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In this study we present the gas-phase vibrational spectrum of vinylacetic acid with a focus on the ν ) 1-5
vibrational states of the OH stretching transitions. Cross sections for ν ) 1, 2, 4 and 5 of the OH stretching
vibrational transitions are derived on the basis of the vapor pressure data obtained for vinylacetic acid. Ab
initio calculations are used to assist in the band assignments of the experimental spectra, and to determine the
threshold for the decarboxylation of vinylacetic acid. When compared to the theoretical energy barrier to
decarboxylation, it is found that the νOH ) 4 transition with thermal excitation of low frequency modes or
rotational motion and νOH ) 5 transitions have sufficient energy for the reaction to proceed following overtone
excitation.

Introduction

Organic acids are produced in the Earth’s atmosphere through
the oxidation of biogenic and anthropogenic hydrocarbons, a
process that ultimately produces carbon dioxide. In this study,
the reactive ground electronic state of vinylacetic acid is
investigated, with the intent to add to the database available in
the chemical literature regarding atmospheric processing of
organic acids.1

Overtone chemistry is the only viable photochemical pathway
for organic acids in the atmosphere. In the laboratory, photo-
dissociation can occur for these acids through high energy UV
light, which promotes the molecule to an excited electronic
state.2,3 Traditional photochemistry, occurring through excited
electronic states at high energies via UV solar radiation, is not
viable for organic acids because the electronic states are
inaccessible in the solar spectrum of the troposphere. However,
overtone induced chemistry occurs in the ground electronic state
and requires visible light to reach the overtones sufficiently
energetic to induce photodissociation2,4-11 Overtone-induced
chemistry has been proposed to cause decarboxylation in organic
acids based on previous theoretical and experimental studies.2,12-16

Extensively studied for a number of inorganic atmospheric
compounds, overtone-induced chemistry has been found to
initiate reactions in HNO3,17-27 H2O2,18,25,28 HONO,9,21,29,30

HO2NO2
23-25,31-36 and H2SO4.37-40 The overtone spectra and

overtone-induced reactions of organic compounds such as
hydroxymethyl hydroperoxide,41 malonic acid,12 pyruvic acid14,16

and glycolic acid13 have been studied for their atmospheric
implications.42-51 Spectroscopic study of the OH stretching
vibration of such atmospheric chromophores is important for
understanding the atmospheric relevance of organic compounds
and their role in secondary organic aerosol (SOA) formation
and processing.52-56 The intensity of overtone transitions has

been successfully treated using the local mode model.37,57-72

The OH stretching modes are known to have stronger intensities
compared to the CH, NH and SH stretching modes.73,74 Thus,
the strong OH chromophore is an excellent target for inducing
overtone chemistry. Species containing the OH group are
abundant in the Earth’s atmosphere because they are primary
oxidation products of hydrocarbons.

This study seeks to understand the absorption of radiation
and the possibility of light-initiated chemistry of organic acids
and alcohols using the example of vinylacetic acid. We
concentrate on the OH stretching vibrations of vinylacetic acid,
which is a �,γ-unsaturated organic acid, that has been detected
in atmospheric field studies.75 Here we lay the theoretical and
experimental groundwork for showing that vinylacetic acid is
capable of decarboxylation by excitation with red solar photons.
Vinylacetic acid is structurally different from the previously
studied acids listed above and makes for an interesting
comparison. This acid does not exhibit intramolecular hydrogen
bonding unlike glycolic, malonic and pyruvic acid. An electron
withdrawing carbon-carbon double bond sits � to the acid
functional group promotes decarboxylation by thermal excita-
tion.76-78 The decarboxylation of this compound has been
studied by gas-phase thermal reactions in the range of 335 to
378 °C,77,78 and by ab initio calculations.79-82 The UV photo-
dissociation processes have been studied through laser-induced
fluorescence3 at 193 nm, and through multiphoton excitation.3,83

The overtone chemistry of vinylacetic acid has not been
previously investigated. In this study we explore the feasibility
of overtone-induced decarboxylation through an experimental
and theoretical approach. Experimental vibrational spectra are
obtained up to a relatively high energy (46.46 kcal ·mol-1 for
νOH ) 5). Theoretical predictions of the frequencies and
intensities of three conformers of the acid as well as an acid
dimer were used to assist in assigning the observed spectral
features and to predict the relative populations of dimers and
conformers in the sample. The experimental OH stretching
overtone energies are compared to MP2 calculations performed
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on the acid, the transition state, and the products to decarboxy-
lation: carbon dioxide and propene. By determining the experi-
mental vibrational energies at which the overtones occur, one
can determine whether the ground electronic state reaction is
likely to be sunlight driven in the atmosphere where it could
have implications in aerosol processing.52-56

Experimental Section

Results presented include experimental vibrational spectra of
vinylacetic acid in the mid-infrared and near-infrared interpreted
with ab initio calculations. Spectra of vinylacetic acid were
collected with a Bruker IFS 66v/S Fourier transform spectrom-
eter. Vinylacetic acid, purchased from Aldrich, had 97% purity
and came inhibited with hydroquinone. Samples were used both
from the bottle and after drying by exposure to molecular sieves;
the overtone spectra of these samples were spectroscopically
indistinguishable. In the mid-infrared region, spectra were
obtained from 950 to 8000 cm-1 with 1 cm-1 resolution using
a Globar source, KBr beamsplitter and a MCT (mercury
cadmium telluride) detector. The near-infrared spectra from 6100
to 10900 cm-1 were obtained at 1 cm-1 resolution with a
tungsten source, a CaF2 beamsplitter, and an InGaAs (indium
gallium arsenide) detector. The experimental setup utilized a
87 cm cell with CaF2 windows external to the spectrometer.
The vinylacetic acid sample was introduced to the cell through
an external holding cell with a room temperature nitrogen flow
of 0.5 Torr. The experimental apparatus has been described
previously.37,47,84

A static cell experiment with a well-defined sample vapor
pressure was run at room temperature, allowing for the
determination of absorption cross sections. The sample was
loaded directly into the cell and allowed to equilibrate with the
surrounding cell atmosphere for an hour before the spectra were

obtained. Because of discrepancies among the values for this
molecule’s vapor pressure in the literature,85-87 we determined
the vapor pressure values ourselves using a vacuum line. A
sample of vinylacetic acid was introduced to a flask that was
then clamped to the vacuum line. The acid was degassed through
a freeze-pump-thaw cycle and then brought back to room
temperature and allowed to equilibrate in the vacuum cell.
Pressure measurements were taken with a baratron attached to
one end of the cell and read directly as the vapor pressure of
vinylacetic acid at that temperature.

Vibrational transitions to the ν ) 1, 2 and 3 states of the OH
stretch were studied through Fourier Transform infrared spec-
troscopy from 950 to 10900 cm-1. The inherent decrease in
overtone intensity with increasing vibrational excitation results
in a low signal-to-noise νOH ) 3 band. Absorption cross sections
for OH stretches generally drop by a factor of 10 with each
vibrational quantum added,5 necessitating highly sensitive
instruments to detect higher overtones. As seen by the low
signal-to-noise ratio of the νOH ) 3 overtone in Figure 2, greater
sensitivity is needed to obtain the spectra of the νOH ) 4 and 5
vibrational overtones. The needed sensitivity is provided by a
cavity ring down (CRD) spectrometer.13 CRD spectroscopy
utilizes highly reflective mirrors (R ) 0.99999) at either end of
a cavity to produce a path length orders of magnitude greater
than that available in the FTS study described above.88 With a
cell length of 93.5 cm, the νOH ) 4 CRD experiments had a
time constant of 170 µs, which yields an effective path length
of 51 km. Experiments conducted on νOH ) 5 had an
approximate time constant of 80 µs, yielding an effective path
length of 24 km. The absorption coefficients of the absorber
are determined by measuring the time constant of light decay
within the cavity; absorption is proportional to the inverse time
constants for the ring down with the absorber present and for

Figure 1. Infrared spectrum of vinylacetic acid. (A) The fundamental experimental gas-phase spectrum is shown in the mid-infrared. Units of
absorbance are arbitrary. (B) The scaled MP2/6-31+G(d,p) frequencies and intensities are shown along the lower axis in intensity units of km ·mol-1.

Figure 2. Gas-phase experimental ν ) 1, 2 and 3 OH stretching vibrations. Each band is shown over a range of 250 cm-1.
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that without the absorber present. A more detailed description
of CRD spectroscopy can be found in the review by Brown.88

Our CRD instrument has been described in detail previously.13,89

The cell was wrapped in heating tape, and the temperature was
checked at two ports. A constant helium purge of 0.25 SLPM
at either end of the cell ensured minimal adhesion of the acid
to the mirrors. Vinylacetic acid was introduced directly to the
cell through a port. The vapor pressure of vinylacetic acid was
sufficient to obtain a clean spectrum of the νOH ) 4 overtone at
room temperature. The νOH ) 5 overtone spectra were taken at
68 °C.

Computational Methods

Two theoretical methods have been used: the ab initio MP2
method and the density functional theory B3LYP method.
B3LYP was used to predict the OH overtone frequencies
because of its better performance in calculations involving bond
elongation compared to MP2.69 Although B3LYP performs
reasonably well in predicting the geometry, bond energies and
vibrational frequencies of a molecule, it generally underestimates
the transition state energy barrier involved in a reaction and
overestimates the strength of hydrogen bonds.74,90,91 MP2 was
employed to predict the energetics of the vinylacetic acid dimer
as well as the energy barrier to decarboxylation. Scaled MP2
frequencies have been shown to be good predictors of experi-
mental frequencies for hydrogen bonded systems,92,93 and the
MP2 frequencies for the dimer were used to help in the
assignment of the experimental spectra.

The structures of the three stable conformers of vinylacetic
acid, CH2CHCH2COOH were calculated using the hybrid
density functional theory method using the B3LYP94,95 func-
tional with the 6-311++G(3df,3pd)96-99 basis set on the
Gaussian 03 program.99 The potential energy curve and the
dipole moment function, used for the local mode vibrational
calculation, were obtained by varying the OH bond length while
keeping all other structural parameters fixed at their equilibrium
values.

In the local mode vibrational calculation,37,57-72,100,101 we
solve the Schrödinger equation for the one-dimensional molec-
ular vibration

[- p2

2m
d2

dR2
+V(R)]ψV(R))EVψV(R) (1)

where R, m, and V(R) are the internuclear distance, the reduced
mass, and the potential energy curve, respectively. The inte-
grated absorption coefficient (cm ·molecule-1) of each OH
stretching transition is given by

A(V)) 8π3

3hc
|〈ψV|µb|ψ0〉 |

2ν∼ V0 (2)

where ν̃V0 is the transition energy (EV - E0) in cm-1 and
|〈ψV|{µb}|ψ0〉 |2 is the square of the transition moment vector.

Ab initio calculations were employed to predict the frequen-
cies of the low energy conformer of vinylacetic acid and
energetics for its decarboxylation. Calculations were carried out
in Gaussian 0399 at the MP2102,103 level of theory. Geometry
optimization and frequency calculations were performed with
the 6-31+G(d,p) basis set98,104,105 for two conformers of
vinylacetic acid, the transition state to decarboxylation and the
products: carbon dioxide and propene. Single point calculations,
which used the 6-31+G(d,p) optimized geometry, were per-
formed with MP2/aug-cc-pVDZ. The frequencies were scaled
by a factor of 0.9427 as suggested by Pople et al.106 This

methodology has been shown to yield realistic values for
frequencies for hydrogen bonded complexes.93,107 Thermal
corrections from the MP2/6-31+G(d,p) calculations were added
to the MP2/aug-cc-pVDZ electronic energies to obtain internal
energies at 0 and 298.15 K, and enthalpies and Gibbs free
energies at 298.15 K.

The energetics of dimer formation were also predicted using
MP2/6-31+G(d,p) optimizations and frequency calculations, and
these thermal corrections were used with MP2/aug-cc-pVDZ
single point calculations. Two molecules of the low energy
conformer were used to model the dimer, which formed a
complex through hydrogen bonding of the alcohol group of
vinylacetic acid to the carbonyl group of the other so that each
molecule acted as a hydrogen bond acceptor and donor. Based
on hydrogen bonds formed, this is the most logical dimer
structure for carboxylic acids and was the only dimer conformer
calculated. Counterpoise corrections were calculated for each
basis set to correct for BSSE and determine the maximum
energy for dimer formation, realizing that the lower limit for
∆E of dimerization is that calculated without counterpoise
correction.91,108,109

Results and Discussion

Here we discuss gas-phase fundamental and vibrational
overtone spectra of vinylacetic acid. Vinylacetic acid has thirty
normal modes, but only the seventeen modes above 950 cm-1

were accessible in this study. Condensed-phase spectra are
available in the literature for this species,110 but no gas-phase
spectra have been reported. Figure 1 contains the gas-phase
fundamental vibrational mid-infrared spectrum at a vinylacetic
acid partial pressure of 1.3 Torr. Figure 2 shows the spectra of
the νOH ) 1-3 stretching transitions. Peak assignments along
with ab initio and DFT results and the experimental and
theoretical cross sections for OH stretches are presented in Table
1.

The carbonyl stretch appears as multiple bands; one major
band appears at 1733 cm-1, and the other appears as a doublet
feature at 1780 cm-1. Theoretical frequency predictions of
rotational isomers of vinylacetic acid and of the acid dimer assist
in discerning these bands. B3LYP calculations of three con-
formers of vinylacetic acid, shown in Figure 3, predict that two
low energy conformers are thermally populated at room
temperature and that these carbonyl stretching frequencies lie
within a few wavenumbers of one another. The doublet feature
seen at 1780 cm-1 could be attributed to the two low energy
conformers. The dimer and monomer carbonyl stretching
frequencies were compared using scaled MP2 frequencies.
Although theoretically derived frequencies are lower than those
observed, the calculated red shift of the dimer is 49 cm-1 with
respect to the monomer, and the experimental difference
between these features is 47 cm-1. The band appearing at 1733
cm-1 is tentatively assigned to the carbonyl stretch of the dimer.

The scaled theoretical frequency for the OH stretch is in good
agreement with the experimental band, which appears as a sharp
peak at 3579 cm-1. The theoretical carbonyl stretching frequency
also matches that measured in this study, giving confidence to
the accuracy of the scaled MP2 frequencies. The CH stretches
are masked by a broad, intense absorption centered at 3000
cm-1. This feature matches that of the OH stretching vibration
found in the liquid-phase spectrum of vinylacetic acid, which
shifts, intensifies and broadens due to hydrogen bonding. These
spectral changes are also observed in carboxylic acid dimers.111

Our calculated MP2 dimer OH stretching frequencies (the
allowed OH asymmetric combination and the forbidden OH
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symmetric combination) are red-shifted by 427 cm-1 with
respect to the calculated monomer frequency. The OH asym-
metric dimer frequency coincides with the feature at 3000 cm-1

in the experimental spectrum. Although contributions from
condensed-phase vinylacetic acid may contribute to this feature,
the calculated monomer and dimer partial pressures suggest that
the dimer is a major component of the sample. The partial
pressure calculations are discussed at length later in this
manuscript.

Several combination bands and overtones were observed.
Three at 4203, 4390 and 4503 cm-1 are most likely different
CH stretching frequencies coupled with various lower energy
modes. Two combination bands result from the carbonyl
stretching frequency; the carbonyl stretch couples with the 3006
cm-1 CH stretch to absorb at 4747 cm-1. The carbonyl stretch
is observed in combination with the OH stretch to absorb at
5361 cm-1. Two possible νCH combination bands occur at 5993
cm-1, composed of the 3076 and 2930 cm-1 CH stretching
frequencies, and at 5929 cm-1, composed of the 3006 and 2930
cm-1 CH stretching frequencies. It should be noted that many
of these combination bands are assigned using the theoretical
frequencies for CH stretching modes calculated in this study,
which may not precisely match the true values. A number of

OH overtone bands and one possible CH overtone were
observed at higher energies. One band occurring at 6151 cm-1

is most likely the first CH overtone of the 3142 cm-1

fundamental, or a combination of the 3142 and 3006 cm-1 CH
stretching frequencies.

The first OH stretching overtone (νOH ) 2) occurs at 6990
cm-1 and is shown in Figure 2 (center). The νOH ) 3 stretch,
occurring at 10240 cm-1, is seen in the near-infrared spectrum
(Figure 2, right). Low signal-to-noise for this band, discussed
in the Experimental Section, prevented further analysis of the
band beyond determining the frequency. The νOH ) 4 and νOH

) 5 stretching transitions, obtained with the CRD spectrometer,
were observed at 13324 and 16251 cm-1, respectively. The νOH

) 4 and νOH ) 5 overtones are shown in Figure 4. The
asymmetry and appearance of a shoulder on the low energy
side of the νOH ) 5 spectrum prompted a multiple Lorentzian
curve fitting for the νOH ) 4 and 5 overtones. The νOH ) 5
peak has been modeled by three Lorentzian functions. The
lowest energy, least intense peak is centered at 16185 cm-1 with
a fwhm (full width at half-maximum) of 44 cm-1 and an
absorbance of 6.3 × 10-6, a second Lorentzian is centered about
16231 cm-1 with a fwhm of 46 cm-1 and an absorbance of 2.0
× 10-5, and a third, the most intense, at 16256 cm-1 with a

TABLE 1: Experimental Frequencies, Scaled Theoretical MP2/6-31+G(d,p) Frequencies,a B3LYP/6-311++G(3df,3pd)
Frequencies,b Mode Assignments, Experimental and Theoretical Integrated Absorption Cross Sections in cm ·molecule-1 and
Experimental fwhm in cm-1 for the Observed Fundamental, Overtone and Combination Bands of Vinylacetic Acid in the
950-17000 cm-1 Regionc

Moded experiment (cm-1) theory (cm-1)
experimental cross

section (cm ·molecule-1)
theoretical cross

sectionb (cm ·molecule-1)
fwhm
(cm-1)

(CRC�) 996 969a 7
backbone 1113 1067a

backbone 1142 1113a

C3H4H5 twist 1186a

C3H4H5 wag OH wag 1228 1226a

H2 and H3 wag 1265a

complex motion 1300 1331a

δ(CRH2, CγH2) 1366 1403a

δ(CRH2, CγH2) 1422 1420a 27
ν(CdC) 1650 1621a

ν(CdO) 1780, 1733 1700a 69
ν(CRH2)s 2930a

ν(CRH2)as 3006a

ν(CγH2)s 3045a

ν(C�H) 3076a

ν(CγH2)as 3142a

ν(OH) ) 1 3579 3564a 7.31((0.09) × 10-18 7.5 × 10-18 23
3593b (8.2 × 10-18)
(3596)b

ν(C�H) + backbone 4203
ν(CRH2)s + δ(CRH2, CγH2) 4390
ν(CγH2)as +δ(CRH2, CγH2) 4503
ν(CdO) + ν(CRH2)as 4747
ν(CdO) + ν(OH) 5361
ν(CRH2)as + ν(CRH2)s 5929
ν(C�H) + ν(CRH2)s 5993
ν(CH) ) 2 6151 21
ν(OH) ) 2 6990 7027b 5.31((0.06) × 10-19 6.1 × 10-19 25

(7034)b (5.8 × 10-19)
ν(OH) ) 3 10240 10309b 3.4 × 10-20

(10320)b (3.1 × 10-20)
ν(OH) ) 4 13324 13444b 2.81((0.3) × 10-22 2.6 × 10-21 40

(13458)b (2.4 × 10-21)
ν(OH) ) 5 16251 16437b 3.28((0.4) × 10-23 3.0 × 10-22 61

(16455)b (2.8 × 10-22)

a The MP2 frequencies scaled by a factor of 0.9427. b The B3LYP/6-311++G(3df,3pd) frequencies and calculated cross sections of the most
stable conformer (ttt); those of the next most stable conformer (tgt) are given in parentheses. c The theoretical cross sections are calculated with
B3LYP/6-311++G(3df,3pd). d Vibrations: ν, stretching; δ, bending; s, symmetric; as, asymmetric.
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fwhm of 40 cm-1 and an absorbance of 2.6 × 10-5. The
observed νOH ) 5 peak could be due to multiple conformers
and a possible resonance coupling of the νOH ) 4 with νCH )
1 stretching vibrations, which is present in formic acid112 and
methanol.113-116 Calculations were performed to support these
assignments at the B3LYP/6-311++G(3df,3pd) level of theory
and predict three rotational isomers that are thermally populated
at room temperature. As seen in Figure 3, the second lowest
energy conformer is 0.44 kcal ·mol-1 higher in energy than the
global minimum, lending itself to a relative population of 48%
at room temperature. The third lowest energy conformer found
in the DFT calculations is 1.88 kcal ·mol-1 higher in energy
than the global minimum, contributing a Boltzmann population
of 4% at room temperature. Although the peaks are roughly
consistent with the predicted populations, the frequency shifts
are not (see Table 1). Based on the experimental observations
and the literature accounts of resonance features in this region,
the low energy feature is most likely due to νOH ) 4 in resonance
with νCH ) 1.

The νOH ) 4 overtone was also fit to Lorentzians (see Figure
4). A low energy peak centered at 13314 cm-1 had a fwhm of
33.6 cm-1 and absorbance of 3 × 10-5, and the second was
centered at 13328 cm-1 with a fwhm of 28.2 cm-1 and
absorbance of 2 × 10-5. The peaks in the νOH ) 4 overtone
are closer in energy than those in the νOH ) 5 overtone; in the
νOH ) 4 the spacing between the two major peaks is 14 cm-1,
and the spacing between the two major peaks in the νOH ) 5
spectrum is 25 cm-1. In comparison, the B3LYP calculations
predict a similar trend and a difference of 14 cm-1 in νOH ) 4
and 18 cm-1 in νOH ) 5 between the two low energy
conformers. This greater spacing is expected in the presence of
multiple conformers because conformers are known to show

differences in anharmonicity and therefore greater differences
in energy as the degree of excitation increases.13

A Birge-Sponer117 plot was constructed to determine the
anharmonicity of the ground electronic state OH stretch
potential. Figure 5 shows this plot with experimental and
theoretical data for three low energy conformers calculated with
B3LYP. The structures of the three conformers are shown in
Figure 3. The vibrational energy difference ∆G(ν′) between two
states with vibrational quantum numbers ν and ν + 1 is plotted
against ν + 1. The anharmonicity of the oscillator is one-half
the slope of the line formed. As seen in the legend in Figure 5,
the experimental anharmonicity obtained for vinylacetic acid
is 80.9 cm-1, a value similar to other OH stretches of organic
compounds.112,118 The theoretical anharmonicities are 72.35 and
72.15 cm-1. Similar to previous local mode calculations on acids
and alcohols using the B3LYP method, the theoretical values
underestimate the anharmonicity by 10%.119 For comparison,
acetic acid has an anharmonicity of 83 cm-1,118 and formic acid
has an anharmonicity of 81.6 cm-1.112 The experimental data
fit the Birge-Sponer model well with a standard deviation of
2.145 cm-1.

To assess the strength of an absorption, cross sections were
calculated for the νOH ) 1, 2, 4 and 5 stretches as shown in
Table 1. The νOH ) 3 cross section was not calculated due to
the low signal-to-noise ratio. Absorption cross sections can be
measured through the Beer-Lambert law relating absorbance
to cross section, A ) σnl, where σ represents the molecular
absorption cross section, n represents the number density of the
absorber and l is the path length over which the absorber is
present. Although the path length and absorbance are easily
determined, the number density is not. Three values for the vapor
pressure of vinylacetic acid found in the literature varied by an
order of magnitude; previously reported values at 22 °C include
0.48 Torr, as determined by a mathematical prediction developed
to estimate vapor pressures of carboxylic acids,85 and 0.057
Torr86 and 0.59 Torr,87 which were both obtained through
extrapolations of values found at higher temperatures. Because
of the ambiguity of the true vapor pressure of vinylacetic acid
in the literature, we experimentally determined the vapor
pressure. This measurement gives 1.3 Torr at 23 °C and 9.7
Torr at 68 °C, which is significantly higher than previously
reported values.85-87 Our vacuum line apparatus was tested with
water vapor to determine the accuracy of pressure data. At 0
°C, the vapor pressure of water agreed with that found in the
literature of 4.6 Torr. At 23 °C, the water vapor pressure was
between 20.5 and 20.6 Torr, slightly lower than the accepted
value of 20.8 Torr. Although error increases with increasing
pressure, our relatively low pressure measurements of vinylacetic
acid are quite accurate to the sensitivity limit of the baratron,
which reads to one tenth Torr.

With the assistance of ab initio calculations accurate vapor
pressure data can be used to predict the dimer concentration.
Carboxylic acids are known to readily form dimers in the gas
phase.120,121 To predict the amount of dimer in our sample, MP2
calculations were used to find Keq values through Gibbs free
energies for the formation of a vinylacetic acid dimer from two
monomers using the procedure described in the computational
methods section. Ab initio calculations generally overestimate
the strength of intermolecular forces in a van der Waals complex
whereas counterpoise corrections underestimate the strength of
intermolecular forces. The counterpoise energy of the individual
monomers is always lower than the ab initio energy of the
individual monomers because of the larger basis set used in
the counterpoise calculation, so that the change in complex

Figure 3. Three low energy conformers of vinylacetic acid as predicted
by B3LYP/6-311++G(3df,3pd). The relative zero point corrected
energy with respect to the low energy conformer is listed below each
structure. Names for the rotational isomers are listed above each
molecule, assigned on the basis of the dihedral angle between
CdC-C-C, C-C-C-O, and C-C-O-H from left to right where c
∼ 0, t ∼ 180 and g ∼ 60.

Figure 4. Experimental νOH ) 4 (left) and νOH ) 5 (right) stretching
overtones in black. The νOH ) 4 overtone is fit by two Lorentzian
functions, in green and blue. The νOH ) 5 overtone is fit by three
Lorentzian functions in green, blue and pink. The red line in each
spectrum represents the sum of the Lorentzians to be compared to the
experimental spectrum.
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energy always becomes more positive when this correction for
BSSE is included.91,108,109 The calculated range of ∆G° for
dimerization at 298.15 K has a lower limit of -0.26 kcal ·mol-1

as determined using computations at the MP2/aug-cc-pVDZ//
MP2/6-31+G(d,p) level and an upper limit of 2.53 kcal ·mol-1

predicted by the same calculation with the counterpoise cor-
rection. From ∆G° values and the experimentally determined
vapor pressure of vinylacetic acid, Keq values were determined
with the equation K(T)eq ) exp[-∆G°/RT]. This process of
calculating the abundance of complexes in the atmosphere has
been used previously.92,122-124 The different Keq values for these
Gibbs free energy predictions lend themselves to the lower and
upper limits for dimer partial pressures at 25 °C ranging from
0.023 Torr (1.8% of the total sample) for the counterpoise
corrected Keq prediction to 0.65 Torr (50% of the total sample)
for that without counterpoise correction.

Because the calculated Keq vary over a large range, we
estimated the population of the monomer and dimer from the
experimental spectra. This was done by assuming that the
experimental carbonyl stretch at 1733 cm-1 is composed of
vinylacetic acid dimers and that the carbonyl stretch at 1780
cm-1 is from the monomers. The ratio of the peak areas of the
band at the two peak positions was extracted and the experi-
mental ratio of the dimer-to-monomer band area is 0.86. The
theoretical intensity of the dimer is predicted to be 2.8 times
that of the monomer. Normalizing the intensities to the MP2
integrated intensities, the dimer-to-monomer population ratio
is estimated to be 0.31. We conclude that if our assignment is
correct, dimers represent approximately 31% of the vinylacetic
acid in a gas-phase room temperature sample. Experimental
dimer populations in the literature show dimer populations of
17% in formic acid, 40% in acetic acid and 38% in propionic
acid.121 Given the proximity of our rough experimental estima-
tion to experimental measurements, approximately 30% dimer
population in vinylacetic acid appears to be a reasonable
assumption. Trimers and higher orders of association are not
expected for vinylacetic acid at ambient conditions, as predicted
by theoretical studies,125 which have considered higher order
complex formation of organic acids and determined that dimers
dominate association in the vapor phase. Our results, in
agreement with the literature, suggest that the majority of gas-
phase vinylacetic acid molecules are monomers although as
many as one-third could be hydrogen bonded dimers.

Using the Keq between dimer and monomer discussed above,
we calculated the cross sections by converting the vapor pressure

for vinylacetic acid into a monomer number density of 2.9 ×
1016 and of 1.9 × 1017 molecules · cm-3 at 23 and 68 °C,
respectively. It should be noted that we did not have thermo-
dynamic data or a Keq at 68 °C, and the Keq at room temperature,
23 °C, was used. All spectra were recorded at 23 °C with the
exception of the νOH ) 5 overtone spectrum, which was recorded
at 68 °C. Using these number densities, we were able to
determine integrated cross sections for most of the OH stretching
overtone transitions, presented in Table 1. The νOH ) 4 and 5
overtone cross sections contain greater uncertainty due to the
fact that these were measured in a flow cell where the vapor
pressure of the acid is not as well-defined. A static cell used in
the FTIR spectrum allowed for more accurate number densities
and cross sections for the fundamental and first overtone of the
OH stretch. The integrated absorption cross section for the νOH

) 1 stretch obtained here is 7.31 ((0.09) × 10-18

cm ·molecule-1. This is similar to the experimentally determined
cross sections for acetic acid found in the literature of 8.73 ×
10-18 cm ·molecule-1.44 The integrated absorption cross section
for the first overtone is 5.31 ((0.06) × 10-19 cm ·molecule-1,
and that found in the literature for acetic acid is 5.72 × 10-19

cm ·molecule-1.44 The absorption cross section is determined
to be 2.81 ((0.3) × 10-22 cm ·molecule-1 for νOH ) 4, and for
νOH ) 5 it is 3.28 ((0.4) × 10-23 cm ·molecule-1. The B3LYP
integrated cross sections given in Table 1 for the low energy
conformer are slightly greater than those found experimentally.
The cross sections of vinylacetic acid are most likely lower than
those of acetic acid due to the greater chain length, though the
differences in chain length becomes less pronounced with greater
quanta of vibrational excitation.44,119 The experimental values
for νOH ) 4 and 5 are much more uncertain due to the use of
the flow cell, and are about 9 times less than the theoretical
predictions. This discrepancy is likely due to the experimental
uncertainties for the determination of the number density in the
flow cell used to calculate the νOH ) 4 and 5 cross sections.

Spectra of the vibrational overtones for νOH ) 1, 2, 4 and 5
are compiled and superimposed in Figure 6. The signal-to-noise
of the νOH ) 3 band was too low to allow for analysis of this
overtone. Each band is shown over a 250 cm-1 range and scaled
in intensity to match the intensity of the fundamental OH stretch.
Superimposing the bands about their maxima allows for
comparison of the changes in peak shape with increasing
excitation. For νOH ) 1 the P, Q and R branches can clearly be
seen. Peaks drop in intensity and broaden with higher vibrational
excitation, quantified by the full width at half-maximum values

Figure 5. Birge-Sponer plot for the OH stretch of vinylacetic acid. The black line represents the experimental data, and the red line is fit to
theoretical data. Parameters along with standard deviations for the curve fittings are given in the key.
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listed in Table 1. The νOH ) 2 band has a fwhm of 25 cm-1,
nearly the same width as the fwhm of the fundamental, which
is 23 cm-1, the νOH ) 4 peak exhibits broadening of the fwhm
reaching 40 cm-1, and the νOH ) 5 broadens yet again to 63
cm-1. The bandwidth at higher energies contains contributions
from the low energy conformers and the decreasing lifetime of
νOH ) 4 and 5 vibrational levels. Factors used to scale the
intensities of each band are given in the legend in Figure 6.
The mid-infrared spectrum of vinylacetic acid displays both νOH

) 1 and νOH ) 2 OH stretching bands. The intensity of OH
overtone transitions are scaled to the fundamental OH stretching
intensity by factors of 15, 50000 and 106000 for νOH ) 2, νOH

) 4 and νOH ) 5, respectively. To obtain an adequate signal-
to-noise ratio, the νOH ) 5 spectrum was taken at 68 °C and
the other vibrational frequencies were recorded at approximately
23 °C. Higher temperatures increase number density, allowing
for a greater signal-to-noise ratio in the spectrum. At 68 °C the
number density is 2.7 × 1017 molecules · cm-3, which is over 6
times greater than that at 23 °C, 4.2 × 1016 molecules · cm-3.
Accounting for the difference in number density the absorption
cross sections for ν) 5 should be one twelfth that of ν) 4,
which is in agreement with the trend seen for νOH ) 1, 2,
and 4.

In summary, the experimental gas-phase fundamental and
overtone spectra of vinylacetic acid have been obtained and
interpreted. Use of theoretical predictions provided evidence of
multiple conformers and acid dimers in the sample. We have
observed the transitions to νOH ) 1-5. The spectra reveal the
anharmonicity for the OH stretching vibration. The broadening
of the bandwidth with increasing quanta of vibrational excitation
is shown here to result from the presence of multiple conformers
of vinylacetic acid.

Atmospheric Implications

In this study we investigate the ability of vinylacetic acid to
absorb mid-infrared and near-infrared radiation with a focus on

the OH stretching vibrations that were measured in the range
of ν ) 1 at 3579 cm-1 to the νOH ) 5 overtone at 16251 cm-1.
The energies of the higher overtones, ν ) 4 and 5, are near the
barrier for chemical reaction, which we have calculated. At
elevated temperatures, vinylacetic acid is known to decarboxy-
late to form carbon dioxide and propene. Previous quantum
chemistry calculations show that the reaction proceeds via
rearrangement of the trans molecule with a cyclic transition
state,79 the geometry for which we used as the starting structure
for our MP2 calculations. These calculations use MP2/6-
31+G(d,p) geometry optimization and thermal corrections and
MP2/aug-cc-pVDZ single point calculations and are described
in detail in the Computational Methods. Our theoretical MP2/
aug-cc-pVDZ value for the energy of activation, obtained with
the relation Ea ) ∆H°‡ + 2RT,126 is 37.9 kcal ·mol-1, in
excellent agreement with the experimental value of 39.3 ( 1.6
kcal ·mol-1 obtained by Smith and Blau.78 The thermochemistry
results for the energy, enthalpy and Gibbs free energy of
decarboxylation are given in Table 2. The smaller 6-31+G(d,p)
basis set predicts a greater exothermicity and higher barrier to
reaction than the single point aug-cc-pVDZ MP2 calculations.
Decarboxylation is overall an exergonic process, with a ∆G°
of -18.82 and -18.06 kcal ·mol-1 for the Pople and Dunning
basis sets, respectively.

The free energy surface of the decarboxylation process is
shown in Figure 7, which displays the experimental vibrational
energy levels along with the theoretical transition state free
energy. The MP2/aug-cc-pVDZ ∆G°‡ value, 39 kcal ·mol-1, is
equivalent to 13640 cm-1, thus thermally excited rotational
states of the νOH ) 4 overtone and all states of the νOH ) 5
vibrational overtone lie above the energy barrier, indicating that
light-initiated overtone-induced decarboxylation is a feasible
pathway for the decarboxylation of vinylacetic acid through
excitation with red light. The reaction dynamics of vinylacetic
acid need further theoretical and experimental investigation.
Another aspect in need of further investigation is the energy of
rotational rearrangements necessary to reach the transition state
structure.

The photochemistry of organic acids is usually excluded from
atmospheric models due to the fact that their electronic
absorption bands are at higher energies than the available
tropospheric solar radiation. For instance, the UV spectrum of
crotonic acid, the R,�-unsaturated analog to the �,γ-unsaturated
vinylacetic acid, peaks at 210 nm and does not absorb at λ >
290 nm.127 In these acids, however, photochemistry could occur
through overtone-induced reactions initiated at a lower energy
in the ground electronic state. In this spectroscopic and

Figure 6. Superimposed OH vibrational stretching transitions (ν ) 1,
2, 4 and 5) for vinylacetic acid. Each absorption is shown over a 250
cm-1 span centered around the maximum peak intensity. Each overtone
has been intensified by a factor shown in the figure to match the
maximum intensity of the fundamental OH stretch. The experimental
frequency and fwhm of each overtone is given in Table 1.

TABLE 2: MP2 Energies for Decarboxylation Given in
kcal ·mol-1a

Energies for Decarboxylation

∆E0K ∆E298K ∆H°298K ∆G°298K

6-31+G(d,p) -9.92 -9.77 -9.18 -18.82
aug-cc-pVDZ -9.15 -9.01 -8.42 -18.06

Energies for Reactant to Transition State

∆E‡
0K ∆E‡

298K ∆H°‡
298K ∆G°‡

298K

6-31+G(d,p) 39.77 39.16 39.16 41.35
aug-cc-pVDZ 37.34 36.73 36.73 38.92

a The overall reaction energies are given in the top portion of the
graph with the energies corresponding to the transition state given
below. All thermal corrections are calculated with the 6-31+G(d,p)
basis set.
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theoretical study of vinylacetic acid, we have assessed the
energetic feasibility of the overtone-induced photochemical
reaction. The red light necessary to excite νOH ) 4 (750 nm)
and νOH ) 5 (615 nm) transitions in vinylacetic acid is readily
available in the troposphere.

To better understand the relevance of overtone chemistry for
vinylacetic acid, J values have been estimated for the νOH ) 4
and 5 overtones using calculated actinic flux data89 and the
theoretical absorption cross sections presented here. The theo-
retical cross section is used rather than the experimental value
due to the large uncertainty introduced in the cross section
calculation of νOH ) 4 and 5 by the flow cell experimental setup.
The quantum yield for reaction in this calculation is assumed
to be unity. This is an overestimation of the true value because
we have not taken into consideration collisional quenching and
the probability of rotational isomerization to form the cyclic
transition state upon vibrational excitation. For example, the
quantum yield is closer to unity if the reaction dynamics are
relatively fast. The pyruvic acid overtone-induced decarboxy-
lation occurs with a rate of at least 1011 s-1 whereas collisional
quenching is slower, occurring at 9 × 109 s-1.16 If the overtone-
induced reaction dynamics are slow and the reaction proceeds
with the calculated RRKM rate constant, which is 2.44 × 10-12

s-1 for pyruvic acid (translating to a lifetime of 13000 years)
at 353 K,16 overtone pumping will not contribute to atmospheric
processing. Photoprocessing of vinylacetic acid is critically
dependent on the transition state energy and reaction dynamics,
which require further investigation.

Quantitative calculations of the J value and the lifetime await
experimental and theoretical information, but rough estimates
of the J value provide an upper limit and suggest the major
photochemical contribution is from thermally excited νOH ) 4
with νOH ) 5 contributing about 3%. The estimated J value
translates to a lower limit of the atmospheric lifetime of
approximately 27 days at a 5 km altitude. As mentioned above,
there is no competing UV photochemical process available for
this molecule. The lifetime of vinylacetic acid oxidation by the
hydroxyl radical is not available, but formic acid oxidation by
OH has a lifetime of 26 days for a hydroxyl radical concentration

of 1 × 106 radicals · cm-3.1 Overtone-induced chemistry could
be competitive with wet and dry deposition, which have a
lifetime on the order of 10 days, and with oxidation, which are
the fastest known removal processes for organic acids.1

Overtone-induced decarboxylation of vinylacetic acid serves
as a prototype for the atmospheric chemistry of organic acids
and alcohols. Decarboxylation is one process involved in the
breakdown of organic compounds emitted into the atmosphere.
Overtone-induced chemistry could be significant when the more
efficient electronic excitation is precluded,2,24,38 as is the case
in vinylacetic acid. Aerosols contain organic compounds, which
might be oxidized on the surface of the aerosol. Water
potentially has a significant role in overtone-induced reactions
of this type,128 as water molecules have been proposed to form
hydrates in the troposphere.123,129-132 Further research will be
needed to explore overtone-induced decarboxylation of viny-
lacetic acid in the gas phase and in aqueous environments,
including the complex between the acid and water molecule(s).
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