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Cold Chemistry with Trapped Free Radicals 
 

Takamasa Momose 
 

Department of Chemistry, The University of British Columbia, 
Vancouver, BC V6T 1Z1 CANADA 

 
Matrix isolation spectroscopy [1-3] has been used for the study of molecular properties and 
dynamics at cryogenic temperatures. Especially, parahydrogen matrices, introduced in late 90s 
[4,5], have proven to be useful for the study of various unique reactions of molecules at 4 K or 
below, owing to the weak cage effect in parahydrogen crystals [6]. Some of the reactions are 
driven by purely quantum effects specific to low temperature chemistry, which include pure 
tunneling reactions [7] and quantum diffusion assisted reactions [8]. Many other interesting 
phenomena related to reactions and dynamics of molecules at liquid He temperatures have been 
investigated by many groups using various matrices including helium nano-droplets [9], but 
information on reactions at very low temperatures are still not enough to reveal fundamental 
aspects of cold chemistry, especially those relevant to interstellar chemistry. 
!
In order to extend the temperature of reactive molecules below 1 K, we have been working on 
the development of a technique to trap free radicals in a magnetic trap in vacuum [10].  Recently 
we were successful in trapping methyl radicals, one of the most fundamental hydrocarbon free 
radicals, in a magnetic trap made of permanent magnets at a temperature of <200 mK [11]. We 
are now investigating collisions of the trapped free radicals with other atoms and molecules for 
the study of reactive scattering below 200 mK. 
!
In this talk, we will discuss this new technique to make free radicals below 1 K and its prospects 
for the study of cold chemistry. 
!
1 E. Whittle, D. D. Dows and G. Pimentel, "Matrix Isolation Method for the Experimental Study of Unstable 

Species", J. Chem. Phys. 22, 1943 (1954) 
2 I. Norman. G. Porter, "Trapped Atoms and Radicals in a Glass ‘Cage’" Nature 174, 508 (1954)  
3 H. P. Broida, J. R. Pellam, "Phosphorescence of Atoms and Molecules of Solid Nitrogen at 4.2°K", Phys. Rev. 

95, 845 (1954) 
4 T. Momose, and T. Shida, "Matrix Isolation Spectroscopy Using Solid Parahydrogen as the Matrix:  Application 

to High-resolution Spectroscopy, Photochemistry and Cryochemistry" Bull. Chem. Soc. Jpn., 71, 1 (1998). 
5 M. E. Fajardo and S. Tam, "Rapid vapor deposition of millimeters thick optically transparent parahydrogen 

solids for matrix isolation spectroscopy", J. Chem. Phys. 108, 4237 (1998). 
6 C.-W. Huang, Y.-C. Lee, and Y.-P. Lee, "Diminished cage effect in solid p-H2: Infrared spectra of ClSCS, ClCS, 

and ClSC in an irradiated p-H2 matrix containing Cl2 and CS2", J. Chem. Phys. 132, 164303 (2010). 
7 H. Hoshina, M. Fushitani, T. Momose, and T. Shida, "Tunneling Chemical Reactions in Solid Parahydrogen: 

Direct Measurement of the Rate Constants of R + H2 → RH + H (R=CD3, CD2H, CDH2, CH3) at 5K", J. Chem. 
Phys. 120, 3706 (2004). 

8 Ruzi, M.; Anderson, D.T. “Quantum Diffusion-Controlled Chemistry: Reactions of Atomic Hydrogen with 
Nitric Oxide in Solid Parahydrogen” Journal of Physical Chemistry A, (2015), 119, 12270. 

9 M.Y. Choi, G.E. Douberly, T.M. Falconer, W.K. Lewis, C.M. Lindsay, J.M. Merritt, P.L. Stiles, R.E. Miller, 
"Infrared spectroscopy of helium nanodroplets: novel methods for physics and chemistry," Int. Rev. Phys. Chem, 
25, 15, (2006). 

10 T. Momose, Y. Liu, S. Zhou, P. Djuricanin and D. Carty, "Manipulation of translational motion of methyl 
radicals by pulsed magnetic fields", Phys. Chem. Chem. Phys., 15, 1772  (2013). 

11 Y. Liu, M. Vashishta, P. Djuricanin, S. Zhou, W. Zhong, T. Mittertreiner, D. Carty, and T. Momose, “Magnetic 
Trapping of Cold Methyl Radicals”, Phys. Rev. Lett, 118, 093201 (2017). 
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Reactions of Laser-Ablated Metal Atoms with Small Molecules 
 

Lester Andrews 
 

Department of Chemistry, The University of Virginia, Charlottesville, VA 22904, USA 
 

(1) U atoms react with (CN)2 [and (13CN)2, (12,13CN)2, (C15N)2, (C14,15N)2] during condensation 
in excess argon at 4 K to form U(NC)1,2,4 based on B3LYP frequency calculations, isotopic shifts 
for intense C-N stretching modes and product energies. 
 
(2) Al atoms react with (CN)2 to form AlNC, Al(NC)2, Al(NC)3, Al(NC)4

−, Al2(NC)4, and 
Al2(NC)6. 
 
(3) Al atoms react with pure hydrogen to form AlH, AlH2, AlH3, AlH4

−, Al2H4, and Al2H6 
(dialane). The problem here is that dialane molecules react spontaneously to form the covalent 
network solid alane, (AlH3)n unlike diborane, which forms a covalent molecular solid and 
evaporates to restore the B2H6 molecule. So what do we need here to observe the infrared 
spectrum of the Al2H6 molecule? 
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Phosphorescence Spectra of Polyyne and Cyanopolyyne Molecules 
in Solid Hexane at 20 K 

 
Tomonari Wakabayashi1, Urszula Szczepaniak2†, Kazunori Ozaki1,  

Hal Suzuki1, Yusuke Morisawa1 
 

1Department of Chemistry, Kindai University, Higashi-Osaka, Osaka 577-8502, Japan 
2Institute of Physical Chemistry, Polish Academy of Sciences, Warsaw 01-224, Poland 

 
 

Cyanopolyynes have been known as interstellar molecules since their detection in the 70’s. 
Molecules up to HC9N were confirmed, while the observation of HC11N in the molecular cloud 
TMC-1 [1] was recently negated [2]. Hydrogen-end-capped polyynes could be possible candidates 
for a series of interstellar molecules, though their detection was thwarted by the selection rule of 
the rotational transition for centrosymmetric linear molecules [3]. Recently, phosphorescence was 
observed in the laboratory for cyanopolyynes of HC5N, HC7N, and HC9N isolated in solid rare-
gas matrices [4-6]. In this work, hydrogen-end-capped polyynes as well as cyanopolyynes were 
isolated in solid solutions at 20 K and their phosphorescence spectra were measured. 
      Sample molecules, H(C≡C)nH (n = 4−6) and H(C≡C)nC≡N (n = 4), were prepared by laser 
ablation of graphite in liquid hexane or liquid acetonitrile, followed by separation using HPLC 
techniques [7]. The solution containing size-selected polyyne molecules was condensed on a 
copper slab cooled at 20 K in vacuum. The solid matrix sample was irradiated by the second 
harmonic of OPO laser (GWU VersaScan, 213−302 nm) to record optical emission spectra on a 
polychromator with a CCD array detector (PI320, PyLoN OE256). 
      The phosphorescence spectrum of C8H2 in solid hexane at 20 K shows vibrational progression 
for the symmetric stretching n2 mode of the sp-carbon chain (~2190 cm-1) at 532, 603, 694, 815, 
and 988 nm for the 0−n bands of n = 0−4. The lifetime was ~30 ms for the a3Su+ → X1Sg+ transition. 
The excitation spectrum of C8H2 in the UV (215−255 nm) contains at least two components, one 
following the absorption spectrum in the solution at ambient temperature and the other red-shifted. 
 
† Present Address: Laboratory of Physical Chemistry, Department of Physical Chemistry and Applied Biosciences, 
ETH Zürich, Switzerland, E-mail: urszula.szczepaniak@phys.chem.ethz.ch 
 
1 Bell, M. B.; Feldman, P. A.; Travers, M. J.; McCarthy, M. C.; Gottlieb, C. A.; Thaddeus, P. “Detection of HC11N in 
the Cold Dust Cloud TMC-1” Astrophys. J. (1997) 483, L61. 
2 Loomis, R. A.; Shingledecker, C. N.;  Langston, G.; McGuire, B. A.; Dollhopf, N. M.; Burkhardt, A. M.; Corby, J.; 
Booth, S. T.; Carrol, P. B.; Turner, B.; Remijan, A. J. “Non-Detection of HC11N Towards TMC-1: Constraining the 
Chemistry of Large Carbon-Chain Molecules” Mon. Not. Roy. Astron. Soc. (2016) 463, 4175. 
3 August, J.; Kroto, H. W.; Trinajstic, N. “Interstellar Polyynes and Related Species” Astrophys. Space Sci. (1986) 
128, 411. 
4 Turowski, M.; Crépin, C.; Gronowski, M.; Guillemin, J.-C.; Coupeaud, A.; Couturier-Tamburelli, I.; Pietri, N.; Kolos, 
R. “Electronic Absorption and Phosphorescence of Cyanodiacetylene” J. Chem. Phys. (2010) 133, 074310. 
5 Couturier-Tamburelli, I.; Piétri, N.; Crépin, C.; Turowski, M.; Guillemin, J.-C.; Kołos, R. “Synthesis and 
Spectroscopy of Cyanotriacetylene (HC7N) in Solid Argon”, J. Chem. Phys (2014) 140, 044329. 
6 Szczepaniak, U.; Kolos, R.; Gronowski, M.; Chevalier, M.; Guillemin, J.-C.; Turowski, M.; Custer, T.; Crépin, C. 
“Cryogenic Photochemical Synthesis and Electronic Spectroscopy of Cyanotetracetylene” J. Phys. Chem. A (2017) 
121, 7374. 
7 Wakabayashi, T.; Saikawa, M.; Wada, Y.; Minematsu, T. “Isotope Scrambling in the Formation of Cyanopolyynes 
by Laser Ablation of Carbon Particles in Liquid Acetonitrile” Carbon (2012) 50, 47. 
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Properties of Large Superfluid Helium Droplets: Trapping of More 
Than One Ions and Suppression of Multiphoton Ionization  

 
Wei Kong, Maha Alghamdi, Andrew Oswalt, Jie Zhang 

 
Department of Chemistry, Oregon State University, Corvallis, OR 97331 

 
Large superfluid helium droplets containing more than 108 atoms/droplet are necessary for doping 
of macromolecular ions such as proteins. These droplets are fundamentally different from smaller 
droplets because of their bulk-like interior. In contrast, smaller droplets are essentially composed 
of only the surface layer. While the sheer size of the large droplets should make them susceptible 
for doping with multiple ions, experimental evidence of multiple doping is difficult to obtain, since 
the droplet beam is typically polydispersed, and mass-to-charge ratios are not indicative of the 
doping or charge state of the droplet. However, when two different types of ions are simultaneously 
doped into the same droplet, concurrent desorption of both ions from the droplet can be used as 
evidence of double doping. We provide evidence of this scenario using aniline as the dopant into 
pre-ionized helium droplets. Facile charge transfer from aniline to the stable He2

+ achieves 
ionization of aniline. If more than one charge is located on the pre-ionized droplets, excitation of 
aniline cation should result in detection of He2

+ and aniline cation. We also present evidence that 
photoionization of dopant aniline in neutral droplets is hindered by the caging effect of the helium 
environment. The mean-free-path of low energy electrons in superfluid helium, compared with the 
diameter of a large droplet, offers the evidence for the mechanism of suppression of multiphoton 
ionization in large droplets.  
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Infrared Spectroscopy of Free Radicals and 
Protonated Species Isolated in Solid Para-hydrogen 

 
Yuan-Pern Lee 

 
Dept. Applied Chemistry, National Chiao Tung University, Hsinchu 30010, Taiwan 

 
The emergent use of para-hydrogen (p-H2) as a matrix host has generated great interest because 
of some unique characteristics associated with this quantum solid. In this talk, I will try to cover 
four topics: free radicals, hydrogenation reactions, protonated species, and electronic transitions. 
 
A. Free radicals: Perhaps the simplest way to produce free radicals in solid p-H2 is to photolyze 
precursors in situ. Unlike in noble-gas matrices, the fragments can be separated and become 
isolated in solid p-H2 upon photodissociation because of the diminished cage effect.1 Formation of 
CH3O and its deuterated variants, propyl radicals, and IC2F4 serve as examples. The production of 
free radicals in solid p-H2 is not limited to only photolysis in situ; the atom or radical produced 
upon photolysis can react further with another molecule, hence expanding the types of free radicals 
that can be prepared. Reactions of Cl, Br, and I with a series of alkenes were investigated. 
Identification of 1-chloromethyl-1-methylallyl, 1-chloromethyl-2-methylallyl, the open-form 
BrC2H4 and the bridged form IC2H4 serves as examples. 
 
B. Hydrogenation reactions: One disadvantage of using p-H2 is its reactivity, but we turned it 
into advantage. We produced species such as Cl or OH via photolysis to react with H2 (upon IR 
irradiation) to produce H atoms. This scheme turns out to be very efficient for hydrogenation 
reactions. We have investigated H + PAH (polycyclic aromatic hydrocarbons), CH3OH, HONO, 
or HC(O)OCH3. Stereo-selectivity was observed for H + CH2DOH to form cis-CHDOH. 
 
C. Protonated species: We applied an electron gun to bombard the p-H2 matrix during deposition. 
Ionization of H2 produced H3

+; subsequent rapid proton transfer to a guest molecule produced a 
protonated species, accompanied by their neutral counterparts produced via neutralization of the 
protonated species or reaction of H with the guest molecule. Maintaining the matrix in darkness 
for a prolonged period to release trapped electrons diminishes the protonated species and produce 
its neutral counterpart. Secondary photolysis at varied wavelengths can distinguish further the 
groups of lines associated with varied carriers. We employed this techniques to a series of PAH 
and small molecules such as OCS, CS2, and (CO)2 that are important in astrochemistry.2  
 
D. Electronic transitions:  We investigated the fluorescence of NO isolated in solid p-H2 upon 
irradiation at 193 nm to the Rydberg state A 2Σ+ (v = 1) and observed emission from the A 2Σ+ (v 
= 1), A 2Σ+ (v = 0), B 2Π, and a 4Π states, which is distinct from preceding reports of NO in n-H2 
and noble-gas matrices. If time permits, the unique properties of p-H2 for electronic transitions, 
such as a small matrix shift on T00 and distinct phonon interactions, will be discussed.   
 
1 Bahou, M.; Das, P.; Lee, Y.-F.; Wu, Y.-J.; Lee, Y.-P. "Infrared spectra of free radicals and protonated species 

produced in para-hydrogen matrices" Phys. Chem. Chem. Phys. (2014), 16, 2200 (Perspective Article). 
2 Tsuge, M.; Tseng, C.-Y.; Lee, Y.-P. "Spectroscopy of prospective interstellar ions and radicals isolated in para-

hydrogen matrices" Phys. Chem. Chem. Phys. (2018), 20, 5344 (Perspective Article and Cover). 
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Solid Parahydrogen Devours Slow Positrons 
 

Mario E. Fajardo 
 

Air Force Research Laboratory, Munitions Directorate, Ordnance Division,  
Energetic Materials Branch, AFRL/RWME, 2306 Perimeter Road, Eglin AFB, FL 32542-5910 

 
email:  mario.fajardo.1@us.af.mil 

 
We report experimental results from cryogenic solid Ne positron moderators deliberately over-
coated with thin films of parahydrogen (pH2), normal-H2 (nH2), normal-D2 (nD2), CO, and H2O.  
In all cases we see a decrease in the yield of slow positrons with increasing coating thickness.  
We had originally proposed1 that, due to their 1000x larger typical crystallite sizes and higher 
crystalline quality, Rapid Vapor Deposited pH2 solids might be superior positron moderators 
than vapor deposited cryogenic rare gas solids.  However, the present results prove otherwise.   
 

We produce positrons (e+, the antimatter counterpart to the electron) in our laboratory by !+ 
decay of radioactive 22Na.2  These positrons are born with kinetic energies (KEs) ranging up to 
the end point energy of 0.54 MeV.  The role of the moderator is to slow down these fast nascent 
positrons to KEs ~ 1 eV and to narrow the positron KE distribution (KED) accordingly.   
 
Our apparatus employs a sealed 22Na source which can be translated relative to, and isolated 
from, the cryogenic moderator metallic deposition substrate.3  We integrate a Matrix Isolation 
Spectroscopy diagnostic within a reflection-geometry positron moderation system.  We can 
determine the optical thickness, impurity content, and impurity trapping site structures within our 
moderators from infrared (IR) absorption spectra.  We use a Retarding Potential Analyzer (RPA) 
to modulate the flow of slow moderated positrons, and to determine the positron “directed 
KEDs” for motion along the deposition substrate surface normal.   
 
Apparently, Ne-moderated positrons with their KEs in the 0-2 eV range interact strongly with the 
ro-vibrational excitations of the polyatomic molecules in the over-coated films.  This is made 
especially clear by the strong differences observed between the iso-electronic nH2 and nD2 films, 
for which the predominant effect of the extra neutrons is to modify the molecular vibrational 
frequency and rotational energy level spacings.   
 
1 M.E. Fajardo, C.M. Lindsay, and C.D. Molek, “Efficient Cryosolid Positron Moderators.” Final Report, AFRL-

RW-EG-TR-2012-096, 6 September 2012.  [96ABW-2012-0348] 
2 M. Charlton and J.W. Humberston, Positron Physics, (Cambridge University Press, Cambridge, 2001).   
3 C.D. Molek, C.M. Lindsay, and M.E. Fajardo, “A Combined Matrix Isolation Spectroscopy and Cryosolid 

Positron Moderation Apparatus,” Rev. Sci. Instrum., 2013, 84, 035106.   
 
 

Distribution A.  Approved for public release; distribution unlimited (96TW-2018-0185). 
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Spectra of Asymmetric Top Molecules Solvated with Helium Atoms 
 

Paul L. Raston,a Nathan A. Seifert,b Prasanta Das,b,c Wolfgang Jägerb 
 

a Department of Chemistry, James Madison University, Harrisonburg, Virginia 22807 

b Department of Chemistry, University of Alberta, Edmonton, AB, Canada  T6G 2G2 
c Department of Applied Science, Institute of Engineering and Rural Technology, 

Allahabad-211002, Uttar Pradesh, India 
 

Microwave and infrared spectroscopic studies of linear molecule – HeN clusters with ‘atom-by-
atom’ resolution and N ranging from 1 to nearly 100 in some instances have, in the past, provided 
evidence for the appearance of ‘microscopic superfluidity’ at rather low N-values.1,2 An increase 
of rotational constant with increasing cluster size at some critical N-value was taken as the main 
indicator for superfluid behavior and this interpretation has been corroborated by theoretical 
studies.3 A similar combined experimental and theoretical approach was later used to provide 
evidence for microscopic, molecular superfluidity in clusters of CO with para-hydrogen, pH2, 
molecules.4 At that time, we thought that it would be very difficult experimentally to extend those 
cluster studies to asymmetric top molecules, especially in the microwave range. The main reason 
is the increased density of states at low J-values and a resulting decrease in signal strength.  
 
We have recently constructed a highly sensitive chirped pulse Fourier transform microwave 
spectrometer, which operates in the region between 2 and 6 GHz. This instrument allows us to 
record broad-band spectra of 4 GHz width as compared to 1 MHz wide spectra with our older 
cavity-based microwave Fourier transform spectrometer. Using this new instrument, we were able 
to record spectra of benzonitrile – HeN, pyridine – HeN, and furan – HeN clusters with N up to 7. 
The spectroscopic assignments and interpretations, including the possibility to reach a ‘critical N-
value’, will be discussed. 
 
In the second part, an infrared helium nanodroplet study of the formic acid dimer will be presented. 
In the initial helium nanodroplet study by Madeja et. al5 only the polar, ‘acyclic’ isomer of the 
dimer was observed and the absence of the non-polar dimer was attributed to the unique cluster 
growth conditions in liquid helium droplets. We have now observed also the cyclic conformer of 
the dimer and will discuss the measured spectra and the formation mechanism. 
!
1 Tang, J.; Xu, Y; McKellar, A. R. W.; Jäger, W. “Quantum Solvation of Carbonylsulfide with Helium Atoms” 

Science, (2002), 297, 2030. 
2 McKellar, A. R. W.; Xu, Y.; Jäger, W. “Spectroscopic Exploration of Atomic Scale Superfluidity in Doped Helium 

Nanoclusters” Physical Review Letters, (2006), 97, 183401. 
3 Xu, Y.; Blinov, N.; Jäger, W.; Roy, P.-N. “Recurrences in rotational dynamics and experimental measurement of 

superfluidity in doped helium clusters” The Journal of Chemical Physics, (2006), 124, 081101. 
4 Raston, P. L.; Jäger, W.; Li, H.; Le Roy, R. J.; Roy, P.-N. “Observation of Persistent Molecular Superfluidity in 

para-Hydrogen Clusters.” Physical Review Letters, (2012), 108, 253402. 
5 Madeja, F.; Havenith, M.; Nauta, K.; Miller, R. E.; Chocholoušová, J.; Hobza, P; “Polar isomer of formic acid 

dimers formed in helium nanodroplets”, The Journal of Chemical Physics, (2004), 120, 10554. 
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Formation and Reaction of Photochemical Products of 
Thiazole Isolated in Low-temperature Argon Matrices 

 
Jun Miyazaki 

 
Faculty of Pharmaceutical Sciences, Hokuriku University, 

Kanazawa, Ishikawa, 920-1181, Japan 
 

j-miyazaki@hokuriku-u.ac.jp 
 

The thiazole is a fundamental heterocyclic compound with five-membered ring including one 
nitrogen and one sulfur atom; those rings are observed in the components of natural products 
such as thiamine (Vitamin B1) and D-firefly luciferin. In the formation of small unstable or 
noble species composed of H, C, N, and S in interstellar space, thiazoles have a potential to 
become a good supplier for making those unstable species because they are exposed to the strong 
UV radiation. About the photochemistry of thiazole, it is known that thiazole produces no 
reaction products, while isothiazole, an isomer of thiazole, is converted to thiazole by 
photoirradiation in liquid phase1, 2.  However, the photochemistry of matrix-isolated thiazole has 
not been reported yet. In order to elucidate the photochemical reactivity and the stability of 
photochemical products of thiazole, we studied the photochemistry of thiazole isolated in solid 
argon matrices with a joint use of infrared spectroscopy and DFT calculations. The thiazole/Ar 
mixed gas was condensed on the cold substrate (CsI) cooled to 20 K by a closed-cycle He 
refrigerator. After the deposition, the matrix sample was cooled down to 10 K for recording IR 
spectral changes before and after UV irradiation. IR spectra were measured with an FT-IR 
spectrometer equipped with MCT detector cooled by liquid N2. A super high-pressure Hg lamp 
(SHPML) was used to induce photoreaction. DFT calculations were performed to obtain the 
optimized structure, relative energy level, and IR spectral patterns of the reactant, intermediates, 
and products at the UB3LYP/aug-cc-pVTZ level. After UV irradiation using SHPML, we 
identified new 6 molecules including 4 isocyano compounds as photochemical products of 
thiazole isolated in solid argon matrices3. In addition, photodecomposition products such as like 
HC≡N, HS–C≡CH, S=C=CH2, and HC≡CH were also detected. In the separate experiment using 
high-power UV-radiation, three types complexes of hydrogen-bonded between HS–C�CH and 
HC�N, and other small photoproducts were recognized. We will discuss the photoreaction 
mechanism of thiazole isolated in solid argon matrices. This research was partly supported by the 
Hokuriku University Special Research Grant. 
!
1 M. D’Auria, “Ab initio study on the photochemical isomerization of thiazole derivatives” Tetrahedron, 58, 

(2002) 8037. 
2 J. P. Catteau, A. Lablanche-Combier, A. Pollet, “Isothiazole photoisomerisation”, J. Chem. Soc. D: Chem. 

Commun., (1969), 1018 
3 J. Miyazaki, H. Takiyama, M. Nakata, “Isocyano compounds newly recognized in photochemical reaction of 

thiazole: matrix-isolation FT-IR and theoretical studies”, RSC Advances, (2017), 7, 4960  
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Imaging of Single Barium Atoms in Solid Xenon 
 

William Fairbank, Christopher Chambers, Tim Walton, David Fairbank, 
Adam Craycraft, Danielle Harris, James Todd and Alec Iverson 

 
Physics Department, Colorado State University, Fort Collins CO 80523 

 
Single barium atoms in solid xenon have been detected and imaged with high signal-to-background 
fluctuation ratio by scanning a focused laser across the solid xenon matrix deposited on a cold 
sapphire window. Ba is deposited at low density by implanting a few pulses of a mass-selected 
Ba+ beam as the solid xenon matrix is grown.  Some neutralization is observed to occur.  The 619 
nm emission line assigned to Ba atoms in solid xenon1 is used for imaging. By fixing the laser 
position on a single Ba atom peak, it is found that the fluorescence suddenly drops to background 
level after times of as short as 30 s. In some cases, it persists for >600 s.  The sudden drop to 
background is a clear confirmation of single atoms.  Lifetimes of the emission of Ba and 
background sources are measured by time-resolved photon counting.  A remarkable result is that 
heating the matrix to 100 K “erases” all signal from a previous Ba deposit. 
 
To our knowledge, this is the first time that single atoms have been imaged in solid noble gas and 
represents significant progress towards a practical barium tagging technique for the proposed 
nEXO neutrinoless double beta decay experiment, which will have 5 tons of isotopically enriched 
Xe-136.   The identification, or “tagging” of the Ba-136 daughter atom that results from double 
beta decay of Xe-136 could be used to eliminate all false radioactive backgrounds in nEXO that 
do not produce a Ba-136 daughter. The proposed Ba tagging scheme utilizes a cryogenic probe to 
trap the barium daughter atom in solid xenon and extract it from the time projection chamber.1 The 
observation of a single barium atom in the fluorescence image of the solid xenon matrix on the 
widow at the end of the probe would be a positive confirmation of a true double beta decay event. 
Observation of neutrinoless double beta decay would show that neutrinos and anti-neutrinos are 
the same particle, would show non-conservation of lepton number for the first time and would 
provide additional information for determining the masses of neutrinos. 
!
1 Mong, B., et al., “Spectroscopy of Ba and Ba+ deposits in solid xenon for barium tagging in nEXO” Physical 

Review A, (2015), 91, 022505. 
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Formation and Infrared Identification of Protonated Fluoranthene 
Isomers (3-, 9-, and 10-C16H11

+) in solid para-H2  
 

Arghya Chakrabortya and Yuan-Pern Lee*abc 
 

aDepartment of Applied Chemistry and Institute of Molecular Science, 
National Chiao Tung University, Hsinchu 30010, Taiwan 

bInstitute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan 
cCenter for Emergent Functional Matter Science, National Chiao Tung University, Hsinchu  

 
Unidentified infrared (UIR) emissions of galactic and extragalactic objects are commonly attributed to the 
vibrational fluorescence of stellar UV-pumped polycyclic aromatic hydrocarbons (PAHs) or their 
derivatives such as protonated counterparts (H+PAHs) and PNAHs (nitrogen-containing PAHs).1 However, 
individual identification of certain PAH as UIR carriers is still an enigma. Polycyclic systems with purely 
six membered rings and their H+-analogs have been thoroughly interrogated by matrix isolation and gas-
phase techniques, but their spectral features differ slightly from astronomical UIR pattern.1,2 In this context, 
PAH with conjugated six and five membered rings can be an ideal alternative for laboratory investigation. 
In top down hypothesis, structure of recently detected C60

+ in interstellar medium3 strongly invokes the 
existence of PAH/H+PAH comprised of six and five membered rings. In the present work, fluoranthene 
(C16H10), the simplest candidate of this class, has been protonated and multiple isomers of C16H11

+ are 
identified with infrared spectroscopy. A matrix isolation system coupled with an electron gun has been 
employed;2 electron bombardment was performed during sample deposition onto a substrate cooled at 3.2 
K. The bombardment of p-H2 with electrons produces H3 + and H via H2 + e− → H2 + + 2e− and H2 + + H2 
→ H3 + + H reactions. Proton transfer from H3

+ to C16H10 produces C16H11
+ cations and C16H11 radicals 

trapped in solid p-H2.  
 
In addition to IR absorptions of the parent (C16H10), numerous new lines appeared with electron gun 
operation. Thereafter, the matrix was kept in darkness for hours and decrease in intensity for some of those 
new lines was observed. These features are due to protonated species as free electrons in matrix diffuse 
with time and neutralize C16H11

+. The existence of multiple isomers was inferred from different rates of 
decrement for bands. Secondary photolysis with light at 520 ± 5 and 460 ± 5 nm from light emitting diodes 
was carried out to distinguish and group these absorption lines. The structural assignments are made on the 
basis of agreement between experimental and theoretical scaled harmonic vibrational wavenumbers and 
their IR intensities. Ground-state optimization and frequency calculation of plausible C16H11

+ isomers are 
performed with the B3PW91/6-311++G(2d,2p) level of theory. The two most stable isomers 3-C16H11

+ and 
9-C16H11

+ with relative energies 0 and 5 kJ mol-1, respectively, along with 10-C16H11
+ (20 kJ mol-1) are 

identified. The most intense lines appeared at 1088, 1318, 1521 and 1586 cm-1 for 3-C16H11
+. The intense 

absorption lines of 9-C16H11
+ are observed at 1089, 1162, 1305, 1497 and 1500 cm-1. IR features at 832, 

1091, 1285, 1337, and 1386 cm-1 are assigned to 10-C16H11
+ which can be completely depleted with light 

at 520 nm revealing its photo-fragile characteristic. These experimental observations are highly important 
for extraterrestrial findings. 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 A.G.G.M. Tielens, Annu. Rev. Astron. Astrophys. 2008,  46, 289.    
2 M. Bahou, Y.-J Wu and Y.P. Lee, Angew. Chem. Int. Ed. 2014, 53, 1021. 
3 E. K. Campbell, M. Holz, D. Gerlich and J. P. Maier, Nature 2015, 523, 322.!
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Photochemistry of PAHs Embedded in Water Ice:  
New Insights into the Role of Ice Structure on the Reactivity 

and on the Ionization Energies of PAHs 
 

Jennifer A. Noble1,2, Eric Michoulier2,3, Nadia Ben Amor3, Mathias Rapacioli3, Christian 
Aupetit1, Aude Simon3, Céline Toubin2, Joëlle Mascetti1 

 
1 ISM, Université de Bordeaux and CNRS, 33405 Talence, France  

2 PhLAM, Université de Lille and CNRS, 59655 Villeneuve d’Ascq, France. 
3 LCPQ-IRSAMC, CNRS and Université Paul Sabatier, 31062 Toulouse, France. 

 
Polycyclic Aromatic Hydrocarbons (PAHs) are a family of molecules which represent the best 
candidates to explain the observation of one set of infrared emission features in the interstellar 
medium (ISM): the Aromatic Interstellar Bands (AIBs). They could also contribute to some UV-
visible absorption features: the so-called Diffuse Interstellar Bands (DIBs). In dense interstellar 
environments, PAHs are likely to condense onto or integrate into water ice mantles covering dust 
grains, where they can be processed by UV photons. Understanding the role of water ice in the 
photo-induced processes involving adsorbed or embedded PAHs is therefore a key issue in 
astrochemistry. We will present a FTIR spectroscopy study of cryogenic solids combined with 
theoretical approaches (SCC-DFTB and MD) of various PAHs (anthracene, pyrene and coronene) 
embedded in or adsorbed on four types of water ice (amorphous and crystalline). Our results 
highlight the role of the structure of ice on the photo-reactivity of PAHs with water. The influence 
of ice structure on the adsorption and ionization energies of PAHs will also be discussed in the 
light of previous experimental and theoretical studies.  
 
1 Noble, J.A. ; Jouvet, C. ; Aupetit, C. ; Moudens, A. ; Mascetti, J.  “Efficient photochemistry of coronene:water 

complexes” Astronomy and Astrophysics (2017), 599, A124.  
2 Michoulier, E.; Noble, J.A.; Simon, A.; Mascetti, J.; Toubin, C. “Adsorption of PAHs on interstellar ice viewed 

by classical molecular dynamics” Physical Chemistry Chemical Physics (2018), 20, 8753-8764.  
3 Michoulier, E.; Ben Amor, N.; Rapacioli, M.; Noble, J.A.; Mascetti, J.; Toubin, C.; Simon, A. “Theoretical 

determination of adsorption and ionization energies of polycyclic aromatic hydrocarbons on water ice” Physical 
Chemistry Chemical Physics (2018), 20, 11941-11953.  
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IR Selective Irradiations of Amorphous Solid Water from Middle 
Infrared to THz Domain 

 
S. Coussan1, J. A. Noble2, B. Redlich3, H. Cuppen4, S. Ioppolo5 
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3Radboud University Nijmegen, Institute for Molecules and Materials, FELIX Laboratory, 
Toornoived 7c, 6525 ED, Nijmegen, The Netherlands 

4Radboud University Nijmegen, Institute for Molecules and Materials, Heyendaalseweg 135, 
6525 AJ, Nijmegen, The Netherlands 

5School of Electronic Engineering and Computer Science, Queen Mary University of London, 
Mile End Road, London E1 4NS, United Kingdom 

 
The Hydrogen Bond, or the “Bond of Life”, is ubiquitous. Its presence is key to processes on Earth 
– especially in water and aqueous systems, but also in the atmosphere, in mixed water/organic 
molecules or aggregates – as well as the Interstellar Medium (ISM), where water is predominantly 
observed in the form of Amorphous Solid Water (ASW). This special bond is of primary 
importance in the organization of living organisms, and certainly played a fundamental role in the 
emergence of life. We have investigated the effects of selective IR (OPO laser) irradiations on 
Amorphous Solid Water (ASW) surface molecules. Those ones are known as “dangling OH” 
molecules, able to accrete small molecules such as ammonia, nitrogen, or methanol, themselves 
potentially involved in the formation of amino acid precursors [1].  Irradiation of each of the 
dangling molecules leads to a double OH dangling molecule, interacting with ice surface through 
its two electronic doublets, displayed in Fig. 1. 

 
 

We have recently extended this study by a full range IRFEL (FEL: Free Electron Laser) irradiation 
study, i.e. irradiations from surface modes (Middle InfraRed) to O-H…O H-bond stretching one 
(THz domain, Far InfraRed). This new set of results reveals that amorphous ice is in fact an 
organized material highly sensitive to the nature of the IR irradiation source. 
 
1 Noble, J. A.; Martin, C.; Fraser, H. J.; Roubin, P.; Coussan, S. IR Selective Irradiations of Amorphous Solid Water 

Dangling Modes: Irradiations vs Annealing Effects, J. Phys. Chem. C, 2014, 118, 20488-20495. 

Fig. 1: IR OPO induced 
isomerization of ASW 
surface molecules. 
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Electric Deflection of Fully Field-Oriented Polar Molecules 
Within Superfluid Nanodroplets 

 
Vitaly V. Kresin 

 
Dept. of Physics and Astronomy, University of Southern California, Los Angeles, CA 90089 

 
The use of electric fields to orient and deflect polar molecules dates back to electric 
deflection experiments on “molecular rays” in the late 1920’s.1  More recently, polar 
molecules have attracted a lot of interest in the pursuit of cooling and trapping 
applications.2  However, ultracold trapping has been achieved only for a small number of 
diatomic molecules, while supersonic expansion cooling typically produces molecules at 
rotational and vibrational energies much greater than several Kelvin.  In specialized cases, 
supersonic beams and buffer gas cooling3 can reach temperatures just above 1 K, but this 
works for only a limited number of molecules and requires separate optimization for each. 
 
On the other hand, by embedding polar molecules in a beam of superfluid helium 
nanodroplets one can reduce their temperatures to just 0.4 K, and the approach works for 
a wide range of molecules and agglomerates.4  Application of an external static electric 
field transforms their free rotational states into pendular ones, achieving nearly full 
orientation of the dipoles.5 
 
The talk will describe how this extremely high degree of achievable orientation can be 
exploited in beam deflection experiments.  Despite having masses of up to several tens of 
thousands of Daltons (possibly the heaviest species subjected to “deflectometry”), host 
helium droplets can be deviated by a very large distance: up to a few millimeters.6 
 
This approach has been demonstrated using helium droplets containing molecules of 
alkali halides, polar solvents, and amino acid molecules.  The attractiveness of the method 
is its wide applicability and its potential as a tool for determining the dipole moments of 
molecules and molecular assemblies that are difficult to obtain by other means. 
 
The deflection technique also provides a means to disperse droplets by size spatially. As 
an application of this capability, the droplet size dependence of the ionization charge 
transfer probability can be determined. 
 
This work has been supported by the National Science Foundation under grant CHE-1664601. 
!
1!R. G. J. Fraser, Molecular Rays (Cambridge University Press, London, 1931). 
2!J. L Bohn, A. M. Rey, and J. Ye, “Cold Molecules: Progress in Quantum Engineering of Chemistry and Quantum 
Matter,” Science 357, 1002 (2017).!

3!N. R. Hutzler, H.-I Lu, and J. M. Doyle, “The Buffer Gas Beam: An Intense, Cold, and Slow Source for Atoms and 
Molecules,” Chem. Rev. 112, 4803 (2012). 

4!J. P. Toennies and A. F. Vilesov, “Superfluid helium droplets: A Uniquely Cold Nanomatrix for Molecules and 
Molecular Complexes,” Angew. Chem. Int. Ed. 43, 2622 (2004). 

5!M. Y. Choi, G. E. Douberly, T. M. Falconer, W. K. Lewis, C. M. Lindsay, J. M. Merritt, P. L. Stiles, and R. E. 
Miller, “Infrared Spectroscopy of Helium Nanodroplets: Novel Methods for Physics and Chemistry,” Int. Rev. 
Phys. Chem. 25, 15 (2006). 

6!D.J. Merthe and V.V. Kresin, “Electrostatic Deflection of a Molecular Beam of Massive Neutral Particles: Fully 
Field-Oriented Polar Molecules Within Superfluid Nanodroplets,” J. Phys. Chem. Lett. 7, 4879 (2016).!
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Probing Structural Dynamics with IR Photon Echo  
 

Wutharath Chin, Raphaël Thon, Didier Chamma, Jean-Pierre Galaup, Claudine Crépin 
 

Institut des Sciences Moléculaires d’Orsay, 
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The advent of ultrafast laser sources in the infrared (IR) domain has enabled the study of numerous 
and diverse molecular systems through nonlinear four-wave mixing techniques. Time-resolved IR 
photon echo is one such technique that gives access to relaxation processes. Population dynamics 
and vibrational coherence are in that sense relevant tools to investigate the interactions between a 
system and its surrounding medium.  
 
Here we combine a vibrational dynamics study and spectroscopic investigation on the transition 
metal complex Fe(CO)5 to inform on its structural dynamics in cryogenic matrix and get an 
overview of its vibrational behavior. Fe(CO)5 is a benchmark system that undergoes Berry 
pseudorotation – also named fluxionality – whereby axial and equatorial ligands interchange with 
slight deformation of the ground-state symmetry1,2. In the D3h symmetry, Fe(CO)5 possesses two 
CO stretching modes E’ and A2” resulting in a complex spectrum in the !CO spectral region when 
trapped in nitrogen matrix3. We show that the dynamics study enables us to unravel this complex 
IR signature. We have also been able to distinguish between different relaxation processes which 
occur at similar timescale. In addition to dynamics behavior. This work shows that IR photon echo 
is a powerful technique for gaining insight in terms of structural dynamics and environment effects 
in the matrix4,5. 
 
1 Berry, R.S. “Correlation of Rates of Intramolecular Tunneling Processes, with Application to Some Group V 

Compounds”, J. Chem. Physics, (1960), 32, 933.  
2 Cahoon J. F., Sawyer K. R., Schlegel J. P., Harris C. B. “Determining Transition-State Geometries in Liquids 

Using 2D-IR”, Science, (2008), 319, 1820. 
3 Swanson B.I., Jones L. H., Ryan R. R. “Infrared Spectrum of Fe(CO)5 in Rare Gas Matrices”, J. Molec. Spec., 

(1973), 45, 324. 
4 Thon R., Chin W., Chamma D., Galaup J-P, Ouvrad A. Bourguignon B. Crépin C. “Vibrational spectroscopy and 

dynamics of W(CO)6 in solid methane as a probe of lattice properties”,  J. Chem. Phys., (2016), 145, 214306. 
5 P. Hamm & M. T. Zanni, Concepts and Methods of 2D Infrared Spectroscopy, Cambridge 2011. 
!
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CO2 Activation by Metal Hydrides: 
Hydrogen Matrix Infrared Spectra and Reaction Mechanism 

 
Wenjie Yu, Tengfei Huang, Bing Xu, Xuefeng Wang 

 

Department of Chemistry, Tongji University, Shanghai, 200092, China  
 
The chemistry of CO2 activation is still underdeveloped, which is due to the fact that CO2 is highly 
thermodynamically stable and kinetically inert.1 The reuse of existing CO2 as a source of carbon 
is a permanent challenge to the chemist to ‘force’ this molecule into selective reactions and convert 
this inert molecule with suitable reactants into useful products. In this work laser-ablated Sc, Ti, V, 
and Cr atoms have been co-deposited at 4 K with CO2 in excess hydrogen.2 The metal atoms react 
with H2 to form metal dihydrides, which react further with CO2 giving unidentate formate complex 
first, HM(η2-O2CH), and then bidentate formate complex, M(η2-O2CH)2 (M = Sc, Ti, V, Cr), by 
hydrogen transfer. The reaction products were identified on the basis of the D2, C13O2 and CO2

18 
isotopic substitutions. The observed vibrational frequencies of these species were reproduced by 
B3LYP functional calculations. The reaction mechanisms have been proposed on the potential 
energy surface of the studied system to account for the formation of these molecules, which can 
provide a novel proposal for CO2 activation.  
!
1 Studt, F.; Sharafutdinov, I.; Abild-Pedersen, F.; Elkjær, C. F.; Hummelshøj, J. S.; Dahl, S.; Chorkendorff, I.; 

Nørskov, J. K. “Discovery of a Ni-Ga Catalyst for Carbon Dioxide Reduction to Methanol” Nature Chemistry, 
(2014), 6(4), 320-324.  

2 Wang, X.; Andrews, L. “Tetrahydrometalate Species VH2(H2), NbH4, and TaH4: Matrix Infrared Spectra and 
Quantum Chemical Calculations” The Journal of Physical Chemistry A, (2011), 115, 14175-14183. 
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Matrix Isolation and Theoretical Investigation of Free Polyhalides 
and Interhalides and their Interaction with Alkali Metals 

Frenio A. Redeker, Helmut Beckers, Sebastian Riedel 

Freie Universität Berlin, Fabeckstr. 34/36, Berlin, Germany 

 

Halogen bonding, the interaction between an electron donor and a halogen compound, is 
currently an intensively studied research field.[1] The simplest examples for halogen bonding 
are adducts between halides and dihalogen molecules. Such simple adducts can be studied 
thoroughly by matrix isolation spectroscopy and quantum chemistry.  

Alkali halide salts were evaporated using pulsed IR laser ablation and co-deposited in excess 
of noble gas with low concentrations of dihalogens at temperatures below 10 K. Figure 1 shows 
the plasma plume observed during IR laser ablation of lithium chloride and the matrix support 
after deposition of cesium chloride with an excess of neon at 5 K (left).  

The evaporation of halide salts with a focused IR laser beam leads to the formation of free X− 
which is indicated by the observation of matrix isolated free [X3]− (X = F[2],Cl[3]) and even 
higher polyhalide anions like [F5]−. These free polyhalides were characterized using infrared 
spectroscopy and quantum chemical calculations. Furthermore, we systematically studied 
trends in the bonding of trihalides [X3]− to different alkali cations both experimentally and 
theoretically and trends in the interaction of alkali metals with a variety of free interhalides 
XXY− and YXY− with X = Cl, Br and Y = F, Cl. Figure 1 shows calculated structures of a free 
trichloride anion and a potassium trichloride ion pair, illustrating the influence that the 
interaction with the metal cation has on the structure of the trichloride moiety. 

 

 

 

[1] G. Cavallo, P. Metrangolo, R. Milani, T. Pilati, A. Priimägi, G. Resnati, G. Terraneo, Chem. Rev. 2016, 
116, 2478. 

[2] F. A. Redeker, H. Beckers, S. Riedel, RSC Adv 2015, 5, 106568. 
[3] F. A. Redeker, H. Beckers, S. Riedel, Chem. Commun. 2017, 53, 12958. 

   
 
Figure 1 Left: Plasma plume observed during IR laser ablation of LiCl and matrix obtained after deposition of 
CsCl in neon at 5 K. Right: Calculated structures (CCSD(T)/def2-TZVPP) of free [Cl3]− and of K+[Cl3]−. 
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Interaction-Induced Spectroscopy in Molecular Quantum Solids: 
Halogen Atom Spin-Orbit Transitions in Solid pH2 

 
Robert Hinde 

 
Department of Chemistry, University of Tennessee, Knoxville, TN 37996 

 
Solid parahydrogen (pH2) matrixes containing open-shell halogen atoms as substitutional 
impurities exhibit several infrared (IR) absorption features associated with spin-orbit (SO) 
excitation of the halogen atom.1–4  The IR intensities of the halogen atoms’ SO excitation 
features are substantially higher in the pH2 matrix environment than in the gas phase.  We show 
that this is because the transitions are electric-dipole allowed in the pH2 matrix environment but 
electric-dipole forbidden in the gas phase.  The electric-dipole allowed character of the SO 
transition in the matrix environment originates in electrostatic interactions between the halogen 
atom’s quadrupole moment and nearby pH2 molecules;5 these interactions are enhanced by the 
large-amplitude zero-point motions of individual pH2 molecules in the matrix.  We present 
quantum Monte Carlo calculations of the SO absorption spectra and compare the calculated 
spectra with experiment.  An analysis of the hyperfine structure of the SO excitation of Br atoms 
in solid pH2 confirms our model. 
!
1 Fushitani, M.; Momose, T.; Shida, T. “The 2P1/2–2P3/2 Transition of the Iodine Atom Photoproduced from Alkyl 

Iodides in Solid Parahydrogen: Detection of New Absorptions” Chemical Physics Letters (2002), 356, 375. 
2 Raston, P.L; Anderson, D. T.  “The Spin-Orbit Transition of Atomic Chlorine in Solid H2, HD and D2” Journal 

of Chemical Physics (2007), 126, 021106. 
3 Kettwich, S.C.; Paulson, L. O.; Raston, P. L.; Anderson, D. T.  “Photodissociation of Molecular Bromine in 

Solid H2 and D2: Spectroscopy of the Atomic Bromine Spin-Orbit Transition” Journal of Physical Chemistry A 
(2008), 112, 11153. 

4 Raston, P.L; Kettwich, S. C.; Anderson, D. T.  “High-Resolution Infrared Spectroscopy of Atomic Bromine in 
Solid Parahydrogen and Orthodeuterium” Journal of Chemical Physics (2013), 139, 134304. 

5 Hinde, R. J.  “Infrared-Active Spin-Orbit Transitions of Halogen Atom Dopants in Solid Parahydrogen: The Role 
of Trapping Site Geometry” Journal of Chemical Physics (2013), 139, 134305. 

!
This work was supported by the U.S. National Science Foundation through grant CHE-1362520. 
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Spectroscopy and Manipulation of Matrix-Isolated Molecules under 
Strong Electric Fields 
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Electric fields play an important role in chemical reaction by influencing the orientation, 
structure, and dynamics of interacting molecules. To study the effects of electric fields on these 
molecular phenomena, a strong external field whose strength is comparable or greater than that 
of intermolecular fields (≥ 108 V m−1) is required. Recently, we have developed an ice film 
nanocapacitor method that can be used to apply such strong external fields to molecular film 
samples inside a vacuum chamber1 and studied the field-induced changes of molecular properties 
with reflection-absorption infrared spectroscopy. We present some examples of spectroscopic 
studies and field-manipulation of matrix-isolated molecules carried out using this approach. First, 
formaldehyde (H2CO) molecules were dipole-reoriented along the field direction, asymptotically 
approaching the perfect alignment at high fields.2 Second, the rotational states of hydrogen 
chloride (HCl) molecules that are nearly freely rotating inside the matrix were changed to be 
pendular under the fields.3 Third, the potential energy surface of umbrella motion of ammonia 
(NH3) was modified by the field, i.e., the double-well potential of the umbrella motion was 
asymmetrized, quenching the umbrella inversion tunneling. This method of electrification of 
matrix-isolated systems is expected to open up new vistas of the vibrational Stark spectroscopic 
studies of condensed phase molecules.  
!
1 S. Shin, Y. Kim, E.-s. Moon, D. H. Lee, H. Kang, H. Kang, Generation of Strong Electric Fields in an Ice Film 

Capacitor, J. Chem. Phys. 2013, 139, 074201.  
2 Y. Park, H. Kang, H. Kang, Brute Force Orientation of Matrix-Isolated Molecules: Reversible Reorientation of 

Formaldehyde in an Argon Matrix toward Perfect Alignment, Angew. Chem. Int. Ed. 2017, 56, 1046. 
3 H. Kang Y. Park, Z. H. Kim, H. Kang, Electric Field Effect on Condensed-Phase Molecular Systems. 6. Field-

Driven Orientation of Hydrogen Chloride in an Argon Matrix, J. Phys. Chem. A 2018, 122, 2871. 
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Nuclear Spin Abundances of Water in 
Low Temperature Part of the Orion Bar 
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The ortho-to-para ratio (OPR) of water has been measured in various astronomical objects, from 
the Interstellar Medium (ISM)1 to cometary atmospheres2. Most of the results are close to 3, 
which is consistent with water at the thermal equilibrium in warm gas (>50K)1,2. However, a 
very low OPR of 0.1 – 0.4 was derived, based on H2

18O observations and Large Velocity 
Gradient (LVG) modelling, in the Orion Bar3, a well-studied Photon Dominated Region (PDR). 
Such a low OPR is equivalent to a spin temperature close to 10K, which is well below the kinetic 
temperature of this UV-illuminated region. The departure of the water spin temperature from the 
kinetic temperature of the gas is often assumed to be due to the photodesorption of water 
molecules from cold icy grains. But recent laboratory studies using UV laser photodesorption 
from cold surfaces (typically 10K) did not produce water with a low OPR6. 
!
In a new approach, we reanalyzed water line emission (H2

16O and H2
18O) from the Orion Bar 

using the Meudon PDR Code4. This model computes the radiative transfer in a stationary plane-
parallel slab of gas and takes into account thermal balance and chemistry mostly in the gas 
phase. It is worth noting that in this model water is formed with an OPR in thermal equilibrium 
at the local gas temperature. Preliminary results show a good agreement between observed water 
lines intensity and those predicted by the model, with an OPR always higher than 2.5. Best-fit 
model parameters (thermal pressure and UV field intensity) are also in agreement with those 
derived from the analysis of high-J CO lines in the Orion Bar5.  
!
Due to the lack of experimental data on the impact of interactions between molecules and grains 
on the OPR, such interactions are not included in the PDR model. To fulfill the gap, we are 
developing experimental set-up at LERMA to prepare icy sample from water molecules with a 
controlled disequilibrium in the water ortho and para populations in the gas phase in order to 
study the impact of VUV photodesorption on the water OPR. 
!
1 Lis, D. C; et al. “Ortho-to-Para Ratio in Interstellar Water on the Sightline toward Sagittarius B2(N)” The 

Journal of Physical Chemistry A, (2013), 117, 39, 9661. 
2 Bonev, B. P.; et al. “A Search for Variation in the H2O Ortho-Para Ratio and Rotational Temperature in the Inner 

Coma of Comet C/2004 Q2 (Machholz)” The Astrophysical Journal, (2007), 661, 1, L97. 
3 Choi, Y.; et al. “A Non-Equilibrium Ortho-to-Para Ratio of Water in the Orion PDR” Astronomy & Astrophysics, 

(2014), 572, L10. 
4 Le Petit, F.; et al. “A Model for Atomic and Molecular Interstellar Gas” The Astrophysical Journal Supplement 

Series, (2006), 164, 2, 506. 
5 Joblin, C.; et al. “Structure of Photodissociation Fronts in Star-Forming Regions Revealed by High-J CO lines 

with Herschel” Astronomy & Astrophysics, (2018), in press. 
6 Hama, T.; et al. “Statistical Ortho-to-Para Ratio of Water Desorbed from Ice at 10 K” Science, (2016), 531, 

6268. 
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Effect of Electric Field on HCl in Ar matrix: 
HCl Monomer, Dimer, and Trimer 
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The effect of an externally applied electric field was investigated for hydrogen chloride (HCl) 
molecules in a solid argon matrix at 7 K. The mid-infrared spectra of the matrix-isolated HCl 
molecules, including dimer, trimer, and higher multimers, were studied by means of reflection 
absorption infrared spectroscopy with p-polarized light. The electric field of up to 4 × 108 V·m–1 
was applied to the matrix-isolated samples by the ice film capacitor method.1 The applied field 
changed the rovibrational transition of HCl monomer from a free rotor to pendular state.2 HCl 
dimer showed two ν(H-Cl) peaks originating from the open chain structure; one at the free-side 
of the dimer and the other at the bound-side. The former showed reorientation of H-Cl axis along 
the direction of the field, while the latter showed no reorientation only with a unique peak shift. 
Vibrational Stark spectroscopy of HCl trimer showed a large Stark broadening. 
 
1 Shin, S.; Kim, Y.; Moon, E.-s.; Lee, D. H., Kang, H.; Kang, H. “Generation of Strong Electric Fields in an Ice 

Film Capacitor” Journal of Physical Chemistry C, (2013), 139, 074201. 
2 Kang, H.; Park, Y.; Kim, Z.H.; Kang, H. “Electric Field Effect on Condensed-Phase Molecular Systems. VI. 

Field-Driven Orientation of Hydrogen Chloride in an Argon Matrix” Journal of Physical Chemistry A, (2018), 
122, 2871. 
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Adsorption and diffusion of hydrogen atoms are important in many branches of chemistry such as 
heterogeneous catalysis, astrochemistry, or hydrogen storage materials. Reactions of migrating H-atoms 
with trapped molecules in solid para-hydrogen (p-H2) provide an experimental method to study H-
tunneling reactions at low temperature. It is generally accepted that in solid p-H2, once produced, H-atoms 
are transported via repeated tunneling exchange reactions H + H2 → H2 + H, so that reactions of species 
of interest with H-atoms are extremely efficient. However, despite a number of experimental and 
theoretical studies, H-atom reactions in chemically doped p-H2 are not fully understood and deserve 
further investigations. We present the results of our investigations on three representative reactions: H + 
HONO, H + HCOOCH3, and H + CH2DOH using varied sources of H-atom.   
!
Photodissociation of a HONO/p-H2 matrix with light at 365 nm produces OH and NO radicals. OH 
radical reacts immediately with p-H2 to produce H2O and H-atom.  H-atom addition to HONO occurs at 
3.3 K and formation of a previously unidentified radical •HON(O)H via a tunneling mechanism was 
observed. HNO/HON was also observed because of the H + NO reactions. Formation of •ONH(OH) 
seems to be preferred over HNO/HON, even though the latter is barrierless. 
!
In the reaction of H-atom (obtained on irradiation of a HCO(O)CH3/Cl2/p-H2 matrix at 365 nm followed 
by full IR exposure) with methyl formate, abstraction of the carbonyl hydrogen to form methoxycarbonyl 
radical, •C(O)OCH3, is dominant. However when we maintained the matrix for 12 h after irradiation was 
stopped, we observed no further increase of the product, unlike the reaction of H + HONO. The 
calculations performed with the B3LYP-D3/aug-cc-pVTZ method showed that four structures of 
H···HC(O)OCH3 complexes can be formed. This might be the reason that formation of •C(O)OCH is 
stopped after irradiation; the tunneling H-atom might be trapped by its interaction with HC(O)OCH3. 
!
H-abstraction from CH2DOH is stereo-selective. Only cis-CHDOH was identified in the spectra. The 
stereo-preference is shown to occur as a result of an optimal tunneling path that starts from the lowest-
energy Cs-CH2DOH, even though the transition states for the formation of the two isomers have 
essentially the same energy. We have compared the kinetics of the H + CH2DOH reaction when three 
different methods of H-atom production were employed. The estimated rate coefficient of the two-step 
reaction CH2DO + H2 → CH2DOH + H → cis-CHDOH + H2 is (2.1 ± 0.6 )!10-1 min-1; the first step is 
expected to be rate-determining because it has a barrier of height  4680 cm-1 and is nearly thermal-neutral. 
In contrast, the estimated rate coefficient of H + CH2DOH is (5.0 ± 0.2)!10-4 min-1, three orders of 
magnitude slower than the former, in experiments when Cl-atom was used as a hydrogen source.  In the 
third experiment, OH radical, produced from the photodissociation of H2O2 at 254 nm, was used as an H-
atom source. The observed H + CH2DOH reaction does not follow pseudo-first-order kinetics and is faster 
than when Cl-atom was used as a H-atom source at the initial stage. 
!
Our experimental results seem to indicate that the H-atom reactions in solid p-H2 show distinct kinetic 
behavior and the method of H-atom production might affect the reaction kinetics. It is unclear what the 
reason for such effects is. Further theoretical and experimental investigations are needed to understand 
this interesting behavior.  
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Chloromalonaldehyde (MaCl) is a model system to study resonant assisted hydrogen bond 
(RAHB). H transfer from one oxygen to the other by tunneling generates splitting of the 
vibrational levels. 
!
IR spectra of MaCl in pH2 matrices reveal some doublets which can be attributed to that effect 1.!
I will discuss the influence of various parameters on these spectra: the percentage of oH2 , the 
temperature and the time.!
 

 
1 Gutiérrez-Quintanilla, A.; Chevalier, M.; Platakyte, R.; Ceponkus, J.; Rojas-Lorenzo, G.; Crépin, C. « 2-

Chloromalonaldehyde, a Model System of Resonance-Assisted Hydrogen Bonding: Vibrational Investigation » 
Phys. Chem. Chem. Phys. 2018, 20, 12888. ! !

 
!

!
figure!1:!2+Chloromalonaldehyde!
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We report results from quantitative infrared and ultraviolet absorption spectroscopy experiments 
on Al-atom-doped cryogenic parahydrogen (pH2) solids produced by codeposition of Al vapor 
and pH2 gas.  These results map out three regimes of behavior.  For target Al atom 
concentrations [Al]target ≲ 250 parts-per-million (ppm) the Al/pH2 solids are optically transparent 
and contain primarily isolated Al atoms, with a small admixture of Al2H4 molecules formed by 
Al atom recombination/reaction.1  For [Al]target ≳ 400 ppm the depositions fail immediately, 
producing highly optically scattering solids with evidence of extensive Al atom 
recombination/reaction.  For intermediate [Al]target concentrations, near-threshold metastable 
transparent solids are formed which suffer catastrophic recombination/reaction as they grow past 
some critical thickness.  Analysis of these catastrophic events using a minimal two parameter 
model2 yields a critical Al atom concentration near [Al] ≈ 260 ppm, and an Al atom diffusion 
length ~ 100 µm.  This diffusion length is roughly compatible with the 300-900 µm physical 
wavelengths of spatial inhomogeneities visible in images of a remnant post-recombination 
sample.  This spatial pattern is evocative of Turing structures,3 however the actual mechanism 
for morphogenesis remains undetermined.  The achieved Al atom concentrations are roughly two 
orders-of-magnitude lower than those required for advanced chemical propulsion applications.4   
 
1 Wang, X.; Andrews, L.; Tam. S.; DeRose, M.E.; Fajardo, M.E.  “Infrared Spectra of Aluminum Hydrides in 

Solid Hydrogen:  Al2H4 and Al2H6.”  J. Am. Chem. Soc. 2003, 125, 9218.   
2 Jackson, J.L.  “Dynamic Stability of Frozen Radicals.  II.  The Formal Theory of the Model.”  J. Chem. Phys. 

1959, 31, 722.   
3 Turing, A.M.  “The Chemical Basis of Morphogenesis.”  Philos. Trans. R. Soc. London 1952, B237, 37.   
4 Fajardo, M.E.; Tam, S.; Thompson, T.L.; Cordonnier, M.E.  “Spectroscopy and Reactive Dynamics of Atoms 

Trapped in Molecular Hydrogen Matrices.”  Chem. Phys. 1994, 189, 351.   
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We studied the effect of an external electric field on the optical phonon modes of solid carbon 
monoxide (CO) films. The external field with strength of up to ~3.2×10'(V ∙ +,- was applied 
across a thin film sample of solid CO, grown on a metal substrate at 7 K, by the ice film 
capacitor method.1 Reflection absorption infrared spectroscopy was used to monitor the 
longitudinal optical (LO) mode (~2143 cm-1) and the transverse optical (TO) mode (~2139 cm-1) 
of thin films.2 The field changed the splitting between the LO and TO bands as well as their 
intensities. The infrared spectra of trace 13C16O and 12C18O species in the 12C16O film were also 
analyzed to obtain information about the field-induced change of CO vibrations decoupled from 
the lattice vibrations. These measurements gave the vibrational Stark tuning rate of 1.5(cm,-/
10'(V ∙ +,- and estimated the degree of field-alignment of CO. Based on these observations, 
the origin of field-induced change of the optical phonons is discussed. 

 
1 Shin, S.; Kim, Y.; Moon, E.-s.; Lee, D. H., Kang, H.; Kang, H. “Generation of Strong Electric Fields in an Ice 

Film Capacitor” Journal of Physical Chemistry C, (2013), 139, 074201. 
2 Lasne, J.; Rosu-Finsen, A.; Cassidy, A.; McCoustra, M.R.S.; Field, D. “Spontaneous Electric Fields in Solid 

Carbon Monoxide” Physical Chemistry Chemical Physics, (2015), 17, 30177. 
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The helium nanodroplet isolation technique is a powerful tool to translationally, vibrationally, 
and rotationally cool a host of molecules for investigation.  In passing through a pick-up cell 
containing the molecular vapor of interest, the beam of nanodroplets can pick up one, two, or 
many dopant molecules. 
 

Pendular laser spectroscopy measurements1 on polar molecules submerged in helium 
nanodroplets have demonstrated that in this cold superfluid environment they may assemble into 
configurations with unusual polarities.  The most famous example is the formation of long 
extended chains of HCN.2  The key physical mechanism of this behavior is that the molecules 
approach each other under the guidance of mutual long-range electrostatic forces and find 
themselves “frozen” into interesting metastable structures. 
 

In this work we examine the behavior of the polar solvent molecules dimethyl sulfoxide (DMSO) 
with the use of our recently developed deflection technique,3 whereby nanodroplets doped with 
polar molecules are deflected by a strong external inhomogeneous electric field.  By measuring 
the average deflection of DMSO-doped helium nanodroplets as a function of the partial pressure 
of the pick-up cell, we determine average dipole moments of (DMSO)n=2,3 structures.  Our 
results suggest that DMSO molecules line up non-linearly with respect to each other, with a total 
dipole moment that is substantially different from that of the global minimum-energy structure.  
Possible geometries of these structures will be discussed.  Investigation of the deflection patterns 
of higher order fragment peaks of DMSO in the electron-impact mass spectrum also provides 
insight into some of the dimer and trimer fragmentation channels. 
This work has been supported by the National Science Foundation under grant CHE-1664601. 
!
1!M. Y. Choi, G. E. Douberly, T. M. Falconer, W. K. Lewis, C. M. Lindsay, J. M. Merritt, P. L. Stiles, and R. E. 
Miller, “Infrared Spectroscopy of Helium Nanodroplets: Novel Methods for Physics and Chemistry,” Int. Rev. 
Phys. Chem. 25, 15 (2006). 

2!K. Nauta and R. E. Miller, “Nonequilibrium Self-Assembly of Long Chains of Polar Molecules in Superfluid 
Helium,” Science 283, 1995 (1999). 

3 D.J.Merthe and V.V.Kresin, “Electrostatic Deflection of a Molecular Beam of Massive Neutral Particles: Fully 
Field-Oriented Polar Molecules Within Superfluid Nanodroplets,” J. Phys. Chem. Lett. 7, 4879 (2016). 
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Proton transfer is one of the most fundamental processes of chemistry and biology and, as such, 
vast exploration has been made for proton transfer complexes in the matrix-isolation studies.1 In 
this study, we explore the effect of external electric field on the proton transfer complexes 
isolated in the Ar matrix using vibrational Stark spectroscopy to observe the electric field 
susceptibility of proton transfer coordinate. The matrix-isolated molecular complexes of 
hydrochloric acid (HCl) with several base molecules (NH3, MeNH2, Me2NH, Me3N, Me2S, and 
H2O) with varying proton affinities were prepared. Then, strong DC electric fields (order of 108 
V m−1) were applied to the samples by the ice film nanocapacitor method. The spectral changes 
under the field were detected by reflection-absorption infrared spectroscopic measurements. In 
most of the proton transfer complexes, proton vibration along the proton transfer coordinate was 
highly susceptible to external field, as indicated by the large Stark sensitivities of proton transfer 
complexes. This behavior was very different from that of hydrogen-bonded water dimer, which 
showed nearly no change of bonded OH stretching under external field. The large field 
susceptibilities imply that molecular fields from the environments can significantly affect the 
potential energy surface of proton transfer. It may also be related to the origin of diffuse 
vibrational features of hydrated protons in acidic solutions.  

 
1 See, for example, A. J. Barnes, Molecular Complexes of the Hydrogen Halides Studied by Matrix Isolation 

Infrared Spectroscopy, J. Mol. Struct. 1983, 100, 259. 
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Bimetallic catalysts have attracted great research efforts in the past decades due to their chemical 
and physical properties different from the individual pure metals and promising applications in 
chemical conversion, energy technology and environmental protection.  Numerous experimental 
and theoretical investigations have been focused on the reactions of transition metal atoms and 
small clusters with CO, and a variety of transition-metal carbonyl complexes have been 
characterized in gas phase and in solid argon. Since they are a very few studies on the transition 
metal heteronuclear dimer, we have studied in solid argon the reactivity of carbon monoxide with 
the heterodimer PdTi by infrared spectroscopy (FTIR) . Heteronuclear cluster carbonyls, 
PdTi(CO)n (n=1-3) and Pd2Ti(CO)2, have been characterized on the basis of the isotopic 
substitution and irradiation effect. DFT calculations of the geometrical and electronic properties 
are also presented, and compared with the experimental values. An irradiation in visible leads to 
conversion between the isomers Pd-Ti-CO and Ti-Pd-CO distinguished by a large shift of the 
stretching frequency of the diatomic CO. 
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The van der Waals complexes involving H2O with CO2, OCS and N2O molecules are typical 
examples of a weak binding complex (less than 10 kJ/mol) and attract considerable theoretical 
interest, but a very few IR data are available on these complexes. For these reasons, we have 
studied, for the first time in solid neon, these hydrated complexes by infrared spectroscopy from 
the FIR to the NIR 1, 2. The existence of three complexes involving one or two molecules of each 
partners, 1:1, 1:2, and 2:1 complexes, have been proved from the observation of many new 
infrared absorptions near the well-know monomers fundamentals. For the OCS-H2O and N2O-
H2O complexes two isomers have been identified with support of ab initio calculations. The 
study of spectra in the far infrared allows the assignment of 1:1 and 1:2 intermolecular modes, 
confirmed by the observation of combinations of intra+intermolecular transitions. Anharmonic 
coupling constants have been derived from the observations of overtones and combinations and 
constitute data for anharmonic calculations.  
 
These IR spectroscopic studies show the high sensibility of the solid neon isolation to observe 
such weak complexes with different isomers often no detectable in gas phase and to obtain 
vibrational data in a large domain in particular in the FIR. 
 
1 P. Soulard, B. Tremblay, J. Chem. Phys. 143, 224311 (2015) 
2 P. Soulard, B. Madebene, B. Tremblay, J. Chem. Phys. 146, 234303 (2017) 
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For some time now our group has been studying the in situ photoproduction of water (H2O, HDO 
and D2O) in solid hydrogen.  The H2O molecule is a somewhat unique probe molecule because it 
exhibits nearly free rotation trapped in solid hydrogen with rotational constants within 2-5% of 
the gas phase values.1  Various precursor molecules (HCOOH, NO, N2O) that are thought to 
produce O-atoms or OH radicals upon photolysis have been shown to produce H2O rovibrational 
peaks that are metastable.  We call these metastable H2O rovibrational peaks “satellite peaks.”  
We believe these satellite peaks originate from H2O molecules trapped in high energy solvation 
sites that are produced by chemical reactions of the photolysis fragments with the parahydrogen 
host.  We only measure satellite peaks after photolysis of a precursor and the peak intensities 
always decay with time after photolysis is stopped.  In addition to these satellite peaks, we also 
detect in some cases ortho-H2O molecules that are out of equilibrium in the 1.8 to 4.3 K 
temperature range.  The concentrations of ortho-H2O molecules can be determined because the 
rovibrational transitions of ortho-H2O can be easily resolved from the para-H2O peaks.1  This 
combination of measuring satellite peaks and ortho-H2O nuclear spin states immediately after 
photolysis allows for possible insight into the in situ photochemistry.  This poster will present a 
survey of recent studies utilizing N2O as the precursor.  Specifically, we will show the H2O 
spectra produced after the 193 nm photolysis of N2O in a 99.97% parahydrogen solid, a 97% 
parahydrogen solid (3% orthohydrogen), and in a 99% orthodeuterium solid.  This is ongoing 
work and we hope to try to resolve the longstanding question of the physical origins of the H2O 
satellite peaks as well as develop the quantitative spectroscopy of H2O trapped in solid 
parahydrogen as a probe of the in situ photochemistry.   
!
1 Fajardo, M.E.; Tam, S.; DeRose, M. E. “Matrix Isolation Spectroscopy of H2O, D2O, and HDO in Solid 

Parahydrogen,” J. Mol. Struct. (2004), 695-696, 111.   
2 Kufeld, K. A.; Wonderly, W. R.; Paulson, L. O.; Kettwich, S. C.; Anderson, D.T. “Transient H2O Infrared 

Satellite Peaks Produced in UV Irradiated Formic Acid Doped Solid Parahydrogen,” J. Phys. Chem. Lett. (2012), 
3, 342.   

3 Wonderly, W. R.; Anderson, D.T. “Transient HDO Rovibrational Satellite Peaks in Solid Parahydrogen: 
Evidence of Hydrogen Atoms or Vacancies?,” Low Temp. Phys. (2012), 38, 673.   

!
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Depsipeptides are naturally occurring peptide analogues containing ester functionalities and are in the 
focus of numerous pharmaceutical researches and clinical studies owing to their enzyme inhibitor 
properties and cytotoxic activity against human tumor cell lines. Exploring their conformational 
landscape could contribute to a better understanding of their mechanism of action and support further 
drug developments. In this article, we present a combined theoretical and experimental study of the 
Ac(-Ala)1–4-OMe depsipeptide series by means of matrix-isolation (MI) IR and VCD spectroscopy. The 
conformational spaces of these peptides were explored via molecular mechanics and DFT computations 
and the IR and VCD spectra of isolated molecules were recorded in low-temperature Ar matrices. It is 
demonstrated that MI-VCD spectroscopy can provide additional information even to well resolved MI-IR 
spectra and support the determination of conformer distributions. Three conformers of Ac-Ala-OMe were 
identified experimentally, in agreement with theoretical predictions, and their approximate relative ratios 
were determined. In the case of larger members of the series, the unambiguous identification of individual 
conformers was not possible in most cases. However, simultaneous analysis of MI-VCD and MI-IR 
spectra allowed the assignment of the spectral signatures of typical secondary structural elements and 
groups of similar conformers. The effects including empirical dispersion corrections in DFT computations 
on the conformer distribution were also examined. 
!
1 Manuscript is submitted to the Virtual Special Issue of “Chiral Molecules” of Journal Molecular Spectroscopy. 
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Hydrofluorocarbons (HFCs) are commonly used as refrigerants, solvents, propellants, and for etching in 
semiconductor industry. Their industrial production largely increased in the late 1980s, because the 
Montreal Protocol has phased out the production of chlorofluorocarbons (CFCs) that largely contributed 
to the depletion of Earth’s ozone layer. Although HFCs do not have ozone depletion potential (ODP), it 
has turned out that these compounds can significantly contribute to the global warming. For example, the 
compounds of monofluoroethane (R161), 1,1-difluoro ethane (R152a), and 1,1,1-trifluoro ethane (R143a) 
have zero ODP, while their global warming potentials (GWP, as compared to CO2) are 12, 124, and 
4470.1 In addition, each of these compounds is relatively stable in the atmosphere, especially 1,1,1-
triflouro ethane, that has an atmospheric lifetime of 40−52 years.Error! Bookmark not defined.,2 Realizing this 
problem, more than 150 nations have agreed in 2016 to cut back their HCF use from 2019. Even if their 
production would drastically decrease in the next few years, due to their long atmospheric lifetime, HFCs 
will pollute the atmosphere for decades. 
 
As hydrocarbons, HFCs decompose in the atmosphere by reacting with hydroxyl radical (OH). In the first 
step of this reaction a fluorohydrocarbon radical is formed (1), which in subsequent reactions with O2 and 
then with NO yields fluorinated alkylperoxy (2), and fluorinated alkoxy radicals (3).3 Therefore, to 
understand the details of these atmospheric reactions and to monitor these species in the gas phase, first 
the structure and the spectra of these species have to be studied and analyzed. The purpose of the present 
work was to spectroscopically characterize jet-cooled !-monofluoro- (MFEO), !,!-difluoro- (DFEO), and 
!,!,!-trifluoroethoxy (TFEO) radical by moderate resolution LIF and DF spectroscopy. We also analyze 
the tendencies in structural and spectroscopic properties as the function of fluorine atom, which can help 
to understand the reactivity and therefore the atmospheric lifetime of these species. 
 
1 P. Forster; V. Ramaswamy; P. Artaxo; T. Berntsen; R. Betts; D.W. Fahey; J. Haywood; J. Lean; D.C. Lowe; G. 

Myhre; J. Nganga; R. Prinn; G. Raga; M. Schulz; R. Van Dorland (2007). "Chapter 2: Changes in Atmospheric 
Constituents and in Radiative Forcing". In Solomon, S.; Miller, H.L.; Tignor, M.; Averyt, K.B.; Marquis, M.; 
Chen, Z.; Manning, M.; Qin, D. Climate Change 2007: The Physical Science Basis. Contribution of Working 
Group I to the Fourth Assessment bReport of the Intergovernmental Panel on Climate Change. Cambridge, 
United Kingdom and New York, NY, USA: Cambridge University Press. 

2 Derwent, R. G.; Volz-Thomas, A.; Prather, M. J. World Meteorological Organization Global Ozone Research 
Project, Report No. 20, Sci. Asses. Stratosph. Ozone, (1989), 2, 124. 

3 Nielsen, O. J.; Gamborg, E.; Sehested, J.; Wallington, T. J.; Hurley, M. D. „Atmospheric Chemistry of HFC-
143a: Spektrokinetic Investigation of the CF3CH2O2· Radical, Its Reaction with NO and NO2, and the Fate of 
CF3CH2O” J. Chem. Phys., (1994), 98, 9518. 
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The addition reaction of a halogen atom with unsaturated hydrocarbons is 

fundamental in organic chemistry. The simplest systems are X (X = Cl, Br, or I) + C2H4 
or C6H6; the reaction intermediates are XC2H4 and XC6H6. Two possible structures of 
XC2H4 exist - the classical (open) from and the bridged form. Three or more possible 
structures of XC6H6 exist: the stability of each structure depends on X and also on the 
method of quantum-chemical computations.1  

XC2H4 (or XC6H6) is difficult to prepare from in situ photolysis of X2 and C2H4 
(or C6H6) in noble-gas matrices because of the cage effect. Taking advantage of the 
diminished cage effect, we were able to prepare these radicals in solid para-hydrogen 
(p-H2). The open structure of ClC2H4 was characterized with its IR spectrum from the 
reaction of Cl + C2H4 in solid p-H2.2 A σ-complex (chlorocyclohexadienyl radical) was 
identified from the reaction of Cl + C6H6 in solid p-H2,3 even though quantum-chemical 
calculations predict that the π-complex is the most stable. The structures and IR spectra 
of corresponding bromo- or iodo-radicals remain uncharacterized.      

We produced BrC2H4, I C2H4, and IC6H6 and identified their structures according 
to their IR absorption spectra. These radicals were produced via photo-initiated 
bimolecular reaction of X + C2H4 (or C6H6) in X2/C2H4 (or C6H6)/p-H2 matrices. We 
grouped the newly appeared lines in the IR spectra upon photolysis according to 
behavior at various stages of experiment, including UV-Visible irradiation at the 
charge-transfer band, at the X2 absorption band, the X2-complex band, and annealing. 
The assignments were achieved by comparing the observed wavenumbers and relative 
intensities of lines in each group with the scaled harmonic vibrational wavenumbers 
and IR intensities of possible structures predicted with the B3LYP/aug-cc-pVTZ-pp 
method; pp indicates the additional pseudopotential for halogen atoms. In the reaction 
of I or Br with C2H4, lines at 676.9, 776.7, 1068.1, 1148.0, and 3126.8 cm−1 were 
assigned to the open form of 2-bromoethyl radical (BrC2H4), whereas those at 933.7, 
1139.0, 1436.8, and 1609.0 cm−1 are assigned to the bridged form of iodoethyl radical 
(IC2H4). In the reaction of I and C6H6, new lines at 682.1, 851.0, 1473.3, 1479.9, 1586.7 
cm−1 are assigned to the π-type η1-complex of IC6H6; those at 723.8, 943.1, 975.6, 
1086.5, 1326.89, 1382.4 and 1427.7 cm−1 are assigned to trans-5,6-diiodocyclehexa-
1,3-diene. IR lines of complexes Br2-C2H4, I2-C2H4, are also clearly identified. The 
reaction mechanisms will be discussed. 
1 Tsao ML1, Hadad CM, Platz MS. “Computational study of the halogen atom-benzene complexes.” J. 

Am. Chem. Soc. (2003), 125, 8390. 
2 Amicangelo JC1, Golec B, Bahou M, Lee YP. “Infrared spectrum of the 2-chloroethyl radical in solid 

para-hydrogen.” Phys. Chem. Chem. Phys., (2012), 14, 1014. 
3 Bahou M1, Witek H, Lee YP. ‘Infrared identification of the σ-complex of Cl-C6H6 in the reaction of 

chlorine atom and benzene in solid para-hydrogen.” J. Chem. Phys. (2013), 138, 074310. 
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The ubiquitous H2O molecule exists in two distinct nuclear spin states, ortho and para, depending on the 
symmetry of the nuclear wavefunction. The temperature-dependant population ratio of these ortho and 
para species is used by the astrophysics community to spectroscopically determine the so-called «spin 
temperature» of cold bodies such as comets and protoplanetary disks1. Even though theoretically 
forbidden, conversion between ortho and para water can occur under certain circumstamces2,3 and is a 
process whose mechanisms and kinetics remain unclear.!
 
At sufficient dilution rates, the matrix isolation technique provides a unique way to study the kinetics of 
the intramolecular conversion pathways, by trapping H2O molecules in lattice sites of a rare-gas crystal. 
However, the confinement inside a cavity has several implications on the molecule's dynamics, such as 
the coupling of rotational and frustrated translational motions (Rotation – Translation Coupling, RTC)4. 
More importantly, regarding the conversion kinetics, the interaction between the lattice's phonons and 
the frustrated motion of the confined rovibrator seems to open new conversion pathways5. !
 
Using an ab-initio derived pair potential between a rare-gas atom and the water molecule6, a molecular 
dynamics code is written and numerical experiments are carried out in order to elucidate the significance 
of the RTC on the water frustrated motion, as well as the coupling between the water center-of-mass 
vibration and the lattice's phonons. More specifically, the atomic velocity auto-correlation function is 
used to compute the phonon density of state, and a first glimpse of the water dynamics is obtained through 
the computation of rotational diffusion coefficients. !
 
 
1 Science, 232, 1523 – 1528, 1986!
2 J. Chem. Phys., 46, 3220 – 3228, 1967!
3 Phys. Rev. A, 85, 012512, 2012!
4 J. Chem. Phys., 138, 244305, 2013 !
5 J. Phys. Chem. A, 121, 1571 – 1576, 2017!
6 J. Chem. Phys., 129, 184310, 2008!
!
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Uranium species have attracted great interest because of their important role in the nuclear fuel 
cycle as well as in the production of uranium metal. Like uranium, thorium is also an element of 
the early actinide series. Both of these mildly radioactive elements have comparable performance 
in almost all cases, and they occur naturally in large quantities as primordial elements in the 
Earth. 
 
We report on the new molecular products of the reactions of laser-ablated U and Th atoms with 
HCl, namely HUCl and HThCl, based on their mid and far infrared spectra in solid argon. Our 
assignment of both species is based on the close agreement between observed and calculated 
vibrational frequencies. We observed the H-U and U-35Cl stretching modes of HUCl at 1400.5 
cm–1 and 312.9 cm–1, respectively. Using DCl instead of HCl both species show a large H(D)-M 
vibrational shifts, while the M-Cl stretching bands reveal no resolved shift on deuteration. For 
HUCl the band at 1400.5 (H-U) cm–1 shifts to 1003.0 (D-U) cm–1. The corresponding bands of 
HThCl are at 1487.2 (H-Th), 1062.7 (D-Th) and 330.6 (Th-35Cl) cm–1. However, 35/37Cl isotope 
splitting are clearly observed for the bands in the Bolometer region. The 35/37Cl isotope shifts are 
Δν = 5.0 (HUCl) and 6.6 (HThCl) cm–1, respectively. 
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