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Electrospray ionization mass spectrometry (ESI-MS) was
used to investigate product formation in laboratory
experiments designed to study secondary organic aerosol
(SOA) formation in clouds. It has been proposed that
water soluble aldehydes derived from aromatics and alkenes,
including isoprene, oxidize further in cloud droplets
forming organic acids and, upon droplet evaporation,
SOA. Pyruvic acid is an important aqueous-phase intermediate.
Time series samples from photochemical batch aqueous
phase reactions of pyruvic acid and hydrogen peroxide were
analyzed for product formation. In addition to the monomers
predicted by the reaction scheme, products consistent
with an oligomer system were found when pyruvic acid and
OH radical were both present. No evidence of oligomer
formation was found in a standard mix composed of pyruvic,
glyoxylic, and oxalic acids prepared in the same matrix
as the samples analyzed using the same instrument conditions.
The distribution of high molecular weight products is
consistent with oligomers composed of the mono-, oxo-,
and di-carboxylic acids expected from the proposed reaction
scheme.

Introduction
Atmospheric particulate matter (PM) scatters and absorbs
light, affecting the global radiation budget and climate (1).
Additionally, exposure to PM is associated with adverse health
affects in humans (2). A fraction of organic PM, secondary
organic aerosol (SOA), is formed by oxidation of reactive
organic gases and the subsequent partitioning of low to semi
volatile products into the particle phase (3). On an annual
basis SOA contributes roughly 10-50% of total organic PM
in urban areas and as much as 80% during the afternoon
hours of ozone episodes (4-6). The vast majority of SOA
research has been devoted to elucidating pathways and yields
for homogeneous gas-phase reactions that produce SOA. SOA
and oligomer formation through acid-catalyzed aerosol phase
reactions has also been documented in smog chamber
experiments (7-12). Oligomer formation might explain the
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presence of large multifunctional compounds that have long
been known to dominate particulate organic mass (e.g.,
organics not eluted from the GC column; ref 13).
In addition to homogeneous reactions and aerosol-phase
reactions, it has been proposed that, like sulfate, SOA can
form through cloud processing (14-17). Briefly, high hydroxyl
radical concentrations in the interstitial spaces of clouds
oxidize reactive organics to form highly water soluble
compounds (e.g., aldehydes). These compounds partition
into cloud droplets where they oxidize further to form less
volatile organics (e.g., oxalic acid). When the cloud droplets
evaporate, the low volatility organics remain, in part, in the
particle phase, yielding SOA. To our knowledge, oligomerization reactions have not previously been observed or shown
to form through cloud processing. Should they form, they
could substantially enhance in-cloud SOA yields.
In-cloud SOA production from alkenes and aldehydes,
including isoprene, has been modeled by Ervens et al. and
Lim et al. (16, 17). In the chemical mechanism used by Lim
et al. (17), gas-phase isoprene oxidation produces watersoluble compounds, glycolaldehyde, glyoxal, and methyl
glyoxal. These products dissolve into cloud water and react
with OH radicals to form oxalic acid, glycolic, and glyoxylic
acids via pyruvic and acetic acids (Figure 1).
Methylglyoxal and pyruvic acid are important intermediates in in-cloud reactions of many reactive organics. To
ascertain the fate of pyruvic acid, photochemical batch
aqueous-phase reactions of pyruvic acid and OH radical were
performed. Identified products were consistent with those
suggested by Stefan and Bolton (18) and used by Lim et al.
(17) as reported in detail by Carlton et al. (19). This work will
show that oligomer formation may be an important step
omitted in the Lim et al. (17) pathway. If reactions that lead
to oligomer products are included in the Lim et al. (17)
pathway it could add substantially to the SOA formed.

Materials and Methods
Experimental Setup. Photochemical, batch aqueous-phase
reactions of pyruvic acid and hydrogen peroxide (H2O2) were
conducted in 1 L borosilicate vessels with quartz immersion
wells under conditions encountered by cloud water (pH 2.73.1) for 202 min. The reaction vessels were wrapped in
aluminum foil to minimize the influence of ambient UV.
Low-pressure UV lamps with spectral irradiance at 254 nm
were used in the experiments to produce hydroxyl radical
from hydrogen peroxide for pyruvic acid oxidation. Three
types of control experiments were conducted: (1) a UV
control (i.e., pyruvic acid and H2O2), (2) a H2O2 control (i.e.,
pyruvic acid and UV), and (3) an organic control (i.e., UV
and H2O2). Three experiments were conducted, two with
pyruvic acid concentrations of 10 mM and H2O2 concentrations of 20 mM, and one with the concentrations doubled.
A 0.5% catalase solution was added to all experiment and
control samples right after sampling to prevent further
reaction. Samples were stored frozen until analysis. More
detail on experimental setup, sampling, and HPLC procedures
can be found in ref 19.
Analytical Determinations. The ESI-MS analysis was
conducted using an HP-Agilent 1100 liquid chromatograph/
mass spectrometer consisting of an autosampler and quadrupole mass-selective detector equipped with an atmospheric
pressure electrospray ionization source. The autosampler
injects samples and standard solutions (20 µL) from individual
vials into the LC system. The instrument was run with no
column attached, a mobile phase, 60:40 v/v 100% methanol
and 0.05% formic acid in deionized water, with a flow rate
10.1021/es052170n CCC: $33.50

 2006 American Chemical Society
Published on Web 07/13/2006

proteins (23). ESI-MS provides molecular weight information
as mass-to-charge ratios (m/z) with unit mass resolution. In
the negative mode acidic functional groups lose an H+ and
appear at an m/z of the molecular weight minus one [M-H]-.
The fragmentor voltage on the instrument is usually set
at 40 V to keep compounds intact. However, for analysis of
a subset of samples, the fragmentor voltage was varied. First,
the standard mixture of monomers was analyzed with varying
fragmentor voltages (40-100 V). Then the time series samples,
diluted (1:10) with deionized water, were analyzed at
fragmentor voltages 40-100 V to fragment the oligomers that
had been formed by the cloud water reactions.

Results and Discussion

FIGURE 1. Mechanism of oxalic acid formation through isoprene
cloud processing. Modified from refs 17, 19 to focus on the pyruvic
acid pathway and to include oligomer formation.
of 0.220 mL min-1. The ESI-MS measurements were made
in the negative mode over the mass range 50-1000 amu with
a fragmentor voltage of 40 V unless otherwise noted. Nitrogen
was the drying gas (350 °C, 10 L min-1, 25 psig.). The capillary
voltage was 3 kV. The electrospray ionization full-scan mass
spectra (m/z 50-1000) with unit mass resolution was
recorded on Agilent software (Chemstation version A.07.01)
and exported to EXCEL and ACCESS (Microsoft, Inc.) for
statistical analysis and interpretation.
Authentic individual and mixed standards of pyruvic,
glyoxylic, acetic, formic, and oxalic acids, all expected
precursors or products (17) (Figure 1), were analyzed using
the same instrument conditions as the sample analysis
described above. The standard mix used for calculating
concentrations in the samples was composed of pyruvic,
glyoxylic, and oxalic acids in the same matrix as the samples
in the reaction vessels (H2O2 at a 1:2 ratio and 1 µL of catalase).
The standard mix was analyzed over the range of concentrations (0.025-1.5 mM) typical of the samples, and a standard
curve was created for each compound (Table 1). Acetic acid
was not included in the standard mix because the ESI-MS
did not detect it in either the monomer or dimer form.
Previous analysis of samples including acetic acid in the
standard mix did not result in the detection of any new ions,
nor did it significantly affect the ion abundances of the other
compounds in the standard mix. Formic acid has a molecular
weight (MW48) below the detection limit of the instrument
(m/z 50) and was not detected in either positive or negative
mode ESI-MS analysis.
The standard and sample data from the ESI-MS were
analyzed using a previously established method (20). For
each standard and time series sample, six replicate injections
were made. The mean ion abundance ((SD) for each m/z
in each sample was calculated for the standards and samples.
Each mass-to-charge (m/z) with an abundance statistically
different from zero at the 0.05 level (t-test; ref 21) was retained.
The samples and standards were corrected for deionized
blanks by subtracting the ion abundance of any m/z found
in the deionized water from the same m/z in standards and
samples.
ESI-MS is a soft ionization method that does not fragment
ions (22). The technique can be applied to any species that
can be protonated or deprotonated. Large compounds that
would be fragile to fragmentation in other mass spectrometers
are analyzed intact by the ESI-MS, including peptides and

Standard Analysis. Pyruvic acid was detected in the negative
mode as both the monomer (m/z 87) and homogeneous
dimer (m/z 175) forms in authentic standards ([M-H]-, [2MH]-). Glyoxylic (m/z 73) and oxalic (m/z 89) acids were
detected in the monomer form only ([M-H]-, Figure 2), which
is consistent with other carboxylic acids in single and mixed
standards. Oxalic, glyoxylic, and pyruvic acids were linear
up to approximately 1.5 mM (Table 1, Figure 3). However,
the slopes differ due to the relationship of ion abundance to
concentration being compound dependent.
Sample Analysis. The ion abundance representing pyruvic
acid decreased and glyoxylic and oxalic acids increased during
the experiment as predicted by Lim et al. (17) and discussed
by Carlton et al. (19) (Figure 4). The ion abundance of the
reactant pyruvic acid (m/z 87, 175) decreased from time 44
s to 10 min, and then remained relatively constant throughout
the experiment. The intermediate glyoxylic acid (m/z 73)
increased in ion abundance slightly from 10 to 27 min (3971
to 4678 units) and then steadily decreased in abundance for
the remainder of the reaction to a final abundance of 758
units. The expected product oxalic acid (m/z 89) increased
in ion abundance throughout the experiment (Figure 4) and
became the dominant peak in the spectrum after 202 min
showing good agreement with the proposed mechanism (17).
Oligomer Formation. If the time series samples were
composed only of the monomers predicted by Lim et al.
(17), the ESI-MS spectrum should resemble the spectrum
of the standard mix of reaction components (Figure 2).
However, after 10 minutes of photochemical oxidation, ions
higher in molecular weight than the monomers appear in
the time series spectrum (Figure 4a) in addition to the
monomers predicted by Lim et al. (17). The distribution of
these higher molecular weight ions in the spectrum at 10
minutes is not completely regular, but appears to be
consistent with the development of an oligomer system
(Figure 4a). The two peaks with the highest ion abundance
in the spectrum are m/z 147 and m/z 217. The most dominant
mass species (m/z 147) has tentatively been identified (based
on the molecular weight combinations) as a pyruvic and
acetic acid dimer.
The spectral complexity increases with time in samples
from the photochemical oxidation of pyruvic acid. There are
six peaks that dominate the spectrum after 202 min of
oxidation (Figure 4b). The most dominant peak is m/z 89,
oxalic acid monomer. The following five ions with the next
highest abundances after m/z 89 are 103, 133, 147, 177, and
217. The six peaks differ by 14, 30, 14, 30, and 40 amu,
respectively. These six ions represent almost half of the total
ion abundance of the entire sample. The other half of the
total ion abundance in the sample is present in a pattern
that is consistent with an oligomer system (Figure 4b). The
oligomer haystacks show a highly regular pattern of mass
differences of m/z 12, 14, and 16 in the mass range 80-500
amu, and the peaks within the haystacks are separated by
2 amu (Figure 4b). If the mixed acid oligomers in the sample
spectra were artifacts of the ESI-MS, they should also appear
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TABLE 1. Response of ESI-MS to Compounds in the Standard Mix Composed of the Same Matrix as the Samples in Units of Ion
Abundance Per mM Compound.a
compound

molecular
formula

molecular
weight

a

y0

r2

pyruvic acidb
pyruvic acidc
glyoxylic acid
oxalic acid

CH3COCOOH
2(CH3COCOOH)
OCHCOOH
HOOCCOOH

88.1
176.2
74.0
90.0

472,400
95,130
47,960
647,820

25,630
3,032d
6,999
-690d

0.9753
0.9847
0.8083
0.9997

a The r2 values and equations are calculated from linear regression analysis based on the ion abundance of the mixed standards as a function
of concentrations 0.025-1.5 mM; a )slope of the line and y0 ) y intercept. b[M-H]- c [2M-H]- d Not significantly different than zero t0.05, 3.

FIGURE 2. Abundance of pyruvic acid monomer (m/z 87) and dimer
(m/z 175), glyoxylic acid (m/z 73), and oxalic acid (m/z 89) in a 1.5
mM per compound mixed standard in the same matrix as the samples,
detected in negative ionization mode with ESI-MS.

FIGURE 4. ESI-MS spectra of time series samples from pyruvic
acid UV/H2O2 oxidation after (a) 10 min, and (b) 202 min. Pyruvic
acid (m/z 87, 175) is the main compound present in a 44 s time series
sample from a replicate experiment (inset a). The regular distribution
of m/z 12, 14, 16 indicating the oligomeric system is shown for an
enlarged portion of (b) in the inset. Note break in y-axis scale.

FIGURE 3. ESI-MS response (ion abundance) to oxalic acid (m/z
89) in a mixed standard that included pyruvic and glyoxylic acids
in the same matrix as the samples across a range of concentrations
(0.075-1.5 mM compound) r2 ) 0.9997, y ) 647 820x-690.
in the mixed standard spectra (Figure 2) where all of the
reaction components are present; however, they do not. They
also do not appear in the control spectra (see below), implying
that the formation of oligomers in the samples requires the
presence of pyruvic acid and OH radical.
The main peaks in the haystacks can be accounted for by
linear combinations of known monomer units, formic, acetic,
pyruvic, glyoxylic, and oxalic acids. For example, the gain of
14 could be attributed to the addition of a glyoxylic acid
(MW74) instead of an acetic acid (MW60), or the addition of
a pyruvic acid (MW88) instead of a glyoxylic acid. The mass
difference of 16 could be attributed to adding an oxalic acid
(MW90) instead of a glyoxylic acid. The regular distribution
of the six dominant ions, the regularity of the lower
abundance peaks, and the linear combinations of monomer
4958
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units support the presence of an oligomer system (24-26).
This evidence is also consistent with a polydisperse copolymer
system (26). An important next step is to identify the exact
composition of each of the oligomers in the system. The
experiments were conducted in the aqueous phase at pH
values typical of clouds to simulate cloud chemistry and thus
provide evidence that oligomer formation could be occurring
under conditions encountered in clouds.
Control Experiments. The formation of the oligomer
system requiring the presence of pyruvic acid and the OH
radical is supported by the mixed standards (as discussed
above) and the two control experiments. When pyruvic acid
is exposed in the controls to UV alone or H2O2 alone there
are additional peaks in the spectra that are not present in the
mixed standard. The peaks in the control spectra are not as
regular or dense as those in the time series reaction spectra.
It is known that pyruvic acid will react to some degree with
UV alone (e.g., formic and acetic acids (19)). However, the
extent of reaction in the control with UV alone is much less
than when the pyruvic acid is exposed to UV plus H2O2. The
pyruvic acid (m/z 87, 175) (after approximately 161 min of
exposure to UV) is 42% of the total ion abundance, as

TABLE 2. Comparison of the Percent Change in Ion Abundance
of Standards as Fragmentor Voltages Increased (40-80 V) to
the Percent Change in Ion Abundance of the Samples as
Fragmentor Voltages Increased (40-80 V)

pyruvic acid
glyoxylic acid
oxalic acid

% change
0.5 mM
standard

% change
1.0 mM
standard

% change
t3 27 min

% change
t6 86 min

-88
-67
-98

-87
-65
-97

557
61a
-77

825
179a
-81

a t
g1 ) 21 and tg2 ) 59 min sample from replicate experiment due to
insufficient sample volume.

FIGURE 6. Response (ion abundance) of pyruvic acid (m/z 87),
glyoxylic acid (m/z 73), and oxalic acid (m/z 89) to varying fragmentor
voltages in a 0.5 mM mixed standard (filled circles) and time series
samples (empty circles).
FIGURE 5. ESI-MS spectrum of the UV degradation of pyruvic acid
(no H2O2 added) after 161 min. Pyruvic acid (m/z 87) is present as
the most abundant compound and there is a higher molecular weight
cluster that is not representative of an oligomer system.
compared to ∼2% of the total ion abundance when oxidized
by the OH radical. The lack of regularity and density in the
control spectra supports the conclusion that pyruvic acid
and the OH radical are required for the regularly distributed
oligomer system to form. However, compounds formed from
the reaction of pyruvic acid and UV alone may be atmospherically relevant and warrant further investigation.
Oligomer Quantification. The goal of changing the
fragmentor voltage when analyzing standards and samples
was to see if the potential monomer constituents increased
in abundance as the larger molecular weight compounds
were broken apart. This would provide additional evidence
that these high molecular weight compounds are oligomers.
In the mixed monomer standards, as the fragmentor voltage
increased, the monomer ion abundances [M-H]- decreased
as expected as the compounds were fragmented (Table 2,
Table S-1a-c, Figure 6). The fragmented components smaller
than m/z 50, which is the lower mass detection limit of the
instrument, are not detected.
For the sample analysis, the percent of initial monomer
abundance that should be lost by increasing the fragmentor
voltage was known from the standard analysis. In contrast
to the standards decreasing in ion abundance, the monomers
(pyruvic and glyoxylic acid) in the samples initially increased
in abundance as fragmentor voltage increased (Figure 6,
Tables S-1a-c). This increase in abundance implies that a
larger molecular weight compound was breaking apart and
contributing to the monomer abundance. The oxalic acid
monomer decreased in ion abundance with increased
fragmentor voltage in the samples, but this decrease was
20% less than the standard decrease. The decrease in
abundance from fragmentation seen in the standards was
overwhelmed in the samples by an increase in abundance
from fragmentation of higher molecular weight species. This
is consistent with the decrease in abundance in the higher

molecular weight compounds as the fragmentor voltage was
increased. Thus, the larger molecular weight oligomers are
at least partially composed of the known monomers, pyruvic
acid, glyoxylic acid, and oxalic acid.
The increased monomer abundance in the samples with
increased fragmentor voltage, in contrast to the decrease in
the standard monomer abundance, was used to estimate
the concentration of monomer present in the oligomers. The
percent of monomer lost with increased fragmentor voltage
for the standards is concentration independent (Table 2).
For example, the 0.5 mM mixed standard was used to
determine the percent loss of glyoxylic acid (m/z 73) in ion
abundance (67%) as the fragmentor voltage was increased
from 40 to 80 V (Table 2). In sample tg1 (sample from a replicate
experiment due to insufficient sample volume) glyoxylic acid
(m/z 73) had an abundance of 7284 units (Table S-1b). After
increasing the fragmentor voltage to 80 V, fragmentation
alone would have decreased the glyoxylic acid (m/z 73) ion
abundance by 67% to 2404 units. In sample tg1, the glyoxylic
acid (m/z 73) actually increased in ion abundance to 11 755
units (Table S-1b). Thus 9351 units of glyoxylic acid were
generated by fragmentation of oligomers. This increase in
ion abundance, the glyoxylic acid response factor (Table 1),
and the dilution factor (1:10) were used to calculate that at
least 0.49 mM of glyoxylic acid was present in the oligomers
in the tg1 sample, and 0.85 mM in the tg2 sample.
The concentration of monomers from oligomer breakup
was calculated as described above for pyruvic and oxalic
acids. The pyruvic acid calculated to be in oligomers is 0.29
mM in sample t3. The oxalic acid calculated to be in oligomers
is 0.06 mM for sample t3 and 0.09 mM in sample t6. For
sample t3, there is approximately the same amount of oxalic
acid present as a monomer (0.04 mM) (Table S-2) as there
is present in oligomers (0.06 mM). As the reaction proceeds,
sample t6 has more oxalic acid present in its monomer form
(0.30 mM) (Table S-2) than it does in oligomers (0.09 mM).
The concentration of oxalic acid monomer increases with
time (Figure 4) but the concentration of oxalic acid in
oligomers increases very little in comparison to the monomer
increase from sample t3 to t6.
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This work is the first time that evidence for oligomer
formation in cloud processing reactions has been reported.
The presence of the reaction components as oligomers
instead of only monomers is likely to have important
implications to in-cloud SOA formation. The oligomer forms
will have lower vapor pressures and will remain to a much
larger extent in the particle phase after cloud evaporation
than the monomers. Also, oligomer formation from reaction
products may enhance the effective Henry’s law constants
for precursor aldehydes, further enhancing SOA. It is possible
that the absorptive and scattering properties of clouds and
of particles could be altered by the presence of oligomers
since some large multifunctional compounds believed to be
formed in the atmosphere have some associated absorption
(27). Thus in-cloud oligomer formation could have an effect
on radiative forcing.
There remain many unanswered questions about the
potential effect of oligomers formed through cloud processing. These experiments are consistent with oligomers forming
through irreversible reactions. However, the laboratory
experiments are conducted in a closed system, while the
atmosphere is an open system which allows partitioning.
The behavior of oligomers upon droplet evaporation is yet
unknown. Oligomers formed through in-cloud aqueousphase reactions could contribute to the concentration of
surfactants observed in cloud droplets (28); however, it is
not clear whether surfactant formation through this pathway
will be great enough to substantially alter surface coverage,
droplet surface tension, and gas exchange. An important next
step is to parametrize oligomer formation for SOA modeling.
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