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Abstract

A detailed analysis of (sub-)millimeter-wave spectra of the vibrational ground state (υ = 0) combined with the ener-
getically lowest excited vibrational state (υ24 = 1; aldehyde torsion) of gauche-propanal (g-C2H5CHO) up to 500 GHz
is presented. Both vibrational states, υ = 0 and υ24 = 1, are treated with tunneling rotation interactions between their
two respective tunneling states, which originate from two stable degenerate gauche-conformers; left- and right-handed
configurations separated by a small potential barrier. Thanks to double-modulation double-resonance (DM-DR) mea-
surements, important but weak c-type transitions connecting the tunneling states could be unambiguously assigned.
In addition, Coriolis interaction as well as Fermi resonance between the two vibrational states needed to be taken into
account to derive fits with experimental accuracy using Pickett’s SPFIT program in a reduced axis system (RAS).
Based on the rotational analysis, the fundamental vibrational frequency ν24 of gauche-propanal is redetermined to
68.75037(30) cm−1.

Keywords: Rotational spectroscopy, vibration-rotation interaction, millimeter-wave spectroscopy,
double-modulation double-resonance, complex molecules, propanal

1. Introduction

Rotational and vibrational spectroscopic fingerprints
of propanal, or propionaldehyde (CH3CH2CHO), were
subject of several studies [1–10]. Butcher and Wil-
son [1] have proven the existence of two stable con-
formers, syn- and gauche-propanal (Cs and C1 symme-
try, respectively). These differ mainly in the rotation
of the aldehyde group (−CHO). Another large ampli-
tude motion (LAM) is the methyl group (−CH3) inter-
nal rotation; its barrier height V3 is 793.7(25) cm−1 [3]
or 784.2(90) cm−1 [5] for syn-propanal, which was de-
termined from microwave and millimeterwave studies,
respectively. Gauche-propanal has a comparable bar-
rier height of V3 = 886(10) cm−1 [4]. Furthermore,
vibrational modes of propanal were assigned by low-
resolution far-infrared (FIR) [8] and mid-IR studies [9].
The energetically lowest lying fundamental frequency,
the aldehyde torsion υ24 = 1 ← 0, of syn- and gauche-
propanal was determined to be ν24 = 135.1 cm−1 and
113.1 cm−1, respectively [8]. The later value will be re-
determined with the rotational analysis presented here.
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Tunneling between the two degenerate gauche configu-
rations is feasible and leads to symmetric (υ+) and anti-
symmetric (υ−) tunneling states of each vibrational state
due to a small potential barrier separating the ”left-”
and ”right-handed” gauche configurations (The tunnel-
ing transition state has Cs symmetry) [1]. One main aim
of this article is to study the tunneling process of the
aldehyde-group in gauche-propanal, in particular to de-
termine accurate energy splittings of υ = 0 and υ24 = 1,
see Fig. 1. These splittings together with accurate vibra-
tional frequencies of υ24 for syn- and gauche-propanal
may allow to more precisely model the potential de-
scribing the interconversion of both conformers in the
future.

Studying the two LAMs of propanal is of fundamen-
tal interest itself, likewise its astronomical relevance.
Therefore, another aim of this study is to warrant a solid
quantum mechanical model of gauche-propanal to fa-
cilitate astronomical detection. Syn-propanal was al-
ready detected in space [11–13], in contrast to gauche-
propanal. The detection of syn-propanal in compara-
bly warm environments of around 125 K [13] may give
some confidence for a future detection of its higher en-
ergy conformer. Unfortunately, the description of the
vibrational ground state of gauche-propanal is some-
what limited as observable interactions with energet-
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Figure 1: Schematic double-well potential function of the aldehyde
rotation for gauche-propanal. The given energy splittings of the tun-
neling states (υ = 0+ and υ = 0− as well as υ24 = 1+ and υ24 = 1−)
and the fundamental frequency ν24 (in red; υ24 = 1← 0) are the main
results of this article.

ically higher excited vibrational states have been ne-
glected so far [10]. The previoulsy determined funda-
mental frequency ν24 [8, 9] was too large to account
for interactions between υ = 0 and υ24 = 1. No-
table deviations from a single state fit of υ = 0 with
2378 transitions were observed for several R-branch a-
type transitions (qR series) [10], even though tunneling-
rotation interaction between the two tunneling states of
υ = 0, hereafter referred to as 0+ and 0−, were taken
into account up to 500 GHz [2, 10]. On the other hand,
tunneling-rotation interaction were not taken into ac-
count for υ24 = 1 and only 15 a-type rotational tran-
sitions with J ≤ 4 and Ka ≤ 2 were assigned but not
fit to experimental accuracy [7]; the tunneling states of
the aldehyde torsion (υ24 = 1) are hereafter abbreviated
with 24+ and 24−. Therefore, a combined analysis of
υ = 0 and υ24 = 1 is needed.

A detailed analysis of the fingerprints of gauche-
propanal is presented in this article. The experi-
mental setups measuring these fingerprints are sum-
marized next (Sec. 2). Conventional 2 f modu-
lated broadband measurements and double-modulation
double-resonance (DM-DR) measurements were per-
formed. DM-DR measurements allow unambiguous as-
signments of weak or perturbed transitions in a straight-
forward fashion, as its DR character finds linkages,
therefore warrants the correct assignment, and the DM
character clears up crowded spectra [14]. The analysis
of the rotational fingerprint of gauche-propanal is de-
scribed in detail (Sec. 3). Theoretical considerations,
in particular the applied Hamiltonian, and a first single
state analysis of υ24 = 1 are presented to illustrate char-
acteristics of the observed spectroscopic fingerprints.
The section is completed with a combined analysis of

υ = 0 and υ24 = 1 which takes Fermi resonance and
Coriolis interaction into account. Finally, the main re-
sults and future prospects are discussed (Sec. 4).

2. Experimental Setup

Conventional absorption measurements up to
500 GHz were already performed and their experi-
mental conditions were published in Ref. [10]. Some
additional measurements in the W-band were per-
formed for this study, both conventional and DM-DR
ones, to increase the accuracy of center frequencies as
well as to search for linkages and to assign weak c-type
transitions, respectively. In the following, only brief
summaries of the experimental setups are presented as
both, i) the conventional [15, 16] and the ii) DM-DR
setup [14], were already described in detail before.

i) The probe signal of a synthesizer (up to 43 GHz) is
multiplied by different (cascaded) multipliers to reach
a frequency coverage of 75−500 GHz for conventional
measurements. Some additional measurements below
67 GHz are done without multiplication by straight-
forwardly using the output frequency of an Agilent
E8257D synthesizer. The frequency modulated radia-
tion is guided with lenses and reflected by a rooftop mir-
ror through the absorption glass cell containing solely
the molecules of interest with pressures around 20 µbar.
The double-pass setup has an absorption path length
of 2 × 5 m with a cell diameter of 10 cm [15]. A po-
larization grid is guiding the radiation onto a Schottky
detector (and can separate two beams in DR measure-
ments), then the signal is amplified and processed by a
bandpass-filter. Finally, the 2 f demodulation of a lock-
in amplifier ( f ≈ 47 kHz) makes absorption features ap-
pear close to the second derivative of a Voigt-profile.

ii) A second synthesizer and a 14 m single pass setup
are used for DM-DR measurements in the W-band re-
gion [14]. In this setup, the pump radiation with out-
put powers of up to 60 mW (AFM6 70–110+14 from
RPG) can be superimposed with the probe radiation
(≈ 1 mW), orthogonally polarized to each other. By
additional modulation of the pump source, a difference
spectrum of DR on and DR off measurements is cre-
ated, which contains only signals if probe and pump
frequencies are resonant to two transitions which share
an energy level, mainly based on the Autler-Townes ef-
fect [17, 18]. This method results in confusion- and
baseline-free measurements allowing to unambiguously
assign weak and perturbed transitions in a straightfor-
ward fashion [14].

2



3. Rotational Fingerprint

Specific molecular properties and theoretical con-
siderations which describe the rotational fingerprint of
gauche-propanal are summarized first (Sec. 3.1). Based
on these considerations, a single vibrational state anal-
ysis of υ24 = 1 is discussed (Sec. 3.2). This single
state analysis turned out to have similar limitations as
the recent analysis of υ = 0 [10]. Deviations of adjacent
qR series transitions with specific Ka quantum numbers
(Ka = 12 and Ka = 14 for υ = 0; Ka = 7 and Ka = 10
for υ24 = 1) can be circumvented by a combined anal-
ysis of the two vibrational states, or strictly speaking of
the four tunneling states (Sec. 3.3).

3.1. Theoretical considerations
Gauche-propanal is quite close to the limiting pro-

late rotor case with κ = −0.9849. The dipole moment
components of gauche-propanal were determined to be
µa = 2.645(5) D, µb = 0.417(6) D, and µc = 1.016(3) D
[7]. As the symmetry plane of the gauche-propanal tun-
neling transition state is coinciding with the ab-plane of
the molecule, parity selection rules make a- and b-type
transitions occur within tunneling states (υ+ ↔ υ+ or
υ− ↔ υ−), whereas c-type transitions occur between the
two states (υ+ ↔ υ−). For this reason, c-type transitions
contain direct information about the energy difference
∆Eυ of the tunneling states.

In general, the Hamiltonian

Ĥ =

[
Ĥν′′ Ĥν′ν′′

Ĥν′ν′′ Ĥν′ + ∆E

]
(1)

used to describe the interaction between two states con-
sists of the common asymmetric rotor Hamiltonians on
the diagonal, one for each of the two distinct vibrational
states, Ĥν′ and Ĥν′′ , their energy difference ∆E, and their
interaction Ĥν′ν′′ . The off-diagonal elements may take
Fermi resonance and Coriolis interaction into account
(Ĥν′ν′′ = ĤF

ν′ν′′ + ĤC
ν′ν′′ ).

Fermi parameters used in the analysis of gauche-
propanal are of the form [19–21]

ĤF
ν′ν′′ = F0 + FJ Ĵ2 + FK Ĵa

2
+ 2F2(Ĵb

2
− Ĵc

2) + ... (2)

and the Coriolis terms are of the form

ĤC
ν′ν′′ = + iGa Ĵa + iGb Ĵb + iGc Ĵc (n = 1)

+ ...

+ Fbc(Ĵb Ĵc + Ĵc Ĵb) + Fca(...) + Fab(...) (n = 2)

+ F J
bc Ĵ2(Ĵb Ĵc + Ĵc Ĵb) + FK

bc{(Ĵb Ĵc + Ĵc Ĵb), Ĵ2
a}/2

+ ...

(3)

with {, } being the anticommutator. Coriolis parameters
and their respective operators are also given in Tables 3
and 4 of Ref. [22].

In total, the rotational Hamiltonian of the combined
analysis of υ = 0 and υ24 = 1 is described in the basis
of the four tunneling states (ψ0+ , ψ0− , ψ24+ , ψ24− ). It is
explicitly described by Eq. (4).

An iterative fitting procedure of assigning, fitting and
predicting spectra is applied. The assigned transitions
are fit with Pickett’s SPFIT program [23] using a re-
duced axis system (RAS) to treat molecules affected by
tunneling-rotation interaction, which Pickett proposed
in 1972 [24]. The RAS was successfully adapted in the
description of many molecules, e.g. in Refs. [25–36].
Furthermore, it also allowed to describe strongly per-
turbed transitions of υ = 0 of gauche-propanal [2, 10].
Pickett’s RAS is also described by Coriolis parameters,
but only operators of even order n are used [24]. The
Hamiltonians ĤX± in Eq. 4 account for tunneling rota-
tion interaction in the RAS. In general, if the species of
rotation Rg is contained in the direct product of the sym-
metry species g (with g = a; b; c), Coriolis interactions
can occur between two states [21]. For gauche-propanal
with the tunneling transition state being of Cs symme-
try, Fab (c-type) is acting within each tunneling state
(A′ ⊕ A′ = A′), in contrast to Fbc and Fca (a- and b-
type interactions are expected to occur between the two
substates as A′ ⊕ A′′ = A′′). Therefore, a- and b-type
tunneling-rotation interaction, Ĥa/b

X± , are off-diagonal in
Eq. (4), whereas the c-type ones, Ĥc

X± , are on the diago-
nal.

3



Ĥ =


Ĥ0+ + Ĥc

0± − ∆E0/2 Ĥa/b
0± ĤF

+ ĤC

Ĥa/b
0± Ĥ0− + Ĥc

0± + ∆E0/2 ĤC ĤF
−

ĤF
+ ĤC Ĥ24+ + Ĥc

24± + E24 − ∆E24/2 Ĥa/b
24±

ĤC ĤF
− Ĥa/b

24± Ĥ24− + Ĥc
24± + E24 + ∆E24/2

 (4)
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Figure 2: Measured spectrum of propanal in the W-band region (in
black). In addition, predictions of the vibrational ground state (υ = 0;
in blue) and of the energetically lowest vibrational excited state of
gauche-propanal (υ24 = 1; in green) are shown.

3.2. Single vibrational state analysis: υ24 = 1
The constantly repeated emergence of rather strong

and unassigned lines next to predicted Ka structures of
υ = 0 of gauche-propanal (blue) in Fig. 2 reveal the
presence of a rather strong satellite spectrum belonging
to υ24 = 1 (green). Ka structures are made of qR series
transitions, JKa,Kc ← (J − 1)Ka,Kc−1, with identical J and
are approximately separated by B+C for adjacent Js for
near prolate rotors, cf. Fig. 2.

The various qR series are often easily traceable by vi-
sual means, e.g., in Fortrat diagrams, see Fig. 3. From
this point on a strict color coding of blue, red, green,
and orange is used throughout the figures of this article
to represent the tunneling states 0+, 0−, 24+, and 24−,
respectively.

Assigning Ka and tunneling quantum numbers was
less straightforward than in the υ = 0 case. In particular
the doublet pattern of υ24 = 1 was initially not as ob-
vious as for υ = 0. The DM-DR measurements greatly
simplified the assignment procedure, as several qR se-
ries were experimentally linked, see green and orange
lines in Fig. 3. First of all, the assignment of J quan-
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Figure 3: Fortrat diagram of the conventional spectrum of gauche-
propanal in the W-band region (in black). qR-series transitions,
JKa ,Kc ← (J − 1)Ka ,Kc−1, with adjacent Js of υ24 = 1 were linked by
DM-DR measurements and their connection are visualized by green
and orange lines. Assignments of υ = 0 from an earlier study are
shown in red and blue [10]. Transitions are prolate paired, except for
Ka ≤ 3, and Ka’s of each qR-series are given vertical above the last
transition. The lowest row of Ka quantum numbers represent strongly
perturbed series (cross shape series) with Ka = 2 of υ = 0 and Ka = 1
of υ24 = 1 in the W-band region.

tum numbers to linked qR series transitions is straight-
forward thanks to the Fortrat diagram as J ← (J − 1)
is known for each layer, see Fig. 3. Without any addi-
tional ab-initio calculations rather obvious peculiarities
in Fig. 3 helped to fully assign transitions in the W-band:
i) Transitions with 9 ≤ Ka ≤ 11 could be assigned be-
cause R-branch series start with J = Ka. ii) Transitions
with Ka = 0 and Ka = 2 were assigned subsequently as
the slope of these linked transitions is rather different to
other qR series, but comparable to those of υ = 0 with
the same Ka’s, see Fig. 3. iii) Transitions with Ka = 3
are also recognizable because of their quartet structure
being close in frequency as prolate pairing is slightly
lifted. iv) Assignments of transitions with 4 ≤ Ka ≤ 8
were then rather straightforward as they are located be-
tween Ka = 3 and Ka = 9 series. v) Very importantly,
the analysis profited furthermore immensely from DM-
DR measurements as the unambiguous assignment of
heavily perturbed transitions with Ka = 1 was facili-
tated, see lines which form a big cross and change color
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Figure 4: Spectroscopic fingerprint of gauche-propanal in the W-band
region.

from orange to green or vice versa in Fig. 3. In the
end, the doublets of υ24 = 1 are not as distinct as for
υ = 0. Transitions of 24+ with Ka + 1 appear some-
times at lower frequencies than transitions with Ka of
24− for identical J’s. A typical fingerprint of υ24 = 1 of
gauche-propanal is shown in Fig. 4.

Assignments could be made up to 500 GHz based on
predictions derived from modeling the assigned transi-
tions in the W-band region. The leading term for the
strong a-type interaction, between energy levels with
the same Ka and J values, observed in the W-band is
Fbc, identical to the ground state analysis. Basically,
energy levels of the energetically higher asymmetry side
Ka + Kc = J of the lower tunneling state 24+ are inter-
acting with the lower asymmetry side Ka + Kc = J +1 of
the higher tunneling state 24−, see the top panel of the
reduced energy diagram in Fig. 5. An avoided crossing
pattern results for Ka = 1, Ka = 2, and Ka = 3 around
J = 12, J = 26, and J = 42, respectively, clearly rec-
ognizable by trends of energy levels which switch from
green circles to orange crosses or vice versa. This is
also seen by the crossing series with Ka = 1 in Fig. 3.

The analysis of υ24 = 1 was continued by assign-
ing weak c-type transitions, again facilitated by DM-
DR measurements. As already mentioned, c-type tran-
sitions directly connect the tunneling states and, there-
fore, play a key role in establishing the energy differ-
ence ∆E24 and with that also the interaction regions of
the two tunneling states of υ24 = 1. C-type transitions
of strongly perturbed energy levels are of particular in-
terest. For example, four Q-branch c-type transitions
JKa,Kc = J2,J−1 ← J1,J−1 marked by the vertical arrows
in Fig. 5 connect energy levels with Ka = 1 of 24+ to
levels with Ka = 2 of 24− and their DM-DR spectra are
plotted in Fig. 6. The avoided crossing behavior caused
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Figure 5: Reduced energy diagram for υ = 0 and υ24 = 1 of gauche-
propanal. In the bottom panel, only 0+ (blue) and 24+ (green) tun-
neling states are plotted for simplicity as tunneling states belonging to
one vibrational state seem to overlap on this scale. In the top panel, en-
ergy levels of all states are plotted in an enlarged section, which high-
lights the a-type tunneling-rotation interaction (Fbc) of 24+ and 24−.
Energy levels for asymmetry sides Ka +Kc = J and Ka +Kc = J+1 are
marked by circles (’o’) and crosses (’x’), respectively, and are plotted
with respect to their reduced energy Ered = E − J(J + 1)(B + C)/2.

by the tunneling-rotation interactions is elucidated by
the huge frequency difference of about 5374 MHz be-
tween transitions with J = 12 and J = 13 (upper two
panels of Fig. 6). Assigning these heavily perturbed
transitions by using only conventional techniques would
be very difficult. C-type transitions of υ = 0 were as-
signed additionally, which was not possible in an earlier
study [10]. Such an assignment of υ = 0 is given as
a showcase example in the article presenting the newly
developed DM-DR technique, see Fig. 8 in Ref. [14].

C-type transitions are split measurably by the methyl
group internal rotation in contrast to a-type transitions.
A and E components can sometimes be experimentally
distinguished if the asymmetry splitting is comparable
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Figure 6: DM-DR measurements (in red) of Q-branch c-type transi-
tions. These transitions connect the two tunneling states (JKa ,Kc =

J2,J−1 ← J1,J−1; 24− ← 24+) and are schematically depicted by the
arrows in Fig. 5. Assignments are hampered in conventional spec-
tra (in black), which have been already mathematically processed
(Fourier filtered) to remove the standing waves. C-type transitions
show methyl internal rotation splitting (A, E).

to the internal rotation splitting because it leads to the
presence of nominally forbidden E∗ transitions in rigid
rotors which share their intensity with the E transitions
[37], demonstrated also with Q-branch c-type transi-
tions JKa,Kc = J3,J−2 ← J2,J−2 in the supplementary
material (Fig. A3). Only the A components are fit as
only 85 out of 1977 assigned transitions of υ24 = 1 in
the final analysis are c-type transitions, and these are
too weak for a detection in space, hence a full treatment
of the internal motion is neglected and A and E assign-
ments should be re-examined.

The single vibrational state analysis is able to re-
produce large fractions of qR series transitions up to
Ka = 11 with Jmax = 60 of υ24 = 1, only limited by the
frequency cutoff at 500 GHz, and c-type transitions to
experimental accuracy. However, qR series transitions
with Ka = 7 and J > 36 as well as with Ka = 10
and J > 30 have been excluded here. The deviations,
νObs. − νCalc., of these perturbed transitions show pat-
terns of an avoided crossing behavior originating from
an interaction with another vibrational state (υ = 0).
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405.4 48
413.7 49
422.1 50
430.4 51
438.7 52
447.0 53
455.3 54
463.6 55
471.9 56
480.1 57
488.4 58
496.7 59

JCalc /GHz24 +

Figure 7: Loomis Wood plots of gauche-propanal showing qR series
transitions, JKa ,Kc ← (J − 1)Ka ,Kc−1, with Ka = 12 (0+ and 0−) on
the left and Ka = 7 (24+) on the right hand side. The predicted
frequencies are derived from the respective single vibrational state
models (shown also as stick spectra). The trends in deviations from
predicted to observed frequencies (final assignments are marked by
colored boxes) have opposite sign for the two vibrational states. The
eight strongest perturbed transitions (with J = 43 or J = 44), four al-
lowed plus four nominally forbidden transitions with deviations up to
75 MHz, are off-scale here but depicted in Fig. A4. The systematic de-
viations are indicating interactions with ∆Ka = 5 between υ = 0 and
υ24 = 1 and the incorrect determination of the fundamental frequency
ν24 = 113.1(2) cm−1 in the literature [7, 8], see text.

3.3. Combined analysis: υ = 0 and υ24 = 1

In the single vibrational state analysis of υ24 = 1, see
Sec 3.2, conspicuous deviations are observed for Ka = 7
and Ka = 10 which appear at the same J’s as deviations
in Ka = 12 and Ka = 14 of υ = 0, respectively. Further-
more, the deviations seem to have opposite sign for the
two vibrational states. This is examplified by Loomis
Wood plots for qR series of Ka = 12 (υ = 0) and of
Ka = 7 (υ24 = 1) in Fig. 7.

In fact, Fermi resonance and Coriolis interaction be-
tween the two vibrational states are the cause of the per-
turbed transitions. However, the fundamental frequency
needs to be drastically reduced from ν24 = 113.1 cm−1

[7, 8] to be able to model the perturbed transitions to
experimental accuracy. An initial vibrational energy of
υ24 = 1 was obtained by a careful, manual adjustment.
A reduction by more than 44 cm−1 to about 68.8 cm−1

brought observed interacting energy levels close in en-
ergy, i.e. energy levels of Ka = 12 of υ = 0 with Ka = 7
of υ24 = 1 as well as Ka = 14 of υ = 0 with Ka = 10
of υ24 = 1. The new energy difference compares
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very favorably with results from quantum-chemical cal-
culations performed here at the CCSD(T)/ANO0 level
of theory which yield a fundamental wavenumber of
ν24 = 74 cm−1. On the other hand, simple microwave
relative intensity measurements [7] agreed with a higher
frequency of ν24 = 113.1 cm−1 [7, 8], for that reason
new millimeter-wave relative intensity measurements of
48 arbitrary chosen rotational lines are performed. In
general, intensity comparisons of absorption spectrom-
eters should be treated with caution, nevertheless, they
reveal a ratio of Iυ24=1/Iυ=0 = 0.76(9) (Table 2 in the
supplementary material), that translates via the Boltz-
mann factor to 57+27

−24 cm−1, and support the newly de-
rived value. The resulting ∆Ka = 5 and ∆Ka = 4 inter-
action areas are marked in turquoise in Fig. 5. Reduced
energy diagrams of the close up of the two interaction
areas are shown in Fig. 8 for clarification. Strong pertur-
bations occur since energy levels of 24+ are crossing 0+

and 0− ones. At this point, all parameters accounting for
possible interaction between the three aforementioned
tunneling states are tested and the ones ameliorating the
root-mean square (rms) of the fit the most are incorpo-
rated into the parameter set. The five lowest order pa-
rameters are examined to find the best fit for each Cori-
olis interaction type, cf. order n in Eq. 3. For example,
Fermi resonance between 0+ and 24+ are satisfactorily
reproducing the observed ∆Ka = 5 interaction.

Four nominally forbidden qR series transitions with
J = 43 or J = 44 (0+ ↔ 24+) in addition to four al-
lowed ones (0+ ↔ 0+ and 24+ ↔ 24+) are observable
on account of mixed wave functions, due to the Fermi
resonance. These are depicted by the eight arrows in
Fig. 8b and eventually fit to experimental accuracy (cf.
also Fig. A4 in the supplementary material). In particu-
lar the four nominally forbidden transitions between the
two vibrational states give direct information on the fun-
damental frequency ν24. The simulated interaction of
energy levels can be seen by their mixing coefficients,
which are visualized in Fig. A1 in the supplementary
material.

The spectroscopic parameters of the υ = 0 and υ24 =

1 system of gauche-propanal can be found in Table 1.
In addition, the line list (*.lin), containing all assigned
transitions with their respective quantum numbers, to-
gether with the parameters setting up the Hamiltonian
in Eq. (4) (*.par) and the resulting fit (*.fit) are pro-
vided in the supplementary material. Finally, qR series
up to Jmax = 60 and Ka = 15 of υ = 0 and Ka = 11 of
υ24 = 1 are fit to experimental accuracy. The total quan-
tum number coverage of transitions and their deviations
to predictions, based on parameters in Table 1, can be
seen in Fig. A2 in the supplementary material. The ob-

50 52 54 56 58 60

142.8

142.9

(a)  Ka = 4

0 10 20 30 40 50 60
J

142.0

143.0

E r
ed

 [c
m

1 ]

40 42 44 46
105.18

105.20

105.22

Figure 8: Enlarged portions of the reduced energy diagram of gauche-
propanal, cf. Fig. 5. Highlighted are the (a) ∆Ka = 4 and (b) ∆Ka = 5
interaction areas. The assignment of the four allowed and four nomi-
nally forbidden transitions marked by the eight arrows in (b) are plot-
ted additionally in Fig. A4 of the supplementary material. The impor-
tance of these transitions is explained in the text.

served Fermi resonance and Coriolis interaction allow
to accurately determine the fundamental frequency of
ν24 = 68.75037(30) cm−1.

4. Discussion and Prospects

The main result of the combined analysis of υ =

0 and υ24 = 1 is the re-determination of the
fundamental frequency of the aldehyde torsion to
ν24 = 68.75037(30) cm−1. This result is further
verified by high-level quantum-chemical calculations
and millimeter-wave relative intensity measurements.
In addition, the redetermined fundamental frequency
ν24 of gauche-propanal is comparable to 70 cm−1 of
gauche-nitrosoethane [7], its isoelectronic molecule
(CH3CH2NO). Similar fundamental frequencies were
already observed for their syn conformers, with syn-
propanal of ν24 = 135.1 cm−1 [8] and syn-nitrosoethane
of 130 cm−1 [7]. These qualitative agreements of fun-
damental frequencies may additionally support the re-
determination. The energy splitting of the respective
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Table 1: Spectroscopic parametersa (MHz) of the global fit of υ = 0 and υ24 = 1 of gauche-propanal.

Ĥ Parameter 0+ 0− 24+ 24−

∆Eυ/2c 237.7893( 81) 6708.3692(235)
E24 2061084.2(90)

Erel
f −237.7893( 81) 237.7893( 81) 2054375.8( 90) 2067792.6( 90)

Erel
f / cm−1 −0.00793180( 27) 0.00793180( 27) 68.52660( 30) 68.97414( 30)

∆Eυ f 475.5786(115) 13416.8(13)
∆Eυ f / cm−1 0.01586359(38) 0.44753(42)
E24

f / cm−1 68.75037(30)

Ĥυ A 26252.5958( 75) 26248.5661( 79) 26460.7047(155) 26355.6568(204)
B 4314.88778( 67) 4314.95158( 62) 4326.01733( 78) 4329.30966( 59)
C 4147.91471( 61) 4148.12679( 59) 4159.09496(106) 4164.83173( 96)
−DK −2.06977( 62) −2.05824( 63) −2.49135(150) −2.0896( 39)
−DJK 0.1798841( 50) 0.1789892( 47) 0.218507( 51) 0.188766( 78)
−DJ ×103 −6.580854(308) −6.56201( 32) −7.90169( 37) −7.26255( 53)
d1 ×103 1.08499( 57) 1.07526( 57) 1.31865( 45) 1.14660( 37)
d2 ×103 −0.044125( 68) −0.039849( 38) 0.038543(150) 0.063808( 93)
HK ×106 − − − −

HKJ ×106 8.709( 32) 11.200( 34) −83.926(268) 5.338(290)
HJK ×106 −3.2406( 35) −3.3057( 34) 1.1632( 76) −2.2458( 99)
HJ ×106 0.127377(111) 0.128224(113) 0.092240(215) 0.138476(219)
h1 ×109 −51.703(158) −52.556(156) −9.608( 76) −32.140( 55)
h2 ×109 −0.8131( 85) − −23.001( 63)d −23.001( 63)d

h3 ×109 − −0.19834(244) 2.2481( 57) 0.5638(248)
LK ×109 − − − −

LKKJ ×109 −2.265( 87) −5.299( 88) 94.94(142) −

LJK ×109 −2.3217(182) −2.2200(182) −1.522( 75) 2.476( 81)
LJJK ×109 0.14531( 87) 0.14138( 88) −0.15456(145) −0.16335(225)
LJ ×1012 −3.3327(284) −3.2059(284) −3.864( 60) −2.458( 60)
l1 ×1012 2.1378(128) 2.0364(128) − −

l2 ×1012 − − 1.0502(103) 3.3197(278)
l3 ×1012 − − − −0.2006( 61)
l4 ×1012 − − − −

PJK ×1012 −0.15475(281)d −0.15475(281)d −0.2404(105) −0.3999(132)
PJ ×1015 0.07456(286)d 0.07456(286)d 0.1630( 62) 0.0813( 63)
p2 ×1015 − − − −0.2204( 40)

Ĥa
υ±

Fbc 23.96486(229) 32.22732( 54)

FK
bc −0.10958( 81) 0.399567(297)

FJ
bc ×103 −3.3607( 40) −2.96460(216)

FKK
bc ×103 0.24036( 86) −

FJK
bc ×103 −0.013551(106) −0.023756( 97)

FJJ
bc ×106 0.14945( 63) 0.07229( 40)

FJJK
bc ×109 − 0.5455(163)

FKKK
bc ×106 0.1473( 39) −

F2bc ×103 −0.34902( 47) −

Ĥb
υ±

Fca − 151.909( 61)

FK
ca − −0.1580( 32)

FJ
ca ×103 − −4.489( 45)

FKK
ca ×103 − −0.4677( 61)

FJJ
ca ×106 − 0.2043( 78)

Ĥc
υ±

Fab/2
c 5.17( 38) 4.3454(139)

FK
ab/2

c
0.066e −

FJ
ab/2

c
×103 − 1.1419( 57)

FJJ
ab /2

c
×106 − 0.10361(207)

ĤC Fbc
g 7.2891(115)

G2b
g 0.020888(188)

GJ
2b

g
×106 2.906( 57)

ĤF
− F−2

h
−3.1298( 64)

ĤF
+ F+

2
h

−2.6569(122)
Global fit
Number of transitionsb 1414 1419 985 992
Total number of transitions 4810
Total number of lines 3426
rms / kHz 55.2 kHz
wrms / unitless 1.17

a S reduction is used with SPFIT in the Ir -representation. Values of Fbc etc., given either between column 0+ and 0− or 24+ and 24− , are associated with operators between tunneling states. Values of Fbc etc., given between
column 0− and 24+ , are associated with operators between the vibrational states. The column Ĥ denotes to which Hamiltonian of Eq. 4 the parameters from one block belong to.
b Transitions between different tunneling states are counted to the respective lower level of a transition.
c Parameter X is fit as linear combination X = (Xυ

′
− Xυ

′′
)/2.

d Parameter X is fit as linear combination X = (Xυ
′′

+ Xυ
′

)/2.
e Parameter is manually fixed.
f Value not fit. Only given for clarification and calculated from the fit ∆Eυ/2 and E24 parameters.
g Parameter acts between 0+ and 24− as well as between 0− and 24+ .
h Parameter acts between 0+ and 24+ (+) or between 0− and 24− (−).
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tunneling states of a vibrational state is increasing from
about 16×10−3 cm−1 (υ = 0) to 448×10−3 cm−1 (υ24 =

1). A larger splitting is commonly observed for energet-
ically higher excited vibrational states below the barrier
of a double potential well.

Assigning ro-vibrational spectra in the far-infrared
(FIR) region in the future would verify the energy differ-
ences by a direct measurement of the new fundamental
frequency ν24. Another approach for further verifying
ν24 are very accurate relative intensity measurements
with the help of emission spectroscopy, which allows
to detect absolute line intensities [38, 39]. A revisit
of the fundamental frequency ν24 of syn-propanal us-
ing high-resolution FIR spectroscopy is recommended
considering the re-determination for gauche-propanal
presented here. The fundamental frequencies of the
aldehyde torsion of syn- and gauche-propanal, in the
best case in combination with additional frequencies for
overtone and hot bands, allow to accurately model the
interconversion potential, or the −CHO-group rotation,
of propanal in the future.

The present analysis profited immensely from DM-
DR spectroscopy in the W-band region [14] for three
reasons: i) linkages allowed for straightforward as-
signments in the W-band region without the need of
ab-initio calculations, ii) strongly perturbed transitions
(with Ka = 1) could be assigned unambiguously (cf.
Fig. 3) and iii) weak c-type transitions connecting the
two tunneling states were assigned easily (cf. Fig. 6).
In particular the latter reason may also allow to improve
the analyses of rotational spectra of molecules with two
stable degenerate gauche or synclinical conformers in
the future.

Increasing the frequency range above 500 GHz could
help to even better describe the ∆Ka = 4 interaction, as
in this case unperturbed transitions with J > 60 may be
beneficial for the modeling of the interaction. Further-
more, extending the DM-DR measurements beyond the
W-band would allow for assignments of perturbed tran-
sitions in a straightforward fashion. Ideally, the eight
transitions marked by the arrows in Fig. 8b and plotted
in Fig. A4 in the supplementary material could be ad-
ditionally confirmed by DR spectroscopy, as these tran-
sitions contain the most information on the ∆Ka = 5
interaction and could secure the assignments and con-
firm the spectroscopic model even further. Increasing
the covered quantum number range, cf. Fig. A2 in the
supplemental material, is only advisable if the second
excited aldehyde torsion is included in a global analysis
to be able to properly treat perturbed transitions origi-
nating from interactions between υ = 0 or υ24 = 1 with
υ24 = 2. Furthermore, by including υ24 = 2 in the rota-

tional analysis, an assignment of the first overtone band
of the aldehyde torsion υ24 = 2 ← 0 may be straight-
forward and additionally confirm the newly determined
fundamental frequency ν24 indirectly.

In conclusion, the sophisticated rotational analysis
of υ = 0 and υ24 = 1 of gauche-propanal allows
astronomers to search for its rotational fingerprints in
space and may guide the analysis of FIR spectra to even
better understand the LAMs of propanal.
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Supplementary material

The appearance of tunneling-rotation interaction,
Fermi resonance and Coriolis interaction is visualized
by plotting the mixing coefficients of the energy lev-
els in dependence of Ka and J quantum numbers, see
Fig. A1. The quantum number coverage of assigned and
fit transitions is depicted in Figs. A2. Additionally, the
experimental assignments of methyl internal rotation
components (A, E, and E∗) is demonstrated by the ap-
pearance of nominally forbidden E∗ transitions, which
share their intensity with the E transitions [37], with
Q-branch c-type transitions JKa,Kc = J3,J−2 ← J2,J−2
in Fig. A3. Furthermore, the transitions resulting from
most perturbed energy levels of the ∆Ka = 5 interaction
are shown in Fig. A4. The results of the millimeter-
wave relative intensity measurements are summarized
in Table 2.

internal structure weighed by experimental relative
intensity
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Table 2: Millimeter-wave relative intensity measurements of υ = 0 and υ24 = 1 of gauche-propanal.

Transition Frequencya Intensityb /a.u. Rc R
/MHz 0+ 0− 24+ 24−

J0, J ← (J − 1)0, J−1
J = 10 84433.3080 27555 27006 20145 23525 0.80
J = 13 109592.1802 12673 11678 9227 10849 0.82
J = 14 117952.3133 5045 4301 4055 4413 0.91
J = 22 184344.5475 185815 180231 127299 146387 0.75
J = 33 274651.7827 49280 42338 32034 29777 0.67
J = 49 404836.5234 5251 7002 4720 2745 0.61 0.76(11)

11Ka,Kc ← 10Ka,Kc−1
Ka = 4 93136.0761 31346 35416 31820 27102 0.88
Ka = 5 93165.8352 33457 35058 21810 25410 0.69
Ka = 6 93206.2575 28107 32080 19931 20957 0.68
Ka = 7 93255.8588 26711 23473 18544 16524 0.70
Ka = 8 93314.0764 20306 22892 18017 14072 0.74
Ka = 9 93380.6683 15614 16589 16244 12175 0.88 0.76(9)

0.76(9)

a The frequency is given for the 0+ state.
b The intensity is derived by the difference of maximum and minimum intensities of a measured line.
c The ratio R is simply calculated by considering all Intensities Ii with R = (I24+ + I24− )/(I0+ + I0− ). All considered transitions are a-type
transitions and differences in line shapes as well as frequencies are neglected as transitions within one row appear in a small frequency window, in
particular (µ2

aν
2S Doppler) is assumed to be equal for transitions in the same row.
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Figure A1: Contour plots of mixing coefficients of gauche-propanal of energy levels with Ka + Kc = J and Ka + Kc = J + 1 on the left- and
right-hand side, respectively. The studied tunneling states 0+, 0−, 24+, and 24− are plotted from top to bottom. Tunneling-rotation interaction are
prominently seen for energy levels of 0+ (Ka + Kc = J) and 0− (Ka + Kc = J + 1) with Ka = 1, 2, 3, 4, 5 around J = 2, 10, 22, 36, 52, respectively,
as well as of 24+ (Ka + Kc = J) and 24− (Ka + Kc = J + 1) with Ka = 1, 2, 3 around J = 12, 26, 42, respectively. Furthermore, ∆Ka = 5 interaction
between 0+ (Ka = 12) and 24+ (Ka = 7) are locally seen around J = 43, the ∆Ka = 4 interaction around J = 55 are seen for 0+ as well as 0− at
Ka = 14 and 24+ at Ka = 10. Label switching is occurring at Ka = 14 of 0+ which seem to divide the interaction area. This can also be seen by
two 24+ (green markers) energy levels and a missing blue one at J = 55 in Fig. 8b of the main article. Additionally, strong mixing is noticed for
Ka = 15 of 24+, where an interaction with Ka = 18 of υ = 0 is predicted.
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Figure A2: Quantum number coverage of fit transitions of the four tunneling states, 0+, 0−, 24+, and 24−, of gauche-propanal. The size of the
marker cycles is proportional to the deviations between observed and predicted center frequencies (νobs. − νcalc.)/∆ν, based on the spectroscopic
parameters in Table 1.
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Figure A3: DM-DR measurements (in red) of Q-branch c-type tran-
sitions which connect the two tunneling states (JKa ,Kc = J3,J−2 ←

J2,J−2; 24+ ← 24−). Assignments of these transitions is hampered in
conventional spectra (in black). These transitions show methyl inter-
nal rotation splitting (A, E) and can be unambiguously assigned due
to nominally forbidden E∗ transitions in rigid rotors, which share their
intensity with E ones [37].
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Figure A4: Strongly perturbed transitions of the Fermi resonance (∆Ka = 5 interaction) between 0+ (Ka = 12) and 24+ (Ka = 7) around J = 43
of gauche-propanal. The experimental spectrum is shown in black and predictions of syn- and gauche-propanal are shown as stick spectra in blue
and red, respectively. Mixing of energy levels of 0+ and 24+ of gauche-propanal, cf. Fig. 8b, allow to observe four nominally forbidden transitions
(with Ka = 12 ↔ 7 and 0+ ↔ 24+), in addition to the four nominally allowed qR series transitions (with either Ka = 12 ← 12 and 0+ ← 0+ or
Ka = 7 ← 7 and 24+ ← 24+). The eight transitions are marked by the eight arrows in the reduced energy diagram in Fig. 8b and all of them show
an internal structure of their line profile. The methyl group internal rotation is not treated in this analysis as no splitting is observed for a substantial
majority of lines, in particular for qR series transitions, see Sec. 3.2 for more information. However, the conspicuous line shapes are considered to
be an additional conformation of the correct assignments of the eight strongly perturbed lines. The internal structure is expected to originate from
a mixing of different methyl internal rotation splittings of the two vibrational states. In the final analysis, weighted experimental intensities of the
internal structure are used to derive center frequencies and these are added to the line list with somewhat larger uncertainties (100 kHz) compared
to other frequencies to account for the untreated internal structure. DR experiments may be another tool to verify the assignments in the future, if
powerful sources are available at these high frequencies.
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