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: MOLECULAR BEAM KINETICS. I.
MAGNETIC DEFLECTION ANALYSIS OF REACTIONS

o IC1l, Br SnCl4;and PC1

OF Li WITH Cl > z

David D. Parrist’ and Ronald R. Herm
R
inorganic Materiais Research Division
- of the Lawrence Radiation Laborafory
.and
Department of Chemiétry, University of

' California, Berkeley, California

- ABSTRACT

Thermal energy crossed molecular beam studies have been

" made bf'the reactions of ILi with_Clz, IC1, Brz, SnCi4, and PCiS.
'An-inﬁomogeneous déflectingrmagnet between the collision zonef '
and détector was used to distinguiSﬁ elastié écattering of-LiT

frém féactive scattering'df LiX. 'Approximate transformationéf-
of the measured laboraﬁory anguiar distributions to thebcenter—

of-mass (CM) coordinate system have determined;_ (1)'the totg;
reaction cross sections, Qg3 (2) the approximate product rec$£l

energies, E'; (3) the reactive attenuations of the wide-angle
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elastic scatterihgg and (4) the LiX product CM angular distri-

butiohs A procedure has been developed for ‘the determlnatlon -

of values of QR which corrects for resolution effects 1ntroduced

by broad parent alkali beam proflles.' Values of_Qr, E', andv

reactive‘attenuations of wide-angle elastic scattering which

are reported here for the Li atom reactions correlate roughly

"with_trends establishedvin previous studies of the reactions of

Na, K, Rb'fand Cs. HOwever the observed LiX CM product angular

. dlstrlbutlons are broader and more

;on studles with the heav1er alkali
'tThese-observatlons are 1nterpreted
_ transferfmechanism, whiCh has been

’of reactlons of the heavier alkali

complex than prOJectlons based
atoms mlght have predlcted |
in. terms of the electron

applied in previous studiesl.a

atoms, with the inclusion of -

a poss1ble mass effect in the- alkall atom reaction dynamlcs



»

- reported’

~although Ljalikov and Tererin

. ) | i . '
Extensive data on the reactions of K, Rb, and Cs with halo--

“gen containing compounds have been provided in the past few
'years by moleculér beam techniques.l A wealth of data was pro-
- vided on the readtion kinetics of Na atoms by the early Polanyi-

- diffusion flame studiész, and a recent crossed beam study of Na

atom réaCtions has been,reportéd5. Molecular beam studies have

determihed‘total and differential cross sections for the elastic

scattering of Li atoms4,.includihg total cross section deter-

minatiqné with highly:reactive'halogen éontaining cémpounds aé
the cbilision partnersS; however, novpreQious crbssed‘beam."v
studiés ovahe reacﬁive scattefing of Li compounds have been ¥

6 7{ - Indeed, it would appear that no preVious studies

bof gas phase Li atom reaction kinetics have been reported,

8,9 did report'the observation of

chemilumescence from a gas phase mixture of Ii and L. This -

' paper describes results obtained from angular distribution-

o' ICl{ Brz,

and”PClS. ‘A1though very detailed beam studies have been re-

measurements for the reactions of Li with Cl1 SnCl4; 
ported for the reactions of heavier alkali atoms with some of
these compounds, the results reported here for Li reactions .-



will bejcempareddwith the mefe-pfimitive‘beem“reédité;dn_Né) K,
Rb_‘,'emdcs.r'eact_ionéﬂlvO in ordef tO'provide eomparisiohs of the
reactionvfeatures forvtheifive-alkali metals Qbfaihed under - .
51m11ar experlmental condltlons

It 1s ant1c1pated that the study reported here w1ll be the
precursor of more detalled beam comparlsons of the.reactlomsof
Li and Na atoms. Previeus alkali afom reactien studies have
been interprefedl’ ll‘in terms of an electron transfer mechanism
-due orlglnally to M Polanyi and Magee, in thls model, the doml—
'nant long range forces between the reactants are determlned by
the lonlzatlon<potent1al of the alkali atom-and the vertlcal.?'
electron affinity of the reactlng gas. 'Since ﬁhié meehahism»'
~also accounts qualltatlvely for the features of the Ll atom
reactions observed in this study and_81nce the ionization
| potentials”are.Quiﬁe'similar‘for Na and ILi, a cdmparison,of tﬁe“
featufesdof'ﬁhe reactions ef these two~atoms‘might_reflect the"

role of mass.effects in:the overall reaction'dynemics,

| EXPERIMENTAL CONDITIONS
The appgratus and experimehtal procedures used werevsimiiar -
to those -employed in preViOQS‘magnetic‘deflection analeie. -
studies of the reactions of the heavier alkali metals.12 iThéf | .
epparafus shown‘invFig. i:Was‘enclosed_in a‘cepper box attéchéd[i
1 to.a large'liquid nitregen resefvoirlS. The reactant gas.was‘
pfepared onian external line at the desired ﬁressdre (typically‘i

~3 .Torr) and emerged from a variable temperature, "crinkly
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‘ ;

foil" many-channel source (~0.012 em hole radius, mO.S cm long,
calculated porosity ~ 90%) with a roughly triangular 13° FWHM

beam profile; the collimatimg slits required warning somewhat.

to prevent‘clogging.'-The’Li>source was a conventional stain-

less steel two-chamber oven equipped with standard knife-edged

sllts

10

Studles _of the reactive scattering of Na, X, Rb, and Cs

- have employed two—fllament differential surface ionization to

measure the;scattered M and MX signals separately; a prev1ous_

surface ionization s’tudy14 had indicated that differential

- surface ionization might also be used to diStinguish Li from

- LiT. However{ the.differential surface‘ionizatioh detectioo

technlque proved impractical in this study due to the extremely

poor ionization efficiency of Li atoms on a "methanated" Pt- 87

W surface. Instead, the magnetlc deflectlon technlque was used

 to dlstlngulsh Li and L1X both of which were surface 1onlzed

on a contlnuously oxygenated W filament. Data presented 1ater,'

as well as results of Ref. 14, indicate that this surface

vionizes Li and LiX with comparabie efficiencies. In-partiald:

15, we found that this~surface.

agreement with previous work
achieved its maximum ionization efficiency and_best'signalttof
noiSe;ratio'When operated at a fairly low_temperaturep(m 1706% K),
possibiy due to the formatiom of a stable oxide iayer on.the”f:‘
surface. | | | | o *
When energized, the 1nhomogeneous electromagnet16 placed:

between the colllslon zone and detector deflected a51de a known

fractlon of the Li atoms thereby prov1d1ng a measure of the_



- the‘magnet energized»to the undeflected Li beam,1ntens1ty,

‘scattered L1 and L1X-separately Theientire'magnét-assembly’"'
was shlelded 1n such a way that only Li or L1X scattered out of
;the colllslon volume deflned by the two 1ntersect1ng beams could .
reach the detector As dlscussed in Ref. 12 this shleldlng of

the detector assembly had the added benefit of protectlng the v
surface 1onlzatlon fllament from any detectable p01son1ng

yeffects. - Checks of the'beamvprofile for the parent”Livbeam and
scattered'signals at various-laboratory (LAB) angles were taken
dperiodically; except at'angles near the parent gas beam,. these
profiles  were found to conform to that predlcted by the magnet
:"_colllmatlng slit geometry, except for a negllglble broadenlng

of the W1ngs‘of.the proflle,producedbby_colllslons with the 7
-,_ambientﬁbackgroundfgas-after”passage-through the firstlcollimating"'
Vslit (due to the contlnuous oxygenatlon of the W filament, the'
apparatus pressure was typlcally ~1.5 10~ -6 Torr) - For LAB

angles within the proflle of the gas beam,‘a higher background
pressure was. produced within the deflectlng magnet colllmatlng‘

Sllt assembly ThlS produced a pressure broadenlng of the |
"undeflected beam proflle of the scattered 51gnals for th1s range

of o, thereby produc1ng -an angle dependent transm1ss1on functlon17

'(the transmission T is deflned as the ratlo of Ll signal w1th

H

e
measured at the center of the undeflected beam profile). |

As illustrated in Fig. 1, the Li+ produced by surface - . ' @

1onlzatlon of Li- or LiX was mass analyzed in a 2 54 cn. radius”

18, 19

electromagnet Experiments were‘run in a low resolution-

mode of this spectrometer; 1i% and 11" were not resolved;-but



v

" Li

-5~

the IiT signal was clearly resolved from the other alkali ions

" in the background noise spectrum. Since a high concentration

of'Li'2 in the Li beam would have proved troublesomeAin'inter-
preting these experiments, the uppef Li oven chamber was held

at a considerably highef'temperature than the lower chamber.

TypiCally,'these_chambers were held at 950°K and 1075°K; at

thermal-equilibrium,vthis wduld correspond to a L1 source pres-
sure of ~0.3 Torr, with less thaﬁ 0.5% Li, in the effusing beam.
Magnetié deflection:typicaliy attenuated the parentrLi begm By
99%, indicating a neglible concentration of Liz-in the beam -
provided that it was éurface ionized to give Li+-rather than['
é+.. An.auxiliary'experiment; employing Velocity and’magneﬁic
deflection -analysis of the parent Li beam, confirmed thatvindéeé
Li2 did give a Surfgee:ionizatibn signal of Li+ and thus ﬁhat.
the Liz-cdncentfation in these expériments Was negligible;

The experimental procedure, described in Ref. 12, conéisted

in measurementé.of_the scattered intensity.as d function of

LAB angle at zero deflecting magnetic fleld and at a standard:
_ high'deflecting magnetic field, H (aboutV15 kG with a gfadieht

-of.about 90 kG/ecm). These two scattered signals-weré-cdnvertéd
to relative intensities, Ig (8) and«I% (8), by dividing them
.by'the absolute attenuation of the Li beam-produced by the .

crossed beam; experiments were always run at a relative Li beam

attenuation of less thanvlo%. The Li and LiX angular distributions
were calculated in turn.from the experimentally measured quantities

as follows:



H
determlned perlodlcally by measurlng the transm1ss1on versus

- M Moo T
Mool ey
La 1. e
M Iy = Ty I PN
I, . , - (1b)
- TLiX 1+ - :
) ] H
~ The transm1ss1on of Li atoms through the magnet T (@),-Was"'

b@ of a Li atom beam whlch had been scattered from the non—
reactlve gas cyclohexane

The angular dlstrlbutlons calculated accordlng to Eqs (l)'

.were dlstorted by a v1eW1ng factor correctlon whlch arose because'

the detector saw only a @ dependent fractlon of the total scat—

. terlng volume through the colllmatlng SlltS of the deflectlng

'-magnet' The true L1 and LiX angular dlstrlbutlons were calcu—
Ilated from the dlstrlbutlons determined from Egs. (1) by v

_multlplylng by a v1ew1ng factor correctlon deflned as

' V (@) _ total scatterlng volume L : Lo (2)

effectlve scatterlng volume seen by
the detector : :

';'Theoretlcal values of V (@) calculated from sllt geometrles and '

-from experlmentally determlned beam proflles are 1nd1cated in®
Fig. 2; these calculated values of V are almost symmetrlc about
@ = 0° and‘@ = 90°.  These data indicate the 1mportance of thls'

correction, since V varies over a factor of 5 to lOvas 8 goes
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from 0° to 90°. However, these theoretical yalues:cf v (8)
%.F(G) and’ I% X (@)Q Rather, valuee
of V (8) were determlned individually for each reactlve scat—

were not used to correct I

terlng experlment by measurlng the relative 1nten81ty of scat-

tered signal from the same scattering gas, I. (0), with the
deflecting magnet and its collimating slits removed; 1in this
case,

v &@) = r(@)/ibg (8).

Figure 2 indicates that the average of these measured values of '
(®) does agree roughly with the theoretical values.‘ The. lack

of symmetry about € = 90° as‘well as the large standard devia—»

~tions in the measured V (0) curve are thought-to arise from

small, random,'and inConsequential misalighments of the deflect-

1ng magnet colllmatlng slits with respect to the center of

rotatlon of the oven assembly (COR). The departure of the

experimental and calculated V (8) curves at small LAB angles

is thought -to be a resclution_effect‘which arises because

removal of the magnet slits reduces the effective angular reso-

iution of the parent Li beam'considerably, and thus'alters the
form of the Small angle elastlc scattering 1nten31ty o

As a check of the technlques employed in this study agalnst
the more conventlal two—fllament differential surface 1onlzat;cn

studies, the angular-diétribution Qf'NaBr'fcrmed in the scat?f'

‘tering of Na from Br, was measured. Comparison with the datafrv

of Ref. 3 is shown in Fig. 3; the overall shape of the curve as

well as the peak_position is well reproduced. This calibration



- experiment was'run before centain modifications Were’incorpo—i
.rated to 1mprove the 31gnal to n01se ratio in the apparatus,.
for this reason, the data in. FlU 3 1s n01s1er and restricted
to a narrower range of @ values than is the data reported for
the Li reactions _ | i |

| Figure 4 shows the primary data for Li + Brz, collected
during three different experiments at different absolute 81gnal
levels. = The- agreement at narrow angles between results of
Ldifferent experiments, the agreement between calculated and
experimental View1ng factors shown in Fig. 2, the_calibratlonb
data shown in Fig. 5 and comparisons of the eXperimental'and

theoretical'narrow angle elastic scattering angular distribu-

tions to'be-Shown in a later section all,indicate an absence of -

any. apprec1able non—linear detector response. The'scattervin
the w1de angle non-reactive scattering data shown in Fig. 4

villustrates one of the handicaps of the magnetic deflection
analys1s technique In the study of - scattering partners with

large reactive cross sections, the wide angle elastic scattering

is severely attenuated;.consequently, % (@)_and Ig (@).differ
only slightly. 1In this case, Egq. (la).illuStrates'that rela-
tively small errors in'indiVidual determinations of 1%1(9) and

I

H.(@) can result in a very large uncertainty,in'the derived

non-reactive scattering intensity. For this reason, the derived .

' non-reactive scattering distribution shown in Fig. 4 is of

limited quantitative use, but does indicate~that the predomi-

nate scattered species at wide laboratory angles in LiBrrrather"

1than Li. PFigure 5 gives 51milar primary data for the other

reactlons studied



RESULTS AND KINEMATIC ANALYSIS

Elastic Scattering

Figure 6 .shows the  CM elastic?scattering‘of Li atoms
obtained by transforming the LAB angular distributions‘by-the

conventional*procedure1oa of assigning to the two scattering

tpartners_their most probable source velocities and assuming

that all'non-reactive scattering was due to elastic collisions.

. As 1ndicated in Fig: 6, the two CM branches do give the same

1ntenSity, except at p01nts obtained by transforming Wide

negative LAB angles where ‘the approximate transformation pro—

cedure employed is knoWn to be espec1ally bad. 10av These.curves

illustrate that thevwide—angle elastlc scattering of Li from

Cl,, IC1, Br, SnCl4, and PCly falls off much more rapidly

2° 2’
than does the elastic scattering produced by the non-reactive

gas cyclohexane;'this reactive attenuation of the wide-angle

elastic scattering was previously obServed_in studies of the-;

‘reactions of the heavier alkali metals.’ Figure 6 also |

illustrates_that the wide angle»falloff is similar for'all.five-
reactive-gases studied here ' In view of the large uncertainty
1n the wide angle LAB data shown in Figs 4 and 5, further
'quantitative comparisons of the data shown in Fig. 6 could bé{

misleadingﬁj



ﬂReactiVe“Scattering:

Figures 7 - 11 show the LAB angular distributions of the'

lithium halide products Also shown are kinematic diagrams

1nd1cat1ng LiX rec01l Ve1001t1es for a few of the possible final g"

relative translational product rec01l energies E'. The”total
energy available to:the products must be partitioned between

,'Efkand'internal excitation W' and is given by .
E' + W = E+ W+ AD,

where'E,+'W is the'initial'thermal reactant,energy and ADO is
the difference_in,LiX and BR-X bond dissociation energies',,The
' error-barsaonreach figure20 indicate the difficulty of obtain—
vving reliable product angular distributions in the small angle
range ( I@ | 1 ) In this range, the elastic scattering is
'_:typically ten to a hundred times more ‘intense than is. the
reactive scattering; as Eq. (lb) illustrates, a small error in
| the aux1lliary determination of the transmiss1on of Li atoms
through the magnet can result in a large uncertainty in the
’derived product angular distribution under these conditions
‘Nevertheless,-the magnetic deflect;on analy51s techniques seems
‘to'dOVat-ieast as well in’this angular range as does theﬁmore;'
conventional‘differential”surfaCe ionization'technique (comparev

' with product distributions reported in Ref. -10)- it has'the

- added advantage ‘that. 1t is an absolute measurement and does

- not rely,on the variation of a normalization parameter . as. has

sometimes been necessary in differential surface ionization -



studiess,’1O to obtaln a smooth product dlstrlbutlon near @ = 0°.

However, for two experlments, the ‘harrow angle scatterlng was
also analyzed %lth a sllghtly modlfled TH (@) function (the
solid symbols of Flgs 8 and-lO) f Ev1dently, TH (e) changed_'
'sllghtly between the callbratlon and reactlve runs durlng these
experlments. | |

 In studies with the heavier alkali metals, these five
reactants hare’provided prototype examples of "stripping"
reactionsla, with the product angular distributions_sharplyrf
‘peaked in the original alkali atom direction (6 = o°). Figdres
7—ll shOW'the distrihutions in centroid angles‘ resulting‘from

the thermal veloc1ty dlstrlbutlons in both beamszl, calculated

vforban energy ;ndependent collision cross sectlon-according'to,
ethebmethod of Ref. 22. As these:figures'indicate the'diatomlc
‘reaCtants yield LAB proddct distribution confined mainly to the
left_of thefcentroid distribdtions; this must indicate a pre--
dominant scattering into the'forward_hemisphere'(O°.§ e <
:QQf)tin,the CM coordinate system; in qdalitative agreement with
the results found. for thetheavier alkali atoms. 'In-contrast,j
the polyatomic'reactants yield appreciable LAB proddct7intenslty
to the rlght of the centr01d dlstrlbutlon, indicative of |
appre01able product scatterlng into the backward hemlsphere 1n
.the CM ‘system. The dip in the LAB distribution for Ll + Brz"
near e = O° is thought to be real, although it occurs in the
angular range where uncertalntles 1ntroduced by measurementsvj
of the transmission factor are h1ghest23. However, the relatlvely
flat portions of the LAB distribntions for Li +'SnCl4 and PClg

\
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which extend through 6 égO? are deflnltely present because these
flat_portions eXtend 1nto ranges of e where the data 1is not

-partiCularly'7sensitive»togsmall eTrorsvlnoT

o (@).and ;s; ; ‘,-. »

'thought to be best.

o

The LAB product angular dlstrlbutlons were transformed to
tthe CM (Figs. l2:and.13)ﬂby the same fixed veloc1ty_approx1matlon
(FVA) procedure used to’ transform the elastic scattering; Here

'iagain the reactants were assumed to have their most probable
'fsource velocities, and the final recOil‘energy E' was varied as’
'}Ta”parameter until'a'consistent CM angular'distribution was‘ |
pobtained. Ektensive computer-studies24 have indicated that
the CM angular distributions obtained from.the FVA procedure '
'are=usua11y.reliable;:although somewhat broader than the true
.distributions; the values of-E' derived may be_relatiVely'

' inaccurate_(somewhat.too low), although’they-do usually suffice
Ztovindicate,the qualitative features of the energy partitioning;
: Tableti,iists-values'of produCt recoilvenergies_derived
tby the.FVA_transformation”procedure anddcompares these resultsg
With'Values of E! reported for Na, 'K, RbD, andes-reactions inh'
‘Ref. 10; 'no»values of E' were reported for Rb + PCl or
:"_Cs + SnCl4, although it was reported that the MX rec01l energles_
" were ~ 107 to ~ 307 of the reactlon exotherm1c1t1esloe o _h "
-Note that these experlments cannot dlstlngulsh MCl and ML proe;
ducts of the M + ICl reactlon, crossed. beam chemllumlnescenceﬁ," y
.'.experlments indicate that KCl is the pr1nc1pal product of the
25

K + ICl reactlon _These values'of E' 1llustrate.that, forﬁ

all of»these reactions, most of the reaction'exothermicity
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 appears as internal excitation in.the products. Moreover, for

012

recoil'energies asuthe*masSpof'the attacking alkali atom

‘and Br,, the data does indicate a trend to higher product

decreases
Table II glves-the coefflclents of an expans1on of the
LiX CM angular dlstrlbutlons shown in Flgs. 12 and 13 in terms
of the Legendre polynomials, As a partial check of these derired
CM LiX distributions,-they_were'used to back—calculate»the
LAB dlstributions by holding E' fixed at the values given'ine
_Table I and averaging over the velocity distributions_ln bothg'
beams. The extent of agreement betWeen these back—calculated_'
~dlstrlbutlons and the measured dlstrlbutlons are shown 1n
.Flgs, 7_— 11. Varlatlons of E! durlng these back—calculatlons
indicated that the FVA derived E' values given in Table I do rv
give the best delta function approximations to the true B
dlstrlbutlons produced by these reactlons |
Prev1ous studles:LO w1th Na, K, Rb, and Cs have 1nd1cated
an almost monotonous forward peaking of the MX product for
‘these five reactants, although the polyhallde reactants d1d
produce a less sharp MX peaking at 6 = O°_and apprec1ably more
product 1ntens1ty at 9 > 90° than did the dlatomlc reactants
For K Rb, and Cs + Br.

and Cl,, the results suggested that the

2 2’7
alkall atoms were so reactlve as: to have lost their chemical -
1dent1ty in the.sense that the product angular dlstrlbutlonst
‘while dlfferlng for 012 and Brz, were the same for K Rb, and
Cs (although this was not the case for K, Rb and Cs + ICl ‘see

Ref. lOb). Flgure 12 indicates that this 1s-clearly not the
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Case for-Li, as ‘the LlX product dlstrlbutlons are very much
' broader than those produced by reactlons of the heav1er alkall

:atoms Indeed the Ll +- Cl ICl -and Br2 reactlons have almost

Lo
achleved the oppos1te extreme where the Ll atom domlnates the
;_reactlon features in the sense that - as 1nd1cated by'the.Legendre -
coefflclents of Table II the LlX angular dlstrlbutlons are
almost superlmposable for these three reactlons

| For the polyhallde reactants, the Li atom results shown
“1n Flg 13 are in even more strlklng contrast w1th the behav1or
of the heav:Ler alkall at ans.  The L101 OM distributions are
4severely broadened and no longer peak in the dlrectlon of the
'1nc1dent L1 reactant . In fact for Li + PCl3 Flg ll 1nd1cates
that the LAB data can be closely fit by a CM LlCl dlstrlbutlon |
wh;ch is symmetrlc about 9 = 90°; this 1s the behav1or whlch :
;would:beGexhlblted‘byra reaction which had_lost all of its. -
dlrect,interactiOnjcharacter and proceeded Via'formation_sza

‘ long-lived‘intermediate complex..

TotalfReaction'Cross'Sections

The total reactlve cross - sectlon QR could be ea81ly

‘ calculated 1f 1t were poss1ble to’ measure the absolute dens1ty

"vand scatterlng.length-of the crossed gas beam; ,However,vs1nce"

this'determinationuwas'not possible here nor in previous'studies
with the‘heavier alkali atoms; indirect methods must be employed'
to determlne QR, three methods wh1ch mlght be appllcable to the
present work were developed in Ref lOc.h In all three methods,
V QR is glven by the 1ntegratlon of the CM dlfferentlal reactlve'

cross section
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‘o - zv/ 2%\ smeas. (3)
‘ abs - T v '

'The absolute hormalization of ‘the differential cCross section;

f

EEB - x iLiX
ow v
abs :

(e), o (4)

is determined by compafisbn of the méasured elastic Séatteriqg

: éignal with theoretical expressions for the cfoss‘sectibn'for
elastic scatterihgvfrom a van der Waa1s.potential,_V (r) _ -C/re,
ﬁowevef, ohly Methodst_and B of Ref.;lOc are‘applicable here;
their Meﬁhod C relieé on measurements df the'fréction'of alkali
atoms scattéred out of the‘pafent alkali beam. Due to the low
iQnization'efficiency'of Li relative £o K,-Rb;'or Cs, it was.
-:felt_thét a measurement of this nature might be distorted by a
non-linear.detectbr response at the extremely‘high Li intensiﬁiésv
encountered in thg pareht Li.béam itself,(thesevsignal lévéls
are 100 to 1000 more iﬁtense than are thé narrow‘angle_elastiq

scattering signals).

Method A = |

In Method A of Ref. 10c the normalization factor is
evaluated by a comparison of the experimental and theoretiégl.

differential elastic cross sections,
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-The'comparison.is:made’at narrOWdangles!nhere the elaStic.
.scatterlng 1s assumed to be negllglbly perturbed by reactlon
and the small angle scatterlng formula for a van der Waals. E
1nteractlon is used

(aQ /dw) = 0.239 (C/E

1/5 -1/3 . s
abs ) 0 ) o (6?
'However; the very broad and hlgh Li. beam employed in these
experlments make 1t necessary to modlfy thls procedure because
the fall—off of small angle elastlc scatterlng is no 1onger
described. by eqv(s)., |

vThe'procedure we have'adopted26, similar to Method A of
Ref. :10c, proceeds-by writing down the expressions fOr the
-relatlve 1nten51t1es of Li and LiX spec1es measured with. a
detector subtendlng a SOlld angle 69 1n the LAB system, s1nce
_(a QR / dw) abs 1S only slowly varylng with angle, the expreSS1on
for ILlX (6) is ngen by ' |
4ﬁF-n'ho &o 5L 5Q

' A (9% N

;LiX (e) 'abs. (7>,
In.this'ekpression, it is assumed that the Li beam profile is
‘rectangular, W1th a width of 2 6 and a helght of 2 h atvﬁhev'

collls1on zone,v62 is the w1dth of the crossed gas beam whose

-number denSityvat the collls1on zone is ng F represents the
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- flux of incident Li atoms, A gives‘thé_absbiuté'atténuation of
the ILi beam, and B féprésents the LiX surface ionization
efficiency. ' | o

It is;mOre:convenient to expréés the relative signal for
small éngle,elasticfsCattering in the LAB system; at very smali
éngles.(sih 9‘; 6)-and for a target gas at.rest, the LAB to
- .CM transformati@n forvelastiC’SCQttering is'givén in terms of
m/u, the ratio of the mass of Ii to the reduced mass of the

collision partners, by:

6 = (mw) ©  (8a)
(30/30) = nf/4E. | o  (ep)
1/3;"”

Using these transfofmation-equations and substituting < E

10c 1/3

the Boltzman average of E1/°, into Eq. (6), the differential

cross section for scattering of a Li beam of infinitesimal width

in the LAB becomes

1/3 : S

aQe

v = 0.216
- \oQ

“abs Li

_An-elastié_scattering event in which the i atom arrives:
at the detector €' to the side and h' above a line perpendic@iar?
to an idealized point source ovenlslit would be récorded as_fﬂ

‘scattering through a small LAB angle
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e = (n'? +‘€i2).,/‘z'2? o - (10)

where lz'is the distancénfme the collision zone to the detector.
Had it not been deflected, this Li atom would have arrived at
the detector at the point (y €., v h_) where (€% + hcz)l/z']f

gives its-radial deViafion:from perfect collimation at the

collision zone aﬁd Where
L T

~with £, equal to the distance from thé_ovenvSlit to thé'colli%'
sion zone@;'Thus;.the.true Scattering’ahglejis given by
2 - g8 2.

R G RIS N (IR

(12)
Sinée,oniy ithlane'scattering was méasured.here ana the héight
) ahd.width of the détéétor were sma11 relative to yhé andryﬁé_r
respectively, h'-may belput eqﬁal to zero and the scattered’
flux may be Cohsidered uhiform over BQ. vRécognizing this, thé
“total rélative signal scattefed in@ovthe detectorqur Sméll Qi.' .

may be ‘Wwritten as

ILi (®) = 2 B.' f dﬁc / ﬁg . (13 )
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0.216 _a F n 64 80 [ C :

with B =

in ferms df the'Li surface‘ionizatiOn'efficienCy, a.
Substltutlng z #”(&' 4'w€C)/22 and x = (vhc/lzz)E,TEq;(lS)'

may be rearranged to read

Bzzz‘.‘(g» + K b

. .
ILi_(@.)  = .————72 . }Z4ZS
' (&' - Vgo)/zz
R . -
f (.yho/ffzz)‘ R o -
: . (14)
2 | o x/2(1 4+ x)7/6

For relatively‘emall Values ofA® (e < ld°)'-the upper limit oﬁ.
the 1ntergratlon over X will always be greater than unity; under
these 01rcumstances, thisg upper limit may be replaced by )
1nf1n1ty to a fairly good approx1matlon,‘whereupon the 1ntegra1
over x becomes a Beta funetlon and is easily evaluated. 'The_e'

integral'ever‘z is then stréight-forward and Eq..(l4) reducesrto

'F (8, ©

op) (15)

‘where the form factor for small angle scatterlng is glven in ':
terms of the FWHM Ii beam resolution angle, Op = &o/ll 2-750/22’

i

by
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= F(@,-QR)-.e o s )1/3 B :(é‘+:®.)l/37'_».v ~ (18)

°R’

‘Then,'comparlsons of Eqs (4) (7);_and (15) indicate that the

proper normallzatlonsfactor is to be calculated by

173

;'o.4zl(a/6)'

‘Figurefl4lillustrates the good agreement tetween the
'eXperimental Iri (@):curves and the small_angle intensity'forn
'factor giVen in‘Eq (16) The dlsagreement between 1ntens1t1es
‘measured at p051t1ve and negatlve angles for very small values
.of @ lS probably caused byfvery small uncertainties in the -
detefminations of'the absolute positions of & = 0°.  The ekper4e
imentalvcurves'begin'to deviate from the‘tneoretical.expression
in the;vicinity of e > lQ°, Where somejof‘the approximations
'employed.in’tne development éiven above are expected~to begin'
:to fail. Flgure 14 1llustrates that normallzatlon factors -
evaluated from»Eg. (17) should be 1ndependent of the value of-:

. 8 chosen fof comparison‘for‘e Sf8°., On the other hand,‘normaleT
."ization constants evaluated on the basis of Eq. v(9) would

clearly be dependent on the partlcular value of & chosenzT.
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Method B -

' As a second method of calculatlng reactlon cross- sections,

- we have used Method B of Ref lOc In this method,-the normal-

1zatlon-factor 1s-obta1ned by comparisons of experimental and
theoreticai_total-crossfsections,

k= Qiff / Q

abs” “t, rel” (15)

The absolute effective total cross sections, Qifibs’ were cal-

culated from expressions given in Ref. 10c for a van der Waals
interaction. The totai‘relative‘cross sections were‘obtained‘
by integrating‘the'som ofvthe ILi and IiT signals over 4t sterae
dlans, after correctlng for possible differences in jonization
eff1c1en01es, this becomes
'Qt,rel. _ ?7 ./. ((B/a) Ipy (6) + Ip;4(6)) sin 6d 6.
K o S

Since scattering events were observed only'if'tney defiected

the Li or LiX puﬁ'of the parent Li beam, the lower limit of
integration in Eq}‘(19) was taken as 6 = (m/u)v®R. | In this
aspect the current procedure differsvslightly from Method B-of
"Ref. 10c where a lower limit of 6 = 1.61 6. was used for the

1 : R
integration. '
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‘Derived Values;of'Qk_"

N Tabletlll'giVes'Values‘of'the.total‘reactionvcross.sectlons
';_evaluaﬁedtby the two méthbds (QR (A) from Eq. (17), Qg (B) from
.'quv(l8)),:using d/51=_l.0'and ®R = 1°. The experlmental
geometry parameters used in Eq.‘(l7) were (1n em.): 0.39, 4.5,
and 39:3Ifor;h-' Zi, and-l2 respectively. The force'constants '
C were calculated from the Slater-Klrkwood approx1matlon (thevd
rellablllty of thlS approx1matlon 1s discussed in Ref lOc)

with the effectlve number of electrons taken as follows 1 for'

Li; l4\for Cl,, IC1, -and Brz, 26 for PClS, and 32 for SnCl4

2’
-The polarizability values used were'(in A.)' 20 for L128, 4.6

“for 01é10a; 7.5 for 10110d;'6‘2 for Bry10% 13.8 for SnCl, 29,

and 11.5: for P01330. The 1nductlon terms were calculated us1ngz
.dlpole moments of 0.65 and O 80 Debyes for ICl and PCl3

' respect1vely5l}-

| Table III-indicates thatvreactiVéwcrossgsections evaluated
_by Methods A and B are in close agreement with the exception
af” Li + PCl3 where the agreement is not as good It is.
espec1ally 1mportant in studles of L1 atom reactions by crossedf
"beams to obtaln agreement between two ;ndependent.methods of 8
calculating»reactive'cross sections because this-provides a

' check.on'the assumption of equal lonization efficienCies for Li;f
'and.LiX. ThlS assumptlon was 1nvoked in 1nterpret1ng prev1ous:
studieslofAthe other-alka114metal-reacflonsvas well. With the

possible exception of. the Na study, this'assumption.was more

.plausible in previous studies because the alkali species_were
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much moretefficiently ionized° consequentiy, tneir'ionization
efficiencies were expected to be much less sen31t1ve to poss1ble
surface contamlnants on the W: and to the chemlcal 1dent1ty and
degree of 1nternal exc1tat10n (whlch mlght be as-much as 1 or

2 e.v.) of the alkali halldes Slnce the values of Qg (A )vandv
Qs (B) 1isted in Table IIT were derived by assuming that. a/a =
1.0, Egs. (17) and (18) indicate that they are-related to the

true reactive cross section Qg by

eff (QR<B) - QR(A) ).

QR/QR(A) = a/B 1+ Qt abs o (5) 0.(2) (20) -
: . R _R

In the absence of any other errors in QR (A) and Qg (B), Eq.
20 would yleld values for (a/p) of 1.03, 0.88, 0.51, 0.75,

IC1, Br., SnCl,, and PCl,

27 2’ 4° 3
respectlvely " In view of the other important possible sources"

and 2.67 for the LlX from Li + Cl

of error in QR (A) and Qr (B) and of the lack of any trend in
these numbers, these results suggest that (a/B) was in fact
close to unlty |

In addltlon to.questlons of relatlve ionization eff1c1en01es,
there are a number of other 1mportant sources of error in thel
derived reactive cross sections. Errqrs of a,different-magnig].
tude for'eech gas, but'contributing the same percentége error.
_te Qg (A) and Qg (B), may arise from_uncertainties in the values o
- of the van der Waal's forceﬁconstants'used, Howevef, the
: derived values of QR depend primarily bn the cube‘root of Cj
consequently,‘uncertainties in the valles of the force censtantf

contribute'only'a small error to the derived-reactive'cross
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sectionsi~ Method‘A‘relies’on af'knowiedge7¢f7£hé-sha§é‘cf-thé?“
=parent Ll beam and 1n fact approx1mates the true beam shape ‘by

a beam of constant flux over. g cross sectlon of 4 é h at the.
'COlllSlon ‘zone. Uncertalntles in the "best" values of € and

_ espec1ally h may result in an uncertalnty of as much as 25% 1n
the.values of QR (A) llsted in Table-III although thls effect'
should contrlbute the same percentage error for each of the five
"gases | Errors of the order of 107 are 1ntroduced 1nto the Values

of QR (B) by uncertainties 1n ‘the proper lower 1imit of 1nte-'

'--gratlonvln Eq. (19); another poss1ble error of the order of l07

in the QR (B) values arlses from the very large uncertalntles
in the shape of the L (6) curves for-e > 30°.  The FVA trans-
formatlon procedure, because it approx1mates the true E' |
dlstrlbutlon by a . delta functlon d1str1butlon, 1ntroduces
further errors, thls effect is dlscussed in Ref 24a - In general,'-
,thls can represent a major source of error in derlved reactlve
cross sectlons if the“LAB**CM transformat;on Jacobfanvvarles
_appreciably in calculating the TAB distribution by int‘egrating.'»
over“the CM E' distribution. -HOwever, because'oflthe naturevof:
the transformation diagrams shownvln_Figs, 7-11 as well as |
“the relatively high product velocities'found for these'Li‘rejiﬂ
actions ~-this effect is only another minor source of uncertainty
'(m 10- 20%) in the Ll QR values listed in Table III. ,v o
In summary, the absolute reactlon cross sectlons derlved
.;here are uncertain, but are thought to be closer than a factor
of two to the true values of QR’ moreover, the ratlo of

“derived QR values for any two gases should be somewhat more .
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accurate than are the individual values. In vieW'of the simi- -
’larltles of Qt abs 2nd QR for Li + ICl and Br2 shown”in Table

III it is' difficult to account for the dlfferences in the

o undulatory'behav1or of the energy dependence of the Li + IC1-

and Br2 total cross sections reported in Ref 5] 1n terms of a
guenching of this "glory structure" for Li + Br2 due to‘morer
. _

extensive chemical reaction.

1
i

DISCUSSION
. Implications of the "Harpooning Model"
The very large cross sections_for reaction between an
alkali atom and halogen COntaining molecules which were initially.
- observed in the Polanyi diffusion flame studies and later in -
croused beam studles have been understood in terms of an electron

la. In this picture, the attacklng neutral

Atransfer mechanlsm
- reactants approach on a covalent potentlal curve Wthh is
-crossed‘byéan ionic curve at very large internuclear separation;
~at thisfpoint; the alkali atom transfers an electron to the_ |
halogenated molecule and the reaction becomes an;ion‘reCOmbination
collision..‘Since the van der:Waals interaction is‘Very‘weak at
largevseparations; this crossing.radius istgiven apprOXimatelytn
in terms of the 1onlzatlon potential of the atom and the vertlcal

'electron afflnlty of the molecule by
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In its crudest form, this model predicts*a:reacti;épcross‘section
offwréz | .

Reactlve cross sectlons for all flve alkall atoms are
'-plotted 1n Flg 15 agalnst the predlctlons of thls model The
data does 1nd1cate a rough trend in QR w1th dlfferent alkall
‘atoms Wthh correlates W1th this electron transfer model. " One
dlsconcertlng aspect of thls model which was recognlzedlaiat
’an early stage 1n the 1nterpretatlon of the K, Rb, and s results
was the relatlvely hlgh vertical" electron afflnltles necessary
to fit the observed values of QR’ in general values of E were..
: demanded whlch were a factor of two or so hlgher than those
suggested by other estlmates ThlS effect becomes espe01ally
troublesome for the Ll data reported here, as Flg 15 1nd1cates,,

:these reactlve cCross. sectlons 1mply extremely hlgh estlmates of

E .

i between 70 and 80 kcal/mole for SnCl ICl “and Br

2°
These ‘large values of QR mlght be understood in terms of
an electron Jump model w1th more moderate estlmates of the
vertlcal electron afflnltlesvlf one takes 1nto account the o
variation of the neutral potential’curve wlth internuclear.
"dlstance An approx1mate maximum impact parameter Wthh leads
'to reactlon is given by (QR/W) /2,-1n order to 1nvoke the |
,partlclpatlon of the 1on10 curve,,the.tragectory on the neutral_
'7'potential:Curve fOr.thisvimpact parameter:and‘the~incident
collision ehergy must penetrate to_an internuclear'SeparatiOn
' as.small'as the curve crossing'radius, rc.. Neglectlng the |
'vef”ect of the repu181ve core of the neutral. collls1on potentlal

the long_range attractive Vanvder Waalis force ellmlnates all
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‘restrictiohs on rc.for Li + PCl3 for collision‘energies-ahove
0.6 kcal/mole, since the neutral partners would approach all
'vthe_way to r =0 for-all 1mpact,parameters ‘l‘essthan/(QR/W)l/2
However; it“represents:ohly_a'minor correctioh for the other four
'.reactiohs’studied;-the’reduired values‘Of'r;.are,lowered by‘
~ 10% for Li + Cl, and by ~ 5%‘for thegotherdthree gases;"The
'solution:to this dilemma is probably best understood ih terms
of a perturbatlon of - the neutral potentlal curve by the lonic
curve at dlstances greater than the crossing radius of the two.
curves. Prov1ded that th;s-perturbatlon provides enough add;t;onal-‘
attraction to overcome the centrifugal repulsion'aSSOCiated with
the large reactive impact parameters found-in these studies, the
hreactants'could he'attraCted to'Within'the crossing'radius.
Studies32 of elastiC'scattering of'K from some reactive mole- .
'cules have prov1ded some experlmental evidence of a lowerlng of

'the 1ong-range neutral potentlal curve due to a perturbatlon by

the 1on1c curve

Possible Mass Effects

'The data listed in Table I, although'only'rough indicatiohs
of the eneréy partitioning, do.indicate that thedLi,reactionsaf |
studied.heréuchannelfmost,of the available‘reactioh'exothermi—s
'city intO»product‘excitation; furthermore, for ‘a fixed reactant
gas, these results 1nd10ate monotonically 1ncreas1ng product
.re001l eneréy as the mass of the attacklng atom decreases : Both
the magnltude of the final rec01l energles found in LiX productsu

'_and the trends in the energy partltlonlng as the alkall mass

I -
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'istaried conflict - with the predictions of thehsPeCtaﬁOffStripf
ping mechaniSmll_’la and the elastlc spectator model33 whichv
were used to account at least in part for the energy partltlon—
1ngs'observed In_early crossed beam studles of the K "Rb, and

'Cs-+ X, reactions. Monte Carlo calculatlons suggest that the

2

- data in Table I may be understood in terms of a greater fraction

of the product repulslve energy release'appearlng as re001l‘
energy as the.mass of theuattacking atom.decreases,*:'.

'dEarly,Monte CarlO'calculations;‘employinglpotential'sur—-
-faces‘which were not chosen‘to refer'to the-alkalivatom—halogen
molecule reactions, indicated a maSs dependent energy partition-
'_1ng in qualltatlve accord w1th the data of Table I Blais-and
:_Bunker34 reported an energy anomaly whlch led to a much larger
fractlon of the total energy released appearlng as product re-
:c01l whenever the mass of the attacklng atom was’ cons1derably
smaller than_that of either atom 1n-theureactlng molecule. Kuntz,
'et,bal¢35 reported a detailed Monte-Carlo-study of the energy |
partitioning-in an exchange reation.. Incvery qualitative terms,
-they observed that energy liberated durlng reactant approach was
channelled 1nto product v1bratlon, whereas energy llberated
durlng product separatlon was d1v1ded between 1nternal exc1tatlon
r_and product rec01l energy, the fractlon of thlS repuls1vev |
"“energy_release appearlng as product re001l 1ncreased as the L

fmass of the attacking.atom was decreased.
Direct investigations*of'the mass dependence of'the energy-'

partltlonlng 1n alkall atom—halogen molecule reactlons by Monte'

'Carlo calculatlons are not avallable as yet Bla1s36 did -
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report calculations for K, Rb, andiCs.+'Bré-andalé;and,observed
no appreciable mass effect; Godfrey and'Karplus‘s”calculations’37
are restricted-to.K '+‘Br2 ' Polany1 and co—workers have not yet p
reported in detall on thelr calculatlons for these reactlons
However, -they have observed58 that "second encounters between o
the MX and Y products of the reactlon M+ XY are a relatively
common feature of the traJectorles of these reactlons for the1r
potentlal energy surface and that these secondary encounters
often produce appreciably higher rec01l energles, it seems :
_plau51ble that due to the faster approach of L1 to the dlsso—'
clatlng XY and to the faster osc1llatlons of LlX, Li reactlonsp
might be especialiy susceptible to this effect. H

| The magnitudes of the reactlve cross sections and the
attenuatlons of the w1de—angle elastic scatterlng indicate that

: qualltatlvely_s1m11ar very strong; : long—range attractive .

‘ forces'are'operative as‘therreactantsoapproach‘for all of the
alkali’atons.f In view of this, it is plausible to attribute

| the very;much broadened IiX CM angular distributions to a mass
effect in the overall reactlon dynamlcs This might arise as
the Li atom, by v1rtue of 1ts light mass, 1s rapldly accelerated
during reactlon_and may well reach the other reactant before 1t

. has had an‘opportunity to dissociate In this context we have
.examlned an ultra simple model of these reactlons based on a
linear M - XY collision with harmonlc osc1llator forces between
MX and XY. For fixed forces.(807 of the reaction exotherm1c1ty

as M - X attractlon; 20% as X-Y repuls1on) and fixed X and Y

masses a normal coordinates analy51s of the motion 1nd1cates
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_that both the fractlon of the reactlon exothermlclty Wthh appears'
‘as. product rec01l energy and the llfetlme of the colllslon.
1ncrease as’. the mass of the attacklng atom is decreased from

Cs to L1 The former feature of thls model correlates quallta—
tlvely w1th the trends in Table I The-lncreas;ng coll1s;on.f
llfetlme suggest a broadened angular distribution andhsojagrees
with the experimental=results shown in Figs. lévand 15".

_ However w1th respect to the three dlatomlc halogen reactlons
alternate poss1ble 1nterpretat10ns of the broadened L1X d1str1—i
‘butions are suggested by the recent Monte Carlo studles Godfrey X
.-and Karplus37 report that thelr calculatlons 1nd1cate a rough
_correlatlon of 1ncreas1ng angle of deflectlon of the product
nW1th-decreas1ng 1mpact parameter-ln the collls1on Slnce the -
le atom reactlons are ev1dent1y restrlcted to smaller 1mpact
'parameters than are the correspondlng K Rb or Cs reactlons,
thls could account for ‘the . depletlon of the MX small angle scat—

terlng in the case of L1 reactlons Indeed this 1nterpretatlon

vzls supported by the observatlon that 1f the curves in Fig. 12

-l are replotted as absolute dlfferentlal cross sectlons it'isﬂ

dobserved that the wide angle LlX scatterlng is always less than
';that of the correspondlng K, Rb or Cs halide product at the |
:same angle._ A second poss1ble obJectlon to the ass1gnment of a
,broadened LlX product dlstrlbutlon to a mass factor is prov1ded
_by the Monte Carlo calculatlon on K + 12 reported by B1a1s36' o
“whlch 1ndlcates that the KI product dlstrlbutlon broadens as the

,dlpole 1nduced dlpole attractlon between the products 1s weaken-

ed. ,Slnce the ratlos of dipole moments for LiCl to KCl and



-31-

- LiBr to KBr are about 0.7 and 0.6 respectively; this effect
could explain the broadened product'distributions in the Li + Cl,,

Br, and IC1 reactions It would appear essential that Monte»‘

c .
Carlo studies be extended to Li "stripping reactions 'in order

_to,determine'the relative importance of mass effects,_distri—

!
t .

butions. of impact parameters, d'small changes in ‘the product
forces in the resultant shape of the product angular distributionsi
Experimentally, detailed comparisons of Li and Na reactive
scattering as well as the concurrent depletion of elastic scat—
'tering should help to eluc1date the origins of the broadened
product distributions ~reported here

The Li + SnCl4 and PCl3 product distributions no longer
peak at O and their overall shapes are indicative of more
| complex'collis1on trajectories. The LiCl LAB distribution from
- Li + PCl3 may be adequately fit by a CM distribution symmetric
about 6 = 90°; this is of course the distribution which would
be produced if the reaction proceeded through formation of a
‘complex which were long-lived with respect to a rotational
| period A number of reactions39 of neutral speCies-are now
knOWn.to.proceed via this complex mechanism, although these'
reactions have given product angular distributions which_peaked
at 6 =_O‘o and'180°;‘this has beenbinterpreted in terms of the
‘breakfup of a polate‘symmetric top complex, whose angular
momentum projection onto the symmetry axis of the molecule
was partitioned according to a thermal equilibrium in the
critical 1nstant 1mmediately prior to break-up. The present

'study appears to prov1de the first example40 of a symmetric CM
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product distribution which peaks at 6 ‘,= 90°. ‘-'.'-.\“-Within’the frame-
bwork of thls colllslon complex model this is the predlcted39
-:angular dlstrlbutlon for the breakup~of an»oblate symmetrlc .
'topvcomplex* Oblate tops occur much less frequently in chemlstry"
'than do prolate tops however, reasonable assumed structures~
for a P013L1 complex (malntalnlng the" PCl3 (g symmetry) do have
‘an oblate top structure, whereas replacement of the Ll atom by
a heav1er alka11 atom would render them prolate tops i Thus
b'the symmetrlc CM dlstrlbutlon flt to the LAB dlstrlbutlon
vobserved‘here,';f,corraborated by more detalled!exper;ments,
: might'indicate the‘first reaction to'proceedavia an oblate'topﬂ'
complex mechanlsm | o N B .

} However, thls s1mple plcture is clouded somewhat by the
i Ll + SnCl4 results presented here Whlle'these’results cannotl
be f1t adequately at wide LAB angles by a symmetrlc LlCl CM -
dlstrlbutlon, the-LlCl dlstrlbutlons from Li + SnCl and PCl3
are s1mllar 'suggestingvthat‘bothvreactions~may;proceed v1a a
s1mllar mechanlsm : The Li +‘SnCl4_resultsemight‘be-underStoodﬂ
‘1n terms of an osculating complex modelb“where the:complex N
llfetlme is- comparable to a rotatlonal perlod The Cs + TlX .
_ reactlons have been dlscussed‘l:l in terms of the breakup of an‘
' osculatlng prolate complex, although thls model-has not been
vdlscussed for the breakup of -an oblate top, it could probably

account for the i + SnCl data of Fig.: 13. -However in contrastf

4
to the Ll +. PCl3 case, it is dlfflcult to account for ‘a. LlSnCl4

1vcomplex which 1s oblate rather than prolate, an oblate structure

appears to requlre a rather substantlal dlstortlon of the
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bgedmétry.of SnCl4 upoh complex formation.(e,gkésreiaxation'to
a planar —SnClS:Structure);' | . - |
~In summary, the Li-reéctions studied heré exhibitvthe same
_broadfQualitativefféaturés‘shsﬁnsby'the Na; K, Rb, aﬁd Cs reac-
>tions.v However, interssting differences are indicaﬁed:ih'the
energy partitionihgs snd the-productv%ngular,distributioﬁs;
Future experiments.employing_eiectric‘deflectibn'and velocity
selection anaiysis_ﬁill make possible measurements of the
‘distribution functidns for pfoauct tfanslatiohal and rotationsl
energies as well as mbre definite. angular distribution méasure—_
ments and should resolve some of the_quéstions raised by'the

present study.
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TABIE I. -Estimates of Recoil Energies®

'Li Atoms. v o E'

Reaction ».i
, | E AD E' Na. k | ®o Cs

M‘+ Cié'—>Mbi + C1 I 1.94 | 54 7.6  ' 3.6 | 2.1 | 1.7
M+ ICL—MCL 4 T 200 |61 | 2.2 .1f5 17| 20 |1
M4 TCL = NI +C1 2.00 | 34 |24, 15.5 |13.6 |[12.8 |8.4
M+ Br, - MBr + Br ; 2.00 se |66 | s1]s.7 2.8 |18
Ko+ SnC1, —*MClL¥'Sn013 2.03. | 35 | 2.3

M+ FCl, —fMQ1A+ 1, 1.99 | 33 | s.2

faAll-energieé.aré gi&en in kcal/mole. E is-ﬁhe initial rélativé_
‘kinetic energy of the reactants corresponding to the most probable
source’velééities{ E' 1is the produdtvreéoil ehérgies estimated frbm
the FVA trahsformatibnvprbCeduré; all data fdr'Na, K,'Rb,iand,Cs,Were
taken from Ref. 10. ADg - DO(MX),- D (RX) is thé reaction‘exothe?él
'micity. Bond diséociatiOn data were taken fromf» for LiX,'L. BreWér.
' and E. 3rackett;'0hem.‘Rev.i§;,'425 (1961); for halogen molecules, G.
"Héfzberg, Spectra of Diatomic Molecﬁles.(D. van Nostrand Cé., Inc.;

Princeton, N.J., 1950); for the polyhalides, T.L. Cottrell, The

Strengths of Chemical Bonds (Butterworth Scientific Publications, London,

1958)..
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TABLE II.. LiX CM Distribdtion_EXpansiontihfLegehdre‘POlynomialsa

[

L Y]

.Reactent ' 5.; e a

'01.'*’,.'v0¢ééét'* 0.4705"  ;?0;¢35g:' e540041‘"fh:-o.dso,ie'j%?;°dé

lﬁIC1ee_ ’.vf0163@3 . 0.351f‘.‘f~o}011".':orb4i-l -:56.031-.*v;0.006.
 Br | ;50,706";ﬁvo;4é2_e' -0.038 _o.055 ~0.072 ‘,]fplozs».
:sn014 Q'.> 1,057 0.422 ;Q;4ése | 0.104 S OwéiS oz

PC1 | 1.239  0.209 . -0.469 . 0.138  -0.084 = =-0.035

° These coeff1c1ents are deflned by ILlX(G) : ZnanPn(cos 6) and are

'normallzed such that Z 2, = 1.



TABLE III. Total and Reactive Scattering.Cross_Sectionsa

-4~

Li’

 -1/3.-3 g | eff oy
'SyStemv ‘ < E > C Qt,‘abs Qt’ abeI QR(A)_ -QR<B)
Li + Cl, 2.57 460 454 244 86 87
Ii + IC1 | 2.73 730 546 . 284 130 123
Li+ Bry, 2.71 610 496 266 146 115
Li + SnCl, | 2.73 1350 - 700 341 165 147
i+ PCly, 2.71 1140 . 656 331 43 55
8The mean elastic collision energies, < E51/3>f3 ='1.36'(u/m)_kT

o

are given in kcal/mole, the Van der Waals force constants in 107

12

. L0R : : ) )
ergs/A6-and,the cross sections in KZ. The total cross section was

calculated for the relative'velocity corresponding to < E_

1/§>'3.
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:vTFIGURE:CAPTIONS_

1. Dlagram of the apparatus, as v1ewed from above ~ 'The .

'reactant beams, Wthh cross at an angle y 90°, effuse s g

from ovens mounted on a platform whlch may be rotated from

"'8';3—55° to 6 = +120 w1th respect to the statlonary

deflectlng magnet and detector assembly Only scatterlng

in the plane of the reactant beams is measured and the

;sense of ® deplcted 1n thls flgure 1s taken as pos1t1ve,’

- with @ = 0° in the dlrectlon of the Li atom beam. The en-"

vtire;detector assembly (1oniz;ng fllament@;Lon optlcs,
, analyZing magnet, electron multiplier,-and”electrical-‘
bshleld) may be scanned across the gap of the deflectlng

vmagnet 1n order to measure beam’ proflles and- deflectlon

. patterns

A:Fig-

2. Plot of the v1ew1ng factor (ratlo of total collls1on o

B volume to that seen by the detector) agalnst @ The c1rcles

fcircles)b The squares are experlmental values of V(8)

: determlned by averaglng v(e) values measured durlng about

glve calculated values of v(e) based upon the Li beam pro—”

-flle predlcted by sllt geometry ‘and two gas | beam proflles

(l) the proflle calculated from sllt geometrles (open

circles) and'(2)va typlcal measured proflle'(13° FWHM dark

f'twenty-flve separate studles of the scatterlng of Li from

varlous;gases, the error bars glve the standard dev1atlons

in these_average-values The 01rcles are normallzed to the 3y

squares to give'the'best overallvflt.
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3. Comparison of the angular distribution:of NaBr'from

Na + Br measured in this work by magnetic ‘deflection

2
analysis (open 01rcles) normalized to the more conventional

‘two—filament differentlal surface 1onization results re-

ported in Ref. 3 (dark 01rcles)

4. Primary data for i + Br2, corrected for the v1ew1ng
factor. The x's show the total intens1ty at zero magnetic
field. Also shown are data for thevtransmitted intensity

at high field (0, V, @ ) for three separate experiments and

" the derived non-reactive'Li signal (0O, A ,O connected by

the solid curve).
5. Primary data for Li + 012,.101 SnC1,, and’PClS, cor-
rected for the v1ew1ng factor Thax s show - the total

intensity (Li + LlX), the symbols show the derived Ll inten- -

'sity (the solid curves represent the "average" ILi angular'r

distribution) For Ii + Cl, and IC1, the circles and

-triangles report data from independent experiments
vG{f Plot of CM' angular distributions (plotted as I .(6)

- sin 9) for the- elastic scattering, derived by transforming

the solid smooth curve- fit to the LAB data for ILi atom

scattering shown in Figs 4 and 5 data taken from the LABv-

- curves at 5° intervals was transformed. The open circles’

were obtained from LAB data witn ®‘>'O§,'the darKICirclesp"

from data with ® < 0°. ' The data was linearly extrapolated

to 6 = 180° (dasned lines)v‘ The Li-kcyclohexane curve was

'obtained by transforming LAB data not given in Fig 4 or o

5 and was normalized to agree with the Li + Cl2 angular -

distribution at_narrow,angles.
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el he

7Q' LAB angular distrlbutlon of LlCl product from i + 012

'derlved from data. presented in. Flg 5 the solld curve

_vthrough the data p01nts 1ndlcate the'"best" dlstrlbutlon,

Ibased on analys1s ‘of the error in each data p01nt ]The,

error bars 1ndlcate the uncertalnty 1ntroduced by errors .

'lln the measurement ofrthe transmlss;on‘of-L;.atoms,throughv.

‘the field, Ty (8). The dotted curve gives the calculated

distributionﬂin centroid angleshfor an”energy-independent'
’»collision cross. section. The dashed curve is- back—calculated
.from the derlved CM dlstributlon shown in F1g 12 Also

plotted is a klnematlc dlagram show1ng the most probable

reactant source veloc1t1es, the correspondlng centr01d

vector C ~and the relatlve veloc1ty vector.V. the 01rclesb

’-1nd1cates the length of the LlCl recoil veloc1ty for a

| Fig.

- the'%est" dlstrlbutlon, the dashed curve is back—calculated o

Fig,;

'few of the poss1ble product rec01l energles E' (kcal/mole)

"The two L1 temperatures refer respectlvely to runs w1thout

and w1th the deflectlng magnet

,S-A Calculated centr01d dlstrlbutlon and LAB angular dls-

_trlbutlon of LiX product from L1 +. ICl derlved from data

of Flg 5 : The SOlld curve through the data p01nts glvesv

-from the CM dlstrlbutlon shown in Flg 12 -Error barS"
11ndlcate uncertalntles 1ntroduced by errors in the deter-pg_.
'mlnatlon of. T (8). Also shownfls a klnemat1c~d1agram-of

_,some~of~the'poss1ble‘LiX'recoil'velocitiesl'-solld c1rcles

for LlCl product; dashed c1rcles for LlI product

9” Calculated centr01d dlstrlbutlon, klnematlc dlagram,v

" and LAB. angular dlstrlbutlon of L1Br from i + Brz; derived

4
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from data of Fig. 4. Solid curves indieaten"best fits"
to the data; the dip near © = 0° is thoughﬁ.to be real,
but both solid curves were transformed into the CM distri-

butions shown in Fig. 12. ' The dashed and the dotted curves

give the corresponding'back—caiculated LAB distributions.

o

The error bars reflect uncertainties in the determinatien

‘ef’TH(Q).

10. Calculated centroid distribution, kinematic diagram,

and LAB angular distributions of LiCl from Li + SnCl,, de-

rived from data of Fig. 5.7 The solid curve'gives the

"best" experimental distribution; the dashed curve was

- back-calculated from the derived CM distribution shown in

Fig{ 15. Error bars reflect uncertainties in measuremehts
of TH(@)'_ o
11. Calculated centroid distribution, kinematic diagram,.

3’
from datavof'Fig. 5. Error bars reflect uncertainties in -

and LAB angular distribution of TiCl from Ii + PCl,, derived

measufements of Ty (@); The solld llne gives the "best"

experlmental dlstrlbutlon, the dashed curve below the solld

‘curve at large values of © Was‘back—calculated from the,x
derived CM angular distribution shown in Fig. 13. The
dashed curve somewhat higher than the solid curve at

llafge'values of © is back-calculated for the same E' (5.2v

kcal/mole) from the CM angular distribution symmetric about

G'z 90° ih“Fig"lS' this dashed curve joins the other‘dashed

curve to the left of the peak in the centr01d dlstrlbutlon

- 12. Comparison of CM product angular dlstrlbutlons the

Li:data‘were obtalned by transformlng the solld curves of

i
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- Pigs. 7 8 and 9 at 5° intervals by the FVA procedure, the

“Fig?

heav1er alkall data were taken from Ref lO The-open c1rcles
refer to pos1t1ve CcM angles (rotatlons of the rec01l veloc1ty -
vector counter-clockw1se from the or1g1nal L1 dlrectlon), the “v
dark c1rcles refer to negatlve values of 6 'The data was ex—-: ¢
trapolated-to e 180 from the last open c1rcle data p01nt ?d

'15.- Comparlsons of CM product angular dlstrlbutlons 'Li

data from Flgs 10 and 11; Rb + PCl and Cs + SnCl4 data

from Ref -lO; transformatlon procedure the same as for Flg

.12. .The dashed symmetrlc curve for i+ PCl3 was back—--ﬁ

."calculated as’ well (see Fig. 11) to test for a pOSSlble

Fig.

"long-llved complex mechanlsm for th1s reactlon

14. Comparlson of the narrow angle elastlc scatterlng re-

lative! inten31ty form factor, F(@ N ) of Eq ( ), w1th ex-

:perlmental IL (@) curves (normallzed to F(@ @ )) for four of '

_closed symbols for @ < O A @

' Fig.

'the scatterlng partners studled - Open symbols are for @ > O 3

7/3 dependence has been nor—“

imallzed to'F (5v 1°) for comparlson - For Ii + Cl2 and 8nCl1,

-(not shown in the Flg ), the agreement 1s equally good.

15. Famllles of curves show1ng the varlatlon of reactlve ,’

cross sectlon,'as predlcted by the elementary form of the elec-

tron transfer mechanlsm, Eq. (21) w1th 1on1zat10n potentlal

'711for dlfferent assumed values of the vertlcal electron affJnlty

| For L1, QR(A) data from Table III are plotted For the other 3. <

':,alkall atoms, QR(A) data of Ref lO are shown as open symbols,'

for Cs + Clz, where the agreement between Methods A and B

- was espe01ally bad the QR(B) value ‘is plotted as: well as the

dark trlangle

A
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It.4 cm
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«t——Deflecting Magnet

Cold Shield -
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OVEN 1 Beam Flag
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report. .

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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