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A B S T R A C T

The rotational spectrum of trifluoroacetic acid has been recorded at room temperature in the 18–26 GHz
frequency range using a chirped-pulse Fourier transform microwave (CP-FTMW) spectrometer. More than 180
new spectral lines have been identified and assigned to transitions within the vibrational ground state. A global
fitting has been performed by incorporating spectroscopic data from previous studies, leading to the refinement
of the molecular parameters. Two fitting models using Watson’s 𝑆-reduction and 𝐴-reduction are proposed,
allowing the determination of ℎ3 for the first model and 𝛷𝐽𝐾 , 𝛷𝐾𝐽 , and 𝜙𝐾 for the second one.
1. Introduction

Trifluoroacetic acid (TFA, CF3COOH) is the smallest perfluoroalkyl
carboxylic acid (PFCA), composed of a fluorocarbon tail (CF3) and
a carboxylic (COOH) terminal group. TFA is considered a volatile
organic compound (VOC), but also fully miscible in water and classified
as very persistent and very mobile (vPvM). TFA is released into the
environment by various anthropogenic sources [1] whereas its natural
occurrence is still debated [2]. TFA is produced synthetically for use in
the chemical industry and it is also formed as a by-product of the degra-
dation of some hydrochlorofluorocarbons (HCFC) and hydrofluorocar-
bons (HFC) used mainly as refrigerants as well as hydrofluoroolefins
(HFO) [3]. However, its concentrations in certain environmental com-
partments have considerably increased over the last decades [2] be-
ing now order of magnitudes higher than those of other per- and
polyfluoroalkyl substances (PFAS) [1]. Microwave spectroscopy is a
suitable technique for monitoring this class of compounds in the at-
mosphere [4–6]. A variety of PFCA has already been studied with this
techniques, starting from TFA [7–9] to other linear molecules with
progressively longer carbon chains, such as: perfluoropropionic acid
(CF3CF2COOH [10]), perfluorobutyric acid (CF3(CF2)2COOH [11]),
perfluoropentanoic acid (CF3(CF2)3COOH [12]) and perfluorooctanoic
acid (PFOA, CF3(CF2)6COOH [13]). For all systems only the global
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minimum conformer has been observed and assigned except for perflu-
orooctanoic acid for which six conformers were observed and assigned.
For all of them, only the cis conformation of the hydroxyl group with
respect to the carbonyl unit has been observed.

Focusing on TFA, multiple studies of the molecule’s rotational spec-
trum have been performed over the years. In 1985 Stolwijk and van
Eijck published the first microwave spectroscopy study on TFA, per-
formed in the range 17 to 40 GHz using a conventional cell [7].
The recorded spectrum was complicated and additional measurements
employing radiofrequency-microwave double resonance (rf-mw DR)
and microwave–microwave double resonance (mw–mw DR) techniques
were used for the identification of the observed features. These methods
allowed for the assignment of rotational transitions of the vibrational
ground state and the vibrational excited states of the C–C torsion mode,
up to 𝑣 = 4. A hyperfine structure of the spectrum due to the -CF3 inter-
nal rotation tunnelling effect was observed for 𝑣 = 3, 4 and 5, and the
internal rotation barrier was determined 𝑉3 = 241.8(5) cm−1. Further
measurements on the deuterated form TFA-D allowed the determina-
tion of the position of the hydroxyl hydrogen atom, confirming that its
orientation is cis to the C=O group. No other conformers were observed.

In 1999 Antolinez et al. published the spectra of TFA and TFA-
D recorded in the 1–24 GHz frequency region using two different
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Fig. 1. Room temperature CP-FTMW spectrum of TFA recorded with 400,000 signal averages (black upper trace) with the simulation of 𝜇𝑎-type (red lower trace) and 𝜇𝑏-type
(blue lower trace) spectrum at 𝑇 = 303 K.
molecular beam Fourier transform microwave (MB-FTMW) spectrom-
eters [8]. New transitions were reported and the deuterium nuclear
quadrupole coupling constants were determined. Moreover, the 13C and
18O isotopologues were observed in natural abundance allowing for the
determination of a partial substitution structure.

In 2007, during the MB-FTMW investigation of the hydrated clusters
of TFA in the 6.5–18 GHz spectral region, Ouyang et al. measured some
new transition lines of the TFA monomer [9]. As regards the observed
TFA:water1,2,3 species, all adopt a closed-ring structure stabilized by
hydrogen bonds. Based on these results it was estimated that 8%
of TFA is expected to form the monohydrated species under typical
atmospheric conditions.

Many advancements have been made, particularly in developing
chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy,
which has revolutionized the field since its invention in 2006 [14].
This technique allows for the collection of broadband, high-resolution
microwave spectra at a rate several orders of magnitude faster than
traditional methods. As a result, it has significantly enhanced the de-
termination of molecular structures, particularly for increasingly com-
plex systems. The ability to rapidly acquire spectral data has opened
up new possibilities in molecular spectroscopy, enabling the study
of larger molecules and reactive intermediates, as well as facilitat-
ing more detailed investigations into chemical kinetics and reaction
dynamics [15].

Today, CP-FTMW spectroscopy is frequently employed in combi-
nation with supersonic expansions, which significantly simplifies the
recorded spectrum by reducing rotational temperature and narrowing
the population distribution across the lowest rotational levels of the
fundamental vibrational level [16–18]. Nonetheless, there are numer-
ous examples where CP-FTMW spectroscopy has also been applied
to record rotational spectra at room temperature using conventional
cells [19–21]. This approach offers the advantage of studying the rota-
tional spectra under conditions closer to the atmospheric environments,
and enables the observation of rotational lines not present in molecular
beam-based spectra and vibrationally excited states’ rotational spectra.
However, the spectra obtained at room temperature in conventional
cells tend to be densely packed with rotational transitions, particularly
for larger molecules with higher molecular masses. This density may
complicate the spectral analysis, especially in the absence of reference
data, making the assignment of transitions more challenging. In this
work, we present a new investigation of the rotational spectrum of TFA
at room temperature using a K-band chirped-pulse Fourier transform
microwave (CP-FTMW) spectrometer in a conventional cell, operating
2

in the 18–26 GHz frequency range. The newly acquired data, combined
with those from previous investigations, are employed to perform a
comprehensive global fit of the rotational spectrum of the molecule’s
vibrational ground state.

2. Experimental methods

TFA (CAS Registry Number 76-05-1; MW = 114.02 g/mol) was
obtained from Merck with a declared purity 99% and used without
further purification. TFA appears as a colourless liquid and its vapour
pressure is 15.8 kPa at room conditions. The rotational spectrum was
recorded using a commercial segmented K-Band chirped-pulse Fourier
Transform Microwave spectrometer (CP-FTMW), also referenced as
Fourier Transform Molecular Rotational Resonance spectrometer (FT-
MRR) purchased from BrightSpec. The instrument works in the 18–
26 GHz frequency region with an instantaneous bandwidth of 30 MHz
and a repetition rate of 50 kHz using a 10 MHz rubidium frequency
standard to maintain frequency stability. The recorded lines have an
uncertainty of 30 kHz and transition lines separated by 300 kHz are
distinguishable. To generate the chirped pulses, the system relies on
a phase-locked loop synthesizer with arbitrary waveform generator
(AWG) modulation, which is then amplified by a solid-state power
amplifier (SSPA) delivering about 2 W. The spectrometer is coupled
with a 65 cm long transmission cell with Teflon focusing lenses. The
emitted signal, referred to as free induction decay (FID), is detected by
a double-balanced heterodyne mixer connected to a 125 MS/s 14-bit
Digitizer with FPGA Signal Averaging and real-time signal averaging
capabilities. The sample is introduced into the spectrometer by col-
lecting the headspace vapour from a vial, containing the sample, and
fluxing it into the transmission cell using a system of rotary pump and
diffusive pump. A constant flow from the vial to the cell was maintained
by the pump system, ensuring a stable pressure of 2.5 mTorr and a
temperature of 303 K. The spectrum has been recorded using a pulse
of 0.4 μs with four hundred thousand signal averages.

3. Computational methods

Geometry optimization and vibrational frequency calculations on
TFA were performed with the Gaussian16® software package (G16,
Rev. A.03)1 using the valence triple-zeta quality Dunning correlation

1 Gaussian is a registered trademark of Gaussian, Inc. 340 Quinnipiac St.
Bldg. 40 Wallingford, CT 06492 USA.
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consistent polarized type basis set augmented with diffuse functions
(aug-cc-pVTZ [22]) in combination with the Møller-Plesset second-
order perturbation theory (MP2 [23]). The anharmonic force field was
evaluated via the generalized second-order vibrational perturbation
theory (GVPT2 [24,25]) and the corresponding output file can be found
in the AMS Acta [26].

4. Results

The recorded spectrum of TFA, a prolate rotor (𝜅 = −0.53), is
reported in Fig. 1. Over 1000 transition lines with S/N ratio > 3
have been detected. Among them, 184 were assigned to the vibrational
ground state, in particular 7 lines are 𝜇𝑎-R-type and 4 are 𝜇𝑏-R-type
corresponding to lower 𝐽 = 2–5, while 32 are 𝜇𝑎-Q-type and 141 are 𝜇𝑏-
Q-type with lower 𝐽 = 8–52. The list of the measured lines is reported
in Table 1. The new set of lines has been used to perform a global fitting
including all the previously measured rotational transition lines by
direct diagonalization of Watson’s asymmetrically reduced Hamiltonian
in the 𝐼𝑟 representation:

𝐻̂ = 𝐻̂𝑅 + 𝐻̂𝐶 𝐷 (1)

where 𝐻̂𝑅 represents the rigid rotor and 𝐻̂𝐶 𝐷 is the centrifugal dis-
tortion contribution. The fitting has been performed by means of the
CALPGM program suite [27] using both 𝑆 and 𝐴 reductions to com-
pare with results from previous works. According to the different
experimental conditions, the following uncertainties were applied to
the lines in the fit: 150 kHz for Stolwijk and van Eijck dataset [7],
3 kHz for both Antolinez et al. [8] and Ouyang et al. [9] datasets and
30 kHz for the lines recorded with the K-Band CP-FTMW spectrometer.
Due to some overlap in the frequency ranges of the four datasets
considered, certain transition lines were observed multiple times. As
a result, and considering the consistent error estimation on recorded
lines, the assignments from Antolinez et al. [8] and Ouyang et al. [9]
were both incorporated into the fitting, with each common transition
being weighted at 0.5. For lines common to both our study and van
Ejick and Stolwijk work [7], we opted to consider only the frequencies
recorded with our instrument due to its significantly lower measure-
ment error. Table 2 reports the fitted spectroscopic parameters in the 𝑆-
reduction compared with the fitted values reported by Ouyang et al.
[9]. Table 3 lists the fitted spectroscopic parameters in the 𝐴-reduction
compared to the results reported by Stolwijk and Van Eijck [7] and
Antolinez et al. [8]. The 𝜎 values reported in both tables represent the
root mean square (RMS) deviations relative to the global fit. The RMS
deviations for each dataset computed with the new fitting parameters
are as follows: 106 kHz for the Stolwijk and Van Eijck dataset [7] using
Watson 𝐴-reduction, 5 kHz for the Antolinez et al. dataset [8] using
Watson 𝐴-reduction, and 7 kHz for the Ouyang et al. dataset [9] using
Watson 𝑆-reduction. For the transition lines recorded in this study,
the RMS values are 49 kHz using Watson 𝑆-reduction and 44 kHz
using Watson 𝐴-reduction. In both tables, the theoretical values at
MP2/aug-cc-pVTZ level of calculation are also given for comparison.
The spectrum simulated using the fitted spectroscopic parameters in
the 𝑆-reduction and the theoretical electric dipole moment components
(𝜇𝑎 = 1.71 D and 𝜇𝑏 = 1.32 D), is compared to the experimental one
in Fig. 1, while Fig. 2 shows the distribution plot of the lower state 𝐽
and 𝐾𝑎 values of the rotational transitions considered for the fitting.
The input and output fitting files are freely available in the AMS Acta
repository [26].

5. Discussion

The inclusion of the sextic centrifugal distortion constants in the
global fitting can fit all the observed transition lines well, showing
the important role of these parameters when studying the spectrum
at room temperature, where transitions originating from energy levels
with high rotational quantum numbers are observed. Performing the
3

Fig. 2. Distribution plot of the fitted transition lines of TFA. Red squares refer to
Stolwijk and van Eijck [7], purple triangles refer to Antolinez et al. [8], yellow circles
refer to Ouyang et al. [9] and green rhombi refer to this work.

Fig. 3. Portion of the room temperature CP-FTMW spectrum of TFA recorded with
400,000 signal averages (black upper trace) with simulation at 𝑇 = 303 K (blue lower
trace).

global fitting without any sextic centrifugal distortion constants leads
to a much larger standard deviation: for Watson’s 𝑆-reduction we get
a value of 613 kHz, compared to 59 kHz (Table 2), while for Watson
𝐴-reduction we get a value of 193 kHz against 62 kHz (Table 3).

All the fitted parameters are in good agreement with the calculated
ones. It is interesting to notice how the inclusion of the ℎ3 sextic
centrifugal distortion constant using Watson’s 𝑆-reduction is able to fit
all the new transition lines found, while the inclusion of all the other
constants leads to a higher standard deviation. In the case of Watson’s
𝐴-reduction three sextic constants (𝛷𝐽 𝐾 , 𝛷𝐾 𝐽 and 𝜙𝐾 ) must be taken
into account to get a comparable result.
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Table 1
Measured frequencies (𝜈/MHz) and fitted deviations (𝑐 − 𝑜/MHz) of TFA.
𝐽 ′′(𝐾𝑎

′′ , 𝐾𝑐
′′) − 𝐽 ′(𝐾 ′

𝑎 , 𝐾 ′
𝑐 ) 𝜈 𝑐 − 𝑜 𝐽 ′′(𝐾𝑎

′′ , 𝐾𝑐
′′) − 𝐽 ′(𝐾 ′

𝑎 , 𝐾 ′
𝑐 ) 𝜈 𝑐 − 𝑜 𝐽 ′′(𝐾𝑎

′′ , 𝐾𝑐
′′) − 𝐽 ′(𝐾 ′

𝑎 , 𝐾 ′
𝑐 ) 𝜈 𝑐 − 𝑜

14(4,11)–14(3,12) 18 001.62 0.03 35(12,23)–35(11,24) 21 294.80 0.01 19(4,15)–19(3,16) 23 606.48 0.00
29(10,19)–29(9,20) 18 013.70 0.02 34(11,23)–34(10,24) 21 316.57 0.04 23(6,17)–23(5,18) 23 619.61 −0.11
28(9,19)–28(8,20) 18 270.26 0.02 20(5,15)–20(5,16) 21 317.46 −0.02 20(9,11)–20(8,12) 23 637.09 0.02
21(6,15)–21(5,16) 18 270.66 −0.12 20(7,14)–20(6,15) 21 350.49 0.03 35(11,24)–35(10,25) 23 649.25 0.02
30(10,20)–30(9,21) 18 397.19 0.13 16(4,13)–16(3,14) 21 398.45 0.02 29(11,18)–29(10,19) 23 684.18 −0.01
4(3,1)–3(3,0) 18 499.33 0.06 19(6,14)–19(5,15) 21 474.60 0.01 33(12,21)–33(11,22) 23 739.77 −0.01
13(2,11)–13(2,12) 18 552.03 −0.02 18(4,14)–18(4,15) 21 479.37 0.02 23(8,16)–23(7,17) 23 754.37 0.03
13(2,11)–13(1,12) 18 560.84 0.02 36(12,24)–36(11,25) 21 495.54 0.04 5(2,3)–4(2,2) 23 824.84 0.01
28(10,18)–28(9,19) 18 589.22 0.02 20(5,15)–20(4,16) 21 522.27 0.02 21(5,16)–21(4,17) 23 841.68 0.00
14(7,7)–14(6,8) 18 627.11 0.02 18(4,14)–18(3,15) 21 547.15 0.01 28(8,20)–28(8,21) 23 875.87 0.02
13(3,11)–13(2,12) 18 734.32 0.03 3(3,1)–2(2,0) 21 576.69 0.00 22(7,16)–22(6,17) 23 896.05 0.09
13(3,11)–13(1,12) 18 743.13 0.06 26(10,16)–26(9,17) 21 615.48 0.04 37(13,24)–37(12,25) 23 897.01 −0.06
17(6,12)–17(5,13) 18 893.48 0.18 30(9,21)–30(9,22) 21 625.51 0.03 16(2,14)–16(1,15) 23 972.12 −0.02
19(8,11)–19(7,12) 18 908.08 0.06 27(8,19)–27(7,20) 21 746.42 0.02 19(5,15)–19(4,16) 23 974.79 −0.01
4(2,2)–3(2,1) 18 924.50 0.01 30(11,19)–30(10,20) 21 823.77 −0.01 16(3,14)–16(2,15) 23 989.92 −0.02
26(8,18)–26(7,19) 18 969.25 0.03 19(8,12)–19(7,13) 21 832.81 0.02 19(5,15)–19(3,16) 24 006.68 0.00
16(5,12)–16(4,13) 18 991.14 0.00 18(8,11)–18(7,12) 21 887.69 0.02 36(11,25)–36(11,26) 24 239.53 −0.06
19(5,14)–19(4,15) 19 030.58 0.01 5(1,5)–4(0,4) 21 902.90 −0.05 40(13,27)–40(12,28) 24 317.89 0.01
15(3,12)–15(3,13) 19 123.03 0.00 20(8,13)–20(7,14) 21 947.22 0.06 22(9,14)–22(8,15) 24 347.85 0.01
15(3,12)–15(2,13) 19 163.65 −0.02 17(8,10)–17(7,11) 22 052.79 −0.07 23(9,15)–23(8,16) 24 416.80 0.02
17(4,13)–17(4,14) 19 207.08 0.11 32(10,22)–32(9,23) 22 112.64 0.03 19(9,10)–19(8,11) 24 426.09 0.04
13(7,6)–13(6,7) 19 210.87 −0.12 34(12,22)–34(11,23) 22 130.17 0.00 21(9,13)–21(8,14) 24 450.28 0.04
16(7,10)–16(6,11) 19 267.49 0.01 25(7,18)–25(7,19) 22 200.11 0.00 50(16,34)–50(16,35) 24 515.21 −0.07
15(7,9)–15(6,10) 19 272.92 0.00 15(3,13)–15(2,14) 22 232.10 0.04 42(14,28)–42(13,29) 24 576.93 −0.03
16(5,12)–16(3,13) 19 273.83 −0.04 18(5,14)–18(4,15) 22 232.53 0.01 20(9,12)–20(8,13) 24 664.47 0.03
17(4,13)–17(3,14) 19 347.54 0.01 15(3,13)–15(1,14) 22 233.53 −0.10 24(9,16)–24(8,17) 24 711.62 0.02
17(7,11)–17(6,12) 19 429.23 0.04 16(8,9)–16(7,10) 22 273.92 −0.02 21(6,16)–21(5,17) 24 721.63 −0.03
23(9,14)–23(8,15) 19 536.10 0.08 21(8,14)–21(7,15) 22 284.17 0.03 28(8,20)–28(7,21) 24 723.71 0.01
12(7,5)–12(6,6) 19 597.64 0.00 15(8,7)–15(7,8) 22 321.42 0.01 18(3,15)–18(3,16) 24 863.54 0.08
52(17,35)–52(17,36) 19 643.54 0.15 15(8,8)–15(7,9) 22 508.40 0.01 18(3,15)–18(2,16) 24 867.06 0.01
32(11,21)–32(10,22) 19 655.85 0.00 21(7,15)–21(6,16) 22 511.20 0.03 24(10,14)–24(9,15) 24 891.30 0.06
15(4,12)–15(3,13) 19 670.50 0.02 21(9,12)–21(8,13) 22 550.09 0.03 24(8,17)–24(7,18) 24 893.25 0.07
35(11,24)–35(11,25) 19 694.42 0.04 44(14,30)–44(14,31) 22 641.17 −0.09 18(4,15)–18(3,16) 24 931.25 0.00
15(4,12)–15(2,13) 19 711.17 0.05 14(8,6)–14(7,7) 22 654.45 0.00 19(9,11)–19(8,12) 24 935.80 0.08
12(7,6)–12(6,7) 19 737.27 −0.07 14(8,7)–14(7,8) 22 728.37 0.02 33(10,23)–33(9,24) 25 057.16 −0.03
31(10,21)–31(9,22) 19 800.93 0.04 37(12,25)–37(11,26) 22 821.07 −0.01 38(12,26)–38(11,27) 25 169.26 −0.02
18(7,12)–18(6,13) 19 810.23 0.06 22(8,15)–22(7,16) 22 881.52 0.04 18(9,10)–18(8,11) 25 221.12 0.01
11(7,4)–11(6,5) 19 854.38 −0.03 25(7,18)–25(6,19) 22 883.41 −0.02 25(9,17)–25(8,18) 25 271.87 0.00
27(10,17)–27(9,18) 19 902.73 −0.06 13(8,5)–13(7,6) 22 893.02 0.01 17(9,8)–17(8,9) 25 393.56 0.01
11(7,5)–11(6,6) 19 904.44 0.01 13(8,6)–13(7,7) 22 919.28 −0.04 23(7,17)–23(6,18) 25 459.26 0.07
33(11,22)–33(10,23) 19 949.48 0.04 38(13,25)–38(12,26) 22 931.67 0.00 20(4,16)–20(4,17) 25 549.13 0.01
10(7,3)–10(6,4) 20 028.56 −0.01 17(3,14)–17(2,15) 23 025.56 0.00 28(11,17)–28(10,18) 25 568.19 0.03
24(7,17)–24(6,18) 20 033.29 0.05 39(13,26)–39(12,27) 23 037.44 0.00 6(0,6)–5(1,5) 25 645.21 0.09
10(7,4)–10(6,5) 20 044.07 −0.04 20(6,15)–20(5,16) 23 038.75 −0.01 36(13,23)–36(12,24) 25 650.98 −0.08
18(6,13)–18(5,14) 20 077.54 0.02 5(4,2)–4(4,1) 23 055.98 −0.01 26(7,19)–26(6,20) 25 652.01 0.00
18(8,10)–18(7,11) 20 180.67 0.00 12(8,4)–12(7,5) 23 068.24 0.01 40(14,26)–40(13,27) 25 661.60 −0.10
16(6,11)–16(4,12) 20 234.51 0.00 12(8,5)–12(7,6) 23 076.58 0.03 16(9,7)–16(8,8) 25 694.62 0.01
27(8,19)–27(8,20) 20 243.85 0.09 17(4,14)–17(3,15) 23 157.91 −0.01 6(1,6)–5(1,5) 25 730.45 0.01
31(11,20)–31(10,21) 20 361.03 0.00 11(8,3)–11(7,4) 23 198.73 −0.08 16(9,8)–16(8,9) 25 732.83 −0.02
14(2,12)–14(2,13) 20 390.18 0.05 11(8,4)–11(7,5) 23 201.11 0.02 17(2,15)–17(1,16) 25 739.11 −0.10
14(2,12)–14(1,13) 20 393.86 0.00 20(6,15)–20(4,16) 23 243.52 −0.01 17(3,15)–17(1,16) 25 747.28 −0.14
19(7,13)–19(6,14) 20 446.43 0.16 10(8,2)–10(7,3) 23 296.23 0.02 20(5,16)–20(4,17) 25 753.96 0.07
22(6,16)–22(6,17) 20 455.21 0.03 10(8,3)–10(7,4) 23 296.67 −0.07 43(14,29)–43(13,30) 25 809.68 −0.10
14(3,12)–14(2,13) 20 477.51 0.01 23(6,17)–23(6,18) 23 339.94 −0.03 6(0,6)–5(0,5) 25 828.96 0.03
29(9,20)–29(8,21) 20 554.52 0.03 25(10,15)–25(9,16) 23 366.27 0.06 6(1,6)–5(0,5) 25 914.24 −0.01
17(5,13)–17(4,14) 20 557.69 −0.05 9(8,1)–9(7,2) 23 368.03 0.00 24(6,18)–24(6,19) 25 919.51 −0.01
15(6,10)–15(4,11) 20 851.35 0.04 9(8,2)–9(7,3) 23 368.03 −0.10 15(9,6)–15(8,7) 25 924.29 0.01
22(6,16)–22(5,17) 20 989.11 0.01 30(9,21)–30(8,22) 23 418.68 0.02 15(9,7)–15(8,8) 25 937.81 −0.03
16(3,13)–16(3,14) 21 115.70 0.00 8(8,0)–8(7,1) 23 419.76 −0.05 22(5,17)–22(5,18) 25 946.20 −0.05
16(3,13)–16(2,14) 21 134.14 0.00 8(8,1)–8(7,2) 23 419.76 −0.07 22(5,17)–22(4,18) 25 995.46 0.00
22(9,13)–22(8,14) 21 147.22 0.01 5(1,4)–4(1,3) 23 447.18 −0.02
17(8,9)–17(7,10) 21 153.94 0.03 47(15,32)–47(15,33) 23 582.99 −0.10
e

Fig. 3 presents a segment of the observed spectrum alongside the
predicted spectrum calculated using the fitted parameters in Watson’s

-reduction at a temperature of 𝑇 = 303 K. Overall, there is good
greement between the experimental and predicted relative intensities
f the transition lines. The only notable discrepancy is observed in
he 236,17 − 235,18 transition, where the experimental intensity appears
ower than predicted. However, this variation can be attributed to
he experimental peak being distorted by a signal spike caused by
nstrumental fluctuations.

The transitions measured in this study could be predicted with sig-
nificantly lower accuracy using the previously available spectroscopic
4

constants, leading to errors up to 5 MHz. An example of this is reported
in Fig. 4, where two portions of the experimental spectrum of TFA are
compared with the prediction calculated using both our and Stolwijk
t al. [7] Watson’s 𝐴 fits.

6. Conclusions

The rotational spectrum of TFA at room temperature has been
measured by means of the K-Band CP-FTMW spectrometer and the
transition lines of the species have been assigned. The spectrum has
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Table 2
Experimental and theoretical rotational spectroscopy parameters of TFA in the 𝑆-
reduction and 𝐼 𝑟 representation.

Parametera Literatureb This work Calc.c

𝐴/MHz 3865.13430(89)d 3865.1317(2) 3849.3811
𝐵/MHz 2498.79448(56) 2498.7939(2) 2505.9531
𝐶/MHz 2075.20197(63) 2075.2010(2) 2073.9498
𝐷𝐽 /kHz 0.966(22) 0.988(5) 0.9830
𝐷𝐽 𝐾/kHz −0.938(62) −0.975(1) −1.0733
𝐷𝐾/kHz 0.466(61) 0.451(4) 0.5146
𝑑1/kHz −0.0483(69) −0.0519(1) −0.0493
𝑑2/kHz 0.3471(51) 0.34792(5) 0.3652
𝐻𝐽 /mHz (–) (–) −0.9239
𝐻𝐽 𝐾/mHz (–) (–) −23.5007
𝐻𝐾 𝐽 /mHz (–) (–) 50.8721
𝐻𝐾/mHz (–) (–) −26.3819
ℎ1/mHz (–) (–) −2.1947
ℎ2/mHz (–) (–) 0.4790
ℎ3/mHz (–) 1.99(6) 2.2093
𝑁 33 347 (–)
𝜎/kHz 1.5 59 (–)

a 𝐴, 𝐵, and 𝐶 are the rotational constants. 𝐷𝐽 , 𝐷𝐽 𝐾 , 𝐷𝐾 , 𝑑1 and 𝑑2 are the quartic
centrifugal distortion constants. 𝐻𝐽 , 𝐻𝐽 𝐾 , 𝐻𝐽 𝐾 , 𝐻𝐾 , ℎ1, ℎ2 and ℎ3 are the sextic
centrifugal distortion constants. 𝑁 is the number of transition lines fitted. 𝜎 is the
standard deviation of the fit.
b From Ouyang et al. [9].
c MP2/aug-cc-pVTZ.
d Error in the unit of the last digit.

Table 3
Experimental and theoretical rotational spectroscopy parameters of TFA in the 𝐴-
reduction and 𝐼 𝑟 representation.

Parametera Literatureb Literaturec This work Calc.d

𝐴/MHz 3865.098(5)e 3865.13293(11) 3865.1352(2) 3849.3811
𝐵/MHz 2498.738(4) 2498.76962(8) 2498.7716(2) 2505.9531
𝐶/MHz 2075.188(3) 2075.21871(7) 2075.2205(2) 2073.9498
𝛥𝐽 /kHz (–) 0.2617(18) 0.292(5) 0.2523
𝛥𝐽 𝐾/kHz 3.20(1) 3.1856(25) 3.201(2) 3.3105
𝛥𝐾/kHz −2.97(2) −2.9924(71) −3.030(5) −3.1386
𝛿𝐽 /kHz 0.055(2) 0.05108(27) 0.0511(1) 0.0493
𝛿𝑘/kHz −10.47(2) −10.3632(39) −10.369(2) −10.5498
𝛷𝐽 /mHz (–) (–) (–) 0.0342
𝛷𝐽 𝐾/Hz (–) (–) 0.217(2) 0.2260
𝛷𝐾 𝐽 /Hz (–) (–) −0.568(9) −0.7950
𝛷𝐾/Hz (–) (–) (–) 0.5691
𝜙𝐽 /mHz (–) (–) (–) 0.0146
𝜙𝐽 𝐾/mHz (–) (–) (–) −6.0657
𝜙𝐾/Hz (–) (–) 0.79(1) 0.7457
𝑁 99 50 347 (–)
𝜎/kHz 160 36 62 (–)

a 𝐴, 𝐵, and 𝐶 are the rotational constants. 𝛥𝐽 , 𝛥𝐽 𝐾 , 𝛥𝐾 , 𝛿𝐽 and 𝛿𝐾 are the quartic
centrifugal distortion constants. 𝛷𝐽 , 𝛷𝐽 𝐾 , 𝛷𝐽 𝐾 , 𝛷𝐾 , 𝜙𝐽 , 𝜙𝐽 𝐾 and 𝜙𝐾 are the sextic
centrifugal distortion constants. 𝑁 is the number of transition lines fitted. 𝜎 is the
standard deviation of the fit.
b From Stolwijk and van Eijck [7].
c From Antolinez et al. [8].
d MP2/aug-cc-pVTZ.
e Error in the unit of the last digit.

been recorded using similar conditions to the ones used by Stolwijk
et al. [7], overlapping with the same spectral range studied. How-
ever, because of the different instrumentation used, our measurements
revealed a significantly larger number of rotational transitions that
Stolwijk’s study did not report. Analysing this type of spectrum is
particularly challenging due to the high density of Q-type rotational
transitions involving rotational states with large 𝐽 quantum numbers.
This is especially true for heavy molecules like TFA, where the contri-
bution from low-lying vibrational states plays a significant role, further
complicating the interpretation of the spectrum. However, by leverag-
ing the extensive dataset of transition lines from previous studies for
the vibrational ground state, we were able to generate more accurate
predictions of the rotational spectrum, allowing us to assign the newly
5

Fig. 4. Portions of the room temperature CP-FTMW spectrum of TFA recorded with
400,000 signal averages (black upper trace) with simulations at 𝑇 = 303 K using global
fit-A model (blue middle trace) and using Stolwijk et al. [7] (purple lower trace).

observed transition lines. In particular, several high-𝐽 Q-type transition
lines have been assigned that showed displacements up to 5 MHz
with respect to previous predictions. These newly measured lines will
improve line catalogues for atmospheric monitoring.
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