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ABSTRACT

We report the temperature evolution of hydrogen bond (HB) chains and rings in Mns[(PO4),(PO3(OH)),](HOH)4 to reveal conduction
pathways based on difference Fourier maps with neutron- and synchrotron x-ray diffraction data. Localized proton dynamics for the five
distinct hydrogen sites were observed and identified in this study. Their temperature evaluation over ten orders of magnitude in time was
followed by means of quasielastic neutron scattering, dielectric spectroscopy, and ab initio molecular dynamics. Two out of the five hydrogen
sites are geometrically isolated and are not suitable for long-range proton conduction. Nevertheless, the detected dc conductivity points
to long-range charge transport at elevated temperatures, which occurs most likely (1) over H4-H4 sites between semihelical HB chains
(interchain-exchanges) and (2) by rotations of O1-H1 and site-exchanging H4-010-0O5 groups along each semihelical HB chain (intrachain-
exchanges). The latter dynamics freeze into a proton-glass state at low temperatures. Rotational and site-exchanging motions of HOH and
OH ligands seem to be facilitated by collective motions of framework polyhedra, which we detected by inelastic neutron scattering.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083856

I. INTRODUCTION

For exploring efficient and sustainable compounds for energy
storage and conversion in batteries and fuel cells, there is an eco-
logically and economically friendly approach to use the lightest
element hydrogen as the mobile species in electrochemical sys-
tems." Several proton conductors exhibiting high ionic conductivity
under ambient conditions have been proposed in recent studies.””
In particular, solid acids have been considered as promising proton
conductors’ ’ because they can enter a superprotonic state with an

ionic conductivity value of 107> S cm™ at room temperature.®
Among them, by considering high thermal stability and chem-
ical flexibility,"” phosphatic oxyhydroxide minerals can serve as
prototype matrices for conducting protons according to the con-
cept of dynamically disordered hydrogen bonds (DDHBs), where
charge transport proceeds via conducting protons of hydrogen
bonds (HBs), e.g., CsH,PO4'"!'" and KH,PO4.'>" Tt is, however,
rare to find related research that goes beyond time-averaged data
in order to explain the underlying proton conduction mecha-
nisms concretely. Furthermore, the concerted behavior of protons
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and its “host lattice” needs to be explained under several con-
ditions in order to understand and apply the complex mech-
anisms for charge transport via protons. The current study is
dedicated to quantitatively elucidate time and length scales of var-
ious proton motions over HB-chains and HB-rings in a manganese
phosphatic oxyhydroxide, Mns[ (PO4),(POsOH), ] (HOH), (space
group: C2/c; Z = 4) (denoted as Mn-hureaulite hereafter), based on
the successful synthesis and characterization of pure Mn-hureaulite
samples."’

Our recent neutron powder diffraction study of deuterated Mn-
hureaulite (Mns[(PO4)>(POs0D),](DOD)4) showed that pen-
tamers of edge-sharing [Mn(O, DOD)s] octahedra comprise com-
plex cross spin-canting configurations.!” Those Mn-pentamers are
connected to each other via P(O,0D), tetrahedra. As a result,
this octahedral-tetrahedral framework features a one-dimensional
8-membered ring (8MR) channel system running along the crys-
tallographic ¢ axis and cage-like pores with a small 4MR-opening,
as highlighted in Fig. 1. In the hureaulite-type compounds, pro-
tons are structurally bonded to the framework polyhedra as HOH
or OH ligand groups. When describing HBs in its deuterated form,
there are two facing D2-09-D3 groups to make a small HB ring in
the confined cage, while D1-O1 and D4-O10-D5 groups form one
pair of semihelical HB chains in each 8MR-channel. Their config-
urations give rise to several possible pathways for site-exchanging
protons, as shown in Fig. 2: rotations and site-exchanges at O1-
D1, D4-010-05, and D2-09-D3 [Figs. 2(a) and 2(d)]; intrachain-
exchanges between O1-D1 and D4-010-O5 groups [Fig. 2(a)]; and
interchain-exchanges via D4-D4, D5-D5, and D4-D5 between two
semihelical chains [Figs. 2(a)-2(c)]. The dynamic disorder of pro-
tons over such sites and routes represents an interesting object
for both experimental and theoretical studies of complex proton
behaviors.”' " Furthermore, according to Baranov,’ hureaulite
shows a high theoretical intrinsic charge carrier concentration
of Np=2.629 x 10> protons per cm’, exceeding the boundary
value Ny, jimit = 108 protons cm™ between high and low proton
mobility.”* This motivated us to resolve a consistent picture of
charge transport via protons over the DDHBs in this complex sys-
tem by diffraction and spectroscopy tools in combination with
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FIG. 1. Structure of deuterated Mn-
hureaulite at 12 K'* with emphasis on the
HB system. The octahedral-tetrahedral
framework, built out of Mn(DO, DOD)g
(pink) and P(O, OD)4 (green), features
one-dimensional 8MR-channels running
along the c axis. Each channel contains
an enantiomorphic pair of semihelical
HB chains (large red circle). In addition,
there are small HB rings in cage-like
pores (small red circle). Mn, P, O, and D
atoms are illustrated in pink, green, pale
gray, and blue, respectively, along with
HBs highlighted by broken lines in black.

density functional theory (DFT) based ab initio molecular dynamics
(AIMD) simulations performed with the CP2K code, as described
below.

Il. METHODS
A. X-ray single crystal diffraction (XSD)

X-ray single crystal diffraction (XSD) was applied to monitor
the response of the framework of Mn-hureaulite to temperature
changes. For this purpose, single crystals of the title compound
were obtained via hydrothermal synthesis, as described in the pre-
vious study.' Each crystal sample with a size of 10 x 20 x 100 ym’
was selected and attached to silica glass wires using a double-
component adhesive and alumina paste for low-temperature (LT)
and high-temperature (HT) XSD, respectively.

A series of LT-XSD was performed between 100 and 295 K on a
four-circle « single crystal diffractometer (Gemini A Ultra) equipped
with a 2D charge-coupled detector (135 mm active area diameter,
Atlas) from Rigaku-Oxford Diffraction. LT-XSD data collection was
carried out with (MoKa:) radiation [graphite (002) monochroma-
tor] in a crystal-to-detector distance of 60 mm with a step size of
A(¢) = 1°. The temperatures were controlled using an open nitro-
gen cryostat (Cryojet 02, Oxford Instruments) (AT < +0.1 K). Data
collection and reduction were performed using the software package
CrysAlisPro.”> Absorption corrections were done using the SCALE3
ASPACK scaling algorithm implemented in CrysAlisPro.

HT-XSD was conducted at the experimental station P24 at the
synchrotron radiation source PETRA III at Deutsches Elektronen-
Synchrotron (DESY). HT-XSD datasets were collected between 300
and 500 K every 50 K in sequence at elevated temperatures on a
four-circle « single crystal diffractometer using a wavelength of A
=0.49594 A [Si(111) monochromator]. The temperatures were set
via a nitrogen gas stream heater. All HT-XSD data were acquired
on a 2D Pilatus detector (CdTe 1M) with a crystal-detector distance
of 60 mm in w/¢ scans having a scan width of 1.0°. Raw HT-XSD
data were converted to the CCD format of Atlas for integration
and reduction processes using CrysAlisPro. Further experimen-
tal parameters and details on refinements of LT- and HT-XSD
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FIG. 2. Representative sections of HBs in Mn-hureaulite (deuterated): (a) a pair of two HB chains projected on the (b) and (c) plane; (b) through the 8MR-channel opening;
(c) projected on the (a)-(c) plane; and (d) a HB-ring of two D2-09-D3 groups located within small 4MR cages. There are several possible routes for locally limited, rotational
site-exchange (in blue), as well as inter- and intrachain exchanging motions (in red): (1) rotating O1-D1 group along the HB chain; (2) local rotation of D4 and D5 in a
D4-010-D5 group; (3) rotation of D2 and D3 in a D2-09-D3 group; (4) interchain exchange of D4 and D4 between semihelical HB chains; (5) interchain exchange of D5 and
D5 between two semihelical HB chains; (6) interchain motion cross over D4 and D5; (7) long-range proton dynamics over D4-D4 pairs; and (8) hopping motions between

two D2-09-D3 groups.

conducted in this study are given with agreement factors in Secs. A
and B of the supplementary material.

Structure refinements with XSD data were carried out by the
least-squares method against the squared structure factor (F*) with
an option of difference Fourier (AF) synthesis, implemented in
the Jana2006 program.’® An initial starting model delivered by
Rietveld analyses using high-resolution neutron powder diffraction
(HRNPD) data at room temperature in our previous study'* was
used for structure refinements with LT- and HT-XSD datasets col-
lected at room temperature. The refined models were used as the
successive starting models for further analyses with LT- and HT-
XSD data. For each structure refinements, all atomic sites were
fixed to be fully occupied because of high correlations between
occupancy and atomic displacement parameters (ADPs), in addi-
tion to the low x-ray scattering power of light elements. All atomic

parameters, including anisotropic atomic displacement parameters
(ADPs) at Mn, P, and O sites, as well as isotropic ADPs at five
independent H sites, could be refined simultaneously without high
correlations (<0.9). The refined atomic parameters are given in Sec.
C of the supplementary material along with the obtained interatomic
distances and angles in HBs.

B. High-resolution neutron powder diffraction
(HRNPD)

We used HRNPD to determine the positions and ADPs of light
elements accurately. These experiments have been performed on
deuterated Mn-hureaulite because of the pronounced coherent neu-
tron scattering cross section of deuterium (D) in contrast to the
huge incoherent neutron scattering cross section of hydrogen (H).
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TABLE |. Experimental and refinement parameters of HRNPD probed on deuterated Mn-hureaulite. The applied R factors
are mathematically expressed in Sec. B of the supplementary material.

Refinement parameters 150 K 250K 350 K 400K
a(A) 17.58270(19) 17.605 82(16) 17.6417(2) 17.656 9(2)
b (A) 9.12138(12) 9.129 56(9) 9.14943(13)  9.15958(14)
c(A) 9.49271(11) 9.49508(9)  9.50268(11)  9.50595(11)
B(°) 96.4215(7) 96.449 1(4) 96.4807(8)  96.4912(9)
V (A% 1512.88(3) 1516.52(3) 1524.04(3) 1527.54(3)
Number of model atoms 20 20 20 20
Number of refined parameters 150 156 156 229

R factors (%)

R [reflections with I > 30(I)] 1.59 1.42 1.47 1.26
wR2 [reflections with I > 30(I)] 2.00 1.72 1.86 1.58
Profile R factors (%)

GoF 1.69 1.57 1.66 1.72

Rp 2.34 2.05 1.91 1.64
wRp 2.97 2.57 241 2.07

Variable-temperature HRNPD datasets allowed us to differentiate
between dynamic and static disorders. Furthermore, the pathways
possible for the protonic conductivity can be estimated by inspect-
ing the residual densities of coherent neutron scattering length
distribution of D in AF maps.

For HRNPD, 1.8 g of deuterated Mn-hureaulite powder was
air-tightly closed in a vanadium can (#f = 12 mm). HRNPD datasets
were collected on the instrument HRPT at SINQ, PSI, Switzerland,
using A = 1.494 A with the medium resolution setup at 150, 250, 350,
and 400 K, subsequently.

T T T T T T T T
T=400K O Yobs
= Yeale
= Yobs-Yeale
I Reflection position

Rup =2.12 7
GoF =1.75

Intensity (a. u.)
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FIG. 3. Representative Rietveld refinement of HRNPD data of deuterated Mn-
hureaulite at 400 K with agreement factors. The calculated profile (black line) is
well matched to the observed one (red circles), as shown by their low difference
profile (blue line). Short bars indicate Bragg reflection positions expected for the
atomic structure of Mn-hureaulite in the space group C2/c.

Rietveld calculations were executed using the program package
Jana2006. The background was fitted with a Legendre polynomial of
36 terms. Profile parameters were described by Pseudo-Voigt func-
tion, including a preferred orientation of the 110 reflection via the
March-Dollase approach.

Large ADPs can result from the depletion of atoms away from
their equilibrium sites not only due to dynamic disorder but also due
to partial occupation. Hence, to prevent high correlations between
occupancy and APD parameters, all atomic parameters were refined
with full occupations at all atomic sites. Under this condition, all five
unique D sites could be refined simultaneously with their anisotropic
ADPs at all measuring temperatures. ADPs of O, P, and Mn atoms
at 150 and 250 K were refined direction-independently only, while
those of O and P at 350 K could be refined anisotropically. At 400 K,
ADPs of the entire atoms, including Mn sites, could be determined
anisotropically without high correlations with good agreement fac-
tors (Table I; Fig. 3). All atomic parameters refined with HRNPD
datasets are found in Sec. D.1 of the supplementary material. The
resulting interatomic distances and angles of HBs are given in
Table II.

C. Neutron spectroscopy

Quasielastic neutron scattering (QENS) was performed to mea-
sure the characteristic time and length scales of both local and
diffusional motions. Inelastic neutron scattering (INS) was used to
obtain the lattice dynamics. QENS and INS data acquisitions were
carried out on the time-of-flight spectrometer, FOCUS at SINQ
(PSI) with a sample of 0.802(1) g powdered Mn-hureaulite, enclosed
in a hollow cylindrical Al sample can. The sample was protonated
in order to emphasize the mobile hydrogen atoms of OH and HOH
groups via the large incoherent neuron scattering length. For mea-
surements up to 510 K, 1 = 6 A was used with an energy resolution
of 45 ueV.
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TABLE II. Interatomic distances and angles of hydrogen bonds analyzed by HRNPD of deuterated Mn-hureaulite from 150 to 400 K.

HRNPD Donor Op D site Acceptor Oy d(D-Op) (A) d(D--- 04) (A) d(0p-04) (A) 2(0Op-D--- 04) (°)
150 K o1 D1 08 1.001(4) 1.581(4) 2.581(4) 176.7(4)
09 D2 03 0.963(5) 1.871(5) 2.771(5) 154.4(4)
09 D3 03 0.989(5) 1.684(5) 2.653(5) 165.5(4)
010 D4 01 0.965(5) 1.838(5) 2.723(5) 151.2(4)
010 D5 08 0.985(5) 1.749(5) 2.707(5) 163.1(4)
250 K o1 DI 08 1.007(4) 1.602(4) 2.608(4) 175.9(4)
09 D2 03 0.956(5) 1.893(5) 2.781(5) 153.4(3)
09 D3 03 0.980(5) 1.694(5) 2.656(5) 166.1(4)
010 D4 o1 0.970(6) 1.848(5) 2.739(5) 151.3(4)
010 D5 08 0.981(6) 1.761(5) 2.714(5) 163.0(4)
350 K 01 D1 08 1.006(5) 1.618(4) 2.621(4) 174.4(4)
09 D2 03 0.970(5) 1.907(5) 2.806(5) 153.0(4)
09 D3 03 0.976(5) 1.707(5) 2.664(5) 165.9(4)
010 D4 o1 0.965(6) 1.871(6) 2.754(6) 151.0(5)
010 D5 08 0.988(6) 1.762(6) 2.721(6) 162.7(4)
400K o1 DI 08 0.987(5) 1.632(5) 2.615(5) 173.1(5)
09 D2 03 0.965(6) 1.923(6) 2.814(6) 152.4(4)
09 D3 03 0.958(6) 1.722(6) 2.662(6) 166.5(4)
010 D4 01 0.973(7) 1.863(8) 2.750(7) 150.1(6)
010 D5 08 0.976(8) 1.790(7) 2.740(6) 163.6(5)

Data treatment and analysis was done with the DAVE soft-
ware.”” In the paramagnetic state of Mn-hureaulite above 6.17 K,
the magnetic QENS signal showed no significant temperature-
dependence. Additional QENS signal with comparable intensity
appeared above 250 K. Therefore, the 250 K measurement was
used as background. The observed QENS signals are given in the
supplementary material (Fig. E.1), where the paramagnetic con-
tribution (and the background) is subtracted using the 250 K
data.

A fixed window scan (FWS) between 2 and 483 K was per-
formed on the high-resolution backscattering spectrometer IN16B at
ILL, France, using A = 6.271 A with an energy resolution of 0.75 yeV.
Simultaneously, inelastic fixed window scan (IFWS) was recorded
with the offset energy of 3 yeV, where the contribution from elastic
scattering was small enough. FWS and IFWS data were alternately
collected during heating with a rate of 1 K/min (see Sec. F of the
supplementary material). The data treatment was performed accord-
ing to the instrument standard software Mantid.

D. Dielectric spectroscopy (DS)

Dielectric spectroscopy (DS) allows us to probe time scales for
changing orientations and dislocations of charge carriers. The mea-
sured real part of the capacitance and the conductance allows us to
evaluate the dielectric properties, such as the respective real part of
the dielectric constant ¢” and conductivity o’

For DS studies, powder samples of both protonated and deuter-
ated Mn-hureaulite were pressed into compact pellets, and then
their top and bottom sides were coated with conductive silver paste.
“Low frequency” (LF) dielectric spectra were acquired between

1 Hz and up to several MHz using a frequency response analyzer
(Novocontrol Alpha analyzer). Additional data acquisitions in the
“high frequency” (HF) range between 1 MHz and 3 GHz were per-
formed employing an impedance analyzer (Keysight E4991B). For
this reflectometric technique,”® the sample was placed at the end of
a coaxial line so that it bridged the inner and outer conductor. The
temperature in the sample cell was controlled using a continuous
flow N,-gas cryostat (Novocontrol Quatro).

For the correction of ¢ (T), an additive factor was applied in
the low-temperature (LT) region (T < 200 K) of the HF data col-
lected with the coaxial technique. The LF spectra were scaled with
respect to the HF data due to stray capacitance effects and para-
sitic capacitance from the geometry of the setup in the frequency
response analysis.

E. Ab initio molecular dynamics (AIMD) simulations

The complex, distorted framework polyhedral units and the
particular proton sites in Mn-hureaulite made it insufficient to
apply molecular dynamics (MD) calculations based on predefined
interatomic potentials (force fields). In addition, the impact of
the antiferromagnetic sublattice formed by the Mn atoms can-
not be captured by a force field approach. Thus, AIMD calcula-
tions were executed for this system, where the forces acting on
the atoms were calculated based on first principles.”” We took
advantage of the efficient implementation of Born-Oppenheimer
AIMD within the program package CP2K.’° Its DFT module
QUICKSTEP’" employs a mixed Gaussian and plane wave basis
set. The scalar-relativistic, norm-conserving pseudopotentials of
Goedecker-Teter-Hutter (GTH)™ ** for Mn (3s* 3p° 3d° 4s%),
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P (3s% 3p°), and O (2s* 2p°) were used to avoid an explicit consider-
ation of the core electrons. Unless otherwise stated, we employed the
short-range double-zeta Gaussian (MOLOPT) basis sets with one
set of polarization functions (DZVP-SR)* that were optimized for
the GTH pseudopotentials. All calculations were performed with the
spin-polarized implementation of the Perdew, Burke, and Ernzerhof
(PBE) exchange-correlation functional.’® The empirical dispersion
correction DFT-D3 of Grimme et al.”” for PBE was applied for an
improved description of the van der Waals interactions. An elec-
tronic density cutoff of 600 Ry and the orbital transformation (OT)
method for self-consistent field (SCF) calculations with a conver-
gence threshold of 3 x 10~ for the wave function gradient were used
in all calculations.

In sum, these computational parameters usually showed good
agreement with experiment. Indeed, the optimized structure corre-
sponded well to those refined with HRNPD data (+0.3%). Structural
relaxations and bandgap calculations at 0 K for a single (1 x 1 x 1)
Mn-hureaulite unit cell (156 atoms) with a I'-centered 4 x 8 x 8 k-
point mesh using the VASP code version 5.4.4""" agreed well with
the corresponding CP2K results fora 1 x 2 x 2 supercell (624 atoms).
Further technical details about the Mn-hureaulite simulations can be
found in Sec. G of the supplementary material.

A 1 x 2 x 2 supercell of the Mn-hureaulite system was initially
equilibrated for at least 10 ps within the isobaric-isothermal NpT
ensemble at the pressure 1 bar and at three temperatures, 300, 350,
and 400 K. The average cell parameters of the last 8 ps from the NpT
MD trajectories were then used for the thermalization runs within
the canonical ensemble (NVT). Finally, MD runs within the micro-
canonical ensemble (NVE) were performed, which are free of any
bias or frequency coupling from a barostat or thermostat. The energy
drift along the NVE trajectories was fairly small («1 K/atom), indi-
cating a very good quality of these MD runs. The corresponding
average temperatures of these NVE MD runs were 301, 379, and
511 K. The MD runs at 300 K were sampled with a time step of
0.5 fs, whereas the MD runs at the higher temperatures required a
shorter time step of 0.4 fs. The program TRAVIS™*' was used for
the post-processing of the MD trajectories. The vector-meson dom-
inance (VMD) Molecular Graphics Viewer helped for visualization
purposes.*?

The density of states (DOS) for each characteristic pro-
ton site could be derived by the Fourier transform of the
time dependent velocity-velocity autocorrelation function of the
corresponding AIMD trajectories.””** In comparison to simu-
lated Raman modes, this approach took anharmonic effects into
account and helped to explain proton-site-dependent contribu-
tions to generalized density of states (GVDOS) delivered from INS
techniques.

Ill. RESULTS AND DISCUSSION

A. Structural response to temperature, observed
in diffraction studies

1. Thermal responses of the framework

The temperature dependence of the unit cell parameters reveals
strongly anisotropic thermal expansion, which is along the crys-
tallographic ¢ axis distinctively smaller than in the a and b direc-
tions [see the supplementary material, Figs. D.2(a)-D.2(c)]. This
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means that the one-dimensional channels running parallel to the
¢ axis are widened in the (a) and (b) plane, ie., perpendicu-
lar to the semihelical HB chains [see Fig. D.2(e) in Sec. D.3 of
the supplementary material]. As a result, at elevated temperatures,
the framework of Mn-hureaulite favors its OH and HOH ligand
groups readily mobile toward the channel system. This promotes
a distortion of the HB geometry, which can directly impact the
long-range and local proton dynamics, e.g., the site-exchanging
processes over Ol-H1 and H4-010-OHS5 ligands within the
8MR-channel.

The eigenvalues U; of anisotropic ADPs refined with XSD data
(see Sec. C.1 of the supplementary material) show large values at
the oxygen sites, particularly for those of H4-010-H5, O1-H1, and
H2-09-H3 groups. More interestingly, at elevated temperatures,
Us values of all framework atoms distinctly enlarge in contrast to
U: and U; values (Fig. D.1 of the supplementary material). For
instances, the “double” acceptor site O10 of the H4-O10-H5 group
within the semihelical HB chain shows Us being 2.8 times larger
than U, at 500 K. In contrast, another “double” acceptor site O9
of the H2-O9-H3 HB within the small cage shows much smaller
ADP eigenvalues in comparison to O10. These observations indi-
cate dynamic disorder profoundly occurring over the semihelical HB
chains.

The thermal response of the entire Mn-hureaulite framework
can be discussed with AF maps evaluated with XSD data: Once
AF maps are generated with all atomic sites refined but without
H atoms, positive electron density peaks are accumulated at the
expected H atom sites below 250 K but smeared out around the
semihelical HB-chains at 300 K (Fig. C.1 of the supplementary
material). They become more diffuse at elevated temperatures,
reflecting the DDHB chains for proton dynamic disorder. At the
same time, diffuse and positive AF densities are observed around
the framework polyhedra, as well. This can be explained by superim-
posed anharmonic ADP terms of Mn, P, and O atoms, which may be
a sign for their collective motions remarkably enhanced at T > 300
K (Fig. C.1). This reminds us of a redistribution of electron den-
sity residuals for fast rotating polyhedra in the superionic conductor
y-Na3PS4,"” where strong electron density residuals were attributed
to several possible oxygen positions around the tetrahedrally coor-
dinated phosphorous cations. At T > 300 K, the electron density
residual around the HB-ring within small cages in Mn-hureaulite
increasingly redistributes, i.e., from O9 of H2-O9-H3 [related to
Type 3 in Fig. 2(d)] toward the opposite oxygen site O3 [related to
Type 8 in Fig. 2(d)].

In the following, we trace motions of deuterium atoms (D)
occupying five independent sites in the deuterated Mn-hureaulite
structure by means of their temperature-dependent ADP eigenval-
ues accurately determined by Rietveld analyses of the HRNPD data.
When comparing these values between 150 and 400 K (Fig. 4), sev-
eral site- and direction-dependent changes of ADPs are obvious,
such as:

(1) Us > U, > U, is valid for all D sites. The commonly strong
increase of their Us at elevated temperatures points a strong
dynamic disorder of HBs along the ¢ direction.

(2) At250K, Us(D4) and Us(Ds) are larger than Us at the rest
D sites, pointing re-orientations within a D4-O10-D5 group
(see Type 2 in Fig. 2(a)].
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FIG. 4. Comparisons of temperature-dependent eigenvalues of anisotropic APDs at five independent deuterium sites, obtained from HRNPD data of deuterated Mn-

hureaulite.

(3) At350K, Us(Ds) is dramatically enlarged, accompanied by
an increasing Us(Ds), as well as U»(Ds) and U3(Dy). This
is an important sign for the onset of intrachain-exchanges
over D1 and D4 and maybe also for the onset of interchain-
exchanges over D4 and D5 [Types 1, 4, and 5, respectively, in
Fig. 2(a)].

(4) In addition, Us(D,) increases obviously from 350 to 400 K
along with Us(D3), indicating re-orientations within a D2-
09-D3 group confined in a 4MR-cage and/or the onset of
inter-ring-exchanges of a pair of D2-09-D3 groups. Their
motions are connected with Type 3 and Type 8 in Fig. 2(d),
respectively.

(5) Us(Dys) solely keeps profoundly increasing up to 400 K. This
corresponds to the site-exchange in Type 4 but also is a hint
for high dynamic disorder over D4 sites in an extended path,
e.g., Type 7 in Figs. 2(a) and 2(b).

2. DDHBs in Mn-hureaulite

XSD probes the electron density of the polarized hydrogen
bond and not the nuclear position. Thus, the resulting interatomic
distances in HBs are underestimated (see Sec. C.2 of the supple-
mentary material). For this reason, the role of DDHBs for charge
transport properties in the title compound is discussed based on the
results from HRNPD data analyses. These showed that, from 150 to
400 K, the distance d(D-O4) between deuterium (D) and the oxygen
acceptor (O4) increases (Table IT). At the same time, the HB angles
2(Op—=D--- O,) slightly decrease with the temperature at D5
< D4 < D3 < D2 < DI. Overall, according to T-dependent HB-
lengths and HB-angles, the HBs in Mn-hureaulite correspond to
moderate HB strengths and remain stable up to the first dehydration
at 538 K.!*

AF maps evaluated with HRNPD data revealed diffuse elastic
neutron scattering length densities at 350 and 400 K (Fig. 5; Figs.
D.3 and D.4 of the supplementary material). Their maximal inten-
sities are found at seven sites (labeled as X1, ..., X7), as shown in
Fig. 5(e). These new sites are suitable for deuterium atoms. On the
other hand, negative contours at the five independent D sites in AF
maps are indicative for a depletion of deuterium atoms. Indeed, as
their site occupancy parameters were refined without constraints, we
obtained 0.96 at D4 and 0.98 at the other D sites. These observations
are regarded as a result from dynamic disorder rather than static dis-
order because at elevated temperatures diffuse streaks became more

obviously between those new sites (X1, . .., X7) and the equilibrium
D sites [Fig. 5(c)]. Hence, these seven X sites could be connected
with the possible types of DDHBs (Fig. 2), as follows:

(1) X1 at (0.5, 0, 0) is located in the middle of the 8MR-channel
between two D4 sites in an equal distance of d(X1-D4)
= 1.54 A. X1 is a cross-over point between each HB-chain
pair and hence can be associated with the motion Type 7
[Figs. 2(a) and 2(b)].

(2) X2 at (0.5, 0.5205, 0.0779) is distanced about 1.368 and
1.384 A from D1 and D4, respectively. X4 at (0.4637, 0.1562,
0) is located 1.584 A away from DI and 1.849 A from D4.
Hence, X2 and X4 can be connected to dynamic disorder
between D1 and D4. X3 at (0.5470, 0.1562, 0) is 0.770 A close
to D1 and 1.359 A to D4. X3 reflects librations or rotations at
D1 (Type 1). The largest angle change < (01 -D1--- O8)
= 3.6° agrees with the geometrically flexible O1-D1 group
against those containing double acceptor D4-010-D5 and
D1-09-D3 groups, facilitating intrachain-exchanging pro-
cesses over D1 [Fig. 2(a)]. Diffuse intensities centered at X2,
X3, and X4 indicate intrachain DDHBs over D1 and D4 sites.

(3) X5 at (0.5, 0.0182, 0.3802) may reflect the site-exchanging
process between D4 and D5 within a D4-O10-D5 group with
the respective distance 0.847 A to D4, 1.420 A to 010, and
1.712 A to D5. This can be assigned to motion Type 2 in
Fig. 2.

(4) X6 at (0.5, 0.792, 0.25) is centered between two D4 of the
semihelical HB pair [Figs. D3(a) and D3(c)]. Similarly, X7
at (0.5, 0.850, 0.75) lies between two D5 sites of the semihe-
lical HB pair [Figs. D.3(b) and (d)]. X6 and X7 correspond
to the respective interchain-exchanging process via D4-D4
(Type 4) and via D5-D5 (Type 5). X6 and X7 are connected
by diffuse streaks of which the center is located at (0.5, 0.0380,
0.25) in a distance of 1.346 A to all D4 and D5 sites. This a
strong hint of an interchain-exchanging process via DDHBs
involving D4 and D5 (Type 6, Fig. 2).

In addition, AF maps show three maxima found within 4MR-
ring cages: Z1 at (0.25, 0.7116, 0.5381) is located between two
D2-09-D3 groups [Fig. 5(f)], and its peak intensity clearly increases
from 350 K [Fig. 5(b)] to 400 K [Fig. 5(d)]. Interestingly, the related
inter-ring-exchanging process seems to occur via another site Z3 at
(0.25, 0.7658, 0.6052) near D2 and O3, forming the dynamic route
D3-Z1-Z3-D2. This is related to high electron density residuals near
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FIG. 5. AF maps of the Mn-hureaulite unit cell evaluated with HRNPD data at 350 K (a) and (b) and 400 K (c) and (d). AF slices are drawn for x = 0.5 from section (0 < x
<1.0;0.7<y<13;-0.1 <z<1.1)](a), (c), and (e)] and for x = 0.25 from section (0.1 < x < 0.4; 0.5 <y < 1.0; 0.3 <z < 0.7) [(b), (d), and (f)]. Positive densities are
contoured by black lines and highlighted in blue, while negative densities are indicated by dotted lines. To guide the eyes, oxygen (light gray) and deuterium (blue) atoms in
01-D1, D2-09-D3, and D4-010-D5 groups are indicated. Diffuse elastic neutron scattering length densities are centered at seven possible deuterium sites (labeled as X1,
..., X7). As a result, several new HBs (broken lines) are rendered along the original semihelical HB chains highlighted in light and dark blue lines in (e) and (f).

03 in AF maps evaluated with XSD above 300 K. Hence, Z1 and Z3
can be related to inter-ring-exchanges (Type 8). Z2 at (0.25, 0.6646,
0.4779) [Fig. 5(f)] originates from dynamic disorder between D2 and
D3 of a D2-09-D3 group (Type 3 in Fig. 2) and is associated with
high electron density residuals around O9 in AF maps evaluated with
XSD data (Fig. C.1).

The current neutron diffraction studies could resolve several
new HBs of (X --- O --- X) in Fig. 5(¢) and (Z --- O --- Z) in

Fig. 5(f), allowing to trace its DDHB-chains and DDHB-rings. These
are significantly distorted with respect to the original HBs of Mn-
hureaulite, as demonstrated by blue lines in Fig. 6(a). The new HBs
feature no distinct sides of acceptor and donor oxygens for the pres-
ence of vivid DDHBs. The consequent distortion of DDHBs in this
phosphatic oxyhydroxide framework is associated with a lowering in
HB strengths and, more importantly, to the shortened distances for
charge carriers (D), particularly between the semihelical HB chains,
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FIG. 6. Representative sections of semihelical HBs in deuterated Mn-hureaulite. The distortion of semihelical HB chain pairs highlighted by pale and dark blue lines can be
realized in the presence of the new sites X1-X7 (a) and that of HB rings with Z1-Z3 (b). These rearrangements of HBs are due to DDHBs, by which new HBs connect to
each other across the semihelical chain pair, as well as across the HB ring, indicated by thick red lines.

as highlighted by a red line in Fig. 6(a). This corresponds to the
longest charge transport path across the semihelical HB-chain pair
via D4-X1-D4 (Type 7), clearly seen through the 8MR pore opening
[see Fig. D.4(c) of the supplementary material]. The neutron scatter-
ing density distribution around X1 is hardly recognizable at 350 K
[Fig. D.4(a)], but quite obvious at 400 K [Fig. D.4(b)]. Hence, long-
range charge transport may be realized once interchain-exchanging
processes over the path D4-X1-D4 are thermally activated
near 400 K.

The time scales of complex proton motions in Mn-hureaulite
could be differentiated by QENS and DS, as described in
Secs. 111 B and 11T C.

B. Fast proton motions seen in neutron spectroscopy

We observe quasielastic neutron scattering at FOCUS (AE
=45 peV) down to the lowest measurement temperature. The QENS
signal barely changes below 250 K and can be assigned to paramag-
netic scattering. Additional QENS intensity is observed at 300 and
at 510 K, but surprisingly not in between (the data at 350 and 400 K
are practically the same as those at 250 K). Figure E.1 of the sup-
plementary material shows the difference spectra for the different
temperatures. Based on these observations, we propose to elimi-
nate the paramagnetic QENS signal by using the 250 K data as
background. Detailed analysis reveals that at 300 K the QENS sig-
nal comes from water diffusion, presumably from surface-adsorbed
water (see Sec. F of the supplementary material). At 350 K, the water
diffusion is so fast that the broad QENS signal was not detected
anymore. In the following, we focus on the QENS signal at 510 K,
which can be associated with structural protons in Mn-hureaulite.
The QENS spectrum at 510 K could be fitted with one Lorentzian
function (Fig. 7),

I(Q,(U) = {Aelastic(Q) 6(hw) +AQENS(Q) L(Q’ CU)} ® R(Q, w). (1)

The elastic line, Aepsic(Q)0(hw), has negative intensity because
the more static state at 250 K resulted in an over-subtraction. The

amplitude Aqgens(Q) incorporates both the structure factor of the
mobile species and the intensity reduction at elevated temperatures
due to thermal vibrations (Debye-Waller factor). The model func-
tion was convoluted with the resolution function measured by a
vanadium standard, R(Q, w).

3 [

(W) - l2s0k(W)
3

-100 -

-120 -
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Energy (meV)

FIG. 7. Observed (+) and fitted (blue line) QENS spectra at 510 K for one rep-
resentative Q-group. Their difference is shown at the bottom. Localized motions
were described using one Lorentzian function (blue line).
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The linewidth is Q-independent (I' ~ 0.08 meV), and there-
fore, the QENS signal can be assigned to localized proton motions.
Unfortunately, the Bragg peaks, the paramagnetic QENS contribu-
tion, and the small spectral weight of the localized motion hindered
reliable evaluation of the elastic incoherent structure factor (EISF),
which is commonly used to find the geometry of the motion. There-
fore, we have performed a measurement at the IN16 backscattering
spectrometer, which has a significantly better energy resolution
(AE =1 peV).

The inelastic fixed window scan (IFWS) integrated with respect
to Q (Fig. 8) exhibits one weak peak at Trmax = 261 K, which was
assigned to the surface-adsorbed water. In addition, the IFWS shows
a strong peak at Trmax = 399 K, which is Q-independent apart of the
intensity (see Sec. F of the supplementary material), reinforcing that
this relaxation stems from intrinsic local motions. The onset tem-
perature for the local dynamics is close to 300 K, but still present at
the highest measuring temperature of 483 K. Accordingly, this local
dynamic process is the same as the one measured at 510 K at FOCUS
(Fig. 7).

The Q-integrated IFWS spectra were fitted to obtain the
relaxation time as a function of temperature according to
Frick et al.,*®

Iirws(T) = C + Apy Ly (T3 T (T))
+ AlocLloc(T> rloc(T))’ (2)

where I'(T) is the width of the Lorentzian function [see, e.g., Eq. (1)],
and C is a constant background. The peak intensity is related to
the number of protons participating in the motion. We note that
this model is only a crude approximation for the water diffusion

" 261K 399K
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FIG. 8. IFWS data fit using a linear background and the Arrhenius relation for both
observed relaxations. Their peak temperatures are highlighted by the gray dashed
lines. jrys data were summed over the measured Q-range.
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with Q-dependent I, (T), but it can satisfactorily reproduce the
bump caused by the surface water. Using a simple Arrhenius-type
model, we obtain I';,.(T = 510 K) = 0.070(2) meV, which is in rea-
sonably good agreement with the value from FOCUS (~0.08 meV).
The corresponding relaxation time is 110(17) ps at 399 K. The
activation energy was found to be E, = 0.390(4) eV for the local
dynamics.

Fixing [},.(T) to the above-obtained Arrhenius function, the
measurement statistics of the IFWS allowed a Q-dependent fit with
the simplified expression [Eq. (3)], where the surface water contri-
bution was hidden by the statistical fluctuations, and so it could be
neglected,

7(T)

1+ wo?7(T)?’ 3)

Irws(Q, T) o< %Al (Q)

where A;(Q) is the temperature-independent inelastic incoherent
structure factor (IISF)*’ and W = 3 peV is the energy offset of the
IFWS. The Debye-Waller factor B did not change significantly in the
limited temperature range of the IFWS peak. The simplest model
for the local diffusion process, which complies with the previous
structural observations, is the two-site jump model,*

A1Q) = 5(1-jo(Qd), @

where we have approximated the first order Bessel function with
jo(Qd) = sin(Qd)/(Qd). A1(Q) was fitted well (Fig. 9) for a parti-
cle motion between two positions separated by the jump distance d
=1.70(7) A (Fig. 9).

0.5
*
04 4 d=1.70(7)A $ =
4%
0.3 - r
.
— [)
<
0.2 r
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IFWS data fit —e—
Fitted two-site jump model
o Two-site jump model withd=1.2 A
T T T T
0 0.5 1 1.5 2 2.5

Q (&)

FIG. 9. Fitted quasielastic incoherent structure factor A; obtained from IFWS
Arrhenius fits of the local relaxation peak. Black dots represent the A values taken
into consideration in the two-site model fit, which resulted in a jump distance of
1.70(7) A. The corresponding fit (A; = 0.337(15) x [1 —jo(Q x 1.7)]) is drawn
in blue. For comparison, the gray, dashed line gives the two-site model function
with d = 1.2 A, a typical proton-to-proton-donor distance (see Table I1).
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These local hydrogen motions can be assigned to specific
proton sites in Mn-hureaulite. We elaborate first the number of
participating H atoms based on the IISF,

Tnobite _ IQENS
Lnovite + Ltatic A1 (IQENS + Ielastic)

®)

The mean value for A; was calculated by integration of
Eq. (4) over 0.55< Q< 1.45 A™'. We find ILopite/ (Inopite + Lstatic)
~ 0.4, which means that two out of the five different protons are par-
ticipating in this localized motion. Most obviously, a site exchange
could happen within an H-O-H group. Nevertheless, we have exam-
ined all possible jump distances, including interstitial positions. The
direct distance 1.633(8) A between D4 and D5 in a D4-010-D5
group and 1.577(6) A between D2 and D3 in D2-09-D3 at 400 K
(Table II) is comparable to the jump distance of 1.70(7) A (Fig. 9).
Considering that the APDs at D4 and D5 sites are much larger than
those at D2 and D3 in the relevant temperature range (Fig. 4 and
insights from simulations, Sec. III D), the site-exchanging proton
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pair within H4-O10-HS5 is regarded as the main contributor to the
localized jump dynamics.

C. Dielectric behavior of protonated and deuterated
Mn-hureaulite

Figure 10 shows the temperature dependence of the dielectric
constant, &', and the real part of the conductivity, o', plotted for
various frequencies. Frames (a) and (c) present the results for the
protonated and frames (b) and (d) for the deuterated hureaulite.
The protonated system was measured in an extended frequency
and temperature range. It should be noted that ¢’ and the dielec-
tric loss & are related via ¢’ o< ¢"’v. Therefore, the ¢'(T) curves in
Figs. 10(c) and 10(d) exhibit the same temperature dependence as e
(irrespective of different absolute values).

&' of both systems [Figs. 10(a) and 10(b)] significantly increases
with increasing temperature above about 300 K (H-form) or 275 K
(D-form). The shoulders seen in both cases and their shift to
higher temperatures for higher measurement frequencies indicate
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FIG.10.¢'(T) and o’ (T) of protonated (H) [(a) and (c)] and deuterated (D) [(b) and (d)] Mn-hureaulite, shown for various frequencies. The filled circle, triangle, and square
symbols mark the respective LT-, MT-, and HT-relaxation modes. The solid lines are guides for the eye. The stars indicate the dc conductivity as obtained from fits of the
dielectric spectra, as shown in Fig. H.1. The dashed lines are Arrhenius fits of 4. (T). Note that the imaginary part of the permittivity ¢”(T) is not shown here since it
is simply proportional to the real part of the conductivity via ¢’ = 2rve”’&y. Degradation of the thin deuterated sample pellet limited the data acquisitions to a maximum of
450 K.

J. Chem. Phys. 156, 094502 (2022); doi: 10.1063/5.0083856
Published under an exclusive license by AIP Publishing

156, 094502-11


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

a relaxational origin of this behavior.””’ At elevated temperatures
and low frequencies, &'(T) approaches high values, even becom-
ing “colossal”™' (>1000) for the protonated sample. This indicates
that this part of the dielectric response is of non-intrinsic nature
and probably due to electrode polarization. Such effects, sometimes
termed “blocking electrodes,” are often found for ionic conductors
and arise when the conducting ions are blocked at the electrodes to
form space-charge regions acting as large capacitors.”

The temperature-dependent conductivity o', shown in
Figs. 10(c) and 10(d), reveals several peaks or shoulders, whose
positions are indicated by the filled symbols. They shift to higher
temperatures with increasing frequency, again pointing to a relax-
ational origin.”””’ For both materials, three intrinsic relaxation
processes show up the following:

(1) The protonated material [Fig. 10(c)] reveals a well-defined
low-temperature (LT) relaxation mode at temperatures
between about 180 and 300 K. A corresponding, but less pro-
nounced LT mode is also found for the deuterated sample
[Fig. 10(d)] at temperatures about 30 K higher for identical
frequencies. The estimated peak positions of these relax-
ations are indicated by the filled circles in Figs. 10(c) and
10(d).

(2) A middle-temperature (MT) relaxation mode at around
300 K is clearly resolved in the D-form but barely visible in
the H-form [filled triangles in Figs. 10(c) and 10(d)]; a weak
shoulder seen, e.g., around 400 K for the 1.9 MHz curve of the
H-form may also be due to this relaxation]. The temperature
of the MT-mode peak is only weakly frequency-dependent.

(3) A strongly frequency-dependent HT-relaxation above 300 K
is found in both systems [filled squares in Figs. 10(c) and
10(d)]. It only shows up as a shoulder because it is strongly
superimposed by an additional increase of o/(T) at higher
temperatures, which is due to dc conductivity (see discussion
at the end of this section). For 1 Hz, the HT-mode appears at
~360 K in the D-form, while it shows up at about 320 K in
the H-form.

In principle, each of these relaxation features in ¢'(T) should
be accompanied by a step-like increase (with increasing T) in &'(T).
This indeed is the case for the HT relaxation in the protonated
sample and for the MT and HT relaxations in the deuterated one
[Figs. 10(a) and 10(b)]. The relaxation steps of the other pro-
cesses are too small to be detected. For the protonated sample, it
should be noted that the indicated peaks or shoulders in Fig. 10(c)
show up at temperatures and frequencies that are far off the region
where the colossal ¢ values are observed in Fig. 10(a). This is in
accord with an intrinsic nature of the corresponding relaxation
processes.””’

As discussed in Sec. H of the supplementary material, the
three detected relaxation processes are difficult to deconvolute in
the frequency-dependent plots of the dielectric quantities. There-
fore, we rely on the temperature-dependent graphs of Figs. 10(c)
and 10(d) to determine the corresponding relaxation times. In gen-
eral, for a fixed measurement frequency v, a peak in o'(T) [or
in &”(T)] occurs when the temperature-dependent relaxation time
7(T) matches the condition 7(T) = 1/(27v) = 1/w. Thus, from the
peak temperatures in the ¢'(T) plots of Figs. 10(c) and 10(d), we
can deduce the temperature-dependent relaxation times. Figure 11
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FIG. 11. Arrhenius representation of the relaxation times of the LT, MT, and HT
relaxations as deduced from temperature-dependent ¢’ plots (Fig. 10) for the pro-
tonated (blue) and deuterated (red) Mn-hureaulite. In addition, results from neutron
scattering are shown (pentagon: QENS using FOCUS; blue dotted line: IFWS
using IN16B). The dashed-dotted lines are Arrhenius fits of the HT data (parame-
ters: see text). The dashed lines are fits of the LT relaxation times from DS with the
VFT equation [Eq. (6)]. The solid line shows a VFT fit of the combined DS (blue
circles) and FOCUS data (pentagon) of the H-form with Eq. (6). The parameters
of the VFT fits are given in Table IIl. The gray boxes highlight from which type of
measurements the data points originate.

presents the obtained 7(T') results for all relaxation modes and both
materials using an Arrhenius representation. The 7 values deter-
mined for the HT modes (squares) can be reasonably well fitted by
an Arrhenius law, 7 = 79 exp[E/(ksT)] (dashed-dotted lines), with
some deviations for the two highest temperatures of the H-form.
We obtain energy barriers E of 0.84 and 1.5 eV for the H- and D-
forms, respectively. The pre-exponential factor 7y can be assumed to
be related to the inverse of the attempt frequency of the correspond-
ing thermally activated motion via vy = 1/(2770), which, usually, is
in the phonon-frequency range for canonical relaxations. We find
7o~ 6x 107" s and 4 x 1072 s for the protonated and deuterated
samples, respectively. Especially for the latter, 7o seems unreasonably
low. Such discrepancies may indicate deviations from Arrhenius
behavior, which are not resolved here due to the limited frequency
and temperature region where the HT relaxation could be observed.
However, for the LT modes (circles in Fig. 11), such non-
Arrhenius behavior of 7(T) could be clearly detected, especially for
the H-form, which was measured in an extended frequency region
up to several hundred MHz. Its 7(1/T) curve (blue circles) exhibits
clear bending, characteristic for the glassy freezing of relaxational
dynamics.””””** Such behavior is usually described by the empirical
Vogel-Fulcher-Tammann (VET) equation””>"°

DTvr ) ©)

T="Tp exp(T T
— Tvr
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Here, D is the so-called strength parameter, providing a mea-
sure of the deviations from the Arrhenius behavior.””® Ty is the
Vogel-Fulcher temperature, at which the relaxation time would
diverge. Indeed, a good fit of the experimental LT data for the H-
form is achieved in this way (dashed blue line in Fig. 11). A close
look at the 7(1/T) data of the LT relaxation of the D-form (red cir-
cles) reveals a curved behavior for this sample, too, and these data
could also be well fitted by Eq. (6) (dashed red line).

For the protonated Mn-hureaulite, 7(T) of the dielectric LT-
relaxation seems to be rather well consistent with 7 of the localized
relaxation, detected by QENS using the FOCUS spectrometer (pen-
tagon in Fig. 11). The black solid line in Fig. 11 shows a VFT fit
of the combined FOCUS and DS relaxation-time data. While some
deviations of fit and experimental data show up at high tempera-
tures, the agreement is satisfactory, having in mind that two com-
pletely different experimental methods were used. In this context,
it should also be noted that inelastic neutron scattering essentially
detects density fluctuations, while dielectric spectroscopy is sensi-
tive to dipolar fluctuations only. Thus, the small mismatch between
the relaxation times from the two methods, suggested by the VFT
fit in Fig. 11, in principle, could indicate a weak decoupling of
both dynamics. In general, such decoupling effects, leading to the
detection of different relaxation times by DS, neutron scattering,
and other spectroscopic methods, are rather well known, espe-
cially in glass physics,””””" and some theoretical explanations were
provided.””""

The VFT parameters, as obtained from the fits of the LT
relaxation times, are listed in Table III. In all cases, the VFT fits
gave rise to reasonable inverse attempt frequencies 7. The strength
parameters between 6.8 and 13.0 classify these materials as fragile
to intermediate within the strong/fragile classification scheme pro-
posed by Angell.”””° The obtained Ty values point to an isotope
effect of the relaxation dynamics: The Vogel-Fulcher temperature
for the D-form is significantly higher than for the H-form sam-
ple (for both evaluations of the latter). Obviously, the deuterium
dynamics slows down more strongly upon cooling, leading to much
higher 7 values in the investigated temperature range as directly
revealed in Fig. 11. Based on the reasonable match of the DS and
QENS relaxation-time data, the LT-mode can be assigned to site
exchanging H4 and H5 (or D4, D5) in the H4-O10-H5 (or D4-
010-D5) groups [Type 2 in Fig. 2(a)]. This local proton-hopping
process obviously exhibits glassy freezing, and, similar to the find-
ings in our previous work on a rockbridgeite-type compound,’’
Mn-hureaulite approaches a “proton glass” state””” at low temper-
atures. The corresponding glass-transition temperature T can be
deduced by applying the usual criterion 7(Tg) = 100 s.”* This leads
to Ty = 187 and 212 K for the H- and D-form, respectively, implying
that the deuterium dynamics freezes at higher temperature.

TABLE IIl. Parameters obtained by fitting 7(T) of the LT relaxation (Fig. 11) using
the VFT law [Eq. (6)].

D Tvr 7o (s)
H-form, DS 13.0 137 9.7 x 1071
H-form, DS + QENS 9.5 147 92x 1071
D-form, DS 6.8 179 32x1075
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The MT mode (triangles in Fig. 11), for which significant
7(T) data are only available for the D-form, can, in principle,
also be described by an Arrhenius law. However, due to the very
weak temperature dependence of its relaxation time, the inverse
attempt frequency 7o (the y-axis intercept in the Arrhenius plot
in Fig. 11) would be unreasonably low, rendering such a fit
meaningless. More likely, strong deviations from Arrhenius behav-
ior exist for this relaxation at higher temperatures that are not
resolved due to the limited temperature range where this mode
could be detected. Considering the similar ADP values at all D
sites up to 300 K (Fig. 4), one may tentatively assign the MT-
relaxational motions, resolved in the DS data near 300 K, to super-
imposed fast librations of dangling OH and HOH groups. The
HT-mode, treated above, may be assigned to inter- and intrachain-
exchanges involving H4 (or D4) sites. This is in agreement with
the increased ADP eigenvalue U3 (D4), which is significantly higher
than U3(D1) in the same temperature interval from 350 to 400 K
(Fig. 4).

Finally, the present dielectric data also provide information on
the dc conductivity of Mn-hureaulite. As discussed in Sec. H of
the supplementary material, it shows up as a plateau in the o’ (v)
plots and can be derived from fits of the dielectric spectra. Here,
it is essential to account for the electrode contributions at low fre-
quencies by an equivalent-circuit approach as discussed in detail,
e.g., in Refs. 51 and 52. The resulting dc conductivities for four
temperatures are shown by the stars in Figs. 10(c) and 10(d). They
are well consistent with the o’ (T') results at the lowest frequencies.
The moderate absolute values of o4.(T) indicate that Mn-hureaulite
is not a superprotonic conductor. As shown by the dashed lines,
these data can be reasonably well-fitted by an Arrhenius law, o4.(T)
o< exp[—E/(ksT)]. We obtain practically identical energy barri-
ers for both systems, namely, E = 0.92 eV for the H-form and E
=0.97 eV for the D-form.

D. DDHBs associated with the lattice dynamics

Polyhedral rotations of structural building units readily
occur from a certain degree of distortion in releasing intra-
polyhedral and inter-polyhedral strains.”’ In Mn-hureaulite,
three unique manganese octahedra Mn1Os, Mn204(HOH),, and
Mn30s5(HOH) are edge-sharing to build the highly distorted
pentamer unit established by the Mn2-Mn3-Mnl-Mn3-Mn2
atomic sites.'”"> Thus, all hydrogen motions might be cou-
pled to bending motions of MnlOs, M2nO4(HOH),, and
Mn30s5(HOH). We expect an immediate impact of these motions
both on the local re-orientations and the long-range proton
diffusion through the temporal alteration of the potential energy
landscape.

Now let us consider the INS part of our neutron scattering
spectra (Fig. 12). INS spectra are dominated by hydrogen vibra-
tions due to their dominant neutron scattering length. We obtain
a very good agreement of the density of states (DOS) between
calculation and measurement even though only the subset of hydro-
gen atoms are evaluated (Fig. 13). Unfortunately, the non-linear
transformation of measured intensity from the flight time to the
energy scale made some spectral features less visible. Therefore,
we plot the temperature dependence of the spectrum as time-
of-flight data, corrected by the Bose-Einstein occupation factor
(Fig. 12).
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FIG. 12. Bose-corrected INS intensity summed over all detectors for each mea-
suring temperature is shown within the flight time range. The black asterisk (*)
marks a higher order spurion. The transparent bands represent the error of a
measurement.

The most dominant peak in the INS spectrum at 300 K is
located near 818 cm™' (or 101 meV), as shown in Figs. 12 and
13. From simulated Raman spectra,® the wavenumber region near
818 cm™ refers to the HOH libration modes of Mn204(HOH),
octahedra [ie., a rocking (in-plane) mode, p(H4-O10-H5); a
twisting (out-of-plane) mode, w(H4-010-H5)]. In addition, these
modes are superimposed by the librations of HOH ligand groups
of Mn30s(HOH) octahedra and P103(OH) tetrahedra [ie.,

ARTICLE scitation.org/journalljcp

w(H2-09-H3); a wagging (out-of-plane) mode, 7(H2-09-H3); an
out-of-plane-bending mode, y(P1-O1-H1)]. On the other hand, the
low energy range below 400 cm™" is assigned to bending motions of
Mn10Og, M2nO4(HOH),, and Mn305(HOH) octahedra.

The main reason for the decreasing peak intensity near
818 cm™" in IN'S spectra at elevated temperatures could be addressed
to redistribution of motions of HOH and OH group. Above 300 K,
the enhanced collective motions of framework polyhedra are sup-
ported by strongly smeared INS peaks below 400 cm™ (Fig. 12).
Considering the light-weighted H species, their motions can be
enhanced by collective motions of the framework polyhedra, rather
than the other way around.

Finally, we support the interpretation of previous experi-
mental data by simulations. Based on the AIMD trajectories, the
mean square displacement (MSD) and the spatial density dis-
tribution function (sdf) for each characteristic proton site were
analyzed at different temperatures (Fig. 14). In accordance with
ADP values determined by Rietveld analyses with HRNPD data,
the increasing MSD of H4 with temperature clearly exceeds the
MSD of other protons. The overlapping sdf of H4 with that
at H5 having the second largest MSD [Fig. 14(a)] could unam-
biguously confirm the assignment of QENS signal and the LT-
relaxation mode resolved in o’ spectra near 300 K to fast reori-
entational motions within H4-O10-H5. We would like to note
here that the duration of the simulation is short in comparison
to the experimental relaxation times. Therefore, it is not surpris-
ing that we do not directly observe the diffusional motions in the
simulations.

In the sdf plots from 300 K up to 500 K, the interchain
site-exchanges over H4 along with H5 are strongly enhanced
at 500 K [Fig. 14(g)]. However, the inter-ring site-exchanges of
(H2-09-H3) pairs [Fig. 14(h)] are less promoted even at 500 K
than the interchain-exchanging case. Hence, the HT-relaxation
mode in Fig. 10 is related to interchain-exchanges. Furthermore,
in Fig. 14(g), it is easy to recognize a strong overlapping of
the spatial density distribution in H4-X1-H4, the pathway sug-
gested for the protonic conductivity in Mn-hureaulite, as described
in Sec. [1I A.

1.0 T T T T
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o
[9)]
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FIG. 13. GVDOS from observed INS spectra (gray) and simulated partial DOS for five sites for the five hydrogen sites in Mn-hureaulite at 300 K. The frequency of the
experimental GVDOS was multiplied by a scaling factor of 0.95. The dashed lines highlight the vibrational modes found with INS (Fig. 12). The simulated DOS is calculated

from CP2K NVE trajectories.
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T-dependent mean square displacements at all five proton sites from NVE trajectories are drawn on the right [(c), (f), and (i)].

IV. CONCLUSION The most interesting finding in the HRNPD data analyses
is the pathway D4-X1-D4, highlighted in red in Fig. 6(a). This
interchain-exchange enables thermally activated long-range charge
transport by DDHB-chains along the ¢ axis. The efficiency of pro-
ton transport between semihelical chains is limited by relatively

Detailed inspection of difference Fourier maps from HRNPD
data indicates the following dynamics for the five unique deuterium
sites in Mn-hureaulite:

(1) Deuterium at D1 in O1-D1 is fast rotating along a semihe-  large proton-to-proton-donor distances. This reflects a magnitude
lical HB chain above 350 K. This motion can contribute to of 1077 S/cm for the dc conductivity in the H-form at 500 K
intrachain-exchanging processes. [Fig. 10(c)].

(2) D2 and D3 in D2-09-D3 are confined by a 4MR-opening. In addition, fast site-exchanges of the two protons in
Deuterium atoms at both sites show fast re-orientations up to H4-010-H5 (along with fast reorientation of HI1) is a relevant
350 K. At 400 K, inter-ring-exchanging processes start across prerequisite for intrachain charge transport. QENS evinced local
each HB ring. dynamics corresponding to a two-site jump model characterized by

(3) Deuterium atoms at D4 and D5 in D4-010-D5 show largest an activation energy of 0.390(4) eV and relaxation time of 110(17) ps
dynamic disorder along the 8MR-channel system, which is  at 399 K with a jump distance of 1.70(7) A. AIMD results agreed with
relevant for both intra- and interchain-exchanges. the jump model for site-exchanging H4 and H5 in a H4-O10-H5
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group even if the simulation time was too short to observe an
explicit site-exchange. This local site-exchanging process showing
non-Arrhenius behavior could be assigned to the LT-relaxational
mode detected in dielectric spectroscopy. This dynamics exhibits
clear signatures of glassy freezing, and, finally, a proton-glass state
is approached at 187 K.

In conclusion, the long-range charge transport in Mn-
hureaulite is realized by DDHB-chains. The thermal response of
the framework structure ensures the anisotropically widened chan-
nel opening at elevated temperatures for the ease of DDHBs with
dangling HOH and OH groups. This, in turn, requires collec-
tive motions of the octahedral-tetrahedral framework, particularly
of Mn204(HOH); octahedra and P103(OH) tetrahedra with the
respective H4-0O10-H5 and O1-HI1 dangling groups. In addi-
tion, both framework polyhedral moieties frame the pore opening
of the 8MR-channel system. The low energy bending modes of
Mn204(HOH), octahedra below 400 cm™ are strongly smeared
out from 300 to 400 K. These are directly related to a strong
intensity decrease of the dominant INS peak near 818 cm™" associ-
ated with p(H4-010-H5) and w(H4-0O10-H5) modes. This points
to a narrow interplay between phonons and proton dynamic dis-
order in the title compound. The temperature evaluation of sdf
calculations could confirm a significant contribution of interchain-
exchanging protons over the longest pathway H4-H4 (Type 7) to
the protonic conductivity. From 300 K up to 500 K, the most pro-
found increase of mean square displacements was found at H4 by
AIMD calculations in accord with results from neutron powder
diffraction.

Despite the absence of superprotonic conductivity in Mn-
hureaulite, the current study could comprehend subtle motions
at five independent H/D sites by providing their length and time
scales in the highly complex, dynamically disordered HB network.
Upon this success, further investigation on various types of DDHBs
are continued to achieve superprotonic conductivity under mild
external fields.

SUPPLEMENTARY MATERIAL

See the supplementary material for more details on struc-
ture refinements, QENS measurements, DFT computations, and
frequency-dependent dielectric data. The supplementary movie
visualizes proton motions at elevated temperatures. The mp4 file was
created from the NpT AIMD trajectories at 500 K.
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NOMENCLATURE

8MR 8-membered ring

ADP atomic displacement parameter

AIMD ab initio molecular dynamics

bw bulk water

CP2K name of the used DFT program

D deuterium

DDHB dynamically disordered hydrogen bond
DFT density functional theory

DOS density of states

DS dielectric spectroscopy

EISF elastic incoherent structure factor

FOCUS neutron time-of-flight spectrometer at SINQ, PSI
FWS fixed window scan

GoF goodness of fit

GVDOS generalized vibrational density of states

H hydrogen

HB hydrogen bond

HF high frequency

HRNPD high-resolution neutron powder diffraction
HT high-temperature

IFWS inelastic fixed window scan

IISF inelastic incoherent structure factor

IN16B neutron backscattering spectrometer at ILL
INS inelastic neutron scattering

LF low frequency

loc localized

LT low-temperature

MD molecular dynamics

Mn-hureaulite Mns[(PO4)2(PO3;(OH)),](HOH)4
MSD mean square displacement
MT middle-temperature

NVE microcanonical ensemble
NVT canonical ensemble
QENS quasielastic neutron scattering
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sdf density distribution function
VFT Vogel-Fulcher-Tammann
XSD x-ray single crystal diffraction
AF difference Fourier
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