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INTRODUCTION

An intense, visible chemiluminescence is often observed during the gas-
phase oxidation of alumiaum or aluminum containing compounds. This chemi-
luminescence is usually dominated by a broad ‘''‘continuum,'" which peaks between
500 and 620 nm, and often remains above half-peak power at 400 and 750 nm. A
short-wavelength cutoff near 350 nm is evident.

Laboratory observations of this chemiluminescence continvum

1)
in premixed 'I‘MA/O2 ﬂames$4) in the reaction of

have been reported in the reaction of atomic oxygen with aluminum vapor* ’ and

trimethylaluminum (TMA)f1 +2,3)
TMA with 0, (a 1A)(,s) in the interaction of molecular beams of aluminum vapor
and ozone$6) in laser-supported detonation waves in air on aluminum surfacessn
and possibly in the oxidation of exploding aluminum wiresfs) However, the most
dramatic observations of this aluminum-oxygen continuum involve the interaction
of the gaseous products from either aluminum loaded grenaclessg-ls) or from the
oxidation of TMA,(M)

The purpose of this paper is to examine the molecular mechanism responsible for

with the upper atmosphere between 90 and 220 km in altitude.

this chemilwminescence,

AP
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CHARACTERISTICS OF UPPER ATMOSPHERIC ALUMINUM GLOWS

The visible chemiluminescent glows from aluninwn containing upper atmospheric
releases are strong anough and porsistant enough that charactevistic upper atmospheric
diffusion cocfficients huve been dorived from ebsovvations of the rate of growth of these
chemilumineseont “'elouds. n(lo-17) However, this techniaue hus heen supcrseded

by twilight releases into the sunlit upper aunosphere. These rasult in the supor-

imposition of the strong, solar-pumped fluorescence of the AlO (B 22* ~-X 212+)

transition on top of the chemiluninesceuce, thoreby producing a brighter and lengor-
tived ctogals"19 | | |

The wavelength dependence o e cheniluminescent glows from aluminizedt
grenade and TMA upper atmosgheric veleases is sulficiently simifur that it has long
been assumed ot both glows srige from the same emitting s;wcicsgm) This assumption
is strengthencd by the fact that o mujor chemical compoarnl of both types of release
clouds is A, 4 fact demonstrated by the solar-induced fluorescent emission from
the AlO @B ~ X) -b&ufigga) Application of the revent ditermieation of the A0 (B ~ X)
trausition £ tstmxberm) to quantitative measurements of the stesdy-state AlO coneontra~
tion producaed by TMA clovds &t sititudes from 125 1o 142 kmim* fncdicatos that =* least
ang ei{;&& percont of the sluminem releused as TMA is prosout ay ALO for times on
tha oxder of saveral minutes. '

Nata an the todal radizat intensity of beth ahuninized grenade sud TMA clowls
indicate that the Hght produciag reaction ia vory efficient. Accurste quantum yields
zre Gifficull to deduce both because tha (xal radiant intonsity measuremsents sulfer
fram instricsentation sad elorpretation sifliculiies aed bevause the mrolecular
distribution of released products is wat well-Raown,  (Coly equilibrivm catculations
of oxploding gressde products ave avzilable. Also, TMA is releesed 53 2 Hquid, part
of whﬁeﬁa flash vaporizes to 2 dimer/ivonmnier mixtere while tie rest froczes and may
or may oM participate ie e Giow prodicing Tezctions However, blished maoastve-
mests of tolil raditet totensities Tndicate that the yield of “continuun, visilo photons
may be 25 high 45 0.6 per molecule of vaperized alumiaum contatning molecules!
The quanium yield for gronade relezses rises sharply between 95 and 120 ke, aad
plateaus or Grops siightly above that altitde’™™ Sunilar data for TMA releases have
" vot bosn publisited. 2 '

ty
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PREVIOUSLY SUGGESTED CHEMILUMINESCENY MECHANISMS

The actual molecular identity of the cheimiluminescent species has not yet been
experimentaily determined in either laboratory or upper atmospheric studies.
However, strong evidence that the emitting species contains aluminwm is contained in
the chservation that purely organic explosive grenades containing aluminum granules
produce the characteristic glows at 114 km, while the same grenades without aluminum
do notflo) The conclusion that the emitting species is an aluminum oxide is drawn not
only trom the various laboratory studies with controlled oxidizing environments, (1-8)
Ui aiso iron e abscrx;ation that atmoespheric releases do not produce this char-
acteristic radiation at altitudes betow the onset of atomic oxygen as a significant

atmospherie componeptfm)

Rosenberg, et val. SIG) have‘-suggasted the most widely quoted mechanism fer
the aluminum-~-oxygen chemiluminescent continuum. This mechanism is analugous
to the well-known nityic ,bxide, oxygen atom recombination continuum, and is pre-
seuted in Egs. (1) - (4):

A0 + O —~ Al()z* (V)
Al()z‘ =N - A102 + M (2)
A0, = A0, + by {3)
Ao, + O — A0 + O, , @

where {*) denotes an electronically excited molecule. Rosenberg's wiechanism is
attractive from the standpoint that it involves only reactanis which are known to be
present in the release cloud (A0 is daetoeotad by solar-pumped fluorescence and

atomic oxygen is & well-known atinospheric constitucnt at altitudes sbove 85 kmy, In
addition, reaction (4}, which regenerates AlO, allows a chaia process, which is always
ielpiul in accounting for high chemilwninescent quantum ylelds.
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However, tbé mechauism shown in reactions (1) - (4§ runs into sé_mpus diffi~
culty when applied to quantitative observations. In fitting this i‘eactio_n scheme
to their observations of grenade releases, Johuson and co-workers(+>) dismw:’;fed that
they would need an effective radiative recombination rate cnnstant. 3 fer vk com~
bin tion of reactions (1) and (3) ﬁgllormrr the quenchvng reaction. (2)) of 1x }(; i3

cm /sec. B
kS

A0 + O ~ A0, + hv | L ®

The chemilurinous glows from nighttime trimethyaluminuy ~2lease can aiso-
be analyzed to yieid an estimate of the magnituds df ks necessary wr the AlO + O
radiative recombination mechanism to explain the da’ia osewbery, et al., have
characterized th ;ir T™*A clouds as emitting 167° pk.otons per second per TMA
molecule relesed st 108 ka, ana 10 -3 pliotons per second per TMA molecule

4
released at 160 I-:.ms2 )

Thus, the average photon emission per cubie centimeter from the 100 km cloud -

can be written

dfy . “MNrma o
at v ’ ' !
where NTM A is the number of TMA molecules released, V is the cloud volume ie

cubic centimeters, and as the number of photons per secand per TMA molecute
released. However, if the emission is due to reaction {3), the photon emission v g

unit volwme ¢an also be written

dwﬁwg N
¢t

. {AIUJ [(.)l , )

where {MO] zmd{()j are the average spovies concontrations in the clovd. The
napertuvibed amr»m, oxygon concentrations for 100 nad 160 tun ave near 1,09 x 1077 :

gnd 1,86 % 10 f}imnv*’ .n$ msueutwei;‘w) It should be noted that substitution  of the
unperturbed stomic oxygen cantcut into Eq. (7} will produce a congervative lower

estimate for hb. since the reul atomic oxygon content in tho cloud will be reduced

;‘v




from the unperturbed value by reaction with TMA and its oxidation products., The

AIO concentration in the glowing cloud can | ; veiated to N by utilizing the pre-

viously mentioned twilight solar fluorescence measuremex?tzl.&g) As noted pre-~
viously, correction of the published ratios by utilizing the recent, direct
laboratory measurement of the AlIO (B = X) nuxnbel'&l) yields an estimate of the
total AlO cloud content as 0,08 N
Thus, 0.1 N'i‘M A
between 100 and 160 km, This leads to an estimate of the average AlO concentration

/V. Usiag the valaes of [()] and [Al()] discussed above,

TMA TMA
is a conservatively large estimate of total cloud AIO at altitudes

per unit volume of 0.1 Noma

Eq. (T) can be rewriiten as

e 0.1 N r . .
d%&tv} ~ K TMA EO} ; ()
equating Eq. (8) and Eq. (6) vields

a N 0.1 N

N .
TMA 4 _TMA | ;
v F K v {0] o o
snd rearrangement yields
& 1
E(,-; & 3 3 . (10)
< G.l {0}
Utitizing the estimated values of «ang EO] for 1w km yvields an ostimate,
A [} . 19 3 :
ke v P bt e 08zs 0 Va0
. 1Lsx 1 "® )
. . N “ v
ﬁté)stimuagamxc{()}vaiu% for 160 kn yields
R , T L I
%eﬁ 3 "ami' _.lj ., o SUxle = em i!sw , . it2)
' I.66x 10 ¢ - ¢

. e e e oveere - e o o o * = g — ST R . P e e
. q’

at 162 km, decreasingio 0.01 N at 126 km.
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These estimates of k5 are comparable to the 1 x 10‘13 cm3/sec value derived by
Johnson, et al., from their grenade produced glow data. Lower average con- i
centrations of eithar aluminum moncxide or atomic oxygen in the clouds would, of \

course, produce even larger estimeates of k:i’

It is quite unreasonable to expect reactien (5) to proceed with a rate con-

stant anywhere near as large as 1 to 6 x 10-13 cm3/sec. Radiative recombination

rate constauts for two or three atom systems seldom exceed 10-16 cm3/sec, even ]
in their high pressure "effective biomolecularf limits. For example, at typical '
atmosgpheric densities (< 1012 molecules /cma) and temperstures (300~5000K)

characteristic of 120 km (23) (where the grenade-produced aluminum oxide

T e ape

chemiluminescence plateaus), the well-known NO + O *tair afterflow*! reaction
exhibits a biomolecular rate of 1 x 10-17 to 5 x 10“18 cma/secgzs) Since the O + NO
radiative recombiuation, *hich is cae of the most facile reactions of this type known,
proceaeds at a rate mors than 104 times slower under uppaer ntmospheric conditions than
~ 1+~ eded for AIQ + O, it seems urreasonable to aseribe the sluminum oxide
chemiluminescence to reaction {5).

Schifl has suggested that the chemilurninescence created in the interaction of
atomic cxygen with the dimeric forin of trimethylaluminuin may be due to the reaction

ALty ], + 0 = Ao + seny (13)

LS

which he stated to be more than 39 keal/mole exoﬁxemuci” Howevey, the average
Al-CHx boad strength in trimethylaiuminum has been measured as 44529 or

«g? o .
a2.901 keat/mole, sad either of these values, coupled with the dimer disscoiation
" R
energy of 20.2 ket fmote ™ and the AL atemization energy of 249 keat/mole &9 -
- .
makes react:on (13) morve than 140 keal/mele endothermie. “Thus, veaction {13) can

! be ruled out a5 the mechanism vesponsible for the chamiluminescenee obsesved in 4
. TMA oxidation, |

JRUCHENI “‘?::.._..‘..__ I AA . ' . . 'iF . L I I . ' N . Ii*i N : . J
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AlO* PROPOSED AS CONTINUUM EMITTER

Previously proposed chemiluminescent reacvion mechanisms leading to the . I
aluminum oxide !''continuum!' have focused on triatomic emitters such as AlQ, or

n.

A120 hecause it is widely assumed that a diatomic molecule sucl as AlO caanot

produce a wide~band, continuum-like spectrum. However, recert laboratouy
investigations of gas-phase, exothermic, metal~oxidizer reactions have led to the

——on i B

identification of very broad band emissions from chemically pumped states of metal-
oxide or m:eial-halogen diatomics. Under low resolution, such visible emissions {9
can appear to be ''‘continuum'' over a range of several thousand angstroms in ;
wavelength. The published laboratory and upper agmospheric observations of the

aluminum oxide ''continuum!' were all made under sufficiently low resolution (seldom

better than 5-102) that they ars *'continuum?' more by definition than by observation.

Pertinent Laboratory Results

T"igure 1 shows a broad chemiluminescent emission from the diatomic molecule
BaO* produced in the reaction

Ba + N,O — BaO* + N (14)

2 2
under molecular bgam conditions by Zare and co-workersfzg) The reaction of Ba
with 03.

B:1+03-‘Bao+02 N

(15}
produces a nearly identical spectrum .(30) Similar broad emissions due to excited
2lkali halide molecules have been observed in the reaction of alkali metal dimers

with halogen moleeulesssn

Pgure ‘.{ shows a spectrum obtained with Zare's apparatus for the reaction
of Al with 04 The identification of the AIO (B ~ X) emission protruding above
0
the chemilumivescent “'coatfauum' ia the 45600-5000A range shows that one pathway

for t_his reaction is

Al + 0, — AlO* + 0, 7 (14)
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6500 5500 4500 3500
Wavelength (A) AL-240

*
Figure 1 - BaO Emission From the Reaction of Crossed Molecular Beams of Ba and
NoC (Note: The reaction Ba + Og produces a nearly identical spectrum
(Sev Ref. (30))). »

R Al + O3
.
/ \
1 L A 1 1 p 1 'S V\L\'\r
4500 7500 6500 5500 4500
Wavelength (}i) AL-241

¥igure 2 - Chemiluminescent Einission From the Reaction of Crossed Molecular Beams
of Al and Og (Note: Emission of tne dipole allowed AlO (B — X) transition
13 superimposed on the broad continuum-like omission (See Ref. (6))).
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The creation of AIOZ* is thermodynamically possible under the single collision
conditions in crossed molecular beams,

Al + O, — Aloz* + 0 . an

3
However, the formation of Aloz, which has the symmetric strusture O-AI-OS32)
requires insertion of the alurainum atom into one of the O~O2 bonds in 03. This type
of insertion reaction can be expected to have a much higher activation eneregy than the -
simple atom abstraction of reaction (16), In addition, the simple atom abstraction
mechanism is found to predominate for nearly all of the atom-small molecule reactions
studied by molecular beam techniques to date533) Thus, it is tempting to ascribe all

of the chemiluminescent emission shown in Fig. 2 to Al0*,

Very recently, Broida and co-workers studied the BaO* emission from the
reaction of Ba with N20. They found that the emission can change (at pressures of a
few torr or higher) from the broad ¢mission of Fig. 1 tv a well-resolved spectrum
characteristic of the BaC (A 12+ - X ‘12‘.+) transitionSM) These observations are
explained by postulating the creation of BaO* by reaction (14) in the long-lived (a 311)
excited state, This is followed by collisional transfer into the (A 12+) state which
has a shorter radiative lifetimesas) Quantitative measurements show that the BaO#*

pumping process occurs with an efficiency of greater than 20%$34’ 35)

Data for the Ba + NZO reaction have been presented to indicate that a diatomic
molecule such as BaO can produce a broad chemiluminescent emission when
metastable, excited electronic states are efficiently pumped by chemical reaction.
Aluminum monoxide also has a number of such bound long-lived electronic states
which are thermodynamically accessible to chemical pumping reactions such as
reaction (16), Several udditional exothermic reactions pertinent to conditions
characteristic of both laboratory and upper atmospheric glows will be proposed later.

Figure 3 shows potential snergy curves calculated by H. Michels (36) for the
lowest bound states of AlO. Candidate states for the upper ievels which might pro-
duce the ''‘continuum'* radiation include the lowest lying 42‘."‘ and 4“ states, as shown
in Fig. 3, and the high vibrational levels of the (A 211) state, which has been

~ experimentally characterized by McDonald and Ixmesfan

9
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Subsequent sections of this report

~ will deal with exothermic reactions

capable of producing AlO in these excited

“states. In particular, reactions of
~aluminized grenade products with atomic_’
- oxygen (along with reaction (16)) wil}

be examined in depth to identify pathways
which efficiently populate the (A Z.ﬂ),

411, and 4}3+ states at the expense of the
X and B states., Brief discussions of

" Ba and alkali dimer reactions will be

prescnted where parallel mechanisms
are expected. A discussion of
trimethyaluminum oxidation by atomic
oxygen is also presented, along with
candidate AIO* pumping reactions for
TMA flames and atmospheric relcases.

POTENTIAL ENERGY &V

A2z
| INTERNUCLEARSEPARATION ¢4)

Figure 3 - Calculated L°‘§§ft Bound
~ States of A1Of

Grenade Pumping Reactions

The aluminized grenades which produced the chemiluminescent glows described
in Refs. (11), (12), (13), (18), and (17) coutained a little over five moles of aluminum
powder mixed with approximately 1.3 moles of an oxidizer such as KNO3 or a
mixture of Ba\NO3 and KClO 4 They also contained a 20g tetryl exploder, and a
booster consisting of 0.2 mole TNT and 1, 2 additional moles of powdered aluminum.

R R 2 N
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Little information is given on the expected explosion products cf these
- grenades, but they are oxidizer-poor, and can be expected to produce appreciable
unoxidized aluminum. This expectation is borne out by the observation in twilight
releases of solar-pumped aluminum doublets at 3944-3961 and 3082-3093A0(.12)

A closely related, but better chavacterized, release system is the steel burner
used by Rosenberg, et al., to release the reaction products of an explosive CsN03-A1
powder mixtureflo) Thermochemical calculations of the pressure, temperature, and
products of this reacting mixture when the reaction is at equilibrium are also pre-
sented in Ref. (10). This reaction mixture was calculated to contain 35, 7, and
2.5 mole-percent of Cs, Al, and AlO vapor, respectively, before the rcaction

products werc vented through a converging nozzie with a half-centimeter orificeflo)

In order to invoke AlO* as the source of the chemiluminescent emission
observed for releases utilizing the inorganic grenades and burner described above,
it is necessary to show that such devices produce molecular species containing a
weakly bound aluminum atom which can react with atmospheric, atomic oxygen to
produce AlO*., A reasonable candidate species is the aluminum dimer, Alz. This
species has been observed spectroscopically by Innes and co-workers(,38) and mass
spectrometrically by Chupka and co~workers, who determined a bond energy of
2.0 eV 539) A bond energy of 1.7 eV has also been proposedg‘m) Since the bond energy
of AlO is close to 5.2 eV$6’37) the reaction hbetween Al2 and atomic oxygen,

Al, + O = AlO* + 0, (18)

is exothermic by more than 3.2 eV, or 74 kcal/mole, if groand-state products are
formed. This compares to the Al + O3 exothermicity of 4,1 eV.(b) Reactiuns (16) and
(18) are thus thermodynamically able to produce AlO* in the (A 2l'l), ®B 22+), 4!1 .

and 42+ states according to Michels!' calculations,

Aluminum dimers can be expected to form as the grenade or huruner reaction
products expand and cool. Indeed, the formation of Na and NO dimers has been
previously invoked to explain the chemiluminescent emissions observed in the upper

atmospheric release of these substancesgﬂ'“)
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The unknown drtails of grenade fragmentation make the fluid-dynamic modeling
of the grenade release difficult, and prevent the calcvlation of the extent of Al
dimerization. However, A12 formation in the burner nozzle expansion utilized by
Rosenberg, et al., can be treated by using tho parameterized theory developed by
Cordon, Lee, and Herschbach( 3) By using an Al dissociation energy of 2.0 eV(ag)
the Al2 spectroscopic parameters of Itmes( 8) and a long-range van der Waals
attraction constant equal to that for Na, the Al dimerization parameters, as defined
by Gordon, et al., are T, = 23210 °k, Py = 1. 62 g/cm , and W, = 2572 cm. The
equilibrium burner conditions published by Rosenberg, et al., give the temperature,
density, and nozzle orifice release parameters as T = 4100 OK, P=4x 1‘0"3 g/cm3,
and w = 0,% cm. The division of_ the Al2 par:imeters intg ;he reliase paramete-is
produces the reduced variables T =¢,177, P=2.5x10 ,andw = 1,94x 10 .,
Projection of these reduced parameters onto the parametric dimerization curves
published by Gordon, et al., indicates that greater than 80% of the Al released by
the AFCRL burner(w) will be dimerized. Of course, the burner release products
are a complex chemical mixture, and chemical reactions other than Al dimerization
may take place during the expansioa. For instance, an unknown portiou of the Al
atoms may combine with the more abundant atomic Cs to form CsAl. However,
CsAl can be expected to have a bond strength on the order of one electron-volt,

and would serve as an equally good precursor for AlO*:
CsAl + O — AlO* + Cs ., (19)

Similarly, the potassium-loaded grenades may form KAl, which could also serve
as an AlO* precursor:

KAl + O - AlO* + K . (20)
Several theoretical aspects of the Alz + O reaction as the prototype grenade

pumping reaction are discussed in detail below. The Al + 03 reaction of Zare's
experiment(8) is alse considered in this theoretical creatment.

12
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Correlation of Reactant and Product States for Proposed AlO* Pumping Reactions

According to the mechanisms proposed above, both the grenade reaction and
the ozone reaction produce chemiluminescence from AlO due to the population of the
lowest-lying 2II, 42+, and 411 states. The unresolved, apparently continuous emission
attributed to these states, which we refer to collectively as the Y states, is much more
intense than the emission from the (B 22+) states. The correlation of the electronic
states of the reactants and products inthe A12+0 and Al+O, reactions is examined below
for factors which may favor population of the Y states rather than the B state, One
such factor is evident, and since it is a property of the AlO molecule itself, it can
be expected to operate in all reaction processes which produce A10, This is the
fact that the Y states correlate with ground-state Al + O atoms, whereas the B state
correlates with a ground Al atom + excited O atom (see Fig. 3). Consequently,
it is plausible that the potential energy surfaces leading to the Y states provide more
favorable pathways than the potential energy surface leading to the B state.

The reaction Al2 + 0 —= AlD + Al

For the reactants, two channels are cousidered, corresponding to interaction
without and with electron transfer:

(@) Al, (3zg") +o(3p g)

(b) Al; (2%) +0” (2pu) .

The identification of the Al2 ground staté as 38 "~ is based on spectroscopic evidence

g
and the expected molecular orbital configurationsss) and the assignment of Al; as

znu is a corollary,

For the products, four channels are considered:

@) Alo (¢£") + al (3pu)

®Y Alo ) + Al (2:)“)

13
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@) Alo *zh) + Al (zpu)

@) Alo (‘my + a1 (2pu)

Channel (a') corresponds to production of AlO in either the ground X state or the B
state; channels ('), (c'), and (d') constitute the Y states. Table I gives the spin
correlations for these channels and Table II the spatial-state correlations pertain-
ing to collinear Al-Al-O configurations. The determination of state correlations

is fully described by Herzberg.(44) Channel (a) gives rise to singlet, triplet, and
quintet potential surfaces which correlate, respectively, with (a', b"), (a', b, c', d'),
and (c', d'), whereas (b) gives singlet and triplet surfaces which correlate, respec-
tively, with (a', b'), and (a', b, ¢*, d'). Thus, as far as spin correlations are
concerned, all the product channels can be populated, whether or not the reaction
involves an electron transfer. In assessing the spatial correlations, the reaction

is not postulated to be constrained to collinear configurations. However, the factthat
all the reactant and product channels correlate (via 8+ + N1 surfaces) for collinear
configurations serves to demonstrate that they will also correlate for noncollinear
configurations. This holds because the transition from reactants to products -

C e S ——

TABLE I, SPIN CORRELATIONS FOR A12 + O REACTION

Reactants Intermediate Products

. t 1
(8)  Triplet+ Triplet _ _ _  __Quintet _ _ _ Quartet+ Doublet (c,d) e
. %

8=1 s=1 v, = s8=2 7 s=§2-- s=-§-

Triplet
s=1
. » ' -
® Doublet + Doudblet ' Singlet Doublot + Doublet (n , b))
s::-;— 8::% : s::vo o 85% ) 9‘:%_ ’
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TABLE II. SPATIAL-STATE CORRELATIONS FOR COLLINEAR A12 + O REACTION ¢
§
{
Reactants Intermediate Products i
f
Y-S {
- - 1) 1 .

(o) l}u+ Pn -‘ n o+ I’u (§.d)

e \g* N

+ ‘ + a,c
(a) gt ¥ g 3.¢)

preserves no molecular symmetry elements except in the celiinear case. Heace,
restrictions on the correlation of reactant and product states can only oceur for the
collinear case. When such restrictions exist, they are significant for other con-
figurations, as well, because states that do not interact in the collinear case will
couple only weakly for a substantial range of noacollinear counfigurations.

The roaction Al ¢ 03 - AlQ + ()2

Again, reuactant channels with and without electrou transier are considered;

(@ Al (2p u) + 0, (‘al)

®) a* (‘s&)*- 03" (znl) .

15




Two sets of four channels are considered for the products. As before, these are
labelled (a', b', c', d') to distinguish the electronic states of Al0; a single prime
indicates that the accompanying 02 molecule is in its grc;und 32‘;- state, while a
double prime indicates ()2 is in the lowest-lying excited A . state, Table III gives
the spin correlations. In this case, the reaction proceeds on a doublet potential
surface whether or not electron transfer occurs. All the product channels except
(c**, d*!) can be populated from this doublet surface. Table IV gives the spatial-
state correlations for '*isoceles'' configurations. In these configurations, which
are the only ones that preserve a symmetry element in the reaction, the Al atom
approaches along the two-fold axis of 03, whereas the products emerge with the
Al-0O bond along this axis and the O-O bond perpendicular to it. In such configura-
tions, the reaction without electron transfer can go via A1 , B1 , and 132 potential
surfaces, and thus populate any of the product channels, The reaction with electron
transfer goes only via a B1 potential surface, but can populate all the product
channels except (', d'). We again conclude that there are no significant state
correlations which favor producing AlO in the Y states rather than in the B state.

TABLE IiI. SPIN CORRELATIONS FOR Al + 0, REACTION

Reactants Intermediate Products
Sextet
5 ) ] 1
say artet + Triplet (¢ ,d)

Quartety
. y AL
g= :23- ~+ Quartet + Singlet (c ,d )
3
(a,b) Singlet + Doublet Doublet =3 8=0
§=0 s= :—13- $= %— . Doublet + Triplet (a'. b' )

1
. Si-‘-‘-z- =1

' Doublet + Stnglet (a , b )
8 e :l,- s=0
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TABLE IV. SPATIAL-STATE CORRELATIONS FOR ISOCELES Al + O, REACTION

Reactants Intermediate Products

() S,+Bp._

(a) Pu + A1

Qualitative Electronic Aspects

The analysis of correlations given above has dealt only with the question of
whether interactions linking reaclant and product states are or are not allowed by
the spin and spatial symmetry propertics of the electronie s'tes. Of more
practical iuterest is the question whethier an allowed interiction is strong or weak,
since this determines the favored reaction pathway. Here the i.kely pathways ave
discussed in terms of qualitative chemical bonding concepts. Very simiiar inter~
pretations have proved useful in other studies of the reactious of metals with
electrophilic reagents(,‘i‘r’) as we shall illustrate later for some analogous chemilumi-
nescence processes.

Electron transfer from the meotal tc the eleciopailic melecule is the basie
feature, as lndicated in Fig, 4. The electron transfer ean oceur when the eaergy
A reguired to form the fon-pair Ats (BC)  is offset by % coulombic sttruction,
‘Thus, the coulombic potential curve (dotted) crosses the asymplate for the A + RO
fnteraction (dashed) at a distance r. given by 'egfrc ¢ A0 The louization poleantial

17
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ey + 8
Covalent States Path 11 or
AB - AB.... C A+ (B
> -~ a
& ' A+ BC
[+
& or
= AC +8B
€
Q
E lonic States
o~ —
A'B Path )
A*B ... C
Reactant Approach Distance Y

Figure 4 - Schemstic Potential Energy Surfaces for Reactant Channel Interaction of a
Metal A and an Electrophilic Molecule BC or a Metal Dimer AC + Elec-
trophilic Atom B. (Note: The Quanntv A Denotes the Energy Reqaired to
Form the Ion-Pair At + (BC) or (AC)* + B~ at Infinite Separation; & is
Given by the Difference in Ionization Poteutial of A (or AC) and the Electron
Affinity of BC {or B).)

is ~86 eV for both Al sud Ai The election affiaity i s ~ 1.5 oV for O, and ~3‘$(§ﬁ
for 0,. Thevelore, the Lmssmg radius is about 3. .,A for AL, + O, and abaut 4,14 o
for Al + 03 These values of ¥o are wueh largor than m& AlO bﬂnri distance { ~ 1. 7A},
bt small anough to casure stmtsg interaction of the A BL; and A « BC states
(unless precludad by symmeatry). The adiabatio poteatias suridoes (solid curves)
resulting [rore (his intersciion ar? thus well sepavatad o the erodsing region. Theore-
foro, we expact that the dominont yoactics path will be the lower eaevy rurface
(laieled Path ), since the collision orergy is too law o aliow irect azcess o the
Higher energy sutfaco (labeled Futh i i€ an complicatiag factors ntervese, the
lower surface will load o formation of georand-stlate produd molaceies, This sumple
pictere predicts oo chesdlumizeseonce Boyong 8 vory iseble contsibuiion irom non-
ailiabatic transitions to the voper states.
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There 2re two important complicating factors: :
LN
1) The nature of the Al0 states resulting from open-shell

ct e —

electrenic structure. It will be shown that Path 1 in Fig. 4
is expected to lead primarily to the formation of the (A 22:) 1
excited state of AlO rather than the ground (X 22) state. t

2) The multiplicity of reactant states resulting from Al and

O being open-shell P atoms. This provides adiabatic

routes to Path Il in Fig. 4, and thus allows population of
the 411 and 42 excited states of AlO.

N s e A
Co atd T,

Since the cheinical bonding in metal oxides is largely ionic, the simple ion-pair

model is a useful starting point in the qualitative analysis of the AlO states. If

+ -
Al anprozches O , the hole in the oxygen valence shell has two possible locations:

et e o .,_
Al b 3 )

the 2po oxygen orbital along the internuclear axis or the 2p7 oxvgen orbital
traasverse to the axis. The corresponding molecular orbital configurations are

2_3 + -
Uﬂ4 ardo 7 , respectively, and the corresponding electronic states of Al O are.

22‘. and ZE, respectively. According to the simple ionic model, the 2[1 state
should he Below 22 hecanse the oxygen p orbital direcced towards AI* contains two .~:
electrons in the 2[1 state, but ouly one in the 2}; case, As shown in Fig. 3, the ’
spectroscopic data and electronic structure caiculations indeed find the (A zﬂ) state

. 0 be more stable than the 1 23) state down to distances of ~ 1.82, although
X 22) lies lower at the equilibrium internuclear distance. A vecent analysis of
meial-oxygen bonding suggests that covalent bondiag w?thdthe pair of s electrens
of Ai+ 1:akes 22. mor2 stable than 211 at short distances(.%) In the chemical reaction,

& hoewever, the sifuation at larger distances is mure sigmficant,

Any reaction which forms AlO via an electron-jurrp process akin to Path I
: oi Fig. 4 cau thus be expected to produce predominantly the (A 2Il) state, simply
because this puts two electrons in the p orbital directed towards the AI+ ion,
whereas the (X 22) state has only cae electron in that orbital. it should be noted
that cny AlO {4) formed via either Al + O3
vibrationally excited. In fact, Gole and Zare have observed A{O* (B) up tov = 138
in the Al + 03 reaction.

or A12 + 0 can be expected to be highly

19

-~

O N EE PN




W e e : ot e o o - Gahco s R S e

Excitation of the 4’1‘[ or 4}3 states of Al0 corresponds to Path II of Fig. 4.

The molecular orbital configuration of those states is indicated in Fig., 5, which

« R shows that they can be considered to arise from the transfer of one of the 3s electrons
| of the Al atom to the O atom, just as the 2!’1 and 22 states arise from traunsfer of the
3p electron. Actually, the bonding in these quartet states has much more covalent . ‘ 1
character than in the corresponding doublet states since the higher ionization
potential for the 38 orbital prohibits electron transfer until a much closer approach. ]
This also Implies that, aside from multiplicity factors, the cross sections for :
forming the quartet states will be substantially smaller than for the doublet states.

e e e M

In some cases, however, spin multiplicity may have a major role. In the
Al2 + O reaction, the spin corvelatious of Tuble I shO\Z that tlr‘xle quintet potential
surfaces lead adiabatically to formation of AlO in the "Il and “Z states, This path
might be inhibited by a potensial barrier, and electronic structure calcufations or
experiments would be regnired to determine whether such a barrier exists. A
somewhat analogous example which has no barrier is the recombination of nitrogen
atems {these are 4S atomsg); the celebrated '"active-nitrogen‘' afterglow has been
shown to come from a boimd-quintet excited state of the nitrogen moleculef47) i

HOUBLEY QUARTET
STATES STATES
Al AlO 0 Al Al 0
2y Hy 4
I + . — . dp -*— +vr
—_ A L
35 -H- of 08 -“- l'u’ s .
R oo )
Ho o HHo Ba o o
oo e
Al AlO (] Al AlO Q
2y 3y
3p "“' —r ’ ap+ '*‘ " 4
— e" "
3s H Ho as 4 +u
4 H—H P
= Hi-2p Ho it
H— o H 2% . H ™

Al=244

Figure 5 - Molecular Orbil:al2 gonfigurations for AlO States.
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there is no barrier inhibiting the quintet component of the Al2 + O reaction, the
statistical weight factor (2s + 1 degeneracy) will form it over the triplet and singlet
routes in the ratio 5/(3 +1) = 5/4, Since the singlet and triplet surfaces also correlate
with the 4ﬂ and E states, an even larger fraction than 5/4 of the adiabatic reactions
of Al2 + O may populate these states.

Spin multiplicity has no direct role in the Al + O3 reaction, which goes via a
doublet surface, as shown in Table II. In this case, the spatial degeneracy of the
reactant states still fosters excitation of the 411 and 4!: states of Al0, however, as
seen in Table IV, Each of the three available potential surfaces (Al' 1? 2) can
form either the 4n 4}: states or the er 223 states of AlIO. Only one (Bl) correlates
with electron transfey via the art (¢ e.38 ) + O ion-pair. Thus the other two
surfaces (A and ) are likely to involve 1argely covalent {nteraction, and thereby

form the l'I 2‘. states of Al1O more readily than the 2ﬂ 22 states.,

The excited (B 2 ) state of AlO lies far above the (X Z ) and (A 2\1) states,
and, at large internuclear distances, also lies far above the 4n and 41‘ states (see
Fig. 3). Thus, the B state is much less likely to be produced in the reaction, as
already noted. Of course, it might be excited in a subsequent collision process.

Analogous Reaction Mechanisms

Other chemiluminescent reactions of metals with electrophilic molecules are
briefly outlined below to bring out points of resemblance to the aluminum reactions

discussed above.

Reactjon of alkali dimers with halogens

Recent experiments have shown that a very broad molecular emission results

from the reaction

Ko+ Cl, = Kcl* + Kl ,

2
0
and numerous related reactionsfal) Under low resolution ( ~ 15-204), the emission
Ie}
appears continuous, but higher resolution (< 5A) reveals a long progression of
vibrational bands {48) The spectrum has now been shown to come from an excited
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state of KC1 which has some similarity to the 411, 42 states of AlIO, The ground

state for KCl again has ionic bonding, K+ Cl™. Since this is a closed-sheil structure,
the simple picture of Path I in Fig. 4 applies, and the ground state is nondegenerate
(rather than split into the X and A components, as in Al0). The lowest excited states,.
which correspond to Path II, consist of a 12+, 32‘.+, ID . 311 sct, which correlates

with unexcited K 281 /2 and unexcited Cl atoms (incluaing both the 2P3 /2 and 2P1 /2
spin-orbit components). These latter states involve covalent bonding. One or two have
shallow wells, which give the observed chemiluminescence, while the others are
repulsive, in close analogy to the AlO states. Likewise, there is a higher excited

KCl state analogous to the B state of AlO, but chemiluminescence from this state

is not seen, although the reaction exoergicity is sufficient to produce it. Our inter-

pretation of the aluminum case thus is consistent with this somewhat simpler system.

Reaction of Ba with N 20 and O3

Chemiluminescence observed when a Ba atom beam traverses a scattering
chamber filled with N,O at low pressure ( ~5 x 10‘4 torr) has a complex, many-line,
headless spectrumgzgf An identical spectrum is found for the Ba + 03 reaction@o)
vThe broad emission has been attributed to the (a 3l'l) state of Ba0$35) which agaiu

bears some analogy to the 4!1, 41‘ state of AlO.

As noted previously, the complex, many-line spectrum gives way to well-defined
bands of the BaO* (A 12+ - X 1}:"') progression at pressures of a few torr or more
of Ar buffer534) This obaservation indicates that the Ba + N20 reaction populates
the (a 3l‘l) state with a quantum efficiency of 0.2 or greater, and that the (a 311) state
is then collisionally perturbed iuto the A state§34’35) It seems reasonable to
attribute the appearance of the AlO (B ~X) emission observed as the pressure is
raised in the reaction of TMA aud atomic oxygen‘a) to a similar collisionally induced
electronic trausiiion from one of the Y states to the B state,

22
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AlO* from the Oxidution of Trimethylaluminum
L e T e

As noted above, trimeihlylaluminum (TMA) forias a stable vapor-phase dimer
with a dissociation energy of 20.2 kcal/mole. The prevailing method of releasing
TMA in upper atmospheric release experiments is to eject the room temperature
liquid at high pressures through small orifices into the atmosphere, where a
portion of it flash vaporizes, and the rest freezesfm) Under these conditions, most
of the vapor-phuse TMA will, at least initially, be in the dimeric form,

The TMA dimer exists in a diborane-like structure, with two methyl groups
sigma=-bonded to each aluminum, and with the two additional methyl groups in a
bridging configuration between the aluminum atoms, forming three-center Al-C-Al
bonds $49) No successful kinetic mechanism for the oxidation of TMA by atomic
oxygen appears to have been published despite flow~tube studies of the TMA - atornic
oxygen reaction$1-3’ 5) and studies of premixed TMA/O2 flamesfq‘) Studies of the
interaction of TMA with O2 indicate that the first step of the reaction is the insertion
of molecular oxygen into one of the Al-CH3 bonds (30) (the weakest bonds in the
molecule). This is consistent with the general concept that an electrophilic reagent
will attack the negatively charged carbon atom in an alkyl-metal bond .(49) This
insertion is also consistent with the studies of Cullis, et al., which demonstrated that
the combustion of TMA and O2 proceeds via a free radical mechanism(.m)

It seems reasonable to presume that the very fast attack of atomic oxygen on
either monomeric or dimeric TMA proceeds by a similar insertion step: "

CH,
CH CH 0

3 ~ 3\A1/ 3\A1/ 21)

CHS/ \CHa/ ~ci,

or

C}|{3

Al ,
- \o o ¥

CHg 3

CHg
l

Al
cus/ \cn

+0 — (22)

3

where + denotes vibrational excitation. It also seems reasonable to presume that
the unstable product of reactions (21) or (22) will decay by the exothermic pathway:
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H P T CH @)
Hg ) 3 3
A1<C \Al/\ - \Al/ N4l - CHy + H,CO+H
cns/ cH, e Seus”
| 3 3
or
crt3 CTB
/ Al\ - /Al + HZCO + H . (24)
o CH -
“cH ;8

The heat of reaction for the cverall reactions, [(21) + (23)] and [(22) + 24)] ,

can be calculated fram the average Al-CH bond strength in TMA (62.9 - 64.5

: kcal/mole)(ze) » (27) the standard heats of formation of H, OCH,, and CH (52) and,

! in the case of the reaction [(21) + (23)] the TMA dimerization emergy(2 ? The resuits
of these calculations indicate that reaction [(21) + (23)] is 3 to 6 kcal/mole exothermic,

| while the reaction {(22) + (24)] is 6 to 9 keal/mole exothermic. However, if the product
of the reactions is H3CO rather than ﬂzco + H, the exothermicity will be much greater,
and the products could contain a large amount of internal energy. A similar att-ck on
the products of reactions (23) and (24),

Hq
\ / N
/ \ /AI - CHy #0~ Al, (CHy), + OCH, + H (25)
CHy Hq
or
CH, ~ Al — CH, 40 = CHy — Al + OCH, + H , (26)

will produce either AICH3 directly (reaction (26)), or Al2 (CH3) 4 (reaction (25)), which
may or may not spontaneously decay to TMA and AI-CH3:
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(27)

L

Al, (CH ALCHy + Sl(CH

34 a3

In any event, if at this point an attacking oxygen atom reacts with the now unshielded
Al atom in either AICH3 or ALZ(CH3) 4 avery exothermic path for the produ:tion
of AlO* is possible:

Al-CH, +0 -~ AlO* + CH

3 3 (28)

Al, (CHy), +0O = AlO* + Al(CH,), + CH (29)

3

The exothermicity of reaction (28) (or reaction (29) if reaction (26) dces not
occur) can be expected to be greater than 55 kcal/mole for the production of ground-
state products. Thus, reactions (28) and (29) could produce AlO* in the (A 2l'I) state
at very high vibrational levels, and may be sufficiently exothermic to populate the
“n and/or 42:"',151;2\1:93.

25

e beMERE P wbY s



et N Gt

Al0* MECHANISM APPLIED TO RELEASE DATA

In this section the AlIO* production reactions proposed zbove ((18)-(20) for
grenade-like releases and (28)-(29) for TMA releases) will be examined to see if
they are compatible with quantitative observations from upper atmospheric experi-
ments, Upper atmospheric glow characteristics which must be at least qualitatively
explained by any candidrte mechanism for the chemiluminescent emission include
the duration of the glow, the total radiant output, and the dependence of these two

functions on altitude,

At altitudes below 100 km, grenade-produced chemiluminescence decreases
monotonically after release, while at higher altitudes, the initial bright flash is
followed by a one-~ to two-second build-up in radiant intensity (100-125 km), or by
a brief fall-off in radiant intensity (>125 km), which then builds back to a secondary
maximum witlin 10 sec after detonation.(m) The effective time duration of the grenade
giows is one to two minutes, At 105 km, the total radiant power emitted has fallen by
a factor of 10 at the end of one minute, while at 140 km, it has fallen by a factor of
four.(13’17) The total number of photons emitted by the nighttime grenade glows
increases by two orders of magnitude between 105 and 120 km, while above 120 km

it appears to plateau.(m)

A simple physical model of atmospheric releases can be based on the rapid
expansion of the released gases until pressure equilibration is reached, In the case
of aluminized grenades, Linevsky and Alyea have calculated that this equilibration
is reached within four seconds for the altitudes of interest.(s) After a pressure
balance is reached, the further mixing of atmospheric and release gases is controlled
by diffusive processes. This model is slightly complicated by the fact that in a
high-temperature release, the release gases may be hotter than the ambient atmo-
sphere, even after pressure equilibration has occurred.(a)

The volume of the initial expansion clond can be approximated by

4 p3_N
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where RO is the radius of the cloud at the pressure balance point, N is the total
number of molecules released, and n is the cloud molecular number density, which
can be defined, in terms of the ambient number density n» the cloud temperature
T, and the amhient atmospheric temperature T o’ by

T«)
n=n_ —T—-) . (31)

A reasonable estimate for the total molecular ouiput of either the Australian grenades
or AFCRL burner is 10 moles, or 6 x 1024 molecules, Assuming a cloud temperature
equal to twice the ambient temperature and using the ambient number densities of
Jacchia(za) yields the Ro's listed in Table V:

3 024 1/3

o~ —_— —— ..:;;- §.—x_.1_.~._) 34

RO ~ (21r nll\) cm “(21: - cm (32)
Q0 o0

/

TABLE V. GRENADE AND BURNER CLOUD RADII AT PRESSURE EQUILIBRATION

Altitude (km) n,, (molecu‘,es/cma) R, (cm)
100 1.20 x 10%° 6.2 x 10°
110 2,26 x 1012 10.8 x 10°
120 5,78 x 10} 17.0 x 10°
140 9,79 x 102 30,8 x 10°

These calculated Ro's can be used to make two points, First, ail of the initial
grenade products cannot be completely oxidized during this initial pressure equilibra-
tion period. By using Jacchia's atomic oxygen densities and the volume implied by
the calculated Ro's. it can be seen that the initial expansion volume contained only
2,0 % 1024 oxygen atoms at 100 km, and 1,1 x 1024 O atoms at 140 km, This s
less than one O atom per molecule of released product, and shows that the complete
oxidation of the relecased preducts will have to proceed on a time scale of diffusive

rather than explosive mixiog,
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Secondly, the increasing total photon yield with increasing altitude between
95 and 120 km can be qualitatively understood by realizing that the smaller expansion
clouds allow reactions between the initial release products, thereby removing the weakly
bound aluminum atoms needed to produce AlO* via the prototype reactions (18)~ (20)
example of such a reaction would be

Al2 +Al0 — Alzo + Al 33)

Each such reaction would reduce the amount of light emitted unless the product was

electronically excited. By assuming that these product-product reactions have a

~12

rate constant of k3 17 1x10 cmg/sec, and that 10% of the release products can

react with the loosely bound Al, the characteristic reaction time in the pressure-
balanced cloud would be

4,19 R03

1

T 40 N = - sec (34)
chém i3 17 . .73
Ky, (o.m/;nno) (1 x 10719 (6 x 1023

For an altitude of 100 km, 7, . = 1.7 sec, while for an altitude of 120 km, 1, =

34 sec, Thus, at lower altitudes, considerably less of the weakly bound aluminum

7 survives the initial mixing phase to interact with ambient atomic oxygen, This
N 1 picture of product~product interactions is consistent with the fact that at altitudes
: below 90 km, neither grenade-like nor TMA releases produce chemiluminescent
‘ emissions beyond an initial, short-lived flash, A secondary cause of the grenade-
’ glow altitude dependence may be the loss of loosely bound Al to reactions with
molecular oxygen which do not lead to electreanically excited products,

It should als¢o be noted that the TMA oxidation scheme proposed in the preceding
- section would not appear to be particularly sensitive to reactions betwean release
products, and that, therefors, totel TMA chemilumingscent output should
: . not show the sensitive altitude dependence displayed by grenade releases between
i © 95 and 120 km,. Indeed, total TMA chemiluminescence should only be weakly
' altimdeﬂe;senﬁenf at altitudes above 100 km, where sufficient atomic oxygen mole
fractions exist to support reactions (29)-(29). Below 90-100 ki, the destru{-tion of
species such as AI-CHa by molecular oxygen can be expc,cted to grc'atly reduce
chemiluminescent out.put. :
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The total cloud glow time of one to two minules for the grenade-produced
glows can be expiained by noting that, after the initial expansion to pressure halance,
the diffusive mixing of the release products with the atmosphere is always slower
than the reaction times for reactions (18)-(20). Reactions (18)-{20) can be expected
to proceed with a rate constant on the erder of 10-10 cm3/sec. By using Jacchia
O-atom number densities of 3,72 x 1012 cm™ at 110 km and 3,77 x 1073% ¢m™3 at
140 km, characteristic reaction times 7, )., are estimated to be 27 msec at 110 km,

and 265 msec at 140 km.

1
= sec (35)
TAlO* K 18)-20) (0]

‘However, the characteristic diffusion time for the atmosphere to penetrate
the preasure-balanced release cloud (and the release cloud to expand into the atmo-
sphere) can be estimated by

Ry = VP 7y (36)
or -
2
I
Tdigf T D

. where D is the neytral dlffu&ioh coefficient in units of cmz/sec. Measurements of

D from grenade and TMA release clouds have been presented by Golomb and
Mm.Lami‘ %) who recommend a value of § x 10 for 140 km and 2 x 10° for 110 kn,
Thus, the c!mraeteri_stio diffusion time for cloud-atmosphere mixing, and, therefore,
the chavacteristic time for AlO* puhiping reactions, is 58 sec at 110 km, and

16 see at 140 km, 'rhc tmal Elow from grenade-like release LlOUdS can be expected
to last a few times *di ﬂ, or one to two minutes,

An identicsl :mnlyszs holds ror TMA release clouds, with the exception that

‘I‘MA oxidatisn. promset.; such as ocua. OCH, ote., will compete very elfeetively
with reactions’ (aa)*(z.ﬁ} for atomic oxygen, and at least three oxygen atoms wre

‘needed to produde AlO* from TMA in the first place, Thus, sigailicantly more
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atomic oxygen will be needed to produce the same amount of light in 2qual molar ;
grenade-like and TMA releases. This increase in atomic oxygen consumption per l
photon emitted will require that TMA glows have characteristic diffusion times two b
to four times longer than similar size, grenade-like releases, It is therefore not “
surprising that TMA glows can sometimes be observed up to five minutes after

release .(50)

Finally, detailed analysis of the prototype AlO* pumping reaction between A12
and O indicates that the population of the emitting Y statss by such reactions can be
efficient enough to support the apparently large chemiluminescence quantum yields
observed in upper atmospheric experiments.
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RECOMMENDED LABORATORY EXPERIMENTS

A number of laboratory experimenis are possible to test the hypothesis that
the aluminum-oxygen chemiluminescence continuum is due to emission {from some

combination of the (A 21‘1) and lowest-lying 42'* and 4[! states of AlO,

One of the most direct ways of identifying AlO* in the (A 2Il) state is to induce
fluorescence in the AlQ emission bands by laser pumping, McDonald and Innes bave
demonstrated that emissicn bands near ESOOX arise irom transitions between the
22+ state at 40,300 cm-l
a .'). statc and the A state.wn In addition, it may he possible to pump lower levels

of the A state to the (B 22:+) state, and observe the green B-—X emissions.

0
and the A state, while emission near 2500A occurs hetween

A second method of confirmation would involve the simultaneoas monitoring
and correlation of the visible chemiluminescent intensity and the mass spectrometric
signal due to AlO* at m/e = 53 in a crossed beam or beam and '""bottle! experiment
involving Al2 and O or Al and 03. This might also be accomplished in a low-pressure
flow tube experiment involving the same reactants, or TMA and atomic oxygen.
interference from the fragmentation of Al()z, A1202. and other products at m/e = 53
cnuld be avoided by appearance potential discrimination, or by inclusion of an

inhomogeneous magnetic field in the mass spectrometric sampling train to preferentially

detect the radical AlO species, (54) It would also be interesting to use a crossed beam
experiment to look at the initial products from the reaction of TMA with O,

Also, flow ube erperiments could be performed in an attempt to collisionally
induce transitions between the proposed metastable states of AlO and the B staie so
that the fast AlO (B ~ X) emissions wuld be monitored. This is analogous to
Broida's treatment of the BaO*-producing Naotionsfm) and this may be the explana~-
tion for the observation of the AlO {B — X) transition {n the laboratoyy oxidation of
TMA by atonaic oxyganfs) which is not observed in lower pressure TMA atmospheric

raleasos.,

Finally, also analogous to BaO”, it seems likely that the reaction of Al atoms
with N,O will produce a chemiluminescence shix.iiar to that from Al + O,.

3l
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SUMMARY

Tho suggestion is made that the cliemiluminescent "eontinuuim'® associated with
the oxidation of aluminum in a number of laboratoiy and upper atmospheric exnerviments
may be attributed to emission from some combination of the (A '}m and lowest-lying
42* and t‘! states of AlQ, and this seems to be consistent with the available experi-
mentai data. Pumping mechanismis based on tha reaction of a loosely bound
(1 to 3 eV) aluminum atom with atomic oxygen, or of atomic zluminum with a loosely

s bound oxygen atom:, seem to explain reasonably the axporimants analvzed,

-t

T PN iy o g S

~ Detailed analysis of the prototype reactions Al, + O and Al + O, imiﬁcates that
‘here are sound theoretical reasons to suspect thad thev wiil mmla&e the (A
, and iy T states efficiently in competition with the ground (X "“ y and excited
(B 22.’*) states. Thus, pumping reactions of the iype suggested may woil produce
AlO* in the suggested metastable states with a high quantum effiefency vis-a-vis

the ground state without signtficantly populating the B state,

¥

et

P51 A

Previously suggested mecharnisn < for the atuminum/oxvger chemiluminesconce
do not appear compatible with the data presently available. in particular, the radiative
racombinatioh of AlO with Q would have to proceed with an uereasonably large rate
constant to explain the glow from either aluminum grensde or u‘imetbylaiuminmu
releases in the vpper atmosphoers.
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