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Abstract

The first excited torsional state of the chiral molecule propylene oxide, CH3C5H3O, is investigated from millimeter up
to sub-millimeter wavelengths (75-950 GHz). The first excited vibrational mode of propylene oxide, vo4, is analysed
using the programs ERHAM and XIAM. Rotational constants and tunneling parameters are provided, and a description
of the A-E splittings due to internal rotation is given. Furthermore, the potential barrier height to internal rotation
V3 is determined to be V3 = 898.6611(894) cm~!. Our results are compared with quantum chemical calculations and
literature values. We present a line list of the dense spectrum of the first excited torsional state of propylene oxide in the
(sub-)millimeter range. Our results will be useful for further studies of chiral molecules in vibrationally excited states
and will enable astronomers to search for rotational transitions originating from ve4 of propylene oxide in interstellar
space.
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1. Introduction

Propylene oxide (PO), CH3C3H30, is an oxirane (c-
C3H,40) with one hydrogen being substituted by a methyl
group. This molecule is one of the smallest organic chiral
molecules, and it consists of structural elements that have
been detected as separate molecules in space; namely
methane, CHy, and oxirane [1, 2]. In 2016, PO was
detected in its vibrational ground state in the interstellar
medium (ISM) towards the galactic center in Sagittarius
B2(N) and was the first chiral molecule detected outside
of our solar system [3]. Thus, it is of high astrophysical
interest. The dense spectra of astrophysically relevant
molecules can be cumbersome to analyse because line
confusion can lead to difficulties in line assignment proce-
dures. Accurate line lists help astronomers to disentangle
the dense observational spectra ('identifying the flowers
from the weeds") [4]. Complex organic molecules (COMs),
like PO, contribute significantly to the dense spectra in
the ISM, with their ground state but also with low-lying
vibrationally excited states [4]. COMs can not only be
found in cold molecular clouds but also in the warm
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environment of star-forming regions, e.g. hot cores [4]. If
PO exists in the latter warm regions, it is likely that the
first vibrational state of PO is excited and should then be
detectable. PQO’s isomers propanal, CH3CH;CHO, and
acetone, CH3COCH3, were also found in space in hot core
regions [5, 6, 7].

Propylene oxide is a small stable chiral molecule featuring
hindered internal rotation, which is the large amplitude
motion (LAM) of the methyl (-CHs) group with respect
to the remaining frame of PO along the C — CH3 bond.
Recent laboratory investigations were triggered by the
astronomical detection of PO [3]. Mesko et al. 8]
measured the sub-millimeterwave (sub-mmw) spectrum
up to 1 THz and delivered a highly accurate ground state
prediction using the internal rotation program XIAM [9],
in which the hindered internal rotation of the methyl
group of PO in the vibronic ground state is also described.
The barrier height of this motion was determined to
be V3 = 892.71(58)cm~!. In the case of the torsional
ground state, the splitting, caused by the coupling of
the overall rotation and internal rotation [10, 11], can be
observed up to 400 GHz; at higher frequencies, the A and
E components are blended in a single line [8]. Mesko et
al. reported that higher torsionally excited states were
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seen in the spectrum, but these were not assigned due
to line confusion [8]. However, the detailed knowledge of
the excited torsional states is important to further elu-
cidate the dense spectra in the mmw and sub-mmw ranges.

PO and its lowest vibrationally excited state were of
high relevance for molecular spectroscopy as early as
1957, when the spectrum of PO was measured in the
microwave region up to 40 GHz by Herschbach & Swalen
[12, 13]. They analysed the torsional A-E splitting of the
vibrational ground state (GS), and assigned some dozens
of transitions of the first excited torsional state (15* ETS,
vgg = 1) and the second excited torsional state (274
ETS, vog = 2). In their work, they determined important
structural parameters: the dipole moment components
(e = 0.95D, up = 1.67D, and p. = 0.56 D), the moments
of inertia, the reduced moment of inertia of the methyl
top, and the direction cosines of the internal axis with
respect to the principal axes. Moreover, the threefold
potential barrier height V3 = 895(5) cm ™! was determined
[12, 13]. Thus, the torsional motion of PO can be treated
as a high barrier case [10, 13]. Isotopic investigations
on C and D isotopologues have been carried out by
Creswell & Schwendemann [14] and Imachi & Kuczkowski
[15].

In this work, we present a comprehensive study of
the 1%t ETS of PO covering data from 10 GHz to 950 GHz,
which includes the results from Herschbach & Swalen
[12, 13] from 10—40 GHz and newly assigned transitions
from our own investigations in the 75—950 GHz region.
We used the two internal rotation data analysis programs
XIAM and ERHAM [9, 16, 17]. The splitting of rota-
tional transitions of PO’s 1% ETS was investigated by
high-resolution (sub-)mmw spectroscopy. The retrieved
assignment of the line splitting allowed for the determi-
nation of the potential barrier height V3 to the respective
hindered motion, which can be compared to the results
of previous work on the ground state. These results
complement the 1*¢ ETS analysis from Herschbach &
Swalen and largely extend the line list with transitions
from mmw and sub-mmw frequencies, where several
state-of-the-art radioastronomy facilities are working, for
example the Atacama Large Millimeter/submillimeter
Array (ALMA), the 100m Greenbank Telescope (GBT),
and the Effelsberg Telescope.

An overview of our experiments and analysis meth-
ods is given in Section 2, and the data analysis and
results are given in Section 3. In Section 4, the results are
discussed, and conclusions can be found in Section 5.

2. Experiment and analysis methods

2.1. Ezperimental setups
We recorded rotational spectra of PO between 75 GHz
and 950 GHz using the BrightSpec W-band spectrometer

at the DESY facility in Hamburg, the THz spectrometer
in Kassel, and the Lille - Submillimeter (SMM) spectrom-
eter. The recorded spectra cover 72 % of the 75—950 GHz
range. The availability of high-resolution laboratory data
from the mmw up to the sub-mmw range allows for an
accurate investigation of the rotational spectrum of PO
in its 1%* ETS including centrifugal distortion effects. The
W-band spectrometer is a chirped-pulse Fourier-transform
millimeter wave (CP-FTmmw) spectrometer, covering
the frequency range from 75—110 GHz. The other two
spectrometers are 2f modulation absorption spectrom-
eters operating between 150 GHz and 950 GHz. In the
following, the instruments and their experimental details
are briefly introduced, and the information is summarised
in Table 1. The frequency resolution of the measured
line frequencies Az, defined here as the frequency step
between two points of the data set, are between 36 kHz
and 81 kHz depending on the used experimental setup and
the frequency range. A frequency uncertainty of 100 kHz
was used for the 55 assignments, which were taken from
Herschbach & Swalen [12, 13].

The W-band spectrometer is described in detail in
Arenas et al. [18]; the gas-phase molecules were excited
by 500 ns long excitation pulses, which were produced
by an arbitrary waveform generator and frequency-
upconverted into the mmw region. The PO spectrum
was obtained by co-adding 500,000 free induction decays,
which were recorded for 4us each. This was performed
in the segmented fashion [19], whereby the 35 GHz band-
width spectrum was measured in 30 MHz segments. The
resulting total measurement time was about 50 minutes.
The liquid PO sample was placed in a reservoir external
to the vacuum chamber, treated in a freeze-pump-thaw
manner, and probed with the chamber acting as a room-
temperature slow flow gas cell. The sample pressure in
the chamber was maintained at approximately 0.6 Pa.

The Kassel THz spectrometer was used, utilizing a
2f frequency lock-in modulation technique, to probe the
sample in a static vacuum glass cell with a total length
of 3m. The liquid sample was stored in a long-necked
flat-bottomed glass flask at room temperature and con-
nected to the glass cell via a needle valve. The operating
pressure was 5Pa. The high vapour pressure of PO at
room temperature of roughly 580hPa [20] is sufficient
to fill the cell without heating the sample. The spectra
were taken in the regions 170—220 GHz and 260—330 GHz
with a frequency resolution of Az.,,s = 50kHz. The
spectrometer’s details and data reduction description are
summarised in more detail in Herberth et al. [21] and
Stahl et al. [22].

Absorption measurements of PO using the fast-scan
terahertz spectrometer in Lille were performed between
150 GHz and 950 GHz. The details of the Lille - Sub-
millimeter (SMM) spectrometer are described in Zou



Tab. 1: Overview of the measured frequency regions included in this work, the spectrometers and their respective operating methods, the
operating pressure p of propylene oxide, the typical (mid-band) line width, and the frequency resolution Az,ps of the spectra. The frequency
ranges are labeled by their band numbers.

Band Range /GHz Instrument/Method®®  Sample p/Pa FWHM® /kHz Axy, /kHz

1 75—110 W-band/CP-FTmmw  gas flow 0.6 500 60

75—110 Kassel THz/2f static cell 8 500 50
2 170—-220 Kassel THz/2f static cell 8 500 50

150—220 Lille SMM/2f static cell 15 300 30
3 260—330 Kassel THz/2f static cell 8 500 50

225330 Lille SMM/2f static cell 15 400 36
4 400—490 Lille SMM/2f static cell 15 600 42
5 490—660 Lille SMM/2f static cell 15 800 54
6 780—950 Lille SMM/2f static cell 15 1500 81

¢ Chirped-pulse Fourier transform millimeter wave technique

b 2 f lock-in modulation technique
¢ Full width at half maximum

et al. [23] and Motiyenko et al. [24]. A commercially
available VDI multiplier chain driven by a home-made
fast sweep frequency synthesiser was used as the radi-
ation source. The fast sweep system is based on the
up-conversion of an AD9915 direct digital synthesiser
(DDS) operating between 320 and 420MHz into the
K, band (12.5-18.25 GHz) by mixing the signals from
the AD9915 and an Agilent E8257 synthesiser with
subsequent sideband filtering. The DDS provides rapid
frequency scanning with up to 50 us per point frequency
switching rate. In order to improve the signal-to-noise
ratio (SNR), the spectrum was scanned with a slower
rate of 1ms per point and with 4 scans co-averaged.
The sample pressure during measurements was about
15Pa at room temperature. Absorption signals were
detected using an InSb liquid He-cooled bolometer (QMC
Instruments Ltd.).

2.2. Quantum chemical calculations

We performed quantum chemical anharmonic fre-
quency calculations based on geometry optimisations at
the B3LYP/aug-cc-pVTZ, MP2/def2-TZVP, and MP2/6-
311G(d,p) levels of theory using Gaussian 16 [25]. The
rotational constants of the 1°* ETS were calculated. Ad-
ditionally, the full set of centrifugal distortion constants
up to the sextic order of the GS was retrieved. Further-
more, we calculated the barrier height to internal rotation
V3 (harmonic calculation), which will be discussed in Sec-
tion 3. The results of our calculations are given in Table
2 and will be discussed below.

2.8. Analysis Methods

At room temperature, PO has a dense spectrum, where
rotational transitions from the GS as well as from the
ETSs can be readily assigned. The transitions from the vi-
bronic GS are well known [8], thus, most of the remaining
strong features in the spectra can be assumed to belong
to vibrationally excited states. This residual spectrum is

used as a basis for further analysis of the 15 ETS. The 15
ETS is the lowest vibrationally excited state, lying about
200cm ™! above the GS (see Table 2), and is thereby the
most intense vibrationally excited state. Lines of the 1%
ETS have around 38% of the intensity of comparable GS
transitions' at room temperature. As the PO spectra
have a high line density and also show internal molecular
motion, the line assignment is elaborate. The analysis
was done in several steps using different kinds of analysis
software, which is schematically shown in Figure 1. At the

Software Input Output
A, B, C (HS) +H A + E fits
PGOPHER centr. dist. (M separated
< PGOPHER initial ERHAM
|<_( ERHAM assignments - prediction
a /
- e - - - - = |
|<£ ! ERHAM AABS ||
= > AABS prediction assignment
] | |
= | / |
1 |
I AABS improved
E | ERHAM assignment ERHAM pred.| |
| |
|_|_| e e e e e e e e e e e— - e e e = =
iterative assignments and fits
final ERHAM | final XIAM

Fig. 1: Schematic diagram of the analysis methods procedure for
the assignment of the first torsional excited state of propylene oxide.
The PGOPHER input A, B, and C are the rotational constants from
Herschbach & Swalen [13], and the centrifugal distortion constants
are from Mesko et al. [8].

beginning, we used the PGOPHER software [26, 27] and

I Assuming a Boltzmann intensity distribution at room tempera-
ture and neglecting higher vibrationally excited states.



Tab. 2: Initial molecular parameters in the Watson A-reduction for the first excited torsional state (15¢ ETS) of PO, va4 = 1, based on
quantum chemical anharmonic frequency calculations. The centrifugal distortion parameters are those calculated for the GS. Harmonic and
anharmonic vibrational energies of the vas = 1 state are given. The calculated electric dipole moment components pq, pp, pe, and the total

dipole moment pitor of PO’s equilibrium structure are given in Debye.

Paramotor B3LYP MP2 MP2
aug-cc-pVTZ  def2-TZVP  6-311G(d,p)
Eharm Jem 1 207.05 217.01 214.47
Eanharm /cm™! 196.47 205.88 204.12
15t ETS A /MHz 18056.20 17896.23 17875.25
B /MHz 6586.44 6655.33 6624.06
C /MHz 5870.06 5924.47 5905.01
A, /kHz 2.8 2.91 2.84
Ak [kHz 3.59 3.37 3.24
Ak /kHz 19.87 19.17 18.93
5y /kHz 0.19 0.19 0.18
GS Sk /kHz 2.60 2.63 2.59
®; /Hz 0.0017 0.0017 0.0016
®,x /Hz —0.0066 —0.0050 —0.0040
®x; /Hz 0.028 0.022 0.018
®x /Hz 0.044 0.042 0.046
fta /D 0.88 0.92 0.87
I py /D? +1.67 +1.70 +1.67
equilibrium ?D 0.67 0.48 0.48
fitor /D 2.00 1.95 1.99

@ The sign of py, is positive for the S enantiomer of propylene oxide.

the experimental data from Kassel for first assignments by
employing the experimentally derived rotational constants
A, B, and C from Herschbach and Swalen [12, 13] for the
A and E states and the centrifugal distortion constants
of the GS [8]. The A state transitions of an asymmetric
molecule with internal rotation can be described similarly
to an asymmetric rigid-rotor molecule [12], and thus
we first assigned the strongest A state lines. We then
applied this procedure for the assignment of strong E
state transitions that were within about 10—20 MHz of
the respective A state transitions. PGOPHER only allows
for a description of weak internal rotation effects? or of
the description of the A and E states separately (like two
individual molecules).

Thus, we moved on to the internal rotation software
ERHAM [16], which delivered an initial ERHAM predic-
tion based on the PGOPHER assignments (see Figure
1). The already known low-frequency assignments from
Herschbach and Swalen [12, 13] have been included in
this analysis. Due to the ability to label and assign
the A and E states of PO in one combined line list, we
employed the AABS package [28, 29] available from the
PROSPE website [30]. Iteratively, the ERHAM predic-
tion, based on the ERHAM least-squares fit analysis,
was used to aid the assignment of the experimental

2See  PGOPHER release notes: http://pgopher.chm.bris.
ac.uk/download/01d/9.0.101/Help/bugs.htm, last accessed 17th,
September 2020.

data from Band 1 to Band 6 from DESY, Kassel, and
Lille in the JPL/CDMS (SPFIT/SPCAT)? data format
[31, 32]. The AABS assignment was used as the ERHAM
input, which delivered an improved ERHAM prediction
after the fitting process. We started with low J, K,
transitions (J, K,<10, 5), rotational parameters up
to the quartic order, and with just a few ERHAM
structure and tunneling parameters, i.e., p, [, €, and
[A — (B + C)/2]1 (these parameters will be discussed
later). We gradually included higher J and K transitions
at higher frequencies, which led us to introduce additional
centrifugal distortion and tunneling parameters. These
iterations proceeded until a reasonable ERHAM fit was
achieved (Tables 3 and 4). The highest quantum numbers
included in our assignment are J’, K K! = 54,24,54
for the lower state. Since ERHAM uses the quantum
number format J, N with N = K, — K. + J + 1*, we used
a homemade Python program to convert the quantum
labels. Almost exclusively, transitions with an intensity
I (at 300K, Jmnex = 56) stronger than the decadic
logarithmic intensity log,o(I/nm?MHz) = —4.0 in the
JPL/CDMS format [31, 32] were assigned, except for
the sensitive W-band measurement, where also weaker
(log,o(I/nm®MHz) > —6.0) transitions were included.
Q-branch transitions were assigned up to 460 GHz. At

3 Although we used the JPL/CDMS (SPFIT/SPCAT) format, we
did not use the spectral analysis software SPFIT/SPCAT.

4N was taken from the LINERH.for code available from the
PROSPE website [30].



higher frequencies, the Q-branch intensities decreased
and mostly strong R-branches were observed. ERHAM
[16] is not able to directly determine the potential barrier
height®, and thus, we decided to use the internal rotation
program XIAM as an additional analysis software, which
also provides a useful comparison between the two pro-
grams.

We used the ERHAM results and almost® the same
line assignments in our XIAM analysis. However, there
are a few constraints that have to be considered when
going from one program to the other: XIAM is based on
the internal azis method [9, 33], and ERHAM uses the
"Effective Rotational HAmiltonian Method", where the
internal rotor Hamiltonian is set up in the p—axis system
and later transformed to the principal axis system [17].
Thus, both programs have different coordinate systems’
and different tunneling parameters. Furthermore, XIAM
uses the JPL/CDMS quantum number format J, K, K,
[31, 32]. Thus, the different quantum labels and data
format of XIAM and ERHAM were interconverted using a
homemade Python program. The results from our XIAM
analysis, including the barrier height to internal rotation
V3, are given in Tables 3 and 4.

3. Spectral analysis and results

3.1. Spectral analysis

The spectrum of the 15 ETS shows patterns similar
to those observed in the ground state spectrum and
consists of strong regularly emerging R-branch and
Q-branch transitions, the latter ones are separated by

B+C
about 2 - (A — i ) ~ 23.4 GHz. In Figures 2, 3, and

4, spectral excerpts of our measurements around 80 GHz,
218 GHz, and 816 GHz are shown. The lines mostly
emerge as doublets or triplets. In the case of a triplet,
three separate lines (blended A/A, E, and E) can be
observed, where the two asymmetry sides (J = K, + K.
and J+1 = K, + K_) are blended for the A components,
but separated for the E ones [13]. In the case of a doublet,
there is a splitting into two lines, A/A and E/E, this
time both E components are also blended. A precise
description of the line splitting of transitions of the GS of
propylene oxide is given in Ref. [13], where the splitting
is described for the cases of low K, intermediate K, and
high K,, which applies analogously for the 15 ETS.

5Note that Peter Groner’s program BARRIER is able to calculate
V3 from the splittings from the ERHAM analysis.

6In the final XIAM fit, 18 additional transitions have been in-
cluded, which were omitted in the ERHAM fit. In both fits, 9 tran-
sitions from the data from Herschbach & Swalen were omitted. No
conspiciuous correlations of these assignments with respect to the
quantum numbers were found.

"The angles of the XIAM analysis are denoted with the subscript
X as can be seen in Table 4.

In contrast to the ground state splittings in PO,
which are typically on the order of 0.1—1 MHz (see strong
lines around 81.65GHz in Figure 2), the size of the
splitting of the ETS lines is much larger and is up to
hundreds of MHz; a fact that makes the line assignment
of ETS transitions more difficult than those of the GS. In
the case of the 1%¢ ETS, most A-E splittings are between
10 and 50 MHz and could be observed throughout
the whole frequency range up to 1THz. Even larger
splittings up to more than 100 MHz are also observed
and assigned. In dense spectra, for example in the case
of the PO spectrum in the region 104.66—104.76 GHz
with more than 30 measured transitions within 100 MHz,
an unambiguous assignment of lines split by 50 MHz to
100 MHz is challenging.

As an example, Figure 2 shows several Q-branch (J' = J")
b-type transitions with the notation Jy. p < Ji 1 x4y
with pairs of A and E states. The seven A-E pairs
highlighted in this spectral excerpt exhibit different
magnitudes of splitting. For example, the 743 < 734
transition has an A-E splitting of 102 MHz. As expected
from spin statistics [11], in most cases, the A and E
state doublets have roughly the same intensity (ratio
1:1), which can be seen in Figure 2. The typical SNR
for stronger lines in the W-band is about 600:1. The line
width, the full width at half maximum (FWHM), varies
between 500 and 600 kHz. Figure 3 shows an excerpt
of the recorded PO spectrum around 218 GHz with
Qo-branch (J” = 31) and Ry-branch (J” = 8) transitions.
Both exhibit A and E level transitions as labeled with
their respective quantum numbers. The typical SNR in
this region is about 180:1, and the FWHM varies from
500kHz (in the case of no blending) to 800kHz (in the
cases of small A-A or A-E splitting). In Figure 4, two
triplets belonging to the 1%¢ ETS are shown with their
respective quantum numbers. Both triplets originate
from R-branches and show the characteristic intensity
ratio of 2:1:1 (A/A:E:E). Furthermore, weak transitions
from higher vibrationally excited states can be seen.
The A states with J”, K = 22,22 and J", K/ = 35,15
are blended, the corresponding E states are split by 3
MHz and 40 MHz. Notably, there are deviations of the
expected relative intensities and labeling of predicted
transitions compared to the observed lines. This might
be explained by the known problem of different quantum
number labeling of K, and K. and deviating intensities
in the ERHAM prediction, which was also reported, for
example, in Ref. [34].

3.2. Spectroscopic results

The results for our data analysis of the 1%¢ ETS of
PO in the vibrationally excited state voy using ERHAM
and XIAM are summarised in Tables 3 and 4 together
with those from Herschbach and Swalen [13].  In our
Hamiltonian, we used the primary constants A, B, and C,
the quartic distortion parameters Ay, Ak, Ak, ;5 and
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Fig. 2: Spectrum of propylene oxide around 81.6 GHz (upper trace, red) and a room temperature ERHAM prediction (stick spectrum, lower
trace, blue), based on a least-squares-fit analysis (Tables 3 and 4), with quantum number labels and A and E state designation. Ground state
(GS) transitions around 81.65 GHz can be also seen. The simulated trace was given an offset for improved visibility.

dK, as well as the sextic distortion constants ®;, ..., Px.
Furthermore, we fit the tunneling energy parameter ¢; and
five tunneling parameters related to rotational constants
and centrifugal distortion constants. For the notation
of the tunneling parameters T in ERHAM, subscripts
q and q’ are used in combination with square brackets
[T]qq’, where g’ is omitted for molecules with one internal
rotor [17], which is the case for PO with its sole LAM
originating from the methyl group (—CHs). In ERHAM
(and for a molecule with one LAM), the non-tunneling
parameters have q=0, i.e. the rotational constants. The
constants with q>0 are tunneling parameters, which
are generally less dominant with higher ¢, which has
been explicitly mentioned in Appendix A of Ref. [17].
Furthermore, there is just one set of the p-axis vector and
the angles 8 and «, and the subscript "1" is omitted. For
further information on the notation in ERHAM, see Ref.
[17].

At the beginning of the ERHAM fitting process, the struc-
ture parameters p, 3, and « varied when including new
transitions to the fit®. We therefore fixed the p value to
that reported by Mesko et al. [8]. The values of the angles
[ and « were deduced from the optimised geometry and
basis transformation matrix of the B3LYP/aug-cc-pVTZ
prediction. During the assignment of the first hundreds of
lines up to 300 GHz, the structure and tunneling parame-
ters did not converge to reliable values. The fit converged

8These additional structural parameters set the p-axis vector in
the principal axis coordinate system.

to robust results only when adding the high frequency
transitions and fitting 8 and «. The final ERHAM results
with the torsional structural parameters p, 5, and «
allowed for the precise determination of the structure of
PO and its internally rotating methyl group, which is
shown in Figure 5. The atomic coordinates and the dipole
moment vector are based on B3LYP /aug-cc-pVTZ calcu-
lations. The p-axis vector is strongly aligned along the
principal axis a, which can be seen from the p-axis vector
components p, = 0.10110529(545), pp = 0.0005099(1111),
and p. = 0.01698524(1015), which were calculated from
p, and the angles 8 and a by a spherical coordinate
transformation using a self-written python code. Thus,
the p-axis vector points at the methyl group, but it is not
equal to the internal axis of the methyl top. This can be
also seen by the comparison of the angles Z(i,a, b, ¢) with
the torsional parameters p, 3, and « in Table 4.

The inclusion of the energy tunneling parameter e did
not improve the fit and thus was omitted. The inclusion
of higher order centrifugal distortion constants, like h
and hy that were used in the GS analysis [8], resulted in
large uncertainties (about 50%) and did not improve the
fit, so they were also omitted.

Concerning the error analysis of the fit, the frequency
resolution Az, of each band was used as the error
for the weighted root-mean-square (WRMS) error o,
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Fig. 3: Spectum of propylene oxide around 218.8 GHz (upper trace, red) and a room temperature ERHAM prediction (stick spectrum,
lower trace, blue), based on a least-squares-fit analysis (Tables 3 and 4), with quantum number labels and A and E state designation. The

simulated trace was given an offset for improved visibility.

analysis®. The microwave RMS!? ¢ was also determined.
ERHAM considers the uncertainty value of each line, but
calculates the mean value if the lines are blended. Thus,
the number of lines considered in the uncertainty of the
fit is lower compared to the number of lines of the XIAM
analysis.

The internal rotation of PO is characterised by a
potential function with a threefold symmetry that can be
written as [10, 11]:

Vs

V()= Z %(1 —cosna’) & ?(1 —cos3a’) (1)

n=3,6,...

where o' is the angle of rotation of the methyl group in
comparison to the remaining framework of the molecule,
n is the n-fold symmetry, and V,, are the respective bar-
rier heights. In the case of PO, the Vi contribution was
bound to Vg < 10 cm™!, and the relative Vg contribu-
tion to the A-E splitting decreases with higher excited
torsional states, such as v94, which has been shown pre-
viously [13, 35, 36, 37]. Therefore, the potential function
can be approximated by considering only the V3 contribu-
tion. The following correlations apply, which describe the

9The WRMS error is defined as Oerr =

L T — z 2
\/lé\fT% (( obs n:alc)/A obs)

microwave RMS is the 1o uncertainty given by the equation

g = \/% Z (:Bobs - zcalc)z'

structure and orientation of the methyl group with respect
to the principal axis system [10, 11, 13, 35, 38]:

h2
- 8m2rl,’

(2)

i=a,b,c
h2
Fy = 4
07 8n2I,’ )
I, =rl,, (5)

where h is Planck’s constant, s is the reduced barrier
height, F' is the reduced rotational constant, I, is the
internal moment of inertia of the symmetric top (—CHs),
and A; (i = a,b,c) are the direction cosines between the
internal axis and the principal axis (a,b,c), which are
calculated during the internal rotation analysis in ER-
HAM and XIAM. The reduced rotational constant Fy was
derived from the internal moment of inertia I, and the di-
rection cosines of Z(i,a/b/c) during the ERHAM analysis.
In the XIAM analysis, Fy was applied as a fit param-
eter and F' was derived by the program from the fit results.

In order to fit the potential barrier height V3, the
program XIAM was used, in which the same rotational
constants up to the sextic order (except for ®x) were
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Fig. 4: Spectrum of propylene oxide around 815.8 GHz (upper trace, red) and a room temperature ERHAM prediction (stick spectrum,
lower trace, blue), based on a least-squares-fit analysis (Tables 3 and 4), with quantum number labels and A and E state designation. The
R-branch transitions show the expected triplet pattern of the A/A, E, and E levels with an intensity ratio of 2:1:1. The simulated trace was

given an offset for improved visibility.

included as for the ERHAM analysis. In addition, we
included the tunneling parameters, A,o; and Ajogk,
which are defined by Hansen et al. [39]. In the XIAM
analysis, the parameters px, Sx, vx, F, and s were
derived from the fit results, whereas ex, dx, Fy, and V3
were the actual fit parameters. The threefold barrier
height V3 was calculated to be V3 = 898.6611(894) cm 1.

4. Discussion

4.1. Quantum chemical calculations & experiment

The calculated rotational constants for the 15* ETS (Ta-
ble 2) show a deviation from the experimental values (Ta-
ble 3) in the order of 2%. The rotational GS quartic
centrifugal distortion constants in Table 2 are in good
agreement with the experimentally derived values of the
18t ETS with typically less than 5% deviation. The sex-
tic centrifugal distortion constants show larger deviations
of 5% to 10%. Overall, the theoretical values are close
to the precise and consistent experimentally derived val-
ues using ERHAM and XIAM, which also take into ac-
count the influence of the respective tunneling parame-
ters on the rotational constants and centrifugal distor-
tion constants. Overall, the MP2/def2-TZVP calcula-
tion shows the smallest deviation from experiment with
regard to the rotational constants, whereas the quartic
centrifugal distortion parameters from the B3LYP /aug-cc-
pVTZ calculations were closest to the experimental val-
ues. Using the B3LYP/def2-TZVP level of theory, a hin-

dered internal motion calculation was performed. The
barrier height was calculated to be Vil = 2.5kcal =
874.4cm~!. The harmonically calculated value is about
24 cm~! below the experimentally derived XIAM value
V3 = 898.6611(894) cm ™! of the 15 ETS in Table 4, which
corresponds to a deviation of 3 %.

4.2. ERHAM analysis & literature

We used ERHAM to determine molecular, tunneling,
and structural parameters of PO and achieved a 1o con-
fidence level of 87.3kHz for a total of 4906 lines from
75GHz to 950 GHz. The ERHAM rotational constants
are close to the values from Herschbach and Swalen
[12, 13], where the A and E states were fit separately
with a common set of (ground state) centrifugal distor-
tion constants. The ERHAM rotational constant A =
18014.521213 MHz is close to the arithmetic mean A =
[Aa + 2Ag] /3 =18014.37 MHz of the rotational constant
A of the A and E state. This is also true for the rotational
constants B and C. The reported ground state centrifugal
distortion constants from Herschbach and Swalen [13] are
close to the parameters yielded with ERHAM for the 15
ETS of PO. There is good agreement between the ERHAM
results and the literature [13] concerning the structural pa-
rameters (Table 4): all parameters show deviations of less
than 1%. The structure of the internal methyl top and the
p-axis vector are well defined with respect to the principal
axis system, as can be seen from the uncertainty of the re-
spective angles Z(i,a/b/c) and the p value. The torsional



Tab. 3: Rotational constants, quartic and sextic centrifugal distortion constants, and tunneling parameters for the first excited torsional
state vagq of propylene oxide, with uncertainties (given in brackets for the least significant digits), described in the Watson A-reduction. Data
from Herschbach & Swalen [13] are given for comparison. The number of blended lines is the total number of assigned transitions, and the
number of unblended lines is the number of transitions with distinct frequencies in the ERHAM fit.

Rotational parameter This work Herschbach & Swalen
ERHAM XIAM A state E state  (A+2E)/3

A /MHz 18014.521213(327) 18014.527487(609) 18010.82% 18016.15*  18014.37

B /MHz 6670.114709(91) 6670.810612(213)  6669.93*  6669.96° 6669.95

C /MHz 5944.996211(98) 5944.300489(207)  5944.82*  5945.05° 5944.97

Ay /kHz 2.8998047(745) 2.899883(139) 2.97(50)°

Aji /kHz 3.535792(527) 3.593283(1103) 4.2(20)°

Ak /kHz 19.51430(115) 19.457994(1507) 19.50(50)°

0y /kHz 0.18809133(105) 0.188471(20)

0k /kHz 2.179023(556) 1.347438(1071)

o, [Hz 0.0015221(176) 0.001482(33)

Oy /Hz -0.014163(216) -0.014399(402)

Dy /Hz 0.051390(728) 0.057553(1484)

Oy /Hz 0.02125(106)

e1 /MHz 76.87272(788)

[A— (B+C)/2]; /kHz -5.1564(793)

[(B+ C)/2]; /kHz 0.7135(233)

[Ask]1 /Hz 1.3171(790)

0x)1 /Hz 0.963(112)

(@), /Hz -0.00002487(269)

Aray /MHz 0.048870(3381)

Aror /MHz -0.391925(10810)

K -0.87984 -0.87962

o /kHz 87.3 148.9

Oerr 1.67 3.42

No. of lines (unblended) 4237 4979

No. of lines (blended) 4961 4979

@ These parameters are taken from the 15¢ ETS analysis of Herschbach & Swalen [13].
No uncertainties were given for the 1%¢ ETS rotational constants.
b These parameters are taken from the ground state analysis of Herschbach & Swalen [13].

energy difference Ay describes the size of the splitting of
the A and E states of the respective torsional state. The
value of Ay, which was derived in this work, and in Her-
schbach and Swalen [13] shows a deviation of less than
1.2%.

4.8. ERHAM vs. XIAM analysis

The results of the ERHAM and XIAM analysis of the
15t ETS of PO, see Tables 3 and 4, are based on almost the
same line list in their respective input files. Thus, many
results can be directly compared. In general, the ERHAM
and XTAM results are in good agreement. The primary ro-
tational constants as well as the centrifugal distortion con-
stants are well determined, and most parameters match
within the given uncertainty. Only a few values do not
overlap within the 1o uncertainty range, for example the
centrifugal distortion parameters: Ak, 0k, and ®x ;. In
our XIAM analysis, ®x was not included as it caused large
errors in other centrifugal distortion and tunneling param-
eters. The differences in the determined distortion param-
eters can be explained by the use of different tunneling

parameters in ERHAM and XIAM. In the ground state
analysis [8], the barrier height V3 and the tunneling pa-
rameter A, o) were neccessary to achieve a satisfactory
result. In our XIAM analysis of the 15 ETS, we needed
the additional tunneling parameter A o to satisfactorily
describe the LAM. The inclusion of the additional internal
rotation parameters D .3, D3k, and D.3_, which were in-
troduced and successfully applied by Herbers et al. in the
analysis of 4-methylacetophenone [40, 41], did not improve
the fit of the rotational transitions of PO’s 1%t ETS and
thus were not used in this work.

Furthermore, in the XIAM analysis, we fit Fy =
159.0197(1628) GHz, which in the ground state analysis of
Mesko et al. [8] was fixed to the value Fy = 158.2278 GHz
from Herschbach & Swalen [13]. The internal rotor analy-
sis allowed for the derivation of p, F, s,vx, and Sx. Beside
these differences, the p value and the angles Z(i,a/b/c)
are close to the results of our ERHAM fit. The F' value
is consistent for all studies compared in Table 4. The bar-
rier height V3 from our XIAM analysis matches that of
Herschbach and Swalen [13] within the 1o uncertainty.



Tab. 4: Structural parameters and barrier height for the first excited torsional state v24 of propylene oxide, with uncertainties (given
in brackets for the least significant digits), described in the Watson A-reduction. The data from Herschbach & Swalen [13] are given for
comparison. The ERHAM and XIAM parameters, which were fit in the input file, are indicated by an asterisk (*); the remaining parameters

were derived from the fit or fixed.

Structural This work Herschbach & Swalen
parameter ERHAM XIAM A & E state
p 0.10252334(449)* 0.102562756% 0.103°

B /° 9.54061(345)* 9.41942°
a /° 88.280(373)*

Bx /° 9.43677%

vx /° 90.18869“

ex /° 90.2(4.6)*

ox /° 26.735(7)*

I, Juh® 3.183008(265)  3.178091(325) 3.194°
I, Jul® 2.871687(236)

Z(i,a) /° 26.98711(770) 26.7345(65) 26.86%¢
Z(i,b) /° 89.304(151) 90.1(2.1) 89.74b
L(i,c) /° 63.02333(431) 63.2656(1052) 63.14b¢
Fy, /GHz 158.7741¢ 159.0197(1628)*

F /GHz 175.9868(144) 176.281928%

F Jem™! 5.870288(482) 5.881896* 5.856

Vs /em™! 898.6611(894)* 895(5)

s 67.924493% 68.0

Ao /MHz¢  -230.6182(236) -227.9000

% These values were derived from the XIAM program during the analysis from the fit structural
parameters and no uncertainties were given from XTAM.

b These parameters are taken from the ground state analysis of Herschbach & Swalen [13].

¢ Calculated from the direction cosines A in Herschbach & Swalen [13].

4 Calculated from I,, using Equation (4).

¢ Ag = E4 — Eg torsional energy difference of the energy levels of the A and E state, respectively.

A possible explanation for the deviation of the value
V3 = 892.71(58) cm ™! reported in Mesko et al. is that
Fy was fixed in Ref. [8], and it was fit in this work. The
Vs tunneling parameter was omitted since it did not im-
prove the fit and resulted in large uncertainties. This was
also discussed elsewhere [8, 13, 35, 36, 37].

The XIAM parameters have a slightly larger uncertainty
than the respective parameters obtained from ERHAM.
Furthermore, the XIAM frequency uncertainty ox
148.9kHz is larger than the uncertainty op = 87.3kHz
of the ERHAM fit. This can be explained as follows: on
the one hand, in contrast to ERHAM, XIAM does not cal-
culate the mean uncertainty of blended lines (see Section
3.2), which can result in higher uncertainties in the XIAM
analysis for equal assignments. On the other hand, there
are less tunneling parameters available in XIAM. Specifi-
cally, when treating torsionally excited states with XIAM,
the resulting large splittings are frequently less well de-
scribed and therefore a fit to experimental uncertainty may
not be achieved. A similar behaviour has been reported
by Kisiel et al. [42] in the case of pyruvic acid, where the
ground state was fit with both ERHAM and XIAM, but a
satisfactory fit of the excited states was only achieved using
ERHAM and SPFIT [43]. ERHAM uses more tunneling
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parameters than XIAM to describe the splittings, and it
is well suited to analyse large splittings like those of PO’s
torsionally excited states. The rotational and centrifugal
distortion tunneling parameters allow for a flexible correc-
tion of the rotational parameters A, B, C, ..., ® caused
by the effects of internal rotation. The energy tunneling
parameter € is also strongly linked to the size of the A-
E splittings. With ERHAM, it is not possible to directly
determine the barrier height V3, however, this is possible
with XTAM, and the joint analysis with both programs al-
lows for a comprehensive study of the internal rotation of
PO.

In summary, both programs (XIAM and ERHAM) are well
suited to analyse the observed spectra, as can be seen in
Figures 2, 3, and 4.

4.4. Radioastronomical searches

PO has been detected in space towards Sgr B2(N) [3];
the modelling temperature T' ~ 5 K is rather low, and thus,
the first excited torsional state is barely populated. In
contrast, in warm environments with temperatures above
T = 100K, for example in hot core regions, PO’s first vi-
brationally excited state, va4, with v == 200 cm ™! would be
excited if PO is present, and signals should be detectable



Fig. 5: Structure of propylene oxide in the principal axis sys-
tem (a, b, ¢) and the corresponding (x, y, z)-system in I,
representation. The atomic coordinates (full circles) are based
on B3LYP/aug-cc-pVTZ calculations using Gaussian 16.  Hy-
drogen atoms are depicted in blue, carbon in black, and oxy-
gen in red. The p-axis vector and the angles B8 [Z(p,a)]
and a [Z(p — projection onto b — ¢ — plane, a — b — plane)] are taken
from the ERHAM results (Table 4). The dipole moment vector p is
given in red.

by means of radioastronomy in this case. The ERHAM
and XTAM results of the analysis of the first excited tor-
sional state of PO from this work allow the assignment of
the dense spectra of PO in the mmw and sub-mmw re-
gion. Our predictions could help radioastronomers with
the assignment of the strong lines belonging to PO’s first
excited torsional state and hence could allow them to de-
cipher its dense spectra in warm astronomical sources. A
*.cat file with the ERHAM prediction of the spectrum of
the 15 ETS of PO with frequencies up to 1 THz at 300 K
in the CDMS and JPL data format is provided in the Sup-
plementary Material. The vibrational energy of voy = 1 is
not involved in the intensity prediction with ERHAM. Fur-
thermore, the rotational partition functions Q¢ from ER-
HAM at different temperatures are provided in Table S1
in the Supplementary Material. Promising targets could
be sources similar to Orion-KL, where PQO’s isomer ace-
tone has been detected [6], as well as IRAS 16293-2422,
where its isomers acetone and propanal, and the molecule
oxirane have been detected [7].

5. Conclusions

We present a high-resolution spectral analysis of the
chiral molecule propylene oxide with observed transitions
from 10—950 GHz in its 15 ETS. We included about 55
lines from Herschbach and Swalen [13] and assigned more
than 4900 A and E state transitions with (J, K,) < (56, 25)
between 75 GHz and 950 GHz, resulting in an accurate pre-
diction of the splitting of the first excited torsional state
of PO up to 1 THz using ERHAM and XIAM. The an-
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harmonic frequency calculations performed for this work
and the literature values [8, 13] are in good agreement
with the determined rotational constants. Furthermore,
we determined the tunneling parameters using the pro-
grams ERHAM and XIAM, which describe the A-E split-
tings throughout the whole frequency range up to 1 THz
with a microwave RMS of about 87kHz and 149 kHz, re-
spectively. The internal motion analysis enabled a precise
geometrical description of the internal axis with respect
to the principal axis frame. We determined the threefold
barrier height V3 = 898.6611(894) cm~! using XIAM and
compared our results to literature values. The molecu-
lar constants are summarised in Tables 3 and 4 and have
been discussed and compared with literature values. For
the PO analysis, the ERHAM results seem to be more
precise compared to the XIAM fit. However, the XIAM
analysis allowed us to directly determine the barrier height
V3. The frequency uncertainty of ERHAM and XIAM, and
the overall comparison of our results, their agreement with
theory and literature, including about 5000 transitions up
to 1 THz, show that we have found a robust parameter set
for both analysis methods.

The results presented here help to better understand the
dense spectrum of PO and can assist astronomers in their
identification of rotational transitions originating from the
first excited torsional state of this molecule in the inter-
stellar medium.
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