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ABSTRACT

Semiclathrate hydrate is an electroconductive material for a possible solid electrolyte
and is also useful for monitoring of their formation and dissociation processes. In the
present study, the electrical conductivities and electrical relaxation times in the single-
crystalline tetra-n-butylammonium (TBA) chloride and fluoride semiclathrate hydrates
were measured and compared with those of the TBA-bromide semiclathrate hydrate. In
descending order of the electrical conductivity, the largest was TBA-bromide
semiclathrate hydrate, followed by TBA-chloride and TBA-fluoride semiclathrate
hydrates. On the other hand, 2H NMR spin-lattice relaxation times in their deuterates
were similar. Although the reorientation motion of water molecules should be a
significant factor to govern the electrical conductivity in these semiclathrate hydrates,
the present results reveal that the difference between the electrical conductivities in
three TBA-halide semiclathrate hydrates would be caused by the concentration of the
proton, a conduction carrier, rather than the diffusion processes. Additionally, an
electrical conductivity in the single-crystalline TBA-hydroxide semiclathrate hydrate
was measured. The electrical conductivity even in single crystal was much higher than

those in the TBA-halide semiclathrate hydrates.



1. Introduction

Some clathrate hydrates known as “semiclathrate hydrates (or ionic clathrate hydrates)”
show an electrical conductivity higher than that in ice Th!**. Semiclathrate hydrate is a
crystalline inclusion compound made of water molecules with an appropriate quaternary
alkyl-onium salt. The water molecules form cage structures, in which the guest cations
are encapsulated®’. Some water molecules are replaced with the counter anions.
Semiclathrate hydrate is a promising candidate for thermal storage and gas separation
media”®. And then, semiclathrate hydrate is a possible solid electrolyte because of its
higher electrical conductivity. It seems likely to be used in sensing and monitoring
technologies. Recently, we revealed that the proton is a conduction carrier in the tetra-n-
butylammonium bromide (TBA-Br) semiclathrate hydrate*. The electrical conductivity
and electrical relaxation time in the TBA-Br semiclathrate hydrate are 4.1x10% S/cm
and 12 ps at 273 K, respectively®.

As the representative guest ions for semiclathrate hydrates, tetra-n-butylammonium
bromide (TBA-Br)>%!%, chloride (TBA-CI)'*!2, fluoride (TBA-F)!*!* and hydroxide
(TBA-OH)'® have been regarded. These guest substances affect the physicochemical
properties of semiclathrate hydrates. For example, the phase change temperature and

enthalpy are the most important factors for a thermal storage material. It is expected to



be used as a refrigerant suitable for the intended use, e.g., storage of perishable food!S,

17.18 “and cooling of lithium-ion batteries'.

preservation of vaccines

The electrical (proton) conductivity in semiclathrate hydrates also would depend on
the guest ions. In fact, it was reported that the electrical conductivity in polycrystalline
TBA-Br, TBA-CI, TBA-F, and TBA-OH semiclathrate hydrates depends on the anion
species??’. The electrical conductivity in a polycrystalline semiclathrate hydrate is very
complicated due to the grain boundaries, quasi-liquid layers, and metastable phases.
Therefore, to develop a novel proton conductor or to facilitate the monitoring
methodology, it is necessary to understand the proton conduction mechanism in various
single-crystalline semiclathrate hydrates. However, the electrical conductivity in single-
crystalline semiclathrate hydrates with different ions has never been reported.

In the present study, to reveal the effects of the halide anion on the electrical
conductivity in semiclathrate hydrates, we measured the electrical conductivities and
electrical relaxation times in the TBA-Cl and TBA-F semiclathrate hydrates by
electrochemical impedance spectroscopy (EIS). We used single-crystalline semiclathrate
hydrates as experimental samples, as shown in Figure 1, to avoid both the effects of

grain boundaries and metastable phases. Additionally, an electrical conductivity in the

single-crystalline TBA-OH semiclathrate hydrate was measured for comparison with



those in the TBA-halide semiclathrate hydrates.

Figure 1. Typical photo of single-crystalline TBA-F semiclathrate hydrate formed

between Pt electrodes. The surfaces of both electrodes were completely covered with a

single crystal.

2. Experimental

2.1. Samples

Research grade TBA-Cl (Nacalai Tesque Inc., minimum purity of 95 wt%), TBA-F

(non-clathrate) hydrate (Tokyo Chemical Industrial Co., Ltd., minimum purity of 98

wt%, mass fraction of TBA-F in the TBA-F hydrate was 0.839), and TBA-OH aqueous



solution (Tokyo Chemical Industrial Co., Ltd., mass fraction of TBA-OH in the aqueous
solution was 0.415) were used as semiclathrate hydrate formers. The original water
contents of the regents were taken into consideration in the sample preparation. Distilled
water was obtained from FUJIFILM Wako Pure Chemical Corporation (resistivity: 0.46
MQ-cm). For the preparation of the single-crystalline TBA-C1 and TBA-F semiclathrate
hydrates, the TBA-Cl (34.18 wt%) and TBA-F (34.13 wt%) aqueous solutions were
prepared, respectively. Each mass fraction is very close to the stoichiometric
composition of TBA-CI-:30HO and TBA-F-28H>O, respectively?®. The detailed
information of the TBA-OH semiclathrate hydrate will be described later. For a nuclear
magnetic resonance (NMR) measurement, TBA-CI and TBA-F semiclathrate deuterates
were prepared using D;O with minimum purity of 99.9 atomic%, which was obtained
from Cambridge Isotope Laboratories, Inc. The effect of H>O, originally included in the
TBA-F reagent, on the NMR result could be negligible because the relative ratio of H,O
to D20 in the NMR sample was small. Since the effect of H,O in the TBA-OH regent
cannot be ignored, we did not carry out the NMR measurement in the TBA-OH

semiclathrate deuterate system.

2.2. Apparatus and procedure



The experimental apparatus and procedure for the electrical impedance measurement
are the same as the ones reported previously*. Approximately 1 cm?® of the aqueous
solution was poured in an electrochemical measurement cell, which was fabricated from
a pair of Pt disk electrodes (electrode area: 0.283 cm?, distance between electrodes: 1.0
mm) with glass T-tube (VIDTEC)*. The cells were immersed in the propylene glycol
solution kept at a temperature slightly lower (0.2-0.3 K) than the equilibrium
temperature of each semiclathrate hydrate for preparation of single-crystalline
semiclathrate hydrates. A seed crystal of each semiclathrate hydrate, grown in another
vials, was added into the corresponding aqueous solution to grow single crystals. After a
transparent crystal without grain boundaries was prepared at the space between
electrodes, the temperature was gradually decreased at a rate of 0.1 K/h and kept

constant for over half an hour prior to impedance measurement.

Electrochemical impedance in semiclathrate hydrates was investigated by impedance
analyzers (SP-150, Bio-Logic Sciences Instruments Ltd., and Hz-Pro S4, Hokuto Denko
Co., Ltd.) in a frequency range from 1 Hz to 1 MHz. The 300 mV of sinusoidal signal
(peak-to-peak amplitude) was applied. The impedance results were calibrated with the

cell constant obtained in 0.1 M KCl aqueous solution.



The impedance data in TBA-CI and TBA-F semiclathrate hydrate systems were
analyzed with a following equivalent circuit (1)*:

7= Rhyd + 1
14+ (jw)PaRyyqQnya  (Jw)PaQqg

(1)

where, Z, R, j, ®, p, and Q are impedance, resistance, imaginary unit, angular frequency,
fractional exponent of constant phase element, and coefficient of constant phase element,
respectively. The subscripts hyd and dl correspond to semiclathrate hydrate and electric
double-layer, respectively. The equivalent circuit (1) was applied in the TBA-Br
semiclathrate hydrate system we reported previously*. Capacitance (C), electrical
conductivity (o), electrical relaxation time (t), and relative permittivity (e;) were
estimated from the obtained parameters in equivalent circuits as described in ref. 4.
Solid-state 2ZH NMR was conducted using AVANCE 400 (Bruker) equipped by a
superconducting magnet with the magnetic field of 9.4 T, which corresponds to the
resonance frequency of 61.441 MHz for 2H nuclei. Each semiclathrate deuterate was
formed around 250 K and was annealed at temperatures slightly lower than the
equilibrium temperatures in NMR sample tubes to avoid the coexistence of metastable

phases. The spin-lattice relaxation time (71) was measured using inversion recovery



[180° — ¢ — 90°] method. The pulse length of 90° and 180° pulses were 5 us and 10 ps,

respectively.

3. RESULTS AND DISCUSSION

3.1. Nyquist plots of EIS for TBA-Br, TBA-Cl and TBA-F semiclathrate

hydrates

Figure 2 shows the Nyquist plots of EIS for (Pt | SCH | Pt) cell, where the SCH
represents the single-crystalline TBA-Br* (measured at 278.2 K), TBA-CI (at 278.2 K),
and TBA-F (at 293.2 K) semiclathrate hydrates. A high-frequency arc and a low-
frequency tail were observed. Due to the difficulty of electrochemical impedance
measurement in TBA-F semiclathrate hydrate at 278.2 K, we used the results at 293.2 K
exclusively for TBA-F semiclathrate hydrate. If we could measure the electrochemical
impedance in TBA-F semiclathrate hydrate at 278.2 K, the diameter of arc would be
larger than that of 293.2 K. Since the semiclathrate hydrates used in the present study
were a single crystal without grain boundaries between the electrodes, neither

impedance derived from a metastable phase nor grain boundaries were included.
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Figure 2. Nyquist plots of (Pt | SCH | Pt) cells measured at 278.2 K (only TBA-F
semiclathrate hydrate was measured at 293.2 K) in the single-crystalline TBA-Br?,
TBA-Cl, and TBA-F semiclathrate hydrates (electrode area: 0.283 cm?, distance

between electrodes: 1.0 mm).
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3.2. Electrical conductivity in TBA-Br, TBA-Cl, and TBA-F semiclathrate

hydrates

Figure 3 shows the temperature dependences (Arrhenius plots) of electrical
conductivity in the single-crystalline TBA-Br, TBA-CI, and TBA-F semiclathrate
hydrates. The electrical conductivities exhibited Arrhenius behavior in all the
semiclathrate hydrate systems measured in the present study. The obtained values of
electrical conductivity (o) and activation energy (Es) are listed in Table 1. The
descending order of the electrical conductivities was TBA-Br > TBA-Cl >> TBA-F
semiclathrate hydrates. The order of activation energies was TBA-F > TBA-CI > TBA-
Br semiclathrate hydrates. The reported values of electrical conductivity and activation
energy in the polycrystalline TBA-Br, TBA-CI, and TBA-F semiclathrate hydrates®'-*?
are also summarized in Table 1. Comparing the results (single crystals) obtained in the
present study with those (polycrystals) in references, both the electrical conductivity and
the activation energy obtained in the present study were higher (or larger) than those in
the references. The reason why the differences emerged should originate from the
quality of crystals; for example, polycrystalline semiclathrate hydrates contain grain
boundaries, quasi-liquid layer, or metastable phases. Regarding the difference among

anions, Opallo et al.?! suggested that the dependence of electrical conductivity on anion

12



species may be derived from anion participation in the conduction process: the anion
may be a charge carrier or interact with mobile protons. The results we previously
reported in the kinetic isotope experiment* revealed that the conduction carriers are

protons, not anion species, unlike the role of anion as a conduction carrier speculated by

Opallo et al.>! How anions affect the electrical conductivity will be discussed later.
-4
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Figure 3. Arrhenius plots of the electrical conductivity in single-crystalline TBA-Br (red
circles)*, TBA-CI (green squares), and TBA-F (blue diamonds) semiclathrate hydrates.
Each sample was measured several times as shown by the symbols with slightly

different colors.
13



Table 1. Electrical conductivity (o) measured at each temperature (7) and estimated

activation energy (Es) in TBA-Br, TBA-CL, and TBA-F semiclathrate hydrates.

compound c/S-cm’! Es / kJ-mol! Ref.
single crystal
TBA-Br-:26H.0O 4.1x10° (at 273.2 K) 60.5+0.3 (4]
TBA-CI-30H,0 2.6x107 (at 273.2 K) 61.1+0.3 present study
TBA-F-28H,0 8.3x107 (at 293.2 K) 66.0+0.8 present study
polycrystal

TBA-Br-32H,0O 1.8x10° (at 250 K) 43+3 [21]
TBA-CI-30H,0 1.7x10°% (at 250 K) 53+4 [21]
TBA-F-32H,0 1.0x10 (at 250 K) 50+4 [21]

14



3.3. Electrical relaxation time and relative permittivity in TBA-Br, TBA-CIl,

and TBA-F semiclathrate hydrates
Figure 4 shows the temperature dependence of the electrical relaxation times in the
TBA-Br, TBA-CI, and TBA-F semiclathrate hydrates. The obtained electrical relaxation

time and the estimated activation energy in each semiclathrate hydrate are listed in

Table 2.

The electrical relaxation time in the TBA-CI semiclathrate hydrate was almost the

same or slightly longer than that in the TBA-Br semiclathrate hydrate. Electrical

relaxation time in the TBA-F semiclathrate hydrate was much longer than that in the

TBA-Br and TBA-CI ones.

Additionally, the relative permittivity at the top of frequency in the Nyquist plot of

each single-crystalline semiclathrate hydrate was estimated. Relative permittivity (&r)

was estimated by following equation (2)—(4):

1 1-p
C=QPR P 2)
A 3
C = SSE ( )
_5 (4)
& = e

where, & and g are permittivity of sample and vacuum, respectively.
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It was located at 130-140 for the TBA-Br semiclathrate hydrate*, 150-160 for the

TBA-CI semiclathrate hydrate, and 160-190 for the TBA-F semiclathrate hydrate in

each experimental temperature range.

T T T ITT T T TTTTIT

T T T

t/s
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Figure 4. Arrhenius plots of the electrical relaxation time in single-crystalline TBA-Br

(red circles), TBA-Cl (green squares), and TBA-F (blue diamonds) semiclathrate

hydrates. Each sample was measured several times as shown by the symbols with

slightly different colors.
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Table 2. Electrical relaxation time (t) measured at temperature (7) and estimated

activation energy (£:) in the single-crystalline TBA-Br, TBA-Cl, and TBA-F

semiclathrate hydrates.

compound T/ us E:/kJ-mol! Ref.
TBA-Br-26H0 1242 (at 273.2 K) 59.7+0.4 [4]
TBA-CI-30H,0 2046 (at 273.2 K) 63.8+1.1 present study
TBA-F-28H:0 59«11 (at 293.2 K) 60.9+0.7 present study
34. Factors to determine the electrical conductivity in semiclathrate hydrates

The electrical conductivity (o) with a single carrier is represented by the Nernst-

Einstein equation as an equation (5).

Dce?
0= ®)

D and ¢ represent the diffusion coefficient and concentration of charge carrier. The e, £,
and T are charge number, Boltzmann constant, and temperature, respectively. From
equation (5), to determine the electrical conductivity, we need to estimate the diffusion
coefficient D and the concentration ¢ of charge carrier besides the temperature. The
kinetic isotope experiment using the TBA-Br semiclathrate hydrate* revealed that the
charge carrier in semiclathrate hydrates is the proton (H"). To elucidate the proton

conduction mechanism in the semiclathrate hydrates, it is necessary to comprehend

17



how large the diffusion coefficient of protons in semiclathrate hydrates is and how
many protons generate in semiclathrate hydrates.

As a possible technique to estimate the apparent diffusion coefficient of proton
in the semiclathrate hydrates, there might be a solid-state 'H pulse-field gradient NMR
(PFG-NMR) measurement. Unfortunately, we cannot access the solid-state PFG-NMR
that can measure such a fast diffusion. Alternatively, we measured a solid-state ’H NMR
to help understand the dynamics of the water molecules in the semiclathrate hydrates. In
the case of clathrate hydrates or ices, it has been considered that the water dynamics,
especially reorientation motion, often plays a key role in proton diffusion’*%. At
Bjerrum defects, proton diffusion is temporarily suspended. In order to restart the proton
diffusion, the reorientation of the water molecules (alleviation of Bjerrum defects) is
necessary. In other words, the reorientation of water molecules is a rate-limiting step of
proton diffusion®. Such jump of protons between the water molecules can be described

by Einstein-Smoluchowski's equation (6)

AZ

D g
27.']'

(6)

where A and 7j represent jJump distance and mean residence time of proton, respectively.
As we described, water reorientation is a rate-limiting step, suggesting that the t; is

close to the water reorientation time. Thus, to reveal the proton conduction mechanism

18



in the semiclathrate hydrates clearly, understanding of the water reorientation motion in
the semiclathrate hydrates is essential. The water reorientation time in TBA-Br
semiclathrate deuterate was measured and was approximately 0.5 us*® or 12 us* at 273
K determined by NMR and/or dielectric measurement. In fact, the water reorientation
time of 12 us is in good agreement with the electrical relaxation time obtained by EIS
measurement®.

The representative line shapes of TBA-Br, -Cl, and -F semiclathrate deuterates
recorded by the single pulse sequence was shown in supporting information. The peaks
originated from the fast isotopic reorientation motion of D>O molecules were observed.
Figure 5 shows the temperature dependence of the spin-lattice relaxation times (77) in
the TBA-Br, TBA-CI, and TBA-F semiclathrate deuterates. Although 7 was a slightly
different among the TBA-halide semiclathrate deuterate systems at 263 K, the values
were similar within the range from 243-293 K. In other words, the difference of
electrical conductivity in the semiclathrate hydrates would not be caused by the
difference in water reorientation time.

The estimated activation energy of 7 (Et1) is summarized in Table 3. E11 in the TBA-
Br, TBA-CI, and TBA-F semiclathrate hydrates were similar to one another, which were
smaller than those of electrical conductivity (£a). This is because the E, is due to not

19



only the reorientation motion of water molecules, but also the formation energy of ion

defects, the interaction energy between ions, and the activation energy of proton

diffusion, etc.
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Figure 5. Temperature dependence of spin-lattice relaxation times (771) in TBA-Br (red

circles), TBA-CI (green squares) and TBA-F (blue diamonds) semiclathrate deuterates.
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Table 3. The estimated activation energy (ET1) of spin-lattice relaxation times (71) in

TBA-Br*, TBA-CI, and TBA-F semiclathrate hydrates.

compound Eri /kJ-mol!
TBA-Br-26H,O 16+1
TBA-CI1-30H20 14+1
TBA-F-28H;0 12+1

The NMR results suggested that the 771 in the TBA-halide semiclathrate deuterates,
which is related to the water reorientation time, was similar. This result supports that the
diffusion coefficient (D) of proton in the TBA-halide semiclathrate deuterates is almost
the same. On the other hand, the simple Arrhenius plots in the Figure 3 provides us that
the thermal process in proton conductions should be simple (possibly single) and other
processes could be ignored in these temperature regions. Consequently, we considered
that the dominant factor to determine the electrical conductivity in these semiclathrate
hydrates would be the concentration of the proton. The electronegativity of halide
anions would affect the concentration of the induced carrier. Unfortunately, it is
extremely difficult to directly measure the proton concentration or concentration of
ionic defects (H30" and OH") in a single-crystalline semiclathrate hydrate. The amount

of ionic defects in semiclathrate hydrate should affect the amount of carriers, resulting

21



in the magnitude of electrical conductivity. This assumption would be qualitatively
supported by high electrical conductivities observed in HPF¢! and
tetramethylammonium hydroxide?® clathrate hydrates, because they have high
concentration of H3O" and OH" in their aqueous solutions.

Regardless, NMR measurements suggest a conclusion that the electrical
conductivity in the TBA-Br, TBA-CI, and TBA-F semiclathrate hydrates depends on the
proton concentration in semiclathrate hydrate crystals, not the diffusion coefficient of

proton.

3.5. Electrical conductivity in TBA-OH semiclathrate hydrate

TBA-OH is also a familiar salt for semiclathrate hydrate formation. We measured
the electrical conductivity in the single-crystalline TBA-OH semiclathrate hydrate
(TBAOH-28H,0%%). TBA-OH semiclathrate hydrate was prepared from the aqueous

solution with 33.72 wt%.

Representative Nyquist plots of EIS for (Pt | TBA-OH SCH | Pt) cell measured at

278.2 K are shown in Figure 6. Since the capacitance of the TBA-OH semiclathrate

22



hydrate was much smaller or close to zero, equivalent circuit (7) was applied for the

data analysis in the TBA-OH semiclathrate hydrate system.

Z = Ryyq + (7)

1
(Jw)PaQq

The electrical conductivity in the TBA-OH semiclathrate hydrate was 2.0x102 S-cm’!
at 273.3 K, which was much higher than that in the TBA-Br, TBA-CI, and TBA-F
semiclathrate hydrates as shown in Figure 7. Since the electrical conductivity in the
TBA-OH semiclathrate hydrate exceeds 102 S-cm’!, TBA-OH semiclathrate hydrate is
classified as a superionic conductor. This trend was consistent with that in a
polycrystalline semiclathrate hydrate system. The electrical conductivity in a
polycrystalline TBA-OH semiclathrate hydrate was reported to be 10 S-cm™ at 250
K?2. Such higher electrical conductivity would be caused by the existence of the OH
anion??.

The activation energy of electrical conductivity in the TBA-OH semiclathrate hydrate
was 17 kJ-mol’!, which was much smaller than those in the TBA-Br, TBA-Cl, and TBA-
F semiclathrate hydrates (approximately 60 kJ-mol!). This result implies that the proton
conduction mechanism would be different from that in the TBA-Br, TBA-CI, and TBA-

F semiclathrate hydrates, although the detailed conduction mechanism is not clear. In

23



order to clarify the reason of the high electrical conductivity with a small activation
energy in the TBA-OH semiclathrate hydrate, further investigation is necessary.
Anyway, the discovery of a semiclathrate hydrate with a superionic conductivity, like
TBA-OH semiclathrate hydrate, shows the potential for significant development of new
solid electrolytes using semiclathrate hydrates. In fact, the electrical conductivity of
TBA-OH semiclathrate hydrate is higher than that of a-Li3PS4 (<107 S-cm! at 298 K)*?
and LisLasZr2012 (LLZ) (1.2x107 S-cm™! at 298 K)**, which were classified as fast solid

electrolytes.
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Figure 6. Nyquist plots of (Pt | SCH | Pt) cell measured at 278.2 K in the single-
crystalline TBA-OH semiclathrate hydrates (electrode area: 0.283 cm?, distance

between electrodes: 1.0 mm).
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Figure 7. Arrhenius plots of the electrical conductivity in single-crystalline TBA-OH
(orange triangles), TBA-Br (red circles)*, TBA-CI (green squares), and TBA-F (blue
diamonds) semiclathrate hydrates. Each sample was measured several times and the

results are shown by the symbols with slightly different colors.
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Conclusion

Electrical conductivities and electrical relaxation times in the TBA-Br, TBA-CI,

and TBA-F semiclathrate hydrates were measured. The electrical conductivity

decreased in the following order: TBA-Br > TBA-CI >> TBA-F semiclathrate hydrates.

The order of electrical relaxation times in three semiclathrate hydrates was TBA-F >

TBA-Cl > TBA-Br semiclathrate hydrates, though the magnitude of order of electrical

relaxation times in three semiclathrate hydrates was the same.

According to the Nernst-Einstein equation, the electrical conductivity in the

semiclathrate hydrates depends on the diffusion coefficient and concentration of protons

besides the temperature. The diffusion coefficient of protons is related to the spin-lattice

relaxation time 7 of water molecules. The 71 of the D2O molecules in the TBA-Br,

TBA-CI, and TBA-F semiclathrate deuterates were similar. These results mean that the

difference in electrical conductivities results from the proton concentration in the

semiclathrate hydrates, which cannot be directly measured.

We believe that the results obtained in the present study will lead to not only

the development of semiclathrate hydrates as solid electrolytes but the development of

advanced monitoring techniques for semiclathrate hydrate applications.
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