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MAGNETIC DEFLECTION ANALYSIS OF REACTIONS

»OF Li WITH NOE{_CH3N02% SF6, CClu, AND QH3I

. * . '
David D. Parrish and Ronald R. HermJr

Inorgenic Materials Research Division,
TIawrence Radiation Laboratory and
Department of Chemistry, University of California

' Berkeley, California 94720

ABSTRACT
Thermal energy croséed(mqleculaf beam stﬁdies have been made éf’phe‘
reactions of Li with N02, CH3N02,'SF6, CClu, and CHBIQ An inhomogenedus
deflecting magnet between the collision zone and detector was used to |
distinguish elastiC'scatfering of Li from reactive scaftering'of LiZ.
The total reaction cross sécfions and the reactive attenuations of the
wide-angle i non-réactivé scéttering-for these gaseé are considerably .

smaller than are the corresponding features previously reported for the
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Li + XY (XY = 012, Br2 and ClI) reactions Interesting differences are
observed in the le center-of-mass (CM) product angular distrlbutions

for the f1ve gases studled here. The LlO product of the NO reaction is

" more sharply forward peaked 1n the dlrectlon of the 1ncom1ng L1 atom than
are the corresponding LiX products of the La + XY reactlons The L1NO

vand L1F products of the CH NO and- SF6 reactions exhibit very broad, almost

3
‘ isotroplc CM angular distributions.v The L1Cl and LiI products of the
CClh and - CH3I reactions are predomlnantly scattered into the backward

fhemlsphere In the CM coordinate-system;' The. features of the NO2 reactlon'

are discussed in terms of the electron transfer mechanlsm which was

-

originally advanced to account for the features of the reactlons of the

alkall atoms»w1th the halogen_moleculeSa.'f
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vThis‘paper deseribes.a continuihgl crossed moleoular beam study of
Li atom reactions end presents results.obtained from angular distributionz
measurements for the reactlons of Li w1th NO 3 CH3N02, SF6, CClu, eudeHBI.
Part I of this serlesl reported results for the reactions of Li with the
halogen molecules (and with two polyhalogenated molecules as well). These
reactions of the alkali atoms (M) with halogen molecules (XY) are oharacterized
by scatterlng of the alkali hallde (MX) products predominately into the
forward hemisphere in the'center-of-mass (CM) coordinate system (i.e., the
A + BC reaction is defined as forwerd scattered if the AB product is
soattered predominately in thevdirection_of the incoming Arparticle); this
behavior has beén phenomeuologically'termed‘"stripping;? Part i disclosed
interesting similarities and dlfferences between the features of the reactiOns
of halogen molecules with Ii and with the heavier alkali atoms.. The aim
of the present study is to further contrest the behavior of Ii and the
heavier alkali atoms by studying the‘reections of Li'withbfive reactants
which have been found to span a wide range of chemical behavior in their
reactions wlth the heavier alkali etoms; | | |

Studies of the K, Rb and Cs + CH I reactlons ylelded the first

3
measurements of product angular dlstrlbutlons from crossed molecular beams2
and indeed proved to be prototype~examples of a so-called rebound”.reaction

where the product MX rebounds opposite to the direction of the incoming M

f
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reactant. 'A later studyaﬁindicated similartcharacteristics‘for.the Na +
CH3I reaction.A The Cs + CClh reaction was probabLy the first chemical

reaction of neutral species to be observed in a molecular beam experiment.

_Crossed beam product angular distribution measurements of the K, Rb and

Cs + CClu reactionss indicated'that these reactions.were 1ntermed1ate in
behaviorvbetween:the rebound" and "stripping" limits, moreover, product'
'veloc1ty analys:.s’data6 indicated that these were the first reactions ofr
neutral spe01es to exhibit strong coupling between the product angular and
translational re001l energy dlstributions. A series of 1nvest1gations of |
the Cs + SF6 reaction7 hamerecently shown that the product CsF translational,
rotational, and v1brational energy dlstrlbutions as well as the angular
distribution are all consistent w1th 8 long llved collis1on complex reaction
| model the d1vers1ty of the methods employed and the quality of the results’
v obtained establlsh this system as one of the most completely 1nvest1gated
'chemical reactions. A prev1ous crossed beam study of the X+ CH31\IO2

reacti-on8 1ndicated a: very broad KNO product angular distribution.:'

, A 8 : A .
A recent 1nvestigation has yielded a limited amount of 1nformat10n con-

cerning the characterlstics of the reactlve scattering of the four heavier

alkall atoms from N02, but the present work represents the first measurement

of a product angular distribution.: Ref 8 further p01nted out that the high |
9

©

electron affinity of NO suggests 1nterest1ng parallels and contrasts be—v

tween the reactions of the alkali atoms with the halogen molecules and with

" be.. especially interesting as a test of the electron transfer mechanism

Consequently the NO reactlon was»studred~here because It promised_to

originally advanced to account for the features of the reactions of ‘the

alkall atoms with the halOgen“moleculeS¢



EXPERIMENTAL CONDITIONS

Only a brief description_of the apparatusvand exberimental procedures
will be given-here; detailsvare included ih Part I and are described more
extensively in Ref. 10. The two beams were crossed at an angle.of 90°»with

‘their full thermal velocityvdistfibutious. The Li beam was prepared by
thermal effus1on from a conventional two-chamber oven source w1th standard
knife-edgevslits; the L12 concentration in the beam.was'negligible. The
reactant gas was prepared on an external line at the desired Pressure and
emerged from’a’variatle tem@erature, "crinkly_foil" many chahnei source.

The angular distributions of scattered Li and Lizvuere measured by
surface ionization on a cOntinuously oxygenated W filament; only scatter-
ing in the blane of the reactant'beams uae measured, Arguments presented
in Part I indicate that'thist’surface‘ionized Li and LiX with vefy nearly
equal efficiencies. When energized, an inhomogenous eiectromaguet placed
betueen'the collision zone and detector deflected aside a known fraction
of the Li atoms, thereby proﬁiding a measure of the scattered Li .and LiZ
separately. - |

Correction has been made for the fact that the'measured angular distribu_ .
tions were distorted by the augle dependent'ffaction of the collisiou zone
eeen by the'detector through the collimating slits of the magnet (the
viewing factor correction procedure is discussed in Part I); the experlmentally
determlned correction factor was in all cases in satlsfactony agreement
with that calculated from the slit geometry Each scattered signalvis‘
plotted as a relative intensity, a dlmen31onless quantlty which is deflned
as the measured scattered intensity divided by the-attenuatlonvof the Ii

beam produced by the cross beam. Experiments were always run at a relative



Li beam.attenuation of less than lO% The measured laboratony (LAB)'

angular distributions are shown in Fig 1.

RESUIES AND KINEMATIC ANALYSIS

o Elastlc Scatterlng

"Figure'é”shows the”center-ofsmass‘(CM) elastic scattering'of Li atoms
'obtained by transformlng the LAB angular distrlbutlons by the conventional
procedurel;.of ass1gn1ng to the two scattering partners thelr most probable
source veloc1t1es and assumlng that all non-reactive scatterlng was due to
elastic collis1ons. As Flg. 2 1nd1cates, the two CM branches do glve the |

same 1ntens1ty, except at p01nts obtained by transformlng w1de negatlve

LAB angles where the approx1mate transformation procedure employed is known

'-Afto be espec1ally bad. With the exception of the NO case, the w1de-angle

--L1 elastic scatterlng produced by.the reactive gases is less than that pro-
-duced by cyclohexane when the narrow-angle elastic scattering of the reactive
-gases are normalized to that of cyclohexane. ThlS attenuation of the

elastic scatterlng 1s a well known phenomenon and 1s generally 1nterpreted
as a depletion of the Li scattering due to reactionlz, However, ‘the

' reactive attenuatlons shown in Flg. 2 are apprec1ably less than those o
reported_inoPartvI for the reaction_of Ll w1th halogen molecules. Ar
particularly interesting featuré is that N02 apparently produces more

vvery wide—angle Li.scattering.thanvdoes cyclohexane. This would be thel'
expected behav1or 1f a suffic1ent fraction of the non- reactive scatterlng L
of Ll from NO proceeded via formatlon of an 1ntermed1ate complex with a
lifetime long compared to 1ts-rotational periods.» Indeed, the non-reactive
13

'scattering of alkali atoms from related oxides (notably SO )} is known to

'vproceed v1a this long lived complex mechanism. The Li vaOe_data ‘shown in

w
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Fig; 2 is suggestive of this mechanism, but a final decision must await
experiments with a velocity selected Li beam.
Reactive Scattering
Figures 3-7 show the LAB angular distributions of the halide, oxide,
and nitrite‘products. The error bars indicate only the uncertainty'intro-

duced by errors in the determination of the transmission of the Li atoms

through the magnetic field;'as discussed in Part I, this is the primary

source of error near the Li beam but other inaccuracies certainly dominate

at wide angles.‘ Also showniareikinemetic'diagrams indicating LiZ‘recdil
velocities for some of the nossible.final relative translational prdduct
recoil energies, E'. The total energy available to tne prodncts must be
partitioned between E' and internal excitatien W! and is given byv

E'+ W =E + W+ ADy,

where E = ;:nve is the initial relative kinetic energy, W is the initial

thermal 1nternal excitation of the reactant, and ADO is the difference in

LiX and R-X bond dissociation energies.

Figures 3-7 also show the calculatedlu distributions in centroid

angles, for an energy independent collision cross section, resulting from

the thermal velocity distributions in both beams. These'figures indicate

that for NO2 most of the product appears in the LAB to the left of the

centroid distribution for CH,I and CClM the product is’ Scattered predomie

3"

nantly into angles to the right of the centroid distributions; whereas

CH NO and SF6 produce appreciable product intensities at angles both to

3
the rlght and to the left of the calculated centr01d distrlbutions. These

qualitative observations indicate.that “the Ii + NO, product predominantly

scatters into the fdrward hemisphere in the CM system (i.e., in the same
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direction as that of the attacking Li atoms); Ii + CH,I and ccl,, pre-

_ 3
dominantly scatter producté into the backward CM‘hemisbhere; while Ii +
SFé and'CH3NCb>must produce very broad CM product angular distributipns.

The'LAB product angular distfibutibns were transformed into the CM 9
cbofainéte system>by fhe same fixed velocity approximation (FVA) proce-

,-dure usedvto.transform the'elastic scattering. Here égain the reactants
were asSumed to havé their mostvprébable source\velocities. However, owing

rto:the distribution of final translational enérgyva§ well as scattering
aﬁgle for the reaction producté, two additional approximations were requiréd:
(1) that the angular and'E; distributions were independent; and (2) that
the E* diétributibn could be approximated by a delta function. Thé product
IAB distributionsvweré transformed for different assumed values of H! until‘
positive ahd‘négative CMlscattering angles gave a consistent CM angular
distribution;' BExtensive computer s‘cud.iesl5 have indiéated that the CM
~éngdlar diStriButiOns obtained from the FVA procedufé are usually reliable,
although soﬁewhat broader than thé true distributions. The values of E!
derived may be felétively inaccurate (someWhat too low), although they do
provide a qualitative indication of the energy partitioning.

fable I lists the values of the product recoil ehergies which provided
the best FVAfCM product angular distributions; also listed are the ranges
of E' vaiués for each réacﬁion which provided satisfactorily consistent
FVA-CM produCt_angular_distributions. Table II gives the coefficients'of
an exﬁahSiOn of the deri&edjLﬂz-CM product angular distributions given in

.Figs,‘8 and. 9 in terms of the_Legendre polynbmials,‘ As a partial check of
these derived CM-LiZidistributions, they wére used to back-calculate the

LAB distributions by hoiding E' fixed and averaging over the thermal

>vvelocity distributions in both beams. Owing to the different chemical behaviors



of the five scattering gases studied here, separate discussions of'the
FVA derived CM.distributions and back-calculated TAB distributions are

given below.

Li + NOQ-

" The reaction of L1 with NO2 almost certainly produces Lio product, i.e.,

L1 + NO2 -—) LlO + NO;

thermochemical arguments ad'vanced' in Ref. 8 eliminate the ‘possihility'of
LiN or LiNO as the product of'the,reaction. The possibility of a LiN02
product Which could be’formed from Néou in the NO2 beam was precluded by
maintaining.conditions in the reactant Ncb beam.such‘that only a negligible
amount of the dimer could be‘present.l

Since this present eXperiment employed magnetic deflection analysis to
‘ experimentally distinguish the non-reactive and reactive scattering, the
angular distributions reported in Figs; 1,2 3,‘and 8 for the.scattering'of
Li from NO were arrlved at by assuming that the product LlO was diamagnetic.
In view of the fact that LiO has an unpalred electron, this assumption |
A deserves close scrutiny. The LiO molecule is known to have a»av ground
state.;7 Since the interactionvof the electron spin with the external 7
field would be ~0.7 em™t (for a field of ~15 kG), the spin-orhit intra—‘
molecular‘interaction is probably considerably greater than the interaction
of either spin or orbital‘angular momentumiwith the external field. Under
these condltions, the spln angular momentum would be coupled to the inter-
nuclear axis. via the orbital angular momentum prov1ded that the rotational v
.exc1tat10n was 1nsuffic1ent to uncouple the spin Hund's coupling ‘case (a)18

would then be appllcable. The 2W state would have no magnetic dipole o

1/2

moment While the 2W' state would have a magnetlc dipole that would be

3/2
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rotationally averaged to near zero. ThlS averaglng is not complete, however.

For example, a total angular momentum of'wlSh would lead to an absolute
value of the time averaged component of the magnetlc moment ln»the field

: direction, averaged over all-MJ statee, of approXimately.lo% of-the‘BOhr

v magneton, uog SOmezMj states Would have effective magnetic.dlpoles of up |
to 0.05 for'total-angular momentum_as high as 60H. Since a rotational
excitation:of 21kcal/mole ih the Lio (the‘approximate rotational excitation
of KBr from K'+tBr l9) correspondé'to approximately 23ﬁ\and an;upper limit
of about 56ﬁ'1s 1mposed by energy conservatlon, at least a small fractlon
of the LlO product is expected to be deflected aside in thls experlment if
Hund's coupllng case (a) is appllcable. Two pos51ble further compllcatlons
imust be cons1dered. Flrst the spln may become uncoupled from the inter-
nuclear ax1s ‘at hlgh rotatlonal exc1tat1on. Under complete uncoupling,
Hundle couplingvcase (b) 18 would apply,'indicating a distribution of time
vaVeragedgeffective magnetic moments from.-llO to + uo'(depending on the MJ
,state) for the °T state. Secondly, although L10 is known to have a o1

'ground state, KO and CsO apparently have' Z ‘ground states8. Th;s suggests

that perhapsﬂLlo»has/a low lylng 22 excited state (whlch would;behave as -

paramagnetic Li; see Ref. 8 or 18) that could be appreciably populated in

the reaction; ab initio calculations do indicate a °x, excited state of LiO.

about 9 kcal/mole above the.2W ground statego. Both of these'effects would

of course'increase the fraction of the LiO deflected by the magnet and thus

be interpreted as non-reactive Li scattering rather than reactive LiO
scattering, |

The rotational,ekcitatiOn’in.the alkali halide products of a number
7of;alhali;atom-reactionsvhave.now been‘meaeuredl9 -

‘been anyfobservable‘coupling.between the anglegof deflection‘and the

and in no case has there -

[



rotational energy distribufion; therefore one may reasonably expect tha@’
fhere wonld-bevno strong.coupling in this reactiye system.either. Since
any 22 product would be virtualiy*compietely defleeted_ana,iin the aﬁsence'
of‘abdependence of the LiO rotaﬁional ercitation‘on scattering'angle, the
‘ fracfional deflecfion of the‘eﬁ product,would be independent of scattering
angle, Figs. 3 and 8 glve the shapes of the angular dlstrlbutlons of onLy
the W grouna state Li0 product. However,,ow1ng to the possibility that
a significanﬁvfraction‘of the LiO mignt be deflected aside by the analyzing
magnet,vFig. 2 gives an upper limit to the elastic scattering of Libfrom
1\]‘02 and the.Li + NO2 toﬁal reactive cross reaction derived in a later reaction’
is a lOWer limit. An apparatus is currently being assembled which will
allow velocity as well as magnetic deflection analysis of scattered species.
Whereas tne apparatus enployed here'only disfinguished ﬂdiamagnetic"_from _
"paramagnetic"‘Li species,bthis inproved apparatns should provide a rongh'
value for'fhe magnetic dipole moment ofvthe scattered species and should thus
resolve uncertainties-in this work concerning the nagnetic‘behavior of LiO.
The LiO LAB distribution shown in Fig. 3 was transformed into the CM
system by the FVA procedure. Consistent CM angular distributions were
obtained for E' in the range of 2 to 3 kcal/mole, the angular distribution
~shown in Flg 8 refers to B' = 2. 4 kcal/mole, but the shape of the angular
,dlstrlbutlon changed only slightly as E' was varled from 2 to 3 kcal/mole.
The LAB angular dlstrlbutlon back-calculated by averaglng over the thermal
| ve1001ty4d1str1but10ns in both:beams wlth E' = 2. h kcal/mole is. shown in.
Fig. 3; here again, back-caleulations for B! in‘thexranges 2-3 kcal/mole

gave similar agreements with the original LAB distribution.



Li f CH3N02'.

The magnetlc deflectlon analys1s presented in Ref. 8 and an electrlc

. deflectlon 1nvestigat10n reported in Ref. l9b 1nd1cate that the maJor

. products of the reactlons of K and Cs wlth CH3NO are the corresponding |
alka11 nltrltes, by extrapolatlon, we expect the product from the presentv
reactlon to be LlNO However, the formatlon of the alkall ox1de (MO) is
probably also an exoerglc reactlon channel for all three reactlons and is
almost certalnly the most exoerglc for the=L1 reactlon, although formation
of MNO2 is certalnly favored energetlcally over formatlon of MO for all
these reactions._ Future electrlc deflectlon experlments should be able to

determlne 1f there is any L10 contrlbutlon to the reactlve scatterlng, all

analy51s and dlscus51on here assumes onLy LlNO product. The CM dlstrlbu-‘

.tlon shown: in Flg 9 obtalned by FVA transformatlon with E'_— lO ghS kcal/mole .

is very similar to the consistent CM angular dlstrlbutlons prov1ded,by FVA
for E' in the~range'9-ll keal/mole. Flgure 4 shows the back calculated LAB

distribution with E' = 10.k kcal/mole.
i+ SF6 '

The derivation of the CM angular dlstrlbutlon by the FVA procedure and
‘the back-calculation were performed with E' = 1. 6 kcal/mole, once- agaln,
»con31stent CM angular dlstrlbutlons were . obtalned for a range of E’ l—2"
"kcal/mole, and these angular dlstrlbutlons were very s1m11ar to that shownt

'1n-F1g. 9. In addltlon a symmetrlc dlstrlbutlon (dash dot dash curve in -

Fig. 9) was- obtalned by reflectlng the FVA derlved dlstrlbutlon for 6 < 90° ;

hvonph ¢~ 00?: Lack-ecaleylation with 1hjs symmetric curve is alse hown.

L Mlg. L oand 1o scon Lo Fit Lhe LA data vell creepl ol Loape postLlve AL

N i.' <
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scattering angles (e lOOg). vThué, fhe.data clearly indicéte a broad

| CM-LiF ?roduct énguiar.distributiOh with a peak in the férward diréction
at 6 = 0°. The'indications are that the product angular distribution is
probably not symmetric about 6 = 90°, although this conclusion mist be
regarded as very tentati#e pending.product velogity analysis-experiments,
owing to the poor quality of the data at these large LAB scattering angles

and to the approximate transformation procedures employed.

S Li +'CClh

Récent‘product Velbcity anaiysis éxperimeﬁtsgon the reactions of the
heavier alkali metals with CCl, have in'dicateq6 that the E' distribution
varies markedly with scattering angle for these reactions. Consequently,
‘the FVA transformation’brdceduré is expected to be an especially bad teéhnique o

in the cage of Li.+ CCih. .NEVerthéless,'the FVA defivedeiCl-CM angu;ar
distributibn for E! ='17-kcal/mole'is shown in Fig; 9 to give‘a qualitative
indicétion of thé product angulér distribﬁtion,_and is cqmpared with |
appfoximate‘product angulafldistributions for reactions of thevheavief
alkali metals taken from Ref. 5. The FVA transformation of the data of
Fig. 6 yields consistent CM angular distributiéhs for a rangé_of E' values
ffbm 1 to 4O kcal/mole. Thé qualiﬁative shape of the CM-angular distribution
obtained is independent of the E! falue taken, although the location of. :
the peak dOes~§afy from 6 = 120° to ilO°.to 100° as.E"iélvariedifrom l‘to
2 to 25‘kcal/mole‘respectively. Figure 6 shows the back calculation at
.E; = 17 kcal/mole for the solid curve df Fig. 9; the dash-dot-dash curve
extended flat to 180° from the peak of the solid curve bfr Fig. 9 was used
with E' = 2 kcal/mole to3back—calculaté the daéh-dqt—dash curve‘of Figg'é..

-Thesge tWOJCurVeé demonstrate the almost complete lack of sensitivity of the



measured LAB distribuﬁion to the form of the CM angular distribution for

CM scatterlng angles larger than the angle at whlch I, 0) peaks.

LiCl (
However, back-calculatlons with a CM angular dlstrlbutron symmetric about
6 = 90° (i}e.,'translate the solidfourve of Fig. 9 by -10° and reflect

6 < 90° thorough € = 90°) do not reproduce the LAB distribution'for'any

value of E', indicating that the reaction must scatter productsrpredominately .

into the backward CM hemisphere.,

1i + CH
i CH3I

Flgure 9 shows the FVA derlved LlI -CM product dlstrlbutlon for E' = 15
v keal/mole. The FVA transformation prov1ded consistent CM dlstrlbutlons :
(81mllar to that shown in Flg 9) for E' in the range 12 - 20 kcal/mole."
The FVA transformatlon also provided a consistent CM dlstrlbutlon for a :
second, lower range to B! values;.in this energy range, the>LAB ——a&CM,
transformation was double ualued and. the fit'was rejected because back-
caleulations failed to reproduce the LAB distribution at negative values
of @G. Flgure T shows back- calculatlons for E' = 15 kcal/mole of both ofb
the LlI CM angular dlstrlbutlons shown in Flg.‘9- The FVA derlved cM

dlstrlbutlon provided an adequate flt-to the measured LAB distribution for

E' in the range 15-20 keal/mole ; back-calculations with the CM distribution ,

flat from 6 = 120° to 180° adequately fit the LAB distribution for E"in' '
‘the range 10-15 kcal/mole, indicative again of the lack of sensitivity of

the measured LAB distribution to the very wide-angle CM distribution.
Total Reaction Cross Sections

Table IIT gives values of the total reaction cross sections calculated

by the two methods described'in Part I (QR(A) and QR(B)vcalculated:byv.
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methods A and B respectively) Also listed are the estimated van der Waal's
coeff1c1ents, C, for the 1nteraction of the two gases, the calculated total
collision Cross sections, Q abs’ and calculated resolution corrected total

eff

collis1on Cross sections Qt abs®
2

assuming equal Li and LiZ ionization effeciencies (this assumption is

The reactive cross sections were calculated

discussed in Part I), the geometric parameters required for the calculations

'were the same as those reported in Part I. The_force constants, C, were

calculated from the Slater-Kirkwood approximation'with.l, 17, 2k, 48, 32,
and 14 effective numbers of electrons for Li, NO,, CH,NO,, SFg, CCly, and

CH3I. The polarizability values used were (in AB): 20 forLi;gl 3.1 for
22 23 23 '

NO, 3 T.2 for CH,N 23

SN0, and 8.0 for.CH3I.

The induction terms were ‘calculated u31ng dlpole moments of 0.29, 3.1, and

23 6 2 for SF6, 11.1 for CCL;

) CH NOE’ and CH,I respectively

2 3 3
 As. may be seen in Flg. 2 the shapes of the narrov- angle CM elastic
scattering angular distribution for these reactions exhibited significanti

deviations from one_another, from that for the elastic scattering of Li -
from cyclohexane, and from the theoretically predicted small-angle elastic
scattering form factor, F(®; @é), derived in Part I; these deviations uere'
especially pronounced for the scattering of'Li from NO2 and SF6., While

probably an experimental artifact;'these deviations introduce.addition_

ambiguities into the normalization of the small-angle elastic scattering to

. F(e, GR). This in turn introduces additional uncertainties in the total

reactive cross section values deduced'by Method'A However, the very good
agreement between QR(A) and QR(B) values shown in Table IIT would suggest
that any errors introduced by this effect were small. Other probable sources

of error in the calculated total reactive cross sections are discussed in

Part I. 1In general, the quoted total reaction cross sections are estimated

to be closer than a factor of two to the true values. Moreover, the ratio



-1

of derived QR values for any two gases is expected to be somewhat more

accurate than are the indiv1dual values.

_DISCUSSION o
Li + NO,
| Thisvreaction appeared‘llkely to be of’special interest for compariSOn '
W1th the alkali atom-halogen molecule reactlons whlch are strongly exothermlc

25

and are belleved to proceed by a long range electron transfer followed
by almost 1mmed1ate separatlon of the products, : |
M+ Xép-—e,M f'Xé — M'X 4 X.
The,eleCtrOn transfer occurs atvthe distance ofHSeparation, R ,'where,
neglectlng the 1on 1nduced dlpole forces, the. Coulomblc potentlal energy . p
is’ equal to the dlfference between the 1on1zat10n potentlal of M, I(M),
and ‘the Vertlcal electron afflnltyrof1 2’;EV(X2):' | .
e2/Rc = T(M) - Ev(Xe)’ | S | B B -(l)
The eleCtron affinity Of NO, is hlgh,9 probably hlgher than that of the
diatomlc halogen molecules, but the electron afflnlty of 0 is much less than
that of a'halogen atom. Thus, the Li7f NO, reaction is much less exoergic
than the M + X2vreactions; wheréas»the electron transfer can take‘place_at

large separatlon of the reactants, the L1 -NO ion pair formed must

approach to w1th1n much closer dlstances before the L10 and NO products :

i

can begln to separate. The potentlal energy surface for thls reactlon is
therefore expected to exhlblt relatlvely restrlcted entrance and ex1t o ,13\3h
channels'W1th-a“deep chemrcal well correspondlng to-the-formatlon of-the

strongly bound LJNO 1ntermediate. On the other hand, the expected potentlal

i (s

. energy surfaces for alkali atom-halogen molecule reactions exhlblt no

appreclable.well and a w;de exit channel.26
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These features of the potential enérgy_surface of the i+ NO2

- gystem might have been expécted to faVor & reaction which proceeded via

formation of an intermediate, long;lived complex. However, the observed
sharpfforward peaking of the‘LiO product‘ié characteristic of the uitra-
dirgct mechanism found for fhe M +”X2 rééétions and ihdicates'thaflthe |
féaction is complete in a time Shbrtér than the fotational peridd of the
complex. Tﬂe‘obserVation of sﬁch Similar prodﬁét'distributions for bothb
the ILi + N02 reactioniand ﬁhe aikali metal+diatomic moiecule reactions
provides further evidencé that the mechanism of the M + X2 reactions is
more invoived than a simple "spectator stripping" behavior.

The sharp forward prbduct peaking obéerved here haérpréviously'beeﬁ
charécteristic Qf reactionélwith very large total reaction crdss sections

so that most of the reactive events corresponded to collisions with relatively.

large impact parameters. 'Thé i + NO2 total reaction cross section,observed

here (15 Re) is in striking contrast to the much larger reactiqn cross

sections reported in Part I for the Li + X2 reactions (e.g., Q = 85 22
for Ii + Clg). The high electron affinity of Noevwoﬁld Predict a crossing

of the covalent and ionic potential curves at large Li-NOé separations;

values of h,3 and 10 & for Ré and of 6O.and'3lO‘R2 for QR would be calculated

by Eq. (1) for NO2 electron affinities of 45 and 90 kcal/mole respectively.

Thus, even the lowest estimate of E&(NOQ) (45 kcal/mole; Ref. &) would
predict a total’reaction'cr05s'seCtion four times larger than that obser?ed
here.: Owing to the unpaired‘épiné of'both Li and NOE,.however, the quantum
number for total’spin of the collision partnergimay be i'or 0. . Moreover,
the potential ehergy curvé fof'ground state iOns_has zerb totai_spiﬁ ana so
can interact dnly with'the spin singlet potential energy‘surféce fbf the

neutral Ii + NO2 collision. If the neutral spin triplet potential enérgy
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surface produced solely non-reactive scattering, the measured total reaction
cross section would be 25% of that which would be predicted by Eq. (l)
neglecting conSiderations of total spin. ThlS would bring the measured
total reaction Cross section into agreement w1th the lowest estimates
_prov1ded by the electron transfer mechanism. However, the most. recent
estimate?T of E (NO ) suggests that 1t is probably higher than 83 kcal/mole
S0 that R is expected to be closer to the 10 & than to the 4 3 .4 limit |
estimated from Eq. (l) If the covalent 1on1c ground state cros51ng distance
is indeed this large, the incoming Li atom might not be able to transfer

8,25

the electron efficiently over such a distance. Under these‘Conditions,’

'the actual cross1ng distance would be computed from Eq (l) by uSing an
electron affinity for an’ eXCited state of NOK : This would of course have
the effect of redu01ng R . Since NO is expected to exhibit exc1ted triplet'

“as well as singlet states;_this would have the effect of enabling all of.
the'Li-NOE'trajectories'reaching'Small:enoughuinternuclear distances to
participate in the.electronvtransfer mechanisn'and a QR value considerahly
in excess-of that'measured would still be expected. Alternatively) some
of the collis1on events which cross over to the ionic surfaces might produce
_non-reactive scattering or the production of L10 in a Z state or a T
state which is. deflected as1de by the magnet might account for the pos31ble
vdiscrepancy between the: measured QR and ‘the predictions of Eq (l)

These M+ NO reactions are also of spec1al interest for comparison f-‘
with a spectator stripplng m.odel28 which: gives the total reaction cross'
section approx1mately as QR WRQ w1th R equal to a critical distance for
reactant‘approach computediby equating the Coulombic potential»energy ofr
product MO“formation‘to'the energy required to sever the O;Nojbond,

&¥/B, = T(M) - B(0) + Dy(0-NO). @
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HEre E(O) is the electron affinity-of the oxygen atom, 3h'kcal/mole,29

-énﬁ‘RS aﬁd QR.are‘calculatéd bvaq; (2) as 2.1 & gnd 13 A2 respectively.

This is in surpfisingly good'agreement-with the experimental value of QR,

But éannot be taken as evidence in favor of Eg. (é) and the spectator
stripping model ovér‘the.électron jumb'model (Ea. (1) ) until the ambiguities
assoclated with the possible produétion'of a paramagnetic LiO species are
resolved. For most ofithe reactions préviously studiéd,.Rc was-é;milar tog%
D? else:nncertainties . regarding the'éléctron affinity of the parenf

species precluded a definitiVé test between these two models. An exception
to this was however provided by the study of the reaétionsvof Rb and Cs

with NOCi where Rc is calculated to be mngh smaller than RS; for these

30

reactions, the experimentally measured reaction cross sections favor the

“electron jump model, Eq. (1), over Eq. (2) and the spectator stripping model. -

Ii + CH3N02.

This reaction bears many resemblances to the Ii + CH3I reaction. In
both caseé, a reactive group is abstracted from a methyl radical by the

attacking Ii atom and the product 1s formed with a high translational
31 .

benergy. Moreover, the strengths of the CH,-I and the CH?)—I\TO2 bonds are

3

Viftually identical.' Although the Li-No2 bond strength is unknown, it
seems likely8 that it is comparable to that of an alkali halide so that
the reaction exoergicities are similar fof these reacfions. MoreoVer,'
Table IIi indicates that the long range van der‘Waals interacfionsibetween
the.reactapts are quiie similar for the‘two cages. The enhanced'CH?)NO2
reactlion cross ;ection shown in Tabie Iil'might simbly be o céhsequcﬂce

of the larger geometric size bf £he Noé group relative to that-éf an I |
32

atom. Trajectdry calculation studies have shown that for a direct

- reaction prbceedihg without formafion of an intérmédiate long;lived»complex,.r
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the product angular distributlon could change from a strong anisotropic
backward peaking to an 1sotrop1c CM distribution as the total reaction
cross. section is 1ncreased.. ThlS prediction is in qualitative accord with

the trend observed here, although these same traJectory calculation did not . Y

report an even further change to forward product scattering (as is observed

here for CH NO, ) as QR was-further 1ncreased. Alternately, as discussed in

3
connection with the Ii + SF6 reaction in the next sectlon, the very broad
product angular distribution shown in Fig. 9. might 1nd1cate that the

reaction proceeds via formation of.a complex with a lifetime.comparable:

togits7rotational period.

Li + SF6
C ‘nﬁ

The total reaction crossnsectlon givenlin Table III correlates‘nicely
vith the values derlved from the attenuation of the elast1C>scatter1ng‘of '
K from SF6 reported in Ref. 33 (QR(K) ~21:- SOA ) As mentioned in the
1ntroduction, the reportedT CsF angular distribution and v1brational
rotational, and translational recoil energy distributions 1nd1cate that
the Cs + SF6 reaction proceeds.via formation of an intermediate compléxDA
long—lived relative to a rotational period of the complex. An intermediate
long lived LlSF6 complex would be expected to approx1mate a prolate top |

_w1th three s1milar rotation constants. Formation of such an 1ntermed1ate -
vcomplexvwould,;according to-the:statistical complex ﬁode134,;§§§qu¢e a %%; j%.;
,broa_d symmetric CM-IiF product angular distribution pesking at 6 = O° and
180°. A ILAB distribution back-calculated from suchva curve £it the R
vexperimental data except at wide‘positive LAB angles (see figr-s). Thef’

s1gnal to noise ratio 1s particularly bad at these angles, but if the

~ scattering is 1ndeed less than that expected from the statistical complex-
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model at wide-angles, it could indicate that a LiSF6 complex with a

lifetime comparable to a rotational peribd is formed. Such'"osculating

35

complexes" have been observed previously. If the reaction does proceed

via formation of avstrongly coupled complex, the products might be expected

- to recoil with a relatively-low energy; similar to that estimatéd.in

‘Table I, because the total energy available to the products would be

equipartitioned among,theimany degrees of freedom in the complex.
i+ CClu

Quantitative comparisoné of the M +'CClh produgt angular distributions
. | ‘ ¢ _

shown in Fig. 9 could be misleading owing to the reported strong coupling
of the E' and 6 distributions for these reactions. waeﬁer, the present

results clearly indicate that the ILi + CClh reaction producés appreciably

- less product scattering into the forward CM hemisphere than do the corres-

‘ponding X, Rb, and Cs + CCl4 reactions, The total reaction cross section

listed in Table III correlates well with the values of 150, 100 and 60&?'
foers, Rb. and K + CClu respectively reported in Ref. 5 and the value for
K + CCl), inferred from the sttenuation of the elastic scattering in Ref. 33.
Thus, the two trends, decrease in reéction yield and shift of preferred

CM recoil angle to larger values as the mass of the alkali metal is decreased,
that wére observed in Ref. 5 hold for the Li + CClh reaction studied here
as well. Thése systéms present another opportunity for thebretical

calculations to elucidate evident trends.

Ii + CH

3T

The tolal reaction cross section reported for Li + CH7I in Table 111

is comparablé to the value of 35A€ reported for K +vCH3i in Ref. 2b; the
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total reaction cross sectdon-estimated from7the'attenuation of the

elastlc scatterlng of K + CH I also falls in the same range (QS-MTA )

The. behavior of Na + CH3I appears somewhat anomalous, a value of SA
~,
was reported in Ref. 3. The Na reaction 1s also the least exoerglc of ‘ £
56 )

these three reactlons and thlS fact may explaln its. anomalously small
.total reactlon cross section.. | | . . |

| The LlI is scattered predomlnately backward in the CM system 1n4
agreement w1th the prev1ously reported behav1ors for the Cs and Rb2

YK?b, and Na3 reactlons w1th CH I.. However, the present results leave

3
little doubt that the L11-CM product angular dlstrlbutlon 1s cons1derably

broader than that of the correspondlng NaI and KI. The hlgh translatlonal o
product rec01l energy of L1I is also in approxlmate accord w1th the valuesv
found for NaI and KI FVA results are not avallable for the Cs and Rb |
eactlons. There are extens1ve traJectory calculatlons ‘on several potentlal
32

surfaces for the M+ CH I reactlons,

3

observed backward scattering of thefproducts, but fail to reproduce the'

these calculatlons predlct thev

-high product translational energies-observed, presumably}becauSe“the

surfaces do not have enoughArepulsiyevcharacter,between thelproducts.
.Further calculations on improved surfaces would be desirable.tO'determine L
1f the broader LiT- CM angular dlstributlon observed here is due to ‘the
v effect of the small mass of Ii on the reactlon dynamlcs. Such as mass effect:.
was suggested in Part I as -the reason that the 'Liz product distributions
from reactlons of L1 with dlatomic halogens were broader than the corres- -m?ut
pondlng dlstrlbutlons due to the heav1er alkall metals. ) -

| Acmvowmmmmw ) : S
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TABLE I. ,EstimateSIOfiRecoil Energiésa

Reaction E ADO | E' . ‘B!
L ‘ : ' - Best Range

Li + No; - Li0 + NO vf1,88_. 1044 2.4 . 2-=3
Li + CH3NO, —» LiNO, + CHy 1.9k S 0.6 9-11

‘Li + gF¢ = LiF + S 2.2 56T L6 . 12
Li + CCl, - LiCl + cCl3 2.03 h3s5 1T 143
Ii + CH,I ~» LiI + CH 1.99 - 30:2 15 © 12-20

3 3

aAll ehergies are given in:kcal/moie. The initial relative trans-
lational kiﬁetic energy of the reactants corréspoﬁding to.the most probable
source veloéities is denoted by E; E' is the product recoil energy esti-
mated from the FVA transformation procedure ; AD, = DO(LiX) - DO(RX) is the
reaction ¢xoergicity. Bond dissociation energy data were takén from:
for LiF; LiCl, and LiT, L. Brewer and E.-Brackeft,'Chem. Rev. 61, k25

I, G. Herzberg, Molecular Spectra -

(1961); for LiO, Ref. 8; for NO, and CHy

and Molecular Structure‘III.  Electronic Spectra and Electronic Structure

of Polyatomic Molecules (D.Van Nostrand Co., Inc., Princeton, N.J., 1966);

for SF, Ref. 7; for CCl,, Ref. 31.
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TABLE IT.- LiZQCM’DisfﬁiBU£ioﬁ'Eipénsion-in Legendre Polynomials™
Réactant ag a, 2, 2, 8, 2
- MO, 0.499 0.279 0.114  0.086 0.006 . 0.016
- CcHNO, | o021 ‘10.246' 0.03L  0.023 | -0.027  0.006
SFg 0. 70k 0,186 -0.087 = 0.131 o.012: | 'o.o5u
ccy, 17658 ~7.239 219.952  6.880 2Qou9 1.60k
CH.I 2.061 -0.627’ | _0.659  0.173 . -0.027 .0.679

3

These coefficients are defined by I iz (©) = Zn a P (cos 6)

and are normelized such that Zn &

‘l.
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TABLE III. Total and Reactive (Cross Sectionsa

: -1/ -3 N . eff _ : :
ysten <= SR € Qe Y RA) %
Liv+ NO, 2.45 320 390 210 15 16
i + CH30, 2.53 - Th0 550 280 58 55
Li + SFg 2,71 650 520 260 1T 18
Ii + CCL, 2.73 1110 650 - 320 37 43
| Ii + CH3I | 2.67 . T80 560 280 27 | 27
The mean elastic collls1on energles, /3> 3 . (u/mLi)

k TLi are given in kcal/mole, the van der Waals force constants in 10_12

erg-A6, and the cross sectims in AE.' The total cross sections were

calculated‘for relative velocities éorrespohding to <E-l/3>_3;
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 FIGURE CAPTIONS

v Fig.vl. Measured LAB angular dlstrlbutlons derlved by magnetlc
deflectlon analys1s and corrected for the v1ew1ng factor mhe X S show
the total scattered 1ntensity (L1 + le), the circles show the derlved
Li 1ntens1ty The solld lines 1nd1cate the "smoothed" L1 angular N
dlstrlbutlons.vd ‘. | 7

| Fig. 2. Plot of CM angular dlstrlbutlons (plotted as I (9)s1n8) for
the elastlc scatterlng, derlved by transformlng the smooth solld curve flts'
to the LAB data for L1 scatterlng shown in Fig. 1; data taken from ‘the IAB
fcurves at 5 intervals.were transformed The open 01rcles were obtalned
from LAB data with @ > 0°, the dark circles from LAB data with 6 < O°
The data were llnearly extrapolated to 9 180° (dotted llnes), Data for
the SCattering of Li from cyclohexane not'shown in Fig. lrwere also |
transformed the derlved CM angular dlstrlbutlon is shown ‘as the dashed
llnes. The Li'+cyclohexane data were normallzed to the Li scatterlng n
produced by each of the reactive gases at narrow angles (0K 6 < 10° ) by
normalizing each curve.to the small angle‘scattering form factordgiven‘inl
Eq. (16) of Part I. | |

Fig. 3. LAB.angular distrihutionvof Li0 product from Ii + NO, derived

from data:points'shown in Fig. 1; the solid curve through the data points
indicates the "best!" diStribution.hased on analysis of the errors in the
.data points. The.error bars‘denote onlyvthose errors introduced'by.v
uncertalntles in the callbratlon of the ablllty of the 1nhomogeneous
electromagnet to deflect as1de i atoms (thls source of error is dlscussed ;
extensively in Part I). The dotteducurve glves_the calculated-dlstrlbutron
in centroid angles for an.energyvindependent collision cross section. The

dashed curve is back—calculated from the derived CM product angular



'LiI angular distrlbution from.Li + CH

_é9_ :

distribution shown in Fig. 8 by averaging over thetmal velocity distributions
in botn beams. Also shown'ls a kinematic diagram indicating the most |
probable reactant thermal'source‘velccities; the ccrresponding centroid
vector gd'and the relati#e velocity vector V; the circles indicate the
lengths‘ofethe Li0 recoil Qelocities‘forvfourvcfrthe pcssible prcduct»recoil
energies, E'(kcal/mole). ‘The two Li tempefatUree refer respectively to
runs w1thout and w1th the deflectlng magnet (see Part I) and 1nd1cate the
range of uncertalnty in the Li temperature.

Fig. 4.‘ Calculated centroid distribution, kinematic diagram, and LAB

angular distribution of LiN02 from Li + CH N02; derived from the data of

3
Fig. 1. The solid curve indicates the "best fit" to the data; the dashed
curve was back-calculated ffom thé'CM_angular distribution shown in Fig. 9.
Fig. 5. Calculated centroid distribution, kinematic diagram, and LAB
angular.distribution of LiF froani‘+ SF6, derived from data of Fig.»l; The
solid curve 1nd1cates the "best flt" to the data. The otner two curﬁes
(dash and dash- dot dash which c01nc1de for © < 70°) were back ' calculated
from the LiF-CM angular dlstrlbutlons shown in F1g.‘9t(solld and dasn-dot;'
dash respectively). | o '
Fig. 6. Calculated centroid distribution, kinematic diagram, and
IAB LiCl‘angular distribution from Li + CClk,.derived from the data of

Fig. 1. The solid curve indicates the "best fit" to the data. The other

two curves (dash and dash-dot-dash) were‘back-calcnlated from the LiCl~CM

' angular:distributkms,shown in_Fig;“9 (sclid and:dash—dot~dash respectively);

these latter'two curves,coincide for 6 < 100°.

Fig. 7. Calculated centr01d distrlbution,‘klnematlc dlagram, and IAP

3I, derlved from the data of Flg. 1.

The solid curve 1nd1cates the "best fit" to the data. The other two curves
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(dash and dash plus dash—dot—daeh) were back-calculated from»the LiI-CM
distributions shown iﬁ Fig. 9 (solid and selid plus dash-dot-dash curves
respectively). | |

Fig. 8. Comparison of CM product aﬁgular.diétributions. The LiO
prodact angular diStribﬁtien.from Li +\N02-wasvobtained by transforming
the solid curve of Fig. 3 atVSA intervals by the FVA procedure; the open‘. ’
circles glve data for p031t1ve CM angles (rotatlons of the recoil ve1001ty
vector counter- clockw1se from.the orlglnal Li dlrectlon), the dark c1rcles
refer to negative yalues of. Q; the data.weme'extrapolated to 6 = 180° from
the last open circle data point. The K, Rb and Cs + 012 data were taken
from R. Grice and P.B. Empedocles, J. Chem. Phys. L8, 5352 (1968) The
Lix angular dlstrlbutlons reported in Part I for Li + Cl s Br2 and ICl
all lie within the shaded reglon denoted Ll + XY All dlstrlbutlons were
normalized to unity atve = 0°.

Fig. 9. Comparisonsvof CM product angular distributione; all_distribu-
tions normalized to unit peak height. The'Li data were obtained from_Figs.
A-T; the transfermation procedure was the same as for Fig. 8. The X, Rb,
and Cs + CClu curves were taken from Ref. 55 the Na + CH3I curve from Ref.

3; and the K + CH,I curve from Ref. 2b. For ILi + CClh and CHSI, back-

3
calculations (for comparison with the original LAB'dietributions) vere
- performed for both the derived CMfdistributions (solid cqrves) and for

distributions assumed to be level from the peak in the derived distributions

out to 6 = 180° (dash-dot-dash curves).

w “
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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 Comz;nission"
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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