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Apicella, Pré, Alfè, Ciajolo, Gargiulo, Russo, Tregrossi, Deldique, Rouzaud 2015

Disordered foci or growth centers, 
1-4 nm in diameter

Turbostratic graphitic layers or 
crystallites aligned parallel to the 

primary-particle surface

Bambha, Dansson, Schrader, Michelsen 2013

Graphitic overlayers hold 
aggregate together

Characteristics of Mature-Soot Particles
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Commodo, De Falco, Bruno, Borriello, D’Anna 2015

Premixed ethylene/air, C/O=0.67, Φ=2.03

Second mode grows in 
at larger HABs

Abid, Heinz, Tolmachoff, Phares, Campbell, Wang 2008

Incipient-particle size 
< 3 nm
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Premixed ethylene/air, HAB=10 mm

Sgro, De Filippo, Lanzuolo, D’Alessio 2007

C/O
Φ

0.69
2.070.67

2.03
0.61
1.83

Commodo, De Falco, Bruno, Borriello, D’Anna 2015

Premixed ethylene/air, C/O=0.67, Φ=2.03
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Premixed ethylene/air

Photoionization mass spectrometry

Grotheer, Hoffmann, Wolf, Kanjarkar, Wahl, Aigner 2009

HAB (mm)

assuming density of 1 g/cm3

C/O=0.64, Φ=1.92 HAB = 15 mm

C/O

assuming density of 1 g/cm3

Appears to be 
growth mode 

required for soot 
formation
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Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016

Premixed ethylene/air
C/O=0.60, Φ=1.8

Vgas=6.0 cm/s Vgas=8.5 cm/s

Burner-stabilized stagnation flame
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Premixed ethylene/air, C/O=0.67, Φ=2.03

Rapid-dilution tube sampling probe

1800

Characteristics of Incipient Particles
Extractive Sampling

1600 -

1000 -

800  .
0

• No Probe
A Probe @ 7 mm
• Probe @ 8 mm
• Probe @ 10 mrn

Probe © 12 mrn

2 4 6 8 10 12 14 16

Height Above the Burner, mm

18

2000

1600

1200

800

400

K1

Hp =1.40 cm

1.20 crn

1.00 cm

0 95 cm

20001-
K2

_H„=1.40 cm
K5



Small-angle X-ray scattering

Mitchell, di Stasio, Le Garrec, Florescu-Mitchell, 
Narayanan, Sztucki 2009

Small-angle neutron scattering

Mitchell, Le Garrec, Florescu-Mitchell, di Stasio 2006

– Differences may be due to

Neutron beam much larger than SAXS beam

Neutron beam sampled larger particles on flame edge

Range of scattering angles different for 2 experiments

SAXS background subtraction complicated

HAB=10 mm

Ethylene co-flow diffusion flame
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They have C/H ratios of ~1.5-2.5.

They are <~3-4 nm in diameter.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm). 

They may form at C/O as low as 0.6.

They appear to be the source of the larger mode at high C/O. 

What do we know about incipient particles?



Transmission electron microscopy (TEM)

Abid, Heinz, Tolmachoff, Phares, Campbell, Wang 2008

Atomic force microscopy (AFM)

Schenk, Lieb, Vieker, Beyer, Gölzhäuser, Wang, Kohse-Höinghaus 2015

Halo suggests 
spreading

and fluidity
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Helium ion microscopy (HeIM)

Particles ~6-30 nm 
Particles of both 
modes appear 

spherical

Some particles 
in the larger 

mode may not 
be spherical

Premixed ethylene/O2/Ar, C/O=0.69, Φ=2.07
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Commodo, De Falco, Bruno, Borriello, D’Anna 2015

Premixed ethylene/air, C/O=0.67, Φ=2.03 Ångström exponent
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assuming density of 1 g/cm3

C/O

Premixed ethylene/air, HAB=15 mm

Photoionization mass spectrometry

Grotheer, Hoffmann, Wolf, Kanjarkar, Wahl, Aigner 2009

2 photons 
Disordered clusters

1 photon 
Stacked large PAHs

Photoionization 
at 193 nm, 6.3 eV
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Photoionization mass spectrometry

Grotheer, Wolf, Hoffmann 2011

Clusters do not 
absorb in near-IR

Stacks absorb 
and vaporize

Irradiation at 1064 nm

3.65 nm 4.60 nm 5.27 nm Particle sizes assuming density of 1.3 g/cm35.80 nm
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They have C/H ratios of ~1.5-2.5.

They appear spherical and fluid.

They are <~3-4 nm in diameter.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm). 

They may form at C/O as low as 0.6.

They absorb in the UV but weakly at longer wavelengths.

Their photoionization threshold is >6.3 eV.

They have disordered fine structure.

They appear to be the source of the larger mode at high C/O. 

What do we know about incipient particles?



Premixed ethylene/air, C/O=0.67, Φ=2.03, HAB=8 mm

Schulz, Commodo, Kaiser, De Falco, Minutolo, Meyer, D'Anna, Gross 2018
Combustion Symposium talk 4C01

SMPS size distribution

Atomic Force Microscopy (AFM)/Scanning Tunneling Microscropy (STM)

Raman spectroscopy

� �

� �
La=1.1 nm

���

� �
C/H=2.3

Significant abundance of 
5-membered rings and 

aliphatic groups
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Infrared spectroscopy

Cain, Camacho, Phares, Wang, Laskin 2011

Premixed ethylene/O2/Ar, C/O=0.69, Φ=2.07

Nano-MOUDI stages
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Aerosol mass spectrometry (AMS)
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Johansson, Dillstrom, Monti, El Gabaly, Campbell, Schrader, Popolan-Vaida, Richards-Henderson, Wilson, Violi, Michelsen 2016

Premixed 
ethylene/O2/Ar, 

C/O=0.7, Φ=2.09

Characteristics of Incipient Particles
Incipient-Particle Composition

Ad h L

L k It IL E 1., i n 1Lll k .pit, I .4— 'r 4,1, ,,11,,

ti

1000- a
3.5 mm

500-

ifT

4)1000-5.0 mm
z
0 500-u

To
c1500- C

C7) 7.5 mm
iZ1000-

500-
••••

 A "P,

40 Exp.
Fit

1.111C-0
C-O-C

--C-OH

536 534 532 530 528 4 6 8 
0.0

Binding energy (eV) HAB (rnm)

•



Aerosol mass spectrometry

Laser microprobe mass spectrometry

Dobbins, Fletcher, Chang 1998

Coflow diffusion flame

4003002001000
m/z

PIAMS mass spectrum of incipient soot using 1064-nm 
laser desorption, 118-nm photoionization

Premixed ethylene/O2/Ar flame

Öktem, Tolocka, Zhao, Wang, Johnston 2005

Photoionization Aerosol Mass Spectrometry

Characteristics of Incipient Particles
Incipient-Particle Composition
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Characteristics of Incipient Particles
Incipient-Particle Composition
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pm 1. Structures a the most stable isomers in the most stable classes of C2.1-12. molecules ("stabilomers"2).

mtrons. Since graphitelike molecules (polyaromatics) have both
gnificantly lower ratios of edge to interior C atoms and lower
:bbs energies per C atom than diamondlike molecules (poly-
.amantanes) of comparable C number, the former molecules
ould always be more stable than the latter at high temperatures.
awever, the relative contribution of edge atoms to overall
ermodynamic stability will decrease with increasing size.
C2„1/2. The most stable classes of moderately sized C2„H2
alecules are expected to be the polyacetylenes. These are the
nnlest classes of molecules examined: onlv one oolvacetvlene

46

the strain introduced by the second triple bond is substantially
greater than that introduced by the first. This cyclization is further
disfavored by a sizable entropy loss of kJ mor1 K-1 (Table
I).

Very large, highly condensed polyaromatic C2„H2 species, like
the large C2„ molecules mentioned in the previous section, are
expected to become increasingly stable with increasing size.
Although any discussion of such species must be speculative, their
general properties can be coarsely estimated by assigning unstable
arouo values to their "exterior" carbon atoms and “aranhitelik&"

• it
,e'sYS)

a As
•

Cg6H2 (2800 K). Clearly, in the temperature range of interest
in this work, n must be quite large before graphitelike molecules
become more stable than polyacetylenes. On the other hand,
regardless of approximations for stabilities of edge C atoms,
polyaromatic molecules larger than Cs4H2 are certain to be more
stable than polyacetylenes up to at least 1800 K.
C2„H„. The most stable C2„H4 molecules are acyclic and contain

one double bond and n — 1 triple bonds. Symmetry numbers of

have the same stability near 2700 K, or 400 K lower than the j
of equal stabihty for individual molecules.

In view of its estimated 120 kJ mol"' higher heat of form;
(ignoring any antiaromaticity) and its lower entropy, be
cyclobutadiene is always far less stable than ethynylbenzene.
same argument applies to 1,3,5-cyclooctatriene-7-yne, whose
is —170 k] morl greater than that of ethynylbenzene eve]
suming no ring strain.



Premixed ethylene/O2/N2, C/O=0.70, Φ=2.09

Masses that look like 
stabilomers are not 
always stabilomers

Johansson, Zádor, Elvati, Campbell, Schrader, 
Richards-Henderson, Wilson, Violi, Michelsen 2017

Johansson, Campbell, Elvati, Schrader, Zádor, 
Richards-Henderson, Wilson, Violi, Michelsen 2017

2100
Ph
ot
oi
on
iz
at
io
n 
cr

os
s 
se
ct
io
ns
 

80

60

40

20

0

Characteristics of Incipient Particles
Incipient-Particle Composition

—Pyrene C16H10
—Fluoranthene C16H10

Chrysene C18H14
—Coronene C24H14

—Perylene C20H14

7.5 8.0 8.5 9.0 9.5 10.0
Photon energy (eV)

1.0 — a

0.8 -

0.6 -

0.4 - Pyrene
— Flame, 6 mm

0.2 - — Flame, 10 mm

0.0  I I
1.0—

:E 0.8

_d 0.6

(̀-13- 0.4

cy) 0.2
iT)

0.0  I I
1.0

0.8

0.6

0.4

0.2

0.0

— Fluoranthene
— Flame, 6 mm
— Flame, 10 mm

Pyrene: -65%
Fluoranthene: -35%

— Flame, 10 mm
— Pyrene-fluoranthene fit

7 5 5:1 n
Photon

Qti a 0
energy (eV)

9.5 10.0



They have C/H ratios of ~1.5-2.5.

They appear spherical and fluid.

They are <~3-4 nm in diameter.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm). 

They may form at C/O as low as 0.6.

They absorb in the UV but weakly at longer wavelengths.

Their photoionization threshold is >6.3 eV.

They have disordered fine structure.

They appear to be the source of the larger mode at high C/O. 

They have significant abundances of aliphatic and oxygenated groups.

They have significant abundances of 5-membered rings.

Their precursor masses are consistent between flames, fuels.

Their precursors may not be the most thermodynamically stable isomers.

What do we know about incipient particles?



Aerosol mass spectrometry

Johansson, Head-Gordon, Schrader, Wilson, Michelsen, 
in press
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Laser microprobe mass spectrometry
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Dobbins, Fletcher, Chang 1998
Blevins, Fletcher, Benner, Steel, Mulholland 2002
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C/H=2.2
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Time of flight secondary ion mass spectrometry

165

165

Desgroux, Faccinetto, Mercier, Mouton, Karkar, El Bakali 2017

Low pressure (200 Torr)
Premixed methane/O2/N2, 
C/O=0.49, Φ=1.95

Low pressure (200 Torr)
Premixed methane/O2/N2, 
C/O=0.58, Φ=2.32
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Aerosol mass spectrometry

Molecular beam mass spectrometry

Courtesy of Nils Hansen and Kai Moshammer
Johansson, Head-Gordon, Schrader, Wilson, Michelsen, 

in press
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Johansson, Head-Gordon, Schrader, Wilson, Michelsen, in press
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Johansson, Head-Gordon, Schrader, Wilson, Michelsen, in press

Clustering of 
Hydrocarbons by 
Radical Chain 
Reactions 
(CHRCR)

Particle Inception by Radical Chain Reactions
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They have C/H ratios of ~1.5-2.5.

They appear spherical and fluid.

They are <~3-4 nm in diameter.

They form at lower HABs and C/O ratios than a second (larger) mode (>~4-6 nm). 

They may form at C/O as low as 0.6.

They absorb in the UV but weakly at longer wavelengths.

Their photoionization threshold is >6.3 eV.

They have disordered fine structure.

They appear to be the source of the larger mode at high C/O. 

They have significant abundances of aliphatic and oxygenated groups.

They have significant abundances of 5-membered rings.

Their precursor masses are consistent between flames, fuels.

Their precursors may not be the most thermodynamically stable isomers.

Resonantly stabilized radicals may drive inception.

What do we know about incipient particles?
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Density, Specific Heat, and Their Product
Dependence on Soot-Maturity Level and Temperature



ρ=W/VM

The density is

where molecular weight can be given as
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Assuming that 
Incipient soot is composed of precursor PAHs
Incipient soot has C/H ratios of ~1.5-2.5
Maturing means losing H, becoming more graphitic

How do we predict density and specific heat?

Data for 44 PAHs @ 298.15 K

Approx. constant

Density, Specific Heat, and Their Product
Dependence on Soot-Maturity Level

More details coming soon, Michelsen, in preparation (2018)
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cs= ρcs /ρ

The specific heat is

Assuming that 
Incipient soot is composed of precursor PAHs
Incipient soot has C/H ratios of ~1.5-2.5
Maturing means losing H, becoming more graphitic

How do we predict density and specific heat?

Approx. constant

Density, Specific Heat, and Their Product
Dependence on Soot-Maturity Level

Data for 44 PAHs @ 298.15 K

More details coming soon, Michelsen, in preparation (2018)
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ρ=W/VM

The density is

where molecular weight can be given as

� =
��

�
�

+ ��

�
�

+ 1

cs= ρcs /ρ

The specific heat is

where ρcs is constant

Simple equations estimate ρ and cs

as a function of C/H ratio

Polycrystalline
graphite

Graphite

Density, Specific Heat, and Their Product
Dependence on Soot-Maturity Level

Estimates for 298.15 K

More details coming soon, Michelsen, in preparation (2018)
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Density, Specific Heat, and Their Product
Temperature Dependence: High-Temperature Conditions

Nearly constant 
at flame/LII 

temperature

At high T, ρcs is almost independent of T

At high T, ρcs is almost independent of material
Law of Dulong & Petit

At high T, 
ρcs=3R/VM

R is the universal gas constant
VM is the molar volume (cm3/mole)
VM is almost independent of material

esp for materials with the same elements

For more, see Johansson et al. AST 51, 1333-1344 (2017)
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Specific Heat
Temperature and Maturity-Level Dependence

Once we have cs as a function of C/H and T, 
we can use  ρcs for graphite to derive ρ as a 
function of C/H and T.

More details coming soon, Michelsen, in preparation (2018)
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Particle Growth and Evolution
Evidence for Surface Growth by Hydrocarbon Adsorption and Surface Oxidation



Absorption magnitude, λ-dependence
Dependence on soot-maturity level

Wavelength dependence

LII fluence curves can give wavelength dependence 
and magnitude of absorption cross section
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Magnitude

High-T graphite value Measured

For more, see Johansson et al. AST 51, 1333-1344 (2017)
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Precursors, Incipient Particle Formation, 
and Bulk Particle-Maturity Level

Maturity increases
β increases
ξ decreases

Mature soot

Long-range order 
decreases during 

oxidation

For more, see Johansson et al. AST 51, 1333-1344 (2017)

AMS
total ion signal

indicates 
incipient-particle

formation

LII signal from 
mature soot

Absorption cross section 
magnitude increases with 

maturity level.

Absorption cross section 
dispersion exponent 

decreases with maturity.
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Surface-Sensitive XPS Indicates Surface Growth by
Hydrocarbon Adsorption and Oxidation at Surface

Bulk maturity increases

Mature soot

Long-range order 
decreases during 

oxidation

For more, see Johansson et al. AST 51, 1333-1344 (2017)

AMS
total ion signal

indicates 
incipient-particle

formation

LII signal from 
mature soot

Surface maturity 
increases

Surface growth delays 
surface maturity while 

bulk matures
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Laser-Induced Incandescence
(LII)

Soot Particle Growth and Evolution
Diagnostics for Maturity Level

/ Sublimation
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Thermophoretic Particle Densitometry (TPD): Particle volume fraction and emissivity
Laser-Induced Incandescence (LII): Mature-soot volume fraction

Incipient particles 
observed by TPD 

but not by LII;

LII signal from mature soot

TPD from 
incipient soot

Low emissivity 
from incipient soot

High emissivity 
from mature soot

Emissivity increases 
with maturity

Partially premixed 
ethylene co-flow 
diffusion flame

De Falco, Sirignano, Commodo, Merotto, Migliorini, Dondè, De Iuliis, Minutolo,  and D'Anna 2018

Soot Particle Growth and Evolution
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Maturity increases
β increases
ξ decreases

Mature soot

Long-range order 
decreases during 

oxidation

Johansson, El Gabaly, Schrader, Campbell, Michelsen 2017

AMS
total ion signal

indicates 
incipient-particle

formation

LII signal from 
mature soot

Incipient particles 
not seen by LII

Soot Particle Growth and Evolution
Diagnostics for Maturity Level
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Scanning mobility particle sizing

www.TSI.com

Photoionization mass spectrometry

Grotheer, Hoffmann, Wolf, Kanjarkar, Wahl, Aigner 2009
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Characteristics of Incipient Particles
Diagnostics for Size Distribution
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X-ray Photoelectron Spectroscopy (XPS)

Binding
energy

Kinetic
energy

measured

Sensitive to surface species

Characteristics of Incipient Particles
Diagnostics for Composition
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Electron microscopy Atomic force microscopy Helium ion microscopy

Bell 2009

News.Berkeley.edu 2013

1-20 nm resolution

0.05-1 nm resolution

Characteristics of Incipient Particles
Diagnostics for Size and Shape
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Photoionization mass spectrometry

Grotheer, Hoffmann, Wolf, Kanjarkar, Wahl, Aigner 2009

Aerosol mass spectrometry

Skeen, Michelsen, Wilson, Popolan, Violi, Hansen 2016
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Characteristics of Incipient Particles
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Small-angle X-ray scattering

Mitchell, di Stasio, Le Garrec, Florescu-Mitchell, 
Narayanan, Sztucki 2009

Small-angle neutron scattering

Mitchell, Le Garrec, Florescu-Mitchell, di Stasio 2006

– Advantages of SAXS over SANS

Better spatial resolution

Higher intensity and sensitivity

– Advantages of SANS over SAXS

Better discrimination against background

Lower absorption

Better penetration into dense samples

Less tendency to ionize/damage samples

Potential of isotopic labeling (deuterium)

Intensified CCD
160 µm resolution

Scattering of X-rays by electron cloud
Scattering of neutrons by nuclei 

or electron magnetic moment

Characteristics of Incipient Particles
Incipient-Particle Size
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X-ray beam
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Scattering ~ electron density

Random orientations  isotropic scattering

Scattered X-rays
θ

Momentum transfer parameter

q

Small-angle X-ray scattering (SAXS)

Characteristics of Incipient Particles
Diagnostics for Size Distribution
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Hydrogen-flame
temperature

Incipient

Primary particle

Small-angle X-ray scattering (SAXS)

Characteristics of Incipient Particles
Diagnostics for Size Distribution El vd ro„n_flame
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Incipient-particle size < 5 nm

Premixed ethylene/air
C/O=0.60, Φ=1.8

Vgas=6.0 cm/s Vgas=8.5 cm/s

Second mode grows in 
at larger HABs

Burner-stabilized stagnation flame

Abid, Camacho, Sheen, Wang 2009

Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016

Characteristics of Incipient Particles
Incipient-Particle Size
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C/O=0.60, Φ=1.8

Vgas=6.0 cm/s Vgas=8.5 cm/s

Second mode grows in 
at larger HABs

Premixed ethylene/air, HAB=10 mm

Sgro, De Filippo, Lanzuolo, D’Alessio 2007

C/O
Φ

0.69
2.070.67

2.03
0.61
1.83

Vgas=10 cm/s
Premixed ethylene/air

Incipient-particle size < 5 nm
Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016

Characteristics of Incipient Particles
Incipient-Particle Size
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Gu, Lin, Camacho, Lin, Shao, Li, Gu, Guan, Huang, Wang 2016

C/O=0.60, Φ=1.8

Vgas=6.0 cm/s Vgas=8.5 cm/s

C/O=0.83, Φ=2.5

Vgas=6.5 cm/s Vgas=15 cm/s

Soot aggregates form 
at larger HABs

Second mode grows in 
at larger HABs

at higher C/OPremixed ethylene/air

Incipient-particle size < 5 nm

1012

1011

101°

109

108

107

1012

Characteristics of Incipient Particles
Incipient-Particle Size
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Premixed ethylene/air

1 nm 2 nm 2.5 nmParticle sizes assuming density of 1.3 g/cm3

Photoionization mass spectrometry

Thierley, Grotheer, Aigner, Yang, Abid, Zhao, Wang 2007

Characteristics of Incipient Particles
Incipient-Particle Size
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