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Rotational dependences of line half-widths of carbon oxide confined in
aerogels with different pore sizes
Alexander A. Solodov1,2, Tatiana M. Petrova1, Yuriy N. Ponomarev1,2, Alexander
M. Solodov1
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Absorption spectra of carbon oxide, confined in three nanoporous silica aerogels with
different pore sizes, have been measured within 4100 – 4400 cm-1 region at room
temperature using Bruker IFS-125 HR Fourier spectrometer (Shared research facilities
of Tomsk Scientific Center SB RAS). The dependences of the HWHM values on
rotational quantum numbers are retrieved and compared with data available in literature
[1,2]. The influence of pore sizes on the rotational dependence is studied and
mechanism of formation of spectral line half-widths is discussed. The rotational
dependences obtained differ from that found for CO confined in xerogel [1,2].
This work was supported by the Grant of President for young scientists, project МК7801.2015.2.
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Helium broadening parameters of water vapor in the 10200 to 11200
cm–1 spectral region
Tatiana Petrova1, Alexander M. Solodov1, , Alexander A. Solodov1 , Vladimir
Deichuli 1,2, Vitaly I. Starikov 3,4
1

V.E. Zuev Institute of Atmospheric Optics SB RAS, 1, Academician Zuev square, Tomsk
634021, Russia, tanja@iao.ru, solodov@iao.ru, yupon@ioa.ru, dvm91@ yandex.ru,
asolodov@iao.ru
2
National Research Tomsk State University, 36 Lenina avenue, 634050, Tomsk, Russia,
3
Tomsk State University of Control System and Radio Electronics, Tomsk, 634050, Russia;
4
National Research Tomsk Polytechnic University , Tomsk 634050, Russia,
starikov@yandex.ru

The He-broadening and shift coefficients of 76 rovibrational transitions
belonging to the 3ν1, 3ν3, ν1+2ν2+ν3, and 2ν1+ ν3 vibrational bands of H2O molecule
were measured in the spectral range between 10200 and 11200 cm-1 with the spectral
resolution of 0.01 cm–1 using a Bruker IFS 125HR FTIR spectrometer
(Regional Collective Use Center of Tomsk Scientific Center SB RAS). The calculations
of broadening and shift parameters were performed in the framework of the semiclassical method. It was shown that the vibrational dependence of the long-range as well
as the short-range parts of an isotropic H2O-He interaction potential influent substantial
on the calculated broadening coefficients. The calculated values of the broadening and
shift coefficients were compared with the experimental data.
This work was supported by Russian Foundation for Basic Research, grant
№15-02-06808
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Determination of Rotational Constant A due to Crossings of the
Energy Levels with Different Quntum Numbers K from Microwave
Spectra
Jan Koucký1, Lucie Kolesnikova1, Patrik Kania1, Helmut Beckers2,
Tereza Uhlíková1, and Štěpán Urban1
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Rotational absorption transitions with high values of the quantum number N of
fluorosulfate radical, FSO3∙, were measured with the aim of analyzing the crossings of
the energy levels with different quantum numbers K. These crossings of the levels
cause a breakdown of the standard s- and a-symmetric top reductions of the rotational
Hamiltonian and, on the other hand, their analysis enables an experimental
determination of the rotational constant A and the centrifugal distortion constant DK.
In addition to this, the “A1 — A2“ splittings of K = 3 and 6 levels are observed and
theoretically described.
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Submillimeter-wave spectroscopy of the NS radical in the 2 ground
electronic state
Patrik Kania1, Lukáš Kolík1, Jan Koucký1, and Štěpán Urban1
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The transient NS molecule is of great interest for interstellar nitrogen and sulfur
chemistry. It was first identified in Sgr B2 1 and is studied mainly in a massive starforming region or in cold dark clouds 2. Up to now all the existing interstellar detections
have been performed at frequencies in the millimetre-wave region. That prompted us to
perform a laboratory study of the so-far unexplored transitions of the main isotopomer
14 32
N S in the submillimetre-wave spectral region, which was lacking before.
The radical NS was generated by a DC glow discharge of a mixture of nitrogen, argon
and sulfur. Its spectrum was observed both for the 21/2 and 23/2 states. The new data
have been fitted simultaneously together with those previously reported 3. The molecular
parameters including the rotational and centrifugal distortion constant, the -type
doubling constants, and the hyperfine coupling constants of the nitrogen nucleus have
been determined more precisely, when compared with those reported previously. The
observed laboratory frequencies are readily usable for the rest of the frequencies of NS
for astronomical purposes.
References
[1] C. A. Gottlieb, J. A. Ball, E. W. Gottlieb, C. J. Lada, H. Penfield, ApJ 200, L147,
1975
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Millimeter-wave observations of the ND3−H2 and NH3−D2 van der
Waals complexes
Ivan Tarabukin1, Leonid Surin1,2, Victor Panfilov1, Stephan Schlemmer2
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The rotational spectra of the ND3−H2 and NH3−D2 van der Waals complexes have been
observed in a supersonic jet for the first time. The study of the deuterated isotopologues
provides an effective new probe of the intermolecular interaction between ammonia and
dihydrogen and can help to test the existing ab initio potential energy surface
calculations. Detailed knowledge of the NH3−H2 interaction parameters is important for
a number of applications in astrophysics.
In this work the millimeter-wave OROTRON intracavity jet spectrometer along with
double resonance technique were used to detect pure rotational transitions of the
orthoND3−orthoH2 and orthoNH3−paraD2 complexes in the frequency range from 75 to
120 GHz. The spectra were predicted from the initial observation of the main isotopic
species of the orthoNH3−orthoH21. The measured line positions including hyperfine
splitting due to the 14N nuclear spin of ammonia were analyzed in order to determine the
molecular parameters and structure of the orthoND3−orthoH2 and orthoNH3−paraD2
complexes.
References
[1] L.A. Surin, I.V. Tarabukin, S. Schlemmer, A. Breier, T. Giesen, M.C. McCarthy.
Book of Abstracts of the 24th Colloquium on High Resolution Molecular Spectroscopy,
2015, p. 177.
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Double resonance rotational spectroscopy in cryogenic ion traps
Pavol Jusko1, Matthias Töpfer1, Stephan Schlemmer1, Oskar Asvany1
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Spectroscopy in ion traps offers the advantage of cryogenic operation, long interaction
times, and mass selectivity. Therefore, several action spectroscopic schemes have been
developed in recent years to exploit these advantages for rotational spectroscopy,
examples being laser induced reaction LIR1 and laser induced inhibition of complex
growth LIICG2. This poster focuses on the powerful double resonance technique which
has been first demonstrated3 for H2D+ and later for the THz spectroscopy 4,5 of OH- and
OD-. Some recent results for D2H+, CH2D+ and CD2H+ are given in this contribution.

References
[1] O. Asvany et al., Phys Rev Lett 100, 233004, 2008
[2] S. Brünken at al., Astrophys. J 783, L4, 2014
[3] S. Gärtner at al., J Phys Chem A 117, 9975, 2013
[4] P. Jusko at al., Phys Rev Lett 112, 253005, 2014
[5] S. Lee at al., Phys Rev A 93, 032513, 2016
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Automatic Assignment and Fitting of Spectra with PGOPHER
Brant E Billinghurst1, Colin M Western2
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An initial implementation of an automatic assignment algorithm in the PGOPHER
program1,2 is presented. It has a similar principle to the AUTOFIT tool developed for
microwave spectra by the Pate group3 but written in a more general way so that any
parameters can be the subject of the search process. It can, for example, be used for
assignment of hyperfine structure or, as in the example worked through in detail here,
rotationally resolved infrared spectra. The essential method is for the user to select a few
transitions and a search range, and then PGOPHER will perform a fit to the parameters
selected for floating for every possible assignment in the search range. A list of the best
fits are presented, with the aid of a few additional “check” transitions, also selected by
the user. Initial trials indicate this can be very effective, given an efficient implementation
of the search process, and care in selection of the transitions chosen for the search.
The automatic assignment process is demonstrated on high resolution (~0.001 cm−1)
FTIR spectra taken at the Canadian Light Source far-infrared beamline using synchrotron
radiation and a Bruker IFS125 Fourier transform spectrometer. The species chosen for
study is cis-1,2-dichloroethene, for which only microwave spectra are available4. An
analysis of the ν11 band at 570 cm−1 of the 35Cl2 and 35Cl37Cl species will be presented,
with the assignments done using the automated assignment procedure. The effectiveness
and general application of the algorithm will be discussed in the light of this work.
References
[1] PGOPHER, C. M. Western, University of Bristol, http://pgopher.chm.bris.ac.uk
[2] PGOPHER, C. M. Western, J Quant. Spec. Rad. Trans.
doi:10.1016/j.jqsrt.2016.04.010 2016
[3] N. A. Seifert, I. A. Finneran, C. Perez, D. P. Zaleski, J. L. Neill, A. L. Steber, R. D.
Suenram, A. Lesarri, S. T. Shipman, B. H. Pate, J Mol. Spectrosc. 312, 13, 2015
[4] L. A. Leal, J. L. Alonso and A. G. Lesarri, J. Mol. Spectrosc. 165, 368, 1994
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AN EMPIRICAL POTENTIAL ENERGY SURFACE FOR THE
ELECTRONIC GROUND STATE OF HCO+
Giulia Winterhoff1, Sarah C. Galleguillos Kempf2, Tsuneo Hirano3, Per Jensen4
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Our work on calculating rovibronic energies and simulating spectra of small molecules
involves an analytical, parameterized representation of the potential energy surface for a
particular electronic state of the molecule in question. The values of the parameters in
the function can, in principle, be obtained (1) by a least-squares fitting of theoretical ab
initio energies or, (2) by a least-squares fitting of experimentally determined rovibronic
energy spacings. In practice, the amount of experimentally determined energy spacings
is normally too limited to allow the determination of a complete potential energy
surface, and so Method (1) is customarily used to determine initial values for the
potential-surface parameters and these parameters are then refined by Method (2),
leading to an improved reproduction of the available experimental data. In many cases
the available experimental data are so limited that even the refinement poses a problem.
With very limited experimental data, only very few parameters can be varied in the
refinement, and it is difficult to choose which parameters to vary.
In such cases, we have been able to proceed successfully by simultaneously leastsquares fitting to the experimental data and the ab initio energies, applying an
appropriate weighting of the two types of input data. This procedure was first
implemented in the program TROVE1 which simulates rovibronic spectra for any
molecule in an isolated electronic state, and then (as MORBID requires significantly
less computer resources than TROVE for doing the same calculation) in the older
program MORBID2 applicable to triatomic molecules only.
The experimental data are compiled by Neese 3 and the ab initio energies are newly
calculated at the core-valence RCCSD(T)/[aug-cc-pCVQZ(C, O), aug-cc-pVQZ(H)]
level of theory. Further details and results of the fits will be given at the conference.

References
[1] S. N. Yurchenko, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 245, 126-140, 2007
[2] P. Jensen, J. Mol. Spectrosc. 128, 478-501, 1988
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High-Resolution Study of Sulfur Dioxide:
S O2 and 32S16O18O in the Region of 1800-2800 cm-1

32 18

Valeriya A. Zamotaeva1, Elena S. Bekhtereva1, Olga V. Gromova1,
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The present investigation is a continuation of our systematic analysis of the spectra of
sulfur dioxide isotopologues. High resolution spectra of 32S18O2 and 32S16O18O were
recorded in Braunschweig Technical University. The measurements were carried out
under different experimental conditions with the Bruker 120 HR spectrometer. In the
measured region seven bands have been observed, as follows, 32S18O2 : 2ν1 (2195 cm-1),
2ν2+ν3 (2302 cm-1), ν1+ν3 (2407 cm-1), 2ν3 (2627 cm-1), and 32S16O18O : 2ν1 (2245 cm-1),
ν1+ν3 (2453 cm-1), 2ν3 (2676 cm-1). About 6000 lines were assigned in the recorded
spectra. All the bands were analyzed with the effective Hamiltonian model which takes
into account appropriate resonance interactions.
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High Resolution Spectroscopic Study of Ethylene-1-13C: Re-analysis of
the Ground State and Strongly Interacting
the v2, v3, v4, v7, v8, v10 and v12 Vibrational Bands
Yulia S. Aslapovskaya1, Olga V. Gromova1, Elena S. Bekhtereva1,
Tuck L. Tan2, Oleg N. Ulenikov1, Sigurd Bauerecker3
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Ethylene is the most produced organic compound in the world. It is the basic product in
industrial chemistry. Ethylene is released into the atmosphere by chemical and
petrochemical industries. Thus, ethylene emissions in the atmosphere effect the
generation of ozone formation and global climate. It has the properties of
phytohormones, slow growth, accelerates cell aging and ripening. Ethylene is one of the
most relevant objects of study in astrophysics (it was found in the atmospheres of the
planets Jupiter, Saturn, Titan) as well as in interstellar space. Ethylene is used as a raw
material for the production of acetaldehyde and synthetic ethanol. At high
concentrations, ethylene has a narcotic effect on the person.
In the present research, the experimental spectra in the region of 600-1700 cm-1 were
recorded with a Bruker IFS-125HR Fourier transform interferometer at Nanyang
Technological University (Singapore) and with a Bruker IFS-120HR Fourier transform
interferometer in the Braunschweig University of Technology (Germany).
More than 13 000 transitions with maximum values of quantum numbers
=55 and
=22 have been assigned to the v2, v3, v4, v7, v8, v10 and v12 bands. Two weak bands
v2 and v3, were recorded and analyzed for the first time.
Known in the literature rotational and centrifugal distortion parameters of the ground
vibrational state were improved on the basis of assigned transitions. To make a revision
of the ground vibration state parameters, we constructed more than 1000 ground state
combination differences (
=53,
=18,
,
). The obtained
from the weighted fit set of parameters reproduces the initial experimental data with an
accuracy closed to experimental uncertainties.
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High Resolution Study of MSiH4 (M = 28, 29, 30) in the Dyad and
Pentad Regions
Natalia I. Raspopova1, Anna L. Fomchenko1, Olga V. Gromova1,
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The infrared spectrum of 28SiH4/29SiH4/30SiH4 (92.23 % of 28SiH4, 4.67 % 29SiH4, and
3.10 % 28SiH4) has been measured in the region of 1000 - 2800 cm-1 with the Bruker
IFS 120 Fourier transform infrared spectrometer (Braunschweig, Germany) and
analyzed. Assigned line positions of the bands ν2, ν4, ν1, ν3, 2ν2, ν2+ν4 and 2ν4 were used
then in the weighted fit procedure. Rotational, centrifugal distortion, and interaction
parameters were determined from the fit. Obtained set of spectroscopic parameters
reproduces the initial experimental data within accuracy close to the experimental
uncertainties.
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Absorption spectra of ammonia near 1 micron
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Several NH3 absorption spectra recorded at room temperature in the region 9000 – 10,000
cm-1 are analysed using a variational line list, BYTe1, and ground state energies determined
using the MARVEL procedure2. BYTe is used as a starting point to initialise assignments by
combination differences and the method of branches3. Recently, this technique was
successfully applied to study room temperature NH3 spectra in the region 7400 – 8640 cm-1 4.
The current assignments in the region 9000 – 10,000 cm-1 are presented. A recently calculated
purely ab initio PES of NH3 has been used to calculate rovibrational energy levels5.
Comparison with assigned levels shows better agreement than for BYTe between observed
and calculated levels for some bands.

References
[1] S. N. Yurchenko, R. J. Barber, J. Tennyson, Mon. Not. R. Astr. Soc. 413, 1828 (2011)
[2] Al Derzi, T. Furtenbacher, J. Tennyson, S. N. Yurchenko, A. G. Csaszar, J. Quant. Spectr.
Rad. Trans. 161, 117 (2015)
[3] O. L. Polyansky, N. F. Zobov, J. Tennyson, J. A. Lotoski, P. F. Bernath, Astrophysical J.
489, L205 (1997)
[4] E. J. Barton, S. N. Yurchenko, J. Tennyson, S. Beguier, A. Campargue, J. Mol. Spectrosc.
Accepted (2016)
[5] O. L. Polyansky, R. I. Ovsyannikov, A. A. Kyuberis, L. Lodi, J. Tennyson, A.
Yachmenev, S. N. Yurchenko, N.F. Zobov, J. Mol.Spectrosc. Accepted (2016)

63

64

Poster session, E15

Transformation of carbon dioxide-rich early Earth´s atmosphere on
catalytic surfaces monitored using high resolution FT spectroscopy
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In several studies devoted to the oxidation state of early Earth’s environment, it has
been shown that the atmosphere just 500 million years after Earth’s creation was not a
methane-filled wasteland as previously proposed, but instead was much closer to the
oxidation state conditions of our current atmosphere. Previous assumptions, which
stated that the atmosphere of early Earth was highly reduced, poor in oxygen and filled
with methane, carbon monoxide, hydrogen sulphide, and ammonia, had to be altered.
What is more, current studies suggest that the atmosphere was dominated by the more
oxygen-rich compounds such as those found in our to-day atmosphere — including
water, carbon dioxide, and sulphur dioxide. However, several studies claim that, at least
locally and for a geologically short period, reduction conditions friendly to organic
synthesis could emerge. In our current work we demonstrate creation of methane from
carbon dioxide-rich atmosphere in solid-gas, liquid-gas and solid-gas interfaces.
Although carbon dioxide is considered to be relatively inert gas under normal
conditions, being exposed to UV rays it converts to methane and carbon monoxide.
Using high resolution Fourier transform infrared spectroscopy, we have studied UVinitiated and UV-mediated carbon dioxide reduction to either carbon monoxide or
methane on mineral surfaces. So far, three plausible reaction mechanisms have been
proposed in literature, though none have been definitely proven yet. They are called the
formaldehyde pathway1, carbene pathway2 and glyoxal pathway3. All three of them
yield various product mixtures, but all of them yield methane as the main product. Two
most efficient catalytic minerals were selected – titanium dioxide (anatase) and
montmorillonite – and on their surfaces, the role of H+ in the process of carbon dioxide
reduction was studied. We found that the acidic proton moderates the reduction reaction
to different mixture compositions according to its origin. Corresponding mixtures of
carbon dioxide, carbon monoxide, methane, molecular nitrogen, water and the catalytic
mineral were also irradiated on the PALS facility 1315 nm infrared laser system to
simulate an impact of an extra-terrestrial body. 20 laser pulses, each 150 J in energy,
were accumulated in the reaction mixture. After subsequent GC-MS analysis guanine,
adenine, uracil and cytosine were detected. We therefore suggest that upon exposition to
UV radiation or extraterrestrial body impact relatively inert atmospheres containing
carbon dioxide, water and molecular nitrogen may have resulted in organic molecules of
biochemical or directly prebiotical relevance.
[1]
[2]
[3]

I. A. Shkrob, N. M. Dimitrijevic, T. W. Marin, H. He, P. Zapol, J. Phys. Chem. C
116, 9461, 2012.
M. Anpo, H. Yamashita, Y. Ichihashi, S. J. Ehara, Electroanal. Chem. 396, 21,
1995
I. A. Shkrob, T. W. Marin, H. He, P. Zapol, J. Phys. Chem. C 116, 9450, 2012
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We report the spectroscopic study of the 31Π and 51Σ+ states in RbCs. The aim was to
obtain term values data of the rovibronic levels and to construct adiabatic potential energy
curves (PEC). Term values data were obtained by recording and analysis of the high
resolution laser induced fluorescence (LIF) spectra from 31Π and 51Σ+ states states to the
strongly mixed by spin – orbit interaction A1Σ+ and b3Π states (A-b complex for short).
In spite of complexity of spectra, achieved in1 accuracy of the description of the A-b
complex in RbCs allowed us to identify practically all observed transitions.
In the experiment RbCs molecules, produced in a heat pipe at 310oC, were excited by
single mode laser (CR 699-21) with Rhodamine 6G dye. Excitation of the 31Π and 51Σ+
states from the ground X1Σ+ state was observed when laser frequencies were fixed in the
range 16900 – 17700 cm-1. LIF spectra were recorded by Fourier transform spectrometer
(IFS125-HR, Bruker) in the range 10000 – 6000 cm-1. Assignment of the transitions was
based on the precise description of the A-b complex of RbCs1. It allowed to determine
rotational quantum number J’ and term values (accuracy c.a. 0.015 cm-1) of the rovibronic
levels of the 31Π and 51Σ+ states. Vibrational numbering v’ of these states was based on
data from2,3. Observation of e and f symmetry levels allowed to determine Λ-splitting in
the 31Π state. Overall 430 levels of the 31Π state, were observed in the present study and
included in the single potential fit using inverted perturbation approach to construct the
point wise PEC. In case of 51Σ+ state our data (222 termvalues) were combined with 642
term values for low J’ from3. Obtained PECs of both states reproduce term values data
with experimental accuracy. Also, observed and calculated relative intensity distributions
in LIF progressions to A-b complex agree well thus proving performed analysis.
References
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Deperturbation analysis of the (1~2)1Π complex of KRb molecule
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Among other alkali diatomics, the KRb molecule stands out, because of the high
density of the low-lying electronic states, belonging to both singlet and triplet manifolds.
This is attributed to the accidentaly close values of the ionization potential, electronic
affinity and the polarizability of K and Rb atoms in their ground states as well as almost
degenerate energies of the first excited 42P(K) and 52P(Rb) states. The high density of
both covalence and ion pair states leads to a pronounced radial coupling effect between
states with the same spatial and spin symmetry1.
We performed the simplest two state diabatization of the mutually perturbed 11Π and
21Π states of KRb molecule by means of both ab initio electronic structure calculation and
coupled-channel (CC) deperturbation treatment of the experimental spectroscopic data
available for the (1~2)1Π complex2-4. The point-wise diabatic potential energy curves
(PECs) of the interacting states and the relevant electronic coupled function were
constructed by the simplest two state unitary transformation. The required transformation
angle was determined by analytical integration of the radial coupling matrix element
estimated by a finite-difference schema. Alternatively, the empirical PECs and electronic
coupling function were obtained in the framework of the non-linear least squared fitting of
both raw rovibronic3 and reduced vibronic2,4 experimental term values assigned to the
(1~2)1Π complex. The deperturbation model based on an iterative solution of two closecoupled radial equations reproduces the experimental rovibrational term values of both
39 85
K Rb and 39K87Rb isotopologues3 with an accuracy of ~0.1 cm-1.
Finally, the diabatization procedure has been used to transform ab initio spin-orbit
and angular coupling matrix elements as well as the transition dipole moments into their
diabatic counterparts. The resulting empirical PECs, combined with ab initio transformed
electronic, spin-orbit, and angular coupling functions, are a good starting point for further
overall deperturbation analysis of both singlet and triplet KRb states manifolds correlated
with the second and third dissociation limits. The properly diabatizated (1~2)1Π(X,A,C)1Σ+ transition dipole moments could be applied to radiative property estimates.
We are deeply indebted to Claude Amiot for raw experimental data on the (1~2)1Π
complex. The work was partly supported by the RFBR grant N 16-03-00529-a.
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TheoReTS – An information system for theoretical spectra based on
variational predictions from molecular potential energy and dipole
moment surfaces
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Knowledge of intensities of rovibrational transitions of various molecules and their
isotopic species in wide spectral and temperature ranges is essential for the modelling of
optical properties of planetary atmospheres, brown dwarfs and for other astrophysical
applications. This requires adequate and reliable molecular line lists in a wide range of
wavenumbers and temperatures. The TheoReTS (“Theoretical Reims-Tomsk Spectral
information system”) project [1] aims at providing complete and comprehensive lists of
transitions based on accurate ab initio and variational calculations for a large variety of
highly symmetric molecular species as CH4, PH3, C2H4, SiH4, CH3F including all
isotopologues. Predicted hot methane and ethylene line lists are also included. In case
of very large high-temperature line lists, a data compression is implemented for fast
interactive spectra simulations of a quasi-continual absorption due to big line density.
Calculations on new molecular systems are currently in progress (CH3Cl, CH3I, GeH4,
CF4, H2CO, SO2F2, etc.). The recent updates of the TheoReTs database will be
presented. The information system provides the associated software for spectra
simulation including absorption coefficient, absorption and emission cross-sections,
transmittance and radiance. The simulations allow Lorentz, Gauss and Voigt line
shapes. Rectangular, triangular, Lorentzian, Gaussian, sinc and sinc squared apparatus
function can be used with user-defined specifications for broadening parameters and
spectral resolution. The system is freely accessible via internet on the two mirror sites:
in Reims, France (http://theorets.univ-reims.fr) and in Tomsk, Russia
(http://theorets.tsu.ru).
We acknowledge the support from PNP CNRS program (France) and from Mendeleev
funding grant of Tomsk State University (Russia).

References
[1] M. Rey, Yu.Babikov, A.Nikitin, and V.Tyuterev , J.Mol.Spectr., online May (2016),
doi:10.1016/j.jms.2016.04.006

68

Poster session, E19

Assignment and modelling of the lower part of the Tetradecad from
the cold absorption spectrum of 13CH4
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The high resolution absorption spectrum of the 13CH4 methane isotopologue was
recorded in the 4970-6200 cm-1 range at 80K with the Fourier transform spectrometer,
Bruker IFS-125HR, at the Jet Propulsion Laboratory, using the custom-designed
multipass cryogenic Herriott cell1. Here we present the assignment and rovibrational
analysis of the 4970-5600 cm-1 spectral range corresponding to the lower part of the
Tetradecad. For the initial assignment the effective Hamiltonian of the methane polyads
constructed by high-order Contact Transformations2 from an ab initio PES3 was
employed as well as variational calculations4 using ab initio dipole moment surface5. A
part of the effective Hamiltonian parameters were previously determined during the
analysis of 13CH4 laser absorption spectrum in the 5853-6200 cm-1 spectral range6,
corresponding to the upper part of the Tetradecad. At this moment the assignments were
made for 70% of observed lines up to J=10. The details of data fitting will be
discussed.&
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Ro-vibrational analysis of the 2 / 4 / 22 and 1 / 3 / 24 band systems
of 14ND3
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The stretching and bending fundamentals of the fully deuterated ammonia, 14ND3, are
re-investigated using the high resolution Fourier transform infrared spectra previously
analysed 1,2. The assignments of the stretching bands have been extended up to J" and
K" = 15 for 1 and 18 for 3. In total, 436 and 1136 ro-vibrational transitions have been
assigned for 1 and 3, respectively. In addition, 235 and 570 absorptions of the 2 40
and 2 42 bands have been identified with J" and K" up to 14 for 2 40 and 15 for 2 42 .
The transitions connect the (s) and (a) inversion-rotation-vibration levels of the ground
and excited states according to the appropriate selection rules for parallel and
perpendicular bands. In total, 2408 experimental data have been analyzed
simultaneously to provide a quantitative description of the inversion-rotation pattern of
the v1 =1, v3 = 1, and v4 = 2 excited vibrational states.
The analysis of the bending fundamentals1,3 has been implemented by the inclusion in
the data set of 628 transitions assigned to the 222 hot band, with Jmax and Kmax = 17.
In total, 3135 experimental data have been analyzed simultaneously to characterize
quantitatively the inversion-rotation pattern of the v2 =1, v2 = 2, and v4 = 1 states.
The model Hamiltonians adopted for the analyses include all symmetry-allowed
interactions between and within the excited state levels, i.e. Fermi anharmonic and
Coriolis-type interactions. The term values of the ground state levels have been
calculated by means of the precise spectroscopic parameters obtained by Fusina et al.4.
The standard deviation of the fits is 0.0085 cm-1 and 0.00057 cm-1 for the stretching and
bending system, respectively. The larger standard deviation for the stretching modes
reflects the high complexity of the system suggesting that other interacting states, for
instance (v2 = 2, v4 = 1), not observed in the present analysis, have to be taken into
account. Accurate sets of spectroscopic parameters have been obtained for both
inversion states of each component in the 2 / 4 / 22 and 1 / 3 / 24 band systems.
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︿

1
1
The C (
B
) ← X (
A
) electronic transition of the CF
2
1
2 radical was recorded near 1315 Å
−1
1
(76000 cm) with the VUV Fourier transform spectrometer
of the DESIRS beamline at
2
the Soleil synchrotron.The CF
radical
was
produced
by
successive reactions of F
2
3
atoms and CH
CN molecules in a microwave discharge flow tube.
3
4
The 1350 Å band system, first observed by Mathews,
is clearly visible in the recorded
absorption spectrum. It consists of a single progression of headless bands separated by
−1
4
about 625 cm
, with no rotational structure. Although Mathews
was not able to
unambiguously assign the 1350 Å band system to CF
,
his
assignment
was confirmed
2
5,6
later by 
ab initio calculations which also allowed us to identify the upper electronic
state. This state is the lowest singlet state belonging to the 
B2irreducible representation
5
of the 
C
group.
It
is
characterized
by
a
C−F
bond
length
of 1.5287 Å, an ∠F−C−F
2v
−1
bond angle of 85.28°, and a frequency of 625 cmfor the ν 2 bending mode. The latter
4
value is consistent with the spacing reported by Mathews
and the one observed in this
work.

The experimental absorption spectrum will be presented in the poster. A line position
analysis of the 21 observed bands will be performed in order to conclusively confirm
their assignment in terms of ν 2 mode vibrational quantum numbers. We will try to
model the intensity distribution by using the FranckCondon principle and accounting
︿
for the large 20° decrease of the ∠F−C−F bond angle when going from the ground X
︿
1
1
(
A
) electronic state to the excited C (
B
) state.
1
2
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In ↔ out transitions in monodeuterated acetaldehyde
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The CH
DCOH monodeuterated isotopic species of acetaldehyde is a nonrigid
2
molecule displaying internal rotation of its partially deuterated CH
D methyl group with
2
respect to the aldehyde COH group. The height of the barrier hindering the internal
−1
1
rotation should be about 407 cm
, which is the value for the normal species
and
corresponds to the highbarrier limit.
Starting from submillimeter wave and terahertz spectra recorded in Lille, the internal
rotation of monodeuterated acetaldehyde will be investigated. In agreement with the
IAM highbarrier treatment developed to treat internal rotation in the similar partially
2,3
deuterated species of methyl formate,
the torsion gives rise to three sublevels. A low
lying sublevel corresponding to the 
C
symmetry
in configuration, with the deuterium

s
atom lying in the symmetry plane, and two close lying tunneling sublevels arising from
tunneling between the two isoenergetic 
C
out configurations, with the
1 symmetry 
deuterium atom outside the symmetry plane.
In a preliminary analysis of a data set consisting of previously measured microwave
4,5
data
and of newly assigned transitions in the submillimeter wave and terahertz
spectra, the frequencies of 1034 transitions were reproduced with an RMS value of
2,3
0.133 MHz using the IAM highbarrier treatment.
In addition to the rotational
constants of the 
in and 
out configurations, two sets of parameters were retrieved. The
first one includes those describing the tunneling motion connecting the two 
out
configurations; the second one those describing the tunneling motion connecting the 
in
and 
out configurations and their energy difference. This second set could not be
2,3
determined in the case of both partially deuterated species of methyl formate.
Work is still in progress and we are hoping to be able to conclusively assign tunneling
transitions connecting the isolated 
in
sublevel and the tunneling 
out
sublevels.
References
[1] Smirnov, Alekseev, Ilyushin, Margulés, Motiyenko, and Drouin, 
J. Molec.
Spectrosc.
295

, 441, 2014
[2] Margulès, Coudert, Møllendal, Guillemin, Huet, and Janečkovà, 
J. Molec.
Spectrosc.
254,

55, 2009
[3] Coudert, Margulès, Huet, Motiyenko, Møllendal, and Guillemin, 
A & A
543,

A46
2012
[4] Turner and Cox, 
Chem. Phys. Lett.
42,

94, 1976
[5] Turner, Cox, and Hardy, 
J. C. S. Faraday Trans.
2,

1217, 1981

72

Poster session, E23

Stereoisomeric specific vacuum ultraviolet mass-analyzed threshold
ionization (VUV-MATI) spectroscopy of cis- and transcrotonaldehyde
Sung Man Park, Hong Lae Kim, and Chan Ho Kwon*
Department of Chemistry and Institute for Molecular Science and Fusion Technology,
Kangwon National University, Chuncheon 24341, Korea, chkwon@kangwon.ac.kr

We investigated the mixture of cis- and trans-crotonaldehyde (2-butenal) in the
supersonic expansion utilizing the one-photon mass-analyzed threshold ionization
(MATI) spectroscopy using the vacuum ultraviolet (VUV) radiation generated by fourwave difference frequency mixing in Kr cell. The specifically stereo-isomeric VUVMATI spectra of crotonaldehyde were measured and analyzed comparing with the
Franck-Condon simulations and ionization energies for four stereoisomers of trans-scis-, trans-s-trans-, cis-s-trans-, and cis-s-cis- crotonaldehyde calculated at CAMB3LYP/aug-cc-pVDZ level. First, the ionization energy of trans-s-trans conformer of
trans-s-trans-crotonaldehyde was accurately determined to be 9.7501 ± 0.0007 eV, in
excellent agreement with previously reported value, 9.75 eV.1 Further calculations at the
higher level are performing for the rigorous vibrational assignment of each
stereoisomers of crotonaldehyde.
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The first high-resolution analysis of the v6=2 overtone levels of HC35Cl3
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Chloroform (HCCl3) is a stable liquid at room temperature, which is often used as a
solvent in chemical applications. This explains why most of the oldest investigations of
its vibrational spectrum were done in liquid phase. Unfortunately, with several lowlying excited states, small rotational constants, and four isotopologues simultaneously
present, the gas-phase spectra of natural chloroform are almost impossible to interpret
and the use of (expensive) isotopically pure samples seems thus to be the only
possibility.
In the gas phase, the ground, v2=1, v3=1, and v6=1 vibrational states of the HC35Cl3 and
HC37Cl3 symmetric species were investigated by rotational spectroscopy.1 The ground
vibrational state was also studied, using millimeter and submillimeter-wave
spectroscopy2-3. Rovibrational studies for all fundamental bands of HC35Cl3 were
performed4-8, including the lowest fundamental band 6, located at 260.6 cm-1.9 The
latter study comprises also an accurate experimental determination of the axial ground
state constants C0, DK0 , and H K0 .
The aim of the present study is to provide a preliminary parameter set for the v 6=2
overtone levels of HC35Cl3, near 520 cm-1, through the analysis of the extremely weak
262  61 and 206  61 hot bands, in the 6 region. The tentative assignment of these
hot bands was greatly facilitated by the use of very accurate ab initio anharmonic
constants10. Work is in progress and new, very high-resolution spectra of isotopically
pure HC35Cl3 will be recorded in the near future, in the 260 and 520 cm-1 regions.
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Reduced effective Hamiltonians for Coriolis-interacting n+t'/t+t'
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The reduction theory for n (A1)/t (E) Coriolis-interacting states of C3v symmetric-top
molecules was first developed by Lobodenko et al.1 more than twenty years ago.
Recently, Nová Stříteská et al.2 published an extension of these results and suggested
some new, useful reduction schemes.
The present work was thought as a natural extension of the above mentioned theory to
the description of n+t' (E)/t+t' (A1+A2+E) Coriolis-interacting combination levels.
Such interacting bands are in fact frequently encountered in methyl and silyl halides'
vibration-rotation spectra3. This interacting system is formally obtained from a n
(A1)/t (E) dyad by adding a quantum of a degenerate vibration t', t't. We have
recently worked out the reduction theory for a vt=vt'=1 isolated combination level4,
pointing out its similarities, but also its differences with respect to the 'single-mode'
cases vt=15 and vt=26.
In this work, the theory of the reduction of the effective vibration-rotation Hamiltonian
is applied to a vn=vt'=1/vt=vt'=1 dyad. Hamiltonian terms up to H41 are considered,
including Coriolis and Darling-Dennison interactions. The explicit form of the H40 and
H41 terms for such interacting states is given for the first time, and several reduction
schemes of the Hamiltonian are discussed.
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Development of high-performance vacuum ultraviolet mass-analyzed
threshold ionization (VUV-MATI) spectrometer
Yu Ran Lee, Hong Lae Kim, and Chan Ho Kwon*
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For the study on complicate conformations of polyatomic molecular cations, we have
developed the high-resolution vacuum ultrviolet mass-analyzed threshold ionization (VUVMATI) spectrometer. Basically, the key idea on construction of the VUV-MATI spectrometer
with high-performance was developing a new ion source assembly capable of introducing a
very low PFI voltage to improve the spectral resolution in the VUV-MATI spectrum and a
dual stage extraction to achieve the first-order focusing of the MATI ions generated initially
with the spatial distribution.1-2 This concept on instrumentation was rationalized by utilizing
the SIMION program which is used to calculate the electric fields and the trajectories of
charged particles under a configuration of the electrodes with voltage. Thereafter, the ion
source assembly was optimized at the specific configuration with the four electrode plates. In
the new ion source, the one stage is for applying a low PFI voltage and the other is for
achieving a first-order space focusing of the MATI ions generated. This simple modification
in the electrode assembly and the pulsing scheme allowed to enhance simultaneously the
spectral resolution (~ 8 cm-1) and strength of the MATI signal. In addition, the stability and
the longlasting of the vacuum ultraviolet radiation generated by four wave difference
frequency mixing in Kr were tremendously enhanced by increasing the volume of Kr cell and
effectively evacuating it. The high-performance achieved in the VUV-MATI experiment will
be presented in the poster.
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Vacuum ultraviolet mass-analyzed threshold ionization spectroscopy
of 2-methylpyrazine: Determination of cation structure and vibrational
assignment via Franck-Condon fit
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The vibrational spectrum in the energy range of 0-4400 cm-1 of the electronic ground
state of 2-methylpyrazine (2MP) cation has been obtained by vacuum ultraviolet massanalyzed threshold ionization (VUV-MATI) spectroscopy. For the first time, the
adiabatic ionization energy of 2MP was determined to be 72965 ± 5 cm-1 (9.0465 ±
0.0006 eV) from the 0-0 band position in the MATI spectrum. We calculated vibrational
frequencies and Franck-Condon factors at the B3LYP/cc-pVTZ level which was applied
to Franck-Condon fitting1,2 which uses the cationic molecular geometry as the fitting
parameter for the better to simulate the experimental spectrum and assignment. Almost
all the peaks observed in the VUV-MATI spectrum of 2MP could be properly assigned
from calculation results. The most of prominent peaks was assigned to 20 mode,
overtones of 20 mode, and combination bands of the 20 and 7 or 21 modes which are
the ring deformation modes. Based on good agreement between the experimental and
the calculated results, the equilibrium structure of 2MP cation in the electronic ground
state was determined.
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VUV generation between 10.4 – 11.2 eV: Determination of the
ionization energy and structure of HN3 by photoionization mass
spectrometry
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The resonant four wave sum and difference-frequency mixing (FWSM, FWDM)
technique is one of the most efficient methods for generating coherent and tunable VUV
light. Previously, we reported studies on mass analyzed threshold ionization
spectroscopy of molecules employing the VUV light generated by FWDM in Kr gas.
Although Kr and Xe are the most efficient and commonly used rare gases, it is difficult
to generate VUV between 10.4 and 11.6 eV region because of a tuning limit of current
commercial lasers. We adopted the method reported by R. Wallenstein et al. to generate
VUV between 10.4 eV and 11.2 eV except for modification of taking two dye lasers
with one doubling unit rather than one dye laser for more efficient spatial overlap of the
laser beams. We applied the generated VUV to study photoionization of HN3 and the
ionization energy of HN3 was determined to be 10.7336 ± 0.0006 eV. Quantum
chemical calculations were performed to compare energetics of the photoionization of
HN3 with linear and ring geometry at the B3LYP/aug-cc-pVDZ level. It was suggested
that the linear HN3 should be more stable and the calculated ionization energy (10.75
eV) was close to the experiment (10.7336 eV).
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Ionization energies and cationic structures of isobutanal by
conformationally specific VUV-MATI spectroscopy
Yu Ran Lee, Hong Lae Kim, and Chan Ho Kwon*
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Kangwon National University, Chuncheon 24341, Korea, chkwon@kangwon.ac.kr

Conformational preference of isobutanal has been investigated varying the supersonic
expansion conditions with the carrier gases and the conformationally specific spectra of
isobutanal cation in the ground electronic state have been measured utilizing the vacuum
ultraviolet mass-analyzed threshold ionization (VUV-MATI) spectroscopy. Two stable
conformer origins as trans and gauche in the lowest ionic state were observed producing
accurate adiabatic ionization energies of 78136 ± 5 cm-1 (9.6878 ± 0.0006 eV) and 78557 ± 5
cm-1 (9.7398 ± 0.0006 eV), respectively. We selectively recorded the VUV-MATI spectrum of
gauche-isobutanal after trans-isobutanal was vanished by conformationally effective cooling
with Ar carrier gas. The measured spectrum was rigorously assigned by the Franck-Condon
fit, adjusting the cationic geometrical parameters of gauche conformer. Notably, an unveiled
vibrational structure was mainly contributed to the unique geometrical change of the formyl
group upon ionization. Based on the excellent agreement between experimental and
calculated results, we have determined the precise structure of gauche-isobutanal cation with
the C1 symmetry in the ground electronic state.
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Orientation change of 3’-aminobiphenyl-4-carbonitrile under various
pH conditions on silver surfaces: SERS and DFT study
So Young Eom, Hong Lae Kim, and Chan Ho Kwon*
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Surface-enhanced Raman scattering (SERS) spectroscopy well-established as a
powerful spectroscopic tool for characterizing the adsorbate on metal surface was
adopted for study on the adsorption behavior of 3’-aminobiphenyl-4-carbonitrile
according to the pH conditions on silver surface.1-3 The observed Raman and SERS
spectra were analyzed comparing with the Raman intensities and vibrational frequencies
for the feasible structures of 3’-aminobiphenyl-4-carbonitrile calculated at the density
functional theory (DFT) level. In SERS spectra, the up-shifted and the broadening of the
CN stretching vibrational peak indicate that the adsorption takes pace via CN bond on
metal surface. In addition, the broadening for the -NH2 rocking vibrational peaks
indicates to be pseudo-parallel orientation of the two phenyl rings to the surface with
the interaction of the -NH2 group. Thereafter, the change of the pH to the acidic
condition induced the appearance of the C-H stretching bands and the disappearance of
the –NH2 rocking vibrational peaks, which would rather be vertical orientation to silver
surface. In the present work, it is worth noting that the molecular orientation against Ag
surface could be reversibly controlled by the pH condition.
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High-resolution spectroscopy of the tetrahydropyran skeletal ring modes in
the millimeter and in the far-infrared spectral regions
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Tetrahydropyran (THP) (C5H10O) is a saturated six membered ring molecule in a chair
conformation that mimics the core of pyranose sugars (e.g. glucose). In this poster, we report
complementary studies in the millimeter-wave region (75-110 GHz) and in the far-infrared
domain (50-650 cm-1) of the low-frequency skeletal ring modes of THP. In the mmw region,
the pure rotational spectrum has been recorded at room temperature using a segmented
chirped pulse spectrometer1 installed at the Max Planck Institute while in the far-infrared, the
rotationally resolved spectra of four bands have been obtained with a long absorption
pathlength cell (150 m) connected to the high resolution Fourier-transform infrared
spectrometer available on the AILES Beamline at the synchrotron facility SOLEIL.2
This investigation of the low frequency vibrational modes of THP reports the first rovibrational data of this molecule. In the millimeter region, our work is an extension (toward
higher frequency) of the results published by Rao and Kewley3 and Lopez et al.4 in the range
8-40 GHz.
The spectral analysis in the mmw region led to the determination of the ground state
and of the six lowest-energy fundamental vibrational satellites of the molecule: ν42, ν23, ν22,
ν21, ν41 and ν20. Furthermore, the signal-to-noise ratio of our spectrum was sufficient to
observe the 13C isotopologues of THP. In the far-infrared domain, we used the ground state
combination technique to assign four rotationally resolved fundamental bands (ν23 ≈ 250 cm-1,
ν22 ≈ 403 cm-1, ν21 ≈ 430 cm-1, ν20 ≈ 562 cm-1). The assignment process has been supported by
anharmonic ab initio calculations at the B3LYP/aug-cc-pVTZ level of theory and we have
realized a combined fit including all the states observed in the mmw and in the far-IR region.
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Interplay of intermolecular interactions studied with
broadband microwave spectroscopy
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Molecular complex formation in nature is often initiated by molecular recognition,
which highly depends on the interplay of different intermolecular forces. Although
significant theoretical and experimental progress has been made, non-covalent
molecular recognition is still not well understood on a quantitative level. The highresolution broadband rotational spectroscopy technique provides a perfect tool to study
the precise structure of weakly bound complexes and to determine the dominating
intermolecular forces.
Two different systems are presented in this contribution. The study of the
glycolaldehyde dimer provides insight into the molecular recognition of simple sugars
in the gas phase. Already for this relatively small complex, the theoretical predictions of
the intermolecular interactions seem to be challenging. Therefore a determination of the
precise structure of all heavy atoms in the glycolaldehyde dimer was performed, which
allows us to benchmark different theoretical methods1.
(b)

(c)

(d)

C2

Fig. 1: The most stable conformer of the glycolaldehyde dimer forms two
intermolecular hydrogen bonds and reveals C2 symmetry.
The second system we present here is a complex built up by diphenylether (DPE) and
methanol2. DPE provides competing docking sites for methanol, its ether oxygen atom
can act as a hydrogen bond acceptor but it also provides an aromatic π-system for
dispersion interactions. The two aromatic rings of DPE might shift the dominating
interactions towards π binding. A quantitative understanding of dispersion interactions
is a key tool towards a precise prediction of molecular recognition.
[1] S. Zinn, C. Medcraft, T. Betz, M. Schnell, Angew. Chem. Int. Ed. 55, 5975-5980,
2016
[2] C. Medcraft, S. Zinn, M. Schnell, A. Poblotzki, J. Altnöder, M. Heger, M. A. Suhm,
D. Bernhard, A. Stamm, F. Dietrich, M. Gerhards, Aromatic embedding wins over
classical hydrogen bonding - a multi-spectroscopic approach for the diphenylethermethanol complex, submitted May 2016
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Collisional line shift coefficients in the υ3 band of methane diluted in
oxygen from low to high temperatures
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Methane is an important trace gas who plays a large role on the climate and the chemistry
of the Earth’s atmosphere1. This greenhouse gas is naturally present on our planet
although mainly produces by the human activities2. CH4 has also been detected on others
planets and stellar objects3. Knowing the line parameters and their temperature
dependences with a good precision is important for the remote sensing4.
This work focuses on the study of the O2-collisional line shift in the υ3 band of methane
over a wide range of temperatures (123 K to 600 K). The measurements have been
realized thanks to an improved two-beam tunable diode-laser spectrometer coupled with
low5 and high temperature6 cells. Such way, the temperature dependence of the collisional
line shift coefficients has been studied.
For each line and temperature, four spectra have been recorded at four pressures of
oxygen7. Each experimental line shape has been fitted with three theoretical profiles:
Voigt8, Rautian-Sobel’man9 and Galatry10. Since a temperature dependence law for the
line shift coefficient is not commonly accepted in the literature11, we have tested several
expressions to retrieve the evolution of the O2-collisional line shift coefficients with the
temperature.
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The room temperature nitrogen-broadened spectra of 9 methane isolated transitions
were measured at pressures from 20 to 925 mbar using two different spectrometers: a
tunable diode laser spectrometer1 and a difference-frequency laser spectrometer2. These
lines, located in the ν4, ν1+ν4, ν2+ν4 and ν3+ν4 bands3, have rotational quantum
numbers varying from 0 to 9. The measured spectra were then fitted one-by-one using
the Voigt profile4. The obtained values of the Lorentz half-width and its rotational
dependence were compared with values in the literature. The non-Voigt effect,
characterized by the pressure dependence of the broadening coefficients and the fit
residuals, was also quantified. These results will be compared with the calculated ones
obtained from molecular dynamic simulations for methane diluted in nitrogen as done
previously for HCl in Ar2 and H2O in N25.
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The temperature dependence of many line parameters, such as pressure broadening
coefficient or line intensities, are from primary importance in spectroscopy. The uses for
these parameters range indeed from cold to hot environments. We can give as examples
the planetary atmospheres, the combustions fumes or even stellar outer layers.
Another purpose is to check the empirical laws used to describe the temperature
dependence of broadening1 or shifts2 coefficients. Here, we need a wide temperature
range, in order to see deviations to the laws predictions3.
Many experimental setups exist to achieve either low or high temperature. In the
domain of low temperature, we can cite the supersonic jet expansion4 or liquid-nitrogen
cooled absorption cell5. In the domain of high temperature, many single pass cells
exists6,7,8, but only one multipass, with a Herriott design9.
These absorption cells are often limited in reachable optical path length, operating
temperature or incapacitated by the presence of a temperature gradient.
In this work we present a new White-type multipass absorption cell, able to achieve
very high, uniform (in both time and space) temperature. The cell also offers an
adaptable optical path length.
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1

In the emission spectrum of 12C16O+ molecule new observations and analyses were
performed. Five bands (0 – 1, 0 – 2, 0 – 3, 1 – 0 and 1 – 1) of the Comet – Tail
(A2Πi – X2Ʃ+) system in the 22,000 to 13,000 cm-1 region were recorded with
the Fourier-transform spectrometer (BRUKER IFS 125HR). The absolute accuracy
of wavenumbers was about 0.003 cm-1. The measurement cycle included 128 scans
within 2.5 h. The signal – to – noise ratio was 150:1. As a source of the studied
spectrum an air – cooled hollow – cathode tube filled with 12C16O were used. The gas
pressure in the lamp was about 0.1 kPa and it was operated at 50 mA and 650 V DC.
Spectra were analyzed using a commercial software OPUS which finds peaks and
calculates various molecular parameters (wavenumbers, FWHM, etc). As a result of an
detailed spectral analyses the individual molecular constants and equilibrium parameters
of both A2Πi and X2Ʃ + states were obtained.

Fig. 1: The R11 band head region in the spectrum of the 0 –2 band of the 12C16O+
Comet – Tail (A2Πi – X2Ʃ+) system.
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The lowest υ = 0 level of the A1Π state of the 13C16O isotopologue of carbon monoxide
has been reinvestigated with a variety of high resolution spectroscopic techniques. The
A1Π–X1Σ+ (0, 0) band has been studied by vacuum-ultraviolet Fourier-transform
absorption spectroscopy, using the undulator of the synchrotron DESIRS beamline1 as a
radiation source. Spectra were obtained under quasi-static gas conditions at liquidnitrogen temperature, room temperature and at an elevated temperature of 900 K, with
absolute accuracies of 0.01 – 0.03 cm-1. Two-photon Doppler-free laser spectroscopy2
has been applied to a limited number of transitions in the A1Π–X1Σ+ (0, 0) band, under
collision-free circumstances of a molecular beam, yielding an absolute accuracy of
0.002 cm-1. The third technique is high-resolution Fourier-transform emission
spectroscopy in the visible region2 applied to the B1Σ+→A1Π (0, 0) band in a gas
discharge, at an absolute accuracy of up to 0.003 cm-1. With these methods rotational
levels of A1Π (0) could be studied in both parity components up to a rotational quantum
number of J = 46. The frequencies of 397 transitions were used to analyse the
perturbations3 between the A1Π (0) level by vibrational levels of the D1Δ, e3Σ–, d3Δ, and
a'3Σ+ states.

Fig. 1: Detail spectra of the A1Π–X1Σ+ (0, 0) bandhead region and transitions to the
perturbing e3Σ––X1Σ+ (4, 0) state. Measured with the VUV-FT spectrometer1.
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The high-resolution B1Σ+→A1Π (0, 0) and (0, 3) emission bands of the lesser-abundant
13 17
C O isotopologue have been investigated by FTS in the visible (VIS) region using
a Bruker IFS-125HR spectrometer located in the MSL, Rzeszow, Poland. These spectra
are combined with high resolution photoabsorption measurements of the B1Σ+← X1Σ+
(0, 0) and C1Σ+← X1Σ+ (0, 0) bands recorded with the vacuum ultraviolet (VUV)
Fourier-transform spectrometer, installed on the DESIRS beamline at the SOLEIL
synchrotron. In the studied 17,950 – 22,450 cm-1 and 86,800 – 92,100 cm-1 regions, 292
transitions have been measured with an absolute accuracy of up to 0.003 cm-1. These
new experimental data were combined with data from the previously analysed C→A
and B→A systems.1,2,3 The comprehensive data set, 885 spectral lines belonging to 11
bands, was used to perform a deperturbation analysis4 of the A1Π, υ = 0 – 3 levels of
13 17
C O, taking into account interactions with rovibrational levels in the d3Δ, e3Σ–, a'3Σ+,
1 –
I Σ , and D1Δ states.

Fig. 1: High resolution emission spectra of the 13C17O B1Σ+→A1Π (0, 0) band and its
extra-lines (asterisked) recorded by FTS at an instrumental resolution of 0.018 cm-1.
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About 1000 weak absorption lines of water vapor are recorded between 9100 and
9800 cm-1 at the temperature of 292 K using Fourier transform spectrometer connected
with 30-meter gas cell, which provide optical path length 1062.8 m [1]. Voigt profile
was used to retrieve line center positions and intensities. The accuracy of measured
intensities varies from 3% for isolated lines of medium intensity to 15-20% in case of
weaker lines. A sensitivity provided by the experimental setup allows recording the
absorption lines as weak as 3-5x10-28 cm/molecule. The uncertainty of the line positions
of the isolated lines is estimated to be of 0.001 cm-1 and better.
Detailed comparison of the new recordings with all relevant experimental data,
collected and verified in [2], as well as with recent variational calculations is presented.
About 160 absorption lines of water vapor were observed for the first time. Forty
transitions involving new upper energy levels and mostly belonging to the highly
excited 6ν2 band were identified based on the accurate variational calculations. The
substantial disagreements between the presently recorded and previously known water
vapor line positions and intensities are discussed.
As a whole, the new experimental information obtained in this study will help to
clarify a weak absorption caused by water vapor in the 9100-9800 cm-1 atmospheric
transparency window important for atmospheric applications.
This research was supported by the grant of Russian Science Foundation, project 1617-10096.
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The absorption spectra of water vapor have been investigated by Bruker IFS 125
HR Fourier transform spectrometer (Regional Collective Use Center of Tomsk
Scientific Center SB RAS) in the wavenumber range of 6700–7650 cm−1. Room
temperature spectra of water vapor have been measured with high signal to noise ratio
in a wide range of pressure of hydrogen, helium and argon with spectral resolution of
0.01 cm–1. The signal-to-noise ratio was typically several thousands for the strongest
transition. The multispectrum fittings with the speed depended Voigt profile were
performed to retrieve the intensities and broadening parameters (self- and foreign- gas
broadening and pressure-shift coefficients) for H2O spectral lines of 5 vibrational bands
(2ν2+ν3, 2ν1, ν1 +2ν2, 2ν3, ν1+ ν3). The data obtained is compared to experimental and
theoretical literature ones.
This work was supported by Russian Foundation for Basic Research, grant
№15-02-06808, and Program RAS “Fundamental optical spectroscopy and its
applications”, Projects 3.9.4.
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The absorption spectra of CO and CO2 confined in SiO2/Al2O3 xerogel nanopores
were recorded for the first time. The measurements were performed using Bruker IFS
125 HR FTIR spectrometer (Shared research facilities of Tomsk Scientific Center SB
RAS) in the 2000–2400 cm-1 range at a room temperature with a spectral resolution of
0.007 cm-1. Voigt profile was used for retrieving the line half-widths of confined CO
and CO2 and the shift of their centers as compared to the free gases. Despite of smaller
pore sizes of the xerogel used in our study the obtained dependence of line half-widths
on rotational quantum numbers is similar to that found in [1, 2].
The authors acknowledge financial support by the Russian Federation via the
Ministry of Education and Science of the Russian Federation under Project No.
14.578.21.0042 (project identifier RFMEFI57814X0042).
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The detection and spectroscopy of acetic acid is of great importance in many fields,
including breath analysis, catalysis, atmosphere monitoring and astrophysical
research1,2,3,4. Herein, we present the attempt of spectral multicomponent analysis of
acetic acid in the mixture of acetone and methanol. The results are of interest for breath
analysis, as both acetone and acetic acid are known biomarkers. Two different
approaches are presented and compared – photoacoustic spectroscopy with discretely
tunable CO2 laser emitting at rotation-vibration transitions of CO2 in the spectral range
of 9-11 µm, and tunable diode laser absorption spectroscopy (TDLAS) using mid
infrared Quantum Cascade Lasers (QCL) emitting around 10,6 µm. The results are
compared. The measurements were carried at room temperature, where the acetic acid is
known to be mixture of monomers and dimers. The -OH bending of acetic acid dimer
centered around 10,5 μm have been used for its detection5.
Photoacoustic spectroscopy is a powerful technique for the detection of trace
concentrations of gases especially with combination with high power laser sources like
CO2 lasers. Graphene cantilevers have been employed in photoacoustic spectroscopy as
a part of an optical microphone in order to enhance the sensitivity of this method and we
have managed to overcome the sensitivity of a commercial top class microphone with a
potential low cost detector. The photoacoustic spectroscopy with the developed detector
has been used for the multicomponent analysis. Although the photoacoustic
spectroscopy in combination with CO2 laser yields good sensitivity, the experimental
arrangement is quite bulky and not suitable for medical application. On the other hand,
QCL lasers have the potential to be incorporated into compact, easy to use analyzer with
high selectivity and sensitivity.
The authors are grateful for the financial support from Project No. 14-14696S funded by
the Czech Science Foundation and Project No. LD14022 within the COST action TD
1105 funded by the Ministry of Education, Youth and Sports of the Czech Republic.
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Quartz enhanced photoacoustic spectroscopy of acetonitrile
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Methyl cyanide (acetonitrile) is strongly prolate (A >> B) symmetric top molecule,
which has been a subject of numerous spectroscopic studies. Previously, relatively long
absorption pass (employing multi-reflection or cavity-enhanced setup) were used for
recording infrared CH3CN spectra thus limiting implementation for sensing
applications.1
From the practical point of view this molecule is of importance as a marker of explosive
compounds such as trinitrotoluene (TNT) and hexogen (RDX)2, or it can be released
into the atmosphere during combustion of biomass.3
Quartz enhanced photoacoustic spectroscopy (QEPAS) enables rapid and highly
sensitive detection of trace gas concentrations, when using quartz tuning fork (QTF)
with a high Quality factor.4 Tunable quantum cascade laser (QCL) partly covering
acetonitrile infrared spectra5 was employed in this study as an excitation source for
QEPAS.
Several spectral lines assigned to R-branch of the fundamental υ4 band of acetonitrile
were measured using the QCL-QEPAS setup. Subsequently sensitivity of detection and
its limit was determined for the measurement on selected spectral lines.

Figure 1 Experimental setup QCL-QEPAS
Case specific design of the photoacoustic cell and experimental setup for the purposes
of QCL-QEPAS detection is finally reported within this work.
The authors are grateful for the financial support from Project No. 14-14696S funded by
the Czech Science Foundation and Project No. LD14022 within the COST action TD
1105 funded by the Ministry of Education, Youth and Sports of the Czech Republic.
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This study is motivated by the practical implementation of soft X-ray or extreme ultraviolet
(XUV) lasers for pulsed laser ablation and thin film deposition1. Specifically it is focused
on quantitative description of XUV laser induced ablation from lithium fluoride (LiF),
which is a reference large-band-gap dielectric material with ionic crystalline structure2, 3.
Single crystals of LiF were irradiated by nanosecond pulses of 46.9-nm radiation
provided by 10-Hz capillary-discharge Ne-like Ar laser. A new diagnostic system for
laser ablation processes by the XUV laser have been based on the monitoring of ablated
material by the IR diode laser absorption spectroscopy. The ro-vibrational transitions of
the molecule LiF in the spectral range 680 - 1000 cm-1 have been measured4. In
addition, we obtained data about exactly calculated atomic lines5 of Li I in the spectral
range 807-809 cm-1, which could serve in the similar way. For the given spectral region
we have used a quantum cascade diode laser. We have modified the construction of our
vacuum chamber in order to guide IR beam of the diode laser into the chamber and
direct it just above the surface of the target. For increasing of the sensitivity, we have
developed cavity enhanced arrangement6 for absorption monitoring.

The authors are grateful for the financial support from Project No. 14-14696S funded by
the Czech Science Foundation and Project No. LD14022 within the COST action TD
1105 funded by the Ministry of Education, Youth and Sports of the Czech Republic.
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Gas detection systems are an important tool for the prevention of accidents, and
mitigation of their impact on human life and health. The ideal sensor is selective and
has fast, stable and repeatable response to a particular analyt. Over the time it has been
shown that various detection principles have led only to partial fulfillment of this ideal.
Compromises have to be made according to desierd application of the sensor and
resulting demands on the sensor parameters, including its price.
In this study, the static and dynamic properties of semiconductor, electrochemical
and tunable diode laser based sensors are evaluated and compared. These parameters
includes the selectivity, sensitivity and the response time. The sensors are tested with
selected chemicals (VOC - volatile organic compounds – toluene and xylenes). The
advantages and disadvantages are summarized and the possibilities of their use are
discussed.
Spectrometry based detection techniques are rapidly expanding along with the
emerging technical capabilities. The progress in Tunable Diode Laser Absorption
Spectroscopy (TDLAS) leads to the development of detection system with good
reliability, superior response time, high accuracy even at very low concentrations of
gases (ppb) and reasonable price. Electrochemical sensors are used primarily in the
measurement of oxygen and low concentrations of toxic gases. They are characterized
by very good selectivity relatively to semiconductor sensors. The disadvantage is
limited lifetime, cross-interference and the possibility of damage due to the high
concentration of gas. Semiconductor sensors detect a broad spectrum of gases. They
have very long lifetime, they can detect both low and high concentrations of gases, the
key advantage is its very low price. Their disadvantage is particularly strong
dependence on humidity, temperature and flow, as well as poor selectivity.
However with proper mathematical analysis of required signals, the selectivity can
be significantly enhanced. These mathematical methods use all possible information
from the signal, including its time profile. We envision, that the combination of
spectroscopy based sensor with cheap semiconductor or electrochemical sensors can
lead to further selectivity enhancement with negligable increasement of the sensor
system´s price.
The authors are grateful for the financial support from Project No. 14-14696S funded
by the Czech Science Foundation and Project No. LD14022 within the COST action TD
1105 funded by the Ministry of Education, Youth and Sports of the Czech Republic.
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Laminar flames are often utilized e.g. for benchmarking the performance of chemical
kinetic models1 or laboratory-scale testing of the techniques suitable for practical
diagnostics in industrial combustion devices. Spectral features of fundamental and
overtone vibrations under high-temperature conditions (T > 1000 K) as well as hot
bands structures leading to numerous coincidences with the lines belonging to different
molecular species are inherent for these systems.
First overtone transitions of the OH radical (in the ground electronic X2Π state) in the
near-infrared region were reinvestigated in the given context following the findings
from previous studies2. Population of OH radical produced by combustion of methane–
air mixtures in the atmospheric pressure flat-flame burner3 were probed via wavelength
modulation spectroscopy (WMS) technique. Predictions of high-resolution spectra for
the given purpose were obtained from the HITEMP database4 and numerical
simulations of the flame structure (temperature and species concentration profiles) in
one-dimensional representation.
Prediction based on spectroscopic parameters needs to be performed if there is lack of
validated data on spectral line positions and their strengths for desired molecular species
or selected spectral range (e.g. for fluoromethylidyne radical, which is abundant in
flames inhibited by the fluorinated fire extinguishing agents). Overtone transitions of
the CF (X2Π) radical produced from the mixture of heptafluoropropene (CF3CHFCF3)
and argon in the positive-column discharge were investigated by the means of timeresolved FTIR emission spectroscopy5 in order to assign their spectra and to estimate if
WMS in laminar flames is further realizable also in the case of fluorinated species.
The authors are grateful for the financial support from Project No. 14-14696S funded by
the Czech Science Foundation and Project No. LD14022 within the COST action TD
1105 funded by the Ministry of Education, Youth and Sports of the Czech Republic.
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We present an upgraded version of the resonator spectrometer for the millimeter
and submillimeter wavelength ranges [1]. Sensitivity and operation speed of the
spectrometer were essentially increased. In particular, the full automatic mode of
spectrum recording was implemented in an entire frequency range (up to one octave) of
a radiation source (Backward Wave Oscillator = BWO). Phase Lock Loop (PLL)
system is used for fast scanning of the BWO frequency. A use of fast direct digital
frequency synthesizer PTS×10 allows to scan of a frequency in a continuous phase
regime with the minimal time between switchings of about 4 mks which is an order of
magnitude faster in comparison with the previous version of the spectrometer.
A system for automatic frequency control and data acquisition was developed. It
reduced spectra recording time by factor of 10 in comparison with previous version. The
spectrometer sensitivity in terms of absorption coefficient calculated from spectral line
recording is 4×10-9 cm-1 which exceeds considerably the sensitivity of analogous
instruments.
An example of unique abilities of the spectrometer is demonstrated by
experimental recordings of N = 1– line of molecular oxygen near 118.75 GHz in pure
O2 at room temperature and pressures up to 1.5 atm with signal-to-noise ratio of a few
thousands. A manifestation of a collisional speed-dependence effect for this line was
detected for the first time [2].
This work was supported in parts by grant No. MK-6696.2015.2 of the President
of the Russian Federation for support of young scientists and by Russian Foundation for
Basic Research.
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The single 118-GHz, N = 1− line of fine structure transitions of molecular oxygen
is of great importance for remote sensing of the Earth’s atmosphere. In particular, the
line is widely used by airborne and satellite-based instruments for atmospheric
temperature and pressure profile recovery. Accuracy and reliability of the recovered
information directly depends on how accurately the diagnostic line profile is known.
Such information can be obtained only from precise laboratory experiments. Here, we
report on the results of laboratory investigations of the shape of the N = 1− oxygen line
performed over a very wide range of pressures using two principally different
spectrometers having complimentary abilities. The RAD spectrometer [1] was used to
record low pressures spectra, spanning the 0.4-2 Torr range, while high pressures data
from 250 to 1000 Torr were recorded with a resonator spectrometer [1]. We improved
considerably the sensitivity of both instruments for this study. This improvement
allowed us to obtain signal to noise ratio at spectra recordings of the order of a few
thousands. The spectra analysis enabled the first manifestation of the speed-dependence
of the collisional broadening of the line, along with considerable refinement of other
parameters of the line, including collisional broadening, line-mixing and integrated
intensity.
This work was supported in parts by Russian Foundation for Basic Research.
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State-selective overtone excitations were employed to access highly excited rovibrational state of the HDO molecule up and above the dissociation threshold in its
electronic ground surface. Experimental scheme of our approach have been reported in
previous works : the excitation scheme is illustrated in Figure 1 of Ref.[1] . We used
three laser pulses to access high-lying terminal vibrational levels through sequential
excitation of three vibrational overtone transitions. Much higher states than in
conventional absorption/ emission methods, ranging from 25300 to 41300 cm-1, have
been experimentally accessed. Positions of more than 40 new band origins were derived
from analysis of the experimental spectra while the total number of rotationally assigned
(at least for J quantum number) energy levels exceeds 300. The obtained results
revealed significant irregularities in the behavior of OH oscillator in HDO species at
high energy vibrational overtones. The qualitative changes in vibration progression
were interpreted as signatures of bifurcation phenomena previously predicted
theoretically [2,3]. Vibrational wave functions and assignments of newly observed
high-energy states and the effects of isotopic substitutions in high-energy states of water
molecule will be discussed.
We acknowledge the support from S&T CH-RU cooperation program, FNS, the
Russian Foundation for Basic Researches and Mendeleev funding grant of Tomsk State
University.
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Nowadays, alkali metal diatomics are the most commonly studied ultracold
molecules because alkali metals have an unpaired electron and possess strong laser driven
optical transitions. Among the heteronuclear bi-alkalis, ultracold LiRb is especially
attractive due to its high photoassociation rate and large permanent electric dipole
moments in both ground and low-lying excited states. However, the comprehensive high
resolution spectroscopic information required for developing efficient laser cooling and
electric field manipulation of LiRb molecule is scanty as of yet.
We elucidated an origin of the Λ-doubling and spin-orbit coupling effects in the
B(1)1Π and D(2)1Π states of LiRb by means of high-level ab initio electronic structure
calculations of both angular and spin-orbit coupling matrix elements between the (1,2)1Π
and low-lying singlet (1-5)1Σ+ and triplet (1-3)3Σ+,3Π states manifolds. We proved,
quantitatively, the empirical observation1,2 that the B1Π state undergoes strong local Lcoupling with the nearby C(3)1Σ+ state and regular spin-orbit perturbations with the
remote triplet states. In contrast, the D1Π state is found to be locally perturbed by the
embedding d(2)3Π state while its Λ-doubling effect is mainly determined by regular
interaction with the C1Σ+ state.
The ab initio non-adiabatic matrix elements and relevant potential energy curves of
the interacting states were refined during the coupled-channel (CC) deperturbation
treatment of the experimental rovibronic term values1,2 available for both B and D states.
The CC deperturbation model reproduces the raw termvalues of all observed
6,7Li85,87Rb isotopologues within 0.01 cm-1, that is close to uncertainty of the
measurements. The present study of the fine structure of the excited states will help in
searching for optimal pathways for two steps laser assembly of ultracold LiRb molecules
via the intermediate B and D states down to the absolute ground state X1Σ+(v=0,J=0).
The work was partly supported by the RFBR grant N 16-03-00529-a.
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Accurate potential energy curves for the alkali metal – rare gas collision pairs are
required to predict and optimize the scaling characteristics of optically pumped alkali
metal vapor laser systems1. We performed high-level ab initio calculations to construct
relativistic interatomic potentials for the lowest electronic states of the Rb-Rg (Rg=He,
Ne, Ar) dimers.
Inner electron shells of Rb atom (1-3s, 2-3p, 3d) are replaced by the shape-consistent
relativistic two-component pseudopotential (PP)2, leaving subvalence (4sp) and valence
shells for explicit treatment. The PP was fitted to reproduce both the wave function
outside the core and excitation spectrum of the valence 5s electron. The corresponding
valence basis set is adjusted for reproducing the atomic 2S1/2, 2P1/2, 2P3/2 polarizabilities.
Electronic structure of rare gas atoms (He, Ne, Ar) is described at the all-electron level
using quadruple-zeta quality basis set with additional polarization functions. Correlation
problem is solved by the relativistic multiconfigurational Fock-space coupled-cluster
method using the Kramers-restricted Dirac-Hartree-Fock solution for RbRg+ ion as the
vacuum state. All 9 electrons of Rb atom and valence 8 (for Ne, Ar) or 2 (for He)
electrons of Rg atom are correlated while Ne/Ar inner [1s2]/[1s22s22p6] shells are
frozen. The active space is spanned by the first 4 virtual Kramers pairs. The fully
relativistic potential energy curves (PECs) are obtained for the ground (i)Ω=(1)1/2 and
first excited (i)Ω=(2,3)1/2, (1)3/2 molecular states in a wide range of internuclear
distance.
To explore the impact of the spin-orbit coupling effect on the Rb-Ar excited states we
alternatively used for Rb atom the energy-consistent 9-valence-electron PP3. The
electronic energies and wave functions are obtained in the framework of multireference
configuration interaction method. The resulting energies of the B2Σ+ and A2Π states are
diagonalized analytically with the calculated diagonal and off-diagonal spin-orbit matrix
elements to build quasi-relativistic PECs for the corresponding Ω=1/2 and 3/2 states.
Calculations are performed with the DIRAC15 and MOLPRO2010 packages. The work
is supported by the RFBR under Grant No. 16-03-00766.
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