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CHEMISTRY

ALS Evidence Con!rms Combustion Theory
Researchers recently uncov-

ered the first step in the process 
that transforms gas-phase mole-
cules into solid particles like 
soot and other carbon-based 
compounds. It’s a discovery 
that could help combustion 
chemists make more efficient, 
less polluting fuels and help 
materials scientists fine-tune 
their carbon nanotubes and 
graphene sheets for faster, 
smaller electronics. In addition, 
the results could have implica-
tions for the burgeoning field of 
astrochemistry, potentially 
establishing the chemical 
process for how gaseous 
outflows from stars turn into 
carbon-based matter in space. 

For more than 30 years, 
scientists have developed 
computational models of 
combustion to explain how gas 
molecules form soot, but now 
scientists have data to confirm 
one long-standing theory in 
particular. The fundamental 
chemistry discovery could be 
used to find or design fuels that 
burn cleaner and don’t produce 
as much soot. 

The combustion process 
produces fumes and particu-
lates like soot, a visible macro-
molecule made up of sheets of 
carbon. Theoretically, there are 
hundreds of different ways 
molecules can combine to 
create these dirty emissions. 
But there has been one popular 
class of mechanisms that 

outlines possible early steps for 
bond making and bond 
breaking during combustion: 
hydrogen abstraction-acetylene 
addition (HACA).

In one version of HACA, 
during the high-temperature, 
high-pressure environment of 
combustion, a simple ring of six 
carbon and six hydrogen atoms, 
called benzene, would lose one 
of its hydrogen atoms, allowing 
another two-carbon molecule 

called acetylene, to attach to the 
ring, giving it a kind of tail. 
Then the acetylene tail would 
lose one of its hydrogen atoms 
so another acetylene could link 
up in, doubling the carbon 
atoms in the tail to four. 

Next, the tail would curl 
around and attach to the orig-
inal ring, creating a double-ring 
structure called naphthalene. 
Link by link, ring by ring, these 
molecules would continue to 
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Graphical representation of the chemistry in the early stages of 
soot formation. The mechanism to the right was demonstrated 
by experiment, while the one on the left was not. Credit: Dorian 
Parker, University of Hawaii .

grow in an unwieldy, crum-
pled way until they became 
the macromolecules that we 
recognize as soot. 

For almost half a century, 
polycyclic aromatic hydrocar-
bons (PAHs) have been 
proposed to play a key role  
in the astrochemical evolution 
of the interstellar medium (ISM) 
and in the chemistry of combus-
tion systems. However, even the 
most fundamental reaction 
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What are PAHs?
Polycyclic aromatic hydrocarbons (PAHs) are hydrocar-
bons—organic compounds containing only carbon and 
hydrogen—that are composed of multiple aromatic rings 
(organic rings in which the electrons are delocalized). PAHs 
are found naturally in the environment but they can also be 
man-made. PAHs are neutral, nonpolar molecules; they are 
found in fossil fuels and in tar deposits, and are produced, 
generally, when insuf!cient oxygen or other factors result in 
incomplete combustion of organic matter (e.g., in engines 
and incinerators, when biomass burns in forest !res). 

PAHs may also be abundant in the universe, and are conjec-
tured to have formed as early as the !rst couple of billion years 
after the Big Bang, in association with formation of new stars 
and exoplanets. Some studies suggest that PAHs account for 
a signi!cant percentage of all  carbon in the universe, and 
PAHs are discussed as possible starting materials for abiologic 
syntheses of materials required by the earliest forms of life.

mechanism assumed to lead to 
the simplest PAH naphtha-
lene—the HACA mechanism—
has historically eluded 

experimental observation. 
To test the first step of the 

theoretical HACA mechanism, 
scientists used a beamline at 

the ALS specifically outfitted to 
study chemical dynamics. The 
ALS produces numerous 
photons over a wide range of 
energies, allowing researchers 
to probe a variety of molecules 
produced in this chemical reac-
tion with specialized mass 
spectrometry analysis. 

Unique to this experimental 
setup, researchers used a 
so-called hot nozzle, which 
recreates combustion environ-
ment in terms of pressure and 
temperature. Scientists started 
with a gaseous mix of nitroso-
benzene (a benzene ring with a 
molecule of nitrogen and 
oxygen attached) and acetylene, 
and pumped it through a heated 
tube at a pressure of about 300 
torr and a temperature of about 
750 degrees Celsius. The mole-
cules that came out the other 
end were immediately 
skimmed into a mass spectrom-
eter that made use of the 
synchrotron light for analysis. 

The researchers found two 
molecules predominantly 
emerged from the process. The 
more abundant was the carbon 
ring with a short acetylene tail 
on it, called phenylacetylene. 
But they also saw evidence for 
the double ring, naphthalene. 
These results effectively rule 
out one HACA mechanism—
that a carbon ring would gain 
two separate tails and those 
tails would bond to form the 
double ring—and confirm the 
most popular HACA mecha-
nism where a long tail curls 
around to form naphthalene. 

The next step will  
be to unravel the pathways  
to more complex systems. 
Further experiments will inves-
tigate these follow-up mecha-
nisms. Researchers will add 
infrared spectroscopy to their 
analysis in order to catch the 
variety of molecules that form  
during these next phases  
of combustion.


