E% University of
OPEN (2" ACCESS BRISTOL

Marchetti, B., Karsli, T. N. V., Kdly, O., Kapetanopoulos, P., & Ashfold,
M. N. R. (2015). Near ultraviolet photochemistry of 2-bromo- and 2-
iodothiophene: Revealing photoinduced ring opening in the gas phase?. The
Journal Chemical Physics, 142(22), [224303]. 10.1063/1.4921315

Publisher's PDF, also known as Final Published Version

Link to published version (if available):
10.1063/1.4921315

Link to publication record in Explore Bristol Research
PDF-document

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms.html

Take down policy

Explore Bristol Research isadigital archive and the intention is that deposited content should not be
removed. However, if you believe that this version of the work breaches copyright law please contact
open-access@bristol.ac.uk and include the following information in your message:

* Your contact details
* Bibliographic details for the item, including a URL
» An outline of the nature of the complaint

On receipt of your message the Open Access Team will immediately investigate your claim, make an
initial judgement of the validity of the claim and, where appropriate, withdraw the item in question
from public view.


http://dx.doi.org/10.1063/1.4921315
http://research-information.bristol.ac.uk/en/publications/near-ultraviolet-photochemistry-of-2bromo-and-2iodothiophene(987cade7-64ab-4ed6-a8ba-8e2b1d4ce1ea).html
http://research-information.bristol.ac.uk/en/publications/near-ultraviolet-photochemistry-of-2bromo-and-2iodothiophene(987cade7-64ab-4ed6-a8ba-8e2b1d4ce1ea).html

AI P The Journal of i
Chemical Physics .. '

Near ultraviolet photochemistry of 2-bromo- and 2-iodothiophene: Revealing
photoinduced ring opening in the gas phase?
Barbara Marchetti, Tolga N. V. Karsili, Orla Kelly, Panos Kapetanopoulos, and Michael N. R. Ashfold

Citation: The Journal of Chemical Physics 142, 224303 (2015); doi: 10.1063/1.4921315
View online: http://dx.doi.org/10.1063/1.4921315

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/142/22?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Photodissociation dynamics of C3H5I in the near-ultraviolet region
J. Chem. Phys. 141, 104316 (2014); 10.1063/1.4894393

Experimental and theoretical study of the photodissociation reaction of thiophenol at 243 nm : Intramolecular
orbital alignment of the phenylthiyl radical
J. Chem. Phys. 126, 034306 (2007); 10.1063/1.2424939

Probing mechanistic photochemistry of glyoxal in the gas phase by ab initio calculations of potential-energy
surfaces and adiabatic and nonadiabatic rates
J. Chem. Phys. 124, 054324 (2006); 10.1063/1.2165179

Photochemistry of pyrrole: Time-dependent quantum wave-packet description of the dynamics atthe m1 g * -
S 0 conical intersections
J. Chem. Phys. 123, 144307 (2005); 10.1063/1.2049250

Time-dependent quantum wave-packet description of the m 1 g * photochemistry of phenol
J. Chem. Phys. 122, 224315 (2005); 10.1063/1.1906218

How can you REACH 100%
of researchers at the Top 100
Physical Sciences Universities? sz

With The Journal of Chemical Physics.

AIP The Journal of
Chemical Physics THERE’'S POWER IN NUMBERS. Reach the world with AIP Publishing.



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/16139029/x01/AIP-PT/JCP_ArticleDL_0515/4_AIP-ALLstatic1640x440-JCP.JPG/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Barbara+Marchetti&option1=author
http://scitation.aip.org/search?value1=Tolga+N.+V.+Karsili&option1=author
http://scitation.aip.org/search?value1=Orla+Kelly&option1=author
http://scitation.aip.org/search?value1=Panos+Kapetanopoulos&option1=author
http://scitation.aip.org/search?value1=Michael+N.+R.+Ashfold&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.4921315
http://scitation.aip.org/content/aip/journal/jcp/142/22?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/141/10/10.1063/1.4894393?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/126/3/10.1063/1.2424939?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/126/3/10.1063/1.2424939?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/124/5/10.1063/1.2165179?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/124/5/10.1063/1.2165179?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/123/14/10.1063/1.2049250?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/123/14/10.1063/1.2049250?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/22/10.1063/1.1906218?ver=pdfcov

THE JOURNAL OF CHEMICAL PHYSICS 142, 224303 (2015)

Near ultraviolet photochemistry of 2-bromo- and 2-iodothiophene:
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Velocity map imaging methods, with a new and improved ion optics design, have been used to
explore the near ultraviolet photodissociation dynamics of gas phase 2-bromo- and 2-iodothiophene
molecules. In both cases, the ground (X) and spin-orbit excited (X*) (where X = Br, I) atom
products formed at the longest excitation wavelengths are found to recoil with fast, anisotropic
velocity distributions, consistent with prompt C—X bond fission following excitation via a transition
whose dipole moment is aligned parallel to the breaking bond. Upon tuning to shorter wavelengths,
this fast component fades and is progressively replaced by a slower, isotropic recoil distribution.
Complementary electronic structure calculations provide a plausible explanation for this switch
in fragmentation behaviour—namely, the opening of a rival C—S bond extension pathway to a
region of conical intersection with the ground state potential energy surface. The resulting ground
state molecules are formed with more than sufficient internal energy to sample the configuration
space associated with several parent isomers and to dissociate to yield X atom products in tan-
dem with both cyclic and ring-opened partner fragments. © 2015 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported

® CrossMark
¢

License. [http://dx.doi.org/10.1063/1.4921315]

I. INTRODUCTION

Near ultraviolet (UV) photoexcitation of an isolated gas
phase molecule at energies above its lowest dissociation
limit often results in bond fission. This may occur following
radiationless transfer to the ground state potential energy
surface (PES) and appropriate intramolecular vibrational
redistribution (IVR), or may occur on an excited state PES
that is repulsive in the relevant bond coordinate. Excited state
dissociations can be viewed in two classes: the dissociative
state may be populated directly in the photoexcitation process,
or indirectly, following radiationless transfer from an optically
“bright” state reached in the initial absorption event. In both
cases, there is growing recognition that the excited state PES
on which the eventual bond extension occurs is likely to arise
as a result of electron promotion to a o orbital (i.e., to an
orbital that is antibonding in the coordinate of interest).'?
This growing recognition accounts for the frequent reference
in the recent literature to no* and/or mo* excited states,
i.e., dissociative excited states formed by electron promotion
from an occupied non-bonding (#) or bonding (st) orbital to a
0" orbital.

The present study employs nanosecond pulsed laser
pump (photolysis)—probe (resonance enhanced multiphoton
ionisation (REMPI)) velocity map imaging (VMI) methods to
investigate the bromine and iodine atoms formed following
excitation of 2-bromo- and 2-iodothiophene molecules in the
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gas phase at many near UV wavelengths. The experiments
exploit a new ion optics assembly that offers superior
velocity mapping (and slicing) capabilities to that we have
used previously. Aspects of the design, implementation, and
evaluation of this ion optics assembly are presented in Sec. II
and, in more detail, in the supplementary material.>

Analogy with previous experimental studies of bare
and substituted halobenzenes*® encourages the expectation
that near UV excitation of the title halothiophenes should
result in eventual CX (X = Br, I) bond fission on one or
more (n/m)o* excited state PESs. A previous one colour ion
imaging study of Br atoms resulting from 267 nm photolysis
of 2-bromothiophene lends support to this expectation,’
as do evident similarities in the resonance Raman (RR)
spectra measured following excitation of 2-iodothiophene
and iodobenzene (in cyclohexane solution).'® However, the
observation of nominal antisymmetric C-S—C stretching
vibrations in the RR spectra of 2-iodothiophene'? (and of bare
thiophene!!) hints at some contribution from an alternative
C-S bond extension (ring-opening) pathway. This finding
served to reinforce speculations offered to account for various
of the products observed in earlier experimental studies
of thiophene photolysis under both bulk'> and molecular
beam!>!'* conditions and accords with conclusions from
several recent theoretical studies of the ultrafast deactivation
of gas phase thiophene molecules.'>!8

Finding direct evidence for the operation of such path-
ways experimentally is a challenge, as any primary ring-
opened products will almost inevitably be formed with
sufficiently high levels of vibrational excitation to defy

© Author(s) 2015
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definitive spectroscopic characterisation and, in many cases,
will decay further to smaller secondary products. One way
of circumventing these difficulties is to study such photo-
induced ring-opening reactions in a weakly interacting solvent,
as illustrated by our recent ultrafast pump—(broadband infrared
(IR) absorption) probe studies of the 267 nm photolysis
of thiophenone in solution in acetonitrile.'"” The additional
C=0 group (cf. bare thiophene) in this system was crucial,
serving as the “messenger” that allowed us to track the photo-
induced evolution from parent (the photoexcitation of which
results in a characteristic carbonyl stretch bleach feature at
~1650 cm™") to product (which shows a ketene asymmetric
stretch band that narrows and blue shifts to an asymptotic
wavenumber of ~2250 cm~! with increasing pump-probe time
delays). The time dependence of the ketene absorption reflects
the formation, rearrangement, and subsequent vibrational
relaxation of the ring-opened product through interaction with
the solvent. Such vibrational quenching is, of course, not
available in the analogous gas-phase study.

Here, we show that the X atoms in the title halothiophenes
can also serve as messengers and, from the wavelength
dependence of the X atom product velocities (as revealed
by ion imaging), provide clear evidence for photo-induced
ring expansion at shorter UV excitation wavelengths. Com-
plementary electronic structure calculations serve to reinforce
this interpretation and to highlight the key role of a (n/m)o*
PES in driving the C-S bond extension required to access
a region of conical intersection (CI) with, and promote
radiationless transfer to, the ground state PES and (potentially)
to fully ring opened products. This work adds to the growing
literature highlighting the importance of (n/m)o™ excited states
in facilitating both emergent and complete ring opening in
heterocyclic molecules.?’->*

Il. EXPERIMENTAL

2-Bromo- and 2-iodothiophene (purity ~98%) were
obtained from Sigma Aldrich and used as supplied. The
individual samples (both liquids at room temperature) were
packed in a stainless steel inline filter positioned upstream of
a pulsed valve, which was resistively heated (to ~30°C) to
boost its vapour pressure. This vapour pressure was seeded
in helium (at stagnation pressures ~600 and ~400 millibars,
respectively) and expanded though the pulsed valve (General
Valve, Series No. 9; Parker) into the VMI spectrometer
in the form of a skimmed, pulsed molecular beam. The
vacuum chamber has been detailed previously, as have the
Nd-YAG pumped, frequency doubled, pulsed dye lasers used
to generate the requisite photolysis and 2 + 1 REMPI probe
wavelengths.?> The probe wavelengths used in the two colour
studies reported here were 266.63 nm and 266.70 nm for
ground and spin-orbit (SO) excited Br atoms®® (henceforth
written simply as Brand Br*) and 303.68 nm and 304.02 nm for
I and I* atoms.?” All reported images recorded at wavelengths
A > 250 nm are from “one-colour” experiments, where the
same wavelength is used both to effect photodissociation and
probe the resulting halogen atom products, whereas those
recorded at A <250 nm are from traditional “two-colour”
experiments wherein the two pulses are arranged to counter-
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propagate through the interaction region with a time delay
0t ~ 20-45 ns between the photolysis and REMPI laser pulses.
The probe laser bandwidth is greater than the Br/l atom
Doppler width in all cases and thus was simply fixed at the
line centre of the respective transition.

Ions formed in the interaction region were accelerated with
a new, purpose designed ion optics assembly detailed below
and in the supplementary material,® through a field free time-
of-flight (TOF) region towards a position sensitive detector
(double microchannel plates (MCPs)) coupled to a phosp-
hor screen and a CCD camera (Allied Vision Technologies,
Model GC1385). The images were acquired and processed us-
ing event counting (LaVision, Davis 6.2) and could be collected
as traditional “pancaked” images or, by appropriate adjust-
ment of the electrode voltages, by time gating the front MCP
(Photek, GM-MCP-2) so as to take a central slice out of the
extended ion cloud of interest at the detector. The pancaked im-
ages were transformed and analysed as described previously.?®
The trigger pulses for the pulsed valve, the flashlamps and
Q-switches of both Nd-YAG lasers, the gating of the front
MCEP, and the camera were supplied by a BNC Model 555 delay
generator operating under Labview control.

A. The new ion optics assembly

The ion optics assembly developed in this work was
designed, built, and assembled following extensive SIMION
(v 8.1)* simulations. As with several other reported spectrom-
eter designs,*% the ion optics assembly described in Ref. 25
provided a convenient starting point. The result of this analysis
is the four electrode stack shown in Fig. 1, which is designed
to support a linear mapping of image radius (r) to ion velocity
(v) right down to r = 0, a larger interaction volume capable
of supporting optimal velocity mapping than in our previous
design, and an up to 5-fold improvement in the (modelled)

105 mm N
N
t o il 5 Tk K £ T i
S . " Z. 7
% 2 S
d
N N
y e
j 3
L2
? X & R — Repeller
w E - Extractor
L - Lens -
g — Ground
’ S s — Stabiliser

R E s L s s

FIG. 1. Cross-sectional view of the new VMI optics, illustrating the electrode
geometries and the lines of equipotential returned by the SIMION modelling.
Stainless steel components and insulating components are shaded grey and
yellow, respectively.
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limiting velocity (i.e., Ar/r or Av/v) resolution. The overall
assembly is longer (e.g., the distance between the plane of
ionisation and the ground (G) electrode is 82 mm (cf. 70 mm
in the previous design)). The electrodes and support rods are
made of stainless steel, and the latter are covered with an
insulating sleeve which is in turn covered with a thin stainless
steel sleeve that is electrically connected to the adjacent lower
potential electrode—thereby ensuring that at no stage do the
ions of interest have direct line of sight to any insulating
part.

There are an infinite number of possible geometry
configurations that could, in principle, be modelled in the quest
for optimum performance. Thus, it was necessary to adopt
a systematic approach to optimising the ion optics design,
within the constraints imposed by the physical size of the
existing vacuum chamber, the diameter of the annular cryo-
shield surrounding the interaction region, and the requirement
that the laser propagation axis must lie between the repeller
(R) and extractor (E) electrodes. The ion optics geometry was
modified iteratively using a routine written in Lua, and a series
of 2-D simulations run to determine the velocity mapping
capability of each configuration. Initial simulations concen-
trated on understanding the effects of changing aspects of the
geometry (e.g., aperture diameters and electrode spacings).
These preliminary calculations encouraged more thorough
investigation of three design features: (i) the shape/depth of the
R electrode, (ii) the shape/curvature of the E electrode, and (iii)
the extent to which the electrode assembly design shields the
acceleration region from stray fields. Our exploration of each
of these factors is now described. Further details, the results of
supporting SIMION simulations, and illustrative test data for
photolysis of IBr are included in the supplementary material.?

(i) Our earlier design introduced a top hat shaped R
electrode in place of the traditional annular plate.”> Such a
design, in combination with a conical E electrode, yielded field
lines that are suitably parallel to one another and perpendicular
to the extraction axis. The present modelling reveals that
further improvements in velocity mapping capability can be
achieved by increasing the recess depth, d, of this R electrode
further, as illustrated in Fig. 2(a). In practice, the additional
depth that can be accommodated in the existing vacuum
chamber is limited by the location of the laser beam axis (and
the entrance and exit windows) relative to the bulkhead that
supports the skimmer separating the source and interaction
regions, but the simulations suggest a ~2-fold improvement in
the minimum Ar /r should be achieved (with both the previous
and new ion optics designs) upon increasing d to ~14 mm.

(i) The earlier design® also introduced a thicker E
electrode with a conical aperture as a route to reducing
chromatic and spherical aberrations and shielding the ions of
interest from external stray fields. The larger volume created
by using appropriately shaped R and E electrodes results in
a weaker field gradient in the interaction region. This “soft
focussing” configuration offers several potential benefits. The
cloud of ions formed in the interaction region has more time
to expand before entering the later acceleration and TOF
regions—with consequent benefits for slice imaging (see the
supplementary material®). Further, the ions and their resulting
trajectories are less sensitive to their point of creation in
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FIG. 2. Tllustrations of the Ar /r resolution returned by SIMION modelling
of the new (and previous (Ref. 25)) velocity mapping ion optics for (a)
different depths d of the R electrode and (b) different aperture diameters
for the E electrode with a spherical entrance face. For each new geometry,
the simulations employ the best operational voltages (holding Vg fixed at
+2.5 kV) and assume the ejection of 3*CI* ions with 1.5 eV kinetic energy
perpendicular to the time-of-flight axis, from a volume with Ax =0.5 mm in
the TOF direction and Ay =2 mm in the laser propagation direction.

the interaction region (cf. when using standard flat, annular
electrodes). The velocity mapping condition is thus much
less sensitive to small changes in laser alignment or in
the electrode voltages, and the volume within which good
velocity mapping can be achieved is substantially increased.
Introducing a spherical/curved surface in place of the previous
conical aperture further improves the field definition within
the interaction volume, resulting in a ~20% improvement in
Ar/r (for the same entrance and exit aperture diameters). As
Fig. 2(b) shows, this can be further improved by increasing
the aperture of the E electrode which, in the new design,
comprises an entrance face defined by a sphere of radius
29.1 mm (centred on the TOF axis) and entrance and exit
apertures of, respectively, 56 mm (as before) and 44 mm. As
noted previously,’” use of a spherical entrance surface also
ensures that the desired linear relationship between image
radius (r) and ion velocity (v) extends all the way to r = 0.
(iii)) Additional large aperture “stabilising” electrodes
have been introduced between the E and L electrodes and
between the L and G electrodes (all electrically linked via
a resistor chain), as shown in Fig. 1. These provide further
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improvements in field definition in the later acceleration
regions and provide a valuable counter against perturbing
fields from the earthed support rods and any other external
influences.

Further comparative simulations and sample Br and/or I
atom images from the near UV photodissociation of jet-cooled
IBr molecules recorded with the new ion optics assembly are
included in the supplementary material.}

B. Ab initio calculations

Using the Molpro computational package,*® the ground
state minimum energy geometries of 2-iodothiophene and 2-
bromothiophene were optimised using Mgller-Plesset second
order perturbation theory (MP2) and Dunning’s contracted
cc-pVDZ basis set (for the H, C, S, and Br atoms).>® For
the T atom, a pseudopotential was added to the double-C
(cc-pVDZ-pp) basis function along with a 46 electron
relativistic effective core potential.*’ Rigid body potential
energy curves (PECs) were then calculated as a function
of the C-X bond length, Rc_x, with the remainder of the
nuclear framework fixed at the MP2 equilibrium geometry. C
symmetry was maintained at each point along this scan. Spin
orbit free (SOF) PECs were calculated using a state-averaged
(SA) complete active space self-consistent field (CASSCF)
reference wavefunction involving five TA’ four 'A”, five
3A’, and four 3A” states. The corresponding state energies
were calculated using the complete active space with second
order perturbation theory (CASPT?2) based on the above SA-
CASSCEF reference wavefunction, with an imaginary level
shift of 0.5 E}, to aid convergence and circumvent the effects
of intruder states. The active space for these calculations
comprised 12 electrons in the following nine orbitals: three
occupied m orbitals, two unoccupied st* orbitals, the py and py
lone pairs centred on the X atom, and the o and o orbitals
localised around the C—X bond. Spin-orbit coupled states were
then calculated by evaluating the spin-orbit Hamiltonian (Hso)
in a basis of ¥e.; these states are henceforth labelled using the
extended irreducible representation including both spin-orbit
free and spin parts. In order to account for dynamic correlation
of electrons, the obtained SOF CASPT2 energies were then
used in the diagonalisation of the spin-orbit coupling matrix.

Gaussian 09*! was used to calculate “relaxed” PECs
along the C(2)-S ring opening coordinate (Rc_g). These
calculations started from the MP2 optimised ground state
geometry (above). Rc_s was then extended in 0.1 A increments
to Rcs=3.7 10\, and at each value, the remainder of the
nuclear framework was optimised at the MP2/LANL2DZ level
(with Cs symmetry constraints). The excited states were then
calculated at these various relaxed ground state geometries
along Rc_s using SOF CASPT2. These CASPT?2 calculations
utilised the same state averaging, active space, basis set, and
imaginary level shift as the previously described calculations
along Rc x.

Following C(2)-S bond extension, various ground state
minima and transition state (TS) geometries linking potential
isomers were calculated using Density Functional The-
ory (DFT) along with the Becke 3-parameter Lee-Yang-
Parr (B3LYP) functional. The default 6-311G(d,p) basis
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set embedded within Gaussian 09 was used for the 2-
bromothiophene calculations, whereas for 2-iodothiophene,
the functions of the equivalent 6-311G(d,p) basis set were
generated artificially (and are listed in the supplementary
material®). The biradicals formed upon ring-opening in 2-
bromo- and 2-iodothiophene were identified as local minima
and could thus be optimised in the normal way using
DFT/B3LYP/6-311G(d,p) and a singlet spin multiplicity.
Given the evident differences in the Br product recoil
velocity distributions from 267 nm photolysis of 2- and
3-bromothiophene,” we also attempted to characterise the
equivalent ring-opened biradical on the ground state PES of
3-bromothiophene. These calculations were unsuccessful—
minimising instead to a lower energy cyclopropene adduct.
Thus, the lowest root of triplet spin multiplicity was used to
optimise this critical point in the case of 3-bromothiophene,
and a linear interpolation in internal coordinate (LIIC) was
then scanned (using the above level of DFT) between the
ring opened biradical and the cyclopropene adduct in order to
establish the energy profile along this coordinate.

lll. RESULTS AND DISCUSSION

Near UV absorption spectra of the two title halothio-
phenes are shown in Figure 3, along with an illustrative
molecular structure. Both spectra show an intense band centred
at ~230-240 nm and a tail stretching to longer wavelengths that
is much more evident in the case of 2-iodothiophene. The 2-
iodothiophene absorption profile agrees well with that reported
previously (in cyclohexane solution)'” but, additionally, shows
a sequence of diffuse resonances separated by ~630 cm™!
on the long wavelength side of the intense feature. Analogy
with bare thiophene (and the present ab initio calculations,
vide infra) suggests that this feature is associated with one
or more T < 7 excitations and that these resonances are
likely attributable to symmetric (or antisymmetric) C—-S—C
stretch motions. The long wavelength tail can be viewed as
the analogue of the 6" « n/m “A-band” absorptions of other
alkyl (and aryl) halides. The greater prominence and extent of
this tail in the spectrum of 2-iodothiophene accords with the
findings of our recent studies of 4-bromo- and 4-iodophenol;

2-iodothiophene
/ 2-bromothiophene

o
o
" 1

o
S
I

(=]
w
1

Absorption / a. u.
o
N
1

T T T T T
200 220 240 260 280 300
A/ nm

FIG. 3. Room temperature near-UV absorption spectra of 2-bromo- and
2-iodothiophene recorded using the vapour above a small sample of the neat
liquid in an atmosphere of air.
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FIG. 4. Images of Br(*P; /2) products resulting from photolysis of jet-cooled
2-bromothiophene at A=(a) 266.6 nm, (b) 260.6 nm, (c) 254.2 nm, (d)
249.8 nm, and (e) 244.9 nm, with the € vector of the photolysis laser radiation
aligned vertically in the plane of the images (as shown in panel (a)). The
TKER spectrum derived from analysis of each data set is shown to the right
of each image, with the vertical arrow showing the TKER,ax value assuming
Do(R—Br)=29000 cm™.

nominally spin-forbidden singlet-triplet transitions appear
with much greater transition strength in the latter.®

A. lon imaging data

The left hand panels in Figs. 4-7 show raw images of,
respectively, the Br and Br* fragments resulting from photol-
ysis of 2-bromothiophene and the I and I* fragments from
photolysis of 2-iodothiophene, recorded at several different
near UV wavelengths. For consistency, only pancaked images
are reported in the main paper. All images of a given species
were recorded using the same extraction voltages (i.e., the
respective radii are reliable indicators of the relative velocity),
and in all cases, the electric (€) vector of the photolysis laser
radiation was vertical (i.e., parallel to the front face of the
detector) as shown on the first image in each figure. The
corresponding total kinetic energy release (TKER) spectra
(shown to the right of each image) were derived using the
appropriate Jacobian together with the assumption that the
unobserved fragment partnering the Br/I atom has chemical
formula C4,SH3 and mass m = 83.13 u.

These data show a number of trends, which we review by
first focussing on 2-bromothiophene. The Br image recorded
at longest photolysis wavelength—a one colour experiment
at 266.6 nm—shows a fast, anisotropic recoil velocity
distribution, peaking at TKER ~6000 cm™!, with a full width
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FIG. 5. Images of Br(*P, /2) products resulting from photolysis of jet-cooled
2-bromothiophene at A = (a) 266.7 nm, (b) 262.5 nm, (c) 254.2 nm, and (d)
244 .8 nm, with the € vector of the photolysis laser radiation aligned vertically
in the plane of the images (as shown in panel (a)). The TKER spectrum
derived from analysis of each image is shown on the right, with the vertical
arrow indicating the TKER,x value assuming Do(R — Br) =29 000 cm!

half maximum (FWHM) of ~3000 cm™', and an associated
anisotropy parameter [3 ~ 2, i.e., the limiting value for prompt
axial recoil following excitation via a transition dipole moment
(TDM) for which is aligned parallel to the breaking bond—as
reported (following photolysis at 267 nm) by Zhang et al.’
Moving to shorter wavelengths, the anisotropic fast ring
fades in relative intensity and is progressively replaced by
a smaller, isotropic feature—exemplified by the data recorded
at 244.9 nm (Fig. 4(e)). The TKER spectrum derived from this
image peaks close to zero.

The Br* fragment images from photolysis of 2-bro-
mothiophene (and the TKER spectra derived from them) reveal
a similar trend. The images recorded at longer wavelengths,
i.e. at 266.7 and 262.5 nm (Figs. 5(a) and 5(b)), are dominated
by an anisotropic feature, peaking at TKER ~3500 cm™,
with a FWHM of ~3000 cm™!. The B parameter is velocity
dependent: ~1.5 around the peak of the distribution and
declining at lower TKER. The weak Br* image taken at
A = 244.8 nm, in contrast, is essentially isotropic and peaks at
low TKER.

I and I" images from 2-iodothiophene were recorded
over a greater range of photolysis wavelengths and again
show similar trends. A weak one-colour I atom signal was
discernible following excitation at 303.68 nm. As Fig. 6(a)
shows, these I atoms display a narrow (~2000 cm™! (FWHM)),
anisotropic (B ~ 1.7) translational energy distribution peaking
at TKER ~7000 cm™!, which initially expands upon scanning
to shorter wavelengths, but then shrinks (in radius), becomes
more isotropic, fades (in relative intensity), and is supple-
mented by a slower, isotropic component as the photolysis
wavelength is reduced. Nonetheless, as Fig. 6(f) shows, a



224303-6 Marchetti et al.

(a) 303.7 nm

(c) 266.8 nm

(d) 254.7 nm

Signal intensity / a. u.

(e) 243.7 nm

(f) 220.2nm

T T T T

T T lvM
0 2 4 6 8 10 12 14 16
TKER /103 cm’*

FIG. 6. Tmages of (%P3 /2) products resulting from photolysis of jet-cooled 2-
iodothiophene at A = (a) 303.7 nm, (b) 277.9 nm, (c) 266.8 nm, (d) 254.7 nm,
(e) 243.7 nm, and (f) 220.2 nm, with the € vector of the photolysis laser
radiation aligned vertically in the plane of the images (as shown in panel
(a)). The TKER spectrum derived from analysis of each data set is shown
on the right, with the vertical arrow showing the TKER,x value assuming
Do(R-1)=24500 cm™.

faster (albeit more anisotropic) component peaking at TKER
~7000 cm™ is still discernible at A = 220.2 nm.

As in the cases of iodobenzene,® various fluorinated
iodobenzenes,” and 4-iodophenol,8 the I* images measured
following excitation of 2-iodothiophene at long wavelength
show hints of product vibrational structure, as illustrated in
Fig. 7(a) (A = 277.4 nm). Following past precedent, we assign
the most obvious peak in the TKER spectrum taken at longest
wavelength (indicated by the arrow in Fig. 7(a)) to formation
of I" atoms together with radical fragments in their ground
(i.e., zero-point, v = 0) vibrational level. Such an attribution
allows estimation of the C-I bond strength via the usual energy
conservation relationship,

DoR 1) = Ephot - A(I) — TKER jyax,

where R represents the (a-)thienyl (sometimes also referred
to as the thiophenyl) radical, Eype is the photolysis photon
energy, A(I) is the spin-orbit energy of the I* atom (7603 cm™"),
TKER.x 1s the TKER associated with this fastest feature,
and we neglect the small amount of internal excitation in
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FIG. 7. Images of I?P; /2) products resulting from photolysis of jet-cooled 2-
iodothiophene at A = (a) 277.4 nm, (b) 267.0 nm, (c) 254.7 nm, (d) 243.7 nm,
and (e) 220.2 nm, with the € vector of the photolysis laser radiation aligned
vertically in the plane of the images (as shown in panel (a)). The TKER
spectrum derived from analysis of each data set is shown on the right,
with the vertical arrow showing the TKERp,x value assuming Do(R-1)
=24500 cm™!.

the jet-cooled parent molecules; this analysis yields Dy(R — I)
= 24500 + 500 cm~'—a value that is sensibly consistent with
a typical C—I bond strength in other aromatic systems.5 Ab
initio calculations for the ground state thienyl radical provide
clues as to the assignment of the vibrational peak observed
in Fig. 7(a). A unique assignment is not possible given
the limited energy resolution, but the observed wavenumber
separation (~1500 cm™' from the peak assigned to v =0
products) is sensibly consistent with one quantum of the in-
plane symmetric (and antisymmetric) C—C stretching modes—
see the supplementary material.® We note that the former
is prominent in the previously reported RR spectra of
2-iodothiophene (albeit when exciting at slightly shorter
wavelengths).'?

The short vertical arrows at the high TKER end of the
spectra shown in Figs. 6 and 7 indicate the maximum TKERs
predicted for the I (or I*) + R products arising at each
photolysis wavelength given Do(R —I) = 24 500 cm™!. These
data emphasise that the mean TKER, (TKER), associated
with each channel is rather insensitive to changes in Epp,
implying progressively greater partitioning of the available
energy (i.e., of Eppo — Do(R —1)) into internal excitation of
the thienyl radical product—a conclusion that, again, is in
good accord with those reached from the earlier resonance
Raman studies.'”
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FIG. 8. Diabatic, SO resolved PECs along Rc_x for the ground and lower lying excited states of (a) 2-bromothiophene and (b) 2-iodothiophene.

None of the TKER distributions derived from the Br or Br*
images from photolysis of 2-bromothiophene show any hints
of product vibrational structure (as was the case, also, in the
imaging study of 4-bromophenol photolysis®). Nonetheless,
if we assume similar dissociation dynamics to that revealed
by 2-iodothiophene and that the TKER;,,x value for products
formed from 2-bromothiophene photolysis at the longest
UV wavelengths similarly lies on the fast edge of the high
TKER feature (as shown by the short vertical arrow in both
Figs. 4(a) and 5(a)), we arrive at a C—Br bond strength Dy
(R —Br) ~29000 cm™! (given A(Br) = 3685 cm™') that is
again sensibly consistent with values reported for bro-
mobenzene (342.8 kJ mol™!, 28650 cm™!, Ref. 42) and
for 4-bromophenol (28700 cm™!, Ref. 8), but substantially
larger than an earlier suggested C-Br bond strength in 2-
bromothiophene.** As the other panels in Figs. 4 and 5 show,
tuning to shorter photolysis wavelengths again results in a
relative increase in the internal energy partitioned into the
thienyl partner.

B. Ab initio calculations of C-Br/C—l bond fission
and C-S ring opening pathways in 2-bromothiophene
and 2-iodothiophene

Figures 8(a) and 8(b) present SO resolved PECs along
Rc_x for the ground and lower energy excited states of, respec-
tively, 2-bromothiophene and 2-iodothiophene. In both cases,
the molecule has been constrained to planar geometries, and
the PECs have been approximately “diabatised” in terms of
(n/m)o* and tw* states by inspecting the energies, symmetries,
and wavefunction coefficients. The adiabatic SO resolved
potentials from which these are derived are shown in the
supplementary material.®> As in the case of the iodobenzenes®’
and halophenols,? the lowest repulsive potentials all arise from
oc_x" « n/m excitations; these potentials correlate with the
ground (X?A’) state thienyl + X/X* dissociation limits. The
spin-orbit split analogues involving the first (A>A”’) excited
state of the thienyl radical lie higher in energy, while the
(diabatically) bound interloper PECs arise from excitations
to ring centred mt* orbitals. The calculated vertical excitation
energies suggest that many of these excited states could be
sampled within the wavelength ranges explored in the present
study, but analogy with the previous VMI studies of the X/X*

products from photolysis of iodobenzenes and 4-iodo- and
4-bromophenol suggests that the 0 <— n/m TDMs returned
by the present calculations are likely to be of limited value
in deciding which are the optically “bright” states (illustrative
TDMs are listed in the supplementary material®). Rather, as
in those cases,®® the observation that the faster X and X*
products formed at long excitation wavelengths show near
limiting parallel recoil anisotropy suggests that the populated
states are those that gain intensity by vibronic interaction
with the higher lying, intense, C—X bond centred, 0* < o
transition.

The predicted energy separations between the various
asymptotic limits merit comment. The present calculations
reproduce the Br/Br* and I/I* spin-orbit splittings well but
predict a larger separation between the A and X states
of the thienyl radical (~1.25 eV) than that derived from
photodetachment studies of the thiophenide anion (~0.6 eV,
Ref. 44). This is not surprising, given that the PECs are derived
viarigid body scans and thus preclude any structural relaxation
of the ring. Nonetheless, the present calculations confirm the
earlier suggestion that (n/m)c* excited states (i.e., states that
are dissociative with respect to C—X bond extension, and which
correlate to X or X* products) are dominant contributors to
the long wavelength tail of the respective absorption spectra
and locate the minimum of the first (spin-allowed) " « =
transition at ~5.3 eV (~5.9 eV) for X =1 (Br), in reasonable
accord with the observed absorption maxima (Fig. 3).

Cuts through the first few SOF potentials of 2-bro-
mothiophene and 2-iodothiophene along the Rc_s stretch
(ring-opening) coordinate are shown in Figs. 9(a) and 9(c),
respectively. The corresponding adiabatic SOF PECs along
Rc_x are shown alongside, in Figs. 9(b) and 9(d). The Sy state
is stable with respect to ring opening in both halothiophenes,
and its PEC thus rises steadily with increasing Rc_s. In
contrast, the PECs for the 1'A” and 2'A” states (and for
their triplet analogues, all of which arise via oc_s* « (n/m)
excitations) show obvious instability with respect to extending
Rc_s. Notwithstanding the limitations of these SOF PECs
(all of which are calculated at the MP2 relaxed ground state
geometries), they clearly point to the availability of exoergic
pathways from the bright 'mn* (2'A’) state, via one or more
(n/m)oc_s* PECs, to extended C—S bond lengths and regions
of conical intersection with the S state potential.
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FIG. 9. Approximately diabatised SO free PECs along the Rc_s (ring-opening) coordinate and Rc_x stretch for the first few singlet (solid lines) and triplet
(dashed lines) states of 2-bromothiophene ((a) and (b), respectively) and 2-iodothiophene ((c) and (d), respectively).

Figure 10 summarises some of the various possible fates
of 2-halothiophene molecules following non-adiabatic transfer
to the So PES. The primary ring-opened structure is a biradical
(structure B) that can exist as essentially degenerate cis and
trans isomers—both of which are unstable with respect to
the original ground state halothiophene. B can also isomerise
to various ring-opened isomers (including structures D-G)
via transition states, three of which that involve migrating
(at most) one atom from the biradical structure (TS1, TS2,
and TS3) have been optimised. As Fig. 10 also shows, a
range of Br + radical (H, L, J, K, as well as R) dissociation
limits are calculated to lie below the energy of a 250 nm
photon (illustrated by the horizontal red line). The various
structures and product pairs, along with their energies (in
cm~), defined relative to that of the ground state minimum),
are detailed below the figure, along with the corresponding
quantities for 2-iodothiophene (in parentheses). The calculated
R-Br and R-I bond strengths are seen to match well with
the experimental values derived in Sec. III A. Readers
should also note that the dashed lines at the far right of
Fig. 10 are simply intended to correlate various isomers to
particular dissociation products; we have not checked for the
presence (or otherwise) of any barrier in the various fragmen-
tation paths.

C. A plausible explanation for the observed
wavelength dependent fragmentation dynamics

The X and X* images measured at the longer UV
wavelengths are very reminiscent of those reported previously
following photolysis of, for example, iodobenzenes®’ and 4-
iodo- and 4-bromophenol.® The X and X* products recoil
with close to the maximum speed permitted by energy
conservation and with close to limiting parallel anisotropy.
The velocities of the faster X/X* products increase little
upon tuning to shorter excitation wavelengths, implying a
preferential partitioning of the additional photon energy into
internal (vibrational) excitation of the thienyl radical partner.
As in the previously studied aryl iodides and bromides, such
behaviour is fully consistent with population of one or more
(n/m)o* excited states and prompt C-X bond fission. The
progressive increase in product vibrational excitation can be
understood on Franck-Condon grounds, given the changes in
equilibrium ring geometry upon ¢* « (n/m) excitation and
subsequent evolution to the radical product. As noted above,
the near limiting parallel recoil anisotropy of the X and X*
products can be understood if (as has been shown in detail in
the case of methyl iodide®) the participating (n/m)c* state(s)
gains transition probability by vibronic interaction with a
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FIG. 10. Diagram showing the calculated relative energies of 2-
bromothiophene (A), the biradical intermediate B formed upon C-S bond
fission, TSs leading to various ring-opened isomers (D-G), and selected
Br + radical (H, 1, J, K) product limits. The dashed lines at the far right of the
figure simply correlate given structures to particular dissociation products;
we have not checked for the presence (or otherwise) of any barrier in the
various fragmentation paths. The various structures along with their energies
(in cm™!, defined relative to the ground state minimum) are detailed below, to-
gether with the corresponding quantities for 2-iodothiophene (in parentheses).
The horizontal dashed line indicates the total energy reached upon absorption
of a 250 nm photon.

higher lying, C—X bond localised oo* state, and the subsequent
bond fission occurs on a time scale that is fast compared to the
molecular rotational period.

The primary novelty of the present study, however, is the
clear switch in energy disposal upon reducing the excitation
wavelength. This switch is revealed by the appearance (and
growing dominance) of a slow, isotropic component within
the X and X* images—more obviously in the case of
2-bromothiophene—and roughly coincides with the start of
the obvious increase in parent absorption that we associate
with t* « m absorption (Fig. 3). Careful inspection of Figs. 6
and 7 also shows that the “fast” component in the I and I*
images slows and becomes less anisotropic as the photon
energy is increased further.

J. Chem. Phys. 142, 224303 (2015)

The PES for this mn* state (the 2'A’ state in Fig. 9)
shows CIs (at geometries not far from the vertical Franck
Condon region) with other excited states, the potential energies
of which decline with increases in Rc_x and/or Rc_s. Thus,
it is reasonable to propose that excitation at these shorter
wavelengths populates the (diabatically bound) 2'A’ state,
which can then decay by coupling to states that are dissociative
with respect to C—X and/or C-S bond extension. Which of
these decay processes dominates (i.e. the C—X bond fission
or the channel initiated by C-S bond extension) will be
sensitively dependent upon the respective minimum energy
pathways from the 2'A’ state, and the details of the coupling
modes that facilitate the population transfer.

The almost total absence of “fast” Br/Br* products in the
images recorded following photolysis of 2-bromothiophene
at A ~ 245 nm suggests that (i) the partial absorption cross
section to the 2'A’ state far exceeds that to the underlying
(n/m)o™ state(s)—consistent with the relative weakness of the
long wavelength tail in the UV absorption spectrum of 2-
bromothiophene—and (ii) C—S bond extension constitutes the
major decay pathway from the 2'A’ state, and the subsequent
nuclear motion samples the predicted region of CI with the
So PES at extended C—S bond lengths. Radiationless transfer
at this CI yields highly vibrationally excited Sp molecules.
These have more than enough internal energy to decay not
only by R-Br bond fission (yielding thienyl cofragments)
but also to ring-open, isomerise, and decay to yield slow
Br fragments in tandem with a range of C4H3S radical
products. Figure 10 suggests similar energetics for C—Br bond
fission leading to ring closed (R) and some of the more
stable ring opened radical products (e.g., H and I). Entropic
considerations might favour the latter products, but any serious
discussion of the likely product yields would require better
knowledge of the topology of the CI via which population is
funnelled to the biradical intermediate on the Sy PES and of
the rate with which the latter can overcome the barrier to the
stable ring-opened products featured on the right hand side of
Fig. 10.

The data for 2-iodothiophene are less clear cut but, again,
the relative yield of slow I atoms increases upon tuning to
shorter wavelengths—consistent with initial excitation to the
corresponding 2'A’ state and radiationless transfer to (and
unimolecular decay from) highly vibrationally excited Sg
molecules formed by coupling through the predicted CI at
extended Rc_s. The “fast” I/I* feature also persists at shorter
wavelengths, however. This could be explained by one, or
other, or both of two mechanisms. The first recognises the
(relatively) greater partial absorption cross sections of the
Oc_1" < n/m excitations in 2-iodothiophene (Fig. 3), while the
second assumes that, following excitation to the 21 A’ state, the
threshold energies for predissociation enabled by C—I and C-S
bond extension are more similar than in 2-bromothiophene.
The evident reduction in the TKER and recoil anisotropy
of the “fast” I signal at shorter wavelengths hints that C—X
bond fission is a relatively more important decay channel
from the 2'A’ state of 2-iodothiophene than in the case of
2-bromothiophene.

Finally, we contrast the fast, anisotropic Br and Br*
product velocity distributions formed in the 267 nm photolysis
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of 2-bromothiophene with the slow, isotropic distributions
observed when exciting 3-bromothiophene at this same
wavelength.” The latter are reminiscent of that found when
exciting 2-bromothiophene at much shorter wavelengths
(below ~245 nm). As noted previously, all of our attempts
to characterise the analogue of biradical B on the Sy PES of
3-bromothiophene minimised to a lower energy cyclopropene
adduct (an enantiomer of G), which will have ample internal
energy to decay further (e.g., to H + X products). The
published photolysis data for 3-bromothiophene may thus
be explicable if the corresponding oc_s* < (n/m) PESs are
somewhat red-shifted, cf. 2-bromothiophene, and provide an
efficient route for funnelling photoexcited molecules to regions
of CI with the Sy PES and thence to C-Br bond fission on
this latter PES. Photolysis studies of 3-halothiophenes at a
range of (longer) UV excitation wavelengths could be useful
in confirming (or refuting) this proposal.

IV. CONCLUSIONS

The near UV photofragmentation dynamics of jet-cooled,
gas phase 2-bromo- and 2-iodothiophene molecules have
been investigated at many different excitation wavelengths
by measuring the velocity distributions of the X/X* products
using a VMI spectrometer equipped with a new, purpose
designed ion optics assembly. The new ion optics design is
not much more complicated than the traditional flat, annular
electrode stack and offers a number of potentially significant
advantages: stable velocity mapping from a larger interaction
volume, protection from stray fields, improved limiting veloc-
ity resolution, and natural compatibility with slice imaging.
The present study addressing the photodissociation of a 9-
atomic system does not provide an appropriate vehicle for
illustrating the predicted velocity resolution. As discussed
in the supplementary material,> the ultimate test of the
resolving power of the new ion optics assembly should involve
photodissociation studies of fully quantum state selected
parent molecules, such as those reported by the Janssen group
for methyl iodide.*

The present imaging study reveals a marked change in
photofragmentation behaviour upon tuning to shorter excita-
tion wavelengths, particularly in the case of 2-bromothiophene.
Long wavelength excitation results in prompt C-X bond
fission; the resulting X/X* products are formed with
kinetic energies close to the maximum allowed by energy
conservation and with near limiting parallel recoil anisotropy.
Companion ab initio calculations show that these products
arise following excitation to one or more (n/m)c* states and
serve to highlight the photophysical similarities with other
aryl iodides (and bromides) when excited at longer UV
wavelengths.*8

At shorter wavelengths, the anisotropic fast ring asso-
ciated with these products fades in relative intensity and is
progressively replaced by a smaller, isotropic feature that
signifies the formation of much slower X/X* atom products.
The appearance of this new channel roughly coincides with
the onset of more intense parent absorption to the 2' A’ excited
state. Ab initio theory suggests that this mm* excited state
can predissociate by interaction with neighbouring (n/m)o*
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states, the potentials for which decline in energy along both
the Rc_x and Rc_s stretch coordinates. The 2-bromothiophene
data can be understood if the latter offers the lower energy
decay route from the optically bright 2'A’ state, to a CI
with the ground state PES at extended C-S bond lengths.
The present DFT/B3LYP/6-311G(d,p) calculations suggest
that the resulting biradicals have more than sufficient energy
to sample the configuration space associated with several
different isomeric forms of the starting molecule and to form
both ring closed and ring opened C4H3S radical products
following subsequent C—Br bond fission on the Sy PES.

The data for 2-iodothiophene are less clear cut but,
again, the relative yield of slow I atoms increases markedly
upon tuning to shorter wavelengths—consistent with initial
excitation to the corresponding 2'A’ state and radiationless
transfer to (and unimolecular decay from) highly vibrationally
excited So molecules formed by coupling through the predicted
CI at extended Rc_s. The “fast” I/I* feature also persists at
shorter wavelengths, however. This could be explained by
one, or other, or both of two mechanisms. The first recognises
the (relatively) greater partial absorption cross sections of
the oc_1* « n/m excitations in 2-iodothiophene, while the
second assumes that following excitation to the 2' A’ state, the
thresholds for predissociation enabled by C-I and C-S bond
extension are closer in energy than in 2-bromothiophene.

It is interesting to compare the present findings with
those from recent condensed phase studies of thiophenone
in acetonitrile solution, wherein the photoexcited parent
molecules were similarly deduced to convert to highly
vibrationally excited levels of the ground (Sp) state by
coupling via a CI at extended C-S bond lengths'® Ring
opening was confirmed in that case by the observation of
ketene products, but the time evolution of the parent bleach
signals indicated that the majority (~60%) of these highly
vibrationally excited Sp molecules relax and re-thermalise as
the ring closed thiophenone. Such vibrational relaxation is not
available in the present isolated molecule gas phase studies, so
eventual dissociation is assured on energetic grounds, but the
relative probabilities for forming ring opened or ring closed
fragmentation products remains an open question.
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