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History of the International Symposium on Free Radicals
This international meeting dates back to 1956, when it was first held in Quebec City, Canada. The
meeting was organized in response to the exciting developments in spectroscopic studies of free
radical intermediates in the gas-phase and under matrix-isolation conditions occurring at the 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. As
we seek to understand complex environments in combustion, atmospheric chemistry, condensed
phase phenomena, and the interstellar medium in great detail, all of these techniques continue to
play critical roles. An interesting discussion of the development of this symposium series can be
found in the short article by Don Ramsey in International Reviews in Physical Chemistry 18, 1
(1999).
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General Information
Lectures

All lectures will be held in the Mountain Room, on the 2nd floor of the Conference Center
in the Plump Jack Squaw Valley Inn. All meals except the Thursday evening banquet
will be held in the Valley Room, directly below the Mountain room.

Posters
Poster sessions will be held in the Ponderosa Room of the Squaw Valley Lodge, which is
across the street from the Plump Jack Inn.

Lodging
Lodging during the Symposium will be provided by both the Plump Jack Inn and the
Squaw Valley Lodge.

Transportation
Transportation to and from the Reno/Tahoe Airport is provided by North Lake Tahoe
Express (telephone: 866-216-5222; www.northlaketahoeexpress.com).
Taxi service is provided by High Sierra Taxi, Truckee, CA (telephone: 530-412-1927)
Please see the FRS website for more details (www.freeradicalssymposium.org)

Important Telephone Numbers
Emergency: 911
FRS Contacts: Elizabeth Gilliam: 925-337-2760
David Chandler: 925-321-0219

David Osborn: 510-731-8524

Photography
If you take a photo you’d like to share with others at the conference, please attach it to an
email and send it to egillia@sandia.gov

Excursion & Conference Banquet
The Conference Excursion will be a boat trip on Lake Tahoe on Thursday August 6th,
aboard the Tahoe Gal. Because the Tahoe Gal cannot accommodate the entire group of
attendees at once, we will have two cruises during the afternoon. You may sign up for
one of the two cruises at the beginning of the conference.
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When you are not relaxing aboard the Tahoe Gal, we suggest a stroll through Tahoe City,
relaxing on a beach by the Lake, or walking the paved trail system along Lake Tahoe and
down the Truckee River. We will also have a wine tasting with Phil Wente of
Livermore’s Wente Vinyards, who will provide an overview of winemaking in
California.
The evening culminates in the Conference Banquet, featuring American Barbeque, held
outdoors by the Lake at Skylandia Beach. Please dress casually for comfort. The
Excursion / Banquet schedule is shown below:
Thursday, August 6, 2015 Excursion / Banquet Schedule
1:40 pm: Buses depart Plump Jack for Lake Tahoe Cruise
2:15 – 5:15 pm: Cruise aboard the Tahoe Gal with Cash Bar
5:30 – 6:30 pm: Explore Tahoe City on foot, including the Boatworks Mall and
Commons Beach
5:30 – 6:30 pm: Optional Wine Tasting with Phil Wente (Moe’s BBQ, 120 Grove
St., Tahoe City)
6:30 pm: Buses depart Boatworks Mall and Moe’s BBQ for the banquet at
Skylandia Beach
7:00 pm: Barbeque Banquet at Skylandia Beach (90 Aspen St., Tahoe City, CA)
8:30 – 9:00 pm: Buses depart Skylandia Beach for Plump Jack Inn

Excursion and Banquet Fees
The fee for the excursion and banquet is included in the cost of registration for each
scientific attendee. If you did not pay for a guest excursion / banquet ticket during
registration, we may be able to accommodate additional guests and family; please contact
David Osborn for more information.

Internet Connections
At the Plump Jack Inn: Network = conference center, Password: 5305831576
At the Squaw Valley Lodge: Network = svlwifi, UID = guest; Password = 201spr

Recreation (ask at the hotel desks for even more options)
•
•

•
•
•
•
•

The Plump Jack Inn offers a workout room and swimming pool.
The Squaw Valley Lodge offers a swimming pool, sauna, steam room, hot tubs,
workout room, tennis courts (racquets available for free, high altitude balls $7 / can).
You may rent bicycles in the Village. You can bicycle all the way to Tahoe City on
a bike path free of cars. Much of Lake Tahoe can also be circumnavigated on a bike
trail. Great mountain biking trails are also available.
Hiking abounds in Lake Tahoe. A great recommendation is the Shirley Lake Trail,
which starts near the Squaw Valley Lodge. If you hike far enough, you can take the
tram down for free! Boots are nice to have, but not truly required.
The Aerial Tram at Squaw Valley climbs 2,000 feet to High Camp, offering
panoramic views. Tickets are $39 (adults), $25 (youth/senior), $10 kids
Golf: there are many options, including a course in Squaw Valley
Rock Climbing: Donner Summit has the closest high quality routes; both leading
and trop-roping are available.
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Program
Sunday, August 2, 2015
4:00 – 6:00 pm
6:00 – 7:30 pm
7:30 – 9:00 pm

Registration (Lobby, Plump Jack Inn)
Dinner (Valley Room, Plump Jack Inn)
Plenary Lectures
Session Chair: Terry Miller

7:30 pm

I-1

Richard Zare (Stanford University)
Mass Spectrometry, Drop by Drop

8:15 pm

I-2

Lucy Ziurys (University of Arizona)
PURSUING FREE RADICALS WITH BIG TRUCKS,
LARGE CRANES, AND SOME SANITY: THE ARIZONA
APA PROJECT

9:00 – 9:15 pm
9:15 – 10:00 pm

Barbara Mez-Starck Award Ceremony, presented
by Dr. Jürgen Vogt
Reception, Plump Jack Inn Lounge

Monday, August
Monday, August 3, 2015
7:30 – 8:30 am
8:30 – 10:10 am

Breakfast
Spectroscopy
Session Chair: Mitchio Okumura

8:30 am

I-3

Timothy Schmidt (Univ. of New South Wales)
Dicarbon, 213 Years On

9:10 am

I-4

Michael Heaven (Emory University)
APPLIED SPECTROSCOPY AND THERMOCHEMISTRY
OF DIATOMIC IONS

9:50 am

HT-1

Joe Korn (Purdue University)
Conformer-Specific Spectroscopy of
Alkyl Benzyl Radicals

10:10 – 10:40 am

Coffee Break
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10:40 – 12 noon

Radicals in Combustion
Session Chair: G. Barney Ellison

10:40 am

I-5

Margaret Wooldridge (University of Michigan)
RADICALS IN LOW TEMPERATURE IGNITION
CHEMISTRY: TRACKING THE ELUSIVE OH

11:20 am

HT-2

John Savee (Sandia National Laboratories)
Direct Observation and Kinetics of a
Hydroperoxyalkyl Radical (QOOH)

11:40 am

HT-3

Mark Pfeifle (Karlsruhe Institute of Technology)
Reaction vs. Stabilization in the Gas Phase:
Is Chemically Activated R• Necessarily
Thermalized before Recombination with
O2?

12:00 – 1:00 pm

Lunch

1:00 – 6:00 pm

Free Time for Discussion and Recreation

6:00 – 7:00 pm
7:00 – 7:30 pm

Dinner
Poster Slam A (Valley Room, Plump Jack Inn)
During the Poster Slam, each poster presenter will
have 60 seconds to present one slide advertising
their poster in this evening’s session
Radicals in Combustion
Session Chair: Craig Taatjes

7:30 – 8:30 pm

7:30 pm

I-6

Stephen Klippenstein (Argonne National Lab)
Direct Dissociation of Excited Radicals

8:10 pm

HT-4

Marco Verdicchio (Argonne National Lab)
Predicting the Pressure-dependent
Kinetics of Radical-radical Reactions: a
priori Solution of the Two-dimensional
Master Equation

8:30 – 10:00 pm

Poster Session A
(Ponderosa Room, Squaw Valley Lodge)

3, 2015
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Tuesday, August 4, 2015
7:30 – 8:30 am
8:30 – 10:10 am

Breakfast
Radicals at Interfaces
Session Chair: Fabien Goulay

8:30 am

I-7

Matthew Costen (Heriot-Watt University)
Reactive and Inelastic Scattering at Gasliquid Hydrocarbon Interfaces

9:10 am

I-8

Kevin Wilson (Lawrence Berkeley National Lab)
HETEROGENEOUS REACTIONS OF HYDROXYL
RADICALS AT ORGANIC AEROSOL SURFACES

9:50 am

HT-5

Maria Tesa-Serrate (Heriot-Watt University)
Reactive Atom Scattering from Ionic
Liquid Surfaces

10:10 – 10:40 am

Coffee Break

10:40 – 12 noon

Spectroscopy
Session Chair: Trevor Sears

10:40 am

I-9

John Maier (University of Basel)
ELECTRONIC SPECTRA OF RADICALS AND IONS OF
RELEVANCE TO INTERSTELLAR SPACE AND
COMBUSTION

11:20 am

HT-6

Benjamin Schröder (University of Göttingen)
Theoretical Rovibrational Spectroscopy
beyond CCSD(T): the Floppy Isoelectronic
Systems of C3 and CNC+

11:40 am

HT-7

Yasuki Endo (University of Tokyo)
Microwave spectroscopy of molecular
complexes involving the simplest Criegee
intermediate, CH2OO

12:00 – 1:00 pm

Lunch

1:00 – 6:00 pm

Free time for Discussion and Recreation

2:00 – 5:00 pm

Conference Workshop: Writing Competitive Research
Grant Proposals (Mountain Room)
Askar Fahr (ACS Petroleum Research Fund)
Richard Johnson (National Science Foundation)
Wade Sisk (US Department of Energy)

9

6:00 – 7:00 pm
7:30 – 8:30 pm

Dinner
Dynamics and Photochemistry
Session Chair: Yuan Pern Lee

7:30 pm

I-10

David Manolopoulos (University of Oxford)
ON THE SEMICLASSICAL THEORY OF RADICAL PAIR
RECOMBINATION REACTIONS

8:10 pm

HT-8

Patrick Hemberger (Paul Scherrer Institut)
Threshold Photoelectron Spectroscopy
to Trace Chemistry in Pyrolysis,
Combustion and Catalysis

8:30 pm

Remembering Profs. Peter Botschwina and Ikuzo Tanaka

8:40 pm
8:50 pm
9:00 pm
9:10 pm

HP-1
HP-2
HP-3
HP-4

Aileen Hui, Caltech
Thomas Hearne, University of Western Australia
Anastasia Gunina, Univ. of Southern California
Katherine Catani, University of Melbourne

Wednesday, August 5, 2015
7:30 – 8:30 am
8:30 – 10:10 am

Breakfast
Radicals Beyond Earth
Session Chair: Mats Larsson

8:30 am

I-11

Wim Ubachs (University of Amsterdam)
Physics Beyond the Standard Model from
Molecules

9:10 am

HT-9

Kevin Hickson (University of Bordeaux)
LOW TEMPERATURE KINETIC STUDIES OF ATOMIC
NITROGEN – RADICAL REACTIONS

9:30 am

HT-10 Marko Förstel (University of Hawaii)
Exposing Radical Pathways in the
Formation of Prebiotic Molecules in
Energetically Processed Ices of
Astrochemical Relevance

9:50 am

HT-11 Martin Fournier (University of Rennes)
Rate Constants Down to Very Low
Temperatures for Reactions of the
Extremely Reactive C3N Radical.
Consequences for Molecular Clouds and
Titan
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10:10 – 10:40 am

Coffee Break

10:40 – 12 noon

Radicals Beyond Earth
Session Chair: Evan Bieske

10:40 am

I-12

Michael McCarthy (Harvard-Smithsonian)
DISILICON CARBIDE SICSI: GROUND STATE
ROVIBRATIONAL LEVEL STRUCTURE, QUANTUM
MONODROMY, AND ASTROPHYSICAL IMPLICATIONS

11:20 am

HT-12 Shih-Huang Lee (National Synchrotron Radiation
Research Center)
Exploring the Dynamics of Reactions of
CnH (n = 1 – 8) Radicals with C2H2

11:40 am

HT-13 Xiaohu Li (Sandia National Laboratories)
Exploring the Intersystem Crossing Seam
in Ethylene + O(3P) via Multireference
Calculations and a Nonlinear Diffusion
Map Technique

12:00 – 1:00 pm

Lunch

1:00 – 6:00 pm

Free time for Discussion and Recreation

6:00 – 7:00 pm
7:00 – 7:30 pm

Dinner
Poster Slam B (Valley Room, Plump Jack Inn)
During the Poster Slam, each poster presenter will
have 60 seconds to present one slide advertising
their poster in this evening’s session

7:30 – 8:30 pm

Dynamics and Photochemistry
Session Chair: Jingsong Zhang

7:30 pm

I-13

Hanna Reisler (University of Southern California)
PHOTODISSOCIATION DYNAMICS OF RADICALS ON
COUPLED POTENTIAL ENERGY SURFACES

8:10 pm

HT-14 Wolfgang Eisfeld (University of Bielefeld)
Robust methods for the development of
high-dimensional diabatic potential energy
surfaces

8:30 – 10:00 pm

Poster Session B
(Ponderosa Room, Squaw Valley Lodge)
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Thursday, August 6, 2015
7:15 – 8:00 am
8:00 – 10:00 am

Breakfast (NOTE: Early Start Today)
Radicals in the Atmosphere
Session Chair: John Barker

8:00 am

I-14

Carl Percival (University of Manchester)
The Role of Criegee Intermediates in
Tropospheric Chemistry

8:40 am

I-15

Craig Murray (University of California, Irvine)
KINETICS OF THE CH2I + O2 REACTION AND
SPECTROSCOPY OF THE ELUSIVE UBIQUITOUS
SIMPLEST CRIEGEE INTERMEDIATE

9:20 am

HT-15 Laura Mertens (California Institute of Technology)
Does the Reaction of HO2 with NO
Produce HONO2 and HOONO?

9:40 am

HT-16 Nathanael Kidwell (University of Pennsylvania)
Infrared Driven Unimolecular Reaction
Dynamics of Criegee Intermediates

10:00 – 10:20 am

Coffee Break

10:20 – 12:20 pm

Ions and Electrons
Session Chair: Robert Continetti

10:20 am

I-16

James Farrar (University of Rochester)
IMAGING GAS PHASE ION-RADICAL REACTIONS

11:00 am

HT-17 Shaun Ard (Air Force Research Laboratory)
Fresh Insights into Two-State Reactivity
from a Synergistic Approach:
Experimental, Computational, and
Statistical

11:20 am

I-17

Shan Xi Tian (Hefei National Laboratory)
Anion Velocity Imaging Study of
Dissociative Electron Attachment to
Molecule

12:00 noon

HT-18 Alexandra Viel (University of Rennes)
Theoretical Insights on Non-Adiabatic
Effects in the NO3 Radical

12:20 – 1:20 pm

Lunch
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1:30 – 9:00 pm

Symposium Excursion and Banquet

1:40 pm
2:15 – 5:15 pm
5:30 – 6:30 pm

Buses depart Plump Jack for Lake Tahoe Cruise
Cruise aboard the Tahoe Gal (Cash Bar)
Explore Tahoe City on foot, including the Boatworks Mall
and Commons Beach
Wine Tasting with Phil Wente of Wente Vineyards (Lake
View Room, Moe’s Barbeque Restaurant, 120
Grove St., Tahoe City, CA)
Buses shuttle between Boatworks Mall, Moe’s BBQ and
Skylandia Beach
Barbeque Banquet at Skylandia Beach (90 Aspen St.,
Tahoe City)
Buses depart Skylandia Beach for Plump Jack Inn

5:30 – 6:30 pm

6:30 – 7:00 pm
7:00 pm
8:30 – 9:00 pm
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Friday, August 7, 2015
7:30 – 8:30 am
8:30 – 10:10 am

Breakfast
Cold Environments
Session Chair: David Chandler

8:30 am

I-18

Stefan Willitsch (University of Basel)
Cold and Controlled Ion-Neutral
Reactions

9:10 am

HT-19 Thinh Bui (California Institute of Technology)
TIME-RESOLVED INFRARED FREQUENCY COMB
SPECTROSCOPY FOR THE STUDY OF FREE RADICAL
KINETICS

9:30 am

I-19

Gary Douberly (University of Georgia)
Stark and Zeeman Spectroscopy of Open
Shell Molecular Complexes in Helium
Nanodroplets

10:10 – 10:40 am

Coffee Break

10:40 – 12 noon

Dynamics and Photochemistry
Session Chair: Greg Hall

10:40 am

HT-20 Julia Krüger (Synchrotron SOLEIL)
DETECTION AND IDENTIFICATION OF SMALL
RADICALS WITH IMAGING PHOTOELECTRONPHOTOION COINCIDENCE SPECTROSCOPY

11:00 am

HT-21 Jens Giegerich (University of Würzburg)
The Photodissociation Dynamics of Alkyl
Radicals

11:20 am

I-20

Toshinori Suzuki (RIKEN, Tokyo University)
Photochemical Reaction of Ion Oxalate in
Aqueous Solution Studied by
Femtosecond X-ray Absorption
Spectroscopy

12:00 – 12:05 pm

Closing Remarks

12:05 – 1:00 pm

Lunch

1:00 pm

Departure
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Invited Speakers
(In Order of Presentation)
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I-1
MASS SPECTROMETRY, DROP BY DROP*
Richard N. Zare†
Department of Chemistry Stanford University, Stanford, CA 94305
Using high-resolution mass spectrometry, we have studied the synthesis of
isoquinoline in a charged electrospray droplet and the complexation between
cytochrome c and maltose in a fused droplet to investigate the feasibility of
droplets to drive reactions (both covalent and noncovalent interactions) at a
faster rate than that observed in conventional bulk solution.1,2 In both cases we
found marked acceleration of reaction, by a factor of a million or more in the
former and a factor of a thousand or more in the latter. We believe that carrying
out reactions in microdroplets (about 1 – 15 μm in diameter corresponding to 0.5
pL - 2 nL) is a general method for increasing reaction rates. The mechanism is
not presently established but droplet evaporation and droplet confinement of
reagents appear to be two important factors among others. In the case of fused
water droplets, evaporation has been shown to be almost negligible during the
flight time from where droplet fusion occurs and the droplets enter the heated
capillary inlet of the mass spectrometer. This suggests that (1) evaporation is not
responsible for the acceleration process in aqueous droplet fusion and (2) the
droplet-air interface may play a significant role in accelerating the reaction. We
argue that this 'microdroplet chemistry' could be a remarkable alternative to
accelerate slow and difficult reactions, and in conjunction with mass
spectrometry, it may provide a new arena for studying chemical and biochemical
reactions in a confined environment. We have also used desorption electrospray
ionization mass spectrometry to capture and identify fleeting electrochemical
reaction intermediates and recent studies utilizing this ambient ionization
3,4
technique will be presented.
*

Support from the Air Force Office of Scientific Research is gratefully acknowledged.
Email: zare@stanford.edu
1
Jae Kyoo Lee, Samuel Kim, Hong Gil Nam, and Richard N. Zare, "Microdroplet Fusion
Mass Spectrometry for Fast Reaction Kinetics," Proc. Natl. Acad. Sci. (USA) 112, 38983903 (2015).
2
Jae Kyoo Lee, Shibdas Banerjee, Hong Gil Nam and Richard N. Zare, "Acceleration of
Reaction in Charged Microdroplets," Quarterly Reviews of Biophysics (in press).
3
Timothy A. Brown, Hao Chen, and Richard N. Zare," Identification of Fleeting
Electrochemical Reaction Intermediates Using Desorption Electrospray Ionization Mass
Spectrometry." J. Am. Chem. Soc. 137, 7274-7277 (2015).
4
Timothy A. Brown, Hao Chen, and Richard N. Zare, “Mass Spectrometric Detection of
the Short-Lived Radical Cation Intermediate in the Electrooxidation of N,NDimethylaniline,” (in preparation).
†
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I-2
PURSUING FREE RADICALS WITH BIG TRUCKS, LARGE CRANES,
AND SOME SANITY: THE ARIZONA APA PROJECT
Lucy M. Ziurys
Department of Chemistry and Biochemistry, Department of Astronomy,
Arizona Radio Observatory, Steward Observatory, University of Arizona,
Tucson, AZ 85721 USA
One of the most common environments to find free radicals is in interstellar
space. However, studying these radicals requires the use of powerful (and
expensive) radio telescopes. The state-of-the-art technology for modern radio
telescopes is defined by the Atacama Large Millimeter Array project, or ALMA.
Located in Chile, ALMA consists of 66, 12m antennas linked together to create
images of molecular emission. As part of ALMA development, an antenna test
facility was created at the Very Large Array (VLA) in New Mexico. Three 12 m
antennas, prototype millimeter telescopes for ALMA, were constructed on the site
by the US, Europe, and Japan, respectively. In 2013, the Arizona Radio
Observatory (ARO) acquired one of the ALMA prototype antennas (APA) from its
owner, the European Southern Observatory (ESO).
With the transfer of ownership in hand, ARO and Steward Observatory began the
task of transporting the telescope from the VLA site to Kitt Peak. It was not
initially clear how to move the 97 ton structure the 490 mile distance. In
conjunction with the moving company, Precision Heavy Haul, a plan was
conceived to transport the antenna in two large pieces: the 40 ft. reflector, and
the base/instrument cabin. In the meantime, removal of the old 12 m at Kitt Peak
and preparatory work at the VLA site were conducted. The APA was first tested,
and then partly disassembled for transport. In November 2013, Precisions Heavy
Haul appeared at the VLA site with a custom-built truck to move the
base/instrument cabin. It was lifted into the dome at Kitt Peak on Nov. 22. The
reflector followed two weeks later, and was reunited with the base. In January
2014, ARO began the reassembly and recommissioning of the APA. Among the
challenging tasks to be performed were an overhaul of the antenna electrical
wiring, implementation of a new computer control scheme, and mounting new
instrumentation. “First light” occurred in September 2014, and scientific
observations began in December 2014.
In this talk I will provide an overview of the APA project from the viewpoint of the
faculty member who served as PI, and present new scientific results. I will also
discuss the challenges and rewards of a large-scale instrument project that went
well-beyond the usual laboratory setting.
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I-3
DICARBON, 213 YEARS ON
Timothy W. Schmidt, Scott. H. Kable, Olha Krechkivska, Tyler P. Troy,
Klaas Nauta, and George B. Bacskay
School of Chemistry, University of New South Wales
School of Chemistry, The University of Sydney
The dicarbon molecule (diradical?) was first spectroscopically observed by
Wollaston before 1802, through what would later be known as the Swan bands,
and reported in the same article in which is recorded the solar features later to be
known as the Fraunhofer lines. The Swan bands were coined in 1857, and have
been shown to dominate the spectra of comets and hydrocarbon flames. By
1930, the carrier was known to be C2, and the 20th century saw the observation
and analysis of many named band systems, including the Phillips, Mulliken,
Ballik-Ramsay and Fox-Herzberg systems – some of these scientists being
regular attendees at this meeting. In 2007, we reported the d – c ”Duck”
system,[1] and lately the first quintet-quintet bands were reported by Radi,
Bornhauser and co-workers[2].
So, you think it’s all finished? Well, no. Attempts to model cometary spectra with
calculated band strengths have yielded simulated spectra which are much too
hot. While reasonable agreement with observations can be achieved by making
the intercombination transitions ten times stronger than expected, this is not a
scientifically justified approach. But, if a dissociation mechanism could be found
which terminates the life of C2 before it completely “warms up” in front of the sun,
observations and photophysical models could be brought into agreement.
In this talk we will present our new 1 + 1 REMPI spectra of a-state C2, the first
such spectra of a metastable state of dicarbon. The spectra led to the
identification of a new band system, 53Πg – a3Πu, with the upper state lying above
the first dissociation threshold. Could excitations to high-lying Πg states be the
missing photodissociation mechanism? Maybe!
1.

Kokkin, D. L.; Reilly, N. J.; Morris, C. W.; Nakajima, M.; Nauta, K.; Kable, S. H.;
Schmidt, T. W. Observation of the d – c Band System of C2. J. Chem. Phys.
2006, 125, 231101.

2.

Bornhauser, P.; Marquardt, R.; Gourlaouen, C.; Knopp, G.; Beck, M.; Gerber, T.;
van Bokhoven, J. A.; Radi, P. P. Perturbation-Facilitated Detection of the First
Quintet-Quintet Band in C2. J. Chem. Phys. 2015, 142, 094313.
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I-4
APPLIED SPECTROSCOPY AND THERMOCHEMISTRY OF DIATOMIC IONS
Michael C. Heaven1, Joshua Bartlett1, Robert A. VanGundy1, Richard M
Cox2, JungSoo Kim2, P. B. Armentrout2, Shaun G. Ard3, Joshua J. Melko3,
Nicholas S. Shuman3, and Albert A. Viggiano3
1. Department of Chemistry, Emory University, Atlanta, GA 30322 2.
Department of Chemistry, University of Utah, Salt Lake City, UT 84112 3.
Air Force Research Laboratory, Space Vehicles Directorate, Kirtland
AFB, New Mexico 87117
Diatomic molecular ions that contain alkaline earth atoms are of interest
for experiments involving cold molecular ions. The advantage of using ions is
that they can be readily trapped using external fields. The alkaline earth atomic
cations are well suited for laser cooling as they have transitions that are
analogous to those of the alkali metals. Hence, Coulomb crystals are readily
formed in rf traps. Reactions of these atomic ions yield diatomic products that
are sympathetically cooled to low translational temperatures by the surrounding
atomic ions. In principle, spectroscopic measurements may be used to probe the
internal energies of the molecular ions. However, there are no gas phase
spectroscopic data for the ions of interest (e.g., BaO+, BaCl+, CaO+). To address
this need, we report studies of these ions that rely on pulsed field ionization –
zero kinetic energy (PFI-ZEKE) photoelectron techniques.
The chemi-ionization reaction Sm + O → SmO+ + e– has been used for
chemical release experiments in the thermosphere. This reaction was chosen, in
part, because the best available data indicated that it is exothermic. Low ion
yields in the initial atmospheric release experiments raised questions concerning
the accuracy of the ionization energy (IE) for SmO and the bond dissociation
energy (BDE) of SmO+. New measurements of the BDE, obtained using a
selected ion flow tube and guided ion beam techniques, yielded a more precise
value of 5.73 ± 0.07 eV. The IE of SmO was reexamined using PFI-ZEKE
spectroscopy. The value obtained, 5.7427 ± 0.0006 eV, was significantly higher
than the literature value. Combined with literature bond energies of SmO, this IE
indicates an exothermicity for Sm + O → SmO+ + e– of 0.14 ± 0.17 eV,
independent from and in agreement with the value deduced from the guided ion
beam measurements. The implications of these results for interpretation of
chemical release experiments are considered.
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I-5
RADICALS IN LOW TEMPERATURE IGNITION CHEMISTRY:
TRACKING THE ELUSIVE OH
Margaret S. Wooldridge*,†, Xin He*, Andrew Mansfield*, Scott Wagnon*
University of Michigan, *Department of Mechanical Engineering,
Department of Aerospace Engineering, Ann Arbor, MI, USA 48109.

†

Low-temperature combustion strategies offer potential to increase device
efficiencies while simultaneously reducing pollutant emissions. There are various
means of achieving low temperatures which include dilution, lean equivalence
ratios and premixed fuel and air operation. When combustion temperatures are
reduced, chemical kinetics can become rate limiting in terms of the rate of
reaction progress, particularly in premixed systems. Consequently, there have
been remarkable efforts in recent years to understand the fundamental reaction
kinetics of important reference fuel compounds, real fuels and fuel surrogate
blends at low and intermediate temperatures (600-1100 K). However, there are
still few species-resolved experimental data at the pressures and conditions
directly relevant to combustion systems. Such data are vital to understanding the
operational limits for engine and combustor design, quantifying characteristic
chemical reaction times, and developing and validating accurate combustion
reaction mechanisms.
Ignition chemistry provides insight into the reactions controlling radical pool
growth; reactions which are critical to stable and robust combustion systems.
The fuel kinetics research program at the University of Michigan has provided
important insights and discoveries on low temperature ignition chemistry at
conditions and compositions relevant to advanced combustion strategies for
reduced emissions and increased efficiencies. Our unique technical approach
uses a free-piston rapid compression facility to create the temperatures and
pressures of interest. In this presentation, result of narrow-line ultraviolet
absorption spectroscopy for quantitative OH radical measurements during
ignition of iso-octane [1] and syngas (CO + OH) [2] will be presented. The OH
data are the first of their kind and provide vital, high-fidelity benchmarks of the
radical formation and growth in these important combustion systems.
1. He, X., Zigler, B. T., Walton, S. M., Wooldridge, M. S., Atreya, A. (2006) “A Rapid
Compression Facility Study of OH Time Histories During Iso-octane Ignition,” Combustion
and Flame, 145, 552-570.
2. Andrew Mansfield, Ph.D. Dissertation, 2014, “Experimental Study of Synthesis Gas
Combustion Chemistry and Ignition Behaviors,” University of Michigan.
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I-6
DIRECT DISSOCIATION OF EXCITED RADICALS
Nicole Labbe,1 Raghu Sivaramakrishnan,1 Franklin C. Goldsmith,2 James
A. Miller,1 Stephen J. Klippenstein1
1

Chemical Sciences and Engineering Division,
Argonne National Laboratory, Argonne, IL, 60439
2
School of Engineering,
Brown University, Providence, RI, 02912
In the formulation of kinetic models for combustion chemistry it is generally
presumed that species formation and decay steps are distinct, with many
thermalizing collisions occuring prior to any decomposition. However, in reality, at
combustion conditions for many radicals the timescales for dissociation and
collisional relaxation are comparable. In this instance, the overall kinetics
depends on the extent of any dissociation that occurs during the collision
relaxation process, which in turn depends on the initial energy distribution of the
radical (arising from its formation reactions). To explore this issue, we have
studied in detail the formation and decomposition kinetics of HCO, which is a key
radical in combustion. For the H2CO + OH and H2CO + H reactions, which are
the two most important HCO formation reactions, we have used direct dynamics
simulations to predict the incipient energy distribution of HCO. These
distributions are then converted to predicted “direct decomposition fractions” via
master equation calculations. For other HCO forming reactions we estimate the
direct decomposition fraction for an initially thermal distribution of HCO. These
predictions are incorporated in revised kinetic models that are employed in
numerical simulations of flame propagation, ignition, and species formation for
simple hydrocarbon and oxygenated fuels – CH4, C2H2, C2H4, C2H6, and CH3OH
– using two popular chemical kinetic mechanisms taken from the literature.
These simulations indicate that the direct dissociation of HCO has a significant
influence on combustion properties. Similar effects are expected for other weakly
bound radicals (e.g. CH3CO, C2H3, C2H5, CH2OH).
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I-7
REACTIVE AND INELASTIC SCATTERING AT
GAS-LIQUID HYDROCARBON INTERFACES
Matthew L. Costen, Robert Bianchini, Maria A. Tesa-Serrate
and Kenneth G. McKendrick
Institute of Chemical Sciences, Heriot-Watt University, Edinburgh, U.K.
Gas-liquid interfaces, and heterogeneous reactions at them, are of fundamental
importance in combustion and atmospheric chemistry. Despite this, they have
seen relatively little study, as a result of the difficult experimental and theoretical
challenges they present. The structures of such interfaces are also poorly
understood, although this has a strong influence on gas-liquid interactions. There
is thus a strong need for experiments that reveal the dynamics of inelastic and
reactive scattering at the gas-liquid surface, and hence probe the interfacial
structure.
We have developed a laser-based experimental technique to investigate the
dynamics of reactive and inelastic scattering of oxygen atoms and hydroxyl
radicals at liquid hydrocarbon surfaces. A continuously-refreshed liquid surface is
produced, under vacuum, by a wheel rotating through a bath of the liquid.
Photolysis of suitable gas-phase precursors generates O or OH with
superthermal velocities directed towards the liquid surface. The OH products of
reactive or inelastic scattering recoil from the surface and are detected by laserinduced fluorescence. This provides measurements of the translational energy of
the products by time-of-flight, vibrational-rotational state distributions, and the
relative reactivity of different liquid surfaces towards O or OH. We will present
results on reactive and inelastic scattering at saturated and functionalized longchain hydrocarbons, which are models for the surfaces of atmospheric aerosols.
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I-8
HETEROGENEOUS REACTIONS OF HYDROXYL RADICALS
AT ORGANIC AEROSOL SURFACES
Kevin R. Wilson
Chemical Sciences Division, Lawrence Berkeley National Laboratory,
Berkeley CA. 94720
A key transformation processes in the atmosphere involves the heterogeneous
reaction of OH radicals with organic aerosols. After subsequent attack by OH,
key reactive intermediates are formed (i.e. peroxy and alkoxy radicals) that
transform the aerosol via both molecular weight growth (formation of new
oxygenated functional groups) and decomposition (breaking C-C bonds). Using a
variety experimental techniques, I will highlight recent progress in understanding
how the underlying free radical reaction pathways (with and without NO and SO2)
alter average aerosol properties and explain how the viscosity of an aerosol
controls the formation and dissipation of nanoscale interfacial gradients during a
heterogeneous reaction.
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I-9
ELECTRONIC SPECTRA OF RADICALS AND IONS OF RELEVANCE TO
INTERSTELLAR SPACE AND COMBUSTION
John P. Maier
Department of Chemistry, University of Basel,
Klingelbergstrasse 80, CH-4054 Basel, Switzerland
Focus of our research is the measurement of hitherto unknown electronic spectra
of radicals and cations containing mainly carbon atoms, which are of
astrophysical and combustion relevance. Initial information on the systems is
often obtained by measuring the absorption in 6 K neon matrices using a massselected ion beam1. In the gas phase the spectra of the neutral radicals are
obtained by a resonant two colour photoionisation approach, whereas a radiofrequency trap is used for the cations. The mass-selected ions are restrained
there and cooled by collisions with cryogenically cooled helium to 6–20 K prior to
the measurement of the electronic transitions. The spectra have been obtained
by a one- or two-colour, two-photon excitation-dissociation approach2. A method
to detect transitions using the difference in the rate of the complex formation with
helium in the ground and excited electronic state has been demonstrated3. The
availability of gas phase spectra allows the in situ monitoring of the transient
species in combustion processes and a direct comparison with astronomical
observations. Such laboratory measurements at 6 K in the gas phase have led to
the first definitive identification of two diffuse interstellar bands to C60+ 4.
1

A. Chakraborty, J. Fulara, R. Dietsche, J. P. Maier, Phys. Chem. Chem. Phys., 16,
7023–7030 (2014)
2
C. A. Rice, F.-X. Hardy, O. Gause, J. P. Maier, J. Phys. Chem. Lett., 5, 942–945 (2014)
3
S. Chakrabarty, M. Holz, E. K. Campbell, A. Banerjee, D. Gerlich, J. P. Maier,
J. Phys. Chem. Lett., 4, 4051–4054, (2013)
4
E. K. Campbell, M. Holz, D. Gerlich, J. P.Maier, Nature, in press (2015)
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I-10
ON THE SEMICLASSICAL THEORY OF RADICAL PAIR
RECOMBINATION REACTIONS
David E. Manolopoulos, Alan Lewis, and Peter J. Hore
Department of Chemistry, University of Oxford, Physical and Theoretical
Chemistry Laboratory, South Parks Road, Oxford OX1 3QZ, UK
We have recently introduced a semiclassical theory of radical pair recombination
reactions that improves on the early theory of Schulten and Wolynes [1] by
making it consistent with Newton’s third law [2,3]. In this talk, I will review this
theory, showing in particular how it becomes more accurate as the number of
hyperfine-coupled nuclear spins in the radical pair increases and the environment
of the electron spins becomes more complex. I will then present an application of
the semiclassical theory to a carotenoid-porphyrin-fullerene triad that provides a
'proof of principle' for the operation of a chemical compass [4], followed some by
preliminary (as yet unpublished) results for a long-lived radical pair in
cryptochrome that has been suggested as the origin of the compass sense of
migratory birds [5]. Finally, if time allows, I will explain how the semiclassical
theory can also be used to study the spin dynamics of polaron pairs in organic
light emitting diodes, and present a new result relating the magnetic field
dependence of the singlet yield of the polaron pair recombination reaction to the
magneto-luminescence and magneto-conductance of the diode, with an example
application to some experimental measurements of these quantities in poly(2,5dioctyloxy-p-phenylenevinylene) (DOO-PPV).

[1] K. Schulten and P. G. Wolynes, J. Chem. Phys. 68, 3292 (1978).
[2] D. E. Manolopoulos and P. J. Hore, J. Chem. Phys. 139, 124106 (2013).
[3] A. M. Lewis, D. E. Manolopoulos and P. J. Hore, J. Chem. Phys. 141, 044111 (2014).
[4] K. Maeda et al., Nature 453, 387 (2008).
[5] C. T. Rodgers and P. J. Hore, Proc. Natl. Acad. Sci. USA 106, 353 (2009).
[6] T. D. Ngyuyen et al., Nature Materials 9, 345 (2010).
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I-11
PHYSICS BEYOND THE STANDARD MODEL FROM MOLECULES
Wim Ubachs
Department of Physics and Astronomy, VU University Amsterdam

The spectrum of molecular hydrogen (H2 and its isotopomers HD and D2) can be
measured in the laboratory to very high precision using advanced laser and
molecular beam techniques, as well as frequency-comb based calibration [1,2].
The quantum level structure of this smallest neutral molecule can now be calculated to very high precision, based on a very accurate (1015 precision) BornOppenheimer potential [3] and including subtle non-adiabatic, relativistic and
quantum electrodynamic effects [4]. Comparison between theory and experiment
yields a test of QED, and in fact of the Standard Model of Physics, since the
weak, strong and gravitational forces have a negligible effect. Even fifth forces
beyond the Standard Model can be searched for [5].
Recently we have also obtained even more accurate and more constraining data
form precision measurement on the HD+ ionic system, which bears the advantage that systematic cooling via laser cooling of co-trapped Be+ ions in an ion
trap largely reduces Doppler effects [6]
Astronomical observation of molecular hydrogen spectra, using the largest
telescopes on Earth and in space, may reveal possible variations of fundamental
constants on a cosmological time scale [7]. A study has been performed at a
’look-back’ time of 12.5 billion years [8]. In addition the possible dependence of a
fundamental constant on a gravitational field has been investigated from observation of molecular hydrogen in the photospheres of white dwarfs [9]. The
latter involves a test of the Einsteins equivalence principle.
[1] E.J. Salumbides et al., Phys. Rev. Lett. 107, 143005 (2011).
[2] G. Dickenson et al., Phys. Rev. Lett. 110, 193601 (2013).
[3] K. Pachucki, Phys. Rev. A82, 032509 (2010).
[4] J. Komasa et al., J. Chem. Theory Comp. 7, 3105 (2011).
[5] E.J. Salumbides et al., Phys. Rev. D87, 112008 (2013).
[6] J. Biesheuvel et al, submitted
[7] F. van Weerdenburg et al., Phys. Rev. Lett. 106, 180802 (2011).
[8] J. Badonaite et al., Phys. Rev. Lett. 114, 071301 (2015).
[9] J. Bagdonaite et al., Phys. Rev. Lett. 113, 123002 (2014).
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I-12
DISILICON CARBIDE SICSI: GROUND STATE ROVIBRATIONAL LEVEL
STRUCTURE, QUANTUM MONODROMY, AND ASTROPHYSICAL IMPLICATIONS
Michael C. McCarthy
Harvard-Smithsonian Center for Astrophysics, 60 Garden Street,
Cambridge, MA 02138, USA, and School of Engineering and Applied
Sciences, Harvard University, Cambridge, MA 02138, USA
(mccarthy@cfa.harvard.edu)
Disilicon carbide, SiCSi, is one of the most important small silicon carbides.
Along with C3, SiC2, and Si3, it provides a simple illustration of the contrast
between C versus Si bonding, and may also serve as an archetypal example of
quantum monodromy, owing to its low calculated barrier to linearity. SiCS is also
of much applied interest: it is one of the most abundant molecular fragments in
the vaporization of solid SiC, and it has long been predicted to be a key Sispecies in carbon-rich stars such as IRC+10216. For these reasons, it is
surprising that so little is known about the ground state structure of this bent
triatomic.
Using a combination of rotational [1], mass-resolved, and fluorescence
spectroscopies [2], in combination with variational calculations performed on a
1
high-level ab initio potential, the rovibrational structure of SiCSi in its A1 ground
state has recently been characterized. As part of this work, a highly accurate
equilibrium structure was derived, as was the barrier to linearity [783(48) cm-1].
In close coordination with radio astronomy, more than 110 lines, both from a
single dish telescope (IRAM 30m) and an interferometer (SMA), were
immediately discovered in IRC+10216 [3]. SiCSi is found to be comparably
abundant to well-known SiC2; the bulk of its emission arises from a region of 6′′ in
radius, implying that it also plays a key role in the formation of SiC dust grains.
This talk will provide a review of recent results, and a status report on several
follow-up studies.

[1] M. C. McCarthy, J. H. Baraban, P. B. Changala, J. F. Stanton, M.-A. Martin-Drumel,
S. Thorwirth, C. A. Gottlieb, N. J. Reilly, J. Phys. Chem. Lett. 6, 2107 (2015).
[2] N. J. Reilly, P. B. Changala, J. H. Baraban, D. L. Kokkin, J. F. Stanton, M. C.
McCarthy, J. Chem. Phys. Comm. 142, 231101 (2015).
[3] J. Cernicharo, M. C. McCarthy, C. A. Gottlieb, M. Agundez, L. Velilla Prieto, et al.
Astrophys. Lett. 806, L3 (2015).
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I-13
PHOTODISSOCIATION DYNAMICS OF RADICALS ON
COUPLED POTENTIAL ENERGY SURFACES
Hanna Reisler,1 Chirantha Rodrigo2, Amit K. Samanta, Subhasish
Sutradhar, and Mikhail Ryazanov3
Department of Chemistry, University of Southern California, Los Angeles,
CA 90089-0482
Unimolecular reactions of gas-phase free radicals are characterized by multiple
product channels, interacting low-lying electronic states, and isomerization
processes. Intuition gained from photoinitiated reactions of stable molecules
cannot usually be transported to free radicals, and only a combination of statespecific experiments and high-level theory can unravel complex mechanisms and
interpret trends. I will describe experimental studies of unimolecular reactions of
hydroxyalkyl radicals and hydroxycarbenes on their ground and excited
electronic states, emphasizing the role of conical intersections in accessing
product channels via direct and indirect routes. Specifically, I will discuss the
OH-overtone induced dissociation of the hydroxymethyl radical, vibrational state
specific effects, and the competing roles of direct dissociation and isomerization
to methoxy on the ground electronic state. I will then discuss the
photodissociation of hydroxymethyl and its isotopologs excited to their low-lying
Rydberg states, and the dynamics of dissociation through conical intersections
that lead to specific product channels. Special emphasis will be placed on the
generation of hydroxymethylene in the photodissociation and its subsequent
dissociation. Comparisons with theoretical calculations carried out by Krylov,
Bowman, Yarkony and their coworkers will be described, as they are essential to
elucidating reaction mechanisms and understanding the factors that determine
the competition among channels. Time permitting I will also describe our ongoing
efforts to develop efficient sources of hydroxycarbenes for photophysical and
photochemical studies.

1.
2.
3.

Research supported by the US Department of Energy, Basic Energy Sciences
Now at Applied Materials
Now at the Chemistry Department, University of California, Berkeley
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I-14
THE ROLE OF CRIEGEE INTERMEDIATES IN TROPOSPHERIC CHEMISTRY
Carl J. Percival
Centre for Atmospheric Science, University of Manchester, UK
Carbonyl oxides, known as “Criegee intermediates” after Rudolf Criegee, who
proposed their participation in ozonolysis,1 are important species in tropospheric
chemistry. Most carbonyl oxides in the troposphere are produced by ozonolysis,
but other tropospheric reactions can also produce Criegee intermediates.2, 3
However, until recently2, 4 no Criegee intermediate had been observed in the gas
phase, and information about the reactivity of Criegee intermediates in gasphase ozonolysis or in the troposphere have relied on indirect determinations.5, 6
In this work, the reactions of the three simplest Criegee intermediates, CH2OO,
CH3CHOO, CH3COOCH3 with NO2, NO, H2O, R1R2C(O), and SO2 have been
measured by laser photolysis / tunable synchrotron photoionization mass
spectrometry. Diiodomethane, Diiodoethane and diiodopropane photolysis
produces RI radicals, which react with O2 to yield ROO + I, where R = CH2,
CH3CH and CH3CCH3. The Criegee intermediates are reacted with a large
excess of SO2 and both the disappearance of Criegee intermediates and the
formation of reaction products are observed by time-resolved photoionization
mass spectrometry. Rate coefficients at 298 K (and 4 Torr) of (3.9 ± 0.7) × 10-11
cm3 molecule-1 s-1 for CH2OO + SO2 and of (2.4 ± 0.3) × 10-11 cm3 molecule-1 s-1
for CH3CHOO + SO2 and of (1.1 ± 0.3) × 10-10 cm3 molecule-1 s-1 for CH3COOCH3
+ SO2 have been obtained.
The reaction pathways that these Criegee intermediates follow, on production
from ozonolysis of carbon-carbon double bonds in the atmosphere, play a pivotal
role in shaping the composition of the Earth’s lower atmosphere. The direct
measurements of the reactivity of CIs2,7,8 have shown that reactivity of CI is
orders of magnitude higher than previously thought. Thus the oxidative flux of the
atmosphere through CIs will play a significant role in governing atmospheric
composition. Placing the present results into a tropospheric chemistry model8
implies a substantial role of Criegee intermediates in sulfate chemistry and
Organic acids. In this work we will show that CIs have a significant impact on
aerosol formation in the atmosphere.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Criegee, R.; Wenner, G. Liebigs. Ann. Chem. 1949, 564, 9.
Welz et al., Science 2012, 335, 204.
Asatryan; Bozzelli, Phys. Chem. Chem. Phys. 2008, 10, 1769.
Taatjeset al., J. Am. Chem. Soc., 2008, 130, 11883.
Johnson and Marston, Chem. Soc. Rev. 2008, 37, 699.
Donahue et al., Phys. Chem. Chem. Phys. 2011, 13, 10848.
Taatjes, et al., Science 2013, 340, 177.
Percival et al., Faraday Discussions, 2013, 165,45.
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I-15
KINETICS OF THE CH2I + O2 REACTION AND SPECTROSCOPY OF THE
ELUSIVE UBIQUITOUS SIMPLEST CRIEGEE INTERMEDIATE
Craig Murray, Elizabeth S. Foreman, Kara M. Kapnas
University of California, Irvine

The reaction between photolytically-generated iodomethyl radicals and molecular
oxygen plays an important role in recycling reactive iodine species in the marine
troposphere. It is also the de facto reaction of choice for laboratory production of
the stabilized Criegee intermediate, CH2OO. The detailed mechanism and
branching between competitive reaction pathways is still subject to some
uncertainty. We have investigated the kinetics of IO radical formation using
cavity ring-down spectroscopy. We find evidence for formation of IO in v=0 and
v=1, and use transient absorption spectroscopy and the simultaneous kinetic and
ring-down (SKaR) technique to examine the formation and loss kinetics. The
concentration-time profiles are found to be different for each vibrational level.
The observations are consistent with a kinetic model in which IO(v=0) is
produced both directly and through secondary chemistry, most probably involving
initial formation of CH2OO and subsequent reaction with I atoms, while IO(v=1) is
produced exclusively via the direct mechanism. We propose that the reaction
mechanism (direct or indirect) may depend upon the degree of initial excitation of
the photolytically-produced CH2I reagent. At relatively low pressure, the major
primary products of the title reaction are CH2OO + I. Discrepancies remain
among experimental measurements of the strong visible/near-UV absorption
band of CH2OO. We report new higher-resolution spectra of the structured red
edge of the absorption band recorded using single-pass broadband absorption
and cavity ring-down spectroscopy.
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I-16
IMAGING GAS PHASE ION-RADICAL REACTIONS
James M. Farrar† and Linsen Pei
Department of Chemistry, University of Rochester, Rochester NY 14627
Unlike studies of gas phase ions with stable atomic and molecular collision
partners, understanding where the energy goes in collisions of ions with small
molecular free radicals is a subject in its infancy. In this study, we apply the
velocity map imaging method1 to crossed beam studies of reactions of atomic
and molecular cations with hydrocarbon radicals produced by pyrolysis of a
precursor in a SiC afterburner that follows a pulsed supersonic nozzle.2 The low
ionization energies of free radicals make electron transfer a ubiquitous channel,
and we will present a number of examples, focusing on the role of energy
resonance and favorable Franck-Condon factors in promoting electron transfer at
large impact parameters. The system H3+ + CH3 presents an interesting case
study in which electron transfer is endoergic and proton transfer is exoergic,
allowing two reaction channels to compete over a range of collision energies.
The chemistry occurring between C+ and the allyl radical, C3H5, is particularly
interesting, showing both electron transfer and C-C bond formation, the latter
through a long-lived covalently bound collision complex that decays by ejection of
molecular hydrogen. These and other examples provide evidence of the rich
chemistry that ions undergo with small hydrocarbon-based radicals at low
collision energies.

* Support from the National Science Foundation is gratefully acknowledged.
†

Email: farrar@chem.rochester.edu

1

Eppink, A.; Parker, D. H., "Velocity Map Imaging of Ions and Electrons Using
Electrostatic Lenses: Application in Photoelectron and Photofragment Ion Imaging of
Molecular Oxygen." Rev. Sci. Instrum. 1997, 68 (9), 3477.

2

Blush, J. A.; Clauberg, H.; Kohn, D. W.; Minsek, D. W.; Xu, Z.; Chen, P.,
"Photoionization Mass and Photoelectron-Spectroscopy of Radicals, Carbenes and
Biradicals." Acc. Chem. Res. 1992, 25 (9), 385.
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I-17
ANION VELOCITY IMAGING STUDY OF DISSOCIATIVE ELECTRON
ATTACHMENT TO MOLECULE
Shan Xi Tian
Hefei National Laboratory for Physical Sciences at the Microscale,
University of Science and Technology of China, Hefei, Anhui 230026,
China. E-mail: sxtian@ustc.edu.cn
Dissociative electron attachment (DEA) to molecule, e¯ + AB → (AB¯)* → A +
B¯, is a novel process. The neutral (A) and anionic (B¯) fragments or radicals
can stimulate sub-reactions in ionization-radiation damages and contribute much
to substance evolvement in interstellar space. Over recent years, we are carrying
out the DEA dynamics studies by measuring the B¯ momentum images with our
home-made anion time-sliced velocity map imaging apparatus. Some progresses
are summarized here: (1) Renner-Teller effect and Jahn-Teller effect, (2) spinorbit coupling and the experimental evaluation of the configuration
wavefunctions, (3) orientational attachment of the low-energy electron, (4)
quantum interference and coherent resonances. At last, some experimental
technique developments for our DEA studies will be briefly introduced.
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I-18
COLD AND CONTROLLED ION-NEUTRAL REACTIONS
Stefan Willitsch
Department of Chemistry, University of Basel, Basel, Switzerland
E-mail: stefan.willitsch@unibas.ch

Recent advances in the preparation and manipulation of neutral molecules and
ions at temperatures below 1 K have opened up new possibilities for the study
and control of chemical reactions. Samples of cold and spatially localized ions in
traps, often referred to as Coulomb crystals [1], are attractive systems in this
context because they enable the study of reactive processes on the level of
single particles.
In the talk, we will give an overview of recent experiments using Coulombcrystallized ions for the study of chemical dynamics. First, we will focus on
reactive collisions of ultracold neutral atoms with cold atomic and molecular ions
at temperatures in the millikelvin regime studied using a “hybrid” trap, i.e., a trap
for the simultaneous confinement of both species. We will illustrate the exotic
chemical processes and features of the dynamics which occur in ion-neutral
systems at extremely low temperatures [2]. We will also present results from a
recently developed “dynamic” hybrid-trapping experiment which enables the
study of cold reactions with a greatly improved energy resolution approaching a
regime in which quantum features in the ion-neutral collisions such as
resonances should be resolvable. Second, we will review recent work on reactive
collisions between Coulomb-crystallized ions and conformationally selected
neutral molecules introducing a new method to study and control conformational
effects in bimolecular reactions of complex molecules [3]. We will conclude the
talk with an outlook on future developments.
[1] S. Willitsch, Int. Rev. Phys. Chem. 2012, 31, 175
[2] F.H.J. Hall et al., Phys. Rev. Lett. 2011, 107, 243202; Phys. Rev. Lett. 2012, 109,
233202; Mol. Phys., 2013, 111, 2020; Mol. Phys. 2013, 111, 1683
[3] Y.-P. Chang et al., Science 2013, 342, 98; D. Rösch et al., J. Chem. Phys. 2014, 140,
124202
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I-19
STARK AND ZEEMAN SPECTROSCOPY OF OPEN SHELL MOLECULAR
COMPLEXES IN HELIUM NANODROPLETS
Gary E. Douberly
University of Georgia, Department of Chemistry, Athens, GA 30602, USA
Pyrolytic decomposition of tert-butyl hydrogen peroxide has proven to be an
efficient source for doping helium droplets with the hydroxyl radical (OH).1-3
Several OH containing molecular complexes have been stabilized in helium
droplets following the sequential pick-up of OH and a closed shell molecular
species. We have probed the geometric and electronic structures of these
systems with infrared laser Stark and Zeeman spectroscopy, employing
homogenous DC electric and magnetic fields applied to the laser-droplet beam
interaction zone. For example, the T-Shaped OH−C2H2 complex has been
probed via excitation of the OH and antisymmetric CH stretch modes. Partial
quenching of orbital angular momentum upon complex formation results in parity
splitting of rotational levels, which is fully resolved in the helium droplet spectra.
A model Hamiltonian for the Stark effect for systems exhibiting partially quenched
electronic angular momentum is employed to extract from experimental Stark
spectra the permanent electric dipole moment for this system.4 Moreover, a
model Zeeman Hamiltonian is derived, which allows for an analysis of coupling of
the partially quenched electronic angular momentum to the external magnetic
field and the associated gL and gS factors, which are apparently unaffected by the
helium solvation environment. An IR-IR double resonance experiment with
picosecond time resolution is proposed that will allow for an investigation of
vibrational energy flow, vibrational predissociation, and vibrational excitationinduced reaction in systems of this type.
1 Raston, P.L.; Liang, T.; Douberly, G.E., “Infrared spectroscopy of HOOO and DOOO in
4He nanodroplets” Journal of Chemical Physics, (2012), 137, 184302.
2 Raston, P.L.; Liang, T.; Douberly, G.E., “Anomalous Λ-doubling in the infrared spectrum
of the hydroxyl radical in helium nanodroplets” Journal of Physical Chemistry A, (2013),
117, 8103-8110.
3 Douberly, G.E.; Raston, P.L.; Liang, T.; Marshall, M.D. “Infrared rovibrational
spectroscopy of OH–C2H2 in 4He nanodroplets: Parity splitting due to partially
quenched electronic angular momentum” Journal of Chemical Physics, (2015), 142,
134306.
4 Moradi, C.P.; Douberly, G.E. “On the Stark effect in open shell complexes exhibiting
partially quenched electronic angular momentum: Infrared laser Stark spectroscopy of
OH-C2H2, OH-C2H4, and OH-H2O” Journal of Molecular Spectroscopy, (2015),
http://dx.doi.org/10.1016/j.jms.2015.06.002
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I-20
PHOTOCHEMICAL REACTION OF ION OXALATE
IN AQUEOUS SOLUTION STUDIED BY
FEMTOSECOND X-RAY ABSORPTION SPECTROSCOPY
Y. Ogi, Y. Obara, T. Katayama, Y.-I. Suzuki, S. Y. Liu, N. Bartlett,
N. Kurahashi, S. Karashima, T. Togashi, Y. Inubushi,
M. Yabashi, K. Misawa, P. Slavicek, and T. Suzuki
RIKEN, Tokyo Univ. of Agri. & Tech., JASRI, Kyoto Univ., Japan
Time-resolved X-ray absorption spectroscopy was performed for aqueous
ammonium iron(III) oxalate trihydrate solutions using an X-ray free electron laser
and a synchronized ultraviolet laser. The spectral and time resolutions of the
experiment were 1.3 eV and 200 fs, respectively. A femtosecond 268 nm pulse
was employed to excite [Fe(III)(C2O4)3]3- in solution from the high-spin ground
electronic state to ligand-to-metal charge transfer (LMCT) state(s), and the
subsequent dynamics were studied by observing the time-evolution of the X-ray
absorption spectrum near the Fe K-edge. Upon 268 nm photoexcitation, the Fe
K-edge underwent a red-shift by more than 4 eV within 140 fs; however, the
magnitude of the redshift subsequently diminished within 3 ps. The Fe K-edge of
the photoproduct remained lower in energy than that of [Fe(III)(C2O4)3]3-. The
observed red-shift of the Fe K-edge and the spectral feature of the product
indicate that Fe(III) is upon excitation immediately photoreduced to Fe(II),
followed by ligand dissociation from Fe(II). Based on a comparison of the X-ray
absorption spectra with DFT calculations, we propose that the dissociation
proceeds in two steps, forming first [(CO2•)Fe(II)(C2O4)2]3- and subsequently
[Fe(II)(C2O4)2]2-.
[Reference] Ogi et al., Structural Dynamics 2, 034901 (2015)
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HT-1
CONFORMER-SPECIFIC SPECTROSCOPY OF ALKYL BENZYL RADICALS
Joseph A. Korn†, Daniel P. Tabor‡, Khadija M. Jawad†, Daniel M. Hewett†,
Edwin L. Sibert‡, and Timothy S. Zwier†
†

Purdue University, West Lafayette, IN
University of Wisconsin, Madison, WI

‡

Alkylbenzenes are major components of gasoline, with flexible alkyl chains that
support conformational isomers whose number grow with increasing alkyl chain
size. Pyrolysis of the alkylbenzenes has as its lowest energy decomposition
pathway breakage of the C(α)-C(β) bond to produce the benzyl radical + an nalkyl radical. In competition with this pathway is the loss of an H-atom from the
C(α) site to form α-alkyl benzyl radicals, C6H5-ĊH-CnH2n+1. This series of
resonance-stabilized radicals is intriguing because it possesses the same series
of flexible alkyl chains offered by the alkylbenzenes, here built off the benzyl
radical. Building off earlier studies by our group on a-methylbenzyl radical1, this
presentation will present the electronic and infrared spectroscopy of α-ethyl
benzyl and α-propyl benzyl radicals generated from the discharge of 1-phenyl
propanol and 1-phenyl butanol. Both radicals of interest were studied under jetcooled conditions using resonant two-photon ionization (R2PI) and resonant ion
dip infrared (RIDIR) spectroscopies. The D0-D1 R2PI spectrum of the α-ethyl
benzyl radical displays extensive Franck-Condon activity in a low-frequency
mode that signals a change in the preferred geometry of the ethyl group upon
electronic excitation. The R2PI spectrum of α-propyl benzyl radical has
contributions from two main conformers, with striking differences in their
electronic spectroscopy. RIDIR spectra in the alkyl CH stretch region were
recorded in both the ground and first excited doublet states. In collaboration with
Ned Sibert’s group at UW-Madison, these spectra are modeled theoretically,
including the stretch-bend Fermi resonances that are pervasive part of alkyl CH
stretch spectroscopy. This leads to assignments for the conformational isomers.
Conformation-specific vibronic spectra were recorded using IR-visible
holeburning methods. These results are early example of the use of IR-visible
double resonance to record conformation-specific spectra of radicals,
demonstrating the power of such methods for dissecting complicated spectra into
their constituent contributions due to the individual isomers.
(1) Kidwell, N. M.; Reilly, N. J.; Nebgen, B.; Mehta-Hurt, D. N.; Hoehn, R. D.; Kokkin,
D. L.; McCarthy, M. C.; Slipchenko, L. V.; Zwier, T. S. The Journal of Physical
Chemistry A 2013, 117, 13465.
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HT-2
DIRECT OBSERVATION AND KINETICS OF A
HYDROPEROXYALKYL RADICAL (QOOH)
John D. Savee, Ewa Papajak, Brandon Rotavera, Haifeng Huang, Arkke
J. Eskola, Oliver Welz, Leonid Sheps, Craig A. Taatjes, Judit Zádor, and
David L. Osborn
Combustion Research Facility, Sandia National Labs, Livermore, CA USA
Oxidation of organic molecules in combustion and the Earth’s troposphere is
mediated by reactions of free radicals. Hydroperoxyalkyl radicals, typically
denoted as QOOH, are formed by isomerization of organic peroxy radicals and
are believed to play a key role in the radical chain branching that drives ignition in
combustion and tropospheric autooxidation that leads to highly oxygenated lowvolatility species that seed secondary organic aerosols. Despite our
understanding of their importance, no QOOH species has been previously
observed by direct spectroscopic methods, and the kinetics of their critical
reactions with O2 are not well characterized. Here, we employ oxidation of 1,3cycloheptadiene to generate the first directly detected QOOH species and
measure the kinetics of its reaction with O2 at 400 K. Coupled with master
equation modeling this work explores the effects of resonance stabilization in
hydrocarbon oxidation and supports that such stabilization can lead to long-lived
QOOH intermediates.
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HT-3
REACTION VS. STABILIZATION IN THE GAS PHASE:
IS CHEMICALLY ACTIVATED R• NECESSARILY
THERMALIZED BEFORE RECOMBINATION WITH O2?
Mark Pfeifle and Matthias Olzmann
Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

Organic peroxy radicals play a significant role as intermediates in a great variety
of reactive processes from autoxidation in the liquid phase over low-temperature
combustion to the degradation of trace gases in the atmosphere.1 The parent
alkyl radicals R• are usually produced in exothermic steps such as OH addition,
giving rise to a non-thermal initial distribution of the radical’s rovibrational energy.
It is normally assumed that collisions with the bath gas rapidly stabilize R•, so that
subsequent steps R• + X can be treated as thermal reactions. However, the
reaction R• + O2 → ROO• under oxygen-rich conditions often competes with
collisional energy transfer, which challenges the assumption of complete
thermalization. Non-thermal energy distributions of R• can further enhance
chemical activation of ROO• and thereby facilitate unimolecular reactions of the
peroxy radical.2
A detailed kinetic treatment of such mechanisms involves the solution of a
system of coupled master equations (ME), each describing the energydependent population of the respective radical intermediate. It turns out that the
inclusion of back dissociation ROO• → R• + O2 into the coupling scheme is crucial
to obtain an adequate picture. In the present contribution, a novel, iterative
method was developed that yields the self-consistent steady-state solution of a
system of MEs coupled by reversibility. The interface between individual MEs is
designed so as to obey the principle of detailed balance by using a procedure
based on the considerations by Green and Robertson.3 It is demonstrated that
the proposed solution technique is quite robust with respect to the input guess
and converges for a wide range of conditions.
As a case study from atmospheric chemistry, we chose the Isoprene + OH + O2
reaction, which we already studied in a prior work.4 In particular, hydrogen shift
reactions of peroxy radicals as proposed by Peeters et al.5 and potential effects
of chemical activation on their branching ratios were investigated. Besides the
Isoprene-OH adduct radical (R•), the ME model includes two different ROO•
isomers, both reversibly coupled with R•. Mechanistic implications are discussed,
by taking into account the role of competing bimolecular peroxy reactions.
Furthermore, a parametric study with faster unimolecular steps was performed to
mimic scenarios where non-thermal effects are more pronounced.
1. (a) Bolland, J.L.; Q. Rev. Chem. Soc. 1949, 3, 1; (b) Zádor, J.; Taatjes, C.A.; Fernandes, R.X.;
Prog. Energy. Combust. Sci. 2011, 37, 371; (c) Atkinson, R.; Arey, J.; Chem. Rev. 2003, 103,
4605.
2. Burke, M.P.; Goldsmith, C.F.; Georgievskii, Y.; Klippenstein, S.J.; Proc. Combust. Inst. 2015, 35,
205.
3. Green, N.J.B.; Robertson, S.H.; Chem. Phys. Lett. 2014, 605–606, 44.
4. Pfeifle, M.; Olzmann, M.; Int. J. Chem. Kinet. 2014, 46, 231.
5. Peeters, J.; Müller, J.-F.; Stavrakou, T.; Nguyen, V.S.; J. Phys. Chem. A 2014, 118, 8625.
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HT-4
PREDICTING THE PRESSURE-DEPENDENT KINETICS OF RADICALRADICAL REACTIONS: A PRIORI SOLUTION OF THE
TWO-DIMENSIONAL MASTER EQUATION

Marco Verdicchio,1 Ahren W. Jasper,2 Kenley M. Pelzer,1 Yuri Georgievskii,1
Michael P. Burke,3 James A. Miller,1 Stephen J. Klippenstein1
1
Chemical Sciences and Engineering Division, Argonne National Laboratory,
Argonne, IL 60439, USA.
2
Combustion Research Facility, Sandia National Laboratories, Livermore, CA
94511, USA.
3
Department of Mechanical Engineering, Department of Chemical
Engineering, and Data Sciences Institute, Columbia University, New York,
NY 10027, USA.
The description of the pressure dependence of radical-radical reactions is a key
point for the kinetic modeling of combustion and atmospheric processes. The
ability to predict pressure-dependent rate parameters for such reactions would
dramatically improve the utility of theoretical kinetics simulations for the modeling
of practical chemical problems especially for extreme conditions where the
validity of experimental results is questionable. To address this problem, Jasper
et al. [1] proposed a new full a priori two-dimensional master equation (2DME)
scheme. This approach uses trajectory simulations to predict the collisioninduced transitions in the energy, E, and angular momentum, J, thereby
overcoming the empiricism and consequent uncertainties arising from the
formulation of collisional energy transfer parameters adopted in prior theoretical
kinetics studies. In the present work, we have coupled this scheme with highlevel multireference electronic structure based transition state theory methods to
calculate the pressure-dependent rate constant for the reaction
𝐻𝐻( 2𝑆𝑆) + 𝑂𝑂2 �𝑋𝑋 3Σ𝑔𝑔− �(+𝑀𝑀) ⟶ 𝐻𝐻𝑂𝑂2 (𝑋𝑋 2A′′ )(+𝑀𝑀)
with different bath gases (M=Ar, He and H2O) over the temperature range 3002000 K. The reaction of hydrogen with molecular oxygen is perhaps the single
most important pressure dependent reaction in combustion and is also of
significance to atmospheric chemistry. It has been extensively investigated from
both experimental and theoretical point of view. Remarkably, the present a priori
predictions for Ar agree with the room temperature experimental data to within
20% over 5 decades in pressure. We calculate low-pressure limiting rate
coefficients k0(300 K) of 3.29x10-32 and 3.31x10-32 cm6 molecule-1 s-1 for Ar and
He as bath gas, respectively. Our calculations predict a slower convergence to
the low-pressure limit with respect to previous theoretical works [2]. This
difference impacts the interpretation of experimental measures of the lowpressure limiting rate constant. Furthermore, we calculate a H2O enhancement
(relative to Ar) for the low pressure limit of a factor of 7 at 1000 and 2000 K,
whereas previous works have reported values between 15 and 25 for the same
conditions. The effect of these predictions on combustion is explored through
flame speed simulations for the H2/O2 system under a variety of conditions.
[1] A. W. Jasper, K. M. Pelzer, J. A. Miller, E. Kamarchik, L. B. Harding, S. J. Klippenstein, Science, 346 (2014)
1212-1215.
[2] S. R. Sellevåg, Y. Georgievskii, J. A. Miller, J. Phys. Chem. A, 112 (2008) 5085-5095.
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HT-5
REACTIVE ATOM SCATTERING FROM IONIC LIQUID SURFACES
M. A. Tesa-Serrate1, S. M. Purcell1, B. C. Marshall2, E. J. Smoll, Jr.2, L.
D’Andrea3, J. M. Slattery3, T. K. Minton2, M. L. Costen1, K. G.
McKendrick1
1

Institute of Chemical Sciences, Heriot-Watt University, Edinburgh, UK
Department of Chemistry and Biochemistry, Montana State University,
Bozeman, USA
3
Department of Chemistry, University of York, York, UK

2

We have employed reactive collisions with gas-phase atoms to probe the surface
of a series of room-temperature ionic liquids (RTILs). RTILs are low-temperature
molten salts with tunable physical properties and many potential industrial
applications. Recent studies of the RTIL surface have attempted to find the
relationship between bulk composition and surface structure; however, there is
still a need for truly surface-specific analysis techniques that yield quantitative
results.
Our approach at Heriot-Watt University, labelled as Reactive Atom Scattering Laser-Induced Fluorescence (RAS-LIF) was originally applied to the study of the
fundamental gas/liquid interfacial dynamics of long-chain hydrocarbons and
subsequently developed as a RTIL surface analysis technique [1]. In the
3
experiments, photolytically-produced O( P) atoms react selectively with H atoms
in the liquid surface. OH radicals resulting from H abstraction that scatter back
into the gas phase are detected by laser-induced fluorescence (LIF). Due to the
slightly superthermal energy of the O(3P) probe, H atoms show different reactivity
depending on the corresponding C-H bond energy. RAS-LIF is particularly
sensitive towards secondary hydrogens in alkyl chains. This allows us to
quantitatively characterize the coverage of the surface by alkyl chains, which are
present in most RTILs providing nonpolar character to the surface. The results
also yield dynamical information on the collision which provides further insight
into the structure of the surface. The method has been successfully applied to a
variety of RTILs containing 1-alkyl-3-methylimidazolium ([Cnmim]) cations (n = 2
– 12) and different anions, as well as mixtures of these liquids. The effect of
chain length and anion identity on alkyl surface coverage will be discussed. The
results are supported by complementary high-energy oxygen beam
measurements and molecular dynamics simulations of the RTIL surfaces carried
out at Montana State University.
[1] M. A. Tesa-Serrate, B. C. Marshall, E. J. Smoll, Jr., S. M. Purcell, M. L. Costen, J. M.
Slattery, T. K. Minton, and K. G. McKendrick, J. Phys. Chem. C 2015, 119, 5491-5505
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HT-6
THEORETICAL ROVIBRATIONAL SPECTROSCOPY BEYOND CCSD(T): THE
+
FLOPPY ISOELECTRONIC SYSTEMS C3 AND CNC
B. Schröder, P. Sebald, O. Weser, R. Oswald, P. Botschwina
Institute for Physical Chemistry, Georg-August-University Göttingen,
Tammannstraße 6, D-37077 Göttingen, Germany
C3 is a molecule of great interest to combustion processes and astrochemistry
(see e.g. [1]), as well as a challenging species for contemporary quantum
chemistry. Its electronic ground states is characterized by a very shallow bending
potential that gives rise to unusually large rovibrational coupling. Very good
agreement between experimental and calculated ab initio rovibrational term
energies was obtained previously in a study by Mladenović et al. [2] which
employed a CCSD(T) potential energy surface (PES). This agreement benefited
significantly from error compensation. It will be demonstrated that inclusion of
higher-order correlation (HC) effects beyond CCSD(T) is mandatory to arrive at a
PES allowing for the calculation of rovibrational term energies with ca. 1 cm-1
accuracy. An elaborate composite PES was used in variational calculations of
rovibrational states considering HC up to CCSDTQP, core-valence correlation
and scalar relativity. We also consider the isoelectronic CNC+ system, which
again shows a shallow bending potential [3,4]. The latter is dominated by the
-1
quartic term. The present work predicts the ν2 band origin at 94.2 cm .
Comparison with accurate experimental data [5] is possible for ν3 (antisymmetric
-1
CN stretch), the calculated value being within 0.7 cm of experiment. Theory
0
predicts the (0,0 ,1) state to be perturbed through local anharmonic interactions
l
with the (1,5 ,0) manifold. Various hot bands accompanying the ν3 band are
analyzed as well.
[1] A. Van Orden and R.J. Saykally, Chem. Rev. 98, 2313 (1998).
[2] M. Mladenović, S. Schmatz and P. Botschwina, J. Chem. Phys. 101, 5891 (1994).
[3] W. P. Kraemer, P. R. Bunker and M. Yoshimine, J. Mol. Spectrosc. 107, 191
(1984).
[4] P. Botschwina and S. Schmatz, in The Structure, Energetics and Dynamics of
Organic Ions, edited by T. Baer, C.-Y. Ng and I. Powis (Wiley, Chichester, 1996),
Chap. 1, pp. 1–34.
[5] M. Fehér, C. Salud and J. P. Maier, J. Chem. Phys. 94, 5377 (1991).
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HT-7
MICROWAVE SPECTROSCOPY OF MOLECULAR COMPLEXES INVOLVING THE
SIMPLEST CRIEGEE INTERMEDIATE, CH2OO
Yasuki Endo, and Masakazu Nakajima
Department of Basic Science, The University of Tokyo, Komaba 3-8-1, Tokyo,
Japan
Criegee intermediates (CI’s), which are carbonyl oxides produced in the
ozonolysis reactions of alkenes, have attracted much attention in last few years.
Since they are playing key roles in reactions of alkenes in the troposphere, their
reactions have been investigated quite extensively. Although their complexes
with various molecules are considered to be playing important roles in the
reactions involving the CI’s, almost no spectroscopic data has been reported so
far that can give information on their structures.
In the present study, pure rotational transitions of molecular complexes of the
simplest Criegee, CH2OO, with H2O, Ar, N2, and CO are observed by Fouriertransform microwave spectroscopy and double resonance spectroscopy. From
the determined rotational constants, their molecular structures have been
determined assuming the monomer structures unchanged by the complex
formation. Among the complexes observed, the H2O complex has a planar cyclic
structure with one hydrogen atom of H2O attached to the terminal oxygen atom of
CH2OO,1 with a fairly strong hydrogen bonding. On the other hand other
complexes have non-planar structures as shown in Fig. 1, with the intermolecular
bond lengths about 3.4 Å. For these complexes, the attached molecules are on
top of the molecular plane of CH2OO with inversion doublings moving the
attached molecules to the other side of the plane. The magnitude of the
inversion doubling is largest for the Ar complex and smallest for the CO complex.
This order is well
explained
by
the
intermolecular binding
energies
of
the
complexes. Contrary
to the case of the H2O
complex,
these
complexes
are
regarded as van der
Waals complexes.
Although the binding energy of the water complex is much larger, its spectra
were weaker than other complexes. It is considered that there exists a fast
decay process for the water complex. In fact, we were able to observe lines of
hydroxymethyl hydroperoxide (HO-CH2-COOH), which is considered to be a
reaction product of the water complex.
1

M. Nakajima & Y. Endo, J. Chem. Phys. 140, 134302 (2014).
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HT-8
THRESHOLD PHOTOELECTRON SPECTROSCOPY TO TRACE CHEMISTRY IN
PYROLYSIS, COMBUSTION AND CATALYSIS
Patrick Hemberger
Molecular Dynamics Group, Paul Scherrer Institute, CH-5232 Villigen,
Switzerland
In the last two decades soft photoionization with tunable vacuum ultraviolet
(VUV) synchrotron radiation has evolved into a versatile workhorse for the
identification and quantification of reactive intermediates and stable molecules in
flames and reactors. Photoionization efficiency (PIE) curves, which can be
obtained by scanning the photon energy and recording the ion signal, can be
useful to distinguish between constitutional isomers, when compared with
calculated or experimental data.
However, this approach is limited if the ionization energies of different isomers
are close, since PIE curves do not show sharp peaks and vibrational fine
structure as conventional photoelectron spectra do.
Photoelectron photoion coincidence (PEPICO) spectroscopy is an excellent
extension to mass spectrometry, since it allows measuring (threshold)
photoelectron spectra mass-selectively. These spectra show selective vibrational
transitions into ion states, which mostly follow the Franck-Condon principle and
thus serve as vibrational fingerprints to identify complex composition of isomers.
We will show several examples, which profited from this additional analytical
dimension:
Hydroxyphenylradicals (HPR) produced selectively in a microtubular reactor
decompose to form soot precursor molecules such as propargyl and
cyclopentadienyl radicals. Although HPRs were selectively synthesized, they are
shown to rearrange to phenoxy radicals, the global minimum on the potential
energy surface, prior to decomposition.
In an m-xylene oxygen flame (Φ = 1.8) we were able to identify up to four
different isomers of the composition C9H10 and C10H10, which are important
findings in terms of soot formation chemistry.
Molecular fire extinguishers were characterized towards their capability of
forming PO, PO2, HOPO and HOPO2 radicals, which are active species in gas
phase flame retardant action. A mechanism to form exclusively PO radicals from
dimethyl methyl phosphonat, a model FR compound, was derived.[1]
Most recently we have carried out experiments in the field of catalytic pyrolysis of
lignin model compounds. Different zeolites (HUSY & ZSM-5) were tested towards
their capabilities to form reactive molecules when exposed to guaiacol.
Compared to bulk phase catalytic pyrolysis fulvene was identified and
naphthalene was absent, which might provide insight of the mechanisms taking
place on the catalyst surface.
[1]

S. Liang, P. Hemberger, N. M. Neisius, A. Bodi, H. Grützmacher, J.LevaloisGrützmacher, S. Gaan, Chem. Eur. J. 2015, 21, 1073-1080.
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HT-9
LOW TEMPERATURE KINETIC STUDIES OF ATOMIC NITROGEN – RADICAL
REACTIONS
Kevin M Hickson and Jean-Christophe Loison
Université de Bordeaux, Institut des Sciences Moléculaires, CNRS, UMR
5255, F-33400 Talence, France
At the present time, the reactivity of
ground state atomic nitrogen (N(4S)) at
low temperature is poorly understood
despite its importance for the chemistry of
the interstellar medium and planetary
atmospheres.
This contribution will describe our recent
experiments on the kinetics of the
reactions of atomic nitrogen with small
radical species such as OH,1 CN,2 CH,3
C2,4 C2N5 and CH3 to temperatures as low
as 50 K. The experimental results will be
compared with the results of quantum
mechanical
calculations
and
the
implications for models of interstellar
chemistry and planetary atmospheres will
be discussed. The prospects for extending
this method to investigate isotopic
exchange reactions involving atoms (D, H)
and radicals at low temperature will also
be highlighted.
Fig. 1: (A) Exemplary temporal profiles at
147 K obtained for the N + OH → H + NO
14
reaction with estimated [N] = 1.1×10 atom
-3
2
2
cm .  NO( Π1/2) LIF signal. O OH( Π3/2) LIF
signal. (B) As in (A) but with estimated [N] =
4.1×1014 atom cm-3.
References
1 J. Daranlot, M. Jorfi, C. Xie, A. Bergeat, M. Costes, P. Caubet, D. Xie, H. Guo, P. Honvault and K.
M. Hickson, “Revealing atom – radical reactivity at low temperature through the N + OH reaction”,
Science, 334, 1538 (2011).
2 J. Daranlot, U. Hincelin, A. Bergeat, M. Costes, J.-C. Loison, V. Wakelam and K. M. Hickson,
“Elemental nitrogen partitioning in dense interstellar clouds”, Proc. Natl. Acad. Sci. USA, 109, 10233
(2012).
3 J. Daranot, X. Hu, C. Xie, J.-C. Loison, P. Caubet, M. Costes, V. Wakelam, D. Xie, H. Guo and K.
4
2
M. Hickson, “Low temperature rate constants for the N( S) + CH(X Πr) reaction. Implications for N2
formation cycles in dense interstellar clouds”, Phys. Chem. Chem. Phys., 15, 13888 (2013).
4 J.-C. Loison, X. Hu, S. Han, K. M. Hickson, H. Guo and D. Xie, “An experimental and theoretical
4
1
+
investigation of the N( S) + C2( Σg ) reaction at low temperature”, Phys. Chem. Chem. Phys., 16,
14212 (2014).
5 J. W. Stubbing, G. Vanuzzo, A. Moudens, J.-C. Loison, K. M. Hickson, Gas-Phase Kinetics of the N
+ C2N Reaction at Low Temperature, Journal of Physical Chemistry A, 119, 3194 (2015).
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HT-10
EXPOSING RADICAL PATHWAYS IN THE FORMATION OF PREBIOTIC
MOLECULES IN ENERGETICALLY PROCESSED ICES OF ASTROCHEMICAL
RELEVANCE
Marko Förstel, Pavlo Maksyutenko, Ralf I. Kaiser
University of Hawaii Manoa, W. M. Keck Research Laboratory in
Astrochemistry, Department of Chemistry, Bilger 304, 2545 McCarthy
Mall, Honolulu, HI 96822-2275.
The peptide bond is a fundamental building block of life on earth as we know it
[1]. Dipeptides are important carriers of the peptide bond and are not only
building blocks of proteins but may have played an important role in prebiotic
evolution. As catalyzers they can support the formation of sugars, longer
peptides or even enzymes [1-3]. Here we report on experiments aimed to
understand the complex chemistry of interstellar ices under the influence of
ionizing radiation. In detail we report on the formation and detection of urea and
formamide after irradiation of ammonia / carbon monoxide (NH3/CO) ice with
energetic electrons [4].

Figure 1: Temperature programmed desorption data after irradiating a mixture of amorphous NH3/CO ice
with energetic electrons. Highlighted are the mass to charge ratios of urea and formamide.

The initial steps in the formation of both urea and formamide are the generation
of free radicals like formyl (HCO) and amidogen (NH2) in the ices. The
presentation will focus on the formation pathways of formamide, urea, and urearelated compounds like biuret and oxamide. All these substances are observed
for the first time in situ. That is, desorbing into the gas phase from the irradiated,
heated ices. Earlier experiments could only tentatively assign urea after GCMS of
the residues of the ices [5,6].
[1]
[2]
[3]
[4]
[5]
[6]

R.I. Kaiser et al., Astrophys J 765 (2013) 111.
P. Ehrenfreund et al., Proc. Nat. Acad. Sci. 98 (2001) 2138.
P. van der Gulik et al., J Theo. Bio. 261 (2009) 531.
http://www.chem.hawaii.edu/Bil301/KLA.html, 2015.
M. Nuevo et al., Astrobiology 10 (2010) 245.
K.M. Christopher et al., Astrophys. J 788 (2014) 111.
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HT-11
RATE CONSTANTS DOWN TO VERY LOW TEMPERATURES FOR
REACTIONS OF THE EXTREMELY REACTIVE C3N RADICAL.
CONSEQUENCES FOR MOLECULAR CLOUDS AND TITAN.
1

Martin Fournier1, Jean-Claude Guillemin2, Ian R. Sims1
Institut de Physique de Rennes, UMR CNRS-UR1 6251, Université de Rennes 1, 263
Avenue du Général Leclerc, 35042 Rennes Cedex, France
2
Ecole Nationale Supérieure de Chimie de Rennes, CNRS UMR 6226, 11 Allée de
Beaulieu, CS50837, 35708 Rennes Cedex 7, France

Since the first detection of radical species in the interstellar medium, a special
attention has been devoted to polyynes, cyanopolyynes and associated radical
species. This family encompasses a large number of species, from the very basic
HCN to the longest interstellar molecule detected to date, HC11N. The key to the
growth of the larger members is the reactivity of intermediate sized molecules
and radicals, such as C3N, which has been detected in multiple environments (1).
Models have been established for molecular clouds, planetary atmospheres and
circumstellar envelopes to explain the formation of these species, but rely largely
on similarities and extrapolations, due to the lack of experimental data.
No direct measurements on C3N kinetics exist to our knowledge in the literature.
Encouraged by previous work on the
isoelectronic C4H radical (2), we
designed an experiment to measure rate
constants of this species over a wide
range of temperature. Using the CRESU
(Cinétique de Réaction en Ecoulement
Supersonique Uniforme) method we
have measured rate constants over the
[24-300] K range for reactions of C3N
with CnHx compounds (n=1…3), CO, H2,
O2 and NH3. We have found that C3N is, just like C4H, very reactive. It is however
much more reactive than C4H towards methane (a key reaction for Titan’s
atmosphere), and its reactivity is orders of magnitude higher than anticipated
towards molecular hydrogen, with interesting consequences for chemical models
of molecular clouds.
Experimental data was acquired using pulsed laser photolysis on a synthesized
precursor, BrC3N, generating the radical in-flow, and laser-induced fluorescence
detection. LIF detection was accomplished around 350 nm following the
spectroscopic study by Hoshina and Endo(3).
1. A. Belloche, R. T. Garrod, H. S. P. Müller, K. M. Menten, Detection of a branched alkyl
molecule in the interstellar medium: iso-propyl cyanide. Science 345, 1584-1587 (2014).
2. C. Berteloite et al., Low temperature (39–298 K) kinetics study of the reactions of the C4H
radical with various hydrocarbons observed in Titan's atmosphere. Icarus 194, 746-757 (2008).
3. K. Hoshina, Y. Endo, Laser induced fluorescence spectroscopy of the C3N radical. J. Chem.
Phys. 127, (2007).
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HT-12
EXPLORING THE DYNAMICS OF REACTIONS OF
CNH (N = 1 – 8) RADICALS WITH C2H2
Shih-Huang Lee, Yi-Lun Sun, and Wen-Jian Huang
National Synchrotron Radiation Research Center (NSRRC)
101 Hsin-Ann Road, Hsinchu Science Park, Hsinchu 30076, Taiwan
The dynamics of reactions of C + C2H4 [1], C2 + C2H4 [2], C2 + C6H2 [3], and C3 +
C2H2 [4] have been investigated in our laboratory. Recently, we are interested in
the reactions of hydrocarbon radicals with unsaturated hydrocarbons. The
reactions of CnH (n = 1 – 8) radicals with ethyne (C2H2) were investigated in
crossed-molecular beams by interrogating products Cn+2H2. Time-of-flight (TOF)
spectra and photoionization-efficiency spectra of Cn+2H2 were measured using
tunable synchrotron vacuum-ultraviolet (VUV) ionization. Product’s translationalenergy and angular distributions of hydrogen-loss channels were derived from
the global fitting of product TOF spectra recorded at various laboratory angles.
The title reactions can be classified into two types of reactions C2m-1H + C2H2 and
C2mH + C2H2; m = 1 – 4. In the C2m-1H + C2H2 → C2m+1H2 + H reaction, singlet cHC2m-1(C)CH and triplet HC2m+1H are two likely product isomers judged by the
maximal translational-energy release and the photoionization threshold. This
work suggests the formation of C2m+1H2 from the C2m-1H + C2H2 reaction albeit
hitherto undiscovered in interstellar space and in combustion / pyrolysis
processes. In the C2mH + C2H2 → C2m+2H2 + H reaction, product C2m+2H2 has a
nearly isotropic angular distribution and has an ionization threshold in good
agreement with the calculated ionization energy of polyyne (HC2m+2H). This work
verifies that the C2mH + C2H2 reaction is a major source for the formation of
various polyynes, e.g., di-, tri-, tetra- and penta-acetylene, in the interstellar
medium and in combustion processes.
Furthermore, the complementary
quantum-chemical calculations indicate that the reactions CnH + C2H2 → Cn+2H2
+ H have small or negligible entrance barriers in line with the experimental
observations.
References
[1] C.-H. Chin, W.-K. Chen, W.-J. Huang, Y.-C. Lin, and S.-H. Lee, J. Phys. Chem. A 116,
7615 (2012).
[2] S.-H. Lee, W.-J. Huang, Y.-C. Lin, and C.-H. Chin, Astrophys. J. 759, 75 (2012).
[3] W.-J. Huang, Y.-L. Sun, C.-H. Chin, and S.-H. Lee, J. Chem. Phys. 141, 124314
(2014).
[4] Y.-L. Sun, W.-J. Huang, C.-H. Chin, and S.-H. Lee, J. Chem. Phys. 141, 194305
(2014).
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HT-13
EXPLORING THE INTERSYSTEM CROSSING SEAM IN
ETHYLENE + O(3P) VIA MULTIREFERENCE CALCULATIONS
AND A NONLINEAR DIFFUSION MAP TECHNIQUE
Xiaohu Li, Judit Zádor and Ahren W. Jasper
Combustion Research Facility, Sandia National Laboratories, Livermore,
California 94551, U.S.A.
Using a dual-level combination of a multi-reference electronic structure method,
n-electron valance state perturbation theory (NEVPT2) and ab initio steered
molecular dynamics (AISMD) utilizing forces calculated at M06-2X level, we
sampled the intersystem crossing (ISC) seams in the reaction of ethylene with
atomic oxygen. Molecular configurations that lie on various ISC seams were
selected based on the triplet-singlet gap. It is demonstrated that NEVPT2 is able
to provide a consistent and accurate descrip- tion of both singlet and triplet states
potential energy surfaces (PESs). A total of three ISC seams involving four states
(triplet T0 and T1, singlet S0 and S1) have been identified. We have devised a
non-linear dif- fusion map method, namely, the permutationally invariant nearneighbor locally scaled diffusion map (PI-nn-LSDmap), to achieve compact and
low-dimensional mappings of these high-dimensional seams. PI-nn-LSDmap
allows us to analyze the role of excited states and multi-dimensional effects in
ISC events. Landau-Zener transition probability on the ISC seams are calculated
at different regions based on their coordinates in diffusion map subspaces. Also,
we identified important physical degrees of freedom that regulate the nonadiabatic transitions on ISC seams using our efficient diffusion mapping. Our
study sug- gests that including excited states during ISC in this system have two
major effects on ISC: (1) including low-lying excited states significantly increases
the phase space of seams that the system can access. (2) the Landau-Zener
probability is generally 3∼5 times higher than when only the T0-S0 transition is
incorporated. Moreover, we found that local transition probability at minimum
energy crossing points (MEXPs) on various ISC seams is unable to fully
represent the ISC events on these seams.
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HT-14
ROBUST METHODS FOR THE DEVELOPMENT OF HIGH-DIMENSIONAL
DIABATIC POTENTIAL ENERGY SURFACES
Wolfgang Eisfeld, Nils Wittenbrink, Florian Venghaus, and David Williams
.

Fakultät für Chemie, Universität Bielefeld, Bielefeld, Germany
The quantum dynamics treatment of radicals and excited states in general
depends on the availability of coupled multi-dimensional potential energy
surfaces (PESs). Therefore, the diabatization of electronic structure data and the
development of diabatic PES models is of fundamental importance. Despite the
great interest in such diabatic models there is still no well-established
methodology available and only few accurate diabatic PESs exist for systems
with more than two or three atoms. We found that the core problems are the
instability of typical electronic structure ab initio calculations, not always
immediately obvious, and the lack of robust diabatization techniques for
extended regions in nuclear configuration space.
In our quest for a robust PES diabatization we first developed a simple analysis
tool to identify non-obvious problems with the electronic structure, which is based
on block- diagonalization of the CI eigenvector matrix. The CI vectors are
computed in the basis of molecular orbitals diabatized with respect to fixed
reference orbitals. By analysing ab initio cuts through the PESs, this method
immediately reveals where problems occur. We found that such problems are
generally due to changes in the adiabatic state space becoming inconsistent with
the chosen diabatic state space. The reason for these inconsistencies are either
orbital rotations or intruder states.
Our new diabatization strategy is based on this analysis, first solving the
electronic structure problems and then generating the diabatic PES model. The
data from the block-diagonalization yields the diabatic coupling pattern,
identifying the most relevant coupling terms. The diabatic PES model is set up
utilizing the block-diagonalization data to find appropriate mathematical
representations of the matrix elements and to fit them. Finally we combine the
use of the adiabatic energies as in the well-known diabatization by ansatz with
the CI vectors as utilized for the block-diagonalization in our new hybrid
diabatization method. The parameters of the diabatic model matrix are optimized
with respect to the eigenvalues reproducing the adiabatic ab initio energies as
well as to the eigenvectors reproducing the adiabatic CI subspace vectors. This
results in a robust diabatization of the ab initio data and yields an accurate
diabatic PES model suitable for quantum dynamics studies. The power of the
new method will be demonstrated on prototypical examples like ozone,
propargyl, and the fine structure states of methyl iodide. Systems with up to 9
states in 12 dimensions have been fitted so far.
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HT-15
DOES THE REACTION OF HO2 WITH NO
PRODUCE HONO2 AND HOONO?
Laura A. Mertens,1 Frank A. F. Winiberg,2 Hannah M. Allen,1 Mitchio
Okumura,1 and Stanley P. Sander2
1. California Institute of Technology, Pasadena, CA. 2. NASA Jet
Propulsion Laboratory, Pasadena, CA.
HOx (HO2 and OH) and NOx (NO2 and NO) radicals are key
intermediates in chemistry throughout the atmosphere; the HOx and NOx cycles
catalyze ozone depletion in the stratosphere and ozone and photochemical smog
production in the troposphere. Interconversion within the HOx family and within
the NOx family happens continuously, partially through the reaction of HO2 and
NO to form OH and NO2. Since these radicals are continually recycled, even a
small branching yield of nitric acid (HONO2) from the reaction of HO2 with NO
would impact radical concentrations predicted in the troposphere and
stratosphere, by cumulatively sequestering radicals in a stable reservoir species.
Butkovskaya et al. observed a small yield of HONO2 from the reaction of HO2
with NO (0.5% at 1 atm and 298 K) in a turbulent flow reactor using ChemicalIonization Mass Spectrometry.1-3 We investigated this reaction by an alternative
method: directly detecting the HONO2 – as well as its weakly bound isomer
HOONO – with Pulsed-Cavity Ringdown spectroscopy.
HO2 radicals were
produced by Pulsed Laser Photolysis of Cl2 in a slow flow cell, in the presence of
methanol. Addition of 700 Torr of CO prevented unwanted HONO2 formation
from the reaction of OH and NO2 and recycled HO2. Our experiments provide a
complementary approach, allowing detection of products spectroscopically on
short time-scales (2.5 ms) in the absence of any wall reactions. Our results raise
doubts about the magnitude of the HONO2 yields observed by Butkovskaya et
al.1-3
(1)
Butkovskaya, N.; Kukui, A.; Le Bras, G. The Journal of Physical
Chemistry A 2007, 111, 9047.
(2)
Butkovskaya, N.; Rayez, M.-T. r. s.; Rayez, J.-C.; Kukui, A.; Le
Bras, G. The Journal of Physical Chemistry A 2009, 113, 11327.
(3)
Butkovskaya, N. I.; Kukui, A.; Pouvesle, N.; Le Bras, G. The
Journal of Physical Chemistry A 2005, 109, 6509.
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HT-16
INFRARED DRIVEN UNIMOLECULAR REACTION
DYNAMICS OF CRIEGEE INTERMEDIATES
Nathanael M. Kidwell,1 Hongwei Li,1 Xiaohong Wang,2
Joel M. Bowman,2 and Marsha I. Lester1
1
Department of Chemistry, University of Pennsylvania, Philadelphia, PA
19104-6323
2
Department of Chemistry, Emory University, Atlanta, GA 30322
In
the
troposphere,
ozonolysis of alkenes is the principal
nonphotolytic source of atmospheric
OH radicals produced through
energized Criegee intermediates.
This efficient production of OH
radicals has been proposed to
follow a 1,4 H-atom shift mechanism
for
alkyl-substituted
Criegee
intermediates (see figure), in
particular syn-CH3CHOO, involving
passage
through
a
ring-like
transition state structure, formation
of
vinylhydroperoxide
(H2C=CHOOH), and generation of
OH radical products. The present study focuses on the production of the synCH3CHOO Criegee intermediate in a pulsed supersonic expansion, and then
utilizes conformer-specific resonant IR excitation[1] to initiate H-atom transfer
and subsequent unimolecular decomposition to OH fragments. The OH products
are then state-selectively ionized using a novel 1+1' resonance-enhanced
multiphoton ionization technique built on the well-known A2Σ+ - X2Π transition.[2,
3] Herein, we present the first application of this ionization scheme for velocity
map imaging of the OH X2Π (v=0) fragments generated upon IR activation of synCH3CHOO; the non-statistical OH rotational distribution peaks at N=3, in very
good agreement with theory. For the state-selective excitation of syn-CH3CHOO
in the CH stretch overtone region at 5706 and 6083 cm-1, both images show an
isotropic angular distribution of OH fragments, indicating the dissociation lifetime
of vibrationally excited syn-CH3CHOO is longer than a rotational period (τ ≥ 2 ps).
Furthermore, the total kinetic energy release to OH + vinoxy (CH2CHO) products
has an average value of 1100 cm-1, which indicates that much of the available
energy is funneled into the internal energy of CH2CHO co-fragments. The
experimental results are consistent with quasiclassical trajectory calculations that
reveal significant vibrational excitation in the low-frequency modes of CH2CHO
products.
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HT-17
FRESH INSIGHTS INTO TWO-STATE REACTIVITY FROM A SYNERGISTIC
APPROACH: EXPERIMENTAL, COMPUTATIONAL, AND STATISTICAL
S. G. Ard1, J. J. Melko1, O. Martinez1, N. S. Shuman1, A. Y. Li2, R. S.
Johnson2, V. G. Ushakov3, H. Guo2, J. Troe3, A. A. Viggiano1
1

Kirtland AFB, Space Vehicles Directorate, A.F.R.L., Albuquerque, NM
87117 USA
2
Univ New Mexico, Dept Chem & Chem Biol, Albuquerque, NM 87131
USA
3
Univ Gottingen, Inst Phys Chem, D-37077 Gottingen, Germany

Two-state reactivity (TSR), where an excited electronic state allows for a lower
energy pathway to products, has long been evident in many organometallic
reactions. Due to the complexity of many of the systems, details of the
mechanism have remained elusive. We have new experimental kinetic studies
for several FeO+ and Fe+ reactions over extended temperature ranges, excited
state reactivity, and product state information, often finding unusual temperature
dependencies. Detailed statistical modeling informed by high level ab initio
calculations explain these uncommon dependences while revealing energy
barriers and mechanistic details. In contrast with previous speculation, we find
that curve crossing in the reactant well is not rate limiting. Instead we find the
time scale of this curve crossing to be sufficiently fast such that an equilibrium
distribution of spins explains the data best. This does not appear to be the case
for the second curve crossing, leading to production of excited state products.
This has been taken advantage of to probe the reactivity of this excited state
which further constrains the statistical model and allows for even greater
mechanistic detail to be derived.

53

HT-18
THEORETICAL INSIGHTS ON NON-ADIABATIC EFFECTS IN THE NO3 RADICAL
Alexandra Viel, Wolfgang Eisfeld
Institute of Physics of Rennes, CNRS & University of Rennes 1, France
Theoretische Chemie, University of Bielefeld, Germany

A detailed understanding of the NO3 radical is of great interest since it is an
important night-time oxidant of the atmosphere. Despite intense research, many
aspects of NO3 are still not fully understood, such as the assignment of the
infrared spectrum,[1-3] the photo-dissociation dynamics,[4-6] or the absorption
spectrum of the dark first excited state (2E′′).[7-10] We focus here on this dark first
electronic excited state.
From the theoretical point of view, the NO3 radical is a prototypical example of
strong Jahn-Teller and pseudo Jahn-Teller effects that couple the three lowest
electronic states. In addition, the proximity of the dissociation NO2+O asymptote
implies that the potential energy surfaces are strongly anharmonic.
We have proposed a general scheme[11-12] for representing accurate full
dimensional coupled anharmonic and dissociative potential energy surfaces for
AB3 systems. The resulting global surfaces are in a diabatic form suitable for use
in dynamical studies.
We demonstrate how well our scheme performs for the 2E'' double-sheeted
surface of NO3.[13] We then use the global 6-dimensional coupled surfaces to
compute the lowest vibronic levels employing the MultiConfiguration Time
Dependent Hartree (MCTDH) method. The obtained spectrum clearly
demonstrates the importance of the conical intersection and the related Berry
phase effect for this radical.
1- T. Ishiwata, I. Tanaka, K. Kawaguchi, and E. Hirota, J. Chem. Phys. 82, 2196 (1985).
2- K. Kawaguchi, E. Hirota, T. Ishiwata, and I. Tanaka, J. Chem. Phys. 93, 951 (1990).
3- J. F. Stanton, J. Chem. Phys. 126, 134309 (2007).
4- H. S. Johnston, H. F. Davis, and Y. T. Lee, J. Phys. Chem. 100, 4713 (1996).
5- K. Mikhaylichenko, C. Riehn, L. Valachovic, A. Sanov, and C. Wittig, J. Chem. Phys. 105, 6807
(1996).
6- R. T. Carter, K. F. Schmidt, H. Bitto, and J. R. Huber, Chem. Phys. Lett. 257, 297 (1996).
7- A. Deev, J. Sommar, and M. Okumura, J. Chem. Phys. 122, 224305 (2005).
8- M. Okumura, J. Stanton, A. Deev, and J. Sommar, Phys. Scripta 73, C64 (2006).
9- K. Takematsu, N. C. Eddingsaas, D. J. Robichaud, and M. Okumura, Chem. Phys. Lett. 555, 57
(2013).
10- T. Miller, personal communication
11- A. Viel and W. Eisfeld, J. Chem. Phys. 120, 4603 (2004).
12- W. Eisfeld and A. Viel, J. Chem. Phys. 122, 204317 (2005).
13- W. Eisfeld, O. Vieuxmaire, and A. Viel, J. Chem. Phys. 140, 224109 (2014).
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HT-19
TIME-RESOLVED INFRARED FREQUENCY COMB SPECTROSCOPY FOR THE
STUDY OF FREE RADICAL KINETICS
1
1,2
1
3
Bryce Bjork, Adam J. Fleisher,
Bryan Changala, Thinh Q. Bui, Benjamin
1
1
1
4
Spaun, Oliver Heckl, Kevin C. Cossel, Dorit Shemesh, R. Benny
4,5,6
3
1
Gerber,
Mitchio Okumura , and Jun Ye
1
JILA, National Institute of Standards and Technology and University of
2
Colorado, Boulder, CO 80309, USA; Material Measurement Laboratory, National
3
Institute of Standards and Technology, Gaithersburg, MA 20899, USA; Arthur
Amos Noyes Laboratory of Chemical Physics, Division of Chemistry and
Chemical Engineering, California Institute of Technology, Pasadena, CA 91125
4
USA; Department of Physical Chemistry and the Fritz Haber Research
5
Center,The Hebrew University, Jerusalem 91904, Israel; Department of
6
Chemistry, University of California, Irvine CA 92697, USA Department of
Chemistry, University of Helsinki, FI-00014 Helsinki, Finland
We present the application of frequency comb lasers for time-resolved cavityenhanced infrared transient absorption spectroscopy of free radicals. This
technique, mid-Infrared Time Resolved Frequency Comb Spectroscopy (TRFCS)
[1], exploits the broad spectral bandwidths of ultrafast lasers and the high
sensitivity and spectral resolution of cavity- enhanced methods to provide
multiplexed, high-resolution, time-dependent spectra. Reactions are studied in a
pulsed-laser-photolysis cell enclosed in a high-finesse cavity, using a ns-pulsed
laser to initiate radical reactions. The coherent output of a stabilized mode-locked
laser generates a high-resolution frequency comb [2], which is then coupled to
the external cavity. The radiation transmitted through the cavity is dispersed with
a Virtually-Imaged Phased Array (VIPA) spectrometer [3] and imaged onto an
InSb camera. Time-dependent spectra are recorded with a temporal resolution of
25 μs, thus permitting simultaneous broad-band detection of multiple species
10
-3
with a sensitivity of ~10 cm . We report the detection of trans-DOCO radicals
produced from the 193 nm photolysis of acrylic acid-d1, as well as other
unexpected products that suggest rapid isomerization, including hydrogen-shift
reactions and cleavage of CH, CC and CO bonds. These observations are
supported by molecular dynamics calculations on a semi-empirical OM2/MRCI
surface of the excited S2 state of acrylic acid.
References
[1] Adam J. Fleisher, Bryce J. Bjork, Thinh Q. Bui, Kevin C. Cossel, Mitchio Okumura, Jun Ye "MidInfrared Time-Resolved Frequency Comb Spectroscopy of Transient Free Radicals” J. Phys. Chem.
Letters, 5, 2241-1146 (2014).[2] Adler, F.; Masłowski, P.; Foltynowicz, A.; Cossel, K. C.; Briles, T. C.;
Hartl, I.; Ye, J. Opt. Express 2010, 18, 21861–21872. [3] Nugent-Glandorf, L.; Neely, T.; Adler, F.;
Fleisher, A. J.; Cossel, K. C.; Bjork, B. J.; Dinneen, T.; Ye, J.; Diddams, S. A. Opt. Lett. 2012, 37,
3285–3287.
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HT-20
DETECTION AND IDENTIFICATION OF SMALL RADICALS WITH IMAGING
PHOTOELECTRON-PHOTOION COINCIDENCE SPECTROSCOPY
a
a
a
a
b
Julia Krüger , G. A. Garcia , X. Tang , L. Nahon , M. Ward , C.
b
c
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d
Fittschen , C. A. Taatjes , D. L. Osborn and J.-C. Loison
a

Synchrotron SOLEIL, L’Orme des Merisiers, 91192 Gif sur Yvette,
b
France PC2A, Université de Lille 1, F-59655 Villeneuve d'Ascq, France
c
Combustion Research Facility at Sandia, Livermore, CA 94551-0969,
d
USA ISM, Université Bordeaux I, 33405 Talence Cedex, France.
Free radicals are critical for the understanding of reaction mechanisms. Mass
spectroscopy coupled to tuneable VUV radiation (PI-MS) has been used as a
universal method to probe in situ the structure of these intermediates in the gas
phase.
At the VUV DESIRS beamline (Synchrotron SOLEIL, France) we have coupled a
[1]
fast flow tube to investigate oxidation reactions at room temperature
and a
flame chamber to probe low pressure flames and study oxidation reactions at the
[2]
high temperature regime (~2000 K) . For both of these environments,
numerous intermediates, including radicals are formed. In order to improve
species identification and quantification, including isomers, we have used a
2
double imaging photoelectron/photoion coincidence spectrometer (i PEPICO).
The advantages of this multiplex technique over the established PI-MS are an
increased sensitivity to the molecular structure and the ability to work with fixed
photon energy sources, as will be shown in detail in the presentation.
I will describe the results obtained on the combustion of a premixed etheneoxygen flame. Concerning the flow tube reactor, I will present results on the
oxidation reaction of isoprene and OH. In addition, the flow tube serves as a
continuous and stable radical source that has allowed the recording of highresolution photoelectron spectroscopy with the ability of removing the precursor,
2
by-products, or other impurities through the i PEPICO scheme, as I will show for
the case of OH/OD or NH.
[1]

Garcia et al., Synchrotron-based double imaging photoelectron/photoion coincidence
spectroscopy of radicals produced in a flow tube: OH and OD, J. Chem. Phys., 142, 2015.
[2]
Krüger et al., Photoelectron - photoion coincidence spectroscopy for multiplexed
detection of intermediate species in a flame, Phys.Chem. Chem. Phys., 16(41), 2279122804, 2014.
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HT-21
THE PHOTODISSOCIATION DYNAMICS OF ALKYL RADICALS
Jens Giegerich, Ingo Fischer
Institute of Physical and Theoretical Chemistry, University of Würzburg,
Am Hubland Süd, Würzburg, Germany
Although the photochemistry and photodissociation dynamics of small alkyl
radicals has been explored over the last two decades, major features are still not
well understood.
The alkyl radicals were produced by flash pyrolysis. While the ethyl radical was
generated from n-propyl nitrite, i-butyl nitrite was used as a precursor for the ipropyl radical. Pyrolyzing azo-tert-butane generated the t-butyl radical. The
photodissociation dynamics of ethyl-, i-propyl and t-butyl radicals were
investigated via velocity-map-imaging spectroscopy. All three radicals show a
bimodal translational energy (ET) distribution of the H-atom photofragments.
While the low ET part of the distribution shows an isotropic photofragment
angular distribution, the high ET part is associated with a considerable
1
anisotropy.
The talk will focus on the results of the t-butyl radical which has been studied
over a broad range of excitation wavelengths. The results will be compared to
2
earlier data obtained for the loss of CH3 by Negru et al. A possible dissociation
mechanism will be presented and will be employed to describe the
photodissociation of the ethyl and i- propyl radicals.
1

2
J. Giegerich, I. Fischer, J. Chem. Phys. 142, 044304 (2015).
B. Negru, G. M. P. Just,
D. Park and D. M. Neumark, Phys. Chem. Chem. Phys. 13, 8180 (2011).
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A-1
KINETICS OF HO2 + CH2NH (METHANIMINE): A THEORETICAL STUDY
Mohamad Akbar Ali and John R. Barker
Department of Atmospheric, Ocean, and Space Sciences, The University of
Michigan, Ann Arbor, MI 48109-2143, USA, mohamada@umich.edu ,
jrbarker@umich.edu
The aliphatic amines especially, methylamine (CH3NH2), dimethylamine
[(CH3)2NH] and trimethyl amine [(CH3)3N)] are emitted to the atmosphere from
animal husbandry and by industry, are possible precursors of HCN and N2O (the
main source of stratospheric NOx), and have received recent extra attention
because some industrial carbon capture technologies utilize amines.
Methylenimine (CH2NH) is thought to be produced in the atmospheric photooxidation of methylamine, but its atmospheric reactions have not been measured,
largely because it is highly reactive, soluble in water and sticky. In order to
understand the chemistry of methanimine, theoretical approaches are the best
way for predicting reaction rate constants for degradation of methanimine. In this
work, we computed the rate constant for the reaction of HO2 radicals with
methaneimine. Comparisons with its isoelectronic cousins CH2CH2 and CH2O
provide a good basis for estimating the accuracy of the results. The
CCSD(T)//B3LYP/CBSB7 method was used to compute the geometries and
frequencies of all stationary points as well as the minimum energy paths (MEPs)
for each species involved in the HO2+CH2NH reaction system. Canonical VTST,
micro-VTST, and RRKM/ME simulation provided temperature- and pressuredependent rate constants. The computed binding energy of the pre-reactive
complex (CH2NH--HO2) is ~10 kcal mol-1, which is higher than that of CH2O--HO2
(~7 kcal mol-1) and CH2CH2--HO2 (~4 kcal mol-1). These pre-reactive complexes
isomerise to form adducts that are bound by ~4 kcal mol-1 (for HOOCH2O), ~16
kcal mol-1 (for HOOCH2CH2) and ~14 kcal mol-1 (for HOOCH2NH), relative to the
respective pre-reactive complexes. Because the reaction barrier between the
pre-reactive complx and the adduct in HO2+CH2NH is higher in energy than the
reactants, the adduct is not expected to be very important in the atmosphere.
However, because the pre-reactive complex is strongly bound, it is predicted to
have a significant lifetime, possibly resulting in important secondary reaction
chemistry.

Potential Energy Surfaces of CH2X + HO2 → products; X=O,CH2, and NH
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A-2
REACTION PATHWAYS IN LOW TEMPERATURE OXIDATION OF
TETRAHYDROFURAN
Ivan Antonov, Leonid Sheps
Combustion Research Facility, Sandia National Laboratories, Livermore,
CA, USA
Tetrahydrofuran (THF) is a prototype biofuel and a common combustion
intermediate. Previous studies of THF oxidation mostly focused on ring opening
pathways of tetrahydrofuryl radicals relevant for high temperature combustion. In
this study, reaction pathways in tetrahydrofuryl – oxygen system were studied
with multiplexed photoionization mass spectrometry (MPIMS) technique at 400650 K and 0.005-2 bar and with electronic structure calculations. It was found
that formation of alkylperoxy radicals, isomerization of alkylperoxy radicals to
hydroperoxyalkyl radicals and addition of oxygen molecule to hydroperoxyalkyl
radicals plays an important role in low temperature oxidation of THF.

60

A-3
FORMATION OF HIGHLY EXCITED ATOMIC HALOGEN FOLLOWING THE
PHOTOLYSIS OF HALOMETHANES VIA FREE RADICAL INTERMEDIATES
Bor-Chen Chang and Cheng-Cian Wu
Department of Chemistry, National Central University, Jhongli 32001,
Taiwan

The nascent emission spectra following the photolysis of halomethanes (CHI3,
CH2I2, CH3I, CH2ICl, CHBr3, and CHBr2Cl) were recorded in a slow flow system
at ambient temperature. In our previous studies,1,2 the emission from highly
excited atomic halogen was observed and the power-dependence
measurements indicate the formation of these excited atomic halogen is a threephoton process. Nevertheless, the formation mechanism still remains unclear.
We have improved the experimental conditions for better atomic bromine signals
and found several newly observed lines. In addition to the emission spectra, the
power-dependence and pressure-dependence measurements were conducted.
Time-resolved spectra were also recorded for the acquisition of signal
waveforms. The photolysis of bromomethanes at different ultraviolet wavelengths
shows a threshold wavelength at approximately 273 nm for the highly excited
atomic halogen generation for all bromomethanes, whereas the corresponding
study of iodomethanes shows a threshold wavelength at roughly 276 nm and a
resonant band at approximately 298 nm for all iodomethanes. Based on our data,
the highly excited halogen atoms are generated from a three-photon step-by-step
process via a common reaction intermediate such as halomethylene (CHX)
radicals. The details of our current progress will be presented.
References:
1. S.-X. Yang, G.-Y. Hou, J.-H. Dai, C.-H. Chang, and B.-C. Chang, J. Phys. Chem. A
114, 4785 (2010).
2. C.-P. Tu, H.-I Cheng, and B.-C . Chang, J. Phys. Chem. A 117, 13572 (2013).
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ELECTRONIC SPECTROSCOPY OF IONS STORED IN COLD AND DENSE HELIUM
E. K. Campbell1, M. Holz1, D. Gerlich2 & J. P. Maier1
1. Department of Chemistry,
University of Basel,
Klingelbergstrasse 80,
Switzerland,
CH-4056
2. Department of Physics,
Technische Universität,
09107 Chemnitz,
Germany
In traps ions can be stored in cold, T = 5 K, and very dense, [He] = 1016 cm-3,
helium. Under such conditions it is possible to synthesize in situ weakly bound
complexes of He with ions via ternary association. This leads to two possibilities
for spectroscopy, making use of the formation of these species: laser induced
inhibition of complex growth (LIICG) and laser induced dissociation. The former
method, developed in Basel [1], provides access to the spectrum of the bare ion,
while the latter gives that of the 'tagged' species. Due the weak interaction of the
helium, the shift on the electronic transition can be very small in the case of
fragmentation spectra. Recently, the electronic transitions of large carbon based
molecules of astrophysical interest have been recorded for the first time in the
gas phase by dissociation of the helium complex. These experiments exploit
some of the unique features of ion traps including low temperatures and long
storage times, enabling spectroscopic measurements on some thousand
confined molecular ions.

[1] Chakrabarty, S., Holz, M., Campbell, E. K., Banarjee, A., Gerlich, D. & Maier, J. P.
J. Phys. Chem. Lett., 4, 4051, 2013.

62

A-5
STEREODYNAMICS OF ROTATIONALLY INELASTIC SCATTERING OF
ELECTRONICALLY EXCITED MOLECULES:
NO(A2Σ+) WITH RARE GAS COLLIDERS
Thomas R. Sharples, Thomas F. M. Luxford, Dave Townsend, Kenneth G.
McKendrick and Matthew L. Costen
Institute of Chemical Sciences, Heriot Watt University, Edinburgh, EH14 4AS,
U.K.
We present experiments conducted using a Crossed Molecular Beam (CMB)
Velocity Map Imaging (VMI) apparatus newly-constructed at Heriot Watt
University, and optimized for the measurement of the stereodynamics of
collisions of electronically excited species. We present the first systematic study
of NO(A2Σ+) scattered from Ne and Ar, building on our previous collaborative
work.1-3 NO(A2Σ+, v = 0, N = 0) is prepared at the crossing point of the two
molecular beams by laser excitation, followed by N′ state-resolved VMI-detection
of the products of rotational energy transfer within the A2Σ+, v = 0 manifold. An
important feature of this method is that, since collisions only occur in the welldefined (400 ns) window between NO(A2Σ+) state preparation and detection, the
measurement is a true reflection of the scattered flux, and the density-flux
transform necessary in the analysis of conventional CMB experiments is not
required.
Example images for NO(A2Σ+, v = 0, N′ = 7) + Ar/Ne at a collision energy centred
at 500 cm-1 are shown below. Images have been acquired with the probe laser
polarization parallel (H) and perpendicular (V) to the scattering plane, revealing a
strong variation of the N' rotational angular momentum polarization with
scattering angle, a dramatic contrast to the hard-shell model of conservation
relative to the kinematic apse observed in the dynamics of NO(X2Π)+Ar/Ne.
These experiments are complemented by quantum scattering calculations
performed on recently calculated potential energy surfaces.

VMI of NO(A2Σ+; v = 0; N′ = 7), using horizontal (H) and vertical (V) probe laser
polarizations. Collisions with Ar (a) H and (b) V. Collisions with Ne (c) H and (d)
V.
1
J. J. Kay, G. Paterson, M. L. Costen, K. E. Strecker, K. G. McKendrick, and D. W.
Chandler, J. Chem. Phys. 134 091101 (2011).
2
J. J. Kay, J. D. Steill, J. Klos, G. Paterson, M. L. Costen, K. E. Strecker, K. G. McKendrick,
M. H. Alexander, and D. W. Chandler, Molecular Physics, 110 1693-703 (2012).
3
J. D. Steill, J. J. Kay, G. Paterson, T. R. Sharples, J. Klos, M. L. Costen, K. E. Strecker, K.
G. McKendrick, M. H. Alexander, and D. W. Chandler, J. Phys. Chem. A, 117 8163-74 (2013).
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A-6
SLOW PHOTOELECTRON VELOCITY-MAP IMAGING OF NEGATIVE IONS
Jessalyn A. DeVine, Marissa L. Weichman, Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, California,
94720, USA

Anion photoelectron spectroscopy (PES)
is a versatile technique that provides
spectroscopic access to reactive neutral
species via photodetachment of a closedshell anion. Slow photoelectron velocitymap imaging (SEVI, Fig. 1) is a highresolution variant of anion PES that uses
tunable detachment wavelengths and a
velocity-map imaging detection scheme,
resulting in sub-meV resolution. The
SEVI spectra can be used to extract
information regarding the geometry,
electronic structure, and vibrational
frequencies of the neutral species.
Further improvements on resolution are
obtained by trapping and cooling the
anions in a radiofrequency ion trap filled
with a cryogenically cooled buffer gas
prior
to
photodetachment,
which
eliminates spectral congestion and enables investigation of more complex
molecules. Additionally, controlling the temperature of the buffer gas can permit
population of low-lying anion states, providing an avenue for characterization of
the anion’s electronic and vibrational energies.

Figure 2

The SEVI method has been used to characterize a variety of systems. Studies
on free radicals, such as anthracenyl, are motivated by the importance of such
species in combustion chemistry. Studies of gas-phase metal oxide clusters
have revealed a huge similarity between their structure and reactivity and that of
surface defects on bulk-phase catalysts; this indicates that characterization of
these gas-phase clusters can provide insight into the chemistry occurring at such
reactive sites, without the experimental difficulties associated with probing large
assemblies of molecules.
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A-7
ABSOLUTE VUV PHOTOIONIZATION SPECTRA OF THREE KEY RADICAL
SPECIES: OH, HO2, AND CH3O2
Leah G. Dodson1, Linhan Shen1, John D. Savee2, Damien Amedro1,
Nathan C. Eddingsaas1, Oliver Welz2, Craig A. Taatjes2, David L.
Osborn2, Stanley P. Sander3, and Mitchio Okumura
1. Division of Chemistry and Chemical Engineering, California Institute of
Technology; 2. Combustion Resource Facility, Sandia National
Laboratories; 3. NASA Jet Propulsion Laboratory
Photoionization mass spectrometry has seen increasing use in gas phase free
radical reactions. In these reaction kinetics experiments, it is often necessary to
observe free radical intermediates quantitatively; however, few radicals have
known photoionization cross sections and therefore their concentrations cannot
be measured absolutely.
In this work, we seek to provide absolute photoionization cross sections for
molecules crucial to the fields of atmospheric and combustion chemistry.
Experiments were conducted at the Advanced Light Source synchrotron at the
Lawerence Berkeley National Laboratory using tunable VUV ionizing radiation
coupled to the Sandia National Laboratories pulsed-laser-photolysis multiplexed
photoionization mass spectrometer to detect these free radicals, as well as their
precursors and products.
Recently, we reported the absolute vacuum ultraviolet (VUV) photoionization
1
spectrum of the hydroperoxy radical (HO2). Here we present the absolute
photoionization spectra of two other free radicals – hydroxyl (OH) and methyl
peroxy (CH3O2) and compare the spectra of all three free radicals

(1) Dodson, et al. “VUV Photoionization Cross Sections of HO2, H2O2, and H2CO,” J.
Phys. Chem. A 2015, 119, 1279-1291.
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A-8
EFFECT OF RELATIVE HUMIDITY ON THE OH-INITIATED HETEROGENEOUS
OXIDATION OF CELLULOSE SURROGATE NANOPARTICLES

Hanyu Fan, Mark Tinsley, Fabien Goulay
Department of Chemistry, West Virginia University, Morgantown, West Virginia
26506, USA
The heterogeneous oxidation of organic materials plays a significant role during
the chemical aging of organic aerosols and thermal transformation of biomass
materials into usable fuels. The kinetic of such heterogeneous reactions has
been shown to be very dependent on the physical structure of the solid phase
1, 2
suggesting that mass transport phenomena play a significant role.
We report recent results on the OH-initiated heterogeneous oxidation of semisolid β-methylglucopyranoside nanoparticles over a wide range of relative
humidity (RH) conditions. The experiments are performed using an atmospheric
pressure aerosol flow tube coupled to an aerosol mass spectrometer at the
Advanced Light Source synchrotron in Berkeley, CA. The temporal profile of the
solid reactant concentration as a function of OH exposure is found to strongly
depend on the gas phase water concentration. At high relative humidity, up to
90% of the particle reacts with the OH radicals while at low relative humidity the
kinetics slow down significantly with only 40% of the solid phase reacting.
A new heterogeneous model focusing on the reaction and diffusion of OH, H2O
and sugar molecules in the semi-solid phase is developed and benchmarked
against the experimental data. The model parameters are all extracted from
literature data. The H2O and sugar diffusion coefficients are both assumed to
monotonically decrease with decreasing water activity, with functional forms
based upon previous studies. The model outcomes suggest that when the
particles are subject to high relative humidity conditions (>30%), the water within
the particle is in equilibrium with the ambient RH and there is effective diffusion of
the sugar through the bulk to the reactive surface region. At low relative humidity,
there is a final water concentration gradient across the particle leading to a
gradient of reactive species diffusion coefficients. This inhibits transportation of
the sugar from the center to the surface and leads to a slowing of the kinetics
1 Chan, Man Nin, Haofei Zhang, Allen H. Goldstein, and Kevin R. Wilson. 2014. “Role of Water
and Phase in the Heterogeneous Oxidation of Solid and Aqueous Succinic Acid Aerosol by
Hydroxyl Radicals.” J. Phys. Chem. C 118(50): 28978–92.
2 Ruehl, CR, Theodora Nah, and Gabriel Isaacman. 2013. “The Influence of Molecular Structure
and Aerosol Phase on the Heterogeneous Oxidation of Normal and Branched Alkanes by
OH.” J. Phys. Chem. A 117: 3990.
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A-9
DISPERSED FLUORESCENCE SPECTROSCOPY OF
� 2𝐸𝐸′ − 𝑋𝑋� 2𝐴𝐴′2 TRANSITION OF 14NO3 AND 15NO3
THE 𝐵𝐵
Masaru Fukushima

Faculty of Information Sciences, Hiroshima City University
Asa-Minami Hiroshima 731-3194, Japan
The laser induced fluorescence (LIF) spectrum of the 𝐵𝐵� 2𝐸𝐸′ − 𝑋𝑋� 2𝐴𝐴′2 transition
was obtained for 14NO3 and 15NO3 generated by pyrolysis of 14N2O5 and 15N2O5,
respectively, under supersonic free jet expansion. The positions of the e' vibronic
bands observed in the dispersed fluorescence (DF) spectra from single vibronic
levels (SVL's) for both isotopomers are completely consistent with the band
origins of the high-resolution IR absorption spectra[1]. Other vibronic bands of
the 14N species not observed in the IR spectra, also show good agreement with
reported dispersed fluorescence spectra under room temperature conditions[2].
These should be attributed to the bands terminating to the a1' vibrational levels in
the 𝑋𝑋� 2𝐴𝐴′2 state. An important finding in this DF experiment is that all of the
vibronic bands, except one, show usual isotope shift, i.e. ν(14NO3) > ν (15NO3).
The exception is the ν1 fundamental at 1051 and 1053 cm-1 for the 14NO3 and
15
NO3 isotopomers, respectively, which shows inverse isotope shift, ν (14NO3) < ν
15
( NO3). Our higher resolution DF spectra of the ν1 fundamental region show
there is an additional vibronic band at 1056 and 1039 cm-1 for the 14N and 15N
isotopomers, respectively. We interpreted this inverse isotope shift of the ν1
fundamental to be cause by Fermi-type interaction with this newly observed
band, and concluded that the new band should be attributed to a band
fluorescent to an a1' vibrational level of the 𝑋𝑋� 2𝐴𝐴′2 state. We attributed this new
band as one terminating to the 3ν4 (a1') over-tone vibrational level with a 17 cm-1
isotope shift. High-resolution IR absorption spectroscopy identified the 1173 and
1161 cm-1 bands for the 14N and 15N isotopomers, respectively, as the e' level of
the third over-tone, 3ν4 [3], and the present DF work confirms this e' assignment.
In addition to the e' level, this work assigns the 1216 and 1200 cm-1 bands to the
a2' band of the third over-tone for the 14N and 15N species, respectively.
Accordingly, the structure of the 3ν4 over-tone vibrational level has two
characteristics unusual for non-degenerate 2𝐴𝐴′2 electronic states ( though the
structure is understandable as one caused by Renner-Teller interaction in
degenerate 2𝐸𝐸 ′ electronic states ): (1) unexpectedly wide splitting of the 3ν4 (a1')
and (a2') levels, ~160 cm-1, and (2) relative strong intensity, i.e. the intensity of
the 3ν4 (a1') band is comparable with that of the ν1 fundamental. The unusual
vibrational structure and the unexpected band intensities of the 3ν4 (a1') overtone as that on a non-degenerate electronic state may be attributed to vibronic
coupling and intensity borrowing from the 000 band, respectively.
[1] T. Ishiwata et al., J. Phys. Chem. A 114, 980 (2010).
[2] B. Kim, P. L. Hunter and H. S. Johnson, J. Chem. Phys. 96, 4057 (1992).
[3] K. Kawaguchi, private communication.
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DISPERSED FLUORESCENCE SPECTROSCOPY OF
� 𝟐𝟐𝚫𝚫 − 𝑿𝑿
� 𝟐𝟐𝚷𝚷 TRANSITION
THE SICN 𝑨𝑨
Masaru Fukushima and Takashi Ishiwata

Faculty of Information Sciences, Hiroshima City University
Asa-Minami Hiroshima 731-3194, Japan
The laser induced fluorescence (LIF) spectrum of the 𝐴𝐴̃ 2Δ − 𝑋𝑋� 2Π transition was
obtained for SiCN generated by laser ablation under supersonic free jet
expansion. The vibrational structure of the dispersed fluorescence (DF) spectra
from single vibronic levels (SVL's) was analyzed with consideration of RennerTeller (R-T) interaction. Analysis of the pure bending ( ν2 ) structure by a
perturbation approach including R-T, anhamonicity, spin-orbit, and HerzbergTeller (H-T) interactions[1] indicated considerably different spin splitting for the µ
and κ levels of the 𝑋𝑋� 2Π state of SiCN, in contrast to identical spin splitting for
general species based on the usual R-T analysis. Further analysis of the
vibrational structure including R-T, anhamonicity, spin-orbit, H-T, Fermi, and
Sears interactions was carried out via a direct diagonalization procedure, where
the Sears resonance is a second-order interaction combined from spin-orbit and
H-T interactions with 𝛥𝛥 𝐾𝐾 = ± 1, 𝛥𝛥 Σ = ∓ 1, and 𝛥𝛥 𝑃𝑃 = 0. The later analysis
reproduced the observed structure, not only the pure ν2 structure, but also the
combination structure of the ν2 and the Si-CN stretching (ν3 ) modes. The
analysis demonstrates mixing between vibronic levels, (0110) κ Σ1/2 and (0200) µ
Π1/2, with 𝛥𝛥 𝐾𝐾 = ± 1 and 𝛥𝛥 𝑃𝑃 = 0, and it is an almost one-to-one mixing giving
� (011 0) 𝜅𝜅 Σ1⁄2 � = 0.3 �+1; 1, −1 ⟩ + 0.8 | +1; 2,0 ⟩ + ⋯
and
� (020 0) 𝜇𝜇 Π1⁄2 � =
0.8 �+1; 1, −1 ⟩ − 0.3 | +1; 2,0 ⟩ + ⋯, where | Λ; 𝑣𝑣2 , 𝑙𝑙 ⟩ = |+1; 1, −1 ⟩ and =
| +1; 2,0 ⟩ are basis functions of the vibronic Hamiltonian for the numerical
diagonalization, and | Λ; 𝑣𝑣2 , 𝑙𝑙 ⟩ = |Λ⟩ |𝑣𝑣2 , 𝑙𝑙⟩ are products between basis functions
of electronic, |Λ⟩, and two dimensional harmonic oscillator, |𝑣𝑣2 , 𝑙𝑙⟩. The mixing
coefficients of the two vibronic levels agree with those obtained from
computational studies[2].
Therefore one may conclude that perturbation
treatment alone is inadequate for understanding the vibrational structure of the
𝑋𝑋� 2Π state of SiCN. For a more complete understanding, it may be necessary to
employ numerical diagonalization methods considering Fermi and Sears
resonances to describe the vibrational structure.
[1] J. M. Brown and F. Jørgensen, Advances in Chemical Physics 52, 117
(1983).
[2] V. Brites, A. O. Mitrushchenkov, and C. Léonard, J. Chem. Phys. 138, 104311
(2013);
C. Léonard, private communication.

68

A-11
THEORETICAL TOOLS TO AID EXPERIMENTAL STUDIES: DYSON
ORBITALS AND PHOTOIONIZATION CROSS-SECTIONS
Anastasia Gunina, Samer Gozem, Anna I. Krylov
Department of Chemistry, University of Southern California
There exists an elegant and compact way to describe the difference between
initial and final states of a system being ionized, called Dyson orbital. Dyson
orbital is one-electron quantity, which represents an overlap between initial Nelectron and final (N-1)-electron wavefunctions of the species under
investigation. Having it computed and providing some description for the
outgoing electron, one can get various one-electron properties of the ionization
process, including photoelectron matrix element [1]. The latter provides a
connection to experimental probing of electronic structure, as a key quantity for
obtaining [2] photoionization cross-sections and photoelectron angular
distributions, which are important parameters for interpretation of photoelectron
spectroscopy and photoelectron imaging experiments.
Dyson orbitals can be computed for any initial and final many-electron
wavefunctions, however, equation-of-motion coupled cluster (EOM-CC)
formalism allows to include correlation and orbital relaxation effects and provides
a straightforward way for evaluation and analysis of the obtained orbitals.
Implementing Dyson orbitals at a variety of EOM-CC flavors allows us to have
access to describing ionization from and to ground or excited electronic states,
neutral or charged as well as closed and open-shell species, including radicals
and polyradicals. With the description for outgoing electron as a linear
combination of spherical waves, performance of the total model will be shown via
comparison
with
available
experimental
energy
dependences
of
photoionization/photodetachment cross-sections. Power of the approach will be
illustrated on several challenging examples.
1. C.M. Oana, A.I. Krylov. J. Chem. Phys. 127, 234106 (2007)
2. S. Gozem and A.I. Krylov, ezDyson, http://iopenshell.usc.edu/downloads/ezdyson
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A-12
ROTATIONAL ENERGY TRANSFER AND DEPOLARIZATION IN COLLISIONS OF
AR/HE WITH CN(X)
Gregory Hall,a Damien Forthomme,a Paul Dagdigianb and Trevor
Searsa,c
a

Chemistry Department, Brookhaven National Laboratory
Upton, NY 11973-5000 USA
b
Department of Chemistry, Johns Hopikins University
Baltimore, MD 21218
c
Department of Chemistry, Stony Brook University
Stony Brook, NY 11794

The rates of collisional energy transfer and depolarization in ground-state CN
radicals were measured by double-resonant saturation recovery methods.
Thermal samples of CN radicals are produced by photodissociation of CH3COCN
diluted in He or Ar. Photobleaching and collisional recovery of selected levels of
CN(X, v=0, J) are monitored by polarized absorption spectroscopy, using a
frequency modulated cw laser on the (1-0) vibrational band of the A-X system
near 900 nm, following depletion on the (4-0) band with a ns pulsed dye laser.
Saturation recovery and saturation transfer signals are recorded as a function of
Doppler detuning of the probe laser and the relative polarization of the bleach
and probe lasers. The measurements have been analyzed to extract total
rotationally inelastic rate constants, a qualitative view of state-to-state
propensities, an interesting speed-dependence to the saturation recovery, and a
measure of the elastic depolarization rates relative to the total inelastic rates. The
time-dependent alignment of the population hole undergoes hyperfine quantum
beats at the frequencies characteristic of the hyperfine splittings in the depleted
ground state. Comparison is made with quantum scattering calculations for the
energy transfer and depolarization rates.

Work at Brookhaven National Laboratory was performed under Contract No DESC0012704 with the US Department of Energy and supported by its Division of Chemical
Sciences, Geosciences, & Biosciences, Office of Basic Energy Sciences,
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A-13
INTRAMOLECULAR C-N BOND ACTIVATION AND RING-EXPANSION
REACTION OF N-HETEROCYCLIC CARBENES
Patrick Hemberger, a) Andras Bodi, a) Johannes H. J. Berthel, b)
Udo Radius b)
a) Molecular Dynamics Group, Paul Scherrer Institute, CH-5232
Villigen, Switzerland
b) Institute of Inorganic Chemistry, Julius Maximilians, University
of Würzburg, D-97074 Würzburg, Germany
Ring-expansion reactions (RER) of N-heterocyclic carbenes (NHC) with the
main-group- element hydrides silanes, boranes and beryllium hydrides, were
recently discovered as a new reaction class in the solvent phase.[1]
We will show that 1,3-di-methylimidazolin-2-ylidene, one of the smallest NHCs,
also performs RERs in an intramolecular fashion upon excitation with vacuum
ultraviolet (VUV) photons. Very similarly to RERs reported in the solvent phase,
hydrogen transfer to the NHC carbon atom is the crucial initial reaction step. In
an ionization-mediated protonation, 1,3-dimethylimidazolin-2-yliene forms an
imidazolium ion, which is the rate-limiting step on the pathway to two sixmembered ring products, namely, methylpyrimidinium and -pyrazinium ions.[2]
To unravel this reaction path, we applied imaging photoelectron photoion
coincidence spectroscopy with VUV synchrotron radiation, as well as high-level
composite method calculations. Similarities and differences between the
mechanism in the gas phase and in the condensed phase are discussed and the
activation energy for the rate-limiting step was measured to be 43.5 ± 1 kcal/mol
within chemical accuracy.
In order to obtain this value the adiabatic ionization energy (7.793 ± 0.009 eV)
has to be accurately determined by measuring threshold photoelectron spectra
(TPES). In addition a Franck-Condon analysis revealed activity of N-C-N bending
vibration and combination bands with ring breathing and N-C stretching
vibrations upon ionization.

[1]
[2]

D. Schmidt, J. H. J. Berthel, S. Pietsch, U. Radius, Angew. Chem. Int. Ed. 2012, 51, 8881–8885.
P. Hemberger, A. Bodi, Johannes H. J. Berthel, U. Radius, Chem. Eur. J. 2015, 21, 1434-1438.
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ANALYSIS OF THE NEAR-INFRARED SPECTRUM RESULTING FROM THE
PHOTOLYSIS OF CH2I2 IN THE PRESENCE OF O2
Meng Huang1, Neal Kline1, Terry A. Miller1, Phalgun Lolur2, Richard
Dawes2,
1

Department of Chemistry and Biochemistry, The Ohio State
University, Columbus, OH, USA;
2
Department of Chemistry, MIissouri University of Science and
Technology, Rolla, MO, USA

In the past few years, the photolysis of CH2I2 in the presence of O2 has received
much attention. It has been shown to be an attractive method for producing the
Criegee intermediate, CH2O2. Under certain conditions the reaction is also
expected to produce the iodomethyl peroxy radical, CH2IO2. Interestingly both
species are expected to have electronic transitions in the near infrared (NIR).
The transition in CH2O2 would be analogous to the ã-X̃ singlet-triplet transition in
O3 and a NIR Ã-X̃ transition is well-known to be characteristic of peroxy radicals.
Notwithstanding the above, NIR spectra have not been reported for either CH2O2
or CH2IO2.
Based upon these considerations, we have performed the CH2I2 photolysis with
O2 in the optical cavity of our room temperature cavity ringdown spectrometer
and have discovered a spectrum in the NIR. Our recorded spectrum stretches
from a complex origin structure at ~6800 cm-1 to beyond 9000 cm-1. Aside from
the origin its strongest feature is a similar, complex band ~870 cm-1 to the blue of
it, which is likely an O-O stretch vibrational transition, which is characteristic of
the spectra of peroxy radicals but might also be expected for CH2O2. With the aid
of high-level ab initio calculations we have undertaken the analysis of the
spectrum. We find that a spectral analysis, including a number of hot bands
arising from populated torsional levels, is consistent with the electronic structure
calculations for the Ã and X̃ states of CH2IO2. The potential of using the spectrum
as a diagnostic for the chemistry involved will be discussed.
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A-15
THEORETICAL STUDY ON THE REACTIONS OF MERCURY MONOBROMIDE WITH
ATMOSPHERICALLY ABUNDANT FREE RADICALS

Yuge Jiao and Theodore S. Dibble
Department of Chemistry, State University of New York, College of
Environmental Science and Forestry, Syracuse, NY, 13210

Bromine atom is known to initiate the oxidation of gaseous elemental mercury,
Hg(0), in the marine boundary layer and in polar mercury depletion events. This
process is initiated via the reaction Hg + Br•  BrHg•. The second step is
suspected to be reaction of BrHg• radical with atmospherically abundant radicals
Y• (Y = NO2, HO2, ClO, BrO, or IO) to form stable compounds BrHgY.
Unfortunately, rate constants for reactions of BrHg• have never been measured,
and there has yet to be any experimental detection of these BrHgY species, even
in the laboratory. We are using computational chemistry to characterize these
species and determine the rate constants for their formation. In current study, the
BrHg-Y bond energies are determined by high-level quantum chemical methods
including spin-orbit coupling and core-valence correlation. Kinetic calculations
are carried out by using RRKM theory and variational transition state theory, and
the results indicate that the rate coefficient for the BrHg• + NO2 reaction is in the
order of 10-11 cm3 molecule-1 sec-1. Further calculations using master equation
simulation show that any BrHgNO2 formed is transformed completely to synBrHgONO. The implications of these results to oxidation mechanism of gaseous
elemental mercury and mercury deposition will be discussed.
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INFRARED DRIVEN UNIMOLECULAR REACTION
DYNAMICS OF CRIEGEE INTERMEDIATES
Nathanael M. Kidwell,1 Hongwei Li,1 Xiaohong Wang,2
Joel M. Bowman,2 and Marsha I. Lester1
1

Department of Chemistry, University of Pennsylvania, Philadelphia, PA 191046323
2
Department of Chemistry, Emory University, Atlanta, GA 30322

In
the
troposphere,
ozonolysis of alkenes is the principal
nonphotolytic source of atmospheric
OH radicals produced through
energized Criegee intermediates.
This efficient production of OH
radicals has been proposed to
follow a 1,4 H-atom shift mechanism
for
alkyl-substituted
Criegee
intermediates (see figure), in
particular syn-CH3CHOO, involving
passage
through
a
ring-like
transition state structure, formation
of
vinylhydroperoxide
(H2C=CHOOH), and generation of
OH radical products. The present study focuses on the production of the synCH3CHOO Criegee intermediate in a pulsed supersonic expansion, and then
utilizes conformer-specific resonant IR excitation[1] to initiate H-atom transfer
and subsequent unimolecular decomposition to OH fragments. The OH products
are then state-selectively ionized using a novel 1+1' resonance-enhanced
multiphoton ionization technique built on the well-known A2Σ+ - X2Π transition.[2,
3] Herein, we present the first application of this ionization scheme for velocity
map imaging of the OH X2Π (v=0) fragments generated upon IR activation of synCH3CHOO; the non-statistical OH rotational distribution peaks at N=3, in very
good agreement with theory. For the state-selective excitation of syn-CH3CHOO
in the CH stretch overtone region at 5706 and 6083 cm-1, both images show an
isotropic angular distribution of OH fragments, indicating the dissociation lifetime
of vibrationally excited syn-CH3CHOO is longer than a rotational period (τ ≥ 2 ps).
Furthermore, the total kinetic energy release to OH + vinoxy (CH2CHO) products
has an average value of 1100 cm-1, which indicates that much of the available
energy is funneled into the internal energy of CH2CHO co-fragments. The
experimental results are consistent with quasiclassical trajectory calculations that
reveal significant vibrational excitation in the low-frequency modes of CH2CHO
products.
[1]
[2]
[3]

F. Liu, J. M. Beames, A. S. Petit, A. B. McCoy, and M. I. Lester, Science 345, 1596 (2014).
J. M. Beames, F. Liu, M. I. Lester, and C. Murray, J. Chem. Phys. 134, 241102 (2011).
J. M. Beames, F. Liu, and M. I. Lester, Mol. Phys. 112, 897 (2014).
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IR SPECTROSCOPY OF CRIEGEE INTERMEDIATES
Yuan-Pern Lee,1, 2 Yu-Hsuan Huang,1 Li-Wei Chen1
1

Department of Applied Chemistry and Institute of Molecular Science, National Chiao
Tung University, 1001, Ta-Hsueh Road, Hsinchu 30010, Taiwan
2
Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei 10617, Taiwan.

The simplest Criegee intermediate CH2OO is important in atmospheric
chemistry. Infrared absorption of CH2OO has been previously recorded at
resolution 1.0 cm−1 in our laboratory.1 We have improved our system and
recorded the infrared spectrum of CH2OO at resolution 0.25 cm−1 with rotational
structures partially resolved. Observed vibrational wavenumbers and relative
intensities are improved from those of the previous report and agree well with
those predicted with quantum-mechanical calculations using the MULTIMODE
method on an accurate potential energy surface. Observed rotational structures
also agree with the simulated spectra according to theoretical predictions. In
addition to derivation of critical spectral parameters to confirm the assignments,
the high-resolution spectrum provides new assignments for bands 2ν9 at 1234.2
cm−1 and ν5 at 1213.3 cm−1; some hot bands and combination bands are also
tentatively assigned.
In the reaction of CH2I + O2, the yield of CH2OO decreases with pressure
due to the stabilization of the adduct ICH2OO, but no definitive spectral
identification of ICH2OO has been reported. We recently observed four bands,
near 1233.8, 1221, 1087, and 923 cm−1, of gaseous ICH2OO in the CH2I + O2
system at pressure greater than 100 Torr using a step-scan FTIR spectrometer;
both products CH2OO and ICH2OO were observed simultaneously with the same
technique for the first time. With direct detection of both species, we determined
the pressure dependence of the yield of CH2OO. The yield of CH2OO near one
atmosphere is greater than previous reports; its significance in atmospheric
chemistry will be discussed.
Methyl substitution of CH2OO produces two conformers of CH3CHOO
and consequently complicates the IR spectrum. Here we report the transient
infrared spectrum of syn- and anti-CH3CHOO, produced from CH3CHI + O2 in a
flow reactor, using a step-scan Fourier-transform spectrometer. Guided and
supported by high-level full-dimensional quantum calculations, rotational
contours of the four observed bands are simulated successfully and provide
definitive identification of both conformers. The characteristic OO-stretching
modes of syn- and anti-CH3CHOO are identified at 871.2 and 883.7 cm−1,
respectively, slightly less than that (909.2 cm−1) of CH2OO. Although nearly all
observed bands of anti-CH3CHOO overlapped with syn-CH3CHOO, the Q-branch
of ν8 near 1090.6 cm−1 is contributed solely by syn-CH3CHOO, and that of ν7 near
1280.8 cm−1 is also dominated by syn-CH3CHOO. Furthermore, anti-CH3CHOO
shows a reactivity greater than syn-CH3CHOO toward NO/NO2; at the later
period of reaction, the spectrum can be simulated with only syn-CH3CHOO. The
direct IR detection of syn- and anti-CH3CHOO should prove useful for field
measurements and laboratory investigations of the Criegee mechanism.
1

Su, Y.-T., Huang, Y.-H., Witek, H. A. and Lee, Y.-P. Infrared absorption spectrum of the simplest
Criegee intermediate CH2OO. Science 340, 174-176 (2013).

75

A-18
HYDROXYL RADICAL GENERATION FOR ADVANCED OXIDATION PROCESS’S
TREATMENT ON GRAPHITE AND NANOMETAL/GRAPHITE SURFACES
Mohamed A. Morsy,1 Abdel-Nasser M. Kawde,1 Mohamed A. Daous2
1

Chemistry Department, College of Sciences, King Fahd University of
Petroleum and Minerals, Dhahran 31261, Saudi Arabia.
2
Aramco R&D Center, Dhahran 31311, Saudi Arabia

In the AOP the hydrogen peroxide oxidizes organic pollutants in the presence of
Fe-bearing solid catalysts in the so-called catalytic wet peroxide oxidation
(CWPO). So far, several supports have been used, like zeolites, pillared clays,
alumina, silica, mesostructured SBA-15 and activated carbon, mostly in the
CWPO of model phenolic compounds. However, few studies are found in the
literature dealing with the photo-electro-oxidation (PEO) process for the
treatment of wastewaters. The presented work photo-electro-oxidation (PEO)
process is used as new advanced oxidation process (AOP) to degrade the
refractory pollutants on the surface of a graphite and/or nanometal/graphite
surfaces as working electrode. The morphology and composition of the fresh and
modified working electrodes have been investigated by scanning electron
microscopy (SEM) and EDX, see images below. The electron paramagnetic
resonance/Spin Trapping (EPR/ST) spectroscopic technique was utilized to trap
the active radical intermediates of the PEO process and hence investigate its
kinetics, see below Figure. The optimum conditions towards the remediation of
different contaminates in model petrochemical wastewater on graphite carbon
was achieved.

Figure: SEM images of 0.3 mm HB graded pencil lead (Left) electrodes at two
different magnification scales with Jeol-SEM at 20 kV and the spin trapped OHradical-DMPO adduct EPR response (Right) in presence of Tempol as external
reference.
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SINGLE MOLECULE MAGNETS: USING SPN-FLIP METHODS TO DESCRIBE
ELECTRONIC STRUCTURE AND MAGNETIC PROPERTIES OF BINUCLEAR
COPPER COMPOUNDS

Natalie Orms, Anna I. Krylov
Department of Chemistry, University of Southern California, Los Angeles,
California 90089-0482

The search for cheap, highly tunable, lightweight magnetic devices began
decades ago. In the past 20 years much attention has been given to the
development and characterization of single-molecule magnets (SMMs). In
addition to possessing the above desired properties, SMMs are magnetically
anisotropic compounds that can serve as nanoscale magnetic devices with
numerous and varied applications [1]. We present a detailed theoretical study of
the magnetic properties of several binuclear copper diradical complexes.
Defining the best approach for calculating the energies of low-lying diradical
states is the cornerstone of recent theoretical SMM studies, and the main
component of the present work. Spin-flip (SF) variations of time-dependent
density functional theory (TDDFT) and equation-of-motion coupled-cluster (EOMCC) theory are employed to calculate energy gaps between lowest-lying singlet
and triplet states. These energy gaps are analogous to exchange-coupling
constants in the Heisenberg Hamiltonian for weakly interacting spins [2, 3].
Choice of method, effective core potential (ECP), and/or basis set for the copper
atoms has a noticeable effect on the computed properties of these complexes.

[1] R. A. Layfield, Organometallics 33 (2014).
[2] L. Noodleman, J. Chem. Phys. 74, 5737 (1981).
[3] H. R. Zhekova; M. Seth; T. Ziegler, J. Chem. Phys. 135, 184105 (2011).
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STUDY OF NEUTRAL REACTION DYNAMICS USING DISSOCIATIVE
PHOTODETACHMENT: F + HOCH3 → HF + OCH3
Amelia W. Ray, Ben B. Shen, Rico Otto, and Robert E. Continetti
Department of Chemistry and Biochemistry,
University of California, San Diego,
9500 Gilman Drive, La Jolla, 92093 CA, USA
The dissociation dynamics of the seven-atom F·(CH3OH) cluster were studied
using photoelectron-photofragment coincidence spectroscopy at a photon energy
of 4.80 eV. Dissociative photodetachment to the product side (HF + OCH3 + e–)
of the neutral potential energy surface results in vibrational excitation in the HF
products, observed as diagonal banding in the photoelectron-photofragment
coincidence spectrum. Photodetachment access both the long lived product side
van der Waals complex (FH—OCH3), as well as the shallow reactant side van
der Waals complex (F—HOCH3). The product side complex well has been
probed near threshold by photodetachment at a photon energy of 3.2 eV,
resulting in a clear vibrational progression consistent with a FH-O stretching
mode. The implications of these observations on the anion and neutral potential
surfaces will be discussed as well as prospects for comparing these results to
recent theory.[1] This work was funded by the United States Department of
Energy, under grant number DE-FG03-98ER14879
[1]

H. Feng, K.R. Randall, H.F. Schaefer, The Journal of Physical Chemistry A 119
(2015) 1636.
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PHOTO-ASSISTED INTERSYSTEM CROSSING: THE PREDOMINANT TRIPLET
FORMATION MECHANISM IN SOME ISOLATED POLYCYCLIC AROMATIC
MOLECULES EXCITED WITH PULSED LASERS
Philip M. Johnsona and Trevor J. Searsa,b
a
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York 11794-3400, bDepartment of Chemistry, Brookhaven National
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Naphthalene, anthracene, and phenanthrene are shown to have very long-lived
triplet lifetimes when the isolated molecules are excited with nanosecond pulsed
lasers resonant with the lowest singlet state. For naphthalene, triplet state
populations are created only during the laser pulse and all molecules have triplet
lifetimes greater than hundreds of microseconds, similar to the behavior
previously reported for phenylacetylene. Although containing 7 to 12 thousand
cm-1 of vibrational energy, the triplet molecules have ionization thresholds
appropriate to vibrationless T1 states. The laser power dependences (slopes of
log-log power plots) of the excited singlet and triplet populations are about 0.7 for
naphthalene and about 0.5 for anthracene. Kinetic modeling of the power
dependences successfully reproduces the experimental results and suggests
that the triplet formation mechanism involves an enhanced spin orbit coupling
caused by sigma character in states at the 2-photon level. Symmetry Adapted
Cluster-Configuration Interaction calculations produced excited state absorption
spectra to provide guidance for estimating kinetic rates and the sigma character
present in higher electronic states. It is concluded that higher excited state
populations are significant when larger molecules are excited with pulsed lasers
and need to be taken into account whenever discussing the molecular
photodynamics.

This manuscript has been authored by employees (TJS) of Brookhaven Science
Associates, LLC under Contract No. DE-SC0012704 with the U.S. Department of Energy.
The publisher by accepting the manuscript for publication acknowledges that the United
States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for
United States Government purposes.
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SIMULTANEOUS KINETICS AND RINGDOWN STUDY OF PEROXY RADICAL
REACTIONS
Matthew D. Smarte and Mitchio Okumura
Division of Chemistry and Chemical Engineering, California Institute of
Technology, Pasadena, CA 91125

Peroxy radicals are key intermediates formed in the low temperature combustion
and atmospheric oxidation of volatile organic compounds. Over the past decade,
spectroscopic and kinetic investigations have increasingly employed nearinfrared cavity ringdown spectroscopy to detect these radicals through their
forbidden A-X electronic transition. Absorption features associated with distinct
organic peroxy radicals exhibit greater spectral isolation in the near-infrared than
their more traditional detection in the ultraviolet, thereby aiding the interpretation
of time-resolved absorption signals for kinetic studies. In this work, we use nearinfrared pulsed cavity ringdown spectroscopy and the Simultaneous Kinetics and
Ringdown (SKaR) technique to study the production and decay of organic peroxy
radicals. The SKaR technique was developed as a way to measure a reaction
rate that occurs on the same timescale as a ringdown event [1]. We employ this
method and report rate constants for the formation (R + O2 → RO2) of organic
peroxy radicals and their principle loss reaction in polluted environments (RO2 +
NO → products). We present progress toward measuring these rate constants
for the peroxy radicals formed in the Cl and OH initiated oxidation of ethene,
propene, 1-butene, 2-butene, 1,3-butadiene, and isoprene.

[1] Brown, S.S.; Ravishankara, A.R.; Stark, H. Simultaneous Kinetics and Ring-down:
Rate Coefficients from Single Cavity Loss Temporal Profiles J. Phys. Chem. A 2000, 104,
7044-7052.
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KINETICS OF OH RADICAL REACTIONS WITH PHENYLACETYLENE AND
FULVENALLENE
J. Thapa, M. Spencer, N. Akhmedov and F. Goulay
1

Department of Chemistry, West Virginia University, Morgantown, West
Virginia, U.S.A.

Phenylacetylene (C8H6) is involved in the formation of polycyclic aromatic
hydrocarbons (PAHs) such as naphthalene, and plays a significant role during
soot formation in combustion environments (1,2). The reaction of the OH radical
with phenylacetylene is studied using pump-probe laser techniques in a quasistatic reaction cell at low pressure (1-7.5 Torr) and over the 298-423 K
temperature range. The OH radicals are generated by laser photolysis of
hydrogen peroxide (H2O2) at 266 nm or nitrous acid (HONO) at 355 nm. The
relative concentration of the OH radical is monitored as a function of reaction
time using laser induced fluorescence at 282 nm excitation wavelength. The
room temperature reaction rate of the OH + phenylacetylene reaction is
measured to be 8.75 (±0.73) x 10-11 cm3 s-1 which is faster than the value
presently used in combustion models. The reaction is pressure and temperature
independent over the 1-7.5 Torr and 298-423 K pressure and temperature
ranges. The rate is faster than that expected based solely on association with the
aromatic ring suggesting reaction with the triple bond. Based on comparison with
OH + diacetylene and OH + benzene the most likely mechanism is addition to the
triple bond to form a resonance stabilized radical as shown below:
H
OH

OH

Fulvenallene (C7H6) is an important combustion intermediate and has been
observed in flames (3,4). Its reaction with the OH radical is predicted to form the
fulvenallenyl radical, the most stable C7H5 isomer. In the laboratory, fulvenallene
is synthesized by flash vacuum pyrolysis of homophthalic anhydride (5) and
stored under helium buffer gas.
The reaction of OH radical with fulvenallene is studied at 5 Torr over the 300 to
450 K temperature range. The OH + Fulvenallene reaction rate is measured to
be in the order of 1×10-11 cm3 s-1 at room temperature which is faster than
previous theoretical studies that include only H-abstraction (6).
References:
1. Wang, H. and Frenklach, J., Combust. Flame, 1997, 110, 173-221
2. Kailasanathan, R. K. A., Thapa J. and Goulay F., J. Phys. Chem. A, 2014, 118, 77327741
3. Hansen, N., Kasper, T., Klippenstein, S.J., Westmoreland, P.R., Law, M.E., Taatjes,
C.A., Kohse-Holinghaus, K., Wang, J., and Cool, T.A., 2007, J. Phys. Chem. A,111,19
4. Yuyang, L., Jianghuai, C., Lidong, Z., Tao, Y., Kuiwen, Z., Fei, Q., Proceedings of the
Combustion Institute, 2011, 33, 593–600
5. Spangler, R.J. and Kim, J.H., Tetrahedron Letters, 1972, 13, 1249-1251
6. da Silva, G., and Bozzelli, J.W., J. Phys. Chem. A, 2009, 113,44
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ANALYSIS OF THE ROTATIONALLY RESOLVED SPECTRA IN THE Ã2E˝
ELECTRONIC TRANSITION OF THE NO3 RADICAL
Henry Tran1, Mourad Roudjane1, Terrance J. Codd1, Ming-Wei Chen2, Dmitry G.
Melnik1, Terry A. Miller1, John F. Stanton3.
1

Department of Chemistry and Biochemistry, The Ohio State University,
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Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana,
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Department of Chemistry, The University of Texas, Austin, TX, USA
The vibronic structure of the Ã – X̃ electronic spectrum of the NO3 radical has
been the subject of considerable research in our group and others worldwide. We
have observed the Ã – X̃ electronic spectrum using a jet-cooled sample. A recent
analysis of these spectra predicts a strong Jahn-Teller effect (JTE) in the 𝑒𝑒 ′ 𝑣𝑣3
vibrational mode (N-O stretch) and a weak JTE in the 𝑒𝑒 ′ 𝑣𝑣4 mode (O-N-O bend).1
This result is qualitatively consistent with electronic structure calculations, but
disagrees quantitatively in the magnitude of the JTE.
Rotationally resolved spectra have been obtained for over a dozen vibronic
bands of the Ã – X̃ electronic transition. As the rotational structure of the
spectrum should be quite sensitive to geometric distortions, a rotational analysis
should provide considerably more experimental information about the JTE in the
Ã state of NO3. Firstly, we analyzed half a dozen parallel bands, which terminate
on Ã state levels of 𝑎𝑎1 " vibronic symmetry. We have completed the analysis of
the 310 and 310 410 parallel transitions with several other bands being reasonably
well understood. These analyses have been performed with an oblate symmetric
top model including only additional spin-rotational effects, consistent with an
effective, undistorted geometry for NO3 of D3h symmetry on the rotational
timescale. However, the perpendicular bands, which terminate on Ã levels of 𝑒𝑒 ′
vibronic symmetry, were not able to be described by the simple oblate symmetric
top model. For this reason, we have developed a modified rotational model
based on the oblate symmetric top model used in the parallel band analysis, but
with additional terms corresponding to coriolis, spin-orbit, and the JTE. Our
preliminary analysis of the perpendicular transitions using this model, particularly
the 210 and 210 420 transitions, have demonstrated generally better agreement and
indicate only modest distortions due to the JTE. In general, there is evidence of
perturbation in all these bands likely resulting from interactions of the observed Ã
state levels with high vibrational levels of the X̃ state. Our modified rotational
model and the analysis of the 310 ,310 410 , 210 , and 210 420 transitions will be presented.
1

T. Codd, M.-W. Chen, M. Roudjane, J.F. Stanton and T.A. Miller “Jet Cooled Cavity Ringdown
2
2
Spectroscopy of the A E′′ ← X A′2 Transition of the NO3 Radical” J. Chem. Phys. 142, 184305 (2015).
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CHARACTERIZING THE ELECTRONIC STATES OF GOLD MONOSULFIDE, AUS
Thomas D. Varberg1, Bradley W. Pearlman1, Ian A. Wyse1, Damian L.
Kokkin2, Ruohan Zhang2 and Timothy C. Steimle2
1
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2

We have recorded the electronic spectrum of gas-phase AuS at vibrational
resolution. The spectrum covers the wavelength region 440–740 nm and involves
excitation into four different excited electronic states. Approximately 100 reddegraded bands have been observed and analyzed to determine an accurate set
of term energies and vibrational constants for the excited and ground electronic
states. The molecules have been made either by laser ablation in a cold
molecular beam or by sputtering in a hot hollow cathode source. The ground
state is observed to be an inverted 2Π state, in agreement with previous work by
others on the photoelectron spectrum of the molecule. The four excited states
have been characterized as the a4Σ–, A2Σ+, B2Σ–, and C2Δ states. The electronic
configurations from which these states arise will be discussed.
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BENCHMARK STUDY OF MOLECULAR STRUCTURE BY DIFFERENT
EXPERIMENTAL METHODS AND COUPLED CLUSTER COMPUTATIONS
Natalja Vogta,b, Jean Demaisona, Denis N. Ksenafontovb, Jürgen Vogta
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se

Semiexperimental equilibrium structures (r e ) of 5-methyluracil (thymine) [1] and
some other derivatives of uracil [2] have been determined from the microwave
(MW) rotational constants or electron diffraction (ED) data taken into account
rovibrational or vibrational corrections calculated with the use of ab initio
anharmonic force fields. The best estimated ab initio structures of these
molecules have been derived from the results of the CCSD(T)/cc-pwCVTZ(ae)
optimizations with extrapolation to the higher (quadruple-ζ) basis set at the MP2
level. A remarkable agreement between the computed and semiexperimental
equilibrium structures (see Fig. 1) points to high accuracy of both experiment and
applied theory.

se

Fig. 1. Histogram of the bond length deviations relative to the r e (MW) values (in
Å).
The project has been supported by the Dr. Barbara Mez-Starck Foundation.
References:
[1] N. Vogt, J. Demaison, D.N. Ksenafontov, H.D. Rudolph, J. Mol. Struct., 2014, 1076,
483-489.
[2] N. Vogt, D.N. Ksenafontov, R. Rudert, A.N. Rykov, et al., in preparation.
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COMBUSTION REACTIONS FOLLOWED BY PEPICO
Krisztina Voronova,a András Bodi,b Patrick Hemberger,b Oliver Welz,c Krisztián
G. Torma,a Kyle Covert,a David L. Osborn,d and Bálint Sztáraya
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Multiplexed mass spectrometry coupled with photoionization by tunable vacuum
ultraviolet synchrotron radiation is a universal, multiplexed, sensitive, and
selective detection method for that interrogates chemical reactions with high
fidelity. Despite the considerable success of this instrument, in the case of nearly
identical ionization energies or unfavorable photoionization cross sections, or
when several isomers may be present, isomer identification and quantification
can be very challenging. We have shown recently that Photoelectron Photoion
Coincidence (PEPICO) spectroscopy can provide far superior isomer
identification data compared to photoionization mass spectrometry. Moreover,
using velocity map imaging (VMI) for photoelectron detection offers a significant
multiplexing advantage because a wide window of the photoelectron spectrum
can be measured simultaneously.
A new prototype experiment, called Combustion Reactions Followed by
Photoelectron Photoion Coincidence (CRF-PEPICO) has been built and tested to
be used to measure kinetics and mechanism of processes involving transient
species important in combustion reactions. The experiment consists of a sidesampled flow tube reactor where photolytically generated radicals can react with
target molecules, with tunable synchrotron radiation for photoionization. Both
electrons and cations are detected using opposed particle-counting VMI
detectors, yielding kinetic energy and angular distributions of both electrons and
cations, in addition to Wiley-McLaren time-of-flight mass analysis for the cations.
This state-of-art setup is the first to successfully apply PEPICO to directly
measure neutral chemical reaction kinetics.
Halomethanes are known to be important sources of reactive I and Br atoms,
which may further react to produce IO and BrO radicals, which species have
been observed to participate in destruction of ozone in the lower atmosphere. In
the first successful kinetic time resolved PEPICO experiments, CH2I radical
formation and its reaction with molecular oxygen were studied with the CRFPEPICO setup. The reaction was initiated by photolysis of CH2I2 at 355 nm,
producing CH2I radicals and I atoms. Decay of the CH2I radical as function of O2
concentration was monitored in time-resolved measurements to obtain the
reaction rate coefficient. In the test runs, we obtained 1.73 ± 0.18 x 10–12 cm3s-1
for the rate coefficient of the CH2I + O2 reaction. This value is in a good
agreement with the two previous PIMS measurements of this reaction. In
addition, the CH2OO product of the above reaction, the Criegee intermediate
formaldehyde oxide, was also detected, but so far in concentrations too small to
obtain a full photoelectron spectrum during the experimental time at the
synchrotron. These experiments demonstrate the power that CRF-PEPICO
promises for the study of free radical reactions with improved selectivity, but also
for the acquisition of clean photoelectron spectra of a free radical when many
other species are present.
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NEW PATHWAYS IN THE DECOMPOSITION KINETICS OF
KETOHYDROPEROXIDES
Judit Zádor
Combustion Research Facility, Sandia National Laboratories, Livermore,
CA, 94550

Ketohydroperoxides (KHPs) are formed in low-temperature combustion systems
when the "second" O2 molecule adds to a carbon-centered hydroperoxyalkyl
(QOOH) radical, the adduct isomerizes, and finally eliminates an OH radical.
There are typically several other possible bimolecular products in QOOH + O2
reactions, however, ketohydroperoxides are often the favored ones, because
their formation is driven by the large exothermicity related to the formation of the
carbonyl moiety. KHPs can further decompose at elevated temperatures and
pressures. In a simple scission process an OH and an alkoxy radical are likely to
be formed, leading to two radicals, and thus chain branching. However, the
recently proposed Korcek mechanism (Jalan et. al, JACS, 2013, p. 11100)
creates two closed shell singlets instead, decreasing the potential chain
branching propensity of KHPs.
Using the KinBot code I explore the relevance of further reaction pathways for
C4-KHPs. KinBot proposes and creates a large number of possible channels,
and follows them based on an energy threshold criterion. It can discover likely
pathways that were previously not thought of, or would be tedious to explore "by
hand." For instance, KinBot found pathways to the formation enolhydroperoxides,
water elimination, and zwitterionic structures using the B3LYP functional. I
attempt to provide accurate energies for the most important channels using the
CCSD(T)-F12 level of theory, however, in many cases the uncertainty in the
calculations is high due to the relatively large T1 diagnostic that characterizes the
saddle points. Nevertheless, it is clear that the KHP chemistry is richer than
previously thought and that these pathways largely depend on the relative
position of the carbonyl and hydroperoxy groups.
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KETOHYDROPEROXIDE FORMATION AND DECOMPOSITION IN CL-ATOM
INITIATED OXIDATION OF N-BUTANE AND NEOPENTANE: ACHIEVEMENTS
AND CHALLENGES

A. J. Eskola, I. O. Antonov, L. Sheps, J. D. Savee, D. L. Osborn,
C. A. Taatjes
Combustion Research Facility, Sandia National Laboratories, 7011 East
Avenue, MS 9055, Livermore, California 94551, USA
Autoignition chemistry of fuel – air -mixture plays crucial role in the development
of new high-efficiency, low emission engine technologies. In the first steps of fuel
oxidation, a fuel radical R adds to O2 forming RO2 that can isomerize via internal
H-atom abstraction to form a QOOH radical. This carbon-centered QOOH can
again react with a ’second’ O2 forming OOQOOH radical that, after internal
abstraction and subsequent dissociation, forms the OH radical and a
ketohydroperoxide (KHP). Further decomposition of the labile KHP is believed to
produce an oxy-radical (QO) and OH, effectively leading to the release of two OH
radicals per fuel radical, resulting in chain-branching.
In the current work, time-resolved product formation in low-temperature (525 –
700 K) photolytic Cl-atom initiated oxidation of n-butane and neopentane was
investigated using multiplexed photoionization time-of-flight mass spectrometry
employing synchrotron radiation for ionization. Experiments were performed
using a new high-pressure flow-reactor in the pressure range 740 – 5090 Torr.
The mechanism of KHP formation is less complex in low-temperature
neopentane oxidation because all hydrogens are equivalent and only one QOOH
isomer can be formed. In the Cl-atom initiated oxidation of n-butane both 1-butyl
and 2-butyl radicals are formed, and after reaction with O2 and isomerization,
each of these radicals has three QOOH isomers available, totaling six possible
QOOH radicals. Interestingly, using partially deuterated n-butanes it is concluded
that a single QOOH + O2 reaction leading to a single KHP isomer is responsible
for observed KHP signal. In this work time-resolved KHP formation in n-butane
and neopentane oxidation experiments has been measured at high pressures
over wide T, P, and [O2] conditions and results are compared with available
kinetic models. Effort is also made to determine products and yields of Korcek
decomposition of KHP. Kinetic simulations of experimental results suggest that
also other KHP decomposition channels than KHP → QO + OH play a role.
Probably the biggest challenge is quantification of the yields and branching ratios
for ketohydroperoxides. Also other challenges are discussed.
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OCS PHOTOCHEMISTRY PROBED USING PHOTOFRAGMENT EXCITATION
SPECTROSCOPY AND VELOCITY-MAP ION IMAGING
Benjamin W. Toulson and Craig Murray
University of California, Irvine

Carbonyl sulfide, OCS, is the most abundant sulfur-containing species in the
atmosphere and photolysis is the main source of stratospheric sulfate. The first
absorption band, which is responsible for the stratospheric photochemistry,
peaks near 224 nm and shows diffuse structure superimposed upon a broad
Gaussian-shaped continuum. The total photolysis quantum yield is thought to be
close to unity and CO(X1Σ+) + S(1D) account for over 90% of the products.
PHOtoFragment EXcitation (PHOFEX) spectra have been measured over the
range 212–260 nm by scanning the wavelength of the pump laser while
monitoring S(1D) and S(3PJ) products via 2+1 resonance-enhanced multiphoton
ionization. While the S(1D) PHOFEX spectrum is unstructured, that of S(3PJ) is
dominated by the distinct vibrational progressions evident in the absorption
spectrum. Velocity-map (sliced) ion images of S(1D) and S(3PJ) products have
been acquired with the pump laser tuned on and off resonances in the PHOFEX
spectrum near 222 nm. The S(3PJ) images show markedly different translational
energy distributions and anisotropies to those observed for S(1D) and further are
sensitive to the particular spin-orbit level probed.
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INTERACTIONS OF AMINO ACID ENANTIOMERS WITH CHIRAL TARGET IN
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The increasing demand in enantiomerically pure pharmaceutical drives the need
for efficient qualitative and quantitative enantioselective analytical methods. Mass
spectrometry (MS) is a powerful technique in drug analysis, however, it was not
until quite recently (late 1990s) that MS techniques were considered suitable for
chiral recognition. Despite significant success in the development of MS
techniques for chiral recognition, the underlying ion physics and chemistry is not
fully understood. The three-point model states that chiral recognition, i.e. a chiral
selector recognizing an enantiomer, requires three simultaneous interactions with
at least one of these interactions being stereochemically dependent. The
fundamental understanding of chiral recognition has so far been pursued only on
a phenomenological basis.
Our study is focused on the investigations of interactions between
chiral molecules in the gas phase using tandem mass spectrometry. High
and low energy collision activation of singly protonated L and D forms of
amino acids with chiral and achiral targets were studied using an ion
accelerator at Stockholm University. In order to facilitate the stereo
specificity, the amino acids with bulky R-group, namely Phe, Trp and Met,
were utilized. The chiral (S)-(+)-2-butanol, racemic (+-)-2-butanol and
Argon were used as collision gases. For collision of 1 keV in a center-ofmass the amount of transferred energy is enough to induce fragmentation
via multiple channels. For all measured amino acids the most abundant
products are produced due to the loss of NH3 and H2O + CO. The
fragmentation pathway and abundance of fragments reveal no difference
for both amino acid enantiomers with all gasses used [1]. The collision
energy appeared to be too high to observe the effects related to structural
difference of enantiomers. Thus the study of low energy collisions of
around 0.2-3 eV in the center-of-mass energy with (S)-(+)-2-butanol,
(R)-(-)-2-butanol and racemic (+-)-2-butanol was done at a Q-TOF at the
University of Oslo. Additionally to the main fragments that correspond to
the loss of NH3 and H2O + CO, the complexes of amino acids and 2butanols were detected. The possible chiral impact in fragmentation and
efficiency of adduct formation was elaborately investigated. In an
experimental campaign performed only a week before abstract submission
to the Free Radicals Symposium, we tentatively observe chiral recognition
in adduct formation.
Reference
1. K. Kulyk, O. Rebrov, M. Stocket, J. Alexander, H. Cederquist, R.D. Thomas, and
M. Larsson, “Enantiomeric pure amino acid ions in keV collisions with chiral
target gas”, Int. J. Mass Spectrom. (submitted).
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B-1
DIRECT OH YIELD MEASUREMENT IN THE
REACTION OF HOCH2OO WITH HO2
Damien Amédro and John N. Crowley
Division of Atmospheric Chemistry, Max-Planck-Institut für Chemie, 55128
Mainz, Germany
Until recently, reactions between peroxy radicals (RO2) and HO2 were thought to
be terminating processes leading to stable species (e.g. peroxides). However, it
is now established that some peroxy radicals such as CH3C(O)O2 reacts with
HO2 to form predominately OH radicals 1,2.
Hydroxymethyl peroxy radicals (HOCH2OO) are formed from the equilibrium
reaction between HO2 and formaldehyde (R1). The OH channel (R2c) in the
reaction between HOCH2OO and HO2 was first reported in an indirect chamber
study by Jenkin et al. 2.
HCHO + HO2
HOCH2OO + HO2

↔
→
→
→

HOCH2OO
HOCH2OOH + O2
HC(O)OH + H2O + O2
HOCH2O + OH + O2

R1
R2a
R2b
R2c

The OH yield in reaction R2 was measured at T=295 K and p=50 Torr N2 using a
pulsed laser photolysis laser induced fluorescence (PLP-LIF) apparatus. HO2
radicals were produced from the reaction of Cl with HCHO followed by the
reaction with O2, chlorine atoms being produced by the 351 nm PLP of Cl2.
The OH-LIF signals were calibrated by simulating the LIF profiles in the presence
of a known concentration of NO. HCHO and Cl2 were measured by UV
absorption spectroscopy.
Also, we report evidence of OH formation at short time scales, which occurs in
addition to the known reaction between Cl-atoms and HO2 (R3a).
HO2 + Cl

→
→

OH + ClO
HCl + O2

R3a
R3b

Experiments in which the O2 and Cl2 concentrations were varied over a wide
range helped us to attribute the unknown OH source to the reaction between
HCO and HO2 (R4).
HCO + HO2

→

OH + HC(O)O

R4

1. Groß, C. B. M., Dillon, T. J., Schuster, G., Lelieveld, J. & Crowley, J. N. Direct Kinetic
Study of OH and O3 Formation in the Reaction of CH3C(O)O2 with HO2. J. Phys.
Chem. A 118, 974–985 (2014).
2. Jenkin, M. E., Hurley, M. D. & Wallington, T. J. Investigation of the radical product
channel of the CH3C(O)O2 + HO2 reaction in the gas phase. Phys. Chem. Chem. Phys.
9, 3149–3162 (2007).
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B-2
DOES A BIFURCATION ON THE PES AFFECT THE RATE CONSTANT FOR
FORMING A PRE-REACTIVE COMPLEX?
Mohamad Akbar Ali, Jason A. Sonk, and John R. Barker
Department of Atmospheric, Oceanic, and Space Sciences
The University of Michigan, Ann Arbor, MI 48109-2143, USA

Weakly bound "pre-reactive complexes" (PRCs) are very common in many
reactions of the OH radical. The lifetimes these complexes are usually quite short
and there is usually not enough time for collisional equilibration (sometimes even
microcanonical equilibration is not possible). Here we investigate the reaction
path bifurcation in OH + CH2O → PRC. The bifurcation occurs along the
minimum energy path (MEP) when it changes geometry from C2V symmetry (at
long distance) to Cs symmetry (at short distance). Interestingly, the potential
energy profile along the MEP exhibits no local minima or fluctuations that might
have signaled the existence of the bifurcation. Nevertheless, the bifurcation
produces pronounced variations in the rotational constants and the harmonic
vibrational frequencies of the normal modes orthogonal to the reaction path,
resulting in a reaction flux bottleneck. This bottleneck exists in addition to the
usual bottleneck at longer distances. Both of the transition states (TSs) are
variational and can be treated using by a two-TS model. But is this the correct
procedure? A systematic approach to this issue is needed, because reaction
path bifurcations are a common occurrence in entrance channels. This study is
on-going and our latest thinking will be presented.
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B-3
REACTIVE INTERMEDIATES IN 4HE NANODROPLETS: INFRARED LASER
STARK SPECTROSCOPY OF DIHYDROXYCARBENE
Bernadette M. Broderick1, Christopher P. Moradi1, Laura McCaslin2, John
F. Stanton2, Gary E. Douberly1
1

Department of Chemistry, University of Georgia, Athens, GA, USA;
Department of Chemistry, The University of Texas, Austin, TX, USA

2

Singlet dihydroxycarbene (HOCOH) is produced via pyrolytic decomposition of
oxalic acid, captured by helium nanodroplets, and probed with infrared laser
Stark spectroscopy. Rovibrational bands in the OH stretch region are assigned to
either trans,trans- or trans,cis- rotamers on the basis of symmetry type, nuclear
spin statistical weights, and comparisons to electronic structure theory
calculations. Stark spectroscopy provides the inertial components of the
permanent electric dipole moments for these rotamers. The dipole components
for trans,trans- and trans,cis- rotamers are (μa, μb) = (0.00, 0.68(6)) and (1.63(3),
1.50(5)), respectively. The infrared spectra lack evidence for the higher energy
cis,cis- rotamer, which is consistent with a previously proposed pyrolytic
decomposition mechanism of oxalic acid and computations of HOCOH torsional
interconversion and tautomerization barriers.
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B-4
GAS-PHASE ELECTRONIC SPECTROSCOPY OF THE PROPARGYL CATION
(H2C3H+)
Katherine Catani, Julian Sanelli, Viktoras Dryza, Peter Taylor and Evan Bieske
School of Chemistry, The University of Melbourne, Australia.
The ultraviolet electronic absorption of the linear propargyl cation (H2C3H+) has
been investigated in the gas-phase through resonance-enhanced
photodissociation of the weakly bound C3H3+-Ne and C3H3+-N2 complexes in a
tandem mass spectrometer. C3H3+ is an important transitory species in organic
chemistry as well as a fundamental intermediate in combustion chemistry where
it plays a role in soot formation. In addition, it is thought to be present in the
interstellar medium (ISM) and planetary atmospheres. A well-resolved band
system is observed (Figure 1), corresponding to the A1A1←X1A1 transition, with
an origin at 37,618 cm-1 for H2C3H+-Ne and 37,703 cm-1 for H2C3H+-N2. The
experimental spectra, display strong vibronic progressions with spacing of 631
and 633 cm-1, respectively. New ground and excited state electronic structure
calculations suggest that the ion has C2v symmetry in the ground X1A1 and
excited A1A1 states and that the strong vibronic progression is due to a C-C
stretch vibrational mode, ν5 (calculated 685 cm-1), whose activity is caused by a
0.16 Å increase in the C-C bond length in the excited state.

Figure 1 – Electronic spectra of H2C3H+-Ne (top) and H2C3H+-N2 (bottom),
recorded by monitoring the H2C3H+ photofragments as a function of laser
wavelength.
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B-5
STRUCTURE-REACTIVITY STUDIES OF RADICAL CYCLIZATION PATHWAYS
OF OXIME DERIVATIVES WITH BUILT-IN RADICAL TRAPS
H. J. Peter de Lijser, Wanshin Kim, Julie L. Hofstra, Michael Ko, Brittany
R. Grassbaugh, Nicholas R. Armada, and Quan M. Tran
Department of Chemistry and Biochemistry, California State University,
Fullerton, CA 92834
The development of new and convenient methodologies for the efficient
synthesis of heteroaromatic ring systems remains an area of high interest.
Oxidative cyclizations with radical or radical ion intermediates are potentially
useful strategies to achieve these types of cyclizations. Based on previous
results from our group,1 it was hypothesized that radical ions would be
susceptible to intramolecular nucleophilic attack whereas radicals would
preferentially react with built-in radical traps. Our research has focused on
evaluating different groups in terms of their nucleophilicity or radical trap ability
when built into the oxime derivative at a strategic location. The oxime derivatives
were subjected to photooxidation or thermal oxidation in different solvents and
the product formation was followed by GC/MS and NMR. Oxime ethers with builtin aromatic groups were found to undergo a cyclization reaction yielding
phenanthridines. Mechanistic studies are consistent with a pathway that involves
the aromatic ring acting as a nucleophile, attacking the nitrogen of the oxime
ether radical cation.2 In contrast, a series of oxime ethers substituted with an
alkyne moiety did not undergo a cyclization pathway. Interestingly, under
identical conditions the oxime is believed to undergo a 6-exo-dig cyclization,
suggesting that the alkyne moiety reacts as a radical trap rather than a
nucleophile. The reaction is less selective than that of the aromatic-substituted
oxime ethers and the products from the reaction are unstable. Current
experiments focus on the use of an alkene moiety as the nucleophile/radical trap
and initial NMR results suggest that both pathways are observed. The results
from all these reactions will be presented and discussed.

1.
2.

de Lijser, H. J. P.; Tsai, C. K. J. Org. Chem., 2004, 69, 3057.
Hofstra, J. L.; Grassbaugh, B. R.; Tran, Q. M.; Armada, N. R.; de Lijser. H. J. P. J.
Org. Chem., 2015, 80, 256.
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B-6
INVERTING ION IMAGES AND PHOTOELECTRON IMAGES WITHOUT ABEL
INVERSION: MAXIMUM ENTROPY RECONSTRUCTION OF VELOCITY MAPS.
Bernhard Dick
Institut für Physikalische und Theoretische Chemie,
Universität Regensburg, 93053 Regensburg, Germany

Velocity Map Imaging (VMI) of photofragment ions, introduced in 1987 by
Chandler and Houston [1], has become an indispensable tool for the study of the
dynamics of molecular photodissociation reactions, in particular when it was
combined with imaging ion optics in 1997 by Eppink and Parker [2]. Recent
reviews can be found in [3,4]. The ion image produced by a VMI experiment
represents the projection of the 3D-velocity distribution (called the velocity map)
onto the plane of the detector. Mathematically, the ion image is the Abeltransform of the velocity distribution. Several computational techniques have
been developed aiming at the reconstruction of the velocity distribution from the
ion image. The inverse Abel-transform suffers, however, from the numerical
instabilities of typical “ill-posed problems”.
Here I present a new method for the reconstruction of velocity maps from ion
images (or photoelectron images) based on the maximum entropy concept [5]. In
contrast to other methods used for Abel inversion the new method never applies
an inversion or smoothing to the data. Instead, it iteratively finds the map which is
the most likely cause for the observed data, using the correct likelihood criterion
for data sampled from a Poissonian distribution. The entropy criterion minimizes
the information content in this map, which hence contains no information for
which there is no evidence in the data. Two implementations are proposed, and
their performance is demonstrated with simulated and experimental data:
Maximum Entropy Velocity Image Reconstruction (MEVIR) obtains a twodimensional slice through the velocity distribution and can be compared directly
to Abel inversion. Maximum Entropy Velocity Legendre Reconstruction
(MEVELER) finds one-dimensional distribution functions Ql(v) in an expansion of
the velocity distribution in Legendre polynomials for the angular dependence.
Both MEVIR and MEVELER can be used for the analysis of ion images with
intensities as low as 0.01 counts per pixel, with MEVELER performing
significantly better than MEVIR for images with low intensity. Both methods
perform better than pBASEX [6], in particular for images with less than one
average count per pixel.
[1] D. W. Chandler, P. L. Houston, J. Chem. Phys., 1987, 87, 1445.
[2] A. T. J. B. Eppink, D. H. Parker, Rev. Sci. Instrum., 1997, 68, 3477.
[3] A. Suits and R. Continetti, Imaging in Chemical Dynamics ACS symposium series No 770, Oxford
University Press, 2000.
[4] M. N. R. Ashfold, N. H. Nahler, A. J. Orr-Ewing, O. P. J. Vieuxmaire, R. L. Toomes, T. N.
Kitsopoulos, I. A. Garcia, D. A. Chestakov, S.-M. Wuc, D. H. Parker, Phys. Chem. Chem. Phys.,
2006, 6, 26.
[5] B. Dick, Phys. Chem. Chem. Phys. 16 (2014) 570.
[6] G. A. Garcia, L. Nahon, I. Powis, Rev. Sci. Instrum., 2004, 75, 4989--4996.
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B-7
THE PHOTODISSOCIATION DYNAMICS OF PYRROLE-AMMONIA COMPLEXES
STUDIED WITH 3D-REMPI- AND VMI-SPECTROSCOPY.
Christian Greil, Uwe Kensy, Bernhard Dick
Institut für Physikalische und Theoretische Chemie,
Universität Regensburg, 93053 Regensburg, Germany
Photoexcitation of pyrrole in the range 220 – 240 nm leads to dissociation of the
N-H bond. The velocity distribution of the ejected hydrogen atoms shows strong
negative anisotropy and large (ca. 0.8 eV) average kinetic energy [1]. Recently
the effect of a solvent on this photodissociation was investigated with pyrroleammonia complexes PyH*(NH3)n [2,3], where the fragments NH4*(NH3)n-1 with n
≥ 3 were studied by velocity map imaging (VMI). Two alternative mechanisms
were proposed: David et al. [2] propose dissociation of an equilibrated complex
after hydrogen atom transfer, whereas Rubio-Lago et al. [3] propose an impulsive
mechanism. Recent quantum chemical calculations suggest a “Rydberg atom
shift” mechanism [4].
We have studied the complexes PyH*(NH3)n for n = 2 and 3, and the deuterated
complexes PyD*(ND3)n for n = 1, 2, and 3 with VMI and 3D-REMPI spectroscopy
[5]. VMI data were analyzed with a maximum entropy method [6]. Whereas the
velocity distribution of H and D atoms from bare PyH or PyD show strong
negative anisotropy and large kinetic energy, the NH4(NH3)n-1 and ND4(ND3)n-1
fragments have all isotropic velocity distributions with very small kinetic energy.
There is almost no isotope effect. These findings are in favor of the Rydberg-shift
mechanism.
[1] M. N. R. Ashfold, G. A. King, D. Murdock, M. D. D. Nix, T. A. A. Oliver, A. G. Sage,
Phys. Chem. Chem. Phys. 12 (2010) 1218.
[2] O. David, C. Dedonder-Lardeux, C. Jouvet, H. Kang, S. Martrenchard, J. Chem. Phys.
120 (2004) 10101.
[3] L. Rubio-Lago, G. A. Amaral, A. N. Oldani, J. D. Rodriguez, M. G. Gonzales, G. A.
Pino, L. Banares, Phys. Chem. Chem. Phys. 13 (2011) 1082; J. D. Rodriguez, M. G.
Gonzales, L. Rubio-Lago, L. Banares, J. Chem. Phys. 137 (2012) 094305.
[4] S. Zilberg, A. Kahan, Y. Haas, Phys. Chem. Chem. Phys. 14 (2012) 8836.
[5] A. Schmaunz, U. Kensy, A. Slenczka, and B. Dick, Phys. Chem. Chem. Phys. 11
(2009) 7115.; J. Phys. Chem. A, 114 (2010) 9948.
[6] B. Dick, Phys. Chem. Chem. Phys. 16 (2014) 570.
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B-8
A DETAILED MECHANISM FOR GLYOXAL OXIDATION:
HO2 + OCHCHO AND HCO + O2 RATE CONSTANT DATA
Gernot Friedrichs,1 Nancy Faßheber,1 Paul Marshall,2 Peter Glarborg3
1

Institute of Physical Chemistry, Kiel University, Kiel, Germany
Dept. of Chemistry, University of North Texas, Denton TX, United States
3
Dept. of Chemical and Biochemical Engineering, Technical University of
Denmark, Kongens Lyngby, Denmark

2

The oxidation chemistry of glyoxal (OCHCHO) is of interest because it is recognized as an intermediate in combustion of hydrocarbons and as an important
component in tropospheric chemistry. Moreover, glyoxal has been identified as a
promising HCO high-temperature source for shock tube measurements. In this
study [1], building upon previous work on formic acid oxidation [2], a detailed
chemical kinetic model for glyoxal oxidation in the intermediate to high
temperature range for use in combustion studies has been developed and new
measurements have been performed to extend the measurement range of the
reaction HCO + O2 to higher temperatures.
At intermediate temperatures the reaction HO2 + OCHCHO plays an important
role. A reanalysis of previous experimental and theoretical data favors the
formation of the recombination product HOCH(OO)CHO in contrast to the
formerly assumed dominating and fast OH-forming channel. Attributing the
experimentally observed low-temperature generation of chain carriers to
secondary reactions of this recombination product, a two orders of magnitude
lower rate constant has been derived for the OH channel.
Similar to hydrocarbon combustion, the reaction HCO + O2 → CO + HO2
becomes dominant for the overall oxidation toward higher temperatures. Its rate
constant has been shown to switch from a negative temperature dependence at
low temperatures (indicative of an indirect abstraction pathway) to a positive
temperature dependence (indicative of a direct abstraction pathway) at
temperature above 600 K [3]. However, previously reported direct rate constant
measurements were limited to temperatures below 1110 K. Using the thermal
decomposition of glyoxal as a well-characterized HCO radical source [4], it was
possible to significantly extend the accessible temperature range to 1705 K,
hence bridging the gap to indirect high-temperature flame modeling studies. For
3
-1 -1
reliable combustion modeling, the rate constant expression k / (cm mol s ) =
6
1.90
× exp(+5.73 kJ/mol / RT) is recommended over the wide
6.92 × 10 × T
temperature range 295 K < T < 1705 K.
[1] N. Faßheber, G. Friedrichs, P. Marshall, P. Glarborg, J. Phys. Chem. A (2015), doi:
10.1021/jp512432q.
[2] P. Marshall, P. Glarborg, Proc. Combust. Inst. 35 (2015) 153.
[3] M. Colberg, G. Friedrichs, J. Phys. Chem. A 110 (2006) 160.
[4] G. Friedrichs, M. Colberg, J. Dammeier, T. Bentz, M. Olzmann, Phys. Chem. Chem.
Phys. 10 (2008) 6520.
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B-9
PULSED UNIFORM REACTION FLOW FOR RADICAL KINETIC STUDIES AT
HIGH TEMPERATURE
FABIEN GOULAY,1 ANDRE CANOSA,2,3 VIKESH NAPAL,3 BERTRAND
ROWE2,3
1DEPARTMENT OF CHEMISTRY, WEST VIRGINIA UNIVERSITY, MORGANTOWN, WEST
VIRGINIA, U.S.
2DÉPARTEMENT DE PHYSIQUE MOLÉCULAIRE, INSTITUT DE PHYSIQUE DE RENNES,
UMR CNRS-UR1 6251, UNIVERSITÉ DE RENNES 1, RENNES, FRANCE
3AEROCHOP, SAINT JACUT DE LA MER, FRANCE
A pulsed subsonic wall-free reaction flow was designed for the study of free
radical reactions and spectroscopy up to 750 K. The apparatus uses a fast flow
of gas as a subsonic jet in a vacuum tube. This allows a constant high
temperature, velocity, and pressure in the core of the flow, while keeping the
expansion nozzle, the wall of the chamber in which the jet expands, and the
detection optics close to room temperature.
The constant mass flow rate, 3 slm, of the main buffer gas (argon or nitrogen)
enters a small double wall reservoir heated by standard heating wire and isolated
with refractory materials. The total power required to heat up 3 slm of argon to
750 K is only of the order of 20 W (including gas heating and heat loss). The
rotating disk of an aerodynamic chopper at 10 Hz either allows the subsonic flow
to proceed downstream or closes the system. The flow exits the reservoir
through a custom designed Laval Nozzle followed by a vertical shock wave to
recover the initial flow properties. The sole purpose of the nozzle is to restrict the
instantaneous mass flow rate (33 slm at 750 K) during the opening of the
chopper. Preliminary measurements using fast probes indicate that the
temperature and pressure of the reservoir are quasi-constants, which guaranties
optimum aerodynamic conditions during the chopper-opening phase.
The 70-cm reaction flow provides up to 4 ms of available reaction time. It is
connected to a 6-way optical cell for spectroscopy studies. Radicals are
generated coaxially to the flow using laser photolysis and detected
perpendicularly to the flow using laser-induced fluorescence. For a fixed flow
length the reaction time is varied by changing the laser delay time with 1 µs time
steps.
Reactions to be studied include the formation and self-recombination of
resonance stabilized radicals such fulvenallenyl and cyclopentadienyl.
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B-10
SUBMILLIMETER/THZ SPECTROSCOPY OF MOLECULAR HYDRIDE RADICALS
DeWayne T. Halfen, Matthew P. Bucchino, Lucy M. Ziurys
Departments of Chemistry and Biochemistry and Astronomy, Arizona
Radio Observatory, Steward Observatory, University of Arizona, Tucson,
AZ USA
We have been studying the pure rotational spectra of several molecular hydride
radicals, using submillimeter/THz direct absorption spectroscopy in the range
337 – 809 GHz. The current molecules under investigation are CrH, AlH,
FeH/FeD, and SH+. These species were using either Cr(CO)6, Al(CH3)3,
Fe(CO)5, and H2 or D2, or H2S with argon in an AC discharge. These hydride
species are of great astrophysical significance, as Al, Cr, and Fe have high
cosmic abundances, and SH+ is a known interstellar cation.
For the CrH (X 6Σ+) radical, several fine structure components of the N = 1 ← 0
and 2 ← 1 transitions near 337 – 396 and 730 – 734 GHz, respectively, were
measured. Each spin component exhibits hyperfine structure due to the proton
nuclear spin of I(H) = 1/2. For AlH (X 1Σ+), the J = 1 ← 0 and 2 ← 1 transitions
near 377 and 755 GHz were recorded. Here Al hyperfine splittings, I(27Al) = 5/2,
were well resolved in the lower frequency data, but mostly collapsed at the higher
level. The J = 1.5 ← 0.5, Ω = 0.5e component of FeH was measured near 731
GHz, and exhibited H hyperfine splitting. For FeD, several Ω ladders from the J
= 2.5 ← 1.5 to J = 4.5 ← 3.5 transitions were recorded, displaying lambda-type
doubling, but no D hyperfine structure. In addition, three fine structure
components of the N = 1 ← 0 transition of the SH+ (X 3Σ-) cation were recorded
from 345 – 683 GHz. Proton hyperfine structure was observed in all of the spin
components.
The data have been analyzed, and spectroscopic constants for these species
have been refined. These parameters are in excellent agreement with past
millimeter, infrared, and optical data. These measurements confirm recent radio
astronomical observations of SH+. The new data for CrH, AlH, and FeH could
facilitate the detection of these species in interstellar/circumstellar gas.
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B-11
AN ELECTRON PARAMAGNETIC SPIN STUDY OF MGN
Thomas Hearne, Allan McKinley, Duncan Wild, Sally Yates, Phil Schauer
School of Chemistry and Biochemistry, University of Western Australia
In our group at UWA we have been studying small radicals using matrix isolation
EPR spectroscopy. Work on CdCH3, MgCH3, ZnCH3, HgCH3, MgP and ZnP
has been published.1 Currently we are concentrating on magnesium mononitride
(MgN) and this work is presented here. Magnesium is the 7th most abundant
element in the Universe but only a few species containing magnesium have been
observed in interstellar and circumstellar space. Turner has suggested that MgN
may exist in significant quantities in interstellar space, based on the gas-phase
chemistry of magnesium.2 In addition very few magnesium radical species have
observed experimentally and characterization of such species will give insight
into the characteristics of the bonding in magnesium nitrogen systems.
The radical MgN has been synthesized and studied for the first time through
Electron Paramagnetic Resonance (EPR) spectroscopy using the Matrix Isolation
technique. MgN was prepared by reacting laser-ablated magnesium metal with
either excited nitrogen atoms from a microwave discharge through nitrogen gas
or with acetonitrile (CH3CN) vapor. Products were captured in a solid neon matrix
at 4.3 K. The experiments were performed with natural magnesium (Mg-24:
79%, Mg-25: 10%, Mg-26: 11%) and isotopically enriched Mg-25 metal and both
N-14 and N-15 nitrogen isotopes. The ground electronic state of MgN was
determined to be Χ 4Σ-. Zero field splitting values and hyperfine values were
derived for each isotopomer. These experimental parameters are compared with
the results of ab initio calculations. The methods employed include single and
multi-reference configuration interaction calculations (MELDF), and density
functional theory (ORCA). We have also conducted high level multi-reference
SCF calculations on the MgN molecule to map out the potential energy curves for
the ground state and the first few excited states.

1.
(a) Karakyriakos, E.; McKinley, A. J., J. Phys. Chem. A 2004, 108 (21), 46194626; (b) Fuller, R. O.; Chandler, G. S.; Davis, J. R.; McKinley, A. J., J. Chem. Phys.
2010, 133, 164311-164311-11; (c) McKinley, A. J.; Karakyriakos, E.; Knight, L. B., Jr.;
Babb, R.; Williams, A., J. Phys. Chem. A 2000, 104 (16), 3528–3536; (d) Karakyriakos, E.;
Davis, J. R.; Wilson, C. J.; Yates, S. A.; McKinley, A. J., J. Chem. Phys. 1999, 110 (7),
3398-3410; (e) McKinley, A. J.; Karakyriakos, E., J. Phys. Chem. A 2000, 104 (39), 88728881.
2.

Turner, B. E., Astrophys. J. 1991, 376, 573-598.
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PYROLYTIC GENERATION AND PHOTOIONIZATION OF PYRROLYL C4H4N
Fabian Holzmeier,1 Patrick Hemberger,2 Ingo Fischer1
1

Institute of Physical and Theoretical Chemistry, University of Würzburg,
Germany
2
Paul Scherrer Institute, Molecular Dynamics Group, Villigen PSI,
Switzerland

Nitrogen in heavy fuels is mostly bound in five-membered pyrrolic or sixmembered pyridinic ring structures. A possible intermediate in combustion is
therefore the pyrrolyl radical. As the ground state has five π-electrons and a lone
pair in a σ-orbital, generation of this radical has been challenging so far. Inspired
by the observation of the cyclopentadienyl radical C5H5 in the thermal
decomposition of anisole by Nimlos and co-workers,1 the pyrrolyl radical has
been successfully generated by pyrolysis of 3-Methoxypyridine in this study. In
close analogy to the above experiment, the precursor fragments upon heating to
3-oxypyridine and methyl, while a subsequent CO loss simultaneously sets in
leading to the pyrrolyl radical.
Utilizing VUV synchrotron radiation at the Swiss Light Source, a mass-selected
threshold photoelectron spectrum of m/z=66 was recorded, which clearly
identified the fragment as pyrrolyl. The ionization energy was determined to be
9.12 eV. At 9.48 eV the first triplet state of the pyrrolyl cation is observed.
Vibrational structure for both states is resolved in the spectrum and could be
simulated in a Franck-Condon simulation.
1

A. M. Scheer, C. Mukarakate, D. J. Robichaud, G. B. Ellison, M. R. Nimlos, J. Phys.
Chem. A 114, 9043 (2010).
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B-13
LABORATORY MEASUREMENTS OF TEMPERATURE-DEPENDENT RATE
CONSTANTS OF ACETONYLPEROXY RADICAL REACTIONS
Aileen O. Hui1, Fred J. Grieman2,3, Julia L. Dohner2, Mitchio Okumura1,
Stanley Sander3
1
California Institute of Technology, Pasadena, CA 91125, 2Pomona
College, Claremont, CA 91711, 3NASA Jet Propulsion Laboratory,
Pasadena, CA 91109
Under tropospheric conditions, the reaction of CH3C(O)CH3 with OH produces
the acetonylperoxy radical (CH3C(O)CH2O2), which can undergo further reactions
in low temperature regions of the upper troposphere and lower stratosphere
(UTLS): 1

The radical-propagating channel of the CH3C(O)CH2O2 self-reaction (1b)
produces CH3C(O)CH2O, which has two fates: 1. decomposition to produce the
acetyl radical, which quickly forms CH3C(O)O2 in the presence of O2 (2a); and 2.
reaction with O2 to produce HO2 (2b). Previous studies have suggested that (2b)
is unimportant, though detection of HO2 from (2b) has never been performed. 2,3
Furthermore, both the CH3C(O)CH2O2 self-reaction (1a, 1b) and the HO2 +
CH3C(O)CH2O2 cross-reaction (3) have only been investigated at room
temperature and there is strong disagreement in the reported rate constants.
In the presented work, we employ a highly sensitive method called
Infrared Kinetic Spectroscopy (IRKS) to simultaneously monitor the timedependent concentration of HO2 the NIR (6638.2 cm-1) and of CH3C(O)CH2O2 in
the UV at a wavelength where HO2 and CH3C(O)O2 do not absorb (300 nm). The
rate constants of the CH3C(O)CH2O2 self-reaction and of the HO2 +
CH3C(O)CH2O2 cross-reaction were determined at 100 Torr as a function of
temperature (298 –340 K). Furthermore, the UV absorption cross-section of
CH3C(O)CH2O2 was measured at wavelengths between 300-320 nm to address
discrepancies in previously reported values.1,4

1

Bridier, I.; Veyret,B.; Lesclaux,R.; Jenkin, M. J. Chem. Soc. Faraday Trans. 1993, 89,
2993.
2
Tyndall, G.; Cox, R.; Granier, C.; Lesclaux, R; Moortgat, G.; Pilling, M.; Ravishankara,
A.; Wallington, T. J. J. Geophys. Res. 2001, 106, 12157.
3
Emrich, M.; Warneck, P. Z. Naturforsch. 2003, 58a, 429.
4
Cox, R.; Munk, J.; Nielsen, O.; Pagsberg, P.; Ratajczak, E. Chem. Phys. Lett. 1990, 173,
206.
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VISIBLE LASER SPECTROSCOPY OF BIO FOR THE DETECTION OF
ELECTRON’S ELECTRIC DIPOLE MOMENT
Hideto Kanamori and Sunao Yamaguchi
Tokyo Institute of Technology
Recently, searching for the electron’s electric dipole moment (eEDM) using ThO
(H3∆1) broke the lowest limit with the value of 8.7 × 10−29 e·cm. The BiO radical
(X12Π1/2) is another candidate molecule for the measurement of eEDM because
its internal effective electric field was predicted to be stronger than ThO.
Moreover, the 2Π1/2 electronic ground state has an advantage for preparing large
population at the lowest quantum state which has a long lifetime, and is easy to
align the molecular axis toward an external electric field. In the eEDM
measurement using a molecule, an electronic transition using laser is
indispensable for the manipulation and detection of a certain single quantum
state. Therefore, we need information about the energy levels including hyperfine
structures in both the ground and excited electronic states. However, the
hyperfine structure of BiO in the excited states has not been reported yet. Our
purpose is to study the hyperfine structure in the electronic transition, and to
propose candidate transitions for searching eEDM.
In this work, BiO was produced in a cell thorough chemical reaction,
*
Bi + O2 ---> BiO + O,
in which Bi atom was vapored by heating the metal in a furnace at 1000 K and
the excited oxygen was produced by discharging O2 in Ar buffer gas. The
rovibronic transition of A2 4Π1/2 (v = 3) − X1 2Π1/2 (v = 0) was observed by diode
laser absorption spectroscopy at 642 nm region. We used White-type cell and
frequency modulation technique to get high sensitivity. The spectral pattern
looked very congestive because the energy structure of heavy BiO radical is
different from that of usual light diatomic molecule, that is to say, electronic ~ fine
structure > vibration > l-type doubling > rotation ~ hyperfine.
Each rotational state splits into ten components beyond Doppler broadening by
the hyperfine interaction of 209Bi nuclear spin of I = 9/2. All those lines were
analyzed by using an effective 2Π Hamiltonian including magnetic dipole and
electric quadrupole interaction, and then we determined the rotational constants
and hyperfine constants in the A2 excited state. By using these molecular
constants, the spectrum at the low temperature in a typical supersonic jet
condition was simulated, and the most possible candidate transition for the
eEDM experiment is proposed.
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AB INITIO KINETICS FOR THE DECOMPOSITION OF UNSYMMETRICAL DIMETHYLHYDRAZINE (CH3)2 NNH2
Alexander Landera1, Lawrence B. Harding1, Yuri Georgievskii1, Ahren W.
Jasper2 Stephen J. Klippenstein1
1

Chemical Sciences and Engineering Division, Argonne National Laboratory, IL
60439, USA
2
Sandia National Laboratories, Combustion Research Facility, Livermore, CA
94551, USA

Hydrazines, are an important class of chemical propellants. They have been
found to be energetically powerful, yet stable enough to find utility in the
propulsion of satellites and rockets. A quantitative understanding of their
decomposition kinetics is central to the development of quantitative models for
their use as a propellant. We have made a priori predictions for the
decomposition kinetics of unsymmetrical di-methyl hydrazine (UDMH), which is
both a technologically and kinetically interesting representative of this class of
propellants. Our analysis employs a combination of high level ab initio electronic
structure theory, potential energy surface fitting, rigid body reduced dimensional
dynamics, transition state theory, and master equation calculations.
A key feature of hydrazines is that they contain weak N-N bonds and any C-N
bonds are only slightly stronger. The simple N-N and C-N bond fissions produce
two radicals that interact generally through both strong dipole-dipole interactions
and through hydrogen bonding interactions. As a result, the potential energy
surface (PES) for the interactions between the two incipient radicals is
remarkably complex showing multiple minima and multiple pathways to a variety
of products. In this work, we present a detailed exploration of the PES for UDMH
on the basis of high level ab-initio calculations. For illustrative purposes we have
generated a set of planetary plots, which highlight the topography of the longrange interactions, for a range of N-N and C-N fragment separations. Analytic
representations of the interactions for the N-N and C-N fissions are obtained via
5
fits to ~10 CASPT2(2,2)/avdz ab initio data points. These analytic surfaces are
utilized in rigid body dynamics (RBD) simulations of the branching between
simple bond fission and other roaming related channels involving various H
abstractions. Finally, utilizing the results of these RBD calculations, and the high
level ab initio calculations for the tight transition state, the master equation (ME)
is solved to obtained high level predictions for the full set of thermal rate
coefficients over a range of temperatures and pressures. Our total rate constants
are then compared to previous experimental work.
One interesting finding is that, due to the presence of long range complexes, a
false high pressure limit is accessed, which gradually transforms to the true high
pressure limit as the pressure is increased to very high values. This highlights the
need to show care when performing kinetic analyses for azine-like compounds,
as they may require much larger pressures to access the true high pressure limit.
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HIGHLY SPECIFIC PEPTIDE-BOND DISSOCIATION OF SOME PEPTIDE MODEL
MOLECULES AND SMALL PEPTIDES
Chen-Lin Liu, Yi-Shiue Lin, Huei-Ru Lin, and Tsung-Lin Hsieh
Scientific Research Division, National Synchrotron Radiation Research
Center, Hsinchu 30076, Taiwan
Near-edge X-ray absorption fine structure (NEXAFS) spectra at carbon, nitrogen,
and oxygen K-edges of some peptide model molecules were measured utilizing
an orthogonal acceleration time of flight mass spectrometer and were calculated
with time-dependent density functional theory.1,2 Excitation source such as soft
X-ray photons were from synchrotron radiation at Taiwan Light Source. The
intensity and intensity ratio (as per cent) as functions of photon energy were
obtained for all ionic products. Based on our theoretical calculation, the
absorption peaks were assigned as core excitations to various destination virtual
orbitals. From the profiles of intensity ratios, the enhancement phenomena
resulted from specific dissociation were recognized. To verify what the
dissociation paths are, isotopic molecules were utilized to reveal the identities of
the enhanced ionic fragments.3 It is interesting to note that most of the enhanced
products formed from breaking the peptide bond (including hydrogen atom(s)
elimination) are often dominant no matter the initial excited atom was carbon,
nitrogen or oxygen and the branching ratio could be as high as 71%.

1. Lin, Y.-S. et al. Core Excitation, Specific Dissociation, and the Effect of the Size of
Aromatic Molecules Connected to Oxygen: Phenyl Ether and 1,3-Diphenoxybenzene.
The Journal of Physical Chemistry A 118, 7803-7815, doi:10.1021/jp505949d (2014).
2. Lin, Y.-S. et al. Near-Edge X-ray Absorption Fine Structure Spectra and Site-Selective
Dissociation of Phenol. The Journal of Physical Chemistry A 118, 1601-1609,
doi:10.1021/jp500284r (2014).
3. Lin, Y.-S. et al. Highly Selective Dissociation of a Peptide Bond Following Excitation of
Core Electrons. The Journal of Physical Chemistry A 2015. DOI:
10.1021/acs.jpca.5b04415.
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TAKING A MOVIE OF ROTATING FREE RADICALS
Kenta Mizuse1 and Yasuhiro Ohshima1,2
Department of Chemistry, Tokyo Institute of Technology
2-12-1 O-okayama, Meguro-ku, Tokyo 152-8551, Japan
2
Institute for Molecular Science, Myodaiji, Okazaki-shi, Aichi 444-8585,
Japan
1

By utilizing nonadiabatic interaction with intense ultrashort laser pulses,
rotation of molecules is coherently excited to create a rotational wave packet
(RWP). To track the spatiotemporal propagation of such RWPs, time-resolved
ion imaging has recently been applied as a standard approach. However, in
conventional 2D ion-imaging setups, the probe efficiency is inevitably anisotropic,
and the observed images were not directly linked to the RWPs. In ioncoincidence studies with a 3D delay-line detector, probe efficiency could be
made isotropic when using a circularly polarized light. Still, quality of the
resultant images was much inferior due to substantially low rates of data
acquisition.
To realize detailed real-space imaging of ultrafast rotation of molecules, we
have recently configured a new 2D ion-imaging setup. Here, adiabatically cooled
diatomic molecules, i.e., N2 and NO, were irradiated by an intense femtosecond
(fs) laser pulse, and the resultant time-dependent spatial distribution of the
molecular-axis direction was probed as an ion image of fragments generated via
Coulomb explosion by another fs pulse with circular polarization. In our setup,
fragment ions were first accelerated perpendicularly (X-direction) to the laser
propagation (Z-)direction, and the expanding ion cloud was sliced out by passing
through a slit along the Y-direction. Then, the sliced ion “sheet” was pushed to
the Z-direction by a pulsed electric field to hit a conventional 2D detector lying in
the XY-plane. By using the present setup, cross sections of the time-dependent
probability distribution of a singlet molecule (N2) and a doublet free radical (NO)
were clearly captured, as shown in Fig. 1.
The more important utilization of the setup is the visualization of the RWPs
with a definite sense of rotation. By using the previously reported excitation
scheme [1], we have also succeeded in taking such a “movie” of unidirectionally
rotating molecules. Details of the experimental setup and the results will be
presented in the Symposium.
[1] K. Kitano, H. Hasegawa, and Y. Ohshima, Phys. Rev. Lett. 103, 223003 (2009).

Fig. 1. Time-dependent angular distribution of molecular-axis direction for (1) N2 and
(2) NO. Pump pulse was linearly polarized with105
its direction indicated.

B-18
LABORATORY MODELLING OF THE ENERGETIC ION PRECIPITATION INTO
THE IONOSPHERE OF TITAN
Miroslav Polášek, Věra Křížová, Ján Žabka, Illia Zymak
J. Heyrovský Institute of Physical Chemistry of the ASCR, v. v. i.,
Dolejškova 2155/3, Prague 8,182 23 Czech Republic
The Saturnian magnetosphere is dominated by neutrals originating from the icy
satellites and ring system. These neutrals are ionized in the inner and middle
magnetosphere producing a plasma composed of protons, H2+, and so-called
“water group” ions O+, HO+ and H2O+. [1] The plasma is quite rapid, varying from
~ 30 km s−1 near Enceladus at 4 RS to 170 km s−1 near Titan at 20 RS. [1] A
precipitation of O+ ions with energies of 1-4 keV was found at Titan by the
Cassini CAPS spectrometer. [2] Moreover, it has been speculated [3] that a few
percent of O+ flux is converted to O− ions that may play a role in the Titan’s
negative ion chemistry.
The objective of the presented study was to measure the ions formed
from the major constituents of Titan’s atmosphere (N2, CH4, C2H2, C2H4,C2H6,
HCN, etc.) when bombarded by the “water group” ions in the keV energy range
with special emphasis on the ionization cross sections and a degree of
fragmentation (i.e. internal energy deposition) of nascent secondary radical
cations. The interactions of negative O− and HO- ions with the above mentioned
molecules at keV energies were studied as well.
The experiments were done on a modified sector-type mass
spectrometer having a small quadrupole mass analyzer attached to a
collision/ionization chamber located between the magnetic and the electrostatic
analyzer. The projectile ions were formed in an EI/CI ion source, accelerated to
5-10 keV and mass-selected by the magnetic sector. The slow secondary ions
stemming from the neutral molecules admitted to the collision/ionization chamber
were analyzed by the quadrupole mass filter.
We have found that degree of fragmentation of collisionally ionized
molecules strongly depends on the chemical nature of incident ions. For H2O+ the
resulting mass spectra closely resemble the EI spectra, whereas for HO+ and O+
a larger extent of fragmentation was observed. Interestingly, mass spectra of
Titan’s atmospheric molecules obtained by collisions with keV O− and HO− ions
show even larger extent of fragmentation.
We have also found that for the set of molecules studied, the ion-impact
ionization cross section values follow the trend σ(O+) > σ(HO+) > σ(H2O+), i.e. the
larger the projectile ion, the smaller the cross section.
References
[1] C.S. Arridge et al 2011 Space. Sci. Rev. 162 25
[2] R.E. Hartle et al 2006 Planet. Space Sci. 54 1211
[3] T. E. Cravens et al 2008 Geophys. Res. Lett. 35 L03103
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THE RADIATION-INDUCED HOCO RADICAL IN LOW TEMPERATURE
MATRICES: SPECTROSCOPY AND FORMATION MECHANISM
Sergey V. Ryazantsev, Vladimir I. Feldman
Department of Chemistry, Lomonosov Moscow State University
Matrix isolation spectroscopy is a powerful tool for investigation of the structure
and dynamics of fundamentally important small radicals with numerous
implications for different areas of the free radicals research. In particular, the
HOCO radical, a key intermediate in atmospheric chemistry and combustion, was
first observed in low temperature matrices,1 which stimulated extensive
experimental and theoretical investigations of this species, both in gas phase and
in solids. It is worth noting that the radiation-induced formation and intrinsic
reactivity of HOCO at low temperatures is of specific interest in view its possible
role in pre-biotic astrochemistry.2 Meanwhile, the mechanism of formation and
reactions of this radical in matrices is still poorly understood and direct
experimental evidences are quite limited.
Here we report a systematic study on the formation of HOCO radical in the
radiation-driven processes, occurring in H2O/CO2/Ng and HCOOH/Ng systems
(Ng = Ne, Ar, Kr, or Xe, in typical excess of 1000). Experiments were carried out
using an original closed cycle helium cryostat (T = 7 to 45 K). The deposited
matrices were exposed to X-rays (ca. 20 keV) and the radiation-induced effects
were monitored by FTIR spectroscopy. In the experiments with X-irradiated
noble gas matrices containing both H2O and CO2 molecules, we have
unexpectedly observed the formation of t-HOCO radical, even at the lowest
temperature.3 The suggested explanation implies a non-trivial radiation-chemical
evolution of a weakly bound H2O…CO2 complex. This intriguing finding
demonstrates a dramatic role of intermolecular interactions in the radiation-driven
processes. The IR spectra of HOCO and DOCO in solid Kr and Xe were first
obtained. Another way to HOCO in solid matrices demonstrated in our study
involves the radiation-induced decomposition of matrix-isolated formic acid. In
this case, we have detected the formation of HOCO directly after irradiation, in
sharp contrast with previous photochemical studies.4 We have also examined the
effects of matrix and absorbed dose on the relative HOCO yield. The results
were explained by basic difference in the primary processes under photolysis
and radiolysis, which should be considered from the viewpoint of radiation impact
on the molecules of astrochemical relevance.
In conclusion, this work brings some new insight into spectroscopy of small
radicals and mechanisms of the radiation-driven processes in low temperature
solids, with particular implications to astrochemical problems.
The work was supported by Russian Science Foundation (grant # 14-13-01266).
1

D.E. Milligan and M.E. Jacox, J. Chem. Phys., 1971, 54, 927-942.
D. E. Woon. ApJL 2002, 571, L177–L180.
3
S.V. Ryazantsev and V.I. Feldman. J. Phys. Chem. A 2015, 119, 2578-2586.
4
J. Lundell and M. Räsänen. J. Chem. Phys. 1995, 99, 14301-14308.
2
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BENZYL RADICAL PHOTODISSOCIATION DYNAMICS AT 248 NM
Mark Shapero, Neil Cole-Filipiak, Courtney Haibach-Morris, Daniel
Neumark
Department of Chemistry, University of California, Berkeley; Chemical
Sciences Division, Lawrence Berkeley National Laboratory
Interest in the benzyl radical stems from its ubiquitous presence in combustion
schemes for aromatic hydrocarbons; nonetheless, it is not well understood how it
decomposes. Over 8 ground state dissociation pathways have been investigated
through theoretical calculations; however, only H-atom fragments have been
experimentally detected from the photodissociation of the benzyl radical. This
work presents the UV photodissociation of jet cooled benzyl radicals using
photofragment translational spectroscopy with a universal detector. The benzyl
radical was produced by flash pyrolysis of 2-phenylethyl nitrite and
photodissociated at 248 nm. Time of flight spectra indicate the presence of two
dissociation channels, H loss to form fulvenallene and methyl loss to form
benzyne. Center of mass translational energy distributions are determined for
both channels and they suggest statistical dissociation on the ground state
surface. The branching ratio between these two channels has also been
measured and compared to RRKM calculations.
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THEORETICAL ROVIBRATIONAL SPECTROSCOPY OF C4:
A LINEAR MOLECULE OF ASTROCHEMICAL INTEREST
Christopher Stein* and Peter Botschwina†
Institute of Physical Chemistry, University of Göttingen, Tammannstraße
6,
37077 Göttingen, Germany
*current adress: Laboratory of Physical Chemistry, ETH Zürich, VladimirPrelog-Weg 2, 8093 Zürich, Switzerland
The assignment of molecular bands and radio lines from astronomical sources to
molecular carriers heavily relies on theoretical calculations in cases where
experimental data is scarce. While we recently showed that the desired accuracy
can be achieved for well-behaved closed-shell systems like C3H+, [1,2] much
more effort is required in the case of open-shell molecules like linear C4 in its 3Σgground state. Our calculations are based on hand-tailored composite potential
energy surfaces (PESs), where explicitly correlated coupled-cluster methods [3]
provide the basic contribution. Smaller contributions include core-valence
correlation, scalar-relavistic effects and most importantly higher-order correlation
beyond CCSD(T). [4] Since in the open-shell case the PES is based on an
unrestricted Hartree-Fock or restricted open-shell Hartree-Fock reference,
excitations of a given level in the coupled-cluster approach become much more
expensive compared to the closed-shell situation. This limits both the size of the
basis sets that can be used and the degree of excitations that can be considered.
In such a situation, extrapolation schemes that account for both limitations
become increasingly important. The successful application of such schemes
however will be demonstrated. Rovibrational spectroscopic parameters as
obtained by vibrational perturbation theory of second order calculated from a
PES as described above will be compared to those obtained by several multireference based PESs. In the case of C4, the only highly accurate rovibrational
parameters, namely the rotational constant in the vibrational ground state
B0 = 4979.20 MHz, and the fundamental of the antisymmetric stretching vibration
ν3 = 1548.6128 cm-1 [5] are reproduced within MHz or cm-1 accuracy,
respectively. We thus are confident that our results for the remaining
fundamentals and further spectroscopic constants are of great help for future
astronomical investigations and the unambiguous detection of C4 in interstellar or
circumstellar clouds.
[1] P. Botschwina et al., Astrophys, J., 2014, 787, 72.
[2] C. Stein et al. Mol. Phys., 2015, doi.:10.1080/00268976.2015.1017019
[3] G. Knizia et al. J. Chem. Phys., 2009, 130, 054104.
[4] M. Kállay et al., J. Chem. Phys., 2001, 115, 2945. & Y. J. Bomble et al., J. Chem.
Phys., 2005, 123, 054101.
[5] N. Moazzen-Ahmadi, J. J. Thong, Chem. Phys. Lett., 1995, 233, 471.
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COMMISSIONING DESIREE: STORING KEV ANIONS FOR AN HOUR
R. D. Thomasa, E. Bäckströma, D. Hanstorpb, O. M. Holea, M. Kaminskaa, R. F.
Nascimentoa, M. Bloma, M. Björkhagea, A. Källberga, M. Larssona, P. Löfgrena, P.
Reinheda, S. Roséna, A. Simonssona, S. Mannervika, H. T. Schmidta, and H.
Cederquista
a

Department of Physics, Stockholm University, 106 91 Stockholm, Sweden. b
Department of Physics, Gothenburg University, 412 96 Gothenburg, Sweden

We have constructed an electrostatic ion storage ring, for operation at cryogenic
temperatures [1, 2], which allows ion beams of opposite charge to be confined
under extreme high vacuum (residual gas p=2x104 cm-2) and cryogenic (13 K)
conditions in separate “rings” and then merged over a common straight section.
The unique construction of this Double ElectroStatic Ion Ring ExpEriment
(DESIREE) apparatus (Fig. 1) allows for studies of interactions between cations
and anions at low and well-defined centre-of-mass energies down to 10 meV.
DESIREE is now completing commissioning

Figure 3: DESIREE ion optics schematic

Figure 4: Level structure for
32 -

S

Atomic anions are unique quantum systems. Due to the absence of a long range
1/r potential there are only one/a few bound quantum states with typical binding
energies below a few eV. Direct interactions between the electrons (so called
electron correlation) play more important roles than in cations or neutral systems.
This sensitivity makes measurements of long lifetimes in anions important benchmarkers for many-body treatments of electronic interactions in atom systems [3].
UHV cryogenic conditions allows storage of keV ions for extended periods of
time [2] and, as presented here, we have measured the radiative lifetime of the
upper level (Fig. 2) in the 3p5 2Po1/2→3p5 2Po3/2 spontaneous radiative decay in
32 −
S to be 503±54 s [4]. This is by orders of magnitude the longest lifetime ever
measured in a negatively charged ion [4].
[1] R. D. Thomas et al. Rev. Sci. Instrum. 82, 065112 (2011). [2] H. T. Schmidt et al. Rev. Sci.
Instrum. 83, 055115 (2013). [3] D. J. Pegg, Rep. Prog. Phys. 67,857 (2004) [4] E. Bäckström et al,
Phys. Rev. Lett. 114, 143003 (2015) and viewpoint on this paper, A. Wolf, Physics 8, 31 (2015)
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AMPLIFIED SPONTANEOUS EMISSION FROM THE Γ 1U (3P2), H 1U (3P1), AND
1U (1D2) ION-PAIR STATES OF I2
Shoma Hoshino,1 Mitsunori Araki,1 Yukio Nakano,2 Takashi Ishiwata,3 and
Koichi Tsukiyama1
1

Tokyo University of Science, 2Tokyo Gakugei University, 3Hiroshima City
University

Amplified spontaneous emission (ASE) is radiation initially triggered by
spontaneous emission and then amplified by stimulated emission as it passes
through a medium having a population inversion. Recently we reported infraredASE (IRASE) from the f 0+g (3P0) and E 0+g (3P2) ion-pair states of I2 [ 5, 6]. In this
work, we succeeded in the first observation of IRASE from the Ω = 1u ion-pair
states of I2.
The Ω = 1u ion-pair state was excited via the c 1g (1Πg) ~ B 3Πu (0u+) hyperfine
mixed valence state by using an optical-optical double resonance technique. The
pump and probe lasers were temporally and spatially overlapped in a 15 cm
stainless steel cell with I2 at room temperature. The dispersed IRASE was
measured along the laser propagation direction, while the dispersed UV
fluorescence was observed at a perpendicular position.
The strong UV fluorescence from the β 1u (3P2) state was observed when the γ 1u
(3P2) state was excited. This suggests a population
transfer through the γ 1u (3P2) → β 1u (3P2) ASE
3
v =1
process.
β

In this conference, we will also discuss the decay
dynamics from the other Ω = 1u ion-pair
states.

vγ = 2

Emission intensity (arb. units)

A part of the dispersed IRASE from the γ 1u (3P2) (v
= 0, 1, and 2) state is shown in Fig. 1. The two lines
assignable to R67 and P69 are consistent with the ΔJ
= ± 1 selection rule for the ΔΩ = 0 transition. These
bands are undoubtedly ascribed to the vibronic
transitions from the γ 1u (3P2) ion-pair state down to
the β 1u (3P2) ion-pair state. In the dispersed IRASE
spectrum we could identify only the vibronic
transitions with large Franck-Condon factors.
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Fig. 1. The dispersed IR-ASE spectrum from
the v = 0, 1, and 2 levels of the γ 1u (3P2)
state.
5
6

Hoshino et al., J. Chem. Phys. 138, 104316 (2013)
Hoshino et al., J. Chem. Phys. 140, 104309 (2014)
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INVESTIGATION OF THE QUINTET SPIN MANIFOLD OF C2 USING
PERTURBATION-FACILITATED TWO-COLOR FOUR-WAVE MIXING
Bradley Visser, Peter Bornhauser, Martin Beck, Gregor Knopp, Jeroen
van Bokhoven, Thomas Gerber and Peter P. Radi
Paul Scherrer Institut, Villigen, Switzerland

Two-color resonant four-wave mixing is a form of non-linear optical spectroscopy
that results in the creation of a laser-like signal beam. It has numerous
advantages over standard spectroscopic techniques, such as background free
signal detection, spectral selectivity due to double resonance restrictions and not
requiring fluorescent coupling to known electronic states.
The C2 radical is a very important intermediate species in combustion processes,
as well as being highly prevalent in astrochemical studies. This has led to an
extensive number of spectroscopic studies in the last century. While C2 has been
found to have a singlet ground state, a triplet state exists only ≈700 cm-1 higher in
energy. One of the remaining mysteries in the spectroscopy of C2, the origin of
the intense emission from higher vibrational levels in the Swan band (d3Πg>a3Πu), has recently been explained by population transfer from the quintet
manifold.[1] This was achieved by exploiting the selectivity of the two-color
resonant four-wave mixing (TC-RFWM) technique to observe quintet 'dark states'
from the triplet a state.
Access to the quintet spin manifold is afforded through the perturbation of the
v=6 level of the d3Πg state by the 15Πg v=0 level. Using TC-RFWM it has been
possible to observe a quintet-quintet transition in C2 for the first time.[2] The
results of these measurements have enabled the direct calculation of the
dissociation energy of the lowest separated atom limit of C2 to the highest
accuracy yet achieved. This contribution presents both experimental and
theoretical data for the low lying vibrational levels of the newly discovered 15Πg
and 15Πu states as well as a deperturbation study of the d3Πg v=8 level of C2.

[1] Bornhauser, P., Sych, Y., Knopp, G., Gerber, T., and Radi, P.P., J. Chem. Phys., 134,
044302 (2011).
[2] Bornhauser, P., Marquardt, R., Gourlaouen, C., Knopp, G., Beck, M., Gerber, T., van
Bokhoven, J.A., and Radi, P.P., J. Chem. Phys., 142, 094313 (2015).
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RELEASE OF THE MOGADOC UPDATE WITH AN ENHANCED 3D-VIEWER
Jürgen Vogt, Evgeny Popov, Rainer Rudert, and Natalja Vogt
Chemical Information Systems, University of Ulm, 89069 Ulm, Germany
On previous symposia of this conference series several improvements of the
MOGADOC database (Molecular Gas-phase Documentation) were already
reported. In the meantime the database has grown up to 11,500 inorganic,
organic, and organometallic diamagnetic and paramagnetic compounds, which
were studied in the gas-phase mainly by microwave spectroscopy, radio
astronomy and electron diffraction. For about 9,200 compounds the structural
parameters such as internuclear distances, bond and dihedral angles are given
numerically, which have been excerpted from the literature and critically
evaluated, whereas spectroscopic parameters and electric, magnetic and
dynamic properties can only be retrieved by keyword search terms.
The retrieval features of the HTML-based database have been described
1,2
elsewhere . The molecular structures can be visualized in three dimensions by
a specially developed Java-applet3.

The project has been supported by the Dr. Barbara Mez-Starck Foundation.
1

J. Vogt, N. Vogt, and R. Kramer: J. Chem. Inf. Comput. Sci. 43 (2003) 357
J. Vogt and N. Vogt: J. Mol. Struct. 695 (2004) 237.
3
N. Vogt, E. Popov, R. Rudert, R. Kramer, and J. Vogt: J. Mol. Struct. 978 (2010) 201.
2
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HIGH RESOLUTION JET-COOLED OVERTONE SPECTRA OF METHANOL AND
FORMIC ACID: TOWARDS UNDERSTANDING OVERTONE DRIVEN RADICAL
FORMATION.
Ondrej Votava, Vít Svoboda, Jozef Rakovský, Veronika Horká-Zelenková,
and Petr Pracna
J.Heyrovský Institute of Physical Chemistry of the AS CR, Dolejškova
2155/3,
182 23 Prague 8, Czech Republic
Overtone initiated photodissociation processes have been suggested as a
significant source of atmospheric free radicals during low light conditions, yet
such overtone driven processes are in general poorly understood in most cases.
Indeed, even understanding of molecular overtone spectra of broad range of
atmospherically relevant molecules is missing at present time.
We present the first fully rotationally resolved OH-stretch overtone experimental
spectra for methanol and formic acid measured in cold supersonic expansion
environment. A direct absorption tunable diode laser spectrometer was used to
record spectra in planar jet supersonic expansion.
−1
For methanol the spectra were recorded between 7180 – 7220 cm at three
temperature 13, 23, and 56 K. Despite the significant rotational cooling at those
jet temperatures the spectrum is still very complex due to high density of
rovibrational states including the methanol internal torsion. Combination of two
temperature analysis (TTA) with ground state combination differences (GSCDs)
method were used to determine assignments for some of the lowest rotational
states.

Spectra of trans-formic acid were measured at 37 K. The data fully cover region
between 6950 and 6995 cm−1 where roughly 600 lines from the lowest rotational
states have been identified. Combinatoric approach using ground state
combination differences (GSCDs) has been developed to determine initial
assignments. Using this approach, 246 lines have been reliably assigned and
consequently energies for more than 40 upper ro-vibrational levels of the OHstretch overtone vibration have been experimentally determined. A fit using rovibrational Watson’s type Hamiltonian has been performed using PGOPHER
program. Significant deviations of the observed line positions from the fit suggest
perturbations of the upper OH overtone vibration from nearby dark states.
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ULTRAVIOLET PHOTODISSOCIATION DYNAMICS OF THE CYCLOHEXYL AND
CYCLOHEXENYL RADICALS
Michael Lucas, Yanlin Liu, Raquel Bryant, Jasmine Minor, and Jingsong
Zhang
Department of Chemistry
University of California at Riverside
Riverside, CA 92521
The ultraviolet (UV) photodissociation dynamics of two cyclic hydrocarbon
radicals, cyclohexyl (c-C6H11) and 3-cyclohexenyl (c-C6H9), were studied for the
first time using the high-n Rydberg atom time-of-flight (HRTOF) technique in the
photolysis wavelength region of 232-262 nm. The H-atom photofragment yield
(PFY) spectra of both cyclohexyl and 3-cyclohexenyl are broad and peak around
250 nm, in good agreement with the literature UV absorption spectra. The
translational energy distributions, P(ET)’s, of the H-atom loss product channel of
the cyclohexyl radical show a large translational energy release peaking at ~ 45
kcal/mol. The fraction of the average translational energy in the total excess
energy, 〈fT〉, is in the range of 0.45-0.57 from 232-262 nm. The H-atom product
angular distribution of cyclohexyl is anisotropic with a β parameter in the range of
0.3-1, indicating a dissociation time scale faster than one rotation period of the
radical. The translational energy release and anisotropy of the H-atom loss
product channel in cyclohexyl are significantly larger than those expected in a
statistical unimolecular dissociation of a hot radical, showing a non-statistical
dissociation mechanism of this large radical. In going from cyclohexyl to 3cyclohexenyl, the introduction of a C=C π system on the ring significantly
changes the dissociation dynamics. The P(ET) and angular distributions of the Hloss channel in 3-cyclohexenyl show a bimodal distribution. The main component
has a modest translational energy release peaking at ~ 10 kcal/mol with 〈fT〉 ~
0.16 and an isotropic angular distribution with β ~ 0. The minor component has a
large translational energy release peaking at ~ 45 kcal/mol and a negative β
~ -0.4. The main component is consistent with a statistical unimolecular
dissociation of a hot radical following internal conversion from the excited
electronic state, while the minor indicates again a non-statistical dissociation
pathway. The dissociation mechanisms of the cyclohexyl and 3-cyclohexenyl
radicals will be compared.
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INFRARED LASER SPECTROSCOPY AND AB INITIO COMPUTATIONS OF
OH···(D2O)N COMPLEXES IN HELIUM NANODROPLETS
Joseph T. Brice†, Christopher M. Leavitt†, Christopher P. Moradi†,
Federico J. Hernandez‡, Gustavo A. Pino‡, Gary E. Douberly†
†Department of Chemistry, University of Georgia, Athens, GA
‡INFIQC(CONICET – Universidad Nacional de Córdoba) Dpto.
Fisicoquímica Facultad de Ciencias Quí, Universidad Nacional de
Córdoba, Ciudad Universitaria, Córdoba, Argentina
OH···(D2O)N complexes are assembled in He droplets via sequential pickup of
D2O molecules and the hydroxyl radical, which is formed from the pyrolytic
decomposition of t-butyl hydroperoxide. Bands due to clusters larger than N=2
are observed. Ro-vibrational spectroscopy of the binary complex reveals a
vibrationally averaged C2v structure. The effect of partially quenched electronic
angular momentum in the complex exhibits partial rotational resolution of the ν1
OH stretch. Stark spectroscopy on this band reveals a permanent electric dipole
moment for the binary complex of 3.70(5) Debye. OH stretch bands in larger
clusters do not exhibit rotational fine structure; however, polarization
spectroscopy of the OH···(D2O)2 complex reveals, when compared to ab initio
computations, two nearly isoenergetic conformers: bother of which resemble the
cyclic water trimer. Lower frequency OH stretch bands are assigned to larger
clusters on the basis of D2O pressure dependence and ab initio frequencies
computed at the uMP2/aug-cc-PVTZ level of theory.
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B-29
HYDROGEN ATOM CATALYZED REARRANGEMENTS OF POLYCYCLIC
AROMATICS
Richard P. Johnson, Sarah L. Skraba-Joiner and Tyler Dami,
University of New Hampshire, Dept. of Chemistry, Durham, NH 03824
Protons are universal catalysts in the solution phase. Ipso protonation (at a
substituted site) to form arenium ions is the key to complex substituent
migrations 1 and skeletal rearrangements2 of arenes. We are now studying
parallel processes catalyzed by hydrogen radicals. In high temperature gas
phase reactions, ipso addition of hydrogen radicals leads to aryl-aryl bond
cleavage. This has been well recognized in the field of coal liquefaction,3 but
may also give skeletal rearrangements. Hydrogen radical catalyzed Stone-Wales
rearrangement4 and azulene to naphthalene rearrangements5 have been
described previously. We are using a combination of microwave flash pyrolysis
(MFP) 6 and DFT computations to study radical catalyzed rearrangements of
arenes.7 Many MFP
MFP
reactions appear to
graphite
generate
hydrogen
300 W, 1 min
atoms.
Our
DFT
computations predict a
6%
straightforward
H
hydrogen
radical
catalyzed process for
the rearrangement of
H
anthracene
to
phenanthrene; this should be unidirectional. MFP reaction of anthracene for 1
min gives 6% conversion to phenanthrene. Rearrangements of tetracene and its
isomers are far more complex but we have mapped much of this surface and
7
Recent
demonstrated some of the expected rearrangements in this series.
experimental and computational results will be described.
(1) Ajaz, A.; McLaughlin, E. C.; Skraba, S. L.; Thamatam, R.; Johnson, R. P. J. Org.
Chem. 2012, 77, 9487.
(2) Skraba-Joiner, Sarah L.; Johnson, R. P., manuscript in preparation.
(3) Cook, B. R.; Wilkinson, B. B.; Culross, C. C.; Holmes, S. M.; Martinez, L. E. Energy &
Fuels 1997, 11, 61.
(4) (a) Nimlos, M. R.; Filley, J.; McKinnon, J. T. J. Phys. Chem. A 2005, 109, 9896. (b)
Nimlos, M. N.; Filley, J.; McKinnon, J. T. Preprints of Symposia - ACS, Division of Fuel
Chemistry 2004, 49, 445.
(5) (a) Alder, R. W.; Harvey, J. N. J. Am. Chem. Soc. 2004, 126, 2490. (b) Alder, R. W.;
East, S. P.; Harvey, J. N.; Oakley, M. T. J. Am. Chem. Soc 2003, 125, 5375.
(6) Cho, H. Y.; Ajaz, A.; Himali, D.; Waske, P. A.; Johnson, R. P. J. Org. Chem. 2009, 74,
4137.
(7) Ajaz, A.; Voukides, A. C.; Cahill, K. J.; Thamatam, R.; Skraba-Joiner, S. L.; Johnson,
R. P. Aust. J. Chem. 2014, 67, 1301.
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DIFFERENTIAL CROSS SECTIONS FOR THE H + D2 → HD(V'=3, J'=4-10) + D
REACTION ABOVE THE CONICAL INTERSECTION
Mahima Sneha1, Hong Gao1, Foudhil Bouakline2, Stuart C.
Althorpe3, Richard N. Zare1
1. Department of Chemistry, Stanford University, Stanford, California
94305-5080, USA
2. Max-Born-Institute, Max-Born Strasse 2A, D-12489 Berlin, Germany
3. Department of Chemistry, University of Cambridge, Lensfield Road,
CB2 1EW, UK
We recently measured state to state differential cross section for the reaction H +
D2 → HD(v'=3, j'=4-10) + D at a collision energy of 3.26 eV, which exceeds the
conical intersection (CI) of the H3 potential energy surface at 2.74 eV. To the best
of our knowledge, this is the first time this benchmark system is studied at energy
above the CI. We use the PHOTOLOC(Photo-initiated Reactions analyzed via
law of cosines) technique in which a fluorine excimer laser at 157.64 nm
photodissociates hydrogen bromide (HBr) molecules to generate fast H atoms
and the HD product is detected in a state-specific manner by resonance
enhanced multiphoton ionization. Fully converged quantum wave packet
calculations were performed for this reaction at this high collision energy with and
without inclusion of the geometric phase (GP) effect, taking into account coupling
to the first excited state of the H3 potential energy surface. Multimodal structures
can be observed in most of the DCSs up to v'=3, j'=10, which is predicted by
theory and also well reproduced by experiment. The theoretically calculated
DCSs are in good overall agreement with the experimental measurements
without the inclusion of GP effect which indicates that the GP effect is not large
enough at this energy to verify its existence experimentally at this collision
energy.
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PHOTOELECTRON-PHOTOION COINCIDENCE SPECTROSCOPY FOR MULTIPLEX
DETECTION IN COMPLEX REACTIVE GAS PHASE PROCESSES

Julia Krügera, G. A. Garciaa, L. Nahona, , C. Fittschenb, C. A. Taatjesc, D.
L. Osbornc
d
J.-C. Loison , K. Kohse-Höinghause and A. Brockhinkee
a Synchrotron SOLEIL, L’Orme des Merisiers, 91192 Gif sur Yvette,
France
b PC2A, Université de Lille 1, F-59655 Villeneuve d'Ascq, France
c Combustion Research Facility at Sandia, Livermore, CA 94551-0969,
USA
d ISM, Université Bordeaux I, 33405 Talence Cedex, France
e Physical Chemistry 1, Bielefeld University,33615 Bielefeld, Germany
Combustion and atmospheric chemistry are two examples for complex gas
phase chemical reaction processes, which often proceed via numerous reaction
steps and reactive intermediate species. The identification and quantification of
all intermediates is crucial to establish suitable reaction mechanism. Mass
spectroscopy coupled to tuneable VUV radiation (PI-MS) has been used in the
past as a universal method to probe in situ the structure of these intermediates in
the gas phase.
At the VUV DESIRS beamline (Synchrotron SOLEIL, France) we have coupled a
fast flow tube to investigate oxidation reactions at room temperature[1] and a
flame chamber to probe low pressure flames and study oxidation reactions at the
high temperature regime (~2000 K)[1]. In order to improve species identification
and quantification, including isomers, we have used a double imaging
photoelectron/photoion coincidence spectrometer (i2PEPICO). The advantages
of this multiplex technique over the established PI-MS are an increased
sensitivity to the molecular structure and the ability to work with fixed photon
energy sources. The power of this technique is presented with the results
obtained on the combustion of a premixed ethene-oxygen flame. With the
recorded photoelectron spectra it is possible to detected and identify multiple
species by their cations’ fingerprint, including radicals and triplet of isomers and
to determine the temperature in the ionization volume. Concerning the flow tube
reactor, the reaction of isoprene and OH, which results in four different isomers,
is presented. The contribution of the different isomers as a reaction product could
be identified by the photoelectron spectra.
[1] Krüger et al., Photoelectron – photoion coincidence spectroscopy for multiplexed
detectin of intermediate species in a flame, Phys. Chem. Chem. Phys. 16, (41), 2279122804 (2014).
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B-32
THE GENERATION OF HYDROXYL RADICAL FROM THE CATALYTIC
DECOMPOSITION OF HYDROGEN PEROXIDE: CATALYST DESIGN FROM THE
ASPECTS OF GENERATION RATE AND GENERATION EFFICIENCY
Xuejing YANG, a,b,* Jin-ling WANG,a,b Yi-fan HANb and Hua-lin WANG a,b
a
State Environmental Protection Key Laboratory of Environmental Risk
Assessment and Control on Chemical Process, East China University of
Science and Technology (ECUST), Shanghai 200237, P.R. China
b
State Key Laboratory of Chemical Engineering, East China University of
Science and Technology, Shanghai 200237, P.R. China
The development of solid Fenton-like catalysts and its application on the
remediation of low-level organic compounds in water have been studied. With the
combination of the new study strategy and experimental methods, the structure
of the catalysts and its relationship with the performance on the remedy of
wastewater were established. FeOCl with layer structure and the supported Au/C
catalyst were prepared and used for the creation of hydroxyl radicals (HO∙) by
the decomposition of hydrogen peroxide (H2O2).
Various persistent organic compounds, which usually contaminated surface
water even at ppm levels, was degraded in the developed Fenton-like FeOCl
systems. Most of compounds can be degraded completely within 30 min. The
HO∙ radicals were attributed to the Fenton activity, being verified by the DMPOtrapped EPR spectrum and the molecular probe method. The generation rate of
HO∙ over FeOCl was evaluated to be 1~3 orders of magnitude higher than that
over other solid iron-containing minerals. Moreover, by a melt- infiltration method,
the preparation route of supported FeOCl- based Fenton-like catalyst was
prepared in a large scale. A kinetic modeling was built in the case of FeOCl/SiO2.
The surface reaction rather than the diffusion process was dominated the
decomposition process of H2O2. While the generation of HO∙ was demonstrated
to be controlled by the decay of active complex formatted by FeOCl and H2O2.
Moreover, a Au/C catalyst was also prepared and showed high HO∙ generation
efficiency. Over a styrene-based activated carbon, uniform Au nanoparticles
(NPs) was deposited by a modified ion-exchange method. The catalyst exhibited
excellent activity for the Fenton degradation of bisphenol A. The affection of key
factors, such as initial pH, reaction temperature, the loading amount of H2O2 on
the degradation of BPA and the decay of H2O2, were studied systematically. The
structure- performance relationship of the catalyst was investigated by various
techniques. The decay pathway was converted from double electron process to
single electron process. The process of H2O2 was further described by a set of
elemental reaction network, namely a dual intermediates mechanism.
[1] R. P. Schwarzenbach, B. I. Escher, K. Fenner, T. B. Hofstetter, C. A. Johnson, U. von Gunten, B. Wehrli,
Science 2006, 313, 1072-1077.
[2] E. Neyens, J. Baeyens, J. Hazard. Mater. 2003, 98, 33-50.
X.J. Yang, X.M. Xu, J. Xu, Y.F. Han, J. Am. Chem. Soc 2013, 135, 16058-16061.
[3] Y.F. Han, N. Phonthammachai, K. Ramesh, Z. Zhong, T. White, Environ. Sci. Technol. 2007, 42, 908-912.
[4] G. Z. Chen, Angew. Chem., Int. Ed. 2010, 49, 5413-5415.
[5] S. Navalon, M. de Miguel, R. Martin, M. Alvaro, H. Garcia, J. Am. Chem. Soc 2011, 133, 2218-2226.
[6] X.J. Yang, P.F. Tian, C. Zhang, Y.Q. Deng, J. Xu, J. Gong, Y.F. Han, Appl. Catal. B 2013, 134–135, 145152.
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Sunday
Column3
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Monday

Interfaces
Costen, Wilson
Tesa‐Serrate
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Maier
Schröder, Endo
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Column4
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Tuesday

Beyond Earth
Ubachs, Hickson
Förstel, Fournier
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Beyond Earth
McCarthy
Lee, Li
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Column5
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Wednesday

Column6
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Atmosphere (8:00 am)
Percival
Murray
Mertens, Kidwell
Coffee (10:00 ‐ 10:20)
Ions and Electrons
Farrar, Ard
Tian, Viel
Lunch (12:20 ‐ 1:20)
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Thursday

Cold Environments
Willitsch, Bui
Douberly
Coffee (10:10)
Dynam. & Photochem.
Krüger, Giegerich
Suzuki
Lunch
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Combustion

Dinner

Manolopoulos, Hemberger

Dynam. & Photochem.
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Column7
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Schmidt, Heaven
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Coffee (10:10)
Combustion
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Savee, Pfeifle
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Free Time

Klippenstein, Verdicchio
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Recreation
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Writing Competitive
Research Grants
(ACS, NSF, DOE)

Excursion
Board buses (1:40)
Cruise (2:15 ‐ 5:15)
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Dinner

Plenary Lectures
Zare
Ziurys
Mez‐Starck Award
Reception
Plump Jack Lounge

Strolling or Wine
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Tasting
Buses to Skylandia
Banquet at
Poster Slam B
Dynam. & Photochem. Skylandia Park
Reisler, Eisfeld
Poster Session B

Free Time
Discussion &
Recreation
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