Poster session

H

September 5, Wednesday, 16:30 – 18:30

114

Poster session, H1

Computation of Collision-Induced Absorption by Simple Molecular
Complexes, for Astrophysical Applications
Martin Abel1, Lothar Frommhold2, Xiaoping Li3, Katharine L.C. Hunt4
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The interaction-induced absorption by collisional pairs of H2 molecules is an important
opacity source in the atmospheres of various types of planets and cool stars, such as late
stars, low-mass stars, brown dwarfs, cool white dwarf stars, the ambers of the smaller,
burnt out main sequence stars, exoplanets, etc., and therefore of special astronomical
interest.1 The emission spectra of cool white dwarf stars differ significantly in the
infrared from the expected blackbody spectra of their cores, which is largely due to
absorption by collisional H2--H2, H2--He, and H2--H complexes in the stellar
atmospheres. Using quantum-chemical methods we compute the atmospheric absorption
from hundreds to thousands of kelvin. 2 Laboratory measurements of interaction-induced
absorption spectra by H2 pairs exist only at room temperature and below. We show that
our results reproduce these measurements closely,3 so that our computational data
permit reliable modeling of stellar atmosphere opacities even for the higher
temperatures.4 First results for H2--He complexes 5 have already been applied to
astrophysical models 6 and have shown great improvements in these models.
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Radiative association of LiHe+
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Spontaneous radiative association of the molecular ion LiHe+ is investigated including
three electronic states X1∑+, A1∑+, and a3∑+. Cross sections for four processes of
radiative association X →X, A → A, A → X, and a → a are calculated as functions of
collision energy. The corresponding rates of formation are derived as functions of
temperature. The A→X radiative association process exhibits the largest cross sections
and rate coefficients because of the huge amount of the de-excitation energy from the A
to X state.
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of the B – X Electronic Transition of NO3 Radical

Kohei Tada1, Shunji Kasahara2, Masaaki Baba3, Takashi Ishiwata4, Eizi Hirota5
1

Graduate School of Science, Kobe University, Japan,
e-mail address : 101s219s@stu.kobe-u.ac.jp;
Molecular Photoscience Research Center, Kobe University, Japan,
e-mail address : kasha@kobe-u.ac.jp;
3
Graduate School of Science, Kyoto University, Japan;
4
Graduate School of Information Sciences, Hiroshima City University, Japan;
5
The Graduate University for Advanced Studies, Japan.
2

The nitrate radical (NO3) is known as an important intermediate in the night atmosphere,
thus it has been studied both experimentally and theoretically by a lot of scientists as
reviewed by Wayne et al.1 Furthermore, NO3 is one of the good models to understand
intramolecular interactions such as the Jahn-Teller effect of nonlinear polyatomic
radical species. The B 2E’ – X 2A2’ transition of NO3 is an optical allowed transition and
observed as an intense absorption band in the visible region. Especially, the 0 – 0 band
of the NO3 B – X transition is the most intense absorption band around 15100 cm-1.
However the high-resolution fluorescence excitation spectra of this band have been
reported by Carter et al,2 the rotational assignment was still remained because the
observed spectra were too complicated to be analyzed.
In this study, the rotationally-resolved high-resolution fluorescence excitation spectra of
the 0 – 0 band of the NO3 B – X transition have been observed by crossing single-mode
laser beam perpendicular to a collimated molecular beam. NO3 was generated by the
pyrolysis of N2O5 : N2O5 → NO3 + NO2. The several vibronic bands of the NO2 A 2B2 –
X 2A1 transition around 15100 cm-1 were also observed and we found the NO2 signals
are negligibly small compare to the NO3 signals in the observed region. The typical
linewidth of NO3 rotational lines was about 20 MHz. The absolute wavenumbers of the
rotational lines were calibrated in the accuracy of 0.0001 cm-1 by the simultaneous
measurements of both Doppler-free saturation spectra of iodine molecules and the
fringe patterns of the stabilized étalon. There are more than 2000 rotational lines of NO3
in the observed region : 15070 – 15145 cm-1, and the rotational lines have less regularity.
This complicated rotational structure suggests that the B (υ = 0) level strongly interacts
with the other vibronic levels. We also observed the Zeeman effects of the observed
rotational lines and found that several rotational lines show the same Zeeman patterns.
This fact suggests that there are several vibronic bands in the observed region. We
assigned more than 200 rotational lines based on the observed Zeeman patterns and the
ground state combination differences from the reported molecular constants of the X (υ
= 0) level.3 The effective molecular constants of the B (υ = 0) level were determined
from the rotational assignment.
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Rapid capture of large amplitude motions in 2,6-difluorophenol
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The rotational supersonic-jet Fourier transform microwave (FT-MW) spectra of the
aromatic 2,6-difluorophenol (DFP) have been recorded and analyzed in the frequency
range of 8-26 GHz. A new design of broadband FT-MW spectroscopy with inphase/quadrature-phase-modulation passage-acquired-coherence technique (IMPACT)
has been used to obtain the spectra rapidly at high-resolution, obsoleting subsequent
measurements with a resonator spectrometer.
The structural analysis shows that the H-atom of the hydroxyl-group is located in the
benzene plane forming an intramolecular hydrogen bond with one of the F-atoms. Due
to the tunneling motion of this H-atom between two the equivalent positions, a large
part of the rotational transitions are split into two signals being separated by ~17 MHz.
The rotational constants, centrifugal distortion constants and the Coriolis coupling
constant have been determined.
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The rotational spectrum of the Ne-NO2 Van der Waals open shell complex is reported in
the frequency region 6−18 GHz. This was recorded using Fourier Transform microwave
spectroscopy with a pulsed molecular beam in a supersonic jet expansion, with final
resolution of 5 kHz. An initial analysis of the spectrum was made using the structure
obtained from high order ab initio calculations (MP4(SDQ) counterpoise-corrected
optimization calculations with the aug-cc-pv(D/T/Q)Z basis sets and extrapolating to
CBS limit). The computational package used at this stage was Gaussian 03. Using the
minimum energy geometry yield from these calculations and treating the complex as an
asymmetric top, it was possible to assign 24 of the lines, corresponding to the K = 0 J =
1←0, J = 2←1 and J = 3←2 transitions. However, attempting to analyse the rest of the
spectrum it became clear that this model was inadequate to describe the system, a
problem not met in the complexes of NO2 with heavier rare gases.
Due to the weak nature of the bonding between the rare gas atom and the NO2, the latter
exhibits large amplitude motion. In order to assign the rest of the observed transitions
(K=±2), it was necessary to perform a quantum dynamical calculation. Thus, the
complete counterpoise-corrected potential energy surface of the complex on its ground
state was calculated using the RCCSD(T) method and the aug-cc-pV(D/T)Z basis sets
(extrapolated to CBS limit), varying the angles θ every 20° and the angle χ every 30°.
The radial variable R, which is the distance between the Ne atom and the centre of mass
of NO2, was varied from 2.8 Ǻ to 3.8 Ǻ every 0.1 Ǻ. The computational package used
was Gaussian 09. This potential was then fitted to both a global fit of all the variables
and to two functions distinguished by the Born-Oppenheimer Angular Radial
Separation. The fitting was performed by the use of MATLAB and MATHEMATICA
packages. Two MATHEMATICA programs were written, one to perform the quantum
dynamics and one to predict the fine and hyperfine splitting of the energy levels due to
the nuclear and electron spin angular momenta.
The rotational constants, effective minimum geometry, binding energy, zero point
energy, centrifugal constants as well as the hyperfine constants for the complex were
determined and compared with those of similar species: Ar-NO21, Kr-NO22 and XeNO23.
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Fourier transform microwave IMPACT spectrometer for rotational
measurement of laser ablated molecules
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Fourier transform microwave (FT-MW) spectroscopy using fast-passage techniques has
become the most interesting instrumental development1 in rotational spectroscopy. In
comparison to the widely used narrow-band Fabry-Pérot resonator designs with
supersonic jet expansions perpendicular2 and coaxial3 to its axis, the advantages of
broadband FT-MW spectroscopy are less high demands for precise precalculations and
faster measurements significantly reducing the lead time of the experiment and
recording time of the spectrum. Although these techniques cannot use high-Q resonators
the improvement in signal-to-noise ratio of broadband recordings within a given time
can be huge for polar molecules4. Nevertheless, with a linewidth of approx. 80 to
120 kHz1,5 the instrumental design lacks some accuracy.
Our recently developed in-phase/quadrature-phase-modulation passage-acquiredcoherence technique (IMPACT) spectrometer provides sub-Doppler resolution with a
linewidth (FWHM) of less than 10 kHz6 covering a frequency range of 2.0 to 26.5 GHz,
and therefore closes the gap between the resolution of traditional Balle-Flygare cavity
designs and ultra-broadband designs. This improvement could be realized with a coaxial
alignment of molecular beam and the microwave field comparable to the coaxially
oriented beam-resonator-arrangement (COBRA)3.
In combination with a pulsed laser-ablation source for simultaneous evaporation of up
to two compounds with the fundamental as well as the second and third harmonics of a
pulsed Nd:YAG laser, a wide field of experiments on high-melting or instable becomes
accessible. Due to the high experimental repetition rate of 20 Hz, three different
ablation wavelengths and the low material consumption this technique is applicable to
most inorganic and organic compounds. The supersonic jet expansion following the
ablation still results in only few populated rotational and vibrational states, hence
making the obtained spectrum well interpretable.
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the High Rydberg States of Nitric Oxide
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Laser-induced far-infrared stimulated emissions from the 9sσ ~ 14sσ, 8f ~ 14f and
12pσπ ~ 14pσπ Rydberg states, having predissociation and/or autoionization, through
the 3sσ A2Σ+ state of Nitric Oxide (NO) were observed by using the optical-optical
double resonance excitation technique.
The emissions around 69, 52 and 38 µm from the 12f (υ = 0) state were observed in the
dispersed emission spectrum as shown in Fig.1 and were identified as the 12f → 11g →
10f → 9g(0,0,0,0) cascade transitions. The observed emissions were not four-wave
mixing but the stimulated emissions.
The emissions around 40 and 60 µm for the 9sσ → 8pσ(0,0) and 10sσ → 9pσ(0,0)
transitions were observed by the excitation at the predissociative 9sσ(υ = 0) and
10sσ(υ = 0) Rydberg states, respectively. The emissions from the 8f and 9f states were
also observed by the excitations at the same states. The 8f ← 9sσ(0,0) and 9f ←
10sσ(0,0) excitations, i.e. the (n-1)f ← nsσ excitation channels, by the sσ ↔ dσ mixing
could be expected. The analogous emissions and excitations in υ = 1 were produced by
the excitations at the autoionization Rydberg states.
Since the emissions were observed in far-infrared and were obtained by the (n-1)f ←
nsσ excitations, a type of the present emissions can be the stimulated emission induced
by a black-body radiation at a room temperature and the (n-1)f ← nsσ excitations can be
produced by absorption of the black-body radiation [1].
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Fig. 1: The dispersed far-infrared emission from the 12f (υ = 0) Rydberg state. The
observed three peaks were identified as the 12f → 11g → 10f → 9g cascade transitions.
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Accurate theoretical rotation-vibration spectrum of H2CS
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In the current work we present the variationally computed rotation-vibration spectrum
of thioformaldehyde (H2CS), for which an experimental infrared high-resolution Fourier
transform study was reported by Flaud et al. in 2008.1 We use the recently published2
accurate ab initio potential energy surface, constructed by pushing the accuracy to the
limit feasible today. The vibrational fundamental wavenumbers as well as 2υ 2 and υ2+υ3
term values of H2CS obtained from this surface agree with experiment to within 1 cm-1.
Having such a high-level fully ab initio potential surface is of particular importance for
H2CS due to the shortage of high-resolution spectroscopic data, and hence the limited
possibility to fit a calculated surface to experimental data. The rovibrational spectrum of
H2CS was calculated at T=300 K involving states with energies up to 5000 cm-1 and
rotational quantum numbers up to J = 20 with the use of the variational program
TROVE.3 The electric dipole moment surface was computed at the coupled cluster level
of theory with the use of an augmented correlation-consistent quadruple-zeta basis set in
the frozen-core approximation.
References
[1] J.-M. Flaud, W. J. Lafferty, A. Perrin, Y. S. Kim, H. Beckers, and H. Willner, J.
Quant. Spectrosc. Radiat. Transf. 109, 995, 2008.
[2] A. Yachmenev, S. N. Yurchenko, T. Ribeyre, and W. Thiel, J. Chem. Phys. 135,
074302, 2011
[3] S. N. Yurchenko, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 245, 126, 2007

Polyak I.
Yachmenev A.
Thiel W.

122

Poster session, H9

High resolution spectroscopy and description of low-lying energy
levels of B(1)1 Π state in RbCs
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and Ruvin Ferber
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The low-lying vibrational levels of the B(1)1 Π state in RbCs were studied. The diode
laser induced B(1)1 Π → X 1Σ + fluorescence spectra were recorded by high resolution
Fourier-transform spectrometer Bruker IFS – 125HR at a resolution of 0.03 cm-1. RbCs
molecules were produced in a linear heat-pipe filled with 10 g of rubidium (natural
isotope mixture) and 7 g of cesium at a temperature about 280oC and were excited in
B(1)1 Π (v ′, J ′) ← X 1Σ + (v ′′, J ′, J ′ ± 1) transition. The presence of argon buffer gas in the
heat-pipe at pressure about 2 mbar yielded the appearance of rotation relaxation lines in
the spectra, thus enlarging the data set for the B(1)1 Π state. The laser frequency used in
the experiment varied from 13610 to 13860 cm-1 for the 730 nm diode and from 14063
to 14223 cm-1 for the 705 nm diode. A photomultiplier (Hamamatsu R928) operating at
room temperature was mainly used as a detector, but in some cases it was replaced by a
silicon or an InGaAs photodiode.
In total, over 160 spectra have been recorded and processed. Systematical excited state
term value data were obtained for vibrational levels v′ ∈ [0; 3]. The assignment of
rotational quantum number J ′ for excited state along with ground state vibrational
quantum number v ′′ was based on the accurate singlet ground state potential energy
curve (PEC) 1. Term values of the B (1)1 Π state were obtained by adding the observed
transition frequencies to a corresponding term value of the ground state. The uncertainty
of excited state term values is about 0.01 cm-1.
Due to the rotational relaxation data we were able to determine the Λ-doubling constant,
as well as the rotational constant Bv′ as dependent on J ′ for each v′ ∈ [0; 2]. The
Bv′ values falling out from the smooth behavior indicated the presence of local
perturbations, and the respective term values were excluded from the fit.
For vibrational levels v′ ∈ [0; 2] a pointwise PEC was obtained, describing the nonperturbed or weakly perturbed f-levels with standard deviation 0.07 cm-1. Such
deviation is greater than the experimental accuracy and indicates the presence of
pronounced perturbations. The molecular constants for each vibrational level v′ ∈ [0; 2]
were obtained in order to improve reproducing of energy of J ′ .
The support from ESF grant Nr. 2009/0223/1DP/1.1.1.2.0/09/APIA/VIAA/008 and the
State Research Programme VPP No. 2010/10-4/VPP-2/1 is gratefully acknowledged.
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Accurate determination of energy levels and dissociation threshold of
HOD by multiple resonance overtone spectroscopy
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Precise modeling of molecular absorption spectra at any required temperature is one of the
most important and challenging goals in theory of spectroscopy. Theoretical calculations
must be validated by a comparison with experimental data.
During last few years we performed measurements of ro-vibrational states of H2O in a wide
energy range of its electronic ground state up-to and above the dissociation limit using
double/triple-resonance spectroscopy1,2. Here we present an extension of our study to HOD.
In comparison with H2O this water isotopologue has no symmetry, what results in its richer
vibrational structure and a very specific phenomena of vibrational state bifurcation.
Currently, the (1,0,7) vibrational state of HOD with band origin3 at 25140.85 cm-1 is the
highest experimentally observed level for this molecule. Our multiple-resonance overtone
excitation technique4 affords measurements of ro-vibrational levels of HOD in much higher
energy region of 25300–41300 cm-1, with the upper limit lying in the dissociation
continuum. It also allows transitions from single, pre-selected ro-vibrational states, greatly
facilitating rotational assignment of the accessed final states. The obtained data reveal
significant irregularities in the behavior of OH and OD oscillators in HOD species at highenergy. These changes are likely caused by bifurcation phenomena previously predicted
theoretically5.
The dissociation limit, D0, of the HDO → H + OD dissociation channel was measured by
directly accessing dissociation continuum via triple overtone resonance excitation from
several different intermediate ro-vibrational states. The observed onset of dissociation
continuum corresponds to the lowest O-H dissociation threshold in this molecule and it
consistently appears at total energy of HDO equal to 41240.0±0.3 cm-1. This directly
measured value is significantly lower and about 16 times more accurate (statistical errors)
than the value of 41283±5 cm-1, which was recently experimentally determined from twophoton VUV photo-dissociation of HOD6.
Acknowledgments:
We thank S&T CH-RU cooperation program and FNS (grant 200020-129649/1) for
supporting this work.
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Structure, Ubbelohde effect, conformational equilibria and tunneling
dynamics of carboxylic acid bi-molecules
Gang Feng, Qian Gou, Luca Evangelisti, Walther Caminati
Department of Chemistry, University of Bologna, Italy, gang.feng2@unibo.it

Carboxylic acids bi-molecules represent prototype system for investigation of hydrogen
bond (HB) interaction and proton transfer. We studied several carboxylic acid bimolecules in gas phase by using FTMW spectroscopy combine with theoretical
calculations. As a part of the work, we present here the structure and Ubbelohde effect
of acrylic acid (AA)-formic acid (FA), conformational equilibrium and tunneling
dynamics of difluoroacetic acid (DFA) - acrylic acid bi-molecule.
Two configurations, cis and trans, of AA-FA have been observed. The rotational
spectra of normal species, 13C isotopologues in natural abundance and deuterated
species were assigned. Thus the full frame structure of the two conformers was obtained.
In order to quantify the Ubbelohde effect, we measured the rotational spectra of the 13C
isotopologues of cis species with one acidic proton deuterated and both deuterated. We
found that the distance of r(C10C1) increased 10 mÅ while two carboxylic hydrogen
were both deuterated, and increased 8 mÅ while the carboxylic hydrogen of FA was
deuterated (See Fig. 1A for details).
The bi-molecule of DFA-AA can adopt four conformations, with guache or trans DFA
interacting with cis or trans AA. We assigned the rotational spectra of all the four
conformers: TC, GC, TT and GT (see Fig. 1B). From the relative intensity measurement,
we found that TC is the most stable conformer, GC, TT and GT has a free energy (ΔG)
of 139(50), 516(50) and 523(50) cm-1 higher, respectively. Tunneling splittings have
been observed for GC and GT conformer. This splitting was induced by the internal
rotation of -CF2H group. The energy differences of the two tunneling states were found
to be 1.31(1) and 3.2(1) MHz for GC and GT conformer respectively.
A
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trans

GC

GT

TC

TT

B

Fig. 1: Molecular sketch of the AA-FA (A) and DFA-AA (B) bi-molecule calculated with
MP2/6-311++G (d, p) level theory.
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Informations on intermolecular interaction between water and other
molecules from the rotational spectra of the 17O water complexes
Gang Feng, Walther Caminati, Luca Evangelisti, Qian Gou
Department of Chemistry, University of Bologna, Italy, gang.feng2@unibo.it

The hydrogen bonding of water with other molecules is a contemporary research
interest and many studies were focused on this topic. However, how the water interacts
with other molecules is still somewhat elusive. In order to reveal the structure, dynamics
and vibration in this kind of complexes, we studied several 17O water adducts (Fig. 1).
The 17O nuclear spin (I = 5/2) generates quadruple interaction and the obtained
quadruple coupling constants are useful data for this purpose.
The changes of the quadruple coupling constants with respect to the ab initio predicted
value or with respect to the isolated water have been obtained for this purpose.

Difluoromethane-Water

Dioxane-Water

Formic acid-Water

Formic acid(Water)2

Anisole-Water

Fig. 1: 17O water complexes have been studied.
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From succinic acid to succinic anhydride:
Analysis of the rotational spectra
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Succinic acid is an intermediate of the citric acid cycle and used for decades in the food
industry as a flavour enhancer. Furthermore it has a strong potential as a future platform
chemical1, which can be derived from renewable resources. Thus it represents a building
block for a large variety of chemicals that can be produced straight forward by
conversion. The US Department of Energy2 reports 2010 succinic acid as one of the Top
10 bio-based products with research need. To get a better understanding of this
interesting molecule it is necessary to investigate the chemical structure. This is
achieved by supersonic-jet Fourier-transform microwave spectroscopy enhanced by
free-jet millimetre wave absorption spectroscopy in combination with quantum
chemical methods. In the process of studying succinic acid, succinic anhydride was also
encountered: Under experimental conditions the acid decomposes into the
corresponding anhydride, resulting in a very congested spectrum. Gas phase electron
diffraction structures have been obtained for both molecules3,4 but rotational studies
were still missing. Just recently, we determined the semi-rigid rotor spectroscopic and
spin-rotation interaction constants as well as a precise structural characterization for
both molecules via measuring all their isotopologs.
References
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31, 647, 2008
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Large amplitude motions – a combination of nitrogen inversion
tunneling, internal rotation, and 14N quadrupole coupling in the
microwave spectra of some amines
Ha Vinh Lam Nguyen, Raphaela Kannengießer, Wolfgang Stahl
Institut für Physikalische Chemie, RWTH Aachen University, Aachen, Germany,
nguyen@pc.rwth-aachen.de

Proton tunnelling and internal rotation are two important classes of large amplitude
motions. Whereas internal rotation appears quite often in many molecules and was
studied extensively, nitrogen inversion tunneling of secondary amines in the microwave
region was found only in dimethyl amine and methyl ethyl amine so far, where
splittings between the rotational lines of 2646.0 MHz1 and 1981.0 MHz,2 respectively,
were observed.
We investigated two further secondary amines with this interesting effect. In the case of
diethyl amine,3 CH3CH2NHCH2CH3, a barrier to inversion of 18.31 kJ/mol was
determined from the separation between the lowest symmetric and anti-symmetric
inversion energy level of E = 760.77062(20) MHz. As an improvement to the previous
work on dimethyl amine and methyl ethyl amine, the inversion splittings of diethyl
amine were described with molecular parameters using the program spfit/spcat by
Pickett instead of reporting the splitting of each single rotational transition. For the first
time the complete 14N quadrupole tensor could be determined from a pertubation of the
quadrupole hyperfine structure due to a near degeneracy of two energy levels without
any isotopic substitution. Splittings in the order of 20 kHz due to internal rotation of the
two equivalent methyl groups could be resolved, yielding a barrier to internal rotation of
1050 cm-1.
In the case of tert-butyl methyl amine, an extremely near prolate top (κ = –0.994), we
found a splitting of about 1.4 GHz (E = 698.903(99) MHz) of all c-type transitions due
to nitrogen inversion tunneling. The splittings between Q-branch transitions are very
small due to the extremely near prolate top character and therefore they overlap with the
14
N hyperfine structures. Each line appears as a narrow doublet due to internal rotation
of the methyl group. In this case, ab initio calculation using the method of Bailey4
turned out to be helpful for the assignment of the hyperfine structure.
Within the amine family we also studied triethyl amine (CH3CH2)3N.5 We assigned the
only one chiral conformer under molecular beam conditions which is an oblate top and
has a propeller-like structure, where all ethyl groups are tilted out of the molecular plane.
Two 13C isotopologues were assigned in their natural abundance.
References
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[2] R.E. Penn, J.E. Boggs, J. Mol. Spectrosc. 47, 340, 1973.
[3] H.V.L. Nguyen and W. Stahl, J. Chem. Phys. 135, 024310, 2011.
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On the “Expanded Local Mode” Approach Applied to the Methane
Molecule: CH3D/CHD3 Isotopic Species
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fomchenko@phys.tsu.ru; 2Laboratoire Interdisciplinaire Carnot de Bourgogne UMR
CNRS 6303, Université de Bourgogne, B.P. 47870, 21078 Dijon Cedex, France,
claude.leroy@u-bourgogne.fr; 3Physical Chemistry Laboratory, ETH-Zürich, CH-8093,
Zürich, Switzerland, ulenikov@mail.ru

Earlier derived1,2 for the XY2 (C2v) and XY3 (C3v) molecules "expanded local mode
model" is applied to the methane-type, XH4, molecule. On the basis of specially
obtained value of the ambiguity parameter, sinγ, simple values of all transformation
coefficients, lNαλ, are obtained for the CH4 molecule. It gives us possibility, on the one
hand,
 to derive simple relations between different spectroscopic parameters (harmonic
frequencies, anharmonic parameters and vibrational tetrahedral coefficients,
rotational-vibrational and rotational tetrahedral coefficients) of the CH4 molecule,
and, on the other hand,
 on the basis of the general isotopic substitution theory3 to obtain very simple values
of transformation l’Nαλ coefficients for the CH3D/CHD3 species of the methane
molecule. On that basis, numerous isotopic relations between different spectroscopic
parameters of the mother, CH4, and deuterated, CH3D/CHD3, species are derived.
Comparison of the derived relations with the experimental values of spectroscopic
parameters shows more than satisfactory correlation between the results.
References
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ExoMol Molecular Line Lists for Astrophysical Applications:
A Theoretical Line List for Aluminum Oxide
Andrei Patrascu, Sergei N. Yurchenko, Jonathan Tennyson
University College London, Dept of Physics and Astronomy, Gower Street, London
WC1E 6BT, UK

ExoMol (www.exomol.com) is an ERC project aiming to systematically provide line
lists which can be used for spectral characterisation and simulation of astrophysical
environments such as exoplanets, brown dwarfs, cool stars and sunspots1. The list
ExoMol molecules include diatomics (e.g., C2, O2, AlO, NiH, MgH, CrH), triatomics
(e.g., H2S, C3, SO2), tetratomics (e.g., PH3, HOOH, H2CO) and a few larger molecules
(most notably CH4 and HNO3) which currently lack a comprehensive spectroscopic
description.
We report progress on a new theoretical line list for Aluminium Oxide. The ro-vibronic
energy levels of AlO are determined by solving variationally a Schrödinger equation for
a system of coupled electronic states X 2Σ+, B 2Σ+ and A2Π using an in-house FORTRAN
code; the couplings between the curves are due to interactions between electronic orbital
and electronic spin angular momenta. The ab initio potential energy and coupling
curves were obtained using the Multi-Configuration-Self-Consistent-Field (MCSCF)
and Internally-Contracted Multi-Reference-Configuration-Interaction with Davidson
correction (IC-MRCI+Q) methods in conjunction with the basis sets of the (up to) the
6-ζ quality. The effects of the basis set truncation error, choice of the complete active
space, core-correlation and relativistic corrections as well as sensitivity of angular
momentum coupling curves with respect to the electron correlation level used were
carefully analysed. The quality of the ab initio methods used for the electronic structure
calculations can be assessed by comparing the theoretical ro-vibronic energies to the
experimental data available in the literature, which are also used to semi-empirically
refine the potential energy curves and different couplings.

This work is supported by ERC Advanced Investigator Project 267219.
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Hyperfine splittings in CH3F induced by the Stark effect
Jindřich Koubek, Patrik Kania, Štěpán Urban

Institute of Chemical Technology, Prague, Czech Republic, jindrich.koubek@vscht.cz

CH3F Stark transitions of the pure rotational line J: 1→2, K: 1→1 with largest Stark
shift (M: −1→ −1 and M: 1→ 1 for parallel set-up, M: −1→ 0 and M: 1→ 0 for
orthogonal set-up) were measured in an absorption free path cell using frequency
modulation, at pressure of 7 μbar and under electric field intensity ranging from cca 10
to 1100 V/cm. Since the experiment is Doppler limited, no spin-rotational splitting due
to the hydrogen or fluorine nuclei was observed in pure rotational lines and was
expected to appear neither in the selected Stark lines that serve in calibration of Stark
instruments. Nevertheless the measured spectrum features a splitting in these Stark
components, a splitting that linearily increases with electric field intensity. Analysis
following articles by Marshall, Wofsy, Muenter and Klemperer1-2 is in progress.
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Fig.: Hyperfine splittings in CH3F J:1→2, K:1→1 Stark transitions M: −1→ −1 (a, b),
M: 1→ 1 (c, d), M: −1→ 0 (e) and M: 1→ 0 (f, operational upper frequency limit of the
Schottky diod detector causes lower SNR) under external electric field intensity of cca
500 V/cm (b, c) and 1100 V/cm (a, d, e, f).
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Microwave spectra and molecular geometry of the fluoroformyloxyl
radical isotopologues
Jan Koucký1, Patrik Kania1, Tereza Uhlíková1, Helmut Beckers2, Helge Willner2,
and Štěpán Urban1
1
Institute of Chemical Technology, Prague, Faculty of Chemical Engineering,
Department of Analytical Chemistry, Technická 5, 166 28, Prague 6, Czech Republic

jan.koucky@vscht.cz
2

Bergische Universität Wuppertal, FB C, Anorganische Chemie, Gaußstr. 20, 42119,
Wuppertal, Germany

The rotational spectra of the free FC16O18O· radical measured at the Prague millimetrewave spectrometer are presented in this study. A set of rotational constants, centrifugal
distortion constants, fine and hyperfine interaction constants including some offdiagonal parameters were calculated from the measured 187 rotational transitions
observed in the frequency range 160-177 GHz and 256-269 GHz. Together with the
previously obtained results1,2 the “substitution” molecular geometry of the radical was
evaluated (bond lengths FC and CO are 1.31 Å and 1.24 Å respectively, FCO angle
120.1°). With the help of ab initio calculations, the mutual ratios of the parameters of
the corresponding radical isotopologues experimental and theoretical data were
calculated. Furthermore the derivation of the “semi-empirical” equilibrium geometry
based on the mentioned mutual ratios was carried out.
The measurements and assignments of the FC16O18O· radical transitions and the
experimental fluoroformyloxyl radical geometry derivation have been performed for the
very first time.
References
[1] L. Kolesniková, J. Varga, H. Beckers, M. Šimečková, Z. Zelinger, L. Nová
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The first rotational study of SNP
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Jan Koucký , Patrik Kania1, Tereza Uhlíková1, Xiaoqing Zeng2, Helmut Beckers2,
Helge Willner2, and Štěpán Urban1
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The recent direct observation of the diatomic PN in the supergiant star VY CMa
suggests the existence of more phosphorus molecules in the presence of oxygen or
sulphur atoms1. Here, we report the first gas phase study of a linear triatomic specie
SNP. This compound was prepared by a low-pressure pyrolysis2,3 of SP(N3)3 at about
1000°C.
SP(N3)3 → SNP + 4 N2
The continuous flow was used during the whole measurement with the total pressure
kept at about 15 µbar. The predictions of transition line frequencies were carried out
with the help of CCSD(T) calculations. The basis set of the molecular parameters was
determined by the SPFIT program. The measurements of the rotational spectra, the line
assignments as well as the molecular parameters derivation of the SNP molecule were
performed for the first time.
References
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Study of Molecular Transitions of Rb and Cs Dimmers in Strong
Magnetic Fields up to 7 kG
Y. Pashayan-Leroy1, C. Leroy1, G. Hakhumyan1,2, D. Sarkisyan2
1
Laboratoire Interdisciplinaire Carnot Bourgogne UMR CNRS 6303 Université de
Bourgogne Dijon, 21078, France, yevgenya.pashayan-leroy@u-bourgogne.fr; 2Institute
for Physical Research, NAS of Armenia, Ashtarak, 0203, Armenia

A simple and efficient scheme based on one-dimensional nanometric-thin cells filled
with Rb and strong permanent ring magnets allowing of direct observation of the
hyperfine Paschen–Back (HPB) regime on D1 line in the range of 5-7 kG has been
reported recently1. For such large magnetic fields the eigenstates of the Hamiltonian are
described in the uncoupled basis of J (electron total angular momentum) and I (nuclear
magnetic momentum) projections (mJ;mI). In particular, for σ+ laser excitation, the
slopes of B-field dependence of the frequency shifts for all 1-10 individual transitions of
85
Rb and 87Rb D1 line are the same and equal to 1.86 MHz⁄G (see Fig.1).
a

b

Fig. 1: a ) Magnetic field dependence of frequency shifts for transition components labeled 4 - 9 (85Rb) and 1 - 3,
10 (87Rb, in the inset). Solid lines: theory; symbols: experiment. b) diagram of 85Rb (I = 5/2) and 87Rb (I = 3/2)
transitions for + laser excitation in HPB regime. The selection rules: mJ = +1; mI = 0.

The use of thin cells allows of applying permanent magnets facilitating significantly the
creation of strong magnetic fields. In thin sealed-off high temperature sapphire cells (of
thickness L = 0.05-1 mm) filled with Rb or Cs and heated up to the temperature 200-300
C (the smaller the thickness the higher the needed temperature), Rb2 and Cs2 dimmers
are created. That's why it is important to clarify the optimum between the cell minimal
thickness L and needed temperature to achieve large (detectable) absorption. The study
of dimmer transitions behavior in strong magnetic fields (5-7 kG) will be realized with
the help of strong permanent magnets using dimmer transmission spectra. Large
splitting and frequency shifts are expected for large values of quantum rotational
number J (J ~ 100).
The research reported has received funding from the European Union FP7/2007-2013
under grant agreement n° 205025-IPERA. Research conducted in the scope of the
International Associated Laboratory (France-CNRS & SCS-Armenia) IRMAS.
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High Resolution infrared and Raman Spectroscopy of 192OsO4
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The 192OsO4 tetrahedral molecule was synthesized in order to perform monoisotopic
infrared spectra of the ν3 stretching band and the ν2/ν4 bending dyad. Those spectra
were obtained at the SOLEIL synchrotron while a stimulated Raman spectrum of the ν1
band (natural abundance) was recorded at the Instituto de Estructura de la Materia. Line
assignments and analysis were performed thanks to the SPVIEW and XTDS softwares1
in Dijon.
The first aim was to complete our previous study2 on the ν1/ν3 stretching dyad infrared
spectrum obtained from a natural abundance sample. Moreover, the ν2/ν4 region has
never been analysed before because it lies in the far infrared region. Its huge line density
makes its assignments and analysis particularly difficult. In this case we could obtain a
preliminary but satisfying analysis.
The study of both dyads allows us to estimate the Os-O bond length value at
equilibrium based on Hamiltonian parameters. This result could serve as a benchmark
for quantum chemistry calculations for molecules containing heavy transition metal
elements.

Fig. 1: Part of the P branch of the ν3 band of 192OsO4, compared to simulation.
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The Infrared Spectrum of 13C2H2 : Bending States up to v4 + v5 = 4
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The vibration rotation spectra of 13C substituted acetylene, 13C2H2, have been recorded
in the region between 60 and 2700 cm−1 with an effective resolution ranging from 0.001
to 0.006 cm−1. In the FIR range, from 60 to 250 cm−1, the Canadian Light Source
synchrotron facility was used (resolution = 0.001 cm−1). Between 400 and 800
cm−1 the modified BOMEM FTIR instrument present in Ottawa was used (resolution =
0.002 – 0.003 cm−1) . The spectra above 1000 cm--1 were recorded in Bologna at a
resolution of 0.004 – 0.006 cm−1. A total of about 9500 rovibrational transitions have
been assigned to 101 bands involving the bending states up to vt = v4 + v5 = 4, allowing
the characterization of the ground state and of 33 vibrationally excited states. All the
bands involving states up to vt = 3 have been analyzed simultaneously by adopting a
model Hamiltonian which takes into account the vibration and rotation l-type
resonances. The derived spectroscopic parameters reproduce the transition
wavenumbers with a RMS value of the order of the experimental uncertainty. Using the
same model larger discrepancies between observed and calculated values have been
obtained for transitions involving states with vt = 4. These could be satisfactorily
reproduced only adopting, in addition to the previously determined parameters which
were constrained in the analysis, a set of effective constants for each vibrational
manifold.
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Spectroscopy of (C2D2)2, (C2D2)3, C2D2-He, and C2D2-Ne
Mojtaba Rezaei1, J. Norooz Oliaee1, N. Moazzen-Ahmadi1, A.R.W. McKellar2
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Spectra of acetylene-containing complexes are studied in the C2D2 ν3 fundamental band
region (≈2440 cm-1) using a tunable infrared diode laser to probe a pulsed supersonic
slit jet expansion. Extending our previous work1 on (C2D2)2, four new perpendicular
subbands are observed, enabling the first direct determination of the A rotational
constant for an acetylene dimer. This parameter turns out to be significantly larger than
the previous indirect value based on microwave spectra.2 The parallel band of (C2D2)2 is
located, but found to be highly perturbed. The trimers (C2D2)3, (C2D2)2 – C2H2, and
C2D2 – (C2H2)2 are observed spectroscopically for the first time (see Fig. 1).
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Fig. 1: Observed and simulated (using PGopher) spectra of acetylene trimers obtained
using a mixture of C2D2 and C2H2.
Rotational assignments of the He – C2D2 complex are made with the help of an ab initio
intermolecular potential3 and fitted using a simple Coriolis model. There are no
previous published experimental spectra for helium – acetylene, probably because this
complex is close to the free rotor limit, causing most transitions to pile up in a narrow
spectral region. Ne – C2D2 also poses assignment challenges, but Ar – C2D2 behaves
more or less like a conventional asymmetric rotor molecule.
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Analysis of the ν1 + ν4 combination band of NO3
Takashi Ishiwata1, Natsuko Shimizu2, Ryuji Fujimori2, Kentarou Kawaguchi2, Eizi
Hirota3, and Ikuzo Tanaka4
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Nitrate radical (NO3) is one of the chemical intermediates which play important roles in
chemical transformation in the Earth’s atmosphere. Apart from the problems in
atmospheric chemistry, recent interest concerns with the vibronic structure of the 2A2’
ground state studied from both of the experimental and theoretical sides.
We have observed the infrared spectrum of NO3 in the 1400 cm-1 region using a high
resolution FT-IR spectrometer. Two 2E’-2A2’bands were identified for two isotopomers
of NO3 (14NO3 and 15NO3). The rotational analyses indicated these bands had the lower
state in common, which coincided with the ground state of D3h symmetry. One was the
band reported in 1985 as the ν3(e’) band1, and reanalyzed in 19902. The other was the
band observed at 1413 cm-1 for 14NO3 and 1407 cm-1 for 15NO3 and assigned as the
transition to the ν1+ν4 (e’) state. The spectra were free from perturbation and were
analyzed by using a Hamiltonian appropriate for the states of vibronic E’ symmetry of
planar D3h molecules including spin-rotation and spin-orbit interactions. The l-type
doubling, spin-orbit, and Coriolis coupling constants which characterize the degenerate
vibrational states were consistent with each other in two isotopomers, but they were
substantially different from other 2E’ vibronic states except for the ν4 (e’) state reported
recently3.
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New investigation on THz spectra of OH, SH and SO radicals
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Pure rotational transitions of OH and SH radicals have been recorded in the THz
spectral range using synchrotron-based FIR and cw-THz techniques. Radicals were
produced in discharges of flowing H2O and H2S respectively.1,2 Line lists on these
radicals have been completed in the three lowest vibrational states for OH and in the
two lowest for SH. Furthermore, the hyperfine structure has been observed at
frequencies higher than 1 THz for both radicals.
On the FT-FIR spectrum of SH, 99 new rotational transitions of SO radical have been
observed in its vibrational ground state. Among them, 22 lines belong to the HIFI
spectral windows.
A global fit has been made for each of these radicals with the SPFIT/SPCAT programs3
providing the best set of molecular parameters for v=0, 1 and 2 for OH, v=0 and 1 for
SH and v=0 for SO.

Fig. 1: R1f(1.5) pure rotational transition of the OH radical recorded using
synchrotron-based FIR and cw-THz techniques showing resolved hyperfine structure
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Nuclear Spin Conversion in Methane
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Molecules having equivalent atoms with non zero nuclear spin exist as isomers, which
differ by the value I of the total nuclear spin of these atoms. For example, CH4 is of
meta (I = 2), ortho (I = 1) or para (I = 0) species. The well known consequence of the
spin modifications is the intensity alternation of rovibrational lines.
The mechanism of conversion from one CH4 spin modification to another has been
studied in the framework of the Quantum Relaxation Model1. This model shows that
nuclear spin conversion is governed by intramolecular spin-spin and spin-rotation
magnetic interactions and by collisions. Interactions couple energetically closed levels
of different spin symmetry, for example ortho and para levels, and this mixing is
interrupted by a collision that makes the molecule leave the mixed state and puts it in a
pure state, for example ortho or para, with a non zero probability for both modifications.
Calculations have been performed with :
new relevant ab initio spin-spin and spin rotation parameters,
identification of ortho and para interacting levels,
ground state line broadening parameters,
Spin conversion rates have been estimated for different environments.
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Submillimetre-wave spectroscopy of unstable imines of astrophysical
interest: CH2NH and CH2CNH
Claudio Degli Esposti1, Luca Dore1, Luca Bizzocchi2
1
Dipartimento di Chimica “G. Ciamician”, Università di Bologna,
Italy,[claudio.degliesposti , luca.dore]@unibo.it;2Centro de Astronomia e Astrofisica,
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Methanimine (CH2NH) and ketenimine (CH2CNH) are unstable molecules which have
been detected in different astronomical sources 1,2. Presently, the published rotational
data for these species 3,4 are limited to frequency regions which are well below the
spectral ranges covered by Herschel/HIFI and the ALMA bands 9 and 10. We have
extended the recordings of rotational lines of CH2NH and CH2CNH into the
submillimetre-wave region, in order to improve the precision of ground-state rotational
and centrifugal distortion constants and make it possible to build a list of very accurate
rest-frequencies for astrophysical purposes in the THz region (1σ uncertainties lower
than 0.01 kms−1 in radial equivalent velocity).
The investigation was carried out using a source-modulation microwave spectrometer
based on Gunn oscillators equipped with various frequency multipliers. The free-space
cell of the spectrometer was coupled to a high temperature reactor which allowed for the
production of these species by gas-phase pyrolysis of 1,2 diaminoethane (for CH2NH),
or isoxazole (for CH2CNH). The spectra were recorded in the frequency range 80–630
GHz, and many tens of new ground-state transition frequencies were accurately
measured for each species. The hyperfine structure due to the 14N nucleus was very
often detected, and it was accounted for in the analysis.
The complete sets of quartic and sextic centrifugal distortion constants could be
accurately determined for CH2NH, while less satisfactory results were obtained for
CH2CNH, whose ground-state rotational spectrum is perturbed by a centrifugal
resonance5. Further analyses are currently in progress to achieve a better modeling of
the observed perturbation.
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High signal-to-noise ratio line-shape measurements of the oxygen B
band by PDH-locked FS-CRDS
Agata Cygan1, Daniel Lisak1, Szymon Wójtewicz1, Jolanta Domysławska1, Joseph
T. Hodges2, Ryszard S. Trawiński1, Roman Ciuryło1
1
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We present an extremely high signal-to-noise ratio measurements of spectral line
shapes. Our Pound-Drever-Hall (PDH) locked frequency-stabilized cavity ring-down
spectrometer (FS-CRDS)1 provides high spectral resolution and low detection limit. The
problem of unexpected PDH-lock breaking during high-repetition rate ring-down events
generation was solved thanks to an active control of the PDH error signal offset2 which
assured more reliable and faster work of our spectrometer. Possible extension of laser
light switching-off time, between consecutive ring-down events, up to 1 ms is shown.
An exceptionally precise measurements of absorption line shapes are demonstrated on
example of rovibronic transitions of the 16O2 B band near λ = 689 nm3,4. Obtained
signal-to-noise ratio of 220000:1 and a minimum detectable absorption coefficient of
2.4 × 10−11 cm−1 corresponds to the lowest line intensity measurable by our setup of
approximately 1.3 × 10−30 cm−1/(molecule cm−2)5. The detection limit of our
spectrometer was tested on example of weak oxygen line having intensity of 2.716 ×
10−29 cm−1/(molecule cm−2). Careful analysis of the data revealed a subtle line-shape
asymmetry that could be explained by the speed dependence of the collisional shift. The
influence of slowly drifting etaloning effects on the precision of the line-shape analysis
is presented. The precise line-shape measurements combined with sophisticated data
analysis are crucial for such experiments as accurate determination of the Boltzmann
constant by optical methods6,7.
The research is part of the program of the National Laboratory FAMO in Toruń, Poland,
and is partially supported by the Foundation for Polish Science TEAM Project cofinanced by the EU European Regional Development Fund. A. Cygan is supported by
the Polish NCN, Project No. N N202 239240.
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First analysis of the Ångström bands system (B1Σ+-A1Π) in the rare
12 17
C O isotopic molecule
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The Ångström bands system (B1Σ+ -A1Π) so far unobserved in the rare 12C17O isotopic
molecule has been obtained under high resolution as an emission spectrum using a high
accuracy dispersive optical spectroscopy.
In total, 200 transition wave numbers belonging to the (0-1) and (0-2) bands were
precisely measured and rotationally analyzed. The obtained result was the merged
rotational constants B0=1.8988823(41) cm−1 and D0=6.4283(26)·10−6cm−1 for the B1Σ+
Rydberg state as well as the individual rotational constants B1=1.54088(12)cm−1,
D1=6.950(87)·10−6cm−1, B2=1.519292(69)cm−1, D2=8.22(16)·10−6cm−1 for the A1Π
state in the 12C17O isotopologue. The 0−v′′ bands origins were also calculated.
Moreover, numerous rotational perturbations observed in the A1Π state in 12C17O
isotopic molecule were identified and analyzed in detail. The observed perturbations
were confronted with those predicted from theoretical calculations. Simultaneously, the
B1Σ+(v′ = 0) Rydberg state was observed which turned out to be quite regular up to the
Jmax level.

Fig. 1: Band-head region of the B1Σ+-A1Π emission spectrum of the rare 12C17O isotopic
molecule for the 0-2 band (as an example). Part of the less intense 0-2 band of the
Ångström system in the 12C16O molecule is showed at left (its band head is marked with
asterisk). The dotted lines indicate the tips of the relatively very strong Th calibration
lines.
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Experimental and theoretical broadening coefficients of self-perturbed
SO2 ro-vibrational transitions in the 9 µm atmospheric region from
tunable diode laser spectroscopy and semiclassical calculations
Nicola Tasinato1, Andrea Pietropolli Charmet1, Paolo Stoppa1, Giovanni Buffa2
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Sulfur dioxide is an important molecule which plays a significant role in many fields
such as chemistry, biology and industry. Referring to Earth's atmosphere the natural
sources are biomass burning and volcanic eruptions,1 nevertheless the main sources of
sulfur dioxide arise from anthropogenic activities. Indeed it is widely used in food
industry, particularly in wine making and food preserving.
For these reasons, in our laboratories we are currently undertaking a systematic study
concerning the determination of line-by-line parameters, in particular broadening
coefficients and integrated absorption coefficients, of sulfur dioxide either selfbroadened or perturbed by a series of foreign perturbers.
In this work, line-by-line parameters have been determined experimentally for several
sulfur dioxide ro-vibrational transitions in the ν1 band region within the 9 µm
atmospheric window. The measurements have been carried out at room temperature
employing a tunable diode laser spectrometer. Self-broadening parameters have also
been calculated theoretically adopting a semi-classical formalism based on the
Anderson-Tsao-Curnutte approximation. The data obtained for the new transitions here
investigated confirms our previous results2 and allows the dependence of selfbroadening coefficients on rotational quantum numbers to be explored. Besides to selfbroadening coefficients, the line profile analysis of the recorded spectra has led to the
determination of the integrated absorption coefficients.
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High-Resolution Stimulated Raman Spectroscopy of Carbon
Tetrafluoride CF4
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The spectra of the ν1, ν2 and 2ν2 bands were obtained with a quasi-cw stimulated Raman
spectrometer. In this technique, two laser beams are focused simultaneously on the
sample and their frequency difference scanned, normally by scanning one of them.
When this difference matches a Raman transition of the molecule under study, an
energy transfer takes place between both beams, so that by monitoring the intensity of
one of them throughout a frequency scan a Raman spectrum of the sample can be
obtained. In a quasi-cw spectrometer one of the laser beams is continuous and the other
one pulsed, providing an optimum compromise between resolution and sensitivity. The
apparatus function results from the convolution of the linewidths of the two lasers. In
our setup this function is dominated by the contribution of the pulsed beam, resulting in
a FWHM of ≈ 75 MHz, which sets the limit to the resolution of the spectrometer.
The three bands analyzed in this work were studied at a temperature of 135 K. The
spectrum of ν1 was obtained at a sample pressure of 2 mbar. For the spectra of 2ν2 and
ν2, which are much weaker, pressures of 15 and 20 mbar respectively were used. The
analysis has been performed thanks to the XTDS and SPVIEW softwares developed in
Dijon for such molecules [1].

References
[1] Ch. Wenger, V. Boudon, M. Rotger, M. Sanzharov and J.-P. Champion, J. Mol.
Spectrosc., 251, 102–113 (2008).

Boudon V.
Bermejo D.
Martinez R.Z.

Poster session, H32

145

High Resolution Study of C2H4: Reanalysis of the Ground
and Strongly Interacing v4, v7, and v10 Vibrational Bands
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The infrared spectrum of the C2H4 molecule has been measured in the region of 650 – 1150
cm-1 with a Bruker IFS 125HR Fourier transform interferometer and analyzed. More than
9000 transitions with Jmax. = 53 and Kamax. =22 have been assigned to the bands v7, v10, and v4
the last is forbidden by the symmetry, and its transitions are appeared in the spectrum only
because of strong resonance interactions between the bands v4, on the one hand, and the
bands v7, and v10, on the other hand). Known in the literature rotational and centrifugal
distortion parameters of the ground vibrational state were improved on the basis of assigned
transitions. The inverse spectroscopic problem was solved for the set of strongly interacting
states (v4 = 1)/(v7 = 1)/(v10 = 1) (the fourth, ”dark” state (v12 = 1), was also taken into
account). The obtained from the ﬁt set of parameters reproduces the initial ”experimental”
ro-vibrational energy values of the (v4=1)/(v7 = 1)/(v10 = 1) states with accuracies close to
experimental uncertainties.
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Rotational spectroscopy of the isotopic species of CO+ up to 1.3 THz
Silvia Spezzano1, Sandra Brünken1, Holger S. P. Müller1, Frank Lewen1 and
Stephan Schlemmer1
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CO+ is the cation of the second most abundant molecule in space, carbon monoxide, and
it’s a good tracer of photon-dominated regions (PDRs). There are many open questions
related to the abundance of CO+ in PDRs: one example is the process of excitation upon
formation which leads to rotational excitation temperatures as low as 10 K1. This
process has not been fully understood also because of the lack of data at high
frequencies. The recent development of facilities such as Herschel, SOFIA and ALMA
has opened the far-infrared to radioastronomy, and laboratory work is needed in order to
provide accurate molecular data in the THz frequency range.
Prior to this work, precise THz measurements of CO+ were missing: the main isotopic
species was studied up to 590 GHz2,3,4 , and rare isotopic species were studied between
100 and 250 GHz3. The only far-infrared (THz) measurements have been made by Van
den Heuvel and Dymanus5, who reported on the detection of a single transition of CO+
with a FIR side-band spectrometer with an accuracy of 1 MHz at 1.06 THz. Motivated
by the lack of accurate data at high frequencies, we studied CO+ in several isotopic
substituted species from 300 GHz to 1.3 THz.
CO+ was produced in a cryogenic discharge cell cooled with liquid nitrogen, using a
hollow cathode dc discharge of pure CO (0.9 mbar) with a current of 80 mA; for the
13CO+ measurements a 99% enriched sample was used. The radiation sources employed
are frequency stabilized Backward Wave Oscillators (BWO), and a commercially
available multiplier chain (Virginia Diodes).
An isotopically invariant fit has been made including also the previous measurements,
Born-Oppenheimer breakdown terms ΔC01 andΔO01 have been derived and compared to
previous values for CO+ and isoelectronic molecules.
The derived set of independent molecular parameters is valid for all isotopic species of
the molecule; the measured and predicted high-N transitions of CO+ will be useful for
future observations as they have finally the accuracy needed for astronomical search:
ideal test candidates would be planetary nebulae and proto-planetary nebulae6,7.
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High Level Ab Initio Study of the Electronic Interactions between
Eight Lowest Electronic States of the C2 Radical
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C2 plays an important role in the chemistry of the cool stars. It has been observed in
many extraterrestrial sources, such as comets, carbon stars, protoplanetary nebulae and
molecular clouds. We present an accurate and detailed ab initio study of the coupling
between the electronic states X1 , A1u, B1g, B’1 a3ub3 c3  and d3g of
the C2 molecule. Potential energy and transition moment curves for these states were
recently1 computed ab initio using the MRCI method in conjunction with the aug-ccpV6Z basis set including the core and core-valence correlations and scalar relativistic
energy corrections as implemented in the MOLPRO.
Presently we apply the same level of theory to obtain all spin-orbit interaction as well as
coupling functions associated with the electronic angular momentum on a large grid
of geometries. The corresponding electronically averaged functions are computed at
the CASSCF level.
We have determined all spin-vibronic energy levels of 12C2 associated with these eight
states up to 20000 cm-1 above the electronic ground-state minimum using the rovibronic
program Duo developed recently for a general diatomic molecule of an arbitrary number
of electronic states. The comparison with and an empirical tuning to the experimental
data available in the literature will be presented and discussed.
C2 is one of the species selected for the ExoMol project (see www.exomol.com), which
aims to generate accurate and comprehensive line lists for molecules of key
astronomical importance.
This work is supported by ERC Advanced Investigator Project 267219.
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New assignments in the 2 µm transparency window of the 12CH4 octad
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The present study reports new assignments of rovibrational transitions of 12CH4 bands
in the range 4600-4887 cm-1 which is usually referred to as a part of the 2 µm methane
transparency window. Several experimental data sources for methane line positions and
intensities were combined for this analysis. Three long path Fourier Transform Spectra
newly recorded in Reims with 1603 m absorption path length and pressures of 1, 7 and
34 hPa for samples of natural abundance CH4 provided new measurements of 12CH4
lines. Older spectra for 13CH4 (90% purity) from JPL with 73 m absorption path length
were used to identify the corresponding lines. Most of the lines in this region belong to
the Octad system of 12CH4. The new spectra allowed us to assign 1014 new line
positions and to measure 1095 line intensities in the cold bands of the Octad. These new
line positions and intensities were added to the global fit of Hamiltonian and dipole
moment parameters of the Ground State, Dyad, Pentad and Octad systems. This leads to
a noticeable improvement of the theoretical description in this methane transparency
window and a better global prediction of the methane spectrum. The spectral range
treated is only a small part of the long path spectra that were recorded. Other studies
concerning the other regions and isotopologues will be performed in subsequent papers.
The data will be presented for future inclusion into commonly used databases such as
HITRAN [1] or GEISA [2] and through the VAMDC portal [3] and is available upon
request to the authors. Hamiltonian and dipole moment parameters resulting from the
present study are also included in the MIRS [4] and XTDS [5] software packages that
allow line lists and synthetic spectra to be recalculated. It will also be proposed to
simulate Titan’s spectra in that spectral region.
Acknowledgments. This work is part of the ANR project “CH4@Titan” (ref: BLAN082_321467). The support of the GdRI-SAMIA is acknowledged. Part of the research
described in this paper was performed at the Jet Propulsion Laboratory, California
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Test of molecular structure determination on some examples
Natalja Vogt and Jürgen Vogt
Chemical Information Systems, University of Ulm, 89069 Ulm, Germany,
natalja.vogt@uni-ulm.de
The optimization of structural parameters for succinimide, N-methylsuccinimide, maleic
anhydride, fumaric acid and the canonical tautomers of thymine and uracil molecules
has been carried out at the CCSD(T) level of theory in the “frozen core” or “all electron
correlated” (ae) approximation using triple zeta basis sets. To obtain the “best ab initio”
structure, the extrapolation to the higher basis sets was performed using results of MP2
calculations. The quality of the theoretical structure calculations was judged by
comparison with microwave (MW) and/or gas-phase electron diffraction (ED) data,
transformed to the equilibrium values (rese) taking into account harmonic and
anharmonic vibrational corrections in the MP2/VTZ approximation, for the following
molecules: succinimide1, N-methylsuccinimide2, maleic anhydride3,4, fumaric acid5,
thymine6, and uracil7. It is shown that the agreement between the re(best ab initio) and
rese (ED and/or MW) structural parameters is within the experimental (ED) uncertainties
(see Fig.).
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Hydrogen Sulphide: Dipole Moment Surface and Room Temperature
Spectrum
Ala’a Azzam1, Sergei N. Yurchenco2, Jonathan Tennyson3
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Hydrogen sulphide is a triatomic asymmetric top molecule, one of the systems to be
studied as part of the ExoMol project (www.exomol.com). Our ultimate goal is to
produce an accurate and comprehensive list of line positions and intensities for this
molecule applicable for a large range of temperatures (up to 2000K). This will provide
an important resource for atmospheric modelling of extrasolar planets and cool stars as
well as for the laboratory investigations and pollution studies. In this contribution we
present a room temperature spectrum of H2S based on our new ab initio dipole moment
surfaces (DMS) computed at different levels of theory. The DVR3D1 program suite was
used to calculate the bound ro-vibration energy levels, wavefunctions, and dipole
transition intensities employing the empirical potential energy surface (PES)2 which was
further refined by fitting to the existing experimental data.
The quality of the shallow-shaped DMS of H2S in the vicinity of the equilibrium is
known3 to be critical for computing accurate intensities of the weak asymmetric
stretching bands. In this work a systematic ab initio study of DMS of H2S is presented.
We tested the CCSD[T], CCSD(T)-f12, MRCI methods in conjunctions with different
basis sets (up to the 5Z-quality) and different corrections at a large range of geometries
as implemented in the MOLPRO program. We observed that unlike the ab initio DMS
of water4 the relativistic corrections and core-valence effects to the DMS of H2S do not
cancel but add together and thus represent important contributions to the ab initio dipole
moment of hydrogen sulphide.
This work is supported by ERC Advanced Investigator Project 267219. Ala'a Azzam
thanks the University of Jordan for the financial support.
References
[1] J. Tennyson, M.A. Kostin, P. Barletta, G.J. Harris, O.L. Polyansky, J. Ramanlal, and
N.F. Zobov. Comput. Phys. Commun. 163, 85, 2004
[2] V.G. Tyuterev, S.A. Tashkun, and D.W. Schwenke. Chemical physics letters 348,
223, 2001
[3] T. Cours, P. Rosmus, and V.G. Tyuterev. J Chem. Phys. 117, 223, 2002
[4] L. Lodi, J. Tennyson, and O.L. Polyansky. J. Chem. Phys. 135, 034113, 2011

Azzam A.
Yurchenko S.N.
Tennyson J.

Poster session, H38

151

Laser magnetic resonance of NO2 molecules: line positions and
intensities
Asylkhan Rakhymzhan and Alexey Chichinin
Institute of Chemical Kinetics and Combustion, Russia, chichinin@kinetics.nsc.ru

Laser magnetic resonance (LMR) spectra of the  2 fundamental band (010  000) of
NO2 in the perpendicular polarisation (E  B) are recorded in the 884—982 cm-1 range
and analysed for all available 13C16O2 and 12C16O2-laser frequencies. The analysis
includes assignment of the observed transitions and calculation of the LMR line
strengths for both polarisations. As a result, we predict the strongest spectra, which
normally are unresolved. Such unresolved overlapped spectra are normally useless for
molecular parameters determination, but they are very useful for applications. In other
words, we would like to have calibrated absorption, which is necessary for our
intracavity setup to determine absolute absorptions by other gases. Note also that the
origin of the  2 band is 750 cm-1, hence the intensities of the LMR spectra should be
very sensitive to the temperature of the gas mixture which contains NO2. Hence we plan
to use the LMR spectra to determine the temperature of the gas mixtures.

In the literature there is a single LMR study1 in which line positions measurements in
E║B polarisation and analysis of the  2 band are reported. However, the analysis have
not included the line intensities, unresolved spectra, and transitions with N>17.
A typical example of our experimental unresolved LMR spectrum is shown at fig. 1A. It
is a clear example of a-a transition: the shape of the spectrum depends only on
broadening factors and on the F2''–F2' transition frequency. The structure of the
spectrum is shown at fig. 1C. It consists of series -8.5  MJ''  4.5 transitions, all of them
originate from 119,3  1210,2 rotational transition. Smooth curve at fig. 1C presents
absorption cross section dependence on magnetic field  (B), and the derivative of the
curve  / B is presented at fig. 1B.
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New Millimeter-Wave Measurements of the NH3–CO and NH3–N2
Molecular Complexes
Alexandr A. Dolgov1, Alexey Potapov2, Victor A. Panfilov1, Leonid A. Surin1,2,
Stephan Schlemmer2
1
Institute of Spectroscopy RAS, Troitsk, Russia, dolgov.adonix@gmail.com;
I. Physikalisches Institut, University of Cologne, Germany, surin@ph1.uni-koeln.de

2

The pure rotational spectra of the isoelectronic van der Waals complexes, NH3–CO and
NH3–N2, have been measured using the intracavity OROTRON jet spectrometer in the
frequency range of 112-139 GHz. For the NH3–CO complex observed and assigned
transitions belong to the R-branches with rotational J numbers from 5 to 19 of the K = 1
– 0, K = 2 – 1, K = 0 – 0 and K = 1 – 1 subbands. These transitions are continuations to
higher J values of transition series correlating with the rotationless jNH3 = 0 state (Asymmetry) of free orthoNH3 and jNH3 = 1 state (E-symmetry) of free paraNH3 observed
previously at lower frequencies.1 For NH3–N2 six new transitions were observed
belonging to different nuclear spin-modifications of the complex: orthoNH3–orthoN2,
orthoNH3–paraN2 and paraNH3–orthoN2. The transitions involve the K = 0 and K = 1
states and extend earlier millimeter-wave data2 to higher J numbers.
Both new data sets were analyzed together with known infrared, millimeter-wave and
microwave transitions in order to determine the molecular parameters of the NH3–CO
complex in the both A and E states and NH3–N2 complex for the case of orthoNH3–
orthoN2 modification. A comparison of derived parameters with those of the recently
studied CH4–CO complex3 is also presented.
The authors acknowledge the Deutsche Forschungsgemeinschaft (Grants SU 579/1,
SCHL 341/8) and the Russian Foundation for Basic Research (Grants 12-03-00985, 1202-91337) for financial support.
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High-resolution spectroscopy of molecular ions
Oskar Asvany, Sandra Brünken, Alexey Potapov, Lars Kluge, Sabrina Gärtner,
Stephan Schlemmer
I. Physikalisches Institut, Universität zu Köln, Germany, asvany@ph1.uni-koeln.de

Laser Induced Reaction (LIR) is a powerful technique for the rovibrational1 or even
rotational2 spectroscopy of molecular ions, as well as the study of state-specific rate
coefficients3. It is based on trapping only a few thousand mass-selected ions in a
cryogenic trap and probing their laser-induced excitation by the outcome of an
endothermic ion-molecule reaction. In particular, the combination of cold ions with a
narrow-bandwidth optical parametric oscillator (OPO) enables highly accurate
determination of rovibrational transitions. In this poster, the application of this
technique to H3+, CH2D+ and CH5+ in the 3 μm wavelength region is presented. As a
very recent extension, the use of a frequency comb allows to record the OPO-frequency
with unprecedented accuracy.
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First analysis of the 1 - v'' progression of the Ångström system in the
rare 12C17O isotopic molecule
R. Hakalla1, W. Szajna2, M. Zachwieja3, I. Piotrowska4, M. Ostrowska-Kopeć5,
P. Kolek6, and R. Kępa7
1

Atomic and Molecular Physics Laboratory, Institutute of Physics, University of
Rzeszów, ul. Rejtana 16A, Rzeszów, POLAND, hakalla@univ.rzeszow.pl;
2
szajna@univ.rzeszow.pl; 3zachwiej@univ.rzeszow.pl; 4ipiotrowska@if.univ.rzeszow.pl;
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So far unobserved in the very rare 13C17O isotopic molecule the 1 – v’’ progression of
the Ångström (B1Σ+ -A1Π) bands system has been registered as a high resolution
emission spectra using a using a high accuracy dispersive optical spectroscopy.
The 13C17O isotopoloques were formed and excited in the water-cooled hollow-cathode
lamp with two anodes. The emission from the discharge was observed with a plane
grating spectrograph and recorded by a photomultiplier tube. The obtained bands were
precisely measured and rotationally analyzed. The merged molecular constants and the
principal equilibrium constants for the B1Σ+ state were calculated for the first time in the
rare 13C17O molecule. The isotopic dependence of the Be and ωe constants were
discussed.
Numerous rotational perturbations observed in the A1Π state in 13C17O molecule have
been identified and analyzed in detail. The suspected candidates responsible for these
irregularities were indicated by means of a graph of the rovibronic levels of the
neighboring states based on the estimated term value.

Fig. 1: Rotational structure of the first time analyzed 1-1 band of the B1Σ+-A1Π system
in emission spectrum of the rare 13C17O isotopologue. Part of the less intense 1-1 band
of the Ångström system in the 13C16O and for the first time recorded in 13C17O the 0-3
band of the Herzberg (C1Σ+-A1Π) system are pointed at the bottom of the Figure. The
dotted lines indicate the tips of the relatively very strong Th calibration lines.
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He-, N2- and O2-broadening coefficients of sulfur dioxide rovibrational lines in the 9.2 µm region
1

1

1

1

Nicola Tasinato , Andrea Pietropolli Charmet , Paolo Stoppa , Santi Giorgianni
1

Dipartimento di Scienze Molecolari e Nanosistemi, Università Ca’ Foscari Venezia,
Calle Larga S. Marta 2137, I-30123 Venezia, Italy, tasinato@unive.it

Besides being a trace gas relevant for the atmospheric chemistry, sulfur dioxide is also a
molecule of proven astrophysical importance. In the Earth's atmosphere it actively
enters in the sulfur cycle and it is one of the main causes of acid rains, while it has also
been identified in the interstellar medium, particularly in star forming regions.
Due to this twofold interest, the collisional line broadening of sulfur dioxide perturbed
by helium, nitrogen and oxygen has been investigated for several ro-vibrational
transitions belonging to the P and Q branches of the ν1 normal mode around 9 µm. The
spectra of foreign-perturbed SO2 have been acquired with a tunable diode laser
spectrometer at room temperature varying the gas buffer pressure in the range 5 - 90
mbar. The analysis of the recorded spectra has led to the determination of He-, N2- and
O2-broadening coefficients. Among the perturbers considered in this study, N2 provides
the most efficient collisional relaxation while He produces the weakest damping. SO2air broadening coefficients have also been determined from those obtained for SO2
perturbed by nitrogen and oxygen. Concerning the dependence of the broadening
coefficients upon the quantum numbers, the present results suggest a weak dependence
on J, while more data are needed in order to assess the Ka trend. Work in this direction
is in progress.
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High-Resolution Spectroscopy of Hexamethylenetetramine (HMT)
C6N4H12
Vincent Boudon1, Olivier Pirali2
1

Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université de
Bourgogne, 9. Av. A. Savary, BP 47870, F-21078 Dijon Cedex, France,
Vincent.Boudon@u-bourgogne.fr; 2Ligne AILES, – Synchrotron SOLEIL, L’Orme des
Merisiers, F-91192 Gif-sur-Yvette, and Institut des Sciences Moléculaires d’Orsay,
UMR8214 CNRS-Université Paris-Sud, Bat. 210, 91405 Orsay cedex, France,
Olivier.Pirali@synchrotron-soleil.fr

Hexamethylenetetramine, or HMT (C6N4H12) is a N-substituted derivative of
adamantane C10H16 which is the smallest sample of the diamondoid molecules family.
Thanks to their high stability, diamond-like molecules have long been suspected to be
present in space [1] (note that diamond nanocrystals are extracted from the Murchinson
meteorite [2]), and HMT is known to be an abundant residue of UV irradiated
interstellar ice analogs [3] and might be present in Titan’s atmosphere. Using the Bruker
IFS 125 coupled to a multipass cell (absorption path length of 150 m) of the AILES
beamline at SOLEIL, we recorded the IR spectrum of gas phase HMT in the 300–3000
cm−1 spectral region with an unapodized resolution 0.001 cm−1. HMT is a solid powder
with about 0.008 mbar vapour pressure at room temperature. It is a Td molecule (as
adamantane) and has 25 vibrational modes from which only 9 are infrared active. Over
the 9 IR active fundamentals, we were able to rotationally resolve the spectra of 6 of
them.
The analysis of all the resolved bands has been performed thanks to the XTDS and
SPVIEW softwares developed in Dijon for such molecules [4]. Each band can be
considered as isolated and we obtained very good fits of line positions, with a root mean
square deviation better than 5 × 10−4 cm−1 for J values up to 80 or more in every case.
As for our recent study concerning adamantane [5], the resulting synthetic spectra might
permit an active search of this very stable specie in different sources of the interstellar
medium.
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A High Resolution FTIR Spectroscopic Study of Collisional - Cooled
CHF3: Re-Analysis of the Strongly Coupled States v2, v5, and v3+v6
A O. N. Ulenikov1,2, E. S. Bekhtereva1,2, I. B. Bolotova1, S. Albert1,
S. Bauerecker1,3, H. Hollenstein1, and M. Quack1
1
Physical Chemistry Laboratory, ETH-Zürich, CH-8093, Zürich, Switzerland; 2Tomsk
State University, Physics Department, 634050, Tomsk, Russia; 3Technische Universität
Braunschweig, D - 38106, Braunschweig, Germany

The infrared spectrum of CHF3 is a prototypical spectrum of a classical symmetric top
molecule. Despite a long history 1-8 its rotationally resolved infrared spectrum is poorly
understood due to numerous strong interactions. For that reason we have started to
reinvestigate the IR spectrum of CHF3. In this paper we present an analysis of the strongly
coupled triad of the states v2, v5, and v3+v6 previously measured and analyzed using FTIR
supersonic jet spectroscopy.5
The high resolution FTIR spectrum of CHF3 has been measured with the Bruker 125 HR
spectrometer using a collisional cooling cell 9 in the regions 1000-3600 and 5800-6800 cm-1
at two different temperatures, 120 and 295 K. As the result of analysis of the experimental
data, transitions with maximum values of the quantum numbers J and K larger than 80 were
assigned to all the bands, v2, v5, and v3+v6, that is considerably more transitions than in
previous studies.
In our present analysis we start by theoretical estimates of various parameters on the basis of
a known ab initio intramolecular potential function 6. The equations, which connect the most
important interaction parameters with the parameters of the potential function, have been
derived on the basis of operator perturbation theory. This information was used in the fit of
experimental upper energy levels obtained from the assignment of transitions in the
experimental spectrum. The fit results in a set of parameters which reproduce the initial
experimental data with an accuracy close to the experimental uncertainties.
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