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History of the International Symposium on Free Radicals
This international meeting dates back to 1956, when it was first held in Quebec City, Canada. The
meeting was organized in response to the exciting developments in spectroscopic studies of free radical
intermediates in the gas-phase and under matrix-isolation conditions occurring at that time. Free
radicals and other reactive species remain topics of great interest today owing to the central role they
play as reactive intermediates in chemical phenomena. The field has expanded to increasingly focus on
the dynamics of radical reactions in addition to spectroscopy and kinetics. However, as we seek to
understand complex environments in combustion, atmospheric chemistry, condensed phase
phenomena and the interstellar medium in great detail, all of these techniques continue to play critical
roles. An interesting discussion of the development of this symposium series can be found in the short
article by Don Ramsey in International Reviews in Physical Chemistry 18, 1 (1999).
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General information
Lectures
Most of the lectures are to be held in Savonlinnasali (Savonlinna Hall, 2 on Map 1) which is a
concert and conference hall in the middle of Savonlinna.
Two lectures on Monday will be held in Lusto auditorium (C on Map 2) as part of the conference
excursion. More information on Lusto and on excursion day can be found below.

Posters
Poster sessions will be held on the ground floor of Savonlinnasali (2 on Map 1).

Other venues
Restaurant Wanha Kasino (2 on Map 1) is a traditional restaurant located next to Savonlinnasali. Most
of the conference lunches will be held here, as well as the banquet and the farewell luncheon.

Fontana Spahotel is one of the conference hotels. The Sunday dinner is to be held here. Spahotel is
located (1 on Map 1) close to the main lecture venue – Savonlinnasali.

Fontana Vuorilinna is another of the conference hotels. It is located (3 on Map 1) close to the main
lecture venue – Savonlinnasali.

Hotel Seurahuone, the other conference hotel, is located in the heart of Savonlinna (5 on Map 1) and
is a few minutes walk from Savonlinnasali.

The City Hall (6 on Map 1) will host a reception for attendees of the conference on Tuesday 28th of
July.

Olavinlinna (7 on Map 1) is medieval castle on an island beside the center of Savonlinna. It is the
location of the Savonlinna Opera Festival and the conference visit on Tuesday 28th of July.

Transport
Transport in Finland is arranged by the following companies, which take care of air, train and bus
traffic
Flying with Finnair: (www.finnair.com; phone: +358 600 140 140)
Flying with Finncomm: (www.fc.fi/; phone: +358 9 4243 2000)
Trains by VR: (www.vr.fi/eng/; phone: +358 600 41 902)
Buses by Matkahuolto: (www.matkahuolto.fi/en/; phone: +358 200 4000)

Important phone numbers:
Emergency
Savonlinna Taxi
Hotel Seurahuone
Hotel Spahotel Fontana/Vuorilinna
FRS2009 Contact

112
+358 15 1060100
+358 15 5731
+358 15 739 50
+358 44 926 7811
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Photography
If you take some good photos that you would be happy to share with the other attendees of the
conference, you can put them on the conference webpage either by a) finding a member of the
organizing committee and having them connect your camera to one of the conference computers; or b)
emailing your photo(s) to FRS2009photos.uploader@picasaweb.com as an attachment with “Photo” as
the subject. This can often be done directly from a smartphone. Photos will be displayed on the
conference webpage (www.helsinki.fi/kemia/FRS2009/) during and after the conference.

Excursion
Locations

S/S Heinävesi and S/S Paul Wahl are the steamboats that will transport the conference
participants from Savonlinna to Punkaharju on the excursion day.

Punkaharju ridge, (D on Map 2) located in the middle of Finland’s largest lake region Saimaa,
is one of Finland’s national landscapes. During the conference excursion we will take a bus tour
of this scenic location.

Valtionhotelli Punkaharju (B on Map 2). Lunch on the excursion day has been arranged at
the restaurant of this traditional hotel. Valtionhotelli is Finland’s oldest, still working, tourist
hotel.

Lusto – The Finnish Forest Museum (C on Map 2) is a national museum and science centre
focusing on Finnish forest culture. The forest has always formed the cornerstone of Finnish
culture and Lusto provides a diverse and illustrative insight into the significance of forests in
the life of Finns.

Art Centre Retretti (A on Map 2) features subterranean galleries and a concert hall, excavated
during the 1980s to a depth of 30 meters. They cover an area of 3700 square meters. The
exhibition during our visit will be “The Nordic Summer” featuring works by Albert Edelfelt
(1854−1905) among other Nordic masters.

Kerimaa is the location of the conference sauna and barbecue evening by the shore of a lake.
Sauna tips:
Bring:

swimsuit
toiletries (shampoo, soap, etc.)
(Towels will be provided on site.)

There are separate saunas for men and women.
The sauna plays a central role in Finnish culture. It is considered a cleansing
ritual for both body and soul. Traditionally, the sauna is taken naked but
you are welcome to wear a swimsuit.
The usual approach is to spend around 10 minutes in the steamy heat of the
sauna, and then to rinse off with a shower or a dip in the lake. This process
may be repeated many times over the course of the evening. If you begin to
feel faint, carefully exit the sauna and have a cool drink.
iii

Excursion timetable (Monday, 27th July)

9.30
10.00
12.00-12.30
12.30-14.00
14.00
14.30
16.00
16.30
17.00
18.30
19.00
21.00-22.00

Walk to Savonlinna harbour (8 on Map 1) and board the steam boats S/S
Heinävesi and S/S Paul Wahl
Boats leave Savonlinna
Boats arrive at Valtionhotelli
Lunch at Valtionhotelli
Walk to Lusto
Two lectures in Lusto
Coffee
Bus trip to Retretti with stop at scenic Punkaharju ridge
Guided tour of Retretti art gallery
Buses to Kerimaa
Sauna and barbecue at Kerimaa
Return to Savonlinna;
Buses depart at 21.00, 21.20, 21.40, 22.00

Excursion transportation

All transport on the excursion day (boat in the morning and buses to and from the other locations) is
organised for you and is part of the conference registration. If you miss the boat or would like only to
participate in part of the excursion program, the train timetables and addresses below will be of use:

Trains on Monday July 27, 2009
From Savonlinna kauppatori (market square)
Local Train No.
742 744 746
Savonlinna kauppatori
9.20 12.39 15.39
Retretti (art gallery)
9.40 12.59 15.59
Lusto (lectures)
9.43 13.02 16.02

748
18.32
18.52
18.55

To Savonlinna kauppatori (market square)
Local Train No.
743 745 747
Lusto (lectures)
11.10 14.06 17.06
Retretti (art gallery)
11.13 14.09 17.09
Savonlinna kauppatori
11.35 14.31 17.31

749
20.21
20.24
20.46

iv

751
22.11
22.14
22.36

Some useful words and phrases in Finnish
Most Finns speak excellent English, however it may be of benefit to learn a few key words and phrases.
Pronunciation in Finnish is completely phonetic, i.e. if you can say each of the letters in the alphabet,
you can say any written word. The consonants are pronounced mostly the same as in English with a
couple of exceptions: J is prounced like Y as in yellow, and the letter R is always rolled. Below are two
guides: the first covers the pronunciation of the vowels and the second contains some useful words and
sentences.
Vowel
Pronunciation
A
as in star
E
as in bed
I
as in fish
O
as in top
U
as in put
Y
like the u in flu but with pursed lips. Not far from the u in future
Ä
like the a in map
Ö
like the u sound in turn without pronouncing the r
Double vowels are simply longer than single vowels, e.g. ä is pronounced like the a in map, while ää is
pronounced like the a in man.
The basics
How are you?
Thank you
Please
Sorry – Excuse me
Goodbye
Hello
How much?
Yes
No
Do you speak English?
I do not understand
What time is it?
Where is…?
Where is Olavinlinna castle?

Mitä kuuluu?
Kiitos!
Ole hyvä
Anteeksi
Näkemiin
Hei
Kuinka paljon?
Kyllä
Ei
Puhutteko englantia?
En ymmärrä
Mitä kello on?
Missä on…?
Missä on Olavinlinna?

Travel
Airport
Railway station
Ticket
Exit
Entrance

Food

Lentokenttä
Rautatieasema
Lippu
Ulos
Sisään

Café
Food
Dessert
Drinks
Restaurant

v

Kahvila
Ruoka
Jälkiruoka
Juomat
Ravintola

Map 1. Savonlinna

1
2

3

To airport
4
5

6
8

7

1.
2.
3.
4.
5.
6.
7.
8.

Fontana Spahotel
Savonlinna Hall (Savonlinnasali) and Wanha Kasino
Fontana Vuorilinna
Savonlinna-Kauppatori train station
Hotel Seurahuone
Savonlinna City Hall
Olavinlinna Castle
Savonlinna harbour
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Map 2. Punkaharju (excursion)
To Kerimaa (sauna and BBQ
evening), and Savonlinna.

A
C

B

D

A. Retretti Art centre
B. Valtionhotelli restaurant
C. Lusto: The Finnish Forest museum
D. Punkaharju ridge
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Program
SATURDAY, July 25

16.00 - 19.00

Arrival and Registration at Wanha Kasino

17.30 - 19.00

Buffet dinner at Wanha Kasino

19.00 -

Opera festival at Olavinlinna (optional)

SUNDAY, July 26

8.25 - 12.00

Session I

Session Chair: Terry Miller
Opening Comments: Lauri Halonen
Chemical Kinetics and Reaction Dynamics

8.30 - 9.10

Jim Lin (Academia Sinica, Taiwan)
Photolysis of ClOOCl and the Ozone Hole: A Molecular Beam Study

9.10 - 9.15
9.15 - 9.55

Discussion
Timothy Minton (Montana State University, USA)
hyperthermal O(3P) reaction Dynamics: unusual mechanisms that do not
follow the minimum energy path

9.55 - 10.00

Discussion

10.00 - 10.30

Coffee Break

10.30 - 11.10

David Osborn (Sandia National Laboratories, USA)
Isomer-resolved chemical kinetics: Uncovering the hidden nature of chemical
reaction products

11.10 - 11.15

Discussion
Free Radicals in Combustion Chemistry

11.15 - 11.55

Larry Harding (Argonne National Laboratory, USA)
Theoretical treatments of free radical kinetics relevant to combustion

11.55 - 12.00

Discussion

12.00 - 14.00

Lunch at Wanha Kasino

14.00 - 15.30

Session II

Session Chair: Hans ter Meulen
Free Radicals in Combustion Chemistry

14.00 - 14.40

Marcus Alden (Lund University, Sweden)
Development and application of new laser spectroscopic techniques for
measurements of radicals in combustion

14.40 - 14.45

Discussion
viii

14.45 - 15.25

Katharina Kohse-Höinghaus (Bielefeld University, Germany)
Investigating intermediate species chemistry in combustion

15.25 - 15.30

Discussion

15.30 - 17.30

Poster Session A

17.30 - 19.00

Dinner at Spahotel Fontana Casino

19.00 -

Soprano Eglise Gutiérrez in concert at Savonlinna Hall (optional)

MONDAY, July 27

8.00 - 9.30

Session III

Session Chair: Yuan-Pern Lee
Spectroscopy and Structure of Free Radicals

8.00 - 8.40

Michael Morse (University of Utah, USA)
Laser spectroscopy of metal-containing free radicals

8.40 - 8.45

Discussion

8.45 - 9.25

David Nesbitt (JILA, USA)
Laser Studies of Jet Cooled Radicals: From High Resolution Spectroscopy to
Gas-Liquid Collision Dynamics

9.25 - 9.30

Discussion

9.30 – 12.15

Trip to Punkaharju on the steamboats S/S Heinävesi and S/S Paul Wahl

12.30 - 14.00

Lunch at Valtionhotelli, Punkaharju

14.30 - 16.00

Session IV at Lusto auditorium

Session Chair: Henrik Kunttu
Ultracold Systems

14.30 - 15.10

Edward Hinds (Imperial College London, UK)
Probing the electron electric dipole moment with cold molecules

15.10 - 15.15

Discussion

15:15 - 15.55

Dieter Gerlich (Chemnitz University of Technology, Germany)
Cold ions in traps: applications in interstellar chemistry

15.55 - 16.00

Discussion

16.00 - 16.30

Coffee Break

16.30 - 18.30

Punkaharju bus tour and Retretti centre visit

19.00 -

Sauna evening with barbecue at Kerimaa

21.00 – 22.00

Return to Savonlinna

ix

TUESDAY, July 28

8.30 - 12.00

Session V

Session Chair: Anthony Merer
Computational and Theoretical Chemistry of Free Radicals

8.30 - 9.10

Anna Krylov (University of Southern California, USA)
Bonding patterns in open-shell species: The effect of pi-stacking and hydrogen
bonding on ionization energies and hole localization in nucleobases

9.10 - 9.15
9.15 - 9.55

Discussion
Joel Bowman (Emory University, USA)
Roaming radicals: H2CO, CH3CHO, C2H3?

9.55 - 10.00

Discussion

10.00 - 10.30

Coffee Break

10.30 - 11.10

Jean-Claude Rayez (University of Bordeaux, France)
Modelisation of chemical processes involving radicals in homogeneous and
heterogeneous chemistry

11.10 - 11.15

Discussion
Ultracold Systems

11.15 - 11.55

David Chandler (Sandia National Laboratories, USA)
Production and Study of Ultra-cold Molecules Produced by Kinematic
Cooling

11.55 - 12.00

Discussion

12.00 - 14.00

Lunch at Wanha Kasino

14.00 - 15.30

Poster Session B

16.00 - 17.30

Reception at the City Hall

17.30 - 18.30

Visit to Olavinlinna Castle

19.00 -

Opera festival at Olavinlinna (optional)

WEDNESDAY, July 29

8.30 - 12.00

Session VI

Session Chair: Reginald Colin
Spectroscopy and Structure of Free Radicals

8.30 - 9.10

Yoshihiro Sumiyoshi (University of Tokyo, Japan)
High-resolution Spectroscopy of Atom-Diatom Radical Complexes

9.10 - 9.15

Discussion

x

9.15 - 9.35

Yuan Pern Lee (National Chiao Tung University, Taiwan)
Studying Reaction Intermediates using Time-resolved Fourier-transform
Infrared Absorption Spectroscopy

9.35 – 9.55

Terry Miller (The Ohio State University, USA)
Cavity Ringdown Spectroscopy of Reactive Organic Peroxy Radicals

9.55 – 10.00

Discussion

10.00 - 10.30

Coffee Break

10.30 - 11.10

Daniel Neumark (University of California, Berkeley, USA)
Spectroscopy and photodissociation dynamics of free radicals

11.10 - 11.15

Discussion
Interstellar spectra and Chemical Processes

11.15 - 11.55

John Maier (University of Basel, Switzerland)
Electronic spectra of carbon chains, rings and ions

11.55 - 12.00

Discussion

12.00 - 14.00

Lunch at Wanha Kasino

14.00 - 15.30

Session VII

Session Chair: Jouko Korppi-Tommola
14.00 - 14.40

Mats Larsson (University of Stockholm, Sweden)
Molecule formation in interstellar space by dissociative recombination

14.40 - 14.45

Discussion

14.45 - 15.25

Eric Herbst (The Ohio State University, USA)
The Chemistry of Stellar and Planetary Formation

15.25 - 15.30

Discussion

15.30 - 16.00

Coffee Break

16.00 - 17.30

Six hot topic lectures

Session Chair: Jouko Korppi-Tommola
16.00 - 16.15

Paula Gorrotxategi (University of Bristol, UK)
Photochemistry of HCHO and RONO2 and their atmospheric implications

16.15 - 16.30

Michael Heaven (Emory University, USA)
Beryllium dimer – caught in the act of bonding

16.30 - 16.45

Steven Hoekstra (Fritz-Haber-Institute, Germany)
Magnetic and electrostatic trapping of neutral polar molecules

16.45 - 17.00

Shih-Huang Lee (National Synchrotron Radiation Research Center, Taiwan)
Crossed-Beam Reactions of Atomic Oxygen with Vinyl Fluoride

17.00 - 17.15

Paul Seakins (University of Leeds, UK)
H atom yields from C2H reactions relevant for combustion, planetary
atmospheres and the interstellar medium

xi

17.15 - 17.30

John Stanton (University of Texas at Austin, USA)
Vibronic Coupling Calculations Made Quantitative

19.00 -

Banquet at Wanha Kasino
Speech: Sir Harold Kroto

THURSDAY, July 30

8.15 - 11.30

Session VIII

Session Chair: Helge Lemmetyinen
Free Radicals in Atmospheric Chemistry

8.15 - 8.55

Henrik Kjaergaard (University of Copenhagen, Denmark and University of Otago, New
Zealand)
Spectroscopy of reactive radical complexes

8.55 - 9.00

Discussion

9.00 - 9.40

Mitchio Okumura (California Institute of Technology, USA)
Spectroscopy and Chemistry of the Nitrate Radical

9.40 - 9.45

Discussion

9.45 - 10.00

Coffee Break

10.00 - 10.40

Akkihebbal Ravishankara (National Oceanic and Atmospheric Administration, USA)
Atmospheric free radicals: Instigators of chemistry that impacts climate and
air quality

10.40 - 10.45

Discussion
Spectroscopy and Structure of Free Radicals

10.45 - 11.25

Evan Bieske (University of Melbourne, Australia)
Exploring microscopic aspects of hydrogen storage - Spectra of M+-H2
complexes

11.25 - 11.30

Discussion

11.30 - 13.00

Farewell Luncheon at Wanha Kasino
Speech: Jürgen Troe
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Invited Lectures
(In order of presentation)

1

I-1
Photolysis of ClOOCl and the Ozone Hole:
A Molecular Beam Study
Jim J. Lin1,2
1

Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan
Department of Applied Chemistry, National Chiao Tung University, Hsinchu 30010, Taiwan

2

The photolysis rates of ClOOCl are crucial in the ozone hole formation. The photodissociation of
ClOOCl generates Cl atoms; the Cl atoms quickly react with O3 to form O2 + ClO; ClO can then
dimerize to form ClOOCl again, thus catalytically converting O3 to O2.
Recently, large discrepancies in the ultraviolet absorption cross sections of ClOOCl have cast doubt [1,
2] on the validity of current photochemical models of ozone depletion. In 2007, Pope et al. [3] reported
a new measurement of the absorption spectrum of ClOOCl, in which the absorption cross sections at
wavelengths longer than 300 nm are much smaller than previously accepted values. If these recent data
are correct, the atmospheric photolysis rates of ClOOCl are much smaller than originally thought, and
it would be impossible to produce enough Cl atoms to explain the observed ozone loss via any known
chemical mechanisms. Moreover, atmospheric measurements of constituents such as ClO/ClOOCl
could not be reconciled with the Pope et al. data, which raises questions about the validity of either the
laboratory measurements or model calculations, thus heightening the need for new laboratory studies to
either confirm or refute those findings.
While previous ClOOCl absorption measurements all suffered from large uncertainties due to
impurities, we developed a method that circumvents such interference. Instead of measuring the
attenuation of a photon beam after an absorption cell, we form a ClOOCl molecular beam and
determine the photodissociation probability by measuring the decrease in beam intensity after laser
irradiation. The photodissociation cross sections of ClOOCl were determined at 248, 308, and 351 nm.
The temperature dependences were also investigated. Our results are sufficient to resolve the
controversial issue originated from the ClOOCl laboratory cross sections and provide reliable estimates
for the atmospheric photolysis rates of ClOOCl [4].
References:
[1] M. von Hobe, Science, 318, 1878 (2007).
[2] Q. Schiermeier, Nature, 449, 382 (2007).
[3] F. D. Pope, J. C. Hansen, K. D. Bayes, R. R. Friedl, S. P. Sander, J. Phys. Chem. A 111, 4322 (2007).
[4] H.-Y. Chen, C.-Y. Lien, W.-Y. Lin, Y. T. Lee and J. J. Lin, Science (in print, May 2009).

2

I-2
Hyperthermal O(3P) Reaction Dynamics: Unusual
mechanisms that do not follow the minimum energy path
Timothy K. Minton
Department of Chemistry and Biochemistry, Montana State University
Bozeman, MT 59717 USA
tminton@montana.edu
The dynamics of hyperthermal O(3P) reactions with HCl, H2O, and DCCD have been investigated with
the use of a crossed molecular beams apparatus employing mass spectrometric detection.
The reactions of O(3P) with HCl and H2O at hyperthermal collision energies (50–150 kcal mol–1)
exhibit analogous dynamics. Primary reactions proceed by two pathways, (1) H-atom abstraction to
produce OH and either Cl or OH and (2) H-atom elimination to produce H and either ClO or HO2.
The H-atom abstraction reactions follow a stripping mechanism, in which large impact parameter
collisions lead to forward scattering of OH. The H-atom elimination reactions are highly endoergic
and have been observed experimentally for the first time. The surprising result is that the dominant Hatom elimination mechanism at hyperthermal collision energies does not correspond to motion along
the minimum energy path. This mechanism applies to collision geometries in which the H atom in the
HCl (or an H atom in the H2O) molecule is oriented toward the reagent O atom. As the Cl–O (or O–
O) bond forms, the H atom experiences a strong repulsive force from both the O and Cl (or both O)
atoms. The ClO (or HO2) product scatters forward with respect to the initial velocity of the O atom,
and the H atom scatters backward. This mechanism accounts for more than half the reactive
trajectories at collision energies >110 kcal mol–1, but it does not correspond to motion near the
minimum energy path. We have also described the SH2 mechanism which does follow the minimum
energy path, corresponding to a collision geometry in which the H atom of HCl (or each H atom of
H2O) is oriented away from the incoming reagent O atom. The energy barriers for the O(3P) + H2O
→ HO2 + H and O(3P) + HCl → ClO + H reactions were determined to be 60 ± 2 kcal mol–1 and ~45
kcal mol–1, respectively.
With collision energies of 80.6 and 92.6 kcal mol-1, the reaction, O(3P) + DCCD → DCCO + D,
appears to proceed through multiple pathways. We propose that DCCO may be formed in its
electronic ground state and one or more electronically excited states. The presence of electronically
excited DCCO is deduced from the observation of DCCO products with very low translational
energies, corresponding to internal energies that are above the dissociation limit in its ground state, and
a consideration of the states available to DCCO with a given amount of internal energy. The center-ofmass angular distributions for all DCCO products at a given collision energy have the same angular
distribution – roughly forward-backward symmetric – suggesting that ground and excited state DCCO
is formed through the same DCOCD intermediate. The conclusion that the DCCO radical may be
formed in an electronically excited state is surprising and is presumably a consequence of the rich
dynamics afforded by the high experimental collision energies.

3

I-3
Isomer-resolved chemical kinetics: Uncovering the
hidden nature of chemical reaction products
David L. Osborn1, Craig A. Taatjes,1 Talitha M. Selby,1 Giovanni Meloni,1 Askar Fahr,2 Fabien Goulay,3
Stephen R. Leone,3 Adam J. Trevitt4
1

Combustion Research Facility, Sandia National Laboratories, PO Box 969, Livermore, CA 94551-0969, USA
2
Department of Chemistry, Howard University, Washington, DC 20059, USA
3
Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
4
School of Chemistry, University of Wollongong, Wollongong NSW 2522, Australia

The determination of the rates of chemical reactions and the products they produce plays an important
role in understanding and modeling all complex chemical environments, such as those encountered in
combustion, atmospheric chemistry, and materials processing. Measuring the total rate coefficient of a
reaction is almost always accomplished by monitoring the time-dependent loss of one reactant.
For many reactions, little is known about the identities of the product molecules and the branching
ratios between product channels. Nevertheless, knowledge of branching ratios is critical in determining
the downstream influence of an elementary reaction in a complex environment, where for example, one
possible channel may lead to chain branching products while an alternate channel gives chain
propagating or chain terminating products. For most reactions, there is even less knowledge about the
isomeric identities of each product, despite the fact that different isomers may have vastly different
reactivities.
In this talk, I will describe our experiments that “image” chemical reaction kinetics using time-resolved
multiplexed photoionization mass spectrometry with isomeric specificity. Using this technique, we can
follow isomerization processes in real time. In particular, I will discuss chemical pathways that convert
aliphatic reactants into one- or two-membered aromatic rings. Such molecular weight growth reactions
are important in soot formation during rich combustion, and in the conversion of methane into heavier
hydrocarbons in extraterrestrial atmospheres such as Saturn’s moon Titan.
There is mounting evidence that these molecular weight growth processes usually begin with the
combination of small, resonance-stabilized free radicals, such as C3H3 (propargyl), C3H5 (allyl), C6H5
(phenyl), and C7H7 (benzyl). A better understanding of these reactive pathways is a critical input to
combustion and extraterrestrial chemical models, with implications ranging from public health effects
to the chemical origins of life.
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I-4
Theoretical treatments of free radical kinetics relevant
to combustion*
Lawrence B. Harding, Stephen J. Klippenstein and Yuri Georgievskii
Chemical Sciences and Engineering Division Argonne National Laboratory
Argonne, IL 60439
Combustion kinetics is dominated by reactions of small free radicals. One source of these radicals is
from the decomposition of fuel molecules via single bond cleavage. Recently, experimental and
theoretical evidence for a new mechanism for unimolecular decomposition, the “roaming-radical”
mechanism, has been reported for both formaldehyde [1] and acetaldehyde [2]. In this talk we will
present computational evidence that roaming-radical pathways compete with single bond cleavage in
the decomposition of many common fuel molecules. Since the roaming-radical pathways lead to stable,
closed shell products rather than radicals they could significantly impact current combustion models.
The focus of this talk will be on determining the branching ratio between roaming and bond cleavage.
Our approach uses reduced dimensional trajectories in which the internal degrees of freedom of the
two nascent radical fragments are held rigid. It will be shown that this is a computationally tractable
approach capable of yielding quantitative branching ratios for these reactions.
References:
[1] D. Townsend, S.A. Lahankar, S.K. Lee, S.D. Chambreau, A.G. Suits, X. Zhang, J. Rheinecker, L.B. Harding,
and J.M. Bowman, Science 306, 1158 (2004)
[2] P. L. Houston, and S. H. Kable, PNAS, 103, 16079 (2006)
*This work was supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Division of
Chemical Sciences, Geosciences, and Biosciences, under Contract DE-AC02-06CH11357.
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I-5
Development and application of new laser spectroscopic
techniques for measurements of radicals in combustion
Marcus Aldén
Division of Combustion Physics, Lund University, Sweden
The importance of combustion processes for efficient and environmentally friendly energy conversion,
e.g. for heat production and for transportation have encouraged research on new tools for a deepened
understanding of these processes. Maybe the most promising tool in terms of diagnostic techniques are
those based on utilizing laser spectroscopy, with which non-intrusive measurements with high temporal
and spatial resolution of parameters like species concentrations and temperatures can be made.
The present talk will focus on development and application of laser spectroscopic techniques for
measurements of radicals in combustion systems, e.g. laminar and turbulent flames but also in practical
apparatus like engines and gasturbines. One of the techniques which will be highlighted is laser-induced
fluorescence. A special laser system, an Alexandrite laser, has been shown to have special attractive
features for increased detectablity, especially for LIF visualization of CH and HCO. Furthermore, a
high-speed system for temporally resolved LIF detection of radicals in combustion will be described.
Another technique of great interest in combustion for radical detection is polarization spectroscopy,
which will be described both for UV/visible application as well as IR detection.
Finally, brief examples on potential problems with photochemical effects when using high-power lasers
for radical detection in flames will be given, as well as how these phenomena also can be used for new
diagnostics.
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I-6
Investigating intermediate species chemistry in
combustion
Katharina Kohse-Höinghaus
Department of Chemistry, Bielefeld University, Universitätsstraße 25, D-33615 Bielefeld, Germany, kkh@pc1.unibielefeld.de
Reactive intermediate species play a crucial role in combustion. Small radicals are involved at all stages
of the combustion reaction network from ignition to burnout, in fuel decomposition and oxidation
reactions. The specific intermediate species pool depends on the chemical nature of the fuel and the
combustion conditions.
To investigate the species composition in flames suited to unravel details of the combustion chemistry,
we have combined laser diagnostic and mass spectrometric techniques. Cavity ringdown spectroscopy
and laser-induced fluorescence were used to detect some key di- and tri-atomic radicals while several
variants of in situ molecular beam mass spectrometry provided a complete analysis including larger
stable and radical species. This combination of techniques has been invaluable in studying important
reaction pathways for a variety of fuel families, including hydrocarbons, ethers, alcohols, aldehydes,
ketones, esters and amines, as well as fuel mixtures [1]. Many of these investigations have been
performed in collaborations, including teams from the USA and China. As a general conclusion, the
structure of the fuel molecule is of significance for the formation of some undesired combustion
emissions – a fact which must be considered in the discussion of alternative, bio-derived fuels.
Although probe sampling mass spectrometry is maybe the most commonly applied technique to
characterize the complete species composition in flames as a prerequisite for the development of
chemical-kinetic flame models, it suffers from being invasive in nature. Attempts have been made to
quantify such probe-sampling effects, especially for radical species that cannot be easily calibrated. We
have recently contributed to this discussion, combining again optical and mass spectrometric
measurements [2]. The reliability of the analysis technique should be critically assessed for a validation
of flame models.
Radicals are also at the origin of some of the characteristic luminous emissions of flames. The
chemiluminescent signature of a flame depends on the combustion conditions and is proposed as an
intrinsic sensor for active control of practical combustion devices. While flame luminescence has been
described in the literature for more than hundred years [3], its spectral structure is not easily predicted
since radiative and energy transfer processes are involved. These will depend on the reaction channels
producing nascent energy level distributions that may not be known and on the specific collisional
environment. Some recent results will be presented to discuss this approach of using
chemiluminescence as a flame sensor.
References:
[1] N. Hansen, T.A. Cool, P.R. Westmoreland, K. Kohse-Höinghaus, Prog. Energy Combust. Sci. 35,168 (2009).
[2] U. Struckmeier, P. Oßwald, T. Kasper, L. Böhling, M. Heusing, M. Köhler, A. Brockhinke, K. KohseHöinghaus Z. Phys. Chem. 223, 503 (2009).
[3] W. Swan, Annal. Physik 176, 306 (1857).
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I-7
Laser spectroscopy of metal-containing free radicals
Michael D. Morse
Department of Chemistry, University of Utah, Salt Lake City, Utah, 84112, U.S.
Over the past several years, a primary focus of research in our group has been the electronic
spectroscopy of the diatomic transition metal carbides and related species. While some of the
transition metal carbides are now very well known, our recent work has concentrated on the 5d
transition metal series, which is poorly known. In this talk I will concentrate on the previously
unknown WC [1] and OsC [2] molecules, and will examine the periodic trends in chemical bonding in
the CrC, MoC [3], WC [1]; FeC [4], RuC [5], OsC [2]; and NiC [6], PdC [7], PtC isovalent triads. The
5d members of these sets illustrate the relativistic stabilization and contraction of the 6s orbital, making
the 5d molecules WC, OsC, and PtC differ markedly from their 4d congeners. I will also describe
measurements of spin-orbit splittings in a low-lying excited state of PdC that have enabled us to deduce
the atomic orbital contributions to the 6π and 12σ molecular orbitals in this species [8]. If time
permits, additional transition metal radicals will be discussed as well.
References:
[1] Shane M. Sickafoose, Adam W. Smith and Michael D. Morse, J. Chem. Phys. 116, 993 (2002)..
[2] Olha Krechkivska and Michael D. Morse, J. Chem. Phys. 128, 084314 (2008).
[3] Dale J. Brugh, T. J. Ronningen and Michael D. Morse, J. Chem. Phys. 109, 7851 (1998).
[4] Dale J. Brugh and Michael D. Morse, J. Chem. Phys. 107, 9772 (1997).
[5] Jon D. Langenberg, Ryan S. DaBell, Lian Shao, Dawn Dreessen and Michael D. Morse, J. Chem. Phys. 109,
7863 (1998).
[6] Dale J. Brugh and Michael D. Morse, J. Chem. Phys. 117, 10703 (2002).
[7] Jon D. Langenberg, Lian Shao and Michael D. Morse, J. Chem. Phys. 111, 4077 (1999).
[8] Ryan S. DaBell, Richard G. Meyer and Michael D. Morse, J. Chem. Phys. 114, 2938 (2001).
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I-8
Laser Studies of Jet Cooled Radicals: From High
Resolution Spectroscopy to Gas-Liquid Collision
Dynamics
Melanie A. Roberts1, Feng Dong2, Erin Sharp-Williams1, Mike Ziemkiewicz1 and David J. Nesbitt1
1

JILA, University of Colorado and National Institute of Standards and Technology, and
Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0440
2
Los Gatos Research, 67 E. Evelyn Ave. Suite 3, Mountain View, CA 94041
The high reactivity of open shell molecular species makes them particularly interesting from a chemistry
perspective but often also very elusive targets for detailed study. This talk will attempt to reflect recent
work in our group involving two quite different classes of radical investigations. The first is based on
high resolution infrared absorption spectroscopy in a slit supersonic discharge, which provides a
remarkably versatile and yet highly sensitive probe for study of radicals. We will present gas phase
spectroscopic results for hydrocarbon species ranging from simple substituted methyl radical (CH2D),
to large amplitude H atom tunneling dynamics in vinyl radical (H2CCH), to first gas phase IR studies of
the aromatic phenyl radical (C6H5). Time permitting, we will also discuss recent efforts toward building
up a new capability for studies of quantum state resolved collision dynamics of radicals from the gasliquid interface. Specifically, we present first results on hyperthermal scattering of jet cooled NO radical
from liquid Ga metal, which can provide a novel window into non-adiabatic energy transfer and
electron-hole pair dynamics at the gas-molten metal interface.
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I-9
Probing the electron electric dipole moment with cold
molecules
E.A. Hinds, B.E. Sauer, J.J. Hudson, M.R. Tarbutt, D.M. Kara, and S. Doravari
Centre for Cold Matter, Imperial College London, SW7 2AZ UK
The search for an electron EDM is a search for new particle physics. We are measuring the electron
EDM using a beam of cold YbF. The present version of our experiment has the statistical sensitivity to
make a measurement at the level of a few times 10−28 e.cm. and this is in progress.
Several upgrades now in preparation, will give a further tenfold improvement in sensitivity. I will
discuss the present status of this programme and future prospects.
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I-10
Cold ions in traps: applications in interstellar chemistry
Dieter Gerlich
Department of Physics, Technische Universität, 09107 Chemnitz, Germany
On 14 May 2009, Herschel, the most powerful infrared telescope ever flown in space has been launched
on board of an Ariane 5, along with Planck, ESA's microwave observatory. These pioneering
observatories will provide a wealth of information on how the universe came to be what it is today. In
order to model in detail the era before galaxy formation (the dark age) or the processing of heavy atoms
created in the first stars up to the universe of galaxies we see today, one has to understand the
formation and destruction of matter in a variety of astrophysical environments. In this talk a short
introduction into the chemistry of the early universe and of dense interstellar clouds will be given. Our
experimental contributions to these fields are based on sophisticated ion guiding and trapping
instruments which all make use of specific inhomogeneous, time-dependent, electrical fields (see [1]
and references therein). Various instruments can be operated at temperatures down to a few K but also
at the high temperatures of circumstellar environments [2].

In the center of this contribution is an innovative ion trapping apparatus which has been constructed
for studying collisions between stored ions and radicals. For testing and calibrating the instrument,
reactions of CO2+ with H and H2 have been studied over a wide range of temperatures [3]. The
potential of the machine is illustrated with hydrogen abstraction and deuteration reactions in collisions
of cold CxHy+ ions with H and D atoms, respectively. A surprising result is that hydrogen abstraction in
CH5+ + H collisions occurs at low temperatures with a significant rate, in contradiction with the proton
affinity of methane [4].
Experimental improvements aim at extending the temperature into the sub-Kelvin range (for
fundamental reasons, e.g. Bose chemistry). Reactions planned for the near future, include H-D
exchange in H3+ + D, ortho to para conversion in o-H3+ + H, and the endothermic electron transfer
H+ +D in the threshold region. A challenge is to study the H2 formation via associative electron
detachment H- + H → H2 + e-.
References:
[1] D. Gerlich, M. Smith, Phys. Scr. 73, C25 (2006).
[2] S. Decker, I. Savić D. Gerlich, in Molecules in Space & Laboratory, Paris, J.L. Lemaire & F. Combes (eds) ISBN
9782901057581 (2007).
[3] G. Borodi, A. Luca, D. Gerlich, Int. J. Mass Spectrom., 280, 218 (2009).
[4] D. Gerlich, G. Borodi, Faraday Discussion 142, Invited Contribution 2009, in print, see
http://xlink.rsc.org/?doi=B820977D
For additional references see http://www.tu-chemnitz.de/physik/ION/Publications
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Bonding patterns in open-shell species: The effect of pistacking and hydrogen bonding on ionization energies
and hole localization in nucleobases.
Anna I. Krylov
Department of Chemistry, University of Southern California, SSC 409, Los Angeles, CA 90089-0482, USA
Non-covalent interactions (such as pi-stacking and hydrogen bonding) have a profound effect on
ionization energies of nucleobases and play an important role in charge transfer through DNA. I will
characterize the effects of these interactions on the IEs of the individual nucleobases, and present the
results for the gas-phase AA, AT, TT, GC, CC, and GG dimers. The pi-stacking interactions lower the
IEs by as much as 0.4 eV, whereas the effect of h-bonding is less. The ionization of non-covalent
dimers (such as pi-stacked or hydrogen-bonded nucleobases) changes the bonding pattern from noncovalent to covalent, which induces significant structural and spectroscopic changes. For example,
ionized pi-stacked dimers form stronger bound dimers with a delocalzied hole. The fate of h-bonded
dimers is different: ionization induces barrierless hydrogen transfer coupled with hole localization.
Spectroscopic signatures of charge localization in H-bonded and pi-stacked dimers will also be
discussed.
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I-12
Roaming radicals: H2CO, CH3CHO, C2H3?
Joel M. Bowman, Benjamin Shepler, Amit Sharma, Bastiaan J. Braams
Cherry L. Emerson Center for Scientific Computation and
Dept. of Chemistry, Emory University, Atlanta, GA 30322
Quasiclassical trajectory calculations on full dimensional ab initio potential energy surfaces (PESs) for
complex reaction systems have revealed unusual, so-called “roaming” pathways to reaction products. I
will review the progress made in creating such potentials from small databases of ca. 104 electronic
energies. Then I will briefly describe the PESs for H2CO, CH3CHO and C2H3 and present results of
QCT calculations and comparisons with experiments. For vinyl I will present new vibrational
calculations using MULTIMODE, including tunneling splittings, and comparisons with experiment.
Some explorations of roaming dynamics in vinyl will also be presented.
Acknowledgments We thank the Department of Energy and Office of Naval Research for financial support
References:
[1]. A. R. Sharma, B. J. Braams, S. Carter, B. C. Shepler, and J. M. Bowman, J. Chem. Phys. 130, 174301 (2009).
[2]. B. C. Shepler, B. J. Braams, and J. M. Bowman, J. Phys. Chem. A 112, 9344 (2008).
[3]. B. R. Heazlewood, M. J. T. Jordan, S. H. Kable, T. M. Selby, D. L. Osborn, B. C. Shepler, B. J. Braams, and
J. M. Bowman, PNAS 105, 12719 (2008).
[4]. B. Shepler, E. Epifanovsky, P. Zhang, J. M. Bowman, A. I. Krylov, and K. Morokuma, J. Phys. Chem. A 112,
13267 (2008).
[5]. K. M. Christoffel and J. M. Bowman, J. Phys. Chem. A 113 4138 (2009).
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I-13
Modelisation of chemical processes involving radicals in
homogeneous and heterogeneous chemistry
J. C. Rayez
Institut des Sciences Moléculaires (ISM) - UMR 5255 CNRS
Université Bordeaux 1, 351 Cours de la Libération 33405 Talence Cedex, FRANCE
Chemistry of radicals has a long story since the existence of structures with non paired electrons is in
the heart of any chemical transformation. Gas phase reactions and reactions involving molecules and
radicals in interaction with liquid or solid substrates are the subject of active researches. Such reactions
occur in many domains: in the atmospheric medium (like the fate of alkyls and aromatic radicals or the
formation of nitric acids and nitrates), in the interstellar medium, in combustion chemistry. In general,
all these processes are related to environmental problems like the appearance of pollutants and soots
formation and also in many situations of technological interests like re-entries of spatial vehicles in high
terrestrial atmosphere.
Theoretical analysis of such topics requires first a reliable determination of potential energy surfaces
involved in the process in order to get reliable kinetic or dynamical information. For instance in the
case of gas-surface reactions dynamical calculations must be performed to determine the probabilities
of the various elementary steps (atomic adsorption, dissociative molecular adsorption, associative
molecular desorptions according to Langmuir-Hinshelwood and Eley-Rideal mechanisms) which can
occur at the surfaces. All this information can be used to access surface coverage, energy transfers
between surfaces and gaseous medium and kinetic parameters.
This domain of research will be illustrated by some recent studies involving radicals for which a
theoretical approach is able to give interpretation arguments and predictions of new behaviours.
Collaborators :
M.T. Rayez, L. Bonnet, L. Martin-Gondre, C. Crespos, P. Larrégaray (Institut des Sciences Moléculaires, ISM UMR 5255 CNRS, Université Bordeaux 1, 33405 Talence Cedex, France,
S. Picaud, P. Hoang (Institut UTINAM – UMR 6213 CNRS, Université de Franche-Comté, 25030 Besançon,
Cedex, France).
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I-14
Production and Study of Ultra-cold Molecules
Produced by Kinematic Cooling
David W. Chandler, Jeffery J. Kay, Ken Takase, and Kevin E. Strecker
Combustion Research Facility, Sandia National Laboratory Livermore, CA 94551-0969
Email:chand@sandia.gov
We have recently produced measurable amounts of cold molecules using a unique crossed molecular
beam scattering technique, Kinematic Cooling. This technique allows for the production of cold
molecules in either their absolute ro-vibrational ground state via elastic scattering with a near equal
mass atom, or produced in rotationally, vibrationally or electronically exited states via inelastic collisions
with an atoms of a dissimilar mass. We have demonstrate this technique using inelastic collisions
between NO molecules and Ar atoms, specifically NO(2Π1/2,j=0.5) + Ar → NO(2Π1/2,j'=7.5) + Ar.
Previous experiments have only demonstrated that cold molecules are present while the molecular
beams were present. We have performed new measurements [1] on this system, utilizing vastly
different experimental conditions, such that now we can report observation of samples of NO7.5 that
persist in our observation volume for over 150 mıcroseconds. This observation time has been shown
to be limited by diffusion of the unconfined molecules from our observation region. Monte-Carlo
modeling of the diffusion of the molecules from the interaction volume convoluted with the detection
volume yields a final average temperature for the NO7.5 to be near 30mK. At this temperature, NO7.5
can be readily confined using conventional laboratory magnetic fields and we are presently building a
magnetic trap to confine these molecules.
We have recently begun cooling Kr atoms in collision with Kr atoms and NH3 and ND3 with collision
with Ne as Ne has the same mass as ND3. This mass match with ammonia means that the elastic and
near elastic collisions will produce cold molecules in the j=1,K=1 and j=2, K=2 states. Both of these
states are trappable with electrostatic traps. In recent experiments we can observe cold ND3 for 40
µsec after the molecular beams. We are presently working on incorporating an electrostatic trap into
the collision intersection to confine these molecules.
We are also currently developing a new kinematic cooling technique where the atoms used to slow the
molecules are no longer in a supersonic beam, but in a magneto-optical trap (MOT)[2]. The physics of
the collision is identical to the crossed molecular beam experiment except the cooled molecules are
now stopped in a 100 µKelvin atomic gas. Secondary elastic collisions of the molecule with the
ultracold atoms in the MOT can further cool the molecules. We are currently focusing on cooling
DBr, mass 83, via collisions with a Rb isotope, mass 85. To this end we have constructed a
continuously loaded Rb MOT and are working on proof of principle experiments. We will discuss the
initial proof of principle experiments and present our progress toward cooling confining molecules.
References:
[1] Strecker KE, Chandler DW Phys. Rev. A, 78 (6), 063406, (2008)
[2] Ken Takase, Larry A Rahn, David W Chandler, Kevin E Strecker, New J. Phys., Vol. 11, No. 5.,
055033(2009)
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I-15
High-resolution Spectroscopy of Atom-Diatom Radical
Complexes
Yoshihiro Sumiyoshi and Yasuki Endo
Department of Basic Science, Graduate School of Arts and Sciences,
The University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan
As a suitable system to study the collisional energy transfer processes between atoms and diatomic
radicals, complexes consisting of an atom and a diatomic radical have attracted attention in both
experimental and theoretical fields over the past decades. Especially for those containing the OH and
NO radicals, intermolecular potential energy surfaces (IPESs) have been studied in detail to investigate
collision−induced rotational energy excitation processes in the interstellar space. We are investigating
atom−diatomic radical complexes such as Rg-OH, Rg-SH, and Rg-NO (Rg : a rare gas atom) by
Fouriertransform microwave (FTMW) spectroscopy and a double-resonance technique combined with
FTMW spectroscopy, and determined precise IPESs for these complexes in combination with highlevel ab initio calculations.
In the studies of Rg-OH and Rg-SH (Rg: Kr, Ar, Ne), all the freedom of motions of the complexes
have been considered in constructing Hamiltonian matrices yielding determinations of precise threedimensional IPESs. Especially for Ar-OH, the IPES have been determined to reproduce all the
spectroscopic data involving pure rotational transitions with hyperfine structures for both the ground
and vibrationally excited states obtained by FTMW spectroscopy [1], ro-vibrational transitions by IRUV doubleresonance spectroscopy [2,3], and P-level structures by stimulated emission pumping
spectroscopy [4]. Dependences of the IPESs on the excitations of the vibrational motions of the
diatomic radicals, OH and SH, have been determined. For the complexes containing the NO radical,
two-dimensional IPESs have been determined for Ar-NO, Ne-NO, and He-NO in combination with
ab initio calculations, where spectroscopic data by microwave [5] and FTMW spectroscopy [6] for ArNO and those by FTMW spectroscopy for Ne-NO and He-NO have been utilized. Fairy complicated
spectral patterns due to the large amplitude bending vibrations of the NO moiety have been
successfully assigned including hyperfine structures. Differences in molecular structures between RgNO with T-shaped structures and Rg-OH with linear structures can be ascribed to the difference in
electronic structures between NO, 2Πr, and OH, 2Πi. Interesting features on the IPESs revealed from
the series of the studies on the atom-diatomic radical complexes will be discussed in the talk.
References:
[1] Y. Sumiyoshi, I. Funahara, K. Sato, Y. Ohshima, and Y. Endo, J. Chem. Phys. 125, 124307
(2006).
[2] K. M. Beck, M. T. Berry, M. R. Brustein, and M. I. Lester, Chem. Phys. Lett. 162, 203 (1989).
[3] R. T. Bonn, M. D. Wheeler, and M. I. Lester, J. Chem. Phys. 112, 4942 (2000).
[4] M. T. Berry, M. R. Brustein, M. I. Lester, C. Chakravarty, and D. C. Clary, Chem. Phys. Lett. 178,
301 (1991).
[5] P. D. A. Mills, C. M. Western, and B. J. Howard, J. Phys. Chem. 90, 4961 (1986)
[6] Y. Sumiyoshi and Y. Endo, J. Chem. Phys. 127, 184309 (2007).
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I-16
Studying Reaction Intermediates using Time-resolved
Fourier-transform Infrared Absorption Spectroscopy
Yuan-Pern Lee
Dept. of Applied Chemistry and Inst. Molecular Science, National Chiao Tung University, Hsinchu 30010, Taiwan
and Inst. of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan; email: yplee@mail.nctu.edu.tw
We employed the time-resolved Fourier-transform infrared (TR-FTIR) absorption spectroscopy to
investigate IR absorption of gaseous transient species. A flow reactor with a multipassing UV
photolysis beam and a multipassing IR probe beam is coupled to a step-scan FTIR spectrometer with
both dc- and ac-detection to measure temporal profiles of transient infrared absorption of reaction
intermediates. IR absorption spectra of reactive species such as ClCO [1], ClSO [2], CH3SO2 [3],
C6H5SO2 [4], ClCS [5], and CH3OO [6] were recorded previously.
Two conformers of ClCOOH were produced upon irradiation at 355 nm of a gaseous flowing mixture
of Cl2, HCOOH, and N2. Absorption bands with origins at 1808.0 and 1328.5 cm−1 are attributed to the
C=O stretching and COH bending modes of t-ClCOOH, respectively; those at 1883.0 and 1284.9 cm−1
are assigned as the C=O stretching and COH bending modes of c-ClCOOH, respectively. These
observed vibrational wavenumbers agree with corresponding values for t-ClCOOH and c-ClCOOH
predicted with B3LYP/aug-cc-pVTZ density-functional theory and the observed rotational contours
agree satisfactorily with simulated bands based on predicted rotational parameters. The observed
relative intensities indicate that t-ClCOOH is more stable than c-ClCOOH by ~3 kJ mol-1. A simple
kinetic model is employed to account for the production and decay of ClCOOH.
Absorption spectrum of CH3C(O)OO were recorded from two types of reactions: (1)
photodissociation of a flowing mixture of acetone (4 Torr) and O2 (150 Torr) at 248 nm, and (2)
photodissociation of a flowing mixture of CH3CHO (0.5 Torr), Cl2 (1 Torr), and O2 (100 Torr) at 355
nm. Absorption bands near 1851, 1373, 1150, 1108, and 985 cm−1 are assigned to ν3 and ν5−ν8 modes
of cis-CH3C(O)OO, respectively. These wavenumbers are consistent with those reported for cisCH3C(O)OO isolated in solid Ar [7]. Preliminary results also indicate one band near 1880 cm−1,
observed when O2 is replaced with N2 or CO2, might be assigned to CH3CO. Spectral assignments were
derived based on reaction mechanisms and comparison of observed vibrational wavenumbers and
rotational contours with those predicted quantum-chemically.
References:
[1] S.-H. Chen, L.-K. Chu, Y.-J. Chen, I-C. Chen, and Y.-P. Lee, Chem. Phys. Lett. 333, 365 (2001).
[2] L.-K. Chu and Y.-P. Lee, J. Chem. Phys. 120, 3179 (2004).
[3] L.-K. Chu and Y.-P. Lee, J. Chem. Phys. 124, 244301 (2006).
[4] L.-K. Chu and Y.-P. Lee, J. Chem. Phys. 126, 134311 (2007).
[5] L.-K. Chu, H.-L. Han, and Y.-P. Lee, J. Chem. Phys. 126, 174310 (2007).
[6] D.-R. Huang, L.-K. Chu, and Y.-P. Lee, J. Chem. Phys. 127, 234318 (2007).
[7] S. V. Ahsen H. Willner, J. S. Francisco, J. Chem. Phys.121, 5 (2004).
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I-17
Cavity Ringdown Spectroscopy of Reactive Organic Peroxy
Radicals
Gabriel Just, Rabi Chhantyal Pun, Phillip Thomas, Dmitry Melnik, Terry A. Miller
Laser Spectroscopy Facility, Department of Chemistry, Ohio State University, Columbus, Ohio, USA
The organic peroxy free radicals, RO2·, (R=alkyl group) are examples of reactive intermediates involved
in the oxidation of organic molecules. This chemistry plays an important role in combustion and
tropospheric chemistry. These reactions are typically very complex involving up to 1000's of elementary
steps with a corresponding number of reactive chemical intermediates. Spectroscopic diagnostics, based
upon well analyzed and well understood spectra of the intermediates, are crucial for monitoring such
reactions and unraveling their mechanisms. Such spectral analyses often benefit from the guidance
provided by quantum chemical calculations of electronic structure and conversely the molecular
parameters, experimentally determined from the spectra, serve as "gold standards" for benchmarking
such calculations. We are currently performing three different kinds of cavity ringdown spectroscopy
(CRDS) experiments to characterize the spectra and molecular structure of the organic peroxy radicals.
~ ~
Using room temperature CRDS, we have characterized the vibronic structure of the A - X near
infrared electronic transition for a number of alkyl peroxy radicals, both open chain and cyclic,
containing up to six carbon atoms. Using a jet-cooled peroxy radical sample and a narrow band
radiation source (<100MHz) we have obtained CRDS spectra resolving both rotational and spinrotational structure for several of the organic peroxy radicals. We have recently put into service a room
temperature CRDS apparatus that allows the simultaneous observation of spectra at two independent
wavelengths. This apparatus is designed to determine the absolute oscillator strength of a given radical
by comparing its absorption to that of a "calibration" molecule produced simultaneously at the same
concentration. Recent results for the ethyl peroxy radical will be discussed.
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I-18
Spectroscopy and photodissociation dynamics of free
radicals
Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, CA 94720, USA
This talk will cover two classes of experiments aimed at (i) the spectroscopy of the ground and lowlying electronic states of free radicals and (b) the photodissociation dynamics of free radicals
subsequent to UV excitation. In the spectroscopy experiments, free radicals are characterized by
photodetachment of the corresponding negative ions using slow electron velocity-map imaging
(SEVI),1 a recently developed, high-resolution (2-3 cm-1) variant of negative ion photoelectron
spectroscopy. The SEVI spectrum of a negative ion yields the electron affinity of the neutral, term
values for excited states accessible via one-photon detachment, and accurate vibrational frequencies for
the ground and accessible excited states. The combination of high energy resolution and the
simultaneous measurement of photoelectron angular distributions provides a sensitive probe of
vibronic coupling in the radical.
Two types of radical photodissociation experiments will be discussed. In one experiment, we generate
fast beams of neutral free radicals by photodissociation of mass-selected negative ions. The radicals are
then photodissociated, and the products are characterized by coincidence imaging in which the arrival
times and positions of all fragments on a detector are determined for each photodissociation event. In
the second experiment, free radicals are generated by photolysis or flash pyrolysis of a neutral precursor
in a molecular beam. The radicals are photodissociated at 248 or 193 nm, and the photoproducts are
analyzed with a rotating mass-spectrometer detector. The combination of the two experiments is quite
powerful, as we have demonstrated in recent studies of the propargyl (H2CCCH) and propynyl
(H3CCC) radicals.2,3
References:
[1] D. M. Neumark, J. Phys. Chem. A 112, 13287 (2008).
[2] S. J. Goncher, D. T. Moore, N. E. Sveum, and D. M. Neumark, J. Chem. Phys. 128, 114303 (2008).
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Electronic spectra of carbon chains, rings and ions
John P. Maier
Department of Chemistry, University of Basel, Klingelbergstrasse 80,
CH-4046 Basel, Switzerland, email: j.p.maier@unibas.ch
The focus of our research is the first time measurement of the electronic spectra of carbon chains, rings
and ions, and their simpler derivatives with hydrogen, nitrogen and metals. Such transient species
chosen for the investigations are of astrophysical relevance and of chemical interest in their electronic
structure [1]. We have been using and developing a number of approaches to observe the electronic
transitions. The recent studies on radicals and ions will be discussed. Initial information on the systems
is often obtained by measuring the electronic spectra in absorption in 6 K neon matrices using massselected ion beams [2]. In the gas-phase the transient molecules are produced in discharges and laser
vaporization sources coupled with supersonic free jets. The transitions are searched for with laser based
approaches including cavity ring-down, laser induced fluorescence, degenerate four-wave mixing and
resonant multi-photon spectroscopies. Among the recent observations have been the electronic spectra
of the carbon rings Cn n=14,18, 22, long polyacetylene chains HC2nH and metal containing carbon
chains, e.g., MgCnH n=2,4,6, using the ionization and fluorescence methods. The availability of the
laboratory gas-phase spectra enables a direct comparison with astronomical observations to be made
and the implications for the potential carriers of the diffuse interstellar absorptions to be discussed [3].
The use of the non-linear degenerate four-wave technique [4] enables the disentanglement of
overlapping electronic transitions of different molecules made in the plasma discharge. The method has
been used to study with rotational resolution the vibrational manifold in the electronic ground state of
HC2S and HC4S. The double resonance nature of the two-color variants of the method is exploited to
obtain unambiguous assignments. Specific for the studies of cations is an instrument using ion trapping
technology. Mass-selected ions are constrained in a 22-pole radiofrequency trap where they are cooled
by collisions to around 20 K. The electronic transitions are measured by two-color approaches whereby
the first photon induces the transition of interest whereas the second, uv-photon, produces a fragment
ion which is detected following its mass-selection [5]. Current studies on the electronic transitions of
polyacetylene cations, and of some cyano-derivatives will be presented.
References:
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Molecule formation in interstellar space by dissociative
recombination
Mats Larsson
Department of Physics, AlbaNova, Stockholm University, Stockholm, Sweden
On April 21, 2009, Discovery News [1] reported on the discovery of two complex organic molecules in
the molecular cloud Sagittarius B2, ethyl formate (C3H6O2) and n-propyl cyanide (C4H7N), molecules
similar in size and complexity to amino acids. Discoveries like this naturally raises the question whether
the building blocks of life were formed in molecular clouds even before the formation of planets.
The synthesis of molecules in interstellar space is believed to start with H3+, which is formed by the
famous exothermic ion-molecule reaction H2+ + H2 → H3+ + H. With its ability to transfer a proton to
essentially anything it collides with, H3+ initiates networks of ion-molecule reactions that often ends
with dissociative recombination of molecular ions [2]. The crucial questions are how fast the
recombination is and what the end products are.
We have used the ion storage ring CRYRING in Stockholm in order to study a large number of
dissociative recombination processes [2]. The storage ring is in particular powerful in measuring
product branching ratios, and to this end a grid technique in combination with energy-resolving surface
barrier detectors have been used.
The laboratory astrophysics performed in Stockholm and other places have also made it clear that not
all molecules can be formed by a sequence of gas-phase reactions. It has recently become clear that
methanol is an example of a molecule for which surface reactions on grains must be invoked.
Very recent work on H3+ at CRYRING has shown that para-H3+ recombines faster than orto-H3+ [3].
The dissociative recombination of H3+ was also discussed in a recent Frontiers article in Chemical
Physics Letters [4].
References:
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The Chemistry of Stellar and Planetary Formation
E. Herbst
Departments of Physics, Chemistry, and Astronomy, The Ohio State University, Columbus, Ohio 43210 USA
The solar system formed from a dense interstellar cloud approximately 4.6 billion years ago. Our
galaxy, the Milky Way, is full of such clouds, each composed of a gaseous phase that is almost entirely
molecular, and a solid phase, composed of tiny dust particles. These clouds are heterogeneous in
density and temperature; the densest portions have a gas phase concentration of 104 cm-3 and a
temperature of 10 K. The dust particles possess about 1% of the cloud mass, and range in size from
10-500 nm.
The gas-phase of dense clouds is studied mainly by millimeter-wave emission spectroscopy from the
ground while the solid phase is studied by infrared spectroscopy, both from the ground and from space
missions. Approximately 150 gas-phase molecules, ranging in size from 2-13 atoms, have been
discovered in interstellar clouds with high-resolution spectroscopy. Larger molecules, known as
polycyclic aromatic hydrocarbons (PAHs), are inferred from broad infrared spectra. The gas is
dominated by molecular hydrogen; the second most-abundant molecule, CO, has a so-called fractional
abundance with respect to H2 of 10-4. The polyatomic species are overwhelmingly organic in nature.
The dust grains are core-mantle particles, with cores of silicates or carbonaceous material covered by
many monolayers of ices, mainly water but also CO, CO2, and CH3OH. The chemical processes that
synthesize gas-phase molecules from precursor atoms blown out of old and dying stars are exothermic
and without activation energy, consisting both of gas-phase and surface reactions [1].
Stars and planets form when the densest portions of clouds begin to collapse, at first isothermally and
then adiabatically, until a hot central condensation is produced surrounded by a “protoplanetary” disk
of gas and dust and an envelope known as a hot core. The disk later collapses into planets. The
various evolutionary stages in this process each have their own chemical signatures, which have helped
to characterize the lifetimes and physical conditions of the stages via two approaches: analysis of the
molecular spectra and simulations of the synthetic chemistry. Before the onset of star formation, the
organic molecules seen in the gas are mainly exceedingly unsaturated, but in the so-called hot cores, the
organic chemistry turns saturated and terrestrial-like. The chemical processes that produce both
classes of molecules will be discussed in the talk along with chemical simulations based on them.
References:
[1] D. C. Lis, G. A. Blake, and E. Herbst (eds.), Astrochemistry: Recent Successes and Current Challenges,
Cambridge Univ. Press, Cambridge, UK, 2006.
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Spectroscopy of reactive radical complexes
Henrik G. Kjaergaard
Department of Chemistry, University of Otago, P.O. Box 56, Dunedin, New Zealand and Copenhagen Center for
Atmospheric Chemistry, Department of Chemistry, University of Copenhagen, 2100 Copenhagen O, Denmark
Hydrated complexes are of interest in, for example, atmospheric radiative transfer and their potential
impact on atmospheric reactions. Perhaps the most well known system is the water dimer (H2O•H2O),
which is suspected to be important in the energy balance of the Earth’s atmosphere and consequently
has an influence on the Earth's climate.[1] Despite the plethora of theoretical and experimental
investigations on water dimer there is still much debate as to the precise role it plays. We have
calculated structures, energetics, vibrational and electronic spectra for a range of hydrated complexes
(H2O•X, where X = N2, O2, Ar, CO2, NH3, SO2, SO3 etc)[2,3] to assess their atmospheric importance
and facilitate their detection. The calculations have involved high level ab initio and normal and local
mode anharmonic vibrational methods.
Atmospheric radicals can also form complexes of importance. I will show two examples of hydrated
radical complexes that are similar to the water dimer and of potential atmospheric importance. Firstly,
the water-hydroxyl (H2O•HO) complex, which has an equilibrium constant similar to that of water
dimer. Its electronic spectrum is sufficiently perturbed such that any OH radical that is bound to H2O
is unlikely to be detected with the electronic transition frequently used to detect OH radicals.[4-6]
Secondly, the gas-phase oxidation of ammonia (NH3) by hydroxyl radical (OH), NH3 + OH → NH2 +
H2O , is a key step in the atmospheric oxidation of NH3 and is important in the combustion of fossil
fuels. This prototypical hydrogen abstraction reaction has been the subject of numerous experimental
and theoretical investigations. Previous theoretical investigations have suggested that the ammoniahydroxyl radical complex (NH3-OH) and water-amidogen radical complex (H2O-NH2) are reactive
intermediates along the reaction coordinate. However, neither of these complexes had been
experimentally confirmed. We have recently identified H2O-NH2 complex using matrix isolation
infrared spectroscopy and corroborated our experimental findings with high level coupled cluster ab
initio calculations.[7]
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[5] D. P. Schofield and H. G. Kjaergaard, J. Chem. Phys. 120, 6930-6934 (2004).
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Spectroscopy and Chemistry of the Nitrate Radical
Mitchio Okumura1, Kana Takematsu1, Nathan C. Eddingsaas1, J. Sigrid Barklund, and John F. Stanton2
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Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of Technology, Pasadena, CA USA
2
Department of Chemistry and Biochemistry, University of Texas, Austin, TX USA

The nitrate radical, NO3, is a deviously simple molecule which remains a challenge to understand, due
to the vibronic interactions coupling the lowest electronic states. Calculations by one of us (J.F.S.)
question even a long-standing assignment of one of the four fundamental bands in the ground state [1].
While the ground state is symmetric and nondegenerate, the two lowest excited states are degenerate
and Jahn-Teller active. We have undertaken a joint experimental/theoretical study to re-examine this
species. Cavity ringdown spectroscopy (CRDS) studies of the forbidden transition to the lowest state,
the A 2E ″ ← X 2A2′ spectrum, have provided insights into the Jahn-Teller Effect in the A-state, as well
as the Pseudo-Jahn-Teller couplings to the adjacent states[2], through comparison with theoretical
results using a vibronic coupling model developed by Koppel, Domcke, and Cederbaum.[3] This work
builds on previous studies of the A state, including anion photoelectron spectroscopy[4] and a high
resolution diode laser measurement of the ν4 band[5]. Here we present new results, including a
determination of the strength of the Jahn-Teller splittings, elucidation the Herzberg-Teller intensityborrowing mechanisms, and observation of the magnetic-dipole allowed origin.
NO3 is also an important radical in the chemistry of Earth’s atmosphere. In the planetary boundary
layer, it is the primary oxidant at night, when it is responsible for the initial decomposition of
unsaturated Volatile Organic Compounds (VOCs). The kinetics and mechanisms of VOC oxidation by
NO3 remain poorly understood. For alkenes, the initial step is believed to be addition to the double
bond followed by rapid reaction with O2 to form a peroxy radical (schematically):
NO3 + C=C → O2NO-C—C·
O2NO-C—C· + O2 → O2NO-C—C-O2·
1
We report the spectroscopic detection of an intermediate nitro-oxy-alkyl peroxy radical 1, using the
reaction of NO3 with 2-butene as a prototype for this class of reactions. We obtain the A ← X
spectrum at 1.3 µ by Near-IR CRDS and compare the spectra to predictions from preliminary ab initio
calculations.
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Atmospheric free radicals: Instigators of chemistry that
impacts climate and air quality.
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Earth’s atmosphere is an oxidizing medium. The oxidation of species entering the atmosphere is
mostly initiated by free radicals rather than via reactions between stable chemicals. The free radicals
determine the lifetimes of many key chemicals that influence climate and the production of species that
influence climate and air quality.
The recognized pathway for the formation of free radicals is the UV and vacuum UV photolysis of
stable molecules. The most important one of those pathways is the UV photolysis of ozone that leads
to the formation of the OH radical. Here, we will emphasize the role of near UV and visible photolysis
as a source of radicals.
Heterogeneous reactions have been identified as a pathway for the conversion of stable species to more
reactive species. Such heterogeneous reactions are now known to be responsible for many major
anthropogenic induced phenomena, e.g., Antarctic ozone hole.
The formation of highly photolabile species (that absorb in the easily accessible near UV and visible
regions) via heterogeneous reactions is a pathway that allows many hitherto unsuspected molecules to
contribute to free radical generation. It appears that heterogeneous reaction followed by photolysis in
the near UV and visible region can be such a path that is important in some regions of the atmosphere.
In this talk, the heterogeneous production of ClNO2 molecule from N2O5 reactions will be described.
Data from the atmosphere [1] as well as laboratory [2] will be presented. In addition, more recent
laboratory data will be presented to confirm the formation of ClNO2. ClNO2 produced by the
heterogeneous reaction absorbs in the near UV and visible regions, and this highly photolabile molecule
becomes a source of Cl atoms, a powerful reactant in the atmosphere. The best conditions for this
heterogeneous reaction will also be discussed.
In addition, certain other molecules either emitted to or produced in the atmosphere can also photolyze
in the near UV. Examples include photolysis of aldehydes. The complex photolytic pathways of one
of the aldehydes will be described.
We will describe experiments carried out at NOAA and discuss atmospheric implications of our
findings.
References:
[1] Osthoff H.D., Roberts J.M., Ravishankara A.R., et al. Nature Geoscience 1, 324-328 (2008)
[2] Roberts J. M., Osthoff H.D., Brown S.S., Ravishankara, A. R. Science 321,1059 (2008)
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Exploring microscopic aspects of hydrogen storage Spectra of M+-H2 complexes
Evan Bieske
School of Chemistry, University of Melbourne, 3010, Australia
In many porous materials currently being considered for molecular hydrogen storage, the H2 molecules
are attached by relatively weak bonds to metal cations [1]. As a first step in understanding the
interaction between molecular hydrogen and metal cations we have spectroscopically probed a series of
M+-H2 and M+-D2 complexes in the gas-phase (M=Li+, Na+, Mg+, B+, Al+, Mn+, Zn+, Cr+) [2]. The
spectra are recorded by exciting the H2 stretch vibrational mode of mass-selected M+-H2 complexes,
while monitoring the M+ photodissociation fragments. As an example, the spectrum of Na+-H2 is
shown below.

Generally, the infrared spectra feature resolved rotational structure, which can be interpreted to give
structural information. The vibrational transtions are shifted to lower frequency compared to the free
H2 molecule, with the magnitude of the red-shift correlating with the dissociation energy of the
complex.
We will discuss periodic trends in the structural and energetic properties of the M+-H2 complexes and
show that for some complexes, for which there is an onset of dissociation at a particular rovibrational
level, an extraordinarily precise estimate for the dissociation energy can be derived. Eventually,
reproducing the spectroscopic data and the experimental dissociation energies determined through
thermochemical measurements by Bowers and coworkers [3], should serve as a critical test for
theoretical descriptions of the M+…H2 interactions.
References:
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HT-1
Photochemistry of HCHO and RONO2 and their
atmospheric implications
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Comprehensive photochemical studies of HCHO and RONO2 have been undertaken to improve
understanding of their atmospheric chemistry. Absolute quantum yields for the photodissociation of
HCHO and RONO2 at troposphericaly relevant wavelengths (300-330nm) have been measured using a
custom-built, ultra violet (UV) absorption and cavity ring down (CRDS) detection spectrometer. HCO
and NO2 radicals were directly monitored by this pump-probe experimental set-up.
Formaldehyde can be photolysed via two major pathways known as the molecular (1) and radical (2)
channels,
HCHO + hν → H2 + CO

(1)

HCHO + hν → HCO + H

(2)

The contribution of HCHO photochemistry to chemical processes such as O3 and HOx (= OH+HO2)
production has made the knowledge of accurate quantum yields for HCO radicals of vital importance
to diminish discrepancies between modelled and in-situ measurements of HOx and O3 mixing ratios.
The alkyl nitrate compounds, RONO2 are important NOx reservoirs and thus have the potential to
impact the spatial distribution of the NOx radical budget,
RONO2 + hν → RO + NO2

(3)

The spectrometer mentioned above has been employed for high resolution (~ 0.0035nm)
measurements of relative HCO quantum yields and HCHO absorption cross sections, σHCHO(λ), in the
~
~
A 1 A2 − X 1 A1 electronic band. PHOFEX (Photofragment Excitation) spectra of HCO illustrated a high
wavelength dependence of the relative quantum yields for the radical channel. Absolute ΦHCO values
were measured using an independent calibration method based on the simultaneous UV photolysis of
HCHO and Cl2.The absolute ΦHCO(λ) determinations and previously measured σHCHO(λ) were used to
scale the extensive set of relative HCO yield measurements and outcomes were incorporated into
models to evaluate atmospheric consequences.[1]
Currently, NO2 yields for different types of RONO2 are being measured over the wavelength range;
305 – 320nm. NO2 yields will show whether ΦNO2 is prone to change with alkyl chain length. The
pressure dependence of ΦNO2 values are also being examined. Finally, the development of a robust
calibration method to put relative NO2 yields on absolute scale will be presented.
Our current work has demonstrated that high resolution spectroscopic techniques are essential to make
an accurate interpretation of the photochemical fate of such molecules.
References:
[1] P. Gorrotxatgi, et al., J. Phys. Chem. A, 48, 12437, 2008
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Beryllium dimer – caught in the act of bonding
Jeremy M. Merritt1, Vladimir E. Bondybey2 and Michael C. Heaven1
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The beryllium dimer is a deceptively simple molecule. Although it has only eight electrons, the bonding
and electronic structure of Be2 poses difficult challenges for ab initio quantum chemical methods. More
than 100 theoretical studies of Be2 have been published, yielding a wide range of predicted bond
energies. In stark contrast, there have been only a handful of experimental studies yielding data against
which these models could be tested. Ultimately, the large uncertainties associated with the analysis of
the available data have prevented a quantitative comparison with theory. In the present study we
resolve this issue through the recording and analysis of spectra that sample all of the bound vibrational
levels of Be2(X). An accurate dissociation energy is reported and the unusual characteristics of the BeBe long-range potential have been elucidated. After more than seventy years of research on this
problem, the experimental data and theoretical models for the dimer are finally reconciled.
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Magnetic and electrostatic trapping of neutral polar
molecules
Steven Hoekstra, Fabian Grätz, Jens Riedel, Gerard Meijer
Fritz-Haber-Institute of the Max-Planck-Society, Faradayweg 4-6, 14195, Berlin, Germany
The experimental techniques to manipulate of the motion of molecules using electrostatic and magnetic
fields have rapidly advanced in the last decade. The ability to completely control all molecular degrees
of freedom has great potential for applications in precision measurements, fundamental tests, novel
collision studies [1] and cold controlled chemistry. Further in the future are interesting applications in
many-body physics and dipolar quantum gases.
Our group works on the deceleration and trapping of radicals like OH and NH that have been
decelerated using the technique of Stark deceleration. Taking a supersonic expansion as starting point, a
Stark decelerator brings the internally cold molecules from their initial velocity of a few hundred m/s
down to about 25 m/s using switched electric fields. This final velocity is sufficiently low that the
molecular packet can be reflected using a final electric or magnetic field [2]. By switching the voltage of
selected electrodes at the moment that the molecules turn around, the molecules can be trapped in a
local electric field minimum. Since the molecules are trapped at the moment that their kinetic energy is
at a minimum, the velocity distribution of the molecules can be described by a temperature that is on
the order of only 5 to 50 mK. Typical densities are 106 to 107 per cm3.
In the last few years we have electrostatically trapped OH and OD, metastable NH [3] and metastable
CO molecules. We have investigated trap loss mechanisms, and found that room-temperature
blackbody radiation is a limiting factor for the trapping time, which is typically a few seconds [4]. If the
molecule is decelerated and trapped in a metastable state that is short-lived compared to the typical
trapping time, the metastable-state lifetime can be accurately obtained from the observed fluorescence
decay [5].
Currenty we are working on increasing the density of the trapped molecules. A promising route
towards this goal is possible using the NH radical. After using the decelerator to stop the NH radicals
in their metastable a1∆ state, the molecules can be optically pumped to the electronic ground state. A
magnetic trap, positioned with its magnetic field minimum where the molecules are stopped, can trap
the produced groundstate molecules. Since the groundstate is decoupled through a spontaneous
emission step from the metastable state, this scheme enables a phase-space increase by accumulating
multiple packets of Stark-declerated molecules [6]. We will present our latest results towards this goal,
using both an electromagnetic trap and a trap made of permanent magnets.
References:
[1] Gilijamse et al, Science 313, 5793 (2006)
[2] Metsälä et al, New J. Phys. 10, 053018 (2008)
[3] Hoekstra et al, Phys. Rev. A 76, 63408 (2007)
[4] Hoekstra et al, Phys. Rev. Lett. 98, 13301 (2008)
[5] Gilijamse et al, J. Chem. Phys. 127, 1102 (2007)
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Crossed-Beam Reactions of Atomic Oxygen with Vinyl
Fluoride
Shih-Huang Lee, Wei-Kan Chen, and Wen-Jian Huang
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101 Hsin-Ann Road, Hsinchu Science Park, Hsinchu 30076, Taiwan
We have conducted the reactions C/N/O + SiH4 [1,2,3] and O + C2H4 [4] in a crossed molecular-beam
apparatus using synchrotron radiation as an ionization source. The success encouraged us to
extensively study the dynamics of reactions of atomic oxygen with vinyl fluoride (C2H3F). A pulsed
high-voltage discharge served to generate oxygen atoms from O2 molecules. We measured time-offlight (TOF) spectra of reaction products at collision energies (Ec) 3.2 and 5.5 kcal/mol using a TOF
mass spectrometer and tunable vacuum-ultraviolet ionization. Four exit channels – C2H2FO + H,
CH2F + HCO, CH2CO + HF, and HFCO + CH2 – were identified at Ec = 5.5 kcal mol-1 but only the
former two product channels were observable at Ec = 3.2 kcal mol-1 due to a weaker atomic beam. The
HCO products arising from the reactions of 3P and 1D oxygen atoms were disentangled at Ec = 3.2 kcal
mol-1 using two atomic oxygen reactants that have almost the same velocity distributions but different
1
D/3P population ratios, 3.5% and 0.17%. Product C2H2FO has a backward preferred angular
distribution whereas product HCO has an angular distribution of fordward-backward peaking and
symmetry. Analogous to the reaction of O + C2H4, the mechanism of T → S intersystem crossing
governs the formation of CH2F + HCO from the reaction O(3P) + C2H3F. Due to dissociative
ionization, product C2H2FO was observed at m/z = 33 with a threshold of 9.6 eV. Product CH2F has
an ionization threshold at 9.0 eV consistent with the reported IP value 9.04 eV. The dynamic threshold
of the C2H2FO product was determined to be Ec = 2.0 kcal mol-1. We computed the lowest singlet and
triplet potential-energy surfaces (PES) of the O(1D and 3P) + C2H3F reactions to characterize the
reaction mechanisms using CCSD(T)/6-311++G(3df,2p)//B3LYP/6-311G(d,p) methods. The
entrance barrier on the triplet PES was computed to be 2.3 kcal mol-1 in good agreement with the
dynamic threshold 2.0 kcal mol-1. We not only reveal the angular and kinetic-energy distributions of
reaction products but also demonstrate the merits of selective photoionization with synchrotron VUV
radiation in investigations of crossed-beam reactions.
References:
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H atom yields from C2H reactions relevant for
combustion, planetary atmospheres and the interstellar
medium
Paul W. Seakins, Tamas Kovacs, Mark A. Blitz, Michael J. Pilling
School Chemistry, University of Leeds, Leeds, LS2 9JT, UK
The reactions of ethynyl radicals, C2H, are relevant for the formation of complex carbon rich
compounds in combustion, planetary atmospheres and the interstellar medium. Reactions with
unsaturated or radical species usually occur with the formation of an intermediate complex which
fragments to products, a prototypical example being the reaction with acetylene leading to the
formation of diacetylene:
C2H + C2H2 → C4H3* → C4H2 + H
Such reactions are thought to be a major route to the formation of long chain polynyes observed in the
interstellar medium. Under higher pressure conditions the potential exists for stabilization of the
intermediate complex. In other systems, for example the reaction with oxygen, many different products
are thermodynamically accessible and a major uncertainty in chemical models is the product
distribution of such reactions. Issues around the determination of product distributions have been
recently reviewed by Seakins [1].
A particular problem with C2H reactions has been the identification of a clean photolytic source of
C2H. Acetylene photolysis at 193 nm is the obvious convenient source, but early studies suggested the
production of significant triplet acetylene complicating the kinetics. More recently Lauter et al. [2]
showed that single photon photolysis at 193 nm leads solely to the production of C2H + H:
C2H2 + hν (193 nm) → C2H + H
Thus this reaction potentially provides a
useful internal calibration for the H atom
products of C2H reactions. Figure 1 shows
a typical H atom temporal profile
following acetylene photolysis showing
prompt photoytic H and subsequent
growth. This prototypical system has
carefully been studied as a function of
pressure and laser power and shown to be
a reliable source of C2H for product
studies. In this paper we apply the
time / µs
technique to the determination of the H
atom yields from the reaction of C2H with
Figure 1 H atom profile following acetylene
C2H4, O2 and NO.
photolysis at 193 nm
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HT-6
Vibronic Coupling Calculations Made Quantitative
John F. Stanton, Takatoshi Ichino
Institute of Theoretical Chemistry, University of Texas at Austin, Austin, TX 78712
The vibronic coupling model introduced by Köppel, Domcke and Cederbaum (KDC) in the seventies
has been extremely successful in the identification and analysis of non-adiabatic effects in spectroscopy
and chemical dynamics. In its most frequent mode of application, known as the “linear vibronic
coupling” (LVC) model, an electronically quasidiabatic basis is used. The nuclear kinetic energy
operator is then assumed to be diagonal, and the potential matrix is based on the assumption that the
diabatic states behave as harmonic oscillators with a coupling that is linear in the coordinates. Such a
model captures the essential qualitative physics for the majority of vibronic coupling problems and has
been used by our group to treat NO3, for example.
If one attempts to achieve quantitative accuracy, the LVC model is not sufficient. While including
quadratic coupling terms in the so-called QVC model has been done long ago, calculations with this
approach are rather more scarce than with the LVC approximation. In addition, the parametrization of
such a model from ab initio calculations is less straightforward than it is for the LVC approach. In
recent work, we have done three things to improve the quantitative accuracy of the KDC treatment:
1. We have introduced the so-called “adiabatic parametrization” in which the adiabatic potential
energy surfaces obtained via diagonalization of the model Hamiltonian coincide (to some order) with
the ab initio surfaces at the position of the final state minima. This is slightly different from the usual practice
where the region of coincidence is chosen to be that of the vertical geometry.
2. An ansatz for quasidiabatic states has been made within the framework of equation-of-motion
coupled cluster theory (EOM-CC). This allows the precise analytical calculation of the vibronic
coupling constants, a vast improvement over fitting procedures based on two-state models. It also
allows the coordinate dependence of the coupling constants to be determined in a straightforward way.
3. The totally symmetric diabatic potentials, which (due to the ansatz above) are coincident with the
adiabatic surfaces, are treated by a quartic Taylor series expansion.
Application of this more sophisticated model to the very simple BNB system is presented; eigenvalues
of the vibronic Hamiltonian are generally within 10-20 cm-1 of experimental level positions. Agreement
for HCO2 and its deuterated isotopologue is even better, and has allowed the complicated SEVI
spectrum of Neumark and co-workers to be unambiguously assigned. Finally, the question “if I did a
full CI calculation in an infinite basis set and calculated the vibrational levels with an exact variational
treatment of the potential surface from the perfect ab initio calculations, how accurate would it be?” is
discussed in the context of strongly coupled molecular systems.
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A-1
The radical channel in acetaldehyde: sudden change in
mechanism from 315 nm to 330 nm
G.A. Amaral, L. Rubio-Lago, A. Arregui, J. Rodríguez and L. Bañares
Depto de Química Fisica 1. Fac Ciencias Químicas. Univ. Complutense. Madrid. 28040. Spain
The photodissociation of acetaldehyde in its radical channel was studied at wavelengths between 315
nm and 330 nm by the velocity-map imaging technique. Upon 1 photon absorption at 315 nm, the
molecule was excited to its first singlet excited state which in turn underwent intersystem crossing to
the first excited triplet state. On the triplet surface the molecule dissociated into CH3 and HCO radicals
with a well characterized exit barrier of 0.25 eV in accordance to previous studies [1]. On the other
hand at larger wavelengths than 320 nm, a sudden change of mechanism was observed. At these
wavelengths there is not enough energy to surpass the exit barrier on the triplet state, thus we assigned
this new mechanism to unimolecular dissociation of CH3CHO after crossing from the first excited
singlet state. In energies smaller but close to the exit barrier height, we could still observe a small
contribution of the triplet mechanism possibly facilitated by parent initial excitation.
References:
[1] H.A. Cruse and T.P. Softley. J. Chem. Phys. 122, 124303. (2005).
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Femtosecond studies of the photodissociation of CH3I via
the B band
G.A. Amaral1, M.E. Corrales1, J. Durá2, G. Gitzinger3, R. de Nalda3, L. Bañares1
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Femtosecond CH3I photodissociation experiments via the B-band were carried out by the velocity map
imaging technique (VMI) by 1 photon excitation (“pump” laser centered at 200 nm) and ion detection
of parent and fragments by multiphotonic ionization with another time-delayed “probe” laser beam.
The initial excitation leaves the parent CH3I molecule in an excited 6s(1 or 2) Rydberg state with several
vibrational modes being excited depending on the exact excitation wavelength [1]. It is well known that
two photodissociation channels are possible both with the formation of ground state CH3: one of them
produces I in its ground state (I 2P3/2) while the second one produces I in a spin orbit excited state (I
2
P1/2). Some controversy has arisen at these wavelengths with some authors claiming that the
photodissociation proceeds entirely via the second channel [2] while others have also detected the first
channel with a quantum yield of up to 0.32 [3].
We were able to detect the formation of ground state CH3 fragments as well as vibrationally excited
CH3 in the ν1 (CH stretch) and ν2 (umbrella) modes. In all cases the dissociation proceeds entirely via
the CH3 + I (2P1/2). Our technique is sensitive to the spatial distribution of the fragments, thus we have
been able to measure the anisotropy parameter for all types of CH3. Depending on the B band
vibrational level reached after excitation, we have been able to detect different anisotropies in the
product signals according to the differences in predissociation lifetimes on the B state. We were able to
measure anisotropy parameters β ranging from -0.8 to 0 in accordance to the excited states lifetimes
that we were also able to measure. Our time resolved experiments have shown that the formation of
ground state CH3 as well as vibrationally excited CH3 occurs within similar values ranging from
subpicosend to picosend times.
References:
[1] A.P. Baronvaski and J.C. Owrutksy. J. Chem. Phys. 108, 3445 (1998).
[2] G.N.A Van Veen, T. Baller, A.E. de Vries. Chem. Phys. 97, 179 (1985).
[3] A. Gilchrist et al. J. Phys. Chem. A. 112, 4531 (2008).
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A-3
The kinetics of the reactions of i-C3H7, s-C4H9 and t-C4H9
radicals with Cl2 at temperatures 200–363 K
Suula Arppe1, Arkke Eskola2, Matti Rissanen1, Raimo Timonen1
1

Laboratory of Physical Chemistry, University of Helsinki, P. O. Box 55 (A.I. Virtasen aukio 1), FIN-00014,
Finland
2
Current address: School of Chemistry, University of Leeds, Leeds LS2 9JT, UK

We have examined the kinetics of the reactions of i-C3H7, s-C4H9 and t-C4H9 with Cl2 under pseudofirst-order conditions. The radicals were produced by photolysis at 193 nm with a pulsed exciplex laser
and the measurements were conducted by photoionization mass spectrometry (PIMS). The apparatus
has been described previously [1]. Appropriate precursors were photolysed to generate the alkyl radicals
homogeneously along the laminar flow reactor with 97 percent helium as a carrier gas. The experiments
were carried out at seven temperatures between 200 K and 363 K.
The decay of the radical concentration was followed with PIMS in the presence and absence of the
reactant. The initial amounts of the radicals were close to 2·1011 cm−3 which is low enough to prevent
second order radical reactions from interfering with the determination of the rate coefficients of the
radical-molecule reactions. From radical decays, we determined the rate coefficients for the reactions.
The results seem to be in good agreement with measurements at higher temperatures. Tyndall et al.
have measured the rate coefficient for the reaction of s-C4H9 with Cl2 at room temperature [2]. For the
other radicals, Timonen et al. have measured the reactions at room temperature and higher up to 498 K
[3]. At higher temperatures, the reactions seem to be temperature-independent, or the dependence is
slightly negative.
In this study, the measured rate coefficients indicated that the studied reactions have negative
temperature dependence at lower temperatures. The reactions are pressure-independent. We detected a
product at a mass number of C4H8 when s-C4H9 reacted with Cl2.
References:
[1] Arkke J. Eskola, Raimo S. Timonen, Phys. Chem. Chem. Phys., 5, 2557 (2003).
[2] G. S. Tyndall, J. J. Orlando, T. J. Wallington, M. Dill, E. W. Kaiser, Int. J. Chem. Kinet., 29, 43-55 (1997)
[3] Raimo S. Timonen, David Gutman, J. Phys. Chem., 90, 2987-2991 (1986)
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A-4
Intermediates Involved in the Oxidation of Nitric Oxide:
Photochemistry of NO·O2 and (NO)2·O2 Complexes in Solid
Ne Matrices
H. Beckers, X. Zeng, H. Willner
FB C – Anorganische Chemie, Bergische Universität Wuppertal, Germany;
The oxidation with molecular oxygen of NO,
2 NO + O2 → 2 NO2 ,

(1)

provided the earliest known, and perhaps the most frequently cited example of a trimolecular reaction
[1]. However, despite the considerable efforts that have been undertaken to investigate this reaction
experimentally, its mechanism remained unclear. This reaction is difficult to explore experimentally, due
to a facile interconversion of different low-energy isomers of N2O4 and the formation of N2O3.
Furthermore, the early proposed concerted mechanism was questioned in later studies [2,3], and a
variety of possible multi-step reactions have been considered instead, involving reactive intermediates
such as peroxo nitrite ONOO, a weakly bound NO·O2 complex, or the (NO)2·dimer. Contrary to
previous experimental studies the existence of a peroxo type ONOO intermediate was, however, ruled
out by a recent high level ab initio study [4].
We investigated the reaction of NO and (NO)2 with molecular oxygen as well as the photochemistry of
NO·O2 and (NO)2·O2 complexes isolated in solid neon matrices at 6 K. The weakly bound NO·O2
complex was unambiguously characterized by its UV charge transfer transition and its IR spectrum. It
was formed during the deposition of NO/O2/Ne mixtures, and by irradiation of Ne matrix isolated
NO3 radicals with visible light (> 0.52 µm). UV irradiation (0.26 – 0.42 µm) of the NO·O2 complex
yields the NO3 radical [5].
NO·O2

< 420 nm
> 520 nm

NO3

(2)

The reaction of the (NO)2·O2 complex to yield selectively trans-ONONO2 was initiated by irradiation at
6 K with infrared light (1.2 – 25 µm). In experiments using 18O2 two different isotopomers,
18
ONONO(18O) and ON(18O)NO(18O), were formed. The mechanism of this low energy-barrier
reaction will be discussed and supported by ab initio and DFT calculations.
2 (NO)2·18O2 →

18

ONONO(18O) + ON(18O)NO(18O)

References:
[1] H. Gershinowitz and H. Eyring, J. Am. Chem. Soc. 57, 985 (1935).
[2] J. Olbregts, Int. J. Chem. Kinet. 17, 835 (1985).
[3] M. L. McKee, J. Am. Chem. Soc. 117, 1629 (1995).
[4] W. Eisfeld and K. Morokuma, J. Chem Phys. 119, 4682 (2003).
[5] H. Beckers, H. Willner, M. E. Jacox, ChemPhysChem 10, 706 (2009).
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A-5
Atom reaction kinetics to low temperatures:
N + NO, Cl + ethane and propane from 50 ≤ T ≤ 220 K.
Astrid Bergeat, Kevin M. Hickson, Philippe Caubet and Michel Costes
Institut des Sciences Moléculaires, UMR 5255 CNRS / Université Bordeaux 1, 351 cours de la libération, 33405
Talence Cedex, FRANCE
The extrapolations of rate coefficients to temperatures as low as 180 K for atmospheric chemistry or to
10 K for astrochemistry, of reactions which have been studied experimentally at and above 300 K are
often unreliable since many exothermic neutral-neutral reactions exhibit non-Arrhenius behaviour. The
CRESU technique (Cinétique de Réaction en Ecoulement Supersonique Uniforme or Reaction Kinetics
in a Uniform Supersonic Flow) is the only one to date which allows us to obtain absolute rate
coefficient data to low temperatures [1]. Until now this technique has been coupled with pulsed laser
photolysis-pulsed laser induced fluorescence for production and detection of reactive species, with the
possibility of detection by chemiluminescence. The new modifications of our CRESU apparatus [2] to
study atom + molecule or radical reactions will be presented: we have incorporated a microwave
discharge source for the production of atomic species and a VUV lamp/monochromator system, an
extremely versatile method for the detection of a wide range of atomic species.
Our first study was on the radical-radical reaction N + NO, a key reaction in the formation of N2 in
the interstellar medium (ISM) and in the destruction of NO. However, the reaction has never been
studied at temperatures pertinent for the ISM. We will present the results of our measurements over
the range 48 – 211 K: this reaction exhibits a small negative temperature dependence which diverges
from the expressions used in the astrochemistry databases UMIST-06 and OSU-08.
The Cl + ethane reaction is an important process in the marine boundary layer where both ethane and
atomic chlorine have been detected at elevated levels and can also play a small role in the stratosphere
as demonstrated by aircraft measurements campaigns. This reaction has been well studied over the
temperature range 177 K ≤ T ≤ 1400 K [3] and its temperature dependence has been found to be best
described by a conventional linear Arrhenius expression with a very small activation barrier of the
order of 70 K [3]. We present the results of our recent measurements of this reaction over the
temperature range 48 K ≤ T ≤ 170 K and discuss our findings in combination with earlier kinetic
studies, to refine the temperature dependence of this reaction.
Because of its importance in atmospheric chemistry too, we present rate coefficient measurements for
the Cl + propane reaction. This reaction has been found to be temperature independent over the
range 298-1400 K [3], in contrast to the ethane reaction. This allows us to present a complete picture of
the kinetics of this reaction down to 50 K.
References:
[1] C. Berteloite, S.D. Le Picard, P. Birza, M.-C. Gazeau, A. Canosa, Y. Bénilan, I.R. Sims, Icarus, 194, 746
(2008).
[2] N. Daugey, P. Caubet, A. Bergeat, M. Costes, K.M. Hickson, Phys. Chem. Chem. Phys., 10, 729 (2008).
[3] S. P. Sander, B. J. Finlayson-Pitts, R. R. Friedl, D. M. Golden, R. E. Huie, H. Keller-Rudek, C. E. Kolb, M. J.
Kurylo, M. J. Molina, G. K. Moortgat, V. L. Orkin, A. R. Ravishankara and P. H. Wine, JPL Publication 06-2,
Pasadena (2006).
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A-6
Thermal Decomposition of NCN: Shock-Tube Study and
Master-Equation Modeling
Anna Busch, Núria González-García, Matthias Olzmann
Institut für Physikalische Chemie, Universität Karlsruhe (TH) and Karlsruher Institut für
Technologie(KIT), Karlsruhe, Germany
The emission of NOx from combustion processes is of general environmental concern. Whereas the
mechanism and kinetics of NO formation under fuel-lean conditions is well known (so called thermal
NO, Zeldovich mechanism [1, 2]), NO formation under fuel-rich conditions (prompt NO, Fenimore
mechanism [1, 3]) is much less well characterized. Within the Fenimore mechanism, the reaction CH +
N2 → NCN + H was recently shown to be the major initial step [4, 5], and consequently, NCN is an
important intermediate in the formation of prompt NO [6]. But kinetic data of NCN reactions are
scarce [7].
In our contribution, we report on the first experimental study of the thermal decomposition of NCN
together with a theoretical analysis. The experiments were performed behind reflected shock waves in
the temperature range 1800–2950 K at pressures around 1.4 and 4.1 bar [8]. NCN was generated by the
thermal decomposition of cyanogen azide (NCN3) in Ar as a bath gas. Concentration-time profiles of N
and C atoms were monitored by atomic resonance absorption spectroscopy, and the reaction was
found to essentially proceed via NCN + M → C + N2 + M, which is in agreement with theoretical
predictions [9]; the channel leading to CN + N + M is less important. The rate coefficient determined
for the main reaction channel exhibits a positive temperature dependence and a significant pressure
dependence. It has been analyzed in terms of a master equation with molecular and energetic
parameters from quantum chemical calculations. A complication arises from the necessary
incorporation of a singlet-triplet crossing. Whereas NCN from NCN3 is likely to be produced in the
singlet state, the carbon atoms produced are detected in their 3PJ manifold, indicating a fast singlettriplet crossing. A parameterization for the use in combustion modeling is given, and consequences of
the non-adiabatic effects are discussed.
References:
[1] I. Glassman, Combustion, 3rd ed., Academic Press, San Diego 1996.
[2] Y. B. Zeldovich, Acta Physicochim. USSR 21, 577 (1946).
[3] C. P. Fenimore, Proc. Combust. Inst. 13, 373 (1971).
[4] L. V. Moskaleva, M. C. Lin, Proc. Combust. Inst. 28, 2392 (2000).
[5] V. Vasudevan, R. K. Hanson, C. T. Bowman, D. M. Golden, D. F. Davidson, J. Phys. Chem. A 111, 11818
(2007).
[6] J. A. Sutton, B. A. Williams, J. W. Fleming, Combust. Flame 153, 465 (2008).
[7] P. Dagaut, P. Glarborg, M. U. Alzueta, Prog. Energy Combust. Sci. 34, 1 (2008).
[8] A. Busch, M. Olzmann, Proc. European Combust. Meeting, Vienna 2009, Paper P810138.
[9] L. V. Moskaleva, M. C. Lin, J. Phys. Chem. A 105, 4156 (2001).
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Quantum Monte Carlo study and statistical analysis of
C3H3 photodissociation at 248 and 193 nm
Luca Castiglioni, Sinisa Vukovic, Paul E. Crider, Daniel M. Neumark
Department of Chemistry, University of California, Berkeley CA 94720, USA and
Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
Small hydrocarbon radicals play a crucial role in combustion and atmospheric and interstellar chemistry.
Propargyl (H2CCCH), the lowest energy isomer of all C3H3 radicals, has received most attention. It is
resonance stabilized and believed to accumulate in hydrocarbon flames. Furthermore, two propargyl
radicals can form benzene and subsequent reactions with the benzene ring lead to polycyclic aromatic
hydrocarbons (PAH) and ultimately soot. Numerous experiments on the photodissociation dynamics
of propargyl have been conducted and H loss was found to be the most important channel.1,2 We
recently investigated the photodissociation dynamics of both propargyl and the energetically higher
lying propnynyl (H3CCC) radical using fast beam photofragment translational spectroscopy.3 While this
constitutes the first photodissociation study of propynyl at all, numerous new fragmentation channels
besides H loss could have been characterized, namely H2 loss, CH+C2H2 and C3H+C2. Since both
radicals can isomerize into each other and multiple intermediates and transition states can lead to the
same dissociation products, additional information from ab initio calculations supports unambiguous
assignment of all dissociation channels as successively demonstrated in case of other C3 hydrocarbon
radicals.4 In this study, we use a combined approach of high-level ab initio and Quantum Monte Carlo
calculations and statistical simulations to map out all the possible reaction pathways and assign the
corresponding reaction products.
References:
[1] H. J. Deyerl, I. Fischer, P. Chen. J. Chem. Phys. 111, 3441 (1999)
[2] S. J. Goncher, D. T. Moore, N. E. Sveum, D. M. Neumark, J. Chem. Phys. 128, 114303 (2008)
[3] P. E. Crider, L. Castiglioni, K. E. Kautzmann, D. M. Neumark, J. Chem. Phys. 130, 044310 (2009)
[4] L. Castiglioni, A. Bach, P. Chen, Phys. Chem. Chem. Phys. 8, 2591 (2006)
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Spectroscopic Study of the 266 nm Multiphoton
Photodissociation of Halomethanes (CHBrCl2, CHBr2Cl,
CHBr3, and CH2Br2)
Kuang-Yi Hou, Shi-Xing Yang, Jian-Hung Dai, and Bor-Chen Chang*
Department of Chemistry, National Central University, Jhong-Li 32001, Taiwan
The photolysis at near ultraviolet wavelengths of halomethanes represents an importance source to the
stratospheric ozone depletion, but the multiphoton photodissociation mechanisms of brominated
halomethanes (bromomethanes) still remain unclear. Nascent emission spectra and laser-induced
dispersed fluorescence spectra of products or reaction intermediates in the 266 nm laser photolysis
reactions of bromomethanes (CHBrCl2, CHBr2Cl, CHBr3, and CH2Br2) were successfully recorded in a
slow flow cell. Several electronically excited species including CH (A2∆, B2Σ–, and C2Σ+), C2 (d3Πg), and
atomic Br (4Do and 4Po) were observed in the nascent emission spectra, while the dispersed fluorescence
spectroscopy following laser excitation was adopted to probe the ground-state species. Free radicals
such CHCl and CHBr were successfully found using the laser-induced dispersed fluorescence
spectroscopy. Interestingly, CHBr was seen only in the 266 nm photolysis of CHBr3, but not in that of
CH2Br2. Furthermore, when the precursor is CHBr2Cl or CHBrCl2, only CHCl was discerned. More
experiments including the concentration dependence and the power dependence were also conducted.
Based upon our results and other related studies, [1,2,3] the multiphoton photodissociation mechanisms
of these bromomethanes at 266 nm can be unraveled and our recent progress will be presented.
References:
[1] W.-L. Liu, B.-C. Chang, J. Chin. Chem. Soc. 48, 613 (2001).
[2] V. Chikan, F. Fournier, S. R. Leone, B. Nizamov, J. Phys. Chem. A 110, 2850 (2006) and references therein.
[3] P.-Y. Wei, Y.-P. Chang, Y.-S. Lee, W.-B. Lee, K.-C. Lin, K. T. Chen, A. H. H. Chang, J. Chem. Phys. 126,
034311 (2007) and references therein.
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Photodissociation of the propargyl and propynyl (C3D3)
radicals at 248 and 193 nm
Paul E. Crider, Luca Castiglioni, Kathryn E. Kautzman, and Daniel M. Neumark
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Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
Results are presented from a recent article [1] by the presenters. The photodissociation of perdeuterated
propargyl (D2CCCD) and propynyl (D3CCC) radicals was investigated using fast beam photofragment
translational spectroscopy. Radicals were produced from their respective anions by photodetachment at
540 and 450 nm (below and above the electron affinity of propynyl). The radicals were then
photodissociated at 248 or 193 nm. The recoiling photofragments were detected in coincidence with a
time- and position-sensitive detector. Three channels were observed: D2 loss, CD+C2D2, and CD3+C2.
Observation of the D loss channel was incompatible with this experiment and was not attempted. Our
translational energy distributions for D2 loss peaked at nonzero translational energy, consistent with
ground state dissociation over small (<1 eV) exit barriers with respect to separated products.
Translational energy distributions for the two heavy channels peaked near zero kinetic energy,
indicating dissociation on the ground state in the absence of exit barriers.
References:
[1] Paul E. Crider, Luca Castiglioni, Kathryn E. Kautzman, and Daniel M. Neumark, J. Chem. Phys. 130, 044310
(2009).
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Cyanogen Azide as a High Temperature NCN Radical
Source
Johannes Dammeier, Gernot Friedrichs
Institut für Physikalische Chemie der Christian-Albrechts-Universität zu Kiel
Olshausenstraße 40, 24098 Kiel, Germany
Recently, it was experimentally proven that nitrogen oxide (NOx) production via the important Fenimore
mechanism includes a long-time ignored pathway involving NCN radicals. The initial step of the
Fenimore mechanism is the reaction of small hydrocarbon radicals with atmospheric nitrogen, e.g.,
CH + N2

→ HCN2

(1a)

→ HCN + N (1b)
→ NCN + H (1c)

Whereas at room temperature reaction (1a) is the dominant pathway, at high temperatures it has been
assumed that the spin-forbidden reaction (1b) yields HCN, which is further oxidized to NOx. However,
first indications for the spin-allowed reaction (1c) as the main product channel were found in
theoretical studies [1]. Experimental evidence for NCN as a direct product of reaction (1) was provided
by flame diagnostics [2] and high-pressure shock tube studies [3]. Therefore, the chemistry of the NCN
radical has been brought into focus of high temperature reaction kinetics.
Studies on bimolecular NCN reactions such as NCN + O2, NO, and NO2 have to rely on a clean
source of NCN radicals. Whereas at low temperatures the generation of NCN radicals has to rely on
the photolysis of cyanogen azide (NCN3), at high temperatures, the thermal decomposition of NCN3
holds the potential for quantitative NCN + N2 formation.
In this study, the unimolecular decomposition of NCN3 has been measured behind shock waves at
temperatures of 700 K < T < 1500 K and pressures of 100 mbar < p < 900 mbar. NCN was detected
by a narrow-bandwidth time-resolved laser absorption technique at a wavelength of λ = 329.13 nm.
Long lifetimes of the generated NCN radicals have been observed showing that NCN3 is a suitable
high temperature NCN source. Unimolecular rate constants were obtained by simple first-order
analysis of the NCN concentration-time profiles as well as from quantum chemical G3 and statistical
RRKM calculations. Master equation modeling of the pressure and temperature dependence of the
unimolecular reaction rate indicates the involvement of a spin-forbidden NCN formation pathway.
References:
[1] L.V. Moskaleva and M.C. Lin, Proc. Combust. Inst. 28 (2000) 2393.
[2] G. P. Smith, Chem. Phys. Lett. 367 (2003) 541.
[3] V. Vasudevan, R.K. Hanson, C.T. Bowman, D.M. Golden, D.F. Davidson, J. Phys. Chem A 111 (2007) 11818.
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The Atmospheric Chemistry of Hydroxymethyl
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In recent decades there has been a steady increase in the concentration levels of hydroxymethyl
hydroperoxide, HMHP, which is believed to result from the gas-phase ozonolysis of isoprene and other
terpenes, which are emitted into the atmosphere at rates of 108 – 109 tonnes per year globally. HMHP
has been detected and measured in rural, forested and urban areas under polluted conditions. The
atmospheric lifetime as well as the atmospheric chemical fate of HMHP is not well understood. This
information is essential to determining the impact of HMHP on air quality. Two major sinks for
removal of HMHP is photolysis and reaction with OH radicals. These processes also influence the
lifetime as well as the transport of HMHP to active urban photochemistry to more remote
environments. Results from high-level ab initio computational chemical studies examining the
atmospheric fate of HMHP will be presented. The calculated absoprtion spectrum and the products
from the photodissociation will be presented. The atmospheric oxidation of HMHP, following H
abstration by OH radicals, is studied in detail. A particularly important finding is that the most efficient
degradation route is a catalytic decomposition of HMHP producing formic acid and water by which the
OH concentration remains unaffected.
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Thermal Decomposition of Furan Generates Propargyl
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The thermal decomposition of furan has been studied by a 1 mm x 2 cm tubular silicon carbide reactor:
C4H4O + ∆ → products. Unlike previous studies, these experiments are able to identify the initial furan
decomposition products. Furan is entrained in either He or Ar carrier gas and passed through a heated
(1600 K) SiC tubular reactor. Furan decomposes during transit through the tubular reactor
(approximately 65 µsec) and exits to a vacuum chamber. Within 1 nozzle diameter of leaving the
nozzle, the gases cool to less than 50 K and all reactions cease. The resultant molecular beam is
interrogated by photoionization mass spectroscopy as well as infrared spectroscopy. G2(MP2)
electronic structure calculations predicted that furan will thermally decompose to acetylene, ketene,
carbon monoxide, and propyne at lower temperatures. At higher temperatures, these calculations
forecast that propargyl radical could result. We observe all of these species:

O
HC

CH

CO + CH3C≡
≡CH

∆

CH2=C=O + HC≡
≡CH
HC

CH

65 µsec
CH2CCH

As the pressure in the tubular reactor is raised, the photoionization mass spectra show clear evidence
for the formation of polycyclic aromatic hydrocarbons (PAHs). [1]
References:
[1] AnGayle Vasiliou, Mark R. Nimlos, John W. Daily, and G. Barney Ellison, “Thermal Decomposition of Furan
Generates Propargyl Radicals”, J. Phys. Chem. A (submitted, April 2009).
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ANALYSIS OF OH PRODUCTION IN THE REACTION OF
CH3OCH2 WITH O2
A. J. Eskola, B. Wang, S. A. Carr, M. A. Blitz, M. J. Pilling and P. W. Seakins
School of Chemistry, University of Leeds, UK
Interest in low-temperature combustion chemistry has recently increased because of the development
of high efficiency and low emission engines that depend on chemical kinetics to control ignition. For
example, autoignition is highly sensitive on the chemistry of R+O2 reactions, which have been subject
to several recent experimental and theoretical investigations. Their formation and decomposition is a
complex chemical process, involving the formation of a ro-vibrationally excited peroxy radical (RO2)*
that can be collisionally relaxed to RO2 or decompose to bi-molecular products. A schematic potential
energy surface for the CH3OCH2 + O2 system is shown below
R + O2

RO2*

QOOH*

CH3OCH2 + O2 + (M) → CH3COCH2O2 + (M) (R1a)

TS2

TS1

OH or HO2
+
co-products

→

OH + 2H2CO

(R1b)

→

Other products

(R1c)

QOOH
ROO˙

The formation of thermalised RO2 is thought to lead to a hydroperoxyalkyl radical, QOOH, which can
react with O2 leading to chain branching. Conversely, at high temperatures and low pressures the
chemically activated channels, via excited RO2* and QOOH* intermediates, dominate, preventing the
chain branching mechanism.
In this study, we investigate the reaction of methyl methoxy radical, R1, which is important in
dimethylether (DME) oxidation. The isomerisation proceeds via 1,6 H-atom transfer of methoxy
methyl peroxy radical CH3OCH2OO to form OH and formaldehyde (R1b). This efficient route to OH
is thought to be important in the autoignition properties of DME, and also faciltates OH detection at
low initial radical concentrations.
Rate coefficients and OH yields (Φ) were obtained directly using laser induced fluorescence detection
(LIF) of OH at low temperatures (298 K – 450 K) and intermediate pressures (5 – 250 Torr), where
thermal decomposition of the peroxy radical was slow. Both OH and Cl initiated oxidation of DME
was used to form the methoxy methyl radical. For OH initiation, Φ was obtained from the change in
OH loss rate with and without excess O2. For Cl initiation, Φ was obtained from a Stern-Volmer
analysis of the OH signal with pressure. Extrapolating the results to zero pressure gives an OH yield
close to unity. The results enabled a full master equation analysis to be carried out.
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Recently, our group has discovered a new and unusual class of antioxidants, where the actual
antioxidant is, paradoxically, a carbon-centered radical [1]. The radical precursors are dimer molecules
that, upon heating, dissociate to form two persistent carbon-centered free radicals, unreactive towards
oxygen. These radicals act as chain-breaking antioxidants by rapidly reacting with peroxyl radicals that
participate in propagation of autoxidation chain reactions.
Properties of these molecules are currently being studied. Particularly, the
solvent-dependence on antioxidant activity of the HP-136 dimer has been
assessed. In contrast to the common phenolic antioxidants that exhibit
strong solvent dependence due to hydrogen bonding [2], the HP-136 radical
does not hydrogen bond, and is thus expected to demonstrate less of the
solvent effect by sustaining antioxidant activity in polar, H-bonding solvents
to a greater extent.

O
O
2
HP-136 dimer

This hydrogen-bonding dependence was tested by measuring antioxidant activities of HP-136 dimer in
a range of solvents, by the Inhibited Oxygen Uptake (IOU) method [3]. Solvents were chosen
according to their hydrogen bond basicity properties, described by the Abraham factor scale, β2H [4].
The higher the β2H, the greater the H-bond acceptor properties of the solvent, and, usually, the more
polar the solvent is. As predicted, the HP-136 dimer was found to show less solvent effect on
antioxidant activity than a representative phenolic antioxidant.
The IOU method is also currently being adapted for kinetic studies of nanoparticle oxidations and
applications.
References:
[1] Mathieu Frenette, Patricia D. MacLean, Ross C. Barclay, and Juan C. Scaiano, J. Am. Chem. Soc. 128, 16432
(2006).
[2] Howard, J. A. and Keith U. Ingold, Can. J. Chem. 42, 1044 (1964).
[3] Ross C. Barclay, Can. J. Chem. 71, 1 (1993).
[4] Michael H. Abraham, Priscilla L. Grellier, David V. Prior, Jeffrey J. Morris and Peter J. Taylor, J. Chem. Soc.
Perkin Trans 2, 521 (1990).
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Femtosecond-Dynamics of reactive species: Benzyl-radical
and propadienylidene
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We present a recent study on the excited-state deactivation of two reactive species, benzyl radical and
propadienylidene, l-C3H2. Femtosecond time-resolved photoionization was applied, using pumpwavelengths between 305 nm and 298 nm for benzyl and 250 nm for propadienylidene. Multiphoton
ionization with the 800 nm fundamental was employed as the probe. Benzyl was generated by flash
pyrolysis from toluene and 1-nitro-2-phenylethane, Ph-(CH2)2ONO. The spectra of the C 2A2 state
showed two time constants, a fast one between 150 fs and 500 fs, and a second slower one on the psscale. As expected the lifetime decreases with increasing excitation energy. Most likely the time
constants can be assigned to a multistep excited-state deactivation.
Propadienylidene was generated from IC3H2Br. The C 2A1 state deactivates within 70 fs. A residual
signal at long delay times indicates a multistep process [1]. Further photochemistry then occurs from
the electronic ground state.
References:
[1] Markus Margraf, Bastian Noller, Christian Schröter, Thomas Schultz, Ingo Fischer, Phys. Chem. Chem. Phys.
2009, DOI:10.1039/B901765H.
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Photoionization of three isomers of C9H7 using
Synchrotron Radiation
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Photoionization is an excellent means to detect reactive species in complex environments in an isomerselective way [1]. However, for many intermediates the ionization energies (IE) are poorly known. In
the 29th symposium on free radicals, electronic spectra of the phenylpropargyl radical were presented by
S. Kable and coworkers [2]. Although the species is assumed to be an important intermediate in the
formation of soot, it has not been observed before and its IE is unknown.
At least three stable isomers of the composition C9H7 exist and the question arises whether they can be
distinguished by their IE. We therefore studied the photoionization of the three isomers, 1phenylpropargyl (1-PP), 3-phenylpropargyl (3-PP) and indenyl using threshold photoelectron
spectroscopy and synchrotron radiation as the photon source. The spectra were recorded at the VUVbeamline of the Swiss Light Source.
The spectrum of indenyl is dominated by a single band, indicating a small geometry change upon
ionization. The IE was determined to be 7.55 eV. In contrast earlier mass spectrometric work reported
IE= 8.35 eV, possibly due to observation of an excited ionic state. For 1-PP and 3-PP we observed a
rather similar IE of around 7.2-7.3 eV. Although an electron is ejected from a non-bonding orbital,
there seems to be some geometry change upon ionization. While indenyl can be distinguished from 1PP and 3-PP by its IE, the other two isomers can most likely not be discriminated by photoionization.
References:
[1] Craig A. Taatjes, Nils Hansen, David L. Osborn, Katharina Kohse-Höinghaus, Terry A. Cool, Phillip R.
Westmoreland, Phys. Chem. Chem. Phys. 10, 20 (2008).
[2] Neil J. Reilly, Damian L. Kokkin, Masakatzu Nakajima, Klaas Nauta, Scott H. Kable, Timothy W. Schmidt, J.
Am. Chem. Soc. 130, 3137 (2008).
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HO2 yields in the OH initiated oxidation of SO2 in the
presence of O2 as a function of H2O concentration
Christa Fittschen, Chaithanya Jain, Alex Parker, Coralie Schoemaecker
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University of Lille, 59655 Villeneuve d’Ascq, France
New aerosol particles in the atmosphere have been the subject of intense studies in the field and in the
laboratory for many years. However, the formation mechanisms and the participating substances have
not yet been fully understood. Large discrepancies between model-predicted nucleation rates for the
favoured binary system H2SO4-H2O and much higher atmospheric nucleation data have been explained
by various supportive additional participants such as ammonia [1]. However, nucleation events in the
lower troposphere were found to be closely connected to the appearance of H2SO4 for concentrations
of 107 molecule cm−3 and below measured at various sites [2]. Recent studies have shown that the
oxidation products of SO2 by OH radicals are much more effective for the process of particle
formation and growth than H2SO4 vapor [3]. It has therefore been suggested that oxidation products
other than H2SO4 trigger the particle formation.
The commonly accepted oxidation mechanism of SO2 under atmospheric condition includes the
following reactions:
SO2 + OH → HSO3

(1)

HSO3 + O2 → SO3 + HO2

(2)

SO3 + 2H2O → H2SO4 + H2O

(3)

It has been recently suggested [4] that other reactions could take place e.g. the formation of free HSO5
radicals in competition with H2SO4 formation.
In order to test this hypothesis we have directly measured the HO2 yield in the oxidation reaction of
SO2: OH radicals were generated by 248nm photolysis of O3 in the presence of CH4, H2O has been
added in various concentrations. The OH radical concentration was followed by high repetition rate
LIF, while the absolute HO2 radical concentration has been measured simultaneously by cw-CRDS in
the near IR.
In order to obtain absolute values for the HO2 yield we have photolysed H2O2 under the same
conditions (pressure as well as O2 and H2O concentration): OH and HO2 profiles are then fitted to the
well-known mechanism [5], leading directly to a correlation between the absolute HO2 signal and the
relative LIF intensity. This correlation factor can than be used to obtain absolute HO2 yields in the
oxidation of SO2. The results will be presented at the conference.
References:
[1] M. Kulmala, U. Pirjola et.al. Nature 404, 66 (2000)
[2] R.J. Weber, P.H. McMurry et.al., Geophysical Research Letters 26, 307 (1999)
[3] T. Berndt, F. Stratmann et.al. Atmos. Chem. Phys. 8, 6365 (2008).
[4] A. Laaksonen, M. Kulmala et.al. Atmos. Chem. Phys. 8, 7255 (2008)
[5] J. Thiebaud, A. Aluculesei, A. et.al.,The Journal of Chemical Physics 126, 186101 (2007)
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Free Radical Identification from the Pyrolysis of
Hydroquinone, Catechol and Phenol by Matrix Isolation
EPR
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The formation of radicals from the gas-phase pyrolysis and oxidation of hydroquinone (HQ), catechol
(CT) and phenol between 500 and 1000 oC was studied using the technique of Low Temperature
Matrix Isolation-Electron Paramagnetic Resonance (LTMI-EPR). Each reactant was transported
through the reactor using carbon dioxide carrier gas at atmospheric pressure. Reaction products were
continuously sampled onto a cold finger through a silica probe at low pressure (ca. 0.1 torr) and a micro
diameter orifice (~ 100 um). For radical measurements, the reactor effluent was frozen on the cold
finger at 77 K using liquid nitrogen.
The initial Electron Paramagnetic Resonance (EPR) spectra were complex, indicating the presence of
multiple radicals. Using matrix annealing and microwave power saturation techniques, phenoxyl,
cyclopentadienyl, and peroxyl radicals were identifiable.
Annealed spectra of products generated above 750 oC resulted in the generation of EPR spectra with 6
lines, hyperfine splitting constant 6.0 G, g = 2.0043 and peak-to-peak width ~ 3 G that was readily
assignable, based on the literature and theoretical calculations as that of cyclopentadienyl radical.
In contrast to spectra obtained above 750 oC, at lower temperatures the spectra were more complex
indicating the presence of multiple radicals. Based on previous data [1] it is likely that a mixture of
cyclopentadienyl radicals, phenoxyl radicals and traces of secondary/unknown radicals were produced
by hydrogen addition to unsaturated molecules. Conclusive identifications of phenoxy radicals were
based on comparison to spectra produced from pyrolysis or photolysis of known phenoxyl precursors.
References:
[1] Khachatryan, L., Adounkpe, J., and Dellinger, J.Phys. Chem., A 2008, 112, 481
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Competing reactions in the atmospheric SO2 oxidation: are
there new pathways for atmospheric nucleation?
Núria González-García, Matthias Olzmann
Institut für Physikalische Chemie, Universität Karlsruhe (TH) und Karlsruher Institut für
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In In the atmosphere, sulfur dioxide is converted into sulfuric acid, which is an important precursor for
aerosols due to its nucleation potential. Along the homogeneous oxidation pathway, different radical
species are formed [1]:
SO2 + OH + M → HOSO2 + M (1)
HOSO2 + O2 ↔ HOSO4 → SO3 + HO2 (2)
SO3 + 2 H2O + M → H2SO4 + H2O +M (3)
Recent laboratory investigations [2–4] indicate that some of these radicals, by reaction with water, may
initialize additional atmospheric nucleation pathways bypassing H2SO4. In our contribution, we present
a theoretical study on the decomposition kinetics of the chemically activated HOSO4 radical and the
competing formation of the monohydrated HOSO4 · H2O adduct under atmospheric conditions.
We performed high-level quantum chemical calculations to determine the thermochemical parameters
of reactions (1) and (2) [5, 6] and used these data for a detailed characterization of reaction (2) in terms
of a chemical activation master equation. We calculated energy and angular momentum specific rate
coefficients, using the Statistical Adiabatic Channel Model and predicted pressure-dependent and
temperature-dependent relative yields. A bimolecular sink term for the HOSO4 + H2O reaction in our
master equation adequately accounts for the loss of HOSO4. We also examine the relation between
thermal and chemical activation in these reaction system.
The results show that the lifetime of the HOSO4 radical under atmospheric conditions is too short for
a bimolecular reaction with water to become important. The relative branching fraction of the HOSO4
+ H2O channel is always below 1 %. In view of these results, additional nucleation pathways initiated
by the HOSO4 + H2O reaction can be ruled out.
References:
[1] B. J. Finlayson-Pitts, J. N. Pitts, Jr., Chemistry of the Upper and Lower Atmosphere, Academic
Press, San Diego 2000.
[2] T. Berndt, O. Böge, F. Stratmann, J. Heintzenberg, M. Kulmala, Science 307, 698 (2005).
[3] T. Berndt et al., Atmos. Chem. Phys. 8, 6365 (2008).
[4] A. Laaksonen et al., Atmos. Chem. Phys. 8, 7255 (2008).
[5] W. Klopper, D. Tew, N. González-García, M. Olzmann, J. Chem. Phys. 129, 114308 (2008).
[6] N. González-García, W. Klopper, M. Olzmann, Chem. Phys. Lett. 470, 59 (2009).
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The Fate of Collisionally Quenched NO A2Σ+ (ν) & OH A2Σ+ (ν)
Sarah Gowrie, Julian Few, Graham Richmond and Gus Hancock
Physical and Theoretical Chemistry Laboratory, University of Oxford, South Parks Road, OX1 3QZ
This work focuses on the fate of the electronic energy liberated in collisional electronic energy transfer.
Specifically, upon the populations of vibrationally excited NO and OH X 2Π produced by quenching of
the A 2Σ+ states. Time-resolved Fourier transform infrared emission spectroscopy has been employed
to observe the products of the electronic quenching of these species by a variety of collision partners.
For NO these have included N2O, Xe, SF6, CO and CO2. The nascent vibrational energy distributions
of NO (X 2Π, v) formed by quenching with the above partners have been determined from overtone
and fundamental NO emission. The overtone emission from NO (X , v) produced when Xe is a
quencher is shown in the Figure below. In this case, NO (X) is populated up to v = 19 by collisional
quenching, which represents ~70% of the available energy. Furthermore, the different collision
partners represent very different systems; Xe can only accommodate energy from excited NO (A) in
the form of translation, CO, N2O, CO2 and SF6 can uptake the energy into their vibrational modes,
while for CO2 and SF6, there is also the possibility of reactive removal. With CO2 and N2O, we have
seen marked differences in the quenching processes – a significant amount of energy being transferred
into the vibrational modes of CO2, NO (X) and into reaction to form CO with the CO2 system,
whereas with the N2O system, we see little energy partitioned into the N2O and NO (X, v) vibrational
modes, and also a threshold effect in the NO (X, v) distribution where N2O dissociates.
(3,1)
(15,13)
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NO (∆v’ = -2) emission spectrum at 10 µs following
226 nm irradiation of 50 mTorr of NO(X) in the
presence of 120 Torr of Xe (ΦXe = 0.5, solid). Also
shown is self-quenching by NO, which has a Franck
Condon distribution (ΦNO = 0.1, dashed). Selected
band origins are shown.
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OH A 2Σ+ represents a very different system to NO A 2Σ+ since the Franck Condon emission is
dominated by 0  0 transitions. Our preliminary results are very exciting and indicate that with HNO3
as a quencher, OH X 2Π (ν) is populated up to ν = 4, accounting for some 41% of the available energy.
When Ar is not present to rotationally thermalise the OH, the distribution is rotationally hot and
appears non-statistical, which is consistent with the work by Lester et al. on quenching of OH (A, ν = 0)
by N2 and H2. [1, 2] As well as quenching by HNO3, further results on quenching by O2 will be
presented.
References:
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Helicobacter pylori infected patients by cavity ring down
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Certain medical conditions give rise to the presence of compounds in the bloodstream. These
compounds – biomarkers – are also present in low concentrations in human breath. Cavity ring down
spectroscopy (CRDS) possesses the requisite selectivity and sensitivity to detect biomarkers in the
congested spectrum of a breath sample. The ulcer-causing bacterium, Helicobacter pylori, is a prolific
producer of the enzyme urease, which catalyses the breakdown of urea ((NH2)2CO) in the stomach as
follows:
( urease )

(NH2)2CO + H2O → CO2 + 2NH3
Currently, breath tests seeking altered carbon-isotope ratios in exhaled CO2 after the ingestion of 13Cor 14C-labeled urea are used to diagnose H. pylori infection. As a preliminary study with the long-term
goal of using “raw” breath samples (i.e. breath collected without the ingestion of anything) as a medical
diagnostic tool, we are examining NH3 levels in samples collected from H. pylori positive and negative
patients. Our study involves 100 patients. Breath samples are collected by medical practitioners in the
Pirkanmaa Hospital District. The samples are collected in coated aluminium breath bags before, and 30
minutes after, the ingestion of 13C-labeled urea, and are then sent to Tampere University Hospital
where the carbon isotope ratio in CO2 is determined. The remaining breath – still in the bags – is then
sent to the Helsinki laboratory, where it is studied with CRDS. The results of the hospital study are not
made known to the Helsinki group in order that such knowledge does not bias the data collection and
examination.
Ours is a basic CRDS setup. Light from a tunable near-infrared diode laser is coupled into an optical
cavity – also the sample cell – formed by two highly reflective (R > 0.99997) mirrors. After enough
power has built up inside the cavity an acousto-optic modulator is triggered to block the laser beam.
The light leaking from the cavity is detected by a photodiode and the decay rate is recorded. For an
empty cavity, this decay rate depends only on the transmission of the mirrors and other static sources
of loss; however, when there is sample inside the cavity, there may be additional losses – due to
absorption – which increase the decay rate. The concentrations of ammonia in the samples are obtained
from two spectral peaks near 6548 cm-1.
Statistical correlations are sought for H. pylori infected/uninfected and for before/after urea ingestion.
Future improvements to and studies of the setup, sampling procedures, and storage of breath in bags,
are discussed.
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Pressure and Temperature Dependence of Product
Branching in the Reaction of Vinyl Radical (C2H3) with
Ethylene
Askar Fahr, Joshua B. Halpern
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We have studied product channels of C2H3 + C2H4 reaction. Product studies were performed at 523 K,
623 K and 723 K, over a pressure range of 27 mbar to 933 mbar. Gas chromatographic and mass
spectrometric analysis, with flame ionization detection, was used for product studies. Formation of 1butene, 1,3-butadiene, 1,5-hexadiene, cyclohexene, 1,7-octadiene, and an unidentified product of
molecular mass 82 was observed. The product yields show a complex pressure and temperature
dependence. The yields of 1,3-butadiene and cyclohexene increase with temperature whereas the yields
of 1-butene and 1,5-hexadiene decrease as temperature is increased.
Among the reactions that are likely to occur in the C2H3 + C2H4 system, leading to the detected final
products are:
C2H3 + C2H4 → C4H7

(1)

C2H3 + C4H7 → C6H10

(1,5-hexadiene, cyclohexene,…)

(2)

C4H7* → C4H6 + H

(1,3-butadiene)

(3)

C4H7 + H → C4H8

(1-butene)

(4)

C4H7 + C4H7 → C8H14

(1,7-octadiene )

(5)

C4H7 + C4H7 → C4H8 + C4H6

(6)

C2H3 + C4H7 → C2H2 + C4H8

(7)

C2H3 + C4H7 → C2H4 + C4H6

(8)

Similarly, our detailed experimental and computational study [1] of the reaction C2H3 + C2H5 →C4H8,
another important reaction included in photochemical models of carbon rich atmospheres of outer
planets, has shown that the chemically activated combination complex, C4H8*, can either stabilized by
bimolecular collisions or can be subject to a variety of unimolecular reactions including cyclizations,
isomerization and decompositions, resulting to a large number of reaction products that include
propene, propane, isobutene, 2-butene (cis and trans), cyclobutene, 1,2-butadiene, 1-pentene, 1,4pentadiene, 1,5-hexadiene.
The inclusion of such detailed product channels in modeling efforts is expected to substantially
improve the accuracy of the modeling predictions and to assist in understanding of the mechanisms for
formation of relatively large hydrocarbon molecules detected in a number of planetary atmospheric
environments.
References:
[1] A. Fahr, J.B. Halpern, and D.C. Tardy; J Phys. Chem., 111, 6600 (2007)
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Reaction mechanisms are of considerable importance as they can facilitate the calculation of many
chemically significant properties including reaction rates and the distribution of energy in products.
With the discovery of reaction pathways that appear to violate well-established conventional
mechanisms, such as those which bypass the transition-state structure, our understanding of the
dynamics at play in a number of reaction systems has been challenged. “Roaming” is one such pathway,
and consequently the ways in which roaming reactions proceed is the topic of extensive investigation.
Through the combination of experimental and theoretical work on acetaldehyde photodissociation (in
collaboration with the research groups of Osborn and Bowman), we have established CH3 roaming to
be the dominant pathway to CH4 + CO molecular products, accounting for up to 90% of the reaction
flux following 308 nm excitation [1]. These results have established that roaming pathways are not
limited to small molecule systems, nor are they limited to pathways involving the roaming of H-atom
moieties.
While these discoveries have allowed us to begin to appreciate the important role that roaming plays in
acetaldehyde photodissociation, our understanding of roaming mechanisms is by no means
comprehensive or complete. To further our understanding of the ways in which roaming trajectories
react, and to illuminate the contribution of the radical channels, a full dimensional zero-point energycorrected acetaldehyde potential energy surface, complementary to that developed by Shepler et al. [2],
has been created. This potential energy surface has been constructed with a modified Shepard
interpolation, based on a weighted sum of the second-order Taylor-series expansion about Nd ab initio
data points, as incorporated in the GROW package of Fortran programs and python scripts. It is
anticipated that the calculation of classical trajectories on this surface will allow for a more accurate
investigation into the involvement of the CH3 + H + CO radical pathway, and hence enable a more
quantitative comparison with experimental observables.
References:
[1] Brianna R. Heazlewood, Meredith J.T. Jordan, Scott H. Kable, Talitha M. Selby, David L. Osborn, Benjamin
C. Shepler, Bastiaan J. Braams, Joel M. Bowman, Proc. Nat. Acad. Sci. 105, 12724 (2008).
[2] Benjamin C. Shepler, Bastiaan J. Braams, Joel M. Bowman, J. Phys. Chem. A 111, 8282 (2007).
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The nitrate radical NO3, a simple molecule of high D3h symmetry, plays important roles in many areas
including the Earth atmosphere. It has been known to be subjected to an anomalously large vibronic
interaction between the ground electronic state X2A2’ and excited electronic states, in particular the B
state of E’ symmetry. In order to obtain detailed information on this vibronic interaction, we have
observed and analyzed three infrared bands of 15NO3 in the region between 1850 and 3150 cm–1. By
using these new data combined with those already obtained on the normal species [1-8], we have been
examining the vibrational assignment in the ground electronic state.
References:
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[3] K. Kawaguchi, E. Hirota, T. Ishiwata, I. Tanaka, J. Chem. Phys. 93, 951 (1990).
[4] K. Kawaguchi, T. Ishiwata, I. Tanaka, E. Hirota, Chem. Phys. Lett. 180, 436 (1991).
[5] E. Hirota, K. Kawaguchi, T. Ishiwata, I. Tanaka, J. Chem. Phys. 95, 771 (1991).
[6] T. Ishiwata, I. Tanaka, K. Kawaguchi, E. Hirota, J. Mol. Spectrosc. 153, 167 (1992).
[7] E. Hirota, T. Ishiwata, K. Kawaguchi, M. Fujitake, N. Ohashi, I. Tanaka, J. Chem. Phys. 107, 2829 (1997).
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Theoretical dynamical study of radical-radical reactions
of atmospheric and astrophysical interest: OH + atom
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Reactions with OH are relevant to the chemistry of planetary atmospheres and interstellar medium.
Indeed, the hydroxyl radical plays a crucial role in the atmospheric chemistry of the earth. It reacts with
a lot of compounds and acts as a cleaner of the atmosphere despite its very short lifetime. It can
transform active species into inactive ones or inversely. But, there are only few experimental results for
this class of reactions as experiments with two radicals are difficult to perform or impossible to achieve
in practice. So theoretical studies are needed to predict rate constants or to confirm the measured ones
in particular at low temperatures of interest for the cold and dense interstellar clouds (10 K - 30 K) [1].
Following accurate quantum studies of insertion reactions, such as O(1D) + H2 [2], and pioneering
quantum studies of ultracold collisions, such as Li + Li2 [3], we are presently interested in radical-radical
reactions and especially in reactive collisions between open-shell atoms (C,N,O) and the hydroxyl
radical OH. Theoretical studies of open-shell atom + OH reactions remain a challenging task and are
scarce still nowadays. Such systems usually involve potential energy surfaces which present deep
potential wells. Furthermore, for systems involving two heavy atoms, many channels have to be
considered to get converged results. Recently, we have performed the first QM calculations [4] of
differential cross section for the O + OH → H + O2 reaction and the reverse reaction.
We focus here 1) on the reaction of OH with a carbon atom, C + OH → CO + H. It is a source of
carbon monoxide in the universe (interstellar medium, atmospheres, comets, etc.) and a sink of the
hydroxyl radical, 2) on the reaction of OH with a nitrogen atom, N + OH → NO + H. This reaction is
involved in the chemistry of NO in the interstellar medium, and it is also a key elementary process of
the chemistry of N2 (recently observed in the ISM).
We have used QM and quasi-classical trajectory methods with recent potential energy surfaces to
compute the reaction probabilities, the integral and differential cross sections, the product energy
distributions and the rate constants [5,6]. Our results are compared with experimental results (as
available) and also with those obtained by statistical methods.
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Photodissociation of Benzaldehyde Monitored with Timeresolved Fourier-transform Infrared Emission
Spectroscopy
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Photodissociation of benzaldehyde (C6H5CHO) at 193 and 248 nm has been investigated using stepscan time-resolved Fourier-transform emission spectroscopy. Preliminary data show that, for
photodissociation at 193 nm (619 kJ mol−1), rotationally resolved emission spectra of CO (1 ≤ v ≤ 2) in
the spectral region 1850-2300 cm-1 were detected. A short extrapolation from data in the period 0-4 µs
leads to a nascent rotational temperature ~2000K. The observed vibrational distribution of (v = 1) : (v
= 2) = 87.2 : 12.8 corresponds to a vibrational temperature of ~1600 K. An average rotational energy
of 12.5 ± 2.5 kJ mol-1 and vibrational energy of ~4 kJ mol-1 are derived for the CO product. In addition
to CO emission, HCO emission was also observed near 1868 cm−1 and 2434 cm−1. The rotational
contour of HCO was simulated with a rotational temperature ~1400 K. For photolysis at 248 nm (482
kJ mol−1), rotationally resolved emission of CO with similar internal state distribution was detected, but
HCO emission becomes weak in comparison with that observed at 193 nm.
The energies and optimized structures for various dissociation channels of C6H5CHO were calculated
with CCSD(T)/6-311+G(3df,2p)//B3LYP/6-311+G(3df,2p) density functional theory by Xu and Lin
[1].
C6H5CHO + hν → C6H6 + CO

∆H = 9.1 kJ mol−1

C6H5CHO + hν → C6H5CO + H

∆H = 363.9 kJ mol−1 (2)

C6H5CHO + hν → C6H5 + HCO

∆H = 388.4 kJ mol−1 (3)

C6H5CHO + hν → C6H5 + CO + H

∆H = 392.6 kJ mol−1 (4)

(1)

Reaction (1) proceeds via a transition state with energy 368 kJ mol−1, whereas Reactions (2) and (3)
dissociate directly. Rate coefficients and branching ratios for these channels were also calculated with
microcanonical variational transition-state theory (VTST). Contributions from Reaction (1) is negligible.
Our observation of very small internal excitation of CO is consistent with theoretical calculations. CO
might be produced from secondary dissociation of C6H5CO or HCO. However, considering reaction
dynamics, secondary dissociation of C6H5CO is likely more important for observed CO emission. The
decreased yield of HCO when photodissociation wavelength is changed from 193 nm to 248 nm is also
consistent with a decreased branching ratio calculated from VTST.
References:
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Absolute rate study of the pressure dependence of the
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The reactions of chlorine atoms with hydrocarbons are of considerable interest with respect to
understanding the chemistry of the lower atmosphere. Given the higher ozone-forming potential of
alkenes compared to alkanes understanding their oxidation paths in marine and coastal areas is
particularly important.
The title reactions are of special kinetic and mechanistic interest, since they proceed via multiple
reaction channels. For example the reaction of chlorine atom with propene (C3H6) at room temperature
gives two sets of products:
Cl + C3H6 (+M) → C3H6Cl (+M)
Cl + C3H6 → C3H5 + HCl

(1a)
(1b)

The reaction proceeds by chlorine atom addition to the double bond to form an excited adduct, and
also by abstraction of a hydrogen atom through two different mechanisms: direct abstraction, and
addition-elimination. Decomposition of the excited adduct competes with stabilization at low
pressures. A precise understanding of these reaction channels requires further information on the
kinetics and mechanism of the reactions of chlorine atom with smaller unsaturated hydrocarbons at low
pressures.
We have conducted absolute rate studies of the reactions of chlorine atoms with propene (C3H6),
ethene (C2H4), and acetylene (C2H2). Rate coefficients were measured over the range 2-20 Torr in N2 at
295 ± 2 K using a pulsed laser photolysis / laser-induced fluorescence (PLP-LIF) technique. Molecular
chlorine diluted in N2 gas was photolysed at 351 nm to produce chlorine atoms in the presence of
C3H6, C2H4, or C2H2. Cl(2P3/2) atoms were detected by PLP-LIF at 134.72 nm corresponding to the 3p5
2
P3/2 - 3p44s 2P3/2 transition. By monitoring the temporal decay profiles of Cl(2P3/2) atoms, the absolute
rate coefficients for the reactions of Cl(2P3/2) atoms with C3H6 (1), C2H4 (2), and C2H2 (3) were
determined.
In this presentation, we will report the results from our PLP-LIF experimental study of the title
reactions and compare these with the literature data. These data improve our understanding of the
mechanisms of reactions of chlorine atoms with unsaturated hydrocarbon, and facilitate improved
assessments of the atmospheric chemistry of C3H6, C2H4, or C2H2 in marine and coastal environments.
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Pressure Dependence of the Photolysis Quantum Yield of
CF3CH2CHO at 308 nm
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Partially fluorinated alcohols, FAs, (i.e., CF3(CH2)xCH2OH and CF3(CF2)xCH2OH, x = 0-5) have been
suggested as an alternative to CFCs, since their ozone depletion potential is zero and their global
warming potentials are expected to be lower than those of HFCs and HCFCs [1]. These FAs are mainly
removed in the troposphere by hydroxyl (OH) radicals and chlorine (Cl) atoms [2-5]. Recently, product
studies on the reaction of OH and Cl with CF3(CH2)x=0,1CH2OH have confirmed that the
corresponding fluorinated aldehydes, CF3CHO and CF3CH2CHO, are major products both in the
presence and the absence of NOx [2-5]. In general, aldehydes constitute an important source of free
radicals in the troposphere, and can also be precursors of secondary organic aerosol and ozone.
Therefore, the knowledge of the atmospheric fate (kinetics and photochemistry, mainly) of these
fluorinated aldehydes is needed in order to choose fluorinated alcohols as substitutes of HFCs and
HCFCs. Atmospheric photooxidation of CF3CH2CHO and longer partially fluorinated aldehydes are
not widely studied. For instance, rate coefficients kOH and kCl for CF3CH2CHO have only been
reported at room temperature [3,4,6]. Effective quantum yield (Φeff) of CF3CH2CHO in the actinic
region [6] and photolysis quantum yield at 308 nm (Φλ=308 nm) at 700 Torr of N2 have been carried out
[7]:
CF3CH2CHO + hν(λ = 308 nm)  Products

(1)

No pressure dependence study on Φλ has been reported. Thus, the aim of this work is to determine the
pressure dependence of Φλ=308 nm for CF3CH2CHO between 25 and 700 Torr of different bath gases
and in the presence of NOx by using a XeCl excimer pulsed laser coupled to a FTIR spectrometer in
order to monitor the temporal profile of the aldehyde and photolysis products.
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[3] Tanya Kelly, Valérie Bossoutrot, Isabelle Magneron, Klaus Wirtz, Jack Treacy, Abdelwahid Mellouki, Howard
Sidebottom, Georges Le Bras, J. Phys. Chem. A 109, 347 (2005).
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[5] Vasseileios C. Papadimitriou, Dimitrios K. Papanastasiou, Vassileios G. Stefanopoulos, Aristotelis M. Zaras,
Yannis G. Lazarou, Panos Papagiannakopoulos, J. Phys. Chem. A 111, 11608 (2007).
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70

A-29
Catalytic effect of H2O on the hydrogen abstraction by
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Dimethyl sulfide (DMS) and sulfur dioxide (SO2) are the largest natural sources of Sulfur to the Earth’s
atmosphere. DMS accounts for about 10-40% of the total sulfur emitted to the atmosphere DMS and
its oxidations products could play an important role in formation of sulfate aerosol over the ocean. The
ocean emitted DMS is oxidize in the atmosphere eventually to carbonyl sulfide (OCS). The first step in
the oxidation is formation of dimethyl sulfoxide (DMSO). OCS is relatively inert and diffuses through
the troposphere into the stratosphere where further oxidation to sulphuric acid occurs. The
mechanisms for the oxidation of DMS are far from understood, limiting our ability to model the sulfur
cycle.
The initial sulphur oxidation reactions take place close to the ocean surface, where the concentration of
hydrated complexes is at its highest. The reaction occurs in the marine boundary-layer, where the high
water concentration favours hydrated complexes. During daytime, DMS is oxidized by the OH radical,
which can abstract a hydrogen atom from the methyl group. We have calculated the energetics of this
hydrogen abstraction reaction in presence and absence of one water molecule. The reaction mechanism
involves hydrated complexes and we have identified two possible initial reactions that involve a
hydrated complex. The hydrated complex of DMS (H2O•DMS) can react with OH or DMS can react
with the hydrated complex of HO (H2O•HO). We compare our calculated energetics of the H2O•DMS
+ OH and DMS + H2O•HO reactions with those of the DMS + OH reaction to illustrate the
importance of these hydrated complexes. We have also calculated analogous reactions for the first
DMS oxidation product DMSO. The calculations are carried out with a mixture of DFT and MP2
levels.
We find that the energy of the transition state in the DMS and DMSO hydrogen abstraction reactions
is significantly lowered when an additional water molecule is present. Furthermore, the energy
difference between the reaction complex and the transition state is reduced with one water molecule
added. Thus a single water molecule is found to catalyse these important reactions in the Sulfur
geochemical cycle.
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Rotational spectra of the FSO3• radical in the ν6
degenerate excited vibrational state
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Fluorosulfate radical, FSO3·, is a symmetric top molecule belonging to the C3v point group. Under this
symmetry there are three totally symmetric and three degenerate normal vibrations. The excited
vibrational degenerate modes are involved in a strong pseudo Jahn-Teller interaction between the
ground electronic state and a low-lying 2E electronic state. This interaction probably causes a negative
anharmonic effects as well a significant decrease of energies of the degenerate states. The degenerate
fundamentals ν5 and ν6 are pushed to the unusually low energies of 426 and 162 cm-1, respectively.
Rotational transitions in the lowest-lying fundamental vibrational level ν6 are a subject of this study. We
assume that the line intensities are about of 40 % of the ground state values. On condition that the
same molecular symmetry also holds in the excited states, the Pauli Exclusion Principle allows only
transitions with the quantum number k = 3n ± 1 (n = 0, 1, 2, ...) for the degenerate vibrational state.
The searching of the excited vibrational transitions was carried out with help of the
20 GHz long scan that was measured continuously. Every partial scan (150 MHz) was tested by an
external magnetic field for an acquisition of the radical lines. Then the groups of radical lines repeating
along about 2B were searched in the long scan. After identification of the transition sequences
corresponding to A1-A2 splittings for cases of kl = 1 and kl = –2, the other transitions were assigned
more simply.
The measured rotational spectra were analyzed using the matrix elements of the rotational, and fine
effective Hamiltonians for the degenerate excited vibrational state and the corresponding set of
rotational, Coriolis, centrifugal distortion and fine parameters was derived.
Acknowledgements
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A comparative FTIR study of the hydrogenation of CO in
gaseous phase and on pure solid CO at 3 and 10 K
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In the interstellar medium, molecules evolve via gas-phase reactions and surface reactions on cold
grains. The formyl radical (HCO) is thought to be an important step in the synthesis of organic species
in cold interstellar clouds. Species such as formaldehyde (H2CO), methanol (CH3OH) or intermediate
radicals such as HCO and CH3O are thought to be formed by successive hydrogenation of CO.
Additions of one and two H atoms to CO yield HCO and H2CO respectively. These reactions require
only a small activation energy in the gas-phase and are therefore preferentially produced compared to
the isomeric species HOC and HCOH.
In order to trap unstable intermediate radicals during CO hydrogenation and to study their kinetics the
experiments are performed at 3 K. The sample annealing is then monitored and temperature is
increased step by step up to 10 K to compare the results to the experiments performed directly at 10K.
The atomic hydrogen sprayed over CO is produced by a microwave driven atom source. This source
uses microwave energy to create gas plasma into a chamber feed with dihydrogen. The pressure of the
chamber during operation of the atom source is 10-6 mbar. The gas plasma leaving the source through
the apertures is a combination of both atomic and molecular hydrogen. Before hydrogen atoms
recombine to each other, the plasma is deposited on a capillary plate located in a cold head at 3 or 10
K.
The reaction of hydrogenation of CO has been studied within two different environments, namely in
the gas phase and on a solid pure CO ice surface. In the gas-phase experiment, atomic hydrogen and
carbon monoxide are mixed together before being adsorbed on the plate. In the CO-ice experiment,
carbon monoxide is first adsorbed on the plate and then exposed to the cold hydrogen beam. Both
types of experiments are performed at 3 and 10K.
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Bimolecular reactions of Vibrationally Highly Excited
Molecules. Roaming Mechanism at Low Collision Energies
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Quasiclassical trajectory calculations have been performed for the H + H'X(v) → X + HH' abstraction
and H + H'X(v) → XH + H' (X=Cl, F) exchange reactions of the vibrationally excited diatomic
reactant at a wide collision energy range extending to ultracold temperatures. Vibrational excitation of
the reactant increases the abstraction cross sections significantly. If the vibrational excitation is larger
than the height of the potential barrier for reaction, the reactive cross sections diverge at very low
collision energies, similarly to capture reactions. The divergence is quenched by rotational excitation,
but returns if the reactant rotates fast. The thermal rate coefficients for vibrationally excited reactants
are very large, approach or exceed the gas kinetic limit because of the capture-type divergence at low
collision energies. The Arrhenius activation energies assume small negative values at and below room
temperature, if the vibrational quantum number is large than one for HCl and larger than 3 for HF.
The exchange reaction also exhibits capture-type divergence, but the rate coefficients are larger. At low
collision energies the importance of the exchange reaction is enhanced by a roaming atom mechanism,
collisions leading to H atom exchange but bypassing the exchange barrier. Such collisions probably
have a large role under ultracold conditions. Comparisons are presented between classical and quantum
mechanical results at low collision energies.
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Chemical reactivity study of S(1D2) + H2 at extremely low
temperatures: rate coefficients determination
down to 5.8 K
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The study of chemical reactions, involving a real chemical transformation, between neutral species
using the most recent techniques to achieve cold or ultra-cold temperatures is still precluded for a
number of reasons including notably the very low gas densities in such experiments. The record of 13
K for an absolute measurement of the rate coefficient for a gas-phase chemical reaction between
neutral species was established by Sims et al.1 in the early 1990s using the CRESU (Cinétique de
Réaction en Ecoulement Supersonique Uniforme, or Reaction Kinetics in Uniform Supersonic Flow)
for the reaction CN + O2. We report here a further advance which has enabled the measurement of a
reaction rate coefficient for the reaction
°
–1
∆ r H 298
K = –21 kJ mol

S(1D2) + H2 → SH + H

at temperatures down to 5.8 K, a new low temperature record for a radical-molecule chemical
transformation.
The CRESU technique combined with pulsed laser photochemical methods for the measurement of
reactive and inelastic bimolecular rate coefficients at low temperatures has been described elsewhere [1].
Various Laval nozzles operating under specific conditions of pressure, flow and carrier gas gave
temperatures down to 23 K. In order to achieve the lowest temperature in this study, a special nozzle
was manufactured which possessed a double wall, enabling it to be pre-cooled to 77 K by the use of
liquid nitrogen, along with the reservoir upstream of the nozzle. Impact pressure measurements
confirmed a temperature of 5.8 K in the uniform supersonic flow downstream of this nozzle. S(1D2)
atoms were generated by 10 Hz 193 nm pulsed excimer laser photolysis of CS2 , and detected by pulsed
vacuum ultraviolet laser-induced fluorescence (VUV LIF) at 166.67 nm, generated by two-photon
resonant four-wave difference frequency mixing in Xe.
A joint project has been initiated involving low temperature reaction kinetics and quantum scattering
calculations in Rennes, and low energy integral cross-section measurements in Bordeaux (in the group
of M. Costes and C. Naulin) focusing on a number of atomic radical (F(2PJ), O(1D2), C(1D2), S(1D2)) –
H2 reactions.. The reactions with 1D atoms with H2 appear to possess no barrier to reaction on their
electronic potential energy surfaces, displaying rather deep wells. Comparison of our experimental data
with quantum reactive cross-sections for collisions of S(1D) with ortho- and para-hydrogen, in the energy
range 0—120 K, calculated using the hyperspherical quantum reactive scattering method developed by
J.-M. Launay [2] will also be shown.
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75

A-34
Resonant two-photon ionization spectroscopy of
zirconium chlorides and fluorides
Alonzo Martinez and Michael D. Morse
Department of Chemistry, University of Utah, Salt Lake City, Utah, 84112, U.S.
While all of the 3d transition metal monofluorides are spectroscopically known, and many have been
extremely well-studied, few of the 4d and 5d transition metal fluorides are known at all.[1] With the
exceptions of YF, RhF, and AgF, it appears that there have been no spectroscopic investigations of the
4d transition metal fluorides. In order to obtain more information about these species, we have
embarked on a study of the zirconium halides, ZrF and ZrCl. A few spectroscopic investigations of
ZrCl have been reported [2-4], but we are unaware of any published investigations of ZrF. To
investigate the zirconium halides, a laser ablation source of atomic Zr was coupled to a supersonic
expansion in helium seeded with trace amounts of CCl2F2 (Freon-12). The resulting molecular beam is
skimmed and excited with pulsed dye laser radiation, followed by pulsed ArF (193 nm, 6.42 eV)
excimer radiation. Transitions are observed at the masses of ZrF and ZrCl. Results of the analysis of
these spectroscopic transitions are presented.
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CuF-Chemiluminescent Reaction and PLASLA (Plasma
Switching by Laser Ablation) in Gaseous Cu-CF4 System and
their Interactions with Magnetic Field
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CuF-chemiluminescent reaction of laser-ablated Cu with CF4 in a gas phase. In view of a metal
catalysis reaction, the CuF chemiluminescent reaction of CF4 with Cu emitted by laser ablation with a
fundamental beam of a Nd3+:YAG laser is studied. Spectroscopic analysis indicates that the rotational,
vibrational, and translational temperatures of the product CuF are rather similar, suggesting that the
reaction is due to the simple heating mechanism. In this mechanism, the high translational energy of
the reactant Cu atom will be used to go over the early barrier. The mechanism is evidenced by
experimentally observing that the reaction barrier decreases with an increase in the translational energy
of the reactant Cu by an increase in the laser power for ablation.
PLASLA (plasma switching by laser ablation, plasma switched by laser ablation). While DCplasma is formed by the direct discharge of CF4 in an electric field of 500-V/50-mm in the present
experimental system, we find that Cu emitted by laser ablation can switch the plasma in a lower electric
field, calling it PLASLA. In PLASLA, the plasma is formed by the first ablation, quenched by the
second ablation, formed by the third ablation, quenched by the fourth ablation, and so on. Since
PLASLA can be formed by an electric field less than that necessary for the direct discharge in DCplasma, it will be a promising new metal-catalysis process for material science. From the point of view,
since laser ablation can control the timing of the plasma switching, the cooperation of the laser for
photoreactions with the ablation laser will be able to open a new technique for material science. The
mechanism of PLASLA is studied with metals of Cu, Al, Ag, Zn, Co, Ni, Ti, Mo, and W. The
experimental results indicate that the metals are classified into three groups. It is of great interest that
the classification agrees with the classification by their electronic configurations: Al, Ag, Cu, and Zn in
Group-I, Co and Ni in Group-II, Ti, Mo, and W in Group-III. The electronic configurations are s2p1
for Al, d10s1 for Ag and Cu, d10s2 for Zn in Group-I, dms2 (m>5) for Co and Ni in Group-II, dns2 (n<5)
for Ti and W and dns1 (n=5) for Mo in Group-III. PLASLA is found to be formed rather easily and
stable with metals of Group-I, as compared with metals of Groups-II and III. The species such as C,
C+, C2+, C2 are observed in the time-resolved spectra of PLASLA at 0.5 µs after the ablation-laser
irradiation, suggesting carbon polymers as the final products. In fact, the TOF mass spectroscopic
analysis of the product materials confirms it.
Interactions of PLASLA and CuF-chemiluminescent reaction with a magnetic field. PLASLA
and the CuF-chemiluminescent reaction are studied in a magnetic field for the activation energies, the
PLASLA discharge patterns and reaction products, etc. In the chemiluminescent reaction, we propose
that the field switches the reaction paths by mixing the singlet and triplet potential surfaces round level
crossing by breaking the spin selection rule. The field affects PLASLA through the MHD (magnetohydrodynamic) processes such as ExB drifts and cyclotron circulations, as well as the singlet-triplet
mixing.
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We have developed a method to study the dynamics of gas-liquid interfacial reactions based on laser
photolysis of a low pressure of a suitable precursor gas above a continually refreshed liquid surface.
Products of the collisions at the liquid surface are detected by laser-induced fluorescence (LIF)
spectroscopy. We have previously applied this method to reactions of O(3P) atoms with the
prototypical liquid hydrocarbon, squalane[1], with other long-chain hydrocarbon liquids[2] and closely
related self-assembled monolayers (SAMs) [3], and also to the inelastic scattering of OH radicals from
liquid surfaces.[4]
Ionic liquids are an increasingly important class of compounds with diverse technological applications,
in many of which their interfaces plays a key role. In the current work we have applied our method for
the first time to the reaction of O(3P) atoms with [RMIM] [Im] (1-alkyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) ionic liquids.
We have examined a series of [RMIM] [Im] liquids with the length of the R chain ranging between C2
and C12. We determine how the number of abstractable H atoms present at the outer layer of the liquid
varies with R by LIF detection of the yield of OH. In addition, by measuring the internal and
translational energies of the escaping OH, we also establish features of the detailed reaction
mechanism.
We have found that the OH yield depends distinctly non-linearly on chainlength (or on the number of
the more readily abstracted secondary H atoms). This implies that there are structural factors that affect
the availability of the alkyl groups at the surface. Much of the OH that is observed must be formed in a
direct scattering process involving a single (or at most a very few) encounters with the surface, implying
that alkyl chains must be present in the extreme outer layers of the liquid. We compare these results
with other independent measurements and molecular dynamics predictions of the surface structures of
[RMIM] based ionic liquids.
Sponsored by Air Force Office of Scientific Research, grant number FA8655-08-1-3079.
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Detection of the NCN radical in low and atmospheric
pressure flames
R.J.H. Klein-Douwel, N.J. Dam and J.J. ter Meulen
Applied Molecular Physics, Institute for Molecules and Materials
Radboud University Nijmegen, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands
Prompt NO formation in combustion processes has been relatively well understood since the early
work of Fenimore [1]. The rate-limiting reaction has long been thought to be CH + N2 ↔ HCN + N.
Recently, however, it has been found that this reaction, which is spin-forbidden, should be replaced by
CH + N2 ↔ NCN + H [2]. The quantitative detection of NCN is therefore of crucial importance to
elucidate the prompt NO formation mechanism.
Recently, the cyanonitrene radical NCN has been observed in low pressure (~40 mbar) flames by
resonant Laser-Induced Fluorescence detection in the 327 – 329 nm range where the signals are due to
the A3Πu(000) – X3Σ-g(000) band and (010) – (010) hot band [3]. In the present study NCN is detected
in a laminar adiabatic flat methane / air flame at higher pressures (200 and 1000 mbar), more realistic
for practical combustion applications. At these pressures elastic LIF is problematic and therefore offresonant LIF detection was applied using the NCN A3Πu(020) – X3Σ-g(000) band at 317 nm.
In addition, Cavity Ring-Down absorption spectroscopy was applied at 329 nm, which has the benefit,
compared to the LIF technique, that absolute concentration measurements are possible. In general the
NCN signals are very weak and their detection is hampered by the presence of strong OH and CH
absorption lines.
Excitation and dispersed fluorescence spectra will be presented, as well as profiles of NCN and CH
versus height above the burner. Absolute NCN concentrations will be given and compared to
calculated densities as obtained by Konnov using a detailed reaction mechanism for small hydrocarbons
combustion [4].
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Flame 153, 465 (2008); c) N. Lamoureux, X. Mercier, C. W, J.F. Pauwels and P. Desgroux, Proc. Combust. Inst.
32, 937 (2009)
[4] A.A. Konnov, Combust. Flame (2009)
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VUV Photoionisation of hydrocarbon radicals
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The methyl (CH3+) and ethyl (C2H5+) cations are important species in the chemistry of planetary
ionospheres, in particular for Titan, the Saturn larger satellite. They are formed by impact of solar
radiation and magnetospheric electrons on methane and ethane or by ion-molecule reactions. The
reactivity of cations in their ground state has often been studied, but less is known on the reactivity of
electronically or vibrationally excited cations. For this purpose, the objective of this work is to
determine what are the energies at which the production of state-selected methyl (CH3+) and ethyl
(C2H5+) cations can be done for future studies of their reactivity.
The first step toward these aims is to characterize the VUV photoionisation spectroscopy of the
corresponding methyl (CH3) radical. For this, we have produced in situ beams of neutral hydrocarbon
radicals by using the flash pyrolysis technique which consists in thermically cleaving an organic
precursor seeded in a rare gas flow. Several precursor such as nitromethane (CH3NO2) and azomethane
(CH3NNCH3) have been used to produce the methyl radical. We have recorded Threshold
PhotoElectron – PhotoIon Coincidence spectra (TPEPICO) in the photon energy range between 9 and
15.6 eV on the DESIRS beamline. These measurements have been done with the DELICIOUS
spectrometer on the SAPHIRS setup at a resolution between 1 and 10 meV. Threshold photoelectron
of resolution of 6 meV allowed us to observe the rotational envelopes of Q, P and R branches, in the
peak from CH3’s IP, which was confirmed by comparing with calculations of rotational spectra [1]. In
the methyl spectrum it was observed the sequence transitions in the bending mode ν2, some of this
transitions have been reported in the PES experiment with discharge lamps (HeI, NeI) [2].
The synchrotron radiation from the VUV beamline DESIRS is well adapted for this task because it
allows to rapidly cover large energy ranges and it is sufficiently intense at these resolutions to efficiently
photoionise rare species such as these radicals. Complementary studies are also conducted with VUV
lasers at the new laser center of University Paris-Sud (CLUPS) at higher resolution but on selected
energy domains which have now been characterized with synchrotron radiation.
References:
[1] A. M. Schulenburg, C. Alcaraz, G. Grassi, and F. Merkt, J. Chem. Phys. 125(10), 104310 (2006).
[2] J. Dyke, N.Jonathan, E. Lee, and A. Morris, J. Chem. Soc. Farad. Trans. II , 72(8), 1385 (1976).
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Understanding HCl photodissociation
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A broad continuum peaking around 65,000 cm-1 is observed in the spectra of HCl and DCl. This
continuum has been assigned to a transition from the ground state (X1Σ) to the first repulsive singlet
state (A1Π). The isotopic substitution results in important changes in the width, peak intensity and
shape of the absorption cross section [1].
In the atmosphere of Venus, the photolysis rate of HCl peaks at around 60 km altitude. Shielding by
CO2 and H2O blocks the high energy part of the solar spectrum and isotopic fractionation results from
differences in HCl/DCl absorption cross sections at photon energies less than ca. 58,000 cm-1 [2]. The
photolysis of HCl pumps hydrogen into water vapor, which is photolysed at higher altitudes, in turn
pumping light hydrogen into space [3]. These processes have resulted in extreme deuterium
enrichment, indicating that one earth-ocean of water may have been lost [4]. This motivates studying
the photodissociation of HCl and DCl in detail.
The DCl continuum is almost symmetric about the peak of absorption while the HCl continuum is
asymmetric about its peak of absorption. Previous theoretical studies have not been able to reproduce
this feature [2,5]. For this reason we perform a first principles treatment of the photodissociation of
HCl and DCl from 50000 cm-1 to 75000 cm-1. We set up a theoretical model for the photodissociation
process and then perform wave packet propagation to solve this model. Our treatment reproduces the
experimental asymmetric absorption profile observed for HCl and the almost symmetric profile for
DCl. The details of the model will be presented at the conference.
References:
[1] M. Bahou, C.-Y. Chung, Y.-P. Lee, L. C. Lee, B.-M. Cheng and Y. L. Yung, Astro. Phys. Jour. 559, L179
(2001).
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[3] M.C. Liang and Y. L. Yung, J. Geophys. Res. 114, E00B28 (2009).
[4] T. M. Donahue, Icarus 141, 226 (1999).
[5] B.-M. Cheng, C.-Y. Chung, M. Bahou, Y.-P. Lee and L. C. Lee, J. Chem. Phys. 117, 4293 (2002) and
references therein.
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Photodetachment and low temperature reaction
processes of stored anions
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Almost all measurements of absolute photodetachment cross sections of anions can be traced back to
two studies on O−, which act as a calibration standard in this field. We have developed a method to
determine absolute photodetachment cross sections of negative ions using a 22-pole radiofrequency ion
trap [1]. It is based on a two-dimensional tomography scanning technique of the column density
distribution of the trapped ions [2,3]. Here we present absolute total photodetachment cross sections of
O− at 662 nm and 532 nm, measured at a new level of accuracy. While good agreement is found with
preceding experiments, there is a significant deviation compared to latest ab initio calculations.

Two-dimensional scan of the photodetachment rate for O− as a function of the transverse position of the laser
light in the ion trap. Each point represents one individual decay rate measurement.

These experiments have been carried out in a multipole ion trap, which provides an ideal environment
for the sympathetic cooling of molecular ions down to temperatures where only few quantum states of
the investigated systems are populated [4]. For OH−, the most studied molecular anion, total cross
section measurements showed no temperature dependence in the range 8-300 K.
The reaction of H2 + NH2− is a simple model system with a double minimum potential along its
reaction pathway. The chemical dynamics of the proton transfer from H2 to NH2− have been found to
show unexpected low temperature characteristics below 20 K [5].
References:
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Rev. A 78, 023402 (2008)
[5] R. Otto, J. Mikosch, S. Trippel, M. Weidemüller, R.Wester, Phys. Rev. Lett. 101, 063201 (2008)
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Ultraviolet Photodissociation of H3+ in an Ion Storage
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We aim at probing cold rovibrational H3+ inside a storage ring utilizing multi-step photodissociation.
The populations of rotational levels in storage-ring experiments are strongly dependent on the ion
source and often also modified by the ion storage [1]. In the fast-beam multi-step photodissociation
scheme, the first photon selectively excites low rotational states to an intermediate rovibrational level
from which the next photon(s) can photodissociate the molecule into fragments that, with a fast ion
beam, can be detected with near-unity efficiency. While H3+ single-photon dissociation from the ground
state requires very high photon energies, earlier studies succeeded in fragmenting excited H3+ with <4.5
eV photons in a single-pass ion beam [2]. As a first, we realized the photodissociation of excited H3+
ions in a stored MeV beam inside the storage ring TSR using a parallel ultraviolet laser beam with
randomly-timed 4.9 eV, ~0.1 MW/cm2 laser pulses, counting H2+ products in coincidence. The ions,
produced from a Penning source, were stored for over up to 50 ms. A laser-induced signal from rapidly
relaxing vibrationally excited H3+, ascertained by background tests with a pure HD+ beam, is visible in
the first 5 ms (see Fig. 1). The decay into H2+ + H was identified showing a time constant of about 1.2
ms, which is typical for vibrational levels of H3+ over a wide range of binding energies. For laser
monitoring of rotational populations in cold H3+, this signal opens promising perspectives for which
suitable multi-step excitation schemes and calibration procedures are under study. Furthermore, in a
separate experiment, the kinetic energy released upon UV-photodissociation of a hot H3+ ion beam at
keV energies was measured. Its distribution indicates that the transition occurs at the Condon point and
produces H2+ fragments in their vibrational ground state, as verified by dissociative charge transfer with
a potassium target and coincident detection of secondary H fragments [3].
Figure 1: Normalised mass-2 (H2+ and D+)
fragment yield of a hot H3+ ion beam as a
function of storage time. Initial decay (black:
fit with 1.2 ms mean decay time) from
vibrationally hot H3+ on a background from
a small vibrationally hot HD+ contamination
(<1%) photodissociated as modeled by the
grey curve (found also through a
measurement with a pure HD+ beam).

References:
[1] A. Wolf et al., Phil. Trans. R. Soc. A 364, 2981 (2006).
[2] Y. K. Bae and P. C. Cosby, Phys. Rev. A 41, 1741 (1990).
[3] X. Urbain et al. Phys. Rev. Lett. 92, 163004 (2004).
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Kinetics of the R + NO2 reactions (R= i-C3H7, n-C3H7, s-C4H9 and tC4H9) at temperatures 201 − 489 K
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Four alkyl radical reactions with NO2 have been studied in direct measurements by following the decay
of the produced radical concentration as a function of time using photoionization mass spectrometer
(PIMS) [1, 2]. The radicals were produced by pulsed laser photolysis of suitable precursors at 193 nm at
low concentrations (< 3 × 1011 cm−3) to avoid second order radical reactions. Reactions were studied
under pseudo-first-order conditions with NO2 always in large excess over initial radical concentration.
The determined bimolecular reaction rate coefficients exhibit negative temperature dependence and are
independent of the bath gas density within the experimental ranges covered. Two of the studied
reactions (n-C3H7 + NO2 and s-C4H9 + NO2) show a linear decrease of reaction rate with decreasing
temperature while the other two (i-C3H7 + NO2 and t-C4H9 + NO2) show a non-linear decrease with a
steeper T-dependence in going to colder temperatures.
It is interesting to see that the isomeric radicals have so different reactivity towards NO2 in the same
temperature range. In both cases separately, in propyl and in butyl radicals, the reaction rate is observed
to decrease as the radical site becomes sterically more hindered, i.e. going from n-C3H7 to i-C3H7 and
from s-C4H9 to t-C4H9. The change of reactivity of the radicals towards NO2 in going from n-C3H7 to sC4H9, by changing one hydrogen atom with a methyl group in the radical, is also interesting. Observing
the change at the radical site, it seems that the methyl group brings more sterical hindrance and makes
the radical center less reactive. However, this effect seems to be compensated by the ability of a methyl
group to serve as an electron donor - it increases the electron density in the radical center and can
increase the R + NO2 reaction rate coefficients [3, 4].
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[2] Irene R. Slagle, Fumiaki Yamada, David Gutman, J. Am. Chem. Soc. 103, 149 (1981).
[3] Arkke J. Eskola, Wolf D. Geppert, Matti P. Rissanen, Raimo S. Timonen, Lauri J. Halonen, J. Phys. Chem. A
109(24), 5376 (2005).
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Kinetics of the reactions of CH2Cl, CH3CHCl and CH3CCl2
radicals with Cl2 in the temperature range 191 – 363K
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Three chlorinated alkyl radical reactions with Cl2 have been studied in direct time-resolved
measurements with molecular reactant always in large excess ([Cl2] >> [R]) resulting in pseudo-firstorder kinetics. Radicals were produced by pulsed laser photolysis at 193 nm and the decay of the
produced radical concentration under those experimental conditions was measured as a function of
time using photoionization mass spectrometer (PIMS) [1].
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Figure 1. The measured rate coefficients plotted as function of temperature on a double-logarithmic plot. Results from the
current measurements are shown as filled symbols. Included in the figure are the measurements of Seetula et al. on the
CH2Cl + Cl2 [2, 3] and CH3CCl2 + Cl2 [3] reactions shown as hollow symbols.

The obtained rate coefficients show significantly different dependence on temperature within the
experimental ranges covered (p ≈ 2 − 5 Torr). The CH3CCl2 + Cl2 and CH2Cl + Cl2 reaction rate
coefficients are only weakly dependent on temperature and result in u-shaped plots, while the
CH3CHCl + Cl2 reaction displays a strong negative temperature dependence. The radicals differ only a
little from each other, i.e. CH3CHCl becomes CH2Cl by changing one methyl group with a H-atom and
CH3CCl2 by changing one H-atom with a Cl-atom, and may offer an interesting problem for
theoreticians to explain the current observations.
References:
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Measurements of the Cl(2P1/2) fragment angular momentum
polarization following the UV photolysis of Cl2
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University of Oxford, UK
The polarization of the electronic angular momentum of excited state chlorine atoms (2P½,
henceforward referred to as Cl*) following photolysis of molecular chlorine has been studied using
resonance enhanced multiphoton ionization combined with time-of-flight mass spectrometry (REMPITOF). For excitation at ~330 nm, the formation of Cl* has been shown to arise from preparation of a
coherent superposition of the Cl2 C1Πu(1) and B3Πu+(0+) states, which are accessed via perpendicular
and parallel transitions from the ground state respectively. The aim of this work has been to measure
the a(qk ) ( p) polarization parameters [1] for both 35Cl* and 37Cl* isotopes over a much wider range of
photolysis wavelengths than has been attempted previously and to provide a foundation for examining
the photodissociation of other species whose dissociations lead to the formation of atomic chlorine
fragments.
Since J = ½ for Cl*, the angular distribution of J may be completely described by polarization
parameters of rank k ≤ 1, i.e. the fragment distribution may be oriented but not aligned. In particular,
the only non – zero polarization parameters are Im[a 1( 1) (||, ⊥ )], Re[a 1( 1) (||, ⊥ )] and a (1)
0 ( ⊥) , each of
which quantifies the contribution to the orientation from distinct photodissociation mechanisms.
Im[a 1( 1) (||, ⊥ )], quantifies the orientation arising from the interference between states accessed in a
transition of mixed parallel and perpendicular character. The orientation may be considered as
manifesting a phase difference between the de Broglie waves associated with the different dissociation
pathways. As a test of the accuracy of our experiments we have measured Im[a 1( 1) (||, ⊥ )] at photolysis
wavelengths of 320, 325 and 330 nm and obtained good agreement with values measured previously by
the Zare group. [2] In common with the previous study we have found that the orientation of the two
chlorine isotopes are significantly different with, for example Im[a 1( 1) (||, ⊥ )] = 0.06 ± 0.06 and -0.08
± 0.05 for 35Cl* and 37Cl* respectively following photolysis at 330 nm, a consequence of the difference
in the de Broglie wavelengths associated with their different masses.
The Re[a 1( 1) (||, ⊥ )] and a (1)
0 ( ⊥) parameters represent, respectively, the coherent and incoherent
contributions to the orientation of the fragments following photolysis with circularly polarized light.
The coherent contribution to the orientation is expected to be non-zero over a photolysis wavelength
range of ~280 – 380 nm, where significant excitation to both the B and C states occurs, while
measurements have been limited to 310 and 330 nm. [3] We are currently in the process of examining
the variation of both the coherent and incoherent contributions over this wavelength range.
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[3] A. J. Alexander et al., J. Chem. Phys. 113, 9022 (2000).
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Carbenes are highly reactive species which appear as intermediates in many organic chemical reactions.
Their generation and characterization as isolated species are in general quite challenging due to their
high reactivity. We present here an experimental study of two phenylcarbenes, chlorophenylcarbene
(C6H5CCl) and trifluoromethylphenylcarbene (C6H5CCF3). Experiments were performed on the VUV
DESIRS beamline located in the SOLEIL synchrotron facility in France. Radicals were formed from
their corresponding diazirine precursors, C6H5CN2Cl and C6H5CN2CF3, which were introduced into a
flash pyrolysis source installed in the SAPHIRS setup.
The generated radicals were ionized in the 8.5 - 9.5 eV energy range via the synchrotron radiation. A
velocity map imaging (VMI) coupled to a TOF spectrometer (DELICIOUS II) enables the selection of
threshold photoelectrons by discriminating fast electrons (Threshold PhotoElectron PhotoIon
COincidence experiment, TPEPICO). This allows for the determination of the adiabatic and vertical
ionization energies of the two radicals. Finally, the dissociative photoionisation study of the diazirine
precursors is also presented here.
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Measurements and Modeling of Pressure-Dependent OH
Formation in Photolytically Initiated Ethanol Oxidation
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The OH production in the Cl-initiated oxidation of ethanol has been investigated as a function of
pressure (from 2 bar to 50 bar) and temperature (from 300 K to 750 K) by a pulsed-photolysis /
pulsed-LIF method. A typical data trace is displayed below.

The time-dependent OH concentration is modeled by a kinetic mechanism that employs theoretical
rate coefficients derived from time-resolved multiple-well master equation calculations of the αhydroxyethyl + O2 and β-hydroxyethyl + O2 reaction systems [1]. Secondary reactions of HO2
produced in the hydroxyethyl + O2 reactions also make a substantial contribution to the observed OH.
Supported by the Laboratory Directed Research and Development program at Sandia National Laboratories, a
multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the United States
Department of Energy, under contract DE-AC04-94AL85000.
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Heterogeneous interaction of HO2 radicals with
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The heterogeneous reaction of the HO2 radical with aerosol particles is largely uncertain, though it has
been suggested to be quite significant in atmospheric modeling and observations[1-6]. In this study, we
have measured the uptake coefficients (γ) of HO2 for the submicron aerosol particles of levoglucosan
and polystyrene latex under the ambient conditions (760 Torr and 296 ± 2 K) using an aerosol flow
tube (AFT) coupled with a chemical conversion/laser-induced fluorescence (CC/LIF) technique.
Owing to the high sensitivity of the CC/LIF instrument to HO2, we are able to measure the HO2
decays with initial concentrations of ∼1 × 108 molecules cm-3, which are similar to the ambient
concentration levels. Furthermore, the effect of the self-reaction of HO2 in the gas phase can be
neglected in the system. Determined γ values by levoglucosan particles were <0.01, 0.01 ± 0.01, 0.05 ±
0.01, 0.09 ± 0.02 and 0.13 ± 0.03, for relative humidity (RH) of 20, 40, 55, 75 and 92 %, respectively,
while the γ values by polystyrene latex particles were 0.01 ± 0.01, 0.02 ± 0.01, and 0.03 ± 0.01 for RH of
22, 58, and 92 %, respectively. These results suggest that compositions, relative humidity, and phase
for aerosol particles are significant to the HO2 uptake. We will discuss the potential HO2 loss processes
for RH dependence.
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Orban1, N. Haag1, H. Johansson1, P. Reinhed1, M. Gudmundsson1, I. Kashperka1, J. Gurell1, W. D.
Geppert1, L. Liljeby2, L. Brännholm2, P. Löfgren2, K.-G. Rensfelt2, M. Björkhage2, M. Blom2, G.
Andler2, A. Källberg2, A. Simonsson2, A. Paál2, and H. Danared2
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2

The cryogenic double electrostatic ion-storage ring DESIREE is presently being constructed, and
Figures 1 and 2 are a schematic and a picture showing the current state of construction of the
apparatus, respectively.

Figure 1: Schematic of DESIREE

Figure 2: Picture of the partially constructed
DESIREE in the laboratory

This facility will for the first time allow studies of interactions between internally cold and oppositely
charged ions with very low and well-defined relative velocity in a merged-beams configuration. These
aspects will make DESIREE an ideal tool for investigating the process of mutual neutralization among
oppositely charged ions; a process which is of major significance in a variety of cold plasmas of e.g.
atmospheric or astrophysical relevance [1]. The poster will detail both the scientific motivations for the
project as well as aspects of the storage ring design and in particular the experimental aspects of the
merged-beams experiment such as expected velocity resolution. Furthermore, the testing of vital
components such as detectors [2] will also be discussed, as will requirements of the ion beams in terms
of intensity and beam quality – and how to meet these requirements.
References:
[1] H. T. Schmidt et al. Int. J. Astrobiol. 7, 193 (2008)
[2] S. Rosén et al., Rev. Sci. Instrum. 78, 113301 (2007).
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Probing the nuclear dynamics of formaldehyde in intense
laser fields by coincidence momentum imaging
Chien-Ming Tseng1, Mizuho Fushitani1,2, and Akiyoshi Hishikawa1,2,3
1

Institute for Molecular Science, National Institutes of Natural Sciences, Okazaki, Aichi, Japan
The Graduate University for Advanced Studies (SOKENDAI), Myodaiji, Okazaki, Aichi, Japan
3
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2

Momenta of fragment ions produced by Coulomb explosion in ultrashort intense laser fields provide
valuable information on the instantaneous molecular structure at the time of the laser irradiation. This
“Coulomb explosion imaging” is a powerful tool to visualize ultrafast reaction dynamics, e.g., hydrogen
migration, as demonstrated for the acetylene-vinylidene isomerization of C2D22+, DCCD2+ ↔ CCD22+
[1]. In the present study, we discuss the Coulomb explosion of formaldehyde (H2CO) in 35 fs and fewcycle intense laser fields by the multiple-ion coincidence momentum imaging. The purpose of this study
is to understand the nuclear dynamics of formaldehyde in intense laser fields and to clarify the
feasibility of applying the Coulomb explosion imaging to directly visualize the “roaming” hydrogen
process discovered recently in the UV photodissociation [2].
The observed three-body Coulomb explosion pathways of formaldehyde in 35 fs intense laser fields
(800 nm, 5.5 x 1014 W/cm2) are, H2CO3+ → (i) H+ + H+ + CO+, (ii) H+ + CH+ + O+ and (iii) H+ + C+
+ OH+. The Newton diagram in Fig. 1 for the major (~ 91 %) three-body dissociation channel (i)
shows that the distribution of momentum angle between two protons is peaked at θ12 = 106°,
preserving the original ∠H-C-H bond angle (∠116°) of H2CO in the ground state. This suggests that
the large amplitude motion of hydrogen atoms roaming around the C-O skeleton can be probed in real
time by the pump-probe Coulomb explosion imaging method. The three-body Coulomb explosion
pathway associated with hydrogen migration to the oxygen site, H2CO3+ → H+ + C+ + OH+, has been
found, but have only a minor contribution (< 2%) to the three-body Coulomb explosion process.

Fig. 1. The Newton diagram of H2CO3+ →
H+ + H+ + CO+. The amplitude of the
linear momentum of the first H+ is
normalized to unity and the normalized
vector is placed on the negative x-axis.

Reference:
[1] A. Hishikawa, A. Matsuda, M. Fushitani, and E. J. Takahashi, Phys. Rev. Lett., 99, 258302 (2007).
[2] D. Townsend, S. A. Lahankar, S. K. Lee, S. D. Chambreau, A. G. Suits, X. Zhang, J. Rheinecker, L. B.
Harding, and J. M. Bowman, Science, 306, 1158 (2004).

91

A-50
Possible role of the HSO5 radical in atmospheric
nucleation
Hanna Vehkamäki1, Theo Kurtén1, Martta Toivola1, Torsten Berndt2, Frank Stratmann2
1

2

Department of Physics, P.O. Box 64, 00014 University of Helsinki
Leibniz-Institut für Troposphärenforschung e.V., Permoserstr. 15, 04318 Leipzig, Germany

Sulfuric acid is believed to be one of the main participants of atmospheric gas-to-particle nucleation. In
the atmosphere, sulfuric acid is formed from sulfur dioxide via a series of four reactions:
1) SO2 + OH• ⇒ HSO3•
2) HSO3• + O2 ⇒ HSO5•
3) HSO5• ⇒ SO3 + HO2•
4) SO3 + 2 H2O ⇒ H2SO4 + H2O
Recent laboratory experiments [1] on SO2 and H2SO4 - based nucleation indicate that a mixture of SO2
and OH nucleates significantly more effectively than the corresponding amount of sulfuric acid
evaporated from a liquid solution, or produced from SO3 via reaction 4. This gives reason to believe
that, in addition to H2SO4, other sulfur-containing molecules are also involved in the nucleation
process. Due to the high concentration of molecular oxygen, reaction 2 is likely to be very rapid in both
laboratory and atmospheric conditions. Therefore, these ”alternative” SO2 oxidation products probably
involve reactions of the HSO5 intermediate radical. For example, self-reaction of HSO5 would produce
peroxo-disulfuric acid, H2S2O8, which has recently been computed [2] to somewhat enhance sulfuric
acid cluster formation, and thus nucleation.
The central uncertainty in nucleation mechanisms involving HSO5 is the lifetime of this metastable
intermediate radical. Previous modeling studies have predicted the dissociation of HSO5 into SO3 and
HO2 to be very rapid, leading to a short lifetime of HSO5, and a low net yield for the pathways forming
alternative reaction products such as H2S2O8. However, these studies have not accounted for the effect
of hydration on the stability of HSO5. High-level (G3B3 and CCSD(T)) quantum chemical calculations
[3] demonstrate that HSO5 is much more strongly hydrated than SO3 and HO2, leading to a significant
increase (by 2-3 orders of magnitude) in its lifetime with respect to dissociation. At least partial proton
transfer from HSO5 to H2O is predicted to occur in the HSO5(H2O)2 cluster, which may have
important implications for the reactivity of hydrated HSO5.
References:
[1] T. Berndt, O. Böge, F. Stratmann, Geophys. Res. Lett. 33, L15817 (2006); T. Berndt et al., Atmos. Chem.
Phys. 8, 6365 (2008).
[2] M. Salonen, T. Kurtén, H. Vehkamäki, T. Berndt, M. Kulmala, Atmos. Res. 91, 47 (2009).
[3] T. Kurtén, T. Berndt, F. Stratmann, Atmos. Chem. Phys. Discuss. 9, 2823 (2009).
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A-51
MOGADOC - A database for free diamagnetic and
paramagnetic molecules
Jürgen Vogt, Natalja Vogt and Rainer Rudert
Chemical Information Systems, University of Ulm, D-89069 Ulm, Germany
In order to facilitate the access to structural and structure-related properties of free molecules the group
Chemical Information Systems (formerly Section for Spectra and Structure Documentation) at the
University of Ulm has compiled and critically evaluated for almost four decades the literature in the
field of gasphase electron diffraction, microwave spectroscopy and molecular radio astronomy. On this
basis the MOGADOC database (the acronym stands for Molecular Gasphase Documentation) has
been established for Windows personal computers.
MOGADOC enables the user to trace literature
• for gasphase electron diffraction back to 1930
• for microwave spectroscopy back to 1945
• and for molecular radio astronomy back to 1965.
The hierarchically constructed database contains now over 34,500 bibliographic references for about
10,000 inorganic, organic and organometallic compounds including 7,800 numerical datasets with bond
lengths and angles.
The standard retrieval features of the HTML-based database, which runs by means of the Microsoft
Internet Explorer, have been described elsewhere in detail [1]. An implemented Java-based structure
editor enables the user to retrieve structural formulas and their fragments [2-3]. Hereby the user has the
choice to take into account or to ignore cis-trans-isomerism in cyclic compounds and (E)-(Z)-isomerism
at double bonds. Moreover, a Java-based applet has been developed, which enables the user to visualize
the molecular structures three-dimensionally. The user can interactively rotate, shift and scale the
displayed 3D structure by moving the mouse. Hereby one can allow or suppress the display of bond
orders, atom labels (which are necessary to assign the corresponding geometrical parameters in that
entry) and the principal axis system of inertia.
The conversion of internal coordinates into 3D cartesian coordinates has been carried out using the
program GaussView® and some home-made programs.
Presently we are modifying the retrieval programs to make them compatible with Mozilla Firefox, too.
The project has been supported the Dr. Barbara Mez-Starck Foundation.
References:
[1] J. Vogt and N. Vogt, Struct. Chem. 14, 137 (2003).
[2] J. Vogt, N. Vogt, and R. Kramer, J. Chem. Inform. Comput. Sci. 43, 357 (2003).
[3] J. Vogt and N. Vogt, J. Mol. Struct. 695, 237 (2004).
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A-52
Kinetic studies of O3-photolysis and subsequent
atmospheric O(1D)-reactions using a new highly sensitive
O(1D) detection method
Stijn Vranckx, Jozef Peeters, Shaun A. Carl
Katholieke Universiteit Leuven, Division of Quantum Chemistry and Physical Chemistry, Celestijnenlaan 200F, 3001
Heverlee, Belgium
In our lab, a new O(1D) detection-method with an unpreceded precision and superior detection limits
was developed, based on the chemiluminescence reactions O(1D) + C2H → CH(A) + CO or O(1D) +
C2F4 → CF2(Ã) + CF2O, and detection of the resulting emission at 431 nm for CH(A→X) or at 260 to
400 nm for CF2(Ã→ ) [1-3].
This method is applied for an accurate kinetic study of a series of O(1D) reactions. Rate coefficients are
found from the gradient of plots of the total decay rate as a function of the concentration of the added
reactant. The example in the figure shows immediately the high precision of the technique.
For the crucial atmospheric reactions of O(1D) with H2O and
H2, the rate coefficients k and the fractions quenched to O(3P),
kq/k, were determined over a wide temperature range, 220 K to
450 K: k(H2O) = [1.70 x exp(36/T) ± 0.10] x 10-10 cm3 s-1 with
kq/k(H2O) = 0.010 ± 0.003; k(H2) = (1.35 ± 0.05) x 10-10 cm3 s1
with kq/k(H2) = 0.007 ± 0.007. These high-precision results
further reduce the uncertainty in the rate coefficients and
branching fractions of these key reactions. Further, the
deactivation of O(1D) to O(3P) by N2, Ar, Xe, He and Ne has
been accurately measured: k(Xe) = [8.35 x 10-11 exp(-71/T) ±
0.20] cm3 s-1, k(Ar) = (5.33 ± 0.14) x 10-13 cm3 s-1 independent
of T, k(N2) at 295 K = (3.21 ± 0.14) x 10-11 cm3 s-1, and 295 K
upper limits for k(He) ≤ 6.0 x 10-16 cm3 s-1 and k(Ne) ≤ 7.5 x
10-16 cm3 s-1.

Figure: Plot of the first order decay
rates for the removal of O(1D) vs. the
concentration of [N2]; the slope of the
line gives k(N2).

O3-photolysis is the main source of atmospheric O(1D); but the
quantum yield of O(1D), Φ, for O3-photolysis at wavelengths
above 310nm, important for the lower troposphere, still has large uncertainties, motivating further
research. Their different reactivity towards stable molecules allows O(3P) to be detected simultaneously
with O(1D), based either on O(3P) + C2H → CH(A) + CO or O(3P) + C2F4 → CF2(ã) + CF2O
followed by CF2(ã→ ) emission at 450 to 700 nm, obviating high-accuracy calibrations of laser energy.
Absolute Φ(λ,T) measured with our highly sensitive method, through simultaneous detection of O(1D)
and O(3P), will be discussed.
References:
[1] S. A. Carl, Phys. Chem. Chem. Phys. 7, 4051 (2005).
[2] S. Vranckx, J. Peeters, S. A. Carl, Phys. Chem. Chem. Phys. 10, 5714 (2008).
[3] S. Vranckx, J. Peeters, S. A. Carl, Atmos. Chem. Phys. 8, 6261 (2008).
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B-1
The D' state luminescence of the I2 molecule in liquid
fluorocarbons.
V. A. Alekseev1, J. G. McCaffrey2
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2
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The I2 (D' ) state luminescence was observed in liquid C7F16, C8F18 and C9F20 fluorocarbons. At room
temperature, transmission spectra of CnF2n+2 liquids with added I2 crystals show a structureless band
corresponding to the well known I2 X → B transition. Simultaneous excitation by visible (within the X
→ B band region) and UV (λ<300 nm) photons yields strong UV emission at 370 nm attributed to the
I2 D' (2g) → A'(2g) transition (Figure 1) and a weaker band in the visible at 560 nm attributed to the I2
D'(2g) → ∆ 2u transition. The D' → A' band in CnF2n+2 liquids is red-degraded which in combination
with the large solvation shift, implies that in the Franck-Condon region the I2(A') – CnF2n+2 interaction
potential is strongly repulsive. The lifetime of the D' state in C8F18 and C9F20 is ~ 3 ns, which is a factor
of two shorter than in the gas phase. In liquid C7F16 the D' state luminescence is observed only during
the laser pulse.
Present results and recent studies of iodine-dopped fluorocarbons at cryogenic temperatures [1] show
that ion-pair states are chemically stable in “C-F” bonds environment. Applied aspect of this study
concerns the feasibility of inducing laser generation on the D' → A' transition in liquids and some work
in this direction is currently in progress.
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Figure 1. Emission spectra of the D' → A'
transition following two photon excitation (λ1=595
nm, λ2= 297.5 nm) of I2 dissolved in C8F19 (a,
spectrum in C9F20 is nearly identical) and C7F16 (b)
at room temperature. Spectra in the gas phase in
mixture with CF4 at P~1 bar (c), and cryogenic
C4F10 solid at T=10 K (d) [1] are shown for
comparison.
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VA acknowledges support from Science Foundation of Ireland via Walton Visitor grant.
References:
[1] V.A.Alekseev, Ch.Prendergast, J.G.McCaffrey, 64th International Symposium on Molecular Spectroscopy,
Ohio, 2009
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B-2
Intramolecular vibrational energy redistribution in the
reaction H3+ + CO → HCO+/HOC+ + H2
Tsuneo Hirano1, Hui Li2, Robert J. Le Roy2, and Takayoshi Amano2
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2
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Rotational lines of HCO+ produced in an extended negative glow discharge show that the vibrational
temperatures for the stretching modes are high, and that the population distributions among the
different l levels of excited bending vibrational states are not in thermal equilibrium [1,2]. These results
provide insight into the understanding of the dynamics and intramolecular vibrational energy
redistribution (IVR) in the title reactions. An extension of a method employed previously for ab initio
direct dynamics simulation of IVR in the HNC/HCN isomerization reaction [3] is applied here in a
simulation of HCO+/HOC+ production in the H3+ + CO reaction. Our recent study of this system
found that its dynamics can be understood in a reduced-dimension 5D description [4].
In the present work, the H3+ + CO reaction is simulated by direct dynamics calculations using potential
energies computed at the MR-RS2 level. The displacement coordinates for each time step in the
principal axis system are mapped onto the normal modes by the vibration-mapping method [5,6].
Fourier transforms of the time-development of the mapping coefficients yield the associated vibrational
frequencies. Our direct dynamics calculations use simulation temperatures of either 20 K (a typical
kinetic temperature for dark clouds) or 330 K (a typical translational temperature for ions in a glow
discharge). Fig. 1 shows the time dependence of the mapping coefficients for the most probable “colinear approach” [4] at 330 K, in which H3+ approaches the C end of CO under a Cs symmetry
constraint. In this illustrative trajectory, the H+ hops to the CO moiety to form HCO+ after about 67
fs, followed by a few bounces between H2 and CO over
a period of ~65 fs. We can see that translational motion
of the hopping H+ changes into H-C stretching motion
of the product H-CO+ which is highly excited due to
the reaction exothermicity, after which the energy is
transferred to the bending mode through anharmonic
coupling. Detailed analyses of sets of trajectories of this
type are in progress.
References:
[1] T. Hirano, S. Yu, and T. Amano, J. Chem. Phys., 127,
074301 (2007).
[2] T. Hirano, S. Yu, and T. Amano, J. Mol. Spectrosc., 248,
26 (2008).
[3] Y. Kumeda, Y. Minami, K. Takano, T. Taketsugu, and T.
Fig. 1 IVR in the reaction, 330 K
Hirano, J. Mol. Struct. (THEOCHEM), 458, 285 (1999).
[4] H. Li, T. Hirano, T. Amano, and R.J. Le Roy, J. Chem.
Phys., 129, 244306 (2008).
[5] T. Hirano, T. Taketsugu, and Y. Kurita, J. Phys. Chem.,
98, 6936 (1994).
[6] T. Hirano, T. Taketsugu, and Y. Kurita, J. Phys. Chem., 98, 6942 (1994).
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The electrocyclic transformation of allyl to cyclopropyl
radical revisited
Jonas M. Hostettler,1 Luca Castiglioni,2 Andreas Bach,1 Peter Chen1
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Ever since Woodward and Hoffmann have introduced a theoretical interpretation of the
stereochemical outcome of electrocyclic reactions in 1965, the stereospecifity of the transformation of
allyl to cyclopropyl radical – the smallest possible electrocyclic reaction – has remained an unresolved
and controversial issue. We use ab initio direct molecular dynamics with the trajectory surface hopping
method to study the stereochemistry of the electrocyclic transformation of allyl radical to cyclopropyl
radical. The electronically nonadiabatic dynamics of Ã-state allyl radical reveal a near synchronous
rotation of the terminal methylene groups along both the disrotatory and conrotatory photochemical
deactivation pathways with almost equal probability. Cyclopropyl radical formation accounts for only
8% of all trajectories, with 98% following the disrotatory pathway. Subsequent ground state ringopening of the nascent cyclopropyl radical is feasible too. These hot ground state allyl radicals have
sufficient internal energy to undergo secondary reactions, mainly dissociation to allene and a hydrogen
atom. These products were found in a photodissociation study of Ã-state allyl with a kinetic energy
distribution in agreement with statistical ground state dissociation. [1]

References:
[1] L. Castiglioni, A. Bach, P. Chen, Phys. Chem. Chem. Phys. 8, 2591 (2006).
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Fourier transform microwave and millimeter wave
~
spectroscopy of the iodomethyl radical, CH2I ( X 2B1)
S. Bailleux1, H. Ozeki2, T. Okabayashi3, M. Tanimoto3 and P. Kania1
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Japan
3
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Halogen-substituted methyl radicals, denoted as CHnX3−n (n=0–3 and X = F, Cl, Br or I), have attracted
the attention of many scientists over several decades because of their relevance to a variety of practical
topics, such as stratospheric ozone depletion, halocarbon-based fire suppression, and plasma etching of
semiconductor surfaces during the manufacture of integrated circuit chips [1]. The spectroscopic study
of these radicals is also of importance in order to determine their molecular structure.
The CH2I radical has been the subject of a limited number of studies. CH2I was first identified by
matrix infrared spectroscopy [1]. It was subsequently detected by infrared emission spectroscopy
[2] and one UV band was later observed by photoelectron spectroscopy [3]. To complete the
spectroscopic study of the CH2X series [4], we report in this work the first high-resolution rotational
spectrum of CH2I in the gas phase. CH2I was detected by Fourier transform microwave spectroscopy
below 40 GHz at the University of Shizuoka, where it was produced by DC discharge in CH2I2 used as
precursor. The millimeterwave spectrum (see Fig.) was observed at the University of Lille between 200
– 630 GHz by hydrogen or iodine abstraction of CH3I or CH2I2, respectively, by Cl atoms. The analysis
of the fine structure due to unpaired electron and of the hyperfine structures due to both iodine and
hydrogen nuclei has been carried out and will be presented.

Absorption

hyperfine structure due to iodine (II = 5/2) in CH2I :
N = 26 ← 25, Ka = 4, J = 26½ ← 25½, F = J+II
F = 25 ← 24
F = 26 ← 25

non-paramagnetic transition
(unidentified)

F = 27 ← 26
F = 24 ← 23
F = 28 ← 27

no magnetic field

454.929

454.930

F = 29 ← 28

magnetic field
(~150 Gauss)
454.931

454.932

454.933

454.934

454.935

454.936

Frequency /GHz

References:
[1] D. W. Smith and L. Andrews, J. Chem. Phys. 58, 5222 (1973).
[2] S. L. Baughcum and S. R. Leone, J. Chem. Phys. 72, 6531 (1980).
[3] L. Andrews, J. M. Dyke, N. Jonathan, N. Keddar and A. Morris, J. Phys. Chem. 88, 1950 (1984).
[4] H. Ozeki, T. Okabayashi, M. Tanimoto, S. Saito and S. Bailleux, J. Chem. Phys. 127, 224301 (2007).
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Chemical probing spectroscopy of H3+ from the near infrared into the visible regime
M. H. Berg1, A. Petrignani1, D. Bing1, H. Kreckel1,2, S. Reinhardt1,3 and A. Wolf1
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The triatomic hydrogen ion H3+ is a highly reactive key component in many astrophysical and
technological plasma environments. Being the simplest polyatomic molecule, it also is an important
benchmark system against which quantum mechanical calculations are tested. Because of the high
symmetry of the molecule, highly excited rotational states can have long lifetimes. Cryogenic helium
buffer gas is therefore a preferred technique to prepare cold rotational levels of these ions on a ms time
scale. We operate a 22-pole rf ion trap for this purpose, which is used as a stand-alone device for laser
spectroscopy as well as an ion injector for investigations on electron-ion collisions in the storage ring
TSR in Heidelberg.
When performing laser spectroscopy, a chemical probing technique is implemented, which has proven
to be a very sensitive detection method down to the single ion level [1]. The chemical reaction used is
that of H3+ with Ar forming ArH+, which is endothermic by 0.57 eV for ground-state H3+. When H3+
ions are excited to a rovibrational level above 0.57 eV (4600 cm-1) the excited ions will lead to the
production of ArH+. The ArH+ ions are detected by a single-ion counting device.
Recently we investigated high rovibrationally excited states above the barrier to linearity of the H3+
molecule, which lies around 10,000 cm-1 above the triangular ground state. Above this energetic
threshold, vibrating H3+ can sample linear configurations, causing serious problems for theoretical
calculations. Measurements on states in this region are needed to improve theory. In our latest chemical
probing spectroscopy experiments using a Ti:sapphire, laser 17 previously unobserved transitions
between 11,228 and 13,333 cm-1 have been revealed, among which the weakest H3+ rovibrational
transition observed to date [2]. Due to high sensitivity, the results for the sixth overtone band 6ν22 (the
highest band observed so far from the ground state) could be extended towards lines three times
weaker than those seen in other previous measurements using absorption spectroscopy [3].
The chemical probing technique as implemented here has not reached its sensitivity limit and the scan
regime will be extended into the visible or even UV-range by ongoing improvements on the 22-pole
trap. As a more distant goal, we aim for realizing multi-step photodissociation from the ground state.
References:
[1] J. Mikosch et al., J. Chem. Phys. 121, 11030 (2004).
[2] H. Kreckel et al., J. Chem. Phys. 129, 164312 (2008).
[3] J. L. Gottfried, Philos. Trans. R. Soc. London, Ser A 364, 2917 (2006)
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High-level ab initio calculations for (potential)
interstellar anions: structures, spectroscopic properties
and energetics
Peter Botschwina and Rainer Oswald
Institute of Physical Chemistry, University of Göttingen, Tammannstr. 6, 37077 Göttingen, Germany
Among the most exciting news of laboratory astrophysics and radioastronomy during the past three
years has been the unambiguous identification of four polyatomic anions in two prominent
astronomical sources, namely the circumstellar envelope of the evolved carbon star IRC+10216 and the
cold dark molecular cloud TMC-1. The anions detected so far in the interstellar and circumstellar
medium are C6H-, C4H-, C8H-, and C3N- (in order of detection); all of them are closely related to wellknown neutral interstellar molecules. Theoretical chemistry has been playing an important role in the
identification and characterization of the interstellar anions (see [1-3] and references therein).
The poster presents the results of high-level ab initio calculations for anions of type C2nH- (n = 2-6) and
C2n-1N- (n = 2-7), carried out by means of coupled cluster variant CCSD(T) and the newly established
explicitly correlated CCSD(T)-F12a method [4, 5]. Accurate equilibrium structures, electric dipole
moments and a variety of spectroscopic constants are reported. On the basis of the authors’ predictions
[3], Cernicharo and coworkers recently assigned the B1389 series of radio astronomical lines detected in
IRC+10216 with the IRAM 30-m telescope to C5N- [6]. Particular attention will be given to the
dissociative electron attachment reactions
H2C2n + e- → C2nH- + H

(n = 2-4)

which may contribute to the interstellar synthesis of C2nH- anions. The reaction energies at 0 K
obtained by CCSD(T)-F12a should have 2 kJ/mol accuracy [7] and are much more accurate than
recently published B3LYP/aug-cc-pVTZ values [8].
References:
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[2] P. Botschwina and R. Oswald, Int. J. Mass Spectrom. 277, 180 (2008).
[3] P. Botschwina and R. Oswald, J. Chem. Phys. 129, 044305 (2008).
[4] T. B. Adler, G. Knizia, and H.-J. Werner, J. Chem. Phys. 127, 221106 (2007).
[5] G. Knizia, T. B. Adler, and H.-J. Werner, J. Chem. Phys. 130, 054104 (2009).
[6] J. Cernicharo, M. Guélin, M. Agúndez, M. McCarthy, P. Thaddeus, Astrophys. J. 688, L83 (2008).
[7] P. Botschwina, R. Oswald, G. Knizia and H.-J. Werner, Z. Phys. Chem., in press (DOI
10.1524.zpch.2009.6038).
[8] E. Herbst and Y. Osamura, Astrophys. J. 679, 1670 (2008).
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CdH2 (X 1 Σ g+ ): an accurate potential energy surface,
rovibrational states and perturbations
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2

Ab initio calculations employing the coupled cluster variant CCSD(T), in conjunction with a small-core
pseudopotential for the cadmium atom and a large basis set [1, 2], have been employed to construct a
near-equilibrium potential energy function (PEF) and an electric dipole moment function (EDMF) for
CdH2. Most of the underlying electronic structure calculations were carried out with the MOLPRO
suite of programs [3]. The significance of spin-orbit interaction was checked and found to be of minor
importance. Making use of two pieces of experimental information for the most abundant isotopomer
114
CdH2, a refined PEF was obtained which, within variational calculations of rovibrational states and
wavefunctions, reproduces all available experimental data [4] very well. In addition, numerous
predictions are made. In particular, the ν2 band origins for 114CdH2 and 114CdD2 are predicted at 605.9
and 436.9 cm-1, respectively. The state perturbing the e parity levels of the (0,00,1) state at J = 12-17 is
identified as the (0,33,0) state. Assignments for all further perturbations found in the emission spectra
[4] are given as well. A rather complex series of perturbations is predicted in the region of the DarlingDennison resonance system (2,00,0)/(0,00,2).
References:
[1] D. Figgen, G. Rauhut, M. Dolg, and H. Stoll, H., Chem. Phys. 311, 227 (2005).
[2] K. A. Peterson and C. Puzzarini, Theor. Chem. Acc. 114, 283 (2005).
[3] MOLPRO, version 2006.1, a package of ab initio programs, H.-J. Werner, P. J. Knowles, R. Lindh, M. Schütz,
and others, see http://www.molpro.net.
[4] S. Yu, A. Shayesteh, and P. F. Bernath, J. Chem. Phys. 122, 194301 (2005).

102

B-8
Molecular Structure and Magnetic Parameters of Septet
2,4,6-Trinitrenopyridines
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Septet trinitrenes are highly reactive intermediates formed during the photolysis of aromatic triazides.
These nitrenes model ferromagnetic molecular domains and are of considerable interest as model
systems for explorations of magnetism in organic molecules [1-5]. This Report is devoted to EPR and
DFT studies of the molecular structure and magnetic parameters of septet 2,4,6-trinitrenopyridines
obtained by the photolysis of 2,4,6-triazidopyridines in solid argon at 4 K and in frozen at 5 K 2methyltetrahydrofuran solutions.
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Revised molecular constants and term values for the X2Π
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The best available set of molecular constants and term values for the ground X2Π state of the OH
molecule is essentially based on two papers. The first is that of Mélen et al. [1] who, in 1995, gathered
all the spectroscopic data available at that time from laboratory and satellite [2] (ATMOS 1985)
measurements involving the v = 0 to 3 vibrational levels of this important radical and fitted them to a
standard 2Π Hamiltonian. A set of term values were thus generated which allowed the calculation of the
line positions for any infrared band involving these vibrational levels, called the Meinel band system.
These lines were often used later for calibration of other IR spectra. The second paper is that of Colin
et al. [3], in which the measurements of seventeen IR bands involving v = 4-10, obtained by Abrams et
al. [4], were refitted to generate molecular constants and term values for these higher vibrational levels.
In that fit, the molecular constants for the levels v = 0-3 given by Mélen et al. [1] were kept constant.
In the course of a detailed examination of the IR and far IR bands of OH present in older (ATMOS
1985 [3], ATMOS 1994 [5]) and more recent (ACE [6]) satellite solar absorption spectra, it was found
that there existed a discrepancy between the observed line positions and those calculated with the
above mentioned constants. For the pure rotational v = 0 band the discrepancy, less than 0.001 cm-1
for lines with J< 24.5, reached 0.35 cm-1 for lines with J = 49.5. The discrepancy was traced to errors
in the term value table (Table V) given by Mélen et al. [1] and was most likely due to a faulty lambdadoubling matrix element in the 2Π Hamiltonian used. A refitting of all available spectroscopic data
appeared necessary on account of the importance of this radical in many fields of molecular science. In
addition, in the course of our inspection of the various satellite solar spectra, 29 previously missing lines
and several high J lines of the so far unobserved v = 4 pure rotational band were found. Also, data
from the literature was used to extend our work to v=13 of the X2Π state. The results of our analysis
will be presented.
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infrared spectrum of the Sun and the earth atmosphere from space, Vol. III: Key to Identification of Solar
Features,” NASA Ref. Pub. 1224, NASA, Washington, D.C., 1992.
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(1994).
[5] M. C. Abrams, A. Goldman, M.R. Gunson, C.P. Rinsland and R. Zander, Applied Opt. 35, 2747-2751 (1996).
[6] P.F. Bernath et al., Geophys. Res. Lett. 32, L15S01 (2005) and in preparation.

104

B-10
Photoelectron-Photofragment Coincidence Spectroscopy
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In our laboratory we have used photoelectron-photofragment coincidence spectroscopy to characterize
the dissociative states of free radicals and other reactive intermediates by using photodetachment of a
stable negative ion precursor to prepare the dissociative species. Measurement of the kinetic energy of
the photoelectron determines the internal energy of the neutral under consideration, and using fast
beam translational spectroscopy techniques, the final neutral products and their energy and angular
distributions can be measured. An example of these studies is provided by our use of the HOCO¯
anion to probe the important combustion intermediate HOCO in the OH + CO → H+CO2 reaction.
[1-4] In these experiments, however, there remains some ambiguity concerning the internal energy in
the parent HOCO¯ anion, with some evidence for unrelaxed high-frequency vibrations surviving the
supersonic expansion ion source.[2] To resolve this and similar questions, a cryogenically cooled
Zajfman-style electrostatic ion beam trap [5] has been designed and is being commissioned for use in
photoelectron-photofragment coincidence spectroscopy. This trap is cooled to ~10 K and pumped to
~10-11 torr, and will feature an intra-cavity time- and position-sensitive electron detector along with a
multiparticle time- and position-sensitive neutral detector downstream. Ions up to 15 keV are bunched
and phase-locked to a pulsed laser at 1 kHz to ensure good photon-ion interaction probability.
Trapping lifetimes up to several seconds are expected, allowing ions to radiatively cool to ground
vibrational and low rotational states. This work has been supported by the Department of Energy
under grant DE-FG03-98ER14879.
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Instrum., pp. 76-83, 69 (1998).

105

B-11
Doppler Resolved Frequency Modulation Spectroscopy as
a Probe of Angular Momentum Polarisation in the 248 nm
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We are currently investigating the orientation and alignment of the CN fragment produced by the UV
photolysis of ICN. The CN photofragment produced at 266 nm and 248 nm with probing via diode
laser Doppler FM spectroscopy on the electronic A to X transition. The photodissociation process
involves excitation to a coherent superposition of several excited state potential energy surfaces. The
evolution of the wavepacket along two of these surfaces, the A'(3Π0+) and A" (1Π1) surfaces, results in
interference effects on the approach to the product asymptote. The outcome of the interference creates
interesting alignment and orientation properties in the CN product.[1,2]
Previously, we have investigated the orientation and alignment of the rotational angular momentum in
the CN product following 248 nm photodissociation. Interestingly a vibrational dependence of the
orientation terms was observed, showing in particular a strong orientation of the rotational angular
momentum in CN v = 0 products, but a near zero orientation in v = 1.[3] We are currently investigating
the orientation and alignment of the CN fragment from the UV photolysis of ICN.
References:
[1] J. F. Black, E. Hasselbrink, J. R. Waldeck and R. N. Zare, Molecular Physics 71, 1143 (1990)
[2] M. L. Costen and G. E. Hall, Physical Chemistry Chemical Physics 9, 272 (2007)
[3] M. L. Costen, G. E. Hall, G. Richmond, G. A. D. Ritchie and S. Taylor, submitted (2009)
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Although SiNSi is an isovalent radical to the well known CNC radical, much less has been known for
this radical. In 1997, Brugh and Morse [1] have reported REMPI spectra in the near UV region, and
assigned the observed bands to the 2Σu+–X2Πg band system. However, no band systems other than that
have been identified for this species yet. In the present study, we have observed laser induced
fluorescence (LIF) spectra for this radical in the near UV and visible regions, and assigned a number of
excited electronic states.
The SiNSi radical was produced in a supersonic jet using the pulsed discharge nozzle (PDN) system
reported previously [2], where a mixture gas of N2 and phenylsilane diluted in Ar was used as a
precursor. Although SUS electrodes have been used for the PDN in the previous studies, PDN with
titanium electrodes was used in the present study, which gave better signals at least for SiNSi.
At first, LIF spectra were observed in the region, 30,400 – 33,100 cm–1, where we were able to identify
15 vibronic bands with rotational resolution. The observed bands were able to be assigned to 3
electronic states. One of the states is 2Σu+ previously observed, while others are newly observed
electronic states, 2∆u and 2Σg+, where the latter were observed by the viboronic interactions with other
allowed transitions. Detailed molecular constants, including those of the Renner-Teller interaction for
the 2∆u state, have been determined for these states, where all the states including the ground state have
been concluded to have symmetric linear structures.
Furthermore, dispersed fluorescence (DF) spectra, observed by pumping one of the band system,
suggested existence of two low lying excited electronic states in the visible region. In fact, several
vibronic bands were observed in the region, 13300 – 14300 cm–1 by LIF spectroscopy. At least, 4
vibronic bands could be assigned to those of SiNSi from DF spectra observed by pumping these
bands. It is considered that the lower one of the observed visible band systems is correlated to the bent
SiNSi radical predicted by a previous ab initio calculation [3].
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Vibronic structure of the 3s and 3p Rydberg states of the
allyl radical
Jann A. Frey, Michael Gasser, Jonas Hostettler, Andreas Bach and Peter Chen
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We present the 2+2 and 1+1 REMPI as well as UV/UV-depletion spectra of supersonically cooled allyl
radical in the range from 39 000 to 45 000 cm-1. Allyl radical was generated via photolysis of allyl-iodide,
which allows a more effective cooling than the pyrolytical setup used in former studies. [1,2] Due to the
colder molecular beam, several bands which originally were assigned to fundamental transitions do no
longer appear and therefore are reassigned as hot-bands. A complete reinterpretation of the observed
transitions therefore became mandatory. High-resolution spectra of the single peaks were recorded and
their band-type was extracted. With help of symmetry selection rules and of ab initio calculations, the
band origins of the Rydberg 3s, 3py and 3pz states were identified at 40 046, 41 556 and 42 230 cm-1,
respectively. A large number of transitions into vibrations of each of these electronic states could be
identified. All these transitions are formally forbidden and appear only due to intensity borrowing
processes from the nearby fully allowed Rydberg 3px state. However, the 3px state itself is not accessible
using REMPI techniques due to its short lifetime. This short lifetime is assigned to an efficient
depletion to the ground state via a close-lying three-state conical intersection. Indirect detection of the
Rydberg 3px is accomplished via UV/UV-depletion spectroscopy. Its origin is assigned to a broad
feature at 43 700 cm-1 which agrees nicely with the first measured absorption spectra of allyl radical. [3]
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Resonant two photon ionization spectroscopy of jetcooled osmium nitride, OsN
Maria A. Garcia, Michael D. Morse
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Optical transitions of supersonically cooled OsN were investigated for the first time in the range from
19,000 to 23,000 cm-1 using resonant two-photon ionization spectroscopy. Seventeen vibrational bands
which vary in intensity were investigated. Ten bands were rotationally resolved for the four most
abundant isotopomers, 192Os14N (40.78% natural abundance), 190Os14N (26.26%), 189Os14N (16.12%)
and 188Os14N (13.24%). After fitting and analyzing a band near 19,775 cm-1, the band was assigned as
the 1-0 vibrational transition of the D 2Π3/2 ← X 2∆5/2 band system. To the blue of the 1-0 band, the 20 vibrational band is identified near 20,657 cm-1. The assignments are based on the vibrational interval,
isotope shifts, and similar rotational structure. We believe the 0-0 band must lie to the red and is not
observable using ArF radiation (193 nm, 6.42 eV) as the second photon, due to the high ionization
potential of the OsN molecule. A third band near 21,150 cm-1 has been identified as the 0-0 band of
the E 2Φ7/2 – X 2∆5/2 system. This assignment is based on the vibrational spacing and excited state
lifetimes that have been measured. Both the D 2Π3/2 and E 2Φ5/2 states are thought to originate from
the 1δ3 3σ1 2π1 electronic configuration, corresponding to excitation of a nonbonding 3σ electron in the
1δ3 3σ2, 2∆5/2 ground state into the 2π antibonding orbital.
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Simulations of CN formation through radiative
association: comparing quantal and classical rates
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Department of Chemistry, Unversity of Gothenburg, SE-412 96 Gothenburg, Sweden
Radiative association is a mechanism which contributes to the production of molecules in interstellar
clouds. It is especially important in low-density and dust-poor regions where reactions due to ternary
collisions are rare [1]. The rate coefficients for radiative association are typically orders of magnitude
lower than that of other chemical processes, such as exchange reactions, and direct laboratory
measurements have so far only been possible to carry out for certain ionic systems [2]. Thus
astronomers who wish to model the chemical evolution of interstellar space often have to rely on
theoretical calculations of radiative association rates.
In this work we investigate the formation of CN radicals through the reaction
C( 3 P ) + N( 4 S ) → CN( A 2Π) → CN( X 2 Σ + ) + hν

(1)

theoretically using quantum and classical dynamics. The energy-resolved cross sections reveal striking
quantum effects which arise from shape resonances, i.e. quasi-bound states which are due to the
centrifugal barrier. The quantal rate coefficient for temperatures from 40 K to 1900 K has been
computed using the Breit-Wigner theory to account for the resonances. Comparison with the semiclassical results obtained by Singh and Andreazza [3] shows that their method, which omits the shape
resonances, is accurate to within 25 % for temperatures above 300 K. At lower temperatures the
contribution from the shape resonances to the radiative association rate is more significant. Overall,
however, the resonances play a smaller role for CN than for HD [4]. This fact is attributed to the lower
tunneling rate through the centrifugal barrier for the higher mass system.
The role played by the radiative transition Π → Σ in Eq. (1) compared to the other possible transitions
( Π → Π , Σ → Π , Σ → Σ ) has been investigated by quantum calculation of all four cross sections. We
conclude that Π → Σ dominates in the formation of CN radicals via radiative association.
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Over the past two years, we have recorded the pure rotational spectrum of several phosphoruscontaining species, using millimeter/submillimeter direct absorption techniques [1] and, in certain cases,
Fourier transform microwave (FTMW) methods [2]. These molecules include CCP [3,4], PCN [5],
HPSi [6], and HPS [7]. They were produced using a new source of gas-phase phosphorus developed in
the Ziurys group. The spectrum of CCP was measured in its ground 2Πr state. Both spin-orbit
components were observed, and were found to exhibit lambda-doubling. Spectra of the isotopic
species 13C13CP, 13C12CP, and 12C13CP were also recorded, and the hyperfine interactions from the 13C
and 31P nuclei were observed. From these data, the unpaired electron appears primarily to be located
on the phosphorus nucleus, with density on the end carbon atom. Rotational transitions of PCN in its
3 Σ ground state were measured in the frequency range 10-400 GHz, each of which were split into three
fine structure components. Several transitions of P13CN were recorded at submillimeter wavelengths,
as well. 31P and 14N hyperfine structure were resolved in the FTMW spectra, although the phosphorus
interactions were dominant. Rotational, fine and hyperfine structure constants were determined for
both radicals, as well as bond lengths. CCP appears to have two double bonds, while PCN has single
(C-P) and triple (C≡N) bonds. Work is still in progress for HPS and HPSi, and these results will be
presented in the poster. Preliminary studies indicate that HPS is bent, and HPSi is a hydrogen-bridged
species.
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~
The observed spectrum of NH2 extends from 390 to 830 nm and primarily consists of (0, v2, 0) A 2A1
~
← (0, 0, 0) X 2B1 bands where v2 = 3, 4, 5. . . .18. The spectrum provided the first example of the
Renner-Teller effect. Here we report on radiative lifetimes for rotational v2 = 5. . . .17 levels using
pulsed laser excitation followed by observation of the emitted fluorescence. Radiative lifetimes
~
monotonically decreased from ~70 µs in the (0, 4, 0) A 2A1 level to 3 µs for the highest vibrationally
excited levels. NH2 was formed from NH3 by laser photolysis or in a flowing microwave discharge.
The dependence of the radiative lifetimes on vibrational level was compared to predictions of a semirigid bender model. In general the results were satisfactory, although they were better for smaller values
of v2 than larger ones. Possible explanations range from the trivial, flyout effects for the very long
lifetimes of the lower levels, to interesting, a small deviation from linear symmetry for NH2.
Measurements of how the radiative lifetime varies with rotational level were made for the (0, 10, 0) Π
and Φ levels. A minor decrease with increasing vibrational level was seen for the (0, 10, 0) Π state, but
this was more pronounced for the Φ state. These results are in broad agreement with earlier ones [1,2]
but differ significantly from a more recent set of measurements which reported uniform lifetimes
across essentially the same range of vibrational levels [3].
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Ionization energy measurements and spectroscopy of HfO
and HfO+
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Rotationally resolved spectra of the HfO+ cation have been recorded using the pulsed field ionization
zero electron kinetic energy (PFI-ZEKE) technique. The F(0+) ←X 1Σ+ band system in HfO was
resonantly excited to provide vibrational and rotational state selectivity in the two photon ionization
process. Using the PFI-ZEKE technique a value of 7.91687(10) eV was determined for the ionization
energy (IE) of HfO, 0.37 eV higher than the values reported previously using electron impact
ionization measurements. Underestimation of the IE in the previous studies is attributed to ionization
of thermally excited states.
A progression in the HfO+ stretching vibration up to ν+ = 4 was observed in the PFI-ZEKE spectrum,
allowing for determination of the ground electronic state vibrational frequency of ωe = 1017.7(10) cm-1
and anharmonicity of ωexe = 3.2(2) cm-1. The rotational constant of HfO+ was determined to be
0.403(5) cm-1. Benchmark theoretical ab initio calculations were carried out in order to explore the
effects of electron correlation on the predicted molecular properties.
Survey scans utilizing laser induced fluorescence and resonance enhanced multiphoton ionization
detection revealed many previously unassigned bands in the region of the F-X and G-X bands of HfO,
which we attribute to nominally forbidden singlet – triplet transitions of HfO.
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Dopant-induced infrared transitions in Cl-doped solid
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Monte Carlo study
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Solid parahydrogen (pH2) matrices containing open-shell (2P) Cl and Br atoms as substitutional
impurities exhibit several infrared (IR) absorption features associated with intermolecular interactions
between the halogen atom and nearby pH2 molecules [1,2]. These dopant-induced IR absorption
features are associated with (i) spin-orbit (SO) excitation of the halogen atom, and (ii) cooperative
excitations in which a single IR photon both triggers SO excitation of the halogen atom and excites the
H–H stretching coordinate of a nearby pH2 molecule. The IR spectral features thus contain detailed
information about the interaction between the open-shell halogen atom and the surrounding pH2
molecules, and in particular tell us about the coupling between the atom’s electronic degrees of
freedom and the nuclear motion of its H2 neighbors. This coupling has been the focus of considerable
interest for many years; in particular, questions about the role that nonadiabatic interactions might play
in the entrance channel of the Cl + H2 reaction were characterized in 2008 [3] as “one of the major
unresolved problems in chemical reaction dynamics.”
Here we present initial steps towards decoding the Cl-induced features in the IR absorption spectrum
of Cl-doped solid pH2. This system represents a prototypical arena for testing theoretical approaches
for combining multiple low-lying Cl–H2 pair potential energy surfaces to generate non-pairwise-additive
many-body interactions describing the open-shell Cl atom’s interaction with many nearby pH2
molecules. Our analysis must account for the fact that the individual pH2 molecules in the doped solid
undergo large amplitude zero-point motions, even at T = 0 K [4]. We therefore combine a quantum
Monte Carlo simulation of the nuclear degrees of freedom of the Cl-doped solid with accurate quantum
chemical Cl–H2 potential energy and transition dipole moment functions in an attempt to generate fully
first-principles theoretical IR spectra for comparison with experiment.
References:
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A’ and Ã 6A” states of FeOH

Tsuneo Hirano1,2, Umpei Nagashima2, Gisbert Winnewisser3, and Per Jensen4
1

Department of Chemistry, Faculty of Science, Ochanomizu University,
2-1-1 Otsuka, Bunkyo-ku, Tokyo 112-8610, Japan,
2
Research Institute for Computational Sciences, National Institute of Advanced Industrial Science and Technology, 1-11 Umezono, Tsukuba, Ibaraki 305-8568, Japan
3
I. Physikalisches Institut, Universität zu Köln, Zülpicher Str. 77, 50937 Köln, Germany
4
Theoretische Chemie, Bergische Universität, D-42097 Wuppertal, Germany
FeOH is one of the possible candidates for an iron-containing molecule to be detected in interstellar
space, but has not yet been spectroscopically characterized. The electronic ground state is 6A’ which
is Renner degenerate with the Ã 6A” state and correlated at linearity to the 6∆ state [1]. We have
calculated the three-dimensional potential energy surfaces of the 6A’ and Ã 6A” states, which are
close in energy over the range of geometries studied, at the MR-SDCI +Q+Erel/[ Roos ANO (Fe), augcc-pVQZ (O,H)] level of theory. The equilibrium structure of the 6A’ state is bent with re(Fe-O) =
1.806 Å, re(O-H) = 0.952 Å, and ∠e(Fe-O-H) = 134.2°. The barrier to linearity is 273(266) cm−1 in the
6

A’(Ã 6A”) state so that FeOH is quasilinear in the

6

A’(Ã 6A”) state. The second excited state

A’ (correlating with 6Π at linearity) is located about 3740 cm−1 above the 6A’ and Ã 6A” states. The
Fe-O bonds in both states are ionic and their bending potentials are shallow, resulting in large
amplitude bending motion. The simulated absorption spectrum at 10 K, calculated with the RENNER
program, is given in Fig. 1 [1]. Since the H nucleus is very light compared to Fe and O, the principal aaxis for an instantaneous bent structure almost coincides with the line passing through Fe and O.
Moreover, the O-H bond is very short compared with the Fe-O bond. Thus, it is reasonable that the
simulated ro-vibronic energy spectrum [1] retains a substantial linear-molecule character, in particular in
the lowest progression of energy levels.

6

The ro-vibrationally averaged structures for the 6A’ and Ã 6A” states have been calculated as the
expectation values of MORBID ro-vibronic wavefunctions; for the vibrational ground state, <r(FeO)>0 = 1.805 Å, <r(O-H)>0 = 0.967 Å, and <∠(FeO-H)>0 ≈ 135°, which are very close to the
equilibrium structure given above. Therefore, in the
case of a quasi-linear molecule like FeOH having an
easily surmountable barrier to linearity, the spectrum
resembles that of a linear-molecule, but still the most
probable, ro-vibrationally averaged structure is bent
and situates around the minimum of the potential
energy surface.
References:
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Fig. 1 Predicted spectrum [1]
for 6∆ FeOH
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Energy transfer processes of the C3-Ne van der Waals
complex studied by laser-induced fluorescence
Chiao-Wei Chen, Kan-Sen Chen, Shin-Shin Cheng, Anthony J. Merer, and Yen-Chu Hsu
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‘P. O. Box 23-166, Taipei 10617, Taiwan, R. O. C.
Fluorescence excitation spectra of the C3-Ne van der Waals complex have been recorded in the
excitation energy ranges of 24875-25780 cm−1 and 28956-29730 cm−1. C3-Ne complex features
~ ~
associated with 32 bands of the A - X system of C3 have been studied. In the 24875-25780 cm−1
region, hot bands (transitions from ground state levels with excitation of ν1 and ν3) were observed and
used to probe the energy transfer in the ground electronic state of the Ne complex. With our spectral
resolution (∼ 0.1 cm−1) and detection sensitivity, the upper bound of the vibrational energy of the C3
monomer found in the complex is 2435 cm−1 (2ν1). Although 2ν1 is energetically higher than 1ν3, no
detectable Ne complex was found in the latter. In contrast, the electronic excited-state complex can
accommodate internal (vibrational) energy as high as 4900 cm−1. At excitation energies greater than
29000 cm−1, the spectral intensities of the complex bands become much reduced. Fluorescence
lifetimes of several Ne complex bands with different internal energies were measured. The
~
fluorescence cutoff of the Ne complex in the higher vibrational levels of the A state is found to be due
to lifetime lengthening, not pre-dissociation.
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Kinetic studies of the reactions of CH2OH and CH3CHOH
radicals with NO in the temperature range 241 K - 363 K
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The reactions of hydroxymethyl radical (CH2OH) and hydroxyethyl radical (CH3CHOH) with NO have
been studied in direct measurements. The radicals were produced by an exciplex laser at 193 nm. The
decay of the radical concentration over the time was monitored with a photoionization mass
spectrometer [1].
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Figure 1: Double logarithmic plot of the measured bimolecular rate coefficients versus the temperature. Also
inserted are the previously measured bimolecular rate coefficients for the reactions of hydroxyethyl radicals with
NO (hexagon) and O2 (triangle) by Miyoshi et al. [2] and the bimolecular rate coefficient for the hydroxymethyl
radicals with O2 (pentagon) by Payne et al. [3].

Both bimolecular rate coefficients are independent of the bath gas pressure and exhibit negative
temperature dependence. The obtaıned bimolecular rate coefficient of hydroxyethyl radical with NO is
in good agreement with the previously measured value by Miyoshi et al. [2].
Acknowledgements:
RST acknowledges the support from the CoE of the Academy of Finland.
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The A-X and B-X Transitions of NO3 Trapped in Solid Neon
Marilyn E. Jacox, Warren E. Thompson
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Gaithersburg, MD 20899-8441, U.S.A.
Using the preparation procedure [1, 2] developed for studies of the ground-state vibrational spectrum
of isotopically enriched NO3 trapped in solid neon, spectra were obtained for seven isotopologues of
NO3 excited to vibronically allowed levels of the A 2E” state between 7500 and 9500 cm-1 and for three
isotopologues of NO3 excited to the B 2E’ state, with origin near 15 000 cm-1. The observed band
positions for both transitions of the unenriched species correspond closely to those reported for the
gas-phase molecule. Evidence for the occurrence of Jahn-Teller interaction in the A state parallels that
previously reported for the gas-phase molecule. As in the gas phase, absorptions in the B state are
broadened because of predissociation.
References:
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The interacting ν2, ν3, ν4 and ν6 bands of the formaldehyde H212C16O rotational transitions
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One of the aims of the present study is a more complete description of the microwave spectrum in the
excited vibrational states for possible astrophysical applications. Formaldehyde is one of the most
abundant and one of the first polyatomic molecule detected in interstellar space (1968 at first) and
identified in several cometary objects at submillimeter wavelengths – for example formaldehyde was
detected by millimeter techniques in Orion-KL and in several low-mass protostars [1].
However, no line parameters are nowadays available in the spectroscopic databases for the rotational
transitions within the 21, 31, 41 and 61 first excited vibrational states of the formaldehyde. This study will
contribute to these databases by new lists of rotational lines in the excited states ν2, ν3, ν4 and ν6 in the
millimeter region for possible future identifications in astrophysical spectra. That was the main reason
why submillimeter spectra were investigated in Lille and in Köln in the 150-650 and 850-900 GHz
frequency ranges respectively.
A least squares fit calculation was used for these submillimeter data in combination with the infrared
experimental data available in the literature for the ν3, ν4 and ν6 bands [2], and for the ν2 band [3]. The
various Coriolis-type resonances which perturb the energy levels of the 31, 41 and 61 vibrational states
are processed by the Hamiltonian model. In addition a weaker and somehow unexpected anharmonic
resonance coupling the 21 and 31 energy levels was accounted for. It proved possible to reproduce
satisfactorily the experimental data and to generate a list of line positions and intensities for the ν2↔ν2,
ν3↔ν3, ν4↔ν4 and ν6↔ν6 rotational transitions using this theoretical model.
References:
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Activation of C-O and C-C bonds: An EPR study of the
reaction of ground-state Al atoms and methoxyethane
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Aluminum atoms react spontaneously with methoxymethane, under matrix isolation conditions, to
form an Al atom C-O insertion product [1, 2], and with ethoxyethane to form Al atom C-O and C-C
insertion products [2]. There also appears to be some EPR evidence for the formation of an Al atom
C-H insertion product in the case of ethoxyethane [2]. In an effort to obtain a better understanding of
the nature of Al-C, Al-O and Al-H bonds in zerovalent organoaluminum compounds, we have
extended the work to include the asymmetric ether, methoxyethane (CH3OCH2CH3), and its
isotopomers, CH3OCD2CD3, CH3O13CH2CH3, and 13CH3OCH2CH3. Reaction mixtures, prepared by
co-condensing Al atoms with methoxymethane in an adamantane matrix, were prepared with the aid of
a metal atom reactor, known as a rotating cryostat, and the EPR spectra of the resulting products were
recorded from 77 – 260 K, at 10 K intervals. We have found that Al atoms insert into the C-O and C-C
bonds to form CH3AlOCH2CH3 and CH3OCH2AlCH3, respectively. In addition, HAlOH, resulting
from the reaction of Al atoms with adventitious water, was detected. Surprisingly, only one of the two
possible C-O insertion products was observed, showing a preference for Al atom insertion into the
methyl-O bond. In comparing the Al hyperfine interaction (aAl), extracted from the EPR spectra, we
see that the aAl of CH3AlOCH2CH3 is ca. 7 % greater than that of CH3OCH2AlCH3. The increase is
thought to arise from the electron-withdrawing ability of the substituents bound to Al. The
identification of a novel mixed CH3OCH2CH3 : HAlOH complex, identified with the aid of isotopic
studies involving H217O and D2O, is particularly interesting. We have found that the Al and H
hyperfine interaction decrease when HAlOH complexes with CH3OCH2CH3. These findings are
consistent with the nuclear hyperfine interactions calculated using a density functional theory (DFT)
method with the best agreement between theory and experiment occurring at the B3LYP level using a
6-311+G(2df,p) basis set.
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Experimental Photodissociation Dynamics of
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School of Chemistry, University of Sydney, Sydney, NSW, 2006, Australia
The photodissociation dynamics of aldehydes and ketones have received renewed attention recently
because of an unusual reaction mechanism discovered in formaldehyde [1], acetaldehyde [2] and, more
speculatively, acetone [3]. In the case of the two aldehydes, theoretical support has elucidated the
mechanism, where the two radical fragments HCO and R (= H, CH3) proceed initially towards a
simple, barrierless bond cleavage. However, they become “frustrated” at large separation because too
much energy resides in the almost nascent fragments to allow the bond to break completely. The two
moieties orbit each other at long distance before undergoing an intermolecular “collision” resulting in
abstraction of the H-atom from formyl by the “R” radical; this process is now known as “roaming”.
The products of the roaming, CO + H2 or CH4, are identical to the products formed via another
chemical pathway, the conventional 3-centre transition state. In distinguishing two mechanisms with
identical products one relies on observing a different product state distribution (PSD) from each
mechanism. In the case of roaming, the PSDs are very different, particularly in the amount of energy
deposited as H2/CH4 vibration and CO rotation. Indeed it was these significant differences that led to
the roaming mechanism first being identified in H2CO and successfully modeled using quasi-classical
trajectories [1].
The difference in PSDs from different mechanisms are not always so clearly identified. The roaming
mechanism in acetaldehyde clearly invokes an S0 reaction mechanism breaking the C–C bond, however,
this reaction had never been observed. For nearly 5 decades, the CH3 + HCO channel was completely
associated with reaction via the T1 state. We have recently re-measured the experimental PSD of the
HCO fragment at lower dissociation energies than previously and interpret the results as arising from
reaction on both S0 and T1. The complication is that the HCO PSD via each pathway is remarkably
similar. The most distinguishing feature of the two reaction mechanisms is the most energetically
insignificant quantum number, Kc. In this near-prolate rotor, the projection of the rotational angular
momentum onto the molecule-fixed c-axis is a small perturbation to the energy (typically < 1 cm−1), yet
the distribution of population in Kc is vastly different for S0 reaction versus T1 reaction and provides a
clear fingerprint of each reaction pathway.
We have performed similar experiments, probing the PSDs in HCO/DCO from isotopicallysubstituted acetaldehyde (CD3CHO), seeking to explore the effect of mass on the singlet/triplet
branching ratio, which also has implications also for the roaming channel. We also hope to report on
this reaction at the conference.
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Mercury photo-sensitized reaction is a historic experimental method prior to the development of laser.
We produced a triplet state of acetylene by mercury-sensitized photo-reaction by exciting a tunable UV
laser instead of traditional mercury lamp. By changing microsecond pulsed mercury lamp to
nanosecond pulsed tunable UV laser, the wavelength dependence of the excitation and improvement of
time-resolution are expected.
Fig. 1 shows a schematic diagram of the experimental system. The sample cell is 2 meter long Whitetype multi-reflection cell. The pulsed UV pumping beam by second harmonic generation of a dye laser
and CW NIR beam from an external cavity laser diode were superimposed by a quartz plate and multireflecting in the cell 8 times. After the cell, the UV beam was blocked and only the NIR laser was
detected by a high speed photo detector. The partial pressures of the sample gas C2H2 and buffer gas
N2 were controlled by mass flow meters. Action spectra of the triple acetylene were observed by
scanning the UV laser while the probe laser was fixed on the resonance frequency of a3B2(v=0,606) to
d 3B2(v=0,616) transition at 7396.969cm-1. Three photo-detectors were used to observe LIF of the I2
reference spectrum by the fundamental of the dye laser, LIF of Hg atom by SHG, and trasmittance of
the probe laser. In the LIF spectrum of the Hg atom, which was measured with a low pressre cell, the
isotope shift is resolved. From the probe laser signal, time-resolved spectrum of the triplet acetylene
was obtained by real-time gate integration processing in a personal computer. Three action spectra are
shown in Fig. 2, which were obtained by changing the pressure condition of the N2 buffer gas at 5, 10,
and 20 Torr, respectively, while the pressur of C2H2 was kept to the same 0.1 Torr. By increasing the N2
pressure, the absoprion signal becomes stronger and much wider. This might be due to quenching of
the Hg 3P1 state to non-radiative 3P0 state by collision with N2. On the other hand, by scanning the
probe laser and keeping the UV laser at the center of the Hg transiton, the absroption spectrum of the
a3B2(v=0,606) to d 3A2(v=0,616) transition was observed with Doppler line width as shown in the small
window in Fig. 2, even at the same N2 pressure condition of 20 Torr.
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Fig.2 LIF spectrum of I2 and Hg, and three Hg action spectra
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The nitrate radical NO3 has been known as an important intermediate in chemical reaction in the night
atmosphere. The B 2E' ← X 2A2' transition has been known as an intense absorption in the visible
region (T0 ≈ 15108 cm-1). The rotational structure of the 0-0 band of the B 2E' ← X 2A2' transition has
been reported by Carter et al. [1], but the rotational assignment is still remained because the spectrum is
too complicated. In this work, rotationally resolved high-resolution fluorescence excitation spectra of
the 0-0 band of the B 2E' ← X 2A2' transition of the NO3 has been observed by crossing a single-mode
laser beam perpendicular to a collimated molecular beam in the range of 15080-15135 cm-1. The
observed line width was 25 MHz, which was the residual Doppler width. The absolute wavenumber
was calibrated with accuracy 0.0001 cm-1 by measurement of the Doppler-free saturation spectrum of
iodine molecule and fringe pattern of the stabilized etalon. We are trying to assign the observed
rotational lines by using the combination difference in the ground state which derived from precisely
molecular constants reported in Ref [2]. Besides the main rotational lines, a number of small lines were
observed as the background. It suggests the B 2E'(υ'=0) level is interacts with the other vibronic levels.
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Storage rings are extremely useful tools in experimental studies into the structure of ions, as they allow
long-time storage of ions and so lifetime measurements of metastable states ranging from µs to s
became possible. Here, magnetic fields are usually applied to confine the ions, although these
compromise lifetime measurements as they can mix close-lying magnetic sub states with the same
magnetic quantum number. Lifetimes of weakly bound states can also be influenced by black-body
radiation. To eliminate mixing and to minimize photodetachment contributions in the lifetime
measurement of He- we have used a fully electrostatic ion trap, Cone-Trap [1], in a cryogenically cooled
environment.
He- is formed in the weakly bound 1s2s2p 4P state. The decay of the three fine-structure components
(4P1/2, 4P3/2, and 4P5/2) is due to spin-orbit and spin-spin interactions. The lifetime of the 4P5/2
component is much longer than the others since it can decay only via spin-spin interaction. In our
experiment He+ ions are produced in a plasma ion source, accelerated to 2.5 keV, and then passed
through a Cs vapour cell to form He-. The various charge states are separated in an electrostatic field
and the He- beam is injected into the ConeTrap situated in a cryogenically cooled vacuum chamber.
ConeTrap consists of two conical electrodes, which face each other, and a central cylindrical electrode.
The ions are injected into the trap by switching the
voltage on the entrance electrode to zero while the exit
electrode is at trapping voltage. The ions are trapped by
switching the entrance electrode to trapping voltage
shortly after the ions enter the trap. A microchannel
plate detector behind the exit electrode detects neutral
particles produced either by spontaneous decay of Heexcited states or by detachment due to collisions with
residual gas or induced by blackbody photons. Fig.1.
plots data for the 1s2s2p 4P5/2 state of He-, with a
preliminary estimate for the lifetime of 357.7 ± 2.2 µs at
27 K. This result lies in-between two previously
reported values obtained using electrostatic traps, 343 ± Figure 1: He0 counts as a function of time after
are fits to the data
10 µs [2] and 365 ± 3 µs [3]. However, these values are closing the trap. The solid lines
giving the lifetime of 1s2s2p 4P5/2 state of the Heextrapolations to 0 K from measurements at 295 K and ion at 27 K and 298 K. The pressure in the chamber
223 K, respectively, and no such correction is needed during the measurements was 1.5× 10-10 mbar at 27
here since photodetachment is not significant at 27 K. K and 4 × 10-8 mbar at 298 K.
Further study into detector operation at low temperatures and pressure dependent measurements are in
progress to obtain a more reliable lifetime determination of the 1s2s2p 4P states.
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This study is focused on the ground state rotational spectra of the fluorosulfate radical isotopologues
with 32S, 34S, 16O, and 18O. Recently, the F32S16O3· ground state rotational transitions were measured,
assigned, and analyzed in our laboratory [1] for the first time. The 20 GHz long scans from those
measurements were also used for searching the F34S16O3· radical lines, since the natural abundance of
the 34S isotope is 4.19 %. Hence the F34S16O3· radical lines were about 20 times less intensive than the
F32S16O3· lines. Radicals containing the 18O isotope were generated from the 18O substituted FSO3
dimer, both from the mixed and highly enriched one.
Ground state rotational spectra of the FSO3· radical isotopologues were measured using the Prague
millimeterwave spectrometer. The fluorosulfate radical has been produced by a low pressure pyrolysis
of corresponding bis(fluorosulfuryl)peroxide at temperature about 440 K. The measurements were
performed using both the frequency and Zeeman modulations with accuracy about 10 kHz in the cases
of well developed lines.
The measured rotational spectra were analyzed in terms of the matrix elements of the rotational and
fine Hamiltonians and the corresponding sets of rotational, centrifugal distortion and fine parameters
were derived.
Rotational spectra of all these isotopologues were measured for the first time.
Acknowledgements
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High-resolution electron spin resonance (ESR) spectroscopy is used for detecting methyl radicals
subject to trapping in lattice sites of orientationally ordered molecular cryocrystals N2, CO2, and CO in
the temperature range of 15-60 K. Rotational motion of the radicals affects the ESR spectra in two
different ways. First, the rotations can average out the coupling anisotropy between the magnetic
moments of the unpaired electron and the three H atom nuclear spins. Second, the rotational states
must obey fermionic symmetry properties, which can lead to emergence of different spin function
contributions.
We report small anisotropies in the ESR spectra resulting from hindered rotation of the trapped
radicals in polycrystalline samples at low temperatures. The axial anisotropies of both the hyperfine Atensor and the electron g-tensor display free spinning rotation of the radicals about their principal axes
of rotation, while the axes themselves are preferably oriented along crystal directions, and their
tumbling is suppressed to a variable degree. The few populated CH3 rotational levels differ by their
total nuclear spin (I). As the temperature is varied, the changes in the level populations are reflected in
the ESR lines as reversibly varying intensity patterns of the symmetric I =3/2 and antisymmetric I
=1/2 spin state contributions. This allows us to estimate the effect of the surroundings on the
separation of the rotational levels. Particularly interesting is the solid CO2 case where peculiar
temperature dependence tentatively indicates a marked increase of the rotational energies of the radical,
contrary to the other cases studied. In the case of N2, we attempted to monitor the α-β phase transition
by the temperature dependence of the ESR spectrum. However, resolving the spin state contributions
and thereby the rotational level populations was masked by broadening induced by the superhyperfine
coupling. The present observations are compared with the results obtained in solid rare gases Ar and
Kr previously [1,2].
FIG.: The ESR spectrum of CH3 in solidified CO at
31 K showing axial symmetry. Inserted: The mI =
+1/2 line at 15-31 K showing the emergence of I
=1/2 spin function of excited rotational states.
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Chirped Pulse Fourier Transform Millimeter-Wave Spectroscopy (CPmmW) was recently developed by
Brooks Pate and coworkers [1] and applied for rotational spectroscopy of molecules in their electronic
ground state. The technique allows one to obtain, in a single shot, a high resolution (100 kHz) mmwave spectrum over a range as wide as 10 GHz. Phase-coherent averaging of multiple shots can be
done in the time domain. The goal of this work is to study pure electronic Rydberg-Rydberg transitions
in atoms and molecules using CPmmW. Rydberg states are characterized by enormous polarizabilities
and transition dipole moments. The importance of collective effects in Rydberg gases makes the
CPmmW experiment both challenging and interesting. Collisional dephasing, field saturation, and other
experimental details of Rydberg CPmmW spectroscopy are discussed.
References:
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Mid-infrared polarization spectroscopy (mid-IRPS) was firstly applied to detect methyl (CH3) radical by
probing the fundamental band of the asymmetric C-H stretching vibrational transitions. The required
infrared laser pulses at around 3 µm was obtained by difference frequency generation in a LiNbO3
crystal pumped by a Nd:YAG and dye laser system. CH3 radicals were produced by photolysis of
acetone in an atmospheric pressure gas flow with a 266 nm beam from another Nd:YAG laser. MidIRPS CH3 spectrum with full resolution of individual rotational lines was recorded, as shown in the
figure below. The line position of CH3 lines between 3224 and 3275 cm-1 were calibrated with the
simultaneously recorded acetylene lines. The ethane molecules produced by the methyl self reactions
were also detected. The dynamic process of the CH3 consumption and ethane production was studied
by vary the delay time between the UV and the IR laser pulses, which demonstrate the impact of midIRPS as a temporal and spatial resolved tool for detailed molecular reaction dynamic investigation.

CH3-CO-CH3 + hv (266nm) → CH3 + CH3-CO
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Frequency-Stabilized Cavity Ring-Down Spectroscopy for
Quantitative Measurements of Ultraweak Absorptions
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We describe here a novel cw-cavity ring-down technique: frequency-stabilized cavity-ring down
spectroscopy (FS-CRDS) [1], which was recently developed at the National Institute of Standards and
Technology. FS-CRDS differs from traditional mode-locked, cw-CRDS due to the use of a second
stable reference laser (in our case a frequency-stabilized HeNe). A servo is employed to maximize the
transmission of the reference laser through the cavity by modulating the cavity length through the use
of a piezoelectric transducer. This stabilization of the cavity length ensures that the free spectral range
of the cavity remains fixed. During a scan the probe beam frequency is stepped to successive TEM00
cavity modes, creating an extremely stable and linear frequency axis. This stable frequency axis allows
for increased instrumental sensitivity and significantly reduced instrumental broadening of line shapes.
The technique has been utilized to make quantitative measurements high-accuracy measurements of O2
magnetic dipole line positions, [2] intensities, and line shapes, [3] as well as H2O rovibrational
intensities [4] and line shapes [5]. Recently we have turned our attention to extremely weak, and
previously unmeasured, electric quadrupole transitions in the O2 A-band (b1Σg+ ← X3Σg- (0,0)).
Transitions as weak as 3.7x10-30 cm-1/(molec. cm-2) have been measured, yielding a corresponding
detection limit of 2x10-31 cm-1/(molec. cm-2). We also give a thorough description of relevant cw-CRDS
noise sources and instrumental broadening.
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Microwave spectroscopy of carbonic acid (cis-trans H2CO3)
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Carbonic acid (cis-trans H2CO3) in the gas phase has been successfully produced in a supersonic jet using
a pulsed discharge nozzle, and pure rotational transitions of this molecule have been observed by
Fourier-transform microwave spectroscopy. Carbonic acid had not been detected by any spectroscopic
means for a long period, except for some indirect detections [1,2]. Although the observed cis-trans
conformer is not the global minimum structure of carbonic acid, it is an important conformer as a
starting point of its dissociation to CO2 and H2O, as shown in the figure below [3,4]. Three deuterated
isotopologues of the cis-trans conformer (cis-trans HDCO3, cis-trans DHCO3, and cis-trans D2CO3) have
also been observed, yielding the r0 structure of cis-trans H2CO3. The present result is accurate enough to
be used for radio astronomical observations.

The energy levels and structures of the local minima and the transition state for the
dissociation of cis-cis H2CO3 to CO2 + H2O

References:
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sulfoniumylidene radical, SH+, in its X 3Σ− state for the
Cologne Database for Molecular Spectroscopy, CDMS
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The identification of spectral features of atomic or molecular species requires knowledge of rest
frequencies with sufficient accuracies. The SH+ radical is a likely candidate for detection in space. Its
rotational spectrum has been investigated by direct absorption [1] as well as laser magnetic resonance
spectroscopy [2], in the latter case not only in v = 0, but also in v = 1. In addition, two studies dealt
with its rotation-vibrational spectrum [3, 4]. We have subjected these data to a single, weighted leastsquares fit to determine an improved set of spectroscopic parameters for this molecule [5]. The
resulting parameters will be compared with those of the isoelectronic PH radical.
Improved predictions of the SH+ rotational spectrum will be provided in the Cologne Database for
Molecular Spectroscopy [6, 7], CDMS, which is an important online tool for identification of atomic or
molecular lines in the radio-frequency to terahertz regions. It can be reached at http://www.astro.unikoeln.de/cdms/. We will give a few other examples of light hydride species for which more accurate
data are desirable in view of a potential detection in space.
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For ZEKE spectroscopy the experimental conditions are usually set to produce an ensemble of only
weakly interacting, very high-n Rydberg states at low density (typically < 105/cm3), very far away from
plasma conditions. In contrast, the formation of a Rydberg plasma by ZEKE excitation might be
expected when increasing the ion/electron density. We have produced such an ultra-cold molecular
Rydberg plasma with densities of up to 1015/cm3 for two molecules, para-difluorobenzene (pDFB) and
nitric oxide.
The experimental observations are consistent with the formation of a strongly-coupled, ultra-cold
plasma, crystallising into a metal-like solid, possibly a new state of matter.
Further information can be found at:
http://www.psi.manchester.ac.uk
k.muller-dethlefs@manchester.ac.uk
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Electronic spectra of jet-cooled HC2nH (n= 5, 6, 7) and TiO2
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Resonance enhanced multiphoton ionization spectroscopy has been used to investigate the electronic
spectra of polyacetylenes and titanium dioxide molecules. The 11Γu+7X 1Σg+ system of HC2nH (n = 5, 6,
7) has been observed for the first time in the gas phase [1].The molecules were produced in a discharge
of acetylene in helium. The UV absorption spectra of these chains show a strong vibrational
progression corresponding to the acetylenic stretching mode in the excited state. The absorption energy
shows an inverse dependence on the chain length similar to that observed in its higher homologues
[2].The 11Γu+ excited state is found to decay on a sub nanosecond time scale due to fast intramolecular
processes.
Titanium dioxide was produced by laser ablation of a TiO2 (or Ti) rod followed by supersonic
expansion in He (or O2/He) carrier gas. A band system corresponding to the A1B27X1A1 excitation has
been observed in the 17000- 21000 cm-1 range. Preliminary analysis indicates a progression in the
symmetric stretch (ν1) and bending (ν2) modes. Results from rotational analysis demonstrate a ground
state C2v geometry for TiO2, yielding r0 (Ti-O) = 1.651 Å and ∠O-Ti-O = 111.5°. The results will be
presented with reference to previous experimental [3,4] and theoretical studies [5].
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The charge density and the composition of the cold interstellar medium (ISM) are controlled by
dissociative recombination (DR) of molecular ions with cold electrons. Experimental data on DR and
reliable predictions based on a good knowledge on the underlying quantum mechanisms are required in
order to understand the chemical network in the ISM and related processes such as star formation from
molecular clouds. Especially in cases of more complex molecular ions not only the total reaction cross
sections, but also the chemical composition and excitation states of the neutral products are needed.
The TSR storage ring in Heidelberg, Germany, combines the merged-beams technique employing highquality phase-space cooled, stored beams with event-by-event fragment imaging. The molecular ion
beam is phase-space cooled by an ultra-cold photocathode electron beam (down 5-10 K in the comoving frame) and the ions usually radiatively thermalize to room temperature by the ion storage
before the measurement. The neutral DR products are detected ~10 m from the overlap region. The
distribution of projected fragment distances is measured to give information on the kinetic energy
released and consequently on the particular dissociation pathways, including the states of reactant and
products, while the pattern of the fragment positions reflects even more details of the reaction
dynamics. In more complicated cases, such as for strong angular anisotropy of DR at elevated collision
energies, full 3D information on fragment positions is needed for correct interpretation. For 3D
imaging, the relative fragment hit times are extracted from the all-optical readout of a multichannel
plate with zero-deadtime for multiple fragment hits with a time resolution (standard deviation) of 350
ps. Very recently we have introduced an energy-sensitive multi-strip surface-barrier detector (EMU)
which is capable of a simultaneous readout of fragment positions and the corresponding masses. This
configuration grants direct access to branching ratios and is advantageous for the interpretation of
multi-body multi-channel DR of polyatomic ions.
We present results obtained with this techniques for several molecular ions. For DR of CF+ the
population of excited final states of C is found to be highly sensitive to the electron-ion collision
energy; moreover, the 3D imaging makes it possible to study for the first time the angular anisotropies
in this asymmetric system. The unique structure of HF+ allowed us to resolve the initial rotational states
of HF+ by observing the fragmentation energies and to determine the dissociation energy of HF+ with
sub-meV precision. For D3O+ we find that low-energy DR produces D2O water molecules with
extremely high excitation peaking at the dissociation limit; we observe only one dissociation pattern
where two D-O bonds are strongly stretched. Also DR of DCND+ was investigated in order to answer
the long-standing question on the production rates of the two isomers by low-energy DR into the
DCN(DNC) + D channel. We find the product excitation energy in this channel to lie well above the
isomerization barrier of the DCN/DNC system, indicating that the isomer final production rates are
determined by the successive relaxation.
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The highly excited xenon dimers were prepared by colliding excited xenon atoms with ground-state
xenon atoms. The excited xenon was produced by VUV light of synchrotron radiation for energy
greater than 90000 cm-1 to form states in 5d[3/2]1, 7s[3/2], 7p[1/2]1&[5/2], and 6p’[3/2]1, separately.
Then the collision pairs, xenon dimers were ionized by an infrared light in the energy range of 1180013400 cm-1. This cw IR laser has a resolution of 0.2 cm-1. Xenon ion produced from dissociative
ionization was detected using a quadruple mass spectrometer in these experiments. The observed
positions of spectral lines depend on the energy of the IR laser only, independent of the Rydberg states
of xenon atoms. The line intensities significantly vary with the Rydberg state prepared of xenon atoms,
indicating that the collision pairs Xe2 were relaxed to some highly excited Rydberg states before
ionization. Hence from the position of ion state Xe2+ B2Π1/2g and energy restriction we assign the
observed spectral lines corresponding to the Rydberg states of Xe2 in the energy range of 84000-86000
cm-1. Some tentative assignments will be reported.
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The availability of suitable laser sources for high resolution spectroscopic studies in the mid-infrared
region is limited. Optical parametric oscillators (OPOs) provide means to convert laser light to longer
wavelengths. Continuous wave (cw) singly resonant OPOs (SROs) utilizing periodically poled lithium
niobate (MgO:PPLN) can produce several watts of output power at the wavelength region of 2–4 µm.
Previously, cw SROs have used an intra-cavity etalon to improve stability and to allow wavelength
tuning. However, an etalon provides limited tuning range and increases intra-cavity losses.
We have demonstrated tunable and stable cw SRO that has no intra-cavity elements [1]. The OPO can
be tuned by adjusting the wavelength of the resonating signal beam through carefully controlling the
temperature of the PPLN crystal. This makes wavelength scanning straightforward. However, such
tuning is slow and requires accurate temperature control.

Idler beam frequency (THz)

112.0

120°C
118°C

111.5

116°C
114°C

111.0
112°C
110°C

110.5

110.0

Scan progress

Fig. 1. The optical layout of the OPO. HR denotes a
highly reflecting mirror for the signal wavelength.

Fig. 2. The idler frequency of the OPO when using
the grating to scan at various temperatures of the
MgO:PPLN crystal.

Recently, we have demonstrated an alternative way to tune the signal wavelength [2]. A gold-coated
diffraction grating is used at one end of the cavity as a wavelength selective component (see Fig. 1). The
grating-tunable cw OPO (GOPO) produces a stable high power idler output in the mid-infrared region,
although the grating increases intra-cavity losses. Wavelength tuning of the GOPO is faster than
temperature tuning, has neither limitations nor losses associated with etalons, and can cover the whole
bandwidth of the nonlinear crystal at fixed temperature (see Fig. 2).
References:
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Degenerate and two-color resonant four-wave mixing (DFWM and TC-RFWM) are nonlinear
spectroscopic tools exhibiting high signal-to-noise ratios resulting from a fully resonant process. Its
sensitivity renders the techniques applicable to species that are present in low concentrations. This
property has been successfully exploited for four-wave mixing measurements of trace species in low
pressure cells, flames, spark-ignition engines and molecular beams.
The nonlinear methods are often complementary to the more conventional linear spectroscopic
techniques and offer sometimes additional capabilities. Because four-wave mixing is based on
absorption, the signal intensity is insensitive to the lifetime of the upper level. As a consequence, the
large and important category of molecules exhibiting non-fluorescing or pre-dissociative states are
accessible. An additional benefit is obtained by using two distinct input frequencies for TC-RFWM. As
for all double-resonant techniques, the selectivity by intermediate level labeling is advantageous for
simplification of spectrally congested regions. Furthermore rotational characterization of high-lying
vibrational states on the ground potential energy surface is feasible by the stimulated emission pumping
(SEP) variant of TC-RFWM.
However, the nonlinear method suffers from its quadratic dependence on number density and the
cross-sections involved. Nevertheless, in recent works, we have shown that DFWM and TC-RFWM
techniques are sufficiently sensitive to yield substantial signal-to-noise ratios for transient species in a
molecular beam that are generated in a discharge assembly prior to supersonic expansion[1-3]. In this
work, we take DFWM and TC-RFWM one step further and demonstrate its excellent sensitivity by
applying the method to an anion emerging from a supersonic slit-discharge. The detection limit for the
carbon dimer anion, C2-, investigated in this work compares to the sensitivity of cavity ring-down
spectroscopy in a similar molecular beam environment and is approximately 107 anions/cm3.
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The B 2∑u+ ← X 2∏g absorption spectrum of NCCN+ in the gas-phase was observed using a two-color,
two-photon photodissociation technique. [1] This was measured at ~20 K in a 22-pole ion trap [2] with
laser bandwidths of less than a cm-1. The spectrum shows distinct vibrational structure, with the origin
band near 11 253 cm-1, and the excitation of four normal modes in the excited state. The rotational
structure of the 000 band in the gas-phase could not be resolved, indicating that the B 2∑u+ excited state
lifetime is on the order of a few picoseconds because of a fast intramolecular process. The C 2∏u ← X
2
∏g and D 2∏u ← X 2∏g transitions with origin bands near 17 300 and 33 400 cm-1, respectively, were
also recorded using similar photofragmentation techniques.
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Nitric oxide (NO) is a stable radical molecule that plays a role in various contexts, such as in
stratospheric chemistry and in various physiological functions. Hence, the interaction between NO and
water is of interest.
The vibrational spectrum of the complex between H2O and NO has been studied computationally. The
complex is assumed to belong to the Cs symmetry point group. The calculations have been performed
around four minimum energy structures that correspond to the two lowest lying minima of A' and A''
symmetries. All ab initio calculations have been carried out using restricted Hartree-Fock - unrestricted
coupled cluster with single, double and perturbative triple excitations method [RHF-UCCSD(T)]. We
have used a composite basis set. For the hydrogen atoms, we use the correlation consistent polarized
valence quadruple-ζ (cc-pVQZ) basis, and augment it with diffuse functions for the heavier atoms (augcc-pVQZ).
The vibrational problem is solved using a model that separates the vibrations of H2O and NO. Our
kinetic energy operators of the monomer units are exact within the Born-Oppenheimer approximation.
We obtain the potential energy operators by calculating a potential energy grid around the minimum
energy structure and fitting it to an analytical function. The resulting Schrödinger equation is solved
using the variational method. We obtain infrared absorption intensities using a dipole moment
function, which is computed using finite differences. Finally, the calculated results are compared to
matrix isolation infrared spectra. Similar approach has been successfully used for the water dimer [1].
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We present the excitation and emission spectra of a range of resonance-stabilized radicals produced in
our group by discharging hydrcarbon precursors. Using a synergy of resonant 2-colour 2-photon
ionization and 2-dimensional fluorescence spectroscopies we have identified the 1-phenylpropargyl
radical as the most fluorescent benzene discharge product after C2, C3 and CH. [1] In a hexyne
discharge, we disentangled the spectra of the cis- and trans 1-vinyl propargyl radicals and, more
recently, we identified the indanyl radical as the product of a discharge of indene - intriguingly adding,
rather than losing a hydrogen atom.
Discharges containing 1- and 2-methyl naphthalene have revealed the spectra of large alpha-aromatic
radicals which may explain some of the emission features of the Red Rectangle, and nearby
protoplanetary nebula. Erosion of amorphous hydrogenated carbon can lead to resonance-stabilized
products by breaking aliphatic side-chains of aromatic "islands". The resulting alpha-radicals may be
excited by the prevailing starlight to give rise to characteristic nebulous emissions.
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The hydroxyl radical, OH, is the main oxidant in the atmosphere and knowledge of its different
formation and destruction pathways are key to the ability to accurately model atmospheric chemistry
and to predict atmosphere evolution.
Recently, Li et al. [1] have suggested that the reaction of excited NO2 (using an excitation wavelength in
the range 560 to 640 nm) with H2O could be an important source of tropospheric OH:
NO2 + hν (λ>420 nm)  NO2*
NO2* + H2O  OH + HONO
(HONO + hν (λ<390 nm) OH +NO)
In our laboratory, we have recently developed a new FAGE setup (Fluorescence Assay by Gas
Expansion, similar to the instrument described in [2]) in order to measure OH and HO2 in the
atmosphere (detection limit = 1.6 × 106 molecule cm-3 for OH, 30 seconds averaging time). Our
FAGE setup uses a dye laser operating at 308 nm and 5 kHz, with a maximum power of 50 mW. Two
white cells are coupled together in series, the first to measure OH, the second to measure HO2 (after
injecting NO to convert the HO2 to OH). The detectors used are CPM (Channel Photomultiplier)
modules which include the CPM itself, the power supply and electronics for photon counting. The
photons are counted via a PC counter card and Labview. The CPM is gated by switching the anode
voltage (supplied by an external, gated power supply) in order to collect only the fluorescence signal
after the stray light from the laser pulse.
In order to perform kinetic measurements, we coupled the FAGE to a laser photolysis cell operated at
atmospheric pressure and temperature. With this setup, we studied the possibility of OH formation
through the reactions proposed by Li et al. We used a dye laser working at 567 nm to excite the NO2 in
a He/NO2/H2O mixture and detected OH with the FAGE. We varied the laser energy and excitation
volume and studied the effect on the OH concentration. At a first glance the OH concentration seems
to depend linear on excitation energy (for excitation energies >20 mJ.cm-2), as Li et al. observed.
However, decreasing to lower energies shows that the OH concentration dependence on excitation
energy follows a power relationship, which indicates multiphoton excitation of NO2 (possibly a 5photon process, highly unlikely in the troposphere) rather than a one photon excitation. This
phenomenon was already observed by other groups [3,4].
The principle conclusion is that OH formation through the reaction of excited NO2 with H2O is
certainly a multiphoton process and thus insignificant in the atmosphere and therefore will not affect
tropospheric OH formation.
References:
[1] S. Li, J; Matthews, A. Sinha Science 319, 1657 (2008)
[2]I. Faloona, D. Tan, R. Lesher, N. Hazen, C. Frame, J. Simpas, H. Harder, M. Martinez, P. Carlo, X. Ren, W.
Brune, J. Atmos Chem. 47, 139 (2004).
[3] B. Rockney, G. Hall, E. Grant, J. Chem.Phys. 78, 7124 (1983)

[4] H. Nagai, T. Kusumoto, K. Shibuya, K. Obo, I. Tanaka, J. Phys. Chem. 92, 5432 (1988)
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Variational calculations of the stretching and bending
modes of an ammonia molecule adsorbed on the Ni(111)
surface
Elina Sälli, Lauri Halonen
Laboratory of Physical Chemistry, P.O. BOX 55 (A.I. Virtasen aukio 1),
FIN-00014 University of Helsinki, Finland
The vibrational frequencies of a molecule shift when it adsorbs on a surface. This shift can be used to
better understand interactions between molecules and surfaces. In order to understand this shift better,
we have computationally modeled the vibrational motion of both an isolated ammonia molecule and an
ammonia molecule that is adsorbed on a Ni(111) surface using the same computational method. The
exact kinetic energy operator for an isolated ammonia molecule has been used for both isolated and
adsorbed ammonia molecules. Plane-wave based density functional theory calculations were used to
sample the vibrational potential energy surfaces, which are different for isolated and adsorbed
molecules. The variational method was used to solve the resulting Hamiltonian in a suitable basis set. A
similar methodology was previously applied to the water molecule adsorbed on a Cu-surface [1], but for
this project we have written and applied a new six-dimensional variational program.
References:
[1] E. Sälli et al., Molecular Physics 105, 1271 (2007).
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Cavity ringdown spectroscopy of the A←X transition of
the nitrate radcial NO3
Kana Takematsu1, Nathan Eddingsaas1, Mitchio Okumura1, and John Stanton2
1

California Institute of Technology, Pasadena, CA 91125, USA
2
University of Texas at Austin, Austin, TX 78712, USA

The nitrate radical NO3 is an important nighttime oxidant in the troposphere. Despite its very long
spectroscopic history, the lowest electronic states of NO3 remain poorly understood. The A2E” state is
Jahn-Teller (JT) active and is pseudo-JT coupled to the ground X2A2’ and excited B2E’ states. While
the band origin of the A←X transition is dipole forbidden, cavity ringdown spectrum taken at ambient
temperature of the vibronically-allowed A←X bands has shown rotationally resolvable structures. This
preliminary result, coupled with ab initio calculations, have shown moderate JT activity in the A state,
with vibronic bands exhibiting either static or dynamic JT distortion depending on the vibrational level
of the upper A state. We have measured the A←X bands at elevated temperatures to access previously
unobserved dark levels of the A state via hot bands. In order to further elucidate the JT effect in the A
state, we have also detected the magnetic dipole-allowed origin of the A←X transition.
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Ab initio calculations of isotopic shifts in rotational
spectra of the FSO3 radical
Tereza Uhlíková, Lucie Kolesniková and Štěpán Urban
Institute of Chemical Technology, Department of Analytical Chemistry, Technická 5, 166 28, Prague 6, Czech Republic
The aim of this study is to support the analysis of ground state rotational spectra of the fluorosulfate
radical FSO3 isotopologues which have been measured using the Prague millimeter-wave spectrometer.
The precise theoretical predictions of isotopic shifts based on using the combination of different
isotologues (32S, 34S, 16O, and 18O) are priceless help for assigning individual lines.
The particular ab initio rotational constants, centrifugal distortion, and hyperfine constants are
calculated using Gaussian03 and ACES II [1] (Advanced Concepts in Electronic Structure) quantum
chemistry packages. To obtain the most reliable results we are using several different approaches. For
instants, two different basis sets (Pople and Dunning correlation consistent) in which the properties are
estimated at the complete basis set limit. The geometry optimization is proceed at the level of both
coupled-cluster and quadratic configuration interaction (with single and double excitations) theory. Due
to the fact, that radicals are open-shell systems and rotational constants are highly depended on the
optimized geometry, the convergence and precision criteria are holded on the maximum.
Acknowledgements
The work was supported through the Grant Agency of the Czech Academy of Sciences (grants IAA400400504
and 203/09/P306), grants of the Ministry of Education, Youth and Sports of the Czech Republic (research
programs MSM6046137307 and LC06071)
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Excited Electronic States of Gold Fluoride
Thomas D. Varberg1, Benjamin J. Knurr1, Elissa K. Butler1, Kara J. Manke1,2, Tyson R. Vervoort1
1

Department of Chemistry, Macalester College, St. Paul, MN 55105 USA
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139 USA

2

We have recorded spectra of four electronic states of the molecule AuF, by laser excitation
spectroscopy from the ground X 1Σ+ state using a continuous-wave ring laser. Two of these states are
found in the yellow region and have been reported twice previously by other workers [1, 2], but not at a
resolution sufficient to permit a rotational analysis. We have recorded high resolution spectra of these
two states, identified in Hund’s case (c) notation as [17.8]0 and [17.7]1. We have analyzed the (0,0),
(1,0), (0,1), (1,1), and (1,2) bands of these two systems, determining accurate values of the upper state
electronic, vibrational, and rotational constants for the first time. We have also analyzed the 197Au and
19
F hyperfine structure of the [17.7]1 state, where the 197Au magnetic hyperfine constant is found to be
h1 = –543 (4) MHz. The negative value of this constant implies that the [17.7]1 state has significant 3∆1
character, with spin-orbit mixing with a 1Π1 state providing transition intensity to the ground electronic
state.
We have recorded (0,0) bands of two new electronic states in the red region. One of these electronic
transitions, identified as [14.3]1–X 1Σ+, is strong enough to permit a rotational analysis. The other band,
lying near 688 nm, is weak and has to date only been recorded at lower resolution with a pulsed dye
laser.
References:
[1] K. L. Saenger, C. P. Sun, Phys. Rev. A 46, 670 (1992).
[2] S. Andreev, J. J. BelBruno, Chem. Phys. Lett. 329, 490 (2000).
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PGOPHER:

A General Purpose Program for Simulating
Rotational Structure
Colin M. Western

School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK
The poster will present the latest release (summer 2009) of the PGOPHER program. Key features of the
current program include the simulation and fitting of the rotational structure of linear molecules and
symmetric and asymmetric tops, including effects due to unpaired electrons and nuclear spin. The
program is written to be as general as possible, and can handle many effects such as multiple interacting
states, predissociation and multiphoton transitions. It is designed to be easy to use, with a flexible
graphical user interface. PGOPHER has been released as an open source program, and can be freely
downloaded from the website at http://pgopher.chm.bris.ac.uk.
Recent additions include a mode which allows the calculation of vibrational energy levels starting from
a harmonic model and the multidimensional Franck-Condon factors required to calculate intensities
of vibronic transitions. PGOPHER uses a transformation between the normal co-ordinates of the two
states, Q’ and Q, of the form:
Q' = JQ + K
where the vector K represents the difference between the equilibrium geometries and the matrix J
represents the mixing between modes (the Duschinsky effect). PGOPHER accepts J and K as input, or l
matrices as produced from ab initio programs. The components of J and K can be fitted to experimental
data, as in this dispersed emission spectra of CFBr [1]:
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In addition the effects of external electric fields can now be calculated, including plots of energy level
against electric field suitable for predicting Stark deceleration, focussing and trapping of molecules.
References:
[1] Benjamin S. Truscott, Nicola L. Elliott, and Colin M. Western, J Chem. Phys., submitted for publication,
(2009).
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IR Spectra and Photolysis of OCS in Solid pH2
Brandon B. Smith, John S. Winn
Department of Chemistry, Dartmouth College, Hanover, NH 03755, U.S.A.
A new apparatus for IR matrix isolation spectroscopy in solid hydrogen matrices at temperatures
around 3 K is described. It differs from other designs in that it uses a closed-cycle refrigerator to
produce temperatures low enough to condense He gas, and the sample temperature is lowered below
the closed-cycle refrigerator's lower limit by lowering the vapor pressure of the in situ generated liquid
helium. Variable ortho/para H2 ratios are produced by flowing hydrogen gas through a paramagnetic
equilibration catalyst maintained at a desired temperature (15 K or higher) by a second closed-cycle
refrigerator. Vibrational spectra of OCS in solid hydrogen matrices of various o/p compositions will be
discussed along with spectra resulting from broad-band UV photodissociation of OCS and, for
comparison, IR spectra of neat CO in pH2 measured under similar conditions. Effects of oH2
clustering around the OCS impurity, including an interesting temperature effect, are discussed along
with comparisons to OCS(H2)n cluster spectra [1].
References:
[1] Z. Yu, K. J. Higgins, W. Klemperer, M. C. McCarthy, P. Thaddeus, K. Liao, and W. Jäger, J. Chem. Phys.
127, 054305 (2007); J. Tang and A. R. W. McKellar, J. Chem. Phys. 116, 646 (2002); J. Tang and A. R. W.
McKellar, J. Chem. Phys. 121, 3087 (2004).
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Vibrational Spectrum of Matrix-Isolated Propargyl
Radical HCCCH2: Detection of ν8 and Overtone Bands
Xu Zhang1, Stanley P. Sander1, G. Barney Ellison2 and John F. Stanton3
1

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, MS 183-901, Pasadena,
California 91109, USA
2
Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0215, USA
3
Institute for Theoretical Chemistry, Department of Chemistry, University of Texas, Austin, Texas 78712, USA

Infrared (IR) absorption spectra of matrix-isolated HCCCH2 have been measured and propargyl
radicals have been generated in a supersonic pyrolysis nozzle, using a method similar to that described
in a previous study (J. Phys. Chem. A, 109, 3812-3821, 2005). Besides the nine vibrational modes
observed in the previous study, this investigation detected the CH2CCH X̃ 2B1 out-of-plane bending
mode (ν8) at 378 (±2) cm-1 in a cryogenic argon matrix. This would be the first experimental
observation of ν8 for the propargyl radical. In addition, several overtone and combination modes have
also been assigned. Ab initio coupled-cluster anharmonic force field calculations (CCSD(T)/AN0) were
used to help guide some of the assignments. The measured frequency for ν8 is about 20 cm-1 lower than
the CCSD(T) value.
References:
[1] Evan B. Jochnowitz, Xu Zhang, Mark R. Nimlos, Mychel E. Varner, John F. Stanton, and G. Barney Ellison,
J. Phys. Chem. A, 109, 3812-3821 (2005).
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Millimeter-wave Spectroscopy of 3d Transition Metal
Sulfides and Hydroxides
Lucy M. Ziurys, Robin L. Pulliam, and Lindsay N. Zack
Department of Chemistry, Department of Astronomy, Arizona Radio Observatory, Steward Observatory, University of
Arizona, Tucson, AZ , USA
Spectroscopy of simple transition-metal bearing molecules offers insight into metal-ligand bonding.
With the measurement of the rotational spectrum of ZnO [1], high-resolution studies of the 3d oxide
series have been completed, at least in the ground electronic state. For the 3d sulfides, however,
additional work remains. In order to complete the series for the sulfides, we have recorded the pure
rotational spectrum of CrS (X5Πr), TiS (X3∆r), and ZnS (X1Σ+). These species were created by the
reaction of the metal vapor, produced in a Broida-type oven, and H2S. For TiS and CrS, all spin
components were observed. The two radical species were fit with a case (a) Hamiltonian and
rotational, spin-orbit, spin-spin, and, in the case of CrS, lambda-doubling constants were determined.
For ZnS, the 64Zn, 66Zn, 67Zn, and 68Zn isotopologues were observed such that equilibrium parameters
could be established, as well as rotational constants. In addition, the pure rotational spectrum of
ZnOH has been recorded. This radical was produced by the reaction of zinc vapor and either water or
H2O2. This species clearly exhibits the spectrum of an asymmetric top with spin-rotation splittings; the
ground electronic state is 2A, as predicted by theory [2]. Spectra of the 64Zn, 66Zn, and 68Zn
isotopologues have been measured, and rotational and spin-rotation constants have been established.
Data are currently being obtained for ZnOD.
References:
[1] L. N. Zack, R. L. Pulliam, and L. M. Ziurys, J. Mol. Spectrosc. (2009) in press.
[2] M. Trachtman, G. D. Markham, J. P. Glusker, P. George, and C. W. Bock, Inorg. Chem., 40, 4230 (2001).
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Multi-Watt CW OPOs Provide Unique Advantages for
Ultraviolet to Mid-Infrared Spectroscopy
Lockheed Martin’s Aculight Argos® systems combine high power,
wide tunability and simple operation
Research in atomic and molecular spectroscopy requires powerful, continuous-wave (CW) laser sources with
narrow line-width, producing wavelengths from the ultraviolet to the mid-infrared. Laser sources such as Ti:
Sapphire and dye can require expert users, substantial maintenance and a significant initial dollar investment.
Newer semiconductor-based sources, particularly those using tapered amplifiers to boost the power level, are
an improvement in terms of cost and operational ease. However, tuning an individual device is restricted to a
relatively narrow wavelength region.
Lockheed Martin’s Aculight Argos® CW optical parametric oscillator (OPO) systems provide the high power
and wide tunability ideal for spectroscopy. The fiber laser-pumped OPOs produce up to 5 watts of output at
wavelengths from 1.46 to 3.9 μm, with 50 GHz mode-hop-free tuning, and 1 MHz line-width. This power level
and near- to mid-infrared wavelength range is unavailable from other systems. Aculight Argos systems are
currently in use in the USA, Canada, Germany, Switzerland, and the UK.
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(a) Aculight Argos® OPOs provide high-power, widely tunable, ultra-narrowband output in the near- to mid-infrared region.
(b) Line-width measured at 3 μm wavelength is < 1MHz.

Aculight Argos® advantages:
• No water or cryo-cooling
• Reliable, fiber-based pump laser using wall-plug power
• Alignment-free: no installation required
• No servo-electronics required to achieve 1 MHz line-width
• Tuning of 1400 cm-1 per module
• Up to 5 watts of single-frequency, tunable output
• High power for further frequency conversion to the UV-visible, near-IR and longwave IR regions
Lockheed Martin Aculight is a leader in providing quality, innovative and cost-effective laser system solutions
for our customers’ needs in national defense, aerospace, scientific and medical applications.
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Tel: (425) 482-1100
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