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ABSTRACT

This paper constitutes the final report from our 1aboratory
on crossed beams exploratory studles of the chemlstry of gaseous o

alkallne earth atoms (M) Measured product laboratory angular An.ﬂdf

distributions and derived center~of~mass (CM) rec01l.dlstr1bu—.f
”tlons are presented for Ba + SFS, Ba and Sr + PCls, Sr-and

Ca + NO,, Ba and Sr + (CH CHNOZ,' and Ca + cc1 No2 Cin

2’ 3)2

_ addltlon, qualltatlve results are presented for Ba, Sr, and ;“t B

Ca + SnCl _and Ba + SO A1l derlved CM product angular

2°
»dlStPlbutlonS are asymmetrlc favorlng scatterlng 1nto the N

forward hemlsphere (1 e. 0°<e<90°; where ¢ i 0° 1s deflned

| by the initial M veloc1ty), except for Ba + SFB, where thev
‘CM dlstrlbutlon is approx1mately symmetric about:é s g90°."
This suggests that theMBa + SFg reaction proceeds vdar |
formation of an BaSF, complex withaa lifetime (t‘5'greater
than.its'rotational perdod (t ), whereas the PCls, N02, (cH )é

CHN025 and CC13NO reactlons proceed via darect mechanlsns S

with T <Tf; For SFg PC13, and N02, the qualltatlve behav1or

" of the alkallne earth reactlon parallels that prev1ously re-'
ported. for the analocous alkall (A) reactlon E However no
Vev1dence of an MSnCl3 product from M + SnClu is observed

here, whereas ASnCl, is thought to be an 1mportant product'“'

3

of K, Rb, or'C + SnCl Also, MO is apparently the product

Y
of Ba or Sr + (CH ) CHNO2

in contrast to the CsNO2 product hf'“.
--formatlon'reported for Cs * CH3NO2 },;,v' E




Earller papers in this- serles reported results of crossed. -

beams studles of reactlons of alkallne earth atoms w1th HI1

1lb,c 1d

halogen»molecules , and some halldes of methane'.f

sent paper reports on. the remalnder of our exploratory studles'”v
of gaseous alkallne earth atom chemistry; results are presented

for reactlon of Ba. Sr, and/or Ca with some 1norgan1c halees'

| (SPG, PCl3, and SnClu) as well as some oxygen contalnlng com—_; '

pounds (NO 02; kCH ) CHNOZ, and CCl3NO ). Here again, re¥p:f

active cross section are characterlzed only semi- quantltatlvely,

The pre—“t"'

the prlmary 1ntent10n being to compare the chemical behavlorvof _t’w?

‘alkaline earth atoms (M) with thatppreviously‘reported_forvalkali'

atoms (A).

_ APPARATUS AND DATA ANALYSIS PROCEDURE

' The apparatuscls described elsemhereléz;} Tableiliéives;_L:r
' condltlons of the two beams whlch 1ntersect at a’ rlght angle,
'resultlng in a l 5 attenuatlon of the M beam (beam l) and |
‘v.-negllglble attenuatlon of the cross beam (beam 2) Scattered t:vh

hspe01es are 1onlzed by %150 eV electrons and mass analyzed 1n co

PR

a'detector;unlt which rotates “about the»beam'colllslonpzone,.ln Cifo




'thépplane:defined by the'twohintersecting beams, so as to
measure the laboratory (LAB) product angular distribution.
_ Table II llsts the reactlve systems whlch were examlned and
prov1des estlmates (based on the approx1mate apparatus sen31e
tlvlty) of thelr total reactlve_cross sectaons, QR
Ihe'dataﬁanaIYSis procedure'constistslb =452 ~in. assumlng”:
that the dependence of the center-of -mass (CM) reactlve crossfrf
sectlon on-CM scatterlng angle, é; and product relatlve o
'“]translatlonal re0011 energy, E'; is’ factorable, i. e.;h"I“
ey meveEs. gy
By_convention,,bé scattering angle in-either:the.LAB_or:CMtI{JfL
,coordinate system'corresponds to‘a reactiue event wherein--}
_the product alkallne earth hallde or OYlde is scattered 1n-vt
A,the dlrectlon deflned by the 1n1t1al M veloc1ty . Hav1ng f Ih_f s-p'
' asaumed a form of 0(6 E ) glven by Eq (l) the corresPondIng” o
LAB product-angular-dlstrlbutlon~1s computed numerlcally'by~

averaglng over the beam speed dlstrlbutlons and 1ntegrat1ng L 54.

N

over the unmeasured LAB product rec01l speed dlstrlbutlon. 3;‘;*:5[,
ThlS calculated LAB product angular dlstrlbutlon 1s compared- o
w1th experlmentalvmeasurenents that by trlal and error,d'

a T(G) P(E ) comblnatlon whlch prov1des a good flt to the

-.data is obtalned - In general the data 1s of llmlted 1nfor—iI,;f~g

hmatlon content and can ‘be flt by more. than one . T(S) P(E )

’comblnatlon so that the quantltatlve forms of T(e) and P(E )

’~-
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_are not unlquely determined NeVertheless,.it_does

unequivocally determine the qualitative form of the product
angular’ dlstribution (e .g., whether. T(G) is- symmetric or.

vsharply peaked forward or backward) ) Moreover, it is "-

Vemphas1zed in earller papers of this serieslb -d that the

_gdata also characterize the CM distrlbutions quantltatlvely»

ivto lowest order because QF’ the fractlon of the products

scattered 1nto “the forward CM hemlsphere (1 e. 0°<9<90°):537755fffif

Kand E > the most probable relative product rec01l energy; i

i are approx1mate 1nvar1ants of the data analys1s.A

~ - . . o e

RESULTS AND DISCUSSICN -

 Reactions with Halides;'

In reactions with polyhalides, therexperiments are'unablei"'
_to dlstlngulsh between alkaline earth monohallde (MX) and di— e

M»sfhallde (MX ) products because both spe01es yield exclu51vely

:MX upon electron bombardment 1onlzation.: Slgnal strengths were

 too weak to distlngulsh between these two channels by means of

l

happearance potentlal measurements.H Interference from reactant f"

mass peaks also precluded the observation of mass peaks correspond—

tributions may be fit to CM distrlbutlons by assumlng elther

~ing to the other product.‘ The measured LAB product angular dls-apfrz

:uproduct channel.p Since the CM - LAB transformation is dependent

only on the CM rec011 VelOCltY> u3; Of the species detected the ;ff‘"




derived CM T(8) is not dependent on the assumed. product ..
~identity. This is not true for'P(E'),4however; beeause(E?
is given by

1 Y . u32 ,.,

b
1]

2.

<
"

- where my and m, are the masses of the two rec0111ng products.np@pu'
| | 14

'A-Infa previous study of M+ CH2I2, Y was qulte dlfferent for"

the MI + CHZI versns the M12 * CH2 product channels so that ,vf‘ o

1t was poss1ble to draw 1nference° from the data regardlng

the llkely product 1dent1ty Porﬂthewreactlons studledvhere,iQ
however ,-values of Y for formatlon of MX versus MX2 arep‘””' |
comparable. vIn general E' values derived assumlng an MX2
product are shown in parentheses, E' values derlved forran

-

MX product are shown w1thout parentheses

~Ba } St

. f -
oo ~.
~

Figure'l shows that the’measured LAB‘angularvdlsrributIOn_;“QF\\
~of the BaF ' mass Peak 51gnal from the Ba + SFS reactionjislbroadasd
and’ of comparable 1nten81t1es on both 31des of the calculatedl
LAB angular dlstrlbutlon (assumlng an. energy 1ndependent colllslon '
cross sectlon) of center of -mass - veloc1ty vectors,-a Thls’ o
LAB dlstrlbutlon is well flt by CM product angular dlstrlbutlons,"“

glven 1n Flg l and Table III whlch ‘are broad and almost




~lived complex mechanlsm For example, aux1llary calculatlons,

'medlate , _j complex so as to extract 1nformatlon on

_cons;stent w1th—a=tran31t;on,state.formulatlon of thls‘energyefifdpv:

symmetric about 6 = 90°, typicalsof the  behavior expected if the

1ifetime'ofVthe_complex'frc) is at least as long'as its rotational
_ _ N

_period Cf ).vrlndeed, productcvelocity analysis measurements;';.

on the KX, Rb, and Cs + SP6 reactions show symmetrlc M product

'angular dlstrlbutlons,'1nd1cat1ng that +the. reactlons proceed v1a bdu
a long llved complex w1th Tc greater than several rotatlonal

:pePlOdSS. The. QF entrles in Table ITI 1ndlcate that, even for

the T(e) curves shown 1n Flg 1, the product scatterlng 1s almost .

evenly d1v1ded between the forward and backward CM hemlspheres
Moreover, uncertalntles in the data analy81s suggest that the

results presented here on Ba + SF6 are con81stent w1th a. long—

“_iw1th a sllghtly altered SF beam spe d dlstrlbutlon (1 0 rathcr ”g_mm

than the "best estlmateﬁ of 1.u for the.az'parameter of,Table 1y O
can fit the data by reflecting thef0°-90°7T(6) functions shown -
in Fig. 1 through o = 90°. The'uncertainties in the form of T(8)

shown in Fig. 1 prevent an analysisBa’g of the product'angular

dlstrlbutlon 1n terms of the statistical break up of an inter-
its moments of inertla ‘ o -;iv}'.‘ ':'A -i : '_f-'§73«4;

Product energy dlstrlbutlons produced by break up of a -

~long= llved complex mlght be expected to partltlon the avallable’,‘M~’

energy statlstlcally : Indeed both P(E ) from K, Rb, and Cs + SI‘sl’l

.as well as the v1bratlonal dlstrlbutlon in the product CsF6 are‘-
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'randomization,7’ Forveomparison with the results reported here,

“this theory7 would predict that the}averagevproduct;récoil

energy is given by

where centrifugal barriers in the exit channel,'which‘would'__;'g

 only increase somewhat the <EL> estimate, have been neglected.

Here, E, the reactant translationalvenergy, ia estimated in

‘Table I, W the SF' internal energy, has a. thermal average .

4 .8

value of 3.4 kcal/mole, and n should be 14 5 for break up

~of a "loose BaSF6 complex. The exoerglcltles, AD . arel
listed in Table III for two pdssible'product channels, l
‘Ba + SF, > BaF + ST, Iy

or .  Ba+ SF, » BaF, + SF (I

6 P32 TR

.

Equatlon (3) prov1des <E > estlmates of 4.1 and 7 9 kcal/mole';}h‘

i

for channels (I) and (II), respecleely, and the experlmcntal
values are in reasonable agreement with thls predlctlong"if;i
“the ‘data are analyzed assumlng channel (I) (see lable III)
Although channel (ID) would be favored over (I) on a purely
l_statlstlcal ba31e,_lts larger exoerglclty mlght lead tovi

shorter interaction times and a nonestatistical energy e




the Ba and Sr. + PCl

' contrast to the BaP “from Ba + SF

.'lations reported in Ref. 2b whichgmanaged to‘fit,the meaéure;t

S " RS RS

o~
L
o~

rahdomization.10 Thus, the low resolution measurements
reported here provide no basis for inferring the likely
product identity because either reaction might proceed,via )

1n1t1al formatlon of a one- electron transfer Ba SF6 1nter—

fmedlate Wthh in analoay to the K, Rb, and Cs reactlons,-

would statlstlcally distribute the energy a83001ated w1th 7:

reaction (I).

. Ba 4nd Sr +PCI,

Measured_LAB angular distributions of MCl+ signal'from>'

e

3 reactlons are shown in. Flg In

62 the BaCl from Ba + PCl3 ﬁ'<;_

is malnly confined to smaller LAB angles than the calculated

C distribution, indicating that ecattering‘into-fhe forward

CM hemisphere is favored. = Figure 2 also shows CM produot-
angular diSfributions derived for reasonable assumed forms ‘

of P(E ) which are specified in Table III. Auxiliary calcu-

S

. o : : t 1 ’ . - : N L E
mentS‘using other assumed forms of‘P(E ) (including an. ..o el

unreallstlc delta functlon referred’ to as the SRE analy81s

_1n Refs. 1b-1d) further 1ndlcate that (l) T(O) need not peak

at 0° for elther reactlon but the qualltatlve behav1or of

B‘a more sharply forward peaPed T(G) for the Ba reactlon whlch

‘N>1s exhlblted in Flg 2 appears valld (2) QF is in the range_.d
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of 0. 64 - '0.72 and 0.55 - 0. 60 for the Ba and Sr reactlons,:'

_respectlvely, and (3) <F > for the Ba and Sr reactlons are “

in the range of 3 5 ‘and 2- H kcal/mole if MX + PCl2 is formed |

|59 and 4-g if MX, + POl ds formed.
AThus,'in contrast to the Ba +.SF6 reaction, the Ba and

.Sr +'PCl3 reactlons proceed v1a a dlrect mechanlsm (T <T )

whereln the products rec01l preferentlally 1nto the forward

CM hemlsphere:w1th only a modest fraction (%206) of the ' p;g_

reaction energyvappearing as product recoil.i Moreover,uthev_a'u

observed SrCl+ éignal was appreciably weakerfthan the,Bale

signal. ‘This observation as well as the observations 6ﬂtthevv .'”

- Ca and Mg reactionepsh0wn in Table II indicate‘afparticularlyi.[__,

clear trend of decreasing Qr in the M + PCl3 famlly as M
vbecomea less easily ionizable. In thls regard the MCl (or MCl )
product CM angular dlstrlbutlons in Fig. 2 follow the expected
trend for dlrect reactlon mechanlsms of 1ncrea31ng forward
scatterlng with increasing 1npact parameters leading to ”
reaction. Product velocity analyais measurements‘areﬂnot‘
available on the A + PC1 reactions};-Prinitive product:i"

3 _
- 11 12
angular dlstrlbutlon measurenents indicate that Li » K%,

and Rb13 + PC13

that found?here, with reaction proceeding via a direct

'exhlblt the same qualltatlve'behav10r aS"h

mechanlsm, although 51deways rather than forward product

scatterlng seems to be favored in the L1 reactlon.'




Ba, Sr, and Ca +>SnC14

LAB angular distributions of me1” (correspondlng to MCl

and/or MCl ) from the Ba, Sr, and Ca + SnClLL reactions were

. measured in Ref. 2b to peak sharply near © ;“Od -JIn'gub;¥«-w-

B sequent experiments2b measuring the SnClu speed dlstrlbutlon,,-~'

'however, it was discovered that the‘SnCl beam proflle was

4
unaccountedly broadened, rendering an ana1y81s of the
measured LAB product angular dlstrlbutlons useless because'
of p0831ble severe distortion by an unknown v1ew1ng factor
f(Refs; 2b° and 11 dlscuss thls p0351b1e mechanlsm of
.distortion).' Nevertheless, the measured MCl 'Slgnals werevr
quite strong, 1nd1cat1ng large Cross sectlons for reactlons
of Ba, Sr, and Ca with SnCl1, (but not Mg,lsee Table II).
There is indirect evidenceu 12, 1& that the K Rb, and
Cs + SnClq reactions yield a heaVler alkallrproduct in
addition to ACl, presumably the ionically bound alkali
chlorostannite, A+SnClg If a similar product formed in'the
alkaline earth reactlons, evidence of it should apDear in |
‘the product mass spectrum because 1on12atlon of an 1on1callyi!

bound M SnCl mlght be expected to 1nvolve removal of a non-

3.
bondlng electronlb from M with llttle rearrangement of the
Vlmolecular geometry Desplte careful.massgscans at varlous».
‘angles for the_Ba, Sr,'and Ca + SnC14 reactions; however:'no'i
feyidence.of.an YShCl+ mass peak 'for nv= 0 1, 2 3, or 4 was

observed It is pOSSlble that any MSnCl3 formed mlght




~10-~

decompose before reachin" the detector. This 1s probably

'not a cons1deratlon in the alPall reactlons15 because
decomposition into MCl (or AC1l) + SnCl2 would be endoerglc
even allowing for excitation of the-initial chlorostannite :
product. In contrast, however, decomposition of any alkalineg
earth chlorostannite into MClé + SnCl1 might take place'
.because M + SnClq > MCl2 + SnCl + Cl is exoerglclé by 5- 10
kcal/mole. However, if MSnCl, formed in ylelds comparable ‘i;
to ASnCls, the absence of observable MSnCl mass peaks -
would requlre that most of it (> ~ 950) decompose before
reachlngpthe detector._ Since this seems,unllkely ;n view
‘of the energeticS, these obserwations suggest that,vin_‘
contrast to A+ Sntlu, MSnCl3 is not a‘significant product

of the M»+ SnCl, reactions.

m
- Reactions with Oxides

| Reactions producing‘alkaline earth monohalide‘products.
are especially'suited'to croSSedfbeamsdstudies;h'becauseh;o r_f._;ér

electron bombardment ionization of MX is expected to produce o
MX. almost exclu81vely. However, the 51tuatlon 1s less |
.favorable for 1onlzatlon of MO because a bondlng, as. opposed
to.non—bondlng, electron is lost. If the fragmentatlon ratlo,':.
M /MO ) were strongly dependent on the 1nternal excltatlon'
of MO it could hamper the 1nterpretatlon of the experlments

‘reported here where only the MO product lon s1gnal 1s‘-
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analyzed. In the usual case"(expectedrhere), the M* /Mot
ratio shOuldtincrease with,increasing MO internaldexcitation;
so that the product recoil energy distribution derived from’
the measured MO LAB angular dlstrlbutlon would be dlstorted
1nd1cat1ng too low a probablllty for low rec01l energy (and '
.fh;gh product 1nternal ex01tat10n) reactlye events. For - ”
example, this fragmentation ratio is very-strongly dependent v
on 1nternal exc1tatlon for lonlzatlon of alkali halldes,l7,;;
because of.the_weak lon—lnduced dlpole bond 1n4AXp, 50 that
it would be'impractical to measure product AXAscatterlngtw1th j'
'the apparatus employed here. 'd'i' 3 p B ic"HA-;. jpvu S
However, thls fragmentatlon ratlo should be”far less o
sen51t1ve to internal excitation For 1onlzat1on oF MO because
the MO molecules should have apprec1able bond dlsso01atlon g”:'
energies (data in Ref 18 suggest D (BaO ) = 70>kcal/mole)
‘ Mass spectral data are not avallable for the M /MO fragmenta-i'
tion ratlo of thermal Ca0 or Sr0 because the SOlld ox1des | f"_ -
vaporize with apprec1ablevdecomposltlon data for BaO 1nd1cate18_fh
a Ba */Ba0” ratlo less than one. Purthermore, data on the l'ﬂ S~
Sp + N02_scatteringrreported in Ref. 2b 1nd1cate that for fl#fvi;;{
LAB'scattering'angles greater than &25°' (l) the Sr and SrO -
LAB angular dlstrlbutlons are of roughly the same shape,land _;w';
(2) the:SrQ 1nten31ty exceeds that of Sr (by Nl 4) Feature':

(1) suggests.that the Sr 31gnal arises largely from 1onlzatlon .

of'product.SrO Slnce the apparatus sen31t1v1ty for parent d




=12~

and daughter ions isvapproximately the same,2b feature (2)

then indicates that the Sr+/SrOf fragmehtation‘ratio is less
than one'and is independent of LAB scattering angle.lg' Thus; :
these arguments indicate that the CM product dlstrlbutlons, |
which are ‘derived in thls sectlon by flttlnc measured LAB MO
product angular distributions, cannot be Slgnlflcantly in
error, although they could overestlmate, somewhat the
fractlon of the reaction energy whlch appears_as,productf

'recoil.

. Ba +.850

. ] + . - S . = - . ‘ g
A strong BaO0 signal was observed for scatterlng of Ba-

from 802 However, ow1ngto the llmlted pumplng capa01ty for '

SO2 in the colllslon chamber, the background pressure was rather

high (v6x10~ torr) durlng this experlnent Since the Ba beam -
path is rather long,,thls could have produced 81gn1f1cant -

pressure broadening of the Ba beam;-thereby introducing a

p0881b1e viewing factor distortion of the measured LAB product

v

angular distribution. 20 Nevertheless; the strong BaO 51gnal
observed 1nd1cates a large reactlve Cross sectlon so that |

D, (BaO)z,DO(OS—O) = 129 kcal/molg,zl.lnvagreement w1th;the"
lower bound of 131.5 kcal/moietfor D, (Ba0) determined'from a

,crossed beam chemllumlnescence studyz?bof the Ba + NOQQreactiqn{;




. Sr and Ca + NO2

The fact that most of the wide angle scatterlng of Sr

from_NO is due to reactlve events indicates qualltatlvely 7

2
that the cross section for this reactlon is large; in agree-' T

- ment with the large QR value measured in Ref 22{s The LAB |
tproduct distributions from Sr and Ca + NO shown ih Fig.f3_“t

can be fit to a rather wide range of T(e) - P(B ) comblna—ff__j"JVJ
tlons.e Plgure 3 1llustrates the range of T(G) whlch can be fi
- fit to the Sr or Ca + NO2 data for. reasonable breadths in
P(E'); less reasonable breadths (e. g., a delta functlon) o _'amﬂ
leads to broader T(6) estlmates Nevertheless, the data, 7 |
and lurther data analys1s reported in Re¢; 2b, clearly :
establish important qualltatlve reactlon features The Sr_fi

and Ca'+ NO2 reactions show quite 31m11ar features, thls is
1]1ustrdted by the examples of CM dlstrlbutlons glven in -

Table III. The average product recoil energy,,<E'>, ;s not

well determined because of uncertainties in AD_ as welluas"'

- the insensitiVity of the data at higher E' values;.howevep;.ﬁ' ‘ “f
the dominate E’_value, f'?.is relati&ely.well characterizedt :'bf~¢ﬂ;
(&3;7 kecal/mole). Most importantly; T(6) must definitely T

peak forWabd (a1though‘not_necessarily:ﬁfecisely_at Oé)"with  i

Qf > 0.50 and aSYmmetry about'é =‘90§ so that the reaetions S

proceed via a direct mechanism. ~ - = R




All of these featﬁres are in agreement'witﬁ alpreviods
crossed beams study of the Ba +'NO reactioﬁ.23’24' These
are also the same qualltatlve features reported for the
Li + NO,, reactlon.25 As pointed out in Ref. 25; the potential
hypersurfacesﬁfor'thesewreactions are eXpected—to exhibit an =
inner well corresponding to formation of the MNOé.intermediate;26~
'a feature which a pPlOPl might have.been expected to. lead tovg'
a long llved complex rather than direct reactlon mechanlsm |
sThe large reaction cross sections and forward product scat—
‘tering'whichyare‘obserVed suggest a reactioﬁ mechanism wherein
'the'incomingvM transfers an electroﬁto:the Noz; and the’NOE_i:
which is formed immediately breaks‘upvin the force.field

. Lt ’ ' o : :
provided by the M to form the MO + NO products. .

~Ba and Sr + (CHy),CHNO,

The K + CH3N02 reaction proceedS'with a largeAreactive
cross section to give a practically'iSOtropic product angular
distribution;27 electrlc deflectlon experlments on Cs + CH3NO2

have establiéhed that the products are CsNO2 +_CH3.28. Slmllara,p

results have-been}reported for Li,+>CH3NOé 25’29 although the
-product angclar_distribution,‘whlle stlll very broad, appears-’
to favor forward scatteringf Thus, it seemed of spec1al
.interest to examine the reactiohlof Ba w1th a nltroalkane, as“j

thls reactlon should prov1de an opportunlty for the alkallne, .

earth to dlrectly assert 1ts potentlal dlvaleacy, formlng
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BaO rather than the BaNO2 whlch would presumab]y form if Ba
reacts via the mechanlsm characterlstlc of the analogous CS"
reaction. |

Figure 4 shows the data measnred for the reactions of;.i
Ba and Sr with 2—n1tropropane.30, For both reactlons, MO is
the only alkallne earth containing product ion observed
- although~the 51gnal—to—n01se was such that MNO2 (or MNO )
should have been observed had it been presentlat:as little-
asvs%’of_therMO+.signal. Since MNO2 would‘presumably_inVOlve'
a'single ionic bond its lonization should'proceed via the."d
removal of a non—bondlng electron on the alkallne earth
suggestlng that it wouldn t be expected to fragment exclu—i
sively into MO,. Thus, we feel that the»most reasonable
' interpretation of the observed HO+ product signal is that
MO, rather thanMNO2,'is formed via a direct reaction'mechae
nism different'fromvthat.charactefistlc oflthe alkali:'
reactions. | | “

Further support'for.this conclueion'ie.providedpby the;
shapes of the measUred product angular distfibutionetb Table
III llsts partlcular examples of CM dlstrlbutlons whlch w1lll'
,flt the data Qualltatlvely, the product cM angular dlstrl—i“

butlons resemble those shown for the NO2breactlon in Plg 3,

‘_and other renarks regardlng the CM dlstrlbutlons from the N02':.

| reactlons are generally appllcable here. The data do support”

the general conclu31on, however, that the BaO product 1s more :
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‘sharply forward scattered (i;e., iafgep Qp value).fhan the

Sr0 product. As for the NO, reactions, E' is a more reliablefﬁ
indication of the energy partitidning than is <E'>. This is
~especially true for the Sr redction because‘éf uncertainties
in AD_. Indeed, the rather large cross section indicated by -
the data for this beaction.would Suggest that either D_(Sr0)
in Ref. 31' is too low or that the AHZ(R-NO) - AHZ(R-NO,)
estlmate from Ref. 32.is foo high. At any rate, the oUt—
standing qualltatlve feature of these reactlons is thelr |
~close 31m11ar1ty (espe01ally for Ba) to the behav1or of the

M+ N02 reactions. This suggests that they proceed via the

same direct, electron-transfer intermediate mechanism.

Ca + CC13NO2

Table IT indicates tﬁat, although a weak CéO*-signal>ﬁaS'
seen as wel1, the prédominafe producf siénal obsefvedvfor‘ |
scattering of Ca from CC1l,NO, was cacl’. = The measured LAB
CaCl+ angular distribution is shown in‘Pig. 4, and Table 11T
provides an example of a CM distribution whlch adequately
4f1ts the data ‘In general the CM dlstrlbutlons whlch will
fit this data are 51m11ar to those found for the M + NO2 éndv
(CHB)QCHNO2 reactlons, so that thls reactlon presumably
"proceeds via a direct, electron transfer. 1ntermed1ate mecha—

nism. Comments présented,on the llkely shape of the true CM




distributions for the NO, and R-NO, reactions are generally
applicable to this reaction as well. Calculations reportedv"
in Ref; 2a indicate'that.the'CM product angular distribution,

for Ca + CCl NO does appear to be somewhat ‘more sharply

2

peaked in: the forward directions than is that for Ca + CClu 1d-

- suggesting that CC13NO2 is a better electron acceptor than |
q" Although the nature of the molecular orbital in CCl3NO2

which accepts the donated electron 1s not. known, the observa-‘w

ccl

tion that CaCl (or CaClz) is the predomlnate product is not
surprising sincé the Cc13NO2 1ntermed1ate would be expectedVF
to correlate asymptotically w1th Cl and CC12NO2 by v1rtue of - "7} |
the large electron afflnlty of Cl . A similar effect is B ‘
observed in the M + ICl reactlons where MC1l is the domlnate
product despite the fact that the donated electron 1n1t1ally
enters a molecular orbltal which is located prlmarlly on l

the I 51de of the ICl molecule.lb

CONCLUSIONS

It ‘seems natural to conclude these exploratory studles ’l\_
1th some general comments on the contrastlng gas- phase,
51ngle—encounter chemlstry-of alkallne earth and'alkall,atoms..iaf

One obv1ous p0381ble cause of dlfferent behav1or 1s the

o potent1a1 dlvalency of the alkallne earths._ In thls regard

it is gratlfylng that the M and Ll + NO2 reactlons are qulte

31mllar, as these are the reactlons for whlch the potentlal o



hypersurfaces are expected to be most similar. Results for

the homonuclear diatomic halogenslc and methyl iodideld

also
indicate that A and M atoms exhibitiquite'similar chemical |
behaviors when steric effects are likely to. inhibit the .
potential attractive interactions.between'productsrwhichvare
expected for M, but not A, reactiong. For some other
reactions, on the other hand, A and.M atoms‘show different
chemical behaviors. There is some'evidence for this COn;
“trasting behauiorfin the IC1 reactions,lb and it is quite
..apparent in the CHzlzlé1 and R-NO,, reaetions.__ d T
Another possible cause for dlfferences is the palred
versus unpaired valence structure of the,reactant atoms. This'
would probably not be expected.to be important~for'reactions‘:-'.\:
proccedlng via an electron transfer 1ntermed1ate Wthh Iorned -
at large reactant separatlona. However,'lt suggests that
.the activation energies determined:for_the-Ba, Sr, and Caf+ HIV"'
reactionsla are surprising small;-since the A + HI reactions
would probably not proceed via a.longerange electron transfer:'
At any rate, this effect or the relatiuely rapid rise in.
ionization potential’(and consequent trend towards the'_ ._j. :if
'"non—metailic' reglme) in the Ba + Mg sequence does glve o
" rise to contrasting react1v1ty trends in the two. famllles
’of'reactlons. Thus, although total reactlon cross sectlons»

_haven t been determlned data reported here and- 1n Ref 1

1nd1cate that Ba is as reactlve as’ an alkall metal whereas '}f'




Mg is ebserved to react only with,halegeﬁ molecules, and Sr

and Ca exhibit intermediate'reactivifc_i_ee.34 This behavior

may be contrasted to the alkali metals; where'reaetion cross o
.8 ectlons show only a modest decrease 1n the Cs - Ll sequer1ce.3.5’38
It 1s 1nterestlng to note that vapor co- dep051tlon of Mg atoms
and organics has recently been used in synthe51s.§7‘ The |

eontrastlng react1v1t1es of the alkallne earths mlght prove ;e
of 1mportance in this regard if this proves to be a useful: “

synthetlc technique. | | | |

"This - report was done under the ausplces of the U. S. Atomlc Energy

Commission. - _ . . k R S T
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Table I. Experimental Beam Conditions?

Alkaline earth atom bean : Cross beam

ggi%;g;zn B Soupce  Speed distridution®>® Source conditions Speed distribution”’~ gili;gz
| o TemPeratur? - % 21 | Temperature.Pressure -QZ ) ne-gy,
Ba+SF, 1060 3.2 1.1 310 2.2 2.0 1.4 235
Ba+PCl, 1040 3.2 1.1 360 3.5 2.2 2.0 268
,SP+PC13 o 9380 3.8 1.3 350 3.2 2.2 1.8 2&?
;_Ba+SO2; o 950 3.3 0.0 360 tu.o.. - 3.1 . 2.0 ng
; SP+N02V> . 950 3.8 1.3 © 350 2.2 3.6 - 2.0 2il
Ca+N02~" : 1050 5.9 2.0 360 4.0 3.6 2.3 2:5,
Ba+(CH ) CHNO' - 1020 3.1 1.1 390 2.6 2.7 1.8 2.4
Sr+(CH ) CHNOQ- 960 3.7 . 1.3 350 2.8 2.5 1.8 2+3
Ca+CCl3N02‘p. . - 1020 5.8 1.8 320 3.8 1.8 l.7

j;aTemperatures are given in °K,. pressures in Torr, speeds in'lOO m/sec5 and‘energies in kcal/mole.

'bThese are parameters of the functlonal representatlon of the beam number den51ty speed distri-

butlon employed 1n Ref 1b- d

?.CParameters for Ba from measurements reported in Ref Qb;_parameters for -Sr and Ca from'an
'extrapolatlon.dlscussed in Ref. 2b. : - ' ' ‘ B

"dParameters for PClg NOQ, and (CH3)2CHN02 from measurements reported in Ref. 2b parameters for
: SFG, SO2, and CClsNO2 from an extrapolatlon reported in Ref 2b. '

‘eE is a characterlstlc translatlonal energy of reactant approach, calculated for the most probable

‘(number density distribution) beam speeds.. If no relaxation took place during beam formatlon, the

~ cross. beam also possess thermal rotatlonal and v1bratlonal energles.,
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Table II. Summary of Reactlons Studled ...........

Mass peak-

Alkaline earth atom (M)
Ba . .. .. Sr ... Ca: Mg.... o000 d?t??ted
SF R T(SF, ") ~ NR NR . MFT
PC1, R R F NS - omMert
snCl, R R R N - Mel?
50, R NR MR NS oMot :
Mo, | NS R R rachy . mot
(CH,) ,CHNO,, R R N NS fMo:
“ce1,mo, NS s R NS oMl
cc1,No, NS NS F NS om0t 1

Nb - Thls react:ve system was not studled I (X )— it proved

impossible to draw any conclusion about thls reaction because
of interference from the X+ mass peak; NR - no product signal

was observed, Qg < v 1

; F- a product signal was observed

‘which was too weak to permit miasurement of a reliable angular

distribution, ~ 1

2 <Qp< v 5 ; R-_a product angular e

distribution was measured, QR > v 5 K




: d-'

B the most probable re001l enercy, is obtalned from: dP(E )/dE IE o= 0.

Table III‘_n.fAK_— R = MX * K Derlved CM Reactlon Crose.Sectlons .......
. Angular dis trtbutlod 'Speed distribution Energetics -

: _ : T NG £
Reaction Lve,g_epn‘d ,,,,,,, fioo c,l ________ R L Cs St S = Rl - PP
Ba+F-SF, A 200 c.10%  0.51 3.02 1 2 2 1.0 3.4(4.5) 62(124)

| B 2500 0.00  0.53 2.3 4 2 2 1.6 2.1(2.8) 62(12k)
Ba+C1-PCl, 20° 0.10 0.6Y4 3.22 1 2 2 1.4 4.8(8.7) ~25(%60

Sp+C1-PCL, 200 . 0.30 0.55 402 1 2 2 1.3 3.9(7.7) ~20(%55

Sp+0-NO 100 0.12 0.5 4.5 2 1.52 2 b4 ap 20
Ca+0-NO 10° 0.089 0.55 6.0 2 2 2 v 2 3.5 "5 11

- Ba+0- -ONCgH, 30° 0.15  0.68 4,52 1 2 2 2.9 15 N3 g
Srt0- ONC3H7 100 0.15  0.56 4,32 1 2o 2 1.4 A5 A0

B Ca+Cl‘0012N°2 A58 e 0.20. .-0.87. - 7.002. 1.2 2 . 1.8 8.8 35

‘aEnergies’are-given'in kcal/mole and speeds in'100.m/sec.'

S . ' !

:bThesejafe‘parameters of the T(6) function employed in Ref. 1d; 61 = 62 = 0° for all reactions 5

- except that 8 5° for Sr + C3H NO and Ca+CC13N02. : T

Tf? These are parameters of the dlstrlbutlon functlon employed in Ref 1d for the rec01l speed of the

o detected product : : : . o



Table III. Cont'd. _29_ 

t -

®<E > is the average product recoil energy. Energies given in
‘parentheses refer to formation of an alkaline earth dihalide
product. E - ; : '
fAD = D (MX) - D (R=X); D_ taken from: for MF and MCl: D. L.
Hi%debr@nd, J. CBem. Phys®, 48, 3657 (1968); 52, 5751 (1970);
for MO: Ref. 31; for SF.: D. L. Hildebrand, J. Phys. Chem.,

77, 8397 (1973); for NO,: Ref. 21; for CCl,NO,, assumed same

as CCly,: Ref. 1d; for dther bonds, estimatesfrom Ref. 32.

.-4gGauésian part of T(8) reflectedvthrough'90° and multiplied by
0.75. - T T



Fig. 1.

Fig. 2.

FIGURE CAPTIONS

Data points in upper panel show measured LAB
. + . '
‘angular distribution of BaF signal from Ba + SFG.

Lower panels show derived CM T(8) and P(E') distri-

~butions whlch are also glven in Table III as A

d(solld curve) and B (dashed curve). On the p(e' )

plot, abscissa numbers in parentheses refer to
BaF??f SE), products, numbers without parentheses

refer.to RaF + SFS products. The convention fol-

~lowed is that the solid T(6): must be used in

oomblnatlon w1th the SOlld P(E ) to produce the
corresponding SOlld curve fit to the data shown in.

the upper panel; Also shown in fhevupper paneliied

a calculated angular distribution of T (dotted curve).

Upper panel: Data p01nts show. measured LAB

angular distribution of BaCl 81gnal from Ba + PCl3
as well as the fit to_the_data provided by the

CM T(8) shown in the lower pahei together'with'the\

P(E') specified in Table III.'_Dottedvcurve shows

the calculated angular_distribufion of.E.» Mlddle

panel: _LAB results on the Sr + PCl, reactlon,

"conVentions are as in'the uppef panelf Lower paﬁel'
Comparlson of drlved CM product angular dlstrlbutlons'

cfor Ba (solld curve) and Sr (dashed curve) + PCl
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fig. 3. Two upper panels: LAB produét angular distri;
butibhs from Sr ahd Ca +,N02; solid curves through
data points show fits prévideq_by CM distributions
given in Table IiI; déftéd‘curvés show calculated
angularzdistfibutibné of'E.A'waeb'pahei:. Réngé
of‘"likelyﬁ.CM product énguléf distribution for

PR

- these reactions.

’VFig; y., - Measuréd>LAB angular-distributions from Ba and
| Sp + (CH3)2CHN02.and Ca + CCléNoz;-cohventions_;_i'

.as in Fig. 3.
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