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A series of monocationic and dicationic phosphonium ionic liquids was prepared and their thermal, 
rheological, and conductive properties were characterized. These phosphonium ionic liquids were paired 
with seven monoanionic counterions (chloride, hexafluorophosphate, hexafluoroantimonate, octanoate, 10 

perfluorooctanoate, dodecyl sulfate, dioctyl sulfosuccinate, and bis(trifluoromethane)sulfonimide) in 
order to examine the effects of the counterion size and chemical structure on bulk properties of the 
phosphonium ionic liquids. The length of the three alkyl chains surrounding the phosphorus atom was 
also varied from butyl, hexyl to octyl on the cation. All of the samples exhibited initial decomposition 
temperatures above 150 °C. The octanoate and its fluorinated analog possessed the lowest decomposition 15 

temperature and the dicationic hexyl sample bis(trifluoromethane)sulfonimide possessed the highest (> 
370 °C).  The dicationic butyl and hexyl chloride samples displayed similar G’, G” and viscosity curves, 
whereas the dicationic octyl chloride sample exhibited significantly lower values. The frequency sweeps 
of the monocationic phosphonium ionic liquids were all similar and showed minimal side chain 
dependence. The monocationic phosphonium ionic liquids have higher conductivity than their dicationic 20 

analogs at all measured temperatures. 

Introduction 
 
 Ionic liquids (ILs) are mixtures of compounds consisting of 
only ions, and, typically, possess melting temperatures below 25 

100°C.1-8 Classification of ILs is usually based on the cation 
present in the system. The ILs often described in the literature are 
the imidazolium, pyridinium, pyrrolidinium, and 
alkylammonium-based ILs. The corresponding counterions are 
usually singly charged inorganic or organic ions, and range from 30 

simple halides (e.g., Cl-) to multi-atom species such as 
bis(trifluoromethane)sulfonamide, NTf2

-. Recently, the pairing of 
multicationic ILs with single and multiple charged anions were 
also reported as a means to prepare functional ionic self-
assemblies.9-11  35 

 Applications for ILs span from lubricants to solvents for 
chemical reaction processes. As a material composed of charged 
species, ILs are investigated as electrolyte solvents for lithium or 

sodium ion batteries, supercapacitors, and fuel cells. For example, 
Sakaebe reported a quaternary ammonium-based ionic liquid for 40 

use in a Li/LiCoO2 cell that maintained a specific capacity above 
110 mAh/g even after 30 cycles at a C/10 current rate.12 Liu et al. 
successfully prepared a supercapacitor with an MnO2 
nanocomposite positive electrode with an activated carbon 
negative electrode and imidazoium-based ionic 45 

liquid/dimethylformamide electrolyte with superior energy 
density (78.4 Wh/kg) and power (12.7 kW/kg).13 Immobilizing 
imidazolium-based ILs in polymer membranes also affords a 
water-free system for fuel cells that currently use humidity-
dependent membranes.14-16 In addition, electrochemical 50 

deposition of metals, such as aluminum, that require temperatures 
above 100 °C are now possible using imidazolium-based ILs.17 
For these aforementioned applications and the continued 
investigation of this area, it is critical to investigate relationships 
between structure, property and performance for key ionic liquid 55 

characteristics such as thermal stability, rheology, and 
conductivity.  
 Several reports describe some of these critical relationships 
and trends for monocationic ILs.18-25 Generally, attaching long or 
bulky hydrocarbons to the central atom of the cation results in 60 

lower melting temperatures. The Seddon group described 
monocationic alkylphosphonium halide species, where varying 
the fourth alkyl chain around a trioctyl follows this trend from 
methyl to propyl chain lengths while the tributyl equivalent 
system does not.18, 19 Brennecke showed with imidazolium ILs 65 
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that as the hydrocarbon chain length increases from ethyl to butyl 
on the cation, their glass transition, crystallization, and melting 
temperatures increase.20 With a thiocyanate counter ion, 
pyrrolidinium ILs show a decreasing melting point trend with 
increasing alkyl chain length on the cation.21 Melting temperature 5 

can also be controlled by varying the anion size as well as 
introducing anions such as thiocynate and dichloroacetate.  This 
agrees with Seddon et al.’s findings with the phosphonium 
cationic ILs where larger halides increase the interionic distances 
and the packing efficiency, leading to higher melting points.19 10 

With a larger anion, the thermal stability also increases. 
Exchanging the imidazolium-based ionic liquid to a phosphonium 
analogue while maintaining the same anion, increases the 
viscosity up to eight times.22 However, the melting temperatures 
of phosphonium ILs are higher than that of their imidazolium 15 

analogs, 25 and -26 °C respectively for the two species with a 
dodecane linkage chain.  
 Relevant reports on dicationic ILs were published by the 
Armstrong Lab.26, 27 Variations of imidazolium and 
pyrrolidinium-based cation ILs or cations with combinations of 20 

imidazolium, ammonium, pyridinium, pyrrolidinium, and 
phosphonium moieties to make asymmetric dications with 
common anions are discussed. They found that increasing the 
alkyl chain length on imidazolium-based dications decreases the 
melting temperature of the whole system as a result of higher 25 

degrees of conformational freedom. The anion choice also affects 
the thermal properties with larger anions, such as NTf2

-, 
preventing efficient packing of the ions and weakening ion-ion 
interactions, resulting in lower melting temperatures compared to 
the halide analogs. Extending this work to include the 30 

complexations of a dicationic IL with tetraanions and polyanions, 
the compositions formed between diphosphonium cations and 
ethylenediaminetetraacetic acid (EDTA), porphyrin, or 
polyacrylic acid are recently reported.9, 11 For example, when the 
dication 1,10-di(trihexylphosphonium)decane, which was 35 

originally paired with two monoanion chloride counter ions, is 
now paired with the EDTA tetraanion, a significant increase in 
viscosity is observed as a consequence of a network formation. A 
polymeric network can only be formed between 1,10-
di(trihexylphosphonium)decane and poly (acrylic acid) (MW: 40 

100 000 g/mol) while only a mixture can be formed from mixing 
the monocationic equivalent, 1-trihexylphosphonium decane, and 
poly (acrylic acid). The ionic polymeric network exhibits thermal 
and mechanical reversibilty along with a high viscosity at room 
temperature. A polystyrene phosphonium polymer is recently 45 

reported that upon coordination with monoanions (stearate, 
oleate, and 15-oxo-2,5,8,11,14-pentaoxaoctadecan-18-oate or a 
dianion (dodecanedioate) forms supermolecular ionic materials 
that are highly ductile, or brittle and transparent, respectively, 
based on the coordinated anion.28  50 

 Despite the significant work that has been done on ILs, 
opportunities still exist to prepare specific cation and anion 
combinations, to study their properties, and to optimize their 
properties via a systematic study for an intended application. It is 
known that phosphorous-based ILs can be more thermally stable 55 

than nitrogen-based ILs,29 hence phosphonium systems were 
selected to address the increasing applications that require 
thermally robust IL solvents; specifically, electrolyte solvents for 

batteries used in the automotive, oil and gas recovery, and 
manufacturing industries with operating conditions between 75 60 

and 150 oC. In this manuscript, we present a library of 
monocationic and dicationic phosphonium-based ILs, paired with 
a variety of structurally and electronically different monoanions 
(Figure 1). The bulk properties were characterized using 
rheometry, thermal analysis, and conductivity.  65 

 
Results and discussion 
 
Synthesis 
 The monocationic and dicationic phosphonium chloride ILs 70 

were prepared following reported procedures.9 The substitution of 
the chloride anion with hexafluorophosphate, 
hexafluoroantimonate, octanoate, perfluorooctanoate, dodecyl 
sulfate, dioctyl sulfosuccinate, or 
bis(trifluoromethane)sulfonimide was performed using a standard 75 

salt anion exchange. Specifically, [(Hex)3P(Dec)P(Hex)3] was 
paired with PF6

-, SbF6
-, NTf2

-, and POA-. The 
[(But)3P(Dec)P(But)3] was paired with OA-, POA-, DS-, and 
DOSS-.  The octanoate was included as a comparison for the 
perfluorooctanoate. For clarity and discussion in the text, the 80 

phosphonium ILs are referred to by number (PIL#; Table 1) with 
the monocationic phosphonium ILs being PIL1-3 and the 
dicationic phosphonium ILs being PIL4-14. The name for the 
phosphonium cations derives from the length of the alkyl chains 
surrounding the phosphorous atoms. A short form is adopted with 85 

 

Figure 1. Monocationic and dicationic alkyl phosphonium ILs with 
various anions including: chloride Cl-, hexafluorophosphate PF6

-, 
hexafluoroantimonate SbF6

-, octanoate OA-, perfluorooctanoate POA-

, dodecyl sulfate DS-, dioctyl sulfosuccinate DOSS-, and 
bis(trifluoromethane)sulfonimide NTf2

-. 
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a number designating the number of positive charges on the 
cation (1 or 2) followed by the length of the side alkyl chain (But, 
Hex, Oct). As all of the cations have a central alkyl chain that 
contains 10 carbon atoms in length, this description is omitted in 
the short hand form. For reference, structures of the cations and 5 

anions under study are shown in Figure 1. 
 
Thermal properties 
 The differential scanning calorimetry (DSC) results show 
minimal variation in thermal properties between the 10 

monocationic ILs PIL1, PIL2, and PIL3 unlike their dicationic 
equivalents PIL4, PIL5 and PIL6, which vary greatly for both 
glass transition temperature (Tg) and melting temperature (Tm) as 
shown in Figure 2 and Table 1. For the monocationic ILs, a 
slightly larger Tg value (≈6 oC) was observed for PIL1 (-56 oC) 15 

compared to PIL3 (-62 oC) and PIL2 (-63 oC). This may be 
attributed to the shorter alkyl chains of the butyl ILs enabling a 
stronger electrostatic interaction between the phosphonium cation 
and the chloride anion. The Tg values for PIL2 and PIL3 were not 
significantly different, indicating that once the alkyl chains were 20 

longer than six carbons in length, the Tg was insensitive to the 
compositional change around the phosphorus atom. Seddon also 
saw minimal Tg

 differences between their alkyl-imidazolium 
systems with butyl to nonyl alkyl chain lengths.30  
 The PIL4, PIL5, and PIL6 dicationic ILs all had Tg values 25 

higher than their respective monocationic analogs (-22, -51, and -
54 °C respectively). This suggests that the dicationic ILs possess 

a more ordered structure below the glass transition temperature. 
The PIL4 and PIL5 ILs solidified at room temperature and 
subsequently had a measurable Tm of 87 and 43 °C, respectively 30 

(Table 1, entries 4 and 5). The dependence of Tm on the alkyl side 
chain length surrounding the phosphonium cation is significant, 
as the Tm of PIL4 is approximately twice that of the PIL5. The 
increase in steric hinderance due to the longer hexyl chains of 
PIL5 reduces the electrostatic interaction between the 35 

phosphonium cation and the chloride anion as well as inhibits 
ordered packing of the material. No Tm was observed for PIL6 
between -70 and 150 °C when the alkyl chain length is extended 
to eight carbons around the phosphonium cation and for the three 
monophosphonium ILs: PIL1, PIL2, and PIL3.   40 

 The ILs presented in this study have multiple decompositions 
temperatures (Td). This has been observed in other phosphonium 
systems. 6, 31 With regards to the decomposition mechanism of 
phosphonium ILs, Stevens et al., Keating et al., and Calado et al. 
reported that a reverse Menshutkin reaction occurs where an 45 

alkylchloride chain, phosphine, and some phosphorous oxide are 
produced after the first decomposition step.6, 31, 32 All of the 
monocationic and dicationic phosphonium chloride ILs have high 
first Td values between 155 and 321 °C, with the second Td 
occurring about 70-80 °C higher (Table 1 entries 1, 2, 3, 4, 5, and 50 

6 and see SI, Figure SI5). The phosphonium cations paired with 
the POA or OA anion possess the lowest Td (PIL9, PIL11, and 
PIL12, 155-165 °C), while all the other phosphonium ILs possess 
a first Td > 277 °C. The dicationic chloride ILs exhibited a slight 

Table	
  1.	
  Physical	
  and	
  chemical	
  properties	
  of	
  the	
  phosphonium	
  ILs	
  

PIL/Entry Ionic liquid MW (g/mol) Tm (°C ) Td (°C ) Viscosity Pa.s (1 Hz, 25 °C ) 
1 [(But)3P(Dec)](Cl) 379.05 N/A 302, 367 5.05 
2 [(Hex)3P(Dec)](Cl) 427.76 N/A 277, 351 2.49 
3 [(Oct)3P(Dec)](Cl) 511.92 N/A 283, 351 2.53 
4 [(But)3P(Dec)P(But)3](Cl)2 615.8 87 321, 397 3.88x10^5 
5 [(Hex)3P(Dec)P(Hex)3](Cl)2 784.1 43 298, 380 2.64x10^5 
6 [(Oct)3P(Dec)P(Oct)3](Cl)2 952.5 N/A 288, 370 2.63x10 
7 [(Hex)3P(Dec)P(Hex)3](PF6)2 1003.2 N/A 302, 370 2.01x10 
8 [(Hex)3P(Dec)P(Hex)3](SbF6)2 1184.8 N/A 324, 391 1.46x10 
9 [(Hex)3P(Dec)P(Hex)3](POA)2 1540.1 N/A 165, 267 1.15x10 
10 [(Hex)3P(Dec)P(Hex)3](NTf2)2 1274.4 N/A 375, 542  2.0 
11 [(But)3P(Dec)P(But)3](OA)2 831.3 N/A 156, 346, 366 4.65x10 
12 [(But)3P(Dec)P(But)3](POA)2 1371 N/A 155, 257, 461 1.34x10 
13 [(But)3P(Dec)P(But)3](DS)2 1075.7 173 (Tc) 254, 482 1.61x10 
14 [(But)3P(Dec)P(But)3](DOSS)2 1388.1 N/A 278, 469 2.23x10 
 Na+DOSS- * 444.56 N/A 260.42   
 POAH * 414.07 55 78.28   
 SDS * 288.38 206 203.28   

The material properties of the starting materials have been included for reference. Crystallization temperature (Tc), and melting 
temperature (Tm) were measured using DSC. Decomposition temperature (Td) was measured using TGA and viscosity values were 
obtained from rheometrical data at 1 Hz.  
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decrease in both decomposition temperatures with an increase in 
the alkyl chain length surrounding the phosphonium cation (Table 
1, entries 4, 5, and 6). This behavior was not observed for the first 
decomposition step of the monocationic chloride ILs. A slight 
decrease in the second decomposition temperature was observed 5 

when going from the PIL1 to PIL2 but not between PIL3 and 
PIL2.  
 Next we investigated the effect of exchanging the anion from a 
chloride to a larger anion such as PF6

-, SbF6
-, POA-, and NTf2

-. 
We selected the PIL5 as the prototypical IL because the hexyl 10 

chain is the longest side chain that will produce an IL with a 
relatively high viscosity (η), for the forthcoming studies. The 
substitution of the chloride in PIL5 (Tg = -51 °C) with PF6

-, SbF6
-

, or POA- afforded a minimal change in the Tg (PIL7, PIL8, and 
PIL9, -50.6, -50, and -48 °C respectively). The dominating factor 15 

for the glass-like to rubber-like transition when the counter ions 
are multiatomic is the cation present. The Tg was the lowest for 
PIL10 (-68 °C) and likely reflects the relatively weak electrostatic 
interaction between the cationic phosphonium and the NTf2

- 
anion, due to the delocalization of the negative charge in the 20 

anion (Figure 2). Similar to the cation dependence of Tg to the 
hexyl species presented above, the reduced steric congestion 
surrounding the phosphonium atom when comparing the cation in 
PIL9 to the cation in PIL12 results in an increase in Tg from -48 to 
-13 °C. Unlike PIL5, PIL7, PIL8, PIL9, and PIL10 did not exhibit 25 

a Tm transition (Table 1, entries 7, 8, 9, and 10). This can be 
attributed to these anions being too large to pack with the 
phosphorous atom for solidification due to the steric hindrance of 
the side hexyl alkyl chains as well as weak electrostatic 
interactions with the phosphonium cation as compared to the 30 

chloride analog. For instance, the van der Waals radius of Cl-, 
PF6

-, and SbF6
- are 0.181 nm, 0.259 nm, and 0.277 nm 

respectively.  
 The decomposition temperatures values were relatively 
insensitive to the coordinated anion for PIL5, PIL7, and PIL8 35 

(See SI, Figure SI5). The PF6
- and SbF6

- salts have poor 
hydrolytic stability but should be more thermally stable than 
halides.33-35 When combined with the phosphonium cation the 
effect may have been dampened unlike the amplified effect seen 
with imidazolium based cations such as 1-Butyl-3-40 

methylimidazolium [bmim] and (1-ethylpropyl)-
methylimidazolium [eC3mim].36 The SbF6

- anion is known to be 
more thermally stable than PF6

- thus, the slightly higher first and 
second Td values of the former is expected.37, 38 PIL10 had the 
highest thermal stability as compared to the other dicationic hexyl 45 

ILs (See SI, Figure SI5). A follow up experiment where this IL 
was subjected to 200 cycles of -70 °C to 200 °C ramp and then 
tested for thermal stability showed a 40 °C decrease in Td. Based 
on their thermal properties, PIL8 and PIL10 are the preferred 
choices, for use in electrochemical devices where thermal 50 

stability at elevated temperatures is necessary. 
 Given the trends observed for [(Hex)3P(Dec)P(Hex)3] 
coordinated with various inorganic anions, we next examined the 
effect of changing the counterion of [(But)3P(Dec)P(But)3]  from  
Cl-  to larger hydrocarbons and fluorocarbons. As PIL4 had 55 

displayed the largest Tm  among the dicationic chloride samples, 
differences in bulk properties that may arise from exchanging the 
halide with large anions were hypothesized to be more 

pronounced.  Unlike the chloride salt IL which is a solid, PIL12, 
PIL13, and PIL14 were liquids at room temperature (Table 1 60 

entries 12, 13, and 14).  
 The Tg values for these ILs decrease in the following order: 
PIL12 [(But)3P(Dec)P(But)3](POA)2, PIL13 
[(But)3P(Dec)P(But)3](DS)2, PIL14 
[(But)3P(Dec)P(But)3](DOSS)2, and PIL11 65 

[(But)3P(Dec)P(But)3](OA)2 (Figure 2). The Tg of 
[(But)3P(Dec)P(But)3](Cl)2  or PIL4 (-22 °C) is in between 
[(But)3P(Dec)P(But)3](POA)2 PIL12 (-13 °C) and 
[(But)3P(Dec)P(But)3](DS)2 PIL13 (-42 °C). Replacing the OA- in 
[(But)3P(Dec)P(But)3](OA)2 with the fluorinated analog POA- 70 

increased the Tg value by -65 °C to -13 °C. As such, more energy 
is required for the POA- phosphonium salt or PIL12 to transition 
to the amorphous, rubbery state. This stabilizing effect of the 
POA- is seen for both dicationic butyl and hexyl ILs with the 
former IL achieving a higher Tg value (-13 °C and -48 °C 75 

respectively). Exchanging the OA- for DS- in the 
[(But)3P(Dec)P(But)3] results in an increase in the Tg by 
approximately -65 °C to -42 °C. This increase is due to the 
introduction of the sulfate group instead of the lengthening of the 
alkyl chain in the anion as [(But)3P(Dec)P(But)3] with a dodecane 80 

counter ion ( [(But)3P(Dec)P(But)3](DA)2) has a Tg of -70 °C. 
Maintaining the sulfate coordination to the [(But)3P(Dec)P(But)3]  
but increasing the steric bulk around the sulfate anion via 
branched alkyl chains, using the DOSS anion (PIL14), affords an 
approximately 20 °C decrease in the higher Tg value to -60 °C.  85 

 The results from the thermal gravimetric analysis showed 

lower thermal stability for larger anions as compared to the 
chloride salts (See SI, Figure SI5). In particular, PIL12 and PIL11 
begin to decompose at half the temperature of the first step 
transition of the chloride equivalent. This trend is also seen in the 90 

Td value for PIL9. This may stem from the low Td of 
perfluorooctanoic acid (POAH, 78 °C), the starting material for 
both PIL9 and PIL12. The lower thermal stability of ILs 
containing OA- have been previous reported in literature when 
paired with other cations.39, 40 While PIL4 has two Td’s, the 95 

fluorinated and non-fluorinated OA have an additional third Td , 
which occurs at a much higher temperature for PIL12, compared 
to PIL11. While the first decomposition temperature is lower than 
that of PIL4, PIL13 and PIL14 possess a higher second 
decomposition step, which is likely due to the presence of the 100 

 
Figure 2. Glass transition (Tg) temperatures as measured by DSC for 
phosphonium ionic liquids. 
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sulfate group stabilizing the phosphine that decomposes in the 
second step. The DOSS- analog (PIL14) has the highest initial 
decomposition temperature among the multiatomic butyl system 
but the subsequent decomposition occurs at an average 
temperature relative to the other non-halide anion systems (Table 5 

1 entry 14 and see SI, Figure SI5).  
 
Rheological properties 
 Small differences in the viscosity, storage modulus (G’), loss 
modulus (G”), and phase angle (δ) properties, as measured by 10 

frequency sweeps, are observed between the monocationic 
chloride ILs PIL1, PIl2, and PIL3 (Figure 3 for viscosity and 
storage modulus data, and see SI, Figure SI2). PIL1 possesses a 
slightly higher complex viscosity (η*) than the hexyl and octyl 
analogs at all frequency values (0.1 to 100 rad/s). The G’ 15 

frequency values for PIL1 and PIL2 exponentially increase with 
increasing frequency unlike the near linear response for PIL3 
(See SI, Figure SI2).  PIL1 maintains a slightly higher value for 
G” and η throughout the experiment than those with the longer 
side alkyl chains. The G’ for PIL3 has a linearly increasing trend 20 

while PIL1 and PIL2 have a steady G’ value at low frequencies 
which increases slightly above 1 rad/s. For the three 
monocationic ILs, G” is consistently larger than the G’ values 
between 0.1 rad/s and 100 rad/s (See SI, Figure SI2).  
 All the monocationic chloride ILs maintain a δ of 90 degrees 25 

throughout the frequency sweep and no alkyl side chain length 
dependence is observed (See SI, Figure SI2). These results are 
consistent with the low Tg values observed for these ILs as a 
consequence of the steric shielding caused by the three butyl, 
hexyl or octyl chains along with the ten carbon alkyl chain 30 

attached to the phosphorous of the cation.  
 Similar to the δ data, the η* is not frequency dependent for the 
three monocationic ILs PIL1, PIL2, and PIL3 (See SI, Figure 
SI2). η* values range from 2.5 - 5.0 Pa.s at 1 Hz (6.28 rad/s), and 
where similar to those observed with dicationic imidazolium ILs 35 

bearing a bromide cation.26 Based on the constant 90 degrees δ 
observed, this ideal Newtonian liquid behavior of the 
monocationic ILs is expected. The PIL1 possesses a slightly 
higher η* than the PIL2 and PIL3 ILs due to the reduced steric 
hindrance from the alkyl side chains again. In the butyl analog, 40 

the positively charged phosphonium core is less shielded from the 
chloride anions than in the hexyl and octyl analogs.  
 The frequency sweeps for the dicationic ILs display a different 
behavior than their monocationic equivalents. The moduli and 
viscosities are magnitudes higher for the dicationic ILs and only 45 

PIL6 displays ideal viscous δ behavior similar to the 
monocationic ILs. Results from the frequency sweep performed 
on PIL4, PIL5, and PIL6 show alkyl side chain length 
dependence (See SI, Figure SI1). The G’ and G” values increase 
with higher frequencies for all three dicationic ILs. G’ and G” are 50 

the real and imaginary components of the complex (rigidity) 
modulus (G*) which captures the ratio between the complex 
shear stress and complex shear strain, implying that the degree of 
deformation of the ILs is smaller when shear strain is applied for 
a shorter period of time. In terms of the modulus dependence on 55 

the alkyl side chain length, a carbon chain longer than six carbons 
leads to a dramatic decrease in the moduli. When comparing the 
modulus values at 1 rad/s, PIL6 had G’ and G” values of 10-5 less 

than the other two dicationic hexyl and butyl IL analogs (PIL4 & 
PIL5) and is more sensitive to the frequency change. The 60 

difference in length of the alkyl side chain of PIL4 and PIL5 does 
not affect G’ and G”. The frequency dependence of both moduli 
is non-linear unlike the octyl analog, PIL6. The G”, δ, and η 
curves for PIL6 are similar to the monocationic ILs with a linear, 

positive curve for the first property and linear with no 65 

dependence on frequency for the latter two properties.   
 It is interesting to note that although PIL4 and PIL5 show 
frequency dependence for both of their moduli, only a mild 
dependence is seen in the δ graph (See SI, Figure SI1). However, 
δ for both ILs never surpasses that of PIL6 and the monocationic 70 

ILs at all frequency values measured. The overall electrostatic 
interaction increases from the monocationic to dicationic ILs due 
to the gain in symmetry of ILs with the two phosphorus atoms 
and identical alkyl chains and the gain in charge per cation. The 
alkyl side chain length of eight carbons in PIL6 causes enough 75 

steric hindrance despite the increase in electrostatic interaction 
compared to the monocationic analog. This hindrance produces 
vastly lower moduli and η values and higher δ than the other two 
dicationic ILs. The tangent of δ captures the ratio between G” and 
G’. In both PIL4 and PIL6, the two moduli were increasing at the 80 

same rate with frequency (See SI, Figure SI1). δ of PIL5 is 
sensitive to the frequency and becomes more liquid-like as the 
frequency increased. The increase in the rate of G” is apparent in 
Figure SI1 (see blue curve).  As the slope of the tangent function 
rapidly increases between 45 degrees and 90 degrees, the liquid 85 

nature of the hexyl IL quickly becomes more pronounced. δ for 
PIL6 maintains a constant 90 degrees value, which is 
characteristic of a liquid-like material. This reflects a larger G” 
value than G’ value. The data beyond 100 rad/s for PIL6 

fluctuates around 90 degrees. Values larger than 90 degrees are 90 

the result of the device over correcting whilst attempting to 
measure δ at high frequencies for a material acting as an ideal 
liquid. The frequency sweeps were therefore only run between 
0.01 rad/s and 100 rad/s for the equally liquid-like monocationic 
ILs.     95 

 A decreasing, shear-thinning trend for η is displayed by both 
PIL4 and PIL5 (See SI, Figure SI1).  Starting at a magnitude of 
around 106 Pa.s at 0.1 rad/s, both ILs decrease to 104 Pa.s with 
increasing frequency. PIL5 has a similar slope to its butyl 

 
Figure 3. Viscosity and G’ values recorded at 1 Hz for the 
monocationic and dicationic phosphonium ionic liquids. 
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equivalent however, does not plateau in a similar fashion to the 
PIL4 (See SI, Figure SI1 ). As η* of PIL5 is higher than PIL4 

 at 
the beginning of the frequency sweep (angular frequency = 0.1 
rad/s), the innate viscosity (η0) must also be higher. However, the 
difference in values between the two ILs is minimal. PIL6 

5 

displays frequency independence and lingers around 10 Pa.s 
throughout the experiment.  
 As the anion is exchanged from Cl- to PF6

-, SbF6
-, POA-, or 

NTf2
- for the (Hex)3P(Dec)P(Hex)3 system, the IL became more 

liquid-like (See SI, Figure SI3). The G’ and G” values were 6 10 

orders of magnitude lower for PIL7 and PIL8 than PIL5 and as 
much as 7 orders of magnitude for G” of PIL10. A strong 
dependence on the frequency is observed for all anion exchanged 
ILs. Similarly to PIL1 and PIL2, the G’ curve for the PF6

-, SbF6
-, 

POA-, and NTf2
- IL compositions has a plateau at lower angular 15 

frequencies and increases above 1 rad/s (See SI, Figure SI3).  A 
linear G” curve is seen for the four fluorinated ILs unlike the 
behavior observed with phosphonium ILs coordinated to chloride 
ion. Once the size of the anion is larger than a chloride ion, the 
electrostatic interaction is dramatically compromised. The 20 

significant size difference between PF6
- or SbF6

- compared to Cl- 
has an important role in the loss of material properties. The large 
G’ and G” of PIL5 is due to the strength of the electrostatic 
interaction with the introduction of bulky anions. The G’, G” and 
η* of PIL7 consistently maintains slightly higher values than 25 

PIL8 (See SI, Figure SI3). The ILs with fluorinated anions 
possess frequency-independent δ trends and η* trends, which are 
consistent with typical ideal viscous behavior with no yield point. 
For example, η* of PIL10 is an order of magnitude lower than 
that of the PF6

-, SbF6
- , and POA- analogs. Similarly to the 30 

monocationic ILs, there is a significant amount of noise in the δ 
and η* values due to instrument limitations and thus only the 
results below 100 rad/s are reported.   
 Despite the differences in the molecular composition of each 
of the anions, the rheological behavior of OA-, POA-, DS-, and 35 

DOSS- was the same, when complexed with 
[(But)3P(Dec)P(But)3]. The general shape of the curves in all four 
graphs mirror those of PIL7 and PIL8 (See SI, Figure SI3). The 
graph of G’ as a function of frequency follows a very gradual ‘S-
curve’ with an inflection point beyond the tested frequency while 40 

all of the G” curves are yet again linear. This difference in shape 
of the two moduli is reflected in the δ of the ILs, which follow a 
‘U-shaped’ curve with its minimum between 1-10 rad/s. Among 
the non-halide anions in this section, PIL11 has the smaller 
molecular weight anion and the highest η* at 1Hz despite having 45 

a similar alkyl chain length than POA- . Fluorocarbons are known 
to have lower viscosities compared to hydrocarbon chains, which 
is reflected from the frequency sweep, in the constantly lower η* 
values of PIL12. In contrast, PIL11 exhibits the highest η* (See 
SI, Figure SI4 ). Interestingly, the ILs containing the sulfate 50 

anions (DOSS- and DS-) possess the second and third highest η* 
(See SI, Figure SI4). Due to the symmetrical geometry of PIL13 
compared to the former, the higher η is expected11. Again, G” of 
the non-chlorine [(But)3P(Dec)P(But)3](X)2 ILs is larger than G’ 
throughout the frequency sweep. This difference is more 55 

pronounced at lower frequencies while the ILs are able to 
rearrange to accommodate the mechanical stimulus and to 
maintain a constant G’ value. With increasing frequency, the 

material becomes more rigid with respect to the applied forces 
and an increase in the moduli is thus observed. 60 

 

Conductive properties 
 Given the interesting rheological properties displayed by the 
monocationic and dicationic phosphonium ILs, we subsequently 
investigated their conductivity properties for possible 65 

electrochemical applications. At 25 °C, 60 °C, and 100 °C, the 
monocationic ILs consistently conducted more than their 
dicationic counterparts (Figure 4, 5, and see SI, Figure SI8). 
When comparing the monocationic and dicationic chloride ILs 
with similar side alkyl chains, the conductivity values of the 70 

PIL1, PIL2, and PIL3 are an order of magnitude higher than their 
dicationic counter parts at the same temperature. Only PIL1 is 
able to attain around 1mS/cm conductivity at 100 °C, a 
magnitude lower than the current electrolytes used (~10 
mS/cm).41 As both PIL4 and PIL5 are solids at room temperature, 75 

the conductivity values are barely detectable in our experiments.  
 The monocationic phosphonium chlorides possess a 
sufficiently low η that contributes to their observed higher 
conductivity values. Figure SI8 shows that dicationic PIL7, PIL8, 

PIL9, PIL11, PIL12, PIL13, and PIL14 achieve higher 80 

conductivity values than their halide analog below 60 °C and that 

 
Figure 5. Comparison of viscosity values at 1 Hz and conductivity 
values at 100 °C of monocationic and dicationic samples. The 
conductivity value for 1HexBF4 has been included to show the effect 
of anion on monocationic samples. 

 

	
  
Figure 4. Conductivity values of the phosphonium ionic liquids 
samples with a chloride counterion. 
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PIL10 is the most conductive at 25, 60, and 100 °C. Relative to 
each other, negligible conductivity values difference are seen 
between butyl POA-, OA-, DS-, and DOSS- materials. PIL14 has a 
slightly lower conductivity value at all three temperatures 
probably due to the bulky shape of the DOSS- anions, making it 5 

less mobile than the other anions (See SI, Figure SI8). The 
conductivity of PIL12 is very similar to its butyl analog, showing 
little chain length dependence around the phosphonium. PIL10 

conducts almost 20 times more than its chloride analog at 25 °C. 
Substituting the chloride anion with the bulker NTf2

-
 anion 10 

reduced the η value by 105 times (2 Pa.s), thus making the ions 
more mobile in PIL10. In order to compare the conductivity of a 
monocationic IL with a non-chloride anion, the conductivity of 
(Hex)3P(Dec)(BF4)- was studied (See SI, Figure SI8). This IL has 
a higher conductivity value than its chloride counterpart at all 15 

three temperatures due to the delocalized charge on the anion that 
affords a fluid IL, which in turn allows for higher ion mobility 
and therefore higher conductivity. 

 
Walden plot  20 

 Finally, a Walden Plot was constructed with the zero shear 
viscosities at 1 Hz and conductivity values at 25 °C for all of the 
ILs (Figure 6). As the zero shear viscosity values for PIL4 and 
PIL5, the dicationic chloride ILs, at 60 and 100 °C were not 
available, the complex viscosity values at 1 Hz were used to 25 

provide an approximate trend of the sample ionicity. Often, ILs 
have values that have a 1:1 proportionality between the logarithm 
of the fluidity (the inverse of η) and the logarithm of the molar 
conductivity. While most of the data points lie along the dilute 
KCl line, agreeing well with the Walden rule (the product of 30 

molar conductivity and η of the ions in a solution being constant 
regardless of the solvent), few of the ILs with the chloride as the 
counterion lie below the unity line. This deviation of the 
monocationic species from the unity line agrees with the study 
reported by MacFarlane et al.42 At a certain η value, these 35 

monocationic ILs are unable to conduct as expected. Their 
viscosity vs conductivity correlation points lie below the KCl line 
and display characteristics of liquid ion pairs. The data for PIL4 

and PIL5 at 25 °C both lie above the KCl line, in the superionic 
liquid region. The dimerization of the PIL4 allows for increased 40 

cation-cation correlated motions, causing the sample, together 
with the PIL5, to lie in the superionic liquid region. This behavior 
did not follow the trend for the other ILs thus, the test was 
repeated at other temperatures. As the temperature is increased 
from 25 °C to 100 °C, the data points for PIL5 approach the KCl 45 

line (Figure 5). The same trend is observed as the temperature is 
increase from 60 °C to 100 °C for PIL4. The conductivity value 
for the PIL4 is not available at 25 °C. As the temperature 
increases, a dramatic drop in η is observed for PIL4 and PIL5 as 
the IL undergoes a phase transition. Thus, caution must be taken 50 

when interpreting this increase in ion mobility that is more rapid 
than the increase in the conductivity. The difference in behavior 
between the PIL4, PIL5, and the octyl equivalent, PIL6, is again 
apparent as the last IL obeys the Walden rule. PIL7, PIL10, 
PIL12, PIL13, and PIL14 lie along the KCl line and display an 55 

ideal ionic solution behavior.  
 
Experimental 
 
Synthesis of Phosphonium ILs 60 

Chloride Cl-, as anion  
 All phosphonium chloride ILs were prepared as described in 
literature using starting materials purchased from Sigma-Aldrich 
and TCI as highest purity grade.9 Dichlorodecane and trialkyl 
phosphines (1:2 mole ratio for the dicationic ILs and 1:1 for the 65 

monocation ILs) were combined together in a glass pressure 
vessel inside a dry box to minimize oxidation. The mixture was 
vigorously stirred at 140 °C for 24 hours, the remaining starting 
materials were removed under vacuum at 140 °C to yield the 
phosphonium chloride ILs. The products were characterized 70 

using 1H, 13C, and 31P NMR spectroscopy (Varian 500 MHz, 400 
MHz, and 300 MHz), electro-spray mass spectrometry (Agilent 
Single-Quad LC/MSD VL), differential scanning calorimetry 
(TA Q100 DSC), and thermal gravimetric analysis (TA Q50 
TGA). 75 

 
Hexafluorophosphate PF6

- and Hexafluoroantimonate SbF6
-, as 

anions  
 Silver salts with the desired anion were purchased from either 
Sigma-Aldrich or Strem Chemicals. The silver salt (2.56 mmol) 80 

was added to a flask inside a dry box while the chloride ionic 
liquid (1.28 mmol for the dicationic, 2.56 mmol for the 
monocationic) was dried under vacuum at 80 °C in a separate 
flask to ensure minimal hydration. The ionic liquid was then 
dissolved in 15 mL of anhydrous dichloromethane and added 85 

dropwise into the flask containing the silver salt. The solution 
was stirred for 24 hours at room temperature, under nitrogen with 
the flask wrapped in aluminum foil. The silver chloride 
precipitate was filtered out and the supernatant was extracted 
with a small amount of water until no precipitant was seen when 90 

the aqueous phase was tested in silver nitrate. Activated carbon 
was then added to the organic phase and the solution was further 
stirred for 24 hours. The activated carbon was then filtered on 
silica and neutral alumina. Finally, the dichloromethane was 
removed on the rotavapor and the IL further dried under vacuum. 95 

The material was characterized with the same analytical 
techniques mentioned above. 
 

 
Figure 6. Walden plot of the phosphonium ionic liquids at 25 °C. Data 
at 25, 60, and 100 °C for PIL4 and PIL5 are included above.  
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 Perfluorooctanoate POA-, as anion 
 The acid form of the desired anion (6.5 mmol) was combined 
with PIL4 or PIL5 (3.2 mmol) at a 1:1 charge ratio. 30 mL of 
anhydrous acetonitrile was added to the flask and the solution 
was rapidly stirred overnight at 70 °C. The solvent and 5 

byproducts were then evaporated under vacuum at 35 °C to yield 
the desired ILs.  
 
Bis(trifluoromethane)sulfonimide NTf2

-, as anion 
 Lithium bis(trifluoromethane)sulfonimide (6.5 mmol) was 10 

combined with PIL5 (3.2 mmol) at a 1:1 charge ratio. 20 mL of 
water was added to the flask and the solution was rapidly stirred 
overnight at 45 °C. The solution was extracted with 
dichloromethane (x3), then the solvents were evaporated under 
reduced pressure to yield the desired IL. 15 

 
Dodecyl sulfate DS- and dioctyl sulfosuccinate DOSS-, as anion 
 Either sodium dodecyl sulfate (SDS) or sodium dioctyl 
sulfosuccinate (6.5 mmol) was dissolved with PIL4 (3.2 mmol) in 
40 mL of anhydrous chloroform and rapidly stirred overnight 20 

under reflux. The solution was then cooled to room temperature 
and the dodecyl sulfate was extracted with water. The chloroform 
was removed from the dioctyl sulfosuccinate solution and the 
product was redissolved in diethyl ether. The sodium chloride 
that precipitated out was removed by filtration before the solution 25 

was extracted with water. All solvents were evaporated under 
reduced pressure and the ILs were dried overnight under vacuum. 
Both phases were verified by 1H NMR of the ionic liquid in the 
organic phase and absence of any SDS in the aqueous phase for 
PIL13.   30 

 
Octanoate OA-, as anion 
 Caprylic acid (6.4 mmol) was combined with PIL4  (3.2 
mmol) in the presence of 20 mL of methanol and stirred 
overnight at 60 °C. The hydrochloric acid and methanol were 35 

removed on the rotavap and then the desired IL was further dried 
under vacuum. 1H NMR spectra in deuterated chloroform and 
dimethylsulfoxide confirmed the presence of both ions, and the 
absence of the carboxylic acid’s proton, respectively.  
 40 

Rheometrical procedure 
All tests were performed using an AR 1000 Controlled-strain 
rheometer from TA instruments with various flat plates. ILs (1 g) 
were dried under high vacuum at 100 °C in a flask until 
consistent baseline dryness was observed on the barometer. The 45 

materials were then stored in a parafilm sealed vial at room 
temperature. All of the frequency sweep tests were performed 
with the rheometer at room temperature in an enclose space in the 
present of Dririte. 8 mm steel and 40 mm aluminum parallel 
plates were use for the testing, depending on the modulus range.  50 

 In order to determine the parameters for testing, the following 
tests were performed: oscillatory stress sweep for a pseudo-linear 
viscoelastic region (LVR) determination and oscillatory time 
sweep for conditioning parameters (equilibration time and 
preshear value) determination. Erasing the solidification history 55 

of the ILs was achieved through the preshear and some ILs were 
melted for mounting between the two plates thus, the 
equilibration time determination was necessary. The oscillatory 

stress sweep was repeated with the determined conditioning 
values to obtain the LVR.  Subsequent tests were run only in the 60 

LVR. Frequency sweeps were performed to obtain the storage 
modulus (G'), loss modulus (G”), complex viscosity (η*), and the 
phase lag, delta (δ) values.  
 
Thermal gravimetric analysis (TGA) 65 

 The thermal stability of the ILs used in this study was analyzed 
using a TA Instruments Q50 TGA. The ILs were tested over 
temperature range from room temperature up to 500 °C at 20 
°C/min with constant air flow. The decomposition temperatures 
(Td) presented in Table 1 and Figure SI5 were calculated using 70 

the step tangent method.42 The Td values are slightly lower than 
those reported for trihexyltetradecylphosphonium chloride and 
tetrabutylphosphonium chloride although they were obtained in a 
dinitrogen environment. As the decomposition curves for all ILs 
tested did not show any evidence of water loss, it can be 75 

speculated that the air flow was sufficient in protecting the ILs 
from significant wetting from the moisture in the atmosphere.  It 
is also possible that the sensitivity of the instrument was not able 
to register the small amount of water that may have coated the 
surface of the IL during testing.43  80 

 
Differential scanning calorimetry (DSC) 
 The phase transitions of the ILs in this study were observed 
using a TA Instrument Q100.  The samples were prepared in a 
hermetically sealed aluminum pan and subjected to cyclical 85 

temperature ramps of 10 °C/min heating and 20 °C/min cooling 
between 100 and 150 °C. The analysis of the phase transitions 
was conducted with TA Instruments Universal Analysis and the 
values are presented in Table 1. 
 90 

Conductivity measurements 
 The conductivity of the ILs were measured on a Consort K912 
model. The samples were dried under high vacuum at 100 °C in a 
vial until consistent baseline dryness was observed by an 
equilibrated barometer reading. Each sample was transferred into 95 

a 4mL vial and placed in a heat block. With the probe completely 
immersed in the ionic liquid, the temperature was slowly ramped 
from room temperature up to 100 °C and back down over a 
period of 3 hours. 
 100 

Density measurements 
 The density values of the ILs were measured using a Mettler 
Toledo DA-110 Handheld Portable Gravity Meter. The samples 
were dried under high vacuum at 100 °C in a vial until consistent 
baseline dryness was observed by an equilibrated barometer 105 

reading. Each sample was test 3 times at room temperature and 
the average value was used for the construction of the Walden 
Plot. Only slight differences were seen between density values as 
the temperature was increased to 100 °C. 
 110 

Conclusion 
 A series of phosphonium based ILs are described with varying 
alkyl side chain length, number of cationic charge, anion size, 
and anions with fluorocarbon or hydrocarbon chains, sulfate 
esters and carboxylate groups. By varying the composition of the 115 

phosphonium (monocationic vs dicationic ) IL and partnering it 
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with a particular anion, a specific set of thermal, rheological, and 
conductive properties can be obtained. For example, the glass 
transition temperature can be varied from -13 to -68 °C. The 
[(But)3P(Dec)P(But)3] sample with the perfluorooctanoate anion 
(PIL12) possessing the highest the Tg value (-13 °C) while the 5 

corresponding dicationic hexyl phosphonium ionic liquid with the 
bis(trifluoromethane)sulfonamide (PIL10) possessing the lowest 
(-68 °C).  The glass transition temperature for monocationic 
phosphonium chloride ILs are relatively insensitive to alkyl chain 
length difference unlike the dicationic ILs. The dicationic 10 

phosphonium chlorides are room temperature ILs at 25 °C only 
when the alkyl side chain is longer than eight carbons *e.g., 
PIL3) whereas all of the monocatonic phosphonium chlorides are 
liquids at 25 °C. For the decomposition temperature, an alkyl side 
chain length dependence is observed for the dicationic chloride 15 

ILs while only a modest dependence is seen for the monocationic 
chloride counterparts. All of the samples exhibit initial 
decomposition temperatures above 150 °C. The octanoate and its 
fluorinated analog possess the lowest decomposition temperature 
and the dicationic hexyl sample bis(trifluoromethane)sulfonimide 20 

possesses the highest (> 370 °C).  
 Frequency sweep curves for dicationic phosphonium chloride 
ILs show that varying the alkyl side chain length led to a large 
change in rheological properties of the materials when more than 
six carbons per chain surrounded the phosphorous atom. The 25 

lower η values measured for the monocationic species reflect the 
reduced number of electrostatic interactions between the cation 
and chloride ion compared to its dicationic equivalent. This trend 
is also observed for the conductivity values where, in general, the 
monocationic species are more conductive compared to the 30 

dicationic chloride analogs. The former can display ion pairing 
while the latter can act as superionic liquids. Substituting the 
chloride with a larger anion, lengthening the alkyl chain beyond 
hexyl for the dicationic chloride samples, increasing the 
temperature, or reducing the cationic charge from two to one for 35 

the chloride samples results in a dramatic loss in electrostatic 
interaction as seen in the Walden Plot by a sudden switch to ideal 
ionic solution behavior. A conductivity value of around 1mS/cm 
at 100 °C is achieved by some of the IL reported in this study 
supporting their further development as electrolyte solvents for 40 

batteries, with the caveat, that operation must be at an elevated 
temperature. Fortunately, there are significant needs for such 
thermally stable electrolyte solvents for batteries used in the 
automotive, oil and gas recovery, and manufacturing industries. 
Continued research in this area will afford new materials as well 45 

as insight into the relationships between IL composition and 
physical and chemical properties. Such information is key for 
meeting current challenges and future ones.   
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