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Fluorohydrogenate salts based on quaternary phosphonium cations with short alkyl and methoxy groups 

form room temperature ionic liquids or ionic plastic crystals with high conductivities.  
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Abstract  

Fluorohydrogenate salts of quaternary phosphonium cations with short alkyl and methoxy groups 

(tetraethylphosphonium (P2222
+
), triethyl-n-pentylphosphonium (P2225

+
), triethyl-n-octylphosphonium 

(P2228
+
), and triethylmethoxymethylphosphonium (P222(1O1)

+
)) have been synthesized by the metatheses 

of anhydrous hydrogen fluoride and the corresponding phosphonium bromide or chloride precursors. 

The three salts with asymmetric cations, P222m(FH)2.1F (m = 5, 8, and 1O1), are room temperature ionic 

liquids (ILs) and characterized by differential scanning calorimetry, density, viscosity, and conductivity 

measurements. Linear sweep voltammetry using a glassy carbon working electrode shows these 

phosphonium fluorohydrogenate ILs have wide electrochemical windows (> 4.9 V) with the lowest 

viscosity and highest conductivity in the known phosphonium-based ILs. Thermogravimetry shows their 

thermal stabilities are also improved compared to previously reported alkylammonium cation-based 

fluorohydrogenate salts. Differential scanning calorimetry and X-ray diffraction revealed that 

tetraethylphosphonium fluorohydrogenate salt, P2222(FH)2F, exhibits two plastic crystal phases. The 

high temperature phase has a hexagonal lattice, which is the first example of a plastic crystal phase with 

an inverse nickel arsenide-type structure, and the low-temperature phase has an orthorhombic lattice. 

The high-temperature plastic crystal phase exhibits a conductivity of 5 mS cm
−1

 at 50
o
C, which is the 

highest value for the neat plastic crystals.  
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Introduction 

Ionic liquids (ILs) composed of alkylammonium cations and various chloro- or fluoroanions have 

attracted much attention and have been extensively investigated because of their unique properties.
1-13

 

Characteristic features often found for ILs are extremely low vapor pressure, non-flammability, high 

thermal and electrochemical stabilities, and wide temperature range of liquid phase around room 

temperature.
1-13

 Their potential applications include electrolytes in batteries, electrochemical capacitors, 

and electrolytic bath and environmentally benign media for synthetic and catalytic reactions as well as 

extraction.
1-9,14,15

 However, the high viscosity and low conductivity of ILs prevent them from some 

applications such as the use as electrolyte in electrochemical devices.
7,8

  

Researches on phosphonium-based ILs have been increasing in terms of applications as electrolytes in 

electrochemical devices owing to their high thermal and electrochemical stabilities compared to 

previously known ammonium-based ILs such as alkyl-ammonium, imidazolium, pyridinium, 

pyrrolidinium, and piperidinium. High thermal and electrochemical stabilities are important factors to 

improve safety, durability, and power and energy densities of electrochemical devices such as electric 

double layer capacitors.
16-19

 Furthermore, some phosphonium ILs exhibit lower viscosity and higher 

conductivity than the corresponding ammonium ILs.
18

  

  Some of the organic salts which form ILs exhibit mesophases such as liquid crystal or plastic crystal 

phases around room temperature as in the cases of molecular substances.
20-30

 Ionic liquid crystals have 

anisotropic structures and are potential materials as anisotropic ion-conduction materials as well as 

anisotropic reaction media.
20-27

 Ionic plastic crystals contain ionic species rotating three-dimensionally. 
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Such rotation produces an expanded lattice usually with a simple crystal structure and fast ion 

conduction, which makes plastic crystals as potential electrolytes with no leakage, high electrochemical 

stability, and non-flammability.
30-36

 The plastic crystal phase of succinonitrile is studied as solid 

electrolyte matrix of batteries, dye-sensitized solar cells, and fuel cells.
37-41

 The applications of plastic-

polymer composite electrolytes which are the mixture of lithium salts and plastic crystalline 

succinonitrile including polymer are also studied,
42-44

 and the ionic conductivity of the electrolytes is 

affected by solvent dynamics and ion association.
44-46

  

Fluorohydrogenate ILs contain fluorohydrogenate anions ((FH)nF
−
) (Figure 1) and exhibit low 

viscosity and high conductivity
19,27,47-53

 (e.g. 4.9 cP and 100 mS cm
−1

 at 25
o
C for 1-ethyl-3-

methylimidazolium fluorohydrogenate (EMIm(FH)2.3F)
19

), which are derived from the weakened 

cation-anion interaction through HF exchange.
54

 Because of such unique properties, fluorohydrogenate 

ILs are attractive candidates as electrolytes in fuel cells and electric double layer capacitors.
7,12,55,56

 The 

composition ‘n’ of the vacuum-stable fluorohydrogenate ILs depends on the temperature of evacuation 

and is 2.3 at 25°C (the abundance ratio of (FH)2F
−
 to (FH)3F

−
 is 7:3 from its composition) in most cases 

regardless of the cationic structures including imidazolium, pyridinium, pyrrolidinium, piperidinium, 

and previously reported phosphonium cations.
19,47-53

 According to a previous report, incorporation of 

tetraalkylphosphonium cations with fluorohydrogenate anions give ILs with high electrochemical and 

thermal stabilities although they still have high viscosity and low conductivity among the previously 

reported fluorohydrogenate ILs with alkylammonium cations.
53

 For example, tri-n-
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butylmethylphosphonium fluorohydrogenate IL, P4441(FH)2.3F, exhibits a viscosity of 36 cP, 

conductivity of 6 mS cm
−1

, and electrochemical window of 6.0 V.
53

  

In this study, fluorohydrogenate ILs with four quaternary phosphonium cations, 

tetraethylphosphonium (P2222
+
), triethyl-n-pentylphosphonium (P2225

+
), triethyl-n-octylphosphonium 

(P2228
+
), and triethylmethoxymethylphosphonium (P222(1O1)

+
) cations (see Figure 1), are prepared and 

their physical, structural, and electrochemical properties are discussed.  
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Figure 1. Fluorohydrogenate anions, (FH)nF
−
 (n = 1, 2, and 3), and phosphonium cations, P222m

+
 (m = 2, 

5, 8, and 1O1).  
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Experimental 

Caution: Handling of anhydrous HF must be carefully performed using appropriate protective gear 

with immediate access to proper treatment procedures in the accident of contact with liquid HF, HF 

vapor, or HF-containing compounds.
57

 

Apparatus and Materials. Moisture sensitive materials were handled in a glove box. A vacuum line 

was constructed of stainless steel to handle corrosive gases. The line was connected to a rotary vacuum 

pump through a soda lime chemical trap connected to a glass cold trap in series. The 

tetrafluoroethylene-perfluoroalkylvinylether copolymer (PFA) reactor connected to a stainless steel 

valve with a Kel-F tip was used as a reaction vessel. Anhydrous hydrogen fluoride, aHF (Stella Chemifa 

Corp., purity 99.9%), was dried over K2NiF6 (Ozark-Mahoning Co.) for several days prior to use. The 

quaternary phosphonium precursors, P2222Br, P2225Br, P2228Br, and P222(1O1)Cl, provided by Nippon 

Chemical Industry Co. Ltd. were dried under vacuum above 80
o
C for more than one day prior to use.  

Synthesis. Fluorohydrogenate ILs were prepared by the reaction of a large excess of aHF and P2222Br, 

P2225Br, P2228Br, or P222(1O1)Cl according to the literature method.
19,49

 The precursor was weighed and 

loaded in a PFA reactor under a dry argon atmosphere, followed by reaction with a large excess of aHF 

at room temperature. Addition of fresh aHF and elimination of volatile gases were repeated several 

times to eliminate Br
−
 or Cl

−
.
19,49

 Because of the difficulty in removal of HBr compared to the case of 

HCl, the reaction with the bromide precursors required more HF than the case of the reaction with the 

chloride precursors. Elimination of the volatile gases at 25
o
C gave room temperature ILs of 

P222m(FH)2.1F (m = 5, 8, and 1O1) and a solid of P2222(FH)2.2F. The salt, P2222(FH)2F, was prepared by 
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stoichiometrically mixing P2222(FH)2.2F with the HF-deficient salt P2222(FH)1.9F which was prepared by 

evacuating P2222(FH)2.2F at 100
o
C.

49
 The samples, P222m(FH)2.1F (m = 2, 5, 8, and 1O1), showed no 

AgBr or AgCl precipitation after adding aqueous AgNO3 and were identified by elemental analyses and 

infrared (IR) spectra (see Table S1, ESI † for the results of elemental analysis and Figure S1 for IR 

spectra).  

Analysis. Phase transition temperatures were determined by a differential scanning calorimeter, DSC-

60 (Shimadzu Corp.) under a dry argon gas flow (50 mL min
−1

). Samples were sealed in stainless steel 

cells using a high-pressure sealing machine in a glove box. The atmosphere around the cell was purged 

with dry argon gas during the measurement. A scan rate of 5
o
C min

−1
 was used for all the experiments, 

whereas 1
o
C min

−1
 was occasionally used for precise analysis of P2222(FH)2F. Thermal decomposition 

temperatures for P222m(FH)2.1F (m = 5, 8, and 1O1) were measured by a thermogravimetric analyzer, 

DTG-60H (Shimadzu Corp.) under a dry argon gas flow (50 mL min
−1

). Platinum cells used for the 

measurement were washed with acetone just before the measurement and dried in the apparatus at 

200
o
C for 10 minutes. The temperature was scanned from room temperature to 400

o
C with a heating 

rate of 10
o
C min

−1
. Viscosities were measured by a cone and plate rheometer, LVDV-II+PRO 

(Brookfield Engineering Laboratories, Inc.) with a CPE-40 spindle. Conductivity measurements were 

performed with the aid of PARSTAT 2273 (Princeton Applied Research) or VSP (Bio-Logic) 

electrochemical measurement system. Conductivity was measured by an AC impedance technique using 

a cell with platinum disk electrodes calibrated using KCl standard aqueous solutions. The sample, 

P2222(FH)2F, was held at each temperature for 2.5 hours.  Density was measured by weighing the sample 
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in a calibrated PFA vessel. Electrochemical stability was investigated by linear sweep voltammetry 

under a dry argon atmosphere with the aid of HZ-3000 (Hokuto Denko Corp.) electrochemical 

measurement system. Glassy carbon electrodes (Tokai Carbon Co., Ltd.) with a surface area of 0.07 cm
2
 

and 0.20 cm
2
 were used for the working and counter electrodes, respectively. A silver wire (Japan metal 

service, 1.0 mm , purity 99.99%) immersed in EMlmBF4 containing 0.05 M AgBF4 was used for the 

reference electrode and was partitioned in the electrolyte with a porous polytetrafluoroethylene (PTFE) 

filter. A platinum plate (Nilaco Corp., 0.1 mm thickness) with a surface area of 0.15 cm
2
 was also used 

for the working electrode. The obtained potentials were referenced to the redox potential of 

ferrocenium/ferrocene (Fc
+
/Fc) couple. Residual water contents in the samples were measured by Karl 

Fischer moisture titrator, MKC-510N (Kyoto Electronics Manufacturing Co., Ltd.). Infra-red spectra 

were obtained by an FT-IR spectrometer, FTS-155 (Bio-Rad Laboratories, Inc.). The sample was 

sandwiched between a pair of AgCl windows fixed in a stainless airtight cell. 

X-Ray Powder Diffraction Analysis. Capillaries used for X-ray diffraction measurements were dried 

under vacuum at 500
o
C. The plastic samples of P2222(FH)2F were transferred into a quartz capillary 

(Overseas X-Ray Service Co., Ltd.) in a glove box. The capillary was temporarily plugged with silicone 

grease, and then flame-sealed outside the glove box using an oxygen microburner. The sample was 

centered on an X-ray diffractometer, R-AXIS RAPID-II (Rigaku Corp.), equipped with an imaging plate 

area detector and graphite-monochromated MoKα radiation (λ = 0.71073 Å). The RAPID XRD 2.3.3
58

 

was used to control the diffractometer and the  angle was rotated at a rate of 1
o
 s

−1
 during data 
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collection (720 s). The temperature of the sample was controlled by dry nitrogen flow. The XRD 

patterns of P2222(FH)2F were indexed with the aid of the DICVOL04
59

.  

Quantum Mechanical Calculation. The Gaussian 03 program
60

 was used for quantum mechanical 

calculations. The optimized geometries, volumes, and vibrational data of P2222
+
 were calculated at HF, 

B3LYP, PBE1PBE, MPW1PW91, and MP2 levels of theory using cc-pVTZ basis set.  

 

Results and discussion 

Properties of P222m(FH)2.1F (m = 5, 8, and 1O1). The vacuum-stable salt obtained by the reaction of 

P2225Br, P2228Br, or P222(1O1)Cl and anhydrous HF is a colorless IL with the HF composition formulated 

as P222m(FH)2.1F (m = 5, 8, and 1O1) at room temperature. The water content in these samples was 

below 100 ppm according to the Karl-Fischer titration. The vacuum-stable HF composition in the anion 

(n) for P222m(FH)2.1F is different from 2.3 observed for previously known fluorohydrogenate ILs based 

on N-heterocyclic ammonium cations
19,47-52

 and phosphonium cations with long alkyl chains
53

. The 

difference in the cationic structures changes the cation-anion interaction, resulting in the change in 

vacuum-stable composition. Other cases which give the n value smaller than 2.3 are 1-alkyl-3-

methylimidazolium fluorohydrogenate with long alkyl side-chains
27

, where introduction of long alkyl 

side-chains enhances formation of liquid-crystalline behavior and changes the cation-anion interactions.  

Differential scanning calorimetric (DSC) curves for the P222m(FH)2.1F salts are shown in Figure 2. 

Thermal behavior of these salts are explained by analogy with the phase diagrams of EMIm(FH)nF and 

M(FH)nF (M = alkali metals).
49,61,62

 Melting of P222m(FH)2Fs and P222m(FH)3Fs are observed separately 
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for these three salts, the latter melting from the mixture of crystal phases to the eutectic liquid. For 

P2225(FH)2.1F, crystallization and melting (−55
o
C) of only P2225(FH)2F are observed after the glass 

transition (−107
o
C) in the heating process. For P2228(FH)2.1F, the peak assigned to the simultaneous 

crystallization of P2228(FH)2F and P2228(FH)3F is observed in the cooling process. During the heating 

process, the P2228(FH)3F domain melts at −46
o
C, followed by melting of the P2228(FH)2F domain at 

−27
o
C. In the cooling process of P222(1O1)(FH)2.1F, crystallization of P222(1O1)(FH)3F and P222(1O1)(FH)2F 

is observed. A small portion of the residual supercooled liquid crystallizes in the heating process and 

melting of P222(1O1)(FH)3F and P222(1O1)(FH)2F occur at −67
o
C and −34

o
C, respectively.  

Thermogravimetric curves for P222m(FH)2.1Fs are shown in Figure 3 with those for some previously 

reported fluorohydrogenate ILs, P4441(FH)2.3F, EMPyr(FH)2.3F, and EMIm(FH)2.3F (P4441 = tri-n-

butylmethylphosphonium, EMPyr = N-ethyl-N-methylpyrrolidinium, and EMIm = 1-ethyl-3-

methylimidazolium), for comparison.
53

 Fluorohydrogenate ILs gradually lose their weights on the 

heating process and show a large weight loss at a certain temperature. A gradual weight loss of the 

former is caused by slow HF release from the anion and a large weight loss of the latter is by 

irreversible decomposition involving cations.
53

 Improvement in thermal stability resulting from 

introduction of the phosphonium-based cations is reflected to the higher irreversible decomposition 

temperature for P2225(FH)2.1F and P2228(FH)2.1F compared to those of the N-heterocyclic ammonium 

salts, as well as that for P4441(FH)2.3F
53

. These irreversible decomposition temperatures of P2225(FH)2.1F 

and P2228(FH)2.1F are lower than those of phosphonium-based ILs for P2225N(SO2CF3)2
18

 and  P4448BF4
19

 

(N(SO2CF3)2 = bis(trifluoromethylsulfonyl)amide, P4448 = tri-n-butyl-n-octylphosphonium, and BF4 = 
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tetrafluoroborate) by approximately 100
o
C due to the high nucleophilicity of (FH)nF

–
. The irreversible 

decomposition temperature of P222(1O1)(FH)2.1F is significantly lower than those of other phosphonium 

fluorohydrogenate ILs.
53 
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Figure 2. Differential scanning calorimetric curves of P222m(FH)2.1Fs (m = 5, 8, and 1O1); (A) 

P2225(FH)2.1F, (B) P2228(FH)2.1F, and (C) P222(1O1)(FH)2.1F. Scan rate of 5
o
C min

−1
 was used. 
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Figure 3. Thermogravimetric curves of P222m(FH)2.1Fs (m = 5, 8, and 1O1); (A) P2225(FH)2.1F, (B) 

P2228(FH)2.1F, (C) P222(1O1)(FH)2.1F, (D) P4441(FH)2.3F, (E) EMPyr(FH)2.3F, and (F) EMIm(FH)2.3F. Scan 

rate of 10
o
C min

−1
 was used. For the data of P4441(FH)2.3F, EMPyr(FH)2.3F, and EMIm(FH)2.3F, see ref. 

53. 

Arrhenius plots of viscosity and conductivity for P222m(FH)2.1Fs are shown in Figure 4. The plots show 

nearly linear dependence in the measured temperature range (5-65
o
C). The P2225(FH)2.1F exhibits a 

lower viscosity and higher conductivity than P2228(FH)2.1F because of the smaller molecular size of 

P2225
+
. The similar trend was also seen in N-heterocyclic ammonium fluorohydrogenate ILs.

19,47-52
 

Compared to P2225(FH)2.1F and P2228(FH)2.1F, P222(1O1)(FH)2.1F exhibits a lower viscosity and a higher 
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conductivity. A similar tendency was observed for P2225N(SO2CF3)2
18

 (88 cP and 1.73 mS cm
−1

) and 

P222(1O1)N(SO2CF3)2 (35 cP and 4.40 mS cm
−1

),
18

 which was explained by a number of stable 

conformations with respect to the C−O bond and the low energetic barrier for the corresponding 

rotation
63

. Activation energies calculated from the Arrhenius plots are listed in Table 1. The activation 

energies of viscosity and conductivity decrease in the order of P2228(FH)2.1F > P2225(FH)2.1F > 

P222(1O1)(FH)2.1F. The low activation energies of viscosity and conductivity for P222m(FH)2.1F are derived 

from HF exchange between the anions as previously proposed.
54

 

 Selected physical properties of P222m(FH)2.1F are listed in Table 2 with P4441(FH)2.3F
53

, 

EMPyr(FH)2.3F
50

, P4441N(SO2CF3)2
64

, P2225N(SO2CF3)2
18

, P222(1O1)N(SO2CF3)2
18

, and P4448BF4
64

. The 

present phosphonium fluorohydrogenate ILs are far less viscous and more conductive than the 

phosphonium-based ILs combined with the other anions, and the viscosity and conductivity of 

P222(1O1)(FH)2.1F are the lowest and highest, respectively, in the phosphonium-based ILs reported so far. 

Viscosity and conductivity of the phosphonium-based fluorohydrogenate ILs are, roughly speaking, 

governed by the molecular weight of the cation; P2225(FH)2.1F and P222(1O1)(FH)2.1F exhibit a lower 

viscosity and higher conductivity than P4441(FH)2.3F, and P2228(FH)2.1F exhibits almost the same 

viscosity and conductivity as those of P4441(FH)2.3F. Correlation between molecular volume and 

viscosity for some ILs was shown in a previous work
65

, whereas comparison of viscosities for the three 

P222m(FH)2.1F ILs clearly shows that introduction of methoxymethyl group has a big influence on 

viscosity and correlation between molecular volume and viscosity does not hold in such a case.    
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Figure 4. Arrhenius plots of (a) viscosity and (b) conductivity for P222m(FH)2.1Fs (m = 5, 8, and 1O1). 
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Table 1. Activation energies of viscosity and conductivity for P222m(FH)2.1Fs (m = 5, 8, and 1O1)
 a
 

Activation energy P222(1O1)(FH)2.1F P2225(FH)2.1F P2228(FH)2.1F 

Ea(η) / kJ mol
−1

 21.0 27.8 30.2 

Ea(σ) / kJ mol
−1

 15.7 24.7 25.9 

a
 Ea(η) and Ea(σ): activation energies of viscosity and conductivity, respectively. 

 

Table 2. Physical properties of selected ILs
 a
 

IL FW Tm (Tg) / 
o
C ρ / g cm

−3
 η / cP σ / mS cm

−1
 

P222(1O1)(FH)2.1F 224 −67, −34 1.07 11 43.9 

P2225(FH)2.1F 250 (−107), −55  0.999 28 12.4 

P2228(FH)2.1F 292 −46, −27  0.968 47  6.1 

P4441(FH)2.3F
 b 

282 (−104), −24  0.969 36  6.0 

EMPyr(FH)2.3F
 c 

179 < −128 1.07 11.5 74.6 

P4441N(SO2CF3)2
 d 

498 16 1.28 207    0.416 

P2225N(SO2CF3)2
 e
 469 17 1.32 88   1.73 

P222(1O1)N(SO2CF3)2
 e
 443 14 1.42 35   4.40 

P4448BF4
 d
 402 < −50 1.02 1240    0.069 

a
 FW: formula weight, Tm: melting point, Tg: glass transition temperature, ρ: density 

at 25
o
C, η: viscosity at 25

o
C, σ: conductivity at 25

o
C. P222(1O1): 

triethylmethoxymethylphosphonium, P2225: triethyl-n-pentylphosphonium, P2228: 
triethyl-n-octylphosphonium, P4441: tri-n-butylmethylphosphonium, P4448: tri-n-butyl-n-
octylphosphonium, EMPyr: N-ethyl-N-methylpyrrolidinium, N(SO2CF3)2: 
bis(trifluoromethylsulfonyl)amide, and BF4: tetrafluoroborate. 

 b 
Ref. 53. 

c 
Ref. 50. 

d 

ref. 64. 
e 
Ref. 18.  

 

Linear sweep voltammograms of glassy carbon and platinum electrodes in P222m(FH)2.1Fs are shown 

in Figure 5 with the electrochemical windows of P4441(FH)2.3F
53

, EMPyr(FH)2.3F
50

, and EMIm(FH)2.3F
19

. 

Electrochemical windows of P222m(FH)2.1Fs with glassy carbon and platinum electrodes are listed in 
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Table 3. The anode and cathode limits are determined as the potentials where the absolute values of the 

current densities exceed 0.5 mA cm
−2

 at the scan rate of 10 mV s
−1

. For a glassy carbon electrode, the 

P222m(FH)2.1F ILs exhibit wide electrochemical windows exceeding 4.9 V. In particular, the 

electrochemical window of 5.8 V for P2225(FH)2.1F and P2228(FH)2.1F is as wide as that for P4441(FH)2.3F 

(6.0 V)
53

, reflecting a high electrochemical stability of the phosphonium-based fluorohydrogenate ILs. 

The electrochemical window of P222(1O1)(FH)2.1F is narrower than those of other phosphonium 

fluorohydrogenate ILs because of the low electrochemical stability of the methoxymethyl group both at 

the cathode and anode limits.
18

 The cathode limits of the phosphonium fluorohydrogenate ILs on a 

glassy carbon electrode are more negative than those of fluorohydrogenate ILs with the other cations, 

although the cathode limits on a platinum electrode are around −1 V vs. the Fc
+
/Fc redox couple 

regardless of the cations.
53

 The cathode limit reaction of fluorohydrogenate salts is hydrogen gas 

evolution from (FH)nF
−
 if the cation has a sufficient stability against reduction.

52,66-68
 The present results 

suggest that the overpotential of hydrogen gas evolution from (FH)nF
−
 depends on the electrode material 

as well as the cationic structure. Another reduction wave is observed from −3.0 V vs. Fc
+
/Fc with a 

platinum electrode for P2228(FH)2.1F and is assigned to the decomposition of the cation which is 

probably the same reaction as the cathode limit on a glassy carbon electrode. The anode limits of 

P222m(FH)2.1Fs vary from 2.3 to 2.9 V vs. Fc
+
/Fc, which corresponds to decomposition of the cations.

53
 

The anode limits shift to the lower potential with extension of the side-chain (2.94 V for P2225(FH)2.1F 

and 2.74 V for P2228(FH)2.1F). A similar trend was observed in the cases of P444m(FH)2.3F (m = 1, 4, and 

8).
53
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Figure 5. Linear sweep voltammograms of (i) glassy carbon and (ii) platinum electrodes in 

P222m(FH)2.1Fs (m = 5, 8, and 1O1); (A) P222(1O1)(FH)2.1F, (B) P2225(FH)2.1F, (C) P2228(FH)2.1F, (D) 

P4441(FH)2.3F, (E) EMPyr(FH)2.3F, and (F) EMIm(FH)2.3F. Vertical lines denote the anode and cathode 

limits determined as the potentials where the absolute values of the current densities exceed 0.5 mA 
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cm
−2

 at the scan rate of 10 mV s
−1

. For the data of P4441(FH)2.3F, EMPyr(FH)2.3F, and EMIm(FH)2.3F, 

see refs. 53, 50, and 19, respectively.  

Table 3. Electrochemical windows of P222m(FH)2.1Fs (m = 5, 8, and 1O1)
 a 

IL 

Glassy carbon electrode Platinum electrode 

Ean / V Eca / V Ean / V Eca / V 

P222(1O1)(FH)2.1F -2.58 2.34 -1.17 1.90 

P2225(FH)2.1F -2.87 2.94 -1.06 2.35 

P2228(FH)2.1F -3.07 2.74 -1.05 2.33 

a 
Ean and Eca: anode and cathode limits, respectively. Potentials were 

referenced to the potential of the Fc
+
/Fc redox couple. 

 

Properties and plastic crystal structures of P2222(FH)2F. The reaction of P2222Br and HF gave a 

white solid with the HF composition formulated as P2222(FH)2.2F. The P2222(FH)2.2F is vacuum-stable 

and shows plastic crystalline behavior around room temperature (see Figure S2, ESI † for the DSC 

curve). In order to obtain simple data, further investigation was performed on P2222(FH)2F containing a 

single anion, (FH)2F
−
. The P2222(FH)2F salt was obtained by mixing P2222(FH)2.2F and P2222(FH)1.9F in a 

stoichiometric ratio, since the HF unit in fluorohydrogenate anions are exchanged and quickly reach 

equilibrium when two fluorohydrogenate ILs with different HF compositions are mixed.
27,49

 A DSC 

curve of P2222(FH)2F is shown in Figure 6. In the heating process, three phase transitions are observed 

with the entropy changes (ΔS) of 8 J K
−1

 mol
−1

 (enthalpy change, ΔH = −2690 J mol
−1

 at 60
o
C), 19 J K

−1
 

mol
−1

 (ΔH = −5680 J mol
−1

 at 32
o
C), and 33 J K

−1
 mol

−1
 (ΔH = −9130 J mol

−1
 at 6

o
C), respectively. 
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Timmermans pointed out that the plastic crystal phase of a molecular compound has a low entropy 

change of fusion (ΔSfus < 20 J K
−1

 mol
−1

).
69

 The transition at 60
o
C for P2222(FH)2F satisfies this criterion 

(ΔSfus = 8 J K
−1

 mol
−1

), suggesting the phase between 32 and 60
o
C is plastic crystal. The phase between 

6 and 32
o
C is also considered to be plastic crystal phase due to its simple XRD pattern and high 

conductivity (discussed later) as well as its appearance and softness (ΔS = 19 J K
−1

 mol
−1

 at 32
o
C). 

Consequently, P2222(FH)2F has one crystal, two plastic crystal (PC II and I), and one liquid phases in this 

temperature range.  
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Figure 6. The DSC curve of P2222(FH)2F. Scan rate of 1
o
C min

−1
 was used. 
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An Arrhenius plot of conductivity for P2222(FH)2F is shown in Figure 7. The conductivity was 

measured at a temperature range between 15 and 95
o
C in the heating process. The conductivity of liquid 

phase is 106 mS cm
−1

 at 80
 o
C and those of the plastic crystal phases are 5 mS cm

−1
 at 50

o
C (PC I) and 

0.03 mS cm
−1

 at 25
o
C (PC II). This conductivity of the PC I phase is the highest value in the neat ionic 

plastic crystals reported so far.   
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Figure 7. Arrhenius plot of conductivity for P2222(FH)2F. 

The data of crystal structures determined by single-crystal XRD measurement at low temperatures, 

which are occasionally combined with spectroscopic data, provide important insights in the phase 

transition mechanism and the ion disordering mode in plastic crystal phases.
70-73

 Unfortunately, the poor 
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quality of crystals did not allow single-crystal diffraction analysis in the present case. Instead, the 

structure of the plastic crystal phases will be discussed here based on powder X-ray diffraction. X-ray 

diffraction patterns of P2222(FH)2F at 35
o
C (PC I phase), 10

o
C (PC II phase), and −10

o
C (Crystal phase) 

are shown in Figure 8. In some plastic crystal phases, the cations and anions rotate and form a spherical 

shape, resulting in a plastic crystal lattice with high symmetry such as cubic lattice.
74,75

 The XRD 

patterns at 35
o
C (PC I) and 10

o
C (PC II) are relatively simple without strong diffraction peaks at high 

2θ-angles, reflecting the large thermal motions of the constituent ions. The XRD pattern of PC I (35
o
C) 

is indexed as a hexagonal lattice with the lattice constants of a = 8.02 Å and c = 11.84 Å. Table 4 lists 

the d values and indices with the calculated d values which agree with the experimental d values well. 

From the volume of unit cell (V = 660 Å
3
), Z for P2222(FH)2F is determined as two and the calculated 

density is 1.038 g cm
−3

. The spherical cations are considered to form a hexagonal close-packed structure 

and the anions exists in the interstices among them because the size of P2222
+
 is larger than that of 

(FH)2F
−
. There are two types of interstitial sites for anions in the hexagonal close-packed structure of 

cations; one is the six-coordinated octahedral site and the other is the four-coordinate tetrahedral site 

(Figure 9). The octahedral site has a larger space than the tetrahedral site (in the present case the cation-

anion distances for the octahedral and tetrahedral sites are 5.5 and 4.8 Å, respectively). Occupation of 

the octahedral and tetrahedral sites correspond to the inverse nickel arsenide (P63/mmc) and wurtzite 

(P63mc) structure, respectively.
76

 In order to roughly estimate the size of the cation, the molecular 

structures were optimized by quantum mechanical calculation at the MP2/cc-pVTZ level (see Table S5, 

ESI † for the results at the other levels). From the optimized geometries (Figure 10), the longest distance 
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between two atoms in P2222
+
 is 7.23 Å and that in (FH)2F

−54
 is 4.08 Å at the MP2/cc-pVTZ level (See ref. 

54 for the optimized structure of (FH)2F
−
). Assuming that the cations and anions rotate and form 

spherical shapes, the longest distances of the atoms are the diameters of the spheres and the radii are 3.6 

Å for P2222
+
 and 2.1 Å for (FH)2F

−
 (see Figure 10). The resulting sum of the cation and anion radii is 5.7 

Å, indicating that the tetrahedral site is too small for (FH)2F
−
. As a consequence, the plastic crystal 

structure (PC I) at 35
o
C has an inverse nickel arsenide structure in which the cations form the hexagonal 

close-packed structure and the anions occupy the octahedral sites of the cations (Figure 11). Structures 

of several ionic plastic crystals were investigated in previous works, and NaCl- and CsCl-type cubic 

phases are known as a high-temperature phase.
75

 Although there is an example of a salt with an inverse 

nickel arsenide-type crystal structure (N(CH3)4F)
77

, the present case is the first example for ionic plastic 

crystals. Coordination number of an ion in a [C
+
][A

−
]-type salt (C

+
: singly charged cation, A

−
: singly 

charged anion) is roughly estimated from the radius-ratio rule.
76

 According to this rule, coordination 

number of an ion is 4 for 0.225 < R−/R+ < 0.414, 6 for 0.414 < R−/R+ < 0.732, and 8 for 0.732 < R−/R+ < 1, 

where R− and R+ are the radii of the anion and cation, respectively. The present case gives the radius 

ratio of 0.58 and the coordination number of 6, which satisfies this rule.  

The XRD pattern of PC II (10
o
C) is indexed as an orthorhombic lattice (Pmma) and the lattice 

constants of a = 11.43 Å, b = 8.13 Å, and c = 13.58 Å are obtained (see Table 4 for the experimental 

and calculated d values and indices). From the volume of unit cell (V = 1262 Å
3
), Z for P2222(FH)2F in 

PC(II) at (10 
o
C) is determined as 4 and the calculated density is 1.086 g cm

−3
 which is slightly larger 

than that of PC I (35
o
C). This orthorhombic lattice can be regarded as a distorted hexagonal lattice of 
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PC I and the lattice parameters of a, b, and c in PC II corresponds to 11.84, 8.02, and 13.89 Å in PC I 

when the hexagonal lattice of PC I is reduced to the orthorhombic lattice (see Figure 11). The lattice is 

shrunk along the a and c axes and is expanded along the b axis of PC II in the change from PC I to PC II. 

These changes which could be derived from the change in the rotational motion of the spherical ions 

result in the lowering of structural symmetry of the crystal lattice. The XRD pattern of the crystal phase 

(−10
o
C) was not successful in indexing.  
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Figure 8. X-ray diffraction patterns of the (A) PC I (35
o
C), (B) PC II (10

o
C), and (C) crystal (−10

o
C) 

phases for P2222(FH)2F.  
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Table 4. Experimental and calculated d values and indices for the PC I (35
o
C, hexagonal) and PC II 

(10
o
C, orthorhombic) phases of P2222(FH)2F 

h k l d obs. / Å d calc.
a
 / Å 

PC I (35
o
C, hexagonal) 

1 0 0 6.93 6.95 

1 0 1 5.97 5.99 

1 0 2 4.50 4.51 

1 1 0 4.01 4.01 

2 0 0 3.47 3.47 

2 0 1 3.33 3.33 

2 0 2 3.01 3.00 

2 0 3 2.61 2.61 

 

PC II (10
o
C, orthorhombic) 

0 0 2 6.86 6.79 

1 0 2 5.87 5.84 

2 0 2 4.38 4.37 

0 2 0 4.05 4.06 

2 2 0 3.33 3.31 

2 2 2 2.98 2.98 

3 0 4 2.53 2.53 

4 2 0 2.33 2.34 

5 0 2 2.17 2.17 

2 4 0 1.91 1.91 

a
 The d calc. values were based on the hexagonal lattice 

with a = 8.02 Å and c = 11.84 Å for PC I and the 
orthorhombic lattice with a = 11.43 Å, b = 8.13 Å, and c 
= 13.58 Å for PC II.  
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P2222
+
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Figure 9. Schematic drawings of (a) inverse nickel arsenide and (b) wurtzite structures.  

 

4.08 Å

7.23 Å

R+ = 3.6 Å

R− = 2.1 Å
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+
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Figure 10. The optimized geometries and radii of spherical shapes for P2222
+
 and (FH)2F

−
. 
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a = 8.02 Å

c = 11.84 Å P2222
+

(FH)2F
−

(a) PC I (b) PC II

a = 11.43 Å

b = 8.13 Å

c = 13.58 Å

 

Figure 11. The unit cells of the (a) PC I and (b) PC II phases for P2222(FH)2F. The crystal systems of PC 

I and PC II phases are hexagonal (inverse NiAs-type, P63/mmc) and orthorhombic lattices (Pmma), 

respectively. 

 

Conclusions 

Fluorohydrogenate salts of quaternary phosphonium cations with short alkyl or methoxymethyl group 

were synthesized, and their physicochemical and structural properties were investigated. The 

P222m(FH)2.1F (m = 5, 8, and 1O1) salts are vacuum-stable liquids at room temperature with low 

viscosities and high ionic conductivities. Linear sweep voltammetry with a glassy carbon electrode 

shows that they have wide electrochemical windows (4.9 V for P222(1O1)(FH)2.1F and 5.8 V for 

P2225(FH)2.1F and P2228(FH)2.1F). Thermogravimetry shows thermal stabilities of P2225(FH)2.1F and 

P2228(FH)2.1F are improved compared to N-heterocyclic ammonium-based fluorohydrogenate ILs 

although P222(1O1)(FH)2.1F exhibits a low thermal stability compared to other phosphonium 
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fluorohydrogenate ILs. The salt, P2222(FH)2F, exhibits two plastic crystal phases. The plastic crystal 

phase at the higher temperature exhibits the highest conductivity of 5 mS cm
−1

 at 50
o
C in the neat ionic 

plastic crystals and gives the first example of an inverse nickel arsenide-type structure. The ionic radii 

of P2222
+
 and (FH)2F

‒
 were estimated from quantum mechanical calculations. The results showed that 

the simple radius-ratio rule (the ionic radius of anion / the ionic radius of cation) in determining the 

structure of an ionic compound can be also applied to plastic crystal structures. The other plastic crystal 

phase observed at lower temperature has an orthorhombic lattice.  
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