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HIGHLIGHTS GRAPHICAL ABSTRACT

« Fluoral is a decomposition product of
fluorinated compounds in the
atmosphere.

« Fluoral has a very complex rotational
spectrum due to the internal rotation
motion.

« Fluoral has one of the highest
coupling (p) between internal and
overall rotations. Exp.

« Rho-axis-method implemented in
RAMS36 successfully treats species \N J A =
with high p. ,,,,,J\/'* == vp 1 s 266kE < 255K

« Methodological aspects must be
considered to treat species with
strong coupling.

ARTICLE INFO ABSTRACT
Article history: The rotational spectrum (4-40 GHz and 50-330 GHz) has been measured and analyzed for trifluoroac-
Received 7 December 2021 etaldehyde, also known as fluoral (CF;CHO), which is one of the degradation products of the fluorinated
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contaminants emitted into the atmosphere. The complexity of the spectroscopic analysis of this molecule
arises from the strong coupling between the internal rotation motion of CF; group and the overall rota-
tion of the molecule. The value obtained for its coupling constant (p = 0.91723481(49)) is comparable to
the corresponding value of methanol (CH30H, p = 0.81), which is known for its complex spectrum. A total
of 12,322 transitions of the ground, the first and second excited torsional states (AE;.: = 62.0183(13)
cm™'; AE,y = 120.3315(13)cm ") with ] < 50 were included in the analysis that was performed employ-
ing the rho-axis-method (RAM), and the RAM36 code. A fit within experimental error (root mean square

Keywords:

Atmospheric

High resolution
Molecular spectroscopy

Rotational spectroscopy deviation equals to 35 kHz) has been achieved for this dataset using 47 parameters of the RAM torsion-
Large amplitude motion rotation Hamiltonian. In the course of the analysis, it became evident that for such high p value, as it is
Fluorinated aldehydes determined for fluoral, a larger than usual torsional basis set at the first diagonalization step of the two-

step diagonalization procedure is required for achieving a fit within experimental error.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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aPAM

Fig. 1. Representation of the ab initio structure of the fluoral molecule. A comparison between the principal axis system and the rho-axis system is shown together with the p-

vector and the significant angles of the axis frame.

1. Introduction

Recognition of the adverse impact of chlorofluorocarbons (CFCs)
on stratospheric ozone prompted the substitution of the CFCs as
refrigerants, cleaning solvents, foam-blowing agents, and aerosol
propellants with environmentally more acceptable alternatives.
Hydrochlorofluorocarbons (HCFCs), due to their similarity to CFCs
in physicochemical properties, have been used as interim replace-
ments for CFCs. However, HCFCs still contain chlorine; hence a vir-
tual phase-out of HCFCs was scheduled by 2020 according to the
updated Montreal Protocol [1]. Currently, hydrofluorocarbons
(HFCs) have been used as acceptable alternatives to CFCs and
HCFCs because they are “ozone friendly” and present short atmo-
spheric lifetimes and relatively low global warming potentials
[2]. However, there are some environmental hazards and health
risks associated to HFCs since they are potent greenhouse gases
and, thus, they would be harmful to climate.

HFCs have high volatility and very low solubility in water. Fol-
lowing their releases into the environment, these compounds
reside in the atmosphere where they can undergo chemical degra-
dation into different species. One of these degradation products is
the trifluoroacetaldehyde (CF3CHO), commonly known as fluoral. It
is produced in the atmosphere by the degradation of some HFCs,
and halo-olefins [2]. Atmospheric fluoral is decomposed in the tro-
posphere by sunlight photolysis, or by its oxidation with the OH
radical, with typical lifetimes of Tpherol > 27 days and top~26 days
[3]. Monitoring fluoral in the atmosphere can provide valuable
information to understand the atmospheric chemistry of the HFCs,
but it requires primarily the detailed knowledge of the intrinsic
molecular properties of fluoral.

The literature on fluoral spectrum investigation is quite sparse.
Although infrared and Raman spectra have been reported [4,5], to
our knowledge the electronic spectrum remains unknown. Con-
cerning the rotational spectrum of fluoral, the sole investigation
published was carried out by Woods [6] in the 60’s employing
Stark-modulation spectroscopy up to 40 GHz. In this work, he
described some interesting issues in the spectroscopic analysis of
the internal rotation, caused by the intrinsic difficulties of the
treatment of a heavy top molecule as fluoral (CF3CHO), together
with some deficiencies in the analysis. Compared to its homologue
acetaldehyde (CH3CHO), the substitution of a methyl group (CHs-)
by the trifluoro one (CFs-) in fluoral leads to a significant increase
of the mass of the top: the trifluoromethyl top is indeed heavier
than the molecular frame (-CHO). Therefore, there is a strong cou-
pling between the overall molecular rotation and the internal rota-
tion of the top. The reported value of the coupling constant p for
fluoral is ~ 0.9 (pmax = 1) which is comparable to the p value of
molecules with elevated level of spectrum complexity such as
methanol (CH30H, p = 0.81). In the present work, we present an
analysis of the millimeter wave spectrum of fluoral employing a
Hamiltonian based on the rho-axis method (hereafter RAM) in
order to deal with some of the issues found in the previous analysis
of fluoral.

2. Theoretical calculations

Fluoral (2,2,2-trifluoroacetaldehyde) is a quasi-planar molecule
containing only two symmetric fluor atoms out of the plane (see
Fig. 1). Therefore, it has a Cs frame and a Cs, top, and belongs to
G molecular symmetry group. The structure of fluoral was opti-
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Table 1

Comparison of the current experimental results for fluoral with previous ones, theoretical ab initio ones and with those for the non-fluorinated homologue, acetaldehyde.
Parameter’ This work Literature? Ab initio® Acetaldehyde® Units
Apam 5492.497 5490.170 5474.709 56799.135 MHz
Bpam 2983.908 2983.725 2978.699 10162.143 MHz
Cram 2930.539 2935.920 2927.933 9089.229 MHz
Aram 5377.365 5378.391 5337.368 56507.320 MHz
Bram 3099.040 3095.504 3116.040 10453.957 MHz
Cram 2930.539 2935.920 2927.933 9089.229 MHz
Dap —524.941 —-517.372 -569.159 —3677.525 MHz
0 —-12.37 -12.19 -13.57 —4.54 °
P 0.917 0.922 0.885 0.329 -
V3 284.740 318.5 329.780 407.598 cm™!
F 55.848 62.783 53.934 226.855 GHz
s 67.93 67.6 81.47 23.94 -
HapAM [0.15)° 0.15(3) 0.18 2.5160(43)’ D
TR [-1.64]° ~1.64(5) 171 ~1.0700(65)’ D
) 21.98 21.70 23.92 23.92 °
a 0.927 0.929 0.914 0.914 -
b —0.37{1 -0.370 —0.405 —0.405 -
I 88.56° 89.321 [89.321]° 3.23©® uA

1 AB,C with corresponding indices are the rotational constants of the molecule in PAM and RAM axis systems. 0 is the angle between PAM and RAM axis frames (see Fig. 1).
V5 is the leading term in the cosines series expansion of the internal rotation barrier V(«) = %(1 — cos 3u) +%(1 — cos6a) - -- with o being the rotation angle of the CF;
(fluoral) or CH3 (acetaldehyde) top with respect to —-CHO frame. F is the internal rotation constant F = % wherer =1 — Zg/‘é f; I, is the moment of inertia of the CF3/CH; top;
Iz (g = a,b,c), the moments of inertia of the molecule in the principal axis system, and ),g (g = a,b,c) represent the direction cosines of the internal rotation axis of the top and
the principal axis (e.g. see Fig. 1, 1, = cosd). s is a reduced torsional barrier height calculated as s = 4V3/9F [27]. The p vector is represented in green in the Fig. 1. Its

coordinates are calculated using the following expression: p, =
acetaldehyde).

2 From Woods [6].

3 Estimated at MP2/aug-cc-pVTZ with Gaussian 09 (Revision E.01).

-
Tl

Ug (g = a,b), the dipole moment projection along the principal axes system (p. = 0 for fluoral and

4 Acetaldehyde was taken for comparison since it has the same molecular frame —~CHO to which a much lighter CH; top is attached (in contrast to the heavy CF; top in

fluoral). Data for acetaldehyde were taken from Smirnov et al. [26].

5 Fixed to the value of Woods [6]. The relative signs of the dipole moment components were determined from our ab initio results.

6 Average of the two I, values recalculated from F and p parameters.
7 Values estimated in ref. Kleiner et al. [28].

mized using quantum chemical calculations at MP2/aug-cc-pVTZ
level. All these calculations were performed with Gaussian 09 Revi-
sion E.O1.

Based on the minimum energy structure found ab initio, we
have calculated some relevant parameters for the internal rotation
analysis which are collected in Table 1. Among them, there are the
estimated values for the rotational constants A,B,C, not only in the
principal axis system, but also in the p axis system. The latter axis
system is employed in rho-axis-method (RAM) to analyze mole-
cules with internal rotation motions. As it is shown in Fig. 1, in
the p axis system, z axis becomes parallel to the p vector. The
direction and the module of this p vector, as well as the internal
rotation constant F, are calculated based on the direction cosines
of the internal rotation axis of the top (in light blue in the figure)
with respect to the principal axes. See literature [7,8], and caption
of Table 1 for further information about these values. Furthermore,
we estimated the internal rotation energy barrier, V3, to be
~329 cm™~! by scanning the F-C-C-O torsional angle at MP2/aug-
cc-pVTZ level of theory.

The energy of the torsional mode of fluoral is estimated to be
65.5 cm~! under the anharmonic correction (MP2/aug-cc-pVTZ),
relatively close to the value provided in the literature: ~55 cm™!
[4]. According to this calculation, the displacement vectors of this
vibrational mode are centered in the aldehyde part of the molecule
(the conventional frame), instead of being centered in the trifluoro
methyl group (the standard top for the internal rotation). Woods
[6], based on the low value of the reduced moment r (see caption
Table 1), roughly interpreted that it is the aldehyde light frame
who rotates along the fixed heavy trifluoromethyl top, which is

in agreement with the displacement vectors found in our
calculations.

3. Experimental details

The experimental measurements were conducted in two differ-
ent stages: the low frequency measurements (4-40 GHz) were per-
formed using the Balle-Flygare narrow-band type Fourier-
transform microwave (FTMW) spectrometer at the National Yang
Ming Chiao Tung University in Taiwan [9], and the millimeter wave
spectrum (50-330 GHz) was recorded at the University of Lille.

Fluoral was found as the main product in the reactions aimed to
characterize the Criegee intermediate, trifluoroacetaldehyde oxide
(CF3CHOO), using 1,1,1-trifluoro-2,2-diiodoethane (CF;CHI;) as a
potential precursor. The 1,1,1-trifluoro-2,2-diiodoethane was syn-
thesized in a two-step reaction starting from 2,2,2-
trifluoroethylamine hydrochloride (CFsCH,NH3Cl") and sodium
nitrite (NaNO;) in water to form the diazo derivative (CF3CHN,)
[10], which was extracted with diethyl ether and then treated with
iodine until a weak coloration of the solution. Purification was car-
ried out by distillation under vacuum at a pressure of 0.1 mbar
and selective trapping at —40 °C. Yield: 52%.

The mixture of gases, 2% O, and 98% Ar, with the total pressure
of 1.5 atm was passed through a container filled with liquid 1,1,1-
trifluoro-2,2-diiodoethane in order to introduce the precursor
molecules with a sufficient partial pressure. The gas mixture
(1,1,1-trifluoro-2,2-diiodoethane, O, and Ar) was flowed through
a pulsed-solenoid valve that is accommodated in the backside of
one of the cavity mirrors, and aligned parallel to the optical axis
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Fig. 2. The FTMW spectra of the 5¢s—404 (upper panel) and 3,;-2¢ (lower panel)
rotational transitions of fluoral in the ground torsional state. The spectra were
achieved by 50-shots of accumulation. Each of the A-E observed lines is split into
two Doppler components because the microwave radiation in the Fabry-Pérot
cavity propagates parallel and antiparallel to the unidirectional molecular beam.

of the resonator. A pulsed voltage of 800 V and 450 ps of duration
was applied between the two stainless steel electrodes attached at
the exit of the nozzle of the pulsed valve [11], creating an electric

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 274 (2022) 121071

discharge synchronized with the gas expansion. The resulting
products generated in the discharge were supersonically
expanded, rapidly cooled to a rotational temperature of ~2.5 K
between the two mirrors of the Fabry-Pérot resonator, and then
probed by Fourier-transform microwave spectroscopy. MW-MW
double-resonance techniques [12] were also used for observing
pure rotational transitions and confirming the assignments of
those observed by FTMW spectroscopy. Although such experi-
ments were performed to identify a Criegee intermediate, only
the spectrum of the fluoral was observed.

For the millimeterwave experiments recorded at the University
of Lille, fluoral was synthesized starting from the corresponding
commercially available hemiacetal. Dropwise addition of trifluo-
roacetaldehyde ethyl hemiacetal (7.13 g, 50 mmol) to polyphos-
phoric acid (15 mL) heated to 150-180 °C and condensation of
the gaseous flow in a cold trap (77 K) led to fluoral in a 90% yield
[13]. The resulting product was flowing continuously in the spec-
trometer at room temperature, maintaining a pressure of
0.028 mbar.

The millimeter wave spectrometer of Lille is described in the lit-
erature [14]. In this experiment, we employed the fast-scan mode
(up to 50 ps/point of frequency switching rate). This equipment is
based on mixing the filtered signal of an Agilent E8257 synthesizer
(up to 20 GHz) with that of a direct digital synthesizer DDS
(AD9915). After filtering with a YIG bandpass filter, the frequency
range of the signal is in the K, band. The fast scan mode is obtained
by sweeping the DDS within the filter bandwidth of 25-40 MHz.
The output signal in the K, band is then used as input for a multi-
plication chain that gets up to 330 GHz. In case of the 50-75 GHz
frequency range, the filtered signal was used as input for a Mil-
litech active multiplier (x4). To obtain higher frequencies, an active
sextupler AMC-10 (VDI) that covers the W-band range (75-
110 GHz) was employed. This signal can be sent directly to the
sample cell, or it can be used as input for a second multiplication
step. This second step consists of a passive Schottky multiplication
using a doubler (150-220 GHz), or a tripler (225-330 GHz). In any
of these cases, the detection was carried out employing a series of
Schottky diode zero biased detectors from VDI: WR15ZBD (50-
75 GHz), WR10ZBD (75-110 GHz), WR5.1ZBD (150-220 GHz),
and WR3.4ZBD (225-330 GHz).

4. Results

Using the rotational constants reported by Woods [6], the rota-
tional transitions for fluoral up to 40 GHz were predicted with the
XIAM program [15], and most lines were observed very close to the
expected frequencies. A total of 149 pure rotational transitions
including a- and b-type transitions were observed using the FTMW
spectrometer (see Fig. 2 where observed A - E torsional splittings

®Q branches

K 11<10 K 12<11 MK 13<12 K:14<13
T T T T T T T :
52500 55000 57500 60000 62500 65000 67500
Freq. (MHz)

Fig. 3. Millimeter wave spectrum of fluoral demonstrating a prominent b-type Q branch structure.
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Fig. 4. Examples of fluoral transitions where the standard selection rules for an asymmetric molecule with b-type dipole moment are not respected. In red, the predicted
transitions in a stick mode with the simulation of the profile (lower trace). The simulation profile is calculated using Lorentzian line shapes, HWHM (Half Width Half
Maximum) of 0.33 MHz and the line-strength predicted by the fit. In blue, the experimental spectrum of fluoral is given (upper trace). The figure on the left corresponds to a
transition of the ground state, and on the right, to the first torsional excited state. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

are illustrated for two example transitions). After several unsatis-
factory attempts to analyze the observed frequency transitions
with the XIAM program [15], we switched to the RAM36 program
[16,17], which is believed to be more suitable for molecules with a
strong coupling between internal and overall rotations (p ~ 0.9 in
fluoral).

In the millimeter wave range several features characteristic of a
b-type spectrum of a quasi-prolate rotor were observed; see, for
instance, in Fig. 3 the pattern of the °Q branches. Using the
Loomis-Wood plots, we could assign low J and K, PR-branch tran-
sitions, of the ground state and of the first torsional excited state.
Once we have included in the fit transitions up to K, = 10 for the
ground state and up to K, = 3 for the first excited torsional state,
we encountered a problem with including higher K, transitions
in the fit since they were not well predicted by the model. Whereas
using the Loomis-Woods plots we were able to identify the transi-
tion series, the model could not fit them satisfactorily, even involv-
ing additional terms of a rather high order. Investigation into this
problem revealed a necessity to enlarge the torsional basis set for
the first diagonalization step implemented in the RAM36 code.
The RAM36 code uses the two-step diagonalization procedure of
Herbst et al. [18]. In the first step a set of torsional calculations is
performed with a relatively large torsional basis set of the form
expli(3 [ + o)a] for 6 =0, 1 (m = 3 | + ©). The size of the basis
set in the first step can be varied by choosing a value for ktronc
(where [ runs over the values from -ktronc to +ktronc). In this step
usually only the main pure torsional terms and K dependent
torsion-rotation coupling due to p parameter are taken into
account. No J dependent terms are allowed at the first diagonaliza-
tion step. In the second step, a reduced number of torsional basis
set functions is used (nvt), which is obtained by discarding all
but the lowest nvt torsional eigenfunctions of the first step. In
the second step, a separate matrix of dimension (2 J + 1) x nvt is
built for each symmetry and J values, and all desired rotation and
torsion-rotation effects are taken into account. In the current study
of fluoral we were forced to use slightly larger (ktronc = 15) as
usual (ktronc = 10) torsional basis set at the first diagonalization
step (see Discussion section for further details). This basis set
enlargement had a very positive effect on the fit, allowing us in
the end to get a fit within experimental error for the dataset trea-

ted, and to expand our assignments to transitions with much
higher K, quantum numbers.

Some anomalies in intensity predictions for a number of °R and
bQ series of transitions where also found. It was expected that ser-
ies of transitions with standard asymmetric rotor b-type dipole
moment selection rules will be dominating the spectrum. At some
point, we noticed that moving up to the next K, in our assignment
process brings us to the dominating J-series with somewhat differ-
ent selection rules for 4K, which do not follow b-type dipole
moment selection rules (4K, = £1, but 4K, was not always equal
to £1 as it is expected for b-type transitions). Moreover, sometimes
this alteration in 4K, selection rule happens within one J-series of
AK, =+1 or AK, = —1 transitions (i.e. large intensity at two adjacent
Jvalues in the series of lines may correspond to two different selec-
tion rules for 4K.). This situation was mainly observed for the mil-
limeter wave spectrum. For the ground torsional state, it starts at
somewhat higher K, values than for the excited torsional states.
Only few “unexpected” transitions were observed in the micro-
wave region, in particular, some b-type transitions with AK, = £3,
and, nominally, c-type transitions with AK. = 0, +2. As it can be
seen in Fig. 4, some transitions were split into transitions with
AK. that could range from 0 to +3, including the 0, +2 values, which
are not expected for a b-type transition. A detailed discussion of
why K, labels may not obey mathematically well-defined selection
rules in molecules with large amplitude torsional motion, and how
the nominal a-, b-, and c-type character of transitions may not
coincide with the direction of the dipole moment component, actu-
ally responsible for the major contribution to the transition
moment matrix element, can be found in the work of Hougen
et al. [19], where the case of acetaldehyde is considered. Nominally
“forbidden” c-type transitions were already reported for some
other molecules with torsional large amplitude motion (see for
example corresponding discussion for the methyl formate mole-
cule in [20]). But, in fact, the root of our problems lies in the tight
clustering of the fluoral energy levels, which lead to degenerate
within machine round-off error pairs of levels, and the peculiarities
of the energy labeling scheme implemented in RAM36. For higher
K, values this clustering within machine round-off error starts at
lower J values. Of course, if a pair of levels is degenerated to within
machine round-off error, then the eigenvectors returned by the
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Table 2
Molecular parameters of fluoral obtained with the RAM36 program from the v, = 0,1,2 dataset fit.
Parameter Operator?® Order n,,” Value© Units
Aram P 202 5377.3645(31) MHz
Bram I 202 3099.0398(31) MHz
Cram P 202 2930.53868(26) MHz
Dap {]5 ,]ﬁ} 202 —524.9412(70) MHz
P Pula 211 0.91723481(49) -
V3 ¥5(1 — cos 3u) 270 284.7397(26) cm™!
F P2 220 1.862885(18) cm™!
A e 404 0.60073(15) kHz
A PP 404 —38.086(76) kHz
Ax — 3 404 489.0(24) kHz
] ,2]2 (]5 7]2) 404 0.0639102(70) kHz
c
3k —{2, (j§ —]f)} 404 11.86(12) kHz
Day e { 2. Jﬁ} 404 2.0211(18) KkHz
2 oI 445 —0.063905(97) MHz
Pr A 413 1.0263(53) MHz
Poe vip, { T, (]ﬁ _ ]g)} 445 0.05378(72) MHz
V3 J2(1 - cos 3) 4, 9.4440(22) MHz
Vi J2(1 — cos3a) 43, —4.1186(59) MHz
V3be (]ﬁ 7]?) (1 — cos 3a) 432 1.757(29) MHz
Viab ValJarJp }(1 — cos 3r) 4y, ~29.200(16) MHz
Diac ValJa.Jc} sin 3o 4y, 10.885(18) MHz
Dsbe ValJp,Jc} sin3a 4y, 7.48(11) MHz
F 02 45, 0.020841(31) MHz
O
Foc pi (]g ,]?) 455 —0.03004(56) MHz
Pm P, 45, ~1.1378(62) MHz
Vs ¥5(1 — cos 60) 440 —8.0374(39) cm™!
Fm pg 440 0.6048(34) MHz
[ jG 606 0.0002111(52) Hz
Dy P 6o 2.775(99) Hz
Pk P 615 ~3.87(11) Hz
V3 J4(1 = cos 3) 624 —0.05218(32) kHz
V3abk %{]ajb}(] — cos3a) 624 0.744(14) kHz
V3b2e2 Vz{]ﬁ]?} cos 3a. 624 —0.15559(95) kHz
Dsbebe Vl({]gjc} _ {]b ]? }) sin 3o 624 0.05606(41) kHz
D3ack 1/2{]2 _y][} sin 3o 624 0.406(16) kHz
Ve J2(1 - cos 621) 642 0.1925(11) MHz
Ve jg(] — cos 6a) 642 —0.8764(32) MHz
Vébe (]ﬁ ,]?) (1 - cos 60) 64, —1.486(35) MHz
Déac ValJg,Jc} sin 6o 642 —1.046(17) MHz
Débe ValJp.Je} sin 6ot 642 3.299(58) MHz
Fiy P?JZ 642 1.1265(89) Hz
Fim pg 66,0 —0.0296(16) Hz
Vey J4(1 = cos 60) 844 0.00412(13) kHz
Ve 12]§(1 — cos 60) 844 —0.0343(10) kHz
Déag VaJ? {Ja,Jc} sin 6o 844 -0.0735(22) kHz
Débe) Va2 ).} sin 6o 844 —-0.01153(32) kHz
Débei va{J2,Jp.Jc} sin 6o 844 0.428(16) kHz
HarAm [-0.205] D
Horam [-1.634] D

2 Operator corresponding to the parameter following the Hamiltonian expression incorporated in the RAM36 code (see results section).

b Order of the operator n = t + 1, where n is the total order of the operator, t is the order of the torsional part and r is the order of the rotational part, respectively.
¢ Statistical uncertainties are shown as one standard uncertainty in the last two digits.

4 Dipole moments in the rho axis frame fixed in the fit to the values derived from the principal axis values of Woods et al. [6].

diagonalization algorithm will be random linear combinations of
the “true” eigenvectors. At the same time, the K, K. labeling in
the RAM36 code is based on energy ordering of the levels in a par-
ticular torsional state. Thus, for a degenerate pair of levels in fluo-
ral, we have a situation when eigenvectors properties, which are
crucial for calculating transition intensity, may be randomly redis-

tributed between two levels with the same K, but different K. val-
ues. As consequence, we get a situation when AK, = =1 selection
rule is obeyed whereas 4K, selection rule may vary even within
one J-series of lines. Namely, due to such type problems, the spec-
trum predictions implemented in the RAM36 code do not rely on
any 4K, AK. selection rules. The program calculates all possible
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transition frequencies and intensities allowed by symmetry for a
given pair of upper and lower state J values, and displays all tran-
sitions with intensities above a user-set cutoff. Thus, there are no
“missing” lines in the predictions due to the labeling issues dis-
cussed above.

The complete set of parameters included in the final analysis is
presented in Table 2, along with the operators associated and the
orders of these operators (we employed the ordering scheme of
Nakagawa et al. [21]). These parameters give rise to a Hamiltonian
model which is able to fit 12,322 transitions, that includes the R
and Q type transitions of the ground, first and second excited tor-
sional states up to J = 50 and K, = 28, with the rms deviation of
35 kHz (corresponding to weighted rms deviation of 0.69). Table 1
gives a comparison between the main parameters obtained in the
present fit with those from the literature and calculated ab initio as
well as with parameters of the non-fluorinated homologue of fluo-
ral, acetaldehyde. The selection of the parameters included in the
final Hamiltonian model was not straightforward due to the corre-
lation problems appearing for a number of high order Hamiltonian
terms. Some high correlations remain evident even in the final fit
involving mainly the following parameters: Fy, = om, Fn = P Pm
- Pk Px — Ax. Removing one of those parameters from our model
was not an option because this led to a significant increase in the
weighted rms deviation of the fit. Here, it should be noted that a
spectrum of the fundamental torsional band of fluoral will eventu-
ally be necessary to stabilize and properly constrain the pure tor-
sional parameters in the Hamiltonian (like F, V3, Vg as well as Fy,,
Pm)- For the moment such parameters are determined here only
very indirectly from rotational intervals within each torsional state
and this, in particular, is the cause of the correlation problems
encountered in our study.

5. Discussion

To our knowledge fluoral represents the case with the highest
coupling between internal and overall rotations in a molecule
studied so far using high resolution microwave spectroscopy (p
~ 0.92, see Table 1). The closest by p value case to which fluoral
may be compared is triply deuterated methanol CD30H with p ~
0.89 [22]. If we consider the molecules with heavy CF; internal
top, then fluoral may be compared with trifluoropropene (CFs-
CHCH,, p ~ 0.81) [23] and trifluoroacetic acid (CFsCOOH, p =~
0.67) [24]. Here, it is interesting to compare A-E splittings observed
in fluoral with trifluoroacetic acid spectra. In trifluoropropene, the
barrier height is rather high (V3 ~ 653 cm™!), and torsional split-
tings are observed only in the second excited torsional state [23],
which is not surprising in view of the heavy CF; top. In trifluo-
roacetic acid, the barrier height (V5 ~ 242 cm™!) is lower than in
fluoral (V5 ~ 285 cm™!), but the torsional splittings in its rotational
spectrum start to be resolvable by millimeter wave spectroscopy
only in the third excited torsional state[24]. In fluoral, torsional
splittings in the rotational spectrum are resolvable already in the
ground torsional state demonstrating significant impact of much
higher coupling between internal and overall rotations in this
molecule (p =~ 0.92 in CF;CHO versus p = 0.67 in CF3COOH).

One of the issues which posed, somewhat unexpectedly, a prob-
lem in the course of the fluoral spectrum analysis was the size of
the torsional basis set at the first diagonalization step of the two-
step diagonalization procedure [ 18] implemented in RAM36. Tradi-
tionally, starting from the first work of Herbst et al. [ 18], where this
procedure was proposed, the formally infinite matrix of the first
diagonalization step was truncated to 21 x 21 matrix (ktronc = 10),
and it was believed that this size was enough to ensure the needed
accuracy in the energies of the lowest torsional states [18]. There-
fore, this truncation level was adopted further in many studies of
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molecular spectra using the RAM approach (see for example corre-
sponding studies of methanol [25], acetaldehyde [26], acetic acid
[17], etc.). In the case of fluoral, it appeared that we need to enlarge
the torsional basis set at the first diagonalization step. To get a bet-
ter understanding what is happening in the case of fluoral, let’s
consider the free rotor energy expression E(m, K) = F(m-pK)? in a
zero barrier approximation for the cases of (a) acetic acid, (b)
acetaldehyde, and (c) fluoral (see Fig. 5). Likewise, we focus on
A-type levels (o = 0, in the basis set expression: exp[i(3 | + c)a])
, and we would like to truncate the torsional basis set at |m| = 18
(ktronc = 6). Thus, we are looking whether excluding of |m| = 21
states from consideration at the first diagonalization step may be
of importance for the second diagonalization step, where we keep
nvt = 9 lowest torsional states for each considered K value. In the

21 F

+12
+18,+21,+15

0 5 10 15 20 K

Fig. 5. Free rotor m states and their reordering with K quantum number due to
torsion-rotation coupling. E(m, K) = F(m-pK)? energies are simulated for a) acetic
acid like molecule (F = 5.6 cm™', p = 0.07); b) acetaldehyde like molecule
(F=7.56 cm™!, p = 0.33); and c) fluoral like molecule (F = 1.86 cm™}, p = 0.92).
Dashed/solid lines correspond to negative/positive m values, respectively. Free rotor
m quantum numbers are given at the left and at the right of the plots to illustrate
the reordering. Note that the free rotor energies are given at different scales for a),
b), c) plots to make more evident different extent of m state reordering with K.
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case of acetic acid, where p is quite small (p =~ 0.07), there is no
alteration in the energy order of different m states between K = 0
and K = 20 (see Fig. 5a). It is evident that neither for K = 0, nor
for K = 20, the |m| = 21 states will not appear among the nvt = 9
lowest, and thus truncation at |m| = 18 will not affect directly the
second diagonalization step. In the case of acetaldehyde (see
Fig. 5b), the p value is bigger (p ~ 0.33), and the energy order of
different m states is now changing with K value, but, still, neither
for K = 0, nor for K = 20, the |m| = 21 states will not appear among
the nvt = 9 lowest. The situation changes dramatically for fluoral
where p =~ 0.92. Due to the strong torsion-rotation coupling in flu-
oral, the m = 21 state will be the second by energy at K = 20 (see
Fig. 5¢). Thus, if we would like to keep nvt = 9 lowest states for
K = 20, it is not a good idea to exclude |m| = 21 states from consid-
eration by truncating our first diagonalization step basis set at |m|
= 18 (ktronc = 6). Therefore, in the case of p ~ 0.92, we need to
increase our truncation limit to take into consideration a number
of higher m states above |m| = 18. Certainly, presence of potential
barrier hindering internal rotation modifies the energy ordering
in comparison with the simplified barrier free example considered
here (the torsional energies are known to be oscillatory functions
with period three in a variable pK [27]), but V3 barrier does not
cancel energy reordering of m states with K value due to torsion-
rotation coupling. It was found empirically that for the considered
range of K values in the case of fluoral, which possesses very high p
value of ~ 0.92, we need to enlarge torsional basis set of the first
diagonalization step by a factor of 1.5 (from ktronc = 10 to
ktronc = 15) to account for reordering of torsional m states with
K and get a fit within experimental error.

6. Conclusion

Fluoral is a molecule of atmospheric interest with a complex
rotational spectrum due to its internal rotation motion. Combina-
tion of the heavy CF; top with the relatively light CHO frame
results in a strong coupling between the internal rotation and
the overall rotation of the molecule, which is characterized by
one of the largest p value studied so far with the microwave spec-
troscopy (p = 0.91723481(49)). The microwave and millimeter
wave spectrum analysis of fluoral was performed using the rho-
axis-method and the RAM36 code. A total of 12,322 transitions of
the ground, first and second excited torsional states, which, due
to clustering and occasional blending, correspond to 9342 mea-
sured line frequencies, were involved in the analysis of the fluoral
spectrum and the fit within experimental error (weighted root
mean square deviation 0.69) has been achieved for this dataset
using 47 parameters. The successful analysis required a larger than
usual torsional basis set at the first diagonalization step of the two-
step diagonalization procedure [18], which is a consequence of the
very high p value in fluoral.
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