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a b s t r a c t

The microwave spectrum of the sugar alcohol 1,2-propanediol (CH3CHOHCH2OH) has been measured
over the frequency range 6.5–25.0 GHz with several pulsed-beam Fourier-transform microwave spec-
trometers. Seven conformers of 1,2-propanediol have been assigned and ab initio electronic structure cal-
culations of the 10 lowest energy forms have been calculated. Stark effect measurements were carried out
on several of the lowest energy conformers to provide accurate determinations of the dipole moment
components and assist in conformer assignment.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Recently, the simplest sugar, glycolaldehyde (CH2OHCHO) [1],
and its diol derivative, ethylene glycol (CH2OHCH2OH) [2], were
detected towards the interstellar molecular cloud, Sgr B2
(N-LMH). The identification of sugar alcohols and sugar acids in
the Murchinson and Murray meteorites [3] has also increased the
interest in investigating interstellar sugars and their derivatives
in astronomical environments. 1,2-Propanediol is one of two forms
of propanediol, the other being 1,3-propanediol, and is related to
ethylene glycol by the addition of a methyl group to one of the car-
bon atoms in place of an H atom. Because of its structural similarity
to ethylene glycol, 1,2-propanediol is of interest as a potential
interstellar molecule.

1,2-Propanediol is an asymmetric top molecule with numerous
low energy conformers. Vázquez et al. [4] reported optimized geom-
etries for 23 conformers from Pulay’s gradient optimized ab initio
calculations [5] using the 4-21G basis set with eight conformers hav-
ing relative energies below 560 cm�1. Since this is a rather small ba-
sis set, the current ab initio calculations were carried out at the MP2
level [6] with the augmented correlation consistent triple zeta basis
set, aug-cc-pVTZ, [7] beginning with the eight lowest energy struc-
tures reported in [4]. We use the conformer labeling scheme em-
ployed in Ref. [4] as well as their atom numbering for easier
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comparisons. This labeling scheme provides a three character label,
xXx, where X (capital for the OCCO dihedral angle orientation and
lower case for the hydroxyl hydrogens) can be G, or G0, depending
on the gauche position of the atom considered with respect to a ref-
erence bond. G and G0 indicate an anticlockwise or a clockwise rota-
tion from the cis (syn) position of O2–C3–C4–O5 dihedral angle for
the X values and similarly for the HOCC dihedral angles represented
by x whose values may be g, g0, t, or t0. The first x represents the posi-
tion of the hydroxyl hydrogen H1 with respect to C4, the second x the
position of H6 with respect to C3.

The microwave spectra of two low energy conformers of 1,2-pro-
panediol, labeled as g0Gt (conformer 1 here) and gG0t (conformer 2),
were previously investigated in the frequency range from 26.5 to
40 GHz using a conventional Stark-modulated microwave absorp-
tion spectrometer [8]. The gG0t (conformer 2) was assigned to be
the most stable. We have expanded the data obtained in Ref. [8] by
a new series of measurements in the 6.5–25 GHz frequency range
using a National Institute of Standards and Technology (NIST) cavity
spectrometer and the broadband instrument at University of Vir-
ginia. Since seven of the eight low energy conformers were assigned
from the surveys, we extended the structure calculations to cover
conformers 9 to 12 reported by Vázquez et al. [4]. However, only con-
formers 9 and 12 were stable forms with conformers 10 and 11 relax-
ing to other conformer structures.

2. Experimental details

At NIST, measurements were carried out using a Fabry–Perot
cavity, pulsed nozzle Fourier-transform microwave (FTMW)
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spectrometer of the Balle–Flygare type [9] designed by Lovas and
Suenram [10,11]. This design employs a co-axially oriented nozzle
[12] and PC based system for timing, mirror movement, nozzle
control, synthesizer tuning and signal processing and uses the
FTMW++ software system designed by Grabow [13]. Under ambi-
ent conditions, 1,2-propanediol has a very low vapor pressure.
Therefore, in order to obtain a sufficient vapor pressure of 1,2-pro-
panediol, the sample was heated up to 60 �C in a nozzle equipped
with a reservoir. The jet-cooled expansion was produced by mixing
the vapor with a 20% helium and 80% neon by volume carrier gas at
a total pressure of 100 kPa (1 bar) and then injecting it into the
cavity through 1 mm nozzle orifice along the axis of the Fabry–Per-
ot cavity and parallel to the microwave field. Molecular transitions,
observed as Doppler doublets, had line widths of 5 kHz, and the
frequency measurement uncertainties were estimated to be
2.5 kHz in most cases.

Measurements at the University of Virginia were performed
with a broadband chirped-pulse FTMW spectrometer [14]. The
‘‘B” configuration described in Ref. [14] was used with an addi-
tional upgrade of the arbitrary waveform generator (AWG) to a
24 Gs/s sample rate (Tektronix AWG7122B) [15]. The chirped
microwave excitation pulse was created by mixing a linear
sweep pulse generated by the AWG with a 18.95 GHz phase-
locked dielectric resonator oscillator (PDRO). The AWG pulse
sweeps the frequency range of 12–0.5 GHz with a duration of
1 ls creating a microwave pulse that covers the 6.95–
18.45 GHz frequency range following frequency up-conversion
with the PDRO.

The two strategies to reduce sample consumption described in
Ref. [14] were implemented. Sample introduction into the vacuum
chamber used two pulsed valve sources operated with 700 ls
pulse duration. The nozzles inject the sample perpendicular to
the microwave propagation. For each sample injection cycle, 10
separate broadband rotational spectra were acquired. The individ-
ual broadband chirped pulses were separated by 25 ls. The rota-
tional free induction decay was acquired for 20 ls following each
1 ls excitation pulse. The repetition rate for the sample injection
was 0.6 Hz and is limited by the data processing rate of the digital
oscilloscope. A total of 288 000 rotational spectra of 1,2-propane-
diol were acquired in 28 800 injection cycles with a total measure-
ment duration of approximately 14 h. The sample conditions for
the broadband FTMW measurements were the same as the cavity
FTMW measurements described above.

3. Ab initio calculations

Previously Vázquez et al. [4] reported optimized geometries for
23 conformers from ab initio calculations with a 4-21G basis set.
We have re-examined 10 of the lowest energy forms whose calcu-
lated energies were below 12.6 kJ/mol (1056 cm�1). The theoretical
study of the ten conformers of 1,2-propanediol was initially per-
formed at the MP2/6-311G(d) [16] level using the GAUSSIAN 03
Quantum Chemistry Package [15,17]. Each of the geometric iso-
mers was fully optimized at the MP2/aug-cc-pVTZ level and shown
in Figs. 1 and 2. All geometries were at true energy minima as ver-
ified in calculations of the analytical second derivatives. The rela-
tive energies of the 10 conformers with and without zero-point-
energy (ZPE) corrections are summarized in Table 1. The predicted
rotational constants and dipole moment components are also re-
ported in the Table 1 and used below to aid the identification of
the experimentally observed forms. The structural parameters of
the six lowest energy forms observed are given in Tables 2 and 3
according to the labeling given in Fig. 1. Structural parameters of
the remaining four conformers may be found in the supplementary
material. The conformer labels used in Table 1 and subsequent
tables use those from Vázquez et al. [4] for conformers 1 to 9. Con-
former 10 here is conformer 12 in Ref. [4].

Rather interestingly, in Ref. [4] conformer 1 was found to be the
lowest energy conformation, while in the higher level calculations
presented here, conformer 3 is the lowest in energy. On the other
hand in the laboratory study by Caminati [8], where only conform-
ers 1 and 2 were assigned, it was concluded that conformer 2 was
the lower energy form.

4. Results and analysis

The analysis was started using rotational constants reported in
the previous study by Caminati [8]. Predictions based on these data
allowed us to readily assign new spectral lines for the two con-
formers identified by Caminati. For conformer 1 (g0Gt), 32 new
transitions were assigned and for conformer 2 (gG0t), 41 new tran-
sitions were assigned over the frequency range of 6.4–25 GHz.
These transitions were fitted together with the data from Ref. [8]
with a fit deviation of about 2 kHz for the currently measured data.
The measurements, assignments and residuals of the fits for con-
formers 1 and 2 are shown in the supplementary tables. The im-
proved values of rotational and centrifugal distortion constants
are given in Table 4.

Once the two previously known conformers were completely
assigned, we examined the remaining spectral lines for evidence
of any of the other conformers based on the ab initio results in Ta-
ble 1. Conformer 3 was easily assigned since its a-type transitions
were the same intensity as those of conformer 2 and only offset in
frequency by 10’s of MHz and conformer 3 was calculated to be the
lowest energy form. We also managed to assign a rather weak set
of spectral lines found in the NIST FTMW scan to conformer 4,
which has the highest calculated energy of conformers 1 to 4.
The assigned spectral lines for conformer 3 are shown in Table 5
and those for conformer 4 are listed in Table 6 along with the resid-
uals of the fits. Table 7 lists the fitted molecular constants for both
conformers 3 and 4 and compares them with the theoretical rota-
tional constants.

In order to determine if any other higher energy conformers
might be assigned as well as 13C isotopologues of the low energy
forms, deep integration scans were carried out using the University
of Virginia spectrometer. In addition, since this instrument has no
cavity or waveguide to make relative intensity measurements dif-
ficult, this spectrum can give the best experimental determination
of the relative energies of the various conformers when coupled to
the theoretical or experimental dipole moments (described in Sec-
tion 5). From the new deep integration data shown in Fig. 3, three
more spectra were assigned. Two were easily identified as belong-
ing to the conformers 5 and 6 based on agreement with the rota-
tional constants as listed in Table 8. The remaining conformer
has rotational constants very similar to those calculated for con-
formers 4, 7 and 8. The rotational analysis of this last (7th con-
former) is shown in Table 9 along with a comparison to the
theoretical values calculated for conformers 7 and 8. In order to
provide a more definitive assignment of these two spectra for con-
formers ‘‘4” and ‘‘7”, the calculated dipole moment components
squared were used to simulate the relative intensities and com-
pared to the observed spectra. For conformer 4 observed we find
relative intensities of 69%, 14% and 17% for the a-type, b-type
and c-type transitions, respectively, by normalizing the relative
intensities to 100%. Comparing these to the ratio of the calculated
dipole moment squared and total dipole moment squared, which
are 72%, 24% and 15%, we find good agreement with the a- and
c-type and a bit poorer agreement with the b-type. For conformer
7 observed we find relative intensities of 24%, 10% and 66% for the
a-type, b-type and c-type transitions, respectively, by normalizing
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Fig. 1. The conformers 1 to 6 of 1,2-propanediol determined from ab initio MP2/aug-cc-pVTZ calculations. Atom labels correlate with structural parameters given in Tables 2
and 3 and in the supplement tables.
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the relative intensities to 100%, compared to the ratio of the calcu-
lated dipole moment squared and total dipole moment squared for
conformer 7 of 18%, 12% and 70%, which is very good agreement
with the all three components. Noting that the observed conformer
4 is dominated by the a-type transitions and conformer 7 by c-type
transitions, then these two assignments seem quite reasonable,
since for calculated conformer 4, la is the largest component
(�6.41 � 10�30 C m or �1.92 D) and for conformer 7, lc is largest
(6.37 � 10�30 C m or 1.91 D), while for conformer 8, lb dominates
(8.31 � 10�30 C m or 2.49 D).

Once we had completed the measurements and assignments re-
ported above, we learned of a recent FTMW study of 1,2-propanediol
by Lockley et al. [18] in which conformer 3 was identified and found
to be the lowest in energy of 27 conformers whose geometry was cal-
culated with the HF/6-31G level of theory. There is excellent agree-
ment between our results and those of Lockley et al. [18] where
comparison can be made with experimental and theoretical values.

The observed and calculated rotational constants for the 13Cn

species of a number of the conformers with the more intense spec-
tra are given in Table 10. The calculated values were obtained from
the ab initio structures where the difference between the theoret-
ical values for the normal species and the 13C species was applied
to the observed rotational constants. Agreement was found to be
within several MHz which further strengthens the validity of the
assignments. Lockley et al. [18] also measured the 13C isotopologes
of conformer 3 and there is excellent agreement between their
rotational constants and ours, although they had an insufficient
number of transitions to fit the centrifugal distortion constants.

5. Dipole moment determination

One of the NIST FTMW spectrometers is equipped with a set of
25 cm � 25 cm parallel plates separated by 25 cm [19]. These are
positioned along the cavity axis centered between the mirrors
and the nozzle located perpendicular to the cavity axis. Positive
voltage is applied to one plate and an equal negative voltage is ap-
plied to the second plate to obtain Stark effect shifts in the transi-
tions. The microwave electric field and external electric field are
parallel so that DM = 0 transitions are observed. The precise Stark
plate separation, d, was determined by a calibration with OCS
J = 1–0 transition and the known dipole moment of
l = 2.3856(10) � 10 - 30 C m (0.71519(3) D) [20,21].

For conformer 1, the M = 0 and 1 components of the 2(0, 2)–
1(0, 1), and 2(1, 1)–1(1, 0) a-type and 2(1, 1)–1(0, 1) c-type transi-
tions were measured with applied voltages up to 5 kV (plus and
minus 2.5 kV) with frequency shifts up to 1 MHz. For conformer
2, the M = 0 and 1 components of the 2(1, 2)–1(1, 1), 2(0, 2)–
1(0, 1) and 2(1, 1)–1(1, 0) a-type and the M = 0 component of the
1(1, 0)–0(0, 0), c-type transition were measured with voltages up
to 4.5 kV (plus and minus 2.25 kV) and maximum shift up to
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Fig. 2. The conformers 7 to 10 of 1,2-propanediol determined from ab initio MP2/aug-cc-pVTZ calculations. Atom labels correlate with structural parameters given in the
supplement tables.

Table 1
Theoretical rotational constants, dipole moments and energies for the 1,2-propanediol conformers from MP2/aug-cc-pVTZ.

#a IDa A (MHz) B (MHz) C (MHz) la (10�30 C m) lb (10�30 C m) lc (10�30 C m) DE (cm�1) DE (cm�1)b DE (kJ mol�1)b

1 g0Gt 6672.3 4213.2 3407.2 7.84 (2.35 D)c �1.00 (�0.30 D)c 2.34 (0.70 D)c 192 212 2.54
2 gG0t 8451.8 3678.9 2802.6 �8.81 (�2.64 D) 0.93 (0.28 D) �1.90 (�0.57 D) 83 74 0.89
3 tG0g 8643.1 3672.6 2818.1 4.04 (1.21 D) �7.00 (�2.10 D) 1.50 (0.45 D) 0 0 0.0
4 tGg0 6654.0 4217.7 3424.7 �6.41 (�1.92 D) �3.97 (�1.19 D) 3.14 (0.94 D) 338 349 4.17
5 g0G0g 8608.5 3630.1 2802.3 �1.37 (�0.41 D) �6.20 (�1.86 D) �5.04 (�1.51 D) 87 115 1.37
6 gG0g0 8371.4 3574.6 2801.0 �7.54 (�2.26 D) �2.34 (�0.70 D) 3.97 (1.19 D) 213 230 2.75
7 g0Gg 6659.2 4192.8 3407.8 3.27 (0.98 D) 2.67 (0.80 D) 6.37 (1.91 D) 345 375 4.49
8 gGg0 6647.6 4160.1 3369.6 �1.17 (�0.35 D) �8.31 (�2.49 D) 1.17 (0.35 D) 441 481 5.75
9 tT0t0 8044.7 3702.3 2776.7 �0.27 (�0.08 D) 0.77 (0.23 D) 0.47 (0.14 D) 862 752 9.00
10 gT0t0 7982.0 3632.7 2751.6 3.07 (0.92 D) 2.00 (0.60 D) �5.34 (�1.60 D) 929 838 10.0

a Notation employed by Vázquez et al. [4].
b Zero point energies (ZPE) included. Conversion factor 1 kJ mol�1 = 83.594 cm�1.
c In Debye. 1 D = 3.336 � 10�30 C m.

Table 2
Structural bond distance from the MP2 calculations for the observed conformers 1 to 6 (Å) of 1,2-propanediol.

Distance Conf. 1 g0Gt0 Conf. 2 gG0t Conf. 3 tG0g Conf. 4 t0Gg0 Conf. 5 g0G0g Conf. 6 gG0g0

O2–H1 0.9656 0.9655 0.9617 0.9616 0.9633 0.9665
C3–O2 1.4185 1.4170 1.4300 1.4309 1.4299 1.4159
C4–C3 1.5174 1.5133 1.5126 1.5168 1.5163 1.5172
O5–C4 1.4345 1.4351 1.4232 1.4245 1.4219 1.4354
H6–O5 0.9629 0.9628 0.9664 0.9664 0.9671 0.9653
C7–C4 1.5158 1.5156 1.5115 1.5198 1.5118 1.5143
H8–C3 1.0939 1.0891 1.0936 1.0918 1.0932 1.0900
H9–C3 1.0892 1.0959 1.0935 1.0936 1.0896 1.0986
H10–C4 1.0958 1.0945 1.0964 1.0913 1.0993 1.0905
H11–C7 1.0901 1.0904 1.0897 1.0907 1.0899 1.0899
H12–C7 1.0912 1.0900 1.0880 1.0880 1.0881 1.0882
H13–C7 1.0880 1.0895 1.0897 1.0891 1.0896 1.0923
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1.4 MHz. For conformer 3, the M = 0 component of the b-type
1(1, 1)–0(0, 0) transition and M = 0 and 1 components of the
2(0, 2)–1(0, 1), and 2(1, 2)–1(1, 1) a-type and 2(1, 1)–1(0, 1) c-type
transitions were measured with applied voltages up to 6 kV (plus
and minus 3 kV) with frequency shifts up to 1.2 MHz. The Stark
shifts were least-squares fit to the standard second-order asym-
metric rotor coefficients of (lxE)2, where x = a, b, c, to derive the
la, lb and lc dipole moment components listed in Table 11 with
comparisons to the ab initio values.

6. Astronomical observations

Observations of 1,2-propanediol, conformers 2 and 3
were made as part of the Green Bank Telescope (GBT) Prebiotic



Table 3
Structural bond angles from the MP2 calculations for conformers 1 to 6 (degree).

Angle Conf. 1 g0Gt0 Conf. 2 gG0t Conf. 3 tG0g Conf. 4 t0Gg0 Conf. 5 g0G0g Conf. 6 gG0g0

C3–O2–H1 105.1� 105.7� 105.1� 105.1� 108.1� 105.6�
C4–C3–O2 111.8� 111.8� 111.8� 111.8� 111.0� 111.4�
O5–C4–C3 104.6� 104.6� 104.6� 104.6� 109.6� 108.9�
H6–O5–C4 108.3� 108.5� 108.3� 108.3� 106.1� 107.5�
C7–C4–C3 112.8� 111.9� 112.8� 112.8� 111.8� 112.2�
C7–C4–O5 111.5� 111.6� 111.5� 111.5� 107.8� 111.8�
H8–C3–O2 110.8� 106.9� 110.8� 110.8� 111.3� 107.1�
H8–C3–C4 108.8� 109.9� 108.8� 108.8� 110.6� 110.3�
H9–C3–O2 106.9� 111.1� 106.9� 106.9� 105.6� 110.9�
H9–C3–C4 109.9� 108.5� 109.9� 109.9� 109.2� 108.8�
H9–C3–H8 108.6� 108.7� 108.6� 108.6� 108.9� 108.1�
H10–C4–C3 108.1� 108.4� 108.1� 108.1� 108.4� 108.6�
H10–C4–O5 109.6� 109.4� 109.6� 109.6� 109.5� 104.2�
H10–C4–C7 110.1� 110.7� 110.1� 110.1� 109.6� 110.6�
H11–C7–C4 110.3� 110.6� 110.3� 110.3� 110.8� 110.7�
H12–C7–C4 110.7� 110.8� 110.7� 110.7� 110.0� 110.4�
H12–C7–H11 107.8� 108.0� 107.8� 107.8� 108.7� 108.6�
H13–C7–C4 110.2� 110.0� 110.2� 110.2� 109.9� 110.5�
H13–C7–H11 108.8� 109.0� 108.8� 108.8� 109.1� 108.0�
H13–C7–H12 109.1� 108.3� 109.1� 109.1� 108.4� 108.6�
C4–C3–O2–H1 �52.7� g0 49.9� g 167.0� t �164.1� t0 �75.1� g0 42.6� g
H8–C3–O2–H1 68.8� 170.2� �73.2� �45.6� 48.6� 163.3�
H9–C3–O2–H1 �173.0� �71.4� 48.7� 75.9� 166.7� �78.9�
O5–C4–C3–O2 60.7� G �59.6� G0 �58.9� G0 60.9� G �54.8� G0 �54.7� G0

C7–C4–C3–O2 �60.6� 179.4� �178.2� �63.3� �174.3� �179.0�
O5–C4–C3–H8 �67.0� �178.2� �179.2� �58.5� 61.3� �173.5�
C7–C4–C3–H8 176.7� 60.9� 61.5� 177.2� 61.6� 62.1�
O5–C4–C3–H9 179.2� 63.2� 60.7� �178.7� 61.3� 68.0�
C7–C4–C3–H9 57.9� �57.7� �58.6� 57.1� �58.2� �56.4�
H10–C4–C3–O2 177.4� 57.1� 60.6� 175.5� 64.8� 58.3�
H10–C4–C3–H8 54.7� �61.5� �59.7� 56.0� �59.3� �60.5�
H10–C4–C3–H9 �64.1� 179.9� �179.8� �64.1� �179.2� �179.0�
H6–O5–C4–C3 �167.3� t0 169.3� t 48.2� g �50.7� g0 41.6� g �77.0� g0

H6–O5–C4–C7 �45.1� �69.5� 169.9� 70.4� 163.5� 47.7�
H6–O5–C4–H10 77.0� 53.4� �70.4� �166.8� �77.3� 167.2�
H11–C7–C4–C3 �64.2� �62.2� �61.4� �61.2� �62.1� �60.4�
H11–C7–C4–O5 178.5� �179.0� 178.0� 175.5� 177.3� 176.9�
H11–C7–C4–H10 56.7� 58.9� 58.5� 58.9� 58.2� 61.1�
H12–C7–C4–C3 176.6� 178.1� 178.5� 178.7� 177.8� 179.2�
H12–C7–C4–O5 59.3� 61.3� 57.9� 55.4� 57.2� 56.5�
H12–C7–C4–H10 �62.5� �60.8� �61.5� �61.2� �61.9� �59.2�
H13–C7–C4–C3 55.9� 58.3� 59.3� 58.9� 58.5� 59.2�
H13–C7–C4–O5 �61.4� �58.5� �61.3� �64.5� �62.0� �63.6�
H13–C7–C4–H10 176.8� 179.4� 179.3� 179.0� 178.8� �179.3�

Table 4
Rotational constants for conformers 1 and 2 of 1,2-propanediol from the A-reduction Hamiltonian.

Parameter Conf. 1 g0Gt Theoryb Diff. (%) Conf. 2 gG0t Theoryb Diff. (%)

A (MHz) 6642.4488(9)a 6672.3 �0.5 8393.4003(16)a 8451.8 �0.7
B (MHz) 4163.5949(9) 4213.2 �1.2 3648.5661(7) 3678.9 �0.8
C (MHz) 3365.3627(7) 3407.2 �1.2 2778.2963(6) 2802.6 �0.9
DJ (kHz) 1.774(29) 1.80 �1.4 0.797(15) 0.772 3.1
DJK (kHz) 6.354(82) 5.55 13 4.485(70) 4.88 �8.7
DK (kHz) �4.51(12) �3.28 27 3.16(35) 3.44 �5.8
dJ (kHz) 0.267(13) 0.254 4.9 0.1827(60) 0.177 3.1
dK (kHz) 1.74(18) 0.89 49 3.14(21) 2.96 5.7

Nlines 46 61
Wt. Std.c 0.63 0.90
Energy (kJ mol�1) 2.54 0.89

a Uncertainties shown in parentheses refer to the last digits shown and are Type A, coverage factor k = 2 (two standard deviations) [21].
b Anharmonic contributions to the centrifugal distortion terms were not calculated.
c Weighted standard deviation, unitless, with weights of the reciprocal of the uncertainties squared.
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Interstellar Molecule Survey (PRIMOS) Legacy Project [22] between
January and May 2008 with the NRAO1 100 m Robert C. Byrd Green
Bank Telescope (GBT). The GBT spectrometer was configured in its
1 The National Radio Astronomy Observatory is a facility of the National Science
Foundation, operated under cooperative agreement by Associated Universities, Inc.
eight intermediate-frequency (IF), 200 or 800 MHz, three-level
mode, which provides for observing four 200 MHz frequency bands
or four 800 MHz frequency bands at a time in two polarizations
through the use of offset oscillators in the IF part of the receiver. An-
tenna temperatures are on the TA

* scale [23] with estimated standard
uncertainties of 20%. The Sgr B2 (N-LMH) J2000 pointing position



Table 5
Microwave spectrum of conformer 3 (tG0g) of 1,2-propandiol found to be the lowest energy conformer.

J0 Ka
0 Kc

0 – J0 0 Ka
0 0 Kc

0 0 Conformer 3-tG0g Frequency (Unc.) (MHz) Obs.–Calc. (kHz)

1 0 1 – 0 0 0 6431.070(5) 0
2 1 1 – 2 0 2 6730.650(5) 1
2 0 2 – 1 1 0 6980.572(5) �2
5 1 5 – 4 2 2 7764.398(5) �1
2 0 2 – 1 1 1 7829.698(5) �1
5 2 3 – 4 3 2 7940.322(5) �6
6 2 5 – 6 1 5 8231.030(5) 1
3 1 2 – 3 0 3 8330.237(2) 1
4 1 3 – 4 1 4 8439.098(5) 0
7 2 5 – 7 2 6 9135.908(5) 1
5 1 5 – 4 2 3 9187.456(5) �1
5 2 4 – 5 1 4 10212.644(5) 4
6 2 5 – 5 3 2 10336.392(5) �1
4 1 3 – 4 0 4 10733.597(2) 0
1 1 1 – 0 0 0 11363.016(2) 3
2 1 2 – 1 1 1 12012.979(2) 0
4 2 3 – 4 1 4 12037.136(2) 2
3 0 3 – 2 1 1 12169.580(5) 1
1 1 0 – 0 0 0 12212.139(2) 1
5 1 4 – 5 1 5 12531.724(5) �1
2 0 2 – 1 0 1 12761.642(2) 0
4 1 3 – 3 2 1 13115.007(2) 1
5 2 3 – 5 1 4 13321.315(2) 0
4 2 2 – 4 1 3 13460.192(2) 1
3 2 2 – 3 1 2 13588.939(2) 3
4 1 3 – 3 2 2 13608.395(2) �2
2 1 1 – 1 1 0 13711.223(2) 0
6 2 4 – 6 1 5 13904.984(2) 0
5 1 4 – 5 0 5 14024.219(2) 2
3 2 1 – 2 1 2 14082.330(2) 3
3 0 3 – 2 1 2 14716.948(2) 1
2 2 1 – 2 1 1 14795.734(2) �1
2 2 0 – 2 1 1 14896.214(2) �1
7 2 6 – 6 3 3 15243.724(5) 3
7 2 5 – 7 1 6 15388.141(2) �2
4 0 4 – 3 1 2 16463.736(2) �1
2 1 2 – 1 0 1 16944.923(2) 1
6 1 5 – 6 1 6 17233.586(5) 4
2 2 1 – 2 1 2 17343.103(4) �5
2 2 0 – 2 1 2 17443.584(4) �4
8 2 6 – 8 1 7 17887.912(5) 8
3 1 3 – 2 1 2 17959.964(2) 0
3 0 3 – 2 0 2 18900.228(2) 1
3 1 2 – 2 1 1 20499.815(2) 0
4 0 4 – 3 1 3 21550.957(2) 0
5 1 4 – 4 2 3 21719.183(2) 1
3 1 3 – 2 0 2 22143.244(2) 0
5 2 4 – 5 1 5 22744.365(2) 0
7 1 6 – 7 0 7 22870.650(2) �1
6 3 3 – 6 2 4 23335.474(2) �1
4 1 4 – 3 1 3 23845.456(2) 0
5 3 2 – 5 2 2 24692.828(2) 2
4 0 4 – 3 0 3 24793.974(2) 1
4 2 3 – 3 2 2 25645.529(2) �2
4 3 2 – 3 3 1 25904.113(4) �2
4 3 1 – 3 3 0 25948.658(4) �3

aUncertainties refer to the last digit and are Type B coverage factor k = 2 [21].
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employed in azimuth and declination was a = 17h47m19.s8 and
d = �8�220170 0, and a local standard of rest source velocity of
+64 km s�1 was assumed. Data were taken in the OFF–ON posi-
tion-switching mode, with the OFF position 600 east in azimuth with
respect to the ON-source position. A single scan consisted of 2 min in
the OFF-source position followed by 2 min in the ON-source posi-
tion. Automatically updated dynamic pointing and focusing correc-
tions were employed based on real-time temperature
measurements of the structure input to a thermal model of the
GBT; zero points were adjusted typically every 2 h or less using
the quasar 1733-130 for calibration. The two polarization outputs
from the spectrometer were averaged in the final data reduction pro-
cess to improve the signal-to-noise ratio.
For conformer 3 five b-type transitions (lb = 1.9 D, see Table 11)
were searched for including the 2(0, 2)–1(1, 1) at 7829.700 MHz,
the 3(0, 3)–2(1, 2) at 14716.948 MHz, the 4(0, 4)–3(1, 3) at
21550.957 MHz, the 5(0, 5)–4(1, 4) at 28171.196 MHz and the
6(0, 6)–5(1, 5) at 34511.637 MHz. The full spectroscopic parame-
ters of each transition including the calculated and measured rest
frequencies, transition line strengths, and lower level energies can
be found in Table 12. No transitions were detected beyond the 1-
sigma rms noise limit in any of the observed passbands. The lowest
noise level attained was �4 mK at 14716.948 MHz. Using the for-
malism presented by Hollis et al. [24] to calculate total column
density and assuming a temperature of 10 K, which is consistent
with other large organic species detected with the GBT toward



Table 6
Microwave spectrum of conformer 4 (tGg0) of 1,2-propandiol.

J0 Ka
0 Kc

0 – J0 0 Ka
0 0 Kc

0 0 Conformer 4-tGg0 Frequency (Unc.) (MHz) Obs.–Calc. (kHz)

4 2 2 – 4 1 3 7104.172(5) �1
1 0 1 – 0 0 0 7538.530(5) �4
2 2 0 – 2 1 1 7580.520(5) �1
4 1 3 – 4 0 4 8337.544(5) �1
2 2 1 – 2 1 2 9770.492(5) 0
2 2 0 – 2 1 2 9928.654(5) �1
1 1 1 – 0 0 0 10012.656(5) �2
1 1 0 – 0 0 0 10795.372(5) �2
3 2 2 – 3 1 3 11034.964(5) �2
2 0 2 – 1 1 0 11662.018(5) �5
3 2 1 – 3 1 3 11787.314(5) 3
2 0 2 – 1 1 1 12444.740(2) 1
4 2 3 – 4 1 4 12740.140(5) �1
4 3 1 – 4 2 2 12894.760(5) 0
3 3 0 – 3 2 1 13686.086(5) 0
2 1 2 – 1 1 1 14294.285(2) 2
3 3 1 – 3 2 2 14417.958(5) �2
3 3 0 – 3 2 2 14438.430(5) �2
2 0 2 – 1 0 1 14918.861(2) �2
2 1 1 – 1 1 0 15859.702(2) �1
3 1 2 – 2 2 0 16097.870(5) �1
2 1 2 – 1 0 1 16768.407(2) 0
2 1 1 – 1 0 1 19116.541(2) �1
3 0 3 – 2 1 2 20171.707(2) 1
3 1 3 – 2 1 2 21350.763(2) 0
3 0 3 – 2 0 2 22021.252(2) 1
3 2 2 – 2 2 1 22615.237(2) 0
3 1 3 – 2 0 2 23100.306(2) �2
3 2 1 – 2 2 0 23209.420(2) 1
2 2 1 – 1 1 0 23282.062(2) 2
2 2 0 – 1 1 0 23440.224(2) 1
3 1 2 – 2 1 1 23678.391(2) 0

aUncertainties refer to the last digit and are Type B coverage factor k = 2 [21].

Table 7
Rotational constants for conformers 3 and 4 of 1,2-propanediol from the A-reduction Hamiltonian.

Parameter Conformer 3 tG0g Theoryb Diff. (%) Conformer 4 tGg0 Theoryb Diff. (%)

A (MHz) 8572.0553(8)a 8643.1 �0.8 6634.7621(7)a 6654.0 �0.3
B (MHz) 3640.1063(5) 3672.6 �0.9 4160.6347(9) 4217.7 �1.4
C (MHz) 2790.9666(4) 2818.1 �1.0 3377.9063(8) 3424.7 �1.4
DJ (kHz) 0.738(7) 0.719 2.6 1.751(31) 1.74 0.6
DJK (kHz) 5.276(30) 5.56 �5.4 8.21(11) 7.47 9.0
DK (kHz) 2.53(10) 2.97 �17 �6.51(12) �4.86 25
dJ (kHz) 0.1631(16) 0.155 4.9 0.244(17) 0.244 0
dK (kHz) 3.180(31) 3.16 0.6 2.72(23) 1.61 40

Nlines 57 32
Wt. Std.c 0.88 0.57
Energy (kJ mol�1) 0.0 4.17

a Uncertainties shown in parentheses refer to the last digits shown and are Type A, coverage factor k = 2 (two standard deviations) [21].
b Anharmonic contributions to the centrifugal distortion terms were not calculated.
c Weighted standard deviation, unitless, with weights of the reciprocal of the uncertainties squared.
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the SgrB2N extended envelope [24], we find an upper limit to the
1,2-propanediol conformer 3 total column density of
NT < 8 � 1014 cm�2. This is assuming a rotational partition function
of 18.1 T1.5 found from the measured A, B and C rotational
constants.

Before we determined that conformer 3 was the lowest energy
form, we searched for conformer 2 (83 cm�1 in energy above con-
former 3) using the GBT PRIMOS legacy Project data [17]. Six a-
type transitions (la = 2.5 D, see Table 11) were searched for,
including the 2(0, 2)–1(0, 1) at 12744.622 MHz, the 3(0, 3)–2(0, 2)
at 18855.110 MHz, the 5(0, 5)–4(0, 4) at 30331.389 MHz, the
6(0, 6)–5(0, 5) at 35831.471 MHz, the 7(0, 7)–6(0, 6) at
41300.113 MHz and the 8(0, 8)– 7(0, 7) at 46783.202 MHz. The full
set of spectroscopic parameters of each transition can once again
be found in Table 12. No transitions were detected beyond the
1-sigma rms noise limit in any of the observed passbands. The low-
est noise level attained was �2 mK at 18855.109 MHz. Again using
the formalism presented by Hollis et al. [24] to calculate total col-
umn density and assuming a temperature of 10 K, we find an upper
limit to the total 1,2-propanediol conformer 2 column density of
NT < 2 � 1014 cm�2. This is assuming a rotational partition function
of 18.3 T1.5 derived from the measured A, B and C rotational con-
stants and ignoring the energy offset between the conformers.

The measured abundance of glycolaldehyde (CHOCH2OH) is
NT � 3 � 1014 cm�2 toward Sgr B2N [24]. The abundance for
ethylene glycol can be derived from the 202 (v = 0) to 101 (v = 1)
transition at 13380.6 MHz reported by Hollis [25]. Assuming a
temperature of 10 K, the total average column density of ethylene
glycol for the entire line complex, consisting of 82, 73 and 64 km/s
components with a peak intensity of TA = 20 mK, is 3.3 � 1014 cm�2



Table 9
Rotational constants for conformers 7 and 8 of 1,2-propanediol from the A-reduction Hamiltonian.

Parameter Conformer 7 Obs. Conformer 7 Theory tG0g Diff. (%) Conformer 8 Theory tGg0 Diff. (%)

A (MHz) 6627.612(8) 6659.2 �0.5 6647.6 �0.3
B (MHz) 4146.287(5) 4192.7 �1.1 4169.1 �0.5
C (MHz) 3363.345(6) 3407.8 �1.3 3369.6 �0.2
DJ (kHz) 1.84(3) 1.83 0.5 1.74 5.4
DJK (kHz) 6.2(2) 5.85 4.8 7.61 23
DK (kHz) �5.0(3) �3.84 23 �5.05 �2
dJ (kHz) 0.23(3) 0.249 8.7 0.247 8.7
dK (kHz) 1.8(3) 1.19 33 2.06 �16

Nlines 20
Wt. Std.b 0.5
Energy (kJ mol-1) 4.49 5.75

a Uncertainties shown in parentheses refer to the last digits shown and are Type A, coverage factor k = 2 (two standard deviations) [21].
b Weighted standard deviation, unitless, with weights of the reciprocal of the uncertainties squared.
c Value fixed at the average values from conformers 1 and 4.

Table 8
Rotational constants for conformers 5 and 6 of 1,2-propanediol from the A-reduction Hamiltonian.

Parameter Conformer 5 tG0g Theoryb Diff. (%) Conformer 6 tGg0 Theoryb Diff. (%)

A (MHz) 8536.77 0(2)a 8608.5 �0.8 8327.599(5)a 8371.4 �0.5
B (MHz) 3604.198(1) 3630.1 �0.9 3642.001(4) 3674.6 �0.9
C (MHz) 2778.331(1) 2802.3 �1.0 2776.902(3) 2801.0 �0.9
DJ (kHz) 0.751(14) 0.714 4.9 0.76(12) 0.767 �1.3
DJK (kHz) 5.29(7) 5.66 �8.1 5.1(6) 4.81 5.9
DK (kHz) 2.75(22) 2.99 �8.7 2.9 (fixed) 2.89 –
dJ (kHz) 0.152(6) 0.143 5.9 0.24(11) 0.166 29
dK (kHz) 3.34(14) 3.12 6.6 2.8(fixed) 2.85 –

Nlines 44 18
Wt. Std.c 1.1 1.9
Energy (kJ mol�1) 0.88 2.75

a Uncertainties shown in parentheses refer to the last digits shown and are Type A, coverage factor k = 2 (two standard deviations) [21].
b Anharmonic contributions to the centrifugal distortion terms were not calculated.
c Weighted standard deviation, unitless, with weights of the reciprocal of the uncertainties squared.

Table 10
Observed and calculated rotational constants for the 13C isotopologues.

Conf./atom A Obs. (MHz) B Obs. (MHz) C Obs. (MHz) A Calc. (MHz) B Calc. (MHz) C Calc. (MHz)

1/13C3 6599.712(17) 4119.586(6) 3347.067(6) 6599.00 4118.57 3346.65
1/13C4 6622.622(27) 4143.717(10) 3357.691(9) 6621.71 4142.95 3357.24
1/13C7 6523.148(6) 4113.966(4) 3305.769(4) 6523.01 4112.88 3304.78
2/13C3 8314.741(6) 3633.983(4) 2763.027(4) 8313.19 3633.80 2762.76
2/13C4 8377.518(6) 3639.268(4) 2774.789(4) 8376.48 3638.84 2774.50
2/13C4 8327.826(6) 3565.701(4) 2723.004(4) 8328.32 3564.35 2722.24
3/13C3 8485.725(4) 3625.759(4) 2775.135(4) 8483.43 3625.55 2774.77
3/13C4 8555.920(4) 3631.166(2) 2787.564(2) 8554.84 3630.77 2787.29
3/13C7 8506.815(4) 3557.975(2) 2735.709(2) 8507.30 3556.70 2734.94
4/13C3 6588.71 4114.72 3359.36
4/13C4 6615.43 4140.52 3369.72
4/13C7 6513.61 4111.61 3317.03
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and about equal to the glycolaldehyde abundance. The results for
1,2-propanediol are consistent with the assumption that as molec-
ular complexity increases, i.e. adding a CH2 group, the total column
density of the molecule decreases. If the total column density of
1,2-propanediol is closer to NT = 3 � 1013 cm�2, then an rms noise
level <0.2 mK will be needed to detect this species beyond the
1r level which would require a further advance in sensitivity be-
yond the capabilities of the current instrumentation.

7. Discussion

During the course of this study, we employed three different
FTMW spectrometers, two cavity types [10,11] and one broad-
band spectrometer [14]. Due to the various configurations, we
also employed three different nozzle reservoir designs. In this
process, we found that the heated nozzle design for the mini-
FTMW spectrometer [26], which has an extension to keep sample
deposits from forming in the mirror hole through which the
molecular beam is introduced to the vacuum chamber, has a sig-
nificantly warmer rotational temperature compared to similar
heated reservoir nozzles without the extension, e.g. like that used
in the Stark effect measurements. Since we were interested in
observing higher energy conformers, the nozzle with the exten-
sion was used in the deep integration on the broadband spec-
trometer. For the Stark effect measurements the pulsed-beam
was artificially warmed by using N2 as a backing gas instead of
Ne in order to observe conformer 1, which has an energy of about
192 cm�1.



Table 11
Measured and calculated (MP2/aug-cc-pVTZ) dipole moments for 1,2-propanediol
conformers 1-3.

Dipole component Expt.a MP2

Conf.1g0Gt
la (D) 2.202(4) 2.35
lb (D) 0. fixed �0.03
lc (D) 0.616(10) 0.70

Conf.2 gG0t
la (D) 2.496(2) �2.64
lb (D) 0.309(20) 0.28
lc (D) 0.45(8) �0.57

Conf.3 tG0g
la (D) 1.201(3) 1.21
lb (D) 1.916(6) �2.10
lc (D) 0.365(36) 0.45

a Uncertainties shown in parentheses refer to the last digits shown and are Type
A, coverage factor k = 2 (two standard deviations) [21].
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By using the broadband spectrometer’s deep integration abil-
ity, we were able to assign three additional conformers with high
signal-to-noise for a total of seven conformers identified. The
higher energy conformers are difficult to assign with the small
number of beam-pulse averages typically employed in cavity
FTMW surveys. Usually we use a 20 beam-pulse average at 4 Hz
repetition rate with 0.5 MHz steps for a survey. This configuration
requires 5 h to cover 1 GHz, so a 12 GHz survey would take more
than 60 h to complete, roughly four times as long as the 288 000
pulse CP-FTMW experiment, but with only a 20 pulse average
which is comparable to a 20 000 pulse average in the CP-FTMW
experiment. The configuration employed in the broadband spec-
trometer had the molecular beam perpendicular to the direction
of the microwave propagation so a Doppler broadened linewidth
of about 400 kHz was obtained. In spite of this, measurement
uncertainties were typically 5 kHz. In contrast, the cavity spec-
trometer has linewidths of 5–10 kHz and about 100 times higher
signal intensity than the broadband spectrometer for a single
molecular beam/microwave pulse. Thus, the cavity spectrometer
is intrinsically higher resolution (in the configurations employed)
and capable of resolving hyperfine or internal rotation splittings
when present. Thus, the two spectrometers are complementary
in capabilities.

The centrifugal distortion constants for conformers 1 to 7 are
listed in Tables 4 and 7–9 in addition to the rotational constants.
These are compared with the values derived from the ab initio
structure calculations that excluded anharmonic contributions.
Generally the theoretical values agree to better than 10% where
Table 12
Transitions of 1,2-propanediol sought toward in Sgr B2(N-LMH).

J0 Ka
0 Kc

0 – J0 0 Ka
0 0 Kc

0 0

Conformer 3
2 0 2 – 1 1 1
3 0 3 – 2 1 2
4 0 4 – 3 1 3
5 0 5 – 4 1 4
6 0 6 – 5 1 5

Conformer 2
2 0 2 – 1 0 1
3 0 3 – 2 0 2
5 0 5 – 4 0 4
6 0 6 – 5 0 5
7 0 7 – 6 0 6
8 0 8 – 7 0 7

aUncertainties refer to the last digit and are Type B coverage factor k = 2 [21].
the experimental uncertainties are small, while the rotational
constants agree with the theoretical values at the 1% level. It
is interesting to note that one of the problem assignments,
namely conformer 7, where both the rotational constants and
centrifugal distortion constant agree equally well with either
the theoretically calculated parameters shown in Table 9, the
assignment of this spectrum rests entirely on the relative inten-
sity comparisons with the calculated dipole moment
components.

Because the relative intensities of the CP-FTMW spectrometer
are accurate over a large dynamic range [14], the relative popula-
tions of different conformers can be determined from this data.
The ab initio dipole moments reported in Table 1 were used to
scale the observed intensities to population, assuming a weak
pulse limit and a rotational temperature of 1 K. For each dipole
component of each conformer, a scale factor was found which
matched the intensities of a simulated spectrum to the experimen-
tal spectrum across the entire bandwidth of the spectrometer. This
scale factor was divided by the square of the dipole moment in that
principal axis direction, which provided a relative population esti-
mate. Directions with small dipole components (<0.5 D) were ex-
cluded from this analysis due to the possibility of large fractional
errors in the ab initio calculations. Different dipole directions of
the same conformer yielded similar population estimates, within
25%. These estimates were averaged together for each conformer
and are presented in Table 13. These populations are compared
to the thermal equilibrium population at 60 �C, using the ZPE-cor-
rected ab initio relative energies, and an effective temperature is
determined for each conformer relative to the most populated
conformer.

These results confirm that conformer 3, as predicted by the
ab initio calculations presented in Table 1, is in fact the most
populated conformer in the supersonic expansion. Previously,
Ruoff et al. [27] determined that conformational relaxation in in-
ert carrier gases occurs when barriers to interconversion are less
than 400 cm�1. In the 1,2-propanediol system, the simplest and
lowest energy interconversion pathway between different con-
formers is for the H atom bonded to the hydrogen-bond-accept-
ing O atom to rotate by �110–120�. The eight lowest energy
conformers are oriented in Fig. 4 to better illustrate these path-
ways. They are also first separated into two sets depending on
the in-plane or out-of-plane orientation of the terminal oxygen
atom relative to the carbon atoms. As illustrated by arrows, con-
former 5 can relax by free OH rotation into conformer 3, con-
former 7 into conformer 1, conformer 6 into conformer 2 and
conformer 8 into conformer 4. In fact, the experimentally deter-
mined relative populations given in Table 13 indicate that three
Frequency (MHz) E (K) Sij TA (mK)

7829.700 0.545 0.622 <8
14716.948 1.122 1.394 <4
21550.957 1.984 2.319 <8
28171.196 3.128 3.350 <8
34511.637 4.552 4.420 <8

12744.621 0.308 1.990 <5
18855.109 0.919 2.961 <2
30331.389 2.939 4.874 <8
35831.471 4.466 5.844 <5
41300.113 6.185 6.829 <8
46783.201 8.167 7.821 <8



Table 13
Relative populations of conformers 1-7 of 1,2-propanediol.

Conformer Experimental population
(CP-FTMW)

Ab initioa relative
energy (cm�1)

Predicted population
(60 �C)

Effective T
(K)

Transition
state

Ab initioa transition state
energy (cm�1)

1 0.18 212 0.40 178 1 ? 7 357
2 0.44 74 0.73 130 2 ? 6 303
3 1.0 0 1.0 – 3 ? 5 260
4 0.023 349 0.22 133 4 ? 8 252
5 0.11 115 0.61 75 5 ? 3 145
6 0.0056 230 0.37 64 6 ? 2 147
7 0.0051 375 0.20 102 7 ? 1 194
8 – 481 – – 8 ? 4 120

a Zero-point energy corrected transition state barriers. A single imaginary frequency was found for each transition state. These frequencies are 258 cm�1, 270 cm�1,
272 cm�1 and 249 cm�1 for 5, 6, 7 and 8, respectively.

Fig. 3. The upper frame shows the full CP-FTMW spectrum after 288 000 averages, compared to a simulation (in red) of conformer 3 using the fit Hamiltonian parameters
from Table 7. In the lower frame, an expanded view shows that the signal-to-noise on the strongest line (the 212–101 transition of conformer 3) is in excess of 10 000:1. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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of the four higher energy conformers of each set (i.e., 5, 6 and 7)
which can lose population via this pathway, have undergone
conformational cooling to a much greater extent than conform-
ers 1, 2 and 4, which would receive population from these con-
formers. The extent of the cooling is even captured in the
calculated zero-point-energy corrected torsional barriers given
in Table 13 where the smaller degree of cooling of 7 relative
to 5 and 6 may be explained by the �48 cm�1 barrier increase
in 7 relative to those of 5 and 6 (�146 cm�1). This should also
be contrasted with the intra-set conversion barrier from 6 to 5
of 753 cm�1. Thus, these results suggest collisional cooling
dynamics as an intermediate case relative to the ‘‘400 cm�1 bar-
rier rule” of Ruoff et al. [27].

As a final note, the potential applications of the broadband
FTMW method to thermalized gas samples in waveguides or sta-
tic cells [28] would enable direct determinations of the relative
energies of the conformers. Furthermore, with the high sensitiv-
ity of this method to the cooling dynamics that occur on the fac-
ile inter-conversion pathways of 1,2-propandiol and other sugar
alcohols [29,30], a far-infrared variant of the population transfer
method of Zwier and coworkers [31] may permit estimates of
the torsional barriers. Such studies would provide full experi-
mental determinations of the global torsional potential energy
surface and rigorous tests of the ab initio theory.
8. Summary and conclusions

We have re-examined the rotational spectrum of 1,2-pro-
panediol with both a cavity and broadband FTMW spectrome-
ters. Caminati [8] originally reported the observation of two
conformers of 1,2-propanediol, labeled conformers 1 and 2 here.
Lockley et al. [18] extended the conformer set by observing
conformer 3 and found it to be the lowest in energy. We have
assigned four additional conformers, and confirm via theory and
experiment that conformer 3 is the lowest energy form. Two
other conformers, 5 and 6, are comparable in energy to the
two original conformers based on MP2 ab initio calculations
which are in excellent agreement with the observed molecular
parameters.
9. Supplementary material

The measured spectral lines and spectral fitting for conformers
1 and 2 are given in the supplementary data. For the non-observed
conformers, the ab initio structural parameters are also listed in
the supplementary tables. In addition, the full CP-FTMW spectrum
is available. The supplementary material can be found online on
Science Direct (http://www.sciencedirect.com) and is also

http://www.sciencedirect.com
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Conformer Cooling Pathways

Fig. 4. The eight lowest energy conformers ordered by energy in cm�1 within two sets. The two sets are distinguished by whether the terminal O atom is out of the plane (left
set) or in the plane (right set) of the three carbons. Within each set, the arrows indicate conformer cooling pathways involving a simple 110–120� rotation of free OH group
that may explain the colder jet-cooled populations determined for three or the four higher energy conformers (See Table 13 and text for details).
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