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Free Radicals Down Under
We welcome delegates to Port Douglas for the 31st International Symposium on Free
Radicals. This is the first time that the Free Radicals meeting has been held in the
Southern Hemisphere - in the traditional Australian coin toss wagering game of two-up,
this represents an unlikely 30 northern heads followed by a lone kangaroo tail. The payoff for us is the pleasure of hosting more than 100 scientific colleagues and their partners
and children in our part of the world. We hope that the meeting’s scientific activities are
complemented by contact with the natural splendours of northern Australia, and also with
the local people who generally have few pretensions and make few judgments.
We are not the first visitors to these shores. Aboriginal people from the Kuku Yalariji
tribe have long occupied the Port Douglas region and today live in local communities and
in the wider population. Reward yourself by finding out more about their culture and
history. In 1770, not far north of Port Douglas, James Cook’s ship the Endeavour struck
a reef and was holed. The breach was covered by securing a piece of sail cloth, primed
with wool and goat dung, allowing the ship to make its way to the Endeavour River
where it was repaired. While passing Port Douglas, Cook sighted and named the Low
Isles, our destination for the boat trip on Wednesday.
Contributions to this symposium address areas of immediate social concern such as
atmospheric chemistry and combustion, as well as topics of more fundamental
importance including astrochemistry, unimolecular and bimolecular processes, and the
behaviour of ultracold molecules. We have intentionally arranged the program such that
there are only vague thematic linkages between the talks in any one session. By doing so
we hope that the participants will enjoy material with which they are familiar and will also
discover new and exciting scientific areas.
We live in an era of citation churn in which scientists and academics are rewarded
through grants and promotions by maximising their output of minimum publishable units
(MPUs - formerly known as research articles). It is heartening that, contrary to this trend,
substantial, first-rate scientific research continues in the realm of free radicals and that the
timeless scientific issues that occupied those that attended the first Free Radicals meetings
continue to fascinate us today.
Finally, some advice on cultural orientation. It is useful when first engaging with an
unfamiliar culture to have at your command a few words or phrases from the local
language (lingo). Australia is a land in which one wins respect through the insult of others
and oneself. It is also a land of economy and nowadays there is really only one word that
a visitor from abroad really needs to know. That word is “bogan” and describes a person
of low, vulgar taste and narrow genetic provenance. Probably best to explore its usage
with your Australian Free Rads colleagues before deploying it in conversations with the
general public. Enjoy the meeting!
Evan Bieske and Scott Kable
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Mission of the International Symposium on
Free Radicals
Terry Miller
The International Free Radicals Symposium Committee is a non-profit organization
authorizing and promoting the holding of scientific and educational meetings on a
biannual basis on the subject of free radicals, which are important intermediates in
complex chemical reactions
Free radicals play a vital role as intermediates in many chemical reactions including those
involved in combustion and chemical synthesis, as well as ones in the atmosphere and in
interstellar space. The International Free Radicals Symposium was established nearly fifty
years ago to bring together workers at the frontier of research in a wide variety of areas of
free radical chemistry with particular emphasis on the spectroscopic identification,
characterization and dynamics of radicals. The composition of the International
Committee below, guarantees the high scientific level of these meetings.
While the theme of present meetings remain the same as for the first Free Radicals
Symposium, the experimental and theoretical approaches, as well as the applications, have
advanced tremendously. Whereas at that time, the presence or importance of free radicals
in a particular process was typically only inferred or hypothesized, today using modern
spectroscopic means of detection their presence cannot only be proven but the radicals
themselves characterized in great detail. Indeed what once was seen as "through a glass
darkly," has now been illuminated brightly by lasers and other means of detection.
The study of radicals, and their radiative and dynamical properties has shed light on a vast
variety of physical and chemical processes. These processes span an environment from
inside every living being, through the fires of combustion, to our atmosphere, and beyond
to the observable limits of interstellar space. Indeed some free radicals have been
observed for the first time in interstellar space before they could be produced in the
laboratory. Therefore the Free Radicals Symposia are strongly interdisciplinary with
chemists, physicists, astrophysicists and environmental scientists participating, resulting in
a conference unique in its creative interaction between diverse disciplines in both their
theoretical and experimental aspects.
Topics appropriate for coverage at a Free Radicals meeting include:
•
•
•
•
•
•
•
•
•
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Spectroscopy of radicals
Structure of free radicals
Free radicals and atmospheric chemistry
Free radicals as reaction intermediates
Production and observation techniques
Dynamics and reaction kinetics, theory and experiment
Molecular ions and molecules in excited states
Interstellar spectroscopy and chemistry
Free radicals in applied research

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 matrixisolation 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).
Year
1956
1957
1958
1959
1961
1963
1965
1967
1969
1971
1973
1976
1977
1979
1981
1983
1985
1987
1989
1990
1991
1993
1995
1997
1999
2001
2004
2005
2007
2009
2011

Location
Quebec City, CANADA
Washington DC, USA
Sheffield, UK
Washington DC, USA
Uppsala, SWEDEN
Cambridge, UK
Padua, ITALY
Novosibirsk, USSR
Banff, CANADA
Lyon, FRANCE
Konigsee, GERMANY
Laguna Beach, CA, USA
Lyndhurst, Hants, UK
Sanda, Hyogo-ken, JAPAN
Ingonish, NS, CANADA
Lauzelles-Ottignies, BELGIUM
Granby, Colorado, USA
Oxford, UK
Dalian, CHINA
Susono, Shizuoka, JAPAN
Williamstown, MA, USA
Doorworth, NETHERLANDS
Victoria, BC, CANADA
Tallberg, SWEDEN
Flagstaff, AZ, USA
Assisi, ITALY
Taipei, TAIWAN
Leysin, SWITZERLAND
Big Sky, MT, USA
Savonlinna, FINLAND
Port Douglas, AUSTRALIA

Symposium Chair(s)
P. A. Giguere
H. P. Broida, A. M. Bass
G. Porter
H. P. Broida, A. M. Bass
S. Claesson
B. A. Thrush
G. Semerano
V. N. Kondratiev
H. Gunning, D. A. Ramsay
M. Peyron
W. Groth
E. K. C. Lee, F. S. Rowland
A. Carrington
Y. Morino, I. Tanaka
W. E. Jones
R. Colin
K. M. Evenson, R. F. Curl, H. E. Radford
J. M. Brown
Postponed
H. Hirota
S. D. Colson
H. ter Meulen
A. J. Merer
M. Larsson
T. A. Miller
P. Casavecchia
Y. P. Lee
J. P. Maier, F. Merkt, M. Quack
R. E. Continetti
L. Halonen, R. Timonen
E. Bieske, S. Kable
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Sponsors
The organizers of the 31st International Symposium on Free Radicals would like to thank
the following sponsors. Their contributions have played a crucial part in supporting the
scientific and social aspects of this conference.
SCOPUS

EzziVision

Journal of Chemical Physics
(published by the American Institute of
Physics)
US Army Research Office
Lastek Pty. Ltd.

NewSpec Pty. Ltd.
American Chemical Society

PCCP

Australian Journal of Chemistry

Coherent Scientific Pty. Ltd.
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Time Bandwidth Products

General Information
Important phone numbers:
Police, Ambulance, Fire Brigade: 000
Rydges Hotel: (07) 4099 8900
Medical Centre: (07) 4099 5276, 33 Macrossan Street, Port Douglas
Mossman Hospital: (07) 4084 1200
Dentist: (07) 4099 4445
Taxi: (07) 4084 2600

Transport
Shuttle Buses
www.coralreefcoaches.com.au (07 4098 2800)
www.sunpalmtransport.com (07 4087 2900)
www.cairnsbus.com (07 4036 3562)
www.krystaltransport.com.au (07 4051 7456)

Recreation
Bike Hire
Port Douglas BikeWorks: (07) 4099 6144 (www.pdbikeworks.com)
Port Douglas Bike Hire: (07) 4099 5799

Golf
Mossman Golf Club: (07) 4098 1570 (www.mossmangolfclub.com.au)
Mirage Golf Course (Port Douglas): (07) 4099 5537
Sea Temple Golf Course (Port Douglas): (07) 4087 2222

Boat and Kayak
Backcountry Bliss Sea Kayak Tours: (07) 4099 3677
Small Fishing Boat Hire: (07) 4099 6277 (http://www.pdboathire.com.au)

Photography
If you take photos that you wish to share with the other conference attendees, you can
put them on the conference webpage by emailing them to photos@freerads.com.au as
an attachment. This can often be done directly from a phone. Photos will be displayed on
the conference webpage (www.freerads.com.au/photos) during and after the
conference.

Internet Access
Free WiFi internet access will be provided in the conference area; the speed is limited and
it should be used mainly for checking email. For additional high-speed service, a paid
subscription is available through the hotel.
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Excursion
Boat Trip to Low Isles (Wednesday)
The schedule for Wednesday morning is very tight. There are two invited talks (McCall
and Schmidt); to accommodate the boat trip we need an early start (7:40 am). The bus
departs the hotel at 9:15 am and so you’ll need to prepare for the trip beforehand. Bring
sunscreen, a hat, long-sleeved shirt, towel, and swimming costume. Try not to damage
yourself too much at Tuesday night’s poster session and remember – an early breakfast!

Session 7 (Chair Peter Radi)
07:40
08:20

S13 Ben McCall
S14 Tim Schmidt

Boat Trip
09:00
09:15
09:30
10:00

11:00

12:00-13:00
13:30
14:30
14:45
15:15
16:30
16:45
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Board coaches at Rydges Hotel, Port Douglas
Depart Rydges
Arrive Marina Mirage, Port Douglas, Vessel boarding
Depart for Low Isles
Snorkelling Demonstration
Dive Briefings (optional activities)
Arrive at Low Isles
Water activities and coral viewing from glass bottom boat
commence
Lunch served onboard Wavedancer craft.
Guided beach walk with a Marine Biologist
Complimentary afternoon Tea served until boarding
Re-board vessel
Depart Low Isles
Arrive at Marina Mirage, Port Douglas
Coach departs for Rydges, Port Douglas

Banquet
Hartley’s Crocodile Adventures (Thursday)
The schedule for Thursday afternoon and evening is explained here. In the afternoon
there is one invited talk (Endo) and three hot topic talks (Le, Lee, Halonen and Hirota).
The session finishes at 4:00 pm precisely, at which time you should rapidly retreat to your
room, grab your camera, arrange your hair, choose a fresh shirt or skirt, and be back ready
to board the buses at 4:20 pm. You’ll need to move quickly. The bus departs the hotel at
4:30 pm and arrives at Hartley’s Crocodile Adventures at 5:00 pm.

Session 10 (Chair Andrew Elllis)
02:00
02:40
03:00
03:20
03:40

S13 Yasuki Endo
HT7 Anh Le
HT8 Yuan-Pern Lee
HT9 Lauri Halonen
HT10 Eizi Hirota

04:00

Session Ends

Croc Farm
04:20
04:30
05:00
18:00
19:30
20:00
20:30

Board coaches at Rydges Hotel
Depart Rydges Hotel
Arrive Hartley’s Crocodile Adventures – wander around park
discussing free radicals with wild beasts
Drinks and canapes
Marvel at crocs gobbling chooks on land and water
Dinner
Depart for Rydges
Arrive Rydges
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Invited Talks
S1 Roland Wester

S2 Carl Lineberger

S3 Frédéric Merkt

S4 Raimo Timonen

S5 Chi-Kung Ni

S6 Claire Vallance

S7 Mike Duncan

S8 Greg Metha

S9 Michael Drewsen

S10 Kopin Liu

S11 Ruth Signorell

S12 Dwayne Heard

S13 Ben McCall

S14 Timothy Schmidt

S15 Satoshi Yamamoto

S16 Wolf Geppert

S17 Fusakazu Matsushima S18 Marsha Lester

S19 Yasuki Endo

S20 Robert Field

S22 Wolfgang Eisfeld

S23 Peter Botschwina

S21 Robert Continetti

Hot Topic Talks
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HT1 Scott Reid

HT2 Takamasa Momose

HT3 Yasuhiro Ohshima

HT4 Terry Miller

HT5 Mike McCarthy

HT6 Stephen Gibson

HT7 Anh Le

HT8 Yuan-Pern Lee

HT9 Lauri Halonen

HT10 Eizi Hirota

HT11 Gary Douberly

HT12 Dave Chandler

Posters I - Monday night
P1 Adamson

P2 Amano

P3 Appadoo

P4 Baileux I

P5 Baileux II

P6 Boesl

P7 Chang

P8 de Wit

P9 Dibble I

P10 Dibble II

P11 Dryza

P12 Ellis

P13 Fückel

P14 Fukushima

P15 Ge

P16 Goeschen

P17 Grabow

P18 Halfen

P19 Halonen

P20 Hankel

P21 Hansen

P22 Ishikawa

P23 Jacox

P24 Jaquet

P25 Kanamori

P26 Kasahara

P27 Kirk

P28 Zack

P29 Ziurys

P30 Wentrup

Posters 2 - Wednesday night
P31 Kobayashi

P32 Kokkin

P33 Krim

P34 Lapere

P35 Larsson

P36 Lasinski

P37 Lee

P38 Maccarone

P39 Negru

P40 Nguyen

P41 O’Connor

P42 Pan

P43 Plathe

P44 Poad

P45 Quinn

P46 Radi

P47 Reid

P48 Reilly

P49 Romanzin

P50 Sakai

P51 Sprague

P52 Steimle

P53 Sylvester

P54 Temps

P55 Trevitt

P56 Tzeng

P57 Varberg

P58 Wilcox

P59 Wild

P60 Hsu
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Invited Lectures

S1. Roland Wester

On the dynamics of chemical reactions of negative ions
Roland Wester
Institute for Ion Physics and Applied Physics, University of Innsbruck,
Technikerstr. 25/3, 6020 Innsbruck, Austria
roland.wester@uibk.ac.at
In this talk I will discuss experimental investigations of negative-ion reactions [1]. We
employ different experimental approaches to study the detailed dynamics of anion-molecule
reactions, in particular crossed-beam ion imaging and low-temperature kinetics experiments
in an ion trap. At the focus of our work is the nucleophilic substitution reaction [2], an
important class of reactions in organic and synthetic chemistry. Results will be reported for
the exothermic reactions of Cl-, F- and OH- anions with CH3I [5,6]. By analysing the
differential scattering cross sections for these systems, we have found several distinct and
system-dependent reaction mechanisms that govern the dynamics at different collision
energies. Recently we have extended this work to reactions of small water cluster anions to
investigate the influence of micro-solvation on chemical reaction dynamics. Comparison with
unsolvated reactants hints at steric hindrance as an important motif for the observed
differences in the reaction dynamics.
References:
[1] J. Mikosch, M. Weidemüller, R. Wester, Int. Rev. Phys. Chem. 29, 589 (2010)
[2] M. L. Chabinyc; S. L. Craig; C. K. Regan, J. I. Brauman, Science 279, 1882 (1998)
[3] R. Wester, A. E. Bragg, A. V. Davis, D. M. Neumark, J. Chem. Phys. 119, 10032 (2003)
[4] J. Mikosch, R. Otto, S. Trippel, C. Eichhorn, M. Weidemüller, R. Wester, J. Phys. Chem. A 112,
10448 (2008)
[5] J. Mikosch, S. Trippel, C. Eichhorn, R. Otto, U. Lourderaj, J. X. Zhang, W. L. Hase, M.
Weidemüller, R. Wester, Science 319, 183 (2008)
[6] J. Zhang, J. Mikosch, S. Trippel, R. Otto, M. Weidemüller, R. Wester, W. L. Hase, J. Phys. Chem.
Lett. 1, 2747 (2010)
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Invited Lectures

S2. Carl Lineberger

Anion photoelectron spectroscopy: radicals, diradicals and
transition states*
W. Carl Lineberger
University of Colorado, JILA and Department of Chemistry, 440 UCB, Boulder, CO, USA
Anion photoelectron spectroscopy has proven to be a remarkably tool to obtain fundamental
thermochemical information and structural information for stable and transient species. This
approach has proven especially useful when coupled with high-level theoretical analyses.
Tonight, I review briefly the experimental methodology and discuss several examples that
illustrate the possibilities. These include peroxyl radicals, dichlorocarbene, halomethyl
radicals, and diradicals of possible astrochemical relevance. If the anion geometry is
appropriate, photodetachment can provide direct information on transition states and
geometries along the reaction coordinate of an evolving radical, such as the oxyallyl
diradical.1,2
Extension of the methodology to time-resolved anion photoelectron spectroscopy as
pioneered by Neumark3 enables following reactive events along a reaction coordinate and
elucidating the role of a single solvent molecule in long-range electron transfer between
atoms.4
*Generously supported by the National Science Foundation and The Air Force Office of
Scientific Research.
References:
[1] T. Ichino, S. M. Villano, A. J. Gianola, D. J. Goebbert, L. Velarde, A. Sanov, S. J. Blanksby, X.
Zhou, D. A. Hrovat, W. T. Borden, and W. C. Lineberger, Angew. Chem. Int. Ed. Eng. 48, 8509-11
(2009).
[2] T. Ichino, S. M. Villano, A. J. Gianola, D. J. Goebbert, L. Velarde, A. Sanov, S. J. Blanksby, X.
Zhou, D. A. Hrovat, W. T. Borden, and W. C. Lineberger, J. Phys. Chem. A 115, 1634-49 (2011).
[3] B. J. Greenblatt, M. T. Zanni, and D. M. Neumark, Science 276, 1675-78 (1997).
[4] L. Sheps, E. M. Miller, S. Horvath, M. A. Thompson, R. Parson, A. B. McCoy, and W. C.
Lineberger, Science 328, 220-24 (2010).
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Invited Lectures

S3. Frédéric Merkt

The Jahn-Teller effect and large-amplitude motion in molecular
cations studied by high-resolution photoelectron spectroscopy
M. Grütter, K. Vasilatou, J. M. Michaud, A. M. Schulenburg and F. Merkt,
Laboratorium für Physikalische Chemie, ETH Zurich, CH 8093 Zurich, Switzerland
Photoelectron spectroscopy represents a powerful method to study the structure and dynamics
of molecular cations in the gas phase. It enables one to access, from the ground or an excited
electronic state of a neutral molecule, a broad range of electronic and vibrational states of the
positively charged ion that is formed upon photoionization. Photoelectron spectroscopy is
particularly well suited to study open-shell cations subject to a Jahn-Teller effect because (1)
the parent neutral molecule is usually a stable, closed-shell species that can easily be
entrained in supersonic expansions, and (2) the distortion of geometry that results from the
Jahn-Teller effect facilitates the observation of the vibrational levels of the Jahn-Teller active
modes thanks to nonzero Franck-Condon factors. These advantages have been systematically
exploited in studies of the Jahn-Teller effect in molecular cations. The analyses of the
vibronic structure of photoelectron spectra by Cederbaum, Domcke, Köppel and their
coworkers are exemplary in this context and have contributed significantly to the current
understanding of the Jahn-Teller effect in a wide variety of cationic systems (see [1,2] for two
recent examples).
Recent progress in photoelectron spectroscopy following the development of pulsed-fieldionization zero-kinetic-energy photoelectron spectroscopy [3] makes it possible today to
record rotationally resolved photoelectron spectra of a wide range of polyatomic molecules.
The rotational structure of a photoelectron spectrum provides very useful information on the
nature of the Jahn-Teller effect and on the relevant potential energy surfaces that
complements the information contained in the vibronic structure [4].
After a brief presentation of current experimental techniques used in high-resolution
photoelectron spectroscopy, the talk will summarize the results of recent studies of the JahnTeller effect in the series of molecular cations CH3X+ (X=F, Cl, Br and I [5]) and of largeamplitude motion in the propene (H3C-C=CH2+[6]), allene (C3H4+ [7]) and cyclo-propene (cC3H4+) cations by high-resolution photoelectron spectroscopy. Their photoelectron spectra are
of unusual complexity, and the information contained in the rotational structure was the key
to understanding the relevant vibronic interactions.
References:
[1] T. S. Venkatesan, S. Mahapatra, H. Köppel and L. S. Cederbaum, J. Mol. Struct. 838, 100 (2007)
[2] S. Mahapatra, V. Vallet, C. Woywod, H. Köppel and W. Domcke, J. Chem. Phys. 123, 231103
(2005)
[3] G. Reiser, W. Habenicht, K. Müller-Dethlefs and E. W. Schlag, Chem. Phys. Lett. 152, 119 (1988)
[4] H. J. Wörner and F. Merkt, Angewandte Chemie (Intl. Ed.) 48, 6404 (2009)
[5] M. Grütter, J. M. Michaud and F. Merkt, J. Chem. Phys. 134, 054308 (2011)
[6] K. Vasilatou, M. Schäfer and F. Merkt, J. Phys. Chem. A 114, 11085 (2010)
[7] A. M. Schulenburg and F. Merkt, Chem. Phys. 377, 66 (2010)
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Invited Lectures

S4. Raimo Timonen

Kinetics of the reactions of small C-containing radicals with small
molecules in the temperature range of 183 – 500 K
Raimo Timonen
Laboratory of Physical Chemistry, Department of Chemistry, University of Helsinki, PO Box
55 (A.I. Virtasen aukio 1), FIN-00014 Helsinki, Finland; raimo.timonen@helsinki.fi
The kinetics of the reactions of small radicals containing C, H, O, N, Cl, Br, and I atoms with
small molecules (O2, NO2, NO, Cl2, Br2, HCl, DCl, HBr, and DBr) have been studied in the
course of the years to apply the kinetic information to atmospheric chemistry, combustion,
and other chemical processes as well as to understand something about chemical reactivity of
“simple” radical-molecule reactions.
The method (laser photolysis flow reactor with a photoionization mass spectrometer, LPPIMS) we have been using in the research is based on works of Kyle Bayes [1, 2] and David
Gutman [3, 4] and was later adopted and modified by us [5]. A flow reactor with laser pulse
photolysis is coupled to a photoionization quadrupole mass spectrometer selecting of masses,
which are detected with an electron multiplier and their time-resolved signals recorded one by
one by a multichannel scalar in real time measurements. The flow reactor is temperature
controlled in the range from 183 to about 520 K (1000 K). The radicals are produced by
exciplex laser pulses (193, 248, 308 nm) along the reactor from suitable precursor molecules.
The gas mixture in the laminar flow reactor contains more than 97 percent of helium or
nitrogen as a carrier gas with a total pressure of about 0.5 – 50 Torr. The amount of radicals is
low enough (mostly less than 3x1011 cm-3) to isolate them from their mutual disturbing second
order reactions. For the ionization of the reactants and products in the reaction mixtures,
resonance atom lamps (Hg, N, Br, Xe, Cl, O, Kr, H, Ar, and Ne) with 7 different suitable
windows have been used.
In these reactions, about 40 different radicals have been studied and the latest studies have
been concentrated on the amino radicals (6 radicals) in their reactions with O2, NO, NO2, and
Cl2. The only previous measurement for one of these radicals (NH2CH2 + O2) at room
temperature was conducted by Washida et al. and Pagsberg et al.[6][7] The previous reaction
rate coefficients for this reaction are in good agreement with our values: k ! 2 - 5 x 10-11 cm3
molecule-1 s-1. The interest in this group is their atmospheric reactions after production from
amines via H abstraction by OH radicals. There is a possibility of large amounts of amines
released in the air in “the amine wash” of CO2 from the waste gases of coal burning. This
method has been introduced in the Carbon Capture and Storage (CCS) business.
References:
[1] R.P.Ruiz, K.D. Bayes, M.T. Macpherson, M.J. Pilling, J. Phys. Chem. 85, 1622 (1981).
[2] E. A. Ogryzlo, R. Paltenghi, Kyle D. Bayes, Int. J. Chem. Kin. 13(7), 667 (1981).
[3] I.R. Slagle, J.-Y. Park, M.C. Heaven, D. Gutman, J. Am. Chem. Soc. 106, 4356 (1984)
[4] Raimo S. Timonen and David Gutman, J. Phys. Chem. 90, 2987 (1986).
[5] Arkke. J. Eskola and Raimo. S. Timonen, Phys. Chem. Chem. Phys. 5, 2557 (2003).
[6] A. Masaki, S. Tsunashima, N. Washida, J. Phys, Chem. 99, 13126 (1995).
[7] T. C. Jansen, I. Trabjerg, S. Rettrup, P. Pagsberg, A. Sillesen, Acta chemica scandinavica 53, 1054
(1999).
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S5. Chi-Kung Ni

Energy transfer of highly vibrationally excited molecules and
supercollisions
Chi-Kung Kenny Ni
Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, 10617 Taiwan
Collisional energy transfer plays a major role in gas phase photochemical, photophysical and
thermal processes. Lindemann first discovered the importance of molecular energy transfer in
thermal unimolecular decomposition. Recent experiments which utilize spectroscopic
methods provide more information about the collisional energy transfer. However, the results
are the averages of the outcomes of individual collisions over the entire thermal ensemble of
colliding molecules. Detail information about the energy transfer distribution and the
mechanism of supercollisions remain unclear.
Recently we have studied the energy transfer of highly vibrationally excited molecules
(azulene, naphthalene, methylnaphthalene, dimethylnaphthalene, ethylnaphthalene, biphenyl,
phenanthrene, diphenylacetylene, and fluoronaphthalene) using crossed-beam /time-of-flight
mass spectrometer/time-sliced velocity map ion imaging techniques. Energy transfer
distribution functions were obtained directly from the scatterings and energy transfer
mechanisms were proposed. In this talk, we will discuss several effects in energy transfer and
supercollisions, including (1) formation of complex, (2) initial relative velocity, (3) initial
rotation, (4) methylation and alkylation (5) vibrational frequency and vibrational motion, (6)
attractive potential.
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Invited Lectures

S6. Claire Vallance

Multimass imaging with fast pixel detectors
Claire Vallance
Department of Chemistry, University of Oxford, Chemistry Research Laboratory, 12
Mansfield Rd, Oxford OX1 3TA, UK
Velocity-map imaging has truly captured the imagination of the reaction dynamics
community, and has become the detection technique of choice when investigating the
photodynamics of small molecules. Photofragment velocity distributions are highly sensitive
to the detailed dynamics of the fragmentation process, and imaging experiments on stateselected fragments have allowed us to explore such processes at unprecedented levels of
detail.
The success of velocity-map imaging in the field of reaction dynamics has led us to consider
broader applications for the technique in the more general area of time-of-flight mass
spectrometry. We are currently investigating the possibility of developing a next-generation
mass spectrometer which, in addition to the conventional mass spectrum, records the
complete velocity or spatial distribution of the ions at their point of formation for each mass.
In contrast to a conventional velocity-map imaging setup, such an instrument requires a
means of universal (rather than state-specific) ionization, improved mass resolution, and the
ability to record images of multiple ions on each time-of-flight cycle.
Incorporating a universal ionization source into a velocity-map imaging setup is relatively
straightforward, and we currently have two such ionization sources, employing VUV
ionization at 118 nm (10.48 eV), and electron impact ionization, respectively. Achieving true
multimass imaging is much more challenging, requiring a camera capable of recording and
storing multiple frames with exposure times on the nanosecond timescale within a typical
time-of-flight data acquisition cycle of tens to hundreds of microseconds. We will report
early results [1-3] of both velocity-map and spatial-map imaging mass spectrometry using
three suitable detectors: a fast framing CCD camera [1], the TimePix CMOS sensor
developed for particle physics applications at CERN; and the dedicated PImMS (Pixel
Imaging Mass Spectrometry) event-counting CMOS image sensor [2] developed in
collaboration between the University of Oxford and the Rutherford Appleton Laboratory.
Left: First prototype PImMS
imaging sensor bonded to the data
acquisition board; Right: first timeof-flight mass spectrum recorded
with the PImMS sensor.

References:
[1] M. Brouard, E. K. Campbell, A. J. Johnsen, C. Vallance, W. H. Yuen and A. Nomerotski, Rev.
Sci. Instrum., 79, 123115 (2008).
[2] A. Nomerotski, M. Brouard, E. Campbell, A. Clark, J. Crooks, J. Fopma, J. J. John, A. J.
Johnsen, C. Slater, R. Turchetta, C. Vallance, E. Wilman and W. H. Yuen, J. Inst., 5, C07007
(2010).
[3] M. Brouard, A. J. Johnsen, A. Nomerotski, C. S. Slater, C. Vallance, and W. H. Yuen, J. Inst., 6
C01044 (2011).
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S7. Mike Duncan

Selected-ion infrared spectroscopy of carbocations
Allen M. Ricks, Gary E. Douberly, Paul v. R. Schleyer, Michael A. Duncan
Department of Chemistry, University of Georgia, Athens, GA 30602, U.S.A.
Cold cations of small hydrocarbon molecules, i.e., carbocations, are produced in pulsed
supersonic molecular beams by a pulsed discharge source. These ions are mass-selected and
studied with infrared photodissociation spectroscopy and the method of rare gas atom
predissociation in a time-of-flight mass spectrometer. Infrared spectra obtained using a
broadly tunable IR-OPO laser system (600-4500 cm-1 range) are compared to the predictions
of theory (DFT and/or MP2) to elucidate the structures of these ions, their isomers and the
potential energy surfaces connecting these. The carbocation species studied include C2H3+,
C3H5+, C3H3+, the t-butyl cation, protonated benzene, and protonated naphthalene. The
carbocation species exhibit more than one isomer, allowing investigation of the multiple
minima on their potential surfaces. Protonated naphthalene has spectral lines relevant for the
three of the main Unassigned Infrared Bands (UIR's) seen in emission from interstellar gas
clouds.
References:
[1] G. E. Douberly, A. M. Ricks, B. W. Ticknor, W. C. McKee, P. v. R. Schleyer and M. A. Duncan, J.
Phys. Chem. A 112, 1897 (2008).
[2] A. M. Ricks, G. E. Douberly, P. v. R. Schleyer and M. A. Duncan, J. Chem. Phys. 132, 051101
(2010).
[3] G. E. Douberly, A. M. Ricks, P. v. R. Schleyer and M. A. Duncan, J. Chem. Phys. 128, 021102
(2008).
[4] G. E. Douberly, A. M. Ricks, B. W. Ticknor, P. v. R. Schleyer and M. A. Duncan, J. Phys. Chem. A
112, 4869 (2008).
[5] A. M. Ricks, G. E. Douberly and M. A. Duncan, Astrophys. J. 702, 301 (2009).
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S8. Greg Metha

Velocity map imaging of Au-containing clusters
Brad Visser1, M. Addicoat1, J. Gascooke2, W. Lawrance2 and G. F. Metha1
1
2

Department of Chemistry, University of Adelaide, AUSTRALIA

School of Chemical and Physical Sciences, Flinders University, AUSTRALIA

Velocity map imaging (VMI) is a form of ion imaging discovered by Eppink and Parker1 late
in the 20th century. Using this technique, spectroscopic information is obtained by providing
a target species with energy and measuring the kinetic energy of the products by way of a
position sensitive detector. Photodetachment imaging involves the collection of an electron
ejected from an anionic species and allows the identification of the electron affinity (EA) and
higher electronic states, vibrational frequencies of the final neutral species, the angular
dependence and geometry change of the transition, and in some cases vibrational data for the
initial anion species. Velocity map imaging of electron photodetachment has distinct
advantages over the more commonly used photoelectron spectroscopy technique. Firstly,
VMI allows the collection of angle and radius dependent intensity simultaneously. Secondly,
as the detached electrons are accelerated toward the detector the VMI technique has
sensitivity independent of photodetachment kinetic energy.
Over the last few years, the Laser Spectroscopy laboratories at The University of Adelaide
and Flinders University have combined their expertise and developed a VMI instrument for
imaging anions produced following laser ablation of a gold target. By using tuneable laser
radiation to photodetach just above the EA, we have been able to obtain highly structured
images that reveal the vibrational
structure associated with the
electronic transition. Our early
data for Au and Au2 will be
demonstrated, followed by a
presentation of our highly resolved
vibrational data for AuOH , which
has allowed us to re-assign the
previously published vibronic
spectrum.2 Finally, we will present
spectra on new molecular systems
including AuC2 , which reveal rich
vibrational spectra. Discussion will
include comparison of the data
Velocity map image, resultant spectrum and F-C simulation
with DFT and CCSD calculations
of AuOH following photodissociation at 540 nm.
and Franck-Condon simulations.
!

!

!

!

References:
[1] A. Eppink, D. Parker, Rev. Sci. Instrum. 68, 3477 (1997).
[2] W. Zheng, X. Li, S. Eustis, A. Grubisic, O. Thomas, H. de Clercq, K. Bowen, Chem. Phys. Lett.
444, 232 (2007).
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S9. Michael Drewsen

Experimenting with single molecular ions
Michael Drewsen
Department of Physics and Astronomy, Aarhus University, Denmark. drewsen@phys.au.dk
In ion traps, the translational motion of molecular ions can effectively be sympathetically
cooled to temperature in the mK range through the Coulomb interaction with laser cooled
atomic ions. At such low temperatures the molecular ions typically become part of spatial
ordered structures (Coulomb crystals) in which the individual molecules can be localized
within a few µm3. The extreme situation of having only a single laser-cooled atomic ion
interacting with a single molecular ion is an ideal starting point for single molecule studies.
In the talk, I will discuss recent single molecule studies focused on photofragmentation of
singly changed Aniline ions (C6H7N+) [1] and on isotope effects in the reaction of
26
Mg+[2]/40Ca+[3] atomic ions with a gas of H2, HD, and D2 molecules, as well as present
recent results on rotational ground state cooling of vibrationally and translationally cold
MgH+ ions applying a laser cooling scheme based on excitation of a single rovibrational
transition [4,5].
Rotational state distributions of MgH+. Crosses
represent expected Boltzmann distribution at
T=293 K, while red (blue) bars show the
measured distributions before (after) after
applying rotational laser cooling (reproduced
from Ref. [5]).

References:
[1] K. Højbjerre, D. Offenberg, C. Z. Bisgaard, H. Stapelfeldt, P. F. Staanum, A. Mortensen, M.
Drewsen, Phys. Rev. A 77, 030702 (R) (2008).
[2] P. F. Staanum, K. Højbjerre, R. Wester, and M. Drewsen, Phys. Rev. Lett. 100, 243003 (2008).
[3] A. K. Hansen, M. Aa. Sørensen, P. F. Staanum, and M. Drewsen, unpublished.
[4] K. Højbjerre, A. K. Hansen, P. S. Skyt, P. F. Staanum, and M. Drewsen, New Jour. Phys. 11
055026 (2009).
[5] P. F. Staanum, K. Højbjerre, P. S. Skyt, A. K. Hansen, and M. Drewsen, Nat. Phys. 6, 271 (2010).
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S10. Kopin Liu

Imaging the steric effects in polyatomic reactions
Kopin Liu
Institute of Atomic and Molecular Sciences (IAMS), Academia Sinica, P. O. Box 23-166,
Taipei, Taiwan 10617
This talk will highlight our recent studies on the reaction of atoms/radicals with methane
isotopomers. The experiments were performed under crossed-beam conditions, using a timesliced, ion velocity-imaging detection scheme, which enables us to acquire the quantum-state
correlation of the coincidently formed product pairs [1, 2]. Such product pair-correlation
measurements can reveal dynamics information that are often hidden or lost by conventional
measurements [3]. To explore the mode-specific and bond-selective reactivity, a narrowband
IR OPO/OPA was used to prepare a single rotational state of the stretch-excited methane
reactants [4-8]. A number of fundamental issues in reaction dynamics will be elucidated when
compared to the ground state reactivity. More recently, the polarization property of the IR
pumping laser was exploited to investigate the stereodynamical aspects of reactive encounter
in stretch-excited reactions [9]. Two ways of steric-control of molecular collisions are then
proposed. We will also demonstrate in a polarization experiment how to unfold a set of
polarization-dependent differential cross sections from images acquired at various
experimental geometries. The decoded polarization-dependent differential cross sections
provide deeper insights into the stereo-specific reactivity.
References:
[1] J. J. Lin, J. Zhou, W. Shiu, K. Liu, Rev. Sci. Instrum. 74, 2495-2500 (2003).
[2] J. J. Lin, J. Zhou, W. Shiu, K. Liu, Science 300, 966-969 (2003).
[3] K. Liu, Phys. Chem. Chem. Phys. 9, 17-30 (2007).
[4] S. Yan, Y.-T. Wu, K, Liu, Science 316, 1723-1726 (2007).
[5] J. Riedel, Y. Yan, H. Kawamata, K. Liu, Rev. Sci. Instrum. 79, 033105 (2008).
[6] S. Yan, Y.-T. Wu, K, Liu, PNAS 105, 12667-12672 (2008).
[7] W. Zhang, H. Kawamata, K. Liu, Science 325, 303 (2009).
[8] F. Wang, K. Liu, Chem. Science 1, 126-133 (2010).
[9] F. Wang, J.-S. Lin, K. Liu, Science 331, 900-903 (2011).
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S11. Ruth Signorell

Characterization of clusters and ultrafine aerosols by ultraviolet
photoionization
Ruth. Signorell, Bruce L. Yoder, Jennifer L. Corbett, Piotr W. Forysinski, Jessica Litman
University of British Columbia, Chemistry Department, 2036 Main Mall,
Vancouver, BC, V6T 1Z1, Canada
Ultraviolet photoionization has been widely used to study many different types of molecular
clusters. These investigations often focus on the characterization of size-dependent properties
such as structure, vibrational frequencies, ionization energies, and dissociation energies.
We are investigating how these methods could be exploited for the characterization of
ultrafine aerosols. For that purpose, we compare experimental results for small clusters with
those of ultrafine aerosols and with commercial aerosol characterization methods. Where
experimental information is not accessible we try to complete the picture by modelling.
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S12. Dwayne Heard

Field measurements of free-radicals in the atmosphere using laserinduced fluorescence spectroscopy
Dwayne E. Heard
School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK
Free-radicals are intimately involved in the chemistry of the atmosphere. For example, the
hydroxyl radical, OH, removes the majority of trace gases emitted into the atmosphere either
naturally or via human activities. These include greenhouse gases and substances harmful to
health, and OH initiates the formation of a wide range of secondary products, many of which
are implicated in poor air quality, for example ozone and aerosols. Despite this, there have
been relatively few in situ measurements of radical species, owing to their very low
abundance and short lifetimes, which make their detection extremely challenging.
Laser-induced fluorescence spectroscopy is a very sensitive method that has enjoyed
considerable success in the quantitative detection of radicals in the atmosphere [1]. In this talk,
I will focus on the LIF detection of atmospheric OH and IO radicals at low-pressure using a
supersonic free-jet expansion, how the method is made to be absolute, and the modifications
that are necessary for deployment of the instrumentation on ground and airborne platforms [2].
The Leeds LIF instruments have been operated in a number of locations worldwide, ranging
from the Poles to the Tropics, and from rainforests to urban centres. Owing to their short
lifetime, the abundance of radicals is determined solely by their rate of chemical production
and loss, and not by transport. Field measurements of the concentrations of radicals and
comparison with calculations using a numerical model therefore constitutes one of the very
best ways to test whether the chemistry in each of these locations is understood and accurately
represented in the model. Validation of the chemistry is important, as the predictions of
climate and air quality models containing this chemistry are used to drive the formulation of
policy and legislation.
I will present a flavour of the field measurements in a variety of locations together with model
comparisons, in particular a box model which utilizes the Leeds Master Chemical Mechanism
[3], which contains up to ca. 5,900 chemical species and 13,500 reactions. Surprises along the
way have included the role of halogen species in polar and marine [4] environments, and a
recycling mechanism which regenerates OH following its reaction with isoprene [5], a species
emitted in huge quantities globally by certain types of trees.
References:
[1] D. E. Heard and M. J. Pilling, Chemical Reviews, 103, 5163 (2003).
[2] D. E. Heard, Annual Review of Physical Chemistry, 57, 191 (2006).
[3] M. E. Jenkin, S. M. Saunders and M. J. Pilling, Atmospheric Environment, 31, 81 (1997).
[4] K. A. Read, A. S. Mahajan, L. J. Carpenter, M. J. Evans, B. V. E. Faria, D. E. Heard, J. R. Hopkins,
J. D. Lee, S. J. Moller, A. C. Lewis, L. Mendes, J. B. McQuaid, H. Oetjen, A. Saiz-Lopez, M. J.
Pilling, J. M.C. Plane, Nature, 453, 1232 (2008).
[5] L. K. Whalley, P. M. Edwards, K. L. Furneaux, A. Goddard, T. Ingham, M. J. Evans, D. Stone, J. R
Hopkins, C. E Jones, A. Karunaharan, J. D Lee, A. C Lewis, P. S. Monks, S. J Moller, D. E. Heard,
Atmospheric Chemistry and Physics Discussions, 11, 5785 (2011).
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S13. Ben McCall

New approaches to high resolution spectroscopy of molecular ions
Benjamin J. McCall
Departments of Chemistry, Astronomy, and Physics, University of Illinois at UrbanaChampaign, 600 S. Mathews Avenue, Urbana, IL 61801 USA
The development of velocity modulation spectroscopy in 1983 [1] initiated an era of
enormous improvements in the spectroscopy of molecular ions. As recently reviewed [2], this
technique has been used to study nearly 50 different molecular ions, at wavelengths ranging
from the UV to the millimeter-wave. However, the application of this technique to larger and
more complex molecular ions has been problematic because the high temperature of the
plasmas (even when liquid-nitrogen cooled) leads to large partition functions, which in turn
reduce the intensity of the Doppler-limited spectral features below the noise floor.
Alternative approaches using spectroscopy of cooled hollow cathode discharges and
supersonically expanding plasmas have enabled the study of lower-temperature ions, but at
the (considerable) expense of the loss of ion-neutral selectivity. In our laboratory, we have
been developing two new approaches for molecular ion spectroscopy to overcome these
challenges.
The first technique is a twist on conventional velocity modulation spectroscopy in a positive
column discharge, which involves placing a moderate-finesse cavity around the plasma. A
cw laser is then locked to this cavity, and heterodyne spectroscopy can be performed using a
sideband frequency equal to the cavity's free spectral range – a technique known as NoiseImmune Cavity-Enhanced Optical Heterodyne Molecular Spectroscopy, or NICE-OHMS [3].
The high bidirectional intracavity power allows for the observation of sub-Doppler Lamb dips,
which enables the measurement of line centers to ~1 MHz precision. We have demonstrated
this technique using the Meinel 1-0 band of N2+ in the near-infrared, and are now preparing to
extend it to more complex ions in the mid-infrared using a cw-OPO laser. The high
resolution and sensitivity of this technique can be expected to breathe new life into velocity
modulation spectroscopy.
The second technique is based on direct absorption (or dispersion) spectroscopy of a fast
molecular ion beam, an approach first pioneered by the Saykally group in the late 1980s. We
plan to combine a cw supersonic expansion discharge source with a fast ion beam to enable
mass-identified, high-resolution spectroscopy of rotationally cold molecular ions. We call
this approach Sensitive, Cooled, Resolved, Ion Beam Spectroscopy (SCRIBES). Using
NICE-OHMS, we have recently observed the first molecular ion spectrum (again, of N2+) in
this instrument, using a cold cathode source for initial testing. In the near future we aim to
extend this work to the mid-infrared, and to rotationally cold ions.
References:
[1] C. S. Gudeman, M. H. Begemann, J. Pfaff, R. J. Saykally, Phys. Rev. Lett. 50, 727 (1983).
[2] S. K. Stephenson, R. J. Saykally, Chem. Rev. 105, 3220 (2005).
[3] J. Ye, L. S. Ma, J. L. Hall, J. Opt. Soc. Am. B 15, 6 (1998).
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S14. Timothy Schmidt

Spectroscopy of resonance-stabilized hydrocarbon radicals
Tyler P. Troy, Nahid Chalyavi, Gerard D. O’Connor, Masakazu Nakajima, Neil J. Reilly,
Damian L. Kokkin, Klaas Nauta, Scott H. Kable, Timothy W. Schmidt
School of Chemistry, The University of Sydney, NSW 2006, Australia
Resonance-stabilized radicals such as 1-phenylpropargyl [1] and 1-vinylpropargyl [2] have
been identified to be prominent and ubiquitous products of hydrocarbon discharges. The
identification of these radicals was made using a synergy of resonant 2-colour 2-photon
ionization and 2-dimensional fluorescence spectroscopies. We have since exploited the
principle of resonance stabilization to obtain the spectra of a library of such radicals,
including:
1-naphthylmethyl, 2-naphthylmethyl, acenaphthenyl, 4-methylnaphth-1-ylmethyl, 5methylnaphth-1-ylmethyl, 4-phenylbenzyl, 4-(4’-methylphenyl)benzyl, 1,4-pentadienyl,
phenalenyl, indanyl, 2-hydroxyindan-1-yl, 2-methylindan-1-yl, 2-hydroxy-2-methylindan-1yl, inden-2-ylmethyl, 1-phenylallyl,[3] 2-ethylindan-1-yl, 2-ethyl-2-hydroxyindan-1-yl, 1inden-2-ylethyl, 4,","-trimethylbenzyl and 4, "-dimethylbenzyl radicals.
The above species all display spectra
in the visible region of the spectrum,
yet show a variety of spectroscopic
phenomena including long FranckCondon progressions, (pseudo) JahnTeller effects, Fermi resonance and
Duschinsky mixing. The spectra will
be discussed in the context of the
chemistry of combustion, planetary
atmospheres and interstellar space

References:
[1] Neil J. Reilly, Damian L. Kokkin, Masakazu Nakajima, Klaas Nauta, Scott H. Kable, Timothy W.
Schmidt, J. Am. Chem. Soc. 130, 3137 (2008).
[2] Neil J. Reilly, Masakazu Nakajima, Tyler P. Troy, Nahid Chalyavi, Kieran A. Duncan, Klaas Nauta,
Scott H. Kable, Timothy W. Schmidt, J. Am. Chem. Soc. 131, 13423-9 (2009).
[3] Tyler P. Troy, Nahid Chalyavi, Ambili S. Menon, Gerard D. OʼConnor, Burkhard Fückel,
Klaas Nauta, Leo Radom, and Timothy W. Schmidt, Chemical Science, in press.
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S15. Satoshi Yamamoto

Organic chemistry in interstellar clouds
Satoshi Yamamoto and Nami Sakai
Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo, 113-0033, Japan
Carbon is the fourth abundant element in the universe, and is responsible for a huge variety of
substances around us. Even interstellar clouds, which are in low density and low temperature
conditions, harbor various organic molecules. Understanding how and where they are
produced in space is an important target for astrochemistry, because it is eventually related to
the origin of life. With this in mind, we are conducting sensitive radioastronomical
observations. In this talk, I would like to introduce our recent results on organic chemistry in
formation sites of solar-type stars.
(1) Discovery of a New Carbon-Chain Rich Cloud: Carbon-chain molecules such as CCS
and C4H are thought to be abundant in young starless cores like TMC-1. So far such carbonchain rich sources have mostly been found in the Taurus region [1]. Very recently, we have
found an outstanding carbon-chain rich source in the Lupus-1 molecular cloud. This source
named as Lupus-1A shows the brightest emissions of carbon-chain molecules among known
molecular cloud cores [2]. This discovery will further promote our understanding of cold
carbon-chain chemistry in prestellar cores.
(2) Chemical Diversity of Protostellar Cores: Low-mass protostellar cores also exhibit
rich organic chemistry. It is known that there are two distinct groups of sources with different
chemical compositions. One is a ‘hot corino’, which is characterized by abundant saturated
organic molecules like HCOOCH3 and C2H5CN [3]. The other is a warm carbon-chain
chemistry (WCCC) source, which is characterized by extraordinary richness of unsaturated
carbon-chain molecules [4]. The difference between them is caused by the difference of
chemical compositions of grain mantles, which would primarily originate from the difference
of a duration time of the starless core phase. An existence of a possible intermediate source
supports this scenario [5].
(3) Tracing Formation Pathways of Molecules by Observations of their 13C Species:
Recently, we have found anomalous 12C/13C ratio in some carbon-chain molecules observed
toward the cold starless core TMC-1. For instance, the CCS/C13CS ratio is 54(5), whereas the
CCS/13CCS ratio is as high as 230 (130) [5]. Here the errors denote 3 sigma. Since the
interstellar 12C/13C ratio is 60, 13CCS is significantly diluted. This result clearly indicates
non-equivalence of the two carbon atoms of CCS, giving a strong constraint on its main
formation pathway. A similar anomaly of the 13C species has widely been found in other
molecules such as CCH [6], C4H, and C3S. On the basis of their results, a general behavior of
the 13C species in cold interstellar clouds will be discussed.
References:
[1] T. Hirota, M. Ohishi, and S. Yamamoto, Astrophys. J. 699, 585 (2009).
[2] N. Sakai, T. Shiino, T. Hirota, T. Sakai, and S. Yamamoto, Astrophys. J. 718, L49 (2010).
[3] S. Cazaux et al. Astrophys. J. 593, L51 (2003).
[4] N. Sakai, T. Sakai, T. Hirota, and S. Yamamoto, Astrophys. J. 672, 371 (2008).
[5] N. Sakai et al. Astrophys. J. 663, 1174 (2007).
[6] N. Sakai, O. Saruwatari, T. Sakai, S. Takano, and S. Yamamoto, Astron. Astrophys. 512, A31
(2010).
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S16. Wolf Geppert

Formation of complex molecules in the interstellar medium
Wolf D. Geppert1, the Stockholm CRYRING team and Onsala Space Observatory
1

Stockholm University, Department of Physics, Roslagstullbacken 21, SE-10691 Stockholm,
Sweden
2

Onsala Space Observatory, SE-439 92 Onsala, Sweden

Molecules play a decisive role in the interstellar medium, especially during formations of
stars and planetary systems. One of the longest-standing questions in molecular astrophysics
is if complex molecules (like methanol, ethanol, dimethyl ether and formic acid) are produced
in the gas-phase by radical or ion-induced processes induced or by radical-neutral reactions
on grain surfaces. In the case of methanol, a feasible gas-phase production process is unlikely.
The rate of radiative association of CH3+ and H2O leading to CH3OH2+ has been found to be
far to low to explain the observed methanol abundances [1] and, on top of that, only a minor
fraction of methanol (3 %) is produced in the dissociative recombination of the latter ion [2].
Introduction of these new findings into state-of-the art model calculations of dark clouds
yielded that the proposed gas-phase mechanism is by far insufficient to explain the observed
methanol abundances. On the other hand, successive hydrogenation of CO on icy grain
surface by H atoms has been found to produce methanol [3].
It now remained to be proven by direct observation that interstellar methanol really originates
from grain surfaces. This can be done by the so-called, isotope labeling a posteriori, which
was first suggested by Charnley et al. [4]. The method is based on the fact that 13C is
preferably accumulated in CO at low temperature, which in turn results in a 13C deficiency in
other molecules forming from ion-neutral reactions in the gas-phase [5]). Assuming that this
selective fractionation remains unaltered by the processes of adsorption and desorption, the
12 13
C/ C ratio in various molecules could be used to distinguish between formation from CO
on cold grains and gas-phase formation.
We therefore performed observations of the 12C/13C ratio for C18O and methanol in several
massive young stellar objects, one pair of compact HII regions and one source hosting several
young stellar objects using the 20m telescope at Onsala Space Observatory. With one
exception (where the 12C molecule lines are very probably optically thick) the agreement of
the 12C/13C ratio on the two compounds is excellent. This points to a surface origin of
interstellar methanol, which is also corroborated by the fact that a strong correlation of
abundances between methanol and formaldehyde has been found in several star-forming
regions [6].
Furthermore, the role formation of other, more complex molecules detected in star-forming
regions like ethanol, dimethyl ether and ethanol will be discussed.
References:
[1] D. Gerlich, and M. Smith, Phys. Scripta, 73, C25 (2006)
[2] W. D. Geppert et al., Faraday Discuss. 133, 177 (2006)
[3] Fuchs, G. W. et al., A & A 505, 629 (2009)
[4] S. B. Charnley et al., MNRAS 347, 157 (2004)
[5] W. D. Langer, T. E.Graedel, M. A Frerking & P. B. Armentrout, Ap J., 277, 581 (1984)
[6] Bisschop, S. E. Ph. D. thesis, Leiden University, 11 (2007)
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S17. Fusakazu Matsushima

Frequency measurement of terahertz lines of free radicals and
ions using Evenson-type tunable FIR spectrometer
F. Matsushima1, K. Kobayashi1, Y. Moriwaki1, T. Amano２
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Dept. of Physics, Univ. of Toyama, Gofuku 3190, Toyama 930-8555, Japan
Dept. of Chemistry and Dept. of Physics and Astronomy, Univ. of Waterloo, 200 University
AvenueWest, Waterloo, ON N2L 3G1, Canada

Frequencies of pure rotational transitions of neutral molecules, free radicals, and ionic
molecules in the terahertz region have been measured precisely by using a frequency tunable
far-infrared spectrometer in Toyama. K.M. Evenson developed the spectrometer, sometimes
called TuFIR for short, about 30 years ago [1, 2]. The terahertz light source is generated by
synthesizing the difference frequency of two mid-infrared CO2 laser lines using a MIM diode
as a photo mixer. A microwave radiation is added so that the tunable sidebands are obtained.
By selecting appropriate pairs of laser lines, we can cover the frequency range from about 30
GHz up to about 5.4 THz.
The molecules and ions investigated up to now in Toyama are; 1) neutral molecules or
radicals ( LiH, KH, 18OH, NH, N18O, NH3), 2) molecule with internal rotation (CH3OH
including transitions between different torsional states), 3) water molecules (H216O including
v2=1 excited state, H217O, H218O, D2O), 4) molecular cation ( protonated rare gas atoms such
as HeH+, NeH+, ArH+, KrH+, XeH+ including their isotopic species, H2D+, N2H+, H2F+), 5)
molecular anion (OH-, OD-).
Recently, sample cells using extented negative glow discharge are widely used in the submillimeter spectroscopy. This type of cell with low pressure gas and external magnetic field
has advantages such as 1) ions are produced effectively by about 2 orders of magnitude 2)
consumption of sample gas is small. We made and tested the extended negative glow
discharge cell for use with our terahertz spectrometer and it was proved that this type of cell is
promising in terahertz spectroscopy, too. Up to now, the lines of N2H+ and H2F+ have been
successfully observed.
By comparing the intensities of the spectral lines of N2H+, we found that the temperature of
the product ions are close to that of the coolant of the cell, and the situation is quite different
from that of the normal glow discharge cell. Also, the temperature of the coolant seems to
affect not only the temperature of the product ion but also some performance, such as the
efficiency, of the extended negative glow discharge. These characteristics of the discharge
cell must be taken into account to detect and investigate the spectral lines in the terahertz
region.
References:
[1] K.M. Evenson, D.A. Jennings, and F.R. Peterson, Appl. Phys. Lett. 44, 576 (1984).
[2] I.G. Nolt et al., J. Mol. Spectrosc., 125, 274 (1987).
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S18. Marsha Lester

Dynamical outcomes of quenching: reflections on a conical
intersection
Marsha I. Lester
Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104-6323, USA
Hydroxyl radicals are important in combustion and atmospheric environments, where they are
often detected by laser-induced fluorescence (LIF) on the A2#+ - X2" band system. However,
collision partners known to quench electronically excited OH A2#+ radicals are ubiquitous in
these environments. Thus, great effort has been made to quantify the rates and/or cross
sections for collisional quenching, so that its effects on LIF signals may be taken into account
to allow an accurate determination of OH concentrations. Despite extensive kinetic
measurements, fundamental questions remain regarding the fate of the collisionally quenched
molecules and the mechanism by which these nonadiabatic processes occur. This
presentation will overview fundamental chemical dynamics studies aimed at understanding
the quenching of OH A2#+ by molecular partners (M = H2, N2, O2, CO, CO2). Recent
experimental and theoretical studies reveal efficient quenching of OH A2#+ arising from
strong nonadiabatic coupling in the vicinity of a conical intersection, resulting in nonreactive
quenching that returns OH to its ground X2" electronic state and reactive quenching that
yields new products. The branching between these outcomes and the quantum state
distributions of the products reflect the unique properties of the conical intersection region.
Finally, a new UV+VUV photoionization scheme for sensitive detection of OH radicals,
using readily available wavelengths and a well-characterized resonant transition, will be
introduced that is expected to be widely applicable for molecular reaction dynamics.
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S19. Yasuki Endo

FTMW spectroscopy of Oxygen bearing short lived species and
complex containing such species
Yasuki Endo
The University of Tokyo, Komba 3-8-1, Meguro, 153-8902 Tokyo, Japan
Since most of the reactions in atmospheric chemistry are oxidation reactions, spectroscopic
studies of oxygen bearing reactive species found in such reactions are considered to have
basic importance. Recently, we have observed pure rotational spectra of HOCO, which is an
intermediate of the OH + CO reaction yielding H + CO2, both in the cis and trans forms [1].
Furthermore, we were able to detect complexes containing HOCO; namely, CO–trans-HOCO
and H2O–trans-HOCO. Although a cyclic form with double hydrogen bonds, similar to that
found in HO2–H2O [2], has been predicted for the H2O–HOCO complex [3], the observed
structure is a linear hydrogen bonding form with the water oxygen to be the proton acceptor
and hydrogen of HOCO the proton donor. Two series of rotational transitions with different
hyperfine structures have been observed: one with I(H2) = 0 and the other with I(H2) = 1,
showing that the proton exchange in the water is feasible for the complex, similar to the case
of HO2–H2O. A linear form that CO is attached to the HOCO hydrogen with the C-O-H
angle to be almost linear was found for the CO–trans-HOCO complex.
Another short-lived species produced by the reaction, H2O + CO2, namely, the carbonic acid,
H2CO3, has been observed by FTMW spectroscopy, both in the cis-cis [4] and cis-trans [5]
forms. It was concluded that both conformers have planar structures, and the barrier between
the two forms is high enough for them to be observed separately. Although it is predicted that
the reaction to produce the carbonic acid from H2O + CO2 is endothermic, the barrier to
dissociation is high enough for the carbonic acid to be able to exist in the gas phase. More
recently, we were able to observe spectra of the carbonic radical, HCO3. Although definite
assignments of the observed transitions are still under way, it was found that the radical has
an internal rotation splitting, which is confirmed by the discussion of the spin statistics of the
two equivalent oxygen nuclei.
References
[1] T. Oyama, W. Funato, Y. Sumiyoshi, and Y. Endo, J. Chem. Phys. 134 174302 (2011),
[2] K. Suma, Y. Sumiyoshi, and Y. Endo, Science, 311, 1278 (2006).
[3] S. Aloiso and J. S. Francisco, J. Phys. Chem. A, 104, 404 (2000).
[4] T. Mori, K. Suma, Y. Sumiyoshi, and Y. Endo, J. Chem. Phys. 134, 044319 (2011).
[5] T. Mori, K. Suma, Y. Sumiyoshi, and Y, Endo, J. Chem. Phys. 130, 204308 (2009)
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S20. Robert Field

The road toward S0 vinylidene
Robert W. Field1, Adam H. Steeves2, G. Barratt Park1, Joshua H. Baraban1, Monika A.
Ciuba1, and Kirill Prozument1
1

Department of Chemistry, MIT, Cambridge, MA 02139, USA 2Department of
Pharmaceutical Chemistry, UCSF, San Francisco, CA 94158, USA

Never write an abstract promising a result that has not yet been achieved! This story begins
with a negative-ion photoelectron spectroscopy (PES) experiment by the Lineberger group [1].
They photodetached vinylidene negative ions, observed resonances, and assigned these as low
vibrational levels of S0 vinylidene. The resolution of their photoelectron spectrum was
insufficient to resolve either rotational structure or possible fractionation of each vinylidene
“bright state” into one or many vibrationally highly excited acetylene “dark states”. The
standard misinterpretation of the Lineberger spectra has been that all of the resonance width
is attributed to irreversible 0.1 ps decay into a dense manifold of acetylene vibrational levels.
Coulomb explosion imaging (CEI) experiments recover images of [C2H2] ~3.5 µs after
photodetachment of the vinylidene negative ion [2]. These images contain structures that are
~50% vinylidene and ~50% local-bend excited acetylene. The CEI experiments imply that
each vinylidene vibrational resonance is a superposition of only two or three vibrational
eigenstates. Why should vinylidene character be distributed into so few vibrational
eigenstates? Stimulated Emission Pumping (SEP) and Dispersed Fluorescence (DF) spectra
determine the parameters of a reduced-dimension, pure-bending, polyad effective
Hamiltonian, in which extremely stable, large amplitude, pure local-bending vibrational
eigenstates emerge. SEP and IR-UV DF experiments reveal the degenerate gerade, ungerade
pairs of levels characteristic of the local-bend limit as well as a geometric structure that
corresponds to a large amplitude motion (LAM) eigenstate with vbend=16 turning points at
CCH angles of ±103°. The local-bend is the minimum energy acetylene-vinylidene
isomerization path. Guo, in full-dimensional calculations, has found LAM local-bender
eigenstates, and shown that the transition moments between local-bender levels are 100x
larger than all other isoenergetic vibrational transition moments. In full-dimensional
calculations, Bian has found eigenstates with ~50:50 acetylene:vinylidene mixed character.
The Hai-Lung Dai research group has recorded time resolved FTIR vibrational spectra of
vinyl-R (R=CN, Cl, Br) 193 nm photolysis fragments [3]. The strongest TR-FTIR feature is
1300 cm-1 emission, which we assign as a-dipole $vbend= -2, $!=0 transitions. Our
interpretation is that the initial photolysis product is vinylidene, which collisionally relaxes
via acetylene local-bender states.
Chirped Pulse millimeter-Wave (CPmmW) spectroscopy is a broad-bandwidth (10 GHz),
high-resolution (0.5 MHz) scheme capable of observing pure rotational transitions in
vinylidene and vibration-rotation transitions in acetylene local-bender states. 193 nm
photolysis of vinyl-cyanide yields vinylidene, vibrationally highly excited acetylene, HCN,
and HNC. J=0-1 transitions in several vibrational levels of HCN and HNC are detected near
95 GHz. J=0-1 transitions in vinylidene and local-bend excited acetylene are expected near 75
GHz.
References:
[1]. K. Ervin, J. Ho and W. C. Lineberger, J. Chem. Phys. 91, 5974 (1989).
[2]. J. Levin, H. Feldman, A. Baer, D. Ben-Hamu, O. Heber, D. Zajfman, and Z. Vager, Phys. Rev. Lett.
81, 3347 (1998).
[3]. M. Wilhelm, M. Nikow, L. Letendre, and H.-L. Dai, J. Chem. Phys. 130, 044307 (2009).
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S21. Robert Continetti

Spectroscopy and dynamics of the HOCO radical
Christopher J. Johnson1, Berwyck L.J. Poad2, Ben B. Shen2, Robert E. Continetti2
1

2

Department of Physics, University of California, San Diego, USA
Department of Chemistry and Biochemistry, University of California, San Diego, USA

The HOCO radical plays a vital role as an intermediate in the OH + CO # H + CO2 reaction,
however significant questions still remain regarding the intrinsic dynamics of the system. By
performing photoelectron-photofragment coincidence spectroscopy using cold HOCO$ and
DOCO$ anion precursors, we have gained new insight into the dynamics of the strongly
bound HOCO system.
Employing a cryogenically cooled electrostatic ion-beam trap, [1,2] we have made significant
improvements over our earlier studies of this system where internally excited HOCO$ anions
hindered straightforward interpretation of the results. [3,4] Near-threshold photoelectron
studies of the two isotopologues reveal structured spectra that characterize the HOCO radical
well, and have allowed for a reassignment of the electron affinities of both the cis- and transHOCO isomers.
At higher photon energies, excited HOCO radicals are produced that undergo tunneling to H
+ CO2 as well as dissociation to the OH + CO entrance channel. [2] The new data allows
energy resolved tunneling lifetimes in the microsecond range to be inverted to obtain a model
barrier to formation of H + CO2 that is consistent with the experimentally observed product
internal energy distributions. Tunneling lifetimes at the top of the potential barrier indicate
that tunneling can play an important role in the reaction dynamics of this important radical
species.
This work is supported by the US Department of Energy under grant number
DE-FG03-98ER14879
References:
[1] C. J. Johnson, R. E. Continetti, J. Phys. Chem. Lett. 1, 895 (2010).
[2] C. J. Johnson, B. L.J. Poad, B. B. Shen, R. E. Continetti, J. Chem. Phys, 134, 171106 (2011).
[3] T. G. Clements, R. E. Continetti and J. S. Francisco, J. Chem. Phys. 117 6478 (2002).
[4] Z. Lu, Q. Hu, J. E. Oakman and R. E. Continetti, J. Chem. Phys. 127 194305 (2007).
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S22. Wolfgang Eisfeld

Theoretical treatment of nonadiabatic effects in spectroscopy and
dynamics of open-shell species
Wolfgang Eisfeld1
1

Theoretical Chemistry, Bielefeld University, Postfach 100131, D-33501 Bielefeld, Germany

Nonadiabatic effects play a very important role throughout chemistry and their theoretical
treatment is an interesting challenge. Nonadiabatic processes always involve at least two
electronic states that interact with each other, in other words the states are coupled. The state
interactions can be caused by two different effects, derivative coupling of nuclear and
electronic motions or relativistic coupling of electronic angular momenta.
The first case is usually called vibronic coupling and becomes significant only if the two
interacting states are energetically close to each other. This is a situation which is often found
for open-shell systems because of the great density of electronic states. The most prominent
case is a conical intersection. The dominant role that conical intersections play in photo
processes has been recognized for quite a while and the theoretical treatment of the resulting
ultra-fast dynamics is an active field of research. Essential for a theoretical treatment of such
ultra-fast processes is the correct description of a set of potential energy surfaces (PESs) for
several electronic states and their corresponding interactions (couplings). These PESs are best
modelled in the so-called diabatic representation in which all matrix elements of the potential
matrix are rather simple and smooth functions. This approach will be demonstrated and our
recent advances in extending the applicability of this method will be presented [1-3].
The relativistic interaction, usually reduced to spin-orbit (SO) coupling, is very important
because every process requiring a change of spin state would be impossible without it.
However, the treatment of SO coupling is very demanding and only very limited approaches
for generating corresponding PESs are available so far. Therefore, we have been developing a
new method to generate fully coupled potential energy surfaces including derivative and spinorbit coupling effects. The method is based on treating the Effective Relativistic Coupling by
Asymptotic Representation (ERCAR). This approach is very efficient, particularly for certain
systems with a very heavy atom, and yields accurate and consistent results throughout
configuration space. The method will be explained and a first application will be presented as
proof of principle, which is compared to straightforward ab initio calculations [4].
References:
[1] A. Viel, W. Eisfeld, J. Chem. Phys. 120, 4603 (2004) and J. Chem. Phys. 122, 204317 (2005).
[2] A. Viel, W. Eisfeld, S. Neumann, W. Domcke, U. Manthe, J. Chem. Phys. 124, 214306 (2006); A.
Viel, W. Eisfeld, C. R. Evenhuis, U. Manthe, Chem. Phys. 347, 331 (2008).
[3] O. Vieuxmaire, A. Viel, W. Eisfeld, J. Chem. Phys., in preparation.
[4] H. Ndome, R. Welsch, W. Eisfeld, Angew. Chem. Int. Ed., submitted.
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S23. Peter Botschwina

Explicitly correlated coupled cluster calculations for fundamental
organic cations and their complexes with simple ligands
Peter Botschwina and Rainer Oswald
Institute of Physical Chemistry, University of Göttingen, Tammannstr. 6, 37077 Göttingen,
Germany
Ions of formulae C 3 H 3+ and C 6 H 7+ belong to the fundamental cations of organic chemistry
and play an important role in combustion processes and astrochemistry. Nevertheless, their
spectroscopic characterization in the gaseous phase is still rather incomplete, most of the
current spectroscopic information resulting from infrared photodissociation (IRPD)
spectroscopy of complexes C 3 H 3+ % L and C 6 H 7+ % L (L = Ne, Ar, N2, and CO2). Therefore,
explicitly correlated coupled cluster theory at the CCSD(T)-F12x (x = a, b) level [1, 2] has
been used in order to increase the knowledge on c- C 3 H 3+ (cyclopropenyl cation), H2C3H+
(propargyl cation), C 6 H 7+ (benzenium ion) and their complexes with the above ligands. The
vibrational wavenumbers of H2C3H+ have been calculated by vibrational configuration
interaction (VCI) to an accuracy of ca. 5 cm-1 [3]. In contrast to previous expectations [4], the
energetically most favourable structures of all H2C3H+ % L complexes investigated are “Cbound”, with the ligand bound to the methylenic carbon atom. The theoretical predictions
allow for a more detailed interpretation of the IRPD spectra for C 3 H 3+ % L complexes than
was possible so far [4, 5]. In particular, the bands observed in the range 3238 – 3245 cm-1 (see
ref. [4]) are assigned to the essentially free acetylenic CH stretching vibration of the propargyl
cation [6].
An accurate equilibrium geometry has been established for the benzenium ion. Its groundstate rotational constants are estimated as A0 = 5442 MHz, B0 = 5311 MHz, and C0 = 2731
MHz, with uncertainties of ca. 0.3 %. The energetically most favourable configuration for
C 6 H 7+ % L (L = Ne, Ar, and N2) has Cs symmetry and may be described as “&-complex”, with
the ligand in an almost perpendicular position (with respect to the ring-plane) above the
centre-of-mass of the cation. For C 6 H 7+ % CO2, the lowest energy is calculated for a
configuration where the ligand is located in the ring-plane.
References:
[1] T. B. Adler, G. Knizia, and H.-J. Werner, J. Chem. Phys. 127, 221106 (2007).
[2] G. Knizia, T. B. Adler, and H.-J. Werner, J. Chem. Phys. 130, 054104 (2009).
[3] P. Botschwina, R. Oswald, and G. Rauhut, Phys. Chem. Chem. Phys. 13, 7921 (2011).
[4] D. Roth and O. Dopfer, Phys. Chem. Chem. Phys. 4, 4855 (2002).
[5] A. M. Ricks, G. E. Douberly, P. v. R. Schleyer, and M. A. Duncan, J. Chem. Phys. 132, 051101
(2010).
[6] P. Botschwina, R. Oswald, and O. Dopfer, Phys. Chem. Chem. Phys. (2011),
[DOI: 10.1039/C1CP20815B]
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HT1. Scott Reid

Ultrafast studies of radical recombination in condensed phases
T. J. Preston,1 M. Dutta,1 F. F. Crim,*,1 B. Esselman,1 R. J. McMahon,*,1 and Scott A. Reid*,2
1

Department of Chemistry, University of Wisconsin-Madison
2

Department of Chemistry, Marquette University

We will report on ultrafast studies of radical recombination in condensed phase environments
(Ar, N2, and CH4 cryogenic matrices and solution). Thus, excitation at 267 nm cleaves the CI bond in CH2ClI, affording a caged radical pair. The recombination was followed in time
using ultrafast probing of the nascent iso-CH2ClI (i.e., H2C-Cl-I) recombination product in its
visible absorption bands. Following the visible probe, an 800 nm recovery pulse initiated
back photoisomerization to the parent molecule. The hot iso-CH2ClI species appeared on a 1
ps timescale, and vibrationally cooled on a 50-500 ps timescale, dependent on the
environment. The quantum yield for isomer formation was determined to be 10%.
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HT2. Takamasa Momose

A Zeeman decelerator for the study of cold free radicals
Takamasa Momose
Department of Chemistry, The University of British Columbia, 2036 Main Mall, Vancouver,
BC, V6T1Z1, CANADA
Study of cold and ultracold molecules is a rapidly growing interdisciplinary research field
after the success of ultracold atom study [1]. Translationally cold molecules will be useful for
the studies of ultra-high resolution spectroscopy, test of fundamental symmetry, coherent
control, and cold and ultra cold chemistry. However, making cold molecules of various kinds
is still a challenge.
Translationally cold free radicals are of great interest in relation to interstellar chemistry. In
order to create cold free radicals at sub K, we are now constructing a Zeeman decelerator,
which consists of a series of solenoid coils [2]. Any paramagnetic molecule has a magnetic
dipole moment, and therefore their translational motion can be controlled by inhomogeneous
magnetic fields. In our setup, a supersonic molecular beam is decelerated using a timed
sequence of pulsed magnetic fields created in a series of solenoid coils. A fast switching of a
magnetic field of up to 7 T within several %s has been achieved with newly designed solenoid
coils and electronics. Based on the experimentally achievable switching speed and coil
configuration, we have performed a molecular dynamics simulation to obtain a timing
sequence of the stages to achieve the maximum deceleration of radicals with large phase
space distribution. We are now characterizing the performance of the decelerator with O2 and
CH3 molecular beams. These molecules are hard to decelerate using other techniques due to
the lack of an electric dipole moment. We will discuss the performance of our Zeeman
decelerator, and possible future applications including the study of cold reactive collisions of
free radicals at sub K.
The work is supported by CFI funds for the Canadian Centre for Research on Ultra-Cold
Systems (CRUCS) at UBC.
References:
[1] R. V. Krems, W. C. Stwalley, and B. Friedrich, editors, "Cold Molecules: Theory, Experiment,
Applications," Taylor & Francis, Boca Raton, 2009.
[2] This work is a collaboration with Prof. Raizen's group at the University of Texas at Austin.
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HT3. Yasuhiro Ohshima

Rotational and vibrational wave packets in NO and NO-Ar
created by intense ultrashort laser pulse excitation
Hirokazu Hasegawa1,2, Yasuhiro Ohshima1 (ohshima@ims.ac.jp)
1

Instutute for Molecular Science, 38 Nishi-Gohnaka, Myodaiji, Okazaki 444-8585, Japan

2

Present Address: Department of Basic Science, The University of Tokyo, 3-8-1 Komaba,
Tokyo 153-8902, Japan

We have investigated wave packet dynamics of open shell molecule, NO, and its van der
Waals complex with Ar in the electronic ground state. Here, we adopted the femtosecondpump and nanosecond-probe approach [1], where adiabatically cooled molecular samples
were coherently excited via the impulsive Raman process by irradiating nonresonant intense
ultrashort laser pulses, and degree of the excitation in the electronic ground state was probed
in a state-resolved manner by utilizing (1 + 1) resonant enhanced multiphoton ionization
(REMPI) mediated through the A!X (0,0) transition.
In the study of the NO monomer, characterization and control of the rotational wave packet
have been examined. When irradiated by a pair of ultrashort pulses, the population of each
rotational state showed oscillatory change against the time delay between the two pulses. As
has been shown previously [2], the delay dependence pertinent to the initially populated state
allowed us to determine the amplitude and phase of each eigenstate that constitutes the
rotational wave packet. The experimental results, in particular, the systematic change of the
determined phases against J, represented a clear signature of bifurcated excitation pathways in
the creation of the wave packet, which is characteristic to linear molecules in a doubly
degenerate vibronic state [3]. We have also shown that the final distribution can be
concentrated into a narrow range of states if the time delay between the two pulses is properly
arranged. For instance, almost 80% can be repopulated in the initial J = 1/2 state. Highly
focused population has been achieved also for J = 3/2 and 5/2. The experimental finding has
demonstrated the capability of state-distribution control in an ultrafast time scale (within
several tens of picoseconds), by adopting the present excitation scheme.
For the NO–Ar complex, we examined the nonadiabatic excitation of the intermolecular
vibration and the real-time propagation of the wave packet thus created. When applying a
pump pulse, the excitation spectrum in the vicinity of the monomer A!X (0,0) region [4]
showed additional bands due to transitions from vibrationally excited states pertinent to the
intermolecular modes. Coherent nature of the vibrational excitation and the subsequent
dynamics of the wave packet were probed by monitoring the interference appealing in the
intensity of each vibronic band after the two-pulse excitation. The results of the timeresolved measurements were compared with the dynamical calculation, where the timedependent Schrödinger equation was numerically solved on the 2D intermolecular potential
energy surface reported recently [5]. The evolution of the wave packet in the 2D coordinate
space will be discussed in the presentation.
References:
[1] Y. Ohshima and H. Hasegawa, Int. Rev. Phys. Chem. 29, 619 (2010).
[2] H. Hasegawa and Y. Ohshima, Phys. Rev. Lett. 101, 053002 (2008).
[3] H. Hasegawa and Y. Ohshima, Phys. Rev. A 74, 061401(R) (2006).
[4] J. Lozeille, et al., J. Chem. Phys. 113, 7224 (2000).
[5] Y. Sumiyoshi and Y. Endo, J. Chem. Phys. 127, 184309 (2007)
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HT4. Terry Miller

Spectroscopy of atmospherically relevant free radicals
Terry A. Miller
Laser Spectroscopy Facility, Department of Chemistry, The Ohio State University, Columbus
Ohio 43210 USA
Few things affect your quality of life more than the air you breathe and the temperature of
your immediate environment. Since more than 80% of the energy used in the industrialized
world today is still derived from fossil fuels, these two quantities are not unrelated. Annually
more than 100 Tg of organic molecules are injected into the troposphere and mostly degraded
via oxidative processes involving free radical intermediates. Many of those intermediates are
the same as the ones involved in the combustion of fossil fuels. Two of the key oxidizing
intermediates are hydroxyl, OH, (day) and nitrate, NO3, (night) radicals and early oxidation
intermediates of organic compounds include the alkoxy (RO) and peroxy (RO2) families of
radicals. The spectroscopy of OH is well known, but there is still a lot to be learned about the
spectroscopy of RO, RO2, and NO3 radicals both for diagnostic purposes and in terms of
characterizing their molecular properties and benchmarking quantum chemistry calculations.
Both peroxy radicals and NO3 have weak Ã-X! electronic transitions in the near infrared
(NIR). We have utilized moderate resolution cavity ringdown spectroscopy (CRDS) to study
ambient temperature radicals and high resolution (HR-CRDS) to study these jet-cooled
radicals.
This presentation will focus on the CRDS and HR-CRDS spectra of &-hydroxyethylperoxy
(&-HEP) radical. The &-HEP is produced in the combustion of ethanol and is formed in the
troposphere by addition of OH to one side of the ethene double bond followed by O2 addition
to the other side, a process prototypical of the oxidation of all olefins. We first observed &HEP with ambient temperature CRDS and recently have used our HR-CRDS apparatus to
study &-HEP (HOCH2CH2OO) and three deuterated isoptopologues: &-DHEP
(DOCH2CH2OO), &-HEP-d4 (HOCD2CD2OO), and perdeutero &-DHEP-d4 (DOCD2CD2OO).
This work provides an unambiguous assignment of the observed 7390cm-1 band to the origin
of the G1G2G3 conformer of &-HEP and determines a set of molecular parameters including
rotational constants and the transition dipole moment orientation that benchmark ab initio
calculations. Also of interest is that the experimental resolution of the HR-CRDS spectra
differ significantly among the four isotopologues with the spectra of radicals whose hydroxyl
hydrogen has been deuterated showing the greatest resolution. Indeed all these radicals'
spectra show line broadening due to lifetime limiting dynamical effects.
Another radical that we have investigated with the same kind of experimental techniques is
the nitrate radical, NO3, which is likely the dominant oxidant in the nocturnal troposphere
and a critical intermediate in catalytic ozone removal. Its electronic structure is truly
remarkable in many respects and significant gaps remain in its understanding and
concomitantly in its spectroscopy. Its ground X! and low-lying Ã and B! states are strongly
coupled and provide a textbook example of vibronic interactions between nearby potential
energy surfaces. We have observed the Ã-X! spectrum of jet-cooled NO3 at moderate
resolution, which reveals its overall vibronic structure and allows unambiguous assignments.
Selected bands have been observed at high resolution resolving both rotational and spinrotational structure. Results from the analysis of these spectra will be discussed.
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HT5. Mike McCarthy

Reconciling theory and experiment: the molecular structures of
HOOO and HOSO
Michael C. McCarthy1, Valerio Lattanzi1, Filippo Tamassia2, Sven Thorwirth3, John F.
Stanton4, and Jurgen Gauss5
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HOOO and HOSO can be considered as a weakly bound and a strongly bound molecular
system, respectively, which involve the OH radical. Both radicals may play important roles
in atmospheric chemistry; HOSO is also believed to be a key intermediate in sulfur-rich
flames. The first spectroscopic investigation of HOOO in the radio band was carried out
several years ago [1], work that firmly established the existence of the trans isomer, and
yielded an initial determination of its molecular structure. More recently, high-level coupledcluster quantum chemical calculations [2] have revealed large discrepancies between the
theoretical and experimental structures for this radical. Owing to the sensitivity of the
potential energy surface to basis set and electron correlation in quantum chemical calculations
[3], there is still no consensus as to the structure of the global minimum for isovalent HOSO,
and it has not yet been observed at high spectral resolution.
To better understand the origin of the structural disagreement for HOOO, extensive isotopic
spectroscopy has been performed using Fourier transform microwave spectroscopy and
microwave-millimetre double resonance techniques. The results of these experiments will be
presented along with new calculations of the rotation-vibrational coupling constants. On the
basis of isotopic spectroscopy there is also compelling experimental evidence that the
dominant route to HOOO formation is via the reaction OH + O2 ! HOOO.
In a closely-related investigation, the rotational spectrum of cis-HOSO has been characterized
for the first time. Precise rotational, fine and hyperfine constants have been derived from
measurements of its strong a-type spectrum. The rotational constants support a cis-planar
geometry rather than a non-planar one [3]. Isotopic spectroscopy is now underway to
independently determine all of the structural parameters (three bond lengths and two angles)
for this important radical.
References:
[1] K. Suma, Y. Sumiyoshi, and Y. Endo, Science 308, 1885 (2005).
[2] M. E. Varner, M. E. Harding, J. Gauss, and J. F. Stanton, Chem. Phys. 346, 53 (2008).
[3] S. E. Wheeler and H. F. Schaefer III, J. Phys. Chem. A 113, 6779 (2009).
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HT6. Stephen Gibson

Photodetachment viewed with velocity-map imaging
Stephen T. Gibson, Steven. J. Cavanagh, and Brenton R. Lewis
Research School of Physics and Engineering, Australian National University, Canberra ACT
0200
Photoelectron spectra of negative-ions, measured using the technique of velocity-map
imaging, provide an exciting new level of spectral clarity that has previously only been
achieved in the domain of photoabsorption spectroscopy [1][2]. Such spectra invite full
spectroscopic analysis, providing a self-consistent picture of the electron detachment process.
This paper covers some of our recent measurements, discoveries and problems. As an
example, Fig. 1 illustrates a measurement of the photoelectron spectrum for OH–
photodetachment at 644.72 nm. The electron kinetic energy resolution of 9 cm–1 (1.1 meV) is
sufficient to resolve individual rotational transitions, including R3(0) that defines the electron
affinity. Although the intensities are quite well represented by a near-threshold detachment
intensity model, there is room for improvement, in particular, some transitions only occur
through detachment involving higher-order partial waves. Anisotropy parameters for
individual rotational lines are obtained from the photoelectron angular distribution (PAD).
The values are similar, and consistent with detachment from O– [1].

References:
[1] S. J. Cavanagh, S. T. Gibson, M. N. Gale, C. J. Dedman, E. H. Roberts, B. R. Lewis, Phys. Rev. A,
76, 052708 (2007).
[2] R. Mabbs, F. Mbaiwa, J. Wei, M. van Duzor, A. Sanov, S. T. Gibson, S. J. Cavanagh, B. R. Lewis,
J. R. Gascooke, J. Chem. Phys. 133, 174311 (2010).
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HT7. Anh Le

The visible spectrum of ZrO2
A. Le1,T. C. Steimle1 V. Gupta2, C.A. Rice 2, J. P. Maier2, S.H. Lin3 and Chih-Kai Lin3
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The metal-oxygen bond is of relevance in numerous chemical and biological processes.
Insight into these phenomena can be effectively garnered by studying isolated gas-phase
metal oxides for which both experimentation and theory can be quantitative. A perusal of the
recent review [1] reveals that spectroscopic and theoretical studies of transition metal dioxides
are sparse in comparison with the metal monoxides. Here we report on the first detection and
analysis of the visible electronic transition in zirconium dioxide, ZrO2. The electronic
spectrum of a cold molecular beam has been investigated using laser induced fluorescence
(LIF) in the region 17000 cm-1 to 18800 cm-1 and by mass-resolved resonance enhanced
multi-photoionization (REMPI) spectroscopy from 17000 cm-1 to 21000 cm-1. This is a
continuation of our studies of Group IVA metal dioxides [2, 3]. The LIF and REMPI spectra
~
~
are assigned to progressions in the A1B2 ('1, '2, '3) ( X 1A1 (0,0,0) transitions. The observed
transition frequencies of forty five bands in the LIF and REMPI spectra produce origin and
~
harmonic vibrational parameters for the A1B2 state of T000=15311(13) cm-1, )1=817(4) cm-1
)2=149(4) cm-1 and )3=519(7) cm-1. Dispersed fluorescence from the thirteen bands were
~
recorded and analysed to produce harmonic vibrational parameters for the X 1A1 state of
)1=898(1) cm-1, )2=287(2) cm-1 and )3=808(3) cm-1. The spectra were modelled using a
normal coordinate analysis and Franck-Condon factor predictions. Strong vibronic coupling
~
in the A1B2 state is observed. The structure, harmonic vibrational frequencies and the
~
~
potential energy as a function of bending angle for the A1B2 and X 1A1 states have been made
using time-dependent density functional theory (TD-DFT). A comparison with isovalent
TiO2 will be presented.
References:
[1] Y.Gong, M. Zhou and L.Andrews, Chem. Rev. 109, 6765 (2009).
[2] H. Wang, T.C. Steimle, C. Apetrei and J. P. Maier PCCP 11, 2649 (2009).
[3] X. Zhuang, A. Le, T.C. Steimle, R. Nagarajan, V.Gupta, J.P. Maier PCCP 12, 15018-15028, (2010)
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HT8. Yuan-Pern Lee

Infrared spectra of C6H6Cl and C6H7+ isolated in solid p-H2
Yuan-Pern Lee1, 2, Mohammed Bahou1
1

Department of Applied Chemistry and Institute of Molecular Science, National Chiao Tung
University, Hsinchu 30010, Taiwan
2

Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan

Para-hydrogen (p-H2) has recently emerged as a new matrix host. Because of the 'softness'
associated with the extensive delocalization of the H2 moieties, new characteristics of
molecules isolated in this quantum solid are explored. We took advantage of the diminished
cage effect of p-H2 to produce free radicals via bimolecular reactions. We demonstrated that
irradiation of a Cl2/CS2/p-H2 matrix at 340 nm results in products containing only a single Cl
atom: ClSCS, ClCS, and ClSC [1]. Similarly, irradiation of matrices Cl2/C2H4/p-H2 and
Cl2/propene/p-H2 with light at 365 nm produces 2-chloroethyl (%CH2CH2Cl) and 2chloropropyl (%CH2CHClCH3) radicals [2], respectively.
Whether the chlorine-benzene (C6H6Cl) complex is a &- or *-complex has been highly
contentious for over five decades. Previous theoretical computations reported that the +1 &complex is more stable than the *-complex, but a recent report indicated the reverse. Upon
photolysis of the Cl2/C6H6/p-H2 (1/1/1500) sample at 3.2 K with light at 365 nm, the lines of
C6H6 and the Cl2-C6H6 complex decreased in intensity and new lines appeared at 583.1, 617.0,
719.8, 833.6, 876.8, 956, 983, 993.5, 1008.0, 1026.4, 1112.5, 1118.5, 1179.0, 1406.5, 1430.5,
1509.4, 2967.2, 3054.3, 3063.4, 3070.9, and 3083.9 cm-1. These absorption lines behave
similarly upon photolysis at 365, 355, and 405 nm. Upon annealing of the photolyzed matrix
to 5 K for ~2 min these absorption lines increased two to three times in intensity. Secondary
photolysis with light in the region 455!700 nm for 1h bleached these lines and enhanced
those of C6H6. These lines are assigned to 6-chlorocyclohexdienyl (*-C6H6Cl) based on the
observed deuterium isotopic shifts of *-C6D6Cl and comparison with theoretical calculations.
The vibrational wavenumbers, relative intensities, and deuterium isotopic ratios predicted for
*-C6H6Cl with the B3PW91/aug-cc-pVTZ method agree satisfactorily with our observation.
Electron bombardment was applied onto the C6H6/p-H2 (1/1000) matrix during sample
deposition. In addition to lines due to C6H7, new lines at 640.8, 819.3, 893.7, 987.8, 1185.1,
1187.5, 1225.6, 1451.8, 1454.5, and 1603.3 cm 1 decreased in intensity when the matrix
sample was maintained at 3.2 K for over 5 h period. These lines also decreased in intensity
when the matrix was irradiated with light at 405 nm, whereas lines corresponding to C6H7
increased. These new lines are assigned to protonated benzene (benzenium ion, *-C6H7+)
based on the observed deuterium isotopic shifts of *-C6D6H+ and comparison with IR
wavenumbers, intensities, and isotopic ratios predicted with the B3PW91/aug-cc-pVTZ
method. The observed spectrum is significantly different from that reported previously for
Ar%C6H7+ using the IR photodissociation spectroscopy with rare-gas tagging [3].
!

References:
[1] C.-W. Huang, Y.-C. Lee, Y.-P. Lee, J. Chem. Phys. 132, 164303 (2010).
[2] J. C. Amicangelo, Y.-P. Lee, J. Phys. Chem. Lett. 1, 2956 (2010).
[3] G. E. Douberly, A, M. Ricks, P. v. R. Schleyer, M. A. Duncan, J. Phys. Chem. A 112, 4869 (2008).
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HT9. Lauri Halonen

Near-degenerate continuous wave optical parametric oscillator for
THz generation
M. Vainio, L. Halonen
Laboratorium of Physical Chemistry, BO Box 55 (A.I. Virtasen aukio 1), FIN-00014
University of Helsinki, Finland
The frequency stability of a continuous optical parametric oscillator (cw OPO) near the
signal–idler degeneracy has been studied in a singly-resonant configuration. The strong
tendency of a near-degenerate OPO to mode hop has been suppressed by using a bulk Bragg
grating as a spectral filter in the OPO cavity. An experimental demonstration of stable
parametric oscillation in a single longitudinal mode of the OPO cavity is reported, together
with the capability of tuning the signal–idler difference frequency from 1 to 4 THz. The total
optical output power is 0.8 W. The OPO has potential use in cw terahertz generation [1].
References:
[1] M. Vainio, L. Halonen, Optics Letters 36, 475 (2011).
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HT10. Eizi Hirota

Rovibronic interactions in the NO3 radical: vibrational
assignment in the ground electronic state
Eizi Hirota
The Graduate University for Advanced Studies, Hayama, Kanagawa 240-0193, JAPAN
Ishiwata et al. [1] reported three normal mode frequencies of NO3: '1 = 1060, '3 = 1480, and
'4 = 380 in cm–1, and later Friedl and Sander [2] supplemented these with '2 = 762.327 cm–1.
Four years ago, Stanton [3,4] calculated the '3 frequency to be near 1000 cm–1 by using an ab
initio potential energy surface. This was supported by Jacox and Thompson [5] and Beckers
et al. [6], based upon their IR matrix spectra; they reassigned the band at 1492 cm–1 to '3 + '4.
Ishiwata et al. [7] and Kawaguchi et al. [8] observed and rotationally analysed the 1492 cm–1
band by IR diode laser spectroscopy. They noticed the band perturbed in part, which they
ascribed to the Coriolis interaction between '3 and '2 + 2'4. In the present study, I revise this
perturbation to the '3/2'2 interaction, and, including this revision, shall call the traditional
assignment Assign I, and that by Stanton, Jacox, Beckers Assign II. I critically compare these
two assignments in the present study. In view of extremely small vibrational transition dipole
moment of Stanton’s '3, Kawaguchi, Ishiwata and I (KIH) thought that we will get most
important information on the validity of either Assign I or Assign II from the 1492 cm–1 band.
KIH thus recorded the 1492 cm–1 band more extensively by using FTIR than by the earlier
studies with diode. They also detected hot bands from the '4 state. The '3 + '4 state consists
of the A1, A2, E components, and the '3 + '4 – '4 hot band of Assign II will consist of one E –
E and two A – E bands, whereas Assign I will lead to one E – E ('3 – '4) and one A – E (2'2 –
'4). The 1492 cm–1 band remains '3 perturbed by 2'2 in Assign I, while for Assign II it is '3 +
'4 (E). In the hot band region, KIH in fact observed one E – E band, and one pP and one rR
branch for A – E. Kawaguchi et al. (KK group) [9] tried to fit the observed spectra to the
rotational energy matrix worked out by Maki et al. [10] for the SO3 '3 + '4 band, in order to
confirm Assign II, but failed. They thus modified the Maki energy matrix, but many of the
molecular parameters they derived are far from acceptable. I analysed the same observed
spectra as that of the KK group, based upon Assign I, and by increasing the N, K quantum
numbers of the pP branch by 3, I could explain the entire observed spectra successfully. The
molecular parameters thus derived, 42 in total, are all reasonable. I thus conclude that Assign
I is correct. Some of the molecular parameters will provide us with invaluable information on
the vibronic interactions in NO3.
References:
[1] T. Ishiwata, I. Fujiwara, Y. Naruge, K. Obi, I. Tanaka, J. Phys. Chem. 87, 1349 (1983).
[2] R. R. Friedl, S. P. Sander, J. Phys. Chem. 91, 2721 (1987).
[3] J. F. Stanton, J. Chem. Phys. 126, 134309 (2007).
[4] J. F. Stanton, Mol. Phys. 107, 1059 (2009).
[5] M. E. Jacox, W. E. Tompson, J. Chem. Phys. 129, 204306 (2008).
[6] H. Beckers, H. Willner, M. E. Jacox, ChemPhysChem 10, 706 (2009).
[7] T. Ishiwata, I. Tanaka, K. Kawaguchi, E. HIrota, J. Chem. Phys. 82, 2196 (1985).
[8] K. Kawaguchi, E. HIrota, T. Ishiwata, I. Tanaka, J. Chem. Phys. 93, 951 (1990).
[9] K. Kawaguchi, N. Shimizu, R. Fujimori, J. Tang, T. Ishiwata, I. Tanaka, J. Mol. Spectrosc. in press.
[10] A. Maki, T. A. Blake, R. L. Sams, J. Frieh, J. Barber, T. Masiello, E. t.H. Chrysostom, J. W. Nibler,
A. Weber, J. Mol. Spectrosc. 225, 109 (2004).
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HT11. Gary Douberly

Spectroscopy and dynamics of open shell molecular clusters in
0.4 K helium nanodroplets
Gary E. Douberly
Department of Chemistry, University of Georgia, Athens, GA 30602 USA
Helium nanodroplet isolation (HENDI) has proven to be a versatile technique for studying at
0.4 K, the structure and dynamics of novel systems such as free-radicals, metal clusters, and
molecular clusters. HENDI and a tunable quantum cascade laser are used to probe the
fundamental CO stretch bands of Aluminum Carbonyl complexes, Al-(CO)n (n , 5). The
sequential pick-up of an Al atom and CO molecules leads to the rapid formation and cooling
of Al-(CO)n clusters within the droplets. Rotational fine structure is resolved in bands that are
assigned to the CO stretch of a linear 2-1/2 Al-CO species, and the asymmetric and symmetric
CO stretch vibrations of a planar C2v Al-(CO)2 complex in a 2B1 electronic state. Bands
corresponding to clusters with n . 3 lack resolved rotational fine structure; nevertheless, the
small frequency shifts from the n=2 bands indicate that these clusters consist of an Al-(CO)2
core with additional CO molecules attached via van-der-Waals interactions. A second n=2
band is observed near the CO stretch of Al-CO, indicating a local minimum on the n=2
potential consisting of an “unreacted” (Al-CO)-CO cluster. The linewidth of this band is ~0.3
cm-1, which is about 30 times broader than the transitions within the Al-CO band. The
additional broadening is consistent with a homogeneous mechanism corresponding to a rapid
vibrational excitation induced reaction within the (Al-CO)-CO cluster to form the covalently
bonded, C2v Al-(CO)2 complex. The formation of the metastable (Al-CO)-CO cluster is
characteristic of the rapid cooling provided by the helium droplet during cluster growth,
which in general allows for the kinetic stabilization of non-equilibrium cluster configurations.
From these “entrance channel” local minima, reactions can be photo-initiated via vibrational
excitation. The energy associated with the reaction is dissipated by helium evaporation, and
intermediates or products can be stabilized. Future work will use a second laser, downstream
from the photo-induced reaction, to probe for reaction intermediates and/or products. This
methodology is general, and we are also applying it to probe hydrocarbon radicals and their
reactions with O2. The IR spectra of helium solvated methyl (CH3), ethyl (C2H5), and vinyl
(C2H3) radicals will be discussed, along with our recent observation of the entrance channel
C3H3-O2, complex.
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HT12. Dave Chandler

Duel-etalon, frequency-comb, cavity ring down spectroscopy
Or
How to take high-resolution spectra in microseconds with any
laser, four mirrors and a photodiode.
David W. Chandler, Kevin E. Strecker
Sandia National laboratory, Livermore CA, USA
We demonstrate a spectroscopic technique for obtaining simultaneously broad spectral
bandwidth and high frequency resolution absorption measurements, with nanosecond
temporal resolution continuously for tens of microseconds with an apparatus having no
moving parts. Spectral resolution of a hundredth of a wavenumber is routinely obtained in
several microseconds and under averaging condition resolution of 10 KHz can be obtained.
The technique utilizes two passive air gap etalons to imprint two frequency comb patterns
onto a pulsed light source. The air-gapped etalons can also be used as a cavity ring down cell,
thereby increasing the sensitivity of the absorption spectroscopy by a factor of over 30,000.
Here we demonstrate the spectrometer by utilizing a 0.15 cm-1 bandwidth pulsed dye laser
and two nearly identical ~300 MHz free spectral range confocal air-gap etalons with cavityring-down-times of ~75 %s. We measure the absorption of the 113 and 004 overtones of
water and the weak O2 b1(g+ " X3(g- (2,0) band near 635 nm.
The technique works by making the two etalons slightly different in length and combining the
outputs of the two etalons on a single photodiode. The resulting interferogram contains cross
beat frequencies from the two etalons and Fourier transforming the interferogram recovers the
spectrum. In our experiment we show how on a single laser shot we are able to obtain 300
MHz (1/100 cm-1) spectroscopy across the entire bandwidth of the dye laser. By scanning the
length of one of the etalons one Free Spectral Range one can obtain <20 KHz resolution
spectroscopy.
Beyond absorption measurements this spectrometer is capable of performing high-resolution
laser induced fluorescent measurements as well.
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Adamson

A new apparatus to measure absorption spectra of molecular ions
through laser induced ion mobility modification
Brian D. Adamson1, Evan J. Bieske1
1

School of Chemistry, University of Melbourne, Parkville, Australia

A new method for absorption spectroscopy is being developed that can be used to acquire gas
phase absorption spectra of biologically significant molecular ions including stilbenes,
retinals, and rhodopsins. The action spectroscopy approach relies on monitoring the change in
ion mobility that accompanies electronic or vibrational excitation.
In conventional ion mobility mass spectrometry, molecular ions drift through helium buffer
gas under the influence of an electric field. An ion’s flight time through the apparatus is
directly related to the cross section for collisions with the He buffer gas, which is in turn
related to its geometrical configuration. This approach has been used to deliver information
on the shapes of clusters (Sin+ and Cn+ clusters), proteins and peptides using both homebuilt
and commercial instruments [1][2].
We have developed a specialized ion mobility apparatus with optical access to the drift region,
allowing exposure of molecular ions to tunable laser light. In our instrument, ions are
generated using electrospray ionization and are stored in an ion funnel before being pulsed
into a drift region filled with helium buffer gas (10 torr) where they move under the influence
of an electric field. Here the ions are overlapped with the output of a tunable laser, which, if
appropriately tuned, excites an electronic transition and provokes a conformational change
with an attendant change in their collision cross section and drift speed. Thereafter, the ions
are mass-selected by a quadrupole mass filter and are sensed with an ion detector. By
monitoring the ions’ arrival time distribution as the laser wavelength is scanned, we hope to
acquire gas phase electronic spectra for molecular ions that undergo photoisomerisation and
which have resisted spectroscopic characterization using existing techniques.

References:
[1] Ph. Dugourd, R.R. Hudgins, D.E. Clemmer, M.F. Jarrold, Rev. Sci. Instrum. 68, 1122 (1997).
[2] T. Wyttenbach, M.T. Bowers, Ann. Rev. Phys. Chem. 58, 511 (2007).
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Mid-IR saturation spectroscopy of H3+ molecular ion
Hsuan-Chen Chen1, Jin-Long Peng2, Takayoshi Amano3, and Jow-Tsong Shy1,4
1
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Institute of Photonics Technologies, National Tsing Hua University, Taiwan, R.O.C.

Center of Measurement Standard, Industrial Technology Research Institute, Taiwan, R.O.C.
3

Department of Chemistry and Department of Physics and Astronomy, University of
Waterloo, Ontario, Canada
4

Department of Physics, National Tsing Hua University, Taiwan, R.O.C.

The H3+ ion, the smallest triatomic molecular ion, plays an important role not only in the
theoretical calculations but also in the chemistry of interstellar clouds. In this report, we
demonstrated the first observation of the saturation absorption spectrum of the H3+ using a
continuous-wave, singly resonant, single frequency and widely tunable optical parametric
oscillator (OPO) in the mid-infrared region. The experimental arrangement is shown in fig. 1.
The H3+ ions were produced in a liquid-nitrogen-cooled extended negative glow discharge
tube with flowing hydrogen. The negative glow region of discharge was extended by applying
an axial magnetic field of 150 gauss. The saturation spectrum of H3+ (rR0(1) transition of
'2=1-0 band at 81720 GHz [1]) was observed by scanning the frequency of the pump laser of
OPO and demodulated at second harmonics by a lock-in amplifier. The investigations of the
linewidth and the frequency measurement will be presented in the conference.

Fig. 1: The experimental arrangement for H3+ saturation spectroscopy. A fiber frequency comb is used
for frequency measurement of the pump and signal waves.
Reference:
[1] T. Oka, Phys. Rev. Lett. 45, 531 (1980)
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Appadoo

The far-IR and high-resolution beamline at the Australian
Synchrotron and its gas-phase research program.
Dominique R.T. Appadoo1, Ruth Plathe1 and Chris Medcraft2
1

The Australian Synchrotron, 800 Blackburn Rd, Clayton, VIC 3168, Australia
2

Monash University, Wellington Rd, Clayton, VIC 3168, Australia

The Far-IR/THz beamline at the Australian Synchrotron is coupled to a Bruker IFS125HR FT
spectrometer equipped with a variety of optical components covering the spectral range from
10 to 5000 cm-1; this instrument can offer an optimum resolution of 0.00096 cm-1.
Experiments from a variety of fields such as atmospheric and astrophysical science [1][2]
geology, electrochemistry [3][4], as well as biology and biomedicine [5][6][7] have been
successfully conducted at the beamline.
A range of instruments have been installed in order to accommodate the gas-phase scientific
requirements: two room-temperature gas cells with multiple-pass optics, one for non-reactive
species and one coupled to a furnace to study reactive species; there is also a multiple-pass
gas cell which can be cooled to liquid nitrogen or helium temperatures in order to study gases
and molecular clusters. Users also have access to a cryostat and a grazing incidence angle
accessory to study condensed phase systems, thin films and surface interactions.
The synchrotron infrared light offers a S/N advantage over conventional thermal sources, and
this advantage varies to a great degree upon the spectral range and the resolution required by
the experiment. In this paper, the capabilities and performance of the Far-IR beamline at the
Australian Synchrotron will be presented as well as some gas-phase applications undertaken
at the beamline, and future developments.
References
[1] M.K. Bane, C.D. Thompson, E.G. Robertson, D.R.T. Appadoo, and D. McNaughton, PCCP (2011)
13(15), 6793-6798.
[2[ Chris Medcraft, Evan Robertson, Chris Thompson, Sigurd Bauerecker and Don McNaughton,
PCCP (2009), 11(36), 7848.
[3] M. Minakshi, N. Sharma, D. Ralph, D. Appadoo, and Kalaiselvi Nallathamby, Electrochemical and
Solid-State Letters (2011), 14(6), A86-A89.
[4] M. Minakshi, P. Singh, D. Appadoo, D.E. Martin, Electrochimica Acta (2011), 56, 4356-4360.
[5] H.A. Zakaria, B.M. Fischer, A.P. Bradley, I. Jones, D. Abbott, A.P.J. Middelberg and R.J. Falconer,
Applied Spect. (2011), 65, 260-264.
[6] R.J. Falconer, H.A. Zakaria, Y.Y. Fan, A.P. Bradley and A.P.J. Middelberg, Applied Spectroscopy
(2010), 64(11), pp. 1259-1264.
[7] T. Ding, R. Li, J.A. Zeitler, T.L. Huber, L.F.Gladden, A.P.J. Middelberg, and R.J. Falconer, Optics
Express (2010), 18(26), pp. 27431-27444.
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Terahertz spectroscopy of deuterated methylene radicals, CHD
and CD2
S. Bailleux1, H. Ozeki2 and G. Wlodarczak1
1

2

Laboratoire de Physique des Lasers, Atomes et Molécules, UMR CNRS 8523, Université
Lille 1,59655 Villeneuve d’Ascq Cedex, France

Department of Environmental Science, Faculty of Science, Toho University, 2-2-1 Miyama,
Funabashi 274-8510, Japan

Methylene is a key intermediate species in interstellar carbon chemistry and it has been found
very abundant in dense and diffuse interstellar molecular clouds. The extreme lightness and
floppiness of this highly-reactive radical make it a challenging molecule to detect by
spectroscopy, and most of its rotational transitions lie in the terahertz domain.
Pure rotational spectra of CH2 and CD2 in their ground state (X! 3B1) have been observed
below 600 GHz some fifteen years ago by Ozeki & Saito [1] who employed the predicted
frequencies from the far-infrared laser magnetic resonance (FIR-LMR) spectroscopic studies
conducted by Sears et al. [2] and by Bunker et al. [3], respectively.
Although only six rotational transitions of the mono-deuterated isotopologue, CHD (X! 3A˝),
have been detected by FIR-LMR spectroscopy [4], its rotational spectrum in the field-free
condition has resisted identification until now. The recently performed high-resolution
spectroscopic measurements of CHD will be presented. The two strongest b-type rotational
transitions occurring below 1 THz, each split into three fine-structure components, have been
recorded for the first time (Fig. 1) [5]. These transitions were unexpectedly found shifted by
as much as 1 to 2 GHz from the predictions using the constants reported in [5]. In addition,
the NKaKc =110 ( 101 and 211 ( 202 rotational transitions of CD2 were newly observed near
1008 GHz and 1023 GHz, respectively (Fig. 2).

Fig. 1: NKaKc = 707 ! 616, J =7 ! 6 fine-structure component of CHD.

Fig. 2: Hyperfine structure of the NKaKc =
110 ! 101, J =2 ! 2 line of CD2.

References:
[1] H. Ozeki, S. Saito, Astrophys. J. 451, L97 (1995); H. Ozeki, S. Saito, J.Chem. Phys 104, 2167
(1996).
[2] T. J. Sears, P. R. Bunker, A. R. W. McKellar, K. M. Evenson, D. A. Jennings, J. M. Brown, J.
Chem. Phys. 77, 5348 (1982).
[3] P. R. Bunker, T. J. Sears, A. R. W. McKellar, K. M. Evenson, F. J. Lovas, J. Chem. Phys. 79, 1211
(1983).
[4] J. Nolte, F. Temps, H. Gg. Wagner, M. Wolf, M., T. J. Sears, J. Chem. Phys., 100, 8706 (1994).
[5] H. Ozeki, S. Bailleux, G. Wlodarczak, Astronom. & Astrophys. 527, A64 (2011).
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Baileux II

High-resolution THz spectroscopy of 15NH and 15NH2 radicals. On
the 15N/14N ratio determination in the ISM with Herschel
S. Bailleux1, L. Margulès1, G. Wlodarczak1, O. Pirali2,3, M.-A. Martin-Drumel2,3, P. Roy2, E.
Roueff4 and M. Gerin5
1

2

3
4

Laboratoire de Physique des Lasers, Atomes et Molécules (PhLAM), UMR CNRS 8523,
Université Lille 1, 59655 Villeneuve d’Ascq Cedex, France

Ligne AILES – Synchrotron SOLEIL, l’Orme des Merisiers, Saint-Aubin, 91192 Gif-surYvette Cedex, France

Institut des Sciences Moléculaires d’Orsay, UMR 8214 CNRS, Université Paris-Sud, France

Laboratoire de l’Univers et de ses Théories, Observatoire de Paris-Meudon, 92195 Meudon,
France
5

LERMA, UMR CNRS 8112, 24 Rue Lhomond, 75231 Paris Cedex 05, France

Accurate laboratory measurement is a prerequisite to unambiguously detect the radio
signature of both stable and reactive molecules with the very high resolution HIFI instrument
(134 kHz-1MHz) on board of the Herschel space observatory. Concerning the pure rotational
spectra of new species, and particularly those of open-shell molecules, the spectral prediction
could be far away and up to few hundred MHz from the observation.
Molecular isotopic ratios are an important tool in the study of the origin of both interstellar
and solar system materials. Large isotopic enhancements of nitrogen have been observed in
the solar system, second in range after hydrogen. In the interstellar medium (ISM) nitrogenbearing species are important tracers of cold, dense gas but 15N/14N ratios have barely been
measured. Recent measurements include the detection of 15NH2D [1], N15NH+ [2] and 15NH3
[3]. The imidogen (NH, X 3#-) and amidogen (NH2, X 2B1) species are the simplest nitrogenbearing open-shells which are intermediates in the NH3 synthesis. They have been easily
detected by Herschel, making it very attractive to search for 15NH and 15NH2 in the ISM. No
spectroscopic data have been reported for these two radicals up to now.
We present high-resolution spectroscopic studies of these species in the THz range made with
the AILES beamline of SOLEIL [4] and subsequently with the PhLAM spectrometer. The
high sensitivity and the wide range of the synchrotron radiation () 6 THz) were essential to
investigate the rotational spectra of 15NH and 15NH2. The resulting improved predictions were
used to measure them in Lille (0.6-1 THz) with both higher accuracy and resolution. The
observed hyperfine structures are consistent with those predicted from the 14N parent species.
The combined studies now give the most accurate predictions. Searches for these important
radicals in the ISM are in progress in the HERSCHEL spectra.
This work is supported by the Programme National de Physico-Chimie du Milieu
Interstellaire (PCMI-CNRS).
References:
[1] M. Gerin, N. Marcellino, N. Biver, et al., Astron. & Astrophys. 498, 9 (2009).
[2] L. Bizzochi, P. Caselli, L. Dore, Astron. & Astrophys. 510, L5 (2010).
[3] D. C. Lis, A. Wooten, M. Gerin, E. Roue!!, Astrophys. J. 710, L49 (2010).
[4] J.-B. Brubach, L. Manceron, M. Rouzières, et al., AIP Conf. Proc. 1214, 81 (2010).
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Enantio-sensitive multiphoton ionization of chiral molecules:
nonlinear spectroscopy, chiral molecular ions
Ulrich Boesl, Christoph Logé
Technische Universität München, Chemistry Department, 85747, Garching, Germany
The chirality of molecules is usually probed by chiral chromatography (CC) or circular
dichroism (CD). However, CC and conventional CD [1] are not appropriate for probing the
chirality of clusters, weakly bound molecular complexes, or molecular ions. Alternate
methods involve homo- and hetero-diasteriomeric complexes of chiral systems of same and
opposite handedness. Their different chemical stability results in different fragment ion
patterns, their different UV-spectra in different ion currents at resonance-enhanced
multiphoton ionization (REMPI). Both methods are mass selective and thus adapted to the
above systems. However, prerequisite is the formation of diastereomeric clusters. Our
approach to probe molecular chirality mass-selectively is the combination of CD and REMPI
[2]. We realized this by a newly developed technique, which allows us to observe small
enough differences in absorption and ionization efficiency, respectively.
This technique involves (a) twin-mass spectrometry for simultaneous recording of ion
currents due to REMPI with left and right circularly polarized light, (b) simultaneous
ionization of achiral reference substances, and (c) the effect that at reflection of light its
polarization is switched from left to right handed circular polarization and vice versa. More
than ten chiral molecules have been measured by CD-REMPI up to now. The observed CDvalues show good agreements with conventional measurements if performed in the gas phase.
However, CD-REMPI does also strike new paths such as nonlinear CD spectroscopy or CD of
molecular ions, as presented in this paper.
Nonlinear CD: Two-photon absorption spectroscopy reveals new information on molecular
structure which is often complementary to that of one-photon absorption, similar to Raman
(also a two-photon-process) and IR-spectroscopy. Also, theory predicts new features of twophoton CD, such as eventual strong increase of the CD-effect and dependence on permanent
dipole moments and on polarization of the involved photons (similar to Raman). Despite
extensive theoretical work, there exists only one experimental CD-value up to now [3]. We
present new results and found strong increase of two-photon-CD.
Molecular ion CD: Molecular ions [4] formed by REMPI may be excited by further photons
inducing photofragmentation. This allows for UV-spectroscopy of molecular ions, or the
study of ionic CD. We found an interesting dependence of the ion CD-effect on the intensity
of the exciting laser light. Our interpretation is that the CD-effect vanishes for longer timegaps between ion formation and ion excitation due to structural changes of the molecular ion
after formation on the ns-time scale. This is supported by preliminary fs-experiments [5] of
another group and our own observations of mass-dependent CD-values.
References:
[1] Circular dichroism (CD) is the small difference in absorption of left and right-handed circularly
polarized light by chiral molecular systems.
[2] Ch. Logé, U. Boesl, ChemPhysChem (2011) DOI: 10.1002/cphc.201100035
[3] R.N. Compton et al. J Chem Phys 125, 144304 (2006)
[4] Our “working horse” is 3-Methyl-Cyclopentanone.
[5] Th. Baumert, Ch. Lux, Physics Dep. Univ. of Kassel / Germany, private communication (2011).
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Emission spectroscopy following the 266 nm photolysis of
iodomethanes
Sin-Hua Yang, Pei-Chun Hsu, and Bor-Chen Chang*
Department of Chemistry, National Central University, 300 Jhongda Road, Jhongli 32001,
Taiwan
We have studied the emission spectroscopy including nascent emission and laser-induced
dispersed fluorescence spectra following the 266 nm photolysis of iodomethanes (CHI3,
CH2I2, and CH3I) in a slow flow system at ambient temperature. In our previous study [1] of
the near-ultraviolet photolysis of the bromomethanes (CHBr3, CHBr2Cl, CHBrCl2, and
CH2Br2), electronically excited species such as CH (A2*, B2($ and C2(+), C2 (d3"g), and
atomic bromine (4DJ and 4PJ) were observed in the nascent emission spectra, whereas the
reactive intermediates (CHBr or CHCl) can be found using laser-induced dispersed
fluorescence spectroscopy following excitation of their electronic transitions. The same
techniques were adopted to investigate the emission spectroscopy following the 266 nm
photolysis of iodomethanes, and the results show the similarities as well as differences
between the photolysis of bromomethanes and that of iodomethanes. In the photolysis of
iodomethanes, electronically excited CH, C2, and atomic iodine were also seen in the nascent
emission spectra, but no carbene species (CHI) was discovered. Interestingly, unlike those
following the photolysis of bromomethanes, the nascent emission spectrum following the
photolysis of CH2I2 and that of CH3I show a number of unknown bands, which appear
approximately from 540 nm to 820 nm and have some distinctive vibrational structures with
the intervals of roughly 400 cm-1. Dispersed fluorescence spectra of exciting a few unknown
bands were also recorded. The analysis of these nascent emission spectra and dispersed
fluorescence spectra reveals the vibrational structure of the ground state and that of the
excited state corresponding to the unknown bands. Additionally, temporal waveforms of the
unknown bands were also acquired. Possible carriers of the unknown bands could be
identified based upon these data. Our recent progress will be presented.
Reference:
[1] S.-X. Yang, G.-Y. Hou, H.-J. Dai, C.-H. Chang, B.-C. Chang, J. Phys. Chem. A 114, 4785 (2010).
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Photodissociation above the triple fragmentation threshold:
acetone and acetaldehyde
Gabi de Wit1, Alan T. Maccarone1, Scott A. Reid2, Mitchell S. Quinn1, Klaas Nauta1 and
Scott H. Kable1
1

School of Chemistry, University of Sydney, Sydney NSW 2006, Australia

2

Department of Chemistry, Marquette University, Milwaukee, WI, USA

Photodissociation into three fragments following absorption of a single photon is known as
“triple fragmentation”, or, more prosaically, “triple whammy”. There are several well-known
triple whammies, including acetone [1], which fragments at 193 nm to produce two methyl
fragments and a CO molecule, and sym-triazine, which produces three identical HCN
fragments [2].
Recently, the photodissociation of several simple molecules, including acetaldehyde [3],
acetone [4] and methyl formate [5] has been studied by different groups, who all come to the
conclusion that they exhibit a “roaming” mechanism, as evidenced by the formation of
rotationally and translationally cold CO fragments. Each of these experiments, however, was
performed at energies above the triple fragmentation threshold, which might also produce
cold fragments, thereby interfering with correct interpretation of the experimental data.
Therefore, we have embarked on an exploration of triple fragmentation in acetaldehyde and
acetone.
Molecules of the type ABC can give rise to products A+B+C, via many mechanisms:
ABC + h' ! AB* + C ! A + B + C

(1)

ABC + h' ! A + BC* ! A + B + C

(2)

ABC + h' ! AC* + B ! A + B + C

(3)

ABC + h' ! A + B + C

(4)

Mechanisms (1) to (3) involve sequential breaking into two fragments, where one is born with
sufficient internal energy to spontaneously fragment further. Mechanism (4) is a concerted
process.
This work aims to elucidate, via energy-specific velocity map imaging experiments, whether
triple fragmentation could be a source of the translationally cold CO in the one-photon
dissociation of acetone and acetaldehyde.
References:
[1] S.W. North, D.A. Blank, J.D. Gezelter, C.A. Longfellow, Y.T. Lee, J. Chem. Phys. 102, 4447 (1995).
[2] T. Gejo, J. A. Harrison, and J.R. Huber, J. Phys. Chem. 100, 13941 (1996).
[3] L. Rubio-Lago, G. A. Amaral, A. Arregui, J. G. Izquierdo, F. Wang, D. Zaouris, T. N. Kitsopoulos
and L. Banares, Phys. Chem. Chem. Phys. 9, 6123 (2007).
[4] V. Goncharov, N. Herath, and A.G. Suits, J. Phys. Chem. A 112, 9423 (2008).
[5] M. Chao, P. Tsai and K. Lin, Phys. Chem. Chem. Phys. 13, 7123 (2011).
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Direct dynamics VTST studies of unimolecular reactions of 1propyl peroxy radical
Feng Zhang, Theodore S. Dibble
Chemistry Department, State University of New York, College of Environmental Science and
Forestry, Syracuse, NY, 13210 USA
Alkyl peroxy radicals are critical intermediates in low-temperature (T<1000 K) combustion
chemistry such as autoignition of diesel fuel. Hydrogen-transfer and HO2 elimination of
peroxy radicals are two key channels during the combustion process; the former contributes to
chain branching, while the latter delays the autoignition.
As a prototypical alkyl peroxy radical, the kinetics of 1-propyl peroxy radical has been
extensively studied both in experiments and theory; however, previous theoretical kinetic
studies on this system only use one-dimensional tunnelling treatments, namely, the Wigner or
Eckart models. Obviously, an accurate multi-dimensional tunneling treatment is required to
ensure reliable computation of tunnelling effects on rate constants, especially at low
temperature. In this work, the kinetics of three unimolecular reactions of 1-propyl peroxy
radical, shown below.
Canonical variational transition state theory calculations were performed using the
GAUSSRATE and POLYRATE programs, using the small-curvature multidimensional

.
OO.

.

OOH

1, 5 H-shift

(R1)

OOH

1, 4 H-shift

(R2)

(R3)
HO2 elimination
+ HO2
tunneling approximation. High level ab initio calculations were performed to provide reliable
estimates for barrier heights and reaction energies, and to use to benchmark density functional
theory (DFT) calculations for the reaction path. Tunnelling coefficients were also computed
with Wigner and Eckart models for comparison.

At 700 K, tunneling dominates overbarrier processes for the 1,4 H-shift, while tunnelling and
overbarrier processes are equally important for the 1,5 H-shift. These tunnelling corrections,
calculated from a Boltzmann distribution of energy, will significantly underestimate
tunnelling at lower pressures more relevant to diesel autoignition.
The calculated multi-dimensional tunnelling corrections are much larger than those computed
by the zero-curvature tunnelling or Wigner approximations, although the asymmetric Eckart
potential works fairly well. These results provide a reference point for calculations of
tunnelling corrections of unimolecular reactions of larger alkyl peroxy radicals, where these
types of calculations would be extremely time-consuming.
References:
[1] J. Zheng, et al, POLYRATE-version 2010-A, University of Minnesota, Minneapolis.
[2] J. Zheng, et al., GAUSSRATE-version 2009-A, University of Minnesota, Minneapolis.
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The isotope effect in deuterated methoxy radicals (CH2DO•)
reacting with O2
Theodore S. Dibble1, Hongyi Hu1, Geoffrey S. Tyndall2, John J. Orlando2
1

Chemistry Department, State University of New York, College of Environmental Science and
Forestry, Syracuse, NY, 13210 USA
2

Atmospheric Chemistry Division, National Center for Atmospheric Research, P. O. Box
3000, Boulder, CO 80307

Experiment and theory are used to study the temperature dependence of the reaction of
deuterated methoxy radical (CH2DO•) reacting with O2. Methoxy radical is an intermediate in
the atmospheric oxidation of methane, and the product branching ratio (k1a/k1b):
CH2DO• + O2 / CH2=O + DO2

(1a)

CH2DO• + O2 / CHD=O + HO2

(1b)

strongly influences the HD/H2 ratio in the atmosphere[1]. The HD/H2 ratio has been used to
understand the global cycling of molecular hydrogen. The product branching ratio is only
available at room temperature, which is far from sufficient for treating the full range of
atmospheric temperatures.
Using FT-IR smog chamber techniques, we measured [CH2=O] and [CHD=O] production
between 250 K and 333 K. Kinetic modelling is used to understand how side reactions cause
the apparent product branching ratio to deviate from the true ratio (k1a/k1b). Our results agree
with the previous study [2] carried out at room temperature and predict a larger isotope effect
at lower temperature.
In addition, the target reaction is being studied theoretically, using state-of-the-art quantum
chemical methods. The kinetics of the reaction will be studied with variational transition state
theory (VTST) and multidimensional tunnelling corrections. Theoretical results will be
validated against experimental results, and used to predict the temperature dependence of the
branching ratio at temperatures below those achieved in experiment, yet which are relevant to
the upper troposphere/lower stratosphere.
The validated computational methods would enable future studies of the reactions of oxygen
with larger alkoxy radicals, such as those formed in the oxidation of isoprene and oxygenated
volatile organic compounds.
References:
[1] K. A. Mar, M. C. McCarthy, P. Connell, K. A. Boering, J. Geophys. Res. 112, D19302 (2007).
[2] E. J. K. Nilsson, M. S. Johnson, F. Taketani, Y. Matsumi, M. D. Hurley, T. J. Wallington, Atmos.
Chem. Phys. 7, 5873 (2007).
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Optical spectroscopy of polycyclic aromatic nitrogen heterocycle
cations
Viktoras Dryza, Evan J. Bieske
School of Chemistry, The University of Melbourne, Victoria 3010, Australia
Polycyclic Aromatic Hydrocarbons (PAHs) in their neutral or ionized forms are believed by
some to be constituents of the interstellar medium and perhaps associated with the diffuse
interstellar bands [1]. An important variation of PAHs entails the incorporation of nitrogen
atoms to form Polycyclic Aromatic Nitrogen Heterocycles (PANHs). To develop a better
understanding of the optical properties of PANHs we have investigated the B ! X and
C ! X transitions of the quinoline and isoquinoline cations, structural isomers of the
simplest PANH member C9H7N+. The spectra are obtained by mass-selecting quinoline+-Ar
and isoquinoline+-Ar complexes in a tandem mass spectrometer and monitoring the photoinduced Ar loss channel. The B ! X transitions of the quinoline and isoquinoline cations
feature origin transitions at 16050 and 15245 cm-1, respectively, and display several strong
vibronic progressions. The analogous transition for the isoelectronic naphthalene cation
occurs slightly lower in energy (14863 cm-1 [2]). To aid spectroscopic assignments, the
resolved vibronic structure is modelled by performing time-dependent density functional
theory calculations in conjunction with Franck-Condon simulations.

FIG. 1: Resonance enhanced photodissociation spectrum of the isoquinoline+-Ar complex.
References:
[1] PAHs and the Universe, edited by C. Joblin and A.G.G.M. Tielens, EAS Publication Series Vol. 46
(2011).
[2] T. Pino, N. Boudin, P. Bréchignac, J. Chem. Phys. 111, 7337 (1999).
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Increasingly mobile electrons: mass-selective spectroscopy of
metal-solvent free radical complexes
Luigi Varriale1, Nitika Bhalla1, Nicola M. Tonge1, Timothy G. Wright2, Andrew M. Ellis1
1

Department of Chemistry, University of Leicester, LE 17RH, UK
2

School of Chemistry, University of Nottingham, NG7 2RD, UK

Alkali metals dissolve in liquid ammonia to form coloured solutions with intriguing electrical
properties which derive from the ease with which the metals can lose their valence electron.
The blue colour and low electrical conductivity of dilute solutions has long been attributed to
the formation of electrons trapped in a solvent cavity, but there are important aspects of the
spectroscopy of these electrons that are poorly understood and which do not fit existing
models.
We are approaching this
solvation problem from a
3 5
3 5
3 5
new angle, by exploiting
5
5
mass-selective spectroscopy
3
3
3
3
3
3
of neutral metal-solvent
0
complexes, MSn, and recording spectra as a function of
solvent number, n. The aim is
to use these spectra to deduce
new information on the
structures and electronic
properties of these complexes.
For the alkali metals we have
recorded both vibrational and
electronic spectra using a
photodepletion technique [13] and will present some of
600 0
610 0
620 0
630 0
64 00
65 00
-1
the findings here. This will
Wavenumber/cm
include recently recorded
electronic spectra of the LiNH3 radical and both vibrational and electronic spectra of Li(NH3)4
(see figure opposite). Through a combination of the spectroscopic work and ab initio
calculations we find that the unpaired electron distribution changes dramatically in moving
from the n = 1 to n = 4 complex, adopting characteristics already resembling those of solvated
electrons in several important respects.
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Depending on space (or time) limitations, a brief account of recent work on other complexes
involving ammonia derivatives and also from other metals, including alkaline earth and rare
earth metals, may also be included.
References:
[1] T. E. Salter, V. A. Mikhailov, C. J. Evans, A. M. Ellis, J. Chem. Phys. 125, 034302 (2006).
[2] L. Varriale, N. M. Tonge, N. Bhalla, A. M. Ellis, J. Chem. Phys. 132, 161101 (2010).
[3] L. Varriale, N. M. Tonge, N. Bhalla, A. M. Ellis, T. G. Wright, J. Chem. Phys. 134, 124303 (2011).
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Molecular Oxygen as energy mediator for photochemical
upconversion of near-infrared light
Burkhard Fückel1, Derrick A. Roberts1, Yuen Yap Cheng1, Raphaël G. C. R. Clady1, Roland
B. Piper2, N. J. Ekins-Daukes2, Maxwell J. Crossley1, Timothy W. Schmidt1
1
2

School of Chemistry, The University of Sydney, NSW 2006, Australia

Department of Physics and the Grantham Institute for Climate Change, Imperial College,
London, U.K.

Ground state molecular oxygen (3#g), a diradical, constitutes about 20% of the volume of air.
Its chemical reactivity increases dramatically upon electronic excitation to the singlet (1$g)
state, leading to spontaneous reaction with a range of unsaturated organic compounds. Since
the 1*g + 3(g transition of oxygen can be induced by quenching of a triplet excited state of an
organic molecule, artificial organic systems such as organic photovoltaics must be protected
from air. Biological systems, on the contrary, have evolved ways of handling singlet oxygen,
such as sequestration by carotenoids that protect the sensitive pigments in the photosynthetic
reaction centre of plants.
We present a strategy that employs singlet oxygen as an energy transmitter for photochemical
upconversion (UC). Photochemical UC combines two low energy photons into one of higher
energy by incoherent means [1] and has therefore attracted recent interest for applications in
light-harvesting and light-emitting applications.[2] In the employed system (see Fig. 1),
singlet oxygen (O2*) is generated upon photoexcitation (h'1) of the sensitizer (S) molecules
and then acts as an energy transmitter for the UC process. The excitation energy of two
singlet oxygen molecules is subsequently harvested by emitter (E) molecules, which in turn
gives rise to unconverted fluorescence (h'2) of the emitter species.[3] We present strategies
for improvement of the currently achieved efficiencies ) 0.01% to produce excited singlet
states in the emitter molecules, which are currently under examination.

Figure 1: The pathways of singlet oxygen mediated upconversion.
References:
[1] S. Baluschev, T. Miteva, V. Yakutkin, G. Nelles, A. Yasuda, G. Wegner, Phys. Rev. Lett., 97,
143903 (2006).
[2] Y. Cheng, B. Fückel, T. Khoury, R. G. C. R. Clady, M. J. Y. Tayebjee, N. J. Ekins-Daukes, M. J.
Crossley, and T. W. Schmidt, J. Phys. Chem. Lett., 1, 1795 (2010).
[3] B. Fückel, D. A. Roberts, Y. Cheng, R. G. C. R. Clady, R. B. Piper, N. J. Ekins-Daukes, M. J.
Crossley, T. W. Schmidt, J. Phys. Chem. Lett. 2, 966 (2011).
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Bending vibronic levels of the MgNC ! !! state: effects of the
isomerization reaction
Masaru Fukushima , Takashi Ishiwata
Graduate School of Information Sciences, Hiroshima City University
Hiroshima 731-3194, Japan
We have generated MgNC in supersonic free jet expansions, and measured the laser induced
fluorescence (LIF) excitation spectrum of the !! 2" – ! 2(+ transition. In our previous works,
the Mg–NC and C–N stretching vibronic bands [1], !!! , n = 1, 2, and 3, and !!! !!! , n = 0 and 1,
and the low-lying bending vibronic bands [2], !!! , ! 2( (+) – and !!! , , 2" – and µ 2" – ! 2(+,
were analyzed. In the previous work [2], the two P sub-levels of the ! (0200) ! 2" vibronic
!
!
level, the P = ! and = ! sub-levels, were analyzed separately1. In the present work, the !
(0200) ! 2" sub-levels were simultaneously analyzed in the usual way. In the LIF excitation
spectrum, the !!! !!! , ! 2" – ! 2(+, combination vibronic band has been identified, which was
assigned on the basis of dispersed LIF spectrum from the single vibronic level (SVL).
Rotational structure of the combination band is similar to that of the !!! , , 2" – ! 2(+ band,
but its analysis was not straightforward. Fixing the ground state constants, the structure has
been analyzed. In addition to the !!! !!! band, the !!! , ! 2" – ! 2(+, pure bending vibronic band
has been also identified, which was also assigned on the basis of SVL dispersed LIF spectrum.
Rotational structure of the pure bending band is different from the two examples mentioned
above, but it seems that there are two closely lying P sub-levels. Analysis of the band is not
complete at present, but temporary constants were obtained. The rotational constants, B",
except (0600), show a general tendency, which is that they increase with the '2 bending
quantum number. The spin-orbit constants, A", remarkably decrease with increasing '2. It is
thought that this observation is caused by decrease of <lz>, projection of orbital angular
momentum on the molecular axis, with increasing '2. MgNC is a meta-stable species in the !
2
" state (while it is the most stable one in the ! 2(+ state), and potential barrier of the
isomerization reaction, MgNC - MgCN, is predicted to be about 1500 and 2300 cm$1 for the
A" and A"" surfaces, respectively, measured from MgNC [3]. Accordingly, it is thought that the
sudden decrease in the A. constant would be also influenced by the reaction, because the two
levels, (0201) and (0600), are close to the barrier, though they are lower than it.
References:
[1] M. Fukushima and T. Ishiwata, J. Mol. Spectrosco. 216, 159 (2002); 233, 210 (2005).
[2] M. Fukushima and T. Ishiwata, J. Chem. Phys. 127, 044314 (2007). [3] T. E. Odaka, P. Jensen,
and T. Hirano, J. Mol. Struct. 795, 14 (2006).

The reasons are as follows; (1) the µ 2" sub-level shows e/ƒ parity splitting, i.e. P-type doubling (2)
the two P sub-levels of the ! 2" vibronic level do not show the doubling, (3) we concluded that the
doubling is induced by Coriolis coupling of the µ 2" with a closely lying (0110) ! 2((+) level, and (4)
we need to compare the constants of the µ 2"1/2 with those of the two sub-levels of ! 2".
1
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Hunting for the fulvenallenyl radical by laser spectroscopy
Zijun Ge, Calan M. Wilcox, Gerard D. O’Connor, Scott H. Kable and Timothy W. Schmidt
School of Chemistry, The University of Sydney, NSW 2006, Australia
The study of toluene and the products of its combustion have become increasingly important
due to the prevalence of toluene in fuels as an octane booster. Benzyl radical (C7H7), the
major product of toluene oxidation, has been shown theoretically to decompose to C7H6,
fulvenallene.[1] Fulvenallene subsequently breaks down to the resonantly stabilized radical
fulvenallenyl, via the abstraction of a weakly bound hydrogen atom.[2] Fulvenallenyl is
highly stabilised and exhibits both cyclopentadienenyl and propargyl like resonance structures.
Resonance stabilized radicals often dictate reaction pathways due to their resistance to further
decomposition, and may participate in molecular weight growth reactions important in fused
ring and soot formation.
In this study, we employ ab initio calculations to model the B1 ground and excited states of
fulvenallenyl. Ongoing experiments using Resonant 2-Colour 2-Photon Ionization to probe
the B1 excited electronic state, and the measurement of high resolution LIF and DF spectra
will allow accurate assignments of vibrational frequency and provide insight into the structure
and reactivity of fulvenallenyl radical.

References:
[1] Gabriel da Silva, John A. Cole and Joseph W. Bozzelli, J. Phys. Chem. A, 113, 6111–6120 (2009).
[2] Gabriel da Silva and Joseph W. Bozzelli, J. Phys. Chem. A, 113, 12045–12048 (2009).
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Damage of aromatic amino acids by the atmospheric free radical
oxidant NO3• in the presence of NO2•, N2O4, O3 & O2
Catrin Goeschen1, Natalia Wibowo1, Jonathan M. White2 and Uta Wille1
1

ARC Centre of Excellence for Free Radical Chemistry and Biotechnology,2 School of
Chemistry and BIO21 Molecular Science and Biotechnology Institute, The University of
Melbourne, 30 Flemington Road, Parkville, VIC 3010, Australia
Although the presence of ozone and NOx gases (i.e. NO• and NO2•) are often linked to an
increase in respiratory conditions such as asthma,[1] the mechanism by which these pollutants
cause respiratory distress is still not clear.[2] Interestingly, the highly reactive NO3• (formed in
the atmosphere at night by reaction of O3 and NO2•) has been somewhat overlooked as a
possible respiratory irritant despite numerous studies on its role in the atmosphere.
In this investigation we follow up a previous study which identified the products of the
reaction of the NO3 radical generated through photoinduced ET from ceric(IV) ammonium
nitrate (CAN) with amino acids.[3]
Now, we analysed the products formed in the reaction of NO3• with the N- and C-protected
aromatic amino acids 1–5, which was performed under conditions that simulate exposure of
biosurfaces to environmental pollutants. [4]
In general, NO3• induced electron transfer at the aromatic ring is the exclusive initial pathway
in a multi-step sequence, which ultimately leads to nitroaromatic compounds 6. In the
reaction of NO3• with tryptophan 5 tricyclic products 7 and 8 are formed through an
intramolecular, oxidative cyclization involving the amide moiety. In addition to this, strong
indication for formation of N-nitrosamides was obtained, which likely result from reaction
with N2O4 through an independent non-radical pathway.

References:
[1] H.Bayram, R.J. Sapsford, M.M. Abdellaziz, O.A. Khair, J. Allergy Clin. Immunol. 2001, 107, 287.
[2] J.M. Peters, E. Avol, W.J. Gauderman, W.S. Linn, W. Navidi, S.J. London, Am. J. Respir. Crit. Care
Med. 1999, 159, 768; R.W. Atkinson, H.R. Anderson, D.P. Strachan, J.M. Bland, S.A. Bremner, A.
Ponce de Leon, Eur. Respir. J. 1999, 13, 257; J. Sunyer, X.Basagana, J. Belmonte, J.M. Anto,
Thorax 2002, 57, 687.
[3] D.C.E. Sigmund, U. Wille, Chem. Commun. 2008, 2121.
[4] C. Goeschen, N. Wibowo, J.M. White, U. Wille, Org. Biomol. Chem. 2011, 9, 3380.
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Precision spectroscopy of the 207Pb19F molecule:
towards the measurement of P-odd and T-odd effects
J.-U. Grabow1, L. D. Alphei1, R. J Mawhorter2, B. Murphy2, A. Baum2, T. J. Sears3, T. Zh.
Yang4, P. M. Rupasinghe4, C. P. McRaven4, and N. E. Shafer-Ray4
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Gottfried-Wilhelm-Leibniz-Universität, Institut für Physikalische Chemie und Elektrochemie,
Hannover, Germany.
2

Pomona College, Department of Physics and Astronomy, Claremont CA, USA.
3

4

Brookhaven National Laboratory, Chemistry Department, Upton NY, USA.

University of Oklahoma, Homer L. Dodge Department of Physics and Astronomy, Norman
OK, USA.

Heavy paramagnetic diatomics enhance interactions that exhibit violation of discrete
symmetries. Its extent may help to differentiate between the Standard Model (SM) and
alternate theories of matter. One reason is that such molecules have closely spaced levels of
opposite parity, allowing states of mixed parity to be accessible at laboratory-strength
electromagnetic fields. In addition, nuclear interactions grow in strength with mass,
enhancing both nuclear effects that are odd upon the inversion of spatial symmetry (P-odd)
and/or reversal of time (T-odd). Finally, the orbit of an unpaired electron becomes highly
relativistic, providing linear sensitivity to an electron electric dipole moment (e-EDM), even
though the average electric field must be zero. Since the SM's prediction is negligible, any
observed e-EDM / 0 is direct evidence for "New Physics" beyond the SM.
The current limit on e-EDM (1.6010-27 e·cm) is the result of the probe of the Tl atom [1]. In
recent years, probes of PbO*, YbF, HfF+, WC, and ThO* that exploit the sensitivity of heavy
diatomic molecules to an e-EDM have been reported. Although these efforts have yet to yield
a significant limit, continual advances in experimental methods may soon change this
situation. We will point to advantages of the PbF molecule, which has an intrinsic sensitivity
to the e-EDM that is roughly equal to that of YbF, PbO*, and HfF+ and roughly 1/3 the
sensitivity of WC and ThO*. The ground state of PbF is sensitive to an e-EDM so that the
coherence time is not lifetime limited as it is for the PbO* (0.1 ms [2]) and ThO* (1 ms [3]).
As a 2-1/2 system, similarly to the 3$1 states of WC, ThO*, and HfF+, the contribution to the
magnetic moment due to the electronic orbital angular momentum roughly cancels the
contribution due to the unpaired electron spin angular momentum. Thus, the g-factor of a
polarized PbF molecule is small (~0.04), greatly easing the requirements on the control of
magnetic fields needed for a precise e-EDM experiment.
The complex hyperfine structure of the 207Pb19F isotopolog allows for nearly-degenerate
states of opposite parity. Here we present an analysis of spectra obtained using a COBRA
Fourier transform microwave spectrometer at the Gottfried-Wilhelm-Leibniz-Universität
Hannover and derive molecular constants that describe the hyperfine split spin-rotational
levels of the ground state of PbF. This knowledge is critical to the design and interpretation of
ongoing efforts to use PbF in an e-EDM measurement.
References:
[1] B. C. Regan, E. D. Commins, C. J. Schmidt, D. DeMille Phys. Rev. Lett. 88, 071805 (2002).
[2] D. DeMille, F. Bay, S. Bickman, D. Kawall, D.Krause Jr, S. E. Maxwell, and L. R. Hunter, Phys.
Rev. A 61, 52507 (2000).
[3] E. R. Meyer and J. L. Bohn, Phys. Rev. A 78, 10502R (2008).
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Fourier transform microwave spectroscopy of Yttrium and
Scandium radicals
DeWayne T Halfen1, Jie Min1, Gilles Adande1, Lucy M. Ziurys1
1

Departments of Chemistry and Astronomy, Arizona Radio Observatory, Steward
Observatory, University of Arizona, Tucson, AZ USA

We have recently measured the pure rotational spectrum of several scandium and yttriumcontaining species, using Fourier transform microwave (FTMW) spectroscopy in the range 4
– 40 GHz [1]. These molecules include YC2 [2], YOH [3], YS [4], ScO [4], and ScS [4].
These data are the first pure rotational measurements for these radicals. All of these species
were produced using laser ablation of an yttrium or scandium rod to generate gas-phase metal
vapor. YC2, ScO, and ScS were created using Discharge-Assisted Laser Ablation
Spectroscopy (DALAS), which combines laser ablation with a pulsed DC discharge [5]. For
YC2 (X2A1), three rotational transitions (N = 1 / 0, 2 / 1, and 3 / 2) in the Ka = 0 ladder
only have been recorded, each exhibiting fine structure, as well as hyperfine splittings due to
the yttrium nuclear spin of I(89Y) = 1/2. Methane was found to be the best precursor gas for
this species, not acetylene. The Y12C2, Y13C12C, and Y13C2 isotopologues were measured to
refine the structure of this interesting metal dicarbide, r(Y-C) = 2.195 Å, r(C-C) = 1.270 Å,
and 0(CYC) = 33.6o. A carbon-carbon double bond was found for YC2, with single Y–C
bonds. From the hyperfine constants, it appears that the unpaired electron primarily resides
on the yttrium atom in YC2. Millimeter/submillimeter measurements are now underway for
this molecule, which will include higher Ka components and will determine accurate
rotational and centrifugal distortion parameters. The two lowest rotational transitions of YOH
and YOD (X1#+) were also recorded. These species were created from yttrium vapor and
H2O or D2O. From these data, the structure of YOH has been accurately determined. Only
single bonds are present in YOH, but the Y–O bond is significantly longer than in YO [6],
which suggests that the latter species has a double bond. Four rotational transitions (N = 1 /
0, 2 / 1, 3 / 2, and 4 / 3) were measured for YS (X2#+), each with resolved fine and
hyperfine structure. ScO and ScS were created from ablated scandium vapor and N2O or H2S,
respectively, in the FTMW spectrometer. The lowest rotational transition N = 1 / 0 near 31
GHz was observed for ScO (X2#+) in the v = 0 and 1 states; fine and Sc hyperfine structure,
I(45Sc) = 7/2, was resolved in these data. Multiple fine and hyperfine lines were also
measured for ScS (X2#+) over the three lowest rotational transitions. Rotational, fine
structure, and hyperfine constants were established for these species, as well as bond lengths,
which gives insight into the bonding properties of these radicals. ScO is of interest to
astrophysics because of its presence in stellar atmospheres.
References:
[1] M. Sun, A. J. Apponi, L. M. Ziurys, J. Chem. Phys. 130, 034309 (2009).
[2] D. T. Halfen, J. Min, L. M. Ziurys, in preparation.
[3] D. T. Halfen, M. Bucchino, L. M. Ziurys, in preparation.
[4] G. Adande, D. T. Halfen, J. Min, L. M. Ziurys, in preparation.
[5] M. Sun, D. T. Halfen, J. Min, B. Harris, D. J. Clouthier, L. M. Ziurys, J. Chem. Phys. 133, 174301
(2009).
[6] J. Hoeft, T. Törring, Chem. Phys. Lett. 215, 367 (1993).
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Interaction of the NO2 radical with ice surface
S. Riikonen, P. Zaleski-Ejgierd, R. Timonen, L. Halonen
Laboratorium of Physical Chemistry, BO Box 55 (A.I. Virtasen aukio 1), FIN-00014
University of Helsinki, Finland
Free radicals are important in atmospheric chemistry of troposphere and stratosphere of Earth.
Many chemical reactions involving these are considered to occur in the gas phase but recently
there have been more interests on phenomena occurring on surfaces including ice surfaces.
This is timely because computational methods for surfaces have been developed.
NO2 is one of the most important radicals in the atmosphere. Its hydrolysis produces nitrous
acid (HONO), which is the main source of OH radical in the lower atmosphere. It is also
known that HONO formation is enhanced on water and ice surfaces (See Refs. 1,2,3 and
references therein).
We study the interaction of NO2 with the hexagonal ice (ice Ih) basal plane. This orientation
of ice Ih, together with the prism facet, is one of the most habitual ice surfaces in nature. It is
also present in the polar stratospheric clouds where ice particles are known to act as catalysts
[4].
According to our density functional theory (DFT) calculations, NO2 is strongly bonded to the
ice surface (gaining even approx. 1.5 eV (34.6 kJ/mol)) upon adsorption, while its migration
barrier on the surface is small (only about tens of meV). Our results then indicate that the ice
surface acts as a sink for NO2 molecules and these molecules are mobile on the surface.
The phenomena of NO2 adsorption on the surface of ice are studied in detail. In particular,
NO2 is stabilized on the surface such that some negative charge is transferred to NO2. Details
leading to this phenomenon, such as the interaction of NO2 molecular orbitals with the ice
surface electronic states will be discussed.
References:
[1] B. J. Finlayson-Pitts, L. M. Wingen, A. L. Sumner, D. Syomin, K. A. Ramazan, Phys. Chem. Chem.
Phys. 5, 223 (2003).
[2] A. L. Goodman, G. M. Underwood, V. H. Grassian, J. Phys. Chem. A 103, 7217 (1999).
[3] S. Sato, D. Yamaguchi, K. Nakagawa, Y. Inoue, A. Yabushita, M. Kawasaki, Langmuir 16, 9533
(2000).
[4] M. J. Molina, Angew. Chem. Int. Ed. Engl. 35, 1778 (1996).

65

Posters A – Monday Night

P1 - 20.

Hankel

Quantum mechanical study of deep well reactions: S(1D)+HD and
H++D2
M. Hankel1, S. C. Smith,1 H. Yang,2 K.-L. Han,2 G. C. Schatz,3 F. J. Aoiz4
1

Centre for Computational Molecular Science, Australian Institute for Bioengineering and
Nanotechnology, The University of Queensland, QLD 4072, Australia
2

State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, Dalian 116023, China
3

4

Department of Chemistry, Northwestern University, Evanston IL 60208-3113, USA
Departamento de Quimica Física I, Facultad de Quimica, Universidad Complutense, 28040
Madrid, Spain

We present integral and differential cross sections as well as product state distributions for the
S(1D) + HD and H+ + D2 reactions obtained from quantum mechanical calculations
employing the DIFFREALWAVE code [1-3]. We employ the ground adiabatic electronic
state potential energy surface of Ho et al. [4] for S(1D) + HD and Kamisaka et al. [5] for H+ +
D2. The integral cross-sections decrease with energy and we find cold vibrational distributions
and highly inverted rotational distributions for both reactions. For both reactions the
differential cross sections oscillate strongly with energy. Our differential cross sections for
both product channels of the S(1D) + HD reaction at the experimental energies compare well
to the experimental results [3,6]. Coriolis coupling is found to be important especially for the
SD + H product channel [6]. Coriolis coupling is also important in the H+ + D2 reaction
dynamics and truncating the couplings leads to an overestimation of the exact results.
However, we also find that the features of the integral cross section are well reproduced as
well as the product rotational state distributions if the maximum helicity state is chosen
carefully [7].
References:
[1] M. Hankel, S. C. Smith, R. J. Allan, S. K. Gray and G. G. Balint-Kurti, J. Chem. Phys. 125, 164303
(2006).
[2] M. Hankel, S. C. Smith, S. K. Gray and G. G. Balint-Kurti, Comput. Phys. Commun. 179, 569
(2008).
[3] H. Yang, K.-L. Han, G. C. Schatz, S.-H. Lee, K. Liu, S. C. Smith and M. Hankel, Phys. Chem.
Chem. Phys 11, 11587 (2010).
[4] T.-S. Ho, T. Hollebeek, H. Rabitz, S. D. Chao, R. T. Skodje, A. S. Zyubin and A. M. Mebel, J.
Chem. Phys. 116, 4124 (2001).
[5] H. Kamisaka, W. Bian, K. Nobusada and H. Nakamura, J. Chem. Phys. 116, 654 (2002).
[6] H. Yang, K.-L. Han, G. C. Schatz, S. C. Smith and M. Hankel, Phys. Chem. Chem. Phys. 12, 12711
(2010).
[7] M. Hankel, Phys. Chem. Chem. Phys. 13, 7948 (2011)
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UV-Vis action spectroscopy of room temperature protonated
haloanilines
Christopher S. Hansen1, Benjamin B. Kirk1, Richard A. J. O’Hair2, Stephen J. Blanksby1,
Adam J. Trevitt1
1

School of Chemistry, University of Wollongong, NSW 2522 Australia
2

School of Chemistry, University of Melbourne, VIC 3010 Australia

We have developed an instrumental setup for investigating the UV-Vis photodissociation
efficiency of trapped ions by bringing together a mid-band tunable OPO laser (220 nm – 2.5
µm) and a modified, commercial stretched-linear quadrupole ion trap. Here we report
preliminary photodissociation studies of various protonated haloanilines (including Cl, Br and
I analogues).
Ions are generated using electrospray ionization and good yields of protonated anilines are
observed employing methanolic solutions. Using the linear ion trap, unwanted ions are
scanned out of the trap such that only the desired m/z is confined. Next, a single OPO laser
pulse irradiates the trapped ion population. Careful synchronization of the ion trap cycles and
OPO laser pulse train ensures that only one, and always one, laser pulse irradiates an ion
sample in the trap. The irradiated ion cloud is then scanned out of the trap for mass
spectrometric analysis and any fragment ions are examined to infer the relative
photodissociation yield. The use of an ion trap allows for tandem MS cycles allowing
versatile experiments that elucidate the structure of any fragments.

Fig 1: Simplified schematic of the experimental arrangement.

Protonated haloanilines exhibit several dominant fragmentation channels, including halogen
loss, ammonia loss and hydrogen loss. This makes them excellent model compounds for
studying UV-vis photodissociation dynamics of both benzenamines and phenyl halides. Both
molecular families exhibit strong UV-vis absorbances for 1* + 1 transitions to bound excited
states but much weaker absorbances for 2* + 1 and 2* + n transitions to dissociative excited
states. We present an effective method for exploring such excited states and compare our
results to excited state calculations and those available in the literature for neutral
benzenamines and phenyl halides.
In this poster the experimental setup will be explained in further detail and action spectra of
various haloanilines will be presented and discussed.
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Photodissociation spectroscopy of hydrated metal ions in the
temperature-variable trap
Haruki Ishikawa, Takumi Nakano, Toru Eguchi, Takuya Shibukawa, Kiyokazu Fuke
Department of Chemistry, Graduate School of Science, Kobe University, Rokko-dai, Nada-ku,
Kobe, Japan
Owing to the progresses of infrared spectroscopy and theoretical calculations on gas-phase
molecular clusters, detailed solvation structures of various systems, especially of hydrogenbonded systems, have been revealed. One of the problems remained in studies on
microscopic solvation or hydration is a temperature dependence of solvation structures. For
this purpose, it is necessary to carry out spectroscopic measurements of temperaturecontrolled hydrated ions. Recently, many researchers utilized vaporization of Ar atoms
attached to clusters to cool down their temperature. Another method for controlling
temperature of cluster ions is a buffer-gas cooling in a cold ion trap. We have used this
technique to reveal the temperature effect on the protonated peptides [1, 2]. In the present
study, we have utilized this technique to control temperature of hydrated metal ions in a wide
temperature range. As the first step of our study, we have measured photodissociation spectra
of hydrated calcium ions to evaluate the temperature of the ions in our temperature-variable
ion trap.
The 0-0 band of the 2B1-2B2 transition of Ca+-H2O is measured in several temperature
conditions. When the temperature of the trap is set to 23 K, rotational K-structures are well
resolved similar to that observed by Duncan and coworkers in a jet-cooled condition [3]. We
have confirmed by the rotational analysis that the ions are cooled down to about 30 K. It is
found that the K-structures are still partially resolved at 100 K whereas they are not resolved
at 300 K. The present measurements well demonstrates the capability of our apparatus to
investigate the temperature effect on the hydration structure of metal ions. In the course of
the rotational analysis, we found that the rotational-level dependent predissociation in the 2B1
state probably through the low-lying electronic states which correlate to the Ca+(2D) + H2O.
Currently, measurements of larger clusters are in progress and the results will be presented in
the paper.
References:
[1] A. Fujihara, H. Matsumoto, Y. Shibata, H. Ishikawa, K. Fuke, J. Phys. Chem. A 112, 1457 (2008).
[2] A. Fujihara, N. Noguchi, Y. Yamada, H. Ishikawa, K. Fuke, J. Phys. Chem. A 113, 8169 (2009).
[3] C. T. Scurlock, S. H. Pullins, J. E. Reddic, M. A. Duncan, J. Chem. Phys. 104, 4591 (1996).
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The photolysis and photoionization of benzene trapped in solid
neon
Marilyn E. Jacox, Warren E. Thompson
Optical Technology Division, National Institute of Standards and Technology,
Gaithersburg, MD 20899-8441, U.S.A.
When a solid solution of benzene in a large excess of neon is exposed to the 254-nm output of
a medium-pressure mercury arc, prominent infrared absorptions of fulvene and o-benzyne
appear. On prolonged photolysis, propyne absorptions grow substantially. Analogous
experiments using benzene-d6 yield the first infrared spectral data for fulvene-d6, for which
the positions of the most prominent absorptions agree well with those predicted by density
functional calculations. Studies in which the benzene is exposed to 10.2 eV or to 16.6 to
16.85 eV radiation have also been conducted. At these energies, ionization may occur. In
addition to absorptions of the same products as those obtained on 254-nm photolysis, new
absorptions appear. The carriers of these new peaks include the benzene cation and the
benzene dimer cation. Absorptions of the benzene cation lie close to the gas-phase positions
previously reported. These experiments yield the first identification of mid-infrared
absorptions of the benzene dimer cation.
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Spectroscopy of the H3+ -system based on a new improved PES
Ralph Jaquet
Theoretische Chemie, Universität Siegen, D-57068 Siegen, Germany
Highly accurate calculations for rovibrational states of H3+ are based on ab initio calculations
using explicitly correlated wavefunctions (Gaussian Geminals and CI-R12). Within the last
15 years the quality of the potential energy surface (PES) has been improved, and further
contributions, needed for dynamics investigations, i.e. adiabatic, non-adiabatic corrections
and relativistic effects, have been provided [1]. For triatomic systems the PES of H3+ is the
most accurate one, but for rovibrational spectroscopy a highly accurate PES was only
available for a local region around the minimum. The rovibrational spectra of H3+ (singlet
state) and its isotopomers had been investigated by us in a very detailed way, including
adiabatic and relativistic corrections [1]. Non-adiabatic couplings had been simulated using
different masses for vibration and rotation, so that the deviation to experiment could be
reduced to a few hundredths of a wavenumber. This is only correct for frequencies below
10000 cm-1 (i.e. below the barrier to linearity).
Recently the PES of the electronic ground state had been expanded to give a highly reliable
form of the topology of the surface far beyond the barrier to linearity [2, 3]. In this work we
present new results for the global PES of the ground state (similar work is in progress for the
next electronically excited states based on the CI-R12 method with similar accuracy as for the
ground state). Adiabatic and non-adiabatic couplings are also available. Because a high
quality fit of a PES in many dimensions needs more ab initio points then can be provided
easily we present preliminary results of rovibrational energies up to the dissociation limit
which will clarify the quality of different functional forms used for the fit of the PES. The
RMS-value of the fit does not provide precise information about the interpolatory behaviour
of the fit functions.
Whereas scattering calculations do need less accurate PESs and nonadiabatic couplings
compared to rovibrational spectroscopy, nonadiabatic investigations of rovibrational
frequencies within the systems H2+, H2 and H3+ can be performed by using distance dependent
effective masses. In the case of H2+ and H2 we developed a non-adiabatic theory in terms of a
single potential energy surface [4]. Our main interest is to use these new ideas for taking into
account the effects of non-adiabaticity on the rovibrational spectrum of H3+ and its
isotopomers. Within a perturbative approach we investigate the influence of the operator of
nuclear kinetic energy of a triatomic molecule on the electronic wavefunction. Details of the
topology of distance dependent effective reduced masses needed for H3+ will be presented.
References:
[1] W. Kutzelnigg, R. Jaquet, Phil. Trans. R. Soc. Lond. A 364, 2855 (2006).
[2] R. A. Bachorz, W. Cencek, R. Jaquet, J. Komasa, J. Chem. Phys. 131, 024105 (2009).
[3] R. Jaquet ,Theor. Chem. Acc. 127, 157 (2010).
[4] R. Jaquet, W. Kutzelnigg, Chem. Phys. 345, 69 (2008).
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Optical-optical double resonance of triplet acetylene
Yuri Tahara, Hideto Kanamori
Tokyo Institute of Technology, Ohokayama Meguro-ku, Tokyo, Japan
One thousand lines of triplet metastable acetylene in cis-bent configuration have been
observed by high resolution near infrared diode laser absorption spectroscopy. Those
transitions are corresponds to T2 (d A2)- T1(a B2) transition, but the assignment of rotation and
fine structure is not yet completed for the normal isotope species C2H2. Indeed, the spectrum
line density reaches up to 30 lines/cm-1, despite its Doppler linewidth is 0.03 cm-1. However,
the difficulty in assignment does not come from the congestive spectrum. Actually, two times
higher density spectrum of deuterated acetylene C2D2 has been successfully fitted with a
typical asymmetric rotor Hamiltonian with spin-spin interaction. In case of C2H2, an unknown
perturbation disturbs a typical spectral pattern of asymmetric rotor with fine structures,
especially transitions involving in some low Ka state. A computer aided searching for
combination difference could not restrict strong candidates from thousands of possible
combinations. So we decide to bring in Optical-Optical Double Resonance technique for
getting more experimental information for the assignment.
The triplet acetylene was prepared by mercury photo-sensitized reaction of the ground state
singlet acetylene. In order to detect a short lived species like T1 state, we adapted kinetic
spectroscopy using µs flashed mercury lamp. As a pumping laser for OODR, we used the 2nd
stokes line of a pulsed dye laser through a hydrogen Raman shifter. The power at 1.3 µm was
20 µJ when 15 mJ of the dye(DCM) laser was introduced into Raman shifter. It is necessary
to use White-type cell with 40 m path length for detecting the probing transition of OODR.
The pumping laser was overlapped with the probing laser by using a polarized beam splitter.
Fig. 1 shows the transitions used for OODR. Fig. 2 shows time profile of probing laser, in
which OODR signal appears only 0.2 µs just after the pumping laser. On the other hand, as
seen in Fig.3, frequency domain OODR spectrum was obtserved by scanning the pumping
laser frequency around the R(600) transition, while the probing laser was fixed to the Q(600)
transition. The linewidth of the spectrum is determined by the dye laser. Similarly, Doppler
limited OODR spectrum is observed by scanning the probe laser, while the pumping laser is
fixed to R(600). This success in OODR is very promising for solving the assignment problem.

Fig 1. Transitons used in this
OODR expriment

Fig 2. Time profile of OODR signal
appeared in the probed singnal. The
pumping laser is fired at t=0

Fig 3. OODR spectrum obtained by scannig pump laser
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Rotationally-resolved high-resolution laser spectroscopy and the
Zeeman effects of the B 2E′←X 2A2′ transition of NO3
radical
Shunji Kasahara1, Kohei Tada1, Masaaki Baba2, Takashi Ishiwata3, Eizi Hirota4
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Molecular Photoscience Research Center, Kobe University, Kobe, 657-8501, Japan
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Graduate School of Science, Kyoto University, Kyoto, 606-8502, Japan

Faculty of Information Sciences, Hiroshima City University, Hiroshima 731-3194, Japan
4

The Graduate University for Advanced Studies, Kanagawa 240-0193, Japan

The nitrate radical NO3 has been known as an important intermediate in chemical reaction in
the night atmosphere [1]. 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. [2], but the rotational
assignment is still remained because the spectrum is too complicated. In this work,
rotationally-resolved high-resolution fluorescence excitation spectrum of the 0-0 band of the
NO3 B 2E' + X 2A2' transition has been observed by crossing a single-mode laser beam
perpendicular to a collimated molecular beam in the range of 15080-15135 cm-1. NO3 radical
was formed by the heat decomposition of N2O5 ; N2O5#NO3+NO2. We have also measured
the high-resolution fluorescence excitation spectra of several vibronic bands of the NO2 A 2B2
+ X 2A1 transition which reported in the 15080-15135 cm-1 region [3], and confirmed the
NO2 signals were negligibly small compare to the NO3 signals in this region. The typical
observed line width was 20 MHz, and the absolute wavenumber was calibrated with accuracy
of 0.0001 cm-1 by measurement of the Doppler-free saturation spectrum of iodine molecule
and fringe pattern of the stabilized etalon. We assigned a part of the observed rotational lines
by using the combination differences in the ground state that were derived from precise
molecular constants reported in Ref [4]. Additionally, we have observed the change of the
spectra with magnetic field. The observed Zeeman splitting is useful to unambiguous
assignment, and several bands were found in the observed region. It suggests the B 2E'(#'=0)
level is interacts with the other vibronic levels.
References:
[1] R. P. Wayne, et. al., Atmos. Environ. Vol. 25A, 1 (1991).
[2] R. T. Carter, K. F. Schmidt, H. Bitto, and J. R. Huber, Chem. Phys. Lett. 257, 297 (1996).
[3] R. E. Smalley, L. Wharton, and D. H. Levy, J. Chem. Phys. 63, 4977 (1975).
[4] K. Kawaguchi, T. Ishiwata, E. Hirota, and I. Tanaka, Chem. Phys. 231, 193 (1998)
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Investigating the stability of carboxylate radical anions.
Benjamin B. Kirk, Adam J. Trevitt Stephen J. Blanksby
School of Chemistry, University of Wollongong, NSW, Australia
Unlike singly charged anions, dicarboxylate dianions show unique reactivity due to a socalled ‘repulsive Coulomb barrier (RCB)’ that results in an electron affinity higher than their
electron binding energy (shown below). Extensive studies by Lai-Sheng Wang and coworkers have employed photoelectron spectroscopy (PES) and velocity map imaging (VMI)
to probe the RCB relative to the structure of linear dicarboxylate dianions. Photolysis of
aliphatic dicarboxylate dianions (-O2C-(CH2)n-CO2-) was found to result not only in energetic
electrons due to primary electron detachment but near-zero electron kinetic energy (ZEKE)
electrons which were proposed to occur due to secondary decarboxylation and
autodetachment. In contrast, while a similar distance separates the carboxylate groups of
acetylene dicarboxylate, photolysis resulted in no ZEKE electrons suggesting distinct
behaviour of the nascent radical anion.
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In this study we have investigated the stability of the dicarboxylate radical anions formed by
collision induced dissociation (CID) and 266 nm laser photodissociation (PD) of acetylene
(A) and ethane (B) dicarboxylate dianions within a linear ion-trap mass spectrometer
(ThermoFisher LTQ, San Jose USA). We probe charged products arising subsequent to
electron detachment. CID and PD of dianion A result in a major ion corresponding to the
decarboxylated monoanion, in addition to a broad feature consistent with formation of the
intact dicarboxylate monoanion. Isolation of this species for varying times results in its
decarboxylation suggesting it is metastable. In contrast, CID and PD of dianion B resulted in
a major ion consistent with CH2CO-• arising due to ejection of CH2CO3-•. In this case, there
was no evidence for CO2 loss or the intact dicarboxylated monoanion, instead, minor ions
consistent with secondary decarboxylation were observed. These results are in agreement with
predictions of Wang and co-workers suggesting that A and B undergo decarboxylation
subsequent to electron detachment. Decarboxylation of dianion A results in a stable radical
anion, while decarboxlyation of dianion B results in an unstable ion, which readily undergoes
further degradation.
References:
[1] Xiao-Peng Xing, Xue-Bin Wang, Lai-Sheng Wang, J. Phys. Chem. A, 114, 4524 (2010)
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Confirmation of the electronic ground state of the FeCN (X4$ i)
radical and its detection in IRC+10216
Lindsay N. Zack, Jie Min, DeWayne T. Halfen, Brent J. Harris, Michael A. Flory, and Lucy
M. Ziurys
Departments of Chemistry and Astronomy, Steward Observatory, Arizona Radio Observatory,
University of Arizona, Tucson, AZ, 85721, USA
Metal atoms can attach to the CN moiety to produce three stable geometries: a linear cyanide
MCN, a linear isocyanide MNC, or a T-shaped structure. For several years, the lowest energy
isomer and electronic ground state of the iron cyanide radical have been topics of debate. A
laser-induced fluorescence study of one spin component of this radical indicated that the
isocyanide, FeNC, in an X6$i ground electronic state was lowest in energy [1]; later
computational studies agreed with these findings [2-4]. These results, however, were
contradicted by more recent measurements of the pure rotational spectra of both FeCN and
FeNC using millimeter/submillimeter direct-absorption techniques, which indicated that the
linear cyanide, FeCN, in an X4$i ground electronic state lay lowest in energy, based on
measurements of four spin components; several excited vibrational states and four
isotopologues were also observed [5]. Additionally, the lowest spin component (1 = 9/2) of
FeNC (X6$i) was also recorded. For that work, FeCN and FeNC were synthesized by reacting
Fe(CO)5 and (CN)2 in the presence of an AC discharge. Thus, the question of the lowest
energy isomer and ground state of this radical remained open.
Recently, measurements of the J = 9/2 / 7/2 transition of FeCN in the 1 = 7/2 ladder near 36
GHz were made using Fourier-transform microwave (FTMW) techniques [6]. Here, FeCN
was produced from the reaction of laser-ablated iron and (CN)2 in a DC discharge. Three
hyperfine components, due to the nitrogen nuclear spin (I = 1), were observed in the spectrum.
A global fit with the millimeter/submillimeter data was performed, and nitrogen hyperfine
constants were determined. The FTMW work confirms that FeCN (X4$i) is indeed the lowest
energy isomer of this radical.
FeCN has subsequently been detected in the circumstellar envelope of the carbon-rich star
IRC+10216 [7]. Eight rotational transitions were observed down to a 1-2 mK level using the
Arizona Radio Observatory 12 m telescope on Kitt Peak; five rotational transitions appeared
as unblended or partially blended features, the rest were contaminated by other spectral lines.
The column density and rotational temperature derived for FeCN are Ntot = 8.6 2 1011 cm-2
and Trot = 21 K, respectively. The fractional abundance of this molecule is [FeCN]/[H2] ~ 2-7
2 10-10, comparable to that of other metal cyanide species detected in IRC+10216. FeCN is
the first iron-bearing conclusively molecule detected in the interstellar medium.
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[1] J. Lie and P.J. Dagdigian, J. Chem. Phys. 114, 2137 (2001).
[2] N.J. DeYonker, Y. Yamaguchi, W.D. Allen, C. Pak, H.F. Schaefer III, and K.A. Peterson, J. Phys.
Chem. 120, 4726 (2004).
[3] T. Hirano, R. Okuda, U. Nagasima, V. Spirko, and P. Jensen, J. Mol. Spectrosc. 236, 234 (2006).
[4] V.M. Rayón, P. Redondo, H. Valdes, C. Barrientos, and A. Largo, J. Phys. Chem. A 111, 6334
(2007).
[5] M.A. Flory and L.M. Ziurys, in preparation.
[6] L.N. Zack, J. Min, D.T. Halfen, B.J. Harris, M.A. Flory and L.M. Ziurys, in preparation.
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New zinc-containing free radicals: millimeter and Fourier
transform microwave studies of ZnSH (X2A') and ZnCCH
(X2# +)
Jie Min, Matthew P. Bucchino, Gilles R. Adande, DeWayne T. Halfen and Lucy M. Ziurys
Departments of Chemistry and Astronomy, Steward Observatory, Arizona Radio Observatory,
University of Arizona, Tucson, AZ, 85721, USA
It has often been assumed that zinc, having no unpaired electrons, is an uninteresting and
unreactive metal. However, rotational spectra of several zinc-containing free radicals have
been measured over the past few years, including diatomics such as ZnF (X2#+) [1], and ZnCl
(X2#+) [2], the linear ZnCN (X2#+) [3], and the asymmetric top ZnOH (X2A') [4]. This metal
has also been found to create unusual insertion products such as HZnCH3 [5] and HZnCN [6].
From these studies, it is clear that zinc can, in fact, react with a variety of ligands to form
interesting free radicals and other unstable species.
Recently, direct-absorption and Fourier-transform microwave (FTMW) techniques have been
used to measure the spectra of two new zinc-bearing radicals in the frequency range 4 – 500
GHz: ZnSH (X2A') [7] and ZnCCH (X2#+) [8]. In the millimeter-wave direct-absorption
studies, these molecules were generated by the reaction of zinc vapor, produced in a Broidatype oven, with either HCCH or H2S under DC discharge conditions. Discharge Assisted
Laser Ablation Spectroscopy (DALAS) was used to synthesize these species in the FTMW
system, with identical precursors except ablation of a zinc rod created the metal vapor. The
spectrum of ZnSH clearly shows a K-ladder structure, indicating Cs symmetry (i.e. a bent
structure), with each K-component split into spin-rotation doublets separated by ~130-140
MHz. Spectra of several isotopologues were recorded as well (64ZnSH, 66ZnSH, 68ZnSH, and
64
ZnSD). Rotational, spin-rotation, and hyperfine (due to the hydrogen nuclear spin, I = 1/2)
constants were determined for the various species, and an r0 structure has been calculated. The
Zn-S-H bond angle is near 90 degrees, indicating that the Zn-S bond involves the p orbital on
sulfur. In contrast, the ZnCCH radical was found to be a linear molecule in a 2(+ ground state.
Spectra of the main isotopologue, 64ZnCCH, were recorded, as well as for the isotopicallysubstituted species 66ZnCCH, 68ZnCCH, 64ZnCCD, and 64Zn13C13CH. Hyperfine structure
due to H, D (I = 1), and 13C (I = 1/2) was resolved in the FTMW experiments. Rotational,
spin-rotation, and hyperfine parameters have been determined, and an rm(1) structure
calculated. These results indicate that the unpaired electron resides on the zinc atom, and that
there is a C-C triple bond and single C-H and Zn-C bonds. These works are the first studies of
ZnSH and ZnCCH by any spectroscopic technique. In either case, it is possible that zinc
insertion into C-H and S-H bonds led to the formation of these radicals.
References:
[1] M.A. Flory, S.K. McLamarrah, L.M. Ziurys, J. Chem. Phys. 125, 19304 (2006).
[2] E.D. Tenenbaum, M.A. Flory, R.L. Pulliam, L.M. Ziurys, J. Mol. Spectrosc. 244, 143 (2007).
[3] M.A. Brewster, L.M. Ziurys, J. Chem. Phys. 117, 4853 (2002).
[4] L.N. Zack, M. Sun, M.P. Bucchino, D.J. Clouthier, L.M. Ziurys, in preparation.
[5] M.A. Flory, L.N. Zack, L.M. Ziurys, J. Am. Chem. Soc. 132, 17186 (2010).
[6] M. Sun, A.J. Apponi, L.M. Ziurys, J. Chem. Phys.130, 034309 (2009)
[7] M.P. Bucchino, G.R. Adande, L.M. Ziurys, in preparation.
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Rearrangement of triplet nitrenes and carbenes to triplet 1,5biradicals
Curt Wentrup and David Kvaskoff
School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane Qld
4072, Australia
Several aromatic and heteroaromatic nitrenes and carbenes (2) undergo photochemical
rearrangement to triplet 1,5- (1,7-)-biradicals 3 in Ar matrices at ca. 10 K as investigated by
IR, UV, and ESR spectroscopy of their triplet states (Type II ring opening [1]). The nitrenes
and carbenes are generated by photolysis of suitable precursors, usually azides, tetrazoles,
triazoles, or diazo compounds. Moreover, suitably constructed nitrenes and carbenes can
interconvert, both thermally and photochemically, as has also been observed directly by IR
and ESR spectroscopy (e.g. 1 " 2). In addition, ring opening to arylnitrenes and arylcarbenes
4 and to nitrile ylides 5 (Type I ring opening) can be observed in some cases [1,2]. The
mechanisms of the reactions have been elucidated.
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As an example, an ESR spectrum of the biradical 3 and nitrene 4 formed from 2quinazolylnitrene 2 (X,Y,Z = N, W = CH) is shown:

References:
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Fourier-transform microwave spectroscopy of the CCO
isotopomers
Kaori Kobayashi1, Shuji Saito2, Yoshihiro Sumiyoshi3,4, Yasuki Endo3
1

Department of Physics, University of Toyama, 3190 Gofuku, Toyama 930-8555, Japan
Far-Infrared Research Center, Fukui University, 3-9-1 Bunkyo, Fukui, Fukui, 910-8507, Japan.
3
College of Arts and Sciences, The University of Tokyo, 3-8-1 Komaba, Meguro-ku, Tokyo 153-8902,
Japan
4
Graduate School of Engineering, Gunma University, 4-2, Aramaki-machi, Maebashi city, Gunma
371-8510, Japan
2

The CCO radical is one of the most fundamental molecules among the carbon-chain families
like CnO series. The ground state of CCO has been concluded to be 3#- by various highresolution spectroscopic studies. In 1985, millimeter-wave spectra were reported, where the
molecular constants were determined [1]. Then Fourier-transform (FT) microwave study was
also carried out [2]. On the basis of the reported microwave frequencies, interstellar CCO
was first identified toward TMC-1 in 1991 [3]. Now new radio telescopes are coming, and
high-resolution spectra of even the isotopomers of CCO are highly required from the point of
interstellar carbon-chain chemistry.
In the present study, experiments were carried out with a
conventional FT-MW spectrometer at the University of Tokyo.
Details of the spectrometer have been given elsewhere [4, 5]. The
13 13
C CO isotopomer was produced by a pulsed electric discharge
in 13CO diluted with Ar. A mixture of 12CO and 13CO was used
instead of 13CO to produce C13CO and 13CCO. It was found that
this production was rather unstable. The figure shows an example
of the spectrum (N’, J’, F1’, F’ – N”, J”, F1”, F” = 1, 2, 2.5, 3 – 0,
1, 1.5, 2) of 13C13CO.
The 13C hyperfine structures were resolved for the first time.
Analysis of each isotopomer considering the rotational, centrifugal
distortion, spin-rotation, and hyperfine coupling constants was
carried out. The rs structure was calculated based on these
rotational constants. The bonding nature derived from the obtained
hyperfine constants and those from the new ab initio calculations
are compared with those of CCS isotopomers.
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Radical interrogation techniques
Damian L. Kokkin1, Neil J. Reilly1 and Michael C. McCarthy1
1

Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge MA 02139,
USA

To obtain a complete understanding of complex systems, such as soot production in
combustion or reactive pathways involved in grain growth in the interstellar medium, an
understanding of the key reactive intermediate systems is required. A poster will be presented
on the current techniques employed in the spectroscopy group at the Harvard-Smithsonian
Center for Astrophysics to unravel and characterize such radicals.
Mass resolved optical spectroscopy of a hydrocarbon discharges from precursors including
toluene and 1,6-hepta-di-yne will be presented. Three new hydrocarbon radical species have
been identified in the visible region.
Because it is possible that multiple conformers are present for a given mass, to directly
determine the structure of a system microwave-optical double resonance spectroscopy will be
undertaken. Recently experiments were carried out on the astronomically abundant c-SiCC
and l-H2C3. Preliminary results will be presented from initial efforts to confirm by this
technique that the assignment of some diffuse interstellar bands to l-H2C3 is correct.
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An FTIR study on the catalytic effect of water molecules on the
reaction of CO successive hydrogenation at 3 and 10K
Lahouari Krim, Claire Pirim
Laboratoire de Dynamique, Interactions et Réactivité, Université Pierre et Marie Curie,
CNRS, UMR 7075, case Courrier 49, Bat F 74, 4 Place Jussieu, 75252 Paris, Cedex 05,
France.
The ubiquitous presence of water and the relative high abundance of H2, H and CO molecules
in the interstellar medium motivated numerous studies on their potential interaction. The
reaction of successive hydrogenation of CO is of large interest in astrochemistry because of
its implication in the formation of formaldehyde and methanol in interstellar grains and in
comets.
Ea =15.6 kJ/mol
Ea = 21.9 kJ/mol
CO !!!!!
" HCO !!
" H2CO !!!!!
" CH3O !!
" CH3OH
Ea =18.8 kJ/mol

Ea =20.9 kJ/mol

At 3K, the reaction of CO hydrogenation is frozen at the first step of the reaction. This is due
to H2 molecules shielding the sample to further hydrogenations. This causes a termination for
the reaction at the stage of the formation of HCO and H2CO. At 10 K, H2 cannot condense
and the reaction between CO and H is total. In this case, species such as HCO, H2CO, CH3O
and CH3OH are observed.
The catalytic effect of water on the successive hydrogenation of CO has been investigated by
two methods. The first is the hydrogenation of a CO/H2O surface. The second is a coinjection of (CO/H2O) mixtures and H atoms. Both methods have been performed at 3 and 10
K.
When the hydrogenation of a CO surface is performed at 3 K, no products are observed. In
fact, the presence of solid hydrogen screens the hydrogenation process. However, when
performed at 10 K, the experiment shows that water molecules increase the concentration of
the H2CO and CH3OH species but no trace of intermediates such as HCO and CH3O is
detected.
At 3 and 10K, [(CO/H2O)+H] co-depositions confirm a substantial impact on all by-products
formation. We show that water molecules increase the probability of reactive to encounter H
atoms either physically, or chemically, by raising the number of chemical pathways.
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Investigating the anion X-···(N2)n and radical X•···(N2)n complexes
(X=Cl, Br and I) using anion photoelectron spectroscopy and
ab initio calculations
Kim M. Lapere, Allan J McKinley, Duncan A. Wild
Chemistry, The School of Biomedical, Biomolecular and Chemical Sciences,
The University of Western Australia, Crawley 6009, Australia
Our work focuses on the photoelectron spectra and ab initio calculations of the X-···(N2)n (X =
Cl, Br and I) clusters. Anion photoelectron spectra of these species are recorded using our
recently constructed Time-Of-Flight mass spectrometer coupled to a PhotoElectron
Spectrometer (TOF-PES)[1].
We explore the radical X•···(N2)n clusters via photodetachment of an electron from the anion
complexes. The work samples the reaction potential energy surface for the dimer complex,
and follows the solvation upon increased cluster size.
Fundamental data such as the electron affinities (EA) and cluster stabilisation energies (Estab)
of the clusters are derived from experimental spectra and are compared with ab initio
calculations for the anion and neutral radical monomer species employing MP2 and CCSD(T)
methodologies. We present cluster geometries, vibrational frequencies and energies. The
adiabatic photodetachment energies, predicted from CCSD(T)/aug-cc-pvtz calculations are
used to interpret the spectra. There is a strong correlation between the anion cluster binding
energy (D0) and the experimentally determined stabilisation energy.

Figure 1. Three optimised structures from MP2/aug-cc-pvtz calculations have
been determined for both the Cl-...N2 (anion) and Cl•...N2 (neutral radical)
complexes. Similar geometries are found for the complexes containing
bromine.

References:
[1] Lapere, K. M.; LaMacchia, R. J.; Quak, L. H.; McKinley, A. J.; Wild, D. A. Chemical Physics Letters
2011, 504, 13-19.
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X-Ray FEL-induced double core-hole formation in polyatomic
molecules
P. Salén*, P. van der Meulen*, R.D. Thomas*, H.T. Schmidt*, M. Larsson*, R. Feifel†, M. N.
Piancastelli†, L. Fang‡, T. Osipov‡, B. Murphy‡, P. Juranic‡, N. Berrah‡, E. Kukk3, K. Ueda4,
R. Richter5, K.C. Prince5, J.D. Bozek6, C. Bostedt6, S. Wada6, M. Tashiro7, M. Ehara7 and F.
Tarantelli8
*
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Stockholm University, Physics Department, 106 91 Stockholm, Sweden
Uppsala University, Department of Physics and Astronomy, 751 20 Uppsala, Sweden
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Western Michigan University, Physics Department, Kalamazoo, MI 49008, USA

University of Turku, Department of Physics and Astronomy, 20014 Turku, Finland
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IMRAM, Tohoku University, Sendai 980-8577, Japan
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Sincrotrone Trieste, 34149 Basovizza, Trieste, Italy
'
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SLAC, LCLS, Menlo Park, CA 94025, USA

Institute for Molecular Science, Okazaki 444-8585, Japan

Chemistry Department, University of Perugia and ISTM-CNR, 06123 Perugia, Italy

We use extremely intense, ultrashort soft X-Ray pulses generated by the LCLS X-Ray Free
Electron Laser to investigate the production of molecular double core-hole states by
sequential two-photon X-Ray absorption. The effect of critical LCLS parameters such as the
number of photons per pulse, the pulse duration, and the focal spot size on the photoelectron
and Auger spectra is modeled in detail and the results of these simulations are used as an aid
in the interpretation of the experimental spectra obtained. The emphasis is on double corehole formation in small polyatomic molecules such as CO2.
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Vibrational coupling induced autodetachment in Cl! CH3I
Joshua Lasinski1, Matthew Van Duzor1, Foster Mbaiwa1, Diep Dao1, Nicholas Holtgrewe1,
Richard Mabbs1, Steven J. Cavanagh2, and Stephen T. Gibson2
1

2

Department of Chemistry, Washington University, One Brookings Dr., Campus Box 1134
Saint Louis, Missouri 63130, USA

Research School of Physics and Engineering, The Australian National University, Canberra,
Australian Capital Territory 0200, Australia

A photoelectron velocity map imaging study of the Cl CH3I[1] cluster anion is presented.
Preliminary low-resolution data and comparison with I CH3I photodetachment results indicate
competition between excited state relaxation via electronic and vibrational autodetachment
processes.
!.

!.

To a reasonable approximation, photodetachment from I CH3I can be viewed in terms of an
electron produced from I , which goes on to interact with the CH3I moiety. At sufficient
photon energy, two bands in the photoelectron spectrum are observed, corresponding to the
two lowest lying electronic states of the iodine atom, termed 2P3/2 and 2P1/2. These transitions
are shifted by 0.34 eV due to solvent induced stabilization of the anion compared to the bare
anion. The spin orbit separation of the 2P3/2 and 2P1/2 transitions is preserved at 0.94 eV in the
cluster anion environment within experimental limits. Each band in the cluster anion
photoelectron spectrum also has features associated with vibrational excitation in the CH3I
neutral framework upon photodetachment[2].
!.

!

By extension, similar results might be expected for the
Cl CH3I cluster anion. The spin orbit states of the Cl atom lie
much closer in energy (0.11 eV). Thus we might expect to see
two vibronic bands separated by 0.11 eV. The results for 280
nm photodetachment of Cl CH3I are shown in Fig. 1, with the
280 nm photodetachment of Cl superimposed by shifting the
spectra 0.34 eV to account for the solvent induced
stabilization. The 2P1/2 transition actually lies between two of
the spectral features. The transition spacings are 70 meV,
approximately the same as those observed in low energy
photodetachment of I CH3I. The Cl CH3I spectrum suggests
the vibrational progression is more pronounced than expected
Fig. 1 eBE domain
and apparent suppression of the 2P1/2 channel due to a more
Photoelectron spectra of Cl
rapid relaxation of the Cl excited state possibly caused by
(solid) and Cl !CH3I (shaded)
recorded at 280 nm
stronger vibronic coupling relative to I CH3I. However,
assignment of the spectral features in Cl CH3I detachment is complex due to the high density
of overlapping neutral states. The relatively low spin orbit splitting of the Cl atom coincides
with the vibrational progression of the CH3I moiety. High resolution measurements will be
performed to gain further insight into the Cl CH3I photodetachment dynamics.
!.

!.

!

!

!.

!

!.

!.
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Mabbs, J. Chem. Phys., 134, 184315 (2011).
[2] Matthew Van Duzor, Jie Wei, Foster Mbaiwa, Richard Mabbs, J. Chem. Phys., 131, 204306 (2009).
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Infrared spectra of free radicals using time-resolved FTIR and IRVUV photoionization techniques
Yuan-Pern Lee1, 2, Hui-Ling Han1, Lung Fu1, Jin-Dah Chen1
1

Department of Applied Chemistry and Institute of Molecular Science, National Chiao Tung
University, Hsinchu 30010, Taiwan
2

Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan

Among several techniques employed in our laboratory for studying IR spectra of transient
species in chemical reactions, two will be discussed.
A flow reactor with a multipassing UV photolysis beam and a multipassing IR probe beam
was coupled to a step-scan FTIR spectrometer to record temporal profiles of the IR absorption
of reaction intermediates. IR spectra of several reactive S-containing free radicals important
in atmospheric chemistry, such as CH3SO2 [1], CH3SO, CH3SOO [2], and CH3OSO [3], were
reported. Spectral assignments were made based on reaction mechanisms and comparison of
observed vibrational wavenumbers and rotational contours with those predicted quantumchemically. Results on reaction of CH3S + NO2 will be presented. Irradiation of CH3SSCH3 at
248 nm produced CH3S radicals that subsequently react with NO2. CO2 served as a quencher
to stabilize the products. Under a total pressure of 100 Torr, we observed bands near 1560
cm 1, assignable to the N=O stretching mode of mainly CH3SONO, with a small contribution
from CH3SNO2. Under a total pressure of 16 Torr, bands near 1560 and 1260 cm 1 are
assigned to the NO2 antisymmetric and symmetric stretching modes of CH3SNO2,
respectively. An additional band near 1070 cm 1 is assigned to the S=O stretching mode of
CH3SO, reported previously.
!

!

!

We demonstrate the advantage of IR-VUV photoionization over conventional IR-absorption
techniques for vibrational spectroscopy of free radicals due to its mass selectivity that
eliminates interference from the precursor. Photodissociation at 248 nm of CH3SH in a
supersonic jet produced methylthio (CH3S) radicals. CH3S+ ions were subsequently produced
with (1+1) IR-VUV photoionization and detected with the time-of-flight technique. The IR
spectrum of CH3S was obtained on tuning the wavelength of the IR laser in the range
2790!3270 cm 1 while monitoring the change in intensity of the CH3S+ signal; the wavelength
of the VUV laser was maintained at 134.84 nm(9.195 eV), ~223 cm 1 below the ionization
threshold of CH3S (X 2E1/2). Absorptions of CH3S near 2819, 2904, 2978, and 3241 cm 1 were
observed and assigned as transitions 11, 41, and tentatively, 315161(e) and 315161(a),
respectively, from the ground vibrational state. These wavenumbers agree with lines at 2898.4
and 3210.0 cm 1 reported for CH3S isolated in solid p-H2 and two bands near 2960 ±30 and
3225 ± 30 cm 1 observed in the photoelectron spectrum of CH3S but that were assigned to
transitions to CH3S (X 2E3/2 and 2E1/2). Our results provide direct evidence for the assignments
of '1 and '4 modes of gaseous CH3S.
!

!

!

!

!

!
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Examining the roaming to transition state branching ratio at 308
nm and exploring the energy dependence of the roaming
threshold via CO imaging from the photodissociation of
acetaldehyde
Alan T. Maccarone1, Gabi de Wit1, Mitchell S. Quinn1, Scott A. Reid2, B. Klaas Nauta1, and
Scott H. Kable1
1

School of Chemistry, University of Sydney, New South Wales 2006, Australia
2

Department of Chemistry, Marquette University, Milwaukee, WI, USA

Since the discovery of a non-classical mechanism to form carbon monoxide and molecular
hydrogen in the photodissociation of formaldehyde [1], similar roaming pathways have been
discovered and postulated to exist in other systems [2,3]. Notably acetaldehyde has received
much attention, with several studies examining the dynamics and energy dependence of the
channels producing methane and carbon monoxide [4,5,6]. Despite many thorough
investigations, there are still discrepancies in the branching ratio of the roaming to transition
state pathway.
In this poster, we present results from two different sets of experiments, which re-examine the
photodissociation of acetaldehyde. In the first set, energy distributions are obtained from
velocity map images of the CO(v=0,J) fragments from the 308 nm photodissociation of
acetaldehyde. The methane internal energy distribution agrees very well with that from the
FT-IR emission experiments of Heazlewood et. al. [5]. And the CO velocity distributions
agree well with those from the Doppler study of Houston and Kable [2]. Analysis of our
distributions yields 20% of the molecular channel flux to proceed via roaming, in good
agreement with the Houston and Kable work but in stark contrast to the 84% reported by
Heazlewood et. al. This suggests direct dynamics calculations, and to a larger extent the
theories that are used to examine roaming processes, may be misinterpreted. As such our
group is currently working on a collaboration with Dr. Meredith Jordan to better model
roaming reactions.
In the second part of our acetaldehyde study, we used photofragment excitation spectroscopy
coupled with masked velocity map imaging [7] techniques to examine the energy dependence
of the roaming pathway. By probing CO(0,J) and CO(1,J) in separate experiments where the
pump energy is scanned to span the acetaldehyde triplet surface barrier to radical products, we
have acquired an estimate of the onset for the roaming pathway.
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Photodissociation dynamics of the ethoxy radical via
photofragment translational spectroscopy
Bogdan Negru, Gabriel M. P. Just, Neil C. Cole-Filipiak, Dayoung Park, and Daniel M.
Neumark
College of Chemistry, University of California, Berkeley, California 94720, and Chemical
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
The ethoxy radical (C2H5O) is one of the simplest and most studied alkoxy radicals. It is an
important species for combustion and atmospheric chemistry, where it appears as an
intermediate in the combustion of oxygen containing compounds and in the atmospheric
degradation of volatile organic compounds [1]. The fate of ethoxy radicals, besides reaction
with O2 in the troposphere, is to undergo unimolecular dissociation or to isomerize to * or +hydroxyethyl radicals [1].
The photodissociation dynamics of the ethoxy radical were investigated using photofragment
translational spectroscopy. The ethoxy radical was produced from flash pyrolysis of ethyl
nitrite and photodissociated at 248 and 193 nm. Two decomposition pathways, H + CH3CHO
and CH3 + CH2O, were identified at both wavelengths. The translational energy distributions
for all photoproducts are consistent with dissociation on the ground state following internal
conversion. The CH3 loss channel dominates while the previously identified OH + C2H4
decomposition channel [2] was not observed in the current study.
Acknowledgments: This work was supported by the Director, Office of Basic Energy Sciences,
Chemical Sciences Division of the U.S. Department of Energy Under Contract No. DE-AC0205CH11231.
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10239 (2005).
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Fluorescence studies of nanodiamonds confined in a quadrupole
ion trap
Jessica L. Nguyen, Evan J. Bieske
School of Chemistry, The University of Melbourne, Victoria, 3010, Australia
Nanodiamond particles containing point defect centres such as nitrogen atoms have a high
fluorescence quantum efficiency, are photostable and non-cytotoxic, making them excellent
fluorescent biomarkers [1][2]. To investigate their intrinsic photophysical properties,
positively charged nanodiamonds with a nominal diameter of 100 nm and doped with
nitrogen atoms are suspended in the gas phase using a modified quadrupole ion trap [3] where
they are free from the influence of substrate and solvent. Photophysical properties are
investigated by excitation with continuous and pulsed laser light at 473 and 532 nm. Two
broad emission bands are observed, corresponding to a substitutional nitrogen atom adjacent
to a neutral vacancy (NV0 centre with a zero phonon line at 575 nm), a substitutional nitrogen
atom adjacent to a negative vacancy (NV- centre with a zero phonon line at 637 nm. The
fluorescence lifetime of the NV- centres in trapped nanodiamond ensembles was measured to
be 3 ns somewhat shorter than for ND supported on a substrate (~10 ns). Photostability
measurements conducted by irradiating the nanodiamond ensemble at 532 nm and recording a
series of emission spectra over a 4-hour period indicate that the NDs are extremely photostable in the gas phase.

Fig 1: Modified quadrupole ion trap used to confine the nanodiamonds. Fig 2: Energy level diagram
for the NV– centre in diamond. Fig 3: Emission spectrum of positively charged nanodiamonds showing
the ZPLs at 575 nm and 637 nm for the NV0 and NV– centres, respectively.
References:
[1] C.C. Fu, H.Y. Lee, K. Chen, T.S. Lim, H.Y. Wu, P.K. Lin, P.K. Wei, P.H. Tsao, H.C. Chang, W.
Fann, PNAS 104, 727 (2007).
[2] T-L. Wee, Y-W. Mau, C-Y. Fang, H-.L Hsu, C-C. Han, H-C. Chang, Diamond & Related Mater. 18,
567 (2009).
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Spectroscopy of the free phenalenyl radical
Gerard D. O’Connor1,Tyler P. Troy1, Derrick A. Roberts1, Nahid Chalyavi1, Burkhard
Fückel1, Maxwell J. Crossley1, Klaas Nauta1, John F. Stanton2, and Timothy W. Schmidt1
1
2

School of Chemistry, The University of Sydney, New South Wales 2006, Australia,

Department of Chemistry & Biochemistry, The University of Texas at Austin, 1 University
Station A5300, Austin, Texas 78712-0165, USA

Motivated by the hypothesis that polycyclic aromatic hydrocarbon radicals could be
responsible for unassigned astronomical spectra, we obtained the electronic excitation
spectrum of the phenalenyl radical under rigorously isolated conditions through laser
interrogation of a molecular beam.
In order to explain features of the excitation spectrum, dispersed fluorescence spectra were
obtained, revealing vibronic effects. Theoretical investigation revealed the influence of JahnTeller and pseudo-Jahn-Teller effects,[1] as well as manifestations of the CoulsonRushbrooke pairing theorem.[2]
A comparison between the recorded spectrum and published interstellar spectra [3] proved
inconclusive, however further experiments are proposed that will provide further evidence
with regard to the existence of the phenalenyl radical in the interstellar medium.

References:
[1] H. A. Jahn, E. Teller, Proc. Roy. Soc. LondonA 161, A905 (1937).
[2] C. Coulson, G. Rushbrook, Proc. Cambridge. Phil. Soc. 36,193 (1940).
[3] L. M. Hobbs, D. G. York, T. P. Snow, T. Oka, J. A. Thorburn, M. Bishof, S. D. Friedman, B. J.
McCall, B. Rachford, P. Sonnentrucker, D. E. Welty, Astrophys. J., 680(2), 1256. (2008)
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Highly excited Rydberg states and autoionizing Rydberg states of
Xe2
Wan-Chun Pan1, Yin-Yu Lee2, Tzu-Ping Huang2, and I-Chia Chen1
1

Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan
2

National Synchrotron Radiation Research Center, Hsinchu, Taiwan

We report the spectra of Rydberg states and autoionization Rydberg states (ARS) of Xe2 by
measuring the xenon ions from the dissociative ionization and predissociation processes of
high-lying xenon dimers. The xenon dimers were formed from colliding Rydberg xenon
atoms with the ground-state xenon atoms. The Rydberg atoms were prepared by VUV
synchrotron radiation excitation to Xe*5p5ns[3/2]1, ns’[1/2]1 (n97), nd[1/2]1, nd[3/2]1 (n96),
and 5d’[3/2]1 states, separately in the energy region of 85000-97000 cm-1. Then the xenon
dimers were ionized by infrared light (11800-14200 cm-1) generated from 899-21 ring laser or
Tsunami laser. Xenon ions produced from dissociative ionization or predissociation of
autoionization Rydberg states in xenon dimers were detected by a quadruple mass
spectrometer. We observed more than 20 bands with narrow spectral width FWHM )5cm-1;
their band positions depend on the IR energy only, independent of the prepared Rydberg
states of xenon atom. This indicates that collision pairs Xe2 were relaxed to some highly
excited Rydberg states before ionization. These bands are assigned to states correlated to the
dissociation limit of Xe*5p55d, 7s, 7p and 6d, separately. About eight bands with broad
features are observed. These states are formed with excitation energy greater than the Xe2
ionization energy, hence are assigned to be ARS.
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Generating free radicals at the Australian Synchrotron
R. Plathe, D. Appadoo, M. Tobin, C. Medcraft and D. Martin
Infrared beamline, Australian Synchrotron, Clayton, Melbourne Australia
The Australian synchrotron has a high-resolution far-infrared (HRIR) beamline. This
incorporates a Bruker FTIR spectrometer, capable of a nominal resolution of 0.00096 cm-1,
with a spectral range from 10-1000 cm-1. While several experimental configurations of the
beamline are possible, currently, an Enclosive Flow Cooling cell, EFC, is being
commissioned for use. The EFC cell, which is also a White type cell, has a nominal optical
path length of 625 mm. The EFC cell can be cooled either with liquid helium or liquid
nitrogen, or can be operated at up to 400 K with a temperature stability of ±1 K per day. It is
usually operated under vacuum (~10-5 mbar) but can be pressurized up to 2000 mbar. For a
collisionally or enclosively cooled sample translational, rotational, and vibrational degrees of
freedom are equally cooled [1]. Cooling not only simplifies complex molecular spectra but
also enables the generation of molecular clusters [2].
In order to generate short-lived species directly in the infrared probe beam, it is planned to
install a laser for infrared laser powered pyrolysis (IRLPP). The laser, a 35 W CO2 laser, will
be coupled to the EFC so that free radicals and other short-lived species may be generated for
spectroscopic study. This method has been used to generate NCN [4,5]. For species with halflives of the order of fractions of a second or more thermal or photolytic breakdown of a gas
stream containing specifically designed precursor molecules has been successful in previous
experiments [4,5]. We would like to extend these studies into the FARIR using the
synchrotron source and our high resolution FTIR spectrometer.
Coupling lasers covering different excitation regimes such as the UV and visible will further
our experimental capabilities for creating free radicals [7,8]. The capabilities of the cooling
cell will be developed by adding a UV photolysis source, allowing a host of sunlight driven
reactions to be studied and providing a source of radicals such as OH or halogens [7,8].
Sunlight driven reactions are incredibly important for atmospheric studies. An example of this
is so that we can understand processes relevant to ozone formation and depletion and
investigate various aerosols that contribute to this [1].
References:
[1] E. G. Robertson, C. Medcraft, L. Puskar, R. Tuckermann, C. D. Thompson, S. Bauerecker and D.
McNaughton, Phys. Chem. Chem. Phys. 11, 7853-7860 (2009)
[2] D. McNaughton, I. Aleksic, D. R.T. Appadoo, C. D. Thompson, E. G. Robertson, Vibrational
Spectroscopy 36, 123–128, (2004).
[3] C. Medcraft, E. Robertson, C.D. Thompson, S. Bauerecker and D. McNaughton, PCCP 11, 7848
(2009).
[4] D. R.T. Appadoo, “Spectral Simplification Techniques for High Resolution Fourier Transform
Spectroscopic Studies”, Monash University (2003).
[5] D. McNaughton, AIP Conference Proceedings, 430, 110-127, (1998).
[6] Kroll et al., J. Phys. Chem. A 105, 4446 (2001).
[7] W.J.R. French and G.B. Burns, Journal of Atmospheric and Solar-Terrestrial Physics 66, 493-506
(2004).
[8] W.J.R. French, “Hydroxyl Airglow Temperatures above Davis Station, Antarctica”, University of
Tasmania, Australian Antarctic Division (2002).
[9] Kerr, et al., “Evidence for Large Upward Trends of Ultraviolet-B Radiation Linked to Ozone
Depletion”, Science 1032-1034 (1993).
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Resonant and non-resonant two-photon photoelectron angular
distributions for NO2- photodetachment
Berwyck L. J. Poad1, Christopher J. Johnson2, Robert E. Continetti1
1

Department of Chemistry and Biochemistry, University of California, San Diego, USA
2

Department of Physics, University of California, San Diego, USA

Nitrogen dioxide presents both an interesting and difficult problem for spectroscopists owing
to the complex low-lying electronic structure of the system. In this poster, we present the first
energy- and vibrationally-resolved photoelectron angular distributions (PADs) obtained by
two-photon photodetachment from NO2– using photon energies corresponding to resonant and
non-resonant electronic transitions of the molecule. Both sets of two-photon PADs show
pronounced four-fold character, indicative of interfering outgoing electron s- and d- partial
waves.
Photoelectron spectra were recorded using a translational spectrometer modified to include a
cryogenic electrostatic ion beam trap [1, 2], wherein mass selected NO2– anions are contained,
phase locked and repeatedly interrogated with picosecond laser pulses. The angular
distributions of detached photoelectrons were recorded using an intracavity velocity mapping
time- and position-sensitive electron detector.
At a photon energy of 1.60 eV, well below the NO2(X 2A1)+NO2$(X 1A1) detachment
threshold and away from any known one-photon anionic transition, electron ejection
perpendicular to the laser E vector is favored. Closer to the one-photon detachment threshold,
a shift towards parallel ejection is seen, and an apparent resonance with an unknown
electronic transition is observed at 2.31 eV. Decomposing the PADs into spherical harmonic
contributions reveals strong dependence of both the relative phase and amplitudes of the sand d- partial waves on the kinetic energy of the outgoing electron. The evolution of the
observed molecular PADs with electron kinetic energy can be reproduced using a three-center
scattering model, allowing qualitative insight into the energetics of the system.
This work is supported by the US Department of Energy under grant number
DE-FG03-98ER14879
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References:
[1] M. Dahan, R. Fishman, O. Herber, M. Rappaport, N. Altstein, D. Zajfman, W.J. van der Zande,
Rev. Sci. Instrum. 69, 76 (1998)
[2] C.J. Johnson, R.E. Continetti, J. Phys. Chem. Lett. 1, 895 (2010).
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A theoretical study concerning the photodissociation of
acetaldehyde: a radical route to molecular products
Mitchell S. Quinn1, Gabi de Wit1, Scott A. Reid2, B. Klaas Nauta1, Alan T. Maccarone1, Scott
H. Kable1, and Meredith J. T. Jordan1
1

School of Chemistry, University of Sydney, Sydney NSW 2006, Australia

2

Department of Chemistry, Marquette University, Milwaukee, WI, USA

The recent discovery of an alternate pathway to molecular products, in a phenomenon known
as ‘roaming’, has led to investigation of several organic molecules that are thought to exhibit
these characteristics. The first two experimental systems where the roaming mechanism was
identified were formaldehyde (H2CO) [1] and acetaldehyde (CH3CHO) [2]. In these systems,
the H atom or CH3 group “roams” in the radical dissociation channel and, in a self-abstraction
process, abstracts an H atom from the other moiety. The products of a roaming mechanism
are typically rotationally and translationally cold, with high vibrational excitation of the
molecule that contains the roaming fragment (i.e. H2 for H2CO and CH4 for CH3CHO).
Molecular products formed from more traditional “transition state” (TS) mechanisms have a
large amount of kinetic energy; that is, the product molecules are translationally and
rotationally hot. Armed with this knowledge chemists have since moved on to investigate
roaming in about a dozen other reactions.
This poster uses trajectories obtained on a reaction path potential energy surface (PES) to
investigate the photodissociation of CH3CHO. These trajectories were restricted to a section
of the PES consisting of only the traditional TS mechanism. The trajectory results were
compared to recent experiments performed by the authors (the details of which will be
covered in a separate poster at this conference) as well as detailed trajectory calculations on a
full PES [3] and a reanalysis of previous experimental results [2].
Furthermore the poster will outline the construction of a zero point energy (ZPE) corrected
PES for H2CO. Due to the difficulty in including the ZPE in classical and quasi-classical
trajectories, and the current impracticality of running full quantum mechanical trajectories, we
propose a method that accounts for the ZPE when running classical trajectories. A first order
interpolated ZPE surface is added to a second order modified Shepard interpolated PES to
create the corrected surface. The surface allows for full classical trajectories to include this
important quantum mechanical property through a well-defined and systematic method.
References:
[1] D. Townsend, S. S. Lahankar, S. K. Lee, S. D. Chambreau, A. G. Suits, X. Zang, J. Rheinecker, L.
B. Harding, J. Bowman, Science 306 1158 (2004)
[2] P. L. Houston, S. H. Kable, Proc. Natl. Acad. Sci. USA 103 16079 (2006)
[3] B. R. Heazlewood, M. J. T. Jordan, S. H. Kable, T. M. Selby, D. L. Osborn, et al., Proc. Natl. Acad.
Sci. USA 105 12719 (2008)
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Deperturbation studies of radicals by applying two-color resonant
four-wave mixing
P. Bornhauser, Y. Sych, G. Knopp, T. Gerber, Peter P. Radi
Paul Scherrer Institute, CH-5232 Villigen, PSI, Switzerland
In this work, we demonstrate the potential of two-color resonant four-wave mixing (TCRFWM) in combination with a discharge source for the detailed characterization of complex
perturbations in small radicals. The double-resonance character and the excellent sensitivity
of the method open new ways for an advanced treatment of the perturbation problem. The
unambiguous assignments of perturbed levels by intermediate level labeling is performed in a
straightforward manner. Additionally, by taking advantage of the high dynamic range
resulting in substantial S/N ratios (i.e. up to 109 for the strong bands in the Swan system of
C2), ’extra’ transitions are observed. These weak spectral features originate from nearby-lying
dark states that gain transition strength through the perturbation process.
Initial work has been performed by analyzing the perturbation occurring between vibronic
levels of the d 3"g, v = 4 and b 3(g$, v = 16 states of the carbon dimer[1]. Significantly
perturbed rotational transitions in the (4,3) band of the Swan system have been reported for
the first time. A least-squares fit to 35 perturbed and perturbing transitions allowed to
determine the vibronic origin, rotational and spin-spin coupling constant of the b 3(g$, v = 16
state as well as the spin-orbit and L-uncoupling parameters for the interaction between the d
3
"g, v = 4 and b 3(g$, v = 16 states. More recently, the deperturbation study of the d 3"g, v = 6
state of C2 in the (6,5) and (6,4) Swan bands unveiled the presence of the energetically lowest
high-spin state[2]. The term energy curves of the three spin components of the d state cross
the five terms of the 5"g state at rotational quantum numbers N ) 11. The spectral complexity
for transitions to the v=6 level of the d 3"g state is further enhanced by an additional
perturbation by the b 3(g$, v = 19 state.
The contribution will summarize the method and further advances on deperturbation studies
of the carbon dimer and trimer will be presented.
References:
[1] P. Bornhauser, G. Knopp, T. Gerber, P. Radi, J. Molec. Spectrosc. 262, 69 (2010).
[2] P. Bornhauser, Y. Sych, G. Knopp, T. Gerber, P. Radi, J. Chem. Phys. 134, 044302 (2011)
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Experimental and computational studies of haloalkyl radicals and
halogen radical complexes
Aimable Kalume, Lisa George, and Scott A. Reid*
Department of Chemistry, Marquette University
This presentation will highlight recent research from our group concerning the spectroscopic
characterization of halogen containing radicals and radical molecular complexes, which are
important reactive radicals in the atmosphere. Among the examples presented will be: 1) the
electronic and infrared spectra of the anti- and gauche-conformers of the C2F4Br radical, and
studies of the photochemistry following excitation at 266 nm; 2) characterization of
halomethyl radicals, including CH2Br and CF2I, and 3) pulsed jet discharge matrix isolation
spectroscopy and computational study of pre-reactive complexes of halogen atoms with
simple halons. The Br#BrCH2X (X=H, Cl, Br) complexes were characterized by infrared
and electronic spectroscopy, supported by ab initio and Density Functional Theory (DFT)
calculations, which shed light on the structure of, bonding in, and binding energy of the
complexes. The correlation of charge transfer energy with donor ionization potential
(Mulliken correlation) was examined, and the charge transfer photochemistry of the
complexes was explored.
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Spectroscopic investigation of small silicon-carbon clusters
Neil J. Reilly1, Damian L. Kokkin1, Michael C. McCarthy1, Timothy C. Steimle2, John F.
Stanton3
1

Harvard-Smithsonian Centre for Astrophysics, 60 Garden Street, Cambridge, MA, USA

2

Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ, USA
3

Department of Chemistry and Biochemistry, University of Texas at Austin, TX, USA

While a large number of astrophysically important silicon-containing molecules have been
detected by pure rotational spectroscopy, with the exception of SiC2 almost nothing is known
about the electronic spectra of other silicon carbides. Products of a jet-cooled silane/acetylene
discharge have been interrogated by fluorescence-based and mass-selective techniques,
resulting in the optical detection of several small silicon-containing species, from pure silicon
clusters to silicon-terminated carbon chains. Two recent highlights include the first gas-phase
excitation spectra of Si3 and Si2C. The former, in the region 540-490 nm, has been
conclusively assigned to the triplet D3h form of Si3, on the basis of equation-of-motion
coupled-cluster calculations and dispersed fluorescence spectroscopy. Unraveling the
complicated spectroscopy of Si2C, detected between 400-320 nm, is on-going and especially
challenging due to the presence of several strong and broad overlapping electronic transitions,
both of Si2C itself (compromising the utility of mass selection) and of other molecules, and
will ultimately require the concerted use of mass-selective and 2-dimensional fluorescence
methods. However, beneath an extensive manifold of unresolved transitions of Si2C, some
rotationally resolved bands have been observed that may - in a fashion similar to SiC2 - allow
an experimental structural determination of this weakly bent molecule that facilitates its radio
detection in space, wherein it is expected to be an abundant constituent of molecular clouds
and carbon star atmospheres.
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Ion-molecule reactions of interest for Titan’s chemistry
B. Cunha de Miranda1,2, J. Zabka3, M. Polasek3, V. Vuitton4, C. Romanzin1,
S. Chefdeville1, C. Alcaraz1,5
1

Laboratoire de Chimie Physique, UMR 8000 CNRS-Univ.Paris Sud 11, 91405 Orsay cedex,
France
2
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Lab. de Espectro. e Laser, Inst. de Física, Univ. Federal Fluminense, 24210-340, Niterói,
RJ, Brazil

J. Heyrovsky Inst. of Physical Chemistry of the ASCR, v. v. i., Dolejskova 3, 182 23 Prague
8, Czech Republic
4

Institut de Planétologie et d’Astrophysique de Grenoble, BP 53, 38041 Grenoble cedex,
France
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Synchrotron SOLEIL, Saint Aubin BP 48, 91192 Gif-sur-Yvette Cedex, France

Titan, Saturn’s largest moon, exhibits a dense atmosphere characterized by a thick orange
haze and mainly composed of molecular nitrogen and methane as well as numerous other
organic compounds such as nitriles. The chemistry taking place in its atmosphere is complex
and still not completely understood. Yet, results from the Cassini-Huygens mission have
shown that ionospheric chemistry must play a more important role than previously thought.
The discovery of CN-, C3N- and C5N- together a large amount of heavy cations and anions in
the upper atmosphere [1,2] came indeed as a surprise and suggests that they contribute to the
formation of aerosols particles. The detection of an O+ flux precipitating in the upper
atmosphere also suggests new pathways for the oxygen chemistry [3]. In this context, we
have undertaken the experimental investigations of two relevant ion-molecule reactions: O+ +
CH4 and CN- + HC3N.
The reaction of state-selected O+(4S, 2D, 2P) ions with methane has been studied on the
guided ion beam apparatus, CERISES [4]. The O+ ions are produced by dissociative
photoionisation of O2 and pure-state selection of O+ is achieved by means of a double
threshold technique. Experiments are performed on the DESIRS VUV beamline at the
synchrotron SOLEIL. Absolute cross sections for the ionic products formation have been
measured as a function of electronic excitation of O+ and collision energy. The results
obtained are consistent with previous work [5] on the reaction of ground state O+(4S) but
highlights differences (cross-section, branching ratios) with excitation of O+ to the 2D and 2P
states.
The CN- + HC3N reaction has been studied in a tandem mass spectrometer as a function of the
HC3N target pressure in order to explore different collisional conditions. CN- parent anions
were produced from CH3CN by chemical ionization. The primary and secondary reactions
with HC3N are found to be extremely efficient, resulting in anionic products of rapidly
growing size. A detailed mechanism for the growth of these species is proposed and its
relevance to the growth of heavy anions in Titan's ionosphere is discussed [6].
References:
[1] A.J. Coates et al., Geophys. Res. Lett. 34, L22103 (2007).
[2] V. Vuitton et al., Planet. Space Sci. 57, 1558 (2009).
[3] S.M. Hörst et al., J. Geophys. Res. 113, E10006 (2008).
[4] C. Alcaraz et al., J. Phys. Chem. A 108, 9998 (2004).
[5] D.J. Levandier et al., J. Phys. Chem. A 108, 9794 (2004).
[6] J. Zabka et al., Submitted.
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Abundance Anomaly of the 13C Isotopic Species of Carbon-Chain
Radicals in Interstellar Clouds
Nami Sakai and Satoshi Yamamoto
Department of Physics, The University of Tokyo, Bunkyo-ku, Tokyo, 113-0033, Japan
Among more than 150 interstellar molecules identified so far, linear carbon-chain molecules
like CnH, HCnN, and CnS are known to be the most characteristic from of carbon in
interstellar clouds. Although long carbon-chain molecules are short-lived due to their high
chemical reactivity in terrestrial conditions, they can survive for a long time in the cold (10 K)
and diffuse (H2 density of 104 – 105 cm-3) environtment of interstellar clouds. These highly
unsaturated species are related to formation and destruction of various carbonaceous
compounds including polyaromatic hydrocarbons (PAH), and are supposed to be carriers of
diffuse interstellar bands (DIBs). They are also important as an evolutionary indicator of
prestellar cores in star formation studies.
Owing to the increasing sensitivity of the radioastronomical observations, the rotational
spectral lines of the 13C isotopic species of moderately abundant species are now detectable in
molecular clouds. This is also true for the carbon-chain molecules. In radioastronomical
studies, the 13C species lines are usually used for evaluation of the optical depths of the nomal
species lines in order to derive the column density and the excitation temperature accurately.
In this case, the molecular 12C/13C ratio is assumed to be the typical intastellar ratio in local
interstellar medium of 60 (Lucus and Liszt 1998). However, we have recently shown that the
molecular 12C/13C ratios are much different from this value, especially in carbon-chain
molecules.
In one of the famous dark cloud cores, TMC-1, we have found heavy dilution of the 13C
species in carbon-chain molecules like CCH and CCS (Sakai et al. 2007; 2010). From the
further observation of various molecules including C3S and C4H, we have established that the
molecular 12C/13C ratio is higher than the interstellar value of 60 for most species, if they are
mainly formed in the gas phase from C+. Furthermore, we have also found that the 12C/13C
ratio is different from position to position of the carbon atom in the same molecule. By
making use of such an isotope tracer, production pathways of carbon-chain molecules and
possible isotope exchange reactions at very low tempearture in interstellar clouds can be
investigated, just as the laboratory experiments. In this paper, we are going to present our
results on the 13C dilution for the above carbon-chain molecules, and discuss its origin.
References:
[1] R. Lucas and H. Liszt, Astron. Astrophys. 337, 246 (1998).
[2] N. Sakai et al. Astrophys. J. 663, 1174 (2007).
[3] N. Sakai, O. Saruwatari, T. Sakai, S. Takano, and S. Yamamoto, Astron. Astrophys. 512, A31
(2010).
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Cavity ringdown spectroscopy of HO2 + formaldehyde: detection
of the ' 1 and A(X bands of HOCH2OO•
Matthew K. Sprague1, Stanley P. Sander2, Mitchio Okumura1
1
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California Institute of Technology, Division of Chemistry (MC 127-72), Pasadena, CA
91125, USA
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The reaction of hydroperoxy radical with carbonyl compounds has been proposed as a major
sink for carbonyl compounds in the Upper Troposphere / Lower Stratosphere (UTLS). [1]
These reactions proceed through a hydrogen bound intermediate before isomerizing into a
hydroxyalkylperoxy product. The reaction of HO2 with formaldehyde (HCHO) serves as a
prototype for this class of reactions:

Ab initio calculations have shown that reaction of HO2 + HCHO will proceed at room
temperature, while reactions of HO2 with larger carbonyls (acetaldehyde, acetone) will only
proceed at reduced temperature. [1,2] Previous experiments have measured the kinetics of
HO2 + HCHO by FTIR spectra of the end products, [3] or via the B-X band of the direct
reaction product, hydroxymethylperoxy (HOCH2OO•, or HMP). [4,5] Despite these
measurements, considerable uncertainty still exists in the activation energy (±80%, 2*). [4]
One source of this uncertainty is interference from other species (HO2, CH3O2) within the
structureless B-X spectrum of HMP. Detection of this intermediate by other spectroscopic
transitions free from interferences from other chemical species could lead to improved kinetic
rate constants and the study of reactions with larger carbonyls.
We have observed the A-X electronic and !1 (OH stretch) vibrational spectra of HMP by
cavity ringdown spectroscopy. We have exploited the selectivity and sensitivity of this
method to re-examine the HMP reaction kinetics. The combination band A('OOCO=1) –
X('OOCO=0) was located at 7561 cm-1, free from interference by other chemical species. We
have also modeled bands of HMP at the CCSD/6-31+G(d,p) level of theory and basis to
verify our assignment of the cavity ringdown spectrum. Our kinetics results using this
combination band show considerable discrepancy with the literature rate constants for HMP.
This approach can readily be extended to detect the peroxy intermediates formed in reactions
of HO2 with larger aldehydes and ketones.
References:
[1] Ive Hermans, Jean-François Müller, Thanh L. Nguyen, Pierre A. Jacobs, Jozef Peeters, J. Phys.
Chem. A 109, 4303 (2005).
[2] Thibaud Cours, Sebastien Canneaux, Frederic Bohr. Int. J. Quantum Chem. 107, 1344 (2007).
[3] Fu Su, Jack G. Calvert, John H. Shaw, J. Phys. Chem. 83, 3185 (1979).
[4] Bernard Veyret, Robert Lesclaux, Marie T. Rayez, Jean C. Rayez, Richard A. Cox, Geert K.
Moortgat, J. Phys. Chem. 93, 2368 (1989).
[5] John P. Burrows, Geert K. Moortgat, Geoffrey S. Tyndall, R. Anthony Cox, Michael E. Jenkin, Garry
D. Hayman, Bernard Veyret, J. Phys. Chem. 93, 2375 (1989).
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Spectroscopy in support of eEDM measurements.
Timothy C. Steimle1, Fang Wang
1

Department of Chemistry, Arizona State University, Tempe, AZ, USA

Heavy polar molecules in 3$1 states from a …*(s)13(d)1 configuration have been proposed as
promising candidates for investigation of the electric dipole moment of the electron (eEDM)
[1]. Molecules in these states are, in general, easily polarized due to the small 1-doubling
and the penchant for facile s/p hybridization. Consequently, the unpaired valence electrons
experience a large (> 100 GV/cm) effective electric field, Eeff. Furthermore, the *(s) orbital
penetrates the region of the heavy nucleus where relativistic effects are greatest. Molecule in
the 415= 1 spin-orbit component, 3$ , state are also advantageous because of the negligible
Zeeman tuning, which reduces magnetic field induced noise. Vutha et al. [2] have recently
published detailed plans for using the H3$1 state of ThO for eEDM measurements. In support
of that effort we have recorded and analyzed the Stark effect for numerous branch features of
the E(0+) - X1#+ (1,0) transition to determine the µ for the upper and lower states [3]. A
disadvantage to the use of the H3$1 state of ThO is the requirement of populating and probing
a metastable state. A promising alternative recently proposed by Lee et al [4] is the use of the
ground X3$1 state of WC. In support of that effort we have recorded and analyzed the
[17.6]2( X 3$1 (1,0) band of WC both field-free and in the presences of static electric and
magnetic fields. The 183W(I=1/2) Fermi contact parameter, bF, for the X 3$1(v=0) is estimated
to be 1363 MHz.
The Stark induced shifts were analyzed to produce values for the
permanent electric dipole moments, µ, of 3.90 ± 0.04 D and 2.57 ± 0.04 D for the X 3$1(v=0)
and [17.6]2(v=1) states, respectively. The magnetic g-factors for X 3$1(v=0) and [17.6]2(v=1)
states are determined. Design parameters for eEDM measurements using WC and ThO are
discussed in light of our characterization of these two molecules.
1

References:
[1] E. R. Meyer and J. L. Bohn, Phys. Rev. A 78 010502 (2008).
[2] A.C. Vutha, W.C. Campbell, Y.V. Gurevich, N.R. Hutzler, M. Parsons, D. Patterson, E. Petrik, B.
Spaun, J.M. Doyle, G. Gabreilse and D. DeMille, J. Phys.B. At. Mol. Opt. Phys. 43, 074007 (2010).
[3] F. Wang, A. Le, T.C. Steimle, and M. C. Heaven, J. Chem. Phys. 134, 031102 (2011). [4] J. Lee,
E.R. Meyer, R. Paudel, J.L. Bohn and A.E. Leanhardt, J. Mod. Opt. 56, 2005, (2009).
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Photostable profluorescent nitroxides for monitoring
photodegradation of polyesters
Paul Sylvester1, Helen Ryan2, Aaron Micallef3, Uta Wille1
1

ARC Centre of Excellence for Free Radical Chemistry and Biotechnology School of
Chemistry / Bio 21 Molecular Science and Biotechnology Institute The University of
Melbourne, 30 Flemmington Road, Parkville,VIC 3052, Australia.
2

3

PPG Industries Australia, 14 McNaughton Rd, Clayton, VIC 3168, Australia.

Australian Institute for Bioengineering and Nanotechnology and School of Chemistry and
Molecular Biosciences, University of Queensland, Brisbane, QLD 4072, Australia.

The profluorescent nitroxide (PFN) MeCSTMIO 1 has previously been used [1] to probe the
radical-mediated, thermo-oxidative degradation of several polyester coatings. The degradation
monitoring technique was used to distinguish between a high-performance and a lowperformance coating system in a significantly shorter time-frame compared to industry
standard techniques.

In collaboration with PPG Industries Australia, the technique is being employed to investigate
industrially relevant high-performance melamine formaldehyde-crosslinked polyester
clearcoat systems. In order to further develop the technique; novel perylene based PFN’s such
as PDITMIO 2 have been designed and synthesised. These novel PFN’s are more suited to the
harsh conditions involved in clearcoat manufacture (i.e. processing temperatures in excess of
230 °C). Due to their theoretically improved photostability they may be used in
photodegradation studies that more accurately model the environmental exposure conditions
of coatings in-service.
References:
[1] J. P. Blinco, D. J. Keddie, T. Wade, P. J. Barker, G. A. George, Steven E. Bottle, Poly. Deg. Stab.
2008, 93, 1613-1618.
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Biradical, exciton and exciplex states in the complex ultrafast
electronic deactivation of DNA oligonucleotides
Mayra C. Stuhldreier, Carmen Schüler, Katharina Röttger, Nina K. Schwalb, Nevin Öksüz,
and Friedrich Temps
Institute of Physical Chemistry, Christian-Albrechts-University Kiel, Olshausenstr. 40, D24098 Kiel, Germany
The free DNA bases stand out for highly efficient radiationless electronic relaxation processes,
by which the UV-excited molecules are returned to their ground states on sub-picosecond
time scales before chemical reactions can lead to profound damage. The ensuing mechanisms
are believed to be of vital importance for the stability of the genomic information of life. It
has been established that the ultrafast deactivation in the free monomeric bases, nucleosides
or nucleotides proceeds via biradical-like states that transform to the electronic ground states
through distinctive conical intersections. In stark contrast, however, the excited electronic
states in DNA oligonucleotides have been found to show up to four orders of magnitude
longer lifetimes than the free mononucleotides. The question for the detailed physical
mechanisms that are responsible for these astonishing differences has created enormous
controversies [1–4].
In order to shed light on the important influences of 1-stacking interactions among the closely
spaced bases in a DNA strand, following a bottom-up approach, we have initiated a series of
systematic investigations of the electronic deactivation dynamics in selected DNA
dinucleotides by using several complementary femtosecond time-resolved experimental
techniques (fluorescence up-conversion, broadband fluorescence spectroscopy, broadband
transient absorption, and sensitive deep-UV single-color transient absorption spectroscopy) in
company with high-level TDDFT, CC2 and CASSCF//CASPT2 quantum chemical
calculations.
In this contribution, we report on our recent comprehensive studies of the dinucleotides d(A)2
and d(AG) in buffered aqueous solution at pH 7. The obtained experimental data showcase
not only distinctive contributions by monomer-like biradical states in dynamically unstacked
base pairs with excited-state lifetimes between : ! 0.05 and 0.40 ps. They also gave clear,
unambiguous evidence for sequential transformations in well-ordered base stacks from the
initially excited exciton states to at least two different exciplex/charge transfer states with
excited-state lifetimes of ! 5 – 10 and up to ! 350 ps. Moreover, the time-resolved
fluorescence spectra suggest a stabilization energy of the most stable exciplex/charge transfer
state(s) of ! 1 eV, in excellent agreement with the CC2 and the CASSCF//CASPT2
predictions. The obtained picture is used as a foundation to develop a consistent model for
the electronic deactivation dynamics in larger DNA molecules.
References:
[1]D. Markovitsi, F. Talbot, T. Gustavsson, D. Onidas, E. Lazzarotto, S. Marguet, Nature 441, E7
(2006).
[2]C. E. Crespo-Hernández, B. Cohen, B. Kohler, Nature 441, E8 (2006).
[3]N. K. Schwalb, F. Temps, Science 322, 243 (2008).
[4]C. T. Middleton, K. de La Harpe, C. Su, Y. K. Law, C. E. Crespo-Hernández, B. Kohler, Annu. Rev.
Phys. Chem. 60, 217 (2009).
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Synchrotron photoionisation mass spectrometry study of
methylphenyl oxidation
Adam J. Trevitt1*, Gabriel da Silva2, Satchin Soorkia3, John D. Savee4, D. L. Osborn4 and
C.A. Taatjes4
1

School of Chemistry, University of Wollongong, Australia, 2Chemical and Biomolecular
Engineering, University of Melbourne, Australia, 3Institut des Sciences Moleculaires
d’Orsay, Universite Paris-Sud 11, France, 3 Combustion Research Facility, Sandia National
Laboratories, USA.
Aromatic molecules make up a large proportion of gasoline. In Australia, for example,
aromatic species can comprise up to 45% v/v of domestic petrol (with benzene specifically
limited to 1% v/v). Despite their significant abundance, a detailed understanding of the
fundamental chemistry that renders these aromatic molecules useful as fuel components is
incomplete. The chemical functionality of aromatic ring substituent appears to affect the
observed fuel properties, in particular fuel octane rating, but the detailed chemical pathways
responsible for these trends require exploration. In this study we employ synchrotron
photoionization mass spectrometry (PIMS), performed at the Chemical Dynamics Beamline
of the Advanced Light Source, to probe the room-temperature oxidation products of
methylphenyl (C6H5CH3) radicals – both ortho and meta methylphenyl – in order to explore
their oxidation chemistry.
The experimental technique allows isomer-specific detection of reaction products. Kinetic
detail is also collected so radical-reaction products are clearly distinguishable. Multiple
isomers appearing on the same mass channel can be identified on the basis of their adiabatic
ionization energies (AIEs) and Franck-Condon envelopes. We will show that in the case of
the ortho-methylphenyl peroxyl radical, an OH elimination pathway is competitive. This OH
pathway is facilitated by a 7-member ring transition state that requires an adjacent methyl
group to the initial radical site.

In comparison, the meta-methyl phenyl peroxyl radical lacks this adjacent methyl group and
therefore lacks an observable OH loss channel. In both cases other product channels are
detected including those consistent with H loss, O loss, and HCO loss. These product
channels are reminiscent of those occurring in the oxidation of the phenyl radical oxidation.
Our experimental results will be discussed and compared to quantum chemical calculations.
*adamt@uow.edu.au
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Rotamers of 4-fluororesorcinol and 4-chlororesorcinol studied by
R2PI and MATI spectroscopy
Wen-Bih Tzeng
Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, 1 Section 4,
Roosevelt Road, Taipei 10617, Taiwan. Email: wbt@po.iams.sinica.edu.tw
Many biological systems consist of rotational isomers (rotamers) that can be interconverted
by rotations about single bonds. Investigations on molecular rotamers can provide insights
into biological phenomena and processes [1]. We applied the 2C-R2PI and MATI
spectroscopic techniques to record the vibronic and cation spectra of the rotamers of 4fluororesorcinol (4FR) and 4-chlororesorcinol (4CR). The vibronic spectrum near the S1 ← S0
electronic excitation indicates that three different rotamers involves in the transition. Analysis
of the MATI spectra yields information about the adiabatic ionization energies (IEs) of
rotamers a, b, and c of 4FR as well as the active vibrations of their cations. With similar
approaches, we found that two rotamers involved in the photoexcitation and ionization
precesses.of 4CR. Most of the observed active vibrations of these isomers correspond to the
in-plane ring vibrations in the electronically excited S1 and cationic ground D0 states.
Comparing these data with those of resorcinol [2,3] allows us to have insights into the
halogen substitution effects on the transition energy and molecular vibration. The
experimental results are well supported by our ab initio and density functional theory
calculations.
References:
[1] C. P. Pan, M. D. Barkley, Biophys. J. 86, 3828 (2004).
[2] M. Gerhards, W. Perl, and K. Kleinermanns, Chem. Phys. Lett. 240, 506 (1995).
[3] M. Gerhards, C. Unterberg, and S. Schumm, J. Chem. Phys. 111, 7966 (1999)
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The electronic spectrum of tantalum hydride and deuteride
Thomas D. Varberg, Stephanie Y. Lee, Casey R. Christopher
Department of Chemistry, Macalester College, 1600 Grand Ave., St. Paul, MN 55105 USA
We have recorded the electronic spectrum of the molecule TaH (and TaD) in the gas phase for
the first time. The molecules were prepared in a hollow cathode discharge, and the spectrum
was recorded by laser excitation spectroscopy. Our initial experiments were undertaken using
a pulsed dye laser at a resolution of ~0.1-cm–1, and we observed nine bands of TaH and four
of TaD over the 610–670-nm region. All of these bands are red-degraded, and rotational
analyses indicate that most of the bands originate from the same ; = 2 state, presumed to be
the ground electronic state of the molecule.
This initial work was followed by high-resolution spectroscopy of two of the bands (at 633
nm for TaH and 632 nm for TaD) using a continuous-wave ring dye laser. Both of these
bands are ;' = 2 ( ;" = 2 in character and were rotationally analyzed using a Hund’s case
(c) Hamiltonian, leading to precise rotational and centrifugal distortion constants for the upper
and lower states. We also observed hyperfine structure arising from the 181Ta nucleus (I = 7/2,
100% abundant), which we have fitted using appropriate magnetic dipole and electric
quadrupole interaction parameters.
The fitted value of the ground rotational constant in TaH is B0 = 5.4472(6) cm–1, which yields
a bond length of r0 = 1.75722(9) Å. This value is in good agreement with the ab initio
calculations of Casarrubios and Seijo [1] and Koseki, Matsushita, and Gordon [2]. We
propose that the lower level in our transitions is the ; = 2 component of a *23&3, 6r ground
state.
2

References:
[1] M. Casarrubios, L. Seijo, J. Chem. Phys. 110, 784 (1999).
[2] S. Koseki, T. Matsushita, M. S. Gordon, J. Phys. Chem. A 110, 2560 (2006).
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Resonance enhanced multiphoton ionization of a jet-cooled phenol
discharge: interrogation of the hydroxycyclohexadienyl radical
Callan M Wilcox, Zijun Ge, Timothy W. Schmidt and Scott H. Kable.!
School of Chemistry, University of Sydney, Sydney NSW 2006, Australia
In atmospheric and combustion processes, the decomposition of benzene and other aromatic
species is chiefly initiated through the addition of the hydroxyl radical (•OH) to a C=C double
bond. The addition reaction between benzene, a key intermediate and prototypical aromatic
species, and the hydroxyl radical, to afford the hydroxycyclohexadienyl radical (CHD-OH),
has been the subject of a large number of theoretical and experimental studies. In particular,
there has recently been increased attention devoted to the degradation of benzene under
tropospheric conditions, arising from the interaction between CHD-OH and molecular oxygen.
Such oxidation reactions within the troposphere are directly responsible for an increased
formation of secondary aerosols and ozone leading to higher levels of air pollution. The
favourable addition of •OH to benzene has been attributed to an (experimentally determined
[1]) well depth of approximately? 19 kcal mol-1 on the potential energy surface. Given the
importance of this species, it is of interest to gain a quantitative understanding of the vibronic
states of CHD-OH through laser spectroscopy.

Recently, by a time-of-flight mass analysis of the products of a jet-cooled phenol discharge, a
high yield of a product with m/z 95 was found, presumed at this stage to be the
hydroxycyclohexadienyl radical. The intensity of the mass peak is consistent with a very low
IE for this species. This poster illustrates the proposed use of resonance enhanced
multiphoton ionization techniques in order to accurately determine the vibronic states of
CHD-OH in a jet-cooled gas phase environment for the first time.
References:
[1] C. Chen, T. Lay, and J. Bozzelli, J. Phys. Chem. A, 107, 6451-6456 (2003)
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Understanding radical-molecule complexes by detaching electrons
from anions
Duncan A. Wild, Kim M. Lapere, Allan J. McKinley
Chemistry, the School of Biomedical, Biomolecular, and Chemical Sciences, The University
of Western Australia, Crawley, 6009, Australia
To understand radical-molecule reactions we ultimately require knowledge of the potential
energy surface governing the reaction. Such surfaces are routinely produced from ab initio
calculations however their accuracy requires critical assessment. This can be achieved
conveniently by applying spectroscopy to radical-molecule complexes, which are features of
the reactive potential energy surface.
One potential issue with studying radical-molecule complexes via spectroscopy directly is a
lack of selectivity. In most case the complexes are formed in a soup of radical-molecule
complexes, uncomplexed radicals, and uncomplexed neutral species. Producing a single
species in isolation is indeed a challenging prospect and therefore the spectra are ultimately
congested and complicated by transitions of the many species produced. An attractive
alternative is to produce the analogous anion-molecule complex, use mass spectrometry to
separate it from the crowd, detach an electron, and thereby reveal information on a specific
neutral radical-molecule species.
At the University of Western Australia we have constructed a piece of apparatus that allows
us to perform such experiments. The TOF-PES consists of a time of flight (TOF) mass
spectrometer for selection of a specific anion-molecule complex, and a photoelectron
spectrometer (PES) to monitor the photoelectrons detached by UV radiation. We complement
our experiments with high level ab initio calculations (up to CCSD(T)/aug-cc-pvtz).
Furthermore as mass spectrometry is applied it is possible to investigate larger clusters of the
form X-…Mn in a stepwise fashion, thereby bridging the gap between gas and bulk phase
contexts.
This contribution will highlight recent work we have undertaken on the halogen-carbon
monoxide clusters.1

ab initio

I-...(CO)4
vib

References:
[1] K. M . Lapere, R.J. LaMacchia, L.H. Quak, A.J. McKinley, and D.A. Wild, Chem Phys Lett, 504, 1319 (2011)

105

Posters B – Wednesday Night

P2 - 31. Hsu

High Resolution Spectroscopic Study of the C3-Ar
van der Waals Complex
Yen-Chu Hsu1, Yi-Jen Wang, Guiqiu Zhang2, and Anthony J. Merer1.3
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Institute of Atomic and Molecular Sciences, Academia Sinica, P. O. Box 23-166, Taipei
10617, Taiwan, R. O. C.,

Department of Chemistry, Shangdong Normal University, Jinan 250014, People’s Republic
of China,
3

Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver,
British Columiba, V6T 1Z1, Canada.
~1
~
The rotationally resolved laser-induced fluorescence excitation spectra of the A
# u " X 1! +g
system of the C3-Ar van der Waals (vdW) complex have been recorded. In this preliminary
work, vdW bands b2-0 and b4-0 near 25025, 25029, 25054, 25428 and 25432 cm-1 will be
reported ( b refers to the C3-bending vibration of the vdW complex). The C3-Ar complexes
were produced by photolyzing allene with a 193nm laser near the orifice of a slit nozzle. For
the strong bands, the doubled output of a ring Ti-sapphire laser was pulsed amplified by a
XeCl laser and was used as the excitation light source of 7600 MHz or better. The output
(about 0.07 cm-1) of an etalon-scanned pulsed dye laser was used to excite the weak features.
Strong b-type transitions from Ka”=0 and 2 were observed, and some weak a-type bands were
also seen. The rotational constants of both the upper states and the ground electronic states,
and possible geometries will be presented.
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