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QUENCHING OF METASTABLE RARE GASES BY

" S ' CALCIUM ATOMS AND METAL CARBONYLS

Dennis C. Hartman'
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and =

Department of Chemistry, University of California
Berkeley, California 94720

"ABSTRACT

A flowing efterglow chemiluminescence apparetus was used to
etudy three important processes,'associative iqnizatiom, Penning ion-
ization, and eoilieional dissociation. The metastable rare gases Arf,
Ne* end-He* were ueed as energy dQnorsf |

-In the interaction of calcium atoms with metastable argon,
excitive Penning and associative ionization reactions were obeerved,
wieh emission from calcium ions formed in the 2P6 | |

3/2,1/2

states, and
emission from the asseciative ion CaAr+ formed in the A 2H state. The

‘ non—statistical populations in the Ca+(2P°3'/2 1/2).stat:es were explained
. . ’ :

as a propensity for conservation of both orbital and total electronic

o angular momentum. Thermal-rate constants for fotmation of Ca+'8P°3/2),
& Ca+(2P°i/2) and CaAr+(2H) were measured to be 1.6 X 10—10, 3.2><_10'-11
and 3.1x 1071 cn’ mol'ecu]_.e-1 see-l, respectively.v The branching

ratio of excitive associative ionization (AI ) to excitive Penning
x ‘ Lk * :
ionization (PI ) was measured to be A1 : PI = 14% : 86%. The rate

constants and bfanching ratiqs are"typical of many associative and



Penning reactions. The AI* product, CaAr+ (ZH), was found to be highly
vibrationally exciﬁed, ~1000 cm‘-1 below the dissociation limit.
Ni(CO)4 and Fe(CO)5 were found to dissociate during bimolecular

vcollisions with Ar*, Ne* and He*;vyielding electronically excited free
Ni and Fe atoms. The uniqué nature of the metal excitations is ev-
idenced by the fact thét the strongest Ni line in the.Ar* + Ni(CO)4
interaction has ﬁot Been previously reported in absorption or emission.
Excitation of high-spin states of the metal atoms is strong. Relative
populations and rates of the Qaribus metal states have been.measured,
'along'with absolute rates fér Ar* + Fe(CO)S; A J—depeh&ence is ob-
served in the rélative rates of formation of.long—lived sepﬁet levels
of iron, indicating J—changing collisions may be important. A statis-
tical model, with rgstriéted degrees of freedom in the exiting products,
gives good agreement with experimentai rate distributions. A two elec-
tron exchange modelbprédicts tﬁé expefimentaily observed electrqn con~-

figurations quite well.
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o QUENCHING OF METASTABLE RARE GASES BY

CALCIUM A_TOMSAND METAL CARBONYLS

Dennis C. Hartman

Materials and Molecular Research Division
Lawrence Berkeley Laboratory

\

o and :
Department of Chemistry, University of California
Berkeley, California 94720

ABSTRACT

A flowing afterglow.chemiluminescence apparatus was ﬁsed to
éfudy'threé>importanf.processe§;‘éssociative ionization, Peﬁniﬁg iénF
izafion; and c&llisibnal diséociation. The metastablé'rare'gasestr#,‘
Ne* and He* were used‘as'eneréy donors. -

In the interaéﬁion of calcium atoms with me;éstable argon,
exéitive Penning. and aésdciative ionization réactiohs were observed,
Qithvemissioﬁ froﬁ qalcium ions formed in the'2P°3/2’1/é sgates, and
emission from the associative ion CaAr+.formed in thé A 2H state. Thg
non—statisticél populations in the Ca+(2P°3/2'i/2) Stétes were explained

_ , _ . /2, _ ;
as avperénsity fdr conser#atidn of both orbital and total electronic
angular momehtﬁﬁ.. Thefmal.;ate constants-fot,formatibn of Caf.gP°$/2),

0 3.2x1071!

hd . ,Ca+(2P°1/2) and CaAr+(2H)'wéfe measured:to be 1.6 10“-1
and 3.1x -10—11'cni3 mole‘culga_1 sec_l, resﬁectively. The branching
ratio of excitive associative ionization (AI ) to excitive Penning

* ' * *
-ionization (PI ) was measured to be AI : PI = 14% : 86%Z. The rate

constants and branching ratios are typical of many associative and



. * y
Penning reactions. The AI product, CaAr+ (ZH), was found to be highly

vibrationally excited, ~1000 c:m-1 below the dissociation iimit.

"

'Ni(CO)a and.Fe(C_O)5 were found to dissociate during bimolecular
'.collisidps,with Ar*, Ne* and He*, yielding electrdnically,excited free
Ni\and Fe atoms. The unique nature o};the metal excitaﬁions'is ev-
idenced by the fact that the strongest Ni liﬁevin the Ar + Ni(CO),
interaction has not been préviously repo;ted in absorption of emission.
Excitation of high-spin states‘of the metal atoms is strong. Relative
populations and rates of the various metal states have been measured,
along witﬁ aBsolute‘rates for Ar* +.Fe(C0)5. ‘A J-dependence is ob~
se:ved in the relative rates of formation of long—li&ed septet leve;s
of iron, indicating J-changing_collisioﬁs méy be_important. .A statis-
‘tical model, with restricted degreés of ffeédoﬁ in the exiting products,
gives gbod agreement with experimental rate distfiﬁdtioné. A two elec—.
trbn exchange mbdel prédiéts the éxperimentally observed eleétron con-

figurations quite well.’
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I. INTRODUCTION

The metastable rare gases are convenient energy carriers of
1 3

reasonably high energy. For He, the metastables are the 2 "Sand 2 °S

states, forbidden to radiate due to the electric dipole selection rule
that S > S traﬁsitions.gre fqrbidden. In addition the 2 3S stgte isi
forbidden.tb radiate due td'thevAS =0 seiection rule, valid for such
a.small atom. For Ne through Xe, thé metastablés are the 3Pz’() statés
(of the_léwestvtriﬁlet'manifbid) which are forbidden to radiate due to

the AJ = 0, * I; J=0+J=0 électric dipole selection rules.. The

energies of the metastable rare gases are listed in Table I.

Although all these metastables have radiative lifetimes greater
than 1 sec, under typical 1 torr flow conditions, collisions with pho--

tons, atoms or molecules, electrons and walls are the ultimate control-

' ling factor of the lifetimes of these metastable states. Lifetimes are

in the 10 msec-range,vbut,this.is_pleﬁty’of time for.g newly created meta-
éfable atom to flow and interact with another speéies. Metastable rare
gases interact with.many atomic and molecular species, and reviews by
Fontijn(l)vand Stedmén and.Setser(z) discqss the-réactiqn cheﬁistry.

Table iI lists-‘the most common reactions that can occur. The possibility :

that there is no reaction at all is experimentally rare. ‘The only spe-

cies which exhibit no chemical interaction at,ail with a given metastablé i

 ‘rare  gas, according to Stedman and Setser, are the parent and lighter

rare gas atoms.



i Uéiné_thg metastable rére gases Ar*, Ne* and He*, three iﬁpor—
tant collision processes were‘sfudied in this work, Penning ioniz;tion, -
associétive ionization, and collisional dissociation. The reaction
prbducgs and their internal eﬁérgy distributions were detected by ob-
serving the chemilumineécence resulting from a reactive collision.

In Chapter II, thé fl#wing afterglow ¢hemiluminescence appara=-
tﬁs is.discussed; Chapter III.discusses the theory of Penning and asso-
ciative ionization and the experimental results for the Ar*'+ Ca.s&stem,
in which chemiluminescence is observed from.Penning and asSociatiye_ions

resulting from. the reactions

® +% '
"Ar +Ca~>Ar +Ca + e . j
' : * +% - ’ '
" and v Ar + Ca » CaAr + e .
Finally,:Chapter 1V discusses experimental results and plausible disso-

‘ciation mechanisms for observed collisional dissociation of metal carbon-

yls by metastable rare gas atoms, e.g.

Cx N
Ar + Fe(CO)5 -+ Ar.+ Fe + 5CO.
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IT. EXPERIMENTAL

*

.The reactions of the.metastablé rare gases Ar*,,Ne% and Hé
weré studied by obserﬁing_the resulting chemiluminéscence when these
species interécted with a gaseous reagent. A block diagfam of‘the.flow—
ing afterglow chemilumiﬁescehce apparatus is shown in Fig. 1.

Briefly, the metastable rare gas is created iﬁ'a D.C. discharge
énd flows.into the interéction region. The feagent of interest enters

the interaction region through a gas inlet port, or if the reagent is

" a low vapor pressure liquid or a solid, via an oven heater. The inter-

actioﬁ light is dispersed ﬁy a monochromator and detected By a‘photo—
multiplier tube. The output-is.fed to a multi-channel aﬁalyzer»orva
computér, and finally plotted as a spectrum of intensity versus wave-
length. A moré.detailed'discussion of'the apparatus will follow.

The rare gases argon, neon and helium were purified by a vari-

‘ ety'of metﬁods.- The mdst annoying impurity in the tank Ar (Liquid Car-

v

bonic, > 99,998 %) was molecular nitrogen, bedausevthe C 3Hu state of
' _ - _ . : ’
nitrogen is resonant with Ar (332) atoms and energy transfer is very

efficient. N2 can easily deplete the already low Ar concentration. A

commercial titanium oven (R. D. Mathis inert gas purifier) was used to

remove the r'e'sidualvN2 ffom tank Ar with poor results. The beneficial

removal of N2 was outweighed by the constricting effect on the argon

flow. A liquid nitrogen cooled molecular sieve trap was also tried,

ButAthe.best results were obtained using no purificatibn other than
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Fig. 1. A block diagram'of the flowing afterglow chemiluminescence apparatus.
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~desiccant to remove tank H_,O. Neon (Airco, 99.99 %) and helium

CaSQ 2

4
(coﬁmercial grade of unknown purity) were purified through CaSO4 and a
liquid nitrogen cooled molecular sieve.

The source of the metaétable rare gases was a .flowing hollow

(2)

'cafhode discharge tube patterned after Stedman and Setser. Two
cylindrical electrodes spaced ~ 1" aﬁart were mounted in a 19 mm diam-
' eter pyrex tube. The electrodes were méde of rolled 0-004" thick tanta-
ium‘or stainless steel sheet Qitﬁ typical dimensions of 1" long by 3/8"
diameter. ‘The pofential acroés the‘electrodes was 275 volts d.c. with
. thevﬁegafive electrode downstream. The greatest metas;able concentra;
tions were oﬁtained with neithér electrode'grounded. The discﬁarge Cuf—
rent was 1 ma. |

The metasfable rare gasés ¢reated in the discharge flowed
through a bent pyrex tube equipped with a Wood's hofp to shield the
inte:action region from the discharge 1ight;* After flowingv”? 35 cm,
they entered the interaction region, a stainless steel chamber Qifh an -
interaction Volume.of.;*S cubiC'inches of ~ 130 cm?; The chamber Was
equipbed Witﬁ_sik side;arms.for fiexib1e placement of windows, tﬁevdis-
charge'tube,vreagent'ihlets, thé puﬁp foréiine, preséure gaugeé,.etc.
" The whole’sys;em was pumped by a Welch 1375 1000 &/min mechanical pump
with a ventéd gihaﬁst.r""

The rare gés flow wés measured to be.i400 uﬁole/sec which yields
a fiow velécityvof'7.3 X 103 cm/sec. The Ar* (3f2) concentratidn was
néstimated with atomic absorption of ﬁhe 8115 A Ar line (seé Appéndix A)

: % 3 : % : .
to be ~“109'— 1010 atOms/cms. Ne_'(3P2) and He (2«38) concentrations
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were not measured, but emission intensities when interacting with metal
carbonyls were comparable (within a factor of 10). .The cross-sections
- % * x . . '
for the Ar , Ne and He reactions may be different, however, and com-
parable emission intensities may not necessarily mean comparable con-

. . % *
centrations. Nevertheless, the concentrations of Ne and He - are prob-

o 10.10_at0ms/cm3 range, also.

ably around the 10
Gas pressures in the O.Ivu —;l.torr range were measuréd with an
MKS Earatron'gﬁpacitance manometer, while pressures in the 1-5 torr
range were.meésured with a meféury Macleod gauge. Both gauges read
identicall& at 1 torr ofdpressﬁre. The total raréigas préésﬁrevinvthe
intefaction region was typigally in the 1 torr region.
A plot of [Ar*]v(as measured by SIISA;-abéorption)_vgrsus Ar
pfessﬁre in the interactioh'region is shown in Fig. 2. At_pressgres
-much below 0.2 torf, the Ar discharge cannot be m;intained, as isbalso
the case for preséures-much'above 1.2 torf, The peak in [Ar*] occurs
around 0.9 tbrr,xthe pressure at which'dp;imal hqllow cathode.discharge
conditi;ns exist. | |
The7gaseous reagenf-of iﬁterest was metetred thiough-a stainless -
steel'injectiqn*tube iﬁto théyinteréction regibﬁ énd collided with the
metastablé rare gés. Typiéal‘reagen£ gas pressures were 10-100 microns.
Non?yolafile-liquids or éolids were admitted frém a stainleéé steel
~oven.
The oveﬁvheatiﬁg unit consisted of a 0.0ld"'thick tantalum sheet
clamped between two concéntric stainless steel rings. Each ring is
hard-soidéred fo a water—codledréopper buss bar, the buss bars travel-

ing through an aluminum flange,and electrically isolated from fhe flange
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a function of total Ar pressure in the interaction region.
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with teflon spacérs. The interaction chamber is bolted to the top of
a larger stainless oven chamber (with a leume of ~ 3 liters) and the
aluminum flange is bolted to the bottom. Thus the tantalum heater 'is

difectly below the interaction region, and the distance between the in-

teraction region and the heater can be varied by adjusting the vertical |

bﬁss bars through their Cajonl"ﬁltra-Torr" connections to the aluminum
flange. Typical;distanges between heater and interaction region were

| 5-10 cﬁ. | |

The power»sourcé used td heat the tantulum‘was avlarge-varigble

transformer (Superior Electric Powerstat) with a maximum secondary coil

rating of 230 V. a.c:“and 22 amps; Three turns of 4/0 welding cable are

wound aroupd the éecondéry coil (with “‘240 turns) of the traﬁsformer,‘
thus there is an eight&-fold voltage decrease across the endé of.the
cable when comparéd'to‘the secondary voltage; but pqwer in the trans-
former is conserved, thus fhe cable is capable of carrying enormous cur-
vfents. The'eﬁds of the cable are claﬁped to the wéter—cooléd buss bars
with a shunt in series'wi;h the circuit, the shunt being calibrated'tb
expefiéncé a 50 mV a.c. voltage drop across it when an a.c. current of
480 amps flows tﬁroﬁgh it;

| With the secondary transformer at 80 volts a.c. the-qqrrent
tﬁrough the tantalum foil was typicaily 460:amps with a potential drop
of ~(1 yolt a.c. The stainless.steél ovenAreSted_iﬁside the tantalum
and was radiatively heatéd to temperatﬁ;es as high aé»lOOO C, as mea-

sﬁred by an optical pyrometer and a chromel-alumel thermocouple. Orig-

inally, thinner tantalum was used with poorer results. The resistance
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of the tantalum isvinversely proportional to its thickness§ thus the
ihioker tantalum with less resistance dissipated more heat because of
the poWér relation P.= VZ/R. |

| o‘“,Other methods of heating the oven proved less successful.
Tantalum windings and commercial ceramiC'heateré (Meilon'Co.) both suf-
fered from the fact that highivoltages (~120 volts a.c.) were foquired

for heating. The oven was used primarily to vaporize calcium metal, and

* . . . :
the Ca + Ar mixture discharged and arced .at these high voltages, de~

‘stroying fuses, wires and creating unwanted light. Even though the

ceramic heaters had no exposed wires at the oven top, violent discharges

were still obtained. The low Voltagé heating was by far the superior

method.. No discharging was observed and electrons from thermionic

eﬁissioovexperionced negiigiblevaccelergtions, ;hus unwanted seécondary
ekcitations from those eiectroos, os well as ony reaction electrons
produced, were miﬁimized. |

Light fromithe intefaotion of the reagent of interesf with the
metastable rare gas traveled through a 2" diameter quarté window and
entered the éntfance_slit-of a high_resolotion Jovan—YVon'i.s m scanning

holographic grating monochromator. Lenses aimed at focussing the 1ight

. .

onto the slit did not appreciably raise the signal due to the diffuse

nature of the interaction flame, and in most cases were not used. If

intensities permitted, the monochromator had a resolution of better than

'0.0lA ; and with large 1 mm slits the width of an atomic line (FWHM) was

a réspectable 24,
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eLight leaving the exit‘slit hit the gallium arsenide phbtocathode ’
‘of an RCA C31034 photoﬁultiplier tube wired as in Fig; 3 for pulse-
counting epplicatiohs. The tube has an excellent résponse range from 2000-
8560 A. The potentiel of the photocathode was —1600evolts and the anode
was at ground potential. A mu-metal shield.connected through a 9.1 MQ :
bresistdr to the negetiveehigh v01Cage served as a Faraday_cage, protect-
ing the tube from stray electromagnetie Wavese Withithe tube at room |
temperaturerthe dark-count rate was ~'3000 counts/eecu Ceoliﬁg to dry-
ice temperatufes (- 57¢C) reduced the dark-count rate to less than 1 -
count /sec. | |

Pﬁlses from the photomultiplier tube (widths of ~ 10 ns) were
fed into a‘pfeamp counfing head.(EﬁtranucleariModel 032-3). Here the
pulses were disefiﬁihafed; amplified and‘finally’eenverted’to 10ﬁ;going:
- TTL pﬁlees 0.2 usec long suitable for sealing,equipmeﬁt. Two deta col--
lection Systeﬁs were - employed. | |

The first waé a 4096 channei Fabri~-Tek multichannei analyzer
with an internal dwell renglng from 1 psec/channel to 10 sec/channel -
and channel capac;tles_of 130,000_counts._ A spectrum was obtalned by
‘slewing the grating and simﬁlfaneously.stepping the Febri—Tek from chan-
nel to channelzat.e SpeCified'rate. ,Each channel thus had a fixed wave-
length 1eterva1 in whlch photons were counted, thls 1nterval determlned
by the monochromator slew speed (A/mln)and the Fabri-Tek dwell (sec/
channel).> The spectrum of 1uten81ty'versus wavelength was plotted en
an X-Y reeorder; ,Ie addition, the-Fab;i—Tek was‘capable of direct

channel readout of any interesting emission feature.

S
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Fig. 3. Dynode chain wiring diagram of the pulse-counting photomultiplier tube.
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The second was a computer iﬁterface built by.the chemistry de-
partﬁenf electronicvshop;_ The monochromator had two useful features, a
confrol module and an optical>encoder. By sending pulses to appropriate
pins on the computef plug of'thé C6ntrol mbdule; one could sfarf or stop
the grating stepping ﬁotbr, open'or close the steépiﬁg motor:clﬁtch and
change the stepping motof direction. The optical encodefvwaé coupled
diféctly td the wavelength dfive and provided an eXtremelf accurate 100
pulses/A. |

An Intél 8253 prdgrammable inte;val timer was madé_part of the
memory of a Commodore 8K>PEf computer. The 8253 is a sef of 3 indepen_
dent i6—bit counters with a maxiumum data acquisition.rate of 2 MHZ.

Two bf.the countérs wefe ﬁsed, one to count opfical encoder pulsesland
the'otherlto count photons. |

A spectrum was obtained in the_folléwing manner. The scan
speed was set iﬁ tﬁeAnormal manner with the éush—bﬁtﬁon controls on the
control module. Thé fbllowing scan parameters were-inpug into the PET:

7 (1)‘ A/éhannel
| l(2) number of channels
(3) ‘scan direétion (red or blue)

(4) ﬁumber_of scans

The PET zeroed the counters and commanded the monochromator to. scan in
the specified direction. When the aCCumulated<encoder'pulses reached

the value set by (1) above, the PET:

&) Simultaneously commanded the stepping mOtof to stop and the

clutch to open.
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(2)‘ Reaa the phbton,counter and dumped the result into memory.

(3) Displayed the photon counts and a,histogram'on the screen.

(4) Repeatedvthe whole process for the desired number of channels.:

When one scan was done, the PET reversed the scan direction and

vrepetitively scanned back and forth over the desired wavelength region,

adding the photon counts to those already accumulated. This method of

data acquisitionwas particularly useful for weak emission systems, in

that it affordedllong couhting'times énd'changes in emission intensity
_were averaged out because in general they occur on a longer time scale
than that for a single scan. The clutch is crucial to the system, be-

cause it was found that without it the stepping motor momentum caused

the grating to overshoot its desired stopping point after the stepping

_motor was stopped.

Finally, the spectrum was plotted on a Tektronix 4662 plotter
connected to the PET through an IEEE busS'cdnnection;

The relative spectral reéponse'of,the spectrometer (J-Y mono-

' chromator + cooled RCA C31034 photomultiplier tube) was obtained from

3500 A to 8200 A by using a tungsten-filament incandescent lamp. A
lamp spectrum was taken, with the brightness kept constant by a photo-

diode connected to the lamp power supply through a feedback loop. A

~calibrated 6500 A optical pyrometer gave a brightness temperature

T = 1889 * 5 K bofh before and after the scan. Appropriate:filters

b

. were used to avoid interference from second order light.

g
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The rélative'spectral intensity'of a blackbody radiator is given

by St. John(3) as

C1 1

;E exp(hc/AkT) - 1

I()\’T) =

where I'is power per unit area per unit wavelength, T is the cavity -
'temperaturé, h is Planck's constant, c is the speed of light, k is

Boltzmann's constant and C, is a relative proportionality constant.

1

As discussed by Rutgers and De.Vbs;(4)rthe cdlor température df
a radiator (ih this case a hot tungsten filament) is the femperaturé‘of
a blackBody having the same spectral distributién of energy in the
visible region of the spectrum. Using their table one convgrfs the
measufed bfightness temberature (1889 K) to a color temperature of
2070 i 5 K. Subétituting T(colof) for T,'I(X).for'the_tungsten.fil-
.ament lamp can be calculated with the above formﬁla; the aéplicable
ranges being‘L4OQ to 3200 K and 3500 £0'10,000 A for use of the.formula.

The relative,efficiency, E, df the spectrometer can be calculated by the

formula _

observed lamp intensity at A
theoretical lamp intensity at A °

E(\) =

A plot of relative spectral response of the spectrometer from 3500 A to

8200 A is shown in Fig. 4.

© iz -
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Fig. 4. Relative response function for the Jovan-Yvon 1.5 meter monochromator + dry-

ice cooled RCA C31034 photomultiplier tube.
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ITI. CHEMILUMINESCENT ASSOCIATIVE AND PENNING IONIZATION

A. Introduction
Associative ionization (AI) , L )
* % + -
A +B~> (AB) - AB + e
and Penning ionization (PI)
' * ' * + -
A +B~> (AB) > A+B +e
are important ionization mechanisms under plasma, discharge and combus-
~tion conditions. As an elementary process, AI is extraordinary because
of the enormous difference in reduced mass between reactants and prod-
‘ucts.

AT is closely related to radiative association (RA)

| e T

* *
A + B -~> (AB) - AB + hv,
although there is an iﬁportant kinetic difference between;the two pro-’
: . o S o )
- cesses. In RA, the collision complex (AB) has a typical lifetime be-

3 sec, whereas its radiative lifetime is typ-

.fere dissociation of 10—}
ieally'2>10—8 sec. Thus the formation of a stable, bound AB ﬁolecule
occers with an,efficiency no greater,than 10_5. - Many aseociative ion-
.ization reactioﬁs.proceed with collision effieiencies between-0.0Ivand
0.1. Thus; if energetics permit, ejection.of.en electron will dominate
over ejection of a photon. |
The majority of AI and PI reactions studied, andAprobably the -
majority occurring in nature, involve an electronicaily excite& A atom
or molecule with a ground state B atom or molecule. Fof exothermie re-=
' 9 . 3

: : . o 11
actions, typical rate constants are in the range of 10 o 10 cm

- -1 v
molecule 1 sec at room temperature.
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‘Historically, AI was known before PI an& was discovered between

(5)

1926 and 1928. Mohler, Foote, and Chenault found that Cs vapor could

be ionized with light of less energy than the atomic ionization poten—

tial. The ionization occurs at wavelengths corresponding to the prin-

L (6)

cipal series in Cs. Franc attributed the experimental observations

to the process

* . + -
Cs (mP) + Cs Cs2 + e

where the extra energy héeded to ionize the gas‘comes from the formation:

(7)

ofvé_diatpmi¢ bond. Arnot aﬁd Milligan were the first to mass spec-
trometrically-obserﬁé an Al prbduct,'ng+, formed by Hg + Hg. Hornbeck
and Molnar( ) havé done eXtenéiVe stﬁdies on Ai réactions between noble
'gas étoms, studylng the.appearance potentlals of Heé+, Ne 2+ énd Ar2+.
The PI process was first described by Krulthoff and Pennlng( ) in 1937.

' AI and PI reactions are the.most important'ionization mechanisms
in ﬁany_syétems. FIoniZatibn due to_metastabie'He(Q 1S, 2 3S) atoms &
. must certainly occuf in_steilar;enﬁironments, e,g. He*(Z 3S) + H =+ He
4 H+ +e, although_itsvimportance is unkno@n;f,Thé primary chemi-ion in

(10)

hydrocarbon4oxygen flames is CHO*'from the AI reaction
CH+ 0 > CHO +e .

This reaction can occur with CH and O in'the'ground state, although in

general this is a rarity due to the fact that the ionization potentials

' ' _an

‘exceed the bond energies for most compounds. Anothe: set of reactions

‘that proceed with ground state species are:
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U+0 ~U00 +e AH = - 2.0 eV
_'U-+02.+Uo;’+e' M = - 4.1 eV;

these‘reaétions-pOéSibly having use in uranium purifiéation and'isotope
enrichﬁent. |

Most of the eafly studies of PI and AI in?olved flow experiments.
In rgéent years, there have Eeén many single coilision experiments in-
volving molecular beams, particularly involving metastablé fafe_gas
 atoms as one of<the:collision partnérs. Haberland, Lee and Siska(lz)
_have a recent comprehensive review in this area. Beam scattering studies
are notable for.their ability to determine the interaction potentialé
between coiliding‘pairs, and in some cases can determine ioniZation:
transition rates, ionization crpés;sectiéns, and branching ratios between
comﬁeting channels.  Beam studieévdé not measure AL internal éﬁergy dis-
triﬁutions, because only product angular and Velocity‘distributiqns aré
detected.

Electron spectroscopy methods.canbyield branching ratios of
variqus PI products‘aﬁd some information on the internal energy distri-
bution of the AI product. Tﬁe Al information is generally in the high
energy tail of the electron'distribution, aﬁd yields the vibrational

energy below the dissociation limit in the AI product. Niehaus(IB)i'.

‘reviews the method as applied to-Penning ionization.
The experimental approach in this work has been to study the
chemiluminescence of product PI and AI ions in an argon flowing after-

Agldw. The resulting electronic spectrum can in principle give detailed

information on the product branching ratios, rate constants and internal
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enefgy distributions.

Thus, PI and Al are important eleméntary reactions, and more
studies of these processes are needed. In partiéular,fdetailed studies
of thé internal energy distfibutioh in the AI product, i.e., the elec-
trohig, vibrational, fotational'and translational.states thatlare_pro—
duced,:are ngeded. The work in this‘laBdratory has started to make

strides in this .direction.

B. Associative and Penning Ioniéétion Theory
fhis.secfion will cover some of the qualitative asﬁecfé of PI
band.AI, a brief discussion of the ¢aiculation of traqsitidn rates, and
finallyvthe classical theory of PI and AL for atoms. »
Asséciative ionization o
A" +va+AvB+-'l-e_ @D
and Penning ionization
’A*v+B+A+B++'e—' (PI);
are very similar processes, Al prodﬁcing the productintheboﬁndportion
of the AB+ potential and PI p;odﬁcing the product in thgvunbéundporfion
of_;the‘AB+ poténtia1;
Figure 5(a) aepicts a Setof ppfential curves favorabie'for AI.
The energy of A* is'greatér“than the ionization potential of B. The .
coliiding reactants initially ride on the(AB* potential surfACe with
total energy ET; In theif simplest description,>b§th Al and Pi can»be

consideredvFranck-Cohddn_type autoionization processes, where the



Fig. 5.

A+B

XBL 7910-12399

Typical sets of ionization'potential curves. E; is

the total emergy, € is the ejected electron energy,

. *

and r+ and r are the classical turning points at

zero kinetic energy. (a) Curves favorable for asso-
: : ‘ *

ciative ionization with r+ < r , (b) Curves unfavor- -

_ . - %
able for associative ionization, with r+>-r_.
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maximum'probability for a-transition from the neutral to the ionic
state occurs around the classical turning point and the transition is

‘ _ | _ * _ . . ‘ v
faster than the relative motion of A and B, so that there is 'mo change

-in internuclear distance. The arrow shows a Franck-Condon transition

to a bound state of AB+} with € beihg the length of the arrow and equal

o ok +
to the kinetic energy of the ejected electron. r ‘and r are the class-

ical turning points for zero kinetic energy particles for the neutral

: . 1 + * ' s .
and ionic atom pairs. With r < r , the greater the difference in

’ ' . . - ‘ +
these two quantities, the greater is the number of bound levels of AB

that can be formed. Hence AI becomes more favored.
It ‘can aiso be seen that increasing ET (i.e. increasing the

relative translational energy of the édlliding pair) favors PI over AI

‘because more of the unbdund.portion of the AB+ potential becomes sampled.

. . L1 B S
Figure 5(b) depicts a set of potential curves where r > r .

If transitioné only occurred at:the claséical turning points, AI ﬁould
be completely impossible.  As wé will see shortly, the transition rate
is giveﬁ by F(r)/h; where I'(r) is the.éutoioﬁizatioﬁ W;dth, I'(r) mono-
toniéaliy.decféases withAincreasiﬁg T, and'F(r)5W)as:r+ﬂw;but for'reason~
ablé values of r there is always a finite probability for a transition to the
ionic statg} ‘NeVertheléss,-With r+ > r#, AI_should be extremely ﬁn—
favorable. o

Lk + _ , o :
Thus r and r are very important parameters in determining the

_ , : N
~branching ratios for AI and PI. With one less electron than AB to screen
the repulsion between the twovnuclei,.the'repulSiVe wall of ABf'should

set in at least as rapidly as that for AB . Thus r should be pretty



-22-

much equal to.r* and‘turning point transitions for the most part should
lead to PI. The ionic curve is expected to have a greater‘long—range'
poﬁentiél than the neutrai, due to the ion-induced'dipole interaction
with a potential going as r
| - ;As mentioned'béfore, F(r)'(units of energy) is tﬁe autoioniza-
tion width and F(r)/fy( units_of_secjl) is the rate of leakage from the
discrete A*—B state into the continuum state AB+ ¥_e— at a particular
internucléar distance r.‘ How is F(r) calculated?

| W. H. Miller and coworkefs have been instfgmental to the theoret-
ical understanding of Penning and associative ioﬁizatidnhreactions. As

(14)

discussed by Milier > ['(r) can be described by a golden rule formula

T(r) =2mp |< ¢iIHel - E| ¢j >|2, (1)

where p is the density of final continuum states, E is the electronic
~energy of the discrete state, Hel is the electronic Hamiltonian (kinetic
energy of all electrons + Coulomb interactions among all electrons and

' nuclei),'|¢iv> _is the initial discrete state and I¢j > is the final

(15)

~continuum state. Bellum and George have recently presented a quan—
‘tum mechanical theory of collisional ionization in the presence of in-
" tense laser radiation. In the field-free case (laser off), the only

major coupling between initial and final éta;es is the Coulomb intef—
actidn: | | | |

VO @ = <ol lep @
Whgre ¢d is the initial bound (ih the sense that the g_ is Bduhd) state
and.(b€ is ;hé final qontinuUmVState. 'Figufe 1 of Ref. 15 shows that

Vgéd(r) attains appreciable magnitude near the classical turning point
’ ) . . .
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for heavy particle motion and rapidly goes to zero as r ~+ «,

Most studies of PI and AI result from the interaction of an
electronically excited atom with a ground state'atom or molecule. Many
studies have been done using the metastable rare gases. Here the
Coulomb interactions can be easily seen.  The metastable rare gas has

) : : ’ ok * % '

an orbital vacancy, a p-shell vacancy for Ne , Ar , Kr -and Xe , all

. . P -5 L ‘ ' | *
with the configuration np~(n+l)s’; and an s-shell vacancy for He , with a

1,1 | L , ,
configuration 1s"2s”~. When these metastable rare gases interact with
an atom or molecule, an electron on the atom or molecule experiences a
Coulombic force due to the orbital hole and is eventually stripped away’
~ causing ionization. The rare gas negative ions are not bound, and a
strong Coulomb repulsion quickly ejects the outer s electron. This two-
step process of an electron filling an orbital vacancy and the negative
ion formed ejecting an electron should dependvstrongly on r, occurring
only at distances where the potential on the tranSferred electron is
greater than the ionization potential of the reactant species:

(16)

N Recéntly  HiékmAn, Iséacsoﬁ and Miller havé'qéed Feshbach
Projecﬁion Qpérétofé to'célculate.autoionization widtﬁs. The detailé of
fhe.method are in§01ved, but thg dominaﬁt.term iﬁ.the'HamiltOnian is still
“the Coulombic interactiﬁn. Calculations.of F(r).for-the Hé (238440' sys-—
tem with_ﬁhis mefho&'are éomparedvto'goiden rule calculations of I(r) by

(17)

Miiler, Slocomb and Séhaefer. The agreement between the two calcula-
~tioms is reasonable. - It is also worth pointing out that_F(r) changes by

four orders of magnitude over just a 3 A internuclear distance.

’
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Thus, with a knowledge of"the potential curves and wavefunctions
for the initial and final states, I'(r) ean be calculated; Calculating
-F(r)bis.not trivial, and accurate calculations have only been done on
systems withvsmall numbers of patticles.‘ Advances in computer speed
should eVentuallf move these calculations.qf f(r) qut‘to the heavier
7 particle regime. |

»Assume that we are armed.with three quantities, F(r)’,the neutral
potential Vo(r) which dissociatesinto AT+ B, and the'ionic potential
V+(r)'which dissociates into A + B+.b Hoﬁ do we go about getting reaction
Cross sections and electron distributioné-for PI and AI? Mlller s(ls)
cla831cal theory of PI and Al for atoms has been’ exten31vely used and
provides an intuitive description of the salient features of the reac-
tion mechanismvahd'product states. The c1asai¢al theory will be out-
iined'below. | |

Since Vo(r) and V+(t) are assumed to be spherically symmetric,
the radial motion problem'can be solved'for each value of orbital angﬁ—
'lar mementum 2h.  One w1shes to find the probablllty P (r) such that
' ?Q(f)dr ‘1s the probablllty that leakage into the cont1nuum has occurred
. between the internuclear-distahCes r and r + dr.

On the inward phase of the ttajectory ’ L : -

e |1 - I ar'py ) (F(r))(r o) ® ‘

The quantity in brackets ia called the survival factor, and is the prob-
ability that leakage has not already occurred over theAregioﬁ of = to r.

The next term is the leakage rate at r, and the final term is the time
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spent in the interval (r, r+dr); Vz(r) is the radial velocity given by

o 1/2 _
20E - v_(r) - 2%/ 2ue?))t?
Vp(®) = v (4)
where is the reduced mass of the system.
Equation (3) is solved to yield
. 5 in _ T() .-—..oo , I'(r") . : ‘
PQ (r) = —EV;??) exp < 'f dr hvz(r') . (5)
‘Also .
® in ; [ I'(r)
[ dr P, (r) =1 - exp <— [ dr W> ' - (6)
r, . ‘ oo £ .

where r is the classical turning point. Thus equation (6) gives the

probability that leakage has occurred on the transversal of r = © to

For the outward part of the trajectory

onut(r) dr = 1= I dr!' P (r ) - f dr P (r )]( B %)(;dir;> ™

r
(s} O

where now the'quaﬁtityvin»brackets is‘the.probability_that leakage has
not occurred on the inward path from r = ® to.r = fo or on the oﬁtward

path from r = r tor =r. Sblution of'equAtion'(7) gives ’

- L @ o ' . o ' | .
P, () = h5(2>'exp<' [ gren - ) o e
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Also
.f dr P out_-'(r) = exp '—'f df L) 1 - exp (- f dr f£$£l+ .
ot o\ x, MR Ty
. _ | . y ; 9
Now the probability densitj Pz(r);
P, (x) = 2,0 (r) + 2,° () - | (10)

is the probability that leakage occurs at r on the inward or outward
part of the collision. -The probability of a transitibn during the entire

collision, Pg’ is given by.

— © . /
Pk-f f} dr Pz(r). (11)
" A .
Substituting equations (6), (9), and (10) into (l11) yields é
7 ’ oo ' . . .v ' . ‘
5 -1 _ oy I'(r) - ,
=1 e_xp< 2 [ dr Voo ) o (12)
. r : 2 .
. : o : A .
The total cross section is given by
AGotOF(E) _='(n/k02) ] 22+ 1) P, o (13)

2

2}1/2. The form of equatioﬁ (13) requires

where ko = {ZU[E - Vo(m)]/h
‘a ligtle expianation. The classical impact parameter is b(R) = Qlko,
“and the claésical orbital»angular momentum of‘a‘particle with impaét
--parameter_b is lSkoh, Pérticles which pasé through an inner and outer
‘ring with radii _b(l) and b(R+1) will'have aﬁgulér momenta £h and (2¥l)h
respectively. The prpbabilify of hittingbthe ring is proportional to

its area A, which is



A =@’ - b= = rn? - 2
° (14)
- |
A= — (2 2+1) .
K
0

Thus, the total cross-section in equation (13) is seen as the sum over

all partial waves R of the probability of being in a certain ring between
-b(R) and b(2+1). The 2% + 1 factor comes about because higher % partial-
waves are more probable. Finally, each term in the sum is multiblied by
. P s
2

the continuum.

because in each ring there is a separate probability for leakage into

Now, how is‘the distribution in energy € of the ejected electronm,
PQ(E) calculatéd? Pg(e)ds is. the probébility that the energy of the
electron is in the intervai (e, € + de). At distance r, the following

must be true

e(r) =,V0(r) - V+(r).', \ - (15)
»PR(E) and'Pz(r) (from equation (10)) are related, since if a tramsition
occurs at r with probability Pﬁ(r);vthen'e(r) is uniquely defined by
equatioh (15) and Pg(s) is ‘the mirror probability of Pl(r) in energy
- coordinates rather than distance coordinates. Thus

Pg(e) de = PIL(r) dr : (16)
or rearranging v

P, (€) =P, (x)/|e"(@)], r = x(e) o an

where the prime denotes differentiation with respect to r and r(e) is
the inverse function of €(r). Substituting €'(r) = V; (r) - V+f(r) into

equation (17) yields
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: = 1 - ' - . ..

P () = Pz(r)/|Vo (x)- v, ()|, r = r(e). (18)
There may be several values of r at which

’€ = VO(r)__ V+(r)s
thus equation (18) should be modified to the form
v _ \ v _ ] _ :

@ =L@/ -7 @] =@ a9

P(g) is found by summing over partial waves

P(e) = ] (2+1) P (&) | (20)
8 3 C

where again 28+1 is a weightihg factor for partial'wave L.

"The fincl cranslétional energy in V+ is gi&en by E-e. If
E-¢€ >0,'V+ is unbound and‘PI occurs. If E- € <0, V;‘is bound and AI
occcrs;_ A problem arises in deciding whether an AI product'isvéctually
bound. In bothuVO(r) and/v+(r); tﬁe centrifugal ;erm'h222/2ur2‘must be
added, and fof an attractivé pocentialvV(r) = C#r'n‘with n>2, a hump
appears in the effective potential. An AT pfoduct AB+ ﬁay be classi-
cally bound if to the left.of this hump,_butlmay(quantum mechanically
tunnel with a characteristic lifetime. Deciding whether a product is
éssociated cr not depeﬁds'on the detection-timé scaié‘of the experiment.
More discussion of these quasibound Al spccies_will'aépear later. Since
Miller's theory is classical,lhe considers theseIQuasibound mdlecclcs to
be_solel&\AI-products. Thcs fprAd transition occurring at distance r: |
It is.AI'if E-~ €-< max V+2 and'r‘<m§x,vwheie V+£ is the effcctive ﬁoten—
tial including centrifugal energy and rmﬁx>is the ﬁéximum in V+2, and it

is PI otherwise. The probabilities for PI and Al are
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Py I f dr P,Q,(r) {1 - h(rmi—{r) ‘h[max.V_i_Q -E+ Vo(r) - V+(r)]} (21)
; ro . .
v X '
P e " ar P (@) hmax vt - E 4V () - V,(0)] (22)
r : '
where = h(x) =1 x>0

Cross sections are again obtained by summing over partial waves

oy = (ﬂ/koz)v% ey B P o - (23)
o 2 AT o
o, = (/&) %» (20+41) P, T ‘ (24)

The final part of Miller's classical theory deals with the prob-
ability of an AI prodﬁct in vibrational state n and rotational state 2,

P . It is obvious that
“n,L »

P = 1P N - (25)
n : .

The loss of energy € to the electron leaves.a product energy E-¢ = wn'%’

. . . ' +
the vibrational-rotational energy of AB , thus

Ph,zdn = Pg(e)de, | . (26)
and
Pn;% =.l? Wn,ﬂlaanQﬁe) i g 27

'with € =E - Wn 2.‘ UsingAthe'WKB:eigenvalue equation
‘ . o ) o 1/2
(n+?ﬁ=jqr(mm)j%&-v+@n R (28)
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one finds that

3 W 2 yl/2 . -
| ="53' /fdr(fg [wn,z"’suz(r”) . - @9

Using équation (19) one finds

Pg " |a'wﬁ’£/an| g P (@)/|V )" (x) =V ' (D], r = ;i(n,i) | - (30),

 where ri(n,l) must satisfy

E - wn,l

=vV0(r)-*V+(r). » -(31)
" 1f there are no values of r which satisfy equation (31), then no AI can

classically occur.

The conclusions -that can be drawn from Miller's theory are:

(1) The probabilities P, given by equations (3) and (7) for a transi-

L
tion should be greatest at the classical turning point of'theb
' trajeCtory for two;reasoﬁs. I'(r) is larger at smallér distances
and the ;ime-spént in a small segment (r,r+dr), dr/VQ(r),_should‘
be large because thebradial velocity is small at thg turning
point. This may.be complicated by the sUrvivél féctor however,
which fbr systems‘with 1arge overall T'(r)'s may_ﬁake larger r
. transitioné more 1ike1y.
(ii) Tofal’idniéation probabilities Shéuldbdécrease with increasing .

relative kinetic energy, because P, depends inversely on Vl(r)-

L
in equation (12). Physically, this is due to the fact that the

collision occurs more rapidly, thus there is less time for a

transition.
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For some sets of potential curves (see Fig. 2 of Ref. 18), as

discussed by Miller, e(r) should have a minimum at a certain

N .
~value of r, say r = r , where e'(r) = VO‘(r) - V+‘(r) = 0. From

equation (18), Pz(e) becomes infinite. Thus the elecfron energy

: * :
distribution should sharply peak at €(r ) and products should be

. : *
-__predominantly formed at r = r . This phenomenon (called the

(iv) | _

"edge effect" by Miller) will make classical turning point transi-

tions less favorable.

For a given partial wave £, increasing E (i.e. increasing the
relative kinetic energy of the collision) favors PI‘over Al as
predicted by equationé (21) and (22). This agrees with qualita-

tive arguments given earlier.

Miller also derives semiclassical and quantum theories for PI-and .

AI. 1In the semiclassical theory, in-going and out-going phases are im-

. portant, leading to interferences between transitions on the inward and

outward part of the trajectbry at the same value of R. The derived

cross-sections differ from the classical result by interference terms

only. In the quantum theory, in addition to interference effects, an

additional coupling term is needed beyond VO(R), V+(r) and T'(r). Also,

a more accurate radial velocity term that depends on I'(r) is derived,

and can be used in the classical and semiclassical calculations as well.

The classicél.theory has to be‘modified somewhat if multiple

'. . . ] ’ | * . L + . ‘ .
ionization channels are open. - If A can excite B electronically, there

% :
are at least tWo_V+-curves in whose continuum the (AB) collision com~

‘plex is imbedded. Different J states may make the number of ionic curves



&Y

~32~

greater than two. T (r) bétweeﬁ Vo(r) and each V+(r) mﬁSt be calculated,

and are in general not the same. Pz(r)dr must include all possible . -
transitions, and the survival factor must reflect thé fact that the
(AB)* collision complex‘has survived all open ioﬁization channels. Thus
with many.channels, the long fange behavior of T'(r) becomes more impor¥
tant and there is a good fossibility the collision complex makés a tran-
sition before reaching the claésical turning point. Theoretical calcu-
lations to test these conclﬁsions would be interésting. Also, ejected .
electrons from the different procésses could overlap in energy,-making'
the electron spectrum complicated but extrémely intéresting. Investiga—-

(19)

tions of this sort have been performed by Niehaus and workers and

v . %* : .
Cermak(zo) and workers using He (2 1S,,2 3S), with the electron energy

E X

distributions in'general sharpiy peaked with little overlap.
The next section will discuss the system chosen for study, the
interaction of Ca atoms with Ar . It will be shown why the system is -

ideal for chemiluminescence studies.

C. Why Ca + Ar ?

The system chosen to study associative aﬁd'Penning ionization
was the metastéble argon (3P2)atom——calcium atom interaction. The ener-
gies of several metastable rare gases in relation to the sinély—charged
ionic étates of several alkaline‘earfh afoms are shbwﬁ in Fig.6. The
'zéro'of energy is taken to be thé ground state 1SO atoms of both the
>_fare gas and alkaline earth. Not ohly do the alkaline earths haﬁe low

ionization potentials, they have low-lying electronic states in their ‘ B
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Fig. 6. Electronic energlies of some alkaline earth monovalent ions in comparison

to energies of the heavier metastable rare gases.
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+ 1 ions. Thus, several different reactant combinations with metastable
rare gases can lead to chemiluminescence of the resulting electronically
excited product ion. Excitive Penning ionization (PI )
K v +% -
A"+B > A+B +e
3 . *
and excitive associative ionization (AI )

% B
A +B > AB +e
) . ¥ : * 3
are two energetically feasible kinetic channels, where A 1is the meta-

' * % :
stable rare gas and B the alkaline earth.  PI ‘and AI are of course in

competition with other reaction chanmels, notably neutral excitation
% Tk
A +B > A+8B
and PI and AI formihg products in their .ground states.

. . '
- The Ca + Ar system was chosen for several reasons. First, the
energetics are favorable, and are listed in Table III. The ioﬁization

potential of'Cailso atoms is 49306 cm.-'1 (6.11 eV). Excitation of Ca+ to

2 2.0 o - -1- -
the P172>and 'P§/2 states requires 25192 cm 1 (3.12 eV) and 25414 cm 1
(3.15 eV) respectively; or upon adding in the ionization,pdtential of Ca

+ 2. 0

'requireé 74498 cm_1 (9.24 eV) for formation of Ca P1/2 and 74720 c:m_1
A L, .+ 2 0 - ) ' 3
(9.26 eV) for formation of Ca P3/2. The energy of Ar .P2 is 93144
-— . ' o F 3 * - | . _ )
cm 1 (11.5 ev), therefore PI and AI are exoergic by about 18,000 cm ; '

or 2.2 ev. Sécond, the wavelengths of the"Ca+ 2Po - 2S doﬁblets.are'both

around 4000.A,>at the peak of our spectral response curve. Third, the
attractive potential'holding CéAr+ together is the ion-induced dipole

- potential
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-2
V) = - Z_l*oc

2r

where Z is.the charge on the ion and o is the polarizabiiity of the rare

(22) of Ar (1.64 AS) is much greater than

gas atom.  The polarizability
that for He (0.2051 A3) 6rANe (0?3954A3) and comparable_to th;t for Kr
(2.48 A3) and Xe (4.04 A3); Thus, larger well depths are expected for
AL products with Ar than with He or_Ne. Ihe greater fhe well depth, the |

greater the likelihood of fbrmiﬁg a bound AI product.' With the poiariza—

) . % . : - % *
bilities in mind, Ar is cheaper and easier to make than Kr. or Xe .

2_0 .
P3/2,1/2

-astrophysical interest, and any mechanisms for their formation may help

Finally, the Caf doﬁblets at 3933.6A.fand.3§68;471& are of
in the study of stellar and interstellar plasmas..

Tﬁe ionization selectiéﬁ‘rules for the Ca + Ar* system are im-
portant. 'During the collision; the Ca(IS) ahd Ar*(SP)‘atoms coffelate
'toiéﬂ and 32* electronip states; If the ejected electr§n carries away
no orbital eieCtrpnic angular momentum (i.e. is an S—waﬁe), 3H.gives
rise toIZH‘ionic states while 3Z+'gi§es rise to 22+ ionic states.. Thﬁs
2H ionic states may.bé forﬁed, and these are just the moiecular states’
formed when an excited C_a+ 2P atom.unites with a ground staté'Ar 1S atom,
~élthough a ZZ.stéte.is also possible.' Examinatibn of Table:III réveals
~a Ca+ 2D level can,be formed én energétic grouhds, but it is ﬁetasfable

and its emission around 7300 A is not experimentally observed in this

work.
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D. BeAr+ and a Model Potential

What are the bonding characteristics and spectral constants for
N v .
CaAr ? It is hard to guess, but fortunately a good deal of information
is known about the closely related ions BeAr and BeKr+. Recently,

(23) .

Subbaram, Coxon, and Jones reported the hlgh resolutlon analyses of

both the A Hr > X Z system of BeAr andvthe A Hr > XZZ system of
BeKr+. Boﬁh spectra were excited By a microwave discharge through 3eCl2
vapor with 200 torf of the appropriate rare gas.voItvnas hynothesized
that the formation of BeAr' or BeKr' was due to threeebody collisions
between,Be+ and ;wo_rafe gas atoms. We have suggested another possi-
(24)

bility, that the formation of these molecules may be due to AI between

~ two excited reactants, e.g.
* * ‘ _ * -
Ar (3P) + Be (3P) > BeAr+ (ZH)-+ e .
More kinetic studies are needed fovdetermine the mechanism for molecule
formation."
Nonetheless, fhe spectral oonstants for_these.molecules'are
known and are listed in Table IV for BeAr'. The bonding in BeAr! and
BeKr+ stems from the ion-induced dipole interaction; the ion distorting
the polarizable rare gas electron cloud toward the ion and the resulting
induced dipole attracting the Be+‘positive charge. The separated atoms
j 4 » '
limit of the XZZ state is Be+(2S
+,2 o
the A II state it is Be ( P3/2 1/2

31ng1e Be+ valence-electron is either in the 2s orbital or the 2p orbital

) and ground state argon, while in
1/2 ,

) and ground state argon. Thus the

for the X and A statee, respectively.A Examination of Table IV shows the

: : ' + , : -1 '
bond dissociation energy of ground state BeAr to be 4000-4500 cm = and
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" the excited state to be 11000-12000 cm-l. Also, the upper state has a
0.15A Shorter bond distance. Thus, although the net_charge onvfhe Be
ibn is alwayé +1, the‘orbital occupancy of the valencé eléctrdn plays
a large role in the bdnding.

(25)

We have devised a model potential which explains the afore-
" mentioned bdnding characteristics. The form of the potential is:

V() = A e BT - (2Zela2rty (32)

. where Z is the unitless charge on the ion, e is the electron charge, O
is the pqlarizability of the rare gas, and A and B are adjustable param-—

_Br . o . A . . p .
is a common choice for repulsive potentials, since the

eters. Ae
repulsion is due in part to unfavorable overlap between atomic orbitals,
whose long—raﬁge characteristics are exponential in character.

The paraméters_A énd B can be related to the harmonic force con-

stant k.e and the equilibrium bond distance r, by first noting that:

dV(r))
| (———dr - 0 (33)
» r=r
e
- BAexp(—Bré') + (zz,zezoa/reS) =0
A = 2% u/Br exp(Br,). | - (34)
"It is also true that
vy
N ‘
Cdr € :
r=r . . : _ : (35)

BZAexp(—Br ) OZ e a/r = e°.

.
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Substituting for A yields:

2....2 2 5 : 22 '
B [(Zz'e G/Bré )exP(Bre)]exp(—Bre)—-IOZ e a/re6‘= ke

B =G, 22% ) + 5. o (36

(25)

We have shown that a potential'inversion of spectroscopic
constants using a multi-parameter Thakkar potential leads to an ion-
induced dipole interaction at long range, even though the potential was
derived from only the first five vibrational levels. This lends credence
to .the use of the model potential in the analysis of related ionms,
. . . + )
most interest of which is CaAr .
Using the model poteﬁtiél, the charge Z can be considered a vari- : .

able parameter and can be fixed by the dissociation energys For the «
2+ 3 + ., L L ) ' _
X"Y state of BeAr , using we (determined from k.e),re and the multiparam-

eter Thakkar potential,De of 4536 cm—l, ZZ is calculated to be 1.29.

From T , D of the X22+, and the Be+ 2P0 > 2
‘ C e’ Ve _ 1/2

“the dissociation energy of the ZHr state is found to be 11,888 em L.

S ffans'ti n ener (21)
1/2 "ransition enereys

This yieids a value for ZTr of 1.88.

The values of Z_. = 1.29 and Zﬁ = 1.88 are physically satisfying.

X
In the % statg, thgivélence electron of Be+ is in a 2s orbital which
should effeétively éhiéld the 132:+2 core. Thus, argon experiences a
charge of close to one. In the II state howe&er, the eléctron is in a -
'2p’(or Zpy,orbitalf with the‘i—axis the bond axis. Having little elec-
tron density along the bond, the p-orbitals barelyishield,the core, and

argon experiences a charge of close to two. Figure 7 is a schematic

representétion of the bonding, showing the van der Waals radius of Ar
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Fig. 7. Schematic of the _atomic orbitals in BeAr hA

and M.
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A + ) . .
and the 2s and 2p orbitals of Be.. The smaller bond distance and greater
dissociation energy of the excited A state are seen as natural conse-
quences of the orbital occupancy of the electron.

If one assumes ZZ =1.29 andeﬂ = 1.88 to be inﬁariant to a change " -

in rare gas, applicatiqn of the model potential to BeKr ' yields De(X22+)

= 5511 cm—l.and Dé(AZHr) = 13656 cm_l. The difference between these
+ 2.0 2.
P17 S

transition energy and Te.' This latter difference is 8146.6 cm-]_',' which is in

values (8145 cm_l) should equal thé difference between the Be

-1 s ' o
very good agreement, although the 2 cm = accuracy is somewhat fortuitous.
Another important property of these molecular ions is their re-

duced curvature K, given by

ol

2] w‘z ' ¢
_ e dV(D) __e :
K=3 2 - 2D LY
e dr : e e
r =re.

,Fér the X state of BeArf, K =27.5,.and for thé A state K = 23.4, indi-
catiﬁg a éomewhat‘softer repulsion near the potential minimum>for the A
state. Many éhemically bound diatomics have_K in the ranée 10-20. Two
molecular ions with ektremely large K's are HeNe+ with K = 51 andegAr+‘

(26)

with K = 50. - All other diatomic.ions in Huber and Herzberg have K's

in the_range 9 - 28; one exceptionvis'H2+ for which K = 4.2. ' » .
Thus the bonding in BéAf+ is well undgrstood, being an attractive
- ion-induced dipole potential with an effecfive charge on the ion caused.
iby-valence_electron screeﬁing (or iack of it) ofrtheA+2 Cdré. Knowledge
of BgAr+ wili prove useful in‘détermiping the properties df'the closely

related molecular ion, CaA *,
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E. Experimental Results -

Upon heéting the staiﬁless steel oven to 800-900 C filled with
Ca shét (Alfa-Ventron 99.5%) and using Ar to help sweep the.Ca.atoms up
into the interacﬁion region, the.reaction of Ar* + Ca’produced a bright
violet flame easily visible by eye. The four strongest emission features

1 1

were the 4226.73A.1P9”? ‘S'Ca resonance line, the 6572.78A “P° + 1§ Ca inter-

‘coﬁbination line, and the 3933.66A and 3968.47A Cg-2P0'+ 25 resonance
lines. All these lines had intensitiés in the range l%SXlOS‘countS/sec
with 1mm slit widths (a ZA.FWHM bandﬁidth). The excitations of the
‘neutral Ca atéms are pfobaﬁly due.to excitation from electrons by‘the
folloﬁiﬁg two processes
' Car+e_+ C: +_e—‘.
Ca+’+ e +M~ Ca + M,

théAelectroné coming from PI and AI processes. Althoﬁgh at 1 torr total
preSsure threé—body.feaction rates are small, the second.process is es—
éehfially two-body due to the 1arge Coulombic attraction be.tween‘Ca+ and
the electfon. | | . |

The ca’ resonance doublets. at 3934 A and 3968A‘are'due to the
exgitivé Penningvionizatibn procésé

| +* 2 o

.Ar*(3P % + Ca(ls ) > Ar(ls ):+ ca (P :
T2 o’ "o _ 3/2,1/2

Lo=2

) e ().

'In addition to these ZPO - 2S transitions, with a Jarrel-Ash 1/4 meter

: o ' 20 2 + . C
monochromator the P - D Ca transitions were also seen around 8500 A.

This emission is much weaker than the resonance lines, the branching

' 2 2, .
ratios being 6%:94% for radiating to the D and ~S states. . Of course,
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following rate constants:
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) . . s . . 2 + X L
Penning ionization forming ground state Sl/2 Ca goes undetected, since

2.0

-1

cat resonance lines have the intensity ratio (J=3/2):(J=1/2) of 5:1,
and since they both have eéual.spontaheous,emissioh rates, Aki’ of |
1.5x 108 seé_l,(?7) this means that the upper J= 3/2 1ével of the 2P0 man-—
ifold of Ca' is formed at.fiQe times the rétg of the lower J=1/2 level.
The implications of this will be'discﬁssed later.

Absolute bimolecular rate constants for formation of these ion

. . ) % : .
states upon collision with Ar (3P2°) can be measured using the method

.described in Appendix B. The rate consténts»are measured by comparing

the emission intensities to those of the 7602A Kr line, an emission with
a known rate constant. The [Kr] was measured by direct pfessure deter-
mination, and the [Ca] was measured by atomic absorption, as described

in Appendix A. The path length was chosen to be 5'¢m, the dimension of

 the interaction region. Care was taken to insure that Kr and Ca had

similar flowrenvironments;nﬁhus Kr was swept up past_the oven with Ar
flows identical to that used to sweep the Ca. The temperatures of all

gases were assumed to be 298-K, since the Ar should rapidly thermalize

the initially hot Ca atoms. The results ofrtwo'determinations yield the

' Ar*(3P2°) + Ca(lso) > Ar(lso) +7Ca+*(2P$72) +e ()

-1

10'cm3 mélecule~1 sec

Ky =16£0.3x10
%3 o, S T 1. . 4% 20 -2
Ar ( ?2 ) + Ca( So) - A;(-So) +Ca ( P1/2) +e (")

..]_"

ll'cm3'molecule-l'sec .

k
1/2

3.2 + 0.6 x 10
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The error limits are purely statistical, and do not include any other
errors which may be present. Dividing k by the relative velocity of the

collision pair, (8kT/ﬂu)l/2, yields thermal cross-sections of 28A2 and

2

6 A% for the 3/2 and 1/2 states, respectivély. ‘ These rate constants and

cross—-sections are in the typical range for Penning ionization reactions.

(28)

For example, Riseberg, Parks, and Schearer have measured Penning

: * * -
cross-sections for Ar + Zn and Ar + Cd of 52.8A2 and 64.4 Az respec—
tively, using pulsed afterglow techniques.

An estimate of the mean reactive collision distance can be gotten

by relating the thermal cross-section to the geometrical cross-section,

: nd?. This yields d = 3.0 A for formation of 2P372 and d = 1.4 A for

)
1/2°

Red?shifted from the Ca' resonance lines, a molecular band sys-

formation of 2P

tem is observed in the 4000-4500 A region. Its intensity scales with the
+ S . | o . +
Ca - lines, and is attributed to the diatomic molecular ion CaAr , pro-,

duced in the excitive associative ionization reaction

* 3. S 4k
Ar (3P20) + Ca(lso) -> CaAr+ (2

Ty0070 (%,

The spectrﬁm is shown in Figs. 8 and 9. 1In the shorter wavelength region
.bf.the spectrum, there are extremély overlapping vibrationai bands fol-
lowed at longer Waveleﬁgths By four resqlved cbntinuﬁm_bands. The max-
imum intensities éfe around ZOOvCQﬁnts/sec with 1 mm slits. The area
under thé CaAr’ band was compared.to.the area under the cat doublets;

and CaAr+ accounted for 147 6f'§he ionic emission. AThus‘the'branching
ratio of AI*: PI* is.measured to be‘14%:86z. ‘With this; the AI rate

11

cﬁB_malecule—l sec—l, and

constant is calculated to be 3.1 + 0.6 X 10
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Fig. 8. Spectrﬁm of CaAl_:'+ from 3980 to 4220 A. The three'sharp .

features in the middle of the spectrum are due to atomic

' Ca emission, and the rising feature at 4220 A is due to
‘the tail of the strong 4227 A Ca resonance line.
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Fig. 9. The lowest gnergy,boundyfree continuum band of CaAr+; The features

that are off scale are due to atomic Ca lines..

‘S'?"'



—46-

: . . 2 .. » .
the cross-section is 5.5 A", This is a typical AI rate constant, for

(29)

example Herman and Cermak. measured rate constants for the following

AT reactions, -

K + .+ o+ -
Ar + Na, K, Cs -~ NaAr , KAr , CsAr + e (400K)

10 10

to be 1x10 , 1L X 10° and 3 x 10—10 cm3 molecule_l sec =, respectively.
Table V lists the observed frequencies seen in the spectrum of
+ L
CaAr . Absolute wavelengths were easily assigned, using accurately

+ . . . .
known Ca and Ca atomic line wavelengths as calibration points.

F. Discussion

The mechanism for ekcitivé.PI and AI involves several electron
transfers and excitations. At a certain distance; a valence Ca 4s elec-
tron jumps ihto the vaéant 3p drbital on argon. Two possibilities now
exist. One, as tﬁe glectron transferé to Ar, the other Ca 4s electronv
transfers to thé 3p orBital, and the Ar 43 electron. is éjected as the
. free electron. Or two, after the Ca 43 electron has transfe;red; the
Af 4sbélectron jumps to the Ca 4p orbitai and the frée elecﬁron is ejécted
froﬁ the Ca 4s orbitai; One cannot label electrons, and it may Bé ha#d
to tell where the electron came frqm. Theré is one.approach,'though.

(30)

Hotop and Niehaus measured the laboratory angular distributions of

o a : K : : * + -
ejected Penning electrons from the reaction He + Ar > He + Ar + e .
They found forward peaked distributions enhanced in the direction of the
He beam, with the obvious conclusion that the ejected electron probably

- . . *
came from the He 2s orbital. Similar experiments with Ar + Ca may be

ffuitful, although complicétions may exist due to several ionization



. for forminglzP

‘the same holds true for the Hg+ S

C=47-

‘channels being energetically available.

2 o . 2.0
The 5:1 P3/2 : P1/2

worth discussing. ' If orbital electronic angular momentum is conserved,

, . +* *
ratio for formation of Ca with Ar is

the electron must be ejected as an s-wave, because the reactants have one

. P .
_unit of orbital electronic angular momentum (from Ar 3on) and the

+.2_o0

products  already have one unit (in Ca P3/2 1/2). If the electron is
“an s-wave, its total electrohic angular momentum, J, is due to spin alone,
-and is equal to 1/2h. Let us éssume total electronic angular momentum

" is conserved in the process. The reactants have two units (due to Ar

4

PZO), the product Ar(lso) has none, the product electron has one-half

a unit, and thus the product ion should have 3/2 units. A propensity

(o}

3/2 Ca+ atoms is seen experimentally, and may be a conse-

quence of conservation of orbital and total electronic angular momentum.

(31)

. * . .
Ebding and Niehaus have reacted He with Ar, Kr, Xe and Hg, and

analyses of Penning electron eﬁergies and peak heights indicate that for

2

+ . : ‘
Ar , Krf and Xe+ the P 1/2 states are formed in equal amounts, and

2

3/2,

1/2 5/2,3/2.

are no differences in the formation of different angular momentum states

and:2D étates.ﬂ Why there

- % k- v ‘ : o :
is unclear. Ar and He are different, they carry different orbital elec-
tronic angular momentum and have different energies.

+20 2 N
The CaAr "Il » "X ‘emission derives its oscillator strength from
+ | o

the Ca resonance lines, and should thus have a similar radiative life-
time. The lifetimes of.the 2Po‘st"ates of Ca+ are 6.7 nsec.(27) The

collision frequency of Ar at 1 torr'is'lO7 ség—l, thus therevére 10_'-7

‘sec between collisions. Collisional deactivation of vibration-rotation



-48-

states of CaAr+ should be uﬁimportant. The electronic spectrum can in
principle giQe a detailed knowledge of the enefgy'distribution in the AL
product, knowledge of which can be'ﬁery useful in'understanding the re-~
action dynamics of thisvimportant process.  This is the first éﬁeﬁilumi_
nesceﬁt:AI réaction ever.stuAied, other ‘studies measuring,ejécted Al elec-
trons. |
Visual inspectioﬁ.bf the CaAr+,;pectrum immediately leéds one to

the cdnclusion that highly vibrationally excited 2H CaAr+ molecules are
formed. "The vibrationalrwavefunction at the inner turning po{nt hasugpod'
Frénck—Condon overlap with the continuum function on the reﬁulsive, un-
bound wall of the ground 2Z+_§tate,"1eading to bound-free continuum os-
cillations. The vibrétional'wavefunction at the outer turhing poinf'has
good overlaﬁ'ﬁith bound levels in the.léwer stéte, leading to highér fre-
quehcy Boﬁnd?bound trénsitibns;- Tﬁe continuum oécillatioﬁs oécur becguse
‘the equilibrium bond distance in the II sfate is less than in the X state,
in accord with observations OfBeAr+ previously diécusséd.

| . Because of.the intensity weakness. and the considerable overlap-
ping of vibrational bénds, rofationalvconsganté and populations would be
difficult to obtain, ﬁost'impoftant.of which is. the equilibrium bond
distapﬁe, fe.’ Also, because high vibrational quantum numbers are excited
in the.dpper'state, the important quantity W is difficult to obtain._

To obtain an estimate of the vibrational quantums involved and

thé potential energy curves, a methbd was devised for synthesizing the-

oretical spectra. The method is as follows:
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(11)

v(iii)

(iv)

(V)
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The parameters Z, w, and_;e of the previdusly described model
potential were input for both the upper 2H state and the lower

22+ state of CaAr+; These parameters defined the potential

curves involved.

The vibrational energy levels were numerically calculated

using the Bohr-Sommerfeld quantization rule
1 ' T, 1/2
h@v +3) = § p.dr= 27 2u(E - v(r)] dx
r : .

where r_ and r, are the inner and outer turning points, respec-
tively, of the vibration. This method did an excellent job in

calculating the observed levels in BeAr+.(25)

Franck-Condon factors were either estimated using vertical

- _transitions or calculated using numerical bound and continuum

wavefunctions calculated by the method of Cooley. (See refer-

ence 25 and references therein.)

The spectral frequencies and continuum oscillations were syn-

thesized. The difference between the asymptotic limits of thé

: : 2, +
two potentials was chosen to be the 2P§/2 -~ S Ca tramsition

energy at 25414 cm—l, which is equivalent to saying that the

2
T3/2

orbital and total electronic angular momentum are conserved.

state is more populated than the 2H1/2 state, valid if

z, wé and r_ are then adjusted to improve the fit.
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The blue continuum iimit of a transi;ion'ffom a barticular 2H
.Qibrational state is an extremel&'informative number. This liﬁit arises 
ffom the fact that successive 1obes of the vibrational waﬁéfunction over-
lap Qifh continuum waﬁefunctions, ﬁhe traﬁsitions becoming higher in
Afrequency as one.mpﬁes'outﬁard in bond distance along the viBrational
wa?efunction. Eﬁentuélly bound-bound transitioﬁs appear past the con-
tinuum limit.A The exberimeﬁtally‘obServed contiﬁuﬁm limit is in the

range 24300—24500‘cm_1. ‘The difference between the continuum limit and

the ng/z > Sl/2 transition energy (25414 cm 1) gives the energy below
dissociation of the vibrational states invthe 2H state. This number is

arouﬁd 1000 cm_l.'
The continuum limit is also of value in assessing the "1 potential
curve., It determines what vibrational states are involved in the transi-

tions, and if these states are spaced incorrectly, the potential is dis-

carded. The best potentials found are shoﬁn in Fig. 10. The parameters

1
o
=2

fl

for the 2H state werevfound to be Z 200 cmf; and r, = 2.6J&amd_

]
—
[

]

for the 22 state were fouﬁd to be Z 87 and r, = 2.8 A. The
uppér state dissociation energy_iéveé;imated to be 4906 ¢m—1 and the
lowef state dissociatipn‘energy is 1000 cm_l.: The redu;ed curvatures, K,
o are both-ardund_34. Taﬁle VI lists the calcﬁiated frequéncies for

Q' = 28—31; comparing'fheﬁ to experimental values. The cohtingum band
frequeﬁciés Qere calculated as the maximum in the_Franékécondon faétor

- : ’ . ’ : (

'betﬁeen the bound_uppe; vibrational level ahd‘;he-lower unbound contin-
uum state. The bound fréqueﬁcieg'are calculated as vertical transitions

between the outer turning points of both-potentials. These bound fre-

quencieé for v' = 28-31 are in excellent agreement with experiment, but

/
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are in a sense artificial since transitions between calculated vibra-
tional energy levels cannot duplicate the experimental frequencies using
this set of potential curves. These three-parameter potential functions
must be considered only rough estimates of the true potential, and since
 they are based on quantities at T they are expected to be less accu-
rate at high vibrational energies. In particular,'the parameter Z has
- a certain value at r_, but at large r it must approach 1. Thus holding
Z constant is an approximation; it actually varies with distance.
Electron spectroscopy gives detailed information about the
vibrational energy below dissociation of associative ions from an anal-
. ysis of the high energy tail in the electron energy distribution. For
o+ I T
HeKr and HeXe , from the reactions of He with Kr and Xe, Hotop and
b (19D) ' ' -1
Niehaus have measured values less than 800 cm ~, i.e. on the order
v ' s - -1 +.2 o
of thermal energies. The value of ~1000 cm = for CaAr "Il can be taken

as typical of many associative produét ions. Somewhat higher values were

(19c).

- found

for metél afoms in the reaqtions Hé* + Na; K, Hg, the values
being'in thé’rénge of-1600—6000 cm—l. Electron spectroscopy experiments
with Af* étoms as energy donors need to be done, and Ar* } éé-wodld be
é good first éhoice.

 Note in Fig. 8, the CaAr+ spectrum,.thaf tbg higher énefgy bound-
béund transitions tend to diminish in intensity. This may due to fact
that tﬁese levels are becoming~increasingiy centrifugallybound,aﬁd can

tunnel through the barrier forming Ca+’ + Ar. Tunneling rates can com-
o | (32)

. pete with radiative rates near the barrier maximum, with Morgner

calculating typicalviifetimes of less than 10_7 sec for centrifugally
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bound HeH+ molecules. The tunnelling rates depend on the ﬁassvand the
position below the barrier‘maximum. But in general, higher viﬁraﬁional
quantum states are mofe susceptible to tunnelling effécts.

In light of this work, studies aimed at detefmining the CaAr'
potentials more accurétely are needed. Crossed beam studies of cat + Ar
collisions would be a great help in determining the 22+ curve. éé_ini;io
calculatidns would be inte;estiﬁg, although ionic forces are not well
" suited to this type calculation. A high—pressure dischérge of Ca vapor
.in Ar may givevrisé to CaAr+ emission with low vibrational quantum num-
bers dué to collisional deactivation and possibly different mechanisms of

formation.

Periodic trends in the related molecules CaAr+, BeAr+, NaArvand
CaClafe worthnmntioning. They all havé 22+ ground states with an s-shell
valence electron centered mainly on the metal atom. The forces binding
BeArf_and CaAr+ are identical, BeAr+‘more strongly bound because the
smaller Be+vatom allows Ar in closer, increasing the-ion—induced’dipole
attraction. - NaAr is held together by a weak van der Waals attracfion,
with a well depch of only ~ 45 cm_l._ CaCl'is a strongly bound ionic com-
pbund, held togethef by the Coulomb attraction.‘ The vaSt‘differences in
electrostatic bonding between these electronicall& similar molecules is
an iﬁteresfing periodic trend.

It has been shown that chemiluminescence studies can determine-
much information aboﬁt an ioniéing collision, such as rate constants,
atomic ion Branching'ratios,bAI to PI bfanching rétios, and in;principle

Hdetailed knowledge of the AI internal energy distribution. Studies like
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this should be a usefullcompiiment to other methods, in particular

- molecular beam scattering, mass spectrometry, and electron spectroscopy.

G. Conclusions

The conclusions that can be drawn from the study of bqth
. * .
chemiluminescent AI and PI of Ca atoms by Ar can be summarized as

follows.

(1) The thermal rates for excitive ionization are
‘fast, and quite typical in comparison to other similar
reactions.

* * o
(2) The branching ratios for AI :PI of 147 :867% are also
(1)

.quite tyﬁical in comparison to othef reéctionsf
(3) The 5:1 bfanching ratio for Cé+'2P§/2,: ZP?/Z formation-
may be the result of a prqpensi#y for conserving both
orbital and total electronic angular momentum.
4) High vibfational quéntum numbérs of the molecula;.ionv”
are ekgitedvin AI*, léading to'exﬁremeiy overlapﬁed'-
 bandS and continuum oséillations. |
(5) Model potential parameters that best fit the obsérved

Ifrequencies were for the ZH state Z = 2, w, = 200 cm'l.

2.6 A and De = 4900 ém—l and for‘the 22 state Z=1,

1; r =2.8A and D = 1000 cm—l.
e . . . e .

r
- e

w

87 cm
e .
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(7

=35~
The vibrational éxcifation of the AT ion, CaAr+ ZH,
is about 1060 cmfl below the dissoéiation limit,
another indication of high vibratiénal quantum
nﬁmbers.
Chemiluﬁinescence studies aré an extremeiy useful

tool in the study of product ion energy distributionms.
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"IV. COLLISIONAL DISSOCIATION OF METAL CARBONYLS

A. .Introduction , ' ’ ’ .

Thé metal carbonyls have long been recognized as candidates
for the generation of gas phése metal atoms without the need for high
temperature sourées. Fe(CO)S, with a vapor préssure of 30vtorr at
25 C, and Ni(CO);, with a vapor pressure of'400 torr at 25 C, are both
volatile, explosive, toxic liquids at room temperature. ' Many other
‘metal carbonyls, evén the solids, are reasonably volatile.vihis chap-
ter will»describe a new and unique method of creating ground and ex-
cited state gés phase metals, whiéh involves.collisional'energy trans- -
fer from a metastable rare gas atom to a metal carbonyl. Thé_expe;e
imental results and models for the diséociatibn mechanism will be dis-
cussed. Coﬁpafisons betwéén this work and 6ther'dissbciation and metal
excitation mechanismsvwill'be.dispusséd, in parﬁiculgr photolysis and

-arc¢ methods. Finally,.future applications of this work will be.examined._

B. Experimental Results

‘: The first system'étudigd was Ar*'+vFe(C0)5. Gas phase Fe(CO)5
wag admitted from a reservoir of the neaﬁ liquid (Alfa-Ventron §9.SZ)
at roomntemperature. The interaction with Ar* produced- a bright blnev
flame observable by eye. The resultiﬁg.spectrﬁm is sﬁown in Fig. 1l1.
The surprisingiregult is fhat all the éharp features can be readily as;
sigﬁed-to knowﬁ atoﬁic_ifon tfansitiohs! fhe molecular bands between

3500 and 4000 A are the C > Brsyéteﬁ_of N,» and the band around 6300 A
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‘Fig. 11. The flame spectrum of Ar + Fe (CO)
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5° The molecular emissions between 3500 and

4000 A are due to Nz, and the band around 6200 A is OH emission in second order.
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is the OH A - X'system in second order.: These band systems are due to
impurities in Ar and Fe(CO)5 and. are always observe& in any spectrum
witﬁ Ar*, There are no observable_emissions frém Fe(CO)S-or any of its
fragments bétween 2000 and 8200 A, the scanning range limits.  The
'strongest Fe emissions weré oh the order of 104 counts/sec with 1 mm
 slit widths (a ZAA'FWHM‘béndwidth).
| The‘specﬁré of the remaiﬁing five combinafionslof Ar*; Ne* and
He* with Fe(CO)5 and Ni(CO)4 (Matheson 99.9.%) are shown iﬁ-Figs. 12-16.
AlLFe(CO)5 flamés wefe blue while all Ni(C0)4 flamés were reddish-blue.
Again, all the sharp featureé are due to atémic Fe or Ni transitions.
The weak bands betwgen»4500.and.5000-A (double headed and shaded to the
red) in‘the spectfﬁﬁ of Ne* + Ni(CO)4 are the. (0,0) and (0,1) Bands of
.the A+ X comet-tail system of C0+. The-Pénning ionization process
Ne*(3P2) + CO (xlz+, v =0) > Ne + 'C0+(A2Hi,‘v=.0)+ e

‘is exothermic bf 610 cm_l, and these fegtures"éfe attfibﬁted»to co
impuvritybin»tbhe.Ni(CO)4 lecture bottle or secoﬁdary‘Penning ionization
of the CO fragments. 'The‘abéence of CO+ emission froﬁ Fe(CO)5 warrants
further ihveétigation. The only feature that coﬁld possibly>be emission
from a moleculaf carbonyl is in the A_r++N_i(C0)4 spectrum; where a very
Qéak (20 éoﬁnts/sec maximﬁm with lnﬁlslité) featureless continuum'was
observed from 5300 A to the limit of our scanning range at 8200 A.

Study of this continuum also warrants further investigation.
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Fig. 12, The flame spectrum of Ne + Fe(CO)S.
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Fig. .13. The flame spectrum of He* + Fe(CO)S. ' XBL 7910-12380
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Fig. l4. The flame spectrum of Ar +'N1(CO)4. The strong molecular bands result from H,0
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impurities. The weaker bands around 3500 A are due to N,.
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Ne* + Ni (CO),

T T l A T — 1
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x (R »

XBL 7910-12389

Fig. 15. The flame spectrum of Ne +'Ni(CO)4. Note: the CO+
bands between 4500 and 5000 A which are discussed
in the text. ' .
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. Fig. 16. The flame spectrum of He + Ni(CO)4. The molecular band is a result of H20
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The strongest émiésion features for all Ar* and Ne* spectra
were on the order of»104'counts/sec with lmm slits. The He* intensi-
ties ﬁere down by a factor of 10, probably‘dﬁe to 1eésAefficient
metastable production. vWaveléngths were readilyiméasured to an ac-

curacy of 0.1 A or better, if such resolution was required.

C. Kinetic Experiments

Several kinetié experiments were performed to determine the
dependence of the metal atom emissions upon Ar*'and metal carbonyl éon—
céntrations. The emission rate of the strongest Fe line at 4375.93‘3
was moni;o:ed as a.functioh of total argon pressure (and thus of Ar*
conéentration). Thé resultjis.shown in Fig. 17,Halong‘with a ‘separate
expefiment monitoring the‘N2 33761A band, an_emiséiop kﬁown.fo be first
order ih Ar*. Thé tﬁo cur?es are ideﬁtical, es;abliéhing-first—order_
_depeﬁdence_of-fhe Fe emission“raté with Ar* concentration. A‘similar
expériment ménitoring the strongest nickél_line'at_3881.86Akis shown in
Fig. 18. Here the change in Ar* concéntrétion was féflecﬁed by differ—
-ent érgon backing pressﬁres far upstream from the intéractipn region.

. . , : ‘ x_
As for Fe, the Ni atom emission is first-order in [Ar ].
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The variation in Fe 437.6 nm emission intensity as a

S . *
- function of Ar pressure, and hence Ar concentration.

The same experiment for NZ' 337 nm emission, an excita-

B *
tion process known to be first order in Ar concentra-
tion.
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Fig. 18. The variation in Ni 388.2 nm emission intensity as a
function of upstream Ar backing preSSure, and hence Ar*
coneentration. The same experiment for N, 337 nm emis-

sion, an excitation process known to be first order in

» Ar concentration.
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Also, these same emission intensities were monitored as a func-

tion of carbonyl pressure, holding [Ar | constant. In the 0.1 -2 micron
‘ * . v * ) . I . » ! |

pressure range, the Fe and Ni intensities were linear functions of
carbonyl pressure, as shown in Figs. 19 and 20. At higher pressures,
. the emission intensities approach a zero-order dependence on carbonyl
pressure, as Fhe_carbonyl begins to titrate the metastables.

The most plausible conclusion to draw from the kinetic studies

is that we are. observing the elementaryvbimblecular process -
v * *
X + M(CO)_I.1 + X+ M + nCO,

.ok . ’ .
~where X 1is the metastable rare gas, and M is either Ni or Fe. Recent

(33)

. * *
-studies in a molecular beam apparatus of Ar - + Fe(CO)5 and Ne +
. Fe(CO)5 have recorded atomic iron chemilﬁminéscencé, unequivocally es-

tablishing that the reactions are bimolecular.

D. Comparison With Arc Spectra

The standard arc spectra of Fe and Ni metals, synthesized from .

(34)

published,line;ihtensities, are shown in Fig. 21. Visual compar-
isons of the arc spectra with the carbonylvspeCtra show markéd differ-
énées_bétﬁegn the two modes of meial'atom éicitations. Table VII lists
the rélative_intensities of the stronger Fe arc lines and the sfronger

* ‘ , _ : B A
Ar + Fe(CO)S_flame lines. The strongest arc line (y 5‘Fso > a 5F5 at

3734.87 A) is missing from the fiame; conversely, the strongest fiame
at 4375.93 8) is very weak in the arc. In general,

o 5
5 7a D,

the strongest flame features arise from terms derived from the

line (z_7F
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Fig. 19, Relative intensity of Fe 4375.93 A emission as a function of
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Fe(CO)5 pressure in the 0-2u range. The Ar concentration is

held constant.
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Fig. 21. Simulated pure Ni and Fe arc spectra.
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-V3d6454p configuration (ground state Fe is.3d64sz), while in the arc,

botb-this configuration and tbe'3d74p‘configuration are easily excited.

Also, transitions from'the highest»spin septet terms are.extremely strong

in the flame, but are very weak in the arc. The converse is trne for

triplet manifolds, they being strong in the arc butvweak in the/flame.
Slmllar data comparing a pure Ni arc and the Ar* + Ni(Cd)4

flame are given in Table VIII. As w1th Fe, the hlgh—Spln manifolds

(the quintets 1n Ni) are extremely strong in the flame, and weak or

_completely absent in the arc. Not only is the strongest flame llne

(z5D4 > a 3F4 at 3881. 861&) not observed in the arc, but as far as is
known534 + 35,37, 43)

thisvtransition has never been reported before in
either absorption or emission! Other lines in the‘flamelbave-not been
previously reporteo; all these lines are listed in Table IX along with
their,oscillator strengths and spontaneous emiésion rates as determined
by methods described later. Note that the Ni flame emission is not dom-
inated by a single configuration to tbe‘extent that the Fe flame is.
Terms derivedvfrom bothvthe 3d8434p and 3d94p-(ground state Ni is
:3d8452) configurations.are important. Thus there are some qualitative
differences between the Ar* +.Ni(CO)4 and the Ar*‘+ Fe(CQ)5 flames, but
in general, the flame spectra are significantly different from the arc
spectra, and emission from low lying,states are not spin—differentiated

in the flame spectra to the extent they are in the arc spectra.
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E. Information From an Atomic Spectrum

What kind of information can be leérned from an atomic spec-
trum? Ofvcourse, it can be used to détermine energy levels; and fortu-
nately‘Ni-and Fe have been extensively aﬁalyzed because of their astro-
physical interest. The eﬁergy levels are for the most part known quite
accurately. |

A chemist arﬁed”with'the‘intensity and oscillator strength of
an atomic line can determine quantifies‘he is interested in: teﬁperaturés,
relative populatiohé and relétivé rates. _Aﬁ outline of tﬁe important
relations follows.

The oscillator'strength, ful’ for sbontaneous emission between
‘ ' o 36)

an upper level, u, and a lower levél, £, can be rélated( to the
Einstein'coefficiént for spontaneous emission, Auz’ by
: | 15 ‘ful ‘ :
'YAuJZ, = _‘6v._67 x 10 ;\-2-— v o . i » (1)

where A is the waveleﬁgth in &, Aul is in secjl, and 6~67’<1015 is a

' collection of physical constants. The emission intensity of an atomic
line.(ih photons‘per sec) is given by

dN -
- wR : , : _
I T dt Auzsu (2)1

whéré Nu>i§-the population of the upper sfate. From equétions-(l) and
(2) it folloy§>that | | |
N« g . . | '»-(3)
u , ul : :
where I is now fﬁe counts/sec measured at the photomﬁltiplier tﬁbe and

is related to I in équation (2) through a propbrtionality constant.
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 This-éxpression allows one'to calculate the relative pbpulation'of a
given energy leve13‘ If one assumes that the population distribution is
Maxwell-Boltzmann, such that |

N, = guexp(-Eu/kT) - ~ (4)
then it follows_tﬁat |
log;, (1 Xz/gu fug)' o '—Eu/2.303>‘kT. - (5)
Thus, if a plot of 1og(IA2/gf) Qersus'Eu for a,cﬁllectionvof atomic lines
is linear, then the distributioh can be éﬁaracterized by a single param-

: etef,.the_tgﬁperaturetT. Of course, this elect;onicvteﬁpeféture may'ndt

beiQQual to any.other femberétures (traﬁslational, rotational or vibra—
tional)-that.ﬁould'exist in a.fuliy equilibrafed system;l

‘To calculate the relative-rate of formation‘of‘a given energy
level, Eu,Aone asspmesfa steady sta;éiin which radiation is the only mode
of eﬁefgy loss b& Eu, i.e., one negleéts coliisional deactivation. ihe
rate of depletion of Eu ié proportionalvto the intensity sum:of all

* lines radigting'ffom this Iévél, i.e.

(6)

rate of depletion «YI =N YA ..
. > uj u ¢ uj
J J
For.anybsinglegline; N « I/A 0’ and it follows that the rate of
TA .\ ur | . | '
depletion “-I(Qk—gl).~ o L . o (7

ul

‘Under the steady state assumption, the rate of formation of a
given level equals-its rate of depletion.. Thus equation.(7) can be
used to calculate relative rates of formation for any given atomic line

"ofAintensity I, energy Eu, and branching ratio IA/A. Also, application



compilation were taken from Corliss,

-7 4=

of equation (7) tb‘an Eu which radiates to more than one lower level
provides an internal check on the accuracy of the log(gf) values which

are used in the calculatiomns.

F. Popﬁlations'and Rates

Relative populations and relative rates of formation of various
iron and nickel levels can now be calculated. The log(gf) values used

in equation (5) and used to determine Au' in equation (7) were supplied

2
in part by J. R. Fuhr(37)‘of_the Atomic Transition Probabilities Data

Center of the National Bureau of Standards. = For Ee,‘thevbest log(gf)

values are those of Blackwell, et al.(38) ‘Other sources used were the
compilatioﬁs'of Bridges and Kornblith(sg) and of May, Richter and
Wichelmann.(ho) Values reported by Corliss and Tech(41) were used as a

- . e » - . ' . § . 2
‘last resort, and were adjusted using. their correction formula(4 ) and

finally readjusting their data in a least squares sense to the more

‘accurate data sources. For Ni, values for lines not tabulated in Fuhr's

(43)

again correcting to agree with
fhe better data.

| Plotsrof'log(IXZ/gf) ﬁersﬁs Eu for’the six possible reactant éom—
binations'are'given in Figs. 22—275é4) The three plots for nickel are
very similar. Each shows a.striking differenée bef@een the low lying
quintet’ levels (Eu less than 30,000.cm—1), fof which the temperatures éfe

600 to 700K, and the higher, p;edominantly ﬁriplet, energy levels. Note

L - : *
the value of 3600K for the higher temperature with Ar as compared to

% *
-the 15,000 to 16,000K values for Ne and He . This is because of
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and singlets (open triangles).
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_ the limited energy content of Ar*faﬂd the choice.of fittiﬁg the higher
eﬁergy data of Ne* and He* to a single temperature.’ If this family of
bsinglets and triplets with Eu_%'374000 cm—% were treated separately for
Ne* apd He*, results nearer 3600 K would be obtainedt' Eyeq though the
energy ovae# is greater than Ne*, fe&er high energy Eu points appear
in the He* plot. The difference is probably due to the feeblenese of
the He* + Ni(CO)4 flame es mentioned in the experimental section, rather -
than any inherent diffefepce in the teaetioﬁ mechanism. The log(gf)
values for the newlyrobserved Ni lines (Table IX) were obtained from
_ measured intensities and the least squares lines for tﬁeblow temperature
quintet.levels. | |

| For Fe, the detanwere also;analyZed in terms of two temperatures,
iwith the break peints less obvious than for Ni. The high energy data
for He* actually sth a slightvﬁegative temperature due to sparse high
energy data points.

The temperature;analyses yield the conclusion that thevearbonyl
dissociation‘ie a noﬁ—equilibrium proceSS'and cannot beisimply releted
te one temperature. In contrast,vart'excitation-of Feiand'Ni.isvtherﬁal
in natute, caueed by electrons, and the resulting distributions Cae be
Charactetizedvbyva single temperature. The Ni and Fe excitations caused
bf dissociating.energiZed carbonyl molecules is'kinetic in.nature; which
- is not.surérisingvsincevthey-are caused b§ a single, bimelecular‘trans—
fer of energy. Thebexﬁetimental time—ecale is the radietive iifetime of
the metal atems, which raeges from 10_3'to 10"8 sec.  Even7i0f8 eec is

much longer than typical intramolecular energy transfer times and bond
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" breakage fimes, which arevon thé order of 10-13 sec, a typical vibra-
‘tional pefiod. ‘One Wouid prefer to think thaﬁ the dissociation is much
faster than any radiative lifetimes, and the metal atom emissions are in
.'disequilibrium due to kinetic features.of.the energy transfer process. -
It is possible that the dissociation is much slower, ih which collisions
with other carﬁonylslpr fhe background rare gas do not. quench the dis-
sociation .process.

vThe apﬁearance of two or more tempefatures in steady-state pop-
_ulation plots aOes_not ﬁecessarily imply two or more dissocia;ion mech;
anisms. Various atomic states can be formed at the‘séme rate, but
develop different populations due to differences in spontaneous.emis~’
sion rates. This-is'ESpecially evident for-fhe'low—energy Ni quintets,
whe;e spin sélection rules greatly decrease their emission rates. 1This
feature of pbpulation plots has not been'fully appreciated by prior
investigatofs."

: ’The-relative rates of formation of ﬁarious metal.states, as cal-
culated by equafion (7), should be more illuminating. These plots for
Ar* and Ne* with Ni(CO)A and Fe(CO)g ;re shown in Figs. 28-31. 1In gen-
eral, the rate of formation of various levels decreases_monotonically
with increasing energy for both Fe and Ni. The lowest septet levels of
Fe show a definite J—dependénée in their rate of formation. The higher>
J values lie lower in energy and_ére formed at apparently greater rates
with increasing>J._ These.leveis have long radiative lifetiﬁes ‘(~10.—4

.séé)»and the J—depen&ence may be the result of collisional relaxatiom

to lower fine structure levels (higher J values) of the same term.
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A J¥Changing deactivation cross-section on the order of 1 A2 would be
sufficient for collisional relaxation to compete with radiative relaxa-

(45)

tion. For ground state <{(a 5D) Fe, Callear and 0ldman measured a
cross-section of 10_41X2 for the J = 3 to 4 deactivation by Ar. This

process is exothermic by 416 cm_1 while the Fe septet levels are

’
spacea by 100 - 200 cm_l., Also, the ground state has a 3d64s2 config-
uratioﬁ, while the‘septets aré 3d64s4p. A ldt'of differences exist, bﬁt
one would not expect.the difference to be féur‘érdersvof magnitude. J;
changing collisions with Ar aré believedvto be unimportant.

'Preliminary molecular beam results of Ar* + Fe(CO)5 by Kobovitch
énd'Krenos(33) yield Fe atom emissions. fThéy were aBle to resolve a set
~of four séptet fransitions and the results_aré given in Table X. They |

ﬁqrmalized'one of their unresolved quintet sét intensities to agreé with
our data,kand in general their overall quintet ihtenéities agrée well

: L . . ' e as : . o :
.with ours. .Examination of the table indicates our high J 7F components

are excited much more strongly than the beam results. This could be due

7F0 atoms with Fe(CO)S, - Pres~

to AJ scrambling from collisions of the
sure studies need to be done. More puzzling is the fact that their over-

Call septet intensities are lower than ours. A likely explanation is

that since they are using molecular beams with rapid velocities,'the

long-lived septets may flow paét the observation region without radiating,

thereby reducing the overall septet'intensities..
The low-lying Ni quintet states also show a J—dependenée in

their rate of formation, but the effect is not as marked. .

Exass
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Absolute bimolecul;r-rafe constants fofvthe stronger emitting
.stétes of Fe in the reaction Ar* + Fe(CO)s have been measured, ‘The
method consisfs of comparing intensities to that of the 7602 A& Kr line.
The method is described in Appendix B. The concéntrations of Kr and
Fe(CO)S’were measured by diféét pressufe measurements. The‘célcﬁlafed‘
rate Eonstanté are 1isted:h1Tab1e XI. The rate constants are in the

13 15

range 5 X 10~ ~ to 5 X 107 cm3 molecule_1 sec—l, and the sum yields

) : R :
the partial quenching rate constant for Ar + Fe(CO)S; and is estimated

12

- . - -1 . : .
to be 6 x 10 cm3 molecule 1 sec . This rate constant does not in-

clude production of dark products such as ground state atoms.

G. A Statistical Model

A statistical modél has been developed thét succeésfully_pre—
diéts the observed'fatebaistributions in Ni and-Fe. During the colli-
sion, the metastablé rare gas atom imparts its'energy, E*, to the metal
carbonyi and departs. The energy is randomized within the cafbbnyl and
when an energy greatér than the metai—cafbpﬁ bond'énergy is located in
any of those bonds, a carbon monoxide moleCuie breaks loose. Ihe energy
available for product elecﬁronic, vibrational, rotational, and transla-

tional excitation, Eé,'is given by

% o
E =E -E : . (8)
- where ED is the energy required to break the carbonyl into the metal
atom and the free CO molecules.

'Subtracting the electronic excitation pf thé metal atom, EM*

yields the energy available to the various vibrational, rotational and

translational modes of the products, E, given by
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| = - E * .
E=E EM (9)

It is now postulated that the rate of formation of a certain metal atom

*
state M is given by
: *
rate of formation of M « p (E) (10)

wherg p (E) is the density of statgs for the appropriate degfees'of free~
dom of the products at: the enérgy E.

Equation (10) requires a little discussion. Ea is divided be-
- tween electronic excitation of the metal atom, EM*, and all‘other ex—
citafions, E. The rate of excitation of the metal atom is statistically
more probable if there are more states in which tolaécomodate E, henge
the rate should depend on the density of é;ates. A.direct propoftion-
ality is postulated. |

How is p (E) calculated? The method.of éttack_using,partition

(46)

functions and Laplace transforms, is‘reviewed by Forst. Some of the
useful relations are outlined below.
. The quantum mechanical partition function Q, is given by

Q=) g e
E

where g(E) is the degeneracy of the state of energy E. Also

' EfkT (11)

g(E) = p(E)dE (12)
where.p(E) is density of states per unit energy at energy‘E. E is
always taken ﬁo be the enefgy in excess of. the zero-point energy}

| SubstitutinngqJ (12) into Eq. (11) and chaﬁging the sum to an

integral yields the semiclassical partition function
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@ = [ p® /T gp. o a»

. p(E) is assumed to be a smooth, continuous function of E. Of course, in
actuality it isn't, and the approximation becomes less valid as the
energy spacings increase.

£ 5"

‘Substituting s = 1/kT into Eq..(13) yields

Q=["p® ¥ aE = L {p@®) o)
0 : o ,
The pértitiqn function is seen to be the Laplace transform of the den-
. ..sity of states. The inverse operation also holds true
L
{

P(E) = L-{qQ} ‘ (15)

i.e. the density of states is given by the inverse Laplace transorm of
the semiclassical partition function.
' Suppose:there are two'independent systems, 1 and 2. Then it

holds true that
Q(s) = L {pl(E)} . Qy(s) = L {p,(E)}. - as
. The éonvélﬁtion theorem then states that

E ) _ o .
N pl(x)p2 (E-x)dx . or
o ’ : )

L™h {Q, ()0, ()} -
' (17)
-

f pl(E-x)pz(x)dx.
o . .

‘But QI(S)QZ(S)= Q1 2(3),th¢ partition function for the combined
system; and L_1 {Ql 2(s)} is p1 2(E), the &ensity of ététes for the coﬁr
: s . s ) - - i :

bined system. - Therefore
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E .
| £ pl(X)pz(E-x)dx | or

P12 (E)
(18)

E
f pl(E— X)pz(x)dx
o o : .

i.e., if the partition‘functions are_séparable? the density of states
of the combined system is related by convolution to the densities of
states of the separated systems.

Now the relévant’degrees of freedom and their corresponding pér—
titiom fﬁnctions can be éhosen. Then p(E) for the sys;eﬁ is easily
UCa;culated with the formulasvébove.

The most logical first choice is that all degrees of freedom are
available fq the products. The available degrees of freedom and their

partition functions are

(i) '3 translational degrees of freedom to the metal atom

2y

3 -

: - (2mmk T, 3/2 -3/2
S _ h : _

(ii) 3 traﬁslational degrees'of freedom to each CO
. =K, s 3/_ . Y

(iii) The‘CO's can vibrate as harmonic oscillators (anharmon-
icity will be put into the theory later)

o =L -x st @

. ..v hvo 3 -
This is just the semiclassical partition function found

by changing thevsum in equation (4) to an integral.
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o

(iv) The CO's can rotate in 3 dimensions

_ 872IkT -1
q = 7 " K, s (22) .

. (v) €O is not electronically excited or dissociated.

Al the degrees of freedom are treated as being indépendént,
thus the total partition function for the system is just the product'of
the partition functions from the individual parts} For Ni(CO)4

!

= K .8—3/2)(K2

~-3/2.4 4 1.4
1 s s

. - 1
total ) (K3 S )_ (K4 )_
. ' 1 (23)
. ~15.5 _
5 ’ ‘ S !
~[at(1/20y _ 2 g (/D)

1+3+5¢+«(2n~1)V/1

A useful relation is that L—} {s (n=1,2,-%2).

Thus -  p -1
total L. {qtotal}

= ks

5

- K L—l {5—15.5}
, 5 » .
Ks . 215 E14.5

1o3¢5 soe 27+29 « /7

- kB4 ; . e

Oor 4 p(E) « E14'5 _Ni(CO)4 g . .  B (25)
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Similarly for Fe(CO)5

e -3/2 | -3/2 5 _l 5 -1.5
qtotalv (Kl s )(Kz s ) (K3 s ) (KA‘S )
Sy U e
n-1 v
L : { fn} h ?ﬁ_l)' (n =1,2,.+4), therefore
. = _1 ] "19
Potal L {K5 s 7}
K, g'8
TR
or  |em® « B Fe(co), |.

_..Thé derivations.of b(E) can‘bevaltEred to includé énharmonicity
.bin the CO ﬁibratioﬁs.' The CO vibrational constants given by ﬁeererg
are used to calCuléte-tﬁe vibrational ehefgiés. p(E) at the energy be-
: tﬁéen two vibrational levéls is simblyvthe reciprocal of the enérgy dif-
ference befween theSe‘fwollevelsg and to bring.p(E)vintq more convenient
.;numbers the result is multiplied by 2500 so that p(E) is defined as the
nUmBer of vibrational states per 2500 cm;l.' The.résulté are'given in
Table XTI. | |

A éimple expression for pV(E) that was found to work well was

o B = be™ (28)

(26)

ExS
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The numerical pv(E) from Table XII is least squares fitted to the above
equation. The results of several fits are shown in Table XIII.

From pV(E), the anharmonic partition function can be calculated

q

Y L{QQ(E)}

bL{ng}v

b

s -m

(29)
The partition functions -can be multiplied as before but the inverse

" Laplace transform is not known. The better way to getptotal

(E) seems

" to be to get p d p separately, and

. R an . .
translation-rotation vibration

.obtain ptotal by convolution. For Ni(CO)4
- =3)2 - =3/2.4 . =14
9¢rans-rot (Kl S _) (KZ s ) (K4 s )
I L (30)
05 _
' _ -1 ~11.5
ptrans—rot<E) = L {KS s }
= K, EIOTS : ' - B E . (31)
6 ‘ ,
S SV S - | o
qvib b (s—m) _ . . v (32)
"_—1'.414
Poip® =L b5 |
= K7vE3 e S ' ' ' . (33)
Now the cohvolution»intégrél can be set up 
_ E : : L .
! ptotél(E) = £ pvib(E_x) ptrans—rot(x) dX. _ . S (34}

E .
[k Ex? mE g 2100 4 . (35)
0o : - . . o .
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Expand (E—X)3 = B - 38% + 3E X - x> and since e™(E"®) _ Mg TMXs

e"E can be taken out of the.integral

0(E) = KK, "t [E3 [ ™ 0 %ax - 3E2'j e X xll's'dx__
+ 3E [ e x 1234y - i e 13344 ] ' (36)

’ -mx
Expand e in a power series and keep the first three terms, i.e.

) 22
e ™ =1 -mx + 22
o= 7
32 E
p(E) = KK, [EBj' x 0 34x - E mf x 1ge+ Em [ x 2-34x
: ) i (o] -0 0
E ' E 22 E
TSR U SN 3E2m_ [ 35
. . 0 "> » ‘ o v ) . 0 .
E - E a2 E |
+38) x20ax - 3Emf =3 Pax + %‘—“ [ %3k
L , o | A =
E E 2 ‘
-J x133ax + nf x HSax - ‘—nz—f x15 de]. (37)
[o) ) ) [o} '
S -k o gl4-5  ggld:s +m2E16.5 ) 3E14.5+3Im.E15.5_3sz16.5
_. 67 1.5~ .7 12.5 27 " T12.5 T 13.5 29
. 345 3l . w2El6:5  glé:S . ag!55 o216 .
" T13.5 4.5 31 14.5 15.5 33
p(E) = KK, e oTE [2 132x10 4E“’ *5_ me1.582x10 4E15 5+ mZ-5. 992x10° —dgl6- 5]
' ' (39)
o(E) « ™ [£¥%° - 0.7420mE!% % 4+ 02811 25 10" >

(40)

Ni(CO)4 All degrees of freedoﬁl open .




For Fe(CO)5

o

Again expand e ' o

R s-3/2)(
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o ' (o]

ut to three terms

Q¢ rans-rot (Kl Ky s ™ )(K4 s )
- -" —14
= K5 § D (41)
ptrans—rot(E) =L {KS s }
=K' Els. (42)
6 .
.5 1.5 |
Qyib b (s— )" (43)
' _.=1 45, 1.5
= k' E* L (44)
Again, the convolution integpal can be set up
E .
ptotal(E) - £ pvib(E_X) ptrans-rot(x) dx (45)
E ' oy
= f ‘K7' (E—x)4 em(E x) K6' x14 dx. (46)
o
- Expand (E--x)4 = E4 - 4E3x + 6E2x2 - 4E x3'+ X‘4 and take'emE out of the
 integral
oy omE 4 F w13 3 F w14
P(E) =K 'K,' e [E ™ P ax - 4E° [ e hx tdx |
co2 B 15 E o 16 “mx 17, |0 @)
+ 6E° [ e x dx - 4E [ e x dx + [ e = x dx



E ., 42 .
p(E) = K6'K7' [E f 3ax - E4m'f ,X'lz'dxj- E2m %P dx
_ ]
E : 32 E
- 4E3 f Xl4dx + 4E3m'f Xlsdx - 4%1n 'f ”x16dx
o o . o
E E 22 E
2 : . _
+ 6E” [ Xlde - 6E%n / X16dx + EE zm gl ax
o o . o
- 4E f xl6dx + 4Em.f xl7dx - _ZLEZ_m_ I X18dx
(o) . 0 . o ‘
+ f X dx -m f x d %r f ] B (48)
o o o - . - _
o(E) = K,'K." emE[%ls_,m£19 L nE 4p'® meE!? n2520
‘ 6 7 14 15 ° 32 15 16 3%
L6E° mee'®  n?ep”®  4p'®  mup!?  o%E?0
16 17 36 17 18. - 38
+-E18 - g +““2E2-0 - L)
18 ~ 19 o | | | o
p(E) = K 'K, ™ [2.304x10E"® - m+ 1.720x107°E P4m”6.450x10 %01,
| ] - | BEEO)
oE) « ™ [£'® - 0.7360mE® + 0.2763mE%0] |

‘Fe(CO)S All degrees:of freedom open

Equations (40) and (51), then, are the densities of states with
anharmonlc osc1llators and all degrees of freedom With. the heats of

) (47) (48) E_. can be calculated for the

and Fe(CO) D

formatlon for Ni(CO
following processes:

[

Ni(CO)é(g) + Ni(g) + 4C0(g) Ey = AH,gq = 140.8 kcal/mole

|
It

49,200 cm

o

Fe(CO)S(g) > Fe(g) + 5C0(g) ED = AH298 = 138.5 kcal/mole

48,400 —

-1

o
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The metastable rare gas energies are (See Table I.)-

Ar (392) = 93144 cm !
Ne (B,) = 134043 cm '
He (238) = 159850 cm -

Ea’ as defined by equation (8), can be calculated for the six possible

reactant pairs

Ar + Ni(co), ' E, = 43900 e L
Ne© + 1\11((:0')_4 . E_= 84800 cm
He™ + Ni(CO)4' E = 110600 cm ™ :
Ar* + Fe(CO)S_ ' - Ea = A44700 c:m—1
Ne” + Fe (CO) 3 E_ = 85600 cm_l
He” + Fe(CO)g B, = 111400 cu |

Since the He* rates.were not plotted_dué to lack of sufficient
high energy daté,vwe will concentrate on Ar* and-Ne*.- For Ar* + Ni(CO)4
and Ar* + Fe(Cd)S, Ea is about 44,000 cm_{.’ Therefore the fit of
o ., (E) = be™E up to 50,000 cmf1 is used (see Table XIII) with
m = 7.94X10—6. Fof Ne* +‘Ni(CO)4, theflowest experiméntally observed
Ni'excitatioqs were around 26,000 cm_l, so that With Ea =-85,000 cm.-1
the ﬁaximum'CO exdifation'canvbe ﬁp to 59,000 cm_l. Therefore the fit

up 71:0’60,000_cm_1 was used with m = 8.70X10—6.

fit up to 83,000 em was used with m = 1.30X1075Vbecause Fe excitations

as.loW'as 19,000 cm.-1 were observed. -
: Equatioh (40) is plotted as a‘functibn of EM* (i.e. Eu) as the

dashed lines in Figs. 28 and 29 for Ni(CO)4. These curves do not fit

. -
With Ne <+ Ni(CO)4, the

“
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the experimental Ar* + Ni(CO)A and Ne* +.Ni(CO)4 nickel atom rates well
at all, falling off much tovrapidly{ Likewise, equatidn (51) is pldttgd
_ iﬁ Figs.'30 and 31 for Fe(CO)S; the dashed lines'also not agreeing with
experiment. |

It is ébvious that.too ﬁany degreés of freédom are allowed to
consolidate the energy E in the fragment prpducté. Therefore a mech-
anism with fewer‘degrees‘of freedom was devised;'and‘as will be seen,
is'alsd:muéh more physically satisfying. |

The assumptiéns-used in célbulating .b(E)'er the‘néw model are:
(1) Again,‘the co molecuies are treated as anharmonic oscillators

in the same fashion as before.

(ii) CO is not electronically excited or dissociated, as before.

(iii) The exiting CO molecgles are treated as one-dimensional
translatbfé. This.is equivalent toAsaying tﬁaﬁ eitﬁer.the
ligands dissbciafe simultaneously along the equilibrium
metal—ligénd bond direction or else they dissociate sequen- -

.tially, but rabidiy, without experienciﬁg any fearrangment.
In this respect, the mddgl reéembles_an impulsive‘disso—
ciation mechanism._

(iv) No torque can be éxerted on the CO fragménts if'they dis~
éociate.radially. Hence, no ‘rotational excitation_df'the
CO fragments is assumed to occur.

(v)  Finally, it is assﬁmed that there is no ﬁranslétional exci-
tation ofvthg metal atéﬁ. This is insured by momentum éonser-

'vvatibn if all metal-ligand bond ruptureé impart equal impulses

to the metal.
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With the above assumptions the appropriate partition functions

are:

(i) For one-dimensional translators

. _  a/ 2mmkT _ . ~1/2
qt .— h = Kls .

. (ii) For anharmonic CO molecules, as beforeA

q = b
v S-m
”Fér' Ni(CO),
6 - S-l/z)
= K2 s_z.

o, (B) = Lt {x, s7%)
= KZA_E" |

o, = vt

o ® = LTt
= K3Q3 S

The convolution integral can now be set up

Proral® = [ o (Bx)p. (x)dx
total = [ p (E=x)p_(x)dx.
. o o
: . 3 mx
= I Kz(,E—x)K3x e dx.
B 3 mx - E 4 mx
=K2K3[Ef x e dx '—f X e dx].'
o o :

(52)

-~ (53)

(54)

(55)

(56) -

(&)

(58)

(59)

(60)
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Expanding e =1+ mx +
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2 2

m X

2

E _E, I
p(E) K2K3,[Ef Xdx + Em[ x'dx + 5~ [ x"dx
: (o] 0 (o]

- f 'x4dx - m f

o - o

‘0(E) = KK, [0.05E>
203

+ m+3.333x10 “E +m%+1.190 x 102K

2 E
Fxsd}‘c - %— {) x6dx].

2_6 7

5

Ni(CO)4

Restricted degrees of freedom

6

p(E) = E* + 0.6667 mE_ + 0.2381 mE’..

2.7

For _Fe(CO)s

I

].

(61)

(62)

(63)

(64)

(65)

(66)

(67)
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It is mathematically more convenient to set up the convolution integral

as follows for Fe(CO)S' :

E , . |

ptota;(E) = L P (Ex) p, (x)dx , (68)
E - . o

= f K3' '(E-Ax)4 em(E—x) KZ.' x3/2 dx. - (69)

Again, expanding (E—x)4' and e ™" and taking'emE out of the integral

p(E) = K,'K," ™ [E4f 1 2dx =48 [ %> ddx+6E2[ % dx
o o v ' o
~ 4Ef x4'5dx+f xs'sdx—mE4f 224y + m4E’ f x3 5dx m6E f 4 5
(o) O | X 0 : o] . o]
| E 24 E 2 3 B,
+ m4E fx Sax - mJ' x6_ 5dx+m2E f x'3_'5dx-_£n—24if xé'sdx
: o o o , o
2 2 E 2 E ' ,
— m 6E J‘ XS.de-m 4E'f X6 I_n__ ! X7 5 . . (70) -,
2 7 ) |
(o) . (o] . . (o]
P(E) = K,'K,’ 2E 1y 705x107%6%" 2 - m-5.683x107387 " + m2-1.170x10 ES" 7).
o ‘ (71)
0(E) « ™ [g®+0 _ 0.3333mE7‘S + 0.06862m 28]
, - ' (72)

Fe(CO)5 Restricted dégrees of freedom

With the same values of m used as before, equation (63) is
plotted as a function of EM*- (Eu) as the solid lines in Figs. 28 and 29
for Ni(CO)4. Likewiée, equation (72) is plotted in Figs. 30 and 31 for

.Fe'(CO)S, as the solid lines.
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Nof'ohly is the model of one~dimensionally traﬁslating; vibra-
ting, non-rotating.exiting CO ligands physically satisfying, but it
also agrees quite Well with experimentally obéerved rétes df formation
of exéited'ﬁetal states. Of ali the possible mddels'that restrict ﬁhe
degrees of freedom; this is the 6n1y one that reproduces theegperimental'
data and at the same_time givéé a ;eal,_intuitive feel for tﬁe metal

carbonyl dissociation mechanism.

H. Discussion

The energy balance betweeﬁ the metastable rare gas and the ex-
cited metai atom is‘worth.some diséussion;. Aé mentioned in the_statis_
ticalvthegry sectiqn,'it takes about 49,000 cm ' té dissociate both
Ni(CO}4 and Fe(CO)5 to the f:ee“metai atom:and carbon monoxide moleculés.
Considering Ar* (E = 93144 Cmfl) as the energy donor, thié 1eavés_44,000
cm - as an‘upper limit to the metal excitation. Examination of the pop-
' ulafion (Figs. 22 and 25) and rate (Figs. 28 and 30) plots for Ai*.showv
experimentally observed metal excitatidns up to about 37,000 cm_l. |
._‘Metai states are probébly exéitéd up to the 44,000 cm-.l limit,vbut with
rétes to§ Jow to bé experiméntally detected. Consi&eriné Ne* (E.=
134,043 cmjl) as the’eﬁergy'donor, ﬁefal'statés up to 85,000 c:m_1 may-
be ébservéd. .Examination of_the‘pbﬁulation (Figs. 23 and 26)Vand rate
(Figs. 29-and 31) plots‘for Né* show}many higher energy'excitatibns
" not observed with_Ar*} Excitations‘neaf the ionization limits of Ni
(61579 ém_l) and Fé(63700 cm-l) are experimentally observed, and it is
eqergetigally possible that a dissociativevionization process can occur

: % ]
with Ne and He , e.g.
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Ne” + Ni(CO), + [Ni(CO),] ~ NiT 4+ 4c0 + e,

Thus'ths major difference'in the interaction of Ar#,‘Ne* or He*
with a metal carbonyl is-simply the amount of enefgy that it deposits.
Higher enérgy metastable excite higher energy metal atom states.

lt is inséroctive to comparé ﬁhe collisional dissociation re-~
sults with orevious methods fof dissocisting metal carbonyls. Brennen
.and Kistiakowsky(ag) observed mstal'atom.emission fiom mstal carboﬁyl—
activs nitrogen flames. They énalyied their Fe* and Ni* data in tﬁe‘
same Qay, compariﬁgkbopulations and rates. Two important differences
exist between fhéir-results and this work. Fifst; they show that re-
action with sctive nitrogen prooseds via a sequential dégradétioﬁ

M(CO), + N +’M(oo)n_l + NCO
until the metal atom is‘libérated. Metal excitation then_procesds
according to V |

. .
M+ N, @) > ut 4N,

2.

: * % ' . .
"even less than that of Ne or He ), their metal excitations include

Seconoly,valthough the energy of N * is.roughly hali fhat of Ar* (and _
high energy states of Fe and Ni which are not observed in‘thé:Ar* flaﬁes
due to differenf degradation mechanisms. In oommon with this work,
Breonon and Kistiskowsky found_anomalousij-dependent behaviorvin the

: emission ratss'oftths low-lyiog, long—lived states, similsr~to that_dis—
cussedxpreviouslf.i.They attiibute this behavior to collisional relaka—
tion beiﬁg in significant competition.with rsdiativé relaxation. For

‘ Nz, thé Fe ground staté J=3 to J==4 collisional deactivstion rate_oon—A_

stanﬁ(45) is two orders of magnitude greater then for Ar, lending plau-
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sibility to their argument. Iﬁ constrast, our buffer gas was always a
~rarédgas, and we-do ndtupdpulaté»high»energy states with Ar* which can
populate these long-lived states by fadiativé cascade as Wasvthe casekr
for Bfeﬁnen and Kistiakowsky. As mentioned before, the metal carbonyl
 itée1f may cauée collisional AJ transitions in the metal atoms. Exper;
iments to test this need to be done in the futre.

| Metal carbdnyls-and organometallics have been subjected to low
pressure rare.gas discharges for>the purpose of producing atomic metal

(50,51)

vapor lasers. The results of our experiments should be of value

in understanding the mechanisms producing lasing action in these systems.

Metal qarbonyis have been dissociated by flash photdlysisﬁas’sz)

(53,54)

and'by eximer laser photodissociation. Of particular interest are

(54) that KrF 249‘nm laser

. the results found by Karny, Naaman and Z;re,
photolyéis of Fe(CO)5 produces Fe* via multiphoton‘dissociaﬁion; two
photons being used because of the quadratic dependence on.laser.power.

‘The i—statevdistribution_is neither uniform nor statistical. At very

. high rare gas buffer pressures (300.torr), they_foqnd J.leQéls not‘ob—
served from photolysis of iow presSure_(S mtorr ) pure carbonyl.' At

‘higher pressures they actually saw higher energy (lower J) levels of a
given term populated, probabiy caused by collisional activation. Also,
fhey did not see any appreciable high-spin sebtét éxcitation of Fe. -

| What is the'nature of the molécular ekcited étate or states from

which these molecules dissociate? While any of the metastable rare gasés'

- studied here have sﬁfficient enefgy~to.ionize the carbonyls (which

(55

have ionization potentials of about 8.5 eV), there is no evidence

that Penning ionization occurs. If it does occur, it produces products
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which do not luminesce, and it is clearly in cbmpetifion witﬁ the favor-
able coilisional-dissociatiéq mechanism cﬁannel which is observed.

—.Iﬁ contrast to the multiphoton photolysis, the metastable trans-
.fefs all of its very 1afge energy atvdnce. The data appéar no‘sodner
than a few tens of nénoséconds later. Dﬁring this time, dissociaﬁion
occurs. But is it via a seqﬁential’métal-ligand bond rupture,_a_simul-
tanedué bond rupture, or something in between, such as the rupture of
one bond clearly éeparated in time from the.rupture of perhaps a subset

of bonds? If has been shown(52’56)

that species such as Fe(CO)4’and
Ni(CO)3 do exist, and that they can be photochemically produced from

‘excited states of the normal carbonyls Which lie fairiy'low (<6 eV)in

- energy. These excited states are connécted to the ‘ground state via opti-

cal selection rules which need not be followed by collisional electronic
energy exchange proéesses.
As descfibed before, the energy‘traﬁsfer from a metastable rare
- gas may be thought of as a tﬁo-électronvenérgy»exéﬁange process : here the
. carbonyl donates an .electron from-a high—energy'fiiled M.O. td the meta-
stable hole (é.g the 3p vacancy in Ar*), followed by transfer of the ex-
.cited rare gas electron’info én unoccupied M.O. on.the carbonyi._ If tﬁe-
.electron lands in an unﬂound, continuum M.0. of the cérboﬂyl, Pénniﬁg
~ dionization resﬁlts; otherwise the carbonyl is 1eftrin § neufral, but
highiy excited state. To>épply this mechanism, the electronic étfucture
of the carbonyl must be éonsidered. |
ék;initio calculations(57)
of métal Cafboﬁyljboﬁding; Fitst; let us consider Ni(CO)4. The first

concgptual step in the formation of Ni(C0)4 from Ni and CO is the atomic

T, T

have lead to the following description.

s i
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" . promotion of Ni to the so-called atomic valence state

~Ni(a F,3d84s ) > Ni(a S 3d ),

followed by tetrahedral complexation with CO., Free CO has the valence

configuration 302 402 11T-4 502. On forming the molecular orbitals of

'Ni(CO)4, the effects of o—donation-from CO to Ni and ﬂ—back*donation'

from Ni to CO must be considered. From the population analysis of
Baerends and Ros (who performed a discrete variational X ¢ calculation
which agreed with photoelectron data), one finds the molecular config-

uration

8. 13, o 88 4 1.84

](C0[3o 4c 11" 50 0.44

Ni[3d 2m D,

whére the 4p population of 0.88 is due to 50 CO donation and the 27 pop-

-ulation of 0.44 per:ligand is due to Ni 3d back-donation to the previously.

\‘émpty m orbital. The highest occupied M'.O.'s.of'Ni(CO)4 are the 9t2

(cohposed of 3d and 2ﬂ-orbitals) aﬁd 2e (which is 3d in character).
Note that Ni is now formally short one'electron,oahd the 4s orbital of
Ni is eﬁpty). | |

Now consi&et a coliision with the metastable rare gas. The elec—
tron that oill uitiﬁately_fill thé rare gas vacancy will come from the
9t orbital of N1(CO) This orbitaliis fhe highestnoccupied orbital,_
and is- also spatlally the outermost orbltal. Whether this electron is
3d or Zﬂ'ln parentage is irrelevant, since charge will flow back to the
metal during'dissociation‘to yield neutral species, i;e., this is ﬁhatr
is observed experiﬁontally. Thé'eiectron transferreo ffom the meﬁastable

will land in a metal orbital due to the positive effective charge in Ni.
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This orbital could be either the 4s vacanéy or tbe 3d,'especially if

the 9t2 orbital lost 3d‘cﬁaracter. Whétever its nature, this metal or-
bital is clearly_metal—ligand antibonding, haviﬁg been émpty‘in the

free carboﬁyl. The result bf this electroﬁ'rearrangement will be to
place the carbonjl in a state of high potential enefgy with the impor-
tant T b;ckébonding frameﬁork destroyed. The metal-ligand interactions -
'would all become repdlsive.

Note’that subsequeﬁt to dissociation, it is experimentally ob-
served thét Ni is 1eft in the 3d94p or 3d84s4p coﬁfigurations; ”Thése_
areAjust the configqrations thaﬁ are prediqted from. the aBove diécussion.

 Intraatomic reiaxatioﬁ during dissociatioh can possibly form ;he ground-
state 3d84sz.and iow—lying 3d94s configﬁrations éf Nivby charge flow
away from Ni(4p) béck to the CO(50) brbitals frbmrwhich it came. The
13410 configuration would appear to be of little importanée.

| Similar arguments can-be'applied to Fe(CO)S. Populafion.anal—
ysis in Fe(CO)s shows thé co 2% orbitals gaining‘2;64ve1ectfons‘from ,
Vthe 3d8 vaience state configurétion‘of Fe, while 0 donation bopulates
not only the Fé 4p orbital but also the 4s.to some extent. The'pOpula—

" tions in'Fe(CO)5 are thus

1.72

450'- 2

6.22 56.085 0

Fe[ 3% %% 4 4% "1y (cor30? 40? 1n n0-33

])5'

: : s 7 6, PO
Analogous to NA(CO)4, one would expect the 3d 4p and 3d 4s4p . config-
urations to be important. The experimental observation that only the
3d64s4p cbnfiguration is observed to any extent is apparently kinetic

- in origin, since terms érising from 3d74p are conéiderably higher in



-109-

ene;gy-than those from 3d6434p.

Photochemiﬁal_excitation_iS'quite‘different—from this picture. - -
The strongly allowed optical transitions58 of these carbonyls afe’pri—
marily_d to d metal excitations followed at highéf eneigy by charge
transfer bands of mefal to ligand charge flow. The bands pumped by
eximer lasef excitation at 249 nm or at 193 nm are d to ﬂ*charge trans-
fer bands. Due to the 3d » orbitals unique rolg in Fe(CO)S, these
excitations will influence the axial carbonyls and lead tovFe(CO)a,‘as
observed. This flow of chargé'is in the opposite sense from that pro-
pésed for the.ﬁetaétable rare gas excitations.which efféctively trans—v
fer charge'from the ligands to the metal;

This sPin uﬁpairing which is obsefved is. not surprising becaﬁse
the prdcess is in essence a reversal of the carbonyi synthesis, which
involves a facilé spin pairing. Spin-orbit coupling during dissociation
must be strong. |

Thus; the two models for diésociation~of metél carbonyls By
metastablg rare -gas afoms,give pfedictiohé that égree well with exper-
imén#.» The’restricted'étatistical model providésbthe energy dist;ibu—
tions.and gives physical insight into the kinematics of the dissociation
mechanism.' The two electron exchange mechanism dpes wéli in predicting
tﬁe electfon cthigﬁratiphs obsérvéd in the free'métal atoms resulting
,from A;*——métél carbbnyl cbllisions, | |

- The results of this ﬁork'have'qpened up many possible experiments
for fhe future, paftiéularly in the area of metal atom.and_clustér_chem—
istry. Here is a way fp produce tfanslationally cool metal atoms in a

simple flow environment. By adding a third reagent, chemistry of ground
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as well as'exéited metal atomé is‘possible. An example of this pursuit-
is the addition of‘Cl2 té an Ar* + Ni(CQ)4‘flamef. A‘ﬁolecularjbaﬁd
emission is observed, attributed~tq tﬁe regction Ni* + Cizﬁ-NiCi* + cl.
bur laboratbry ié'Cufrent1y4stgdying reactions like these,vboth with the
chemiluminescence apparafus and a newly completed:quadrupole mass’spec;
-trométér apparatus; In addition, it may_be possible to easilyrcreéte

and study gas phase metal clusters, using reactions such as

L % '
~ He + Fe3(C0)12 - He +_Fe3 + 12CO.

These possibilities are also beiné investigated in'0gr 1éboratqry.
Also, moleculéfvbeaﬁ scaﬁterihg expgfimehts,between metal cérf
bonyls and metastable rare gas atoms.ﬁould»bg beneficial, helping to
determinglthe‘interaétionvpotehtials and dissociation kinematicsbin—
volved. |
Finally, this work may hopefully encourage more ab initio
studies of mepél carbonyls; pé;ticﬁlaply lacking are calculétions of

highly excited-states in the 9-20 eV metastable energy range.

I. Conclusions

The conclusions that can be drawn frpm the studies of colli-~

sional dissociation of metal carbonyls by metastable rare gases can be

summarized as follows.

(1) The atomic emissions -are due to a single bimolecular

energy transfer.



(2)

(3)

@

)

(6)

(7)
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The atomic spectra are quite different from the arc.

. High-spin states are highly excited, as evidenced by the_

observation of previously uhobséfved Ni lines.

The metal atoms formed are not eieétronicaliy equilibrated.
A statistical model, in which all the CO ligands leave
the_metél atom radially, gives good agreement with e#per—
imental data. This suggeéts‘fhat'enérgy is eaéily fandom—
ized in‘the enérgizedfcarbonyl molecule.

M.0. arguments with'a two-electron exchange mechanism givg
a plausible explanation for formation of repulsive excited
states. -

Differences in photolysis and collisional dissociation are
observed and expecﬁed. Greater high-spin excitation in -
collisional dissociation is not surprising, duerto the
triplet character oflthé metastable fare gas in compariéon

to the spinless photon.

>A method is. available for generation 6f grbdnd and excited

-~ state metal gas atoms and clusters in simple environments.

A wealth of new information on gas phase transition metal

chemistry should become availablevin the future.
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APPENDIX A

Atomic Absorption Measurements

' Atdmic absorption.has been used»tovdetermine the number deﬁsityv
of A;*(3P2 and 3?6) atoms.and cé(lso) atoms;’ Aﬁ'outliné of the rela-
tioné ﬁsed fdlloﬁs. o |

The absorpfion coefficient for a Doppler line.shape is gi&en'
by
- c? Be B e'xz | W

K., (v) =
ik - 8ﬂ3/2 v. 2 84 AVD
ik

k

frequency of the transition from lower state i to upper state k in“sec—l,

where Kik(v) is in cm2, C”is the speed of light, v, is the line center

"is the degeneracy of the

8, is the degeneracy of the lower state, 8

_upper state, Aki is_the Einstein coefficient for spontaneous emission in

sec_l, X = (v-—vik)/AvD and AVD is the Doppler width of the line (half-

width at.half max).

The Doppler half-width at half maximum for a Maxweilian gas is

~ given by
D c . om o ' _

- Substituting all the constants and converting m to atomic (or molecular)

weight yields

Avy = 3.58115 x 1‘0 Vi Vo | (3)

’
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where T is measured in K and M in g/mole.

(59)

As discussed by Ivanov, ‘for gases at moderate to low_pres—
sures and ﬁear or abo?e room temperature, the Doppler profile of equa-
tion (1) is the iepresentation‘of the liné shape particularly arouﬁd the
genfral part of the line. .It ié.valid if the quantity (AvR+ Avc)/AVD is

small, where Av  is the collisional linewidth (small at moderate pres-

C

sures) and AVR

is the naﬁural line width given by
Aog = Ay fam o (4)

where AVR is the half-width at half maximum in séc-l.

‘The Doppler absoiption coefficients.at the line center (v—Qik)
can now be calculated for Ca(lso) atoms and Ar*(3P2) atoms. ’
(1) Absorption of‘the 4226.73A. resonance line by gréund st_at'evlSo

Ca atbms.," | | |

The relevaﬁt data(27),are:

Tramsition : s + 1p°

E, =.0‘cm_1 - Ek =‘23652 cm-1
i R -
gy = 1 gk"=43
Aki = 2.18 ><.108 sec_l. _
vy = 23652 cn = 7.10 x 10'* sec”! |
bvy (298°K) = 2.31 x 1072 cm;1_= 6.93 x 10° sec™!
7 -1

‘AVR = 2.18 x 108741 = 1.73 x 10’ sec
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Subétituting into equation (1) with x=0 yieids the absorption coeffi-

cient at the line-center

= K., (v=wv, ) =73.78 % 10'“11 cm2 :
ik ik : '
o : )
Ca 4226.73 A 1line
o - - * 3
(ii) Absorption of the 8115.31 A line by Ar ( Pz) atoms
The relevantvdaﬁa(27) are:
.."Transition: 4s[%]°-+ 4p[gﬂ' (j& - coupling notation)
_ ga -1 ' !
E, = 93144 cm E, = 105463 cm
i - : k
8y = g =7
Aki = 3.66 X 107 s:ecm1
Vi, = 12319 em ™ = 3.70 x 104 sec”!
MV, (298°K) = 1.20 x 1072 em ! = 3.60 x 10° sec™
Avg = 3.66 X 1077472 2,91 x 10% sec™t
Substituting into -equation’ (1)
Ky (O =v,) = 2.10 x 1071 cp?
X i o Ar 8115.31A line

' The number density of the absorbing atom can be calculated using

-

the Beer's law relationship

I

o, . , _ 4 g '
1n (if) = Kik n, gi : o N
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where Ié'is the transmitted lamp intensity at vik with no absorbing

species present, I is the transmitted lamp intensity at vi with the

k
.absorbing spécies present, X, is the path length of absorption in cm
and n, is thg numbér density of the abso;bing species invcm_s.

Fdr_Ca absorption, a calcium hollow cathode lamp (Hamamatsu) -
which strongly emitted the 4226.73 A resonance line was used. ‘For Ar*
absofption; an argon discharge lamp (Oriel) was used, with a strong
8115.314 emission;A The laﬁp linewidths, measurea‘ﬁith the monochro-
matof,»aré about 0.05 A; this value being an upper bound to the true

linewidth.
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'APPENDIX - B

*
Ar Rate Constant Measurements

A method(60)'for obtaining absolute thermal rate constants for

the reactions with Ar (3P2) will be outlined below. It involves mea-
suring the intensity of the 7602 A Kr line and comparing it to the in-
tensity for the reaction of interest.

" For the following reaction

: * F3
arCry) + Kr(lso) > Re (5pl2

1
21,10 T+ Ar( So)

the total quenchingvrate constant has been measured to be 6.2 X 10—12

cm3/molec-sgc, with the branching ratios being‘88% 5p{§lz and 127 5p[§]1.
The experimentally monitored 7602 A line radiates ffom the
SP[%]Z level. The 8190 A Kr line also radiates from this level, and the

A7602
A

760248190

is the Einstein coefficient for spontaneous emission) is measured to be
4

‘branching ratio for emission of the 7602 A line ( » where A
0.765. Therefore

... Int. Kr 7602 A line = Q x 0.765x%0.88x 6.2%10 12[Kr][Ar ,3P2]

3

= q* 4.2x10 2 [kr] (AT, P,] a

where Q is a constant that reflects the fact that the spectrometer slit
samples only a small fraction of the total emission.
. - ‘ . _

For a reaction of species X with_Ar_(3P2) in which the unknown

rate constant is kx’ it is true that

.Int._X= Q(%) kX[X][Ar*,3P'2] - (2)
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where T corrects the emission because of radiative branching.
_ ) * * .
If one measures the reactions Ar + Kr and Ar + X under iden-
. 3 . I *
tical conditions with [Ar ] constant, the same flow rates etc., then

one is justified in dividing equation (2) by (l),-yielding the following

k= ( Int. X (ZA)[Kr] 12 en3

Int. Kr 7602 A [X] x 4. 2X10 molecesec (3)

where the intensities are of course corrected for spectrometer response.

Equation (3) provides an easy way to measure absolute thermal rate

constants.for reactions with Ar ( P ) atoms.
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Table I. The energies of the metastable rare gases.

Atom L~-S Term '
He 2 1S
2 3S
Ne ‘3P'
o
3
Py
Ar ‘3P
o
3
)
Kr 3P
o
3
P
Xe 3P
o
3P

Ehergz(cm—l)_
166272

159850
134820
134043
94554
193144
85192
79973"
76197

67086

Energy (eV)
" 20.6

19.8
16.7
16.6
11,7
11.5
10.5
9.9
9.4

8.3




-126-

Table II. The most common reactions with metastable

rare gas atoms, A*,

Reaction

- * -
+ A +-B+ (or B+ Y +e

* -
> BAT (or BATT) + e
*
>A+B
5 A+ B' + B"

> A+B'"" 43"

Classification

Penning Ionization -

Associative Ionization

‘ Neutral Excitation

Neutrél Dissociation

Excitive Neutral
Dissociation’

LI
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Table III. The energiesa of species in the Ca + Ar  system.

Species _ - _Enérgy(cm_l)'
cat ®s) - | 101,473
.
ar” (ry) 93,144
-+ 2.0
ca” 83 74,720
+ 2.0 .
ca’ (P} ))) 74,498
+ 2 |
ca® (‘D ) 63,017 |
. +.2 .
ca’ (*py ) 62,956
cat®s) o 49,306
Ca ( So) o | .4 .0
1 . . ’
 Ar( So) _— , 0

a)’relative to the ground state neutral atom. Values taken from
Ref. 21. v _ - '
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Table IV..‘The spectral constants? for.BeAr+.

5
10 Yo
o
De(Ihakkar)

: _De(Ref. 23)

2 gt A 2n
r
0 24576.5
362.7 583. 2P
8.92 6.70°
0.033 —-
— 42.68
0.5271 0.6124
0.0145 0.0089
6.5 -
2.0855 1.9348
4536> ’11;888*
4112 

11,464

a) Values in wavenumbers (cm-l).from Ref. 23.

b) Value corrected from a calCulation error in Ref. 23.
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Table V. Observéd frequencies in the CaA17+2H‘+:22+ spectrum.

Vacuum wavenumber S ‘ ) Comment
22562 £>60 _ | ' Strongest contiﬁuum band
- 23792 + 40 ‘. Continuum band
24044 * 10’ _ Continuum band
24226 + 6 Continuum band
24543 + 3 Bound
24598 * 3 Bound
24650 +3 Bound - Stronger bands
24695 * 3 Bound
24748 * 3 Bound
! fzasoo‘z‘e» Bound
124853 = 6 Bound
24886 + 6 Bound
24929 * 6 Bound -
+ 6 Bound

24973
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' Table VI.. Observed and calculated® fre'quenciesb for CaAr+.

Observed

Calculated Calculated Calculated Calculated

Type of
vt =28 © v' =29 v' = 30 V' =31 Transition
22562 * 60 . 22560 22625 22680 22720 Strongest
‘ continuum
band
23792 * 40 23750 A‘»23820 23880 23950 Continuum
24044 + 10 - : : Continuum
' 24130 24100 24160 24230 '
24226 + 6 ' Continuum
24543 £ 3 24546 —- - —- " Bound
24598 * 3 — 24600 - - ~ Bound -
24650 = 3 —_— - 24652 e Boupd
24695 + 3 -— —— —— 24701 Bound

27
A H3/2

b) - Frequencies in vacuum wavenumbers.

a) Model potential parameters Z, w,, r, for X%t - 1, 87, 2.8 and for
=2, 200, 2.6. . : .

fon
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Table VII. Assigned transitions and relative intensities of the major
Fe lines from a pure Fe arc spectrum and the Ar™ + Fe(CO)5 flame

spectrum.
Jpesae om0 g
3a%4st4p! z7F°5‘+ aSD; 0.009 1.00
2/pe, > a’p, 0.003 0.63
2P > aD, 0.86 0.51
ZZF°4 > a:D3 | 0.009 0.44
sz°4 > a D4 1 0.002 : 0.44
zZ s +-a§D4 <0.001 0.44
zsn°4;f a, © 0.60 0.36
‘z5F°4 » 2D, 0.49 0.34
25F°3 > st2 0.34 ‘ 0.34
zsné3 »ady 0.26 0.33
zD°3+aD4 - 0.57 ._ 0.14
3a’4p? yoF°, > aD, 0.43 © 0.014
26% azFS | 0.86 . 0.009
y5-D°4 +‘a5F5- 0.71 O.Q09
| y5F°5_+_a5F5 | 1.00 <0.002
y5F°4 +‘a5F4_. 0.57 , ' | <0.002
y’pe, > a’F, 0.46 <0.002

aInt‘énsitie’_s relative to strongest arc line at 3734.87A.

Intensities relative to strongest flame line at 4375.93A.
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Table VIII. Assigned transitions and relative intensities of the major
Ni lines from a pure Ni arc spectrum and the Ar* + Ni(CO), flame

spectrum. »

Upper State . Transition - I a I b
Configuration - arc flame
3d84314p1 25D°4 - a3F4 <0.001 . 1.00
z§G°5 > ajF4 0.016 0.88

st°3 > aE, <0.001 | 0.70

zSD°.4.*‘* ::131)3 <0.001 0.58

st_°4 + a3p3 0.61 0.47

23D°3 >+, <0.001 0.44

z5c°5 var, 013 0.19

2F°, > a'D, 0.16 0.15

226°, > aD, 0.016 0.14

y3F°4v+ a3D3 | 0.37 0.12

oo, + a’, 0.43 0.8

y'p°, > a'n, 0.40 0.014

3d%4p" z3p°2 > a3D3 1.00 0.62
287, > a', 1.00 ~ 0.40

z3F93 > a3D2 10.80 - 0.27

z1F°3 > alDz, 0.80 N 0.24

z'p°, > a'p, 0.61 0.20

2°D°, > a2D3 10.59 ' 0.18

z3D°3 > a3D3 0.40 0.16

'z3p°1”+ a3D2‘ 1 0.67 0.13

2'P° > ap, 0.40 - o0.08

28, - a3D1 0.61 <0.001

N

aIntenSities relative to strongest arc lines at 3414.76 and 3524.54A.

Intensities relative. to strongest flame line at 3881.86 A,
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Table IX.‘ Previously unreported Ni. emission lines.

' L L -1
air® Transition . log(gf) A, (sec )
©3876.97 D%, » 2D, 4.70% 1.3 x 10°
—4.51P 2.0 x 10° -
3881.86 0%, > a’F, -4.13% 3.6 x 107
' 4.19° 3.2 x 107
24.22° 3.0 x 10°
4093.62 . 25D°4 > a3F3 -5.922 5.3 x 10°

a *

Value from Ar flame.
*

Value from Ne flame.

c %
Value from He flame.
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Table X. Comparison of intensities between this work and the prelim~
: . , s * .
inary molecular beam study of the reaction Ar" + Fe(CO)S.

Corrected Intensities®

A R) "Transition - 'This Work Kobo?itch.& Krehos
7.6 5 .
4375.9 F5 - D4 » 4699 1260
4427.3 F4 > D3 2088 . 1069
U 7o 5. -
4461.7 F. > D 805 677
- 3 2 _ : ‘ 3
' 70 .5 - -
4482.2 F2 > D1 : 306 375
a) 5 5

A set of "F° » "D transitions was normalized to be equal in inten-
sity to this works data. In general, Kobovitch and Krenos quintet
intensities are comparable, but septet intensities are weaker. See
text for an explanation. : '

LRI
[ 33
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Table XI. Rate constants fdr formation of excited Fe states from the
reaction Ar* + Fe(CO)s.

-1

State o J u ‘ k(cm3 mole'cule_l sec )

2 'pe 5 19351 3.8 x 10713
4 19562 4.8 x 10713
3 19757 2.6 x 10713
2 19913 4.2 x 10714
1 20020 2.4 x 10714

2 F° 6 22650 | S
5 22846 7.5 x 10713
4 22997 3.4 x 10713
3 23111 1.3 x 10713
2 23193 5.7 x 10714
1 23245 1.9 x 10714
0 23270 ' —_—

2 pe 4 23711 4o x10783
3 24181 2.2 x 10713,
2 24506 6.1 x 10714

2ope 4 © 25900 3.7 x 10713
3 26140 4.6 x 10713
2 126340 3.0 x 10713
1 26479 2.3 x 10713
0 26550 5.0 x 10714
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Table XI...(continued)_

—~
.

_State | - J c Eu ' k(cm3 molecule—l'sec-l) )
5.0 | | _—
2% 5 26875 S -
| 4 26167 2.5 x 107
3 27395 2.6 x 10713
2 27560 | B
1 27666 . 1.4 x 10713
2% 3 29056 2.3 x10 13
2 29469 1.0 x 10713
1 29733 2.6 x 1014
5 4 e , :
2 °G 6 34844 _—
5 34782 1.4 x 10714
4 35257 6.8 x 1of15
3 35612 7.6 x 10717
2 35856 4.7 x 1072
e L]
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Table XII. . Density of states per 2500 cm_1 for CO X "X
v E B, | p, (E) v E B, o, (E)
0 0 1071.7 1.166 31  54466.8 55145.8  1.84l1
1 2143.3  3201.7 -1.181 32 55824.8 56491.7 - 1.874
2 4260.0  5305.2 1,196 33  57158.5 57813.4  1.909
3 6350.4  7382.5 1.211 34 . 58468.2 59111.0 1.945
4 8414.5  9433.4  1.227 35  59753.7 60384.4 1.982
5  10452.2 11458.0 . 1.243 36  61015.1 61633.8 2.021
6  12463.8 - 13456.5 1,259 37 62252.4 62859.0 2.061
7 14449.2  15428.9 1.276 38  63465.6 - 64060.2  2.102
8  16408.5  17375.2 1.293 39 64654.7 65237.3 2.146
9  18341.9 19295.7 1.311 40 65819.8 66390.3 2.191
10 20249.4  21190.2  1.329 41  66960.7 57519.1  2.239
11 22131.0  23054.0  1.340 42 68077.4 68623.6  2.289
12 23986.9  24902.0  1.366 43 69169.8 69703.9  2.34l
13 - 25817.1 26719.4 1.385 44 70237.9  70759.8  2.395
14 27621.7 28511.3 1.405 45  71281.7 71791.3  2.453
15 29400.9  30277.8 1.426 46 72300.9  72798.2  2.514
16  31154.6 32018.8 1.446 47 73295.5 73780.5 2.578
17  32883.0 33734.6 1.468 48 - 74265.4  74737.9  2.646
18  34586.2  34425.2  1.490 49 75210.3 75670.3 2.718
19 36264.2 37090.7 1.512 50  76130.2  76577.5  2.795
20 37917.1 38731.1 1.536 51 77024.8  77459.4  2.877
21 39545.0  40346.5 1.560 52 77893.9 78315.6 2.965
22 41148.0  41937.1 1.584 53 - 78737.2 . 79145.9  3.058
23 42726.2  43502.9  1.609 54 79554.6  79950.1  3.161
24 44279.6 - 45044.0 1.635 55  80345.6 80727.8 3.271
25 45808.4  46560.5 1.662 56  81110.0 81478.8  3.390
26. 47312.5 48052.4 1.690 57  81847.5 .82202.6 = 3.520
27 48792.2  49519.8 . 1.718 58  82557.7 82898.9  3.664
28 50247.4 50962.8 1.747 59  83240.1  83567.3 3.821
29 51678.2  52381.4 1.778 60  83894.4
30 - 53084.6 . 53775.7 1.809




-138-

Table XIII. Least squares fits of the numerical vibrational density of
states of CO X1I+to the function beME,.

Maximum CO vibrational energy Least squares parametersa ' f e;
50,000 cm ! - b = 1.133
m = 7.941 x 1070
R = 0.9957
60,000 cm & b =1.117
L =6
m = 8.698 x 10
R = 0.9927
83,000 cm - - b = 0.9894
' 5

‘m = 1.303 x 10

R = 0.9599

a) R is the correlation coefficient for the least squares fit.

-
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