Journal of Molecular Liquids 352 (2022) 118700

journal homepage: www.elsevier.com/locate/molliq —

Contents lists available at ScienceDirect

o 0 LIQUIDS
Journal of Molecular Liquids

Thermal decomposition of phosphonium salicylate and phosphonium

benzoate ionic liquids

Check for
updates

Arash Khajeh ?, Md Hafizur Rahman”, Ting Liu®, Pawan Panwar ?, Pradeep L. Menezes °, Ashlie Martini **

2 Department of Mechanical Engineering, University of California, Merced, CA 95343, USA
b Department of Mechanical Engineering, University of Nevada-Reno, Reno, NV 89557, USA

ARTICLE INFO

Article history:

Received 22 September 2021
Revised 30 January 2022
Accepted 4 February 2022
Available online 09 February 2022

Keywords:

Ionic liquids

Thermal decomposition

Reactive molecular dynamics simulation

ABSTRACT

The thermal stability of ionic liquids is important for their use in a variety of applications. Here, reactive
molecular dynamics simulations and thermogravimetric analyses were used to explore the thermal
decomposition mechanisms of phosphonium salicylate and phosphonium benzoate. Experiments per-
formed at different heating rates indicated that the decomposition temperatures of phosphonium salicy-
late and phosphonium benzoate were comparable, but phosphonium benzoate was less stable than
phosphonium salicylate under isothermal high temperature conditions. The lower thermal stability of
the benzoate compared to the salicylate was reproduced in reactive molecular dynamics simulations.
The simulations also showed that cation chain length had little effect on thermal stability. The simula-
tions revealed that thermal decomposition for both phosphonium salicylate and phosphonium benzoate
occurred through many different pathways that could be broadly categorized as proton-transfer, associ-
ation, and dissociation reactions. The phosphonium benzoate underwent more of these reactions and
exhibited a wide range of reaction pathways in each category than the phosphonium salicylate.
Multiple possible mechanisms were explored to explain this difference and it was found that the domi-
nant factor was the presence of the hydroxyl group in salicylate that affects the ability of oxygen atoms to
take part in proton-transfer reactions that are the first step of all subsequent reactions. These findings
demonstrate that even subtle differences in anion chemistry may significantly affect the thermal stability
of ionic liquids, suggesting avenues for tuning these properties through molecular design.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

these, phosphonium ILs are particularly important because they
are relatively inexpensive, and already used in some industrial pro-

Ionic liquids (ILs) are low-melting temperature molten salts
composed of anions and cations, and many of them are in the lig-
uid state at room temperature [1,2]. They have unique properties,
including low vapor pressure [3,4], high ionic conductivity [5,6],
high thermal stability [7,8], and the ability to dissolve a variety
of chemical compounds [9,10]. This combination of properties
make ILs suitable candidates for a range of applications such as sol-
vents [11,12], display screens [13,14], fuel cells [15,16], battery
electrolytes [17,18], gas separation membranes [19,20], and lubri-
cants [21,22]. For ILs to function effectively in many of these appli-
cations, they must withstand high temperatures (usually above
373 K) [23-26]. Thus, the thermal stability of ILs is of great impor-
tance and has been the subject of many studies over the last few
decades [27-35].

There are several classes of ILs including imidazolium, pyri-
dinium, ammonium, phosphonium, and sulfonium [36]. Among
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cesses. [37-39]. Phosphonium ILs also have very good thermal sta-
bility. However, the thermal stability is not the same for all
phosphonium ILs since the cation can have different length alkyl
chains and side chains and be paired with various anion structures
[40-42]. Although the size and structure of the phosphonium
cation can vary, several previous studies [42,43] suggested that
the anion plays a more significant role in thermal stability than
the cation. These studies associated the degradation pathway
mainly with the anion. Some previous studies [43,44] attributed
the prominent role of the anion to the steric hindrance applied
by the alkyl chains to the positively charged phosphorus in the
phosphonium, which interferes with the electrostatic interactions
between the anion and the cation.

Several experimental studies explored the thermal stability of
phosphonium-based ILs with different anion structures
[42,45,46]. Such studies employed various experimental methods.
including thermogravimetric analysis (TGA) [46], gas
chromatography-mass spectroscopy (GC-MS) [47],
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thermogravimetric-mass spectrometry (TG-MS) [48], pyrolysis gas
chromatography (PyGC) [49], thermal desorption-mass spec-
troscopy (TD-MS) [50], Fourier transform infrared spectroscopy
(FTIR) [51,52], and time-of-flight mass spectrometry (TOF-MS)
[53]. These techniques were used to explore parameters such as
decomposition temperature [46], decomposition products
[50,47], and evolution of chemical structure during the heating
[51-53].

Atomistic simulations, both ab initio and classical molecular
dynamics (MD), have been employed to study the thermal decom-
position of phosphonium-based ILs. [54] These methods were used
to investigate various parameters and phenomena, including inter-
actions between anions and cations, spatial distribution functions,
reaction pathways, energy barriers for decomposition reactions,
decomposition products, and reaction mechanisms [52,55,56]. Pre-
vious studies have suggested that high nucleophilicity [52,55,45]
and basicity [45,57] of anions affects the thermal stability of
phosphonium-based ILs. However, these studies used either den-
sity functional theory (DFT) calculations, which can not model
the complex interactions between many anions and cations in
large model systems over long durations, or classical MD simula-
tions, which do not model the chemical reactions that are neces-
sarily part of thermal decomposition.

An alternative simulation approach is reactive MD that can cap-
ture chemical reactions in relatively large model systems [58,59].
Among reactive MD force fields, ReaxFF [60] has been developed
for a wide range of materials and processes. ReaxFF MD simula-
tions have been used to investigate thermal decomposition of var-
ious chemical species, including polymers [61], hydrocarbon fuels
[62-64], refrigerants [65,66], insulation gas [67], energetic materi-
als [68,69], and phosphate-based lubricant additives [70,71]. For
ILs specifically, ReaxFF MD simulations have been used to study
interactions between ILs and carbon dioxide for gas separation
applications [72], hypergolicity [73], and electrolyte reduction
pathways [74]. One study used hybrid DFT-ReaxFF simulations to
model degradation reduction reactions of lithium bis-
(trifluoromethanesulfonyl) imide, but the reactions occurred at
room temperature [75]. There have been no reactive MD-based
studies of the high temperature stability of ILs.

The above review shows the importance of anion structure in the
thermal stability of ILs. However, to understand how the anion
affects thermal decomposition, particularly of phosphonium-based
ILs, atomistic simulations are required. Therefore, in this study, we
combined TGA experiments and ReaxFF MD simulations to charac-
terize the thermal decomposition of phosphonium salicylate and
phosphonium benzoate. The similar chemistries of these ILs enabled
isolation of the effect of the anion such that the origin of differences
in thermal stability observed in the experiments could be explained
using the atomistic detail available in the reactive MD simulations.

2. Methods
2.1. Experiments

To quantify thermal stability, thermogravimetric analyses
(TGA) were performed with two phosponium ILs, [Pgg ¢ 14] salicy-
late and [Pgge14] benzoate, synthesized from an ion exchange
reaction using [Ps66.14] and sodium salicylate, or sodium benzoate,
as described earlier by Egorov et al. [76,77]. TGA experiments were
performed using a Shimadzu TGA 50 thermogravimetric analyzer
in two phases. First, thermogravimetric degradation was per-
formed at a heating rate of 10 K/min up to 1073 K (800 °C), follow-
ing ASTM E 2550-17 [78] standard. An argon flow rate of 20 ml/
min was used throughout the experiment to ensure an inert atmo-
sphere. Tests were also carried out at heating rates of 20 and 40 K/
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min for both ILs. In the second phase, isothermal decomposition
was studied for both ILs. Wooster et al. [79] established a method-
ology to predict the maximum operable temperature for IL-based
lubricants. In this method, lubricants were isothermally heated
for 10 h at a given temperature and the lubricant was considered
operable at that temperature if less than 1% decomposition
occurred. This method has been used to characterize IL lubricants
by other researchers [80,81]. Here, to assess the thermal stability
of phosphonium salicylate and phosphonium benzoate, isothermal
thermogravimetric analyses were performed in an argon atmo-
sphere at 373 K (100 °C), and 423 K (150 °C), set points. A heating
rate of 20 K/min was used to reach the isothermal setpoint, fol-
lowed by 10 h of isothermal heating.

2.2. Reactive Molecular Dynamics Simulations

Reactive molecular dynamics (MD) simulations of phospho-
nium salicylate and phosphonium benzoate were performed using
a ReaxFF force field originally developed for modeling the interac-
tions between phosphonium glycinate and CO, [72]. To avoid the
excessively close range non-bonded interactions, a shielding term
was used in all simulations, as suggested in a previous study
[72]. The model systems comprised 100 cations and 100 anions
in a periodic simulation box with initial side lengths of 12 nm.
The effects of cation and anion were studied by modeling phospho-
nium cations of three different sizes of [Ps444]", [Pa44s]’, OF
[Pss6.14]” and either salicylate or benzoate anions, shown in
Fig. 1. Although a small amount of water was likely present in
the synthesized phosphonium ILs [82-84], water was not included
in the models.

Each system was equilibrated with an isothermal-isobaric (NPT)
ensemble (constant number of atoms N, pressure P, and tempera-
ture T) for 3 ns. The time step during equilibration was 0.5 fs, and
the temperature was maintained at 300 K using a Nosé-Hoover ther-
mostat [85] with a temperature damping parameter of 50 fs while
the pressure was maintained at 1 atm using a Nosé-Hoover barostat
and a damping parameter of 500 fs. The equilibration was continued
until steady density and potential energy were reached. Next, to cap-
ture the bond formation and bond breaking phenomena accurately,
the time step was decreased to 0.25 fs, and the damping parameter
for the thermostat and barostat changed to 25 and 250, respectively.
Then equilibration at 300 K and 1 atm was continued for another
200 ps to ensure that decrease in the time step did not affect the
equilibration. Finally, the temperature was ramped to 900 K at arate
of 1 K/ps with the same time step and damping parameters as used
in the second equilibration step.

The connectivity of atoms obtained from the ReaxFF bond table
was post-processed using user-defined python scripts to identify
the reactants, intermediate species, and products of the chemical
reactions. A bond order cutoff of 0.5 was used to identify the bond-
ing within each chemical species. The bond order cutoff was the
same for all possible atom pairs. The weight percent of unreacted
ILs was quantified based on the change in the number of chemical
species whose molecular weight corresponded to the original
cations and anions. All molecular dynamics simulations were per-
formed using a large-scale atomic/molecular massively parallel
simulator (LAMMPS) [86] MD package, and the results were visu-
alized using OVITO [87] software.

3. Results
3.1. Themogravimetric Experiments

To evaluate the thermal stability of phosphonium-based ILs,
TGA experiments were performed on phosphonium salicylate
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Fig. 1. IL systems studied in this research included phosphonium cations with different sizes [Ps444]", [[Paa4s]", Or [Pss6.14]" paired with salicylate ([Sali]-) or benzoate
([Benz]-) anions. White, dark gray, red and orange spheres represent hydrogen, carbon, oxygen, and phosphorous elements, respectively.

and phosphonium benzoate by heating from room temperature to
900 K at 10, 20, and 40 K/min heating rates. As shown in Fig. 2, the
thermal decomposition of [Psge14] salicylate and [Psg6,14] ben-
zoate did not start until around 475 K. The decomposition temper-
ature (T4) was calculated for each IL per the ISO 11358-1 [88]
standard as the intercept of a linear fit to the steepest part of wt
% vs. temperature graph and the horizontal line passing through
100% wt. At a heating rate of 10 K/min, the decomposition temper-
ature was 623 K and 628 K for phosphonium salicylate (Fig. 2(a))
and phosphonium benzoate (Fig. 2(b)), respectively. This indicates
that both phosphonium-based ILs studied here have good thermal
stability making them suitable for high-temperature applications.
The decomposition temperature increased for both phosphonium
salicylate and phosphonium benzoate with increasing heating rate.
However, at any heating rate, the decomposition temperatures of
the two ILs were within the 6 degree repeatability range specified
by the ASTM standard [78], indicating the difference in their ther-
mal stability was statistically insignificant.

The results from the isothermal TGA tests are shown in Fig. 3. It
can be observed that both salicylate and benzoate-based ILs exhib-
ited less than 1% decomposition over 10 h duration at 373 K. How-
ever, the decomposition of benzoate (99.3%) was slightly more
than that of salicylate (99.8%). This difference was more prominent
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when the isothermal heating was carried out at 423 K (92.0% for
benzoate and 98.7% for salicylate). This observation indicates that
phosphonium benzoate is thermally less stable compared to phos-
phonium salicylate at high temperatures. A similar trend of ther-
mal stability was observed previously [77]. In our current
investigation, the atomic mechanisms underlying this difference
were studied using reactive MD simulations.

The thermal decomposition results from MD simulations are
shown in Fig. 4. In the simulations, decomposition was quantified
as percent of chemical species having chemical compositions equal
to that of the original anions and cations (called unreacted ILs). The
decomposition temperature T, was calculated by first fitting a sig-
moid function to the wt% of unreacted ILs and then finding the
intersection between the line tangent to the steepest part of this
sigmoid graph and the horizontal line passing through 100% wt.
As shown in Fig. 4, the average value for the onset of thermal
decomposition temperature of phosphonium salicylate with three
phosphonium sizes was significantly higher (668 K) compared to
benzoate (486 K). This is consistent with the trends observed from
the isothermal TGA results in Fig. 3.

The simulations also enabled characterization of the effect of
the cation size on thermal decomposition. Simulations of ILs with
[P444a]", [Pasas]’, and [Psgg14]" showed that [Psge14]" had the
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Fig. 2. Thermogravimetric analysis of [Pgg¢14] salicylate and [Ps g6 14] benzoate at different heating rates.
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Fig. 3. Thermal decomposition of [Pg¢614] salicylate and [Peg6,14] benzoate for 10 h of isothermal heating.

100
2 90-
T 80
2
e 70'
o [Py444'[SaNT
.,D_ 60 [P444.4'[Benz]
© 50— [PasaslTSall
S —— [Py 444]'[Benz]
2 40{——1[PsspalISaIT
—I[P I'[Benz]
30 66614
300 450

600

750 900

Temperature (K)

Fig. 4. Weight percentage of unreacted ILs in reactive MD simulations as a function of temperature. Simulations show the onset temperature of thermal decomposition is
higher for phosphonium salicylate than phosphonium benzoate, which indicates the higher thermal stability of phosphonium salicylate. The difference in the thermal
decomposition temperature of ILs with the same anion but different sizes of cations ([P444]", [P44.45]", and [Psgs614]") Was not statistically significant.

highest decomposition temperature (693 K for salicylate and 494 K
for benzoate) compared to [P444.4]" (673 K for salicylate and 476 K
for benzoate) and [P4445]" (637 K for salicylate and 488 K for ben-
zoate). The statistical error associated with the simulation results
was evaluated by performing repeat simulations for [P4445]" and
[Ps66.14]" benzoate. It was found that the average standard error
in the calculated decomposition temperature was 17.5 K. Since
the difference between the decomposition temperatures of ILs
with the same anion but different cation was comparable to this
error, the effect of cation was assumed to be not statistically signif-
icant. We, therefore, focused on the effect of the anion.

Despite the consistent trends in experiments and simulations, it
should be noted that there are several key differences between the
TGA experiments and MD simulations. First, the method of quanti-
fying thermal decomposition is different between the two studies.
In the TGA experiments, the decrease in the weight occurs due to
the evaporation of ions that decompose and form volatile species
due to heating. However, the system in MD simulation is a closed
box, and the results in Fig. 4 are based on the weight of ions that

preserved their initial chemical composition. Second, the heating
rate is several orders of magnitude higher in simulations than in
experiments, which is due to the high computational cost of the
simulations. The higher heating rates are expected to increase
the onset temperature for most chemically activated reactions as
they require both time and energy to take place [70,89-92].
Finally, despite the careful drying process use for the ILs before
TGA, there is expected to be some amount of residual water in
experiments. In contrast, the reactive MD simulations model neat
ILs. To confirm that the presence of water would not affect model
results, test simulations were run with [P44,44]" benzoate or salicy-
late with 100 water molecules. Results showed that hydrogen
transfer occurred between the water and anions, which affected
the rate of IL decomposition, but that the trend was the same,
i.e., [P4444]" salicylate was more thermally stable than the ben-
zoate. Importantly, despite the differences between experiments
and simulations, both showed the same trend of higher thermal
stability of salicylate compared to benzoate, which indicates that
the reactive MD simulations are a reasonable model of this mate-
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rial system and can be used to identify the mechanisms underlying
the observed IL thermal stability.

To understand the differences in the thermal stability of phos-
phonium salicylate and benzoate, chemical reactions were identi-
fied through the connectivity of atoms and composition of
chemical species. Figs. 5(a) and (b) show representative reactions
in [P4444]" salicylate and [P4444]" benzoate, respectively. As can
be seen in these figures, the reactions can be classified into three
categories: proton-transfer, association, and dissociation reactions.
In proton-transfer reactions, a positively charged hydrogen ion
transfers between the phosphonium cation and benzoate/salicy-
late anion. In these figures, the blue spheres help readers identify
the proton transferred between the cation and anion. In association
reactions, the cation and anion form heavier species through cova-
lent bonding. Finally, in dissociation reactions, covalent bond
breaking results in the formation of two or more lighter fragments.
As shown in Fig. 5, both phosphonium salicylate and benzoate
underwent all three types of reactions.

All reactions that occurred during the temperature ramp simu-
lations were tracked and those observed at least ten times during
the simulation are reported in Fig. 6. In this figure, the labels on
the vertical axis describe the chemical reactions in condensed form
with the atom types ordered from heaviest to lightest, followed by
the number of each atom type. Each symbol corresponds to one
occurrence of a chemical reaction. The data is presented in box-
and-whisker plots to enable identification of the start and end tem-
peratures for each reaction and the interquartile range in which
50% of reactions occur. The reactions are also categorized into
the three main categories, proton-transfer, association, and disso-
ciation (see the labels on the vertical axis). As shown in Fig. 6,
the number of distinct chemical reactions in each category is
higher for phosphonium benzoate than phosphonium salicylate.
Also, more occurrences of reactions (more symbols) can be
observed in the case of phosphonium benzoate compared to phos-
phonium salicylate. The greater number and diversity of chemical
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reactions is directly related to the lower thermal stability of phos-
phonium benzoate than phosphonium salicylate.

Previous studies attributed the reactivity of ILs primarily to the
anions [42,93,56]. Further, some of these studies correlated ther-
mal stability to the anion basicity/nucleophilicity in
phosphonium-based ILs [42] and other IL systems [94,95]. This cor-
relation was investigated here using the MD simulations of phos-
phonium salicylate and benzoate. As can be seen in Fig. 6, the
first chemical reaction (i.e., the reaction that occurred at the lowest
temperature) for both ILs was the deprotonation of the phospho-
nium cation by the salicylate/benzoate anion. Proton-transfer reac-
tions between the cation and anion have been previously reported
in phosphonium-based ILs [96,97] and in other systems, including
native-like protein ions [98,99], hypergolic fuels ILs [100], and
amino acid [101] ILs. It was also reported that the energy barriers
for proton-transfer reactions are much lower than other reactions
in thermal decomposition of hydrocarbons [64].

Once the first proton-transfer reaction happens, the newly
formed species can take part in subsequent reactions as a reactant.
In fact, all reactions that happen at higher temperatures involve
the products of the first proton-transfer reactions (protonated anions
and deprotonated cations) either directly or indirectly. This depen-
dence is illustrated graphically in Fig. S1 for phosphonium salicylate.
As shown in Fig. 6, the first proton-transfer reaction in phosphonium
benzoate occurs at a significantly lower temperature (380 K) than in
the phosphonium salicylate (510 K). Then, since all subsequent reac-
tions rely on that first proton-transfer reaction, the lower thermal
stability of phosphonium benzoate can be attributed to the lower
onset temperature of the proton-transfer reactions. The lower onset
temperature of proton-transfer for benzoate compared to salicylate
observed in our simulations shows that benzoate is more basic (more
capable of replacing protons from phosphonium) and, therefore,
thermally less stable than the salicylate anion. These observations
confirm the correlation between basicity and thermal decomposi-
tion of ILs reported in previous studies [42,94,95].

Benzoate

O

-

Lot e
Ck‘ }
b b

Fig. 5. Representative reactions for (a) salicylate and (b) benzoate. The reactions can be classified into three categories: proton-transfer, association, and dissociation.
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Fig. 6. Distribution of chemical reactions detected in phosphonium salicylate and phosphonium benzoate as a function of temperature. The chemical reactions can be
categorized as proton-transfer, association, or dissociation. Each symbol represents one out of at least ten occurrences of a given reaction. More chemical reactions were
observed at lower temperatures for phosphonium benzoate than phosphonium salicylate, consistent with the observed lower thermal stability of phosphonium benzoate. In
both systems, the proton-transfer reactions are the first step and occur at lower temperatures than the other reactions. All subsequent reactions involve the products of

proton-transfer reactions.

The chemical reactions presented in Fig. 6 occur in the forward
and backward directions. To better understand these reactions, the
net number of reactions (the number of occurrences for each reac-
tion in the forward direction minus the number of occurrences in
the backward direction) was calculated. The most commonly
observed reactions are illustrated in the snapshots in Fig. 7 and 8
for phosphonium salicylate and phosphonium benzoate, respec-
tively, in order of the net number of occurrences from top to bot-
tom. In these figures, the newly transferred proton is shown in
blue, as a solid sphere on the anion and a dashed blue circle on
the cation. Also, the hydrogens that were removed from the cation
in previous reactions are shown as dashed red circles. The most
frequent reaction in both IL systems is the proton-transfer from a
phosphonium cation to an anion (see Fig. 7 and 8(a)). These obser-
vations again emphasize the importance of proton-transfer reac-
tions in the thermal decomposition of both phosphonium
salicylate and phosphonium benzoate. In both systems, we also
observe that the three carbon atoms near the end of the alkyl chain
participate in the proton-transfer reactions. The carbon atoms
bonded to the phosphorous atom did not participate in such reac-
tions, likely because of steric hindrance or difficulty of the anions
to approach this carbon due to the long alkyl chains.

As shown in Fig. 7(b) and (c), for phosphonium salicylate, the
next most frequent reactions after an initial proton-transfer are
subsequent proton-transfer reactions from a cation that previously
lost one or two protons to a salicylate ion. These figures illustrate
that the second and third protons are transferred from a carbon
atom adjacent to a previously reacted carbon atom to a salicylate
anion (see how blue dashed spheres are next to red dashed
spheres). In contrast, in phosphonium benzoate, the next most fre-
quent reactions after the first proton-transfer are association
between anions and deprotonated cations or dissociated cations
(Fig. 8 (b), (c), and (d)), followed by proton-transfer from associ-
ated species and protonated ions to benzoate anions Fig. 8 (e)
and (f)). Interestingly, in Fig. 8 (c) and (d), we see some phospho-

nium fragments in which the phosphorus atoms are bonded to
an oxygen atom. It appears the dealkylation of phosphonium
involves bonding between the oxygen atom in the phosphorous
in the cation; an observation made only for phosphonium
benzoate.

In both Figs. 7 and 8, the unreacted phosphonium cations do not
take part in any reactions except an initial proton-transfer to
anions. This is opposite to the behavior of anions, which indicates
that proton-transfer from cation to anion makes the cation more
reactive and the anion less reactive. This observation is confirmed
by the fact that the number of cations decreases with increasing
temperature more slowly than the number of anions (Fig. S2).
The above observed trends are again consistent with previous
studies that attributed the reactivity of ILs primarily to the anions.
[42,93,56].

The difference between the thermal stability of phosphonium
salicylate and phosphonium benzoate ILs is surprising given their
very similar structures (see Fig. 9). Both anions form from a car-
boxylate group attached to a benzene ring. The salicylate has a
hydroxyl group on the ring next to the carboxylate group position
that is not present in the benzoate ion. As discussed before, the dif-
ference between the thermal stability of the two systems is related
to their proton-transfer reactions. This suggests that the presence
of hydroxyl group affects the ability of oxygen atoms to take part
in the proton-transfer reactions. In other words, the protonation
reaction of salicylate and benzoate ions should reflect the trend
of thermal stability of these phosphonium-based ILs.

To explore the effect of proton-transfer reactions on thermal
stability, the number of reactions with a protonated anion as a pro-
duct was calculated and found to be 620 for salicylate and 2409 for
benzoate. Then, the contribution of each oxygen atom in receiving
protons was quantified as the fraction of total protons received by
each oxygen atom, as shown in Fig. 9(a). In benzoate, the contribu-
tion of the two oxygen atoms (O1 and 0O2) in proton-exchange
reactions is nearly equal, which is reasonable considering the sym-
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Fig. 7. Snapshots show the most frequent reactions observed for phosphonium salicylate in order of decreasing net occurrence: (a) 47, (b) 17, and (c) 8. The newly transferred
proton is shown in blue, as a solid sphere on the anion and a dashed blue circle on the cation. The hydrogen atoms that were removed from the cation in previous reactions are
shown as dashed red circles. Note that (a) shows three configurations (labeled I, II, and III) after the proton-transfer from different carbon atoms in the cation alkyl chain to

the salicylate anion.

metry of the benzoate structure. However, 02 in salicylate has a
significantly lower contribution (only 4%) to proton-exchange
reactions than the 01 (91%). The hydroxyl group (O3-H) pointing
to 02 indicates the presence of a hydrogen bond (H-bond) between
03 and 02. The results imply that the intramolecular H-bond hin-
ders the ability of O2 to take part in reactions and, therefore, con-
tributes to the lower reactivity of 02 in salicylate compared to 02
in benzoate.

The hydrogen bonding within the structure of salicylate likely
affects its thermal stability and is reflected by the differences in
the number of proton-transfer reactions occurred for 02. However,
analysis indicates that proton-transfer reactions for O1, which is
not affected by H-bonding, also differs for the two anions. Specifi-
cally, it was found that there is a significant difference between the
number of reactions in two anions: 564 for salicylate and 1229 for
benzoate. This suggests there are factors contributing to the num-
ber of thermal decomposition reactions other than H-bonding. To
understand why there are far fewer thermal decomposition reac-
tions involving O1 in phosphonium salicylate than in phospho-
nium benzoate, the charge distribution on the anions was
calculated. Fig. 9(b) shows the charge on each atom, averaged over
100 anions and 250 ns at 300 K. The charge of the O1 in salicylate (-
0.65) is close to the charge of O1 in benzoate (-0.66). This is also
observed during heating (see Fig. S3), so the charge distribution
cannot explain the lower reactivity of O1 in salicylate compared
to benzoate.

Another possible contributing factor is the effect of the salicy-
late hydroxyl group on the distance between the anions and
cations. Radial distribution functions (RDFs) were used to quantify
the distance between cations and anions, averaged over the last
250 ps of the equilibration simulations. Fig. 10(a) shows the RDF
for the distance between all carbon atoms in the cation and the
oxygen atoms in the anion (RDFganjion-ccation)- AS shown in this fig-
ure, the position of the first peak is at 3.1 A for both ILs. However,
the peak for phosphonium benzoate is higher than that for phos-
phonium salicylate, indicating more benzoate cations are close to
the alkyl chain of the phosphonium compared to the salicylate.
The higher population of carbon atoms around the oxygen atoms
increases the possibility of proton-transfer between anion and
cation. Another difference is the relative distance between the oxy-
gen and phosphorous atoms in the two IL systems. The peak for the
RDFoanion-peation, iN Fig. 10(b), is higher and shifted slightly to the
left for benzoate compared to salicylate. This suggests it is easier
for the benzoate to approach the core of the phosphonium cation.
The stronger P-O interactions (higher peak of RDFganion-pcation) il
phosphonium benzoate compared to phosphonium salicylate can
explain why there are more fragments in phosphonium benzoate,
i.e., these fragments form through bonding between phosphorous
and oxygen atoms (Fig. 8). This effect was not observed in phos-
phonium salicylate. All of the above observations suggest the
hydroxyl groups in salicylate make this anion thermally more
stable by hindering the chemical reactions for O2 as well as
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Fig. 8. Snapshots show the most frequent reactions observed for phosphonium benzoate in order of decreasing net occurrence: (a) 52, (b) 19, (c) 16, (d) 16, (e) 12, and (f) 10.
The newly transferred proton is shown in blue, as a solid sphere on the anion and a dashed blue circle on the cation. The hydrogen atoms that were removed from the cation in
previous reactions are shown as dashed red circles. Note that (a) shows the three configurations after the proton-transfer from different carbon atoms in the cation alkyl chain
to the benzoate anion.

decreasing the strength of interactions between the anion and phonium salicylate and phosphonium benzoate. Thermogravimet-
alkyl chains. ric degradation experiments showed that both phosphonium
salicylate and phosphonium benzoate had high thermal stability
with decomposition temperatures above 600 K, making them suit-
able for high-temperature applications. The decomposition tem-
perature increased for both phosphonium salicylate and
phosphonium benzoate with increasing heating rate. Experiments

4. Conclusions

Reactive MD simulations and thermogravimetric analyses were
used to explore the thermal decomposition mechanisms of phos-



A. Khajeh, Md Hafizur Rahman, T. Liu et al.
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Benzoate

51%

Fig. 9. Atomic structures of salicylate (left) and benzoate (right). The difference between the two anions is the presence of the hydroxyl group next to the carboxylate in
salicylate. (a) The contribution of each oxygen atom in receiving protons is indicated as a percentage next to the atom. The percentages show that the participation of 02 in
proton-transfer reaction is significantly lower in salicylate compared to benzoate. This can be explained by hydrogen bonding between 03 and 02 in the salicylate. (b) Color
maps showing the average charge of atoms during the last 250 ps of equilibration simulation. The charge differences for oxygen atoms are very small and cannot explain the

different behavior of the two anions in proton-transfer reactions.
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Fig. 10. Radial distribution functions for (a) the distance between all carbon atoms in the cation and the central oxygen atoms in the anion (Oapjon-Ccation) and (b) between the
oxygen atoms in the anions and phosphorous atoms in the cations (Oanion-Pecation)- The RDFs were calculated over 250 ps at the end of the equilibration simulation and show
the relative positions of atoms in the anions and cations for the two ILs. The higher O.nion-Ccation RDF peak in benzoate than salicylate in (a) indicates a stronger interaction
between benzoate and phosphonium and suggests that benzoate anions can get closer to carbon atoms in the phosphonium cations. This can explain the easier proton-
transfer from alkyl chains to benzoate compared to salicylate. The higher O,pion-Pcation RDF peak in (b) shows that approaching the core of the phosphonium cation is easier for
benzoate than salicylate, which can explain more dissociated species observed in phosphonium benzoate.

at different heating rates indicated that the decomposition temper-
atures of phosphonium salicylate and phosphonium benzoate were
comparable. However, isothermal decomposition tests showed
that phosphonium benzoate was less stable than phosphonium
salicylate, especially at high temperatures.

Reactive MD simulations were carried out to identify the mech-
anisms underlying the thermal stability of these ionic liquids. The
results showed there was no statistically significant effect of the

cation chain length, whereas the anion played a more important
role. The average onset temperature of thermal decomposition
for phosphonium salicylate was significantly higher (668 K) than
that for benzoate (486 K). This was consistent with the trends
observed in the isothermal decomposition tests.

From the simulations, chemical reactions were identified
through the connectivity of atoms and the composition of chemical
species. The reaction steps were classified into three categories:
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proton-transfer, association, and dissociation, for both phospho-
nium salicylate and phosphonium benzoate. The number of dis-
tinct chemical reactions and occurrences of the different reaction
pathways in each category were found to be higher for phospho-
nium benzoate than phosphonium salicylate, and this difference
was correlated to the lower thermal stability of the benzoate.
Importantly, all of the reaction pathways began with proton-
transfer for both ILs.

Multiple possible reasons for the lower thermal stability of
phosphonium benzoate were investigated. First, the presence of
the hydroxyl group on the salicylate was shown to hinder the abil-
ity of O2 oxygen atoms to take part in the proton-transfer reac-
tions. Analysis showed that the two oxygen atoms in benzoate
contributed almost equally to proton-transfer but that, in salicy-
late, the 02 (adjacent to the hydroxyl) had a significantly lower
contribution than the O1. The total number of proton-transfer
reactions for O1 that did not involve in H-bond in benzoate was
found more than twice that in salicylate. The higher density of car-
bon atoms around the oxygen atoms (higher Oapjon-Ccation RDF
peak) explained the increased possibility for proton-transfer
between anion and cation in phosphonium benzoate. Lastly, the
peak of the distribution of distances between oxygen in the anion
and carbon or phosphorous in the cation was found to be higher for
phosphonium benzoate than phosphonium salicylate. This indi-
cates it is easier for the benzoate to approach the core of the phos-
phonium cation, which facilitates the interactions leading to
decomposition.

Overall, this study demonstrated that even a relatively small
chemical change in an anion, e.g., the presence of a hydroxyl group
in salicylate and not in benzoate, can significantly affect the ther-
mal stability of phosphonium-based ILs. The mechanism underly-
ing this effect was shown to be the effect of the anion on the
proton-transfer reaction that was the first step of all subsequent
decomposition pathways. Although these findings were demon-
strated here for phosphonium benzoate compared to phosphonium
salicylate, the results may be more generally relevant and suggest
avenues for optimizing thermal decomposition behavior for ILs
through molecular design.
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