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ABSTRACT: The physicochemical properties of novel four tri-n-butylalkylphospho-
nium-based room-temperature ionic liquids (RTILs), tri-n-butylmethylphosphonium
dimethylphosphate ([P4,4,4,1][DMP]), tri-n-butyl(2-hydroxymethyl)phosphonium bis-
(trifluoromethylsulfonyl)amide ([P4,4,4,2OH][Tf2N]), tetra-n-butylphosphonium O,O′-
diethylphosphorodithioate ([P4,4,4,4][DEPDT]), and tri-n-butyldodecylphosphonium 3,5-
bis(methoxycarbonyl)benzenesulfonate ([P4,4,4,12][MCBS]), were examined in this study.
All RTILs showed a favorable thermal decomposition temperature exceeding 560 K. Of
these, [P4,4,4,12][MCBS] exhibited a fairly high thermal stability compared with common
phosphonium cation-based RTILs reported to date. Interestingly [P4,4,4,1][DMP] formed
an ionic plastic crystal phase within a range of 279−290 K, but that was not the case with
[P4,4,4,4][DEPDT], which is similar in the cation and anion structures to the [P4,4,4,1]

+ and
[DMP]−. [P4,4,4,2OH][Tf2N] showed a relatively high conductivity of 0.48 mS cm−1 at 303
K among the RTILs consisting of tri-n-butylalkylphosphonium cation and usual
fluoroanion.

1. INTRODUCTION

Room-temperature ionic liquid (RTIL), which is a liquid salt at
or below 293 K, has been investigated in the various scientific
and industrial fields, such as energy technology, surface
finishing, organic and inorganic synthesis, gas separation and
vacuum technologies.1−11 Multiplicity of the RTIL-related
science and technology should be due to the RTIL’s peculiar
physicochemical properties including relatively high ionic
conductivity, favorable thermal and chemical stability, wide
electrochemical window, flame retardation, and negligible vapor
pressure. Since the milestone papers on RTILs with
fluoroanions were reported by Wilkes et al. and Cooper et al.
in early 1990s,12,13 numerous RTILs that can be handled easily
under open-air condition have been reported.14 In many cases,
such RTILs consist of one onium cation species, such as
imidazolium, pyridinium, ammonium, piperidinium, pyrrolidi-
nium, phosphonium, and sulfonium, and one stable anion
species in air. Another fascination of RTILs is that we can
control their physicochemical properties by designing the ionic
structure and changing the combination of cation and
anion.15−21

Physicochemically stable quaternary phosphonium cation is
recognized as one of the promising cation components in
RTIL. The advantage is that various phosphorus salts with
ordinary anions are commercially available and are produced in
large quantity. Once phosphorus salts with halide anions such

as Cl− and Br− showed a melting point above room
temperature,21 but now we can prepare many phosphonium
cation-based RTILs by the combination with phosphonium
cations and a wide variety of polyatomic anions, for example,
bis(trifluoromethylsulfonyl)amide ([Tf2N]

−), tetrafluoroborate
([BF4]

−), dicyanamide ([N(CN)2]
−), and fluorohydrogenate

([(FH)nF]
− (1 ≤ n ≤ 3)).22−37 This RTIL system also has

interesting features like other RTIL systems. For example, the
combination of tetra-n-butylphosphonium ([P4,4,4,4]

+) and
amino-acid-based anion generates chirality-induced RTILs,26

and the mixture of tetra-n-butylphosphonium hydroxide and
benzimidazole can produce both hydroxide ion- and proton-
conductive RTILs by controlling the mixing ratio.27 Some
phosphonium cation-based RTILs can form an ionic plastic
crystal phase that is expected to be a next-generation
electrolyte.28,29 In this study, thermal stability and physico-
chemical properties of four types of the distinctive tri-n-
butylalkylphosphonium-based RTILs depicted in Figure 1 were
carefully investigated, and the thermodynamic data estimated
from these data are discussed by comparison with those for
other RTILs reported so far.
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2. EXPERIMENTAL SECTION

2.1. Preparation of RTILs. Phosphonium RTILs were
prepared by two common synthetic processes. The first process
is a quaternization reaction between tri-n-alkylphosphine and
alkyl halide to synthesize a quaternary phosphonium halide, and
the second process is an anion-exchange reaction between the
resulting phosphonium halide and alkali metal salt with target
anion. To be more specific, for example, tri-n-butyl(2-
hydroxymethyl)phosphonium bis(trifluoromethylsulfonyl)-
amide ([P4,4,4,2OH][Tf2N]) was synthesized by the following
procedures. The quaternization reaction between tri-n-
butylphosphine (Nippon Chemical Industrial, ultrapure
grade) and 1-bromoethanol (Tokyo Chemical Industry) was
carried out at 353 K under a nitrogen atmosphere. Tri-n-
butylphosphine was used as received. The obtained tri-n-
butyl(2-hydroxymethyl)phosphonium bromide ([P4,4,4,2OH]Br)
was rinsed with n-hexane to remove unreacted tri-n-
butylphosphine and 1-bromoethanol. The [P4,4,4,2OH]Br dried
under vacuum and Li[Tf2N] were mixed thoroughly in
ultrapure water at ambient temperature to yield the [P4,4,4,2OH]-
[Tf2N] by the anion exchange reaction; then, the crude
[P4,4,4,2OH][Tf2N] was extracted by toluene and purified by
rinsing with ultrapure water several times until no residual
bromide anion was detected with the use of 0.1 M AgNO3
aqueous solution. Tetra-n-butylphosphonium O,O′-diethyl-
phosphorodithioate ([P4,4,4,4][DEPDT]) and tri-n-butyldode-
cylphosphonium 3,5-bis(methoxycarbonyl)benzenesulfonate
([P4,4,4,12][MCBS]) were also prepared by the similar way
previously described. Tri-n-butylmethylphosphonium dimethyl-
phosphate ([P4,4,4,1][DMP]), which was supplied by Nippon
Chemical Industrial, was directly synthesized by a straightfor-
ward reaction of tri-n-butylphosphine with trimethylphosphate
without any solvent. All RTILs employed in this study were
dried at 373 K under vacuum condition (ca. 0.67 Pa) for 12 h
and were stored in an argon-gas-filled glovebox prior to their
characterization and physicochemical experiments. Water
content of [P4,4,4,1][DMP], [P4,4,4,2OH][Tf2N], and [P4,4,4,12]-
[MCBS], determined by Karl Fischer titration, was below 40
ppm. However, that of [P4,4,4,4][DEPDT] could not be
estimated due to an unexpected reaction with Karl Fischer
solution. The obtained products were confirmed by 1H, 13C,

19F, and 31P NMR. NMR spectra of 1H and 13C were referred
by tetramethylsilane and CDCl3 as an internal reference,
respectively. NMR spectra on 19F and 31P were measured by
using trifluorotoluene and triphenyl phosphate as an external
reference, respectively. Elemental composition of the RTILs
was determined by elemental analyses of carbon, hydrogen, and
nitrogen.

2.2. NMR Characterization and Elemental Analysis
Data. Tri-n-butylmethylphosphonium dimethylphosphate
([P4,4,4,1][DMP]), (C4H9)3(CH3)P-PO2(OCH3)2.

1H NMR
(599.85 MHz in CDCl3) , δ 0.93−1.01 (t , 9H,
P+CH2(CH2)2CH3); 1.47−1.59 (m, 12H, P+CH2(CH2)2CH3);
2 .04−2.10 (d, 3H, P+CH3); 2 .34−2.44 (m, 6H,
P+CH2(CH2)2CH3); 3.54−3.61 (d, 6H, PO2(OCH3)2

−). 13C
NMR (150.85 MHz in CDCl3), δ 3.9−4.4 (d, P+CH3); 13.37
(s, P+CH2(CH2)2CH3); 19.4−19.9 (d, P+CH2(CH2)2CH3);
23.4−23.9 (various d, P+CH2(CH2)2CH3); 52.1−52.3 (d,
PO2(OCH3)2

−). 31P NMR (242.82 MHz in CDCl3), δ 2.02
(s, PO2(OCH3)2

−); 31.81 (s, (C4H9)3(CH3)P
+). Elemental

analysis calcd (%) for C15H36O4P2: C 52.62, H 10.60; found: C
52.47, H 11.06.
Tr i -n -buty l (2 -hydroxymethy l)phosphonium bis -

(trifluoromethylsulfonyl)amide ([P4,4 ,4 , 2OH][Tf2N]),
(C4H9)3(C2H4OH)P−N(SO2CF3)2.

1H NMR (599.85 MHz
in CDCl3), δ 0.92−1.00 (t, 9H, P+CH2(CH2)2CH3); 1.45−1.57
(m, 12H, P+CH2(CH2)2CH3); 2.13−2.19 (m, 6H,
P+CH2(CH2)2CH3); 2.39−2.45 (m, 2H, P+CH2CH2OH);
3.27−3.33 (br, 1H, P+CH2CH2OH); 3.97−4.05 (d, 2H,
P+CH2CH2OH).

13C NMR (150.85 MHz in CDCl3), δ 13.14
(s , P+CH2(CH2)2CH3); 19 .00−19.50 (var ious d,
P+CH2(CH2)2CH3, P+CH2CH2OH); 55.40−55.55 (d,
P+CH2CH2OH); 119.74 (q, N(SO2CF3)2

−). 19F (564.40 MHz
in CDCl3), δ −80.48 (s, N(SO2CF3)2

−) ppm. 31P NMR
(242.82 MHz in CDCl3), δ 33.02 (s, P+CH2(CH2)2CH3).
Elemental analysis calcd (%) for C16H32F6NO5PS2: C 36.43, H
6.11, N 2.66; found: C 36.63, H 6.25, N 2.66.
Tetra-n-butylphosphonium O,O′-diethylphosphorodithioate

([P4,4,4,4][DEPDT]), (C4H9)4P-PS2(OC2H5)2.
1H NMR

(599.85 MHz in CDCl3) , δ 0.96−1.01 (t , 9H,
P+CH2(CH2)2CH3); 1.26−1.31 (t, 6H, PS2(OCH2CH3)2

−);
1.53−1.60 (m, 16H, P+CH2(CH2)2CH3); 2.41−2.48 (m, 8H,

Figure 1. Chemical structures of tri-n-butylalkylphosphonium cation-based RTILs reported in this paper.
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P+CH2(CH2)2CH3); 4.03−4.09 (m, 4H, PS2(OCH2CH3)2
−).

13C NMR (150.85 MHz in CDCl3), δ 13.45 (s,
P+CH2(CH2)2CH3); 16.17−16.30 (d, P+CH2(CH2)2CH3);
18.77−19.33 (d, PS2(OCH2CH3)2

−); 23.74−24.03 (m,
P+CH2(CH2)2CH3); 60.97−61.14 (d, PS2(OCH2CH3)2

−). 31P
NMR (242.82 MHz in CDCl3), δ 32.41 (s, (C4H9)4P

+); 112.29
(s, PS2(OCH2CH3)2

−). Elemental analysis calcd (%) for
C20H46O2P2S2: C 54.02, H 10.43; found: C 53.93, H 10.53.
Tri-n-butyldodecylphosphonium 3,4-bis(methoxycarbonyl)-

benzenesulfonate ([P4,4,4,12][MCBS]), (C4H9)3(C12H25)P−
C6H3(COOCH3)2(SO3).

1H NMR (599.85 MHz in CDCl3),
δ 0.86−0.90 (t, 3H, P+CH2CH2(CH2)8CH2CH3); 0.92−0.99
(t , 9H, P+CH2(CH2)2CH3); 1.21−1.33 (m, 16H,
P+CH2CH2(CH2)8CH2CH3); 1 .40−1.58 (m, 16H,
P+CH2CH2(CH2)8CH2CH3, P+CH2(CH2)2CH3); 2.25−2.37
(m, 8H, P+CH2CH2(CH2)8CH2CH3, P+CH2(CH2)2CH3);
3.92 (s, 6H, C6H3(COOCH3)2(SO3)

−); 8.65 (s, 1H,
C 6 H 3 ( C O O C H 3 ) 2 ( S O 3 )

− ) ; 8 . 7 6 ( s , 2 H ,
C6H3(COOCH3)2(SO3)

−). 13C NMR (150.85 MHz in
CDCl3), δ 13.37 (s, P+CH2(CH2)2CH3); 14.06 (s,
P+CH2CH2(CH2)8CH2CH3); 18.43−19.11 (various d,
P+CH2(CH2)2CH3, P+CH2CH2(CH2)8CH2CH3); 21.65−
24.11, 28.82−31.94 (various s, d, P+CH2(CH2)2CH3,
P + C H 2 C H 2 ( C H 2 ) 8 C H 2 C H 3 ) ; 5 2 . 1 7 ( s ,
C6H3(COOCH3)2(SO3)

−); 130.34, 131.13, 131.55 148.18 (s,
C 6 H 3 ( C O O C H 3 ) 2 ( S O 3 )

− ) ; 1 6 5 . 8 6 ( s ,
C6H3(COOCH3)2(SO3)

−). 31P NMR (242.82 MHz in
CDCl3), δ 32.64 (s, (C4H9)3(C12H25)P). Elemental analysis
calcd (%) for C34H61O7PS: C 63.32, H 9.53; found: C 63.30, H
9.54.

2.3. Measurements of Physicochemical Properties.
Thermogravimetry-differential thermal analysis (TG-DTA) was
performed by a Bruker TG-DTA2000SA apparatus under a
nitrogen atmosphere at 10 K min−1. Differential scanning
calorimetry (DSC) was conducted using a Bruker DSC 3100SA
at 5 K min−1. These instruments were controlled with a Bruker
MTC1000SA workstation utilizing a Bruker WS5003 software.
Aluminum pan without and with aluminum top for TG-DTA
and DSC, respectively, was employed, and the specimens for
the thermal analysis were prepared in an argon-gas-filled glove
box (Vacuum Atmosphere Company NEXUS II system, H2O
and O2 < 1 ppm). Density measurement was carried out with a
5 mL Pyrex glass pycnometer that was calibrated by ultrapure
water. Viscosity was measured with a Brookfield LVDV-II+ Pro
programmable viscometer. The cone spindle was CPE-42 or
CPE-52. Conductivity measurement was performed by a
Horiba DS-51 digital conductivity meter with a glass
conductivity cell after the cell calibration with 0.1 M KCl
aqueous solution. All analyses were conducted in an argon-gas-
filled glove box or by using airtight cell to avoid contamination
derived from the air.

3. RESULTS AND DISCUSSION

Four types of distinctive tri-n-butylalkylphosphonium-based
RTILs prepared in this investigation, [P4,4,4,1][DMP],
[P4,4,4,2OH][Tf2N], [P4,4,4,4][DEPDT], and [P4,4,4,12][MCBS],
exhibited a liquid state at room temperature (293 K). We were
able to handle them under open-air condition without any
trouble, although the RTILs slightly absorbed water derived
from the air. [P4,4,4,2OH][Tf2N], [P4,4,4,4][DEPDT], and
[P4,4,4,12][MCBS] formed biphase with water like most

Figure 2. Results of thermogravimetry-differential thermal analysis measurement of the tri-n-butylalkylphosphonium cation-based RTILs. The
samples were (a) [P4,4,4,1][DMP], (b) [P4,4,4,2OH][Tf2N], (c) [P4,4,4,4][DEPDT], and (d) [P4,4,4,12][MCBS]. The measurements were conducted at 10
K min−1.
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phosphonium cation-based RTILs reported so far, but
[P4,4,4,1][DMP] had a water-miscible nature. It is well known
that organic phosphorus salt, which consists of symmetric
cation and halide anion, shows a melting point above room
temperature; for example, [P4,4,4,4]Br melts at 375.15 K.38

However, the melting point of [P4,4,4,4][DEPDT] was greatly
reduced due to the asymmetric structure and the large ion
volume of the [DEPDT]−. It suggests that the [DEPDT]− is a
useful anion for RTILs with highly symmetric cation species.
TG-DTA curves for the tri-n-butylalkylphosphonium-based

RTILs under a nitrogen atmosphere are shown in Figure 2, and
their thermal decomposition temperatures determined at 5 and
10% weight loss are given in Table 1 with the data on other
phosphonium cation-based RTILs. Each RTIL used in this
study showed a desirable thermal stability over 560 K. It is
interesting to note that [P4,4,4,12][MCBS] exhibited a fairly high
thermal stability among the phosphonium cation-based RTILs
reported to date.22−37 Usually phosphonium cation-based
RTILs tend to indicate a good thermal stability relative to
the ammonium cation-based ones with similar side chains.31,32

The degradation pathway of phosphonium-based RTILs seems
to be affected by anionic species rather than cationic species.
While [P4,4,4,2OH][Tf2N] and [P4,4,4,12][MCBS] showed a simple
single-step degradation in Figure 2, the degradation for
[P4,4,4,1][DMP] and [P4,4,4,4][DEPDT] proceeded by two
steps. This two-step degradation behavior is consistent with a
previous report on phosphonium cation-based RTILs with
thermally unstable anions.24 Long-term thermal stability of
RTIL, which is an important parameter for high-temperature
applications, is predicable from common TG data if the
measurement condition is the same; that is, RTIL with higher
decomposition temperature usually shows a better long-term
thermal stability.39,40

DSC curves for the tri-n-butylalkylphosphonium-based
RTILs are exhibited in Figure 3. All RTILs could keep a liquid
state over a wide range of temperature. [P4,4,4,1][DMP]
indicated a peculiar thermal phase transition behavior (Figure

3a). The crystallization was observed at 246 K after the glass
transition at 202 K during the heating process from 173 K, and
two endothermic peaks appeared at 279 and 290 K. These
endothermic peaks should be assigned to solid−solid phase
transition (279 K) and to melting (290 K). It is well-known
that some RTILs have an ionic plastic crystal phase if both the
cation and the anion in RTIL have spherical 3-D structure or
similar configuration.28,29,36,41−43 Several phosphonium cation-
based RTILs also have such an ionic plastic crystal phase.28,29,36

Timmermans proposed that the phase transition to the plastic
crystal phase occurs by a low entropy change of fusion (ΔSfus <
20 J K−1 mol−1).44 In regard to the [P4,4,4,1][DMP], the entropy
changes (ΔS) of the endothermic peaks were 11.0 (enthalpy
change, ΔH = 3077 J mol−1) and 17.7 J K−1 mol−1 (ΔH = 5135
J mol−1) at 279 and 290 K, respectively. These results suggest
that the plastic crystal phase exists within a range of 279−290

Table 1. Physical and Thermal Properties of the Tri-n-butylalkylphosphonium Cation-Based RTILs

RTILs FWa Tg/K
b Tmelt/K

b Tdec/K
c ρ/g cm−3d η/cPe σ/mS cm−1 f ref

[P4,4,4,1][Tf2N] 497.5 193 290 652 1.27 207 0.42 30
[P4,4,4,1][(CN)2N] 283.4 g 279 651 0.96 167 1.2 33
[P4,4,4,1][(FH)2.3F] 282.3 169 249 g 0.97 36 6.0 37
[P4,4,4,1][DMP] 342.4 202 290 583, 562h 1.03i 439 0.18i this work
[P4,4,4,2OH][Tf2N] 527.5 196 668, 646h 1.26i 242 0.48i this work
[P4,4,4,4][(FH)2.3F] 324.4 239, 255 g 0.95 47 3.7 37
[P4,4,4,4][DEPDT] 444.7 206 574, 566h 1.01i 1107 0.083i this work
[P4,4,4,8][Tf2N] 595.7 183 646 1.18 250 0.27 30
[P4,4,4,8][BF4] 402.3 191 672 1.02 1240 0.069 30
[P4,4,4,8][PF6] 460.5 g 293 636 1.12 1720 0.047 30
[P4,4,4,8][OTf] 464.7 193 681 1.08 778 0.087 30
[P4,4,4,8][CF3COO] 428.6 192 467 1.03 453 0.13 30
[P4,4,4,8][SCN] 373.6 184 651 0.95 450 0.18 30
[P4,4,4,8][Tosyl] 486.7 209 617 1.02 2435 0.021 30
[P4,4,4,8][(CN)2N] 381.6 180 653 0.95 245 0.45 33
[P4,4,4,8][(FH)2.3F] 380.6 174 g 0.93 74 1.5 37
[P4,4,4,12][Tf2N] 651.8 187 284 656 1.13 303 0.18 30
[P4,4,4,12][BF4] 458.5 190 293 664 0.97 1310 0.047 30
[P4,4,4,12][MCBS] 644.9 210 698, 678h 1.05i 16401 0.0042i this work
[P4,4,4,allyl][Tf2N] 523.6 g 302 692 1.26i 138i 0.64i 35

aFormula weight. bGlass-transition or melting temperature. cThermal decomposition temperature at 10% weight loss. dDensity at 298 K. eViscosity
at 298 K. fConductivity at 298 K. gNo data. hThermal decomposition temperature at 5% weight loss. iData were obtained at 303 K.

Figure 3. Differential scanning calorimetry curves of the tri-n-
butylalkylphosphonium cation-based RTILs. The samples were (a)
[P4,4,4,1][DMP], (b) [P4,4,4,2OH][Tf2N], (c) [P4,4,4,4][DEPDT], and (d)
[P4,4,4,12][MCBS]. The measurements were conducted at 5 K min−1.
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K. Analogous ionic plastic crystal phase in a narrow
temperature range has already been reported.45−47

[P4,4,4,1][DMP] should be considered as a new example of
RTIL with the plastic crystal phase. As for other three RTILs,
[P4,4,4,2OH][Tf2N], [P4,4,4,4][DEPDT], and [P4,4,4,12][MCBS],
only glass-transition point appeared at 196, 206, and 210 K,
respectively, during the heating process (Figure 3b−d).
Although [P4,4,4,4][DEPDT] is composed of the cation having
more spherical structure than the [P4,4,4,1]

+ and the character-
istic anion similar to [DMP]−, ionic plastic crystal phase did not
appear.
Figure 4 shows temperature dependence of the density, ρ (g

cm−3), of the tri-n-butylalkylphosphonium cation-based RTILs

depicted in Figure 1. A linear dependence with absolute
temperature was obtained for all RTILs. The density is
expressed as a function of temperature:

ρ = +a bT (1)

where a, b, and T are a density at 0 K (g cm−3), a coefficient of
volume expansion (g cm−3 K−1), and an absolute temperature
(K), respectively. The parameters fitted by the method of least-
squares are summarized in Table 2 along with the correlation

coefficient, |R|, for the fitting. The density decreased in the
following order: [P4,4,4,2OH][Tf2N], [P4,4,4,12][MCBS], [P4,4,4,1]-
[DMP], and [P4,4,4,4][DEPDT]. Optimized ionic volumes of
the tri-n-butylalkylphosphonium cation-based RTILs calculated
with the B3LYP/6-31G+(d) level using Gaussian 09 program
were 574.7 Å3 ([P4,4,4,2OH][Tf2N]), 800.5 Å3 ([P4,4,4,12]-
[MCBS]), 607.2 Å3 ([P4,4,4,1][DMP]), and 487.1 Å3 ([P4,4,4,4]-
[DEPDT]).48 These values were estimated from the sum of the
individually calculated cation and anion volumes. It is reported
that ionic volume in RTIL has a close relationship with

physicochemical properties, which can be understood by lattice
and solvation energies,49,50 and provides useful information for
prediction of physical properties, for example, viscosity,
conductivity, and density.51 With regard to the 1,3-
dialkylimidazolium cation-based RTILs, the density ordinarily
decreases with increasing alkyl chain length.52 However,
[P4,4,4,1][DMP] and [P4,4,4,4][DEPDT] showed smaller density
values than [P4,4,4,12][MCBS] despite their smaller ionic
volume. This result implies that the density for the RTILs is
determined by both the volume of the ionic species and the
local structure in RTIL that is provoked by electrostatic
interaction and intermolecular electron repulsion.
Temperature dependences of the absolute viscosity, η (cP (=

mPa s)), for the four RTILs are indicated in Figure 5.

[P4,4,4,12][MCBS] was a very viscous liquid (16401 cP s at 298
K) compared with the other three RTILs. Given that several
complexes with anion similar to the [MCBS]− can form a 3-D
framework structure through the hydrogen bonding among the
ions,53,54 there is a high possibility that analogous framework
structure is formed in the [P4,4,4,12][MCBS]. The structure may
cause the drastic increase in the viscosity. Arrhenius plots of
each viscosity indicated in Figure 5 are convex downward
curves. It is a typical behavior of the glass-forming RTIL. In this
case, the plots can be fitted in the Vogel−Tamman−Fulcher
(VTF) equation, as expressed below, and enable further useful
investigation:55

η =
−

+ −η
η

k

T T
T Aln

1
2

ln ln
0 (2)

where kη (K) is a constant related to Arrhenius activation
energy for the viscous behavior, T0 (K) is an ideal glass
transition temperature, and Aη is a scaling factor. The fitted
parameters are summarized in Table 3 along with the
correlation coefficient, |R|.
Figure 6 shows temperature dependence of the ionic

conductivity, σ (mS cm−1), for the tri-n-butylalkylphospho-
nium-based RTILs. In general, ionic conductivity of RTIL
depends on its absolute viscosity because ion mobility is
restricted by the viscosity. Arrhenius-type plots of the ionic
conductivity exhibited a usual behavior; that is, the plots in each
RTIL are convex upward curves and the values decrease with

Figure 4. Temperature dependence of density of the tri-n-
butylalkylphosphonium cation-based RTILs: (red ●) [P4,4,4,1][DMP],
(red ○) [P4,4,4,2OH][Tf2N], (blue ▲) [P4,4,4,4][DEPDT], and (blue △)
[P4,4,4,12][MCBS].

Table 2. Fitted Parameters for the Density of the Tri-n-
butylalkylphosphonium Cation-Based RTILs

RTILs a/g cm−3 b/g cm−3 K−1 |R|

[P4,4,4,1][DMP] 1.14 −3.62 × 10−4 0.9967
[P4,4,4,2OH][Tf2N] 1.41 −4.74 × 10−4 0.9947
[P4,4,4,4][DEPDT] 1.14 −4.24 × 10−4 0.9985
[P4,4,4,12][MCBS] 1.21 −5.09 × 10−4 0.9936

Figure 5. Arrhenius plots of absolute viscosity of the tri-n-
butylalkylphosphonium cation-based RTILs: (red ●) [P4,4,4,1][DMP],
(red ○) [P4,4,4,2OH][Tf2N], (blue ▲) [P4,4,4,4][DEPDT], and (blue △)
[P4,4,4,12][MCBS].
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decreasing temperature. As given in Table 1, the [P4,4,4,2OH]-
[Tf2N] showed a relatively high conductivity among the RTILs
consisting of tri-n-butylalkylphosphonium cation and fluoroan-
ion except fluorohydrogenate anion because of the combination
of appropriate cationic volume and flexible [Tf2N]

− anion.
Interestingly the conductivity of the [P4,4,4,4][DEPDT] was
about twice as much as that of the [P4,4,4,12][BF4] having similar
viscosity and molecular weight.30 The experimental data of the
ionic conductivity were converted to the equivalent con-
ductivity, Λ (S cm2 mol−1), by using a following equation to fit

the plot by the VTF equation and to discuss the activation
energy of the equivalent conductivity.

σ ρΛ = M/ (3)

where M is a formula weight of phosphonium-based RTILs.
The obtained values of Λ were fitted by eq 4:

Λ = −
−

− +Λ
Λ

k
T T

T Aln
1
2

ln ln
0 (4)

where kΛ (K) is a constant related to Arrhenius activation
energy for the conduction behavior, T0 (K) is an ideal glass
transition temperature, and AΛ is a scaling factor. The fitted
parameters are summarized in Table 3 along with the
correlation coefficient. The temperature-dependence activation
energies for the absolute viscosity, Ea,η, and equivalent
conductivity, Ea,Λ, can be calculated from the equation obtained
by the partial differentiation on eq 2 and 4 with respect to T, as
expressed below:56,57
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The resulting plots of Ea,η and Ea,Λ versus temperature are given
in Figure 7. As other RTIL systems, those activation energies
decreased with increasing temperature, and most values for the
Ea,η were larger than the Ea,Λ at the same temperature.18,58,59

However the differences between Ea,η and Ea,Λ were obviously
larger than those for common RTILs, especially at lower

Table 3. Fitted Parameters for the VTF Equation of Absolute Viscosity and Equivalent Conductivity for the Tri-n-
butylalkylphosphonium Cation-based RTILs

absolute viscosity/cP (= mPa s) equivalent conductivity/S cm2 mol−1

RTILs T0/K kη/K ln Aη |R| T0/K kΛ/K ln AΛ |R|

[P4,4,4,1][DMP] 171 1.19 × 103 6.10 0.9999 96 2.55 × 103 6.63 0.9998
[P4,4,4,2OH][Tf2N] 129 1.71 × 103 7.46 0.9999 90 2.18 × 103 5.79 0.9999
[P4,4,4,4][DEPDT] 124 2.29 × 103 9.00 0.9999 159 1.51 × 103 4.28 0.9999
[P4,4,4,12][MCBS] 156 2.11 × 103 7.98 0.9999 158 1.75 × 103 3.66 0.9999

Figure 6. Arrhenius plots of conductivity of the tri-n-butylalkylphos-
phonium cation-based RTILs: (red ●) [P4,4,4,1][DMP], (red ○)
[P4,4,4,2OH][Tf2N], (blue ▲) [P4,4,4,4][DEPDT], and (blue △)
[P4,4,4,12][MCBS].

Figure 7. Temperature-dependence activation energies for (a) the absolute viscosity and (b) the equivalent conductivity for the tri-n-
butylalkylphosphonium cation-based RTILs: (red ●) [P4,4,4,1][DMP], (red ○) [P4,4,4,2OH][Tf2N], (blue ▲) [P4,4,4,4][DEPDT], and (blue △)
[P4,4,4,12][MCBS].
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temperature. Of the four tri-n-butylalkylphosphonium-based
RTILs, [P4,4,4,12][MCBS] exhibited the largest difference,
suggesting that it has a unique ion-conductive mechanism. In
fact, the framework structure that can contribute to effective ion
conduction seems to be in the [P4,4,4,12][MCBS], as already
described in the discussion on the viscosity. The ion
conduction would be controlled with the viscosity as well as
the anomalous local structure in the tri-n-butylalkylphospho-
nium-based RTILs.
To investigate the correlation between conductivity and

viscosity rigorously, we examined the dissociation behavior in
the RTILs. It is able to be estimated in two ways. One is a
recent analytical technique using a pulsed-field-gradient spin−
echo (PGSE) NMR60 and another is a classical Walden plot
method constructed from fluidic properties of RTIL, that is,
equivalent conductivity (S cm2 mol−1) and fluidity (reciprocal
of absolute viscosity (cP−1)).61 Here we used the latter
approach. In this approach, diluted KCl aqueous solution is
regarded as an ideal dissociation state.61 From the difference of
Walden plots between the diluted KCl aqueous solution and
RTIL, we can estimate the dissociation degree and speculate
the ion conduction behavior in the RTILs. Also, we may apply
“hole theory” to our physical data to discuss them more
precisely,62 but in this study we employed the ideal KCl line to
simplify the estimation and the speculation. The Walden plot of
the tri-n-butylalkylphosphonium-based RTILs in this study is
shown in Figure 8, with that of other RTILs given in Table 1.

Each plot was below the ideal line. The RTILs with [(CN)2N]
−

and [(FH)2.3F]
− exhibited small deviations from the ideal line

compared with other RTILs. The [P4,4,4,2OH][Tf2N] and
[P4,4,4,4][DEPDT] showed almost the same deviation from
the ideal line, and it was similar to [P4,4,4,1][Tf2N], [P4,4,4,8]-
[Tf2N], [P4,4,4,8][SCN], [P4,4,4,12][Tf2N], and [P4,4,4,allyl][Tf2N].
We concluded that these RTILs have the similar dissociation
degree and ion-conduction behavior. In other words, it suggests

that the [DEPDT]− has a potential to be a useful anion in
RTIL as an alternative to [Tf2N]

−, which is one of the valuable
anions. The dissociation degree of [P4,4,4,12][MCBS] seems to
be slightly worse than that of the aforementioned seven RTILs
but was close to [P4,4,4,8][CF3COO], [P4,4,4,8][PF6], [P4,4,4,8]-
[OTf], [P4,4,4,8][BF4], [P4,4,4,8][Tosyl], and [P4,4,4,12][BF4]. The
[P4,4,4,12][MCBS] showed a relatively good dissociation degree,
while it has a very high-viscosity. It would be due to the
anomalous framework structure in the [P4,4,4,12][MCBS], as
already stated. As for the [P4,4,4,1][DMP], there was a
considerable deviation. It is highly likely that the dissociation
is insufficient or the associated ions exist in this RTIL system.

4. CONCLUSIONS

We examined the physicochemical properties of the distinctive
tri-n-butylalkylphosphonium-based RTILs. All RTILs prepared
in this investigation indicated a favorable thermal decom-
position temperature exceeding 560 K. The [P4,4,4,12][MCBS]
had a fairly high thermal stability, and several unique
physicochemical behaviors in the RTIL were revealed. The
physicochemical behavior would be caused by the anomalous
framework structure in the RTIL. The [P4,4,4,1][DMP] formed
an ionic plastic crystal phase, but for [P4,4,4,4][DEPDT] with the
ion structures similar to [P4,4,4,1]

+ and [DMP]− this was not the
case. The [P4,4,4,2OH][Tf2N] showed a relatively high con-
ductivity among the tri-n-butylalkylphosphonium-based RTILs
with usual fluoroanion. There is no doubt that the anion
structure in the phosphonium cation-based RTILs strongly
affect the thermal stability and the phase-transition properties.
These results will be useful information if a novel functional
phosphonium-based RTIL system is designed.
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