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Abstract cc~

A variety of high temperature techniques are appl ied to the study of

visible chemiluminescent phenomena over the pressure range io 6 to io2 torr
in order to assess the app l icab i l ity of several reac tion systems for the
development of visible chemical lasers . Efforts have focused on selective

formation of excited elec tron ic states , the nature of electronic state

interactions and the behavior of these states over a wide pressure range.

In studying chemilumi nescent spectra , efforts have concentrated on the

determination of activation energies for excited state formation, the deter-

mination of excited state quantum yields , the determination of approximate

radiative lifetimes for long-lived states, the assessmen t of rapi d energy

transfer routes among excited electronic states and the analysis of colli-

sional quenching . Promising systems have been and are being explored in an

exploding wire laser system.
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1. Introduction - Topics Covered

$ 
In the course of the following studies under Air Force sponsorship,

we have been concerned with the appl i cation of a variety of high temperature

techniques to the development and analysis of promising systems for visible

chemical laser technology. This work has involved the orderly study of

chetni luminescence phenomena from i0 6 to io2 torr. Hence we have studied

the optical phenomena charac ter iz ing chemical reac tion in beams , fl ows and

flames . We have determined the visible optical signatures for a wide

var iety of reac ti ons wh ich involve both s imp le metathesis

A + BC ~ AB.. + ..C (1)

where A i s a metal atom or complex processes

RA + B C ÷ A B + ( R ) + ( C ) . . .  (2)

In reaction (1), the metal atom is usuall y reac ted in the form of a

beam or , at higher pressures, metal atoms are entra ined in a carr ier gas ,

an appropriate oxidant then being Introduced Into the entraining flow. In

reaction (2), AS may be the product of several reaction steps . The species

RA may first undergo several abstraction reactions before an oxidation to

produce the species AS occurs. Hence R is written in parenthesis in reac-

tion (2) because its exact character may not be maintained. For the

majority of systems considered, the reactant RA yields a minimum of two

final fluorescing products including the AS molecule of greatest interest.

In general the metathesis (2) wIl l Involve two room temperature gas phase

species and we refer to this as a gas-on-gas system. In contrast the

metathesIs (1) at low pressures is referred to as a beam-gas arrangement.
/

In all cases the reactant BC Is a rather strong oxidant such as the homo- “
I’

and heteronuclear ha logens, NO , N 0, 0 or ClO2 2  3 2
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The inclination to study complex metatheses such as those represented

by reaction (2) results wholely from an emphasis to produce the des i red

excited states from the initial Intimate combustion of two gas phase room

J temperature reactants. While we will sumarize these studies in the report,

our efforts have concentrated primarily on excited state production via

metal oxidation .

There are a few basic parameters on which one would like to focus in

developing systems for visible chemical lasing. Among the most obvious are

the following:

(1) One should search for systems which are characterized by

selective excited state formation.

(2) Selectively formed excited states should be formed with high

quantum yields (copious excited state production).

(3) The lifetimes of those excited states in which we focus interest

should be on the order of l0 6 to lO~ seconds .

This cri teri a is determined by the time necessary for intimate

reactant mixing at typical laser operating pressures. At 6 torr the

requisite mixing time is “lO~~ seconds) It will do no good to attempt to

study lasing from systems whose lifetimes are considerably shorter or

longer than the time necessary for mixing of the reactants to form a lasing

medium at the pressures at which one wishes to operate.2

(4) Excluding collision-induced transfers among excited states at

higher pressures, the criteria of selectivity and high quantum yield

virtually require that the activation energy for excited state product

formation be less than or equal to the activation energy for ground state

product formation in a given system. Hence, one mu st establish the temper-

ature coefficient for any metatheses producing the excited states of

Interest.

- 2 -
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(5)  In studyi ng react ions from low (< l O~ torr)  to high pressures
(< 10 torr), excited state deactivation (quenching) should be at a mir~imum.

(6) At higher pressures, rapid collisional transfer rates among

excited elec tron i c sta tes , especially those involving l ong-lived reservoir

states, must be catalogued.

A good portion of our research effort has focused on the determina-

tion of activation energies for excited state formation using a recently

developed procedure for the analysis of beam-gas chemi l umi nescent reac-

tions.3’4’5’6’7 We have determ ined and wi l l  continue to determ ine quantum

yields and excited state radiative lifetimes . Lifetime studies involve the

application of pulsed laser techniques8 as well as determ ination of approxi-

mate l ifetimes throu gh study of the pressure dependence of chem i lum inescen t

emiss ion.9 We have also been concerned with the very efficient energy

transfer routes connecting the excited- states of high temperature molecules .

These transfer routes manifest themselves as one extends “single collision ”

chemiluminescent studies (lO ~ to lO~~ torr) 9 to higher pressures coninen-

surate with the operation of a typical chemical laser system (1 to 100

torr). Our focus in these studies has been in large part on metal oxida-

• tion reactions and the controlled relaxation of distributions observed under

single collision conditions . Finally, we have attempted to ach ieve las ing

action in those systems which we deem promising using an exploding wire

laser system developed at Los Alamos Scientific Laboratory)0 Th i s system

was moved from Los Alamos to our laboratory and is currently being used to

study Group IIIB metal-halogen systems.

2. Group IIIB Metal Oxidation - An Approach to Selective Population

of Excited Electronic States

As a specific example we will discuss Group IIIB metal oxidation

which serves to exemplify the nature of our approach to the chemical laser

problem. A more thorough discussion can be found in the attached preprint

(Appendix A) and reprint (Appendix B). The discussion of other systems will

follow.
- 3 -
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Previously,~ ’’12 we have outl ined an approach to the selective produc-

tion of excited electronic states in chemical reaction. Briefly we have

chosen to look at systems in wh ich the mo l ecular or bi tal makeu p of cer ta in

exc ited elec tron ic product molecule states , access ible to a chosen chemical

reac tion , differs substantially from the ground or l ow-lying states of this

product molecule. We ask whether this substantial change will affect the

branching ratio of a chemical reaction and lead to preferential population

of these excited states. In order to achieve this criteria , we focus on

the ox idation of those meta ls whose atomic orb ital makeu p under goes 13 a

pronounce d change upon promot ion from the ground to a very “low-lying ”

excited electronic state. We will consider those product molecule excited

states which correlate with these low-lying excited metal atoms states in

dissociation . It is likely that these product states will have molecular

orbital makeups differing substantially from the ground or low-lying states

of the product molecule. - In order to insure the possible population of

these excited electronic product molecule states In a “s ingle col l is ion ”

bimolecular process , we also requi re that the resul ting chem i lum ines ci ng

product of metallic oxidation (preferably a diatomic molecule) have a sub-

stantial bond strength. Our bond strength requirement causes us to concen-

trate on metal oxide or halide formation. The s1t.~~Jon wh ich mus t ar ise

un der “sin gle col l is ion” bimolecular oxidation of a given metal is depicted -

In Figure 1. The metal halide or oxide product molecule excited states

whi ch can be popula ted unde r s ingle col li s ion conditi ons mus t l ie  at

energies less than the energy difference (D0
0(Mx) - D0

0(oxidant)). We have

denoted this energy difference by a horizontal line14 in the figure whose

separation from the dissociation asymptote of the product ground state

corresponds to the bond energy of that oxidant bond broken in reaction)3
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Our cri teria are most closely fit by the metals scandium , yttrium and

lan thanum. The ground states of these metals are of 2o syninetry (electron

configurations Sc , [Ar] 4s 23d; Y , [Kr] 5s 24d; La , [Xe ] 6s 25d) and all three

atoms have “low- lying” electronic states (electron configuration.. .s2p).

Here , from the standpoint of a single determinant description , we have a

considerable change in atomic orbital makeup, from d to p atomic orbital

character)3 Our selection is based on single determinant arguments and

does not take into account configuration interaction between atomic states .

Nevertheless the ground and “low-lying” 2P states have considerably

different atomic orbital makeups. We consider those excited molecular states

which dissociate to Sc*, ~(* or La* (2P). We expect that these excited mole-

cular states will differ substantially in molecular orbital makeup from the

ground and very low-lying excited states of the metal oxides or halides.

A priori , it is not clear whether these states will be formed selectively

in a bimolecular chemical reaction ; however , this outl ined approach repre-
• sents a screening principle.~

5

We have charac ter ized several Grou p I I I B meta l reac tions with the

halogens , 02~ 
NO2, N20 and 03. Let me sumarize our findings

(see also Appendi ces A and B) .

A. The Chemi luminescent Spectra (single collision beam-gas) 2°

All of the spectra resulting from reactions of each metal wi th the

various oxidants employed have been discussed In detail. ’16’’7~~
9 We note

here the most important trends deduced from our studies of these chemi lumin-

escent spectra.

- 5 -
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1. M + R O ÷ M O * + R

We find that reactions of Group IIIB metals with oxygen-containing

compounds produce the diatomic oxides M0* in relatively non-selective distri-

butions of energetically accessible excited electronic states . As an

example, the observed YO* emission from the Y-N 20 reaction is shown in

Figure 2. Al though these distributions do not refl ect selective excited

state formation , neither do they agree with predicted statistical distri-

butions assuming no dynamical constraints .2~ The reactions of Sc and V

with 02 are the only exception to the non-selective trend. These reactions

result in predominant population of the low-lying A ’ 2
~ state of ScO and VO.

For the Y-02 reaction , we have estimated that the fl ux into the A ’ 2
~ state

of YO is at least 50 times that into the A211 state)8 No other electronic

states are energetically accessib le in the reaction .

For each metal , we also f i n d  that , as reaction exotherniicity

increases ((R-0) bond strength decreases), the emission intensity shifts to

shorter wavelengths. This implies that the observed reactions tend to

populate , at least to some extent , all energetically accessible states of

the oxide .

2. M + RX + M X * + R

We have studied the chemi luminescent emission under “single collision”

conditions from 19 reactions of the Group IIIB metals scandium , yttrium and

lanthanum with- the halogens F2, Cl 2, Br 2, I2~ SF6, C1F , IBr and Id .  We

suimiarize the reactions studied in Table I. Observed chemi l uminescent

spectra are primarily attributed to emission from the metal monohalide

formed via the reaction

M + R X + MX* +R (1)

- 6 -
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Table I
4

Group 11113 - H a l o~en React ions Studied Product Fo matior1

Sc V La

F2 ScFS YFS LaF

Cl 2 ScCl 2, ScC12
C YC15 LaCl

Br2 ScBrS, ScI3r2
C YBr S

ScI S, sci2
C

SF6 ScF5 Y l~ LaF

C1F ScF5 > StCl Yci s ~ LaF , LaC1

Id ScCl 5 > Sc! Ycl S > vi5 — ——

I[3r SCBr5 > Sc! VU rS YI S —•. —

s selecti ve nonohalide emission -

c = conti ritous emission due to (hhal lde

I
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A Dihalide emission is also observed in the Sc-Cl 2, Sc-Br2 and Sc-I2 sys tems .

The dihalides appear to be formed in the reaction sequence

M + R X ~~~M X * + R  (2)

MX* + RX -‘ MX2* + R (3)

We find extremely selective production of monohalide excited elec-

tron ic states In both the scand i um and yttri um reac tions. As an exam p le ,

the observed YC 1* emission from the V-Cl 2 reac tion i s shown in Figure 3.

The lanthanum reactions are characterized by relatively moderate selective

excitat ion of monohalide excited states. The selective feature dominating

the scandium and yttrium monohal ide spectra has not been observed by

previous researchers . On the basis of molecular orbital theory, energy

conservat ion , and the known spectra for scandium and yttrium fluoride, the

selective emiss ion feature is ass igned to a 3E+ - or - band

system.

Unlike the observed metal oxide formations, reaction exoergicity and

the density of energetically accessible excited states appears to have little

effect on the distri bution of excited states populated . Thus, for each

metal , increasing the exothermicity of the t’eaction by decreasing the

oxidant bond strenth has littl e effect on the observed distribution or

selectivity of populated states. As we will discuss shortly, it is possible

to estimate the radiative lifetime of chemiluminescing excited states
p provided that these states are sufficiently long-lived so as to undergo

collisions before radiating.22 Based upon mechanistic considerations 
—

entailed in the kinetics of metastable excited states,22 the radiative life-

times of the selectively populated excited states of ScCl , ScBr and YCJ are
3estimated to be on the ~rder of 2 x 10 seconds. Therefore, we are

- 8 -
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observing emission from moderately long-lived states. This is in contrast

to the meta l ox ides wh ich are charac ter ized by much more ra pid emiss ion

rates. 23

B. Activation Energies

We have suninarized measured activation energies for several reac-

tions forming metal oxide and metal halide excited states in Tables II and

I I I .  With the excepti on of YO(A ’ 2A) production via the Y-02 reaction , a l l

metal oxide forming reactions (Table II) proceed with non-negligible activa-

tion energies .4 In contrast to those processes leading to excited state

metal oxide formation , we find negligible activation energies (Table I I I )

for formation of the ~~ metastable excited state)1’12 . As is apparent from

Table I I I , it is not a trend characteristic of metal monohalide for ma?ion

in general , but rather reflects the nature of processes corresponding to

formation of specific excited states . The reaction resulting in formation

of the YF C ~~ state proceeds with a substantial activation energy.1 1~ I2

In Table I I I , we also presen t the resu lts of our tempera ture dependence

studies on the Ca + F2 
+ CaF* an d Sr + F2 

-~ SrF* + F reactions. Excited

state formation in these reactions also proceeds wi th a substantial activa-

tion energy. -

C. Quantum Yields24

The quantum yield is defined as the ratio

Exc ited State Emitters /Total Pro duct Molecules Formed

In Table IV , we summarize quantum yields for several “single colli-

sion ” electron transfer metal oxidations. While the quantum yields for

Group IIIB oxide and Group h A  halide formation are quite small in

general , being on the order of lO 2 to 1O~~%, Group IIIB halide formation

- 9 -
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Tdl)lC’ II

• Acti vation En~r cis o i t i o i ’ of~~c0, YO. IaO

t. ~ Reactions Studied Acti va tion [n~rqy (kcals/ uole)

Sc + 02 ScO *(A 2
11112 ) 5.13 ± 3.59

Se + NO2 ScO* (A2:t112 ) . 7. 85 ± 1.18

Sc + NO + ScO*(R 2
~~) 6 .43 ~ 1.25

Sc + N
2
0 + ScO*(A 2

11112 ) 14.16 ± 2.44

V + 02 
•~~ YO *(A 2

11312) 1.7 5  ± 0.52

- 

Y + NO~ + Y0*(A
211312) 1.10 :1 0.76

Y + N 20 ~ YO *(A 2
11312) 10.45 :~. 1.23

V + 02 -~~ YO*(A’ 2A ) ~O ‘ O.~6

La + 02 LaO * (C 2
113/2 ) 2. 82 ± l~~:~

-
~ La + NO 2 -~~ 1.aO*(C 2]1312 ) 

- 
3.17 ± 1.73

L.a + N20 
•~~ La0~:(C ’~u312) 2.81 2.17

‘S
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Table 111

Acti vation Ene~~~es for Ex ci t e d St te~~~ta1 ~onoha1 ide Fo n.ta tion

Reactions Studieda Acti vati on Energy (kca ls/ mo le)

Sc + F2 ScF*( 3,:~) + r - Q ± 1.8
(selecti ve feature at 3460 A)

Sc + Cl 2 ScC1 *( 3E ’ ) + Cl 1.2 ± 1.5
(selecti ve - feature at 3500 A)

V + F2 
-~~ Yf*( 3~~) + F 2.0 ± 8.1

(selecti ve feature at 3800

y + F2 
-~ YF* (C 1

~~ ) + F 12.8 ± 7.0

(emission at 5000 A )

~ + Cli VF*( 3}~ ) + Cl 0 ± 3.1
(selecti ve feature at 3860 

~~~) 
0 ± 6.8

V + C1F ~ YC l* ( 3
~~) + F 3.9 ± 5.1

(selecti ve fcature at 3900 A ) - 

. 
0 2.7

y + ID r -‘- VHr*(3)~ ) + I 
S 

2.4 ± 1.6
(selecti ve featu re at 4040 A) -

La 1- 12 Lai* O ll) + F 0.8 ± 1.6
(proiiiinant feature at 4730 A )  

-

La + F2 -‘ LaF * + F - 4.0 ± 2.1

(short wavel ength feature at 4119 A )
Ca 4 F ~~~ CaF~(I32 };

~) -;- F 3.7 ~ 1.3

Sr 1- 12 ~ Sri*(B2 T~) + F 3.5 + 0.8 /
Sr 1- 1~ 

- SrI*(C 
•

) ~
- F ‘1.3 ‘. 1.0

Sr + F2 
.).Sri*([)2)~) 4 F 4.0 i 1.4

a5~~ t-efc rence~ 3, 4 and 12 for a di CII5~~;OIt of ~: C1 i  V~t i( ii e?iPrq y de te ’ - natio n
in a beam—gas ~xper1ui cnt. - 11 — -

-~~~ 

~~~~~~ 
~~~~~~~~~~~~~~~ 
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Table JV

— _ _ _ _  
~eactio s~~tudthd Ovan turn Vio l d ( ~ )

Sc + F2 
-> ScF* i- F >5%

y +  F~~+YF~~+ F 
S 

>9.1%

La + LaF~ + F >2.7%

Sc + NO 2 
.~~ SC0* + NO 1.9%

V + NO2 -~ YO k + 1-10 10 x l0 2%

La + F-lU2 -> - I.aO* i- NO ~~~ ~

B a + F 2
_ I ~~F* .1. r . :2. I x l 0 ~~,

Ca 4 12 
-
~~ Cij F ’- + F 3.8 x l0

T3
~

aNOt including LaO A ’2~ - X2E~ emission ; however , see ref. 15.
bNot including the BaF A211 ‘- x2z~ system.
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proceeds with a quantum yield at least two orders of magnitude

larger.

In sumary , we note that Group IIIB-halogen reactions are found to

proceed with unusually ~~~ “single collision ” quantum yields and l ead to

formation of a selectively formed excited electronic state in a process

characterized by a negligible activation energy . Group h A-halogen reac-

tions and the majority of reactions producing the group IIIB oxides are

characterized by typical low “s ing l e  c o l l i s i o n ” quantum yields , min ima l

selectivity , and substantial activation energies for excited state

fo rmation.

D. Radiative Lifetimes

Approximate Lifetime s for Long-Lived States

Recently, we have discussed the kinetics of metastable exc ited

states formed in a beam-gas chemilumi nescent reaction .22 We def ine  a

metastable excited electronic state as being characterized by a radiative

lifetime longer than 2 x lO~~ seconds . This is the time period iecessary

to traverse the viewing zone from which we monitor chemiluminescent emi s-

sion. In order to analyze the observed pressure dependence behavior for

the reactions producing long-lived states , we must consider two concepts :

1) long-lived excited state species formed In the viewing zone are predom-

inantly lost to the detection system by virtue of the fact that they diffuse

out of this region before emitting , 2) if the radiative lifetime of an

excited electronic state is comparable to the inverse of the collision

frequency characterizing inelastic collisions with the nascent products of

reaction , one can observe “coll i sion induced en hancement” of the fluorescence

from this state. Here, the nascent vibrational-rotational - distribution
1

characterizing the excLed electronic state must be collisionally deactivated
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such that the total emission rate from the final rovibronic distribution

detected exceeds that for the initially formed products . For a given beam-

gas reaction , we determine the molecularity with respect to oxidant for all

reactions studied , monitoring cheinilumi nescent intensity versus oxidant gas

pressure. In general such plots for bimolecular processes show a linear

dependence ; however , the emission features attributed to long-lived states

may be characterized by a linear onset followed by a faster increase in

emission intensity . If collisional processes as those discussed above

compete wi th spontaneous emission from the nascent products of reaction ,

one begins to observe nonlinear behavior in plots of chemi luminescent

intensity versus oxidant pressure . It is also possible that collisional

transfer from a long-lived reservoir state or high vibrational levels of the

ground electronic state can lead to a non-linear pressure dependence ;

however , through relatively straightforward studies , this possibility can

be demonstrated to be extremely unlikely.

Given typical inelastic cross sections for those processes which we 
S

are monitoring, it is possible to estimate excited state radiative lifetimes

by noting the pressure at which nonlinear behavior is first observed.

Because radiative lifetimes in the range from lO~ to i~
...2 seconds ~ire very

difficult to measure experimentally, a straightforward approximate method

for their determination can be quite useful . As we have indicated pre”iously

(see also Appendix B and reference 22), this technique has been appl ied to

the study of selectively formed Group IIIB halide - exc ited states. 23

The exam pl es above charac ter i ze the gi rth of stud ies enta i led i n the

initial analysis of promising chemical laser systems. This work is carried

out under “single collision ” conditions in a beam-gas environment. We have

also cons idered the extens ion of low pressure s~ud1es to the high pressure

- - 1 4-
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“multiple collision ” regime . Here efforts have focused on collisional

quenching and rapid energy transfer routes among exci ted states.

3. Multiple Collision Studies

In extending our flame studies to higher pressures , we are concerned

wi th the rapid energy transfer routes connecting the excited states of high

temperature mol ecules. As examples of this work , we summarize studies of

aluminum and scandium oxidation. We should note, howeve r, that similar

studies on Gel (A2z~ - X2n) and SnF (A2~~ 
- X211) are currently underway in

our laboratory.

A. Rapid Energy Transfer Routes

We have analyzed the chemi l uminescent emission for the reaction of

aluminum wi th ozone over the pressure range io 6 to 20 torr.26’27’28 At

lower p ressures , an aluminum beam intersects a tenuous atmosphere- of oxidant

gas (10-6 to l0~~ torr) while at elevated pressures , the metal is entrained

in a buffer gas (typically argon or helium), thus increasing the metal flux

into the reaction zone ~s well as promoting relaxation phenomena . The

observed chemi l umi nescent spectrum is characterized- by emission from both

the 82E+ and A211 states of AlO. At pressures in excess of 1 torr, where

collisional deactivation might be expected to lead to thermalization of

nascent rotational and vibrational distributions , the measured B2Z+ vibra-

tional populations for this reaction follow a markedly non-Boltzmann distri-

bution , exh ibiti ng loca l max ima at v ibra tional levels v ’ = 6, 8, 12 and 14

(Figure 4a). This behavior is attributed to an initial chemical reaction

Al + 03 
-
~~ AlO (A 2H) + 02 followe d by coll is ion i nduced rearran gement

AlO (A2n) + Ar -
~ A1O(B 2E’) + Ar. The spin orbit interaction in A1O connects

ro-vibronic levels of t:~e A211 and B2E~ states. Collisional energy transfer
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is particularly efficient for the most strongly perturbed levels of the

B2
~~ state . In contrast , the Al + N 20 reaction is characterized by an

approximate Boltzmann distribution in the AlO B2~~ state population

(Figure 4a) indicating that this reaction proceeds by a different mechanism.

Consistent with the proposed mechanism for Al + 03 is the appearance of

“ex tra ” band heads representing normally Franck-Condon forbidden A-X transi-

tions which become allowed because of a small admixt’ire of B2~~ character.

An example of these “satellite ” features can be seen in Figure 4b, where

the V 1 = 14 and v ’ = 12 satellites are noted . The separation between the

main and satellite features is v ’ dependent, that is comparable for all

transitions involving a given v ’ level . The relative intensities of the

satellite and “main ” transitions are strongly dependent upon argon buffer

gas pressures. A quantitative description of this dependence gives an

estimate for the amount of mixing between A211 and B2E+ and for the rate of

energy transfer between these two states. The measured rate constant for

the most strongly perturbed l evel (v ’ = 14) is comparable in magnitude to

the rate constant expected for hard sphere collisions between argon and AlO.

Our work on AlO has now been extended to ScO and VO. We have

observed evidence for a very efficient collisional transfer among the

excited states of these molecules . An example is given in Figure 5. Here

we present scans of the B2~~ - band system of ScO formed in the reac-

tion of scandi um with PlO2. The background pressures are 10 and 400 microns

respectively (Ar added for higher pressure scans). Emission from the v ’ =

8 level clearly dominates the 400 micron scan and the relative intensities

of the emission from the v ’ = 3 (3,1), v ’ = 8 (8,5) and v ’ = 13 (13 ,9)

leve l s, changes drastically as the pressure is varied from 10 to 400 microns.

We also note a “satellite ” band appearing in the 400p scan. This satellite

corresponds to a vibrational level of a long-lived state which interacts
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strongly wi th the observed B2E~ state. The strong coupling results in very
-t 

efficient collisional transfer to the v ’ = 8 level of the B E state. The

long-lived state borrows intensity from the B2~~ state and the transition

which is nominally Franck-Condon forbidden can be observed . If we note

other regions of the ScO emission spectrum , all emissions corresponding to

the v ’ = 8 level are accompanied by a satellite band similar to that in

Figure 5, and shifted an identical distance from the main feature. In

these studies , we utilize the strong perturbations among the excited elec-

tronic states of high temperature molecules . Al though a complete perturba-

tion analysis of the emission spectra (all rotational levels) would be

prohibitive if not impossible , the appearance of the satellite features

allows us to achieve a good semiquantitative description of those “su per

highways” connecting these states. For the researcher interested in

locating highly efficient transfer routes among excited states, this is an

extremely important tool. In contrast to the ScO system, pressure dependent

effects i n A l O are observe d i n the pressure ran ge from one to five torr.

Therefore observing and analyzing these effects is not trivial . A wide

variation can be found and great care and patience is required . eur prelim-

inary work indlc.ates that the satellite features observed in ScO (effects

also observed for v ’ = 2, 5, 6 and 7, B2E+) correspond to rapid collisional

transfer from a l ow-lying quartet pi state.

In order to carry out the studies which we describe , computer

programs have be-en written to fit-various transiti ons in experimentally

observed spectra from first principles. Once an accurate fit Is obtained ,

population distributions can be automatically extracted. Because we have

the facility for independent variation of vibrational or rotational temper-

atures (or non-equilibrium distributions), we are able to characterize

population distributi ons and relaxation phenomena from low pressure (< lO”~
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torr) single collision conditions to hiqh pressure (> 1 torr) multiple

collision conditions.

It should be clear that , wit h care , these techniques can be applied

to the analysis of energy transfer in a variety of potential laser candidate

systems . -

B. Collisional Quenching Studies

While the techniques described in the previous section are also

applied to the study of collisional deactivation and quenching in these

systems, we have been primarily concerned with the collisional deactivation

of the selectively formed (Tables I-IV) Group [IIB halide excited states.

C. Grou p I I I B  - Halogen Reactions at Higher Pressures

We have determined that a minimum of 10% of those product molecules

formed in  Group I I I B  - halogen reaction are formed in an excited electronic

state (reference Appendix B -. Publications 13 , 14). Because this is an

unusu~1ly high “single collision ” quantum yield , it implies a mechanism for

excited state Group IIIB halide formation which differs considerably from

previously studied systems (references 10-17, Appendix A - Publication 14).

The magnitude of the minimum quantum yield implies possible inversions

between vibrational levels of the selectively formed excited state and the

ground or low—lying states to which we are observing emission . For the

grid of Group 1118 - halogen reactions studied , substantial metal halide

product dissociation energies and previous experimental evidence in the

“mul tip le coll ision ” pressure regime, Imply that product molecule formation

In the ground electronic state should be dominated overwhelmingly by

branching Into high vibrational levels. This mode of product formation may

lead to possible 1nver~ions between excited state levels and the certain

- 1 8-



vibrational levels of the ground state to which they emit. The excited

state radiative lifetime , for the “selective metal monohalide feature”

(reference 22 - Publ ica tions 12 , 13, 2) is sufficiently long so that it

slightly exceeds the critical time for intimate reactant mixing at

pressures on the order of 5 torr (T
m 

= 3 x l0’
~ p(sec.), p in torr). For

this reason we have been concerned with the collisional quenching of the

selective metal monohalide feature at higher pressurcs. We have extended

our studies to the one to twenty torr pressure regime in order to assess

quenching and deactivation effects. Extension to this pressure range is

necessary in order that one migh t attain the critical inversion density

necessary to achieve laser action . Initial quenching studies wi th argon

at pressures up to 20 torr were quite promising and as a result further

work with CO and CO2 was performed. These studies have indicated minimal

electronic collisional deactivation at pressures up to and acceeding 10 torr.

Computer programs are now being completed to fit the observed selective

spectral emission feature from single to multiple collision conditions.

In addition , the curren t resu lts have focused our atten tion on means of

producing copious quantities of Group IIIB metal atoms in the vapor phase

in a cavity appropriate for laser action .

D. Exploding Wire Laser

- As we have noted, an exploding wi re laser system has been installed

in our laboratory in orc1er to study promising laser candidates . This is a

very convenient and inexpensive laboratory probe. - If one is able to obta i n

lasing action under the pulsed conditions characterizing the exploding wire ‘ 0

system, extension to more costly flow systems can then be undertaken.

Preliminary results obtained for yttrium in a fluorine atmosphere are very

:1’
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promising. We have maintained emission from the relatively long-lived

selective ( 3z+) VI emission feature at cavity pressures in excess of 125

~ I torr (50 torr F2, > 80 torr argon). We are currently undertaking a series

of studies which involve higher resolution scanning of the cavity emission

and coincidental system parameterization.

4. Sumary of Additional Systems Studied

The previous sections have provided a fairly detailed summary of the

types -of studies which we have performed on a select group of molecules in

order to assess thei r promise in visible chemical laser systems. In the

following discussion we sumarize the studies carried out under Air Force

sponsorship on several other systems. While the molecules studied may not

show promise as chemical laser candidates , the research effort has led to

an increase in the data base available for several combustion processes.

A. Lanthanum Oxide Chemiluminescence

Using a beam—gas arrangement, we have studied the chemi l uminescent

emission which results when a thermal beam of La atoms (1750-2400K) inter-

sects a tenuous atmosphere ( l O 6 to l 0~ torr) of one of the thermal oxi-

dants 
~2’ 

NO2, N2O or 03 (300K). The La-U2 reaction is characterized by

v is ib le chemi lum inescence from the B2E~ and C2U states of LaO. The La-NO2,

La-N20 and La-03 reac tions are character ized by emiss ion from the B2E+,

C2II an d D2E~ states of LaO. In ad diti on all  four systems are charac ter ized

by extensive emission from the A2
11 state of LaO. From the chemi l uminescent

spectrum for the La-02 system, a minimum value of 8.30 ± 0.04 eV is deduced

for the dissociation energy of lanthanum monoxide . This lower bound is In

good agreement wi th previous mass spectrometric determinations (8.28 ±

0.11 and 8.38 ± 0.2 eV). From the temperature dependence of the four

.,.1 .
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chemiluminescent reacti ons , we can elucidate the reaction dynamics of low-
~ S 

lying atomic states in the oxidation reactions of high temperature metallic

beams (Publication 4).

Ana lysi s of the observed chem i lum inescence prov ides ev idence for an

inflection in the LaO D2E~ state for vibrational levels v ’ ± 8. The

reflection would appear to be caused by an “avoided crossing” of two
,, 2+ .zeroth order 1 states (Publication 5).

B. Scandium and Yttrium Oxide Chemi l uminescence

The chemiluminescent reactions of Sc and V atoms with O2~ 
NO2, N20

and 03 have been studied under single -collision conditions , using a beam-gas

arrangement. The reactions of Sc and V with 02 are characterized by emission

from the A2~I and the previously unobserved A’
2A states of ScO and YO. The

reactions of Sc and V wi th NO2, N20 and 03
’ resul t i n emiss ion from the A211

an d B2~~ states of ScO and VU. In addition , emi ss ion from at leas t one

prev iousl y unobserved elec tron ic state , lying higher in energy than the B2E~
state, is observed in the emission resulting from the Sc-03, Sc-N20, Y-03
and Y-N2O reactions. From the A211 - X2E~ chem ilurni’iescent spectra for the

Sc-02 and Y—02 systems , minimum values of 7.13 ± 0.1 eV for the dissociation

energy of ScO, and 7.46 ± 0.1 eV for the dissociation energy of YO can be

deduced . These lower bounds are in good agreement wi th previous mass spec-

trometric determinations of these quantities . Upper and lower bounds to the

effective rotational temperature of ScO (B2i~, v = 0) formed in the Sc-NO2
reaction can be determined from rotational structure observed in the B-X

chemi l uminescent spectrum. Measurements of the dependence of the chemi lum-

Inescent Intensity on oxidant pressure .~tal temperature indicate that

all of the reactions studied are first ord*.. 4vith respect to both ground

state metal atom and oxidant molecule number densities . Relative rate

— 21 —
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constants for formation of product vibrational and electronic states,

determined from the chemiluminescent spectra , are found to deviate quite

substantially from those predicted on the basis of prior statistical dis-

tributions obtained wi th no dynamical constraints (Publ ications 7, 16).

C. Titanium Oxide Chemi l uminescence

A beam-gas arrangement has been used to study the chemi luminescent

emission which results when a thermal beam of titanium atoms (2200-2650K)

intersects a tenuous atmos phere ( io~ to lO~ torr) of thermal O2~ 
NO2 and

N20 molecules (300°K). The visible chemiluminescence extends from 7000 to

4000A for the titanium-02 reaction and 700 to ~3OO0g for the titanium-NO 2

and titanium-N 2O reactions. The emission which characterizes the Ti-02

reaction corresponds predominantly to the B3r1 - X3A and C3~ - band

systems of titanium monoxide. Some weak emission corresponding to the c~~

a~~ band system is also observed . The emission from the Ti-NO2 and Ti-N20

reactions is considerably more complicated ; however, both reactions are

characterized by strong B3fl -X3~ and C3~ - X3A emission features. The Ti-N 2O

reaction also displ ays strong emission from the D-X3~ h O  band system.

Al though emission is observed from the seven l owest vibrational levels of

the C3~ state , onl y the emiss ion from 0 ~.v ’ ~ 4 is-the result of a

bimolecular process. The v ’ = 5,6 levels are formed i n a process second

order in oxygen molecules. From analysis of the temperature dependence of

the chem il uminescen t spectru m , we can determine a slope heat for the

process which produces the titanium atom whose reaction with 02 l eads to

the observed chemi luminescence. This slope heat is used to deduce the

activation energy for the possible processes which l ead to h O  C3~

chemi l uminescence. The chemiluminescence resulting from the Ti-O2 and

- TI—N20 reactions Indicates that emission from the Ti0-02 reaction is due
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overwhelmingly to a metathesis involving excited state titanium atoms.

Further analysis demonstrates that the reaction of Ti(5F) excited states is

the most likely process leading to the observed C3~ - X3~ emi ss ion. From

the results of temperature and pressure dependence measurements on the

Ti-02(TiO) chemi l uminescent spectrum , we deduce a l ower bound of 159.8 ± 3

kcals/mole for the dissociation energy of ground state titanium monoxide.

This l ower bound is in close agreement with recent mass spectrometric

studies. Using available spectroscopic data , we have genera ted an RKR

potential for the first ten levels of the C~~ state of h O  and have deduced

Franck-Condon Factors for the C3A - X3A transition and estimated relative

(v ’) vibrational level populations for the Ti-02 reaction (Publication 8).

D. Cerium, Dysprosium and Neodymium

The cer i um , dysprosium and neodymium reactions with F2 an d NO2 have

been investigated. The chemiluminescent spectra are characterized by a

broad somewhat structured emission feature extending throughout the ultra- 4

violet and visible regions. As an example , we note the cerium-NO2 system.

The cerium-NO2 system is charac terize d by a seem ingly structured fea ture

(Figure 6) extending from 3300 to 6400A. These spectra were obtained at

very low cerium flux. Work on these systems was not pursued because the

density of states characterizing these metal oxides and halides was deemed

too substantial to allow for sufficient population of a given excited state

level . Put another way, the partition of reaction exothermicity in these

systems precludes the creation of a requisite population inversion .

E. Oxidation of Silicon , Germanium and Tin

The cheml l uminescence emanating from the oxidation of silicon ,

germanium and ti n with 031 N20 and F2 has been studied over the pressure

_______________________ 

-23 -

______________________ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

______-



S. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - . —S..-

I-

•1

g ’ i
I

I.tJ .
~5

~~~~~~~~~~~~~~~~ 1 
S

- I , .

j Z
- - S

I U

*

-~ 

.

5

S 

- 

.

- 2 3a-

St ~~~~~~ 
- ~

_1 -
~~~ ~~~~~ ~

‘ 
~~ S.

- _ _ _ _ _ _——S.- -~~~ -S. - --.S..~~~~~ - - - - “ S .  
- - -~ ~~~~~~~~ ~~~~~~~~ 

S .  S.



-
~~ range from “single collision ” conditions to pressures approaching 10 torr.

The Si-N20, 03 reac ti ons are charac ter ized by ex tens ive emiss ion from the

a3~~ and b
31’[ states of SiO. A small component of SiO A

’1
n - emission

is also observed . The Ge-03 reaction also leads to extensive emission from

the A111, a3Z~ an d b3r1 states. While the analysis of the “single collision ”

GeO spectrum is tedious due to extensi ve spectral overlap, the analysis of

the multiple collision GeO (Ge + 03) spectrum is almnst complete and

confirms our observation of these states.

The Sn-N2O~ 03 reactions under single collision conditions are

characterized by very weak (N20) and strong, extensive (03) emission from

the A , B, C and 0 states of SnO. The observation of very weak chemi l umin-

escence for the Sn-N20 reac tion un der “single collision ” conditions is

consistent with the observations of other workers. The Sn-N2O reaction is

slow and is therefore not expected to yield strong chemi l uminescence in a

bimol ecular process .

The Si-F 2, Ge-F2 and Sn-F2 reactions are characterized by extensive
2+ 2 - . .A Z - X TI emission features. The Si-F2 reaction is also the source of

some - X2ri SIF emission ; however, this feature is far weaker than the

A2E~ - X211 band system. Correcting for phototube response the ratio is

— 1/120 under single collision conditions. Gel may represent a more

interesting candidate . While the GeF spectrum under “single collision ”

conditions Is virtuall y a continuum extending from 3500 to 5200A, the

spectrum at 2 torr consists of well defined emission from the v ’ = 0 -‘- 10
levels of the A2E~ state. An analysis of the two torr population distri-

butlon indicates a sharp peaking at v ’ = 8. Further studies of the

emiss ion from “single ” to “multiple ” collis ion conditions indicate that

this peaking may- result from collisional transfer from a long—l ived

reservoir state characterized in a manner very much analogous to our

.4 observations In ScO and AlO.
-24 -
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The SnF emission spectrum is very extensive and not yet completely

characterized . There are two features of greatest interest: (1) Colli-

sional transfer effects again appear to be present as we traverse the

pressure ran ge from “single ” to --multiple ” collision conditions. (2) A

band system which may be the analog of the - X211 system in SiF is

observed.

It should be apparent that by contining our multiple collisi on studies

with our single collision work, we are analyzing interactions and colli-

sional transfer between excited electronic states in a manner similar to

that used for AlO and ScO. This research is useful not only for the study

of possible chemi cal laser systems but also for further general under-

standing of the combustion process.

5. Gas-On-Gas Systems

In an effort to assess the usefulness of gas-on-gas oxidations to

produce potential excited state lasing media, we have studied severa l

highly exothermic oxidations of the metal cluster compounds of boron and

silicon . Our findings may be suninarized as follow :

A. Chemi l uminescent Products of Silane + Halogen Reactions

The reactions of disilane (S1 2H6) wi th Cl2, F2 and C1F and monos ila ne

(S iH4) with chlorine molecules and atoms have been studied . The disilane-

fluorine system Is characterized by strong emission from the A2Z+ - X211

transition of SIF, the A(2A1 ) - X ( 2B1) transition of SIF2 and the A2~ - X211

transition of S1H. Some evidence indicates the possible observation of the

- transition. In SiH. By contrast, the principal emission spectrum

in the monosilane-chlorine and dlsilane—chlorine reactions is the 1A” -

transition of HSICJ . A continuum emission feature may belong to SiCl 2 or

— 25-
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S1C1 3. The HSiC1 emission intensity doubles when chlorine is reacted with

pyrolyzed disilane , Si2H6 ~ SiH~ + S1H4; however , it is uneffected by the

addition of chlorine atoms. Al though SiN4 + Cl 2 also reacts to form HSiC1*

this reaction would not account for a doubling of the flame intensity .

These results indicate specific chain mechanisms , which include both atomic

and molecular halogens reacting with silylene molecul es (SIB 2). The con-

clusions drawn from the chemi l uminescence data are f~irther substantiated

by mass spectral analysis of the flame region (Publication 6).

B. Si l ane — Ozone

The promising nature of the silicon-ozone and germanium-ozone reactions

which produce relatively l ong-lived a3E~ and b
311 excited state species

heightened our interest in the disilane-ozone system. Here we found the

compl icated fluorescence to be characterized by emission from either the

or b3rr excited states of SiO or more likely an excited state of the

previously unobserved HS1O molecule analogous to the HCO C-X hydrocarbon

flame bands. -

C. Borane - Ozone and Borane - Fluorine Systems

The reactive systems B2H6 + 03. F2 and B5H9 + 03~ 12 have been studied.

Among the most interesting features of these systems is the specific nature

of the cheml l uminescence which we observe. The B2H6 + 03 and B5Hg + 03
systems yield extensive densely spaced emission from B02 an d minor emiss ion

from BO. The B2H6-F2 an d B5Hg-F2 systems give rise to a progression of

bands due to HBF (Figure 7). The (0,0) band of the A-X band system of B-H

is also observed.
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D. Chemical Laser Module

With special emphasis on gas-on-gas systems , we constructed a reaction

chamber to study the possibility of obtaining visible chemical laser action

or gain from highl y exothermic cnemiluminescent reactions. The system was

designed both as a laser cavity and as a module for extra-cavity gain

studies. Initial experiments have focused on the pentaborane-fluorine

system. These experiments have been slowed at present; however, they

might be continued at some point in the future.

The cavity consists of two 25 cm long parallel slits of variable

width down to 0.0025 cm. The slits are 0.125 cm apart , so the oas beams

emanating from them cross at right angles to form a reaction zone 25 cm

long and approximately 0.2 cm in diameter. The slits have been kept very

narrow and closely spaced to both increase the mixing speed and confine the

e~ ssion to a well defined region . The mode radius has been calculated to

vary between 0.04 and 0.06 cm, depending on the position in the optical

cavity. The gases are introduced into the reaction zone from long channels

located behind the slits (see Figure 8). Dual inlets into each channel allow

a uniform gas pressure to build up along the entire length of each slit.

A carrier gas (argon or nitrogen) can be introduced into either channel to

increase the effective pressure of the reactant gases. The slits can be

easily cleaned of reaction byproducts by simply increasing the carrier gas

pressure. The chemical laser module is al so equipped with an internal

cooling system capable of removing approximately 50 kcal/min.

The gas module is placed in a vacuum system (,~lO 552 
torr) equipped with

Brews ter angle w indows an d hig h refl ectance mi rrors . The deacti vated

reaction products are pumped out of the chamber through four 1-1/2 inch

holes in the top flange. This not only improves pumping speed, but
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decreases possible pressure gradients along the length of the cavity . m e

gas flows through both a fl uorine trap (10 l ayers of 1/2 inch thick soda

lime ) and a particle filter before being removed from the system by a fore-

pump (see Figure 9). The filters are used to protect the pump from any

unreacted fluorine or particulate matter which might otherwise damage it.

Two Welch 1397 vacuum pumps each remove gas at 375 liters/mm ; however, the

gas flow is restricted by the two necessary filters . The pumping speed

seems to be adequate; however, adjustments may have to be made. Typical

operating pressures are in the range of 1-2 torr.

Quar tz Brews ter angle windows are mounte d on 5 cm sta in l ess steel

tubes to minimi ze film formation . They are further protected from harmful

oxidant gases by a blanket of argon maintained in each tube. The optical

cavity is 70 cm long and is formed by a 2 meter radius of curvature concdve

high reflector and 0.5% transmi tting flat. We can further decrease optical

losses by using two 100% reflection mi rrors and look at the beam scattered

from one of the Brews ter an gle windows . With our presen t mi rrors , we have

the capability of looking at laser emission between 3500 and 6400A.

The vacuum chamber also has six viewing ports mounted on the top

flange. These can be used either for observing the reaction zone or for

monitoring the spontaneous emission intensity . The optical losses due to

output coupling are between 0 and 0.5% per pass. Scattering losses caused

by the partial reflection from the Brewster angle windows have been

decreased to approximately 0.4% per pass while the diffraction losses can

be considered negligible.

_ _  
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_ _
Abstract

t. -

We present a general model for selecti ve exci ted state producti on

in electron transfer metal oxidati ons. This model , which represents a

modi fi cation of the familiar electron jump mechanism , is formulated through

- 
comparison of several features associated with meta l oxide and halid e

formation in beam-gas chemi l uminescent systems.
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Introduction

In the two preced ing papers ,1 ’2 we have characterized several Group 1118 -

ha~ogen reactions . In the present discuss ion , we correla te these resul ts

w i th our recent studi es of Grou p IIIB metal reactions with °2’ £102, N2O,

and 03. Through a comparison of the features- associated with Group IIIB

halide and oxide formation, we presen t a general model for selective

production of exci ted electronic states. The model may be viewed as an

extension of our previously outlined approach to selectivi ty.

p

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-- -S.- 
_ _ _ _  

S.-_ _ _ _ _

—~~—



_. __ __~~~ _.5~S5_ ~~~~~~~~~~~~~~~~~~~~~~~~~ S. ’- S. 
~~ .5. -~~~ .5. . -.———

-2—

I

Sumary nf Fp~ifii r~c f~h~u’~rtPri 7i ng Ch~ mi l iimi n~cr i ng Stj Itpc

A. Overall Appearance of Chemilumi nesc~nt Emiss ions

We have sumar ized the gene ral ch ara cteristics of the M + RO -
~

- MO + R

and M + RX + MX + R reactions in the preceding manuscript. We simply

emphasize here that those reactions yieldi ng the metal oxides result in

relatively nonselective populati on of exci ted electronic states.4’5

The reactions of Sc and Y with 02 are the only exception to the non-

se lective trend , leading predomi nantly to population of the low lying

A’2~ state of ScO, and YQ.3

In contras t, the reactions of Group III B metals with halo gens resul t

in formation of the diatoini c halides , MX*, in moderately to highly

selective distributions of exci ted electronic states1 . This is not a

general trend characterizing metal monohalide formation -since Group IIA

(Ca , Sr) metal reactions w i th molecular fluor ine are found to lead to

relati vely non-selective population of excited electronic states.6~
8

1-
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B. Activation Energies

We have summarized measured activation energies for seve ral reactions

forming metal oxide and metal halide exci ted states in Tables I and II.

With the exception of YO (A ’2~) production via the Y-O 2 reaction , a l l

metal oxide forming reactions (Table I) proceed wi th non-negligible

activa tion energ ies.6 Many of the react ions of the Grou p IJ I B metals

with the halogens lead to selective formation of a previously unobserved

long lived 1 ’8 3E~ exci ted state of the metal monohalide . In contrast

to those processes leading to excited state metal oxide formation, we find

negligible activati on energies (Table I I )  for formation of th is

state.’ As is apparent from Table II , this is not a trend characteristic

of metal monohal ide formation i n genera l , bu t rather reflec t~the na ture

of processes correspondi ng to formation of specific exci ted states . The

reaction resul ti ng i n forma tion of the YF C state proceeds with a

substantial activation energy.’ In Tab le II , we also present the resu lts

of our temperature dependence studies on the Ca + F2 + CaF* + F and

Sr + F2 + SrF* + F reactions. Exci ted state formation in these reactions

also proceeds with a substantial activation energy.

—I

—~~~~~ —: - 
- - -  -

- 

S.— — 

~~~~~~~



~~~~~~~~~~~~~~ -- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ S. ~~~_ S .S . _~55 S. S.S. - --

-4-

C. Quantum Yields

S. The quantum yield is defined as the ratio

Exci ted State Emi tters/Total Product Molecules Formed

In Table III , we sumari ze quantum yields for severa l “single

col l i s ion” electron transfer metal oxi dations . While the quantum yields

for Group IIIB oxide and Group h A  halide formation are quite small

in general, being on the order of 105 2  
to lO~~%, Group IIIB hal ide

formation proceeds w i th a quantum yield at l east three orders of
magni tude larger.
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-~ D. Summary

-~ The Group IIIB- halogen reactions are found to proceed wi th

- 
unusua l ly hiØ ! “sin gle coll ision” quan tum yiel ds and lead to forma tion

of a selecti vely formed exci ted electronic state -In a process

- characterized by a negligible acti vati on energy . Group hA -  halogen

reactions and the majority of reactions producing the Group IIIB

oxides are characterized by typical low “s ingle col l ision ” quan tum

yields , mi nimal selectivity, and substantial activation energies

- 
- for excited state formation.
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Discuss ion

Electron Jump Model

We believe that the selective emission features characterizing

Group IIIB-halogen reactions and the non-selective emission which

charac teri zes forma tion of the Group III B ox ides can be qua lit atively

explained within the framework of the familiar electron jump model .~°

In the tradi tional electron jump model , reacti on is initiated by a

valence electron of the metal atom, M, being transferred to the oxidant

mo lecule w ith whi ch reac tion takes place . Subsequen t i nteraction of M+

with the oxidant leads to product formation . Refi nements of the electron

jump model have recently been discussed by Kinsey ;~
1 however , we adopt

the simplified pi cture of the electron jump mechanism. +lere the covalent

curve , M +(oxj dant) crosses the Ionic curve M’~ +(oxldant) at a distance

rc given by 
-

‘A’ — 14.38rc~ ~ 
— I .P . ( M )  - E.A.(oxi dant)

where I.P.(M) is the ionization potential of the metal atom, in this case

scandium , yttrium,or lanthanum , and E.A. (oxidan~) is the verti cal electron

affini ty of the oxidant molecule. These energies are expressed in electron

vol ts . 
-

For the overwhelming number of cases, the electron jump which takes

place leads to formation of the ground electronic state of that product

molecule formed in reaction. One usually finds that the ionic curve

corresponding to the ground electronic state of the product molecule

crosses the M + (oxidant) curve at a larger internuclear distance than

do those curves corresponding to any ionic exci ted electronic sta tes .

In most cases, this means that the electron jump mechanism will lead

‘1 -

±1 ~~~~~~~~ ~~~~~~~ 
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predominantly to producti on of ground state molecules)0’11

The large cross sections and negligible activation energies 1 for

formation of electronically exci ted Group IIIB halides strongly suggest

that the M + RX reactions selectively populate (an) exci ted electronic

state(s) by direct formation of MX*. In contrast, the M + RO + ~A~ * + R

reactions apparently do not proceed via-this direct mechanism , but

rather excited state formati on occurs as a result of rearrangement

from a ground state M~ (oxidant) complex or high vibrational levels of

the product molecule ground state , both being indirect routes .6 The

difference in the magnitude of the cros s section for exci ted sta te

formati on which characteri zes the two classes of reactions may be under-

stood in a qualitative sens e upon examination of the metal-oxidant

-Interaction potenti als and the molecular electronic potential curves

characteri zi ng the metal oxide or metal halide molecule which is formed.

A Schemati c Model

In this sect ion we will describe techniques used in generati ng

secti ons of the hypersurfaces characterizi ng the reacti ons of the Group IIhB I -

metals with the halogens and the oxidants 02, NO 2, and 03.
12 We w i l l

first siamnarize our approach, presenti ng a schemati c model which

characteri zes the Group IIIB halogen reacti ons. Followi ng this general

discuss i on , we will present specifi c exampl es which have lead us to the

general model proposed.

Employing available spectral data for the Group III halides and oxides

and generating potential curves using the technique of Padé approxl mants ,13

we disti nguish two disti nct situations . They are represented schematical ly

_ _ _ _ _ _ _ _ _ _ _  
_______________________________________________ I —-
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~~~~~~~~~~~~~~~~~~~~~~~~~~ - -‘
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in Figures 1 and 2. These two “limiti ng cases” correspond to two super-
imposed planes of the reaction hypersurface . The selecti ve M + X

2 reactions

are characterized by an electron jump crossing radi us , rc. at a considerab ly
- ,  smal ler i nternuclear di stance than the outer turni ng point of the ground

state potential. The electron jump occurs at an i nternuclear distance

such that direct transfer- i nto the ground electron i c state of the p roduct
monohalide is either negligible or is such that a strong competition for for-

mation of ionic exci ted electronic states also exists. Inotherwords ,

direct exci ted state formati on is facilitated. In contrast Fi gure 2

corres ponds to a relatively non-selecti ve reaction involving the

production of a metal oxide. Here the electron jump takes place

at sufficiently large internuclear distance versus the location

- 

- 

- of the metal oxide potential curves that formati on of the ionic

ground state is favored. In s uninary , selecti ve reactions are characterized

by an electron j ump to (the) exci ted state(s) while non-selective

reactions invol ve the tradi tional jump to the ground ioni c state .
One mi ght envision the selecti ve process as a “scoop ” mechanism whereby

the ionic exci ted electronic states are effectively the first ionic states

to which the t.~~(oxi dant~~ complex is exposed during the course of reaction.

We believe that the selectivity and high quantum yields for the Group III-

halogen reactions are due primarily to the nature of the electron jump

process and secondly to the SP molecular orbital makeup of those

states formed selecti ve ly . We mus t note that the magnitude of the selec-

tivity which is apparent from the spectral scans in reference 1 is probably

underestimated because of the long radiative lifetime characterizing the

selectively formed exci ted state .2 A confi rmation of this

point must awai t the di rect measurement of a radiati ve lifetime for both

selective and non-selective features and hence a comparison of relative
U, -

decay ra tes across the ooservation region.
- — ‘i
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A reaction which proceeds directly via the typical electron jump

mechanism is expected to be domi nated by couloithic forces and to take

place with little or no activation energy. Reactions proceedi ng indirectly -

or reactions which are strongly i nfluenced by covalent forces are expected

to display non-negligible activation energies .6 In parallel w i th

trends observed in ion-molecule reactions , one expects that reactions

strongly influenced by covalent overlap will display larger barriers to

reacti on and , therefore larger activation energies . In view of these

facts , our proposed model for selecti vi ty is in agreement with the

measure d activation energies presented i n Tab l es I and II. We find

negligible activati on energies for formation in the state of the

metal moriohalide indicati ng that a di rect electron jump process leads to

populati on of this particular exci ted state. The results presented for

the Y-F 2 reacti on are particularly s triking because the spectra l features
2 1 +  1 +monitored at 5000A (C E - X E emission- Figure 3- ref. 1) correspond

to emission from an exci ted electronic state formed with substantial

acti vation energy In distinct contrast- to the selective feature at 3800L

This Implies that thE~ c
1if~ state of YF is formed via an indirect process .6

Specifi c Examples

In Figures 3,4,5, and 6, we present , schematically, approximate inter-

action potentials for several M-X2 (M = Sc, Y; X~ = F2, Cl 2) systems.

The dashed lines represent the long range interaction between a metal

atom and a halogen molecule. The M-X 2 separation rMX corresponds to the

dis tance between the metal atom and the nearest halogen atom. On an M-X 2
hypersurface, these curves correspond to 

~~~ 
constant re(X 2). The

solid curves correspond apprxolniately to the potential energy for the

_ _ _ _  
S. 
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1 +MX X ~ ground state, wi th r
~
_
~ 
+ 

~~~. Thes e MX curves were generated using

(2,2] Padé approximants 13 with known MX constants.14 The ionic curves

were constructed so as to cross the neutral M-X2 interaction potentials

(r~
6 potential) at the val ue of rc gi ven by equation (1), and to approach

the + X2 
- energy at rM X  

+ 
~~~. Generally, the vertical electron

affinity is used in equation (1); however, no precise informa ti or is

yet ava i lable on halo gen molecul e vertical electron affin iti es. Rather

we have values for the adiabati c electron affinity which represents

an upper bound to the verti cal electron affinity. There are two i on ic

curves represented in each figure. They correspond to the adiabatic

electron affinity (E.A.(F2) = 3.08 eY, E.A. (Cl 2) = 2.38 eV) 15 and to

the minimum possible vertical electron affinity (E.A.(F2) = 1.83 eV ,

E.A.(Cl2) = 1.13 eV).
’6 The min imum values are equal to the difference

between the electron affi nity of the hal ogen atom and the dissociation

energy of the neutral halogen molecule, X2, which is simply the

separati on between the X2 ground state potential minimum and the X 2 
-

dissoci a tion asymptote . It is clea r that the two coulontic curves

constructed in this manner bracket the actual coulontic M + 
+ X 2 

- 
curve

for the sys tem. We have also considered whether it is appropriate to

represent the coulontic curves by the expression

2
~E(R)  = Ae~~ - 

~~~~
- + E(c~)

+where the first term corresponds to repulsive overl ap of the M and
- Ions and fi nd that the repulsive contributi on to the constructed

potential is negligible for those internuclear distances comparable to

or larger than r
~
. Hence the coulcntic curves are of the form

2

~
E(R) ~ - ~~~- + E(”)

____________________ ~J.____________________ —S.- 

~
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where E(oo ) = h.P. (Me tal) - E.A.
~

(X 2), the difference between the metal
ioni zation potential and the vertical electron affinity of the oxidant .

Similar considerations apply to the M-X 2 Interaction at internuclear

distances greater than or equal to rc where repulsive overlap is

certainly negligible. The zero of energy in each figure is taken as

the mi nimum of the X 1E~ potenti al curve .

A metal atom and X2 molecule approach each other along the

M + X potential curve . At r “ r an electron jump from the metal

atom to the X2 molecule forms M + X2 .  Because of large nuclear

repulsion , the X2 
- molecule dissoci ates , the neutra l halo gen atom

leavi ng the reaction zone almost immediately)0 Thus we have a sudden

large increase in 
~~~ 

correspondi ng to a “j ump” from the dashed line

curves to the solid M-X curve . One is effecti vely movi ng through a

seri es of planes (perpendicular to the r
~_~ 

axis) In the three dimen-

sional hypersurface . The regi on over which the jump occurs , in terms of

r,,~x , appears to be the key factor which determines the degree of branching

into exci ted states of the metal halide, and hence the cross section for exci t’!d
state formation. If we inspect figures 3,4 ,5, and 6, we find that this

regi on varies from wel l outside of the ground state YF potential energy

curve (V- F2 system - Figure 5), to well inside of the ScCl and YC 1 ground

state curves (Sc-Cl 2- Figure 4 and V-Cl 2 - Figure 6). This shift in the

region of the jump parallels the trend in the selectivi ty for exci ted state

formati on in these reactions ) The V + F2 reaction is the least selective.

Here the possible region for the electron jump extends from well outside

to just ins ide of the YF ground state curve . For the Sc + F2 reaction ,

which Is substantially more selecti ve, the jump regi on (Figure 3) extends

from just outside to just inside of the ScF ground sta te curve . In the

i
_____________ _ _ _ _ _  
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case of the Sc + Cl 2 and V + Cl 2 reacti ons , the jump region extends well

wi thin the outer turning points of the metal chlori de ground state curve .

These reactions both exhibit a very high degree of selectivi ty. We

have not presented the analogous potential energy curves for the La-X2
systems because the vibrational and rotati onal constants which characteri ze

the LaX ground state potenti al are not known to sufficient accuracy so as

to employ the Padé expansion. However, the La—F2 and La-Cl 2 electron

jump radii are signi fi cantly larger than thos e for the scandi um and yttrium

halide systems. Hence, one migh t expect that the range of possible La—X2
jump regi ons paralles that found for the Y-F2 system. Th is Is in reasona bl e

agreement with the obs erved limi ted selectivity for the La- 4 reactions ,1

but we mus t s tress that there does appear to be moderate selecti vi ty in thes e

sys tems . Exci ted sate formati on appears to be competing signifi cantly

with ground state formation. -

In Figure 7 we present an analogous set of curves which describe

approximately the Sc- NO2 system. Here we consider the location of the

fi rs t ionic-covalent crossing in this sys tem. This crossing point is

determi ned using the verti cal electron affi nity of NO2. 17 The major

difference to note between the M-X 2 and Sc-NO2 sys tems is the fact - 
-

that the relati ve location of the electron jump crossing regi on diffe rs

quite markedly . While all of the M-X 2 sys tems are characteri zed by an

electron jump region which extends to well within the MX ground state

potential energy cruve , the ini tial Sc-NO2 crossing point is well outside

of the ScO ground state curve . We expect that further electron transfer will

lead to formation of primarily ground state ScO. The population of ScO

exci ted states occurs through an Indi rect route . The general makeup of

other Group IIIB metal oxide systems is quite similar to that illus trated

In Figure 7 12

.1
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4

We have considered the analogous planes in the hypersurfaces for

the Ca-F2 and Sr-F2 react ions . Here , we find that the electron jump

crossing regi on , lies at considerably larger internuclear distance

than the ground state CaF and SrF potenti als.

As a fi nal point, it is important to note that the features which

we have outl ined for severa l reactions produci ng the metal halide and metal

oxi de bear little correlation with reacti on exoergicity .18 Rather , we

fi nd a strong correl a tion between the observed fea tures , the relative

l ocations of the electron jump crossing radius , 
~~ 

and the location

of the ground and excited state product molecule potentials.

The above discussicn is , of course, a simplfied description of the

dynami cs of these reactions. To preci sely des cr1 be the reacti ons ,

the three dimensional hypersurfaces for the ground and excited states

of the reacti ng species would have to be constructed. However , since

very little is known about the electronic s tructures of the M-RO and

M-RX sys tems , cons truction of such surfaces is not possible at this

time . Nevertheless we believe that the features described above and the

differences wh ich we have noted do provi de a reasonable explanation for

the exci ted stae selectivity and quantum yield results presented.

0

- 1

~~
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I
TABLE I

Activation Energies for Formation of ScO , VO, LaO

Reactions Studied Activation Energy (kcals/mole)

I
- Sc + 02 +ScO*(A

211112) 5.13 ± 3.59

Sc + N02÷ScO*(A
2fl112) 7.85 + 1.18

- Sc + NO2÷5cO*(B
2E~) 6.43 + 1.25

Sc + N20+ScO*(A
211112) 14.16 + 2.44

V + 02 +YO*(A
2n312) 1.75 ± 0.52

V + N02+yO*(A
211312) 1.10 + 0.76

V + N20+Y0*(A 211312) 10.45 ± 1.23

V + 02 +yO*(A’2~) 0 ± 0.86

1~. La + O2 + LaO*(C 211312) 2.C2 ± 1.59
La + N02+La0*(C

2fl312) 3.17 + 1.78
La + N20*LaO*(C211312) 2.81 + 2.17

-
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TABLE II

Activation Energies for Exci ted State Metal Monohalide Formation

Reactions Studieda Activation Energy (kcals /mole)

Sc + F  + ScF*( 3E~) + F  0 + 1 . 8
(selecti ve feature at 3460A) —

Sc + Cl + ScCl*( 3E~) + Cl 1.2 + 1.5
(selective feature at 3500A) —

V + F , + V F * ( Z ) + F  2.0 + 8.1
(sele~tive feature at 3800A ) —

V + F +YF*(C’E~) + F 12.8 + 7.0
(emis~ion at 5000A) —

‘( + C1F +yF*(3~~) + Cl 0 + 3~(selective feature at 3800A) 0 1 6.8

y + C 1F ÷ YCl *(3E~) + F 
~ 3.9 + 5 . 1

(selecti ve feature at 3900A) 0 ± 2.7

V + IBr + YBr *( 3Z~) + I 2.4 ± 1.6(selective feature at 4O40~)

La + F + LaF*( 111) + F b 0.8 
÷ 1.6

(promi~ant feature a~ 4730A)

La + F2~ i~LaF* + F  4 . 0 + 2 . 1
(short wavelength feature at 4ll9A) —

Ca + F2 + CaF*(B 2IF) + F 3.7 ± 1.3

Sr + F SrF*(B2E )  + F - 3.5 + 0.8
Sr + F~ + SrF*(C~fl~) + F / 4.8 ~ 1.0Sr + F2 + SrF*(D E ) + F 4.0 ~ 1.4

a. See reference 1 and 6 for a discussion of activation energy
determination in a beam-gas experiment

b. See reference 9
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Figure Capti ons

Figure 1. Qualitative description of potential energy curves and inter-

actions for selective exci ted state formation.

Figure 2. Qualitative descripti on of potential energy curves and inter-

actions for non-selective exci ted state formation.

Figure 3. Approximate potential energy curves for the Sc-F2 system.

Curve 1 represents the coulonbic potential between Sc+

and F~ assuming a vertical electron affinity for F2 of

3.08 eV. Curve 2 corresponds to a minimum F2 vertical

electron affi nity of 1.83 eV. See text for discussion.

Figure 4. Approximate potential energy curves for Sc-Cl2 sys tem.

Curve 1 represents the coulonbic potential between Sc ’~
and Cl~ assumi ng a Cl2 vertica l electron affi nity of 2.38 eV.

Curve 2 corresponds to a Cl 2 vertical electron affinity of

1.1 3 eV. See text for discussion . -

Figure 5. Approximate potential energy curves for the V-F2 system.

Curves 1 and 2 are analogous to those in Fig. 1. See

text for discussion.

- Figure 6. Approximate potential energy curves for the V-Cl2 system.

Curves 1 and 2 are analogous to those in Fig. 2. See text

- for discussion.

Figure 7. Approximate potential energy curves for the Sc- NO2 sys tem.

See text for discussion. -
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Appendix B

A Comparative Study of Group IIIB - Halogen Reactions
- 

Possible Applications to Chemical Laser Development
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A COMP ARATIVE STUDY OF GROUP II I R — HALOGEN REACT IONS C
POSSI BLE APPLICATION S TO CHEMICAL LASER DE VELOPME N T

Ja mes L. Cole and Carl L. Chalek

Department of Chemistry
Geo rgia In stitute of Technology

Atlanta Geor gia 30332

end

General Electric Research and Development
S chenectady , New Yo rk 123

Chemiluminescent reactions of Group 1113 metals ,
scandium, yttrium , and lanthanum with F2, Cl 2 ,  Br2. SF6 ,
Cu , IBr , 

~~2 ,  and IC 1 have been studied under “ single
collision” con ditions using a beam-gas arran gement.
Obse rved che,i,ilw,inascent spectra are pri ma rily attr ibu t ed
to emission from the metal monohaj ides. Dihalide emissj o~
is observed in the Sc—Cl 2 ,  Sc— B r 2 , end Sc—I 2 syste me. The S.

monohalide emission features for the scandium and ytt r i um
halide s are dominated by a pre viously unobserve d “se lec—
tively for med” feature attributed to emission from a long
lived ~~~ state. The state is assigned on the ba sis of
anlacular or bital theor y , energy conservation , and the
known spectra for scandium and yttrium fluorid e . We • 

-

disc uss mechenisme accounting for the observe d monoha lide
emission trends and characte ri zing the entire grid of
reactions studied. Based upon these mechan isme , the radi—
ative lifetimes of the selectively populated states are
foun d to be on the orde r of 2xl O~~ seconds. Analys is ot
reaction teu~ eratu re dependence reveals that selective
excited state for mation proceeds with negligible sctiva—
time ener gy. Frota the short wave length limits of the
cJ,..ilumineacent spectra , lowe r bounds for the dissocia-
ti on energies of the monohalides are dete rmined.

As can be seen from the wide diversit y of pre sentations ii this
sy~~oeiua , the unde rstanding of met ‘1 halide chemist ry and kinet ice ~fld
the de te rmination of the stabil ities of metal hal ides have a wide scope
of applicabilit y. In the present discussion , we fo cus on a coiW arst LVe
st udy of Group 1113 — halogen reactions. A grid of resctions ha. been
studied under sufficiently controlled condit ions so as to all ow precis e
definition of processes producing excited states of the Gro up 1118
halides, A beam -gas arrangement has been used to study the emission
from those product molecules fo rmed in a “single collision ” meta-
thesis . 1 Hen ce , in orde r to observe chetatl uminescenca , we require 5

bimolecular metal oxidation whose exoth.rmicity is sufficient to

278
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popula te some excited electronic stete of the product molecule which
we wish to stud y.

In addition to determining lower bounds 1 for the stabilities of
the monohalides , we have been conce rned with the applicability of these
reac tions to the development of a “visible chemical laser ” , 2 The dcv— 4
elop flt of such a laser system mus t be inti mat ely tied to an under—
st anding of those phen omena which give rise to visible chemi lumines—
cence. Thi choice of an appropriate gain medium for a visible laser
involves principally a p layoff betwee n excited stats radiative life—
time , reactant mixing efficiencies , radiative quenching, and required
inveraion densities. In order to achieve the necessa ry inversion
density , one mus t deal with systems which produce chemiluminescen t
prod uct molecules , having sufficiently long radiative lifetimes (~lO—~
seconds) ’ while stil l maintainin g re asonable coupling to the laser
cavity.

Previously ,2 .3 we have outlined an approach to the selective pro-
duction of excite d electr onic states in chemical reaction. Briefly we
have chosen to look at systems in which the molecular orbital make~~ of
certain excite d electronic product molecule states , acce ssible to a
chosen chemical reaction , differs substantially from the ground or low
lying states of this product molecule. We ask whethe r this sub stantial
change will affect the branch ing ratio of a chemical reaction and lead
to p referential population of these excited states. In order to
achieve this criteria , we focus on the oxidation of those metals whose
atomi c orbital makeup un de rgoes5 a p rono un ced change upon promotion
from the ground to a ve ry “low—lying ” excited electronic state . We
will conside r those product molecule exci ted states which correlate
with these low—lying exci ted metal atom stat es in dissociation . It is
likely that these product states will have molecular orbital makeups
di f fering substantially from the ground or low lyin g states of the
p roduct molecule. In ordet to insure the possible population of these
excited electronic product molecule states in a “single collision” bi-
molecular process , we also requi re that the resulting chemilu minescing
prod uct of metal lic oxidation (preferably a diato mi c molecule) have a
substantial bond strength. Our bond strength require ment causes us to
concentrate on metal oxide or halide fo rmati on. The situation which
must arise under “single collision” bimolecular oxidation of a given
metal is depicted in Figure 1. The metal ha lide or oxide product mole-
cule excited states which can be populated under single collision con-
ditions mus t lie at ene rgies less than the energy difference (D0 0 (MX) —
D00 (o xidan t) ). We have denoted this energy difference by a horizont al
line in the figure whose separation from the dissociation asynpt ote of
the product ground State correspon ds :o the bon d energy of that oxi dan t
bond broken in reaction . 5

Our criteria are most closely fit by the metals scandium ,
yttri um, and lanthanum. The ground states ~f these metals are of 2D
ay try (electron configurations Sc , (Ar] 4s23d; Y , (Kr] 5e24d; La ,
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(x.] 6s25d) and all three etome have “low lying” 2p electronic state s
(electron configurat ion...s 2p).  He re , from the standpoint of a single
dete rminant description , we have a conside rable change in atomic orbi-
tal makeup , f rom d to p atomic orbital charac ter. 5 Ou r selection is
based on single deter minan t arguments and does not take into account
configuration interaction between stomi c states. Nevertheless the
ground 2D and “low lying” 2P states have considerab ly different atomic
orbital makeups. We conside r those excited molecular states wh ich dis-
sociate to Sc *. Ye. or La * (Zp)~~ We expect that these excited molecu—
icr states will diffe r substantially in molecular orbital makeup from
the ground and very low lying excited states of the metal oxides or
halides. A priori , it is not clear whether these states will be forme d
selectively in a bimolecular chemical reaction; however this outlined
approach representes a screening principle.7

We find that several Group 1113 — halogen reactions lead to
selective production of a previously unobserve d “lon g—lived” excited
electronic state. These reactions are characterized by unusually high
quantum yields and initial studies indicate low quenching cross eec—
times for the selectively produced state. In sumsary , the systems
which we discuss herein show a distinct possibility for fulfi ll ing the
requirements necessary for producing a visible chemical laser.

General Features of the themiluminescent Spectra

We have studied the chemiluminescent emission frcm 19 reactions
of the Croup 1113 metals scandi um, y t t r ium, and lanthanum with the

- halogens F2, Cl2, Br2 , I~ , SF6, C1F , IBr , and tCl. We suama rize the
reactions studied in Table I. Observe d chemiluminescent spectra are
primari ly attributed to emission from the metal monohalide forme d via
th. reaction

- (1)

Dihalide emission is also observe d in the Sc—Cl 2, Sc—B r2, and Sc—I 2
.ysteme. The diha lid.s appear to be fo rme d in the reaction sequence

M + R X ~~~ ME + R  (2)

ME + RX -i-- )0C2 + R  (3) 
- -

We focus on a few sp.cific exeaples.

Sc + P.~~ C1F. and SF6

Figure 2 ex.aplifiea selective excited state emission resulting
f rom thu reaction of scandium atoms and fluorine molecules. It ii
apparent that the emission intensity in the region from 3400 to 3800 A
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considerably exceeds that in the o ther accessible spectral regions.
There ar e several knows excited electronic states of ScF lying lower in
ener gy then the ~35O0 A syste m or systems. The systems which corres-
pond to previously observed emission or absorption features involving
these sta tes are indicated in the figu re . Similar emission feature s
resul t from the reaction of Sc meta l with C1F and SF 6 (Figu re 2 ) .  The
observation that this emission feature is characteristic of all three
reaction s leads to four conclusions:

(1) The observed selectivity is not the result of reaction exo—
thermicity since the strengths of the bonds broken in oxidative reac-
tion diffe r considerably.

(2) The observed spectra must be dominated by emission from ScF*
and , of more iaporta nce , the selective featu re must emanate from an
excited State or excited states of ScF. This is the only possible
metal halide which can be fo rmed in comeon from all three reactants F2,
Cl?. and SF6. The Sc—Cl? reaction is characterized by minimal ScC1
formation.3

(3) The selective emission feature does not originate in an
excited state which has been energetically inaccessible to all previous
fo rms of excitation applied to the ScF system .3 The currently observe d
emission features are found to be firs t orde r in all th ree o,ddants.
Bond energy differences among the three fluor inating agents are sub-
stantial and the SF 6 reaction is at least 40 kcals/nole less exother mic
than the F2 reaction, Coobining these energetic s with the considera-
tion of the mageitude of a realistic Sc? bond ener gy , we are led to the
conclusion that the selectively excited state emits either to the
ground 11+ or low lying 3A state of ScF .

(4) The converse of statement (3) focuses on the extremely sel-
ective nature of those reactions leading to ScF* emission. If we
assume that the state which corresponds to the ScF* selecti ve emission
feature is thermodyn amically barely accessible to the Sc—SF6 reaction,
the Sc— F2 reaction should be energetically capable of exciting states
whose electronic excitation is as much as 6 electron volts above the 4
ground state. However, we find that the Sc— F2 reactiop produces rela— - 

.

tivsly weak emission at wavelengths shorter than 3000 A. 3 Formatipn of
molecules in an evcited state or states corresponding to the 3500 A
system is favored.

I + F,, Cl?. SF .~ Cl,. Br,. IBr. and ICl 
-

We also find selectivity in the emission which results from the
rea ctions of yttrium metal with F2 (PiguFe 3) ,  CU and Cl 2 (Figu re 4) .
A very weak IF feature cen tered at 3800 A emanates from the I—SF 6 reac-
tion. The emission which characterizes the yttr ium—chlori de reaction
i~ also shown in Figure 4 for easy coaparison with the C1F system.
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Albi ough the I + 

~~2 reaction still displays some selectivity, we
observe substantial emission from the B 111 and the C l1+ state s of IF. ~
At shorter wavelengths , the chemiluminescen t spect rum is characterized
by emission0 from previously observed ‘fl—X ’P (36 70—3300 1) and 1 fl—X 1t~(3400— 3000 A) IF band systems.

It is apparent that the I + F2 reaction is less selective than
Sc + ~2’ 

The I + Cl 2, I + Br 2 ,  and I + IB r reactions are found to be
much more selective than the I + F2 reaction ; however, some of this
apperant increase in selectivity may result from differing reaction
exoergicities .3

The I—Cl? Reaction — YC1 Emission

One of the more surprising results in the present experiments is
the emission spectrum resulting from the yttriu m—C 1F reaction . Here we
find that the spectrum is dominated by emission f rom YC1 and displays
considerably weaker IF emission. This difference in emission intensity
may be attributed to the nature of the band system associated wi th the
selective feature. It can be demonstrate d that the YC1 excite d state
radiativ e lifetime is notably less than that for IF. Hence the emis-
sion rate for the I—Cl 2 reaction exceeds that for Y—F 2, 3 , 8 In contras t ,
the reactions of yttri um with the heavier mixed halides are dominated
by emission from the excited state (YBr *, YC1*) for med via the mos t
exothermic channel. ~

ka~+ F,, Cl?. SF&,~~nd Cl,~

In cont rast to the scandium halide and ytt rium halide systems,
the reactions of lanthanum with F2 ,  C1F , Cl2 ,  and SF6 show only moder-
ate selectivity. The emission spectra characterizing the La—Cl 2 and
La—Cl? reactions shown in Figure 5 are exeaplary.

Sc + Cl,~~!!2 L!2

The emission spectra which characterize the Sc—Cl 2, Br2 and 12
reactions are exeaplified in Figure ~~. The Sc—Cl2 and Sc—8r2 reactions
are characterized by a strong 3500 A feature which appears to be the
analogue of the feature dominating those reactions producing Sc?
emission. This feature is barely visible in the emission spectrum from
the 50—12 reaction. The three systems are characterized by a continu—
ous emission spectrum extending f rom 3700 to 6000 A. Mi efforts to
resolve this emission into band systems characteristic of the metal
wnohalide have proved fruitless. We discuss this feature in detail
•lsewhere 9 where we demonstrate that it can only be attributed to
emission from the metal halides. There are other subtle features which
characterize the systems su,maarized in Table I._ We refer the reader
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to reference s 3 end 9 where a more detailed discussion is -

pr esented.

Theory of Nonohalide Spectral States

Only the Group II IB monofluorides have been widely studied. In
order to discuss the theory of the Group III monohalides, we will focus
on the sixplest monohalide, ScF. A wide group of studies has allowe d
the assignment of molecular orbital configurations to several of the
states with some confidence . Assignments within the siaple single

- - - deter minan t molecular orbital description provide a reasonab le and
generally accepted characterization of the ground and low lying excited
states of the molecule. The low lying electronic states of Sc? resul t
primarily from promotions among or bita ls localized on the scandium
ato m. Through a consideration of the nature of these promotions • mole— -

cular orbital conftguration & have been assigned. In Table II we re—
produce the assignments made by Brewer and Green. 10 A coxparison is
made with the isoelectronic TiO and ZrO molecules. We will not atteapt
to outline the arguments prea ented by these authors but will aixply

• point out certain salient feature s of the Table. Refinements are
discussed elsewhere. 3 , 11

The ground electronic state of Sc? is clearly ionic. Because the
- - molecule is best written Sc+r, we denote the ground state configura-

tion as (so) 2 on scandium. Here , an electron has been removed from the
singly occupied d orbital on the scandium atom and transferred to the
fluorine atom. Orbital promotions in fluorine and especially F~ (iso—
electronic with neon) require larg e amounts of energy. He nce they are
not expected to enter into a description of the low lying electronic
states of the Sc? molecule, We conside r the known excited states and
the possible promotions which can give rise to these states. To first
appromiastion, Table II is correct. 11 One expects that the lowest
lying s— d configuration will be sadd followed by sods and sada .
Similarly , for the s—p configurations saps is expected to lie below
sapa.

Identification of the Selectively Emitting Excited State A S.- - -

Tvo iaportant missing states in the Brewer—Green Table are the

~~~ and 31+ states resu l tin g from the molecular orbital configu-tatio n - -
.mu4pa . These £ states should occur at energies somewhat higher than

the 1fl and 3fl stat es resulting from the saps configuration . The aelec—
tive feature in ScF peaks at ~ 3~,OO and ext en ds to longe r wavelengths.
Although the analysis of this new emission feature is continuing , oniy
two definite experimental observations can be made at present. Because S.

of the short wavelength onset of emission is the same for the F 2 ,  Cl?.
and SF6 systems ( 3400 . — Figure 2), and the emission
appears to extend to longe r wavelengths , we in fer that the vibrational
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frequency for the upper state must be less than that for the lower
state to which the emission terminates. This lower state may be either
the ground , l E+ , or very low lying 3a electronic state of Sc?. Because
of a seemingly high density of itates , the narrow region over which the
spectrum (selective feature) extends , and the difficulties face d in
resolving the spectrum , it would appear that the emission is charac-
terized by band sequen ces as opposed to progressions.

Through cc.xparison with the known singlet and triplet absorption
and emission features pre vious ly observe d for ScF and YP , we conclude
that this study represents the firs t observation of emission frost the
excited electronic state leading to the observe d selective feature .

We postulate that the observed selective feature is due to emis—
sion from either the 11+ or 31+ states resulting from the. . .sa4pa con-
figuration. The following facts support this postulation.

(1) The 11+ and ~E’ states resulting from the sapa configuration
should lie at somewhat higher energy than the 1~ and 3n states resul-
ti ng fro m the saps Configuration (Table -II)  and the ~1+ sta te should
lie lower than the 11+ sta te . The I~ state corresponding to saps lies
at 26.8 x lO~ cm 1 — 3731 A. This is approximately the long wavelength
limit of the observed selective feature in Sc?, and because the excited
state vibrational freque ncy is less than that of the ground 11+ state ,
we expect ~o observe emission from this system at wavelengths l~nge rthan 3731 A. In contrast , the gelective feature peaks at 3500 A
28570 cm 1 and extends to 3700 A . Therefore the selective feature is
approximately 2000 cm 1 hlgher in energy than the observe d ~ emission
feature . This leads us to believe that the selective feature is due to
emission from the ~1+ electronic state resulting from the sapo
configuration.

(2) The known singlet states of YF are listed in Table I I I .  The
observed selective feature in YF peaks at 3800 A (Figure 3) .  This
corresponds to a frequen cy of ~263OO cur t . We coxpare the energy of
this selective feature to the II state at 27989.9 cur 1 . The excited
states of the scandium and yttrium atom are quite similar er~d therefo re
the energ ies of the excited states of Sc? and if are expected to be
quite similar. There is no possibility that the ‘~ emission feat ure
emanates from an excited state other than that resulting from the sapo
configuration in IF. For this reason , it is reanonable to assign the
selective feature in IF as resulting from a ~1+ excited electronicstate. Its separation from the 11+ feature is a very re asonable
1700 cm~~.

We conclude that the observe d selective emission feature s corre s—
pond to emission from a state resulting from the molecular orbital
configuration. ,. sa4y~i. This is true for both ScF and IF.
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Dependence of Chemiluminescent Intensity on Oxidant Pressure

The focus of the oxidant pressure dependence studies is the sal—
ective emission feature obsArved in many of the Group III — halogen

reactions. Figure 7 corresponds to the oxidant pressure dependence
behavior observed for the chemilusttnescence features characterizing the
Sc—? 2 , —C1F , —SF6, and —Cl2 reactions. The chemiluminescence intensity
is plotted in arbitra ry units normalized to the figure, Considering

- - the attenuation effects which an increase in gas pressure has on the
metal beam , a first or second order pro cess is said to disp lay a
pressure dependent intensity of the form pc—nP or ~25~~p where e~°P is
the beam attenuation parameter and a is proportional to the total phen—
omenological cross section for reactive , inelastic , and elastic
scattering of the beam. The reactions producing ScF* are characterized
by a linear dependence and hence a pe 5P behavior (note the attenuation
of the ScF* emission from the Sc-Cl? reaction), The t~ree reactions
which produce the monofluoride are monitored at ~35OO A. In contrast
to the reactions producing ScF* emission , the pressure dependence plots
for the selective ScCl* emission feature are not characterized by a
totally linear behavior. Rather we observe a slight linear onset
followed by a nonlinear incre ase in chemi luidnescen t intensity . The
pressure dependence is of the form p8e~~P where 8 ‘ l~ Similarly, the
Sc—Br 2 system is characterized by a selective (‘3500 A) ScBr* emission
feature displaying a faster than first orde r dependen ce. A more
coxplete discussion of this representative behavior is provided else-
where ;3’

12
’

13 however, two ixportant points can be made .

(1) The characteristic of a “faster than firs t order” dependen ce
is the result of collision enhanced emission from within the excited
molecular electronic state. 12 In the exe~~te presented (ScCl) a colli-
sion with the emitting excited stat. causes deactivation to a set of
ro—vibronic levels which as a whol, emit more rapid ly than the nascent
products forme d in reaction. D .activation cause, the predominantly

— 1) state to gain ‘5( c) — 1) character and thu. incre ases the
emission rate.

(2) If a molecule i. for med in stat. - td und.rg o.s collision
enhanced emission fro. this state , th. •stl.stme ~it.naity is given by

~ 
(i ~~~ .—t/ ’

~ ) 
dt

(12] (Q]

where 5A — rate of fo rm.tion of molecules Lu stats A

— collision induced emission rate frost State A

— transit time of molecules through observation zone
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X2 — oxidant
Q — quencher

In this particular case , one observes a quadratic dependence when
— T~~ , the lifetime of the A—X transition , or when the collision

frequency is comparable to the radiative lifetime. Hence one can
obtain an estimate of the radiative lifetime. In analyzing the bteak
from a linear behavior for the ScCl* selective emission feature , we
find the quadratic dependence to be evident at pressures on the order
of 8 x lO~~ torr or lower. This allows us to estimate the excited
st ate radiative lifetime as cl .3 x l0~~ secon ds , assuming typical cross
sections for inelastic collision. This lifetime is typical of these
systems. lk 

-

Quantum Yield Determinations

Using a standard lamp and calibration configuration described
elsewhere , ~ we have determined the quantum yields for seve ral Group
1113 metal oxidations. In orde r to determine reliable quantum yields ,
it i. necessa ry that we correct for all factors inhe r ent in our optical
configuration and de te rmine the entire spectrum correcting fo r photo—
tt the spectrometer response. Using our calculate d calibration curve ,
st~~ tng over the entire spectrum and correcting for frequency , we find
the quantum yields given in Tab le IV.

The quantum yield is defined as the ratio of excited state
emitte rs/total product molecules formed. While the quantum yields for
Group I II B oxide and Group h A  halide formation are quite small in
general , being on the orde r of 10.’l to lO~~Z , Group 1113 halide forma-
ti on proceeds with a quantum yield at least two orders of magnitude
larger. -

Because of the nature of our determination, the quantum yields
obtained represent a definite lower bound to this quantity. The
quantum yields obta ined for the halide s are unusually high for a
single collision pro cess. This high quantum yield is typical for the
Group 1113 — halog en systems. In contras t , the reactions producing
the metal oxides and the Group h A  halides are characterized not only
by relatively low quantum yields but also by relatively non—selective
emission.

Activation Energies

In order to study temperature dependen ces , we rely on a recen t
formulation which relates the temperature depinden ce of the chemilumin—
escance intensity to the parameter s- of the basis-gas experiment. 16 The
appropriate relationships are
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— Alivap + d l/Teff )/d (l/1B ] E exp ] — RI3 (4)

— —d(Rln(IT3) + AH vap (T3
mean),T3)/d( l,T~ff )

-~ where

I — - chemiluminescence intensi ty —

T3 — metal beam temperatu ro
3 — acti vation energy for formation in a given vibrational levelsap of the excited electronic state -

a3 — the mass of a Gro up III atom
— the mass of a halogen molecule -

T5ff — [a3(Tc) + mG(TB)]/[mG +

— the oxidant gas temperature , 300 K
— the mean temperature ove r the experimental temperature range

is evaluate d at the mean temperature of the experimental run.

We have sumearized measure d activation energ ies for several reac-
tions forming metal oxide end metal halide excited states in Tables V
and ~I. With the exception of TO (A ’2 A) p roduction via the Y—0 2 reac-
tion , all metal oxide forming reactions proceed with non—negligible
activation energies. ~ Many of the reactions of the Group 1118 metals

~ ‘ with the halogens lead to selective formation of the previously unob—
served long lived 3,12 3t~ excited state of the metal monoha lide . In

~, contrast to those processes leadin g to excited stat e metal oxide forma-
tion , we find negligible activation energ ies for fo rmation of this 31+
state . 3 ’17 As is apparent from Table VI , this is not a trend charac-
teri stic of metal monohalide formation in general , but rather re flects

g -  the nature of pro cesses corree pond ing to fo rmation of specific excite d
st ates . The reaction resulting in for mation of the YF C ~P state

~~
‘ proceeds with a s*i,stantial activation ener gy, 3 In Table VI , we also

- present the results of our temperature dependence studies on the
- Ca + ?2 ~‘ CaF* + P and Sr + P2 * SrF * + P reactions. Exci ted state

formation in these reactions also proceeds with a sthscantiel active—
tion energy. 

- - - 
-

The negligible accivation energy for those processes producing
the selective .onoha lide emission features indicates that we are obser-
ving a direct process for formatio n in those excited states f rom which
eat ssion is obsa rved. A complete analysis of the temperature depen—

I dence for the sumearized reactions using equation (4) 3 , 7, 16 can be
applied to demonstrate that all metathe ass pro ceed with ground state
at~~~ . 
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pssociation Ener gies for Metal Monohalidea

The initial bimolecular metathesis result ing in formation of the
Group 1113 metal monohalide (eg. (1)) results in an emission spectrum
unal tered by subseq uent collisional deactivation. 18 We can deduce a
lower bound to the monohel ide bond dissociation energy from the short
wavslenrh limit of this chemilu minescent spectrum. Using the selec-
t ive estission feature for which our temperature depen den t studies
yield a negligible activation ener gy, 19 and considering the nature of

— the energy conservati on entailed in the bimolecular reaction of ground
state metal atoms (temp. dsp .) ,  we arrive at an expression for the
dissociation energy of the metal monohalide.

Focus on the gas phase bimolecular reaction of ground state metal

.4 atoms , H — Sc(2 D), Y( 2D) ,  and La(~D) with halogen molecules viz.

M( 2D) + X2( 1E g~) + E~ -~ NRC ,V’) + X( 2P) + 4 (6)

Here scandium1 yttrium , and lanthanum atoms , H , thermally dist ril? ut ed
throughout the fine structure components of the 2D state , and halogen
wlecules in their ground state collide with relative init ial trans-
lational energy Eyi (measured in the center of mass frame) to form
excited NR molecules and ground - state x(2P) atoms with relative final
translatio nal energy ~~~~

Conservation of energy requires that all for ms of energy on the
right—hand side of equation (6) exactly balance eli fo rms of energy on
the left—hand side . Choosing M( 2 D , .1 — ~/2) + X(2P . J — 3/2) +
(X 11g ,  v’ — 0) to be the reference energy , we may write

_Dg(x2) + E1~t(x2) + Eint (N
~ + 4 — _Dg (NR) + Ei~~

OU) + Ej~~
(X) + 4

(7)

where Eint (M), Eint (X2), Eint (X), and Eint (MX) are the ave rage inter—
mal energ ies (electronic , vibratio nal , rotational ) of H atoms , X2
molecules , X atoms , and iOC molecules, respectively , measure d with
respect to the lowest energy level of each species. The energy sum
Ei~ t(X) + ~~~ is unknown and cannot be obtained fro m the chemilumin—
escent spect rum. Therefore , we obtai n the inequality

DkMX) > Dg(X 2) + Ei0~
(MX) — (Eint (X2)  + 4 + E~~~(?O ) (8)

Because we have not resolved the selective emission f.stu re for the
Group III monohalides , we obtain a lowe r bound for Ejnt (NR) by con—
vertin g the short wavelength lLait of the observe d spectrum to an
energy increment. If the short wavelength fer iturs which we observe in
the spectru m corresponds to emission from the highest excited state
quantum level populated in the reaction and the emission ter mit-atea in L
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the lowest (w” — 0 , 3” 0) vibrational—rotational level of the ground
electr onic st$Ce , Eint (M X) provide s a good estimate of the heat of
rea ction ,2° By virtue of our method of determination , the calculated
Eint (NR) in the presen t study represents a defini te lower bound. 2 1

me evaluation of Ei~ t (X 2) ,  Eint (M) , and 31i are discussed in the lit—
era tUrt .22’ 2

~
In Table VII we present calculated values for Ejnt(H), 3int 00Q ,

end Ej nt(X2) .  From these quantities we calculate minimum disso—
0iation energies for the fluo ri des , chlorides , and bromides of the

• GrOup 1113 metals.

The previous data on the Group 1113 metal halides is eparse~
$ 1 only the ScV and ‘(F bond energies have been deter mined. 27 From our

stud ies with SF 6, we find notably hi gher dissociation energ ies than
those obtained by previous workers.2

~ The value for SeP must be
viewed as tentative and must awai t further temperature dependent
studies. The determined values for the F2 and C1F oxidations yielding
the fluoride s will probably increase substantially when resolved
spectra are obt ained. 

-

There appear to be two clear trends : 1) dissociation energies
decrOase in the order fluorides > chlor ides > bromides , and 2) this
decrease is leas t pronounce d for the lanthanum compounds and substan-
tial for both the scandium and yttrium halides.

~~~posed Model for Selective Excitation

We believe that the selective emission features characterizing
the Group 1118 — halogen reaction s and the relatively non—selective
.mi.aion whi ch characterizes formation of many Group 1118 oxides 2 ,~~’
can be qualitatively explained within the fra mework of the familiar
electron ju mp is,del.26 

- 
-

In the t raditional electron jump model, -reaction is initiated as
a valence electron of the metal stom, M , is transferred to the oxidant
molecule with which reaction takes place. Subsequen t interaction of
M~ with the oxidant leads to product fo rmation. ~efinements of the
electron jump model have recently been discussed by Kinsey ;27 how—
evsr , we adopt the simplified picture of the electron ju mp mechanism. - -

Here the covalent curvu , N 4 (oxidant) crosses the ionic curve If4 +

(omident ) at a distance rc given by - 
-

14.38r0(A) — I.P.(N~ — E.A. (omidant)
where I.P.(M) is the ionization potentia l of the metal atom, in this
case scandium, yttr ium, or lanthanum, and E.A. (oxidant) is the vert —
ical electron affinity of the oxidant molecule. These energies- are - - 

-

expre ssed in electron volts ,
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For the overwhelming nuither of cases, the electron ju mp which
takes place leads to for mation of the ground electronic State of
that product molecule for med in reaction. One usually finds that the
ionic curve corresponding to the ground electronic state of the pro-
duct molecule crosses the H + (oxidant ) curve at a larger internuclear
distance than do those curves corresponding to any ionic excited
electronic stateS. In most cases , this means that the electron ju mp
mechan ism wilt lead predominantly to production of ground state
molecules. 26 , ~

The large cross sections and negligible activation energies for
fo rmation of electronically excited Gro up III B halide s strongly
suggest that the K + RX reactions selectively populate (an ) excited
electronic state(s) by direct formation of MX*. In contrast , the
M + H) -~ )9)* + H reactions apparently do not proceed via this direct
mechanism, but rather excite d state for mation occurs as a resul t of
rearrangement from a ground state i-f4 (oxidant) complex or high vibra-
tional levels of the product molecule ground state , bo th being in-
direct routes. 16 The diffe rence in the magnitude of the cross section
for excited state formation which characterizes the two classes of
reactions may be understoo d in a qualitative sense upon examination
of the metal—oxidant interaction potentials and approximate mole cular
electronic potential curves characterizing the metal oxide or metal
halide molecule which is formed.

Employing available spectral data for the Group III halides snd
oxides and generating potential curves using the technique of Fade
approximants,28 we distinguish two distinct situations. They are
represented schematically in Figures 8 and 9. These two
“limiting cases” correspond to two superimposed planes of the reac-
tion hyp.rsurface. The selective K + ~2 reactions appear to be
characterized by an electron jump crossing radius , T~~ , at consider-
ably smaller internuclear distance than the outer turnin g point of
the ground state potential. The electron ju mp occurs at an inte r—
nuclear distance such that direct transfer into the ground elect ronic —

state of the product monohalide is either negligible or is such that
a strong competition for fo rmation of ionic excited electronic states
also exists. In other words , direct excited state formation appears
to be facilitated. In cont rast , Figure II corresponds to a relatively
non—selective reaction involving the production of a metal oxide.
Here the electron ju mp takes place at sufficiently large internuclear
distan ce ve rsus the location of the metal oxi’le potential curves that
formation of the ionic ground state is favored. In su1!m~ary , selec-
ti ve reactions appear to he characterize d by an electton juxav ~o ( the )
excited state(s) while non—selective reactions involve the traditional
j~~~ to the ground ionic state - One might envision the selective
process as a “scoop” mechanism whereby the ionic excited electronic
stetes are effectively the fi rst ionic states to which the K4
(oxidant) complex is exposed during the course of reaction. We
believe that the selectivity and high quantum yields for the Gro up
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II! — halogen reactions are due pr imarily to the nature of the elec-
tron j ,~~ pro cess and secondly to the sp molecular orbital makeup of
those stat es forme d selective ly . We moat note that the magnitude of
the selectivi ty which is apparent from the spectral scans (Figures 2—
4) i. probably underestimated because of the long radiative lifetime
characterizing the selectively fo rme d 3r’ excited state , 3 A con fir—
.stion of this point mus t awai t the direct measurement of a radiative
lifetime for both selective and non—selective featu res and hence a
comparison of relative decay rates across the observation region .
Further discussion of this proposed mode l is provide d elsewhere . ~
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Fiaure ~aptioas

Figure 1. Qualitative description of energy conservation in a
single collision bimolecular cheailuainsscen t reaction
forming a Group 1118 metal o~~ds or halide.

Figure 2. ø~emiut~~ oescsnt emission from the reactions Sc + F2
Sc?5 + F, Sc + Cl? Sc?* + Cl , and Sc + SF6 • Sc?5 + SV~.
Regions of previously observed emission or absorption
features era identified in the Figure. A — Absorption ,
NC — Hollow Cathode Discharge. The obaer7sd emission
including the region from 3800 to 6200 A is due
entirely to metal monofluordie emitters. Note the rela-
tive intensities given in Figure 10.

Figure 3. Chsmiluetnescent emission from the reaction Y + P2 -

~YF* + F. Regions of previously observed emission or
absorption features are identified in the Figure. A —

Absorption.

Figure 4. themiluatnescent emission fro. the reaction Y + C1F +

YCI* + F or YP~ + Cl mod Y + Cl 2 ~J * + Cl. The base-
line of the T—C 1F spectrum is slightly shifted for co~~ar—
Leon. The Y—C lF emission spectru m is dominated by YC 1*
emission from the selectively populated ~~ stat. of YC1 .

Figure 3. thasdlumin.scent emission from tb. reactions La + Ct? +

La?~ + Cl + LeC 1* + F mod La + Cl2 + LaCl~ + Cl. Regions
of previously observed emission or absor ption features
are identified in the Figure.

Figure 6. ~ i mi1umtn.acent emission from the reaction Sc + Cl2
ScCL* + Cl mod Sc + 2C12 ScC12* + Cl 2. The indicated
trmositions throughout the spectru m correspond to known
regions of ScCl emission; however , it is doubtful that
spectral festu res corresponding to pr eviously known
stat Es of ScC1 ar e observed. The 3500 A feature corres-
ponds to emission f rop the ~~~ stat e of ScCL and the

• continuum from -3500 A to 6000 A corresponds to ScC12
emission. See text for discussion.

Figure 7. th•milumin..cent intensi ty versus omidmot pressure for the
reactions of 3c with F2, C1F, Cl2, and S?~. Intensities
ar e normalized to the Figure

Figure 8. Qualitative description of potential energ y curves and
interactions for selective excited sta te f ormation.

Figure 9. Qualitative description of potential ener gy curves and
interactions for non—selective excite d state fo rmation.
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Table I

- Crow 1118 — Halogen Reactions Studied Product Formation

Sc Y La

• ~2 Sc? fp5 La?

Cl2 ScC15, ScC12
C YC15 Lad

Br 2 ScZ r5
, ScB r2

C Thr5 
—

12 Sd 5, ScI 2
c Yl

s 
—

~~~ 
ScF YF La ?

C1F Sc? YC15 
‘ Y? LaF , Lad

ICt ScCl > Sd YC15 
> YI~ ——

h r  — TSr5 
> TI5

s — selective monohslida emission

c — con tinuous emission due to dihalide
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Table II

Observed mod Estimated Electronic Energy Levels of Sc?, T1O and Zr O

* l0~~)

)g,l.cular Orbital Mole cular SeP TLO ZtO
Configuration State

.02 0.0 2.8 0.0
so d6 0.0 0.0 0.0

16 2. O.6~ 5.0
so dx 8 0 8

in lO. lt ll.9~ 11
d6 div 3, 13.3

t 14.lt 16.lt

l8.3t l6.2~ l8.7~
19 l8.4~ 20

20.3 19 21

so do 14 13 14
11 l6.l~ 13 16

d6 do 2l.9~ 193~ 2 2 5 ~

24 22
50 p’ 3~ 24 25 23

111 26.8~ 22 27
dd pw 3, Zl.2~ 25 27

• 31 29 31
1, 32 30 32 

•

34.9~ 33 33

t — experimentally identified states
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Table III

Singlet States of TV

State T00 *41 103a

11 31 205.8 536.3 2.13 0.27543 2.28

1fl - 27 989.9 347.5 2.69 0.2741 —

II 26 046.4 —— — 0.2685 ——

1fl 25 464.5 —— — 0.2106 —

1n 25 324.9 — —— 0.2680 ——

C~Z 19 190. 3 527.2 2.45 0.2637 —

• ~~~ 13 885.8 537. 7 2.35 0.2657 1.56

liZ 0 631.3 2.50 0.28960 1.63
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Tsbla hV

~~tsntus Yields for Electron Transfer Metal O,d dationa

Resctions Studied Quantum Yield (% ) a

>5%

Y + F 2 *y p * + F  >9,11b

L a + F 2 , L a p * + F

Sc + NO2 + ScO* + NO 1.9%

T + NO2 + T0* + NO 10 x 10—2 %
La + 1402 + LaO 5 + NO 

~ lO
__
~Zc

Ba + F2 + Ba?* + F *2.1 *
Ca+ F* + C a F *+ F  3 . 8x l 0~~%

eSee references 3 , 14, and 15.
bsen text for diacussion of radiative lifetimes mod the proposed• medel for selectivity. The maguitude of these quantum yield,
is influrnc.d by the long ra diative lifetime, characterizing
the emitters .

eSoe including Lao A ’26 — 121+ emiaeion ; however, see ref. 31.
4Not including the Ba? A211 — 121P system.
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• Tsble V

Activation Energies for Formation of ScO. TO. LaO

C.

Reactions Studied 
~ 

tctivation Enetgy (kcsla/aol.)

Sc + 02 + ScO*(A2fl112) 3.13 ± 3.59

Sc + $02 + 3c0
5

(A2fl 7.85 ± 1.18

Sc + 1402 + ScO*(I*t+) 6.43 ± 1.25

Sc + + ScO* (A2fl1/2) 14.16 ± 2.44

Y + 02 + YO~ (A2n312) 1.75 ± 0.32

‘
~ + NO~ • Y0*(A211312

) 1.10 ± 0.76

Y + $~0 • yo~(A2n312) 10.43 ± 1.23

T + 02 + YO*(A ’2 6) :o ± o.e6

La + 02 • LaO *(C211312) 2.82 ± 1.59

La + $0* LaO*(C25312) 3.17 ± 1.78

• La + 14*0 + Lao~cc2n 3/2) 2.81 ± 2.17

I f
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Table VI

activation Energies for Excite d State Me t al Monohalide Formation

Reactions S~UdiCda Activation Energy (kcals/moleJ

S c + F 2 + S c?*(314’) + F  o 0 ± 1 . 8
-‘ (selective feature at 3460 A)

Sc + Cl2 + SCCl~~ 3Z+) + Cl • 1.2 ± 1.5
(selective feature at 3500 A)

Y + F~ + yp*(31+) + ~ 
- 

2.0 ± Li
(selective fe ature at 3800 A)

Y + F2 + yF *(C 1r’) 0 + F 12.8 ± 7.0
(emission at 5000 A)

T + Cl? + TF* (3 V 4) + Cl 0 ± 3.1
(selective feature at 3800 ~

) 0 ± 6.8

Y + Cl? + YC 1*(3 1+) + F • 3.9 ± 3.1
(selective feature at 3900 A) 0 ± 2.7

Y + IBr + YBr*~~t+) + I • 2.4 ± 1.6 4
(selective feature at 4040 A)

La + F2 + La ?*( 1fl) + F • 
- 0.8 ± 1.6

(prominant feature at 4130 A)

La + F~ 
+ LaV * + P • 4.0 ± 2.1

(short wavelength featu re it 4119 A)

• Ca + ~2 + CaF*(12 Z~) + F 3.7 ± 1.3

Sr + F2 • SrF*(3214) + F 3~3 ± 0.8
S r + 5 2 •Sr ~~(C2fl5) + 1  4.8 ± 1.0
Sr+ F2~~~SrF~ (D2r”) + F 4.0 ± 1.4

eS.. reference 16 mod 19 for a discuesion of activatio n energy de termine-
tion in a beam-gsa exp.rimant.
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