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Organic ionic plastic crystals composed of tetrahydrothiophenium 
cation with high conductivity

Keita Inoue, a Yoshifumi Hirotsu, a Yuko Takeoka, a Masahiro Rikukawa, a Masahiro Yoshizawa-
Fujita* a

Organic ionic plastic crystals (OIPCs) are soft crystalline materials that exhibit plasticity and ionic conductivity, making them 
promising candidates for use as solid electrolytes. Previously, IPCs based on pyrrolidinium cations derived from the 
heterocyclic five-membered ring pyrrolidine have been synthesized, and their ionic conductivities have been reported. 
However, their performance has not yet achieved the required standard. In this study, we focused on tetrahydrothiophene, 
another five-membered heterocyclic compound, as a novel cationic structure. A series of novel IPCs was synthesized using 
tetrahydrothiophenium cations in combination with five different anions, yielding 15 compounds. Thermal analysis was 
conducted to determine the decomposition and phase-transition temperatures. Six of the synthesized compounds were 
identified as IPCs, and five were classified as ionic liquids. Among them, the compound 1-ethyltetrahydrothiphenium 
trifluoro(trifluoromethyl)borate ([C₂tht][CF₃BF₃]), consisting of ethyl-substituted tetrahydrothiophenium cation and CF₃BF₃ 
anion, exhibited an ionic conductivity of 7.19 × 10⁻⁴ S cm⁻¹ at 25 °C. Notably, [C₂tht][CF₃BF₃] demonstrated an approximately 
one order of magnitude higher ionic conductivity at room temperature than conventional pyrrolidinium-based IPCs.

1. Introduction
Organic ionic plastic crystals (OIPCs) are soft solid 

compounds that possess a crystalline lattice composed of 
cations and anions and exhibit a certain degree of molecular-
level freedom in orientation and rotation. 1 Owing to these 
features, OIPCs have attracted attention as next-generation 
solid-state electrolytes. Their non-flammability and low 
volatility significantly reduce the risks of leakage and 
combustion, making them promising candidates for use in 
energy storage devices, such as lithium-ion batteries, from a 
safety perspective. 2–4 OIPCs are being actively investigated as 
flexible solid electrolytes, and several studies have 
demonstrated that replacing liquid electrolytes with OIPCs can 
effectively address issues such as leakage and ignition. 5

As solid materials with a crystalline lattice, OIPCs exhibit 
plasticity, that is, disorder in ion rotation or reorientation, 
below their melting points.6 This enables their application as 
thin films to replace separators inside cells or as melt-infiltrated 
components in electrodes, thereby reducing interfacial 
resistance. 7 This melt-infiltrable property facilitates intimate 
contact between the electrode and electrolyte phases, thereby 
mitigating discontinuities in ion diffusion pathways, which are 
often encountered in solid electrolytes. 5,8

In fact, all-solid-state lithium batteries employing OIPCs 
have demonstrated stable operation over a wide temperature 
range and excellent long-term cycling performance.7,9,10 
Moreover, the flexibility of OIPCs has enabled the insertion of 
plastic crystalline interlayers at the interface between the solid 
electrolyte and lithium metal anode, effectively suppressing 
interfacial reactions and lithium dendrite formation.5,11

The physical properties of OIPCs can be tuned by varying the 
cation–anion combinations. For example, it has been reported 
that the plastic-crystalline phase transition temperature and 
melting point can be optimized through structural 
modification.12,13 OIPCs based on various cation families—such 
as pyrrolidinium, imidazolium, phosphonium, and sulfonium—
and a wide range of anions, including PF₆⁻, BF₄⁻, 
bis(trifluoromethylsulfonyl)amide (TFSA⁻), 
trifluoro(trifluoromethyl)borate (CF₃BF₃⁻), and 
carbamoylcyano(nitroso)methanide (CCNM⁻), have been 
widely studied.14–19 Among them, pyrrolidinium-based IPCs 
have attracted particular interest because of their high chemical 
and thermal stabilities. Yunis et al. demonstrated that a variety 
of IPCs can be formed by combining pyrrolidinium cations with 
various anions and suggested that their structure facilitates the 
formation of a plastic crystal (PC) phase.20,21 Additionally, 
Yamada et al. reported that adding lithium salts to 
pyrrolidinium-based IPCs further enhanced their ionic 
conductivity. 14 Ariga et al. reported that incorporating 
inorganic solid electrolytes enhances the thermal stability and 
mechanical strength of pyrrolidinium-based IPCs over a wide 
temperature range while maintaining high ionic conductivity.22 
Ootahara et al. reported that N,N-diethylpyrrolidinium 
trifluoro(trifluoromethyl)borate ([C₂mpyr][CF₃BF₃]) exhibits a 
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high ionic conductivity of 1.75 × 10⁻⁴ S cm⁻¹ at 25 °C.23 These 
studies collectively suggest that pyrrolidinium cations offer a 
high degree of design freedom, facilitate the formation of IPCs, 
and provide high ionic conductivity. However, despite these 
advantages, the ionic conductivity of IPCs in the solid state and 
remains below the levels required for practical application.

In this study, we focused on developing new IPCs based on 
1-alkyltetrahydrothiophenium cations ([Cntht], n = 1–3). We 
synthesized 15 compounds by combining three [Cntht] cations 
with five different anions (Figure 1). The [Cntht] cation features 
a five-membered heterocyclic structure similar to that of 
pyrrolidinium but contains only a single alkyl side chain, which 
enhances the cationic structural symmetry. This higher 
symmetry is expected to promote the formation of the IPC 
phases. This study aims to elucidate the relationship between 
molecular structure and ionic conductivity by evaluating the 
physicochemical properties of these [Cntht]-based compounds.

2.  Results and Discussion
2.1. Thermal Stability

Thermogravimetric analysis (TGA) was performed to 
evaluate the thermal stability of the synthesized compounds. 
TG curves are shown in Figure S1 for all the [Cntht]-based 
compounds synthesized in this study, and Table 1 summarizes 
the 5% weight loss temperatures (Td-5). The Td-5 values of 
[C1tht][FSA], [C2tht][FSA], and [C3tht][FSA] were 238, 244, and 
260 °C, respectively, with a residual weight percentage of 
approximately 10%. The Td-5 values of [C1tht][TFSA], 
[C2tht][TFSA], and [C3tht][TFSA] were 290, 275, and 270 °C, 
respectively. Similarly, [C1tht][BETA], [C2tht][BETA], and 
[C3tht][BETA] exhibited Td-5 values of 286, 280, and 273 °C, 
respectively. In all systems with TFSA and BETA anions, the 
residual weight percentage at 500 °C was less than 1%.

The previously reported decomposition temperatures for 
[C1tht][TFSA] and [C2tht][TFSA] were 308 and 298 °C, 
respectively, which are in good agreement with those obtained 
in this study.24 With the elongation of the alkyl side chain on the 
tetrahydrothiophenium cation, a decrease in Td-5 was observed. 
Among the structurally similar anions, FSA, TFSA, and BETA, the 

FSA-based salts exhibited the highest residual weight 
percentage. In contrast, the Td-5 values increased with 
increasing side-chain length in the FSA series, whereas the Td-5 
values decreased with chain elongation in the TFSA and BETA 
series, which also exhibited low residual weight percentages.

In FSA-based OIPCs, previous studies have reported 
polymerization during the thermal decomposition of the FSA 
anion, leading to the formation of high-molecular-weight 
species25, which likely contribute to the increased residual 
weight percentage. The higher Td-5 values observed in the TFSA 
and BETA systems than those of FSA-based compounds are 
presumed to originate from the weaker basicity (i.e., lower 
electron-donating ability) of these anions.26 However, for 
pyrrolidinium and phosphonium salts bearing TFSA or BETA 
anions, Td-5 values exceeding 300 °C have been reported, which 
are notably higher than those of tetrahydrothiophenium-based 
salts.27–29 Moreover, in sulfonium-based systems, the TFSA 
anion begins to decompose at approximately 280 °C.30 These 
observations suggest that the S–C bond in the 
tetrahydrothiophenium cation is relatively weak, thermally 
unstable, and prone to decomposition. Furthermore, in FSA-
based systems, comparing cyclic and acyclic sulfonium cations 
of identical molecular weight showed that the acyclic analogs 
tended to exhibit higher thermal stability. 31

The Td-5 values of [C1tht][TCM], [C2tht][TCM], and 
[C3tht][TCM] were 189, 185, and 191 °C, respectively, with a 
residual weight percentage of approximately 35–40%. Unlike 
the other anion systems, the TCM series showed no explicit 
dependency of Td-5 on the alkyl chain length of the 
tetrahydrothiophenium cation and exhibited the lowest 
thermal stability among the five anions investigated. As 
previously reported, the thermal stability of onium salts is 
correlated with the basicity of the anion, suggesting that the 
TCM anion is strongly basic. Compared to other anion systems, 
the TCM-based salts showed notably higher residual 
percentages, which can be attributed to the carbonization 
accompanying the thermal decomposition of the anion. The 
TCM anion has been reported to readily form oligomers or 
polymers upon heating. According to the report by Albeladi et 
al., heating to 800 °C does not result in complete 
decomposition, and a residual weight of approximately 30 wt% 
has been observed.32,33 This value is comparable to the yield of 
hydrochar obtained by hydrothermal carbonization of biomass, 
and the residue rate of ~40 wt% at 500 °C observed in this study 
is in good agreement with these findings. These results indicate 
that the high residual weight percentage in TCM-based OIPCs 
originated from carbonization during thermal degradation.

The Td-5 values of [C1tht][CF₃BF₃], [C2tht][CF₃BF₃], and 
[C3tht][CF₃BF₃] were 258, 222, and 223 °C, respectively, with 
[C1tht][CF₃BF₃] showing the highest thermal stability among the 
compounds with CF₃BF₃ anion. The dependence of Td-5 on the 
alkyl chain length was similar to that observed in the TFSA and 
BETA systems. The TG curves of the CF₃BF₃-based OIPCs 
exhibited two-step weight losses, which are presumed to be 
due to stepwise decomposition involving the cleavage of the –
CF₂ groups from the anion 34.

Figure1. Chemical structure of tetrahydrothiophenium salts 
with various anion species.

Page 2 of 16Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

2/
20

26
 6

:4
7:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6QM00016A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qm00016a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

2.2. Phase Transition Behaviour

To investigate the phase-transition behavior of the OIPCs, 
differential scanning calorimetry (DSC) measurements were 
performed. Figure 2 displays the DSC profiles for the second 

heating cycle for all compounds, and Table 1 summarizes the 
melting point (Tm), final entropy of fusion (ΔSf), solid–solid 
phase transition temperature (Ts-s), glass transition 
temperature (Tg), and crystallization temperature (Tc). The 
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temperature range from Tm to the first Ts-s was defined as Phase 
I, followed by Phases II, III, and so on. 

For the compounds with FSA anions, [C1tht][FSA] exhibited 
a Ts-s at −17.7 °C and a melting point at 232 °C; however, the ΔSf 
could not be determined because of the proximity to the 
decomposition temperature. In the DSC measurements, the 
temperature range was limited to 50 °C below the 
decomposition temperature in order to prevent damage to the 
instrument. Although the measurements were conducted up to 
the maximum allowable temperature, no melting peak was 
observed in some cases. Therefore, in the figures, we extracted 
and presented only the temperature regions where transition 
peaks were clearly detected. For [C1tht][FSA], the melting 
temperature was determined separately by visual observation 
using a melting point apparatus. In [C2tht][FSA], a Ts-s was 
observed at 0.92 °C, with a Tm of 82.5 °C and ΔSf of 
9.25 J K⁻¹ mol⁻¹, which is consistent with Timmermans’ 
criterion. FSA-based   OIPCs generally showed low ΔSf values, 
likely due to the high ionic mobility in Phase I, which suppresses 
the entropy of fusion. 35 In [C3tht][FSA], no Ts-s was observed; Tm 
was −8.66 °C and ΔSf was 4.94 J K⁻¹ mol⁻¹. These results suggest 
that [C2tht][FSA] exhibits OIPC behavior, whereas [C3tht][FSA], 
which is a liquid at room temperature, is classified as an ionic 
liquid (IL).

Furthermore, a comparison of the melting points of cyclic 
and acyclic sulfonium salts with identical molecular weights in 
the FSA system showed that the acyclic salts had lower melting 
points and were liquid at room temperature. This trend has 
been attributed to the larger number of accessible conformers 
in the liquid phase, which increases entropy and lowers melting 
points in ILs; five-membered ring structures possess fewer 
conformers than open-chain analogues.36

In the TFSA-based compounds, [C1tht][TFSA] exhibited Ts-s at 
− 18.3 °C and 9.91 °C, with a Tm of 94.1 °C and ΔSf of 
37.2 J K⁻¹ mol⁻¹. For [C2tht][TFSA], Ts-s was observed at −24.1 °C, 
Tm was 64.9 °C, and ΔSf was 37.0 J K⁻¹ mol⁻¹. [C3tht][TFSA] 
exhibited Ts-s at −52.9 °C and −23.7 °C, a Tm of 33.1 °C, and ΔSf of 
12.6 J K⁻¹ mol⁻¹. Reported values for [C1tht][TFSA] include Ts-s at 
−14 °C and −16 °C and Tm at 98 °C, which are in good agreement 
with the present results.24 Similarly, the reported Ts-s values for 
[C2tht][TFSA] are − 19 °C and − 51 °C, with a melting point of 
69 °C, again matching well with this study.24 All the TFSA-based 
compounds remained solid at room temperature (25 °C) and 
exhibited solid–solid phase transitions. While Timmermans’ 
criterion suggests that OIPCs typically exhibit ΔSf values below 
20 J K⁻¹ mol⁻¹, all the TFSA-based compounds exceeded this 
threshold. However, since ionic interactions in ionic compounds 
tend to increase ΔSf value, and similar trends have been 

Figure 2. DSC curves of tetrahydrothiophenium salts. a) [Cntht][FSA], b) [Cntht][TFSA], c) [Cntht][BETA], d) 
[Cntht][TCM], e) [Cntht][CF3BF3] (n = 1, 2, and 3).
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reported for TFSA-containing OIPCs, these compounds are still 
considered to have OIPC characteristics despite their high ΔSf 
values.37

Among the BETA-based compounds, [C1tht][BETA] showed 
no Ts-s, with a Tm of 128 °C and ΔSf of 29.4 J K⁻¹ mol⁻¹, indicating 
a highly crystalline material. For [C2tht][BETA], Ts-s was observed 
at −25.9 °C, −15.4 °C, and 10.7 °C; Tm was 48.0 °C, and ΔSf was 
32.9 J K⁻¹ mol⁻¹. Although the ΔSf value exceeded 20 J K⁻¹ mol⁻¹, 
the behavior was similar to that of TFSA-based OIPCs, 
suggesting that [C2tht][BETA] may also exhibit OIPC properties. 
[C3tht][BETA] exhibited Ts-s at 6.35 °C, Tm of 18.4 °C, and a high 
ΔSf of 113 J K⁻¹ mol⁻¹. As its melting point is below room 
temperature, [C3tht][BETA] exists as a liquid at room 
temperature and is thus classified as an IL at room temperature.

Among the TCM-based compounds, [C1tht][TCM] exhibited 
Ts-s at 17.3 °C, a Tm of 104 °C, and ΔSf of 29.1 J K⁻¹ mol⁻¹. 
[C2tht][TCM] showed no Ts-s, with a Tm of 0.74 °C and ΔSf of 
79.5 J K⁻¹ mol⁻¹. [C3tht][TCM] displayed only a Tg at − 81.6 °C, 
suggesting an amorphous structure. Given that ΔSf for 
[C1tht][TCM] exceeds 20 J K⁻¹ mol⁻¹, the likelihood of exhibiting 
OIPC behavior is low. Compared to pyrrolidinium analogs, ΔSf 
was approximately 10 times higher38, which may be attributed 
to the higher orientational order of the cations in the crystal 

lattice. Because [C2tht][TCM] and [C3tht][TCM] are liquids at 
room temperature, they are classified as ILs.

For CF₃BF₃-based compounds, [C1tht][CF₃BF₃] exhibited Ts-s 
at − 61.5 and − 24.7 °C, but no melting point was detected, 
making ΔSf indeterminable. In [C2tht][CF₃BF₃], Ts-s was observed 
at − 72.4, − 17.3, and 12.4 °C; Tm was 77.4 °C and ΔSf was 
1.46 J K⁻¹ mol⁻¹. [C3tht][CF₃BF₃] showed no Ts-s, a Tm of −4.90 °C, 
and ΔSf of 25.8 J K⁻¹ mol⁻¹. Notably, [C2tht][CF₃BF₃] satisfies 
Timmermans’ criterion and is therefore considered to have 
OIPC characteristics, whereas [C3tht][CF₃BF₃], being liquid at 
room temperature and lacking Ts-s, is classified as an IL.

Based on these results, six of the 15 synthesized salts were 
identified as potential OIPCs: [C1tht][TFSA], [C2tht][X] (X = TFSA, 
BETA, FSA, CF₃BF₃), and [C3tht][TFSA]. The [C2tht] cation readily 
forms OIPCs with various anions. The tetrahydrothiophenium 
series exhibited a decrease in the melting point with increasing 
alkyl side-chain length, consistent with the trends observed for 
pyrrolidinium-based OIPCs. The [C3tht] cation exhibited low Tm 
values and readily formed ILs.

2.3. Ionic Conductivity

Figure 3. Arrhenius plots of ionic conductivities for tetrahydrothiophenium salts.  (a) [Cntht][FSA], (b) [Cntht][TFSA], (c) 
[Cntht][BETA], (d) [Cntht][TCM], (e) [Cntht][CF3BF3] (n = 1, 2, and 3).
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AC impedance measurements were conducted to evaluate 
the ionic conductivity of the tetrahydrothiophenium-based 
compounds. Figure 3 shows the Arrhenius plots of the ionic 
conductivities of all the compounds, along with their ionic 
conductivities at 25 °C, as summarized in Table S1. At 25 °C, the 
ionic conductivities of [C1tht][FSA], [C2tht][FSA], and 
[C3tht][FSA] were 1.50 × 10⁻⁷, 2.07 × 10⁻⁵, and 
3.09 × 10⁻³ S cm⁻¹, respectively. Although [C1tht][FSA] exhibited 
a Ts-s at − 17.7 °C, no significant change in conductivity was 
observed between 20 and 10 °C, suggesting that the 
structural change has a limited impact on ion mobility. For 
[C2tht][FSA], conductivity changes were observed near −30 °C 
and 70 °C, corresponding to Ts-s and Tm (82.5 °C), respectively, 
which are consistent with the DSC results. In the Arrhenius plot 
of ionic conductivity for [C3tht][FSA], no sudden change in ionic 
conductivity was observed around the Tm of 8.66°C. The 
temperature dependence of ionic conductivity exhibited an 
upward convex curve, showing a Vogel–Fulcher–Tammann 
(VFT)-type temperature dependence. This indicates that the 
sample is in a liquid state and the viscosity of the liquid phase 
governs ion transport.39,40 In other words, this suggests that the 
sample is a supercooled liquid at temperatures below the Tm.

Among FSA-based OIPCs in the solid state, the highest 
reported conductivity is for the pyrrolidinium-based 
[C2epyr][FSA], which exhibits 1.9 × 10⁻⁵ S cm⁻¹ at 30 °C.21 In 
contrast, [C2tht][FSA] developed in this study showed a higher 
value of 2.70 × 10⁻⁵ S cm⁻¹ under the same conditions. This 
difference is attributed to the approximately two-fold higher ΔSf 
value of [C2epyr][FSA] compared to that of [C2tht][FSA]. 

The ionic conductivities of [C1tht][TFSA], [C2tht][TFSA], and 
[C3tht][TFSA] at 25 °C were 6.59 × 10⁻⁹, 2.54 × 10⁻⁷, and 
7.18 × 10⁻⁷ S cm⁻¹, respectively. For [C1tht][TFSA], [C2tht][TFSA], 
and [C3tht][TFSA], sharp decreases in conductivity were 
observed near 90, 60, and 30 °C, respectively, corresponding to 
their Tm (94.1, 64.9, and 32.9 °C), indicating significant 
suppression of ion mobility upon solidification. Among the 
TFSA-based OIPCs, the highest reported ionic conductivity at 
room temperature in the solid state is 2.0 × 10⁻⁶ S cm⁻¹ (20 °C), 
exhibited by a spirocyclic quaternary ammonium salt.41 
However, the synthesis of such spirocyclic structures is often 
challenging due to their high molecular density, rigidity, and 
multistep synthesis.42,43 In contrast, the [C3tht][TFSA] 
synthesized in this study can be obtained through a simple 
synthetic route, offering ease of preparation. Given that the 
reported conductivity of a pyrrolidinium-TFSA salt is only 
8.5 × 10⁻⁹ S cm⁻¹ at 30 °C21, tetrahydrothiophenium-based salts 
also exhibit relatively high ionic conductivities even with the 
TFSA anion.

The ionic conductivities of [C1tht][BETA], [C2tht][BETA], and 
[C3tht][BETA] at 25 °C were 3.35 × 10⁻⁶, 9.86 × 10⁻⁸, and 
4.04 × 10⁻⁴ S cm⁻¹, respectively. The temperature dependence 
of [C1tht][BETA] followed a linear Arrhenius-type behavior 
without phase transitions during the measurement, consistent 
with its high Tm (128 °C). In contrast, [C2tht][BETA] and 
[C3tht][BETA] exhibited sharp decreases in conductivity near 
40 °C and 30 °C, respectively, corresponding to their Tm (40.0 °C 
and 21.1 °C, respectively), indicating limited ion mobility below 
these temperatures. Among the BETA-based OIPCs, the highest 
solid-state conductivity at room temperature is reported for 

Figure 4. Correlation between the ratio of the final entropy of fusion to the total entropy change and ionic 
conductivity at 25 °C for both tetrahydrothiophenium-based and pyrrolidinium-based systems. Data plotted from 
previous publications: Open circle: N-ethyl-N-methylpyrrolidinium, open triangle: N,N-diethylpyrrolidinium, open 
square: N-ethyl-N-isopropylmethylpyrrolidinium.14,23,25
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pyrrolidinium-based [C2mpyr][BETA], with a value of 
9.0 × 10⁻⁶ S cm⁻¹.38 Comparison with [C2tht][BETA] synthesized 
in this study reveals that [C2mpyr][BETA] has a conductivity 
approximately 100 times higher, likely due to its ΔSf value  being 
half that of [C2tht][BETA].

At 25 °C, the conductivities of [C1tht][TCM], [C2tht][TCM], 
and [C3tht][TCM] were 2.00 × 10⁻⁵, 8.19 × 10⁻³, and 
6.45 × 10⁻³ S cm⁻¹, respectively. For [C1tht][TCM], stepwise 
changes were observed near 20 °C and 100 °C, corresponding to 
its Ts-s (17.6 °C) and Tm (104 °C) values, respectively. 
[C2tht][TCM] exhibited a change near 0 °C, reflecting its melting 
point, whereas [C3tht][TCM] exhibited a VFT-type behavior 
consistent with its amorphous nature and the Tg ( − 81.6 °C) 
observed in the DSC profile. The highest solid-state conductivity 
reported among TCM-based IPCs at room temperature is for 
[C2mpyr][TCM] at 1.55 × 10⁻⁵ S cm⁻¹, which is comparable to the 
value observed for [C1tht][TCM] in this study.38 Notably, 
[C1tht][TCM] also possesses a higher Tm (104 °C vs. 64.1 °C), 
indicating a broader thermal stability window, suggesting that 
[C1tht][TCM] is a more promising candidate as a solid electrolyte 
owing to its superior ionic conductivity and thermal resilience.

The ionic conductivities of [C1tht][CF₃BF₃], [C2tht][CF₃BF₃], 
and [C3tht][CF₃BF₃] at 25 °C were 3.39 × 10⁻⁷, 7.19 × 10⁻⁴, and 
1.29 × 10⁻³ S cm⁻¹, respectively. Similar to [C1tht][FSA], 
[C1tht][CF₃BF₃] did not show a significant change near its Ts-s (−
24.6 °C), suggesting that the ion mobility is largely unaffected 
by structural transitions. [C2tht][CF₃BF₃] exhibited the highest 
conductivity in the solid state among all the IPCs developed in  
this study, implying that its molecular structure is highly 
favorable for ion migration. [C3tht][CF₃BF₃] exhibited a rapid 
conductivity increase near − 10 °C, attributed to melting at −
4.90 °C, as confirmed by DSC measurement.

To our knowledge, among OIPCs, the highest solid-state 
conductivity at 25 °C is for [DMPyr(FH)₂F], a pyrrolidinium-
based IPC containing HF-derived anions, with a value of 
1.03 × 10⁻² S cm⁻¹.44 However, safety concerns associated with 
HF limit its practical applicability. The [C2tht][CF₃BF₃] 
synthesized in this study demonstrated a high conductivity of 
7.19 × 10⁻⁴ S cm⁻¹ at 25 °C and possessed significantly better 
safety, indicating excellent potential as an electrolyte material. 
Among CF₃BF₃-based pyrrolidinium salts, the highest solid-state 
conductivity at room temperature is for [C2mpyr][CF₃BF₃], with 
a value of 1.75 × 10⁻⁴ S cm⁻¹, suggesting that [C2tht][CF₃BF₃] 
outperforms it. Two main factors may explain this superior 
performance. First, from a structural perspective, the 
tetrahydrothiophenium cation has fewer side chains than the 
pyrrolidinium cation, thus allowing greater rotational freedom, 
enhancing molecular orientation, and facilitating ion transport.  
Second, the ΔSf value of [C2mpyr][CF₃BF₃] (3.52 J K⁻¹ mol⁻¹) was 
higher than that of [C2tht][CF₃BF₃], implying that the latter 
adopted a more disordered, liquid-like structure even in the 
solid state.

Moreover, to evaluate molecular shape, ellipsoidality was 
assessed from three-dimensional molecular structures. 
Theellipsoidality parameters (ε₁ and ε₂) are defined as follows 
(Figure S2).

ε₁ = b/a (1)

ε₂ = c/a (2)
where a, b, and c represent the lengths of the axes of the 
ellipsoid in order from longest to shortest. The ionic radii of the 
respective cations and anions are summarized in Table S2.

When both ε₁ and ε₂ are close to 1, the molecule is nearly 
spherical. As the carbon number of the cation side chain 
increased, the ionic radius increased, and both ε₁ and ε₂ 
decreased, indicating that molecular deformation toward an 
ellipsoidal shape was enhanced with chain elongation. This 
trend implies that [C₃tht]⁺ exhibits the most pronounced 
deviation from spherical symmetry. Among the anions, 
[CF₃BF₃]⁻ exhibited the ε₁ and ε₂ values closest to 1, indicating 
the highest degree of sphericity. In the comparison of 
ellipsoidality, the ε₁ and ε₂ values for the [C₂tht] cation were 
0.27 and 0.13, respectively, whereas those for the [C2mpyr] 
cation were 0.38 and 0.18. These results indicate that the 
[C₂tht] cation has a more ellipsoidal shape than the [C2mpyr] 
cation. In contrast, the common anion CF₃BF₃ has ε₁ and ε₂ 
values of 0.48 and 0.46, respectively, indicating a more spherical 
and structurally symmetric nature.  Taken together, these 
findings suggest that the [C₂tht][CF₃BF₃] system possesses a 
higher structural order than [C2mpyr][CF₃BF₃], which 
contributes to the reduction in ΔSf and enhancement of ionic 
conductivity. Therefore, the molecular system of 
[C2tht][CF₃BF₃] is more disordered overall, contributing to its 
lower ΔSf value and higher ionic conductivity. This trend is 
further supported by entropy partitioning of the DSC data. In 
[C2tht][CF₃BF₃], the entropy associated with melting accounted 
for only approximately 3% of the total entropy change, 
indicating that the entropy change significantly increased 
during the solid–solid phase transitions, suggesting a higher 
degree of structural order in the PCs. In contrast, the ratio of ΔSf 
to the total entropy change of [C2mpyr][CF₃BF₃] was  ~28%. A 
smaller proportion of ΔSf values correlates with greater disorder 
in the solid phase, thereby enhancing ion mobility. 

Figure 4 shows the correlation between the ratio of ΔSf to 
the total entropy change and the ionic conductivity at 25 °C for 
both tetrahydrothiophenium- and pyrrolidinium-based 
compounds. The correlation coefficient between the ratio of ΔSf 
to the total entropy change and the ionic conductivity was 
calculated to be R2 = 0.41. Although the correlation coefficient 
was low, a clear trend was observed: a lower ΔSf ratio 
corresponded to a higher ionic conductivity, implying a 
meaningful structure–property relationship. The dataset 
included only OIPCs with phase I structures at 25 °C, ensuring a 
consistent comparison. This correlation supports the conclusion 
that the high ionic conductivity of [C2tht][CF₃BF₃] results from 
the greater molecular freedom arising from the dissipation of 
the entropy of the solid–solid transition. In contrast, 
[C1tht][TFSA] deviated from this trend and was considered a 
notable exception. The DSC results suggest that [C1tht] is more 
prone to crystalline packing than to forming IPCs, limiting the 
rotational freedom and decreasing the conductivity. In addition 
to ΔSf, the magnitude of the entropy at Ts-s may also play a role, 
indicating that multiple structural factors are involved.
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Recently, theoretical approaches using molecular dynamics 
(MD) simulations have enabled the estimation of ΔSf. 45,46 
Extending such techniques to the entropies of solid–solid phase 
transitions may allow the prediction of ΔSf in IPC design. 
Utilizing such parameters could accelerate the rational design 
of highly conductive IPCs. In conclusion, IPCs based on 
tetrahydrothiophenium cations exhibit excellent ionic 

conductivity and are promising candidates for the development 
of solid electrolytes.

2.4. Structural analysis by X-ray diffraction

To investigate the crystal structure of [C₂tht][CF₃BF₃], which 
exhibited the highest ionic conductivity among the OIPCs obtained in 
this study, X-ray diffraction (XRD) measurements were conducted. 
Figure 5 presents the XRD patterns of [C₂tht][CF₃BF₃] in Phases I, II, 
III, and in the liquid phase (L). As the sample transitioned from the 

low-temperature to the high-temperature phase, the number of 
diffraction peaks decreased, consistent with the behavior previously 

Figure 5. X-ray diffraction patterns of [C2tht][CF3BF3] at phase I, II, III and L. (a) Heating, (b) Cooling

Figure 6. DSC curves of [C2tht][CF3BF3] at heating and cooling scans.
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reported for pyrrolidinium-based OIPCs.13 At 25 °C (Phase I), the two 
peaks were observed at 2θ = 13.38° and 19.08°. Nishikawa et al. 
reported that [N₁₁₁₂][FSA] adopts a CsCl-type crystal structure47, and 
the XRD pattern of [C₂tht][CF₃BF₃] closely resembles that  of 
[N₁₁₁₂][FSA] (2θ = 12.93°, 18.34°), suggesting that [C₂tht][CF₃BF₃] also 
possesses a CsCl-type crystal structure. Furthermore, at − 25 °C, 
distinct XRD patterns were observed during heating and cooling. This 
is consistent with the DSC results shown in Figure 6, which indicate 
noticeable hysteresis between heating and cooling. 

When comparing XRD patterns measured during the cooling and 
heating processes, the XRD patterns can sometimes be slightly 
different, even though they were measured at the same 
temperature. It has been found that the thermal history and cooling 
rate have a significant effect on crystallization behavior for OIPCs (in 
this study, the XRD patterns are shown after cooling at a rate of 50 
°C min1 and maintaining a constant temperature at each 
measurement temperature.) . The detailed mechanism will be 
reported elsewhere.

2.5. Ionic Radius Ratio and Ellipticity

In pyrrolidinium-based systems, prior studies have reported 
a negative correlation between the ionic radius ratio and ionic 
conductivity, with a maximum conductivity observed at a radius 
ratio of around 0.84.23 In this study, we applied the same 
analytical approach to tetrahydrothiophenium cations, a class 

of sulfonium-based cations, and examined the relationship 
between the ionic radius ratio and ionic conductivity. 

Figure 7 presents the correlation between the ionic 
conductivity at 25 °C and the ionic radius ratio for both 
tetrahydrothiophenium- and pyrrolidinium-based systems. The 
ionic radius ratios of the tetrahydrothiophenium salts are 
summarized in Table S3. Only samples that exhibited plastic 
crystal (PC) phases in the solid state were included in this  
analysis. The results indicate that, similar to pyrrolidinium-
based IPCs, tetrahydrothiophenium-based IPCs also exhibit 
maximum conductivity at an ionic radius ratio of approximately 
0.84. This suggests a common structure–property relationship 
between the two cation systems. However, [C₁tht][TFSA] 
deviated from this trend, likely because of its low probability of 
exhibiting IPC behavior, despite showing solid–solid transitions 
in the DSC profile. Overall, these findings suggest that the ionic 
radius ratio is a useful quantitative predictor of ionic 
conductivity in IPCs. Nevertheless, the actual conductivity is also 
strongly influenced by structural factors, such as crystallinity 
and the degree of molecular motion, which must be considered 

alongside geometric descriptors.

Conclusions
In this study, a series of OIPCs was synthesized using 

tetrahydrothiophenium cations, which are structurally 

Figure 7. Correlation between ion radius ratio () and ionic conductivity at 25 °C for both tetrahydrothiophenium-
based and pyrrolidinium-based systems. Data plotted from previous publications: Open circle: N-ethyl-N-
methylpyrrolidinium, open triangle: N,N-diethylpyrrolidinium, open square: N-ethyl-N-
isopropylmethylpyrrolidinium.23

Page 9 of 16 Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

2/
20

26
 6

:4
7:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6QM00016A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qm00016a


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

analogous to five-membered pyrrolidinium cations, in 
combination with various anions (TFSA⁻, BETA⁻, FSA⁻, CF₃BF₃⁻, 
and TCM⁻). DSC measurements identified six IPCs that remained 
solid at room temperature. Among them, [C2tht][CF₃BF₃] 
demonstrated high thermal stability and excellent electrolyte 
properties, with a high ionic conductivity of approximately 
10⁻³ S cm⁻¹ at 25 °C. Furthermore, a correlation was observed 
between ΔSf and ionic conductivity, suggesting that future 
predictions of ΔSf values using molecular dynamics simulations 
may facilitate the efficient design of high-conductivity IPC 
compounds. In addition, the tetrahydrothiophenium cation 
exhibited a similar relationship between the ionic radius ratio 
and ionic conductivity as previously reported for pyrrolidinium-
based IPCs. This finding highlights the potential of 
tetrahydrothiophenium-based systems as promising candidates 
for developing solid-state electrolytes.

Experimental
Materials

Tetrahydrothiophene (>99.0%) was purchased from Tokyo 
Chemical Industry Co., Ltd. and purified by atmospheric 
distillation. Lithium bis(pentafluoroethanesulfonyl)amide 
(LiBETA) (>98%) and lithium bis(fluorosulfonyl)amide (LiFSA) 
(>98. %), potassium trifluoro(methyl)borate (KCF3BF3) (>97%), 
and sodium tricyanomethanide (NaTCM) (>98%) were 
purchased from Tokyo Chemical Industry Co., Ltd. Celite 
(No.535), activated carbon, silver nitrate, acetone, 
dichloromethane (super dehydrated), and acetonitrile were 
purchased from FUJIFILM Wako Pure Chemical Corporation. 
Iodomethane (>99.5%), iodoethane (>98%), and 1-iodopropane 
(>97%) were purchased from FUJIFILM Wako Pure Chemical 
Corporation and purified via atmospheric distillation. Lithium 
bis(trifluoromethylsulfonyl)amide (LiTFSA), ethanol (>99.5%) 
was purchased from Kanto Chemical Co. Inc.

Synthesis of 1-methyltetrahydrothiophenium iodide ([C1tht]I)

 [C1tht]I was synthesized with reference to the reported 
procedure for methylated tetrahydrothiophene iodide.24 
Tetrahydrothiophene (15.5 g, 0.18 mol), purified by distillation 
under atmospheric pressure, was added to acetone (50 mL) 
along with iodomethane (25.2 g, 0.18 mol). The mixture was 
stirred at 60 °C for 70 h under a nitrogen atmosphere. The 
resulting acetone solution was poured into diethyl ether 
(550 mL) to induce reprecipitation. The precipitate was 
collected by filtration and dried under reduced pressure at 45 °C 
overnight, yielding a yellow powder of [C1tht]I (30.7 g, 75% 
yield).

Synthesis of 1-ethyltetrahydrothiophenium iodide ([C2tht]I)

[C2tht]I was synthesized with reference to the reported 
procedure for ethylated tetrahydrothiophene iodide.24 
Tetrahydrothiophene (13.7 g, 0.16 mol), purified by distillation 
under atmospheric pressure, was added to acetone (25 mL) 
together with iodoethane (24.9 g, 0.16 mol). The mixture was 
stirred at 60 °C for 70 h under a nitrogen atmosphere. The 

resulting acetone solution was slowly added to diethyl ether 
(400 mL) to induce reprecipitation. The precipitate was 
collected by filtration and dried under reduced pressure at 45 °C 
overnight, yielding a yellow powder of [C2tht]I (26.1 g, 69% 
yield).

Synthesis of 1-propyltetrahydrothiophenium iodide ([C3tht]I) 

[C3tht]I was synthesized according to a previously reported 
procedure for ethylated tetrahydrothiophene 24. 
Tetrahydrothiophene (8.42 g, 9.55 × 10⁻² mol), purified by 
distillation under atmospheric pressure, was added to acetone 
(20 mL) together with iodopropane (17.9 g, 0.11 mol). The 
mixture was stirred at 60 °C for 70 h under a nitrogen 
atmosphere. The resulting acetone solution was added 
dropwise to diethyl ether (400 mL) to induce reprecipitation. 
The precipitate was collected by filtration and dried under 
reduced pressure at 45 °C overnight, yielding a yellow-brown 
liquid of [C3tht]I (13.2 g, 53% yield).

Synthesis of 1-methyltetrahydrothiophenium bis(fluoro-
sulfonyl)amide ([C1tht][FSA])

 The synthesis was carried out in accordance with previously 
reported procedures for pyrrolidinium-based salts.14 [C1tht]I 
(2.44 g, 10.6 mmol) and LiFSA (2.21 g, 11.8 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiFSA solution was 
then added dropwise to the [C1tht]I aqueous solution, and the 
resulting mixture was stirred at room temperature for 24 h. The 
reaction mixture was extracted with dichloromethane and 
ultrapure water (CH₂Cl₂:H₂O = 10:1) after transferring the 
reaction mixture to dichloromethane. The absence of 
unreacted starting materials was confirmed using a silver 
nitrate test. The organic layer containing [C1tht][FSA] was 
treated with activated carbon, which was subsequently 
removed via gravity filtration. The solvent was removed under 
reduced pressure using a rotary evaporator, and the residue 
was dried under vacuum at 40 °C overnight to afford a white 
powder of [C1tht][FSA] (0.60 g, 20% yield). MS (FAB+): m/z 103.1 
[M]+, 386.2 [2M+X]+; MS (FAB-): m/z 180.0 [X-], 463.1 [2X+M]-; 
Anal. Calcd. for C5H11NO4S3F2: C 21.20, H 3.91, N 4.94,  S 33.95; 
found: C 21.11, H 3.86, N 4.95, S 32.91.

Synthesis of 1-ethyltetrahydrothiophenium bis(fluoro-
sulfonyl)amide ([C2tht][FSA])

 The synthesis was carried out in accordance with previously 
reported procedures for pyrrolidinium-based salts.14 [C2tht]I 
(2.46 g, 10.1 mmol) and LiFSA (2.08 g, 11.1 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiFSA solution was 
then added dropwise to the [C2tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The reaction 
mixture was transferred to dichloromethane and extracted with 
ultrapure water (CH₂Cl₂:H₂O = 10:1). The absence of unreacted 
starting materials was confirmed using a silver nitrate test. The 
organic phase containing [C2tht][FSA] was treated with 
activated carbon and removed by gravity filtration. The solvent 
was evaporated under reduced pressure using a rotary 
evaporator, and the residue was dried under vacuum at 40 °C 
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overnight to afford a white solid of [C2tht][FSA] (2.13 g, 71% 
yield). MS (FAB+): m/z 117.1 [M]+, 414.2 [2M+X]+; MS (FAB-): m/z 
180.0 [X-]; Anal. Calcd. for C6H13NO4S3F2: C 24.24, H 4.41, N 4.71,  
S 32.35; found: C 24.13, H 4.31, N 4.64, S 31.58.

Synthesis of 1-propyltetrahydrothiophenium bis(fluoro-
sulfonyl)amide ([C3tht][FSA])

  The synthesis was carried out in accordance with previously 
reported procedures for pyrrolidinium-based salts.14 [C3tht]I 
(2.61 g, 10.1 mmol) and LiFSA (2.08 g, 11.1 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiFSA solution was 
then added dropwise to the [C3tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The reaction 
mixture was transferred to dichloromethane and extracted with 
ultrapure water (CH₂Cl₂:H₂O = 10:1). The absence of unreacted 
starting materials was confirmed using a silver nitrate test. The 
organic phase containing [C3tht][FSA] was treated with 
activated carbon and removed by gravity filtration. The solvent 
was evaporated under reduced pressure using a rotary 
evaporator, and the residue was dried under vacuum at 40 °C 
overnight to afford a white solid of [C3tht][FSA] (2.13 g, 68% 
yield). MS (FAB+): m/z 131.2 [M]+, 442.4; MS (FAB-): m/z 180.0 
[X-], 491.2 [2X+M]-; Anal. Calcd. for C7H15NO4S3F2: C 27.00, H 
4.86, N 4.50,  S 30.89; found: C 26.79, H 4.87, N 4.57, S 30.27.

Synthesis of 1-methyltetrahydrothiophenium bis(trifluoro-
methylsulfonyl)amide  ([C1tht][TFSA])

The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.14 [C1tht]I 
(1.80 g, 7.81 mmol) and LiTFSA (2.76 g, 9.61 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiTFSA solution was 
then added dropwise to the [C1tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The resulting 
reaction mixture was transferred to dichloromethane and 
extracted with ultrapure water (CH₂Cl₂:H₂O = 10:1 ratio). A silver 
nitrate test confirmed the absence of unreacted starting 
materials. The organic layer containing [C1tht][TFSA] was 
treated with activated carbon and removed by gravity filtration. 
The solvent was removed under reduced pressure using a rotary 
evaporator, and the residue was dried under vacuum at 40 °C 
overnight to afford a yellow powder of [C1tht][TFSA] (1.81 g, 
60% yield). MS (FAB+): m/z 103.1 [M]+, 486.1 [2M+X]+; MS (FAB-

): m/z 279.9 [X-], 662.9 [2X+M]-; Anal. Calcd. for C7H15NO4S3F6: C 
21.93, H 2.89, N 3.65,  S 25.09; found: C 21.81, H 2.94, N 3.68, S 
24.91.

Synthesis of 1-ethyltetrahydrothiophenium bis(trifluoro-
methylsulfonyl)amide ([C2tht][TFSA])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.14 [C2tht]I 
(1.84 g, 7.54 mmol) and LiTFSA (2.38 g, 8.30 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiTFSA solution was 
then added dropwise to the [C2tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The resulting 
reaction mixture was transferred to dichloromethane and 
extracted with ultrapure water (CH₂Cl₂:H₂O = 10:1). A silver 

nitrate test confirmed the absence of unreacted starting 
materials. The organic layer containing [C2tht][TFSA] was 
treated with activated carbon and removed by gravity filtration. 
The solvent was removed under reduced pressure using a rotary 
evaporator, and the residue was dried under vacuum at 40 °C 
overnight to afford a yellow powder of [C2tht][TFSA] (2.38 g, 
79% yield). MS (FAB+): m/z 117.1 [M]+; MS (FAB-): m/z 279.9 [X-

], 676.8 [2X+M]-; Anal. Calcd. for C8H17NO4S3F6: C 24.18, H 3.30, 
N 3.52,  S 24.20; found: C 24.02, H 3.27, N 3.47, S 24.21.
Synthesis of 1-propyltetrahydrothiophenium bis(trifluoro-
methylsulfonyl)amide ([C3tht][TFSA])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.14 [C3tht]I 
(1.88 g, 7.29 mmol) and LiTFSA (2.30 g, 9.04 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiTFSA solution was 
then added dropwise to the [C3tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The resulting 
reaction mixture was transferred to dichloromethane and 
extracted with ultrapure water (CH₂Cl₂:H₂O = 10:1). The 
absence of unreacted starting materials was confirmed by a 
silver nitrate test. The organic layer containing [C3tht][TFSA] 
was treated with activated carbon and removed by gravity 
filtration. The solvent was removed under reduced pressure 
using a rotary evaporator, and the residue was dried under 
vacuum at 40 °C overnight to afford a yellow powder of 
[C3tht][TFSA] (2.24 g, 75% yield). MS (FAB+): m/z 131.2 [M]+ , 
542.3 [2M+X]+; MS (FAB-): m/z 279.9 [X-]; Anal. Calcd. for 
C9H19NO4S3F6: C 26.28, H 3.68, N 3.40, S 23.38; found: C 26.16, 
H 3.69, N 3.40, S 23.16.

Synthesis of 1-methyltetrahydrothiophenium bis(pentafluoro-
ethylsulfonyl)amide ([C1tht][BETA]) 

The synthesis was carried out in accordance with previously 
reported procedures for pyrrolidinium-based salts.14 [C1tht]I 
(1.43 g, 6.21 mmol) and LiBETA (3.10 g, 8.02 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiBETA solution was 
then added dropwise to the [C1tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The resulting 
reaction mixture was transferred to dichloromethane and 
extracted with ultrapure water (CH₂Cl₂:H₂O = 10:1). The 
absence of unreacted starting materials was confirmed by a 
silver nitrate test. The organic layer containing [C1tht][BETA] 
was treated with activated carbon and removed by gravity 
filtration. The solvent was evaporated under reduced pressure 
using a rotary evaporator, and the residue was dried under 
vacuum at 40 °C overnight to afford a white powder of 
[C1tht][BETA] (1.53 g, 51% yield). MS (FAB+): m/z 103.1 [M]+, 
586.2 [2M+X]+; MS (FAB-): m/z 380.0 [X-]; Anal. Calcd. for 
C9H11NO4S3F10: C 22.36, H 2.29, N 2.90, S 19.90; found: C 22.31, 
H 2.32, N 2.95, S 19.89.

Synthesis of 1-ethyltetrahydrothiophenium bis(pentafluoro-
ethylsulfonyl)amide ([C2tht][BETA])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.14 [C2tht]I 
(1.47 g, 6.03 mmol) and LiBETA (2.57 g, 6.63 mmol) were each 
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dissolved in 5 mL of ultrapure water. The LiBETA solution was 
then added dropwise to the [C2tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The resulting 
reaction mixture was transferred to dichloromethane and 
extracted with ultrapure water (CH₂Cl₂:H₂O = 10:1). The 
absence of unreacted starting materials was confirmed by a 
silver nitrate test. The organic layer containing [C2tht][BETA] 
was treated with activated carbon and removed by gravity 
filtration. The solvent was evaporated under reduced pressure 
using a rotary evaporator, and the residue was dried under 
vacuum at 40 °C overnight to afford a yellow powder of 
[C2tht][BETA] (2.24 g, 73% yield). MS (FAB+): m/z 117.1 [M]+; MS 
(FAB-): m/z 380 [X-];  for C10H13NO4S3F10: C 24.15, H 2.63, N 2.82,  
S 19.34; found: C 24.11, H 2.58, N 2.73, S 19.37.

Synthesis of 1-propyltetrahydrothiophenium bis(pentafluoro-
ethylsulfonyl)amide ([C3tht][BETA])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.14 [C3tht]I 
(1.53 g, 5.92 mmol) and LiBETA (2.60 g, 6.72 mmol) were each 
dissolved in 5 mL of ultrapure water. The LiBETA solution was 
then added dropwise to the [C3tht]I aqueous solution, and the 
mixture was stirred at room temperature for 24 h. The resulting 
reaction mixture was transferred to dichloromethane and 
extracted with ultrapure water (CH₂Cl₂:H₂O = 10:1). The 
absence of unreacted starting materials was confirmed by a 
silver nitrate test. The organic layer containing [C3tht][BETA] 
was treated with activated carbon and removed by gravity 
filtration. The solvent was evaporated under reduced pressure 
using a rotary evaporator, and the residue was dried under 
vacuum at 40 °C overnight to afford a yellow liquid of 
[C3tht][BETA] (2.54 g, 84% yield). MS (FAB+): m/z 131.2 [M]+; MS 
(FAB-): m/z 379.9 [X-]; Anal. Calcd. for C11H15NO4S3F10: C 25.83, 
H 2.96, N 2.74, S 18.81; found: C 25.67, H 2.94, N 2.72, S 18.79.

Synthesis of 1-methyltetrahydrothiophenium tricyanomethanide 
([C1tht][TCM])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.38 AgNO₃ 
(2.13 g, 0.015 mol) and Na[TCM] (15.2 g, 0.13 mol) were each 
dissolved in ultrapure water and heated to 80 °C. The AgNO₃ 
solution was added dropwise to the Na[TCM] solution under 
vigorous stirring. After complete addition, the mixture was 
allowed to cool to room temperature and stirred for 18 h under 
light shielding using aluminum foil. The resulting precipitate was 
collected by vacuum filtration and dried under reduced 
pressure at 60 °C for 24  h to yield a silvery-white solid of 
Ag[TCM] (25.6 g, 96% yield).
[C1tht]I (3.58 g, 15.5 mmol) and Ag[TCM] (3.38 g, 17.1 mmol) 
were each dissolved or dispersed in ethanol. The Ag[TCM] 
suspension was added dropwise to the [C1tht]I solution, and the 
mixture was stirred at 40 °C for 24 h. After the reaction, AgI was 
removed by gravity filtration, and the filtrate was treated with 
activated charcoal. Ethanol was removed under reduced 
pressure using a rotary evaporator, and the residue was dried 
under vacuum at 50 °C for 24 h to afford a white powder of 

[C1tht][TCM] (2.21 g, 74% yield). MS (FAB+): m/z 103.1 [M]+, 
296.2 [2M+X]+; MS (FAB-): m/z 90.0 [X-], 283.2 [2X+M]-; Anal. 
Calcd. for C9H11N3S: C 55.93, H 5.74, N 21.74,  S 16.59; found: C 
55.71, H 5.61, N 21.76, S 16.33.

Synthesis of 1-ethyltetrahydrothiophenium tricyanomethanide 
([C2tht][TCM])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.38 [C2tht]I 
(3.54 g, 14.5 mmol) and Ag[TCM] (3.11 g, 15.7 mmol) were each 
dissolved or dispersed in ethanol. The Ag[TCM] suspension was 
added dropwise to the [C2tht]I solution, and the resulting 
mixture was stirred at 40  °C for 24 h. After the reaction, AgI was 
removed by gravity filtration, and the filtrate was treated with 
activated carbon. Ethanol was removed under reduced pressure 
using a rotary evaporator, and the residue was dried under 
vacuum at 50 °C for 24 h to yield a yellow liquid of [C2tht][TCM] 
(1.74 g, 58% yield). MS (FAB+): m/z 117.1 [M]+, 324.3 [2M+X]+; 
MS (FAB-): m/z 90.0 [X-], 297.2 [2X+M]-; Anal. Calcd. for 
C10H13N3S: C 57.94, H 6.32, N 20.27, S 15.47; found: C 56.67, H 
6.32, N 19.78, S 15.14.

Synthesis of 1-propyltetrahydrothiophenium tricyanomethanide 
([C3tht][TCM])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.38 [C3tht]I 
(1.74 g, 6.72 mmol) and Ag[TCM] (2.97 g, 15.0 mmol) were each 
dissolved or dispersed in ethanol. The Ag[TCM] suspension was 
added dropwise to the [C3tht]I solution, and the resulting 
mixture was stirred at 40 °C for 24 h. After the reaction, AgI was 
removed by gravity filtration, and the filtrate was treated with 
activated carbon. Ethanol was removed under reduced pressure 
using a rotary evaporator, and the residue was dried under 
vacuum at 50 °C for 24 h to afford a yellow liquid of 
[C3tht][TCM] (1.00 g, 67% yield). MS (FAB+): m/z 131.2 [M]+, 
352.3 [2M+X]+; MS (FAB-): m/z 90.0 [X-], 311.2 [2X+M]-; Anal. 
Calcd. for C10H13N3S: C 59.70, H 6.83, N 18.99, S 14.49; found: C 
58.55, H 6.85, N 18.60, S 14.44.

Synthesis of 1-methyltetrahydrothiophenium trifluoro(trifluoro-
methyl)borate ([C1tht][CF3BF3])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.23 K[CF₃BF₃] 
(25.4 g, 0.14 mol) was dissolved in 100 mL of acetonitrile. 
Separately, AgNO₃ (26.9 g, 0.16 mol) was added to 100 mL of 
acetonitrile. The two solutions were then combined and stirred 
at room temperature for 20 min. The resulting mixture was 
subjected to vacuum filtration using Celite to remove the KNO₃. 
The filtrate was concentrated to 20 mL using a rotary 
evaporator, followed by the addition of 200 mL of diethyl ether. 
The resulting white solid was collected by vacuum filtration and 
dried under reduced pressure overnight to afford a gray solid of 
Ag[CF₃BF₃] (16.2 g, 46% yield). 
[C1tht]I (1.92 g, 8.34 mmol) and Ag[CF₃BF₃] (2.29 g, 9.35 mmol) 
were each dissolved in ethanol. The [C1tht]I solution was added 
dropwise to the Ag[CF₃BF₃] solution, and the resulting mixture 

Page 12 of 16Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

2/
20

26
 6

:4
7:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6QM00016A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qm00016a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

was stirred at room temperature for 24 h in the dark. After the 
reaction, AgI was removed by gravity filtration, and the filtrate 
was treated with activated carbon. Ethanol was removed under 
reduced pressure using a rotary evaporator, and the residue 
was dried under vacuum at 40 °C overnight to yield a white 
powder of [C1tht][CF₃BF₃] (0.77 g, 38% yield). MS (FAB+): m/z 
103.1 [M]+, 343.2 [2M+X]+; MS (FAB-): m/z 137.0 [X-], 377.1 
[2X+M]-; Anal. Calcd. for C6H11SBF6: C 30.03, H 4.62, S 13.36; 
found: C 29.80, H 4.62, S 13.44.

Synthesis of 1-ethyltetrahydrothiophenium trifluoro(trifluoro-
methyl)borate ([C2tht][CF3BF3]) 

The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.23 [C2tht]I 
(1.92 g, 7.86 mmol) and Ag[CF₃BF₃] (2.08 g, 8.50 mmol) were 
each dissolved in ethanol. The [C2tht]I solution was added 
dropwise to the Ag[CF₃BF₃] solution, and the resulting mixture 
was stirred at room temperature for 24 h under light shielding.　
After the reaction, AgI was removed by gravity filtration, and 
the filtrate was treated with activated carbon. Ethanol was 
removed under reduced pressure using a rotary evaporator, 
and the residue was dried under vacuum at 40 °C overnight to 
yield a white viscous solid of [C2tht][CF₃BF₃] (1.07 g, 54% yield). 
MS (FAB+): m/z 117.1 [M]+, 371.2 [2M+X]+; MS (FAB-): m/z 137 
[X-], 391.1 [2X+M]-; Anal. Calcd. for C7H13SBF6: C 33.10, H 5.16, 
S 12.62; found: C 32.91, H 5.16, S 12.62.

Synthesis of 1-propyltetrahydrothiophenium trifluoro(trifluoro-
methyl)borate ([C3tht][CF3BF3])

 The synthesis was carried out with reference to previously 
reported procedures for pyrrolidinium-based salts.23 [C3tht]I 
(1.93 g, 7.47 mmol) and Ag[CF₃BF₃] (2.13 g, 8.68 mmol) were 
each dissolved in ethanol. The [C3tht]I solution was added 
dropwise to the Ag[CF₃BF₃] solution, and the resulting mixture 
was stirred at room temperature for 24  h under light shielding. 
After the reaction, AgI was removed by gravity filtration, and 
the filtrate was treated with activated carbon. Ethanol was 
removed under reduced pressure using a rotary evaporator, 
and the residue was dried under vacuum at 40 °C overnight to 
yield a white liquid of [C3tht][CF₃BF₃] (1.15 g, 57% yield). MS 
(FAB+): m/z 131.2 [M]+, 399.4 [2M+X]+; MS (FAB-): m/z 137.0 [X-

], 405.2 [2X+M]-; Anal. Calcd. for C8H15SBF6: C 35.84, H 5.64, S 
11.96; found: C 35.54, H 5.65, S 12.07.

Identification

 Compounds were identified using Fast Atom Bombardment 
Mass Spectrometry (FAB-MS) and proton nuclear magnetic 
resonance spectroscopy (1H NMR). The NMR results are 
available in the Supporting Information (Figures S3 − S17). 
Elemental analysis was performed using a M11(J-SCIENCE LAB 
Co. Ltd), and scanning was performed twice.

Calculation of Ionic Radius and Ellipsoidality by DFT

 Various parameters were calculated from SMILES 
representations using the Descriptor Calculator, and both the 

ionic radius and ellipticity were determined. 
(DescriptorServer.ipynb - Colab)

TG-DTA measurement

 Each sample was placed in an aluminum pan for measurement, 
and the decomposition temperature was determined using a 
TG-DTA7200 (Hitachi High-Tech). The measurements were 
carried out over a temperature range of 25 to 500 °C under a 
nitrogen gas flow of 200 mL min⁻¹ with a heating rate of 
10 °C min⁻¹.

DSC measurement

 Each sample was placed in a shallow aluminum pan, and the 
phase transition temperatures were measured using a DSC7020 
(Hitachi High-Tech). The measurement conditions were as 
follows: temperature range from −100 to 200 °C, nitrogen gas 
flow rate of 40 mL min⁻¹, and heating/cooling rate of 
10 °C min⁻¹. The values of ΔHf obtained from the DSC 
measurements are summarized in Table 1. ΔSf was obtained by 
substituting ΔHf and Tm, which were determined from the DSC 
measurements, into Equation (1).

ΔSf = ΔHf / Tm.                                                 (1)

AC impedance measurement

 The ionic conductivity was determined by electrochemical 
impedance spectroscopy (EIS) using a VSP-300 electrochemical 
measurement system (BioLogic). Temperature control was 
achieved using a thermostatic chamber SU-261 (ESPEC CORP.). 
A doughnut-shaped spacer was fabricated using Kapton tape 
No. 650S-P (KENIS Co., Ltd.), with an outer diameter of 16 mm, 
an inner diameter of 5 mm, and a thickness of 250 μm, and was 
affixed to an SUS electrode. Under an argon atmosphere in a 
glovebox, the sample was packed into the spacer opening and 
assembled into a coin cell to construct an evaluation cell. 
Measurements were conducted over a frequency range of 
100 mHz to 1 MHz with an applied voltage of 10 mV. The 
temperature range for the measurements was −30 to 100 °C. 
Nyquist plots were generated from the acquired data, and the 
resistance values obtained through graphical analysis were 
used to calculate ionic conductivity. A semicircle was obtained 
in the Nyquist plot. The intersection with the real axis (i.e., the 
diameter of the semicircle) was taken as the bulk resistance. 
The ionic conductivity was then calculated by substituting the 
obtained resistance value into Equation (2):

 = d / RS                              (2)

where s (S cm1) is the ionic conductivity, d (cm) is the distance 
between electrodes, R (Ω) is the bulk resistance, and A (cm2) is 
the sectional area of the electrode.

X-ray diffraction

 X-ray diffraction (XRD) profiles were obtained over the 2θ 
range of 1.5° to 40° with a SmartLab X-ray diffractometer 
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(Rigaku) operating at 45 kV and 200 mA using a Ni-filtered 
copper target at a temperature of −50 to 75 °C.
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