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Abstract

Glycolaldehyde, an important prebiotic molecule,
along with its mono deuterated species and its
higher energy tautomer, (Z)-1,2-ethenediol, have
been detected in the Interstellar Medium. Al-
though the elemental D/H ratio in the Universe
is only ~ 1.6x107°, the deuterium relative abun-
dance in interstellar molecules might be by far
larger than this. As such it provides a remarkable
and almost unique diagnostic tool. In particular,
it might help to elucidate the reaction mechanisms
that lead to the formation of the so-called Com-
plex Organic Molecules. It is therefore crucial to
extend the census of the interstellar deuterated
molecules. To this aim, in this work, we present
for the first time a spectroscopic investigation
of the rotational spectra of the CHDOD—CHO
bi-deuterated variant of glycolaldehyde and of
mono- and bi-deuterated species of (Z)-1,2-
ethenediol (CHOD=CHOD, CHOD=CHOH,
CHOH=CHOD). For each species, more than a
hundred transitions have been assigned. Their
analysis led to the accurate determination of all
rotational constants as well as quartic and sextic
centrifugal distortion terms, thus providing spec-
troscopic line catalogues suitable for supporting
astronomical searches. In addition, the rotational
constants of the bi-deuterated glycolaldehyde iso-
topologue studied in this work allowed us to im-
prove the semi-experimental equilibrium structure
determination for this molecule.

Introduction

Deuterium fractionation, namely the enrichment of
the deuterium abundance ratio in the isotopic dis-
tribution of molecules, is a powerful tool to inves-
tigate the chemistry occurring in the Interstellar
Medium (ISM). In those regions of the ISM char-
acterized by extremely low temperature and pres-
sure, the D/H ratio of molecules has been found
to be much higher than the elemental one,! which
is estimated to be on the order of 107°.2? This is
due to several factors that make the enrichment of
deuterium atoms in molecules favorable. In partic-
ular, in cold molecular clouds —where the average
temperature is about 10 K— the abundance of the
main source of deuterium atoms, namely HoD™,
is enhanced with respect to that of Hs". In fact,
H,DT is formed from the H;" 4+ HD reaction, and
the reverse process is endothermic due to the lower
zero-point energy (ZPE) contribution of Ho,D™ with
respect to Hs" (mainly related to the higher mass
of the former).!

The knowledge of the deuteration degree of
molecules can provide information on their for-
mation mechanisms and can reveal whether they
have been formed in the gas phase or on the icy
surface of interstellar dust grains.®* It is also a
valuable tool to study and understand the com-
plex processes that lead to the formation of new
protostars and planetary systems as well as aster-
oids, meteorites, and comets.® Interestingly, the
chemical composition of these objects might help
to obtain relevant information concerning ques-



tions related to the origin of life. Indeed, interstel-
lar Complex Organic Molecules (COMs) —that is,
carbon-containing molecular species with six atoms
or more%— formed during the protostellar phase
could have been delivered to early Earth through
some heavy meteorite or cometary bombardments
when its atmosphere was still very rarefied.” 0 In
this respect, a valuable support in elucidating in-
terstellar chemistry and its role in the origin of life
is the detection of new deuterated COMs.

Glycolaldehyde (CH,OH—CHO) is one of the
most studied COMs. In terms of chemical struc-
ture, it is the simplest a-hydroxy-aldehyde and can
be considered an important prebiotic molecule. In-
deed, experimental studies have proven that sim-
ple organic molecules, such as glycolaldehyde, are
key ingredients for the synthesis of ribonucleotides,
the building blocks of RNA.!! Within the RNA-
World theory,'> RNA is thought to be the pre-
cursor of DNA in its genetic and metabolic func-
tions on the prebiotic Earth. Glycolaldehyde has
been detected in the ISM for the first time in
2000, towards the Galactic center source Sagittar-
ius B2(N) through millimeter-wave rotational tran-
sitions!® and, later on, in the G31.414+0.31 hot
molecular core.'* Glycolaldehyde has also been de-
tected towards the Solar-type protostar Class 0
protostellar binary IRAS 16293-2422A and IRAS
16293-2422B, 1516 the star forming regions MM1
and MM2 in the NGC63341 complex,'” and the
Class 0 young stellar object NGC 1333 IRAS2A. 18
In 2016, all possible forms of singly-deuterated gly-
colaldehyde (CH,OD—CHO, CH,OH—CDO, and
CHDOH—CHO) have been detected as well in the
ISM, more precisely in the Class 0 protostellar
binary IRAS 16293-2422B.'% These observations
prompted new studies on the deuterium fractiona-
tion of glycolaldehyde with the aim of understand-
ing whether the formation route of this COM in-
volves a gas-phase path or occurs on dust grains. 2%
These two hypotheses are still highly debated and
several chemical models have been proposed and
compared with the observed abundances in vari-
ous regions of the ISM.2!"23

Very recently, the less stable enol form
of glycolaldehyde, namely (Z)-1,2-ethenediol
(CHOH=CHOH), has also been detected in the
ISM, towards the G+0.693-0.027 molecular cloud
located in the Galactic center.?* According to Riv-
illa et al.,?* glycolaldehyde and (Z)-1,2-ethenediol
have an abundance ratio of ~ 5 in such molecular
cloud. Ethenediol is thought to be a highly reac-

tive, key intermediate in the synthesis of prebiotic
sugars.?® Although its formation mechanism in
the ISM has not been disclosed yet, there is some
evidence that 1,2-ethenediol can be formed upon
cosmic-ray irradiation of interstellar ice contain-
ing methanol or methanol-carbon monoxide mix-
ture.?6 However, to shed light on the formation
routes of both glycolaldehyde and 1,2-ethenediol
as well as to unveil the interstellar chemistry link-
ing them, more astronomical observations of these
species are needed, also including their deuterated
isotopologues.

To support astronomical observations, in this
work, we present the first spectroscopic character-
ization of the CHDOD—CHO variant for doubly-
deuterated glycolaldehyde and of the mono- and
bi-deuterated forms of (Z)-1,2-ethenediol. In all its
steps, experiment has been supported by highly-
accurate quantum-chemical calculations. Using
the newly determined spectroscopic parameters of
CHDOD—CHO, we have also improved the semi-
experimental (SE) equilibrium structure of glyco-
laldehyde available in the literature.?7

This paper is organized as follows. In the next
section, the methodology is introduced in some de-
tail. This concerns the sample preparation, exper-
imental measurements, and quantum-chemical cal-
culations. Subsequently, the results are presented
and discussed. In Results section, starting from
the spectral assignments of the gas mixture (vide
infra), we proceed toward the accurate spectro-
scopic characterization of the species considered in
this work. In the Discussion section, the compar-
ison between experiment and theory is addressed
together with the presentation of the revised SE
equilibrium structure of glycolaldehyde. The main
outcomes of this work are summarized in the Con-
clusion section.

Methodology

Chemical Preparation

Bis-exo-5-norbornene-2,3-diol was synthesized as
described by Maier et al..?® Subsequently, to
obtain its deuterated form, deuteromethanol
(CH50D, 5.0 g, 150 mmol) was added under dry ni-
trogen to a small amount of the former compound
(5.0 g, 40 mmol) and stirred for 5 min at room tem-
perature. Methanol was removed under vacuum
(0.1 mbar, room temperature) and the sequence re-
peated twice, thus leading to bis-exo-5-norbornene-



2,3-diol-ds in a 98% yield and an isotopic purity
better than 97%. The target molecules of this
work, namely deuterated forms of glycolaldehyde
and its tautomer (Z)-1,2-ethenediol, were pro-
duced through retro Diels-Alder reaction of bis-
exo-5-norbornene-2,3-diol-dy induced by flash vac-
uum pyrolysis (FVP). The process led to the forma-
tion of cyclopentadiene, mono- and bi-deuterated
glycolaldehyde, and mono- and bi-deuterated (Z)-
1,2-ethenediol. To exploit FVP at best, the solid
precursor was heated, using a heating-tape, at tem-
peratures around 50°C in order to make its vapors
flowing inside a 30 cm long quartz tube surrounded
by a tubular oven set at 750°C. The same setup
was already employed to produce other unstable
species of astrochemical interest.?%3! As in previ-
ous experiments, the quartz tube was connected
to the millimiter/submillimiter-wave frequency-
modulation spectrometer (see next section), so
that the vapors of the pyrolysis products could
flow directly through the absorption cell. The op-
timal working-pressure inside the cell was found to
be in the 10-20 pybar range.

Experimental Details

The rotational spectrum of the gas mixture re-
sulting from FVP was acquired in two distinct
frequency regions, namely 80-115GHz and 250-
300 GHz, using a millimeter/submillimeter-wave
frequency-modulation spectrometer.3233 The radi-
ation source consists of a Gunn diode emitting in
the 80-115 GHz range, whose spectral coverage has
also been extended up to 240-345 GHz owing to
a passive frequency tripler (Virginia Diodes Inc.,
WR3.4X3). A Phase Lock Loop (PLL) system
ensured the stability and accuracy of the emit-
ted radiation, which was sine-wave modulated at
f = 16kHz. All the frequency synthesizers used
in the PLL were referred to a rubidium atomic
clock which guaranteed a frequency accuracy of
0.001 ppb. The output radiation was detected
by two zero-bias detectors (Virginia Diodes Inc.),
WRI10ZBD in the 80-115 GHz spectral range and
WR3.4ZBD for the frequency interval between 250
and 300 GHz. The detected signal was finally am-
plified, filtered, and de-modulated at twice the
modulation frequency (2f detection scheme) by a
lock-in amplifier. Based on the signal-to-noise ra-
tio (S/N) in the different frequency ranges and the
recorded linewidths, the experimental uncertain-
ties of the measured lines were estimated to range

between 15 and 30 kHz.

Computational Details

The assignment of the rotational spectra of doubly-
deuterated glycolaldehyde, and those of the singly-
and doubly-deuterated isotopologues of (Z)-1,2-
ethenediol, was supported by simulations based on
computed spectroscopic parameters.

As far as the singly- and doubly-deuterated iso-
topologues of (Z)-1,2-ethenediol are concerned,
the computational characterization followed the
same strategy adopted by Melosso et al.?* to
assign the rotational spectrum of their parent
species. To summarize, the equilibrium struc-
ture obtained in ref. 34 by exploiting the so-
called CCSD(T)/CBS+CV composite scheme3®36
was employed to straightforwardly derive the equi-
librium rotational constants. In the scheme above,
CCSD(T) stands for coupled-cluster singles and
doubles and a perturbative treatment of triple ex-
citations,3” CBS denotes the extrapolation to the
complete basis set and CV indicates the incorpora-
tion of the core-correlation effects (the reader is re-
ferred to refs. 34,35 for more details). Equilibrium
rotational constants were then augmented by vi-
brational corrections to estimate the ground-state
rotational constants required for spectral simula-
tions. Calculations of such corrections required
the exploitation of the VPT2 treatment based on
a cubic force field (VPT2 stands for vibrational
perturbation theory to second order),® which was
evaluated at the fe-MP2/cc-pVTZ3? level of theory
(MP2 is second-order Mgller-Plesset perturbation
theory?? and fc denotes the frozen-core approxima-
tion). As a byproduct, quartic and sextic centrifu-
gal distortion constants were also obtained.

To improve the computed spectroscopic param-
eters, a scaling procedure based on the available
data for the main isotopic species has been per-
formed:

1 _
scal — ‘e calc

X‘ Xialc X (Xga:p/Xp ) ) (1)

where X represents a generic rotational constant,
1 and p refer to isotopic substituted and parent
molecule, respectively; scal, exp and calc denote
the scaled, experimental, and calculated values, re-
spectively.

Moving to glycolaldehyde, the availability of the
SE equilibrium structure (vide infra)?" allowed
us to straightforwardly derive accurate equilib-
rium rotational constants for the bi-deuterated
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Figure 1: Structure and atom labeling of the most stable conformers of glycolaldehyde (left) and (Z)-1,2-
ethenediol (right). In this work, the isotopologue of glycolaldehyde deuterated in positions 6 (or 7, these
being equivalent) and 8 is labeled as CHDOD—CHO. (Z)-1,2-ethenediol deuterated in positions 5 and 8
is denoted as CHOD=CHOD, while when deuterated in position 5 or 8 is labeled as CHOD=CHOH and

CHOH=CHOD, respectively.

species. As above, vibrational corrections to these
latter as well as quartic and sextic centrifugal
distortion constants were computed at the fc-
MP2/cc-pVTZ level. For comparison purposes,
the CCSD(T)/CBS+CV equilibrium geometry was
also calculated.

As mentioned in the Introduction, the data ob-
tained for CHDOD—CHO were employed to fur-
ther improve the SE equilibrium structure (r.(SE))
of glycolaldehyde. This type of equilibrium geome-
try is determined from a least-squares (LSQ) fit of
the molecular structural parameters to the SE equi-
librium inertia moments I, for a significant number
of isotopologues of the considered molecule, with
the SE I. values being straightforwardly derived
from the corresponding SE equilibrium rotational
constants B.(SE).**2 These latter are obtained
by correcting the experimental ground-state rota-
tional constants for computed vibrational correc-
tions, as follows:

Bi(SE) = Bj(exp) — ABiy(theo)  (2)

i 1 i
= Bj(exp) + 3 ZT: a;.(theo)d,

where i refers to the inertial axis (i = a,b,c);
Bi(exp) and AB!, (theo) are the experimental
ground-state rotational constants and the com-
puted vibrational corrections, respectively. In the

equation above, a’(theo) denotes the calculated
vibration-rotation interaction constants. The sum
runs over all the r vibrational modes, d, being their
degeneracy.

All calculations were performed by employing
the CFOUR quantum-chemistry package.434* The
xrefit module of CFOUR was employed for the
LSQ fit.

Results

FVP of bis-exo-5-norbornene-2,3-diol-ds led to the
production of a large number of species, some
of which were readily identified in the recorded
spectra. They include cyclopentadiene, all the
singly-deuterated forms of glycolaldehyde as well
as its doubly-deuterated form CHDOH—CDO. The
identification has been made possible thanks to
extensive literature data?®?7 and with the help
of the Cologne Database for Molecular Spec-
troscopy (CDMS).4® The analysis of unknown fea-
tures started with the search of one of our target
molecules: the CHDOD—CHO variant of deuter-
ated glycolaldehyde. To this aim, its rotational
spectrum has been simulated, based on computed
spectroscopic constants (see previous section), us-
ing the PGOPHER software.%°

Glycolaldehyde, shown in the left panel of Fig-
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Figure 2: Portion of the millimeter-wave spectrum between 93 and 94 GHz. The experimental spec-
trum (black trace) is compared with the spectral simulation of cyclopentadiene (red trace) and the
CHDOD—CHO deuterated variant of glycolaldehyde (blue trace, based on computed spectroscopic pa-
rameters), assuming a relative abundance of 30:1. The dashed lines indicate the correspondence of each
computed transition to the experimental feature. Asterisks mark those lines that were later assigned to

doubly-deuterated ethenediol.

ure 1, is a nearly prolate asymmetric rotor (the
asymmetry parameter k£ being about -0.7) with a
large dipole moment component along the b axis,
wp = 2.33(1) D, and a small component along the a
axis, g = 0.262(2) D.%% According to this, in the
simulation of the lowest frequency interval consid-
ered (i.e. 80-115 GHz), the most intense features of
CHDOD—CHO are the Q-branch (AJ = 0), b-type
transitions with AK, = 1. The accuracy of our
calculations allowed us to easily identify many of
these lines in the experimental spectra, with devia-
tions from the computed values of few tens of MHz.
As an example, Figure 2 shows the comparison be-
tween experimental and predicted transitions in a
portion of spectrum between 93 and 94 GHz; for
the features belonging to CHDOD—CHO, the cor-
rect correspondence between experiment and sim-
ulation is made evident. All the assigned lines are
b-type transitions with J values ranging from 6 to
30 and K, values from 1 to 20, all belonging to the
Q branch. These assignments permitted to refine
some of the initial spectroscopic constants, such
as A, C, and few centrifugal distortion constants,
but the B rotational constant remained not de-
terminable. At higher frequencies (250-300 GHz),
instead, the spectrum is dominated by R branch

transitions (AJ = +1) which involve J values up
to 65. Therefore, their assignment allowed the de-
termination of the B rotational constant and sev-
eral additional centrifugal distortion terms. No a-
type transitions could be identified unambiguously.
The final fit was carried out using the SPFIT sub-
routine of the CALPGM suite of programs,®! with all
rotational constants, the entire set of quartic cen-
trifugal distortion parameters, and all sextic terms
but hg of CHDOD—CHO being accurately deter-
mined for the first time. The results are collected
in Table 1.

Following the same strategy as above, the
bi-deuterated CH,OD—CDO and CD,OH—CHO
species have also been searched for, but we did
not find any clear evidence of their rotational
features in the recorded spectra. Instead, be-
cause of the good signal-to-noise ratio observed for
CHDOD—CHO, it was possible to identify and as-
sign about 150 rotational transitions belonging to
this species in its v1g = 1 vibrational excited state,
which lies 198 cm ™! above the ground state (at the
fc-MP2/cc-pVTZ level of theory). To search for
the rotational transitions in the vig = 1 state, we
employed our computed vibration-rotation interac-
tion constants and the set of centrifugal distortion



Table 1: Spectroscopic parameters of bi-deuterated

son’s S reduction, I" representation).

CHDOD—-CHO glycolaldehyde (Wat-

Ground state v1g = 1
Parameter Unit  Experiment® Theory® Experiment® Theory®
A MHz 16125.7981(3) 16126.249 16133.4247(4) 16132.452
B MHz 6364.9744(2)  6362.635 6323.0180(4) 6321.617
C MHz  4760.3135(2)  4759.166 4753.6608(4)  4753.371
Dy kHz 5.4539(2) 5.339 5.6143(3) 5.4539
Dk kHz —11.8537(4) —10.927 —12.149(1) —11.8537
Dy kHz 26.789(2) 24.370 27.576(2) 26.789
dy kHz —1.71894(3) —1.685 —1.75050(9) —1.71894
d2 kHz —0.14457(1) —0.141 —0.13907(5) —0.14457
H; mHz —8.32(8) —8.725 —8.32 —8.32
Hix mHz 105.6(1) 103.957 109.3(5) 105.6
Hgy mHz  —403.(1) —367.658 —403. —403.
Hy mHz ~ 466.(2) 408.797 466. 466.
h1 mHz —2.80(1) —2.904 —2.80 —2.80
ha mHz 0.464(5) 0.405 0.464 0.464
hs mHz 0.107 0.107 0.107 0.107
No. data 364 147
Jmax, FKamax 65, 21 48, 15
rms error kHz 23.6 31.3

& Values in parentheses are one standard deviation and refer to the last digits. Pa-
rameters without uncertainties are held fixed at the corresponding computed value.
b Equilibrium rotational constants from the SE equilibrium structure from ref. 27
augmented by vibrational corrections at the fc-MP2/cc-pVTZ level of theory. Quartic
and sextic centrifugal distortion constants at the fc-MP2/cc-pVTZ level.

¢ Equilibrium rotational constants from the SE equilibrium structure from ref. 27
augmented by vibrational corrections (incorporating the additional contribution of
aty) at the fe-MP2/cc-pVTZ level of theory. For quartic and sextic centrifugal dis-
tortion constants, the experimental vibrational ground-state values are used.

constants obtained from the ground state analysis.
A further confirmation of the correct assignment
was provided by the line intensity of such transi-
tions, which are expected to be about three times
weaker than the corresponding ground state lines,
in accordance with the energy difference between
the states. Their analysis led to an accurate spec-
troscopic characterization and the resulting param-
eters are listed in Table 1 together with the corre-
sponding estimated values.

While the comparison between experiment and
theory is discussed in the next section, here we fol-
low the thread of the spectral assignment. The
next step consisted in investigating the presence
of the other target molecule of this work. Moving
to (Z)1,2-ethenediol, the first species considered is
the bi-deuterated isotopologue, CHOD=CHOD, as

this is supposedly the main product obtained in the
pyrolysis of bis-exo-5-norbornene-2,3-diol-ds.
(Z)-1,2-ethenediol, shown in the right panel of
Figure 1, is an asymmetric rotor in the prolate
limit (k = —0.8) with a prominent a-type spectrum
(e = 1.96D, pp = 0.62D, and p. = 0.97D).3*
In both frequency ranges considered, a-type tran-
sitions belonging to the R branch could be iden-
tified within 30-200 MHz from the predicted line
positions based on our best estimate spectroscopic
parameters (with the rotational constants scaled as
explained in the Computational detail section). As
an example, Figure 3 shows a portion of rotational
spectrum around 94 GHz where the correspondence
between the predicted lines and their experimental
counterparts is made evident. These are all a-type
transitions of the R branch with upper J = 11 or



10. The assigned transitions involve rotational en-
ergy levels with J values ranging from 7 to 10 and
K, values from 0 to 10 in the 80-115 GHz frequency
interval, and from J=21 to J=34 and from K,=0
to K;=24 in the 250-300 GHz range. No b- or c-
type transitions could be assigned safely.

The spectral analysis of CHOD=CHOD led to
the assignment of 228 lines, which allowed the first
determination of the entire set of rotational and
quartic centrifugal distortion constants, and the
Hj, Hjig and Hgj sextic terms. The results are
reported in Table 2. It should be noted that, while
for the parent species a splitting of each rotational
transition was observed because of a tunneling mo-
tion between two equivalent positions of the hy-
droxy groups,? for the doubly-deuterated species
such a splitting is too small to be resolved. In-
deed, the heavier masses involved in the case of
CHOD=CHOD noticeably reduces the tunneling
effects. This outcome is easily explained by con-
sidering the small splitting observed for the par-
ent species (~ 300kHz) and the fact that, for a
similar rotor such as ethylene glycol, the splitting
decreases by more than one order of magnitude
when moving from the main species to the doubly-
deuterated isotopologue. 2

After the assignment of the transitions belong-
ing to CHDOD—CHO and CHOD=CHOD, the
acquired spectra were still dense of unassigned
transitions.  The identification of the singly-
deuterated forms of glycolaldehyde suggested that
the mono-deuterated forms of (Z)-1,2-ethenediol
(CHOD=CHOH and CHOH=CHOD, not equiv-
alent because of the conformation of this species;
see Figure 1) could be present in the gas mixture
as well. Therefore, their rotational spectra have
been simulated based on the scaled-computed spec-
troscopic constants. While for the bi-deuterated
species we could only rely on the parent isotopo-
logue for the scaling procedure, in this case, the
scaled rotational constants were obtained by taking
the arithmetic mean of the scaled-theoretical values
derived using the parent species and those exploit-
ing the parameters of the doubly-deuterated form.
Instead, the quartic centrifugal distortion con-
stants were simply estimated as arithmetic mean
of those of CHOH=CHOH and CHOD=CHOD.
The predicted transition frequencies resulted to be
accurate within a few dozen of MHz. Rotational
transitions of both mono-deuterated species were
identified in the frequency range 250-300 GHz and
several transitions, all of them being a-type, have

been assigned up to J = 32 and K, = 22. Table 3
reports the spectroscopic parameters determined
for these species, namely the rotational constants,
the entire set of quartic centrifugal distortion con-
stants, and the H ;i and Hgj sextic terms.

Discussion

Although glycolaldehyde and 1,2-ethenediol are
thought to be two important intermediates towards
the formation of sugars in space, there is still much
to understand about their interstellar chemistry.
As mentioned in the Introduction, the D/H ratio
for a given astrophysical object allows for gaining
insights into its physical properties and chemical
reactivity. It is therefore of crucial importance
to detect deuterated species of glycolaldehyde and
1,2-ethenediol and derive their abundance. In this
respect, to support their future astronomical obser-
vations, we have carried out a detailed analysis of
their rotational spectra at millimeter-wavelengths.
This allowed us to provide line catalogues that ful-
fil the accuracy requirements for radioastronomical
searches: line transitions are predicted with uncer-
tainties with 100-500 kHz up to 500 GHz.

Another important aspect of this work is the syn-
ergy between experiment and theory. Indeed, ac-
curate quantum-chemical calculations provided a
valuable support to the experimental characteriza-
tion. Therefore, a discussion on the comparison
between computed and experimental spectroscopic
parameters is deserved. As far as the doubly-
deuterated glycolaldehyde CHDOD—CHO is con-
cerned, the availability of the SE equilibrium struc-
ture allows for obtaining very accurate prediction
for rotational constants. Indeed, for the vibra-
tional ground state, the average deviation between
experimental and predicted rotational constants is
around 0.02%; as far as the vig = 1 state is con-
cerned, the difference is lower than 0.03%. Such
a comparison points out the importance of having
accurate equilibrium structures when aiming at the
reliable prediction of rotational spectra. Moving to
the centrifugal distortion constants, for the ground
state, quartic and sextic terms show average devi-
ations of about 4.7% and 7.3%, respectively, which
are in line with what expected from the literature
on this topic. 42:53:54

A good accuracy has also been obtained for the
predicted spectroscopic constants of the mono- and
bi-deuterated forms of (Z)-1,2-ethenediol. If the
pure computational results are considered (i.e.,
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Figure 3: Portion of the millimeter-wave spectrum around 94 GHz. The experimental spectrum (black
trace) is compared with the spectral simulation of doubly-deuterated glycolaldehyde (CHDOD—CHO,
blue trace, based on our final fit of the ground and v1s = 1 states) and doubly-deuterated ethenediol
(CHOD=CHOD, green trace, based on scaled spectroscopic parameters), assuming a relative abundance
of 4:5. For this latter species, the dashed lines indicate the correspondence between predicted and experi-

mental features.

CCSD(T)/CBS+CV equilibrium rotational con-
stants corrected for vibrational effects at the fc-
MP2/cc-pVTZ level), the difference between ex-
perimental and theoretical rotational constants is,
on average, ~0.2% for both the bi- and mono-
deuterated species. Despite its empirical nature,
the scaling procedure allowed us to further im-
prove such a good accuracy, thereby obtaining a
relative deviation from experiment of about 0.1%
for CHOD=CHOD and 0.02% for CHOD=CHOH
and CHOH=CHOD. It was somewhat expected
that scaling would have led to a better improve-
ment for mono-deuterated forms with respect to
the bi-deuterated one; indeed, because of the great
difference in mass between H and D, deuteration
causes large changes in the rotational constants.
Therefore, averaging the scaling for the parent and
the bi-deuterated species allowed an accurate de-
scription of mono-deuteration. As already noted
for glycolaldehyde, the computed centrifugal dis-
tortion constants are also in qualitative agreement
with the corresponding experimental values, simi-
larly to what observed for the parent species.?*
The newly derived ground-state rotational con-
stants of CHDOD—CHO have also been used in

conjunction with our computed vibration-rotation
interaction constants to improve the SE equilib-
rium structure of glycolaldehyde. The results
are provided in Table 4, where they are com-
pared with the previous determination (ref. 27).
This latter was derived using a set of 27 ro-
tational constants from 9 different isotopologues
and vibration-rotation interaction constants com-
puted at the B2PLYP /aug-cc-pVTZ level of the-
ory (B2PLYP denoting the double-hybrid func-
tional by Grimme®°).27 In this work, the SE equi-
librium structure has been obtained using 30 ro-
tational constants (10 isotopologues) in combina-
tion with vibrational corrections at the fc-MP2/cc-
pVTZ level of theory. While the two compu-
tational methodologies employed for evaluating
the vibration-rotation interaction constants are ex-
pected to provide results of similar quality and it
is well-known that the accuracy of the SE equilib-
rium structure little depends on the level of theory
used for the vibrational corrections,276:57
larged set of experimental data guarantees an im-
proved accuracy on the determination of nearly all
the geometrical parameters, mostly reducing the
correlation among them. As can be seen from Ta-

our en-



Table 2: Spectroscopic constants of bi-deuterated ethenediol (Watson’s S reduction, I" rep-
resentation).

CHOD=CHOD
Parameter Unit Experiment® Theory® Estimate®
A MHz  18246.81(1) 18309.805 18225.08
B MHz 5896.9235(5) 5889.912 5902.52
C MHz 4466.8778(5) 4462.869 4468.22
Dy kHz 6.2403(4) 6.775
Dk kHz —31.780(3) —36.264
Dy kHz 89.8(2) 102.749
d1 kHz —2.0030(1) —2.110
do kHz —0.13449(9) —0.123
Hjy mHz 3.0(2) 0.348
Hyx mHz 66.(2) 132.420
Hgjy Hz —0.972(3) —1.450
Hg Hz 3.110 3.110
h1 mHz 1.564 1.564
ha mHz 0.724 0.724
h3 mHz 0.239 0.239
No. data 228
Jmax, Kamax 34, 24
rms error kHz 29.8

& Values in parentheses are one standard deviation and refer to the
last digits. Parameters without uncertainties are held fixed at the

corresponding computed value.

b Equilibrium rotational constants at the CBS+CV level aug-
mented by vibrational corrections at the fc-MP2/cc-pVTZ level of
theory. Quartic and sextic centrifugal distortion at the fc-MP2/cc-

pVTZ level.

¢ Scaled values of the computed rotational constants; see Compu-

tational detail section.

ble 4, on average, the uncertainties affecting bond
lengths and angles are nearly halved. The only
notable differences are seen for the r(O4-H8) and
r(C3-04) distances, which —in our r.(SE)— result
longer than those obtained in ref. 27 by about 2
mA and 0.7 mA, respectively. In this respect, our
isotopic substitution on H8 surely provides an im-
portant contribution to the determination of r(04-
H8). Therefore, the SE equilibrium structure of
this work is the most accurate equilibrium geom-
etry available so far for glycolaldehyde. The last
comment concerns the comparison of r.(SE) with
the CCSD(T)/CBS+CV structure. It is remark-
able that this latter agrees with the SE counterpart
well within 1 mA for bond lengths and 0.1 degrees
for angles. Such a good agreement further rein-
forces the suitability of the CCSD(T)/CBS+CV
level of theory for computing very accurate equi-
librium geometry, and thus accurate equilibrium
rotational constants.

Conclusions

To summarize, the spectroscopic constants ob-
tained in this work enable the accurate prediction
of the rotational spectra of all the investigated
species in the whole millimeter region, covering
the most relevant spectral windows used for astro-
nomical observations. The most promising source
of deuterated glycolaldehyde and 1,2-ethenediol
is represented by the Class 0 protostellar binary
TRAS 16293-2422, for which spectral line surveys
are available at 3mm and 1mm. This protostellar
core is known to be very rich in deuterated species,
including glycolaldehyde, which has already been
detected in all its singly-deuterated forms.'® Fu-
ture observations of this pair of COMs will be cru-
cial in order to improve our understanding of the
chemistry of interstellar sugars.



Table 3: Spectroscopic constants of both mono-deuterated forms of ethenediol (Watson’s S

reduction, /" representation).

CHOD=CHOH CHOH=CHOD
Parameter Unit Experiment?® Theory® Estimate® Experiment?® Theory® Estimate®
A MHz  18401.84(2) 18470.556 18396.054 19352.45(3) 19434.697 19356.295
B MHz 6266.094(2) 6257.639 6268.065 5935.685(1) 5926.827 5936.704
C MHz 4680.160(1) 4675.166 4680.060 4552.289(1) 4547.174 4551.946
Dy kHz 7.0976(7) 6.613 6.594 6.0723(5) 7.384 6.594
Dk kHz —32.865(5) —40.669 —34.379 —35.714(4) —34.945 —34.379
Dy kHz 81.5(3) 128.802 96.498 111.9(4) 85.844 96.498
dy kHz —2.3739(6) —2.032 —2.147 —1.9258(4) —2.432 —2.147
da kHz —0.1660(1) —0.110 —0.147 —0.1220(1) —0.152 —0.147
H; mHz —0.623 —0.623 —0.548 —0.548
Hji mHz 95.(4) 149.150 81.(3) 152.439
Hg g Hz —1.013(7) —1.857 —1.244(4) —1.296
Hg Hz 4.471 4.471 2.429 2.429
h1 mHz 1.613 1.613 1.713 1.713
ha mHz 0.634 0.634 1.169 1.169
h3 mHz 0.214 0.214 0.268 0.268
No. data 114 146
Jmax, Kamax 31, 19 32, 22
rms error kHz 24.4 27.7

& Values in parentheses are one standard deviation and refer to the last digits. Parameters without uncertainties

are held fixed at the corresponding computed value.

b Equilibrium rotational constants at the CBS+CV level augmented by vibrational corrections at the fc-MP2/cc-
pVTZ level of theory. Quartic and sextic centrifugal distortion at the fc-MP2/cc-pVTZ level.

¢Scaled computed rotational constants (see text) and arithmetic mean of the experimental quartic centrifugal
distortion constants for the main and doubly-deuterated species (see text).
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their residuals from the final fit.

Acknowledgement This work has been
supported by MUR (PRIN Grant Numbers
202082CE3T and P2022ZFNBL) and by the Uni-
versity of Bologna (RFO funds). JCG thanks the
Program “Physique et Chimie du Milieu Inter-
stellaire” (INSU-CNRS) for grants. The COST
Action CA21101 “COSY - Confined molecular sys-
tems: from a new generation of materials to the
stars” is also acknowledged.

References
(1) Ceccarelli, C.; Caselli, P.; D.Bockelee-
Morvan;  Mousis, O.; Pizzarello, S

Robert, F.; Semenov, D. Deuterium Frac-
tionation: the Ariadne’s Thread from
the Pre-collapse Phase to Meteorites and
Comets today. Protostars and Planets VI,

10

3)

Henrik Beuther, Ralf S. Klessen, Cor-
nelis P. Dullemond, and Thomas Henning
(eds.), University of Arizona Press, Tucson,
p.859-882 2014,

Linsky, J. L.; Draine, B. T.; Moos, H. W_;
Jenkins, E. B.; Wood, B. E.; Oliveira, C.;
Blair, W. P.; Friedman, S. D.; Gry, C;
Knauth, D. et al. What is the Total Deu-
terium Abundance in the Local Galactic
Disk? Astrophys. J. 2006, 647.2, 1106—-1124.

Roberts, H.; Millar, T. J. Modelling of Deu-
terium Chemistry and its Application to
Molecular Clouds. Astron. Astrophys. 2000,
361, 388-398.

Millar, T. J. Millar: Deuterium in Interstel-
lar Space: Deuterium in Interstellar Clouds.
Astron. Geophys. 2005, 46, 2.29-2.32.

Ceccarelli, C.; Caselli, P.; Herbst, E.; Tie-
lens, A.; Caux, E. Extreme Deuteration and



Table 4:

Semi-experimental equilibrium

structure of glycolaldehyde.

Parameter® Ref. 27°  This work® CBS+CVe®
r(C2-01) 1.2088(3) 1.2087(1)  1.2079
r(C2-H5) 1.1010(2) 1.1013(1)  1.1009
r(C2-C3) 1.5006(2)  1.5007(2)  1.5009
7(C3-H6) 1.0064(1)  1.09671(8)  1.0958
7(C3-04) 1.3965(2) 1.3958(1)  1.3952
(O4-HS) 0.9611(3) 0.9588(3)  0.9650
/(H5-C2-01) 121.45(4) 121.41(2)  121.48
£(C3-C2-01) 121.65(2) 121.67(1)  121.65
£(H6-C3-C2) 107.91(1) 108.03(1)  107.92
£(04-C3-C2) 111.78(2)  111.719(7) 111.73
£ (H8-04-C3) 106.18(2)  106.35(2)  106.14
G(H6-C3-C2-01)  122.34(1) 122.378(5) 122.41
RMS x10* 3.02 2.64

2 Bond lengths are given in A, angles in degrees. For
the atom labeling, the reader is referred to Figure 1.
Root Mean Square (RMS) error in terms of moment
of inertia (u x ag?).

b Values in parentheses are one standard deviation and
refer to the last digit.

¢ Computed

equilibrium  parameters at  the

CCSD(T)/CBS+CV level of theory.

Hot Corinos: the Earliest Chemical Signa-
tures of Low-Mass Star Formation. Protostars
and Planets V, B. Reipurth, D. Jewitt, and
K. Keil (eds.), University of Arizona Press,
Tucson 2007, 47-62.

Herbst, E.; Dishoeck, E. F. V. Complex Or-
ganic Interstellar Molecules. Annu. Rev. As-
tron. Astr. 2009, 47, 427-480.

Oré, J. Comets and the Formation of Bio-
chemical Compounds on the Primitive Earth.
Nature 1961, 190, 389-390.

Delsemme, A. The Cometary Connection
with Prebiotic Chemistry. Origins of Life
FEvol. B 1984, 1/, 51-60.

Anders, E. Pre-biotic Organic Matter from
Comets and Asteroids. Nature 1989, 342,
255-257.

Cooper, G.; Kimmich, N.; Belisle, W.; Sari-
nana, J.; Brabham, K.; Garrel, L. Carbona-
ceous Meteorites as a Source of Sugar-Related
Organic Compounds for the Early Earth. Na-
ture 2001, 414, 879-883.

11

(11)

(12)

(13)

(14)

(16)

Powner MW, S. J., Gerland B Synthesis of
Activated Pyrimidine Ribonucleotides in Pre-
biotically Plausible Conditions. Nature 2009,
459, 239-242.

Gilbert, W. Origin of Life: the RNA World.
Nature 1986, 319, 618.

Hollis, J. M.; Lovas, F. J.; Jewell, P. R. Inter-
stellar Glycolaldehyde: the First Sugar. As-
trophys. J. 2000, 540, L107.

Beltran, M. T.; Codella, C.; Viti, S.; Neri, R.;
Cesaroni, R. First Detection of Glycolalde-
hyde Outside the Galactic Center. Astrophys.
J. 2008, 690, L93.

Jorgensen, J. K.; Favre, C.; Bisschop, S. E.;
Bourke, T. L.; Van Dishoeck, E. F.;
Schmalzl, M. Detection of the Simplest Sugar,
Glycolaldehyde, in a Solar-type Protostar
with ALMA. Astrophys. J. Lett. 2012, 757,
L4.

Manigand, S.; Jorgensen, J.; Calcutt, H.;
Miiller, H.; Ligterink, N. F. W.; Coutens, A.;
Drozdovskaya, M. N.; wvan Dishoeck, E.;
Wampfler, S. The ALMA-PILS Survey: In-
ventory of Complex Organic Molecules to-
wards IRAS 16293-2422 A. Astron. Astro-
phys. 2020, 635, A48.

El-Abd, S. J.; Brogan, C. L.; Hunter, T. R.;
Willis, E. R.; Garrod, R. T.; McGuire, B. A.
Interstellar Glycolaldehyde, Methyl Formate,
and Acetic Acid. I. A Bimodal Abundance
Pattern in Star-forming Regions. Astrophys.
J. 2019, 883, 129.

Coutens, A.; Persson, M. V.; Jgrgensen, J. K.;
Wampfler, S. F.; Lykke, J. M. Detection of
Glycolaldehyde toward the Solar-type Proto-
star NGC 1333 IRAS2A. Astron. Astrophys.
2015, 576, A5.

Jorgensen, J.; Van der Wiel, M.; Coutens, A.;
Lykke, J.; Miiller, H.; Van Dishoeck, E.;
Calcutt, H.; Bjerkeli, P.; Bourke, T.; Droz-
dovskaya, M. N. et al. The ALMA Proto-
stellar Interferometric Line Survey (PILS)-
First Results from an Unbiased Submillimeter
Wavelength Line Survey of the Class 0 Proto-
stellar Binary IRAS 16293-2422 with ALMA.
Astron. Astrophys. 2016, 595, A117.



(20)

(21)

(22)

(23)

(24)

Vazart, F.; Ceccarelli, C.; Balucani, N.; Sk-
outeris, D. Quantum Chemical Computations
of Gas-phase Glycolaldehyde Deuteration and
Constraints on Its Formation Route. Astro-
phys. J. 2022, 941, 196.

Coutens, A.; S. Viti, J. M. C. Ry
Beltran, M. T.; Holdship, J.; Jiménez-
Serra, I.; Quénard, D.; Rivilla, V. M. Chemi-
cal Modelling of Glycolaldehyde and Ethylene
Glycol in Star-forming Regions. Mon. Not. R.
Astron. Soc. 2018, 475, 2016—2026.

Mininni, C.; Beltran, M.; Rivilla, V. M.;
Sanchez-Monge, A.; Fontani, F.; Moller, T.;
Cesaroni, R.; Schilke, P.; Viti, S.; Jiménez-
Serra, L. et al. The GUAPOS Project: G31.
41+ 0.31 Unbiased ALMA sPectral Observa-
tional Survey-I. Isomers of CoH4O5. Astron.
Astrophys. 2020, 644, A84.

Skouteris, D.; Balucani, N.; Ceccarelli, C.;
Vazart, F.; Puzzarini, C.; Barone, V.
Codella, C.; Lefloch, B. The Genealogical
Tree of Ethanol: Gas-Phase Formation of
Glycolaldehyde, Acetic Acid, and Formic
Acid. Astrophys. J. 2018, 854, 135.

Rivilla, V. M.; Colzi, L.; Jiménez-Serra, I.;
Martin-Pintado, J.; Megias, A.; Melosso, M.;
Bizzocchi, L.; Loépez-Gallifa, A, Martinez-
Henares, A.; Massalkhi, S. et al. Precursors of
the RNA World in Space: Detection of (Z)-
1, 2-ethenediol in the Interstellar Medium, a
Key Intermediate in Sugar Formation. Astro-
phys. J. Lett. 2022, 929, L.11.

Appayee, C.; Breslow, R. Deuterium Stud-
ies Reveal a New Mechanism for the For-
mose Reaction Involving Hydride Shifts. J.
Am. Chem. Soc. 2014, 136, 3720-3723.

Kleimeier, N. F.; Eckardt, A. K.; Kaiser, R. 1.
Identification  of  Glycolaldehyde  Enol
(CHOH=CHOH) in Interstellar Analogue
Ices. J. Am. Chem. Soc. 2021, 143, 14009—
14018.

Penocchio, E.; Piccardo, M.; Barone, V.
Semiexperimental Equilibrium Structures for
Building Blocks of Organic and Biological
Molecules: The B2PLYP Route. J. Chem.
Theory Comput. 2015, 11, 4689-4707.

12

(28)

(29)

(30)

(33)

(34)

Maier, A. L.; Khirsariya, P.; Hylse, O.;
Adla, S. K.; Cernova, L.; Poljak, M.;
Krajcovicovd, S.; Weis, E.; Dréapela, S.;
Soucek, K. et al. Diastereoselective Flexible
Synthesis of Carbocyclic C-Nucleosides. J.
Org. Chem. 2017, 98, 3382-3402.

Melli, A.; Melosso, M.; Bizzocchi, L.; Alessan-
drini, S.; Jiang, N.; Tonolo, F.; Boi, S
Castellan, G.; Sapienza, C.; Guillemin, J.-C.
et al. Rotational Spectra of Unsaturated Car-
bon Chains Produced by Pyrolysis: The Case
of Propadienone, Cyanovinylacetylene, and
Allenylacetylene. J. Phys. Chem. A 2022,
126, 6210-6220.

Puzzarini, C.; Alessandrini, S.; Bizzoc-
chi, L.; Melosso, M. Hunting for Interstel-
lar Molecules: Rotational Spectra of Reactive
Species. Faraday Discuss. 2023, 245, 309-
326.

Puzzarini, C.; Alessandrini, S.; Bizzocchi, L.;
Melosso, M.; Rivilla, V. M. From the Labo-
ratory to the Interstellar Medium: A Strat-
egy to Search for Exotic Molecules in Space.
Front. Astron. Space Sci. 2023, 10, 1211784.

Melosso, M.; Conversazioni, B.; Degli Es-
posti, C.; Dore, L.; Cané, E.; Tamassia, F.;
Bizzocchi, L. The Pure Rotational Spec-
trum of ND, Observed by Millimetre and
Submillimetre-Wave Spectroscopy. J. Quant.
Spectrosc. Ra. 2019, 222, 186-189.

Melosso, M.; Bizzocchi, L.; Tamassia, F.;
Degli Esposti, C.; Cane, E.; Dore, L.
The Rotational Spectrum of °ND. Isotopic-
Independent Dunham-type Analysis of the
Imidogen Radical. Phys. Chem. Chem. Phys.
2019, 21, 3564-3573.

Melosso, M.; Bizzocchi, L.; Gazzeh, H.;
Tonolo, F.; Guillemin, J.; Alessan-
drini, S.; V.M.Rivilla; L.Dore; V.Barone;

C.Puzzarini Gas-Phase Identification of (Z)-
1,2-ethenediol, a Key Prebiotic Intermediate
in the Formose Reaction. Chem. Commun.
2022, 58, 2750-2753.

Heckert, M.; Kallay, M.; Tew, D. P.; Klop-
per, W.; Gauss, J. Basis-set Extrapola-
tion Techniques for the Accurate Calcula-
tion of Molecular Equilibrium Geometries Us-



(41)

(42)

ing Coupled-Cluster Theory. J. Chem. Phys.
2006, 125, 044108.

Barone, V.; Biczysko, M.; Bloino, J.; Puz-
zarini, C. The Performance of Composite
Schemes and Hybrid CC/DFT Model in
Predicting Structure, Thermodynamic and
Spectroscopic Parameters: the Challenge of
the Conformational Equilibrium in Glycine.
Phys. Chem. Chem. Phys. 2013, 15, 10094.

Raghavachari, K. Trucks, G. W
Pople, J. A.; Head-Gordon, M. A Fifth-
Order Perturbation Comparison of Electron
Correlation Theories. Chem. Phys. Lett.
1989, 157, 479-483.

Mills, I. M. In Molecular Spectroscopy: Mod-
ern Research; Rao, K., Matthews, C., Eds.;
Academic Press: New York, 1972.

Dunning Jr, T. H. Gaussian Basis Sets for Use
in Correlated Molecular Calculations. I. The
atoms Boron Through Neon and Hydrogen.
J. Chem. Phys. 1989, 90, 1007-1023.

Mgller, C.; Plesset, M. S. Note on an Approx-
imation Treatment for Many-Electron Sys-
tems. A. P. S. Phys. Rev. 1934, /6, 618.

Gordy, W.; Cook, R. L. In Microwave Molecu-
lar Spectra, 3rd Edition; Weissberger, A., Ed.;
John Wiley & Sons, Inc.: New York, 1984.

Puzzarini, C.; Stanton, J. F.; Gauss, J.
Quantum-Chemical Calculation of Spectro-
scopic Parameters for Rotational Spec-
troscopy. Int. Rev. Phys. Chem. 2010, 29,
273-367.

Stanton, J. F.; Gauss, J.; Cheng, L.;
Harding, M. E.; Matthews, D. A.; Sza-
lay, P. G. CFOUR, Coupled-Cluster Tech-
niques for Computational Chemistry, a
Quantum-Chemical Program Package. For
the current version, see http://www.cfour.de
(accessed May 21, 2024).

Matthews, D. A.; Cheng, L.; Harding, M. E.;
Lipparini, F.; Stopkowicz, S.; Jagau, T.-C.;
Szalay, P. G.; Gauss, J.; Stanton, J. F.
Coupled-Cluster Techniques for Computa-
tional Chemistry: The CFOUR Program
Package. J. Chem. Phys. 2020, 152, 214108.

13

(45)

(46)

(47)

(49)

(50)

(53)

(54)

Bogey, M.; Demuynck, C.; Destombes, J. L.
The Millimeter Wave Spectrum of Cyclopen-
tadiene. J. Mol. Struct. 1988, 132, 277-279.

Marstokk, K.; Mgllendal, H. Microwave Spec-
tra of Deuterated Glycolaldehydes. J. Mol.
Struct. 1971, 7, 101-109.

Bouchez, A.; Margules, L.; Motiyenko, R.;
Guillemin, J.-C.; Walters, A.; Bottinelli, S.;
Ceccarelli, C.; Kahane, C. The Submillime-
ter Spectrum of Deuterated Glycolaldehydes.
Astron. Astrophys. 2012, 540, A51.

Miiller, H. S.; Schloder, F.; Stutzki, J.;
Winnewisser, G. The Cologne Database for
Molecular Spectroscopy, CDMS: a useful tool

for astronomers and spectroscopists. J. Mol.
Struct. 2005, 742, 215-227.

Western, C. M. PGOPHER: A Program
for Simulating Rotational, Vibrational and
Electronic Spectra. J. Quant. Spectrosc. Ra.
2017, 186, 221-242.

Marstokk, K.; Mollendal, H. Microwave Spec-
tra of Isotopic Glycolaldehydes, Substitution
Structure, Intramolecular Hydrogen Bond
and Dipole Moment. J. Mol. Struct. 1973,
16, 259-270.

Pickett, H. M. The Fitting and Prediction of
Vibration-Rotation Spectra with Spin Inter-
actions. J. Mol. Struct. 1991, 148, 371-377.

Christen, D.; Coudert, L.; Suenram, R. D.;
Lovas, F. J. The Rotational/Concerted Tor-
sional Spectrum of the ¢’Ga Conformer of
Ethylene Glycol. J. Mol. Spectrosc. 1995,
172, 57-77.

Puzzarini, C.; Cazzoli, G.; Gauss, J. The Ro-
tational Spectra of HD'7O and D370: Exper-
iment and Quantum-Chemical Calculations.
J. Chem. Phys. 2012, 137, 154311.

Boussessi, R Tasinato, N,
Pietropolli Charmet, A.; Stoppa, P.;
Barone, V. Sextic Centrifugal Distortion
Constants: Interplay of Density Functional
and Basis Set for Accurate yet Feasible
Computations. Mol. Phys. 2020, 118,
el1734678.



(55)

(57)

Grimme, S. Semiempirical Hybrid Density
Functional with Perturbative Second-Order
Correlation. J. Chem. Phys. 2006, 12/,
034108.

Pawtowski, F.; Jgrgensen, P.; Olsen, J;
Hegelund, F.; Helgaker, T.; Gauss, J;
Bak, K. L.; Stanton, J. F. Molecular Equi-
librium Structures from Experimental Rota-
tional Constants and Calculated Vibration—
Rotation Interaction Constants. J. Chem.
Phys. 2002, 116, 6482-6496.

Piccardo, M.; Penocchio, E.; Puzzarini, C.;
Biczysko, M.; Barone, V. Semi-Experimental
Equilibrium Structure Determinations by
Employing B3LYP/SNSD Anharmonic Force
Fields: Validation and Application to Semi-
rigid Organic Molecules. J. Phys. Chem. A
2015, 119, 2058-2082.

14

TOC Graphic




