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  Abstract: Oxygenated polycyclic aromatic hydrocarbons (OPAH) have received increasing attention due to their 

toxic effect on human health. This study comprehensively investigates the evolution of OPAH chemistry at flame 

temperatures. Jet-stirred reactor (JSR) experiments with benzene/phenol/C2H2/N2 and benzene/C2H2/O2/N2 

revealed that OPAH with oxygenated heterocycle can be formed by the addition of C2H2 at 1400 K. To further 

clarify the evolution of OPAH chemistry in soot systems, OPAH formation and decomposition reaction pathways 

and kinetic parameters have been theoretically investigated. The potential energy surfaces of 1-naphtholate and 

2-naphtholate growth, and thermal decomposition reactions, were calculated by combining the density functional 

theory B3LYP/6-311+G(d,p) and CCSD(T)/cc-pvdz methods. The reaction rate coefficients in the temperature 

range of 800-2500 K and pressure range of 0.1-100 atm were calculated using RRKM theory by solving the 

master equations. The potential energy surface of C2H2+1-naphtholate and C2H2+2-naphtholate growth reactions 

showed that the O atom could be locked in a naphthofuran molecule with the formation of a C-O-C oxygenated 

heterocycle; and the reaction rates were determined by adding the C2H2 elementary step with the energy barrier 

of 26.0 and 19.9 kcal/mol, respectively. Thermal decomposition reactions of 1-naphtholate and 2-naphtholate 

yielded an indenyl radical and CO. The thermal decomposition reaction rates were significantly sensitive to the 

zig-zag site structure next to the C=O bond. The decomposition rate of 1-naphtholate at 1500 K, with a zig-zag 

site near the C=O bond, was 14.8 times lower than that of 2-naphtholate with no zig-zag site near the C=O bond. 

Rate comparison results indicate that the C=O functional group rapidly converts to a C-O-C functional group with 

the addition of C2H2. The formation, growth and thermal decomposition reactions of 1-naphtholate and 2-

naphtholate were added to a detailed PAH mechanism to check the effect of OPAH reactions on PAH formation 

chemistry. The concentration profile of naphthalene predicted by the updated PAH mechanism was lower than 

current PAH mechanism predictions by 29 %, indicating that the OPAH reactions had a significant effect on PAH 

formation chemistry, and should be included in the PAH mechanism. However, due to the relatively low 

concentration of OPAH compared to PAH, it is possible to ignore the correlation between OPAH and soot 

nucleation at flame temperatures; therefore an OPAH evolution pathway (PAH → incipient soot → OPAH 

formation on soot particle → selective thermal decomposition of OPAH), is proposed to explain the high content 

of OPAH molecules (e.g., 9,10-anthraquinone, benz(a)anthracene-7,12-dione, and benzanthrone) adsorbed on the 

soot particle. 

Keywords: Polycyclic aromatic hydrocarbons (PAH), OPAH, Soot, JSR, kinetics 
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1. Introduction  

  Oxygenated polycyclic aromatic hydrocarbons (OPAH) have one or more oxygen atoms bonded to their 

aromatic ring. They are widely detected in ambient air [1], and the total concentration of OPAH adsorbed on 

PM2.5 aerosols (particulate matter size less than 2.5 nm) is in the range of 5-22 ng/m3 [2]. Toxicological evidence 

showed that some OPAH molecules (benzanthrone and 9,10-anthraquinone) are more dangerous than their parent 

polycyclic aromatic hydrocarbons (PAH) [3]. Source analysis results indicated that OPAH derives mainly from 

the incomplete combustion of hydrocarbon fuels [4].  

  Results from experiments with diesel engines revealed that the emission levels of OPAH and PAH adsorbed on 

soot particles were comparable when fueled with petro diesel [5], and the concentration ratio between OPAH and 

PAH tended to increase with biodiesel [6]. Li et al. analyzed individual PAH and OPAH emissions from a direct 

injection diesel engine [7]. Their results indicated that the predominant PAH were phenanthrene (A3), pyrene (A4), 

acenaphthylene (A2R5) and fluorene, reflecting the concentration ranking of PAH in various soot flames [8-11]. 

However, the derivative oxygenates from A3, A4 and A2R5 were not detected, and the most abundant OPAH 

compounds were 9,10-anthraquinone, benz(a)anthracene-7,12-dione, and benzanthrone [7, 12]. The relationship 

between OPAH and soot formation in combustion was recently revisited. Experimental evidence from indoor 

solid fuel combustion showed that OPAH are more likely to be associated with particulate matter, as compared 

to PAH [13]. Johansson et al. [14], detected various OPAH signals in ethylene soot flames, along with PAH 

signals, using vacuum ultraviolet photoionization aerosol mass spectrometry and X-ray photoelectron 

spectroscopy (XPS). XPS analysis on sampled soot particles showed that the fractional contribution of the C-O-

C functional group was higher than that of C=O and C-OH. These excremental results raise the question of 

whether OPAH plays a significant role in soot formation. The detected concentrations of PAH and OPAH 

adsorbed on soot particles were comparable, but only PAH are regarded as the soot precursor in current soot 

formation mechanisms [15-17]. In this work, the evolutionary chemistry of OPAH at flame temperature is 

explored both theoretically and experimentally. 

  The evolution of OPAH can be divided simply into three stages that include formation, thermal decomposition 

and growth. OPAH are generated mainly from PAH oxidation in flames, where oxygen, OH radical and O radical 

are the most important oxidizers [18]. The reactions of PAH + O2 → OPAH + O, PAH + O → OPAH, and PAH 

+ OH → OPAH + H are the main formation channels for OPAH formation in flames [19]. The formation rates of 

OPAH are also reaction site- and molecule size-independent [19]. Once OPAH are formed, their thermal 

decompositions may occur; this is regarded as the rate limiting step in PAH oxidation. You et al. [20] investigated 

the thermal decomposition of graphene oxyradicals through the combination of density function theory (DFT) 
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and Rice–Ramsperger–Kassel–Marcus (RRKM) theory. They found that CO was the dominant product, and the 

thermal decomposition process was highly temperature-, pressure- and reaction site-dependent. Liu et al. [21], 

Sendt et al.[22, 23] and Edwards et al. [24] reached similar conclusions. Despite the existence of OPAH in PAH 

and soot systems, the formation and growth chemistry of OPAH are ignored in current PAH and soot mechanisms 

[25-28], because the oxidation of PAH and soot is assumed to be a steady state process, and expressed as lumped 

reactions. For example, the reaction of 1-phenanthrene radical and O2 is assumed to directly yield 1-

ethynylnaphthalene, HCO, and CO [25, 26] in lumped reaction. To enhance understanding of OPAH evolution 

chemistry, it is important to explore its possible growth pathways. One potential route is by the addition of carbon 

to OPAH with C=O functional groups, and the formation of C-O-C functional groups in oxygenated heterocycles. 

Concentrations of OPAH in soot flames must be estimated, and the steady state assumption needs to be checked 

during the process of PAH oxidation. Furthermore, the importance of OPAH in soot nucleation must be evaluated, 

since OPAH are abundant on soot particles adsorption. 

  In this study, the formation of PAH and OPAH was experimentally measured in a jet-stirred reactor (JSR) fueled 

with benzene/phenol/C2H2/N2 and benzene/C2H2/air/N2 at 1400 K to mimic soot flame conditions. Acetylene was 

chosen as the carbon addition source because of its special structure with triple bond, and its high concentration 

in sooting flames. To reveal the formation chemistry of C10H8O and C12H8O as detected experimentally, the 

addition reactions of C2H2 and 1-naphtholate (2-naphtholate), and the thermal decomposition reactions of 1-

naphtholate (2-naphtholate) were theoretically investigated. The active sites on the side of C=O bond in 1-

naphtholate and 2-naphtholate molecular structures are zig-zag and free-edge site respectively, making it possible 

to investigate the effect of active site types in C2H2+OPAH reactions using high-level theoretical methodology. 

The potential energy surfaces (PES) were obtained by DFT B3LYP/6-311+G(d,p) and CCSD(T)/cc-pvdz methods. 

The reaction rate coefficients were calculated using RRKM theory with solving the master equation. With the 

theoretical calculated reaction rates, the effect of OPAH chemistry on PAH formation was evaluated in a premixed 

C2H4/O2/Ar soot flame system. Finally, the most likely reasons were proposed and discussed to explain the 

dominance of benz(a)anthracene-7,12-dione, 9,10-anthraquinone, and beazanthrone in OPAH adsorption on soot 

particles from diesel engine exhaust.  

 

2. Experimental and Calculation Details 

2.1 Jet-stirred reactor experiment 

  The formation of PAH and OPAH at flame temperatures was monitored in a JSR. The experimental setup (Fig. 

1) was similar to that reported in previous literature [29-31]; therefore only a brief description is given here. Fused 

silica was used to make a spherical reactor (volume 76 cm3) to prevent surface reactions. To achieve perfect 
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mixing, four opposing nozzles were designed as the inlets of the reactor; and the mixing performance was checked 

experimentally [32]. Liquid fuels were loaded into a glass syringe, then injected into a homemade vaporizer by 

an electronic syringe pump with a controlled injection rate. Two experiments were performed: 

benzene/phenol/C2H2/N2 and benzene/air/C2H2/N2. The inlet compositions for two experiments in the jet stirred 

reactor are listed in Table 1. The liquid injected in the first experiment was phenol (purity > 98% from Sigma 

Aldrich) and a benzene (purity > 99% from Sigma Aldrich) mixture with a mole ratio of 1:1. For the second 

experiment, the injection liquid was pure benzene. After the injection, the vaporizer was heated to 140 ºC for the 

liquid vaporization; the vapor was then diluted with a nitrogen flow and introduced into the reactor inlet through 

a thin inner capillary tube (ID 1mm). Acetylene (purity>99.99%) with nitrogen dilution was introduced into the 

reactor inlet through the outer channel of the quartz reactor. In the second experiment, high purity air 

(purity>99.99%) with a nitrogen dilution was introduced into the reactor through the inner capillary tube. The 

amount of air was calculated to maintain oxygen concentration at 1000 ppm. All gas flows were controlled by 

MKS mass flow controllers to set residence time at 1.0 s. A K-type thermocouple was placed at the exit of the 

reactor to monitor reactor temperature. Temperature profiles were measured with a pure nitrogen flow and showed 

good uniformity (gradient <3K/cm) inside the reactor. After reaction, a heated sampling probe was placed at the 

exit of the reactor to introduce the reaction products into the Orbitrap mass spectrometry for analysis. The 

sampling method was similar to that of Dagaut et al. [33]. 

Table 1: Inlet compositions of jet stirred reactor experiments. 

Experiment No. Benzene Phenol Acetylene Oxygen Nitrogen 

Experiment 1 500 ppm 500 ppm 1% 0 98.90% 

Experiment 2 1000 ppm 0 1% 1000 ppm 98.80% 

 

  Product analysis was performed on a Thermo LTQ Velos Orbitrap mass spectrometer equipped with an IonMax 

APCI ion source coupled with Syagen’s PhotoMate APPI source (Thermo Scientific, San Jose, CA, USA). The 

mass scan range was set to m/z 70–300. The calibration of the LTQ-Orbitrap mass analyzer was performed in 

positive ESI ionization mode according to the manufacturer’s guidelines. The calibration frequency was once a 

week. The Orbitrap mass spectrometer was operated using XCalibur software. APPI is an emerging ionization 

technique that is capable of ionizing a wide range of polar and nonpolar molecules [34-36]. Ion formation during 

APPI is known to be governed by charge-exchange and/or proton-transfer reactions. In fact, in the positive mode, 

APPI usually provides radical cations and/or protonated species [37, 38]. The APPI source parameters such as 

source vaporizer temperature, sheath gas, auxiliary gas, and position of the krypton lamp were optimized using 

the pure gas reactant from compressed cylinder. The capillary temperature was kept constant at 350 ˚C for all 
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experiments. The source vaporizer temperature was adjusted to 450 ̊ C. Sheath and auxiliary gases were optimized 

and set to 40 and 20 arbitrary units, respectively. The energy of the ultraviolet ionization lamp was 10.6 eV so 

that all PAH molecules could be ionized. The selection of APPI facilitated detection of any poly aromatic 

hydrocarbons (PAH) molecules with weak polarity. Analytes were detected with mass resolution of 100000, 

sensitivity range 1 to 5 ppm and mass accuracy < 5 ppm, so that an accurate molecular formula could be 

unambiguously measured.    

 

Fig. 1: Schematic of apparatus for JSR experiments [29, 31]. 

2.2 Quantum chemistry 

  In quantum chemistry calculations, all local minimum and transition states were optimized at DFT B3LYP/6-

311+G(d,p) level [39, 40]. The frequency information used in subsequent reaction rate calculation was obtained 

at the same level, with a correction factor of 0.967 [41]. To improve kinetic accuracy, single-point energies were 

refined using a CCSD(T)/cc-pvdz method with geometry optimized at a DFT B3LYP/6-311+G(d,p) level. The 

sum of CCSD(T)/cc-pvdz single-point energy and DFT zero-point energy was the final energy for the PES. 

Intrinsic reaction coordinate (IRC) calculations were performed to ensure that the transition state connected the 

correct reactants and products. All quantum chemistry calculations were conducted using a Gaussian 09 software 

package, version D.01 [42]. 

2.3 Reaction rate coefficients 

  The reaction rate coefficients in the temperature range of 800-2500 K and pressure range between 0.1-100 atm 

were evaluated by RRKM theory, solving the master equation. A MultiWell suite of codes, version 2017, was 

selected for kinetic calculations [43, 44]. In the MultiWell calculations, the maximum energy was set at 300,000 

cm-1; vibrational and translational temperatures were set to be equal. The temperature independent exponential 

model, with <ΔEdown> = 260 cm−1 [45], described the collisional energy transfer. The bath gas collider was argon 

with Lennard-Jones parameters σ and ԑ/kB equaling 3.47 Å and 114 K. The Lennard-Jones parameters of other 
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species were assumed to be equal to that of naphthalene. The number of stochastic trials was changed from 1x105 

to 1x106 in the temperature range of 800-1200 K, and from 1x106 to 1x107 in the temperature range of 1300-2500 

K. Statistical fluctuation was within 3%. Previous studies indicated that deviation between the calculated reaction 

rate coefficients using similar procedures, and the experimental results, was within three times [17, 21, 46].  

2.4 Premixed flame simulation  

  The reaction pathways investigated were merged into a PAH mechanism to check the effect of OPAH on PAH 

and soot formation. Previous studies by this group showed that the formation of naphthalene could be accurately 

captured by a hydrogen abstraction/acetylene-addition (HACA) pathway [46]. In this work, the common 

decomposition product of 1-naphtholate and 2-naphtholate was indenyl. Therefore, it was necessary to link the 

indenyl reaction network and the OPAH reaction network for 1-naphtholate and 2-naphtholate. The framework 

of the PAH mechanism used here included mainly 1) the USC II mechanism (as well as the Aramco II mechanism, 

see Supplementary Material) to describe the gas phase reactions up to benzene [47, 48]; 2) PAH growth from 

benzene to pyrene, following the HACA pathway and considering the site effect [46]; 3) PAH growth by CH2 

[49], CH3 [50], C3H3 [51], C4H4 [17, 52], C5H5 [27] and reactions to indene addition [53-55]; 4) H abstraction 

reactions by CH3 and OH [56], 5) OPAH formation [19], growth and decomposition reactions in this study. The 

references for each added reaction are marked in the supplementary material. Generally, the thermodynamics 

parameters determine the reverse reaction rate and reaction heat release. The PAH chemistry is unable to affect 

the flame temperature due to their low concentration. In this study, the thermodynamics parameters of most new 

species were assumed to be equal to that of the corresponding PAH isomer considered in the ABF mechanism 

[25], as the forward and reverse reaction rates were provided. For a few reactions from reference, only forward 

reaction rates were given. The thermodynamics parameters of species involved in these reactions were taken from 

the same reference. The Lennard-Jones transport parameters of all new species were descripted by the method 

suggested by Wang et al [57]. The premixed flame module in the Chemkin Pro package was used to simulate the 

premixed C2H4/O2/Ar flame with equivalence ratio of 3.06 [8]. Species ordinary diffusion coefficients and fluxes 

were described by the mixture-averaged transport formulation. The maximum number of grid points allowed was 

set as 500; the number of adaptive grid points was 200. The maximum gradient and curvature allowed between 

grid points were 0.1 and 0.2, respectively. 

3. Results and discussion 

3.1 JSR experiments 

  Figure 2 shows mass spectra results from the JSR fueled with C6H6/C2H2/air/N2 and C6H6/C6H6O/C2H2/N2 at 

1400 K. Signals of both PAH and OPAH were observed among various pyrolysis products within the mass range 

from 75 to 210. The most likely structures for main peaks are given in Fig. 2. The existence of A1, A1C2H, A2 and 
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A2R5 signals indicates that the HACA route was the main growth route from A1 to A2. The absence of A3 and A4 

signals may result from the lower detection limit of the mass spectrometer (1 ppm). The inability to detect these 

signals may indicate a low efficiency of HACA pathway to lead to the increment of a new benzene ring on large 

PAH, due to the site effect [46]. The OPAH signals, including C10H8O and C12H8O, were detected in the 

C6H6/C2H2/air/N2 reaction system. The O atom in OPAH may exist in the form of C=O, C-O-C, and C-OH 

functional groups. OPAH molecules with a C=O bond (phenolate and naphtholate) have radical characteristics, 

and they were too reactive to be detected. The O atoms in C10H8O and C12H8O molecules could be in the form of 

a C-O-C functional group, rather than a C-OH functional group, because the phenol signal was not detected in 

the C6H6/C2H2/air/N2 pyrolysis experiment, as shown in Fig.2 (a). This indicates that the C10H8O signal detected 

in the C6H6/C2H2/air/N2 pyrolysis was probably from 3-phenylfuran or 2-vinylbenzofuran structures instead of 1-

naphthalenol and 2-naphthalenol, if not, the OH radical would have attacked phenyl to form phenol. Naphtho 

[2,1-b] furan should account for the C12H8O signal instead of 4-acenaphthylenol. This hypothesis is supported by 

the fact that a C10H8O signal was not detected while a C12H8O signal was detected in the C6H6/C6H6O/C2H2/N2 

pyrolysis experiment (Fig.2 (b)).  

 
(a) 

https://webbook.nist.gov/cgi/cbook.cgi?ID=C90153&Units=SI
https://webbook.nist.gov/cgi/cbook.cgi?ID=C90153&Units=SI
https://webbook.nist.gov/cgi/cbook.cgi?ID=C90153&Units=SI
https://webbook.nist.gov/cgi/cbook.cgi?ID=C232951&Units=SI
https://webbook.nist.gov/cgi/cbook.cgi?ID=C232951&Units=SI
https://webbook.nist.gov/cgi/cbook.cgi?ID=R572402&Units=SI
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(b) 

Fig. 2: Mass spectra of benzene/acetylene/air/nitrogen and benzene/phenol/acetylene/nitrogen pyrolysis 

products in JSR at 1400 K. 

3.2 Growth and decomposition reactions of 1-naphtholate  

  Results from the JSR experiments indicate that the OPAH with a C-O-C functional group can be generated 

together with PAH near flame temperatures. The reaction pathway and kinetic parameters were investigated to 

further clarify the role of OPAH in PAH and soot formation in flames. The PES of the addition reaction between 

1-naphtholate and C2H2 is presented in Fig.3. The entrance reaction of 1-naphtholate and C2H2 generated the 

adduct CS2 with the energy barrier of 26.0 kcal/mol, which is higher than the energy barrier of C2H2 + 1-naphthyl 

radical (A2-1) reaction by 21.4 kcal/mol [46]. CS2 can lead to two different products in this reaction system: The 

ring-open product CS8-P, formed though H abstraction reaction (CS2→CS8-P+H, 46.5 kcal/mol), and the ring 

closure product CS6-P, featured with the O atom locked in a five-membered heterocycle ring. Two reaction 

channels CS2→CS3→CS4→CS5→CS6-P+H and CS2→CS3→CS7→CS6-P+H can lead to the formation of 

CS6-P. The former channel involves H atom rotation reaction (CS2→CS3, 3.0 kcal/mol), H transfer reaction from 

benzene ring to the chain side (CS3→CS4, 8.3 kcal/mol), cyclization reaction (CS4→CS5, 9.2 kcal/mol), and H 

elimination reaction (CS5→CS6-P+H, 28.5 kcal/mol). In the latter channel, cyclization reaction proceeded 

directly once CS3 was formed (CS3→CS7, 13.7 kcal/mol), followed by H elimination reaction (CS7→CS6-P+H, 

17.0 kcal/mol) to yield CS6-P. 
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Fig. 3: Potential energy surface of reaction 1-naphtholate + C2H2. Energies calculated at CCSD(T)/cc-pvdz 

level. 

  Thermal decomposition and growth reactions of 1-naphtholate occur simultaneously at flame temperatures. As 

shown in Fig.4, the thermal decomposition reaction pathway of 1-naphtholate can be the pathway 

CS1→CS9→CS10→CS11-P+CO. The elementary reaction step of CS1→CS9 with the formation of a new C-C 

bond had an energy barrier of 58.0 kcal/mol. The subsequent process CS9→CS10 is featured breaking the existing 

C-C bond--a rapid process--due to the low energy barrier (0.9 kcal/mol). In the last step, CO was released from 

the molecule CS10 with an energy barrier of 4.6 kcal/mol.  

 

Fig. 4: Potential energy surface of thermal decomposition reaction of 1-naphtholate. Energies calculated at 

CCSD(T)/cc-pvdz level. 

3.3 Growth and decomposition reactions of 2-naphtholate  

  Growth and oxidation reactions in PAH are more sensitive to the type of reaction site than to the size of molecules 

[19, 20, 46, 58, 59]. For this reason, growth and decomposition reactions of 2-naphtholate were investigated here. 

As shown in Figs.5 and 6, the PESs for growth and decomposition reactions of 2-naphtholate are very similar to 

that of 1-naphtholate, including the reaction steps and vibration modes of the transition states. As indicated by 

theoretical calculations, the reactivity of 2-naphtholate is higher than 1-naphtholate; this is evidenced by the lower 
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energy barrier of the first reaction step. Specifically, the energy barriers of 2-naphtholate+C2H2→CS13 and 2-

naphtholate→CS21 reactions are lower than that of 1-naphtholate+C2H2→CS13 and 1-naphtholate→CS9 

reactions by 6.1 kcal/mol and 13.3 kcal/mol, respectively. On this basis, it can be presumed that OPAH with the 

O atom located near the zig-zag surface site can survive longer in flame conditions. Further confirmation was 

provided by the following soot flame simulations. 

 

Fig. 5: Potential energy surface of reaction 2-naphtholate + C2H2. Energies calculated at CCSD(T)/cc-pvdz 

level. 

 

 

Fig. 6: Potential energy surface of thermal decomposition reaction of 2-naphtholate. Energies calculated at 

CCSD(T)/cc-pvdz level. 

 

3.4 Reaction rate coefficients 

  With the above quantum chemistry results (including energy barriers, molecular frequencies and inertia 

momentums), reaction rate coefficients can be calculated using the RRKM theory, solving the master equation. 

The calculated rate coefficients were valid in the temperature range of 800-2500 K and pressure range of 0.1-100 

atm. To our knowledge, there are no reported experimental rate coefficients for 1-naphtholate+C2H2 addition 
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reaction and 1-naphtholate decomposition reaction. Here, the thermal decomposition reaction coefficients of 

similar OPAH structures with an analogous adjacent O atom [19, 20] were compared with our calculated results. 

The comparison results shown in Fig7 (c)-(d) validate our calculations, and indicate that the thermal 

decomposition rates of OPAH are independent of reactant size. Additional validations for this method of 

calculating reaction rate coefficients have been presented in previous studies by this group, including the thermal 

decomposition reaction of phenol [21], and the reaction of adding phenyl + C2H2 [60]. Results indicated that the 

reaction of C2H2 addition on 1-naphtholate would predominantly produce CS6-P, due to the high rate differences 

between 1-naphtholate+C2H2→CS6-P+H and 1-naphtholate+C2H2→CS8-P+H reactions, as shown in Fig.7 (a). 

For example, at 1500 K the reaction rate coefficient of 1-naphtholate+C2H2→CS6-P+H was higher than that of 

1-naphtholate+C2H2→CS8-P+H by four orders of magnitude. Similar results were obtained from the 2-

naphtholate+C2H2 reaction system, as shown in Fig.7 (b). Therefore, it can be concluded that the O atom can be 

locked in the heterocycle as the form of a C-O-C functional group when attacked by C2H2. This conclusion agrees 

with the results of the JSR experiments. 

  The rate coefficients of bimolecular 1-naphtholate (2-naphtholate) +C2H2→Product+H reaction are pressure-

independent; however, the rate coefficients of unimolecular decomposition reaction 1-naphtholate (2-naphtholate) 

→ indenyl+CO are highly pressure dependent. As shown in Fig.7 (c)-(d), in the temperature range of 1300-2500 

K, the decomposition reactions of 1-naphtholate and 2-naphtholate are clearly in the falloff region. Reaction site 

dependence was emphasized when comparing the rate coefficients of 1-naphtholate→indenyl+CO and 2-

naphtholate→indenyl+CO reactions. At 1500 K the reaction rate coefficient of 1-naphtholate→indenyl+CO was 

14.8 times lower than that of 2-naphtholate→indenyl+CO; indicating that, because of the higher energy barrier, 

the zig-zag surface site near the C=O bond slowed the oxidation rate of OPAH, in accordance with results from 

previous literature [21]. The formation rate of the C-O-C functional group was higher than that of the 

decomposition rate of C=O functional group for 1-naphtholate and 2-naphtholate, as the high pressure limit rate 

ratio of kgrowth×CC2H2/kdecomposition was 24.8 and 6.3 times, respectively at 1500 K with 1% of acetylene in the 

system. Generally, the mole fraction of C2H2 ranged from 0.01-0.04 in various soot flames [8, 61, 62]. It should 

be noted that the decomposition reaction may be more dominant at higher temperatures. For example, for 2-

naphtholate, the rate ratio of kgrowth×CC2H2/kdecomposition decreased to 0.76 at 2000 K. All reaction rate coefficients 

are listed in the form of the Arrhenius equation in Table 2.    
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Fig. 7: Reaction rate coefficients for the growth reactions of 1-naphtholate+C2H2 (a), 2-naphtholate+C2H2 (b) and 

thermal decomposition reactions of 1-naphtholate (c), 2-naphtholate (d). The reaction rate coefficients used in (c) 

for comparison come from the thermal decomposition of oxyradical-g in [20], and the rates used in (d) come from 

k51 in [19]. 

Table 2: Reaction rate parameters in the form of ATnexp(-E/(RT)), units are s-1, cm3mol-1s-1 and kcal. 

Reaction A N E P (atm) 

CS1+C2H2→CS6-P+H 5.13×1010 0.5294 29.68 H-P* 

CS1+C2H2→CS8-P+H 1.09×10-11 6.695 47.68 H-P* 

CS8-P+H→CS1+C2H2 3.91×10-5 5.411 25.78 H-P* 

CS8-P+H→CS6+H 9.72×1010 1.011 3.78 H-P* 

CS12+C2H2→CS18-P+H 2.20×1012 0.0806 25.44 H-P* 

CS12+C2H2→CS20-P+H 3.56×1016 -0.821 66.38 H-P* 

CS20-P+H→CS18-P+H 2.05×109 1.528 6.0 H-P* 

CS1→CS11-P+CO 9.83×1083 -20.44 103.18 0.1 

CS1→CS11-P +CO 3.44×1063 -14.48 90.82 1 

CS1→CS11-P +CO 1.20×1046 -9.373 80.96 10 

CS1→CS11-P +CO 1.23×1029 -4.478 70.54 100 

CS1→CS11-P +CO 9.96×1012 0.1159 60.08 H-P* 

CS12→CS11-P +CO 5.46×1078 -19.21 86.46 0.1 

CS12→CS11-P +CO 2.53×1067 -15.74 81.86 1 

CS12→CS11-P +CO 4.26×1058 -13.02 78.76 10 

CS12→CS11-P +CO 2.25×1042 -8.258 69.76 100 

CS12→CS11-P +CO 1.86×1015 -0.4883 52.7 H-P* 
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* high pressure limit. 

3.5 Effect of OPAH chemistry on PAH formation in flames 

  The formation of 1-naphtholate and 2-naphtholate from A2 had three reaction channels A2(+H)→A2-1/A2-

2(+O2)→1-naphtholate/2-naphtholate, A2(+O)→1-naphtholate/2-naphtholate, and A2(+H)→A2-1/A2-2(+OH)→1-

naphtholate/2-naphtholate, as shown in Table 3. The addition of the growth and thermal decomposition reactions 

of 1-naphtholate and 2-naphtholate in Table 2 made it possible to examine the effect of OPAH chemistry on PAH 

formation with an example of 1-naphtholate and 2-naphtholate reactions. PAH chemistry is highly sensitive to 

flame temperatures [63]. Previous studies have shown that the predicted maximum flame temperatures by the 

USC II mechanism are within the acceptable error (typically ± 70 K) of experimentally measured maximum flame 

temperatures in various premixed C2H4 soot flames [64, 65]. Note here that the maximum experimental 

temperatures were lower than the predicted temperatures using USC II and Aramco II mechanisms by 200 K and 

246 K respectively, as shown in Fig.8 (a). In experiments [8], the emissivity value of 0.9 was assumed in the 

radiation correction of temperature calculation, which may explain the deviation. A compromise was made for 

the temperature profile used for PAH simulations. The maximum temperature in temperature profile used here 

was 100 K higher than the experimentally determined profile, and 100 K lower than the predicted value by the 

USC II mechanism.  

  As shown in Fig. 8 (b)-(i), using the PAH mechanism without OPAH chemistry, the predicted mole fractions of 

various PAH matched well with the experimental values--except for pyrene. The predicted mole fraction of A4 

was lower than the measured value by almost one order of magnitude, probably attributable to incomplete 

understanding of A4 formation [53]. The predicted mole fractions of various gas phase small molecules also 

matched well with the experimental data; and maximum deviation was a factor of 1.5 for CH4, as seen in Fig. S1 

in the supplementary material, indicating that the simulation accuracy of this PAH mechanism was high enough 

to explore the effect of OPAH chemistry on PAH formation in the selected flame. It was apparent that the various 

PAH concentration profiles predicted by the PAH mechanism--with and without OPAH chemistry--overlapped 

considerably, except for the A2, anthracene, A2R5 and indene. It should be noted that the oxidation reactions, 

including A2 + OH => A1C2H + CH2CO + H, A2 + O => CH2CO + A1C2H, A2-1(A2-2) + O2 => A1C2H + HCO 

+ CO, were taken into the PAH mechanism without OPAH chemistry, but removed from the PAH mechanism 

with OPAH chemistry. The oxidation product of A2 was A1C2H in the PAH mechanism without OPAH chemistry, 

which may grow back to A2, and anthracene via the HACA pathway [46]. One of the products of oxidation was 

indenyl in the PAH mechanism with OPAH chemistry, which may form indene via H addition reaction (indenyl 

+ H => indene), and A2R5 via C3H3 addition reaction (indenyl + C3H3 => A2R5 + H2) [66], explaining why the 

predicted concentrations of A2 and anthracene were lower by 29 % and 28 %, and the predicted concentrations of 

A2R5 and indene were slightly higher by 4% and 7% when considering the OPAH chemistry. The A2 concentration 
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difference between the two predicted profiles indicates that OPAH chemistry should be considered in the PAH 

mechanism. In this study, the OPAH chemistry did not expand to other PAH, because the reaction networks of 

corresponding thermal decomposition products remained unclear. In addition, the predicted mole fractions of 

various PAH using different flame temperature profiles are provided in Fig. S2 in the supplementary material.  

Table 3: Reaction rate parameters in the form of ATnexp(-E/(RT)), units are s-1, cm3mol-1s-1 and kcal. 

Reaction A N E P (atm) Reference 

A2+H→A2-1+H2 9.12×109 1.5489 17.7 H-P [46] 

A2-1+H2→A2+H 7.02×106 1.9134 10.4 H-P [46] 

A2+H→A2-2+H2 8.16×109 1.5676 17.4 H-P [46] 

A2-2+H2→A2+H 1.57×107 1.8148 10.2 H-P [46] 

A2-1+O2→1-naphtholate +O 3.17×1013 0 2.02 H-P [19] 

A2-2+O2→2-naphtholate +O 3.91×1013 0 2.97 H-P [19] 

A2+O→1-naphtholate+H 4.0×1012 0 4.62 H-P [19] 

A2+O→2-naphtholate+H 4.0×1012 0 4.62 H-P [19] 
aA2-1+O→1-naphtholate 1.0×1014 0 0 H-P [28] 
aA2-2+O→2-naphtholate 1.0×1014 0 0 H-P [28] 

A2+O2→A2-1+HO2 1.05×1013 0 60.0 H-P [19] 

A2+O2→A2-2+HO2 1.05×1013 0 60.0 H-P [19] 

A2-1+OH→1-naphthol 1.47×1014 0 1.26 H-P [19] 

A2-2+OH→2-naphthol 1.47×1014 0 1.26 H-P [19] 

1-naphthol→A2-1+OH 2.14×1016 0 26.68 H-P [19] 

2-naphthol→A2-2+OH 2.14×1016 0 26.68 H-P [19] 

1-naphthol→1-naphtholate+H 2.13×1015 0 84.0 H-P [19] 

2-naphthol→2-naphtholate+H 2.13×1015 0 84.0 H-P [19] 

1-naphtholate+H→1-naphthol 4.34×1014 0 1.95 H-P [19] 

2-naphtholate+H→2-naphthol 4.34×1014 0 1.95 H-P [19] 

athe reaction is assumed to be irreversible in mechanism. 
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Fig. 8: Comparison of experimental and calculated mole fraction of benzene and various PAH in C2H4 

premixed flame [8]. (1 atm, C2H4/O2/N2 = 21.3/20.9/57.8). 

  Figure 9 shows the simulated mole fractions of various OPAH molecules in the same flame. The concentration 

trend for OPAH (CS1 and CS12) with the C=O functional group differed from the OPAH (CS6 and CS18) with 

the C-O-C functional group. The concentration of the former decreased monotonically along the height above the 

burner (HAB), and concentration of the latter monotonically increased along the HAB. Previous PES and kinetic 

analysis indicated that the reactivity of CS1 was lower than that of CS12. The formation of ring-open OPAH 

could be ignored. This was supported by the concentration differences between CS1 and CS12, ring-closure 

OPAH (CS6 and CS18) and ring-open OPAH (CS8 and CS20). The peak mole fraction of CS1 was 15.5 times 

higher than that of CS12. Compared with CS1, the mole fraction of CS12 dropped faster due to its higher 

decomposition rate. Because their values were seven orders of magnitude lower than that of ring-closure OPAH, 

the mole fractions of ring-open OPAH are not shown in Fig. 9. Also, the mole fractions of OPAH with the C-OH 

functional group, (e.g., 1-naphthol and 2-naphthol) were at the level of 10-15, as the O-H bond was easily broken 

at high temperatures. The typical detection limits of gas chromatography and mass spectrometry are at ppm level, 

so it is reasonable that the gas phase OPAH with mole fraction at ppb level was not detected in soot flames. The 

concentration profiles of gas-phase small molecules, PAH, and OPAH predicted by the PAH mechanism with 

Aramco II mech as sub-mech were also investigated. The results further support the conclusions drawn from PAH 

mechanism with USC II mech. Thees details are provided in the Supplementary Material. 
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Fig. 9: Simulated concentration profiles for various OPAH molecules. 

  3.6 Existence of OPAH in soot particles 

  If all PAH and OPAH on soot particle comes from adsorption, the concentration ratio between PAH and OPAH 

on soot particles should be similar to their concentration ratio in flames. OPAH adsorbed on soot particles 

generated from premixed C2H4 flame [14] and diesel engine [5, 7] are widely detectable. Their mole fractions are 

comparable to that of PAH, but, due to their low concentration, the gas phase OPAH individual was not detected 

in any flames fueled by C2H4 [8] and gasoline surrogates [27], as illustrated in Fig.10 (a). Therefore, it was 

hypothesized that the OPAH detected on soot may result from the oxidation process of the soot particles. Because 

of their higher reaction rate and comparable concentration, the reaction active site on the soot surface would be 

densely occupied by O2 molecules, rather than C2H2 molecules [67]. The typical mole fraction of O2 is around 

0.013, and that of C2H2 is about 0.04 in the post-flame region, where the temperature is around 1500 K [68]. The 

reaction rate coefficient of PAH radical + O2 → OPAH + O is 1.4x1013 cm3mol-1s-1 at 1500 K, and that of PAH 

radical + C2H2→ PAHC2H + H is 1.7x1012 cm3mol-1s-1 [46]. As noted previously, the formation reactions of 

OPAH are reaction site- and size-independent [19], but the thermal decomposition reactions of OPAH are highly 

site-dependent [21]; therefore, it is likely that the site-dependent characteristic in the thermal decomposition 

process altered the concentration ratio between PAH and OPAH on soot particles. The most abundant OPAH 

molecules detected on soot particles are 9,10-anthraquinone, benz(a)anthracene-7,12-dione and benzanthrone. 

The surface sites beside the C=O bond in 9,10-anthraquinone, benz(a)anthracene-7,12-dione, and benzanthrone 

molecules are zig-zag type, which indicates that further thermal decomposition of these OPAH is unlikely due to 

the low reaction rate coefficients [21]. A comparison of thermal decomposition reaction rates is presented in 

Fig.10 (b), where the decomposition rates of 2-naphtholate with two free edges beside the C=O bond originate 

from this study, and the rate of OPAH with two zig-zag edges beside the C=O bond is taken from a previous 

study [21]. The decomposition rate of 2-naphtholate is 1.08x106 s-1 at 1500 K, higher than that of 9,10-

anthraquinone, benz(a)anthracene-7,12-dione, and benzanthrone by four orders of magnitude; meaning that there 

is not enough time for the OPAH with two zig-zag edges beside the C=O bond to decompose and release CO in 

flames, and the accumulation of such OPAH occurs on soot particles. 

  Based on the above analysis, this study proposes a formation pathway for OPAH detected on soot particles in 

the combustion process: PAH → incipient soot → OPAH formation → selective thermal decomposition of OPAH, 

as shown in Fig.10 (c). Because of the large concentration differences in flame zones, soot nucleation is likely to 

be triggered by PAH chemistry instead of OPAH chemistry. Once soot particles are generated, O2 can penetrate 

the soot particles [69], and OPAH are produced during the soot oxidation process, when O2, OH and O attack the 

exposed C atom of PAH adsorbed, or bonded to soot. If the OPAH are from the free PAH, existing inside the soot 
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particle, further growth of OPAH by C2H2 addition is unlikely since the C2H2 would be consumed by soot surface 

chemistry [70]. The concentration ratio of PAH and OPAH is set off by a selective thermal decomposition reaction. 

The OPAH with two zig-zag edges beside the C=O bond may survive and the OPAH with other site edges beside 

the C=O bond decompose and release CO. In this way, PAH concentrations decrease continuously until the 

oxidant is consumed, and the concentrations of OPAH continuously increase. For the OPAH bonded to the soot 

surface, the C=O functional group rapidly evolves to a C-O-C functional group by the addition of C2H2, as 

discussed above. This explains why OPAH with a C-O-C functional group are not extracted from any diesel soot 

particle, although the fraction of the C-O-C functional group is higher than that of the C=O functional group on 

soot particles [14]. It should be noted that the formation of gas phase PAH individuals with multiple zig-zag 

surface sites in parallel arrangements (like anthracene) is unremarkable, because the formation enthalpies of this 

type of PAH are much higher than their isomers (like phenanthrene) [71]. But this type of PAH is abundant on 

soot particles, as evidenced in theoretical work by Raj et al.[72] and experimental work from Fabian et al. [73]. 

The fraction distribution of C-O-C, C=O and C-OH functional groups on soot particles is not discussed in this 

study, since it is expected to be highly dependent on the structure information of soot particles. 

 

  
(a) (b) 

 
(c) 

 

Fig. 10: Evolution of PAH and OPAH in flame, (a) relative concentration of PAH and OPAH, (b) thermal 

decomposition rate for OPAH with different site type, (c) proposed OPAH formation route in flames. 

 

4. Conclusions 
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  The chemical evolution of oxygenated polycyclic aromatic hydrocarbons was systematically investigated in this 

study with examples of 1-naphtholate/2-naphtholate chemistry. Growth reactions from the addition of C2H2, and 

subsequent thermal decomposition reactions for 1-naphtholate/2-naphtholate were studied from the combination 

of DFT B3LYP/6-311+G(d,p), CCSD(T)/cc-pvdz, and RRKM theories. The formation of OPAH chemistry was 

theoretically discussed in a premixed C2H4 soot flame, and experimentally examined in a jet-stirred reactor. A 

pathway for the formation of OPAH on soot particles was proposed. The following conclusions can be drawn: 

  The potential energy surface and JSR experimental results indicate that the O atom can be locked in a five-

member heterocycle ring with the form of a C-O-C functional group by the C2H2 addition reaction at flame 

temperatures. The rate-limiting elementary step is the addition of C2H2 with the energy barrier of 26.0 and 19.9 

kcal/mol in C2H2-1-naphtholate and C2H2-2-naphtholate reaction systems, respectively. Thermal decomposition 

reaction rates of OPAH were highly dependent on the reaction surface sites beside the C=O bond. The thermal 

decomposition reaction rate of 1-naphtholate with a zig-zag site beside the C=O bond at 1500K was 14.8 times 

lower than that of 2-naphtholate with no zig-zag site beside the C=O bond. 

  The formation, growth, and thermal decomposition reactions of 1-naphtholate/2-naphtholate were embedded 

into a PAH mechanism to investigate the effect of OPAH chemistry on PAH and soot formation in a premixed 

C2H4 flame. The predicted naphthalene concentration profile using the PAH mechanism with 1-naphtholate/2-

naphtholate was lower by 29% than that using the PAH mechanism without 1-naphtholate/2-naphtholate 

chemistry, clearly indicating that OPAH chemistry cannot be ignored in the PAH formation process. However, 

the OPAH chemistry can be ignored in the soot nucleation process, since OPAH have significantly lower 

concentrations than PAH in soot formation.  

  The small concentration gap detected on soot particles between PAH and OPAH is explained by the selective 

thermal decomposition of OPAH. The OPAH with two zig-zag surface sites beside the C=O bond could survive 

at flame temperatures due to the low decomposition rate; while the decomposition reactions of other OPAH 

proceeded quickly and released CO.  
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