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I. PROBLEMS STUDIED

Metal combustion processes have been studied (1) by

observing and spectroscopically analyzing visible emission ;

(2) by detecting “dark” states through their characteristic

laser—induced fluorescence; and (3) by determining the nature

and type of ionic products produced in some of these highly

exothermic reactions. In the course of this work we seek

general principals that can tell us about the various ways

of disposing of excess reaction energy in the products.
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II. MAJOR RESULTS

The following Abstracts summarize the work performed

during this contract period:

F. Engelke,’ R. K. Sander,t and R. N. Zare
Depar lment of Chemistry. Columbia Univers ity, New York, New York 10027
(Received 18 Marc h 197 6)

Chemiluminescence resulting from the reaction M+Cl02. M = Mg, Ca, Si, or Ba, has been observed in
crossed molecular beams. Two special features are found: (1) selective formation of MO’ in the A’ ‘ ii
stale in preference to the isoenergetic A ‘~~~ state; and (2) the formation of MCI’ in various electronic
states. Although the MCI’ product results from attack of the central Cl atom in dO 2, its cross section is
comparable to that of MO’. The cross section for chemiluminescence is a small fraction of the total
reaction cross section , which is larger than gas kinetic. From the chemiluminescent spectra the relative
electronic , vibratio nal , and rotati onal populat ion dist rib utions are derived and the followin g lower bounds
are placed on the MO dissociation en ergies: D~(CaO) > 109.7±3.5 kcal/mole; D~(SrO) � 107.7±3.5
kcaI/mole; and D g(BaO) � 133.6 ± 3.5 kcal/mole. The reaction dynamics are thscussed in terms of an
electron transfer from M to the halt-filled antibonding orbital of Cl02.

C. R. DIC KSON , J.13. KINNEY and R.N. ZARE
De~~r ip nen i of (‘heniislry. columbia Unip ersity,
New York , ,Vew York 10027 , USA

Received 16 February 1976

A study is made of the visible chcrn ilurninesc ence resulting fro m the re-actio n of ati atomic beatu of barium svith ‘2under sing le~colli sion conditions (— 10~~ tor r) . The resulting spectr t tn s consists of the Bat C 2 11 x 2~~ emi ssion on top of
a n t tnder lying “continuum ”. The va riat ion of the Hal emission intensity with Ba and l~ flu x is investi gated , and it is con~cl uded that the r ea Ction is bimolec u lar. The total phenonienolog ical cross section for bariu m atom removal is determined to
be 86 A 2 , which ag rees well w i th  the total reactive cross section calculated assuming an electron jump mechanism. The short
wavclcngth cutoff is identif i ed as the  trans i t i on fron t  the u’ 41 level of th e Bal (.2 113/2 state to the v’ = 4 1 level of the
Hal X 2 2. s t a t e .  A str i c t  losser hout id D~~Bat) ~ 102 t 0.7 kcal/mole for the ground State dissociation energy of Sal is ob-
tait sed f r o m this short wave l ength cutoff .  The value D~ ( Hal ) 102 s I kcal fn sok is recommended, where th e erro r esti mate
Incl udes t h e  possible contr ibu t ion f ro m the final rela t ive translation a l energy of the products.
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P.J. DAG DIG IAN
Department of C’he,n istrt , The Johns h op kins University,
Baltimore, Maryland 21218 , USA

H.W . CRUSE
Shell Research Ltd., Thornton Research centre,
P0 Box 1, (‘hester CIII 3S11, UK

and

R.N. ZA RE
Departmen t of chemistry , colu,nbia University.
New Yor k , New York 1002 7, (ISA

R eceived 16 February 1976

The reactions Ha + cu 3 l -~~ 831 + C}l~ and 13a + Cll a l a Hal + Chl ~ 1 have been investi gated by the method of laser-
induced fluc,re scence . Exc i t a t ion  spectra arc reported for Hal products  formed ut sd er sing le-collision condit iotts in a
“bcam-~ac” arrangement. The ptothsction of B-,sI for I~a + CU 2 12 is. found to be a majoT reaction patlssvay with a cross sec-
ti o n abou t  twice that  for Ha + Cll~ l. The relative vibrational populations show for both reactions bell-shaped distr ibutions
peakin g close to~~ = 2 1 l~~r Ba + Ch1~ l and u =  39 for Ha + Ch1 2 l 2 . The corresponding averag e fraction of the total reaction
exo er g ic i ty  t ha t  appears as B~1 vibration isf0 = 0. 18 for Ba + Ch1 3 1 and f0 = 0.29 for Ha + (‘112 12 . In the case of Ba + Cl13l .
an est imate for the average rc lat i v e t ransla t ional  energy of the products , obtained from the primitive angular distr ibution
measurements of Un . Mi nts and Ilerm . can be combined wi tl t  the average vibrational excitation of Hal to provide evidence
that  the internal excitatio n of the methyl radicaL exceeds that of It at .  g\ model is diseus~~d which postulates an electron
ju mp in the exit valley of the Its 4- (‘1131 reaction 1(5 accoun t for this feature of the reaction dynamics

F. ENGE LKE* and R.N. ZARE
Department of chetnistry , columbia University, New York , New York 1002 7, USA

Received 15 September 1976

The reaction of the heavier Group lIA metal atoms Ba L Sr , and Ca with S 2( ’l2 under crossed-beans conditions produces
a chemilumj ne sccnt spectrum in which the S2 B — X emission bands are the most prominent feature . In addition ,
chemilumine scence is also observed front excited states of the alkaline earth tnonoch lor ides and from a “pseudo .continuum”
which is believed to orig in ate f ro m a n ex cit ed poly a tonsic metal halide , probably the alkaline earth dichloride . More than
100 bands arc assigned to the S2 ll— X band system; the vibrational levels of the S2 B Stat e are found lo be populated by
the reaction in a non-thernsjl manner . The reaction forming S is determined to be first order with respect to both the
ground state metal atom and the disulf u r dich loride molecule . Phenomenological cross sections for removal of metal atoms
from the metal bea m by 52 C12 are 162 20 A 2 for Ha , 105 ± 20 A2 for Sr , and 92 ± 20 A 2 for (‘a, whi ch is con sist en t
with an electron jump nr od el if the vertical electron affinity of s2 c12 is 3.25 CV. Absolute photon yield measurements in-
dicate th at less than 1% of the Tea~ lion products are s nsolccules that emit in the 2800—6000 A region, From the single-
collision chemi!uminesccnce spectra the fcl t owin g dissociation energies are estimated: Dg( C’J --S2 C1) 44.2 ± 5 kcal/mole
and D~ (S 2 - Cl) 54 a 5 kcal nsole . A speculation is offered that most of the reaction exoergicity appears in the S~ product
when the S2 C12 M collision coiit~ lex passes th roug h a nearly-p lanar , five-member ring structure in separating to form pro-
ducts.

It __________________________________ ___________________________________________________________________ —
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Hi.:.x gy L’. LEE AX!) RIch ARD X. ZARE

kpur,lme,.l of (hemis iry, Columbia Unir ’ersity, New York, Near’ Y.,k ICV)27

We have obtained tire chcmilu in ine scent spectra of VhF ’ atul Vl,Cl from the reactions of
yt ter b ium with fluorine and ytterbium with chlorine dioxide under beans-gas conditions and
irs a high-pressure (3 Torr) flow system. Mush more extensive batid systen is are observed
than hitherto reported , and a vibrational reana lysis of the ground and low-lying states is made.
Althoug h the .l—X and B ,Y Systems appear regular in YbCI , tl te A ‘u~~X ‘~ 4- and B
syste ms in \‘hiF exhibit extens ive vibrational pe rturbations. Phe itt t craction between molecular
state s ar i~iisg from the separated atoms ~‘hr (M) + X ( np )  as well as Vb(Gp) ÷ X ( q)  is be-
lir~ed to cause these perturb ations. Ass unassigned red-band system is observed in emission for
both VbF and VbCl , suggest ing that  the iowest .lying exdte d state is not t h e  .4 state.

G.J. DIEBOLD , F . ENGELKE *, H.U. LEE 55 , J.C. WII1 T EII EAD~ and R N .  ZARE
Department of Chemistry, Columbia, New York , NY 10027. USA

Received 23 June 1976
Re vised manuscript received 10 November 1976

Large variat ions are observed in the chetni -ionization cross Sections for the thermal reactions of Ca , Sr , Ba , and
Yb atoms with various halogen and interhalog en molecules , as well as chlorine dioxide. While the alkaline earth metal
ato m reactions generally produce ion products , this is only true for Yb + F2 . The absence of ions for the other Yb
reactio ns is explained on energetic grounds. For the reaction of a metal aloft (M) with a halogen (X 2) , the positive
and negative ions are determined mass spcctrometricahly to be MX and X .  For the interhahogcns , both ion channels ,
MX~ + Y and MY~ + X , are observed , thc dominant channel being the one more exoergic. Absolute chemi-ioniz at ion cross sec-
tions are estimated to range from 0.001 to 1.6 A2 , with an uncertainty of 100%. These cross sections decrease in the
order Ba > Sr > Ca > Yb for all oxi dtz er gases other than 1:2 . For a given alkaline earth metal , th e cross sections de-
crease in the order 1 2 > (‘12 > Br2 > 12 ,  the only exception being Ba + 1:2 .  Th ese large cross sections indicate t h a t
for all the reactions discussed here , the che mi -ionj~ation channel is niuch nr ore importan t  than the chemilumin escenc e
pat hw ay.

.
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C. R. Dickson and R. N. Zare
Department of Chemistry , Columbia University
New York , NY 10027

AEsTRAC’r

The chemilurninescent intensity resulting front the reaction of

Pb with F3 is studied under beam—gas conditiona at F2 pressures

of 10’’ torr and in the presence of argon at 7 torr, A series

of 133 red degraded bandheada belonging to the A(fl~~) —

system in the wavelenth region of 400—540 nm are observed in the

cherniluinjoescent spectrum obtained in the presence of argon.

Since 69 of these bandheads are new, a vibrational reanalysis of

the Play A-X5 system is made. ‘Fwo new band systems in the 670-E00 nas

wavelength region are believed to result from emission betvccn

higher PbF states. Under beam-gas conditions, the variation of

the chemilunsinescent intensity as a function of metal flux arid

oxidant pressure shows that PbF results from the bimolecular

reaction Pb+F 3 ~ PlaF
5 +F. Energetic considerations based on

the mass spectrornetric value of D°0(PbF) and the short wavelength

cutoff in the beam—gas chemilwninescont spectrum rule out the

reaction P b (3 P3) +F 5 as responsible for populating the PlaF A

stat, but suggest instead that it is the reaction of a snetastable

l.ad atom Pb(5P5) or Pb( 3p3) with F3., most likely the former.
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