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Abstract

Soot from internal combustion engines negatively affects health and climate. Soot emissions
might be reduced through the expanded usage of appropriate biomass-derived fuels. Databases of
sooting indices, based on measuring some aspect of sooting behavior in a standardized combustion
environment, are useful in providing information on the comparative sooting tendencies of different
fuels or pure compounds. However, newer biofuels have varied chemical structures including both
aromatic and oxygenated functional groups, making an accurate measurement or prediction of
their sooting tendency difficult. In this work, we propose a unified sooting tendency database
for pure compounds, including both regular and oxygenated hydrocarbons, which is based on
combining two disparate databases of yield-based sooting tendency measurements in the literature.
Unification of the different databases was made possible by leveraging the greater dynamic range
of the color ratio pyrometry soot diagnostic. This unified database contains a substantial number
of pure compounds (> 400 total) from multiple categories of hydrocarbons important in modern
fuels and establishes the sooting tendencies of aromatic and oxygenated hydrocarbons on the
same numeric scale for the first time. Using this unified sooting tendency database, we have
developed a predictive model for sooting behavior applicable to a broad range of hydrocarbons and
oxygenated hydrocarbons. The model decomposes each compound into single-carbon fragments and
assigns a sooting tendency contribution to each fragment based on regression against the unified
database. The model’s predictive accuracy (as demonstrated by leave-one-out cross-validation) is
comparable to a previously developed, more detailed predictive model. The fitted model provides
insight into the effects of chemical structure on soot formation, and cases where its predictions
fail reveal the presence of more complicated kinetic sooting mechanisms. This work will therefore
enable the rational design of low-sooting fuel blends from a wide range of feedstocks and chemical
functionalities.

Keywords: soot, biofuels, color ratio pyrometry, Group contribution method

1. Introduction

A sooting tendency is a parameter that characterizes the chemical component of the propensity
of a pure compound or fuel mixture to produce soot particles in a combustion environment. It
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can be measured via several laboratory techniques: these include the height of the smoke point
flame when the test fuel is burned in a wick-burner [1], the yield of soot in a flame whose fuel is
doped with a small amount of the test fuel [2], and the amount of carbon deposited when the test
fuel is pyrolyzed in a packed-bed reactor [3]. Numerous databases have been reported of sooting
tendencies measured using these techniques [1-26]. Several semi-empirical predictive models have
been developed from these experimental results that can be used to determine sooting tendencies of
compounds that have not been studied experimentally [8, 13, 17, 25, 27-30].

The results from these different configurations agree reasonably well, which indicates that sooting
tendency is a true fuel property. The underlying chemical mechanism is that different fuels produce
different pools of primary reaction products, and these different pools grow to large aromatic
hydrocarbons and soot at different rates [2, 6, 13]. For example, a single-ring aromatic fuel such
as toluene will produce aromatic products that can grow directly to two-ring aromatics, whereas
an alkane fuel such as n-heptane will produce aliphatic products that must grow to single-ring
products before they can grow to two-ring aromatics [31]; thus single-ring aromatics have much
greater sooting tendencies than alkanes [7].

The sooting tendency of the fuel is important because it strongly affects particulate formation
and emissions from practical combustion devices. For example, the specifications for Jet A aviation
fuel include a provision that its smoke point meet certain criteria; the purpose of this provision is
to ensure that radiation heat transfer from soot particles does not overheat the combustor liner
[32, 33]. Similarly, Yang and co-workers found that smoke point sooting tendencies were predictive
of particulate concentrations in gas turbine exhausts [10]. In some systems other fuel properties may
also affect soot formation, and sooting tendency has to be combined with these other properties to
predict emissions. For example, in gasoline direct-injection engines, the fuel volatility affects the
degree of mixing during the compression stroke and therefore the amount of particulates formed
during the combustion phase; Aikawa and co-workers proposed and validated a quantity called
Particulate Mass Index (PMI) to estimate emissions from the joint effects of fuel volatility and
sooting tendency [34].

A major challenge for sooting tendency databases and models is the wide range of hydrocarbons
found in modern fuels. Petroleum-derived fuels generally contain linear and branched alkanes,
alkenes, cycloalkanes, and aromatics [35-37]. Furthermore, these fuels increasingly also contain
oxygenated hydrocarbons derived from biomass. Currently most gasoline sold in the United States
contains 10 volume % ethanol [38], and most gasoline sold in Brazil has contained 20 vol% or
more ethanol for several decades [39]. The US Department of Energy’s Co-optimization of Fuels
and Engines program — one of the sponsors of this research — is examining the use of fuels with
blendstocks other than ethanol. A wide range of promising blendstocks have been identified,
including higher alcohols, esters, ethers, furans, and ketones [40].

Unfortunately, all of the existing sooting tendency databases contain either oxygenates or
aromatics, but not significant numbers of both. Consequently predictive models of sooting tendency
have been explicitly limited to one category or the other. The most significant exception is the
work of Ladommatos and co-workers, which contains 3 aromatics (benzene, toluene, and 2-xylene)
and 5 alcohols [9]. The underlying reason for the absence of this concurrent sooting data is that the
sooting tendencies of aromatics and oxygenates differ greatly, which makes it difficult to obtain
accurate measurements for both in the same experiment. For example, we have measured sooting
tendencies of oxygenates and aromatics in previous work [2, 11, 12, 22], but the results are contained
in two incompatible databases due to the limited dynamic range of the laser-induced incandescence
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diagnostic used in that work.

The objective of the research reported here was to produce a unified sooting tendency database
that contains substantial numbers of compounds from all of the categories important in modern
fuels — including alkanes, cycloalkanes, aromatics, and oxygenates — and to develop a predictive
model applicable to all of them. The database was created by stitching together the two earlier
incompatible databases (see Table 1); we have implemented a color-ratio pyrometry diagnostic that
has better dynamic range than the earlier diagnostics [23, 41], and used it to measure compounds
from both databases in the same set of experiments. In an earlier work we generated a predictive
model for sooting tendency based on molecular descriptors [29], however, the increased range of
molecular sizes and sooting tendencies in the combined database in this work is better suited to
an approach that naturally captures the increase in sooting tendency with an increase in the size
of molecules. A new model was developed that is based on decomposing each compound into
individual carbon-atom fragments, and assigning a sooting tendency contribution to each fragment
based on regression against the unified database. The form of this group contribution model is
similar to that used by Pepiot-Desjardins and co-workers to predict sooting tendency [13], and
ultimately derives from the approach of Benson to estimating thermodynamic properties [42].

Sooting tendency in this study is defined by the amount of soot produced in a methane/air
nonpremixed flame when a small quantity of the test compound of interest is added to the fuel.
Since the absolute amount of soot is strongly dependent on the additive concentration and the
burner configuration, we linearly rescale the soot concentration into a Yield Sooting Index (YSI)
which is essentially independent of experimental details. To do this, we (1) choose two index
compounds, A and B, (2) assign them YSI values, YSI4 and YSIp, and (3) measure their maximum
soot concentration in the flames, f, max 4 and fy max,p. Then the YSI for any other test compound
1 is defined by

YSI; = (YSI4 — YSIg) X fomaxi = fomaxB | yqr (1)
fv,maX,A - fv,ma}gB

This procedure is analogous to octane rating, where the knock intensity measured for a fuel is
translated onto a scale where ONpeptane = 0 and ONijggoctane = 100 [43]. In this study the index
compounds are hexane and benzene, and the values assigned to them are YSlpexane = 30 and
Y SIpenzene = 100; the rationale for these choices is discussed in Sections 3.3 and 3.4.

One subtlety of YSI is that the additive concentration can be defined by either the additive
mole fraction or mass fraction in the fuel. We will henceforth refer to YSIs determined by these
two definitions as YSI-molar and YSI-mass, respectively. YSI-molar is arguably more fundamental
and we have used it in our studies of pure hydrocarbons, e.g., [2, 11, 12, 22]. However, adding a
specified mole fraction of the test compound requires knowing its average molecular weight; for
practical fuels that are complex mixtures of many hydrocarbons, the average molecular weight is
typically not known accurately. Thus for these fuels YSI-mass is preferable, and we have used it
in our studies of diesel and jet fuel surrogates [24]. Since the current study is focused on pure
hydrocarbons, it uses YSI-molar.

The rest of the paper is organized as follows. The paper begins with an outline of the experimental
approach adopted to unite the disparate YSI databases (Section 2.1) and lays out the framework
of the linear regression model to predict YSI values (Section 2.2). The results of the unification
efforts, verification of the unified YSI values, and a discussion of the rationale behind redefinition of
the YSI scale are presented in the first part of Section 3. The performance of the predictive model
and some insights into sooting chemistry are presented in the second part of Section 3. Finally, in
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Table 1: Summary of literature sources of Yield Sooting Indices (YSI), the index (or reference)
compounds used to define the YSI scale therein, and the YSI values for the respective index

compounds.
Database Literature sources Index compounds  Assigned YSI
“High scale” McEnally and Pfefferle (2007) [2],  benzene 30
& McEnally and Pfefferle (2009) [11]  naphthalene 100
“Low scale” McEnally and Pfefferle (2011) [12], n-hexane 0
Das et al. (2015) [22] benzene 100
s ” . n-hexane 30
Unified scale” This work benzene 100

Section 4, we discuss some limitations of the model in light of notable innaccurate predictions and
degeneracies within the model regarding hydrocarbon isomers.

2. Methods

2.1. Experimental

The experimental approach and devices used here have been discussed in detail previously [23].
A brief summary of the approach along with some associated modifications are noted here.

2.1.1. Owerall approach

Atmospheric pressure, axisymmetric, coflowing, nonpremixed, laminar methane/air flames were
established on a Yale Coflow burner [44]. Sooting tendencies of pure compounds (listed in Tables 2
and 3) were determined by doping them separately into the fuel of a flame. In keeping with the
approach adopted in our previous work [2, 11, 12, 22], the dopants were added to the fuel of the
flame on a constant mole fraction basis. Spatially resolved two-dimensional soot volume fraction
(fy) maps in these flames were measured using color-ratio pyrometry. The peak-region soot volume
fraction in these maps, fy, max (defined in Sec 2.1.3 below), was used to determine a Yield Sooting
Index (YSI) for each dopant as per Equation (1).

2.1.2. Burner geometry and flame details

The fuel mixture — methane (mole fraction Xcn, = 42%), nitrogen (Xn, = 57.9%), and a
dopant (Xgopant = 1000 ppm) — flows out of a 4mm inner diameter tube and reacts with air that
flows from the annular region between this tube and a 7.4 cm inner diameter concentric aluminum
tube, which acts as a chimney. The nominal reactant flow rates were 238 cm?/min of CHy, 328
cm?/min of Ny, and 50,000 cm?®/min of air. All dopants were liquids at room temperature, with
liquid-phase flowrates ranging from 82 to 321 uL/hour. Dopant flowrates varied depending on the
liquid-phase mass density of any individual dopant so as to establish a dopant mole fraction of 1000
ppm in the fuel. All reactants were obtained from Sigma Aldrich (liquid-phase dopants), Airgas
(ultra-high purity grade CH4 and Ng cylinders), and laboratory dry air. All dopants were dispensed
into the gas-phase fuel mixture through a syringe pump (pump = Cole Parmer Ew-74900, syringe
= Hamilton Gastight 1710). The needle of the syringe charged with the dopant was introduced into
the fuel line through a septum in a stainless steel tee. The fuel line and fuel tube were heated to
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145°C with temperature-controlled resistive tapes. At these thermal conditions, the vapor pressure
[45] of 2,2’-dimethylbiphenyl (= 3500 Pa), the least volatile of all dopants used, is approximately
35 times greater than its partial pressure in the fuel mixture (=~ 100 Pa). Therefore, all liquid
reactants vaporized upon injection and were swept as gases to the flame by other fuel components.
Each dopant was allowed to flow for at least 30 min prior to data acquisition. Time-resolved flame
luminosity measurements confirmed that all dopants achieved adsorption/desorption equilibrium
with the walls of the fuel line and fuel tube within this 30 min interval.

2.1.3. Soot volume fraction measurements

Two-dimensional f, maps of these flames were measured using color-ratio pyrometry. This
technique of quantifying soot concentration in coflow flames has been used in our previous work
[23, 24], and elsewhere in the literature [41, 46-48]; the approach employed in Das et al. (2017)[24]
was adopted without modification to obtain f, maps of all flames in this work. A “peak-region” soot
volume fraction fy, max was defined to provide a single quantity of interest for characterizing the soot
load in these flames. In previous work f, max has typically been defined to be the maximum f, as
measured along the centerline of an axisymmetric flame, if f, peaks along the centerline, or as the
global maximum value of f,, if the soot peaks off-axis or along the wings of a flame. In all flames
considered in this work, f, peaked along the centerline of the flame. Unfortunately, f, profiles
close to this symmetry axis are extremely susceptible to noise arising from the Abel deconvolution
process [49], and a naive determination of the maximum value of f, along the centerline could
lead to an erroneous characterization of the overall soot load. Therefore, to obtain a more robust
measure of the overall soot load, we defined the “peak-region” f, max to be the soot concentration
averaged over the sootiest parts of the flame, which we define to be regions with f, greater than
the 90" percentile for each flame.

For illustrative purposes, Figure 1 shows the full 2d f,, maps for a series of benzene-doped flames
at different dopant concentrations. The top row of f, panels shows the soot distribution over the
full region of the flame where soot was detectable. The panels in the bottom row isolate the region
over which f, is averaged to yield f, max in each flame. We argue that this f, max is representative
of the actual maximum f, along the flame centerline for the following three reasons -

1. The f, in these regions is close to single-valued in comparison to the variation in f, elsewhere
in the flame. This independence of f, with position is to be expected when f, is near a local
maxima.

2. The center-of-mass of the soot region isolated in the bottom panel of Figure 1 occurs at
the same height above burner (41.0 + 0.5 mm) independent of the dopant concentration.
Though we have only shown these regions for a series of benzene-doped flames in Figure 1,
this observation holds true for all flames that we studied in this work. This independence of
the height of the peak f, in doped flames has been previously observed in f, measurements
performed in our lab [2] and elsewhere [50] using other diagnostic techniques such as laser-
induced incandescence (LII) that do not involve Abel deconvolution and therefore do not have
noisy centerline profiles.

3. We find f,, max derived from this region to be linearly correlated with the dopant concentration
(Xdopant)- This can be seen in Figure 2, where we plot f, max VS. Xdopant for the series of
benzene-doped flames in Figure 1, as well as three other series of flames doped separately
with 1-methylnaphthalene, n-hexane, and ethanol. These four dopants were chosen to span
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the range of soot volume fractions that would be measured in this study. All of the f, max
measured in this study are in the range of the data in Figure 2. The data closely fit the
straight lines shown in the figure for all four dopants, indicating that the measured soot
volume fractions, as quantified by f, max in these flames, depend linearly on Xgopant at these
doping levels. This observation is consistent with measurements of variation in soot levels
with dopant concentration in doped flames in previous work from our group [2, 22], thereby
increasing our confidence in f, max as defined here as being an accurate measure of the overall
soot level in these flames.

The measurements presented in Figure 2 also serve as a test of the dynamic range of this
diagnostic procedure. From Figure 2 (B), we see that we are able to measure changes in f, max
across more than two orders of magnitude with very high signal-noise ratio. This wide dynamic
range of the color ratio pyrometry diagnostic enables us to characterize the sooting tendency of both
very low sooting compounds (e.g. ethanol) and high sooting compounds (e.g. 1-methylnaphthalene)
under identical conditions, and thereby unify the sooting tendency measurements of low and high
sooting compounds onto a single scale.

2.2. Linear Regression Modeling

In this study, we propose a modified Benson group-increment model to predict the YSI of a
compound from its molecular structure [51]. In this approach, the sooting tendency of a molecule
is modeled as a linear sum of the YSI contributions from each of its component carbon-centered
fragments.

2.2.1. Decomposition of molecules into fragments

The decomposition of molecules into fragments is handled similarly to that of previous group-
contribution methods [42, 51, 52]. We specifically follow a slightly modified version of the method
of Benson & Buss (BB) [51], in which molecule fragments are determined by carbon atoms together
with their bonds and ligands. Unlike the BB method, divalent oxygen atoms were excluded; including
these fragments lowered the overall identifiability of fragment parameters without substantially
improving the fit quality. Carbon centers were further specified by whether or not they were
aromatic or present in a ring structure. No explicit determinations were made between rings of
different sizes. The 441 molecules present in the unified YSI database resulted in 66 unique fragment

types.

2.2.2. Bayesian linear regression

One of the main goals of the group contribution regression is to compare the relative contributions
of different carbon types towards soot formation. As such, we constructed the linear regression using
Bayesian inference in order to determine our confidence in the relative contribution from different
carbon types after observing unified YSI values from the complete database [53]. We assume the
YSI measurements are independent, normally distributed, and have an error proportional to their
estimated measurement error:

Y 8,0, X ~ N (Xﬂ,diag (i) o2> (2)

exp

Here, y are the experimental YSI measurements, X is the feature matrix of fragment counts and an
intercept, 8 are the slope terms representing YSI contribution from each carbon type, oexp are the

6
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of benzene. Doped benzene concentration in each flame is indicated by the title of each
panel. (Bottom row) Same f, maps as the top row, with regions with soot > 90'* percentile
isolated. The average f, in regions isolated in the bottom row is defined as the peak-region
soot volume fraction, fy max-
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concentrations in the fuel, graphed on a (A) linear and (B) semilog scale. The black lines
are linear fits to the data points in both graphs. R? > 0.995 for all fits.

experimentally determined standard deviations, and ¢ is the unknown scale term. Additionally, we
include informative priors on the slopes 3, which function as a regularization penalty to improve
model identifiability when groups of fragments are not linearly independent. These priors are
formalized as artificial data points, with a ‘measured’ YSI of y = 0, gexp = 25, and a feature matrix
X = (0,1I) [53]. The effect of these priors is to evenly distribute YSI contributions over groups of
linearly dependent fragments. Model regressions were performed in Python; codes used are available
from https://github.com/pstjohn/ysi-fragment-prediction.

2.2.3. Defining a domain of applicability

In any quantitative structure-activity relationship (QSAR) model, it is critical to establish the
set of molecules for which predictions from the model can be deemed trustworthy [54]. In this work,
we consider all molecules that are comprised of only carbon fragments that have previously been
seen by the model to be inside the applicability domain. To make this definition more rigorous, we
define the applicability domain to be any molecule whose fragment vector can be expressed as a
linear combination of training set compound fragments. This definition prevents inconsistencies
from arising from non-identifiable sets of fragments that always appear together.

2.2.4. Density functional theory

Quantum chemistry calculations were performed to help explain some of the discrepancies
between QSAR-predicted and experimentally measured YSI values for isomers of methylcyclohexenes
(see Section 4.4). Gaussian 09 [55] was used to fully optimize all stationary points using the
composite G4 method for Density Functional Theory (DFT) calculations of methylcyclohexene
isomers in Section 4.4. We performed optimizations with the hybrid GGA B3LYP density functions
with the 6-31G(d) basis sets. Harmonic vibrational frequencies were calculated for all optimized
structures including transition states to verify energy minima, possessing zero imaginary frequency
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for optimized structures and one imaginary frequency for transition states. To verify corresponding
reactants and products from transition state, the intrinsic reaction coordinate (IRC) calculations
using B3LYP/6-31(G) were also performed.

3. Results

3.1. Creating the unified YSI scale

Table 2: List of compounds from different literature YSI databases whose sooting tendency
was re-measured on a single basis to establish a unified YSI scale. Low scale and High scale
refers to compounds featured in the YSI databases listed in Table 1.

Low scale [12, 22] Original YSI® Unified YSI?
n-hexane 0* 30*
benzene 100* 100*
ethanol —31.1 14.6
1-pentanol —7.7 25.3
1-octanol 16.7 38.8
trans-2-octene 40.8 54.7
1-decene 69.0 69.1
2,2,4,6,6-pentamethylheptane 106.9 100.3
High scale [2, 11] Original YSI¢  Unified YSI®
2-heptanone 17 30.0
benzene 30* 100*
ethylbenzene 53.6 233.8
1,2,3,4-tetrahydronaphthalene 75.1 347.5
1,2-dihydronaphthalene 100* 484.6
1-methylnaphthalene 135 643.9
1-ethylnaphthalene 151 709.8
2,2’-dimethylbiphenyl 199 928.0

a: experimental uncertainty £2.0 YSI units

b: expt. uncertainty is the greater of +4.0 YSI units or +3.0%
c: expt. uncertainty +3.0%

*: by definition

In this work, the two older incompatible YSI databases were combined by re-measuring sets of
compounds from each with the same diagnostic. In Figure 3, we have plotted the older literature YSI
(“Low scale” and “High scale”) against the newly-measured Unified YSI for the compounds listed
in Table 2. We have also graphed the best fit lines for the “Low scale” vs “Unified scale” and “High
scale” vs “Unified scale” datasets on the same figure. The best fit lines were determined through
orthogonal distance regression, which is a form of least squares regression aimed at minimizing
errors in both “z” (literature YSI) and “y” (Unified YSI) variables [56]. The equations of the best
fit lines, Equations (3) and (4), are the stitching relationships used to map the YSI values for the
compounds in the respective datasets on to the unified YSI scale. By applying these stitching
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dataset, the solid black line is the best fit line between the literature and unified YSI values
as determined through orthogonal distance regression. The equation of the best fit lines is
given in Equations (3) and (4). Shaded region represents the 95% confidence band for the
regression line.

relationships to the set of YSI measurements in the Low scale and High scale databases, the YSI
measurements of all compounds contained in the two databases can be put on the same Unified
scale. The full set of values in the Unified scale are available online [57].

YSIunifieq = 0.64F093] % YSI; . + 30.41FL9) -
YSIumified = 5235012 x YSIygig, — 5657 @

In Figure 4, we schematically illustrate the application of the two stitching relationships to
map the YSI measurements from the Low and High scales onto the Unified scale. We see that the
low sooting compounds are compressed to the lower end of the Unified scale. The high sooting
compounds, whose sooting tendency previously could not be directly compared to that of the low
sooting compounds, now occupy most of the range on the Unified scale. The Unified scale itself
spans more than three orders of magnitude.

3.2. Verification of the unification process

The validity of the process for unifying the YSI scales was verified in two ways. First, the unified
YSIs of several hydrocarbons (see Table 3) from the Low and High scale databases were measured
directly. These hydrocarbons are distinct from the set of hydrocarbons in Table 2, which were used
to derive the stitching relationships, and therefore serve as an independent internal validation tool.
The measured unified YSIs were compared to the unified YSIs expected for these compounds based
on the stitching relationships, Equations (3) and (4). Figure 5 shows a comparison between the
measured and expected unified YSIs for these hydrocarbons on a linear and logarithmic scale. It is
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Table 3: List of dopants selected from YSI databases in Table 1 to validate the stitching
relationships, Equations (3) and (4).

Database  Validation dopant Original YSI Expected YSIlunifea Measured YSlunified
1-propanol —22.0 16.2 £ 2.7 18.9+4.0
2-methyl-1-butanol 3.0 323422 31.4+£4.0

Low scale 3-heptanol 12.6 38.5+2.1 37.1+4.0
2,2-dimethylbutane 20.2 43.44+2.0 39.8 £4.0
2-ethyl-1-hexanol 31.1 50.4 £ 2.0 45.7+4.0
propylcyclohexane 60.3 69.2 +2.1 63.7 + 4.0
decahydronaphthalene 31.0 105.5 £ 5.8 118.6 £4.0

High scale 1,4-dimethylbenzene 51.2 211.1 +8.8 222.8+ 6.7
1,2,4-trimethylbenzene 69.8 308 +12 315.9+9.5
4-tert-butyltoluene 89.4 411 +16 396 +12

evident that the measured unified YSIs agree very well with the unified YSI values expected from
transforming the literature YSI values with the stitching relationships.

In the second verification approach, three binary mixtures of n-dodecane and iso-butylbenzene
were prepared. The YSI of n-dodecane, an aliphatic hydrocarbon, was reported on the Low scale
in the literature [12] (original YSI = 64.2, expected Unified YSI = 71.7), while the YSI of iso-
butylbenzene, an aromatic hydrocarbon, was reported on the High scale [2] (original YSI = 60.1,
expected Unified YSI = 257.6). The unified YSI values of the three binary mixtures were measured
experimentally and compared to the expected unified YSIs of the pure compounds. In Figure 6 the
expected unified YSIs of the pure compounds and the measured unified YSIs of the binary mixtures
are compared against the composition of the mixtures (represented by the mole fraction of the
n-dodecane component). From the dashed line in Figure 6, it is evident that the expected unified
YSI values of the pure compounds fall in line with the measured YSI values of the binary mixtures.
This agreement indicates that (1) the literature YSI values of n-dodecane and iso-butylbenzene
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compounds from the Low and High scale databases listed in Table 3, graphed on (A) linear
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graphs.

(and by extension, the other compounds in the respective databases, with the presumption that the
reported YSI values are internally consistent) have been accurately transformed on to a unified YSI
scale, and (2) there is no evidence of a non-linear or synergistic interaction between n-dodecane
and iso-butylbenzene when the sooting tendency of mixtures of these compounds is measured in a
doped methane flame at these concentrations.

3.3. Rationale for selecting YSI values of the index compounds in the Unified YSI scale

Defined YSI values for the index compounds (YSI4 and YSIp in Equation (1)) are necessary to
translate experimentally measured soot concentrations into numeric YSI values for various dopants.
The YSI values of the index compounds defining the previous YSI scales were chosen to either
nominally conform to existing alternative sooting tendency measures for similar compounds in the
literature, or in the case of new compound families, for numerical convenience. The index compounds
and their YSI values (Table 1) for the High scale were chosen to match older Threshold Sooting
Index (TSI) values for benzene and naphthalene (30 and 100 respectively) from Olson et al. [7].
TSI is a measure of sooting tendency quantified on the basis of smoke point heights of flames fueled
entirely by the pure compounds in a standard burner. Different compounds (n-hexane/benzene
instead of benzene/naphthalene) were chosen as the indices for the Low scale YSI measurements in
order to better match the significantly lower sooting tendency range of the primarily non-aromatic
compounds featured in that database.

While any of the preexisting reference YSI values could have been used to define the Unified
scale, we used this opportunity to redefine the YSI scale to satisfy the following two criteria, which
were not satisfied with the older YSI scales - (1) Numerical YSI values for all compounds should
be greater than 0, and (2) YSIs of homologous series of hydrocarbons should tend to a numerical
value of 0 when the number of carbon atoms in the hydrocarbons is extrapolated to 0. This second
condition implies that all YSI measured in the future will also be > 0. By redefining the Unified YSI
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scale such that the YSI of n-hexane = 30 and the YSI of benzene = 100, the YSI of the compound
with the lowest sooting tendency measured to-date, methanol, is 6.6, thereby satisfying criteria #1
(the full YSI database can be accessed at [57]). Moreover, from Figure 7, we can see that if we
graph the YSI of several homologous series of hydrocarbons against the number of carbon atoms in
each compound, and extrapolate their YSIs to 0 carbon atoms, the Unified YSIs converge towards
0, thereby satisfying criteria #2.

3.4. Role of index compounds

As mentioned earlier in the Introduction, in order to define a relative scale such as the Unified
YSI scale here, we need to specify at least two calibration points to set the “level” and “rate of
change” for the scale. In this work, we have chosen n-hexane and benzene, with defined YSI values
of 30 and 100, as calibration points. The choice of these two compounds, which are referred to as
index compounds in this paper, was motivated primarily as a matter of practical convenience and is
semi-arbitrary; we could have just as easily chosen any other pair of index compounds (for example,
n-heptane = 36 and toluene = 171). We want to stress that our use of n-hexane and benzene
as index compounds to unify the YSI scales should not be interpreted as an explicit or implicit
recommendation that these two compounds be used as indices for all future YSI measurements.
Any two compounds in the extant YSI database can be used as indices, and choosing indices
other than n-hexane and benzene might be prudent when measuring the sooting tendency of new
compounds or fuels in the future. As an example, in order to quantify the sooting tendency of
large multi-ring aromatics, picking two index compounds with higher YSIs than n-hexane and
benzene could be more appropriate from the perspective of minimizing experimental uncertainties.
However, it is important to account for an additional source of uncertainty in measured YSI values
when utilizing indices other than n-hexane/benzene. This uncertainty, which is sometimes called
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a “non-uniqueness” or inconsistency uncertainty, results from ambiguities in the scale definition
when using new fixed-points (i.e., new index compounds). See White and Saunders (2007) [58]
for a good mathematical treatment on estimating and propagating this uncertainty, and Meyer
and Tew (2006) [59] for an example application in the context of estimating the magnitude of this
non-uniqueness uncertainty in the International Temperature Scale (ITS-90).

3.5. Development of a group increment model

In this work, a group-increment model to predict the YSI of a compound, using the number and
types of different carbon-centered fragments in the molecule, was developed. Using these fragments
(as defined in Section 2.2.1) and an intercept term, we fit a Bayesian multivariate linear regression
to the observed Unified YSI data. Posterior distributions for the YSI contribution of the 66 carbon
fragments present in the Unified YSI database are shown in Figure 8. This figure demonstrates that
the regression matches our expectations, where the fragments that are observed most frequently
(furthest to the right) have a correspondingly smaller 95% credible region, while those that appear
only once are inferred with much lower confidence. Additionally, carbon fragments corresponding to
aromatic molecules are among the sootiest carbon types, while those corresponding to oxygenates
are typically lower than those corresponding to aliphatics.

A posterior predictive check, shown in Figure 9, was performed in order to ensure that the
model appropriately weights errors across several orders of magnitude of YSI measurements. Using
the inferred posterior distributions for § and o, samples were drawn from the data distribution
described in Equation (2). The 95% credible region for 0% was [6.2, 8.1], which indicates that the
variance in model predictions around the true YSI values is approximately 7 times the experimental
variance. Additionally, 95% credible regions for predicted YSI values appropriately scale between
compounds previously measured in the Low and High scale databases.
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3.6. Model verification

We verified that the model is capable of predicting new compounds outside of those found in
the existing YSI database by performing a leave-one-out cross-validation. In this procedure, each
molecule in sequence is withheld from the training data, the model is refit and used to predict the
mean YSI of the withheld molecule. The results of this cross-validation are shown in Figure 10.
Molecules that contain carbon fragments not found elsewhere in the database, and that therefore
fail the applicability domain test, are marked with a red ‘x’. The median absolute deviation for
compounds previously in the Low scale database is 2.35, and 28.6 for compounds previously in the
High scale database. The error observed for Low scale compounds is similar to the error observed
in a previously developed QSAR for Low scale species only, indicating that broadening the scope of
the regression has not deteriorated its predictive capability [29].

As an additional means of validating the model’s predictive capability, we compare the YSIs for
several aliphatic and aromatic hydrocarbons against their normalized smoke points (NSP) reported
by Li and Sunderland [19]. These authors have published the most extensive dataset of smoke
points of hydrocarbons in diffusion flames by collating and normalizing smoke point measurements
from 12 past studies, yielding NSPs for 111 hydrocarbons. They also provided 95% confidence
intervals for the 55 of these hydrocarbons that had been considered by more than one study. YSIs
for 66 of these 111 hydrocarbons are in the unified database, while YSIs for the remaining 45
hydrocarbons were predicted using the group increment model in this work. In Figure 11 we plot the
NSP against the measured or regressed YSI values from this work. Since lower smoke points denote
sootier compounds, while the opposite is true for YSI, there is a rough agreement between sooting
tendencies as expressed by either YSIs or smoke points for a broad set of hydrocarbons. YSIs for
hydrocarbons predicted using the group increment model appear to fall in line with those measured
experimentally. This successful prediction for the 45 hydrocarbons with missing experimental YSI
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data (and which therefore were not a part of the training set for the model) serves as a qualitative
demonstration of the accuracy of the group increment model. We refrain from rigorously quantifying
the performance of the model on this external validation set due to several inherent limitations of
the smoke point database. The sources of the smoke point data range from several different authors,
decades, and experimental equipment, and therefore results in a wide range of uncertainty. As an
example, in Figure 11, we highlight diisopropylbenzene and benzene — while diisopropylbenzene
has over three times the YSI of benzene as would be expected, it also has a higher smoke point
(indicating a lower sooting tendency, which would not be expected). An additional limitation of the
NSP database is that it does not contain any oxygenates.

4. Discussion

4.1. Insights into sooting chemistry

With the group increment model completed, we next look into the insights the model gives into
how molecular structure influences soot formation. We look first at the estimated fragment contri-
butions for the carbon types which appear most frequently in the database (Figure 12). Fragments
containing oxygen functional groups (Figure 12A) tend to have a lower sooting contribution than
those containing only carbon and hydrogen. Fragments with aromatic carbon centers (fragments
15-17) have a significantly higher sooting tendency than other fragment types.
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Many of the fragments in Figure 12 appear together in molecules; for instance fragment 8 does
not appear without being attached to fragment 15. To make interpretation of the results more
straightforward, we have applied the group increment model to a set of example compounds, as
shown in Figure 13. These compounds indicate that oxygen functional groups increase sooting
tendency in the order — carboxylic acids, aldehydes, ketones, ethers, 1-alcohols, 2-alcohols, and
3-alcohols. All of the oxygenated functional groups are predicted to lower the YSI relative to the
non-oxygenated counterpart. Even the tertiary alcohol (2-methylpentan-2-ol, species #8), while
having a higher YSI than the straight chain compound n-hexane (#7), has a lower YSI than the
branched non-oxygenated molecule 2-methylpentane (#9). The highest sooting tendencies among
the six-carbon compounds come from highly unsaturated molecules, including alkynes, branched
alkenes, and 5-carbon rings. For aromatic molecules a similar trend is observed, with unsaturated
functional groups quickly increasing the YSI of the base benzene molecule. Interestingly, biphenyl
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All YSIs reported are predicted with the group-increment model. Molecules are sorted in
order of increasing YSI, and n-hexane and benzene (index compounds used in defining the
Unified YSI scale) are highlighted.

(#26) has a higher YSI than naphthalene (#25), perhaps because of the ease with which the former
can convert to the three-ring compound phenanthrene.

In order to evaluate the types of carbon chemistry that might be missed by the group increment
model, we applied the model to the gdb-13 database [60], which enumerates 977 million organic
molecules containing up to 13 atoms of C, N, O, S and Cl that follow simple chemical stability and
synthetic feasibility rules. Of the 1,910,919 compounds with formula CgH,0,, 465,089 pass the
validity domain threshold defined in Section 2.2.3. Predicted YSIs range from 13.1 to 523, as shown
in Figure 14A. While oxygenated molecules typically have a lower YSI than non-oxygenated ones,
significant overlap exists between the oxygenated and aliphatic molecules. Fragment types were
compared between the C-8 gdb-13 database and the unified YSI database (Figure 14B). Of the 130
fragment types found in the C-8 database, 53 are found in the unified YSI database. These are close
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from molecules previously found in the respective Low and High scales (see Table 1).

to evenly distributed between fragments originating from the Low scale compounds and High scale
compounds, which indicates the importance of the YSI unification in developing a generalizable soot
formation model. Of the 77 fragments not covered by the unified YSI database, the most frequently
encountered typically involve oxygen heterocycles. Future experimental work could therefore be
targeted towards exploring species with rings that contain oxygen atoms.

4.2. Model prediction outliers

While the group increment model succeeds in accurately capturing the YSI of most compounds
in the unified YSI database, it is useful to inspect where the model fails to predict sooting tendency
correctly. Some of these cases may offer clues as to how to improve the model in future iterations,
while others reveal interesting sooting mechanisms that are missed by a fragment-based description
of a molecule’s structure. In Table 4, we summarize the molecules with the highest relative YSI
prediction error during cross-validation. Of the two non-aromatics in the list, 2-pentyne is likely
poorly predicted due to the relative scarcity of the C=C triple bond in the training data, with most
alkynes appearing in the High scale YSI database. The other, 1-methyl-1-cyclohexene, belongs
to the difficult-to-predict family of cyclohexenes that are discussed in more detail in Section 4.4.
The most poorly predicted aromatic species, styrene and phenylacetylene, are unique because
they are virtually the only aromatics that cannot directly react to resonantly stabilized radicals.
Their sooting tendencies are therefore greatly over-predicted due to the influence of aromatics
with similar structures that readily recombine to form polycyclic aromatic hydrocarbons, i.e.,
2-propynyl-benzene.

4.8. Analysis of degenerate compound groups

In general additivity schemes cannot account for non-nearest-neighbor interactions (NNIs)
without ad hoc corrections [42], but can be helpful in identifying cases where such NNIs are
important. One way of assessing the importance of NNIs in sooting tendency is to compare the
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Table 4: Ten most poorly predicted molecules during leave-one-out cross-validation. Sorted
by p-value of the difference in means (Z-test).

Species CAS Type YSI (meas) YSI (pred) % Err
styrene 100-42-5 aromatic 1740 £ 7.7 314.8+£6.9 -81%
phenylacetylene 536-74-3 aromatic 216.3 +9.3 356.6 + 7.6 -65%
2-pentyne 627-21-4 alkynes 54.7+ 2.0 178.0 £ 11.2 -225%
(2-propynyl)-benzene 10147-11-2  aromatic 443.7£17.1 2543+50 +43%
naphthalene 91-20-3 aromatic 466.1 - 8.4 568.5 = 8.3 -22%
(2-methyl-1-propenyl)-benzene  768-49-0 aromatic 436.9 £16.6 2834+6.6 +35%
1-methyl-1-cyclohexene 591-49-1 cyclic alkenes 62.0 £ 3.0 108.4 £4.5 -75%
(1-butynyl)-benzene 622-76-4 aromatic 480.8 + 18.4 3242+73 +33%
1,4-diethylbenzene 105-05-5 aromatic 270.7£11.0 367.2+6.8 -36%
azulene 275-51-4 aromatic 492.3 £19.0 643.1 £8.8 -31%
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Figure 15: Distribution of measured YSIs for 59 groups of molecules with identical fragment
decompositions. YSIs are scaled to the mean of the group, and groups are sorted by variance,
defined as the difference between the maximum and minimum scaled YSI within each group,

from lowest to highest.

measured YSIs for groups of hydrocarbons that are degenerate within the model; i.e., sets of 2
or more hydrocarbons that are chemically distinct but contain the same collection of chemical
fragments. This analysis also provides interesting insights into soot formation pathways.

Figure 15 shows the variation in the measured YSI for each of the 59 groups of hydrocarbons
(numbered 0 through 58) in the experimental database that are degenerate within the predictive
model. The groups are indexed by number and the molecules in each group are listed in Table
S4 in Supplemental Information. The figure shows that the groups clearly fall into two categories:
the first category — Groups 0 to roughly Group 30 — have variations of a few percent that can
be attributed to experimental error, while the second category — roughly Group 31 to Group 55 —
have much larger variations of +£10 to 25% that indicate true differences in the sooting tendency,
presumably due to NNIs.

Figure 16 shows the 8 groups that have the smallest percentage variation between the maximum

21



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

2-pentanone cis-stilbene 1-methylnaphthalene 2-methyl-2-pentene

O h /\)\
0] a] 8]
C

5;0

g
N P

2-methylnaphthalene 3-methyl-2-pentene

~

3-pentanone trans-stilbene

2-ethylhexan-1-ol 2-hexanone 2,3-dimethylpentane hexan-3-ol
/\/\(\ /K\/
OH
o] | 6] !
OH
/\)/\/\ I )\/k I
2-propylpentan-1-ol 3-hexanone 2,4-dimethylpentane hexan-2-ol

Figure 16: The 8 degenerate molecule groups that have the smallest percentage variation
between the maximum and minimum measured YSIs.

and minimum measured YSI in the group. Group 1 is the stereoisomers cis- and trans-stilbene. Small
variations were also observed for cis- and trans-2-hexene and for the chiral isomers (enantiomers) of
2-butanol; these results collectively suggest that stereoisomerism does not affect sooting tendency.
Group 2 is the positional isomers 1- and 2-methylnaphthalene. Similar results are observed for
positional isomers of aromatics with multiple methyl side-chains, including dimethylbenzenes,
trimethylbenzenes, tetramethylbenzenes, and dimethylnaphthalenes. The observation that these
isomers have similar sooting tendencies is a significant simplification since aromatics with one or
more methyl side-chains are ubiquitous in practical fuels [61, 62]. Groups 0 and 3 to 7 are positional
isomers of alkanes, alkenes, alcohols, and ketones where the functional group is at different positions
on a carbon chain. Similar results are observed for many other groups, including heptanones,
octanones, nonanones, and decanones; pentanols, heptanols, and octanols; and methylpentanes,
methylhexanes, methylheptanes, and dimethylhexanes. Again, these observations are significant
because branched alkanes such as those in Group 6 are important constituents of petroleum-derived
fuels [61, 62], while ketones and alcohols are among the most promising biomass-derived blendstocks
[40].

Figure 17 shows the 8 groups that have the largest percentage variation between the maximum
and minimum measured YSI in the group. These are examples of positional isomers where NNIs do
strongly affect sooting tendency. Groups 51, 52, and 54 are positional isomers of multiply-substituted
aromatics where at least one of the groups is larger than methyl. In all of these cases the 1,2
isomer has a much greater sooting tendency than the other isomers. The likely explanation is that
when the side-chains are attached to adjacent carbon atoms in the aromatic ring, they can link
together to form five-membered rings and provide a short circuit to naphthalene. Consistent with
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Figure 17: The 8 degenerate molecule groups that have the largest percentage variation
between the maximum and minimum measured YSIs. The compound with maximum YSI
is shown in the bottom in each case. For groups with more than two members, only the
compounds with minimum and maximum YSI are shown.

this hypothesis, large differences are not observed in cases where both side-chains are methyl groups
and do not collectively possess the 3 C-atoms necessary to form a five-membered ring. Furthermore,
large differences are not observed for ethylmethylbenzenes, where the initial reaction is likely fission
of the ethyl group [63], which only leaves 2 C-atoms in the side-chains. On the other hand, large
differences are observed for diethylbenzenes, where fission of an ethyl group still leaves 3 C-atoms
in the side-chains, and in the methylvinylbenzenes and methylethynylbenzenes, where the initial
attack is likely on the methyl group instead of the C-2 side-chain. This type of NNI is likely to be
of limited significance in practical cases: while diethylbenzenes are significant in some diesel fuels,
most of the aromatics in practical fuels are dominated by methyl side-chains [61, 62].

Groups 53, and 56 to 58 are esters where different proportions of the overall C-atoms are
located on either side of the ester functional group. The NNI in this case is likely to be 6-center
elimination reactions that begin with a bond forming between the carbonyl O-atom and an H-atom
on the C-atom f to the ether O-atom; these reactions are slow for the ethyl esters where the
H-atom is attached to a primary C-atom, and fast for the propyl, isopropyl, butyl, isobutyl, pentyl,
and isopentyl esters where it is attached to a secondary C-atom. These reactions accelerate soot
formation because their products are large alkenes and carboxylic acids that use both O-atoms
inefficiently to tie down a single C-atom [12, 64]. This mechanism has practical consequences: while
traditional biodiesel fuels are mostly methyl esters, larger esters including isopropyl acetate, butyl
acetate, isobutyl acetate, and isopentyl acetate have been identified as promising blendstocks due
to their higher octane numbers [40].

Overall, the results for groups of degenerate compounds show that the model is applicable to
most hydrocarbons contained in practical fuels without ad hoc corrections for NNIs. The most
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significant exceptions, where NNIs are important, are esters with groups larger than ethyl on the
ether side, and aromatics with multiple side-chains larger than a methyl group.

4.4. Positional isomers of methylcyclohexene

Group 55 of the degenerate molecule sets includes the three positional isomers of methylcy-
clohexene — 1-methyl-1-cyclohexene (1IMCX), 3-methyl-1-cyclohexene (3MCX), and 4-methyl-1-
cyclohexene (4MCX). These are a particularly interesting set of molecules since cyclohexene was
also a prominent outlier in a previous Low scale-only QSAR model, primarily due to a unique
retro-Diels-Alder mechanism [29]. In addition to high variance in measured YSI between molecules
with identical fragments, the YSI of molecules in this group are also predicted particularly poorly
during leave-one-out cross-validation (Table 5). Within the predictions, the relatively high predicted
YSI for IMCX compared to the other methylcyclohexenes is primarily due to the presence of
the carbon fragment with both a double bond and a methyl group. This particular fragment is
also found in other high-sooting compounds such as 2-methylindene (Unified YSI = 500.1) and
1-methyl-1,4-cyclohexadiene (Unified YSI = 175.6).

Table 5: Comparisons between experimental measured YSI and predicted YSI (via cross-
validation) of cyclohexene and 3 methylcyclohexene isomers. YSI predictions are reported
as medians and 95% HPD intervals (in brackets).

Compound YSI (measured) YSI (predicted)
Cyclohexene 45.6 £ 2.0 71.1 [65.6,76.8]
1-methyl-1-cyclohexene 62.0 + 3.0 108.4 [98.4,118.8]
3-methyl-1-cyclohexene 85.0 + 4.0 77.9 [72.9,83.7]
4-methyl-1-cyclohexene 61.0 4 3.0 80.4 [74.6,85.7]

To investigate the differences among the 3 isomers, we performed DFT calculations to estimate
the energy barriers to the retro-Diels-Alder pathway for each isomer at room temperature. As
hypothesized in a previous study [29], cyclohexene’s lower YSI (45.6) compared to cyclopentene
and cycloheptene is due to a retro-Diels-Alder decomposition unique to cyclohexene which breaks
the ring, thereby arresting the rate of growth of important polycyclic aromatic hydrocarbon (PAH)
precursors such as cyclohexadiene and benzene. However, the availability of this kinetic mechanism
does not sufficiently explain the differences between isomers of methylcyclohexene: energy barriers
calculated using G4 for IMCX, 3MCX, and 4MCX are 64.3, 64.2 and 65.4 kcal/mol, respectively. As
these barriers are all very similar, we propose other possible mechanisms to produce dehydrogenated
products more closely related to PAH precursors (shown in Figure 18).

For each methylcyclohexene isomer we computed C-H bond-dissociation energies (BDE) using the
G4 method in order to make methylcyclohexadiene isomers through conjugated radical intermediates.
In the first step, from methylcyclohexene isomers to conjugated radical intermediates, the C-H
BDE of 3MCX was the lowest (80.0 kcal/mol) when compared with that of IMCX and 4MCX.
We also computed C-C BDE of the methyl group in each methylcyclohexene, as shown in top row
of Figure 18, to compare their relative bond strengths. The C-C BDE of 3MCX is lower (71.9
kcal/mol) than that for IMCX and 4MCX (98.6 and 86.8 kcal/mol, respectively). As with the
C-H BDE, 3MCX can produce a resonance-stabilized radical intermediate that lowers the C-C
BDE, while radical intermediates of the other two isomers do not show such resonance stabilization.
These BDE differences, and therefore the relative ease of formation of resonance-stabilized radical
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Figure 18: All C-H BDE energies (in kcal/mol using G4) from 3 methylcyclohexene to
3 methylcyclohexadiene isomers (from left to right, 1-methyl-1-cyclohexene, 3-methyl-1-
cyclohexene, and 4-methyl-1-cyclohexene). All color codes of BDEs are matched with
relevant H for C-H BDE (except red colors for C-C BDE).

intermediates for 3MCX, would lead to a greater accumulation of PAH precursors (cyclohexadiene or
methylcyclohexadiene and then eventually benzene or methylbenzene) for that isomer, and manifest
as a greater sooting tendency compared to IMCX and 4MCX. While a full kinetic model of this
reaction system is beyond the scope of this study, these results do highlight that methylcyclohexene
combustion involves a competition between preservation of the cyclohexene ring (which leads to
the formation of PAH precursors) and breaking of the cyclohexene ring through the retro-Diels-
Alder decomposition. Higher sooting tendencies for 3-methyl-1-cyclohexene are likely due to a
lower energy barrier for the initial hydrogen extraction and/or C—C bond breaking of methyl
group, both of which would lead to faster formation of PAH precursors compared to the other two
methylcyclohexene isomers. While the group-contribution model fails to pick up these differences
between the isomers, it is nonetheless useful in highlighting the presence of the underlying NNIs in
these types of compounds.

5. Conclusions

In this work we merged two different literature sooting tendency databases together into a
single unified YSI database for pure compounds. The unified database represents the largest
extant internally consistent database of sooting behavior for pure compounds: it includes > 400
compounds; covers aliphatic, aromatic, cycloalkanes, and oxygenated hydrocarbons; and presents
the sooting tendencies of oxygenates and aromatics on the same numeric scale. Unification of the
databases was made possible by using the color-ratio pyrometry diagnostic, which allows accurate
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measurements of f, in flames doped with low-sooting oxygenated hydrocarbons and high-sooting
aromatic hydrocarbons under identical experimental conditions.

A new scaling for the unified database was defined by setting the YSI of n-hexane and benzene
to 30 and 100 respectively. With this definition of the YSI scale, all studied compounds had numeric
YSI values greater than 0 (no negative YSI values), and YSI values for compounds tended towards 0
with the number of carbon atoms in the compound. YSI values spanned three orders of magnitude
across the entire database, with non-aromatics YSI ranging from 6.6 (methanol) to 161 (1-tert-
butyl-1-cyclohexene), and aromatics YSI ranging from 100 (benzene) to 1400 (1,2-diphenylbenzene).

We also developed a modified Benson group-increment model to predict the YSI of a compound
from its molecular structure. The model predicts the YSI of a compound as a linear sum of
contributions from each of its component carbon fragments. Contributions of component carbon
fragments were determined through a Bayesian linear regression against the YSI values of compounds
in the unified database developed in this work. The model was verified both internally through
leave-one-out cross-validation and externally through comparisons to normalized smoke points of
hydrocarbons in the literature.

Inspection of the different contributions of different carbon fragments provided insights into
sooting chemistry. For example, fragments containing oxygen functional groups tended to have
lower sooting contributions than fragments containing only carbon and hydrogen, while aromatic
carbon centers had significantly greater sooting tendency contributions than other fragment types.
To assess the extent of coverage of different functional groups in the model’s applicability domain,
we applied the model to a subset of the gdb-13 database. The most frequently encountered chemical
fragment types in the gdb-13 database not currently covered by the model typically involve oxygen
heterocycles, which could be a target for future experimental work addressing underrepresented
fragment groups.

Prediction outliers (as characterized by relative YSI prediction error during cross-validation)
are explained either by relative scarcity of training data (i.e., alkynes), or by a presence of unique
soot formation pathways (i.e., styrene and phenylacetylene). The relative importance for sooting
behavior of non-nearest-neighbor interactions (NNIs) between carbon atoms in a compound was
characterized through model degeneracies (distinct sets of compounds with identical fragment
decompositions) Multiply-substituted aromatics, esters, and methylcyclohexenes were found to have
the most significant NNIs. Plausible chemical reaction pathways have been proposed to explain
observed trends in sooting behavior for these compound families. Overall, the model is applicable
to most hydrocarbons contained in practical fuels and is expected to enable the rational design of
low-sooting fuel blends from a wide range of feedstocks and chemical functionalities.
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