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Infrared Spectroscopy of 2-Oxo-Octanoic Acid in Multiple Phases
Keaten Kappesa,b, Benjamin N. Frandsena,b and Veronica Vaidaa,b,*

Alpha-keto acids are environmentally and biologically relevant species whose chemistry has been shown to be influenced 
by their local environment. Vibrational spectroscopy provides useful ways to probe the potential inter- and intramolecular 
interactions available to them in several phases. We measure and compare the IR spectra of 2-oxo-octanoic acid (2OOA) in 
the gas phase, solid phase, and at the air-water interface. With theoretical support, we assign many of the vibrational modes 
in each of the spectra. In the gas phase, two types of conformers are identified and distinguished, with the intramolecularly 
H-bonded form being the dominant type, while the second conformer type identified does not have an intramolecular 
hydrogen bond. The Van der Waals interactions between molecules in solid 2OOA manifest C-H and C=O vibrations lower in 
energy than in the gas phase and we propose an intermolecular hydrogen bonding scheme for the solid phase. At the air-
water interface the hydrocarbon tails of 2OOA do interact with each other while the carbonyls appear to interact with water 
in the subphase, but not with neighboring 2OOA as might be expected of a closely packed surfactant film.

Introduction
In the natural environment, reactions and interactions occur 
under different conditions, in multiple phases, and at interfaces. 
Infrared (IR) spectroscopy allows investigation of molecules as 
they interact with their surroundings. We report on the 
vibrational spectroscopy of alpha-keto acids and compare the 
spectra in different phases significant to the natural 
environment. Alpha-keto acids are involved in intra- and 
intermolecular interactions and are therefore amenable to 
study by IR spectroscopy. Pyruvic acid (PA) is the smallest and 
best studied alpha-keto acid. The gas phase IR spectroscopy of 
pyruvic acid has been reported in the literature, with its 
vibrational modes and conformation distribution well 
characterized in different environments.1-5 It has been shown 
that the balance between intra- and intermolecular hydrogen 
bonding is the dominant factor in determining PA conformation 
which ultimately influences its chemistry and 
photochemistry.1,6,7 Pyruvic acid spectroscopy provides a 
comparison for 2-oxo-octanoic acid (2OOA) with which it shares 
the carboxylic acid and alpha ketone functional groups, 
characteristic of keto acids. In addition, 2OOA has a 6-carbon 
alkyl chain compared with PA’s single methyl group, which adds 
hydrophobic character to the molecule and enhances 
partitioning to the surface of water. The lowest energy 
conformers of all alpha-keto acids exhibit an intramolecular 
hydrogen bond between the acidic hydrogen and ketonic 
carbonyl in the gas phase. See Figure 1 for a visual 

representation of select 2OOA conformers. However, the 
nonpolar tail of alpha-keto acids may change how the molecule 
interacts with its surroundings. As such, the conformations and 
orientations of alpha-keto acids in different environments, 
which ultimately determine their chemistry, may be influenced 
by their aliphatic chain. 

In this study, we will investigate 2OOA but use what is already 
known about PA as an important comparison. Alpha-keto acids, 
and especially PA, have been at the centre of previous studies 
due to their presence in biology and in the natural 
environment.8-15 As a semi-volatile organic compound, PA is 
found in the atmosphere where its lifetime is determined by 
sunlight-initiated photolysis.6,16 Its photochemical products, 
reaction rates, and reaction mechanisms have been 
determined.3,4,16-27 The effect of water on its conformer 
distribution has also been experimentally and computationally 
investigated and its effect on PA’s chemistry reported.1,28-33 
Oxoacids are also found in oceans and aerosol particles, and 
their aqueous phase photochemistry has been extensively 
investigated.34-45 The main photochemical products of alpha-
keto acids in aqueous solution are lipid-like oligomers that 
influence the formation and properties of secondary organic 
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Figure 1. Conformers of 2OOA. The top row shows the alkyl tails in an all trans conformer 
while the bottom row includes a C2-C3 gauche orientation.
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aerosols,15,46 which are detrimental to human health and 
influential on Earth’s climate.15,47,48 In aqueous solution, there 
has been some commentary on the differences manifested by 
alpha-keto acid tail length. Specifically, Rapf et al.45 
demonstrated that the established photochemical mechanisms 
for the aqueous photochemistry of PA were generalizable to the 
entire class of alpha-keto acids but identified an additional 
Norrish Type II pathway only accessible to the larger member of 
the class with at least 5 total carbons.

Amphiphilic molecules like alpha-keto acids provide a critical 
link between the bulk ocean and the atmosphere, as they 
partition to the ocean surface where sea spray aerosolizes them 
into the atmosphere.49-51 Air-water interfaces found at the sea 
surface microlayer and the surface of atmospheric aerosols are 
natural reaction environments and the surface of water has 
attracted increasing attention for its unique reaction conditions 
and ability to accelerate or even initiate chemistry not favorable 
in the bulk aqueous phase.5,49-71 Oxoacids with longer 
hydrophobic tails, which are expected to reside at the surface, 
may align or order at the water interface while the hydrophilic 
head group may be able to interact with interfacial water. 
Regardless, the asymmetric nature of the air-water interface 
will provide ample opportunities for intermolecular interactions 
and interesting chemistry.

Surface specific methods used to study the air-water interface 
include second-harmonic generation,72-74 X-ray photoelectron 
spectroscopy,75 sum-frequency generation (SFG),76-89 and 
Infrared Reflectance Absorption Spectroscopy (IRRAS).56,57,90-101 
Of these, IRRAS and SFG allow for vibrational characterization 
of molecules and also provide information about the surface 
morphology including orientation and packing of interfacial 
species. One advantage of SFG is the stringent surface 
selectivity inherent to these non-linear techniques which only 
observe anisotropic, non-centrosymmetric species in a medium 
without inversion symmetry, like the air-water interface.79,102 
Though the interpretation of vibrational SFG signals is relatively 
complicated, as they are comprised of both resonant and 
nonresonant components,102 SFG has been successfully applied 
to study interfacial oxoacids, specifically PA. Gordon et al.80 
measured and assigned the surface spectrum of a PA solution 
and identified the hydrated diol form of PA, parapyruvic acid, 
and zymonic acid, at the surface, the latter two of which are 
oligomeric species known to spontaneously form from PA in 
aqueous environments. The Gordon et al.80 work showcases the 
utility of SFG for the investigation of oxoacids and further 
highlights the need to understand their interfacial phenomena.

IRRAS is another surface selective technique which can provide 
orientation information for interfacial species while being 
relatively straightforward to interpret. Here we use IRRAS to 
obtain an IR spectrum of 2OOA at the air-water interface, where 
the comparison to IR spectra of this molecule in different 
environments may be possible and directly comparable. We 
also present, for the first time to our knowledge, the gas phase 
IR spectrum of 2OOA which provides a database for the 

vibrational spectroscopy of this molecule. With theoretical 
support we can assign many spectroscopic features to specific 
vibrational modes. We record and compare gas phase IR, IRRAS, 
and solid Attenuated Total Reflectance (ATR) spectra of 2OOA 
to highlight the inter- and intra- molecular interactions in each 
environment, and comment on their effect on the spectra in 
order to glean structural, orientational, and conformational 
information about 2OOA in different environments. The 2OOA 
spectra are compared to those of PA to investigate the effect of 
the alkyl tail length on the properties of 2OOA at the water 
surface.

Experimental 
Materials

2-Oxooctanoic acid (2OOA; ≥99%) was procured from Sigma-
Aldrich and used without further purification. Pyruvic acid (PA; 
98%) from Sigma-Aldrich was distilled prior to use. Solutions of 
6 mM 2OOA (pH= 2.57 ± 0.11) and 100 mM PA (pH=1.8) were 
made with MilliQ Water (18.2 MΩ; 3 ppb TOC) and were 
sonicated and filtered prior to use. Solution pH was measured 
with a Corning pH meter and adjusted with sodium hydroxide 
(98.0%, Fisher Scientific) or hydrochloric acid (37%, 
Mallinckrodt). 

Methods

Gas Phase FTIR. The gas phase spectrum of 2OOA was obtained 
with the external Mid IR beam of a Bruker IFS 66 v/s FTIR 
spectrometer equipped with an external liquid N2 cooled MCT 
detector. Solid 2OOA, which has a melting point of 33-36 °C, was 
placed in a glass cell with a 0.50 m path length and equipped 
with CaF2 windows. For both the background and sample 
measurements, the cell was evacuated with an Edwards 18 
rotary vane two-stage vacuum pump to a pressure of 0.112 Torr 
as measured by an MKS Baratron capacitance manometer (Type 
626) at a temperature of 23°C. 0.112 Torr was roughly the 
minimum pressure attainable by our setup and is not indicative 
of a 2OOA saturated vapor pressure but is mainly residual 
laboratory air. Solid 2OOA remained in the bottom of the cell 
during sample measurements. Each spectrum is the result of 
200 scans at a resolution of 0.25 cm−1 and the spectrum 
presented here is the average of 5 spectra collected 
consecutively for a total of 1000 scans. Plastic sheeting was 
used to enclose the space between the spectrometer and MCT 
detector which was purged with CO2 scrubbed dry air to 
mitigate external CO2 and H2O interference in the vibrational 
spectra. 

Attenuated Total Reflectance (ATR) IR Spectroscopy. A 
commercial Agilent Technologies Cary 630 FTIR ATR was used 
to obtain ATR IR spectra for solid 2OOA. ATR IR Spectra were 
recorded with an 8 cm−1 resolution and a spectrum consists of 
16 scans.

Infrared Reflection-Absorption Spectroscopy (IRRAS). IR 
spectra of 2OOA and PA at the air-water interface were 
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obtained using a homebuilt IRRAS setup. A Langmuir trough 
held the solution of interest while an external MIR beam of a 
Bruker Tensor 27 was passed through a CaF2 lens and linear 
polarizer before reflecting off a gold mirror at an angle of 60o 
relative to the surface normal, see Figure 2. After reflecting off 
the solution interface, another gold mirror directs the IR beam 
to a parabolic mirror and finally into a liquid N2 cooled MCT 
detector. All external optics, the Langmuir trough, and MCT 
detector were enclosed in a metal box and purged with dry air 
before and during all scans.

The spectra presented here are Reflectance-Absorbance (RA) 
where RA=-log(R/R0) and R and R0 are the reflectivity of the keto 
acid containing solution and pure water, respectively. Each 
spectrum is comprised of 500 scans at a resolution of 1 cm−1 and 
the spectra shown here are averages of up to 6 spectra collected 
consecutively. The OPUS software from Bruker was used to 
record and compile the IRRAS spectra and the “Atmospheric 
Compensation” tool in OPUS was used to subtract the 
background from the sample spectra to mitigate interference 
from water vapor and CO2.

The 60o angle of incidence was chosen as a tradeoff to maximize 
absorbance of the IR light by surface species by P-polarized light 
while maintaining a significant interaction with S-polarized 
light.103,104 The definition of “S” and “P” polarization is not 
always consistent across the literature so here we define them 
unambiguously with the S-polarization meaning the light’s 
electric field is aligned parallel to the water surface and thus 
perpendicular to the surface normal. Thus, the definition of P-
polarization is simply that it is perpendicular to the S-
polarization. At angles 0o<θ<90o, as in our experiment, the P-
polarization is neither perpendicular nor parallel to the surface 
normal or water surface plane and thus it is best defined in its 
relation the S-polarization. At the chosen angle, absorption 
peaks are expected to be negative for S-polarized light and 
positive for P-polarized light.96,103-106 This happens because the 
presence of surface species strongly affects the imaginary part 
of the refractive index at the interface, around the vibrational 
transitions in molecules, which influences reflection of light by 
the surface. Since our absorbance signals are much more 
intense in the S-polarization than the P-polarization, we 
exclusively use data from the S-polarized spectra to make 
assignments while the P-polarized data were only used to 
support the assignments made in the S-polarized spectra. For 
additional details about IRRAS we refer the interested reader to 
the literature.106-111

Computational methods. Computational chemistry was 
employed to aid assignments in the experimental spectra and 
suggest which 2OOA conformers could be observed 
experimentally. The computational chemistry results reported 
in this work were obtained using the Gaussian 16 program for 
DFT calculations.112 Initially, a thorough conformer search was 
carried out. The MSTor program was used to conveniently 
perform a systematic conformer search by rotating along all 
flexible dihedral angles and generate input files.113,114 In 2OOA 
this involves rotating 120 degrees along the C-C bonds involving 
sp3 hybridized carbon atoms (3-fold rotation), excluding the 
terminal CH3-CH2 bond due to redundancy, thus five dihedral 
angles in total. Additionally, the dihedral angle of the C-C bond 
of the alpha-keto acid group as well as the C-C-O-H bond were 
both rotated by 180 degrees (2-fold rotation). This generates a 
total of 35*22 = 972 conformers, however the MSTor program 
deletes any conformer with a smaller interatomic distance than 
0.5 Å by default which resulted in a total of 486 conformers 
generated. The 486 conformers were then subjected to 
geometry optimization and harmonic frequency calculations 
using the DFT functional B3LYP combined with the 6-31+G(d,p) 
basis set to uncover which conformers were the lowest in 
energy.115-117 Duplicate conformers were identified and 
removed from the search based on comparing dipole moments 
and relative energies. A 5 kcal/mol Gibbs energy cutoff relative 
to the lowest energy conformer was imposed to limit the 
number of conformers for further analysis. The remaining 68 
conformers were re-optimized and had harmonic frequencies 
calculated using the ωB97X-D/may-cc-pVTZ level of theory.118-

120 The ωB97X-D functional was chosen because it is one of the 
better performing global hybrid functionals.121,122 Out of these 
we were left with a total of 66 unique conformers. Harmonic 
frequencies calculated with the ωB97X-D/may-cc-pVTZ method 
were scaled with a factor of 0.949 to approximate fundamental 
frequencies which makes spectral assignments more 
straightforward.123,124

Table 1. Assignment of experimental gas phase vibrational transitions based on 
calculated frequencies. All frequencies have the units cm−1.

Assignment Gas Phase Freq. Solid ATR IR Freq.
OH Stretch 3573/3453 3055

CH3 Asym Stretch 2971 2955
CH2 Asym Stretch 2937 2925

CH3 & CH2 Sym Stretches 2884 2865
CH3 & CH2 Sym stretches 2872 2850

C=O Acid Stretch 1800 1740
C=O Ketone Stretch 1726 1700

CH3 & CH2 Sym Bends 1471 1471
CH3 & CH2 Sym Bends 1456 1460

C-O-H Bend w/ CH2 Wag 1375 1375
C-O-H Bend w/ CH2 Wag 1357 1364

CH2 Wag 1280 1270
CH2 Wag 1225 1222

Skeletal C-C Stretch 1128 1125
Mixed Skeletal Modes 1061 1070

Figure 2. Schematic representation of the Infrared Reflection-Absorption Spectroscopy 
(IRRAS) setup.
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Results
2OOA in the Gas Phase. Figures 3-5 show both the calculated 
and experimental gas phase IR spectrum of 2OOA in different 
frequency regions. The calculated spectrum contains 
contributions from the 66 lowest energy unique conformers 
and is weighted with their relative calculated abundance such 
that the lower energy conformers contribute the most. Given 
the agreement between the experimental and theoretically 
calculated spectra, it is possible to assign many of the 

experimental frequencies to specific vibrational modes (see 
Table 1).

In addition to several lower energy skeletal modes, some of the 
more relevant vibrations for this study include the O-H 
stretching mode which was detected for both the trans-cis (Tc) 
and trans-trans (Tt) geometries wherein the hydroxyl hydrogen 
is either H-bonded to the ketonic oxygen (Tc), or is not H-
bonded at all (Tt), at 3453 cm−1 and 3573 cm−1, respectively. 
Note that in this work when referring to the Tc and Tt 
conformers we imply that these labels include all conformations 

Figure 3. Experimental (top) and calculated (bottom) gas phase IR spectra of 2OOA. The asterisk denotes a signal assigned to the Tt conformer.

Figure 4. Experimental (top) and calculated (bottom) gas phase IR spectra of 2OOA 
in the O-H stretching region. The asterisk denotes a signal assigned to the Tt 
conformer. The sloping baseline in the experimental spectrum is due to ice 
formation on the MCT detector.

Figure 5. Experimental (top) and calculated (bottom) gas phase IR spectra of 2OOA 
in the C-H stretching region.
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of the alkyl chain in 2OOA as individual conformers of varying 
alkyl chain conformations cannot be distinguished directly in 
this work. The only spectroscopically distinguishable 
conformations in this work are indeed only the Tc and Tt 
variations. An additional transition is identified for the Tt 
conformers at 1181 cm−1 as denoted by an asterisk in Figure 3. 
The reason these features are not seen in the calculated 
spectrum is likely due to the computational method 
overestimating the amount of Tc conformer relative to the 
amount of Tt conformer in the gas phase. The two peaks 
assigned to the Tt conformers are based on the computed 
spectra of the lowest energy Tt conformer see SI Figure S1.

Furthermore, antisymmetric stretching of methyl and 
methylene groups are observed at 2971 cm−1 and 2937 cm−1, 

while the corresponding symmetric modes are found at 2884 
cm−1 and 2872 cm−1, respectively. Other prominent features are 
the acidic and ketonic carbonyl stretches at 1800 cm−1 and 1726 
cm−1. C-O-H bending with contributions from methylene 
hydrogen wagging are responsible for the 1375 cm−1 and 1357 
cm−1 peaks while CH2 wags also give rise to peaks at 1280 cm−1, 
1225 cm−1, and 1213 cm−1. Both the experimental and 
calculated spectra were also used to calculate a saturated vapor 
pressure for 2OOA. See the SI for details of the calculation and 
a comparison to the known saturated vapor pressure of PA.

Table 2. Assignment of ATR vibrational transitions for solid 2OOA and comparison with 
corresponding assigned transitions in the gas phase. All frequencies have the units cm−1.

aUnless stated, assignments are attributed to Tc conformers. bCalculated 
frequencies are the peak maxima in the conformer weighted spectra, see Figures 
3-5 which use a scale factor of 0.949. cSplit due to coupling between C-O-H bend 
and CH2 wag. dShoulder on the 1200 cm−1 peak.

Solid 2OOA. An ATR transmission spectrum of solid 2OOA was 
obtained, shown in Figure 6, and its features are summarized 
Table 2. Comparison with the assigned gas phase spectrum 
helps assignment of vibrational transitions in the ATR IR 
spectrum. Notable differences between gas phase and ATR IR 
spectra include the hydroxyl hydrogen stretch as a broad, red-

shifted from the gas phase, feature at 3055 cm−1, and the lack 
of separate bands attributable to Tt and Tc conformers. The 
methyl and methylene group stretches are slightly red-shifted 
from the gas phase and are found at 2955 cm−1, 2925 cm−1, 2865 
cm−1, and 2850 cm−1. The carbonyl stretches are red-shifted 
from the gas phase to 1740 cm−1 and 1700 cm−1 for the acidic 
and ketonic modes in solid 2OOA, respectively. A few bands due 
to methyl and methylene symmetric bends are identified in the 
spectrum throughout the 1400-1500 cm−1 region. C-O-H 
bending transitions are observed in the spectrum of solid 2OOA 
at 1375 cm−1 and 1364 cm−1 and this splitting is attributed to 
coupling with CH2 wagging. At least two bands due to 
methylene wags are found at 1270 cm−1 and 1222 cm−1. 

2OOA at the Air-Water Interface. IRRAS spectra of 6 mM 
solutions of 2OOA were obtained at low (pH=1), unadjusted 
(pH=2.6), and high (pH=12) pH with both S- and P-polarized 
light. Table 3 summarizes the features observed under each 
condition. The left panel in Figure 7 shows a representative S-
polarized spectrum in the C-H stretching region for a low pH 
solution. The peaks at 2960 cm−1, 2930 cm−1, and 2865 cm−1 are 
consistent across pH regimes and polarization. The peak at 2880 
cm−1 is only observable in the acidic S-polarized spectrum. The 
sloping baseline is due to ice build-up on the MCT detector 
and/or evaporation of the water subphase over the course of 
the experiment, the latter of which is a common phenomenon 
in IRRAS. In the right panel of Figure 7 the carbonyl stretches are 
observed as a broad peak spanning from 1750 cm−1 to 1680 
cm−1 in both polarizations with a maximum near 1720 cm−1. 
Near 1650 cm−1 there is a positive feature in the S-polarized 
spectrum. This feature is not a band due to 2OOA vibrations, 
but originates from a surface water bending mode.108 The left 
side of Figure 8 shows the carbonyl stretching region of the S-
polarized spectra of low and high pH 2OOA solutions, however 
that mode is only observable in the low pH regime. In the high 
pH regime, there is an appreciable depression in the spectra at 
1594 cm−1 which is ostensibly the COO− stretch of the anionic 
species. Neither carbonyl nor carboxylate stretches are 
observed in the unadjusted pH spectrum. The right side of 
Figure 8 displays the carbonyl stretch region for PA. There, the 
bands due to carbonyl stretches are observed between 1750 
cm−1 and 1660 cm−1 in the low pH solutions while the band due 
to the carboxylate stretch is found at ≈1590 cm−1 in the high pH 
solution.

Assignmenta Calculatedb Freq. Exp. Freq.
Tt OH Stretch 3627 3573
Tc OH Stretch 3511 3453

CH3 Asym Stretch 2956 2971
CH2 Asym Stretch 2924 2937

CH3 & CH2 Sym Stretches 2902 2884
CH3 & CH2 Sym Stretches 2886 2872

C=O Acid Stretch 1789 1800
C=O Ketone Stretch 1728 1726

CH3 & CH2 Sym Bends 1433 1471
CH3 & CH2 Sym Bends 1402 1456

C-O-H Bend w/ CH2 Wagc 1338 1375
C-O-H Bend w/ CH2 Wagc 1312 1357

CH2 Wag 1265 1280
CH2 Wag 1200 1225
CH2 Wag ≈1187d 1213

Tt C-OH Bend 1152 1181
Skeletal C-C Stretch 1098 1128

Mixed Skeletal Mode(s) 1042 1061
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Table 3. Summary of 2OOA IRRAS spectra. All frequencies have the units cm−1.

Assignment Gas phase IR IRRAS S pH=2.6 IRRAS S pH=1 IRRAS P pH=1 IRRAS S pH=12 
CH3 Asym Stretches 2971 2964, 2960 2960 2956 2963
CH2 Asym Stretches 2937 2939 2930 2928 2933

Mixed C-H Sym Stretches 2884, 2872 2879, 2862 2880, 2865 2863 2862
C=O Stretches (Acid, Keto) 1800, 1726 1720 1720

COO− Stretch 1594

Discussion
The gas phase conformers of 2OOA were investigated here and 
were compared to those for the tailless PA. As Blair et al.1 
describe, PA has two conformers seen in the gas phase: Trans-
cis (Tc), where the acidic carbonyl is trans to the ketonic 
carbonyl and the hydroxyl group is cis to the ketonic carbonyl 
and Trans-trans (Tt), where both the acidic carbonyl and 
hydroxyl group are trans to the ketonic carbonyl. The Tc 
conformer is roughly 2 kcal/mol lower in Gibbs energy than Tt 
and contains a stabilizing intramolecular hydrogen bond 
between the acidic hydrogen and ketonic carbonyl. Refer to 
Figure 1 for a visual representation of these conformations in 
2OOA. Blair et al.1 reported that only 3% of the gas phase 
population of PA exists in the Tt conformer at room 
temperature and the remainder is in Tc.

For 2OOA the ωB97X-D/may-cc-pVTZ calculated Gibbs energies 
suggest that the sum of all Tt conformers make up 2% of the 
total 2OOA population. It should be noted here that the mean 
absolute error with the ωB97X-D functional on conformational 

energies is reported to be about 0.7 kcal/mol with a quadruple 
zeta basis set.121 Thus while our method is not exactly 
comparable to the benchmark, that amount of uncertainty in 
the relative Gibbs energies for the Tc and Tt conformers would 
give a population range between 0.6% and 6% due to an 
exponential dependence in the Boltzmann distribution. This is 
based on a mean average error and not an absolute error, so 
the actual population range might be larger. Regardless, our 
calculation of the 2OOA conformation distribution roughly 
aligns with the reported PA distribution. We also investigated 
the integrated experimental absorbances for the OH stretches 
in the Tc and Tt conformers (See Figure S1 for calculated spectra 
of Tc vs Tt conformers) as well as the ratio of the corresponding 
oscillator strengths. However, due to a small impurity in the 
2OOA stock, which contributes to the Tt OH absorption, but not 
the Tc, and whose other features are likely obscured by the 
remainder of the 2OOA spectrum, an accurate experimental 
ratio between the Tt and Tc conformers could not be obtained 
for 2OOA from the IR spectra. See the SI for a brief discussion of 
the impurity. However, given the agreement between the 
calculated and experimental 2OOA IR spectra (Figures 3-5 and 

Figure 6. ATR spectrum of solid 2OOA.
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Table 1), and especially the resolution of the two carbonyl 
stretches and the two OH stretch conformers, we can remain 
confident in reporting a gas phase 2OOA spectrum, with the 
minor caveat that the Tt OH-stretch signal is more intense in the 
experimental spectrum than expected.

One way the alkyl chain length influences alpha keto acids in the 
gas phase is by changing the saturated vapor pressure, with 

Figure 7. IRRAS spectra of 2OOA solution at pH=1 in S- (red) and P-(black) polarizations.

Figure 8. IRRAS spectra of 2OOA (left) and PA (right) solutions at pH=1 (red) and pH=12 (black) in the S-polarization.
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longer chain lengths resulting in lower saturated vapor 
pressures. Indeed, in this work we found that 2OOA has a 
saturated vapor pressure between 2 mTorr and 20 mTorr at 
ambient conditions, which is significantly lower than for PA at 1 
Torr.125 See the SI for details of the calculation.126-128 Thus, alkyl 
chain lengths will significantly impact where and in which 
quantities any fatty acid will be found in the environment 
thereby influencing the reactions available to and longevity of 
each fatty acid in the environment.

Surface specific vibrational spectroscopy has been used in the 
literature to determine molecular structure, orientation, and 
conformation of film-forming surfactants at the air-water 
interface.87,129-131 For fatty acids, the antisymmetric and 
symmetric CH2 stretch frequencies in the hydrocarbon are used 
to describe the ordering of molecules in a film. A highly ordered 
fatty acid film is comprised of molecules whose hydrocarbon 
tails are in the all trans conformation, allowing the tails to align 
perpendicularly to the water surface. The hydrocarbon tails are 
forced into the all trans conformation when there is relatively 
strong intermolecular interaction amongst the aliphatic tails 
and that interaction is signified spectroscopically by a lower CH2 
stretch frequency. On the other hand, when there are fewer 
interactions available between the hydrocarbon tails, the CH2 
stretch frequency will be higher as the tails are allowed to adopt 
any number of gauche conformations.130,131 We apply those 
same principles to the 2OOA IRRAS spectra presented here and 
compare them with the gas and solid phase IR spectra recorded 
in this work.

As summarized in Table 4, in the gas phase the antisymmetric 
CH2 stretch is observed at 2937 cm−1 compared to 2925 cm−1 for 
solid 2OOA, and 2930 cm−1 across the different pH levels in the 
IRRAS spectra. As expected, gas phase 2OOA has the highest 
energy νa(CH2) and therefore the least amount of Van der Waals 
interactions between molecules. Van der Waals interactions 
between closely packed alkyl tails lowers the energy of the 
νa(CH2) for solid 2OOA. 

Table 4. Summary of selected vibrational frequencies assigned to 2OOA across multiple 
phases. All frequencies have units of cm−1.

Mode Gas phase Air-Water 
Interface

Solid phase

Antisymmetric CH2 stretch 2937 2930 2925
Carbonyl Stretches 1800/1726 1720 1740/1700

We also observe significant red shifting in the OH stretch for the 
solid compared to gas phase. Blair et al.1 calculated that the OH 
stretches of a PA dimer should red shift by ≈500 cm−1 to an 
absolute wavenumber which is ≈100 cm−1 higher energy than 
the methyl stretches compared to monomers of PA in gas 
phase. We observed a similar shift for 2OOA where the OH 
stretches are represented by a broad peak around 3055 cm−1 in 
the solid compared to 3573 cm−1 and 3453 cm−1 in the gas 
phase. The agreement between theoretically predicted and 
experimentally measured shifts for a PA dimer and 2OOA solid 

allows us to use the PA dimer as a model for the polar 
headgroup in the solid phase 2OOA.

Overall, by comparing the CH2 stretching frequency between 
2OOA in different phases, we develop a picture of the relative 
level of molecular ordering. In the gas phase, where the 2OOA 
hydrocarbon tail can exist in many conformers without 
intermolecular interactions constricting it, the methylene 
stretches have a relatively high transition energy whereas in 
solid 2OOA, the transition energy is lower since the molecules 
are more tightly packed. At the interface, the 2OOA tails do 
exhibit some interaction with each other and the several 
wavenumber redshift from the gas phase is indicative of a 
“significant”132 decrease in gauche conformations in the alkyl 
chain. This is an important result that demonstrates soluble 
oxoacids having enough surface activity to partition from the 
bulk to align and interact with each other at the air-water 
interface.

Just as the C-H stretches of hydrocarbon tails have been used to 
investigate the orientation, conformation, and packing of fatty 
acids on the surface of water,87,129-131 the carbonyl stretching 
frequency can reveal similar information.129 In a typical view of 
amphiphilic species residing at a water surface the hydrophilic 
head group is in contact with the water subphase while the 
hydrophobic tail faces away from the water subphase. As such, 
the C=O groups are susceptible to hydrogen bonding with water 
and potentially neighboring surfactant molecules. Previous 
studies on interfacial fatty acids were able to resolve 3 different 
carbonyl stretch frequencies derived from 3 different hydrogen 
bonding environments and were then able to identify the 
molecular conformation and implied level of packing.95,129 
While our experiments do not allow us to resolve individual 
conformers, partially due to the additional carbonyl group and 
the convolution of the acidic and ketonic carbonyl stretches in 
the IRRAS spectra, there is still an interesting comparison to be 
made between the different environments.

As summarized in Table 4, in the gas phase the 2OOA carbonyl 
stretches exist at 1800 cm−1 and 1726 cm−1 for the acid and keto 
ν(C=O), respectively. In the solid there is one feature at 1700 
cm−1 with a shoulder at 1740 cm−1, and at the air/water 
interface there is a single, broad feature spanning ≈1750-1680 
cm−1 with a maximum near 1720 cm−1. In the gas phase no 
evidence of intermolecularly hydrogen bonded 2OOA is 
observed in our spectra and therefore the monomeric 2OOA 
C=O transition frequencies are generally higher in energy 
compared to the other environments investigated in this work. 

Figure 9. Sketch of an alpha-keto acid dimeric structure.
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However, the dominant gas phase conformer in our spectra is 
Tc 2OOA in which the hydroxyl hydrogen is H-bonded with the 
ketonic oxygen. As such, the Tc keto ν(C=O) is red-shifted 
compared to an alpha keto ν(C=O) that does not hydrogen 
bond. In our calculated spectrum, the red-shift is 24 cm−1 from 
the Tt to Tc keto ν(C=O) so the experimental Tt keto ν(C=O) is 
likely obscured by the acidic ν(C=O) near 1750 cm−1.

For solid phase 2OOA, there is a single major OH stretch feature 
that is significantly red-shifted from the gas phase due to the 
intermolecular hydrogen bonding allowed by the close packing 
of molecules as a solid. This corroborates our analysis of the C-
H stretching region. In solid 2OOA the main absorbance at 1700 
cm−1 is due to the carboxylic acid carbonyl hydrogen bonding 
intermolecularly to another carboxylic acid OH group. This acid-
acid group hydrogen bonding scheme shown in Figure 9 is a 
highly favorable hydrogen bonding arrangement133-136 and it 
was calculated for the pyruvic acid dimer that this results in a 
red shift of 83 cm−1 of the acidic carbonyl stretch transition 
frequency compared to the Tc monomer. In this arrangement, 
the keto carbonyl may be able to hydrogen bond with 
neighboring acid groups, but the availability of hydrogen bond 
donor groups is limited given that the molecule contains only 
one donor group and two acceptor groups, and the acid-acid 
hydrogen bonded arrangement is energetically favorable. 
Therefore, we assign the shoulder at 1740 cm−1 to the ν(C=O)keto 

which is 14 cm−1 blue shifted compared to the intramolecularly 
hydrogen bonded Tc ν(C=O)keto in the gas phase.

We were not able to distinguish the ketonic and acidic carbonyl 
stretches in the IRRAS spectra and the approximately 70 cm−1 
width of the carbonyl signature vibration may imply there are 
multiple conformations or hydrogen bonding environments 
contributing to that feature. See Figure 10 for a schematic 
representation of some of the possible environments. The 
highest energy end of the absorption (1750 cm−1) matches our 
estimate for the frequency of a non-hydrogen bonded 
ν(C=O)keto which could occur if the OH group of 2OOA is pointed 
into bulk. The acidic carbonyl would then orient itself 
predominantly along the interface, and the ketonic carbonyl 
would be close to parallel with, and above the interface. This 
orientation would more likely occur when the hydrocarbon tail 
is in an all trans conformation, and our analysis of the CH stretch 
region suggests that there are significantly fewer gauche 
conformations at the interface than in the solid or gas phase. At 
approximately 1680 cm−1 the frequency is even lower than the 
ν(C=O)keto of solid 2OOA. Muro et al.129 showed that interfacial 
fatty acids exhibit lower energy acidic carbonyl vibrational 
transitions when both the carbonyl and hydroxyl groups point 
into the bulk. This is an orientation that occurs when a gauche 
conformation in the tail is present near the acid group, and the 
molecules are packed tightly enough together to hydrogen 
bond with each other, forming an intermolecular H-bond 
network. Applying that to alpha keto acids, the ketone would be 
angled away from the bulk but is ostensibly still deep enough to 
participate in hydrogen bonding with subphase water. 
However, the maximum of the absorbance is near 1720 cm−1 

which is of relatively high energy for a carbonyl stretch in an 
environment where multiple hydrogen bonds to the carbonyl 
are possible and the transition frequency is close to the 
frequency of the singly hydrogen bonded ν(C=O)keto of the gas 
phase Tc conformer. The intermediate position within the 
absorption also fits with the Gericke and Hühnerfuss95 
protonation model of the carbonyl being monoprotonated and 
with the Muro et al.129 idea of the bond being hydrated but not 
participating in an intermolecular hydrogen bond network. 
Furthermore, the frequency matches other assignments of 
carbonyl stretches in interfacial lipids137. Applied to alpha keto 
acids, the molecule would be sitting as described just above, but 
the polar head group would have to sit deep enough in the 
water to allow the keto carbonyl to hydrogen bond with water. 
2OOA sitting with its polar head group in the water, allowing for 
hydrogen bonding with water, but not being close enough to 
other molecules to participate in additional intermolecular H-
bonding is perhaps the most intuitive picture based on its 
amphiphilic character yet slightly soluble nature. As such, 2OOA 
molecules at the air-water interface may be close enough 
together for their alkyl tails to interact and provide some 
ordering, but not to the same level as in solid 2OOA as shown 
by the relative C-H vibrational shifts. They are not so densely 
packed, however, that their headgroups also interact with each 
other, which would further lower the energy of the carbonyl 
stretch transitions. 

The carbonyl stretching modes in 2OOA can be compared to 
those in PA to elucidate the effect of tail length, and presumed 
surface ordering, may have on those vibrations. As seen in 
Figure 8, the frequency and shape of the IRRAS C=O feature is 
largely the same for PA and 2OOA. It is therefore likely that 
water is the main supplier of hydrogen bonds to alpha keto 
acids at the air-water interface, and that the packing is either 
not dense enough or energetically favorable enough to support 
intermolecular hydrogen bonding between alpha keto acids. 

Conclusions
We have investigated the vibrational spectrum of 2OOA in three 
phases: the gas phase, solid phase, and at the air-water 
interface. With computational support, we assigned many of 
the experimental features to specific vibrational modes. We 
focused on the C-H stretch and C=O stretch regions to compare 
how 2OOA interacts with its surroundings in each environment, 
with specific attention paid to the surface of water. At the air-

Figure 10. A schematic representation of possible orientations and hydrogen bonding 
environments of interfacial 2OOA.
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water interface intermolecular interactions occur between 
neighbouring alkyl tails. The C=O stretching fundamental 
transition frequency indicates that the carbonyls mainly 
participate in hydrogen bonding with water, but the molecules 
do not directly hydrogen bond with each other as they do in 
solid 2OOA. Overall, these results provide a picture of interfacial 
2OOA with the polar headgroup with both carbonyl groups 
interacting with the water subphase and with their hydrophobic 
tails in a mostly trans conformation pointing away from the 
surface.

We also compared the 2OOA spectra in each phase to the 
analogous PA spectrum to investigate the effect alpha-keto acid 
tail length has on their inter-and intra-molecular interactions. In 
the gas phase, beyond the calculated ≈2 order of magnitude 
difference in saturated vapor pressure, the tail does not 
significantly affect the spectral signatures from the 2-oxo acid 
headgroup. The relative abundances of the Tt and Tc 
conformers for each molecule are similar as well. As a solid, we 
proposed a hydrogen bonding scheme for closely packed 2OOA 
headgroups, which is based on the PA dimer. At the air-water 
interface, where the longer tail of 2OOA contributed significant 
hydrophobicity relative to PA, the alkyl tail length did not 
appear to manifest a difference in the hydrogen bonding 
environment of the carbonyl groups for each molecule. 
However, if as proposed, water is the main contributor of 
hydrogen bonds to alpha-keto acid carbonyls, the surface of a 
2OOA solution may still look different than a PA solution as the 
tail length influences the overall solubility of the molecule. 
Similarly, in the natural environment, the longer tailed alpha-
keto acids will preferentially be found on the surface of 
atmospheric particles and in the sea-surface microlayer. 
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