AD-AL11 116

UNCLASSIFIED

PENNSYLVANIA UNIV PHILADELPHIA DEPT OF CMEMISTRY F/8 7/4

STUDIES OF NON=-RADIATING SPECIES IN METAL + OXIDANT CHEMILUMINE==ETC (U}

MAY 8% J 8 PRUETT F9620=79=C=0023
AFOSR=-TR=-82-0062 NL




/i ;
. g'g -
% i; R .’\;": :V“ B
<L

FINAL REPORT

F49620-79-C-0023

STUDIES OF NON-RADIATING SPECIES TV

METAL + OXIDANT CHEMILUMINESCENT FLAMES

AA111116

J. Gary Pruett

} Department of Chemistry, University of Pennsylvania

Philadelphia, Pennsylvania 19104

DTIC

ELECTE]
FEB1 9 1982

A

31 December 1978 - 31 May 1981

ho- S
- - - B %
gy A o
e i
E‘ Lot oTay 1
=T e el 1 (I
IS ST - "¢ ASURSIo.
e e e ]
‘ - JESON
cogteitoy nf . \
b |
avmiiabc o T 0as 4 )
AL DT I o J
Lot upl el
U '
k. ‘) 1 Y R sovrey ! B A
\,__“ _. PR ..&_J.’__Ab-—i‘ distr-‘-‘\u:'*‘.' \J‘.J_J..'l,.'(.(“
- —— —— e — - P R S ‘ﬂ“




S{CL' ‘.‘ ! .-‘-t-’-:"o"‘ of T LTS (When o o Sasred) 1 ‘ dave v v ,/' [
T pEBA CLIMEN READ INSTRUCTIONS
/ REPIRT LOCUMENTATION PAGE BEFCEAP INSTRUCTIONS
i F.’»‘Ooﬂé'NUMBER o 2. GOVY ACCESSION NO.J 3. RECIPIENT'S CATALOG NUMBER
- - AL B
R-TR- 22 -0082 \4p .4, 17k |
4. TITLE (and Subtiele) S TYYPE OF REPORT & PERIOD COVERED

STUDIES OF NON-RADIATING SPECIES IN METAL + Final

OXIDANT CHEMILUMINESCENT FLAMES.

6. PERFORMING ORG. REPORTY NUMBER

7 AUTHOR' 3! 8. CONTRACTY OR GRANT NUMBER(Ss)
J. Gary Pruett F 49620~79-C-0023
9 PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS
61102F
University of Pennsylvania 2303/81
Philadelphia, PA 19104
1Y, CONTRCLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
May 81

AFOSR /x¢
Yolling AFB, Washington, DC

14 MONITORING AGENCY NAME & ADDRESS(if different from Controlling Olfice) 18, SECURITY CLASS. (of thia report)

137 NUMBER OF PAGES
23

Unclassified

18a. DECLASSIFICATION ODOWNGRADING |
SCHEDULE

16 DISTHIBUTION STATEMENTY rof this Report)

Approved for public release; distribution unlimited,

1TDIATRIBOTION S-T ATEMENT (of the abstract entered in Block 20, if different from Reporr)

18 SLFE, FMENTARY NOTES

13wl e WORDS Uapin ae 0N reverse side if necessary and tdentily by block number)

Chemiluminescence, Metastable, Laser Induced Fluorescence, Molecular Beam

—_——

& ABGYRAIT U cttnee on reverse arde i necessary and identify he block number)

Chemical production of metastable states of barium oxide in the gas phase
have been studied under low pressure flow and molecular beam relaxation free

conditions. Optical-optical double resonance excitation of ground state

’ Ve
bar ium oxide has allowed measurements of excited state radiative lifetimes, .- -~
DD . i, 1473 UNCLASSTFTED i
SECURITY CLASSIFICATION OF TMIS PAGE . When Date Entered:
.
i B A
. ‘ ;
-L . . -
iiinsiatutalatets int, Pe . o




LR LY T

-~

P »LMQN QOF THIS v AGE(Whan Deta Entered)

electronic transition moments and a variety of energy transfer processes,
The reactions of Barium with nitrous oxide and nitric oxide are found

to produce mostly ground electronic state products, with some production
of metastable triplet and singlet states, Electronic transition moments
cannot be explained by simple atomic orbital descriptions or molecular
states. Rotational relaxation in the first excited singlet pil state

of barium oxide is found to be faster than gase kinetic and also exceeds

the relaxation rate between lambda components of the pi state.

UNCLASSIFI1ED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

*




R, 3 itit SinindOili vt .0 s J'""M

STUDIES OF NON-RADIATING SPECIES IN
¥ . 18 JAN 1982

METAL + OXIDANT CHEMILUMINESCENT FLAMES,

J. Gary Pruett

Department of Chemistry, University of Pennsylvania
Philadelphia, Pennsylvania 19104

Final Report AFOSR Contract #F49620-79-C-0023

Introduction

Metal atom oxidation reactions have been of interest for
several years, primarily due to the efforts to understand their
luminescent behavior.l Measurements of photon yields under
both molecular beam and flow conditions yielded valuable inform-
ation on the kinetic production of visible light for these
systems. Those chemiluminescent studies renewed the interest
of spectroscopists to understand complex perturbed spectra of the
metal oxides and metal halides, and helped them to develop new
multiple laser techniques to probe the complicated spectroscopy.

This report documents several additional areas of progress
in understanding the behavior of these chemiluminescent reactions.
These studies have established the electronic and vibrational
state identities of the primary reaction products of the reactions
of Ba with N,0 and NOZ’ measured absolute electronic transition
moments among excited electronic states of BaO, catalogued
several new excited electronic states of BaO in the 4-6 eV range
which show promise for accessing low lying A states around 2 eV,

and measured directly the rotational relaxation and parity
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relaxation rates in the acknowledged chemiluminescent gateway

L}
state (A ln) of BaoO.

Results
We have concentrated on the two reactions Ba + N20 and
2+ Our first results on Ba + N20 showed that under flow

conditions, "dark" states of the reaction can be easily observed

Ba + NO

using laser induced fluorescence and we were able to observe
ground state populations of vibrational levels that were iso-
energetic with several of the low lying excited electronic states.2
We also saw significant population in the metastable b 3n state
but were unable to interpret its population relative to the ground
state due to a lack of electronic transition moment data.

To overcome that obstacle we initiated a series of single
and double resonance experiments to accurately measure radiative
lifetimes and electronic transition moments among the excited
states of Bao.3 These measurements were made under a variety of
experimental conditions. Absolute radiative lifetimes were
measured using nanosecond resolved fluorescence decay following
pulsed optical double resonance excitation of various vibration-
rotation levels of the BaO C12+ state. The BaO A12+ state was
used as an intermediate state in these experiments, but only
fluorescence with wavelengths shorter than 400 nm was observed,
so that no interference from A state fluorescence occurred. The
Ba0 was produced under molecular beam conditions using the

reaction Ba + COZ to insure measurement of a collision free

lifetime. Collisional effects were observed at higher pressures




which indicates highly efficient energy transfer processes in
energetic BaO states, but these effects could not be correlated
with known BaO C'£+ state perturbations and produced no observable
satellite emission lines. The BaO C12+ state (v=0) lifetime
measured was 10.5 + 1 nsec and was independent within erxor of
the rotational level excited.

In separate experiments at higher pressures, fluorescence
from the C state was spectrally resolved using a sensitivity
calibrated detection system to measure the electronic emission
branching ratios to various lower lying states. These measurements,
coupled with Franck-Condon factor calculations and previously
lz+

]
measured radiative lifetimes of the A and A lw state, allowed

the calculation of the following electronic transition moments:

| —

u?(c-x) = 9.9 b2, y2(c-a) = 16.8 b2, p2(c-a") = 9.8 D%, ul(c-b) =
3.10 D2, u2(A-X) = 3.2 D%, and u2(A'~-X) = 0.14 D®. 1In addition,
indirect arguments allowed an estimate of uz(B-X) = 4 Dz.

With relative electronic transition moments, we have now been
able to interpret our laser fluorescence intensities and have
studied both the Ba + N02 and Ba + N20 reactions under molecular
beam and flow conditions.4 Since these results are only published

in preliminary form,6 a brief statement of the relevant facts is

necessary. Under single collision molecular beam conditions we

1

see predominantly ground state BaO products (90% X Z+ for Ba + NZO’

99% X 12+ for Ba + NOZ)‘ The vibrational state production, however

is vastly different. The Ba + N,0 reaction preduces an inverted
vibrational distributicn which peaks at v = 30 and extends only
to +10 vibratiovnal levels (see Figure I). This represents a

releasc of approximately 50% of the reaction exothermicity to

&\—-——-__._ | ;



Figure 1. Excitation spectrum of BaO, normalized
to constant laser intensity. All
intensity between 400 and 600 nm
corresponds to rotationally hot band
spectrum of C'St (v=5-20) « X't (v=10-40).
Dashed linc represents computer
simulation of the spectrum assuming
a X'r% vibrational distribution peaked
at v=30 with a width of + 10 vibrational
levels., B
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product vibration. The spectra appear rotationally unresolved
with no band head formation, ind_cating very rotationally hot
molecules. Even very high product vibrational levels showed

hot rotational populations. No rotational contours were available
to fit to any type of distribution, but we estimate a rotational
temperature near 2000° 110000. This would represent a mean
rotational energy of .25% of the exothermicity. All excited
electronic states account for less than 10% of the product

)
formation, but the individual contributions of AlE+, A ln, and

b3n could not be assessed.

For the Ba + No, reaction under molecular beam conditions,
the results are strikingly different (see Figure 2). Partly because
the reaction exothermicity is less, the product vibrational levels
are considerably less energetic. 1In this reaction, 99% +5% of the
molecules are produced in the ground electronic state but the
vibrational distribution continues to rise below v = 6 and
probably peaks near v = 0. This gives an average product
vibrational energy which is only 20% of the reaction exothermicity.
These ground electronic state molecules are, however, highly
rotationally excited, indicating a significant fraction of the
energy is released as product rotation.

The excited electronic states produced in the Ba + NO, reaction,
however, are rotationally and vibrationally cold. Figure 3 shows the
excitation spectrum in the area of the C12+ - A ln and C"Z+ - Db 3n
Av = 0 systems. The spectra are rotationally relaxed and show
strong band head structure.

These results show clearly the nascent formation of the b 3n




Figure 2. Excitation spectrum of BaO, normalized
to constant laser intensity. All
intensity at 600 nm and shorter_ wave-
lengths corresponds to clit « xlg+
bands. Intensity is peaked towards
xigt (v < 10) transitions.
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ﬁ ‘ Figure 3. Medium resolution (1 cn~ 1) excitation

spectra of BaO under two different

conditions. High correlation between

the spectra exist except at noteworthy

locations: * + a°L at 633 nm and

accidental optical—optiial double resonance

on low J lines of the clizt « alp+ « !

L X+t (v=6) indicating low production :
of low J states in the beam reaction.
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state in a reaction for which triplet state products are spin
forbidden. We can only monitor, however, the 3"1 sublevel due
to its spin orbit mixing with the ln state, and it is probable
that this reaction channel is open primarily due to +the singlet
character of the 3“1 sublevel.

In the flow condition (100 u of Ar) reaction of Ba + N,0
three strong kands have been seen which we have now assigned

3

to the a "L state of BaO recently seen by Gottsho et al. (see

Figure 3).9 This clearly shows the pooling of population through
energy transfer into the lowest metastable state of BaO. It is
interesting to note that these bands do not appear in the Ba + NO2
beam condition experiments (Figure 3) confirming the hypothesis
that spin forbidden products appear only to the extent that the
molecular eigenstates are mixtures of spin basis functions. These
bands do begin to appear, however, if the pressure in the beam
scattering chamber is raised to 5 x 10‘—4 torr. This indicates

a very rapid relaxation process.

As a natural outcome of our dynamic investigations we have also
generated several noteworthy spectroscopic contributions to the
level structure of BaO. High vibrational levels of the ClE+
state have been analyzed, lifetimes and absolute transition moments

32+ state has

have been measured and direct observation of the a
been accomplished.S

Two additional areas of interest have arisen from our studies
to date. We have completed some preliminary experiments in which
we have excited optical-optical double resonance in BaO using the

L}
A 1n state as an intermediate state.5 The reason for this choice
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of intermediate states is two fold. Early and more recent
. I, +
double resonance experiments on BaO utilized the strong AIE -

1 8,9

+ . . .
X7L transition as the first resonance. Both studies were

able to reach states of only 12+ character. By going to the
Alln state, new electronic states of Ba0O can be accessed
(i.e. m or A states) with the eventual hope of resolving emission
to the proposed lower lA state presumed to be near the other
low lying electronic states. The weak A|1n - xlz transitions
can be isolated by narrow band pressure tuning of a nitrogen
pumped dye laser with intracavity etalon, while observing life-
time delayed excitation spectra.10

Once an isolated P, Q, or R branch line is obtained, a
second dye laser, synchronized to the first, can be scanned while
observing ultraviolet fluorescence. The resulting double resonance
signal reveals the electronic symmetry of the excited state
through calculable two-photon line intensities, which vary
sensitively with the laser polarization and symmetry of the upper
state. Figure 4 shows one such striking result in which a Q
branch line is pumped on the first transition. An upper state of
L symmetry appears as a single line (Q branch) since P and R
branches are, in this case, not allowed due to the population in
the 7 state of only one A component of the Q branch line.
For an upper wm state, however, P, Q, and R branches are allowed
with the Q branch being very weak at high J values.

The second reason for using the A'ln state as an intermediate

state is that its long radiative lifetime allows enough time for

many collisions to occur before significant radiative decay. Thus
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Figure 4.

UV fluorescence detected optical-
optical double resonance in BaO
using the A'lr state as an
intermediate state. The first
transition is fixed on a Q branch
line of the A'lnp « X't systenm,
which selects an e parity level.
Subsequent double resonance to

an upper I state can only access
an f parity level thLrough a AJ=0
Q branch line. An upper 7 state,
however, is identified by prominent
pared R branches, since all J
levels are doubly degenerate
(neglecting A doubling or pertur-
bations) with both parity levels
available. The Q branch line of
the w «+ 1 transition is very weak
at moderate and high values of J.
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if the second laser is declayed from the first, collisional transfer
of encrgy out of the initially pumped rotational level and into
nearby rotational levels of the same or of different electronic
states can occur. This process can be followed easily as a
function of delay time between the two lasers. Figure 5 shows
a low resolution spectrum of the (10,9) band of the c'tt - a'ly
system following pulsed exciation from the ground state to the
A‘ln state. Different delay times easily show the collisional
relaxation effect.
Since in a reasonably small spectral range we have access
to all of the first four excited electronic states of BaO, all of
the following types of enerqy transfer can be studied:
M+ A lne (v,J3) =+ A'lne (V,J') pure rotational relaxations
A'lnf (v,J) parity relaxation
A'lﬂe (V',J') rotation-vibration relaxation
Alz+ (V‘,J) electronic relaxation batween
perturbing level
1+ v
Az (v ,3) electronic relaxation between
non-perturbing levels
b 3n (V‘,J') electronic relaxation between
spin-orbit mixed levels
a 32 spin non-conserving relaxation
between unmixed levels
We have completed the study of the first two members of this
list, with a manuscript now in preparation.7 Our basic findings
.
i




Figure 5.

Time delayed optical-optical double
resonance spectrum showing prominent
single parent rotational line (J=13)

and weak satellite lines (8<J<18)

at two different delay times between
laser pulses. The two spectra are not
normalized to constant total population.
All signal dies away with the
characteristic A'lyr radiative lifetime
of lOusec.
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Figure 5

HLO9N3II3AVM ¥3sYyq 38044

T A

2ol o o
309 702

s .,Ol
(g1sp 35.4..&!..‘.*.._..?*

)

d It ol 6 8

dON3IS3¥ON14 AN

T VRN M




18

!
are that rotational rclaxation in BaO 2 ln are faster than gas

kinetic, and very similar to those of the BaO A1£+ state.ll Parity
relaxation, however, is significantly slower. This is important
in the kinetic modeling of these systems because only one parity
level of the A'ln state is perturbed by the A12+ state. The
result of this will be that population of the perturbed = state
parity level will transfer efficiently into the radiating AlZ+

state, while the other parity level will tend to relax within

itself more quickly and decrease the chemiluminescent production.
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