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Abstract 11 

This work combined experimental measurements with two theoretical approaches, reactive 12 

Molecular Dynamics (MD) simulations and Quantum Mechanics (QM) calculations, to 13 

investigate the combustion and sooting properties of three adamantane fuels, adamantane 14 

(AD), 1,3-dimethyl-adamantane (DMAD), and 1-ethyl-adamantane (EAD). These fuels were 15 

selected since the adamantane fuel family can potentially be used as sustainable aviation fuels 16 

and comparing these fuels would reveal the effects of side chain on their combustion and 17 

sooting properties. We determined the bond dissociation energies of the three test fuels using 18 

QM calculations and found that the functionalized side chains have the weakest bonds and 19 

their presence only slightly affects the bond strength in the AD multi-cyclic core. We 20 

performed pyrolysis simulations for all three fuels using ReaxFF-based MD simulations and 21 

found that DMAD and EAD have higher decomposition rates than AD and also generate more 22 

high-molecular-weight products. For all three fuels, these large products were observed to 23 

contribute significantly to hydrocarbon growth processes, which lead to large soot nucleating 24 
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species and even soot-like structures. A higher yield of such soot nucleating compounds was 25 

found during the pyrolysis of DMAD and EAD than AD since the decomposition products of 26 

DMAD and EAD are more branched and those of AD have mostly straight chains. These 27 

theoretical analyses were supported by experimental measurements of yield-based sooting 28 

tendencies, which suggest that DMAD and EAD are sootier than AD and that all three fuels 29 

are sootier than standard alkane jet fuel surrogates but less sooty than jet fuel aromatic content.  30 
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1.   INTRODUCTION 35 

Aviation is continually looking for Sustainable Aviation Fuels (SAF) comparable to 36 

conventional fuels due to the increasing demand for air traffic and significant emissions that 37 

cause climate change. The use of SAF derived from non-petroleum sources has the potential 38 

to decrease greenhouse gases and soot emissions, which mitigates the climate change impact 39 

of aviation by minimizing contrail formation [1] and the negative impacts on human health 40 

[2].  41 

High-throughput synthetic chemistry techniques have been employed to produce advanced 42 

aviation fuels from petroleum with low melting point, high mass density and volumetric Net 43 

Heat of Combustion (NHOC), such as JP-10, which enables operation in cold climates and at 44 

high altitudes [3]. Given the favorable fuel properties of JP-10, many researchers have 45 

attempted to synthesize SAF from biomass with multicyclic structures similar to JP-10.  46 
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Adamantane (AD), which consists of four fused six-membered rings, was found to have 47 

good thermal stability and high NHOC [4], comparable to JP-10. It can be acquired from 48 

petroleum fractions [5] and its natural cracking [6] and synthesized from dicyclopentadiene 49 

[7], disseminated organic matter of rocks [8] or exhausted natural gas wells [9]. It has also 50 

been reported that it can be synthesized from tetrahydrodicyclopentadiene by Lewis-acid-51 

catalyzed isomerization [7]. These properties collectively make adamantane an interesting 52 

candidate for aviation fuel. Nevertheless, its high melting point (269 °C) [3] makes it 53 

unsuitable to be a major component of liquid aviation fuels. Previous research has 54 

demonstrated that functionalizing AD with alkyl groups can dramatically reduce the melting 55 

point and viscosity, and increase fuel reactivity [3,4], making them suitable SAF candidates.  56 

This work considered AD and two alkyl-substituted AD compounds, namely 1,3-dimethyl-57 

adamantane (DMAD) and 1-ethyl-adamantane (EAD), as test fuels. AD was selected since it 58 

has the simplest fuel with a multi-cyclic structure. DMAD and EAD were selected for the 59 

simplicity of their side chains, and comparing the two isomers would reveal any potential side 60 

chain effects. The molecular structures of these fuels are shown in Fig. 1. Table 1 compares 61 

the melting point, mass density, and volumetric NHOC of AD, DMAD, EAD, JP-10, and n-62 

dodecane (standard jet fuel surrogate component). It can be found that the multi-cyclic core 63 

ensures high density and volumetric NHOC for AD, DMAD, and EAD, comparable to jet 64 

fuels and their surrogate components, while the alkyl chains in DMAD and EAD provide low 65 

melting points, making them suitable for aviation applications.  66 

 While there is extensive experimental and theoretical literature on the synthesis and 67 

property quantification of AD fuels, research focusing on their combustion and emission 68 

characteristics is very limited. Harrison et al. [4] synthesized three different alkyl-substituted 69 

diamondoid fuels (1-ethyl-3-methyl adamantane, 1-propyladamantane, and C13-C15 alkyl 70 
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diamondoids), and measured their mass density, freezing point, volumetric NHOC, and cetane 71 

number. Ma et al. [10] theoretically explored the side chain and isomer effects on the 72 

properties of 170 AD fuels, such as mass density, net heat value, specific impulse, and thermal 73 

and oxidation stability. Qin et al. [11] investigated the thermal stability of DMAD and 74 

hypothesized a DMAD thermal decomposition mechanism based on the component analysis 75 

of major gaseous products and liquid residues during pyrolysis. Al Zaabi et al. [2] observed 76 

strong synergistic soot suppression effects when AD was mixed into diesel. Despite these 77 

previous studies, there is still a significant lack of understanding of AD’s combustion and 78 

emission characteristics and functionalized AD fuels under engine-relevant conditions. 79 

In this work, we combined experimental measurements and theoretical approaches 80 

(quantum mechanics calculations and reactive Molecular Dynamics (MD) simulations) to 81 

reveal the combustion characteristics of AD, DAMD, and EAD. Specifically, we analyzed the 82 

bond strength of these fuels, their decomposition rates and pathways, major product 83 

distributions, and sooting tendencies. This approach aims to evaluate promising candidates 84 

for advancing the aviation industry and to enhance our understanding of alternative fuels that 85 

meet future environmental and performance requirements.  86 

 87 

           (a)                    (b)                        (c)  88 

Figure 1. Molecular structures of the test fuels, (a) AD, (b) DMAD, and (c) EAD. 89 

 90 
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Table 1. Key fuel properties of AD, DMAD, EAD, JP-10, and n-dodecane. 91 

 Melting point (°C) Mass density (g/mL) Volumetric NHOC (MJ/L) 

JP-10 -79 [3] 0.94 [3] 39.4 [3] 

n-dodecane -9.55 [12] 0.75 [12] 34.6 [13] 

AD 269 [3] 1.07 [14] 45.4 [15] 

DMAD -28.15 [16] 0.90 [16] 37.9 [4] 

EAD -24 [3] 0.95 [3] 40.2 [3] 

 92 

2. METHODOLOGY 93 

2.1. Quantum mechanics calculations 94 

Quantum mechanics calculations were performed using Density Functional Theory (DFT) 95 

to determine the Bond Dissociation Energies (BDE) of the three test fuels. Initial conformers 96 

for the starting fuels and the ring-opened structures were generated, with their energy 97 

minimized using the MMFF94 forcefield [17]. The obtained conformer geometries were used 98 

as inputs for DFT optimization using the M06-2X functional [18] and def2TZVP basis set 99 

[19], as implemented in Gaussian16 [20]. This combination was selected based on the results 100 

of prior benchmarking studies, notably that performed by St. John et. al [21] and Mardirossian 101 

and Head-Gordon [22]. All calculations were performed as triplets for all diradical species, as 102 

benchmarking results [21] show that the triplet enthalpy is consistently lower than that of the 103 

singlet. BDEs were calculated by subtracting the formation enthalpy of the starting fuel 104 

structure from that of the resultant fragment(s) due to bond cleavage. The obtained single 105 

point energies were subjected to quasi-harmonic corrections using the Goodvibes [23] 106 

software package.  107 

 108 

2.2 ReaxFF reactive MD simulations 109 
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High temperature pyrolysis of the three fuels was simulated using ReaxFF-based reactive 110 

MD. ReaxFF describes reactive events through a bond-order concept. The bond order is 111 

calculated directly from interatomic distance and updated at every iteration, which captures 112 

bond formation and breaking. The total energy of a system consists of many-body empirical 113 

potential terms. ReaxFF calculates the energy of each atom in the system using the following 114 

equation: 115 

𝐸𝑠𝑦𝑠𝑡𝑒𝑚 = 𝐸𝑏𝑜𝑛𝑑 + 𝐸𝑜𝑣𝑒𝑟 + 𝐸𝑢𝑛𝑑𝑒𝑟 + 𝐸𝑙𝑝 + 𝐸𝑣𝑎𝑙 + 𝐸𝑡𝑜𝑟 + 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏    (1) 116 

where 𝐸𝑏𝑜𝑛𝑑  (bond energy), 𝐸𝑜𝑣𝑒𝑟  (over-coordination penalty energy), 𝐸𝑢𝑛𝑑𝑒𝑟  (under-117 

coordination penalty energy), 𝐸𝑙𝑝 (lone pair energy), 𝐸𝑣𝑎𝑙 (valence angle energy), and 𝐸𝑡𝑜𝑟 118 

(torsion angle energy) are bond-order-dependent terms. 𝐸𝑣𝑑𝑊𝑎𝑎𝑙𝑠 (van der Waals energy) and 119 

𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏 (Coulomb energy) are non-bonded terms. ReaxFF employs Morse potential for the 120 

van der Waals interactions and the Electronegativity Equalization Method (EEM) for 121 

Coulomb interactions. More detailed descriptions of the ReaxFF methodology can be found 122 

in previous publications [24,25]. 123 

We followed a well-established ReaxFF-based simulation framework [26–28] to study the 124 

pyrolysis of AD, DMAD, and EAD. For the pyrolysis simulation of each fuel, 40 fuel 125 

molecules in their energy minimized structures were randomly placed in a 3D-periodic box 126 

of appropriate size to reach the desired density of 0.2 kg/dm3. We did not consider oxygen 127 

because in a typical non-premixed flame (e.g., the flame discussed in Section 2.3), fuel 128 

pyrolysis occurs under highly fuel rich conditions. The density of 0.2 kg/dm3 at this 129 

temperature condition leads to pressures much higher than those in practical combustion 130 

devices, since ReaxFF simulations typically need relatively high pressures and temperatures 131 

to accelerate the reaction dynamics, and the higher pressure does not affect the type of 132 

reactions that are occurring [29].  133 
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The prepared system was equilibrated at 1500 K for 2.5 ps through NVT-MD simulation, 134 

where the number of atoms (N), volume (V), and temperature (T) were kept constant. This 135 

step was carried out to stabilize the randomly arranged molecules without any chemical 136 

reaction occurring. After equilibration, additional NVT simulations were performed at 2500 137 

K with a time step of 0.1 fs to observe fuel pyrolysis. These simulations were performed for 138 

3 ns to ensure all fuels could decompose. We performed 3 statistically independent 139 

simulations for each fuel with three different initial configurations and ensemble-averaged the 140 

results to minimize statistical noise. All ReaxFF results reported in this work were based on 141 

ensemble-averaged data from the three NVT-MD simulations. The C/H/O force field [27] that 142 

was previously developed and validated was used in all ReaxFF simulations. The same force 143 

field has been used in previous studies for similar simulations with jet fuels, fuel surrogates, 144 

and fuel additives [28,30]. We used an in-house reaction analysis code to identify all reactions 145 

during MD simulations. This code is designed with the assumption that the recognition of a 146 

species with a different chemical formula implies the occurrence of a reaction event[28]. The 147 

ReaxFF simulation results were used to analyze the initial decomposition, product spectrum, 148 

and hydrocarbon growth of the three test fuels.  149 

 150 

2.3 Sooting tendency measurements 151 

Sooting tendencies were measured using a yield-based approach we developed previously 152 

[31]. The procedure used in this study is described in [32]. It consists of three steps: (1) we 153 

sequentially doped 1000 ppm (1000 μmol/mol) of n-heptane (H), toluene (TOL), and each 154 

test sample (TS) into the fuel of a base methane/air flame; (2) we measured the maximum soot 155 

concentration in each flame with line-of-sight spectral radiance (LSSR); and (3) we rescaled 156 

the results into a yield sooting index (YSI) defined as: 157 
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𝑌𝑆𝐼𝑇𝑆 = (𝑌𝑆𝐼𝑇𝑂𝐿 − 𝑌𝑆𝐼𝐻) ×  
𝐿𝑆𝑆𝑅𝑇𝑆−𝐿𝑆𝑆𝑅𝐻

𝐿𝑆𝑆𝑅𝑇𝑂𝐿−𝐿𝑆𝑆𝑅𝐻
+ 𝑌𝑆𝐼𝐻                 (2) 158 

This rescaling factors out sources of systematic uncertainty such as methane errors and air 159 

flowrate errors. Furthermore, it allows the new results to be compared quantitatively with a 160 

database that containing measured YSIs for hundreds of organic compounds [33]. The 161 

parameters YSITOL and YSIH are constants that define the YSI scale; their values, 170.9 and 162 

36.0, were taken from the database so that the newly measured YSIs would be on the same 163 

scale for a direct comparison.   164 

Supplemental Information (SI) A lists the sources and purities of the reactants. SI B shows 165 

a schematic diagram of the LSSR apparatus and SI C gives details of the specific burner 166 

[34,35]. The liquid test fuels were injected into the gas-phase CH4/N2 fuel mixture with a 167 

syringe pump. SI D lists the liquid-phase flow rates corresponding to 1000 ppm in the gas-168 

phase for each mixture, and the property values [36] that were used to calculate them. Each 169 

test fuel was injected for 600 s, and the LSSR signal was averaged from 300 to 600 s; SI E 170 

shows that the initial 300 s is adequate for the test fuel to equilibrate with the walls of the fuel 171 

line and burner. The fuel lines were heated to 90 ℃ and above, and the burner was heated to 172 

170 ℃. SI F shows that the LSSR signals of DMAD increased linearly with the test fuel mole 173 

fraction, which experimentally confirms that the test fuel was not condensing in the fuel 174 

delivery system.  Iso-octane was included in each measurement set as an internal standard; SI 175 

G shows that the values were consistent over time and agreed with previous measurements 176 

[33].  177 

Each YSI was measured three times and then averaged. The random uncertainty is 178 

estimated to be ±2% based on the standard deviation of the measured values for the internal 179 

standard. The systematic uncertainty in YSI is estimated to be ±1%, mainly due to uncertainty 180 

in the ratio of the mass densities between species. There is an additional uncertainty when 181 
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comparing the new measurements with the earlier measurements in [33], which we estimate 182 

to add ±2% based on the measured values of the internal standard versus its value in [33]. 183 

Overall, we estimate that the uncertainty in the measured YSI is ±5% or ±5.0, whichever is 184 

larger. 185 

 186 

3. RESULTS AND DISCUSSION 187 

3.1 Bond Dissociation Energy (BDE) analysis 188 

The BDEs of AD, DMAD, and EAD were determined using DFT-based quantum 189 

mechanics calculations, as shown in SI I. These BDE calculations would reveal how the alkyl 190 

side chains might alter the initial combustion reactions; the bonds with the weakest BDE can 191 

be assumed to be most easily pyrolytically cleaved during combustion. It was observed that 192 

the BDEs for all bonds in AD are the same, due to the symmetry of the AD molecular 193 

structure. The methyl groups in DMAD slightly change the BDEs of the bonds in the multi-194 

cyclic AD core of the molecule by approximately ±10%. The C-C bonds connecting the 195 

methyl groups to the AD core were found to have the lowest BDEs, which suggests that side 196 

chain dissociation would likely be a dominant initial decomposition pathway for DMAD. 197 

Similarly, the ethyl group in EAD only changes the BDEs of the bonds in the multi-cyclic AD 198 

core of the molecule by approximately ±7%. The two C-C bonds in the ethyl group were found 199 

to be significantly weaker than all the bonds in the AD core, which suggests that side chain 200 

dissociation would be preferred for EAD decomposition as well.  201 

 202 

3.2 Fuel decomposition  203 

Fuel reactivity at combustion temperatures strongly affects the location of combustion 204 

events and combustion efficiency. The reactivity of AD, DMAD, and EAD was quantified in 205 
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Fig. 2, where ensemble-averaged time histories of the number of fuel molecules extracted 206 

from ReaxFF MD pyrolysis simulations were shown. It was observed that AD, DMAD, and 207 

EAD were fully consumed after approximately 0.19, 0.20, and 0.15 ns, respectively. This 208 

suggests that EAD has a slightly higher decomposition rate than AD and DMAD, which have 209 

similar decomposition rates at this temperature. This is consistent with the BDE calculations 210 

reported in Section 3.2, where the ethyl chain in EAD was found to have the lowest BDE 211 

among all the bonds in the three fuels.  212 

The major decomposition pathways for the three fuels investigated were also extracted from 213 

ReaxFF simulations, as shown in Table 2 (minor pathways with less than 5% contribution 214 

were not shown). Table 2 shows the integrated data of decomposition pathways originating 215 

from fuel molecules and fuel radicals, considering hydrogen abstraction followed by radical 216 

dissociation or isomerization. In addition, Figure 3 illustrates the reaction pathways for the 217 

decomposition and sooting of the three adamantane fuels, highlighting the differences 218 

between them. The most preferred decomposition channel for AD is R1 (65%), which leads 219 

to forming of straight-chain allyl radicals, C7H11 and C3H5. Similarly, all other major AD 220 

decomposition pathways also lead to allyl radicals with mostly straight chains and low levels 221 

of branching. For DMAD and EAD, the most preferred decomposition pathways were 222 

identified to be the separation of side chains (R1 in both cases), consistent with the BDE 223 

calculations reported in Section 3.2. However, the dominance of these reactions is not strong, 224 

since other reaction channels were also found to contribute significantly to fuel decomposition. 225 

The adamantane radical resulting from Reactions R1 for DMAD and EAD were observed to 226 

decompose further following similar pathways as AD. Due to fuel side chains, other 227 

decomposition pathways of DMAD and EAD typically lead to branched allyl radicals. For 228 

instance, the C8H13 and C4H7 radicals formed by R2 for DMAD are both branched, containing 229 
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a methyl group from the original fuel molecule. The C9H15 radical formed by R2 for EAD is 230 

branched and contains the ethyl side chain from EAD. In particular, the two side chains in 231 

DMAD lead to the formation of radicals with higher levels of branching compared to EAD 232 

where a side chain is concentrated on one side of the AD core. Given that branched alkanes 233 

and alkenes are generally thermodynamically more stable than their linear isomers [37], the 234 

initial products formed from AD pyrolysis would likely further decompose into smaller 235 

fragments, whereas the initial products formed from DMAD and EAD pyrolysis would have 236 

a higher chance of forming larger hydrocarbons, potentially leading to higher soot propensity, 237 

as discussed in the following section.  238 

 239 

 240 

Figure 2. Time evolution of the fuel molecules extracted from ReaxFF MD simulations. 241 

 242 

 243 

 244 

 245 

 246 

 247 
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Table 2. Major initial decomposition reactions of AD, DMAD, and EAD extracted from 248 

ReaxFF pyrolysis simulations at 2500 K. 249 

Fuel Decomposition pathway Contribution 

AD (C10H16) 

       (R1)  C7H11 + C3H5 65% 

       (R2)  C5H8 + C5H8 19% 

       (R3)  C8H13 + C2H3 14% 

       (R4)  C6H9 + C4H7 8% 

DMAD (C12H20) 

       (R1)  C11H17 + CH3 28% 

       (R2)  C8H13 + C4H7 25% 

       (R3)  C9H15 + C3H5 22% 

       (R4)  C7H12 + C5H8 10% 

EAD (C12H20) 

       (R1)  C10H15 + C2H5 31% 

       (R2)  C9H15 + C3H5 27% 

       (R3)  C7H12 + C5H8 22% 

       (R4)  C11H17 + CH3 11% 

 250 
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 251 

Figure 3. Panel A illustrates the decomposition pathways of three adamantane fuels: AD 252 

(adamantane), DMAD (1,3-dimethyl-adamantane), and EAD (1-ethyl-adamantane). The 253 

initial decomposition step is depicted, with the percentage contribution of each pathway 254 

provided. Following this step, the potential decomposition of intermediates into various 255 

radicals is shown. Panel B presents a table listing the branched intermediates generated from 256 

the decomposition of AD, DMAD, and EAD. Below the table, a specific branched 257 

intermediate structure from DMAD is highlighted, demonstrating its potential growth through 258 
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radical chain reactions. This process results in larger resonance-stabilized radicals, which can 259 

subsequently contribute to soot formation [38,39]. 260 

 261 

3.3 Product distribution 262 

Figure 4 shows the ensemble-averaged time histories of major products formed during the 263 

pyrolysis of AD, DMAD, and EAD, extracted from ReaxFF MD simulations. Note that all 264 

compounds and radicals with the same number of carbon atoms are lumped together due to 265 

the large range of products generated. It is observed that all three fuels lead to the formation 266 

of not only small hydrocarbon fragments, such as C2 and C3 compounds, but also high-267 

molecular-weight hydrocarbons, such as C5-C7. Most of these major products are formed 268 

rapidly within the first 0.2 ns of the simulations for all three fuels, which suggests that they 269 

directly result from the initial fuel decomposition reactions (listed in Table 2). Once formed, 270 

the number of all major products for all three fuels were found to slowly but constantly 271 

decrease throughout the simulation. This suggests that the high-molecular-weight products 272 

(C5-C7) do not further decompose into smaller fragments (C2-C3), but instead, may go 273 

through hydrocarbon growth pathways leading to soot precursors.  274 

This behavior is different from what we observed previously for conventional jet fuels and 275 

fuel surrogates, such as n-dodecane and JP-10 [30], as well as for other bio-derived bi-cyclic 276 

fuels, such as dodeca-hydrobiphenylene (C12H20) and 1,1′-bi-cyclohexane (C12H22) [28]. 277 

These fuels contain similar numbers of carbon atoms as AD, DMAD, and EAD, but they form 278 

C2-C4 alkenes as the major products, without significant hydrocarbon growth. They also form 279 

low levels of high-molecular-weight hydrocarbons, which rapidly break down into smaller 280 

fragments. Based on this comparison, AD, DMAD, and EAD fuels would likely lead to higher 281 

soot production compared these aforementioned fuels.  282 
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By cross-comparing the product distributions from AD, DMAD, and EAD it was observed 283 

that AD and DMAD produce lower levels of C2 compounds compared to EAD, due to the 284 

EAD ethyl side chain separation reaction. DMAD and EAD produce more and larger high-285 

molecular-weight hydrocarbons than AD, likely due to the presence of side chains and the 286 

more stable branched structures of their products. This implies that DMAD and EAD would 287 

lead to more pronounced hydrocarbon growth than AD.  288 

 289 

                         (a)                                       (b)                            (c) 290 

Figure 4. Time evolution of major pyrolysis products of (a) AD, (b) DMAD, and (c) EAD 291 

extracted from ReaxFF MD simulations. 292 

 293 

3.4 Hydrocarbon growth 294 

To better quantify the hydrocarbon growth process from the smaller C2-C7 products shown 295 

in Fig. 4, the entire hydrocarbon product spectrum was extracted at the end of the ReaxFF 296 

simulations (3 ns), as shown in Fig. 5 for all three fuels. Similar to Fig. 4, all compounds and 297 

radicals with the same number of carbon atoms are lumped into the one bin. It was observed 298 

that large amounts of highly unsaturated large hydrocarbons (> C20) are formed for all three 299 

fuels. Such compounds were not found in similar simulations from previous studies of jet 300 

fuels, fuel surrogates, [30], and bio-derived bi-cyclic fuel additives [28].  301 

The molecular structures were extracted from ReaxFF simulations for three of such 302 

compounds formed from EAD pyrolysis, as shown in Fig. 6. Poly-cyclic structures were 303 
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observed in all three molecules, which demonstrates that they can be classified as soot 304 

precursors. Based on this observation, the highly unsaturated large hydrocarbon products that 305 

contain at least three inter-connected aromatic rings were highlighted in yellow in the entire 306 

product distribution for all three fuels shown in Fig. 5. We considered these compounds as 307 

soot precursors that can directly lead to chemical or physical nucleation to form soot [40]. 308 

This is a rather conservative cut-off, since some previous studies have considered naphthalene 309 

as the smallest Poly-cyclic Aromatic Hydrocarbon (PAH) that leads to soot nucleation [40]. 310 

At the end of the pyrolysis simulations, these compounds contain 30%, 51%, and 44% of the 311 

total number of carbon atoms in the system for AD, DMAD, and EAD, respectively. In 312 

addition, the dominant molecular structures of the low molecular weight products ( C5) from 313 

AD, DMAD, and EAD decomposition are the same and are provided in SI J. This result is 314 

expected, since the side chains primarily affect high molecular weight products. 315 

The time-histories of the total number of carbon atoms contained in the “soot nucleating 316 

compounds” (yellow-highlighted bins in Fig. 5 all combined) were extracted from ReaxFF 317 

simulations for all three fuels, as shown by the red dash line in Fig. 4. It was observed that 318 

soot nucleating compounds start to form earlier for DMAD and EAD compared to AD. In 319 

addition, DMAD and EAD pyrolysis lead to a higher yield of these compounds compared to 320 

AD. These differences are likely due to the branched structures found in the direct pyrolysis 321 

products for DMAD and EAD, which are more stable and prone to hydrocarbon growth.  322 

These results imply that AD, DMAD, and EAD would have higher sooting tendencies than 323 

JP-10, n-dodecane, and bi-cyclic alkanes (previously investigated using ReaxFF [28,30]), and 324 

that DMAD and EAD would have similar sooting tendencies, higher than that of AD.  325 
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 326 

            (a)                (b)                         (c) 327 

Figure 5. Product spectrum of (a) AD, (b) DMAD, and (c) EAD extracted at the end of the 328 

ReaxFF pyrolysis simulations. 329 

 330 

 331 

             (a)                       (b)                   (c) 332 

Figure 6. Molecular structures of large highly-unsaturated hydrocarbons (a) C75H57, (b) 333 

C36H26, and (c) C30H19 extracted at the end of the ReaxFF pyrolysis simulations for EAD.  334 

 335 

3.5 Experimental sooting tendency measurements 336 

The observations made above based on the analysis of ReaxFF-based MD simulation results 337 

were supported by and in agreement with actual sooting tendency measurements. We 338 

measured yield-based sooting tendencies (i.e., YSIs) for AD, DMAD, and EAD, which are 339 

listed in Table 3. This table also lists the YSIs measured previously [33] for the set of 340 



18 
 

compounds proposed in [41] as a palette for formulating jet fuel surrogates. These values 341 

indicate how the adamantanes compare to other jet-fuel-relevant hydrocarbons. 342 

DMAD and EAD are liquids at room temperature, so their YSIs could be measured with 343 

the normal procedure. In contrast, AD is a solid with a melting point of 270 °C [42] and it 344 

could not be injected into the fuel mixture as a pure compound. Instead, we dissolved AD into 345 

n-heptane (H) and measured the YSIs of the resulting liquid mixtures (YSImix). The mixtures 346 

had AD mole fractions (xAD) of 0.02, 0.04, 0.06, and 0.08; higher values could not be achieved 347 

due to the solubility limit. 348 

Figure 7 shows the results. YSImix increases linearly as xAD increases, at a slope 349 

corresponding to YSIAD = 174. We estimate the uncertainty in this value as ±20 YSI units 350 

based on its sensitivity to the details of the analysis. This uncertainty is more significant than 351 

normal YSI measurements since the AD is responsible for only one-third or less of the soot 352 

in these flames. 353 

The only previous study of adamantane sooting tendencies observed a strong synergistic 354 

soot suppression effect when AD was mixed into diesel fuel [2]. The Smoke Point (SP) was 355 

18 mm for pure diesel, increased to 23 and 29 mm with xAD = 0.01 and 0.0675, and then 356 

decreased to 23 mm for xAD = 0.08. (SP is a threshold-based sooting tendency where higher 357 

values correspond to less sooty fuels [43].) In contrast, the data in Fig. 7 follows a linear 358 

blending rule with no synergistic effect. 359 

The ASTM specifications for Jet A [44] require SP ≥ 18 mm. We showed in earlier work 360 

that YSI and 1/SP are correlated, such that a Derived Smoke Point (DSP) can be calculated 361 

from a measured YSI. Table 3 lists DSPs calculated in SI H for the adamantanes and the other 362 

jet fuel components. All the adamantanes have DSP < 18 mm, so they would not be suitable 363 

as pure Jet A fuels. However, their DSPs are significantly higher than the aromatic 364 
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components (12.9 to 13.9 vs. 3.1 to 9.0), so to the extent that they can replace the aromatics 365 

in jet fuel, they will likely reduce soot emissions. 366 

 367 

Table 3. YSIs of adamantanes measured in this study, YSIs measured earlier for some other 368 

jet fuel compounds [33], and Derived Smoke Points (DSPs) calculated from the YSIs (see 369 

SI H). 370 

Name YSI DSP 

AD 174 ± 20 13.9 

DMAD 235 ± 12 12.3 

EAD 225 ± 11 12.9 

n-decane 54 ± 5 100.2 

n-dodecane 67 ± 5 91.2 

n-tetradecane 78 ± 5 90.1 

isocetane 128 ± 6 45.5 

methylcyclohexane 54 ± 5 47.3 

n-butylcyclohexane 77 ± 5 47.0 

1,2-xylene 200 ± 10 8.5 

n-butylbenzene 245 ± 12 9.0 

trimethylbenzene 311 ± 16 6.1 

tetralin 336 ± 17 6.1 

1-methylnaphthalene 649 ± 32 3.1 

 371 

 372 

 373 
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  374 

Figure 7. YSIs measured for mixtures of n-heptane (H) with AD. The error bars indicate the 375 

±2% random uncertainty. The Derived Smoking Point (DSP) data is also provided for 376 

reference. 377 

 378 

4. CONCLUSIONS 379 

This study used experimental measurements, DFT-based quantum mechanics calculations, 380 

and ReaxFF-based MD simulations to investigate the decomposition rates and reaction 381 

pathways, product distributions, and sooting tendencies of three adamantane fuels, AD, 382 

DMAD, and EAD. These fuels were found to have high decomposition rates and yield 383 

significant amounts of high-molecular-weight products. These products go through 384 

pronounced hydrocarbon growth processes leading to multi-ring aromatic species with even 385 

soot-like structures, which have relatively high sooting tendencies, as confirmed by 386 

experimental measurements. Therefore, adamantane fuels with functionalized side chains 387 

would not be suitable as pure jet fuels, but can potentially replace the aromatic content in jet 388 

fuels, to reduce soot emissions. 389 

The presence of the side chains was found to have significant effects on DMAD and EAD 390 

decomposition since side chain separation was the dominant initial pathway. The side chains 391 

also make the decomposition products of DMAD and EAD more branched than those of AD. 392 
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Therefore, more hydrocarbon growth was found following DMAD and EAD decomposition, 393 

compared to AD. For these reasons, DMAD and EAD have higher sooting tendencies than 394 

AD, in agreement with current measurements.   395 
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