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Trioctylphosphonium triflate, trioctylammonium triflate, triphenylphosphonium triflate and

triphenylammonium triflate were synthesized and characterized. It was found that phosphonium-based

protic ionic liquids (PILs) exhibit higher thermal stability and ionic conductivity than the

corresponding ammonium-based PILs, no matter whether the P and N center atoms are bonded to the

electron-donating octyl groups or the electron-withdrawing phenyl groups. The ion conduction

behavior of the PILs can be adequately described by the Vogel–Fulcher–Tamman (VFT) equation. The

higher ionic conductivity of phosphonium-based PILs may be attributed to their weaker hydrogen

bond and Coulombic interactions as well as higher carrier ion concentrations, indicated by infrared

analysis, lattice potential energy estimation and VFT fitting results. Interestingly, the stronger

hydrogen bonds inside trioctylammonium triflate may lead to a much decreased melting point.

Furthermore, compared with electron-withdrawing phenyl, electron-donating octyl enhanced the

thermal stability of the PILs.
1. Introduction

Ionic liquids include subgroups of protic (PILs) and aprotic ionic

liquids (AILs).1,2 PILs are formed by the stoichiometric combi-

nation of a Brønsted acid and a Brønsted base, while AILs are

formed by transfer of an alkyl group (or a group of comparable

complexity) to the same site occupied by a proton in a PIL.3 So

far, AILs have received much more attention than PILs.

Nevertheless, due to their protic nature, PILs have been inten-

sively studied as proton-conducting electrolytes in various fields

such as fuel cells and supercapacitors.1–11 Indeed, the key prop-

erty that distinguishes PILs from AILs is the proton transfer

from the acid to the base, leading to the presence of proton-

donor and proton-acceptor sites, which can be used to build up a

hydrogen-bonded network.12,13

Phosphonium-based AILs are of considerable interest with

regard to electrochemical aspects and have been reported to be

superior to their ammonium counterparts in terms of thermal

stability, viscosity, ionic conductivity and electrochemical
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stability.14–20 For example, Tsunashima and Sugiya16 reported

that AILs based on triethylalkylphosphonium cations and the

N(SO2CF3)2
� anion showed excellent electrochemical and

thermal stabilities as well as quite low viscosities, when compared

with the corresponding ammonium AILs.

However, while a great deal of attention has been given to

ammonium-based PILs, phosphonium-based PILs have received

far less attention as electrolytes,11,21,22 although they have found

some applications in catalysis.23–25 Recently, Rana et al.21 showed

that PILs based on a tributylphosphonium cation exhibit higher

acidities, thermal stabilities and conductivities as well as lower

viscosities over the corresponding ammonium analogues. In

addition, Anouti et al. used a solution of tributylphosphonium

tetrafluoroborate in acetonitrile as an electrolyte for carbon-

based supercapacitors, which showed capacities comparable to

conventional aqueous electrolytes and a combination of good

cycling abilities and a large operating temperature range.11

PILs prepared from oxoacids tend to exhibit low over-

potentials for H2 oxidation and O2 reduction.4,26,27 Among the

oxoacids, triflic acid (CF3SO3H) is a superacid with a pKa of

around �14.28 Appleby and Baker29 reported that the oxygen

reduction reaction at a Pt surface in 1.1 mol L�1 CF3SO3H

solution showed apparently greater kinetics than that in 85%

H3PO4 solution at 1 atm and ordinary temperature. Further-

more, CF3SO3H is resistant to both oxidation and reduction with

a high thermal stability and a relatively low viscosity.30,31

Therefore, it can be used in various protonation reactions.

The present work compares the physicochemical properties of

phosphonium-based and ammonium-based PILs with either

electron-donating or electron-withdrawing groups:
This journal is ª The Royal Society of Chemistry 2012
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trioctylphosphonium triflate ([Oct3PH][TfO]), tri-

octylammonium triflate ([Oct3NH][TfO]), triphenylphospho-

nium triflate ([Ph3PH][TfO]) and triphenylammonium triflate

([Ph3NH][TfO]).‡ The phosphonium-based PILs showed

attractive advantages in terms of thermal stability and ionic

conductivity over their ammonium analogues as non-aqueous

electrolytes.
2. Experimental

2.1 Chemicals

Tri-n-octylphosphine ([CH3(CH2)7]3P, 97%, Aldrich), tri-n-

octylamine ([CH3(CH2)7]3N, 98%, Acros Organics), triphenyl-

phosphine ((C6H5)3P, 99%, Alfa Aesar), triphenylamine

((C6H5)3N, $99.0%, Acros Organics) and CF3SO3H (98%,

Sigma-Aldrich) were used as received. [Oct3PH][TfO], [Oct3NH]

[TfO], [Ph3PH][TfO] and [Ph3NH][TfO] were prepared in a dry

glove box by equimolar combination of the respective Brønsted

bases and CF3SO3H. All the mixtures were heated above the

melting point for 5 h to promote the formation of the PILs. All

the synthesized PILs were found to be oily and hydrophobic,

which should be closely related to the octyl or phenyl groups.†

The chemical structures are displayed in Fig. 1.
2.2 Thermal analysis

Thermogravimetric analysis (TGA) for each PIL was recorded

on a thermogravimetric analyzer (TGA 4000, PerkinElmer) in a

stream of N2 (30 mL min�1) with an open Al2O3 pan. The

heating rate was 10 K min�1. The temperature corresponding to

10% mass loss during the heating scan was used as the decom-

position temperature (Td). Thermal stability in O2 was studied by

heating each PIL in a stream of O2 (30 mL min�1) at a heating

rate of 10 K min�1 using the above apparatus. All the above

sample weights were controlled to be between 12 and 15 mg.
Fig. 1 Chemical structures of [Oct3PH][TfO], [Oct3NH][TfO], [Ph3PH]

[TfO] and [Ph3NH][TfO].

‡ Although the melting points of the protic salts should be lower than 100
�C to qualify the liquids as protic ionic liquids (PILs) by the familiar
criterion, PILs are used here to refer to all protic molten salts for
convenience.

This journal is ª The Royal Society of Chemistry 2012
Isothermal chronogravimetric experiments were conducted on

the same instrument under N2 atmosphere (30 mL min�1) at

250 �C for [Oct3PH][TfO] and [Oct3NH][TfO], respectively. Each

sample weight was about 22 g.

Differential scanning calorimetry (DSC) measurements were

performed on a Netzsch DSC 204 F1 Phoenix apparatus under

N2 atmosphere. Samples around 10 mg each were tightly sealed

in Al pans. The samples were heated from room temperature to

200 �C and then cooled to�150 �C and heated again to 200 �C at

cooling and heating rates of 10 K min�1. Glass transition

temperature (Tg, onset temperature of the heat capacity change)

and melting temperature (Tm, onset temperature of the corre-

sponding endothermic peak) were determined from the DSC

thermograms recorded during the reheating scans.
2.3 Fourier transform infrared (FT-IR) spectra

Fourier transform infrared (FT-IR) spectra were recorded at

room temperature on a PerkinElmer Spectrum 100 FT-IR

spectrometer with universal ATR accessory at a spectral reso-

lution of 4 cm�1.
2.4 Ionic conductivity

The ionic conductivities of each PIL were measured above the

respective melting points from low temperature to high temper-

ature by complex impedance spectroscopy. The temperature was

controlled at 10 K interval (�0.01 K). The experimental details

have been described previously.9
2.5 Ion volume calculation

The cation volume (Vcation) and anion volume (Vanion) for each

PIL were computed at the B3LYP/aug-cc-pVDZ//B3LYP/cc-

pVDZ level of theory with Gaussian 09 package (Gaussian,

Inc.).32
3. Results and discussion

3.1 Thermal analysis

Fig. 2a shows the TG curves of each PIL inN2 at a heating rate of

10 K min�1. The TG curves of [Oct3PH][TfO] and [Oct3NH]

[TfO] both exhibit a one-step weight loss process. The values of

Td are listed in Table 1. Obviously, while the Td of [Oct3PH][TfO]

is only slightly higher than that of [Oct3NH][TfO], [Ph3PH][TfO]

has a much higher Td than [Ph3NH][TfO]. In particular, the TG

curve of [Ph3NH][TfO] even shows an initial weight loss event

from the starting temperature of 30 �C. This should be attributed

to the weight loss of free CF3SO3H as revealed by FT-IR analysis

below. Furthermore, Ph3N has an estimated pKa < 0 and rarely

forms salts.33 (Nevertheless, triphenylammonium fluoroborate, a

pale green oil, has been reported in the literature.34) In the solid

state, the Ph3N molecule is almost planar at the central N atom,

allowing for maximum orbital overlap with the p-system.34–36 In

contrast, the Ph3P molecule has a pyramidal configuration

around the P atom in the solid state and has a weaker pp

conjugation between the lone electron pair of the central P atom

and p electrons of the adjoining phenyl group and thus should

have much more basic character.35,37 Therefore, the driving force
J. Mater. Chem., 2012, 22, 20574–20579 | 20575
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Fig. 2 (a) TG curves in N2 (10 K min�1), (b) isothermal chronogravi-

metric plots for [Oct3PH][TfO] and [Oct3NH][TfO] at 250 �C, and (c) TG

curves in O2 (10 K min�1).

Table 1 Thermal properties of each PIL

PIL Tg
a/K Tm

b/�C Td
c/�C

[Oct3NH][TfO] 186 9 363
[Oct3PH][TfO] 185 51 371
[Ph3NH][TfO] 261 117 208
[Ph3PH][TfO] 277 125d 292

a Onset temperature of the heat capacity change for glass transition (Tg).
b Onset temperature of the corresponding endothermic peak (Tm).
c Temperature of 10% mass loss in the TGA experiment (Td).

d The
observed Tm of [Ph3PH][TfO] during slow heating was slightly lower
than 120 �C.

20576 | J. Mater. Chem., 2012, 22, 20574–20579
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for proton transfer from CF3SO3H to Ph3N is relatively

weaker, resulting in a ‘‘poor’’ ionic liquid.38 This has also been

indicated by the much lower thermal stability of [Ph3NH][TfO]

with a Td of 208 �C. Watanabe et al.39 have reported a similar

Brønsted acid–base complex, which was prepared from the

combination of 2,5-diphenyl-1,3,4-oxadiazole (DOD) and bis-

(trifluoromethanesulfonyl)imide (HTFSI), which is also a

superacid. The poor thermal stability of the [DOD]/[HTFSI] ¼
5/5 complex was due to the elimination of free HTFSI from it.39

The isothermal weight loss curves depicted in Fig. 2b further

reveal the superior thermal stability of [Oct3PH][TfO] compared

with [Oct3NH][TfO], indicating that phosphonium-based PILs

are thermally more stable than their ammonium analogues, no

matter whether the P and N center atoms are bonded to electron-

donating octyl or electron-withdrawing phenyl. Furthermore,

Fig. 2c demonstrates that these PILs all have good thermal

stability in O2 except [Ph3NH][TfO].

The electron-withdrawing phenyl seems to weaken the thermal

stability of both phosphonium and ammonium based PILs

compared with electron-donating octyl. This might be attributed

to the induced lower electron density of P and N atoms by

phenyl, leading to lower basicity of the Brønsted bases and hence

weaker thermal stability of the PILs. It has been shown that PILs

prepared from stronger Brønsted bases tend to have higher

thermal stability.28,40
3.2 FT-IR analysis

The observed FT-IR spectra demonstrate the formation of the

proton transfer salts. As shown in Fig. 3a, the absence of O–H

stretching bands between 3400 and 3800 cm�1 confirms quali-

tatively the very low water contents of the PILs.

For ammonium-based PILs, the region of 3200–2400 cm�1 is

characteristic of ammonium structures.9,41–43 For example, the

bands at 3042 and 2812 cm�1 are attributed to the N–H

stretching vibration for [Oct3NH][TfO].43 For [Ph3NH][TfO], the

N–H frequencies are split and appear at 2926, 2843, 2735 and

2555 cm�1, whose position and appearance provide spectro-

scopic evidence for the presence of hydrogen bonding between

cation and anion in the salt.34 According to Reed et al.,43 for

trialkylammonium salts with weakly basic anions A� such as

CF3SO3
�, weaker NH/A� hydrogen bond strength means

higher N–H stretching frequencies. Compared with the split

broad N–H stretching bands of [Ph3NH][TfO], the higher N–H

stretching frequencies of [Oct3NH][TfO] confirm that Oct3N is

more basic than Ph3N and indicate that the NH/A� hydrogen

bonds inside [Oct3NH][TfO] may be relatively weaker than those

inside [Ph3NH][TfO].

For [Oct3PH][TfO], the P–H stretching bands may be over-

lapped with C–H vibrational bands in the region of 3000–2800

cm�1 when the frequency is lower than 3000 cm�1,† resembling

the case of the N–H stretching frequencies.43 For [Ph3PH][TfO],

compared with the IR spectra of CF3SO3H and Ph3P,
44–46 a new,

broad and medium strong peak appearing at 2405 cm�1 is very

likely due to the P–H stretching vibration.

As displayed in Fig. 3b, the formation of CF3SO3
� anions in

each PIL is confirmed by the following bands: 1289, 1235, 1222,

1159, 1027 and 757 cm�1 for [Oct3NH][TfO]; 1255, 1223, 1155,

1031 and 755 cm�1 for [Oct3PH][TfO]; 1275, 1230, 1155 and 1023
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 FT-IR spectra of the PILs at room temperature in the region of

(a) 2200–4000 cm�1 and (b) 650–1700 cm�1.

Table 2 Cation volume (Vcation), molecular volume (Vm) and lattice
potential energy (UPOT) of each PIL

PIL Vcation
a/nm3 Vm

b/nm3 UPOT/kJ mol�1

[Oct3NH][TfO] 0.512 0.632 377
[Oct3PH][TfO] 0.618 0.738 363
[Ph3NH][TfO] 0.311 0.431 414
[Ph3PH][TfO] 0.346 0.466 406

a The calculated triflate anion volume is 0.120 nm3. b Vm ¼ Vcation +
Vanion.
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cm�1 for [Ph3NH][TfO]; 1273, 1251, 1225, 1150 and 1029 cm�1

for [Ph3PH][TfO].47,48 In addition, the octyl functional groups in

[Oct3NH][TfO] and [Oct3PH][TfO] are evidenced by the peaks at

2956, 2926, 2857, 1468, 1379, 724 cm�1 and 2958, 2926, 2857,

1461, 1379, 722 cm�1, respectively.49 The mono-substituted

benzene rings of [Ph3NH][TfO] and [Ph3PH][TfO] are marked by

the bands at 3062, 3034, 1584, 1482, 1461, 1445, 747, 690 cm�1

and 3088, 3065, 2997, 1587, 1481, 1442, 1437, 747, 688 cm�1,

respectively.50,51 The detailed analysis of these bands is given in

the ESI.†

Particularly, for [Ph3NH][TfO], while the sharp bands at 1328,

1172 and 894 cm�1 indicate the existence of some Ph3N in

[Ph3NH][TfO] (i.e. the equimolar combination of Ph3NH and

CF3SO3H),34 a certain amount of CF3SO3H seems to also persist
This journal is ª The Royal Society of Chemistry 2012
in it as revealed by the peak at 1212 and 923 cm�1 associated with

free CF3SO3H.44,52,53 This again showed the relatively weak

complex between Ph3NH and CF3SO3H.

In addition to inter-ionic interactions such as Coulombic

interactions and van der Waals forces seen in aprotic ionic

liquids, Watanabe et al.54 have experimentally established that

strong hydrogen bonds between the protonated cation and anion

are present in PILs through N–H bonds. The broadening of N–H

stretching vibration peaks of [Oct3NH][TfO] (e.g. at 3042 and

2812 cm�1) and [Ph3NH][TfO] (e.g. at 2555 cm�1) in the range of

3200–2400 cm�1 indicates that the ammonium-based PILs exist

in a strongly hydrogen-bonded network.9,34,41,42,55 However, for

[Oct3PH][TfO], no obvious broadening is observed, suggesting

weaker hydrogen bonds inside it.

On the one hand, the covalent radius of P (110.7 pm) is

reported to be larger than that of N (73.4 pm).56 Table 2 further

shows that [Oct3PH][TfO] and [Ph3PH][TfO] have larger calcu-

lated Vcation than [Oct3NH][TfO] and [Ph3NH][TfO], respec-

tively, indicating weaker Coulombic interactions between cations

and anions inside the corresponding phosphonium-based PILs.

Matsumiya et al. have shown that the Coulombic interaction

between the cation and the anion in phosphonium-based AILs is

weaker than that in ammonium counterparts.17 It should be

noted that in their reported AILs the inter-ionic interactions are

mainly Coulombic interactions and van der Waals forces.

Furthermore, the lattice potential energy (UPOT) of these PILs

may be estimated using the following empirical equation:57

UPOT=kJ mol�1 ¼ 2

 
117:3

Vm
1=3

þ 51:9

!
(1)

whereVm is the molecular volume in units of nm3 (Vm¼Vcation +

Vanion) and UPOT < 5000 kJ mol�1. As shown in Table 2, the

calculated values of UPOT of phosphonium-based PILs are lower

than those of their ammonium analogues, suggesting weaker

Coulombic interactions inside the former. As the Coulombic

interactions between the cation and the anion of the PIL tend to

cause a decrease in mobility,1 phosphonium-based PILs are

expected to have higher ionic conductivities than their ammo-

nium counterparts.

On the other hand, as discussed above, the Coulombic inter-

actions inside [Oct3PH][TfO] should be weaker than those inside

[Oct3NH][TfO] and hence a lower Tm for the former would be

expected. However, as shown in Table 1, Tm of [Oct3PH][TfO] is

about 42 K higher than Tm of [Oct3NH][TfO]. Since the molec-

ular structures of [Oct3PH][TfO] and [Oct3NH][TfO] are highly

similar and the molecular weight of [Oct3PH][TfO] is only

slightly higher, the relatively weak van der Waals forces should
J. Mater. Chem., 2012, 22, 20574–20579 | 20577
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Table 3 VFT fitting parameters for the ionic conductivity

PIL A/S K1/2 cm�1 B/K T0/K R2a

[Oct3NH][TfO] 5.018 � 0.306 1340 � 26 151.8 � 2.0 0.9999
[Oct3PH][TfO] 9.752 � 0.447 1231 � 20 173.5 � 1.8 0.9999
[Ph3NH][TfO] 3.453 � 0.499 758.5 � 53.4 242.4 � 6.4 0.9999
[Ph3PH][TfO] 11.43 � 0.316 717.3 � 10.6 235.2 � 1.4 0.9999

a R2: correlation coefficient.
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be comparable. Therefore, the obvious difference in Tm should

be attributed to the strength of hydrogen bonding. Opposite to

the behavior of hydrogen bonds in liquids and solutions con-

sisting purely of neutral molecules, Ludwig et al.58,59 reported

that strong hydrogen bonds formed between cations and anions

introduce ‘‘defects’’ into the Coulomb network of ILs and

increase the dynamics of the cations and anions, resulting in

decreased melting points. Similarly, the stronger hydrogen bond

interactions inside [Oct3NH][TfO] may fluidize the PIL and lead

to a remarkably lower Tm than that of [Oct3PH][TfO].
3.3 Ion conduction behavior

Fig. 4a confirms that phosphonium-based PILs have higher ionic

conductivity than the corresponding ammonium-based PILs.
Fig. 4 (a) Arrhenius plots and (b) VFT plots for the ionic conductivity

of phosphonium-based and ammonium-based protic ionic liquids.

20578 | J. Mater. Chem., 2012, 22, 20574–20579
Particularly, [Oct3NH][TfO] is a room temperature ionic liquid

with an ionic conductivity of 3.03� 10�5 S cm�1 at 25 �C. As the

temperature dependence of ionic conductivity exhibits deviation

from a simple Arrhenius behavior, the Vogel–Fulcher–Tamman

(VFT) equation is used to describe the ion conduction behavior:60

sðTÞ ¼ Affiffiffiffi
T

p exp

� �B

T � T0

�
(2)

where A is proportional to the concentration of carrier ions, B is

the pseudoactivation energy for ion conduction, and T0 is the

ideal glass transition temperature.9,61 A, B and T0 were all

adjustable parameters. The best-fit parameters are listed in Table

3. The VFT plots are demonstrated to be straight lines in Fig. 4b.

Clearly, the ion conduction behavior of the as-studied PILs

obeys the VFT equation very well. The difference between Tg

obtained from DSC measurements and T0 calculated from the

VFT equation (namely Tg � T0) lies in a reasonable range of 10–

50 K.61 [Oct3PH][TfO] and [Ph3PH][TfO] are found to have much

higher values of A than [Oct3NH][TfO] and [Ph3NH][TfO],

respectively. This may also explain the higher ionic conductivity

of phosphonium-based PILs. As Table 2 shows that phospho-

nium-based PILs have a comparable Vm with their ammonium

counterparts, higher concentrations of carrier ions (effective

ionic concentrations) for phosphonium-based PILs may indicate

their higher ionicity.62–64 Actually, it is reported that tributyl

phosphonium PILs exhibit higher degree of ionicity compared

with their ammonium analogues.21 One reason for why phos-

phonium-based PILs exhibit higher ionic conductivity than their

ammonium analogues might be as follows: the stronger

hydrogen bond interactions in the ammonium-based PILs herein

may lead to associative diffusion in which the ion pair likely

diffuses together as a noncharged species and does not contribute

to the direct current ionic conduction,65 while weaker hydrogen

bond interactions in the corresponding phosphonium-based

PILs make the individual ions diffuse more freely, thus resulting

in higher ionic conductivity for phosphonium-based PILs. This

consideration is supported by higher concentrations of carrier

ions of phosphonium-based PILs shown in Table 3.
4. Conclusions

Trioctylphosphonium triflate, trioctylammonium triflate, tri-

phenylphosphonium triflate and triphenylammonium triflate

were compared with respect to their physicochemical properties.

Phosphonium-based PILs exhibited higher thermal stability and

ionic conductivity than their ammonium analogues, no matter

whether the P and N center atoms are bonded to the electron-

donating octyl groups or the electron-withdrawing phenyl

groups. The temperature dependence of the ionic conductivity of

the PILs obeys the Vogel–Fulcher–Tamman (VFT) equation

very well. The higher ionic conductivity of phosphonium-based

PILs may be due to their weaker hydrogen bond and Coulombic

interactions as well as higher carrier ion concentrations. In

addition, compared with the electron-withdrawing phenyl group,

the electron-donating octyl group is advantageous for the

thermal stability of both phosphonium-based and ammonium-

based PILs. The phosphonium-based PILs are expected to be

promising non-aqueous electrolytes for electrochemical

applications.
This journal is ª The Royal Society of Chemistry 2012
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