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Abstract6

The SMORS mechanism describing the formation of insoluble material7

in bulk jet fuel was investigated using density functional and experimental8

techniques. The first part of the SMORS mechanism, the formation of9

quinones from the oxidation of indigenous fuel phenols, was shown to proceed10

via two possible pathways. First, a single-step pathway yielding two quinones11

and a hydrogen peroxide. Secondly, a two-step pathway yielding a quinone,12

p-chinole and singlet oxygen. The second step of the SMORS mechanism,13

the reaction of quinones with electron-rich heterocyles in fuels, was shown14

to proceed via a homolytic aromatic substitution pathway. These findings,15

allow us to propose a modified SMORS mechanism, built on our enhanced16

mechanistic understanding of fuel deposit formation.17

1. Introduction18

Liquid-phase jet fuel thermal oxidative degradation in conventional fuels19

is largely driven by minor heteroatomic species.[1] The process of jet fuel20

thermal degradation can be split into three main stages: 1) autoxidation of21

the bulk fuel yielding oxidized species, 2) agglomeration of oxidized compon-22

ents to high molecular weight species, 3) formation of insolubles.[2] There23

is a better understanding of step 1 than step 2, and this is reflected in the24

existing pseudo-detailed mechanisms for deposition, where there are more25

steps representing autoxidation reactions.[3, 1, 4]26
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To understand the agglomeration and insoluble formation processes in more27

detail, researchers have taken the approach of correlating initial polar con-28

centrations with mass of deposit.[5, 6, 7] Phenols and electron-rich nitrogen29

compounds, indoles and carbazoles, were found to correlate well with mass of30

deposit.[7] In fact, phenol and electron-rich nitrogen compounds have been31

found to interact synergistically to enhance deposit formation in fuels.[6, 8]32

To explain this synergistic effect, Beaver et al. proposed the Soluble Macro-33

molecular Oxidatively Reactive Species (SMORS) mechanism.[9] The SMORS34

mechanism was originally based on work by Hardy and Wechter. Hardy and35

Wechter identified nitrogen and oxygen containing deposit precursors using36

methanol extraction, where Beaver et al. proposed these precursors to form37

from quinone-aromatic coupling species. Several articles have subsequently38

used this mechanism to explain observed deposition effects,[10, 11, 12, 13]39

but none have explored the SMORS mechanism in depth.40

The original SMORS mechanism proposed by Beaver et al. is described in41

detail in the following reference[9] and in Figure 1. It relies on the formation of42

electrophilic quinones from the oxidation of phenol. These quinones are then43

proposed to undergo electrophilic aromatic substitution reactions (EAS) with44

electron-rich heteroatomic compounds in fuel.[14] Using indole as a model45

for nitrogen heterocycle leads to the formation of a 3-indolyl hydroquinone.46

The EAS product between quinone and nitrogen heterocycles is proposed47

to undergo further EAS steps to successively larger structures, ultimately48

forming insoluble particles in fuel.[10]49

50

In recent years, density functional theory (DFT) has become an increas-51

ingly popular tool to investigate thermal oxidative reactions in fuel.[16, 17,52

18, 19] DFT rests upon the assumption that the electron density in an53

atom/molecule is related to the ground state energy of the system, which in54

turn can be used to calculate thermochemical and kinetic parameters of reac-55

tion systems.[20] Early work by Zabarnick et al. used the B3LYP//6-31G(d)56

level of theory to investigate X–H bond dissociation energies of various fuel57

heteroatoms to understand their chain-breaking properties.[17] Building on58

these methods, Parks et al. used the B3LYP//cc-pVTZ level of theory to59

propose a copper catalyzed hydroperoxide decomposition cycle.[16] Further60

work by Parks et al. successively elucidated thermally oxidation pathways of61

a variety of sulfur classes.[18]62
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Figure 1: SMORS mechanism as described in reference[9]. The compound (12) is found as
an extract in Hardy and Wechter’s original paper.[15]

It is the aim of this work to investigate the proposed SMORS mechanism63

at a molecular level using DFT methods, while proposing alternative path-64

ways where appropriate. Additionally, our DFT calculations will enhance65

the understanding of the SMORS mechanism itself, and allow us to propose66

alternative pathways. Moreover, a greater mechanistic understanding of the67

SMORS mechanism will eventually lead to enhanced predictive capabilities68

in the form of pseudo-detailed mechanisms.69

2. Materials and Methods70

2.1. Computational Details71

All calculations were performed in Gaussian09 (E.01) using the B3LYP72

functional.[21][22] Grimme’s DFT-D3(BJ) dispersion correction was applied73

to all the calculations to account for long-range effects.[23] A PCM solvation74

model, with n-dodecane as the chosen solvent, was selected to replicate the75

hydrocarbon bulk.[24] The basis set chosen was cc-pVTZ on an ultrafine grid,76
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this basis set adds polarization functions, thus orbital hybridization can be77

taken into account.[25] Transition states were optimized using the QST1/378

method depending on the reaction studied. All transition states were verified79

by the presence of one imaginary frequency corresponding to the saddle point.80

Additionally, intrinsic reaction coordinate (IRC) calculations were performed81

to verify the transition state corresponded to the expected reactants and82

products. Unrestricted (broken symmetry) calculations were performed on83

open-shell systems, where the HOMO and LUMO were mixed (guess=mix84

option). Entropy values were corrected using the GoodVibes script, which85

employs a quasi-harmonic correction corrected at 298 K.[26, 27, 28] The86

quinone oxidation pathway in Section 3.2 was further validated with single87

point DLPNO-CCSD(T)[29, 30, 31, 32, 33] calculations using the ORCA88

quantum chemistry package.[34] DLPNO-CCSD(T) allows near CCSD(T)89

accurate calculations at a fraction of the cost by identifying electron pairs90

with significant contributions to correlation energy, where the correlation91

energies for the other pairs are obtained at the MP2 level of theory.92

2.2. Surrogate Fuels93

The details of the experimental setup can be found in the supporting94

information (Section 4).95

3. Results and Discussion96

In this section we will present the DFT calculations for each step of97

SMORS, in conformity with reference.[9]98

3.1. Formation of the Keto-Peroxyl Radical99

The first set of calculations was focused on the generation of keto peroxyl100

radical, indicated as (P1) in Figure 2. In the generalized SMORS reaction101

scheme, the first step involves the abstraction of a hydrogen atom from a102

phenol (representing an indigenous antioxidant) by a hydroxy radical ROO · .103

As shown in Figure 2, the Gibbs free energy barrier corresponding to the104

transition state of this reaction (TS1) is ∆‡G=+12.65 kcal mol
−1; the overall105

reaction is slightly endergonic, with a ∆
r
G(ROO · )= +0.40 kcal mol

−1.106

Comparing the hydrogen abstraction step for the reaction between phenol107

and different n-dodecane fuel radical classes (R · , RO · , ROO · )[1], the RO ·108

pathway provides the lowest barriers. The calculated values for each pathway109
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Species ∆‡S ∆‡H ∆‡G ∆rS ∆rH ∆rG
(kcal
mol-1K-1)

(kcal
mol-1)

(kcal
mol-1)

(kcal
mol-1K-1)

(kcal
mol-1)

(kcal
mol-1)

R · -2.749E-02 8.24 9.97 -1.440E-03 -18.88 -17.98

RO · -2.037E-02 0.29 1.32 1.24E-03 -3.31 -20.79

ROO · -2.327E-03 8.94 10.40 9.00E-06 0.40 0.40

Table 1: Calculated energy change of reaction ∆‡ and formation ∆r values for reaction
of phenol with different dodecane fuel radicals calculated at the B3LYP-D3//cc-pVTZ
n-dodecane PCM level of theory. Enthalpy values are corrected with GoodVibes at 298K.
All ∆‡ values are calculated from stable pre-collision complexes located from an IRC
calculation.

associated for each radical class are presented in Table 1 and the comparison110

for each pathway is shown in Figure 2. The higher associated barriers ∆‡G for111

the R · and ROO · species compared to RO · are likely due to the higher level112

of distortion associated with these barriers. Energies of formation ∆rG for113

the radical classes go from highest to lowest RO · > R · > ROO · . The ability114

of the electron-rich oxygens to share spin density with the ring can justify115

the lower peroxyl radical reactivity, leading to enhanced radical stability.116

Whereas the alkyl radical is stabilized solely by the inductive effects from the117

adjacent carbons.[35]118

119

The next step in the SMORS mechanism is the reaction of dissolved120

oxygen with the resulting phenoxy radical. In order to study this step121

computationally, triplet oxygen was selected for the calculation, because122

of its higher stability and commonality in nature.[36] Our results indicate123

that the reaction between dissolved oxygen and the phenoxy radical is endo-124

thermic, with a ∆
r
G=+15.23 kcal/mol. The transition state with a barrier125

of ∆
r
G=+21.50 kcal/mol was identified for this reaction (TS2 in Figure 2),126

which is in good agreement with the previous work.[37] Overall, the formation127

of keto-peroxyl radical (P1 in Figure 2) is endergonic, indicating that high128

temperatures would be needed for this species to form. However, the exergon-129

icity of the reactions of phenol with R · and RO · more than compensates for130

this, making the hydrogen abstraction using R · or RO · exergonic overall131
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Figure 2: Potential energy surface (Gibbs energy) for the formation of the keto peroxyl
radical calculated at the B3LYP-D3//cc-pVTZ level of theory using n-dodecane (PCM) as
a solvent.

and making these reactions more favorable than the reaction with ROO ·132

Nevertheless, the concentration of these chain-carrying radicals will be im-133

portant too, with ROO · being primary chain carriers due to their higher134

concentration.[2]135

136

3.2. Formation of Quinones137

The next step proposed in the SMORS mechanism is the chain termination138

of two keto peroxyl radicals, resulting in the formation of a quinone, a hy-139

droquinone and oxygen. Quinones have been found to form from substituted140

and unsubstituted phenols in fuels under oxidative conditions.[38, 4] The141

formation of quinones from phenols is universally found to occur via a termin-142

ation step.[39, 40, 41] In the SMORS mechanism proposed by Beaver et al.143
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it has been suggested that this step is likely to proceed with the formation of144

a tetraperoxide (ROOOOR) intermediate, formed from the recombination of145

two keto-peroxyl radicals. Beaver et al. then propose quinones are formed by146

the decomposition of the ROOOOR via a Russell Mechanism decomposition,147

leading to the final products.[42] However, our DFT calculations suggest that148

this is unlikely. The final SMORS species are 104.89 kcal mol
−1 (indicated as149

the red level in Figure 3) lower than the starting state of keto-peroxyl radicals.150

However, it is highly unlikely that the α hydrogen (labelled as 1 in Figure 3)151

would be able to move to the para-oxygen (labelled as 2 in Figure 3), given152

that the distance of 4.75 Å is prohibitive to hydrogen transfer. Indeed no153

transition state was found for this hydrogen transfer.154

Because the termination of two radicals is unlikely, the production of keto-155

peroxyl radicals and subsequent tetroxide formation in competition with156

n-dodecane autoxidation and other phenol H-abstraction pathways was ex-157

plored using a pseudo-detailed mechanism. The details of the pseudo-detailed158

mechanism are presented in Section 5. The final concentrations of the species159

from our pseudo-detailed mechanism is presented in Table 5. Despite the160

competing steps, the formation of the tetroxide is still competitive with the161

other autoxidation and hydrogen abstraction steps, with the concentrations162

greater or similar to n-dodecane autoxidation products found.163

Alternative to the proposed oxidation products in reference [9], several path-164

ways yielding a p-chinole (a), quinone (b), and singlet oxygen (c). These are165

shown as P2a,b,d in Figure 3. Additionally, a pathway yielding two quinones166

(a) and hydrogen peroxide (d) were found (P2c in Figure 3).167

The first step is the formation of the tetraperoxide. A barrier of 13.36 kcal mol
−1

168

(TS3) for peroxyl radical recombination and the formation of the tetraperox-169

ide (I2) was found in our calculations, which is similar to the previous work170

on peroxyl radicals.[43]. Furthermore, the formation of the tetraperoxide171

(I2) is endergonic, with a Gibbs energy +8.05 kcal mol
−1 above the separated172

species. This can be attributed to the instability of the linear ROOOOR173

structure.[44] It is worth mentioning that no stable ROOOOR species was174

found on the triplet surface, which is in agreement with previous work.[45]175

The decomposition of ROOOOR can proceed through several pathways which176

are discussed here. First, a modified Russell Mechanism pathway was explored,177
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leading to the formation of quinone (I2 → TS4a → P2a,b,d) However, the178

Russell mechanism pathway was found to have a high Gibbs free energy barrier179

of ∆‡G=+34.91 kcal mol
−1 . Such a high energy barrier indicates that the180

Russell mechanism is unlikely to contribute significantly to quinone formation,181

when compared to other calculated pathways in this section. We note that182

experimental work has found little evidence for the Russell Mechanism[42] in183

peroxyl self-reactions producing ROH, RCHO and O2 products.[46, 47, 48]184

Given that the Russell Mechanism decomposition of the tetraperoxide was185

found to have a large free energy barrier, we considered other pathways. As186

a consequence, an exergonic single-step channel was identified (I2 → TS4c187

→ P2c), yielding a two quinones and a hydrogen peroxide P2c. First, the188

tetraperoxide decomposes via T4c (∆‡G=10.87 kcal mol
−1), predicting a sim-189

ultaneous transfer of two α-hydrogens to two oxygens in the ROOOOR chain190

and the cleavage of two O-O bonds. The IRC calculation for this transition191

state can be found in Figure 1 in the SI. Production of hydrogen peroxide192

from peroxyl self-reactions has been detected in previous work.[41] But, to193

the best of our knowledge, this is the first time a concerted hydrogen peroxide194

production step has been located.195

A second pathway consists of a two-step channel yielding a quinone, p-chinole,196

and singlet oxygen species was identified (I2 → TS4b → I3b → TS5b →197

P2a,b,d). This includes a transition state TS4b (∆‡G=25.27 kcal mol
−1)198

involving a simultaneous cleavage of one O-O and transfer of an α-hydrogen to199

an oxygen. The resultant intermediate formed (I3b) is a stable hydrotrioxide200

(ROOOH) species hydrogen bonded to a quinone species (∆
r
G=−51.58 kcal/mol).201

Subsequently, the hydrotrioxide species can decompose via a transition state202

TS5b of ∆‡G=44.26 kcal/mol, characterized by a four membered cyclic203

structure. This level of energy barrier is in agreement with the previous204

work.[45, 43] The high barriers for TS4b and TS5b show that this channel205

is prohibitive for the production of quinone.206

Finally, a further two-step channel leading to a quinone, p-Chinole and sing-207

let oxygen species was identified (I2 → I3d → TS5d → P2a,b,d). The208

first step in this pathway is the exergonic decomposition of the ROOOOR209

species (∆
r
G=-3.27 kcal mol

−1), yielding two keto hydroxyl radicals and a210

singlet oxygen.[49, 50] In a related work, a potential energy surface scan211

of the CCSD//6-31G(d) level of theory on this step with ethane peroxyl212
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radicals indicates that this is a barrierless process.[43] In our case also, no213

transition state was found. Following the decomposition of the tetraper-214

oxide, an α-hydrogen from one peroxyl radical is then transferred linearly215

to the other peroxyl O atom, yielding P2a,b,d with an energy barrier of216

∆‡G=+18.84 kcal mol
−1 corresponding to TS5d in Figure 3.217

218

Figure 3: Potential energy surface (Gibbs energy) of the keto-peroxyl radical yielding
quinones on the singlet surface, calculated at the B3LYP-D3//cc-pVTZ using n-dodecane
(PCM) as a solvent. The red level indicates energy of the proposed quinone oxidation
products, where no pathway could be found to form them.

To identify competing oxidation pathways, other non-quinone producing219

pathways were considered, as shown in Figure 4. On the singlet surface, an ex-220

ergonic aromatic substitution pathway is identified, leading to ROOR species221

and singlet oxygen (P1 → PC4a → TS6a → P4), without producing quinone.222

In this pathway, at TS6a a rocking movement of the peroxyl radical towards223

an α-carbon on the other peroxyl radical is observed. This is in association224
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with the simultaneous cleavage of a C–O liberating singlet oxygen is observed.225

However, the high energy barrier of TS6a (∆‡G=+59.46 kcal mol
−1) means226

that the termination of ROOOOR (I2) via TS3 is strongly preferred, sug-227

gesting this pathway can be excluded.228

On the triplet surface, an exergonic pathway was identified, which leads to229

the production of two hydroxy radicals and a triplet oxygen (P1 → PC4b →230

TS6b → P3). The first step of this pathway is the formation of a dimeric pre-231

reaction complex (PC4b). Following PC4b, a high energy transition state232

(TS6b) was characterized via the simultaneous scission of O–O bonds on each233

peroxyl radical and the formation of new O–O bonds between terminal oxy-234

gens. The very high barrier associated with TS6b (∆‡G=+51.49 kcal/mol)235

means that this pathway will not proceed beyond PC4b.236

If all the pathways are compared, then the formation and decomposition of237

ROOOOR via two routes offers the most likely pathway to quinones with both238

having similar kinetic barriers. First, the single-step pathway (I2 → TS4c239

→ P2c) giving two quinones and hydrogen peroxide. Secondly, the two-step240

pathway (I2 → I4d → TS5d → P2a,b,d), yielding a quinone, p-chinole and241

singlet oxygen. The single-step pathway is more favorable thermodynamically,242

with an exergonicity of the reaction of 28.12 kcal mol
−1 lower. Nevertheless,243

both pathways have similar kinetic barriers. Thus, there is likely to be a244

distribution of products.245

DLPNO-CCSD(T) calculations were performed for the pathways in this sec-246

tion, where the same reactive trend was observed, which validates our method247

chosen. The results are shown in Section 3 of the supporting information.248

In real fuels, unsubstituted phenols form a majority of phenolic species. Nev-249

ertheless, they also form quinones when oxidized, and are expected to undergo250

similar reactions here.[38, 51] Nonetheless, this should be investigated further.251
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Figure 4: Reactions of Keto-Peroxyl Radical yielding non-quinone products on the triplet
and singlet surfaces, calculated at the B3LYP-D3/cc-pVTZ n-Dodecane PCM level of
theory

3.3. Quinone Heteroatom Coupling Step252

3.3.1. Proposed SMORS Electrophilic Aromatic Substitution Step253

The next step in the originally proposed SMORS mechanism; the elec-254

trophilic aromatic substitution (EAS) between indigenous electron-rich com-255

pounds and electrophilic quinones was found to be thermodynamically and256

kinetically prohibited. EAS reactions usually proceed with the initial at-257

tack of an electron-rich aromatic (the carbazole in this case) to an electron258

deficient species (quinone in our study), breaking aromaticity. The second259

step is the subsequent release of a species, most commonly H+, at the site of260

electrophilic attack, completing the substitution reaction and re-establishing261

aromaticity.[52] The EAS between indole and benzoquinone (P2) proposed262
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by Beaver et al. is presented in Figure 5.[9]. Following the addition of ben-263

zoquinone, a zwitterionic σ-complex forms (Indole+Quinone-).[53]264

Following the EAS scheme in Figure 5, no stable intermediate was found.265

The aprotic nature of n-dodecane solvent is unable to provide stability to the266

charged intermediate. However, even with a PCM water solvent model no267

stable benzoquinone-indole intermediate structure was found.268

269

Figure 5: Proposed SMORS EAS step

Despite these limitations, the EAS transition state was identified between270

methyl substituted-carbazole proposed in Beaver et al.[9] and quinone, using a271

lower level of theory (B3LYP//cc-pvDZ). The intermediate product (I4) could272

only be obtained from a constrained optimization by freezing the C–C bonds.273

Without freezing the C–C bonds, the zwitterionic structure in 5 optimized274

to two separate indole and quinone species. The ∆‡G=+177.11 kcal mol
−1

275

barrier between benzoquinone and carbazole implies the original SMORS EAS276

proposal is kinetically prohibited. Recent work on EAS reactions indicate that277

in aprotic/apolar solvents interactions are likely to proceed through a concer-278

ted route, precluding the formation of a charged intermediate. The concerted279

routes studied found that in apolar solvents tend to involve autocatalysis280

of the attacking electrophile with another electrophile.[54, 55] Two quinone281

species reacting with a single indole was studied to explore an autocatalytic282

concerted route. However, in our case no concerted route to the coupled283

SMORS species was identified.284

12



Figure 6: Potential energy surface (Gibbs free energy) of the reaction between carbazole
and quinone, calculated at the B3LYP//cc-pVDZ n-Dodecane PCM level of theory.
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3.3.2. Alternative Acid-Catalyzed EAS Step285

The condensation reaction between benzoquinones and indoles has been286

reported previously to be catalyzed by acid.[56, 57] In fuels, it is proposed287

that the autoxidation of indigenous sulfur compounds can lead to the form-288

ation of sulfonic acids.[18] In addition, previous work has suggested that289

strong acids may play a role in catalyzing deposit formation.[2] Therefore,290

an acid-catalyzed pathway was considered as a possible route for SMORS291

formation.292

This alternative SMORS scheme is presented in Figure 7. A protonated293

quinone was selected to model this pathway since protonation of the indole294

would preclude it from reacting with the electrophilic quinone species. From295

the overall reaction scheme presented in Figure 7, it can be concluded that296

a protonated quinone is able to proceed through a more favorable kinetic297

pathway. In addition, the formation of the aromatized hydroquinone carbazole298

species as proposed in the SMORS mechanism is possible and thermodynam-299

ically favorable (−78.13 kcal mol
−1).300

The pre-reaction complex (PC5) for this reaction is exergonic. The barrier of301

the addition step (TS7) is small at ∆‡G=+6.83 kcal mol
−1 above I5. When302

compared to the non-catalyzed EAS scheme (Figure 5), the positive charge303

delocalized around the quinone species will activate the nucleophilic 3-position304

of the quinone. A hydrogen transfer (TS8) is then achieved through a pseudo-305

ring like structure, with a small barrier of +7.10 kcal mol
−1. The resultant306

structure from this hydrogen transfer contains a hydroquinone moiety (I6).307

The formation of this species is thermodynamically favorable with an Gibbs308

free energy change of -18.43 kcal mol
−1 compared to the starting structures.309

310

Protonation of quinone will also proceed with a barrier. In our DFT311

calculations the quinone was protonated by a dodecane sulfonic acid, known312

to form from the oxidation of indigenous sulfur compounds in fuel. It was313

found that the protonation step was barrierless but highly endergonic in314

n-dodecane with a large thermodynamic barrier of ∆
r
G=+77.57 kcal mol

−1.315

As shown in Figure 7, an overall Gibbs energy of -0.59 kcal mol
−1 change is316

associated with the entire catalytic cycle, from the protonation of the quinone317

by the dodecane sulfonic acid to the formation of the SMORS species. This318

14



Figure 7: Acid catalyzed EAS step calculated at the B3LYP//cc-pVTZ n-Dodecane PCM
level of theory.

indicates that the overall pathway is only mildly exergonic. Nevertheless,319

a protonated quinone allows the EAS step to proceed with modest kinetic320

barriers. However, with such a large thermodynamic barrier to quinone321

protonation in n-dodecane, protonation is unlikely unless the resultant ionic322

species are stabilized by a more polar solvent. The protonation step in water323

was calculated to have a thermodynamic cost of ∆
r
G=+25.43 kcal mol

−1.324

Small amounts of water have been detected as micelles in jet fuel.[58] We325

hypothesize that these micelles could offer a site for protonation in fuels.326
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Figure 8: Generalized HAS mechanism.[61]

3.3.3. Alternative Oxidative Coupling Pathway327

Although an acid catalyzed pathway was shown to proceed with modest328

kinetic barries, protonation of quinone in n-dodecane comes at a high ther-329

modynamic cost. Therefore, we investigated additional mechanisms. Another330

possible pathway for the coupling between indoles and quinones in the SMORS331

mechanism is an oxidative coupling route. Oxidative coupling products have332

previously been detected in real and surrogate fuels.[38, 12] Undeniably, chain333

termination between an indole and a quinone radical would occur spontan-334

eously. However, the termination of two dissimilar radical species is unlikely335

due to the low concentration of free-radicals in solution.[41, 59] Nevertheless,336

the termination reaction between an indole and a quinone radical will lead to337

a small proportion of SMORS. Alternatively, we investigated the possibility338

of a homolytic aromatic substitution (HAS) reaction between indole radicals339

and quinone, and indoles and quinone radicals. HAS has been described340

as the ’radical analogue of the more facile EAS’.[60] In our study an EAS341

pathway could not be located. Therefore HAS serves as another alternative342

pathway to forming the SMORS product.343

The general HAS mechanism is presented in Figure 8. The first step is mani-344

fested by the attack of a radical species on an aromatic ring. The formation345

of a σ-complex (analogues to the Wheland intermediate in Figure 5) is then346

followed by the loss of hydrogen leading re-aromatization of the ring.347

348

Following the HAS framework, the scheme depicted in Figure 8 is proposed349

for the reaction of quinone radical with an indole. The σ-complex formed from350

the initial attack of the quinone radical at the indole C3 site is presented as I8b.351

It appears that the formation of the hydroquinone moiety is not immediately352

accessible via abstraction of a hydrogen atom from the σ-complex, which353

is how the general HAS mechanism proceeds (Figure 8). Instead, internal354

hydrogen transfer leads to the formation of intermediate I9, which contains a355
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semiquinone moiety. Semiquinones are known for their exceptional stability356

owing to their resonance stabilization.[37] Nevertheless, hydrogen abstraction357

from indigenous fuel compounds (RH in Figure 8) will lead to the formation358

of the SMORS product.359

Figure 9: HAS mechanism applied to the SMORS indole + quinone substitution step

360

DFT calculations for the HAS pathway are presented in Figure 10. For361

comparison, two HAS reaction pathways were calculated for quinone and362

indole radicals respectively. For indole, multiple positions for hydrogen363

abstraction are available, but the C3 is generally the preferred site for364

C-C bond formation.[62] Our calculations indicate that the route leading365

to the formation of quinone radicals is kinetically and thermodynamic-366

ally preferred (0→PC6b→TS9b→I7b) over the formation indole radicals367

(0→PC6a→TS9a→I7a). The transition state for both species is character-368

ized by a linear hydrogen transfer to a dodecane hydroxy radical, where the369

barrier to quinone hydrogen abstraction (TS9b) is 5.04 kcal mol
−1 lower in370

Gibbs free energy than the indole abstraction barrier (TS9a). Additionally,371

the resultant quinone radical (I7b) is 8.12 kcal mol
−1 lower in energy than372

the indole radical (I7a). Here it must be noted that when comparing all the373

products formed from the quinone production (P2), hydrogen abstraction374
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from p-chinole ((a)P2) is strongly preferred over quinone due to the formation375

of a highly stable semiquinone radical. Not shown in Figure 10, the abstrac-376

tion of an α-hydrogen from p-chinole ((a)P2) has a ∆‡G+5.54 kcal mol
−1

377

barrier and a resultant ∆
r
G −47.13 kcal mol

−1. Consequently, the p-chinole378

species is more likely to form radicals than indole and quinone here. However,379

the subsequent attack of the p-Chinole radical at the C3 of an indole to form380

a HAS σ-complex has a high barrier ∆‡G 36.47 kcal mol
−1, meaning it can381

be precluded as a contributor to the HAS pathway.382

The next step in the HAS scheme is the attack of the radical to the aromatic383

ring forming a σ-complex. With respect to the indole radical + quinone384

pathway, 1,4-benzoquinones are not strictly aromatic. Nevertheless, it has385

been noted that both substituted and non-substituted 1,4-benzoquinones386

are able to form resonance structures which could stabilize the resultant387

σ-intermediate.[63] Both the quinone and indole radical attack pathways388

(I7→PC7→TS10→I8) proceed exergonically. However, in relation to I7,389

the attack of a quinone radical has a lower free-energy barrier (TS10b)390

∆‡G=6.87 kcal mol
−1 compared to the attack of the indole radical (TS10a)391

∆‡G=8.09 kcal mol
−1. For both TS10a and TS10b, the transition state is392

characterized by a rocking motion between the C–C bonds formed. The393

resultant indole radical-quinone σ-intermediate (I8a) is 4.84 kcal mol
−1 more394

stable than the quinone radical-indole σ-intermediate (I8b).395

Following the formation of the σ-intermediates, a subsequent hydrogen trans-396

fer leads both intermediates to form I9 which is a stable semiquinone rad-397

ical. Formation of I9 is strongly preferred from quinone radical-indole σ-398

intermediate (I8b→TS11b→I9). The free energy barrier for TS11b is small399

(∆‡G=2.76 kcal mol
−1). The re-aromatization step TS11b for this pathway400

is characterized by a pseudo-cyclic transition state structure, where a hy-401

drogen from the C3 position on the indole is transferred to a quinone (––O)402

moiety ortho- to the C–C bond. By contrast, re-aromatization of the indole403

radical-quinone intermediate I8b proceeds via a high energy barrier (TS11a)404

∆‡G=47.64 kcal mol
−1 meaning this pathway should be discounted as a major405

HAS pathway. TS11a is part of a hydrogen transfer from the quinone C2406

carbon, where the planar quinone moiety has to be bent to allow hydrogen407

transfer. This bending of the quinone moiety out-of-plane likely leads to the408

high barrier for TS11a.409
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The final step to produce the resultant SMORS species leading to re-

Figure 10: HAS step calculated at the B3LYP//cc-pVTZ n-dodecane PCM level of theory.
The R group in this figure refers to an n-Dodecane moiety.

410

aromatization of the semiquinone compound I9 via abstraction of hydro-411

gen. Dodecanol produced in the first abstraction step (0→TS9b→I7b) was412

modelled as the species for hydrogen abstraction, allowing the efficiency of413

this radical propagation step to be assessed. The re-aromatization step with414

dodecanol proceeds endergonically (I9→PC8→T12→SMORS), showing415

the semiquinone compound I9 is more stable than the dodecane hydroxy416

radical. However, overall the pathway to produce the final SMORS product417

is exergonic by -18.24 kcal mol
−1 relative to the reactants state. This indicates418

this propagation cycle leading to SMORS is thermodynamically favorable.419

The stability of I9 indicates that completion of the final re-aromatization420

step is disfavored. Formation of a SMORS trimer is likely given that the421
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SMORS trimer (Figure 12) is 14.15 kcal mol
−1 more stable than I9. In this422

case an additional indole and dodecane hydroxy radical are consumed.423

Our calculations show that SMORS can form under both acid catalyzed424

and oxidative conditions, in line with literature precedent.[64, 65] In order425

to investigate the formation of trimers under acid catalyzed and oxidative426

conditions a series of small scale testing was performed, as illustrated in the427

following section.428

3.4. Flask Tests429

Our calculations have shown that acid catalysis and/or oxidative conditions430

can lead to the formation of SMORS. To examine the effect of acids on the431

SMORS mechanism, two indole + phenol based model fuels were prepared,432

one containing acid forming dodecanethiol (IP-S) and one without (IP).433

The details of these tests are presented in the Supporting Information, in434

Section 4, along with a list of the molecular formula from (-)LCMS (negative435

mode LCMS), as well as the proposed structures. Each (-)LCMS peak was436

characterized in terms of species class by assigning the formula of the base437

peak to a species class. Subsequently, the areas associated with each class438

were grouped, allowing the % total area for each species class to be presented.439

This allows the relative abundance of each deposit class detected by (-)LCMS440

to be determined. The species classes and their associated percentage peak441

areas are presented in Figure 11a.442

443

From (-)LCMS results, it is clear that the addition of thiol led to indole +444

sulfur oligomer formation, and suppressed the formation of SMORS. The heavy445

molecular weight materials corresponding to the IP-S surrogate contained446

compounds with molecular formulas associated with indole sulfonylation447

(411b), arylated sulfonylation (511b), and sulfenylation (611b) reactions.448

These products have previously been detecting when indole and thiols have449

been combined under oxidative conditions.[62, 66, 54] A SMORS trimer450

(111b) is directly observed in the IP surrogate deposit, suggesting that the451

SMORS process can proceed without the need of a strong acid catalyst, as452

weak carbxylic acids can still form from the autoxidation of bulk fuel.[67]453

This observation lends support to the HAS mechanism over an acid-catalyzed454

mechanism.455
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The formation of phenol dimers (211b) in the sulfure-free IP surrogate deposit456

suggests that phenols are oxidized in the liquid phase. By contrast, no phenol457

oxidation products are observed in the sulfur containing IP-S surrogate.458

Instead, oxidized sulfur compounds form the largest proportion of the deposit.459

Co-elution of phenolic and oxidized sulfur compounds can be ruled out because460

phenolic compounds in IP elute at different retention times to oxidized sulfur461

compounds in IP-S (Tables 2 and 3 in the SI).462
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(a) (-)LCMS peak areas associated with the deposits generated from the n-dodecane
0.1 mol L−1 indole + phenol and 0.1 mol L−1 indole + phenol + dodecanethiol sur-
rogates.

(b) Selected putative structures detected in the deposit. Detailed
information of the deposit structures are present in Section 4 of
the SI

Figure 11
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3.5. Discussion and Implication for Fuels463

The fact that different components in fuels interact with each other, either464

enhancing or slowing down deposit formation, is an uncontroversial idea. In465

fact, synergistic deposition enhancement between indole, phenol, and sulfur466

compounds in fuel has been observed in recent tests.[6] However, the mechan-467

ism by which this behind this synergistic behavior is still unclear. Our DFT468

and experimental results lead us to propose a modified SMORS mechanism.469

The first step in our mechanism is the oxidation of phenols (1) to quinones (9)470

are presented in Figure 3. The key weakness of the original SMORS proposal471

was the formation of quinones via a Russell Mechanism. Instead, we propose472

that quinones are produced via two main pathways, leading to a distribution473

of products. The first pathway, a two-step mechanism, involves the decom-474

position of the tetraperoxide (5) chain followed by hydrogen transfer. This475

leads to the production of one quinone (7), p-Chinole (6), and singlet oxygen476

(8). The second pathway, a single step-mechanism, involves the concerted477

decomposition of the tetraperoxide (5). This leads to the production of two478

quinones (7) and a hydrogen peroxide (9). The hydrogen peroxide (9) species479

is likely to undergo fission, yielding two HO · radicals, further propagating480

the chain-mechanism.481

The second part of this modified SMORS mechanism is the coupling of quinone482

and indoles is proposed to occur via a HAS pathway, presented in Figure 13.483

The original EAS pathway, requires a stable, charged, σ-intermediate could484

not be located computationally in n-dodecane. Instead, a HAS pathway offers485

a route to a stable radical σ-intermediate via the attack of a quinone radical486

(11) on an indole (13). Quinone radicals could also attack other electron-rich487

fuel heterocyles like pyrroles and carbazoles, generalizing the scheme.488

This is the first time a HAS pathway has been proposed as a route to fuel489

deposit formation. A HAS pathway also offers additional flexibility being a490

deposit formation which does not rely on free-radical termination to lead to491

C–C/C–O bond formation, and instead can be considered a propagation492

step. Beyond phenol and indole coupling, other fuel species could react to493

form via HAS reactions. A recent review focusing on HAS has shown these494

reactions can occur for both aromatic and heterocyclic compounds, including495

pyrrole and phenyls present in fuel. A particularly interesting facet of this496

review in relation to this work is the usage of SO2 leaving groups for HAS497

coupling.[61] Indole containing SO2/SO3 leaving groups were directly observed498
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Figure 12: Modified SMORS mechanism: quinone production pathway

Figure 13: Modified SMORS mechanism: coupling mechanisms between indole and quinone

in the surrogate experiments (4,511b).499

The updated SMORS mechanism elucidated in this work will enable pre-500

dictive aviation fuel stability mechanisms with higher accuracy. At present,501

existing predictive mechanisms contain no steps for nitrogen and phenol502
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interactions.[68, 1] This is largely due to the poor mechanistic understanding503

of the interactions between the species, despite the fact that deposition in504

conventional aviation fuels are highly correlated with nitrogen and phenol505

content.[7, 14] Additionally, a common weakness in existing pseudo-detailed506

mechanisms is implicit deposition steps. The work here presents an explicit507

generalized scheme for nitrogen and phenol deposit formation. The effect on508

kinetic and thermochemical parameters on the variations between different509

nitrogen species and different phenol structures using this generalized scheme510

can be studied, allowing for the eventual addition of explicit deposition steps511

in pseudo-detailed mechanisms.512

4. Conclusions and Next Steps513

The highly cited SMORS mechanism to explain phenol and fuel heteratom514

coupling in fuels was investigated by experimental and DFT methods. Several515

key modifications are made to the original proposed mechanism. First, in516

contrast to the proposed one-step Russell Mechanism, formation of quinone517

was shown to occur via a two-step mechanism. This occurs via the decom-518

position of a tetraperoxide, formed via the termination of two keto-peroxyl519

radicals, leading to two reactive hydroxy radicals and singlet oxygen. Hy-520

droxy radicals then undergo a hydrogen transfer reaction to form quinone521

and a p-chinole, in contrast to the quinone, hydroquinone and triplet oxygen522

products in the original mechanism. The second important modification is523

the coupling step between quinone and electron-rich compounds. In apolar524

solvents, an electrophilic aromatic substitution (EAS) step was found to form525

unstable intermediates and was found to proceed with prohibitively high526

barriers. Instead, a homolytic aromatic substitution (HAS) mechanism was527

found to be the most likely pathway according to DFT calculated energies528

and experimental observations. Based on these findings, we propose a new529

modified SMORS pathway (Figures 12 and 13). Additionally, HAS reactions530

should begin to be explored as a new coupling pathway for fuel species.531
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Abstract6

The SMORS mechanism describing the formation of insoluble material7

in bulk jet fuel was investigated using density functional and experimental8

techniques. The first part of the SMORS mechanism, the formation of9

quinones from the oxidation of indigenous fuel phenols, was shown to proceed10

via two possible pathways. First, a single-step pathway yielding two quinones11

and a hydrogen peroxide. Secondly, a two-step pathway yielding a quinone,12

p-chinole and singlet oxygen. The second step of the SMORS mechanism,13

the reaction of quinones with electron-rich heterocyles in fuels, was shown14

to proceed via a homolytic aromatic substitution pathway. These findings,15

allow us to propose a modified SMORS mechanism, built on our enhanced16

mechanistic understanding of fuel deposit formation.17

1. Introduction18

Liquid-phase jet fuel thermal oxidative degradation in conventional fuels19

is largely driven by minor heteroatomic species.[1] The process of jet fuel20

thermal degradation can be split into three main stages: 1) autoxidation of21

the bulk fuel yielding oxidized species, 2) agglomeration of oxidized compon-22

ents to high molecular weight species, 3) formation of insolubles.[2] There23

is a better understanding of step 1 than step 2, and this is reflected in the24

existing pseudo-detailed mechanisms for deposition, where there are more25

steps representing autoxidation reactions.[3, 1, 4]26
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To understand the agglomeration and insoluble formation processes in more27

detail, researchers have taken the approach of correlating initial polar con-28

centrations with mass of deposit.[5, 6, 7] Phenols and electron-rich nitrogen29

compounds, indoles and carbazoles, were found to correlate well with mass of30

deposit.[7] In fact, phenol and electron-rich nitrogen compounds have been31

found to interact synergistically to enhance deposit formation in fuels.[6, 8]32

To explain this synergistic effect, Beaver et al. proposed the Soluble Macro-33

molecular Oxidatively Reactive Species (SMORS) mechanism.[9] The SMORS34

mechanism was originally based on work by Hardy and Wechter. Hardy and35

Wechter identified nitrogen and oxygen containing deposit precursors using36

methanol extraction, where Beaver et al. proposed these precursors to form37

from quinone-aromatic coupling species. Several articles have subsequently38

used this mechanism to explain observed deposition effects,[10, 11, 12, 13]39

but none have explored the SMORS mechanism in depth.40

The original SMORS mechanism proposed by Beaver et al. is described in41

detail in the following reference[9] and in Figure 1. It relies on the formation of42

electrophilic quinones from the oxidation of phenol. These quinones are then43

proposed to undergo electrophilic aromatic substitution reactions (EAS) with44

electron-rich heteroatomic compounds in fuel.[14] Using indole as a model45

for nitrogen heterocycle leads to the formation of a 3-indolyl hydroquinone.46

The EAS product between quinone and nitrogen heterocycles is proposed47

to undergo further EAS steps to successively larger structures, ultimately48

forming insoluble particles in fuel.[10]49

50

In recent years, density functional theory (DFT) has become an increas-51

ingly popular tool to investigate thermal oxidative reactions in fuel.[16, 17,52

18, 19] DFT rests upon the assumption that the electron density in an53

atom/molecule is related to the ground state energy of the system, which in54

turn can be used to calculate thermochemical and kinetic parameters of reac-55

tion systems.[20] Early work by Zabarnick et al. used the B3LYP//6-31G(d)56

level of theory to investigate X–H bond dissociation energies of various fuel57

heteroatoms to understand their chain-breaking properties.[17] Building on58

these methods, Parks et al. used the B3LYP//cc-pVTZ level of theory to59

propose a copper catalyzed hydroperoxide decomposition cycle.[16] Further60

work by Parks et al. successively elucidated thermally oxidation pathways of61

a variety of sulfur classes.[18]62

2



Figure 1: SMORS mechanism as described in reference[9]. The compound (12) is found as
an extract in Hardy and Wechter’s original paper.[15]

It is the aim of this work to investigate the proposed SMORS mechanism63

at a molecular level using DFT methods, while proposing alternative path-64

ways where appropriate. Additionally, our DFT calculations will enhance65

the understanding of the SMORS mechanism itself, and allow us to propose66

alternative pathways. Moreover, a greater mechanistic understanding of the67

SMORS mechanism will eventually lead to enhanced predictive capabilities68

in the form of pseudo-detailed mechanisms.69

2. Materials and Methods70

2.1. Computational Details71

All calculations were performed in Gaussian09 (E.01) using the B3LYP72

functional.[21][22] Grimme’s DFT-D3(BJ) dispersion correction was applied73

to all the calculations to account for long-range effects.[23] A PCM solvation74

model, with n-dodecane as the chosen solvent, was selected to replicate the75

hydrocarbon bulk.[24] The basis set chosen was cc-pVTZ on an ultrafine grid,76

3



this basis set adds polarization functions, thus orbital hybridization can be77

taken into account.[25] Transition states were optimized using the QST1/378

method depending on the reaction studied. All transition states were verified79

by the presence of one imaginary frequency corresponding to the saddle point.80

Additionally, intrinsic reaction coordinate (IRC) calculations were performed81

to verify the transition state corresponded to the expected reactants and82

products. Unrestricted (broken symmetry) calculations were performed on83

open-shell systems, where the HOMO and LUMO were mixed (guess=mix84

option). Entropy values were corrected using the GoodVibes script, which85

employs a quasi-harmonic correction corrected at 298 K.[26, 27, 28] The86

quinone oxidation pathway in Section 3.2 was further validated with single87

point DLPNO-CCSD(T)[29, 30, 31, 32, 33] calculations using the ORCA88

quantum chemistry package.[34] DLPNO-CCSD(T) allows near CCSD(T)89

accurate calculations at a fraction of the cost by identifying electron pairs90

with significant contributions to correlation energy, where the correlation91

energies for the other pairs are obtained at the MP2 level of theory.92

2.2. Surrogate Fuels93

The details of the experimental setup can be found in the supporting94

information (Section 4).95

3. Results and Discussion96

In this section we will present the DFT calculations for each step of97

SMORS, in conformity with reference.[9]98

3.1. Formation of the Keto-Peroxyl Radical99

The first set of calculations was focused on the generation of keto peroxyl100

radical, indicated as (P1) in Figure 2. In the generalized SMORS reaction101

scheme, the first step involves the abstraction of a hydrogen atom from a102

phenol (representing an indigenous antioxidant) by a hydroxy radical ROO · .103

As shown in Figure 2, the Gibbs free energy barrier corresponding to the104

transition state of this reaction (TS1) is ∆‡G=+12.65 kcal mol
−1; the overall105

reaction is slightly endergonic, with a ∆
r
G(ROO · )= +0.40 kcal mol

−1.106

Comparing the hydrogen abstraction step for the reaction between phenol107

and different n-dodecane fuel radical classes (R · , RO · , ROO · )[1], the RO ·108

pathway provides the lowest barriers. The calculated values for each pathway109
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Species ∆‡S ∆‡H ∆‡G ∆rS ∆rH ∆rG
(kcal
mol-1K-1)

(kcal
mol-1)

(kcal
mol-1)

(kcal
mol-1K-1)

(kcal
mol-1)

(kcal
mol-1)

R · -2.749E-02 8.24 9.97 -1.440E-03 -18.88 -17.98

RO · -2.037E-02 0.29 1.32 1.24E-03 -3.31 -20.79

ROO · -2.327E-03 8.94 10.40 9.00E-06 0.40 0.40

Table 1: Calculated energy change of reaction ∆‡ and formation ∆r values for reaction
of phenol with different dodecane fuel radicals calculated at the B3LYP-D3//cc-pVTZ
n-dodecane PCM level of theory. Enthalpy values are corrected with GoodVibes at 298K.
All ∆‡ values are calculated from stable pre-collision complexes located from an IRC
calculation.

associated for each radical class are presented in Table 1 and the comparison110

for each pathway is shown in Figure 2. The higher associated barriers ∆‡G for111

the R · and ROO · species compared to RO · are likely due to the higher level112

of distortion associated with these barriers. Energies of formation ∆rG for113

the radical classes go from highest to lowest RO · > R · > ROO · . The ability114

of the electron-rich oxygens to share spin density with the ring can justify115

the lower peroxyl radical reactivity, leading to enhanced radical stability.116

Whereas the alkyl radical is stabilized solely by the inductive effects from the117

adjacent carbons.[35]118

119

The next step in the SMORS mechanism is the reaction of dissolved120

oxygen with the resulting phenoxy radical. In order to study this step121

computationally, triplet oxygen was selected for the calculation, because122

of its higher stability and commonality in nature.[36] Our results indicate123

that the reaction between dissolved oxygen and the phenoxy radical is endo-124

thermic, with a ∆
r
G=+15.23 kcal/mol. The transition state with a barrier125

of ∆
r
G=+21.50 kcal/mol was identified for this reaction (TS2 in Figure 2),126

which is in good agreement with the previous work.[37] Overall, the formation127

of keto-peroxyl radical (P1 in Figure 2) is endergonic, indicating that high128

temperatures would be needed for this species to form. However, the exergon-129

icity of the reactions of phenol with R · and RO · more than compensates for130

this, making the hydrogen abstraction using R · or RO · exergonic overall131
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Figure 2: Potential energy surface (Gibbs energy) for the formation of the keto peroxyl
radical calculated at the B3LYP-D3//cc-pVTZ level of theory using n-dodecane (PCM) as
a solvent.

and making these reactions more favorable than the reaction with ROO ·132

Nevertheless, the concentration of these chain-carrying radicals will be im-133

portant too, with ROO · being primary chain carriers due to their higher134

concentration.[2]135

136

3.2. Formation of Quinones137

The next step proposed in the SMORS mechanism is the chain termination138

of two keto peroxyl radicals, resulting in the formation of a quinone, a hy-139

droquinone and oxygen. Quinones have been found to form from substituted140

and unsubstituted phenols in fuels under oxidative conditions.[38, 4] The141

formation of quinones from phenols is universally found to occur via a termin-142

ation step.[39, 40, 41] In the SMORS mechanism proposed by Beaver et al.143
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it has been suggested that this step is likely to proceed with the formation of144

a tetraperoxide (ROOOOR) intermediate, formed from the recombination of145

two keto-peroxyl radicals. Beaver et al. then propose quinones are formed by146

the decomposition of the ROOOOR via a Russell Mechanism decomposition,147

leading to the final products.[42] However, our DFT calculations suggest that148

this is unlikely. The final SMORS species are 104.89 kcal mol
−1 (indicated as149

the red level in Figure 3) lower than the starting state of keto-peroxyl radicals.150

However, it is highly unlikely that the α hydrogen (labelled as 1 in Figure 3)151

would be able to move to the para-oxygen (labelled as 2 in Figure 3), given152

that the distance of 4.75 Å is prohibitive to hydrogen transfer. Indeed no153

transition state was found for this hydrogen transfer.154

Because the termination of two radicals is unlikely, the production of keto-155

peroxyl radicals and subsequent tetroxide formation in competition with156

n-dodecane autoxidation and other phenol H-abstraction pathways was ex-157

plored using a pseudo-detailed mechanism. The details of the pseudo-detailed158

mechanism are presented in Section 5. The final concentrations of the species159

from our pseudo-detailed mechanism is presented in Table 5. Despite the160

competing steps, the formation of the tetroxide is still competitive with the161

other autoxidation and hydrogen abstraction steps, with the concentrations162

greater or similar to n-dodecane autoxidation products found.163

Alternative to the proposed oxidation products in reference [9], several path-164

ways yielding a p-chinole (a), quinone (b), and singlet oxygen (c). These are165

shown as P2a,b,d in Figure 3. Additionally, a pathway yielding two quinones166

(a) and hydrogen peroxide (d) were found (P2c in Figure 3).167

The first step is the formation of the tetraperoxide. A barrier of 13.36 kcal mol
−1

168

(TS3) for peroxyl radical recombination and the formation of the tetraperox-169

ide (I2) was found in our calculations, which is similar to the previous work170

on peroxyl radicals.[43]. Furthermore, the formation of the tetraperoxide171

(I2) is endergonic, with a Gibbs energy +8.05 kcal mol
−1 above the separated172

species. This can be attributed to the instability of the linear ROOOOR173

structure.[44] It is worth mentioning that no stable ROOOOR species was174

found on the triplet surface, which is in agreement with previous work.[45]175

The decomposition of ROOOOR can proceed through several pathways which176

are discussed here. First, a modified Russell Mechanism pathway was explored,177
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leading to the formation of quinone (I2 → TS4a → P2a,b,d) However, the178

Russell mechanism pathway was found to have a high Gibbs free energy barrier179

of ∆‡G=+34.91 kcal mol
−1 . Such a high energy barrier indicates that the180

Russell mechanism is unlikely to contribute significantly to quinone formation,181

when compared to other calculated pathways in this section. We note that182

experimental work has found little evidence for the Russell Mechanism[42] in183

peroxyl self-reactions producing ROH, RCHO and O2 products.[46, 47, 48]184

Given that the Russell Mechanism decomposition of the tetraperoxide was185

found to have a large free energy barrier, we considered other pathways. As186

a consequence, an exergonic single-step channel was identified (I2 → TS4c187

→ P2c), yielding a two quinones and a hydrogen peroxide P2c. First, the188

tetraperoxide decomposes via T4c (∆‡G=10.87 kcal mol
−1), predicting a sim-189

ultaneous transfer of two α-hydrogens to two oxygens in the ROOOOR chain190

and the cleavage of two O-O bonds. The IRC calculation for this transition191

state can be found in Figure 1 in the SI. Production of hydrogen peroxide192

from peroxyl self-reactions has been detected in previous work.[41] But, to193

the best of our knowledge, this is the first time a concerted hydrogen peroxide194

production step has been located.195

A second pathway consists of a two-step channel yielding a quinone, p-chinole,196

and singlet oxygen species was identified (I2 → TS4b → I3b → TS5b →197

P2a,b,d). This includes a transition state TS4b (∆‡G=25.27 kcal mol
−1)198

involving a simultaneous cleavage of one O-O and transfer of an α-hydrogen to199

an oxygen. The resultant intermediate formed (I3b) is a stable hydrotrioxide200

(ROOOH) species hydrogen bonded to a quinone species (∆
r
G=−51.58 kcal/mol).201

Subsequently, the hydrotrioxide species can decompose via a transition state202

TS5b of ∆‡G=44.26 kcal/mol, characterized by a four membered cyclic203

structure. This level of energy barrier is in agreement with the previous204

work.[45, 43] The high barriers for TS4b and TS5b show that this channel205

is prohibitive for the production of quinone.206

Finally, a further two-step channel leading to a quinone, p-Chinole and sing-207

let oxygen species was identified (I2 → I3d → TS5d → P2a,b,d). The208

first step in this pathway is the exergonic decomposition of the ROOOOR209

species (∆
r
G=-3.27 kcal mol

−1), yielding two hydroxy radicals and a singlet210

oxygen.[49, 50] In a related work, a potential energy surface scan of the211

CCSD//6-31G(d) level of theory on this step with ethane peroxyl radicals in-212

8



dicates that this is a barrierless process.[43] In our case also, no transition state213

was found. Following the decomposition of the tetraperoxide, an α-hydrogen214

from one peroxyl radical is then transferred linearly to the other peroxyl O215

atom, yielding P2a,b,d with an energy barrier of ∆‡G=+18.84 kcal mol
−1

216

corresponding to TS5d in Figure 3.217

218

Figure 3: Potential energy surface (Gibbs energy) of the keto-peroxyl radical yielding
quinones on the singlet surface, calculated at the B3LYP-D3//cc-pVTZ using n-dodecane
(PCM) as a solvent. The red level indicates energy of the proposed quinone oxidation
products, where no pathway could be found to form them.

To identify competing oxidation pathways, other non-quinone producing219

pathways were considered, as shown in Figure 4. On the singlet surface, an ex-220

ergonic aromatic substitution pathway is identified, leading to ROOR species221

and singlet oxygen (P1 → PC4a → TS6a → P4), without producing quinone.222

In this pathway, at TS6a a rocking movement of the peroxyl radical towards223

an α-carbon on the other peroxyl radical is observed. This is in association224
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with the simultaneous cleavage of a C–O liberating singlet oxygen is observed.225

However, the high energy barrier of TS6a (∆‡G=+59.46 kcal mol
−1) means226

that the termination of ROOOOR (I2) via TS3 is strongly preferred, sug-227

gesting this pathway can be excluded.228

On the triplet surface, an exergonic pathway was identified, which leads to229

the production of two hydroxy radicals and a triplet oxygen (P1 → PC4b →230

TS6b → P3). The first step of this pathway is the formation of a dimeric pre-231

reaction complex (PC4b). Following PC4b, a high energy transition state232

(TS6b) was characterized via the simultaneous scission of O–O bonds on each233

peroxyl radical and the formation of new O–O bonds between terminal oxy-234

gens. The very high barrier associated with TS6b (∆‡G=+51.49 kcal/mol)235

means that this pathway will not proceed beyond PC4b.236

If all the pathways are compared, then the formation and decomposition of237

ROOOOR via two routes offers the most likely pathway to quinones with both238

having similar kinetic barriers. First, the single-step pathway (I2 → TS4c239

→ P2c) giving two quinones and hydrogen peroxide. Secondly, the two-step240

pathway (I2 → I4d → TS5d → P2a,b,d), yielding a quinone, p-chinole and241

singlet oxygen. The single-step pathway is more favorable thermodynamically,242

with an exergonicity of the reaction of 28.12 kcal mol
−1 lower. Nevertheless,243

both pathways have similar kinetic barriers. Thus, there is likely to be a244

distribution of products.245

DLPNO-CCSD(T) calculations were performed for the pathways in this sec-246

tion, where the same reactive trend was observed, which validates our method247

chosen. The results are shown in Section 3 of the supporting information.248

In real fuels, unsubstituted phenols form a majority of phenolic species. Nev-249

ertheless, they also form quinones when oxidized, and are expected to undergo250

similar reactions here.[38, 51] Nonetheless, this should be investigated further.251

10



Figure 4: Reactions of Keto-Peroxyl Radical yielding non-quinone products on the triplet
and singlet surfaces, calculated at the B3LYP-D3/cc-pVTZ n-Dodecane PCM level of
theory

3.3. Quinone Heteroatom Coupling Step252

3.3.1. Proposed SMORS Electrophilic Aromatic Substitution Step253

The next step in the originally proposed SMORS mechanism; the elec-254

trophilic aromatic substitution (EAS) between indigenous electron-rich com-255

pounds and electrophilic quinones was found to be thermodynamically and256

kinetically prohibited. EAS reactions usually proceed with the initial at-257

tack of an electron-rich aromatic (the carbazole in this case) to an electron258

deficient species (quinone in our study), breaking aromaticity. The second259

step is the subsequent release of a species, most commonly H+, at the site of260

electrophilic attack, completing the substitution reaction and re-establishing261

aromaticity.[52] The EAS between indole and benzoquinone (P2) proposed262
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by Beaver et al. is presented in Figure 5.[9]. Following the addition of ben-263

zoquinone, a zwitterionic σ-complex forms (Indole+Quinone-).[53]264

Following the EAS scheme in Figure 5, no stable intermediate was found.265

The aprotic nature of n-dodecane solvent is unable to provide stability to the266

charged intermediate. However, even with a PCM water solvent model no267

stable benzoquinone-indole intermediate structure was found.268

269

Figure 5: Proposed SMORS EAS step

Despite these limitations, the EAS transition state was identified between270

methyl substituted-carbazole proposed in Beaver et al.[9] and quinone, using a271

lower level of theory (B3LYP//cc-pvDZ). The intermediate product (I4) could272

only be obtained from a constrained optimization by freezing the C–C bonds.273

Without freezing the C–C bonds, the zwitterionic structure in 5 optimized274

to two separate indole and quinone species. The ∆‡G=+177.11 kcal mol
−1

275

barrier between benzoquinone and carbazole implies the original SMORS EAS276

proposal is kinetically prohibited. Recent work on EAS reactions indicate that277

in aprotic/apolar solvents interactions are likely to proceed through a concer-278

ted route, precluding the formation of a charged intermediate. The concerted279

routes studied found that in apolar solvents tend to involve autocatalysis280

of the attacking electrophile with another electrophile.[54, 55] Two quinone281

species reacting with a single indole was studied to explore an autocatalytic282

concerted route. However, in our case no concerted route to the coupled283

SMORS species was identified.284
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Figure 6: Potential energy surface (Gibbs free energy) of the reaction between carbazole
and quinone, calculated at the B3LYP//cc-pVDZ n-Dodecane PCM level of theory.
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3.3.2. Alternative Acid-Catalyzed EAS Step285

The condensation reaction between benzoquinones and indoles has been286

reported previously to be catalyzed by acid.[56, 57] In fuels, it is proposed287

that the autoxidation of indigenous sulfur compounds can lead to the form-288

ation of sulfonic acids.[18] In addition, previous work has suggested that289

strong acids may play a role in catalyzing deposit formation.[2] Therefore,290

an acid-catalyzed pathway was considered as a possible route for SMORS291

formation.292

This alternative SMORS scheme is presented in Figure 7. A protonated293

quinone was selected to model this pathway since protonation of the indole294

would preclude it from reacting with the electrophilic quinone species. From295

the overall reaction scheme presented in Figure 7, it can be concluded that296

a protonated quinone is able to proceed through a more favorable kinetic297

pathway. In addition, the formation of the aromatized hydroquinone carbazole298

species as proposed in the SMORS mechanism is possible and thermodynam-299

ically favorable (−78.13 kcal mol
−1).300

The pre-reaction complex (PC5) for this reaction is exergonic. The barrier of301

the addition step (TS7) is small at ∆‡G=+6.83 kcal mol
−1 above I5. When302

compared to the non-catalyzed EAS scheme (Figure 5), the positive charge303

delocalized around the quinone species will activate the nucleophilic 3-position304

of the quinone. A hydrogen transfer (TS8) is then achieved through a pseudo-305

ring like structure, with a small barrier of +7.10 kcal mol
−1. The resultant306

structure from this hydrogen transfer contains a hydroquinone moiety (I6).307

The formation of this species is thermodynamically favorable with an Gibbs308

free energy change of -18.43 kcal mol
−1 compared to the starting structures.309

310

Protonation of quinone will also proceed with a barrier. In our DFT311

calculations the quinone was protonated by a dodecane sulfonic acid, known312

to form from the oxidation of indigenous sulfur compounds in fuel. It was313

found that the protonation step was barrierless but highly endergonic in314

n-dodecane with a large thermodynamic barrier of ∆
r
G=+77.57 kcal mol

−1.315

As shown in Figure 7, an overall Gibbs energy of -0.59 kcal mol
−1 change is316

associated with the entire catalytic cycle, from the protonation of the quinone317

by the dodecane sulfonic acid to the formation of the SMORS species. This318
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Figure 7: Acid catalyzed EAS step calculated at the B3LYP//cc-pVTZ n-Dodecane PCM
level of theory.

indicates that the overall pathway is only mildly exergonic. Nevertheless,319

a protonated quinone allows the EAS step to proceed with modest kinetic320

barriers. However, with such a large thermodynamic barrier to quinone321

protonation in n-dodecane, protonation is unlikely unless the resultant ionic322

species are stabilized by a more polar solvent. The protonation step in water323

was calculated to have a thermodynamic cost of ∆
r
G=+25.43 kcal mol

−1.324

Small amounts of water have been detected as micelles in jet fuel.[58] We325

hypothesize that these micelles could offer a site for protonation in fuels.326
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Figure 8: Generalized HAS mechanism.[61]

3.3.3. Alternative Oxidative Coupling Pathway327

Although an acid catalyzed pathway was shown to proceed with modest328

kinetic barries, protonation of quinone in n-dodecane comes at a high ther-329

modynamic cost. Therefore, we investigated additional mechanisms. Another330

possible pathway for the coupling between indoles and quinones in the SMORS331

mechanism is an oxidative coupling route. Oxidative coupling products have332

previously been detected in real and surrogate fuels.[38, 12] Undeniably, chain333

termination between an indole and a quinone radical would occur spontan-334

eously. However, the termination of two dissimilar radical species is unlikely335

due to the low concentration of free-radicals in solution.[41, 59] Nevertheless,336

the termination reaction between an indole and a quinone radical will lead to337

a small proportion of SMORS. Alternatively, we investigated the possibility338

of a homolytic aromatic substitution (HAS) reaction between indole radicals339

and quinone, and indoles and quinone radicals. HAS has been described340

as the ’radical analogue of the more facile EAS’.[60] In our study an EAS341

pathway could not be located. Therefore HAS serves as another alternative342

pathway to forming the SMORS product.343

The general HAS mechanism is presented in Figure 8. The first step is mani-344

fested by the attack of a radical species on an aromatic ring. The formation345

of a σ-complex (analogues to the Wheland intermediate in Figure 5) is then346

followed by the loss of hydrogen leading re-aromatization of the ring.347

348

Following the HAS framework, the scheme depicted in Figure 8 is proposed349

for the reaction of quinone radical with an indole. The σ-complex formed from350

the initial attack of the quinone radical at the indole C3 site is presented as I8b.351

It appears that the formation of the hydroquinone moiety is not immediately352

accessible via abstraction of a hydrogen atom from the σ-complex, which353

is how the general HAS mechanism proceeds (Figure 8). Instead, internal354

hydrogen transfer leads to the formation of intermediate I9, which contains a355
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semiquinone moiety. Semiquinones are known for their exceptional stability356

owing to their resonance stabilization.[37] Nevertheless, hydrogen abstraction357

from indigenous fuel compounds (RH in Figure 8) will lead to the formation358

of the SMORS product.359

Figure 9: HAS mechanism applied to the SMORS indole + quinone substitution step

360

DFT calculations for the HAS pathway are presented in Figure 10. For361

comparison, two HAS reaction pathways were calculated for quinone and362

indole radicals respectively. For indole, multiple positions for hydrogen363

abstraction are available, but the C3 is generally the preferred site for364

C-C bond formation.[62] Our calculations indicate that the route leading365

to the formation of quinone radicals is kinetically and thermodynamic-366

ally preferred (0→PC6b→TS9b→I7b) over the formation indole radicals367

(0→PC6a→TS9a→I7a). The transition state for both species is character-368

ized by a linear hydrogen transfer to a dodecane hydroxy radical, where the369

barrier to quinone hydrogen abstraction (TS9b) is 5.04 kcal mol
−1 lower in370

Gibbs free energy than the indole abstraction barrier (TS9a). Additionally,371

the resultant quinone radical (I7b) is 8.12 kcal mol
−1 lower in energy than372

the indole radical (I7a). Here it must be noted that when comparing all the373

products formed from the quinone production (P2), hydrogen abstraction374
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from p-chinole ((a)P2) is strongly preferred over quinone due to the formation375

of a highly stable semiquinone radical. Not shown in Figure 10, the abstrac-376

tion of an α-hydrogen from p-chinole ((a)P2) has a ∆‡G+5.54 kcal mol
−1

377

barrier and a resultant ∆
r
G −47.13 kcal mol

−1. Consequently, the p-chinole378

species is more likely to form radicals than indole and quinone here. However,379

the subsequent attack of the p-Chinole radical at the C3 of an indole to form380

a HAS σ-complex has a high barrier ∆‡G 36.47 kcal mol
−1, meaning it can381

be precluded as a contributor to the HAS pathway.382

The next step in the HAS scheme is the attack of the radical to the aromatic383

ring forming a σ-complex. With respect to the indole radical + quinone384

pathway, 1,4-benzoquinones are not strictly aromatic. Nevertheless, it has385

been noted that both substituted and non-substituted 1,4-benzoquinones386

are able to form resonance structures which could stabilize the resultant387

σ-intermediate.[63] Both the quinone and indole radical attack pathways388

(I7→PC7→TS10→I8) proceed exergonically. However, in relation to I7,389

the attack of a quinone radical has a lower free-energy barrier (TS10b)390

∆‡G=6.87 kcal mol
−1 compared to the attack of the indole radical (TS10a)391

∆‡G=8.09 kcal mol
−1. For both TS10a and TS10b, the transition state is392

characterized by a rocking motion between the C–C bonds formed. The393

resultant indole radical-quinone σ-intermediate (I8a) is 4.84 kcal mol
−1 more394

stable than the quinone radical-indole σ-intermediate (I8b).395

Following the formation of the σ-intermediates, a subsequent hydrogen trans-396

fer leads both intermediates to form I9 which is a stable semiquinone rad-397

ical. Formation of I9 is strongly preferred from quinone radical-indole σ-398

intermediate (I8b→TS11b→I9). The free energy barrier for TS11b is small399

(∆‡G=2.76 kcal mol
−1). The re-aromatization step TS11b for this pathway400

is characterized by a pseudo-cyclic transition state structure, where a hy-401

drogen from the C3 position on the indole is transferred to a quinone (––O)402

moiety ortho- to the C–C bond. By contrast, re-aromatization of the indole403

radical-quinone intermediate I8b proceeds via a high energy barrier (TS11a)404

∆‡G=47.64 kcal mol
−1 meaning this pathway should be discounted as a major405

HAS pathway. TS11a is part of a hydrogen transfer from the quinone C2406

carbon, where the planar quinone moiety has to be bent to allow hydrogen407

transfer. This bending of the quinone moiety out-of-plane likely leads to the408

high barrier for TS11a.409
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The final step to produce the resultant SMORS species leading to re-

Figure 10: HAS step calculated at the B3LYP//cc-pVTZ n-dodecane PCM level of theory.
The R group in this figure refers to an n-Dodecane moiety.

410

aromatization of the semiquinone compound I9 via abstraction of hydro-411

gen. Dodecanol produced in the first abstraction step (0→TS9b→I7b) was412

modelled as the species for hydrogen abstraction, allowing the efficiency of413

this radical propagation step to be assessed. The re-aromatization step with414

dodecanol proceeds endergonically (I9→PC8→T12→SMORS), showing415

the semiquinone compound I9 is more stable than the dodecane hydroxy416

radical. However, overall the pathway to produce the final SMORS product417

is exergonic by -18.24 kcal mol
−1 relative to the reactants state. This indicates418

this propagation cycle leading to SMORS is thermodynamically favorable.419

The stability of I9 indicates that completion of the final re-aromatization420

step is disfavored. Formation of a SMORS trimer is likely given that the421
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SMORS trimer (Figure 12) is 14.15 kcal mol
−1 more stable than I9. In this422

case an additional indole and dodecane hydroxy radical are consumed.423

Our calculations show that SMORS can form under both acid catalyzed424

and oxidative conditions, in line with literature precedent.[64, 65] In order425

to investigate the formation of trimers under acid catalyzed and oxidative426

conditions a series of small scale testing was performed, as illustrated in the427

following section.428

3.4. Flask Tests429

Our calculations have shown that acid catalysis and/or oxidative conditions430

can lead to the formation of SMORS. To examine the effect of acids on the431

SMORS mechanism, two indole + phenol based model fuels were prepared,432

one containing acid forming dodecanethiol (IP-S) and one without (IP).433

The details of these tests are presented in the Supporting Information, in434

Section 4, along with a list of the molecular formula from (-)LCMS (negative435

mode LCMS), as well as the proposed structures. Each (-)LCMS peak was436

characterized in terms of species class by assigning the formula of the base437

peak to a species class. Subsequently, the areas associated with each class438

were grouped, allowing the % total area for each species class to be presented.439

This allows the relative abundance of each deposit class detected by (-)LCMS440

to be determined. The species classes and their associated percentage peak441

areas are presented in Figure 11a.442

443

From (-)LCMS results, it is clear that the addition of thiol led to indole +444

sulfur oligomer formation, and suppressed the formation of SMORS. The heavy445

molecular weight materials corresponding to the IP-S surrogate contained446

compounds with molecular formulas associated with indole sulfonylation447

(411b), arylated sulfonylation (511b), and sulfenylation (611b) reactions.448

These products have previously been detecting when indole and thiols have449

been combined under oxidative conditions.[62, 66, 54] A SMORS trimer450

(111b) is directly observed in the IP surrogate deposit, suggesting that the451

SMORS process can proceed without the need of a strong acid catalyst, as452

weak carbxylic acids can still form from the autoxidation of bulk fuel.[67]453

This observation lends support to the HAS mechanism over an acid-catalyzed454

mechanism.455
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The formation of phenol dimers (211b) in the sulfure-free IP surrogate deposit456

suggests that phenols are oxidized in the liquid phase. By contrast, no phenol457

oxidation products are observed in the sulfur containing IP-S surrogate.458

Instead, oxidized sulfur compounds form the largest proportion of the deposit.459

Co-elution of phenolic and oxidized sulfur compounds can be ruled out because460

phenolic compounds in IP elute at different retention times to oxidized sulfur461

compounds in IP-S (Tables 2 and 3 in the SI).462
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(a) (-)LCMS peak areas associated with the deposits generated from the n-dodecane
0.1 mol L−1 indole + phenol and 0.1 mol L−1 indole + phenol + dodecanethiol sur-
rogates.

(b) Selected putative structures detected in the deposit. Detailed
information of the deposit structures are present in Section 4 of
the SI

Figure 11
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3.5. Discussion and Implication for Fuels463

The fact that different components in fuels interact with each other, either464

enhancing or slowing down deposit formation, is an uncontroversial idea. In465

fact, synergistic deposition enhancement between indole, phenol, and sulfur466

compounds in fuel has been observed in recent tests.[6] However, the mechan-467

ism by which this behind this synergistic behavior is still unclear. Our DFT468

and experimental results lead us to propose a modified SMORS mechanism.469

The first step in our mechanism is the oxidation of phenols (1) to quinones (9)470

are presented in Figure 3. The key weakness of the original SMORS proposal471

was the formation of quinones via a Russell Mechanism. Instead, we propose472

that quinones are produced via two main pathways, leading to a distribution473

of products. The first pathway, a two-step mechanism, involves the decom-474

position of the tetraperoxide (5) chain followed by hydrogen transfer. This475

leads to the production of one quinone (7), p-Chinole (6), and singlet oxygen476

(8). The second pathway, a single step-mechanism, involves the concerted477

decomposition of the tetraperoxide (5). This leads to the production of two478

quinones (7) and a hydrogen peroxide (9). The hydrogen peroxide (9) species479

is likely to undergo fission, yielding two HO · radicals, further propagating480

the chain-mechanism.481

The second part of this modified SMORS mechanism is the coupling of quinone482

and indoles is proposed to occur via a HAS pathway, presented in Figure 13.483

The original EAS pathway, requires a stable, charged, σ-intermediate could484

not be located computationally in n-dodecane. Instead, a HAS pathway offers485

a route to a stable radical σ-intermediate via the attack of a quinone radical486

(11) on an indole (13). Quinone radicals could also attack other electron-rich487

fuel heterocyles like pyrroles and carbazoles, generalizing the scheme.488

This is the first time a HAS pathway has been proposed as a route to fuel489

deposit formation. A HAS pathway also offers additional flexibility being a490

deposit formation which does not rely on free-radical termination to lead to491

C–C/C–O bond formation, and instead can be considered a propagation492

step. Beyond phenol and indole coupling, other fuel species could react to493

form via HAS reactions. A recent review focusing on HAS has shown these494

reactions can occur for both aromatic and heterocyclic compounds, including495

pyrrole and phenyls present in fuel. A particularly interesting facet of this496

review in relation to this work is the usage of SO2 leaving groups for HAS497

coupling.[61] Indole containing SO2/SO3 leaving groups were directly observed498
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Figure 12: Modified SMORS mechanism: quinone production pathway

Figure 13: Modified SMORS mechanism: coupling mechanisms between indole and quinone

in the surrogate experiments (4,511b).499

The updated SMORS mechanism elucidated in this work will enable pre-500

dictive aviation fuel stability mechanisms with higher accuracy. At present,501

existing predictive mechanisms contain no steps for nitrogen and phenol502
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interactions.[68, 1] This is largely due to the poor mechanistic understanding503

of the interactions between the species, despite the fact that deposition in504

conventional aviation fuels are highly correlated with nitrogen and phenol505

content.[7, 14] Additionally, a common weakness in existing pseudo-detailed506

mechanisms is implicit deposition steps. The work here presents an explicit507

generalized scheme for nitrogen and phenol deposit formation. The effect on508

kinetic and thermochemical parameters on the variations between different509

nitrogen species and different phenol structures using this generalized scheme510

can be studied, allowing for the eventual addition of explicit deposition steps511

in pseudo-detailed mechanisms.512

4. Conclusions and Next Steps513

The highly cited SMORS mechanism to explain phenol and fuel heteratom514

coupling in fuels was investigated by experimental and DFT methods. Several515

key modifications are made to the original proposed mechanism. First, in516

contrast to the proposed one-step Russell Mechanism, formation of quinone517

was shown to occur via a two-step mechanism. This occurs via the decom-518

position of a tetraperoxide, formed via the termination of two keto-peroxyl519

radicals, leading to two reactive hydroxy radicals and singlet oxygen. Hy-520

droxy radicals then undergo a hydrogen transfer reaction to form quinone521

and a p-chinole, in contrast to the quinone, hydroquinone and triplet oxygen522

products in the original mechanism. The second important modification is523

the coupling step between quinone and electron-rich compounds. In apolar524

solvents, an electrophilic aromatic substitution (EAS) step was found to form525

unstable intermediates and was found to proceed with prohibitively high526

barriers. Instead, a homolytic aromatic substitution (HAS) mechanism was527

found to be the most likely pathway according to DFT calculated energies528

and experimental observations. Based on these findings, we propose a new529

modified SMORS pathway (Figures 12 and 13). Additionally, HAS reactions530

should begin to be explored as a new coupling pathway for fuel species.531
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