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Abstract

The reactions Cgl+ HCI — CH; + CIPs») and C3 + HCl — CDsH + CI@P3p)
have been studied by photo-initiation (by 4Lidr CDsl photolysis at 266 nm) in a
dual molecular beam apparatus. Product’FGl) atoms were detected using
resonance enhanced multi-photon ionisation andcitglonap imaging, revealing
product translational energy and angular scattetiagibutions in the centre-of-mass
frame. Image analysis is complicated by the birhegdaed distribution of Ci(and
CDs) radicals formed in coincidence witff®,,) and 1€Py,) atoms from CH (CDsl)
photodissociation, giving overlapping Newton diagsawith displaced centre of mass
velocities. The relative reactivities to form Gbms are greater for the slower €H
speed group than the faster group by factors @ fdk.the reaction of Cfand ~2.5
for the reaction of CR consistent with the greater propensity of thaefasnethyl
radicals to undergo electronically adiabatic reaxtito form CRPy,). The average
fraction of the available energy becoming produeinglational energy isf) =
0.48 + 0.05 and 0.50 £ 0.03 for reaction of thediaand slower sets of GHadicals,
respectively. The Cl atoms are deduced to be mmetially forward scattered with
respect to the HCI reagents, but the angular Higions from the dual beam imaging
experiments require correction for under-detectdriorward scattered CI products.
A correction function is deduced from separate mesasents on the Cl + ;s
reaction, for which the outcomes can be compared published differential cross
sections from crossed molecular beam experimelisnte Carlo simulations of the
dual beam experimental method suggest that thesamirthe depletion is secondary
collisions of the slowest moving reaction produ(ts the laboratory frame) with

unreacted reagents or carrier gas in one of thecutar beams.



1. Introduction

The determination of product state resolved diffieed cross sections (DCSSs)
provides a unique insight into the dynamics of Hewalar chemical reactions [1].
Intuitively, the simplest method for measuring DG$# cross two molecular beams
of reagents in space and measure reaction-protluasf as a function of scattering
angle. Experimentally, the measurement of staselved DCSs in this way is
challenging because of low signal levels, which am@onsequence of small reaction
cross sections and the need to resolve producisgflnto a small solid angle
subtended by a (rotatable) detector. Dilutionhef juantum-state resolved signals by
formation of products in multiple quantum statesparticularly pronounced for
reactions involving polyatomic molecules becausenynaroduct states may be
populated. Multiplexing methods such as velocitgpmimaging (VMI) that detect
flux into all scattering angles simultaneously alearly advantageous, but it is only
relatively recently that crossed-beam experimenmts conjunction with VMI
techniques and state-specific detection have beenilje for polyatomic molecule
reactions. Thus, only a few systems have beeniestuith this way, including
reactions of Cl, F and O atoms with alkanes (mosalsly methane) [2-17] and the F
atom reaction with silane [18]. Experimental sgas that have been developed to
overcome the problem of low signal levels includegke-beam co-expansion
(commonly referred to asHBTOLOC) and dual-beam techniques; both methods
employ a photoinitiation step in which photodissticin of a precursor molecule AX

starts the following reaction sequence:
AX +hv— A+ X (1)
A+BC—AB+C (2)

In co-expansion experiments, both AX and BC molacsepecies are entrained within
a single molecular beam, which has the advantageoofucing much higher product
number densities than experiments using crosseceawmlar beams. Zare and
coworkers [19] and Brouard and coworkers [20] wenstrumental in the

development and application of theseoPoLoc experiments, so-called because in
the photoinitiated scheme, the product lab franeedmlistribution P(v) can be related
to the centre-of-mass (CM) frame angular scattershgtribution (which is

proportional to the DCS) by a simple law of cosingationship Direct inversion of



the P(v) distribution to obtain the DCS only apglienambiguously for reactions

where the undetected co-product (C in reaction i@2gn atom formed with a single

well-defined internal energy. In polyatomic reao8, multiple internal energy states
of the radical or molecular co-product are usupbpulated and direct data inversion
either requires the assumption that the internakgnis zero [21], or an average
value is deduced from analysis that incorporatedldb frame anisotropy [22]. Any

assumptions made about the internal energy wiletav effect on the returned DCS,
with the tendency to overestimate the sidewaydeseat component [23]. Alternative

analysis procedures include fitting basis functitmghe experimental data, such as in
the Legendre moment (LM) method developed by Brbaaad coworkers, which has

the advantage of allowing for a distribution ofamtal energies of the co-product [23-
25].

The method referred to here as dual-beam is a apease of a crossed-beam
experiment. The technique was developed by Waitdgecaworkers to study isotopic
variants of the H+kl hydrogen exchange reaction in combination with byd
tagging of the H atom products [26]. The experitaeset-up used in the work
reported here is described in detail below, busummary consists of two parallel
molecular beams, one containing the species AXthadother the co-reactant BC.
Photodissociation of AX creates A atoms or radicatene small proportion of which
travels in the correct direction to intersect thecad molecular beam in a
configuration which is similar to a true crosse@uneexperiment. The crossing of the
two sets of reagents can, however, take place rcknséhe gas nozzles in higher
density regions of the molecular beam. Variantthif technique have been used for
high kinetic energy resolution studies of thelH, reaction by Yang and
coworkers [27], and were first used in combinatiath ion imaging detection for the
study of the H+D reaction by Kitsopoulost al [28]. More recently, the dual-beam
and VMI approach has been used to study O + alkeaetions [29], the H + CD
reaction [30](albeit with a skimmeto select a velocity subset of the photolytically
generated H atom&nd Cl + RH (RH = ethane, methanol dimethyl etaad methyl
halides) reactions [31-33]. In both dual- and sessbeam experiments the reaction
volume is, in general, large compared to the dietestolume (defined by the focus of
the probe laser beam) and careful checks are sshjtir investigate possible biases

introduced by velocity-dependent density-to-fluxneersions. The transformation



from the lab to CM frame is greatly simplified fohe dual beam arrangement
compared to single-beam co-expansion experimemtd, assumptions about the
internal energy of the co-fragment are not gengraljuired, allowing the full speed-
dependent DCS to be determined.

The reaction between chlorine atoms and methanebhasme a benchmark for
developing an understanding of the dynamics ofti@as of polyatomic molecules;
the reaction has proven to be well-suited for exatmon of the effects of collision
energy, vibrational energy, vibrational mode exwta and bond-selectivity for the
abstracted atom, and the nonadiabatic reactivitypof-orbit excited chlorine atoms.
Pioneering studies by Zare and coworkers [34] vileeefirst to show that excitation
of vibrational modes of methane gives rise to dmeawnement in reactivity compared
to reaction of the vibrational ground state. Sgobeat studies, with selective stretch
excitation of single bonds, have confirmed theseeolations and shown that the
stretch-excited bond breaks selectively, with #maining methyl fragment acting as
a spectator [35-39]. Recent, state-of-the-art ewpnts by Liu and coworkers using
crossed molecular beams and VMI have shown thaatiimal excitation is actually
no better at enhancing reactivity than an equitadénount of translational energy
[9]. We sought information on the electronicallgiabatic and non-adiabatic
dynamics by taking a different approach in whichsuedied the reverse GKICDs) +
HClI — CH; (CDsH) + CI reaction [40,42,44], with CH(CDs) generated by the
photolysis of CHI (CDsl) at 266 nm. The Cip) atom products of reaction under
single-beam co-expansion conditions were probedtquastate specifically and we
investigated the adiabatic and non-adiabatic pagewproducing CfPs,) and
CI*(?Pyy), respectively. The results for reaction at ameallision energy of 22.3 kJ
mol™* were analysed using bott®roLoc [19,20] and LM [23] analysis methods and
showed forwards scattered DCSs with an averagenalteexcitation of methane
corresponding to a fraction that is ~0.40 of thwlt@vailable energy. 15+2.4%
branching into the nonadiabatic CI* product waseobed for the reaction of GH
radicals, compared to 20£3% for the reaction of;CGihd there is evidence that CI*
formation is favoured for the fastest €HCDs) fragments from the photodissociation

step.

Despite the availability of different experimentakchniques to measure DCSs for

bimolecular reactions, there have been only a féwdiss which compare the



outcomes of measurements made using the diffeeghiniques. In this paper, we
first describe the modifications to our experimérgatup to enable measurements
using the dual beam technique, and then presentfitee results from this
configuration for the CE(CDs) + HCl reaction. We focus on the &%) (adiabatic)
reaction products and compare our results to pusvimeasurements made using
single-beam co-expansion methods, and analysed tie@nPioToLOC and LM fitting

methods.

2. Experimental

Experiments were carried out using a velocity nrapging spectrometer, shown in
figure 1, which has been configured for DC sliceagimg [41]. This experimental

set-up has been used previously for single-bearaxpansion experiments and the
main features have been described in detail elsenM22,44]. Here we focus on

recent modifications to the gas entry and imageiiadgn components required for

dual beam imaging.

The dual beam set-up is shown in the inset to éiglrand consists of two pulsed
valves (General Valve Series 9). The upper, “ois‘axalve is aligned along the axis
of cylindrical symmetry through all the ion opti¢ke time-of-flight (TOF) region and
the microchannel plate (MCP) detector. The loweff-axis” valve is vertically
displaced downward by 17.4 mm but is parallel te tipper valve and the TOF
direction. The off-axis valve is mounted onto aFETfaceplate attached to the
repeller electrode, and the on-axis pulsed valveettdner be mounted on the repeller
electrode or horizontally displaced by ~12 mm dmel gas expansion skimmed, as
depicted in the figure. Both gas expansions oecutirough apertures in the repeller
plate. As the skimmer is mounted directly onto riygeller plate it carries the same
voltage and thus no ground field leaks through d@perture to disrupt the velocity
mapping fields. For unskimmed expansions, the mélathrough this metal electrode
opens to the main vacuum chamber via a 40° coamaiture with a base diameter of
0.8 mm. This design of orifice improves the colition of the molecular expansions
[45]. Pure CHI (Aldrich, 99.5%) or CRI (CK Gas, 98%, 99.5% of D atoms)jth
vapour pressures of 400 and 342 Torr, respectienters via the off-axis pulsed
valve, and HCI (Aldrich, 99+%) diluted to 75% in And with a backing pressure of



760 Torris expanded through the on-axis valvielasses greater than that of HFICI
were not observed in the TOF mass spectrum, pryyidvidence that there was no

significant clustering in this molecular beam.

The photolysis laser wavelength of 266 nm was gegadrfrom the fourth harmonic
output of a Nd:YAG laser (Continuum Surelite IhetUV laser beam intersected the
CHsl (CDsl) molecular beam at 80 About 10 mJ pulsk of the horizontally
polarised 266 nm radiation was loosely focused anstripe (parallel to the molecular
beam axis) in the reaction chamber by a 25-cm fiecath cylindrical lens to liberate
methyl radicals from CHl (CDsl). The photodissociations of GHand CDyl at 266
nm have been well characterised by prior experiaiesttidies. The quantum yields
for spin-orbit excited 1Py, are 0.68 [46] and 0.81 [47], respectively witte th
remaining iodine atoms formed in the groundPif) electronic state and both
pathways predominantly parallel in character w#t2. The large spin-orbit splitting
of I(?P) atoms produces a bimodal speed distributionHf @r CD;) and therefore a
bimodal distribution of the collision energies iar@xperiments, as shown in fig. 1 of
ref. [40]. Methyl radicals formed in conjunctiontivI* and | in the photodissociation
step will henceforth be distinguished as “slow” difiast”, although it should be
recognized that in both cases the radicals aremgowith very high speeds. Gldnd
CD; are formed vibrationally excited from the photaisiation, with the excitation
mainly confined to the umbrella) bending mode, and this excitation is much more
substantial for the fast than the slow channele @&berage internal excitation of the
slower set of Chifragments is 250 cthand for fast Chlis 1530 crit. Incorporating
all these known outcomes of the photodissociatiep,ghe average collision energies
for the CH + HCI reaction are 18.6 and 30.0 kcal thébr reaction of the slow and
fast CH; radicals respectively. GDadicals are formed with a slightly higher average
internal excitation of 460 cthfor the slow channel and 1575 ¢nfor the fast
channel, and average collision energies for thg €BICI reaction are 17.3 and 28.1

kcal molt.

Methyl radicals which travel in the correct (upwaydirection intersect the HCI
molecular beam where they may react, and th&J products are probed by 2+1
resonance enhanced multiphoton ionisation (REMR)thre 4 ?D3/»-3p *Ps» two-

photon transition at a wavelength of 235.366 nmhe Probe laser radiation was



generated by frequency doubling inzdarium borate (BBO) crystal the output of a
dye laser (Lumonics HD500) pumped by the third famm of a Nd:YAG laser
(Spectra Physics GCR 230-10). About 1 mJ pliskprobe laser radiation was
focused into the reaction chamber by a 25-cm fteoedth spherical lens. The probe
beam was offset vertically from the photolysis fasg 17.4 mm so as to intersect the
HCI molecular beam, with further displacement bymr in the TOF direction to
compensate for molecular beam speeds. The prebewas delayed with respect to
the photolysis laser by ~618 to allow sufficient time for the methyl radicédsreach
the HCI molecular beam. The*dbns created in the REMPI step were accelerated
towards, and velocity mapped onto a position seesitetector consisting of a pair of
MCPs (Burle Electro-Optics) a P47 phosphor scresmh @ charge coupled device

camera (La Vision, Image Compact QE).

The product velocity map images show a dependendéentime delay between the
photolysis and probe lasers in agreement with thservation of Toomes and
Kitsopoulos [31]; at shorter time delays, produetth fast lab frame velocities
dominate, whereas for longer delays products withver lab frame velocities are
more pronounced. Thus, images are accumulatedeppisg in increments of 250 ns
across time intervals up to +6 from the time at which signal is first observetb
capture all product speeds, the probe laser fre;yuenstepped across the Doppler
profile of the chlorine atom products in 0.02 tsteps and an image is accumulated
by adding data from all time steps for a singlestalsequency, then moving to the
next frequency step and repeating the sequencagmificant probe laser background
signal is observed, primarily from the probe indiigghotodissociation of HCI and
resonant detection of the Cl atom products; thienst probe-laser only signal appears
at low lab velocities and saturated a part of thieector. We therefore placed a beam
block in front of the detector to prevent signated#ion in this region. Shot-to-shot
background subtraction was carried out by operdtiegorobe laser at 10 Hz and the
photolysis laser at 5 Hz and subtracting the problg signal from the two-colour
signal. The time delay and laser frequency stejk mtkground subtraction were
automated using a custom written LabView prograrthsiccurate timings obtained
via a pulse generator (Berkley Nucleonics Corp, BMG) and images were obtained

using event counting software (DaVis, La Vision).



To check for systematic errors in the dual beamhottwe performed experiments
on the Cl + GHg — HCI + GHs reaction, initiated by the photodissociation of &t
355 nm, and compared our results from REMPI deteatf HCI to the crossed-beam
experiments of Suits and coworkers [3]. These exyants did not require use of the
beam block described above. The translationalggnaistributions we observed are
in good agreement with those from the crossed begmriments, but are somewhat
broadened, primarily as a result of a wider distiidn of collision energies in our
experiments. Figure 2 shows a representative irfrage our apparatus, and the CM
frame angular scattering distribution derived fram Comparison with the crossed-
beam data demonstrates that we under-detect peothattare scattered downward in
the lab frame (in this case, backwards scatteredyats in the CM frame, whose
velocities oppose the velocity of the centre of shashis bias could not be eliminated
by variation of the experimental parameters, andtherefore instead derived an
angular correction factor for our experiment byiditvg the angular distribution from
the crossed-beam experiments by that obtained omdual-beam measurements.
This experimentally derived correction factor can dpplied to the results of other
reactive scattering experiments as a multiplicatia@etor which accounts for the
observed systematic under-detection of the dowrnsvdath frame) scattered products.
The validity and robustness of this correction pohae are tested in the data analysis
presented later. Reasons for the need to introthecangular correction factor were

explored by extensive Monte Carlo (MC) simulati@ssdescribed in the next section.

3. Monte Carlo simulation of the experiment

Further investigation of the observed depletiopraiducts scattered downward in the
lab frame was carried out by Monte Carlo simulatadrthe experiment. A similar
approach was used previously by Muretyal.in studies of Cl + RH reactions [33],
and by Suits and coworkers in investigations of RH-reactions [29], both using the
dual-beam technique. Simulations were performedhfe CH + HCI — CH, + Cl
reaction, quantitatively incorporating many facefsthe experiment including the
experimental geometry, properties of the gas expass laser foci and intensity
distributions, and laser time delays. Parametérth® reaction such as the speed

distributions of the methyl radicals and the reacttenergetics were also included.



Simulations were carried out using an input DC&t(the reactive events randomly
sample) that was uniform in scattering angle, asvshby the blue line in the middle
panel of figure 3. The possibility of differentterts of disposal of available energy
into product translation versus internal excitatimas included by allowing the
fraction of this energy in product translatidi.to take a range of values from 0.02 —
0.98, with an interval of 0.02. In the calculato the full bimodal speed distribution
of faster and slower CHradicals (associated with | and I* co-fragmentsasw
considered. The MC calculations were used to géeesimulated velocity mapped
images, and these simulated images were analysexkttact angular and speed
distributions for comparison with the known stagticonditions for the simulations to

test for any systematic biases in the design oéxperiment.

The combined results of the MC simulations, sumroedr all f; values show an
approximately uniform DCS for much of the angulange, but which peaks sharply
in the forwards direction because of over-detectibelow lab-frame speed products.
Here, we define the scattering direction as thathef Cl atoms with respect to the
relative velocity of the HCI reagents in the CMnfrex  thus, for the experimental
configuration in which the Cradicals are moving close to vertically upwardshie
lab, and the relative velocities of the HCI molesulare therefore vertically
downwards, the forward scattered component of that@n products appears at the
bottom of the velocity mapped images. The sharpidods scattered peak would
arise in the region that is excluded by the beaotkoin our experiments, thus the
experiment is expected to measure angular scajterobabilities in the range <4
cosO < 0.75 with only small angular bias. Figure 3 adwws the simulated
distributions derived from images, displayed alatgghe input values (blue dots),
with both fast and slow CHchannels demonstrating the samg) Bgehaviour. The
calculated H{) distributions exclude the forwards scattering ioag that is
experimentally removed by the beam block, to make tesults more readily
comparable to our experiments. The effect of @agrin product speeds, which is
greatest at highi, combined with a lower detection efficiency foghif; products

result in the observed drop inffp@t highf; for both channels.

The simulation outcomes indicate that little bia®dd be observed in the angular
distributions, and a similar result is obtainedgonulations of the CI + £ reaction

mentioned earlier, which is contrary to the expental observation of severe



depletion of products at certain scattering anffigsre 2). A correction function can
be generated to apply to experimental data to renamy biases revealed by the MC
simulations (denoted here fg), but will not account for the majority of the werd
detection of certain products we observe experialgnt The simulations do not,
however, incorporate the possibility of secondanilisions of the nascent reaction
products with the pulses of gas in the on-axis mdé beam. Despite the use of a
skimmer in this beam, we speculate that such emfissare the cause of the observed
depletion; products scattered in a direction tipggoses the velocity of the CM (which
lies vertically upward in our experiment) have lowab frame speeds than those
scattered in other directions, and thus spend loimgehe vicinity of the on-axis
molecular beam, making them more prone to secondalfisions. To test this
hypothesis, we created a further correction fumctrom our simulations that is based
on the time the product Cl atoms spend from foromato detection, and are thus
within the region of the on-axis molecular beam.e @énote this time ag;t The
secondary collisions that are suggested to depéstetion products from the probe
laser volume can be modelled as a pseudo-firstr ggamess, with the molecular
beam species in great excess over the reactiomu@isod This suggests a dependence
of collision probabilities that is exponential iey {scaled by the minimum value of

min

this time, t&", but we also considered a linear dependence. fiullheorrection

functionsfsmexp(i /t5") andfsntc for reaction of the slow CHradical subset are

shown in the lower panel of figure 3 for these tsaenarios. The former scenario
reproduces semi-quantitatively the correction factierived from experimental
comparison of dual- and crossed-beam data for the C,Hg reaction shown in
figure 2, supporting our use of this experimentairection factor for other data. It
should be noted that the angular coordinate sysesversed on going from the C| +
C,Hg reaction, to the Cg+ HCI reaction, as in the former the abstractiondpct
(HCI) is detected and in the latter the spectatodpct (Cl) is imaged.

4. Results and discussion

Figure 4 shows typical DC slice velocity map imagestained for the CiPsy)
products of the reaction of GHand C. The methyl radicals travel upwards from
the bottom of the images and define the directibthe CM velocity vector. The

bimodal collision energy distribution gives riseni@an CM velocities of 1425 (1460)
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ms* and 1115 (1120) rifsfor the reactions of the fast and slow 18Ds) radicals
with HCI respectively, and the maximum CM velogtigesulting from the
distributions of slow and fast GH(CDs;) speeds can be calculated from the
conservation of energy and linear momentum to 185 16690) and 1245 (1300) ths
respectively. The CM velocity defines the centfeaoNewton sphere of product
speeds, so images consist of two overlaid Newtdrergs of reaction products as
depicted in panel c of figure 4, further broadebgdhe spread of CM speeds within
the fast and slow CHgroups. In these images, the scattering angleirfidetected
methane is defined relative to the velocity veadbthe reagent methyl radicals, and
for Cl products, as noted earlier, we define thattedng angle with respect to the
relative velocity vector of the HCI reagent; foraar(() scattering of Cl atoms is
therefore downwards in the velocity map image aadkivards scatter (180is
upwards. The presence of the beam block, as descearlier, prevents complete

observation of scattering below an angle of%-30

The Cl images show the majority of products to hameangular distribution centred
on a single point corresponding to the CM veloéitly collisions of the slow methyl
reagent. An initial analysis proceduréhereforeassumes this single centre to the
imageandis used for a first estimate of the form of theoedly distributions for all
reaction products. In this analysis, the veloditstribution is obtained for scattering
angles between 150 and 180 degrees where, as WermNdiagram in figure 4 shows,
there is good separation between the speeds ougiodrom fast and slow GH
reactions. The velocity distribution of the CI mtgroducts from the CHHCI
reaction fits well to a pair of Gaussian functioas,shown in figure 5; these functions
are centred at 775 + 10 thawith a width of 430 + 30 ms and 1305 mis + 50 ms',
with a width of 420 + 90 m§ and can be assigned to reaction of the slow asd f
methyl radicals, respectivelyn accord with the energetic cut-offs in speed¢atid

in figure 5 for the two channeld=rom the integrated areas of the Gaussian fumsi
and the known branching between I* and | chanmelSHsl photodissociation at 266
nm, the relative reactivity of the lower to the g collision energy channels is
determined to be 1.4 + 0.4 for the CI products fedmn the backwards scattered
direction. It should be noted that this simplifizaalysis biases against fast products,
but the effect of this bias is estimated to be I[#&n the reported error in the

branching ratio.
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To accommodate the effect of two CM velocities e tNewton diagram and the
velocity map images in a more sophisticated amglyfie extraction of angular
scattering and speed distributions for both channebs carried out by a
computational forwards simulation of the images|luding contribution from both
fast and slow channels using assumed, but adjestaivhs of the speed distributions
and the angular scattering. The contributions ef ¢hannels are initially weighted
according to the branching ratio for the formatafrfast and slow CH(CDs) in the
photodissociation step, but then allow further aon to account for possible
differences between the reactivity of the fast almdv methyl radicals. The product
speed distributions are assumed to be Gaussiatidnacwith an initial guess for the
centres and widths derived from the preliminarylygsia described above. We
assume identical angular scattering for the reaadfofast and slow methyl radicals,
which is supported by the outcomes of previous,glesdbeam co-expansion
experiments. These earlier experiments showed wititin experimental error, the
differential cross sections for Cl and CI* produetere the same, and the latter
products were argued to be favoured by reactiadhefastest Cklradicals while the
former were produced by the reaction of both fast slow CH radicals [44,22]. A
simulated image that best matches the experimeatal is determined byanually
varying the centres and widths of the velocity risttions, the angular scattering
distribution and relative contribution of the famtd slow channels, and comparing
with the experimental image by calculation of tlesidual differences between the

two.

The best simulated images from the results ofgrosedure are displayed in figure 4.
To constrain the number of parameters used to genéne simulated images, the
angular scattering distribution was chosen to Hene@ar function of angle with a
variable gradient, before application of the expemntally derived correction factor
described in section 2. This choice necessaniytdi the angular resolution of the
experiment but is sufficient to reproduce the mbgatures of the images. The
Gaussian speed distributions obtained from thigeranalysis for the Cl products of
the reaction of Cklwith HCI are centred at 770 fhswith a width of 450 mi§, for the
slow methyl channel and at 990 fsvith a width of 500 m§, for the fast channel.
The ratio for Cl products from the slow and fast;Gatlicals is 3.2 : 1, and correction

for the photolytic branching ratio gives a ratiotloé reactivity of 1.5 : 1Varying the
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product speed parameters for the slow channel Bym#, the fast channel by ~50
ms® and the weighting of the channels by ~15% does significantly alter the
quality of the simulation. The best simulationtieé product image of the reaction of
CDs with HCI is obtained with Cl speed distributionssdribed by Gaussians centred
at 780 mg, with width 490 mg for the slow methyl channel and 1000 hwith
width 550 m&, for the fast channel. Changing the Gaussianreesyieeds for the
slow channel by ~25 rifsand the fast channel by ~100 sagain does not
significantly alter the agreement between simutat@md experiment. The greater
uncertainty in the speed distribution for produstghe fast methyl radical reaction
channel is a consequence of the lower signal lewetlse experiments. The ratio of
Cl products from reaction of slow and fast 0fdicals is ~11: 1, indicating a relative
reactivity (corrected for the photolytic branching) 2.5: 1 for the Cb + HCI

reaction, but the low signal levels mean that theeutainty in this value is high.

While the assumptions made in the simulation prosgdoarticularly the separability
of the speed and angular distributions of produais] the angular scattering being
independent of collision energy, result in satisfac simulations of the experimental
images, we cannot be certain that the outcomdseadtalysis reported above provide
a unique answer. We are limited by the numberaodimeters required to describe the
speed and angular distributions for two overlappsegs of Newton spheres with
displaced CM velocities, the loss of informationtive forwards scattering direction
for Cl atoms because of the presence of the beaak blikely depletion of products
scattered in the downward direction in the lab, bowd signal levels. We are thus
unable to carry out more systematic fits of thegesato basis functions describing the
speed and angular scattering distributions. Déoligtabout the relative reactivity of
the fast and slow CH(CDs) fragments rely on the quality of the simulationghe
backwards scattered direction (the upper hemispledrehe images) and the
assumption that the DCSs are the same for bothsiooll energy regimes. By
considering a line-of centres model for thesCHHCI reaction, we might expect the
DCS to become more strongly forwards scatterechascollision energy increases,
thus the derived apparent enhancement in the végcof the slow CH (CDs)
fragments is more likely to be over than underreasted. For both sets of reagent
speeds, however, the collision energy is well iness of the barrier height, so this

effect is anticipated to be small.
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The DCSs and distribution of translational enemgjgase, expressed as a fractiarf
the total available energy, derived from the angalad speed distributions used for
the image simulations for GH HCI and CR + HCI are shown in figures 6 and 7
respectively. Thé; distributions for the fast and slow methyl reageh&nnels are

similar, with comparable widths an(ift>=0.4310.05 for the fast channel and
0.47 £ 0.03 for the slow channel of the £H HCI reaction, with the balance of
energy going into the internal motions of the uedttd methane co-product. The
meanf; values quoted above assume uniform detectionaafymts across the range of
fi values, however MC simulation outcomes shown gurg 3, suggest that the
experiment biases against the detection of produittshigh ;. Correction of ouf;
distributions to account for this bias by dividibg the form of PX) in figure 3 results
in revised values of f,) = 0.48 and 0.50 for the reaction of fast and slok,
respectively.  The values for the reaction of sCBre comparable, being
(f,)=0.43+0.08 for the fast channel and 0.46+0.03 fiar slow channel (which are
revised to 0.49 and 0.52 after application of M@hal correction function). Thus
the CH, (CDsH) product is formed internally excited with appioately half of the
available energy, consistent with an early barteereaction in this direction and
coupling of the reaction coordinate to the bendmgdes of the methane [44]. The

fractional kinetic energy release deduced in tleegeriments is lower than the values

obtained previously using single-beam co-expaneigeriments with RoToLoc and

LM analysis which gave values «éft> = 0.61 and 0.64 respectively (the latter value

has been corrected from our previously publisheldevéo allow for an improved
analysis). The new; results reported here for both reactions exclude most

forward scattered products but this is unlikehataount for the discrepancies(im

between methods. The differences are significaot, we note that a similar

discrepancy betwedndistributions is observed for the HCI productshed Cl + GHe

reaction: when studied in crossed-beam or dual-beamariments,( ft> ~ 062 is

measured, compared {d, ) ~ 080 derived from single-beam experiments [23]. The

disagreement may therefore be a consequence ohps8sns made in the analysis of

data from the co-expansion experiments.
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The DCSs for the CH+ HCI and CRR + HCI reactions are plotted as P(&ysvhich
(is proportional to d/dcosb) in figures 6 and 7 and are the same within expental
error. The data have been corrected for the lgasst scattering downwards in the
lab frame, against the CM velocity, using the aaguorrection function plotted in
figure 2, and the resultant DCSs peak in the fod&alirection. The uncertainties in
the forward scattered amplitude will be large bseaof the form of the angular
correction factor employed, but the outcomes arasistent with a stripping
mechanism for a reaction at high collision ener@omparison with previous single-
beam co-expansion experiments analysed usingHbgd2oc and LM methods (the
latter subject to a refined analysis from our poegly published results [44]) show
reasonable general agreement: all DCSs are detovpdak in the forwards scattered

direction.

Both a preliminary analysis of the backwards scetteegion (the upper hemisphere)
of the image (figure 5), and simulations of thd falage indicate (figure 4) that the
slow CH; fragments account for ~76% of the observedRG}) reaction products,
suggesting an enhanced reactivity compared toasienfiethyl fragments by a factor
of ~1.5 (when the photolytic branching of ¢@Ho slow and fast Cklradicals is
allowed for). Previous co-expansion experimentgehshown that there is a 15%
branching into the non-adiabatic CIP(;;) channel, however, and there is evidence
that this non-adiabatic pathway is favoured by i&ction of the faster subset of
methyl fragments [22,42]. The photolytic produntiof this fast subset from the
photolysis of CHI at 266 nm occurs with a branching ratio of 0.38.the limit that
non-adiabatic reaction to CI* occurs solely via tleaction of the faster methyl
reagents, an assumption of equal total reactiobgmitities with HCI for slow and
fast CH radicals would predict that the former should actdor 80% of the ground-
state CI products. A second limiting case model lmapostulated which assumes no
dependence of the probability of the non-adiabagaction on the speed of the €H
fragments: an equal total reaction probability fast and slow Cklradicals would
result then in 68% of the observed Cl atoms corfioigp the slow CH radicals. This
fraction is dictated solely by the branching intows and fast CH channels in the
photoinitiation step. These two simplified modeian also be tested using the
CDs+HCI data. The 266 nm photolysis of g@produces 81% slow Cand 19%

fast Cy, and non-adiabatic dynamics of the reaction wii@l kb form CI* now
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accounts for 20% of the products. Within the agpnations of the first model, the
predicted fraction of Cl atoms from slow gDeagents is 100%; whereas for the
second limiting model, this fraction is 81%. Expentally the slow methyl
fragments account for ~76% of the observed CI petedin the CH+HCI reaction and
~92% in the CR+HCI reaction and these values are intermediated®at the limiting
case models outlined above, but are more consistghtthe first We therefore
conclude that the total reaction cross-sectiontlier slow and fast CH(or CD;)
reaction with HCI are similar, and the greater apptabranching to Cl atom products
for the slow subset of CHor CD;) reagents is largely a consequence of the faster

radicals being more likely to undergo non-adiabagaction to form CI*.

As noted previously [44], it is unlikely that nodiabatic reaction proceeds only via
reaction of the fast channel, but instead flux fiooth the lower and higher collision
energy regimes will couple to the excited stateeptal energy surface (PES)
correlating to CH+CI* products. The non-Born-Oppenheimer couplingse
mediated by the nuclear kinetic energy, and becomoee significant for higher
collision energies. Our data from this and pritudges, suggest that at the high
collision energies for reactions of both the fastl sslow subsets of GH(CDs)
radicals, the probability of formation of CI* atonss greater for the fast GHCDs)
radicals: we can now estimate that the reactivitthe fast methyl fragments to give
Cl* is about 7 times greater than for the slow metragments for both the GHHCI
and CD+HCI reactions. This estimate accounts for théed#nce in branching into
the fast and slow methyl reagents in the photaitiith step, but assumes the total
overall reactivity of the fast and slow methyl r@ls with HCI is equaldespite
differences in the vibrational content of the meéttadicals (see section 2and that
the DCSs are identical. This latter assumption neethat the value for relative
reactivity to form CI* is likely to be an upper gsate. The analysis would be made
more robust by velocity map imaging of the scatigrof CI* reaction products.
Unfortunately, low signal-to-noise levels mean tthetse non-adiabatic products have
not yet been observed in our dual-beam VMI expenisie Further investigation of
the reactivity of the fast and slow methyl fragnseema the electronically non-

adiabatic channel therefore remains a future obgct
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5. Conclusions

The application of dual beam and velocity map imggnethodologies to the study of
the dynamics of reactions of Gldnd CI radicals with HCI has enabled separation
of the contributions to reactions of two differesgeed groups of methyl radicals.
These two speed groups arise from the 266-nm plsstodation of CHl or CDsl to
generate the methyl radical reagents. The relaguaetivities of the slower radicals
for the production of CfPs,) products are greater than for the faster radibgls
factor of ~1.5 for the Ckt+ HCI reaction and ~2.5 for the GB HCI reaction. With
allowance for competition to form CI* (not probedrl) by non-adiabatic dynamics,
the overall reactivitiesf the faster and slower methyl radicalth HCI are, however,
deduced to be very similar. The mean fractionsth& total available energy
becoming product translational energfy), = 0.48+ 0.05 and 0.50 * 0.03 respectively,
for the faster and slower sets of £id the case of the GH+ HCI reaction are the

same within the experimental uncertainties.

The implementation of the dual beam method, althaagprinciple allowing direct
velocity map imaging of the scattering in the cerdf-mass frame, introduces certain
experimental difficulties that have required Mor@arlo simulation methods to
understand, and necessitate application of empidoaections factors to the raw
experimental data. In particular, the reactiondpats with low laboratory frame
speeds spend longer in the vicinity of a skimmadsed molecular beam prior to
laser detection than do the faster moving produgtis makes these slower products
more vulnerable to secondary collisions with p&tcin the molecular beam that
scatter them away from the probe laser. In the cashe CH (CDs) + HCI reaction,
the forward scattered Cl products (with scatter@ngle defined with respect to the
direction of the HCI component of the relative \aip of the reagents) have
velocities in the CM frame that oppose the veloatythe CM of the system. They
thus acquire low laboratory fame speeds and spded anicroseconds longer than
backward scattered products before reaching thbeplaser volume. A scattering
angle dependent function can be applied to the data to correct for this under-
detection, and is derived either from the Montel@aimulations of the experiment,
or, as in the current study, from use of a calibrateaction for which the differential

cross section is well established by crossed mtdeteam experiments. The Cl +
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C.,Hg reaction proved to serve well for this calibratipnocedure. Following
application of the correction function, the anguksrattering distribution is in
reasonable agreement with results from prior exrpemnis making use of
photoinitiation of reaction in a single moleculaam expansion. Previous studies by
Kitsopoulos and coworkers using the dual beam nektha different apparatus did
not require the type of correction to the angutaattering distribution reported here
[31,33].

Image analysis is further complicated by the binhggaed distribution of the GHor
CD3) radicals from the UV photolysis of methyl iodid€he distributions of collision
energies for the reactions of gldr CD; with HCI are thus also bimodal, and the
faster and slower groups of methyl radicals gige tio two distinct but overlapping
Newton diagrams for the scattering of the reactpwaducts, centred about two
different positions (and thus speeds) in the vgjosiapped images. Direct image
inversion to obtain speed and angular scatterisgildutions was thus not possible,
and to deconvolute the overlapping scattering ibigtions, a forward simulation of
the images was employed based on trial productds@eel angular scattering
distributions.  Nevertheless, the analysis prooedatlowed estimates of the
distributions off; and the differential cross sections for the etattally adiabatic
channels of these benchmark radical reactions.
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Figure captions

Figure 1: A schematic diagram of the experimeng#iup. R, L, Lp, and G are the
repeller, two electrostatic lenses and groundedtrelde used for velocity mapping;
MCPs are microchannel plates, P47 is a fast debagghor screen and PMT is a
photomultiplier tube. The valve set-up used f@& tlual beam experiments is shown

in an expanded view on the left.

Figure 2: An HCI(v=0,J=1) product image from the#OC;H¢ reaction obtained using
the dual beam image technique at a collision enefd&y4 kcal mof is shown on the
left. The centre-of-mass velocity is indicated the wy vector, and product HCI
scattering in the centre-of-mass frame is illusdaby one yc) vector at a scattering
angle6. The outer dotted circle shows the limit on th€lldpeed imposed by the
energetics and kinematics of the reaction. Theulangdistribution of the HCI
products derived from the image is shown on thetrigrey line) and is compared to
the crossed beam results of Suits and coworkerscallision energy of 6.7 kcal nibl
(black line) [3]. The experimental angular scattgrcorrection factor (dashed line) is
derived by dividing the crossed molecular beam i@Shat obtained in the dual-

beam experiment.

Figure 3: Fractional translational energy reledgg{pper panel), angular scattering
distributions (middle panel) and angular correctfantors (lower panel) produced
using the Monte Carlo simulation program. The p@sbow the derivefl and DCS
distributions for reaction of the fast (solid linephd slow (dashed line) methyl
radicals, for sampling from uniforrig and angular distributions (blue lines in the top
and middle panels). The angular correction fadtothie lower panel are derived by
multiplying the bias in the experiment, deducedrirdata in the middle panel, by

min

either & (solid line) or expg /t3") (dash-dotted line); see the main text for

definitions and further details.
Figure 4: CItPs,) product images from the (a) GHHCI and b) CR+HCI reactions

and (c) Newton diagrams showing the velocity vectofr the centres of massc()

for reactions of slow (blue) and fast (red) £iddicals, and representative centre-of-
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mass frame velocity vectorsd for the formation of Cl products, with the same
colour coding. The images are divided to show erpental (left) and simulated

(right) data, with simulations carried out using firocedure described in the text.

Figure 5: Velocity distribution derived from the @HHCI reaction by analysis of the
backwards scattered direction (180 to 956f the velocity mapped images. The
simplified analysis shown makes the approximatibat tthe image centre for all
scattering events is that for the reactions of shogthyl radicals (see text and figure
4). The experimental data (open circles) fit welltwo Gaussian functions (grey
lines) with the black line showing the total fithe arrows mark the maximum speeds
energetically available to GRs,) products from the reactions of fast and slow ryleth
radicals. The limit for the reaction of fast mdthgdicals marked incorporates the

difference in CM velocities of the fast and slowthyé radical reactions.

Figure 6: Angular scattering and fractional kinetnergy release:) distributions
which produce the simulated Cl atoms image showfigure 4 for the reaction of
CHz with HCI. The differential cross section (upp@mnpl) has been corrected by an
angle-dependent factor described in the main t&kie experimental data (blue line)
are compared to thesBTOoLOC (black line) [44] and LM (red line) analyses ofigle-
beam co-expansion results. The error bars in eahalysis were estimated from
the precision of fits to replicate measurements\arehtions in the fit outcomes with
the choice of basis functions, and encompass tigeraf values obtained. The lower
panel shows the reaction proddctlistributions for reaction of the faster (solidd)
and slower (dashed line) methyl radicals with HChe distributions are derived from
product speed distributions used in the simulationgure 4 and the error bars on
thef; distributions are determined from the uncertaintthe centres and widths of the

Gaussian speed distributions
Figure 7: Angular scattering and fractional tratistaal energy release distributions

for the products of the GDr HCI reaction. All further details are the saasefor the

caption to figure 6.
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