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ABSTRACT 

Clathrate hydrate as well as ice has been spotlighted as promising materials to investigate the 

properties of hydrogen-bonded networks formed by the water molecules. In the semiclathrate 

hydrate (SCH, a kind of clathrate hydrate) consisting of host water molecules and guest 

quaternary onium salts, the anion takes part in the hydrogen-bonded networks with the water 

molecules. In the present study, we measured the electrical conductivity and electrical relaxation 

time in the single-crystalline tetra-n-butylammonium bromide (TBAB) SCH by electrochemical 

impedance spectroscopy. The results clearly revealed that the conduction carrier was proton. The 

electrical relaxation time of proton conduction in TBAB SCH was similar to the reorientation 

time of the water molecules in TBAB SCH estimated by the results of nuclear magnetic 

resonance. 
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1. INTRODUCTION 

Both ice and clathrate hydrates, the important components on the planets, are crystalline 

compounds that consist of hydrogen-bonded networks of the water molecules.[1-4] Many 

researchers have been fascinated by their interesting properties. Among them, the electrical 

conductivity in hexagonal ice (hereafter ice Ih) is 10–100 times higher than that in liquid 

water.[5,6] The conduction mechanism in ice Ih has been proposed by Jaccard[7-9] and Onsager 

and Dupuis[10]. According to their proposed mechanism, charge conducts through a 

combination of ionic defect transfer and Bjerrum defect transfer. Ionic defect, such as H3O
+ and 

OH- ions, is formed by proton-jump, the interaction between water molecules and neighboring 

polarized compounds, and thermal fluctuation. The Bjerrum defect[11] consists of a bond 

occupied by two protons (D defect) and of an empty bond (L defect)[12] between two oxygen 

atoms of water molecules. The mechanism of proton conduction in ice Ih has been reported as 

follows [13]: 1) ionic defects (H3O
+ and OH-) are formed; 2) the formed protons migrate along 

with the hydrogen-bonded water networks; 3) at Bjerrum defects, proton transfer is suspended 

because the proton cannot jump to neighboring water molecules; 4) after rearrangement of water 

molecules around Bjerrum defects, protons restart to jump. The water reorientation motion at 

Bjerrum defects plays a significant role in determining the apparent diffusion coefficient of 

protons. In other words, the reorientation of water molecules is the rate-limiting step of proton 

conduction mechanism in ice Ih system.[13] 

In the case of clathrate hydrates, especially polycrystalline CH4 hydrate and CO2 hydrate, it has 

been reported that their electrical conductivities are similar to that in ice Ih,[14] whereas the 

relation between the diffusion and reorientation rates of water molecules in clathrate hydrate is 

different from that in ice Ih.[2] Concretely speaking, in ice Ih, the diffusion jump of water 
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molecules is about 8 times faster than the reorientation of water molecule, whereas, in clathrate 

hydrates, the diffusion jump is 20 times slower than the reorientation. In specific, the diffusion of 

water molecules in clathrate hydrate is two-order slower than that of ice Ih. The reorientation of 

water molecules in clathrate hydrate is twice faster than that in ice. 

Interestingly, a clathrate hydrate containing ionic guest substance, called "semiclathrate 

hydrate (or ionic clathrate hydrate)", shows an electrical conductivity higher than clathrate 

hydrates and ice Ih. Semiclathrate hydrate is a kind of clathrate hydrates and consists of host 

water molecules and guest quaternary ammonium or phosphonium salts.[15-17] Four butyl 

groups on the cations are incorporated in the conjunct hydrate cage, where a part of the water 

molecules in the hydrate frameworks are replaced with the anion, that is, anion species behave as 

a part of the host substances.[18-20] The characteristics of semiclathrate hydrate are somewhat 

different from those of clathrate hydrate. One of them is that semiclathrate hydrate is stable 

under a relatively high-temperature condition even at atmospheric pressure. Opallo et al. 

systematically reported the electrochemical conductivity of polycrystalline semiclathrate 

hydrates formed from the several guest ions.[21-28] However, the carrier ion and/or conduction 

mechanism in semiclathrate hydrates have been not yet clear. 

In the present study, to elucidate the carrier ion and to discuss the conduction mechanism in 

semiclathrate hydrates, electrochemical impedance spectroscopy (EIS) measurement was 

conducted. As a measurement sample, single-crystalline tetra-n-butylammonium bromide 

(TBAB) semiclathrate hydrate was used, because EIS is sensitive to the existence of grain 

boundary and metastable phases.[29] In addition, TBAB is one of the famous semiclathrate 

hydrate formers.[15,16,18,20,30] In TBAB semiclathrate hydrate (TBAB·26H2O), the 

equilibrium temperature is 284.8–285.2 K [31-34] and the crystal structure is tetragonal (space 
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group: P4/mmm, lattice parameter: a = 2.39(2) nm, c = 5.08(5) nm).[35] In the TBAB 

semiclathrate hydrate, the existence of some metastable phases has been reported, which have 

different physicochemical properties (e.g. TBAB·38H2O, TBAB·32.6H2O, TBAB·32H2O, and 

TBAB·24H2O).[31] The single-crystalline semiclathrate hydrate was prepared to avoid the 

effects of metastable structures and grain boundaries in the EIS measurement. Furthermore, to 

discuss the conduction mechanism in semiclathrate hydrate, we measured 2H nuclear magnetic 

resonance (NMR) of heavy water molecules in TBAB semiclathrate deuterate.  
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2. EXPERIMENTAL 

Samples 

The TBAB reagent with minimum purity of 99.9 wt% was obtained from FUJIFILM Wako 

Pure Chemical Corporation. Distilled and deionized water was prepared in our laboratory 

(resistivity: 17.9 M·cm). For the preparation of a single-crystalline TBAB semiclathrate 

hydrate, TBAB aqueous solution with the TBAB mass fraction (wTBAB) of 0.400 was prepared, 

which is very close to the stoichiometric composition of TBAB·26H2O. To confirm the isotope 

effect between H2O and D2O, the experiment with D2O instead of H2O was also conducted in the 

same way, where wTBAB was 0.407. D2O with minimum purity of 99.9 atomic% was obtained 

from Cambridge Isotope Laboratories, Inc. 

 

Apparatus and procedure 

The schematic illustration of experimental apparatus of EIS is shown in Figure 1. 

Approximately 1 cm3 of TBAB aqueous solution was poured in an electrochemical measurement 

cell, which was fabricated from a pair of Pt disk electrodes (electrode area: 0.283 cm2, distance 

between electrodes: 1.0 mm) with glass T-tube (VIDTEC). The cell was immersed in the 

ethylene glycol solution, where the temperature was kept at 285.1 K. The seed crystal of TBAB 

semiclathrate hydrate was added into the aqueous solution to prepare the single crystal. After a 

transparent crystal without grain boundaries was prepared in the space between electrodes 

(Figure 2), the temperature was gradually decreased at a rate of 0.1 K/1.5 hours and kept 

constant at least 1 hour prior to impedance measurement. 
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 Figure 3 shows the impedance spectra of the single-crystalline and polycrystalline 

semiclathrate hydrates formed at 285 K (in panel A) and the spectra of semiclathrate hydrates 

formed at different temperatures (in panel B), where Z’ and Z” represent real and imaginary parts 

of impedance, respectively. The impedance in the polycrystalline TBAB semiclathrate hydrate 

depended largely on the formation temperatures of the polycrystalline samples. Thus, 

polycrystalline semiclathrate hydrates, without any treatments, should not be suitable for 

evaluation of ion conduction properties using EIS because of the effects of grain boundaries,[29] 

quasi-liquid layer,[36,37] and metastable phases.[21,38] In the present study, to eliminate the 

effect of grain boundaries and metastable phases in the EIS measurement, we prepared a single-

crystalline TBAB semiclathrate hydrate in the space between both electrodes. Note that the 

existence of other crystals outside an effective region between both electrodes has no effect on 

the EIS. In lowering temperatures, gradual temperature change was needed to avoid the 

appearance of cracks in the single crystal. 

The electrochemical impedance of semiclathrate hydrate was investigated by an impedance 

analyzer (SP-150, Bio-Logic Sciences Instruments Ltd) in a frequency range from 1 Hz to 100 

kHz at atmospheric pressure. The 500 mV of sinusoidal signal (peak-to-peak amplitude) was 

applied to the cell. The impedance results were calibrated with the cell constant obtained in 0.01 

M KCl aqueous solution. 

The impedance data have been analyzed with a following equivalent circuit (1):[22,23] 

𝑍 = 𝑅sol +
𝑅hyd

1 + (𝑗ω)𝑝hyd𝑅hyd𝑄hyd
+

1

(𝑗ω)𝑝dl𝑄dl
 

(1) 
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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 sol, hyd, and dl correspond to aqueous solution, semiclathrate 

hydrate, and electric double-layer, respectively. In the present study, resistance in aqueous 

solution was negligible because the resistance was infinitesimally small. Therefore, the 

impedance results were analyzed with an equivalent circuit (2). 

𝑍 =
𝑅hyd

1 + (𝑗ω)𝑝hyd𝑅hyd𝑄hyd
+

1

(𝑗ω)𝑝dl𝑄dl
 (2) 

Capacitance (C) was estimated from following equation (3): 

𝐶hyd = 𝑄hyd

1
𝑝hyd(𝑅hyd)

1−𝑝hyd
𝑝hyd  

(3) 

The electrical conductivity () and relaxation time () obtained by EIS were calculated from the 

resistance (R) and capacitance (C), as the following equations (4) and (5): 

σ =
1

𝑅hyd

𝑑

𝐴
 

(4) 

τ = 2π𝑅hyd𝐶hyd (5) 

where the symbols d and A represent the distance between two Pt electrodes and the electrode 

area, respectively. 

Solid-state 2H NMR was conducted using AVANCE 600 (Bruker) equipped by a 

superconducting magnet with the magnetic field of 14.1 T, which corresponds to the resonance 

frequency of 92.129 MHz for 2H nuclei. TBAB semiclathrate deuterate was formed around 250 
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K and annealed at 284.2 K for 3 days in an NMR sample tube to avoid the coexistence of 

metastable phases. The T1 and T2 relaxation times were measured using inversion recovery [180° 

– t – 90°] and solid echo [90° – t – 90°] methods, respectively.  The pulse length of 90° and 180° 

pulses were 6.25 μs and 12.5 μs, respectively. The line width of the narrow peaks reflects the 

temperature-independent (0
1/2) and the temperature-dependent [1/2(T)] components. The former 

is the intrinsic line width, and the latter corresponds to the motional narrowing part which is 

proportional to the spin-spin relaxation rate (1/T2) in the extreme narrowing region.[39,40] In 

order to examine the isotropic reorientation motion of water molecules, we estimated the 

activation energy using narrow peak width. 
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Figure 1. Schematic illustration of the apparatus for the electrochemical impedance measurement.  

 

Figure 2. Typical photo of single-crystalline TBAB semiclathrate hydrate formed between Pt 

electrodes. The surfaces of both electrodes were completely covered with a single crystal, though 

grain boundaries were present outside the effective region between electrodes. 
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Figure 3. (A) Typical Nyquist plots of single crystals and polycrystals formed at 285 K. All 

spectra were measured at 283 K. Notations of (a) and (b) in single crystals and polycrystals 

indicate different crystals prepared with the same procedure. (B) Typical Nyquist plots of single 

crystals formed at 285 K and polycrystals formed at 263, 268, and 278 K. All spectra were 

measured at 283 K.  
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3. RESULTS AND DISCUSSION 

Temperature dependence of impedance in TBAB semiclathrate hydrates 

Figures 4 and 5 show temperature dependences on Bode plots and Nyquist plots in a single-

crystalline TBAB semiclathrate hydrate, respectively. In Figure 5, a high-frequency arc and a 

low-frequency tail were observed. Since the TBAB semiclathrate hydrate used in the present 

study was a single crystal without grain boundaries between the electrodes, there was neither 

impedance derived from a metastable phase nor grain boundaries. Therefore, the bulk resistance 

of semiclathrate hydrate Rhyd was determined from the intersection of the low frequency tail with 

the real axis of the impedance Z’. The resistance in TBAB semiclathrate hydrate was increased 

with a decrease in measurement temperature. Such behavior has been frequently seen in the 

typical ionic conductors.[41,42] 
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Figure 4. Bode plots of EIS measured at various temperatures in the single-crystalline TBAB 

semiclathrate hydrate (electrode area: 0.283 cm2, distance between electrodes: 1.0 mm). |Z| and 

 stand for impedance and phase delay, respectively. 
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Figure 5. Nyquist plots of EIS measured at various temperatures in the single-crystalline TBAB 

semiclathrate hydrate (electrode area: 0.283 cm2, distance between electrodes: 1.0 mm). The 

solid curves represent the fitting results by the first term of the equation (2). 
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Ion conduction properties and identification of carrier ion 

The temperature dependences (Arrhenius plots) of the electrical conductivity and relaxation 

time obtained by EIS are shown in Figures 6 and 7, respectively. The values of electrical 

conductivity and relaxation time at 273, 278, and 283 K are listed in Table 1. The estimated 

activation energies in the electrical conductivity (E) and electrical relaxation time (E) are also 

summarized in Table 2. 

 Figure 6 shows the electrical conductivity of TBAB semiclathrate hydrate and deuterate. 

TBAB semiclathrate hydrate had an electrical conductivity approximately 1.5 times higher than 

TBAB semiclathrate deuterate in the whole temperature range. These results reveal the isotope 

effect between TBAB semiclathrate hydrate and deuterate. The activation energy of electrical 

conductivity E in TBAB semiclathrate hydrate (62.2±0.3 kJ·mol-1 (0.644±0.003 eV)) was 

slightly lower than that in TBAB semiclathrate deuterate one (63.6±0.2 kJ·mol-1 (0.659±0.002 

eV)). In ref. 22, the electrical conductivity at 250 K and activation energy E in a polycrystalline 

TBAB semiclathrate hydrate (TBAB·32H2O), which was different from the composition in the 

present study (TBAB·26H2O), were reported to be 1.8×10-6 S·m-1 and 43.4±0.3 kJ·mol-1 

(0.45±0.03 eV), respectively. It may be caused by either polycrystals used in ref. 22 or a single 

crystal used in the present study, not only the crystal structure. 

The electrical conductivity in the semiclathrate hydrate would depend on the guest ionic 

species. In fact, tetramethylammonium hydroxide (TMAOH) and tetra-n-butylammonium 

hydroxide (TBAOH) semiclathrate hydrates exhibit high electrical conductivity according to the 

literature.[21-23,38] They possess a potential as solid electrolytes for batteries and hydrogen 

evolution materials to achieve the clean energy utilization.[23,38,26-28,43] Moreover, TMAOH 

semiclathrate hydrate has hydroxide anions (OH-), which can withdraw protons (H+) from 
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neighboring water molecules. This proton transfer would cause high proton conductivity. 

TBAOH semiclathrate hydrate, which has butyl groups longer than methyl groups in TMAOH, 

has also been reported to exhibit a high ionic conductivity.[26,28] 

Figure 7 shows the electrical relaxation time of the single-crystalline TBAB semiclathrate 

hydrate and deuterate obtained by EIS. The electrical relaxation time in the TBAB semiclathrate 

deuterate was approximately 1.5 times as large as that in the TBAB semiclathrate hydrate, that is, 

the isotope effects were observed by deuterium substitution. The trend of the Arrhenius plots for 

the electrical relaxation time is similar to that of electrical conductivity (Figure 6). As shown in 

Table 2, the difference in the activation energies of electrical relaxation time (E) between TBAB 

semiclathrate hydrate (59.7±0.4 kJ·mol-1, 0.618±0.004 eV) and TBAB semiclathrate deuterate 

(65.9±0.3 kJ·mol-1, 0.683±0.003 eV) is a little. 

The ratios of the isotope effect (approximately 1.5) obtained in the present study are close to 

the theoretical value originated from the mass ratio of proton to deuteron, which is estimated 

from classical kinetic model on the assumption of simple proton hopping conduction, as the 

following equation (6):[44-47] 

𝜎H
𝜎D

=
𝜏D
𝜏H

= (
𝑚H

𝑚D
)
−1 2⁄

= √2 
(6) 

where mH and mD are the mass of proton and deuteron, respectively. The result indicates that the 

mass of hydrogen atom of the water molecules has a large effect on the mobility of carriers. In 

other words, hydrogen atoms of the water molecules contribute to the conduction mechanism in 

TBAB semiclathrate hydrate. 

The temperature dependence of the relative permittivity at the top of frequencies in the Nyquist 

plots in single-crystalline TBAB semiclathrate hydrate was also estimated. Both the relative 
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permittivities were located around 130–140 in the temperature range of the present study. No 

significant differences in the relative permittivity between TBAB semiclathrate hydrate and 

TBAB semiclathrate deuterate were observed. It indicates that the increase in the mass of water 

molecules does not play a significant role in the polarization. 

 

Possible conduction mechanism in TBAB semiclathrate hydrates 

In ice Ih, it is well known that the proton conduction is distinctly classified into the Grotthuss 

and vehicle mechanisms.[48,49] The Grotthuss mechanism occurs mainly by the proton jumps 

through hydrogen-bonded networks between water molecules.[12] This is caused by the local 

molecular rearrangement, which allows the next jump. The rate-limiting is defined by 

rearrangement of hydrogen atom or proton in the Grotthuss mechanism. Vehicle mechanism is 

caused by the transfer of hydronium ions (H3O
+), similar to the diffusion of water molecules. In 

this mechanism, molecular diffusion is rate-limiting step. 

The isotope effect obtained in TBAB semiclathrate hydrate reveals that the proton is the carrier 

ion. However, it is difficult to discuss the detailed conduction mechanism only from the EIS 

results. There are three possible hypotheses of proton conduction mechanism, which provide 

kinetic isotope effect: 1) proton hopping via reorientation of water molecules (Grotthuss 

mechanism); 2) proton transfer by O-H stretching and bending motion (Grotthuss mechanism); 

3) diffusion of hydronium ions (Vehicle mechanism). It is well known that the Grotthuss 

mechanism provides the isotope effect around 1.4 for electrical conductivity.[45,47] However, it 

is difficult only from the isotope effect to identify which conduction mechanism is dominant in 

the TBAB semiclathrate hydrate. As a possible technique to understand the conduction 

mechanism of proton in the TBAB semiclathrate hydrate, there might be solid-state 1H pulsed-
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filed gradient NMR (PFG-NMR) measurement, which provides us the apparent diffusion 

coefficient of 1H atom. Unfortunately, we cannot access the solid-state PFG-NMR that can 

measure such a fast diffusion. Therefore, we measured the solid-state 2H NMR to help 

understand the dynamics of the water molecules in the TBAB semiclathrate hydrate and to figure 

out how similar the dynamics of the water molecules in the TBAB semiclathrate hydrate are to 

those in ice Ih. 

 

Water reorientation in TBAB semiclathrate deuterate investigated by NMR 

measurement 

The dynamics of the water molecules in ice Ih, especially reorientation motion, is considered 

as an important factor contributing to proton conduction, since the rate-limiting step has been 

considered to be the water reorientation motion in the icy materials.[12] To obtain the 

information of water reorientation motion, the spin-lattice (T1) and spin-spin (T2) relaxation 

times of D2O molecules in the TBAB semiclathrate deuterate were measured by solid-state 2H 

NMR measurement. 

The line shapes recorded by single-pulse sequence were displayed in Figure 8. The narrow 

peaks originated from the fast isotropic reorientational motion of D2O molecules were observed 

in the temperature range of 243–278 K, which are similar to the results reported in the 

literature.[50] As shown in inset figure in Figure 8, neither Pake-doublet powder pattern nor 

other broad peak was observed at these temperatures. It is consistent with the literature [50], 

where it was reported that the Pake-doublet powder pattern was observed only at temperatures 

below 225.2 K in the TBAB semiclathrate hydrate. In ice Ih, it is well known that the Pake-

doublet powder pattern is observed even at temperatures slightly lower than the melting 
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point.[51] Thus, water dynamics in semiclathrate hydrate is considered to be more active and 

isotropic than that of ice system. The reason would be the existence of a large number of ions, 

which induce some defects in hydrogen-bonded water networks, in the TBAB semiclathrate 

hydrate. 

T1 and T2 relaxation times obtained in the present study showed temperature dependence as 

shown in Figure 9. The T1 recovery profile was an exponential type (see Figure S1), suggesting 

the almost homogenous state of deuterons in the semiclathrate sample.  In fact, these results are 

in good agreement with the reported data [50]. Schildmann et al. reported not only T1 and T2 

relaxation times but also the results by dielectric spectroscopy and stimulated-echo NMR 

experiment. Schildmann et al. [50] concluded comprehensively that the activation energy was 

43±1 kJ·mol-1, which differed from the results obtained in the present study (16.3±0.9 kJ·mol-1). 

According to the ref. 50, however, there seems to be at least two different slopes in temperature 

dependences of T1 relaxation time and reorientational correlation time. Comparing the results of 

T1 relaxation times, the results obtained in the present study showed good agreement with the 

results [50] at temperatures above 220 K reported by Schildmann et al. They estimated the 

activation energy and pre-exponential coefficient in the whole temperature range without 

dividing into two temperature dependences at a border of 220 K. The disagreement of activation 

energies should be caused by the change of activation energies at a border of 220 K. 

As a different analysis, the activation energy of half-width half-maximum (HWHM) of the 

narrow peak line width was examined (Figure 10).[39,40] As the results, the obtained activation 

energy was 20.3 kJ·mol-1. 

When we extrapolated the reorientation correlation time only above 220 K in ref. 50 by using 

the activation energy determined in the present study (16.3 kJ·mol-1), the reorientation 
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correlation time of water molecules at 273 K was about 10 s. This value is consistent with the 

relaxation time obtained from the EIS in the present study. From both NMR and EIS results, the 

relaxation times obtained by EIS may reflect the water reorientation time. Further investigation 

could elucidate the detail of the proton conduction mechanism.  
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Figure 6. Arrhenius plots of the electrical conductivity in TBAB semiclathrate hydrate and 

TBAB semiclathrate deuterate. 

 

Figure 7. Arrhenius plots of the electrical relaxation time in TBAB semiclathrate hydrate and 

TBAB semiclathrate deuterate. 
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Table 1. Electrical conductivity () and electrical relaxation time () in TBAB semiclathrate 

hydrate and TBAB semiclathrate deuterate at 273, 278, and 283 K. 

  / mS·m-1  / s 

T / K 273 278 283 273 278 283 

semiclathrate hydrate 0.41 0.56 0.89 12 7.4 4.8 

semiclathrate deuterate 0.21 0.35 0.56 21 12 7.3 

 

Table 2. Activation energies of the electrical conductivity (E) and electrical relaxation time (E) 

in TBAB semiclathrate hydrate and TBAB semiclathrate deuterate. 

 E/ eV E/ kJ·mol-1 E/ eV E / kJ·mol-1 

semiclathrate hydrate 

0.644 

±0.003 

62.2 

±0.3 

0.618 

±0.004 

59.7 

±0.4 

semiclathrate deuterate 

0.659 

±0.002 

63.6 

±0.2 

0.683 

±0.003 

65.9 

±0.3 
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Figure 8. 2H NMR spectra of TBAB semiclathrate deuterate measured at 278 K, 263 K, 253 K, 

and 243 K.  represents a chemical shift which was referred by pure heavy water. The narrow 

peaks reflect the fast water reorientation motion. The Pake-doublet was not observed even in the 

inset figure (enlarged view around baseline). 
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Figure 9. Temperature dependences of 2H spin-lattice relaxation time (T1) and 2H spin-spin 

relaxation time (T2). 

 

Figure 10. Temperature dependences of half-width half-maximum (HWHM) of narrow peaks 

measured by 2H single- and solid echo-pulse sequences.  
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4. CONCLUSIONS 

In the present study, the electrochemical impedance spectra in the single-crystalline TBAB 

semiclathrate hydrate were measured. The electrochemical conductivity in TBAB semiclathrate 

hydrate was higher than that of ice Ih and showed Arrhenius-type temperature dependence. The 

isotope effects on the electrical conductivity and electrical relaxation time were clearly observed 

by EIS when the D2O was used instead of H2O. The kinetic isotope effects reveal that the proton 

is the conduction carrier in the TBAB semiclathrate hydrate. For the proton conduction 

mechanism, Grotthuss and Vehicle mechanisms are known in icy materials. To discriminate the 

conduction mechanisms, we focused on the reorientation motion of water molecules. The 

reorientation time of water molecules in TBAB semiclathrate hydrate was determined by T1 and 

T2 relaxation by solid-state NMR measurements and is also in agreement with the relaxation time 

obtained by EIS. However, it is difficult to elucidate the conduction mechanism only from the 

results obtained in the present study. 
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