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Abstract

The reactions of ground state {El{,) atoms with neopentane and tetramethylsilane
have been studied at collision energies of 7.9 @ @&d 8.2 + 2.0 kcal mdl
respectively. The nascent HGQ, J) products were probed using REMPI
spectroscopy combined with velocity map imaging (YNb determine rotational
level population distributions, differential crossections (DCSs) and product
translational energy distributions. The outcomesnf FHoToLoc and dual-beam
methods are compared and are discussed in lightewious studies of the reactions
of Cl atoms with other saturated hydrocarbons,uidiclg a recent crossed molecular
beam and VMI investigation of the reaction of Glras with neopentane [Estilloas

al. J. Chem. Phys132, 164313 (2010)]. Rotational distributions wers@tved to be
cold, consistent with the reactions proceedingavieansition state with a collinear CI-
H-C moiety. The DCSs for both reactions are fodsapeaked, but show scatter
across a broad angular range. Interpretation usinghodel based on linear
dependence of scattering angle on impact parametiécates the probability of
reaction is approximately constant across all addvimpact parameters. Product
translational energy distributions from dual beaxpeziments have mean values,
expressed as fractions of the total available gneyf0.67 (Cl + neopentane) and
0.64 (Cl + tetramethylsilane) that are consistefthva kinematic model for the
reaction in which translational energy of the raatt is conserved into product

translational energy.



1. Introduction
Through extensive experimental and computationadiess of the reactions of CI
atoms with a variety of organic moleculé&H (with R denoting alkyl or other classes

of organic radical)

Cl+RH - HCI +R 1)

a detailed understanding is emerging of many ingmbrtcharacteristics of the
dynamics of reactions of polyatomic moleculgs.In addition to numerous
measurements of reaction ratebe dynamics of these reactions (and their detaittra
analogs) have been examined using a variety ofrempetal techniques. In an early
dynamical study, Flynn and co-workers employedanrd absorption spectroscopy
of the DCI products of reaction of Cl atoms with-cyclohexané,but the subsequent
combination of resonance enhanced multi-photonzaiiin (REMPI) or vacuum
ultraviolet (VUV) ionization with velocity resoluin of reaction products has proved
most informative. The velocity information was ially derived from analysis of
time-of-flight (TOF) profiles obtained in a TOF nsaspectrometéf’® but velocity
map imaging (VMIj®* has since become the method of ch6tc8 The experimental
measurements and dynamical calculations for H-abatraction reactions involving
simple alkanes illustrate a wealth of dynamicalawebur. For example, the shape of
the transition state, with near linear CI-H-C myjas reflected in the low rotational
excitation of HCI products; scattering angles aaegely determined by impact
parameter and their distributions can vary withdoied rotational and vibrational
quantum state5and the reactions of Cl atoms with methane antigtigrdeuterated

isotopologues  exhibit reagent vibrational mode Hjpity, ¢ 01214153340

1,41,42

electronically non-adiabatic pathways’ and evidence for scattering

resonance®’ Reactions of functionalized organic molecules (RHlcohols’*#44°

&4 and linear and cyclic ethéfd**®y reveal the effects of

amines*® alkyl halide
weakly bound complexes, molecular reorientationg anolecular shape on the
chemical dynamic?’ The gas phase studies also serve as benchmarnksnfiparison

with recent investigations of the kinetics and dwyits of reactions of the type

summarized by (1) (with a variety of organic molesuRH) in liquid solutions using



ultrafast transient absorption measurements of m@itédoss of reagents and formation
of products’*>3

The greatest detail obtained so far from experialestudies of these important
polyatomic-molecule reactions comes from VMI meaments of isolated, gas-phase
collisions. Here, we use VMI to compare the reaxgiof Cl atoms with neopentane

and tetramethylsilane (TMS):

Cl + (CH)4C — HCI + (CHs)sC(CHy) (2
Cl + (CH)4Si — HCI + (CHb)sSi(CHy) 3)

which serve as examples of reactions of large fl®y dtandards of most chemical
dynamics studies) polyatomic systems. The orgaagents are chosen because they
contain only primary C-H groups, so the complicgiteifects of competitive reaction
at primary and secondary or tertiary sites, wiffedent thermochemistry, are avoided.
The experimental data were obtained using betbTBLoc’**® and dual molecular
beam® experimental methods, combined in each case with &f the HCI products,

and comparisons are drawn between the two appreache

The simplest comparable organic molecule contaiminty primary C-H groups is
ethane (the energetics of the reaction of methatie@\ differ from other alkanes and

are thus considered atypical). The dynamics ofehetion:

Cl + GHg — C,Hs + HCI (4)

have been well studied both experimentaik?*%%"*and computationally’®* and
the reactions of Cl atoms with propafie®* and n-butarfé®>®>have been similarly
investigated. The energetics and kinetics of thheaetions are very similar to those
for reactions (2) and (3); the reactions are gdidand direct, have either a low or no
barrier to reaction and the exothermicities of trémary hydrogen abstraction
reactions are typically about -3 kcal MolThey show cold rotational distributions of
the HCI products, broad angular scattering andbatantial fraction of the available

energy (~20-50%) is deposited into internal enarfgye radical coproduct.



There have been a number of studies of the kinefiogaction of Cl atoms with
neopentane which all indicate that it proceedsdigpiwith a low or no activation
barrier®>*®for example, Kambaniet al®® determined a temperature independent rate
coefficient of 1.1 x 18° cm® moleculé* s*. From measurements of the temperature
dependence of the rate coefficients for reactiorCbfvith TMS, Lazarouet al’®
reported a weak rate enhancement with increasingpdeature and deduced an
activation barrier of 0.49+0.24 kcal nfolThe Arrhenius pre-exponential factor for
the reaction was determined to be (3.60.8)¥10n® moleculé' s*, which is close to

the hard sphere collision limit at room temperature

The enthalpy of formation of the (GHSICH; radical is not precisely known, but the
enthalpy change for reaction (3) can be estimatdun,Hy(3) = -3.0 + 2.0 kcal mdl
from a C-H bond strength for TMS of 99.2 kcal thdtef. 71] and an HCI bond
strength of 102.2 kcal midl[ref. 72,73], with the error limits encompassirte t
uncertainties in these valuésH, for reaction (2) can be similarly calculated friime
C-H bond strength of neopentane. Doncaster andhdgtermined this bond strength
to be 0.42 + 0.17 kcal mblgreater than in TMS, from whiclHq(2)=-2.6 + 2 kcal
mol* is deduced, and McMillen and Goldémeported a C-H bond enthalpy of 100 +
2 kcal mol*, implying AHo(2)=-2.0 + 2.0 kcal mdl. A AHo value for the CI +
neopentane reaction may also be calculated fromeiha@rted enthalpies of formation
of the reactants and produéfg? giving AHo(2)=-2.2 + 2.0 kcal md}, and a value of
AHo(2)=-2.10 kcal mot was listed by Qiart al’’ Here, we adopf\Hq(2)=-2.5 +
2.0 kcal mof', which falls within the specified ranges of alltbése values, and with
uncertainties reflecting those in the related tlominemical parameters.

The current study presents new data for reactignof2Cl with neopentane and
extends a previous investigation of the dynamicgeaiction (3) of Cl with TMS
carried out in our laboratory using the single roolar beam co-expansion method
(commonly referred to as thei®roLoc technique)? In this previous study, REMPI
spectra were recorded to determine the nascentiomdh populations of the HCI
(v=0,J) products, and differential cross sections (DC&®) centre of mass (CM)

frame speed distributions were obtained by VMIhe HCI products. The dynamics



of reaction (2) have been the subject of recengstigation by Suits and coworkers
using crossed molecular beam (CMB) and VMI methadt) VUV ionization of the
hydrocarbon radical produ€t.Here, the dynamics are investigated using both the
PHoToLoc and dual molecular beam methodologies and thdtsesam these two
experimental methods, and for the different reastiare compared with each other
and the CMB data. The derived rotational, angwaattering and velocity
distributions are discussed in light of previousd#gs of the dynamics of the reactions

of Cl atoms with other organic molecules.

2. Experimental

The apparatus used to obtain the results presdmedbeen described in detail
elsewher&-*?*and a brief overview is provided here. It combitéd laser photolysis
of Cl, as a source of Cl atoms, reaction under low pressanditions with the
neopentane or tetramethylsilane, (2+1) REMPI detecbf HCI products, and
velocity map imaging onto a 2-dimensional positisensitive detector to record
product velocities with rotational and vibratiormplantum state specificity. Vacuum
was maintained in the reaction and detection chasnby a liquid-nitrogen trapped

oil diffusion pump and two turbomolecular pumps.

Two nozzle arrangements were used in the expergva are illustrated in Figure 1.
In the RoOTOLOC experiments samples of OPraxair 99.99%, 20% diluted in Ar)
and the organic co-reagent (neopentane, Inter@ds,diluted in Ar), both at typical
backing pressures of 2.5 bar, were expanded irfiglavacuum chamber through
separate pulsed nozzles (General Valve Series I99. tWo valve orifices were
oriented at 90 and the two synchronized gas pulses were mergstd por to
expansion into the high vacuum chamber by confirihng gas pulses within holes
drilled in a PTFE block that intersected af @ form a single channel. The merged
gas expanded through the repeller plate of the M3Fwhere it was intersected by
the counter-propagating and spatially overlappeatgirsis and probei.€., REMPI)

laser pulses.

In the dual molecular beam configuration of the aapfus, the two pulsed nozzles
were mounted parallel to one another, with a vartitsplacement of their orifices by
17.4 mm. The organic reagent (TMS, Fisher, NMR ¢r88.9+%, 75% in Ar; or



neopentane, 75% in Ar) was expanded through thax@nozzle which was directed
along the centre of the TOF, and, G+70% in Ar) was expanded into the vacuum
chamber through the other, off-axis nozzle. Thg AZlexpansion was unskimmed
and the nozzle was mounted directly to the repalectrode, whereas the RH/Ar
expansion was off-set from the repeller plate b2 #im and passed through a 1 mm
diameter skimmer. The &Rr beam was intersected by the photolysis las8rmm

from the repeller plate, and the probe laser paggedgh the RH/Ar molecular beam

~ 6 mm further downstrearro compensate for molecular beam speeds so that the

most probable CM velocity vectors are in the plahthe imaging detectd?

Reaction was initiated by the photolysis o & 355 nm using the third-harmonic of
the fundamental output of a pulsed Nd:YAG lasernf@mum Surelite 1), operating
at 5 Hz, to form >98% CIPs;,) atoms. Product HC| molecules were subsequently
probed state selectively by 2+1 REMPI using the-ploton fA — X'=* (0,0)
transition for resonance enhancement at a one-pheawelength of ~244 nm. The
tunable probe radiation was generated by frequdnapling the output of a dye laser
(Lumonics HD 500, Coumarin 480) pumped by 355-nghtlifrom a Nd:YAG laser
(Spectra Physics, GCR 230), at a repetition ratéHz. The time delay settings
between the laser pulses are summarised later. HRPIE ions were accelerated
towards the detector using extraction electricdBednd projected onto the detector
after passage through a field-free TOF region. Exé&raction fields could be
configured for DC slice-imaging, or, if total ionigeals were required, for
conventional VMI. The detector consisted of a @di75-mm diameter microchannel
plates (MCPs) and a phosphor screen. Light emftmd the phosphor screen as a
result of impacts by ions on the MCPs was obsebyed photomultiplier tube (PMT)
and a CCD camera, with the latter providing spatiébrmation on the points of
impact. The observed raw images for both thefoLoc and dual beam methods
showed good circularity and left-right symmetry (@sll as up-down symmetry for
PHoTOLOC. data). The dual-beam images were, howeverrigit-symmetrized prior

to analysis to improve signal-to-noise ratios.

3. Results
Three different sets of experimental measuremergspaesented here. First, the

populations of different rotational quantum stabéshe HCI reaction products are



reported, followed by velocity map images for stddcHCI ro-vibrational quantum
states obtained using thei®roLoc and the dual molecular beam configurations of
the apparatus. Under the experimental conditiond) photoinitiation by 355-nm
photolysis of CJ, the mean collision energies for the Cl atom iieast with
neopentane and TMS are 7.9 and 8.2 kcal’muth estimated variation about the

mean of + 2 kcal mdiresulting from thermal motion of the Gind RH molecules.

3.1 Rotational distributions

For experimental measurements of populations oH@GErotational levels, the single
molecular beam late mixing nozzle configuration wesed in combination with
standard imaging voltages on the ion optics to ggaea 2D projection of the 3D
velocity distribution. REMPI spectra of the HCI duxts of reaction (2) were
obtained by scanning the wavelength of the proberland recording the total ion
yield at the detector for the mass-to-charge ratiaz=36. Figure 2(a) shows
representative spectra, and the assignments ofspleetral lines are indicated.
Equivalent data for reaction (3) have been presepteviously’® These experiments
are prone to low, but detectable, levels of HCltaomnination from the GIAr gas line.
This background signal is independent of the plysisllaser and can be removed
using a shot-to-shot subtraction procedure to ekinascent reactive signals which
depend on the presence of both the photolysis famgrobe lasers. This background

subtraction procedure is demonstrated in Figurg 2(a

Five sets of spectra were taken over the Q, R ara&ch lines indicated in Figure
2(a). The spectra were converted into nascentivelpppulations of the HCI(v=Q)

rotational levels using previously published coticet factord® to convert from

integrated areas of the lines. The normalisedibigtons of the rotational populations
are plotted in Figure 2(b), where they are compatedresults from prior
measurements for the reaction of Cl atoms withrefRand tetramethylsilan®.The

errors indicated in Figure 2(b) include 1 standdeviation (s.d.) uncertainty in
multiple replicate measurements and uncertaintreshe correction factors. The
rotational distributions show that in all cases HEformed predominantly in low
rotational levels J=0-3), with populations peaking dt1 for the reactions of CI
atoms with ethane and neopentane dn#d for the reaction with TMS. From a

Boltzmann plot of the rotational populations foretheaction of Cl atoms with



neopentane a value for the rotational temperati82a: 5 K was derived. This can
be compared to rotational temperatures of 117 + @nd 123 + 6 K deduced
previously for the reactions of Cl atoms with etfdrand TMS’® respectively.

3.2 Cl + neopentaneHdTOLOCIMaging

In this section, velocity map images for reactighdre presented for the late-mixing,
single molecular beam co-expansion configuratioowsh in Figure 1. The low
rotational excitation of the HCI products of theacton reported in the preceding
section limited velocity map images to H@0QJ) with J=0-2. Images were
accumulated over ~60000 laser shots, with a fixee delay of 50 ns between the
photolysis and probe laser pulses. The probe laagelength was scanned back and
forth across the full Doppler width of the HCI REMRansition during image
accumulation to avoid bias towards a particulaoeiy subset of products. Images
were accumulated in separate buffers on an altestait-to-shot basis for both lasers
firing, and for the photolysis laser off, and imageere obtained by subtraction of a
background image from an image obtained with badels on. The images were
analysed using the Legendre moment method of Bdoarad co-worker§'??Figure 3
shows a representative image for HE[{,J=0) obtained from reaction (2), together
with the derived lab frame speed)(dependent zeroth- and second order Legendre
moments of the imagéy(vp) andLx(vp), respectively. The Legendre moments of the
image can be related to lab frame speed,)Pgnd speed dependent anisotropy
distributions,Avy), by?* P{p)=VoLo(Vp) and BVp)=La(Vp)/Lo(Vp). Figure 3 also shows

fits to both these distributions.

Figure 4 shows the outcomes of fits to the Legenuseents of the image in Figure 3
using basis functions constructed from various rensilof Legendre polynomials
used to expand the speed and angular functionstdnp the fits include the velocity
distribution of the CI atom photofragment (obtaindtbm images of the
photodissociation of Glat 355 nm) and the energy released in the reacBanis
functions for the reaction were calculated frons tinput information and consisted of
separable expansions of Legendre moments infcoghere @ is the CM frame
scattering angle anfi'=2f-1, wheref; is the fraction of available energy which
transforms into product translational energy rededsom fits to the experimental

Legendre moments, the CM-frame angular distribuftbe DCS) and; distribution,



P(f;) were determined. The numbers of Legendre polyalsmised in the expansions
of the angular an@l’ distributions can be varied independently andribtation (,m)
denotes the respective numbers employed. Figuesaa@ (b) show thg and DCS
distributions that result from the fits of the (8,33,5) and (4,4) Legendre
polynomials to the Legendre moments of the imagewshin Figure 3. Thef;
distributions peak &t =1.0 in all cases, but become more oscillatorthasnumber of
Legendre polynomials ifi’ increases. The oscillatory forms are an artefadbo
many basis functions in the fit, but the mefnderived from each of these

distributions,(ft> =0.74+0.02, is independent of the number of Legendoments

used in the fitting procedure. The uncertainty is.d. in the values derived from the
different analyses. The fits shown in Figure 3 aaepthe main form of the lab frame
speed distribution, but are poorer at the highftaine speed end of the distributions.
This may reflect an underestimate of the reactichadpy, which would force the fits
towards largef; in the Pf) distributions. Use of alternative Legendre momiasutis
functions generated with an exothermicity &H, = -5 kcal mot improved the
quality of the fits at high lab frame speed. Thsuitng DCS is very similar to that
shown in Figure 4, but the meé&rshifts to a lower value of 0.65 in accord with the
increase in energy available to products.

Similar analysis of the lab frame speed dependemttiz- and second-order Legendre
moments from images of HOKO, J=1 and 2) products was carried out. Panels (c)
and (d) of Figure 4 compare thgedistributions and DCSs for th&0-2 products
derived from fits with (4,4) sets of Legendre paymals. The error bars in the DCSs
indicate the uncertainties in the fits derived frasing different numbers of Legendre
polynomials and from replicate images. The derikdg and DCS are observed to be
independent of the rotational state of HCI, and ME€Ss show broad but
predominantly forwards scattered distributions ifted with respect to the Cl atom
velocity). Mean values df of 0.73 £ 0.03 and 0.74 £ 0.03 are derivedJot and 2

respectively, and are within the uncertainty oftatie derived fod=0.

Data previously recorded for the Cl + TMS reactiming the RotoLoc method®
were reanalysed because of recognition thapiiag data were affected by a residual
background signal and so underestimated the spatiabtropy at largey, values.

The Avp) distributions were therefore given no weight ine trevised fitting

10



procedure. In contrast to the results of the paioalysis, the outcomes of these fits
show angular scattering that is broadly similathe results presented for the Cl +

neopentane reaction, with more forward than bac#tvward sideways scatter and

(f,)~0.50.

3.3 Dual beam imaging

Experiments conducted with the dual molecular beamfiguration illustrated in
Figure 1 required the background subtraction ancppl scanning methods
described in the preceding section, but also néaéss stepping of the time-interval
between the two laser pulses. The photolysis lgseceded the probe laser by
intervals of 9.5 — 16.Qus, and the delay was increased from the minimurthéo
maximum value in steps of 250 ns as images wenenadated. The variation of the
time interval between the lasers minimises any biathe experiments between the
detection of faster or slower moving products; fttrener tend to result from forwards
scattering in the CM frame, and the latter fromKveards scattering’

Velocity map images for HGK0,J=0-3) from reactions of Cl| with neopentane and
TMS are shown respectively in Figures 5 and 6. TOmplayed images have
undergone the background subtraction procedure hamd been symmetrised about
the central vertical axis. In the images, the ayenalative velocity vectowg) and
the velocity of the centre of masg(,) lie in the vertical direction, along the central
symmetry axis, as indicated in the inset Newtorgi@imns. These Newton diagrams
are constructed fronucy and the CM-frame HCI product velocity,c, for each
reaction. The mean CM velocity for the reactiorCbfatoms with neopentane is 550
ms* and the maximum energetically available CM-frameesi for HCI products with
no rotational excitation is 1265 fhsFor the reaction of Cl atoms with TMS the
corresponding CM and maximum product speeds are mMg5 and 1370 mé.
Forward and backward scattered HCI products arerebd in the upper and lower
hemispheres, respectively. Also shown in the Figuaee the angular distributions
(integrated over all speeds),di( and the speed distributions (integrated over all
scattering angles), B( which are derived from the radial dependencthefimages.
The conversion from radial distance in an imagesgeed was performed using a
linear conversion factor obtained from images @ef photodissociation of &€lAs has

been shown previousf:?® the angular dependence should be an almost direct

11



measure of the CM-frame DCS. Within the uncertagitin the derived angular
distributions, the outcomes are identical for HEQJ) for J = 0-3 for each of the
reactions, and are the same for the products ofitbeeactions. The distributions of
fi peak at ~0.80 and ~0.75 for the reactions of @mnatwith neopentane and TMS,
respectively and Table 1 summarises the mean valiefor the HCI{¢=0,J) reaction
products. The errors given in the table arise pilparom the 2 kcal mot
uncertainties in the enthalpies of both of the tieas, but also encompass errors in
the reproducibility of the measurements, which @oé more than £4%. The mean
values of f; are independent of for each reaction and are the same within

experimental error for the two reactions.

In a recent study of the dynamics of thesGHHCI reaction using the dual molecular
beam methodology, we reported an under-detectigraxfucts scattered downwards
in the laboratory frame (corresponding to backwasdsittering in the current
experiments). This under-detection was attributediepletion of the products that
scatter in directions opposed to the velocity & tentre of mass, and which thus
have slower laboratory frame speeds. The deplesianost likely to be a result of
these products spending a longer time in the regfoime upper, on-axis molecular
beam and thus undergo secondary collisions th#&adahem away from the volume
sampled by the probe laser beam. The same depistievident in the images and
angular distributions displayed in Figures 5 andar@l we have developed two
alternative methods to correct for the under-deiacof the backwards scattered
products. The first method uses a calibration readior which the DCS is known
from CMB experiment$®?’ and the second is to use the outcomes of a
comprehensive Monte-Carlo (MC) simulation of thepexmentsthat is similar in
spirit to the approach used by Suits and coworfcera related experimental desith.
In both cases an angular correction function isegeied, and the two are similar in
form and magnitude. The details of the first methasle been described elsewh&re,
but, in brief, an experimental angular correctiondtion was obtained by comparison
of dual molecular beam images for reaction (4) v@¥iB and VMI results reported

27
L

by Huanget al“" at a similar collision energy.

The MC simulations used to derive an alternativguéar correction function

incorporate the velocity distribution of the Cl mtaeagent, the reaction energetics

12



and many further features of the experiment, indgdhe divergence and speed of
the molecular beams, the geometry of the experinagmt the volumes of the
photolysis and probe lasers. Parameters in the emnpode describing these various
experimental features were determined by exterdhegacterization of the apparatus.
A user-defined input DCS employed in the simulatiovas selected to be uniform in
cos@and ¢(i.e. spherically uniform) and images were simedatorf,= 0.01-0.99 in
steps of 0.01 and then summeétie MC simulations confirm the need to step over a
range of time delays between the photolysis antetasers to weight correctly the
detection of products scattered into the forward laackward hemispherés. Thus,
simulated images are summed over selected timggflam 9.5 — 16.Qus, in accord
with the acquisition of experimental imagedhe simulations assume a (secondary)
collision probability for the HCI products of theaction that depends exponentially
on the time spent within the volume swept out by RH/Ar molecular beam, as can
be justified from a model of pseudo-first order lis@dn kinetics. The angular
correction function generated has the fofga/exp@)]exp@tyc /thd ) with a = 1.55

(a value that can be understood in terms of thebeurdensity in the molecular beam
and an assumption of gas-kinetic collision rateBictv quantitatively reproduces the
experimentally derived correction function. Hefg, is a correction factor derived
from the MC simulation program with the neglect s#condary collisions, the
exponential term accounts for the effects of seapncollisions and 4 is the
average time HCI spends in the RH molecular beam fasction of scattering angle

(scaled by the average minimum tirti ~1.5ps).

The correction functions derived for the Cl + nettpee and Cl + TMS reactions are
shown in Figure 7. The simulatéddistribution, Pf) reported in the Figure is for
scattering angles from 0-120°, corresponding tor#ggon in which the majority of
the experimental signal is observed. The simulatghow a bias against the detection
of HCI products formed with the highest kinetic eyerelease. This is similar to the
bias reported for simulations of the Cl + ethand @} + HCI reaction¥ and was
attributed to the effect of a spread in producesisecombined with a lower detection
efficiency for highf; products. After correction for the computed biastle f;
distribution, mean values &fof 0.67 and 0.64 are derived for the reactionSlokith
neopentane and TMS respectively.

13



The distributions reported as a function of angke far images summed ovgr0.4-
0.99, the range in which the majority of the sigmalobserved experimentally.
Angular correction factors for reactions (2) anyl ¢8rived from the MC simulations
are shown in the bottom panel of Figure 7. Theseection factors employed the
functional form described above. Angular distribns obtained by correction of the
data plotted in Figure 5 and Figure 6 using theemion functions derived from both
the MC simulations and empirically from measureraant the Cl + ¢Hg reaction are
displayed in Figure 8. As noted above, the angiitributions derived directly from
the images are independent hftherefore the data in Figure 8 are obtained from
rotational population weighted averages of the &rgiata in Figure 5 and Figure 6
for the reaction of Cl atoms with neopentane andSTkéspectively. The data
corrected by the experimentally determined functiom curtailed at a scattering angle
of 150 because the angular correction function did nderek further into the
backward scattering direction. For both reactidhs, corrected angular distributions
are forward peaking but extend across all scatieaingles, consistent with the results
of the RHoToOLOC experiments described in section 3.2. The DCSsveterby
correction from the two different methods are bigad agreement for both reactions;
the agreement is almost perfect between 0 and 6@eamthe corrections are small
(both correction factors are close to unity), the tifferences become larger as the
scattering angle increases. It can also be not#dhle majority of signal is observed
in the images at scattering angle less than 60%ahdweak scattering is observed
into angles greater than 90°; uncertainties inOBS after correction are necessarily
higher for backwards scattered products becausecofmbination of these low signal
levels and uncertainties in the form of the corecfunction. The error bars plotted

in Figure 8 reflect both these effects.

The validity of use of the angular correction fuons employed to give the DCSs
plotted in Figure 8 can be tested by using thevddrangular and speed distributions
in the CM frame to simulate the expected forms lié tlata obtained from a
PHoTOLOC and VMI experiment. The raw data obtained from siregle molecular

beam experiments were therefore simulated usingltiaébeam results by inversion
of the standard equations used feoPoLoc analysiss*>° In Figure 9, the speed and

anisotropy data obtained for the single-beam erparts for reaction (2) are
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compared with simulations derived from the)R{istributions plotted in Figure 5 and
the two forms of the DCS plotted in Figure 8. Thrawdated RioTOLOC data obtained
using the DCS derived from correction of the angulstributions using the MC
simulated function show good agreement with the mexperimental data. The
agreement is less good between the experimentalathat the simulatedH®TOLOC
data using the DCS derived from application of thgerimentally determined
angular correction function (extrapolated to 98@articularly in the region of slower
lab frame products. This suggests that this camectunction over-estimates the
population of backwards scattered products. In kthulations, the proportion of
products formed with a lab frame velocity of ~1G088" is underestimated (see later).
The otherwise good agreement between the expemnant simulated HOTOLOC
data lends support to the correction of the angdistributions from the dual beam

experiments using the correction function derivednf MC simulations.

4. Discussion

4.1 Rotational distributions

Many features of the dynamics observed for the Gletpentane and ClI + TMS
reaction are similar to those reported for the tieas of Cl atoms with small alkanes
other than methane, which, as noted previouslyatgpical. Cold rotational
distributions are commonly observed for these reast which proceed via a
transition state where the CI-H-C moiety is neaxdjlinear, followed by negligible
interaction between the departing products in tieahannel of the PE&>'82152The
transition state for the Cl + neopentane reactimh reeopentyl radical structures were
computed at the B3LYP/aug-cc-pvdz level of theBrythe outcomes of the
calculations are compared to previously calculatedctures for the reactions of ClI
atoms with ethariéand TMS2in table 2. The CI-H-C bond angle is close todinia

all cases, thus little torque is imparted on thpagiéeng HCI product. The computed
dipole moments of the organic radical productssanall, so interactions between the
departing species are expected to be weak. Bothesk factors are consistent with

the low rotational temperature of the HCI produaitserved experimentally.

Valentini and coworkef8 proposed a kinematic model for reactions suchlad) (
which involve the transfer of a light atom betwdwo heavier centres. Within this

model, restrictions are imposed on the maximumntigytal angular momentum of the
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product HCI. This model has been found to work vieilthe reactions of Cl atoms

with small hydrocarbons; for example Kandelal'® observed a maximum populated
rotational level ofJ=8 for the CI+GHs reaction, which is close to the maximum of
J=9 predicted by the model. Using this kinematic elpthe highest rotational level

populated is calculated to Be10 for the reaction of Cl atoms with neopentang an
TMS, which is greater than tle4 or 5 limit observed within the signal to noisait

of our experiments. Kinematic constraints thus dbappear to be the limiting factor
in the rotational energy disposal to HCI; insteaé tow rotational excitation is

proposed to result from the TS structure and thakvpost-TS interactions.

4.2 Internal excitation of the radical products

For the reactions of Cl atoms with either neopemtan TMS, significant internal
excitation of the radical coproduct was deducedhftbe product speed distributions.
The dual molecular beam experiments (after MC ctioe for biases in the;
distributions) suggest that ~33-36% of the totargg available to products ends up
in the internal excitation of the neopentyl or aetethylsilyl radical, whereas in the
co-expansion experiments the value is ~26% forGhe neopentane reaction. The
PHoTOLOCfits maximise afi=1 because of the need to fit to fastest lab spesish
extend up to and beyond the maximum speed expécedthe estimated energetics
of the reaction discussed in the Introduction. diserepancies between the derived
values of the internal excitation of the radicaprmuct from the two experimental
methods are significant, but similar discrepantiage been noted for the reaction of
Cl atoms with ethan&?>?" and for the Chl+ HCI reactior’” when comparing the
results of dual or crossed molecular beam expetisneith the results of ibTOLOC

experiments.

In recent crossed molecular beam VMI experimentshenCl + neopentane reaction
at a collision energy of 8.0 kcal niglSuits and coworkers probed the neopentyl
radical product by single photon ionisation at 1#@ and deduced product angular
and translational energy distributiofisThe mean translational energy release was
shown to decrease as the scattering angle increaisédsimilar behaviour was
observed by Huangt al. for the Cl + ethane reactiéh.The analysis employed for
our FHoTOLOC data treats the product angular and translatiematgy distributions as

independent. In principle our images obtained usivegdual molecular beam method
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measure product velocities in the CM frame, butvas discussed earlier, suffer from
undercounting of signal in the backwar@=< 120-180°) and, to a lesser extent,
sideways @= 60-120°) directions, which prevents determinatiborrelated angular
andf; distributions. The meafy values derived in our experiments are slightlyhkig
than the values of 0.54 and 0.56 deduced by Sndscaworkers for averaging over
all angles, and for products scattered into thewdods direction §= 0-60°)

respectively.

The degrees of internal excitation of the radicadpcts are comparable in magnitude
to the values derived from studies of other Cl kamk reactions. In HbTOLOC
experiments combined with Legendre moment anafgsishe reactions of Cl atoms
with ethane and n-butane at collision energies.Bfahid 7.4 kcal md| Brouard and
coworkers deduced that the internal excitation bé tradical product was,
respectively, ~22% and ~ 30%?* In CMB studies of the Cl + propane reaction,
Blank et al®® showed that ~40-50% of the available energy wasncklled into
internal excitation of the propyl radical. Huameg al?’ used CMB methods to
investigate the Cl + ethane reaction at four doltisenergies between 3.2 and 10.4
kcal mol* and found thatf; for forward scattered products decreased as thisico
energy increased, but the absolute internal enefgthe ethyl radicals remained
almost constant at ~3 kcal rifplwhich is close to the exothermicity of the reawti
Thus, as the collision energy increases, the auiditi translational energy of the
reactants is transformed into the translationatgynef the products, consistent with a
kinematic model for a light atom abstraction reaetivhich decouples the internal
and translational degrees of freeddif A similar kinematic model for the Cl + TMS
and Cl + neopentane reactions at the collision ggeerused here leads to an
expectation of ~30% internal excitation of the cadlico-products, which is within the

uncertainties of the values derived from data ihl&4d..

The internal excitation of the neopentyl and teetisilyl products may reside in
rotational and/or vibrational degrees of freedomt bxperimental studies which
probe the HCI products give no information on whildgrees of freedom are excited.
The change in geometry from tetrahedral to plamaurad the carbon atom from
which the H atom is abstracted might be expecteshdace vibrational excitation.
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However, as is evident from table 2, the calcul&tadsition states for the reactions of
Cl atoms with ethane, neopentane and TMS are ptdiftec with rc_y greater thang;.

H, SO the TS occurs late in the reaction path. Whght reduce the tendency towards
vibrational excitation of the product$In ab initio trajectory studies of the reaction of
Cl + GHs, Rudi et al®’ found that the internal energy of the ethyl fragmeas
mostly accounted for by rotational excitation, whis induced by the torque imparted
about the ethyl centre-of-mass as the reactionymtedseparate from the transition
state. A similar mechanism can be proposed forrédsetions of Cl atoms with
neopentane and TMS, thus a substantial fractiothefinternal excitation might be
expected to reside in the rotational modes of Hukcal, although we note that the
neopentyl radical has many low frequency vibrationades that could accommodate
the internal energy

4.3 Centre of mass frame angular scattering

The DCSs derived fromH®ToLOC and dual molecular experiments for the reactions
of Cl atoms with neopentane are compared in FidOreand are in good agreement,
although the RoToLoc results show greater scattering into the sidewangsctibns.
This difference is consistent with the discrepasicbserved in Figure 9 at lab speeds
around 1000 m/s and may stem from uncertaintigeerangular correction function
applied to the dual molecular beam data, or becafissssumptions made in the
PHOTOLOC analysis such as the seperability of angular geed distributions. Figure

8 shows that the product scattering derived from dwlecular beam experiments for
the reactions of Cl atoms with neopentane and ThSre same within experimental
error. In both cases, scattering across all angledserved, with enhanced flux into
the forwards direction. Similar scattering disttibns are observed for the reaction of
Cl atoms with other small saturated hydrocarbore fesults of crossed molecular
beam experiments on the Cl + neopentane reactiomducted by Suits and
coworkeré® are plotted in Figure 10 for comparison with oatad The DCSs are
broadly similar, but our results are less shar@gked in the forwards direction, and
show reduced backward scattering. The DCS forehetion of Cl atoms with ethane

12" at the higher collision energy of 10.4 kcal thaé also

reported by Huangt a
shown in the Figure because of its remarkable antyl to the outcomes of our
measurements for reactions of neopentane and TM&od agreement is also seen

with the DCSs derived by Brouard and coworkefsr the HCI=0, J=0 and 3) from
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the primary hydrogen abstraction channel of the +Cin-butane reaction at a
comparable collision energy of 7.4 kcal oThe DCSs presented for the H&I0,J
=0-3) products of the reactions of Cl atoms witlopentane and TMS show no
dependence on. By way of comparison, the previously reported S3Cfor
HCI(v=0,J =0-8) from the reaction of Cl atoms with ethane elhibit someJ

dependenc¥’*8222>2hyt with little variation ford = 0 - 3.

The broad scattering is often ascribed to a wideeaaf acceptance, resulting from a
loose transition state, so that the approach ofdhatom is not tightly constrainéd,
and greater product scattering in the forward dimactends to be observed as the
collision energy increasé8.A simple hard sphere model predicts the relatigmsh
between the product scattering angleand the impact parametér,of a collision to
be?

2
cos@zg—l (5)
d

where b defines the radial distance between the centremads of the colliding
species and is the sum of the radii of the reactants. Thisgivise to the following
form of the DCS:

do _ d?P(b)
dcosé 2

: (6)

where P(b) is the opacity function which describes the ptolitst of reaction at a
given impact parameter. From Eq. (6) the forms hed bpacity function for the
reactions of Cl atoms with neopentane and TMS camdrived, and the outcome
(deduced to be the same for both reactions) is shawFigure 11(a). The shaded
region encompasses the range in the opacity funéteon analysis of different data
sets from dual molecular beam and co-expansionremeets. P(b) peaks at the
maximum impact parameteb,.x SO has been scaled to a value of b/at.=1,
which corresponds to a scattering angle of 0°. ®pacity function shows that
reaction occurs across all impact parameters, ugests that a stripping mechanism

with peripheral dynamics dominates.
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Fully dimensional quasi-classical trajectory (QC#8Jculations of the reaction of ClI
atoms with ethan®, showed that the relationship in Eq. (5) did noplapwell,
however, and therefore the scattering could naddseribed simply by a hard sphere
model for collisions. This will be because the tREES for the reaction deviates from
the purely repulsive step function that descrilweshard sphere potential. The impact
parameter was instead found to be approximatelgatiy correlated with the
scattering angle. Using this correlation, an aliue relationship between the DCS

and the opacity function can be derived (as ismedlin the Appendix):

do 2b?
=—" (7-8)P(b 7
dcos@ ﬂsinH( )P®) %

r

The resulting opacity function for the reactionsadfatoms with neopentane and TMS
is shown in Figure 11(b), with the uncertainty teéag from different experimental
DCSs indicated by the shaded region. Within thislehdéhe reaction can no longer be
described as being dominated by a stripping meshanihe form of the opacity
function suggests that reaction occurs acrossngblact parameters approximately
equally, or with small impact parameter collisiomsakly favoured.

5. Conclusions

Velocity map imaging and REMPI spectroscopy havenbapplied to study the
dynamics of the reactions of Cl atoms with neopamtand tetramethylsilane. The
nascent HCK=0,J) products of the Cl + neopentane reaction weraddo be formed
rotationally cold with a distribution of rotationatates which is similar to those
measured previously for the reactions of Cl atonitk wthane and TMS. Such cold
rotational distributions are consistent with thenpaited near linear transition states
for these reactions. The CM frame scattering distrons of the HCiE=0,J=0-3)
products of the reactions of Cl atoms with neopsmtand TMS were derived using
the dual molecular beam method. These results w@mrgared to the DCSs for the
HCI(v=0, J=0-2) products of the CI + neopentane reaction rdeted using the
PHoTOLOC method and previousHBTOLOC measurements of the scattering of the

HCI products of the Cl + TMS reaction (correctednir a previous analysis). The
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DCSs derived from the different methods are broadhsistent and show that, within
experimental error, the DCSs for the different tiotzal states of HCI and for the two
different reactions are the same. The CM angulatridutions show broad but
predominantly forwards scattered distributions wwhiare very similar to those
observed for the reactions of Cl atoms with ethame butane. Such distributions can
be interpreted in terms of a wide cone of accegtaftc a loosely constrained
transition state which allows reaction over largege of impact parameters. Within a
simple hard sphere and line of centres model ferréactions, the preponderance of
forwards scattered products implies a peripherathaeism where high impact
parameter collisions dominate. However, an altéraahodel is proposed in line with

the results of QCT calculations of Greawtsal,>®

which suggests reactivity is close
to uniform across all impact parameters. Significqa85% of the available energy)
internal excitation of the neopentyl and tetramksihy radicals is consistent with
kinematic constraints for light atom abstractioaateons which require translational
energy of the reactants to be conserved in theugted In line with the QCT
calculations by Rudiet al®’ for the Cl + ethane reaction, much of the inteersrgy

of the radicals can be proposed to reside in mtatimodes.

Appendix

In quasi-classical trajectory calculations of teaation between Cl atoms and ethane,
Greave®t al>® showed that the impact parameteris linearly related to the product
scattering angleg, with collisions at large impact parameters legdio forwards
scattered products, and small impact parameteisiools resulting in backwards

scattered products. The QCT calculations exhileitrédationship:

b= bmax(l——j . (A1)

The integral cross section is linked to the difféi@ cross sections with respectio
and cosgby?®*

bmax 1
o =1 do, db= | do,
o db Sdcosf

d cosd (A2)
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Here,

do;
db

= 27bP(b) (A3)

whereP(b) is the opacity function which describes the pholitg of a reaction at an
impact parameteb. Using equation (A3) with an expression fiivdé from (Al)

gives:

90y _ Bmax 5 pyp) (Ad)
do T

The differential cross section with respect to 8asin therefore be written as:

do, _ dor _ 2bbnaP(b)
dcos® sinBdo sin®

(AS)

Substituting Eq. (A1) into Eq (A5) gives an expreadinking the opacity function to
the DCS:

do 2b?
=—™ (7-8)P(b A6
dcos@ nsine( )P®) (A6)

r
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Table 1: The rotational state dependent frac(im) of the available energy released

as translational energy for H@H0,J) products of the reactions of Cl atoms with
neopentane and TMS. The values assume reactibalpyichanges of -2.5 kcal mol
! and -3.0 kcal mal respectively. Error ranges result primarily frone tuncertainties

in the reaction enthalpies but also encompass .lirs.tthe values derived from 3-5

different images. The average values< Qf) across all rotational states are specified

before and after correction by the Monte-Carlo cotag bias in thé; distributions,
as described in the text.

(f)

’ Neopentane Tetramethylsilane

0 0.63+0.12 0.59 +£0.12

1 0.64 +0.12 0.59+£0.12

2 0.64 +0.12 0.58 £0.12

3 0.64 +0.12 0.57 £0.12
Average 0.64 £0.12 0.59+£0.12
Corrected 0.67 +£0.12 0.64 +£0.12

Table 2: Computed transition state (TS) CI-C-H arajid C-H (for the reactive bond)
and CI-H bond lengths, and product radical dipotemmants for the Cl + RH> HCI +

R reaction, with RH = etharé, neopentane or TM&. For the reactions with

neopentane and TMS the TSs and radical propertescmputed at the B3LYP/aug-
cc-pvdz level of theory and for the reaction withame at the MP2/6-311G(d,p) level
of theory.

Ethand’ Neopentane TMS’®

OCI-H-C /© 177 178 176
ren/ A 1.46 1.7 1.6
reru/ A 1.35 1.4 1.4

M(radical) / D 0.27 0.29 0.05
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Figure 1. Schematic diagram of the VMI experimerstaiup. The insets to the left
show the configurations of the nozzles in the dtggd) and single (bottom) molecular
beam experiments. R is the repeller electrodand L, are two lens electrodes and G
is a grounded electrode.

Figure 2:(a) 2+1 REMPI spectra of parts of the R, S and &rbines of the®,-
X¥*(0,0) transition of the nascent H&#0,J) products of the reaction of Cl atoms
with neopentane and (b) the derived rotationalllpepulations, RJ), for HCI(v=0,J)
products of the reaction of Cl + C(GHl (triangles) compared to the rotational
populations derived for the reaction of Cl atomshwCHs (open square®) and
Si(CHs)4 (circles)’® In (a) the two color (355 nm laser on; solid lineobe only (355
nm laser off; dashed line) and background subtdadiference signals (lower solid

line) are plotted and have been vertically offfsetclarity.

Figure 3: Lab-frame speed dependent zeroth- an@ndecorder experimental
Legendre momentd §(v,) andLx(vp), respectively) of the DC slice image (inset) of
the HCI{=0,J=0) products of the Cl + neopentane reaction (dolies). The dashed
lines show the best fits obtained using the Legemdoment fitting procedure with
(4,4) Legendre polynomials in césandf;. Fits with (3,3) and (3,5) sets of Legendre

moments were almost indistinguishable from the)(f#t4hown.

Figure 4: Centre of mass framiedistributions, F), and DCSs, a/dco®, resulting
from fits to the lab frame speed and anisotropy dabwn in Figure 3. Panels (a) and
(b) show thef; distributions and DCSs respectively resulting frots of (3,3) (fine
solid line), (3,5) (dotted line) and (4,4) (thickligl line) combinations of Legendre
moment basis functions to the data in Figure 3.eRaific) and (d) compar
distributions and DCSs resulting from the (4,4) éedre polynomial fits forJ=0
(solid), J=1 (dotted) and)=2 (dashed) rotational levels of HCIl. The uncetiam
shown for the DCS for HGIE0,J=0) products encompass errors from the differences
in the DCSs derived from fitting with different nlers of Legendre moments and the
variations from fits to replicate images; errorstie DCSs for the other rotational

levels are comparable in magnitude. Uncertaimtid®(;) are discussed in the text.
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Figure 5: Velocity map images of the H@GQ, J=0-3) products of the CI +
neopentane reaction and the derived speed andaangigtributions. The Newton
diagram for the reaction is shown at the top. Insdtgeve been symmetrised along the
central vertical axis which is parallel to the age centre-of-mass vector. The
distributions are the average of 3-5 data setstlamdincertainties indicated are 1 s.d.

in the data.

Figure 6: As for Figure 5, but for the Cl + TMS c&an. Velocity map images are
shown for the HCI=0, J=0-3) products of the CI + TMS reaction, togethéhwhe

derived speed and angular distributions.

Figure 7: Outcomes of Monte Carlo simulations gbemxmental performance for the
reactions of Cl atoms with neopentane (left) andSTiight). Top: the fractional

translational energy release; middle: the angudattsring distributions, with neglect
of secondary collisions; and bottom: the full aguorrection function incorporating
a model for secondary collisions. Theand angular distributions input into the

simulation program are displayed as dashed lindserop two plots.

Figure 8: Differential cross sections for the reaciof Cl atoms with (a) neopentane
and (b) TMS. The DCSs are derived from the angdiatributions presented in
Figures 5 and 6 multiplied by either the experiméfdashed line) or MC-simulated

(solid line) angular correction functions.

Figure 9: Comparison of experimental (grey circlespToLoc distributions for the

Cl + neopentane reaction with simulations (blackes) based on dual-beam
experimental results. The top panel shows lab frameed distributions and the
bottom shows the speed-dependent anisotropy. Tmalaiions are compared: for
both, the input CM frame speed distribution is dedi from an average of the data
presented in Figure 5, and CM angular distributians either the experimentally
(dashed line) or MC corrected (solid line) angwestributions presented in Figure 8.

See text for further details.

Figure 10: Comparison of the DCSs for the Cl + me@ne reaction derived from

dual molecular beam experiments (solid black liaeJl co-expansion experiments
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(dashed black line; as in Figure 4(d)) at a calisénergy of 7.9 kcal mdl The DCSs
obtained from the crossed molecular beam expersr@Buits and coworkers for the
Cl + neopentane reactibhat a collision energy of 8.0 kcal nfofsolid grey line) and

the HCI{=0J=2) products of the Cl + ethafiereaction (dashed grey line) at a
collision energy of 10.4 kcal mblare also plotted. Dual beam data are the mean of
the two data sets presented in Figure 8(a) foiGhe neopentane reaction and have
undergone 3 point adjacent averaging to smootld#ta. The error bars encompass
uncertainties in the experimental measurementsratiee correction of the data.

Figure 11: Opacity functions generated from (a)aadhsphere and line of centres
model for scattering and (b) an alternative modedcdbed in the text. The shaded
area in both cases represents the uncertainteinghcity function resulting from the

analysis of different data sets.
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