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species detection, using a single tunable laser wavelength to measure
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simultaneously as many as four free radicals having overlapping absorption

lines but spectrally resolvable fluorescence. State-specific fine structure
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transfer and quenching in 3p4D nitrogen atoms was investigated. Rate constant
formulations for unimolecular and bimolecular chemical reactions were
established, and the technique of laser pyrolysis/laser fluorescence was

developed for application to controlled combustion chemical networks.

This report consists of a background description of nitramine combustion
chemistry and the pertinence of free radical measurements, followed by a brief
description of results in each research area. Further details can be found in

the ten corresponding publications reproduced as part of the report.
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I INTRODUCTION

Knowledge of the detailed chemistry that occurs in a combustion process
can be useful in several ways in understanding and thus controlling the system
that includes that combustion. The first are those aspects in which the
chemical kinetics itself dominates (e.g., ignition processes in many cases).
Secondly, the effects of additives or modifiers can be understood and_ »
ultimately tailored for beneficial purposes. The third is establishing the
relationship between some observable that 1is readily measured in a complex
system (such as the emission of light in a particular spectral region) to the

behavior and progress of the overall process.

To understand such details of the combustion chemistry at a microscopic
level, it is necessary to measure and relate to one another the concentrations
of the free radical intermediates that are formed and converted during the
course of those chemical reactions. This information can be used
quantitatively, by comparing with the results of a computer model of the
reaction network, or qualitatively, to draw insight into the mechanism from an
examination of the relative rates of appearance and disappearance of key

intermediate species.

During the past six years, we have performed research, under Army
Research Office support, on intermediate species and chemical reactions
expected to be found in the gas phase chemistry of the combustion of
nitramines. This comprises two clcsely related parts: the development and
use of the method of laser-induced fluorescence (LIF) detection of reaction
intermediates, and the formulation of chemical models and rate constant
estimation techniques for the reaction networks involved. Particular focus
has been given to flames of hydrocarbons and formaldehyde burning in oxides of

nitrogen.

Several important findings have resulted from this research. A key early
finding was the first observation of NH radicals in CH,/N,0 flames, raising
significant questions (not yet answered) about their role in the chemistry of

flames in oxides of nitrogen. Quantitative experiments were refined, using
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absorption measurements in atmospheric pressure burners at the Ballistic
Resear .h Laboratory (BRL), where copious quantities of NCO, CN, and NH
radicals were found. Part of the SRI research consisted of spectroscopic
studies of NCO, NH2, and CH in flames, including a successful search for
wavelengths at which 2, 3 or 4 radicals could be detected simultaneously, a
technique that could prove very useful in probes of actual propellant

flames. Collisions of radicals, including the important OH molecule, have
bean studied for the purpose of establishing quantitative LIF measurements, at
the same time yielding new insights into the dynamics of molecular

collisions. Two-photon LIF detection of the oxygen and nitrogen atoms was
first accomplished on this project, and has led to flame detection experiments
in many laboratories including a series of experiments at BRL. Reaction rate

constants needed in the modeling of combustion chemistry have been formulated

and codified within a reliable theoretical framework. 1In particular, these
studies have now resulted in the proper incorporation, into flame models, of
the combined temperature and pressure dependence of reactions proceeding

through bound intermediates.

In the following Background section, we describe some aspects of
nitramine chemistry, indicating the potential importance of some of the
reactions and species to be studied, together with some comments on how these
lagser probes and chemical models might be used to infer some understanding
about the experimentally difficult problem of actual nitramine combustion.
Next, we detail the progress made during the last three years of this project,
that covered by the contract DAAG-29-84-K-0092.
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ITI BACKGROUND: NITRAMINE COMBUSTION CHEMISTRY

The class of propellants known as nitramines (cyclic nitroorganic
compounds, in particular HMX and RDX) possesses several desirable qualities,
such as high energy release coupled with low vulnerability. However, they
also have disadvantages, including low burn rates and marked breaks in the
slopes of curves of the burn rate versus pressure. Ideally, modifiers could
be added to ameliorate these undesirable characteristics without degrading the

positive attributes.

The selection of possible modifications is very difficult, for the
mechanisms by which the propellants ignite and burn is not well understood.
The global chemical approaches useful to describe overall combustion in
tvpical ballistic models are not helpful for detailed chemical kinetic and
mechanistic questions. Part of the experimental problem is the high pressure
and hostile environment under which actual propellants burn, making detailed

experiments extremely difficult. For example, the distance scales involved KA

=
pose special problems. The fizz (or flame) zone near the propellant surface c dsaﬂf:‘:
is thought to be some tens of micrometers thick at the lowest pressures at .:J‘;\;ﬁsg&
which the propellants burn. Although this is in principle amenable to ?bfﬂt;rﬁﬁ

measurement by high resolution laser methods, the surface irregularities are
larger than the flame thickness, in effect rendering undefinable the
appropriate length scales. Consequently, information on propellant ignition
and combustion mechanisms at a fundamental, molecular level must come from a
variety of separate sources not entailing the direct burning of propellants
under conditions found in guns.

Many experiments on actual propellants are of course, most valuable;
these include final or intermediate stable product determinations by gas
chromatography or molecular beam mass spectrometric sampling. In flames at
lower pressure, reactive intermediates have been detected. Fitting such
observations into a detailed chemical description of the gas-phase propellant
combustion requires separate experiments to develop and validate the flame

chemistry itself; such experiments are the subject of this proposal.
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The gas-phase part of nitramine flames forms an important part of the
propellant combustion. Simple chemical considerations show that the majority
of the heat release occurs in the gas phase. It is this energy, fed back to
the surface, that controls the initial vaporization and decomposition
processes that take place in the condensed phase, on the solid (liquid)

surface, or immediately below it.

Gas-phase processes are probably crucial in the ignition of the

At BRL, the
ignition of RDX was studied in a flow of hot nitrogen.1 The results showed

propellant, particularly when convective heating is involved.

that ignition occurred in the gaseous wake, probably from reactants that
The flame

In convective flow experiments at much

formed from pyrolysis of gaseous species evolved from the solid.
then propagated back to the surface.
higher temperature, ignition was also found to occur in the gas phase.2 LIF
imaging was used very recently to study ignition following laser heating of
solid HMX at the Naval Weapons Center.? Radical species such as NH and CN
were first created in the gas phase well above the solid, and then "snapped

back"” to the solid surface, continuing the flame.

What are the constituents of these gas-phase flames? Although many
experiments have been performed on the thermal decomposition of nitramines,
the results using different measurement techniques and under different
conditions are often in disagreement. Schroeder® has reviewed the literature
in this area and concludes that the point(s) of bond cleavage in the cyclic
compounds are not known. Various decomposition products have been found.
Early molecular beam mass spectrometric sampling methods’'® indicated

considerable quantities of CH,0 and N,O present in decomposition.
1,7

Infrared
measurements were performed at BRL, in the wake of convectively heated but
unignited RDX; these showed NO,, N20, HCN and some co, (CH20 was not
detectable in this experiment). Results from LcwsL® obtained using coherent
anti-Stokes Raman scattering (CARS) in the dark zone of an atmospheric
pressure flame of RDX are in partial conflict with those findings. In the
flame, CO, C02, H2 and HCN were found near the surface and CHh, CH20 and NO
were observed in minor quantity. Neither NO, nor N,0 were observed.
(However, as pointed out by Parr,9 later unsuccessful attempts to measure N02
in static cells indicate this is very difficult.) Early HMX pyrolysis

experimentslo in the Department of Chemical Kinetics at SRI showed that the

S ahlat plfat gt gt
e

3 l'|‘l' Y .0’.:.
SRR

t
Ty
-1!1!:' OO

,;;'.‘v'.iv AW
U IO O

R ?:v::.',gﬁ
|:: I“;.I'! '..:z?:::
MO vy
R

R

4 ... ’.I
4
4

-
-

Pt
'y .
AR

n

G \

4
-




molecular elimination of HONO was a major pathway. Recent experiments from

this group11

on dimethyl nitramine using an improved apparatus indicate that
the nitroso compound is a major product, but formed very rapidly through

secondary reactions.

In view of this array of results, it is impossible to select a single
particular system that will fully mimic gas-phase ignition and combustion of

nitramines. Clearlyl"11

a variety of pathways are present in the modes of
decomposition, and these are likely to vary in importance with pressure and
temperature. A sound description of the fundamental chemistry, validated by
measurements of key intermediate species, is needed to sort out the actual
situation(s) under the experimentally untractable conditions where propellants
burn. In this regard, it is important to try to examine species and hypothetical

mechanisms which differ upon different modes of breakup of the nitramine.

We have chosen to examine the chemistry and intermediate reactive species
found in flames of hydrocarbons and mixed H-C-N-O compounds, burning in oxides
of nitrogen. Flames of CH,/N,0 and CH,0/N,0 contain pertinent and
representative species and chemical sequences; the most experimentally
tractable flames in this class, they have been the subject of study in the
first six years of this project. CH,N,0 flames have also been studied at BRL
and LCWSL using CARS, Raman scattering, and LIF.

Interesting questions posed by other flames studies can be addressed.
Flames of CH,/0,/NO, have been studied recently at the University of Colorado,12
showing many the same species (OH, NH, CN, CH and C;) found in the N,O-based
flames studied at SRI and the Army laboratories. A two-stage flame was clearly
established, and it was suggested that this was due respectively to oxidation by
0, and later NO,. Many of these same reactive species were found in emission
(together with OH and CN using LIF) in flames of HMX burning at high pressure, in

studies at the Air Force Astronautics Laboratory.13

Two formulations of HMX were
used, differing only by the amount of and type of binder. One had no dark zone;
the other had a dark zone plus a much more extended reaction zone (as
distinguished by CN LIF signals). Clearly, small variations in the formulation
chemistry can have large effects on the mode of combustion. For a proper
description, that chemistry will also have to be considered; with a large array

of possible formulations, it is essential to have a sound, validated, fundamental

understanding of the chemical mechanism involved.
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III RESULTS .:‘,E

b

The research during the six-year overall duration of this project has _l:t,..’

been concerned with species detection and chemical reaction rates and i~
mechanisms in flames of CHA/NZO and CHZO/NZO. In this section we describe the ‘..‘;"g
progress and findings thus far. A short synopsis of the work performed in the :ﬁ-::’_-:"
first three years (Section A) is followed by a more detailed description of r‘-:.
that in the last three-year period (Sections B, C, and D). Reprints of a"-'.-"}-
articles from 1984 to present are included. :::::‘::,
.
A. Results from 1981 to 1984 ::::.:,z:
In early studies!® of flames of CHy0/N,0 at BRL, emissions from the :.:::.'_:-
radicals NH, CN, and NH, were seen, suggesting breakage of the N-N bond and a "_:::’_::::«
possible role for these radicals in the chemistry. Therefore, at the onset of ’:'__-:-::
the project, a flame of CH,/N,0 was examined for the presence of the NH ;:'a:-:"f
molecule in the chemically important ground state. 12 Finding it at signifi- e
cant levels raised new and interesting questions concerning radical chemistry :}'""
In such flames. Subsequently, probes of such flames at BRL]‘6 showed not only .:::::“
NH but also CH, C2, CN and NCO. At SRI, we studied the NCO radical in a ..,}',.“-
discharge flow system, including spectroscopic and lifetime measurements. 1’ “:J‘.‘:
RS

Oxygen and perhaps nitrogen atoms are also important participants in :
flames burning in N,O. A new method of two-photon LIF was developed18 to ;\:";
detect these species in flames and plasmas. It has since been used exten- ey
sively in laboratories around the world, including a series of experiments at ::—4..
BRL concerned with possible photochemical effects accompanying two-photon ::_:::".-:
flame diagnostics.l? .\f:
RS

The OH radical is unquestionably the most important reactive molecular F'Z".:
species and is therefore the subject of most LIF flame measurements. ES:E::
Quantitative detection requires knowledge of collisional quenching of the :::EE::S
electronically excited state. Measurements for several colliders in a laser -;:_\;‘«
pyrolysis system at ~1100 K showed for the first time that OH quenching cross 7.'7.
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sections decrease with increasing temperature,20

and were the first in a
series of investigations of hydride quenching collisional dynamics in this

laboratory.

Modeling of the isothermal high temperature chemistry of the CH,0/N,0
system was performed, with special emphasis on understanding the origin of the
NH radical. This remains unsatisfactorily explained in 1987, despite its
observation in many flame systems in our laboratory and elsewhere. In such
combustion chemistry models, it is necessary to have rate constant expressions
valid over a wide range of temperature, including the pressure dependence for
unimolecular decomposition as well as the large number of bimolecular
reactions proceeding through bound intermediates. Parameterization of the
rate constants within the proper theoretical framework has been an important
aspect of this part of the project; during this period the reactions
HyCO = H + HCO and N,0 =+ Ny+ O were studied.’l

B. Flame Species Spectroscopy

1. NCO and NHZ visible excitation in flames. Both the NCO and NH2 radicals

are present in significant amounts in flames burning in oxides of nitrogen.
They are of imputed importance in certain aspects of flame chemistry pertinent
to NOx production. These triatomic radicals, with three vibrations and (in
the cases of NCO) Renner-Teller split states, have a considerably more complex
laser spectroscopy than the diatomics previously studied. A comprehensive
survey22 of the LIF spectrum in a CH,/N,0 flame, and the NH, molecule in
NH3/02 and NH3/N20 flames, all burning rich at one atmosphere, was made. NCO
was excited in both the AZZ+ - ini and Bzﬂi - XZHi systems; the former is
much more intense and can be more easily made free of strong interfering
transitions due to diatomics. NH, was excited in the KzAl - X231

transition. It was found that use of excitation and fluorescence wavelengths

farthest to the red minimize background interferences for this molecule.

2. Transition probabilities in CH. An experimental study23 was made of
relative intensities of different vibrational bands of the A2A - X and
522' - x%n systems of the CH molecule, using LIF in atmospheric pressure

methane flames. The results were compared with theoretical calculations using
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AN
:‘.'?’-
";.. .t
v:"’v:‘
Morse vibrational wavefunctions and a variety of previously computed ab_initio ;Skﬁ
Wt
electronic transition moments. This relatively easily detected diatomic is :55}
s

present in many hydrocarbon and hydrocarbon-fragment flames; although its high .
temperature chemistry is not yet well known, it appears to be a good candidate ‘#31
for LIF probing to follow combustion chemical mechanisms. '“5
e

3. Spectroscopy of vibrationally excited XZHi NCO. LIF excitation spectra
-1 N

at 0.3 cm™ ™ resolution were performed for the A-X system of NCO in an o,
atmospheric pressure CH,/N,0 flame.2* This combination of selectively :;.
detected LIF and a hot flame environment provided high resolution E:t‘
investigation of many levels inaccessible in conventional spectroscopy.
Spin-orbit splittings, rotational and vibrational constants have been §§7?
determined for ten vibrational levels. The results agree well with ;%*
theoretical predictions of Renner-Teller interactions, when one takes into vk
account Fermi resonance to explain variations in the spin-orbit splitting and ‘L:
rotational constants for four levels with v; = 1. ﬁ”;é
.’\ N
ot
4. Multiple species flame diagnostics. We undertook a search for tunable ﬁ ﬂﬁ
laser wavelengths suitable for the detection of two or more radical species at );}J
the same time.2> Understanding the chemistry of something as complex as ;: J
nitramine combustion requires knowledge of the concentration of more than one ii&g
reactive molecule. This is difficult in a flame whose burning varies with :}é
time, such as a propellant combusting on a strand burner. Even if two or more !
lasers are used in an attempt to simultaneously measure two or more species, ER;J
it is very difficult to ensure that the beams will be probing the same volume ’f§;
in the flame. The concentrations will vary over short distances just as they N

will over short periods of time. In a complex, turbulent environment, effects

such as beam steering exacerbate the problem.
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o
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By using one laser, however, to excite more than one radical, we can

s
=

obtain relative concentrations on a single laser shot, for the exact same

B 3
. >

spatial volume within the flame. Such relative concentrations are much more

hatl!
meaningful indicators of the flame chemistry than ratios taken from h;::
concentrations averaged over many different conditions (i.e., from a series of R,~.

laser shots, each measuring one species at a time). The idea, then, was to ;\{v

find wavelengths at which two or more radicals could be excited by the laser;
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each species would then be distinguished by its fluorescence spectrum, which

would be distinct for each molecule.

Excitation of CH(c?z*), Nco(x?my), cN(B%z*), oH(AZs*) and NH(A’D)) occurs
in the wavelength region near 315 nm and was studied in flames of CH,/N,0.
Many places were found at which pairs of these radicals could be excited. At
one wavelength, 312.2 nm, an overlap among resonant transitions of OH, NH, CH
and CN was found; by tuning the laser here, all four radicals could be

measured simultaneously in space and time.

Several interesting collisional effects were also observed. Following
laser excitation of OH(A22+), emission was observed from both NH(A3H1) and
CN(822+), and attributed to a surprisingly efficient collisional energy
transfer from OH(A) to the other radicals. Collisional energy transfer from
the C22+ state of CH to its A2A and BZZ' states was observed and exploited to
detect CH LIF in a spectral region free from NH, OH and CN interference.

5. Quenching of nitrogen atoms. The quenching of electronically excited

nitrogen atoms was studied in a low pressure discharge flow system.26 These
results were designed to provide an understanding of collisional quenching of
the highly excited levels of atoms involved in two-photon LIF. N atoms in the
2p23p 4p° state were prepared in a low pressure discharge flow with two-photon

18 at 211 nm. Time-resolved fluorescence of the 4D - 4P transition

excitation
at 869 nm was used to monitor the upper state population. The radiative
lifetime was determined to be 43 ns, and quenching cross sections were
measured for all five rare gases. There is a surprisingly large variation,
going from <0.SA2 to 95A2 for He to Xe, respectively. This was interpreted in
terms of a mechanism involving long-range attractive forces and curve-crossing

in the rare gas collider.

6. LIF spectra, lifetimes and quenching of the NCN radical. The NCO radical

is now known to be present in large quantity in CH,/N,0 flames, and hence may
well be of chemical signficance. The presence of other triatomic radicals
such as NCN in this or other flames could also provide important signals

concerning as yet unknown aspects of the combustion chemistry mechanism. LIF

27 3 3

of NCN has been detected for the first time, via the A m, - X Eg transition

near 329 nm. It was produced in a flow discharge in He containing a trace of
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CF, and No. Excitation and fluorescence spectra and radiative lifetimes were :ﬂ
determined for the strong 000-000 band as well as several previously .%$§
unobserved, weak off-diagonal bands. (Not all spectroscopic features have ad
been identified with certainty yet.) Quenching cross sections were obtained Qﬁ
for 13 different colliders, and vary more than a hundredfold, from <0.1A2 for 35?
} He and N, to >5042 for NO, Xe and CCl,. This cannot be correlated with an '.?'::'
attractive forces calculation, which was relatively successful for OH(A22+) —tﬁ.
quenching.zo ;}ﬁ
e
C. Modeling and Rate Constants for CHQ/NZO Flames E”
A general approach has been developed for addressing the combined Eg:
temperature and pressure dependence of hydrocarbon decomposition rate ﬁq:
constants.28 The procedure involves the calculation of nine parameters, which fz'
can then be easily incorporated into computer combustion models to obtain the a;;
correct rate constants for a wide variety of conditions. This approach was x.
subsequently extended29 to bimolecular reactions that proceed through a bound ;ﬁﬂ
intermediate. The theoretical framework was applied to the important j:i
reactions CHy + CHy + CoHg + H, and in particular, to H + N,O =+ NH + NO or 3;:
OH + Ny, which may help determine the ignition behavior and extent of NO .
product in CH,/N,0 combustion systems. :;t‘
More recently, the formulation of rate constants for bimolecular :ﬁi'
reactions proceeding through a bound intermediate has been more fully if:
addressed, by extending our previous RRKM and 9-parameter approach from two ..7
exit channels to a more realistic N-channel computer code. This has been ik‘
applied to the reaction of H atoms with N,0 noted above. 3%
Computer models of both flames and our laser pyrolysis-LIF experiments 3??‘
have been assembled and run. These proceed from the Sandia laboratory CHEMKIN '&5
code, which has been implemented on our local computer, and more recently, we 'ﬁs
have set up the Sandia flame code PREMIX on the same computer system. Our \
approach thus far has been to use the model to examine the chemistry, :V‘
comparing with experimental results where available, but not to attempt N
quantitative fits to flame (or laser pyrolysis system) profiles until more of :E 3
the fundamental chemistry is well established. ;EEZ
a¥e
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Laser pyrolysis techniques: Application to catalysis, L

combustion diagnostics, and kinetics i

Gregory P. Smith 5

- Department of Chemical Kinetics, Molecular Physics Laboratory *
. SRI International, Menlo Park, California 94025 }
X '
. Abstract b
.l

A pulsed laser pyrolysis method has been developed to study kinetic processes at high
temperatures. A CO, laser is used to {rradiate a 100 torr mixture of an infrared absorber
(SFg), bath gas (N ;, and reactants. Rapid heating to 700-1400 K occurs, followed by two- N
stage coooling. nimolecular reactions are studied by competitive kinetics with a known :
standard, using mass-spectrometric or gas-~chromatographic analysis. Bimolecular processes .
are examined using laser-induced fluorescence (LIF). The technique offers great advantages o
in reaching reactive temperatures in a fast and time-resolved manner, without the complica-
tions of hot surfaces. It {s thus an {deal tool for analyzing and measuring some of the s
basic processes occurring in more complicated, real, hot systems. Our recent applications
’2 of the laser pyrolysis method in the areas of catalysis and combustion are summarized here. A,
‘ Several transitfon metal-carbonyl bond dissociation energies have been measured, and cataly- o
sis by the hot metal particulate products was observed. Since the use of LIF as a flame '
diagnotic requires some knowledge of the fluorescence quenching rates at high temperatures, .
v the laser pyrolysis method was used to measure these rates for the important OH radical. e
' Its reaction rate with acetylene was also measured, with implications for flame modeling and

sthe mechanism of soot formation. Finally, this method can be used to ignite low concentra-
tions of fuel and oxidant, and then study the time-resolved evolution of the flame chemistry

- -

o e

: by LIF and chemiluminescence observations. 3
: Introduction

: ]
N Most chemical processes are accomplished by the application of heat, whether they Y

: involve synthesis, catalysis, materials processing, or combustion. Applied externally or
internally, this heating is gradual and continuous, and most often involves contact of the
system with hot surfaces. The use of a pulsed laser as a heat source offers several advan-
tages: {t {s localized and controlled; surfaces may be kept cold to avoid unwanted cata-

- lytic complications; rapid heating to a high temperature is possible, permitting the use of
a high energy chemical pathway without losing the reactants to lower ~----y products during
heating; and the timing of the process is well defined and cont~ ‘ser welding and
surgery are practical examples. We have helped develop a new tec.aiqu rapidly heating
gas mixtures up to 1500 K using a pulsed infrared CO; laser. Many -~ i of this method
relating to chemical synthesis production of solids and generation of ¢ ‘ysts remain to be

. explored. Assessments of practical applications are still premature. laser pyrolysis ',

method has to date proven to be an excellent analytical tool for determiu. the chemistry

occurring in more complex systems. In addition to presenting the basic techn.-ue for fur- h

ther consideration, several experimental results will be described. These directed basic ~

\ research efforts include: a study of organometallic bond energies and the catalytic activ- X

ity of the hot aerosol of metallic particulates created by laser pyrolysis; an examination ‘

of fluorescence quenching at high temperatures to permit more quantitative use of laser- o]

induced fluorescence as a remote analytical diagnostic in varied environments; and the

determination of high temperature reaction pathways and ignition chemistry. b
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N The pulsed laser pyrolysis technique

. A, full, detailed descriptgfn of the method, which was first proposed by Shaub and
Bauer,' 1is published elsewhere. This includes the chemical, physical, and computational .
diagnostics which have afded and substantiated our understanding of the technique. A sche- ’

K - matic of the apparatus is given in Figure 1. A gas mixture at 30-100 torr containing SFg,

i bath gas M (usually nitrogen), and small amounts of the chosen reactant molecules R flows Wy

through a 1-cm thick cell with KCl windows, The mixture is irradiated by a uniform l-cm

diameter portion of a pulsed-CO; laser beam at 10.6 um. The SFg absorbs the infrared radi- :-
ation, and by energy-transfer collisions with the bath gas, the entire irradiated volume of ]

' gas {s heated to a true and elevated temperature in a few microseconds. The tempgrature ~3
reached depends upon the E?ser power and the fraction of SFg (2-10% for our 2 J/cm laser
and 20-100% for our 1 J/cm® laser), A mirror reflects the laser beam back through the same

) volume to insure even heating across the thin cell despite 30% total absorbances. Temper- =

hy atures are currently limited to roughly 1500 K by thermal SFg decomposition, but in theory, N

N more stable sensitizers should allow hotter operation. Two modes of detection are possible. S

“ Product and reactant concentrations can be sampled from the flow beyond the cell by mass N

i SPIE Vol 458 Applications of Lasers to Industrial Chemistry (1984) / 11 '.\
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spectrometer or gas chromatograph. Real
time optical detection can be accom-
plished through a monochromator with
photomultiplier tube, coupled to a box- Boxcar
car integrator and recorder. This sys-

tem can measure chemiluminescence, or by .
adding a dye laser can measure %round aﬂ:z"
state radical concentrations via laser-

induced fluorescence. A variable time
delay between the CO, and dye lasers
permits the probing % radical concen-
trations as a function of time. By
scanning the 1laser through various
lines, rotational level populations of
the ground-state radical, and thus the
temperature, can be determined. As
shown 1Iin Figure 1, the two lasers and
monochomator are mutually perpendicular,
providing spatially-resolved detection.

Consideration of the gas dynamics
involved {s necessary to understand and
quantify the chemistry occurring under
laser pyrolysis conditions. The 1ini-
tially heated volume, now at a higher
pressure than the surrounding gas, will
expand against this gas and slightly
compress it. This is accomplished by an Figure 1. Schematic of laser pyrolysis apparatus
expansion wave propagating inward to the
center and then outward again at the local speed of sound. Concurrently, a compression wave
moves outward. Once the expansion is finished, the pressure is equal across the hot and
cool region boundary at roughly its initial value, the Wg} region has cooled typically sev-
eral hundred degrees from T to T' (T'/300 ~ (T/300)!'/Y where v {i{s the heat capacity
ratio), and the heated volume has expanded considerably by ~ T'/300. This coolinpg takes ~
15 us for our geometry. The above values then stay relatively steady for longer time per-
iods, since further cooling only occurs slowly by thermal conductivity across the interface
between heated and unheated regions (~ 1K/us). Meanwhile, the outward-going compression
wave, followed by the expansion wave, produces negligible heating. If allowed to reflect
off the walls of a small and symmetrical cell, however, it can reheat the irradiated region,
and thus complicate the kinetics. High activation energy unimolecular decomposition reac-
tions will occur during the hottest, short, initial time-period before expansion cooling.
Low activation energy bimolecular reactions occur predominantly during the longer steady
tenperature period, which is when they will be studied.

Transition metal carbonyl pyrolysis, bond enerpgies, and catalysis

Catalytic reactions are central to many important industrial processes. Transition

metals are usually involved, many times CO is a reactant, and for homogeneous catalysis,
transition netal carbonyl compounds are often used or are intermediates in the mechanism.
To understand and improve these reactions and predict new ones, accurate values of the
strengths of the bonds broken and formed are needed. While very few organometallic bond dis-
sociation energies are availahble from conventional kinetic methods due to surface decompos-
ition regctions, laser pyrolysis is ideally suited for their measurement. We have recently
measured”® the first bond dissocfation energy for Fe(CO)s, Cr(CO)g, Mo(CO)g, and W(CO)g.

The essence of the experiment is to add two reactants that will decompose to the gas
mixture, and sample their concentrations beyond the cell by mass spectrometer with the laser
on and off. From the gas flow rate, laser repetition rate, cell volume, and irradiated vol-
ume, one can calculate (and vary) the number of heating pulses a typical molecule receives,
and hence {ts single-shot reaction rate, kt. One compound will be the unknown, a carbonyl.
The other, our chemical thermometer or standard has known Arrhenius parameters (k = A
exp(- E/RT)) We used dicyclopentadiene, which decomposes to the monomer by a reverse Diels-
Alder reaction. The slope of a plot of log (kt) for the unknown versus the standard, is
Just the ratio of activation energies. Thus the unknown E, which should be close to the
bond energy, can be determined. The pre-exponential A-factor is then calculated from the
relative rates and t = 10 usec.

The Arrhenius parameters for Cr(CO)6 u2composition were measured relative to dicvclo-
pentadiene, and those for the other carbonyls relative to Cr(CO)¢g An example of the data
and results for {ron relative to chromium is shown in Figure 2. To determine whether the
measured parameters, piven in Table 1, correspond to scission of the first metal-ligand
bond, excess (O or PFy was added. 1If some later bond cleavage is rate-determining,

12 7 SPIE Vol 458 Applications of Lasers to Industris! Chemistry (1984)
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Table 1. Metal Carbonyl Bond Energies (kcal) .
Compound Log A RDE Average e

; Cr (CO) 1 5 35 26 10 T T i
5 Mo(CO)g 1 g 22 32
W(Co) 1 4 .
Fe(CO?S 1 6 40 28 m= 1152 03

L Cr 17-45/6

. earlier dissociations must be in a partial 0.10
, equilibrium, which will then be affected by
‘ the added concentrations of ligands. This was
- observed only for Cr(CO)g, which one might
expect, given the unusually high A-factor mea-
sured. The more complicated kinetics, of
| " Cr(C0)g decomposition can be deconvoluted3 to 0.01
X give a first bond energy of 35 kcal/mole.
% Average bond energies for all CO 1ligands,
' derived from calorimetric data, are also given
b in Table 1. Particularly for the first tran-
. sition metal series, the bond dissociation
energy is larger than the average value. Thus 0.001 1 1 1
such averaged values should not be used in 0.0 0.10 1.0
4 estimating kinetics. Finally, if heats of kt [Fe(COls)
formation have been measured for substituted
carbonyls, M(CO),L, bond energies can be
W derived for other ligands L. Pyridine bonds, Figure 2 Logarithmic relative rate plot !
B for exanmple, are roughly 6 kcal/mole weaker for chromium and iron carbonyl .
! than CO, and ethylene bonds are 4 kcal i
weaker than CO for iron. This last value is particularly relevant since coordinatively
unsaturated fragyents from Fe(CO)g photolysis catalyze olefin isomerization and hydrogen- ¢,
ation reactions,” and because such " bonds are important in the mechanism of hydroformylation, {
by which commercial metal carbonyl catalysts transform alkenes into aldehydes and alcohols.

Fe 15.7-39/6

kt {Cr{COig)

Except for chromium, the carbonyls rapidly lose their remaining ligands f.llowing the
initial rate-determining bond scission. After laser pyrolysis of Fe(CO)s, for example, we
‘ cguld easjly detect gas-phase iron atoms by laser-induced fluorescence excication of the
- a’D, transition at 293 nm. These atoms rapidly nucleate to form an aerosol of small .
metalllc particles, which can be detected by light-scattering of a He-Ne laser beam. They
i persist for ~ 1 msec, and then coalesce to larger particles and condense at the cell walls.
- The resulting dark powder is ferromagnetic and contains little carbon or oxygen. While sus-
pended and heated in the gas phase, the iron system was observed to catalyze the decomposi-
) tion of tert-butyl iodide to HI and isobutene, and the decomposition of paraldehyde, the
cyclic trimer of acetaldehyde. Laser pyrolysis of Mny(CO);g shows similar behavior, and
catalytically produces CyClg from CCl,. These observations sugpest a potential use of laser
. pyrolysis for producing catalytic particles of refractory metals, and in vapor deposition
technology. Carefully controlled mixtures including non-metal additives, are possible,.
K (Such methods are being used now to create uniform ceramics by pyrolysis of SiH,, NH3, and
S CyH4.) In addition, this in situ generation of hot metallic particles with a large surface
Y area provides an ideal method for studying heterogeneous catalysis by convenient gas-phase
Y techniques.
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Quenching of laser-induced fluorescence at high temperatures

o Laser-induced fluorescence is one of the most sensitive diagnostic techniaues.” It is
& particularly well suited for the remote analysis of reactive radical intermediates in chemi-
i cal networks; important examples include OH in combustion systems and atmospheres, and atom-
M ic species in plasmas. To use this technique, one tunes a laser to the proper wavelength to
* electronically excite molecules from level ¢, and then detects the fluorescence F. The
amount of signal is rqlated to the radical concentration N by F = caN,, where A is the Ein-
stein coefficient (t , ¢ contains all the detection efficiency factors, and & = A/(A + Q) -
is the fluorescence quantum yield. Quantitative analytical application of LIF requires !
knowledge of the collisional quenching rate Q, and thus of the composition of the medium and .
the appropriate quenching rate constants. Values of k% vary with temperature in a poorly .

LA

understood manner, and values at high temperature are rticularly needed, and absent, for
application of LIF analytics to combustion processes. We have therefore used the laser
pyrolysis technique to measure quenching rate constants for the important OH radical at ~
1100 K for many flame gases, and present%d a theoretical framework for temperature
ex:rapolation of quenching rate constant data.

L e ow s e %

The following variation of the laser pyrolysis experiment was used. A few millitorr of K

H 0, was added in a bubbler (0°C) to a flow of SFg (~ 40 torr) and varying amounts of the t
\

)

!
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quenching gas. Heating by the CO; laser produced OH by thermal decomposition of Hy0;. At a
30 usec delay, after the expansion cooling, the dye {aset was fired to excite the OH, and
the resulting fluorescence decay was photographed from the oscilloscope. The temperature
was determined from OH rotational level populations by scanning the laser through several
spectral lines. The partial pressure of the added quencher was deduced from mass flowmeter
measurements, the total pressure read on a gauge, and a computer calculation of the expan-
sion gas dynamics. It roughly equals the {nitial pressure. The measured fluorescence decay
rate, 1/7, is the result of several factors: radiative decay (A), quenching by SFg (slow),
quenching by Hy0, and Hy0 from the bubbler, and qwenching by the added gas. Figure 3 is a
plot of t7' versus pressure of added CO,, where the
contributions of radiative decay and SFg quenching
have been subtracted from the data. The intercept

100 shows the background H70 quenching and the slope
gives the rate for CO, quenching of OH (A-X)(0,0)
90 F fluorescence. The temperature was 1250 ﬂ(ft 49 to;r
total pressure, and kq(COz) = 1.9 x 107 cen” 8T,

For various gases, several such experiments were
done, the results expressed as cross-sections
(k = ¢ ¥), and averaged.

The results are summarized in Table 2. Typical
uncertainties are 20%. The values are generally
smaller than those at 298 K (by up to 50%), and chus
illustrate the importance of such high-temperature
measurements, rather than simply using the room-tem-
perature cross-sections. With the exception of SF
and Nj, these quenching cross-sections are large.
This suggests long-range, attractive forces between
OH(A) and the quencher are responsible for the
mechanism. We have used a simple collision complex
model to predict o. The long-range {nteraction was

110108 sec *)

e given by a sum of attractive multipole interactions
0 N I (dipole-dipole, dipole-quadrupole, dipole-induced
o 20 .0 60 dipole, and dipersion) and a repulsive centrifugal
P, torr barrier. From the position and height of the barrier

?

in ghe total effective potential, ¢ can be calculat-

ed The resulting ratio of experimental to theoret-

ical values given in the table generally vary from .3

Figure 3. OH(A) quenching rate to .45, This can be interpreted as the probability
versus CO) pressure for quenching once a complex has been formed.

Table 2. OH Quenching Cross Sections 1100 K (Az)

Tas SF N, C0;  H,0 €O CH, H NH3 O NO N,0
o 0.4 077 13 26 20 15 18 39 1 26 3
o/theory 0.002 0.14 .20 29 .35 .32 28 .45 27 .49 46

Finally, this theory predicts a decline (of ~ 40%) in quenching cross-section when the
temperature increases from 300 K to 1100 K., The general agreement of experiment and theory
in trend and size suggests that this theoretical approach can be used to extrapolate
quenching cross-sections to different temperatures.

High-temperature kinetics

A good deal of effort in recent years has gone toward detailed modeling of combustion
systems. Two of the goals are to predict the effects of various mixtures and additives on
combustion and pollutant formation, and to correlate certain observables (e.g., NH LIF) to
the flame chemistry so that they may be used knowledgably to monitor the gonditions of real
processes. Such modeling requires a detailed chemical mechanism and values for many high-
temperature rate constants. Laser pyrolysis with LIF detection offers a new method for mea-
suring some bimolecular rate constants above 1000 K. We have recently examined the reaction
between OH and acetylene.

The apparatus and procedure is similar to the previous quenching experiment. The box-
car integrator, however, is now used to measure the amount of OH laser-induced fluorescence,
and hence determine the relative OH density as a function of delay time, &4t, between the CO,
and dye lasers. This was done at various CpH; pressures, and without CyHyp. A loparithmic
plot of the ratio of these signal levels versus time gives as its slope the OH ground-state
decay rate due to reaction with a certain pressure of CoH,. This data can then be reduced
to a rate constant {n the same manner as was done for the OH(A) quenching just described.
An example is tllustrated in Figure 4 for OH + CyH; at 1170 K. The measurements at various
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rate constant was Measured between 25 and 100 torr total pressure, indicating no third-body
pressure dependence for fhis reaction, We have previously reported similar experiments for
the OH-methane reaction.

At lower temperatures where it had previously been studied,8 the OH-acetylene reaction
is known to proceed by OH addition to an acetylene n-bond to form an adduct. Collision with
a third body i{s needed to remove energy and stabilize this adduct, and at pressures below
100 torr the reaction rate thus depends upon the total pressure. Our 1200 K measurements
show no such pressure dependence, and give a lower rate constant than the typical 300 K
values. This suggests the adduct is no longer stable at high temperatures, and that a new
direct reaction channel, endothermic hydrogen abstraction, becomes dominant. We have
performed RRKM-type calculations_on the pressure-dependence data at low temperatures. The
results are described elswhere,’ but do fit the data and predict a lower addition rate
constant and rapid adduct dissociation at 1200 K. The theory also predicts some pressure
dependence due to the addition channel at 900 K, which we have now ocuserved in laser pvro-
ysis experiments at these lower temperatures. The mechanistic transition from addition to
abstraction for this reaction (and many others) occurs near 1000 K. It is very important to
include the correct products and rate constants in models of combustion cheuistry, but high-
temperature kinetics experiments and the sound application of theoretical understanding are
necessary to do this successfully. The acetylene reaction is a prime example, since the Cj)H
product is considered a precursor of soot while the CyH,0H adduct is not.

Y
T

T=170K
k=38 x 1013 em3 sec!

CaHy = 102 torr
CN
cD
o}
CaHy = 185 torr <
> 2
2
Q
- CaMz =227 t0rr \
v
; I
CaHy = 253 torr :1 oD
| | . } T M T T v
300 400 500 600
20 60 80 100
t (usec)
Figure 4. OH decays from reaction Figure 5. Chemiluminescence from laser
with acetylene pyrolvsis of CDy0 and N,0

Pulsed laser oxidation chemiluminescence

The rapid and temporally well-defined heating of laser pyrolysis can also be used to
study the more complicated networks of reactions involved in flame chemistry. We recently
used COp-laser irradiation to heat to ~ 1500 K a mixture of 35 torr SFg with 2 torr N;0 and
0.5 torr deuterated formaldehyde. This flame is considered a model for certain prooellart
systems. At the temperatures attained, some fuel and oxidizer decomposition to form H and N
atoms will occur, and a typical radical chain oxidation mechanism will ensue. (Sore F-atcms
from SFTg pyrolysis may also participate.) Ppst-irradiation mass-spectral analvsis of the
mixture showed CDy0 and N,O consumption and the production of No, CO (deduced fronm isotonic
peak ratios), and Dy0. In addition, a bright blue glow appears in the irradiated region.
Under these particular conditions, the chemiluminescence rises within 10 .sec, peaks a%t a
0.5 msec delay, and is over in 2 msec. It requires the presence of both reactants. Fiaure 5
is a spectrum of this light emission, made by scanning the monochromator. The characteris-
tic spectra of C,, intense CN and CD, and minor OD and D emission are identified. (The
smaller av = + 1 %eatures for C; and CN are unlabeled.)

This luminescence suggests two approaches to assist in efforts to analvze fla~es. S.p-
nificant concentrations of these radicals in their ground states probablv exist for proving
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by LIF. By time-resolved probing at various reactant concentrations, one can deduce por-
tions of the flame chemistry and correlate this with the LIF (and chemiluminescence) observ-
ables. Because of the temporally-resolved nature of the experiment, it may be a particu-
larly suitable tool for studying ignition phenomena. Secondly, flame chemiluminescence may
yet prove to be a useful diagnostic itself. Although it is very easily observable, this
emission arises from trace concentrations of excited states, not the ground state radicals
of chemical significance. 1If the kinetics by which emission arises, about which

little is known, can be determined, it should be possible to link luminescence observations
to the flame chemistry. This laser pyrolysis experiment, with its time resolution and
various subsets of the flame chemistry, should prove of great help in this effort.

Conclusions

As with most new experimental techniques, many potential uses of laser pyrolysis remain
to be explored. Most of our efforts to date, as describe in this paper, have concentrated
on understanding the physics and chemistry of the process, and on utilizing it as a tool for
analyzing the kinetics of high-temperature environments. Uses in developing analytical
methods and producing catalytic materials are suggested by this work, and other applications
will, perhaps, be found in the future. In this regard, the main advantageous features of
laser pyrolysis to consider are its rapid heating to high temperatures, the localized and
controlled nature of this heating, and the time resolution achievable with the pulsed tech-
nique. In addition, it should be mentioned that the original continuous laser pyrolysis
method,‘ using a CW COp-laser, can also be applied to many of the same purposes, but at
lower temperatures due to the longer reaction time.
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Pressure and Temperature Dependence of Unimolecular Bond
Fission Reactions: An Approach for Combustion Modelers*

C. WILLIAM LARSON, ROGER PATRICK,** and DAVID M. GOLDEN

Depariment of Chemical Kinetics, SR{ Internanionai, Menio Park, CA 94025

There exists a well recognized need for a critical overview of the rate data that go into combustion modeling.
Modelers should be abie to consult tables of parameters for combustion-relevant reactions that would enable
the caiculation of relevant rate constants as a function of temperature and pressure over the entire range of
interest. A complete tabulation would include both uni- and bimolecular reactions; in this paper we focus on the
analysis of umimolecular reactions. The approach is illustrated with unimolecular “*failoff'" calculations for
formaldeh- de. methane. cthane. butare. hexanc. octane. and the ethyl radical

1 INTRODUCTION

There is seeming agreement in the combustion
literature with the premise that combustion must
be understood through the successful modeling
of this complex process from elementary consid-
erations of chemistry and physics. The usual
definition of elementary for chemical purposes
involves the rate constants for individual chemi-
cal steps that make up the ‘‘mechanism’’ of the
chemical transformations affected by the com-
bustion event. A practical goal might be the
production of a continually updated handbook of
reaction rate constants that modelers could use
as input data. (This goal has been achieved for
some time now in the modeling of chlorfluoro-
methane effects on stratospheric chemistry )
The current understanding of chemical kinet-
cis allows us to break elementary reactions into
two major groups: unimolecular and bimolecu-
lar reactions. In this paper we offer a suggestion

* This work was supported by the Army Research Office.
Contract No. DAAG29-80-K-0049
*® Current address. LSI Logic Corporation, 3105 Alfred
Street, Santa Clara, CA 95050

Copyright < 1984 by The Combustion Institute
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as to the form in which unimolecular rate data
should be presented to combustion modelers.

The unimolecular pyrolysis reactions of hy-
drocarbon molecules and radicals that occur in
combustion depend on temperature and pressure
in a complex manner dictated by (1) the com-
plexity or size of the molecule or radical. (2) the
threshold energy for reaction, and (3) the details
of the intermolecular energy-transfer processes.

In the simplest model of unimolecular reac-
tions, the Lindemann-Hinshelwood reaction
scheme. energization by collisions is followed
by reaction of energized species, A*:

A+MeA4A*+ M,

A*—products.

Solution of the differential rate equations in
the steady-state approximation produces a par-
ticularly simple expression relating the reduced
unimolecular rate constant. k.. to the reduced
pressure, P,:

k.=P,.(1+P,). )]

Here. &, is the ratio of the unimolecular rate
constant at pressure M toits value as M — oo &,
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= k/ka. Also, P, = (ko/ko)[M], where ky[M)]
is the value of the unimolecular rate constant as
M- 0.

Since the Lindemann-Hinshelwood model ne-
glects the pressure dependence of the relative
populations of the manifold of energy eigen-
states of A*, as well as the differential depletion
of these populations by reaction of A*, it
predicts that &k, will *‘fall off"" from its high-
pressure limiting value more slowly than is
observed. The quantum statistical RRKM theory
corrects this deficiency.

Troe [1] has developed an approach for
modeling the pressure and temperature depen-
dence of unimolecular reactions of ethane and
smaller molecules based on use of a ‘‘cor-
rected’’ Lindemann-Hinshelwood model. In the
Troe approach, the corrected reduced umimole-
cular rate constant is defined by

P,
_1+P,

)]

1 4

Thus, Troe calculated values of k., k., and k.,
using an RRKM model, and developed simple
formulas for expressing the ‘‘broadening fac-
tor,”” F, as a function of temperature and
pressure. The value of the Troe approach lies in
its retention of the simplicity of the Lindemann-~
Hinshelwood form and the ease with which it
may be used to model unimolecular reactions of
molecules important in combustion.

We shall show later that the Troe form allows
the representation of rate constants to better than
25% accuracy. We can always look at a detailed
RRKM calculation of a particular rate constant
if a sensitivity analysis shows us that higher than
25% accuracy is required. Concomitantly, we
might have suggested a Lindemann format or a
format such as in Eq. (2) with F equal to some
universal constant. (The latter is sufficient for
stratospheric modeling.) Perhaps this last re-
course would have limited us to ~60% accu-
racy; it is easy to argue that 60% may be
sufficient. We point out that in order to establish
k. and ky, we have essentially all the informa-

C. WILLIAM LARSON ET AL.

tion needed for an RRKM calculation. Since we
have facilities for easily performing such calcu-
lations, we have taken the effort to produce F as
a three-parameter function of temperature. It is
not our hope or suggestion that modelers per-
form their own RRKM calculations, rather we
offer the beginning of the handbook for reaction
rate constants mentioned earlier.

In this paper we have applied the Troe
approach to the study of the temperature and
pressure dependence of unimolecular reaction
by fission of the central carbon-carbon bond in
ethane, butane, hexane, and octane and of the
carbon-hydrogen bond in methane and formal-
dehyde. We also compare ethyl radical decom-
position (to ethylene and hydrogen atoms),
which has a threshold energy less than half that
of the other examples.

I1 METHOD OF CALCULATION

For the calculation of the reduced unimolecular
rate constant as a function of temperature and
pressure, we have used the RRKM quantum
statistical model. Molecular vibrational eigen-
state densities were calculated with use of the
Whitten-Rabinovitch [2] approximation, and
anharmonic corrections were made according to
the procedure developed by Haarhof [3]. Vibra-
tional eigenstate sums for the activated complex
were calculated with use of an exact count
routine. Overall rotational degrees of freedom
were treated as adiabatic.

Frequency assignments for alkanes were
based on the generalized normal-mode study of
C, to C, saturated hydrocarbons of Schachtsch-
neider and Snyder [4] as adapted for use in
RRKM calculations by Chua and Larson (5].

Frequency assignments for activated com-
plexes were made so as to fit the high-pressure
limit A-factors: log Aw = 17.0 at 1500K for C-
C bond rupture and log A, = 15.5 at 1500K for
C-H bond rupture [6]. One 950 cm-! C-C
stretch frequency was deleted from the alkane
assignment (reaction coordinate) and five fre-
quencies in the alkane (four bending modes and
one torsion which are associated with the break-
ing C-C bond and which become overall rota-
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BOND FISSION REACTIONS

tions and relative translations in the products)
were lowered, until the correct valve for A, was
obtained. Figure 1 shows how the calculated ko,
for ethane compares with determizations re-
ported in the literature [7-12]. (We discuss later
the effect of using a fixed vibrational model for
the transition state instead of one which tightens
with increasing energy.)

Collision frequencies were calculated based
on a Lennard-Jones model; collision diameters
of 5-6 A and a value for ¢/k of 173K were used
for the N,-alkane mixtures.

Threshold energies for central C-C bond
rupture of butane, hexane, and octane were
fixed at 80.0 kcal mol -! and for ethane at 87.7
kcal mol-'; 105 kcal mol-' and 90 kcal mol ~!
were used for methane and formaidehyde, re-
spectively, and 40 kcal mol-! was used for the
ethyl radical.

III RESULTS
Arrhenius plots of the RRKM calculated high-

TiK
2500 1667 1250 1000 833 714

-+ —
l 1 v

@— — —8 RRKM

Skinner

Skinner

\\Pacev & Purnell
\
Lin & Back\\

I
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220 _l‘
J

4 6 8 10 12 14

104 T
Fig. 1. Comparison of calculated and measured high
pressure rate constants for ethane pyrolysis
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Fig. 2. Calculated Arrhenius behaviour of high- and low-
pressure rate constants. Dotted lines apply to ethyl radical

and low-pressure rate constants k., and k, are
shown in Fig. 2. The characteristic curvature in
the low-pressure plots is especially pronounced
for the larger molecules; the low-pressure rate
constant for octane is nearly temperature inde-
pendent at high temperature. In contrast. the
high-pressure Arrhenius plots are only shightly
curved upward; thus, high-pressure activation
energies between 1000 and 2500K increase by
only about 1 kcal mol-'. The curvature in the
high-pressure Arrhenius plot is the maximum
possible due to the use of a fixed vibrational
model for the transition state in these calcula-
tions.

Figure 3 shows a comparison between the
Lindemann-Hinshelwood falloff curve and
those calculated with the RRKM model for
octane and butane at 1000K. The broadening
factor at the center of the fall of curve. F_. is
defined at P, = 1 as the ratio of the k, calculated
by RRKM to 4, calculated with the Lindemann
model.

Figure 4 illustrates the pressure dependence
of the falloff broadening parameter of octane at
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Fig. 3. Comparison of Lindemann falloff with RRKM
falloff for butane and octane at 1000K.

1550 and 2500K. The asymmetric ‘‘Gaussian-
like®’ shape is typical of all molecules, and the
minimum value of F is found only slightly to the
low-pressure side of the *‘falloff’’ center: F, =
F piumum- Also, the pressure range over which the
deviations from Lindemann falloff behavior are
significant spans several orders of magnitude.

Figure 5 shows the temperature dependence
of the central broadening parameter, F.(T), for
the five alkanes, formaldehyde, and the ethyl
radical. The figure shows, and the Troe ap-
proach predicts, that the central broadening
factor approaches unity at the zero and infinite
temperature limits. Also, F.(7T) for the larger
molecules passes through a minimum near
1000K; the minimum deepens and moves to
lower temperatures as the molecular size in-
creases.

IV DISCUSSION
The temperature dependences of high- and low
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Fig 4 Broadening factor as a function of reduced pressure
and comparison with Troe approximation.
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Fig. 5. Temperature dependence of central broadening
factor. The dotted line applies to ethyl radical.

pressure-limiting rate constants ky(7) and
k«(T), illustrated in Fig. 2, and the tempera-
ture/pressure dependences of the Troe broaden-
ing factor F(T, M), illustrated in Fig. 4,
provide all the information required to write
parameterized analytical functions that make it
possible to calculate with ease the strong colli-
sion unimolecualr rate constant, k(7, P).

High- and Low-Pressure Limits

The limiting rate constants are easily written in
the customary way as 3-parameter functions of
temperature:

kf(T)=AT" exp(~B/T) (3)
and
ka(T)=CT™ exp(-D/T). 4)

Figure 2 shows that C and D are often very close
to the high-pressure Arrhenius A-factor and
activation energy, respectively, and that m = 0.

The curvature in the Arrhenius plot for kg,
which is more pronounced for larger molecules,
is representable to within 1% by the nonlinear,
3-parameter expression. Table 1 summarizes the
results of parameter evaluation from least
squares fits of these expressions to the k, and k.,
calculated from RRKM theory. The nonlinear
regression algorithm given by Bevington [13]
was used in this evaluation.
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TABLE 1
Values of Parameters for Representation of High- and Low-Pressure Rate Constants*
log(A) 10°B log(C) 10-*D
Molecule (cm? molecule-!s"!) n (K) (s-Y) m (K)
Formaldehyde 5.14 -3.1 46.9 13.77 0.65 45.1
Methane 13.29 ~-5.0 56.9 13.70 0.61 $3.8
Ethane 37.16 -11.2 52.2 16.66 0.28 46.6
Butane 57.16 -17.2 45.4 16.87 0.03 41.3
Hexane 42.43 -13.5 3.3 16.87 0.03 41.3
Octane 15.86 -6.5 15.6 16.87 0.03 41.3
Ethyl 19.23 -7.1 235 11.79 0.74 19.7
* ko(T) is in cm? molecule~! s-', and ko(T) in s~'; 1000-3000K.
Broadening as a Function of Pressure ' T 1 ; T
N
. 1.2 / \ -
Troe presents three forms as successive levels of Ethane /
approximation to express the pressure depen- ‘o S
dence of F in terms of F_: PRl ’_‘\ ....... 1000 K
u A
. . e’ 2000 K
1. symmetric broadening about P, = 1.0: 08 — 3000 K .
log Fi=[1+Qog P.) ! log F.; (5) 2k ]
2. including width broadening: Butane m
10 A -
log P, 27 -1 ;/ P S
log Fo=)14+| ———— log F.; (6) S~z STE 0
0.9-log F; 5 08 E r‘\<‘/1000 -
£
3. including width plus asymmetric broaden- <
3
=
'S

for P, > 1:
log P,-0.12 2]
log F3= l+< )
0.85-0.67 log F,
xlog F.; M
for P, < 1:
log P,—-0.12 2 -
log Fi= I+( >
0.65-1.87 log F,
xlog F.. ®

Figure 6 shows how the broadening factor
from Troe's highest level approximation,
Fy(Troe), compares with the RRKM calculated

—
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Fig. 6. Comparison of calculated and approximate fall off
broadening.
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broadening, F(RRKM), in which F_ is taken
from this RRKM calculation. The figure shows
that the Troe expression predicts F{M ) to within
30% over the pressure and 1emperature ranges
studied. The simpler expressions [Eq. (6) or (7)]
are less satisfactory, and, since they are not
significantly easier to use, they are not recom-
mended.

Center Broadening as a Function of Temper-
ature

Troe has suggested a 4-parameter expression to
describe the temperature dependence of F. as
follows:

F(T)=exp(— T**/T)+exp(— T/ T***)
+a(exp(— T/ T*) — exp(— T/ T***)). (9)

We have evaluated the performance of a similar
3-parameter, 2-term expression,

F(T)=a exp(-b/T)+exp(—-T/c), (10)

and find that @, b, ¢ values listed in Table 2
reproduce the RRKM calculated F.(T) shown in
Fig. 5 to within better than 15%. Thus, the 6
parameters of Eqs. (3) and (4) (A, n, B, C, m,
D) contain the information required to construct
Lindemann falloff curves, and the 3 parameters
of Eq. (10) contain the information required to
correct the Lindemann falloff to the more
realistic falloff predicted by the RRKM model.

Effect of Transition State Model on
Broadening

The RRKM model that has been described so far
is one in which the transition state has been
treated as a tormal molecule with fixed vibra-
tional frequencies. However, it is well known
that this kind of treatment generally overpre-
dicts the curvature in Arrhenius plots of high-
pressure limiting rate constants for dissociation
reactions. and also that it is unable to predict
correctly the temperature dependence of rate
constants for recombination reactions. Other
models, which allow the structure of the transi-
tion state to tighten as its internal energy

e
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TABLE 2
Vaiues of Parameters for Representation of F.(T), 1000-
3000K

b c
Molecule a (K) (K)
Formaldehyde 0.507 629.2 939.4
Methanz 0.366 564.2 885.1
Ethane 0.233 585.6 431.8
Butane 1.896 5222.3 335.8
Hexane 2.016 4525.8 209.4
Octane 2.226 42479 158.9
Ethyl 0.411 734 422.8

increases, such as the statistical adiabatic chan-
nel model (SACM) [14] or minimum density of
states RRKM models [15, 16], have been more
successful in this regard. Since these treatments
essentially involve adjusting the energy depen-
dence of the microscopic rate constant for
decomposition, kK(E), their use would be ex-
pected to affect predictions concerning broaden-
ing parameters. Table 3 gives the strong colli-
sion-broadening parameters for CH,
decompostion as a function of temperature for
the fixed vibrational model and also for a
minimum density of states model. Since k(E) is
a less steep function of £ for a minimum density
of states model (i.e., more Lindemann-like). the
broadening parameters are closer to unity at
each temperature than for a fixed vibrational
model for this kind of transition state treatment.
The fixed vibrational model thus indicates the
maximum broadening that might be expected.

TABLE 3
Broadening Parameters for CH, Decomposition

F. F.
T (fixed mode)*  (minimum density model)”
500 0.694 0.753
1000 0.518 0.640
1500 0.438 0.579
2000 0.384 0.506
2500 0.350 0.493
3000 0.334 0.488

* This work.
5 According to Ref. {16]
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BOND FISSION REACTIONS

Wesk Collisional Energy Transfer

In the preceding sections, we have calculated
low-pressure rate constants, ky*, and center-
broadening parameters, F.*, based on a strong
collision approximation. It is customary to
characterize a weak collider in terms of its
collision efficiency, 8, defined by 8 = ko*</
ko*, where ko* is the low-pressure rate constant
for the weak collider.

Weak collision processes affect unimolecular
falloff in two distinct ways. First, the reduced
pressure appropriate to weak collider falloff,
P,*<, is simply scaled according to 8:

P> = ko>[M)/ka = BP,*.

Second, the center-broadening factor for a weak
collider, F_*<, is smaller than F.*, so that weak
collider falloff occurs over a larger pressure
range. However, the empirical approximation,
F.* ~ BO14F * found by Troe to apply to a
variety of molecules and weak collision models,
shows that computed falloff behavior in weak
collider systems is much more sensitive to the
absolute value of 8 that is used as a scaling
factor in p.*° than to the additional broadening
brought about by weak collisions.

The temperature dependence of 8 is still
subject to some controversy [17] and represents
the largest uncertainty in the prediction of
falloff behavior. Using an exponential model for
energy transfer, Troe [18] has suggested the
following approximate relztionship:

()
A= a+FekT) '

where o is the average energy transferred per
collision in ‘‘down transitions'' and Fg is the
energy dependence of the density of states, a
quantity that increases with temperature and the
size of the molecule. « is generally taken to be
temperature independent or only weakly depen-
dent on temperature. This equation predicts a
steady decline in 8 with increasing temperature,
but it is only valid for F € 3. at high
temperature, Fy rapidly increases beyond this
limit, especially for large molecules. Under
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such conditions, a more exact treatment indi-
cates that 8 will begin to increase with tempera-
ture again after a certain point. The more
complex the molecule, the earlier the decrease
of B will cease, since Fg will become a strongly
increasing function of temperature.

These most recent calculations (18] for a large
molecule and weak colliders, whose o values
vary between ~ 1 and ~ 6 kcal mol -!, show that
minima in 8 occur near 1200K that are about
half the values at 900 and 2100K. In contrast,
the range in the absolute values of the calculated
minima span one order of magnitude, viz., 8 =
0.2t08 = 0.02asa = 6toa = | kcal mol ',
Thus, we infer that the uncertainties in an
educated guess of the absolute value of 8 are
greater than the variation in 8 over a large
temperature range (900-2100K). For combus-
tion calculations, the state of the art at this point
suggests that 8 might best be treated as an
adjustable parameter whose value and tempera-
ture dependence may be constrained by reason-
able estimates to within a factor of two.

Applications to Combustion Modeling

In order to evaluate the conditions where unim-
olecular falloff has its greatest impact on com-
bustion phenomena, we compute the relation-
ship between an actual weak collider pressure ar
the falloff center, P.*°, and temperature. Fig-
ure 7 shows this relationship for each of the
molecules studied. For this illustration, we have
used 8 = 0.1, independent of temperature. to
simulate a nitrogen bath gas. Thus, P.* =
(ka/B)ko* defines the pressure axis.

We have defined a *‘combustion window " by
the pressure range (0.01-10 atm) and the tem-
perature range (500-3000K). which are relevant
to most combustion processes. Thus, a molecule
whose P. versus T curve passes through the
combustion window exhibits its maximum devi-
ation from Lindemann behavior within this
important pressure and temperature range. At
pressures two to three orders of magnitude
above or below their P, versus T curve. the
molecules are in their high- or low-pressure
limits,
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Fig. 7. The combustion window and relation between
temperature and pressure at the center of the falloff. Dotted
line emphasizes ethyl radical.

Larger molecules enter the window at higher
temperatures, where their F, values are larger.
Thus, values of F. within the ‘‘combustion
window"' are greater than ~0.1 for all mole-
cules of the current study. For molecules larger
than butane, falloff needs to be considered at
temperatures greater than about 1700K. Below
1500K, the rate constants for dissociation of the
larger molecules are in their high-pressure limit.

At atmospheric pressure, methane pyrolysis is
second order at temperatures greater than
~ 600K, but for ethane, maximum broadening
occurs at about 1500K, and falloff consider-
ations are important at all combustion tempera-
tures. For formaldehyde at 1500K, a weak
collider pressure of ~ 1000-10,000 atm would
be required to bring its decomposition to the
center of the falloff. at atmospheric pressure,
formaldehyde pyrolysis is in its second order
limit at all temperatures.

At atmospheric pressures, ethyl radical de-
composition, whose threshold energy ( ~ 40 kcal
mol ~') is less than haif that of ethane, is second
order at temperatures greater than ~ 1000K.
Smaller radicals, with similar or lower thresh-
olds to reaction, would also be second order
above 1000K. Thus, under these conditions.
falloff considerations for this large and impor-
tant group of combustion intermediates have
little or no impact.

C. WILLIAM LARSON ET AL.

Competitive Multiple Reaction Channels

Ethane and the higher alkanes contain multiple
dissociation channels for C~-C and C-H bond
rupture which have not been considered in the
present calculations. Generally, C-H rupture is
10-20 kcal mol~! more endothermic than C-C
rupture. Under conditions where C-H and C-C
rupture are both in the high-pressure limit, C-H
rupture (per C-H bond) may amount to as much
as 0.5% of C-C rupture (per bond) at 1000K. At
3000K, the C-H rate approaches 20% of the C-
C rate on a per-bond basis.

In the falloff and low-pressure limits, C-H
rupture would tend to be less competitive with
C-C rupture. However, it is important to note
that at pressures lower than the high-pressure
limit, different dissociative channels cannot be
treated as if they were independent of one
another.

SUMMARY

The initiation of combustion is governed by the
reaction that produces an H-atom. i.e., the
unimolecular decomposition of the fuel. These
calculations indicate that ethane pyrolysis (C.H,
— CH; + CHj;) is near its maximum pressure
sensitivity at combustion tempertures. A simple
format is presented to include the pressure and
temperature dependence of these important re-
actions in terms of 9 parameters and the colli-
sion efficiency. §:

kdlss=ku“ +P,—‘)—‘F,

P, = ka/(Bko*<M), F=FP,. Fia, b, ¢).

ka=CT™ exp(—-D/T),
ko=AT" exp(— B/T).

The Lindemann model generates the maxi-
mum sensitivity of kg, to pressure and requires
6 parameters and 3. Application of the RRKM
correction causes falloff to occur over a broader
pressurc range and thus desensitizes k.. to
pressure. If weak collider-broadening correc-
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BOND FISSION REACTIONS

tions are also applied (by Troe's 8%'* factor),
kaiss is even less sensitive to pressure.

Finally, the falloff behavior of the reverse

combination reaction may be coded with 3
additional parameters (s, /, H) to specify the
equilibrium constant, K., = ST'e ~#'7. These
parameters are related to the quantities AS, AC,,
and AH for the reaction which are often known
or may be estimated from group additivity [6].
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Spin-orbit splittings and rotational constants for vibrationally 3
; excited levels of NCO(X°Il,) :
RICHARD A. COPELAND AND DavID R. CROSLEY 2
Molecular Physics Department. SRI International. Menlo Park. CA 94025 U.S.A. ':::
Received June 18. 1984 i
')
Laser-induced fluorescence excitation spectra at 0.3-cm ' resolution have been obtained for the A°Y " — X711, system of i .
NCO present in an atmospheric pressure CHs—N:O flame. This combination of selectively detected laser fluorescence and a N
flame environment has permitted the high-resolution investigation of levels inaccessible in conventional room emperature -
experiments. Spin-orbit splittings. and rotational and vibrational constants have been detcrmined for eight vibrational levels b
having K = v: + 1, and for the 010 “X and the 020 *11 levels. primarily by fits to band-head positions using previously :‘
determined A°2 " constants. The results are in good agreement with theoretical predictions of Renner—Teller interactions. [
Fermi resonance with an interaction strength of 10 cm ' describes variations in spin—orbit splittings and rotational constants o
for four levels with v, = 1 quite well. ,-;
o
Des spectres d'excitation de fluorescence induite par laser ont été obtenus avec une résolution de 0.3 cm ' pour le systeme '?'-C
A’Y* = X°[1, de NCO présent dans une flamme de CH. —N:O i pression atmosphérigue. Cette combinaison de la fluorescence :"
laser avec détection sélective et de I'environnement d'unc flamme a permis 'investigation a haute résolution de miveaux '&*‘
naccessibles dans des expériences conventionclles effectuées a température ambiantc. Les subdivisions spin-orbite. et les b
constantes rotationnelles et vibrationnelles ont été déterminées pour huit niveaux de vibration avec K = v, + 1. et pour les g
niveaux 010°S et 020 °[1; cette détermination a été faite principalement par ajustement sur les positions des tétes de bande en ‘:
utilisant les constantes relatives a A°S" obtenues antéricurement. Les résultats sont en bon accord avee les predictions :-.
théoriques concernant les interactions Renner—Teller. La résonance de Fermi avec une force d interaction de 10 cm ' déernit il
bien les variations des subdivisions spin-orbite et des constantes rotationnelles pour quatre niveaux avec v, = |. :\‘
.
Can ) Phys 62. 138¥ (1984)
.
. ~
1. Introduction consisted of measurements of the A" — X°I1 emis- s
Nonzero electronic orbital angular momentum in a  sion spectrum foilowing laser excitation of NCO in an N
- normally linear triatomic molecule strongly affects the  Ar matrix. The precision. estimated at =2 ¢cm . fur- : ”
vibrational level pattemn, producing a phenomenon gen-  nished vibrational spacing information in the matrix -:.,-
erally known as the Renner—Teller effect. Predicted  environment that agreed with conventional infrared ab- g
theoretically (1) approximately 25 years before the first  sorption matrix studies (10). In a room temperature ‘
experimental observation. it received further theoretical  discharge flow system. measurements (B J. Sullivan. O
attention, notably in the work of Pople (2) and Hougen  D. R. Crosley. and G. P. Smith. manuscript in prepara- <
(3): extensions of the theory and a comprehensive dis-  tion) of the LIF emission spectrum (=5 ¢m ') were N
cussion have appeared in a series of recent papers by made for excitation of both the A — X and 8°11 — X°I1 :'
Jungen and Merer (4. 5). The first linear molecule for  systems. yielding similar information for the gas phase o)
which observation of the Renner—Teller effect was re-  (Other LIF experiments 1n a flow system (11} have "¢
ported (6) was X°Il, NCO. the subject of this paper.  concentrated on lifetime measurements and spec- A
Other “T1 species exhibiting the Renner - Teller effect in troscopic data were not reported). Finallv. 1t has been F:'_
experimentally observed spectra include NCS. N..  found that one of the fixed-frequency hines of an Ar :N'
CCN. CNC. C.. and BO:.. citations for which may be  laser overlaps the Q.(31) line of the 000= 110 band o P:
found in ref. 4 save for some more recent studies on  the A~ X system (12) of NCO in a tlame Rotationally -3
BO, (. resolved (= 1.8 cm ') fluorescence spectra of the cmis- ol
The electronic spectroscopy of NCO itself has been  sion lines from the pumped F.(31) level to the (XN, -
extensively studied. The classic work by Dixon (6) 100, and 001 levels of X°H1 have been used to obtain "N
consisted of absorption measurements in a flash photo-  spectral constants for these states (13). e
lysis system: it has been repeated and extended 1n a We describe here a study of the spectroscopy of ':-.
more recent experiment by Bolman e al. (8). In cach  several higher-lying levels of the ground X1 state of >
case very high resolution was achieved. although the  NCO. using wavelength-selective detection of tluo- ! :
low temperature of the system restricted the number of  rescence excited by a tunable laser in NCO present in an "
accessible ground state vibrational and rotational  atmospheric pressure flame. The laser band idth of 5
levels. More recently . laser-induced fluorescence (LIF) 0.3 cm ' determines our spectral resolution. the high T
studies have been performed. The first of these (9)  temperature of the flame produces significant popu- :.::
€
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lations in excited vibrational levels. The dual selectivity
of LIF, through tuning both the laser and the wave-
length of the detected fluorescence. permits a discrimi-
nation among overlapped bands not possible in con-
ventional absorption spectroscopy. (Although con-
ventional emission spectra of NCO have not been
reported at a resolution comparable to the studies cited,
it would likely be too congested to be useful).

Using some rotational analyses but primarily fits of
band-head positions with previously measured (6. 8)
constants for the A°X" state, we have obtained spin-
orbit splittings. and vibrational and rotational constants
for several excited vibrational levels not previously
studied. Values of a, and variations in A for each type
of vibration, and cross anharmonicities are measured.
Differences in both spin-orbit spiitting and the values of
B for the separate spin-orbit components are explained
in terms of Fermi-resonance interactions. Other
values are compared with expectations based on the
Renner—Teller theory.

Part of the initial motivation for our study was the
establishment of the LIF signatures of NCO (and NH.)
in flames so as to permit their measurement in com-
bustion research: those aspects have been separately
reported (14). The LIF spectroscopy of atoms and
diatomics in flames has undergone rapid recent devel-
opment as a tool for the understanding of flame chem-
istry (15). In the present study, the flames serve as a
tool for obtaining new spectral information. They were
the initial source for knowledge on the existence of and
spectral data for many free radicals, especially
diatomics (16), but have recently not been utilized
much for spectroscopic purposes. The rapid collisional
rates in an atmospheric pressure flame affect the emis-
sion patterns of the laser-excited molecules and greatly
reduce the overall quantum yield of fluorescence com-
pared with that in a low-pressure system (17). This does
not. however, cause complications for purely spec-
troscopic studies with LIF so long as some emission can
be found. This combination. the resolution and select-
ivity of LIF with the abundant number of vibrationally
excited transient species in atmospheric pressure
flames. offers much promise for expanding our spec-
troscopic understanding of small free radicals.

2. Vibrational energy levels in a I1 triatomic

Here we briefly define the parameters needed to de-
scribe the vibrational energy level pattern when the
Renner—Teller effect is present. as manifested for the
bending vibration (v,) of a °I1, triatomic tending toward
Hund's case (a) behavior. This is the situation appropri-
ate to NCO. More general and comprehensive dis-
cussions can be found elsewhere (1 -5).

Needed for the description are the Renner parameter
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FIG. 1. Energy levels of NCO (X I1,) observed in this :-."
study (solid lines) plus others involved in Fermi resonance P
(dashed lines). The levels are organized horizontally accord- s
ing to the value of v,. Term symbols for each set are given c;"
below: the spin splitting of the x and p sets is not dis- womy
tinguished in the figure. :,..
) ) ‘ v
€. the spin-orbit constant A. and the harmonic bending 3
frequency w.. € is a measure of the splitting between the =
two Born—Oppenheimer potential curves that touch at L
the linear configuration to form the -II state. A repre-
sents the coupling between spin and orbital angular
momentum. The effective value of the spin-orbit split-
ting in a given level depends on the value of v. and K e
K. the total angular momentum along the internuclear "l
axis is the sum of the projections of the orbital (.\) and ’
vibrational (/) angular momenta. Useful also 15 the v
angle B. which represents the relative degree of “n
Renner—Teller and spin-orbit splittings: Y
.._:
(1] tan 2B = ew:[(v: + 1) = K°]'7/4 AN
- g B
B is needed for the expression of a given level iv.A) 1n g
terms of the basis sets | A. vo.and [A = 2. vl + 2, e
for the pertinent states in NCO. B 1s in the range S
60-80°. N
The rotational levels within each vibrational level are N
described with rotational and centrifugal distortion con- ;
stants B and D. a spin-rotation interaction constant vy, R
and. where appropniate (K > 0). doubling constants p 5
and q. Ny
There is finally a small but significant contribution \';.::
\:.\-
N
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(5. 18) caused by the mixing of the I1 electronic state
with upper £ and A states. This leads to an additional
energy term g, |K| to be added to all levels. For NCO
(X°T1,). g« has been found (8) to be 3.64 cm™', falling
within the range 3—5 cm™' indicated for several tri-
atomic nonhydrides { {18). We will adopt this previously
determined value in our analyses, as it is indistinguish-
able from anharmonicity effects in our range of data.

Expressions for the vibrational term values may be
found in ref. 4. and those for the rotational energies in
refs. 3 and 8. The vibrational pattern is illustrated in
Fig. 1. When K = v» + 1, which includes the single
pair of Il levels for v, = 0, there exists a pair of
spin-orbit states spearated by

2] A\,,,=A[l - §EKK + l)]

In NCO. the states are inverted so that the one with
Q = K + ilies lower. For K > 0, there are four states
forming two pairs of spin doublets. The pairs are sepa-
rated by 2r where

3] r=gia"+ Eoilon + 17 - K]

and each doublet exhibits a small. effective. spin-orbit
splitting € w:AKX /4r, reflecting the quenching of A
by /. The upper component (denoted by k) is regular
while the lower component (p) is inverted. For K = 0,
one finds a pair of states (also denoted k and ) sepa-
rated by 2r: the upper is labeled X~ and the lower is
labeled °X °.

Fermi-resonance interactions can alse occur between
levels (v,. vs. viyand (v, — 1, vy + 2. vi). Hougen (19)
has treated the case of Fermi interactions in [l electronic
states. The interactions occur only between states of the
same K value. and there are two different possible ma-
trix elements involved. The first. denoted by W,. con-
nects states having the same value of .\ and /. while the
second. W, connects A and / with A = 2,/ % 2 In
most of the cases investigated (6. 7). W, is found to be
i the order of tens of cm ™' while W, is close to zero.
Now each spin-orbit component 1« an admixture of A =
l.land A\ = —1./ + 2as described by the angle B (see
(1]. and the overall Fermi interaction for a given pair
of states must include this. Thus. for example, the “11, .
component of (1. 0. () will interact more strongly with
the w°I1, . state (0. 2. 0) than with the 11, state.
while the “T1.. state of (1. 0. 0} interacts more with
«°I1.; than with w’ll., (see Fig. 1). The appropriate
strengths W can be calculated using 8 and Hougen's
equations (19) given a value for W

The rotatonal constants are also affected by the
Fermi re- onance (20). The resuiting 8 values are given
in terms of those for the unperturbed states and the
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R S Y W AN
ol a o o N

CAN ) PHYS VOUL 62, 1984

mixing coefficient £ between the states.

B, EEB(: + V- E: B‘:)

B:= VI - ¢ B/ +¢B:

Because the a, values for the stretch and bend are op-
posite in sign, this can be consequential.

A complete calculation of the interaction of each “I1
component of the 100 level with both the corresponding
k and p components involves a 3 X 3 matrix. Even so.
the values of the energy separations and the W,'s perti-
nent to NCO make sufficient a sum of 2 x 2 treatments

involving each level separately, which more trans-
parently shows the effects discussed in the following.

(4]

3. Experimental

3.1 Method

The experimental method was quite straightforward
and will be outlined here: further details. especially
those pertinent to LIF flame diagnostics measurements,
may be found in ref. 14. Rich flames of CH, and N.O
at atmospheric pressure were stabilized on a slot burner
patterned after a type designed explicitly for laser
probing (21). An excimer laser pumped a dye laser.
operated with various dyes over the range 420-
500 nm. The laser bandwidth, as determined by scans
over isolated lines in the CN molecule where the
Doppler contribution did not complicate matters. was
0.3 cm™'. The beam was directed into the flame zone
where the NCO concentration was highest. We did not
directly measure the temperature in our flame. but it is
expected (13) to be ~2400 K in this region. The
Doppler width for NCO at this temperature is 0.12
cm™', so the laser line width limits the resolution.

The fluorescence at right angles to the beam was
focussed onto the slit of a 0.35-m monochromator
having a resolution of 22 A/mm. The slit was oriented
parallel to the laser beam. but we often used an aperture
to limit the effective height to the center S mm. It was
operated at a 2-mm width although the laser beam im-
age was shghtly smaller than this so that the resolution
was ~3 nm. The fluorescence was detected with a
photomultiplier whose output was amplified. processed
with a gated integrator. and recorded on a strip chart as
the laser was scanned. (A few scans were also taken
using a photomultipher and an interference filter having
a peak transmission at 440 nm and a bandwidth of
8 nm.)

The spectrometer was set at +40.0 or 437.5 nm to
view emission in the 000 — 000 band. or at 435 0 nm
to view emission in the 010 — 010 band. In addition o
the selective detection of certain excitation bands, as
descnbed later, this served to filter out strong fluo-
rescence excitations of the CH, CN. and C. radicals.
which were present in the wavelength reptons covered
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oiFri-nota trum to the shorter wavelength side of the 000-000

0107 ~110 25" band at 438 ~404 nm is very congested (see ref. 14 for

P, a survey scan), and our concentration here has been

———
9
PI?

i

Observe 435 nm

000%8°~ 100°1,
T —

4 Q

Observe 440 nm

e i - i l e
4463 464

Wovelength, A (nm)

FIG. 3. (Lower panel) A portion of excitation scans
showing the P, and Q, heads of the 000—100 band. The
monochromator is tuned to 440 nm so that only this band is
observed. (Upper panel) Excitation scan of the same region
but with the monochromator set at 435 nm to detect emission
from 010 of the A“Z " state. Here the 000— 100 band is sup-
pressed and the P, and P: heads of 010~ 110 k "X~ and the
"P,:head of 0101104, : appear. This illustratcs the ability
to distinguish among congested spectra using selectively de-
tected LIF. (The band head marked X. prominent in the lower
scan, is thus far unassigned.)

However. the presence of these diatomics proved
very useful for calibration of the laser wavelength. For
these purposes. we tuned the spectrometer to 431 or
388 nm to detect the Av = 0 bands of A°A ~ X°T1 CH
or B°S® ~ X X' CN respectively. The 0—1 band of
CH (22) ~vas used for calibration in these studies. Fur-
ther corre »woration was obtained by comparison of mea-
sured line positions n the 000—000 and 010-010
bands with the tables of Dixon (6) and Bolman er af.
(8). We estimate an overall absolute accuracy of
*0.5 cm ' for our measurements. while relative hine
positions 1n a given band (more pertinent to most of our
results) are accurate to within the laser bandwidth,
<0.2% of the scan ranges used

3.2 Results

The overall spectral region covered includes the
000-000 band. the 000—010 band allowed by T[]
mixing (23). and numerous other hot bands. The spec-

primarily on hot bands to the red side. where the upper
A°X’ vibrational level involved in the absorption is 000
or 010.

A scan of a small portion of the 000—001 region is
shown in Fig. 2. This exhibits the full rotational resolu-
tion capability of the laser: it is from scans of this
resolution that the data were taken for quantitative
analysis.

For the scan in Fig. 2. the spectrometer was set at
440.0 nm to detect fluorescence originating from the
000 level populated by the 000—-001 absorption. When
the spectrometer setting is changed. other bands appear
in the same excitation region. An example is shown in
Fig. 3. The lower panel is a part of the spectrum of the
000-100 band (like that shown in Fig. 2 for the
000-001 region) and was detected at 440 nm. For the
scan in the upper panel. the spectrometer was set at
435 nm (recall that bandpass is 3 nm). where the
010 level of the A°X " state emits in the 010—010 band.
Lines from the 000—100 band are now greatly sup-
pressed (although not entirely eliminated), while fea-
tures belonging to the 010— 110 band. as marked in the
figure, stand out.

Figure 4 shows two bands of different tvpes. In the
top panel is exhibited the 000 ‘X" ~ 010 w°% " band.
and the lower trace shows the 010 “IT ~ 020 u-Tl
transition. This selective detection of LIF using a spec-
trometer has been essential in picking out bands associ-
ated with excited bending levels of the ground statz.
Clearly. a conventional absorption spectrum or even
broad-band-detected LIF would be too congested to
permit identification of any but the most intense
features.

For this approach to be successful. it is important that
the bulk of the emission come from the pumped level
itself. That is. the 010—110 band would be more
noticeable in the lower scan in Fig. 3 if vibratonal
transfer in A°S° from the 010 to the 000 level had
occurred to a significant degree. Because the two 4A°Y"
levels in question are separated by only 680 ¢cm ™', com-
pared with kT ~ 1600 cm ™' in this region. upward
vibrational transfer with a rate related 1o the downward
one by detailed balancing (as observed in OH in flames
(24)) could cause 000 — 100 contamination in the upper
scan of Fig. 4. In the flame at atmospheric pressure.
collision processes fully control the fate of the upper
state level populations (17). The fact that the two scans
in Fig. 4 are different then means that the collisional
quenching rate is rapid compared with vibrational
energy transfer between the 010 and € O levels of
AY" . This condition is necessary for selective de-
tection of the LIF to be successful. It is generally true
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TaBLE 1. A’ " rotational constants fixed in fits (cm ')

Bolman et al. Dixon

(8)" 6)

000 Level
B 0.402163 0.40211
10°D 0.190 0.177
10"y 0.52 =15

010 Level
B 0.402725 0.302677
10°D 0.161 (0.188)" —
10"y 0.73 (0.36)" —_
10'g -0.651 0.661"

“Used n fit.

"Alternative values from other bands.
Sign not dctermined.

in the few cases of diatomic radicals that have been
studied (17). and for NH: (14). A direct study of col-
lisional phenomena for NCO in flames forms part of our
future plans.

4. Data analysis

4.1 Method

Most of the quantitative data were in the form of
accurately determined band-head positions, whose
spacings were suitable for determining vibronic term
energies, rotational constants, and (where applicable)
spin-orbit splitting constants. This was done using the
appropriate equations for the vibrational and rotational
term values of X°I1,.

The upper states were always the 000 Jevel of A°X "
for excitation from v,0v. of X°I1,. or the 010 level for
excitation from v, | vi. The spectral constants for these
electronically excited levels were held fixed throughout
the analysis. The A"X' energy expressions used are
given in ref. 8. The upper state bending vibration term
value has been reported as 680.83 and 680.77 cm ™' in
refs. 6 and 8. respectively: we used the latter value.
Values of the electronic energy are 22 754.07 and
12 753.98 cm™' from refs. 8 and 6 respectively. ew. in
the expression for r was taken as ~76.9 cm ', as deter-
mined in ref. 8 for the 0v.0 sequence. It was fixed at
this value throughout irrespective of possible variation
of € with v, or vi. The remainder of the constants were
taken from ref. 8: these are listed in Table 1 together
with those reported in ref. 6 for comparison.

Tral fits to the full set of rotational lines in our
000—-000 and 000—-00! band data showed that we
could not obtain improved values of D for the X°I1,
stute. or independently determined values of the
A-doubling parameters p and ¢. These too were fixed in
our band-head position fits at the values determined by

« f__r\-'__f_“.;"(‘ “wr
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Bolman er ai. (8) for the 000 level: D = .93 «
107em™',p =270 x 10 'cm ".and g = 6.2 x
107* cm™'. Although the values reported in ref. 6 are
~25% smaller, this difference has negligible effect on
our fits. The value of y = —=1.5 x 10" ¢m ™! in the

— 1 v replacement term was taken from a microwave
measurement (25): again the precise value does not
affect our results.

For the 000 - v,0 v, bands having "I symmetry in the
ground state. there are four prominent heads (see
Fig. 2):°Pys, P.. P,. and Q,. These form our set of data.
which are then fitted to the three constants E,. A. and
B. In spite of the fact that three constants are fitted to

four data. the resuits are precise because of the lack of

correlation between the fitted values. The "P,. — P, and
P, —Q, splittings are sensitive to the value of B, while
the P, — P, separation yields A. Determination of the
band origin (E, ) includes some contribution from both
B and A, but comes primarily from the overall wave-
length.

For transitions involving 3 levels of 010—v, |+,
transitions. the same four band heads are present and
they are fitted in the same way. We found it more
difficult to precisely pick out the “P; head and the
results have larger uncertainty (see Fig. 3).

For bands involving *X components of the X'l
states in 010—v, 1 v, bands, there are only two weli-
defined heads (P, and P.) for each of the p°Y " and
k*Z” components (see Fig. 3). The 000 X" - 010
p’E* and 010 °IT ~ 020 “T1 bands exhibited in Fig 4
are forbidden in a first approximation because A =
AA. A small amount of mixing of the A°X " and \°I!
states (23) furnishes the finite intensities. Each of these
bands has only P- and R-branches: in the [1-11 cave.
there is a pair of each type due to A doubling in the
upper and lower states. In all of these cases. the 4 and
B values were calculated using theoretical consid-
erations, and were used to determine vibrational term
values £ 4.

For the 000— 200 band. only the I, . heads ¢ P - and
P,) could be identified with certainty . A 8 value could
be determined. but independent spin-orbit splitting or
term values could not be obtained.

4.2 Errors

Uncentainties in the fitted convtants were estimated
by forcing small variations in the fitted values and re-
calculating the band-head positons  Refiting atter

fixing one of the constants at a wrong value contirmed
the small correlation among A, B. and E.. For the best-
determined bands. [T levels of v,0v.. we recurrently
obtained sharp minima in x° values with @ much
smatller than the laser line width. From the results of
these trials. we conservatively estimate for the [ levels
that the B values carmy an uncertainty of 0. 0K2 cm
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: TABLE 2. Vibrational term values (cm ')
. 'l
; Reference Bondybey and Milligan and Sullivan e/ al " Sullivan et al.”  Wong et al (13)  Thiy work .
! English (9) Jacox (10) v
X
’ matrix matnx gas-phase fluorescence spectra gas-phase »
Method fluorescence infrared fluorescence excitation
\l spectra spectra experiment calculated spectra spectra -
1 .
) .
Error 2 =2 =10 *8 — =05 "
0 010" 531 —_ — -— -— 5337
" 100 1272 1275 1270 1276 1270=2.7 1270 4
1o 1823 —_ —_ - - 18215 .
N 001’ 1923 1922 1912 1914 1921.06=0.89 1921 8 ‘
" 011 2438 -— - —_ -— 2418 ’
¢ 101 3167 — 3157 3162 — 3168.0
X 11 3706 — — — — 370410
: “B. ). Sullivan. D. R. Crosley. and G P Smith. manuscript in preparation O
. "Als0 §33.6 cm ' from absorpuon spectra (refs 6 and §).
"Also 1921.0 from laser magnetic ersonance, ref. 27 ,
' TaBLE 3. Spin-orbit coupling constant. A (¢cm ') q
n Bolman er al. Wong er al. This work :
"s" Level Dixon (6) (8) (13 (20.4) .
' 0.0.0°N -95.59=0.02 —95.585=0.003 —-95.35=0.44 -95.59
" 0.1.0°3  -94.1420.02° -94.19120.005 — -94.02 ’
N 1.0.0°M — — -90.1720.40  -89.8] .
- 1.1.0°A — — — -81.16 .
N 0.0.!°1 — — -97.16=0.13 -97.07 ¢
0.1.1°3 — - - -95.20 <
b <, L0 1° — — — -92.13 p
- L1.1°a —_ — — —85.35
N “Refitied by Bolman er o/ (8) )
' .
. and the A values an uncertainty of 0.3 cm™'. From the  60—70 (this may indicate a need to revise the D. p. or N
- aforementioned fits. E, is determined to 0.2 cm™', g values. but we have not explored this aspect). Com- K
o but the additional error due to absolute wavelength cal-  parison of the 000~000 lines published by Bolman er .
bt ibration raises the overall uncertainty to between  a/. (8) with our calculations was also performed. Good “
0.5 and 0.8 cm ™', depending on the band. For the A agreement was obtained with deviations less than -
s levels. similar uncertainties are estimated. the laser line width. These tests gave us addiional R,
@ The X°I1, constants are. of coursc. strongly cor-  confidence in the values calculated from band-head o
R retated with the values chosen for A°X ", which have  positions. -
"’" been fixed. There is, therefore. the possibility of further 3
I’ error in the absolute values. particularly for B. How- 4.3 Resuhis for levels with K = v. + | -]
- ever. because common 000 or 010 upper states are The fitted results for E,. A, and B for the +,0+v. and
. involved in all the bands. the significance of differences v, | vy levels are presented 1n Tables 2= S for bands with N
p in B among levels of X°TI, is best gauged by the fit K = v, + 1. Results for other bands are collected in +3
j uncertainty estimates. Table 6. Where comparisons exint. we have also |isted :
2 For each band. a full set of rotational lines was calcu-  values obtained by other investigators In all such cases :
o lated using the constants fitted from band-head posi-  satisfactory agreement 1s seen. except for the matnix .
tions, and this was used for assignment purposes. For  LIF value (9) for £,(200) This may be an ermoncous Y
the 000-000 and 000—-001 bands. quantitative com-  assignment. our assignment and measurement of Fig .
parison between our measured and calculated posttions  1b of ref. 9 suggests 2510 cm ' as the result N
v was made. There is some deviation for J values of A comment is warranted concerning the B values tor b
¥ .
v N
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- TABLE 4. Rotational constant, 8 (cm ') 4
¢ Pt
' Bolman ez al. Wong et al. This work X
. Level Dixon (6) (8) (13) (£0.0002) "

-
-
-,

. 0.0.0 °1 0.38940+0.00004 0.3895161" 0.3913+0.0030 0.38936 W
0.1.0°A 0.39046=0.00002 0.3905470 — 0.39058 *
p 1.0.0 :ﬂ —_ — 0.3892+0.0027  0.38856" p
i 1.1.0%A — — - 0.38990" J
¥ 0.0.1°11 — — 0.3865:0.0009  0.38613 4
N 0.1.1°A — - - 0.38732 g
y 1.0.1°11 - - - 0.38547"
1,11 ’A — — — 0.38747" A\
“From the microwave data of Amano and Hirota (27). _
. *Average. single-B. fitted value: see Table S and text for spin-component dependent B's. n
5 by
3
: TABLE S. Spin-state specific rotational constants (cm ') in Table 5 are not much larger than twice the esti- ::
P mated uncertainty of 0.0002 in each B-value deter- N
0 M(v, = 0) A= 1D mination. That is, AB is better determined than twice O
the error of the individual B's. ‘
vi. W /2 3/2 n 5/2 i
h: 4.4 Results for other bands I
\ 0.0 038937 0.38932  0.39065  0.39046 Several bands involving the X levels belonging to bt
h 1.0 038837 038907 038973  0.39047  yiprational levels with v, = | were identified. These %
Y ?: g;ggli g;gg(')g ggg;gg g;g;gz were analyzed only to determine the corresponding .
" it i : : ~ band origins. by assuming that the appropriate A and B
values may be taken from the A levels with the same
" 000. In their rotational analysis, Bolman e al. (8) actu-  value of v,. This procedure is subject to some uncer- by
~ ally fixed the value at that determined by microwave tainty. in view of Bolman ef al.’s (8) finding that their )
h data (25). 0.389516 cm™'. They then used this to deter- ﬁlted B s for the u”X* and xS " levels differed by 7 x by
A mine a B value for the 000 level of A’S*. We in tumm  107* . while that for the *A (010) level from the “
’ fixed B(A*X ", 000) at the Bolman et al. (8) value. but microwave data (25) was in between. Also, Ay may be .

recovered a slightly different B (000) in X°I1. 0.38936
m~'. While the difference is less than our quoted error
in B. we obtain a noticeably poorer fit if we force B to
be 0.38952. Our result. in fact. agrees well with
Dixon’s (6). although we have fixed D’ and D" at the
values given in ref. 8 whereas in ref. 6 they are both
noticeably smaller, which may make this agreement
fortuitous. We do not understand this discrepancy with
the microwave data. even though it is minor.
The levels with K = v, + | have been fitted allowing
separate values for different spin components. (Note
this is not the same as the B.q,.,.. value obtained (3) by

calculated from A,(000) or A,(010). the values
obtained differ by 0.4 cm™'. Nonetheless. we pro-
ceeded, using the appropriate equations to determine
the band origins. The estimated errors due to the as-
sumptions on A and B are incorporated into the quoted
uncertainties. This analysis was applied to the x and p
levels of 010 and 110 and the k°X" level of 110.
Neither the n°X°* level of 110 nor the I Jevels for 111
were identified with certainty.

In each casec. the P,— P, spacings for each "X sub-
band agreed well with calculated values. but the
spacing between the p°Y' and x°X" bands differed

W w

expansion of the square root. as is often done.) The from experiment by 0.9 cm™' for 010 and 2.4 cm™' in :»'
results, given in Table S, show the same B value except  the case of 011. This suggests r is not calculated cor- !
when v = 1. A plot of 8 (lower) — B (upper) is rectly and comresponds to differences in A of 2-4 )
exhibited in Fig. 5. The lines drawn both have a slope  c¢m™' or in € of 0.001-0.002 cm™' compared with the N
of unity. The lower line has an intercept at the origin.  nominal values. -3
and the upper line has an intercept reflecting the differ- The positions of the heads of the 000°Y " —010°%" -
ence of 7 x 107 '. These differences, A8 = transition, fitted with the Bolman er al. (8) constants. -
(upper spin component) — B (lower spin component),  yielded a band origin agreeing with that of ref. 8 within »
will be examined later in terms of Fermi interactions.  the 0.3-cm™' laser line width. Individual line assign- *
Attempts to fit data using a single B value for both ments and calculated en' rgies also agreed well up to A
X components in these levels resulted in a significantly ~ ~J = 40. but there was a small (1-2¢m ") systematic -
poorer result, even though the differences expressed  difference between calculated and our measured posi- o)
e
'i
‘ i
38 ‘
. -
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TABLE 6. Band origins for other levels (cm ')

ViVaVa Components Origin Ref. 9 Others
010 (TR0 S I 531.9+0.8 529 531.8 (ref. 8)
110 KiZ” 18125 1805 —

01l TR RS 2440.3x0.8 2436 —
020 p’N 94810 933 —

200

2532.1=1.0

2366 2522, 2520

tions for high J (60—70) R-branches. The 000°Y* —
010x*3" band was absent (<10% of the u*X* sub-
band) in accordance with symmetry considerations.

The 010°IT — 020p.T1 band, shown in Fig. 4, was
fitted to obtain a term value for the wIl level. The
010°I1 — 020x°Tl band was sought but could not be
found (intensity < 10% of the w°Il level.) We see no
obvious reason for its absence, but it agrees with the
gas-phase. room-temperature, LIF experiments. (B. J.
Sullivan, D. R. Crosley, and G. P. Smith. manuscript
in preparation), where fluorescence from the pumped
010°T1 level to the p.°T1 level is observed, but that to the
1 level is not.

The *I1,. level of the 200 state was observed. The
%p,, and P, branches were well formed. No clear P, or
Q, band heads, however, stand out in the region 80—90

m~' to the red side. in contrast to the case for all the
other bands with K = v, + 1. It is possible that Fermi
resonance mixes the 200, 120, and 040 states so thor-
oughly as to dilute the intensity to the normal 200 °I1; .
component.

The B value of the 1, . component of the 200 state
was found to be 0.38685 cm™' from the "P,, — P, sepa-
ration. The term-value results, together with those from
other investigations, are collected in Table 6.

$. Discussion: spectral constants and interactions

The spectral constants determined in this study and
listed in Tables 2—6 represent a fairly comprehensive
collection of vibrationally dependent parameters for a
non-'Z triatomic. The high precision furnished by the
measured band-head positions and full rotational anal-
ysis is determined by trial fits as well as complete rota-
tional line comparisons for 000—000 and 000—001
bands. Gratifyingly. agreement is seen to be within
common experimental error wherever comparison mea-
surements exist, although the precision varies for each
quantity in a given experiment. For example. the Wong
et al. study (13) used fluorescence lines from a common
J'; their B values were determined with less precision
than ours. but their A(001) val.es. in particular, were
determined with greater precision. Altogether. these
results reflect the utility of selectivity detected LIF per-
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“Experimental and calculated values, respectively, from B. J. Sullivan. D. R. Crosley.
and G. P. Smith, manuscript in preparation.
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FiG. 5. Rotational constant 8 for the lower spin component
vs. that of the upper spin component. Circles. levels not in
Fermi resonance ( v, = 0); triangles. levels in Fermi resonance
(vy = 1). Each line has a slope of unity. The lower line has
an intercept at the origin and the intercept of the upper one 1s
offsetby 7 x 10 *cm ', reflecting the average difference AB
for these levels.

formed in a flame where large populations of vi-
brationally and rotationally excited free radicals exist.

In this section we further examine the trends in the
spectral constants with vibrational level. They can be
used to determine the gas-phase vajues of w, and w, for
the first time, and to extract vibration—rotation inter-
action constants. For levels with K = v + 1 and v, =
1., variations in the A values and the difference between
B values for different spin components can be satis-
factorily explained in terms of Fermi-resonant inter-
actions. A small dependence of A on vy is observed for
levels having v, = 0. In the next three subsections we
consider the levels having K = v. + 1, and conclude
this section with comments on the other levels studied.

5.1 Vibrational constants
From differences among the vibrational term values
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TABLE 7. Vibrational constants (cm ')

Present Bondybey and  Dixon  Bolman er o/,
results  Sullivan er al.” English (9) (6) 8)
X 17.0 — 45 — —
Xy -14.6 — -8 —_— —
X3 -248 -27.8 -14 —_ —_—
Xy -_ -10.3 -64 —_ .
Xa» -— —_— =27 0.7 _
X - -1t.6 -17 —_ —_
w, + 2o 12661 1273 1144 —_ —
w: + 3xa: 536.4 — 521.4 541.5 537.5
wy + 2xy 1949.1 1943 1889 — —
w" 1286.7 1293 1272 — —_
w: 534.3 — 529.5 539.4 535.4
W 1972.5 1966 1923 —_ —_

“B. J. Sullivan. D. R. Crosley. and G. P. Smith. manuscript in preparation.

*Ignoring Fermi resonant contributions of ~4 ¢m

TasLE 8. Energies of levels involved in Fermi resonance

{cm ')
Level pair |y [b)" Ik ) TN
100-020 1315 1225 1193 954
110-030 1862 1781 1760 1474
101-021 3214 3122 3085 2847
111 -031 31747 3661 3638 3352

“Upper component of (1. v.. v.). observed

"Lower component of (1. v.. v,), observed.

“T.; or *Ac: component of x (0. v: + 2. v.). calculated
“Average of u (0. v: + 2, vi). calculated.

listed in Table 2. we can obtain several vibrational
constants. Given in the table are the energy level posi-
tions following removal of the spin-orbit. Renner—
Teler. and rotational contributions discussed in Sect. 2.
The term values for levels with v. = | are obtained from
the A components. Because the energies still contain
the g, )K| term (18). an amount g, = 3.6 cm ' must be
subtracted from all differences between levels having
Av. = [. in order to consider pure vibrational energy.

From the term value differences. we can obtain di-
rectly the three cross-anharmonic terms 4, ¥+, and .x,..
andthe sumsw, + 2~ . w: + 3x..and w: + 2x. The
values for the two independent determinations of any
single quantity have =0.6 cm ' uncertainty. although
the full set is not overdetermined and all results (and
errors) are correlated. The term x,/° cannot be dis-
tinguished from 1. and g, [K! in these studies and is
ignored. The results are listed in Table 7. where they
are compared with medium-resolution determinations
using fluorescence spectra following laser excitation of
the A°Y ' state in a matrix (9) and the B°11, state in the
gas phase. The value of w; + 3x,: = 536.4 cm™' may
also be compared to 537.5 cm ' using the Bolman et ul.
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(8) value for w- and Dixon’s determination (6} of x»..
+0.7 cm™'. Using this value for x.. and the gas-phase
results (B. J. Sullivan, D. R. Crosley. and G. P. Smith.
manuscript in preparation) for x,, and x... the harmonic
constants w;. w:. and w. can be obtained and are also
listed together with comparisons.

Levels with v; = | can be in Fermi resonance with
lower-lying levels having two more quanta in v., which
would push the v, = 1 levels higher than their un-
perturbed vibrational energy. This has been ignored in
the present vibrational analysis although the results of
Sect. 5.3 show that it is present. The results from that
treatment indicate an upward shift of ~2 cm™' for {00
and 101, and ~6 cm ™' for 110 and 111 compared with
the values obtained here. For the analysis method used.
this means that our result for w, would be ~4 cm™'
too high.

5.2 Spin-orbit splittings

An inspection of the set of A values in Table 3 reveals
three distinct trends. We initially consider the four
levels that cannot be invoived in Fermi resonance.
First. an increase in the magnitude of A occurs with
stretching vibrations. from the pairs 001-000 and
011—=010. this amounts 10 an increase of 1.3¢cm ' when
v is augmented by one quantum, perhaps reflecting a
tendency toward a O—CN limit. Second. the ratios of
Ay for corresponding “A and “I1 levels may be com-
pared. Equation 2 predicts a decrease of 1.0% in A,
in going from "Il 10 ‘A The 010-000 pair shows a
decrease of 1.6% . while that of the 011=-001 set 1
1.9% . Thus. these trends are reasonable agreement with
expectations.

The other four levels show larger and less apparently
regular differences. For cach of these. v, = [ so there
exists the possibility for Fermi resonance. The dis-
tinction between these same two sets of levels is also
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TaBLE 9. Shifts due to Fermi resonance (cm ')

{AA] 10° AB

Level calculated measured calculated mecasured

TaBLE 10. Rotation— vibration interaction constants
(10 'em

Band
combinations

100°11 6.3 5.8 6.4 7.0
110°A 1.5 12.9 13.7 7.4
101°1 5.6 49 54 7.9
111°a 9.7 9.9 8.6 49

evident in the AB values of Table 5. The spin-orbit
splittings and A8 values can be satisfactorily explained
by this interaction.

The only levels that interact with (v, = 1. v», vy) are
the x and p pair of (0. v» + 2, vi) lying at lower
energies. A calculation was performed for the un-
perturbed energies of these latter states using the
vibrational constants in Table 2. calculated pair split-
tings, and effective spin-orbit splittings. The results are
listed in Table 8 along with the observed energies of the
(vy = 1, va. vy) levels. Because the lower spin com-
ponent |5) of (v, = 1, va, v;) always lies closer to its
k counterpart, and because it interacts more with the x
level than does the upper spin component |h). it will be
affected more by the Fermi interaction. Thus. the ener-
gies of both components of the levels with v, = 1 are
increased, the lower one more so. thus decreasing the
apparent spin-orbit splitting.

The 110 and 111 levels lie closer to the perturbing
levels. and would thus be expected to exhibit a larger
change in A than 100 and 101. This is in accord with the
results: the first pair has an |A[ that is 10~i3 cm ™’
lower than the corresponding non-Fermi interacting
pair (010 and OI1 respectively). while the decrease
of |A| in the latter is 5—6 cm™' (compared with 000
and 001).

Needed for a quantitative calculation of the energies
of the interacting pair are the energies in Table § and an
estimate of the interaction strengths W. These are given
for the four possible interactions b—«x, b—p. h—«,
and h~p using [1] to describe the levels and the
matrix elements for Fermi resonance given by Hougen
(20). Of the two Fermi interaction terms W, and W', for
a“I1 tnatomic, W, might be expected to be 10—-40cm
and W, to be near zero. Our data do not permit deter-
mination of both with confidence. and we set W, = 0 in
Hougen's equations.

A straightforward fit of W, shows that an excellent
description of the {A| values is obtained for an inter-
action constant of W, = 10.1 cm '. (This corresponds
oW, =157 W, =97 W, =-13land W, =
=18.0 cm™'.) The results for the calculated vs. mea-
sured shifts of the spin-orbit splitting are given in
Table 9 The calculations predict that the {h) component

O N AT R

D ARSI R
RO ORI

100 =000
101 -001
110-010
average
ref. 13

ao-000
HO=100
011 =001
average
ref. 6
ref 8

001 —-000
01 =010
101 =100
average
ref. 13

in each case is shifted upwards by 1.8 cm ' owing to
interaction with the p and x states. and that the ib)
component is shifted upwards 0.8 em ' by interaction
with . The remainder arises from the b — x interaction.
leading to the net shifts |AA listed.

The agreement seen in Table 9, involving calculated
levei positions and only W, as an adjustable parameter.
is quite good. and constitutes a satisfactory description
of the variation in spin-orbit splitung duc to Fermu
interaction.

5.3 Rotanonal constanty

We first consider differences in 8 values, as listed in
Table 4. to obtain results for a,. For levels with v, =
0. the average B is used. When v, = 1, the @ value of
the lower spin component ih) is affected by Fernu res-
onance. but the upper component /i) s not significantly
perturbed. We therefore take the B value of the i) com-
ponent to represent that of the unperturbed stute. B-
value differences involving the Tt level do not fit the
patterns well. We do not know the reason why . butat s
ignored In the analysis.

The results for the a's histed in Table 10 show consis-
tent results. Results trom other investigations exist onls
for a single pair of levels in cach case (see Table 41 Our
results for a, and a. are onc-half and two-thirds.
respectively of those found by Wong er of (1. al-
though not outside their error bars. Our results agree
well with those of Dixon (6) and Bolman er «f. (8)
for a.

For levels involved i Fermi resonance. that is, the
lower spin components |h) of those :vels having v, =
1. the rotational constants are affected (see (4] Be-
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cause a. > O0and a, < 0.the (v, = L, v», vi) levels have
a smaller B than the perturbing (v, = 0, v, + 2, vy)
levels in each case; thus the B of the [b) component
should be greater than that of the |h) component. This
is in agreement with the experimental results (Table 5
and Fig. 5). The levels not in Fermi resonance have
AB = (=6 = 9) X 107* cm™' while those with v, = |
have AB = (68 = 13) x 10" cm™".

The predicted A8 due to Fermi interaction was calcu-
lated according to [4]. considering only the x level as
perturbing. The B for the unperturbed v, = | level was
set equal to that of the upper spin component, which is
little niixed by the interaction. The B for each (v, = 0,
va + 2, w1} level was calculated using the a constants
of Table 9. We assume for the present purpose that the
rotational constant within these bending levels does not
depend on K or the k. u ordering. despite the fact that
Bolman er al. (8) found a difference of 0.0009 cm™' in
the B values for k °Z and u.’3° of the 010 level. W, as
determined from the |AA| splittings in the preceding
section was used to compute the mixing coefficients £.

The results are given in Table 9. As with the [AA]
values, the predicted and experimental results are
sensibly ordered and of the correct overall size. Thus.
the Fermi interaction with W, = 10.1 cm™' satis-
factorily describes both the spin-orbit splitting and rota-
tional constant differences for all four vibrational
levels.

5.4 Results for other levels

The vibrational term values of the °X and * pairs of
levels of a (v,. v = |. v;) level should differ by an
amount (8) 2gK — 1/2¢°w- or 1.8 cm™'. This predic-
tion is well borne out by the values in Tables 2 and 6.
The difference is 1.8 cm ™' for the Ot0 setand 1.2 cm ™'
for the 011 set. In the case of 110. the difference is
10 = 5 cm™', perhaps reflecting the additional upward
shift due to the Fermi resonance with 030.

The term value for 200, 2532 ¢m™', was obtained
from the measured term value for the *[1, . component.
2580 ¢cm™'. assuming that this component is 0.5A,,
higher than the vibrational energy. This may be com-
pared with a value of 2521 ¢m ' calculated using the
constants from this work and the low-pressure results
(B. J. Sullivan. D. R. Crosley, and G. P. Smith. manu-
script in preparation) given in Table 7. The difference
may be partly due to an overall upward shift due to
Fermi interaction with both 120 and 040.

The B8 value for the “T1,, 200 level does not conform
toa, =094 x 10 'as given in Table 10: B(200) -
Bi100) = 1.52 x 10 "¢m ' The reason for this differ-
ence. however. cannot be found 1in Fermi resonance
because the 11, . level is little affected and the differ-
ence would be smaller. not larger

The value given for the vibrational term value of 200
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from the matrix fluorescence spectra (91 is much lower
than that obtained here. Our inspection of Fig b of
ref. 9 suggests a 200 assignment with a terrn value of
2510 cm™'. This may also be the reason for the large
magnitude of x,, from the matrix work (see Table 7).

Recall that while the “P,; and P, heads belonging 1o
the *I1, , componcnt of 200 were well defined. the P,
and Q, heads associated with “Tl.. did not stand out.
There are possible heads ~74 and ~ 05 cm ' to the red
side. It 15 possible that here the Fermi resonances cause
significant mixing and dilute the oscillator strength
over two or three “I1,: components. A future expen-
ment to address this question would involve scanning
the monochromator so as to obtain a fluorescence spec-
trum from each excitation. so as to ascertain the prin-
cipal identity of each of the head features.

6. Summary

This study has demonstrated the promise for spec-
troscopic determinations using selectively detected LIF
in a flame environment where a copious number of
vibrationally and rotationally excited radical species
exist. Vibrational, rotational. and spin-orbit constants
have been obtained for several levels of NCO (X-I1,)
inaccessible using conventional spectroscopic methods.
A description in terms of Renner—Teller interactions,
with a previously known parameter € = 0.144 cm ',
and Fermi resonances, with a newlv determined W, =
10.1 cm™', provides excellent agrcement with mea-
sured quantities.
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RELATIVE TRANSITION PROBABILITY MEASUREMENTS
IN THE A-X AND B-X SYSTEMS OF CH

NANCY L. GARLAND and DAVID R. CROSLEY
Moiecular Physics Department. SRI International. Menlo Park. CA 94025, US.A.

(Received 26 October 1984)

Abstract—Relative Einstein emission coefficients have been measured for transitions from the
v’ = 0and I levels in the A°A-XI1 and B2 -XI1 systems of the CH radical. The measurements
were made in an atmospheric pressure methane-air flame. and the results are compared with
theoretical calculations.

INTRODUCTION

Emission from the CH radical is responsible for the familiar violet coloration of
hydrocarbon flames. This emission has been used in studies of the combustion of practical
systems, such as pulse combustors and gas turbine engines. to locate the position of the
reaction zone of the flame. CH has also been observed in absorption in flames and is
readily detectable using laser-induced fluorescence (LIF). Its emission and absorption are
found in systems of astrophysical interest, in the spectra of comets and stars.
Quantitative measurements of CH concentrations and experiments investigations of
energy transfer in the radical' require knowledge of relative and absolute transition
probabilities for different vibrational bands. We report here measurements of relative
transition probability ratios for several bands in the 42A-X>II and B*I~-X"II systems of
CH in the blue and near ultraviolet. The experiments were performed in an atmospheric
. pressure flame. and the results are compared with theoretical calculations involving
electronic transition moments which vary with internuclear distance. Although the
precision of the experimental results ranges from 10 to ¢ )%, they are adequate to establish
the form of the transition moment and for use in applications of emission and LIF
monitoring of CH.

EXPERIMLNTAL METHOD AND RESULTS

A methane-air flame was burned at atmospheric pressure on a small torch burner.
CH was present in copious quantity in the reaction zone. where the temperature.
determined from excitation scans furnishing the ground state rotational population
distribution, was 2040 K. An excimer laser was used to pump a dve laser whose beam
was directed into the flame. exciting specific levels of the 4 or B state. The resulting
fluorescence was collected at right angles and focused onto the slit of a 0.35-m focal
length monochromator: the slit was aligned parallel to the laser beam. Following
amplification. the signal was processed with a boxcar integrator and stored either on a
strip-chart recorder or on a laboratory computer. The laser power was monitored during
the runs to normalize the signals. The wavelength-dependent response of the spectrometer
and photomultiplier detector was calibrated against a standard tungsten tamp.

With the laser wavelength fixed so as to excite a particular vibrational level v’ in one
of the electronic states. the spectrometer was scanned to measure t' - fluorescence intensity
of each band emitted by that level. The observed bands and theii wavelengths (Q-branch
origins) are listed in Table 1. The resolution employed depended on the signal level and
possible interference with other bands: it varied from 2 to 40 A. Although the (1. 1) and
(0. 0) bands of the .4-X system are severely overlapped. the lack of significant vibrational
transfer’ in the flame permitted distinction between them when t* = | was pumped.

The experimental results for ratios of Einstein coefficients 4, ,- for the v’ = 0 and 1
levels in both the B and .4 states are given in Table 2. Listed in Table 3 are ratios of the
vibrational transition probabilities

Do 7 ‘4l'l"All.3‘ (l)
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- Table 1. Observed bands.
. ]
Einstein Y
. emission Absorption 2
Band Wavelength Franck-Condon | coefficient oscillator .
System [AA ne factord sec” strength a
R . A%-x2n | o,0 431,5 0.992 1.8 x 106 | 5.1 x 1073
0,1 489.0 0.0072 2.7 x 10° | 9.9 x 1070 i
“ A
* - 0
- 1,0 385.9 0.0074 2.0 x 10° | 4.4 x 1073 -
1,1 431.6 0.986 1.8 x 10% | 5.1 x 1073 .
| 1,2 485.9 0.0056 3.9 x 10° | 1.4 x 1074 e,
N 2
l‘ Wt
o "y
:; B2r=-x2n1} 0,0 388.6 0.865 2.8 x 106 | 3.2 x 1073 .
Ki 0,1 435.3 0.114 1.7 x 105 | 2.4 x 1074 -
]
o 1,0 363.3 0.118 8.8 x 105 | 8.8 x 1074 '
N 1, 4034 0.569 1.8 x 105 | 2.2 x 1073
)
" 1,2 450.4 0.171 2.9 x 10°  [4.4 x 1074 <
? ]
! >
* Obtained from Morse potentials for 4-X; from Ref. 7 for B-X. =
“1‘
; .
] The errors quoted arise from an estimate of the accuracy in each measurement, together ;
b with scatter in replicate measurements of the same ratio. 1),
iy £
: DISCUSSION -
“ The transition probability for the (v'. v”) band may be written in terms of an integral ;
; of the electronic transition moment R(r) over the vibrational wave functions as ”
. £
A
k P = lf qb,.(r)R‘.(r)qS,,-(r) dri-. (2) ly
L]
A where r is the internuclear distance. "
.
L
RN = [ Witr. r Mt ra)¥Witr. ) d 3) :
" o
. M.
) Table 2. Experimental results. Einstein emission coefficient ratios. :
1 N
s Svstem Ratio Value A
L
X \
! aZs-x21 A1 /800 0.015 £ 0.005
. '
. Aya/Apy 0.022 ¢ 0.002 £
' Aro/A NS0 ¢ 0,12 >
v ':
[}
‘ — hy
' Bl -xa: Ag1/Aon 0.06 t 0.02 K
; Alo/Apy 0.5 ¢ 0.2
[}
" ‘12/‘“10 0.3 ¢+ 0.1
oy
K
i{
+
13
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Table 3. Vibrauonal band intensity ratos.

This Study

.‘

‘ Ratio Experiment Calculated Ref. S Ref. 6

N - A2s-x21

'

K Poy/Pop | 0.022  0.007 | 0.022 0.031 7 x 1073

5 PlorP.i 0,908 + 0.002 | 4 x 107% 0.001 0.029
Pi12/P11 0.031 # 0,003 | 0.031 0.064 0.005

1!

‘C

X B22-x21

¥

U

) o) /P00 0.08 # 0.03 0.076 0.047 -

’ PLO/P1L 0.37 # 0.15 | 0.30 0.72 -

' P12/pP11 0.17 * 0.08 0.14 0.24 -

3

§

»

)

)

4 describes the probability of the electronic transition as a function of r; M is the transition

dipole moment function.
N The 4-X transition of CH is highly diagonal. i.e. the potential curves for the two
electronic states are nearly identical. and the wave functions are close to orthogonal. This

: fact 1s reflected in the small Franck-Condon factors
v
& 5
: Y- = \fd’\‘d’\'dr‘- (4)
4,
; for the off-diagonal (At # 0) bands (see Table 1). The relative values of p, .- for these
bands. while small. are larger than the relative ¢, ,- because regions of small and large r
% are weighted differentlv by the r-dependent transition moment. Eq. (3). reducing the
N degree of cancellation in the integral in Eq. (2). A proper theoretical description of the
relative transition probabilities must thus take into account the variation of R, with r. as
v: 1s necessary in the .4-.% systems of the diatomic hyvdrides OH (Ref. 2) and NH (Ref. 3).
' Functional forms of R{r) have been calculated from ah initio wave functions for the
'. A-X system of CH in three studies. Huo! found a nearly linear form when r was near
M the equilibrium value for the two states: however. the range covered in Ref. 4 is too
' restricted for the present purpose. Hinze ¢r «f (HLL) have performed calculations over
a larger range of r and used the resulting R.(r). together with ¢, from their theoretically
obtained potentials. to determine 4,.,-. Larsson and Siegbahn (LS)® have used a slightly
different basis set to calculate values of ¢, and R.{r). We have converted their reported
X band oscillator strengths to relative p,.,- for comparnison with the experimental results.
I The results of HLL and LS. in the form of ratios of vibrational transition probabilities,
‘ are given in Table 2.
We have used Morse oscillator wave functions and a linear form of the electronic -
n - transition moment >
' b
)] RAry = (1 = pr). (5 .":
.; "
» with a slope determined by fitting the observed transition-probahility ratios py, /puo and
' Piz/iny. The Morse “.ave functions should be valid for the low v, v” encountered here g
K and should form a better represer.ation of the 4 and .\ states of CH than the o, r.
,: determined from the b initio potentials. A reasonable description of the two ratios ::j
4 Por/Poy and pya/p,, can be obtained with a slope p = 0.43 A ', but the calculated p,./pi, ‘.:,‘
; 3
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| ratio is much too small compared with the experimental value. This is also the case for :.:
‘ the HHL values. The results are listed in Table 3. ot
The r-centroid ey
S ¥
=f¢l.-r¢l.- dr/J. ¢ dr (6) g
b
represents the average value of the internuclear distance sampled duning the electronic ::.f
transition for the (v, v") band. Because it is larger for (1. 0) than for (1, 1) and p,o/p:) 0
2 qo/q1 . no form of R(r) as in Eq. (5) will correctly describe this ratio. An examination WY
of the ab initio transition moments>® shows at large r an upward deviation from the
hinear decrease. producing a larger transition probability ratio pio/py, than would be )
expected from the linear form. We conclude that a linear moment is clearly inappropriate. :C.,
although neither ab initio calculation produces agreement with experiment. }_
For the B-X system, the single ab initio calculation by HLL can be well represented ::- :
in linear form with a slope of 0.59 A~'. In this case we are. however. faced with a nl)
different theoretical problem. The form of the vibrational wave functions is highly o)
uncertain. The B2~ state has a very shallow potential. with only two bound vibrational \.j,',
levels for CH and three for the CD isotopic form. Consequently. Morse wave functions :l'
are not expected to form a valid representation of the ¢,... Available are ¢, .- and r, .- \';
values from RKR curves.” These incorporate a larger value of the anharmonicity in the w4
B-state (374 cm™') than that currently accepted (230 cm™') from isotopic scaling from :’
the CD value. Nonetheless. we used them to fit the experimental values for the vibrational N
transition probability ratios to a linear form for R,(r): we find a best-fit slope of p = 0.443 ! '
A~'. The calculated values are listed in Table 3 along with the experimental results and e
ratios from HLL. &
Several radiative lifetime measurements have been made on the .4-state and one on ‘.)\
the B-state. The most reliable values appear to be 540 nsec for v’ = 0 of 4°A. from both ;
a high-frequency deflection method® and an LIF measurement.® Only one measurement .
has been made for BT, also by high-frequency deflection: the result® for v’ = 0 is 340 -:-_-
nsec. We combine these lifetimes with our experimental transition probability ratios. :-:."
recalling that :'.::
r
A =S Ave, (7) b
[ b
in order to calculate Einstein emission coefficients and absorption oscillator strengths for
the bands studied here. The absorption oscillator strength for the B-YX transition is half -*'_“
that of the emission oscillator strength. due to the difference in degeneracy between the ::-.
two states. The results are listed in Table 1. Finally. we can compare the ratios of the ol

13
4
N A

oscillator strengths for the (0, 0) bands of the B-X and 4-1X systems with experimental
results of Linevsky'® using absorption in a graphite furnace containing H.. Our value of
Soo BY fool4) = 0.62 may be compared with Linevskv's experimental result of 0.61
+ 0.10.

In a hydnde, with its large centrifugal distortion. the effective r-centroid within a
vibrational band can increase with rotational quantum number J. causing a J-dependent
transition probability and radiative lifetime."' Because of rapid rotational energy transfer
in the flame. such a dependence was not observable in our experiments. However.
measurements of the lifetime in both the 4 and B states® have been made as a function
of J. For B*X", an increase is found as J increases. consistent with a decrease in R, with
increasing internuclear distance. For .4°). the experimental results are not definitive.

The expenmenial uncertainties lead to errors of 37 in the results listed in Table 1 for
the Einstein emission coefficients and absorption oscillator strengths for the (0. 0) bands
of both systems and the (1. 1) band of 4-X. Errors of 10-40" are present in the —

o
remainder of the results listed. as a direct consequence of the uncertainties listed in the _‘;-:::
first column of Table 1. This level of precision is adequate to demaonstrate experimentally ; :
that the electronic transition moment for both systems decreases with ». and to furnish ‘
N
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transition probability information useful for the purposes noted in the Introduction. A
more definitive test of the deviation from linearity of RAr) of the 4-X system will require
more precise measurements and. if possible, extension to a larger range of v’ and v”.

Acknowledgemenis—This study was supported. in part, by the U.S. Army Research Office. and in part. by the
Basic Research Department of the Gas Research Institute.

~N WL a W

REFERENCES

. N. L. Garland and D. R. Crosley, Paper 84-61, Western States Meeting of the Combustion Institute,
Stanford. Califormia. October 1984: Comb. Flame (to be published).

. D. R. Crosley and R. K. Lengel. JOQSRT 18, 579 (1975).

. P. W. Fairchild. G. P. Smith. D. R. Crosley and J. B. Jeffries. Chem Phys Let. 107, 181 (1984).

. W. M. Huo.J Chem Phys 49, 1482 (1968).

. J. Hinze. G. C. Lie and B. Liu, Astrophys J 196, 621 (1975).

. M. Larsson and P. E. M. Siegbahn, J Chem Phys 79, 2270 (1983).

. J.C. McCallum. W. R. Jarmain and R. W. Nicholls, Spectroscopic Report No. 1. Centre for Research in
Expenmental Space Science. York University, Toronto, Ontario (1970).

8. J. Brzozowski. P. Bunker. N. Elander and P. Erman, Astrophys J 207, 414 (1976).
9. K. H. Becker. H. H. Brenig and T. Tatarczyk. Chem Phvs Len 71, 242 (1980).
10. M. ). Linevsky. J Chem Phys 47, 3485 (1967).

tt. D. R. Crosley and R. K. Lengel. JOSRT 17, 59 (19877).

48

Y

R ksl

"o

A

-

LR S

o
AL N

7

N
s A

ez
L N Y
LR

L

.,
.

. )
D

. 0 € _* - °
I S A A
'r\"‘.'.‘-

‘
.
S
o

4, .,
’ 7
o

AR
P

EIRS
fﬁl'.l. 4

o KRR Y
AP

A
““ s

>

IS
-



-

-~ -

o

-
P

e o "\

ava' a' s &8 B »

- - -

" - -

Twenticth Svmposnon doternational on Combustion/The Combustion Tostitute 1954/pp 395-0013

RATE CONSTANTS FOR USE IN MODELING*

D. M. GOLDEN axp C. W. LARSON

Department of Chemical Kinetics
SRI International, Menlo Park. CA 94025

The current status of quantitative understanding of reaction rate constant data for use mn
combustion modeling is discussed. 1t is pointed out that simple bimolecular and unimolecular
reactions can be tabulated as functions of various physically meaningful parameters over wide
ranges of temperature and pressure. Also discussed are the more complicated problems of
complex surfaces and their manifestations. Major emphasis is placed on the underlying frame-

work for critical evaluation of rate data.

1] - .
We point out that currently used vaiues for 2CH; — + C,Hs + H are incompatible with
the reverse reaction and that the temperature dependence of the branching ratio

NH + NO
OH + N\,
for the NH channel

H- N0

Introduction

Computer-based modeling of chemical reaction
systems is hecoming very common.' The compu-
tational fronticrs are constantly being pushed ahead
and greater numbers of scientists have taken ad-
vantage of standard codes that have been devel-
oped.

Many maodelers and compilers of combustion ki-
netic data have developed the habit of abstracting
the literature for the necessary model inputs with-
out cntical analvsis  Unfortunateh . given the great
difficulty of performing and understanding experi-
ments. values that are both suspect on physical
grounds and internally inconsistent often find their
wav into the data hase

As these chemical models are adapted for larger
ssstems - the need mereases for an mternally con-
sistent method for entical evaluation of the rate
constants that mahe up 4 given mode. as well as
for mtercomparson of models Rate constants must
be correet not onh i absolute magatude at o given
temperature but also with respect to their tem-
poerature. pressure, and evvrommental e nature
of the colhding partners: vantions Furthermore.
since compley chemieal mechamsms imvanably con-
tatn competing steps and the hranching ratios
evolvmg from these competitions may carny the
mechanisin e distmethy different direcctions ot s
crneral to have a conastent treatment of competing
|)J(ll\\d\\

*This work was supnorted by the U S Ay Re
search Othce Contrs € NG DAAG2Y 50K (044

can be understood in terms of an energy-dependent transition state

This paper reviews the guidelines already well
established® for a framework in which to evaluate
rate data Ablso discussed will be those areas where
this framework needs further substantiation. In ad-
dition. some development of the treatment of that
increasingly ubiquitous class of reactions that ap-
pear to proceed via a bound intermediate will be
presented.

It is intended to enable modelers to have the
courage. based on knowledge. to extend individual
rate parameters for elementary chemical reactions
and chemical mechanisms bevond the range of cur-
rent measarement. Indeed. this iy a modeling re-
quirement since most of the Kinetic laboratory stud-
s are performed at temperatires Jess than 1000 K
and most of the lame temperatures of interest are
between 1200 and 2000 K

Ground Rules

Framework

The model tor elementany reactions based on the
transition state theors TST s disenssed o most
text books seefor example. Ret 20 The entirety
of chenncal reactions s linnted to two hasic classes
I Sumple himolecular reachions. such as deserthed
In the potentual surtace v Fue baand 2 aniple
nnnmoleaudar reactions such as deseribed by the
potential sarface e Fag B

The barner could he as sinall as zero and often
i Reactions that follow pathwans such as depicted

m Fue Lhoare pressure and temperature depen-

ey teta”
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(a) Bimolecuylar {b) Unimolecular

{¢}) Complex

{d) Muitichannel

Fic. 1. Schematic potential energy surfaces for:
(2) simple bimolecular processes
{b) simple unimolecular processes
(¢! complex elementary processes
(d) The two pathwavs for H + N,0.

dent, and depend on the nature of the colliding
partners, whereas those that follow potentials of the
tyvpe in Fig. 1(a) are only temperature dependent.
According to the principle of detailed balancing, bi-
molecular processes that are the reverse of a uni-
molecular decomposition are subject to exactly the
same pressure and partner dependence. The com-
plex surfaces {Figs. lict and Lid" are combinations
of the simple surfaces and are discussed later in this
paper.

Simple Bimolecular Reactions

In TST the thermal (cunonical) rate constant is
evpressed in terms of a single parameter. AGY, the
free encrgy difference between transition state and
reactants at the temperature T. (kg is the Boltz-
mann constant and Jt is Planck’s constant)

kyT .
k= —l—c\pq—.}(ii/RT" b
)

Choice of units for k implies choice of standard state
for AGT. AG] s 4 function of temperature. This.
along with the explicit first power of T in the tran-
sition: state formula. implies that over anv reason-
able temperature range the rate constant should he
desenibed by at least three parameters.

k= AT* ex\p = C/T 2

Bt s clear that these paramcters may be under-

D

stood in terms of molecular models for reactant and
transition state and the nature of breaking and
forming bonds, thus, the parameters are subject to
evaluative criteria beyond the bounds of anv par-
ticular experiment. Furthermore, physically reason-
able parameters should enable rate constants to be
extrapolated bevond the measured temperature
range.

The parameters most easilv subject to evaluative
criteria are A and B which are related to AS* (the
entropy of activation: and AC}, ithe heat capacity of
activation) and thus to reactant and transition state
structure. The parameter C, related to AH® (the
enthalpy of activation. requires potential surface
information, but can often be judged based on
comparison of similar reactions

As has been stated manyv times previouslv. the
ab initio evaluation of AS® requires potential sur-
face information. but limiting ranges can be de-
duced by chemical common sense. and comparison
of homologous series forces a certain order

As an example. consider the reaction:

OP) + CH, — OH + CH, 3

This process has been well studied® up to ~2000
K from =300 K. iCaution should be exercised con-
cerning results from the low temperature expen-
ments, since very small amounts of hicher hvdro-
carbon impuritics would consume significant
quantities of O-atoms.: This process has also been
the subject of analysis by transition state theon='’
and the agreement on rate constant parameters i
universal:

[k/(dm® mole™! s™ 1]

=10' " T2 ® exp - 3540/T 4

On an Arrhenius plot dn &k vs T7' - this expression
produces a strongly curved line that vields values
of k at 2000 K that are g factor of ten gher thay
would have been predicted by estrapolation of o
straight line. two-parameter. Arthenius fit to the data
in the 300 to $00 K range

It would be inconsistent then when considerime
the reaction OCP + CoH, — CHs = OH to nse
4 two-parameter expression determmed in the low
temperature range Consistency demands that
model transition state be deseribed  based to some
extent on O + CH,o whidh swhen ats paraineters
are fit to the low temperature data waill automati-
callv produce a curved Arrhens plot that should
be desenbed with at least three parametens

Of course. m a particnlar model study the com
puted property of interest may not he sensitive o
the curvature i the Arthemins plot of i partic
ular rate constant Nevertheless at the moded o
be entrapolated to a different probleas the ten
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TABLE 1
Arrhenius parameters for H-atom abstraction from ethane*
Set 1* Set II'
Reaction A B C A B C
(a O + C,H, — OH + C,H, 1.82E10 0 3070 1.5E10 0 3201
(b) HO + C,H, = H.O + C;H, 6.31E10 0 1812 5 7E6 1.05 911
{¢) CH, + C;H, — CH, + C,H, 5.5 Ell 0 10820 5.5E-4 40 4167

*Units of k are dm® mole™' s™'.

perature dependences of the rate constants should
be consistent with what is understood from TST.

Two sets of bimolecular rate constant parameters
for the reactions of O-atom, hydroxyl radical and
methyl radical with ethane have recentlv been tab-
ulated as follows: (There arc others in the literature
as well.)

The rate constants one calculates from each of
these parameter sets agree to within a factor of two
between 1000 and 2000 K. However. the direction
of decrease of A-factors in parameter set I is in-
verted from the TST prediction. A-factors should
decrease in this series of reactions in going from
the atom to the diatom to the polyatomic species
because the loss of rotational entropy accompanving
formation of the series of transition states increases
in this order. There are many examples in the
modeling literature where relations among rate
constant parameters of bimolecular reactions are in-
consistent with simple TST constraints In most cases
where these constraints have been tested, thev have
been remarkably useful.’

Simple Unimolecular Reactwns

Reactions that follow potential energx surfaces
such as depicted in 1:b) mav be described by the
Lindemann mechanism *

.\»_\1._4_;.\'*.\1

I

A* X Products

These reactions are alwavs the result of energs
transfer by collision of the reactant A with hath gas
M step | and —1 and the spontaneous decom-
positwn of the energized molecules A*

In the so-called “high pressure hmit 7 the um-
molecular rate constant mav be descnibed by TST
n the same manner av were bimolecular reactions
values of the A-factors and activation energn ma
be evaluated by consideration of the changes that
accur upon formation of the transition state from
‘he reactants In general the temperatuee depen-
dene of the rate constant mav also be represented
by three parameters but otten two will suffice see

%
o

Fig. 2). Reverse bimolecular association processes
may always be computed from the overall equilib-
rium constant. Adequate representation of the tem-
perature dependence of the equilibrium constant
will usually require at least three parameters as AC,
for the reactions is not usually zero.

The unimolecular reactions of interest mav not
be at their “high pressure limits,” because spon-
taneous reaction of energized reactant .process 2
might be much faster than the collisional energizing
process, thus. at lower pressures an equilibrium
population would not be maintaned. Under this
condition canonical TST does not apply and the rate
constant for unimolecular dissociation <and the re-
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verse bimolecular association! becomes pressure de-
pendent ifall-off".

According to standard unimolecular rate theorv.®
the observable rate constant k,,(T. M), may be
evaluated by averaging the microcanonical specific
rate of spontaneous decomposition of energized
reactant. k(E!, over the appropriate non-equilib-
rium distribution function:

ko TM = | KE)———BEdE (6
A w + k{E)

The efective rate of strong collisions of reactant
with bath gas is denoted by w, and B(E! is the nor-
malized Boltzmann distribution of reactant. The
microcanonical rate constant, ki(E), may be evalu-
ated quantum statistically (RRKM theory) but sim-
pler approximations of the pressure dependence will
usually suffice for modeling purposes (see below}.

In Figure 3. RRKM calculated “fall-off " curves
for butane and octane at 1000 K are compared with
the Lindemann fall-off curve. The Lindemann fall-
off curve, obtained by solution of the three differ-
ential rate equations of the Lindemann mechanism,
has a particularly simple form explicit in pressure,
viz..

klindemann sp = (1 + ko /k,MYT! m

The constants. k, and k., are functions only of
temperature. k,M and k, are the actual values of
the ummolecular rate constant in the low-pressure
M — 0 and high-pressure (M — x) limit. The
temperature dependence of &, and k.. shown ir
Fig 2 for a vanety of hvdrocarbon fuel pvrolvsis
reactions. mav be represented adequately by three-
parameter expressions of the same form as has been
used for simple bimolecular reactions. equation (2).
‘The &, values plotted in Fig 2 are strong collision
values Weak collisions can be adequatelyv repre-

Octane {RAKM 1000 Ku}
3

3 -2 1 0 1 2
og P,

Fi. J Comparion between RRKNS calcnlated fall

o and Lindemann fall of on a reduced basis re

duced pressure = Po= k MUk, and reduced rate
constant = k. = k_ -k, At the center of the fall
of P o= 1 kT = 05 and Fo= 0050k

52
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sented by a multiplicative factor (8, which effee-
tively changes the A-factor.)

Troe' has demonstrated that accurate empirical
relationships between the Lindemann and actual fall-
off curves exist, viz.,

k(T M) = kbindemann TAL FIT M (80
Troe shows that the “broadening factor.” F(T.\M.
may be written in a varietv of universal forms of
varving accuracy, the most simple of which is:

log FIT.M) = [1 - (log k, M/k. ] T log FoT). (91

In all of Troe's forms. the temperature dependence
of F(T.M), is carried entirelv bv F.(T). the broad-
ening factor at the center of the fall-off (Figure 3.

Figure 4 shows F(T) for a variety of fuel pyrolyv-
sis reactions; F.(T) mav be adequatelyv described by
a three parameter function. viz.,

F.D = aexp(=b/T! + exp=T/c. A0

This is slightly different from that suggested by Troe.
In the limits of zero or infinite temperature or
pressure, all unimolecular reactions approach Lin-
demann behavior and F (T} and F(T.M' approach
unity.

Values of the broadening factor in regimes of
pressure and temperature relevant to combustion
processes (e.g., l-atm (~10° pa' and 1000 K to 2000
K> are unity for all small molecule fuels with en-
ergy thresholds around 420 kj mol™' te.g.. CH,.
NH;, CH;O) because unimolecular pvrolysis for
these small molecules ia process important to ini-
tiation of combustion! is in its low pressure limit.
kum = k, M, Figure 5. Pvrolysis of larger molecule

center

TK

Fii. 4 Temperature dependence of the center
broadening Cwctor for several fuel purolsas rea
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Combustion
Window

i | I i
1000 1600 2000 2500 3000
T/K

FiG. 5. The pressure at the fall-off center, P,, as
a function of temperature for several fuel pyrolysis
reactions and the “combustion window,” 1-100 atm
and 1000-2500 K. Around atmospheric pressure,
butane and larger molecular pyrolyze near their high
pressure limit and methane and smaller molecules
pvyrolyze in their low pressure limit (1 atm ~ 10°
pa).

fuels (with thresholds around 320 kJ/mol™!. e.g.,
butane and larger molecules) also have unity broad-
ening factors because k,, = k.. At atmospheric
pressure and 1300 K, ethane pvrolysis is at the cen-
ter of the fall-off, and its center broadening factor,
also the maximum broadening factor, is around 0.2.

Thus, it seems proper to take into account our
understanding of these processes by tabulating data
for modeling purposes to be consistent with Troe’s
expressions. It is suggested in complete analogy to
the tabulation of pressure-dependent association re-
actions hy the NASA Stratospheric Rate Constant
Evaluation Panel. that for a given reaction, values
of the two sets of three parameters that will de-
scribe k. and k,. as well as the three parameters
that are defined in equation (10}, be tabulated. These
nine parameters used with equations (8) and (9! de-
scribe k(M. T’ for the process well enough for the
modeling exercise. It must be reiterated that these
formulae allow considerable extrapolation far from
the reported conditions

Complex Elementary Processes

In its simplified form a chemical mechanism con-
sists of a number of sequential and consecutive el-
ementary reactions. It is usual to treat these in-
dependently in a model. describing each with k(T
or kiM.T* as appropriate (see previous discussion).
There are. however. some oft-occurring instances
in which elementan reactions cannot be separated
in the usual way. Consider the reaction proceeding
along the surface depicted in Fig lict. The har-

riers mav be as low as zero.) Such a surface de-
scribes three processes: the unimolecular decom-
position of substance Y via two pathwayvs, the
bimolecular reaction of A and B to form C and D
(and possibly Y), or the reverse bimolecular reac-
tion. In each case different non-thermal energy dis-
tributions (Chemical Activation! mav obtain and
simple canonical TST mav be not applicable. How-
ever, if the pressure is sufficiently high so tkat sub-
stance Y is present in thermal equilibrium. the
competing unimolecular processes

1
Y—-A+B
.2
Y=>C+D
may be separately described by their respective k.
values, or the bimolecular process.
kpm
A+B—>C+D, P
can be written as the sum of the two reactions
ko
A+B—Y 14
- k: -
Y->C+D 13
It is important to recognize that these simplifi-
cations do not apply for nonthermal distributions
where the lifetime of Y is pressure dependent'* In
these cases the rate constants k;. k_;. and k; must
be specified at the microcanonical level and the
overall rate constant and branching ratios are pres-
sure as well as temperature dependent. However,
if ky << k. k;, will be pressure independent

For example, for the overall bimolecular reaction
between methvl radicals

ky,
CH, + CHy — C;H; « H. 16
We may depict this process by the scheme
L
CH; + CHy = Cth‘

kosfM | ksiM,

i
Cz”h and (:JH') + H t]T

The rate constant for H-atom formation ma:
be written®

kbu = Keq j
E!

k;lE"kg'E\“ +.1 - p' Bw/l\'l‘E‘} B.EdE
k]lE' + k:(E‘ + Bw

K is the equilibnum constant for 2CH, = C;H.
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600 REACTION KINETICS

and p is the prohability that the thermal dissocia-
tion of C;Hg will produce H-atoms.

Under conditions where k> (E) << k((E), Whl(h
apply here since the overall process is 4() kJ mol™!
endothermic, p = 0 and at all pressures ki, = K,
k3. Thus, we have a simple means of evaluating
experimental determinations of ky,, since all the
appropriate values of molecular parameters re-
quired to calculate k3 and K, are known or can
be easily estimated.

Production of H-atoms by the methvl-methyl re-
action has been advocated as an important contrib-
utor to the dominant pathways in methane com-
bustion. The temperature dependence of the rate
constant used in current modelmgl (109 exp -
26.5/RT dm® mol™! sec™!) is in substantlal dis-
agreement with the value K.k2* = 1053 exp —
10. O/RT which agrees with new experimental evi-
dence.® Thus, although the absolute value of the
rate of the methyl-methyl reaction currently in use
is correct at 1000 K, it is a factor of 16 too large
at 1500 K and 64 too large at 2000 K. The conse-
quences of this observation may impact strongly on
the methane combustion model, especially at higher
temperatures, where initiation and H-atom propa-
gation reactions dominate the properties of the
voungest parts of a flame.

When complex surfaces, such as depicted in Fig-
ure lic) give rise to situations in which k;(E) =
ky(E), the overall reaction may exhibit pressure as
well as temperature dependence. The temperature
dependence can easily give rise to a negative ac-
tivation energy if the ratio ki (E)/k;(E) increases with
temperature. 24

Multi-Channel Bimolecular Processes-Branching

The potential energy surface shown in Fig. 1(d)
is the result of recent state-of-the-art theoretical
calculation for the H + N,0 system® and exem-
plifies a class of multi-channel bimolecular pro-
cesses with branching that are common in com-
bustion chemistry.

The kinetics of the overall bimolecular reactions,
viz.,

L)

H + \20—’ OH + Nz (19
kp

H + N;0 — NH + NO (20

may be deduced through analysis of the unimolecu-
lar reactions of intermediate HNNO.

Measures of the branching ratio, R = kya/kpe.
have been inferred at ~2000 K by direct obser-
vation of laser induced fluorescence from HN and
OH in a H,/N>O flame and at 873 K in a static
svstem.'” The weak temperature dependence of
R.Rz....k ~ 0.04 and Ry-3x ~ 0.004) vields an ap-
parent activation energy difference of only ahout 30

54

kJ/mol ™", less than half the difference between the
(ntl(al energy thresholds of the branches. 71 kj/
mol ™!, Figure 1(d).

Thc modeling of the obsenvation of the ven weah
temperature dependence of branching may be car-
ried out with a hindered Gorin model transition
state®'! for reaction channel 3. Properties of the
hindered Gorin model have been studied in the
past'’ in connection with radical-radical recombi-
nations and their reverse unimolecular bond scis-
sion.

It has been customary to evaluate the effect of
momentum conscr\atmn constraints by use of the
quasi-diatomic model.® Thus, an “effective” poten-
tial energy surface mav be defined at anv given
temperature which conserves the overall rotational
quantum number. On this surface. the dissociation
energy of HNNO s less than its value at the ab-
solute zero. In addition to this temperature depen-
dent centrifugal energy eflect, a temperature de-
pendent hindrance parameter, m, causes the en-
tropy of the transition modes in the hlndered Gorin
model to decrease with temperature.!! In this case.
the transition modes are the two overall rotations
in the separated diatomics which become hindered
internal rotors in the activated complex.

The empirical Gorin model hindrance parameter.
is defined in terms of a ratio of A-factors. A/A =
(100 — m))/100, where Ay and A are A factors for
the hypothetical high pressure unimolecular reac-
tion for the hindered and unhindered model. re-
spectively.

In the case of the Channel 3 reaction, a hin-
drance parameter that varies between 84 and 99%
(1000 K~-2000 K) has been required to fit the ob-
served branching ratio, kj.3/kpz. The radical-radi-
cal interactions modeled in the past have also re-
quired values between 83 and 99.5% 1220 K-1200
K). Thus, the ideas embraced by the hindered Gorin
model, with A;;/A ~ 0.2 to 0.003, are appropriate
for description of reactions involving simple bond
fission. The consequence of using of the hindered
Gorin model to predict the pressure and temper-
ature dependence of ki3 is to produce a nearly
pressure independent Arrhenius plot and an acti-
vation energy and A-factor that decrease with in-
creasing temperature. The consequences of this for
the reverse reaction (—20) is the prediction of 4
negative activation energy.

Conclusions

This work describes the current status of the
overview that is applicable to the critical evaluation
of chemical rate data for combustion modeling.
Specifically:

1. Simple bimolecular reactions should all be
tabulated as a function of temperature alone

.
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h COMMENTS

P ] E. Dove, Unicersity of Toronto. Canada. Dr.  constants to the modified Arrhenius form AT
U Golden has quite rightly stressed that one must  exp (—E/RT' does not necessanly solve the problem

K consider possible non-Arrhenius effects when  of extrapolation outside the temperature range of
choosing values of rate constants for modeling. In-  measurement Unfortunately the exponent b is at-
- deed. since equilibnum constants in general do not  self in principle temperature dependent Using the
’ rigorously obey an Arrhenius type of temperature  statstical mechamcal form of activ ated complen the-
. dependence. the existence of the rate quotient law  orv (ACT' of limolecular reactions. and neglecting
: k./k, = K, already demonstrates that at least half  quantum tunneling and re-crossing effects. one can
L of all rate constants must deviate somewhat from  show from rather simple conuderations about num-
' the Arrhenius law. and one hopes this will soon be  bers of degrees of freedom that b tends to the value
accepted without argnment Ar = 1/2 at low temperatures where vibrations
However ot should be emphasized that ittime rate— are onls weakhy exerted and t 3 = 3r /2 at high
1
.
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temperatures where the vibrations approach clas-
sical behavior. Here. Ar is the change in total num-
ber of rotations (intemal and external) in going from
reactants to complex. For example. where the ac-
tivated complex and both of the reactant species are
nonlinear. Ar = 3. and b vanes from -2 to +3
with increasing temperature. The thermodynamic
form of ACT which Dr. Golden uses will give es-
sentially the same result, but I feel that the phys-
ical meaning of b is easier 10 understand in the sta-
tistical mechanical formulation. (I cannot agree with
the statement of another speaker that b has no
physical significance.)

1 would also like to support Dr. Golden's re-
marks about taking into account all reasonable pos-
sible elementary reactions when considering mech-
anism. The temptation to use only the minimum
set of reactions which is needed to explain expen-
mental results is strong. partly because it is usual
in science to use minimum explanations, but also
because it reduces the chances of one being ac-
cused of having enough non-fixed parameters to fit
the proverbial elephant! However there is a very
real danger of creating a false sense of security about
the correctness or unigueness of the resulting inter-
pretation, if reactions which may be significant are
omitted.

Authors’ Reply. Professor Dove is. of course, cor-
rect in stating that “b” is temperature dependent.
However, for most situations, the range he cites is
much too great.

First of all. let me define some terms and at the
same time point out that [ don't consider that there
is a difference between the “statistical mechanical”
and “thermodynamic” forms of TST given the di-
rect relationship of thermodynamic quantities to
partition functions. Since thermodyvnamic quantities
are usually tabulated for standard states of 1 atm at
constant pressure, we note that, if for a simple bi-
molecular reaction

k/con 'tme ' = AT exp i—~E/RT).
then
A = [RYNATLACH/ RN exp [1(38Ey) - (ACH/R]

b= ACH + 2R /R (AC)) = (AC}; - AC5 /1]
All standard states are | atm

E = AH}, - QC)HT.

For the reaction A «+ B — X' we can define
Art, = the change in external rotations going to the
transition state = n', = n', - n", where n,, = #
of external rotations for species 1+ A’ = the anal-
ogous quan for internal rotations

Then

5
--R
3

AC,. trans
AC!. extrot = Arl, *R
at high temperature

R
AC!. introt = Arl, = E

=0 at low temperature
AC!, = (5 - A« R at high temperature

=0 at low temperature

Thus.
R
AC} (high temp! = 3 {5+ Ari, — Ar,)

1
b (high temp) = 5(9 +~ Arl, - Ary

[EN -]

ACE {low temp) = — (Ar}, = 51

1
b (low temp! = E(Ar:.. -

Thus. while I agree with Professor Dove's low-tem-
perature value of b. I don't agree with his assess-
ment of the high-temperature value. If Ar}, = 0 and
Art, = —-3. we would get the same limiting values.

AC: thigh temp! = R, b thigh tempr = 3

]

2e.u
AC! (low temp! = ~4R. b (low temp’ = -2

-8e.u

]

This may be compared with calculations for the re-
action O + CH, — [OH - CH,]' - OH + CH,.
where AC!, 300 = 0 and AC;, 1750 = 0.6 e.u.

Obviously. in general. over reasonable tempera-
ture ranges. b is constant

F. Kaufman. University of Pittsburgh. USA

i1) This question concerns the predictive value of
theorv Even for the simplest atom-transfer. ticht-
transition-state cases there is the difficulty of in-
corporating tunneling effects for H-atom transfer.
which Cohen does empincally by fitting expen-
mental values near 300 K and using the theory only
as 1in extrapolating device

i2) For pressure effects in recombination/disso-

cation reactions Troe's falloff formulas require the

knowledge of hoth the low and high pressare himit
rate constants. which are usually unavailable
3 For reactions gomg through bound interme-
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diates the situation is usually much worse yet, be-
cause few of the required parameters are known or
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REFERENCES
1. N. CoHeN, Int. J. Chem. Kinetics, 1982, 14,

can be estimated from first principles.

(4) It comes down to the fact that we are able to
rationalize a posteriori but not predict a priori. Per-
haps this should please me as an experimentalist,
since it means that, when all is said and done, we
need to measure most elementary steps in the ab-
sence of reliable theoretical predictions.

Authors’ Reply. This comment is best addressed
by breaking it into four parts, as indicated:

(1) In the case of H-atom metathesis reactions,
Cohen,' Benson,* Golden,® and others,* have shown
that extant data are well decribed by making a model
of a fixed transition state that fits the data at 300 K
and using the fore-ordained statistical thermody-
namic machinery to generate rate constants up to
2000 K. Perhaps this is a fortunate cancellation of
errors due to tunneling. recrossing, and variational
effects, and the key questions would address the
consistency with which one may expect thermo-
chemical kinetics methods to apply.

It seems safe to use the simple thermochemical
kinetics methods to extrapolate metathesis rate data
to combustion temperatures. It would also appear
to be quite useful to employ these same methods
for the prediction of A-factors and activation ener-
gies of these reactions.

(2) It is true that the values of k, and k. are re-
quired to use Troe's formalism, but the word "un-
available” is too strong. The ever-interacting inter-
play of theory and experiment very often allows the
estimation and or calculation of these quantities
within bounds fully justified by the sensitivity of the
pressure- and temperature-dependent rate constant
in a given calculation or model.

(3) Professor Kaufman is correct in stating that
more problems exist with respect to reactions that
proceed through bound intermediates. However. the
situation is not as bleak as he pictures it. These
processes may be envisaged from the point of view
of many pathway unimolecular reactions. As in (2)
above, we may estimate many of the transition states
from the current state of knowledge.

14) This statement may be too strong. We can
certainly estimate many rate constants to within
useful limits. over a range of pressure and temper-
ature. It is true that some processes for which nei-
ther good numbers nor good analogues exist, mav
fall outside of these limits.

It 1s too difficult to decide whether errors in in-
dividual rate constants vield sufficiently accurate
predictive combustion models Often they will. but
at least they will direct experimentalists towards
meaningful measurements in the future
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A. Fontijn, Rensselaer Polytechnic Institute, USA.
As you discussed, many combustion reactions, ob-
served over wide temperature ranges show a mild
concave upward curvature in their Arrhenius plots,
best described by k(T) = AT® exp (-C/T). You also
mentioned some exceptions due to more complex
surfaces. One category of combustion reactions, i.e.,
oxidation reactions of metal atoms and metal mon-
oxide radicals seems to consistently have other de-
pendences. We have studied a number of those re-
actions over wide temperature ranges and have not
yet observed any to have a clear k(T) = AT® exp
(~C/T) dependence. The latest example obtained
in the AlIO + CO, reaction, the rate coefficient of
which has no measurable T-dependence from 430-
1300 K. apparently due to formation of an inter-
mediate complex. which dissociates preferentially
to reactants.

D. Gal. Central Chemical Research Laboratory.
Hungary. You mentioned at the end of your lecture
that modeling should start with the generation of
the possible mechanism. We have shown—see the
poster—how to generate it by combinatorial meth-
ods. However, we suggest that followingly it is ad-
visable to reduce it—before putting in the relevant
rate constants—by objective methods (thermo-
chemistry, complexity factors or chemical evi-
dence). As a next step the main thing is to collect
as many experimental data as possible and defi-
nitely not only concentrate vs time values but
eventually rates obtained for network pathways.

I feel that sensitivity analysis cannot be avoided
and the main aim should be to obtain a main con-
tributory mechanisms vielding a key which rate
constants should be computed with the utmost care.

A. Fontijn. Rensselaer Polytechnic Institute. USA.
Did vou (mean to' imply that the temperature de-
pendence of the branching ratio of the H + N0
reaction is well known? [ did not think it was. Could
vou comment on this®

Authors’ Reply The branching ratio of the H -
N,O reaction is not well known, but there are mea-
surements at 2000 K by laser induced fluorescence
and at 873 K in a static svstemm These are refer-
ences 10a and 10b in the paper
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LASER-INDUCED FLUORESCENCE SPECTROSCOPY OF NCO AND NH,
IN ATMOSPHERIC PRESSURE FLAMES

|5

™ L]
RICHARD A. COPELAND, DAVID R. CROSLEY axp GREGORY P. SMITH :\::\
Chemical Physics Laboratory :.-'t.r‘
SRI International Ry
Menlo Park, California 94025 .';'&:: ]
L)
Laser-induced fluorescence (LIF) is a powerful method for the sensitive detection of trace ; ;'[
species in flames, and is permitting new insight into the detailed mechanism of combustion w."(:\:
chemistry. However, LIF has been applied almost exclusively to diatomic radicals whereas ".‘:".‘1-"
the chemical networks contain many larger species whose presence can signal definite me- ."'-:‘-‘;
chanistic paths. We describe here a comprehensive survey of the LIF spectroscopy of the :\'f.‘\.
NCO molecule in a CH,/N,0 flame and the NH, molecule in NH,/N,0 and NH;/O, flames. :}_ o
all burning rich at atmospheric pressure. NCO was excited in the B-X and A-X systems in -
the ultraviolet and blue, respectively, the latter is much more intense and can be more easily LA
made free of strong interfering transitions due to diatomics. NH, was excited in the A - X ':-
transition. Exaitation and fluorescence wavelengths furthest to the red minimize background >
intedference due to underlving, unidentified absoption features and flame emission. Prescrip- v,
tions for detecting these two species are presented. including a table of excitation and de- o
tection wavelengths, as well as some general observations on experimental technique which j,

u

should be weful in extending flame LIF detection to other triatomic and larger radicals.
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Introduction

Laser-induced fluorescence (LIF)! is the member
of the family of laser spectroscopic prob. ;23 best
suited for the detection of trace radical species in
combustion systems. It possesses high sensitivity and

distinct isomers such as CCN and CNC), 14 have
been observed in LIF cells or flows and another 13
are definite or possible candidates on spectroscopic
grounds. However, only four have been detected
by LIF in flames. SO;' and NO,> have been de-
tected over wide wavelength regions but in each

-~ ’J B
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R

selectivity coupled with spatial and temporal reso-  case the complexity of the absorption spectrum and -::\'_':".
lution and a non-intrusive nature. Such information  the laser wavelengths and bandwidth used resulted Ay
is valuable for obtaining qualitative insight into the in ncar-continuum-like excitation precluding defin- :-’.'_1'\
mechanisms of the combustion chemistry, and pro- itive spectroscopic assignment. NCO® has heen s
vides sensitive data for comparison with quantita-  cleanly excited and studied. via the comcidental "::'}-;.
tive predictions from detailed computer models of  overlap of one of its absorption lines with one of AL
that chemistrv in simple laboratory flames. the fived-wavelength lines of an Ar™ laser. NH.. '
Consider as the atomic constituents of naturally  with a well-known LIF signature under low pres- AN
occurring fuels H. C. N, O and S. All of these at-  sure conditions. has escaped LIF detection i at- Coatey
oms and the 15 diatomic molecules formed from.  mospheric pressure flames in previous experiments o]
them have been observed by LIF in low pressure in this laboratory as well as elsewhere.” althongh a A0S
discharge flows or static cells, and two of the atoms  recent report indicates it can be escited weakly wath .
plus ten of the diatomics have been detected in  the frequency-donbled line of a NdYAG laser ™ AONY
flames by LIF (for the atoms, and Hi, Ny and CO  However. while it can he very convenient. such ¢
one must use two-photon excitation because their  fived-frequency excitation docs not permit optui- AN
first absorption bands lie in the vacuum ultraviolet!.  zation of detection under a variety of conditions in- LY
However, only a few of these diatomics have vet  cluding potential interfering absorptions. and can- "o
been meaningfully fit into chemical kinetic schemes,  not he vehicd on as general for other molecudes. NI ’_\::\
and the flame chemistry involves many larger rad-  has abso been detected i atmosphenie pressure r:"..r
icals as well. fames by absorption of faser radiation divectih” and ~'~lf; o
Thercfore it is important to extend LIF flame  optoacousticad ! but these mcthods do not hase =y
detection capability to larger species. Of the 35 the pointwi - spatial resolation attribute of LIF <
triatomics which can be formed from these atoms We have performed a survey of the LIF spec- N0
mot counting the chemicalhy and spectroscopically — troscopy of the NCO and NH. molecules 0 at- ::.'
.
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mospheric pressure flames, using lasers and  de-
tection systems  tunable over a wide range of
wavelengths. The burners and gas mixtures were
chosen to optimize conditions for the spectroscopic
studies, but the detection strategies developed can
be later used on burners better suited for obtaining
profiles for comparison with theoretical models.

NCO and NH; were chosen for studv for two
reasons. One is the existence of considerable spec-
troscopic information from previous studies, both in
conventional spectroscopy and LIF experiments. This
has not only facilitated initial detection but also
permitted more general conclusions and extensive
comparison. (In this connection, it is noteworthy that
all the species, regardless of size, which have been
detected by LIF were first studied spectroscopi-
cally in flame or plasma discharge emission or in
flash photolysis absorption.) On the other hand, the
use of LIF in flames has provided new spectro-
scopic information for NCO not previously attain-
able, as described below.

The other reason is the intrinsic potential im-
portance of these radicals in certain combustion
chemical networks. NCO has been postulated as an
intermedmte in the formation of NO, from fuel-
nitrogen'' and was found to be present in copious
quantity in CH,/N;O flames.® pertinent to nitra-
mine combustion. NH; has been suggested as an
intermediate in the production of prompt-NO'? and
in the ammonia de-NO, process. '3

We present here a description of our experi-
ments. Because of the large amount of data on ex-
citation and fluorescence spectra involved. we can
include only a condensed version of the results. We
hope that this will serve as an adequate guide to
LIF detection of these two species in combustion
experiments in other laboratories. In addition. we
plan to assemble later in report form'* a LIF
spectroscopic atlas of the wavelength regions cov-
ered in these flames, including excitation of several
diatomics whose fluorescence must be filtered out.
We include some general observations about the
experimental technique which we hope will prove
uscful in extension of LIF detection in flames to
other triatomics and larger molecules.

Experimental Set-Up

Several burners were tried: a McKenna products
porous plug burner, a small flat flame burner with
1 mm holes in the surface. a glassblowing torch.
and a knife-edge slot burner pattc ‘rned after a de-
sign explicit for faser probing.'> This last bumner.
which presents a saddle-puint-shaped flame and easy
laser beam access underncath the reaction zone,
proved th > easiest to use and provided the largest
signals fue these spectroscopic experiments. The
flames were run rich, so as to yvield larger guan-
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tities of the oxvgen-poor or oxygen-free radicals of
interest. The relative flow rates used in most of the
experiments were: CH{:N,O:N; = 1.0:3.5:2.7,
NH3: N0 = 5:3; NH;3:0, = 2: 1.

The first step in each case was measurement of
the emission spectrum of each flame. In addition
to the spectroscopic overview provided. this served
two specific purposes. The first was the selection of
gas mixtures vielding strong radical emission (the
ground and excited state radical concentrations are
not necessarily proportional but this was a useful
guide). The second was the choice of detection
wavelengths minimizing interference and noise from
flame emission. In the case of CH,/N;0, no NCO
emission could be seen but there were clearly fa-
vorable regions between different vibrational se-
quences of the CH, CN and C; emission. The NHy/
N,O spectrum, apparently not previously de-
scribed, was similar to that of the NH;/0; flame,
and consisted of OH, NH and NH, hands, with the
NH; about half as strong. compared to the diatom-
ics, for the N;O-based flame as in the Oj-based
flame. Here, the potential interference is NH; it-
self (and perhaps unassignable NO, undemeath). the
spectra suggest it is minimized as one operates fur-
thest to the red.

The LIF arrangement was standard, with the laser
beam passing through the movable burner and the
fluorescence focussed at right angles onto a spec-
trometer, sometimes filtered with colored glass. An
NeCl-pumped dyve laser with typical pubse encrigy
E, = 3 m}. bandwidth A0, = 0.3 em™ and rep-
ctition rate r, ~ 100 Hz was used for the blue 1 A-
X1 NCO ercitation, and & Nd YAG-pumpedd d}c l.ls(-r
ir, = 10 Hzoowas used m the fundamentdl \E, =
30m). b, = 015 em ™" h)r \H. Jn(l frcqm ne -
doubled (E, = 1 m]. A = 0.25 em 7 {or NCO
B-X. The pubse length of c.uh laser was 10 nsec.
and the signaly followed the Lmr in time. A 0.33
m spectrometer with dispersion 22 A /mm and cooled
ENML 9355 Q photonudtiplior were used for NXCO
A-NC the slit was aligned parallel to the laser heam
A 075 m spectrometer (1 A/mme and uncooled
955% or red-sensitive RCA 310347 photomultiplier
were ased tor NCO B-X and NH. here the beam
and slit were perpendicalar.

The photomultiplier sivnal was amplitied a factor
of 100 using a Pacific video 2A50 preamp (30 2 in
and out) and fed to a gated bosear integrator with
a 20 nsec gate. This mode of fast pulse operation
wis alwars preferable and often essential to mavi-
mize the LIF to background emission ratio, in com-
parison with higher input impedance g . 1MQ-
and a longer gate 0 psecr Even so. care had to
be taken tu keep the photomultipher operating
voltage low enough that the tube did not saturate
under the continuous flame emission current An
oscilloscope proved uscful for signal searching and
momtoring. The boacar output was then fed to o
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LASER-INDUCED FLUORESCENCE

scanning stripchart recorder. The laser beam en-
ergy was continually monitored in a second boxcar
channel.

During some of the NH; runs. where absorption
due to unidentified bands and/or other species ap-
pearcd present. a half-inch mltrophone was mounted
near the burner to optoacoustically'® monitor the
total absorption.

NCO Radical

The NCO LIF spectrum over the range of one
laser dve is illustrated in Figure 1. The top two
scans are noise-free at this sensitivity, and concom-
itant excitation of CH. CN and C; in this region is
not seen due to the choice of fluorescence wave-
length. The top scan shows the overall pattern. in-
creasingly sharply in intensity as one scans to shorter
warelengths through the electronic origin (Q0G-000:
near 440 em. The transition from 000 to the first
allowed exanted vibrational level (1000 of A%Y" oc-
curs at 416 nm: the observed fluorescence for A <
437 nm thus is hot bands. originating from vibra-
tionally excited levels in the ground state. Because
the laser power is beginning to drop for A < 430
nm. the bands in this region appear much less in-
tense in Fig. 1 than thev actually are.

A 4 nm portion showing the four heads of the
000-000 hand tmarked by arrows) as well as other
bands. is presented in the widdle panel. In tumn.
a (.45 nm section of this. exhibiting individual ro-
tational lines of the °P)» satellite branch. is given
in the bottom scan. Interestingly. the °Py» head.
which oceurs for J near 70, is bareh discernable in
room temperature flow svstem LIF spectra’® see
Ref. I for a comparable scant but is vers marked
in the flame.

The overall excitation spectrum throughout this
region is clearly congested and complex. due largeh
to the significant fractional populations in vibration-
allv excited levels of the ground state at flame tem-
peratures. In order to make quantitative measure-
ments of NCO concentrations (even relativer it is
necessary to have individual, assigned rotational lines
at the level of resolution of those in the bottom panel
of Fig. 1. due to the variation with temperature of
population in a given v, ] level. We have mapped
a portion of the region A = 440 nm but have con-
centrated our attention for hot flames on bands to
the red. involving vibrationally excited levels whose
excitation spectra are much less congested.

The vibrational level structure in the X, A and
B states of NCO is illustrated in Fig. 2. A brief
structural and spectroscopic deseription of NCO fol-
lows. (Details may be found elsewhere 31 ™ ¢
is a linear molecule with two stretching (¢ and ¢4
and one degenerate bending vibration vy The
electronic orbital angular momentum of the ground
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Fic 1 LIF scans for the A-X svstem of NCO in
a CH,/N;0 flame. Fluorescence is collected at 463
nm with a 4 nm bandpass. Top scan. total excita-
tion spectrum over the full range of one laser dve
(Coumarin 440", not normalized to laser power
Middle: 4 nm portion covering the 000-000 band.
with Q,. P,. P, and °P,, heads eft to right' marked
by arrows. and hot bands at shorter wavelengths.
Bottom. region from P, to °P,; head 043 nm
showing rotationally resolved °P,. branch

I1 state couples with the vibrational angular mo-
mentum € of the bend o = va 122 v L Oor
1 as tsis even or odd. vielding a total angular mo-
mentun K exclusive of spin. The states of different
¢ split according to the so-called Renner-Teller m-
teractiom. This vields states of 1T svmmetry tor o,
=0 Mand @ for v = 2 and ¥ and A for > =
1. The spin angular momentum of this doublet mol-

ecule then interacts to produce  spin-orhit-split

components. In state where 3 = 0. thie vields
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FiG. 2. Pertinent vibrational levels of the B. A and
X states of NCO. Note the break in the energy scale.
Levels are arranged for clanity according to the value
of v;. Those with t; = 0 have ‘Il svmmetry I1,,
and °I,..) in the X and B states and " in the A
state. For ¢; = 1 in X. there are 4 levels: ‘X",
*A,; and ‘As;; tnot separated in the figure). and Y-
in order of decreasing energy. For t; = 2 in X,
there are also 4 levels: 117, *®,., and *®-,, and TI".
In the A state. v; = 1 has ‘Tl symmetry and ¢, =
2 has *2°. *%" and ‘A. all close together.

[, and *M,,; components hl.o thuse in OH. In
the transition to the upper A%Y" state the 1),
spin-orbit component vields four dls(crml)lc rota-
tional branches. °Pya. Py + PQps. Q; + YRy, and
R, with two heads. the *115, component has the
P, 0, + “Py;. R, + "Qy and *R;; branches with
two heads (see Figs. 1 and 3). Transitions originat-
ing from the I levels where v = 1 have only P
and R branches. two heads arising from excitation
out of the higher & level dabelled k*S 7 are seen
it Fig. 3. Transitions from higher . [T and 3 fev-
els have also been observed but will not be de-
scribed here.

Figure 3 exhibits an excitation scan of the 000
« 100 band which appcars the most cons enient for
flame diagnostic measurements. Individual lines of
this and of other bands were readily assigned from
the 000-000 absorption spectra of Dixon.'” The R,
and Q; branches at 466 nm are the best individ-
vally resolved for quantitative measurements whereas
the intense P head is the best for signal searching.

2 ., - -
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01090 - 119678 X
Fic.. 3. Excitation scan for NCO. detecting at 440
nin with 4 nm bandpass. through the red end of
the 000-100 band. The two heads of the 010 « 110
x“T" transition are also marked.

. (1[ ) Vi %
N‘\\"Hq AR

Line strengths' may be calculated from standard
diatomic-like 25" -*I1 formulac. Radiative lifetimes
and Franck-Condon factors. needed for vibrational
hand intensities. have been separately measured. ™

The excitation scan of Fig. 3 was made with a
monochromator bandpass of 4 nm centered on the
000 — 000 emission at 440 nm. This relatively nar-
row bandpass is needed to filter out flame emission
and strong fluorescence from laser-excited C, in this
same region. The need for careful setting of the
monochromator, and the dual selectivity of LIF with
variable excitation and detection wavelengths. s
shown in Fig. 4. The bottom scan shows the Py and
Q; heads. plus Ry and *Ra) lines of the 000 «— 001
band observed via 000 — 000 emission. When the
monochromator is tuned to the 010 — 010 emission
band only 5 nm away, the 001 excitation greath

Otrerve 435
AQH0I= XD

Observe 440
AQ00: = X 00! 4

Fic. 4. Excitation scans for NCO  with detechion
wavelengths as marked and 4 nm bandpass. show-
ing the difference depending on observation region
Bottom: 000 « (01 band seen observing (X0 — 000
emission. P, and Q, heads plus R, and 'R,
as the laser wavelength is decreased Top tuning
to 010 — 010 enmussion to pick out 010 — 011 tran-
sitions ongnating from xS near 474 3 nm and from
‘A, near 4752 nm The P, head decreases less than
the Q, compared to the bottom scan because it oc-
curs at higher ] levels which emt more to the blue

branches
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LASER-INDUCED FLUORESCENCE

decreases whereas the Pyoand Py heads of the 010
— 011 X7 transition near 47%.3 nm. and the 010
— 011 %);,, cumponent near 475.2 nm stand out
ttop scant. (Here, the Py head of 000 — 001 s still
rather apparent. it involves high-J levels emitting
Q and R branches at shorter wavelenaths.

Table 1 lists the excitation bands which have been
observed for the A-X svstem and the emission bands
furnishing the strongest signals free of interference
from anyv diatomic LIF with excitation lines in the
same region.

Previous um\(ntlulul room temperature absorp-
tion spc(tm Y originating from the lowest levels
000 and 010 have been of kev importance en-
abling the present LIF scarch. However. the com-
bination of the laser excitation and flame envi-
ronment has also furnished new  high-resolution
spectroscopic information in excited vibrational lev-

ely of XTI, The band-head separations Pa-Q, de-

SPECTROSCOPY OF NCO AND NH,

1199

Aot = —97.1. Ajgy = —92.1. The Renner-Teller
splitting also varies with stretching vibrations. To
our knowledge. this represents the largest range of
vibrationallv-dependent A-values for a triatomic. A
full fn and the results will he separatels pub-
lished;?® we note these values to illustrate the spec-
troscopic potential for LIF in flames.

The B-X system!™ of NCO appears attractive tor
diagnostic purposes due to the shorter lifetime of
the BIL, state®! even thuugh its fluorescence s
spre ad over many bands' in contrast to that from
the A%Y" state which is concentrated in 4 few Scans
through the 000-000 band near 315 nm showed it
to actually be decidedly inferior to A-X. The B-X
fluorescence was very weak by comparison and onh
the Ry and R, heads. with indetinite J-values. could
be discerned. Within the 1.5 nin region around these
heads are also strongly interfering excitations in the
0.0 and 1.1 bands of OH A-X, the L0 and 2.1 bands

P X APARS

Ny 5L

of NH A-X and a band of CN B-X. We recommend
the A-N sustem for flame diagnostic purposes.

[P 2 il G e Y

pend large l) on the spin-orbit splitting constant A
whereas the °P»-Py separation furnishes a measure
of the rotational constant B. The actual wavelengths
were calibrated by changing the observation wave-
length so as to exaite previously measured or read-
ilv calculated bands of CH. CN or C; in the same
wavelength region of the laser. We find by fitting
the band heads that the magnitude of A (in cm”

with typical 0.3 em™! errort decreases with ¢, and
increases with t3:Age = —93.6. Ajpp = —59%.

NH; Radical

The ground X°B; state of NH, is a bent. asy-
metric top with an angle of 103° while the A°A,
state may be described as linear, corresponding to
a Il electronic level This large difterence in equi-

YR AN Y N -,f» AL AL ‘.‘ﬁ R P 5_."

TABLE 1

Exatation and fluorescence waselengths tnme

NCO Band A P, Head! A (Observe! NH, Band A Q-Head:

\ Observe:

00— 000
000 — 100
00— 001
000 «— 200
000 «— 101
010 — 0J0 u'y-
010 010 A
010 010 X
010 020 ‘N
%) 010 w'i-
o4 110w’y
010 110 -3
010 110 2
010 01} wl
010 — 011 A
010 — 011 &)

#4033
166,42
481 09
495 60
511.71
435.06
437 36
435 48
444 80
145 35
460 61
462,22
464 56

®

165.0
4400
440.0
437
437,
162
462
162,
435
140
435
135
135
435
435
435

0.10.0
090
0.11.0
0.12.0
080
170
0.11.0
070

NN} 37
00 59
010
020
(XX%)
100
100
(§.3.3]

620 BST 6YT
T26, T

343

10
T Y 636
3491.0

607 316

w

630
6351

633 7
0h2 ]

695 774 7
338
343

T35 N2

R Yy Y ‘l‘}'_l'l"l'l_‘l L}

(V1R |

rrrrrtrtt

474 36
7737
475 16

rrerrrrrrrt

Prehimmary dentihication fingd contirmation awats o detated aalyvas

"Bands Inted are emnsion to 0100 020 and 100 respectively except where aoted
0100 — 000
(M) — (NN}

but not studied in this work

Eaission at 375 abo asable

YA YYD

‘Emisston at #5603 also usable
Calculated waveleneth
T 0 = 000 flyarescence wavelength
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1200 COMBUSTION

librium geometries leads to larze changes in the
bending quantum ¢ for intense bands. vty must
change by two units duc to ssmmetry considera-
tions. leading to bands which would fluoresce too
far to the red to be seen here. In the ground state,
the rotational levels tignoring spint are described
by the total angular mementum N and its projec-
tions. K, along the axis parallel to the H—N—H
linear axis and K, perpendiculur to the molecular
planc. In the excited state. K, is vas in N NCO
the sum of one unit of electronic orbital angular
momentum plus the vibrational angular momen-
tumn. it thus tahes on even values 0, 2. for odd
v:' and odd values for even v’ The selection rules
are AK, = =1 and AK, = even with zero the
strongest. The most intense features are the TQ,
heads of the so-called T bands iodd v, and the
®Qux heads of the T bands ieven ¢3'i These pro-
duce 3 and 4 emission branches respectively Be-
cause of clectronice spin. each branch is double. and
nuclear spim statistios produce a 1.3 population ra-
tio in alternate ground state levels

Frzure 3 exlubnts the vibrational levels pertinent
to flune dgnostic LIF. The basic spectroscopic
source for NHy s the absorption study of Dressler
and Ramsar ** and there are several usetul recent
comentiona spectroscopie™” and flow svstem LIFT 2
studies. The emssion and LIF spectrum: estends
throughout the entire viable region. wath a mian-
mum mtensits near 3% nm

18 000

17000 —

ENERGY

LR 000

Boo 3 Vibatonal ston o ne NHE thee b Toaoeat
feveis haviog o =0 VR and the T o devels
A L s hach T TE s obsersed o thes stade Nt

the hre gk e e ergy sade

DIAGNOSTICS

In the flames studied. the absolute NH; signal
level has been adequate but major noise sources are
posed by background flume emission and o com-
plex. thus far unidentified. LIF excitation spectrum
(perhaps NOs and/or hot bands of NHs. also ob-
served optoscousticallvt underlving the assigned
features. Most of our effort has been devoted to op-
timizing the desired signal in the midst of this
background. Of course in other flames such as hy-
drocarbon-air. different interference problems may
be present. Figure 6 shows a typical excitation
spectrum and a4 scan of flune emission in the sanie
band  Interference from flame emission can be
minimized by using narrow temporal, spatial. and
warveleneth resobved detection of LIF in the bands
further to the red  Altodether we have imvestigated
5 evcitation bands between 370 and 660 nim. The
most imtense fluorescence. about 2/3 of the total.
accurs in the vye0 — 000 band in each case the
remander is tucally spread over the terminal X°8,
O 100, and 020 states with a smaller amount
0300 When the o0 — 000 band s excited. ob-
servation i the saime hand FCGUITES NAITOMCT SPec-

Fie 6 Top LIF exatation scan thronueh the maost
mtense portion of the 08000 hand of NHO wath
several nes marhed Pach s present as a doahilet
due to the \|\mr(|wl|]\lmu note that the upper state
perturhiutions render the donblet sphtting nrecala
with N Bottom flame ennssaion spectriom e the
e region usmg 25 wm bt e the 3 4m spee
trometer
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trometer slits to diserinnnate agamst the laser scat-
ter. so that only one of the fluorescmst rotational
branches may he detected at one time The NH;
appears not to undergo significant energy transfer
while in the upper state. but emits primanh trom
the pumped level see below: Thus the coarse ro-
tational structure of the transmition means that R or
P branch fluorescence following Q-exertation will
oceur at different waselengths for different N which
would require an impractical scanning of the spec-
trometer together with the laser for an evatation
scan This phenomenon was observed tor (90 -
citation.

The underhving background LIF. and total ab-
sorption measured optoaconstically - inahes it inad-
visable to obtain flame protiles tor NH by aimiph
parking on one excitation, rather a scan through the
head as in Fig. 6 should be made at each position
Generally, observation of the bands at wavelengths
to the red of that of the laser is preferable o as
to reduce flame emission interderence This also
permits wider shits centered on a Q-head. and chm-
inates the doublesscanning problem noted above
Excitation of ¢ ;150 from 010 or 100 and observation
of ¢yr:0 = 000 vields comparable mtensities to the
opposite scheme but flame enussion s worse when
observing the bands at shorter wavelength  Tn ven-
eral it appears best to both evate and observe as
far to the red as poseible to woid the bachground
problems. even though the band intensities become
weaker for fower 2 We recommend exaitation of
050 or 070 for flame diagnostic purposes

Figure 7 exhibits a scan of the 070 — 010 fla-
oreseence following 070 « 000 exaitation. Here the
laser pumps overlapped lines of one of cach doubs-
let component of the 305 and 345 upper state kel
It can bhe seen trom the resolved PPy ) brandh
that onlv the pumped levels ennt The lack of
transfer to the 4y level iy a svimmetry dorbadden
collisional propensitn ™ =" but transter to the al-
lowed Ly Jevel is not seen ether. A simndar scar

a4 . Py

Fi.. 7. Fluoreseonce scan of the 070-000 ol N
band following excitation near 660 nm e the 070
000 band. The laser s overlapping one doniblet
component of the 3.« 5. tansition and the othes
component of 3.~ 3 0 that hand the o
rescence seen h"'r(' CONSstS 'l' ')r.”l( hf'\ T l‘-“]l
level Note the alwence of signhicat rotational en-
ergy transter as evidenced by the presence of anl
two Imes m the "Po. branch

()
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of the 080 band however dhws Gy o e s
lmted rotational encrey transter trons e
per slate fvel Maore detadod vt
eral levels s progress

In thi ”-lllll‘\ studhed  the conconriation o N1
w lihel hieh” between 108 - ey vhet
comparable 1o T OH e thewe nch Gaons The N
peaks at the lame tront whoereas the OH e

mto the hurmt gases A o roogh o ade T
sidhal fevele we have compare d aptaea e
absorption and LIF inteuatie s toe ooz

Bandd of O P 7 and the 00 Qo o v 0 S

“(‘).,\ head  The approperate sl e
the NH- s about 15 ot thae e OH 7 )

observed i the 00 Quhewd togme ot Ol O
of tota) cmssaon and B 100 — 0 2N [TEE
NS Normahized gt dasee pabe e
OH optossconstic sl abisorption s aiwee 8000

that of NH: and the OH LH v Geer 25000 0
larger This sazgests anudar horcs e e
vichds o these ames NHO v v 0 R
fast ‘lm‘mlllnu even b Hes wade O 0
quencimg rates o NHOON O el e o
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. STATE-SPECIFIC COLLISION DYNAMICS OF OH RADICALS AND N ATOMS .s
B "'
Richard A. Copeland, David R. Crosley, and Jay B. Jeffries .ﬂ
Molecular Physics Department, SRI International, L
Menlo Park, CA 94025 '
A
ABSTRACT 4
; Open shell species, with a varlety of spectroscopically acces- Ny
: sible quantum states, offer opportunities for laser generation of A
: aonequilibrium spatial distributions in both the laboratory (mJ) g
and molecular (A-doublet) frames. In addition, laser excitation
can also select the relative orfentation of the spin and orbital
angular momentum in these systems. The quantum state distributions
can be interrogated by a delayed second laser pulse or by resolving !
. the polarization and/or wavelength of the resulting fluorescence. :
' 11 experiments on the OH radlcal, we have observed propensitier for ‘.
retention of electronic parity and spatial orientation during Eora- .
, ‘tionally inelastic collisions of, respectively, the XZH1 and A%r? -:
' electronic states. In nitrogen atows, we have qualitatively deter- E\
k sined the magnitude of fine structure, w; and electronic state ;ﬂ
" changing collisions in the 2522p23p D° electronic state. )
INTRODUCTION -
. Cozbining Initial quantum state selection and final quantum Al
t

state resolution in an experimental technique permits a detailed f
exanination of the state specific processes which occur during the *u
collis{on of two species. Often these interactions are extremely "

! state specific and show surprising mechanistic selectivity for com-
piex mo.ecular and atomic collision events. Here, we describde

\l
three d{fferent experiments recently performed in our laboratory ;:
| wiich exazine the colliston dynamics in the ground (Xzﬂi) and first X)
! excired (AZZ’) state of OH and the 4po state (2522p23p) of N atoums. ‘ﬁ:
. 2 !
’ A-DOUBLET PROPENSITIES IN OH(X ﬂi) COLLISTONS WITH H,0 g
Doublet pi states of diatomic radicals possess nearly degene- .N
rate but spatially distinct A-doublet electronic states having :|
opposite parity, {n additfon to the angular momenta resulting from (N,
electron orbital motion, spin and nuclear rotation. By observing -
‘hanges {n the electronic parity (e/f states) following rotatfon- N
ally elastic and fnelastic collistions, we galn insight into the
prrestial surfaces {nvolved in the interaction. %;
P 4 IX M6 14605,40-48 1 a5 Copy right 1yne American Institute ol Phys < o.:
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Using a two-laser infrared punp/time-delayed ultraviolet probe
technique, we examined collisions of ground state OH(v=2) with
water vapor. Although the e/f pair differs in energy by less than
0.25 cm~ ', the excitation laser bandwidth and the character{stics

- of the A-X electronic transition permirs selection of the initial
e/f s*1te and interrogation of the final e/f state. These experi-
ments were performed at 0.14 Torr of "20 ifn a room tempcrature dis-
charge flow cell. For the lowest rotational level in the
state, clasti. fse transfer is one third to one half of the total
collision removal rare. For inelastic collisions to the next
higher rotational level f+f is favored over f+e by a factor of 2.7.

The results for A-doublet propensities in rotationally {inelas-
tic collisions are perhaps the most {ntcresting and surprising in
that the OH-HZO system will most likely form a hydrogen bdonded
collision complex. Some indirect experimental Svldence for the comn-
plex is the rapid clectronic quenching of the A £t state of 2 by

RS

Hy0. Hence, one might expect little or no memory of the initial ;;‘
state in this strongly interacting collision systen. This experi- *
ment clearly shows that even in systems where long range BN,
dipole-dipole forces dominate, collisfon processes can be con- .;h
trolled by the orfentation of the electronic orbitals. ?,:
‘-"-

POLARI ZED FLUORESCENCE FROM OH IN ATMOSPHERIC PRESSUREZ FLAMES C;f'
. - f_’

Observation of alignment effects in molecular collisions Is not .
restricted to the well controlled environment of a low pressure ce!l: t.
or a molecular or atomic beam. When pnlarized lasers are used to ,
examine systems at atmospheric pressure, nonequilibrium spatial [
distributions can be manifested in fluorescence which is signifi- j y
cantly polarized. 1In this experiment we measured the polarizazion ¢
and relative magnitude of laser-induced fluorescence sipnals gerer- .
ated by a polarfared laser which excites molecules to the A f* state '?.
of OH in the burnt gases of an atmosphecric pressure methane oxvgen o
flame. The extent of the polarization can have a significant
effect on the quantitative measurement of OH {n systems where

collision processes dominate (i.e, flames and t * astmosphere). .
In systems at atmospheric pressure collislions occur at a rate of

~10 ns °, suggesting that the elast{c cepolarizing collisfons (! I

conserving, mjy changing) might totally destroy any polartzattion N

effects generated by the nonequilibrium my distribution created by
the laser. However the {mpnrtant quantity {s not the depolarising
rate D but the relati{ve probability that s given colllision will

lead to depolar{zation. The total removal rate R, which {ncludes »
electronic quenching plus vibrational and rotatlional energv trans- ;
fer, s very rapid for collistons with the primary combusttion pro- ;
ducts Hy0 and CO,. 1f RXD polarized emission will be observed, !
however, {f D>R the emission willi be unpolarized. Fnor the Ini- .
tially prepared rotational level significant polarization s seen X
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by wavelength resolved fluorescence scans in the different relative N
laser and detection polarizations. :
While quantitative results are difficult to obtain for this com- N
bustion system several important and new qualitative features ﬂ
eperged from this investigation. The first is the similarity fn the .
magnitude of the rates R and D for OH(AZE*,V.l) resulting in '
i polarized fluorescence from the inftrially excited rotational level. .
i .
i A surprising result was the polarization of the fluorescence from Ry
+ neighboring rotational levels with the same spin component (Flovl, -3
t FZ’FZ)' This shows that rotationally {nelastic collisions at these -
relative velocities (~1500K) prefer a retention of the a; compo-
nent. Collisions which reorient the spin (Fy*F3) and rotational .
angular momentums, however, generate no observable polarization. ‘e
These experimental observations clearly show polarization of the :
fluorescence must be considered when msking adsolute concentration S
aseasurements in atsospheric pressure systems, and even in the cos~ "
plex environment of the flsme the state specific nature of the -
collfs{fon dynamics {s feportant. ;
COLLISION DYNAMICS OF NITROGEN ATOMS f
~
In atomlc systems the sngular momentuas J {s the vector sum of the T
Zgbt(al angular momentum and the electron spin. Nitrogen in the N
O state has four distinct fine structure components corresponding
to total angular somentua J=1/2, 3/2, S/2 and 7/2. Using the two -
phnton transittion at 210 nm we excited nitrogen atoms from the 'S "
ground state to a particular J component of the “D° excited =~
state. Using the wavelength, polarization and time dependence of :;
-~

the fluorescence we can unravel the rates and pdthvu{s of culltstlo-

nal processes {n this “ighlv excited atonic specties.
From the time dependence of the fluorescence we obtgined the

radfative liferime of the excited starte and collisional quenching N

rates. MHe and Nz were the collisior partners examined. From the ::
pressurc dependence ~f the zbnervcd fluorescence decav we obtaln a -
radiative lifetime for the state of N of 43¢5 ns, and & co}- :
l{slonal quenching rate four N7 of Seixlo” 1 rmjs i fndependent of .
the {ine structur: component. He does not signiffcantly resove the -
ex. ite] stare over the pressure rarge ot | te 1! Torr.

The tw .-phaton excitatlion proreus rreates non~equllibrive disrrf- 'f
but i e §n the magnetic gsublevels of the ex-ited state, thus gene- t
rating spatially eartsorr,pt. polarired flo resience. The emfsylom l“
from tre $o1tially excited atate wan poirfred. Hencs o hanging ;;.

Litstone are comnetitlve with Juenching 1 the ase of N, and

w.th fine &t tare hanglag  cllistons for He. 1 reaove 4o L.
ankig iries {n tre fine @tract gre changlag res lts due ¢ :’
v ceg it am oy, et rihart ne 4 magaer ! t1eld war ap fled o "
ravdomtze the macortt wableve bo 4 8 deaty oy the Logef L ahar g0 g ;"
TrATe Srfent gtfon orat e hy the jamer N,
A

S
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Figure 1 shows resolved fluorescence scans after excitat fon ot
each of the four fine structure components of the “D° state at a
fixed pressure of H2 and He. The peaks correspond to transitions
between different fine zt;ur

D~ and

| P = 23T ture components of the

h . G2 te 6P states; the solid lzn: {s the
. ’ best fit for t .e four D7 pipi-
P lat{c s contributing to the flio-
' R R rescence. Similar lata at dftte-
H 1" rent pressures ot N, and He plus
I ) values of the radtative life-
) + teitime %y tine and quenching rates vie!l
: i ) J‘ state-to-state fine structare
{ wl '('\w N changing collfsfon rates. THis
i . ;\ phase of the {nvestigizto: s
»
. e ¢ R b " currently undervav: however,
R [ e TR
‘ 4 :\ ! . several qualitative feat res
J \ g ¢ Y O‘ (N are alreadw apparent. Mog:
Fy2 " {mportantly, . Je] transiti ny
. e ] . occur signtficansle faster *° o
, “* . ! 4 D those wivh =2 and " lal fr

‘o % ,
. ‘ ’ J J'. A all J. The 1723V, rate is t'e
>4 \‘.'/ A ‘g m largest nf all.

- - Lad - Ll 4 These preltminary res .7 v
badddbd N oar ime dewonstrate how  owhi-
fng (nttial atate sejec*t = an!
Fig. | N atom flaorescence scans.  final stare resclution o

revesl the detat.o 1t qtarte

specific colltetnne.
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ABSTRACT

The method of laser-induced fluorescence (LIF) is
a highly sensitive and selective way to measure trace
. species, often free radicals, which are intermediates in
the chemistry of combustion. Examples of the molecules
detected in flames by LIF are OH. CH. NH, NS and
NCO. In this paper we describe the LIF method, using
as examples several experiments from our laboratory.
Included are expeniments designed to develop a quanti-
tative data base for LIF detection, performed in low
pressure flow systems and in flames. Also described are
measurements in flames where we seek to detect new
chemical intermediates to provide insight into the com-
bustion chemistry

INTRODUCTION

As 1n many technical fields. the introduction of lasers
into combustion rescarch has led to information not
just new in quahty but in entirely different categornies
than available betore The tamily of laser spectros. Lpic
includes the methods of
spontaneous and (ovherent Raman scattenng. and laser-
mnduced fluorescence (LIF) Fach provides inturmation

probes tor combustion |

on specitic molecular speaies which are present in the
flame system The Raman techmiques are generally ap
phicable to the medsurement of parameters ol nterest
to the tlow dynamicist  overall density  temperature
and mule tractions of maor > 0 5 mole percent) tuel
oxidant and exhaust gases LIF 15 hest used tor the mey
surement of trace species present at fow concentrations
which are intermediates 1ir the combustion Chemstny

Through  knowledge o those niermediates  one  (an

understand the complicated chemical pathwavs invoived
in combustion

The ultimate goal ot these LIF expenmenty v he
deveiopment ot 4 mictoscopic understanding ot that
chermistiy at a4 deve which can be used tor predicine
purposes Such o fetaied picture ot the Chemistry i
not seoamportant tar hnowledge ot tor exampie  the
combustion

averall ettiaienay ot whith in practia

svatems v atten controjled My tlud dyvnanuae Conade s
tiony Rather the hemica detais are Cracig L4 Je
scrption ot cectayr nportant  andividual processes
among  they  are the tanmation ot poliutants (NG
SO socn gnition phenomera and Tame intibition

LIE measuremerts apprcack this obge. tive the gyt
detenminatior ot the teaie species which are the _gres
ot that Jhemusten The ont semation _an be sl i i

terent wavs lpoa tabie acoratorny tlame protiies oo

4

Laser-induced Fluorescence Measurement of
Combustion Chemistry Intermediates

intermediates can be measured as a function of height
above the burner, and compared with detailed computer
models of the chemistry of combustion. In principle.
one could compare the measurements with such code
predictions so as to quantitatively establish the individual
steps in the chemical mechanism. In pracuce, the rate
constants for individual chemical reactions within such
models are not yet well enough known to make this
feasible. However, that situation will continually improve
as the appropriate kinetics research continues. 1ts em.
phasis guided in part by the results of current LIF expe-
nments.

Another way 1n which LIF profiles can be used to
obtain nsight into the chemistny '« by examination
of the relative rates of appearar.e of certain radical
species. For example. both O'. and NH radical. are
found 1n flames of CH, burning 1n N:O Whether OH
precedes NH cuin address the question of the models
and relative rates of breakage of the N-N\ vs the \N-O
bond 1n the N;O LIF may be used in an even simpler
wav 1n order to demonstrate the existence o! some
radical species within a flame Here finding 4 new radical
may pose questions about the flame chenustis which
had not been previoushy .onsidered Our initial inding
2 ot NH n the CHy N O tlames was vne example
expenments in which we disconered NN 0 ey wii!
he Jescribed in detail helow

In this paper we will describe laser-induced aores
cence speviroscopic measurements n flames  using ey
amples trom our own “abotaton to portray the method
We emphasize that thisarticie s antended 1o he st ative
and does not constitute g resiew o the tieid as 4 whoe
For more comprehensne resiew  papers w o eter the
reader 1o the articles Jited 0 Ret 5 g wen v b
collection ot papers an Ret 1 Represer "atine w oo
i both development and appications o LIE Car he
Pound within the Tnagrostic Sessiony ar the g e

ndtrongl Symposare o o bgation 4

THE CASTROINE D b ORESCT NG T Nt
It he methood 0 e edes U e 0 g
Y S T I O RS I N LR TA TPS IR S SRR B toar "

LTREE AR AT LT | LN AR APRYT it L o Tv e v

Chie thes ghase? L GG e Mol ety vt

Voot ot gty e gt W ot
e s e The lu evore Pt poettap R
et ety oy et e Wt e e
whose cutpar tores the BIE Ceng Topica v e e
odirecte ot the e n e g e v tent g
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Recorder

1

Boxcar

P

0.35m
Monochromator

Monitor

a\

Flame

1S

Schematic Hiustration of a laser4nduced fluorescence
experiment 1n a fiame. here shown using wavelengths
suitgble for excitaion of the NS radical in this case an
wnirared pump laser (ING:YAG) at 8 fined wavelength ot
1.084 1o 13 trequency doubied in 8 pOtasswum dihydrogen
phosphate (KDP) csrystal 10 532nm This green lgser
radiation 13 then used 10 pump 8 tunable dve iaser which
s opereted nesr 572 nm. This 15 aiso frequency doudled,
this time Int0 the ultrewviolet 286 nm) It n turn
undergoes stwnulated Ramen frequency shiiting in M,
388 producing s verwty of wavelengthy The second
sntistokes shift nesr 230 nm 13 prcked off by 8 prism
and dwected nto the flame. Fluorescence st right sngles
s dtered through 8 monochrometor and detected with
8 pr .tomulitipier (not shown) The DOxCar INteYrator 1s
8  elcironic device whose gated amplther turns on only
when the lsser 13 puised greatly reducing beckground
t om the fleme. A computer 13 often used instesd of o
recorder 10 acqQuire the dets | Reprinted trom Ret 19 by
permusson from the Combuston institute]

the Nuorescence 18 collected at right angles. as shown n
the diagran- ot big 1

As the laser 18 tuned 1t goes in and out of resonance
with the molecular absorptions, so that the fluvrescence
ugnal 15 produced each time a match occurs Such
so-called exatation scan s schematically depicted in
by 2 In by 3 s shown an expenimental excitation
soar here the laser was tuned through part ot the ab
sorption spectrum ot one particular transthion ot the
CH molecule present in the reaction cone of a CH, anr

High Temperature Matcrials and Processes

flame /5/. One thus obta‘ns a record of the absorption
spectrum of the molecule in question, but with a sig-
nificant difference compared with conventional absorp-
tion spectra. In LIF, one detects a positive fluorescence
signal against a null background. This contrasts with
the small dip in a large transmitted beam that constitutes
normal absorption measurements. Thus LIF yields very
high sensitivity; total absorptions less than 107 per cm
produce strong LIF signals. Molecular concentrations
in the ppb to ppm region can be readily measured.

LIF possess a number of other attributes which make
it useful as a combustion probe. The laser can be focussed
and the resulting fluorescent signal in t. imaged onto

=

JA . 130%4) 68A

EXCITATION SCAN

Disgram indicating sn excitgtion scan tor LIF The laser
15 xanned acrows & s of absorptom lupward
Mrows) Whenever any  level w0 the ypper  state 1
excited fluorescence resuits (large downwerd strowl oy
collected through with a brosd bend filter and detected
Thus the emitted rachation 13 used 10 wnyitively Measure
the absorption spectrum and thus detect the ground
state of the rgdical 'Reprinted trom Ret  2a by
permissian from the Society of Photoptical Intry

mentation Engineery
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Fig. 3: Excitation scen through a series of rotationally resolved sbsorption lines of one vibrationsl band of s perticular esiectronic
trensition. This is for the CH radical in 3 methane-sir flame Fluorescence is collected with 8 mMonochromastor set 10 view
tiuorescence emitted by the upoer state at a wevelength of 435 nm (rieprinted from Ref 5 by permission of the Optical Society

of Americal .

a shit onented perpendicular to the beam. thereby pro-
viding a high degree of spatial resolution. Sample volumes
of ~ 107 mm® are possible although 1 mm" 15 more
typical Most lasers used in LIF studies have puise lengths
of ~ 10 ns, single shot measurements therefore possess
this time resolution These charactenstics are important
because significant gradients exist over | mm spatal
scales in atmospheric pressure flames. and.in turbuient
flames, conditions change over time periods of the order
of a few us Additonally. LIF is nonintrusive. that 1s.
1t does not perturb the gas flows or the flame chemistry
It can be used 1n hostile envirunments where a physical
probe such as a sampling nozzle or thermocouple wouid
not survive

We have already seen that LIF 1s sensitive. 1t 15 also
highly selective tor small molecules that have well defined
spectioscopie  charactenistics  The tvpical dandwidth
tor the pulsed. tunable lasers used lor LIF studies s
~ 01 0¥¢m comparable to
inewidths wn Names This usualiy

Doppler broadened
permits ready dis
tinction between different molecular species However
even if two species present in the flame absarbh 4t the
same wavelength. they will generalis tluore: ‘e at ditterent
wavelengths, permutting discrimination by fiftering ot the

detected emission
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LIF 1s. in fact. the only measurement method capabie
of sensiive. fast, spatially resolved measurements on
trace chemical intermediate species However. 1t 1 not
general as 1s. for example. mass spectroscopy  Its use
1s restnicted 1o molecules having absorption tranaitions
at wavelengths accessible to available tasers With puised
lasers. one can use nonlinear vptica! technigues to fre
quency double. muo. or Raman shitt the tundamental
tunable dye laser wavelength In our laborston  we
use these methods to pertorm LIE experiments wath
tunable radiation over the range 190 to HOOO

Fortunately. many combustion antermediates car he

made 1o tluoresce A List of many ot the 'ree radian
important an combustion chemntiy whic! are detetabie
with LIF s given -n Table | (Notincluded sre o numbe:
ot metals. therr ovides and hahides  otter tound
Names through seeding nos many larve: stabie g,
reaction ntermediates  spedres auct  ds dvetone any
aidehvdest The atomne speies Inted bave the ionges:
wavelength absorptions an the vacaun u aviae
Names they are ac.cessibic witt twophotor gharpr o
b g phenomenon myce posabie Ry bt e e
tensity
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TABLE 1. Molecules (1-4 Atoms) detectable by laser-induced
fluorescence which are intermediates in combustion
chemistry.

Molecule Excitation Molecule Excitation

waveiength (nm) wevelength (nm)

H* 206 NCO* 440
c 280 HCO 615
o* 226 HNO* 640
N 211 NH,* 598
S 3N C, 40§
oH* 309 Cc,0 665
CH* 413 5,0 340
NH* 336 SO,* 320
sSH* 324 NO,* 590
CN* 388 HSO 585
co* 280 CS, 320
cs 258 CCN 470
NO* 226 HCCO 310
NS* 2 NO, 570
soO* 267 CiMH; 238
S;° 308 CH,0° 320
c;* 516

An asterisx denotes that LIF Odetection has Deen pertormed »
s tiame

2Dy & versions. producing an image ot the radial
distribution along a bne or in & plane through the
flame In the U version the laser 15 towussed into
4 sheet ot adiation. perhaps 029 mm thick  using
a ovhndnical lens  The laser liyght 13 passed through
the tlame. evervwhere that the chosen radica. exists
in the tlame tluvtescence results It s tocused a4t rt e
anwies onto a 2D vidicon tube vieiding an instantaneous
image ol the muoiecuiar Jistnibution at the tume o
oneutrence of the 1O s aver pulse Sult imaing ey
surements are use’us o correating the Jistributoor
1N ‘.ID\\H\ THNC - vary Il avstems such a4 Ui yern
Tarme ahere onditions 47 3 @iver oarc  rgirge apt
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High Temperature Materials and Processes

grators and recorders. All of these parameters can
be calibrated separately and independentiy A useful
way to calibrate all at once 1s through the use of Ra-
man scattering of laser light from aur above the unliit
burner.

The remainder of the terms in Eq (1) represent
fundame..tal characteristics and behavior ot the mole-
cule under study and 1ts flame environment B s the
effective E:nstein absorption coefficient (that 1s. line
shape effects are included imphicithy) and | the laser
intensity, so that Bl s the pumping rate trom the
ground to the excited state in units ot s Ng 15 the
ground state concentration in moulecules wm?®  ang
f the fracon whichiesidesin the particular absorbine
level with internal quantum numbers tor wibration
(v) and rotation (N). and perhaps muoiecuiar fine stru.
ture. Thus BIf™N; is the number ot exaited state mne
cules produced per cm’ per second A s the Bunstew
emission coefhiient (s ') and 9 the Nuorescence
quantum yield

In general the electronicaliy exated m el e o rens
collisions durning the nme 1t cesides U0 the Loper vat
betore 11 radiates at the rate A Tyvpuay 9
each thousand OH muoiecules exaited ™ 3 e 1
a flame at i atm  only one wi emt 4 ppocap Tre
rest are L olliiondiiv removed 0 the grour aigos
quenched 1 By (olisony 3 v T tac ot wr e

ermtty and iy arven by

2 A AP
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N/d

. o
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Relative pressure CH,/N.O flame /10/. In this case, a spectro- ..Q
, -—-——\Ltw Power meter filter was used to ensure that only fluorescence .:l.'
T~ from NCO was observed; strong excitations of CH, atal

CN and C; also occur in this same wavelength region.
! The upper p~  shows data from an excitation scan

3
over the en - gain region of a particular laser dye. :2"'
“ A very large number of bands are seen, with consi- w{p
U ! derable blending at this level of resolution. If we scan “J':
,J over a smaller region, as shown in the middle panel,
.‘,i Uw-‘\._\‘_ the four heads of the characteristic (000—000) band ;::,‘
oA X o 50 460 stand more clearly. The bottom panel shows a yet ':_4,:
oo T smaller portion of the spectrum (about 1% of the )
total range of the top panel) where individual rotational :r:’,
e lines (and some noise) are now finally evident. These >
‘ " ' ~ ﬁ 3p_ectra are considerably more complex than those Q8
j 1 ' of diatomics, although NCO represents the next simplest ::E )
: ‘ spectroscopic case. that is. a linear triatomic radical. S
*‘*I"“ # V g0 ! In our swudy of LIF of this and the NH, molecule ::f-:
Hﬂ‘%b J in flames 10/, we concluded that the most detinitive :::'
Yot spectra result from excitation in hot bands. that is.
) : those less congested spectral regions to the red where -7
the absorption originates from elevated vibrational '
. ‘ levels in the ground electronic state. An example of '\.-':
such a simpler band, with a full rotational analysis. T
1s given in Fig. 6. In this study. we combined the high .
| ‘ resolution afforded by the LIF method with the large ies
. number of vibrationally and rotationally excited levels f‘:'_-'.
[l accessible 1n the hot flame. The result was a new quan. -:: '
‘ / titative undersianding of the vibrational level depend- ;::-
o’: ‘““”N""J‘"v.\‘ﬁ ence of the molecula.r fine s}tructgre'(spm—orbu splitting) ;._:
el - in a hnear tnatomic radical '11/. Thus. flames can ‘
a e be used to advance laser spectroscopy as well as the -'.'r‘
converse NEN
Fo 8 e varor wons for the & X sictrons transition of We have noted that it may be necessary to discri- ::::
NUD s Tma NGO feme Fluorescence m coiected at minate between two absorbing species on the basis :\:'
@5 ~+ The "0D™OST Dane shows the relative laser ot the fluorescence spectra. A fluorescence spectrum S
oOwe: Over e ‘ul' wavelength range Top scan: the full 1s obtained by tuning the laser to a specific excitaton, ..
w7 e tNe entice Ja "egion Of the dve Miodle: then keeping its wavelength fixed while scanning a )
¢ ¢ ~m canee cownng the 000000 bend. whose monochromator  which views the fluorescence (see :‘.
Drown nenc neatls sre Merhed with arrows  Bottom: . ) KRt
rrgon Detweer e two heads at onger wavelength. Fig 7). This may be used to look at different emission :..:;,
rowng he Otanonaly “es0lved OF | branch Al of the bands. as indicated in the figure. or to investigate colli \:.? ‘
$eucture ~ the 100 and middie panels cOmMprises lines sional effects (see below). .
#c Dendheatn ™ m oseen in the iowest (Reprinted Figure 8 exhibits fluorescence scans following excr e
v Bet 100y permimor of e Combustion Institute’ tation of NCO near 315 nm (via a different electionic pASK
transition than that in Fig. 5) In the lower panel is .f’-‘
a fluorescence scan showing emission to various ground -::'-;
‘8. Juvtras ng the northesma nature of ordinsry hight state vibrational levels (compare with Fig. 7), performed ;':
ot e Tames ‘12" in a low pressure discharge flow cell expernment o
AL ne peoscreds o larger molecules the excitation designed to isolate NCO for study In the top pancl )
spe.tra .an become mualt muore complen Fig S shows is shown a fluorescence scan in an atmospheric pressure :\
ex o tan o saams e the NCO molecule i an atmospherig CH,s N;O flame - 13 Each band in the tlame spectrum ::'_
<
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Fig. 8: Fully rotationally resolved, assigned and analyzed band of NCO in the CH4/N,0 flame. This is a socalled hot band, absorbed :’. '
by vibrationally excited molecules. It occurs at longer wavelengths than the bands in Fig. 5, and is much freer of congestion y(‘
from other bands. From the analysis indicated can be determined spectroscopic constants for this linear molecule [Reprinted '
from Ref. 11 by permission of the National Research Council of Canada) . y

is broader, due to a different spectral resolution used, <4
but the pattern is clearly recognizable. Also present ,:
H is fluorescence from OH and CN, excited simultaneously ‘
1 at the same laser wavelength. Obviously, one would :
‘ wish to look at the 201 or 102 band to obtain the v
most interference-free spectrum (in actuality. the hA
A-X system shown in Figs. 5 and 6 is generally pre- o
ferable to NCO detection). Near the excitation used 5
in Fig. 8 lies a region where a single laser wavelength v
can simultaneously excite /13/ OH, NH. CH and CN; i
1a-23083.878 this finding opens the p.ssibility of obtaining simul- N
taneous, instantaneou~ ZD images of each of these ra-
. 0
FLUORESCENCE SCAN dicals. \
A fluorescence scan can also be used to examine
Fe 7 Duwagram depicting s fluorescence scan, in this case for a the effect of energy transfer collisions upon the mole- )
colhiwon-free situation Here the laser is set to a specitic g . Ly . ,

. cule while it resides within the electronically excited Y
waveiongth (heavy upward arrow) which excites one _ B + )
et ular level in the upper state The monochromator state. Fig. 9 shows an example, from a study of rota- .
+ wanred 10 that Huorescence at different wavelengths tional, vibrational and electronic energy transfer in .
o e sewed 'downweard arows)  Although it is not the CH radical in atmospheric pressure flames /5/. ; )
wowe ceplaitly on the diasgram. the molecule could In this case. rotational energy transfer is illustrated. '

. rid V'l)‘" 3 el ' ' . 13 .

g e uonal sneray transter 1o one or more The particular rotational level N =14 is pumped by B

e ther o080 Tate 's 1t 30 this could aiso be ) :
o v e ew Threwence soectfum | RBornnted the laser In the spectrally resolved R-branch emission 0
et St mevasi of the Socwty of Photo tsee Fig 9). the rotational hne emitted by N=14 ':_
et et s b nguneery s much larger than any others. However. transfer Oy
-
K
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Fig. 8: Fluorescence spectrum of the NCO moiecule. Here, one particulsr level is excited by the laser, and transitions 10 a series of
lower vibrationsl levels are seen as the monochromator is scanned. Bottom: fluorescence scan in 8 lowPressure discharge flow
system, in which only NCO can be seen. The numbering corresponds to each ground state vibrational level (v jv4vy) which is the
terminal level of the fluorescence (compared with Fig. 7). Top: fluorescence scan in an atmospheric pressure flame, using the
same excitation wavelength. By its characteristic fluorescence pattern NCO can be distinguished even though there are here
interferences due to the OH and CN molecules also. The use of the wavelength corresponding to either the 201 or the 102 band
sppear the best for detecting NCO among these interfering species [Reprinted from Ref. 13 by permission of the Combustion

Institute) .

has occurred to other rotational levels, as shown by
the existence of other R-branch lines. The population
distribution in the excited state is neither thermal,
nor does it reside exclusively in the laser-pumped
level. Rather, the distribution reflects a competition
between rotational energy transfer (which drives the
distribution toward thermal equilibrium) and quenching
(which removes the molecules from the emitting state
altogether). Recall also that the emitting CH formed
from the chemiluminescent reaction was not describable
by a temperature (Fig. 4). This is because the nascent
product rotational distribution is in high-N levels,
which do not thermalize at the flame gas temperature
due to this same comj:tition. In our energy transfer
study, we found that rotational transfer in CH occurred
about three times as fast as quenching. Such studies

79

are needed for quantitative measurements of LIF and
chemiluminescence: they also provide interesting funda-
mental information on molecular collision dynamics.

LABORATORY STUDIES | OR LIt DEVELOPMENT

Quantitative measurements of combustion reaction
intermediates using LIF require knowledge of a large
number of spectroscopic and collisional parameters.
As we shall see in the next section. crude estimates
can in many cases provide very useful information.
It is desirable. however, to have as much directly mea-
sured information as possible. This is especially true
in the case of the more frequently studied. important
species such as the OH radical. A large portion of the
work in our laboratory is directed at the measurement
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The tist step in estabustang LIF dete. ian Lt wome

wpeoes oo lame oy udy under Lontrsiled Con
disons where thee du riost exnnt anterferences tron
ther molecule  We Der! T ey menh measurementy
IN a4 juw-pressure  Jdischarge 'low  svstem  uperated
typialiv hetweer U1 and 10U turr depending ot
the expenment A rmiciowaeve Jischarge s used o
produce the radial twet! st suome recursor which
thiough hemu e feaion tarmy the desired moiecuie
For exampie H + NGO = OH + NO s an etficient
way to produce bodrons] radicals for study et jow
pressure Measutements ate aly, mede directiy in flames
and in our laser-pyrolyus laser fluorescence (LP LF)
system 14 The LP LF taubty 13 a technmgue which
we deveioped using rapid nfrared laser heauny of
a gasevus sampile 1o provide ¢ contiulled envisunment
at elevated temperature (K00 130UK) This permits
the study ot radicals undesguing collisional and reactive
prucesses umportant 1n cumbustion  but without the
complexities found 1n {lames due 1o the occutrence of
transport and gas dy namic phenumena

The first measurements usually made are excitation
scan studies. in order to identity the species unambi-
guously Here. LIF wourk relies heavily on previous,
classical absorption and emission spectruscopic studies
It 1s noteworthy that all the combustion intermediates
detectable by LIF were first studied by chemists and
physicists as part of fundamental spectroscopic studies,
not by the user. apphcations-onented community
(Hence, 1t 1s important to establish a coupling between
current and future needs on the one hand and current
and likely capabilities on the other).

The excitation scan studies furnish both line posi-
uons (e.g.. Fig. 6) and intensities. from knowledge
of appropriate spectroscopic parameters one can cal-
culate line strengths needed for a reduction of the
spectral ntensites to populations (Figs. 3 and 4)
Because of the existence of numerous hot bands under
flame conditions (see Fig. 5 for NCO spectra) 1t 1s
essential to have the spectruscopic information well
established when one begins a search for a given radical
under actual combusuon conditions.

Fluorescence scans may be needed for identification
of the species in the presence of other absorbers as
illustrated in the upper panel of Fig. & They are also
necessary for quanutative measurements; consider
this same example. A spectrometer (or filter) would
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parameters _an he Jetermaned through messstement.
! the tme Jependence of the decay of the eiectr,
mically ex.ited state Such measuremnents o en 1un
purtant part ! Lut laboratory studies

The Binsteu crrusmion Coefticient A L the recipocds

o1 the 1adigtive lifetime -,

A= 0T, 4

T, may be mieasured under vesy -low-pressure cund)
tony an the fluw svsterm A puised laser excites the
molecule  and the direct tme-dependent decay !
the flunrescence 18 measured by a tast-respunse photo
multuipher  amplifier and data acquinition system |t
one adds tu the system 4 known density n, of some
coullider gas uf species 1 the etfective vbsened Iitetune
18 shortened Jue tu quenching culhisions

ey = 1isy + kg, n, 4

where k), 15 the quenching rate constant (umits .m ’
s ') tor collider species 1 and the radical under study
An example of a series of lhiletimes with increasing
collider density 1s given 1n Fig 10 These measurements
15 were made at room temperature 1n a fluw system

In the flame tself. the quenching rate Q 15 ginven
by a sum of all these bimolecular collision rates and
the densities of each species

Q = I, kyn 5

To be applicable to tlames. vne must thus know the
temperature dependence ot the quenching rate con-
stants. We have considered this by companson ot our
room temperature OH results 15 with measurements
on the same radical at high temperature using the LP LF
apparatus / 16/,

Several interesung and surprnising features have
emerged from those OH studies. The first 1s that the
rate constants are large and decredse with ncreasing
temperature, showing that attractive intermolecular
forces play a major role in the quenching of OH 1£,
16/. Secondly. the kg, depend markedly on the rota-
tional level of the excited OH. a fact suggestive of
some very unusual molecular colliston dynamics 15,
We have also made measurements on quenching of
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Fig. 9. Fluorescence spectrum of the CH molecule in an
atmospheric pressure flsme. Here, the N = 14 level of
the upper state is pumped. It emits the rotational line
Ri(13) ss shown. Other lines are evident as well,
corresponding to other rotational levels in the upper
state (a8 in Fig. 7) which have been populated by energy
transter collisions with the flame gases. The upper siate
is clesrly not st thermal equilibrium githough some
transfer has taken place. Each upper stats level aiso
emits in the spectral regions marked Q and P but those
branches sre not resoived with the monochromator used
here [Reprinted from Ref. 5 by permission of the
Opticsi Society of Americs].

NH /17/ and CH /18/ at elevated temperature. Here,
the situation is quite different than for OH; one has
neither the correlation with attractive forces seen
for OH nor the same kind of temperature dependence.
Thus it appears that each molecule must be studied
separately; there are at this time too many unknowns
to develop simple scaling relationships from one radical
to another.

Studies of energy transfer among different levels
of the electronically excited state are also of importance
in establishing quantitative diagnostics. An example
of such a study in CH in flames has already been dis-
cussed (Fig. 9); such measurements are also performed
in flow systems so as to obtain collider-specific energy
transfer rate constants.

81

High Temperature Materials and Processes

LIF DETECTION OF A NEW SPLCIES THE NS RADICAL

For quantitative measurements of radicals using
LIF, several spectroscopic and collisional parameters
are needed. These are given in Eqs. (1) and (2), and
their determination under controlled-environment con-
ditions has been discussed in the preceding section.
For the more commonly found radicals such as OH,
the measurement of these parameters is necessary
and ongoing. However, for nearly all other species
in Table 1, much less information is available. We
consider here a case in which we needed to estimate
many of the needed parameters, but nonetheless were
able to draw some very interesting new conclusions
concerning detailed combustion chemistry. This study
/19/, in which the NS free radical was observed for
the first time in flames, represents a different way
to use LIF trom that in all previous combustion
studies.

The NS radical had never before been observed
in flames by any means, and had seldom been con.
sidered a potential flame intermediate. Its reaction
rates have not been measured under any conditions.
We wondered whether it may be present in flames
of hydrocarbons containing fuel sulfur and fuel nitro-
gen, which are often combined in various coals. If
so, it could be a link between NO and SO, production
cycles.

Our studies of the NS radical, which had not pre-
viously been detected with LIF under any conditions,
began with a series of studies in a flow system /20/
as described in the preceding section. Measurements
on several excited states, including the C2Z* and B*Il.
were made, including excitation and fluorescence
scans and lifetime studies. An excitation scan through
one vibrational band of the C-X transition near 230 nm
is shown in the upper panel of Fig. 11. One sees in-
dividual rotational lines which can be assigned and
analyzed; the four-headed structure is familiar for the
type of electronic transition involved.

A small bumer was then positioned in place of
the flow system and used to bum a CH;/N,0 mixture
seeded with SFg. The laser was scanned through the
same wavelength region. The result is shown in the
lower panel of Fig. 11. We can conclude unambigu-
ously that we see here the same molecule examined
under controlled conditions in the flow system. the
selectivity of LIF is clearly demonstrated in this com-
parison. There are more individual lines in the flame
study because the temperature is higher, leading to
a significant population in a larger number of rotational
levels.
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P=62.1 mTorr
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1 1 1 1 L
0 1 2
TIME (us)
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Fig. 10: Fluorescence decay signals of the OH molecule in a
room temperature low-pressure discharge flow system
experiment, A laser with a pulse length of 10 ns excites
the OH. At the end of the laser puise the OH decays
exponentially with a8 characteristic lifetime. With no
added gas, the decay is due entirely to the radiative rate
for the transition. As more CCIyF, is added, the decay
becomes more and more rapid due to qguenching
collisions. A plot of the decay rate vs. quencher density
wouid vyield the rate constant kq; as stope and the
radiative rate 1/7r as intercept, as indicated in Eq. (4)
[Reprinted from Ref. 15 by permission of the American
Institute of Physics) .

We next moved to a simulated coal flame, for which
we used methane burning in oxygen, seeded with NH,
and H,S to represent fuel nitrogen and sulfur. The
results obtained here were identical to those in the

Laser induced Fluorescence Megsuremeni oof
Combusnon Chemistry Intermediates

NSICTI® ve0 xN, v -0
120

| 300 K Duacharge Flow

80 |

INTENSITY

g 13
§ 50 + 2000 K F lsme
4
ol i, " %
L il N

A 1 1 1 1 L L1 L
2320 e .2 2308 230 4 200
EXCITATION WAVELENGTH tnm)

Fig. 11: Excitation scans of the NS molecule. Shown 13 the 0,0

vibretional band of the C?Z+ . X (] electronic transition
near 231 nm. The four prominent band hesds are
typical for this type of slectronic transition; and many
individual rotstionsily resolved lines can be seen Top
panel: excitation scan where the NS is produced in a
room temperature, low pressure microwave discharge
flow system. Bottom panel: excitation scan in an
stmospheric pressure CHy/NO flame, seeded with SF,,
Scams in CHY/O, flames seeded with NH3; and HS
appear identical. It is clesr that the same molecuie is
being detected in both cases. In the flame, there exist
more individusl rotational lines because higher-lying
rotational levels contain more population at the high
flame temperature [Reprinted from Ref. 19 by permis-
sion of the Combustion Institute] .

lower part of Fig. 11. Studies were made in a variety
of flames with differing amounts of seeding of the
fuel nitrogen and fuel sulfur simulants. We even ob-
served NS in a flame of pure natural gas burning 1n
N,O; here the sulfur came from the methyl mercaptan
added by the utility company at 2 ppm concentration,
in order to produce a detectable odor in the gas.

Simply finding the NS molecule already raises in-
teresting questions, but conclusions concerning its
possible role in NO,-SO, interactions might be pos.
sible if we had some :.ea of its absolute concentration
in the flame. As indicated by Eqs. (1) and (2), relating
the measured signal level S 1o the desired ground state
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concentration Ny requires the knowiedge of a large

PeLITOM OpIL
1t wes necessary to draw on those previnuy

number of and colhisonal
Four NS
measurements which are available but alve make some
other mulecules
The procedure and our chowes are descrtbed in detail
in Ret 19 The Einstein A
from a theoretical quantum chemical cakculation, 1t
together with our experumental Franck -C ondon factorn
and calculated lLine strengths furnished an absorption
coefficient B The decay of the (7L° state ol NS
13 governed by predissociatnion. whose rate P was taken
from magnetic (‘Hanie effect’) mea
sutements (the effective hfeume. ~ 6 ns. 18 too fast
for direct with electronics) With
A and P. ¢ can be calculated if the quenching rate
Q s known However, quenching of the C-state has
never been measured. We estimated individual kg,
by analogy with previous studies on NO and PO, and
our measurements on the B-state of NS A careful
consideration of all these factors led to an estimate

parameters

estimates based on anaiogy with

coefficient was taken

depulanzation

measurement our

of an uncertainty of a factor of three in the resulting
absolute concentration

How good 15 a measurement to within a factor
of three?” When the molecule has never been seen be-
fore in a flame. 1t can be quite revealing. For example,
in some flames, the steady-state NS concentration
within the flame zone is as much as 5% of the added
sulfur. This means that a very large fraction of the
sulfur is being processed through this radical. With
this information, and the fact that the NS signal dis-
appeared quickly as the laser was moved into the burnt
gases, we deduced that the NS was removed by a re-
actant present at concentrations of at least a few tenths
of a mole percent. It was produced by a reaction be-
tween some radical (present at 10 ppm or more) reacting
with a stable species present at ~ 0.1% or more.

We concluded that NS may be an important reaction
intermediate in the reducing atmosphere of rich hydro-
carbon flames containing fuel nitrogen and sulfur,
and that it may play a major roie in NO,-SO, inter-
actions. This observation of its presence does not prove
that role, but certainly further studies in flames and
direct measurement of its reaction rates are called
for. This does demonstrate that, even in the absence
of a full set of analytical parameters, LIF can be a
powerful tool for bringing new types of insight into
combustion chemistry.
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CONCELSION

In thiy paper we have given a hnie' seview ' the
method of faser-induced Nuorescence o used - e
stand the (hemustty ot combustion LIE g8 seen
be a ven senutive and selective means of measuring
trace  Chemical reaction anternmediates  attordung o
high degree o! spatial and temporal resolution and «
nonintrusive nature

For highly quantitative studies using LIE 4 vanen

of spectioscopic and collisional patameters 18 needed

in the analvu

ot signal levels These can be obtained

through separate laboratorny  studies i low pressure
flow systems. a laser pyrolysis. laser luorescence system
of 1n flames themselves Such measurements are clearh
warranted for a number of radicals including the 1m
portant OH molecule, which 1s the subject of many
LI combustion measurements

Even when these parameters are not availabie how
ever. LIF can be very useful The unly requirement
15 that the species 1n question be unambiguously 1dentr-
fiable :n a4 flame system An example was given ot
the first detection ot the NS radical in a tlame. and
important
participation 1n coal flames and the
tween the fonnation of NO, and SO, in such flames
Clearly, both quantitative measurements and semi-
quantitative observation of flame radicals using LIF
will greatly add to our knowledge of detailed flame
chemistry in the future.

conclusions were reached concerning 1ts

interaction be-

ACKNOWLLEDGEMENTS

The research described here encompasses many
different projects and has been performed by a large
number of colleagues, working with whom has been
a pleasure. I gratefully acknowledge Richard Copeland.
Mark Dyer. Paul Fairchild. Nancy Garland, Jay Jeffnes.
Gregory Smith and Brian Sullivan for their partic
pation. Funding has been furnished by various agencies
for different aspects of the research: | thank the U.S.
Army Research Office. the Basic Energy Sciences
Division of the Department of Energy. the National
Science Foundation, the National Aeronautics and
Space Administration, and the Physical Sciences De-
partment of the Gas Research Institute for their sup-
port.



e it et Ao e et A bbb Ak hd At ad b Rd adadhdadindindindindindidindindiniindindindindndidindndindiniing

, b

|

M IO AT

REDVERENCES

CROSNMEY DR Laswer Probes 'or € mbustien ( henmint gy
e (hem Soc Simpotiun Seees 134 1980

tar ROSLLEY DR O Opr bnge 20 S1) 01980

R CROSLEY DR Chem by B9 4461198,

(w CROSLEY DR and SMITH G P Opr $ngr 22
AL ARER LR

(th BECHTIL JH DAMH ) and THEIS R n
laser dppircarsons RN bt and |} Readv eds Aca
demic New York (19K

O LLCHT R P in faser Spectroscopy and Ity Apph
calions L) Radzemski R W Solarz and ) A Panner
eds Muarcel Dekker, New York (1986)

Twenieth Symposium «Intermationall on Combustion
The Combustion Institute. Pittsburgh (198%)

GARLAND. NL o and CROSLEY. DR . 4ppl OUpt 26,
4229 (1985,

BISCHEL. WK . PERRY. Bt and CROSLEY. DR .
Chem Phys Lert 82 8BS (1981, d4ppl Opr 21, 1419
(1982)

ALDEN. M EDNER. H HOLMSTLDT. G . SVANBERG.
S and HOBERG. T . Appl Opr 21,1236 1198y

(a) DYER, M) and CROSLEY. DR. Opt Lett 7,
382 (1982).

tb) KYCHAKOFE, G., HOWE, RD., HANSON. RK
and MCDANIEL J (. Appl Opr. 21, 3225 (1982}
GARLAND, NL and CROSLEY, DR.. Twenty-lust
Symposium  (International) on Combustion, Mumich 1986
In press.

20

larer inParrd Pluweniene Megruremen: -

(cmbugrim t hempsre, [mterome fagiret

COPLLANL N A CRONEEY LR ap NMTHE
Twennert Sympouur dnterngting T VI
The € cmbgunan faengre Pooor ok | LRt 9m
COPLL (¢ RA gnd CROSNTEY DR gr ;o Pw

82 1488 | VR4,

SULEIVAN B CROSEEY DR and SMITH L F
J Chem PRy 10 be published

JEERRIES 1B (OPEHLAND R A SMITH . P any
CROSLEY DR Twenty b s Sympoaum cinternatiinai
on Combustion Munich 1986 10 press

SMITH P PAIRCHILD PW  JEPIRIES TR and
CROSLEY DR 7 Phic (hem B9 269 19M°,
COPELAND. R A DYER M) and ¢ROSLEY DR
J Chem Phis B2 4000 198,

ar FAIRCHILD  PW  SMITH G P and CROSLEY
DR . J Chem Phys 79 179501983

by S™MITH. G P and CROSIEY DR J Chem #noy
1N press (1986

(O JEEERIES ) B COPELAND R A and CROSLEY
DR . J Chem Phivy an press 1 1986)

GARLAND, N1 JEIFRIES J B CROSLEY DR
SMITH., GP and COPELAND R A J Chem Phoy
84,4970 ¢19R6)

GARLAND. NL and CROSLEY. DR, Chem Phis
lett to be published

JEFPRIES, J B and CROSLEY. DR . Comb  Flame
64, 55 (1986)

ta) JEFFRIES, JB. SMITH, GP and CROSLYY DR
Bull 4mer Phvs Soc 28, 1310 (1983

(by JEFERIES. J B, CROSLEY. DR and SMITH P
J Chem. Phys  to be pubhished

!

= AT

Bty -1,.£.5 ".l's

Car o

N

AR
(R A
’\

.\‘\\
& A

.5
%

'$I

s &

TSy

A3

SO
Y, XXX/

-
[/

NANANS
P .'- ‘- .:*

N
[

A,

B

.
4

L)
v,




Radiative lifetime and quenching of the 3p “D ° state of atomic nitrogen

Rchard A Copeland. Jay B Jefines, Aibert P Hickman, and David R Crosley
Chemical Phvsics Laboratory SR Internanonal Menlo Park, California 9405

{ Received 4 November 1986, accepted 13 January 1987

The radiative hfetime of mitrogen atoms 1n the 3p ‘D" state 1s determined to be 43 + 3 ns. and
the total removal rate constants from the excited 3p ‘D" state of nitrogen atoms are me sured
for collimons with He. Ne. Ar, Kr, Xe, and N. In a low pressure discharge flow reactor. the
3p ‘D" state 1s prepared by two-photon excitation from the ‘S “ ground state of atomic
mitrogen Time-resolved fluorescence from the 3p *D° ~ 35 ‘P transiion monitors the temporal
evolution of the population in the 3p ‘D" state. As the rare gases become heavier with a more
compiex electron cloud. the quenching rate constants increase from less than 0.6 = 10 "'

cm's 'ferHetoavalueof 66 + 1210 ""cm's ' for Xe. Collision mechanisms which
might account for such a dramatic increase are discussed.

I. INTRODUCTION

Collisional energy transfer involving excited atoms with
nonzero spin and orbital angular momentum is a fundamen-
tally interesting and often studied process. The collisions of
metastable electronically excited atoms' and the collisional
deactivation of highly excited Rydberg atoms? are two broad
areas where a significant amount of data is available. The
Rydberg atoms, modeled as one outer electron and an un-
structured core, have provided information to test the theor-
ies of electronic energy transfer. The quenching of high-lying
Rydberg levels is modeled® by the interaction of the excited
clectron with the electron cloud of the collider. The quench-
ing of lower-lying Rydberg levels is better explained by the
interaction of the ionic core with the collider.*

The quenching cross sections of metastable electronic
states of the rare gases are correlated® with a mechanism
dominated by long-range forces. A similar model was pro-
posed® for electronically excited small molecules and applied
to the quenching of SO,. We have successfully applied this
long-range forces picture to the variation of the quenching
cross section with temperature for the quenching’® of
OH(A4 *Z ™). This model concentrates on the collision dy-
namics on the interaction potential of the initial molecular
state and does not include the state mixing required for the
colliders to move from the initial to final electronic states.
On the other hand, state mixing is thought to dominate the
deactivation of metastable excited oxygen atoms.'® This
quenching cross section dramatically increases as the collid-
ing rare gas becomes heavier, a result similar to our observa-
tions reported here for N(3p ‘D°). This indicates that the
quenching process can be quite sensitive to the coupling with
available final states.

In this experiment, we measure the radiative lifetime of
the 3p ‘D state of nitrogen atoms and the quenching from
that state by collisions with rare gas atoms and nitrogen mol-

ecules. Here we define quenching as the total collisional re-
moval from the entire fine structure manifold of the 3p *D°
state.'' The excited nitrogen is prepared by two-photon ab-
sorption'* ' following excitation, the temporal evolution of
the total Aluorescence from this state to the 3s *P state is
momitored From the pressure dependence of the fluore:-
cence decay we obtain the collisional quenching rate con-

stant k, and extract the thermally averaged cross section,
og=k,/(v), where (v) i1s the average relative collision ve-
locity. The quenching cross section increases by more than a
factor of 250 as the rare gas colhder is changed from He to
Xe. We compare the results with those from other quenching
measurements on electronically excited atoms in an attempt
to determine the dominant mechanism of the quenching col-
lision. A model which considers only the long range attrac-
tive interaction of the collision pair yields reasonable cross
sections for Xe and N,, but cannot explain the large van-
ation in cross section for the five rare gases. Estimates based
on a two state excitation transfer mechanism provide cross
sections consistent with observations for Ar and Kr col-
liders. This mechanism refines the collision dynamics on the
attractive molecular potential curves by including the cou-
pling between specific initial and final states. In He and Ne
energetically accessible excited states are not available and
such coupling cannot be the dominant mechanism.

il. EXPERIMENTAL APPROACH

In a low pressure flow reactor, a microwave discharge
through either pure N, or a rare gas—-N, mixture generates
the nitrogen atoms. The neat nitrogen experiments, used to
measure the radiative lifetime and the N, collisional quench-
ing rate constant, employ pressures between 0.15 and 1.3
Torr. For the mixed gas experiment, N, and rare gas partial
pressures vary from 0.05 to 0.2 Torr and 0.3 to 4 Torr. re-
spectively. Total gas pressure, when combined with mea-
surements of mass flow of each species, yields the partial
pressures of each component. The average flow velocity for
the experiments with N,, He, and Ar colliders is ~ 3000 cm/
s, and for the other rare gas experiments is ~200 cm/s. In
both conditions, the excitation laser beam intersects the flow
~ 50 cm downstream of the discharge. At this distance and
these flow rates any complicating effect of the N atom pro-
duction method, such as an elevated bulk gas temperature, is
insignificant. This assumption is verified by measurements
with Ar; the temporal evolution of the fluorescence at con-
stant Ar pressure shows no dependence on the flow velocity
between 200 and 3000 cm/s.

References 12 and 13 contain a detailed description of
the two-photon laser-viduced fluorese  ce ( LIF) techmque
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FIG 1 Schematx diagram of the expenment. Inset denotes the electronic
states and wavelengths involved in the detection scheme; fine structure
splittings are too small to show on this scale.

as applied to nitrogen atoms, therefore only a brief descrip-
tion follows. A ground state nitrogen atom resonantly ab-
sorbs two ultraviolet photons (4 ~211 nm, ~ 10 ns pulse
length) which elevateitto the 3p *‘D %state. As schematically
illustrated in Fig. 1, we obtain this wavelength light by first
frequency doubling and then Raman shifting the output of a
tunable Nd-YAG pumped dye laser operating near 572 nm.
A Pellin-Broca prism separates the desired third anti-Stokes
component from the rest of the Raman shifted beam, and a
7.5 cm focal length lens focuses the 211 nm light into the low
pressure flow reactor. The spin—orbit interaction splits the
3p ‘D ° state into four levels with different total angular mo-
mentum, the magnitude of this splittingis 111 cm ! between
J=1/2andJ = 7/2. Thus, we can selectively excite each of
the four individual spin orbit levels of the 3p *D° state by
tuning the wavelength of the ultraviolet light.

The population of the excited N(3p *D°) is monitored
via its near infrared Muorescence ( ~ 870 nm) to the *P state.
A red sensitive photomultiplier, either an RCA 31034 or a
Hamamatsu R666, detects the fluorescence perpendicular to
the laser beam. A long wavelength pass colored glass filter
(Schott #RG-830) and an interference filter centered at
870 nm with a 12 nm bandwidth isolate the fluorescence
from the other background light. The bandwidth is suffi-
ciently broad that fluorescence is collected from all the spin-
orbit levels of the 3p ‘DY siate, i.e., from the one initially
excited and from those populated by collisional energy
transfer from the initial level. The fluorescence is time re-
solved by a | GHz transient digitizer (Tektronix R7912)
controlled by a PDP 11/10 computer; the data is averaged
for 30 to 100 laser shots. "nitial results for N, as a quencher
were obtained with either a 100 MHz transient digitizer
(DSP model 2101) or a scanning gate boxcar integrator
(Stanford Research Systems SR250); these measurements
agree with the results from the 1 GHz digitizer.
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A. Fluorescence polarization

The ‘D ° - *P fluorescence s polanzed. and any effects of
the collisonal depolanzation on the collisional quenching
rate measurements must be avoided. The excitation light has
the same linear polarization as the frequency-doubled dye
laser because the Raman shifting process does not alter the
polarization. Dipole selection rules require the intermediate
level of the two-photon excitation to be *P, thus, for a givenJ
in the excited state, the population distribution can be calcu-
lated for the degenerate sublevels corresponding to different
angular momentum projections m, (the influence of hyper-
fine coupling is neglected). The J = 1/2 level obviously has
equal populations in the m, sublevels; for the ‘S’ to*D  two-
photon excitation, the J = 3/2 level also has equal popula-
tions in the m, sublevels. ForboththeJ = 7/2 and 5/2 levels
in the 3p *D  state the initial populations of the m, sublevels
are not equal for excitation with linearly polarized laser
light; in fact sublevels with |m,|>5/2 are not populated at
all. This anisotropy causes a polarization of the fluorescence
of the 3p *D°— 35 *P transition near 870 nm.

The 3p *D °— 35 *P fluorescence retains most of its initial
polarization even after the excited state undergoes collisions.
At flow reactor pressures of pure nitrogen above 1.5 Torr
and He/N, mixtures above 2 Torr, we have observed the
retention of substantial fluorescence polarization.'' Fluores-
cence polarization means that the spatial distribution of the
fluorescence is not isotropic, even in the presence of col-
liders. Thus, at our specific observation direction, polariz
tion-changing collisions may alter the time dependence
the fluorescence intensity. In order to remove any ambigu-
ities between collisional equilibration of the m, distribu-
tions, we apply a magnetic field of ~25 G to randomize the
magnetic sublevels and destroy the initial laboratory frame
orientation produced by the laser.'* For magnetic fields
above ~ 15 G no polarization of the fluorescence is observed.

lli. RESULTS

The bottom panel of Fig. 2 shows the time-resolved flu-
orescence following excitation of N(3p *D$,, ) with Xeas a
collider. The upper panel exhibits the natural logarithm of
this fluorescence data; note that the decay is linear for nearly
four decay constants. We fit these time-resolved fluores-
cence curves to a single exponential between 75% and 5% of
the maximum value; Fig. 2 contains such a fit for the sample
data. Fits of the decays from 90% to 109 give identical
results, further assuring us there is no significant error in the
decay constant from collisional relaxation of the initial non-
equilibrium m, distribution in the J = 7/2 level.

Because N, is required for N atom production, the colli-
sional quenching of N(3p *D°) by N, must be character-
ized. As noted above, the temporal evolution of the 3p *D°
—3s *P fluorescence was studied vs pressure for a pure ni-
trogen flow. Decay constants from the fits of the time-re-
solved fluorescence are plotted vs nitrogen pressure in Fig. 3,
where the line is a least-squares fit to this data, weighted by
the statistical uncertainty of each decay constant. The slope
of the line is the quenching rate constant, k, = 4.6 + 0.4
X107 cm®s~', and the intercept is the radiative decay
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FI1G. 2. Temporal evolution of the laser-induced fluorescence from
N(3p*D®) in linear and logarithmic form The dashed line is the linear
least-squares fit to a single exponential decay.

rate, k, = 2.35x 10" s, which corresponds to a radiative
lifetime of 43 + 3 ns. The error limits reflect 2-o uncertain-
ties. Separate experiments were performed exciting each of
thefourJ levels of the 3p “D state, and the measured k, and
k, are identical for all the J levels. Therefore, within the
+ 10% measurement uncertainty, the radiative lifetime for
the 3p *D % state does not vary with J. Figure 3 contains data
from each of the four initial J levels.

The radiative lifetime we determine is slightly faster but
still in agreement with the 53 + 8 ns determination by
Richter'’ who made intensity measurements in a nitrogen
plasma. It also agrees with the theoretical estimate of 37 ns

&

DECAY CONSTANT {us ')
8

1 1 1 1
0 0% 1.0 15
PRESSURE. P (Torr}

2

F1G. 3. The pressure dependence of the fluorescence decay constant for
collisions with molecuiar nitrogen.
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FIG. 4. The pressure dependence of the fluorescence decay constant for the
rare gas colliders: Ne (circles), Ar (triangles), Kr (diamonds). and Xe
(squares).

from the method of Bates and Damgaard.'® However, both
the lifetime and the quenching rate constant for ¥, disagree
with the previously published results from this laboratory by
the same two-photon LIF technique; Ref. 12 reports &,
=24+06x10""cm?s™' and 7 =27 & 3 ns. These re-
sults, with 1-o error limits, are from an unweighted fit to
data taken at only five different N, partial pressures, which is
much more scattered than the new data shown in Fig. 3. If
we perform a weighted least-squares fit to the five decay
constants reported in Ref. 12, we find a quenching rate, k,
=34+24x10"""cm?®s™', and a radiative lifetime of
34 4 12 ns, where these uncertainties are the statistical 2-o
values from the fit. Note that these values differ from those
reported in Ref. 12. Within the large statistical uncertainty,
the values we calculate from the Ref. 12 data overlap the
present results. Also, those measurements were performed
without magnetic depolarization and in the presence of 10
Torr of He. Collisional depolarization may have shortened
the radiative lifetime observed in this early work.

To measure the rate constants for N(3p *D9,, ) quench-
ing by each of the rare gases, the partial pressure of nitrogen
is held constant and the partial pressure of rare gas is varied
from 0.3 to 4 Torr. Because of degeneracy, the signal for
J = 7/2is four times bigger than forJ = 1/2; thus, the statis-
tical precision is best when excitingJ = 7/2. Because we find
no J dependence for either the slope or the intercept of the
fluorescence decay data with N, collider, for the rare gas
colliders only the J = 7/2 level is studied. Decay constants
from the fits of the time-resolved fluorescence are plotted vs
quencher partial pressure in Fig. 4 for Ne, Ar, Kr, and Xe,
and again the lines in the figure are from a weighted least-
squares fit to the data for each quencher. For the rare gas
quenching, the intercept is the sum of the radiative decay
rate of the 3p ‘D and the quenching by the residual N.. All
of the intercepts in Fig. 4 are consistent with the nitrogen
partial pressure, the measured lifetime, and the nitrogen
quenching rate.

Table 1 shows results for the measurements of the

quenching rate constant of N{3p *D,, ) by molecular nitro-
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TABLE | N()}p D" ;" colhmonal removi' rate constants and cross sec-
tioms *

(AT

k, a Collimon

Quencher (10 "em's ) (A')  Measured complex'
Xe 66 + 12 4.00 94+ 17 234
Kr 2+ 246 4337 200
Ar 17+ 14 1.6) 99+ 18 176
Ne 11+10 03 13+12 110
He <0.6 0.20 <04 90
N, 46+6 177 S6y? 178

*N(lp*D°) raduative lifetime 43 + I ns
* Error limits are 2-0 uncertainty
¢ Estimated assuming P = | [see Eqs. (1) and (3))

gen and the rare gases He, Ne, Ar, Kr, and Xe. Again, error
limits tabulated are 2-o statistical uncertainties from the de-
cay constant vs partial pressure fit added in quadrature with
the estimated uncertainty from all other observables. This
estimated systematic error, less than the statistical uncer-
tainty, is dominated by the contribution from the flow deter-
mination as measured by calibrated mass flow meters. To
examine the differences between collision partners, we re-
move the velocity dependence of the collision rate by tabu-
lating a thermally averaged quenching cross section, o,
=kgo/(v). We estimate the upper bound for the quenching
rate constant of N(3p *D °) by He from a measurement of ko
=15+45%x10""2cm~?s". Although the values for the
quenching rate constants for He and Ne overlap at the 2-0
level, there is at the 1-o level a monotonic increase in the rate
constant as the rare gas increases in complexity.

There is a dramatic variation in quenching cross section
as the rare gas colliders become heavier and have a more
complex electron configuration. The quenching cross sec-
tion increases by nearly a factor of 250 as the collider is
changed from helium to xenon. Interestingly, this variation
is roughly the same as the increase in the square of the polar-
izability of the rare gas collider; the polarizability,'” a, for
cach rare gas is tabulated in Table I. Such a correlation,
together with the large magnitude of the cross section, sug-
gests to us a long-range interaction of either the excited elec-
tron or the nitrogen ionic core with the electron cloud of the
rare gas collider.

V. DISCUSSION

A wide variety of physical mechanisms are invoked to
explain the data for the nonresonant collisional quenching of
electronically excited atoms and small molecules. The large
magnitude of the cross section for the collisional deactiva-
tion of the excited N(3p *D°) and the surprisingly large
change in its value among the rare gas colliders will be com-
pared to the predictions of these models, including several
possible mechanisms published for other excited atoms.
From these comparisons we will conclude that long range
attractive interactions are responsible for the large absolute
value of the quenching cross section for nitrogen atoms with
Ar, Kr, Xe, and N,. However, a simple attractive forces

model” must be refined to include the interaction between
imtial and available final states. For the deactivation of ex-
cited atoms by rare gas colhders there are not enough final
states for all close colhisions to mix the imitiai states with
different electronic final states.

The final electronic states of the colliders after the
quenching of the nitrogen 3p *D" stale are unknown. al-
though all of the possible combinations have substantial ex-
cess energy to transfer to translation. Nitrogen has seven
states, three quartet and four doublet, with energy less than
the ~94 800 cm ~' of the 3p *D " state. The level nearest the
one excited is the 3p °S state, which lies 1200 cm ' below
the excited 3p ‘D", the nearest level of the same spin is the
35 *P, lower in energy by ~ 11 500 cm ~'. Neither helium or
neon has excited electronic states with less than the excia-
tion energy of the 3p *D " nitrogen atom. Thus, these rare
gases remain in their ground state and the deactivation of
N(3p*D") requires the transfer to translation of at least
1200 cm ' energy. The heavier rare gases all have excited
electronic states with less energy than the excited nitrogen
atom energy; argon has three, krypton has seven, and xenon
has more than 50.'" Thus, the number of possible final states
increases as the rare gases have more complex electron con-
figurations. However, in all cases except xenon there is at
least 200 cm ~' excess energy which must be transferred to
translation of the collision pair. For xenon only the 5p°6f
states are within 100 cm ~* of the N(3p *D?Y,,), and these
states are more than 100 cm ™' from the 3p *D Y state with
J=5/20r7/2.

The geometric collision cross section for the excited
atom and the collider is the simplest model of electronic
quenching, and we apply this model to excited N(3p ‘D°)
atoms using Hartree-Fock radii.'® These geometric cross
sections range from 70 A’ for Ne to 86 A for Xe, a variation
much smaller than observed. In a simple geometric model.
an additional variation with collider might arise from the
collision duration. As the collider becomes heavier, thermal
collisions will have a longer duration, allowing more time for
state mixing. Such an increase is proportional to the square
root of the reduced mass, and is only a factor of 2 for the
He-N to Xe-N variation. Thus, this simple mode! is inade-
quate to describe our data for the quenching of N(3p*D")
with the rare gases.

Because the N(3p D ?) state has such a large excitation
energy, nearly 95 000 cm ™', we first compare its quenching
with the collisional removal of highly excited Rydberg levels
of atoms. These Rydberg atoms have been modeled** as an
excited electron and a separate ionic core with either the core
or the electron acting as a spectator during the interaction
with the rare gas collider. The electronic quenching of rela-
tively low-lying Na Rydberg levels with n~ 10 correlates
well with the interaction between the ionic core of the excit-
ed atom and the perturber rare gos*; here the excited electron
is a spectator to the interaction. Although a detailed model
requires ion/rare gas potential curves the quenching cross
sections from such a model should scale like the Langevin
cross section,”” o ~a'’?. This predicted dependence on po-
larizability is much smaller than the variation observed for
N atoms. The collisional quenching of the higher-lying Ryd-
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berg levels 1s thought 1o occur through the interaction of the
exciled clectron with the rare gas collider’ here the wni
core acts as a spectator to the interaction For example. the
electronuc quenching of Rb Rydberg states by rare gas colh-
sion partners has been studied for both as and ad levels '
In both cases the cross section increases from the measured
value for He by about a factor of 100 to the measured value
for Xe. however, the minimum cross section is for Ne These
Rb Rydberg cross sections are more than 100 times larger
than those measured here for Ni3p ‘D ") atoms. although
the relative vanation with rare gas collider 1s about the same

These high-lying Rydberg levels are quite closely spaced,
and httle excess energy 1s transferred to translational energy

It 1s difficult to imagine an ionic core which must accept its
share of as much as 1200 cm ' translational energy only
acting as a spectator to the interaction. Electron-rare gas
interaction cross sections typically show a mimmum for Ne
as observed for Rd Rydberg atom. instead of the N(3p *D*)
quenching cross sections which show (at the 1-0 level)
monotonic increase with rare gas mass, electron number,
and polanzability. Thus, the models used for Rydberg level
quenching do not appear applicable to the quenching of
N(3p*D®).

There are similar measurements for the quenching of
low-lying valence levels of oxygen and hydrogen atoms by
He and Ar.** Both O(3p ‘P) and H(n = 3) were also pre-
pared by two-photon excitation and observed by far-red la-
ser-induced fluorescence. Collisions with He yielded no ob-
servable quenching, while those with Ar showed quite large
collisional quenching rate constants: 1 X 10~ cm ™" s ™' for
O(3p*P)and 5x 107" cm s~ for H(n = 3). Again we
see cross sections with large magnitudes for Ar and quite
small values for He, however, other rare gas colliders were
not studied.

A. Lor )-range interactions and curve crossings

The rough variation of o, with the square of the polaniz-
ability of the rare gas suggests that long-range attractive in-
teractions are involved in the quenching process, at least for
Ar, Kr, and Xe. We seek a picture of the quenching collision
in those terms. We first examine an approach in which the
cross section may be correlated with some parameter de-
scribing that attractive interaction. Lin ef al.>* derive a linear
relationship between the logarithm of 7, and the well depth
(€m-m )''% For the series of rare gases studied here, we find a
surprisingly good correlation with the (€y_,,)''* from Ref.
23 and the results in Table I, including the upper bound for
He. However, o, for N, is a factor of 6 higher than the rare
gas correlation would suggest. On the other hand, the size of
the cross section for Ne and the upper bound for He are
smaller than one would expect, a priori, for a collision gov-
erned by attractive forces. Thus we can conclude that attrac-
tive forces are likely important for the larger rare gases, and
turn to a more dynamical description of the quenching pro-
cess.

The mechanism can be thought of in three parts: first an
approach of the excited nitrogen and its ground state colli-
sion partner, then a mixing of the initial and final states, and
finally a departure into one or more final state configurations

o
L
;

N Bd s At o " o

with the N atom now less evaited The Colltven partners
which we have studied fall int.: three (ifferent (ategones in
thisregard For Arand Ko there are onby atew energeticaiis
accessible excited final states of the rare gas and we regard
the process as a curve crosang goserned by the difference in
the long range potentials for the two conhgurations In the
caves of Ne and NV there are many posaibic tina. siat s ener
getiwally allowed. so that the state muung wours quite efh
ciently at nearly any internuciear separation Here an ex
phiait treatment in terms of curve crossings s difheult o
formulate, and we look at the quenching in terms of a ungle
long-range potential involving R ° attraction and a R
centrifugal barner For He and Ne. there are no encrgetical:
ly accessible final states of the rare gas save the inttial ground
state Thus. nesther the assumption of avadlable final states at
all internuclear separations nor the excitation transfer curve
cronsing is applicable However. an absence of an asvailabie
curve crossing indicates that the cross section must necessar-
ily be small

As we shall see, this approach forms a successful de-
scription. The o, values for He and Ne are small, as de-
manded. For Ar and Kr, the explicit curve crossing calcula-
tion, described below, provides results consistent with
experiment. For Xe and N,, the single-potential attractive
forces model yields cross sections similar to those measured
expenmentally. We shall next descnibe these calculations,
considering first the attractive forces picture and then the
curve crossing/excitation transfer model.

B. Attractive forces model

The electronic quenching of electronically excited meta-
stable rare gas atoms by a large number of coiliders is suc-
cessfully correlated with a mechanism dominated by long-
range forces.® A similar model has also been used for the
electronically excited small molecules: SO,* and OH.”™ In
this model the long-range part of the interaction between the
excited species 4 * and the collider B is the sum of the repul-
sive centrifugal barrier plus the multipole expansion of the
attractive interactions. For collisions at a specific transla-
tional energy E, there is a maximum impact parameter b, for
which a bound complex can be formed. For all impact pa-
rameters larger than b, the collision partners never sur-
mount the repulsive centrifugal barrier. For all impact pa-
rameters smaller than &, a close collision occurs and a
temporarily bound complex is formed. We assume that if the
collision partners experience such a close encounter,
quenching will occur with some large probability P. The
quenching cross section is

o=mb,P. (H
To compare with the measurement this cross section must be
averaged over a thermal distribution of collision energies: we
denote the thermally averaged quantity o,.

This model has an analytic solution” for excited atom~
rare gas collisions. The lowest order term which contributes
to the interaction potential is the R ~® dispersion term,

V(R)=Eb*/R*—-C/R", (2)

where b is the impact parameter and C 1s the van der Waals
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where [, i/, and a, (a1, are the ionization potential and
polanzability. respectively. of 4 and B The wnization po-
tentials of the two species are known spectroscopically, and
the polanzabihities of the ground state species are noted 1n
Table I We estimate the polanzabihties of Nt 3p *D") and
X' * by modehing these atoms as essentially one electron
atoms. and then scaling from the known polarizabihties'” of
the ground state alkal atoms We find that a can be reason-
ably described by the empincal formula

- L isec and C ocan he approv

a=94(n*%a). (s

where a, = 0.529 A, n*® 1s the effective quantum number of
the one active electron related to the 10n1zation potential by
I=1,(n*) "7 and /I, 1s the 10mzation potential of hydro-
gen. The (n*)" dependence 1s expected since the units of
polanzabihity are (length)." and the unit of length, the radi-
us of a hydrogenic orbrtal, scales as (n*)°.

The quenching cross sections caiculated from our at-
tractive forces model are presented in Table 1. The values
calculated for Xe and N. are in reasonable agreement with
the measured values arbitrarily using a value of P = 1/2.
For the other rare gases the calculated value is much larger
than the measured o,,. Such long-range attractive interac-
tions may be important in the determination of a capture
cross section, but for excited N(3p *D °) atoms the variation
of the quenching probability P for different rare gas colliders
1s also important.

We are compelled to reexamine the basic premises of the
attractive forces model in the context of these excited atom—
rare gas collisions. This physical picture assumes the interac-
tion at long range depends on the relative size of the attrac-
tive components of the potential, and the repulsive centrifu-
gal terms. The model does not consider the final states; the
model assumes if a close encounter occurs there will be an
energetically accessible final state available with facile state
mixing. For the case of collisions with Xe and N,, so many
final states are possible that this assumption may be reason-
able; however, for He, Ne, Ar, and Kr there are only a few
available final states.

C. Excitation transfer

The long-range attractive interaction may induce a po-
tential curve crossing that provides a pathway for excitation
transfer. The physical picture of this mechanism is quite sim-
ple. At the crossing point, an electron from the outer filled
shell of the rare gas collider is captured into the vacancy on
the nitrogen ionic core, and the excited valence electron
from the nitrogen moves into a Rydberg orbital of the rare
gas. Even though exact calculations are not available, we can
estimate the asymptotic behavior of candidate final state po-
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tential curves and abhoan the quena ming L foss sec o that
would arse trom this mechanism This potare saggesis that
the typical situation that deads 1o effectve guenihing oan
Altractive imtial state pnlenlldl curve that cnmses one or
more Anal state potential curves at fong cange A7 evern
curve crosang. the electronie exditation enery ot the nitro
gen atom mas be ethicienthy transterred toa particu’ar e i
ed state of the colhsion partner

The clements of the method are the tollowmg 1 O
tain the asvmpiotic behavior of the imnal and final state
potential curves by estimating the appropriate van der W aals
coefficients 1 2) Locate the crossings between the ininal
state and plausible final states For consistency, these must
occur at Jong range, where the approaimate potential curves
are realistic (3 Estimate the coupling at each crossing us-
ing empirical scaling rules (4) Depending on the number of
crossings identified, apply one of the following methods to
obtain the cross section. For single isolated crossings, which
occur for Ar and Kr, the Landau-Zener formula 1s used.
When many crossings are possible, as for Xe and N .. statisti-
cal arguments lead to the attractive forces model for the
cross section. In the cases of He and Ne. no crossings are
identified, and to first order the present model gives a
quenching cross section of zero. This prediction is consistent
with the observations for He and Ne. and indicates that oth-
er, less efficient mechanisms are involved.

A collision of N(3p*D") with a rare gas resulting in
excitation transfer may be written schematically as

N3p*D") + X=N(S" + X*(n) .
p

The excited state of the rare gas X is labeled only by the
principal quantum number n. Since the collisions take place
at thermal energies, we limit our attention to the available
final states X* such that the reaction is exothermic (or at
most slightly endothermic). The most probable final state
energy levels X* may be determined from spectroscopic in-
formation, as discussed above. We expect that the asympto-
tic behavior of the molecular potential curves will be
— C,/R®and — C,/R°®, where C, and C, are the van der
Waals coefficients for the initial and final molecular states. If
the final molecular state lies below the initial state by an
energy AE, the potential curves will be shown in Fig. 5.
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The necessary van der Waals coefficients are estimated
from the polanzabilities of the interacting species, according
to Eq. (4). The polanzabilities of the ground state rare gases
are known, and we used Eq. (5) to estimate the polarizabili-
ties of the excited atoms from their ionization potentials.
This technique provides a crude estimate of the long-range
behavior of the relevant potential curves. We note that the
method ignores the possible p-like character of the valence
orbitals, the interaction would of course depend on whether
the p orbital was oriented parallel or perpendicular to the
internuclear axis. Also, at smaller internuciear distances, the
interaction will become repulsive due to overlap of the elec-
tron orbitals.

After estimating the potential curves and identifying the
crossings, we calculate the matrix element H, for excitation
transfer. We assume that the matrix element is determined
essentially by the matnx element for the electron jump from
X into the N core. Miller and Morgner™® have considered
excitation transfer from this viewpoint. The matrix element
can then be estimated using an empirical formula developed
by Olson et al.?® to treat charge exchange. Their formula is

H,(R*) = 10441 *I *(R */a,) exp( — 0.857R */a,) ,
(6)

where R* =R(I* + 13 /(21 §{*), and I, I, and I
are the ionization potentials of the ground states of N, the
rare gas X, and H, respectively. This scaling formula has a
physical Lasis from the correlation of the overlap of elec-
tronic orbitals on different atomic centers, which is expected
to fall off exponentially as the interatomic distance increases.
Olson et al.*® found their scaling formula to be accurate
within a factor of about 3 for a wide range of systems in
which values of the coupling matrix element span ten orders
of magnitude. We would expect the formula to predict with
greater accuracy the relative values of the matrix element for
the sequence of similar collision pairs consisting of N* and
each of the rare gases.

Given the above estimates of the asymptotic forms of the
relevant potential curves and the couplings between these
curves, we proceed with the estimation of the cross sections
considering each rare gas collision partner separately. For
He and Ne, no curve crossing is available. The energy re-

TABLE Il Estimates of cross section for exciation transisr

AE tem 1 C eV ATV eV AT K A

Final state of Ar

4(01.2];, ('Po 24 9T . <
4s{1 1.2, 'P, 1082 L See 4
411 2], P it E Io4
Final ctate ~f Kr
Spiv 2, P i 4t

47 4
hT IR BN D T 4

quired to reach the lowest excited state of either He or Ne
(20.8 and 16.6 eV, respectively) is much larger than the
available energy of the N(3p ‘D°) (11.8 eV). Excitation
transfer to an excited state of He or Ne is energetically for-
bidden. If we consider collisional deactivation of the excited
N, the closest available excited quartet level of N is | eV
lower, and the nearest doublet level is about 0.15 eV away
Such levels can only be populated if the energy goes to trans-
lational energy of the collision partners; the couphng for
such a mechanism would arise from the polanizability of the
rare gas. Without realistic potential curves, no ngorous cal-
culation of the cross sections can be carried out for this pro-
cess. However, for such a large energy difference between
initial and final states, a very close collision, within the hard
sphere radii of the atoms, is required. We expect a small ' . !
A?) cross section.

Collisions of excited N(3p *D°) with Ar and Kr mos
nearly satisfy the idealized conditions of our excitatior
transfer model of quenching. In both cases. the number ot
plausible final states is very small. We assume that the poter
tial curves will be of the form shown in Fig § The imitia
curve is more attractive because C, > C.. and 1t crosses the
final curve at the value R, determined by the condition

(C,—C,)/R¢ = AE . -

R, must be sufficiently large that the assmptouc K70 =
of the potential is still a reasonable approvimation I+ -
the case, we can obtain estimates of the totai ov - -
using analytic formulas based on the Landau Zene-

for the probability of curve crossing *~ The resu’ w*
obtained analytically by integrating the curve .+ .-,
ability over impact parameter. 1s

o=4zR[1 -~V (R ) E G -

where V', 1s the imtial state potentiai co o 4
energy. and G(A ' 1 a combinarior

functions. Gi Ay = E . - Il i
rameter 4 1s given by
. 2-H. R
A = - .
AFR'T L K

where AF ixthe anse o
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of the initial and final potential curves, and v is the initial
relative velocity.

The assumed final states and the van der Waals coeffi-
cients used for Ar and Kr are tabulated in Table II. In each
case we have listed the values for the initial and the one or
two plausible final states. The cross section calculated in Eq.
(8) is multiplied by appropriate factors related to spin con-
servation and the symmetry of the assumed initial and final
states. The spin factor arises in those cases when the initial
spins are a quartet and a singlet, and the final spins are a
quartet and a triplet. By examining the possible values of the
total spin quantum numbers S and M in the initial and final
channels, one obtains the result that only 1/3 of the possible
spin pairings in the initial state can lead to a possible final
state. The other factor arises from the observation that the
electron transfer from the rare gas to the nitrogen core is
predominantly between sigma orbitals. (Only sigma orbitals
of the rare gas have a projection along the internuclear axis
of the collision pair and thus have a favorable overlap with
the N* core.) The valence orbitals of the initial N* and the
final Ar* or Kr* should have the same o and 7 character.
For the cases we consider, N* is a 3p orbital (o or 7), Ar*a
4s(o), and Kr* a 5p (o or 7). We conclude that a state of
Kr* of the appropriate spatial symmetry is always available,
and that a state of Ar* is available 1/3 of the time.

The estimates of the cross sections for the excitation
transfer to specific states of Ar and Kr are tabulated in Table
I1. The results are consistent with the experimental measure-
ments. Noting that the initial estimate for Kr was smaller
than the measured value, we tried a moderate adjustment of
the final state van der Waals coefficient. Arbitrarily reduc-
ing C, by 50% gives cross sections closer to the measured
values. The sensitivity of the cross sections to the potentials
highlights the difficulties of making estimates when realistic
potentials are not known.

We draw the following conclusions from the preceding
discussion. The mechanism of excitation transfer clearly de-
pends sensitively on the energy levels available for each par-
ticular system. The estimates we have obtained suggest that
this mechanism could account for the large dependence of
the quenching cross section on the rare gas collision partner.
More detailed calculations of the appropriate initial and fi-
nal state potential curves, and their coupling, would be nec-
essary for a definitive quantitative comparison between ex-
periment and theory.

V. CONCLUDING REMARKS

Experiments on first row atoms like nitrogen offer a rare
opportunity to couple experimental results with theoretical
predictions. Because of the small number of electrons,
ab initio potential surface calculations are feasible. Armed
with a dynamics calculation on such surfaces and the results
of final state selective experiments described below, one can
undertake detailed comparisons of the rates and pathways of
electronic energy transfer.

The excitation transfer mechanism of excited atom
quenching leads to a well-defined excited final state in the
rare gas collider; such a prediction can be verified by experi-
ment. The quenching of nitrogen atoms in the 3p *D “state by

A R
& A O 2 E, . ':i.

Ar and Kr would produce excited rare gas atoms which
could be detected via laser-induced fluorescence or ioniza-
tion with a second probe laser. Detecting these final states of
quenching would unambiguously determine the quenching
mechanism. Other initial excited states can open or close the
energetically allowed rare gas final states. For example, ex-
cited 3p *Pcarbon atoms do not have enough energy for exci-
tation transfer with either Ar or Kr. Thus, if excitation
transfer is the dominant mechanism, the quenching cross
section for 3p *P carbon atoms should be quite small for Ar
and Kr colliders. In addition, the quenching of this state by
Xe has only a single available final state, much like the
quenching of 3p “‘D° nitrogen atoms by Ar. This single ex-
ample is but one of many possible initial excited atoms which
could be studied by two-photon LIF."?

The quenching rate constant for the 3p *P state of oxy-
gen by Ar has recently been measured?? and the thermally
averaged cross section for the quenching is 13 A2 The excit-
ed oxygen state lies below the lowest excited state in Ar; thus,
this state cannot be quenched through an excitation transfer
mechanism, and the large measured cross section appears to
be in disaccord with the mechanism described above. On the
other hand, 2000 cm ™~ below the oxygen 3p *P state lies a
3p 3P state. When the 3p >P state is excited in either a *high
pressure” flow?? or a flame,?®?° radiation from the 3p *P is
observed; the result of a collisional spin-changing deactiva-
tion. In nitrogen there is no state lying below the 3p *D ° from
the same configuration with the same orbital angular mo-
mentum. Thus, this particular collisional deactivation path-
way is not possible. This example illustrates the importance
of considering the final states of both species to understand
the physical mechanism of collisional quenching. Experi-
ments with a careful choice of collision systems and final
state measurements will provide the detailed rates and path-
ways required for a comprehensive theory.

To conclude the rate constant for the electronic quench-
ing of 3p *D ® nitrogen atoms by collisions with rare gases and
N, has been measured. We observe a dramatic variation of
the quenching cross section for the different rare gas colli-
sion partners. The magnitude of the quenching appears
closely related to the number of available final states. In
those cases where only a small number of final states are
available, we estimate cross sections consistent with experi-
ment using the asymptotic potential curves of the initial and
final molecular states of the collision pair. The quenching
occurs when isolated curve crossings lead to excitation
transfer to a well-defined final state. In those cases where a
large number of final states are available, the probability of
quenching is approximated by a constant statistical factor,
and the attractive forces model provides a reasonable esti-
mate of the cross section.

The radiative lifetime of the N(3p*D") atoms is mea-
sured to be 43 + 3 ns in agreement with earlier indirect de-
terminations.
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MULTIPLE SPECIES LASER-INDUCED FLUORESCENCE IN FLAMES

Jay B. Jeffries, Richard A. Copeland, Gregory P. Smith, and David R. Crosley
Chemical Physics Laboratory
SRI International
Menlo Park, California 94025

Abstract

We have observed simultaneous laser excitation of two or more radical
species (OH, NH, CH, CN, and NCO) using a single, tunable wavelength in the
reaction zone of various atmospheric pressure flames. Individual species are
selectively detected by wavelength resolved fluorescence. An overlap among
resonant transitions of OH, NH, CH, and CN occurs at 312.22 nm. Using this
excitation wavelength, all four radicals may be measured simultaneously in
both space and cime. Both advantages and limitations are presented. Spec-
troscopic details on the excitation of CH(C2£+) near 314 nm, NCO(ani) near
315 nm, and CN(32£+) near 310 nm and 333 nm are reported. Following laser
excitation of 0H(A2£+), emission was observed from both NH(A3H1) and
CN(BZ£+). This emission can be attributed to a surprisingly efficient
collisional energy tranfer from the excited OH(A) to NH(A) or CN(A). Colli-
sional deactivation of CH(C2£+) to CH(A%A) and CH(BZ:™) was observed and
exploited to detect CH LIF in a spectral region free from NH, OH, and CN
interference. The diatomic radicals OH, NH, and CN all exhibit a small non-
resonant laser excited fluorescence at low (0.05 J/cmz) power for any laser

wavelength in this region.
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A. Introduction

Laser-induced fluorescence (LIF)l is used to detect a wide variety of
small free radical molecules which are known or putative reaction intermedi-
ates in combustion chemistry. The OH radical has been the subject of most LIF
flame experiments. Because the OH concentration peaks in the post-reaction-zone
burnt gases, detailed questions about the chemical mechanism require the
simultaneous measurement of other intermediates. For comparison with detailed
computer models of the flame chemistry, relative concentrations of two or more
species in the same region are often more informative than absolute concentra-
tions of just one.

For measurements of more than one radical, the normal approach has been
the sequential use of different excitation wavelengths optimized for each
species. We address here the possibility of simultaneously exciting more than
one radical using a single laser operating at one wavelength. The fluorescent
emission could be collected with a single optical system and then dispersed
and detected. With such a scheme, the volume probed in the flame {8 neces-
sarily identical for each species. Thus, the measurements of relative species
concentrations are free of the practical problems encountered when overlapping
two or more laser pulses in time and space. These problems are difficult
because of the variations in beam temporal and spatial profiles not only from
shot to shot but also during each pulse itself. Also, in the case of a
turbulent flame, different laser beams may not intersect and the same point
each shot, due to beam steering. Because of the importance of OH, we have
explored multiple~species excitation in the wavelength region where hydroxyl

can also be measured.

Historically, this work began on LIF of NCO in flames, comparing its

d
.
.

excitation via the B-X system near 315 nm to that using the previously
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studiedz A-X system near 440 nm. We found large laser-excited fluorescence
signals from several diatomics, which fluoresce more strongly than NCO because
of a smaller partition function, {.e., more molecules per internal quantum
level, This led to a search in this region for wavelengths permitting simul-
taneous excitation of two or three species. Molecules studied near 310 mm
were OH, NH, CH, CN, and NCO. A single wavelength absorbed by OH, NH, and CH

each of which has a very coarse rotational structure, has been found.

The LIF intensity is greatest for OH, generally present at much higher

concentration than the other radicals. Therefore it is important to optimize
detection wavelengths and evaluate the level of background signals. We found
a very surprising result; exciting OH produces emission from NH and CN in
flames which include those radicals. These signals are about one-thousandth
of that of OF, and appear to be caused by extremely efficient radical-radical
electronic energy transfer.

There have been previous studies in which fluorescence from more than one
radical has been resonantly excited in a flame. These include excitation of
NH and OH by a ket laser,3 and CH, CN and NCO using an art laser.a In another

experiment,5

two lasers were simultaneously fired to yield linear images of
both C, and OH. In a cell at atmospheric pressure and room temperature,
focussed light at 452 nm was used to simultaneously excite NO, via single
photon absorption and NO by two photon absotption.6 The respective visible
and ultraviolet fluorescence was filtered to form simultaneous one-dimensional
images. An analagous approach for major species has been performed using both

7

spontaneous Raman scattering’ and CARS.8 Here, we consider within a single

wavelength region optimization of detection of several radicals. Discussed
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are new spectroscopic aspects of LIF of CH, NCO, and CN in flames, the energy

transfer, and finally laser and fluorescence wavelengths for multiple species
measurement.

Electronic states of the radicals observed here are shown in Fig. 1., A
0.07 cm diameter beam from a pulsed tunable dye laser, with 0.03 nm spectral
bandwidth and typical pulse energy of 0.2 mJ, was directed into a small flame
burned at atmospheric pressure on a glassblowing torch, The flame front was
located by maximizing the NH LIF signal. The fluorescence at right angles was
polarization scrambled and focussed onto the entrance slit of a small mono-

chromator operated at 1.5 nm resolution; the resulting photomultiplier signal

wvas processed with a gated integrator averaging over 10 to 100 pulses.

B. LIF Spectroscopy
In the region riear 315 nm are electronic transitions of several flame
. intermediates: OH, NH, CH, CN, and NCO, These transitions overlap, permit-
i - ting the concurrent detection of these species. We consider here spectros-
copic details of the excitation in a flame of the C-X system of CH, the B-X
\ system of NCO, and the B-X system of CN. These systems represent {important

types of electronic transitions: a diatomic having a sparse line structure

P

with overlapping lines only in the bandhead, a triatomic with a very dense
' rotational and vibrational structure excited in almost any region, and a

diatomic with dense rotational structure but significant vibrational spacing.

1. CH

The c22+-x2n transition of CH has long been known;9 however, it has been

used for LIF flame detection only in one other study.10 It lies in the region

of strong OH excitation, both an advantage and a disadvantage in CH
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detection. The diagonal (Av=0) bands are the strongest, so most of the
fluorescence returns near the excitation wavelength. The off-diagonal (Av#0)
bands are overlapped with neighboring OH transitions and have only ~1% the
intensity of the diagonal bands (see Fig. 3, below). The C-X absorption,
however, is very intense with a calculated radiative lifetime ~100 nsll {the
predissociative liferime'? ts shorter). The C-state is expected to have a
greater fluorescence efficiency than the longer lived AZA and Bzz' states.
There are six important rotational line progressions, two each of P, Q

and R. The Q branches are highly overlapped forming the (0,0) head at

314.3 nm, the

and R branches are a series of closely spaced doublets to either side of this

head. Figure 2(a) shows several P-branch doublets along with the strong (0,0)

and weaker (1

obtained in a flame by monitoring CH that fluoresces in the A-X transition

(see below).

denoted by an arrow in Fig. 2(a), was selected to avoid excitation of either
the nearby NH or OH. Both the B-X and the A-X transitions appear in the
fluorescence when the C state is excited. Radiative cascade from the C21* to
either BZE— or AZA is forbidden. Therefore, the emission from these levels is
due to partial collisional deactivation of the the excited C state. Rapid
electronic energy transfer then occurs between the A and B states.!3 Measured
relative intensities are C-X (0,0): 1000; C-X (0,1): 7; total B-X: 8; and
total A-X: 15. Assuming equal quenching rates for each electronic state, and
using known radiative rates,
population is transferred to A and B. Much experimental work on both the

quenching and electronic energy transfer still remains to make these emissions

quantitative.

N PP A

most prominent feature in the CH spectrum in this region. The P

»1) Q heads. This interference~free excitation spectrum was

Figure 2(b) is a fluorescence scan; the excitation wavelength,

11,14 we conclude that ~10% of the excited C state
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The CH C-X excitation overlaps with strong bands of OH and NH. Observa-
tion of the A-X fluorescence emission following C-X excitation provides selec~-
tive detection of CH, free from the strong NH and OH emission. This will be

exploited in our search for simultaneous excitation of multiple species.

2. NCO

The rotational structure of the ani-xzni system is complex and has not

been unambiguously characterized. Vibrational assignments of absorption spec-

tra were initially made by Dixon!?

and confirmed in a matrix study16. Rotational
assignments have been made only for the 100-000 (v)'vy'v3'ev;"vy"v3")
transition.l5 The 000-000 band seems highly perturbed and has not been
rotationally characterized. Here we examined the region near the band origin
at 315 nm; there are clearly identifiable features which permit unambiguous
identification of NCO in the flame environment. The 000 level of the B-state
fluoresces to many vibrational levels in the ground state,l7 its spectrunm
extending from 315 nm far to the red in well separated bands.

Figure 3 shows excitation scans observing at 365 nm (see Fig. 4) for both
a low pressure flow tubel? and a CHA/NZO flame. The similarity of the spectra
verifies that NCO is the molecule excited in the flame. Several features in
the flame spectrum arise from hot band excitation not present at room tempera-
ture.

Knowledge of the B(000) fluorescence spectrum is crucial to the detection

selectivity for NCO, due to interferences from diatomic molecules. Figure 4

shows a fluorescence spectrum obtained exciting the R, bandhead of 000-000.

It shows little interference and clearly exhibits the one-to-one correspon-
dence between the bands obtained in the flow cell and in the flame. This type

of band structure has both a major advantage and disadvantage. At least one
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band should be free of interference from diatomics, but any given band con-
tains only a small fraction of the total fluorescence, therefore reducing the
measureable signal intensity. The 000-201 and the 000-102 are generally the
best interference-free bands to observe.

The A2£+ gstate of NRCO lies below ani (see Fig. 1); most of the A-X
emigsion 18 near 440nm. It was not detected in a fluorescence scan at a level
<0.003 of the total B-X emission.

NCO absorption of the excitation laser is not limited to the region near
the 000-000 bandheads shown, but it persists over a much larger wavelength

region with the overlap of many hot bands and rotational lines.

3. CN

We have excited low v' levels of CN in the so called tail band region of
the B2r*-x2c* system, observing fluorescence in the Av=0 bands near 388nm.
The hitherto unobserved (3,0) and/or (4,1) band(s) appear with R branches from
309-312 nm and P branches from 312-315 nm, and (2,0) and/or (3,1), also not
previously reported, with R between 330-333 nm and P at 333-335nm. Both are
discrete sets of about 20 lines per nm. Because the term values for these
vibrational levels of both the B and X states of CN are well known, the exact

18 The fluorescence inten-

positions can be calculated and assigned easily.
sity of the Av=2 band set 18 ~10% of that in the nearby NH (0,0) lines and
about the same as that induced by OH excitation, as described below. That
from the Av=3 bands is about three times smaller. Although weak, these bands

provide the opportunity to resonantly excite CN in the same wavelength region

as OH, NH, and CH. For quantitative CN measurements, oscillator strengths for

19

these bands are needed; at present only ab initio calculations®’ exist for
these values.
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c. Multiple-Species Laser-Induced Fluorescence

When laser light at 315 nm is incident upon the reaction zone of the
flame, we see emission caused by a variety of processes. These are fluores-
cence from the directly excited molecule (i.e., standard LIF), fluorescence
from other molecules (NH and CN) when electronically exciting OH, and an
underlying continuous background excitation of OH, NH and CN., At high laser
intensities multiphoton processes can come into play; under such conditions we
see emission from C2‘ To design a means for multiple-species excitation in
this region, it is necessary to understand the limits posed by the indirect
excitation processes. In this section we consider first the NH and CN emis-
sion produced by OH excitation, then the wavelengths for multiple-species

detection, and conclude briefly with comments on the underlying background.

1. NH and CN Fluorescence Induced by Excited OH

When the laser is tuned to excite only A22+ OH, laser-induced fluorescent
emission i{s produced not only from that molecule but also from NH(A331) and
CN(BZX+). This is a general phenomenon, occuring in CH,/NH3/0, and CH,/N,0
flames which contain both CN and NH, and for NH in NH3/02 and Hy/N,0 flames.

It appears to be caused by electronic-electronic energy transfer between the

radicals, an interesting but seldom studied collisional process, and important
in flame LIF when exciting in the region of strong OH lines.

Figure 5 illustrates these observations using fluorescence scans; the
flame 1s CH,/N;0. In (a), OH is excited via the P,(8) 1line of the (0,0)
band. In this flame, NH emission in the A-X (0,0) band is present at about
10% of the OH (0,1) band intensity, 1i.e., about 3 x 1074 of the total OH
fluorescence. The NH signal is absent in the burnt gases. In (b), the OH

excitation is Pl(7) of (1,0). 1Induced emission is also observed in the
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diagonal bands of the B-X transition of CN, at about five times the intensity

of the OH (1,3) band. Again, moving to the burnt gases eliminates this fea-
ture.

There are two possible explanations for such emission. The first is the
energy transfer process, and the second is reaction of excited OH with some
molecule (NH2 and HCN) which produces the corresponding radical fragment
directly in the emitting state. Several experiments, particularly on NH, were
undertaken to distinguish between these possibilities.

Scanning the laser wavelength while monitoring the NH or CN emission
exhibits all the expected rotational lines of the (1,0), (0,0) and (1,1) bands
of OH, indicating that the efficiency of the process is independent of the
v',J' level excited. The intensity is always proportional to the OH LIF sig-
nal, that is, to the OH excited state concentration. It does not appear in
the burnt gases, where there exists neither NH nor CN as energy transfer part-
ners, but also no NH; nor HCN as reactants,

The intensity of NH emission induced by excited OH was measured in a
variety of flames expected to have widely different NH, concentrations:
NH3/02, CH,/NH3/05, Hy/N,O and CH,/N;0. In each case the NH signal caused by
OH excitation was proportional to the product [NH]{OH], those ground state
concentrations measured by resonantly excited LIF. This strongly indicates
that the NH emission 18 produced by OH(A) + NH(A) energy transfer.

The induced NH emission is typically ~0.001 of the directly excited OH

fluorescence. Using values?0 of 0.003 for the OH quantum yield and 0.01 for
NH, we estimate that the OH(A)+NH(A) transfer accounts for ~3X10™% of the
total OH quenching. LIF measurements indicate ground state concentrations
[(NH] ~ 0.03 [OH] ~ 30 ppm, leading to a cross section of ~50&2 for this

final-state-specific radical-radical energy transfer. The necessary estimates
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render this value uncertain by three-fold, but indicate that this process can
be quite efficient.
The phenomenon was further studied in laser pyrolysis/laser fluores-

cenceu

experiments at lower pressure. Here, absorption by SF¢ of pulsed CO2
laser radiation rapidly heated a mixture containing NHy and H,0, to ~1550K.
The peroxide decomposed to OH and sufficient F atoms were produced from the
SFg to form both NH, and NH by hydrogen abstraction from NH3. The OH was
excited via A-X (0,0), and NH (0,0) emission was observed to have a fluores-
cence intensity roughly the same as OH (0,1), ~0.4% of the total OH LIF., This
NH emission required the simultaneous presence of NHj, F-atoms, and excited
OH; its temporal profile was a double exponential whose rise time equaled that
of the OH(A) decay and whose decay time was the same as that measured directly
for NH(A). Upon increasing [NH3], thus producing more NH, at the expense of
NH, the NH emission signal rapidly decreased. This again indicates energy
transfer, not reaction, is responsible for the NH emission induced via OH

excitation.

2. Laser-Induced Fluorescence with Overlapped Resonances

In the region 280-320 nm there are many wavelengths at which two mole-
cules of the set OH,22 CH,9 NH,15’23 and cN18 absord within a 0.3 em™! band-
width. Near 315 nm NCO is also included. In each case, two radical species
can be excited at the same time in the same volume by the same laser pulse,
permitting simultaneous LIF without complications of careful alignment of two
laser beams or concerns about long term flame stability. Such correlated LTF
measurenents, ylelding concentration ratios, can address important chemical

mechanistic questions. Table I lists the overlaps observed.
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Of course, with a sufficiently wide laser bandwidth one can readily

obtain overlapped transitions., The 0.3 em ! used here is typical of many

lasers used for LIF, and is close to the Doppler width of the absorption lines

[}
st
[#

of the diatomic hydrides at flame temperatures. A larger excitation band-

& & &y
- -

. width, covering lines which do not overlap within their linewidth, can lead to

reduced resonant LIF intensity (of importance in imaging) but the same
nonresonant background (see below) and may cause complications in interpreta-
tion due to multiple—~line excitation of one species.

Near 312.22 nm there exists an overlap of absorptions by the three
hydrides OH, NH and CH. Fig. 6 exhibits excitation scans in this region,

selectively detecting each of these three species plus CN. In (a), the OH

L
a7

(0,1) band is observed; the largest feature is the same P;(7) line of (0,0)

! )

LR 4
o

seen in Fig. 5a. The smaller lines primarily belong to (l1,1) and are observed

A
1 )

S

through v'=1+0 energy transfer?4. This is evident in (b) where the OH (1,2)

s

band is detected.

-

e
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In (c), the diagonal bands of CN B-X are detected. The signal tracks

s
:.

&

that of the OH excitations, illustrating the lack of dependence of the energy

R

transfer on internal OH level. An unassigned resonant transition of either

‘s vV
-

(4,1) or (3,0) of CN is partially overlapped with this coincident resonant

excitation of the three hydrides. The resonantly excited CN radiates pri-

marily in (4,4) at 385.1 am or (3,3) at 385.5 nm, both shorter wavelengths
than those of the (0,0) at 388.3 nm and (1,1) at 387.1 nm. Following excita-
tion of v'= 3 or 4 there is little vibrational relaxation of the CN, an obser-
vation consistent with earlier work.25 Therefore, the resonantly excited CN
is not seen in Fig. 6c where the monochromator detects only fluorescence

ls..
. >
emitted by v'=0 and 1, populated via excited OH. Q%g
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In (d), the NH A-X diagonal band region of the A-X system is selectively
detected. The prominent excitation is the P1» Py, P3 triplet for N"=12 {n the
(2,1) band. Also evident are OH lines, seen here through the energy transfer
as discussed above. Panel (e) shows an excitation scan of CH C-X, observed
via energy transfer to A2A. The doublet features are the Rl and R2 branches
for N"=7 in (0,0), and the weaker lines are part of the (1,1) band.

At the wavelength of 312.22 nm, (as indicated by the arrow in the bottom
panel of Fig. 6) all four of OH, NH, CH, and CN are resonantly excited, as
seen in the fluorescence scan of Fig. 7. In the peaks labelled CN, the

resonant excitation appears as the feature at shorter wavelength, while the

taller peak at longer wavelength is the OH-induced (0,0) and (1,1) emission.
Scanning onto non-overlapping OH lines was used to measure the energy transfer
component. Approximately 5% of the NH emission at the overlap wavelength

occurs by energy transfer from A-state OH.

3. Other Observations

Underlying all excitation scans at relatively low laser power (typically
0.05 J/cmz) is an apparently continuous or nearly continuous background. This
is observed at the characteristic fluorescence wavelengths of each of the
diatomics. It is ~ 20X of the weakest signals discussed above; see, for
example, the excitation scan of CH C-X (observing the weak A-X emission) in
Fig. 6(e). These background signals are linear in laser power and persist to
very low levels, so they are not likely multiphoton processes. They can
complicate interpretation of LIF signals, especially under conditions where
one does not scan the laser off a line to establish the local spectral base-
line. At higher power density, new effects come into play. When the laser

intensity was increased to >lJ/cm2, fluorescence from C, was also observed.
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Both high power effects and the background nonresonant excitation at low

intensities need be explored more thoroughly in the future.
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D. Summary ¥

We have described several LIF spectroscopic experiments near 315 nm, 75
performed in different flames. Here absorptions exist belonging to several :‘
molecular free radicals (OH, NH, CH, CN and NCO) important in combustion o

\ chemistry. The use of a tunable laser for excitation and a tunable spectro-

meter for selective detection has revealed new aspects of LIF in flames. ,;

E The overlap of resonant transitions pumping two or more of these species ;é
| simultaneously, using a single laser beam, has been explored. Several Vet
two-gpecies overlaps have been found, and there is one wavelength at which OH, ;1

NH and CH all absorb. These spectroscopic coincidences will permit instan- E

taneous correlation measurements between different species in pointwise or f%

imaging experiments, without the added complications of alignment of two :&f

distinct laser beams with the accompanying variation in spatial and temporal Ei

profiles of each puise. Such simultaneous measurements could be made hy .;
collecting the fluorescence with a single optical system. Beam splitters and i}
appropriate filters would be used to direct the fluorescent light for each é:

species to a separate detector. 3'

During this search, we found several unanticipated energy transfer pro- :;
cesses. The first is emission from the A and B states of CH following excita- E;‘
tion of the higher-lying C-state, a phenomenon which was exploited as an EI-
simultaneous but interference-free way to detect CH in the presence of NH and ;;;
OH. Second, excitation of OH led to emission from NH and CN (but not CH), :‘;
apparently due to electronic-electronic energy transfer in radical-radical iy.

-
collisions. This is an interesting but little-known process warranting ::j
further study; in flames it places limits on the concentrations for which EEI

’ other radicals can be measured simultaneously with OH. Finally, an even lower E&
background signal due to nonresonant excitation of all radicals at low laser kﬁ
o
KA
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power, and multiphoton processes at higher intensity, will set further ulti- 3
mate detection limits. "':.!
These interesting spectroscopic aspects and collisional processes deserve
additional investigation, placing simultaneous, multispecies detection on a
€ more quantitative basis. This work nonetheless demonstrates how these excita- L4

tions can increase our understanding of flame chemistry through knowledge of '

flame radical concentrations. ‘1‘”
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURE CAPTIONS

Electronic term energies for OH, NH, CH, C,, CN, and NCO up to
35,000 co~! above the ground state of each molecule., Vibrational
and rotational energy is not included. States observed in this
study are shown as 8o0lid lines while unobserved states are denoted
by dashed lines.

(a) Excitation spectra of the C-X system of CH, in a CH4/02 flame,
detected via fluorescence in the A-X system at 431 nm. The Q
branches of both the (0,0) and (1,1) bands form unresolved band
heads. The resolved P branch lines are assigned.

(b) Fluorescence spectrum exciting the sz+, v'=0 level at the
(0,0) Q band head, as denoted by an arrow in (a)., The inset
below the C-X (0-0) fluorescence shows the contribution of
scattered laser light. Fluorescence from the C-X (0,1) band
and the diagonal bands of the B-X and the A-X systems form the
labeled features on top of a broad, unresolved laser induced
fluorescence background.

Excitation spectra of the NCO radical in the B(000)-X(000) band,

detected with a monochromator viewing B-X fluorescence in the 000-

201 band at 365 nm with a 1 nm bandwidth. The upper trace is from a

flame and the lower trace in a room temperature, low pressure flow

cell (Ref. 17).

NCO fluorescence spectra when exciting the R2 head of the
B(0,0,0)-X(0,0,0) band. The lower spectrum was obtained in a room

temperature low pressure flow cell in Ref. 17. The upper spectrum
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wag taken in a CH,/N;0 flame by scanning a monochromator with 2 nm
resolution. The corresponding peaks in the two spectra verify the

identity of NCO in the flame. The numbers above the peaks in the 1§

i lower spectrum refer to the ground state vibrational level on which %
E; . the fluorescence terminates. Interference from OH and CN, from both 2
. flame emission and laser-induced processes, appears in the upper ;‘
. :
ﬁ trace.

x

W

b Fig. 5. (a) Fluorescence spectra in the flame front and burnt gases of a
CH,/N,0 flame when exciting OH A2zt via the P,(8) line in the

(0,0) band. The NH A-X (0,0) band emission results from OH

P E S ™

PR

excitation. The excitation wavelength does not overlap with

any resonant transitions in NH.

o

D
& .
4 (b) Fluorescence spectra for the same flame when the OH is excited ?
" by thke Pl(7) transition in the (1,0) band. The fluorescence PJ
. from the CN B-X system is induced OH excitation. There is no -
g significant resonant CN excitation at this wavelength, S;
w A
N Fig. 6. Excitation spectra at various fluorescence wavelengths in the flame F:
front of a CHa/NZO flame. (The arrow in the lowest panel denotes :;
: the excitation wavelength used for the fluorescence spectrum shown ;‘
2 -
i in fig. 7.) )

(a) Monochromator wavelength, Ag = 348 nm to observe fluorescence

from the (0,1) band of the A-X system of OH.

LT T, L)

(b) Ag = 353 nm to observe the (1,2) band of the OH A-X system.

. (c) Ap = 388 nm to observe the (0,0) and (1,1) bands of the CN B-X

. I-, PR ESPIS

-
<%
P

N system. All the major features follow OH excitatibns and are

energy transfer or chemiluminescent reaction. The tiny lines
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' 113

i
1

[ Wy W "0 P WY S A EOADN PP _-a,'.f- ‘.r\'f‘.r*l.‘.r LT
0 ¥ b » g > -
:':‘:'0:-\.:"::‘."0"':..":5 A |.l':."’v?":‘..':.v?"v. t'::?' (U _|:‘!t.l. ..l.'.l LN D * A



K Fig. 7. Wavelength dependence of the fluorescent emission following
)
: excitation at 312.22nm (as denoted by the arrow in fig. 6ée). The
spectrum shows resonant LIF from four species: OH, NH, CH, and
CN. The large CN feature has two peaks: that at shorter wavelength
is (3,3) and/or (4,4) band resonant LIF, and the emission at 388nm
is that induced following OH excitation as discussed in the text.
¥
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between 312.1 and 312.15 nm are direct resonant excitation of

the Av=3 bands of the B-X system of CN.

(€)) Ag = 337 nm to observe the (0,0), (1,1), and (2,2) bands of the
NH A-X system. The three largest lines are the P(12) triplet

of the (2,1) band. The other large features are OH excitation
which induces NH fluorescence.

(e) A = 431 nm to observe the A-X system of CH. The doublet

feature is the R(7) pair of the C-X (0,0) band. The doublet

just to the red of R(7) is the R(15) doublet in the (1,1) band.
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Table I

t o ato el gt pha ate 3% g% gt

COINCIDENT RESONANT EXCITATION WAVELENGTHS

Excitation Radical
Wavelength Species Transition
334.09 NH A-X (0,0) R3(4)
CN B-X unknown Av=2
315.10 OH A-X (0,0) P1(13)
NCO B-X 000~000 unknown
314.85 OH A-X (1,1) 02(5)
NH A-X 2,1 P(17)
NCO B-X 000~-000 Ry head
314.66 OH A-X (1,1) 0, head
NH A-X (1,0) P(22)
314,44 OB A-X 0,0 P,(12)
CH Cc-X (0,0) 02(10)
Ql(ll)
312.22 OH A-X (0,00  0,(15)°
(1,1) Rl(6)
NH A-X (2,1) P1(12)
CH c-X (0,0) Ry (7)
CN B-X unknown Av=3

8Transition energies are taken from Refs. 9,
bNotation from Ref. 22.
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