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Internal rotation—induced A/E splittings in the methyl
rocking band of propylene oxide (vi7 = 1) and refined
analyses of the ground and first torsional states (Vo = 1)

Karel Vavra,®? Katefina Lukova,®? Eileen Doring,* Jan Jakob,” Thomas F. Giesen,** and
Guido W. Fuchs®

The ro-vibrational spectrum of propylene oxide in the methyl rocking fundamental band vi; =1 is
reported for the first time, based on high-resolution infrared measurements at room temperature and
under supersonic jet-cooled conditions. The band origin and symmetry-resolved molecular param-
eters were determined with high precision. Unexpectedly large splittings into A- and E-symmetry
components are observed in the jet-cooled spectrum, indicating perturbative coupling of the v;7 state
with nearby torsionally excited dark states. The spectra were analysed using an effective Hamilto-
nian approach implemented in the newly developed General Fitting Code (GFC), which enables a
consistent treatment of rovibrational and torsional interactions.
microwave and (sub-)millimetre-wave spectra of the ground torsional state and the first torsionally
excited state Vo4 = 1 were reanalysed using refined data sets. A simultaneous treatment of both
torsional states allows an independent determination of the internal rotation constant Fy and the

In addition, previously published

threefold torsional barrier height V3, as well as improved values for higher-order barrier terms.

1 Introduction

Propylene oxide (CH3CHCH,O, see Fig. [IA), also known as
methyl oxirane, is a stable chiral molecule that has been widely
investigated using various spectroscopic techniques (see Ref.l
and references therein) and quantum chemical calculations2
It has also been detected in space through radio astronomical ob-
servations, and is the first chiral interstellar molecule to be found
so far®. Because of its conformational stability and the commer-
cial availability of enantiomerically pure samples, propylene ox-
ide (PO) is frequently used in studies of molecular chirality. In
addition, the methyl group in PO acts as an internal rotor, giving
rise to a torsional motion which leaves a spectral fingerprint in
high-resolution spectra. This torsional motion has been the sub-
ject of intensive research for several decades and is also an im-
portant aspect of this work due to the potential for anharmonic
couplings between the fundamental vibration v;7 and highly ex-
cited torsional motions.

The study of the effects of internal rotation in PO began in

=4 Institute of Physics, University of Kassel, Heinrich-Plett-Str. 40, 34132 Kassel, Ger-
many ; E-mail: t.giesen@uni-kassel.de
b Department of Analytical Chemistry, University of Chemistry and Technology, Tech-
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T Supplementary Information available: Line lists of assigned transitions and output files
from the fitting procedure are included in the supplementary information (SI). The
General Fitting Code (GFC) programme is publicly available in the Zenodo repository,
see DOI: 10.5281/zenodo.17287289.

1957, when Swalen et al. analysed the ground and first excited
torsional states”. They reported barrier heights of V(3’ =974 cm™!
and V) = 895 cm™!, respectively. In a subsequent study®, the
same group extended their analysis to higher rotational quantum
numbers (J, K) and included the second torsional state, determin-
ing a consistent barrier height of Vg‘l’z = 895 (25) cm~!. They
concluded that the coupling between internal rotation and molec-
ular vibrations was negligible and that the V¢ term was both in-
significant and indeterminable.

Subsequent far-infrared measurements? and direct observa-
tions of transitions between torsionally excited states refined the
barrier height to V3 = 900 (8) cm~! and Vg = -9 (1) cm~!. More
recently, Mesko et al. 1% analysed the spectrum of the ground tor-
sional state in the millimetre and submillimetre region (70 GHz
-1 THz), determining V§ = 892.71 (58) em~!. Stahl et al. 'V in-
vestigated the first torsional state in the 75-950 GHz range and
obtained V% = 898.661 (89) cm~!. Although internal rotation ef-
fects were also observed in the CHj stretching region (2500-3100
em~ 12 i e, in vibrationally excited high-lying states, attempts
to derive barrier heights from this region were unsuccessful.

Studies of vibrationally excited states have been performed by
Ainetschian et al.12 for propene (propylene), i.e. a molecule sim-
ilar to propylene oxide that also contains a methyl group. The
region of 900-1100 cm~! was measured and it was found that the
A/E splitting due to internal methyl rotation varied significantly
between the ground state and different vibrational states. These
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discrepancies were attributed to anharmonic coupling between
fundamental vibrations and torsional overtones or combination
bands. Lafferty et al.1% later confirmed this unusual behaviour
using jet-cooled molecular spectroscopy in the 930-1030 cm™!
region. They concluded that barrier heights derived solely from
line splittings in vibrationally excited states are unreliable and
that a more comprehensive analysis is required. Nevertheless,
unlike the well-characterized internal rotation effects observed in
the ground and torsional states, the behaviour of internal rotors in
vibrationally excited states remains largely unexplored for propy-
lene oxide and many other molecules. The limited number of
studies on this subject highlights its complexity and the need for
more systematic research. Getting a deeper insight into molecular
dynamics requires an understanding of the coupling between in-
ternal rotation (a large-amplitude motion) and methyl rocking vi-
brations (small-amplitude motions). Thus, this work can be con-
sidered a case study that helps understanding the spectroscopic
behaviour of similar molecules and possibly also the phenomena
of intramolecular vibrational energy redistribution (IVR).

This study presents the first successful simultaneous analysis
of torsional A/E splitting in both the ground and vibrationally
excited states of propylene oxide. We used high-resolution in-
frared spectroscopy and advanced computational modelling to
study the fundamental vibrational band v;7 = 1 of PO. Further-
more, we analysed the ground and first torsional states of PO
using experimental data from references!%L thereby providing
a unified framework for interpreting internal rotation in both the
ground and excited vibrational states. The infrared band v;7 was
recorded in a glass cell at room temperature at frequencies rang-
ing from 1006.6 to 1033.7 cm~! and under supersonic expan-
sion conditions ranging from 1009.8 to 1032.8 cm~!. From the
observed and assigned transitions, we determined the vi7 band
origin, the rotational and quartic centrifugal distortion constants,
and the effective potential barrier height. The analysis was per-
formed using the newly developed General Fitting Code (GFC),
which enabled us to treat internal rotation effects consistently
across multiple vibrational states.

2 Experimental details

A high-resolution infrared spectroscopic study was performed us-
ing a racemic mixture of propylene oxide (CAS 75-56-9), which
was purchased from Sigma Aldrich and had a purity of over
99.5%. The infrared absorption spectra were recorded using two
experimental setups: one with a glass cell at room temperature
under static pressure conditions, and the other with a pick-up
source in combination with a supersonic jet expansion under vac-
uum conditions.

An external cavity quantum cascade laser (ec-QCL; Daylight So-
lutions) with a laser power of 100 mW, operating in the range of
990 to 1060 cm~! (9.4 to 10.1 um) was used to record the spec-
trum. For the room temperature spectrum the laser frequency
was slowly tuned over the spectral range, while for the super-
sonic jet measurements a fast scanning current modulation mode
was used to record narrow spectral segments of 0.03 cm~! width.
Each segment was measured 600 times, averaged and combined
to create a complete broadband spectrum.
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To calibrate the wavelength of the recorded spectra, a small
fraction (5-10 %) of the infrared radiation was used to record the
transmission simultaneously of both an etalon with a free spec-
tral range (FSR) of 150 MHz and a methanol (CH30H) reference
gas spectrum. Room-temperature spectra were acquired using an
80 cm long glass absorption cell filled with propylene oxide vapor
at a pressure of 3 mbar. The transmitted light intensity was de-
tected using a liquid nitrogen-cooled mercury cadmium telluride
detector (Ig-N, MCT Teledyne Judson Technology).

The supersonic jet spectrum was recorded at around 35 Kelvin,
with significantly reduced line widths of approximately 40 MHz
(FWHM) compared to the room temperature measurement of ap-
proximately 120 MHz (FWHM). The uncertainties of the mea-
sured line positions were estimated from the calibration proce-
dure, the reproducibility of repeated scans, and the observed
linewidths. Based on the etalon calibration and the methanol ref-
erence spectrum, individual uncertainties were assigned to each
transition frequency. Typical uncertainties correspond to about
4x103cm~! (=~ 120MHz) for room-temperature spectra and
about 1 x 1073 cm™! (=~ 40MHz) for the jet-cooled spectra. Larger
uncertainties (up to 2 x 10~2cm~!) were used for weak or par-
tially blended transitions. These uncertainties are reflected in the
RMS values of the fits and are listed line-by-line in the tables of
assigned transitions. Rotational quantum numbers up to J = 17
were observed. A pick-up source filled with liquid propylene ox-
ide was used for the measurements. The evaporating sample was
diluted in 5 bar of helium gas, pre-expanded through a pulsed
valve into a slit nozzle source, and then adiabatically expanding
into a vacuum chamber at a background pressure of 10~2 mbar .

The infrared laser beam intersected the supersonic jet perpen-
dicularly, 10 mm downstream from the slit nozzle exit, 42 times
in a Herriott-type multi-pass configuration to enhance the absorp-
tion signal. The signal was recorded by a fast liquid-N, cooled
MCT detector (Vigo Photonics). The current modulation of the
ec-QCL used, approximately 200 kHz, was fast enough to resolve
the transit time of 10 us of the jet molecules passing through the
laser beam.1>

2.1 Software

The General Fitting Code (GFC), a new fitting programme, was
used to process the measured spectra and calculate and visual-
ize the spectral predictions. The programme was also used to
fit the transitions of the vibrationally excited state of propylene
oxide vi7 = 1. The assignments of the transitions of the vi; =1
mode were aided by Loomis-Wood type plots. Additionally, previ-
ously published data for the ground and first torsionally excited
10l were re-analyzed using GFC. Internal rotation tunnel-
ing splitting was treated within the framework of the Combined
Axis Method (CAM)16 employing Watson’s effective rotational
Hamiltonian in the A-reduction and I representation.1” Further
details on the programme ‘s functionality and the methods em-
ployed are provided in Appendix A.

states
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Fig. 1 A) Visualization of the vi; =1 vibrational mode of propylene oxide. The blue arrows show the normal coordinate displacement vectors. B)
Predicted anharmonic vibrational energies of modes (MP2/cc-aug-pVTZ) in the proximity of vi7 = 1. The energies of the combination modes were
derived as linear combinations of the energies of the corresponding fundamental modes. Combination modes that do not involve torsional modes have
been omitted for clarity. Also, the internal rotation splitting is not considered for torsionally excited states. All energies are given relative to the ground

vibrational state.

3 Theory

The analysis of molecules containing methyl internal rotors has
been addressed by several effective Hamiltonian approaches and
corresponding fitting programs. Comprehensive overviews of
the available methods and codes for asymmetric top molecules
with a single Cs, internal rotor have been given, for example,
by Kleineri?. Two of the most widely used approaches are im-
plementations based on the combined axis method (CAM) and
the rho-axis method (RAM). CAM-type formulations treat the
torsion-rotation interaction in a coordinate system related to the
principal inertial axes and are implemented in programs such as
XIAMZ2Y, which has been applied successfully to many molecules
with methyl internal rotation. RAM-based approaches, imple-
mented for example in the BELGI program family?l, use a co-
ordinate system aligned with the internal rotor axis and allow
a global treatment of torsion-rotation interactions involving sev-
eral torsional states. These methods are routinely applied not
only to rotational spectra but also to rovibrational spectra. For
example, recent microwave and quantum cascade laser infrared
studies of isoprene have used both XIAM and BELGI to analyse
torsion-rotation interactions and unusually large A/E splittings
arising from coupling with nearby torsionally excited states22.

In addition, several other programs provide alternative strategies
for analysing torsion-rotation interactions. ERHAM2324 expands
torsional splittings and rotational constants as Fourier series in
the internal rotation angle, treating each torsional state indepen-
dently. RAM362 extends the rho-axis method to molecules with
three- and sixfold barriers and enables a global simultaneous fit
of multiple torsional states. More recently, Westerfit2¢ has been
developed for open-shell molecules, incorporating spin—torsion—
rotation interactions within the RAM framework.

Against this background, the present work follows a different
route: the torsion-rotation interaction is treated within a Hamil-
tonian framework closely related to the combined axis method,
implemented in the newly developed General Fitting Code (GFC).

The code provides a flexible environment for the simultaneous
treatment of rotational and rovibrational data of molecules con-
taining a single methyl internal rotor, extending the CAM ap-
proach to a global treatment of multiple torsional and vibrational
states. The rotational-torsional-vibrational structure of propy-
lene oxide is described using an effective Hamiltonian approach.
The total Hamiltonian operator is written as

Hiot = Hy + Hg + Hr + Hyy + Hr, D

where Ay, Ay, and Ay describe the vibrational, overall rotational,
and torsional motion, respectively. The term Hgr accounts for
coupling between the internal and overall rotation, while HApr
represents couplings among different torsional states.

In the present treatment, the vibrational contribution enters
only as an additive term to the total energy and does not mix with
the rotational or torsional motion. Accordingly, A, is replaced by
its eigenvalue E,;,. Neglecting all coupling terms, the resulting
zeroth-order Hamiltonian is written as

I:IO :Evib+ Z B,‘J?+Fj§ +V((X), (2)
i=a,b,c
where B; (i = a,b,c) are the rotational constants defined as
h2
Bi=———, 3
= S (3)

of the asymmetric rotor associated with the components J; of
the total angular momentum operator along the principal iner-
tial axes.

The constant F denotes the reduced internal rotation constant
within the Combined Axis Method and accounts for the coupling
between the internal rotor and the overall molecular rotation. It is
related to the moment of inertia of the methyl top 7, and depends
explicitly on the molecular inertia tensor through the geometric
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Table 1 Molecular parameters for the ground vibrational state and the first torsional state (Vo4 = 1) of propylene oxide, derived from curated linelists@
10 uncertainties are given in parentheses.

Separate fits Simultaneous fit (This work)(®)

Parameter G.S. (Ref.10) G.S. (This work) vy =1 (Ref1) v,y =1 (This work)® G.S. Vo =1
A/MHz 18023.84513 (17)  18023.845657 (72) 18014.52748 (61) 18014.63073 (56) 18023.845687 (51)  18014.62408 (19)
B/MHz 6682.36952 (37) 6682.149511 (27) 6670.81061 (21) 6670.116888 (43) 6682.149516 (10) 6670.116691 (33)
C/MHz 5951.17621 (37) 5951.397142 (27) 5944.30048 (21) 5944.994967 (48) 5951.397151 (11) 5944.994745 (40)
A;/kHz 2.914620 (41) 2.914841 (14) 2.89988 (14) 2.900014 (33) 2.914844 (10) 2.899855 (26)
Ajk/kHz 3.46722 (17) 3.466873 (56) 3.5932 (11) 3.53596 (22) 3.466892 (56) 3.53559 (19)
Ax/kHz 19.72715 (31) 19.729717 (96) 19.4579 (15) 19.8185 (21) 19.72970 (10) 19.79469 (89)
8;/kHz 0.192910 (13) 0.1927741 (14) 0.188471 (20) 0.1883670 (49) 0.1927741 (16) 0.1883715 (41)
Ok /kHz 2.60044 (42) 2.597701 (99) 1.3474 (11) 2.18958 (33) 2.59767 (11) 2.18968 (28)
®,;/mHz 1.5343 (60) 1.5579 (20) 1.482 (33) 1.5875 (78) 1.5582 (19) 1.5557 (63)
®;x/mHz -6.72 (27) -6.910 (12) -14.39 (40) -10.64 (10) -6.908 (13) -10.949 (83)
Pk,;/mHz 27.88 (90) 28.251 (33) 57.5 (15) 39.68 (34) 28.258 (35) 39.59 (29)
$x/mHz 36.05 (65) 37.365 (46) [0.0] 234.7 (19) 37.348 (50) 213.69 (91)
¢;/mHz 0.0873 (24) [0.083]() [0.0] [0.083]() [0.083]() [0.083]()
¢7x/mHz [0.0] [-0.18]() [0.0] [-0.18]() [-0.18]() [-0.18]()
¢k /Hz 0.1338 (58) [0.13]0© [0.0] [0.13]() [0.13]() [0.13](©
Ay, /MHz@) [0.0] - 0.0488 (34) - - -
Ag2g/MHz -7.25 (11) - -0.391 (11) - - -
Fy/GHz [158.2278] [159.86]¢ 159.01 (16) [159.86] 159.8600 (59)
V3/cm™! 892.71 (58) 896.82 (20) 898.661 (89) 900.217 (12) 902.121 (87)
Ve/cm™! - - - - -5.44 (25)
6/rad 0.4858 (19) 0.45896 (94) 0.4666 (12) 0.455829 (61) 0.456528 (34)
e/rad 1.55 (12) [1.55]() 1.574 (80) [1.57]) [1.55]¢)
Jmax | Kmax 82/42 82/42 55/26 55/26 82/42 55/26
NA/NE () 8514/6686 8048/6573 2526/2452 2497/2414 8048/6573 2497/2414
RMS()/kHz 191.5 80.6 148.9 52.2 74.6
(@) The refinement of linelists is described in Section
() The effective centrifugal distortion parameters determined in the analysis are given in Table@
(©) Fixed at the calculated value (MP2/aug-cc-pVTZ).
) An? and A} are empirical internal rotation—-overall rotation distortion operators used in CAM/XIAM-type analysesT118,
() V3, Vi, Fo, 8, and € were determined in the simultaneous analysis of vy =0 and vy = 1.
(f) Fixed at the value reported by Mesko et al. 12
(8) Fixed at the value reported by Stahl et al.’l1
(h) NA /NE correspond to the number of transitions of A- and E-symmetry.
() RMS is the standard deviation of the fit.
factor r, , constant Fy via the geometric correction factor r,
h
e @ F=fo 7
r
where 5
r=1-— Z lilla . (5) For the CHj; top, the internal rotation potential V(a) is ex-
i=abc !

panded as a Fourier series in the torsional angle a,
Here, A; (i = a,b,c) are the direction cosines of the internal-

rotation axis of the methyl top with respect to the principal iner-
tial axes, i.e. the components of the unit vector ey = (44,45, Ac).
Since F depends on the rotational constants B; through r, it varies
slightly between different vibrational states. For practical reasons,
and to separate purely torsional properties from vibrationally in-
duced changes in the molecular geometry, it is therefore conve-
nient to introduce the internal rotation constant
h2

k= s, ©)
which depends only on the moment of inertia of the internal rotor.
Within this formulation, the reduced internal rotation constant F
entering the CAM Hamiltonian is obtained from the unreduced

4 Journal Name, [year], [vol.], 1

V Vi Ve
V()= ?3 (I —cos3a)+ 76 (1 —cos6a)+ ?9 (I =cos9a)+...,
(8)
where V,, (n =3,6,9,...) denote the n-fold torsional barrier pa-
rameters.

Within the CAM framework, the torsional Hamiltonian Hr is
formulated in the p-axis system (RAS). The corresponding matrix
elements are expressed as

. 1
(6Km|Hr|6Km) = 3m —pK 4+ 0)*F + 5 VstV +Vot..), (9)

. 1
(cKm|Ht|ocKm=+q) = —Zng7

where m is the torsional quantum number, p is a dimensionless
vector describing the projection of the internal rotor angular mo-
mentum onto the principal inertial axes, and K denotes the pro-

(10
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jection quantum number of the total angular momentum onto the
principal axis. The torsional symmetry is labelled by ¢ (¢ =0 for
A symmetry, 6 = %1 for E symmetry), and ¢ is an integer describ-
ing the off-diagonality of the matrix element.

The torsional Hamiltonian matrix is diagonalised for K =
—Jmax, - - - »Jmax, yielding torsional energies ETR}S, which are sub-
sequently transformed into the principal axis System (PAS) using
Wigner D matrices102027128  The coupling terms Ary and Hrr
are negligible in the ground torsional state under the high-barrier
approximation??. For torsionally excited states or lower barri-
ers, their effects are accounted for in the GFC formalism by effec-
tive centrifugal distortion parameters such as D, Dg, DE. .. and
higher order parameters applied to the E-symmetry states, where
n is the order of the respective operator. The matrix elements
diagonal in the quantum number K are given by

UK )Dﬁ ’JK} =DEJ"(J+1)" an
(K ’D% JK) = DE, K" 12)
(JK‘DE,,@ JK) = Db J"(J + 1)"K" (13)

whereas the off-diagonal elements (AK = +2) are expressed as:

(JK’DE‘JKi2) -

DEVIU+1)—KK£1)[(J+1)—(K£1)(K£2)] (14
<JK‘D§,‘JK¢2> =
DE JU+DV[J+1) —KKED][J+1)—(K+1)(K£2)] (15)
<JK’D%,(JK¢2)=
DE._K"\/[J+1)—K(KED][(J+1)—(K£1)(K£2)] (16)

4 Quantum-chemical calculations

Quantum-chemical calculations were performed to support the
analysis of the ro-vibrational spectrum of propylene oxide and
to guide the assignment of the experimentally observed tran-
Equilibrium geometries and anharmonic vibrational
frequencies were obtained using the Gaussian 16 programme
package?, employing second-order Mgller-Plesset perturbation
theory (MP2) Sl in combination with Dunning’s correlation-
consistent valence-polarized triple-{ basis set augmented by dif-
fuse functions (aug-cc-pVTZ)=32,

sitions.

The calculated normal-mode displacement vectors of the v; =
1 vibrational mode are illustrated in Fig. Based on the opti-
mized geometry, approximate equilibrium rotational constants of
A = 18040 MHz, B = 6731 MHz, and C = 5986 MHz were obtained
and used as initial values for the spectral assignments. The vibra-
tional dependence of the rotational constants was estimated using
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Fig. 2 Part of the measured (upper) and simulated (lower) P-branch
transitions of propylene oxide. The strongest features correspond to un-
resolved Q-branches. The missing regions around 1015 and 1016.5 cm™!
are due to the mode hops of the QCL.

first-order vibration-rotation interaction constants ¢;, according
to

Bi:Be—ZOC,'(V,'—O—%), a”n

1

where B; and B, denote the rotational constants in the ith vi-
brationally excited state and at the equilibrium geometry, respec-
tively, and v; are the corresponding vibrational quantum num-
bers.

The anharmonic vibrational energy of the v;7 mode was calcu-
lated to be approximately 1022 cm~'. In addition, the calculated
transition dipole moment derivatives with respect to the normal
coordinate Q, du/dQ0, = —5.6 x 10~! (km/mol)!/2, ou/dQ, =
2.6 (km/mol)!/2, and du/oQ, =1.1 (km/mol)!/2, indicate that
the v|7 band exhibits predominantly b-type character, accompa-
nied by weaker c-type and very weak a-type transitions.

5 Spectral analysis

5.1 Ground torsional state vy = 0 and first torsionally ex-
cited state vy =1

The rotational spectrum of the ground torsional state vy =0
of propylene oxide has been extensively investigated in the
microwave and (sub)millimetre-wave region by Herschbach &
SwalenZ® and more recently by Mesko et al.1%, The latter study
reported 8514 A and 6686 E symmetry transitions. In the present
work, this data set was curated and reanalysed using GFC. Transi-
tions affected by unresolved A /E blends or distorted line shapes
were removed, yielding 8048 A and 6573 E symmetry transitions
(Table[I). The resulting fit reproduces the experimental frequen-
cies with an RMS deviation of 80.6kHz, a substantial improve-
ment over the 191.5kHz obtained in Ref.1%,

Because the A/E splittings in the ground torsional state are only
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Fig. 3 Jet spectrum showing the band origin of vj7; =1, with several zoomed-in views highlighting the resolved internal rotation splitting.

Table 2 Effective centrifugal distortion parameters determined in the sep-
arate fit of transition frequencies of vo4 = 1 and in the simultaneous anal-
ysis of the ground torsional state and vy = 1.

Parameter Separate fit Simultaneous fit
DE/kHz -0.603 (29) -0.590 (24)
DE,/kHz -163.26 (83) -153.99 (36)
DE,/kHz 0.4552 (30) 0.4207 (13)
DE /Hz -0.3058 (27) -0.2752 (13)
DE /kHz -0.9316 (76) -0.9385 (67)
Dng/Hz 7.26 (23) 7.69 (20)
Dg_/mHz -43.90 (80) -46.96 (69)
DE,/MHz -0.9568 (45) -0.9095 (23)
DE,/kHz 6.089 (42) 5.635 (20)
DEs/Hz -9.418 (95) -8.445 (53)
DE,/mHz 4.049 (68) 3.432 (44)
DY /Hz 48.70 (81) 52.82 (66)

Numbers in parentheses are the 10 uncertainties.

of the order of 1-2 MHz, the fit is only weakly sensitive to the pa-
rameters governing the torsional motion. In particular, the inter-
nal rotation constant Fy and the threefold barrier height V; affect
the splittings in a very similar manner and remain strongly cor-
related in a fit restricted to the ground state. This is reflected
in a correlation coefficient of 0.97 between Fy and V3, indicating
that these parameters cannot be determined independently from
vr = 0 data alone. Consequently, Fy was kept fixed in the ground-
state analysis.

Stahl et al.'l1' analysed the first torsionally excited state vo4 = 1

6 | Journal Name, [year], [vol.], 1

using 2526 A and 2452 E symmetry rotational transitions recorded
between 75 and 950 GHz. In this state, the A/E splittings are
much larger (up to 100 MHz) and exhibit a pronounced depen-
dence on J and K, providing substantially increased sensitivity to
the torsional parameters compared to the ground state. Never-
theless, a fit restricted to vp4 = 1 still shows a strong correlation
between Fy and V3. The corresponding correlation coefficient
of 0.94 demonstrates that, despite the large splittings, the
information content of a single torsional manifold is insufficient
to fully disentangle these two parameters. Therefore, a curated
line list of 2497 transitions of A-symmetry and 2414 transitions
of E-symmetry was reanalysed using the improved ground-state
constants shown in (Table . The new set of paramters reduces
the RMS value from 148.9 kHz to 52.2kHz (Table [I). The result-
ing parameter set gives a consistent description of the torsional
splitting and the associated centrifugal distortion effects.

A decisive reduction of the mutual correlation between F, and
V3 is achieved only when the refined vy = 0 and v,4 = 1 data sets
are combined in a simultaneous GFC analysis. By exploiting the
fundamentally different magnitudes and J, K dependences of the
A/E splittings in the two torsional states, the parameter space is
constrained from complementary directions. As a result, the cor-
relation coefficient between F, and V3 is reduced to 0.30 in the
simultaneous fit, effectively breaking the near-linear dependence
observed in the single-state analyses and allowing both parame-
ters to be determined independently with high confidence.

In the separate fit of the ground state and the v,4 state we
fixed F, to the value obtained from the simultaneous fit, which is
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Fig. 4 Portion of the jet-cooled spectrum showing partially resolved A/E splittings in selected b-type R-branch transitions and the associated K-doubling
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of the E-symmetry species (four line pairs highlighted). The upper trace schematically illustrates the corresponding energy levels (in cm™!). For the

transition J' =8, K, =5, the lower-frequency component corresponds to the isolated E(854) line, while the higher-frequency feature arises from an

(cc)

unresolved overlap of A(854), A(853), and an E contribution. The splitting between E(8s54) and E(8s3) reflects K-doubling, i.e. the lifting of the

+K degeneracy in the E species. Because E(8s53) lies close to the A components, it is not fully resolved, resulting in an effective intensity ratio of

approximately 1:3.

Fy = 159.86 GHz. The combined approach also enables a reliable
determination of the small sixfold contribution Vg, which cannot
be constrained from one torsional state alone. The parameters
6 and ¢ describe the orientation of the internal rotor axis with
respect to the principal axis system and the phase of the torsion—
rotation interaction term in the effective Hamiltonian. In the si-
multaneous fit, € shows strong correlations with other torsion—
rotation parameters and could not be determined independently.
It was therefore fixed to the value obtained from the ground-state
analysis in the paper of Mesko et al.1?, The sextic centrifugal dis-
tortion parameters ¢y, ¢;x, and ¢ are only weakly constrained by
the present dataset and were fixed to calculated values to stabi-
lize the fit. The final torsional parameters from the simultaneous
fit are listed in Table

5.2 Vibrational mode v;; =1

The band origin of the v;7 fundamental, located at approximately
1023.5 cm™!, was largely covered by the room-temperature mea-
surements and exhibits a predominantly b-type band structure, in
agreement with the ab initio predictions. Initial assignments were
based on several unresolved Q-branches (K" = 7 — 14, Fig. , as
well as selected P-branch transitions (K" = 0,7,8,9). In the vicin-
ity of the band origin, several weak spectral features were ob-
served that cannot be attributed to b-type transitions. The posi-
tions of these weak lines are in reasonable agreement with the ex-
pected locations of a- and c-type transitions inferred from the as-
signed b-type structure. However, due to their low intensity, these
features could not be assigned unambiguously, and no quantita-
tive conclusions regarding the relative transition dipole strengths
could be drawn from the experimental data. The absence of re-
liably assignable a- and c-type transitions is consistent with their
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Table 3 Effective spectroscopic parameters derived from the analysis of
the perturbed vi7 =1 band of propylene oxide.

Parameter vir=1
Ef,/cm™! 1023.517190 (39)
EE /em™! 1023.513785 (39)
A/MHz 18007.679 (67)
B/MHz 6677.721 (30)
C/MHz 5952.844 (15)
Ay/kHz 2.818 (12)
Asx/kHz -3.43 (26)
Ax/kHz 147.2 (11)
8;/kHz 0.1165 (88)
Sx/kHz [2.5977]
&;/mHz [1.5582]
®;x/mHz [-6.864]
®y;/mHz [28.11]
®y/mHz [37.45]
¢;/mHz [0.083]
¢;x/mHz [-0.18]
¢x/mHz [130]
Fo/GHz [159.86]
V3/cm™! 1102 (12)
8/rad [0.456516]
e/rad [1.55]
Jmax [ Kimax 47/13
NA/NE 817/754
RMS/MHz 40.8

Numbers in parentheses give 10 uncertainties in the last digit(s).
E%,, EE, are the band origins of the A and E states respectively.
Parameters in square brackets are fixed at ground state values.
N4 /NE correspond to number of A- and E symmetry transitions.
RMS is the standard deviation of the fit.

predicted weak intensities. The assignments were guided by spec-
tral simulations employing the ground-state spectroscopic param-
eters listed in Table[I]together with the calculated band origin and
vibration-rotation interaction constants. The resulting molecular
constants were subsequently used to extend the assignments to
spectra recorded under supersonic expansion conditions.

In the jet-cooled spectrum, all assigned b-type transitions in
the R-, 0-, and P-branches with K" = 0-4 form well-defined dou-
blets (Fig.[3). The large splittings observed in the v;7 = 1 band
(10-110 MHz) are far greater than the intrinsic torsional splitting
expected for this vibrational mode (of order 1 MHz) and there-
fore indicate perturbative mixing with a nearby torsionally ex-
cited dark state. Ab initio calculations place several combination
levels within a few ecm™' of v;; (Fig. , and the most plausi-
ble candidates involve an odd number of torsional quanta, e.g.
combinations containing v,4 = 1, 3, or 5. For torsional manifolds
of propylene oxide, the A/E level ordering alternates with the
torsional quantum number; in particular, the experimentally es-
tablished ordering in v,4 = 1 is E below A . Assuming that the
dominant perturber carries an odd number of torsional quanta,
the resolved v|7 doublets for K]/ = 0-4 are therefore naturally as-
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Fig. 5 Mean upper-state A/E offsets in the v;7 =1 band as a function
of K, for K, < 4. Offsets were obtained from paired A- and E-symmetry
transitions using combination differences, yielding AE, = E,(E) —E,(A) for
individual upper-state levels. For each K, values were averaged over all
available K, and J < 15; points with |AE,| < 6 MHz were discarded. Error
bars indicate the standard error of the mean (SEM). Negative offsets
correspond to the observed E-below-A ordering.

signed with the E -symmetry component at lower frequency and
the A -dominated component at higher frequency.

This assignment is supported quantitatively by upper-state A/E
offsets AE, = E,(E) — E,(A) extracted from paired A- and E-
symmetry transitions using combination differences (with the
small ground-state A/E splitting accounted for). The mean off-
sets, averaged over all available K. and J < 15, decrease system-
atically with increasing K, for K, < 4 (Fig. [5), i.e. the effective
A/E splitting becomes progressively smaller at higher K.

At higher K, the same trend manifests as a characteristic line-
shape evolution. For K/ = 5-7, both the asymmetry splitting and
the effective A/E splitting decrease to values comparable to the
Doppler-limited linewidth (FWHM = 40-50 MHz), and the com-
ponents are no longer fully resolved (see Figure ). Instead, the
transitions develop a reproducible low-frequency shoulder. The
shoulder intensity is typically about one third of the main feature,
consistent with an isolated E -symmetry contribution on the low-
frequency side, whereas the high-frequency feature is dominated
by an unresolved superposition in which two nearly coincident A
-symmetry components overlap with an E contribution. The per-
sistent appearance of the weaker feature at lower frequency thus
supports an E -below-A ordering throughout the perturbed v;; =1
manifold.

The v;7 data were fitted in an effective Hamiltonian frame-
work that captures the influence of the torsional dark state via
symmetry-dependent term values and a small torsional correc-
tion. Accordingly, the observed level energies assigned to vi7 = 1
are written as

A/E
Eops = vi{) + Erot + Ecorr, (18)

with
Ecorr = Egipy 4 ror — Exipy (19)

where 7 denotes the torsional character of the perturbing con-
tribution. The quantities E24, and EL, in Table [3| thus represent
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effective, symmetry-dependent band origins induced by the per-
turbation (not an intrinsic A/E splitting of the pure v;7 vibration).
The rotational contribution E,y is described by the rotational
and centrifugal distortion constants, while the residual, rotation-
dependent part of the splitting is captured through the effective
torsional parameters (V3, Fy, 8, €), which should be regarded as
phenomenological descriptors of rovibrational-torsional mixing.
A simultaneous fit of the ground state and the v,7 state was tested
but did not improve the stability of the fit due to strong parame-
ter correlations arising from perturbative interactions with nearby
torsional states. The ground-state constants were therefore fixed
in the fit.

Using the resulting effective constants, additional b-type tran-
sitions in the room-temperature spectra were assigned, extending
the data set to P- and R-branch lines with K” = 0-10. Several Q-
branch transitions with K” > 12 could also be identified, but were
excluded from the final fit because of pronounced systematic de-
viations from the predicted frequencies, indicative of interaction
with a nearby vibrational state. The final analysis of the curated
data set yielded the effective parameters summarized in Table
the complete line list is provided in the Supplementary Informa-
tion.

6 Results and Discussion

The ground-state and first torsionally excited rotational spectra of
propylene oxide were reanalysed using the General Fitting Code
(GFC) and refined line lists. The improved data sets led to a sub-
stantial reduction of the RMS deviations and to significantly in-
creased precision of the spectroscopic parameters compared to
previous studies. A simultaneous treatment of both torsional
states enabled an independent determination of the internal rota-
tion constant Ky and the threefold barrier height V3, and allowed
the sixfold torsional barrier term Vg to be determined reliably.

The infrared spectrum of the v|; = 1 band exhibits systematic
A/E splittings that cannot be attributed to intrinsic torsional split-
ting of this vibrational mode. Instead, the magnitude and order-
ing of the observed doublets indicate perturbative coupling with
torsionally excited dark states. The consistent observation of the
E-symmetry component at lower frequency across all assigned
transitions provides strong evidence that the dominant interac-
tion involves combination/overtone levels with an odd number
of torsional quanta v,4. Despite these perturbations, rotational
series up to J =47 and K, = 13 could be assigned and analysed
using an effective semi-rigid rotor Hamiltonian.

Guided by the vibrational energy level scheme shown in Fig.
several torsionally excited combination states emerge as plausible
interaction partners. Based on ab initio estimates, these include
5Vag (= 1020.0 cm™1), 3va4 + vap (= 1019.6 cm™!), and vay +2va
(~ 1018.0 cm™1), all lying within a few wavenumbers of the v
fundamental at ~ 1022.5 cm~'. All proposed candidates contain
an odd number of torsional quanta and are therefore symmetry-
compatible with the observed E -below-A ordering. Given the lim-
ited accuracy of the calculated combination-level energies, partic-
ularly for multiply excited states, the energetic ordering of these
candidates should not be over-interpreted. Thus, while the exper-
imental data clearly point to a dominant torsional contribution,
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the dense manifold of nearby states and the approximate nature
of the energies prevent a unique identification of the specific per-
turbing dark state.
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7 Appendix

The General Fitting Code (GFC) is a newly developed versa-
tile tool for the analysis of pure rotational, vibrational and ro-
vibrational spectra. It is suitable for the analysis of asymmetric
tops as well as species with a single internal rotor with Cs, sym-
metry. In this sense, GFC represents a new member of the family
of programs developed for the analysis of internal rotation ef-
fects, complementing established tools such as XIAM, 2222133134
BELGI, 21122128/ ERHAM,2M37 RAM36,221381391 and Westerfit.20
The programme is written in the Python (https://www.Python.
org) programming language, the majority of numerical calcula-
tions are performed in Julia (https://julialang.org/)) to en-
hance the performance and speed of the computation routines.

The General Fitting Code (GFC) programme is available in the
Zenodo repository, see DOI: doi.org/10.5281/zenodo.17287288.
Any questions concerning GFC should be addressed to Dr. Karel
Véavra (vavrak@vscht.cz).

The main features of the software involve:

* Visualisation of experimental spectra (ASCII format)
* Processing of spectra (smoothing, convolution functions,...)
* Calculation and visualization of spectral predictions

* Loomis-Wood type plots, Fortrat diagrams, Reduced energy
diagrams

* Line profile fitting, Quantum numbers assignment

* Least square fitting (Gauss-Newton method) of parameters
to Hamiltonian matrix elements

* Ro-vibrational coupling
* Plural nuclear quadrupole coupling

¢ Internal rotation (Combined axis method, one Cs, internal
rotor, no symmetry constraints for the molecular frame)

* No imposed limits on quantum numbers, number of transi-
tions, or vibrational/torsional states.
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* Partition function calculations
* Export of high-quality figures in .eps, .svg, .png formats

GFC is designed to accommodate a wide range of spectroscopic
problems. It features a graphical user interface (GUI) for intu-
itive operation, enabling users to construct the Hamiltonian ma-
trix using predefined matrix elements. These include A- and S-
reduced effective rotational Hamiltonian in different representa-
tions, second-order ro-vibrational terms, nuclear quadrupole cou-
plings, and internal rotation parameters. Users can also define
custom-made matrix elements within a symmetric top basis set
tailored to the molecular system under investigation.

The predefined matrix elements for constructing the full Hamil-
tonian are as follows

H=Hg+Hcp+Hr +Hp+Hpy + ...+ Hp, (20)

and are further described in the following enumeration:

* Rotational Hamiltonian A for an asymmetric top in any rep-
resentation:

By +B,

(JK |Hg|JK) = %(Bx+3,)1(1+1)+(3ﬁ )K* (21)

(JK |Hg|JK £2) = %(Bx —By)F(J,K)F(J,K+1)  (22)

* Centrifugal distortion (CD) parameters diagonal in K:

(K |Acp|IK) = —Aj (I +1)* + @, (J+ 1) + Ly (T +1)* + ...
— Ak (T + DK + Dy d*(J+1)2K> + Ly (J+ 1)K + .+
+ @I (J+ DK+ 4 LggsJ(J+ 1)K + ...
— AKK4 +<I>KK6 -i-LKK8 + higher order terms  (23)

* CD parameters off-diagonal in K 42 (A-reduction):

(JK‘ﬁgz))‘JKi2> =[6J(J+1)— %6,([1(2 +(K+£2)%+

FOPUH 14 S04 DK+ (K22 2 0x K+ (K £2)")+

+ higher order terms|F (J,K)F(J,K+1) (24)

¢ CD parameters off-diagonal in K 4-2n, where n is and integer:
n=1,2,3,... (S-reduction):

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CPO0517A

K| A IK £2m) = [+ 1)+ PO+ 40P 0+ 1)+
+ p1J*(J 4+ 1)* + higher order terms|F (J,K)F (J,K +1);
=[dy+ o d(J+ 1)+ LT+ 1)+ prP (J+1)3
+ higher order terms|F (J,K)F(J,K £1)F(J,K £2)F(J,K +3);
= [h3 + 13J(J + 1)+ p3J>(J + 1)? + higher order terms]

F(J,K)F(J,K+1)F(J,K+£2)F(J,K+3)F(J,K£4)F(J,K +5);

(25)

F(J,K)=+\JJ+1)-K(K=£1) (26)

* The matrix elements of the torsional Hamiltonian in the rho-
axis system are given in Eqgs. [9] [L0]in the main text. Addi-
tional effective parameters defined in Egs. can
be included in the semi-rigid rotor Hamiltonian for the E -
symmetry state(s) to treat further perturbation arising from
coupling between overall and internal rotation.

* First order a-type Coriolis mixing (G,) matrix element:
(J,K,vi|Hp|J,K,V]) = %KGa @27
* Second order a-type Coriolis mixing (Fp.) matrix element:
(J,K,vi|Hp|J, K £2,V]) = ;éFbC[F(LK)F(J,Ki 1)] (28)

* First order b-type Coriolis mixing (G;) matrix element:

(J,K,vi|Hp|J,K£1,v]) = éG;,[F(J,K)] 29
* Second order b-type Coriolis mixing (F,.) matrix element:
(J,K,vi|Hp|J.K+1,v]) = qE%.Fac(zKi 1)[F(J,K)] (30)
* First order c-type Coriolis mixing (G,.) matrix element:
(J,K,vi|Hp|J. K +£1,v]) = i%GC[F(J,K)]F(J,K) 31)
* Second order c-type Coriolis mixing (F,;) matrix element:
(J,K,vi|Hp|J.K+1,v]) = %Fab(ZKi D[F(J,K)]  (32)

¢ Matrix elements for Fermi resonance/anharmonic (W) cou-
pling:

(J,K,vi|Hp|J,K,v]) =W (33)
(K, v; |Ap|J,K £2,v]) = WE[F(J,K)F(J,K £ 1)] 349
F(J,K)=+\J(J+1)—K(K=£1) (35)

* Matrix elements, including those off-diagonal in J and K, of
the quadrupole interaction Hamiltonian for one nucleus? :
Journal Name, [year], [vol.],1 |11
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(LK,Fi |Hgi | 7K' F) = (= 1)1 (20 +1)(20" + 1))/

FL L J J 2 J
2 J n(\-k —-q K

)’

I
4l

h=J+J +K+F+1

2
0

~1
4l
11) (36)

37)

Where [ is the spin quantum number, F is the total angular
momentum quantum number F = J + [ and ¢ is an integer ¢ =

K-K
* Matrix elements for n nuclei, including those off-diagonal in
J, K, and Fi,...,F,_1, of the quadrupole interaction Hamilto-
nian?

(J,K,Fi,F,,....F|Hp,|J . K',F{,Fy, ..,

F)

%n(_l)t”[(z./-i- 1)(2\],—5—1)}1/2[(2}71 + 1)(2F1/+ 1)]1/2_”

@F + D)2E + 1))

JF L\[F B b
R J 2 F2F12"'

J 2 J
-K —q K

12 | Journal Name, [year], [vol.], 1

Fy
2

)’

I
Fy-

I

I n

1

2
0

View Article Online
DOI: 10.1039/D6CPO0517A

n—1
tw=J+K+ Y (F | +L+F)+(F1+L+F) (39

i=1

g=K -K (40)
Xn -
x0 =% D)
X+l = ( > (e %Z) (42)
XX , 20 X
Y= (7) ?(x Xy) iXxy) 43)

Where y is the quadrupole coupling tensor x,=eQV, with ¢ as
elemental charge, Q as nuclear electric quadrupole moment and
V, as electric field gradient. The terms enclosed in round and
curly brackets in Egs. correspond to the Wigner 3j and 6j
symbols.

The implementation of the rho-axis method to treat internal
rotation, as well as the extension of the programme’s applicabil-
ity to two and more internal rotors and to symmetric and linear
molecules, is currently in progress.
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Data Availability Statement

The data supporting this study (lists of assigned transitions and output files from the fitting
procedure) are provided in the Supplementary Information. The General Fitting Code (GFC)
is publicly available via Zenodo (doi.org/10.5281/zenodo.17287288).
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