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History of The International Symposium on Free Radicals
The 29th International Symposium on Free Radicals will be held August 12-17, 2007 at the Big
Sky Resort in Big Sky, Montana. This international meeting dates back to 1956, when it was first held in
Quebec City, Canada. The meeting was organized in response to the exciting developments in
spectroscopic studies of free radical intermediates in the gas-phase and under matrix-isolation conditions
occurring at that time. Free radicals and other reactive species remain topics of great interest today owing
to the central role they play as reactive intermediates in chemical phenomena. The field has expanded to
increasingly focus on the dynamics of radical reactions in addition to spectroscopy and kinetics. However,
as we seek to understand complex environments in combustion, atmospheric chemistry, condensed phase
phenomena and the interstellar medium in great detail, all of these techniques continue to play critical
roles. An interesting discussion of the development of this symposium series can be found in the short
article by Don Ramsey in International Reviews in Physical Chemistry 18, 1 (1999).
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I-1

Influence of radical structure on the dynamics of some reactions of
polyatomic molecules
Julie K. Pearce,1 Stuart J. Greaves,1 Bertrand Retail,1 Rebecca A. Rose,1 Svemir Rudiü, Craig
Murray2 and Andrew J. Orr-Ewing1
1
School of Chemistry, University of Bristol, Bristol, UK
2
Department of Chemistry, University of Pennsylvania, Philadelphia, USA
In an extensive series of experimental and computational studies, we have investigated how
the structure of the organic radical product of reactions of the type
Cl(2P3/2) + RH o HCl + R
(with R = C2H6, CH2OH, CH3CHOH, CH2OCH3, CH2X, CH2NH2, c-C2H3O and c-C3H5O)
influences the degree of rotational excitation of the HCl products.1,2 We proposed a model for
post-transition state interaction of the dipole moments of the polar radical and HCl products
that, on the timescale of their separation, exerts a torque on the nascent HCl. This model is
supported by quasi-classical trajectory calculations and the correlation between the mean
rotational quantum number of the HCl and the calculated radical dipole moments shown in
figure 1.

Figure 1: A plot of the average rotational
quantum number of HCl products of reaction
against calculated dipole moment of the radical
co-product. 2+1 REMPI detection of the HCl
was used to derive relative populations of
rotational levels in the v=0 vibrational level.

This observed correlation is not maintained for the cyclic radicals, which may be a
consequence of their different post-reaction, re-orientational dynamics. New results will be
presented of the center-of-mass frame scattering dynamics of a selection of these reactions,
obtained from velocity map imaging experiments, together with evidence for non-adiabatic
dynamics in the reaction:3
CH3 + HCl o CH4 + Cl
which is the reverse of the prototypical reaction of Cl atoms with methane.
[1] C. Murray, J.K. Pearce, S. Rudiü, B. Retail and A.J. Orr-Ewing, J. Phys. Chem. A 109, 11093
(2005).
[2] S. Rudiü, C. Murray, J.N. Harvey and A.J. Orr-Ewing, J. Chem. Phys. 120, 186 (2004).
[3] B. Retail, S.J. Greaves, J.K. Pearce, R.A. Rose and A.J. Orr-Ewing, PCCP, in press; DOI
10.1039/b704463a.
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Dynamics and Kinetics of the Reactions of HOCO
Joseph S. Francisco a, Hua-Gen Yu,b and James T. Muckermanb
a

b

Department of Chemistry, Purdue University, West Lafayette, IN 47907
Chemistry Department, Brookhaven National Laboratory, Upton, NY 11973

The HOCO radical is a key intermediate produced in atmospheric and combustion processes.
It plays an important role in the oxidation of CO to CO2 involving OH radicals via
OH + CO o HOCO* o H + CO2
M
HOCO
The spectroscopic characterization of HOCO has provided experimental probes of the radical.
Moreover, pressure dependent studies by DeMore and others suggest that there is an
appreciable abundance of stabilized HOCO in atmospheric and combustion environments. An
examination of elementary chemical reactions involved in removal mechanisms for the
HOCO radical is important. We describe the dynamics and kinetics of the reactions of the
HOCO radical with OH, HO2, O, O2, NO, and Cl:
HOCO + OH ĺ H2O + CO2
HOCO + O2 ĺ HO2 + CO2
HOCO + HO2 ĺ H2O2 + CO2
HOCO + O ĺ OH + CO2
HOCO + NO ĺ HNO + CO2
HOCO + Cl ĺ HCl + CO2

('H0 = 116.0 kcal/mol)
('H0 = 46.8 kcal/.mol)
('H0 = 84.6 kcal.mol)
('H0 = 97.1 kcal.mol)
('H0 = 45.9 kcal.mol)
('H0 = 101.1 kcal.mol)

as studied by ab initio and quantum force molecular dynamics methods. Here we discuss the
details of these reactions including the kinetics, mechanism and lifetimes of intermediates.
The work at Brookhaven National Laboratory was supported by the Division of Chemical Sciences, Office
of Basic Energy Sciences of the U.S. Department of Energy under Contract No. DE-AC02-98CH10886.
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A New Look at Some Old Friends: Reactions of HOx and ClOx Radicals
Kyle D. Bayes1, Randall R. Friedl1, Jaron C. Hansen1, Kevin M. Hickson1, Leon F. Keyser1,
Aaron Noell2, Mitchio Okumura2, Francis D. Pope1, and Stanley P. Sander1
1

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California USA

2

Department of Chemistry, California Institute of Technology, Pasadena, California USA

Many important processes in the chemistry of Earth’s atmosphere display complex
temperature and pressure-dependence phenomenology due to the complex nature of the
relevant potential energy surfaces. Characterizing this behavior is critically important for
models of ozone depletion/pollution, health effects, climate change and radiation balance. In
this talk we will summarize the results of recent studies on several reactions important in the
catalytic cycles involving HOx and ClOx radicals including (but not limited to)
OH + NO2 + M o HONO2 + M
o HOONO + M
ClO + HO2 o products
ClOOCl + hQ o products.
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Reaction dynamics of highly excited molecular anions and cations
Jürgen Troe1, Thomas Miller2, and Albert Viggiano2
1
2

University of Göttingen, Germany

Air Force Research Laboratory, Hanscom AFB, USA

Selected ion flow tubes (SIFT), turbulent ion flow tubes (TIFT), and flowing after
glow Langmuir probe (FALP) systems provide the opportunity to study ion molecule
reactions under particularly well defined conditions. This talk reviews a series of studies in
such systems in which highly excited molecular radical anions and radical cations are
produced, their reaction dynamics followed experimentally, and the results analyzed by
means of statistical rate theories. Electron attachment to SF6 produces excited SF6- anions
whose reaction dynamics is determined by the competition between autodetachment of
electrons, collisional or radiative stabilization, and fragmentation to SF5- + F. Cross sections
for nondissociative and dissociative electron attachment as a function of temperature, pressure
and electron energy can be modelled over wide ranges of conditions yielding important
thermochemical information. Earlier evidence for IVR following attachment is now
quantified including the temperature dependence. Cations of alkyl benzenes in TIFT
experiments are produced by exothermic charge exchange with small molecular cations. The
chemically activated alkyl benzene cations then are followed with respect to the yields of
fragmentation vs. collisional stabilization. Statistical unimolecular rate theory is then used to
combine the described chemical activation experiments with PEPICO (PhotoelectronPhotoion Coincidence Spectroscopy) studies of fragmentation rates. Differences in the
analysis particularly of kinetic shifts between RRKM, variational TST, and SACM/CT
theories are discussed. The examples discussed here demonstrate the value of applying
statistical rate theories to a variety of aspects of radical ion kinetics.
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Rotational Spectroscopy of Transition Metal-Containing Radicals and Ions:
Prospecting for Heavy Elements in Space
Lucy M. Ziurys1
1

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

To date, a series of metal-containing compounds (in the chemist’s sense) have been
identified in space via their gas-phase rotational spectra. Despite extensive observations
towards molecular clouds, the only regions where these species have been conclusively
detected are in gas envelopes around old, evolved stars. The molecules found in circumstellar
gas thus far contain only alkali, alkaline-earth metals (Na, K, Mg), and aluminum. Despite
the relatively high abundances of transition metals, a molecule containing such an element has
yet to be observed in interstellar space.
One of the major thrusts in the Ziurys lab has been to measure the pure rotational
spectra of radicals and ions that contain cosmically-abundant 3d transition metals.

Of

particular interest have been species that contain iron, as well as chromium, nickel, and
manganese. Millimeter/submillimeter, velocity modulation, and Fourier transform microwave
techniques have been used to investigate such molecules. Because AlNC, MgNC, MgCN,
and NaCN have been observed in circumstellar gas, 3d cyanides and isocyanides have been
an important area of study. The millimeter-wave spectra of CrCN (66+) and FeCN/FeNC
(6'i), for example, have recently been measured, and searches are currently being conducted
in the lab for the manganese analogs. Metal-containing molecular ions have also been of
interest because of the significance of ion-molecule reactions in interstellar chemistry.
Consequently, the pure rotational spectra of FeO+ (66+) and FeCO+ (46) have been recorded,
and other ions are under investigation. Diatomic hydrides and hydride ions are additionally
being pursued in the lab. These results will be discussed, as well as their implications for
molecular astrophysics.
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The Enigmatic Diffuse Interstellar Bands
Benjamin J. McCall
Departments of Chemistry and Astronomy, University of Illinois at Urbana-Champaign, USA

The diffuse interstellar medium of our galaxy contains about 3 billion solar masses of
atomic hydrogen, or ~3×1066 H· radicals. The inventory of identified molecular radicals in
diffuse clouds includes CH, CH+, NH, OH, C2, CN, C2H, and C3H2, and totals to roughly
~1059 in number. However, a ubiquitous set of optical absorption lines known as the diffuse
interstellar bands (DIBs) belies the likely presence of ~1058 large molecular radicals that have
yet to be identified. The first of the DIBs were observed in 1919, but despite many decades of
intensive efforts by laboratory spectroscopists and astronomers the identities of the molecular
carriers of the DIBs remain a mystery.
After reviewing the history of the DIBs, I will discuss some preliminary results from a
large-scale DIBs observing campaign that was conducted on over 119 nights between 1999
and 2003, using the 3.5-meter telescope at the Apache Point Observatory. This survey,
undertaken by a collaboration [1] led by Don York at the University of Chicago, has produced
high-resolution, high signal-to-noise ratio spectra of over 160 stars, spanning the entire optical
region from 3600–10200 Å. In particular, I will focus on two ongoing efforts. The first is the
generation of a comprehensive spectral atlas of the DIBs based on four heavily reddened
sightlines; this atlas will be of great use to spectroscopists who wish to compare their
laboratory spectra to interstellar spectra (in hopes of finding a match!). The second is the
search for correlations among the different DIBs, and especially the search for sets of DIBs
that always have the same relative intensities in different sightlines.

Such sets would

represent the electronic spectra of individual molecular carriers of the DIBs, and could
provide hints about which species should be considered for additional laboratory
spectroscopic studies.

[1] J. A. Thorburn, L. M. Hobbs, B. J. McCall, T. Oka, D. E. Welty, S. D. Friedman, T. P.
Snow, P. Sonnentrucker, and D. G. York, Astrophysical Journal 584, 339 (2003).
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The quite low-lying electronically excited state of the C3N radical
Chihaya Motoyoshi, Yoshihiro Sumiyoshi, and Yasuki Endo
Department of Basic Science, Graduate School of Arts and Sciences,
The University of Tokyo, Komaba, Meguro-ku, Tokyo, 153-8902, Japan

The C3N radical is known as an interstellar molecule[1], and a number of experimental
and theoretical studies have been performed for the ground electronic state[2]. Since the first
excited electronic state of C3N is estimated to be ca. 0.3 eV above the ground state[2], it is
interesting to characterize such a low-lying excited state.

Although there had been no

experimental data for the excited electronic states, Hoshina et al. recently reported
observations of the B2Ȇ state by LIF spectroscopy[3].

They also performed dispersed

fluorescence spectroscopy and found vibronic structure with clearly different features from
that of the ground state. They tentatively assigned the feature to the A2Ȇ state. In the present
study, we have obtained detailed information on the A state by stimulated emission pumping
(SEP) spectroscopy, where rotationally resolved spectra were obtained.
The C3N radical was produced by the discharge of HC3N diluted with Ar in the
supersonic molecular beam. The B state was used to access the A state in SEP spectroscopy.
The 26-26 and 23-23 type vibronic bands have been observed by exciting the 2Ȉ and 2Ȇ
vibronic bands in the B state.
The observed rotational energy level structure shows the feature of an asymmetric top,
so that the observed 2Ȉ and 2Ȇ states correspond to Ka = 0 and Ka = 1 states, respectively. In
each vibrational state, a least-squares analysis using an effective Hamiltonian for an
asymmetric top including the spin-rotation interaction was performed, and all the rotationally
resolved spectra could be reproduced within the experimental accuracies. It was found that
2

A' and 2A" components correlating to the A2Ȇ state split relatively large at the non-linear

geometry due to the strong Renner-Teller effect. It is possible to say that the C3N radical has
a quasi-linear structure in the A state. Ab initio calculations performed in the present study
support the present results.
[1] M. Guelin and P. Thaddeus, Astrophys. J. Lett. 212, L81 (1977)
[2] e.g. M. C. McCarthy, C. A. Gottlieb, P. Thaddeus, M. Horn, and P. Botschwina, J. Chem.
Phys. 103, 7820 (1995)
[3] K. Hoshina and Y. Endo, J. Chem. Phys. submitted.
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Bending vibrational structure in the Ã1Au state of acetylene, C2H2
Anthony J. Merer 1,2
1
2

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

Department of Chemistry, University of British Columbia, Vancouver, B.C., Canada

Following the lead of Professor John Brown, this work describes a high resolution
electronic spectrum of an open shell system. Although C2H2 in its ground state is not a free
radical, its first excited singlet state, Ã1Au, comes from the open shell configuration Su3 Sg1.
It has long been known that C2H2 in this configuration can be either trans- or cis- bent,
~
but that transitions are only allowed from the X 16+g ground state to levels of the trans isomer.
~
The vibrational structure of the Ã- X system in absorption consists of a long progression in

the "straightening" (or trans-bending) vibration, Q3, with some C-C stretching activity (Q2).
The progressions start to become irregular at a vibrational energy near 5000 cm1, with many
extra bands appearing. We have recently found [1] that extra bands, involving the low-lying
bending vibrations, Q4 (torsion) and Q6 (in-plane bend), occur at yet lower energy. Since the
pathway to cis-trans isomerization is calculated to be a combination of Q3 and Q6, we have
taken new high-sensitivity excitation and IR-UV double resonance spectra in order to observe
as many of these low-lying levels as possible. About 40 new vibrational bands have been
analysed, comprising the bending polyads with up to five quanta of Q4 and Q6, and many
combination polyads with Q2 and Q3; almost every predicted level up to 4000 cm1 has now
been found. The bending overtones exhibit strong Darling-Dennison resonance, in addition to
the Coriolis coupling previously [2] noted. The combinations of Q3 and Q6 turn out to be
highly anharmonic, reflecting the approach to the isomerization barrier, while various levels
which are not part of the Ã1Au manifold are possibly levels of the cis well, tunnelling through
the isomerization barrier and picking up oscillator strength from nearby trans levels.

[1] A.J. Merer, N. Yamakita, S. Tsuchiya, J.F. Stanton, Z. Duan and R.W. Field, Mol. Phys.
101, 663 (2003).

[2] A.L. Utz, J.D.Tobiason, E. Carrasquillo, M.L.J. Saunders and F.F. Crim, J. Chem. Phys.
95, 2742 (1993).
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Molecular Anions in the Laboratory and in Space
Michael C. McCarthy, Carl Gottlieb, Harshal Gupta, Patrick Thaddeus and Sandra Brünken
Harvard Smithsonian Center for Astrophysics, Cambridge, USA
and
School of Engineering and Applied Sciences, Cambridge, USA

The importance of negative ions (anions) in astronomy was demonstrated in 1939 by
Rupert Wildt who showed that H¯ is the major source of optical opacity in the solar
atmosphere, and therefore the material which one mainly sees when looking at the sun and
similar stars. It is remarkable that in the many years since, during which nearly 130 neutral
molecules and 14 positive molecular ions have been found in astronomical sources, no
molecular anion has been identified, owing in large part to the absence of laboratory
rotational spectra. Initiated by our recent laboratory identification of the large molecular anion
C6H¯ as the carrier of a series of unidentified lines in the circumstellar shell of the late carbon
star IRC+10216, and its detection in the cold molecular cloud TMC-1, high resolution
spectroscopy of molecular anions and searches for them in astronomical sources is now
advancing at an astonishing pace. Three closely related carbon chain anions, CCH¯, C4H¯,
and C8H¯, and the first member of the isoelectronic C2n+1N¯ series, CN¯, were subsequently
detected in our laboratory; two of them, C4H¯and C8H¯, have in the meantime also been
detected in space. The present work suggests that a variety of other molecular anions may
now be detectable in the laboratory and in space, and that some of these may be considerably
easier to detect than one might suppose.
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Optical-Optical Double Resonance Spectroscopy and Dynamics Studies of
Methylene
Trevor J. Sears, Gregory E. Hall, Laura Fredriksen¶, Yangsoo Kim*,
Anatoly V. Komissarov#, and Zhong Wang
Department of Chemistry, Brookhaven National Laboratory,
Upton NY 11973-5000 USA
A combination of laser transient absorption and laser optical-optical double
resonance (OODR) techniques have been used to detect new spectra of CH2 at higher
energies than in the past and to investigate collision-induced intersystem crossing and
rotational energy transfer in the lowest singlet (a) state. In the spectroscopic experiments,
a c.w. probe laser in the near-IR was used to monitor a known ro-vibronic transition in the
b-a system of the radical and double resonance transitions induced by absorption of light

from a ns pulsed laser detected by changes in the probe absorption. Several OODR
schemes have been employed, including a novel ac Stark effect-based experiment that
involves no population transfer. Most recently, interest has centered on the spectroscopy
of levels associated with electronic states close to the singlet CH2 bond dissociation
energy near 31 800 cm-1 above the zero point level of the a-state. Closely related
experiments have investigated collision-induced intersystem crossing dynamics between
the a-state and the ground triplet state involving mixed (singlet and triplet) character
doorway levels. This talk will describe recent results and some of the open questions on
both these fronts.
¶
*
#

Present address: State University of New York, Albany, NY 12222.
Present address: Department of Physics, Virginia Tech., Blacksburg, VA 24061.
Present address: Jet Propulsion Laboratory, Pasadena, CA 91011.

Acknowledgment: This work was performed at Brookhaven National Laboratory under Contract No.
DE-AC02-98CH10886 with the U. S. Department of Energy and supported by its Division of
Chemical Sciences, Office of Basic Energy Sciences.
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Spectroscopic Studies of the Interactions in Open-shell Complexes
Ben J. Watson, Tony Starkey and Brian J. Howard
Physical and Theoretical Chemistry Laboratory, Oxford University
South Parks Road, Oxford OX1 3QZ, U.K.
The spectroscopy of weakly bound Van der Waals complexes has provided a wealth of
information on the interactions between closed-shell molecules. However, the analogous
interactions involving free radicals (or other open-shell species) are still poorly understood.
In this talk I shall discuss recent microwave investigations of the spectra of weakly bound
complexes containing the stable open-shell molecules NO, O2 and NO2. In particular I shall
concentrate on the unusual spectra of rare gas-NO complexes, O2-OCS and the open-shell
open-shell complex NO-O2. In most cases the appearance and analysis of these spectra is far
from straightforward.
Semi-rigid models provide the conventional method for the analysing the spectra of Van der
Waals molecules. However, because of the strong coupling of electronic angular momenta to
the individual monomers within the complex, such models are no longer accurate as a result
of strong Coriolis interactions. In order to accurately describe the molecular energy levels it
is necessary to perform accurate dynamics of the complex on a realistic potential surface. The
spectra are sensitive to details of the potential surfaces and empirical information on the
nature of the potential surfaces will be presented.
Preliminary results from the investigation of the weak open-shell open-shell interactions in
the NO-O2 complex will also be presented.. A proper description of the energy levels of this
complex involves simultaneous dynamics on four different potential surface; these surfaces
result from the coupling of the spin angular momenta to give doublet or quartet spin states and
from the two possible orientations of the unpaired NO ʌ-orbital. A model for the prediction
of the spectra and a comparison with experimental data will be presented.
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High resolution infrared spectroscopy of molecules in helium nanodroplets:
Observation of radicals and aggregation processes at ultralow temperatures

M. Havenith
Ruhr-Universität Bochum, Germany
We have used helium nanodroplets as an ultracold superfluid soft matrix to study the
aggregation process at ultralow temperatures. We will report here on the measurement of
(HCl)2 clusters and (HCl)n(H2O)m clusters.
As a future goal we intend to investigate the transition from the Hydrogen bonded
cluster to the ionic cluster:
HCl + (H2O)n ĺ Cl- + (H2O)n-1 + H3O+
Moreover we have measured the high resolution infrared spectrum of the radical NO
in the 2Ȇ state in superfluid helium nanodroplets. The resolved sub-structure is attributed to
the ȁ-doubling splitting and the hyperfine structure. The hyperfine interaction is found to be
unaffected by the He solvation. For the ȁ-doubling we find a considerable increase by 55\%
compared to the gas phase. This is explained by a confinement of the electronically excited
NO states by the surrounding He.
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Millimeter-wave Spectroscopy of Transient Species with Supersonic
Jet Technique and UV Photolysis
Keiichi Tanaka
Department of Chemistry, Kyushu University, Fukuoka 812-8185 Japan

tanakscc@mbox.nc.kyushu-u.ac.jp
Submillimeter-wave absorption spectroscopy combined with a pulsed-jet expansion
technique was applied to detect transient species produced in the supersonic jet with the UV
laser photolysis. We used a backward–wave oscillator as a radiation source and also the timeresolved detection technique. The setup has been used to observe the rotational transitions of
the radicals such as vinyl [1], FeCO [2], CoCO, CoNO, and FeNO.
For vinyl, the proton tunneling-rotation transitions, as well as the pure rotational
transitions, have been observed for the H2CCH, H2CCD and D2CCD isotopic species to
determine tunneling splitting 'E0 and the potential barrier height h for the proton (H/D)
tunneling motion. Although the H2CCH, H2CCD and D2CCD isotopic species have very
different values for the tunneling splitting 'E0, 16.185, 1.164 and 0.770 GHz, they have
almost the same barrier heights h of 1580, 1520, and 1506 cm-1. As for the HDCCH species,
the pure rotational transitions (both a- and b-types) of only one isomer (cis-HDCCH) were
observed in the jet, but no cis-trans tunneling transitions were detected, meaning that HDCCH
has two stable cis- and trans-isomers. The zero point energy difference in the ground state
between the cis- and trans-HDCCH isomers is calculated to be 31 cm-1 with the
CCSD(T)/aug-cc-pVTZ level ab initio calculation to support the present result. We also
observed the larger off-diagonal ('I=s1) hyperfine interaction for H2CCD which causes the
nuclear spin conversion between the ortho (IE=1) and para (IE=0) H2CCD vinyl.
The jet cooled Fe(CO)x, Co(CO)x (x=1,2), FeNO, CoNO, and Co(CO)(NO) were produced
in a supersonic jet expansion by excimer laser photolysis of Fe(CO)5, Co(CO)3NO and
Fe(CO)2(NO)2 to observe the rotational lines by submillimeter-wave spectroscopy as well as
the infrared spectra by tunable diode laser spectroscopy. The molecular structures of FeCO,
CoCO, CoNO and FeNO, for example, were confirmed to be linear with the electronic ground
states of 36+, 2'i, 16+, and 2'i as suggested by recent high level ab initio calculations.
1) J. Chem. Phys. 120, 3604 (2004),

2) J. Chem. Phys. 117, 7041 (2002).
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The Visible Absorption Spectrum of the Acetyl (CH3CO) Radical
B. Rajakumar,1,2 J.E. Flad,1,2 T. Gierczak,1,2 A.R. Ravishankara,1 and James B. Burkholder1
1

Earth System Research Laboratory, Chemical Sciences Division,

National Oceanic and Atmospheric Administration (NOAA), Boulder CO, USA
2

Cooperative Institute for Research in Environmental Sciences (CIRES),
University of Colorado, Boulder CO, USA

In the atmosphere, the acetyl radical, CH3CO, has several sources, including the reaction
of OH with CH3C(O)H and the UV photolysis of carbonyl compounds such as acetone
(CH3C(O)CH3),

methyl

ethyl

ketone

(CH3C(O)CH2CH3,

MEK),

and

methylglyoxal,

CH3C(O)C(O)H. CH3CO is an important reactive intermediate, particularly in the formation of
peroxy acetyl nitrate (CH3C(O)OONO2, PAN), which is an atmospheric reservoir for NOx.
We present here laboratory measurements of the visible absorption spectrum of CH3CO
between 490 – 660 nm using cavity ring-down spectroscopy (CRDS). CH3CO radicals were
produced using several pulsed laser photolysis sources and a discharge flow source to aid the
identification of the absorption spectrum. The identification was also confirmed by measuring
the rate coefficient of the absorbing species with O2, CH3CO + O2 + M  CH3C(O)O2 + M, and
comparison with available literature values. Absolute absorption cross sections were determined
using the OH + CH3C(O)H reaction as the CH3CO radical source and two calibrated photolytic
sources for OH radicals, Figure 1.
Figure 1:
CH3CO absorption spectrum, the
different colors represent CRDS measurements
made over different wavelength ranges. The line is
an empirical polynomial fit.
The characterization of the CH3CO visible
spectrum is of value for future kinetic and
photochemical

studies.
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several compounds of atmospheric interest (acetone, MEK, and biacetyl) and rate coefficients for
the reaction of CH3CO with O2, O3, and Cl2, recently performed in our laboratory, are presented.
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Probing radical intermediates of bimolecular
addition/insertion reactions
Laurie J. Butler
Department of Chemistry, The University of Chicago, Chicago, IL USA

Many elementary bimolecular reactions do not proceed by a direct mechanism
surmounting an energetic barrier along the reaction coordinate, but rather follow a near
barrier-less addition/insertion mechanism. This addition/insertion forms unstable radical
intermediates whose subsequent isomerization and dissociation dynamics determines the final
product branching for the bimolecular reaction. Traditional crossed molecular beams
experiments infer the presence of such long-lived radical intermediates from symmetric
product angular distributions, but a different approach is needed to probe the detailed
dynamics that results in one product channel dominating another. Our experiments generate a
particular isomeric form of an unstable radical intermediate along a bimolecular reaction
coordinate and investigate the branching between the ensuing product channels of the
energized radical as a function of its internal energy under collision-less conditions. The data
probes the barriers encountered by the radical intermediates as they proceed toward the
product channels of the bimolecular reaction, providing key benchmarks for emerging
electronic structure calculations on radical reactions. We seek both predictive ability from
first principle quantum mechanics and qualitative insight on how the electronic and nuclear
dynamics of such reactions proceed.
The experiments include velocity map imaging with photoionization detection of
radical intermediates and products, and product velocity and angular distribution
measurements in a molecular beam scattering apparatus. The talk focuses on three systems.
The first is the CH3O + CO o CH3 + CO2 reaction, which proceeds through a CH3OCO
intermediate analogous to the HOCO intermediate of the OH + CO reaction; a general picture
of stereoelectronic preference for bond fission beta to a radical center emerges from this
study. We then discuss a key radical intermediate in the reaction of O atoms with propargyl
radicals. Finally we present our recent preliminary results on the unimolecular dissociation of
the CH3SO2 radical, including detailed electronic structure predictions of our collaborator
Prof. Kai-Chung Lau.
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Kinetics of Radical Reactions:
From Interstellar Chemistry to Combustion Chemistry
Stephen J. Klippenstein
Chemistry, Division, Argonne National Laboratory, Argonne, IL, 60439, USA

We will review a variety of our theoretical predictions for the kinetics of radical
reactions as a means to illustrate the current utility of theoretical kinetics for interstellar,
atmospheric, and combustion chemistry. A comparison of our kinetic predictions for O(3P) +
alkenes with the CRESU measurements of Sims and Smith and coworkers [1] down to 23 K
suggests a procedure for predicting which reactions are rapid at the low temperatures of
importance in interstellar chemistry. Our results for OH + alkene reactions further emphasize
the importance of considering two (or even three) transition states in the entrance channel [2].
For ethylene, good agreement is obtained with experimental results spanning the range from
atmospheric chemistry (100 to 300 K) to combustion chemistry (1000 to 2500 K) [2,3]. Our
results for the reaction of CH with N2, which rely heavily on multi-reference quantum
chemical methods, yield an order of magnitude revision in the predicted rate constant for this
key reaction in prompt NO formation [4]. Finally, new direct CASPT2 based predictions for
the recombination of propargyl radicals resolve an important discrepancy between theory and
experiment [5]. This reaction is central to formation of the first aromatic ring in flames, and
also may be of importance in the atmosphere of Titan.

[1] H. Sabbah, L. Biennier, I. R. Sims, Y. Georgievskii, S. J. Klippenstein, and I. W. M.
Smith, Science, in press (2007).
[2] E. E. Greenwald, S. W. North, Y. Georgievskii, and S. J. Klippenstein, J. Phys. Chem. A
109, 6031 (2007); ibid., ASAP, (2007). Y. Georgievskii, S. J. Klippenstein, unpublished.

[3] J. P. Senosiain, S. J. Klippenstein, and J. A. Miller, J. Phys. Chem. A 110, 6960 (2006).
[4] L. B. Harding, S. J. Klippenstein, and J. A. Miller, unpublished.
[5] Y. Georgievskii, J. A. Miller, and S. J. Klippenstein, Phys. Chem. Chem. Phys. in press
(2007).
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"Imaging" Combustion Chemistry by Multiplexed Synchrotron Photoionization
Mass Spectrometry
Craig A. Taatjes
Combustion Research Facility, Mail Stop 9055, Sandia National Laboratories, Livermore, CA
94551-0969 USA
The combination of multiplexed mass spectrometry with photoionization by tunable
synchrotron radiation has proved to be a powerful tool to investigate elementary reaction
kinetics and the chemistry of low-pressure flames. This talk describes two types of
experiments in which multiple-mass detection is coupled with tunable-energy photoionization
at the Advanced Light Source at Lawrence Berkeley National Laboratory, permitting
identification of species by ionization energy and mass. Combined with the additional natural
dimension of the experiments (i.e., distance from the burner in low-pressure flame
experiments and time after photolysis for kinetics measurements), this results in a data set that
is a function of three variables. The low-pressure flame apparatus is capable of providing
isomer-resolved mass spectra of stable and radical species as a function of position in the
flame. The overall chemical structure of the flames can be readily seen from images of the
evolving mass spectrum as distance from the burner increases. Several rich flames are
compared in this manner, with a focus on identification of global differences in soot
formation pathways. Differences in the chemistry of flames of isomeric fuels can be
discerned. The application of this method to elementary reaction kinetics permits
identification of time-resolved isomeric composition in reacting systems. For example,
products and intermediates in photolytically-initiated oxidation of alkanes can be measured,
and, in conjunction with detailed theoretical and computational work, can reveal the
mechanisms of key reaction pathways in hydrocarbon ignition.
This work is supported by the Division of Chemical Sciences, Geosciences, and Biosciences,
the Office of Basic Energy Sciences, the U. S. Department of Energy, and by Sandia National
Laboratories through the Laboratory-Directed Research and Development (LDRD) program.
Sandia is a multi-program laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the National Nuclear Security Administration under contract DE-AC04-94AL85000. Work at the Advanced Light Source is supported by the Director, Office of
Science, Office of Basic Energy Sciences, Materials Sciences Division, of the U.S.
Department of Energy under Contract No. DE-AC02-05CH11231 at Lawrence Berkeley
National Laboratory.
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Femtosecond Dynamics of Hydrocarbon Radicals
Ingo Fischer
University of Würzburg, Institute of Physical Chemistry, Am Hubland,
D-97074 Würzburg, E-mail: ingo@phys-chemie.uni-wuerzburg.de

Excited electronic states of hydrocarbon radicals and carbenes are often short lived.
Although insight into the photochemistry and photophysics of radicals is important for
understanding their behaviour in various environments, there is little information
available on the excited-state dynamics of most reactive intermediates. We recently
addressed this issue by carrying out femtosecond time-resolved experiments on a
number of hydrocarbon radicals. In my presentation I will discuss these studies, focussing in particular on tert-butyl1, t-C4H9. Time-resolved photoionization and photoelectron imaging have been applied as detection techniques. The analysis of the experimental data has been supported by ab initio computations. The implications of
the results for earlier work on the nanosecond time scale, studying the unimolecular
dissociation of radicals in their electronic ground state by photofragment Doppler
spectroscopy, will be discussed.
Time-resolved studies on other radicals will be presented as well2, 3, among them the
alkyl radicals ethyl and 1-and 2-propyl, but also allyl, propargyl and benzyl. In addition recent MPI spectra and photofragment Doppler spectra of propadienylidene, one
of the three C3H2 isomers, will be shown, giving insight into the photodissociation dynamics of this carbene.

References:
1

B. Noller, R. Maksimenka, I. Fischer, M. Armone, B. Engels, L. Poisson, and J.-M.
Mestdagh, J. Phys. Chem. A, 2007, 111, 1771.
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Crossed molecular beam studies of radical-molecule
and radical-radical reactions
Nadia Balucani, Francesca Leonori, Raffaele Petrucci, and Piergiorgio Casavecchia
Dipartimento di Chimica, Università di Perugia, 06123 Perugia, Italy

In this contribution we report on some recent experimental results obtained by means
of the crossed molecular beam (CMB) technique with mass spectrometric (MS) detection on
several reactions involving either an atomic/diatomic radical and a closed-shell molecule or
two open-shell species.
In particular, the progress achieved by the improvements of a CMB apparatus, now
featuring product detection by “soft” electron impact ionization [1] and a variable beam
crossing angle set-up [1], will be illustrated with our recent studies on the dynamics of the
reactions of oxygen and carbon atoms, O(3P) and C(3P), with unsaturated hydrocarbons. As
we are going to see, for these favorable systems we have gained the capability of identifying
all primary reaction channels, characterizing their dynamics, and determining the branching
ratios. The improvement in the sensitivity of the CMB apparatus have been such as to allow
us to investigate also atomic radical + hydrocarbon radical reactions, like O(3P)+CH3 and
O(3P)+C3H5 (allyl). Specifically, the reaction mechanism of the H-displacement channel has
been elucidated for both reactions, while some experimental evidence of the occurrence of
other channels at the collision energies investigated have been obtained [2].

[1] N. Balucani, G. Capozza, F. Leonori, E. Segoloni and P. Casavecchia, Int. Rev. Phys.
Chem. 25, 109 (2006).

[2] F. Leonori, N. Balucani, G. Capozza, E. Segoloni, D. Stranges and P. Casavecchia, Phys.
Chem. Chem. Phys. 9, 1307 (2007).
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The role of internal rotation in the spectroscopy and
dynamics of CH3O2 and HOONO
Anne B. McCoy, Gabriel M. P. Just, Terry A. Miller
Department of Chemistry
The Ohio State University
Columbus, OH 43210
Matthew K. Sprague, Andrew K. Mollner and Mitchio Okumura
Arthur Amos Noyes Laboratory for Chemical Physics
California Institute of Technology
Pasadena, CA 91125

The possibility of internal rotation exists in most molecules with more than four atoms.
In spite of its ubiquity, we continue to learn more about the role of these large amplitude
motions on spectroscopy and dynamics. In this talk, I will focus on two systems that we
have been studying. Both of these systems exhibit large amplitude torsion motions that
have observable consequences in the spectra and dynamics.
The first is the room temperature electronic spectrum of CH3O2 and CD3O2.1
These systems exhibit sequence band structure in the methyl torsion, although the band
contours associated with these bands becomes broader and more structured with
increasing torsional excitation. We employed a one-dimensional model of the methyl
torsion with which we can describe the evolution of the band contours. This model was
also used to help assign several of the bands to Δn = 2 transitions. In the case of
HOONO we have focused on vibrational spectrum in the region of the OH stretch
fundamental and first overtone.
As with methyl peroxy, we develop reduced dimensional model in which we
focus on the coupling between the OH stretch and the HOON torsion. This model is
based on calculated electronic energies to interpret the recorded spectrum and to try to
understand unusual intensity patterns, particularly in the region of the first overtone.2
More recently we have focused on developing a three-dimensional surface that also
includes the OONO torsion. We find there to be considerable coupling between the two
torsions, and while it is important to consider this second low-frequency motion, our
earlier two-dimensional surface captured the most important physics of this system.

1

2

C.-Y. Chung, C.-W. Cheng, Y.-P. Lee, H.-Y. Liao, E. N. Sharp, P. Rupper and T. A. Miller, J. Chem.
Phys. (submitted).
Anne B. McCoy, Joseph S. Francisco, Juliane L. Fry, Andrew K. Mollner, and Mitchio Okumura, J.
Chem. Phys. 122, 104311 (2005).
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Evidence for two competing mechanisms in the C2H2 + CH3 dissociation
channel from excited allyl radicals
Patrick O’Keeffe, 1 Paul L. Houston, 2 Roberto Di Santo, 3 and Domenico Stranges 1
1

Dipartimento di Chimica, Università degli Studi di Roma “La Sapienza”,
00185 Rome, Italy
2
Department of Chemistry and Chemical Biology, Cornell University, Ithaca, NY 14853, USA
3
Dipartimento di Studi Farmaceutici, Università degli Studi di Roma “La
Sapienza”, 00185 Rome, Italy

The allyl radical has received substantial recent attention due to its importance in
combustion and atmospheric chemistry. Its spectroscopy has been detailed by several studies,
and its photodissociation has been examined both by sophisticated laser techniques1 and by
molecular beam methods.2,3 Following excitation to the C(2B1) electronic state, fast internal
conversion takes place and is followed by dissociation on the ground electronic surface to
give principally hydrogen atom loss. A second channel, observed in earlier molecular beam
measurements,2 leads to methyl radicals plus acetylene.
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We have studied the photodissociation of 2-d-allyl radical using photofragment
translational spectroscopy in order to elucidate the mechanisms involved for the latter
channel. The results demonstrate that the major mechanism leads to the formation of C2HD
but also the mechanism (3) is present. The dynamics involved in the C2HD formation will be
discussed also based on ab initio calculations at the QCISD(T)/cc-pVTZ//B3LYP/cc-pVDZ
level of theory.
[1] I. Fischer, and P. J. Chen, Phys. Chem. A 106, 4291 (2002).
[2] D. Stranges, M. Stemmler, X. Yang, J. D. Chesko, A. G. Suits, and Y. T. Lee, J. Chem.
Phys. 109, 5372 (1998).

[3] D. E. Szpunar, Y. Liu, M. J. McCullagh, and L. J. Butler, J. Chem. Phys. 119, 5078
(2003).
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MERGED-BEAMS TOOLS FOR THE STUDY OF ULTRA-COLD REACTIONS
R. D. Thomasa , H. T. Schmidta , H. Cederquista , M. Larssona , A. Al-Khalilia , W. D.
Gepperta , P. Reinheda , S. Roséna , A. Källbergb , L. Liljebyb , and A. Simonssonb
a

b

Department of Physics, Stockholm University, S-106 91 Stockholm, Sweden.
Manne Siegbahn Laboratory, Stockholm University, S-104 05 Stockholm, Sweden

The physics, chemistry, and evolution of many plasma environments are heavily inﬂuenced
by interaction of molecular ions with the environment, and understanding the role molecules
play is vital if we are to understand the observations and produce reliable models. The processes
Dissociative Recombination (DR), Resonant Ion Pair Formation (RIP), Associative Ionization
(AI), Mutual Neutralization (MN), Charge Transfer (CT) and Proton Transfer (PT) represent
the most fundamental reactions involving charged particles in these regions. Merged beams
experiments such as the CRYRING, TSR and ASTRID storage rings have provided the highest
quality data for the controlled reaction of electrons with molecular ions, c.f. DR and RIP,
at the meV collision energies representative of IMCs, T=10-100 K. Recent highlights include
the conclusion from the DR of H+
3 that cosmic ionization rates in diﬀuse IMCs are higher
than generally assumed [1], there is signiﬁcant diﬀerence between the DR reactions of para+
+
+
+
H+
3 /ortho-H3 [2] and para-H2 /ortho-H2 [3], and that the DR of O3 almost exclusively leads
to 3 oxygen atoms [4].
What has been lacking so far are tools able to study the other reactions in the list at the
same level of control and range as oﬀered by storage rings for DR. Recent developments in
storage ring technology, for example ELISA in Århus, Denmark, have allowed the development
of the next generation of merged-beams facilities and, in Stockholm, this will be represented by
the Double ElectroStatic Ion Ring ExpEriment (DESIREE) [5], which will be constructed
by MSL at Stockholm University. DESIREE presents the opportunity for studying the reaction
of oppositely charged ion beams at the same level of control as was available for DR. Not only
can reactions such as AI and MN now be studied at energies corresponding to IMC, but the
whole reaction can be carried out in a 10 K environment. For example, the most basic MN
reaction: H− + H+ → H(1s) + H(nl) is still not well understood, with the total cross section
only measured for relative energies in excess of 1.4 eV [6] with some theoretical predictions
also reported [7]. DESIREE represents the tool for studying these reactions and there are inbuilt options to extend the range of the facility to also study CT and PT reactions through the
photodissociation of negative ions prior to the interaction region. Finally, CT can be considered
as a special type of the DR reaction in which the electron that is captured in the process is
not initially free but bound, i.e. a sub-thermal DR process. The study of this reaction process
can also provide some insight into the DR process, especially in relation to the high degree of
fragmentation observed in the DR of small polyatomic systems.
In this presentation I will discuss recent results from DR measurements in CRYRING and
what the future holds for studies in DESIREE.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]

B. J. McCall et al., Nature 422, 500 (2003).
H. Kreckel et al., Phys. Rev. Lett. 95, 263201 (2005).
V. Zhaunerchyk et al., Accepted for publication in Phys. Rev. Lett (2007).
V. Zhaunerchyk et al., Accepted for publication in Phys. Rev. Lett (2007).
http://www.atom.physto.se/Cederquist/desiree.html
F. Melchert et al., J. Phys. B 32, L139 (1999).
M. I. Chibisov et al., J. Phys. B 31, 2795 (1998).
T. Nzeyimana et al., Eur. Phys. J. D 19, 315 (2002).
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Properties, Reactivity and Reaction Dynamics of Molecular Dications
Stephen D. Price
Chemistry Department, University College London, 20 Gordon Street, London WC1H 0AJ, UK.
s.d.price@ucl.ac.uk

There is increasing interest in the role of molecular dications (doubly-charged molecules) in both
astrochemistry and the chemistry of planetary ionospheres.1-4 Small molecular dications, such as
N22+, are highly-rich metastable species with lifetimes to dissociation ranging from femtoseconds to
many seconds.5,6
This talk will discuss recent progress in our understanding of the properties of isolated molecular
dications and also of the formation of dications in electron-molecule collisions.7,8 However, the
majority of the presentation will concentrate on the consequences of the bimolecular interactions of
molecular dications with other atoms and molecules.
Recent laboratory developments have shown that
molecular dications possess a rich and unusual
bimolecular chemistry.4,6,9-13
As well as the
expected electron-transfer reactivity, molecular
dications exhibit extensive bond-forming reactivity
in low-energy collisions with neutral molecules.
These “chemical” reactions usually generate pairs of
product monocations, often accompanied by neutral
species:
Section of a coincidence spectrum recorded
following collisions of N22+ with O2 at 7.1
eV. The spectrum clearly shows two
dissociative electron transfer reactions and
two bond-forming reactions forming NO+

N22+ + C2H2 o N+ + NC2H+ + H

The product monocations from these reactions
possess considerable translational energies and may
subsequently have markedly different reactivity to
that of thermalised monocations. The reaction dynamics of these unusual reactions can now be
investigated by multi-parameter coincidence experiments14 and reveal unusual reaction pathways,
involving often involving initial complexation with the neutral species:15-19
N22+ + O2 o [N2O2]2+ o N2O2+ + O
N2O2+ o N2+ + O+
References
1 O. Witasse et al., Geophys. Res. Lett. (2002) 29 1263.
2 C. Simon et al., Ann. Geophys. (2005) 23 781.
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L03203.
4 J. Roithova et al., J. Am. Chem. Soc. (2006) 128 4208.
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15 W. P. Hu et al., Mol. Phys. (2005) 103 1809.
16 C. L. Ricketts et al., J.Chem.Phys. (2005) 123 134322.
17 S. M. Harper et al., J.Chem.Phys. (2004) 120 7245.
18 S. M. Harper et al., J.Chem.Phys. (2004) 121 3507.
19 S. M. Harper et al., J. Phys. B. (2002) 35 4409.
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High resolution cavity ringdown spectroscopy of jet-cooled
methyl and ethyl peroxy radicals
Patrick Rupper, Patrick Dupré, Shenghai Wu, and Terry A. Miller
Laser Spectroscopy Facility, Department of Chemistry, The Ohio State University,
Columbus OH, USA

Alkyl peroxy radicals play a key role as intermediates in the oxidation of
hydrocarbons in atmospheric as well as combustion chemistry, and a detailed knowledge
about their structure and reactivity is of great importance. Methyl and ethyl peroxy are the
two simplest alkyl peroxy radicals and are therefore the starting point for the spectroscopic
characterization of this class of molecules. Cavity ringdown spectroscopy at room - X
 electronic transition is a sensitive, speciestemperature showed that their near-IR A

specific diagnostic for the radicals. Spectra of such peroxy radicals under jet-cooled
conditions would be of great

value since congestion caused by the overlap of different

rotational lines and different conformers obscures much detail at ambient temperature. We

 2 A' – X
 2 A '' origin band of CH3O2 and C2H5O2 and
report here the observation of the A
their fully deuterated analogues in the near-IR around 1.3 Pm via cavity ringdown
spectroscopy. Albeit these are weak transitions, it was possible to observe the spectra under
jet-cooled conditions (Trot ~ 20 K) by combining a narrow-bandwidth laser source with a
supersonic slit-jet expansion and discharge. Rotational and spin-rotational structure have been
resolved in these peroxy spectra. However, the spectra of the methyl peroxy isotopologues
exhibit very different structure. The hindered internal rotation involving the methyl and O2
groups is the principal source of this difference, due

to the strong dependence of the

corresponding tunneling splittings upon the masses. Ethyl peroxy has two stable conformers,
trans (T) and gauche (G), corresponding to 0o and

120o (-120o) dihedral angles between

the O-O-C and O-C-C planes, respectively. Although calculations predict the T conformer to
lie higher in energy than the G one by 81 cm-1, we have been able to record spectra for both
conformers of the normal and fully deuterated ethyl peroxy, indicating a non-thermalized
conformer population in the jet. We will discuss the preliminary analysis of these complex
spectra.
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Photodissociation of OClO detected by a ‘virtual bolometer’: the
development of the BASIS technique, and the latest on the detection of ClO
vibrational products distributions in hyper-rovibronic detail.
Bobby H. Layne and Liam M. Duffy
Department of Chemistry and Biochemistry, The University of North Carolina at
Greensboro, Greensboro, NC 27402, USA.

At UNCG we have developed a molecular beam technique for probing
photodissociation dynamics via the direct absorption of millimeter wavelength radiation.[1]
In the case of OClO, we have demonstrated that the ultrahigh resolution afforded by the mmwave technology allows the free radical product molecule (ClO) to be probed in
unprecedented detail. Recently, our lab has seen two significant advances to our experimental
setup. In the first, a peak-hopping routine is employed, that allows us to jump between the
line-center frequencies of known ClO hyperfine rovibrational transitions so that the product
state distributions may be determined. In the second, we have developed a new form of
action spectroscopy that we use to reveal unassigned predissociative vibrational structure of
OClO in the UV region between 278-333 nm. We call this new technique, Beam Action
Spectroscopy via Inelastic Scattering (BASIS).[2] BASIS relies on the high sensitivity of
rotational line intensities in a supersonic molecular beam to inelastic scattering within the
beam. In our setup, shifts as small as 200 PK in the rotational temperature distribution of a
reporting molecule seeded in the molecular beam may be observed. In this way the reporting
molecule acts as a ‘virtual bolometer’ for detecting energetic processes such as fragmentation
or vibrational energy transfer [2] occurring within the beam. BASIS is completely general,
any spectroscopic technique capable of resolving individual rotational intensities may be used
and the method should prove particularly useful for probing transitions that are dark to
conventional spectroscopic techniques.

[1] L.M. Duffy, Rev. of Sci. Inst., 76, 2 September 2005, p. 093104
[2] B.H. Layne, L.M. Duffy, H.A. Bechtel, A.H. Steeves, and R.W. Field, J. Phys. Chem. A,
2007, 10.1021/jp0708650.
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Quasiclassical Trajectory Calculations of Dissociative
Electron Attachment of CH5+  CH4+H, CH3 + H2
Joel M. Bowman, Zhen XIe, and Bastiaan Braams
Department of Chemistry and Cherry L. Emerson Center for Scientific
Computation, Emory University, Atlanta, GA 30322

Preliminary quasiclassical trajectory calculations of the title reaction have
been performed using global ab-initio potential energy surfaces in full
dimensionality. The calculations are in response to recent experiments by
Continetti and co-workers in which the branching ratio of products and
kinetic energy release have been determined.
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Visualizing molecular dynamics by few-cycle intense laser pulses
Akiyoshi Hishikawa 1,2,3
1
2

Institute for Molecular Science, Okazaki, Japan

The Graduate University for Advenced Studies (SOKENDAI), Okazaki, Japan
PRESTO, Japan Science and Technology Agency, Saitama, Japan

Recent advances in laser technology have enabled us to utilize few-cycle intense laser
pulses (<10 fs, ~1015 W/cm2) as a new probe to image the ultrafast structural deformation in
reaction processes. Molecules exposed to such intense laser pulses promptly eject several
electrons by non-resonant interactions and undergo rapid bond breaking (called “Coulomb
explosion”) on the repulsive Coulombic potential energy surface of the highly charged states.
Since the momenta of the resultant fragment ions reflect sensitively the geometrical structure
of the target molecule [1], the Coulomb explosion provides direct access to the instantaneous
structure in the course of reaction processes. Here we demonstrate the real-time visualization
of ultrafast molecular dynamics in (i) the dissociation process of CS2z+ (z = 4,5) and (ii) the
hydrogen migration in acetylene dication using the time-resolved Coulomb explosion imaging
[2, 3].
A pair of ultrashort intense laser pulses (9 fs, ~1 PW/cm2, 800 nm) generated by a
Michelson-type interferometer are employed as the pump and probe pulses. The pump laser
pulse is used to ionize the target molecule as well as to trigger the nuclear dynamics, whereas
the probe laser pulse, introduced with a time delay ¨t, ionizes further to induce the Coulomb
explosion. The momenta of the resultant fragment ions are determined in the laboratory
frame for each explosion event by using the coincidence momentum imaging method [4].
Based on the correlation among the fragment momenta and its dependence on the time delay
¨t, we found that a hydrogen atom in acetylene dication shifts from the one site to the other in
90 fs and migrates back to the original site by 280 fs, exhibiting a recurrent migration in a
ultrashort time scale. We also discuss the ultrafast dissociation dynamics in CS2z+ (z = 4,5).
[1]
[2]
[3]
[4]

Z. Vager, Adv. At. Mol. Opt. Phys. 45, 203 (2001).
A. Hishikawa, M. Ueyama, and K. Yamanouchi, J. Chem. Phys. 122, 151104 (2005).
F. Legare et al., Phys. Rev. A 71, 013415 (2005).
A. Hishikawa, E. J. Takahashi, and A. Matsuda, Phys. Rev. Lett. 97, 243002 (2006).
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Two-dimensional excitation/emission spectroscopy of new radicals and new
transitions in supersonically cooled discharge sources.
Jenna Joester, Neil Reilly, Damian Kokkin, Masakazu Nakajima, Timothy Schmidt and Scott
Kable

We have used two-dimensional fluorescence excitation/emission spectroscopy to
untangle some of the complex spectral features from hydrocarbon discharges. The 2D spectra
allow intuitive assignment of features that belong to the same carrier – even when strongly
overlapping in either absorption or emission.
The c(3Ȉu+) state of C2 is metastable. Its presence has been inferred from weak
perturbations with the A-state, and has been seen in C2 electron detachment. We have used
2-D and 1-D fluorescence techniques to measure the d(3Ȇg) m c(3Ȉu+) excitation spectrum via
d(3Ȇg) o a(3Ȇu) (Swan) fluorescence. The v = 0-3 levels of the c-state have been
characterised thoroughly, yielding measurements of De, Ze, Zexe, Be and De. Several weak
perturbations in the d – c spectrum have been identified as arising from perturbations between
d and a, and c and A states.
We have identified a new spectrum in discharges of benzene, toluene, c-hexene and
heptyne. We have measured fluorescence excitation, dispersed fluorescence, and REMPI
spectra. We are currently analysing these spectra, and have performed ab initio calculations
of some lead candidates. The molecule absorbs at 476 nm, which is one of the diffuse
interstellar band wavelengths, and we hope to report its identity in this talk.
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PHOTOCHEMICAL PRODUCTION OF CYCLIC-N3
ALEC M. WODTKE, DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY,
UNIVERSITY OF CALIFORNIA, SANTA BARBARA, CA 93106
I will review recent work on azide and
isocyanate photochemistry carried out in our
laboratory and in collaboration with several
other
groups.
Velocity-Map-Imaging,
Photofragmentation-TranslationalSpectroscopy or H-atom Rydberg Tagging
have been applied to study the photochemistry
of RN3 (R=H, Cl,
CH3) and ClNCO at
multiple photolysis wavelengths. All exhibit
evidence of the formation of a high energy
form of N3 or NCO. For the azides, all evidence
points to formation of cyclic-N3, whereas for
the one isocyanate studied, NCO(A26+) could
be directly identified in fluorescence. In some
cases (ClN3 @ 157 nm and CH3N3 @ 193-nm),
exclusive production of cyclic-N3 is evident in Total center-of-mass frame translational energy release
the translational energy distribution of the N3 distribution used to simulate the m/z=42 (ionized N3
product, which is stable only over a ~30 product from ClN3 photolysis at 157nm) TOF data . Solid
kcal/mole energy range. Under favorable drop-down lines show the predicted minimum and
circumstances, the photoionization threshold of maximum translational energies for the Cl + cyclic-N3 and
the high energy form of N3 can be obtained and dashed drop-down lines the minimum and maximum
agrees with theoretical predictions. For translational energies for the Cl + linear-N3 following
photolysis of ClN3 at 157 nm.
methylazide photolysis forming CH3 and N3,
secondary dissociation of the N3 exhibits and an average translational energy release of <ET> ~6
kcal/mol, consistent with the 6.9 kcal/mole exit barrier height for cyclic N3 dissociation and twice the
theoretically predicted exit barrier eight of linear N3.
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State-to-State Dynamics of the F+H2(HD,D2) Reactions: Reaction Resonances
and Nonadiabatic Dynamics
Xueming Yang
State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian, Liaoning 116023, China

Reaction resonance is a frontier topic in chemical dynamics research, and it is also
essential to the understanding of mechanisms of elementary chemical reactions. In this
presentation, we will describe a recent combined experimental and theoretical study on the
benchmark F+H2 reaction. Experimental evidence of reaction resonances has been detected
in a full quantum state resolved reactive scattering study of the F+H2 reaction. Highly
accurate full quantum scattering theoretical modeling shows that the reaction resonance is
caused by two reaction resonance states. Further studies show that quantum interference is
present between the two reaction resonance states for the forward scattering product. This
study is a significant step forward in our understanding of chemical reaction resonances in the
benchmark F+H2 system. Further experimental studies on the effect of H2 rotational
excitation on dynamical resonances were carried out.

Dynamical resonances on the

F+H2(j=1) reaction have also been observed. A more recent study on the F+HD system has
also been carried out. The isotope substitution actually provides an extremely sensitive probe
to the reaction resonance potential surface in this important system. The experimental results
are compared with the most recent dynamical calculations based on the newest ground state
potential developed by Zhang et al.
In addition, we have also investigated the F/F* reaction with D2. Relative integral cross
sections as well as the differential cross sections have been measured for the F and F*
reactions. Experimental results show that F* is more reactive than F at very low collision
energy, suggesting that the breakdown of the Born-Oppenheimer approximation in this
reaction. A detailed comparison is also made with the state-of-the-art theoretical studies on
the spin-orbit non-adiabaticity in this reaction by Alexander et al.
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I-25

Computational spectroscopy: From gas phase problems to molecules, metal
atoms and metal clusters on surfaces
Lauri Halonen
Laboratory of Physical Chemistry, PO Box 55 (A.I. Virtasen aukio 1), FIN-00014 University
of Helsinki, Finland

An accurate treatment of the rovibrational states both of semirigid molecules and of
systems with large amplitude motions has become feasible with the computational and
theoretical tools that are now available [1]. The vibrational energy level structure of ammonia
[2] and the NH stretching overtone spectra in aniline [3] and the OH stretching overtone
spectra of the water dimer [4] are discussed in this context. This includes the construction of
kinetic energies in appropriate coordinate systems and the use of sophisticated electronic
structure calculations for the potential energies. Similar theoretical ideas and the density
functional theory (DFT) with periodic boundary conditions can be used for molecules such as
water [5] and ammonia [6] adsorbed on metal surfaces. The DFT calculations can also be
employed to model the adsorption properties of silver and gold atoms and clusters on
semiconductor surfaces [7]. The role of dispersion forces is an important issue in metal
clusters and it can be investigated on top of the DFT energies with an empirical classical
model. The behavior of silver and gold atoms as radicals is also significant and this will be
discussed.
[1] J. Pesonen and L. Halonen, Adv. Chem. Phys. 125, 269 (2003).
[2] T. Rajamäki, M. Kallay, J. Noga, P. Valiron and L. Halonen, Mol. Phys. 102, 2297 (2004).
[3] V. Hänninen and L. Halonen, J. Chem. Phys. 126, 064309 (2007).
[4] T. Salmi, V. Hänninen, H. Kjaergaard, J. Tennyson and L. Halonen, to be published.
[5] E. Sälli, J.-P. Jalkanen, K. Laasonen and L. Halonen, Mol. Phys. 105, 1271 (2007).
[6] T. Kurten, M. Biczysko, T. Rajamäki, K. Laasonen and L. Halonen, J. Phys. Chem. B 109,
8954 (2005).
[7] J.-P. Jalkanen, M. Halonen, D. Fernandes-Torre, K. Laasonen and L. Halonen, J. Phys.
Chem., submitted for publication.
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A-1

Submillimeter-wave spectroscopy of HCO+ and DCO+ in excited vibrational
states: Observation of some anomalous features
T. Hirao,1 Shanshan Yu, 2 and T. Amano 2
1
2

Department of Chemistry, Okayama University, Okayama, Japan

Department of Chemistry, University of Waterloo, Waterloo, ON, Canada

The HCO+ ion has been studied extensively both in the laboratory and in space by
microwave and infrared spectroscopy. Yet compared with an isoelectronic stable species HCN,
crucial information is not as extensive, in particular for the excited vibrational states.
We extended the measurements of the rotational transitions up to 800 GHz. The HCO+
and DCO+ ions were produced in an extended negative glow discharge in a gas mixture of H2
or D2 and CO (about a mTorr each ) in Ar buffer ( 10 mTorr ). The measurements were done
mostly at liquid nitrogen temperature. For HCO+, the rotational lines in the excited vibrational
levels up to (040) and (002) which are located at about 4300 cm-1 above the ground state have
been measured. The measurements for DCO+ are not as extensive so far.
In this paper, we address mainly (1) if the shifts in (0110) and no observation of
rotational lines in (0220) that were reported by Hirota and Endo >@ as cited to be GXH WR the
Stark effect can be consistent with our results obtained using an extended negative glow
discharge, (2) if the “Stark shifts" detected in the (0220), (0310), and (0420) states by Dore et al
[2] in an extended negative glow setup similar to ours are reproducible, and (3) what causes
an apparently anomalous l-splitting in the (0330) lines observed in this investigation, in
addition to spectroscopic analysis of the rotational lines in excited vibrational states. Our
observations confirm that the low-J lines in (0220) are much weaker than what is expected
from thermal equilibrium, and different l stacks of the (021), (030), (031) and (040) states
carry non-thermal populations. However, a most notable result obtained in the present
investigation is that some low-J lines of (0220) and (0420) have been detected as induced
emission for both HCO+ and DCO+.

[1] E. Hirota and Y. Endo, J. Mol. Spectrosc. 127, 527 (1988)
[2] L. Dore, S. Beninati, C. Puzzarini, and G. Cazzoli, J. Chem. Phys. 118, 7857 (2003).
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Is Slow IVR the Answer in the RO2 + NO Reactions?
Philip J. Stimac and John R. Barker
Department of Atmospheric, Oceanic, and Space Sciences
University of Michigan, Ann Arbor, MI, USA

Recently, the reactions of organic peroxyl radicals with nitric oxide were investigated
by two groups who used multi-channel, multi-well master equation simulations [1,2]. A
simplified version of the reaction system is given by the following reactions.
RO2 + NO ĺ ROONO*

(1)

ROONO* ĺ RO + NO2

(2)

ROONO* ĺ RONO2*

(3)

(* denotes vibrationally excited species). Formation of RO + NO2 is dominant under almost
all conditions, but yields of organic nitrates (RONO2) increase and become significant at
higher pressures, lower temperatures, and for larger organic groups [3,4]. Both set of master
equation simulations were successful in fitting the experimental data, but both sets of authors
pointed out that the fitting parameters were possibly un-physical [1,2].
In this paper, we hypothesize that Reaction (2) is slower than predicted by RRKM
theory, perhaps providing at least part of the explanation for the puzzling fitting parameters.
In support of this hypothesis, we report the results of quasi-classical trajectory calculations
carried out on a model potential energy surface that includes Reactions (1) and (2). The results
show a significant breakdown of RRKM theory, which may have implications for other highly
exothermic chemical activation systems.

[1]

J. R. Barker, L. L. Lohr, R. M. Shroll, S. Reading: J. Phys. Chem. A. 107 (2003) 743444.

[2]

J. Y. Zhang, T. Dransfield, N. M. Donahue: J. Phys. Chem. A 108 (2004) 9082-95.

[3]

S. M. Aschmann, W. D. Long, R. Atkinson: J. Phys. Chem. A 110 (2006) 6617-22.

[4]

R. Atkinson, R. A. Cox, J. Crowley, R. F. Hampson, R. G. Hynes, M. E. Jenkin, J. A.
Kerr, M. J. Rossi, J. Troe, Summary of Evaluated Kinetic and Photochemical Data for
Atmospheric Chemistry. Section II - Organic Reactions. IUPAC Subcommittee for
Gas Kinetic Data Evaluation for Atmospheric Chemistry, Cambridge, UK, 2006.
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Probing interactions between metal cations and molecular hydrogen –
infrared spectra of Li+-H2, Na+-H2 and Al+-H2 complexes
B.L.J. Poad, C. Emmeluth, C.D. Thompson, E.J. Bieske*
School of Chemistry, University of Melbourne, 3010, Australia
The interaction between H2 and metal cations is an issue of substantial chemical
importance due to the role of molecular hydrogen adsorption at metal cation sites in zeolites
and other materials.[1] Perhaps the most direct means of probing these interactions is by
forming and spectroscopically characterizing M+-H2 complexes in the gas-phase. The first
direct observation of Li+-H2 was by Clampitt and Jefferies who found that Li+ ions "solvated"
by up to 6 H2 molecules were ejected when a solid H2 target was irradiated by a Li+ beam.[2]
Surprisingly, until recently, there were no spectroscopic data for the metal-hydrogen cation
complexes, although there have been numerous theoretical studies.[1] Recently we have
recorded infrared spectra of mass-selected Li+-H2, Na+-H2 and Al+-H2 complexes in the H-H
stretch region by monitoring production of metal cation photo-fragments. The complexes,
which were generated in a supersonic expansion of H2 passing over a laser ablated metal alloy
rod, were probed in a tandem mass spectrometer. In all three cases the H-H stretch band
features resolved rotational structure and is red shifted from corresponding transition of the
free H2 molecule. Analysis confirms that the complexes have T-shaped equilibrium structures
and yields information on the intermolecular separations and bond strengths.

[1] R. Martinazzo, G. Tantardini, E. Bodo, F. Gianturco, J. Chem. Phys. 119, 11241 (2003).
[2] R. Clampitt and D. K. Jefferies, Nature 226, 141 (1970).
* email: evanjb@unimelb.edu.au
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Change in vibration excitation: HCl collisions with Au(111)
Russell Cooper,1 Igor Rahinov,1 Daniel Matsiev,1 Qin Ran,1 Daniel J. Auerbach, 2 and Alec M.
Wodtke 1
1

Department of Chemistry and Biochemistry, University of California, Santa Barbara, CA
2

Gas Reaction Technologies, Inc., 861Ward Drive, Santa Barbara, CA

We look at the vibrational energy transfer in scattering of a molecular beam of HCl
(v=2) from a Au(111) surface. The HCl is prepared in excited quantum states via tunable,
narrow-band laser overtone pumping. Our detection system is able to measure for specific
vibrational-rotational states, allowing us to determine rotational excitation probabilities, as
well as vibrational excitation and de-excitation probabilities. DCl rotational excitation has
been recorded. These results as well as overall design of this new machine will be described.
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Magnetic Nanoparticle Formation on Cold Substrates Using Free-Jet Expansions of
Ferric Acetylacetonate in Supercritical CO2
Silvia De Dea†, David R. Miller†, and Robert E. Continetti*
†
Dept. of Mechanical and Aerospace Engineering
*
Dept. of Chemistry and Biochemistry
University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093

New synthetic routes for the preparation of magnetic nanoparticles and thin films are
under constant investigation. Ferric acetylacetonate Fe(acac)3 is known to undergo thermal
decomposition to form either Fe3O4 or D-Fe2O3 magnetically ordered materials when heated
above 180 oC. We have recently observed that magnetic nanoparticle films can be formed near
room temperature when a supercritical solution of Fe(acac)3 in CO2 is decompressed in a
supersonic free-jet onto a cold silicon substrate. This process is referred to as Rapid
Expansion of Supercritical Solutions (RESS).
We have examined RESS expansions and grown films in background pressures from
vacuum to atmosphere and in both air and inert gases. The resulting cluster films have
particles in the range 13 nm to 700 nm, depending on experimental conditions, and show
magnetic order. Structural and magnetic data for these thin particle films have been obtained
by SQUID and SEM measurements and compared as a function of experimental variables (P,
T, geometry, substrate conditions, growth time). The values of coercivity obtained are in the
range 35-55 Oe, which are smaller than the bulk values for either D-Fe2O3, J-Fe2O3 or Fe3O4.
This result is consistent with the formation of magnetic nanoparticles. We also find that the
decomposition of Fe(acac)3 with no heat treatment is likely to occur in the supercritical phase,
in the absence of a RESS expansion, but its mechanism is difficult to explain.
A molecular beam is formed by probing the high pressure supersonic free-jet RESS
expansion with a skimmer. The molecular beam is directly coupled to a time-of-flight mass
spectrometer to identify size and composition of the clusters and nanoparticles formed in the
jet. We have studied expansions for both superheated liquid free-jets and supersaturated vapor
free-jets and we are able to detect high order CO2 clusters up to N =40. No evidence for solute
clusters nor mixed CO2-solute clusters has been observed, but this result may be due to the
low solubility of Fe(acac)3 and current mass spectrometer detection limits. However, we show
this result is consistent with a simple kinetic model of cluster formation in the free-jet RESS
expansion. We therefore conclude that most of nanoparticle growth occurs at the silicon
surface and not in the jet.
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Infrared spectroscopy of size-selected carbocations isolated in the gas phase
Gary E. Douberly, Brian W. Ticknor, Allen M. Ricks and Michael A. Duncan
Department of Chemistry, University of Georgia, Athens, GA, USA

Infrared argon vibrational predissociation spectroscopy is used to probe the structures
of carbocations, (CnHm)+, formed in a pulsed electric discharge through a dilute hydrocarbon
supersonic expansion. Size specific infrared spectra are obtained by mass selection in a
reflectron time of flight mass spectrometer followed by the resonant photo-fragmentation of
the ion with the tunable (2-10 μm) output from a pulsed infrared OPO. A family of cations
based on the ally cation core (C3H5)+ is formed from several hydrocarbon precursors and
appears to be intrinsically stable. Three isomers on the (C3H5)+ global potential surface are
observed and assigned due to distinct spectral features between 1500 and 2300 cm-1. An
intense band at 1580 cm-1 (6.3 μm) is observed in the spectrum of the global minimum ally
cation, corresponding to the C-C-C asymmetric stretch.

We will discuss the potential

astrophysical significance of this band, common to the entire family of substituted ally cations.
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A-8

Theoretical treatment of the photoionization-induced
dynamics of the ammonia radical cation
Wolfgang Eisfeld and Alexandra Viela
Theoretical Chemistry
Bielefeld University, D-33615 Bielefeld, Germany
wolfgang.eisfeld@uni-bielefeld.de

An analytical anharmonic six-dimensional three-sheeted potential energy surface for
the ground and ﬁrst excited states of the ammonia cation has been developed which is
taylored to model the ultrafast photoinduced dynamics. The diabatic representation for
this Jahn-Teller (JT) and pseudo Jahn-Teller (PJT) system is based on highly accurate ab
initio calculations. The model includes higher-order coupling terms both for the JT and
for the PJT matrix elements as recently developed by Eisfeld & Viel [JCP 2004, 120, 4603;
JCP 2005, 122, 204317]. The relaxation to the ground state is possible via dynamical
PJT couplings, involving the asymmetric bending and stretching coordinates. The backtransfer to the excited state is eﬃciently inhibited by the ion assuming a planar geometry
on the ground-state PES which results in vanishing PJT coupling. The photoelectron
spectrum of NH3 and the internal conversion dynamics of NH+
3 have been determined by
wave packet propagation calculations employing the multi-conﬁgurational time-dependent
Hartree method. Both calculated photoelectron bands are in excellent agreement with
available experiments. The spectrum belonging to the 2 A2 ionic ground state shows a
well-resolved progression mainly due to the ν2 umbrella mode. The band corresponding
to the 2 E excited state is completely unstructured because of the ultrafast nonadiabatic
dynamics. The internal conversion after ionization to the excited state proceeds on three
diﬀerent time-scales. Within the ﬁrst 5–10 fs, the population of the uppermost adiabatic
state virtually vanishes due to strong JT coupling. Within 5–15 fs a fast increase of
population on the ground state up to 55 % is observed. After 15 fs the ground-state
population continues to increase slowly and reaches 66 % after 100 fs. These results can
be explained by the topology of the conical intersection seam and the analysis of the
wave-packet evolution in time.
This model is also used to investigate the inﬂuence of diﬀerent coordinate systems,
namely Cartesian normal coordinates and curvilinear symmetry coordinates. Signiﬁcant
deviations are observed due to the approximations in the kinetic energy operator in Cartesian normal coordinates when compared to results obtained with the more accurate nondiagonal operator in curvilinear coordinates.
a

Address: Université Rennes 1, Rennes, France
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Kinetics of reactions of several straight-chain alkyl radicals with Cl2 in the
temperature range 190 - 360 K
Arkke J. Eskola1, Vladimir A. Lozovsky2, and Raimo S. Timonen1,
1

Laboratory of Physical Chemistry, P.O. Box 55 (A.I. Virtasen aukio 1), FIN-00014
University of Helsinki, Finland
2

Deceased

The kinetics of several R + Cl2 reactions (R = straight-chain alkyl radicals) have been studied
at temperatures between 190 and 360 K using laser photolysis / photoionization mass
spectrometry [1]. Decays of radical concentrations have been monitored in time-resolved
measurements to obtain reaction rate coefficients under pseudo-first-order conditions. The
bimolecular rate coefficients of all reactions are independent of the helium bath gas pressure
within the experimental range (0.5 – 5 torr). Current results are generally in good agreement
with previous experiments. However, one former measurement for the bimolecular rate
coefficient of C2H5 + Cl2 reaction derived at 298 K using Very Low Pressure Reactor method
is significantly lower than obtained in this work and in previous determinations.

.

A. J. Eskola, V. A. Lozovsky, and R. S. Timonen, accepted for publication in Int. J. Chem.
Kinet.
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Experimental end-stations for the production, charaterization and study of
gas-phase radicals at the upcoming VUV synchrotron beamline DESIRS
L. Nahon,1 N. De Oliveira,1 C. Alcaraz,2 and G.A. Garcia 1
1
2

Synchrotron SOLEIL, Gif sur Yvette, France

Laboratoire de Chimie Physique, CNRS / Université Paris 11, Orsay, France

The variable polarization high resolution VUV beamline DESIRS [1] at the French
synchrotron facility SOLEIL is nearing completion. Covering the range from 5 to 40 eV with
resolving powers of up to 2*105 on the monochromatized branch, the beamline is expected to
receive its first users by the beginning of 2008.
By that time a versatile molecular beam chamber called SAPHIRS, dedicated to
various photon-induced dynamics experiments in the gas-phase will also be made available to
users. It will be equipped with a 1kHz pulsed pyrolysis source [2] for the production of
radicals on a supersonic beam. Characterization and experiments on radicals will be
performed via two different electron/ion spectrometers: a Wiley-McLaren Time of Flight
(WMTOF) spectrometer coupled to a Velocity Map Imaging (VMI) capable of being operated
either in single or coincidence modes, and a replica of the latter substituting the WMTOF by a
réflectron for improved mass separation. Photoelectron resolutions below 1 meV are expected
when running the VMI in threshold mode. These experimental set-ups will provide a large
range of information on the energetics (thermochemistry), structure and fragmentation /
ionization dynamics of radicals.
Finally, a novel Fourier transform spectrometer [3] operating in the VUV will also be
permanently installed in one branch of the beamline. The first experiments have already given
the expected results near the VUV (GV = 0.3 cm-1 at 50000 cm-1). The instrument is now being
upgraded in order to work in the VUV up to 30 eV, with a resolution of GV = 0.15 cm-1 (106
resolving power at 20 eV), making it the perfect tool for high resolution absorption
spectroscopy experiments on radicals.

[1] http://www.synchrotron-soleil.fr/portal/page/portal/Recherche/LignesLumiere/DESIRS
[2] Fischer, T. Schüssler, H.J. Deyerl, M. Elhanine, and C. Alcaraz, Int. J. Mass Spectrom.
261(2-3), 227-233 (2007).
[3] N, De-Oliveira, D. Joyeux and D. Phalippou, Surf. Rev. Lett 9(1), 655-60 (2002).
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Millimeter-wave Velocity Modulation Spectroscopy of
Metal-Containing Molecular Ions
DeWayne T. Halfen1, and Lucy M. Ziurys1
1

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

We have recently measured the pure rotational spectra of several metal-containing
molecular ions. The spectra of these ions were recorded using the millimeter/submillimeter
velocity modulation spectrometer of the Ziurys group [6]. This instrument employs direct
absorption spectroscopy, but can be operated in two mode, source (frequency) modulation and
velocity modulation [1]. The velocity modulation allows for ion-selective detection of these
molecular ions. The species studied include TiCl+ (X3)r), TiF+ (X3)r), VCl+ (X46), FeCO+
(X46), and FeO+ (X66+) [1-5].

These species were created using the organometallic

compounds TiCl4, VCl4, and Fe(CO)5 in the presence of Ar carrier gas and an AC discharge.
For TiF+ and FeO+, the reactant gases F2 and N2O were also added, respectively. The spectra
of these species have been analyzed and their spectroscopic constants have been determined.
The spectra of several of these species show considerable interactions with excited electronic
states, requiring the use of deperturbation methods. A significant difference in bond length
from the neutral species is evident for most of these molecular ions, indicating a change in
bonding characteristics.

[1] D. T. Halfen, and L. M. Ziurys, J. Mol. Spectrosc., 234, 34 (2005).
[2] D. T. Halfen, and L. M. Ziurys, J. Mol. Spectrosc., 240, 58 (2006).
[3] D. T. Halfen, and L. M. Ziurys, ApJ, 657, L61 (2007).
[4] D. T. Halfen, and L. M. Ziurys, in preparation.
[5] D. T. Halfen, R. W. Field, and L. M. Ziurys, in preparation.
[6] C. Savage, and L. M. Ziurys, Rev. Sci. Instrum., 76, 043106 (2005).
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Computational Study on the Existence of Organic Peroxy Radical-Water
Complexes (RO2-H2O)
Jared Clark,1 Alecia M. English,1 Joseph S. Francisco2 and Jaron C. Hansen1
1

Department of Chemistry and Biochemistry, Brigham Young University, Provo, UT ,USA
2

Department of Chemistry and Department of Earth and Atmospheric Sciences
Purdue University, West Lafayette, IN, USA

The existence of a series of organic peroxy radical-water complexes [CH3O2-H2O
(methyl peroxy); CH3CH2O2-H2O (ethyl peroxy); CH3C(O)O2-H2O (acetyl peroxy);
CH3C(O)CH2O2-H2O (acetonyl peroxy); CH2(OH)O2-H2O (hydroxyl methyl peroxy);
CH2(OH)CH2O2-H2O (2-hydroxy ethyl peroxy)] is evaluated using high level ab initio
calculations.[1] Binding energies are predicted for these complexes in which the difference in
binding energies can be explained by the composition of the R group attached to the peroxy
moiety. The general trend in binding energies has been determined to be: fluorine § alkyl <
carbonyl < alcohol. The weakest bound complex, CH3O2-H2O, is calculated to be bound by
3.2 kcal mol-1 and the strongest, the CH2(OH)O2-H2O complex, is bound by 7.5 kcal mol-1.
The binding energy of the peroxy radical-water complexes, which contain carbonyl and
alcohol groups, indicates that these complexes may perturb the kinetics and product branching
ratios of reactions involving these complexes.

[1] J. Clark, A.M. English, J.S. Francisco and J.C. Hansen, J. Phys. Chem. A, submitted (2007)
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Laser Spectroscopy of C3: fluorescence polarization and saturation
Jun-Mei Chao,1 Kan-Sen Chen,1 Chiao Wei Chen,1 Shin-Shin Cheng,1 Anthony J. Merer,1,2
and Yen-Chu Hsu 1
1

Institute of Atomic and Molecular Sciences, Academia Sinica, P. O. Box 23-166, Taipei 10617,
Taiwan, R. O. C.
2

Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver,
British Columbia V6T 1Z1, Canada

~
~
The 100-000 and 01+1-000 bands of the A1 3 u  X 16 g system of C3 have been studied
by fluorescence polarization at rotational resolution under supersonic molecular beam
conditions. In this work, saturation was found to be a major problem in the determination of
the fluorescence polarization. The dependences of the spectral line-widths of several rotational
levels of C3 on the dye-laser power were experimentally determined in order to obtain the
degree of saturation of each rotational line. We have used fluorescence polarization
measurements and the degree of saturation to obtain the transition probabilities of two bands
~
~
of the A1 3 u  X 16 g system of C3.
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State-correlated DC slice imaging study the photodissociation
dynamics of the HCCO radical
Cunshun Huang, Sridhar A. Lahankar, and Arthur G. Suits
Department of Chemistry, Wayne State University, Detroit, MI 48202, USA

HCCO is an important intermediate in combustion, atmospheric chemistry, and
interstellar clouds. Its central role in combustion arises from its position as a major product of
the reaction of oxygen atoms with acetylene, the key reaction in the oxidation of that species
ubiquitous in hydrocarbon combustion. The previous dynamics measurements, obtained by the
fast beam photofragment translational spectroscopy technique[1, 2], showed three distinct
components in the translational energy distributions: at the lowest excitation energy where the
spectrum is rotationally resolved, dissociation appears to be exclusively via intersystem crossing
(ISC) to the quartet state, with formation of electronically excited CH(a46-). Above 34,500 cm-1,
coincident with loss of fluorescence, two distinct additional components appear and come to
dominate. These both must correspond to production of ground state CH(X23) via internal
conversion (IC). Osborn and coworkers [2] interpreted these results to suggest that ISC is the
exclusive decay pathway (aside from a ~10-3 yield of fluorescence) at energies below 34,500
cm-1, while above this, two distinct IC routes must be operative.
We are embarking on an in-depth study of the photodissociation dynamics of this radical
using state-correlated DC slice imaging. The CO product was detected by resonance enhanced
multiphoton ionization (REMPI) after the HCCO radical dissociation to CH and CO. The CO
REMPI spectrum from photodissociation in the vicinity of 230 nm was recorded with the two
color reduced Doppler (TCRD) probe[3]. A fit to this spectrum yielded a CO product rotational
temperature of 3500 K. Using the DC slice ion imaging probe, we obtained the CO images by
REMPI on various rotational states of CO (V=0, J = 10-65). The kinetic energy release and the
angular distributions were derived from the CO images directly. The dissociation dynamics will
be discussed in detail.

[1] D. H. Mordaunt, D. L. Osborn, H. Choi, R. T. Bise, and D. M. Neumark, J. Chem. Phys.,
105, 6078 (1996).
[2] D. L. Osborn, D. H. Mordaunt, H. Choi, R. T. Bise, D. M. Neumark, and C. M. Rohlfing, J.
Chem. Phys., 106, 10087 (1997).
[3] C. Huang, W. Li, M. H. Kim, and A. G. Suits, J. Chem. Phys., 125, 121101 (2006).

57

A-15

Design of a Cryogenically Cooled Fast Ion Beam Trap
Christopher J. Johnson1 and Robert E. Continetti2
1
2

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

Department of Chemistry and Biochemistry, University of California, San Deigo, USA

A linear electrostatic fast ion beam trap has recently been developed [1] which allows
for storage of keV ion beams for >1 s. This type of trap is composed of two mirror assemblies
that reflect ion packets back and forth along a central axis, and offers significant advantages
over typical trapping techniques such as a large field-free area between the mirrors to perform
experiments [2] and the ability to maintain a constant ion packet width for long trapping times
[3]. We present plans for the creation of a cryogenically cooled trap for molecular anions
based on this design.

In this design, ions will be readiatively cooled to ~10 K and

synchronized with a pulsed laser in photoelectron-photofragment coincidence measurements.
This will allow experiments to be carried out on cold anions regardless of any possible heating
caused in the ion source. Additionally, this trap opens the possibility for future experiments
on ion cooling times, ion lifetimes, and selective heating of vibrational modes. This work is
supported by DOE Grant No. DE-FG03-98ER14879.

[1] Dahan et. al., Rev. Sci. Instrum. 69, 76 (1998).
[2] Heber et. al., Rev. Sci. Instrum. 76, 013104 (2005).
[3] Pedersen et. al., Phys. Rev. A 65, 042704 (2002).
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Resonant two-photon ionization spectroscopy of jet-cooled OsC
Olha Krechkivska1 and Michael D. Morse1
1

Department of Chemicstry, University of Utah, Salt Lake City, U.S.A.

The optical spectrum of diatomic OsC has been investigated for the first time, with
transitions recorded in the range from 17,390 to 22,990 cm-1.1 The ground state was found to
be X 3ǻ3, deriving from the 3į3 16ı1 electronic configuration. Six bands were rotationally
resolved and analyzed to obtain ground and excited state rotational constants and bond lengths.
Spectra for six OsC isotopomers, 192Os12C (40.78% natural abundance), 190Os12C (26.26%),
189

Os12C (16.15%), 188Os12C (13.24%), 187Os12C (1.96%), and 186Os12C (1.59%), were

obtained and rotationally analyzed. Four bands were found to originate from the X 3ǻ3
ground state, giving B02=0.533492(33) cm-1 and r02=1.672679(5) Å for the 192Os12C
isotopomer (1ı error limits); two of these, the 0-0 [19.1]2X3ǻ3 and 1-0 [19.1]2X3ǻ3 bands,
were found to form a vibrational progression with 'G11/2 = 953.018 cm-1. The upper states
were identified as having ȍ1=2, ȍ1=3 and ȍ1=2. The remaining two bands were identified
as originating from an ȍ2= 0 level that remains populated in the supersonic expansion. We
believe that this level corresponds to the low-lying A 3Ȉ0+* state, which derives from the
3į216ı2 electronic configuration. The OsC molecule differs from the isovalent RuC molecule
in having an X 3'3 ground state, rather than an X 16+ ground state. This is due to the
relativistic stabilization of the 6s orbital in Os, an effect which favors occupation of the 6slike 16V orbital. The relativistic stabilization also lowers the energy of the 3G2 16V2, 36í term,
allowing this term to remain populated in the supersonically cooled molecular beam.

[1] O. Krechkivska and M. D. Morse, in preparation.
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Resonant Two-Photon Ionization of NiSi and RuSi

Ned Lindholm1 and Michael D. Morse1
1

Department of Chemistry, University of Utah, Salt Lake City, U.S.A.

An investigation of the optical spectra of diatomic NiSi1 and RuSi2 has been conducted
in the gas phase using resonant two-photon ionization spectroscopy (R2PI). Rotationally
resolved spectra of RuSi have revealed transitions from an : = 3 ground level, which has a
bond length of r0s = 2.0951 Å. This demonstrates that the RuSi ground state arises from the
1ı2 2ı2 1ʌ 4 1į3 3ı1, 3ǻ3 term, in contrast to the 1ı2 2ı2 1ʌ4 1į4, 1Ȉ+ ground term of the
isovalent RuC molecule. Rotationally resolved spectra of NiSi have revealed transitions from
an : = 0 ground level, which has a bond length of r0s = 2.0320(3) Å. The ground term is
likely a 16+ state, as in the isovalent NiC, PdC, PtC, and PtSi molecules. The bond length is
significantly shorter than the isoelectronic AlCu molecule (r0Ǝ = 2.3389(4) Å), demonstrating
the presence of dʌ-pʌ bonding in NiSi.

[1] N. F. Lindholm, D. J. Brugh, G. K. Rothschopf, S. M. Sickafoose, and M. D. Morse, J.
Chem. Phys. 118, 2190 (2003).
[2] N. Lindholm and M. D. Morse, J. Chem. Phys., accepted for publication.
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Dissociative Charge Exchange of CH5+ and the Dissociation Dynamics of
CH5
Jennifer E. Mann, John D. Savee and Robert E. Continetti
Department of Chemistry and Biochemistry, University of CA – San Diego, San Diego, USA

Translational spectroscopy coupled with many-body coincident detection techniques
has allowed kinematically complete descriptions of the dissociation dynamics resulting from
excited neutral species produced via dissociative charge exchange (DCE) of a fast cation
beam with cesium vapor. This method is particularly useful in forming species where the
cation is stable, but it's corresponding neutral is not, such as the case of H3+, which has been
previously studied in our group1. Recent results and a collaborative effort with the Bowman
Group at Emory University have provided insight into the internal energy distributions and
branching ratios of DCE of CH5.
Alkyl cations have importance in combustion chemistry due to the stability of the
cation which can readily dissociate into chain-branching radicals upon neutralization. The
CH5+ structure and dynamics have been the subject of many theoretical and experimental
studies in part due to the small barrier to hydrogen rearrangement within the molecule.
However, very little is known about it's corresponding neutral because it is unstable and
difficult to produce. DCE of CH5+ with Cs allows for the formation and study of this neutral.
CH5 is formed as an excited neutral upon near resonant electron capture from Cs to the 3s
Rydberg state. Two possible neutral producing fragmentation pathways are energetically
accessible at this state, H atom loss as well as molecular hydrogen loss. Although the H2 loss
kinematics makes it more likely to be detected, the atomic H loss is the dominant channel with
a preliminary branching ratio of 14:1.
This work is supported by AFOSR grant FA9550-04-1-0035.

[1] C. M. Laperle, J. E. Mann, T. G. Clements and R. E. Continetti, Phys. Rev. Lett. 93,
153202-1 (2004).
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Dynamics of Reactive and Inelastic Scattering at the Gas-Liquid Interface
P.A.J. Bagot, M. Allan, C. Waring, M.L. Costen and K.G. McKendrick
School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, UK

We report recent progress in our experimental investigation of reactions and inelastic
collisions between gas-phase species and liquid hydrocarbon surfaces. A continuously
refreshed liquid surface is generated on a wheel rotating through a temperature-controlled
bath. The gas-phase species of interest is created by laser photolysis of a suitable precursor at
a controlled distance (typically 5-10 mm) above the surface. The scattered products of
reaction or inelastic scattering, which in all the current experiments are OH X23, are detected
by laser-induced fluorescence (LIF). Time-of-flight (TOF) profiles provide information on the
translational energy distributions. LIF excitation spectra at different times yield correlated
information on the internal state distributions. We complement the experimental work with
realistic molecular dynamics (MD) simulations of the structure of the liquid surface.
We have extended our previous studies[1-4] of reactions of O(3P) with the benchmark
branched molecule, squalane (C30H62), obtaining the state-specific temperature dependence of
the yield and appearance profiles for OH. Some surprising differences between v’=0 and 1
may be explained by the dependence of the survival probability of OH v’=1 on the surface
structure. We have also examined a representative range of other branched and linear
hydrocarbons. Distinct variations in the reactivity appear to depend on both molecular
structure and ordering within the outer liquid layer.
We also expanded the work to include scattering of OH itself, produced by photolysis
of HONO. We have compared OH collisions with squalane, which is potentially reactive, and
the perfluorocarbon, Krytox®, which is not. The integrated areas under the TOF curves reveal
information on the branching between reaction and inelastic channels for squalane, while their
shapes reveal distinctive momentum transfer to the surface for the two different liquids.
[1] Kelso, H.; KĘhler, S. P. K.; Henderson, D. A.; McKendrick, K. G. J. Chem. Phys. 119, 9985 (2003).
[2] KĘhler, S. P. K.; Allan, M.; Kelso, H.; Henderson, D. A.; McKendrick, K. G. J. Chem. Phys. 122,
024712 (2005).
[3] KĘhler, S. P. K.; Allan, M. ; Costen, M. L.; McKendrick, K. G. J. Phys. Chem. B 110, 2771 (2006).
[4] KĘhler, S. P. K. ; Reed, S. K.; Westacott, R. E.; McKendrick, K. G. J. Phys. Chem. B 110, 11717
(2006).
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Silyl and germyl radicals investigated by muon spin spectroscopy
Paul W. Percival, 1 Jean-Claude Brodovitch,1 Jason A. C. Clyburne,1,2 Nicholas J. Hill,3
Brett C. McCollum,1 Adam C. Tomasik3 and Robert West3
1

TRIUMF and Department of Chemistry, Simon Fraser University, Burnaby BC, Canada
2

Chemistry and Environmental Studies, Saint Mary's University, Halifax NS, Canada
3

Organosilicon Research Center, University of Wisconsin, Madison WI 53706 USA
The exotic atom muonium (Mu = μ+e–) is effectively a light isotope of hydrogen and

can react with an unsaturated molecule to give a muoniated radical. Such radicals can be
characterized by muon spin spectroscopy: muon spin rotation (μSR) to determine the muon
hyperfine constant, and muon avoided level-crossing resonance (μLCR) to determine the
hyperfine constants of other magnetic nuclei in the radical. We employ these techniques at the
TRIUMF cyclotron facility, in Vancouver, BC. This is the only site in America with the
necessary intense beams of spin-polarized muons. We report here the first examples of
silicon- and germanium-centred muoniated radicals. They were formed by muonium addition
to stable N-heterocyclic silylenes and germylenes, in direct analogy to earlier work on
carbenes [1].

Shown below are the muon hyperfine constants (hfc) for these radicals

determined by μSR. There is no equivalent data on H adducts of silylenes and germylenes,
but the adducts of larger radicals have been studied by electron spin resonance [2].
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[1] I. McKenzie, J-C. Brodovich, P. W. Percival, T. Ramnial, and J. A. C. Clyburne, J. Am.
Chem. Soc. 125, 11565 (2003).
[2] B. Tumanskii, P. Pine, Y. Apeloig, N.J. Hill, and R. West, J. Am. Chem. Soc. 126, 7786
(2004); 127, 8248 (2005).
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The Pure Rotational Spectra of HZnCl (X 16+) and ZnCl (X 26+): The
Effects of Bonding in Open versus Closed Shell Molecules.
Robin L. Pulliam1, Michael A. Flory1, Emily D. Tenenbaum1, Lucy M. Ziurys1
1

University of Arizona, Department of Chemistry, Department of Astronomy, Steward
Observatory, Tucson, USA

The radical ZnCl (X 2Ȉ+) [1] and HZnCl (X 1Ȉ+) has been studied using millimeter-wave
direct-absorption spectroscopy. ZnCl was produced by the reaction of zinc vapor and chlorine
gas. HZnCl was produced by a similar method except H2 was introduced and a DC discharge
was used. Pure rotational spectra of 67Zn35Cl, 66Zn37Cl, 68Zn35Cl, 64Zn35Cl, 64Zn37Cl, and
66

Zn35Cl were measured for zinc chloride and the equivalent in the HZnCl species. In addition,

the D64Zn35Cl spectrum was recorded. For ZnCl, each rotational transition was split into a
doublet due to spin-rotation interactions; for 67Zn35Cl, each doublet exhibited additional
splittings arising from hyperfine coupling of the 67Zn (I = 5/2) nucleus. In the case of HZnCl,
a single line was observed for each transition. The equilibrium bond length of 64Zn35Cl is
found to be 2.13003(57) Å, in good agreement with recent theoretical predictions. For HZnCl,
the average Zn-Cl bond length was determined to be 2.083153(21) Å with the H-Zn bond
length equal to 1.51909(38) Å. We are currently conducting measurements of the hyperfine
structure arising from the 67Zn (I = 5/2), 37Cl (I = 3/2 ) and 35Cl (I = 3/2) quadrapole
interactions.
[1] E.D. Tenenbaum, M.A. Flory, R.L. Pulliam, L.M. Ziurys, Journal of Molecular
Spectroscopy (2007), doi: 10.1016/j.jms.2007.05.011
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A photofragment imaging study of the CH2CCH2OH radical intermediate of
the OH+allene reaction

Arjun S. Raman, M. Justine Bell, Kai Chung Lau, and L.J Butler 1
1

The University of Chicago, Department of Chemistry, Chicago, USA

These velocity-map imaging experiments characterize the photolytic generation of one of the
two radical intermediates formed when OH reacts via an addition mechanism with allene.
The CH2CCH2OH radical intermediate is generated photolytically from the photodissociation
of 2-chloro-2-propen-1-ol at 193 nm. Detecting the Cl atoms using 2+1 resonance-enhanced
multiphoton ionization evidences an isotropic angular distribution for the Cl + CH2CCH2OH
photofragments, a spin-orbit branching ratio for Cl(2P1/2):Cl(2P3/2) of 0.39, and a bimodal
recoil kinetic energy distribution.

Conservation of momentum and energy allow us to

determine from this data the internal energy distribution of the nascent CH2CCH2OH radical
co-fragment.

To assess the possible subsequent decomposition pathways of this highly

vibrationally excited radical intermediate, we include electronic structure calculations at the
G3B3 level of theory. They elucidate the isomerization and dissociation transition states en
route from the initial CH2CCH2OH radical intermediate to the three most important product
channels for the OH + allene reaction expected from this radical intermediate: formaldehyde +
C2H3, H + acrolein, and ethene + CHO. We compare our results to a previous theoretical
study of the O + allyl reaction conducted at the CBS-QB3 level of theory, as the two reactions
include several common intermediates.

[1] Arjun S. Raman, M. Justine Bell, Kai-Chung Lau, Laurie J. Butler, submitted to Journal of
Chemical Physics.
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Carbene photochemistry: Mode specific dynamics in the quasi-linear,
predissociated

B 1 Ac

state of CHF probed by optical-optical double
resonance

Chong Tao,1 Calvin Mukarakate,1 Scott A. Reid,1 Timothy W. Schmidt,2 and Scott H. Kable2
1

Department of Chemistry, Marquette University, Milwaukee, WI, USA
2

Department of Chemistry, University of Sydney, Sydney, AUS

We recently reported the first observation of
the predissociated, quasilinear B Ac state of a
1
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observed levels are predissociated, as indicated by broadened Lorentzian lineshapes, the
linewidths display a marked mode selectivity. In particular, we find that combination states
involving bending and C-F stretching excitation exhibit the largest widths, and thus decay
rates, which increase with increasing quanta of C-F stretch. In contrast, “pure” C-F stretching
or bending states display the narrowest widths. Combination states containing only C-H
stretch and bend display widths comparable to the pure bending states, indicating that C-H
stretch excitation does not enhance the decay rate.
photochemistry in the

These results indicate a complex

B 1 Ac state, which we have explored via ab initio calculations.

[1] C. Tao, S. A. Reid*, T. W. Schmidt, and S. H. Kable*, J. Chem. Phys., 126, 051105/1-4
(2007).
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Ab initio calculations on the B state of CHF
Craig A. Richmond,1 Chong Tao,2 Scott A. Reid,2 Timothy W. Schmidt,1 Scott H. Kable 1
1
2

School of Chemistry, University of Sydney, Sydney, Australia

Department of Chemistry, Marquette University, Milwaukee, USA

The spectroscopy of halocarbenes has been extensively studied both experimentally
and theoretically. A great deal of work has been carried out investigating the ground and first
excited singlet states, as well as singlet-triplet energy gaps.

There are, however, few

investigations into higher lying excited states, and whilst UV photodissociation of some
halocarbenes has been explored, the identity of the dissociative surface was unknown. The
~

first experimental observation of the predissociative B state of a halocarbene was recently
reported by Tao et. al.[1] To complement this study, we have used CASSCF and MRCI with
~

aug-cc-pVXZ (X = D, T, Q) to calculate the PES of the B state in order to derive values of
the vibrational frequencies and to determine the barrier to linearity.

[1] C. Tao, S. A. Reid, T. W. Schmidt and S. H. Kable, J. Chem. Phys. 126, 051105 (2007).
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Laboratory Studies of Interstellar Molecules
Neil J. Reilly, Damian L. Kokkin, Klaas Nauta, Masakazu Nakajima, Scott H. Kable,
Timothy W. Schmidt
School of Chemistry, University of Sydney, New South Wales, Australia

One of the oldest mysteries in molecular spectroscopy is the identity of the carriers of the
diffuse interstellar bands (DIBs). Our strategy to uncover the carriers of the DIBs involves
detailed spectroscopic experiments on carbon chains, aromatics, and exotic radicals. Our
studies have led us to the discovery of a radical species, produced by a discharge in benzene,
absorbing coincident with the strong DIB at 4760Å. This is the second such species from a
benzene discharge found to be coincident with a DIB, the other being coincident with the
strong DIB at 4428Å. The identity of the laboratory 4760Å band carrier is discussed in terms
of the carbon chain and aromatic paradigms.

[1] N. J. Reilly, T. W. Schmidt, S.H. Kable, J. Phys. Chem. A 110, 12355 (2006).
[2] C. D. Ball, M. C. McCarthy, and P. Thaddeus, Astrophysical Journal, 529, L61 (2000); M. Araki,
H. Linnartz, P. Kolek, H. Ding, A. E. Boguslavskiy, A. Denisov, T. W. Schmidt, T. Motylewski, P.
Cias and J. P. Maier, Astrophysical Journal, 616, 1301 (2004).

68

A-28

Observation of the Ground and Low Lying Excited States of Linear and
Cyclic C3H via Anion Photoelectron Spectroscopy
Sean M. Sheehan, Bradley F. Parsons, Terry Yen, and Daniel M. Neumark
Department of Chemistry; University of California, Berkeley; Berkeley, CA 94720-1460, USA

The C3H radical is an important reaction product in the prototypical reaction involved
in the growth of carbon chains in interstellar clouds and circumstellar envelopes
(C(3P) + C2H2 ĺ products). [1] Two isomeric forms of C3H have been identified in the
interstellar medium, a linear/slightly bent form (l-C3H) and a cyclic form (c-C3H). [2] Anion
photoelectron spectroscopy of C3H- and C3D- is performed at wavelengths between 660 nm
(1.884 eV) and 266 nm (4.661 eV). Both isomers of C3H are identified in the spectra. The
electron affinity of l-C3H is tentatively assigned as 1.838 ± 0.002 eV, but is complicated by
the Renner-Teller effect in the ground state of the neutral. The cyclic isomer is more
straightforward and its electron affinity is assigned as 1.999 ± 0.025 eV. Franck-Condon
simulations are used to assign vibrational frequencies to the Ȟ2 (a1) and Ȟ3 (a1) modes of the
2

B2 cyclic isomer as 1613 ± 25 cm-1 and 1161 ± 25 cm-1, respectively. A forbidden

asymmetric vibrational mode of the cyclic ground state is also observed, which is attributed to
vibronic coupling to the first excited state. Additionally, the term energy of the 2A1 cyclic first
excited state is established as 1.003 ± 0.012 eV.
[1] D. C. Clary, E. Buonomo, I. R. Sims, I. W. M. Smith, W. D. Geppert, C. Naulin, M. Costes, L. Cartechini,
and P. Casavecchia, Journal of Physical Chemistry A 106 (23), 5541 (2002).
[2] P. Thaddeus, C. A. Gottlieb, A. Hjalmarson, L. E. B. Johansson, W. M. Irvine, P. Friberg, and R. A. Linke,
Astrophysical Journal 294 (1), L49 (1985); S. Yamamoto, S. Saito, M.Ohishi, H. Suzuki, S. Ishikawa, N. Kaifu,
and A. Murakami, Astrophysical Journal 322 (1), L55 (1987).
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Determination of the Intermolecular Potential Energy Surface of Ar-NO
Yoshihiro Sumiyoshi and Yasuki Endo
Department of Basic Science, Graduate School of Arts and Sciences,
The University of Tokyo, Komaba, Meguro-ku, Tokyo 153-8902, Japan
High-resolution spectroscopy of an open-shell complex, Ar-NO, in the electronic ground
state has been performed by Mills et al. about 20 years ago[1], where well resolved fine and
hyperfine structures were obtained. They performed a least-squares analysis using an
effective Hamiltonian for a doublet asymmetric-top, considering the hyperfine interaction for
the N nucleus and the Renner-Teller effect due to the coupling between the orbital angular
momentum of the unpaired electron and the intermolecular bending vibration. However, the
observed data were not able to be reproduced within the experimental accuracy, where the
standard deviation of the fit was 6.7 MHz. The failure of the fitting was ascribed to the large
amplitude intermolecular vibrations.
In the present study, all the data reported by Mills et al. are reproduced almost within the
experimental accuracy by employing an analysis using a free-rotor model reported in our
recent studies for open-shell complexes, Ar-OH and Ar-SH [2-4]. A 2-dimensional
intermolecular potential energy surface (2D-IPS) for Ar-NO has been determined from the
analysis. Furthermore, based on the determined 2D-IPS, additional pure rotational (a-type)
and ro-vibrational (b-type) transitions were observed by Fourier-transform microwave
spectroscopy, where the 2D-IPS were able to predict the transition frequencies within 1 MHz
from the observed. This result indicates that the determined 2D-IPS is accurate at least near
the minimum point. It has been confirmed that the orbital angular momentum of the NO
monomer is not quenched for this complex, and the rotational energy levels are well expressed
by the Hund’s case (a) coupling scheme in spite of the fact that the vibrationally averaged
configuration of the complex is T-shaped.
[1] P. D. A. Mills, C. M. Western, and B. J. Howard, J. Chem. Phys. 90, 4961 (1986).
[2] Y. Endo, H. Kohguchi, and Y. Ohshima, Faraday Discuss. 97, 341 (1994).
[3] Y. Sumiyoshi and Y. Endo, J. Chem. Phys. 123, 054325 (2005).
[4] Y. Sumiyoshi and Y. Endo, J. Chem. Phys. 125, 124307 (2006).
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HO2 and OH Formation Mechanism in DME oxidation
Kotaro Suzaki,1 Kentaro Tsuchiya,2 Mitsuo Koshi,3 Hiroyuki Yamada,1 Yuichi Goto1 and
Atsumu Tezaki4
1
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HO2 and OH play an important role in DME low temperature (500 < T < 1000 K) oxidation
mechanism, which affects autoignition features. In our previous study the HO2 and OH
formation pathway between 295 K and 600 K in the Cl- initiated reaction of CH3OCH2 + O2
was investigated through HO2 and OH detection using Frequency Modulation Spectroscopy
(FM) and CH3OCH2O2 detection using UV Absorption technique established in the same
apparatus as that of FM [1]. It was discussed that HO2 formation mechanism changed with
increasing temperature. HO2 was formed mainly through the reaction of HCHO + OH at
around 600 K, a part of which was formed promptly via the sequence without stabilization.
On the other hand, at around 300 K, the HO2 formation mechanism was governed by a series
of reactions initiated by CH3OCH2O2 self reaction. While the CH3OCH2O2 self reaction seems
to be important for HO2 formation pathway, there has been only one temperature-dependent
rate constant derived from a model study [2].
In this study the rate constant of CH3OCH2O2 self reaction has been measured, which
supports the proposed HO2 and OH formation mechanism. The rate constant of CH3OCH2O2
self reaction has been obtained using FM and UV apparatus between 298 K and 400 K, in
which there is no interference of secondary reaction or CH3OCH2O2 decomposition reaction.
As the CH3OCH2O2 profiles detected by UV included HO2 components, they were corrected
using FM HO2 signals. The rate constant of CH3OCH2O2 self reaction has been obtained as k
= (3.9 ± 1.9)×10-13 ×exp( 720 ± 150 / T) cm3molecule-1s-1 (298 – 400 K). The HO2
formation has also been explained by proposed mechanism without inconsistency.
[1] K. Suzaki, T. Chinzei, K. Tsuchiya, M. Koshi and A. Tezaki, J. Phys. Chem. A, 111, 37763788 (2007).
[2] C. M. Rosado-Reyes, J. S. Francisco, J. J. Szente, M. M. Maricq, L. F. Ostergaard, J. Phys.
Chem. A, 109, 10940-10953 (2005).

71

A-32

Effects of Water Vapor on the Kinetics of the CH3O2 self-reaction and
Reaction with HO2
Alecia M. English,1 Joseph J. Szente,2 M. Matti Maricq,2 and Jaron C. Hansen1
1
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Chemical Engineering Department, Ford Motor Company, Dearborn, MI, USA

The gas phase reactions of CH3O2 + CH3O2, HO2 + HO2, and CH3O2 + HO2 in the
presence of water vapor have been studied at temperatures between 253K and 303K using
laser flash photolysis coupled with UV time-resolved absorption detection at 220nm and
260nm. Tunable diode laser spectroscopy operating in the mid-IR is used to quantify the
water vapor concentration. The HO2 self-reaction rate constant is significantly enhanced by
water vapor, consistent with what others have reported, [1] while the CH3O2 self-reaction rate
constant is nearly unaffected. The enhancement in the HO2 self-reaction rate coefficient is
explained as occurring because of the formation of a strongly bound (6.9 kcal mol-1) HO2-H2O
complex during the reaction mechanism.[2] The nominal impact of water vapor on the CH3O2
self-reaction rate coefficient is consistent with recent high level ab inito calculations which
predict a weakly bound CH3O2-H2O complex (3.2 kcal mol-1).[3] The smaller binding energy
of the CH3O2-H2O complex excludes its formation and consequent participation in the methyl
peroxy self-reaction mechanism. The cross reaction (CH3O2 + HO2) rate dependence on
water vapor is currently under investigation.

[1] S.P. Sander, R.R. Friedl, D.M. Golden, M.J. Kurylo, G.K. Moortgat, H. Keller-Rudek, P.H.
Wine, A.R. Ravishankara, C.E. Kolb, M.J. Molina, B.J. Finlayson-Pitts, R.E. Huie, and V.L.
Orkin, Chemical Kinetics and Photochemical Data for Use in Atmospheric Studies,
Evaluation # 15 (2006)

[2] S. Aloisio and J.S. Francisco, J. Phys. Chem. A. 102,1899-1902 (1998)
[3] J. Clark, A.M. English, J.S. Francisco and J.C. Hansen, J. Phys. Chem. A, submitted (2007)
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Electron Spin-Rotation Tensor from First Principles
György Tarczay,1 Péter G. Szalay, 2 and Jürgen Gauss3
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Jakob-Welder-Weg 11, D-55128 Mainz, Germany

Following the recipe of Curl [1] first principles calculation of electron spin-rotation
tensor at various electron correlation levels, including coupled cluster series, has been
implemented into ACES2. This poster presents test calculations for more than a dozen radicals
for which experimentally determined tensor elements are available. Both basis set dependence
and the effect of electron correlation is investigated. In most of the cases the CCSD/cc-pVTZ
values are in excellent agreement with the experimental results.

[1] R. F. Curl, Mol. Phys. 9, 585, (1965).
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Low Temperature Kinetic Studies of C2H and CN with Benzene
Adam J. Trevitt,1 Fabien Goulay,1 and Stephen R. Leone 1
1

Departments of Chemistry and Physics, and Lawrence Berkeley National Laboratory, The
University of California, Berkeley, CA, 94720, USA

Reactions of benzene with small radicals are implicated in the chemical scheme
describing the formation of polycyclic aromatic hydrocarbons (PAHs) and polycyclic
aromatic nitrogen heterocyclics (PANHs) in the atmosphere of Titan. Both PAHs and PANHs
are proposed as the intermediates between small hydrocarbon molecules and organic aerosols
(tholins). Information on the rates of benzene reactions with small carbon radicals will
contribute to the understanding of the pathways leading to large polycyclic molecules, and
ultimately organic aerosols. In this undertaking we study the low temperature kinetics of the
reactions of CN and C2H radicals with benzene, infer mechanisms and discuss the
implications for PAH and PANH generation in the hazy atmosphere of Titan.
A pulsed Laval nozzle technique is used to study the kinetics of C2H + benzene and
CN + benzene reactions at low temperatures. The expansion through a Laval nozzle generates
an isotropic column of gas with a temperature that is dependent on the nozzle geometry, the
buffer gas and the initial temperature of the buffer gas. The gas flow, which consists mostly of
N2 in this study, is seeded with the relevant radical precursor and a known concentration of
benzene. The radical species is then generated by laser photolysis of either C2H2 or CF3C2H
for C2H and BrCN for CN. For both reactions, pseudo first order rate constants are determined
from the radical decay profile. In the case of the C2H + benzene reaction, the relative
concentration of the radical is monitored by adding a small amount of O2 to the flow and
measuring the CH (A2) chemiluminescence decay trace produced by the C2H + O2 side
reaction. For CN, the reaction is followed by measuring the laser-induced fluorescence from
the CN (B2X2) transition as a function of delay time from the photolysis laser.
A slight negative temperature dependence over 100300K is observed for the C2H +
benzene reaction which can be fitted to the expression k(cm3 molecule-1 s-1) = 3.3(±1.0)  1010

(T/298)-0.18(±0.18). This result implies that the reaction entrance channel is essentially

barrierless and that the reaction of C2H with benzene could play an important role in PAH
formation in Titan’s atmosphere. Results from the CN + benzene will be compared to the C2H
case and implications for PANH formation will be discussed.

74

A-35

Resolving the structure of the p-benzyne radical anion
with photoionization spectroscopy
Vitalii Vanovschi1 and Anna I. Krylov1
1

University of Southern California, Los Angeles, USA

The 1,4-benzene radical anion is an example of symmetry breaking system due to a
multiconfigurational wavefunction and vibrionic interactions between the ground and a low
lying excited state. Most ab initio methods find two energy minima: D2h and C2v, with
delocalized and localized charge respectively. Calculation by HF, DFT, CCSD, CCSD(T),
OO-CC, EOM-CC show that energy difference between D2h and C2v minima strongly depends
on the amount of correlation energy taken into account. For instance, HF and CCSD place C2v
minimum below D2h by 0.971 eV and 0.046 eV, respectively.
Electron photodetachment spectra for the C2v and D2h structures were calculated using
CCSD geometries and frequencies. Comparison with the experimental spectrum clearly shows
that p-C6H4- has D2h symmetry in the ground state.
Although B3LYP predicts the symmetry of the molecule correctly, it does not agree
with the corresponding spectrum. We found that B3LYP underestimate vibronic interaction
due to the self-interaction error, which has the major impact on calculated by DFT energy
difference between C2v and D2h structures.
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Crossed molecular beams studies of B with unsaturated hydrocarbons

Fangtong Zhang, Ying Guo, Xibin Gu, Ralf Kaiser
Department of Chemistry, University of Hawaii at Manoa, Honolulu, HI 96822

The elementary reactions of ground state boron atoms, B(2Pj), with various unsaturated
hydrocarbons were carried out in a universal crossed molecular beams machine under the
single collision condition at different collision energies. To investigate the energetics and
reaction dynamics of these elementary boron atom reactions in combustion and rocket
propulsion systems, acetylene, ethylene and benzene were chosen as the prototype reactive
partners with triple, double and aromatic carbon-carbon bonds respectively. Methylacetylene
and allene were selected because they are the simplest structure isomers of unsaturated,
closed-shell hydrocarbon species. Partially deuterated reactants were also used to help
verifying multiple reaction pathways, the position of the hydrogen versus deuterium loss, and
their branching ratios. In this poster, we summarize the results from all the above reactions
together with high level ab initio calculations, thus provide important information of boron
reaction mechanism such as primary products, intermediates involved, and reaction energies.
All these data are essential to predict quantitatively the performance of combustion and
propellant system to minimize the emission of unwanted by-products and maximize the
propulsion efficiency.
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Photodissociation and excited states dynamics of the SH radical
Xianfeng Zheng, Jingze Wu, Yu Song, and Jingsong Zhang
Department of Chemistry
University of California at Riverside
Riverside, CA 92521, USA

Photodissociation of diatomic radicals such SH serves as a model system for studying
nonadiabatic processes of electronic excited states.

In this work, near-UV photo-

predissociation of SH via the A26+ state, direct UV photodissociation of SH on the repulsive
2 

6 state, and VUV photodissociation of SH by Lyman-D radiation are studied. In the VUV

photodissociation of SH, the S(3PJ=0,1,2) product and the excited-state S(1D2) and S(1S0)
products are observed, with S(1D2) being predominant. Fine-structure state distributions of
the S(3PJ) products are also measured in all the three regions.
3

The fine-structure state

2 +

distributions of the S( PJ) product from the A 6 state vary drastically with the rovibrational
levels of the A26+ state. The spin-orbit branching ratios of the S(3PJ) product from the direct
UV photodissociation via the repulsive 26 state approach those of the sudden limit from the
2 

6 state.

The product fine-structure state distributions are influenced by nonadiabatic

interactions among the electronic excited states along the dissociation coordinate, and they in
turn provide a sensitive probe of the dissociation dynamics of the diatomic radicals. The
photodissociation mechanisms will be discussed.
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Slow Electron Velocity-Map Imaging Spectroscopy of Anions
Jia Zhou, Etienne Garand, and Daniel M. Neumark
Department of chemistry, University of California, Berkeley, 94720

Photoelectron spectroscopy of negative ions has been shown to be a versatile probe of
radicals, clusters, and transition states. However, its resolution has typically been limited to 510 meV. Anion zero electron kinetic energy (ZEKE) spectroscopy can provide considerably
higher resolution (<0.5 meV), but it suffers from low signal rates and can only be applied to
anions that detach via s-waves near threshold. We have recently developed slow electron
velocity-map imaging (SEVI), a variant of photoelectron imaging whose resolution is
comparable to that of anion ZEKE spectroscopy, and also offers considerably higher data
acquisition rates and more general applicability. In SEVI, a tunable laser is used to
photodetach anions slightly above the threshold and the resulting low kinetic energy electrons
are collected with high efficiency using velocity-map imaging. The ability of SEVI is
demonstrated with the studies of 1-propynyl (C3H3) where a more accurate electron affinity
has been determined, and carbon monohydrides (C2nH with n=1-3) where several new
vibronic transitions on the two low-lying electronic states are resolved. SEVI has also been
applied to the investigation of the ClH2 vdW complex, probing the shallow well at the
entrance of the Cl+H2 reactive surface. SEVI spectra of ClH2¯ show features corresponding
to the hindered-rotor motion and the low frequency stretching vibration, thus providing a
sensitive probe of the potential energy surfaces used in the calculations and their nonadiabatic couplings.
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Generation of VUV at the new Laser Center of the University Paris 11
Christian Alcaraz,1,3 Pierre Çarçabal, 2,3 and Michel Broquier 2,3
1

Laboratoire de Chimie Physique, CNRS/Université Paris 11, Orsay, France
2

Laboratoire de Photophysique Moléculaire, CNRS, Orsay, France
3

CLUPS, Université Paris 11, Orsay, France

A laser facility for chemical physics studies has been developped at the new Laser
Center (CLUPS) [1] of the University Paris-Sud at Orsay. Several dye and OPO lasers are
providing synchronized radiation in the IR-VIS-UV range. VUV radiation generated by 4
wave mixing in rare gases is also available and can be used in combination with IR-VIS-UV
radiations.

A description of the generated VUV and its caracteristics will be given in this
presentation. This new tool will be used with standard techniques to probe, among other
things, the spectroscopy of radicals in particular their photoionisation.

This new laser-based VUV beamline is complementary of the VUV synchrotron
beamline DESIRS [2] at the nearby french synchrotron SOLEIL (see G.Garcia contribution).

[1] CLUPS: http://www.clups.u-psud.fr/
[1] DESIRS: http://www.synchrotronsoleil.fr/portal/page/portal/Recherche/LignesLumiere/DESIRS
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Photodissociation dynamics of 2-methyl-allyl radical
Michael Gasser, Peter Chen and Andreas Bach
Laboratorium für Organische Chemie, ETH Zurich, Switzerland

We report on the spectroscopy and photodissociation dynamics of 2-methyl-allyl radical
prepared by supersonic jet flash pyrolysis of 3-iodo-2-methylprop-1-ene or 3-methylbut-3-en-1-yl
nitrite following excitation in the 260 nm to 240 nm range. A translational energy release
<Et>12 kcal/mol was obtained for the dissociation of 2-methylallyl radical to C4H6+H.
Experiments using a partially deuterated radical precursor producing d3-2-methyl-allyl confirms
the loss of both the terminal hydrogen atoms and loss of hydrogen atoms from the methyl group.
Combined with the measured rate constants for the appearance of hydrogen atoms following
electronic excitation, a rearrangement of 2-methyl-allyl radical before dissociation seems likely.
The dissociation dynamics are compared to allyl radical with a special emphasis on nonstatistical
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The HNNC Radical and its Role in the CH + N2 Reaction

Michael R. Berman
Air Force Office of Scientific Research
875 N. Randolph St.
Arlington, VA 22203
Takashi Tsuchiya, Adriana Gregusova, S. Ajith Perera and Rodney J. Bartlett
Quantum Theory Project
Department of Chemistry and Physics,
University of Florida
Gainesville, FL 32611.

A previously unreported channel in the spin-allowed reaction path for the CH + N2
reaction that involves the HNNC radical is presented. The structures and energetics of the
HNNC radical and its isomers HCNN and HNCN and the relevant intermediates and
transition states that involve the proposed mechanism are obtained at the coupled cluster
singles and doubles level of theory with non-iterative triples correction (CCSD(T)) using a
converging series of basis sets aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ. The aug-ccpVQZ basis is used for all the final single point energy calculations using the CCSD(T)/augcc-pVTZ optimized geometry. We find the HNNC radical to have a heat of formation of ǻfH0
(HNNC) = 116.5 kcal mol-1. An assessment of the quality of computed data of the radical
species HNCN and HCNN is presented by comparison with the available experimental data.
We find that HNNC can convert to HNCN by passing over a barrier that is 14.5 kcal mol-1
above the energy of CH + N2 reactants and thus can play a role in the high-temperature spinallowed mechanism for the reaction of CH + N2 proposed by Moskaleva, Xia and Lin (Chem.
Phys. Letts. 2000, 331, 269).
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Dynamics of Hyperthermal Collisions of O(3P) with CO
Amy L. Brunsvold,1 Hari P. Upadhyaya,1 Jianming Zhang,1 Russell Cooper,1
Timothy K. Minton,1 Matthew Braunstein,2 and James W. Duff 2
1

Department of Chemistry and Biochemistry
Montana State University
Bozeman, Montana 59717
2
Spectral Sciences, Incorporated
Burlington, MA 01803

Atomic oxygen is the major constituent in the residual atmosphere at low-Earthorbital altitudes. Hyperthermal collisions between atomic oxygen in the atmosphere and
missile exhaust gases cause light producing chemical reactions and a bright missile signature.
Theoretical calculations currently predict product internal state distributions and emission
spectra of rocket plume interactions with atomic oxygen. For this study, a crossed-molecular
beams experiment and classical trajectory calculations have been used to study the dynamics
of O(3P) + CO collisions at hyperthermal collision energies. Isotopically labeled C18O, was
used to distinguish between the reactive, O + C18O ĺ OC +

18

O, and inelastic channel O +

C18O ĺ C18O + O. The flux of the reactively scattered OC molecules decreased dramatically
from forward scattered (with respect to the O-atom beam) to backward scattered, while the
inelastic C18O molecules were mainly backward scattered.

Theoretical calculations show

angular distributions which are in reasonable agreement with the experimental results.
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Rotationally resolved stimulated pumping emission (SEP) spectra applied to
the methoxy radical
Ming-Wei Chen,1 Jinjun Liu,1,2 and Terry A. Miller1
1

Laser Spectroscopy Facility, Department of Chemistry, The Ohio State University, 120 W.
18th Avenue, Columbus, Ohio 43210, USA.

2

Present address: Laboratory of Physical Chemistry, ETH Zurich, Wolfgan-Pauli-Str. 10, 8093
Zurich, Switzerland.

The ground electronic state ( X 2 E ) of the methoxy radical, CH3O, is distorted by the
Jahn-Teller interaction and splits into a 2 E3/ 2 and an excited (~60cm-1) 2 E1/ 2 component due to
the spin-orbit interaction, which is partially quenched by the Jahn-Teller effect. Previous
microwave[1] and laser induced fluorescence (LIF)[2] studies have established no connection
between these two spin-orbit components and hence no internally consistent determination of
the molecular parameters in the

2

E3/ 2 and

2

E1/ 2 levels.

A direct, high-resolution

spectroscopic measurement of the spin-orbit splitting of CH3O can disentangle the various
contributions to the X 2 E state structure and provide a more precise measurement for each of
them. In order to accomplish this goal, our high-resolution laser system (FWHM~250MHz)
was combined with a moderate-resolution laser system (FWHM~0.2cm-1) to observe the
stimulated emission pumping (SEP) spectra of the methoxy radical by pumping assigned
rotational lines of the A 2 A1  X 2 E3/ 2 transition and then dumping the population to the
rotational levels of the 2 E1/ 2 state. A resolution (FWHM) of ~300MHz and an accuracy (1ı)
of <100MHz were achieved, which makes a global fitting of SEP spectra with the LIF and
microwave results possible.

To adequately reproduce the experimental measurements

requires a new parity labeling for previous assigned 2 E1/ 2 levels. New molecular parameters
including a more reliable value of the spin-orbit splitting are extracted from the global fitting
of the combined microwave, LIF, and SEP data.

[1] Y. Endo, S. Saito, and E. Hirota, J. Chem. Phys. 81, 122, (1984).
[2] J. Liu, J. T. Yi, V. Starkursky, and T. A. Miller, 61st OSU International Symposium on
Molecular Spectroscopy, TJ04&05 (2006).
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Direct location of the minimum point on intersection seams of
potential energy surfaces with equation-of-motion
coupled-cluster methods
Evgeny Epifanovsky and Anna I. Krylov
The projected gradient technique for finding the minimum point on intersection seams of potential energy surfaces (PESs) was implemented for coupledcluster and equation-of-motion methods within the Q-Chem electronic structure
package. The examples of PES crossing minimization include the cyclic trinitrogen cation, nitrogen dioxide, and the para-benzyne diradical.

1
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Matrix Isolation IR Spectroscopy of Methyl Nitrate (CH3OONO)
Bradley A. Flowers, 1 Xu Zhang2, Mark R. Nimlos3, G. Barney Ellison1, and John F. Stanton4
1

Department of Chemistry and Biochemistry, University of Colorado at Boulder, Boulder, CO
USA
2

California Institute of Technology, Jet Propulsion Laboratory, Pasadena, CA, USA
3

4

National Renewable Energy Laboratory, Golden, CO, USA

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

We have synthesized and isolated methyl pernitrite (CH3OONO) in a low temperature Ar
matrix. Methyl pernitrite is the reactive intermediate in the conversion of NO to NO2 by
methyl peroxyl radical: CH3OO + NO  [CH3OONO]  CH3O + NO2, CH3ONO2. The
methyl pernitrite intermediate can also isomerize to form methyl nitrate, CH3ONO2. The
behavior of the methyl pernitrite intermediate determines the branching ratios for NO2 and
nitrate formation. This reaction is an important source of NO2 in the atmosphere and
increasing evidence suggests its is also an important source of methyl nitrate in the ocean. We
use the reaction of methyl hydrogen peroxide with nitrosonium tetrafluoroborate to produce
methyl pernitrite: CH3OOH + NO+BF4-  CH3OONO + HBF4. Both cis and trans isomers of
CH3OONO and CH3ONO2 are produced in the chemical reaction and we have observed
fundamental vibrational bands for each of these three species between 5000-500 cm-1. In
order to aid in our IR frequency assignments, we have performed harmonic and anharmonic
CCSD(T)/ANO vibrational perturbation theory (VPT2) calculations to determine the
vibrational bands of both cis and trans CH3OONO as well as CH3ONO2. In addition to the
calculations we have synthesized CD3OONO and CD3ONO2 for comparative purposes.
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B-9
Product detection of CH radical reactions with small unsaturated
hydrocarbons: Cyclo-addition versus CH insertion
Fabien Goulay,1 David L. Osborn,2 Craig A. Taatjes,2 Giovanni Meloni,2 Talitha Selby,2 and Stephen R. Leone1
1

Departments of Chemistry and Physics, and Lawrence Berkeley National Laboratory, University of
California, Berkeley, California 94720, USA

2

Combustion Research Facility, Mail Stop 9055, Sandia National Laboratories, Livermore, CA 945510969, USA

It is commonly accepted that reactions of the CH radical with unsaturated hydrocarbons
proceed without any entrance barrier via the formation of an intermediate, which decomposes to
give the substitution products and a hydrogen atom. However there is debate on the exact nature of
the reaction mechanism and a full understanding of the role of CH reactions in gas phase media is
limited by the lack of knowledge about the product species distribution. In this work we use the
innovative kinetics apparatus at the Advanced Light Source for isomer-sensitive identification of
the reaction products by tunable single photon ionization. Reactions of the methylidene radical
with acetylene, ethylene, propyne and allene are studied at room temperature. CH radicals are
produced by multiphoton photodissociation of bromoform at 248 nm in helium. After sampling of
the flow, the H-atom co-products are ionized by the tunable synchrotron radiation and the ions
detected by time resolved multiplex mass spectrometry.
Previous work [1] suggests CH cyclo-addition on the S-electron system as the main
entrance channel of the CH + C2H4 reaction. The so formed cyclopropyl radical is supposed to
isomerize into allyl, which further decomposes to give the final products. The detection of allene
and propyne, as the main products of the CH + ethylene reaction, agrees well with this mechanism.
In the case of the CH + C2H2 reaction it is predicted that the primary formed cyclopropenyl radical
isomerizes into propargyl radical which further decompose to form mainly triplet propargylene [2].
Detection here of mainly cyclic C3H2 does not agree with this mechanism. However possible Hassisted isomerization of the linear C3H2 in our gas flow must be considered. Regarding the reaction
of CH with C3H4 isomers, the product detection suggests that the main entrance channel is the cycloaddition for the reaction of CH with propyne and the C-H insertion for the reaction of CH with allene.
[1] K. McKee, M. A. Blitz, K. J. Hughes, M. J. Pilling, H. B. Qian, A. Taylorand P. W. Seakins,
Journal of Physical Chemistry A 107, 5710-5716 (2003).
[2] L. Vereeckenand J. Peeters, Journal of Physical Chemistry A 103, 5523-5533 (1999).
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Spectroscopic characterization of the OH-Xe in the gas phase and in
cryogenic matrices
Jiande Han, Christopher J. Lue, Jin Jin, and Michael C. Heaven

Department of Chemistry, Emory University, Atlanta, USA

We have characterized the OH-Xe van der Waals complex, and re-examined the matrix
spectra of OH-Xe. The gas-phase OH–Xe complex was formed by free-jet co-expansion of
photolysisly-generated OH with Xe/He carrier and detected using laser induced fluorescence
(LIF) spectroscopy via OH A 26+-X 23 0-0 excitation. Several blue-degraded bands
associated with OH-Xe were observed. The bands were barely shifted from the transition of
free OH, and showed vibrational spacings for the intermolecular stretch that were consistent
with a weak van der Waals interaction. The excited states of the OH(A)-Xe showed a shorter
lifetime of ~0.1Ps compared to that of ~ 0.7 Ps for the OH(A) radical.
Electronic spectra for matrix isolated OH show red-shifted emission bands, indicating
that the A 26state interacts with rare gas atoms more strongly than the X23 ground state. For
the rare gases Ne, Ar and Kr the excited state interactions are consistent with the formation of
moderate to strong van der Waals bonds. Spectra for OH trapped in a Xe matrix or OH-Xe in
solid Ar are markedly different from those obtained with the other rare gases. Here the spectra
indicate the formation of an incipient chemical bond between OH(A) and Xe. For example,
the A-X emission spectrum is red-shifted by 8100 cm-1 relative to that of OH in the gas phase.
Like in the gas phase, OH(A)-Xe in the matrix also exhibits a fluorescence decay rate that is
much faster than the OH(A) radiative decay rate.
To get a deeper understanding of the OH-Xe spectra, experiments with OD-Xe are
underway.
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Ab initio calculations of the C3-Ar van der Waals complex
Keng Seng Tham and Yen-Chu Hsu

Institute of Atomic and Molecular Sciences, Academia Sinica, P. O. Box 23-166, Taipei 10617,
Taiwan, R. O. C.

The equilibrium geometry of the C3-Ar van der Waals (vdW) complex is nearly Tshaped.[1] With a given distance between the Ar atom and the center of mass of the C3
molecule, our earlier work showed that as the C3 molecule bends more, the barrier to internal
rotation of the C3 molecule against the Ar atom becomes higher.[1] The top of the barrier lies
where the Ar atom is far away from two end-Carbon atoms of the bent C3 molecule. Two other
conformers were identified in our recent calculations at the level of CCSD(T)/cc-pVQZ. Since
the bending vibration of the C3 molecule and the vdW vibrations are of low frequencies, these
conformers are expected to be thermally equilibrated. The geometries, energies of these
conformers will be presented.

[1] G. Zhang, B.-G. Lin, S.-M. Wen, and Y.-C. Hsu, J. Chem. Phys. 120, 3189(2004).

89

B-12

Dissociative Photodetachment of OHF-: Probing the O + HF ĺ OH + F Reaction

Qichi Hu, Jonathan Oakman, Christopher Johnson and Robert E. Continetti

Department of Chemistry and Biochemistry, University of CA – San Diego, San Diego, USA

We present a photoelectron-photofragment coincidence (PPC) study of the dissociative
photodetachment (DPD) of OHF- at 229 nm (5.42 eV), as a continuing effort of the previous
study of this anion at 258 nm from our group.[1] With the higher photon energy of 229 nm,
the higher threshold product channel OH + F + e- now can be accessed as well as the lower
threshold product channel O + HF + e-, yielding detailed dynamics information for the
reaction OH + F o O + HF in the transition state region. The photoelectron spectrum shows
six identifiable structures, similar to the result in literature work.[2] The coincidence spectrum
reveals two vertical bands, one at lower ET (~0.15 eV) associated with the adiabatic process
coupling to different vibrational levels of the O + HF + e- channel, the other one at higher ET
(~0.33 eV) from nonadiabatic process due to conical crossing between different electronic
states.[3] Furthermore, the photoelectron angular distributions of this system have been
recorded at both 258 nm (4.80 eV) and 229 nm to study contributions from different OHF
neutral potential energy curves in this DPD process. This work is supported by DOE Grant
No. DE-FG03-98ER14879.

[1] H.J. Deyerl, R.E. Continetti, Phys. Chem. Chem. Phys., 7 855 (2005).
[2] S.E. Bradforth, D.W. Arnold, R.B. Metz, A. Weaver, D.M. Neumark, J. Phys. Chem., 95
8066 (1991).
[3] L González-Sánchez, S Gómez-Carrasco, A. Aguado, M. Paniagua, M. L. Hernández, J.
M. Alvarino, O. Roncero, J. Chem. Phys., 121 9865 (2004).
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What is the spectral signature of large amplitude torsional motion in the
methyl peroxy radical ?
Gabriel M. P. Just, Anne B. McCoy, Erin N. Sharp, Patrick Rupper and Terry A. Miller

Laser Spectroscopy Facility, Department of Chemistry,
The Ohio State University, Columbus, OH, USA

Organic peroxy radicals are key intermediates in the oxidation of hydrocarbons. The
simplest organic peroxy radical, methyl peroxy CH3O2, is obviously the starting point for
understanding the alkyl peroxies from both a theoretical and a spectroscopic point of view.
~ ~
The A  X near infrared electronic transition was first observed in 1976 by Hunziker. In 2000,
our laboratory observed this transition using room temperature cavity ringdown spectroscopy
(CRDS). In none of the previous reports has detailed consideration been given to the large
amplitude torsional motion between the methyl top and O2 moeity. In our most recent study,
we observed some intriguing spectral features that seem to involve the CH3 torsional mode. In
order to investigate these features, we calculated the potential energy surface (PES) as a
~
~
function of the OOCH torsion angle for both the X and A electronic states at the B3LYP/631+G(d) level of theory. This was done by minimizing the electronic energy with respect to
the remaining eleven internal coordinates. After fitting the calculated electronic energies with
an analytical form for the potential, we obtained the eigenvalues and eigenfunctions for the
torsional motion and simulated the corresponding transitions in the room temperature CRDS
spectrum. The simulated spectra allowed us to investigate the effects of the tunneling splitting
associated with the torsional sequence bands on the spectrum. It also allowed us to assign
atypical spectral features associated with transitions from the nearly free rotor regime of
methyl peroxy. Scaling the PES so that the simulations best replicate the CH3O2 and CD3O2
~
spectra allows the determination of “experimental” torsional barrier for the X (321 cm-1) and
~
the A state (1132 cm-1).

92

B-15

Vibrational spectra and structure of CH3Cl:H2O and CH3Cl:(H2O)2 complexes.
An IR matrix isolation and ab-initio calculations.
Lahouari KRIM, Nadia DOZOVA and M. Esmaïl ALIKHANI.
Université Pierre et Marie Curie-Paris6 ; CNRS, L.A.D.I.R. U.M.R. 7075, Boîte 49,
4 Place Jussieu, 75252 Paris, Cedex 05, France

In the course of parallel investigations in this laboratory where we are focussing on
studies of binary complexes of H2O with other molecules of stratospheric significance, the
infrared spectra of CH3Cl + H2O isolated in solid neon at low temperature have been
investigated. Detailed vibrational assignments were made on the observed spectra of water
and deuterated water engaged in the CH3Cl:H2O and CH3Cl:(H2O)2 complexes. With the use
of MP2 calculations, geometrical and vibrational properties of each complex have been
estimated.
The CH3Cl:H2O complex is found to have a cyclic structure, where the chlorine atom is
weakly bonded to one of the hydrogen atoms of water, while oxygen atom is weakly bonded
to one of the hydrogen atoms of CH3Cl. The calculated and observed wavenumbers of
partially deuterated complex established that only CH3Cl:DOH species is formed with
hydrogen bonding to D. This is a consequence of the preference for HDO to form a deuterium
bonding rather than a hydrogen bonding complex.
High concentration studies of water and subsequent annealing leads to formation of the 1:2
CH3Cl:H2O complex. The complex has a cyclic form with two hydrogen-bonds: first between
the chlorine atom and one of the hydrogens of H2O PA of water dimer, and second between
the oxygen atom of the H2O PD of water dimer and one hydrogen of CH3Cl. Each molecule of
H2O and CH3Cl acts as a proton acceptor and as proton donor. The binding energy of
CH3Cl:(H2O)2 is 49.2 kJ/mol while that of water dimer is 19.9 kJ/mol and that of CH3Cl:H2O
is only 12.7 kJ/mol.
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~

~

Rovibronic bands of the A 2B2 m X 2B1 transition of C6H5O
detected with cavity ringdown absorption near 1.151.35 μm

Chi-Wen Cheng, 1 Chao-Yu Chung, 1 and Yuan-Pern Lee 1
1

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

~
~
We have recorded several rovibronic bands of C6H5O in their A 2B2 m X 2B1 transition in the
range 1.151.35 Pm with the cavity ringdown technique. C6H5O was produced upon
photolysis of C6H5OCH3 or C6H5OC2H5 in a flowing reactor with an ArF excimer at 193 nm.
Rovibronic bands at 8097, 8360, 8403, 8540, 8607, and 8630 cm1 are assigned to transitions

1210 , 1410 , 1510 , 1610 , 1710 , and 1810 based on observed band contours and vibrational

~
wavenumbers of the A state predicted with quantum-chemical calculations using the
UB3LYP/6-311++G (3df, 3pd) and the CASPT2 (9,8)/cc-pVDZ methods; transitions
~
involving vibrational modes of different symmetry in the A state exhibit different types of
~
band contours. Transitions involving vibrational modes of a2 and b1 symmetry in the A state
were observed because they can derive intensity via vibronic coupling. In addition, hot bands
at 8148, 8197, and 8451 cm1 were observed and assigned to 1410 2011 , 1410 20 22 , and 1710 2011
~
~
~
transitions of A 2B2 m X 2B1; Q20 is the mode of the lowest energy (186 cm1) in the X state.
~
~
A weak band at 7681 cm1 was also observed and is assigned to the origin of the A 2B2 m X
2

B1 transition.
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Wide Range Pressure Dependences of
Alkyl + O2 (+ M) o Peroxy (+ M) Reactions
Revealing the Role of the Competing Radical Complex Mechanism
Ravi X. Fernandes1, Klaus Luther2 and Jürgen Troe2
1
2

Sandia National Laboratories, Livermore, USA

Institut für Physikalische Chemie, Universität Göttingen, Göttingen, Germany

Formation of peroxy radicals in reactions of alkyl radicals with O2 are very important
elementary steps of alkane oxidation e.g. at moderate temperature conditions in combustion.
However experimental rate data are missing on the details of the “fall-off type” pressure
dependences of these radical combination processes at higher pressures and elevated
temperatures. Our recent results of corresponding rate measurements in various alkyl + O2
systems are reported in a pressure range of 1 – 1000 bar, at temperatures of 300 – 700 K and
with various bath gases (Ar, N2, CO2, He). The experiments were performed in a appropriately
designed optical high pressure/high temperature flow cell, with alkyl reactants produced by
pulsed ns-laser photolysis and direct, time resolved UV-absorption monitoring of the peroxy
adducts. In the pressure regimes governed by the usual energy transfer mechanism (ETM)
very good agreement was found with predicted fall-off curves, using the models of Troe et al.
At rising densities increasing fractions occur of van der Waals-type, weakly bound
radical-molecule complexes with the bath gas. As reactants they provide an alternative
dynamic route for combination reactions, the radical complex mechanism (RCM) which has
long time been underestimated and assumed to be possibly of importance only in atomic
recombination or closely related systems. One reason is, that striking experimental evidence
of RCM contributions mostly pops up only under favourable coincidence of the involved
parameters. In the high pressure rate of one of our systems, CH3 + O2, a new, clear example of
the signature of “RCM competition” could be identified, with its characteristic dependence on
the nature of the bath gas and on temperature. As can be easily rationalized, analogous effects
appear less pronounced in the studied reactions of ethyl and neopentyl radicals. However,
comparisons of this detection of RCM influence in a member of the family of peroxy
formation reactions with our recently found very similar examples of RCM behaviour in
benzyl recombination and related reactions underlines the presence of RCM as a quite general
mechanism working in radical combination processes, often concealed but not negligeable.
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Pseudo-First-Order Microcanonical Rate Constants in Master Equation
Simulations of the CH3CO+O2 and C2H2+OH+O2 Reaction Systems
Andrea Maranzana1, Glauco Tonachini2, and John R. Barker1
1

Atmospheric, Oceanic, and Space Science Department, University of Michigan,

2455 Hayward St, Ann Arbor, MI-48109. E-mail:jrbarker@umich.edu, amaranza@umich.edu
2

Dipartimento di Chimica Generale ed Organica Applicata, Università di Torino, C.so M.
D’Azeglio 48, 10125 Torino, Italy.

A new approach based on the pseudo-first-order microcanonical rate constant, is
developed to include bimolecular reactions in master equation simulations of vibrationally
excited intermediates [1]. Comparisons are made with alternative approximations (including
the usual canonical pseudo-first-order approach) for various assumed energy barriers, collider
gas pressures, and initial excitation energies. The method is applied to two important
atmospheric reaction systems: acetyl radical and C2H2+OH, both in the presence of O2. The
first reaction system was recently shown to produce OH radicals [2], but the detailed
mechanism is still not completely clear. The second reaction system, under atmospheric
conditions, leads to formic acid and glyoxal with regeneration of OH radical.[3,4] In both
cases, stationary points on the potential energy surfaces are obtained by ab initio methods,
master equation calculations are then carried out, and finally the calculated yields (OH yield
for CH3CO, and formic acid/glyoxal for ethyne reactions) are compared to experiments. After
minor thermochemical adjustments, the calculated yields are in good agreement with the
experimental measurements. The predicted yields of intermediate species are suitable for use
in tropospheric chemistry modeling.

[1] A. Maranzana, J. R. Barker, and G. Tonachini, Phys. Chem. Chem. Phys., (2007), DOI:
10.1039
[2] G. S. Tyndall, T. A. Staffelbach, J. J. Orlando, and J. G. Calvert, Int. J. Chem. Kinet. 27,
1009-1020 (1995).
[3] A. Maranzana, J. R. Barker, and G. Tonachini, J. Phys. Chem. A, in preparation.
[4] S. Hatakeyama, N. Washida, and H. Akimoto, J. Phys. Chem. 90, 173-178 (1986).
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State-to-State Rate Coeﬃcients for D + H2 and H + HD
M. E. Mandy and G. J. McNamara
Program in Chemistry, The University of Northern British Columbia,
Prince George, British Columbia, CANADA V2N 4Z9

State-to-state cross sections and rate coeﬃcients have been calculated for:
D + H2 (v, j) → D + H2 (v  , j  )
D + H2 (v, j) → H + HD(v  , j  )
H + HD(v, j) → H + HD(v  , j  )
H + HD(v, j) → D + H2 (v  , j  )
using the BKMP2 potential energy surface. In addition, state speciﬁc cross sections and
rate coeﬃcients for:
D + H2 (v, j) → D + H + H
H + HD(v, j) → H + H +D
have been determined. The rate coeﬃcients were calculated from cross sections determined
using quasiclassical trajectory studies. The results are compared with calculations on other
potential energy surfaces and with quantum calculations. Implications for the modelling
of HD fractionation under conditions typical of the interstellar medium are considered.
To facilitate the utilization of these new rate coeﬃcients in master equation calculations, they are being parameterized as a function of temperature. A website from which
they may be downloaded is under development.
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Elastic Depolarisation of OH with Ar/He:
A combined polarization spectroscopy and quantum scattering study
S. Marinakis,1 G. Paterson,1 J. Káos,2 M. L. Costen1and K. G. McKendrick 1
1

School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, UK
2

Department of Chemistry and Biochemistry, University of Maryland, USA

Inelastic and elastic depolarizing collisions between Ar/He and OH molecules have
been investigated both experimentally and computationally.
2 +

We have made one-color
2

polarization spectroscopy (PS) measurements on the OH A Ȉ -ȋ Ȇ(0,0) P1(J) transitions, for

J = 1.5 – 6.5, using linearly polarized pump radiation. We measure the decay of the PS signal
as a function of pump-probe delay in the presence of either He or Ar under thermal conditions.
The variation of the decay rate with pressure yields the bimolecular rate constant, kPS. This is
sensitive to all processes that can either remove the OH X2Ȇ population created by the pump
or destroy the alignment of its rotational angular momentum (elastic depolarization). It is
therefore possible to extract the previously unmeasured elastic depolarization rate constant,

kDEP, provided the total inelastic removal rate constant is known. This is itself made up of
rotationally inelastic, kRET, and ȁ-doublet changing, kȁ, rate constants. There have been
previous limited attempts to measure kRET and kȁ for He and Ar, and also to calculate them by
quantum scattering methods on an ab initio potential energy surface (PES) for Ar-OH(X). To
complement our experimental work, we have therefore calculated new, exact close-coupling
quantum inelastic scattering cross-sections and rate constants on the latest He-OH(X) PES. [1]
Our principal result is that although Ar and He have similar RET rate constants, Ar is
significantly more effective in causing elastic depolarization of OH X2Ȇ. We provisionally
ascribe this to the more attractive nature of the Ar-OH(X) potential, which may induce elastic
depolarization during ‘fly-by’ trajectories. Further quantum scattering calculations are ongoing to make quantitative predictions of the elastic depolarization rate constants. We are also
pursuing experimentally the complementary collisional loss of orientation, and the degree of
retention of polarization in the product levels of rotationally inelastic collisions.

[1] S. Marinakis, G. Paterson, J. Káos, M. L. Costen and K. G. McKendrick, Phys. Chem.

Chem. Phys. 9 DOI: 10.1039/b703909c (2007).

98

B-21

The analysis of high resolution spectra of the asymmetrically deuterated
methoxy radicals CHD2O and CH2DO.
Dmitry G. Melnik1, Jinjun Liu2, Ming-Wei Chen1, Robert F. Curl3 and Terry A. Miller1.
1

Laser Spectroscopy Facility, Department of Chemistry, The Ohio State University,
Columbus, USA.
2
Laboratory of Physical Chemistry, ETH Zurich, Switzerland.
3
Department of Chemistry and Rice Quantum Institute, Rice University, Houston, USA.

When the Jahn-Teller radical methoxy is asymmetrically deuterated, the asymmetry
introduced is not sufficient to quench completely the electronic angular momentum of its
electronic ground state, because the spin-orbit interaction competes with the quenching effect
of the asymmetry. The treatment of the rotational structure of such molecules is made
especially interesting by the fact that the electronic angular momentum is no longer directed
along one of the principal inertial axes. We have recently developed methods [1] for treating
this kind of problem. This presentation describes the application of these methods to the
analysis of the high-resolution experimental spectra of CHD2O and CH2DO. The data
analyzed consists of the previously obtained submillimeter wave rotational transitions [2],
laser induced fluorescence (LIF) [3] and newly acquired stimulated emission pumping (SEP)
data. The analysis of these data along with those existing for the symmetric species [4]
provide quantitative insight into the Jahn-Teller interaction, the spin-orbit interaction, and the
effects of deuteration in splitting the electronic energy degeneracy.
[1] D. Melnik, J. Liu, R. F. Curl and T. A. Miller, Mol. Physics, 105, 529, (2007)
[2] D. Melnik, V. Stakhursky, V. A. Lozovsky, T. A. Miller, C. B. Moore, and F. C. De Lucia,
WJ09, 59th International Symposium on Molecular Spectroscopy, 2004
[3] J. Liu, T. J.Yi, V. Stakhursky, and T. A. Miller TJ05 61st International Symposium on
Molecular Spectroscopy, 2006.
[4] M.-W. Chen, J. Liu and T. A. Miller, poster, 29th International Free Radicals Symposium,
Big Sky, Montana, 2007
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Hemeproteins and Enzymes in Bilayer Structures bathed in Ionic Liquids:
The Role of Water in Electron Transfer and Protein Function
John Moran, Jeremiah Bolden, Mekki Bayachou* Cleveland State University,
Department of Chemistry, 2351 Euclid Ave. Cleveland, Ohio 44115
Abstract
There is a fundamental gap between the electrochemical data that is generated by current
aqueous electrochemical systems and the true electrochemical characteristics of metalloproteins
and enzymes that operate in hydrophobic environments such as lipid bilayers. Our goal is to
more accurately measure these characteristics by comparing the direct redox electrochemistry of
metalloproteins such as heme proteins in relatively anhydrous conditions, and as a function of
increased water levels, to traditional aqueous buffer systems. We also aim to electrochemically
drive hemeprotein-mediated catalytic reduction of oxygen and other small molecules with
limited proton supply, and compare the data to hemeproteins in aqueous systems. Our rationale is
that many proteins have a catalytic function in environments where protons and water are scarce;
measuring redox properties and catalytic efficiency in this fashion will help us to gain
understanding of how the protein’s environment helps to regulate its catalytic performance.
Thus, in order to offer closer measurements of redox properties governing the function of these
heme enzymes, it is essential to develop a system that mimics the hydrophobic environment of
lipid bilayers, and yet does not decrease protein functionality due to loss of structure. We use
cyclic voltammetry to measure key characteristics of electron transfer to metalloproteins in lipid
thin films. Our approach uses ionic liquids such as butyl methyl imidizolium tetrafluoroborate
(BMIM BF4) to study how electrochemical and catalytic processes are affected in the nearly
anhydrous environment. We use spectroscopic analysis to ensure that the protein maintains its
structural integrity. We show how the redox properties of metalloproteins change in the absence
of water and in the presence of small amounts of water. We also show how the availability of
water affects the catalytic behavior of the heme protein. The results will help us understand how
the structure-function relationship of heme enzymes and their catalytic activation of oxygen are
affected by water levels.
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Rotationally resolved spectra of VMo, NbMo, ScCo, and YCo
Ramya Nagarajan,1 Shane M. Sickafoose,2 and Michael D. Morse1
1

Department of Chemistry, University of Utah, Salt Lake City, U.S.A.
2

Sandia National Laboratory, Albuquerque, U.S.A.

Resonant two-photon ionization spectroscopy has been used to study the VMo, NbMo,
ScCo, and YCo transition metal diatomics. The molecules were produced by laser
vaporization of appropriate alloy discs in the throat of a pulsed supersonic expansion of
helium. The ground states of VMo1 and NbMo2 have been demonstrated to be of 2ǻ5/2
symmetry, deriving from the dı2 dʌ 4 dį 3 sı2 electronic configuration. Rotational analysis has
established the ground state bond lengths and rotational constants as r0UU = 1.876 57(23) Å
and B0UU= 0.142 861(35) cm-1, respectively, for 51V 98Mo and r02 = 2.008 09(30) Å and
B02 = 0.087 697(26) cm-1, for 93Nb98Mo. The measured bond lengths (r0) of V2, VNb, Nb2 ,
Cr2, CrMo, Mo2, VCr, NbCr, VMo, and NbMo have been used to derive multiple bonding
radii for these elements of r(V) = 0.8919 Å, r(Nb) = 1.0424 Å, r(Cr) = 0.8440 Å, and
r(Mo) = 0.9725 Å. Bond lengths of the various diatomics, predicted by these multiple
bonding radii, agree with the measured values to within r 0.013 Å.
The measured spectra for ScCo and YCo reveal that these molecules possess ground
electronic states of 1Ȉ+ symmetry, as in the isoelectronic Cr2 and CrMo molecules.3 The
ground state rotational constants for ScCo and YCo are B02= 0.20131(22) cm-1 and
B02= 0.12096(10) cm-1, respectively, corresponding to ground state bond lengths of
r02= 1.8121(10) Å for ScCo and r02= 1.9830(8) Å for YCo. The bond energy of ScCo has
been measured as 2.45 eV from the onset of predissociation in a congested vibronic spectrum.

[1] R. Nagarajan, S. M. Sickafoose, and M. D. Morse, J. Chem. Phys., in press.
[2] R. Nagarajan and M. D. Morse, in preparation.
[3] R. Nagarajan and M. D. Morse, J. Chem. Phys., accepted for publication.
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Dynamics of Carboxyl Radicals Studied by Dissociative Photodetachment at 258 nm
Jonathan E. Oakman, Qichi Hu, Chris Johnson and Robert E. Continetti
Department of Chemistry and Biochemistry, University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093-0340
Oxygenated organic radical species, including carboxyl radicals, are known to play important
roles in complex atmospheric and combustion phenomena. Studies of these radicals and their
corresponding anions can provide insights into the energetics and dynamics of these reactive
species. Photodetachment of anions generated by several carboxylic acids and the dissociation
dynamics of the subsequent carboxyl radicals were studied using photoelectronphotofragment coincidence (PPC) spectroscopy at 258 nm (4.80 eV).
Preliminary data suggests that the propyloxyl (CH3CH2CO2ǜ) and butyloxyl
(CH3CH2CH2CO2ǜ) radicals all dissociate on the microsecond timescale of the experiment.
Conversely, photodetachment of the isobutyloxyl (CH3CH3CHCO2ǜ) and pyruvyloxyl
(CH3COCO2ǜ) radicals result primarily in the formation of a stable neutral component unseen
with the propyloxyl and butyloxyl radicals. The structures of these radicals are shown below.
Upper limits to the adiabatic electron affinity (AEA) for these radical species, AEA ~ 3.40 eV,
show reasonable agreement with previous experimental and theoretical studies of these
species.

(a) Propanoyloxyl

(b) Butanoyloxyl

O

O

O

O

(c) Isobutanoyloxyl

(d) Pyruvyloxyl

O

O

O

O

This work is supported by DOE Grant No. DE-FG03-98ER14879.
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Jahn-Teller and Pseudo-Jahn-Teller Effects in the Nitrate Radical
Kana Takematsu,1 David J. Robichaud,1 John F. Stanton,2 and Mitchio Okumura1
1
2

Department of Chemistry, California Institute of Technology, Pasadena, CA 91125, USA

Department of Chemistry and Biochemistry, University of Texas, Austin, TX 78712, USA

The electronic structure of the nitrate radical, NO3, remains poorly understood, despite
its apparent simplicity. NO3 has a nominal D3h symmetry and possesses three low-lying states;
the first two electronically excited states are subject to the Jahn-Teller effect, and there are
significant pseudo-Jahn-Teller couplings among all of the lowest states. There has been much
controversy and uncertainty about the symmetry of the ground state, the assignments of the
ground state vibrations and electronic spectra, and the nature of vibronic interactions. NO3 is
proving to be an important benchmark system for the quantitative testing of models of
nonadiabatic effects.
One of us (JFS) has recently re-examined the ground state using the Koppel-DomckeCederbaum (KDC) model[1] and found remarkably good agreement between theory and
experiment for the anion photoelectron spectrum, as well as the X-B absorption and LIF
spectra.[2] Our recent cavity ringdown spectroscopic study of the dark A 2Es state,[3] which
lies 1 eV above the ground state, has provided new insights into the nonadiabatic interactions
in NO3. We present experimental and theoretical evidence for a relatively strong, modespecific Jahn-Teller interaction in this state, as well as for pseudo-Jahn-Teller coupling with
several other states, which helps to clarify assignments of the X-A spectrum.

[1] Köppel, W. Domcke, and L. S. Cederbaum, Adv. Chem. Phys. 57, 59 (1984); M. Mayer, L.
S. Cederbaum, and H. Köppel, J. Chem. Phys. 100, 899 (1994).
[2] J. F. Stanton, J. Chem. Phys. 126, 134309 (2007).
[3] A. Deev and M. Okumura, J. Chem. Phys. 122, 224305 (2005).
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Ultraviolet photodissociation of vinyl iodide (C2H3I); a clean source of vinyl
radicals.
Peng Zou, Kevin E. Strecker, Jaime Ramierz-Serrano, Leonard E. Jusinski, Craig A. Taatjes,
and David L. Osborn

Combustion Research Facility, Sandia National Laboratories, PO Box 969, Livermore, CA
94551-0969, United States of America

The photodissociation dynamics of vinyl halides (C2H3X, X = F, Cl, Br, I) change drastically
as a function of the halogen atom. The photodissociation of vinyl iodide, the least studied of
the vinyl halides, has been investigated from 193 to 266 nm using three techniques: timeresolved Fourier transform emission spectroscopy, multiple pass laser absorption spectroscopy,
and velocity mapped ion imaging. The only dissociation channel observed is C-I bond
cleavage to produce C2H3 (v, N) + I (2PJ) at all wavelengths investigated. Unlike other vinyl
halides, in which the HX product channel is significant, no HI elimination is observed. The
angular and translational distributions of I atoms indicate that atomic products arise solely
from dissociation on excited states with negligible contribution from internal conversion to
the ground state. The ground state potential energy surface of vinyl iodide is explored by ab
initio calculations. We present a molecular orbital based analysis of all the vinyl halides that
rationalizes the changing trends in vinyl halide spectroscopy and photodissociation dynamics.
Vinyl iodide is a clean source of vinyl radicals that can be utilized at the relatively long
photodissociation wavelength of 266 nm.
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Vacuum ultraviolet ion-imaging studies of C3H5 radicals
H. Fan and S. T. Pratt

Argonne National Laboratory, Argonne, Illinois 60439 USA

The combination of ultraviolet (uv) photodissociation, vacuum-ultraviolet (vuv)
photoionization, and velocity-map ion imaging is used to explore the dissociative ionization of
allyl (3-propenyl), 2-propenyl, and 1-propenyl C3H5 radicals that have significant amounts of
internal energy. The radicals are produced by the photodissociation of a number of different
C3H5X (X = Cl, Br, and I) precursors. The effect of the internal energy of the radicals on their
photoionization cross sections and on the fragmentation dynamics of the parent photoions will
be discussed. The results are relevant to an increasing number of studies in which singlephoton vuv photoionization is used as a "soft" ionization method. We will also discuss the
secondary decomposition of the neutral radicals. In particular, we will show results of timedependent imaging of the secondary decomposition of the 2-propenyl radical following the
photodissociation of 2-bromopropene. The time-resolved measurements provide information
on the internal energy dependence of the unimolecular decomposition process, and on the
rotational distribution of the radical following the primary dissociation of 2-bromopropene.
Attempts to observe time-dependent behavior in the allyl and 1-propenyl radical will also be
discussed.

This work was supported by the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences, Division of Chemical Sciences, Geosciences, and Biological Sciences
under contract No. DE-AC02-06CH11357.
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The photo-induced decomposition of aryl peroxycarbonates studied by timeresolved infrared spectroscopy
Christian Reichardt,1 Jörg Schroeder,1 and Dirk Schwarzer1
1

Max-Planck-Institut for Biophysical Chemistry, 37077 Göttingen, Germany

The ultrafast photo-fragmentation of organic peroxides of the type Ar-O–C(O)O–O-tBu (Ar = naphthyl, phenyl) is studied using UV excitation at 266 nm and mid-infrared laser
pulses to elucidate the dissociation mechanism. Two modes of bond scission are discussed in
the literature [1], namely a sequential process where the peroxide bond O–O breaks almost
instantaneously (<100 fs) followed by decarboxylation of the carbonyloxy intermediate to
yield CO2 plus radicals Ar-O and O-t-Bu, and simultaneous breakage of O–O and O–C bonds.
Our experiments show that the rate of fragmentation is limited by the S1-lifetime of the
peroxide, i.e. the time constants of S1 decay and of CO2 and Ar-O formation are identical. The
fragmentation times are solvent dependent and for the naphthyl peroxycarbonate vary between
24 ps (in CH2Cl2) and 52 ps (in n-heptane). In the case of the phenyl peroxycarbonate the
decomposition takes 5.5 ps in CD3CN and 12 ps in n-heptane. The CO2 fragment is formed
vibrationally hot with an excess energy of about 5000 cm-1. The cooling times are 200 ps in
CCl4 and 50 ps in n-heptane, respectively.
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[1] M. Buback et al., Phys.Chem.Chem.Phys 6, 5441-5455 (2004).
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Spectral evolution of the
asymmetric stretch
absorption band of CO2
produced in the photo
dissociation of tert-butyl
2-naphthyl
peroxycarbonate in CCl4.
The 12 cm-1 progression
results from anharmonic
coupling to the bend
vibration initially
populated in the
vibrationally hot CO2
molecule. The lower
panel shows the
integrated band intensity.
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Electronic spectroscopy of an isolated halocarbocation: the
iodomethyl cation CH2I+ and its deuterated isotopomers
Chong Tao, Calvin Mukarakate, Yulia Mishchenko, Danielle Brusse, and Scott A. Reid
Department of Chemistry, Marquette University, Milwaukee, WI

Building upon our recent observation of the gas-phase electronic spectrum of the
iodomethyl cation (CH2I+),1 we report an extensive study of the electronic spectroscopy of
CH2I+ and its deuterated isotopomers CHDI+ and CD2I+ under jet-cooled conditions using a
combination of fluorescence excitation and single vibronic level emission (SVL)
spectroscopy.

Fluorescence excitation spectra reveal a dominant progression in Q3 (C-I

stretch), the frequency of which is markedly smaller in the upper state. Partially rotationally
resolved spectra were obtained for several excited state bands, and rotational analysis shows a
similar A constant in the two states, but a significant reduction in B and C in the excited state.
These results indicate a significant weakening of the C-I bond upon electronic excitation.
SVL emission spectra show progressions involving 4 of the 6 vibrational modes; only the CH(D) stretching modes remain unobserved. The vibrational parameters determined from a
Dunham expansion fit of the ground state vibrational term energies are in excellent agreement
with the predictions of Density Functional Theory (DFT) calculations. A normal mode
analysis was completed to derive a harmonic force field for the ground state, where resonance
delocalization of the positive charge leads to partial double bond character: H2C+-I ļ H2C=I+,
and gives rise to a C-I stretching frequency significantly larger than that of the iodomethyl
radical.

[1] C. Tao, C. Mukarakate, and S. A. Reid, J. Am. Chem. Soc. 128, 9320 (2006).
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Dissociation Dynamics of Excited Neutral Molecules Produced by Charge Exchange:
sym-Triazine
John D. Savee, Jennifer E. Mann, and Robert E. Continetti
Department of Chemistry and Biochemistry, University of California, San Diego
9500 Gilman Drive, La Jolla, CA 92093-0340
Translational spectroscopy coupled with many-body coincidence detection techniques
has allowed kinematically complete descriptions of the dissociation dynamics resulting from
excited neutral species. In the present studies, excited neutrals are produced via dissociative
charge exchange (DCE) of a fast, mass-selected cation beam with cesium vapor. Recent
results have provided significant insight into the electronic structure of several novel systems,
and current developments on DCE of sym-triazine will be presented.
Sym-triazine, a highly symmetric (D3h) aromatic C-N heterocycle (H3C3N3), has long
received attention for its complex electronic structure. In the present experiment, sym-triazine
is formed in its lowest-lying 3s Rydberg state (V*mn) a6.9 eV above its ground 1 A 1c
electronic state upon near-resonant electron capture from cesium. This non-optical excitation
~
has been found to readily induce dissociation to three HCN( X 1 6  ) fragments, which has also
been observed in previous photoexcitation studies which probed lower-lying S*mn and
S*mS valence states. The doubly degenerate 3s Rydberg state and lowest energy cation are
subject to the Jahn-Teller (JT) effect and, in low-lying vibronic states, exist in C2v distorted
geometries coupled by a symmetric ring-breathing mode analagous to the Q6 mode of benzene.
Previous explanations of three-body dissociation mechanisms from valence states have
used single-mechanism explanations, and the current study presents evidence that the process
is perhaps more complex than previously thought. Examination of momentum partitioning to
coincident HCN products upon DCE shows that dissociation occurs by two different
mechanisms. At both 12 and 16 keV cation beam energies a non-symmetric feature is readily
apparent. However, at 16 keV a near-symmetric feature emerges which implies an origin
from a different initial excited state than that giving rise to the non-symmetric feature. The
non-symmetric feature produces three HCN fragments with a total kinetic energy release
(KER) ranging from a1.5-5 eV. Monte Carlo simulations support the non-symmetric feature
being the result of a sequential mechanism in which a highly excited (HCN)2 intermediate
exists with a lifetime greater than one rotational period. The near-symmetric concerted
dissociation was observed to create HCN fragments with a total KER ranging from a2-4 eV.
The energetics of this feature suggest that dissociation occurs from a narrow Franck-Condon
region after radiationless decay from the initial excited state of sym-triazine.

This work is supported by AFOSR grant FA9550-04-1-0035.
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Cavity ringdown spectroscopy of the A  X electronic transition of alkyl
peroxy radicals: the big picture
Erin N. Sharp, Patrick Rupper, Terry A. Miller
Laser Spectroscopy Facility, Department of Chemistry,
The Ohio State University, Columbus, Ohio USA

Alkyl peroxy radicals (CnH2n+1O2) are key components in the low temperature
oxidation of hydrocarbons. This is a critically important process that affects both the quality
of our atmosphere and the efficiency of our automobiles. In recent years, we have recorded
~ ~
cavity ringdown spectra of the A  X electronic transitions of the n = 1 (CH3O2, methyl
peroxy) through n = 5 (C5H11O2, pentyl peroxy) alkyl peroxy radicals. By combining the
spectroscopic data for this homologous series, we are able to develop a systematic
understanding of the spectroscopy of this electronic transition, namely what influence a
change in the structure of the alkyl peroxy has on the location and structure of its electronic
spectrum. Likewise, we can identify trends from the smaller species’ experimental results,
which will aid in making predictions for the spectroscopy of larger alkyl peroxies (i.e. 6, 7,
and 8 carbon atoms), since we anticipate that these predictions based on our experiments will
be more reliable than those obtained from ab initio calculations of these larger systems. In
addition, we can do some benchmarking to determine what are “good” calculations for these
systems by comparing both experiment and theory for a number of the alkyl peroxy radicals
studied.
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Hydroxyl Radical Formation From the Reaction of
Electronically Excited NO2 and Water
Shuping Li, Jamie Matthews, and Amitabha Sinha
Department of Chemistry & Biochemistry, University of California- San Diego
9500 Gilman Drive, La Jolla CA 92093-0314

We have used laser induced fluorescence to monitor OH formation from the gas phase
reaction of NO2 molecules electronically excited in the region of 560-640 nm with water.
Preliminary measurements indicate a rate constant for the NO2* + H2OÆ OH + HONO
reaction to be ~1.7x10-13 cm3/molecule-sec at room temperature. Based on the above rate
constant, known solar flux and collisional quenching rates, we estimate that the yield of OH in
the troposphere from this reaction to be ~40% of the OH yield from the O(1D) + H2O reaction
arising with ozone photolysis. Hence, the NO2* + H2O reaction is a significant, but currently
neglected, source of tropospheric hydroxyl radicals.
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Synchrotron radiation studies of free radical and transient species
Michele Alagia,1,2 Vincenzo Carravetta,3 Ulf Ekström,4 Nobuiro Kosugi,5 Michel Lavollée,6
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Intense

and

high-resolution

synchrotron

radiation

sources

have

stimulated

experimental and theoretical studies of inner-shell electron excitation and ionization processes
in atoms and small molecules, including very low density and highly reactive transients and
free radicals [1,2]. We report here on recent investigations of such processes in small free
hydrocarbon radicals (CH3 [2], CD3 [3] and C3H5) and the transient CS free molecule. Special
emphasis is given to the first direct observation and detailed analysis of spectral fine structure
showing the umbrella-like motion in core excited methyl radicals. A joint experimental and
theoretical study allowed a spectroscopic characterization of the absorption transitions and to
estimate the lifetime for tunneling through the double-well potential barrier in core excited
states of methyl radical. Vibrationally resolved inner-shell photoabsorption and ionization
spectra for the CS transient molecule and results obtained by ab initio relativistic calculations
provided valuable information on the chemical bond change upon excitation/ionization and a
detail assignment of the spectral structure.

[1] S. Stranges, R. Richter, and M. Alagia, J. Chem. Phys. 116 , 3676 (2002).
[2] M. Alagia, M. Lavollée, R. Richter, U. Ekström, V. Carravetta, D. Stranges, B. Brunetti,
and S. Stranges, (submitted).
[3] U. Ekström, V. Carravetta, M. Alagia, M. Lavollée, R. Richter, et al. (in preparation).
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Discovery of the Electronic Spectra of the CCP and CCAs Free Radicals
Fumie X. Sunahori, Jie Wei, and Dennis J. Clouthier
Department of Chemistry, University of Kentucky, Lexington, United States

We present the first spectroscopic evidence for the existence of the CCP and CCAs
free radicals obtained from laser-induced fluorescence (LIF) and wavelength-resolved
emission spectra. The experiments were performed under jet-cooled conditions using a pulsed
discharge source with a mixture of PCl3 or AsCl3 vapor and CH4 in high pressure argon as the
precursor. The ground state vibrational frequencies and spin-orbit splittings were obtained
from single vibronic level emission spectra of

12 12

C CP and

12 12

C CAs, and experiments with

13

CH4 showed significant isotope effects. Based on rotational analysis of our high-resolution

LIF spectrum of CCP, the electronic transitions are assigned to the 2Δi-2Ȇr system. The
molecular parameters predicted by ab initio theory are in good agreement with the derived
experimental values and provide validation for the spectroscopic assignments. The molecular
structures of CCP in the ground and excited states will be presented and discussed.
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Kinetics of the Reactions of CH3CHBr and CHBr2 Radicals with HBr at
Temperatures 253 – 460 K
Arkke J. Eskola, Jorma A. Seetula, and Raimo S. Timonen
Laboratory of Physical Chemistry, PL 55, (A.I. Virtasen aukio 1), FIN-00014 University of
Helsinki, Finland, (raimo.timonen@helsinki.fi)

The kinetics of the reactions of CH3CHBr and CHBr2 radicals with HBr have been studied in
time-resolved direct measurements at temperatures between 255 and 440 K using a tubular
flow reactor coupled to a photoionization mass spectrometer [1, 2]. The radicals were
homogeneously generated by 248 nm pulse photolysis of an excimer laser from CH3CBr2H
and CHBr3. Decays of radical concentrations were monitored in time-resolved measurements
to obtain the reaction rate coefficients under pseudo-first-order conditions with HBr in large
excess over radical concentrations. The bimolecular rate coefficients of the reactions are
independent of pressure within the experimental range (2.1 – 7.7 torr of He as the bath gas).
At room temperature the bimolecular rate coefficients are k(CHBr2 + HBr) = 5.0 × 10í14 cm3
moleculeí1 sí1 and k(CH3CHBr + HBr) = 1.5 × 10í12 cm3 moleculeí1 sí1. The temperature
dependence of the rate coefficients for the first one is slightly positive, but for the last one
about the same amount negative. The details about the rate parameters and the products will
be presented at the meeting.
[1] A. J. Eskola, R. S. Timonen, Phys. Chem. Chem. Phys. 5, 2557 (2003).
[2] A. J. Eskola, J. A. Seetula, and R. S. Timonen, Chemical Physics 331, 26 (2006).
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B-36
Photoisomerization Of Polyhalomethanes In Supercritical Solution
Jörg Schroeder1,2, Philipp Wagener1 and Jochen Zerbs1
1

Institute for Physical Chemistry, Georg-August-University, Göttingen, Germany
2

Max-Planck-Institute for Biophysical Chemistry, Göttingen, Germany

UV-excitation into the first absorption band of polyhalomethanes (CH2I2, CH2BrI, CH2ClI
and CHI3) in the gas phase leads to photodissociation into a ground state iodine atom and a
CH2X or CHI2 radical [1]. In the fluid phase, another reaction channel has been found to exist
[2] in which an I-X-bond is formed. The resulting CHYX—I-isomer (Y = H, I, X = I, Br, Cl)
has a lifetime of 10-10-10-8 s in solution [3]. This isomerization is a consequence of the
photolytic cage effect in which the initial photofragments are captured in the solvent cage for
a sufficiently long time to form the I-X-bond. The branching ratio between “cage escape” and
“cage capture” determines the isomer yield.
We investigated the isomer formation by femtosecond pump-probe absorption spectroscopy
in supercritical solution. Supercritical solvents present the advantage to vary continuously the
density from gas phase to liquid phase conditions in order to investigate the density
dependence of the rise time and amplitude of isomer formation. In addition, time-resolved
spectra were constructed from decay curves at different probe wavelengths.
The amplitude as a measure for the isomer yield shows a strong density dependence,
consistent with our earlier measurements [4] yielding a quadratic density dependence which
we interpreted as a result of two consecutive cage escape processes on different timescales.
The isomer formation rate increases non-linearly with growing density, as a consequence of
increasingly efficient vibrational energy transfer as the key step in the isomer formation
mechanism.
Decreasing the excitation wavelength causes the isomer formation to slow down appreciably,
an effect that is more pronounced for CH2I2 than CHI3. We propose a mechanism involving a
fast equilibrium between the uncomplexed primary photofragments and a weakly bounded
complex with CT-character to explain our findings.
[1] M. Kawasaki, S. Lee, R. Bersohn, J. Chem. Phys. 63, 809 (1975).
[2] A. Tarnovsky, J. Alvarez, P. Yartsev, V. Sundström, E. Åkesson, Chem. Phys. Lett. 312, 121 (1999).
[3] A. Tarnovsky, V. Sundström, E. Åkesson, T. Pascher, J. Phys. Chem. A 108(2), 237 (2004).
[4] C. Grimm, A. Kandratsenka, P. Wagener, J. Zerbs, J. Schroeder, J. Chem. Phys. A 110, 3320 (2006).
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Crossed-Beams and Theoretical Studies of Hyperthermal
Reactions of O(3P) with HCl and H2O
Jianming Zhang,1 Amy L. Brunsvold,1 Hari P. Upadhyaya,1 Timothy K. Minton,1 Jon P. Camden,2 Jeffrey
T. Paci,2 and George C. Schatz2
1

Department of Chemistry and Biochemistry
Montana State University
Bozeman, MT 59717, USA
2

Department of Chemistry
Northwestern University
Evanston, Illinois 60208-3113, USA
The reactions of O(3P) with HCl and H2O at hyperthermal collision energies (50 – 150 kcal mol–1)
have been investigated with crossed-molecular beams experiments and direct dynamics quasiclassical
trajectory calculations. Both reactive systems may proceed by two analogous primary pathways, (1) Hatom abstraction to produce OH and either Cl or OH and (2) H-atom elimination to produce H and either
ClO or HO2. The H-atom elimination reactions are highly endoergic, and they have been observed
experimentally for the first time. The H-atom abstraction reaction follows a stripping mechanism, in
which the reagent O atom approaches the target molecule at large impact parameters and the OH product
is scattered in the forward direction with respect to the initial direction of the reagent O atom. The Hatom elimination reaction requires low impact parameter collisions, in which the reagent O atom strikes
either the Cl of HCl or the O of H2O and the H atom is eliminated mainly by an SN2-like mechanism. The
excitation function for ClO or HO2 increases from threshold to a maximum around 90 kcal mol–1 and then
begins to decrease when the product can be formed with sufficient internal energy to undergo secondary
dissociation. At collision energies slightly above threshold for H-atom elimination, the ClO or HO2
product scatters primarily in the backward direction, but as the collision energy increases, the fraction of
these products that scatter in the forward and sideways directions increases. The dependence of the
angular distribution of ClO or HO2 on collision energy is a result of the fact that only certain trajectories,
where an H atom on the target molecule is oriented toward the incoming reagent O atom, can release
enough energy in translation to lead to stable ClO or HO2 at higher collision energies. These trajectores
lead to forward and sideways scattering of ClO or HO2.

The energy barrier for the O(3P) + H2O Æ HO2

+ H reaction was determined experimentally to be 60 ± 2 kcal mol–1. Theory predicts that the H-atom
abstraction and elimination reactions have comparable cross sections for hyperthermal O(3P) + HCl
collisions but that H-atom elimination is only about 20 percent as probable as H-atom abstraction for
hyperthermal O(3P) + H2O collisions.
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Near-UV photodissociation dynamics of the CH3S radical via the Ã2A1 state:
The H-atom product channel

Xianfeng Zheng,1 Yu Song,1 Jingze Wu,1 and Jingsong Zhang1,2
1
2

Department of Chemistry and

Air Pollution Research Center
University of California

Riverside, CA 92521-0403, USA

~
Photodissociation dynamics of jet-cooled thiomethoxy radical (CH3S) via the A 2 A1 ĸ

~
X 2E transition is investigated near 352 nm. The H-atom product channel is observed directly
for the first time by H-atom product yield spectrum and photofragment translational
~
spectroscopy. The A 2 A1 state vibrational levels 2131 and 2132 (with C-S stretch mode Q3 and
CH3 umbrella mode Q2) dissociate to the H + H2CS products, while the adjacent 3n (n = 3-6)
~
levels dissociate to the CH3( X 2A2 " ) + S(3PJ) products, demonstrating mode specificity in the
~
A 2 A1 state dissociation. The H + H2CS product translational energy release is not repulsive
and peaks around 8 kcal/mol; the H-atom angular distribution is isotropic. The dissociation
~
~
mechanism is consistent with internal conversion of the excited A 2 A1 state to the X 2E ground

~
state and subsequent unimolecular dissociation on the X 2E ground state to the H + H2CS
products.
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