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The microwave spectrum of the sugar alcohol 1,3-propanediol (CH,OHCH,CH,OH) has been measured over
the frequency range 6.7 to 25.4 GHz using both cavity and broadband microwave spectrometers. The tunneling
splittings from two structurally chiral conformer (enantiomeric) pairs of 1,3-propanediol have been fully resolved
and assigned. The tunneling frequency of the lowest-energy inverting pair is 5.4210(28) MHz and found to
increase by more than 7-fold to 39.2265(24) MHz for the higher-energy form. From the observed selection
rules, three possible inversion pathways along the two OH concerted torsional modes have been identified
and theoretically investigated. Quantum chemical calculations (MP2/aug-cc-pVTZ level) have been performed
on the eight lowest-energy forms and three transition-state structures. Two of these pathways cross through
C;s transition states associated with each of the enantiomeric pairs and a third common pathway of lowest
energy has a transition state of C; symmetry. For only the C; pathway is good agreement found between
predictions from a 1D WKB analysis and the observed tunneling frequencies and 7-fold ratio. The conformer
interconversion barrier is calculated to be about 3-fold smaller than that for the inversion suggesting the
wave functions of the four inversion levels are partially delocalized over the four surface minima. Accurate
dipole moment components have also been obtained from Stark effect measurements for the lowest-energy

form.

1. Introduction

The simplest sugar, glycolaldehyde (CH,OHCHO),! and its
diol derivative, ethylene glycol (CH,OHCH,OH),? have been
detected toward the interstellar molecular cloud, Sgr B2 (N-
LMH). The identification of sugar alcohols and sugar acids in
the Murchinson and Murray meteorites® has increased the
interest in investigating interstellar sugars and their derivatives.
1,3-Propanediol is one of two forms of propanediol, the other
being 1,2-propanediol, and is related to ethylene glycol by the
insertion of a methylene group between the carbon atoms. The
propanediols are important industrial chemicals that serve as
alternate antifreezes to ethylene glycol. They are also used in
composites, adhesives, paints, and laminates.

In our recent FTMW study of 1,2-propanediol,* seven
different conformations were observed in the jet-cooled spec-
trum. These seven forms divided into four pairs where members
of the pair differed by the simple 2115° rotation of the hydrogen
bond accepting (or free) OH group (the eighth highest energy
form was not detected). The final conformer temperatures
relative to the source temperature were derived from the ab initio
energies and the relative overall intensities and suggested facile
interconversion cooling routes by free OH rotation to the lower-
energy member of the pair. Within this collisional cooling
model, the degree of relaxation appeared to depend on the
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magnitude of the interconversion barrier where higher barriers
led to less effective cooling of the conformer population.

The symmetric isomer of interest here, 1,3-propanediol, also
exists in several possible low-energy forms. The microwave
spectrum of one conformer (at lowest energy) was previously
investigated in the frequency range from 60 to 78 GHz using a
free-jet microwave absorption spectrometer.’ We have aug-
mented the data on this conformer by a new series of
measurements in the 6.5 to 25.5 GHz frequency range using
the NIST cavity FTMW spectrometer. Furthermore, the high
sensitivity of chirped-pulse FTMW measurements performed
at the University of Virginia have revealed the presence of a
second conformer. The spectra of both conformers display
tunnelling splitting that result from interconversion between
structurally chiral forms. Independent of the collisional cooling
dynamics, these splittings are shown to provide information
about the interconversion pathways when coupled with predic-
tions from a simple WKB model and high-level ab initio
calculations® (MP2/aug-cc-pVTZ?) performed on the lowest-
energy theoretical conformers first reported by Vazquez et al.’
at the 4—21G level. Such models of facile OH interconversion
may have wider reaching consequences in the understanding
of the physical and thermal transport properties of other sugar-
alcohols and polysaccharides.!°

2. Experimental Details

The initial measurements were carried out using a Fabry—Perot
cavity, pulsed-nozzle Fourier-transform microwave spectrometer
of the Balle-Flygare type!! designed by Lovas and Suenram.'>!?
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This design employs a coaxial-oriented nozzle'* and PC-based
system for timing, mirror movement, nozzle control, synthesizer
tuning, and signal processing and uses the FTMW++ software
system designed by Grabow.'> 1,3-propanediol is a colorless
liquid and has a low vapor pressure at room temperature.
Therefore, to obtain a sufficient signal, the sample was heated
up to 90 °C in a nozzle equipped with a reservoir. The jet-
cooled expansion was produced by mixing the vapor with 20%
helium and 80% neon carrier gas (by volume) at a total pressure
of 100 kPa (1 atm) and then injecting it into the cavity through
a 1 mm nozzle orifice along the axis of the Fabry—Perot 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 kHz for the cavity FTMW.

The chirped-pulse FTMW spectrometer at the University of
Virginia was used to provide a deep integration survey scan
from 6.5 to 18 GHz. This spectrometer was recently described
by Brown et al.'® In the present experiments, the B configuration
of the spectrometer described in ref 16 was employed with an
additional upgrade of the arbitrary waveform generator (AWG)
to a 24 Gs/s sample rate (Tektronix AWG7122B).!7 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 GHz to 500 MHz with a
duration of 1 us creating a microwave pulse that covers the
6.95 to 18.45 GHz frequency range following frequency up-
conversion with the PDRO.

Two strategies to reduce sample consumption described in
ref 16 were implemented. Sample introduction into the vacuum
chamber used two pulsed valve sources operated with 700 us
pulse duration. The nozzles inject the sample perpendicular to
the axis of microwave propagation. For each sample injection
cycle, 10 separate broadband rotational spectra were acquired.
The individual broadband chirped pulses were separated by 25
us. The rotational free induction decay was acquired for 20 us
following each 1 us 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 424 000
rotational spectra of 1,3-propanediol were acquired in 42 400
injection cycles with a total measurement duration of ap-
proximately 21 h. The sample conditions for the broadband
FTMW measurements were the same as those for the cavity
FTMW measurements described above but a repetition rate of
4 Hz was used and a single spectrum was acquired for each
sample injection.

3. Ab Initio Calculations

Vizquez et al.’ reported optimized geometries for 25 con-
formers of 1,3-propanediol from ab initio calculations at the
4-21G level. We use the conformer labeling scheme employed
there as well as their atom numbering for easier comparisons.
This labeling scheme provides a four character label, xXXXx,
where X (capital for the OCCC and CCCO dihedral angles and
lower case for the hydroxyl hydrogens or HOCC angles) can
be G, or G’, depending on the gauche position of the atom
considered with respect to a reference bond. G and G’ indicate
an anticlockwise or a clockwise rotation from the cis (syn)
position of O2—C3—C4-C5 and C3—C4—C5—06 dihedral
angles for the X values and similarly for the HOCC dihedral
angles represented by x whose values may be g, g’, t, or t.
The first x represents the position of the hydroxyl hydrogen
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H1 with respect to C4, the second x the position of H7 with
respect to C4.

We have re-examined the eight lowest-energy forms whose
calculated energies were below 7.6 kJ/mol (560 cm™!). Geom-
etry optimizations were performed at the MP2"/aug-cc-pVTZ?
level on the eight lowest-energy conformers of 1,3-propanediol
using the Gaussian 03 Quantum Chemistry Package.%"" All eight
of the fully optimized geometric isomers are shown in Figure
1. All geometries were verified as true minima in subsequent
calculations of the analytical second derivatives. In Table 1,
the relative energies of the eight conformers with and without
zero-point-energy (ZPE) corrections are summarized. The most
noteworthy change from the previous results is the substantial
reduction in the relative energy of conformer V (especially with
consideration of the zero-point energy correction) moving it to
third place in the energy order. Also reported in Table 1 are
the predicted rotational constants and dipole moment compo-
nents that were used to aid the identification of the experimen-
tally observed forms. The structural parameters are given in
Tables S1—S4 of the Supporting Information according to the
labeling given in Figure 1.

4. Results and Analysis

Initial spectral predictions were made based on the rotational
constants reported in a study by Caminati et al.> A comparison
with the observed spectrum permitted the immediate assignment
of this conformer over the frequency range of 6.7 to 25.4 GHz.
To fit all of the observed transitions, however, a model to
account for tunneling on a symmetric double minimum surface
was necessary where the lowest two inversion levels, 0 and
0™, were split by 5.4 MHz In this case, all b- and c-type
transitions were assigned as pure rotational transitions within
each inversion level (0T — 0%, 0~ — 07) and a-type lines were
assigned to transitions that crossed between the inversion states
(0t — 07, 00 — 0"). The complete data set that included 74
new rotational and inversion-level assignments (not counting
degenerate ones twice) were fitted together with the data from
Caminati et al.’> using Pickett’s SPFIT program.'® The weighted
standard deviation of the fit was 0.97. The best-fit inversion-
level splitting and rotational constants of the two tunneling states
are given in Table 2. Whereas the constants A and B and
distortion parameters for the two levels are the same within the
uncertainties, C for the 0~ level is slightly smaller (and
corresponding moment of inertial slightly larger) than that of
the 0% level as might be expected from the nodal character of
these two wave functions. The calculated constants for con-
former I in Table 2 are in good agreement with the observed
values. A summary of all transitions measured here and by
Caminati et al’ are given in Table S5 of the Supporting
Information.

Whereas conformer I was easily detected in this spectrum
using the cavity FTMW instrument with a 20 beam-pulse
average, the signal-to-noise was insufficient to detect transitions
of conformer II. Here, a deep integration capacity of the
broadband spectrometer was needed to obtain sufficient detection
sensitivity. The same selection rules used to assign conformer
I were applied to this spectrum. However, in this case, the a-type
transitions were split by 78.5 MHz, which is more than seven
times larger than that observed for conformer 1. Using predic-
tions from this initial assignment, additional averaging was
performed on transitions using the cavity FTMW instrument
from 13 to 21.6 GHz. At the resolution of these latter
measurements and because of the much larger inversion-level
splitting, some of the b- and c-type pure rotational transitions
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Figure 1. Conformers I through VIII of 1,3-propanediol given in order of their relative zero-point corrected energies determined from ab initio
MP2/aug-cc-pVTZ calculations. Atom labels correlate with structural parameters given in Tables S1—S4 of the Supporting Information.
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TABLE 1: Theoretical Rotational Constants, Dipole Moments®, and Energies for the 1,3-Propanediol Conformers at the

MP2/aug-cc-pVTZ Level of Theory

# label A/MHz B/MHz C/MHz /D /D /D AE/cm™! AE’/cm™! AE’/kJmol !

I t'GG’g 7712.7 3964.7 2894.3 3.01 1.62 1.16 0 0 0.0

II eGG’g 7581.4 3960.2 2888.1 1.80 2.13 —0.65 82 107 1.28
I eGGg’ 7781.4 3594.6 3037.8 —1.55 1.71 1.19 442 423 5.06
v tGGg’ 7808.7 3654.3 3078.1 —2.35 0.40 —0.28 561 516 6.17
v GGt 9055.4 3045.7 2867.1 0.0 —0.40 0.0 429 287 3.43
VI 'GGg 9172.4 2976.8 2811.9 0.18 1.36 1.35 625 480 5.74
VIl tT"Gg 13243.9 2417.8 22359 —0.06 0.04 —0.06 808 643 7.69
VIII ¢TGt 13268.6 2429.8 22452 2.26 0.62 —0.08 827 661 7.90

@ Zero-point-energy (ZPE) corrections included. Conversion factor 1 kJmol™' = 83.594 cm™'. * For SI units, 1D (Debye) = 3.336 x 107

Cm.

were slightly split. The final fit from SPFIT'® included a total
of 69 transitions and gave an rms deviation of 4.3 kHz. The
fitted parameters are given in Table 3. In this case, only one set
of centrifugal distortion parameters were determined for both
inversion levels. All of assigned transitions of conformer II are
given in Table S6 of the Supporting Information.

The high quality of the data from the broadband scan made
possible the assignment of spectra from the individual *C
isotopologues of conformer I. Because atoms C3 and Cs are not

symmetrically equivalent, the '*C substitution effectively quenches
the tunneling and the two isotopologues give rise to uncoupled
asymmetric top spectra. However, tunneling splittings are again
expected and observed for the central *Cy substitution. The fitted
parameters for the '*C; and the '3Cs species are listed in Table
4. For comparison, the calculated rotational constants were
derived from the ab initio structure of conformer I with the
appropriate '3C mass used and adjusted for the difference
between observed and calculated values for the normal species.
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TABLE 2: Rotational Constants for the Two Tunneling
States of Conformer I of 1,3-Propanediol from the
A-Reduction Hamiltonian

parameter 0% state 0~ state theory diff.
A (MHz) 7701.2351(18)* 7701.2376(17)* 7712.7 —0.15%
B (MHz) 3891.2952(14) 3891.2961(14) 3964.7 —1.9%
C (MHz) 2854.5575(12) 2854.5503(12) 2894.3 —1.4%
D, (kHz) 2.362(34) 2.388(35) 224 —62%
Dy (kHz)  0.18(20) 0.11(20) 1.03
Dy (kHz) 2.24(44) 2.09(44) 0921 —56%
0, (kHz) 0.754(11) 0.752(10) 0.709 —5.7%
Ok (kHz) 3.88(54) 4.21(54) 404 —4.0%
AE (MHz)  5.4210(28)
N]incs 158

wt. std. dev. 0.97

¢ Uncertainties shown in parentheses refer to the last digits shown
and are type A, coverage factor k = 2 (two standard deviations).'

TABLE 3: Rotational Constants for the Two Tunneling
States of Conformer II of 1,3-Propanediol from the
A-Reduction Hamiltonian

parameter 0" State® 0~ State” theory  diff.
A (MHz) 7586.7031(11)" 7586.7032(11)% 7581.4 0.1%
B (MHz) 3881.7118(5)  3881.7050(5)  3960.2 —2.0%
C (MHz) 2846.9390(5)  2846.9385(5)  2888.1 —1.4%
D, (kHz) 2.512(17) ¢ 2.38 —5.2%
D,k (kHz) —1.510(56) ¢ —1.05 —30%
Dy (kHz) 3.31(11) ¢ 2.62 —21%
0, (kHz) 0.8005(35) ¢ 0.756  —5.5%
Ok (kHz) 3.858(37) ¢ 3.59 —6.9%
AE (MHz) 39.2265(24)
Nlines 69
rms (kHz) 4.3
energy (kJmol™") 1.28

“ The centrifugal distortion constants of the 0 and 0~ states were
fitted to the same values. ” Uncertainties shown in parentheses refer
to the last digits shown and are type A, coverage factor k = 2 (two
standard deviations).!” ¢ Parameters fixed at 0" state values.

The observed rotational constants agree to 1.6 MHz or better,
which indicates that the structure calculations are quite satisfac-
tory. Similarly, the fitted and calculated constants for the '*Cy
species are given in Table 5 and are also in good agreement.
Finally, the tunneling splitting of 5.425 MHz is very similar to
value of 5.421 MHz observed for the normal species as one
might anticipate if the little C, motion occurs during the
tunneling motion. The line assignments for the '*C; and the '3Cs
species are given in Table S7 of the Supporting Information
and those for the '*C, species are given in Table S8 of the
Supporting Information.

5. Dipole Moment Determination

One of the NIST FTMW spectrometers is equipped with set
of 25 x 25 cm? parallel plates separated by 25 cm for Stark
effect measurements. The plates are positioned along the cavity
axis centered between the mirrors and the nozzle is located
perpendicular to the cavity axis. Positive voltage is applied to
one plate and an equal negative voltage is applied to the second
plate to obtain Stark effect shifts in the transitions. The
microwave electric field and external electric field are parallel
so that AM = 0 transitions are observed. The precise Stark plate
separation was determined by a calibration with OCS J = 1—0
transition and the known dipole moment of u = 2.3856(10) x
1073 C m [0.71519(3) D].1%20
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For conformer I, the Stark shifted M = 0 components of the
11,1 — Opp b-type transition and 1,9 — 0y c-type transition were
measured with applied voltages up to 2.5 kV (plus and minus
1.25 kV) with frequency shifts up to 1 MHz. The M = 0 and
1 components of the 2;, — 1¢; b-type transition and 2, ; — 1,
c-type transition were measured with voltages of up to 3 kV
(plus and minus 1.5 kV) and a maximum shift of up to 1.1
MHz. In addition, the M = 0 and 1 components of the a-type
2(),2 - ]0,1, 212 - ]1,1, and 21§1 - ]1,() transitions of the 0+ and
0~ states were measured at voltages of up to 3 kV with shifts
of up to 1.2 MHz. These Stark shifts were least-squares fit to
the standard second-order asymmetric rotor coefficients of
(,uxE)z, where x = a, b, c, to derive the u, transition dipole
moment between the 0% and 0~ states and the u; and u. dipole
moment components listed in Table 6 with comparisons to the
ab initio values, showing agreement to 0.15 D or better.

6. Astronomical Observations

Observations of 1,3-propanediol conformer I were made as
part of the Green Bank Telescope (GBT) Prebiotic Interstellar
Molecule Survey (PRIMOS) Legacy Project?’ between Sep-
tember 2007 and January 2009 with the NRAO 100 m Robert
C. Byrd GBT. The GBT spectrometer was configured in its 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.
Antenna temperatures are on the Tx* scale?® with estimated 20%
uncertainties. The Sgr B2 (N-LMH) J2000 pointing position
employed in azimuth and declination was o = 17"47™19.8* and
0 = —28°22’17”, and a local standard of rest source velocity
of +64 km s~! was assumed. Data were taken in the OFF-ON
position-switching mode, with the OFF position 60’ 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 position. Automatically updated dynamic
pointing and focusing corrections 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 process to improve the
signal-to-noise ratio.

For 1,3-propanediol conformer I, 22 a-type transitions (u«, =
2.9 D, Table 6) were searched for as shown in Table 7. The
full spectroscopic parameters of each transition including the
calculated and measured rest frequencies, transition line strengths,
and lower-level energies can be found in Table 7. No transitions
were detected beyond the 1-sigma rms noise limit in any of the
observed passbands. The lowest noise level attained was ~5
mK near 47 900 MHz. Using the formalism presented by Hollis
et al.?® 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 the SgrB2N extended
envelope,”® we find an upper limit to the 1,3-propanediol
conformer 1 total column density of Nt <2 x 10'3 cm™2 This
result is based on a rotational partition function of 36.5 T'~
derived from the measured A, B, and C rotational constants.

By way of comparison with the upper-limit column density
for 1,3-propanediol, the measured abundance of glycolaldehyde
(CHOCH,OH) is Nt ~ 3 x 10" cm™? toward Sgr B2N,* and
for ethylene glycol (CH,OHCH,OH) the measured abundance
was found to be Ny ~ 3.3 x 10" cm™2.* Each of these species
contain two carbon and oxygen atoms, whereas 1,3-propanediol
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TABLE 4: Rotational Analysis of the *C Isotopologues of Conformer I of 1,3-Propanediol

parameter 13C; obsd. 13C; Caled. diff. 13C5 obsd. 13Cs Caled. diff.
A (MHz) 7670.9366(34)" 7670.55 0.39 7664.143(6)" 7663.33 0.81
B (MHz) 3839.3622(14) 3837.80 1.56 3844.500(3) 3843.17 1.33
C (MHz) 2823.4732(14) 2822.77 0.70 2827.169(3) 2826.55 0.62
D, (kHz) 2.24(5) 2.49(12)

Dy (kHz) 1.23(15) 1.2(6)

Dy (kHz) 1.5(8) 0 (fixed)

d; (kHz) 0.696(14) 0.68(4)

Ok (kHz) 2.99(44) 3.6(6)

N]ines 21 22

rms (kHz) 2.5 8.5

@ Uncertainties shown in parentheses refer to the last digits shown and are type A, coverage factor k = 2 (two standard deviations)."”

TABLE 5: Rotational Constants for the Two Tunneling
States of *C,4 Isotopologue of Conformer I of
1,3-Propanediol from the A-Reduction Hamiltonian

parameter 0" State” 0*State” theory  diff.
A(MHz)  7556.814(8)" 7556.778(6)"  7555.50 1.5
B (MHz) 3887.882(4) 3887.822(3) 3887.50 0.3
C (MHz) 2836.455(4) 2836.443(1) 2835.76 0.7
D, (kHz) 2.12(13)

Dy (kHz) 0.0 (fixed)

Dy (kHz) 3.2(13)

o, (kHz) 0.86(11)

Ok (kHz) 3.5(6)

AE (MHz) 5.425(8)

Nlines 22

rms (kHz) 10

“ The centrifugal distortion constants of the 0 and 0~ states were
fitted to the same values. ” Uncertainties shown in parentheses refer
to the last digits shown and are type A, coverage factor k = 2 (two
standard deviations)."”

TABLE 6: Measured g, Transition Dipole Moment between
the 0" and 0~ States and u, and g, Dipole Moments for
1,3-Propanediol Conformer I*

exptl. MP2

0" and 0~ states conformer I
uJD 2.917(1)%¢ 3.01
u/D 1.465(16) 1.62
uJD 1.024(16) 1.16

“The calculated dipole moments at the MP2/aug-cc-pVTZ level
are also given. ” Uncertainties shown in parentheses refer to the last
digits shown and are type A, coverage factor k = 2 (two standard
deviations)." ¢ For SI units, 1D (Debye) = 3.336 x 107 Cm.

has three carbon atoms. The upper-limit abundance for 1,3-
propanediol is consistent with the assumption that, as molecular
complexity increases, that is, adding a CH, group, the total
column density of the molecule decreases. This is apparent given
that the upper limit to the total column density of 1,3-
propanediol is an order of magnitude lower than both
CHOCH,0OH and CH,OHCH,OH. A very similar result was
reported recently for 1,2-propanediol,* adding to the growing
body of evidence that saturated organic species with five or more
heavy atoms that are at the limit of detection with current
telescopes.

7. Discussion

In a recent FTMW study of 1,2-propanediol,* we reported
the assignment of seven different conformers with zero-point-
corrected (ZPE) energies up to 4.5 kImol™! (375 cm ™). In the

current study, only the two lowest-energy forms of 1,3-
propanediol are observed. Whereas the next higher-energy
conformer (V) lies at a relative ZPE energy of 3.5 kJmol ™! (287
cm™!), as a result of its C, symmetry, only a small dipole
moment remains along the b-axis (0.4 D). This substantially
reduces the expected overall spectral intensity. All other
conformers have energies above 5 kJmol™! and therefore are
expected to be below our detection limit* because of their small
thermal population in the nozzle prior to expansion. From Figure
1, conformers I to IV all exhibit hydrogen bonds between the
hydroxyl groups, whereas conformers V to VIII have no
hydrogen bonding leading to elongated structures with small
moments about the a-axis.

While not possible for 1,2-propanediol, tunneling splittings
between equivalent structures are observed in both observed
spectra of 1,3-propanediol. Furthermore, the observed transitions
obey the same selection rules, that is, pure rotational transitions
are b- and c-type, whereas a-type transitions cross between the
inversion levels. Similar to inversion pathways discussed for
one conformer of glycerol?® (which has an additional OH group
on the central carbon), these selection rules are expected for
inversion between the two structurally chiral forms shown on
the right and left sides of Figure 2. A remaining question of
interest is, what is (are) the pathway(s) for the inversion?

Given the large 7-fold difference in tunneling frequencies,
conformers I and II were initially anticipated to invert along
independent tunneling pathways. The transition-state structures
for pathways unique to each conformer were located using the
Synchronous Transit-Guided Quasi-Newton approach?® imple-
mented in the Gaussian 03 software package® and are shown
as the central structures in the upper and lower parts of Figure
2. As found for glycerol, both transition states have Cs symmetry
with one imaginary frequency and are located on pathways
described by the counterclockwise and clockwise rotation of
the two OH groups for I and II, respectively. The ZPE corrected
barriers for these two routes are 1883 cm™! and 1520 cm™! for
I and II, respectively. Therefore, in a qualitative sense, the 363
cm~! decrease in the barrier for II relative to I may be argued
to account for the 7-fold increase in the tunneling frequency of
the former. It is further noted, however, that a comparable
tunneling frequency of 41.9256(22) MHz was observed in
glycerol® for a much lower transition-state barrier of 370 cm™!
(although for a more complex inversion route passing through
a second set of minima at higher energy).

To obtain a more quantitative assessment of these possible
tunneling pathways, a simple 1D WKB approach was used as
described by Bicerano et al.?’?® for the proton tunneling in
malonaldehyde. This approximation is expected to be valid in
the limit of small tunneling splittings as is certainly the case
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TABLE 7: Transitions of 1,3-Propanediol Sought Toward in Sgr B2(N-LMH)

J K’ K’ v J’ K" K. v frequency/MHz E/K Sii Tx/mK
2 0 2 0 1 0 1 1 13301.949(2)¢ 0.324 1.979 <5
2 0 2 1 1 0 1 0 13301.949(2) 0.324 1.979 <5
2 1 1 0 1 1 0 1 14522.907(2) 0.557 1.500 <5
2 1 1 1 1 1 0 0 14533.744(2) 0.557 1.500 <5
4 0 4 0 3 0 3 1 25404.362(2) 1.901 3.863 <5
4 0 4 1 3 0 3 0 25415.065(2) 1.901 3.863 <5
5 0 5 0 4 0 4 1 31062.727(28) 3.119 4.818 <6
5 0 5 1 4 0 4 0 31073.351(31) 3.119 4.818 <6
6 1 6 0 5 1 5 1 36350.165(40) 4.641 5.773 <6
6 1 6 1 5 1 5 0 36360.665(44) 4.641 5.773 <6
6 0 6 0 5 0 5 1 36668.688(40) 4.611 5.796 <6
6 0 6 1 5 0 5 0 36679.197(43) 4.611 5.796 <6
6 1 5 0 5 1 4 1 41573.417(36) 5.361 5.639 <9
6 1 5 1 5 1 4 0 41584.094(34) 5.361 5.639 <9
7 1 7 0 6 1 6 1 42132.451(49) 6.386 6.778 <5
7 1 7 1 6 1 6 0 42142.817(54) 6.386 6.778 <5
7 0 7 0 6 0 6 1 42297.864(45) 6.371 6.787 <5
7 0 7 1 6 0 6 0 42308.237(54) 6.371 6.787 <5
8 1 8 0 7 1 7 1 47879.116(56) 8.408 7.779 <5
8 1 8 1 7 1 7 0 47889.326(64) 8.408 7.779 <5
8 0 8 0 7 0 7 1 47959.401(56) 8.401 7.783 <10
8 0 8 1 7 0 7 0 47969.615(63) 8.401 7.783 <10

@ Uncertainties refer to the last digit and are type B coverage factor k = 2.1

Possible Chiral Inversion Pathways

e

+107 cm1 +1627 cm1 +107 cm1
1I TSy I

9

+259 cm-!

TSIII

V)+822 cm!

Sy ey

+1883 cm!

+Ocm1

+0 cm™!

I St

Figure 2. Three possible pathways for inversion that could explain
the tunnelling split spectra of conformers I and II. The transition-state
structures TSy and T'S; for upper and lower pathways have Cs symmetry,
whereas the TS;y with C; symmetry exists as an enantiomeric pair.
The transition-state structure is also illustrated for conformer intercon-
version (TSyy). The zero-point-corrected energies (MP2/aug-cc-pVTZ)
are also given for each structure.

for both conformer pairs observed here. The predicted level
splitting, AE, from tunneling through a barrier approximated
by an Eckart potential function may be obtained using the F =

Vibrations Associated with Inversion

‘a0 e ‘w T

271 cm- 1 2741 cm- 1 531 cm!
274 cm- 1 2741 cm! 592 cmr!
il TS I

Figure 3. Normal mode (harmonic) displacements and frequencies
associated with the concerted rotation of the two OH groups that define
the inversion coordinate. The normal modes of the hydrogen bond
accepting (free) OH group and the donating (bound) OH group and
the mode with imaginary frequency of the TSy structure (and its mirror
image) are shown.

3n — 6 ab initio vibrational frequencies (hw) of I or II and of
the transition-state structures, TS; or TSy (Aw*), from

hwp 0
AE = 76 (1)
2
0= Fﬁ(veff — VE V) (2)
=
Ve = Vo T z E(hwf — hoy) (3)
k=1

where Ey = 0.5 hwp and V) is the potential barrier without ZPE
corrections, and hwy and Aw; are the normal mode (torsional)
frequencies of the equilibrium and transition-state structures
respectively that are associated with the inversion coordinate.
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TABLE 8: WKB Determinations of the Tunneling Splitting (MHz) for the Two Pairs of Inverting Structural Enantiomers

Along 1D Torsional Pathways

TS; for I or TSy for II # TS @
conformer AE free OH bound OH free OH bound OH
1 5.4210(28)“ 7.3 x 107° 8.7 x 107 2.96 17.0
11 39.2265(24) 22 x 107Y° 52 x 1077 21.9 136.7
1I/1 7.236(4) <1071 <1072 7.40 8.04
1(1Cy) 5.425(8) 7.2 x 107° 8.7 x 107 2.94 16.9

aTS;, TSy, and TSy are 2191 ecm™!, 1988 cm™!, and 959 cm™' (1883 cm™!, 1627 cm™! and 822 cm™' with ZPE corrections) and have
imaginary frequencies of 353 cm™!, 142 cm™!, and 274 cm™, respectively. * Uncertainties refer to the last digit and are type B coverage factor

k=21

The vector displacements and fundamental frequencies of the
relevant normal modes for conformers I and II and those of the
transition states are illustrated in Figure 3. The modes of the
transition states (Aw;) are simply those with the imaginary
frequencies. As is evident from transition-state displacement
vectors (and the equilibrium configurations), the inversion
coordinate clearly involves the concerted rotation of the two
OH groups, and therefore both the free (hydrogen bond acceptor)
and bound (hydrogen bond donor) OH torsional modes need to
be considered separately within this 1D model and are illustrated
in Figure 3. For both conformers, the vibrational frequencies
of the free OH are roughly half those of the bound OH.

The results of the WKB analysis are summarized in Table 8
for each of the OH torsional fundamentals (Awp). For either
normal mode, the level splittings, AE, for conformer I inverting
through TSy and for II through TSy are <10™* MHz and <10~
MHz, respectively. These tunneling splittings are orders-of-
magnitude too small to account for observations. Further
examination of the full 2D torsional surface for first-order saddle
points revealed an enantiomeric pair of transition states of C,
symmetry in the crossed dipole configurations (TS;y) shown in
the central part of Figure 2. The barrier heights of TSy are 959
cm™! (822 cm™! with ZPE corrections) relative to I and 876
cm™! (715 cm™!) relative to II. The predicted WKB level
splittings given in Table 8 are 3.0 and 17 MHz for the free and
bound OH fundamentals of conformer I and 22 and 140 MHz
for conformer II, respectively. Therefore, for the inversion of
both conformers through this common transition state, the
limiting values from this 1D model nicely bracket the observed
level splittings. Furthermore, the splitting ratios of II to I given
in Table 8 are in excellent agreement with the observed ratio
of 7.236. For conformer I, the very small change (<1%) in the
level splitting with '*C, substitution is also reflected by the
model predictions in Table 8, suggesting little impact of this
atom on the tunneling dynamics. However, the other carbon
atoms, *C; and 3Cs, of the asymmetric structures play a larger
role because the absence of level splittings in these cases indicate
that the inversion tunneling is completely quenched.?®

Closer examination of the coordinate displacements relative
to the TSyy structure in Figure 3 indicates that, for tunneling of
the two conformers through mirror-image transition states, the
magnitude of free OH rotation to reach TSy is larger than that
of the bound OH. The relative importance of these displacements
is also reflected in the similarity of free OH and TS,y harmonic
frequencies, suggesting the greater importance of this mode to
the level splittings as the differences with the observed values
would suggest. Given the simplicity of the WKB model
compared to more rigorous treatments that might include a full
reactive path formulation,?® the agreement with the observed
level splittings is quite good. Furthermore, the roughly 3-fold
lower interconversion barrier from I to IT (TSy; = 259 cm™')
relative to that for inversion (TSyy = 822 cm™!) suggests that

the wave functions of both conformers are partially delocalized
over the four torsional surface minima. Therefore, a more
rigorous treatment of the interconversion dynamics will require
the full 2D torsional surface.

8. Conclusions

Tunneling splittings arising from chiral inversion of two
conformers have been observed and fully assigned in the
microwave spectrum of the sugar alcohol, 1,3-propanediol using
cavity and broadband chirped-pulse FTMW techniques. The
tunneling frequencies are found to increase by more than 7-fold
from 5.4210(28) MHz to 39.2265(24) MHz for the two lowest-
energy predicted conformers separated by 107 cm™!. Three
pathways for concerted OH torsional inversion have been
theoretically investigated using a 1D WKB analysis and normal
mode predictions at the MP2/aug-cc-pVTZ level of theory. Only
the lowest-energy pathway having a common intermediate C,
transition state for both conformers is identified as feasible from
comparisons between the observed versus calculated splittings.
Theoretical predictions of these and other transition states
suggest the need to consider the full 2D OH torsional surface
to arrive at a better understanding of the interconversion
dynamics in this important sugar alcohol.
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