ROMANIAN JOURNAL OF INFORMATION
SCIENCE AND TECHNOLOGY
Volume 18, Number 4, 2015, 312-328

Dielectric Properties of LDH-Type Layered

Materials Containing Zn or Mg lons:
On the Non Monotonous Temperature
Dependence of Relaxation Times

Ligia FRUNZA!, Stefan FRUNZA!, Constantin Paul GANEA!,
Irina ZGURA?!, Florentina NEATU?, Vasile I. PARVULESCU?

!National Institute of Materials Physics, R-077125 Magurele, Romania
2Dept. Chemical Technology and Catalysis, Faculty of Chemistry,
University of Bucharest, R-030016 Bucharest, Romania

Corresponding author: 1frunza@infim.ro

Abstract. The electrical behavior of layered double hydroxides containing
Al or Ga as the trivalent ions and Mg or Zn as bivalent ions was evaluated
using broadband dielectric spectroscopy in a wide temperature range. Besides
conduction effects a relaxation peak is observable at high frequencies which is
assigned to the reorientational fluctuations of water molecules adsorbed on the
oxide surface or in the interlayer voids. The Maxwell-Wagner—Sillars peak, su-
perimposed to the conductivity phenomenon is observable at low frequencies.
A non-monotonous temperature dependence of the relaxation rates of the re-
laxation process has been found. A quantitative description of this dependence
was possible based on a model assuming two competing processes: rotational
fluctuation of water molecules and formation of additional defects. Reasonable
values for the characteristic parameters were obtained. Thus the water behavior
in the studied layered oxides is similar to that observed for water in other porous
materials. However, the activation energy of the rotational fluctuation, the pre
exponential factor and the number of defects are higher whereas the value of
the energy of defect formation is lower in the layered oxide materials than for
water confined to nanoporous molecular sieves, porous glasses or in bulk ice.
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1. Introduction

Layered double hydroxides (LDHs) or hydrotalcite-like materials are anionic clay
materials [1]: a few anionic clays have been found in nature, but most of them can be
readily synthesized in laboratory. These clay materials have attracted much attention
because in the original or derived form they can have potential applications, especially
as highly efficient catalysts in pharmaceutical industries and organic synthesis, as an-
ion scavengers in wastewater treatments, medicine and health [2, 3]. They can be
also used as photocatalysts [4]-[6]] for different reactions. LDHs have the property to
be exfoliated into nanosheets [7] that can be further used as macromolecular building
blocks in the assembly of nanocomposites, for the preparation of multifunctional ma-
terials with increasing levels of complexity. Thus, properties of pure polymers were
improved by obtaining the polymer-based nanocomposites [8]-[10]. LDH materials are
the basis for electrochemical biosensors [11], super-capacitors [12], vertically stacked
artificial 2D materials [13], drug nanovehicles [14], remediation agents for environ-
mental contaminants [15], multifunctional intercalation nanohybrids [16], supports
for dye-sensitized solar cells [17] etc.

The structural and morphological properties of these materials were character-
ized by combination of several complementary methods as Rietveld analysis of pow-
der X-ray diffraction diagrams, Differential Scanning Calorimetry (DSC), Small- and
Wide-Angle X-ray Scattering (SAXS, WAXS), Scanning Electron Microscopy, Fourier
Transform Infrared spectroscopy, Thermogravimetry etc. However, experimental
studies probing the interlayer composition and properties, the surface regions and
even the detailed structure of the sheets are revealed with difficulty and therefore
are still scarcely discussed. To use the LDH based materials in a certain molecular
electronic device, it is necessary to know their dynamic properties such as capaci-
tance, conductivity, time relaxation and activation energy. That is why (broadband)
dielectric spectroscopy measurements were already applied to layered materials or to
their nanocomposites (to cite part of the recent works [18]-]28]).

Here we report more on the dielectric measurements in a few layered oxide materi-
als positively charged, with the structure of LDHs containing bivalent (Mg?* or Zn?*)
and trivalent (A>T or Ga®*) ions in the framework and also anions (for electroneu-
trality) and water molecules in the interlayer space. An additional reason to complete
thus the investigations in such materials is related to their application in catalytic
reactions [29, 30]: the dynamics of the solvent/reactants or products is influenced by
the catalyst structure. Based onto the dielectric behavior of the LDH nanocompos-
ite materials [9], [19]-]23],[25]-[27] containing the same ion pairs as our samples but
in different ratios, of the layered silicates [31]-[36] and of other layered (hydr)oxides
[37]-[39], we expected changes in the dielectric properties with the composition of
our samples due to the subtle balance of different forces including Coulomb repul-
sion, sterical hindrance, hydrophobic/hydrophilic interactions. Significant differences
between the considered samples, which were related to their structure, were found.
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2. Experimental Section

2.1. LDH materials

The structure of LDHs is similar to that of brucite (Mg(OH)z) where each Mg?*
ion is octahedrally surrounded by hydroxyl groups. Isomorphous substitution of Mg?*
by a trivalent or other divalent ion can occur in the LDHs. When Mg?* ions are
replaced by a trivalent ion, a positive charge [1] is generated in the brucite sheet,
which is otherwise electro neutral. The positive charge is compensated by the presence
of anions in the interlayer. In these inter galleries there are also water molecules,
leading to the following formula [M7* M3 (OH),]**(A*7), /.- mH>0. In our samples
M?t=Zn?+, Mg?*t; M3+=A13*, Ga®t, A*"are nitrate NO3 and/or carbonate CO3™;
the molar ratio M2+ /M3 is 3 or 2. These samples were prepared by applying known
recipes (as mentioned in refs. [29, 30, 40]) and were further noted Mg3Al-LDH,
Mg3Ga-LDH, Zn2AIl-LDH and Zn2Ga-LDH respectively. The obtained solids were
finally dried at room temperature.

All the samples were routinely characterized by powder X-ray diffraction, FTIR
(KBr technique) and nitrogen absorption.

2.2. Dielectric measurements

Self-supported pellets were pressed for the dielectric investigations just before
the measurements and then handled in desiccators (see e.g. [39]). To remove some
impurities the pellets were cleaned by vacuum (102 Torr) at room temperature for
2 h and then contacted for more than 24 h with water vapor under a controlled
atmosphere. The water content of the samples was determined by thermogravimetric
(TG) analysis (see below). The pellets were placed in a capacitor arrangement with
parallel plate geometry. The measurements were conducted in a nitrogen stream,
ensuring not only thermal equilibration but also protection of the sample from the
surrounding atmosphere.

The complex dielectric function e*(f) = &'(f) — i’ (f) (f - frequency, &'~ real
part, £”- loss part) was measured in the frequency range from 10~2 Hz to 107 Hz by
a Novocontrol high-resolution Alpha A analyzer. The dielectric measurements were
carried out under isothermal conditions; a Novocontrol Quatro Cryosystem controlled
the temperature with stability better than 0.1 K. The temperature was increased with
steps of 5 K from 220 K to 428 K.

The model-function of Havriliak-Negami (HN-function) was employed to analyze
and to separate the different relaxation processes (details in ref. [41]). The HN-
function has the following form:

Ae
(L+(if/fo)?)
where fy is a characteristic frequency related to the frequency of maximal loss f,

(relaxation rate) of the relaxation process under consideration, o, describes the value
of the real part &’ for f > fo. 8 and ~ are fractional form parameters (0 < 8 < 1

e'(f) €00 = (1)
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and 0 < By < 1). Ae denotes the dielectric strength. Conduction effects were treated
in the WinDATA program by adding a conductivity contribution og/eq(27f)* to
the dielectric loss. o is related to the dc conductivity of the sample and g¢ is the
dielectric permittivity of the vacuum. The parameter z (0 < z <1) describes for x <1
non-Ohmic effects in the conductivity.

The results are further discussed using the temperature dependence of the relax-
ation rate f, and of the dielectric strength Ae.

The loading degree with water c,, was estimated by thermogravimetric (TG) mea-
surements [39]. These measurements were performed by a Diamond TG-DTA appa-
ratus (Perkin Elmer) under dry airflow. Taking the density of confined water as
pont ~ 1g/em?, the layer thickness h¢"/of the confined water was roughly esti-
mated to Ko™ = (¢, / PS™F) /S g pr SpET is the specific surface area measured by
nitrogen absorption.

3. Results and discussion

3.1. Structure of the layered oxide materials

XRD diagrams (not shown here) indicated that our materials have a layered struc-
ture; the basal spacing of (001) was estimated to be ca. 7.8 A. Each layer is 0.48 nm
thick [1] and contains edge-sharing octahedra. The interlayer distance is a function
of the hydrating degree and of the size of the ions intercalated in the interlayer.

The interlayer voids may have prismatic or octahedral structures depending whether
the opposing ions of adjacent layers like hydroxyl groups in LDH samples lie vertically
above one another or offset in close packed positions.

Another important feature is the hydrogen bonding of water molecules with the
surface components or with the interlayer particles. In fact, it was shown that hy-
drogen bonding is important for maintaining the stability of the expanded interlayer
region in LDH materials [42]. Dehydration is a complex process leading to a grad-
ual, concerted layer collapse as temperature is raised and water is lost. Compared to
dehydrating, hydrating is a slow process occurring over a few days.

3.2. Thermogravimetric analysis

Representative TG curves together with their DTG derivatives are shown in Fig. 1.
The thermogravimetric parameters for the LDH samples studied are summarized in
Table 1.

The LDH samples undergo a progressive weight loss in four steps when the tem-
perature increases, noted with Roman numerals. The ill-defined inflection points that
can hardly be distinguished in the TG curves were better defined when comparing
with the associated DTG and DTA curves. The first two weight-loss steps cover the
interval till 500 K are due to the removal of weakly bonded water molecules, ph-
ysisorbed on the surface or positioned in the interlayer spaces [43, 44]. At higher
temperatures the chemical process of the dehydroxylation of the brucite-like layers
starts, where the water molecules formed by the reaction further are desorbed. Fi-
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nally a third endothermic effect, extended up to ca. 600 K, is observed. These three
processes lead to the collapse of the layered structure. A fourth step or possibly even
more steps has/have also chemical origins, which are related to the transformation
and/or removal of the interlayer anion [43]. It is noteworthy that the dielectric mea-
surements are performed in the low temperature range where only physical desorption
processes take place and so the structure of the materials is maintained.
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Fig. 1. TG curve (solid line) and the corresponding DTG curve (dotted line) for
(a) Mg3AI-LDH; (b) Zn2Al-LDH samples.

Table 1. Water content and the estimated thickness of the water layer

Sample Total Temp. Water Specific Equivalent| Tmaz [K]
mass of first | content™ | surface water
loss [%] | step [K] | [%] area thickness
m?/g] | [nm]

Mg3AIl-LDH | 44.6 485 13.6 100 1.57 297
Mg3Ga-LDH | 39.5 483 13.5 97 1.62 282
Zn2Al-LDH | 32.7 435 14.5 96 1.76 313
Zn2Ga-LDH | 23.6 453 11.8 90 1.48 282

#Water content is taken as the mass lost up to first main step.
*The equivalent water thickness was calculated considering the weight loss up to a temper-
ature of 473 K.

More information about the structure of the layered materials related to water
comes from modeling the hydration of hydrotalcites [45]. It was shown that the Al-
polyhedra in the hydroxide layers are quite regular; instead, the Mg-polyhedra are
distorted ones. In addition most of the Mg ions have either a water molecule or an
interlayer anion coordinated thus forming a 7-coordination site. The displacement of
Mg atoms from the middle of the hydroxide layers results in the formation of a much
less regular network of hydrogen atoms.
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The total weight loss may be used to estimate the number of interlayer water
molecules. For example, the total weight loss after calcination at ca. 1073 K of
sample Mg3Al-LDH amounts to ca. 44.6 % of the initial sample weight, of which
dehydration accounts for 13.6 %, whereas dehydroxylation and combustion of the
interlayer anion contribute around 21 %. In addition, taking into consideration the
specific surface area, the thickness of the water layer was estimated.

According to Table 1, the calculated thickness of a surface layer assuming homo-
geneously distributed water molecules (equivalent layer thickness) is of 8-9 molecules
if the dimension of a water molecule with hydrogen bonds is ~0.2 nm. Thus one
has to conclude that in the layered materials investigated, water can form clusters on
the “pore” surface, which are uniformly distributed. A layer of thickness 0.4 nm of
non-freezable water is found for molecular sieves [46]. It is then assumed that these
clusters have a similar size because no indication for a real phase transition is found in
the dielectric investigations discussed below. Nevertheless the rotational fluctuations
of the water molecules in these clusters are important.

3.3. Dielectric spectroscopy

3D representative plots of the dielectric loss as function of frequency and temper-
ature are given in Fig. 2 for Zn2Al-LDH and Zn2Ga-LDH samples.

The relaxation behavior of Mg containing samples is rather similar with that of
Zn containing ones.

Several dielectric phenomena can be observed like a Maxwell-Wagner polariza-
tion effect (due to the blocking of charge carriers at the grain boundaries) and a dc
conduction at low frequencies, as it was the case in related porous materials. The
Maxwell-Wagner—Sillars peak is superimposed to the conductivity phenomenon and
can be observable at low frequencies. In addition at least one dielectric relaxation pro-
cess, indicated by a peak in the dielectric loss, is observed in Fig. 2. This relaxation
process has to be assigned to the constrained rotational dynamics of water molecules
confined in the interlayer galleries for the following reasons: It is well known that
in the experimental frequency and temperature window no relaxation process due to
Si04 or to bulk liquid water molecules is expected [47, 48]. Therefore, a similar be-
havior is supposed for Zn2Al-LDH and Zn2Ga-LDH. Moreover, it was already shown
for related AIMCM-41 [49], porous glasses [50] or Anopore membranes [51] that the
contribution of the pore wall material (motions of the silica/alumina tetrahedra as
building groups) to the dielectric loss is negligibly small (three orders of magnitude
lower) compared to that observed for the (liquid) loaded samples. In addition, the
exchanged ions generally contribute mostly to the de conductivity [52]. Besides, af-
ter heating up the sample, no relaxation process can be observed by the dielectric
measurements carried out during the cooling. This is a supplementary argument that
the observed process is related to rotational fluctuations of water molecules. Conse-
quently this process is assigned to the rotational dynamics of water molecules in the
inter galleries of the LDH material.

The observed long relaxation times in comparison to bulk water leads to the
conclusion that the involved water molecules are constrained and are in close contact
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with the confining LDH surface. In related systems, such constrained water molecules
in close contact to confining surfaces (layers) were confirmed, e.g. for water in MCM-
41 molecular sieves, by using line shape analysis of 2H double quantum filtered NMR
and 77 measurements [53].
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Fig. 2. Dielectric loss vs. frequency and temperature in a 3D
representation for (a) Zn2Al-LDH; (b) Zn2Ga-LDHsamples.

The relaxation process has an unusual behavior with regard to the temperature
dependence of its mean relaxation rate. With increasing temperature, the maximum
of the dielectric loss shifts to higher frequencies, as expected. After reaching a cer-
tain temperature the maximum position of the dielectric loss moves down to lower
frequencies with further increase of temperature. The temperature dependence of the
relaxation rate is represented in Fig. 3.
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Fig. 3. Relaxation rate vs. reciprocal temperature for the samples: (a) Zn2Ga-LDH;
(b) Mg3Al-LDH; (c) Mg3Ga-LDH. The line is a fit of eq. (2) to the data.
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As already seen in the raw data f, increases with temperature up a maximum
value observed at T),..= 313 K for Zn2Al-LDH and 282 K for Zn2Ga-LDH. For
temperatures higher than T),.q., the frequency f, decreases with further increase of
temperature. This unusual temperature dependence of the relaxation rate should
be not predominately related to a loss of water. First, it is noted that Tj,q, is
essentially lower than the temperature found for the maximal loss of water. Secondly,
the dielectric strength Ae has a maximum with increasing the temperature in the
temperature range investigated (see Fig. 4). There are changes in the temperature
dependence of Ae around the melting point of bulk water and at Ti,.,. At high
temperatures a plateau level is observed. These changes might be related to different
structure of the confined water. This needs further investigations.
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Fig. 4. Dielectric strength Ae vs. temperature for Zn2Ga-LDH
(filled squares) and Mg3Ga-LDH (open up triangles) samples.

The relaxation rates of Mg containing LDH samples are also plotted versus 1/T
in Fig. 3 while the variation of the dielectric strength is given in Fig. 4. Like for
Zn containing LDH samples, the temperature dependence of the relaxation rates is
saddle-like with a maximum temperature of T;,., = 297 K. However, the dielectric
strength has higher values than for investigated Zn containing LDHs and no maximum
can be seen in the temperature dependence: Dielectric strength of Mg3AIl-LDH has a
small variation with the temperature (not shown here): It is only a slight change in
the temperature dependence of Ae. Based on the differences in relaxation strength
and in the pattern of the relaxation times, the structure of water involved in relaxation
differs, but it is still unclear how it does.

The whole temperature dependence of f, cannot be described by an Arrhenius
or Vogel/Fulcher/Tammann equations [41]; an adequate description of this unusual
non-monotonous dependence can be given by the Ryabov model [37] which was also
applied to describe water relaxation in the sodalite cages of faujasite and in other
systems (e.g. [38, 39, 49]). The saddle-like temperature dependence might be due to
the counterbalance of two competing processes: rotational fluctuations the molecules
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obeying the Arrhenius law ~ exp[FE, / (kgT)] (E, is the height of the potential
barrier and kg is the Boltzmann constant); in the vicinity of a selected water molecule,
a certain amount of free volume provided by a defect should be available for its
reorientation. The defect concentration varies exponentially with the temperature
~ Cexp|[— Eq/ (kgT)] (E4 is the energy of the defect formation and C' is the
inverse maximum of the defect concentration). C' determines mainly the value of the
relaxation rate at the maximum temperature. We have:

1 E, Ey
e e —_— - 2
27, T = Too €XP [k‘BT + Cexp < kBT)] (2)

Equation 2 was fitted to the temperature dependence of the relaxation rate of our
LDH samples. The estimated parameters are given in the Table 2 along with values
for related systems.

Table 2. Fit parameters of the Ryabov model to the investigated LDH samples

Sample E, Eq4 —log (Too[s]) | Max. number | References
[kJ/mol]| [kJ/mol] of defects
Mg3Al-LDH | 47.2 33.8 12.4 6.0 x 107 This work
Mg2Ga-LDH | 64.0 12.3 14 8.3 x 10%° This work
Zn2A1-LDH | 73.2 18.4 17.9 1 x10% [28], This work
Zn2Ga-LDH | 47.6 13.0 12.2 5.4 x 10*° [28], This work
NiAlMo* 97.7 14.2 20.6 10%° [39]
ZnAlMo* | 75.4 10.5 17.3 1.5 x 1020 [39]
AISBA-15 | 50.8 25.4 13.0 10%° [38]
NMSF 48.1 31.3 12.8 10'8 [38]
Porous glass | 55-42 39-30 13.5-12.1 | 10'6 —10'7 [37]

# LDH structure, molybdate ions in the interlayer.

The maximum number of defects per mole of adsorbed water is estimated in the
range from 10%° to 102! for these LDH materials. These values are a bit higher than
those found for water confined to nanoporous materials such as glasses, AISBA-15 or
nanoporous molecular sieves with foam-like structure. They are even higher compared
to that found in bulk ice (cited in ref. [39]). This might suggest that more defects
can be formed in water adsorbed in the layered oxide materials than in nanoporous
molecular sieves/glasses or in bulk ice. So in the layered oxide materials there are more
possibilities for defect formation than in the other confining systems. Spectroscopic
investigations have indeed shown the presence of some extra material in the interlayer
voids which might play the role of the defects [40] but this fact must be supported by
other studies as well.

There is a correlation between the value of the energy of defect formation F; and
the number of defects of the absorbed water structure: thus, for samples with a lower
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E; value the number of defects is higher. This seems to be reasonable, because the
lower is the energy of defect formation, the more defects can be formed.

The values found for the activation energy in the LDH materials are comparable
with those found for related materials (see Table 2). This might be due to confine-
ment effects of the inter galleries on the structure of embedded water which changes
the internal rotational barriers. It can be observed that —log 7., increases with the
activation energy F,.

The values of the activation energy E, (Table 2) are smaller than those found for
proton hopping between neighboring Al-sites in molecular sieves (89-126 kJ mol 1)
[42]. So these values might argue against a proton hopping mechanism. Moreover
the number of protons is very small in the case of present LDH-type materials and
therefore proton contribution to the dielectric loss is less probable.

The samples used for the dielectric measurements consist of pressed pellets. Then
the absolute values of the dielectric strength cannot be compared directly. It has been
then proposed [39] to compare the dielectric strength of the samples when normal-
ized to the value corresponding to the lowest (measured) temperature. However, it
become obvious from Figs. of above that no clear effect can be seen in such relative
representations, except Zn2Ga-LDH sample for which, the curvature of the temper-
ature dependence increases more than in the simple representation. The observed
behavior of the dielectric strength cannot be explained by considering the thickness
of the water layer as well, since the latter has similar values for all the investigated
samples. The interlayer distance is also comparable in all the investigated samples.
More experiments are thus necessary to elucidate this behavior.

A final point to be noted regards the real part o’ of the complex conductivity
of the samples, which seems to be rather high especially in the case of Al and Mg
containing samples, while Zn2Ga-LDH has the lowest conductivity among these sam-
ples (see Fig. 5). Conductivity depends on the temperature (concentration of charge
carriers) [41]b] and their mobility. Our samples behave as ionic conducting disordered
materials, which did not have the clear plateau on the low frequency side, due to a still
low temperature. Supposing the carrier mobility comparable for the studied samples,
it would result that the Zn2Ga-LDH sample has the smallest number of such carriers
and Mg3AIl-LDH, the highest number. In fact, the high concentration of counter ions
is responsible for the high electrode polarisation effects, which are particularly visible
on the low-frequency side.

As it was already mentioned [39], one key parameter to model the temperature
dependence of the relaxation times in the Ryabov model is the existence of defects.
However, as it was discussed as well in ref. [39], the question of the nature of the
defects in these and related systems is still open. In the case of the layered oxide
materials, the H bonds might involve in addition the oxygen atoms of interlayer
water or of the charge compensating ions. The interlayer composition and in turn the
composition of the sheets has then to play an important role as well.

The fit parameters can be thus used to evaluate the effects appeared in the studied
samples due to the additional OH groups or ions.
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Fig. 5. Real part of the conductivity o’ as function of the frequency for the samples:
(a) Mg3AI-LDH; (b) Zn2Ga-LDH. The temperature increases with the same steps from
bottom to top between 233 and 343 K, in both representations.

4. Conclusions

Layered double hydroxides containing Al or Ga as the trivalent ions and Mg or Zn
as bivalent ions were investigated by broadband dielectric spectroscopy in a wide tem-
perature range. Besides conduction effects at least a relaxation process was observed
which is assigned to the reorientational fluctuations of water molecules adsorbed on
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the oxide surface or in the interlayer voids. A non-monotonous temperature depen-
dence of the relaxation rates of this relaxation process has been found. A quantitative
description of this dependence was possible based on a model assuming two compet-
ing processes: rotational fluctuation of water molecules and formation of additional
defects. Reasonable values for the characteristic parameters were obtained.

It is found that the behavior water in the studied layered oxide with brucite
structure is similar to that observed for water in porous glasses and molecular sieves.
But the activation energy of the rotational fluctuation, the pre exponential factor and
the number of defects are higher whereas the value of the energy of defect formation is
lower in the layered oxide materials than for water confined to nanoporous molecular
sieves, porous glasses or in bulk ice.

Hydrogen bonds formed in the water might involve the oxygen atoms of the surface
hydroxyl groups or of the charge compensating ions.

The interlayer composition has then to play an important role in the rotational
dynamics of water as well.

The characteristic parameters resulted from the applied model can be used to
evaluate the effects appeared due to surface hydroxyl groups or interlayer ions.

The rather high dielectric response of LDH materials is due to the two charge
carriers, the water protons and the inter gallery ions.
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