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Abs tract

2+ 2+As a complement to an earlier study of the A10 B E  -X I  emission

2   2+system,   the A H. -X E chemiluminescence resulting   from the reaction
1

Al + 03 + A10* + 02 has been investigated.  It is found that the constants

extracted for the A2Hi state by McDonald and Innes adequately describe

the vibrational structure of this state to high (429) vibrational levels,

the behavior being indicative of a Morse oscillator. Perturbations
2+previously observed in the X E state are explicitly analyzed in terms of

AH -X E spin-orbit interactions, and a comparison with A H   -B E
2    2+                        2    2+

1/2                                                           1/2

perturbations   is   made.      App roxi mate populations   Nv,    for   the A2Hi vibrational

levels are determined; the population distribution is dramatically non-Boltzmann,

peaking at an energy just below that corresponding to the v=0 level of the
2+B  E    state. This peaking is explained in terms  of effi cient collisional
transfer from the A state to the B state.

P                                                                       ...J
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I.    Introducti on

Although the A10 molecule has been studied under a large array of

condi tions for several years, the understanding  of the bondi ng and kinetic.

properties  of this radical species  and its relatives remai ns incomplete.

In an effort to at least partially clarify this situation, several research

groups have engaged in single-  and mul tiple- collision chemiluminescence

studies of gas phase aluminum oxidation. In this paper, we examine
1-7

the multiple collision reaction of aluminum with ozone, focusing on the

low  lyi ng A2IIi state  of A10 produced  in this metathesis.

Aluminum monoxide is of interest for a number of reasons.  Perhaps

chief among these is the chemiluminescence and sunlit fluorescence observed

when    organoal umi num compounds are burned  or al umini zed grenades  are

expl oded during twilight hours   in the upper atmos phere.8,9      That   A10   is

2+ 2+
present,  has been demonstrated by observati on  of  the A10 B E-X I

emission when solar radiati on is present  to  pump  the B state.9 The radiation

from nighttime clouds is observed to consist  of a conti nuous emission peaking
0                                  1-7at  6300  A.     Des pite consi derable speculation, the relationship between

Alo, its relatives,   and the conti nuous emission has remai ned  a  mys tery   ;

nevertheless, chemi cal intuition at least suggests  that  the A10 species

may well  have a vital  role  to  play  as  the  emi tter,  or as an intermediate  in

the  formation  of the emitter. The aluminum - ozone reacti on under single collision

conditions is characterized  by an emission conti nuum6 on which is superimposed

2+ 2+the  A10  B E-X E        band  system.      Kolb   et  al.1   suggested   that this continuum

and that observed in night releases of TMA (trimethyaluminum) should be as-

sociated with highly rotati onally  exci ted aluminum oxide emission   from   the

A2Hi state and possibly quartet (4£, 4H) states populated in an appropriate
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reaction.1 Quite recently, Fontijn2 has investigated addition and abstraction

reactions involving A10. Although the radiative recombi nation

A10 +0+ A10 *                          (1)2

A102* + A102 + hv                      (2).

10 .is thought to be a rather unlikely process  , lt lS suggested as the most

reasonable source of the observed upper atmospheric continuum in agreement

11,12                         3
with an originally postulated mechanism. Some very new information

suggests  that the conti nuum may result, at least  in  part,  from the hydrati on

of aluminum metal,  the emi tter correspondi ng  to a polyatomic whose spectrum

originates from populated and densely packed rovibronic levels  of  an  exci ted

electronic state.

13In  addi tion  to its interest  as a purely gas phase species, Flodstrom et  al.

have observed the formation of an A10 layer prior to surface penetration

and A1203 formation during the oxidation of aluminum.  Given a more precise

elucidation  of  the gas phase process, one might  have a remarkable opportuni ty

to compare directly the reaction dynami cs   of   the gas phase "simple"   sys tem,

and the chemi cal interactions characterizing the surface chemistry.

Of course, the A10 A21Ii state is of interest simply because it is a

very low-lying electronic state. In  addi tion,  it  is the ground electronic
14

0
state at internuclear distances R > 1.8 A. Since such states are readily

populated  in the course  of many chemi cal reacti ons, one expects observable

relationships between these states   and the chemistry of those  sys tems studied.

As an example, recent "multiple collision" studies of the aluminum-ozone
4reacti on have demonstrated the presence of vibrational population anomalies
2+in the B E state of A10. It appears that these local population maxima are

2+the result of strong perturbations between the A2Hi and B I  states.  It has been
postulated  that  the A state is prefer'entially populated during formati on
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of the molecule  and  that the strong perturbati ons  give  rise to "super-highways 1115

2+
allowing extremely efficient collisional transfer to the B E state.  As

will be emphasized in sections III and IV, this mechanism is supported by

the results of the present study.

In summary, the A2II. state of A10 must be of fundamental significance in       :
1

those processes involving aluminum oxi dation.     In  this   vein,   one  mus t

ascertain its relevance to the oxidation phenomena.  When considering upper

atmos pheric phenomena, one might ask whether population   of   the A2H state

rep resents a significant   step   in the initial formati on   of   A10 from trimethyl-

aluminum and whether   or   not this state rep resents an important   link    in   the

chain for activation and depletion of the A10 "sunlit fluorescence" seen in

the blue-green region of the spectrum.  Here, one might comment on our choice

of  ozone  as an oxidant.    At the altitudes characteri zing upper atmopheri c

studies, ozone is not the major constituent, and observed reactions probably

16,17              3involve monatomic oxygen or water . Nevertheless, ozone is a useful

laboratory oxidant because  of  its high reacti on cross section and consequent

high photon yield,18 which facilitates study of the A2Hi - X2I+ emission

spectrum.  As we will demonstrate in sections III and IV, there is also

reason to believe  that the features characteri zing the aluminum-ozone reaction

are similar to those expected for reaction with N20 molecules and that the A

state is sufficiently low-lying that observed relative vibrational populations

in this state do not change markedly, for the subgroup of reactions whose

2 +       19
exothermi city is suffi cient to populate  the  B  I    state.

1
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II. Experimental

The burner and opti cal system have been described elsewhere.4,5 Briefly,

the alumi num (Alfa products 99.999%) is evaporated  from a resistively heated
20

boron nitride crucible, entrained in an argon carrier (Airco 99.998%), and

carried  to the reacti on  zone.    Here,  it is mixed with ozone produced  in  a

comme rical Welsbach ozoni zer. Typical operating condi tions   were: P = 1-5
Ar

tort, P03 = 10 - 100u; Toven = 1700°K.  The chemiluminescence was focused

onto the entrance slit of a Spex 1701 one meter grating spectrometer equipped

with   an  S-1 res ponse  RCA 7102 photomul tiplier  tube. The photomultiplier signal

was  detected with  a Kei thley  417 fast picoammeter and recorded  on a Leeds

and Northrup strip chart recorder.
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III. Res ul ts

A.  Appearance of the Spectrum

In  Figure  1, we present a rapid  scan  of the rotationally relaxed chemi -

luminescent emission from the reaction

[Ar]
Al + 0 , A10* + 0                         (3)3                    2

2+ 2+ 2+The pri ncipal features  are  the  red  A2Hi  -X E and blue-green  B E-X I

emission  sys tems. We.also observe weak emission corres ponding   to the ultra-

violet  (2H   - ' X2£+  system  and some aluminum atomic emission lines   at Z 3950A.

Because   of the nature   of   the high tempe rature system   used   in the present

studies,  care  must be taken to alleviate flame contaminati on from boron

oxi des. Although  BO  and 802 emission is observed  in the flame  when the supply

of aluminum runs low or the oxidant concentration becomes excessive, no

features from either species appear in the spectra discussed herein. The
21

phototube response distorts the relative intensities of the A-X and B-X

systems; therefore, an indication of the phototube response is also presented

in Figure 1.  It has been claimed5 that the total A2Hi
photon yield is as

2+much as one hundred times that from the B I  state.

Figure 2 corres ponds   to the spectrum obtai ned  for  the A-X system.     The

A2Iti   state  was   fi rst discove red by McDonald and Innes22   and the A2I[i   -   X22:+

system was first observed in chemiluminescence by Rosenwaks et al·5  It

consists of heavily overl apped, red degraded bands.    The high degree of overlap

results  from a substanti al reacti on exothermi city  (AH  -- 96 kcals/mole) which

gives  rise  to  a rich popul ati on including many levels  of  the A state.    The

system is characteri zed by favorable Franck-Condon factors  for many overlapping

sequences. Schamps has calculated that the change in equilibrium internuclear23
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distance upon passing from the ground state to the A state is Are I 0.15A,
a change of approximately 10%. This leads to a broad Franck-Condon

parabola with widely distributed off-diagonal elements. 24

B.  Analysis of the A2Hi - X2£+  System

Our·first concern in analyzing   such   a   rich   sys tem  was to insure   that   A10

was  indeed  the sole carrier,  and in parti cular  that  only A-X emission  was

moni tored.     It was determined  that no emission corresponding  to the boron

oxides, second order features due to the B-X system, or emission from excited

states  of the oxygen molecule corresponded  to the observed features. Al though

very  unlikely, we investigated emission  from  exci ted states  of  02. A priori,
1+there  are no constrai nts preventi ng formation  of  the  b IJ state  of the oxygen

molecule as opposed  to  exci ted states  of the bond-forming species. 25

Our initial purpose in the study of the A state was in large part an effort

to extend the accuracy of the vibrational energy expression so as to allow

reasonable calculation of the levels at energies comparable with those of the
2+B  I   state. In parti cular, we hoped to:extract values for weye0 In order

to pursue this analysis we related band head positions to band origin positions,

consi dering  the 12 rotati onal branches characterizing  a  2IIi  - 2E+ transi tion.

On the reasonable supposi tion  that the constants extracted by McDonald  and

22                                                       2+    2Innes in their rotati onal and vibrational analyses  of  the  D E    -A H.  and
1

281 - A2Hi systems are accurate for low vibrational·levels, we estimated the

value of the rotational quantum number for those branches forming band heads

and thence determined vi-0- vhead
The separation between the

22IHIl /2  and   3/2

subbands is =  128 an-1, showing that the 2II state closely follows Hund's case

(a)  coupli ng. Each subband has six possible branches whose relative intensities

we  consi der.    We  s uirmari ze those features which should be observed as follows:

-..
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2

-n3/2 component (a) Observed vibrational features dominated by coinci-

dentally overlapping R2(J) and weaker RQ  (J) - R2(J-1) branch.  (b)21

weaker features due to SR  (J) may be observed for reactions charac-
21

1

teri zed by relatively high rotational   exci tati on.

2

-Ml/2 component (a) Observed vibrational features dominated by coinci-
dentally overlapping strong Ql(J) and weaker  R  (J) 1 Ql(J+1) branches.

12

(b) Depending upon the magnitude of rotational excitation, emission

features due to Rl(J) branch are observed.

Because the observation of strong features is a direct result of bandhead

formati on  in a given branch, the features we observe in Figure  2 are determi ned

by the nature of bandhead formation in a given subband.

For a molecule which closely follows Hund's case (a) coupling the SR21(J),

RQ  (J), and  R  (J) branches are reasonably strong; however, as the molecule
21          12

tends to case (b), these satellite branches may be expected to weaken considerably. 26

In our analysis,  we have consi dered  that two possible features  can be observed

in each subband.    For  the Ql branch,  our cal culations indicate J < 5 and
head -

-1                                                          -1

AvQl =2-6 c m
. Noting

Jhead(Rl) = 3Jhead(Ql)' we·find AvR1 - 6-20 cm
At the resolution of the current experiment (10A), these band origin-band head

separati ons are indistinguishable,  and  the  Ql  and Rl branches  of  the  2H        sub-
1/2

band are virtually overl apping. A similar analysis  of  the 2]I subband  indi-
3/2,

Scates   th at  the  R    and R branches are also overlapping within experimental2      12

res 01 uti on . This   overl ap  is in large  part the result  of the consi derably

different internuclear separations and hence rotational constants charactetizing

2   2+the A II and X E states.

'In summary, within the resolution   of   the   pres ent experiment, those branches

forming band heads are coincidental within a given subband and the separation
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between band origins and band heads is indistinguishable.

In identifying vibrational features, our procedure was to first search

out combination differences corresponding to well-characterized ground state

vibrational quanta.  In this way, we hoped to construct v" progressions which

could be extrapolated  to  v"  =  0 and thereby obtain the energy  of  the emi tting

level. Although this task proved extEemely difficult, one crucial fact
27

arose  in the course   of the analysis. It became apparent   that good agreemn t

existed between extrapolated levels  and even moderately high  (v'  = 29 ) levels

predicted  by  the  two constant energy expression  deri ved from McDonald  and

Innes' analysis. It appears that the w y  term is so small that it is negli-ee
gible below the v' = 29 level.  From the experimental uncertainty in the

v' = 29 level , we can obtain an upper limit for the absolute value

of   wi'e. We   divide   the  experimental   uncertainty  by  the  cube  of  this  maxi mum
28

4  .1
observed quantum number and find  w y-1 115 cm-1/(29.5)3 = 5.7 x 10-' cm '.

e el

C. Vibrational Populations in A2Hi

At the pressures characteri zing the present experiment, an initial approach

to the analysis of the population distribution for the A21[ state might involve

the supposition of a Boltzmann or near-Boltzmann distribution5 in the vibrational

level population. However, recent "multiple collision" studies4 of the
2+ 2+B E   -X E emission spectrum which results from the aluminum-ozone reaction

cast severe doubt on this assumption. An attempt to fit the spectrum to a

vibrational temperature confi rmed the probability  of a non-Boltzmann distri-

buti on. Although  it was possible to predict the relative intensities  for  the

bands of a single v" progression, it was not possible to obtain the correct

intensity ratios between differing vi, progressions. Th-erefore a distribution

characteri zed  by a Boltzmann vibrati onal temperature seemed extremely unlikely.

.
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2               2+Figure 3 corresponds to a calculated spectrum for the A II - X E  band
3/2

sys tem. Peak intensities were calculated from Franck-Condon factors, assuming

equal populations in all v' levels. In order to obtain the Franck-Condon
29factors potential curves were generated using the RKR method. The

emission intensity  for a given transi tion is related  to the upper state  popu-

lati on   by 30

I     R (F . ,)N :a , „ v Elv)                   (4)4  ,
V,V" e  v v'   v  ov v

where  Iv'v"  is the intensity;  Re  is the square  of the electronic transi tion

moment  at the valuerv'v"; Pv'v"  is  the  r-centroid of the  transition;  qv, v„

is the Franck-Condon factor; Nv' is the upper state population, v is the tran-

sition frequency and &(v) is an instrumental response function.  Based upon

previous studies ,4,31   Re was taken  as   cons tant.     For  the  case of equal   popu-

lations, the intensity relation (1) reduces to

4     ,                                                                                  ( 51Iv,v" 9 qv,v„ v  Elv)

The calculated spectrum, peaking at Z 8000A is in only moderate agreement

with the experimentally observed intensities. The experi mental spectrum  is

shifted to the blue, peaking at approximately 7000-7200A. This suggests

that higher v' levels are populated to a greater extent.  The calculated system

for   the  A2]I          -   X25;+     sys tem is virtually identical   to   that  for   the   2II          com-
1/2 3/2

-1
ponent.  It is shifted 128 cm   to the blue.  This corresponds to a shift

0
of  80  to 125A across the spectral  regi on studied and shifts the calculated

0

intensity  maximum  by  no  more  than  50A. This shift is negligible compared  to

other considerations.3  If we impose the constraint of a Boltzmann distribution

in the relationships   (1)   and  (2), the calculated spectrum will be consi derably

red shifted relati ve  to  that in Figure 3. Table  I presents Boltzmann factors
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for several values of T .    Even  for the unreasonably  high  val ue T = 10,00OK,vib vib
\

we find a marked dimunition of intensity for higher v' levels which leads to

a much simpler red shifted spectrum than that calculated in Figure 3. Clearly,

this is qualitatively incorrect.

We have employed equation (1) to obtain a quantitative description of the

relative vibrational populations in the levels of the A2II state. By estimating
32.33Iv,v" from the peak height  - at frequency v and using our calculated Franck-

Condon factors, we extracted the results for Nv' shown in Figure 4.  The results

for the n= 1/2 and Q= 3/2 components of the 2II state are quite similar.  The

points plotted correspond to the mean Nv' obtained for the progression of ground

state levels, v", to which a given v' level emits. Over the spectral range studied,

we observe emission from A2H vibrational levels v' =7- 29. As Figure 3

demons trates, the number  of data points  wh i ch  make  up  the pl otted averages

increases fore each v ' as v' increases. For example, the number of data points

for v' = 7 and v' = 8 is one; the number of data points for v' = 11 is three

and the number for v' = 14 is five. For levels v' 2- 16, the number of available

data points doubles to a minimum of eight, leading to a considerable increase

in accuracy. Because  of the nature  of  the  data, the predi cted local maxima

at v' = 11 and 14 are extremely unlikely. Indeed, it is unlikely that strong

interactions exist between these levels and levels of the ground electronic

state.  For both components (9 = 1/2, 3/2), the population appears to increase

slowly  from  v'   = 7, rising  much more rapidly  for  v' 221   to  a  maximum  at

v'   =   24  1  1. The popul ati on diminishes  at an energy correspondi ng closely
2+to the onset  of  the  B E state. For levels  v'  >  16, the deviati on for calculated

points was 1 17%. 34

The results presented in Figure 4 are in surprisingly good agreement for

both components; however,  they  can  only be consi dered  as  a good semiquanti tati ve

estimate  of  the  rel ati ve populations.     The high degree of overlap  in the spectrum
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ftecessi tates  the  use of approximate peak heights rather  than peak areas.     In

addition, a correction factor must be applied to account for emission from

35
oth er  sys terns underlying the short wavelength region of the spectrum.  This

is difficult since the A2II emission feature effectively merges into a continuum

in this region (Figures 1 and 2).  We have applied a correction which represents

an upper bound to the contribution from underlying features. By  vi rtue  of
36

the nature of this correction, the A2H state population distribution may peak

at slightly higher v' than that level indicated in Figure 4.  The key point is

the vast qualitative difference between this result and the Boltzmann distribution

proposed5   in the first identification and analysis   of   this   sys tem.
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2+D. Vibrational Perturbations in the X E State

2+The v" = 9 level of the X E state is mildly perturbed. Based upon
37                                    -1Tyte and Nicholls' compendi um,      it is shifted up approximately  8  cm

22
McDonald and Innes   have suggested that the A2Hi state is responsible for

ground state perturbations; however, no reference to specific levels or

the nature of the interaction has been presented.  We would like to make a

more specific suggestion regarding the v" = 9 level.
ike

Using*McDonald-Innes and   Ty te     -    Ni ch 011 s constants for the
22                      37

A2Hi and X2E  states, we compute that the v' = 4 level corresponding to the

-10 = 1/2 spin orbit component of the A2H state lies only 12.5 cm   below

2+the  v"  = 9 level  of  the  X E state. Figure 5 corresponds  to  the cal culated
-                                                                                                                                                                                                       2+level diagram  for a porti on  of the "unperturbed"  A2II  and  X  E    potential

curves.  From these curves it is clear that we expect a strong interaction

between the v' = 4 and v" = 9 levels.  (The n = 3/2, v' = 4 level is 140.5 all-1

2+
below X E,v" = 9.) The A-= 1/2 level will interact with the ground

2El/2  state through spin-orbit coupling.  This interaction is approximately

two  orders of magni tude stronger  than that resul ting from Coriolis mixing
2          2    +       38

of the A H and X E s tates and therefore the perturbation interaction
3/2 1/2

with  the  v"  = 9 level is dominated overwhelmingly  by  the Q  = 1/2 component.

This interaction is expected to raise the v" = 9 level and lower the v' = 4,

9  = 1/2 level.

Based on Table 1 in McDonald and Innes' paper we find that the spin

-1orbit splitting fof the v = 0, 1, 2, and 3 levels of the A2II state is 129-130 an

whereas that for the v=4 level is 124 cm-1. Because the spin orbit inter-

action  of  the  Q  = 1/2 component  is  so much larger  than the Coriolis inter-

action of the Q = 3/2 component, the 5 to 6 cm-1 difference in the measured

value of A can be attributed to a downward shift of the n = 1/2 component.eff
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This downward shift is comparable to that observed for the v" = 9 level

2+in the X E state.  If we equate the energy separation for the unperturbed
39states with the energy levels depicted in Figure 5, the separation between

-1the perturbed levels will be Av Z 24.5 cm   (12.5 +2 x 6 cm-1).  This

energy difference can be related to the strength of the perturbation  w,             :·

and the energy separation of the unperturbed states, 6. We have4

0 1/2
w = 1/2{(Av)2 - 60»               (6)

with 6 = 12.5 cm-1, w = 10.54 cm-1.

The calculated quantity,  w, can be expressed as the product of an elec-

tronic plus rotational component and a vibrational overlap.  This vibrational

overlap  for  the  v'   =  4,  v"  = 9 levels, obtai ned from calculated RKR curves,

is 0.3432 and therefore

w  4  30.7  <v' I v"> ( 7)

4This interaction should be compared with the semiempi rical value

w     0   86   <v l v' >                                                         (8)

2   2+
found for the spin orbit interaction between the A H and B E  states of

A10. One might  ask  why the electronic plus rotational component is consi derably
2    2+

lower for the A H -X E interaction. Some insight  can be provi ded1/2 1/2

by briefly considering the spin-orbit interaction.  We have

w =  <Wl'Hso'92>                 (9)

where  91 and  92 are the wavefunctions for the unperturbed levels and

Hso = .E Ek(rki)Ziksia (10)
1,k,a
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where the sum is over electrons i and nuclei k, Zik and si  are the a = x, y,
or  z  components  of the orbital and electron spin angular momentuill and  Ek( rki )
is the spin orbit constant proportional to the inverse cube distance,

rk , between electron i and nucleus k.40,4

The wavefunctions 91 and 92 can be evaluated in a manner                              
similar to that used in considering the spin orbit interaction between the

A and R states.4 Because parity is a good quantum number, wavefunctions

are   wri tten   in a parity basis. Linear combinations which trans form as eigen-

functions  of  the  pari ty operator· are4,38

9+
1 E 1/2 'v> = 1/42 [ A = 0, s = 1/2, I = 1/2>10 = 1/2, J>

(11)

t (-1) IA  =0, s = 1/2, E = -1/2>10 = -1/2, J>] v>
J-1/2

12 H v>  = 1/42 [1 1, 1/2, -1/2>11/2, J>
1  1/2,

(12)

1 (-1)J-1/2 1 - 1, 1/2, 1/2,1 - 1/2, J>]Iv>

where both wavefunctions are written as the product of an electronic and

vibrational factor,  and    A,  E,  and  Q  are the projections  of  the  or6ital,  electron

spin(S), and total angular momentum on the molecular axis.  Substituting the

expressions  (11)  and  (12)  for 91  and 92 in equation (9) allows  the  evaluation

of the spin-orbit matrix element. The resulting expression  can be simplified

by  re-expressing the basis functions   IASE> in terms of antisymmetri zed products

of one electron molecular orbitals.4  The electronic configurations for the

2+ 2 2+
X E,A H, and B E  states are respectively:

-
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...(2T)4 (60)2 (7a) XE (13)
2+

...(2T)3 (60)2 (70)2 A2H (14)

'4 2+
...(27Tl  (60)  (70)2    B I (15)

2+Considering the interaction between  the  A2H  and  X E states   and omi tting
2+      2the 60 or'bital which remai ns doubly occupied  in  both  X  E    and  A  H,

10 1/2 1/2>  = 1 A(... 12+ 12- - 12  - 12- 07 ) 

(16)

11 1/2 -1/2> =1 A(... 12+ 12- - 12-0 0 -)>7    7

where   numerals   0   and  1  1    identify   the z component   of   the   orbi tal angular

momenta, Zi'and super'scripts i specify the correspondi ng projection  of  si·
A  is the antisymmetrizing ope rator and subscripts   2   and 7 pertain   to

molecular orbitals 2Tr and 70 respectively.  In a manner analogous to that

discussed in reference 4, we reduce the many electron integrals obtained

upon substitution of the expressions (11) and (12) to tractable sums over

one-electron integrals arriving at a final expression

w   =  1/2  <v' I v">  <  -121      Ek(rk) lk- 107> (17)

If we were to replace the 7a orbital (07) in equation (17) with the 60(06)
2+

orbi tal, we obtain an expression  for  the spin orbit interaction between  the  B-E

and· A2H states upon adjus tment  of the vibrational overlap factor.

A complete evaluation ofw for either the A2II - X2£+ or A2II- 82£+ spin

orbit interactions requires some knowledge  of the molecular orbitals   1    -   12    >=  2*,

|06>  = 60, and  07>  = 70.  It is here that the basic difference in magnitudes
-3for  the spin orbit interactions arises. The presence  of  Ek ( rk)  # rk insures

that only one-center integrals will make a significant contribution to

1.'                                                                      I               j
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41
Eq. (]7). While the 27r and 6a orbitals are centered on oxygen for both

2+the B  E·  and A2II states  and the molecular  or'bi tals are reasonably represented
4.23by atomic p orbitals centered on an oxygen ion (0-) '  , the ground state

70  or'bital is shared between the oxygen and aluminum atoms. Therefore,  the

"single center" matrix element (17) will be much smaller than that for the
2  2+.A H - B.E  interaction.  If we make the drastic assumption that the "double

2+
zeta  +  polarization" des cription       of  the  X E state (Al O-) is realistic,

4
we arrive at a calculated interaction (using the population analysis

given in ref. 23)

w          =     4 3 <v'|v"> (18)

A more realistic des cripti on would involve the shift  of more charge

density to the oxygen atom, leading to an even smaller interaction term (18).
42
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IV.  Discussion

The beam-gas chemiluminescent emission from the "single collision"

reaction of aluminum with ozone is characterized by the continuous emission

depicted in Figure 6. The "multiple collision" spectrum is inset for

comparison. The combi ned spectra demonstrate the important  role  of  A10
2  2+A H- X E  emission in the "single collision" continuum.  It is apparent

that the continuum is characterized by densely packed structure corresponding

to emission from numerous rovibronic levels of those excited electronic

states produced as the nascent products of reaction.  Based upon comparison

with the "multiple collision" results, the spectrum appears to correspond
to the.82E+ - X2E+ and A2H - X2£+ band systems of A10.  It is dominated

at longer wavelengths   by   the A-X system whereas   the   B-X  sys tem begins   to
0

contribute at wavelengths shorter than 5800 A.  In view of the present

resul ts, it appears   that the continuous emission observed  in the laboratory
5- 7

oxidation of aluminum and upon explosion of aluminized grenades or the

release  of  TMA  into the upper atmos phere  may  be  due, at least  in  part,   to  A10
2  2+A I I-X E emission. There are, however, more complications which must be

consi dered  in a complete analysis  of the laboratory and upper atmospheric
3

emissions.

In the remai nder of this discussion we will be concerned with  the

vibrational population distribution in the A state and its relationship to
2_+ 2+                   4our previous analysis of the B L  -X I  multiple collision emission spectrum.

Based upon relative non-Boltzmann vibrational population anomalies in the
2+B  E    state  and the possibility of strong  "spin  orbi t" interaction between  the

A  and B states,  the  Al  + 03 reacti on is thought to proceed as follows:4

The initial step which leads to A10* formation corresponds to an electron jump
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at large internuclear distance and subsequent population  of  the A and X states.
0

This electron jump distance is sufficiently large (4.lA) so that the A

state is in fact the ground state (Figure 5 - reference 4) and is therefore

selectively populated. Following the i.nitial step, collisions with argon
43

atoms induce transi tions  to B state vibrational levels which interact strongly

with high vibrational levels of the A state.

Because the A state potential appears to be Morse-like and can be well

represented by an expression involving only the first order anharmoni city
39correction up to levels v' = 30,   we may esti ate those high A state levels

which interact  with  the B state. Previouslyll,  it was  felt that extension  of

the  two  cons tant description  for  the A state was unjustifiable; however,   the

small   Value  of.weye lends validity  to the parametrization. Using the constants

given by Tyte and Nicholls and those of McDonald and Innes  , and noting
37                               22

ozly                              2                                                4that the n = 1/2 component of A H interacts strongly with the B state,  weA

may equate the energies of the A state with the v = 12 and 14 levels of the B

state. We   h ave
44

EB(v=12) = 31017.7 cm-1 = 5468.9 + 728.5 (v+1/2) - 4.15(v+1/2)2    (19)

E8(v=14) = 32568.8 cm-1 * 5468.9 + 728.5(v'+1/2) - 4.15(v'+1/2)2   (20)

Solving the expressions (19) and (20), we find v = 48, v' = 53.  Direct

substitution yields EA(48) = 31039.1 and EA(53) = 32565.3. Given a

45small negative weye term  , we expect that the v = 48 and 53 levels of the A

state will lie slightly to the red of the v = 12 and 14 levels of the B state,

in agreement with the observed spectrum.4

We have emphasi zed  the A state vibrational distribution  in this paper  in

order to draw a correlation with the previously proposed model for the intro-
2+   4duction of vibrational population anomalies in the B E state. We re    the

.
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distribution   in Nv(A) remote ly Boltzmann,   even a rather high vibrational tempera-

ture (Tvib = 5000K) would give rise to prohibitively small populations at

A state energi es correspondi ng to those levels involved in efficient transfer

to the B state (Nv(5OOOK) 1 1.2 x 10-4 No)..  Thus the previously proposed

model   for  the obs erved behavi or  of B state4 emission implicitly requi res   a

distribution favori ng the population of high vibrational levels  in  the A state.

The present results are in agreement with this requirement.

Rosenwaks  et  al.
5 claim  to have computer synthesi zed  the A-X spectrum  of

A10 assuming a Boltzmann distribution in the vibrational and rotational stacks,

fi ndi ng T = 180OK, T = 350OK.  Our own findings notwithstanding, thisrot vib

result is suspect for several reasons.  The most important of these involves

a  considerati:on  of  the time scales characteri zing  the mul tiple collision

experiment. It appears that a rotational temperature of 180OK is rather high.

Usi ng T a 3OOK  d    = 4.1A (the hard sphere diameter)4, and  p=4 torr,
trans '  A10

we compute46 a collision time for A10 with argon Tc = 36 nanoseconds.  This

collision time should be compared with the radiative lifetime of the A state.

This lifetime has not been measured but we may.obtain approximate values for

Trad by noting that:

T   (A-X) =
|
M(B-X)12 (B-Xl (21)

rad
M(A-X)   Trad

where M corresoonds  to the transi tion moment. The transition moments  have

31been estimated by Yoshimine et al. , while T has been determined by a numberrad

of workers.  Using the minimal and maximal values  obtained  for T (B-X)rad
47

generally determined from laser induced fluorescence measurement  , we obtain

the   res ul t,
Trad

(22)500 <- < 1000
-T -

1

C
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Thus an  A2H A10 molecule experiences several hundred collisions before radia-

48
ting.  Because R-T transfer is quite efficient  , we may expect near equili-

bration between the rotational modes and the ambient gas (argon) . Consequently

a value of T = 180OK seems abnormally high. In comparison, V-T transfer
rot

is rather inefficient, and equilibration might not occur even after several
49hundred collisions between the ambient carrier  gas  and the vibrational  mode.

Given a knowledge of the time scales which characterize the multiple

collision experiment, we are forced to examine the computer fit A-X emission

spectrum (Figure   2   - refe rence   5). It appears that Rosenwaks   et   al. 5   have

assigned considerable intensity to bands characteri zed by  both low Franck-

Condon and Boltzmann factors.  It seems conceivable that a computational                   

error has occurred and that the fit between the synthetic and experimental

spectra which is not spectacular may only reflect an accidental similarity.

Let us now consider the specific nature of the observed vibrational popula-

tion distribution which characterizes the aluminum-ozone reaction. Based

upon previous reports, N20 and microwave discharged oxygen also react to

2 2+ 2+yield   the  A  H-   X I     and  82£   -X I     band  systems.      It  has been noted   that   the
-A10 A-X emission  from the Al-N20 reacti on shows a great similarity  to  that

45
from the ozone system.

' We believe that these "multiple collision" results

can be explained primarily in terms of collisional transfer from the A to

the B  state (for those reacti ons which are sufficiently exothermic to populate

the B state).  We have already noted (1) that collisional transfer between

the A and B states is extremely efficient and can occur at every hard sphere
collision4 and (2) that the A2I[ state can undergo between 500 and 1000 collisions

before radiating. We suggest that the combination of these two factors
50

leads to the peaking in the A2H vibrational population distribution character-
izing the "multiple collision" Al + 03 reaction. The peaking effect is

50
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dramatically evident in the spectrum depicted in Figure 6.  At the much

-4    -6lower pressures   (10      +  10 torr) characteri zing the "single collision"
aluminum-ozone reaction, collisional transfer from the A state does not

compete with radiative decay.  The presence of the A-X emission features

at much shorter wavelengths in the single collision spectrum is evident
51through comparison with the multiple collision results. The single collision

spectrum must be characterized by emission from A2H vibrational levels

v' 1 29, as well a population distribution peaking at much higher· vib,'ational

quanta than that found for the multiple collision spectrum (Figure 4).

Note   also   that  the  A2H  - X2£+ emission  sys tem domi nates the single collision
spectrum whereas the emission from the A2]I and 82I+ states is of comparable

intensity  in the multiple collision spectrum (Figure 1). These  rel ati ve

intensities again indicate efficient collisional transfer from the A to the B

state.  Were it not for the B state, we would expect the population distribu-

tion for the A2H state to peak at a vibrational level considerably in excess
52

of v' = 30.

2   2+While the explanation for the multiple collision A H and B E vibrational

distributions characterizing the Al-N20 reaction may be somewhat more compli-

cated4, section IiID demons trates   that the substantial porti on of those
2      5 52molecules formed in the A H state ' can be collisionally transferred to

2+
the B E  state leading to a spectrum similar to that observed for the Al-03

53
reaction. In  summary, we believe  that the similarity between  the mul tiple

collision A-X emission observed for the Al-N20 and Al-03 reactions can be

attributed to extremely efficient A H+B I collisional transfer.2    2 +                      54
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Table I:  Boltzmann Factors for Various Vibrational Levels v' and Temperatures Tvib

V'    E (Cm-1)(a)
T    = 10,00OK T = 500OK T    = 250OK
vib vib vib

E/KT 0.636 1 .271 2.543vib7      4867.1
-x(a)                                                       -2e 0.529 0.281 7.863 x 10

6/KT 0.692 1.784 3.568
vib

10      6828.5
-x                                                     22

e 0.410 0.168_ 2.821 x 10

E/KT 1.375 2.750 5.500vib16     10527.2
-X                                       -2              -3

e 0.253 6.393 x 10 4.090 x 10

E/¥3 2.027 4.053 8.106
vib25     15515.0

-x                                      -2             -4
e 0.132 1.737 x 10 3.017 x 10

(a)  relative to £(0) = 0.

(b)  x E e/KT

1



Figure Captions

Figure 1. Chemiluminscent spectrum from the reaction, Al + 03'
+0    2+   +          0showing the A2Hi-X2 I (5800-7000 A),  B  E -X2 E (4000-5800A),

2   2+and·CH-XI     (< 3500A) emission  sys tems. The totalr
0

(argon) pressure was  5 torr. Spectral resol uti on   is   20A.

The The spectrum is uncorrected for instrument response.

Superimposed is the relative response of the RCA 4840 photo-

multiplier.

0Figure 2.  A10 A2Hi emission from 60O0A to 10,000A. Below 6000A the

spectrum begins to merge into a featureless emission.  The

total pressure (argon) was 4 torr.  No correction

for instrumental response  (RCA 7102 photomul tiplier)   is  made.
0

Spectral resolution is 'u lOA.

2+Figure 3.  Intensities calculated for the A2H - X E component of the3/2
2   2+A  H. -X I system.    For  the cal culation, the upper state1

vibrational population (Nv') and electronic transition moments

(R ) are assumed constant and equal for each vibrational level.

Transi tion (band origin) positions are identified  as  (v',v"),
with sequences Av = constant marked horizontally.  Compare to

fig. 2 and see text for explanation.

Figure 4. Calculated population distribution, Nvi, for the A21 ( . )
3/2

and A2Hl /2 (- - x) components of the A2II state. The peaks at

low  v'   (v'  6-  15)   are not considered  to be statistical ly significant.

See text for an explanation of the determination and significance

of this figure.

.



' Figure 5. Calculated RKR potential curves  for the X22+ (-)  and A2II(- -)
states. Except when specifically noted, the A2H levels shown

are those for the n = 1/2 component. Of special interest is

the coincidence between the v' = 4, n = 1/2 and v" = 9,X2£+
levels.

Figure 6. Comparison of the "single-collision" (Main figure) and "multiple
[Ar]

collision"  or relaxed (inset) spectra  from the reaction  Al  +  OIl -A10*.
The single collision spectrum is dominated by A2H emission.  The

multiple collision spectrum clearly shows the effects  of effi cient
2     2+col l i s i onal transfer   from   the   A   H.    to   the   B    E state. Note that

1

the mul tiple collision emission  from  the  82 E+ state extends   to
0

a short wavelength limit - 5800A.  See text for discussion.

...''
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