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Abstract2

Experiments and simulations were used to investigate interactions between ferrous3

surfaces and trihexyltetradecylphosphonium benzoate or salicylate. Differences be-4

tween the ionic liquids were observed in open circuit potential, potentiodynamic polar-5

ization, cyclic potentiodynamic polarization, electrochemical impedance spectroscopy,6

and long-duration corrosion tests. While both ionic liquids were far less corrosive than7

water, salicylate exhibited slower charge transfer and lower surface protection poten-8

tial than benzoate. These observations were analyzed using simulations of chemical9

reactions between ions and an ideal Fe(100) surface. Simulation results showed that10

salicylate and benzoate differed in their bonding configurations and orientations, sug-11

gesting distinct adsorption mechanisms for these similar ionic liquids.12
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Introduction13

Room temperature ILs are a class of organic salts that are liquid at ambient temperature.1,214

ILs have many advantages compared to conventional organic compounds in terms of chemical,15

physical, thermal, and biological properties.2,3 For example, ILs have high thermal and16

chemical stability3–5 and low vapor pressure.6 Some ILs are also miscible in both water and17

oil.7–9 There are anions, such as salicylate, benzoate, and saccharinate, that can be extracted18

from plants10 and numerous studies have investigated ILs that can be recycled and reused19

without volume loss.11–15 Therefore, ILs are considered to be promising green engineering20

liquids that offer a potential solution to challenges associated with both solvent emission and21

catalytic recycling.16,17 These advantages make ILs useful for a diverse range of applications22

such as lubricants, battery electrolytes, heat transfer fluids, solvents for coating materials,23

additives in polymeric materials, and more.2–4,10,18–2324

In many applications, ILs are in direct contact with a metal surface and form a solid-25

liquid interface. In such cases, ILs have been found to form adsorption layers composed of26

cations, anions, and their decomposition products. The adsorption layers can have either27

a corrosive or protective effect, depending on the combination of IL and metal, as well as28

on temperature.24 ILs are usually less corrosive than typical oxidizing species like neutral29

sodium chloride solution, acidic or alkaline solution, and oxygen,25–33 so they can be used30

as corrosion inhibitors for metal surfaces like carbon steel, stainless steel, magnesium, cop-31

per, and zinc.20,34–37 However, many ILs are highly polar and have low vapor pressures, and32

therefore can be more corrosive to metal surfaces than traditional organic solvents.2,38 Gen-33

erally, corrosion is a concern because it can reduce the strength and durability of equipment34

and structures.38,39 To minimize corrosion in applications involving ILs, it is important to35

understand the mechanisms by which ILs interact with and affect corrosion of metal surfaces.36

There have been a number of experimental studies that have examined the corrosion of37

metals in contact with ILs. The rate of corrosion of metals interacting with ILs has been38

measured by the weight loss method using a rotating cage experiment.38,40,41 Electrochemical39
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tests, like corrosion potential, corrosion current density, and electrochemical impedance spec-40

troscopy, have also been applied to measure corrosivity of ILs.25,40–44 Such studies reported41

that corrosion processes were controlled by charge transfer at the metal/IL interface25,41,42,4542

and the corrosivity of ILs strongly depends on the surface material and morphology, the43

presence of impurities, and the temperature.25,38–43,46,47 Corrosion of metals by ILs has also44

been shown to be affected by the chemical nature of the IL cation and anion.24,25,38,39,43,44,47,4845

The cation can affect the way that ILs interact with metal surfaces and, therefore, the cor-46

rosion of the metal.24,44,47,48 For example, (2-hydroxyethyl)-trimethyl-ammonium bistriflim-47

ide (choline NTF2) caused less corrosion of a copper surface than butyl-trimethyl-ammonium48

NTF2.24 The incorporation of a hydroxyl group into the cation alkyl side chain was found49

to decrease corrosivity.42 Electrochemical tests showed that protic ILs had a narrower elec-50

trochemical stability window and were generally more reactive toward metals than aprotic51

ILs.44 Corrosion of aluminium and copper in imidazolium-based ILs with different alkyl52

chain lengths showed that corrosion decreased with increasing alkyl chain length.47 For steel53

surfaces, alkyl substituents like polar groups, fragments, conjugated bonds, and various het-54

eroatoms in the cation structure led to lower corrosion rate due to the improved adsorption55

of cations on the surface.4856

It has also been reported that the anion moiety plays the dominant role in corrosion of57

metal surfaces43,44,49,50 since the polarization behavior of ILs is mainly governed by anions.4358

For example, anions like tosylate and dimethyl phosphate generally had higher corrosivity on59

carbon steel and aluminium than ethyl sulfate, octyl sulfate, and chloride.38 Severe corrosion60

on iron based alloys was found for choline methanesulfonate while choline NTF2 exhibited61

significantly lower corrosiveness.42 On copper surfaces, 1-ethyl-3-methylimidazolium phos-62

phonate ([EMIM][EtPO3H]) showed more corrosion than 1-ethyl-3-methylimidazolium octyl-63

sulfate ([EMIM][C8H17SO4]) due to the formation of a soluble phosphonate-copper complex.64

Also, 1-hexyl-3-methylimidazolium tetrafluoroborate ([HMIM][BF4]) showed more corrosion65

than 1-hexyl-3-methylimidazolium hexafluorophosphate ([HMIM][PF6]) since the [BF4] an-66
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ion formed a soluble species with copper while the [PF6] anion formed a uniform protec-67

tive layer on the copper surface.49 ILs composed of strongly coordinating anions such as68

bis(trifluoromethylsulfonyl)imide (TFSI) are more corrosive to metal surfaces than chloroa-69

luminate ILs or ILs with weakly coordinating anions such as tetrafluoroborate (BF4) and70

hexafluorophosphate (PF6) because TFSI can facilitate metal dissolution by forming a tight71

solvation layer with dissolved metal ions.3972

Results reported so far have shown that the chemical nature of the ions can affect the73

corrosion of metal surfaces interacting with ILs and that the anion plays a key role. However,74

the mechanisms by which anions affect metal corrosion are still not fully understood. Here,75

we focused on phosphonium-based ILs that are used in various applications where they76

come into contact with ferrous materials.10,22,51,52 We specifically studied trihexyltetrade-77

cylphosphonium benzoate ([P6,6,6,14][Benz]) and trihexyltetradecylphosphonium salicylate78

([P6,6,6,14][Sali]). These ILs have been used as lubricants for stainless steel53 and the an-79

ions are derived from natural organic sources.10 [P6,6,6,14][Benz] and [P6,6,6,14][Sali] were80

also chosen because they have the same cation but slightly different anions, which enabled81

isolation of the effect of the anion. First, we characterized corrosion of steel in the pres-82

ence of phophonium ILs experimentally. Then, we used reactive molecular dynamics (MD)83

simulations to investigate ion-surface interactions and reactions to identify and understand84

differences between the two anions.85

Methods86

Corrosion Experiments87

The two ionic liquids, [P6,6,6,14][Benz] and [P6,6,6,14][Sali] were synthesized using trihexyl-88

tetradecylphosphonium chloride and sodium benzoate, or sodium salicylate through ion ex-89

change reaction of trihexyl tetradecyl phosphonium chloride and sodium benzoate/salicylate,90

as reported in previous literature.10,14,54 The produced ionic liquids were dried at 80℃, under91
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vacuum for at least 6 hours and Fourier Transform Infrared Spectroscopy (FTIR) analysis92

was done to confirm the absence of any water peak. The dried ionic liquids were kept at93

room temperature (RT) inside a humidity-controlled desiccator (10 ± 5 %RH) before use.94

Atomic representations of the individual ions are shown in Fig. 1.95

Figure 1: Chemical structures of the [P6,6,6,14] cation, [Benz] anion, and [Sali] anion evalu-
ated in current study. HC: hydrogen atoms bonded to carbon atoms; HO: hydrogen atoms
bonded to oxygen atoms; O1: oxygen type 1 of the carboxyl group; O2: oxygen type 2 of
the carboxyl group; O3: oxygen atom in the hydroxyl group.

The chemical structures of the ILs were characterized using FTIR and 1H Nuclear Mag-96

netic Resonance (NMR) spectroscopy. FTIR analyses were performed using a Nicolet FTIR97

(Model: iSTM 380, Thermo Scientific). 1H NMR analysis of the neat ILs was carried out98

using an Agilent 500-MHz NMR spectroscope. Deuterated chloroform (CDCl3 having D,99

99.8%+0.05% V/V TMS) was used as the solvent to carry out the experiments. The results100

were analyzed using MestReNova software.101

FTIR spectra for the two phosphonium ILs are shown in Fig. S1. For both ILs, prominent102

peaks were observed for alkyl sp3 C-H bonds (2750-3000 cm−1) corresponding to the long103

alkyl chain in the cation, and aromatic C=C bonds (1450-1600 cm−1) that are present in104

the aromatic ring in the anion moieties. Similar spectra for these two ILs were reported105
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previously.54106

Structural confirmation was further obtained from 1H NMR analyses. Fig. S2(a) shows107

the 1H NMR spectrum for the [P6,6,6,14][Sali]. Here, eight multiplets (A-H) are observed,108

among which four (A, B, C and D) are in the aromatic region (6-8 ppm).55 The integral value109

for these four multiplets was four, corresponding to the number of proton nuclei present in the110

aromatic ring structure of salicylate anion. Among the other four multiplets, F is located in111

the methyl group region (-1 to 4) and corresponds to the four methyl groups (-CH3) present112

at the four ends of the cation side chains.55 E, G, and H multiplets are located within113

the alkyl chain region (1.1-5.2), confirming the 56 proton nuclei present in the four alkyl114

chain branches of the cation.55 This is consistent with results for [P6,6,6,14][Sali] previously115

reported.54 Similarly, in Fig. S2(b), the 1H spectrum for [P6,6,6,14][Benz] is presented,116

where 73 proton nuclei are confirmed within the ionic liquid structure, again consistent with117

literature.54118

To study the corrosion behavior of steel, AISI 52100 steel surfaces were prepared with119

an average surface roughness (Sa) of 0.16 µm. Open circuit potential (OCP) measurements,120

potentiodynamic polarization (PDP), and cyclic potentiodynamic polarization (CPDP) scans121

of the steel specimens were carried out for the neat ILs and for water (as a reference). A three-122

electrode electrochemical cell connected to a Gamry Reference 1010 potentiostat (Gamry123

Instruments, Warminster, PA, USA) was used to carry out the OCP, PDP, and CPDP124

investigations. A standard saturated calomel electrode (SCE) was used as the reference125

electrode, and a graphite rod was used as the counter electrode. The AISI 52100 steel126

specimen was used as the working electrode in the three-electrode setup. A 0.315 cm2 surface127

area of the working electrode was exposed to each liquid ([P6,6,6,14][Benz], [P6,6,6,14][Sali],128

and water) separately over 60 mins in each OCP test. After this duration, the electrochemical129

system reached a steady-state potential. At this condition, the PDP tests were carried out130

for each test liquid at a scan rate of 1 mV/s from an initial voltage of -0.5 V to a final voltage131

of 1.5 V, with respect to OCP. Similarly, the CPDP tests were carried out at the steady state132
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potential with a 1 mV/s scan rate for [P6,6,6,14][Sali] and [P6,6,6,14][Benz]. Each test was133

repeated at least twice.134

The surface topographies were recorded after the electrochemical tests using a profilome-135

ter (Rtec Instruments, CA, USA). Then, to characterize the long-term corrosion behavior of136

the ILs, AISI 52100 steel samples were submerged in [P6,6,6,14][Benz] or [P6,6,6,14][Sali] for137

28 days, and their surface topographies were recorded using the profilometer. To investigate138

the corrosion mechanisms, Electrochemical Impedance Spectroscopy experiment was carried139

out using a two-electrode system using the Gamry 1010 potentiostat from an initial frequency140

of 109 Hz to a final frequency of 0.01 Hz. FTIR scans were also carried out to detect any141

variation in the IL samples before and after long term corrosion tests. Finally, the corroded142

surfaces were analyzed using a Renishaw InVia Raman equipment between 200-1400 cm−1
143

wavenumbers.144

Reactive Molecular Dynamics Simulation145

(a) (b)

Figure 2: Perspective-view snapshots at the end of the simulations at 300 K for (a)
[P6,6,6,14][Benz] and (b) [P6,6,6,14][Sali].

Reactive MD simulations of [P6,6,6,14][Benz] and [P6,6,6,14][Sali] on an ideal 56.8 ×146

56.8 Å Fe(100) surface were performed to investigate the surface interactions and reactions147

of these ions. The model system comprised a body-centered cubic Fe(100) slab and 20 ion148

pairs in a periodic simulation box. Since the two ILs were characterized experimentally at149

100% concentration in experiments, the effect of solvent molecules or other impurities on150
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the adsorption process was not modeled. The structures of the individual ions are shown in151

Fig. 1. The ion models were created by Packmol56 and 20 ion pairs of either [P6,6,6,14][Benz]152

or [P6,6,6,14][Sali] were randomly placed 1 nm above the Fe(100) surface. For the crystal153

structure of ferrous surface, the most commonly used iron surfaces used to mimic ferrous154

metals in MD simulations are (110), (100) and (001).57 All these are simple approximations155

of steel and here we chose Fe(100) as representative.156

All simulations were performed using the open-source Large-scale Atomic/Molecular Mas-157

sively Parallel Simulator (LAMMPS) package.58 Simulations were based on the ReaxFF force158

field. ReaxFF parameters for P/C/H/O were taken from Ref.59 and parameters for interac-159

tions with Fe were taken from Ref.60 These force field parameters have undergone extensive160

validation and benchmarking against experimental data and density functional theory (DFT)161

calculations. Particularly, parameters for P/C/H/O interactions were reported to give good162

agreement with DFT energies for C–O bond dissociation, P–C bond dissociation, and C–P–C163

angle distortion. Additionally, the density of phosphonium glycinate and its mixture with164

CO2 calculated using the ReaxFF force field matched well with experimental values.59 Most165

relevant to the current study, this parameter set was used previously to model thermal de-166

composition of phosphonium benzoate and phosphonium salicylate with results that agreed167

well with experimental observations.5 Parameters for interactions between Fe and P/C/H/O168

were validated by reproducing energies calculated using DFT for Fe–O–P and Fe–P–O an-169

gles, Fe–P bond dissociation, Fe–O–P angle bending, and binding energies for P and PO on170

an Fe(100) surface.60 This parameter set was used previously to model thermal decomposi-171

tion of tricresyl phosphate on ferrous surfaces where simulation-calculated reaction products172

were consistent with those measured in experiments.61173

After energy minimization, the simulations were performed with a canonical ensemble174

with a time step of 0.25 fs. The temperature was maintained at 300 K with a damping175

parameter of 25 fs using a Nosé–Hoover thermostat.62 During this simulation, the ions ap-176

proached and reacted with the surface atoms. It was found that the number of ion-surface177
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bonds reached steady-state after about 0.6 ns at 300 K. Therefore, the simulations were178

performed for a total duration of 1 ns by which time the potential energy of the simulation179

system and number of bonds had reached steady state. Simulations were also run at 400 K180

and 500 K for 1 ns. Figs. 2 show snapshots from the end of representative simulations after181

reactions between the ions and surface reached steady state. Chemical bonding between182

atoms in ILs and Fe atoms in surface was analyzed based on the ReaxFF bond table using183

user-defined Python scripts. Results were averaged over 20 time frames during the last 25184

ps of the simulation.185

Results and Discussion186

The OCP results for the AISI 52100 steel with the two phosphonium ILs as well as with187

water for reference are shown in Fig. 3. It has been reported the OCP is a measure of the188

corrosion potential of electrolytes.63 Both ILs had much lower corrosion potential than the189

water. Comparing the two ILs, the stable voltage recorded for [P6,6,6,14][Sali] was -0.12 V190

and, for [P6,6,6,14][Benz], it was -0.24 V, indicating [Sali] has lower corrosion potential than191

[Benz]. Profilometer images taken after the electrochemical tests are also shown in Fig. 3.192

Significant pitting occurred for water whereas, for both ILs, the pitting marks were shallow193

and small.194

The PDP curves of the steel surfaces for the two ILs and water are reported in Fig. 4.195

These results provide an estimation of relative current flow above OCP and can be used to196

assess the relative corrosiveness of different electrolytes for a given metal.64 The corrosion197

current density was obtained from the polarization curve using the Tafel extrapolation tech-198

nique.65 The measured current densities for [P6,6,6,14][Sali], [P6,6,6,14][Benz], and water199

were 0.12 µA/cm2, 0.30 µA/cm2, and 5.8 µA/cm2, respectively. This shows that the water200

was much more corrosive than the ILs.201

The corrosion rate (mpy) was calculated using the Tafel extrapolation method as CR =202
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Figure 3: Representative open circuit potential of two ILs and water. To the right are shown
representative profilometer images of the steel surfaces taken after the test. The color scale
is inverted in the topography images such that large positive values correspond to deep pits.
Each test was repeated twice.

Figure 4: Representative potentiodynamic polarization curves for the two ILs and water.
Each test was repeated twice.
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(0.13 × Icorr × E.W.)/d, where Icorr is the corrosion current density in A/cm2, E.W. is203

the equivalent weight of the corroding species, which is 25.59 for AISI 52100 steel, and d is204

the density of corroding species, which is 7.81 g/cm3 for AISI 52100 steel. The corrosion205

rates obtained for [P6,6,6,14][Sali], [P6,6,6,14][Benz], and water were 0.052 ± 0.005, 0.112 ±206

0.028, and 3.56 ± 1.216 mpy, respectively. This confirms that the corrosion of steel by the207

ionic liquids was significantly lower than by water.208

(a) (b)

Figure 5: Representative cyclic potentiodynamic polarization curves for (a) [P6,6,6,14][Benz]
and (b) [P6,6,6,14][Sali] with black arrows indicating forward scan and purple arrows for the
reverse scan. Each test was repeated twice.

Table 1: Cyclic potentiodynamic polarization analysis.

ILs Epit (V) Ecorr (V) Ep (V) Hysteresis type
[P6,6,6,14][Benz] 0.21 -0.25 -0.15 Negative
[P6,6,6,14][Sali] 0.75 -0.20 -0.30 Positive

The CPDP results for the two ILs are shown in Fig. 5, where horizontal lines identify the209

key parameters: pitting potential (Epit), corrosion potential (Ecorr), and protection potential210

(Ep). As shown in Fig. 5 and Table 1, Epit is lower for [P6,6,6,14][Benz] than [P6,6,6,14][Sali],211

indicating the steel is more susceptible to the initiation of corrosion pits in the presence of212

the [Benz]-containing IL. However, for [P6,6,6,14][Benz], Ep is above Ecorr with a negative213

hysteresis loop, indicating that the passive film damage repaired itself during the cathodic214
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polarization phase such that further pitting was not initiated.66 Negative hysteresis typically215

occurs in CPDP when, for the reverse voltage sweep, the current density goes lower than the216

forward cycle67 (indicated by the purple arrows in Fig. 5(a)). As a result, the Ep stays above217

the Ecorr. In contrast, positive hysteresis occurs when the current density in the reverse cycle218

becomes more than the first cycle, depicting Ep<Ecorr.
67 As observed in Fig. 5(b), Ep is219

below Ecorr for [P6,6,6,14][Sali] with a positive hysteresis loop, indicating a lack of effective220

protection or insufficient formation of a protective film to prevent pitting propagation.221

Figure 6: Photos and inverted topography images of steel from the experimental corrosion
test of [P6,6,6,14][Benz] and [P6,6,6,14][Sali] on AISI 52100 steel at room temperature after
four weeks. The color scale is inverted in the topography images such that large positive
values correspond to deep pits.

The results from the CDPD tests indicated the two ILs should have different pitting222

behavior on steel. Next, a long duration corrosion study was carried out to directly observe223
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pitting. Photos and surface topography images of the steel surfaces after the experimental224

corrosion tests with [P6,6,6,14][Benz] and [P6,6,6,14][Sali] after four weeks are shown in225

Fig. 6. With both ILs, pits formed on the surfaces due to corrosion and it was observed that226

both surfaces got rougher. The average surface roughness, 0.16 µm before testing, increased227

to 0.92 µm for [P6,6,6,14][Sali] and 0.22 µm for [P6,6,6,14][Benz]. There are also distinct228

differences in the surface morphologies, with narrow deep pits observed for [P6,6,6,14][Benz]229

and broad shallow pits for [P6,6,6,14][Sali]. In the case of [P6,6,6,14][Benz], the average230

maximum roughness valley depth (Rvm) was 18.94 ± 4.41 µm but only about 0.2% of the231

surface area was pitted. In the case of [P6,6,6,14][Sali], the average depth of the pits was232

much less, with an Rvm of 2.23 ± 0.58 µm, but the pit area was much larger, covering 11.9%233

of the surface. The deep purple color for the case of [P6,6,6,14][Sali] indicates the formation234

of iron-salicylate.68235

Figure 7: Representative Nyquist plot from the electrochemical impedance spectroscopy of
two ILs. Each test was repeated three times.

Fig. 7 shows the Nyquist plots for the studied ILs. For both ILs, the curve contains236
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a semi-circle representing the charge transfer process, and an upward line, representing237

the diffusion control process.69 The wider semi-circle for [P6,6,6,14][Sali] indicates a slower238

charge transfer process than [P6,6,6,14][Benz]. This could be attributed to the smaller and239

symmetric anion shape of benzoate, that vertically orients onto the surface, allowing more240

ions (cation and anion) to come close to the surface70 and participate in charge transfer. As a241

result, the charge transfer for [P6,6,6,14][Benz] was likely to be higher than [P6,6,6,14][Sali].242

Higher charge transfer increases the molecular adsorption on metal.71 Possibly for this reason,243

[P6,6,6,14][Benz] was better able to passivate the surface than [P6,6,6,14][Sali]. The linear244

portion in the Nyquist plot indicates a diffusion control reaction, meaning the ions are245

diffused towards the steel surface due to the concentration gradient.72 Both [P6,6,6,14][Sali]246

and [P4,4,4,14][Benz] exhibited diffusion, which could have facilitated electron or proton247

transfer reactions at the interface.73248

Figure 8: FTIR spectroscopy of the ILs before and after the long-term corrosion test (C
indicates the IL sample after corrosion test).

To understand any chemical change to the ILs after the long term corrosion test, FTIR249
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analysis was done. Fig. 8 shows the FTIR analysis of the ionic liquids before and af-250

ter the long-term corrosion tests. Fig. 8 shows that no significant change occurred for251

[P6,6,6,14][Benz] after corrosion (indicated with a C in Fig. 8). However, some deviations252

in the FTIR spectra were identified for [P6,6,6,14][Sali]. Particularly, two new peaks were253

observed around 631 cm−1 and 1616 cm−1, indicating the presence of iron oxide from the254

surface due to the dissolution of iron in the presence of the ionic liquid.255

Figure 9: Raman spectroscopy of the corroded surface after the long term corrosion
test. The corroded surface profiles observed in the Invia confocal Raman microscope for
[P6,6,6,14][Sali] and [P6,6,6,14][Benz] are shown in the inset with the red and green arrows,
respectively.

To characterize changes to the steel surface after the long-term corrosion test in the256

presence of ILs, Raman spectroscopy was carried out. In Fig. 9, [P6,6,6,14][Sali] exhibits257

prominent peaks at around 294, 410, 609, 705, 1315 cm−1. These peaks correspond to Fe2O3258

as reported in the literature.74 The peak at 861 cm−1 corresponds to C-O-C, which could259

be due to the interaction of oxygen on the anionic moiety with the carbon present in the260
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carbon steel.75 The peak at 1026 cm−1 could be for the C-H stretch due to the interaction261

of cationic alkyl moiety adsorbed chemically on the surface.76 Similar peaks were obtained262

with weaker intensity for [P6,6,6,14][Benz] as well. It could be concluded that salicylate,263

having more oxygen in the hydroxyl group, was able to react with surface more and provide264

more oxides than benzoate.265

The very different types of pitting in the long duration corrosion tests with the two266

ILs can be understood in terms of the results from the OCP, PDP, and CPDP tests. The267

OCP and PDP tests showed that the current density and the corrosion rate were higher268

for [P6,6,6,14][Benz] than [P6,6,6,14][Sali]. Besides, the CPDP results showed that the pit-269

ting potential was lower for [P6,6,6,14][Benz]. However, with [P6,6,6,14][Benz], there was270

sufficient protection by the passive film on steel to limit pitting propagation. Therefore,271

while corrosion was likely to happen more rapidly with [P6,6,6,14][Benz], the protective272

film impeded propagation such that subsequent corrosion occurred near the points of ini-273

tiation, leading to narrow, deep pits. In contrast, while the corrosion rate was slower for274

[P6,6,6,14][Sali], there was an insufficient protective film such that corrosion propagated on275

the surface, resulting in broad, but shallower pits.276

(a) (b)

Figure 10: Steady-state number of Fe atoms bonded to (a) cations and (b) anions from
simulations of the two ILs interacting with a Fe(100) surface at three different temperatures
with error bars showing the standard deviation for three independent tests.
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To better understand the IL interactions with the steel surface at high temperature,277

PDP experiments were carried out at 373 K. Fig. S3(a-b) shows the PDP curves for278

[P6,6,6,14][Sali] and [P6,6,6,14][Benz] at room temperature (298 K) and a higher tempera-279

ture (373 K). For both ILs, the PDP graph shifted to the right at the higher temperature.280

The corrosion current densities at 373 K for [P6,6,6,14][Sali] and [P6,6,6,14][Benz] are 4.9281

A/cm2 and 2.3 A/cm2, respectively. As calculated from two repeated tests, the corrosion rate282

associated with [P6,6,6,14][Sali] at 373 K is 2.37 ± 0.131, which is faster than at room tem-283

perature. Similarly, at the higher temperature, a faster corrosion rate of 0.813 ± 0.362 was284

observed for [P6,6,6,14][Benz]. At high temperatures, the surface oxidation rate increased285

and, therefore, the corrosion rate increased as well.77286

Due to their limited time and size scale, reactive MD simulations cannot explicitly model287

material removal through corrosion. However, as a first step, simulations were used to288

understand how the ions interact and chemically react with a ferrous surface. First, we289

analyzed the bonding between surface Fe atoms and the cations and anions in the ILs. As290

shown in Fig. 10, the surface bonding increased with temperature, as expected since more291

thermal energy facilitates bond dissociation and formation. There are more cation-Fe bonds292

than anion-Fe bonds because there is a greater number of atoms in the cations than the293

anions. However, the difference between Fe-cation bonding for the two ILs was negligible in294

Fig. 10(a), as expected since the cation is the same. In contrast, the comparison of anion-295

surface interactions in Fig. 10(b) shows that the key difference between the ILs is that [Sali]296

exhibits more bonding with the surface than [Benz] at any temperature.297

Therefore, we focused subsequent analysis on interactions between Fe and the anions.298

Anion chemisorption reactions can occur through formation of either Fe–C or Fe–O bonds.299

The number of Fe atoms bonded to anion C or O atoms is given in Fig. 11. This analysis300

shows that bonding with C is dominant for the [Sali] while O bonding is dominant for the301

[Benz] at all temperatures. Since the reactions with O atoms are the cause of corrosion,302

the Fe–O bonding was further analyzed, where oxygen atoms are identified by the labels in303
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Fig. 2.304

(a) (b)

Figure 11: Steady-state number of Fe atoms bonded to (a) C atoms and (b) O atoms in the
anions from simulations of the two ILs interacting with a Fe(100) surface at three different
temperatures with error bars showing the standard deviation for three independent tests.

For [Benz], as shown in Fig. 12(a), the number of Fe–O1 and Fe–O2 bonds was similar305

at all temperatures, as expected since the ion is symmetric. In these simulations, there were306

only two bonding scenarios: (i) Fe–O1 and Fe–O2 (Fe–O1&O2), or (ii) Fe–O1 or Fe–O2 (Fe–307

O1∥O2). Snapshots of representative examples of these two bonding scenarios are shown in308

Figs. 12(b) and (c). The likelihood of each bonding scenario was calculated from the number309

of anions exhibiting a given bonding scenario divided by the total number of chemisorbed310

anions. The calculation was performed at the end of the simulation using data from all three311

temperatures (no statistical difference between the temperatures was observed). The anion312

reacted with the surface through Fe–O1&O2 bonding 93.1% of the time, consistent with a313

previous experimental study that reported bonding at the two O atoms in [Benz] and a TiO2314

surface.78 The Fe–O1∥O2 bonding scenario was only observed 6.9% of the time.315

For [Sali], as shown in Fig. 13(a), the reactivity of the O atoms with Fe on the surface316

decreased as O1 > O2 > O3 at all temperatures. The O1 was more reactive than the O2 in317

[Sali] due to the presence of the hydroxyl group. As mentioned in a previous study, the hy-318

droxyl group (H–O3) pointing to O2 indicates intramolecular interaction between the H atom319
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(a) (b) 93.1% (c) 6.9%

Figure 12: (a) Number of Fe–O1 and Fe–O2 bonds as a function of temperature for [Benz],
with representative snapshots of the two possible bonding scenarios (b) Fe–O1&O2 or (c)
Fe–O1∥O2, and the percent of all bonded anions in which each scenario was observed.

in the hydroxyl group and O2, which hinders the ability of O2 to take part in reactions with320

other atoms.5 For [Sali], there were four bonding scenarios: Fe–O1&O2, Fe–O1&O2&O3,321

Fe–O1, and Fe–O3. This is consistent with the multiple possible bonding scenarios for [Sali]322

on metal surfaces found in previous studies using experiments and simulations showing both323

the hydroxyl group and carboxyl group can interact with metal.79–83 Like [Benz], for [Sali],324

Fe–O1&O2 bonding was the dominant scenario with a probability of 51.9%. This was fol-325

lowed by Fe–O1&O2&O3 with 22.3%, Fe–O1 with 19.1%, and Fe–O3 with 6.7%. In [Sali,]326

both the carboxyl group and the hydroxyl groups can interact with Fe atoms,84 so there are327

more possible bonding scenarios for [Sali] than [Benz].328

For both [Benz] and [Sali], the key difference between the different bonding scenarios329

is the orientation of the benzene ring relative to the surface. The orientation of anions has330

previously been found to affect the interaction between ILs and surfaces. For example, anion331

orientation was found to affect metal-IL binding energy,70,85 IL film formation on alumina,86332

and interactions between ILs and graphene.87 Therefore, the anion orientation for each Fe–O333

bonding scenario was analyzed for both ILs.334

Anion orientation angle was calculated as the angle between the anion plane (defined335
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(a)

(b) 51.9% (c) 22.3% (d) 19.1% (e) 6.7%

Figure 13: (a) Number of Fe–O1, Fe–O2, and Fe–O3 bonds as a function of temperature for
[Sali] with representative snapshots of the four possible bonding scenarios (b) Fe–O1&O2,
(c) Fe–O1&O2&O3, (d) Fe–O1 or (e) Fe–O3, and the percent of all bonded anions in which
each scenario was observed.

by the positions of O1, O2, and the carbon atom in the benzene ring farthest from the336

carboxyl group), and the plane of the Fe(100) surface. This calculation was performed for337

each bonding scenario observed in simulations at all three temperatures (no difference in the338

trends was observed at the different temperatures). As shown in Fig. 14, the anions with339

Fe–O1&O2 bonding tended to be orientated more vertically (angles approaching 90°) than340

the other bonding scenarios for both anions. The frequency of Fe–O1&O2 bonding scenario341

was much higher for [Benz] than [Sali], indicating [Benz] was oriented more vertically relative342

to the ferrous surface than [Sali]. This is consistent with the dominant O bonding for the343

[Benz] and dominant C bonding for the [Sali] observed in Fig. 11.344
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(a) (b)

Figure 14: Distribution of the anion orientation angle relative to the surface (at 0°, the
benzene ring is parallel to the surface and at 90°the ring is perpendicular to the surface) for
the different Fe–O bonding scenarios exhibited by (a) [Benz] and (b) [Sali].

As mentioned previously, reactive MD simulations cannot explicitly model corrosion, so345

the simulation results cannot directly explain trends observed in the experiments. However,346

there are some possible implications of the findings from the simulations for corrosion. First,347

the vertical orientation of [Benz] anions enabled more [Benz] anions to reach the surface than348

the [Sali]. This was confirmed by calculating the average anion number density (number of349

ions per nm2) chemisorbed on the surface, which was found to be 0.42, 0.58, and 0.62 for350

[Benz] and 0.25, 0.39, and 0.41 for [Sali] at the three different temperatures. A previous351

study also reported that [Benz] can be absorbed more easily on ferrous surfaces compared352

to [Sali].84 The higher density of [Benz] can lead to a faster rate of charge transfer at the353

metal/IL interface, supporting the observation in the Nyquist plots. This may suggest a354

mechanism to explain the higher OCP voltage magnitude in Fig. 3 and higher PDP current355

flow in Fig. 4 for [P6,6,6,14][Benz] than [P6,6,6,14][Sali].356

Second, the orientation of the ions on the surface affects the stability of the Fe-anion357

complexes formed. It has been reported previously that Fe-[Sali] complexes are stronger and358

more stable than Fe-[Benz] complexes.84 Here, the relative stability of the two anions on the359

surface was estimated using the Fe–O bond order available from ReaxFF.88 The results in360
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(a) (b)

Figure 15: Steady-state Fe–O bond order (a) for the two anions and (b) separated by O type
at three different temperatures with error bars showing the standard deviation for three
independent tests.

Fig. 15(a) show that the bond order was consistently higher for [Sali], indicating stronger361

bonds and greater stability of the Fe–[Sali] complex. The bond order analysis was repeated362

for each oxygen atom separately and, as shown in Fig. 15(b), the strongest Fe–[Sali] bonds363

were for O3. This bonding site was not available in [Benz], leading to lower chemical stability364

of the Fe-[Benz] complex. This can be correlated to the FTIR results in Fig. 8 where the peak365

shape for benzoate did not change whereas, for salicylate, additional peaks for iron oxide366

were detected, which indicates the formation of the iron oxide-salicylate complex. These367

analyses of stability may suggest a mechanism to explain the qualitative differences between368

the ILs in the long-duration corrosion tests in Fig. 6. Since Fe-[benz] complexes are relatively369

unstable chemically, they are more likely to dissociate, promoting dissolution of the surface370

and making available new active sites for subsequent corrosion reactions. The dissolution371

of the ferrous surface is localized around the initial Fe–O bonding leading to, over time,372

the formation of deep and narrow corrosion pits. In contrast, the stability of the Fe-[Sali]373

complexes hinders localized dissolution and leads to subsequent bonding and dissolution over374

a larger area, resulting in the formation of wider and shallower corrosion pits.375
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Conclusions376

Reactive MD simulations of chemical adsorption and experimental corrosion tests were used377

to explore the interactions between ferrous surfaces and phosphonium benzoate or phospho-378

nium salicylate. From experiments, both ILs showed much less corrosion of steel than water.379

However, OCP, PDP, and surface topography analysis showed that the corrosion behavior of380

the two ILs differed, where corrosion was likely to be faster and form narrower, deeper cor-381

rosion pits for the [Benz]-based IL. Further, EIS and CPDP analyses showed that the charge382

transfer at the interface was higher for [Benz], and its protection potential was higher than383

[Sali], meaning the surface was passivated and then the passive film protected the surface384

from further localized pitting. In contrast, [Sali] experienced slower charge transfer, indicat-385

ing that the passive film broke down to initiate more pits, creating a shallower, but wider386

pit pattern than [Benz]. While the reactive MD simulations could not directly mimic these387

experiments, as a first step towards understand mechanisms, the simulations were used to388

investigate IL-surface interactions. The key observations were that the interactions between389

Fe and [Benz] were localized at the O atoms in the carboxyl group leading to preferentially390

vertical alignment relative to the surface. In contrast, the interactions between Fe and [Sali]391

were distributed across the anion such that [Sali] had more possible bonding scenarios and392

tended to be oriented parallel to the surface.393

Both experiments and simulations confirm that the anion plays a critical role in affecting394

how ILs react with surfaces, including as part of corrosion processes. The sensitivity of these395

interactions to the anion is emphasized by the fact that the chemical difference between396

[Benz] and [Sali] is so subtle. For these two anions particularly, the reactive simulations397

showed that the orientation of the anion after bonding to the surface can directly affect398

chemisorption reactions. This has implications for understanding corrosion mechanisms as399

well as other scientific and engineering process that involve ionic liquids in contact with400

ferrous surfaces. Lastly, although the current study was focused on the role of anion moiety401

and only one Fe surface, the simulation method developed may be used in future work to402
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explore the potential effects of surface inclusions, different metals or surfaces, impurities in403

the ILs, or solvents molecules on interactions and reactions between ILs and surfaces.404
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