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We report the observation and assignment of the rotational spectra of the isotopically chiral molecule,
trans-2,3-dideutero-oxirane (tc-CHDCHDO) measured with the Zurich gigahertz (GHz) spectrometer (64 to
500 GHz and Av/v = 10~) and with our highest resolution Fourier transform infrared spectrometer at the
Swiss synchrotron light source (SLS) (best instrumental resolution A = 0.00053 cm™Y in the terahertz range
(far infrared from 25 to 80 cm™Y). The combined GHz and THz spectra were analysed using an accurate
effective Hamiltonian providing newly determined rotational parameters, which are crucial for the prediction
of trans-2,3-dideutero-oxirane transitions to be observed by astrophysical spectroscopy. The recent
detection of singly deuterated oxirane in the protostar IRAS 16 293-2422 B based on our previous predic-
tions highlights the potential for the detection of doubly deuterated oxiranes including trans-2,3-dideutero-
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oxirane. These offer insights into deuterium fractionation in space and the formation mechanisms of
complex and in particular chiral molecules. This study is also related to the new isotope effect in isotopically
DOI: 10.1039/d5¢cp03143e chiral molecules characterised by the parity violation energy differences of the ground states of the

enantiomers and to biomolecular homochirality. In addition, we report the analysis of the pure rotational
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1. Introduction

Chiral symmetry breaking” in molecules that are chiral only by
isotopic substitution results in several important effects ran-
ging from quantum structure to anharmonic vibrational quan-
tum dynamics and finally parity violation, which introduces a
fundamentally new isotope effect.” ** Indeed, in such “isotopi-
cally chiral molecules”, a small parity violating energy differ-
ence A, E between the ground states of the enantiomers
is predicted, which arises through the weak nuclear interaction
from the different weak nuclear charge of the isotopes
with different numbers of neutrons.”” While calculated to be
very small, on the order of feV to aeV depending on the
molecule, this could, in principle, be measured in special
experiments,>'"'* although until now no successful experi-
ment has been reported (see the reviews in ref. 9 and 10). On
the other hand, when neglecting the parity violating weak
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spectra of cis-2,3-dideutero-oxirane also present in our experimental spectra in the GHz range.

nuclear force, which is the common assumption in current
quantum chemical theory, A,E would be exactly zero by
symmetry.

A further interesting aspect of isotopically chiral molecules
is related to astrophysical spectroscopy: the detection of an
achiral “parent molecule” can lead to the detection of a
corresponding isotopically chiral molecule. In this context we
have initiated some time ago a spectroscopic project on iso-
topically chiral oxirane derivatives, given the well-established
astrophysical detection of the achiral oxirane molecule (ethy-
lene epoxide, cyclo-C,H,0).">™*® Starting with high resolution
GHz and THz (FTIR) spectroscopy of monodeutero-oxirane,’
our prediction of some relevant spectral lines in the range 300
to 400 GHz led, indeed, to the astrophysical detection of this
molecule in IRAS 16293-2422B using ALMA (the Atacama Large
Millimetre/submillimetre Array),®® see also ref. 21 for further
spectroscopic results.

Chiral molecules are of particular astrophysical interest,
because the detection of some systematic extraterrestrial homo-
chirality would be a very strong indication for extraterrestrial
life, as there is no known chemical mechanism except the
biochemistry of life which would generate a consistent global
homochirality.”** While various techniques for analysis are
possible by sending missions within the solar system,** only a
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spectroscopic approach (using circular dichroism or high
resolution vibrational circular dichroism, for instance®*??)
would be able to go beyond the solar system, say, by the
spectroscopy of exoplanetary atmospheres.>>>” While chirally
sensitive astrophysical spectroscopy in this context is not to be
expected in the nearest future, the spectroscopic detection of
chiral molecules beyond the solar system prepares a path for
such future studies. So far, only two chiral molecules have been
detected by astrophysical spectroscopy in the interstellar med-
ium (ISM), monodeutero-oxirane as already mentioned"® " and
methyloxirane.?® Clearly more effort is needed towards identi-
fying further chiral molecules for such observations.

In the present publication we report our results on the
isotopically chiral trans-2,3-dideutero-oxirane as a further chiral
oxirane isotopomer likely to be observed in a way analogous to
monodeutero-oxirane. Trans-2,3-dideutero-oxirane (or trans-
[2,3-’H,] oxirane, trans-cyclo-CHDCHDO, short-hand used here
as tc-CHDCHDO, see Fig. 1) has been a prototypical chiral
compound for experimental and theoretical studies of vibra-
tional circular dichroism for some time,?°® and it has also
been used more recently as an example for the direct determi-
nation of absolute configuration by Coulomb explosion ima-
ging (CEI)**™*? (see also ref. 43 for an alternative technique used
for the chiral prototype molecule CHFCIBr*® as compared to the
“classic”” approach using X-ray crystallography***?). However,
so far only very little high resolution spectroscopic work exists
for tc-CHDCHDO. Indeed, there seems to be only the singular
early microwave spectroscopy of the various oxirane isotopo-
mers by Hirose,***” which reported 21 rotational transitions for
tc-CHDCHDO with the overall aim of a structure determination
from the rotational constants of several isotopomers. Here, we
shall report the first extensive study of rotational transitions in
the GHz range (64 to 500 GHz) and the THz range by
synchrotron-based Fourier transform infrared (FTIR) spectro-
scopy (0.75 to 2.4 THz), thus covering most of the rotational
spectrum with a remaining gap only from 500 to 750 GHz. The
analyses of more than 4000 assigned line positions provide
accurate rotational parameters for the vibrational ground state
and a very accurate basis for the prediction of lines for the
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trans cis
Fig. 1 Structures of the trans and cis isomers (carbon atoms are labeled in
grey, hydrogen light grey, oxygen red and deuterium violet) with their
principal axes a, b, ¢ and axes definition for the rotational analysis. The C,
axis in trans-2,3-dideutero-oxirane coincides with the b-axis. The (R,R)-
2,3-dideutero-oxirane is shown here as one of the enantiomers of the
trans isomer.

752 | Phys. Chem. Chem. Phys., 2026, 28, 751-763

View Article Online

PCCP

astrophysical detection of tc-CHDCHDO among other possible
applications.

In a broader context, our spectroscopic results on mono-
deutero- and dideutero-oxirane should also be seen in relation
to deuterium fractionation in astrochemistry. By these astro-
chemical processes deuterium is preferentially incorporated
into a variety of molecules, the detection of which can then
offer insight into these processes, which occur in particular in
the cold and dense regions of interstellar space.”®*>* Despite
the low cosmic abundance of deuterium with a ratio estimated
to be about [D]/[H] ~ 10>, deuterium enriched molecules have
been detected in various astronomical environments®"** with
[D)/[H] ratios as high as 50% in low mass prestellar cores® and
about 15% in protostars.>® Such observations are crucial for
refining models for chemical evolution in space, and in this
context studies of deuterium fractionation in isotopically chiral
molecules containing deuterium are also of greatest interest.

The undeuterated parent species oxirane (c-C,H,0) is an
isomer of acetaldehyde (CH;CHO) which is more stable by
about 1 eV or 100 kJ mol . The high-resolution spectroscopy of
acetaldehyde®® enabled its detection in the interstellar medium
in the past.”® The monodeutero isotopomer CH;CDO has also
been detected in the ISM,>” and interestingly dideuteroacetal-
dehyde CHD,CHO has recently been detected as well,*® and
tentatively also CD,CH,0°° as isomers of tc-CHDCHDO.
Clearly, the isotopomer CD;CHO, which we studied some time
ago in a different context,’*®> would also be a candidate for
future astrophysical observations. We might mention here also
the isomers vinyl alcohol (CH,CHOH) and methylhydroxycar-
bene (CH;COH) and their isotopomers as further interesting
candidates for a detection by astrophysical spectroscopy.

To complete this introduction, we should refer to the very
extensive spectroscopic work which exists on normal achiral
oxirane, quite in contrast to its isotopically chiral isotopomers.
There are studies by microwave spectroscopy,*®*7:6%:64
submillimetre wave spectroscopy,®>®® and synchrotron-based
FTIR spectroscopy.®”’°® As a result, the rotational parameters of
the vibrational ground state of C,H,O are extremely well
established. The rovibrationally resolved infrared spectra
of oxirane were also analysed in the range from 600 to
3500 cm™ '.%*77® For comparison, extensive ab initio results are
available as well, which include also results on deutero
isotopomers.>'?%7*

The present paper is organised as follows. In Section 2, we
provide an overview over the experiments (synthesis, Section
2.1, GHz experiments Section 2.2, THz (FTIR) experiments
Section 2.3). In Section 3, we briefly provide the theoretical
background for the analysis (effective Hamiltonian Section 3.1,
symmetry considerations for the analysis, Section 3.2). Section
4 discusses the assignment procedures and Section 5 provides
results and discussion with the concluding Section 6 providing
a summary of the main results and conclusions including an
outlook. Some preliminary results of our work were presented
in ref. 75 and 76. Because our sample of ¢-CHDCHDO con-
tained the achiral cis-CHDCHDO as an impurity, we were able
to assign more than 1000 lines in the spectrum to this species,
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and we report also the rotational parameters resulting from this
analysis.

2. Experimental

2.1 Synthesis of di-deuterated oxirane

In brief, the synthesis of trans-c-C,H,D,0 is described by the
scheme below. The procedures can be presented as follows
(Scheme 1):

Dideuteroacetylene’’. Calcium carbide (30.0 g, 468 mmol)
was placed in a flask and deuterium oxide >99.9 (atom % D)
(10.0 mL, 562 mmol, 1.2 equiv.) was carefully added under
water bath cooling. Dideuteroacetylene gas was collected in a
10-litre container.

GC-MS (EI): m/z = 28.04 [M]', 26.06 [M-D]"

Dideuteroethylene’®. Chromium(ur)chloride hexahydrate
(159 g, 600 mmol, 1.50 equiv.) was dissolved in a solution of
conc. hydrochloric acid (12.1 M, 100 mL) in water (200 mL).
Zinc powder (52.3 g, 800 mmol, 2.00 equiv.) was slowly added
while stirring, whereby a vigorous gas evolution took place.
Dideuteroacetylene (6) (11.2 g, 400 mmol) was pumped through
the solution with a gear pump for 4 h.

GC-MS (EI): m/z = 30.15 [M]", 29.10 [M-H]", 28.12 [M-D]’,
27.12 [M-H-D]"

rac{1,2-*H,}-2-Bromoethanol (rac-8)”°. Dideuteroethylene
was pumped through an aqueous solution (500 mL) into which
drops of bromine (15.5 mL, 303 mmol) were added over a
period of four hours. The aqueous solution was extracted with
diethylether (300 mL), potassium chloride was added (100 g)
and extracted with ethylacetate. The solvents were removed
under vacuum and the ether extract was purified by column
chromatography (SiO,, DCM, R; = 0.38).

'H-NMR (500.13 MHz, CDCL;): 6 = 3.88-3.92 (m, 1H, 1-H),
3.50-3.54 (m, 1H, 2-H), 2.69 (bs, 1H, OH).

BC-NMR (125.77 MHz, CDCl,): § = 62.29 (t, J = 22.6 Hz),
0 =35.28 (t, ] = 22.6 Hz).

rac-1,2-Dideuterooxirane. rac{1,2-’H,}-2-Bromoethanol (14.1 g,
112 mmol) was placed in a flask provided with a dropping
funnel, N, inlet and reflux cooler. The reflux cooler was

D
cCaC, —» p——p —> HW/\H
D
Bry/H,0 Br D D Br
—_— Hie -||OH + HO||- clH
D H H D
(1R,2S) (1S,2R)
O O
NaOH, A D, M\ H + H, /\..D

H D D H
Scheme 1 The synthesis of tc-CHDCHDO.
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equipped with a column filled with 3 A molecular sieve con-
nected to a cold trap filled with an ethanol/liquid N, mixture at
—80 °C. An aqueous solution of 25% NaOH
(47.5 mL) was slowly added under stirring and the reaction
mixture was heated at 100 °C, passing a slow flow of N, gas
through the apparatus. After three hours reaction time the
product was obtained as a colourless liquid from the cold trap
(4.33 g, 84%).

'H-NMR (500.13 MHz, CDCl;, —10 °C): 6 = 2.70-2.71 (m, 2H,
1-H/2-H).

BC-NMR (125.77 MHz, CDCl;, —10 °C): 6 = 40.7 (t, J =
23.9 Hz).

GC-MS (EI): m/z = 46.13 [M], 44.08 [M-D], 30.10 [M-O]’,
29.09 [M-O-H]J".

The reaction product contained mainly ¢t-CHDCHDO as
racemate, with cis-CHDCHDO as an impurity. The identities
of the substances were obvious from the high resolution
spectra (see also ref. 19 and 21 for further aspects of the
synthesis).

2.2 GHz measurements

The rotational spectra of trans-2,3-dideutero-oxirane in the GHz
region were recorded using our Zurich GHz spectrometer,
with some modifications which will be described elsewhere in
more detail.”® In this setup, the GHz radiation is phase modu-
lated and sent through a 2.5 m long gas cell. Subsequently, the
second harmonic is detected by a RF lock-in amplifier resulting
in a derivative line shape from the absorption and dispersion of
the gas sample. The high sensitivity of this setup has been
demonstrated in our high-resolution spectroscopic studies of
dithiine,®" deuterated phenols®? and monodeutero-oxirane.'***

Trans-2,3-dideutero-oxirane was allowed to flow from the
sample holder to the 2.5 m glass cell at optimised pressures
between 9 and 30 pbar and room temperature. The survey
spectra were initially recorded in the 95-105 GHz range in
500 MHz segments with a typical effective linewidth (FWHM,
full-width at half-maximum) of ~200 kHz observed at 100 GHz.
Based on the rotational constants reported by Hirose,*” transi-
tions with decent intensities were assigned readily, leading to
more accurate predicted line positions. Subsequently, longer
integration times were applied to individual weaker transitions
by selecting a narrow bandwidth (~ 5 MHz) for the best signal-
to-noise (S/N) ratio. Finally, the measurement of individual
lines was extended to 64 GHz (lower limit) and 500 GHz (upper
limit) to obtain better predictions through an improved effec-
tive Hamiltonian with additional transitions.

The relative frequency uncertainty of the GHz spectrometer
is only Av/v = 10~ and therefore the effective resolution and
frequency accuracy is determined by Doppler and possible
collisional effects as well as by the procedures used to
extract peak positions of the lines (here also with the aid of
PGOPHER®®!). The accuracy of an isolated line position has
been tested with carbonylsulfide (OCS) and reaches at least
30 kHz or better. Through the derivative detection method,
however, the maxima of two lines separated by more than one
full-width at half-maximum (FWHM) can still be shifted in the
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same order as the FWHM. Also, lines with stronger absorbance
can have a deviation between line shape maximum and line
position by more than 30 kHz, which is not always taken into
account by the parameter extraction. Therefore, the frequency
uncertainty for some lines might be as large as 200 kHz even
though the root mean square deviation drys of the fit indicates
an average precision of about 7 kHz. Therefore, these excep-
tional uncertainties have no significant effect on the analysis
with the effective Hamiltonian. To minimise uncertainties,
transitions in Table S3 have been remeasured separately at
low pressures <2 pbar.

2.3 THz measurements

The far infrared beamline at the Swiss light source (SLS) was
equipped with the ETH-SLS Bruker IFS 125 HR (extended)
spectrometer, which was built as a prototype for our group in
2009 and is capable of measuring rotationally-resolved vibra-
tional spectra in the THz range with an unapodized instru-
mental resolution of 0.00053 cm ™" (16 MHz), the highest for an
FTIR spectrometer of this type worldwide.”®™®” The combi-
nation of the high resolution of this prototype spectrometer
with the high sensitivity enabled by the bright synchrotron
radiation provides a powerful tool to measure and analyse the
pure rotational transitions in the traditionally difficult THz
region for FTIR spectroscopy. This capability was recently
demonstrated by our successful study of the THz spectrum of
monodeutero-oxirane."®

The pure rotational spectra in the range from 25 to 80 cm™
(0.75-2.40 THz) were measured with a maximum optical path
difference dyopp Of 11.7 m. A 6 pm Mylar beamsplitter, an
aperture of 3.15 mm and a helium-cooled Si bolometer were
used for the measurements. The scanner velocity was 30 kHz.
The measurements of the spectra started with a sample with a
vapour pressure of 0.95 mbar with 140 interferograms col-
lected. Further measurements were then conducted at two
reduced pressures (166 and 140 scans, respectively), so that
the line positions of strong but saturated transitions at the
starting pressure were also accurately recorded. Fig. 2 shows an
overview of the measured THz spectra of trans-2,3-dideutero-
oxirane.

All measured line positions were calibrated using residual
H,O0 vapour lines between 36 and 100 cm ' as compared to
wavenumbers reported in the HITRAN database.®® Based on a
simple linear fit, the correction for the calibrated wavenumber
Vealibrated = 0.999999 X Vgpservea + 0.000148 cm™ " is small enough
to be taken as constant in this range. In general, the uncertain-
ties of the recorded line positions can be estimated to be less
than 0.0001 cm™*. The wavenumber tables in the supplemen-
tary information (SI) give the calibrated values. The typical line
widths AVpwuy (full width at half-maximum, FWHM) were
observed to be less than APpwiy = 0.0006 cm™ ', indicating
that the resolution is instrument limited given the Doppler
width of about 0.00009 cm™* at 50 cm™* and small pressure
effects only. An example of an isolated line is shown in Fig. 2 as
an insert (middle left).

1

754 | Phys. Chem. Chem. Phys., 2026, 28, 751-763

View Article Online

PCCP

Frequency / THz
14|65

|

z spgctrum 0.95 ar

measured Tl

I
“\H |

A 0.0006 et

=03
5 02
0.1

49370 49371 49372 ‘. ]

simulated spectrum of tc-CHDCHDO

cm!

25 40 i 55 70
7 /em!

Fig. 2 An overview of the THz spectrum of trans-2,3-dideutero-oxirane
(tc-CHDCHDO) between 0.75 and 2.4 THz. Along the ordinate axis,
decadic absorbance lg(lp/l) is shown where the cutoff at maximum
absorbance has the value of 2, pathlength [ = 10 m, pressure = 0.95 mbar
and temperature = 294 K. The middle left shows an example of the typical
linewidth (full width at half-maximum) of about 0.0006 cm™ in the
measured range, while the middle right is the Loomis—Wood diagram
illustrating the patterns of transitions with common K/ values. The lower
panel shows the simulated spectrum of tc-CHDCHDO at 294 K.

3. Theoretical background for the
analysis
3.1 Effective Hamiltonian

The analyses of the pure rotational spectra in the GHz and THz
regions were carried out using Watson’s A-reduced effective
Hamiltonian®%° in the I' representation, which is used here
including up to octic centrifugal distortion constants:

APy

H) = AJ2+BJ2+CJ}2 = AT — A T2 T2 — Ayt

AL 4 T2, (12 4 T 2)] 4300 4 32
+ Ph ST 4 Pl
T R ENTERS R
LIS 4 Ly JO02 4 Ly J*TA 4 Ly 727
+ LS+ [ (T2 =07,

+ Py, PTE 4+ Py I+ [ppd®, (U3 =07, (1)

where with i = v/—1 we have the angular momentum operators:

j2 :sz +jy2 +j22 (2)
ji :jx + ljy (3)

The symbol [,]; stands for the anti-commutator and we prefer
here the notation with the Greek 7, because the also commonly
used lower case Greek ¢ can be confused with the upper case 9.

This journal is © the Owner Societies 2026
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3.2 Symmetry considerations

Trans-2,3-dideutero-oxirane
of C, symmetry
_2B-A-C
K=— "¢
is expected to lie along the C,-symmetry (b)-axis allowing
transitions obeying b-type selection rules (eo < oe and ee «
00, e for even and o for odd values of the quantum numbers K, and
K.)°*°" with u, estimated to be similar to that of normal oxirane of
1.88 + 0.01 D.®** The principal axis systems for trans-2,3-dideutero-
oxirane and cis-2,3-dideutero-oxirane are shown in Fig. 1, and Table 1
includes the character table for the point group C, and the molecular
symmetry group M, relevant for tc-:CHDCHDO.

The nuclear spin statistical weights g of trans-2,3-dideutero-
oxirane arise from the nuclear spin functions of two protons
(I; = 1/2) and two deuterons (Ip = 1). For the main ">C and '°0
species, the nuclear spin is zero for C and O. In total, there are
H(21;+ 1) = (2I + 1) (2L + 1) (2Ip + 1) (2Ip + 1) = 36 nuclear spin
functions. Because of the generalised Pauli principle® as
applied to all particles involved here, the complete internal
wave function of the molecule must be antisymmetric (or B in
Table 1). This leads to the nuclear spin statistical weights g for the
rotational levels described by the combination K,K. in the totally
symmetric vibrational and electronic ground state as given in
Table 1. Nuclear spin symmetry (A or B) is an approximately
conserved property for the radiative transitions in our experi-
ments, where we have not observed any transitions connecting the
two nuclear spin isomers (A or B). As the rovibronic A and B
levels are statistically equally abundant for this C,-symmetric
molecule,” the B isomer has the higher equilibrium concen-
tration at room temperature, given the higher nuclear spin
statistical weight 21 and, by convention called the ortho-isomer.
The other isomer (A) with weight 15 is called the para-isomer, by
the usual convention. Parity is not a good quantum number for
tc-CHDCHDO, because the very high barrier for inversion at the
C-atoms leads to a complete suppression of inversion tunnelling:
the small AyE is many orders of magnitude larger than the
hypothetical tunnelling splitting.*'® For further discussions of
these symmetry aspects, see ref. 8-10 and 96.

is a highly asymmetric rotor
with an asymmetry parameter

~ 0.084. Its permanent electric dipole moment

4. Assignment of the pure rotational
spectra in the ground state

The rotational spectra of trans-2,3-dideutero-oxirane in the GHz
and THz ranges were first assigned and fitted independently,

Table 1 Character tables for the C, and Ms, symmetry groups (the
symmetry assignment for K K. applies for a totally symmetric vibronic
state)?

E Cy
% Ms, E (O(ﬂ) KiK. 1% g
A A 1 1 ee, 00 iy 15
B B 1 -1 €0, oe Ly Mz 21

¢ («p) is the simultaneous exchange of the CHD groups, g is the nuclear spin
statistical weight and s, w,, it are the electric dipole moment components.
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followed by a global analysis of all transitions measured in both
ranges. As a result, a common set of spectroscopic parameters
for the ground state was obtained.

The assignment of the GHz spectra was assisted by a
simulation of the spectrum using the previously reported
rotational constants in ref. 46 and 47, which were based on
the analysis of 21 transitions with /. = 8 and K. max = 4. In our
work, a total of 1413 b-type transitions were assigned using the
PGOPHER program®** in the range of 64-500 GHz with Jiay =
51 and K. max = 34. The newly assigned transitions were intro-
duced into a least squares analysis and the resulting spectro-
scopic parameters are given in Table 2. In these analyses we
used the programs WANG®> and SPFIT,” giving essentially
identical results. The root-mean-square deviation d.ns of the
fit is less than 8 kHz, with the typical linewidths (FWHM) of
about 200 kHz in the GHz spectra. The rotational constants 4, B
and C are in good agreement with those previously determined
by microwave spectroscopy.”” Many higher order parameters
are determined here for the first time.

The assignment of the THz spectrum was more challenging
as transitions due to other species, likely by-products of the
synthesis such as monodeutero-oxirane and normal oxirane,
were present in the observed spectrum (see below). To ensure
an unambiguous assignment, a cautious procedure was carried
out: (1) a Loomis-Wood diagram®"°”°® was constructed so that
the regularly occurring patterns in several series were evident.
The right insert in Fig. 2 shows progressions of transitions with
common K/ values; (2) only isolated transitions in these series
with strong intensities (K. < 8 with 20 < J < 30) were assigned
initially; (3) these preliminary line positions were added to the
line list together with the lines assigned in the GHz range,
which are 70 times more heavily weighted; (4) thereafter further
transitions were assigned and fitted, the simulated spectrum was
refined, leading to the assignment of further transitions (K. > 8
with J > 30). This iterative process was continued until all
stronger transitions had been accounted for. An additional 2556
rotational transitions were assigned in the range of 0.75-2.4 THz
(25 to 80 cm™'). The range of quantum numbers of assigned
transitions extends from J = 17 to 65 with 0 < K. < 65.

Ultimately, 4133 assigned line positions in the THz and GHz
range and 21 lines reported by ref. 47 were co-fitted to obtain a
common set of ground state spectroscopic parameters of
tc-CHDCHDO. It turned out by inspection of the MW data from
ref. 46 and 47 and the resulting fits that these had much larger
uncertainties than most of the GHz lines reported in this study.
Therefore, while presenting all known line data in Tables S1
and S2 in the SI, in the final best compromise fit we excluded
some of the low frequency data (indicated by an asterisk * in
the supplementary tables) in order to obtain a best estimate for
the effective Hamiltonian parameters given in Tables 2 and 3.
However, the results of a fit including all data are also given in
the SI (Table S4). The differences between the parameters from
the two fits are not large. In the global fit, the line frequencies
assigned in the THz and GHz regions were weighted based on
the linewidths of 0.2 MHz and 14 MHz, respectively, such that
the greater precision of the GHz measurement is reflected in a
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Table 2 Spectroscopic parameters for the ground state of 2,3-dideuterooxirane in the GHz range in MHz (values in parentheses provide statistical 1o

uncertainties in units of the last specified digits, see also discussions in the text)

Trans-2,3-dideutero-oxirane

Cis-2,3-dideutero-oxirane

MW previous”

GHz (SP)

GHz (LP)

MW previous”

GHz (SP)

GHz (LP)

A/MHz
B/MHz
C/MHz
4;/kHz
AK/kHZ
A/kHz
0;/kHz
Ox/kHz
¢;/mHz
¢x/mHz
(l) 1(]/ mHz
¢ x/mHz
n/mHz
Nx/mHz
nx/mHz
l{][(/ Hz
Lyxj/Hz
dims/kKHZ
Ndata

“ Ref. 47.

22
18
12

943.19
198.47
585.27

22943.193860(59)
18198.503910(58)
12 585.291410(63)
13.94040(20)
24.423800(77)
14.379500(82)
3.568150(12)
9.739950(56)
6.00(19)
255.320(99)
—1174.10(18)
1086.01(11)
0.9530(73)
108.490(56)
—120.170(84)

7.380
1577

22943.194100(58)
18198.503910(53)
12 585.291390(57)
13.94050(18)
24.42600(14)
14.37910(11)
3.568160(11)
9.740000(52)
6.00(18)
254.80(10)
—1173.30(20)
1088.80(21)
0.9560(67)
108.500(51)
—120.000(77)
0.870(90)
—2.30(15)

6.710

1577

22700.41
18318.39
12 650.08

22700.415590(82)
18318.511470(84)
12 650.101900(90)
14.63690(42)
24.16270(11)
12.31080(14)
3.846750(31)
9.002370(90)
9.70(61)
250.20(14)
—1177.50(25)
1087.50(17)
2.590(20)
111.270(92)
—130.20(11)

6.573
1121

22700.415740(78)
18318.511380(78)
12650.101810(83)
14.63650(39)
24.16540(22)
12.31010(22)
3.846760(28)
9.002100(87)
9.00(57)
249.10(20)
—1177.40(54)
1092.80(50)
2.600(18)
110.960(90)
—130.10(10)
2.90(48)
—5.30(47)
5.986

1121

Table 3 Spectroscopic parameters for the ground state of deuterated oxiranes in MHz (values in parentheses provide statistical 1o uncertainties in units
of the last specified digits)

Cis-2,3-dideutero-oxirane

Monodeutero-oxriane®

Trans-2,3-dideutero-oxirane

(GHz and THz, SP)

Trans-2,3-dideutero-oxirane

(GHz and THz, LP)

22943.19366(12)
18198.50392(10)
12585.29181(11)

22943.19415(14)
18198.50396(10)
12585.29173(11)

(GHz, SP) (THz, GHz and mw)
A/MHz 22700.415590(82) 24 252.64570(15)
B/MHz 18318.511470(84) 19905.52270(20)
C/MHz 12 650.101900(90) 13 327.58370(16)
4;/kHz 14.63690(42) 17.04117(26)
Ax/kHz 24.16270(11) 25.45675(24)
A;x/kHz 12.31080(14) 17.25473(26)
d;/kHz 3.846750(31) 4.741796(42)
0x/kHz 9.002370(90) 13.23277(11)
¢,/mHz 9.70(61) 11.697(95)
¢ /mHz 250.20(14) 138.67(17)
¢ y/mHz —1177.50(25) —829.84(22)
¢x/mHz 1087.50(17) 797.41(14)
1;/mHz 2.590(20) 4.602(15)
1x/mHz 111.270(92) 62.056(62)
1x/mHz —130.20(11) 33.301(74)
Ljx/Hz —_ —
Lygj/Hz — _
Ayms/kHz 6.242 2679.7
Ndata 1121 3370

% Ref. 21, Table 4 SP.

ratio of roughly 70: 1. Table 2 compares also the result obtained
with a small parameter set (SP) excluding octic parameters, and
a larger parameter set, including some of the octic parameters
(Ljx and Lggy). It appears that the fit with the smaller parameter
set is adequate for the present analysis. Table 3 presents the
results from the global fit.

5. Results and discussion

Pure rotational transitions were measured and assigned in the
GHz range from 64 to 500 GHz, allowing a much broader

756 | Phys. Chem. Chem. Phys., 2026, 28, 751-763

13.94023(19)
24.42401(22)
14.37793(21)
3.567874(34)
9.74110(15)
4.330(57)
253.41(25)
—1171.00(50)
1083.95(30)

13.94027(19)
24.42699(30)
14.37796(33)
3.567959(33)
9.74086(15)
4.460(56)
253.34(30)
—1170.70(55)
1087.90(49)

0.784(18) 0.832(18)
109.65(14) 109.37(14)
—121.47(23) —120.99(22)
— 0.95(24)

— —2.60(28)
1498.5 1467.4

4133 4133

coverage of energy levels than in the previous microwave
study.”” This allowed for an accurate determination of the
quartic (4;, Ax, 45, ), x), sextic (bx, df b gy Ny N> Mx)s
and some octic (L, Lxxy) centrifugal distortion parameters of
the ground state of ¢c-CHDCHDO, which were not previously
available, in addition to the now much more accurate rotational
constants. The root-mean-square deviations of the fit of about
7 kHz is significantly smaller than one-tenth of the observed
linewidths of ~200 kHz, indicating that the effective Hamilto-
nian used here provides an accurate description of the observed
spectral features in this range. As a result, the simulation based
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on the spectroscopic parameters in Table 2 reproduces the
experimental spectra very well. Such comparisons are shown in
Fig. 3-5.

For the analysis of the FTIR spectra consisting of transitions
with higher J and K. values in the THz range, further higher
order parameters were used in the fit as shown in Table 3. The
three measurements of THz spectra at different pressures
allowed the recording of a large number of transitions with
different intensities. A total of 2556 assigned transitions in the
range from J =17 to 65 with 0 < K. < 65 provided energy levels
to accurately determine higher order parameters, to which the
high K. lines are extremely sensitive. The transitions assigned
in the GHz and THz range were finally fitted simultaneously.
The d,s of this global fit is less than 1.5 MHz. Again, the fit
with the small parameter set seems to be adequate also in
comparison with a fit including some octic constants (LP). The
low d.n,s is further evidence of the excellent representation of
the observed spectra by the effective Hamiltonian used. Fig. 4
shows the comparison between the observed THz spectrum and
the simulation based on the spectroscopic parameters given in
Table 3.

In addition to the lines assigned to ¢c-CHDCHDO, additional
lines were observed in the GHz spectrum as shown in
Fig. 3. Many of these transitions could be attributed to
cis-2,3-dideutero-oxirane (1121 new transitions were assigned,
see Table 2 for the resulting spectroscopic parameters),
monodeutero-oxirane® and normal oxirane®”®®7° as by-
products of the synthesis firmly established as based on the
available high-resolution data. In the THz region, the spectral
overlap is much more pronounced, and it is evident from Fig. 4

|
measured THZ spectrum
‘ min

\ T

tc-CHDCHDO sim.

| I 151 MN

measured GHz spectrum
J K Ke -

” K"
726-
717

cc-CHDCHDO sim.

sim. with spin statistics

| ! ‘ "
oxirane-d, sim. i f
: I

S sim. without spin statistics

bl

98.038 98.120
Frequency /GHz

oxirane sim.

Frequency / GHz

97.0 98.0

Fig. 3 A comparison of observed and simulated rotational spectra in the
GHz region. From top to bottom: (1) experimental spectrum with pressure =
25 pbar and temperature = 294 K; (2) simulation of trans-2,3-dideutero-
oxirane (tc-CHDCHDO); (3) simulation of cis-2,3-dideutero-oxirane
(cc-CHDCHDO); (4) simulation of monodeutero-oxirane (oxirane-d)
using spectroscopic parameters from ref. 21; (5) simulation of normal
oxirane using spectroscopic parameters from ref. 67 and 68. The right
panel shows an enlarged section with the simulation of the spectra of tc-
CHDCHDO with (middle trace) and without nuclear spin statistics (lower
trace) with quantum numbers defined as J'K] K. — J" K K.
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Fig. 4 A comparison of observed and simulated rotational spectra of
trans-2,3-dideutero-oxirane  (tc-CHDCHDO),  monodeutero-oxirane
(C,H3DO) and normal oxirane (c-C,H40) in the THz region. Decadic
absorbance lg(lp/l) is shown on the ordinate where the cutoff at maximum
absorbance has the value of 0.9, pathlength [ = 10 m, pressure = 0.95 mbar
and temperature = 294 K. The right panel shows an enlarged section with
the simulation of the spectra of tc-CHDCHDO with (middle trace) and
without (lower trace) nuclear spin statistics.

that no more than half of the observed lines are due to
trans-2,3-dideutero-oxirane, while the remainder are due to other
compounds such as monodeutero-oxirane, cis-2,3-dideutero-
oxirane and normal oxirane. Therefore, we introduced a routine
that adds only strong, isolated lines in a series in the Loomis—
Wood diagram to the line list while co-fitting these transitions
with the GHz lines, which are weighted 70 times more heavily
in the preliminary assignment, so that accidental misassign-
ments arising from overlapping lines arising from other species
can be avoided. As the Hamiltonian model was improved
after each iteration, we were gradually able to assign almost
all predicted lines between 25 to 80 cm ™', except for overl-
apped lines. Tables 2 and 3 also summarise the results for
cis-2,3-dideutero-oxirane, which could be obtained from the
“impurity” lines in a similar fashion.

It was possible to observe the intensity alternation in the
spectra due to the nuclear spin statistical weights (Table 1). Fig.
3 and 4 show examples of a comparison of tc-CHDCHDO
transitions with simulations with (right panel, upper trace)
and without (right panel, lower trace) nuclear spin statistical
weights in both the GHz and THz regions. Even for such a
dense spectrum, the intensity alternation due to the different
nuclear spin statistical weights for the nuclear spin isomers (A
and B) is obvious, and confirms the assignments. Moreover,
such intensity profiles play a crucial role in distinguishing this
molecule from the other deuterated species in the sample,
especially when dense spectra are observed. Interestingly, the
presence of impurities in our sample illustrated the power of
high-resolution spectroscopy in unambiguously identifying
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Fig. 5 A comparison of observed and simulated rotational spectra in the
GHz region. From top to bottom: (1) experimental spectrum, pressure =
25 pbar and temperature = 294 K; (2) simulation of cis-2,3-dideutero-
oxirane (cc-CHDCHDO); (3) simulation of monodeutero-oxirane
(C,H3DO) using spectroscopic parameters from ref. 21; (4) simulation
of trans-2,3-dideutero-oxirane (tc-CHDCHDO). Some lines of oxirane-
d; and cc-CHDCHDO are shown magnified in the inserts with their
assignments (see also Fig. 3).

molecules in such a mixture. More specifically, it provides
the possibility to distinguish the spectra of oxirane and its
isotopomers, which would be a likely scenario in field and
astrophysical observations. Fig. 5 shows an enlarged section
from Fig. 3, where the inserts show details of the weaker
lines as assigned to mondeutero-oxirane and cis-dideutero-
oxirane, which are clearly separated from the dominant
tc-CHDCHDO lines.

The laboratory spectroscopy of both cis- and trans-2,3-
dideutero-oxirane presented in this study provides important
data that can significantly help in its possible detection in the
ISM. The accurate determination of the rotational parameters
allows for a precise prediction of the spectral line positions that
can be targeted in astronomical observations. Given the recent
discovery of mono-deutero-oxirane in the low-mass protostar
IRAS 16 293-2422 B,* it is plausible that 2,3-dideutero-oxirane
could also be detected in similar environments. The key to its
detectability lies in its large dipole moment, which plays a
crucial role in its radio astronomical signature. Table 4 pro-
vides a small selection of lines, which can be predicted to be
possibly useful for such a detection and Table S3 in the SI
provides a more extended list. In any case, the very accurate
parameters of the effective Hamiltonian derived here allow for
an accurate prediction of rotational transitions in the complete
spectral range covered by our results from the low GHz up to 2
THz. Fig. 6 shows a further detailed section of the spectra from
the range 330 to 360 GHz, which has been important for the
detection of CD,CH,0°° and CHD,CHO®® as isomers of tc-
CHDCHDO.

6. Conclusions and outlook

The combination of highest resolution synchrotron based FTIR
spectroscopy”®>® in the difficult THz range with high
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Table 4 Predicted frequencies of some promising transitions (in MHz) of
trans-2,3-dideutero-oxirane to be found in the range of 330 to 360 GHz at
120 K based on the spectroscopic parameters reported in Table 2 GHz (SP)
using transitions listed in Table S1. Some of those lines are shown in Fig. 6.
The last column gives the lower state energies for the transitions in terms
of E”/(h MHz)

Predicted Observed
J K, K!]'" K! K! frequency frequency E"/(h MHz)
73 4 62 5 335574.637 335574.643 656 997.870
122 1011 3 9 340189.481 340189.480 2046732.696
123 10112 9 340197.669 340197.673 2046725.981
87 2 76 1 345710.989 345710.989 1146 529.094
87 1 76 2 346055.873 346 055.872 1146260.690
131 12122 11 350030.212 350030.222 2228872.264
132 12121 11 350030.245 350030.222 2228872.234
75 3 62 4 351902.080 351902.086 719670.023
140 14131 13 359933.472 359933.474 2389201.061
141 14130 13 359933.472 359933.474 2389201.061
72 5 61 6 362046.505 362 046.512 574102.527
84 4 73 5 363509.178 363509.175 937797.007
precision GHz spectroscopy in our laboratory®*®> enabled us

here to obtain an accurate effective rotational Hamiltonian for
the chiral ¢rans-2,3-dideutero-oxirane and its achiral isotopo-
mer cis-2,3-dideutero-oxirane in the vibrational ground state.
Our analysis of the rotational spectra of these molecules
covered a wide frequency range from about 60 GHz to more
than 2 THz. The most obvious application of these results
concerns astrophysical spectroscopy, where our results may
lead to a detection of these molecules in the interstellar
medium (ISM), given the very accurate rotational line results
and predictions, the large dipole moments of these species and
the previous detection of oxirane and monodeutero-oxirane.**
From such observations one can expect important information
on the processes of deuterium fractionation in the formation of
isotopically chiral molecules, in particular, of which so far only
one example, monodeutero-oxirane,'*! has been detected in

measured GHz spectrum
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Fig. 6 A comparison of the observed spectrum at 30 pbar and simulated
rotational spectra of trans-2,3-dideutero-oxirane (tc-CHDCHDO) in the
range of 330 to 360 GHz at 294 K. Inserts show some of the transitions
(quantum numbers defined as J'K,K. — J"K!K!) measured at reduced
pressures below 2 pbar, which are among promising candidates for
astrophysical searches listed in Table 4 and Table S3.

This journal is © the Owner Societies 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp03143e

Open Access Article. Published on 09 December 2025. Downloaded on 3/3/2026 11:28:55 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

the ISM. Indeed, only two chiral molecules overall have so far
been detected by astrophysical spectroscopy, with one addi-
tional example methyloxirane,?®° thus there is a great gap in
our knowledge of the prevalence of chiral molecules in space
outside the Earth. Our present work aims at helping to close
this gap.

However, this is by no means the only possible application
of our results. Apart from the obvious use for improving the
structural information on the important prototype molecule
oxirane (C,H,0), even of industrial relevance, tc-CHDCHDO is
also an interesting candidate for the study of vibrational
quantum dynamics of highly excited states by high resolution
infrared spectroscopy,®”®"?*'% for which the present accurate
ground state parameters provide a starting point. Indeed, this
chiral molecule has two “isolated CH-chromophores” sepa-
rated by a C-C bond, and the quantum dynamics of vibrational
energy transfer across bonds'® ™% in this kind of molecules is
of great interest, with little knowledge available so far for such
chiral systems. When combined with the study of time-
dependent vibrational circular dichroism, it would presumably
provide the first example of this kind hypothesized a longer
time ago already.>'°"'%* One should furthermore consider the
interesting expected differences in vibrational energy flow
with respect to the isomer CHD,-CHO®® with two isolated
CH-chromophores involving a slightly different chemical
environment with an aldehydic CH-chromophore.®®®* The
extension of our work on tc-CHDCHDO to high resolution
vibrational-rotational spectroscopy is in progress, similar to
monodeutero-oxirane®’ and has also possible astrophysical
applications with the recent successful launch of the James
Webb telescope.'®>71%8

Isotopically chiral molecules such as tc-CHDCHDO are also
of obvious interest in relation to the fundamental physics of
parity violation and tunnelling in chiral molecules.>*'° C,-
symmetric molecules theoretically studied so far include
HOOH,'*''® HSSH,'"" where tunnelling dominates, but also
CISSCI°*'"* and 1,2-dithiine,®" for example, where parity viola-
tion dominates and tunnelling is completely suppressed in the
ground state. tc-CHDCHDO clearly is expected to fall in the
latter class of molecules where chirality is completely domi-
nated by parity violation, but a more quantitative theoretical
study would be of interest. We should emphasise, though,
that because of the qualitatively expected,'® although so far
not quantitatively calculated very small value of ApE for
tc-CHDCHDO (<1 aeV), this molecule would not be a priority
choice for measurements of A,.E. In this context 1,2-dithiine
(C4H,S,),*" with a predicted ApE ~ 1.3 feV or among substi-
tuted oxiranes fluoro-oxirane (21.1 aeV)'"*"'** or cyano-oxirane
(12.4 aeVv)**"® would be more favourable candidates.

Returning to the perhaps most inspiring question of possi-
ble investigations on extraterrestrial homochirality in relation
to the origin of life, accurate spectroscopic results on chiral
molecules like the present one provide an early step towards
such studies.””'"” In contrast to other “chemical-analytical”
approaches,> astrophysical spectroscopy is not limited to the
solar system, one can, indeed, reach far out to other stars and
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galaxies."'”'"® While the complexity of life in relation to
biomolecular homochirality presumably requires biopolymers
such as proteins and DNA, not easily detected by gas phase
spectroscopy in astrophysics, small chiral molecules can pos-
sibly be used as ‘“tracers” for homochirality to be studied by
chirally sensitive high resolution spectroscopy (circular dichro-
ism, vibrational circular dichroism, Raman optical activity.. .,
with observations on satellites to be planned for the future).
While results along these lines are not expected in the nearest
future, they could address some of the most fundamental open
questions in science concerning the existence and prevalence of
extraterrestrial life in the first place. This would be followed by
the further open question, whether the given selection of
homochirality (if any) is “de facto” (by chance, resulting in a
statistical distribution over many different homochiralities) or
“de lege” (by necessity, resulting in a preference of one, such as
ours with r-aminoacids and p-sugars).>*>'"*""' With high
resolution spectroscopic results on chiral molecules such as
presented here, one has a very early step towards answering
such questions, although clearly very many further steps will be
required.
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