b g

&p)
hN)
Ne)
)
A\
Do
)
=T}

ARPA Order No. 1479

Program Code 1E20

Name of Contractor:

University of Pennsylvania

Contract No. NOOQl4-67-A-0216-0023

Principal Investigator: W. R. Brennen

Address:

Phone:

Department of Chemistry
University of Pennsylvania

215 S. 34 Street

Philadelphia, Pennsylvania 19104

(215) 594-8622

Short Title of Work:

Philadelphia, Pennsylvania 19104

Effective Date of Contract:

From October 1, 1970

Amount of Contract:

Advanced Research Projects Agency

$35,000.

Excitation of Nickel by Active
Nitrogen

To September 30, 19571

Sponsored by

ARPA Order 1479

NATIONAL TECHNICAL =)
INFORMATION SERVICE —

U S Department of Commerce
Springfield VA 22151

£.
N —




£
/ Security. Classification

/f DOCUMENT CONTROL DATA - R&D

(Security classitication of titie, body of abetract and indexing snnotetion must be antered when the oversii report le claseifiod)

/. ORIGINATIN G ACTIVITY (Corporate author) 2a. REPORT SECURITY C LASSIFICATION
Unclassified

{ University of Pennsylvania
Philadelphia, Pennsylvania 19104 2b. aRouP

3. REPORT TITLE
EXCITATION OF ATOMIC NICKEL IN THE REACTION BETWEEN NICKEL CARBONYL
AND ACTIVE NITROGEN.

4. DESCRIPTIVE NOTES (Type of report and inciusive dates)
Final Technical Report

8. AUTHORC(S) (Last nams, first neme, initiai)

Shane, Edward C. and Brennen, William R.

6. REPORT DATE 7a. TOTAL NO. OF PAGES 7b NO. OF R!Fl
August 28, 1972 49 24
8a. CONTRACT OR GRANT NO. 948. ORIGINATOR'S REPORT NUMBER(S)

NOOO14=67-A-0216-0023
b. PROJECT NoO. NR 012-211

e. b CTHER REPORT S) (A th
[ ] 3.“ rz-portg NO(S) (Any other numbers that may be essigned

d.

10. AVAILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY ‘

Advanced Research Projects Agency (STO)

13. ABSTRACT
The emission spectrum of the active nitrcgen-nickel carbonyl reaction flame

between 2300A and 7600A has been measured in a discharge/flow sysﬁem at
pressures between 0.13 and 27 torr. Relative populations and,relétive rates of
formation of excited states of atomic nickel bhave been calculated, and various
effects of reaction conditions and gas composition have been fnvestigated. To
the'extent testable, the results are consistent with a mechapnism in which
atomic nickel produced in the reaction is excited by collision with metastable
Ni(A32:5'molecules in various vibrational levels produced in active nitrogen.
The pressure dependence of the atomic nickel spectrum results mainly from

changes in the vibrational distribution of the NZ(A) molecules, | .-

[ A

DD .52 1473

Security Classification



7

i

£ Security Classification
); .

5

4

KEY WORDS

LINK A LINK B LiNK C

ROLE wT ROLE wT ROLE wT

/4
s"g :
/ Atomic nickel excitation
f Active nitrogen reaction

A{ Quantitative emission spectroscopy

Nickel carbonyl

INSTRUCTIONS

1, ORIGINATING ACTIVITY: Enter the name and addresa
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report,

2a. REPORT SECURITY CLASSIFICATION: Enter the over
all security claasification of the report. Indicate whether
‘'Restricted Data’! ia included Marking is to be in accord-
ance with appropriate aecurity regulations.

2b. GROUP: Automatic downgrading is specified in DoD Dj-
rective 5200, 10 and Armed Forces Industrial Manual. Enter
the group number, Also, when applicable, show that optional
markings have been used for Group 3 und Group 4 'as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases shovld be unclaasified,
If a meaningful title cannot be selected without classifica-
tion, show title classification 1; all capitals in parenthesis
immediately following the title,

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.gs, interim, progress, Summary, annual, or final,
Give the incluaive dates when a apecific reporting period ia
covered,

S. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial,

If military, ahow rank and branch of service. The name of
the principal author is an abaolute minimum requirement,

6. REPORT DATE: Enter the date of the report aa day,
month, year; or month, year. If more than one date appeara
on the report, uae date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pagea containing inforination

76. NUMBER OF REFERENCES: Enter the total number of
referencea cited in the report. i

8a. CONTRACT OR GRANT NUMBER: If eppropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8¢, & 8d. PROJECT NUMBER: Eater the appropriate
military department identification, such as project number,
subproject number, aystem numbers, task number, etc,

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identifizJ
and rontrolled by the originating activity, This number muat
be uniyue tc (nis report.

9b. OTHER REPORT NUMBER(S): If the report has been
asaigned any other report numbers (either by the originator
or by the sponsor), slao enter this number(s).

10, AVAILABILITY/LIMITATION NOTICES: Enter any lim-
Atations on further dissemination of the report, other than those

impoaed by s
auch as:

(D *“Qu

repo

ecurity clasaification, uaing standard atatements

alified requesters may obtain copies of thia
rt from DDC,’’

(2) ‘*Forelgn announcement and disaemination of thia

repo
3 "u
this

rt by DDC is not authorized, ’*

S. Government agencles may obtain copies of
report directly from DDC, Other qualified DDC

usera shall request through

4 “u

S. military egencies may obtain copies of this

report directly from DDC. Other qualified uaera
ahall requeat through

(5) ‘“All distribution of this report ia controlled Qual-
ified DDC users ahall request through

If the report haa been furnished to the Office of Technical
Sorvicea, Department of Commerce, for aale to the public, indi-
cate thia fact and enter the price, if known,

11, SUPPLEMENTARY NOTES: Uae for additional explana-

tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departm=ntal project office or laboratory aponaoring (pay-
ing for) the research and development, Include address,

13. ABSTRACT: Enter an ebstract giving a brief and factual
summary of the document indicative of the repoit, even though

it may also a

ppear elsewhere in the body of the technical re-

port. If udditional space is required, a continuation aheet shail’

be attached.

It is highly desirable that the abstract of classified reporta

be unclassifi

ed. Each paragraph of the abstract ahall end with

an indication of the military security clasaification of the in-
formation in the paragraph, represented as (TSs), (S), (C), or (U).

There ia
ever, the aug

14. KEY WO

no limitation on the length of the abstract. How-
gested length is from 150 to 225 words.

RDS: Key words are technically meaningful terma

or ahort phrases that characterize a report and may be used as

index entries

for cataloging the report. Key words must be

selected 80 that no security classification is required. Identi-
fiers, such as equipment model designatinn, trade name, militery
project code name, grographic location, mnay be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, ralea, and weights is optional.

—T

DD %% 1473 (BACK)

Security Classification

BTt

RIS




Final Technical Report
y ' .
EXCITATION OF ATOMIC NICKEL IN THE REACTION

BETWEEN NICKEL CARBONYL AND ACTIVE NITROGEN
by

E. C. Shane and W. R. Brennen

Department of Chemistry
University of Pennsylvania

philadelphia, Pennsylvania 19104

ONR Contract NOOOl4~67-A-0216-0023
NR 012-211

ARPA Order No. 1479

o)

Distribution of this document is unlimited.




INTRODUCTION

: 1 ,
Since the observation of Strutt™ that the line spectra of various
metals are developed when the metals are exposed to active nitrogen, several

2,3,4,5 of excitation of metal atoms in active nitrogen have been made.

studies
Brennen and Kistiakowsky5 found that Ni(CO)A, Fe(CO)s, Cr(C0)6, W(CO)6, an(co)lo,
and Co(NO)(CO)3 reacted rapidly with active nitrogen, forming metal atoms,

and producing flames due to metal atom emission spectra. We have looked in
greater detail at the Ni(CO)a-active nitrogen reaction. Emission spectra

were observed between 0.13 and 27 torr and found to be pressure dependent.

A simple excitation mechanism is presented and the effect of quenching and

the applicability of the Franck-Concon principle to the energy transfer reaction

are discussed. The effect of reactant ratio, observation time, and added gases

on the atomic flame are evaluated.

EXPERIMENTAL SECTION

The Ni(CO)A-active nitrogen reaction was studied in a 25mm o.d.
pyrex flow tube fitted with a fused silica observation window mounted
parallel to the axis of the flow tube as shown in Fig. (l1). Gas inlet jets
were located immediately before the observation window and 19 cm upstream.
For one experiment an inlet jet was located 5.3 cm upstream from the observa-
tion instead of right at it. Downstream from the flow tube were a 15 mm
bore, right angle throttling stopcock, two U-traps, one of which was detachable,
a 10 mm bore right angle stopcock, a 2-liter ballast bulb, and a mechanical
' pump. While Ni(CO)4 was flowing both U-traps were maintained at liquid
nitrogen temperature. Light emitted by the reaction flame passed through the

fused silica window and was directed by two reflecting mirrors into a 3/4 meter



Czerny-Turner, Jarrell-Ash scanning monochromator located about 34 cm distant.
For wavelengths betweer: 4000 and 7600A a Corning 3060 filter was inserted
just before th; entrance slit of the monochromator. Primarily photoelectric
measurements were made using a dry ice-cooled EMI-9558 photomultiplier tube
with magnetic defocusing operated at 860V from a Northeast Model RE=-1602
stabilized high-voltage power supply. The output of the photomultiplier tube
was amplified by a Keithley Model 610-BR electrometer and displayed on a Leeds
and Northrup Speedomax~G strip chart recorder. Typical monochromatér slit
widths were 152-200y4 giving a band éass of about 1.5 to 2.0A. A few photo-
graphic measurements were made using 50 p slits and Kodak 103-F photographic
plates.

The relative sensitivity between 2500 and 75008 of the 0.75 ﬁ mono-
chromator and EMI-9558QA photomultiplier tube was calibratzd with a sﬁandard
tungsten-iodine lamp from the Eppley Corporation. Over a one~year period
no change in the relative sensitivity was detected, A plot of the sensitivity,
defined as the photomuitiplier tube output in amps at a given wavelength
devided by the standard lamp output in quanta/sec, against wavelength is given
in Fig. (3). A correction for a slight change in reciprocal linear dispersion
over the wavelength range is included.

Nitrogen atoms were formed in either an electrodeless, microwave dise-
charge in a fused silica tube located 70 cm upstream from the flow tube or a

épulséd discharge tube located 140 cm upstream. The microwave discharge was
épowered by a 2450 MHz, 100 W Raytheon Model PGM~10 microwave power generator
coupled to a Type 56, 1/4 wave cavity supplied by Ophthos Instruments., The

pulsed discharge was maintéined in a water-cooled, pyrex disch;rge tube, Fig. (2a),
_ fitted with two stainless steel hollow electrodes. The condensed dischavre

circuit, Fig. (2b), employed a Sorenson High Voltage Supply Model 1006-100

-2-



with a maxim&m output of 6000V and 100mA. The power sﬁpply charged a Tobe
Deutschmann 1 pF, 10,000V capacitor. The rate of firing was regulated by
a spark gap with two oppésing brass rods with hemispherical ends separated
by a rotating brass conductor. The entire spark gap assembly was enclosed in
a plexiglass box which was flushed with nitrogen. The rate of rotation of
the center conductor was regulated by a series motor powered by a Variac. The
rpm of the motor and thus the pulse rate was easily regulated with the Variac.
Typically the pulsed uischarge was run at 5000V with a pulse rate of 8-15
pulses/sec. After sevéral hours of runuing the nitrogen atom concentration
began to fall. Apparently metal which sputtered from the electrodes deposited
on the exit tube where it enhanced wall recombination of the nitrogen atoms.
Rinsing with a 10% aq;eOus HF solution removed any deposited metal.

The nitrogen atom concentration was determined by NO titration using
a visual endpoint. The flow rate of NO, Ni(CO)a, and added gases such as
CO and CZHZ were measured by timing a pressure drop in a calibrated volume7
using Dow-Corning DC-704 silicone 0il (P=1.063 g/cc at 25 C) as the working
fluid in the differential manometer. The nitrogen diluent flowrate was
measured using a Poiseuille flowmeter described previOusly.8

The diluent nitrogen was either prepurified nitrogen obtained from
the Matheson Company or white spot nitrogen from the Air Products Company.
Technical grade (98.5%) NO, Ni(CO)a, and CZHZ (99.6%) were obtained from
the ﬁatheson Company. CO (99.3%) was obtained from the Air Products Company.
NO was purified by vacuum distillation from a trap maintained at 113°K to one
cooled with liquid nitrogen, with initial and final fractions being diséarded.
The Ni(CO)4 was purified by freezing down in a liquid nitrogen trap and
pumbing with a mechanical pump and then a Hg diffusion pump. The liquid

nitrogen was then removed and the Ni(CO), was distilled to a trap at -77°C
4



with initial and final fractions being dizcarded, The Ni(CO)4 was a colorless
liquid at room temperature. CZHZ was purified by vacuum distillation from a
trap ﬁaintained at 196°K to one cooled with liquid nitrogen. CO was passed
through a glass wool-packed U-trap at 78°K and was added directly to a storage
bulb., Gases were always conducted from the tanks in glass tubing. Glass=

metal connections were all made either with soldered Kovar seals or with

o

" epoxy adhesive.

As the Ni(CO)4-active nitrogen reaction proceeded a black deposit
occurred on the downstream walls of the flowtube and on the mouth of the
Ni(CO)4 inlet., Coating the walls of the flowtube with 85% phosphoric acid
saturated with phosphorus pentoxide allowed at least 5 hours of operation
before buildup of the deposit on the walls became objectionable.

All measurements were taken at room temperature, which averaged

22 * 30,

RESULTS

Description of the Flame

The addition of Ni(CO)4 to a flow of discharged nitrogen produced a
conical, bright blue flame which extended down the flow tube. The brightest
flames were obtained for runs around 3 torr. For [Ni(CO)4J on the order of
[N] the flame was typically observed for at least 15 cm downstream. Under
these conditions the yellow afterflow was also visible downstream of the carbonyl
inlet. Increasing the flow of the Ni(CO)4 increased the width of the conical
flame, decreased the extent to which it extended downstream, and decreased
the intensity ot the yellow afterglow downstream. As the pressure was decreased
to 0.3 and 0.13 torr the blue flame became very diffuse, At 0.14 torr the flame

extended about 3 cm upstream and 10-15 cm downstream. At these low pressures



it was necessary to increase the length of the sidearm to which the fﬁsed
silica window was attached. Otherwise, the flame extended out to the window
and a black deposit eventually coated the window so extensively the observed
intensity was drastically reduced although the flame was approximately
constant. As the pressure in the flow tube was increased to 9.6, 14.7, and
27 torr the flame began to develop what appqgred to be a reddish cone inside
the blue cone.

On occasion, especially with added 02, when the NikCO)4 was shut off
and only the yellow nitrogen afterglow was present, a distinct red glow was
present on the walls of the flow tube where the black deposit was present.
This was assumed to be the surface catalyzed excitation of nitrogen that has
been studied by Harteck, Mannella, and R.eeves.9 Since there is also a (nickel)
debosit at the carbonyl inlet, it is possible that the reddish inner cone
observed at higher pressures may be due to this phenomenon.

Pressure Dependence of the Atomic Nickel Emission Spectra

The atomic nitrogen-nickel carbonyl flame consists almost entirely of
emission from excited nickel atoms. The only other emission observed was
weak CN violet emission. No other emission has been detected in the wave-
length range from 2300 to 7600A. Table I lists most of the stronger lines,
the energy level of the emitting state and its term symbol, and the relative -
intensities of the lines at a represzntative number of pressures between 0.13
and 27 torr. The type sf discharge, pulsed (P) or microwave (M), is indicated
in the parentheses next to the pressure. The data for 0.13 and 0.54 torr had

0.6% 0, added before the discharge to promote dissociation on the nitrogen.

2
All intensities are recorded relative to an arbitrarily chosen standard peak
at 3369.57A which has been assigned an intensity of 500. Over the several

hours necéésary for one run the flame intensity was often found to decrease
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by about 15-30% due to clogging of the carbonyl inlet with a solid deposit.!
In all runs the standard peak was swept repeatedly, any changes in flame
intensity were assumed to be linear, and the observed relative intensities
were adjusted to standard conditions by linear interpolation. Results at a
given pressure are considered reproducible to within 10-15%.

Experiments were run using a microwave discharge for runs greater than
1 torr and a pulsed discharge for runs less than 1 torr. Data taken with
both the pulsed discharge and the microwave discharge at 1.0 torr gave
identical results within scatter.

Wavelength assignments were made by comparing the photoelectric
spectra with the compilation of atomic nickel lines by Corli.ss.10 Line ident=-
ifications were verified between 2300 and 5200A by photographic spectra taken
with 50 p slits (0.5A bandpass) and analyzed on a measuring microscope.

Reactant Ratio

The nitrogen atom and Ni(CO)4 concentrations used in the reported
data are summarized in Table II. One experiment was performed to determine
if the reactant ratio affected the observed relative intensities. At 1.8 torr
five runs were taken in which the reactant ratio, [N]/[Ni(C0),], was varied
between 4.5 and 29 and representative strong lines over the entire wavelength
range were recorded. Within normal fluctuation the relative intensities were
not affected by changing reactant ratio.

Obsefvation Time

The linear flowrate of the diluent nitrogen varied for the different
pressure runs between about 100 cm/sec and 550 cm/sec. The higher pressure
runs had lower flowrates due to throttling and the lower pressure runs had
lower flowrates due to decreased pumping efficiency. Since the carbonyl inlet

was stationéry, slightly different portions of the atomic flame were observed.



Two experiments were performed to determine if the observation time after mix-
ing had any affect on the observed relative intensities. At 1.8 torr two

runs were taken with linear flowrates of 100 and 550 cm/sec. The relative
intensities were the same for the two runs. For all rums mentioned thus far
the Ni(CO)4 was added through the inlet at the observation window., Two runs
yere performed in which Ni(CO)4 was added th?ough the upstream inlets. With
the Ni(CO)4 added through the inlet 19 cm upstream at a total pressure of

3.6 torr the observed intensities were very weak, and thus not well determined,
but within the accuracy of the data the relaﬁive intensities were not affected
by the inlet position. At 9.5 torr Ni(CO)4 was added through the inlet 5.3 cm
upstream (equivalent to 4x10'2 sec at the prevailing flowrate) and compared

to the run with Ni(CO)4 added at the observation window. Within scatter

there was no change in the relative intensities. The observed relative
intensities are not affected by changes in observation time to the extent
which they are varied in these experiments.

Effect of Added Gases on Relative Intensities

a) Oxygen added before the discharge

Oxygen when added to the nitrogen flow before the pulsed discharge
has no appreciable affect on the relative intensities. The addition of 0.6%
02 to a run with the pulsed discharge at 0.3 torr gave relative intensities
about 20% lower than a run without added 02. Thus the 0.13 torr run with
0.6%'02 recorded in Table I is not significantly affected by the added 02.

With 02 added before the microwave discharge there was an effect,
though small. A run at 1.85 torr with 0.3% 02 had all peaks increased by an
average of about 20% relative to the standard peak. For a run at 1.1 torr

with 0.67% added 0, lines with Eu > 40,000 cm.-1 increased about 15%. A com=

parison for lower pressures can be made using the data in Table I. It was



not possibleAto perform %ow pressure experiments ﬁith é'microwave discharge
and no added 02 because of the forbiddingly low nitrogen atom concentration
and consequent weak atomié flame. However, the pulsed discharge experiment
at 0.3 torr can be compared with the microwave discharge experiments at 0.4
torr with 0.6% 02. In ‘both cases two runs giving very similar results were
averaged to give the reported data so the accuracy is fairly good. Again
the microwave discharge with added O2 gives higher relative intensities for
lines with Eu> 40,000 cm'l. For lines with Eu< 40,000 cm~l the increase in
relative intensity witﬁ added 02 is only sligﬁtly greater thaﬁ normal scatter.
However, lines originating from the higher energy states had increases in
relative intensity that were larger than reasonable scatter. It does appear
that these higher energy states are increased in intensity relative to the
lower states. A possible explanation is that the lower states or their.p;e-
Since the effect is

cursor are quenched by O, or a discharge product of O

2 2°
not observed with a pulsed discharge it would appear that a microwave dis=-
charge product of 02 is involved. Considering, however, the marginal extent
of the observed effect, very little can be said in this matter.

b) Added CZHZ

For a run at 1.8 torr with a partial pressure of added Ni(CO)4 of
0.9x10"3 torr,C,H, was added in four differing amounts between 0.9x10™3 torr
and 1.2x10°2 torr. There was ro effect on the relative intensities of a
représentative sampling of lines. For a run at 5.6 torr 4x10"3 torr of CZHZ
had no effect on a flame with 1.7x10-3 torr added Ni(CO)A.

c) Added CO

The addition of CO to the carbonyl flameat 2.1 torr in concentratiéns

between 3 to 20 times that of Ni(CO)4 had no effect on the observed relative

intensities.

R



Trap Analysis

The black deposits taken from the carbonyl inlet and from the U-traps
downstream of the reactor were analyzed for nickel content using either a
titration with sodium ethylenediaminetetraacetate (EDTA)ll'and muroxide
indicator or precipitation with dimethylglyoxime'(DMG)ll. The results are
summarized in Table III. The deposit in thq‘inlet is almost entirely nickel
metal, The deposit collected in the U-traps appears to vary in nickel content
between 35-70%. The trap deposit may consist of nickel plus a pélymeric
compound or nickel as part of a polymeric compound. Frequently, sparks were

observéd in’ the U-traps when air was introduced, éo,apparently at least a

portion of the deposit is some form of active nickel "black", which is pyro=~
phoric.

CN Violet Band System

CN violet (B22+ - X22+) emission has been obsefved weakiy in the
carbonyl flame at low pressures and with a moderate intensity in the high
pressure flames. Some of the observed bands at several pressures are summarized
in Table IV. The CN emission is present only when Ni(CO)4 is addgd; it is not
an impurity emission.

The ctudy of CN emission in flames is a very complex matter with several

12-17’4. A reaction mechanism

different proposed mechanisms of CN excitation
proposed for the active nitrogen-nickel carbonyl reaction by Brennen and
Kisti’akowsky5 included CO as a reaction product and NCO as an intermediate.

The reaction of atomic nitrogen with CO to form ground state CN is 74 kcal/mole
endothermic and will not be important. The reaction, N + NCO — CN + NO, is

7 kcal/ﬁole exothermic and may provide a source of ground state CN. The CN

~ could then be excited to its BZZ state by collision with NZ(A32u+), which

is present in the active nitrogen. Such a mechanism has been proposed by
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Bayes12 and supported by Campbell and Thrushlj. The similar CN vibrational -

level distribution found at 9.6, 14~7, and 27 torr suggests that just one

-mechanise is operating at these pressures.

DISCUSSION

Excitation of Metal Atoms by Active Nitrogen
| .Since the earliest observations of Strutt1 that the line spectra

of various metais - cadmium, magnesium, mercury, potassium, zinc, and lead -
are developed when the metals are exposed to active nitrogen, several st:udiesz'5
of excitation of metal atoms in active nitrogen have been madé. Brennen and
Kistiakoyskys (BK) found that Ni(60)4, Fe(CO)S, Cr(CO)6 W(CO)6, Mhz(CO)lo,
and Co(NO)(Co)3 reacted rapidly with active nitrogen, forming metal atoms,
and producing flames due to metal atom emission spectra. Studying the Ni(CO)4
and Fe(CO)5 reactions in detail BK concluded that a stepwise degradation
occurred

'M(c0)n + N —>M(C))__, + NCO, etc.

M(CO) + N = M(g) + NCO W
M(g) + wall —> M(s)

2NCO — N2 + 2C0

N + NCO -—)N2 + CO

where M is the metal atom. The emission spectra was concluded to result

from'excitation of metal atoms in collision with metastable NZ(A32u+)

molecules. Phillipsz’s, observing primarily the thallous halides, concluded

that the thallium atom was excited in a termolecular process,
. .
X+ N+N—>T¢ + N2 +X

X = halogen

(2)

or in a bimolecular reaction of T{X with an excited nitrogen molecule formed

-10-



during N~atom recombination

*
2 >N, + N,

*
+ T +X

N+ N+ N

*
N, + T¢X —>N

3)
2

Since the T{ atoms were assumed to be formed as the result of a dissociative
collision process, it was necessary for N; to have at least 225 :cal/mole of
energy to form T{ in its observed states. NZ(SZ) was considered to be the
most probable excited nitrogen molecule. It is possible tﬂat the reaction of
the thallous halides with active nitrogen also involves stripping of the halide
atom in the reaction af TLX with a N-atom and consequent excitation of the
free T{~-atom in collision with a,NZ(A) molecule. The observations led
Phillips to discount a degradation mechanism: (1) no T™¢ emission was found in
the region immediately following the flame, and (2) the addition of T¢ vapor
alone to active nitrogen resulted in a much weaker flame. If in either of
these cases the T{-atom concentration were significantly lower than in the
T¢X flame, a much weaker emission flame would be expected. The addition of T{
vapor, indeed, suggests that the T{-atom can be directly excited by active
faitrogen,
-

Our observations of the Ni(CO)4 flamé are similar to those of BKS.
We found that the relative intensities of the various nickel lines is the
same at the reaction inlet and at positions much further downstream. This
supports the proposed degradation mechanism of BK with-excitation of gaseous
nickél atoms by NZ(A) which is present in the active nitrogen downstream of
the reaction flame. We have observed excited nickel atoms with up to about
57,000 cm~l of encrgy above-the ground state, in agreement with BK. Gur
observations were limited primarily to states with Eu< 52,000 cm”l, If Ni

is assumed to be excited from its ground state, then NZ(A) molecules in

vibrationsl levels up to at least v' = 6 are necessary to supply the required
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excitation.energy, Ni has low lying states which may Be populated to séme
degree. An absorption study of the carbonyl flame:is necessary to determine
if the low lying states are appreciably populated. :if they are, then s}ightly
lower vibrational levels of NZ(A) could supply the ﬁecessary excitation-energy.

Pressure Dependence of the Relative Steady-State Pooulation Distribution

Relative steady-state populations for the excited nickel levels were
calculated from the relative intensities recorded in.Table I. The relative
intensities were corrected for the relative sensitivity of the photomultiplier
tube and monochromator, Fig. (3), and populations were calculated from the rela-

tionship .
I
N T4l %)

where Nu is the steady-state population, I is the relative intensity in units
of quanta,kjs the wavelength, ﬁlu is the absorbtion os;illator strength, and
gﬁ\and gﬁ\are the degeheracies of the upper and lower states of a transition,
respectively. g-Values were taken from Corlisslo. Plots of relative popula-
tion against energy of the upper state are given in Fig. (4) through Fig (11)
for pressures between 0.13 and 27 torr. A line representing an effective
Boltzmann temperature is drawn through the data. Considéring the scatter i;
the data the temperature is accurate to about ¥ 400°k. A significant change
in the relative population distribution is found over the;pressure range studied
as demonstrated by the change in effactive temperature.. A plot of the'observed
effective temperature against pressure is given in Fig..(12).

For purposes of quaiative evaluation of trends the nickel population
has been divided into four groups with different Eu:'(1§5group I,
28,000<Eu f 31,000 cm'l; (2) group II, 31,000 < Eu< 37,000 cm“l; (3) group III,
42,000 < E; < 45,000 em”l; and (4) group 1V, 45,000 <_Eu < 52,000 em~l., we

have taken only limited data for energy levels above 52,000 cm"l. Observation



of Fig. (4) through Fig. (ll) reveals that in addition to the overall change
in relative population there has been a noticeable change in the relative
position of group 1I. The effective teméerature line has been drawn largely
through groups I, III, and IV. At lower pressures the group II points fall
below this temperature line while at the higher pressures they have increased
in population and fall very nicely in line. Between 0.13 and 27 torr group II
" has risen from an average of about 25% loweg‘in population thag group I to a
population very nearly equal to group i.

With two exceptions the relative populations within a given group
did not change with pressure. That is, the highgr population points within
group IV at 0.13 torr and 27 torr represent the same emission lines, etc.

The 3371.99A and 2994.46A lines violate this trend and will be discussed below
in the section on quenching.

The lower energy levels of Ni can be populated by radiative cascading
from higher levels. Relative intensities for data at 9.6 torr were converted
to intensities proportional to quanta/sec and the ratio of cascading from higher
levels, Eu = 42-52,000 cm-l, to radiative depletion was calculated. For
levels with. 26,000 < Eu< 32,000 cm™! the ratio was 0.13, and for levels with
32,000 < Eu < 37,000 cm-1 the ratio was 0.16. An estimate was also made
including lines listed in "Tables of Spectral-line Intensity" by Meggers,
et a1.18 that we did not observe directly. The ratios we:: only minimally
changed by this correction. It can be seen from the low ratios that the popula-
tion of the lower levels is not affected appreciably by radiative cascading.

Excitation Mechanism

A mechanism which describes the excitation of the Ni-atoms is as

follows:

«13-



NZ(A3ZI, v=v') + Ni(g) L5 Ni* + N2 (XIE, v=y")
Ni*¥ N+ hy (5)
. k
Ni* + N2 _O__) Quench

Excited nickel atoms, Ni*, are formed in collision with the metastable NZ(A)
molecule which drops to its ground state. The excited nickel atoms are
depopulated by radiation or quenching by nitrogen buffer., The population
distribution in Ni* reflects the energy distribution in the vibraﬁional

levels of NZ(A) and the rate of population of the different excited states of
nickel. If the quenching step is neglected (discussion below of the quenching
step suggests this is a reasonable assumption) the rate of formation of a given.

energy level, Eu’ is represented as
R = Nu/’r“' 6).-

where Nu is the steady-state population and Tyis the radiative lifetime,
Using relative populations and calculated radiatiﬁe lifetimes (see below,
Table VI), relative rates of formation of some of the states with strong
emission lines have Been evaluated at 0,13, 2.4, and 27 torr. See Figs. (13)
to (15).

An attempt was made to calculate an expected rate of formation of
Ni* as a function of Eu using a known vibrational distribut;on for NZ(A)' An
important issue in this calculation is the importance of the Franck-Condon
principle for the NZ(A)'-9 NZ(X) transition in determining the energy that is
available in a bimolecular collision with Ni(g). Robertson19 in a study of
collision of excited Ar atoms with molecules has concluded that the molecules
do obey the Franck-Condon principle. Transitions in which molecular separa-
tions are maivtained constant are the most favored. Callear and W'ood20 have
considered the energy transfer reactions of NZ(A) with a series of other mole-
cules. They concluded that to the first approximation of N2(A) -9'N2(X)

transition obeyed the Franck-Condon principle,
ll4=



In a.separate study21 the NZ(A) vibrational population distribution was
determined under a variety of conditions. Table V is a summary of the observed
relative vibrational populations at 2.4 and 40 torr. The relative rates of

formation were calculated according to

.
4l (group T) o k(qyrgn) [N, (A,v=v")I[Ni(g)] )
dt. '

for all transitions in the range E(A, v=v') - E(X, v=v") = E (group I), etc.
The rate of energy transfer from NZ(A) to Ni(g) was considered to be of the

form19

k=v[oP(E)] q,, (8)
where v is the relative velocity of the collision partners, ¢ is the reaction
cross section, PE(AE) is the potential energy part of the cross section,
is the Franck-Condon factor. For calculation of relative rates of

formation the cross sections are all assumed to be equal so that

keq, )

V"
Several NZ(A) vibrational levels feed into a given energy range so the relative
rates of formation were summed according to group. [qv'v"] [AV'] was
evaluated for various v'’s and summed for all transitions with the energy for
the NZ(A) -=>N2(X) transition within the energy range for group I, etc.

The F-C factors were taken from Benesch et a1.22. The calculated relative
rates of formation are shown as squares in Fig. (14) and Fig. (15). The
relative rates are recorded at an average energy for a given group. There is
good agreement between the calculated and observed relative rates of formation.
The agreement indicates that to a first approximation the proposed mechanism

adequately describes the excitation of nickel atoms. The assumption that the

Franck-Condon principle appiies for the NZ(A)'—9 NZ(X) transition in collision

-15-



appears to bé valid. Indeed, the nickel carbonyl-active nitrogen reaction
provides a good test of the applicability of the Franck-Condon principle in
bimolecular collisions. In the energy transfer reactions of NZ(A) with other
molecules21 only a limited number of acceptor states are available. With the
Ni-atom a whole manifold of acceptor states are available. It is desirable to
look at the excitation of other metals, with reasonabl& extensive energy
manifolds, by NZ(A) to determine if the Franck-Condon principle is generally
applicable in collisions. The reaction of other metal carbonyls with active
nitrogen provides a ve?y convenient method for studying this process.

The change in the relative population of the group II lines is a detail
we have not clarified. The calculated rates of formation are not sufficiently
accurate to determine if the change reflects the change in the NZ(A) vibrational
distribution or if another factor is involved. Figs. {13) to (15) suggest that
group II does increase relative to group I as a result of the change in the
vibrational distribution of NZ(A)'

The Quenching Step

In order to evaluate the importance of the quenching step, equation (5),
relative intensities of long-lived states, the states expected to be most
readily affected by the quenching reaction, were analyzed at different pressures.
The radiative lifetimes of a number of the excited states were calculated
according to the relationship

77 - 7ls gia, (10)
) '
and are summarized in Table VI. The g-values and gA values were taken from
Moore23 and Corliss and Bozmanza, respectively. Steﬁdy-state analysis of the

mechanism, equation (5), gives r

<l -l
Irel(Ni*) =T /R+kQ[N2]/R (11)

-16-



where R is the rate of formation of Ni¥, and Irel(Ni*)¢< [Ni*]. A plot of
Irel(Ni*)-l against pressure will have a slope to intercept ratio of k 7.

Q

k. can be evaluated using the calculited values of 7.

Q

The 3371.99A line originating from the long-lived 30980 cm”l

state is
the one observed line which is drastically affected by pressure, This line,
. which is labeled in Fig. (4) through Fig. (11), drops in relative population
by a significant degree between 0.13 and 27 torr. A graph of the reciprocal
relative intensity, I (3371.99)-1, against pressure is shown in Fig. (16).

A value of k= 3%10°10 is calculated using 7= 2x10"° sec. The data is very
scattered but the quenching mechanism appears at least approximately correct.
The calculafed quenching coefficient is quite high, being essentially gas
kinetic, i.e., the quenching reaction occurs on every gas kinetic collision.
None of the lines originating from the other long-lived states showed any
significant change. Lines originating from the 29833 c@'l state, T= Ax10™2
sec, did not exhibit a change in relative population. The 2994,46A line, see

1 state, 7 = 5x10"9 sec,

Figs. (4) to (11), which originates from the 33590 cm~
did exhibit a slight drop in relative population. It can be seen from Table VI
that both the 30980 cm~l and 33590 cm™l states, in addition to having longer
lifetimes, have nearby lower energy states within 100 cm~l while the next

1 state is 400 em-l eway. (At room

lowest energv level below the 29833 cm”
temperature kT = 200 cm-l). It appears, meager though the evidence is, that

both a long radiative lifetime and a nearby acceptor state are necessary for the

quenching step to be important, Ni¥ is quenched to its next lower electronic
state and N2 absorbs the energy as an increase in translational energy.
States with radiative lifetimes shorter than 5x10~2 sec were not affected by

the quenching step.

-17-
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Table II:

Summary of Reaction Conditions

Pressure Dischargea [N] [Ni(CO)4] [N
[NL(C0),]
0.13 x103,torr x103,torr

: 15 3.5 0.5 7.2

. 0.31 P 1.3 0.6 . 2.1
1.1 M 0.7 0.18° 3.9

2.3 M 7.6 0.56 14

9.6 M 5.1 1.1 4.6

14.7 M 7.0 0.47 15

- 27 M 13 3.6 3,6

p represents a pulsed discharge and M a Microwaée discharge.

-26=



Table I1T1:

Analysis of Solid Deposits

Source Method? %Ni
U-trap 'EDTA 36
U-trap EDTA 35
U-trap DMG 70
inlet EDTA 97
inlet EDTA 95
inlet DMG 92
inlet DMG 94

aTitration with sodium ethylenediaminetetraac
or precipitation with dimethylglyoxime (DMG),

-27-
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Table 1IV:

CN Violet (Bzg-szg) Relative Intensity

CN Band Relative Intensitya
(viv') 0.3 torr 0.4 torr 9.6 torr 14.7 torr 27 torr
3,2 320
2,1 270
1.0 210
4,4 (11) (14) 210 140 490
3,3 ' 155 95 ' 320
1,1 137 85 310
0,0 32 21 210 140 510
5,7 28 95
0,1 28 42

aInaccurately determined values are in parentheses.

1.




Table V:

‘Relative Vibrational Population of NZ(ABZ:)

Nz(Aqg) Relative Population
v' 2.4torr  4Otorr
0 130 200
1 130 200
2 120 50
3 42 16
4 18 5

=29



Table VI:

Calculated Radiative Lifetimes for Excited States of Nickel

Eu,cm"'1 T x109,seca Eu,cm"1 T x10°. sec®
28569 2.7 42790 1.3
29084 3.4 44112 (3.8)
29321 1.3 48467 0.34
29481 2.2 48953 2.3
29669 2.0 49086 0.23
29833 6.4 49158 0.37
29888 1.9 49159 0.88
30913 2.5 49175 0.41
30980 2 49271 1.3
31031 1.1 49314 (0.89)
31442 1.5 49328 (2.0)
32973 2.3 49333 (1.9)
32982 1.5 49778 0.37
33112 " 1.5 50346 0.33
33501 1.3 50466 0.70
33590 4.9 50717 - 0,51
33611 0.79 50832 (0.66)
34163 1.7 51306 1.3
34409 0.8 52040 (2.0)
35639 1.8

36601 0.66

42606 1.4

a ~1_ -
Calculated from _g“¥EguAuL' For values in parenthesis g-values

were not available.

=30~
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FIGURES

Schematic diagram of flow tube.

right at

the observation window.

The .gas inlet located 5.3 cm before the
observation window was present for one experiment in lieu of the inlet

Condensed discharge tube and firing circuit,

Sensitivity curve for 3/4 m Czerny-Turner monochromator with EMI-9558QA
photomultiplier tube.
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as a function of pressure,

Rate of formation of some nickel states at 0.13 torr.
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