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\j Abstract Jooooul

A variety of high temperature techniques are applied to the study of
visible chemiluminescent phenomena over the pressure range 1916 to 102 torr
in order to assess the applicability of several reaction systems fo;’the
development of visible chemical lasers. Efforts have focused on selective
formation of excited electronic states, the nature of electronic state
interactions and the behavior of these states over a wide pressure range.

In studying chemiluminescent 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 assessment of rapid 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 application 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

6 2

chemiluminescence phenomena from 10"~ to 10° torr. Hence we have studied

the optical phenomena characterizing chemical reaction in beams, flows and
flames. We have determined the visible optical signatures for a wide

variety of reactions which involve both simple metathesis
A +BC~>AB.. + ..C (1)
where A is a metal atom or complex processes
RA + BC » AB + (R) + (C)... (2)

In reaction (1), the metal atom is usually reacted in the form of a
beam or, at higher pressures, metal atoms are entrained in a carrier gas,
an appropriate oxidant then being introduced into the entraining flow. In
reaction (2), AB may be the product of several reaction steps. The species
RA may first undergo several abstraction reactions before an oxidation to
produce the species AB 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 AB molecule of greatest interest.
In general the metathesis (2) will 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.

L
In all cases the reactant BC is a rather strong oxidant such as the homo-

and heteronuclear halogens, NOZ. Nzo. 03 or c102.

At
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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 desired
excited states from the initial intimate combustion of two gas phase room
temperature reactants. While we will summarize 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 10°® to 1074 seconds.

This criteria is determined by the time necessary for intimate
reactant mixing at typical laser operating pressures. At 6 torr the

5 seconds.]

requisite mixing time is ~10° 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 must establish the temper-
ature coefficient for any metatheses producing the excited states of

interest.
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(5) In studying reactions from low (_<__10'5 torr) to high pressures
(< 10 torr), excited state deactivation (quenching) should be at a minimum.

(6) At higher pressures, rapid collisional transfer rates among
excited electronic states, especially those involving long-lived reservoir
stﬁtes, 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 chemiluminescent reac-

tions.3’4’5’6’7

We have determined and will continue to determine quantum
yields and excited state radiative lifetimes. Lifetime studies involve the
application of pulsed laser techm‘ques8 as well as determination of approxi-
mate lifetimes through study of the pressure dependence of chemiluminescent
emission.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 (210'6 to 10'4

torr)9 to higher pressures commen-
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 achieve lasing
action in those systems which we deem promising using an exploding wire

laser system developed at Los Alamos Scientific Labmr'ator:y.]0

This 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.
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we have outlined an approach to the selective produc-
tion of excited electronic states in chemical reaction. Briefly we have

chosen to look at systems in which the molecular orbital makeup of certain

excited electronic product molecule states, accessible to a chosen chemical

reaction, differs substantially from the ground or low-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 oxidation of those metals whose atomic orbital makeup under*goes]3 a
pronounced change upon promotion 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 "single collision"
bimolecular process, we also require that the resylting chemiluminescing
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 siiuziion which must arise
under "single collision" bimolecular oxidation of a given metal is depicted
in Figure 1. The metal halide or oxide product molecule excited states
which can be populated under single collision conditions must 1ie at
energies less than the energy difference (DOO(MX) - D°°(ox1dant)). We have
denoted this energy difference by a horizontal Hne]4 in the figure whose

separation from the dissociation asymptote of the product ground state

13

corresponds to the bond energy of that oxidant bond broken in reaction.
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Our criteria are most closely fit by the metals scandium, yttrium and
lanthanum. The ground states of these metals are of ZD symmetry (electron
configurations Sc, [Ar] 4523d; ¥, [krl] 5524d; La, [Xe] 6525d) and all three

2p).

atoms have "low-lying” 2P electronic states (electron configuration...s
Here, from the standpoint of a single determinant description, we have a
considerable change in atomic orbital makeup, from d to p atomic orbital
chalr‘actelr'.]3 Our selection is based on single determinant arguments and
does not take into account configuration interaction between atomic states.
Nevertheless the ground 2D and "low-1lying" 2P states have considerably

different atomic orbital makeups. We consider those excited molecular states

which dissociate to Sc*, Y* or La* (ZP). 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 outlined approach repre-

sents a screening princip]e.]5
We have characterized several Group IIIB metal reactions with the

11,16,17-19

halogens, 02, NOZ’ N20 and 03. Let me summarize our findings

(see also Appendices A and B).

A. The Chemiluminescent Spectra (single collision beam-gas)20

A11 of the spectra resulting from reactions of each metal with the

11,16,17-19 We note

various oxidants employed have been discussed in detail.
here the most important trends deduced from our studies of these chemilumin-

escent spectra.
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1. M+ RO+ MO* + R

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

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

butions of energetically accessible excited electronic states. As an
example, the observed YO* emission from the Y-N20 reaction is shown in
Figure 2. Although these distributions do not reflect selective excited
state formation, neither do they agree with predicted statistical distri-

21

butions assuming no dynamical constraints. The reactions of Sc and Y

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

result in predominant population of the low-1lying A'ZA state of ScO and YO.

For the Y-02 reaction, we have estimated that the flux into the A'ZA state

of YO is at least 50 times that into the Azn state.18

No other electronic
states are energetically accessible in the reaction.

For each metal, we also find that, as reaction exothermicity
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. MWL RX»M"+ R

We have studied the chemiluminescent emission under "single collision"

conditions from 19 reactions of the Group IIIB metals scandium, yttrium and
lanthanum with the halogens F2, Clz, Brz, 12, SFG’ C1F, IBr and IC1. We
summarize the reactions studied in Table I. Observed chemiluminescent
spectra are primarily attributed to emission from the metal monohalide

formed via the reaction

M + RX » MX* + R j (1)

| oy s -
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Table I

Group II11B - Halogen Reactions Studicd Product Formation

Sc R A La
F, ScFS 4 YFS p LaF
e, scc1?, see,f var® LaCl
Br2 ScBrs, ScBr2c YBr® : ——
I, se1®, sel,® vIs E
skc | s YF LaF
CiF ScFS > $¢Cl , yars s vrs LaF, LaCl
IC1 scC1® > scl vel® 5 yi® ek
IBr ScBr® > Scl ors s 15 B

w
n

selective monchalide emission

contintous emission due to dihalide

(2]
L]
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Dihalide emission is also observed in the Sc-Clz, Sc-Br2 and Sc-I2 systems.

The dihalides appear to be formed in the reaction sequence

M+ R > MX* + R (2)

MX* + RX -+ MX2* + R (3)

We find extremely selective production of monohalide excited elec-
tronic states in both the scandium and yttrium reactions. As an example,
the observed YC1* emission from the Y-C]2 reaction is shown in Figure 3.
The lanthanum reactions are characterized by relatively moderate selective
excitation of monohalide excited states. The selective feature dominating
the scandium and yttrium monohalide spectra has not been observed by
previous researchers. On the basis of molecular orbifal theory, energy
conservation, and the known spectra for scandium and yttrium fluoride, the
selective emission feature is assigned to a 3Z+ - ]Z+ or 3Z+ - 3A band
system.

Unlike the observed metal oxide formations, reaction exoergicity and
the density of energetically accessible excitgd states appears to have little
effect on the distribution of excited states populated. Thus, for each
metal, increasing the exothermicity of the beaction by decreasing the
oxidant bond strenth has little 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
provided that these states are sufficiently long-lived so as to undergo
collisions before radiating.zz Based upon mechanistic considerations
entailed in the kinetics of metastable excited s.tates.22 the radiative life-
times of the selectively populated excited states of ScCl, ScBr and YC1 are

estimated to be on the urder of 2 x 10°3 seconds. Therefore, we are
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g observing emission from moderately long-lived states. This is in contrast
: to the metal oxides which are characterized by much more rapid emission
; rates.23
#
] B. Activation Energies

We have summarized measured activation energies for several reac-
tions forming metal oxide and metal halide excited states in Tables Il and
III. With the exception of Y0(A'2A) production via the Y-0, reaction, all
metal oxide forming reactions (Table II) proceed with non-negligible activa-

4

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

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

4 1]’]2. As is apparent from

for formation of the “r' metastable excited state.
Table III, it is not a trend characteristic of metal monohalide formation
in general, but rather reflects the n&ture of processes corresponding to

formation of specific excited states. The reaction resulting in formation

of the YF C ! 1,12

z+ state proceeds with a substantial activation energy.
In Table III, we also present the results of our temperature dependence
studies on the Ca + F2 -+ CaF* and Sr + F2 + SrF* + F reactions. Excited
state formation in these reactions also proceeds with a substantial activa- |

tion energy.

s, BT s e i ..4.

C. Quantum Yields24 §

The quantum yield is defined as the ratio {
Excited State Emitters/Total Product 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 IIA halide formation are quite small in

3

general, being on the order of 10'2 to 107°%, Group IIIB halide formation
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Table T1

Activation Encrgies for Formation of 5¢0, ¥0. LaC

S woptdgy

, A
I ¥
| Reactions Studied Activation Energy (kcals/mole)
Sc + 0, » ScO*(Azn]/z) 6,13 + 3.59
: L
St + N0, > ScO* (A%, ) 7.85 1 1.18
: Ly 5
Sc + K0, » Sc0¥(Bs") 5.43 ¥ 1.25
2
Sc + N,0 > ScO*(A°ny ) 14.16 + 2.44
Y + 0, YO*(AZn.,.) 1.75 + 0.52
2 3/2 s /0 %
© Y+ O, > Y0*(/‘.21[3/2) 1.10 + 0.76
Y+ N0 YO*(I\?u3/é) 10.45 + 1.23

Y+0, YO* (A'24) =0 4 0.96

2,82 + 1.59

+ 0, > La0 (C?
La g La (c 113/2)

La + NO, - l..a(J*(C2113/2) : 3.1 4  1.78

2

e

l.a "'" N20 > Lao>(CH3/2) ?.8] n ?.]7
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Activation Energies for Excited State Metal Monohalide Formation

Reactions Studied®

Table 111

Activation Energy (kcals/mole)

Sc + Fp » S (") + F
(selective feature at 3460 K)

sc + €1, » scc*(3:') + ¢l
(selective feature at 3500 K)

Y+ F, o YR 4 F
(selective feature at 3800 ﬁ)

Y+ F, > YRH(CEY) 4
(emission at 5000 R)

Y+ CIF » Y3t + @
(selective feoture at 3800

=0
~~

Y+ CIF » Ya*(3s*) + F
(selective feature at 3900 R)

Y+ 18r > Yere(3st) 4 1
(selective feature at 4040 R)

La + F2 > Lar*(]n) + F
(prominant feature at 4730 ﬁ)

La + F, > LaF* + F
(short wavelength feature at 4119 A;

Ca+F » CaF*(B'x ) + F
Sr 4 F, » Srrx(B2st) + F
sr+F, »SN”(C} "+

Sr+Fy serr(0?at) 4 F

s d—

4ee references 3, 4 and 12 for a d1trus,.on of (CLTthl(n energy cefc
« YW=

in a beam-gas experincnt,

et o et

. w
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iz
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0+ 1.8

(82]

1.2+ 1,

2.0+ 8.1

12.8 + 7.0

0+ 3.1
0+ 6.8

04+ 2.7

2.4 + 1.6

0.8 + 1.6

+

4,0 & 2,1

w
-
~
s

1.3
0.8

w
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: Table 1V
T‘ : Quantum Yields for Electron Transfer Iotal Oxidations
B
L § .
: Reactions Studied Quantum Yield (%)
Sc + Fy > Sck* + F >5%
¥ % Fyon YP* AF : >9.1%
; La + F) > LaF* + F >2.7%
Sc + NO, > ScO* + HO 1.9%
Y + MO, » YO* + HO 10 x 107%
y * a0* 4 N ; ~ "2,3
La + NO, » LaO* 4 KO 20 x 10 %9,
Ba + F, o Bal* + F Jaremge e 10'3%b
{ ! Ca + F, » CaF* + F 3.8 x 10f3%
3 e b i e e S i b e S e P I S
; 2 2+
3 Not including La0 A'“A - X°L” emission; however, see ref. 15.
| Prot including the BaF AZII_L gt system.
3
J
5
b
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proceeds with a quantum yield at least two orders of magnitude
larger.

In summary, we note that Group IIIB-halogen reactions are found to
proceed with unusually high "single collision" quantum yields and lead to
formation of a selectively formed excited electronic state in a process
characterized by a negligible activation energy. Group IIA-halogen reac-
tions and the majority of reactions producing the group IIIB oxides are
characterized by typical low "single collision" quantum yields, minimal
selectivity, and substantial activation energies for excited state

formation.

D. Radiative Lifetimes

Approximate Lifetimes for Long-Lived States

Recently, we have discussed the kinetics of metastable excited
’states formed in a beam-gas chemiluminescent reaction.22 We define a
metastable excited electronic state as being characterized by a radiative
lifetime longer than 2 x 10'4 seconds. This is the time period necessary
to traverse the viewing zone from which we monitor chemiluminescent emis-
sion. In order to analyze the observed pressure dependence behavior for
the reactions producing long-lived states, we must consider two concepts:
1) Tong-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 "collision induced enhancement" of the fluorescence
from this state. Here, the nascent vibrational-rotational _distribution

characterizing the exci.ed electronic state must be collisionally deactivated

- 13 -
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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 chemiluminescent 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 coliisiona] processes as those discussed above
compete with spontaneous emission from the nascent products of reaction,
one begins to observe nonlinear behavior in plots of chemiluminescent
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
are monitoring, it is possible to estimate excited state radiative lifetimes
by noting the pressure at which nonlinear behavior is first observed.

4 t0 1072

Because radiative lifetimes in the range from 10° seconds are very
difficult to measure experimentally, a straightforward approximate method
for their determination can be quite useful. As we have indicated previously
(see alsb Appendix B and reference 22), this technique has been applied to
the study of selectively formed Group IIIB halide excited states.23
The examples above characterize the girth of studies entailed in the
initial analysis of promising chemical laser systems. This wﬂrk is carried
out under "single collision" conditions in a beam-gas enviroﬁment. We have

also considered the extension of low pressure studies to the high pressure




" "multiple collision" regime. Here efforts have focused on collisional

quenching and rapid energy transfer routes among excited states.

3. Multiple Collision Studies

In extending our flame studies to higher pressures, we are concerned
with the rapid energy transfer routes connecting the excited states of high
éemperature molecules. As examples of this work, we summarize studies of

~aluminum and scandium oxidation. We should note, however, that similar

2 2

studies on GeF (AZZ+ - X°I) and SnF (AZZ+ - X°I1) are currently underway in

our laboratory.

A. Rapid Energy Transfer Routes

We have analyzed the chemiluminescent emission for the reaction of

6 26,27,28 At

aluminum with ozone over the pressure range 10 = to 20 torr.
lower pressures, an aluminum beam intersects a tenuous atmosphere of oxidant

gas (10'6 to 10'3 torr) while at elevated pressures, the metal is entrained

S P YA S s

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 chemiluminescent spectrum is characterized by emission from both
2 2

s

the B g and A“Tl states of A10. 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 BZZ+ vibra-

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

bution, exhibiting local maxima at vibrational levels v' = 6, 8, 12 and 14

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

Al + 03 > AlO(Azn) + 02 followed by collision induced rearrangement

AIO(AZH) + Ar » AIO(BZZ+) + Ar. The spin orbit interaction in A10 connects

2

ro-vibronic levels of tie Azn and B 5¥ states. Collisional energy transfer
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is particularly efficient for the most strongly perturbed levels of the
BZZ+ state. In contrast, the Al + N20 reaction is characterized by an
approximate Boltzmann distribution in the A10 822+ 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
"extra" band heads representing normally Franck-Condon forbidden A-X transi-
tions which become allowed because of a small admixture of BZZ+ character.
An example of these "satellite" features can be seen in Figure 4b, where

the v' = 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 strongiy dependent upon argon buffer
gas pressures. A quantitative description of this dependence gives an

22+ and for the rate of

estimate for the amount of mixing between AZH and B
energy transfer between these two states. The measured rate constant for
the most strongly perturbed level (v' = 14) is comparable in magnitude to
the rate constant expected for hard sphere collisions between argon and A10.
Our work on A10 has now been extended to ScO and YO. 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 822+ - X22+ band system of ScO formed in the reac-
tion of scandium with Nozg 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)

levels, changes drastically as the pressure is varied from 10 to 400 microns.

We also note a "satellite" band appearing in the 400u scan. This satellite

corresponds to a vibrational level of a long-lived state which interacts

- 16 =
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strongly with the observed BZE+ state. The strong coupling results in very

2

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

22+ state and the transition

long-lived state borrows intensity from the B
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. Although 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 "super
highways" connecting these states. For the researcher interested in
locating highly efficient transfer routes among excited states, this is an
extreme1y important tool. In contrast to the ScO system, pressure dependent
effects in A10 are observed in the pressure range from one to five torr.
Therefore observing and analyzing these effects is not trivial. A wide
variation can be found and great care and patiencé is required. Cur prelim-
inary work indicates that the satellite features Qbserved in ScO (effects
also observed for v' = 2, 5, 6 and 7, Bzz+) corre§pond to rapid collisional
transfer from a low-lying quartet pi state.

In order to carry out the studies which we'describe, computer
programs have been written to fit various transitions 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 1ndependent'variation of vibrational or rotational temper-

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

4

population distributions and relaxation phenomena from low pressure (< 10°

=V =
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torr) single collision conditions to high pressure (> 1 torr) multiple

collision conditions.

It should be clear that, with 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 IIIB halide excited states.

Group ITIB - Halogen Reactions at Higher Pressures

We have determined that a minimum of 10% ofAthose product molecules
formed in Group IIIB - halogen reaction are formed in an excited electronic
state (reference Appendix B -~ Publications 13, 14). Because this is an
unusually high "single collision" quantum yield, it implies a mechanism for
excited state Group IIIB halide formation which differs censiderably from
preQious]y séudied syétems (references 10-17, Appendix A - Publication 14).
The magnitude of the minimgm quantum yield implies possible inversions
between vibrational levels of the selectively formed excited state and the
ground or low-iying states to which we are observing emission. For the
grid of Group IIIB - halogen reactions studied, substantial metal halide
product dissociation energies and previous experimental evidence in the
"multiple collision" pressure regime, imply that product molecuie 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 inversions between excited state levels and the certain
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vibrational levels of the ground state to which they emit. The excited
state radiative lifetime, for the "selective metal monohalide feature"
(reference 22 - Publications 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 (rm =3x107° 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 régime in order to assess
quenching and deactivation effects. Extension to this pressure range is
necessary in order that one might attain the critical inversion density
necessary to achieve laser action. Initial quenching studies with 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
32+ spectral emission feature from single to multiple collision conditions.
In addition, the current results have focused our attention on means of
producing copious quantities of Group IIIB metal atoms in the vapor phase

in a cavity appropriate for laser action.

Exploding Wire Laser

. As we have noted, an exploding wire laser system has been installed
in our laboratory in orcer to study promising laser candidates. This is a
very convenient and inexpensive laboratory probe. If one is able to obtain
lasing action under the pulsed conditions characterizing the exploding wire
system, extension to more costly flow systems can then be undertaken.

Preliminary results obtained for yttrium in a fluorine atmosphere are very
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promising. We have maintained emission from the relatively long-lived
selective (3Z+) YF emission feature at cavity pressures in excess of 125
torr (50 torr FZ’ > 80 torr argon). We are currently undertaking a series
of studies which involve higher resolution scanning of the cavity emission

and coincidental system parameterization.

Summary 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 their promise in visible chemical laser systems. In the
following discussion we summarize 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 reﬁearch 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 chemiluminescent
emission which results when a thermal beam of La atoms (1750-2400K) inter-
sects a tenuous atmosphere (10-6 to 10'4 torr) of one of the thermal oxi-

dants 02, N02, N20 or 03 (300K). The La-02 reaction is characterized by

2 2

visible chemiluminescence from the B Z+ and C°Il states of La0. The La-NOZ.

La-NZO and La-O3 reactions are characterized by emission from the BZZ+,

Czn and D2

5t states of La0. In addition all four systems are characterized
by extensive emission from the A2n state of La0. From the chemiluminescent
spectrum for tﬁe La-02 system, a minimum value of 5.30 + 0.04 eV is deduced |
for the dissociation energy of lanthanum monoxide. This lower bound is in
good agreement with previous mass spectrometric determinations (8.28 * s

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

.20 -




chemiluminescent reactions, we can elucidate the reaction dynamics of low-
lying atomic states in the oxidation reactions of high temperature metallic
beams (Publication 4).

Analysis of the observed chemiluminescence provides evidence for an

22+ state for vibrational levels v' + 8. The

inflection in the La0 D
reflection would appear to be caused by an "avoided crossing" of two

_“zeroth order" 22+ states (Publication 5).

B. Scandium and Yttrium Oxide Chemiluminescence

The chemiluminescent reactions of Sc and Y atoms with 02, NOZ’ N20
and 03 have been studied under single-collision conditions,'using a beam-gas
arrangement. The reactions of Sc and Y with 02 are characterized by emission
from the A2n and the previously unobserved A'ZA states of ScO and YO. The

reactions of Sc and Y with NOZ’ N20 and 03'resu1t in emission from the Azn

2

and B Z+ states of ScO and YO. In addition, emission from at least one

previously unobserved electronic state, lying higher in energy than the BZZ+
state, is observed in the emission resulting from the Sc-03, Sc-NZO, Y-O3
and Y-Nzo reactiops. From the AZH - XZZ+ chemiluminescent spectra for the
Sc-02 and Y-O2 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 with previous mass spec-
trometric determinations of these quantities. Upper and lower bounds to the
effective rotational temperature of ScO (Bzz+, v = 0) formed in the Sc-N02
reaction can be determined from rotational structure observed in the B-X
chemiluminescent spectrum. Measurements of the dependence of the chemilum-
inescent intensity on oxidant pressure 2tal temperature indicate that
all of the reactions studied are first orde. with respect to both ground

state metal atom and oxidant molecule number densities. Relative rate
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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 with no dynamical constraints (Publications 7, 16).

C. Titanium Oxide Chemiluminescence

A beam-gas arrangement has been used to study the chemiluminescent
emission which results when a thermal beam of titanium atoms (2200-2650K)
intersects a tenuous atmosphere (10'4 to 10'5 torr) of thermal 05, NO, and
N,0 molecules (300°K). The visible chemiluminescence extends from 7000 to
Z4000R for the titanium-0, reaction and 700 to 3000 for the titanium-NO,
and titanium-Nzo reactions. The emission which characterizes the Ti-0,
reaction corresponds predominantly to the B3n - X3A and C3A - X3A band
systems of titanium monoxide. Some weak emission corresponding to the c]¢ -
a‘A band system is also observed. The emission from the Ti-NO2 and Ti-N20
reactions is considerably more complicated; however, both reactions are

3 3 3

characterized by strong B3n -X"A and C°A - X“A emission features. The Ti-N20

3

reaction also displays strong emission from the D-X"A Ti0 band system.

Although emission is observed from the seven lowest vibrational levels of

the ¢3

A state, only the emission from 0 > v' >4 is.the result of a
‘bimolecular process. The v' = 5,6 levels are formed in a process second
order in oxygen molecules. From analysis of the temperature dependence of
the chemiluminescent spectrum, we can determine a slope heat for the
process which produces the titanium atom whose reaction with 0, leads to
the observed chemiluminescence. This slope heat is used to deduce the
activation energy for the possible processes which lead to Ti0 C3A
chemiluminescence. The chemiluminescence resulting from the Ti-02 and

-T1-N20 reactions indicates that emission from the T10-02 reaction is due

- B8 -




overwhelmingly to a metathesis involving excited state titanium atoms. |
Further analysis demonstrates that the reaction of Ti(sF) excited states is
{ § the most likely process leading to the observed C3A - X3A emission. From
the results of temperature and pressure dependence measurements on the
' Ti-OZ(TiO) chemiluminescent spectrum, we deduce a lower bound of 159.8 + 3
kcals/mole for the dissociation energy of ground state titanium monoxide.
This lower bound is in close agreement with recent mrss spectrometric
studies. Using available spectroscopic data, we have generated an RKR
potential for the first ten levels of the C3A state of Ti0 and have deduced
Franck-Condon Factors for the C3A - X3A transition and estimated relative A

(v') vibrational level populations for the Ti-0, reaction (Publication 8).

D. Cerium, Dysprosium and Neodymium

The cerium, dysprosium and neodymium reactions with F2 and NO2 have
been investigated. The chemiluminescent spectra are characterized by a
broad somewhat structured emission feature extending throughout the ultra-
violet and visible regions. As an example, we note the cerium-NO2 system.
The ceri.um-NO2 system is characterized by a seemingly structured feature
(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, thé partition of reaction exothermicity in these

systems precludes the creation of a requisite population inversion.

E. Oxidation of Silicon, Germanium and Tin

The chemiluminescence emanating from the oxidation of silicon,

e L

i
germanium and tin with 03. NZO and F2 has been studied over the pressure i
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4 range from "single collision" conditions to pressures approaching 10 torr.
i The Si-N20, 03 reactions are characterized by extensive emission from the

3 3 1 1

L & a Z+ and b1l states of Si0. A small component of Si0 A'Il - X Z+ emission

is also observed. The Ge-O3 reaction also leads to extensive emission from
the A]H, a32+ and b3n states. While the analysis of the "single collision"
GeQ spectrum is tedious due to extensive spectral overlap, the analysis of
the multiple collision Ge0O (Ge + 03) spectrum is almnst complete and
confirms our observation of these states.

The Sn-N20s 03 reactions under single collision conditions are
characterized by very weak (N20) and strong, extensive (03) emission from
the A, B, C and D states of Sn0. The observation of very weak chemilumin-
escence for the Sn-N20 reaction under "singie collision" conditions is
consistent with the observations of other workers. The Sn-Nzo reaction is
slow and is therefore not expected to yield strong chemiluminescence in a
bimolecular process.

The Si-Fz, Ge--F2 and Sn-F2 reactions are characterized by extensive

A?'Z+ - XZH emission features. The Si-F2 reaction is also the source of
some 42' - in SiF emission; however, this feature is far weaker than the
| Azz+ - x2n band system. Correcting for phototube response the ratio is t

1/120 under single collision conditions. GeF may represent a more j
interesting candidate. While the GeF spectrum under "single collision" |
conditions is virtually a continuum extending from 3500 to 5200&, the |
spectrum at 2 torr consists of well defined emission from the v' = 0 -~ 10
levels of the A22+ state. An ana]ysi§ of the two torr population distri-
bution indicates a sharp peaking at v' =.8. Further studies of the
emission from "single" to "multiple" collision conditions indicate that
.this peaking may result from collisional transfer from a long-lived
reservoir state characterized in a manner very much analogous to our

observations in ScO and A1l0.
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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-
{ i sional transfer effects again appear to be present as we traverse the
pressure range from "single" to “multiple" collision conditions. (2) A .

iy G system in SiF is

band system which may be the analog of the
observed.

It should be apparent that by combining our multiple collision 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 A10 and ScO. This research is useful not only for the study

of possible chemical 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 several
highly exothermic oxidations of the metal cluster compounds of boron and

silicon. Our findings may be summarized as follow:

A. Chemiluminescent Products of Silane + Halogen Reactions

The reactions of disilane (Sisz) with C12, F2 and C1F and monosilane

(SiH4) with chlorine mo]écu]es and atoms have been studied. The disilane-

fluorine system is characterized by strong emission from the AZZ+ - in

transition of SiF, the A(A}) - X(%8,) transition of SiF, and the A%A - X°n

transition of SiH. Some evidence 1ndjcates the possible observation of the
A4A - in transition, in SiH. ABy contrast, the principal emission spectrum
in the monosilane-chlorine and disilane-chlorine reactions is the ]A" - ]A‘

transition of HSiCl. A continuum emission feature may belong to SiClz or

.25 -




SiCl,. The HSiCl emission intensity doubles when chlorine is reacted with
pyrolyzed disilane, SizH6 S SiH2 + SiH4; however, it is uneffected by the
addition of chlorine atoms. Although S1'H4 + Clz also reacts to form HSiCl*
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 molecules (Sin). The con-
clusions drawn from the chemiluminescence data are further substantiated

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

B. Silane - Ozone

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

32+ and b3

which produce relatively long-lived a Il excited state species
heightened our interest in the disilane-ozone system. Here we found the
complicated fluorescence to be characterized by emission from either the

a3z+ or b3

M excited states of Si0 or more likely an excited state of the
previously unobserved HSi0 molecule analogous to the HCO B-x hydrocarbon

flame bands.

C. Borane - Ozone and Borane - Fluorine Systems

The reactive systems BZHG + 03. F2 and Bng + 03, F2 have been studied.
Among the most interesting features of these systems is the specific nature
of the chemiluminescence which we observe. The BZHG + 03 and Bng + 03
systems yield extensive densely spaced emission from BO_2 and minor emission
from BO. The BZHG'FZ and 85Hg-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.




L v,

SNOWIIN 00% OL 002 Iv %4+%4%g
JONIOSINNTINIHO  _J8H

Ay kL g

“B0h -




o

fg "

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 highly 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 cas 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
er ssion to a well defined region. The mode radius has been calculated to
vary between 0.04 and 0.06 cm, dependinag 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 channe! 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 also equipped with an internal
cooling system capable of removing approximately 50 kcal/min.

The gas module is placed in a vacuum system ('\:10'2 torr) equipped with
Brewster angle windows and high reflectance mirrors. The deactivated
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




—_— QT ——— e 4 —
izﬂw {l—.vr.
—
"t zz,qu._v
RS AR s+&
E Rk EAEITEEN B BUS DI
s ad
23yt
Pt sy siey I T T la)
2 Puv @ Sideesemarny 2573 1o - N ]
: & o |
1 | | 3

3tew

,...s»;LIJrv —
~4

P seasw

| ﬁ R
A g SRk
N

LayAan~ e

MY osrym s 4(.,?!;‘J PMwmy P

R 2R ’«.ﬂ
rl:ra
antpe>

IR o)

ana
2y~
¢ e b

welsw

l‘/.xrn =g iy vy e

Vi




A Lt

g'r,,-,-,- 54\&‘0?\0&\ \J\{w ‘;

.

Laszr

tlc‘c,\ :’.x',\ctt ‘

L chianal Cave
.“i*\.ﬁ.\u.\

ORI

PR YTy

b R chMawmnma\

'—L—B\’*\s

W'\‘\(' \\\n‘.

'”rmb’k

- 27b -

M AL TG

o




decreases possible pressure gradients along the length of the cavity. The
gas flows through both a fluorine trap (10 layers 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/min; 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.

Quartz Brewster angle windows are mounted on 5 cm stainless steel
tubes to minimize 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 concave
high reflector and 0.5% transmitting flat. We can further decrease optical
losses by using two 100% reflection mirrors and look at the beam scattered
from one of the Brewster angle windows. With our present mirrors, we have
the capability of looking at laser emission between 3500 and 6400R.

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. Sc&ttering 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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A Proposed Model for Selective Excited State
Production in Electron Transfer Metal Oxidations
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We present a general model for selective excited state production
in electron transfer metal oxidations. This model, which represents a
modification of the familiar electron jump mechanism, is formulated through
comparison of several features associated with metal oxide and halide

formation in beam-gas chemiluminescent systems.
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Introduction

1,2

In the two preceding papers, we have characterized several Group IIIB -

halogen reactions. In the present discussion, we correlate these results
with our recent studies of Group IIIB metal reactions with 02, N02, NZO’
3-6

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

halide and oxide formation, we present a general model for selective
production of excited electronic states. The model may be viewed as an

extension of our previously outlined approach to selectivity.
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A. Overall Appearance of Chemiluminescent Emissions

b : We have summarized the general characteristics of the M + RO - MO + R
and M + RX - MX + R reactions in the preceding manuscript. We simply
emphasize here that those reactions yielding the metal oxides result in
relatively nonselective population of excited electronic states.4’5
The reactions of Sc and Y with 02 are the only exception to the non-
selective trend, leading predominantly to population of the low lying
A'24  state of Sc0, and Y0.3

In contrast, the reactions of Group IIIB metals with halogens result
in formation of the diatomic halides, MX*, in moderately to highly
selective distributions of excited electronic states'. This is not a

general trend characterizing metal monohalide formation since Group IIA

(Ca, Sr) metal reactions with molecular fluorine are found to lead to
6-8

relatively non-selective population of excited electronic states.
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B. Activation Energies

We have summarized measured activation energies for several reactions
forming metal oxide and metal halide excited states in Tables I and II.
With the exception of YO (A'ZA) production via the Y-O2 reaction, all
metal oxide forming reactions (Table I) proceed with non-negligible
activation energies.6 Many of the reactions of the Group IIIB metals
with the halogens lead to selective formation of a previously unobserved

1,8 3

long lived i+ excited state of the metal monohalide. In contrast

to those processes leading to excited state metal oxide formation, we find
negligible activation energies (Table II) for formation of this 32+
state.] As is apparent from Table II, this is not a trend characteristic
of metal monohalide formation in general, but rather reflectsthe nature
of processes corresponding to formation of specific excited states. The

’z* state proceeds with a

reaction resulting in formation of the YF C
substantial activation energy.] In Table II, we also present the results
of our temperature dependence studies on the Ca + F2 -+ CaF* + F and

Sr + F, > SrF* + F reactions. Excited state formation in these reactions

also proceeds with a substantial activation energy.




C. Quantum Yields

Thé quantum yield is defined as the ratio
Excited State Emitters/Total Product Molecules Formed

In Table III, we summarize quantum yields for several "single
collision" electron transfer metal oxidations. While the quantum yields
for Group IIIB oxide and Group IIA halide formation are quite small

2

in general, being on the order of 10°° to 10'3%, Group IIIB halide

formation proceeds with a quantum yield at least three orders of

magni tude larger.




D. Summary

The Group IIIB- halogen reactions are found to proceed with
unusually high "single collision" quantum yields and lead to formation
of a selectively formed excited electronic state in a process
characterized by a negligible activation energy. Group IIA- halogen
reactions and the majority of reactions producing the Group IIIB
oxides are characterized by typical low “single collision" quantum
yields, minimal selectivity, and substantial activation energies

for excited state formation.
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Discussion

{ Electron Jump Model

We believe that the selective emission features characterizing
Group IIIB-halogen reactions and the non-selective emission which
characterizes formation of the Group IIIB oxides can be qualitatively
explained within the framework of the familiar electron jump model.]0

In the traditional electron jump model, reaction is initiated by a
valence electron of the metal atom, M, being transferred to the oxidant
molecule with which reaction takes place. Subsequent interaction of m*
with the oxidant leads to product formation. Refinements of the electron

jump model have recently been discussed by Kinsey;‘l

however, we adopt
the simplified picture of the electron jump mechanism. Here the covalent
curve, M +(oxidant) crosses the ionic curve m* +(oxidant)™ at a distance

P given by

rc(A) 7 I.F.(M7’14é?gl(oxidant7 (1)
where I1.P.(M) is the ionization potential of the metal atom, in this case
scandium, yttrium,or lanthanum, and E.A. (oxidan.) is the vertical electron
affinity of the oxidant molecule. These energies are expressed in electron
volts. ‘ :

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

i
|
;

! do those curves corresponding to any ionic excited electronic states.

In most cases, this mean: that the electron jump mechanism will lead
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predominantly to production of ground state molecu]es.lo’]]

/ The large cross sections and negligible activation energies] for
F formation of electronically excited Group IIIB halides strongly suggest

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

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

reactions apparently do not proceed via this direct mechanism, but

rather excited state formation occurs as a result of rearrangement

from a ground state M (oxidant)™ complex or high vibrational levels of
: 6

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

difference in the magnitude of the cross section for excited state
formation which characterizes the two classes of reactions may be under-
stood in a qualitative sense upon examination of the metal-oxidant
interaction potentials and the molecular electronic potential curves

characterizing the metal oxide or metal halide molecule which is formed.

A Schematic Model

In this section we will describe techniques usecd in generating
sections of the hypersurfacés characterizing the reactions of the Group IIIB

12 4e winl

metals with the halogens and the oxidants 02, N02, and 03.
first summarize our approach, presenting a schematic model which
' characterizes the Group IIIB halogen reactions. Following this general }
discussion, we will present specific examples which have lead us to the |
general model proposed.

Employing available speétra] data for the Group III halides and oxides

| and generating potential curves using the technique of Padé approximants.13

we distinguish two distinct situations. They are represented schematically

IR SR e
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in Figures 1 and 2. These two "limiting cases" correspond to two super-
imposed planes of the reaction hypersurface. The selective M + X2 reactions
are characterized by an electron jump crossing radius, res at a considerably
sma]]er»internuc]ear distance than the outer turning point of the ground
state potential. The electron jump occurs at an internuclear distance '
such that diréct transfer into the ground electronic state of the product
monohalide is either negligible or is such that a strong competition for for-
mation of ionic excited electronic states also exists. Inotherwords,

direct excited state formation is facilitated. In contrast Figure 2
corresponds to a relatively nbn—selective 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 formation of the ionic

ground state is favored. In summary, selective reactions are characterized
by an electron jump to (the) excited state(s) while non-selective

reactions involve the traditional jump to the ground ionic state.
One M1ght envision the selective process as a "scoop" mechanism whereby

the ionic excited electronic states are effectively the first ionic states

to which the M;)(oxidantf:>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 selectively. We must 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

3Z+ exci ted state.2 A confirmation of this

selectively formed
point must await the direct measurement of a radiative lifetime for both
selective and non-selective features and hence a comparison of relative

decay rates across the ooservation region.
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A reaction which proceeds directly via the typical electron jump
mechanism is expected to be dominated by coulombic forces and to take
plgce with little or no activation energy. Reactions proceeding indirectly
or reactions which are strongly influenced by covalent forces are expected

to display non-negligible activation energies.6

In parallel with
trends observed in ion-molecule reactions, one expects that reactions

strongly influenced by covalent overlap will display larger barriers to

reaction and, therefore larger activation energies. In view of these

facts, our proposed model for selectivity is in agreement with the

measured activation energies presented in Tables I and II. We find

3Z+ state of the

negligible activation energies for formation in the
metal monohalide indicating that a direct electron jump process leads to
population of £his particular excited state. The results presented for

the Y-Fz reaction are particularly striking because the spectral features

5% emission- Figure 3- ref. 1) correspond

monitored at 50008 (¢'z* - x
to emission from an excited electronic state formed with substantial
activation energy in distinct contrast to the selective feature at 38003.

This implies that tre Clz+ state of YF is formed via an indirect process.6

Specific Examples

In Figures 3,4,5, and 6, we present, schematically, approximate inter-
action potentials for several M—X2 (M=5Sc, Y; Xé = FZ; C12) sys tems.
The dashed 1ines represent the long range interaction between a metal
atom and a halogen molecule. The M-X2 separation erz corresponds to the
distance between the metal atom and the nearest halogen atom. On an M-X,

hypersurface, these curves correspond to r_ _ ~ constant = re(xz). The

X=X
solid curves correspond apprxoimately to the potential energy for the

-

3 oy 14 —
% T g ST Y f&‘{iwﬂt"?"“ wii
oAy < sy W s

205




=10~

1

MX X g ground state, with e ™ These MX curves were generated using

13 with known MX constants.14 The ionic curves

[2,2] Padé approximants
were constructed so as to cross the neutral M-X2 interaction potentials
(r"6 potential) at the value of re given by equation (1), and to approach
the M+ X2 " energy at ™-x, - Generally, the vertical electron
affinity is used in equationd(l); however, no precise informatior is

yet available on halogen molecule vertical electroh affinities. Rather
we have values for the adiabatic electron affinity which represents

an upper bound to the vertical electron affinity. There are two ionic
curves represented in each figure. They correspond to the adiabatic
electron affinity (E.A.(F,) = 3.08 eV, E.A.(C1,) = 2.38 eV)'® and to

the minimum possible vertical electron affinity (E.A.(Fz) = 1.83 eV,
E.A.(Clz) =1.13 eV).]6 The minimum values are equal to the difference
between the electron affinity of the halogen atom and the dissociation
energy of the neutral halogen molecule, XZ, which is simply the
separation between the X2 ground state potential minimum and the x2 5
dissociation asymptote. It is clear that the two coulombic curves
constructed in this manner bracket the actual coulombic M © + X5 " curve
for the system. We have also considered whether it is appropriate to

represent the coulombic curves by the expression

2
BE(R) = AR . & 4 E()

where the first term corresponds to repulsive overlap of the M . and
X2 " ions and find that the repulsive contribution to the constructed
potential is negligible for those internuclear distances comparable to

or larger than r Hence the coulombic curves are of the fom

c0

2
ME(R) = - G + E(=)
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where E(») = I.P. (Metal) - E.A.V(Xz), the difference between the metal
ionization potential and the vertical electron affinity of the oxidant.
Similar considerations apply to the M-Xz interaction at internuclear
distances greater than or equal to Py where repulsive overlap is
certainly negligible. The zero of energy in each figure is taken as

the minimum of the X1

z+ potential curve.

A metal atom and x2 melecule approach each other along the
M+ X2 potential curve. At "M-x, Vv e an electron jump from the metal
atom to the X2 molecule forms M = + Xz'. Because of large nuclear
repuision, the X2 "~ molecule dissociates, the neutral halogen atom

10

leaving the reaction zone almost immediately. Thus we have a sudden

large increase in r corresponding to a "jump" from the dashed line

X=X
curves to the solid M-X curve. One is effectively moving through a

series of planes (perpendicular to the Voo axis) in the three dimen-

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

ry.x® appears to be the key factor which determines the degree of branching
intq excited states of the metal halide, and hence the cross section for excited
state formation. If we inspect figures 3,4,5, and 6, we find that this

region varies from well outside of the gfound state YF potential energy

curve (Y-F2 system - Figure 5), to well inside of the ScC1 and YC1 ground

state curves (Sc-C]z- Figure 4 and Y-C1, - Figure 6). This shift in the

region of the jump parallels the trend in the selectivity for excited state
formation in these reactions.] The Y + F2 reaction is the least selective.

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

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

which is substantially more selective, the jump region (Figure 3) extends

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




-12-

case of the Sc + C]2 and Y + C]z reactions, the jump region extends well
within the outer turning points of the metal chloride ground state curve.
These reactions both exhibit a very high degree of selectivity. We
have not presented the analogous potential energy curves for the La—X2
systems because the vibrational and rotational constants which characterize
the LaX ground state potential are not known to sufficient accuracy so as
to employ the Padé expansion. However, the La-F2 and La-C]2 electron
Jjump radii are significantly larger than those for the scandium and yttrium
halide systems. Hence, one might expect that the range of possible La-X2
Jjump regions paralles that found for the Y-F2 system. This is in reasonable
agreement with the observed 1limited selectivity for the La-X2 reactions,]
but we must stress that there does appear to be moderate selectivity in these
systems. Excited sate formation appears to be competing significantly
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
first ionic-covalent crossing in this system. This crossing point is

determined using the vertical electron affinity of NOZ,.]7

The major
difference to note between the M—X2 and Sc—NO2 systems is the fact

that the relative location of the electron jump crossing region differs
quite markedly. While all of the M-X2 systems are characterized by an
electron jump region which extends to'wel1 within the MX ground state
potential energy cruve, the initial 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 Sc0
excited states occurs through an indirect route. The general makeup of
other Group IIIB metal oxide systems is quite similar to that illustrated
in Figure 7.2
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|3 We have considered the analogous planes in the hypersurfaces for
; the Ca-F2 and Sr-F2 reactions. Here, we find that the electron jump

crossing region, lies at considerably larger internuclear distance
than the ground state CaF and SrF potentials.

As a final point, it is important to note that the features which
we have outlined for several reactions producing the metal halide and metal
oxide bear Tittle correlation with reaction exoelr‘gicity.]8 Rather, we
find a strong correlation between the observed features, the relative
locations of the electron jump crossing radius, res and the location
of the ground and excited state product molecule potentials.

The above discussicn is, of course, a simplfied description of the
dynamics of these reactions. To precisely describe the reactions,
the three dimensional hypersurfaces for the ground and excited states
of the reacting species would have to be constructed. However, since
very little is known about the electronic structures of the M-RO and
M-RX systems, construction of such surfaces is not possible at this

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

differences which we have noted do provide a reasonable explanation for

B

the excited stae selectivity and quantum yield results presented.
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Activation Energies for Formation of ScO, YO, La0

A M TR (o P I3 et

TABLE 1

Reactions Studied

Activation Energy (kcals/mole)

Sc + 0, -ScO*(AZn

1/2)

1/2)
Sc + N02->Sc0*(822+)

0+ Sco*(A%n

2
Sc + N02+Sc0*(A2H

Sc + N

2 172)

3/2)

3/2)
Y +0, >YO*(A'2p)

Y+ N02->Y0*(A2H
Y+ N20+Y0*(A2H

3/2)
3/2)
3/2)

La + 0, La0*(cn
La + Noz»Lao*(czn
La + N,0-La0*(c?n

5.13 + 3.
7.85 + 1.
6.43 + 1.
14.16 + 2.

1.75 + 0.
1.10 + 0.
10.45 + 1.
20 +0.

2.62 + 1.
317 + 1.

2.81 + 2.




TABLE II

Activation Energies for Excited State Metal Monohalide Formation

h Reactions Studied? Activation Energy (kcals/mole)

Sc + F, » ScF*(3%ct) + F 0+1.8
(selec%ive feature at 3460R)
Sc + Cl,» scC1*(35%) + €1 1.2 4 1.5
(select?ve feature at 3500R)
Y+, Aot e 2.0 + 8.1
(selegtive feature at 3800A
Y+F, oYFP*(clst) + F 2.8+ 7.0
(emisgion at 5000A) o

| v + C1F »Yr+ (32" + 0 0+ 3.1
(selective feature at 3800K) 0+6.8
Y+ CF » (Y 3.9 + 5.1
(selective feature at 3900A) 0+ 2.7

3+

Y+ IBr > YBr*("s ') + 1 2.4 + 1.6

(selective feature at 4040R)

La + F,» Laf*('m) +F 0.8 + 1.6
(promiﬁant feature a: 4730R)

La + F, » LaF* + F 3 4.0 + 2.1
(short®wavelength feature at 4119A)

Ca + F, » CaF*(B%:") + F 3.7+ 1.3
Sr+ F, » SrF*(B25Y) + F 3.5 + 0.8
Sr + F5 » SrF*ic2n+; * F 4.8+ 1.0
Sr + F5 > Srrx(0%c*) + F 4.0 % 1.4

a. See reference 1 and 6 for a discussion of activation energy
determination in a beam-gas experiment
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b. See reference 9
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4 Figure Captions

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

actions for selective excited state formation.
Figure 2. Qualitative description of potential energy curves and inter-
actions for non-selective excited state formation.
Figure 3. Approximate potential energy curves for the Sc-F2 system.
Curve 1 represents the coulombic potential between sc’
and Fé assuming a vertical electron affinity for F2 of
3.08 eV. Curve 2 corresponds to a minimum Fy vertical

electron affinity of 1.83 eV. See text for discussion.

Figure 4. Approximate potential energy curves for Sc-Cl2 sys tem.
! : Curve 1 represents the coulombic potential between sct

and C]é assuming a Cl2 vertical electron affinity of 2.38 eV.

!

] Curve 2 corresponds to a C12 vertical electron affinity of

; 1.13 eV. See text for discussion.

| Figure 5. Approximate potential energy curves for the Y-F2 system. 3
Curves 1 and 2 are analogous to those in Fig. 1. See 5.
text for discussion. : %

. Figure 6. Approximate potential energy curves for the Y-C]2 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 COMPARATIVE STUDY OF GROUP IIYB - HALOGEN REACTIONS#*
POSSIBLE APPLICATIONS TO CHEMICAL LASER DEVELOPMENT

James L. Gole and Carl L. Chalek

Department of Chemistry
Georgia Institute of Technology
Atlanta Georgia 30332

and

General Electric Research and Development
Schenectady, New York 123

Chemi luminescent reactions of Group IIIB metals,
scandium, yttrium, and lanthanum with F,, Cl,, Br,, SFg,
C1F, IBr, I,, and IC1 have been studied under "single
collision”" conditions using a beamgas arrangement.
Observed chemiluminescent spectra are primarily attributed
to emission from the metal monohalides. Dihalide emission
is observed in the Sc-Cl;, Sc~Br;, and Sc-I; systems. The
monohalide emission features for the scandium and yttrium
halides are dominated by a previously unobserved "selec-
tively formed" feature attributed to emission from a long
lived 3i* state. The state is assigned on the basis of
molecular orbital theory, energy conservation, and the
known spectra for scandium and yttrium fluoride. We
discuss mechanisms accounting for the observed monohalide
emission trends and characterizing the entire grid of
reactions studied. Based upon these mechanisms, the radi-
ative lifetimes of the selectively populated states are
found to be on the order of 2x10~3 seconds. Analysis of
reaction temperature dependence reveals that '"selective"
excited state formation proceeds with negligible activa-
tion energy. From the short wavelength limits of the
chemi luminescent spectra, lower bounds for the dissocia-
tion energies of the monohalides are determined.

As can be seen from the wide diversity of presentations in this
symposium, the understanding of met+l halide chemistry and kinetics and
the determination of the stabilities of metal halides have a wide scope
of applicability. In the present discussion, we focus on a comparative
study of Group IIIB - halogen reactions. A grid of reactions has been
studied under sufficiently controlled conditions so as to allow precise
definition of processes producing excited states of the Group IIIB
halides. A beam-gas arrangement has been used to study the emission
from those product molecules formed in a "single collision" meta-
thesis.! Hence, in order to observe chemiluminescence, we require a
bimolecular metal oxidation whose exothermicity is sufficient to
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populate some excited electronic state of the product molecule which
we wish to study.

" adten seadl e . e 50 Yoo

in addition to determining lower bounds! for the stabilities of
the monohalides, we have been concerned with the applicability of these
reactions to the development of a "visible chemical laser".2 The dev~
elopment of such a laser system must be intimately tied to an under-
standing of those phenomena which give rise to visible chemilumines-
cence. The choice of an appropriate gain medium for a visible laser
involves principally a playoff between excited state radiative 1ife-
time, reactant nixing efficiencies, radiative quenching, and required
inversion densities. In order to achieve the necessary inversion
density, one must deal with systems which produce chemiluminescent
product molecules, having sufficiently long radiative lifetimes (210~
seconds)" while still maintaining reasonable coupling to the laser
cavity.

AN et s NS <

Previously,zo3 we have outlined an approach to the selective pro-
duction of excited electronic states in chemical reaction., Briefly we
have chosen to look at systems in which the molecular orbital makeup of
certain excited electronic product molecule states, accessible to a
chosen chemical reaction, differs substantially from the ground or low
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 oxidation of those metals whose
atomic orbital makeup undergoes® a pronounced change upon promotion
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 atom 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 "single collision’ bi-
molecular process, we also require that the resulting chemiluminescing
product of metaliic oxidation (preferably a diatomic molecule) have a
substantial bond strength. Our bond strength requirement causes us to |
concentrate on metal oxide or halide formation. The situation which !
must arise under "single collision'" bimolecular oxidation of a given
metal is depicted in Figure 1. The metal halide or oxide product mole-
cule excited states which can be populated under single collision con- '
ditions must lie at snergies less than the energy difference (no°(nx) - {
Doo(oad.dmt)). We have deroted this energy difference by a horizontal
line in the figure whouse separation from the dissociation asymptote of ; v
the product ground state corresponds :o the bond energy of that oxidant
bond broken in reaction.’

Our criteria are most closely fit by the metals scandium,
yttrium, and lanthanum. The ground states cf these metals are of 2p
symmetry (electron configurations Sc, [Ar] 4s23d; Y, [Kr] 5s24d; La,
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[Xe] 6825d) and all three atoms have "low lying” 2P electronic states
(electron configuration...s?p). Here, from the standpoint of a single
determinant description, we have a considerable change in atomic orbi-
tal makeup, from d to p atomic orbital character.’ Our selection is
based on single determinant arguments and does not take into account
configuration interaction between atomic states. Nevertheless the
ground 2D and "low lying” 2P states have considerably different atomic

orbital makeups. We consider thuse excited molecular states which dis-

sociate to Sc*, Y*, or La* (“P). We expect that these excited molecu~
lar 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 outlined
approach representes a screening principle.7

We find that several Group IIIB ~ halogen reactions lead to
selective production of a previously unobserved "long-lived" excited
electronic state. These reactions are characterized by unusually high
quantum yields and initial studies indicate low quenching cross sec-
tions for the selectively produced state. In summary, the systems
which we discuss herein show a distinct possibility for fulfilling the
requirements necessary for producing a visible chemical laser.

General Features of the Chemiluminescent Spectra

We have studied the chemiluminescent emission frem 19 reactions
of the Croup IIIB metals scandium, yttrium, and lanthanum with the
* halogens F,, Cl,, Brp, I, SFg, C1F, IBr, and ICl. We summarize the
reactions studied in Table I. Observed chemiluminescent spectra are
primarily attributed to emission from the metal monohalide formed via
the reaction

M+ RX + MX* + R : (1)

Dihalide emission is also observed in the Sc~Cl;, Sc-Brp, and Se-I,
systems. The dihalides appear to be formed in the reaction sequence

M+ RC+ MK +R (2)
MX + RX -+ MX; +R (3)

We focus on a few specific examples.

S¢ + Fo, CIF, and SFg

Figure 2 exemplifies selective excited state emission resulting
from the reaction of scandium atoms and fluorine molecules. It is ¥
apparent that the emission intensity in the region from 3400 to 3800 A

280

U——
wm e




=——

considerably exceeds that in the other accessible spectral regions.
There are several knowp excited electronic states of ScF lying lower in
energy than the ®3500 A system or systems, The systems which corres-
pond to previously observed emission or absorption features involving
these states are indicated in the figure. Similar emission features
result from the reaction of Sc metal with C1F and SFg (Figure 2). The
observation that this emission feature is characteristic of all three
reactions 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 differ considerably.

(2) The observed spectra must be dominated by emission from ScF#*
and, of more importance, the selective feature must emanate from an
excited state or excited states of ScF. This is the only possible
metal halide which can be formed in common from all three reactants Fj,
ClF, and SFg. The Sc-ClF reaction is characterized by minimal ScCl
formation. 3

(3) The selective emission feature does not originate in an
excited state which has been energetically inaccessible to all previous
forms of excitation applied to the ScF system.3 The currently observed
emission features are found to be first order in all three oxidants.
Bond energy differences among the three fluorinating agents are sub-
stantial and the SFg reaction is at least 40 kcals/mole less exothermic
than the F, reaction. Combining these energetics with the considera-
tion of the magnitude of a realistic ScF bond energy, we are led to the
conclusion that the selectively excited state emits either to the
ground !tt or low 1lying 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* selective emission
feature is thermodynamically barely accessible to the Sc-SFg reaction,
the Sc-F; reaction should be energetically capable of exciting states
whose electronic excitation is as much as 6 electron volts above the
ground state. However, we find that the Sc-F, reactiop produces rela-
tively weak emission at wavelengths shorter than 3000 A.3 Formation of
molecules in an ~ycited state or states corresponding to the 3500
system is favored.

Y+ F,, CIF, SFg, Cl,, Br,, IBr, and ICl

We also find selectivity in the emission which results from the
reactions of yttrium metal with F, (Figuie 3), CLF and Cl, (Figure 4).
A very weak YF feature centered at 3800 A emanates from the Y-SFg reac-
tion. The emission which characterizes the yttrium-chloride reaction
is also shown in Figure 4 for easy comparison with the C1F system.

281

e

S—

o

S -
e Pttt S

- AT R s DS G . B i 5 .




—

Altuough the Y + F, reaction still displays some selectivity, we
observe substantial emission from the B!Ml and the C!t* states of YF.3
At shorter wavelengths, the chemiluminescent spectrum is characterized
by emission_from previously observed !N-X!i*+ (3670-3500 %) and ln~xlz+
(3400-3000 A) YF band systems.

It is apparent that the Y + F; reaction is less selective than
Sc + F. The Y + Cl;, Y + Bry, and Y + IBr reactions are found to be
much more selective than the Y + F, reaction; however, some of this
apparent increase in selectivity may result from differing reaction
exoergicities. 3

The Y-C1F Reaction - YCl Emission

One of the more surprising results in the present experiments is
the emission spectrum resulting from the yttrium-ClF reaction. Here we
find that the spectrum is dominated by emission from YC1l and displays
considerably weaker YF emission. This difference in emission intensity
may be attributed to the nature of the band system associated with the
selective feature. It can be demonstrated that the YC1 3 excited state
radiative lifetime is notably less than that for YF. Hence the emis-
sion rate for the Y-Cl, reaction exceeds that for Y-F,.3,8 In contrast,
the reactions of yttrium with the heavier mixed halides are dominated
by emission from the excited state (YBr#*, YCl*) formed via the most
exothermic channel,?

La + F,, CLF, SFg, and Cl,

In contrast to the scandium halide and yttrium halide systems,
the reactions of lanthanum with F;, C1F, Clz, and SFg show only moder-
ate selectivity. The emission spectra characterizing the La-Cl; and
La-ClF reactions shown in Figure 5 are exemplary.

Sc + Cl,, Bry, I,

The emission spectra which characterize the Sc-Cl;, Br; and I,
reactions are exemplified in Figure §. The Sc-Cl; and Sc-Br, reactions
are characterized by a strong *3500 A feature which appears to be the
analogue of the feature dominating those reactions producing ScF
emission. This feature is barely visible in the emission spectrum from
the Sc-I; reaction. The three systems are charactegized by a continu-
ous emission spectrum extending from ®*3700 to 6000 A. All efforts to
resolve this emission into band systems characteristic of the metal
monohalide have proved fruitless. We discuss this feature in detail
elsevhere? where we demonstrate that it can only be attributed to
enmission from the metal halides. There are other subtle features which
characterize the systems summarized in Table I., We refer the reader
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to references 3 and 9 where a more detailed discussion is
presented.

Theory of Monohalide Spectral States

Only the Group IIIB monofluorides have been widely studied. In
order to discuss the theory of the Group III monohalides, we will focus
on the simplest monohalide, ScF. A wide group of studies has allowed
the assignment of molecular orbital configurations to several of the
states with some confidence. Assignments within the simple single
determinant molecular orbital description provide a reasonable and
generally accepted characterization of the ground and low lying excited
states of the molecule. The low lying electronic states of ScF result
primarily from promotions among orbitals localized on the scandium
atom. Through a consideration of the nature of these promotions, mole-
cular orbital configuration: have been assigned. In Table II we re-
produce the assignments made by Brewer and Green, !0 A comparison is
made with the isoelectronic Ti0 and ZrO molecules. We will not attempt
to outline the arguments presented by these authors but will simply
point out certain salient features of the Table. Refinements are
discussed elsewhere. 3»

The ground electronic state of ScF is clearly ionic. Because the
molecule is best written SctF~, we denote the ground state configura-
tion as (s0)“ 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 large amounts of energy. Hence they are
not expected to enter into a description of the low lying electronic
states of the ScF molecule, We consider the known excited states and
the possible promotions which can give rise to these states. To first
approximation, Table II is correct,!l One expects that the lowest
lying s-d configuration will be sodé followed by sodm and sodo.
Similarly, for the s-p configurations sopn is expected to lie below
80po.

Identification of the Selectively Emitting Excited State

Two important missing states in the Brewer-Green Table are the
1g+, and It states resulting from the molecular orbital configuration
.++804pc. These [ states should occur at energies somewhat higher than
the 'l and °N states resulting from the sopm configuration. The selec-
tive feature in ScF peaks at +3500 A and extends to longer wavelengths.
Although the analysis of this new emission feature is continuing, only
two definite experimental observations can be made at present., Because
of the short wnvelengthoonset of emission is the same for the F;, ClF,
and SFg systems (33400 A -- Figure 2), and the emission
appears to extend to longer wavelengths, we infer 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, !I+, or very low lying 3A electronic state of ScF. Because
of a seemingly high density of states, the narrow region over which the
spectrum (selective feature) extends, and the difficulties faced in
resolving the spectrum, it would appear that the emission 1s charac-
terized by band sequences as opposed to progressions.

Through comparison with the known singlet and triplet absorption
and emission features previously observed for ScF and YF, we conclude
that this study represents the first observation of emission from the
excited electronic state leading to the observed selective feature.

We postulate that the observed selective feature is due to emis-
sion from either the !I* or I+ states resulting from the...so4po con-
figuration, The following facts support this postulation.

(1) The 'r* and 3:* states resulting from the sopo configuration
should lie at somewhat higher energy than the !l and 3 states resul-
ting from the sopm configuration (Table II) and the 3t+ gtate should
1ie lower than the !r+ stage. The !Nl state corresponding to soprm lies
at 26.8 x 103 cm™! = 3731 A, This is approximately the long wavelength
limit of the observed selective feature in ScF, and because the excited
state vibrational frequency is less than that of the ground !Z* state,
we expect to observe emission from this system at wavelengths lgnger
than 3731 A. In contrast, the gelective feature peaks at 3500 A =
28570 cm~! and extends to 3700 A, Therefore the selective feature is
approximately 2000 cm~! higher in energy than the observed In emission
feature. This leads us to believe that the selective feature is due to
emission from the 3+ electronic state resulting from the sopo
configuration.

(2) The known singlet states of YF are listed in Table III. The
observed selective feature in YF peaks at 3800 A (Figure 3). This
corresponds to a frequency of 526300 cm~!. We compare the energy of
this selective feature to the !I state at 27989.9 cm~!., The excited
states of the scandium and yttrium atom are quite similar and therefore
the energies of the excited states of ScF and YF are expected to be
quite similar. There is no possibility that the !I emission feature
emanates from an excited state other than that resulting from the sopo
configuration in YF., For this reason, it is reasonable to assign the
selective feature in YF as resulting from a 3t excited electronic
state. Its separation from the 'I* feature is a very reasonable
1700 e},

We conclude that the observed selective emission features corres-

pond to emission from a IT¥ state resulting from the molecular orbital
configuration.,.s04po. This is true for both ScF and YF.

284




e

|
|
1
'|
|

P

Dependence of Chemiluminescent Intensity on Oxidant Pressure

The focus of the oxidant pressure dependence studies is the sel-
ective emission feature obs~rved in many of the Group III - halogen
reactions, Figure 7 corresponds to the oxidant pressure dependence
behavior observed for the chemiluminescence features characterizing the
Sc~-F;, =-ClF, -SFg, and -Cl; reactions., The chemiluminescence intensity
is plotted in arbitrary 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 process is said to display a
pressure dependent intensity of the form pe~®P or p2e™°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~®P behavior (note the attenuation
of the ScF* emission from the Sc-ClF reaction). The three reactions
which produce the monofluoride are monitored at ~3500 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 increase in chemiluminescent intensity. The
pressure dependence is of the form pBe~9P where B > 1, Similarly, the
Sc-Br, system is characterized by a selective (3500 A) ScBr* emission
feature displaying a faster than first order dependence. A more
complete discussion of this representative behavior is provided else-
whc:e;3v12»13 however, two important points can be made.

(1) The characteristic of a "faster than first order" dependence
is the result of collision enhanced emission from within the excited
molecular electronic state.!? In the example presented (ScCl) a colli-
sion with the emitting excited state causes deactivation to a set of
ro-vibronic levels which as a whole emit more rapidly than the nascent
groductu formed in reaction. Deactivation causes the predominantly

t+(Q = 1) state to gain !M(Q = 1) character and thus increases the
emission rate.

(2) If a molecule is formed in state nd wndergoes collision
enhanced emission from this state, the emission !atensity is given by

1 't e/t
.8‘ (? I° o=t/ :)‘t
3 c

(x;] [q]

where S, = rate of formation of molecules in state A

I

'c-l = collision induced emission rate from state A

Te " 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
Tc = Tg , 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 break
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 10”5 torr or lower. This allows us to estimate the excited
state radiative lifetime as 1.3 x 10~3 seconds, assuming typical cross
sections for inelastic collision. This lifetime is typical of these
systems. :

Quantum Yield Determinations

Using a standard lamp and calibration configuration described
elsevhere,'> we have determined the quantum yields for several Group
IIIB metal oxidations. In order to determine reliable quantum yields,
it is necessary that we correct for all factors inherent in our optical
configuration and determine the entire spectrum correcting for photo-
tube spectrometer response. Using our calculated calibration curve,
suming over the entire spectrum and correcting for frequency, we find
the quantum yields given in Table IV,

The quantum yield is defined as the ratio of excited state
emitters/total product molecules formed. While the quantum yields for
Group IIIB oxide and Group IIA halide formation are quite small in
general, being on the order of 10~! to 10-3%, Group IIIB halide forma-
tion 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 obtained for the halides are unusually high for a
single collision process. This high quantum yield is typical for the
Group IIIB - halogen systems.l5 In contrast, the reactions producing
the metal oxides and the Group IIA halides are characterized not only
ty relatively low quantum yields but also by relatively non-selective
emission.

\

tivation Energies

In order to study temperature dependences, we rely on a recent
formulation which relates the temperature dependence of the chemilumin-
escence intensity to the parameters of the beam-gas e:cperimem:.l6 The
appropriate relationships are
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mean 2
el o Ty YAy (9

I = chemiluminescence intensity
'l'B = metal beam temperaturc

E = activation energy for formation in a given vibrational level
of the excited electronic state :

oy - the mass of a Group III atom
m; = the mass of a halogen molecule
Toee = [mp(T) + m (T ]/[mc +m]
:g = the oxidant gas temperature, 300 K
Tr = the mean temperature over the experimental temperature range

Allv‘p is evaluated at the mean temperature of the experimental run.
We have summarized measured activation energies for several reac-
tions forming metal oxide and metal halide excited states in Tables V
and VI. With the exception of YO (A'2A) production via the Y-0, reac-
tion, all metal oxide forming reactions proceed with non-negligible
activation energies.!® Many of the reactions of the Group IIIB metals
with the halogens lead to selective formation of the previously unob-
served long 1ived3,12 31* excited state of the metal monohalide. In
contrast to those processes leading to excited state metal oxide forma-
tion, we find negligible activation energies for formation of this 3t
state. 31?7 As is apparent from Table VI, this is not a trend charac-
teristic of metal monohalide formation 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 It state
proceeds with a substantial activation energy.? In Table VI, we also
present the results of our temperature dependence studies on the
Ca + F » CaF* + F and Sr + F, » SrF* + F reactions. Excited state
formation in these reactions also proceeds with a substantial activa-
tion energy.

The negligible activation energy for those processes producing
the selective monchalide emission features indicates that we are obser-
ving a direct process for formation in those excited states from which
emission is observed. A complete analysis of the temperature depen-
dence for the summarized reactions using equation (4)3,7:16 can be

applied to demonstrate that all metatheses proceed with ground state
atoms.
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Dissociation Energles for Metal Monohalides 4

‘The initial bimolecular metathesis resulting in formation of the
Group I1IB metal monohalide (eg. (1)) results in an emission spectrum 1
unaltered by subsequent collisional deactivation.!® We can deduce a
lower bound to the monohalide bond dissociation energy from the short
wavelength limit of this chemiluminescent spectrum. Using the selec-
tive emission feature for which our temperature dependent studies
yield a negligible activation energy,!? and considering the nature of
the energy conservation entailed in the bimolecular reaction of ground
state metal atoms (temp. dep.), we arrive at an expression for the
dissociation energy of the metal monohalide, 1

Focus on the gas phase bimolecular reaction of ground state metal
atoms, M = Sc(?D), Y(°D), and La(?D) with halogen molecules viz,

M(%D) + xz(ltg) + s% + Mx( ,v') + X(?P) * E.f. (6) J

Here scandium, yttrium, and lanthanum atoms, M, thermally distributed
throughout the fine structure components of the 2p state, and halogen
wolecules in their ground state collide with relative initial trans-
lational energy E 1 (measured in the center of mass frame) to form

excited MX molecules and ground state X(?P) atoms with relative final
translational energy E7". i

Conservation of energy requires that all forms of energy on the
right-hand side of equation (6) exactly balance all forms of energy onm :
the left-hand side. Choosing M(?D, J = 3/2) + X(%F, J = 3/2) + X, :
(X’Zs",‘v' = 0) to be the reference energy, we may write {

DY(X) + B, (%) + By () + EL = o) + B, (00 +E (0 + i

&) i 4

where Efne(M), Ejne(X2), Eqne(X), and Eypne(MX) are the average inter-
nal energies (electronic, vibrational, rotational) of M atoms, X;
molecules, X atoms, and MX molecules, respectively, measured with
respect to the lowest energy level of each species, The energy sum
Eqne(X) + Etf 1s unknown and cannot be obtained from the chemilumin-
escent spectrum. Therefore, we obtain the inequality

sabih

D) > DY(X) + E, (0 - [E, (Xp) +EL+E (0] (B ;

Because we have not resolved the selective emission feature for the § <
Group III monohalides, we obtain a lower bound for Eine(MX) by con~- pile
verting the short wavelength limit of the observed spectrum to an

cnergy increment. If the short wavelength feature which we observe in

the sp rum corresponds to emission from the highest excited state

quantum level populated in the reaction and the emission tervirates in !
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the lowest (v"' = 0, J" = 0) vibrational-rotational level of the ground
electronic stace, Ejn(MX) provides a good estimate of the heat of
nuction.z By virtue of our method of determination, the calculated
Eqne(MX) in the present study represents a definite lower bound.?!

The evaluation of Ejn¢(X2), Efne(M), and ETl are discussed in the 1it-
erature,22-24

In Table VII we present calculated values for Ejn¢(M), Ejne(MX),
gr’-, and E{ne(X;). From these quantities we calculate minimum disso-
ciation energies for the fluorides, chlorides, and bromides of the
Group IIIB metals.

The previous data on the Group IIIB metal halides is sparse;
only the ScF and YF bond energies have been determined.2’ From our
studies with SFg, we find notably higher dissociation energies than
those obtained by previous workers.2> The value for ScF must be
viewed as tentative and must await further temperature dependent
studies. The determined values for the F, and ClF oxidations yielding
the fluorides will probably increase substantially when resolved
spectra are obtained.

There appear to be two clear trends: 1) dissociation energies
decrease in the order fluorides > chlorides > bromides, and 2) this
decrease is least pronounced for the lanthanum compounds and substan-
tial for both the scandium and yttrium halides.

Proposed Model for Selective Excitation

We believe that the selective emission features characterizing
the Group IIIB - halogen reactions and the relatively non-selective
emission which characterizes formation of many Group IIIB oxides?,2%
can be qualitatively explained within the framework of the familiar
electron jump model,26

In the traditional electron jump model, reaction is initiated as
a valence electron of the metal atom, M, is transferred to the oxidant
molecule with which reaction takes place. Subsequent interaction of
Mt with the oxidant leads to product formation. Refinements of the
electron jump model have recently been discussed by Kinsey;27 how-
ever, we adopt the simplified picture of the electron jumy mechanism.
Here the covalent curv:, M + (oxidant) crosses the ionic curve M' +
(oxidant)~ at a distance r. given by

14.38
t (A = T30 < E.A. (oxidant)

9)

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

case scandium, yttrium, or lanthanum, and E.A. (oxidant) is the vert-
ical electron affinity of the oxidant molecule. These energies are
expressed in electron volts.
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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 pro-
duct molecule crosses the M + (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 jump
mechanism will_lead predominantly to production of ground state
molecules.“®»

The large cross sections and negligible activation enelrgi.es1 for
formation of electronically excited Group IIIB halides strongly
suggest that the M + RX reactions selectively populate (an) excited
electronic state(s) by direct formation of MX*. In contrast, the
M + RO + MO* + R reactions apparently do not proceed via this direct
mechanism, but rather excited state formation occurs as a result of
rearrangement from a ground state Mt (oxddant)~ complex or high vibra-
tional levels of the product molecule ground state, both being in-
direct routes.!® The difference in the magnitude of the cross section
for excited state formation which characterizes the two classes of
reactions may be understood in a qualitative sense upon examination
of the metal-oxidant interaction potentials and approximate molecular
electronic potential curves characterizing the metal oxide or metal
halide molecule which is formed.

Employing available spectral data for the Group III halides and
oxides and generating potential curves using the technique of Pade
approximants,2® we distinguish two distinct situations. They are
3 represented schematically in Figures 8 and 9. These two -
"limiting cases'" correspond to two superimposed planes of the reac-
tion hypersurface. The selective M + X; reactions appear to be
characterized by an electron jump crossing radius, ro , at consider-
§ ably smaller internuclear distance than the outer tuming point of
the ground state potential. The electron jump occurs at an inter-
nuclear distance such that direct transfer into the ground electronic
state of the product monohalide is either negligible or is such that
a strong competition for formation of ionic excited electronic states
: also exists, In other words, direct excited state formation appears
to be facilitated. In contrast, Figure II corresponds to a relatively
non-selective reaction involving the production of a metal oxide.
Here the electron jump takes place at sufficiently large internuclear
distarce versus the location of the metal oxirde potential curves that H
formation of the ionic ground state is favored. In summary, sclec-
tive reactions appear to he characterized by an electron jum :o (the)
excited state(s) while non-selective reactions involve the traditional
Jump to the ground ionic state. One might envision the selective
process as a "scoop" mechanism whereby the ionic excited electronic !
states are effectively the first ionic states to which the M* i
(oxidant)~ complex is exposed during the course of reaction. We 1
believe that the selectivity and high quantum yields for the Group £

e
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II1 - halogen reactions are due primarily to the nature of the elec-
tron jump process and secondly to the sp molecular orbital makeup of
those states formed selectively, We must note that the magnitude of
the selectivity which 1s apparent from the spectral scans (Figures 2-
4) 1is probably underestimated because of the long radiative lifetime
characterizing the selectively formed 3+ excited state.3 A confir-
mation of this point must await the direct measurement of a radiative
lifetime for both selective and non-selective features and hence a
comparison of relative decay rates across the observation region.
Further discussion of this proposed model is provided elsewhere.?
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Figure Captions

1 Figure 1. Qualitative description of energy conservation in a
single collision bimolecular chemiluminescent reaction
forming a Group IIIB metal oxide or halide.

Pigure 2, Chemiluminescent emission from the reactions Sc + F, +
ScF* + F, Sc + C1F + ScF* + C1, and Sc + SFg + ScF* + SFs.
Regions of previously observed emission or absorption
features are identifi~nd in the Figure. A = Absorption,
HC = Hollow Cathode Discharge. _The obseryed emission
including the region from 3800 £ to 6200 A 1s due
entirely to metal monofluordie emitters. Note the rela-
tive intensities given in Figure 10.

Figure 3. Chemiluminescent emission from the reaction Y + F; +
YFP* + F. Regions of previously observed emission or
sbsorption features are identified in the Figure, A =
Absorption.

Figure 4, Chemiluminescent emission from the reaction Y + CIF »
YCl* + F or YF* + C1 and Y + Cl; + YC1%* + Cl. The base-
line of the Y-C1F spectrum is slightly shifted for compar-
ison, The Y-ClF emission spectrum is dominated by YCl*
emiasion from the selectively populated it state of YCI.

Figure 5. Chemiluminescent emission from the reactions La + ClF +
LaF* + Cl + LaCl* + F and La + Cl; + LaCl* + Cl. Regions
of previously observed emission or absorption features
are identified in the Figure.

Pigure 6. Chemiluminescent emission from the reaction Sc + Cl, +
ScCl* + C1 and Sc + 2Cl; + ScClp* + Cl;. The indicated
transitions throughout the spectrum correspond to known
regions of ScCl emission; however, it is doubtful that
spectral features corresponding to previously known
states of ScCl are observed. The 3500 A feature corres-
ponds to emission ftoz the 3r* state of ScCl and the
continuum from ~3500 A to 6000 A corresponds to ScCl,
emigsion, See text for discussion.

Figure 7. Chemiluminescent intensity versus oxidant pressure for the
reactions of 3c with F, ClF, Cl;, and SFg. Intensities
are normalized to the Figure . %

Figure 8. Qualitative description of potentisl energy curves and
interactions for selective excited state formation.

Figure 9. Qualitative description of potential energy curves and
p interactions for non-selective excited state formation.
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Table I

Group IIIB - Halogen Reactions Studied Product Formation

.,~.»-,.,~.-,

f Sc Y La
, : ¥, ScF® w LaF | ‘
! c1, | secr®, scc1,® va® LaCl
Br, Sclr', Sclrzc yer® —
?i sc1®, scI,© v’ e
i SFg ScF® vF® LaF i
cfF | scf® va® > ve® LaF, LaCl ‘
Ic1 ScCl > Sl ya® > v1° == |
mr | — vB:® > v1* — ‘ i
|

s = gelective monohalide emission

c = continuous emission due to dihalide
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Table II :

Observed and Estimated Electronic Energy Levels of ScF, T10 and ZrO

(em™! x 10~3)
| ‘
Molecular Orbital Molecular ScF T10 Zro |
Configuration State
so? iz 0.0 2.8 0.0
so  dé 3 0.0 0.0 0.0 :
1a 2, 0.6" 5.0 ; 1
80 dn 3 8 g 8 i
n 10.7° 11.9° 11
4 dn % 15, 9* Mt 16.7° ‘
n 18.3° 16.2° 18.7° |
le 19 18.4° 20 :
In 20.3 19 21 ‘
80 do 3 14 13 14
Ig 16.1° 15 16
4  do 3 21.9% 19.3% 22.5°
1a 24 22 26.3° i
80 pY 3n 24 25 25 {
n 26.8° 22 27 {
a6 pv 3 27.2° 25 27 i
: n 3 29 1 §
1y 32 10 32 :
In %.9° 33 35 d

t = experimentally identified states
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Table III

Singlet States of YF

State Too G, X 0, By 10%a '
‘ I 31 205.8 536.3 2.13 0.27545 2,28 ‘
In - 27 989.9 547.5 2.69 0.2741 - f
n 26 046.4 - - 0.2685 -
! In 25 464.5 b - 02706 4 |
! In 25 324.9 - - 0.2680 -- f
: clt 19 190.3 527.2 2,45 0.2657 - :
BIN 15 885.8  537.7  2.35  0.2657  1.56 ’
xlz 0 631.3 2.50 0.28960 1.63 i
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Table IV

| 3 Quantum Yields for Electron Transfer Metsl Oxidations '

Reactions Studied Quantum Yield (2)®

i
| ' Sc+ Fy + ScP* + F >5% g
] Y+P, + PR+ F >9.12° !
L|+i2»Lm¢r >2.7Zb i
Sc + NO, + ScO* + NO 1.92 ‘
Y + NO, + YO* + NO 10 x 1072 i
{ La + NO, + LaO* + NO 220 x 10722¢ |

Ba+ Fp+ BaFt + F 22,1 x 10~ %9

Ca+ Fy > CaF* + F 3.8 x 10°3%

®See references 3, 14, and 15.

See text for discussion of radiative lifetimes and the proposed
model for selectivity. The magnitude of these quantum yields
is influenced by the long radiative lifetimes characterizing
the emitters,

Vot including La0 A'2a - X2r+ emigsion; however, see ref. 31.

ot including the BaF A2l - X2I* gystem.
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Table V

Activation Energies for Formation of ScO, YO, LaO

Reactions Studied ,

Activation !mtjy (kcals/mole)

Sc + 0, + s‘:mu\zn1 12
L]
- 2
Sc + NO; + 5¢0 (A m/2)
Sc + N0, + ScO*(B2rt)
-+ 2
Sc + N30 + ScO*(A "1/2)

2
Y + 05 + YOR(AZM, )

2
Y + NO, + YO*(A "3/2

32
Y 4 0, > YO*(A'2))

)

Y + N,0 + YO*(A2

La + 0, + x..oﬂ(cznm)
La + NO, + uoﬁ(cznuz)

2
La + N0 + La0O*(C "3/2)

5.13 ¢ 3,59
7.85 ¢ 1.18
6,43 ¢ 1,25
14,16 * 2,44

1.75 ¢ 0.52
1.10 £ 0.76
10.45 ¢ 1.23

20 + 0.86

2,82 t 1.59
3,17 £ 1,78
2,81 ¢ 2,17
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Table VI B
Activation Energies for Excited State Metal Monohalide Formation ﬁ
Reactions Studied® Activation Energy (kcals/mole) i
Sc+ Fy +ScP*(th) + 7 0%1.8
(selective feature at 3460 A)
Sc + Clp *+ scClx(th) + 1 | 1.2 ¢ 1.5 3
(selective feature at 3500 A) !
Y+ Fp » YFa(Z*) + F s ' 2.0 ¢ 8.1 :
(selective feature at 3800 A)
| Y 4+ P » YPR(ClTH) + F 12.8 £ 7.0

(emission at 5000 A)

Y 4 CIF » YF*(3tH) + C1
(selective feature at 3800 K)

Y+ CIF »YC1*(3ch) + F |
(selective feature at 3900 A)

w

* oo oo
"
b

- ~N - 0 =

N
.

Y 4 IBr » YBr*(%&H) +1
(selective feature at 4040 A)

La + Fp + LaF*(ln) + F Lo 0.8 ¢ 1.6
(prominant feature at 4730 A)

r La+ F, > LaF* + F 3 4.0 £ 2.1
(short wavelength feature at 4119 A)
Ca + Fp *+ CaF*(B2L+) + F 3.7 ¢ 1.3
St + Fp + STF*(B2LY) + F " 3,5:0.8
St + ¥ » SrFa(c2nt) + ¥ 4.8 1.0
Sr + Py + SrP(D2rt) + F 4.0 ¢ 1.4

8gee reference 16 and 19 for a discussion of activation energy determina-
tion in a beam-gas experiment.
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