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ABSTRACT: Interfacial regions are unique chemical reaction
environments that can promote chemistry not found elsewhere.
The air−water interface is ubiquitous in the natural environment in
the form of ocean surfaces and aqueous atmospheric aerosols. Here
we investigate the chemistry and photochemistry of pyruvic acid
(PA), a common environmental species, at the air−water interface
and compare it to its aqueous bulk chemistry using two diﬀerent
experimental setups: (1) a Langmuir−Blodgett trough, which
models natural water surfaces and provides a direct comparison
between the two reaction environments, and (2) an atmospheric
simulation chamber (CESAM) to monitor the chemical processing
of nebulized aqueous PA droplets. The results show that surface
chemistry leads to substantial oligomer formation. The sequence begins with the condensation of lactic acid (LA), formed at the
surface, with itself and with pyruvic acid, and LA + LA − H2O and LA + PA − H2O are prominent among the products in addition
to a series of higher-molecular-weight oligomers of mixed units of PA and LA. In addition, we see zymonic acid at the surface.
Actinic radiation enhances the production of the oligomers and produces additional surface-active molecules known from the
established aqueous photochemical mechanisms. The presence and formation of complex organic molecules at the air−water
interface from a simple precursor like PA in the natural environment is relevant to contemporary atmospheric science and is
important in the context of prebiotic chemistry, where abiotic production of complex molecules is necessary for abiogenesis.

■

INTRODUCTION
Heterogeneous chemistry occurring in aerosols, clouds, and
fogs and at the ocean surface is signiﬁcant in the natural
environment, aﬀecting atmospheric chemistry and climate.1−9
In the environment, heterogeneous processing occurs at
surfaces and interfaces, which provide unique reaction
conditions where chemistry proceeds by diﬀerent mechanisms
than in bulk phases.2,3,5,8−18 These unique reaction conditions
could be caused by gradients in concentrations, molecular
alignment, water activity, and electric ﬁelds at a surface,
perturbations to chromophores, or ionization states that diﬀer
from those in bulk solution.8,19−21 Globally distributed
aerosols and cloud droplets have an enormous collective
surface area.3,11,22 In fact, the total surface area of aerosols is
greater than the combined surface area of all of Earth’s bodies
of water23 and provides salient reaction locations in environmental chemistry.3,8,9,24−26
Aqueous aerosols have additionally been proposed to be
eﬀective prebiotic chemical reactors.11,13,14,27−31 Formed via
wind action at the ocean surface, marine aerosols contain
organic material found on the ocean surface.3,11,27,32 The ocean
© 2021 The Authors. Published by
American Chemical Society

surface collects and concentrates hydrophobic species from the
bulk ocean, the atmosphere, hydrothermal vents, and
extraterrestrial infall and then emits these species as sea
spray aerosol.11,27,31 Marine aerosols therefore likely contained
the monomeric precursors for complex biomolecules that are
thought to have been extant on prebiotic Earth.27,30
Speciﬁcally, the surface of an aerosol provides an environment
that is water-restricted and in which organics from the seasurface microlayer (SML) self-assemble into a monolayer
where the molecules are aligned and concentrated.3,8,11,27,30,33
The realization that water surfaces can host unique
environmental chemistry motivated investigations of organic
molecules at the air−water interface.3,8,24,25,34−42 Surfacespeciﬁc methods were needed for these studies. For example,
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weight compounds to be enhanced at the surface relative to
the bulk.37
In this study, we examine the chemistry and photochemistry
of pyruvic acid at the air−water interface. We use a
combination of Langmuir−Blodgett troughs and simulation
chamber studies to model environmental air−water interfaces,
including the surface of nebulized microdroplets. These studies
aim to elucidate the role that the water surface plays in the
multiphase chemistry of pyruvic acid. Chemical and photochemical experiments provide key distinctions between
reactions at the air−water interface and the bulk aqueous
solutions. Comparison of the results from chemistry conducted
on a ﬂat air−water interface (Langmuir−Blodgett trough) with
the results from nebulized droplets in an environmental
simulation chamber (CESAM)17,79,104 highlight the chemistry
speciﬁc to the air−water interface. Finally, we comment on the
importance of pyruvic acid’s unique chemistry at the air−water
interface to modern and prebiotic environmental chemistry.

nonlinear spectroscopy provided useful information regarding
the structure, ion partitioning, and orientation of surfactants at
the air−water interface,43−54 while time-of-ﬂight secondary ion
mass spectrometry (ToF-SIMS) oﬀered relatively straightforward molecular identiﬁcation at the interfacial region.37,55−59
However, with a few notable exceptions of dark12,56,60 and
photochemical17,18,37,57,61−66 reactions, relatively little is
known about the chemistry and photochemistry of organic
species on water and the partitioning of products from the bulk
to the surface of water.
In this study, we investigate the chemistry of pyruvic acid
(PA) at the surface of water, as it provides an example of a
relatively small surfactant molecule with multiple conformers
and environment-speciﬁc reactivity. PA is naturally found in
the gas phase, atmospheric aerosols, polar ice, and precipitation
from both direct emission and isoprene oxidation.67−70 Its
multiphase environmental processing is therefore of interest in
many facets of atmospheric research, especially as it can alter
the chemical and optical properties of atmospheric particles.3,17,27 The deprotonated form of pyruvic acid, pyruvate,
has a long history in biology, including a central role in both
aerobic and anaerobic metabolism on modern Earth, where it
is oxidized to acetyl CoA or reduced to lactate, respectively. PA
may have also contributed to abiogenesis as part of a
rudimentary metabolism,71−76 as it likely would have been
available on prebiotic Earth through either abiotic synthesis71
or delivery by meteorites.72 Griﬃth et al.73 further pointed to
the prebiotic relevance of PA by demonstrating its photochemical production of the modern metabolites acetoin and
lactic acid as well as molecules larger and more complex than
PA.
Previous studies of the gas- and aqueous-phase chemistry of
PA are the foundation of this work. The chemistry of PA in the
gas phase has been extensively studied.77−86 Unlike most
organics, oxidation of PA by •OH or HO2 is slow, and
therefore, its atmospheric fate is determined by the direct
absorption of sunlight by PA and the subsequent photochemical reactions.81,87 Gas-phase photolysis of PA occurs on
the singlet manifold, mainly producing CO2 and methylhydroxycarbene, which isomerizes to acetaldehyde.85,86,88,89 This
process occurs with a quantum yield of 1 at low buﬀer gas
pressures.77,82,85,86
The mechanisms of aqueous photochemistry of PA proceed
through a diﬀerent pathway than the gas-phase photolysis.89−99
Brieﬂy, diﬀuse UV radiation can excite a PA molecule to its S1
state, which then undergoes intersystem crossing to the T1
state and generates organic radicals, ﬁnally resulting in several
complex oligomers depending on the speciﬁc reaction
conditions. The eﬀects of concentration, pH, and O2 on the
reaction mechanism, product yields, and array of products in
aqueous phase have all been described.37,57,63,73,90−93,96−103
Interpreted using the gas- and aqueous-phase photochemistry
of pyruvic acid, the multiphase chemistry of PA has been
studied, highlighting the formation of oligomers and
consequently the construction of chemical complexity with
sunlight.17 Results from a study of the multiphase chemistry of
pyruvic acid indicated that the air−water interface plays a
signiﬁcant role in promoting chemistry not possible in either
the gas or bulk aqueous phase.17 Another investigation reached
a similar conclusion by modifying their sample preparation
methods to simulate the diﬀerence between bulk and
interfacial photochemistry and observed higher-molecular-

■

METHODS
Sample Preparation. Pyruvic acid (Sigma-Aldrich, 98%)
was vacuum-distilled (P < 1 mbar) with stirring and heating (T
< 70 °C) to remove impurities. Nuclear magnetic resonance
spectroscopy (NMR) was used to demonstrate the purity of
pyruvic acid (see the Supporting Information for details and
Figure S1). The puriﬁed pyruvic acid was stored at 2 °C in the
dark and used within 1 month of distillation to minimize dark
aging processes that could generate oligomeric species.17,92,99,105 Aqueous solutions of pyruvic acid were prepared
in 18.2 MΩ (3 ppb total organic carbon) water, followed by
sonication until the PA was fully dissolved. The pH values of
aqueous solutions were left unadjusted and were determined
using a Corning 320 pH meter. All glassware was cleaned in a
KOH/EtOH base bath and rinsed with water and methanol
(Fisher Chemical, 99.8%) prior to use.
Langmuir−Blodgett Trough. A custom-built Langmuir
trough (52 cm × 7 cm × 0.5 cm) used previously in our
group12,19,106−111 is brieﬂy summarized here. It is made of
polytetraﬂuoroethylene (PTFE) and equipped with two
computer-controlled NIMA (KSV-NIMA, Finland) PTFE
barriers to restrict the available surface area. A Wilhelmy
balance was used to monitor the surface pressure of the
aqueous solution in the trough as the barriers compress
molecules at the air−water interface, providing surface
pressure−area isotherms and therefore insight into the surface
activity of the molecules in solution. For example, isotherms of
an aqueous PA solution before and after exposure to UV
radiation are provided in Figure S2.
A Kibron LayerX (134) dip coater attached to the custombuilt Langmuir trough was used to transfer molecules residing
at the surface of the aqueous subphase to a solid substrate
(glass slide) for surface-speciﬁc species collection. The dip
coater moved a clean glass slide into the aqueous subphase and
withdrew to its original starting position. This process was
repeated for a total of 10 cycles, while the trough barriers
compressed the surface area such that the surface pressure was
held roughly constant. Methanol (1 mL) was used to extract
the organic ﬁlm collected on the glass slide. Special care was
taken to prevent solvent evaporation in order to avoid dryinginduced chemistry. The resulting methanol solution was
analyzed with negative-mode electrospray ionization mass
spectrometry (ESI-MS). Peak assignments were made by
comparing theoretical mass-to-charge ratios for known or
1037
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radiation across a larger portion of the S1 PA absorption, as
shown in Figure 1. Therefore, a comparison between the bulk
photochemistry of PA irradiated with the LEDs and with the
Xe arc lamp is worthwhile.
Light Source Comparison. Bulk aqueous photolyses of
100 mM PA were performed with LEDs on the Langmuir
trough and with a 450 W Xe arc lamp (the spectral output is
shown in Figure 1) to compare the photoproducts obtained
with the two light sources. The experimental method utilizing
the 450 W Xe arc lamp is described in Photochemical Reaction
Cell. Each light source produced the expected major products,
2,4-dihydroxy-2-methyl-5-oxohexanoic acid (DMOHA) (m/z
= 175) and dimethyltartaric acid (DMTA) (m/z = 177) (see
Table 1). Additional photolysis products included acetoin (m/
z = 87), acetolactic acid (AcLA) (m/z = 131), and 4-carboxy2,4-dihydroxy-2-methyl-5-oxohexanoic acid (CDMOHA) (m/
z = 219). For both sources, these results were consistent with
previous studies, which have described the mechanisms of bulk
aqueous PA in detail.83−85,93,10492,94,99,102,113 While the
observed products are the same for both light sources, the
normalized ion intensities of the photoproducts are generally
smaller in the LED photolysis than in the Xe lamp photolysis.
The lower intensity of the photolysis source and the limited
overlap between the LED output and PA absorbance spectrum
results in a lower photolysis rate, but these factors do not seem
to signiﬁcantly alter the photoproducts observed and therefore
the photochemical pathways of PA.
Photochemical Reaction Cell. Photolysis using the solar
simulator, for comparison with the LED light source, was
performed in a photochemical reaction cell. An aqueous
solution of pyruvic acid (100 mM; unadjusted pH ∼1.8) was
placed in a glass photochemical reaction cell surrounded by a
temperature-controlled water bath at 20 °C. The sample was
photolyzed using an unﬁltered 450 W Xe arc lamp (Newport)
for 2 h with constant nitrogen sparging. Aqueous pyruvic acid
samples before and after photolysis for 2 h were analyzed with
negative-mode ESI-MS after 1:1 dilution in methanol.
Atmospheric Simulation Chamber (CESAM). A 4.2 m3
stainless steel atmospheric simulation chamber, CESAM
(French acronym for Experimental Multiphasic Atmospheric
Simulation Chamber), was used here and in previous studies of
gas-phase and multiphase photochemistry of PA to probe the
dark chemistry and photochemistry of aqueous pyruvic
acid.17,79,82,104 We discuss the relevant experimental parameters here; a full description of the CESAM facility and analysis

expected products to experimental mass-to-charge ratios. The
mass accuracy for most assignments was within ∼10 ppm.
Additional ESI-MS details are included in the Supporting
Information.
The aqueous subphase in Langmuir−Blodgett trough
experiments consisted of 100 mM pyruvic acid (pH ∼1.8),
which reﬂects environmental conditions and previous
work.63,67 Samples were collected simultaneously from the
surface via the dip coater and from the bulk by syringe.
Photochemical Studies. Photochemical experiments were
performed by irradiating the entire aqueous sample in the
Langmuir trough with UV light. The light source consisted of
Waveform Lighting light-emitting diode strips (realUV LED
Strip Lights; 365 nm) adhered to the trough cover, ensuring
irradiation of the entire trough surface and subphase. The
spectral output of the LEDs is shown in Figure 1, overlaid

Figure 1. Comparison between the spectral outputs of the
photochemical sources used in these experiments: LEDs (blue), a
Pyrex-ﬁltered 450 W Xe arc lamp (scaled; red), and the CESAM
Pyrex-ﬁltered solar simulator (green). These are overlaid on the
absorbance spectrum of aqueous pyruvic acid (100 mM, pH ∼1.8)
(black). The Xe arc lamp output was scaled down by a factor of 11.

upon the absorbance spectrum of 100 mM aqueous pyruvic
acid (pH ∼1.8). The LEDs emitted radiation between 355 and
395 nm with a λmax of ∼370 nm, which overlapped with the tail
end of the photochemically relevant (n−π*) transition of
pyruvic acid, as shown in Figure 1. Solar simulators commonly
used in other photochemical experiments, including aqueous
solution studies in this group,73,92,94,99,102,112,113 provide

Table 1. Negative-Mode ESI-MS Ion Peaks of Bulk Aqueous 100 mM Pyruvic Acid after 2 h of Photolysis with Two Diﬀerent
Light Sources: A Xe Arc Lamp and LEDs
normalized ion
intensitya

m/z
ion formula, [M − H]−
−

C3H3O3
C4H7O2−
C5H7O3−
C5H7O4−
C6H7O5−
C6H7O6−
C7H11O5−
C6H9O6−
C8H11O7−

assigned structure

theor

exptl

mass diﬀ. (ppm)

Xe lamp

LEDs

pyruvic acid (PA)
acetoin
unassigned
acetolactic acid (AcLA)
PA + LA − H2O
parapyruvic acid (PPA)
2,4-dihydroxy-2-methyl-5-oxohexanoic acid (DMOHA)
dimethyltartaric acid (DMTA)
4-carboxy-2,4-dihydroxy 2-methyl-5-oxohexanoic acid (CDMOHA)

87.0088
87.0452
115.0401
131.035
159.0299
175.0248
175.0612
177.0405
219.051

87.0077
87.0442
115.039
131.0342
159.0283
175.0231
175.0605
177.0396
219.0501

12.64
11.49
9.56
6.11
10.06
9.71
4.00
5.08
4.11

100
8.6
32.7
36.5
5.06
2.14
228
872
6.15

100
4.65
18.4
9.47
3.12
4.83
231
596
6.82

a

Intensities are normalized such that the intensity of PA at m/z = 87 is set to 100.
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Figure 2. Negative-mode ESI-MS of a 100 mM PA aqueous solution sampled from the bulk (red) and the surface (transparent gray) of a
Langmuir−Blodgett trough. Dark-red traces result from overlap between the two deﬁned spectra. Samples were taken immediately after the
solution was deposited in the trough. The full ESI-MS ion scan range is shown to demonstrate the increased prevalence of high-molecular-weight
species at the surface compared with the bulk.

Figure 3. Negative-mode ESI-MS of a 100 mM PA solution sampled from the surface (transparent gray) and the bulk (red) of a Langmuir−
Blodgett trough, focusing on the region of lower molecular weight. Dark-red traces result from overlap between the two deﬁned spectra. Samples
were taken immediately after the aqueous solution was deposited in the trough. Pyruvic acid (PA) and/or pyruvate are the dominant species in
both the surface and the bulk. Lactic acid (LA) or lactate, zymonic acid (ZA), and oligomers of PA and LA are predominantly found at the surface,
while the geminal diol of PA, 2,2-dihydroxypropanoic acid (2,2-DHPA) is predominantly found in the bulk. The PA dimer parapyruvic acid (PPA)
appears in both the surface and the bulk.

techniques can be found in the papers by Wang et al.104 and
Bregonzio-Rozier et al.114 In this study, an atomizer (TSI,
model 3075) through a diﬀusion dryer (TSI, model 3062)
employed N2 to aerosolize aqueous droplets of pyruvic acid
from an aqueous solution of pyruvic acid into CESAM,
conditioned to ∼90% relative humidity (RH) and a temperature of 25 °C and ﬁlled to ambient pressure (∼1015 mbar).
The nebulization process was continued until the particle mass

and number concentrations (measured by a scanning mobility
particle sizer) in CESAM were 20 μg/m3 and 1 × 105 cm−3,
respectively. The geometric mean diameter of aqueous pyruvic
acid droplets was 60 nm. Pyruvic acid droplets were
photolyzed by irradiation from a solar simulator consisting of
three 4 kW high-pressure Xe arc lamps (MH-Diﬀusion,
MacBeam 4000) ﬁltered by 6.5 mm thick Pyrex windows
(see Figure 1 for the CESAM solar simulator spectral output).
1039
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Figure 4. Behavior of selected ESI-MS ion peaks over time for Langmuir−Blodgett trough control experiments. Intensities were normalized such
that the intensity of PA at m/z = 87 was set to 100.

formed in the bulk and then partition to the water surface
where we observe them. In fact, the ability of pyruvic acid to
form oligomers, such as zymonic acid (ZA), is welldocumented.37,105
Indeed, ZA was observed at the surface and in the bulk at m/
z = 157. Figure 3 focuses on the lower-molecular-weight region
of Figure 2 to illustrate additional diﬀerences between the
surface and bulk of the PA aqueous solution. Here we see a
strong peak at m/z = 89, corresponding to lactic acid (LA) or
lactate, at the surface but not in the bulk. We considered the
possibility that lactic acid is merely a contamination; however,
NMR of our puriﬁed PA was not able to identify any LA
contamination. Additionally, in an aging experiment where 100
mM aqueous PA was allowed to sit on the trough for 3 h (see
Figure 4 and Table S1) there was LA on the surface of the
solution but not in the bulk at time = 0 h. After 3 h of sitting
on the trough, there was a signiﬁcant increase in LA at the
surface but no such increase in the bulk. If LA were only a
product of our collection or analysis method, the LA signal
should not increase with time. Furthermore, LA is a watersoluble molecule, so we would expect any LA contaminant also
to be observed in the bulk, yet it was detected only at the
interface.
The most prominent peak observed at the surface, though
not in the bulk, is at m/z = 161, which may correspond to the
condensation product of two lactic acid monomers. At m/z =
159 we also observe the presence of what may be PA + LA −
H2O. In fact, as listed in Table S2, many of the highermolecular-weight species shown in Figure 2 correspond to the
myriad possible oligomers potentially formed from combinations of LA and PA molecules and the requisite loss of water
molecules.
Another interesting diﬀerence between the aqueous PA
surface and bulk reaction environments is revealed by the peak
found only in the bulk at m/z = 105: the diol form of PA. As
the diol is likely more soluble than the keto form because of its
additional −OH groups and probably less likely to form at or
partition to the surface given the water-restricted nature of the
interface, it seems reasonable the diol is not observed at the

The gas-phase species in CESAM were tracked in situ with a
proton transfer reaction time-of-ﬂight mass spectrometer
(PTR-ToF-MS Series II, Kore Technology) that sampled the
air in counterﬂow, preventing aerosol and droplet sampling.
Aqueous pyruvic acid droplets were collected on ﬁlters and
analyzed postcollection with negative-mode ESI-MS after
extraction in methanol. The data presented here are from
two diﬀerent CESAM experiments. We show (1) the PTRToF-MS data (Figure 8) from an experiment that took place
on 10/17/2018 in which droplets were nebulized from a 300
mM PA solution into CESAM ﬁlled with synthetic air and (2)
ESI-MS data (Table S3) of a ﬁlter-collected sample from a 6/
11/2015 experiment in which droplets were nebulized from a
100 mM PA solution into CESAM ﬁlled with N2.

■

RESULTS
The results of two sets of distinct experiments are presented
below. First, we report on the chemistry and photochemistry of
PA taking place at the air−water interface obtained using a
Langmuir−Blodgett trough and compare it to that which
occurs in the bulk. Then we compare and contrast the
chemistry of PA in the Langmuir trough to its chemistry in
nebulized droplets using an atmospheric simulation chamber,
CESAM.
Langmuir−Blodgett Studies. Mass Spectrometry Analysis of Interfacial Pyruvic Acid. Prior to irradiation of a 100
mM PA aqueous solution, an aliquot of the bulk solution was
collected, and separately, a Langmuir−Blodgett dipper
followed by a methanol wash was used to collect molecules
residing at the surface of the solution. Both samples were
analyzed after collection via negative-mode ESI-MS. The
resulting spectra are shown in Figure 2 and summarized in
Table S2. It is immediately apparent that the sample taken
from the surface contains signiﬁcantly more species of
relatively high molecular weight. Because the NMR results
on the pyruvic acid precursor demonstrate a high degree of
purity (see Figure S1) and the high-molecular-weight species
are not seen in the bulk, these compounds are oligomers that
spontaneously form at the air−water interface and/or are
1040

https://dx.doi.org/10.1021/acs.jpca.0c09096
J. Phys. Chem. A 2021, 125, 1036−1049

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Article

Figure 5. Negative-mode ESI-MS of 100 mM aqueous PA sampled from the Langmuir−Blodgett trough surface (transparent gray) and bulk (red)
after 3 h of irradiation. Dark-red traces result from overlap between the two deﬁned spectra.

Figure 6. Behavior of selected ESI-MS ion peaks for 100 mM PA before and after photolysis sampled in the bulk and on the solution surface.
Intensities were normalized such that the intensity of PA at m/z = 87 was set to 100.

231, 303, etc. These oligomeric species are more prevalent
after irradiation. Zymonic acid is well-known to form in the
dark,105 but these experiments also show dark production of
LA and other oligomers. Additionally, formation of the welldocumented aqueous PA photoproducts37,63,80,90,92,97,99,101,102,113 is observed on the surface
postirradiation, the most prominent of which include
acetolactic acid (m/z = 131), DMOHA (m/z = 175), and
DMTA (m/z = 177). The mechanism for the formation of
these species in the bulk aqueous phase has been previously
reported.17,63,73,92,99
Figure 7 compares the postphotolysis mass spectrum taken
from the bulk to that taken from the surface of a Langmuir−
Blodgett trough. Though LA is a well-known photolysis
product of PA in aqueous solution, the most striking
diﬀerences in the postphotolysis mass spectra are the
observation of LA and PA/LA oligomers at the surface but

surface. Furthermore, we do not expect that washing the diol in
methanol, as performed on all of the samples collected from
the water surface, would force the diol back into the keto form
of PA.115,116
Photochemistry of Pyruvic Acid at the Surface of Water.
A Langmuir−Blodgett trough was coupled to photochemistryinducing LEDs and used to photolyze aqueous PA solutions.
After irradiation of a 100 mM solution of aqueous PA in the
trough for 3 h, an aliquot of the bulk solution was collected
from the trough, and a Langmuir−Blodgett dipper was used to
collect molecules residing at the surface of the solution.
Negative-mode ESI-MS was used to analyze both samples, and
the results are shown in Figure 5 and summarized in Table S2
and Figure 6.
At the surface pre- and postphotolysis, the most prominent
signals arise from PA (m/z = 87), LA (m/z = 89), and the host
of PA, LA, and PA/LA oligomers at m/z = 157 (ZA), 159, 161,
1041

https://dx.doi.org/10.1021/acs.jpca.0c09096
J. Phys. Chem. A 2021, 125, 1036−1049

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Article

Figure 7. Negative-mode ESI-MS of a 100 mM PA aqueous solution after 3 h of irradiation with samples taken from the surface (transparent gray)
and bulk (red) of a Langmuir−Blodgett trough. Dark-red traces result from overlap between the two deﬁned spectra. The expected photolysis
products 2,4-dihydroxy-2-methyl-5-oxohexanoic acid (DMOHA) and dimethyltartaric acid (DMTA) are found primarily in the bulk. Zymonic acid
(ZA), lactic acid (LA), and oligomers of PA and LA are found primarily at the surface.

Figure 8. PTR-ToF-MS ion peaks for (a) lactic acid (LA) (m/z = 91.0390) and (b) zymonic acid (ZA) ([M + H − H2O − CO]+ m/z = 113.0233)
fragments in the nebulized pyruvic acid CESAM experiment. The mass spectra are shown as lines with solid circle markers and are colored black for
the clean chamber and blue for nebulized pyruvic acid in the chamber.

159), and parapyruvic acid (PPA) (m/z = 175). These results
suggest that dark chemistry not seen in bulk aqueous solutions
can occur in PA droplets, which collectively have a large
surface area to volume ratio.
Support for the formation of lactic and zymonic acids at the
droplet surface can be seen in Figure 8, where PTR-ToF-MS
signals of their ions are shown as PA is nebulized into CESAM.
The ZA fragment signal ([M + H − H2O − CO]+ at m/z =
113)17 greatly increased as PA was nebulized into the chamber.
The fragment signal at m/z = 113 is used as a marker for
zymonic acid instead of its parent peak at m/z = 159, as the
former is seen with higher intensity. However, the two PTRToF-MS ion signals representative of the acid follow the same
time trend. Lactic acid (m/z = 91) also increased during PA
nebulization, though not as signiﬁcantly. Neither of these PTRToF-MS signals were observed in the gas-phase dark aging
experiments of PA,79 indicating that the droplets, and more
speciﬁcally their surface,14,45 are necessary for this dark
production. The particle number and mass concentrations of
PA in the multiphase nebulized experiment were 105 cm−3 and

not in the bulk solution. In the bulk, the major species are the
photoproducts DMOHA and DMTA. While they are also
observed at the interface, the relative concentrations are much
greater in the bulk than at the surface.
Overall, the chemistry and photochemistry of PA at the air−
water interface is deﬁned by the formation of lactic acid and/or
lactate and several oligomers comprising various ratios of PA to
LA monomers. The production of expected PA photoproducts
such as DMOHA and DMTA may be limited at the surface
compared with the bulk.
Simulation Chamber (CESAM) Studies of Nebulized
Aqueous PA Microdroplets. Aqueous PA droplets in
CESAM, formed via nebulization of 100 mM aqueous PA,
were ﬁlter-collected before photolysis and analyzed with ESIMS. The results were compared with ESI-MS measurements of
the bulk sample prepared in the photochemical reaction cell
experiment before photolysis and can be seen in Table S3. The
relative amounts of some species were much larger in the PA
droplets than observed in the bulk, including acetoin (m/z =
87), LA (m/z = 89), ZA (m/z = 157), PA + LA − H2O (m/z =
1042
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Scheme 1. Proposed Mechanism for PA + LA − H2O Dimer Formation (Pathway B) Compared to the Proposed Mechanism
for Zymonic Acida (i.e., PA + PA − H2O Dimer) Formation99,102 (Pathway A)

ZA is a known product of both dark and photochemical reactions of PA.17,105 bThe ﬁnal product structures shown here are one of multiple
possible stereoisomers for the PA + PA − H2O and PA + LA − H2O dimers. See Figure S4 for other potential product structures.
a

20 μg m−3, respectively, with a number-weighted mean
geometric diameter of 60 nm. The average surface area and
surface to volume ratio of a PA particle in the experiment were
0.011 μm2 and 0.1 nm−1, respectively.

■

from the trough to a droplet, providing a unique ability to
diﬀerentiate surface and bulk chemistry. We expect both
experiments to provide enough surface area to reliably observe
any product discrepancies between surface and bulk experiments and attribute those diﬀerences to the air−water
interface.
Information on the surface composition and reactivity of PA
is obtained in this study with surface-sensitive methods.
Speciﬁcally, we utilized a Langmuir trough equipped with a
Blodgett dipper to sample species directly from solution
surfaces and separately sampled the bulk of the solution,
allowing for an internal comparison between the two
environments. LEDs were ﬁtted to the trough to study the
photochemistry of PA at the air−water interface. This
guaranteed that the entire surface area was illuminated,
ensuring that eﬃcient and uniform photolysis of the solution
was achieved.
Although we studied the interfacial chemistry of PA on ﬂat
Langmuir troughs, many of the systems to which we would like
to compare and apply our insight into interfacial chemistry are
microdroplets or atmospheric aerosols. In view of the size of
those systems (diameter ≈ 1 μm) and the molecular lengths of
most organic molecules (a few angstroms), the surface area of
a droplet is large compared with the area occupied by a
molecule (∼107 times larger). Consequently, the surface is
eﬀectively ﬂat, and any eﬀects caused by the curvature of the
interface on the reaction mechanism can be neglected.
Indeed, nebulized aqueous PA solution in the simulation
chamber CESAM, sampled in real time by PTR-ToF-MS and
oﬀ-line by ESI-MS of ﬁlter samples, largely exhibited the same
composition as that observed on the ﬂat trough surface,
supporting our assertion that the Langmuir trough can
adequately model environmental interfaces. Speciﬁcally, lactic
acid/lactate and zymonic acid were detected both in CESAM
aerosol experiments and in our surface trough experiments in
the absence of irradiation. We also saw substantial formation of
other oligomers at the surface of the trough experiments,
ostensibly from a combination of lactic and pyruvic acid
monomers. The most prominent of these oligomers are found
at m/z = 161 and 159, possibly corresponding to LA + LA −
H2O and PA + LA − H2O, respectively, but a series of these
oligomers comprising several PA or LA monomers are

DISCUSSION

A previous study of the multiphase chemistry of pyruvic acid
observed products such as zymonic acid not previously seen in
PA photochemistry and proposed that the surface of aqueous
droplets plays a key role in their production,17 while a diﬀerent
study noted that PA at the interface is more likely to
photochemically form higher-molecular-weight compounds
than PA in the bulk.37 Chemistry leading to oligomerization
is especially important for atmospheric chemistry and abiotic
synthesis in both contemporary and prebiotic contexts.11,27,112,113,117−120 Here we used a combination of
Langmuir−Blodgett trough experiments and simulation
chamber studies to investigate the photochemical and dark
chemistry of pyruvic acid that may occur at the surface of
water, leading to products not found in the bulk aqueous
phase. Additionally, chemistry in bulk water can lead to
products that partition to the surface and are collected and
analyzed in this work. Both outcomes lead to a modiﬁed
chemical environment at the air−water interface.
Although pyruvic acid is a relatively soluble organic
molecule, it has a higher-than-expected surface activity given
its solubility of 106 mg/L or 11.4 M.45 Gordon et al.45 showed
through computational studies that pyruvic acid and also
parapyruvic acid and zymonic acid dimers have a positive
surface excess, indicating that all three forms partition to the
surface to some extent. These computational results are
conﬁrmed by vibrational sum frequency generation data also
found in Gordon et al.45 and by the MS data we present here.
A comparison between surface products obtained in the
Langmuir−Blodgett trough and those acquired from droplet
experiments in the CESAM atmospheric chamber can help
illuminate the role of the air−water interface in microdroplet
chemistry. Microdroplets produced in the simulation chamber
had a number density of 105 cm−3 with an average diameter of
60 nm, presenting a collective surface area in the simulation
chamber of 4.8 × 10−3 m2. The ratio of surface area to bulk
volume increases by more than a factor of 1 million in going
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observed. Fu et al.37 also observed m/z = 159 in their
photochemical PA experiments and suggested that it was
formed via intramolecular esteriﬁcation induced by the drying
of their bulk liquid sample. They did not detect m/z = 161 or
lactic acid.
We propose that the m/z = 159 peak is a PA + LA − H2O
dimer that may be formed by a similar mechanism as zymonic
acid, as shown in Scheme 1. It has been proposed elsewhere
that after irradiation, the excited pyruvic acid molecule may
abstract hydrogen from the methyl group on another PA
molecule, forming two radicals that combine to form
parapyruvic acid (m/z = 175).99,102 Parapyruvic acid may
then dehydrate to form another detected product (m/z = 157).
We propose that the PA + LA − H2O dimer may form when
the excited PA molecule abstracts hydrogen from a LA
molecule, forming radicals such as HA• and LA• that then
combine and dehydrate to form the dimer product (m/z =
159). Likely structures for both the PA + PA − H2O and PA +
LA − H2O dimers are shown in Scheme 1. Additional possible
structures are shown in Figure S4. Regardless of the exact
mechanism of formation, neither lactic acid nor the resulting
oligomers are observed in the bulk of the trough solution,
suggesting that this phenomenon may be surface-speciﬁc. In
contrast, the hydrated diol form of pyruvic acid is found only
in the bulk.
Zymonic acid has previously been observed as a product of
PA photolysis.17,37 ZA is formed by the combination of two
pyruvic acid molecules with the elimination of water, as shown
in Scheme 1, pathway A. Since molecules at the air−water
interface are partially solvated, they experience a waterrestricted environment, so dehydration and therefore dimer
formation are likely enhanced at the surface compared with the
bulk. Indeed, Reed Harris et al.17 observed its formation in
aqueous PA droplets and suggested that it might be a surface
process since ZA had not been detected in bulk PA photolysis,
which we corroborate. Fu et al.37 also observed photochemical
production of ZA in both their interfacial and bulk experiments
but suggested its presence in their bulk-liquid-phase samples to
result from drying of the sample prior to analysis. Zymonic
acid has also been previously observed to form from aqueous
PA in the dark,105 but here we present for the ﬁrst time data
showing its presence on the surface of an uncontaminated
aqueous PA solution and not in the bulk.
Sui et al. used in situ liquid ToF-SIMS to study glyoxal
oxidation at the surface of water with hydrogen peroxide.55,121
When they compared their liquid ToF-SIMS spectrum to a
ToF-SIMS spectrum of a dried glyoxal/peroxide solution, they
found several diﬀerences, namely, the dried sample exhibited
more dehydrated oligomers, while the oligomers observed on
the liquid surface tended to be hydrated. We acknowledge that
our dipper experiments could be susceptible to an analogous
drying eﬀect on the glass slide that enhances the formation of
the condensation products (e.g., zymonic acid) that we present
here. However, having taken steps to mitigate drying on the
slide, having presented an aging experiment in the Langmuir
trough (where drying is negligible) in which the condensation
products appear to grow in over time, and having observed
zymonic acid in an in situ droplet experiment, we believe that it
is likely that at least some of the observed oligomers were
formed at the water interface prior to our disruption of the
system. Regardless, drying may be important to atmospheric
aerosol chemistry, as aerosols experience a wide range of
humidity and temperature over the course of their life cycle.

Article

Lactic acid is a known product of pyruvic acid photolysis, as
shown in Scheme 2.63,92,99 Here, however, we also observe its
Scheme 2. Photochemical Pathway for Lactic Acid
Production from Aqueous Pyruvic Acid63,a

a

In this case it has been proposed that the excited PA molecule
abstracts hydrogen from the acid group of the diol form of PA, 2,2DHPA, which subsequently loses the CO2 group to form the HA• and
GD• radicals. These radicals then form acetic and lactic acids.

formation in the absence of irradiation. In order to rule out
lactic acid as a mere contaminant, we examined NMR data for
our puriﬁed PA (Figure S1) and did not detect any signal
where known chemical shifts of lactic acid would be present.
The reduction of pyruvate to lactate in microdroplets was
reported by Lee et al.14 That work implicated the role of the
droplet surface, although the solutions used by Lee et al.14
were more dilute than those used in the present study. The
presence of LA or lactate at the surface but not in the bulk in
our experiments can be examined in light of the reduction
potentials for pyruvate. The bulk aqueous potentials for the
reduction of pyruvate to lactate and oxidation of OH− ions to
release electrons are −0.185 V122 and 2.72 V,123 respectively.
We note that these potentials are bulk values and may change
at the air−water interface, where water is much more likely to
autoionize.124−126 However, these values are well within
estimates for the surface potential of water. On the basis of
previous studies, it has been estimated that a 5 Å air−water
interface may create a potential of approximately 3 V, which
exceeds the potential necessary to reduce pyruvate.127,128
Other work from Chamberlayne and Zare20 and Xiong et al.21
has shown that the electric double layer of charge in water
microdroplets produces an electric ﬁeld at the surface on the
order of 107 V/cm, corresponding to a surface potential of 3.63
V. Although this work utilizes ﬂat surfaces in addition to
droplets, the electric double layer will also exist on a ﬂat
surface, and it is therefore reasonable to expect similar electric
ﬁelds. Xiong et al.21 posited that strong ﬁelds, like the one they
observed, may support spontaneous reduction at the air−water
interface.
When we photolyzed aqueous PA solutions, we detected in
the bulk the major species predicted by known solution-phase
PA photolysis mechanisms, including acetolactic acid, DMTA,
and DMOHA.92,99 These species were also present at the
surface but were overshadowed by lactic acid and the
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signiﬁcant implications for cellular chemistry. Regardless, in
both modern and prebiotic contexts the surface of water may
be an important catalyst for generating chemically complex
systems in the natural environment.

abundance of LA and PA oligomers. Given that LA and other
oligomers were observed in the dark and are also known to
form photochemically, it is diﬃcult to quantitatively assess the
contributions for each process. Ultimately, however, it is clear
that the air−water interface allows for eﬃcient concentration
of surface-active oligomers relative to the bulk aqueous
solution in both dark and photochemical settings. This
generalization is supported by surface area−pressure isotherms
measured here and shown in the Figure S2, where the surface
activity is clearly enhanced following photolysis. Additionally,
nebulized aqueous PA droplets have been shown to become
more viscous and grow in size upon photolysis, indicating that
similar polymerization reactions occurred.17
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CONCLUSIONS
The results on the chemistry of PA presented above
demonstrate that chemistry at the air−water interface can be
very diﬀerent than that in bulk water, with a strong propensity
for oligomer formation at the surface of water. In this study, we
used a soluble surfactant, pyruvic acid, which has been wellstudied previously in both the gas phase and bulk aqueous
solutions with and without exposure to irradiation. Here we
investigated its chemistry at the air−water interface using both
ﬂat surfaces (Langmuir−Blodgett troughs) and nebulized
microdroplets in an atmospheric simulation chamber
(CESAM). A comparison of products found at the surface of
water and in bulk aqueous solution clearly shows a diﬀerence
in surface-enhanced products formed under dark and light
conditions. Results from dark experiments show that lactic
acid/lactate and zymonic acid, a pyruvic acid dimer, are both
observed preferentially at the air−water interface. Additionally,
we detected a series of higher-molecular-weight oligomers
consisting of mixed monomer units of pyruvic and lactic acids,
further indicating the tendency of oligomers to reside at the
surface of water. When photochemistry is performed, we ﬁnd
that DMTA and DMOHA are more prevalent relative to PA in
the bulk than on the surface, while other products, including
LA, LA oligomers, and ZA, are observed at the surface.
Because of the prevalence of pyruvic acid in a variety of
environments, including the modern atmosphere, prebiotic
Earth, and cellular systems, the diﬀerences in its chemistry and
photochemistry at the air−water interface compared with bulk
solution may be important. A previous study showed the
impact that mechanistic studies of condensed-phase aqueous
pyruvic acid could have on atmospheric modeling:63 not only
did aqueous photolysis rates scale diﬀerently than gas-phase
rates, a fact not previously taken into account in atmospheric
models, but the types of products produced in the aqueous
phase led to secondary organic aerosols (SOAs). Another
study showed that PA at the interface is susceptible to dryinginduced chemistry that diﬀers from bulk photochemistry and
produces compounds capable of contributing to aqueous SOA
formation.37 It is likely that the added detail of pyruvic acid
chemistry, speciﬁcally at the air−water interface, will impact
modeling with regard to both the pyruvic acid depletion rates
and the formation of SOAs. Furthermore, the production of
lactic acid from pyruvic acid is strikingly similar to the role of
pyruvic acid in the metabolic cycle. Today, this reduction
occurs with enzyme catalysis. However, this work may support
the postulate of Lee et al.14 that this could be a route for
prebiotic metabolism. Finally, as Lee et al.14 also mentioned,
the fact that most pyruvic acid chemistry occurs in cells where
interfaces are ubiquitous indicates that these studies could have

■

Analytical techniques and instrument parameters: NMR
analysis and mass spectrometry; representative 1H NMR
spectrum (400 MHz) of puriﬁed pyruvic acid in DMSOd6; surface pressure−area isotherms of an aqueous
solution of 100 mM PA before and after UV irradiation;
negative-mode ESI-MS of a zymonic acid standard;
negative-mode ESI-MS ion peaks for Langmuir−
Blodgett trough control experiments; negative-mode
ESI-MS ion peaks of 100 mM aqueous PA before and
after photolysis, sampled in the bulk and on the solution
surface of a Langmuir−Blodgett trough; ESI-MS
comparison of prephotolysis aqueous bulk PA solution
and PA droplets; potential structures for the dimers (A)
PA + PA − H2O (m/z = 157) and (B) PA + LA − H2O
(m/z = 159) (PDF)
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