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Influence of ion structure on thermal runaway behaviour of 
aprotic and protic ionic liquids  
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Accelerated rate calorimetry studies have been employed to study 
the exothermic and thermal runaway behaviour of some aprotic 
and protic ionic liquids based on several families of ions including 
the bis(flurorsulfonyl)imide anion ([FSI]-); it was found that the 
protic salts are safer than aprotic salts of the [FSI]- anion. 

In recent years, development of proton conducting electrolytes 
has created interest amongst the scientific community because 
of their potential in a number of electrochemical applications 
such as sensors, supercapacitors and proton exchange 
membrane fuel cells (PEMFCs).1-3 Nafion membranes used in 
PEMFCs need to be maintained in a hydrated state to provide 
high proton conductivity; this limits the operating temperatures 
of fuel cells to around 80°C. Several approaches to improve the 
operating conditions have been described in the literature, 
either by modifying the Nafion4 or using other polymers5 or 
hybrid organic-inorganic polymer membranes6, but with limited 
success in terms of conduction and mechanical properties.  
 
Another approach to alleviate the problems of conventional 
PEMFCs is to use Protic Ionic Liquid (PIL) electrolytes, either 
supported in a membrane or in a gelled form. PILs, a sub-class 
of ionic liquids (ILs) formed by proton transfer from a Brønsted 
acid to a Brønsted base, have attracted the attention of many 
researchers as anhydrous proton conductors.7-9 PILs can be 
relatively inexpensive and easy to produce.10-12 Although there 
are numerous PILs that are available, only a few have the 
properties sought after for electrochemical applications, such 
as low viscosity, tuneable physicochemical properties13, high 
ionic conductivity and sufficient electrochemical stability.14-16 
One recently developed family of ILs which offers these 
desirable properties is that based on the 
bis(fluorosulfonyl)imide ([FSI]-) anion. Aprotic ILs based on this 
anion have been reported to be useful for rechargeable sodium 
and Li-ion battery applications.17, 18  In order to explore [FSI]- 
based protic ILs in other areas of electrochemical application 

such as fuel cells where elevated temperatures are involved, 
their thermal properties at high temperatures need to be 
investigated. Although there are a number of literature studies 
of the properties of [FSI]- based salts, their thermal 
characteristics at elevated temperatures are not well 
understood beyond some studies19 on heats of combustion. The 
goal of the present study was to investigate the thermal stability 
of ILs, protic and aprotic, based on the [FSI]- anion, in 
comparison with a selection of other anions, using Accelerated 
Rate Calorimetry (ARC). This approach generates thermo-
kinetic data for the materials, while at the same time probing 
their intrinsic safety. 
 
ARC is an important tool for the investigation of thermal 
runaway behaviour of compounds20, 21 at high temperatures.22 
In our previous study, ARC was employed to show that certain 
ILs can be used as moderators to control exothermic behaviour 
in polymerization reactions.23  We have demonstrated via ARC 
that ILs can be used to increase the intrinsic safety of 
telomerization reactions, by not only reducing the exothermic 
self-heating activity, but also by decreasing the occurrence of 
secondary decomposition reactions.24 The ARC technique has 
also been used to evaluate the safety of some aprotic ILs based 
on the [FSI]-, [BF4]- and  [NTf2]- (= -N(SO2CF3)2), observing 
exothermic activity at relatively low temperatures for 
imidazolium and pyrrolidinium [FSI]- ILs.25 However, to the best 
of our knowledge, there have been no systematic ARC studies 
reported on protic ILs, especially with a focus on the [FSI]- anion.  
 
The protic ILs studied here were based on the [FSI]-, triflate [Tf]- 
and methanesulfonate [MS]- anions and were synthesized as 
described in the literature.26,27 Cations were  methyl-
imidazolium, [Hmim]+, diethylmethylammonium, [HN122]+, 
tetrabutylphosphonium, [P4444]+, 1-propyl-methylpyrrolidinium, 
[C3mpyr]+ and tetramethylammonium, [N1111]+.   
 
In a typical ARC run the sample is loaded into the calorimeter 
bomb and then heated in small increments of temperature, 
measuring the tendency to continue to self-heat and also the 
pressure rise at each step.  Knowing the thermal inertia of the 
sample bomb and the sample itself allows the calculation of the 
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enthalpy of reaction, as described previously.24, 25 Fig 1 shows 
typical self-heat rate profiles for a number of PILs. The absence 
of data points in regions of the plot indicates that the material 
was not exhibiting any tendency to self-heat at that 
temperature. Corresponding temperature vs. pressure and time 
vs. temperature plots are shown in Figures ESI-1 and 2 
respectively. The [HN122]+ salt shows a small exothermic process 
(self-heating) around 240 °C, which completes above 250°C and 
then all three salts show an onset of self-heating and pressure 
rise above 320 °C. In comparison to [Hmim][Tf], [Hmim][MS] 
generates a smaller pressure rise (12 bars) at 350 °C with a low 
self-heating rate of 0.1 °C/min up to 360 °C. 
 

Fig 1:  Self-heat rate profiles for protic ionic liquids based on [TF]- and [MS]- 

anions. 

 
Fig 2:  Self-heat rate profiles for protic ionic liquids based on the [FSI]- anion. 

 
On the contrary, [Hmim][Tf] demonstrates a rapid increase in 
exothermic activity from 360 °C, at much higher pressures (22 
bar) and high self-heating rate (up to 90 °C/min). While this 
suggests that the [Tf]- anion is less stable than the [MS]- anion, 
the cation also plays a key role in the instability in these salts. 
For example, while the exothermic activity was observed for 
[Hmim][Tf] at approximately 360 °C with a gradual increase in 
self-heat rate (from 0.1 to 90 °C/min) from 360 to 460 °C, the 
initial exothermic activity of [HN122][Tf] was observed at a much 

earlier temperature (230 – 250 °C) followed by additional 
exothermic activities from 320 to 460 °C with a significant 
increase in self-heat rate (maximum 90 °C/min).  
 
A similar trend is observed in Fig 2 when comparing different 
[FSI]- based protic salts. The onset of exothermic activity for 
[Hmim][FSI] is observed at approximately 340 °C and the sample 
heats up thereafter with a maximum self-heat rate of 0.1 °C/min 
until 350°C. In contrast, multiple exothermic activities at earlier 
temperatures were observed for [DEMA][FSI]. The first onset 
was observed at around 175 °C and the sample self-heats to 250 
°C; the second one proceeds from 300 °C to 350 °C with a 
maximum self-heat rate of around 10 °C/min.  The temperature 
– pressure profile (ESI-3) shows that the maximum pressure rise 
for [Hmim][FSI] was smaller (6 bars at 350 °C) in contrast to 23 
bar at 360 °C for [DEMA][FSI]. The adiabatic temperature rise 
(Table S1) for [Hmim][FSI] was 12.8 °C and if  corrections (see 
SI for details)24 are applied, the actual temperature rise would 
have been 33.2 °C. On the other hand, the adiabatic 
temperature rise for [HN122][FSI] was 191 °C (Table S1) and with 
the   corrections, the actual temperature would have risen to 
501 °C. This shows that in the event of temperature excursions 
beyond 175 °C in a sealed container, such as in a device 
application, rupture of the container might take place with this 
IL. Thus, while some exothermic activity is observed in both 
[FSI]- based PILs, Fig 1 and Fig 2 both suggests that the cation 
[HN122]+ plays a key role in the instability of these PILs. The 
higher stability of the [Hmim]+ cation has been observed 
previously by Belieres et. al27 and has been rationalised in terms 
of the aromatic nature of the cation. However further 
spectroscopic analysis is needed to have a better understanding 
of the degradation mechanism of different cations and thus will 
be investigated in the near future.    
 
To investigate the role of [FSI]- at elevated temperatures, the 
self-heat rate tendency  of certain aprotic ionic liquids were also 
studied and are shown in Fig 3.  It is clear from Fig 3 that the 
onset of exothermic activity for both [P4444][FSI] and 
[C3mpyr][FSI] is almost the same (around 200 °C) whereas the 
magnitude of the self-heat rate for [C3mpyr][FSI] is ultimately 
higher than for [P4444][FSI]. On the other hand [N1111][FSI] has a 
delayed onset of exothermic activity (around 250 °C), but the 
intensity of self-heat rate is almost comparable to [C3mpyr][FSI]. 
ESI-4 also shows that the maximum pressure rise for [P4444][FSI] 
is much lower (13 bar at 290°C) than either of [C3mpyr][FSI] (17 
bar at 350 °C) or [N1111][FSI] (21 bar at 370 °C). All these data 
suggest that [P4444][FSI] is relatively safer in terms of self-heat 
rate and pressure rise. This difference may at least in part be 
due to the fact that the [P4444]+ cation is considerably larger (17 
heavy atoms compared to 5 in [N1111]+ cation), this making the 
[FSI]- concentration relatively higher (in mol/L terms) in the 
latter case. The time vs. temperature plots of these aprotic ionic 
liquids shown in ESI-5 suggest that the process accelerates 
rapidly once thermal runaway begins for [C3mpyr][FSI] (less 
than a minute to heat from 225 to 350 °C) and [N1111][FSI] (less 
than a minute to heat from 250 to 375 °C) in comparison to 
[P4444][FSI] (about 50 minutes from 230 to 300 °C). These data 







Journal Name  COMMUNICATION 

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

Please do not adjust margins 

Please do not adjust margins 

further confirm that [P4444][FSI] is relatively more stable than 
the two N-based cation [FSI]- ionic liquids. TGA studies of protic 
phosphonium and ammonium [NTf2] based ionic liquids also 
suggested that the phosphoinum [P444H]+ cation was thermally 
more stable than its ammonium analogue.28 
 
Overall, in all three ILs, high self-heat rate and a significant 
increase in adiabatic temperature is observed, suggesting that 
the [FSI]- anion plays a key role in these exothermic reactions. 
This activity may be the result of breaking of the F-S bond of the 
[FSI]- anion, liberating SO2 gas that can cause catastrophic 
events. Previous studies by Eshetu et. al.,19 and in our own 
work,25 have shown that aprotic ionic liquids based on [NTf2]- 
were quite stable in contrast to [FSI]-and this could be due to 
the difficulty of breaking C-F bond, as compared to the F-S bond 
in the case of the [FSI]- anion. The instability of the [FSI]- anion 
is further evident in the two-stage decomposition observed in 
an isothermal TGA experiment conducted by Eshetu et. al.19 
who also attributed this to the labile S-F bond as well the 
weaker interactions between the cation and anion in 
[C3mpyr][FSI], when compared to [NTf2]- and other sulfonyl 
imide salts. 
 
The high self-heat rate of the [FSI]- based ILs may also be due in 
part to the presence of residual water (500ppm for PILs and 
180-200 ppm for APILs, see ESI). Previous work by Hollenkamp 
et. al.29 has observed an earlier decomposition temperature of 
wet Li[FSI] (120 °C) when compared to a dry Li[FSI]  (183 °C). The 
decomposition pathway was reported to occur via the cleavage 
of the S-N bond forming FSO2N* radicals, liberating heat and 
weight loss, highlighting the detrimental effect of water on [FSI]- 
based ILs in electrochemical applications. 
 
Overall, a comparison can be made between the protic and 
aprotic [FSI]- based salts and these results suggest that the 
protic [FSI]- are relatively safer than the aprotic salts. This could 
be due to the cationic proton being transferred back to the 
anion to some extent at elevated temperatures, making it more 
stable in contrast to aprotic ionic liquids where the charge is less 
labile. The retained negative charge in [FSI]- then triggers a 
decomposition pathway towards SO2.  
 
To gain a better understanding of the molecular origins of these 
pathways, we embarked on a theoretical study of [FSI]- using 
DFT computational methods (details in ESI). We found that 
decomposition of the [FSI]- anion via several different possible 
routes was endergonic, as also described by Shkrob et. al.30  
Upon reduction to yield the dianion radical, however, prompt  
decomposition was predicted with a kinetic energy release of 
more than 2 eV.  On the basis of this observation, we postulate. 

Fig 3:  Self-heat rate profiles for aprotic ionic liquids based on FSI anion. 
 
that the exothermic decomposition of [FSI]- may occur via a 
reductive mechanism.  While the dianion radical is a likely 
intermediate product of reductive electron transfer, in order to 
model the products of a general "reduction" process,31 we 
examined several adducts of [FSI]- with atomic hydrogen. Such 
species could form in a reduction of [FSI]- by, for example, 
water.  Trace amounts of water is inevitably present in these 
ionic liquids. These trace amounts are difficult to entirely 
remove, while at the same time some trace amount of moisture 
can be absorbed by the sample during loading into the ARC 
bomb. In the thermal stability context, the reductive process 
would be initiated by the elevated temperature. We found that 
the stability of the species formed after reduction of [FSI]- by 
atomic hydrogen depended sensitively on the site of reduction.  
Reduction at the amide resulted in fission of the molecule at the 
N-S bond.  For the species generated by H-addition at the 
oxygens, decomposition did not occur, and optimization on the 
ground state surface led either to ejection of atomic hydrogen 
to produce H + [FSI]-, or to a metastable state where hydrogen 
is coordinated to two oxygen atoms or between oxygen and 
fluorine. 
 
The site-selective nature of chemical reduction of [FSI]- can be 
understood in terms of the underlying orbital structure of [FSI]- 
itself.  The bonds of sulfur oxofluorides are significantly more 
polar than the  bonds,32, suggesting that Scheme 1 represents 
the ground state of [FSI]- rather better than, as is commonly 
shown, a structure with covalent S=O -bonds.  This is 
supported by natural population analysis, which assigns formal 
charge of 2.5 e to the sulfur atoms and -0.9 e to the oxygen 
atoms. Consideration of Scheme 1 suggests that the sulfur 3p 
orbitals vacated by ionic SO bonding will contribute 
 
 
 
 
 
 
                        Scheme 1: The schematic representation of the [FSI]- anion. 
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significantly to the electronic structure.  Indeed, in [FSI]-, these 
give rise to the two lowest unoccupied (LUMO and LUMO+1) 
orbitals, which are shown in Fig 4. The virtual frontier orbitals 
shown in Fig 4 are distinguishable locally by their  or  
character with respect to the plane of the amide group. For 
species that underwent S-N cleavage upon reduction, including 
[FSI]- and the N-protonated conjugate acid, the relevant singly 
occupied orbital was derived from the  virtual orbital 
("LUMO+1" in Fig 4). In the O-protonated conjugate acids, the 
relevant singly occupied orbital in the reduced species was 
derived from the  virtual orbital of [FSI]-. 
 
To summarise, adiabatic calorimetric studies of protic and 
aprotic ILs based on the [FSI]- anion are reported. The aprotic 
[FSI]- salts are found to be more vulnerable to exothermic 
decomposition, releasing a large amount of heat, as evident by 
the self-heat rate profiles.  Despite the [FSI]- anion being more 
susceptible to exothermic activity, careful choice of cation can 
moderate this exothermicity. Such studies may play a role in the 
design of optimal safety ILs for various electrochemical 
applications. 

Fig 4:  Two lowest unoccupied molecular orbitals (LUMO and LUMO+1) of the [FSI]- 
anion (far left), and LUMO of the O-protonated (centre) and N-protonated (right) 
conjugate acids, showing the parentage of each. 
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