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Pyruvic acid (CH3COCOOH) is an important keto acid present in the atmosphere. In this study, the vibrational
spectroscopy of gas-phase pyruvic acid has been investigated with special emphasis on the overtone transitions
of the OH-stretch, with ∆VOH ) 2, 4, 5. Assignments were made to fundamental and combination bands in
the mid-IR. The two lowest energy rotational conformers of pyruvic acid are clearly observed in the spectrum.
The lowest energy conformer possesses an intramolecular hydrogen bond, while the next lowest rotational
conformer does not. This difference is clearly seen in the spectra of the OH vibrational overtone transitions,
and it is reflected in the anharmonicities of the OH-stretching modes for each conformer. The spectra of the
OH-stretching vibration for both conformers were investigated to establish the effect of the hydrogen bond
on frequency, intensity, and line width.

I. Introduction

It is well-known that infrared (IR) absorption spectroscopy
can provide a wealth of information about the potential energy
surface and the molecular structure of gas-phase species.
Combining experimental observations with theoretical calcula-
tions, one can elucidate the structure, bond strengths, and
frequencies of the absorbing molecule and also probe the
mode-mode coupling that causes intramolecular energy transfer.

Pyruvic acid (PA), CH3COCOOH, is an R-dicarbonyl that
possesses conformers, which differ by the degree of intramo-
lecular hydrogen bonding and can be effectively studied using
absorption spectroscopy. PA is a prototype for atmospheric
R-dicarbonyls and thus has been the subject of a considerable
amount of research. Nevertheless, there is still insufficient
quantitative information on its spectroscopic and chemical
properties.1 The fundamental transitions, in the range of
1000-5000 cm-1, have been measured in the gas-phase and in
a low temperature matrix.2-4 Schellenberger et al.3 performed
the initial gas-phase work on the IR spectrum of PA. Hollenstein
et al.2 later reported the frequencies in gas-phase and in an argon
matrix and performed the normal-mode analysis. We note the
electronic spectroscopy of PA has also been investigated,
including the π*r n transition in the near-UV.1,5 The UV cross
sections and J-values of PA were reported; the results show
that absorption spectrum peaks at approximately 355 nm and
is negligible by 400 nm.1

The geometries of the PA conformers have been inferred from
measurements of the microwave spectrum.6,7 Reva et al.4

investigated the spectroscopic features of the rotational con-
formers of PA in the IR, which have also been studied
theoretically.4,8-13 The two lowest energy conformers of PA are
separated by 2.08 kcal/mol, while the other conformers lie much
higher in energy.4,6,7,12 As shown in Figure 1, the second lowest
conformer has the acidic hydrogen rotated away from the ketonic

oxygen, while the most stable conformer forms an intramo-
lecular hydrogen bond between the acidic hydrogen and the
R-carbonyl. The lowest energy conformer is labeled as the
trans-cis (Tc) conformer, and the higher energy conformer is
the trans-trans (Tt). The Tt conformer is close enough in energy
to the most stable Tc conformer that significant thermal
population is possible at ambient temperatures. Both conformers
are observed in this study, allowing an investigation of the effect
of hydrogen bonding on the OH vibrational spectrum.

Intra- and intermolecular hydrogen bonds14-16 can form in
carboxylic acids, generally with bond strengths between 5 and
10 kcal/mol. Intramolecular hydrogen bonds form in some
difunctionalized compounds, such as PA, and significantly alter
the potential energy curve of the OH-stretching vibrational
mode. Glycolic acid, diols, catechol, malonic acid, and many
others are also known to form an intramolecular hydrogen
bond.17-23 The intramolecular hydrogen bond has a strong effect
on the frequency and intensity of the OH vibrational stretching
transition by altering the OH bond length and strength.19,24

Hydrogen bonded interactions and their effects on vibrational
spectroscopy have been explored extensively, in particular their
consequences in biological systems.25-28 The effects of the
intramolecular hydrogen bond of PA on the potential energy
surface are addressed in this study by way of vibrational
spectroscopy.

The OH-stretching vibrational mode is high in frequency
(∼3500 cm-1) and has a large anharmonicity. This large
anharmonicity accounts for the relatively large intensity of its
overtone transitions. The high frequency of the OH-stretching
mode and relatively large overtone intensities allow excitation
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Figure 1. Schematic diagram of (a) Tc and (b) Tt conformers of
pyruvic acid. The optimized bond lengths in angstroms are listed along
the bonds, with only one value listed for the three CH bonds.
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to chemically relevant energies. Overtone spectroscopy accesses
the higher energy region of the potential energy surface to reveal
the deviations from a harmonic potential. Because the overtones
are particularly sensitive to bond changes, overtone spectroscopy
is an excellent method to extract information on the molecular
properties in the anharmonic part of the ground electronic state
potential energy surface.29-33

In this work, we sought to gain insight into the potential
energy surface of the two conformers of PA through the
absorption spectrum. Subtle changes in the frequency of the
carbonyl stretching modes and OH-stretching modes reflect
structural differences as well as changes in the potential energy
surfaces. The overtones of the OH-stretching modes are ideal
transitions to highlight variances in the bond properties of
multiple conformers of PA. Additionally, the occurrence of
combination bands illustrates the energy transfer possible
between the vibrational modes. The vibrational spectrum of PA
is used to understand the effect of the intramolecular hydrogen
bond on vibrational transitions at chemically relevant energies.
Excitation of molecules, such as PA, has been shown to lead to
photochemical reactions on the molecule’s ground electronic
state. The reaction barrier for decarboxylation of a keto acid or
dicarboxylic acid has been calculated between 25 and 50
kcal/mol;21,34-36 the calculated reaction barrier of pyruvic acid
is 38 kcal/mol.8,9,36 The OH-stretch can reach this barrier with
at least four quanta.17-20,37-77 For the reaction to occur, the
energy must transfer from the localized OH-stretching mode to
the reaction coordinate. Light excitation of OH vibrational
overtone transitions of PA has been shown to undergo very fast
reaction initiated by hydrogen atom chattering.36,78

Determing the spectroscopic properties of PA and other
similar organic acids is essential to understanding the role of
these compounds in the atmosphere. PA has been found, both
inthegas-phaseandonaerosols,inseveraldifferentenvironments.79-88

It is emitted directly into the atmosphere and is considered an
oxidation product of isoprene. While the mechanism is unclear,
the main removal pathway from the troposphere is through
ultraviolet photolysis. The reaction with OH radical is a minor
atmospheric pathway.1,5,10,12,88-95 As previously discussed by
Takahashi et al.,36 the overtone-induced reaction of PA is
possible in the troposphere.14,18,21,96-105

II. Experimental Section

Using Fourier transform infrared (FTIR) spectroscopy and
cavity ring-down (CRD) spectroscopy, we measured the absorp-
tion spectrum of PA from 1000 to 16 400 cm-1. FTIR allowed
for easy measurement of the lower energy transitions because
of its large frequency range and ability to acquire excellent
relative intensities. However, it does not have the sensitivity to
observe the low intensity overtone transitions. On the other hand,
CRD is able to observe the third and fourth overtones of the
OH-stretching mode due to its much longer effective path length
compared to traditional absorption spectroscopies such as FTIR.
The two techniques complement each other well to give a full
representation of vibrational transitions PA.

Fourier Transform Infrared Spectra. The mid- and near-
infrared absorption spectrum of PA was measured between 1000
and 11 000 cm-1 using FTIR at 355 K. The Bruker IFS 66v/s
instrument and sample chamber have been described previous-
ly.16,69 The mid-IR spectra were taken using two setups: a flow
cell and a static cell. While the flow cell allowed for a higher
number density and accurate relative intensities, it is only in
the static cell that absolute cross sections can be obtained. The
flow cell has a path length of 75 cm. N2 gas was bubbled through

a liquid reservoir of PA to force the sample through the cell.
The cell was wrapped in heating tape for temperature control.
The 20.6 cm static cell was used at ambient temperature and
pressure with a connected sample reservoir; the vapor pressure
was allowed to equilibrate throughout the cell. The near-IR
spectrum, from 6000 to 11 000 cm-1, was measured only in
the flow cell setup. Spectra in the flow cell were recorded at 1
cm-1 resolution, and the static cell spectra at 4 cm-1 resolution.
The FTIR technique allows for the simultaneous measurement
of all wavelengths of light, producing accurate relative intensities
of the various peaks in the fundamental vibrational range as
well as the first overtone of the OH-stretching mode.106,107

Cavity Ring-Down Spectra. The spectra collected between
12 500 and 16 400 cm-1 used pulsed CRD. CRD increases the
interaction time of the light pulse and the sample,48,108,109 since
the effective path length is 30-50 km. While the increase in
sensitivity is necessary to measure the third and higher
overtones, the instrument is limited to wavelengths between 600
and 800 nm. The CRD setup has been described in detail
previously.18,48,60,70 The 97 cm glass cell with Teflon fittings
was wrapped in heating tape to elevate the temperature inside
the cell, as previously described.60 All of the mirrors used in
the CRD experiments were from Los Gatos Research Inc. and
had a 1 m radius of curvature (all with peak mirror reflectivity,
R, of >99.997%). The spectra in the range 12 500-14 000 cm-1,
corresponding to ∆VOH ) 4, used mirrors that were centered at
13 160 cm-1. These mirrors achieved a maximum time constant
of ∼160 µs corresponding to an effective path length of ∼40
km at the experimental conditions. The ∆VOH ) 5 spectra were
not recorded at 300 K because the low number density at those
temperatures combined with the lower cross section did not
create a large enough signal; however, the transition was
recorded at 333 and 355 K. Two sets of mirrors were necessary
to observe the range between 14 700 and 16 700 cm-1, needed
for the ∆VOH ) 5 transition of the OH-stretch. The 14 700-15 900
cm-1 spectra were acquired using mirrors centered at 15 150
cm-1. This setup created a maximum time constant of ∼170
µs. Between 16 000 and 16 700 cm-1, the spectra were collected
using a third set of mirrors, centered at 16 400 cm-1 with a
peak time constant of ∼100 µs.

Sample Preparation. Fluka supplied the PA sample (purity
g 98.0%). Prior to each use, the sample was dried overnight
using molecular sieves to remove excess water. The vapor
pressure of PA showed great discrepancy in the literature. It
should be noted that the values reported by Stull are roughly 1
order of magnitude lower than the values presented by Mac-
donald et al. within our temperature region.110,111 To resolve
this discrepancy, we measured the vapor pressure at 300 K;
our measurement used a low pressure volume of ∼50 millitorr,
and we recorded the pressure created by a reservoir of liquid
PA as 1.6 ( 0.2 torr. This value was in agreement with that of
Stull111 and was used for our integrated cross section determi-
nation. The number density of each conformer was obtained
by multiplying the respective Boltzmann population ratio to the
total number density of PA. The uncertainty in the cross section
is based on the error in the intensity, which is approximately
(0.13, the temperature (∆T ) (1 K), and the vapor pressure
((0.2 torr).

III. Theory and Calculations

The structures of the two most stable conformers of PA were
calculated by the hybrid density functional theory method using
the B3LYP112,113 functional with the 6-31+G(d,p) basis set,114-118

and also by MP2119 with aug-cc-pVTZ120-122 employing the

Vibrational Spectra of Gas-Phase Pyruvic Acid J. Phys. Chem. A, Vol. 113, No. 26, 2009 7295



Gaussian 03 program.116 The optimized bond lengths from the
MP2 method are given in Figure 1. It can be seen that the
hydrogen bonding in the stable Tc conformer causes an
elongation of the OH bond compared to the Tt conformer. The
calculated frequencies and integrated cross sections are in
agreement with the previous theoretical values reported by Reva
et al.,4 giving us confidence in these calculation methods.

For the theoretical calculation of the peak position and
integrated cross section of the OH-stretching vibrational mode,
we first used a one-dimensional local mode model24,29,30,32,123-127

employing the potential energy curve and dipole moment
function obtained at the B3LYP level. The accuracy of the
B3LYP method was confirmed by performing the one-
dimensional calculations using a potential energy curve calcu-
lated by CCSD(T)128,129/6-311++G(3df,3pd)114-118 along with
a dipole moment function produced by CCSD128/6-311++G-
(3df,3pd)114-118 with the MOLPRO130 program. The dipole
moments for the CCSD calculations were performed without
orbital relaxation. In the calculations using the coupled cluster
method, we used the equilibrium geometry calculated by the
MP2 method described above.

Initial calculations based on the one-dimensional OH-stretch-
ing local mode model29,30,32,123 revealed the need for the inclusion
of coupling to other normal modes in order to accurately
reproduce the experimental spectra of higher overtones. We
therefore performed a three-dimensional vibrational calculation
including two in plane frame bending modes with fundamental
frequencies of 251 and 390 cm-1 for the Tc conformer, and
248 and 388 cm-1 for the Tt conformer (modes V15 and V16 in
Table 1).36 The three-dimensional vibrational model, which
explicitly included the potential coupling, was solved using the
variational method with harmonic oscillator basis functions. The
basis set consisted of 20 functions for the OH-stretching mode
and 15 functions each for the two frame bending normal modes.
The potential energy and dipole moment matrix elements were

obtained from Gauss-Hermite integration with 40 points for
the OH-stretching mode and 30 points each for the two frame
bending modes. Using the B3LYP method, we calculated the
potential energy and the dipole moments for the 36 000 grid
points of (ROH,Q15,Q16) while keeping the remaining normal
modes fixed at their respective equilibrium values.

For the calculation of the homogeneous width of the spectra,
we used a direct “on-the-fly” dynamics calculation employing
our previously reported method using the B3LYP method.105

From the exponential decay time of the classical analog of the
autocorrelation function, we obtained the full width at half-
maximum (fwhm) through the uncertainty principle. The inho-
mogenous width from the rotational envelope was estimated to
be 35 cm-1, and the sum of the homogeneous and inhomogenous
widths was used to simulate the spectra by a Lorentzian line
shape function. Using the Boltzmann populations of the two
conformers along with the results for the peak positions,
integrated cross sections, and full width at half-maximum for
each conformer, we simulated the OH-stretching transitions in
the spectra for ∆VOH ) 1, 2, 4. Further details on the theoretical
calculation methods are reported in Takahashi et al.36

IV. Results and Discussion

This work re-examines the previously published fundamental
vibrational spectrum of PA2-4 and extends the spectroscopic
study up to 16 ,400 cm-1 with a focus on the combination bands
and OH vibrational stretching overtones. PA has 24 normal
modes, all of which are IR active and have been seen in the
low temperature matrix;4 however, only 20 of the modes have
been identified in the gas phase.2 We clearly observe 11 of the
fundamental modes in the region from 1000 to 16 400 cm-1.
The mid-IR spectrum, obtained by FTIR, can be seen in Figure
2. Table 1 compares the previously reported experimental and
theoretical values of the fundamental vibrational transitions with
the present experimentally recorded data. Additionally, we

TABLE 1: Transition Frequencies and Line Widths in the Mid-IR Vapor-Phase Spectrum of Pyruvic Acida

mode mode description
exptl frequency

(cm-1)
lit. frequency2

(cm-1)
calcd frequency4

(cm-1)
calcd intensity4

(cm/molecule) fwhm (cm-1)

V24 C-C torsion 90 94 1.16 × 10-18

V23 CH3 torsion 134 135 1.66 × 10-20

V16 CCC bend 246 4.03 × 10-18

V15 CCO bend 384 1.56 × 10-18

V22 CdO ketone rock 392 386 2.61 × 10-18

V14 CdO acid bend 521 4.98 × 10-19

V13 C-O ketone bend 604 596 2.72 × 10-18

V21 OH torsion 668 686 1.09 × 10-17

V20 C-C symmetric stretch 730 4.48 × 10-18

V12 CdO acid rock 761 762 1.99 × 10-18

V11 CH3 rock (A′) 970 969 2.29 × 10-18

V19 CH3 rock (A′′) 1030 1021 1015 1.66 × 10-19 46
V10 C-O stretch 1133 1134 1139 9.20 × 10-18 30
V9 (+ 2V13) COH bend 1211 1218 1245 1.74 × 10-17 34
V8 CH3 symmetric bend 1360 1360 1357 3.68 × 10-17 30
V7 C-C asymmetric stretch 1391 1390 1397 1.54 × 10-17 35
V6 CH3 asymmetric bend (A′) 1424 1422 1439 1.69 × 10-18 37
V18 CH3 asymmetric bend (A″) 1431 1.94 × 10-18

V5 CdO ketone stretch 1737 1733 1715 1.08 × 10-17 36
V4 CdO acid stretch 1804 1805 1791 3.21 × 10-17 29
V3 CH3 symmetric stretch 2941 2932 2955 6.64 × 10-20 42
V2 CH3 asymmetric stretch (A′) 3025 3027 3085 6.31 × 10-19 29
V17 CH3 stretch (A′′) 3037 6.64 × 10-20

V1 (Tc) O-H stretch 3463 3463 3467 1.96 × 10-17 36
V1 (Tt) O-H stretch 3579 3582 1.49 × 10-17 68

a The experimental frequencies have an error of (4 cm-1. The literature frequencies in the vapor phase are as reported by Hollenstein et al.2

The calculated frequencies and intensities are from the results of Reva et al.4
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tentatively assign the combination bands in the range of
1000-8000 cm-1. The data for these transitions are summarized
in Tables 1 and 2. To the best of our knowledge, the cross
sections and line widths of the fundamental vibrational transi-
tions that we report have not been measured previously. Many
of the transitions are not completely resolved from one another,
making it impossible to directly measure accurate intensities.
In an attempt to quantify these overlapping transitions, we used
a superposition of Gaussian line shapes to fit these portions of
the spectrum and obtain positions, integrated intensities, and
fwhm values of the individual peaks. The majority of the bands
are within a factor of 2, in agreement between the theory and
experimental values. Figure 3 represents a comparison between
our theoretical results and experimental findings of the OH-
stretching transitions; the data for the OH-stretches is compiled
in Table 3.

Identification of Conformers. At the experimental temper-
atures (300 and 355 K), both the Tt and Tc conformers (shown
in Figure 1) are sufficiently populated to be observable in the
fundamental and the overtone spectra. As seen in Figures 2 and
3, the OH-stretch fundamental and overtone transitions give rise
to closely spaced doublets. Consistent with its lower thermal

population, the high energy Tt-peak is smaller than the low
energy Tc-peak. The intramolecular hydrogen bonding present
in the lowest energy conformer (Tc) should “soften” the
vibrational potential along the OH-stretch, thus lowering its
frequency compared to the Tt conformer. Indeed, the funda-
mental frequency of the OH-stretch is observed to be about 120
cm-1 lower for the Tc conformer and is a clear fingerprint of
the hydrogen bonding.31 The potential energy curve of a
hydrogen bonded OH-stretching mode deviates strongly from
a free OH vibrational stretch. Thus, in addition to the frequency
shift at the bottom of the potential well, there will also be large
deviations of the potential curve from the Morse-like curve of
the free OH as the H-atoms become closer to the ketonic oxygen
atom. Thus, for the overtones of the OH-stretch, the difference
in anharmonicity between the two conformers becomes more
apparent and the transitions spread further apart in energy.131

To a lesser extent, the CdO stretching modes can also reveal
the structural differences between the two conformers due to
the hydrogen bond. Studying the combination bands can also
yield information regarding the potential energy surface of the
excited O-H stretching states.

The distinction between the Tc and Tt conformers was also
analyzed theoretically. The peak positions and intensities
obtained for the one-dimensional vibrational calculation with
the B3LYP methods are shown in Table 4, while those of
CCSD(T) are given in Table 5. In Table 6, the three-dimensional
results for the pure OH-stretching mode excitations, (∆VOH, ∆V15,
∆V16) ) (∆VOH,0,0), and the pertinent combination bands,
(∆VOH,1,0) and (∆VOH,0,1), are shown. The simulated spectra
are shown in Figure 2 along with the experimental results.
Comparing the results for the two levels of quantum chemistry
presented in Tables 4 and 5, we find the peak positions obtained
with B3LYP are lower than the more accurate CCSD(T) results
by 40-200 cm-1. On the other hand, the splitting between the
Tc and Tt conformers was found to be remarkably similar
between the two methods. In the intensity results, both quantum
chemistry methods agree for the fundamental transition, while
the overtones are overestimated by a factor of 2 in the B3LYP
method. However, as shown in the sixth column of Tables 4
and 5, the ratio between the OH-stretching transitions of the
Tc and Tt conformers is clearly reproduced, giving us confidence
in using the B3LYP method to give the relative intensity of the
two conformers in the three-dimensional model. Note that the
sum of the absorption cross sections of the pure and two

Figure 2. Observed vapor-phase FTIR spectra of pyruvic acid between 1000 and 5000 cm-1. The fundamental transitions are labeled by the mode
numbers. Some of the combination bands are magnified in the insets. (*) indicates water vapor impurity, and (#) is CO2 impurity. The spectrum was
recorded at 355 K.

TABLE 2: Assignments for Observed Combination Bands:
Frequencies and Line Widths

mode exptl frequency (cm-1) fwhm (cm-1)

V10 + V24 1224
V9 + V24 1296 35
V4 + V24 1891 52
V8 + V13 1966 54
V4 + V16 2062 37
V8 + V12 2119 38
V9 + V11 2178 65
V5 + V14 or 2V10 2268 29
V4 + V20 2515 48
V8 + V9 2565 31
V9 + V6 2642 25
V5 + V11 2704 37
V4 + V7 3199 28
V3 + V9 4145 28
V1 + V20 4200 79
V1 + V11 4418 90
V1 + V10 4589 49
V1 + V9 4668 40
V3 + V4 4729 60
V1 + V7 4851 40
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combination transitions at each ∆VOH in the three-dimensional
calculation is nearly equal to the one-dimensional results for
the overtone transitions, consistent with the usual idea of
intensity sharing.

Fundamental Carbonyl Stretching Transitions. Pyruvic
acid contains two carbonyl functional groups, which have
distinct CdO stretching vibrational frequencies. The ketonic
carbonyl (V5) is found to have a lower frequency centered at
1737 cm-1, which agrees well with theory4 and previous
observation.2,3 This mode appears as a doublet and can be seen
in Figure 2, unobscured by a slight gas-phase water impurity

on the lower energy side of the transition. The ketonic carbonyl
stretch has an integrated cross section of 1.0 ( 0.1 × 10-17

cm/molecule, which reflects its large intensity in the spectrum.
The higher energy carbonyl stretch is that of the acid group

(V4) with a frequency centered at 1804 cm-1. Previous work
assigned this fundamental to the second overtone of the ketonic
carbonyl bend (V13) in resonance with the combination band
V9 + V13.2 This carbonyl stretch also appears with a doublet
structure that Hollenstein et al. assigned as the P and R branches
of rotation.2 The acidic carbonyl stretch is the most intense
feature in the spectrum and has an integrated cross section of
1.6 ( 0.2 × 10-17 cm/molecule. The large intensity of the
transitions and strength of the CdO bond make the hydrogen
bond effects more difficult to observe or quantify.

The ketonic CdO stretch does show a marked perturbation
between the two conformers due to its involvement in the Tc
conformer’s hydrogen bond. The work of Eliason et al. reports
that, for general carboxylic acid dimers, the CdO stretching
mode is red-shifted by hydrogen bonding compared to the free
CdO stretch.16 This red-shift of the CdO stretching
mode frequency for long chain organic acids was found to be
approximately 70 cm-1. In PA, the effect on frequency of the
CdO stretch of the ketone is smaller, since it is an intramo-
lecular hydrogen bond. The peak for the V5 fundamental
transition shows a small shoulder on the blue side corresponding
to the non-hydrogen bonded Tt conformer. The main part of
the peak is due to the more stable Tc conformer. The frequency
shift between the two conformers is 23 cm-1 with the shoulder
lying at approximately 1760 cm-1. The theoretical calculations
predict differences in these frequencies of 15 cm-1. We note
that for the matrix spectra of PA the spacing is 20.9 cm-1.4

The large absorption coefficient of the Tc conformer’s carbonyl
stretches obscures the smaller transition of the Tt conformer’s

Figure 3. Spectrum of OH-stretch transitions. The top panels depict the experimental result for the fundamental transition, the first overtone, and
the third overtone. Both conformers are observed in each panel. The bottom panels are the theoretical results for the corresponding transitions. The
results are reported in terms of absorption coefficient, R (cm-1), the product of the number density, and the absorption cross section. These spectra
were recorded at 355 K.

TABLE 3: Observed Frequencies and Widths with the Theoretical Results of the O-H Stretching Transitions 0fWa

Tc conformer Tt conformer

V T (K)
exptl frequency

(cm-1)
calcd frequency

(cm-1)
exptl fwhm

(cm-1)
calcd fwhm

(cm-1)
exptl frequency

(cm-1)
calcd frequency

(cm-1)
exptl fwhm

(cm-1)
calcd fwhm

(cm-1)

1 358 3467 3445 37 35 3579 3583 64 35
2 358 6696 6702 69 79 6975 7007 71 38
4 355 12 920 12 663 414 247 13 311 13 394 56 46
5 355 15 401 366 16 237 16 375 78 58

a The theoretical frequencies were obtained using the 3D model of vibrational dynamics. The theoretical widths were obtained from
dynamical simulation (ref 36).

TABLE 4: Peak Positions and Integrated Cross Sections
Calculated by the 1D Local Mode Model (B3LYP/
6-31+G(d,p)

VOH

frequency
(cm-1)

int cross section
(cm/molecule)

frequency
(cm-1)

int cross
section

(cm/molecule)
Tc/Tt
int abs

1 3457 1.90 × 10-17 3585 1.13 × 10-17 169%
2 6739 5.74 × 10-19 7011 8.94 × 10-19 64%
3 9849 4.03 × 10-20 10 282 5.16 × 10-20 78%
4 12 794 3.64 × 10-21 13 402 4.34 × 10-21 84%
5 15 577 4.59 × 10-22 16 374 5.00 × 10-22 92%

TABLE 5: Peak Positions and Absorption Intensities
Calculated by the 1D Local Mode Model (CCSD(T)/
6-311++G(3df,3pd) Potential Energy Curve and CCSD/
6-311++G(3df,3pd) Dipole Moment Functions)

VOH

frequency
(cm-1)

int cross
section

(cm/molecule)
frequency

(cm-1)

int cross
section

(cm/molecule)
Tc/Tt
int abs

1 3502 1.90 × 10-17 3626 1.06 × 10-17 179%
2 6824 3.49 × 10-19 7087 5.49 × 10-19 64%
3 9973 2.14 × 10-20 10 389 2.49 × 10-20 86%
4 12 953 2.07 × 10-21 13 536 1.98 × 10-21 105%
5 15 770 3.03 × 10-22 16 530 2.57 × 10-22 118%
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ketonic CdO stretching mode. The acidic CdO stretching mode
is not affected by the intramolecular hydrogen bond, and our
spectrum reflects this.

OH-Stretch Fundamental and Overtone Transitions. The
experimental and theoretical results for the OH-stretch transitions
are given in Table 3. The fundamental O-H stretching transition
from the FTIR is found to lie at 3463 cm-1. It is an intense
feature and is in good agreement with both Hollenstein’s
previous work2 and our theoretical results. The observed band
shape is an off-set maximum, which Hollenstein et al. suggests
as the AB band shape.2 The fwhm is 37 cm-1, which is similar
to the other fundamental modes measured and can be attributed
to inhomogeneous broadening. A feature to the high energy side
of the OH vibrational stretch centered at 3579 cm-1 has been
identified as the OH-stretch of the higher energy Tt conformer,
which is in agreement with the calculated results (3583 cm-1).
The Tt conformer’s OH-stretching transition has also been seen
by Schellenberger et al.3 In addition, Reva et al.4 observed this
second conformer in a low temperature argon matrix at 3556.1
cm-1. Our observed feature of the Tt conformer is much smaller
than the analogous Tc transition, which we primarily attribute
to the large difference in the populations of the conformers.
The OH-stretching fundamental transition of the Tt conformer
is partially obscured by water impurity; additionally, the work
of Reva et al.4 suggests that some of the intensity at 3584 cm-1

is due to an overtone of the carboxylic acid carbonyl stretch of
the stable conformer. This overlap precludes observing a
meaningful cross section and bandwidth for the fundamental
OH-stretch of the Tt conformer. Our theoretical calculations
predict an integrated cross section of 1.9 × 10-17 cm/molecule
for the Tc conformer’s OH-stretching mode and 9.2 × 10-18

cm/molecule for the Tt conformer. This trend in the calculated
cross section fits with the discussion of the hydrogen bond’s
effect on the dipole moment function. Our measured integrated
cross section for the Tc conformer’s cross section is 7.8 ( 1.0
× 10-18 cm/molecule.

The first overtone, ∆VOH ) 2, is shown in Figure 3. The Tc
conformer was seen at 6696 cm-1, and the Tt conformer was
centered at 6975 cm-1. The vibrational bands of ∆VOH ) 2 have
fwhm values of 69 and 71 cm-1, respectively. The increase in
the width compared to the fundamental transitions (36 and 68
cm-1, respectively) can be attributed to the lower intensity and
inferior signal-to-noise ratio. It is apparent from Figure 3 that
there is a change in the ratio of the peak areas as the integrated
intensities become closer in value. The calculations suggest that
this is primarily due to the larger integrated cross section for
the Tt conformer compared to the Tc conformer in the ∆VOH )
2 transition, although a small portion may be attributed to
combination bands of the Tc conformer.

As seen from the theoretical results, the fundamental for the
Tc conformer has twice the cross section of the Tt conformer,
while for the first overtone this relationship reverses and the
integrated cross section of the Tc conformer is about one-half
that of the Tt conformer. This aspect of a hydrogen bonded
system has been analyzed by Kjaergaard and co-workers,24,102,127

where the small intensity for the hydrogen bonded OH-stretching
mode first overtone was attributed to the cancellation of the
contributions coming from the linear and second order terms
in the dipole moment function. Similar analysis was performed
on the present system, and we also see the cancellation of the
first two terms in the dipole moment function along the OH-
stretching coordinate for the Tc conformer (see Table 7). The
physical origin for this feature is still not understood.

When a hydrogen bond is present, the first overtone transition
has a larger drop in intensity compared to a free OH oscillator.
As a qualitative measurement, a larger drop in the intensity
corresponds to a stronger hydrogen bond. This trend was
recognized in the work Kjaergaard and co-workers.19,24 Their
results illustrate that where an intramolecular hydrogen bond
is present, the oscillator strength of the first OH overtone is
weaker than that of its free analogue. Howard and Kjaergaard19

suggest that the hydrogen bond becomes stronger when the
carbon chain length between the alcohol groups is increased.
Our PA results are consistent with those reported for ethylene
glycol,19 which also contains a hydrogen bond between adjacent
carbons. The drop in intensity of the Tc conformer contrasted
to the Tt conformer is further proof that the hydrogen bond is
present, though relatively weak when compared to other
molecules (e.g., water, 1,3-propanediol, 1,4-propanediol, glycolic
acid).18,19,24

The third overtone of the OH vibrational stretching mode,
∆VOH ) 4, showed a larger splitting between the two conformers
than the lower transitions. The lower energy Tc-peak has
dramatically broadened compared to the ∆VOH ) 1 and 2 cases
and yields a feature centered at 12 920 cm-1 with a fwhm of
414 cm-1. The Tt-peak lies at 13 311 cm-1 and remains narrow
with a fwhm of 56 cm-1. Our theoretical predictions suggest
that the cross sections for the two conformers are roughly equal
so that the integrated peak areas predominantly reflect their
Boltzmann populations. The integrated intensity of the Tc-peak
is ∼12 times that of the Tt-peak.

The fourth overtone, ∆VOH ) 5, was only clearly observed
for the Tt conformer. As seen in Figure 4, it yields a peak

TABLE 6: Peak Positions and Absorption Intensities
Calculated by the 3D Model (B3LYP/6-31+G(d,p)

modes
∆νOH ∆νfb1 ∆νfb2 frequency (cm-1)

int cross section
(cm/molecule)

Tc
1 0 0 3445 1.96 × 10-17

1 0 1 3697 4.04 × 10-20

1 1 0 3830 5.76 × 10-20

2 0 0 6702 5.25 × 10-19

2 0 1 6953 2.26 × 10-20

2 1 0 7084 2.21 × 10-20

3 0 0 9774 3.32 × 10-20

3 0 1 10025 3.26 × 10-21

3 1 0 10152 3.31 × 10-21

4 0 0 12663 2.58 × 10-21

4 0 1 12916 4.58 × 10-22

4 1 0 13038 5.19 × 10-22

5 0 0 15401 2.64 × 10-22

5 0 1 15655 7.25 × 10-23

5 1 0 15774 9.31 × 10-23

Tt
1 0 0 3583 1.13 × 10-17

1 0 1 3832 9.85 × 10-22

1 1 0 3970 2.94 × 10-21

2 0 0 7007 8.95 × 10-19

2 0 1 7254 1.63 × 10-22

2 1 0 7392 7.63 × 10-23

3 0 0 10275 5.14 × 10-20

3 0 1 10521 7.92 × 10-23

3 1 0 10660 4.21 × 10-23

4 0 0 13394 4.29 × 10-21

4 0 1 13637 1.64 × 10-23

4 1 0 13777 6.77 × 10-24

5 0 0 16375 4.94 × 10-22

5 0 1 16617 3.1 × 10-24

5 1 0 16758 1.05 × 10-24
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centered at 16 237 cm-1 with a fwhm of 78 cm-1. The Tc
conformer apparently broadened massively, and it is observed
only as an indistinct enhancement of the background on the
low energy side of the Tt-peak.

Birge-Sponer plots of the OH-stretch transition for both
conformers are presented in Figure 5. The Tt conformer gives
rise to a very linear plot, with a harmonic frequency of 3743
cm-1 and an anharmonicity of 83 cm-1, in agreement with other
organic and inorganic acids studied.18-20,48,52,53,58,65,69,70 The
theoretical results for the pure OH-stretch transitions of Tt
obtained with the 3D model give a harmonic frequency of 3735
cm-1 and an anharmonicity of 77 cm-1, which is in approximate
agreement with experiment. It is known that the anharmonicity
calculated using the present method should be underestimated
by ∼10%.123 The Birge-Sponer plot for the Tc conformer was
more ill-defined, since it was difficult to uniquely determine
the peak position of the broad ∆VOH )4 transition. Given the
uncertainty in the νmax for the third overtone, we represent the
frequency range between 12 700 and 13 000 cm-1 in Figure 5.

Using the value of 12 700 cm-1 as the peak position, the result
is a harmonic frequency of 3617 cm-1 and an anharmonicity of
95 cm-1, which is likely an upper limit of the anharmonicity.
The theoretical prediction (for which there are unique transition
frequencies) gives an anharmonicity of the Tc conformer of 85
cm-1 which is 10% higher than for the Tt conformer.

It is useful to compare the present results for PA to the
Birge-Sponer analysis of other organic compounds containing
the OH-stretching mode. Organic compounds generally have
an OH-stretching mode anharmonicity of between 80 and 85
cm-1, similar to the Tt conformer of PA. The anharmonicity of
the Tc conformer and other hydrogen bonded OH-stretches is
expected to be higher than that of free OH-stretches because of
the softening of the potential along the stretching coordinate.
Studies of catechol and 1,4-butanediol suggest that where a
strong intramolecular hydrogen bond is present, the difference
between the free OH-stretching anharmonicity and that of the
hydrogen bonded OH is approximately 5 cm-1.19,20 Glycolic acid
(GA) is another case where intramolecular hydrogen bonding
occurs and where there is an additional free OH for comparison.
In GA, the anharmonicity of the acidic (free) OH-stretch is 80.3
cm-1 while that for the hydrogen bonded alcohol OH-stretch is
82.2 cm-1.18 The difference in anharmonicities (free versus
hydrogen bonded) for GA is much smaller than that between
the conformers of PA. It is interesting to note that the hydrogen
bond length in Tc-PA is shorter by 0.07 Å18,36 than its analogue
in GA. Thus, it reasonable to expect that the OH-stretching
potential is more highly distorted in PA and, hence, that its
anharmonicity is greater. In fact, the higher OH-overtone states
of Tc-PA are known36 to be strongly affected by the proximity
of a saddlepoint for the decarboxylation reaction PA f
CH3COH + CO2. This would be expected to enhance the
anharmonicity of Tc-PA even more compared to the apparently
nonreactive conformer of GA in question.

It is interesting to review the origin of the line shape changes
that are observed in the OH-stretch overtone progression. The

TABLE 7: Contributions from the Linear, Second, and Third Order Terms of the Dipole Moment Function in the Transition
Moment

µ1〈0|∆R|V〉a µ2〈0|∆R2|V〉a µ3〈0|∆R3|V〉a sum

Tc
V ) 1 1.13 × 10-1 1.55 × 10-3 9.87 × 10-5 1.15 × 10-1

V ) 2 1.34 × 10-2 -2.35 × 10-3 -5.56 × 10-5 1.10 × 10-2

Tt
V ) 1 8.45 × 10-2 -3.47 × 10-3 -8.50 × 10-4 8.02 × 10-2

V ) 2 9.59 × 10-3 5.57 × 10-3 4.66 × 10-4 1.56 × 10-2

a The dipole moment function in the direction of OH is given as µ(R) ) µ(Req) + Σi)1µi(R - Req)i ) µ(Req) + Σi)1µi∆Ri.

Figure 4. Observed fourth overtone of the OH-stretching mode of the Tt conformer of pyruvic acid at 355 K. The fourth overtone of the OH-
stretch of the Tc conformer is too broad to be seen using our instrument.

Figure 5. Birge-Sponer plots for the OH-stretching mode of the two
conformers of pyruvic acid. In the Tc conformer, the V ) 4 value is
represented as a range to account for the uncertainty in the peak position.
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line widths obtained for the Tc and Tt conformers in the ∆VOH

) 1 and 2 transitions are roughly equal and completely
consistent with inhomogeneous broadening. Indeed, an earlier
theoretical estimate36 of the thermal rotational envelope is in
approximate agreement with the present experiments. The
profound growth of the line width for ∆VOH ) 4 in the Tc
conformer, while the Tt-peak remains narrow, suggests a
homogeneous broadening mechanism that is selective to the Tc-
species. In the standard interpretation of vibrational bandwidths,
the homogeneous width is derived from the decay of the bright
state (presumably the excited OH-stretch local mode) as a
function of time. This decay, or decorrelation, can result from
intramolecular energy transfer or other processes such as
chemical reaction. In earlier work,36 we clearly established that
the dramatic increase in line width in Tc-PA was due to the
onset of hydrogen atom chattering dynamics that occurred
readily for higher overtones of Tc-PA but was absent for Tt-
PA. The chattering dynamics,78 in which the hydrogen atom
undergoes fast exchange between the two oxygen atoms, was
found to yield rapid decay of the initial excitation into the other
vibrational modes, including the reaction coordinate. Consistent
with this, there is a growth of combination bands involving the
two frame bending mode that is partly responsible for the large
line widths in Tc-PA. In the Tc conformer, the intensity ratio
of the pure overtone to the combination band is ∼1000:1 in the
fundamental region, while it drastically increases to 5:1 for the
∆VOH ) 4 transition. It should be noted that in the Tt conformer
this ratio is still small (∼100:1) even for the ∆VOH ) 5 transition.

Combination Bands. A variety of combination bands are
observed in the spectrum that have not been previously assigned.
The assignments of these combination bands have been aided
by the use of the relative intensity to the fundamental transitions.2,4

It was assumed that a combination band will have very little
intensity if the fundamental transition is also weak. In Table 2,
we have assigned several combination bands in the range of
1000-5000 cm-1. The two insets in Figure 2 show the regions
where we were able to locate these low intensity transitions.
The lower energy inset in Figure 2 spans the range from 1850
to 3300 cm-1, and the higher energy inset encompasses
4100-4850 cm-1, showing the progressions of combination
bands.

Several progressions of combination bands are seen in the
spectrum. One particular progression of interest is the O-H
stretching mode and appears in the higher energy inset in Figure
2; the strongest of these transitions is V9 + V1 centered at 4668
cm-1. The other transitions are V1 + V20, V1 + V11, V1 + V10, and
V1 + V7, which occur at 4200, 4418, 4589, and 4851 cm-1. The
observation of combination bands suggests the existence of
anharmonic cross terms between the two modes in the potential
and/or in the dipole moment function. The appearance of
combination bands also suggests a coupling of the two
vibrational modes where energy can transfer. The C-C sym-
metric and asymmetric stretching modes also appear in com-
bination with the OH-stretching mode in the higher energy
overtones.

V. Conclusions

The vibrational spectroscopy of gas-phase PA was examined
with special emphasis given to the behavior of the OH-stretching
mode. The fundamental transition frequencies and the line
widths are reported for 11 modes. A total of 20 combination
bands were assigned. The spectrum was extended to high
frequencies employing CRD spectroscopy, and the OH-stretch-
ing overtones with up to five quanta were also observed. PA

proved an ideal system for studying the role of an intramolecular
hydrogen bond on vibrational spectra, since two rotational
conformers could be clearly observed at room temperature. The
OH-stretching transitions of the non-hydrogen bonded Tt
conformer behave as a typical local mode oscillator, with a linear
Birge-Sponer plot and relatively narrow vibrational bandwidths.
In contrast, the hydrogen bonded Tc conformer shows strong
modifications in frequency, intensity, and line width due to the
presence of the hydrogen bond. The pronounced differences in
the line width of the two conformers’ third OH-stretching
overtone reveal a shortened excited-state lifetime for the Tc
conformer. Our theoretical results suggest that this broadening
is the result of78 the onset of chattering motion of the hydrogen
atom between the two oxygen atoms, which is not available to
the Tt conformer.18,36 We believe that changes in the O-H
potential of the Tc conformer increase the anharmonicity, which
is supported by the frequencies of the OH-stretch and its
overtones in comparison to the Tt conformer. The high energy
OH-stretching overtones absorb red light and may strongly affect
the processing of PA and other organic acids in the troposphere
where red light is abundant.
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