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Supplementary Note 1: Additional details of the target flames.

Figure S1.1: Nonpremixed flame configuration and sampling process.

Table S1.1. Summary of premixed flames conditions@.

Mole fraction

. . b

Flame CaHa 0, Ar NHs Equivalence ratio  Tmax(K)

C3'? 0.163 0.237 0.6 0 2.063 1859+75K
N1® 0.163 0.237 0.5837 0.0163 2.183 1852+74K

a Cold gas velocity : 8 cm/s (298K, latm); C/O: 0.6.

b Tmax is the measured maximum flame temperature after radiation correction at Hp=1.0 cm.

Table S1.2. Summary of nonpremixed flame condition.

Nonpremixed Flow rate
fﬁ)ame Toluene CoH4 Air
0.845mi/h 120SCCM 10 SLPM
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Figure S1.2. The temperature profiles of the premixed flames?.



Supplementary Note 2: Additional MS information of matured soot particles.
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Figure S2.1.LDI/FT-ICR mass spectra of soot particles collected at the central line from different heights above the
burner in a diffusion flame.
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Figure S2.2. Compound class distribution of soot particle in premixed flames®.
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Figure S2.3. Compound class distribution of soot particle in a diffusion flame.



The distribution of elements in the particles at each height from the diffusion flame was directly derived from the
Composer software, as illustrated in Figure S2.2. It is important to note that the figure indicates a nitrogen content of
3% in the NOC particles at a height of 7.35 mm. However, in practical scenarios, the low concentration of NOC,
combined with the thermophoretic sampling method, results in a significantly reduced signal in the mass spectra.
Consequently, the errors associated with elemental attribution are relatively large compared to more developed
particles. To address this limitation, we focus exclusively on the major peaks that can be confidently attributed during
the early stages of particle formation. Therefore, it is reasonable to assume that NOCs primarily consist of hydrocarbons.

Similarly, in premixed flames (as shown in Figure S2.3), it was observed that pure hydrocarbons were detected as
NOCs. However, as the particles matured, nitrogen and oxygen-containing species were also detected.

In summary, during the inception process, NOCs were assumed to primarily consist of hydrocarbons. As the particles
developed, nitrogen and oxygen-containing species became more prevalent.



Supplementary Note 3: The structures of PAHs predicted by various methods.

Table S3.1. The predicted structures of polycyclic aromatic hydrocarbons.
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Supplementary Note 4: Theoretical Prediction of Thermochemistry

4.1 Quantum Chemical Calculation

In this study, all density functional theory (DFT) and composite compound method calculations were performed using
the Gaussian 09 software package®*. The M06-2X/6-311++G(d,p) method was used for the geometry optimizations,
vibrational frequency calculations and hinder rotation treatments for lower frequency modes. All frequencies and zero
point vibrational energies (ZPVEs) were scaled by 0.983 and 0.9698 respectively, which was recommended for the
MO06-2X functional by Zhao and Truhlar®. For the zero Kelvin energies (ZKEs) calculation part, compound methods:
G3% was employed, which has been found to be quite reliable (arbitrarily, ~4 kJ mol™ or 1 kcal mol™?) for predicting the
enthalpy of formation values for PAHSs in a recent study from Liu et al.”.

Atomization method were utilized to derive the enthalpies of formation at 0 K, in which, a molecule or radical is divided

into its component atoms via the reaction:
CH, - x3C+y?H
in which the theoretical atomization energy at 0 K (TAEo) can be calculated by:
TAE, = xHo(°C) + yHo( *H) — Ho(C<H,)

where Ho is the enthalpy of formation at 0 K calculated using each compound method. Thereafter, the enthalpy of
formation of the species ([{Ho) can be calculated knowing the TAEo and the standard formation enthalpies of the
component atoms in their gaseous state from the ATcT*$, shown in Supplementary Table 4.1., via:

ArHo(CoHy) = [xArHo( °C) + yArHo( °H)| — TAE,

Table S4.1. Standard gaseous atomic formation enthalpies (kJ mol?).

T/K CCP) H(Sw)

0 711.38 216.034

The 298.15 K formation enthalpies, entropies and temperature-dependent heat capacities were then calculated
from traditional statistical thermodynamics using the Multiwell program suite8.

4.2 Group Additivity Method Calculation

The group additivity (GA) method was originally developed by Benson®, and can be used to estimate the
thermochemical properties of a molecule including the enthalpy of formation, entropy and heat capacities as function
of temperature. In this study, the Reaction Mechanism Generator (RMG)*°1112 developed by in the William H. Green
research group at MIT was utilized to perform the calculation.
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Supplementary Note 5: The CFD simulation of nonpremixed flame.
5.1 Numerical model and computational configuration

A low-Mach number algorithm is employed in this study, which is similar to the implementation of a pimpleFoam solver
built in OpenFOAM 3, with modifications done to ensure mass conservation for combustion related problems. The
transport equations of momentum, species, and total enthalpy are solved. The gravity effect is considered in momentum
equation. Chemical reactions are described with detailed thermochemical properties and reaction kinetics calculated
using Cantera 4. The optically thin approximation is used to calculate the radiation heat loss from triatomic gases and
soot particles. These numerical models have been introduced and verified in ethylene coflow diffusion flames in
previous studies 151617,

A reduced PAH model were performed here for further simulation, which contained the reduced PAH model named
sk99 18 and the reduced toluene sub-mechanism *°. It consists of 87 species and 577 reactions. This mechanism
includes pathways for the formation of PAH species, which has the species up to pyrene. As shown in Figure S5.1,
the mechanism has been verified for the ignition delay time of toluene and flame speed of ethylene and toluene mixture.
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Figure S5.1. (a, b) Ignition delay time of toluene, (c) flame speed of mixture of ethylene and toluene.

Although the computational fluid dynamics (CFD) simulation only provides the temperature and species less than
benzene for Monte Carlo simulations, it is still necessary to simulate the soot formation and oxidation, because the
flame temperature is impacted by the radiation heat loss from soot particles. In this study, the hybrid method of moments
(HMOM) is used to describe the soot aerosol dynamics. The processes of soot formation and oxidation include the
nucleation, condensation, coagulation, surface growth, and oxidation. The nucleation process is based on the collision
of pyrene molecules. The sticking coefficient of pyrene is 0.025 2°. Soot surface growth is controlled by hydrogen
abstraction carbon addition (HACA) mechanism and PAH dimer condensation. Reaction rates of HACA mechanism
and soot oxidation are taken from Mueller 2* and the references therein. Soot oxidation by OH and O is considered.

The two-dimensional computational domain used herein are shown in Figure S5.2. The domain extends radially
outwards 50 mm and 80 mm downstream. The domain is also extended 10 mm upstream into the fuel and air tubes to
better represent the inflow velocity distribution. Increasing the size of the domain further has no effect on the solution.
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The computational domain is subdivided into 90 in the radial and 380 in the axial direction to form a structured, non-
uniformly-spaced mesh with 33,960 cells.
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Figure S5.2. Computational domain with boundary conditions.

5.2 Simulation results

Figure S5.3 shows the measured and predicted temperature profiles in the flame centerline. The temperature is
measured using a bare wire thermocouple. Overall, the predicted temperature agrees well with the measurement. In
the region of height above burner less than 7 mm, the predicted temperature is lower than the measurement. This is
may be attributed to the uncertainties of the measurement near the burner outlet, and the overestimated radiative heat
loss by the optically thin radiation model.

The flue gas on the flame centerline is sampled by a ceramic tube with heated covering and then sent to the Gas
Chromatography for gas composition analysis. Figure S5.4 presents the comparison of measured and predicted gas
species, including ethylene, acetylene, benzene, and naphthalene. Overall, the predicted gas species agree well with
the measurement.

12
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Figure S5.3. Measured and predicted temperature profiles in flame centerline.
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Figure S5.4. Measured and predicted gas species profiles in flame centerline.
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