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a b s t r a c t

The pure rotational spectrum of perfluoropropionic acid, CF3CF2COOH, has been studied by a pulsed nozzle,
chirped-pulse Fourier transform microwave spectrometer in the frequency range of 8–14 GHz. A total of 81
transitions, including a-type, b-type, and c-type transitions have been observed and analyzed. The
rotational constants and the five quartic centrifugal distortion constants were determined for the first time.
The rotational constants are A = 1893.5299(4) MHz, B = 1175.7031(4) MHz, and C = 1118.2017(5) MHz.
Quantum chemical calculations and the spectral analysis indicate that the observed conformer is the
gauche form of perfluoropropionic acid with calculated dihedral angles \CCCO = 106� and 107� from
MP2/6-311G++(3df, 3pd) and MP2/Aug-CC-pVDZ calculations, respectively. The experimental spectro-
scopic constants are compared to those obtained from ab initio calculations.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Perfluorinated compounds (PFC) have been increasingly applied
in many commercial and industrial processes over the past years.
Since these compounds are known to last for a very long period
of time, concerns have been raised on their possible contamina-
tions of the environment, particularly the groundwater. The
short-chain PFCs including perfluoropropionic acid (PFPA) are
more water-soluble and thus pose more serious contamination
concerns. More detailed study on these PFCs and their interactions
with water are needed in order to better understand this.

To the authors’ best acknowledge, no microwave spectroscopic
studies on gaseous PFPA have been reported before, but it has been
the target of a series of vibrational spectroscopic studies. Crowder
[1] studied the infrared and Raman spectra of PFPA and concluded
that the ACF3CF2 is less electronegative than the ACF3 group. Rontu
and Vaida [2] reported their vibrational measurement of PFPA from
1000 cm�1 to 11000 cm�1. They also applied the B3LYP/6-311G
[2d,2p] method to calculate the potential energy surface (PES) of
PFPA along the O@CAOAH dihedral angle. They further reported
[3] mid-IR, far-IR, and visible vibrational spectra of PFPA using
Fourier transform and cavity ring down spectroscopy to explore
the possibilities of using vibrational overtone-pumping to allow
sunlight-initiated photochemical treatment of perfluorocarboxylic

acids. Badawi et al. [4] carried out DFT-B3LYP/6-311+G�� and ab
initio MP2/6-311+G�� calculations on the conformers of PFPA. They
also calculated the potential energy curve and found that the gauche
form is the most stable form. From their calculations, PFPA exits in
both gauche and cis conformations at room temperature, with calcu-
lated populations of 76% and 24%, respectively.

Microwave spectroscopy is known to be an ideal technique to
study molecular structures. Notably, the Howard group character-
ized a series of similar molecules as well as their hydrates using the
FTMW technique. For example, FTMW spectroscopy of propanoic
acid, CH3CH2COOH, and its mono- and di-hydrates have been re-
ported [5]. The rotational constants have been improved over pre-
vious values [6]. Trifluoroacetic acid (CF3COOH) has also been
studied using microwave spectroscopy [7,8]. Grubbs et al. recently
also reported the rotational study of perfluoropropionyl chloride
[9] and perfluorobutyryl fluoride [10].

In order to obtain more detailed structural information on PFPA
and its water complexes, a microwave study was initiated using a
chirped-pulse Fourier transform microwave spectrometer. This pa-
per will focus on PFPA monomer. The analysis of the hydrates of
PFPA will be reported in a separate paper. No previous experimen-
tal structures of PFPA were available. To assist in obtaining the
complete structure for PFPA, ab initio calculations have been car-
ried out. The spectrum of the gauche form of PFPA was predicted
from the calculated structural parameters. The results of this spec-
troscopic and theoretical study are reported herein. The spectra
analysis of the PFPA monomer builds a good base for further inves-
tigations of the water complexes of PFPA.
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2. Experiment and ab initio calculations

The PFPA sample was purchased from Aldrich Chemical Co.,
Milwaukee, WI with a stated purity of 97%, and the sample was
used without further purification. The microwave spectra were
obtained on the chirped-pulse Fourier-transform microwave

spectrometer of the Southern New England Microwave Consortium
located at Wesleyan University. The argon carrier gas was bubbled
through the sample and pulsed through a solenoid valve (Parker–
Hannefin Series 9) into a region between two horn antenna held
in a vacuum at less than 10�4 Torr. A 4–6 ls pulse of a fast linear
frequency sweep (chirp) of microwave radiation spanning a
2 GHz region was broadcast onto the supersonically expanding
solution of PFPA. The spectra were recorded in three 2 GHz ranges,
8–10 GHz, 10–12 GHz, and 12–14 GHz. Macroscopic molecular
polarization was achieved and, after removal of the chirped micro-
wave pulse, the ensuing molecular free induction decay was
detected, amplified, digitized and fast Fourier transformed on an

Fig. 1. A portion of spectrum for PFPA. The enlarged section of the spectrum shows
several J = 5 4 transitions.

Table 1
The equilibrium structural parameters (Å and deg) and dipole moment (debye) for gauche PFPA.

Structural parameters MP2/aug-pvdza MP2/6-311G++(3df, 3pd)a MP2/6-311+G��b B3LYP/6-311+G��b

Bond length (Å)
rC3AC2 1.545 1.543 1.542 1.558
rC1AC2 1.545 1.541 1.543 1.5551
rO4AC1 1.212 1.199 1.203 1.194
rO5AC1 1.349 1.335 1.339 1.337
rF6AC3 1.343 1.325 1.330 1.335
rF7AC3 1.351 1.331 1.336 1.343
rF8AC3 1.345 1.326 1.333 1.336
rF9AC2 1.356 1.335 1.344 1.345
rF11AC2 1.366 1.345 1.350 1.358
rO5AH10 0.975 0.968 0.970 0.970

Bond angle (deg)
\C1C2C3 113.2 112.7 112.7 114.0
\O4C1C2 123.3 123.2 122.8 123.1
\O5C1C2 110.0 110.2 110.3 110.4
\F6C3C2 110.2 109.8 110.2 110.2
\F7C3C2 109.3 109.2 109.4 109.5
\F8C3C2 110.8 110.8 110.4 111.1
\F9C2C3 107.6 107.7 107.7 107.7
\F11C2C3 107.9 108.2 108.0 108.2
\H10O5C1 106.7 106.9 106.8 108.4

Dihedral angle (deg)
sF6C3C2C1 7.4 7.8 4.6 9.2
sF7C3C2F6 119.7 119.6 119.9 119.5
sF8C3C2F6 �120.5 �120.4 �120.4 �120.5
sF9C2C3C1 120.4 120.1 120.2 120.5
sF11C2C3C1 �122.3 �122.1 �122.5 �122.3
sO4C1C2C3 105.9 107.0 99.6 112.4
sH10O5C1O4 �0.4 �0.3 �1.2 0.2

Dipole moment (debye)
2.40 2.35 2.46 2.44

a This work.
b Ref. [4].

Fig. 2. The structure of the gauche form of PFPA.
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