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Abstract 

NOx mitigation is a central focus of combustion technologies with increasingly stringent emission 

regulations. NOx can also enhance the autoignition of hydrocarbon fuels and can promote soot 

oxidation. The reaction between allyl radical (C3H5) and NOx plays an important role in the 

oxidation kinetics of propene. In this work, we measured the absolute rate coefficients for the 

redox reaction between C3H5 and NOx over the temperature range of 1000 – 1252 K and pressure 

range of 1.5 – 5.0 bar using a shock tube and UV laser absorption technique. We produced C3H5 

by shock heating of C3H5I behind reflected shock waves. Using a Ti:Sapphire laser system with 

frequency quadrupling, we monitored the kinetics of C3H5 at 220 nm. Unlike low-temperature 

chemistry, the two target reactions, C3H5 + NO → products (R1) and C3H5 + NO2 → products 

(R2), exhibited a strong positive temperature dependence for this radical-radical type reaction. 

However, these reactions did not show any pressure dependence over the pressure range of 1.5 – 

5.0 bar, indicating that the measure rate coefficients are close to the high-pressure limit. The 

measured values of the rate coefficients resulted in the following Arrhenius expressions 

(cm3/molecule/s): 

k1(C3H5 + NO) = 1.49 × 10−10 exp (−6083.6
𝐾

𝑇
) (1017 − 1252 𝐾)  

k2(C3H5 + NO2) = 1.71 × 10−10 exp (−3675.7
𝐾

𝑇
)     (1062 − 1250 𝐾)  

To our knowledge, these are the first high-temperature measurements of allyl + NOx reactions and 

our reported data will be highly useful in understanding the interaction of NOx with resonantly 

stabilized radicals as well as the mutual sensitization effect of NOx on hydrocarbon fuels.  

 

Keywords: Allyl radical; Nitrogen oxides; Redox Reactions; Rate coefficients; Shock tube. 
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1. Introduction  

Olefinic fuels and hydrogen-deficient free radicals play an important role during combustion 

processes, particularly in the kinetics of soot formation [1]. Resonantly stabilized hydrocarbon 

radicals (RSHRs), such as propargyl (C3H3) and allyl (C3H5) show decreased reactivity towards 

oxygen as compared to the similar size alkyl radicals or alkenyl radicals having no resonance [2, 

3]. Because these RSHRs withstand high temperatures, they can reach high concentrations under 

combustion relevant conditions, making self- and cross -reactions of RSHRs important in soot 

formation. Soot is an unwanted by-product of combustion processes. In order to minimize soot 

formation, the oxidation kinetics of these hydrogen-deficient radicals, which often display an 

interesting temperature and pressure dependence, need to be well characterized for a wide range 

of thermodynamic conditions.  

Several recent works have shown alkenes as the major intermediates during high-

temperature hydrocarbon oxidation [4]. Interestingly, these studies found alkenes persisting for the 

entire duration of the pyrolysis stage and into the oxidation stage. Therefore, the formation of 

RSHRs (by the removal of H-atom from the -position to the unsaturated bond) can also occur 

late in the combustion process. Most reactions involving RSHRs and molecular oxygen form 

weakly bound complexes (RSHRs…O2) which do not get pressure stabilized at high temperatures 

nor do they often readily support intramolecular rearrangements to form oxygenated bimolecular 

products. Consequently, such reactions are “dead-end” as the equilibrium for RSHR + O2 = 

RSHR-O2 reactions heavily favors the reactant side. 

 In such a case, the RSHRs, such as allyl radical, will likely react with HO2 leading either to C3H5O 

+ OH (expedites the reactivity) or C3H6 + O2 (slows down the reactivity). The ignition behavior of 

propene is eventually slowed down by the competition between these reactions. However, the 
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presence of NOx has been found to accelerate the autoignition behavior of propene and other 

hydrocarbons. Gokulakrishnan et al. [5] highlighted the importance of C3H5 + NO2 → C3H5O + 

NO and NO + HO2 → NO2 + OH reactions in governing the oxidation kinetics of propene.  

In this work, we have carried out the high-temperature kinetics for the redox reaction 

between C3H5 and NOx, namely: 

C3H5+NO
k1
→ Product         (1) 

C3H5+NO2

k2
→ Product            (2) 

The kinetics of these reactions has importance for several reasons:  

i) NOx is present in considerable amounts in many practical oxidizer systems either due to 

thermal NOx formation or due to the exhaust gas recirculation strategies [5],  

ii) most earlier studies are confined to low temperatures [6-9], and high-temperature data for 

allyl + NOx are not yet available,  

iii) legislations are becoming tighter on harmful NOx emissions,  

iv) as NOx are known to efficiently oxidize soot, a better understanding of NOx and hydrocarbon 

chemistry is essential under combustion-relevant conditions [10],  

v) the mutual sensitization effect has been observed between NOx and hydrocarbon fuels [11, 

12],  

vi) NOx chemistry will be very beneficial to understand the combustion behavior of NH3-

hydrocarbon dual-fuel systems for their applicability in future internal combustion engines 

for sustainable future,  

vii) these investigations will help better understand the reduction efficiency of allyl radicals on 

NOx in engine exhaust. 
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2. Computational details 

Since radical-radical reactions can be highly exothermic, this may open up many reaction 

pathways leading to various products of different electronic states in the reactive potential energy 

surface (PES). One can speculate that the reactions of NOx with allyl radicals can undergo several 

competing pathways in its PES. In order to shed light into the energetics of the allyl + NOx 

chemical systems, the thermodynamic properties of the reactants and various possible products 

were computed using the fourth generation Gaussian model chemistry (G4) [13]. Standard 

enthalpy of formation (ΔfH0) values were calculated using atomization scheme (AS), at 0K 

(Δf,0KH0) and at 298.15K (Δf,298.15KH0). The essential highly accurate atomization enthalpies were 

adopted from Ruscic’s Active Thermochemical Tables (ATcT) [14]. Reaction enthalpies (ΔrxnH0) 

were then calculated using the corresponding values for the enthalpy of formation of the species. 

The appropriateness of G4 model chemistry was validated by comparing the values of Δf,0KH0 and 

Δf,298.15KH0 directly with ATcT [14] and Burcat [15] databases. To assess the contribution of higher 

excitations, TAE% (total atomization energy) values [16] were further computed from 

CCSD(T)/6-31G(d) single-point calculations. The largest TAE% was obtained for NO2 (7.0%) 

indicating a moderate non-dynamical correlation. This seems to be treated reasonably well by G4 

protocol as demonstrated by a good agreement between the G4 value for ΔfH0 of NO2 with that of 

ATcT [14] and Burcat [15] databases (see Table 1). Also, %TAE [(T)] indicated a mild non-

dynamical correlation for NO (4.6%) as well as the products of the H-abstractions such as HNO 

(3.6%), HONO (4.0%) and HNO2 (4.7%). For the remaining species, %TAE [(T)] was found to 

be less than 2.2% inferring the dominance of dynamical correlation [17]. %TAE [(T)] was 

calculated using the relationship %TAE [(T)] =100 × (TAE [CCSD (T)]—TAE [CCSD])/TAE 

[CCSD (T)]. The vertical excitation energy (VEE) for the first excitation was also estimated using 
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EOM-CCSD/cc-pVTZ level of theory [18]. The low values of VEE for NO and HNO are consistent 

with the %TAE [(T)] findings. The triplet states of the most allyl + NO2 adducts (3-nitroprop-1-

ene, nitrocyclopropaneand 2,6-dioxa-1-azabicyclo[2.2.0]hexane) have also low-lying triplet-first 

excited state. All calculations were performed by the Gaussian09 software package [19]. 

Table 1. Standard enthalpy of formation, Δf,0KH0 and Δf,298.15KH0 in unit of kJ/mol, for species 

involved in the reactions of allyl radical with NO and NO2 at 0 K and 298.15 K. ΔfH0 were 

computed at G4 composite model using atomization scheme (AS) and compared with the available 

literatures values. The electronic states are denoted as S (singlet), D (doublet), T (triplet).  The 

computed excitation energies (VEE) for the first excitation are provided in eV. 

 

Species State 

 G4 Ruscic Burcat 

VEE Δf,0KH
0 

Δf,298.15KH0 Δf,0KH0 Δf,298.15KH0 Δf,0KH0 
Δf,298.15KH

0 

allyl D 3.72 178.8 168.1 180.0 168.3 180.4 168.6 

NO2 D 2.94 32.0 31.6 36.9 34.0   

NO D 0.02 88.8 89.3 90.6 91.1   

 

S 1.11 168.7 154.8     

T 4.45 261.0 247.1     

 

S 1.13 182.4 166.4     

T 4.02 284.4 268.7     

allene 
S 4.65 197.1 190.5 189.9 197.3 198.4 190.9 

T 3.50 413.0 406.8     

HNO S 0.88 107.8 105.4 109.9 107.0 109.8 106.8 

 

S 2.76 32.4 16.5     

T 3.03 263.5 248.8     

 

S 3.79 23.2 6.8     

T 0.51 297.3 281.5     

 

S 2.54 57.6 41.2     

T 2.72 289.3 274.1     

 

S 3.76 40.8 22.3   41.5 21.0 

T 0.50 324.9 307.4     

S 5.84 177.3 157.5     
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T 0.28 266.1 248.7     

HONO (trans) S 2.62 -73.4 -78.7 -73.0 -79.1 -73.0 -79.2 

HONO (cis) S 2.77 -70.8 -76.2 -71.4 -77.7 -71.3 -77.6 

HNO2 S 3.60 -39.7 -45.7 -44.1 -37.1   

 

Table 1 shows that G4 enthalpies are in excellent agreement with the existing ATcT [14] and 

Burcat [15] databases. For example, the G4 value of 190.5 kJ/mol for Δf,298.15KH0 of allene 

compares excellently with that of Burcat’s database (190.92 kJ/mol). The largest absolute 

deviation (AD) was not larger than 5.0 kJ/mol regardless of the databases. Significant deviations 

were found only in the case of NO2 (-4.8 kJ/mol at 0 K) and allene (4.7 kJ/mol at 298.15K) by 

comparing with ATcT values. We note here that the ΔfH0 values for the triplet state species 

provided in Table 1 are not available in the literature. Therefore, we rely on our previous 

experience of using G4 model chemistry to obtain a good estimate for the single-triplet energy gap 

for NO2-containing organic species [20]. 

3. Experimental Methods 

3.1 Shock Tube 

Experiments were performed behind reflected shock waves in the low-pressure shock tube (LPST) 

facility at KAUST, coupled to UV laser diagnostics. A similar experimental method was employed 

in our recent work to investigate the recombination reaction of allyl radicals [21]. A brief 

description is given here. The shock tube is made of stainless steel which has a 9 m long driven 

section and a variable length driver section. Both sections have an internal diameter of 14.2 cm 

and separated by a polycarbonate diaphragm. Shock waves were generated by pressure bursting of 

the diaphragm. Shock velocities were measured by employing a series of 5 PCB 113B26 pressure 

sensors. Reflected shock temperature (T5) and pressure (P5) were calculated by using Rankine-
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Hugoniot shock relationship embodied in Frosh code [22].  Uncertainties in P5 and T5 were found 

to be ± 1 % and ± 0.7 %, respectively, which largely came from the uncertainty of incident shock 

speed measurement (~0.2%). 

3.2 Ti:Sapphire Laser System  

Figure 1 provides a schematic of the laser diagnostic setup. A pair of quartz windows mounted 2 

cm away from the shock tube end wall were used to propagate UV light at 220 nm for the detection 

of allyl radicals. Laser light at 220 nm was generated by utilizing frequency quadrupling of the 

880 nm infrared light generated by a Ti:Sapphire laser (Spectra-Physics Tsunami 3950) which was 

pumped by an ND:YAG laser (532 nm, pump energy ~13 W). The output power at 880 nm and 

220 nm was  ~2.0 W and 18 mW, respectively. The Ti-Sapphire laser was operated with a pulse 

width of 2 ps and 80 MHz repetition rate that makes the laser output to be pseudo-continuous wave 

at the 1.0 MHz bandwidth of the PDA36A photo-detector. Linewidth of the laser beams at 880 nm 

and 220 nm were ~1 nm and ~0.25 nm, respectively, which is much less than the broad UV 

absorption transition of C3H5 (>10 nm, see ref. [23]). A pair of modified Thorlabs photo-detectors 

(PDA36A-EC) were used to measure the incident and transmitted UV laser beam intensities. 

Signal noise after common-mode-rejection was typically less than 0.1%.  

 

Figure 1. A schematic of the experimental setup showing UV laser diagnostic and shock tube 

cross-section.  
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3.3 Mixture Preparation 

The chemicals used in the experiments were: allyl iodide (C3H5I, 98% from Sigma Aldrich), argon 

(99.999 %) and helium (99.999 %) from AH Gases. Pre-prepared gas cylinders containing 2% 

NO2/N2 and 8200 ppm NO/N2 were used to prepare desired mixtures. Argon was used as the 

diluent gas to avoid shock bifurcation effects. Therefore, our mixtures contained both N2 and Ar. 

However, our experiments did not show significant influence of the bath gas composition (argon 

vs nitrogen) on the measurements. Gas mixtures containing C3H5I and NOx were prepared 

manometrically in a 24-litre Teflon-coated stainless-steel vessel equipped with a magnetically-

driven stirrer. Prior to mixture preparation, the mixing vessel was evacuated to <10-6
 mbar, and the 

mixture was left for at least two hours for homogeneity. Capacitance pressure gauges (MKS 

Baratron) of various ranges (20, 1000, 20000 Torr) were used to accurately measure the partial 

pressures of gases.  

 

4. Results and Discussion 

4.1 Data Analysis  

The title reactions were investigated behind reflected shock waves over 1000 – 1252 K and 1.5 – 

5 bar using various mixtures of C3H5I/NOx in argon. Allyl radicals (C3H5) were produced by fast 

thermal unimolecular decomposition of C3H5I (  4 s for T ≥ 1000 K, P ≥ 1.5 bar [24, 25]). Allyl 

iodide (C3H5I) can also eliminate HI to yield C3H4; however, this channel contributes negligibly 

with an upper limit of the branching ratio being about 0.01 [26]. Our measurements were kept 

below 1250 K to minimize secondary chemistry of allyl radicals. Beyond 1250 K, allyl radicals 

may dissociate to produce C3H4 and H in an appreciable amount within our observation time 

window [25]. The reaction progress was monitored by detecting allyl (C3H5) radicals at 220 nm. 
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Absorption cross-section of allyl radicals at 220 nm was measured in our previous work over 950 

– 1200 K [21] with an average value of (3.1  0.3)  10-17 cm2/molecule.  

For a given set of experiments, excess of NOx concentration was used so that allyl radicals 

react with NOx following the pseudo-first-order kinetics. A representative example is 

demonstrated in Fig. 2 where allyl radical mole fraction decays exponentially with time (see 

log[C3H5] vs. time plot in the inset of Fig. 2). Nevertheless, some allyl radicals may deplete via its 

self-recombination reaction; k(C3H5+C3H5) = (1.0  0.2)×10-11 cm3/molecule/s under present 

experimental conditions [21]. To account for the effects of secondary chemistry, a detailed kinetic 

model was assembled which comprised of allyl chemistry from our previous compilations [21] 

and allyl + NOx reactions from Hori et al. [27] (see Supplementary Material). Using the assembled 

kinetic model, inter-conversion between NO and NO2 was checked if such reactions occurred fast 

enough to perturb the target reactions under the present experimental conditions. The 

interconversion of NO to NO2 is absolutely zero up to a reaction time of 100 ms; whereas it is only 

~ 2% for NO2 to NO over the reaction time of 2 ms at which the reaction between allyl + NOx is 

already over. These results clearly indicate that fast equilibration does not occur between NO and 

NO2, and thus does not affect our measurements of the target reactions. Additionally, the fact that 

we observed an order of magnitude higher rate coefficients for C3H5 + NO2 than that of C3H5 + 

NO reveals that fast equilibration between NO and NO2 had not occurred at our experimental 

conditions. Kinetic simulations were performed using Chemkin Pro [28] by iteratively varying rate 

coefficients of the target reaction until best-fit was obtained with the experimental profile. Figure 

2 shows the results of such kinetic simulations with 50% perturbation from the best-fit value of 

the rate coefficient (k1 = 5.2 ×10-13 cm3/molecule/s) for C3H5 + NO → products (R1). A similar 

strategy was adopted to extract the rate coefficients for C3H5 + NO2 → products (R2). The results 
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of sensitivity analyses indicated that the secondary reactions are of negligible importance, which 

validates the appropriateness of our mixture compositions for pseudo-first-order kinetics (see  Figs. 

S1 and S2 in Supplementary Material). Measured rate coefficients for the reactions of C3H5 with 

NOx are listed in Table S1 and S2 along with experimental conditions and mixture compositions. 

The reported values of the rate coefficient are uncertain within ±20%. The uncertainties were 

originated from various sources of errors, such as uncertainty in temperature (±0.7%), 

determination of time zero (±0.5 µs), C3H5 absorptin cross section (±10 %), mixture composition 

(±5%). To our knowledge, these are the first high-temperature measurements for the rate 

coefficients of C3H5 + NOx.  

 

Figure 2. Representative mole fraction time-history of C3H5 radicals during the reaction of C3H5 

with NO at T5 = 1114 K and P5 = 1.6 bar. Mixture: 3000 ppm NO and 26 ppm C3H5I, 36.3% N2 

and 63.4% Ar. 

 

4.2 Allyl + NO → Products 

Table 2 compiles the reaction enthalpies (ΔrH0) for the possible channels of allyl + NO reaction. 

The scan of the singlet PES by changing the C-N distance reveals that the first step of the C3H5 + 

NO reaction can be the barrierless addition resulting into an exothermic singlet-adduct C3H5NO. 

The enthalpy of the reaction for the formation of singlet 3-nitrosoprop-1-ene was found to be 

Δr,298.15KH0 = -102.7 kJ/mol which compares excellently with the experimentally determined value 
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of Δr,298.15KH0 = -102.4 kJ/mol by Rissanen et al. [8]. Also, these values compare very well with 

that of E0 = -97.8 kJ/mol computed by Zhang et al. [29] at CCSD(T)/6-311G(d,p)//B3LYP/6-

311G(d,p) level of theory. Furthermore, our G4 calculations on the triplet PES also predict an 

alternative reaction route. This route proceeds via a shallow pre-reactive complex (-1.9 kJ/mol) 

through a transition state to form a triplet adduct with reaction exothermicty of -6.6 kJ/mol. The 

transition state lies 41.8 kJ/mol higher in energy than the reactants. The triplet 3-nitrosoprop-1-ene 

is only slightly exothermic (Δr,298.15KH0 = -10.3 kJ/mol). The formation of the singlet  

nitrosocyclopropane adduct is found to be less exothermic by Δr,298.15KH0 = -91.0 kJ/mol, whereas 

its triplet counterpart is endothermic by Δr,298.15KH0 = 11.2 kJ/mol. The hydrogen abstraction 

reactions by NO are endothermic for both electronic states. Therefore, the formation of allene and 

HNO is expected to be not kinetically relevant channel due to its possible high activation barriers. 

For this process, the energy barrier was found to be 101.8 kJ/mol at the G4 level of theory. 

Excellent agreement between the experimental and theoretical values of Δr,298.15KH0 ~ -102 kJ/mol 

allow us to conclude that the reaction of NO and C3H5 takes place via the formation of singlet 3-

nitrosoprop-1-ene adduct in the entrance channel. However, further studies are warranted for the 

detailed picture of the reaction mechanism.   

Table 2. Standard enthalpies of reaction (in kJ/mol) for allyl + NO reaction, calculated using G4 

thermochemistry. 

 

  Triplet Singlet 

 Product(s) Δr,0KH0 Δr,298.15KH0 Δr,0KH0 Δr,298.15KH0 

 

 
-6.6 -10.3 -99.0 -102.7 

 
16.8 11.2 -85.3 -91.0 

 253.2 254.7 37.3 38.4 
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Several researchers have investigated C3H5 + NO reaction at low temperatures [6-8]; these are 

plotted in Fig. 3 along with our high-temperature data. Tulloch et al. [6] data clearly exhibited a 

negative temperature dependence over 295 – 400 K and a strong pressure dependence between 50 

and 501 Torr of argon. Their observations were reinforced by Rissanen et al. [8] in a recent laser 

photolysis and photoionization mass spectrometer study over the temperature range of 188 – 363 

K and pressures of 0.39 – 23.78 Torr. Overall, the low-temperature literature data agree very well 

and reflect the key features of the potential energy surface for allyl + NO reaction. Zhang et al. 

[29] mapped out the potential energy surface of this reaction at CCSD(T)/6-311G(d,p)//B3LYP/6-

311G(d,p) level of theory. At low temperatures, the reaction lands into a relatively deep well 

forming the adduct 3-nitrosoprop-1-ene, displaying a strong pressure dependence. As the barrier 

heights for further dissociation to bimolecular products and/or isomerization are high [29], the 

adduct gets pressure stabilized into this well until adequate thermal energy is deposited into the 

adduct to dissociate back to the reactants. Above 414 K, Rissanen et al. [8] observed a non-

exponential decay of allyl radicals in their experiments, indicating an equilibrium of C3H5 + NO 

 H2CCHCH2NO reaction. However, at high temperatures, more energetically high lying exit 

channels can be accessible leading into further isomerization and/or bimolecular products. As seen 

in Fig. 3, our data clearly exhibited a strong positive temperature dependence with an activation 

energy of Ea ~  50.6 kJ/mol. Negligible pressure dependence was observed in our experiments over 

1.5 – 5 bar, indicating that these measured values of the rate coefficients are close to the high-

pressure limit. 
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Figure 3. Arrhenius plots for comparing the rate coefficients of allyl + NO and propargyl + NO 

over a wide range of conditions. Dash lines represent theoretical prediction of the rate 

coefficients for propargyl + NO reaction by Danilack et al. [30] (blue and cyan) and Wang et al. 

[31] (dark yellow). High-pressure rate coefficient reported by Rissanen et al.[8] are from fall-off 

analysis at 296 K.  

 

Zhang et al. [29] reported that the most competitive bimolecular pathway occurs via a sequence of 

reactions C3H5 + NO = H2CCHCH2NO = H2CCHCHNHO = H2CCHCHNOH→ H2CCHCN + 

H2O. For each step towards the products, the energy barriers are all significantly higher (~ a factor 

of two) than our experimentally determined activation energy. We note here that Zhang et al. [29] 

only explored the singlet potential surface and no information was given for the triplet surface. 

The singlet species can be only accessible via intersystem crossing (ISC) from allyl + NO reaction 

So, there may be energetically favorable channels lying low in barrier heights at the triplet surface 

which are currently not well-established. The reaction of NO with C3H5 may be qualitatively or 

even quantitatively compared with that of another resonantly stabilized radical, i.e., propargyl 

(C3H3). For these reactions, various similar features are observed at low temperatures: i) reactions 

of NO with these two radicals (allyl, propargyl) have comparable rate coefficients at low 

temperatures; therefore, these can be effective reducing agent for NO sink at atmospheric 

conditions, ii) both reactions exhibit negative temperature dependence, and iii) strong pressure 

dependence is observed which indicates similar topography of the potential energy surfaces.    
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4.3 Allyl + NO2 → products 

Unlike C3H5 + NO reaction, the recorded absorption time profiles during C3H5 + NO2 experiments 

did not decay to the baseline. As seen in Fig. 4, a significant residual absorption was observed. At 

the allyl detection wavelength of 220 nm, NO2 exhibits significant absorption (absorption cross-

section NO2, 220 nm, 298 K ~ 4.7× 10-19 cm2/molecule [32]). For our experimental conditions, we 

carried out separate experiments to determine the absorption cross-section of NO2 over 1000 - 

1252 K, and it was found to be ~ 4.0× 10-19 cm2/molecule. Our high-temperature value agreed 

nicely with the earlier room-temperature determination, indicating that NO2 cross-section does not 

exhibit much temperature dependence at this wavelength. For excess of NO2 concentration (20-60 

times that of C3H5) in our experiments, the absorbance caused by NO2 comes comparable with that 

of allyl radical despite it having much larger absorption cross-section (C3H5, 220 nm, 1000K ~ (3.1  

0.3)  10-17 cm2/molecule). Therefore, the results of Chemkin simulations were converted into total 

absorbance time-profiles to account for the absorption of C3H5 and NO2 as a function of time. Such 

modeling results are displayed in Fig. 4. As expected, the absorbance due to NO2 remains constant 

over the reaction time, indicating that the residual absorption did not cause interference in the 

exponential decay of allyl radicals. Hence, the rate coefficients can be reliably accessed through 

the pseudo-first-order treatment. The inset in Fig. 4 shows the effect of 50 % perturbation from 

the best-fit value of the rate coefficient (k2 = 6.8  10-12 cm2/molecule/s) of allyl + NO2.  
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Figure 4. Best-fit of C3H5 absorbance in C3H5 + NO2 reaction at T5 = 1154 K and P5 = 2.27 bar. 

The total absorbance (purple line) = NO2 absorbance (blue line) + C3H5 absorbance (red line). 

Mixture composition: 1552 ppm NO and 55 ppm C3H5I, 7.8 % N2 and 92.04 % argon.The inset 

shows the effect of 50 % perturbation in k2. 

 

Table 3 lists the reaction enthalpies of various allyl + NO2 channels. Allyl + NO2 reactions are 

endothermic for triplet products and exothermic for the singlet products, regardless of NO2-

addition or H-abstraction by NO2. At the triplet surface, allyl nitrite (CH2CHCH2ONO) and the 

exotic structure of 2,6-dioxa-1-azabicyclo[2.2.0]hexane can be formed with relatively small 

endothermicity (~ 50-55 kJ/mol). The addition of C3H5 to the N-atom of NO2 forming the singlet 

3-nitroprop-1-ene (CH2CHCH2NO2) is the most exothermic reaction (-187.7 kJ/mol at 0K). The 

reaction enthalpies are in the range of -153.3 kJ/mol and -187.7 kJ/mol for all the remaining singlet 

NO2-addition reactions. For H-abstraction, the formation of singlet allene and HONO as well as 

HNO2 are also highly exothermic (-87.2 kJ/mol and -53.5 kJ/mol, respectively). The O-abstraction 

resulting in the formation of propenyloxyl radical and NO is slightly exothermic (-16.6 kJ/mol at 

0 K). Most of the above-mentioned reactions, even the thermodynamically preferred ones, are 

expected to be of complex nature because they may take place via the formation of one of the NO2-

adducts and involve both the singlet and triplet potential energy surfaces with multiple wells. 

Therefore, their kinetic modeling is out of scope of the current study. 
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Table 3. Reaction enthalpies (in kJ/mol) for allyl + NO2 reactions, calculated using G4 

thermochemistry. 

 

 Triplet Singlet 

Product(s) Δr,0KH0 Δr,298.15KH0 Δr,0KH0 Δr,298.15KH0 

 
52.7 50.4 -178.5 -181.9 

 
86.4 83.1 -187.7 -191.6 

 
78.4 75.7 -153.3 -157.2 

 
114.0 109.0 -170.1 -176.1 

 
55.2 50.3 -33.5 -40.9 

 128.7 129.7 -87.2 -86.6 

 162.4 162.7 -53.5 -53.6 

 

Similar to C3H5 + NO reaction, Rissanen et al. [8] reported that the low-temperature kinetics of 

C3H5 and NO2 exhibits negative temperature dependence over 201 – 363 K and negligible pressure 

dependence over 0.47 – 3.38 Torr. Their value of the rate coefficient (k2 = 4.0  0.8  10-11 

cm2/molecule/s) was found to agree excellently with that determined by Slagle et al. [9] (k2 = 4.0 

 0.8  10-11 cm3/molecule/s) at 300 K. Both authors observed C3H5O as the main product in their 

experiments. Rissanen et al. [8] suggested that C3H5O most likely originated from the 

decomposition of H2CCHCH2-ONO adduct (allyl nitrite), and the formation of allyl nitrite is the 

rate limiting step in the reaction of C3H5 and NO. As can be seen in Table 3, the formation of this 

adduct is highly exothermic (Δr,298.15KH0 = -181.9 kJ/mol) which will likely attain an equilibrium 

with the reactants at moderately high temperature. At high temperatures, our data clearly showed 

that the reaction exhibited a strong positive temperature dependence (see Fig. 5). Our measured 

rate coefficients resulted in an activation energy of 30.5 kJ/mol for allyl + NO2 reaction at high 

temperatures. This activation barrier is found to be roughly half to that of C3H5 + NO. The rate 
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coefficients for C3H5 + NO2 is roughly an order of magnitude higher than that of C3H5 + NO at 

our experimental conditions. Consequently, NO2 can expedite the oxidation chemistry of 

resonantly stabilized alkenyl radicals like C3H5. This means that NO2 can be very effective to boost 

the oxidation chemistry of C3 alkenes. Interestingly, NO2 exhibits similar low-temperature 

reactivity behavior with resonantly stabilized radicals like C3H5 and C3H3 (see Fig. 5). Therefore, 

it may be argued that NO2 will also be effective to oxidize C3H3 under combustion-relevant 

conditions and can help mitigate soot formation.   

 

Figure 5. Temperature dependence of the rate coefficients for C3H5 + NO2 reaction. For 

comparison, low-temperature literature data for the reaction of NO2 with C3H5 and C3H3 are also 

included. 

 

5. Conclusions 

The reactions of C3H5 with NO and NO2 were studied behind reflected shock waves over 1000-

1252 K and 1.5-5.0 bar. Our measured rate data for both reactions exhibited a strong positive 

temperature dependence, in contrast to low-temperature literature data. However, we did not 

observe any noticeable pressure dependence in our experiments. Both reactions exhibited slower 

reactivity at high temperatures as compared to lower temperatures revealing a complex chemistry. 

Under combustion-relevant conditions, NO2 is found to react ~10 times faster than NO with allyl 
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radicals. Therefore, NO2 can be an excellent sink for resonantly stabilized radicals in combustion 

and atmospheric environments. Our experimentally determined rate coefficients agree reasonably 

well with the rates used in the recent work of Gokulakrishnan et al. [5] (see Fig. S3 in 

Supplementary Material). Mostly, the current kinetic models use the room-temperature values for 

the rate coefficients of allyl + NOx reactions. As we demonstrated that NOx + allyl radical reactions 

undergo via complex mechanism exhibiting severe non-Arrhenius behaviour, the data reported in 

this study should be used for combustion kinetic modeling.  
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Figure S2. The results of the sensitivity analyses of C3H5 radical for the reaction C3H5 + NO2 → 

products at T5 = 1154 K and P5 = 2.27 bar. The C3H5 radical sensitivity is defined as SC3H5 = 
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Figure S3. Comparison of the rate coefficient for the reaction of allyl + NO and allyl + NO2 

reactions determined in this study (symbols). The dash lines represent the Arrhenius fitting of our 

measured data. The dash-dotted lines indicate the value used in Gokulakrishnan et al’s work for 

allyl + NO (cyan) and allyl + NO2 (blue) reactions. 
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