond the experimental error. Moreover, the
absolute values of the dc-conductivity in KHSe crystals were found to be more
than two orders of magnitude smaller than those in AHSe crystals. Hence, in con-
trast to AHSe, the charge transport in KHSe did not occur by jumps of the deu-
terons between the neighboring chains of hydrogen bonds only.

For a better understanding of the underlying mechanism of this transport
process, let us consider the structural characteristics of AHSe crystal. The mini-
mum distance between deuterons in equivalent positions is equal to the param-
eter b of the unit cell (0.461 nm). This distance is larger than the minimum dis-
tance (0.391 nm) between the positions of deuterons in a- and B-hydrogen bonds
(Fig. 1). The shortest distance between the oxygen atoms O,-O, which belong
to the neighborhood SeO, tetrahedra and which are not coupled by hydrogen
bonds, is about 0.33 nm. There are additionally free positions for deuterons, e.g.,
those at the O,-O, oxygen atoms separated by a very short distance (0.318 nm).
This distance can be even shorter because of thermal vibrations of the SeO,
tetrahedra. Due to this fact, long hydrogen bonds with short lifetimes may arise
between these atoms. These considerations together with 2-D NMR data and the
absence of any o, anisotropy allow us to conclude, that the basic mechanism of
charge transport rather consists in jumps of the deuterons (protons) between the
neighboring chains of hydrogen bonds. The 2-D-?’H-NMR measurements clearly
indicate the existence of chemical exchange processes between the respective
positions. Although we cannot directly observe an exchange between magneti-
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cally equivalent positions by the NMR method, the comparison of 2-D-exchange
NMR results with the dielectric spectroscopy data suggests that the rates of such
an exchange process are much lower than the rates of deuteron exchange be-
tween the adjacent chains of hydrogen bonds.

The distance between the neighborhood chains of hydrogen bonds in KHSe
is approximately the same as those in AHSe crystals. Due to the presence of
layers of dimer groups, the shortest distance between the oxygen atoms, which
are not coupled by hydrogen bonds, is larger than that in AHSe. Nevertheless,
this fact cannot explain the large difference of proton conductivities in KHSe and
AHSe crystals.

To throw light on the microscopic mechanism of proton transport in KHSe,
the 2-D ?H NMR exchange experiments were performed in the temperature range
between 375 and 400 K. A typical 2-D 2H NMR spectrum of KHSe (at 400 K
with a mixing time of 20 ms) is represented in Fig. 6 by the upper left-hand
quadrant. It was measured in the same orientation as the 2-D spectrum shown
in Fig. 3b. The off-diagonal peaks in Fig. 6 indicate exchange processes be-
tween deuterons of chains of hydrogen bonds and dimer groups in the KHSe
structure and between magnetically nonequivalent positions of deuterons of dimer
groups. It is well known that for both direct and indirect deuteron jumps ex-
change peaks may occur in the 2-D spectra, but the mixing-time dependence of
the intensities of peaks originating from direct or indirect exchange exhibits dif-
ferent slopes of the curves. The analysis shows that the exchange rates for in-
direct exchange process between magnetically nonequivalent positions of deu-
terons of dimer groups are approximately equal to zero over the whole tem-
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Fig. 6. 2-D *H NMR exchange spectrum for KHSe (only the upper left-hand quadrant is shown) at
400 K with a mixing time of 20 ms. Crystal orientation was as for Fig. 2b.
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perature range. Figure 4 (curve 3) shows the plot of exchange rates obtained
from 2-D NMR experiments versus the reciprocal temperature for direct ex-
change processes between deuterons of chains of hydrogen bonds and dimer
groups. The rate of this process was found to be more than two orders of
magnitude smaller than rate of exchange process for the deuteron positions in
the chains of hydrogen bonds in KHSe crystals. The data from 2-D NMR spec-
troscopy provide a value for the activation energy of this process of about 120
kJ/mol. Thus, the activation energies calculated from Arrhenius plots of our
NMR data (Fig. 4, curve 3) and of the temperature dependence of o, (Fig. 5,
curve 2) are in good agreement. These circumstances allow us to conclude that
jumps of the deuterons (protons) between the layers of chains of hydrogen bonds
and dimer groups are the necessary condition for the realization of charge trans-
port and that the activation energy of this process is a limiting factor of the
proton conductivity in KHSeO,.
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