-

View metadata, citation and similar papers at core.ac.uk brought to you byff CORE

provided by Explore Bristol Research

-% University of
OPEN (o) ACCESS BRISTOL

Pandit, S., Hornung, B., & Orr-Ewing, A. (2016). Direct comparison of 3-
centre and 4-centre HBr elimination pathways in methyl-substituted vinyl
bromides. Physical Chemistry Chemical Physics, 18(40), 28353-28364.
https://doi.org/10.1039/C6CP0O5393A

Peer reviewed version

Link to published version (if available):
10.1039/C6CP05393A

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via APS at DOI: 10.1039/C6CP05393A . Please refer to any applicable terms of use of the publisher.

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


https://core.ac.uk/display/96779762?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1039/C6CP05393A
https://doi.org/10.1039/C6CP05393A
https://research-information.bris.ac.uk/en/publications/direct-comparison-of-3centre-and-4centre-hbr-elimination-pathways-in-methylsubstituted-vinyl-bromides(03a25f45-fae0-4898-8705-eb0dbd27cb82).html
https://research-information.bris.ac.uk/en/publications/direct-comparison-of-3centre-and-4centre-hbr-elimination-pathways-in-methylsubstituted-vinyl-bromides(03a25f45-fae0-4898-8705-eb0dbd27cb82).html

Direct comparison of 3-centre and 4-centre HBr elimination
pathways in methyl-substituted vinyl bromides

Shubhrangshu Pandit, Balazs Hornung and Andrew J. Orr-Ewing’

School of Chemistry, University of Bristol, Cantock’s Close, Bristol, BS8 1TS, UK.

Abstract

Elimination of HBr from UV-photoexcited vinyl bromides can occur through both 3-centre and 4-centre
transition states (TSs). The competition between these pathways is examined using velocity map imaging
of HBr(v=0-2, J) photofragments. The three vinyl bromides chosen for study have methyl substituents
that block either the 3-centre or the 4-centre TS, or leave both pathways open. The kinetic energy
distributions extracted from velocity map images of HBr from 193-nm photolysis of the three vinyl
bromide compounds are approximately described by a statistical model of energy disposal among the
degrees of freedom of the photoproducts, and are attributed to dissociation on the lowest electronic state
of the molecule after internal conversion. Dissociation via the 4-centre TS gives greater average kinetic
energy release than for the 3-centre TS pathway. The resonance enhanced multi-photon ionization
(REMPI) schemes used to detect HBr restrict measurements to J < 7 for v= 2 and J < 15 for v=0. Within this
spectroscopic range, the HBr rotational temperature is colder for the 4-centre than for the 3-centre
elimination pathway. Calculations of the intrinsic reaction coordinates and RRKM calculations of HBr

elimination rate coefficients provide mechanistic insights into the competition between the pathways.

* Author for correspondence: a.orr-ewing@bristol.ac.uk



1. Introduction

Halogen-substituted alkenes, RHC = CHX (with R denoting an organic group and X a halogen atom) are
examples of bi-chromophoric molecules in which the longest wavelength ultraviolet (UV) absorption
bands excite electron density into the ©* molecular orbital associated with the C=C bond or a ¢* orbital
centred on the C-X bond. A variety of relaxation pathways can follow from absorption of UV radiation by
the C=C or C-Br chromophores. These pathways include cis/trans isomerization about the C=C bond, and
direct and indirect fragmentation channels. Photo-initiated cis-trans isomerization of alkenes is an
important chemical process in biological systems.? For example, the chemical activity of photoreceptor
proteins? and some light-driven molecular motors® is a consequence of the twisting motion of two

methylene groups connected by a C=C bond during relaxation from the photoexcited state.

The photochemistry associated with the C=C chromophores of simple alkenes has been
extensively studied. For example, after internal conversion back to the electronic ground state, internally
excited ethene eliminates molecular H, from one of its methylene groups.* Calculations by Barbatti et al.
indicated that 42% of the H, molecules are eliminated after cis/trans isomerization, and identified

pathways for H-atom migration between the two methylene groups.®

The photochemistry of vinyl halides (VX) exhibits both atomic and molecular elimination via
competing fragmentation channels. The direct loss of an X atom involves C-X bond breaking on an
electronically excited state, whereas internal conversion of the photoexcited VX molecules produces
ground electronic state molecules with large amounts of internal (vibrational) energy.®” Elimination of
HX from these hot ground state molecules can then occur through two alternative pathways: 1) H and X
originate from the same C atom, with HX elimination via a 3-centre (3-C) transition state (TS); and 2) H

and X are lost from two adjacent C atoms via a 4-centre (4-C) TS.® Gordon and coworkers considered the



competition between migration of H atoms across the C=C bond and 3-C or 4-C elimination, but argued

against significant migration on the basis of their studies of HCl and DCI elimination from CH,=CDCI.®

Here, we seek to distinguish the 3-C and 4-C pathways by characterizing the properties of HBr
photofragments from methyl-substituted vinyl bromides. The positions of methyl substitution are chosen
to block selectively either the 3-C or 4-C elimination pathway. Methyl migration along a C=C bond is
associated with a large energy barrier and computed to be much slower than HBr elimination, so does not

influence the measurement outcomes.

The rich photochemistry of the vinyl halides and vinyl cyanides is a consequence of the presence
of several closely spaced excited electronic states, some of which contribute to the broad UV absorption
bands observed in the wavelength range from 160 - 220 nm. The precise wavelengths spanned by these
bands depend on the RHC = CHX substituents (X = F,CL Br,I,CN; R = H,alkyl). These excited
states correspond to electronic transitions from the ground state to ¢t i, NxOpx, Nx T, and Tecocy
valence states as well as Rydberg states of VX.®° Of these excitations, the 7(,. < T transition gives rise
to the strongest UV absorption band, and is centred at a wavelength of 193 nm for vinyl bromide (VBr).°
Fig. 1 contains a schematic diagram, based on previous calulations,'®!! of the lowest lying electronic states
of VBr responsible for the UV absorption and atomic and molecular fragmentation processes. In the
optically accessed state with -7 character, the ethylenic component relaxes from planarity in the
Franck-Condon region along the torsional angle coordinate around the € = C bond.}*® The two
CH, groups rotate towards a twisted-orthogonal geometry corresponding to the minimum energy
structure on the excited state PES. Within ~30 fs the torsional angle approaches ~80° where the mq¢ms¢
states crosses the mocop0p, state.* This mocopg, state is purely repulsive along the C-Br stretching
coordinate, promoting C-Br bond cleavage. '* The twisted ethylenic motion in the ¢ state can also
avoid the crossing to the m¢c0¢g, state, instead further relaxing towards a conical intersection with the

ground state at a twisted-pyramidal geometry of one methylene group.’? The internal conversion
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probability at this conical intersection in VBr is estimated to lie in the range 0.44 — 0.64.1! The geometry
near the conical intersection differs from the equilibrium structure in the ground state and the internal

conversion produces highly internally excited vinyl bromide which can eliminate either H, or HBr.»
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Fig. 1 Schematic diagrams of cuts through the electronic potential energy surfaces responsible for different
dissociation processes in vinyl bromide. The potential energy curves in panels (a) and (b) are adapted from ref 10
and 11. The w1y state is a bound state along the C-Br stretching coordinate (a) but has a steep downward
gradient along the C=C torsional coordinate (b). During twisting motion of the methylene groups, the mqcm(c



state crosses the .0, State at a torsional angle of ~80°. This -0z, State is purely repulsive along the C-Br
stretching coordinate. Further relaxation along the C=C torsional coordinate leads the m 7 state towards a
conical intersection with the ground state. After internal conversion, internally excited parent molecules on the
ground state potential energy surface can eliminate HBr (c). The internal conversion step conserves the energy of
the molecule, but only the fraction along the molecular elimination coordinate is represented in the figure.

The branching between excited state and ground state photochemistry is governed by the
energies and orbital characters of the excited states and the locations of conical intersections, and hence
by the identities of the halogen atom substituents.'® In vinyl fluoride (VF), non-bonding electrons are
mostly localized on the F atom and the 7. orbital is the highest occupied molecular orbital (HOMO).? In
contrast, the non-bonding iodine electrons and the .- MO interact strongly in vinyl iodide (VI) and the
HOMO is of | (5p.) character.® Vinyl chloride (VCI) and vinyl bromide lie somewhere between these

extremes.’

The photodissociation of VF at 193 nm?'” and 157 nm*® predominantly gives HF, with almost no F
atom photoproducts. Both atomic Cl and molecular HCl fragments are seen from the 193-nm
photodissociation of VCI.%%% Similarly, both atomic and molecular photofragments have been identified
from thermal decomposition?® and photodissociation”?”2 of VBr. Wodtke et al.? reported HBr to be a
minor photofragment, with a branching ratio of Br/HBr = 1.28 + 0.05. However, Johnson and Price3
observed vinyl radical (the partner fragment to a Br atom) only as a minor product in their flash photolysis
experiments with photon wavelengths in the range 150 — 200 nm. HBr and H, have also been recognized
as the main photofragments in matrix isolation experiments.* A trajectory calculation by Abrash et al.®®
on vinyl bromide photodissociation at 193 nm predicted the product distributions to be: H, (48%), HBr
(44%), Br (5%) and H (3%). In contrast to the other vinyl halides, photofragmentation of vinyl iodide leads

only to the formation of halogen atoms.!6%°

All the previous studies suggest that atomic fragmentation can occur either from repulsive

TccOcx, NxOcx States or the ground electronic state. However, the molecular fragmentation processes
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take place only from the electronic ground state. The hot vinyl bromide produced by internal conversion
to the ground state was computed to have a lifetime in the range 470 fs to 2ps, depending on its internal
energy.’>3® HBr elimination can occur through a 3-C or 4-C transition state; the 3-C elimination produces
HBr and a vinylidene diradical as initial photoproducts, whereas HBr and acetylene come from the 4-C
path. The thermochemistries of these two process are distinctly different because ground-state acetylene
lies ~200 kJ mol™ below the lowest energy of vinylidene,! but the unstable vinylidene fragment isomerizes
to internally excited acetylene within 40 — 200 fs.3%33 Both channels give vibrationally as well as
rotationally hot HBr (v=0-6, J=0-40) fragments.?®343> Berry,® from his flash photolysis experiments, and
later Gordon and co-workers?? from their velocity aligned Doppler spectroscopy measurements, argued
that the 4-C mechanism is the dominant elimination pathway. However, IR emission studies of HBr
fragments from vinyl bromide dissociation indicated a preference for the 3-C pathway,®?> and were

supported in this deduction by classical trajectory calculations, 2333436

Despite extensive experimental and theoretical efforts over the last four decades, details of the
photochemistry of vinyl bromide in the deep UV region remain ambiguous. Here, we report use of state
selective velocity map imaging (VMI) of Br/Br* and HBr fragments from the photodissociation of three
higher analogues of vinyl bromide, (E)-1-Bromo-1-propene [EBP], 1-Bromo-2-methyl-1-propene [BMP]
and (E)-2-Bromo-2-butene [EBB]. These molecules are illustrated in Table 1 and are chosen to distinguish
3-C and 4-C elimination pathways and their dynamical signatures; in the case of EBP, both pathways are
open, but methyl groups in BMP and EBB block the 4-C and 3-C elimination routes respectively. In EBB, a
second 4-C TS is also accessible, as shown in Table 1, and we distinguish it by the label 4-C. We adopt an
abbreviated notation throughout of BMP-3, EBB-44 and EBP-34 that identifies both the molecule and the

types of TS available to it for HBr elimination.

Our experimental measurements obtain total kinetic energy release (TKER) distributions for the

two partner photofragments from velocity images of either atomic Br and Br* or molecular HBr, the latter
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with vibrational and rotational quantum state resolution. Unimolecular rate coefficients obtained from
Rice-Ramsperger-Kassel-Marcus (RRKM) theory provide an estimate of the branching between 3-C and 4-
C HBr elimination channels. We contrast the experimental TKER distributions for signatures of 3-C vs 4-C
elimination pathways, and compare with predictions from models that assume a statistical distribution of

the total available internal energy among all degrees of freedom.

Table 1 Structures of the methyl-substituted vinyl bromides, and the HBr-elimination pathways open to these
compounds.

Parent Molecule Name 3-centre path 4-centre path 4’-centre path

HsC
\/\Br BMP-3°

CHj

TR Br epp.3a

HsC CHs;
>:< EBB-44¢ <
B’ H B H

%The 5-C channel is ignored because of a higher activation energy (see Section 4.1).

b Both 3-C and 4-C channels are available to the E-isomer, whereas cis-trans isomerization to the Z-isomer
restricts the HBr elimination to the 3-C channel.

¢ Both 4-C and 4’-C channels are available to the Z-isomer, but cis-trans isomerization restricts HBr
elimination to the 4’-C channel in the E-isomer.

2. Experimental



The velocity map images of both atomic and molecular photofragments from (E)-1-Bromo-1-propene, 1-
Bromo-2-methyl-1-propene and (E)-2-Bromo-2-butene were recorded on a VMI machine incorporating a
time-of-flight mass spectrometer (TOF-MS). The experimental setup has been reported in detail
elsewhere.?” All three liquid precursors, EBP (containing copper as stabiliser, 99%), BMP (98%) and EBB
(96%) were obtained from Sigma-Aldrich and further purified by the freeze-pump-thaw method. The
vapour pressures were used to prepare ~7-20% gas samples® diluted in 1.5 bar of argon. A molecular
beam was generated by expansion of the dilute gas samples from a Parker Hannifin (Series 9) pulsed
nozzle at a repetition rate of 10 Hz. The resulting expansion was further collimated coaxially with the time-
of-flight axis by a 1-mm diameter skimmer. The vacuum in the chamber was maintained below 4x107
Torr during Br/Br* photofragment measurements and below 9x107 Torr during experiments probing HBr

photofragments.

The parent molecules were photolysed at a wavelength of 193 nm using the output from a pulsed
ArF excimer laser (Lambda Physik) with a pulse rate of 10 Hz (€10 mJ/pulse). The unpolarized pump light
was focused by a 25 cm focal length lens into the chamber approximately 10 mm in front of the repeller
plate of the TOF MS. Br and Br* were detected using (2+1) resonance enhanced multiphoton ionization
(REMPI) at 266.6 nm (4p 2P3/2 > 5p *P3s2) and 266.67 nm (4p %P1, = 5p %Ss2) respectively. HBr (v=0-2) was
ionized using (2+1) REMPI, two-photon resonant with the F A « X 157 transition. HBr (v=0) was also
probed by (2+1) REMPI via the g337(0*) state. The probe laser setup has been discussed in detail
previously.®® A time delay of 10-20 ns was set between pump and probe pulses to minimize unwanted
background signals. The typical probe laser energy was <1 mJ per pulse during Br/Br* imaging and ~2.0
mJ per pulse during HBr imaging. The Doppler-broadened absorption lines of both Br/Br* and HBr
necessitated a scan of the probe wavelength range to image all photofragments with the same efficiency.

The two-colour signals were recorded on a shot-to-shot basis to subtract probe-laser-only signals. Some



pump-laser-only signals in the Br/Br* image were incorporated in the analysis and showed different

kinetic energy distributions from the two-colour signals.

The VMI ion optics were configured for DC-slice velocity-map imaging of the Br* or HBr" ions.
Images were accumulated for m/z = 79 (*Br*) and 82 (H8!Br*) ions and converted to radial velocity
distributions using pixel-to-speed conversion factors obtained by multi-photon excitation of O, at 224.999
nm,* Cl atoms from the 355-nm photolysis of Cl,, and Br atoms from the 532-nm photolysis of Br,. The
degree of slice imaging depends on the recoil velocities of the photofragments, with only partial slicing of
the Newton sphere for slow Br or HBr. A partial slicing analysis method was therefore used to extract the

velocity distributions from the unprocessed radial distributions.*

3. Calculations

Calculations of the optimized structures of reactants, products and transition states used unrestricted
Mgller-Plesset second-order perturbation theory (MP2). Dunning type aug-cc-pVDZ basis sets were
placed on the C and H atoms,*! but only the valence electrons of the Br atoms were treated explicitly.
Electrons in the lower lying shells of Br were taken into account by using an effective core potential (ECP).*?
Single point energies were calculated at the MP2-optimized reactant, product and TS geometries at the
coupled cluster singles and doubles with perturbative triples, CCSD(T) level using the aug-cc-pVDZ basis
set with an ECP on the Br atoms. The TS geometries were also optimized, with basis set superposition
error (BSSE) corrected by the Boys-Bernardi counterpoise method.* The Gaussian09 suite of codes** was
used to carry out all of these ab initio electronic structure calculations. The vibrational frequencies of the
reactants, products and transition states were calculated at the MP2 / aug-cc-pVDZ level with an ECP on
the Br atoms. BSSE corrected vibrational frequencies differed by less than 1% from the uncorrected values.

45,46

The intrinsic reaction paths (IRCs were calculated at the same level of theory both with and without

BSSE correction.



Unimolecular decomposition rates were determined using the RRKM formalism.*” The vibrational
densities of states were calculated using the standard Beyer-Swinehart algorithm with 1 cm™ vibrational
energy bin size.’” The product HBr and Br translational energy distributions were modelled assuming a
statistical distribution of the total available energy, corresponding to the difference between the photon
energy and reaction energy, among all of the degrees of freedom (see Section 4.2 for details). Each

simulation considered only a single (3-C, 4-C or 4’-C) reaction pathway.

4. Results and Discussion

Velocity map images were accumulated for both atomic (Br/Br*) and molecular (HBr) elimination channels
from the 193-nm photolysis of the three vinylic bromide compounds EBP-34, BMP-3 and EBB-44. The
analysis of the Br/Br* images reveals information about excited electronic state dissociation dynamics,
whereas the HBr products arise from competing elimination pathways on the ground electronic state. We
focus here on the HBr elimination mechanisms, with the results for atomic (Br/Br*) dissociation presented
and discussed in Electronic Supplementary Information (ESI, Section S.2). The dynamics of the C-Br bond
cleavage in alkyl-substituted vinyl bromides and the subsequent dissociation of internally hot radical co-

fragments were the subject of prior investigations by Butler and coworkers.*4°

The initially excited mgcmpc state and the nearby moc0ig,, Nx0cp, States do not asymptotically
correlate to HBr in its electronic ground state.? However, HBr elimination can take place from the ground
state of each of the parent molecules and is associated with a large reaction barrier. This elimination can
occur through a number of transition states in the molecules of interest, as shown in Table 1, producing
different organic fragments. For vinyl bromide, the 3-C TS to HBr elimination makes the vinylidene
diradical whereas acetylene is the product from the 4-C TS pathway. Most previous studies argued for

vinylidene as the major elimination cofragment of HX from 193-nm photolysis of vinyl chloride and vinyl
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bromide 25,28,33,35,36,50

Two of the three molecules examined here were selected because methyl
substitution at specific sites of the C=C-Br moiety blocks either the 3-C or 4-C HBr elimination pathways.
If distinct dynamical signatures derive from the two different types of TS, they should be evident in
comparisons of asymptotic measurements of HBr from these two precursors. The third molecule studied

has both 3-C and 4-C HBr loss pathways available, and the balance of competition between the two

pathways may be resolvable from velocity map images of the product HBr.

4.1 Transition State Geometries and Energies

The different thermochemistries of all possible elimination reactions were deduced from the optimized
structures of reactants and products using the calculation methods described in Section 3. Table 2
summarizes the reaction enthalpies and the total available energies for different reaction pathways after

193-nm photoexcitation.

Table 2 Calculated CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ thermochemistries and transition state energies for
different elimination channels from all three vinyl bromide derivatives at 0 K. The energies include ZPE correction,
and BSSE correction in the case of the transition states.

Molecule TS Photon Energy Reaction Energy  Transition State  Available Energy
(k) mol?) (k) mol?) Energy (k) mol?) (k) mol?)
HgC/%/ Br 3-C 620 265 264 355
4-C 620 66 286 554
H3C\|/\Br 3-C 620 297 277 323
H

CHa 5-C 620 205 - 415
HsC CHs 4-C 620 116 285 504
BrH 4-C 620 147 285 473
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The relative energies of different reactants, products, and transition states obtained from our
calculations are presented diagrammatically in Fig. 2. There is only modest exit-channel energy release
from the TS for the 3-C elimination, and the TS geometry is close to the equilibrium geometry of the
products. The C-Br, C-H and H-Br bond distances in the optimized TS geometries are presented in Table 3.
In the 3-C TS, the H and Br atoms both move away from the C-atom, and the H moves toward the Br atom
along a mode with imaginary frequency, whereas the structure of the remaining part is very close to the
substituted vinylidene geometry of the product. The H-Br bond distance (1.48 - 1.51 A) is ~0.1 A longer

than the equilibrium HBr molecule bond distance of 1.41 A.%

Table 3 BSSE-corrected MP2/aug-cc-pVDZ structural parameters for optimized transition states for different
elimination channels from all three vinyl bromide derivatives.?

Molecule Mechanism r(H-Br) /A r(H-C) /A r(C-Br) /A
Br 3-C 1.51 1.56 2.95
HaC X
4-C 2.04 1.24 2.62
HaC 3-C 1.48 1.72 3.13
3 \I%\Br
CHs;
HsC  CHs 4-C 1.98 1.23 2.83
Br H 4'-C 2.07 1.21 2.76

? The equilibrium bond lengths are r(H-Br) = 1.41 A in HBr products, and r(H-C) = 1.09 A and r(C-Br) = 1.90
A for typical bonds to an sp?-hybridized C atom.

In contrast, there is a large reverse energy barrier of 150-200 kJ mol? for the 4-C process, which
makes the 4-C elimination channel more exothermic than the 3-C pathway by ~200 kJ mol™. The 3-C and

the 4-C transition state energies are very close to each other, but the 4-C TS structure is more tightly
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constrained: the ZC-C-Br and ZC-C-H bond angles contract from ~120° to ~90° and the C=C bond length
shortens. The 4’-C TS only features as a possible reaction pathway in EBB-44, and has energetics similar
to the 4-C TS. In the 4’-C TS structure, the three carbon atoms are almost linear and the C-C-C bending

motion is hindered. The ZC-C-Br and ZC-C-H bond angles also contract to ~90°.

HBr elimination from the BMP-3 molecule can in principle occur via a 5-C transition state. A
structure for this TS was not found, but it is deduced to lie higher in energy than the 3-C and two types of
4-C TSs because it leads to a diradical product located 330 kJ] mol? above the ground state. The 5-C
elimination pathway can therefore be ruled out as a significant HBr loss channel. We also considered, and
ruled out, the possibility of migration of a methyl group across the C=C bond in the internally hot vinyl
bromide compounds. At the same level of theory as the calculations discussed above, the TS barrier
heights for these migrations are estimated to be 344 kJ mol™? and 312 kJ mol? for EBP-34 and BMP-3
respectively. The corresponding RRKM rate coefficient for methyl migration within internally hot EBP-34
is two orders of magnitude smaller than the 4-C and 3-C HBr elimination rate coefficients. Similarly,
isomeric scrambling of BMP-3 through methyl migration is 7-70 times slower than HBr elimination.

Further details are provided in the ESI (Section S.1).
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Fig. 2 Zero-point-energy corrected CCSD(T)/aug-cc-VDZ//MP2/aug-cc-pVDZ relative energies of different
reactants, transition states and products. The TS energies are corrected for BSSE. The optimized transition state
structures are presented in the boxes at the top of the figure. The energy of the 5-C TS was not determined in

our calculations, but is deduced to be >330 kJ mol.

4.2 Translational Energy Distributions

Velocity map images of HBr fragments from all three vinyl bromide derivatives were recorded state-
selectively in different ro-vibrational levels (v=0-2, J=0-6). Representative raw images of HBr (v=2, J=1)
fragments from all three parent molecules are shown in Fig. 3. The photolysis laser in our experiments
was unpolarized, hence the angular distributions of HBr from all three molecules are isotropic. In previous
studies of vinyl halides, the molecular fragments showed almost no anisotropy when photolysed by a

polarized pump laser, with the exception of the work by Wodtke et al.?’
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Fig. 3 Velocity map images of HBr (v=2,J=1) fragments from 193-nm photolysis of three methyl-substituted vinyl
bromides: (a) BMP-3, (b) EBP-34 and (c) EBB-44) and the derived TKER distributions, averaged over all recoil

angles.

Slow fragments appearing near the centres of the images were only partially sliced by our VMI
instrument. There is effectively no slicing of the ion packet for fragments registering in the images at radii
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up to 6 pixels (or 0.1 kJ mol™® TKER), and partial slicing out to TKERs of ~10 kJ mol. Hence, a partial-slicing
analysis algorithm was used to extract kinetic energy distributions from the raw images,*® but the parts of
the distributions below 10 kJ mol? should be interpreted with some caution. The total kinetic energy
distributions of HBr and the partner organic fragment, averaged over all recoil angles, are plotted in Fig.

3. All three molecules give products with low TKER compared to the total available energies listed in Table

For a given parent molecule, the TKER distributions measured for HBr (v=2) are identical
irrespective of the probed rotational level (see ESI: Section S.3.1). TKER distributions were also compared
for HBr formed in vibrational levels v = 0 — 2, for which the maximum energy available to product
translation differs by up to 80 kJ mol™. Despite the changes in available energy, the TKER distributions are
almost invariant with HBr vibrational excitation (see ESI: Section S.3.2). As only a small fraction of the total
available energy enters product translation, signatures of a small change in the maximum available energy

will be hard to discern in the total kinetic energy distributions.

Previous studies suggested that the photoexcited parent molecules require only a few vibrational
periods (e.g. 40 + 10 fs for vinyl chloride)!* for internal conversion to the ground state, but may spend
sufficient time (<2 ps) on the ground-state PES before HBr elimination for redistribution of internal energy
among all degrees of freedom. The experimental TKER distributions are compared in Fig. 4 to a model
prediction in which the difference between the photon and reaction energy is assumed to be distributed
statistically among the translational, vibrational and rotational degrees of freedom of the product. Since
each experiment probes a specific rovibrational state of the HBr, the available energy (Eavai) of the
products was reduced by the corresponding vibrational and rotational energies of HBr in the simulations.
The statistical product translation energy distribution was calculated using Eq. 9.11 of Ref [47]. This

method approximates the TKER distribution as the product of the vibrational and rotational densities of
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states of the organic fragment at an internal energy of E.v.ii — TKER and the translational density of states
of the products, which is proportional to TKERY2.#752 The vibrational density of states was computed using
the Beyer-Swinehart algorithm, and the rotational term considered only the degrees of freedom of the

polyatomic product because HBr was probed quantum-state specifically.

Both the experimental and the calculated energy distributions show very low product total translational
energy for all three systems. Low TKERs of the products of the 3-C elimination pathway can be understood
from the modest energy difference between the 3-C TS and the separated products. The total available
energy is much greater for products of the 4-C elimination, but TKERs are still low for this channel. Our
calculations suggest a large geometrical change is required to go from the 4-C TS to the HBr and alkyne
co-product ground states. Hence, we might expect that most of the available energy will go to the
vibrational modes, and to some extent to the rotational modes of the products. TKER distributions of HBr

(v=0-2) fragments from the three different parent molecules are compared further in Section 4.4.
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Fig. 4 Total kinetic energy release distributions corresponding to formation of HBr (v=2, J=1) fragments from
photolysis of (a) BMP-3, (b) EBP-34, and (c) EBB-44 at 193 nm. The black lines are experimental data after partial-
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4-CTS (solid blue) and 4’-C TS (dotted green). The area under each curve is normalized to unity.

4.3 Internal Energy Distributions
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Dai and coworkers reported IR emission experiments that observed HBr fragments from vinyl bromide
photolysis at 193 nm with vibrational excitation up to vmax=6.% In the current study, our (2+1) REMPI
detection scheme observes HBr (v=0-2) fragments, and we cannot reliably deduce vibrational branching
ratios or compare HBr(v) yields from different parent molecules. However, a qualitative comparison of
uncorrected image intensities suggests that more HBr fragments populate v=1 and v=2 vibrational levels
than v=0 for all three vinyl bromide derivatives. In a second IR emission study of vinyl bromide
photodissociation, Lin et al. reported a branching ratio of HBr (v=1): HBr (v=2) of 0.30: 0.30 that is

consistent with our qualitative deduction.®

REMPI spectra of HBr (v=0-2) from all three precursors were acquired to estimate the rotational
temperatures of these molecular fragments. HBr rotational levels up to J=7 for BMP-3 and EBP-34 and J=5
for EBB-44 were seen in the F!A - X1X* REMPI spectra, but rotational levels up to J=15 were observed for
HBr(v=0) using the alternative g*T*(0*) - X'=* (2+1) REMPI scheme. Fig. 5 shows a representative g - X
REMPI spectrum of HBr (v=0) from BMP-3. We focus here on the analysis of REMPI spectra (from the F - X
transition) and velocity map images for HBr (v=2) products, and further analysis of the additional REMPI

spectra from the g - X transition is included in the ESI (see Section S. 4).

Perturbations or predissociation of the Rydberg states reached by the two-photon excitation step
in (2+1) REMPI spectroscopy of hydrogen halides restrict the rotational levels that can be probed in this
way.>® Within our restricted range of observation, the rotational temperatures of the HBr (v=0-2) products
from all three parent molecules are ~100 K or lower, and decrease from v=0 to v=2. We are unable to
determine experimental correction factors linking REMPI line intensities to relative populations of ro-
vibrational levels for vibrationally excited HBr, hence our analysis of the experimental line intensities gives
only an estimate of rotational temperatures. Previous studies of vinyl bromide photolysis by Chang et al.

revealed a significant portion of the HBr products with considerably higher rotational excitation than is

19



evident in Fig. 5.3° The portions of the rotational distributions that we observe appear to be only a part of
the whole picture of the rotational excitation of HX from vinyl halide photolysis. For example, He et al.
measured rotational temperatures of 2000 K and 1400 K for HCl (v>0) from vinyl chloride and
dichloroethylene using HCl REMPI spectroscopy.>* Furthermore, Lin et al. obtained average rotational
temperatures of 3400 K and 5300 K for v=1-5 of HBr from vinyl bromide and HCI from vinyl chloride
respectively from IR emission spectra.>>*® Our measurements are better suited to interrogation of the
low-J products which are difficult to observe under nascent conditions in the IR emission experiments
because of contamination by collisional cooling. Rotational temperatures of HBr fragments from the three

different vinylic bromides are compared in more detail in Section 4.4.
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Fig. 5 The Q branch region of the g3Z(0*) < X 1Z* (2+1) REMPI spectrum of HBr (v=0) from photodissociation
of BMP-3 at 193 nm.
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4.4 Comparison of the HBr elimination pathways in BMP-3, EBB-44 and EBP-34

4.4.1 BMP-3 Photodissociation (3-C HBr elimination). The structure of the BMP-3 molecule
constrains HBr elimination to occur through 3-C and 5-C TSs. The contribution from the 5-C channel is
likely to be minor and can be ignored because of its very high TS energy (see Section 4.1). Hence, HBr
fragments are predominantly generated from BMP-3 via the 3-C elimination pathway. The experimental
TKER distributions of HBr (v=0-2, J=0-7) are reasonably well described by the statistical model predictions
(Fig. 4(a)). The TKER distributions also fit well to single Maxwell-Boltzmann functions and the resulting
fitted translational temperatures (~2780 K) were used to determine an average TKER of 36.1 kJ mol™ for

HBr (v=2,J=1), which barely changes for the other HBr(v, J) levels probed.

The elimination of HBr from BMP-3 through a 3-C transition state produces a vinylidene-like
isobutylidene diradical which is expected to be short lived because the lifetime of vinylidene is 40-200 fs
with respect to isomerization to highly excited vibrational levels of acetylene. Thisisomerization timescale
is shorter than the timescale for the ground-state vinyl bromide fragmentation.?? Hence, Huang et al.
argued for a concerted dissociation and isomerization process in which a fraction of the energy released
by the vinylidene to acetylene conversion can be transferred into translation of the two separating
fragments, giving a component of non-statistical behaviour.?? Our measured TKER distribution does not

show any clear signatures of this type of concerted dissociation dynamics.

Mechanistic insights for the 3-C HBr elimination can be drawn from the computed transition state
frequencies and the types of motions with which they are associated. The disappearing vibrational mode
corresponds to the H atom moving towards the Br atom, and the bond length of 1.48 A between the
departing H and Br atoms at the 3-C TS is slightly longer than the equilibrium HBr bond length (1.414 A).>
The optimized structure of the carbon frame is close to the equilibrium structure of the isobutylidene

product. These geometric parameters, coupled with the dissociation of energized molecules on the
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ground electronic state point towards the isobutylidene product from the 3-C elimination, and perhaps
also the HBr, showing a statistical internal energy distribution. In support of this reasoning, QCT
calculations predict a Boltzmann-like vibrational population distribution of HCI from vinyl chloride via the
3-C process,® but our qualitative interpretation of HBr vibrational level populations (Section 4.3) argues
against a Boltzmann distribution over vibrational levels in HBr. Energy conservation arguments
demonstrate that the organic fragments partnering HBr(v=2) must be vibrationally and rotationally very
hot, with ~250 k] mol? of internal energy relative to the isobutylidene ground state, and Miller et al.
showed that the organic fragments from 2-Bromo-1-butene photolysis are prone to secondary

dissociation.*®

The observable HBr (v=0-2) fragments from BMP-3 photodissociation are rotationally cold, and
over the range of J levels accessible to our REMPI measurements (Jmax=7 for v=1 and v=2 and Jmax=15 for
v=0), are well described by a single temperature for a given vibrational level. The estimated rotational
temperatures (obtained from the F - X REMPI spectra) from linear fits to Boltzmann plots are 155 + 7 K

and 121 £ 13 K for v=0 and v=2 respectively.

4.4.2 EBB-44 Photodissociation (4-C and 4’-C HBr elimination). Energized ground-state EBB-
44 molecules can, in principle, eliminate HBr via two different 4-centre TSs as discussed in Section 4.1.
The kinetic energy distribution of HBr (v=2, J=1) from EBB-44 is distinctly bimodal: one of the components
is narrow and peaks at 11 kJ mol™, whereas the other component is broad and peaks at 92 kJ mol . The
TKER distribution fits well to a sum of two Maxwell-Boltzmann distributions, and the resulting fitted
temperatures (900 and 7360 K) were used to determine average TKERs of 11.2 and 91.8 k] mol™. The
translational energy distributions calculated from a statistical model for the 4-C and 4’-C channels are very
similar, and in reasonable agreement with the slower component from our experimental distribution,

albeit being broader and peaking at higher TKER.
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Our electronic structure calculations show that the H-Br distances in the 4-C and 4’-C TSs are 1.98
and 2.07 A respectively, which are ~0.6 A longer than the equilibrium HBr bond length. Decomposition of
the TS will therefore promote vibrational excitation of the HBr product. In addition, deformational
motions of the carbon framework are predicted during both 4-C eliminations. Hence, we expected
vibrational excitation of both products of the 4-C and 4’-C elimination, and dynamical calculations predict

an inverted vibrational population of HBr from 4-C elimination in vinyl bromide.3®

The rotational temperatures of HBr fragments from EBB-44 obtained from linear fits to Boltzmann
plots of line intensities from F — X REMPI spectra are 124 + 6 K and 62 + 1 K for v=0 and v=2 vibrational
states respectively. In contrast, Chang et al. reported bimodal rotational distributions of HBr (v<6) from
vinyl bromide photolysis. These authors argued for rotationally hotter HBr fragments from the 3-C TS,**
and comparison of the rotational temperatures we measure from EBB-44 and BMP-3 supports this
suggestion, at least for the low J region of the distribution we can observe. QCT calculations have not
been able to capture the bimodal behavior in the overall rotational population distributions from VBr
photolysis, and instead predict higher rotational excitation of HBr from the 4-C channel.*® Indeed, all HBr
fragments which are generated via the 4-C channel were predicted to have rotational quantum numbers
1>10.3% In contrast, HBr with rotational quantum numbers only up to J=4 were detected in our study of

EBB-44.

4.4.2.1 Comparison of 4-C and 4’-C pathways. The question remains of the relative
importance of 4-C and 4’-C TS pathways in the elimination of HBr from EBB-44. Decomposition of the
bimodal TKER distribution of Fig. 4(c) indicates that the branching ratio of higher to lower TKER
components from EBB-44 is 0.63: 0.37. We have carried out RRKM calculations of microcanonical rate
coefficients for the two pathways, based on the parent molecule and TS structure calculations described

in Section 3. The results are presented in Table 4 and the ratio of calculated rate coefficients suggest a
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branching ratio of 0.55 : 0.45 for HBr elimination from EBB-44 via 4-C and 4’-C pathways. Parsons et al.
attributed a similar preference in HCl elimination from 2-chloropropene to the difference in the ease of
CCC bending motion within the 4-C and 4’-C TSs.>® QCT calculations suggested HCI from 2-chloropropene
should be translationally hotter by ~10 kJ mol? when formed via the 4-C than the 4’-C TS,** and that 4-C
elimination of HCl from vinyl chloride and 2-chloropropene gives average TKERs of ~83 kJ mol?! and a
distribution extending up to 230 kJ mol.333% We therefore propose that the higher TKER fragments from
EBB-44 evident in Fig. 4(c) come from the 4-C pathway whereas the lower TKER fragments are mostly from
the 4’-C elimination, and that the latter pathway is better described by the statistical model of energy

disposal.

Intrinsic reaction coordinate scans establish which internal coordinates change during the course
of the elimination reaction and how the internal energy varies along the path to products. Calculated IRC
energies are shown in Fig. 6 for the 4-C and 4’-C elimination mechanisms available to EBB-44. The post-
TS IRC paths for both elimination mechanisms can be divided into two distinct segments. Firstly, the H
atom moves towards the Br atom, and then the HBr moiety departs from the organic fragment. The 4-C
and 4’-C TSs are close in energy and both are bottle-necks along the reaction path. However, the 4-C TS
imposes somewhat tighter constraints on the carbon framework than the 4-C TS, hence the calculated

unimolecular decomposition rate is slightly higher for the 4-C channel.
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Fig. 6 Computed intrinsic reaction coordinate energies for elimination of HBr from EBB-44. The blue curve
represents the reaction path via the 4-C TS, and the green curve is for the 4’-C TS pathway. The procedure for

the calculation is described in the main text.

4.4.3 Photodissociation of EBP-34 (competition between 3-C and 4-C elimination). HBr
can eliminate from internally excited EBP-34 either via a 3-C or a 4-C TS. Our electronic structure
calculations suggest that the product asymptote for 4-C elimination lies ~200 kJ mol? below that for the
3-C elimination. The total kinetic energy distributions are exemplified for HBr(v=2,J=1) in Fig. 4(b), where
comparisons are made with statistical model predictions for the two pathways. The statistical model for
the 4-C elimination provides a better match to the experimental observations, but we hesitate to make
an assignment on this basis because the discussion in Section 4.4.2 indicates that the TKER distribution
from 4-C HBr elimination is not well-captured by a statistical approach. The TKER distribution shown in
Fig. 4(b) is not distinctly bimodal, and the average product TKER is 51 + 3 kJ mol*irrespective of the
rotational and vibrational level of HBr probed in our measurements. If we take values of 36.1 kJ mol™
(from BMP-3) and 91.8 kJ mol? (from EBB-44) as representative of the average TKERs for 3-C and 4-C
elimination respectively, the 51 k) mol™* average TKER from EBP-34 can be interpreted as ~75% from 3-C

and ~25% from 4-C pathways.
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Fig. 7 compares a rotational Boltzmann plot for HBr(v=2,]) photoproducts from EBP-34 with those
for BMP-3 and EBB-44. The rotational excitation of HBr (v=2) from EBP-34 is similar to that of BMP-3 but
HBr (v=2) from EBB-44 is rotationally colder. HBr (v=2) is observed up to rotational level J = 7 from BMP-
3 and EBP-34, whereas the highest level detected from EBB-44 is J = 4. Linear fits to the rotational
Boltzmann plots for HBr (v=0, 2) from EBP-34 give rotational temperatures of 214 + 16 K and 140 + 33 K
for v=0 and v=2 vibrational states. The corresponding estimated rotational temperatures are 121 + 13 K
and 62 + 1 K for HBr (v=2) from BMP-3 and EBB-44 respectively, which suggest that the 3-C TSs give slightly
hotter rotational population distributions compared to 4-C TSs in this low J region. The greater similarity
between the EBP-34 and BMP-3 than EBB-44 rotational distributions for HBr(v=2) products suggests that

the 3-C elimination pathway in EBP-34 is the more important for production of HBr in this vibrational level.
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Fig. 7 Boltzmann plots of the rotational population of HBr (v=2) from the photodissociation of (a) BMP-3, (b) EBP-
34, and (c) EBB-44 against energy of the HBr(v=2) rotational level probed. The population intensities (P) are the
integrated areas of individual peaks in the REMPI spectrum without any correction for the REMPI line strengths.
The degeneracies of the rotational levels are denoted by g. The straight lines (solid, red), (dotted, red) and (solid,

blue) are linear fits.

4.4.3.1 Comparison of 3-C and 4-C pathways. BMP-3 dissociation is restricted to a 3-C TS and

~10% of the total available energy is observed in translational degrees of freedom of the fragments.

Elimination of HBr from EBB-44 occurs through competing 4-C and 4’-C TSs and is ~180 kJ mol* more
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exothermic than the 3-C elimination from BMP-3. The average TKER of the faster component we earlier
tentatively assigned to the 4-C TS corresponds to ~18% of the total available energy. EBP-34 has both 3-
C and 4-C pathways open to HBr elimination, and the average TKER of the products corresponds to ~14%
of the total available energy for the 3-C pathway, or ~9% of that for the 4-C pathway. Only a small fraction
of the HBr products have TKERs approaching the average value of 92 kJ mol? assigned to the 4-C
elimination pathway in EBB-44. The RRKM rate coefficients reported in Table 4 suggest that HBr
elimination from EBP-34 via the 3-C TS is ~6 times faster than via the 4-C TS. On the basis of this evidence
from both the TKER measurements and the RRKM calculations, we therefore propose that the 3-C
pathway is the more significant HBr elimination channel from EBP-34. This proposition is supported by
the evidence from REMPI spectra which show close correspondence of the rotational temperatures of

HBr (v=2) products from EBP-34 and BMP-3, and discrepancies in the case of EBB-44.

Table 4 RRKM rate coefficients for different HBr elimination pathways, computed using molecular structures and
vibrational frequencies derived from electronic structure calculations described in the main text.

Molecule Mechanism RRKM rate coefficient / 10° s*
Br 3-C 264
HyC N
4-C 46.8

HaC 3-C 3.91
3 \K\Br

CHs
HsC CHj 4-C 0.24
Br H 4'-C 0.20

Calculated IRC energies for the 3-C and 4-C elimination reactions from EBP-34 are shown in Fig. 8.
In the case of the 3-C elimination, the HBr molecule moves away from the propylidene fragment on a flat

potential energy surface, the carbon frame structure is propylidene-like and the H atom moves toward
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the Br atom with only weak geometric constraints. In contrast, the 4-C TS geometry is more tightly
constrained and the elimination reaction coordinate has similar topography to that computed for EBB-44
(Fig. 6). The loose transition state for the 3-C pathway favours this route to HBr elimination, as is reflected
in RRKM calculations of unimolecular dissociation rate coefficients. The predicted lifetime of ground-
electronic state EBP-34 with an internal energy corresponding to a 193-nm photon is only a few ps,

whereas the internally excited EBB-44 is calculated to have a lifetime to HBr elimination of a few ns.
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Fig. 8 Computed intrinsic reaction coordinate energies for HBr elimination from EBP-34. The red curve
represents the reaction path via a 3-centre transition state and the blue curve is for the 4-centre TS pathway.

The calculations were performed using methods described in the main text.

5. Conclusion

Velocity map images of HBr (v=0=2, J=0-7) from the 193-nm photolysis of three methyl-substi-
tuted vinyl bromides reveal total kinetic energy releases of this and its partner photofragment that are
only a modest fraction of the total available energy. The elimination of HBr occurs from internally excited
parent molecules after internal conversion to their ground electronic states, and some of the TKER distri-

butions are well-described by statistical models of energy partitioning among the fragment degrees of
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freedom. The methyl substituents on two of the compounds studied block either a 3-centre or a 4-centre
transition state for HBr elimination from contributing to the observed velocity images. Comparisons sug-
gest that the product TKER is lower for the 3-C pathway than for 4-C elimination. REMPI spectra reveal
the rotational excitation of HBr photoproducts in different vibrational levels, and point to a higher rota-
tional energy when the HBr forms through a 3-C transition state. A third methyl substituted vinyl bromide
compound studied has both 3-C and 4-C transition state pathways open to the elimination of HBr, and
evidence from TKER distributions, rotational distributions and RRKM calculations indicates that the 3-C

pathway to HBr and a propylidene diradical is the more important of the two.
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