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ABSTRACT

The dynamics of the water molecules in tetra-n-butyl-d36-ammonium bromide semiclathrate hydrate was investigated by quasi-elastic neu-
tron scattering (QENS). The QENS results clearly revealed a fast reorientation motion of water molecules in the temperature range of
212-278 K. The mean jump distance of hydrogen atoms was within 1.5-2.0 A. The relaxation time of water reorientation was estimated to be
100-410 ps with an activation energy of 10.2 = 5.8 kJ-mol . The activation energy was in good agreement with the cleavage energy of hydro-
gen bonds. Such a short relaxation time of water reorientation is possibly due to strong interaction between a bromide anion and its sur-
rounding water molecules (similar to so-called negative hydration), which suggests a unique strategy for designing efficient, safe, and
inexpensive proton conductors having the framework of semiclathrate hydrates.
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Proton conduction phenomenon in ices has attracted many
researchers due to unusually active dynamic behaviors of water mole-
cules in the crystalline compounds. Remarkably, it is known that the
proton conductivity in ice I, (10~°~10~7 S-cm ™) is higher than in lig-
uid water,' * and the conduction mechanism in crystalline ices is con-
sidered to be fundamentally different from liquid water.” ® Clathrate
hydrate also shows proton conduction phenomenon,”'* in which
hydrogen-bonded networks of water molecules form the crystal frame-
work, as in the case of ices. Various properties of clathrate hydrates

can be designed by selecting guest species to be enclathrated into
hydrate cages. In fact, even ionic guest species are allowed to be
enclathrated, which enhances the proton conduction; clathrate
hydrates formed with perchloric acid or hexafluorophosphoric acid,
which supplies the large number of protons, are known as the proton
conductors with a conductivity (about 107> or 107" S:em™' at
273K, respectively) higher than ices. However, these aqueous solu-
tions with strongly acidity are difficult to handle and limited in their
applications. Therefore, establishing a strategy to design well-proton-
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conducting clathrate hydrate from easily handled guest species is an
important task for its future and practical applications.

As a way to solve the task, we have focused on semiclathrate
hydrates (or ionic clathrate hydrates). Semiclathrate hydrate is a crys-
talline inclusion compound, in which quaternary ammonium or phos-
phonium cation is incorporated into hydrate cages. The counter anions
take part in the hydrogen-bonded networks as part of the host substance
with water molecules.”'® Among easily handled semiclathrate hydrates,
tetra-n-butylammonium bromide (TBAB) semiclathrate hydrate'>'”"*
has the relatively high electrical conductivity.”” Therefore, semiclathrate
hydrates have been considered to be one of the promising candidates for
highly conductive solid electrolytes."” ' Recently, we reinforced this con-
sideration by revealing that the proton was the charge carrier, which indu-
ces the proton conductivity of 4.1 x 107 S-cm™" at 273 K, in the case of
single-crystalline TBAB semiclathrate hydrate.™’

Though TBAB semiclathrate hydrate has a proton conductiv-
ity'””” higher than that of ices or general clathrate hydrates (so-called
gas hydrates, consisting of nonionic molecules such as CH, or CO,'%),
the relaxation time of water molecules in TBAB semiclathrate hydrate
obtained by a nuclear magnetic resonance (NMR) was observed to be
almost the same as that of ices or general clathrate hydrates.”” This
apparent discrepancy suggests that a hidden mechanism of proton
transfer would have enhanced the conductivity in TBAB semiclathrate
hydrate, since the number of protons in it may not be so much
increased compared with the general clathrate hydrates. To find the
answer, it is necessary to analyze the water reorientation motion in a
frequency window wider than that measurable by NMR. This is
because the mechanism of the proton transfer in the clathrate hydrates
or ices reflects the nature of water dynamics, especially of molecular
reorientation motion." %> **

In the present study, to reveal the role of fast water dynamics for
inducing a conductivity higher than ices or clathrate hydrates, we con-
ducted quasi-elastic neutron scattering (QENS) measurement of the
TBAB semiclathrate hydrate. QENS (the measurable time window is
from picosecond to nanosecond) allows us to investigate the molecular
dynamics much faster than that of NMR (nanosecond to microsec-
ond). In the previous QENS studies on the water dynamics in clathrate
hydrates, Desmedst et al. reported the reorientation motion of 700 ps at
220K in the fast-proton-conducting perchloric acid clathrate
hydrate.'” Occurrence of the long-range proton diffusion, accompa-
nied by the reorientation motion, has been also reported in some other
types of clathrate hydrate and ice by QENS, where the water dynamics
in a timescale from picosecond to nanosecond orders have been
observed.” '"** Nevertheless, there is no report on QENS results of
TBAB semiclathrate hydrate.

The large difference of incoherent neutron scattering cross section
between a hydrogen and a deuterium makes it possible to observe the
dynamics of the water molecules selectivity; therefore, perdeuterated
tetra-n-butyl-d36-ammonium bromide semiclathrate hydrate (d-
TBAB-26H,0) was used. d-TBAB (99.5 at. %) was obtained from C/D/
N Isotopes Inc. d-TBAB-26H,0 was carefully prepared at 285.0K to
prevent the formation of metastable crystals, ie, TBAB-38H,0."°
Obtained crystal was quenched and powdered at a liquid nitrogen tem-
perature. The sample was wrapped in aluminum foil (~10 um thick) to
maintain a thin-walled annular geometry in bulk. The foil-wrapped
sample was placed in an aluminum cell (a thickness of 0.25 mm and an
inner diameter of 14.0 mm). The cell was mechanically sealed with an
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indium wire under dry helium atmosphere (purity: 0.999 999) equipped
at low-temperature room kept at 263 K. The sample cell was stored in a
dry-shipper at 77 K just before the measurement.

The QENS measurements were carried out using the near-
backscattering spectrometer (DNA) at Materials and Life Science
Experimental Facility (MLF), Japan Proton Accelerator Research
Complex (J-PARC) with high signal-to-noise ratio and high energy
resoluton.”® The energy resolution was 3.6 ueV using the Si(111) ana-
lyzer. The measured momentum transfer (Q) and energy transfer (AE)
ranges were 0.1 < Q <1.9 A" and 40 < AE < 100 peV, respectively.
The cell was quickly mounted on a sample stick, and then the stick
was inserted in a top-loading-type cryo-furnace equipped at the DNA
which was controlled at 100K to prevent dissociation of the sample.
No condensation of bulk water was confirmed by temperature depen-
dence of the elastic intensity, as shown in supplementary material Fig.
S1. The QENS was measured at 212, 232, 252, 272, and 278 K. The res-
olution function, R(Q, ), was measured at 8 K, where we assumed
that all molecular dynamics were frozen. A typical measurement dura-
tion was around 4 h at 700 kW proton beam power. An empty cell was
measured at 300 K to subtract background from the container.

The obtained Q-AE maps are shown in Fig. 1(a). A Bragg peak
was observed at Q=0.6 A" at elastic position (AE=0) in all mea-
sured data. The profile of the elastic intensity was shown in supple-
mentary material Fig. S2. The peak position agreed with the literature
value (0.6 A™") of TBAB semiclathrate hydrate (TBAB-26H,0: tetrag-
onal structure, space group: P4/mmmy),””** which indicates the exis-
tence of d-TBAB-26H,O in the whole range of measurement
temperature. The intensity corresponding to QENS was observed in
the inelastic region at temperatures above 212 K. The QENS intensity
increased and broadened with an increase in temperature. The repre-
sentative QENS profiles (S(Q,E) at Q=0.875 A1) are also shown in
Fig. 1(b). The narrow elastic and the broad quasi-elastic components
were observed. Since the ratio of incoherent scattering cross section of
water is 87% to the total scattering cross section of d-TBAB-26H,0,
the observed intensity corresponds to the hydrogen of water in d-
TBAB-26H,0 and reflects the dynamics of water. The elastic and
quasi-elastic components derived from immobile and mobile hydro-
gen, respectively. The QENS profile was deconvoluted into elastic and
quasi-elastic components using the following equation:” ">’

$(Q, ) = [Ap(Q)d(w) + AL(Q)L(T, w)] ® R(Q,w) + BG(Q).
1)

The elastic component and the quasi-elastic component were repre-
sented by delta function () and Lorentzian function (L), respectively.
The Ap and A; are the coefficients of delta and Lorentzian functions,
respectively. I'y, is half width at half maximum of Lorentzian function.
BG represents the background. The fitting results are also shown in
Fig. 1(b).

Figure 2 shows the half width at half maximum (I'y) of the
Lorentzian function [L(I'y, w)] plotted as a function of Q. The line-
width was independent of Q. This result implies that the mobile
hydrogen atoms are localized in a limited space.

The relaxation time (t) of hydrogen dynamics was estimated
from the linewidth (Fig. 2) using the following equation:

1

T= . 2
2nl; x (2.418 x 10'1) @)

Appl. Phys. Lett. 123, 044104 (2023); doi: 10.1063/5.0157560
Published under an exclusive license by AIP Publishing

123, 044104-2

#:98:20 £202 18nBNY 40


pubs.aip.org/aip/apl

Applied Physics Letters

AE | peV

AE | peV

ARTICLE pubs.aip.org/aip/apl

FIG. 1. (a) Q-AE maps of d-TBAB-26H,0
obtained by QENS measurement. The red-
colored region means the high scattering
intensity. (b) The representative Q-sliced
QENS profiles at Q=0.875 = 0.075A "
measured at 212, 232, 252, 272, and
278 K. Fitting results were shown as fitted
function (green), delta function (blue),
Lorentzian function (red), and background
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The obtained relaxation time (Fig. 3) was 100-410 ps at 278-212K.
The estimated activation energy E, was 10.2 * 5.8 kJ-mol !, which is
close to the cleavage energy of hydrogen bonds between water
molecules.”*

An elastic incoherent structure factor (EISF) was expressed as Eq.
(3) and shown in Fig. 4(a),

Ap

EISF = ——.
Ap + Ay,

(©)

20 0 20 40 60 8
AE/ peV

The fitting curves of EISF were drawn by using jumping model
between two sites,”” which showed the highest accuracy among 24
sites,

BSEQ) = +(1-P)|;(0+p@d)]. @

where the symbols f, jo, and d stand for the fraction of immobile
hydrogen, Bessel function of zeroth order, and jump distance between
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FIG. 2. The half width at half maximum (I".) of the Lorentzian function [L(Q,w)]
plotted as a function of Q. The I'| was independent of Q. Such trend implies that
the mobile space of the hydrogen atoms is limited.

two sites, respectively. Supplementary material Figs. S3 and S4 show
the fitting results of EISF with various d values from 1.0 to 2.8 A. The
EISF results fitted well with the mean jump distance between 1.5 and
2.0 A. As the representative data, the fitting results (d = 1.8 A) of EISF
were shown in Fig. 4(a). The obtained mean jump distance (1.5-2.0 A)
agreed well with the reorientation distance of hydrogen atoms around
the oxygen atom of water molecules (1.5-1.8 A),”?° whereas it was dif-
ferent from the jump distances of proton transfer and long-range pro-
ton diffusion, which should be about 1.0 A (H---O distance) and about
2.8 A (O---O distance), respectively.

The mechanism of the proton transfer in the clathrate hydrates
or ices is related to the water dynamics, especially molecular reorienta-
tion motion.'”'"*” At Bjerrum defects, proton transfer is temporarily
suspended, where the reorientation of the water molecules (or hydro-
nium ions) is necessary to restart the transfer. In other words, the

5000 e e :

1000 - _ gl | E

1000K/ T

FIG. 3. Arrhenius plots of the relaxation time (z) of hydrogen dynamics observed
by QENS measurement. The estimated activation energy was 10.2 + 5.8 kJ-mol ",
which showed good agreement with the cleavage energy of hydrogen bonds.
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FIG. 4. (a) EISF results plotted as Q. The fitting curves were calculated using Eq.
(4) with d=1.8 A. The colors reflect the temperatures, such as 212K (blue), 232K
(green), 252K (orange), 272K (pink), and 278K (red). (b) The immobile fraction in
Eq. (4) corresponding to immobile water in d-TBAB-26H,0. The fraction depended
strongly on the temperatures.

reorientation of water molecules so as to alleviate the defects is a rate-
limiting step of proton conduction.” The relaxation times obtained by
QENS in TBAB-26H,0 were much shorter than the relaxation time
(approximately 0.5 us™ or 12 us™ at 273 K) obtained by NMR mea-
surement, although both the activation energies of QENS and NMR
were similar to the cleavage energy of hydrogen bonds (about
14kJ-mol ")** rather than proton (ionic defect) generation energy
(approximately 70kJ-mol ').”"** In fact, such the reorientation
motion of water with hundreds of picosecond order has been univer-
sally observed in the other type of ionic clathrate hydrate
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(HCIO4-5.5H,0),"” which is a well-known ionic conductor. The jump
distance, the relaxation time, and the activation energy of
HCIO,-5.5H,0 are 1.45 A, 700 = 100 ps, and 174 = 1.5 kJ-mol ™' at
220K, respectively. The results obtained in the present study are simi-
lar to these values in HClIO,-5.5H,0, suggesting that the semiclathrate
hydrate can be as useful as the ionic clathrate hydrate.

Figure 4(b) shows the f in Eq. (4) corresponding to immobile
water molecules. The fraction of immobile water molecules depended
strongly on the temperatures. Around 220 K, the ratio of mobile water
molecules was only 4%. Near the dissociation temperature of d-
TBAB-26H,0, the mobile water population increased to 18%. This
ratio of 18% means that approximately five water molecules per 1 unit
(d-TBAB-26H,0) near the dissociation temperatures are in motion,
whereas the ratio of 4% around 220K corresponds to a single water
molecule per 1 unit. The trend of its temperature dependence is rea-
sonable to qualitatively explain the temperature dependence of the
electrical conductivity in TBAB-26H,0 at 270-286K.*’ The five
water molecules are close to the number of water molecules coordinat-
ing around the bromide anion. Such results mean that the bromide
anion activates the reorientation motion of the water molecules
locally in TBAB-26H,0, which resembles a negative hydration around
bromide anion in the aqueous solution. Considering the results of
NMR measurement, the other water molecules rotate more slowly
(Fig. 5).

The features of hydrogen dynamics in d-TBAB-26H,0 inter-
preted from the perspectives of jump distance, activation energy, relax-
ation time, and ratio of water molecules contributing QENS can be
summarized as follows: (1) the hydrogen is locally transferred; (2) the
hydrogen jump distance between two sites is within 1.5-2.0 A; (3) the
activation energy is 10.2 + 5.8 kJ-mol ', which is close to the cleavage
energy of hydrogen bonds; (4) the relaxation time is 100-410 ps; and
(5) the ratio of water molecules contributing to QENS is 4%-18%.
These results revealed that the signals observed by QENS measure-
ment are derived from the fast (hundreds of ps order) reorientation
motion of the water molecules around bromide anions in
TBAB-26H,0. The us-order reorientation motion measurable by
NMR is detected in the general clathrate hydrate and ice as well as
TBAB-26H,0. Unlike the us-order reorientation motion obtained by

fast water reorientation 2
(measurable by QENS)

> Q
go@ o ¢

& slow water reorientation

> N (measurable by NMR)
¥

FIG. 5. lllustration of the dynamics of the water molecules around bromide anions
(measurable by QENS) and the other water molecules (by NMR) in TBAB-26H,0.
The fast water reorientation around bromide anions represents the negative
hydration-like region, whereas the slow water reorientation in the other water mole-
cules stands for the rigid hydrogen-bonded region.
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NMR, the hundreds-of-ps-order reorientation motion obtained in
TBAB-26H,O by QENS could make the proton transfer more
smoothly in the region around bromide ion. As mentioned earlier,
proton transfer is temporarily suspended at Bjerrum defects. To restart
the proton transfer, that is, to alleviate the defects, the reorientation
motion of water molecules is inevitably required. The fast water reori-
entation motion obtained in TBAB-26H,0 by QENS would contribute
to shortening the residence time of proton at the Bjerrum defects acci-
dentally formed around bromide ion. This would be the reason why
the TBAB-26H,0 had a bulk proton conductivity higher than the gen-
eral clathrate hydrates and ices.

In summary, the reorientation motion on the order of some hun-
dreds of picoseconds was observed in TBAB semiclathrate hydrate (d-
TBAB-26H,0) by QENS measurement. Such relaxation times obtained
by QENS are much shorter than that of the order of microseconds pre-
viously obtained by NMR for the same medium. The fast water reorien-
tation should be caused by the negative hydration-like behavior of the
water molecules surrounding bromide anion. Why TBAB semiclathrate
hydrate exhibits the high proton conductivity would be originated from
this fast water reorientation motion around bromide ion observed by
QENS. The results provided the tips to improve the conductivity of
semiclathrate hydrates and suggested the possibility of unconventional
applications such as solid-state electrolytes.

See the supplementary material for experimental data including
an elastic intensity of d-TBAB-26H,0 and the fitting results of EISF
with various d values.
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