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Abstract

Broadband measurements of glycidaldehyde
in the frequency ranges 75-170 GHz and
500-750 GHz were recorded to extend previ-
ous analyses of its pure rotational spectrum
in the microwave region. The rotational pa-
rameters of the ground vibrational states for
the main isotopologue and the three singly 3C
substituted isotopologues were considerably im-
proved and additional higher-order parameters
were determined.

To identify new vibrationally excited states
in the dense and convoluted spectrum, an
updated version of the double-modulation
double-resonance spectroscopy technique was
used. Connecting transitions with a shared
energy level into series and expanding these
via Loomis-Wood plots proved to be a pow-
erful method, which allowed the identification
of 11 new vibrationally excited states in addi-
tion to the already known aldehyde torsions,
v91 = 1 to vy; = 6. Interactions between sev-
eral vibrational states were observed and three
interacting systems were treated successfully.

Rotational transitions of glycidaldehyde were
searched for in the imaging spectral line sur-
vey ReMoCA obtained with the Atacama

Large Millimeter /submillimeter Array (ALMA)
toward the high-mass star-forming region
Sgr B2(N). The observed spectra were mod-
eled under the assumption of local thermody-
namic equilibrium (LTE). Glycidaldehyde, an
oxirane derivative, was not detected toward
Sgr B2(N2b). The upper limit on its column
density implies that it is at least six times less
abundant than oxirane in this source.

Keywords

Absorption Spectroscopy, CCSD(T), Corio-
lis Interactions, Fermi Resonances, Double-
Modulation Double-Resonance Spectroscopy,
Vibrational Satellites

1 Introduction

To date, only a handful of ring molecules
with heteroatoms in the ring have been de-
tected in space. Beginning with the smallest
possible ring molecules, the three triatomics
c—SiCy Y ¢~ MgC,,? and c¢—CaCy® were first
detected toward the carbon-rich asymptotic
giant branch star CW Leo (IRC+10216) in
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1984, 2022 and 2024, respectively. SiC, was
found recently also toward the Galactic Cen-
ter molecular cloud G+0.693-0.027.% Similarly,
the four-atom molecule ¢—SiCs was detected
in 1999 in the circumstellar envelope of CW
Leo. The two somewhat more complex ring
molecules oxirane (c—CyH4O) and propylene
oxide (CH3CHCH,0) were first detected to-
ward the high-mass star-forming region Sagit-
tarius B2(N) in 1997° and 2016, respectively.
Oxirane was later also observed toward hot core
regions,” Galactic center molecular clouds,® a
low-mass protostar,” and pre-stellar cores.*"

The presence of oxirane in the interstellar
medium gives rise to the question whether
or not oxirane derivatives are astronomically
abundant.  Glycidaldehyde ((CoH30)CHO),
also known as oxiranecarboxaldehyde or 2,3-
epoxy-propanal, is such a derivative in which
one of oxirane’s H atoms is substituted by a
—CHO functional group. Its rotational spec-
trum is known from a previous study in the
microwave range (8-40 GHz) by Creswell et al.
from 19772 There, the authors analyzed the
ground vibrational states of the main isotopo-
logue and the three singly substituted *C iso-
topologues in natural abundance. Addition-
ally, the lowest vibrational fundamental vy,
the aldehyde torsion at about 125cm™!, was
followed up to vy = 7. However, even for
the ground vibrational state only quartic cen-
trifugal distortion parameters were determined,
making frequency extrapolations to higher fre-
quency ranges rapidly inaccurate.

In the present study, the frequency cover-
age was extended to the millimeter and sub-
millimeter ranges reaching frequencies as high
as 750 GHz. The dense and convoluted spec-
trum of glycidaldehyde makes it an ideal case
study for double-modulation double-resonance
(DM-DR) spectroscopy,*? which allows to filter
the spectrum for lines sharing an energy level.
This simplified the analysis immensely, proved
critical in identifying new vibrationally excited
states, and understanding interactions between
them. In total, 17 vibrationally excited states
of the main isotopologue were analyzed along
with the ground vibrational states of the main
isotopologue and the three singly substituted

13C isotopologues.

2 Experimental Details

Broadband as well as double-resonance (DR)
measurements were recorded at two ex-
perimental setups in Cologne with a sam-
ple synthesized on a gram scale according
to a previously reported procedure.* The
broadband measurements cover the frequency
ranges 75170 GHz and 500-750 GHz. Double-
resonance (DR) measurements in the frequency
range 75-120 GHz were used to confirm rela-
tionships between lines, identify new series of
transitions, and find pure rotational transitions
between vibrationally excited states (so-called
interstate transitions) that arise due to wave-
function mixing when vibrational states inter-
act with each other. The DR measurements
were performed with a modified version of the
double-modulation double-resonance (DM-DR)

method (see [Sec. 2.2)) described previously.”

2.1 Experimental Setups

Two absorption experiments were used to
record the broadband spectra, each consisting
of a source, an absorption cell, and a detec-
tor. The sources consist of synthesizers with
subsequent amplifier-multiplier chains. The ra-
diation is guided through the absorption cells
and into the detector via lenses, mirrors, and
horn antennas. For the higher frequency range
of 500-750 GHz, the absorption cell consists of
a single 5m borosilicate glass cell in a double-
pass setup for a total absorption path of 10 m.
The lower frequency range setup (75-170 GHz)
uses two 7m borosilicate glass cells in a single-
pass configuration for a total absorption path
of 14m. Double-pass configurations are fore-
gone here as this lower-frequency experiment
is also used for the DR measurements where
the second polarization direction is used to
align the pump and probe sources radiation co-
spatially (see [Sec. 2.2)). Different Schottky de-
tectors were used for frequencies below 500 GHz
and a cryogenically cooled hot-electron bolome-

ter (QMC QNbB/PTC(2+XBI)) was used for



measurements above 500 GHz. All experimen-
tal setups use frequency modulation with a 2f-
demodulation scheme to increase the signal-to-
noise ratio (SNR). As a result, absorption fea-
tures look similar to a second derivative of a
Voigt profile. The lower frequency experimental
setup is described in more detail elsewhere."
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Figure 1: Intensity-calibrated broadband spec-
trum of glycidaldehyde (black) from 75GHz
to 170 GHz in comparison with the simulated
stick spectrum (blue). The ground vibrational
state analysis was used for the intensity cali-
bration. For better visual comparability, only
experimental data points with positive signals
are shown here. The stick-and-ball representa-
tion of glycidaldehyde is shown in the top left.

All measurements were performed at room
temperature with filling pressures of around
10 pbar. Standing waves were removed from the
measurements with a self-written Fourier filter-
ing scripﬂ] Additionally, after completing the
ground vibrational state analysis, the broad-
band measurements were intensity calibrated
using the ground vibrational state predictions
(see [Fig. 1. All v = 0 transitions predicted
to have an intensity >107° nm?MHz were fitted
with a second derivative Voigt profile. Blends
were considered by summing the intensities of
all predictions within 200 kHz of the prediction
of interest. The ratios of the predicted inten-
sities and fitted intensities were then used to
create a calibration curve with values in be-
tween the calibration points being interpolated.
These post-processing steps greatly facilitated

! Available at https://pypi.org/project/
fftfilter/ or with pip via pip install fftfilter

the visual detection of weak patterns in Loomis-
Wood plots.

2.2 Improved DM-DR Setup

An improved version of the double-modulation
double-resonance (DM-DR) setup originally de-
scribed in Zingsheim et al.*? was used for the
DM-DR measurements. The great advantage of
DM-DR measurements is their ability to filter
the spectrum for lines (so-called probe transi-
tions) sharing an energy level with an already
known transition, the so-called pump transi-
tion. This greatly facilitates the assignment
and analysis process as it allows filtering dense
spectra for specific lines which is especially use-
ful to unambiguously identify weak, blended
and /or strongly perturbed transitions.

The DM-DR setup used here is based on the
conventional 75-120 GHz absorption setup de-
scribed in [Sec. 2.1} A second, more powerful
source, the pump source, is added covering the
frequency range of 70-110 GHz and polarized
orthogonally to the probe radiation allowing for
co-spatial alignment of the probe and pump ra-
diation via a polarizing grid. The probe fre-
quency is tuned to record the spectrum whereas
the radiation of the pump source is fixed to the
frequency of a known pump transition and not
measured by the detector. Instead, the pump
radiation is used to split the energy levels of
the pump transition via the Autler-Townes ef-
fect 1445 Ag a result, all transitions sharing an
energy level with the pump transition split sym-
metrically into two transitions of half intensity.
This is highlighted in the simulated 2D spectra
in [Fig. 2l The left half of the figure shows the
case when the probe and pump transition share
an energy level and the pump radiation is on.
The heatmap shows the absorption of the probe
radiation for the offsets of the probe and pump
frequencies, i.e., that both sources are resonant
with their respective transitions in the center
of the heatmap. The plots to the left and the
bottom show the 1D spectra along the dashed
lines in the same colors. The right half shows
the case when the probe and pump transitions
do not share an energy level or the pump radi-
ation is turned off. It is apparent that in this


https://pypi.org/project/fftfilter/
https://pypi.org/project/fftfilter/

Pump-On &

lo 1o/2 0 Shared Energy Level

Pump Frequency Offset [MHz]

Pump-Off or
No Shared Energy Level 0 /o2 o

[ZHIN] 3@SHO Aduanbalg dwnd

2

o

Probe Frequency Offset [MHZz]

Figure 2: Simulated 2D spectra of the probe radiation absorption for the cases of a shared energy
level (left half) and no pump radiation or no shared energy level between probe and pump transi-
tion (right half). The a- and y-axes depict the frequency offsets of the probe and pump sources,
respectively. The dashed lines in the heatmaps indicate the slices that are shown in the plots to

the sides and on the bottom.

case, the 2D spectrum does not depend on the
pump frequency.

A straight-forward way to determine if the
probe and pump transitions share an energy
level is to subtract the spectra measured with
and without pump source - basically subtract-
ing the left and right 1D slices in blue. The sub-
traction should be performed on a very short
time scale to mitigate the influence of fluc-
tuations in the experimental conditions which
could otherwise lead to false positive signals
(see Fig. 8 in Zingsheim et al.™?). This was
realized in the previous setup™ by amplitude
modulating the pump source and a correspond-
ing 1f-demodulation of the detector signal. Ad-
ditionally, a frequency modulation of the probe
source combined with a 2f-demodulation of the
detector signal was employed to increase the
SNR.

The two consecutive demodulation steps are
non-ideal for multiple reasons. Firstly, using a
sine signal to realize a subtraction has an effi-
ciency of only 2/m =~ 64%. Secondly, two lock-
in amplifiers arranged in serial result in many
of their parameters influencing each other (e.g.

the dependence of the signal on both time con-
stants).

These shortcomings can be mitigated by us-
ing a digital DM-DR, setup which performs the
second demodulation in the measurement soft-
ware. The intensity is measured with and with-
out the pump source by digitally turning the
pump source’s radio frequency power on and off
and subtracting the respective intensities on the
computer. However, this procedure introduces
additional overhead in the form of switching the
radio frequency on and oﬁﬂ.

Another possibility, applied here, is to oper-
ate the probe source in continuous wave mode
and apply an FM to the pump source requiring
only a single lock-in amplifier for the demodu-
lation. The single FM of the pump source si-
multaneously increases the SNR and removes
all transitions from the DM-DR spectrum that
do not share an energy level with the pump
transition. The working principle is explained

2This overhead has greater efficiency than the 2/7 ~
64% efficiency of the previous DM-DR setup for inte-
gration times > 28ms. This integration time is well
surpassed in our measurements.



by the red 1D slices along the pump frequency
axis in [Fig. 21 If the probe and pump transition
share an energy level, the signal along the pump
frequency axis has a strong dip at the center
position whereas if no energy level is shared
the signal is constant (left-most and right-most
plots of , respectively). The two cases are
distinguished via the FM of the pump source
and subsequent 2f-demodulation of the detec-
tor signal. For the pump-off case, this results
in a zero signal after the lock-in amplifier but
a strong signal for the pump-on case. Analo-
gously to the conventional case, the FM also
improves the SNR for the pump-on case. How-
ever, the FM amplitude has to be adjusted as
the linewidth of the conventional case (bottom

right plot of [Fig. 2)) depends on the different
broadening effects but the linewidth along the

pump frequency axis (left-most plot of
also strongly depends on the magnitude of the
Autler-Townes splitting.

The simplicity of the new setup is highlighted
by it differing from the conventional setup only
in that the lock-in amplifier is connected to the
pump instead of the probe source synthesizer
(and the obvious addition of a pump source).
This makes switching between the two measure-
ment techniques as simple as changing a single
cable connection.

Additionally, the current pump-modulated
setup showed greater sensitivity to the detun-
ing of the pump source in our measurements
and simulations. Therefore, false positive sig-
nals (due to transitions close to the pump tran-
sition being pumped off-resonantly) are more
easily distinguished. However, simulations also
show that this behavior is very dependent on
the magnitude of the Autler-Townes splitting
and the chosen FM amplitudes. In summary,
for molecules with similar (transition) dipole
moments as glycidaldehyde, the new setup is
noticeably more sensitive to false positive sig-
nals arising from off-resonant pumping than the
previous setup.t?

3 Quantum Chemical Cal-
culations

Complementary quantum chemical calculations
of glycidaldehyde have been performed at the
coupled-cluster singles and doubles (CCSD)
level augmented by a perturbative treatment
of triple excitations, CCSD(T),1% together with
correlation consistent polarized valence and po-
larized weighted core-valence basis sets, as well
as atomic natural orbital basis sets, specifically,
cc-pVTZ M ce-pwCVTZ,18 and ANOO.* Equi-
librium geometries have been calculated us-
ing analytic gradient techniques,?’ while har-
monic frequencies have been computed using
analytic second-derivative techniques.**4? For
anharmonic computations using the cc-pVTZ
and ANOO basis sets second-order vibrational
perturbation theory (VPT2)* has been em-
ployed and additional numerical differentiation
of analytic second derivatives has been applied
to obtain the third and fourth derivatives re-
quired for the application of VPT2. %224

All calculations have been carried out us-
ing the CFOUR program package;***® for
some of the calculations the parallel version
of CFOUR%Y has been used. The resulting
rotation-vibration interaction constants, har-
monic and fundamental wavenumbers, funda-
mental intensities, energy-dependence on the
aldehyde torsional angle, and optimized molec-
ular structures are given in Sec. 1 of the Sup-
porting Information.

4 Spectroscopic Finger-
print of Glycidaldehyde

Glycidaldehyde ((CoH30)CHO) is an asymmet-
ric rotor with Ray’s asymmetry parameter of
k=02B—-A—-C)/(A—-C) = —0.98 which is
very close to the prolate limit of —1. Creswell et
al. determined its three dipole moment compo-
nents to be pu, = 1.932(5) D, p, = 1.511(17) D,
and p. = 0.277(156) D resulting in strong a-
and b-type spectra accompanied by a consid-
erably weaker c-type spectrum.™ Additionally,
four fundamental vibrational modes lie below
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Figure 3: All vibrational states below 800 cm™!.
The 18 analyzed states are shown in color or
black. Interaction systems are indicated by mu-
tual colors.

500 cm ™! resulting in a plethora of vibrationally
excited states below 800 cm™! (see . The
lowest vibrational state v5q, the aldehyde tor-
sion, has an energy of about 125cm~" only for
which reason even multiply excited states up to
v91 = 6 could be assigned in the spectrum. The
combination of the many vibrational satellite
patterns and the three non-zero dipole moments
gives rise to a dense and feature-rich spectrum,
making it difficult to identify weak series, es-
pecially by visual means. For brevity, vibra-
tional states will also be given in the format
(7121, V20, V19, UIS)-

The spectroscopic assignment process relied
heavily on Loomis-Wood plots (LWPs) as im-
plemented in the LLWP software®® while Pick-
ett’s SPFIT and SPCAT“” were used for line fit-
ting and predicting the data with an asymmet-
ric top Hamiltonian in the S-reduction®’ and
I' representation. Our Python library Pyckett
was used to automate repetitive tasks carried
out with SPFIT and SPCATP| Line uncertain-
ties were assigned with a semi-automatic proce-
dure described previously.®¥ Frequency uncer-
tainties for the assignments by Creswell et al.
were increased manually due to obvious system-
atic shifts in their data (see Sec. 2 of the Sup-

3Especially the interaction systems benefited from
the ability to automatically test the influence of addi-
tional interaction parameters on the model via Pyck-
ett’s CLI tool pyckett_add. See https://pypi.org/
project/pyckett/|for more information or install with
pip via pip install pyckett

porting Information). Uncertainties of 200 kHz
were found appropriate were found appropriate
as then the assignments could be included with
negligible effects on the WRMS value.

The quantum chemical calculations described
in provided initial rotational parameters
and estimates for the vibrational energies (see
Sec. 1 of the Supporting Information). The
ground vibrational state and the aldehyde tor-
sion up to vy = 6 were straightforward to as-
sign due to the previous microwave study.™t
Further vibrational satellites were identified
subsequently in Loomis-Wood plots or via DM-
DR measurements. Candidates for the DM-
DR measurements were found either visually
in the LWPs or by an automated approach us-
ing a peakfinder. For the latter, the identified
peaks were filtered for so-far unassigned peaks
which were ordered by intensity and then tested
for a shared energy level via DM-DR measure-
ments. Furthermore, the DM-DR measure-
ments were used to confirm and extend series
showing strong deviations caused by interac-
tions or series weak in intensity due to high vi-
brational energies. Once a few series belonging
to the same vibrational state were assigned, the
predictions were typically sufficient to extend
the assignment by LWPs into regions where no
DR spectroscopy was available.

To assign the identified vibrationally excited
states the correct labels, their rotational con-
stant differences AA, AB, and AC (which are
to first order the negative rotation-vibration in-

teraction constants aP¢) as well as their ap-

proximated vibrational energied!] (see [Tab. 1)

were compared with the values from the quan-
tum chemical calculations. As shown in [Fig. 3]
the 17 vibrationally excited states analyzed
here were assigned to the 15 energetically low-
est vibrational states as well as to (1,2, 0,0) and
(6,0,0,0). The experimental vibrational ener-
gies usually agree with the calculated anhar-
monic values within uncertainties. The devia-

4The energies were approximated via a Boltzmann
analysis comparing the amplitudes of the Jy ; + J —
19,71 transitions for J = 12 to J = 26 with the respec-
tive ground vibrational state transitions. To make the
results more robust, the three ratios with the highest
deviation to the mean were iteratively removed.
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Table 1: Approximated energies from the Boltzmann analysis Dapp, in cm™

! rotational constant

differences AA, AB, AC with respect to the ground vibrational state of the main isotopologue in
MHz, the highest assigned frequency (in GHz), J value, and K, value, the number of rejected lines,
the number of transitions, RMS in kHz, and WRMS values for the analyzed states. Comparison
with the calculated values (see Sec. 1 of the Supporting Information) yielded the state labels given
in the first column. Interaction systems are indicated by mutual colors analog to .

Vib. State Vappr AA AB AC Vmax Jmax HKamax Rej. Trans. RMS WRMS
(0,0,0,0) 0 0.00 0.00 0.00 749 114 24 0 6921  28.52 0.86
(1,0,0,0) 125(27) —138.84 12.89 5.16 749 115 24 0 5218  30.05 0.89
(2,0,0,0) 257(42) —273.89 25.64 10.27 747 103 24 0 3091 18.84 0.58
(0,1,0,0) 312(14)  125.26 —1.82 —0.54 736 110 21 0 2356  17.98 0.59
(0,0,1,0) 361(17)  —17.71 —0.73 —4.72 737 100 20 1 2614 28.13*  0.87°
(3,0,0,0) 390(41) —406.36 38.33 15.34 737 100 19 1 2614 28.13*  (.87°
(1,1,0,0) 437(22)  —23.99 11.48 446 170 60 20 0 793 18.14 0.56
(1,0,1,0) 469(20) —132.47 10.50 0.32 170 52 21 0° 1930 33.83"  0.94°
(0,0,0,1)  516(14)  —3.18  —1.84  —2.01 168 51 19 0° 1930° 33.83®  0.94°
(4,0,0,0)  538(54) —533.90 50.87 20.47 170 45 19 0® 1930° 33.83°  0.94°
(2,1,0,0) 584(37) —166.96 24.45 9.34 170 54 19 0 676  25.11 0.74
595(40) —253.19 23.29 6.11 169 27 18 0° 1016° 23.74°  0.66°
(0,2,0,0) 612(33)  250.42 —3.61 —1.05 168 50 18 15 541 54.72 1.48
(1,0,0,1) 637(21) —148.11 11.91 3.28 169 54 20 27 564 82.60 2.14
640(75) —666.26 63.13 25.08 170 26 19 0° 1016° 23.74°  0.66°
(0,1,1,0) 677(22) 89.94 —1.36 —4.75 168 27 9 5 223 87.91 2.32
(1,2,0,0) 754(24) 90.18 10.10 3.77 169 27 14 0 359  23.94 0.62
(6,0,0,0) 767(61) —682.75 65.89 2496 170 26 9 110 269  195.76 4.22
BCyv=0 0 —141.82 —5.77 —1.11 168 27 5 0 107 38.70 0.59
BC, v = 0 —333.54 —42.43 —4841 168 27 12 0 354  30.18 0.59
Boy,v=0 0 —84.48 —2240 —1828 170 27 13 0 347 31.07  0.54
The rotational constant differences are defined as AA = A, - Ag = —af (analog for B and C). The a{?/B/c are the first-order

rotation-vibration interaction constants.
a:b,c Reported values are values for the respective combined fits.

tions are typically around 10 cm™! with a maxi-
mum deviation of 56 cm~1(1.04 o) for (4,0, 0, 0).
The rejected lines and RMS values in
show that the vibrational states (0,2,0,0),
(1,0,0,1), (0,1,1,0), and (6,0, 0,0)] could not
be fit to experimental accuracy, hinting toward
so far unaccounted interactions between these
states and/or states not found yet. Therefore,
these vibrational states were only fit to (incom-
plete) sets of quartic parameters as higher-order
parameters had physically unreasonable values
(see Sec. 3 of the Supporting Information). The
obtained quartic distortion constants are prob-

°The vibrational state (6,0,0,0) is most likely in-
teracting with the not yet found (3,0,1,0) state, as
(3 +n,0,0,0) and (n,0,1,0) are interaction partners
for n =0,1,2. Similarly, (1,0,0,1) could be interacting
with (5,0,0,0) and (2,0,1,0). However, no conclusive
evidence was found in the present analysis.

ably highly effective and therefore should be
viewed with caution. Lastly, we searched for the
gauche rotamer which is calculated to lie about
2.4kcal/mol above the trans rotamer which is
studied here (see Sec. 1.4 of the Supporting In-
formation). However, it could not be identified
in the spectrum due to its low relative intensity
of about 1 %.

4.1 Interactions

Three interacting systems, two dyads and one
triad (see [Fig. 3)), were identified via mirror im-
ages in their resonance plots (see for an
example case). For the (4,0,0,0), (0,0,0,1),
and (1,0,1,0) triad as well as the (5,0,0,0),
and (2,0,1,0) dyad, the initial vibrational en-
ergy separations were approximated from the



Table 2: Rotational parameters for the vibrationally excited states showing no signs of interactions.

Parameter (0,0,0,0) (1,0,0,0) (2,0,0,0) (0,1,0,0) (1,1,0,0) (2,1,0,0) (1,2,0,0)

A /MHz 18241.10399(19) 18102.25986(19) 17967.21715(20) 18366.36399(22) 18217.11177(70) 18074.1420(16) 18331.2800(78)
B /MHz 3272.930493(18)  3285.825194(21) 3298.572744(22) 3271.112666(24) 3284.406457(47)  3297.37747(11) 3283.025 58(25)
c /MHz  3137.715975(18)  3142.876045(20) 3147.986349(21) 3137.177292(23) 3142.173621(47) 3147.05316(10)  3141.48199(23)
Dy [Hz _562.8140(33)  —584.9656(30)  —600.5946(73)  —558.7130(73)  —579.461(37) ~603.725(99) —574.30(13)
Dy JkHz —12.38466(13)  —11.719947(39)  —11.02724(14)  —1272937(18)  —12.04424(30)  —11.3339(11) —12.3501(24)
Dy /kHz _17.02832(80)  —13.88504(70)  —11.65620(98)  —21.0938(12) ~16.643(31) ~14.020(72) a

A JHz —23.78544(78)  —28.8834(11) —35.1889(15) —21.8177(19) —95.6245(23) —31.1607(65) —22.27(13)
d /Hz —3.80778(59)  —4.65205(34)  —5.65533(47)  —4.10739(18)  —4.84136(64) —5.8702(38) —4.952(88)
H,  /uHz 135.01(19) 180.34(23) 225.13(70) 154.89(59) a a a

Hyx  /miz 74.081(31) 70.101(11) 65.710(21) 76.983(33) a 60.39(47) a

Hyy JHz —1.11992(26)  —1.02802(29)  —0.95695(62)  —1.17080(94)  —1.0776(11) —1.1700(26) —1.440(14)
He  /Hz 0.9334(23) 0.63058(36) 0.4280(18) 1.0528(23) a a a

hy /uHz 66.762(59) 86.997(91) 103.90(21) 80.33(24) a a a

ho /nliz 65.81(19) 74.300(59) 80.97(12) a a a a

hs /nllz 3.146(17) 4.356(23) 5.788(29) 4.285(26) a a a

Lyjxk  /nHz —431.2(21) a a a a a a

Lk /nHz 15.372(66) a a a a a a

Lixxs /uHz — —148.35(20) —138.79(38) —119.3(14) —195.9(24) a a a

Lk /unHz 91.6(21) a a a a a a

ly /pHz —456(12) a a a a a a

P /pHz —182.4(51) a a a a a a

Fits performed with SPFIT in the S-reduction and I" representation. Standard errors are given in parentheses. ¢ Parameter was fixed
to the ground vibrational state value.

Table 3: Rotational parameters for perturbed vibrationally excited states.

indicated by mutual colors analog to |Fig. 3|

Interaction systems are

Parameter (3,0,0,0) (0,0,1,0) (4,0,0,0) (0,0,0,1) (1,0,1,0)

A /MHz 17834.74075(93)  18223.39307(75) 17707.207(32) 18237.9197(18) 18108.639(31) 17574.848(64) 17987.917(50)
B /MHz — 3311.25031(48)  3272.20455(49)  3323.7963(60)  3271.08786(14)  3283.4264(60)  3336.0643(43)  3296.2156(44)
c /MHz  3153.05077(45)  3132.99173(47)  3158.1879(37)  3135.70694(14)  3138.0404(41)  3162.8007(46)  3143.8252(44)
D, JHz —635.605(28) —567.669(36) —683.43(49) —551.24(13) —582.05(47) —687.06(40) —632.22(34)
“Dyx /kHz ~10.33100(79)  —12.19693(61)  —9.2939(43) ~12.87107(74)  —11.6037(31) —8.8172(96) ~10.777(10)
—Dy  [kHz —9.9572(27) —18.3391(19) —9.44(11) —11.235(85) ~19.105(83) —5.3(22) ~3.6(18)

d /Hz —42.790(10) —29.1396(97) —54.78(12) —14.4779(93) —39.04(11) —56.96(24) —51.52(21)
dy JHz —6.7420(23) —4.2186(20) ~9.753(34) ~1.847(14) ~5.786(29) ~9.18(12) ~7.25(10)
H; /uHz a 198.2(18) a a a a a

Hjx /mHz 62.31(22) a a a a a 35.7(18)
Hy, /Hz —0.8813(11) a a —0.8042(31) ~0.9352(48) —0.6181(59)

Hg /mHz 330.0(53) a a a a a a

hs /nHz 100.30(93) a a a a a a

Fits performed with SPFIT in the S-reduction and I" representation.

Standard errors are given in parentheses. Parameters not shown
here were fixed to the ground vibrational state values (see|Tab. 2). * Parameter was fixed to the ground vibrational state value.
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Figure 4: Resonance plot for the 31y /119 dyad.
A AK, = 2 interaction for the K, = 5 series
of v9; = 3 and the K, = 7 series of vig = 1
is highlighted by the mirrored patterns. Here,
the J = K, + K. asymmetry components are
shown but the figure is nearly identical for the
other asymmetry component. The respective
y-axes are shifted to highlight the mirror image
nature of the two series which is a clear sign of
an interaction between the two states centered
around J = 17.

rotational energies of the strongest mirror im-
ages in the resonance plotsﬂ The analysis of the
(3,0,0,0) and (0,0,1,0) dyad was greatly sim-
plified by finding interstate transitions between
vibrationally excited states using the DM-DR
method. This yielded their vibrational energy
separation with rotational precision (see
for an example). Transitions between vibra-
tionally excited states become allowed due to
the interactions which result in the rovibra-
tional levels being linear combinations of the
rovibrational levels of the interacting vibra-

6To approximate the initial vibrational energy sep-
arations, first, the energy levels at the center of the
interaction are identified in resonance plots (e.g. 177,19
of vig9 = 1 and 17512 of vy = 3 in . Their
rovibrational energies, consisting of a calculated vibra-
tional energy and the rotational energy from the best-fit
rotational model, are retrieved from the *.egy file pro-
duced by SPCAT.” Then, the rovibrational energies of
the two states are equalized by adding an energy offset
to one of the two vibrational states (in the example of
v91 = 3 and w19 = 1 the calculated vibrational energies
Ef,;‘;c 1 and E;ic 5 are used together with the offset en-
ergy AE,, —3). Once first interaction parameters are
included in the combined fit, the offset energy can be
floated in the fit and will result in a highly accurate
value for the vibrational energy separation.

Table 4: Energy differences and interaction pa-
rameters for the three interacting systems. In-
teraction systems are ordered by increasing en-
ergy and are indicated by mutual colors analog

o[Fiz 3

Uy Vg 1D Parameter Value
7(30.00) — Y0010 Jem™ 11.244843(37)

(3,0,0,0) (0,0,1,0) Ovivy W /GHz  —65.6207(14)
(3,0,0,0) (0,0,1,0)  lwvvs W, /kHz  295.1(12)
(3,0,0,0) (0,0,1,0) 400vjvy Wy,  /kHz  —28.477(63)
(3,0,0,0) (0,0,1,0) 40lvjv, Wh; /Hz —1.848(22)
(3,0,0,0) (0,0,1,0) 4000v1v2 G /MHz —164.86(29)
(3,0,0,0) (0,0,1,0) 6000v;vs G.  /MHz  177.28(27)
(3,0,0,0) (0,0,1,0) 600lvyvy G., /kHz  —1.684(18)
(3,0,0,0) (0,0,1,0) 6100v;vs Fu  /MHz  —2.585(15)
D(0,001) — P(4,000) /em™! 25.8639(64)

(4,0,0,0) (0,0,0,1) 2100v;v, F,,  /MHz 1.958(11)
(4,0,0,0) (0,0,0,1) 210lvivs Fhy /Hz  —128.2(75)
U(4,0,0,0) — V(1,0,1,0) /Cm_1 12.6795(50)

(4,0,0,0) (1,0,1,0) Ovivy W /GHz 134.42(10)
(4,0,0,0) (1,0,1,0) 10002 Wi  /MHz —9.71(14)
(4,0,0,0) (1,0,1,0) 4000v;vs G,  /MHz  422.7(11)
(4,0,0,0) (1,0,1,0) 4010v;vy Gy /MHz  —1.250(17)
(4,0,0,0) (1,0,1,0) 4200v;vy Goy  /kHz — —4.421(77)
(4,0,0,0) (1,0,1,0) 4210v;vy Gy /Hz 53.7(17)
(4,0,0,0) (1,0,1,0) 4100v;vs F,.  /MHz  —6.91(12)
Jem™! 12.9327(37)

(5,0,0,0) (2,0,1,0)  Ovys, W  /GHz —198.920(58)
(5,0,0,0) (2,0,1,0)  400viv9 W, /kHz 26.38(95)
(5,0,0,0) (2,0,1,0) 4000v,v2 G /MHz  432.455(39)
(5,0,0,0) (2,0,1,0) 410lvyvy Fh.; /Hz  313.9(22)

@ The specified IDs are the respective parameter IDs used in
the *.par and *.var files of SPFIT and SPCAT.29432

tional states. This means the rovibrational lev-
els shown on the right-hand side of are
linear combinations with the labels correspond-
ing to the largest contribution. For example,

the rovibrational level labeled 1779 vig = 1
is a linear combination of 17719 vi9 = 1 and
175712 Vo1 = 3 (snmlarly 165711 Vo1 — 3 will

also contain parts of 1679 vi9 = 1). As a re-
sult, the transition between the states labeled
16511 vo1 = 3 and 17710 vi9g = 1 becomes al-
lowed.

As glycidaldehyde has C symmetry, a-, b-
, and c-type Coriolis interactions as well as
Fermi resonances are allowed by symmetry con-
siderations between any combination of vibra-
tional modes. For each interaction system, the
leading parameters for the different interaction
types were tested with Pyckett and the influ-
ence on the RMS, WRMS, and rejected lines
were monitored. When lower-order parameters
were added, subsequently higher-order parame-
ters of the same interaction type were tested.
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Figure 5: DM-DR (top) and conventional measurement (bottom) of the same frequency range. On
the right, the transition of interest, an interstate transition, is indicated in blue and the pump
transition is indicated in red. Due to the DM-DR scheme, only lines sharing an energy level with
the pump transition have a signature in the top plot, unambiguously identifying the weak interstate
transition. As can be seen from the zoom into the gray marked area, there are many candidate
lines in the conventional spectrum but only a single line in the DM-DR spectrum.

Table 5: Rotational parameters for the ground
vibrational states of the three singly substituted
13C isotopologues of glycidaldehyde.

Parameter B, B, (O

A /MHz 18009.286(30)  17907.566(26)  18156.623(12)

B /MHz  3267.16400(56)  3230.49876(47)  3250.52951(16)
c /MHz  3136.60101(42)  3080.30908(45)  3119.43923(15)
-D, /Hz  —559.12(21) —551.49(12) —561.65(11)
Dy JkHz  —12.1451(91) —11.91466(91)  —11.90003(72)
—Dy  /kHz a a a

& /Hz ~22.16(24) —26.93(21) a

dy /Hz a a a

Fits performed with SPFIT in the S-reduction and I" represen-
tation. Standard errors are given in parentheses. Parameters
not shown here were fixed to the main isotopologue values
(see. @ Parameter was fixed to the main isotopologue
value.

The final interaction parameter set includes
Fermi, a-, b-, and c-type Coriolis terms. The ab-
solute signs of the interaction parameters could
not be determined from the fit, only their rela-
tive signs. 3334

To find the regions where the interactions
have the strongest influence, the shifts in tran-
sition frequency between predictions with and
without interactions were calculated (see Sec. 4
of the Supporting Information). When compar-
ing these plots for coupled vibrational states,
mirror images highlight the rotational states
that are interaction partners. For all three in-
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teracting systems the trends were very similar
as AK, decreases with increasing K, value. Ex-
emplary for the energetically lowest dyad, there
are clear mirror image patterns for K, = 2 of
(3,0,0,0) and K, = 6 of (0,0,1,0) resulting in
AK, = 4 for these lower K, values. For higher
K, values mirror image patterns can be seen
e.g. for K, = 11 and K, = 12, respectively, re-
sulting in AK, = 1 for these higher K, values.

For low K, values the interactions between
(3,0,0,0) and (0,0,1,0) are most prominent
around J = 16 for K, =5 and K, = 7, respec-
tively (see . Further strong interactions
are found around J = 32 between K, = 11 and
K, = 12 in addition to AK, = 0 interactions
for the highest measured values of K, being 15
to 20.

For the (4,0,0,0), (0,0,0,1), and (1,0,1,0)
triad, the dominant shifts are between
(4,0,0,0) and (1,0,1,0). At low K, values,
the prominent interactions are around J = 32
between K, = 7 and K, = 9. For higher K,
values AK, = 1 interactions dominate with the
biggest shifts around J = 37 between K, = 14
and K, = 15, respectively.

For the (5,0,0,0), and (2,0,1,0) dyad the
strongest interactions are around J > 50 be-



tween K, = 17 and K, = 18, respectively.

Due to the limitations in the frequency cov-
erage, a-type transitions of the interacting sys-
tems are typically assigned up to J = 26. As a
consequence, the centers of some perturbations
lie outside our quantum number range and are
determined via the predictions with and with-
out interaction parameters.

The resulting rotational parameters (see
are deemed to be effective, particularly
for the (4,0,0,0), (0,0,0,1), and (1,0,1,0)
triad, as can be seen in the parameter progres-
sion for the quartic parameters (see Sec. 5 of
the Supporting Information). This could re-
sult from so far unaccounted interactions with
other states where the effects are too weak to
be identified in the residuals or the correspond-
ing quantum number ranges have not been
observed yet.

Lastly, both (2,1,0,0), and (1,2,0,0) show
hints for perturbations at higher K, values but
no interaction partners were identified as of yet.

4.2 Fit Results

Except for the aforementioned vibrationally ex-
cited states, (0,2,0,0), (1,0,0,1), (0,1,1,0),
and (6,0,0,0), all analyses reproduce the spec-
trum with about experimental uncertainty and
only a single line was rejected from the fit due to

|Vobs — Veale|/Ar > 10 (see [Tab. 1). The result-
ing rotational parameters are given in
for vibrational states showing no signs of inter-

actions, in for the interacting vibrational
states, and the interaction parameters in[Tab. 4]

In their previous study, Creswell et al. pre-
sented fits for vy = 0,1,2 with full sets of
quartic rotational constants. The relative de-
viations for the rotational constants are all be-
low 107° even though not within their uncer-
tainties. The quartic parameters differ by a
few percent except d, which differs by up to
45%. For vy = 3,4,5,6 Creswell et al. fitted
only rigid rotor Hamiltonians without account-
ing for any interactions. Thus, even the ro-
tational constants differ greatly (up to 1500@.

"The values for vo; = 6 agree the best as in this
work the interaction partner of v9; = 6 was not found
meaning two highly effective fits were compared.
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However, their study was much more limited in
frequency coverage, only 840 GHz, and quan-
tum number coverage, with only 31 transitions
with Jpax = 31 for v9; = 0,1,2 and 10 transi-
tions with Jy. = 6 for vo; = 3,4, 5,6. Further-
more, no interactions were accounted for at all
by Creswell et al.™t.

The values for the ground vibrational state
also show good agreement with values obtained
from quantum chemical calculations (see Tab.
S2 of the Supporting Information). The three
parameters H;, hi, and dy show the highest rel-
ative deviations at 27 %, 26 %, and 21 %, re-
spectively.

4.3 Singly substituted *C Species

The singly substituted '*C species were more
difficult to analyze because of their low nat-
ural abundance resulting in a smaller number
of assignable lines. This is especially appar-
ent for the Cy species, for which only about
100 lines could be assigned due to its A and
B values being close to the main isotopologue
values (see [Tab. 1). As a result, many of its
a-type transitions are close to or blended with
much stronger transitions. The resulting pa-
rameters are shown in with the notation
from Creswell et al.*! being used to label the
carbon atoms.

The rotational constants agree nicely with the
values obtained by Creswell et al.!' as the rel-
ative deviations are below 107° and all devia-
tions are within 1.50. Higher order parameters
were included by Creswell et al.™Y only as fixed
values of the main isotopologue’s ground vibra-
tional state.

4.4 Estimation of the
Dipole Moment

c-type

Creswell et al. determined the c-type dipole mo-
ment to be 0.277(156) D. To derive a more
accurate value, in the present study, the c-
type dipole moment was determined via com-
parison of experimental line intensities. A se-
lection of 28 c-type transitions wa