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Unraveling the Complexities of

lllustration of the jet-stirred reactor used in this experiment. Jet nozzles in the reaction chamber
(center) generate turbulence for mixing the incoming fuel molecules with oxidizer (lower right). After

the fuels react, the products exit the apparatus (upper left) to be analyzed by advanced mass

spectrometry. (Illustration courtesy of Ahmed Najjar)

Highly oxygenated molecules:
vital but ephemeral

Oxygen plays a key role in chemical
reactions that produce pollutantsin the
atmosphere and that fuel combustion
engines. In these reactions, auto-oxidation
(spontaneous oxidation in air or in the
presence of oxygen) produces highly
oxygenated molecules.

For example, volatile organic
compounds (VOCs)—gas molecules
emitted from vehicles, factories, and
power plants (as well as living plants)—
undergo a sequence of auto-oxidation
reactions with the surrounding air, forming
highly oxygenated molecules that
contribute to air pollution, affecting health
and climate. The same highly oxygenated
molecules are also produced during the

ignition of fuels in advanced combustion
engines; controlling their formation and
destruction processes can help to develop
higher-efficiency engines.

However, because these highly
oxygenated molecules are very reactive
and decompose quickly, determining their
identities has been difficult.

“Freezing” the reaction at ALS
Beamline 9.0

In this work, researchers investigated
15 VOCs representing species present in
tropospheric (lower atmosphere) and fuel/
engine environments. Auto-oxidation of
the VOCs occurred in a jet-stirred reactor:
gases enter at one end, undergo turbulent
mixing by jets in the middle, and exit the
opposite end as reaction products. A steep

Scientific
Achievement

Researchers directly observed the
formation of highly oxygenated
molecules—the elusive intermediate
products of auto-oxidation reactions
relevant to combustion and atmo-
spheric chemistry.

Significance
and Impact

A better understanding of auto-
oxidation reaction mechanisms could
lead to better engines, less air pollu-
tion, and improved climate models.

drop in pressure at the stage of molecu-
lar-beam sampling prevents further inter-
actions between molecules. This “freezes”
the chemistry, enabling the detection of
highly reactive species.

The reaction products were photoion-
ized by vacuum-ultraviolet (VUV) light
from the ALS’s Chemical Dynamics
Beamline (9.0). The resulting photoions
were analyzed via mass spectrometry to
identify the parent molecules. Because
synchrotron VUV light can be tuned to
near-threshold ionization energies
(“soft” ionization), fragmentation from
excess energy was minimized, simplifying
datainterpretation.

Further experiments sharpen
the focus
To enhance the mass spectrometry

data, the researchers employed isotope
labeling techniques. One form of this



involves replacing 14O, with 120, as the
oxidizer. By noting how this changes the
mass-to-charge ratio (m/z) in the mass
spectrometry signal, it’s possible to obtain
unambiguous elemental compositions of
the highly oxygenated intermediates.
Another trick is to exchange hydrogen (H)
for deuterium (D) by adding D,O to the
reaction system. This helps identify

the number of hydroperoxy (-OOH)
functional groups in an intermediate.
Hydroperoxides are important in
controlling hydrocarbon reactivity during
auto-oxidation. Finally, photoionization
efficiency (PIE) curves were recorded;
these provide precise information about
ionization energies and can be used in
conjunction with m/z to differentiate
species of equal or near-equal masses.

Elucidating the elusive

Taken together, the results of this
comprehensive study elucidate the under-
lying kinetics and structural characteristics
of auto-oxidation processes. In particular,
the results suggest a generalized reaction
mechanism in which at least three stages
of sequential oxygen attachments can
occur, in contrast to current models of
combustion chemistry that assume just
one or two. When these pathways are
included in models, they significantly alter
simulation results. Updating the models
will allow more accurate simulations of
fuel combustion and potentially improve
the performance of real engines.

The researchers are currently working
with atmospheric scientists to develop
models for atmospheric aerosol formation
via VOC auto-oxidation, which could signifi-
cantly improve simulations predicting air
pollution and global temperature.
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Examples of isotope labeling and PIE data. (A) Mass spectrometry showing shifts due to replacement
of 0, (green lines) with 0, (black lines). (B) Comparison of mass spectra before H/D exchange
(black line) and after (dashed red line). (C) Sample PIE curves of an intermediate (open symbols) and
its corresponding deuterated species (lines).
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