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While trans-glyoxal may not be easily observable in astronomical sources through either IR or ra-

DOL:00.0000000000000¢ dioastronomy due to its Cy;, symmetry, its cis conformer along with the cyc-H,COCO epoxide isomer
should be ready targets for astrochemical detection. The present quantum chemical study shows
that not only are both molecular isomers strongly polar, they also have notable IR features and low
isomerisation energies of 4.1 kcal mol~! and 10.7 kcal mol~!, respectively. These three isomers along
with two other C;O,H, isomers have had their full set of fundamental vibrational frequencies and
spectroscopic constants characterised herein. These isomers have previously been shown to occur in
simulated astrophysical ices making them worthy targets of astronomical search. Furthermore, the
hybrid quartic force field (QFF) approach utilized herein to produce the needed spectral data has a
mean absolute percent error compared to the experimentally-available, gas phase fundamental vibra-
tional frequencies of 0.6% and rotational constants to better than 0.1%. The hybrid QFF is defined
from explicitly correlated coupled cluster theory at the singles, doubles, and perturbative triples level
[CCSD(T)-F12b] including core electron correlation and a canonical CCSD(T) relativity correction
for the harmonic (quadratic) terms in the QFF and simple CCSD(T)-F12b/cc-pVDZ energies for the
cubic and quartic terms, the so-called “F12-TcCR+DZ QFF,” and is producing spectroscopically-
accurate predictions for both fundamental vibrational frequencies and principal spectroscopic con-
stants. Hence, the values computed in this work should be notably accurate and, hence, exceptionally
useful to the spectroscopy and astrochemistry communities.

1 Introduction
desorption as one of many routes for the production of observed

molecules in various astronomical environments holds through a
combination of molecular modeling™% and simulated labora-

Ices are likely reservoirs for all sorts of interstellar complex or-
ganic molecules (icoms). 16 They form slowly over time, are hit

on occasion by high-energy photons as well as relativistic parti-
cles, but are otherwise largely isolated from other bodies. Hence,
these materials are veritable playgrounds for novel and “other-
worldly” chemistry. Most of the upper layers of these ices are com-
posed of volatiles typically including condensed and amorphous
water, carbon mono-/dioxide, methanol, and some sprinkling of
other molecules like ammonia, formaldehyde, and such related
materials.7* The interactions of these particles over the eons can
then lead to novel molecules which can, in turn, desorb off the
surface of the icy grains. These desorbed molecular species are
then astronomically detectable and can add to the current census
of known interstellar molecules. T011

This hypothesis of ice phase chemistry followed by gas phase
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tory experiments combined with how these two items help
to explain observed astrochemical phenomena. The resulting
interconnected triangle of astrochemistry is the foundation for
how the chemical cosmos can be interpreted. Many of the exper-
iments undertaken to define one end of this astrochemical trian-
gle are constructed with layers of organic material set down on a
cold finger in near-vacuum. The organic residue is, then, hit with
some form of energy either through an electric arc, high-energy
photons, or some type of molecular beam. The materials that are
desorbed can be detected through mass spectrometery and/or in-
frared spectroscopy. Within such experiments, organic molecules
that are common on Earth have also been detected including
those that add flavor to chocolate or buttered popcorn1220 as
fun examples, but many are much more exotic. However, recent
work has shown that ice comprised of carbon monoxide and wa-
ter irradiated with 5 keV electrons has produced glyoxal (¢trans-
OCHHCO),21 the simplest dialdehyde and a common industrial
chemical for paper coatings and clothing starches. While glyoxal
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is a well-known industrial molecule, this interstellar ice simula-
tion also produces what appears to be all of its C;O,H, struc-
tural and conformational isomers, as well. From a structural per-
spective, one of the most interesting is acetylenediol (HOCCOH)
due to its alcohol-terminated ends of acetylene, as one example.
These experiments follow recent work where similar experiments
produce the related ethnyol (HCCOH) molecule, a higher-energy
isomer of ketene (H,CCO).22

The presence of these C,0,H, molecular isomers in simulated
interstellar ices combined with the possibility that they may des-
orb into the gas phase clearly shows that spectral reference data
need to be available for their possible detection, especially in the
age of the James Webb Space Telescope (JWST) and the Atacama
Large Millimeter Array (ALMA) observing in the IR and radio,
respectively. The gas phase fundamental vibrational frequencies
producing the IR spectrum for the trans form of glyoxal have been
known for the better part of over 50 years, 23720 but the other iso-
mers only have a few fundamentals previously reported. Many
of these are from Ar-matrix experiments or relatively low-level
quantum chemical computations. The rotational spectroscopic
constants for cis-glyoxal are also available in the literature,2Z but
spectral data for the other C,0,H; isomers are largely unknown.

As such, the present work will fill in the knowledge gap for
these molecules and will provide accurate spectroscopic classi-
fication for the five lowest-energy, C,O,H, isomers in a man-
ner similar to that for ethynol, 2228 methanediol, 1022530 and di-
aminomethane.2132 The existence of the rrans-glyoxal gas phase,
experimental fundamental vibrational frequencies will allow for
benchmarking of the employed quantum chemical methods, and
such findings will give clear error expectations for the fundamen-
tal frequencies and spectroscopic constants for the other com-
puted isomers. The present approach in this work will employ
the venerable quartic force field (QFF) for approximating the an-
harmonic potential about the minimum and will be conjoined
to second-order rotational and vibrational perturbation theory
(VPT2).33736 gych approaches are notable for their applicability
to providing reference data from ab initio quantum chemical com-
putations=Z*1 and have aided in the recent detection of several
novel molecules in the laboratory as well as in astronomical en-
vironments.#2%20 As such, the data provided in this work should
be able to guide future gas phase experimental searches for these
molecules and could possibly also help to inform astronomical
searches, if the computational results are accurate enough.

2 Computational Details

QFFs are fourth-order Taylor series expansions. In this case, they
are expanding the potential portion of the internuclear Watson
Hamiltonian. QFFs are specific types of potential energy sur-
faces and are defined for the present work based on the level of
electronic structure theory utilized to compute the corresponding
energy points for the level of theory employed. For the present
work, the geometries of the five isomers of C,0O,H, are, first, op-
timized using coupled cluster theory at the singles and doubles
level with the addition of perturbative triples [CCSD(T)],>1H3
the “gold-standard” of quantum chemistry, >4 within the explicitly
correlated (F12b) formalism®22¢ a5 available within the MoL-
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PRO quantum chemistry program.2258 CCSD(T)-F12b is paired
with the core-correlating, correlation consistent triple-{ basis set
(cc-pCVTZ) .52

From this reference geometry, the PBQFF program
ployed to define normal coordinates for each isomer and com-
putes the QFF using the CCSD(T)-F12b/cc-pCVTZ-F12 level of
theory with a composite correction included for scalar relativity
via the Douglas-Kroll Hamiltonian®®!' with canonical CCSD(T)/cc-
pVTZ-DK computations for the relativity turned on and turned off.
The use of these terms produces the so called “F12-TcCR” QFF©2
for inclusion of triple-{ (T), core electron correlation (cC) as well
as relativity (R) in the composite energy. The PBQFF program,
then, further employs VPT2 in an updated, Rust-written version
of the SPECTRO program® where Fermi-resonance polyads are
included within the computation and affect the reported frequen-
cies; these are listed in the electronic supplementary information
(ESI). Additionally, a hybrid QFF is also examined in this work
where the harmonic terms are computed with F12-TcCR, and the
anharmonic terms are computed simply with CCSD(T)-F12b/cc-
pVDZ-F12 giving the “F12-TcCR+DZ” QFF. The latter has been
shown to produce similar accuracy to F12-TcCR but for 25% of
the computational cost.® In turn, F12-TcCR is known to be just as
accurate as the previous generation of composite QFFs computed
in a similar manner®>%8 but for only 4% of the computational
cost.

The dipole moments are computed via CCSD(T)-F12b/cc-
PVTZ-F12, called “F12-TZ” herein, and the Cartesian vectors for
the dipole moments are given in the ESI. The vibrational inten-
sities are computed with B3LYP/aug-cc-pVTZ as available within
the Gaussian16 program®?73 and are known to be comparable
with those derived from larger, semi-global dipole moment sur-
faces.Z#7> Anharmonic intensities are also reported for the two-
quanta overtones and combination bands where the intensities
are on the order of 10 km mol~! or larger. The term “out-of-
plane bend” is replaced herein with “OPB” and “in-plane bend”
with “IPB.” All of the rotational constants are computed in the
Watson A-Reduced Hamiltonian unless otherwise noted.

80 is em-

3 Results & Discussion

The structures and relative energies for the five isomers are given
in Fig. [1l The relative energies are from F12-TcCR minima with
anharmonic zero-point vibrational energies included. The relative
energies are similar to those computed previously, %128 but these
include further corrections for core electron corrlation, relativity,
and anharmonic zero-points making them the most accurate rel-
ative energies computed to date for the C,O,H, isomers. The
peroxide isomer is not included in this study as it lies significantly
higher in energy (>~ 100 kcal mol~!) than the other five, and
O—O0 bonds are typically weak. In any case, clearly the glyoxal,
dialdehyde isomers are the lowest in energy with the rotationally-
active, Cy,, cis isomer being 4.1 kcal mol~! higher in energy than
the trans global minimum. The cyclic isomer and ketone step up
in energy compared to the dialdehydes, but they are within 20
keal mol~! of trans-glyoxal. The diol is notably higher and exi-
hibits C; symmetry with O—C—C bond angles of nearly but not
quite 180°. Such a structure is exceptionally difficult to optimize
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Table 1 Vibrational frequencies (in cm™') of trans-glyoxal with B3LYP /aug-cc-pVTZ intensities (f in km mol™")

Mode Description ~ F12-TcCR ~ F12-TcCR+DZ  F12-CTZ f Expt.
o (ag) Sym C—H Stretch 2994.7 2994.7 2995.4 -
wy (b)) Anti-Sym C—H Stretch 2991.2 2991.2 2992.0 94
w3 (ag) Sym C—O Stretch 1783.6 1783.6 1785.7 -
w4 (by) Anti-Sym C—O Stretch 1765.9 1765.9 17679 127
s (ag) Sym C—H Rock 1383.7 1383.7 1384.6 -
g (by) Anti-Sym C—H Rock 1343.0 1343.0 1344.2 6
w7 (ag) C—C Stretch 1099.4 1099.4 1099.9 -
g (bg) Anti-SymC—H Wag 1067.6 1067.6 1069.2 -
wy (a,) Sym C—H Wag 814.9 814.9 816.1 3
o (ag) Sym C—C—O0 Bend 562.0 562.0 562.4 -
oy, (b,) Anti-Sym C—C—0 Bend 335.7 335.7 336.0 50
oy (a,) Torsion 129.5 129.5 130.1 34
vi (ag) Sym C—H Stretch 2838.8 2835.3 2845.0 - 28434
vy (by) Anti-Sym C—H Stretch 2842.5 2830.0 2840.0 100 2835.07°
v3 (ag) Sym C—O Stretch 1751.8 1749.8 1757.4 - 1745
vy (by) Anti-Sym C—O Stretch 1714.2 1744.0 1711.0 114 17320
vs (ag) Sym C—H Rock 1352.8 1351.4 1362.0 - 1338¢
Ve (by) Anti Sym C—H Rock 1321.1 1315.6 1318.4 6 1312.4%
v7 (ag) C—C Stretch 1078.2 1061.8 1081.8 - 1065¢
vg (bg) Anti-Sym C—H Wag 974.1 1058.7 997.3 - 1047.91¢
vo (a,) Sym C-H Wag 773.9 806.3 803.9 2 801.4°
vio (ag) Sym C—C—O0 Bend 532.2 544.0 566.8 - 550.53¢
vi1 (by) Anti-Sym C—C—O0 Bend 351.2 338.1 419.6 49 338.6°
via (@) Torsion 129.5¢ 125.3 151.6 32 126.6°
V3 + V4 3468.7 10
Ve + Vi1 1653.6 9

9Experimental data from Ref. [24]
bExperimental gas phase data from Ref.
‘Experimental Raman data from Ref.
4Experimental data from Ref.
¢Harmonic value used due to problems with this mode.

trans-glyoxal
(0.0) cis-glyoxal

(4.1)

HOCCOH
(45.8)

I

cyc-H,COCO OCCHOH
(10.7) (15.7)

J

Fig. 1 Optimized geometries and relative energies (in parentheses in kcal mol~!) for the C;0,H, isomers with names of the molecules given. O (red),
C (gray), and H (white).
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Table 2 Rotational Constants of trans-glyoxal

Const. Units F12-TcCR F12-TcCR+DZ
Ae MHz  56028.7 56028.7
B MHz 4819.8 4819.8
C, MHz 4438.0 4438.0
Ao MHz  55321.9 55311.3
By MHz 4798.2 4797.8
Co MHz 4416.7 4416.3
Ay kHz 1.188 1.188
Ak kHz  511.950 511.950
Ask kHz —7.583 —7.583
8; Hz  118.287 118.287
Sk kHz 6.178 6.178%
D uHz  169.256 160.173
D Hz 13.064 13.073
(DJK mHz —6.109 —6.363
Dy mHz —734.361 —735.701
¢; uHz 82.721 81.823
Pk mHz 2.302 2.185
Ok Hz 1.016 1.015°
K —0.985

4Within the S-reduced Hamiltonian, d, = —5.726 Hz.
4Within the S-reduced Hamiltonian, 43 < 1 mHz.

due to the near linearity of the four heavy atoms and the prob-
lems this causes with the subsequent dihedral angle definitions.
Even so, the present computations put the O—C—C bond angles
at 176.743°. Again, these molecules, regardless of their relative
energies, have been generated in laboratory simulations of as-
trochemical ices,?! and their spectral data may help to explain
spectral features of regions where ices are known to form.

As shown in Table [1) most of the presently computed, quan-
tum chemical, F12-TcCR QFF VPT2 anharmonic frequencies are
in good agreement with experiment. The mean absolute percent
error (MA%E) is 2.1% compared to experiment. For example, the
frequency for v, is computed to be 2838.8 cm~! with experiment
at 2843 cm~!,24 a percent error of just 0.4%. The main out-
lier for the F12-TcCR anharmonic fundamental frequencies is vg
which is computationally predicted to be nearly 74 cm~! less than
the experimental value of 1047.91 cm~'.2% The rest are within 19
cm~! of expeirment. Furthermore, the v|, frequency is computed
to produce a non-physical negative frequency. Hence, the har-
monic value is retained in Table[1|as it is already within 3.0 cm ™!
of experiment. Such erroneous behavior is emerging in compu-
tations of this type where some lower frequency fundamentals
experience numerical instability in the cubic and quartic terms.

The best solution appears to be imposing a hybrid QFF, F12-
TcCR+DZ in this case. F12-TcCR+DZ maintains the accuracy in
the dominant harmonic terms but utilizes the numerical stability
of the non-composite F12-DZ single-point energies for the cubic
and quartic terms. Additionally, F12-DZ is effectively canonical
CCSD(T)/aug-cc-pVQZ, 7% and surprisingly effective treatment of
vibrational and rotational constants with F12-DZ has been bench-
marked previously.©2 Additionally, numerical instability in the an-
harmonic terms has also been reported of late,”8 with such hybrid
methods discussed as potential means to alleviate such issues."2
The MA%E of the F12-TcCR+DZ QFF is lower at a nearly trivial

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

0.6% for the entire set with vg computed to be much closer to ex-
periment at 1058.7 cm~!, an error of 1.0%, the largest of the
trans-glyoxal fundamental frequencies. All F12-TcCR+DZ QFF
frequencies are within 11.0 ecm™! of experiment, half of them
within 5.0 cm™! or better. The v;; fundamental (338.6 cm™!)
is even within 0.5 cm~! of experiment.’?3 Hence, the VPT2 fun-
damental frequencies predicted for the other isomers with the
F12-TcCR QFF should be good, but the F12-TcCR+DZ QFF should
be better. Additionally, the computed numerical intensities com-
puted herein match the qualitative descriptions (i.e. a “strong”
band at 1732 ecm™~! computed here to be 114 km mol~!) from
experiment, as well.

Another alternative is to throw out the relativistic corrections
altogether from the QFF and rely solely upon the CCSD(T)-
F12b/cc-pCVTZ (F12-CTZ) portion of the energy term as the QFF.
The frequencies for this approach are also shown in Table[1| The
harmonic frequencies never vary by more than 3.0 cm~! com-
pared to either F12-TcCR or the hybrid QFF, typically by less
than 2.0 cm~!'. However, the anharmonic terms begin to show
larger deviations. The F12-TcCR+DZ QFF fundamentals, for the
most part, are closer to experiment than those from the F12-CTZ
QFF making them more desirable on-the-whole. Additionally, the
added computational cost, roughly an order of magnitude, 26480
gives further support to choosing the hybrid QFF over one com-
puted from F12-CTZ.

The rotational constants for trans-glyoxal are given in Table
The F12-TcCR and F12-TcCR+DZ spectroscopic constants are ef-
fectively identical. They should be for the I” representation quar-
tic and sextic distortion constants as these are computed at the
harmonic level. The anharmonic terms do not greatly influence
the zero-point corrected princpal Ay, By, and Cj rotational con-
stants; the large Ag only shifts by 10.6 MHz for instance. Hence,
the rotational constants for either QFF should be equally useful.
While this molecule is rotationally inactive due to its C,;, symme-
try, these rotational constants may aid in constructing a complete
partition function for this molecule or provide insights in Raman
or rovibrational spectroscopy. They also show that trans-glyoxal
is near-prolate with ¥k = —0.985. By and C differ by 381.5 MHz.
The full set of vibrationally-excited rotational constants are given
in the (ESI).

The other, C;, dialdehyde isomer, cis-glyoxal lying 4.1 kcal
mol~! above the trans minimum, is rotationally active and much
more vibrationally active due to a lack of an inversion center as
one of the symmetry operators in its point group. For instance,
the v; symmetric C-H stretch and the v, symmetric C-O stretch
both have notable intensities in the range of 130 km mol ! as
shown in Table[3] nearly double the intensity of the antisymmetric
stretch of water. The F12-TcCR+DZ QFF v, is computed herein
to be 2831.4 cm™! or right above 3.5 um nearly adjoining the
C-H stretching frequencies in polycyclic aromatic hydrocarbons
(PAHs) .8l The v, frequency is also close to the v, anti-symmetric
C-H stretch in cis-glyoxal of 2812.3 cm~!. Hence, any interstellar
glyoxal of either form will likely not be observed in this wave-
length region of the IR via JWST, as they will be covered up
by PAH features. The v, fundamental is computed to be 1752.9
cm ! for the cis, and the same motion for the trans (1732 cm—1
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Table 3 Vibrational Frequencies (in cm™!) of cis-glyoxal with B3LYP /aug-
cc-pVTZ intensities (in km mol™!)

Mode Description ~ F12-TcCR  F12-TcCR+DZ f
o (ap) Sym C—H Stretch 2961.0 2961.0 175
w; (by) Anti-Sym C—H Stretch 2933.8 2933.8 45
w3 (by) Anti-Sym C—O Stretch 1803.9 1803.9 52
wy (ar) Sym C—O Stretch 1772.9 17729 130
s (ap) Sym O—C—H Bend 1403.0 1403.0 1
g (by) Anti-Sym O—C—H Bend 1396.5 1396.5 1
w7 (az) Anti-Sym C—C OPB 1068.1 1068.1 -
wg (ap) C—C Stretch 852.3 852.3 14
wy (b7) Anti-Sym C—C IPB 826.3 826.3 74
w0 (b1) Sym C—C OPB 741.7 741.7 1
oy (a1) Sym O—C Rocking 282.6 282.6 6
w7 (az) Torsion 86.7 86.6 -
v (a1) Sym C—H Stretch 2813.5 2831.4 130
vy (b2) Anti-Sym C—H Stretch 2756.0 2812.3 27
vz (b2) Anti-Sym C—O Stretch 1765.2 1777.1 57
Vs (a1) Sym C—O Stretch 1740.7 1752.9 130
Vs (a1) Sym O—C—H Bend 1373.5 1366.0 1
Ve (b2) Anti-Sym O—C—H Bend 1285.8 1370.0 1
V7 (a2) Anti-Sym C—C OPB 1020.4 1053.8 -
vg (a1) C—C Stretch 806.6 824.7 13
Vo (b2) Anti-Sym C—C IPB 640.2 802.9 52
vio (b1) Sym C—C OPB 656.9 749.5 1
Vi1 (a1) Sym O—C Rocking 247.8 266.8 6
Via (a2) Torsion —348.8 348.0 -
2v, 2710.3 47
Vs + Ve 2680.8 22
Vio + V12 1169.5 19

Table 4 Rotational Constants and Dipole Moment (F12-TZ) for cis-
glyoxal

Const. Units F12-TcCR F12-TcCR+DZ Exp.*
A, MHz 26672.0 26672.0

B, MHz 6265.4 6265.4

Ce MHz 5073.6 5073.6

Ap MHz 26757.9 26737.3 26713.366(3)
By MHz 6183.1 6188.7 6190.8042(6)
Co MHz 5030.0 5033.0 5032.4513(5)
Ay kHz 6.192 6.192 6.368(1)
Ak kHz 169.836 169.832 192.41(2)
Ajk kHz  —44.785 —44.781 —48.07(1)
oy kHz 1.623 1.623 1.7006(2)
Ok kHz 12.962 12.960 16.39(2)
Dy mHz 8.327 8.670 6.0(9)
e Hz 6.223 6.178 9.2(2)
Dy mHz 140.848 135.302 125.(13)
gy Hz —2.075 —2.045 —2.52(50
0; mHz 3.953 4.069 1.98(9)
Ok mHz 18.437 19.489 —73.(16)
O Hz 1.633 1.635

m D 3.55

K —0.894

“Gas phase experimental data from Ref. 27
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Table 5 Vibrational frequencies (in cm™!) of cyc-H,COCO with
B3LYP/aug-cc-pVTZ intensities (in km mol~!)

F12- F12-

Mode Description TcCR  TcCR+DZ f Expt.
; (@) Anti-Sym C—H Stretch ~ 3251.6 3251.6 1
 (d) Sym C—H Stretch  3144.4 3144.4 3
o (d) C—O Stretch  2003.6 2003.6 454
o4 (d) C—H-HBend 1490.4 1490.4 1
s (d') C—H-HBend 1206.1 1206.1 9
wg (a) C—O Stretch  1115.3 1115.3 70
w; (@) C—H-HWag 1064.7 1064.7 1
s (@) Anti-Sym C—H—H Rock  1009.1 1009.1 2
wy (a') Sym C—H—H Rock 963.8 963.8 75
) (@) C-C-O1IPB 717.1 717.1 41
oy (@) C—-C-O1IPB 535.6 535.6 7
o (@) 0-C-0 OPB 489.3 489.3 5
vy (@) Anti-Sym C—H Stretch ~ 3102.4 3099.5 1
v, (d) Sym C—H Stretch  3020.6 3019.4 3
v (@) C—O Stretch  1966.4 1963.0 290 1960+2¢

1967?
vy (d) C—H-HBend 1440.7 1441.4 1
vs (d) C—H-HBend 1168.5 1172.0 6
ve (@) C—O Stretch  1088.8 1085.6 63
v; (@) C—H-H Wag 1039.0 1044.3 1
vg (@") Anti-Sym C—H—H Rock 983.7 988.6 2
vy (d') Sym C—H—H Rock 934.8 936.0 58
vio (@) C-C-O1IPB 691.1 689.4 42
vy (@) C-C-O1IPB 526.3 526.1 6
viz (@) 0-C-0 OPB 480.4 492.9 4
Ve + Vs 2214.2 29
Vs + Vg 2155.8 44
Vs + Vg 2111.6 11
2vg 1979.0 166
2V 1854.5 45
2V 995.3 11

¢ Experimental gas phase data from Ref. [84
b Experimental CO, matrix data from Ref. [85

from experiment; 1744.0 cm~! from the F12-TcCR+DZ QFF) also
falls in a PAH band at 5.7 um. Again, this PAH region is domi-
nated by combination bands implying that strong fundamentals
of an abundant molecule may yet be discernible at such wave-
lengths. Once more, the F12-TcCR+DZ QFF produces less an-
harmonic fundamental vibrational frequencies below 1500 cm™!
as shown in Table 3| implying from the cis benchmark that they
should be more reliable. However, only the vg (824.7 cm~!) and
Vo (802.9 cm~!) fundamentals exhibit any notable intensity.

Differently, cis-glyoxal is strongly dipolar (3.55 D), and its rota-
tional spectroscopic constants are given in Table[d] The rotational
constants are showcasing exceptional accuracy compared to pre-
vious experiment. The Cy F12-TcCR+DZ value of 5033.0 MHz
is within 1.0 MHz of experiment at 5032.4513 MHz,2Z and By
is within 2.1 MHz of experiment. Even the A, constant agrees
to within 24.0 MHz or less than 0.1%. The quartic and sex-
tic distortion constants are not as accurate, but they are provid-
ing semi-quantitative correlation to these values well within their
limits.®2183 Consequently, the F12-TcCR+DZ QFF should be able
to predict numerically-accurate, anharmonic fundamental vibra-
tional frequencies and rotational constants for the rest of the iso-
mers of C,0,H, that have yet to be observed spectroscopically
in the laboratory and may be present in astronomical environ-
ments.21

The next, lowest-lying isomer is cyc-H,COCO (a-lactone)
which, again, is computed herein to be 10.7 kcal mol~! above
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Table 6 Rotational Constants and Dipole Moment (F12-TZ) of cyc-
H,COCO

Const. Units F12-TcCR F12-TcCR+DZ
Ae MHz 25224.8 25224.8
B, MHz 8127.9 8127.9
C, MHz 6415.5 6415.5
Ag MHz 24913.3 24910.3
By MHz 8101.9 8102.1
Co MHz 6372.8 6372.7
Ay kHz 2.066 2.066
Ag kHz 93.890 93.890
Ajg kHz 15.540 15.540
oy Hz 509.335 509.334
SOk kHz 12.049 12.049
[0y mHz 1.201 1.208
[ mHz —34.889 —47.284
Dk mHz 23.699 23.502
Dy mHz 156.937 160.112
9 uHz  581.845 586.368
Ok mHz 17.816 17.812
O mHz  782.551 783.981
m D 3.31

K —-0.813

the trans-glyoxal minimum, very close to the 10.2 kcal mol~!
from a CCSD(T)/CBS energy difference from within W2-F12 the-
ory.2% The ¢ye-H,COCO structure (as shown in Fig. [1) is an epox-
ide like the astronomically-observed propylene oxide, €% but cyc-
H,COCO also exhibits a ketone and retains C; symmetry. This
isomer is much closer to the minimum than epoxide is to ketene
for the related C,OH, isomers, 22 implying that cyc-H,COCO may
likely have much more of a role in the chemistry of related
molecules than even the experimentally-known oxirene. Previ-
ous unscaled harmonic vibrational frequencies and IR intensities
computed at the B3LYP/aug-cc-pVDZ have been reported pre-
viously®¥ as have scaled harmonic vibrational frequencies from
B3LYP/aug-cc-pVTZ.8Z However, the present computations rep-
resent a significant improvement in the quantum chemical level
of theory employed for computing the vibrational spectral data of
this molecule.

Table [5] contains the fundamental vibrational frequencies for
cyc-H,COCO. The F12-TcCR and F12-TcCR+DZ QFF anharmonic
fundamental frequencies actually are in close alignment for this
molecule, agreeing to within 5.0 cm~! in all cases save for vj,.
Previous gas phase experimental classification of v; put this fre-
quency at 196042 cm~! exceptionally close to the 1963.0 cm™!
F12-TcCR+DZ QFF value with the F12-TcCR slightly above this.
Hence, these benchmarks are highlighting the accuracy and the
reliability for the remaining and previously unattributed funda-
mental frequencies. The most notable fundamental frequency
for cyc-H,COCO is, again, the v3 C-O, ketone stretch at 1963.0
em~!. The reason that this frequency has been observed in both
the gas and condensed phases even while originating from such
a high energy isomer comes from the notable intensity of this
stretch at 290 km mol~!, approaching the level of the antisym-
metric stretch in CO, in terms of intensity. Additionally, the very
close 2vg overtone is computed to have an intensity of more than
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Table 7 Vibrational frequencies (in cm~!) of OCCHOH with B3LYP /aug-
cc-pVTZ intensities (in km mol~!)

Mode Description  F12-TcCR  F12-TcCR+DZ f
o (a) O—H Stretch 3826.0 3826.0 52
a, (a) C—H Stretch 3218.6 3218.6 17
w3 (a) C—C Stretch 2187.7 2187.7 506
wy (a) H—C—-0 Bend 1434.7 1434.7 18
s (a) H—O-C Bend 1280.9 1280.9 38
g (a) C—O Stretch 1184.3 1184.3 74
w7 (a) C—C—0 Bend 1040.6 1040.6 24
g (a) O-C-CIPB 682.1 682.1 6
wy (a) O—C—H OPB 576.8 576.7 46
w9 (a) 0O-C—C OPB 491.9 491.9 26
oy (a) H—O-C Bend 277.9 277.9 109
on (a) O—C—0 Bend 225.7 225.7 5
vy (a) O—H Stretch 3635.2 3633.8 35
vy (a) C—H Stretch 3083.8 3079.4 16
V3 (a) C—C Stretch 2137.8 2137.1 303
vs (a) H—C—0 Bend 1398.8 1391.7 15
vs (a) H-0O-C Bend 1262.0 1247.4 19
Ve (a) C—O Stretch 1180.4 1161.5 40
v7 (a) C—C—0 Bend 1010.2 1008.0 15
g (a) O—-C—CIPB 687.6 673.7 5
vy (a) O—C—H OPB 535.2 561.0 18
vio (@) O0—-C-C OPB 521.9 482.2 36
vi1 (@) H—0O-C Bend 344.4 246.0 54
vi2 (@) O—C—0 Bend 374.0 2319 27
2v; 7081.3 11
Ve + V7 2179.0 180
Vi +Vi2 1258.8 24
2vy 1112.3 16
2Vio 965.9 14
2V11 462.8 16

two-thirds as much implying that at low-resolution, there should
be a notable combination of intensity here making the combined
feature readily observable. The v; fundamental (and possible 2vg
overtone combination) also is found in a region that is largely
bereft of astronomical IR features, especially attributed ones, im-
plying that cyc-H,COCO may be a logical molecular target for
future JWST observations. Experimentally, the vg ketone stretch
(1085.6 cm~!) and the vy CH, rock (936.0 cm~!) will also help
to characterize this molecule within the IR.

The rotational constants for cyc-H,COCO are given in Table E]
and show that this isomer is the least prolate of the set. The B
and C constants are also the largest of the isomers, but the 3.31
D dipole moment is the second-largest only behind cis-glyoxal.
As such, the data provided in this work should serve not only as
markers for but also motivation for astronomical searches for this
molecule.

Little appears to be known about the OCCHOH isomer at 15.7
kcal mol~! above the glyoxal minimum. This C; molecule is actu-
ally just OH-functionalized ketene, a known interstellar molecule
in its own right along with its related radical 2288189 n any case,
OCCHOH is also exhibiting a large intensity transition (303 km
mol~!) in the range of 4-5 um for its v3 C-C stretch at 2137.1
cm~! for F12-TcCR+DZ; F12-TcCR is within 1.0 cm~! of its coun-
terpart. The V4 + v; combination band at 2179.0 cm~! is also
exhibiting a notable intensity in this same frequency range as the
vs fundamental similar to the close proximity of v along with
2vg for cyc-H,COCO. All other fundamentals are IR active with
intensities typically in the 10-40 km mol~!. The F12-TcCR+DZ
low frequency values are more anharmonic than the F12-TcCR
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Table 8 Rotational Constants and Dipole Moment (F12-TZ) of OCCHOH

Const. Units F12-TcCR F12-TcCR+DZ
Ae MHz  48596.1 48596.1
B MHz 4709.2 4709.2
C, MHz 4347.4 4347.4
Ao MHz  49079.1 48912.0
By MHz 4680.4 4685.7
Co MHz 4318.3 4321.6
Ay kHz 2.510 2.510
Ak MHz 3.670 3.670
Ajk kHz —130.680 —130.689
5 Hz  508.282 508.265
Sk kHz 13.886 13.881¢
(o)) mHz 8.784 9.418
Dy Hz  839.650 813.785
Loy mHz —114.838 —163.068
Dy Hz —21.773 —20.041
; mHz 3.061 3.251
dix mHz  168.280 178.032
Ok Hz 29.375 29.651”
u D 1.98

K —0.984

4Within the S-reduced Hamiltonian, d, = —29.377 Hz.
4Within the S-reduced Hamiltonian, 43 < 1 mHz.

for OCCHOH, but the previous benchmarks imply that the hybrid
method should be more representative of physical realty. OC-
CHOMH is also near-prolate (k = —0.984; Table[8) and has a dipole
moment of nearly 2 D. Hence, this molecule may form in other
mechanisms than those related to glyoxal, and the data in this
work should aid in its characterization and potential interstellar
observation.

Even though HOCCOH lies 45.8 kcal mol~! above the glyoxal
minimum and more than 30 kcal mol~! above the next-highest
isomer, this form of C,0O,H, has been scrutinized previously
through both argon matrix experiments and supporting quantum
chemically computed vibrational frequencies at the MP2/6-31G*
level of theory.22 The frequencies of this alkyne-diol are given in
Table [9] The two argon-matrix classified fundamental frequen-
cies, unsurprisingly, correspond to the two most intense funda-
mentals, v, and vg, b-irrep motions involving the O-H stretches
and C-O-H bends, respectively. While the argon matrix v, is in
line with what a matrix shift (~ 44 cm~') should produce com-
pared to gas phase data for this energy regime around 3600 cm™!,
the F12-TcCR+DZ v bend at 1204.8 cm™~! is below the experi-
mental value of 1212.4 cm~!. Regardless, the quantum chemical
values and the argon matrix are sufficiently close for the remain-
ing anharmonic frequencies to be taken as trustworthy. The high
frequency O-H stretches are nearly degenerate with one another
implying that their intensities will actually enhance the total sig-
nal in this range. These frequencies at 3630-3632 cm~! are in
line with what are expected for alcohol O-H stretches and are
computed to be within 5.0 cm ! of the related ethynol (HCCOH)
molecule. Peaks at 1338.8 cm~! and, again, 1204.8 cm~! should
be observable.

Additionally, the CCSD(T)-F12b/cc-pCVTZ barrier to planarity
is a meager 1.73 kcal mol~! or just 605 cm~! showcasing the
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Table 9 Vibrational frequencies (in cm™!) of HOCCOH with B3LYP /aug-
cc-pVTZ intensities (in km mol™!)

F12- F12-
Mode Description TcCR  TcCR+DZ f Expt.
o (a) Sym. O—H Stretch 3824.6 3824.6 54
w, (b) Anti-Sym. O—H Stretch  3823.0 3823.0 177
;3 (a) C—C Stretch 2442.7 2442.7 1
wy (b) C—O—H Bend 1378.0 1378.0 73
s (a) C—O—H Bend 1285.3 1285.3 1
g (b) C—O—H Bend 1250.3 1250.3 401
w7 (a) C—O Stretch 802.5 802.5 1
wg (a) O—-C—C Bend 361.3 361.3 1
w9 (b) O—-C—C Bend 353.3 353.3 3
w9 (a) Torsion 281.3 281.3 133
o (@ O-C—-CBend 235.1 235.1 1
o, (b)) 0O-C—CBend 231.5 231.5 17
vi (a) Sym. O—H Stretch 3631.1 3631.5 45
v, (D) Anti-Sym. O—H Stretch  3628.7 3630.1 158 3586.2¢
vs (a) C—C Stretch 2363.6 2360.1 1
vy (b) C—O—H Bend 1344.8 1338.8 84
Vs (a) C—O—H Bend 1239.1 1243.7 1
Vs (b) C—0O—H Bend 1232.7 1204.8 377 1212.4¢
v; (a) C—O Stretch 808.6 809.3 1
vg (a) O—-C—C Bend 287.5 350.5 13
vy (b) O-C—C Bend 309.0 316.8 3
vig (a) Torsion 214.3 215.0 55
vi1 (@ O—-C—-CBend 283.5 246.3 63
vi (b)) O-C-CBend 230.3 169.8 19
Vi+Wv 7078.3 26

Previous argon matrix data from Ref. [90

Table 10 Rotational Constants and Dipole Moment (F12-TZ) of HOC-
COH

Const. Units F12-TcCR F12-TcCR+DZ
A, MHz  324948.2 324948.2
B, MHz 3679.2 3679.2
C, MHz 3675.6 3675.6
Ay MHz 324138.4 324137.8
By MHz 3675.9 3677.1
Co MHz 3666.1 3666.8
Ay Hz 349.613 349.613
Ag MHz 98.151 98.147
Ajk kHz 70.952 70.993
oy mHz —864.485 —865.282
SOk MHz 1.360 1.360%
(o) uHz 8.356 9.481
() MHz —7.185 —7.189
D mHz 169.499 194.597
Py kHz —2.480 —2.474
0; uHz —2.826 —2.332
Djk Hz 2.002 2.079
Ok kHz —993.573 —991.122°
u D 2.03

K —0.9999

4Within the S-reduced Hamiltonian, d, = —1.919 Hz.
4Within the S-reduced Hamiltonian, /3 < 1 mHz.
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torsion to be a large-amplitude motion. Such an energy is above
all of the heavy atom bends and the torsion in Table [10|implying
that VPT2 will not be sufficient for providing spectroscopically-
accurate results. 74729l However, the six-lowest energy funda-
mental frequencies are either too low in intensity or frequency
to be observed astronomically or potentially even in the labora-
tory rendering such a concern moot for all but the most holistic
of spectroscopic characterizations.

The rotational constants for this dipolar molecular isomer are
given in Table HOCCOH has a notable dipole moment of
2.03 D even though it is essentially prolate. By and C differ
by effectively 10 MHz (3677.1 MHz versus 3666.8 MHz for F12-
TcCR+DZ). Whether this molecule plays any role in ice chemistry
beyond that which as been reported?l has yet to be seen, but
these data provided here should allow for at least a solid first
approximation for building the necessary spectral library for its
potential observation. Finally, the strong anharmonicities present
in the low-frequency modes for this molecule likely render the
VPT2-computed centrifugal distortion constants qualitatively cor-
rect at best.

4 Conclusions

Of the five C,0,H, isomers examined herein, cis-glyoxal and
¢yc-HyCOCO are tantalizing targets for radioastronomical obser-
vation.
lar ice analogues recently,?! cis-glyoxal is the most polar. Even
though rrans-glyoxal is the lowest energy, its C,;, symmetry defines
it to be non-polar. Additionally, the related (Z)-1,2-ethenediol
(C,0,H,4) molecule has recently been observed in the interstellar
medium, 420 making the cis conformer of glyoxal the best tar-
get for radioastronomy of the set. However, cyc-H,COCO is only
10.7 keal mol~! above cis-glyoxal. Its structural properties link it
to other ketones, epoxides, and oxirenes. Cyc-H,COCO exhibits
the second-largest dipole moment (3.31 D), its v3 C-O stretch at
1963.0 cm~! is the second-most intense of those examined here,
and this fundamental frequency along with its nearly degenerate
and nearly as intense 2vg overtone falls in an area of the IR that is
not heavily laden with PAH features. Hence, it would be a natural
target for a combined IR and radioastronomical search.

The total set of vibrational, rotational, and rovibrational spec-
tral data computed in this work will certainly aid in any studies
(laboratory or otherwise) of these molecules. They are known
to form in simulated interstellar ices making them likely to do
so in the interstellar medium. Sublimation events may put these
C,0,H,; species into the gas phase, and the data provided herein
would certainly aid in their detection through JWST, ALMA, or
the next generation of telescopes and observatories.2

While these isomers have been detected in interstel-
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