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THz rotational spectroscopy of weakly polar CH3D and nonpolar CH4 molecules using a widely tunable photomixing
synthesizer based on a frequency comb
Cédric Bray1, Arnaud Cuisset1, Francis Hindle1, Gael Mouret1, Robin Bocquet1, Vincent
Boudon2
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The Terahertz (THz) group of the Laboratory of Physical Chemistry of the
Atmosphere has developed a THz synthesizer exploiting a photomixing source widely
tunable between 0.3 and 3.3 THz with a frequency metrology precise to the ten kHz
through the locking of optical laser sources on an ultra-stable frequency comb.1 The
performances of this unique instrument contribute to improve and complete
international databases such as HITRAN or JPL by means of rotational spectroscopy
studies (positions and line profiles) on stable and unstable species that play a key role in
Earth or planetary atmospheres.2,3
Recently, the sensitivity thresholds have been overcome through measurements
on deuteromethane CH3D, a primary target for measurements of the origin of
atmospheric gases and methane CH4, one of the most abundant gases in planetary
atmospheres. Direct THz absorption measurements between 1 and 2.5 THz have been
performed with an optical path of 20 m allowing line positions and line profiles studies
of rotational transitions with intensities lower than 10-25 cm-1/(molecules.cm-2). In the
case of CH3D, the line positions of K multiplets with 6 < J < 10 have been measured for
the first time with relative uncertainties better than 10-7 allowing to improve the
accuracy of ground state molecular parameters4 and consequently, the prediction of pure
rotational frequency and intensity transitions in the THz domain. In addition, a first
determination of self-broadening coefficient from pure rotational transitions of CH3D
have been performed with measurements in a small pressure range from 1 to 4 mbar.
Finally, we demonstrated the capability of the THz synthesizer to measure THz pure
rotational transitions of non-polar CH4 molecules where a very weak transition dipole
moment is induced by centrifugal distortion effects. Our new measurements in the 2.5
THz region were compared with the distorsion dipole rotational spectrum of CH4
measured by Boudon et al. using synchrotron based FT-Far-IR spectroscopy.5 With a
resolution of the order of tens of kHz, we improved by at least 2 orders of magnitude the
accuracy of measured line frequencies providing a better agreement with simulations
based on the tensorial formalism developed in the Dijon group for spherical-top
molecules.
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A far-infrared synchrotron-based study of the low-lying vibrational
levels of malonaldehyde
E. Scott Goudreau, Dennis W. Tokaryk, Stephen C. Ross
Department of Physics and Centre for Laser, Atomic and Molecular Sciences,
University of New Brunswick, Fredericton, New Brunswick, Canada, dtokaryk@unb.ca

Malonaldehyde (C3O2H4) has a ring structure featuring a hydrogen atom whose nucleus
tunnels between two equivalent sites near the oxygen atoms. All fundamental
vibrational energy levels in the molecule are thus split into two quantum tunnelling
components.
We have taken spectra (~60-1600 cm-1) of malonaldehyde at 0.0010-0.0015 cm-1
resolution, using the Fourier transform spectrometer on the far-infrared beamline of the
Canadian Light Source synchrotron. The data include several bands involving
fundamental vibrations of the molecule. This allows for full rotational analyses of the
bands, and gives precise values of the tunnelling splitting in each level. Our analysis
shows that to simultaneously accommodate existing microwave and millimetre wave
data1 with our infrared measurements, it is necessary to recharacterize the rotational
levels of the ground vibrational tunnelling pair.
Further, the components of the two lowest-lying excited vibrational levels have not yet
been conclusively assigned. Our infrared data provide some insights that help clarify
this situation. We will discuss our suggested assignments and the reasoning that leads to
them.

Fig. 1: Schematic of the malonaldehyde molecule and of the potential energy function
for the proton-tunnelling motion between the oxygen atoms.
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Non Bonding Interactions, Internal Dynamic and Pre-Reactivity of the
Adducts of Formic Acid with Various Families of Organic Compounds
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Mixtures of formic acid with several alcohols, ethers, esters and ketones have been
supersonically expanded as pulsed jets. The obtained cool plumes have been analyzed
by Fourier transform microwave spectroscopy. It has been possible to assign the
rotational spectra of the 1:1 adducts of formic acid with ethers, ketones, esters, but not
with every kind of alcohols.
The conformational shapes and geometries of these adducts, the topologies of their
intermolecular hydrogen bonds and the effects of the internal dynamics on the rotational
spectra will be presented.
An explanation is given of the failure of the assignments of the rotational spectra of the
adducts of formic acid with some alcohols.
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The far infrared synchrotron rovibrational spectrum of oxetane
Omar Mahassneh1, Jennifer van Wijngaarden2
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The rotationally-resolved vibrational spectrum of trimethylene oxide or oxetane (cC3H6O) was recorded in the region from 650 through 1200 cm-1 using synchrotron
radiation coupled to a Bruker IFS125HR FTIR spectrometer (resolution 0.00096 cm-1)
at the Canadian Light Source. The observed bands correspond to more than a dozen
fundamental vibrations, hot bands and combination bands in this region with many extra
features arising due to the facile ring puckering motion (ν18: 52.9 cm-1) which was
previously characterized.1 The ongoing analysis of the strong b-type bands
corresponding to asymmetric in-plane CO stretching (ν23: 1008 cm-1) (Figure 1) will be
presented along with the identification of Coriolis perturbations that arise due to
interaction with energy levels related to in-plane CC stretching (ν24: 940 cm-1, ν6: 1033
cm-1). 2

Fig. 1: Energy level diagram for the ν23 fundamental of oxetane and associated
hotbands involving excited quanta of ring puckering (ν18).
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Gain measurements in optically-pumped ammonia near 1 THz
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Ammonia (NH3) shows big potential as an active medium for optically pumped lasers 1
and amplifiers2 working in the terahertz range. In our contribution we present gain
measurements of population inverted pure inversion transitions in the 2=1 vibrational
state of 14NH3. In this state the sa(3,3) transition has a frequency close to 1.073 THz and
the sa(4,4) transition has a frequency close to 1.083 THz. The population inversion was
obtained by optical pumping thanks to a CW mid-infrared (MIR) quantum cascade laser
(QCL) tuned to 967.346 and 966.815 cm-1, for the asQ(3,3) and the asQ(4,4) transitions
respectively. For terahertz probing we employed a high performance multiplication
chain consisting of Schottky diodes3 and a 4 K InSb-bolometer as a detector.
Measurements were performed under different pressures of gaseous NH3 and different
pumping power. For the sa(4,4) transition, the highest gain of about 8 dB/m was
obtained at an optimal pressure of about 30 μbar (see Fig. 1). The linewidth of the QCL
was smaller than the Doppler broadening of the NH 3 lines. By slight detuning of the
QCL from the center of the MIR transition frequency it was possible to shift the gain
peak in the terahertz transition along the broadened line. Some measurements done with
a NH3 laser1 have also shown a gain of about 20 dB/m for the sa(3,3) transition2.

Fig. 1: Gain measurements around 1.083 THz for several NH3 pressures, in a 40 cmlong cell. The optimal pressure is about 35 µbars.
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Rotational spectroscopy of non-covalently bound complexes of medium
size organic molecules
Camilla Calabrese, Assimo Maris, Annalisa Vigorito and Sonia Melandri
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The conformational space of non-covalently bound complexes of medium size organic
molecules is shaped by competing interactions occurring within the molecules or with
the partners. It usually presents a high number of low energy conformations very close
in energy with shallow potential energy barriers through which the molecular system
can tunnel.
The conformational preferences of non-covalently bound complexes can be studied to a
very high degree of accuracy by free jet rotational spectroscopy1 and from the detailed
structural and dynamical data that can be obtained, the site and geometry of the
interaction and information on the binding energy can be inferred without ambiguity.
The questions usually addressed are: which is the preferred binding site, which type of
interactions are established, and whether any conformational change takes place in the
monomers upon complexation. Answers to these questions allow insight into the
molecular interaction process at the molecular level, bridging the gap between gasphase and bulk properties.
Chosen examples of published and unpublished results of complexes of medium-size
organic molecules with different partners formed in a supersonic expansion and
characterized by rotational spectroscopy will be discussed. The partner molecules are
held together by hydrogen bonds, weak hydrogen bonds and lone-pair--hole
interactions.
It will be shown how non-bonding interactions compete to shape the conformational
space of the complexes, the structural changes brought to the conformers of the
monomers by complexation and how these interactions can be drastically changed
through atomic or functional group substitution.
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