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CROSSED BEAMS REACTIONS OF B~a, Sr, AND Ca

WITH SOME HALIDES OF METHANE

Shen-Maw Lin*, Charles A. Mims++, and Ronald R. Hermx
'Inorganic Materials Research Division, Lawrence Berkeley
Laboratory and Department of Chemistry, University of

California, Berkeley, California 394720

- ABSTRACT

A crossed beams apparatus, equipped with an electron
bombardment ionizer-massfilter detector unit, has been em-

) > A - +
ployed to measure scattered angular distributions of: MI

BaI+ from Ba + CF

from Ba, Sr, and Ca + CH3I and CHZI I

23 3

and BaC1+'from Ba + CCl Pfoduct center-of-mass (CM) recoil

l‘.
angle and energy distributions have been fit to the measured
laboratory (LAB) data by averaging the CM > LAB transfor-

mation over the (non-thermal) beam speed distributions. The

MI + CH3 products from M + CH,I scatter predominately backward

3
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in the CM system (i.e., MI scatters in the direction defined
by the CH3I reactant) with substantial recoil energy (average
value = 10-15 kcal/mole); the Bal broduct angular distribution
is broader than is that of SrI or Cal. All of the other | |
reactions preferentially scatter products into the forward
CM hemisphere. For these reactions, the MX' massfilter
signals might arise from ionization of MX of MX2 products.
Features of the derived CM distributions, as well as other
indirect evidence, suggest (but do not confirm) that MI and
MI, are formed from M + CH212 and Bal and BalIF are formed

from Ba + CF,I.

3
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This-papef reports measurements of angular distributions
of reactive'scattering from crossed beams of alkaline earth
atoms (Ii) and CH31? CH212, 3 Yo

of alkali atoms (A) with these halides of methane are known

CF,I, and CCl The reactions
to span a wide range of dynamical behaviors, and this present
study was undertaken in order to further compare the chemical
behaviors of gaseous alkaline earth and alkali atoms. Refer-
ence 1 cites the variety of crossed beams studies of the

3 4-6

A+ CH3I reactions. Studieé with Liz, Na“¥, and K indicate

_that the A + CH,I reactions provide classic examples of a
"Tebound"tmechanism wherein the products scatter backward in
the céntef—of—mass (CM) coordinate syétem (i.e., Al scatters
preférentially in the direction defined by the CH,I reactant)
with a relatively large product recoil energy, E'. A recent
study7 éhowed that the Cs + CH2I2 réaction was an example of
the opposite extreme direct reaction meéhanism wherein the
’products recoil forward with a relatively small E' value;

K:+ CH212 élso exhibited’ somewhat similér~behavior, although
the KI was less sharply forward peaked. The intermediate-
case between these extreme direct reactioh‘mechanisms is
.provided byvthe A+ CCl, reactiénsz’s38; here, the product

CM angular distributions peak at intermediate angles and are



especially sensitive to the identity of the alkali atom. There
are no published product angular distributions for A + CF,I.

However, electric deflection experiments with spatially

orientated CFSIS and CH3I]'0’11 indicate quite different steric

~effects for reactions of these molecules with alkali atoms.

EXPERIMENTAL PROCEDURE.
The apparatus is the same as that which was used to study
12,
2 b
is described in detail in Ref. 13. The two beams cross at

tﬁe reactions of Ba, Sr, Ca, and Mg with Clzvand Br it
right angles, resulting in a 1-5% attenuation of the M beam
(beam 1) and negligible attenuation of the halide beam (beam
2). The laboratory (LAB) scattering angle, ©, is measﬁred"
from the M beam; the halide beam directiOnbdefines © = 90°..
The number density speed probability distributions of beams 1

and 2 are non-thermal and are given by

l _ 2 L 2,2 '
»pi(vi)--_Ni(vi~ai) exp[—(vi~ai) /qi']'u(vi-ai). (1)

Here, u(t) is the unit step function (u(t) = 0 for t <0,
u(t) = 1 for t > 0); a; and a, are paramefers which depend on
the source temperature and pressure‘of beam i; and Ni = 4
n‘llz ai-s.' Table I gives beam operating conditions.

The scattered species are ionized bybﬁ 150 ev electrons
and mass analyzed. The detecfor unit rotates about the beam

collision zone in the plane defined by thé two beams. The
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speeds'of the scattered species are not méasured; oniy product
LAB éhgular distributions are determined. All reactive scat-
-tering angular distributionsvwhich are reported here were.
measured with thé‘massfiiter tuned to the alkaline eérth
monohalide (MX) ion peak. Interference from fragment ions
due to methyl halide reactahté pfécluded angﬁlér distribution
measurements of the methyl and halogenatéd methyl products.
No alkaline earfh dihalide signals were observed for scattering
of M'ffcm CHZI‘, CF31, or CClu. 4However;‘alka1ine‘earth
dihalides formed in these reaétions would probably be Qibra—
tionally excited and would be expected to fragment into MX¥
upbnielectron bombardment ionization.

As Table II indicates,'a'number of reactions were
examined in this studj. Although‘uncertain and changing
detector response factors‘precludéd determinations of total
reaction cross sections (QR), wé estimate that our detection
sensitivit& is such that: Qg < nv 1 XZ for those reactions
which failed to prbduce any détectable product (NR in Table

2

v o ;
I1); QR ~ 1-5 A" for those reactions which provided only a

. ‘ o
fragmentary product signal (F in Table II); and QR > 5 A2

for the eight reactions for which product angular distributions

are reported.



RESULTS AND DATA ANALYSIS

The data analysis procedure, described in more detail in
Refs. 12 and 13, consists in assuming a form for the CM cross
section, 0(86,u), and calculating the resultant LAB number

density angular distribution by

* (-] oo

, Y B
ILAB(O) :J(.Q/r J/. v o(e,u)(v/uz) pl(vl) 92(v2) dvl dv2 dv;
: 0 0 0 _ L ' . ,

(2)

the prdcedure is repeated until the calculated ILAB(O) fits
the measured data. In Eq. (2), V is the initial relative
veloc1ty, and U and V are, respectlvely, the CM and LAB recoil
velocities of the spec1es which is detected the CM scattering
angle, 6, is defined as 0° when U lies along V in the direction
defined by the M velocity; v*, the ﬁpper limit on v, is
calculated from the reaction exoergicity, ADO. Table III lists
values of AD as well as the relative collisionAenergy, E, and
average thermal reactant 1nternal exc1tatlon, W.

The derived CM cross sectlons which are presented here

are of the simple functional form
o(6,u) = T(8) UCu); (3)

the limited informatibn content of the data do not warrant use
of a more sophisticated form. For convenience, T(0) and U(u)

are also often expressed as:



aq

CT0)

_ . . , '
(erl)'exp[—ln 2((0f01)/H1) ] + Cl’ 6 > el,

;T(O)'z i: o : ‘ | 91 >0 > 82, (4a)
- | ) .
- T(6) = (l-Cz) exp[—zn.Z((O—ez)/Hz) } + Cy 6 < 6,, and
: ny , my 7
VU(u? = (u/ul) exp[(nl/ml)(l - (u/ul) )J,.u <ups (4b)
U(u) = (u/gl) exp[(nzlmz)(l = (u/uy) )J’ u > uy

‘ where &ll_subscripted variables serve as adjustable parameters.

Three T(8) - U(u) functions are presented for each CH31»

reaction in order to provide insight into the range of possibie

' CM cross sections which will provide fits to the measured

LAB data. _One‘of these, termed the "single'recoil energy"

(SRE) result, shouldvprovide an upper 1imit on the breadth of

" the true CM product angular distribution because it unrealisti-

cally treats the product recoil speed distribution as a delta

fnnctianr

M+ CH3I

Figures‘1e3 show that the measured-MI+ angularvdistri-
butions from M + CH;I all peak at larger LAB scattering angles

‘than do the calculated (assuﬁing an en2rgy independent col-

- lision cross section) angular distributions of the LAB velocity

of the center-of-mass, E;.indicating <hzt the MI



broducts'rebound predominately into the backWard CM hemispherev
(i.e., 90° < 6 £ 180°). Examples of CM cross sectiens, of
the form of Eq. (3), which proQide fits:fo the data for each
reaction are given in Figs. 1-3 as well as Table IV; the
product reCOil energy distributibnS'plotted in these figures
~are calculated from P(E') dE' = UCu) du. »The fits to the
data which were provided by the A CM cross seetions are also
shown in Figs. 1-3; tne SRE and B CM'croes sections provided
- fits of comparible or only élightiyvpooref Quality A recent
study1 of the K&f CHsI reaction indicated that QR(E) exhlblts
a maximum for E = 4 kcal/mole. 1In order to.lnvestlgate the

. significance of'this to the data‘analysis presented here,

LAB MI angular distributions were calculated for the Ba; Sr,
and Ca + CH3I reactlons using a CM cross . sectlon of the form
c(8,u) = T(8) UCu) QR(E) Here, T(8) and. U(u) were taken as
the A functions given in Table 1IV. Although the true. form

of QR(E) for CH3I reactlons 1s undoubtedly dependent on the
14

metal atom reactant s the form of QR(E) reported1 for K + CHsIL

was employed in the calculation. The resultlng calculated MI.
LAB angular distributions were practically_indistinguishable

-from those shown in Figs. 1-3. Thus, although the tfue form

of 0(8,u) for these reactions is undoubtedly more complex, this

calculation supports the reliability of the product angle and
energy distributions which are derived hefevby use of Eq. (3).
The rather wide range of CM cross sectlons whlch can be

fit to the data presented for any one reactlon prevents a
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detailed comparison of the features of the Ba,'Sr, and Ca +
CH3I reactions; ﬁoWever, some features are clearly established.
Jhe CM MI product angular distributions clearly peak in the
backward direction, at or near 180°. Moreover, Ehe Ba |
reaction leads to a broader producf angﬁlar distribution than
do the Sr aﬁd Ca reactions; this is shown in Figs. 1-3 and
in fhe entries in Table IV for thé fractioﬁ'of the products

which scatter backwards:

m .
Qg i/r T(8) sin Gde/f/drr T(6) sin 6de. (5)
Tw/2 . . 0 o

.Figures 1-3 also show that, for a given reaction, the derived
form of the product angular distribution is relétively
insensitive to‘the assumed form of the recoil energy distri-
‘bution (except for fif B. for the Ca reaction). The approxi-

mate constancy of the average product recoil energy,

AD AD '
<E'> =/ © g P(E") dE'{/ ° p(e') 4ar', (6)
0 0

for ver& different assumed forms of P(E') which is shown in
- Table IV . also clearly establishes that the pfoducts separate
with a recoil energy which is relatively large and is rather
'insensitive to the identity of the attacking atom. The SRE
and B fits represent two extremes for the breadth of the true

P(E') function; thus, the true T(6) and P(E') should lie



- within the ranges prOVlded Ly these fits. The A fits are
obtalned for a more likely (oprm of P(E') and are llkely to
#closely approximate the truc CM cross sections. Recent

product velocity measurement. of the KI scattered from a beam

of CH3I crossed by a velocity selected K ‘beam have determined®

a P(E') function for this reaction which is of roughly the
same breadth (although peaking at a somewhat higher E') as

the P(E') A fits shown in Fipy, 1-3.

M+ CH212, stl and CCl,

Figures u”and 5 show that the measured angular distri-
butions of MX' for the CH212, CF3I’ and Cclﬁ reactiohs are
skewed to smaller LAB angles than the ealculated angular
distributiohs of C, 1nd1cat1nb that the products are prefer—
entially scattered into the foward CM hemisphere. All of
these reactlons share the property that the Mx* signal

observed might have arisen from ionization of product MX,

MX, (MIF for the CFjI reaction), or a combination of the

two. Indeed, if both MX and MX, products are formed, the data

analysis provided here, using 4 cross section. of the form of

Eq. (3), could be misleadiny hocause the two products might

scatter with quite different “Ahgle and recoil energy distri-
-butions. Because of this pounlbility, derived CM cross
sections are not presented £raphically. TFor each reaction,
however,Aah example of a CM mwus section of the form of

q. (3) is given in Table IV, a5 Figs. 4 and 5 show the



| correspohding fits to the measured data. A number of other
‘calculations;, also based on Eq. (3), which are discussed in
Ref. 13a indicate that T(8) must peak within the ranges of

.

0° - A 70° for M + CH.I

,I, and Ba + CC1, and n 50° - a 90° for

Ba + CF,I.

3

DISCUSSION

Reactions of metal atoms of the type studied here involve
the rupturé.of a covalent reactant bond to form én iénic
product bond. Since this inQolves the traﬁSfer of an electron
frdm'the metal atom,.it is natural to discuss the observed
dynamical feétures in terms of the reactAnt'attraction and
product repulsion which are suggested by the known (or
estimatedﬁwelectron attachment behavior of the.halogen

containing reactant.

M+ CH3I

Hérschbach15 discusses'the dynamics of tﬁe A + CH3I
reactions in terms of the known electronic absbrption spectrum
of CHSI and the likely structure of CH31-; he estimates the |
'.‘vertical eléétron affinity of CHjI as ¢-—’20 + 20 kcal/mole.
‘Thus, reaction of.CHsl'with a metal atom’is not expected to
_proceed via a long-range electron transfer and is likely to
take place only for smaller impact parameters which permit
appreciablé overlap of the A (or H) and I electron distri-

butions._ This is consistent with the backward product
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scattering which is observed with both the alkali and alkaline
earth atoms. Moreover,‘tﬁe observation that both the A and

M + CH,I reactions channel a considerable fraction of ADo into

3
product recoil energy is consistent with the picture15 of

considerable C-I repulsion in CH3I—. The M + CH,I reaction
dynamics might have’differed somewhat from those of A + CH31

because of a possible substantial attraction between the

departing MI and CH3 freevradical.producté. However, the

observed similarities of the A and M + CH,I reactions indicate

3
that this effect is not important, possibly because of an

unfavorable combination of appreciable C-I repulsion, which
leads to rapid product separation, and a steric effect which,

for the Klo and Rbll

reactions, has been shown to favor
approach of the metal atom along the I end of the C-I bond.
The trend towards narrower product angular distributions on

~ proceeding to lighter and less readily ibnizable atoms which

is observed in this work runs counter to that observed for

2

K, Na, and Li However, this could simply be a consequence

of décreasing AD_ 's in the alkaline earth family which might

restrict reaction to a decreasing range of impact parametersl6

Ba + CF31

For the Ba + CFsI reaction, four exothermic reaction
channels are possible, corresponding to formation of Bal,
BaF, BalF, and Bal, products. Table IV indicates that the

’ + g Id .‘. [ - . N N
measured Bal angular dlstr;butlon, which might arise from

- E
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- well.
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ioniiation.of'BéI and/or BaIF, cén be fit, using Eq. (3), to
a CM angular distribution which peaks at 6 = 70° - g0°.
’Howevef, the_bimédal structure of this measured distribution
is striking and is suggestive of contributions from two

' ' . : + .
reaction mechanisms. Table II shows that a weak BaF signal

- was observed as well, with a peak magnitude about 5-10% of

PR + . . . . . .
- “that seen for Bal ; this might arise from ionization of BaF,

Bafz, or BaIF. Berkowitz and'Marguartl7 have reported that
fragmentafipn into MgF+ upon electron bombardment ionizétion
of Mg'F.2 is>much more likely than is fragmentation into MgI+
upon ionization of MgI2.  This suggests that ionization of
BalF would likely involve avverticai transition to a repulsive
BaF bond in BaFI+, léading one to expect fcpmation of BaI+ to
be favored oVer\formation of BaF+. Thus, the magnitudes of

the BaF' and BaI’ signals which are observed here are

léonsistent with formation of BaIF, and possibly some Bal as

Diffusion flame studiest®219 of the reactions of Na with
CF31, CF3Br, and CF3C1 have been anaiyzedvin terms of primary -

reactions giving only NaX + CP3. In his classic diffusion.

- flame study, M. Polanyi20 found that the rate constants for.

the Na + CH3X reactions followed the sequence kI > kBr > kCl
6

>'kF, with kI > 10 kF' Preéumably this trend arises because

the Na atom must transfer an electron into the o# antibonding

C-X orbital which becomes progressively more repulsive on
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going from I to F. Although Doo(BaF) > Dbo(NaF), these trends
are likely to hold, at least qualitatively,‘for Ea reactions”
as well;-evidence of this is provided‘by entries in Table II.
This suggests that it is unlikely that thedobserved BaFf |
signal arose from ionization of BaF or Ban. The reaction of
CF, with a metal atom, on the other hand,‘might well be quite
fast because the metal atom can initially.tfansfer its - |
electron into a non—boﬁding orbitai on CF35 Moreovef, Bal
might react iﬁ much the same way as Ba because the ionization
potentials of the two species are'comparableZI; thus, it is
reasonable to expect some decoﬁposition of a F,C - IBa reaction

intermediate into BaIF and CF Although bimolecular reactions

2.
which involve the transfer of two groups are rare in‘conventional
kinetics llterature, these con81deratlons suggest that the

observed BaI and BaF signals 1nd1cate formatlon of BaIlF, and

poss1b1y Bal, from Ba + CPle

M+ CH2I2

A previous study7 of K'and Cs + CH212 1ndicated that the

:AI + CH2I products scattered, via a direct reactlon mechanlsm,
wlth SRE E! values of about 3 and 2 kcal/mole, respectlvely.
The MI _s;gnals observed in the present study might have

arisen from ionization of product MI and/or MI However,

2.
analyses of the MI* data assuming no MI, product result in

surprisingly small values for the product recoil energies.
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This is illustrated by the E' values listed in Table IV and
byitheffact that SRE fits (not shown here)fare_obtained13a
for E'! valdes of 0. 7'(Bal, 0.6 (Sf), and 0.3 (Ca) kcal/mole.
Thus, these comparlsons suggest that these alkallne earth
'reactlons .do not produce exclusively the MI + CHZI products

. via the mechanism characteristic of the K and Cs reactlons
vThese low E' values might be understandable22 in terms of a
mechanism which proceeded via an 1ntermed1ate complex whose
llfetlme was long enough to statlstlcally partltlon the
reaction energy and still short enough to be con51stent with
.the anisotropic angular distribution given in Table IV; the
"divalency of the alkallne earth atoms could glven rise to such
a dlfference in the M and A reactlons In view of the ideas
developed in dlscu351ng the Ba + CF3I reactlon however, it
seems llkely that such a statistical complex would produce
some MI2 product as well. Because of the mass differences, |
the measured angular distributions shown‘iﬁ Fig. 4 can be fit
to CM cross sections with more reasonable E' values for MI,
-+ CH2 products; Table IV gives the recoil energles obtained
'in this case ) Thus, as for Ba + CF3I, the data are incon-
clus1ve, but suggest formatlon of MI2 product, and_possibly
some MI as well. Interestingly, rupture of both C-I bonds
haslalso been obs_erved23 in the UV photodissociation of

,CH212, yielding CH2 and an electronically excited I,.
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Ba + CCl, N

Here again, the observed Bac1® signal might have arisen

from ionization of product BaCl and/or BaClé; the measured

Bac1® LAB distribution provides no basis for estimating which -

is formed. In analogy wifh CH212 and CFsI, both products

might form; this would also be consistent with dissociative
electron attachment results for CClu, where'both.Cl— and

24

C12- are observed™ .
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Table IT. Suﬁmary of reactions studied{a

" alkaline earth atom
Ba . Sr Ca Mg

mass peak detected

CH,T R R R NR | | Mr*
CH,I, R R R NS mrt
¢r31 R NS NS NS | - mrt
CF,I F NS NS NS - MF
CH,Br, | NS Ns F NS MBr'
CH,C1Br F NS :.NS NS ~ mBr'
CH,C1Br NR Ns Ns Ns Mt
cc1,Br NS NS NR NS me1ts mer’
cc1, R 1 N N - M

(CH3)3C—OH ~ NR NS NS NS MO+; MOH+; MOC(CH3)3+

e

4R — Product angular distribution is reported here. NR — No
product signal was observed. F — A pfodﬁct signal was.
‘observed which was too weak to permit measurement of a
rellable angular dlstrlbutlon I -1t proved 1mp0551ble to
draw any conclusion about this reaction because of an

interferring reactant mass peak. NS — This reaction was

not studied.

ettty
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Fig. 1.
Fig. 2.
Fig. 3.
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FIGURE CAPTIONS

Data points show measured BaI+ LAB angular distri-

bution from Ba + CH31; diffefent data'symbols show

results measured on different apparatus pumpdowns. ..

The _upper panel shows three derived CM cross sections .
(T(8) and associated P(E')); parameters for these-

are given in Table IV as SRE (dot-dashed), A (solid),

and B (dashed); the éorreéponding fit to the LAB

data provided by the A CM cross section is shown as

- the solid curve in the lower panel. Also shown in

the lower panel are: (1) a calculated angular
aistriﬁution for the LAB velocity of the center-of-
maas, E‘(dashed curve); and (2) a LAB <+ CM trans-
formation diagram for Ba +.CH31 + BaIl + CHS' This
latter-was drawn for most probablevbeam speeds;

the circles show loci of Bal CM recoil velocities
for some possible.producflrecoil ehergies,‘E'.
Measuféd sr1’ LAB angulaf’distribution and derived
product CM cross sections for.Sri+ CH31 > SrI + CH,.
Conventions as describedpfor Fig. 1.

Measured CaI® LAB angular distribution and derived
product CM cross sections for Ca + CH.I - Cal + CH3

3
Ponventlons as descrlbed for Fig. 1.
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‘Data points show measured MI+ LAB angular distri-

butions from the Ba, Sr, énd Ca + CH212 reactionsf

Solid curves show fits to the data provided.by CM

~ cross section functions given in Table IV; dashed

Fig o q’ .
-
-~ Fig. §.

curves show calculated distributions in C. On the

- LAB <+ CM transformation diagram, solid circles

correspond to Bal CM recoil velocities (for E' = 0.3

‘and 1) whereas dashed circles correspond to BaIl, CM

recoil velocities (for E' = 10‘and 30).

Data points show measured BaI+‘(fr6m Ba + CF3I)‘and

Bale (from Ba + CClu) angular distributions. Solid

-curves show fits to the data provided by CM cross
“sectiohs given in Table IV; dashed curves show
féalculated distributions in C. Circles on the

‘LAB <+ CM transformation diagrams show loci of

possible CM recoil velocities of alkaline earth

monohalide products.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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