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The pure rotational spectrum of glycolaldehyde has been recorded from 6.5-20 GHz and 25-40 GHz in
two pulsed-jet chirped pulse Fourier transform microwave spectrometers. The high phase stability of
the spectrometers enables deep signal integration, allowing transitions from the '*C-substituted, '®0-
substituted, and deuterium-substituted isotopologues to be observed in natural abundance. Transitions
from HCOCH,'80H are reported for the first time. Additional transitions from the '>C-substituted, deute-
rium-substituted, and HC'®0CH,OH isotopologues, as well as previously unobserved weak lines from the
main isotopologue, have been observed. Transitions from all isotopologues are used with previously
reported transitions to refine the spectroscopic parameters for each isotopologue. A Kraitchman analysis
was performed using the experimental rotational constants to determine the molecular structure of

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Glycolaldehyde (HCOCH,OH) is the simplest a-hydroxy alde-
hyde, and as a sugar-related species is important in prebiotic
chemical pathways. Glycolaldehyde is one of a set of complex or-
ganic molecules (COMs) detected in the interstellar medium
(ISM), and is one of the few members of the C,H,,,0, family to be
detected thus far. Given its importance as a prebiotic molecule
and the level of its chemical complexity compared to other COMs,
detection of glycolaldehyde in an astronomical source and deter-
mination of its physical properties can provide important insight
into the complex chemistry of the source. Glycolaldehyde has been
detected in three interstellar sources, Sgr B2(N) [1-3], G31.41+0.31
[4], and IRAS 16293-2422 |[5], and tentatively detected in
G24.78+0.08 [6], through observations of its pure rotational spec-
tral lines at microwave, millimeter, and submillimeter wave-
lengths. New submillimeter observatories such as the Atacama
Large Millimeter Array (ALMA), the Stratospheric Observatory for
Infrared Astronomy (SOFIA), and the Herschel Space Observatory
(HSO) are providing observations with unprecedented spectral
sensitivity and spatial resolution. The increased sensitivity of these
instruments over existing ground-based observatories will enable
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the detection of glycoladehyde and other COMs in many additional
sources. Indeed, the recent detection of glycolaldehyde lines in IRAS
16293-2422 was from an ALMA science verification dataset [5].

Reported isotopic ratios for 3C/'2C, ¥0/'®0, and D/H in inter-
stellar environments vary significantly from the standard terres-
trial abundances, and depend both on the isotope and location
within the galaxy. The Galactic '3C/'2C ratio ranges from 0.01 to
0.05 [7], and has been reported to be as high as 0.09 in some
sources [8]. The '®0/'%0 ratio has been reported to be as low as
0.002 in the local ISM, and as high as 0.004 in the Galactic center
[7]. The Galactic D/H ratio is 1.7 x 10~° [7], though isotopic frac-
tionation effects can raise the observed D/H ratio for many mole-
cules by several orders of magnitude, as evidenced by the
detection of NDs [9] in cold clouds. Given these abundances, it is
expected that as more sensitive observatories such as ALMA come
online, the isotopologues of glycolaldehyde may be observable to-
ward some Galactic sources, particularly in the Galactic Center.
Accurate transition frequencies for the various isotopic species of
glycolaldehyde are therefore necessary to eliminate confusion be-
tween unassigned spectral features arising from known interstellar
species and spectral features arising from truly unidentified spe-
cies. Additionally, isotopic fractionation is strongly dependent on
physical conditions present during formation, and determination
of isotopic fractionation in glycolaldehyde may provide insight into
the formation pathways for interstellar glycoladehyde.

The rotational spectrum of glycolaldehyde has been well-stud-
ied. The main glycolaldehyde isotopologue has been characterized
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to 1.2 THz [10-14]. The three singly-deuterated species have been
studied from 12.3 to 26 GHz with J. =33 [10], and from 150 to
630 GHz with Jy,,qx = 67 [15]. The two 3C isotopologues have been
studied in the 12.3-26 GHz frequency range with J,.=8 and
Jmax = 14 [11]. Spectral assignments for the two '3C isotopologues
from 150 to 945 GHz were also recently reported [17]. Addition-
ally, HC'®0OCH,0H has been studied from 12.4 to 36.3 GHz with
Jmax=15 [11]. HCOCH,'80H was not included in the previous
microwave studies due to difficulties in isotopically-enriching the
hydroxyl oxygen, and therefore has no reported microwave spec-
tra. Sensitivity limitations with previous microwave spectral tech-
niques led to only a handful of lines being measured at lower
frequencies for each of these glycolaldehyde isotopic variants.
These microwave measurements underpin the spectral predictions
for higher frequency transitions that are applicable to new obser-
vational studies. It is therefore important to revisit these measure-
ments with new high-sensitivity microwave spectrometers so that
the spectral fits can be refined by inclusion of additional line
assignments.

Here we report the laboratory rotational spectroscopic studies
of the various glycolaldehyde isotopologues observed in natural
abundance using pulsed-jet chirped pulse Fourier transform
microwave spectrometers operating in the ranges of 6.5-20 GHz
and 25-40 GHz. These measurements refine the previously re-
ported measurements by offering higher spectral resolution, and
improve upon the previous datasets with the inclusion of more
transitions for each isotopologue. The experimental details, data
analysis methods, and refined molecular parameters are presented
below.

2. Experimental

Glycolaldehyde spectra were acquired at the University of Vir-
ginia, using two chirped-pulse Fourier transform microwave (CP-
FTMW) spectrometers operating in the frequency ranges of 6.5-
20 GHz and 25-40 GHz. The spectra are shown in Figs. 1-4. The
6.5-20 GHz spectrum was acquired using a CP-FTMW spectrome-
ter that was previously described [18], and the 25-40 GHz spec-
trum was acquired using a newly-developed K, band CP-FTMW
spectrometer that has been recently described [19]. In both cases,
a sample of 99% pure solid glycolaldehyde from Sigma-Aldrich was
used without further purification or alteration. For both experi-
ments, the sample was placed in a sample holder and gently heated
to a temperature of 45 °C to produce sufficient gas-phase sample.
Neon gas flowed over the solid sample, and the gas mixture was
delivered to two pulsed valves (1 mm nozzle diameter, General
Valve Series 9) at a backing pressure of ~1atm. A total of
450000 and 1100000 individual free induction decays (FIDs) were
acquired for the low-frequency and high-frequency bands, respec-
tively. A total of 10 FIDs were acquired on each valve cycle. The FID
lengths were 20 pis and 10 ps in the low-frequency and high-fre-
quency bands, respectively. These FIDs were averaged and con-
verted to frequency spectra by taking a fast Fourier transform
(FFT), and a Kaiser-Bessel window was applied. The resultant spec-
tra given in Figs. 1-4 are magnitude spectra. The FWHM linewidths
are on the order of 130 kHz in the low-frequency band and 200 kHz
in the high-frequency band.

The strongest transition observed in the 6.5-20 GHz spectrum
was the 1;9-1¢,; transition for HCOCH,OH, with a signal strength
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Fig. 1. Spectrum of glycolaldehyde from 6.5 to 20 GHz.
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Fig. 2. Spectrum of glycolaldehyde from 6.5 to 20 GHz, showing spectral detail.
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Fig. 3. Spectrum of glycolaldehyde from 25 to 40 GHz.
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Fig. 4. Spectrum of glycolaldehyde from 25 to 40 GHz, showing spectral detail.

of 38.34 mV. The noise level in this spectrum is approximately
0.0003 mV,, based on an average of 450000 FIDs, giving a signal-
to-noise ratio of ~127800 for the main isotopologue. In the 25-
40 GHz spectrum, the strongest observed line was the 21,-1g;
transition for HCOCH,OH, with a peak intensity of 34.45 mV. The
noise level is approximately 0.00015 mV, based on an average of
1100000 FIDs, giving a signal-to-noise ratio of ~230000.

3. Data analysis
3.1. Initial fit parameters

The rotational constants and quartic centrifugal distortion con-
stants for the singly deuterated species DCOCH,OH, HCOCDHOH,

and HCOCH,OD were taken from [15], and rotational constants
for the '3C isotopologues and HCO'®CH,OH were taken from [11].

Table 1

Structural optimizations were performed for HCOCH,'80H up to
the B3LYP level of theory with an aug-cc-pVQZ basis set using
GAUSSIAN 09 [20] at the Emory University Cherry L. Emerson Cen-
ter for Scientific Computation. Single-point calculations were then
performed on the minimum-energy geometry to determine equi-
librium rotational constants and centrifugal distortion constants.
The resulting constants were multiplied by the ratio of the exper-
imentally-determined value for the main isotopologue [14] to its
calculated value at the corresponding level of theory and basis
set. This approach provided significantly more accurate constants
without necessitating a rigorous treatment of contributions from
zero-point energy and rovibrational interactions. This procedure
was repeated for the singly-substituted 'C isotopologues and
HCO'8CH,0H, giving excellent agreement with previously reported
constants. Additionally, the rotational constants for the doubly-
substituted '3C and 80 species and the two 70 species were cal-

Scaled theoretical rotational constants for glycolaldehyde isotopologues compared to previous experimental results.

Isotope Calculated? Experimentally determined® % Difference
A (MHz) B (MHz) C (MHz) A (MHz) B (MHz) C (MHz) A B C

H'3COCH,0H 18259.8 6474.5 4925.8 18259.524 6472.328 4924.556 -0.0262 0.0016 0.972
HCO'3CH,0H 18139.9 6488.8 4925.5 18126.88 6487.47 4923.03 0.0759 -0.0337 0.982
HC'®0CH,0H 18086.8 6241.5 4777.6 18087.032 6242.805 4778.491 0.0152 -0.0394 0.960
HCOCH,'®0H 18087.8 6239.0 4776.2 N/A N/A N/A N/A N/A N/A
HC'70CH,0H 18255.4 6381.0 4871.1 N/A N/A N/A N/A N/A N/A
HCOCH,'"0H 18255.8 6378.5 4869.7 N/A N/A N/A N/A N/A N/A
H'®>CO'*CH,0H 17962.0 6434.7 4881.2 N/A N/A N/A N/A N/A N/A
HC'®0CH,'80H 17717.0 5967.3 4590.6 N/A N/A N/A N/A N/A N/A

9 Gaussian output for a given constant at the B3LYP/aug-cc-pVQZ level of theory multiplied by the ratio of the corresponding experimentally-determined value to the

calculated value for the main isotopologue.
b Taken from Refs. [10-14].
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culated. The resulting rotational constants, adjusted for this scaling
factor, are given in Table 1; all calculated constants given in subse-
quent Tables are the unscaled values. The dipole moment was as-
sumed to be unchanged upon isotopic substitution, and the values
determined for HCOCH,OH given in [11] of u,=2.33 D and
1y =0.262 D were used for all isotopologues.

3.2. Spectral fitting and discussion

All spectral fitting was performed using the CALPGM program
suite [21,22] using a standard asymmetric rotor Hamiltonian with
a Watson A reduction in the I" representation. Only rotational con-
stants and quartic centrifugal distortion constants were included;
higher order centrifugal distortion constants were found to have
negligible impact on the quality of the fit. All uncertainties re-
ported by SPFIT were converted to standard 1¢ uncertainties using
the PIFORM program [23]. Spectra showing the laboratory spectral
detail compared to the simulations for each isotopologue are given
in Fig. 5.

A total of 9, 4, and 7 new lines were assigned for HCOCH,0D,
DCOCH,0H, and HCOCDHOH, respectively. The assigned transi-
tions are given in Tables 2-4, respectively. Given the large number
of assigned transitions in [15], no attempt was made to refine the
constants determined in this work. Comparison of the measured
frequencies in the current work with a prediction from the submil-
limeter study confirms that the assignments listed in Tables 2-4
are correct. It should be noted that the assignment for the 1146-

1055 transition at 24612.95 MHz listed in the previous study [16]
has a typographical error in the quantum number assignment, as
this transition is predicted to occur at 125.121 GHz. While it is
likely that the correct assignment is the 1145-10s5 transition,
which is predicted to lie at 24612.96 MHz, we have not included
this assignment in our analysis.

Transitions for H'>*COCH,0H, HCO'*CH,0H, and HC'®0OCH,OH
were assigned by starting with a data set and prediction based
on the reported constants from previous work [16,11]. Transitions
for all other isotopologues were assigned using predictions based
on the calculated constants given in Table 1. In the case of transi-
tions observed in both the current study and the original micro-
wave studies, the value with the lower experimental uncertainty
was used in the fit. The fit was rerun after each new line addition
and a new spectral prediction was created. This process was per-
formed iteratively until all transitions that could be observed for
a given species were assigned. After initial fitting, it was noted that
many transitions from previous work had an observed-minus-cal-
culated residual that were much higher than their reported uncer-
tainty, significantly increasing the RMS of the fit. These lines were
removed from the fit, improving the RMS of the fit by several or-
ders of magnitude.

A millimeter/submillimeter study of the '*C-substituted glycol-
aldehyde species was accepted for publication during the prepara-
tion of this manuscript [17]. The results presented in the current
study agree with the results from this higher-frequency work,
and we have not attempted to refine the constants for H'3COCH,.
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Fig. 5. Experimental spectra (black traces, positive spectra) compared to simulated stick spectra for each isotopologue (negative spectra), highlighting the assignments for the
212-10, transition for each isotopologue. The simulation for the main isotopologue is scaled to match the experimental spectrum; the other isotopologues are scaled
according to their natural abundance. The peak of the line from the main isotopologue is off-scale at 34.45 mV. A rotational temperature of 2 K was assumed for the
simulations. The main isotopologue is shown in green, the 13C isotopologues in blue, the 0 isotopologues in yellow, and the D isotopologues in red.
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Table 5
Newly assigned transitions and frequencies for H'>COCH,O0H.

Table 2
Newly assigned transitions and frequencies for HCOCH,O0D.
J K, K. J' K, K! Observed Marstokk and  Obs. - Uncertainty
frequency  Mpllendal [10] Calc.® (MHz)
(MHz) (MHz) (MHz)
20 2 1 0 1 11608.6037 - —0.0158 0.01
11 0 1 0 1 12607.7137 12607.77 0.0067 0.01
21 1 2 0 2 14390.0337 14390.33 0.0252 0.01
4 2 2 4 1 3 30036.8803 - 0.0179 0.02
32 1 3 1 2 314739423 - 0.0181 0.02
21 2 1 0 1 321395181 - 0.0028 0.02
22 0 2 1 1 331382800 - —-0.0141 0.02
4 0 4 3 1 3 363014585 - —0.0074 0.02
22 1 2 1 2 378228550 - 0.0163 0.02

2 Calculated values were predicted using the constants given in [15], and are
compared to the experimentally determined values listed here.

Table 3
Newly assigned transitions and frequencies for DCOCH,OH.
J K, K. J' K, K! Observed Marstokk and  Obs. - Uncertainty
frequency  Mpgllendal [10] Calc.? (MHz)
(MHz) (MHz) (MHz)
20 2 1 1 1 113333477 - —0.0242 0.01
11 0 1 0 1 12372.0557 12372.23 0.0053 0.01
21 1 2 0 2 141179057 14118.04 0.0110 0.01
32 1 3 1 2 308942211 - —0.0358 0.02
21 2 1 0 1 31487.7553 - —0.0069 0.02
22 0 2 1 1 32526.1342 - 0.0443 0.02
40 4 3 1 3 355087387 - —0.0196 0.02
22 1 2 1 2 371159259 - 0.0523 0.02

¢ Calculated values were predicted using the constants given in [15], and are
compared to the experimentally determined values listed here.

Table 4
Newly assigned transitions and frequencies for HCOCHDOH.

J K, K. J' K, K! Observed Marstokk and  Obs. - Uncertainty

frequency  Mpgllendal [10] Calc.? (MHz)

(MHz) (MHz) (MHz)
20 2 1 1 1 11699.7437 - —0.0040 0.01
11 0 1 0 1 121439437 - -0.0214 0.01
21 1 2 0 2 13841.7037 13841.87 —-0.0264 0.01
32 1 3 1 2 303685161 - 0.0074 0.02
21 2 1 0 1 315192138 - —0.0076 0.02
22 0 2 1 1 319631344 - 0.0022 0.02
40 4 3 1 3 360157902 - —-0.0413 0.02
22 1 2 1 2 364316126 - 0.0014 0.02

¢ Calculated values were predicted using the constants given in [15], and are
compared to the experimentally determined values listed here.

OH or HCO'>CH,OH. A total of 24 transitions were observed for
H'3COCH,0H, of which 10 were new assignments. Five transitions
from [11] appear to be bad assignments, based on their residuals.
In particular, the 7,5-654 transition at 27761.1200 MHz assigned
in previous work [11] differs by more than 1 MHz from its pre-
dicted frequency. This is a weak transition, and there is no obvious
match to this transition observed in the new spectrum. The as-
signed transitions for H'*COCH,OH are given in Table 5. These re-
sults agree well with the results from the recent millimeter/
submillimeter study [17].

Initial attempts to assign the spectra of HCO'3*CH,OH based on
the information given in [11] were unsuccessful. The transitions
reported in previous studies [11] can be fit using an asymmetric ro-
tor Hamiltonian with the reported rotational constants quite well;
however, the reported transitions are not observed in the spectra

J K, K. J' K, K. Observed Obs. - Calc.*  Uncertainty
frequency (MHz) (MHz) (MHz)
2 2 0 3 1 3 8362.8457 —0.0147 0.01
2 0 2 1 1 1 10864.2611 —0.0071 0.01
1 0 1 0 0 0 11397.0121 —-0.008 0.01
1T 1 0 1 0 1 13334.7751 —0.0064 0.01
2 1 1 2 0 2 15025.2085 —-0.0147 0.01
4 1 3 3 2 2 15237.3925 —-0.0337 0.01
31 2 3 0 3 17815.7633 —0.0401 0.01
5 1 4 5 0 5 27660.1874 —0.0085 0.02
5 1 4 4 2 3 298984955 —0.0431 0.02
52 3 5 1 4 313748986 —-0.0034 0.02
6 2 4 6 1 5 31498.6619 —-0.0019 0.02
31 3 2 1 2 317837339 —-0.0071 0.02
4 2 2 4 1 3 32302.0769 0.0015 0.02
7 2 5 7 1 6  33025.7012 —-0.0110 0.02
21 2 1 0 1 33033.2407 0.00003 0.02
30 3 2 0 2 33627.8979 —-0.0025 0.02
32 1 3 1 2 338384104 0.0033 0.02
32 2 2 2 1 34190.9735 0.0127 0.02
32 1 2 2 0 347535378 —-0.0015 0.02
6 1 5 6 0 6 34967.4146 —-0.0158 0.02
2.2 0 2 1 1 35503.3463 —0.0021 0.02
4 0 4 3 1 3 35690.2636 —-0.0145 0.02
8 2 6 8 1 7 36222.4572 -0.0273 0.02
31 2 2 1 1 36418.4407 —-0.0399 0.02

2 Calculated values were predicted using the constants given in [17], and are
compared to the experimentally determined values listed here.

Table 6
Newly assigned transitions and frequencies for HCO'>*CH,OH.

J K, K. J' K, K! Observed Obs. - Calc.®  Uncertainty
frequency (MHz) (MHz) (MHz)
2 0 2 1 1 1 11017.8565 —0.0085 0.01
1 0 1 0 0 0 114103643 0.0084 0.01
11 0 1 0 1 13218.2831 —0.0070 0.01
2 1 1 2 0 2 14927.3526 -0.0114 0.01
4 1 3 3 2 2 157222993 —0.0461 0.01
31 2 3 0 3 17752.8143 -0.0359 0.01
5 1 4 5 0 5 27730.6992 -0.0183 0.02
6 2 4 6 1 5 31231.8823 -0.0110 0.02
31 3 2 1 2 31799.6146 —0.0095 0.02
4 2 2 4 1 3 31924.0947 0.0042 0.02
21 2 1 0 1 329144125 —0.0045 0.02
3 2 1 3 1 2 33446.4473 0.0003 0.02
30 3 2 0 2 336520145 -0.0104 0.02
32 2 2 2 1 34230.9783 -0.0249 0.02
3 2 1 2 2 0 34809.5220 0.0055 0.02
2 2 0 2 1 1 35114.4440 0.0024 0.02
6 1 5 6 0 6 35126.8776 —0.0048 0.02
4 0 4 3 1 3 35856.6028 —0.0065 0.02
31 2 2 1 1 36477.5053 —0.0058 0.02
2 2 1 2 1 2 396544929 -0.0114 0.02

? Calculated values were predicted using the constants given in [17], and are
compared to the experimentally determined values listed here.

from the current study. In the original study, it was noted that
observation of the '3C species in natural abundance was extremely
difficult, with only very weak b-type transitions being observed.
The B rotational constant in the previous study was not explicitly
calculated, but generated by taking plausible values at 3 MHz
intervals. It is possible that this method, combined with the low
signal-to-noise ratio available in this work, led to an incorrect
assignment of the HCO'3CH,OH spectrum. However, it is difficult
to determine if this is in fact the cause of the discrepancy without
performing a reanalysis of the original dataset. We have therefore
assigned the transitions for HCO'>CH,OH reported here based on
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Table 7

All assigned transitions and frequencies for HC'®*0CH,OH based on current and

previous studies.
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Table 10
Experimentally determined rotational constants for HCOCH,'®0H compared to
results from theory.

] K, K. J' K, K! Observed Obs. - Uncertainty
frequency Calc. (MHz)
(MHz) (MHz)
2 0 2 1 1 1 10070.6227 —0.0089 0.01
1 0 1 0 0 0 11021.2899 0.0129 0.01
1 1 0 1 0 1 13308.5290 0.0005 0.01
2 1 1 2 0 2 14900.3580 -0.0125 0.01
3 0 3 2 1 2 22051.8700 —0.0069 0.10
1 1 1 0 0 0 22865.5200 —0.0007 0.10
5 1 4 5 0 5 26717.3894 —0.0001 0.02
1 7 5 12 6 6 28995.1100 —0.0876 0.10
1 7 4 12 6 7  29004.0800 -0.0763 0.10
3 1 3 2 1 2 30790.6679 0.0021 0.02
6 2 4 6 1 5 31439.2355 0.0171 0.02
5 2 3 5 1 4 31512.5661 —0.0205 0.02
13 8 5 14 7 8 31719.7500 0.0175 0.10
2 1 2 1 0 1 32422.5312 0.0100 0.02
4 2 2 4 1 3 32521.8211 —0.0079 0.02
3 0 3 2 0 2 32559.4830 —0.0281 0.02
6 1 5 6 0 6 33570.2329 —0.0042 0.02
13 4 10 12 5 7 34035.2900 0.0304 0.02
3 2 1 3 1 2 34051.3958 0.0026 0.02
4 0 4 3 1 3 34124.1887 —-0.0231 0.02
15 5 10 14 6 9 34830.3300 —0.0002 0.10
3 1 2 2 1 1 35176.2241 0.0438 0.02
2 2 0 2 1 1 35660.0465 0.0109 0.02
2 2 1 2 1 2 39925.2456 0.0040 0.02

Table 8

Experimentally determined rotational constants for HC'®0OCH,OH based on the
combined dataset given in Table 7, compared to results from previous experiments

and theory.

Parameter Value Marstokk and B3LYP/aug- Units
(Uncertainty) Mpgllendal [16] cc-pvQzZ

A 18087.0469(48) 18087.032(26) 18259.07 MHz
B 6242.8120(18) 6242.805(9) 6232.20 MHz
C 4778.4877(20) 4778.491(12) 4783.21 MHz
A 5.698(30) 6.03 kHz
A ~20.05(27) 217 kHz
Ak 45.24(14) 49.6 kHz
5 1.728(23) 1.75 kHz
dx 9.35(52) 8.29 kHz
Fit RMS 28.5 kHz
Lines 24

Table 9

Assigned transitions and frequencies for HCOCH,'80H.
J K, K. J' K, K! Observed Obs. - Calc.  Uncertainty

frequency (MHz) (MHz) (MHz)

2 0 2 1 1 1 10058.0662 —0.0070 0.01
1 0 1 0 0 0 11015.7294 —0.0018 0.01
1 1 0 1 0 1 13308.8910 0.0012 0.01
2 1 1 2 0 2 14899.1443 —0.0034 0.01
5 1 4 4 2 3 27420.7623 —0.0031 0.02
3 1 3 2 1 2 30776.1711 0.0021 0.02
6 2 4 6 1 5 31440.5067 0.0015 0.02
5 2 3 5 1 4 31517.1106 —0.0004 0.02
2 1 2 1 0 1 32414.4769 —0.0001 0.02
3 0 3 2 0 2 32543.8150 0.0110 0.02
6 1 5 6 0 6 33548.5219 0.0011 0.02
3 2 1 3 1 2 34057.1566 —0.0069 0.02
4 0 4 3 1 3 34100.1949 0.0058 0.02
3 1 2 2 1 1 35157.6682 —0.0103 0.02
2 2 0 2 1 1 35664.8907 —0.0033 0.02
2 2 1 2 1 2 39926.3192 0.0060 0.02

Parameter Value (Uncertainty) B3LYP/aug-cc-pvVQZ Units
A 18085.3081(46) 18260.16 MHz
B 6239.3692(21) 6229.69 MHz
C 4776.3858(30) 4781.78 MHz
A 5.936(34) 6.02 kHz
A —21.01(42) -21.1 kHz
Ax 47.3(10) 49.2 kHz
1 1.686(16) 1.74 kHz
dx 10.30(89) 8.52 kHz
Fit RMS 5.2 kHz
Lines 16
b
a
C

Fig. 6. Kraitchman structure of glycolaldehyde. The darker spheres denote the
experimentally-determined atom positions, and the lighter spheres denote the
calculated atom positions determined at the MP2/6-311++G (d,p) level of theory.

the theoretically calculated rotational constants given in Table 1.
The assigned transitions for HCOC!*H,OH are given in Table 6.
These assignments agree well with the results from the recent mil-
limeter/submillimeter study [17].

A total of 22 transitions were assigned for HC'®*0CH,OH, of
which 8 were new assignments. Six previously reported transitions
were removed from the list of assignments. The final fit had a
microwave RMS of 28.5kHz. The assigned transitions for
HC'®80CH,0H are given in Table 7, and the final fit parameters, pre-
viously derived parameters, and unscaled theoretical values are gi-
ven in Table 8. Likewise, 16 transitions were assigned for
HCOCH,'80H, giving a microwave RMS of 6.2 kHz. The assigned
transitions for HCOCH,'80H are given in Table 9, and the final fit
parameters and unscaled theoretical values are given in Table 10.

A Kraitchman analysis was performed using the experimental
rotational constants. The values for the '>C and '80 species deter-
mined in this work and the literature values for the main isotopo-
logue [14] and the deuterium-substituted isotopologues [15] were
used for this analysis. The resulting structure is shown in Fig. 6, the
corresponding structural parameters are given in Table 11, and the
Kraitchman coordinates are given in Table 12. These coordinates
agree well with both the previously reported values and the theo-
retical values. There is, however, one discrepancy between experi-
ment and theory. The Kraitchman analysis shows a significant
deviation of the OH hydrogen position from that predicted by the-
ory. This could be because theory inaccurately treats the intramo-
lecular forces, or it could be that the substitution of the D-atom in a
weak hydrogen bond violates the assumptions of the Kraitchman
analysis. It would be expected that a non-dispersion corrected
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Comparison of experimentally determined structural parameters to those calculated at different levels of theory. Uncertainties are Costain errors.

27

Bond (A) This work Marstokk and MP2/6-311++G M062X/6-311++G  B3LYP/6-311++G  B3LYP/aug-cc-
Mellendal [11] (d,p) (d,p) (d,p) pvQzZ
=0 1.2102(36) 1.2094(3) 1.2164 1.2017 1.2079 1.2048
c—0 1.3996(32) 1.4366(7) 1.4030 1.3941 1.4015 1.3983
—C 1.5012(29) 1.4987(4) 1.5097 1.5063 1.5070 1.5034
O—H 1.0554(29) 1.0510(5) 0.9669 0.9663 0.9692 0.9678
C—Haidehyde 1.1038(27) 1.1021(3) 1.1059 1.1051 1.1076 1.1053
C—H 1.1030(20) 1.0930(3) 1.0994 1.0988 1.1011 1.0988
0---H 2.0011(30) 2.0069(4) 2.1036 2.1166 2.1403 2.1312
0---0 2.6851(15) 2.6974(4) 2.6980 2.6823 2.7060 2.6977
Angle (°)*
c—C=0 121.90(43) 122.44(2) 121.94 121.83 122.14 122.19
C—C—Haidenydze 115.97(35) 115.16(2) 116.44 116.67 116.28 116.21
—C—0 112.28(31) 111.28(2) 112.26 112.29 112.80 112.66
C—0—H 102.35(32) 101.34(2) 105.50 107.23 106.92 106.89
C—C—H 108.37(29) 109.13(1) 107.64 107.72 107.77 107.79
H—C—H 106.18(28) 107.34(2) 107.24 106.87 106.41 106.21
H—C—0 110.69(34) 109.39(1) 110.93 111.00 110.91 111.05
O—H.--0 119.67(33) 120.33(2) 118.15 115.81 115.75 115.85
H..-0=C 83.78(23) 83.41(1) 82.14 82.852 82.39 82.40
Table 12 Table 13

Experimentally-determined glycolaldehyde Kraitchman coordinates compared to
those derived from ab initio calculations. The coordinates are planar except where
noted. Bold characters denote the atom coordinate. Uncertainties are given as Costain
€errors.

Atom |alA |bJA |clA
Experimental coordinates

CH,OHCHO 0.6902(22) 0.6854(22) [0]
CH,0OHCHO 0.8037(19) 0.5366(28) [0]
CH,OHCHO 1.3387(11) 0.5486(27) [0]
CH,OHCHO 1.3467(11) 0.5507(27) [0]
HOCH,CHO 0.5420(28) 1.2337(12) [0]
HOCHHCHO? 0.9803(15) 1.2809(12) 0.8820(17)
HOCH,CHO 1.3832(11) 1.4761(10) [0]
Theoretical coordinates calculated at MP2/6-311++G (d,p)

CH,OHCHO -0.6970 —0.6881 0
CH,0OHCHO 0.8056 -0.5419 0
CH,OHCHO 1.3462 0.5478 0
CH,OHCHO -1.3518 0.5527 0
HOCH,CHO —0.6484 1.2162 0
HOCHHCHO? —-0.9740 -1.2783 —0.8852
HOCH,CHO 1.3916 —1.4798 0

2 Nonplanar coordinates, second hydrogen position obtained by sign change.

method (like B3LYP) might noticeably vary from a dispersion cor-
rected method (like M062X) or an MP2 type calculation. To test
this, we computed the structure using M062X, MP2 and B3LYP
methods using a 6-311++G (d,p) basis set. The results are given
in Table 11, and show that all theoretical calculations performed
during this work are consistent on the position of the OH hydrogen
position. This can be explained if the standard assumption that iso-
topic substitution does not affect the nuclear coordinate is not va-
lid for deuterium in a weak hydrogen bond. Furthermore, the
results show that while DFT methods provide reasonable accuracy
for modest computational time, MP2 more faithfully reproduces
the structure. This is likely because MP2 methods more accurately
account for long range interactions, even when compared with
B3LYP using a higher basis set, as demonstrated by the O—H---O
bond angle.

Given the long integration times used in this study, the signal-
to-noise ratio achieved should be high enough to observe the
strongest transitions from H'3CO'3>CH,OH, HC'”OCH,OH, and
HCOCH,'”0OH species. While this is likely the case, an insufficient
number of transitions were observed for these species to make a
definitive assignment or determine molecular constants.

Newly assigned transitions and frequencies for HCOCH,OH.

J K, K. J' K, K! Observed frequency Uncertainty

(MHz) (MHz)
4 3 1 5 2 4  6851.1874 0.01
6 4 2 7 3 5  7288.0255 0.01
8 1 8 7 2 5  8438.9934 0.01
2 2 0 31 3 8508.4981 0.01
10 2 8 11 1 11 9217.7297 0.01
31 2 31 3 9331.6062 0.01
1 0 1 0 0 0 11495.2044 0.01
4 1 3 3 2 2 15261.4104 0.01
4 1 3 4 1 4 15508.5052 0.01
3 3 1 4 2 2 15642.5810 0.01
3 3 0 4 2 3 17716.1675 0.01
9 2 8 8 3 5 27291.5117 0.02
7 2 5 6 3 4 27793.0905 0.02
5 1 4 4 2 3 30043.1021 0.02
4 4 1 5 3 2 30536.8258 0.02
4 4 0 5 3 3 30764.0284 0.02
0 2 9 9 3 6 31506.4600 0.02
31 3 2 1 2 32064.8337 0.02
3 0 3 2 0 2 33922.0167 0.02
3 2 1 2 2 0 35048.5211 0.02
31 2 2 1 1 367263943 0.02

Finally, several previously unobserved lines were assigned for
the main isotopologue (HCOCH,OH). These transitions were
assigned based on the constants reported in [14], but no attempt
was made to refine the fit. The newly-assigned transitions are
listed in Table 13.

4. Conclusion

We have acquired and assigned the rotational spectrum of gly-
colaldehyde in two spectral windows, 6.5-20 GHz and 25-40 GHz.
Transitions arising from the isotopologues of glycolaldehyde in
natural abundance have been assigned based on previously re-
ported data and ab initio calculations. Fitting of the observed tran-
sitions to an asymmetric top Hamiltonian with a small set of
parameters gives microwave RMS values near the experimental
uncertainty.

The molecular parameters for the glycolaldehyde isotopologues
have been significantly refined based on the new spectral informa-
tion gained through this study. The assignment of the glycolalde-
hyde isotopic species was relatively straightforward, in particular
for those species with previously reported transitions and rota-
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tional constants. The low temperatures achieved in the supersonic
expansion source greatly simplified the spectra, and the deep sig-
nal averaging enabled the assignment of previously unobserved
transitions. These transitions were readily combined with previ-
ously reported transitions to give a single data set that gave an
excellent fit using a standard asymmetric rotor Hamiltonian. The
rotational constants calculated for each molecule also proved to
be extremely accurate, and allowed for a rapid reassignment of
each species based solely on these constants as a check of previ-
ously reported rotational constants. Finally, a Kraitchman analysis
was performed using the experimental rotational constants to
determine the molecular structure of glycolaldehyde.

The information provided from this work can be used to guide
higher-frequency studies that are directly applicable to observa-
tions of glycolaldehyde isotopologues in star-forming regions.
Additionally, this work demonstrates the utility of rapid acquisi-
tion, high-sensitivity spectral techniques for the study of astro-
physically-important molecules.
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