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SPECTROSCOPIC AND KINETIC STUDIES OF CHEMILUNINESCENCE FROM
THE REACTIONS OF EXCITED MERCURY ATOMS (3P1) WITH HALOGEN MOLECULES

Lara Avery.Gundel

Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry; University of California,
Berkeley, California '

ABSTRACT

2 BTy T
and IC1(XY) have been studied in a quartz flow system which was

The reactions of excited meréury atoms (3P1)‘with Cl Br
irradiated wifh é concentric bank of low pressure mercury lamps.
‘Visible chemiluminescence was observed which corresponds to

HgX(B22+ > X22+) emission. It has been shown by kinetic studies that
the excited mercurous halides are formed pfi&arily in the bimolecular
reaction:

Hg(Cpp) + xv('Z) > Hex(s’sh) + v(%e) . o

The rate constant for the reaction of Hg(3Pl) with chlorine‘has been

-10 cm3/molecule—sec.

estimated to fall in the range 0.3-1.9x10
Approximate corrections for radiation imﬁrisonmehtbapd absorption of
the incident light have been applied to obtain thisvestimate.

The chémiluminescent emission spectrum which accompanies the

reaction of Hg(3Pl) with Cl, has been compared to that obtained when

2
200 Torr of helium is added to the irradiated flow system, and

vibrational distributions have been computed»for'eaéh case. Franck-

Condon factors were calculated using Morse .potential functions for the



B state of HgCl and two sméothly connectedvquasi—ﬁorse functionsffor
the grouﬁd‘state, for several choices of relative equilibrium inter-
nuclear séparation. A partial sum—rulevapproach‘fof Ffanck—Condon
factors was employed to extract the vibrational distributionvfrom‘

- the measured.inténsities of red shaded bands. HgCI(BzE+) has maxiﬁﬁm
populationzin v'=14 when.no helium ié piesént. The average fraction
of reactionienergy invested in vibration, (fvib)’ is 0.53. With 200 Torr
of helium the HgCl(B22+) is almost completei& relaxed to a Boltzmapn
distribution. Surprisal analysis oflthe distribﬁtion of the available
reaction energy shows that HgCl(B22+) is formed in reaction (1) with _
a vibratiohal-temperature of ~ -2600°K. |

It was not possible to extract vibrational distributions for
HgX(B22+) iormed in the reaction of Hg(BPl) with B;z, 12 or ICl1.
For ICl both HgCl(BzEf) and HgI(B22+) were observed but contamination -
due to 12 prevented an estimate of the relaﬁive_rates of formation
of the two possible excited speéies. The reactions of Hg(lPl)'+ Cl2

and SnCl, do not give any chemiluminescent products between 2500 and

4
60004, '

The results of these studies have been discussed in relation to
'the electron transfer model which applies to the reactions of alkali
and alkaline éarth metals with halogens. The largé rate constant for
reaction and_large fraction of available energy invested in product

vibration are consistent with the model.



I. INTRODUCTION

In thé last decade the dyn;mics of simple éheﬁical reactions have
been fruitfully investigated in molecular beam.experiments,l in
chemiluminescénce studieé,2 and by interpretation of quenching précesses
involving electfonicaliy'excitéd species.3—6b The simplest reaétiéns
lfor which éh understéndiﬁg'of molecular aynamics is unfolding aré

bimolecular atom transfer reactions, conveniently represented by
A+BC + AB+C. . : (1)

AxThe first reactions to be studied under conditions which enabled
monitoring of the angular distributions of the products of'single
collisioné ﬁere the exothermic'reactions of alkali meﬁals withbhydrogen
haiidés,7 made poésible by the discoﬁery qf différéntiél surféce
ionization détection of the alkali species. The observed large cross
sections for reaction between alkali météls andvhalo_gens8 revivéd'
interest in tﬁe simple electron trahsfer model first proposéd b‘y‘McGee9
to e#plain the results 6f diffusion flame studies with alkali atoms

and dimers.lq Thé essential idea is that the eaéily ioniz&ble aLkaii
atom tosseé.its almost free electron at the halégen molecule, a species
with high electron affinity.. The resulting Coulombic attracti&n
‘between the newl& formed ion pair accelerates the reaction réte.
Attempts have:beén made11 to construct potenti#l.hypersurfaces which
iﬁclude this non adiabatié crossing_phenomeﬁon and also reprodﬁce the

forward peaking and high internal excitation of the product molecules



which haverbéen observed fo; reactioné which'ﬁroceed via an electron
transfer.'.In ité simple form the electron transfer model provides

the basis fﬁr qualitative predictions about reactions and éppears

to apply to:reactions of the alkaline earth metals with halogens.
‘Although»the‘alkaliné éarth metals have low ionization potentials,
their divélént spin paired outer electron cohfiguration and the presehce
of deep chemical wells in ;he potential‘surfaces to form stable
tfiatomic molecules might preclude their participation in an_electron
transfer proceSS. Their feactions with halogens do exhibit strong -

" forward peaking and high internal excitation of the products.12 These
»rgsults are consistent with the predictions of the electron transfer
model and indicate that the reaction intermediace dissociates into
products before equipartitioning of reaction exoﬁhermicity can océur.
A small fracfion of collisions between barium and‘chlorine proceed
.via glectfonically gxcited long lived BaClz* which dissociates to

1 . . .
3 It is interesting to note that the vibrational

,BaCl(Czﬂ).f cl.
distribution_of BaCl(Czﬂ) corresponds to that expécted for the break-up
of a staﬁilized complex. Other reactions of barium also give visible
chemiluminesceﬁce14 and some offer evidence for other long-lived
intermediatés_,l5 as will be discussed later. |

Atomic mercury has an ionization potential16 which is too high.
to allow its participation in an electron transfer ﬁrqcess, but its

first resonance excited state (6 3P1) has an ionization potential of

5.6 eV, close to those of lithium (5.4 eV) and strontium (5.7 eV).



Like the alkaline earths its ground state configuration is s2, and
,it forms»stablé divalent gaseous compounds. The reactions of excited
mercury atoms with halogens might proceed by an electron transfer
mechanism, ahd'this idea will be tested in this work, with specific
emphasis on fhé bimolecular reactions which can form electronically

excited species,

Hg(3Pl) +xxdshy > mexeZ=h +v®) . (2)

The HgX(BZEf > X22+).chemi1uminescent emission will contain information
abqut the distribution of reaction exéthermicity among the products,
whiéh provides insight about the potential hypersurfaces and collision
lifetime. An important difference between Hg(BPl) and“alkali or alkaline
earths reacfions with halogens is the fact that the electronic angular
momentum of Hg(3Pl) removes the symmetry restrictiqns17 which favor
collinear trajectories for these latter reactions.

Energy transfer processes involving electronically excited mercury
atoms have been known and exploited for a long time. Cario and Fr_anck18
obsérved mercury (3P1) sensitization of the decomposition of molecular
hydrogen in 1922, and later were the first to observe mercury sensitized 
fluorescence from electronically excited thallium'atoms.19 Becausé
Hg(SPl) contains enough energy to break chemicaltbondé_or ﬁo cause
electronic excitation of the quenching gas, and its triplét spin
character allows‘formation of sﬁin statés-in the products which may not

be accessible by direct absorption of light, mercury sensitization has



proved a usefdl technique in the study of radical species and of excited
states'of ‘complex molecules, particularly for organic chemists. Several

3,20 Interest in the quenching processes of

reviews are available.
Hg(3Pi) by various gasés led to the formulation 6f1; simplified scheme
by Stern_and Volmer21 which allowed quenching rates to be determined

. from the attenuation of resonanée'fIUOfescence by reactant géses.

. Eafly results were tabulated by'Mitchell énd Zemansky22 who also
discussed methods of dealing with the problem of'imprisonment of
resonance radiation. A more recent summary is inciuded in reference 5.
_Of more interest to this work are studies which prbvide direct experi-
méntal evidepce for the formation of mercury containing species as
intermediates in quenching reactions. In a sophisticated flash
photolytic set up Callear et a1.23 have observed absorption due to
HgH(XZE+) in'tﬁe reaction of Hg(3P1)'with HZ’ with a quantum yield

of 0.70.24'HgC1(X22+) has been observed in the quenching of Hg(3P1)

by HCl25 and in the quenching of Hg(3PO) by CH3C1.26 Luminescence ”

from eximers has also been observed in the reactions of Hg(BPO) with

NH3, H, O, alcohols and amines.27 Some theoretical studies of Hg(3P)

28

2

reactions havé also been undertaken.
There.are relatively few molecules for which energetically
accessible channels exist for the formation of eléctronically excited
products in bimolecular atom transfer reac;ions with Hg(3P1)3 In this
.work only molecular halogens have been studied, and, indeed, light
emission cbrresponding to the transition HgX(BZZ+ > X22+) has been

observed and'shown to be consistent with its formation in reaction (2).



Although SeVE¥$1 early workers observed HgX(B+ X) emission due to
secondary processes in flame studies,29 the only previously reported
example of (2), involving Hg(3Pl)'+ IZ’ is hidden in fluorescence

studies of I, by Duschensky and Pringsheim.30 Curféntly molecularv

2

beam studies of the reactions of metastable Hg(3P2-O) with halogens
. b

and other compounds are underway at Oakridge.31 These workers have

observed HgCl(B>X) emission from Hg(3P2 O) + Cl, and Hg(3P2) +

2
éhloromethanés.

in ;he present work a conventional glass floﬁ sysfgm has begn used
"to study the reactions accompahying ;he irradiation of flowing'mixtures
of mercury and halogens with mercury resonance radiation. Becausévof.v
the short lifetime of the electronicqlly.excited species involved,
estimated to be 10—6 - 10_7 sec, this experimental arrangement was
not complicaﬁed by vibrational relaxation before light emission, in
contrast to infrared chemiluminescence studies.2 From the chemiluminescent
spectrum accompanying the reaction of Hg(3Pl) with Clz, a crude vibrational
distribution_of HgCl(BZE+) has been extracted. Kinetic studies of the
light emissi;n have established reactioh (2) as the ﬁrimary source for
the formatién of HgCl(BZE+) and estimates of the rate constant for its
prodﬁction,have been made. Chemiluminescent emission frbm excited
mercurous héli&es'has.also been QbSérved in the reactions of<Hg(3Pl)
2;-12; and IC1. No chemiluminescence was‘Obéerved in the reactions

with Br
. of the other resonance state of mercury, Hg(lPl) with 012 or SnCl4.

1



These results will be discussed in a context which explores the

possibility\that these reactions proceed by an electron transfer

mechanism. The possibility of chemical laser action in these reactions

will also be. discussed.
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II. EXPERIMENTAL DESIGN AND CONDITIONS

A. 'Introduction

The apparatus which was use& to study reactions of excited'mercury
- atoms with chlorine consisted of a glass and quarfz vacuum system,

a bank of low.pressdre mercufy lamps, and a versgfile light de;ection
system. Several types of experiments were carried out with this
apparatus.',W1th the apparatus in the scanning'configuration, the

- emission spectra of the mercury halides which eccompany the reaction

‘ of.Hg(63P1) with C1,, Br,, I, and ICl were scanned uéing both photo~-

2* Th2 T2
graphic aﬁd,photoelectric detection. Then various experiments were
performed to establish the mechanism of formation of the chleride |
product and tb study its vibrational relaxation when varying pressures.
of helium or nitregee also flowed through the system. The kinetics
- of the reactiee of Hg(3Pi) with chlorine were studied with the
apparatus in a configuration which allowed for monitoring the intensity
of light emiesion along the reaction vessel axis as a function of |
incident light-intensity and concentfations of mercury and chlorine.
Finally attempts were made to find chemiluminescent emission
accompaniing reaction of Hg(61P1) with Cl2 and'SnCIA. -

A schematic diagram of the apparatus and light detection system
in the scanning configeretion 1s shown in Fig. II-1. Modifications of

the apparatus for other parts of the experimental work will be discussed

as they arise.
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B. The Flow System

1, .Reactioﬂ'Vessels

The qﬁartz reaction veésel formed the core of tﬁe flow system.
The firét'véssel, constructed from General Electric type 204 clear
fused quartz, incorporated two concentric tubes_of inside diameters
v51 mm and 75 mm and wall thickhess 2 mm. The inner diameter was
chosen séveral times larger than the diameter of the nearby glass
tubing (id 9.mm) to minimize the pressure deop in the.reaction vessel.
_Tﬁese quartz tubes together transmitted about 70% of the incident:
radiation at 2537A and less than 5% at 1849A, allowing for about
102 ioss due to surface reflection.1 ‘These were connected to the
rest of the gas handlinglsystem via type 304 stainless steel flanges
individually fitted at each end 6f the tubes. Leak tight sealing
was accomplished with rubber O—rings. Figure II-é shows the inlet
end of théiflange and quartz tube assembly with the mercury source
atfacﬁed. Gas inlet and outlet tubes were welded to the stainless
steel bodies of the'flanges. Swagelok fittings, kovar to glass
seals, and glasé ball joints conngcted the reacfion véssel to the
gas line #t fhe inlet end. Cajon fittings at the outlet end allowéd
for easy glass to metal sealing and proved convenient when the
reaction vessel had to be rembved from the gaa handling system for
cleaning. The length from the center of the gas inlet arms to the
center of théroutlet arms was 43.8 cm, .compared to the total i;radiated
length of 30.8 ém. The reaction vessel wés mounted so that it could

be aligned coaxially with the light detection systemrfor experiments
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in which emission spectra were scanned. It was sdpported at each end
by a two piéde aluminum disc of 1/8 in. thickness which was connected
to the sturdy aluminum mount for the mercﬁry lamps.  In addition to
the increased versatility of a reaction vessel which could be disassembled CLe
an importént element in thé choice of this desigﬁ was the relative
difficulty of-fabticéting a glass and quartz vessel incorporating two
concentric tubes and removable windows. _The stainless steel flanges
and rubber O-rings proved resistant to the halogen compounds which
were used in.these studies. |
‘Other design features are worth discussion. This assembly allowed-
for flexibility in choice and ﬁse of windows. A pyrEk or quartz |
window of diameter 3 in. was ﬁsed at the downstream end of the reaction
vessel. The-mércury source was incorporated into .the pyrex window
at the other end. This source.window.was replaced by other types of
window for some experiments as will be discussed later. When necessary
the windows céuld be removed easily for cleaning or replacement. Tt
was also fQund that the reaction veésel could be cleaned intérnally
without complete disassembly or loss of optical alignment by forcing

paper swabs which had been soaked in ammonia through it, then then _ , .

’

rinsing with distilled water and drying the inside. A black residue

was formed and removed, indicating the presence of Hg2C12 according _ .

to2

Hg,Cl,(s) + 2NH, > Hg(2) + HgNH,C1(s) + NHZ +c1l . o
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This cléaning could be performed wﬁenever the inside surface was
thought to be contaminated by ultraviélet absorbing compounds.. This
design also‘petmitted complete disassembly for cleaning when necessary.
In that case the vessel was cleaned by tinsing the‘parts in methanol,
and soaking the quartz tubes in hot chromic acid. To ensure the
bresénce of a clean quartz surface, the tubes wére rinsed in a 107
--solutibnﬁof HF for 30 seconds,'followed by distilled water. Thorough
cleaning of the reaction vessel was necessary after about 300 hours
of exposure of the reaction vessel to ultraviolet irradiation.
;Cleaning without disassembly was performed whenevér irregular conditions -
in the vessel demanded it, for e#ample, after‘an air leak accurred
while an experiment was in prdgress, or the ultravioiet transmission
of the vessel was thought to be too low for any reason.
.Another'design feature of thié reaction vessel was the optional
outer quartz tﬁbe, which, when used, formed a 1 cm cavity surrounding
the inner tubg. This cavity was filled with a circulating sblution
~6H,0 and 75 g/% Cosq ;7H'o. ‘The solution

4 4 "2
was maintained at 45°C. This solution, which appeafed black to the

consisting of 500 g/% NiSO

eye, transmitted 757 of the incident radiation at.2537A3 and had

* negligible transmittance from 35008 to 5700A. 1Its principal pﬁrpose
was to prevgnt visible radiation at 4078A and 4358A from feaching

the teaction_vessel, since these lines could cause secondary absorption
by Hg(3Pl). By eliminating most of the visible tadiation from thg
lamps it was possible to perceiQe viéually the green glow of HgCl(B>X)

emission through the back window of the vessel, when the Hg pressure.
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was high enough. This was useful; eSpeCially‘in the initial experi—'
‘ments whéﬁ tﬁe proper ekperimental conditions for prgdﬁciﬁg the spectra
were unce;tain. Another advantage of using thé,fiitef solution was
the reduction iﬁvfluorescence of the inner tube, ﬁrésumably because
of decreasgd transmission of short wavelength atbmic lines which
‘caused fluorescence'of impurities in the fused qhértz_.4 Sihce the
filter solution had 50% transmission limits at 2250A and 33004,
radiation at 1849, 1942,‘2224.7A5 dould not reach thg inner tube. It
should also be mentioned that the transmission of the filtér‘solutioﬁ
was constant to 2% ffter the firsg several hours of irradiation by the
low pressure mercury lamps.

For some experiments a series of inert dull black baffles were
" inserted into the reaction vessel. They were const;ucted from anodized
aluminum rings of outer diameter 2 in. and inner diameter 1 in.
whose positions along the three threaded support rods were assigned
so that no light originating from the walls of the reéction vessel
or from the la@ps could reach the cone of sight of the spectrometer.
The baffles had two purposes, the first of which ﬁaé to prevent
detection of possible light emission from wall reactions. It was
also necessary to use both the baffles and the filter solution to
reduce the intensity of quaftz fluorescence and Background scattere&
visible light frbm the lamps s=o th#t the mercury halide emission
spectrum‘could be photographed. Without these.modifications the
quartz fluo:eécence between 3000A and 4500A was.about two orders of

magnitude greater in intensity than that of the HgCl(B*X) emission



in this regibn and was found to be modulated at 120 hertz as were the
exciting 1émps. It did prove possible, however, to detect the HgX
emission photoelectrically without use of filtef’éolution or baffles
‘as will be discusséd later. |

The second reaction vessel was constructed with an inner tube
of "suprasil" purchased from the Amersil Quartz Division of Englehard
Industries. This suprasil tube had an inner diaﬁeter of 50 mm and
an outer diameter of 53 mm. According to the manufaqturers this
tube transmitted 90% of incident radiation at 2537A and 80% at 1849A,
allowing for 10% loss in transmission due to surface reflection. This
tube was purchased to permit investigation of reactions involving the
singlet mercury resonance line at 1849%. For thesé experiments the‘
reaction vessel was assembled without the outer tube, but the flange
design and ﬁount for this vessel were entirely simiiar to those of
the originai tube. The fluorescence free characteristic of this
vessel was exploited in the study qf the Hg(3P1> reaction with chlorine
after 1t had been determined that thefe was no HgCl* emission due to
reaction involving Hg(lPl), and it became possible to study the short
Wavelength limit of the molecular emission with increased sigﬁal to
noise ra;ios;

The supfasil tube and outer quartz tube were uséa together without
filter solution or baffles for most photoelectric scans of the molecular
emission spectra due to 2537A'i:radiation which are presented in this
work. The outer quartz tube and atmospheric oxygen ébsorbed the small

output of 1849A radiation from the germicidal lamps. For quantiﬁatiye
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kinetic éfudies the suprasil tube was used withoutvthé outer quartz
tube. |
Heat from the lamps maintained the reaction'vessel at 45°C when
at lea;t 10¥germicidal lamps were used. This teﬁperature waé sufficienely - .
high to pfevént condensation of’saidd products in the irradiated region ‘ E
of the vessel. Some condensatipn occufred on the downstream flange
surfaces and the front.window if the mercury pressure was too high..
When thisvoccurred fhe condensate coul& be femoved by heating the

window under vacuum without removing it.

2. The Mercury Source

The mercury caplllary source is shown in Fig. II-2 as 1t was
connected to the upstream flange of the reaction vessel. AIt was
mounted in a 3 in. diameter pyrex window, with 1&5 0.003 in. opening
in the center. The reservoir was loaded with 2 cc of triply distilled
reagent grade mercury, sealed, and then wouid with 6 fe. of 10 ohm/ft.
wire, insulated by layers of asbestos tape. It was necessary to
concentrate the wire around the capillary‘orificebfo keep it hotter
than the major part of the reservoir and to ensure even flow of
mercury into the reagtion vessel. A chromel-alumel thermocouple for :
temperature measurement was attached to the glass bedy under the
heating wire and electrically insulated from it. Control of the mercury L
flow rate was accomplished by connecting the heating'wire to a
variable voltage transformer. The flow rate of mércury from this
source into:the reaction vessel under vacuum was.measured by weight

loss of the whole source for known time periods, typically 36 hours.
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The asbesfos wrapping rapidly absorbed water vapor so the hot source
.vwas placed in a dessicator before it was Qeighed. The flow rate as

a function of temperaturé is shown in Fig. II-3. Fér wavelength scans
of the emiésion,spectra of the mercurous halides the mercury source
was operated typically at 508°K; ﬁhe lowest sburce temperature for
kinetic studies was 463°K. These temperatures gave flow rates of

6 and 3.30x10%°

2.83X101 atoms/sec respectively. The flow rate of
mercury through the capillary is proportional to‘the square of the
vapor pressure for viscous flow. The dependence of the vapor pressure

. on temperature is given by the Clausius-Clapeyron equation:

-AH

d (1nP) - vap ‘ (1)
d(1/T) R .

Here AHvaﬁ is the enthalpy of vaporization at the boiling point. For this
1

mercury source the logarithm of the flow rate is indeed proportional to T .
Figure II-3 shows the flow rate as a function of T rather than T—‘1 for
conveﬁience in directly determining the flow rate from the capillary

temperature.

The pressure of mercury in the vessel is related to its flow rate

by

/(B ) (2)

PHg'= FHgPtotal 2

where F is flow rate. Thus for a source temperature of S508°K, a
chlorine pressure of 0.2 Torr and flow rate of 3.3><1018 mole/sec,

the pressure of mercury was 1.7><10"3 Torr.
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This design provided a reproducible and steady‘flow rate of
.mercury which'could be easily controlled. Other source designs
were used before the capillary window source was constructed. 1In
one such source helium or nitrogen bubbled through a heated reservior

of mercury in an attempt to saturate the inert gas with mercury

- before it entered the reaction vessel where it was mixed with chlorine.

Another source was a glass spiral about 20 cm in resultant length
which.contained a drop of mercury’in eaéh coil. This was heated in
a water.bath and agaip helium or nitrogen passed 6ver the mercury.
The. flow rate and pressure of thé carrier gas, aé well as the mercury
temperature, controlled the mercury pressure in the reaction vessel.
These latter methods had several major disaduaﬁtages. Reproducible

mercury pressure was difficult to obtain, and pressures of at least

50 Torr of carrier gas were necessary to preduce high enough mercury

concentration for detectable HgX light emission. Under these conditions

the resultant HgX emission spectrum was vibrationally relaxed to an
extent which depended on the carrier gas pressure. Another drawback
to the early mercury sources was the fact that the gas mix;ure in the
reacfion vessel was certainly inhomogeneous and made'kinetic studies
extremely complicated. At ome pbint chlofine gas was allowed to flow
directly over a heated pool of mercdfy béfore the gas'ﬁixture entered

the reaction vessel. Because of fairly rapid surface reaction this

- method was clearly a poor approach to mercury introduction. FThe

window mounted capillary orifice source did not require the use of



Y

a carriei gas so that vibrationally unrelaxed spectra could be obtained
when low pressures of halogen gas were uéed, and céntamiﬁation of the
mercury presented no problem. |

Under typical operating conditions the mercuryisburce Wwas heated
to allow degassing, &0 permit temperature equilibration and to achieve a

steady flow rate from the source before data collection.

3. Gas Sources and Pressure Measurement

High purity chlorine obtained from Matheson, of 99.5% purity,
was used without purification.' Bromine and iodiné of analytical
reagent grade were purchased from Mallinckrodt Chemiéal‘Works;

Baker analyze& reagent SnCl4 and practical grade IC1l from Distillation
Products Industries were used withoﬁt further purification. 1In
ekperiments with helium and nitrogen these gases passed through a

cold trap at liquid nitrogen temperature before enfering the flow
system immediately down-strear of the chlorine entry‘port.

Reservoirs for liquid or solid reagents were constructed from
glass tubesvor bulbs with glass to kovar seals which allowed the
reservoirs to be connected to the'gas flow system by.Swagelok fittings
for easy interéhange. For example, the IC1 reser%ﬁir was essentially
a tube 5 1/2 in. in total lengfh and glaés diameter of 5/8 in. Heating
wire with asbestos tape insulation surrounded the reservoirs and |

was connected to a variable voltage transformer for temperature control.
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Reproducible metering was achieved for chlorine, bromine, and
iodine monochloride with a Granville Phillips Vafiable leak valve,
type 203. Td-avoid condensation in the valve, for Bfomine the leak
valve waslmaintained at 45°C with heating tape. The Br ‘reservoir was

2
maintained at 28°C. For ICl the leak valve was also heated to 45°C but

the reservoir was maintained at room temperature. For iodine the

glass tubiné leading to the reactibn vessel was ﬁeated to 40°C té
prevent condensation. The 12 reservolr was operatéd at 30°C and the
Nupro fine mefering valve which replaced the Granville Phillips
Variable Leak was maintained at about 70°C. In order to achieve

a measurable steady pressure of SnC14, only crude'métering could be

accomplished using a glass stopcock between the foom temperature

"reservoir and the vacuum line.

Pressure measurement of the flowing reactant géses‘was performed

"with a Datametrics Type 1023 Barocel Electronic Manometer which

incorporated a Type 523~C pressure sensor. This differential manometer,
sensitive in the range 1 millitorr to 10 Torr, operated 'as a high

precision stable capacitave potentiometer in which a metal diaphragm

'separated two gas chambers, one of which connected to the gas line and

the other to‘a'reference vacuum or gas at known‘preésure. A difference
in pressure bgtWeen‘the two chambers céused defléction of the diaphragm,
changing the'felative capacitance of:the diaphragm and the fixed
capacitance plates in which it was mounted. A voltage proportional -

to the pressure difference between the‘ports and independent of the
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nature ofvtﬁe gas was generated in the associated circuitry. The
pressure sensor was factory caliﬁtated, but calibra;ion against an
0il manometer was repeated periodically. Dow Corning 704 diffusion
pump fluid of density 1.061 g/cm3 was used in the manometer. ' - !3
In erder to measure the pressure ef flowingIEas in the reaction
vessel, pressure measurements were made at two poinfs in the apparatus
simultaneously. Pressure probes of various lengthe were incorporated
into a pyrex window which replaced the mercury reservoir. The pressure
" probes were essentially glass tubes centered on the reaction-veseel
axis which extended into the feaction vessel distances 0.0, 7.6 and
22.8 cm past the upstream end of the illuminated region; The oil
manometer monitored the pressure seen at the tube axis by one of these
probes while ;he electronic manometer monitored the pressure of the
flowing gaS'et a fixed point upstreem of the reaction vessel.
Calibration curves were then constructed which presented the reaction
vessel pressure as a fune;ion of ghe upstream preesure at each
measurement leegth. The reaction vessel pressure was typically
0.765 times the monitored pressure in the range 0.05 to 1.50 Torr.
This is the result of the pressure gradient through the glass line
and the difference in diameter Setween the glasé tubing and the
reactioe Vessei. During spectral scans and kinetic studies the
reaction vessel pressure was related to the monitored pressure through
the caiibration curve for probe length 7.6 cm. The pressure drop
measured betﬁeen the shortest and longest probes was negligible at

pressures less than 0.25 Torr. At 0.50 Torr average pressure,
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AP/P = 0.020. At 1.0 Torr average pressure, AP/P = 0.025.

4. Flow Rate and Flow Velocity for Chlorine

For kinetic measurements in this system 1t.was heceésary to
measure thg flow rate of chlorine as a function of.chlorine preésure
in the reaction vessel, Such measurements were performed for both_
reaction Qessels, although most of the significant*kinetic results.
waeee produced in studies utilizing the suprasil.vessel. A simple

method was employed. Chlorine gas at a known pressure flowed through

the system for a specified time, was condensed, and later allowed to

reexpand into the evacuated glass line where its final static pressure

was measured. The Yotal volume of the flow systém was extracted by
allowing air at known pressure to expand from a known volume into ‘the
evacuated flow system where its final pressure was measured. Thus,

the volumetric flow rate V' of chlorine is given by

§m3/sec ‘ (3)

: 3
where Pe and Ve are expansion pressure and flow system volume in cm,

respectively,_Pf is the reaction vessel flow pressure, and t the

time of fldw in seconds. The transit time for gas between inlet

and outlet arms of the reaction vessel is given by the ratio of the
volume enclosed by these porfs to the volumetric flow rate. For
the suprasil vessel the transit time was found to be related to the

reaction vessel pressure in Torr by an equation of the form
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= a /P + bP sec_1 (&)

1

T
where a and b have valves of 1.38 and 0.190, respeétivel&, derived
from a least squares dewlation fit of the data. The average linear
flow.véldcity v is given by -

' .

v = %_= ;fi _ B (5)
whefe distance between the centers of_the inlet and outlet éorts iS.
£ = 43.8 cm.for the subrasil vessél. Figure II-4 éhows the linear -
flow vélocity'and transit time for the gas mixture as a function of
chlériné pressure in the reactién vessel. The flow velocity calculated
from Eq.(5) will be used frequently in subsequent déta treatment.
Note that typical flow velocity and transit-time are 27.8 cm/sec and
1.54 seconds, respectively, for P = 0.2 Torr.

Fergusonvet al.6 have shown that the flow velbcity at radial

distance r from the axis and distance along the cylindrical tube
axis is given by
' t

v(r,z) = v(z) [—Fz (1 - EE ) + 2 —
a

. (6)

2F 2 F ]
where v(z) is the average flow velocity at z. ;(z)_depends on the
pressure gradient along the axis. The term in bréékets represents
the affect of the viscous (Fv) and molecular,(Ft) conductance on flow
velocity, inclﬁding the parabolic velocity profile of Qiscous flow.

The flow velocity presented in Fig. II-4 1is simply the average flow
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i'low parameters. “he average flow velocity is calculated

from the transit time'aééording to Eq. (5).
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velocity for a plénar velocity profile. Besides neglecting the actual
parabolic velocity préfile, the pressure drop along the reaction veésel
axis has been neglected here. As mentioned earlier the pressure drop
is no greéter than 2% for ﬁressute up to 1 Torr, so that v(z) is

approximately independent of z, axial distance. This is important

<N

because in flow kinetic work the time scale is defined‘b§ t =
-~ The axial distance reqﬁired to establish a parabolic velocity
profile is given by

P =0.227 aR " e

where a is the reaction vessel radius and R is the Reynold's number
 of the flow.7 The Reynolds number, which is a measure of the turbulence

of the flow, is given by .

where p is the gas density, in g/cm3 and n the viscosity in poise.8
Using n = 1;4X10-4'poise at 45°09 and the flow velocities shown in
Fig. II-4, !Leva_ries frémO.lO cm at P = .05 Torr. to 10.9 cm at P = 1.00
Torr. For P = 0.5 Torr, the maximum pressure fof‘qUantitative work,

Ze = 3,7 cm. Since the distance between the Cl, inlets and the beginnihg

2
of the irradiated regibn of the vessel 1s 6.6 cm,the flow will be well

developed before the gas mixture feaches the irradiated zone.

5. Flow Characteristics .

In the quantitative studies of the flow system chlorine and

mercury were admitted into the irradiated reaction: vessel as described
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earlier. Since no inert buffer gas was used the flow rate and pressure
of chlorine determine the dominant hydrodynamic features of the flowing

mixture. A convenient indicator of the nature of the flow is the

“ Knudsen number, the ratio'of the mean free path of the gas, L, to the

cylindrical tube radius, a.lo The mean free path is the average

distance traveled by a gas molecule between collisions with other molecules

and depends on the collision diameter 8 and the concentration of the -

gasll as shown by kinetic theory:

1
Y2m™é |

(9

Hefe n is the concentration of gas in particles/cm3.‘ Figure II-5 shoﬁs
the variation of Knudsen number with pressure for chlorine, assuming a
value of § = 4;3A. 38 18 derived from Table I-A.of Ref. 12. Dushman |
shows that fov L/a < .01 the flow is almost entirely viscous; that is,‘
the flow character;stics of the gas are essentially deterﬁined bylthe.
collisidhs of the molecules with each other rather tﬁan_by collisions

of the moleculés with the walls,as 1s the case fof frée molecule flow.
For L/a > lOO molecular flow dominates. Acéording to this criterion

for pressureé higher than 0.16 Torr the flow is essentially viscous,
Buthat lower p:essﬁres moleculer.flow characteristics appear. This

is shown in the conductance of the cylindrical ves#el. The condﬁctance,
Qefined as flqw rate per unit pressure drop, along the axis, has been
found by Knudsen to follow this empirical rglationship for the transition

range between viscous and molecular flow:
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= +
.F | Fv th . an
where Fv is the conductance for viscous or Poiseuille flow, Ft is the
conductance for molecular flow and z is a factor dependent on the viscosity,

pressure and average local velocity of the gas,which simplifies to

.51(a/L) A (11)

using kinetic:t_heory.13 For chlorine pressures above (.05 Torr z has
tﬁe constant value 0.810. Figure II-5. shows the ratio of total
conductance to molecular conductance as a functiéh of chlorine preséuré
for this reacfion vesgsel. For P = .05 Torr (L/a = .0321) the flow

is only about 8% molecular, 80 that deviation from viscous flow 1s
significant but not dominating, for the lowest pressufes used in these
experiments. The coefficient of slip is also used as -a measure of the
deviation frdm viscous flow as the pressure is decreased. Moleculeé
slip at the walls if insteﬁd of losing tangential velocity by collision
with the walls they rebound with a fraction of their initial momentum.
Using relationships given by Dushman for the coefficient of slip and
for the correction of the conduétance for slip14 énvéstimate of 137
slip at the walls for P = .05 Torr is derived. Slip is about 1% at

1.0 Torr. These resulfs show that the flow of gases in the reaction
vessel is predqminantly viscous but at véry low pressures the deviation

due to molecular flow cannot be ignored.
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6. Diffusion Considerations

Miking pf chlorine and mercury in tﬁe reaéﬁiqn'vessel occurs by
radial diffusion. The homogeneity éd& the gés mixture depends on rapid
diffusién.v Avmeasuré of the effestiveness of diffuéion méxing is given. -
by the axial distance z through which the gas mixture.passes when-the
average diffusiqn.length is the cylindrical radius of the reaction
.vesselzls

%= =me=22Z o (12)

the diffusion éoefficient for - the Hg + Cl1l, mixture has been estimated .

2
using the methqd of Hirschfelder et al.16
A |
, (M, +M,) /24, M, )
D,,= 0.002628 cm /sec (13)
12 PO 2 Q (l,l)*(T *)
' 12 "1 12

2

Here M, and M, are molecular weights, P is the total pressure in atm,

1 2
) .
= -_ *=
012 =3 (01+02) is a molecular diameter measure, anQ le kT/E12
where 612 = Velez 1s the estimated well depth of a Leonard Jones

potential energy function describing the interaction of the two gases.

(1,2)*
12

on the diffusion coefficient. Table II-1 shows thervaluee chosen for

calculation of D Figure II-6 shows the resultant diffusion

12°

coefficients and axial distance z for average diffusion length §2 = r2

" as & function of Cl2 pressure., If a more attractive potential were

assumed smaller values of D,, result. TFor pressures less than about

12

(T12*) is a measure of the affect of the interaction potential .
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- Table IT~1. Values of Diffusion Coefficient Paraméters for Hg + 012 a

3
T 0y MM,

D,,= 0.002628

12 2 a,nx .
] Po1, 4y, (Ty5*)
o (Hg) ' . 2.898A
€ ’ :
= (Hg) 81
o(Clz) 8.29 ‘ '
[
T (1) 300 |
T%, (318°C) | 0.627
1,1 *
2%, (17, 1.798

a5. 0. Hirschfelder,'C.F. Curtis and R.B. Bird, Molecular Theory of Gases
and Liquids, Wiley, New.York, 1964, Eq. 8.2-44, p. 539, and Table I-A.
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1.2 Torr radial diffusion will be established before the reacting mixture
reaches fhéfirradiated zone of the vessel. This places an upper limit
on'the total pressure for kinetic studies. |
Although radial diffusion is rapid in this‘flow system and the

reactants will be mixed before entering the irradiated zone,the
‘assumption of a homogeneous gas'mixture should be made cautiously because
of the possibility of non-uniform irradiation. The simplest model of
the flow system assumes a homogeneous distribution of reacﬁahts. The
conditions required for homogeneity have been met as well as possible
for quantitative work. The pressure of 012 was kept below 0.5 Torr and
the IOWest.possible mercury flow rates were used ;o minimize radiation
impriéonment.‘

| Becausé the reactioﬁs invewtigated here involve electronically
excited species wigh lifetimes ~ lf)-'-7 sec; fhe timé»S;ale is very
short compared to the transit time and diffusion time. Destruction

of reacting sbecies at the wall is unimportant here.

7. Experiments with Inert Bases

The influence of varying pressures of inert-gaées on the mercurous
chloride emiséion spectrum was studied by adding the inert gas (helium
or nitrogen) near the chlorine inlet into the system. The total
pressuré in the system was monitored upstream of the reaction vessel
with the capacitance manometer used in the differential mode; air was
added at the referencelport of the manometer'and its pressure measured
with an_oilior mercury manoﬁéter. In these éxperiments the flow was

controlled by adjusting stopcocks down-stream of the reaction vessel.
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C. Light Sources

1. GeneralVElectric:Germicidal Lamps

Low éressure mercury lamps of two types were uéed in thése
experiments. fMosfvof the work involving Hg(63Pl) chemistry was
performed usiﬁg twenty'four hot cathode germicidai lamps, . type G8TS,
purchased from General Electric Company. These lamps, of overall
length 12 in. . and outer diameter 0.625 in. were constructed from
9741 (Pyrex) 1 mm walled bubing, with ;ransmission of about 60% at
2537A and about 2% at 1849A.4 Each lamp contained a droplet of
mercury in a few millimeters of argon. They were mounted coaiially
with thé reaction vessel at a radius of 4.0 in. from its axis. Six
lamps were wifed independently using ballasts and starters in the
standafd circuit for fluorescent laﬁps. The remaining lamps were
wired in triplets with 120° between members so thét considerable
intensity variation was possible. Although thesevlamps,ope;ated
in a frequency rangé of 10-160 hertz, no increase in emission signal.
‘to noise ratio was achieved when the line voltage'at 60 hertz was
replacéd by a stable variable fréquency power supply, even when lock-in
detection technidues were employed. Therefore, in most experimental
work, fhe lamps used line voltage without further volfage or current
regulation. The output of the lamps waé monitoredifrequently during
quantiﬁative work and data were time normalized when necessary,

although lamp output usually did not vary by more than 1% during any

experiment.



Pl
Sosnet

-37-

The entire lamp and reaction vessel assembly was surrounded by an
aluminum c¢ylinder of radius 6 in. which was cqatéd internally with
Eastman‘Kodak white reflectance paint. This paint had higher reflectance
af 2537A and bétter stability to.continued ultravioleét irradiation
than a similér coating of MgO. This surrounding cylinder also served=
as a heat refléctor and helped maintain the reaction vessel at 45°C
in thermal equilibrium with the lamps' walls. It has been determined
that this type of lamp has maximum efficiency in production of the

17 As mentioned earlier the

" mercury resonance line at 2537A at 45°C.
: heatiﬁg of the reaction vessel by the lamps preven;ed condensation

of solid products on the fnﬁn:window and flange ends of the reaction
vessel.

Output radiation from‘these lamps is concentrated in the mercury
resonange»liné at 2537A, Output at 2537A is 867 of ;he‘totai power
radiated in the ultraviolet and visible spectral region.l8 A slight
ozone oder éduld be detectea near the lamps, indicating that these
lamps were radiating small améunté of the other mercury resonanée line
at.1849A. -Spokesmen'from General Flectric Company ésserted‘that
radiation at 1849A comprises less than 0.5% of the total power output
of these lamps. Absorption by atmospheric oxygen should render
negligible ;he amount of this rﬁdiation reading the reaction vessel.

V,Accordiﬁg to data of'thé producer,l8 the output‘power'at'2537A
after use of'fhe lamp for 100 hours is 1.3 watts. This gives a maximum
iiluminance at the reactlon vessel axis of 0.95 m_illiwétt/.cm2 or

15

1.2%10 photons/sec—cmz.for one lamp. Thus for 24 lamps, the maximum
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Another source of broadening is Lorentz broadening caused by
collisions of mercury inthe lamp with the few Torr of argon present.

The Lorentz half breadth is given by21

4, o ‘ :
AVL =5 | (14)

.where zi is the collision’frequenEy in sec-l. For 5 Torr_of-argon 
AvL/Avﬁ”;'O'OOZ for mercury resonance radiationizz- Thus Lorentz
broadening is unimportant fbrythese lamps, .

The simultaneous presence of seven stable isoﬁbpes of ﬁércury
~also contfibuﬁes to the width of‘the 11ne. The two strongest hyperfine
lines, due to mass 202 and 200,vare separated by 0.01158 and the other
hyperfine 1ines are separated by approximately thg same distances,
so that the hyperfine structure is not resolved 1ﬁ Fig. II-7.

The absorbance of light from one mercury lamp caused by flowing
mercury in the reacfion vessel is presented as a function of mercury
flow rate in Fig. II-8. The transmitted light of efie lamp mounted
parallel to the reaction vessel axis was monitored'through the viewing tube
(See Sec. II.F.) perpendicular to the axis at a Aistahce of 1.8 cm
from the hpstream end of the irradiatéd region of the reaction vessel.
The mercury vapor in the vessel does not follow the Beer Lambert law
for light absorption for flow rate > 1016 atoms/sec. The fractional
‘absorption (IO—I)/Io at a flow.rate of 3.3><1015 atoms/sec is 0.08.
This flow rafe corresponds to the lowest fldw rate of mercury which was
used in kinetic_studies. In order for the reaction mixture to be

hbmogeneous with respect to incident light intensity it is wise to

3
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.Fig. II-7. Profile of resonance radiation from the low pressure mercury
lamps (General Electric G8T5), using 5u slits and the

fourth order of the spectrometer grating.
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11luminance of 2.9x10°

photons/sec-—cm2 gives a phéton density 6f
9.6x105 photons/cﬁ3.at the aiis. This compares to ;_typical hercury
concentration of 1013 atoms/cm3.

The shape of the resonance line at 2537A emitted by the germicidal
lamps is shown in Fig. II—?. This photoelectric trace was taken in
the fourth oraer of the grating with the'spectroﬁgﬁer slits set at
5u for a resolutionof 0.012A since the reciprocal.linear dispersiqn is
2.5A/mm in fourth order. The halfl width meaéured is 0.167A compared
to a Doppler width at 45°Cof 0.002213\.19 (Both the lamp wall énd
reaction vessel had an equilibrium temperature under experimental
conditions of 45°C.) The center of the lamp undoubtedly’has hotter
than the wall; so that the actual Doppler width of the lamp was larger
than that of the absorbing mercury atoms near the walls of the lamp
as well as mercury atoms in the reaction vessel. Other factors
contribute to the breadth of the-emission line. frobably the most
important is self absorption inside the lamp. As shown in Fig. 1.
of Ref. 20, the overall intensity of the emission line is reduced and
its half width increases as the amouht of self absorption increases,
but an actual reversal or dié in the center of the emission line does
not occur until the amount of self absorption is very lafge, as in a
mediuﬁ pressure mercury arc. ‘The light éource used ﬁere does not
produce such a reversed line at 2537A, but it is quite difficult to
assess the actual amount of self absorption, and it.is likely to be the

chief source of 1line broadening in the lamps. To minimize reversal, low

pressure mercury lamps must be cooled to wall temperatures of 20°C or less.
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Fig. TI-8. Absorbance of resonance radiation (2537A) by -

flowing mercury in the reaction vessel.
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keep light absbrption lower than 10%. These absorption measurements

were made without adding reactant gas. When Cl, was added the absorption

2
decreased due to faster transit time of the reacting mixture through

the veséel, so that the system did in fact .remain fairiy homogeneous.with
respect to incident radiation at 2537A. However, because it was
impossible‘to remove all Hg from the vessel, this ébsorption estimate '
is actuélly a lower limit and kinetic studies indicéﬁed_thaﬁ larger

absorption of thebincident iight by mercury occurred.

2. Westinghouse Sterilamps

) . 1
In attempts to study reactions of Hg 6 P, atoms, low pressure

1
mercury lamps rich in output of the Qinglet resonance line were used.
Three Westinghouse "sterilamps,' modél 782H10, wgre‘mounted concentric
with the rgactioﬁ vessel at a radius of 3.25 in. and were surrounded by
an aluminum reflector which was painted on the interior with Eastman white
reflectance paint. These "cold cathode" lamps operated at around 300 volts
with a much higher stability than the "hot cathode" germicidal lamps dis-
cuséed previously. In cold cathode lamps, electfon emission from the
cathode to excife the discharge is produced by tﬁé affect of the high
electric field rather than higher temperature at thé cathode. Their output
of 1849A light was estimated by the manufacturer as 10% of the total
. uitraviolet output since the lamp material was qﬁartz rather than pyrex.
Lamp wall temperature was measured as 35°C. |

During experiments with 1849A radiation, the méunt for the reaction
vessel and‘lamps was sealed and flushed continuously with wérﬁ nitrogen
to eliminate oxygen which absorbs 1849A radiation to produce'ozone.

_Grouﬂd state mercury has a much higher absorptionféoefficient

for 18497 radiation than for 2537A radiation. The lifetime
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 for this Spih allowed transition is 1.324310—9 sec compared to 1.1><l.')_7 sec

fbr the singlet triplet transition.z3

This facts mean that the self
absorptioﬁ'in the lamp is higher for this transition, and that the
1849A ling is completély absorbed by the mercury in the tube at a lower
mercury concentration. In a static system, Uphaus and Gunning reported
complete absofption of 1849A radiation at 0°C. At this temperature the
25374 rédiation had a fractional absorption of only.0;07,’for a path
length of 0.85 cm.24 The short lifetime of Hg(iPl) atoms also predicates
that the time Scéle of coilision and reaction phénomena is'contracted
and that the search for excited product molecules 1s made more difficult.

In experiments with 1849A radiation secondafy absorption

~ measurements were performed‘at 4347.5A to make sure that.Hg(lPl)

' atpms were indeed formed iﬁ thé reaction vessel. The cylindrical
enclosure surfounding the lamps and reaction veséel was alternately
flushed with nitrogen and oxygen to determine whether the HgCl spectra
thch resulted were caused by irradiation by 1849A or 2537A. 1In both
‘cases Hg(3P15 was.present. After it had been established that the

- emission spéctfa produced were identical in intensity and structure,

‘these high ozone lamps were used to study the shortbﬁanelength limit
of the HgCI* emission, siﬁce the signal to moise rafio of the spectra
was improved by an order of magnitude compared to the spectra obtained
using the géfmidical lamps. This increase in sensitivity proved

important in interpreting the Chemiluminescent'spectra and in calculating

the dissociation energy of the ground state of HgCl.
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D. The Light Detection System

Light levels were high enough in these experiments to allow use
of fairly simple and straightforwafd detection techniques. A versatile
ménochrometér,formed the coré of the light detection system, Phbtoelectric
or photographiC'meéné could be used to record light signals.

1. 'The Monochrometer

The monochrometer used in these experiments was avSpex Industries
model 1800 combined Spectrograph and Spectrometer,-a f/7.5 three quarter
meter focal length instrument with components arranged in a Czerny- |
‘ Tufner mount. The Béuech and Lomb certified preciéién plane diffraction-
grating with 1200 grooves/mm in a ruled ;rea 102X102_mm was blazed at
7500A in the first order. Weak satellites of stféng lines from the
mercury spectrum and perhaps a Iyman ghost were obsérved dufing scans
of emission spectra. Ghosts and satellites are caused by ruling
errors during the production of the grating and did not prove.trouble—
some after they were understood.25 No masking of.this grating was
necessary. A sécond grating, blazed at 25007 with 600 grooves/mm was
available for use, but better overall intensityvand resalution were
achieved for the ultraviolet region of the»spectrum by using higher
orders of the originél grating; Kinematic mounting of fhe gratings
provided for éasy interchangeability with reseating accurate to lA;
according to the manufacturer. The spectrometer had straight slits,
Spex number 141;, with width variable between 5 micqus aﬁd 3 millimeters

and height variable from 1 to 20 mm at the entrance slit. The reciprocal

linear dispersion or plate factor ranged from 10.4 to 9.6A/mm in the
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first order. Typical spestral scans conditions used a slit width of
250u for e resolution of 2.5A in first order and l.ZSA in second order,
with a scan speed of 15 A/minute.

2. Photographic Detection

For operation of the instrument as a spectrograph light diffracted
at the gtating was reflected onto the plate holder plane. The plate
holder aceommodated ten inch spectroseopic plates. Kodak 103A-0
.(ZOOOA to SZOOA) and 103A-F (4500—69005)‘plates were used for survey
work, for recording spectra which were too unstable or noisy for
photoelectric detection, and for hiéher resolution study of the emission
spectra ueing e nartow;slit and long exposure timesi vPlates were proceseed
in Kodak ﬁ—19'Developer at room temperature with siight agitation for |
4 minutes féllowed by one minute in water stopbath and 5 minutes in
Kodak Rapid fix with hardener. Later the plates were washed for 30
seconds in diluted Photoflo solution.

3. Photoelectric Detection.

For photoelectric detection, diffracted light-trom the grating
was diverteo ftom the plate holder erea by an added.nirror and refleeted'
onto the exit slit and photomultiplier assembly. (Spex industries
later discontinued this design and currently replace the plate holder
with the slit" and photomultiplier.) The phototube used in these
experiments_was an EMI 6256S tube with an.end on 10 mm CsSbO cathode
and fused silica window. The rated cathode sensitivéty of the tube
used was 68 uA/Lumen with overall sensitivity of 2000 A/L at -1760 volts

at the cathode. At this voltage the gailn was approximately 3X10 .
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The S.type emitting surface of the tubg had a maximum quantum’éfficiéncy.

of 16% at 3800A. The tube could be used té a short wavelength limit |
of about 1650A according to the manufacturers. The dark current in thg
tube with the cathode at -1760v measured lxlo—glamp;‘cooling the tube
reduced this by a factor of ten. Under normal scan qonditions, cooling
did not hélp the signal to noise ratio and was not used since most of
the noise originated in the iight source add differéntial.signal levels
were t?pically about 10—7 amp or higher. The voltage:divider chain
recommended bj the manufacturer was used, with the cathode at high
negative voltage and the anode close to ground poteﬁtial. As expected
AC detection with the anode at high positive voltége and the cathode

at ground offered no advantage in noise reduction. The resultant anode
current was fed into a Kgithley 602 electrometer and measured either j
as current or across the an external load resistor #s.voltage. In

most scans of the HgX(B»*X) emission, the background signal from‘the

fluorescing quartz and ffom the lamps had to be offset either by the ;
zero adjustment of the electrometer or by an externai variable DC

voltage in series with the photomultiplier output aéfoss a 107 ohm

resistor. The electrometer in this case was floated_and measured the o :
sumeof the opposing voltages of the DC offset and the pﬁotomultiplier
signal.-.One'end of phe photomultiplier output resistor was at ground
poten¢ial. By using this external DC offset, differéntial amplification
was achleved and resolution of fine spectral features in.the emission
signal was possible. The amplified 1 ma full-scale‘output of the

electrometer was fed into a Texas Instruments Servb Rectiriter II

.
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recorder and was used with external RC filteripg’which allowed
variation of the time constant up to 30 seconds. Thé recorder had
.v variable chérf speed (.5 cm/hour to 20 cm/minute) and variable full
scale deflection (10-100 mv). These features provided convenient
versatility in data acquisition. |

When used as a spectrometer the grating of the Spex instrument
' was driven by a motor unit provided by a Servo Tek Products DC Velocity
Servo Unit-mpdél 584. ‘Control of the scan speed was>achieved with a
ten turn potentiometer and scan speed could be varied in the range .25 -
500 A/min rep;odﬁcibiy. A wavelength meter was attacﬁed to the érating
drive unit, but it had an error of about - 6 A/1000A between 7000 and
12000A and true ﬁavelength readings weré found by scanning the spectrum
of a mercury lamp with no filtering of orders throughbﬁt the region
of interest. The value of‘the correction term depedded on the exact
position of the mirrof which defiected the reflected grating light onto
the exit slit of the épettrometer. Since this mirror was removed each
tiﬁe the optiéal alignment of the reaction vessel_wés adjusted or
checked, wavelength calibration scans had‘to be.perférmed at least that
frequently. The'grating drive circuitry provided éAlow voltage pulse
every 5.0 A ¥hich activated an event marker solenoid at the secon&
pen of the recorder,enabling wavelength calibration of the chart recorder
oﬁtput. Typical scan con&itions and optical filFeré.for_recording

HgX(BzE+ > X22+) emission are shown in Table II-2.
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TAble II-2. Typical Scan Conditions for REcording HgX(BX) Emission

Spectra
a) Variable ‘ TypicaIFVaiue
-7 '

Signal level .3x10 ° amp

Time constant 3 sec

S1lit width . 250u

Wavelength drive 15 A/minute'_.

Chart Speed 2.5 cm/minute

Phototube cathode voltage ~1760 V.

Wavelength region 7000A-11400A I or 35004-5700A IT
b) Wavelength Région-A Optical Filter-Corning numbers

3000-4500
4560-5000
5000-5200

5200-5700

Pyrex 7740 .
0-52 7380
3—75' 3389
3-73 3060
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- E. Tntensity Response of the Optical System

The response factor of the spectrometer and photomultiplier

system was measured using the photo-feedback stabilized tungsten

. ribbon lamp ahd associated equipﬁent‘which had been designed and

assembled b’yGabelnick.26

Light from the General Electric 30A/T24/17
lamp which was emitted from a pinhole opening at the center of the
lamp's quartz window illuminated the ppectrometer slit while the

lamp spectrum was scanned using the same optical filters and scan

conditions as were used in the scans of the HgX emission spectra. The

brightness temperature of the tungsten lamp was measured with a

calibrated Leeds and Northrup mode1‘8622—C opticéi pyrometer. The

- true temperature of the filament (2150°K)‘was obtained from the bfightness

temperature (1978°K).using Fig. 5 of Ref. 26. The emissivity of tungsten
27

at 21680°K was interpdlated from the published data of de Vos. The

true témperature7and emigsivity were used in this equation for the

radiation for a non black body:26'

a €(A\,T) a»

8
34 (10 he/IAT

IdA

(15)

Here I has units of quanta/sec/cm2 of radiating surface/uﬁit solid
angle/unit wavelength (A), X is wavelength in A; T, k, c and h have
the usﬁal meanings and valueé, a is a constant equal to 5.996X1034,

and €(A,T) is'the emissivity at A and T, that is, the ratio of the

intensity of radiation of the material used to thévintensity of the
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radiation of a trﬁe-biack body af the same temperature and wavelength;
The relative response factor R(}) for this optical system was obtained
by computing.the ratio of thé intensity'calculated?from Eq. (15) to

the observed intensity at wavelength internalé of 50A, The resultant
response factor curve is shown in Fig. II-9 for use of the spectrometer
in the second érder. Thé'discontinpities in the curve reflect the use
of the opficél filters shown in TAble II-1b. The iﬁténsity normalized

spectra shown later were constructed using the data of Fig. II-9:

L= Imeasured X RQ) _ 1 | (16)

F. Configuration’and Alignment of the Optical System

Two confligurations of the reaction vessel and liéht detectidn
system were used. In the first, the optical axis of the spectrometer
coincided with the axis of the cylindric#l reactiqh.vgssel, sé that
the spectrometer viewed all emitted‘light_in the reaétdon vessel as
‘well as scattered light from the lamps. This is the arrangement simply
illustrated in Fig. II-l. It was determined experimentally that the
most efficient light collection resulted when light.from the upstream
end of the irradiated part of the reaction vessel w;s focused on the
entrancé slit of the spectrometer. Care was taken in alignment of thé
reaction vessel with respect_to the speptromgter fo enéure that the

reaction vessel axis did #n fact coincide with the spectromete: axis.
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With the spectrometer plate holder removed the image of the mercury
capillary éenter and a string suspended throughvthe Ceﬁter of the
front window of the reaction vessel wére viewed on the mirror which
reflected the diffracted light from the grating. The green 54614 line
from the lamps surrounding the reaction vessel pfoQided the 1ight seen
at this mirror. It was possible to visually align the reaction vessel
a0 that its image was exactly éentéred.and to ensﬁre that light from
the feaction Qessel filled the grating with the 1ené in place.

In the second conﬂiguratién of the reactionvvessel and spectro-
meter the alignment was less'preciSe, although the intensity of back-
gfound mercury lines could be reproduced to within 2%. Here the entire
reaction §esse1 assembly was turned 90° so that the spectrometer
entrance axis was perpendicular to the reaction veésél axis. - The four
lamps which were ciosest to the pl#ne of intersection were removed and
a black cardboard viewing tube, 41.5 cm in length with an inside
diameter of 2.0 cm,was mounted between the reaction vessel and the
spectrometer slit. The end of the viewing tube which was tangent to the
reaction vessel surface contaiﬁed a slit 10 mm in.ﬁéight and 3 mm in
width. The viewing tube height wasvadjusted so thaf its axis coincided
with the sbectrométer'axis and the reaction vessel diameter. The aluminum
cylinder whicﬁ éurrounded the lampé was held open glightly to allow
for the vieﬁing tube.: Aiﬁminum foil covered thé part of the opening
not blocked by the viewing ﬁube. The apparatus was moved so that théf

spectrometer could monitor light variation along the'cylindrical axis
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of the reaction vessel. This configuration was used in quantitative
kinetic studies of the reacting system. Wide slit settings, typically
0.5 mm, had to be used at the spectrometer as well as differential

amplification because of the low light levels of HgCi* emission.
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2+ 2.+

Z'+>X"Z") EMISSION SPECTRA

A. The Proposed Mechanism for the Production of ng(§22+)

The simplest mechanism which is consistent with the observed

behavior of the irradiated mixtures of mercury and halogens is

1 k1

Hg("S,) + hu(2537A) —>
k

2

Hg(BPl) —_

K
3
Hg(3P1) + xyxishy —

£~

HgX (8°2") 4

where

Hg(p))

Hg(lso) + hv(25374)

Hex (322T) + v(%p)

HeX (x2=¥) + hv!

¥ = ClZ’BrZ’ 12 o? Ic1. .

(1)

()

(3)

(4)

Figure III-1 shows a Grotrian energy level diagram for atomic mercury.

The most important transitions between energy levels for this work are

the resonance lines at 18492 and 2537A., Reference will be made later

to possible processes involving other energy levels.

quenching processes are possible -for the destruction of Hg(BPl):

k

| 5
Hg(SPl)v + xvxzh = wgx®h + v(%p)

k

] :
Hg(’p)) + xv(x'z) = Hg('sy) + xvs

Two other

(5)

(6)



- Potential energy, ev

s, 2 D, 'R | s P m °mo °Dy Dy Dy

Singlets Triplets

10.38

100t

9.0

8.0}

70

6.0

5.0

40

- 30

20—

1.0

Fig. IIT-1. Energy level diagram for mercury. Spin forbidden

—

XBL 7312-6848

transitions are indicated by dashed lines.

From Fig. 2-10 of reference 9.
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Here XY* represents a halogen molecule with vibrational or electronic
excitation. Formation of Hg(3P0) &n a process aﬁélogous to (6)
seems unlikely since halogenated molecules'such'as,Hgl,-HBr and”CHéBr
have been demonstrated to quench Hg(3Pl) with negiigible formation v -
of the metastable mercury species.1 In the experiments described in
this work.no attempt has been made to determine thé relative importance
of processes (3), (5) and (6) in the quenching of electronically
excited mercury atoms. '
Table III-1 shows the exoergicity of Eq. (3), the bimolecular

reaction between an excited mercury atom and a halogen molecule, for
the halogen species studied in these experiments. The exoeréicities
| of reaction are derived from spectroscobic data in the lizterature.z’B’4
The maximuﬁ vibrational level of the HgX(BZE+) molecule which can be
populated if.all the exoergicity of reaction is invested in vibration
of the product molecule is also shown. Thermal energy will allow
population of a few higher levels, depending on the sizé of wexé"
For HgCl a value of Do can be derived from the emission spectra
obsérved here and will be presented later. |

B. Qualitative Observations Which Support the Proposed

Mechanism and Eliminate Other Possiglg Mechanigms
For the Formation of HgX(BZZ™)

Investigation of factors responsible for the production of HgX*
and evaluation of experimental evidence for the proposed mechanism and
‘ : *

its alternatives have been performed using only the Hg + Cl2 system,

With minor qualificationé the same mechanism should be responsible



—
A
#
4
[
~5
-
e
-
§
Aoy

. | ‘ .
Table III-1. Exoergicity of Hg + XY > HgX + Y for XY = Clz, Br,, I

| 2* %2
‘ and IC1.
a) o | : AH
] 3,y | 1

Hg (6 Pl) _ + Hg (6 So) - 4.86 eV
o o oaEh > x(p) + 1(%p) D_ (X¥)
ug(6 's ) + x(’p) > mex(x’zh) - D, (HgX)
| HgX(X22+) N HgX(B22+)' : Te

Hg(63P1) + xxx'zh > mex3’®") + v(%p) MH_ = -4.88 + D_(XY) - D_(HgX) + Te

b) |
Halogen  Product DOEx¥)®  0Cgx)® T (Hg)® A v' ¢
. o 0o e E [] max
| : d d
c1, HgCl 2:48 1.04 2.90 -.53 23
Brz HeBr 1.97 .71 2.91  -.69 45
I, ‘Hgl 1.54 .35 2.99 -.68 53
ICl HgI 2.15 .35 2.99 -.09 6
ICL  HgCl 2.15 1.04 2.90 -.81 37

4. Herzberg, Spectra of Diétomic Molecuédes 2nd edition, Van Nostrand
Reinhold, New York, 1950. '

K. Wieland, Helv-Physica Acta 14, 420 (1941) and Z. fur Electrochem.,
64, 761 (1960). :

c 2., ' A /2

. ' We * (we Ye¥e ( Ho).; 1 em_l

. b

max 2 WX 2
: e e

dExperimentally observed values are D0 = 1.03 eV and véax = 29
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* . .
for the production of HgX when the other molecular halogens react

with excited mercury.

1. Partichépation of Ground State Species

The possibilities of reactions involving ground state species

+
which could provide sources of HgCl(XzE ) should be carefully considered.

. If there ﬁére_an appréciable concentration of aﬁeﬁcited HgCl molecules,
" the (B+X) emission could be simple fluorescence from-ﬁolecules which
had absorbed visible radiation from the germicidal lamps;

The bimolecular reaction of ground staté mercury atoms with
molecular chlorine is endothermic,

Hg(slso) +cl

- Hgel (x=h) + c1 MH = +1.44 eV (7

so that this source of HgCl(X22+) is eliminated at normal temperatures.

Stable HgCl as third'body or it could

2 could be formed with C12

be formed at the walls of the reaction vessel.

-1

Hg(6lso) +Cl, +M k HgCl, + M k = lo—ls(mole/cm3)_2sec (8)

2 2

M= Cl2 or’wall)

The three body collision fate constant can be estimated by analogy
to the Hg + Br, + M reaction investigated by Ogg et al.5 For a total
pressure of 1 Torr the time between gas phase three body collisions

has a lower limit of about 10 sec, compared to a flow time for gas at

this pressure in the reaction vessel of 0.5 sec. Therefore negligible
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stable HgC12 wi11 be formed in this way.

The importance of reaction at the walls of the quaftz vessel as
a source 6f,HgC12 or Hg2012 can be neglected on’sevefal accounts. When
vthe visible ébsorbing ultraviolet tfansmitting filtér solution was
~used around the reaction vessel, the HgCl(B>X) emission could be
percelved visually as a bright green glow which filled the cross section
of the vessel homogeneously. This would not be the casé for HgCl*_
formation in a process originatiﬂg at the walls. 'When helium or
nitrogen.were used as inert carrier gases, mixed with C12, the HgCl*
eﬁission specfruﬁ was still observed under conditions in which diffusion
of Hg to the walls was severely inhibited by the fast axial flow.
Another argument against wall reactions comes from observation of.the
same emission épectrum with comparable intensity when inert dull black
baffles were inserted into the irxédiated reaction vessel and the
mefcury and chlorine admitted to it as usual. As described previously
these anodized aluminium baffles were arranged along their supporting
rods so that no light emitted from the walls of the reaction vessel could
enter the.éone qf sight of the spectrograph. Only light emitted from
pfoducts formed at the edge of the baéfles would havé been recorded
finder these conditions if wall reactions were important. Such an
eﬁission spectrum would be expected to exhibit greatly reduced intensity
compared tp the emission speétrum vecorded under normal conditions.
These experimeﬁts with the baffles show that the source of the.HgCl*‘
vemission is not reaction at the vessel wall. The observed first order

*
axial decay of the HgCl emission as the incident light intensity is
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varied also eliminates processes involving more than one light intensity

dependent step such as:

_ + o s
Hg(63P1) +Cl, +M - I![gCl2 + M o ' - (9)

2

LA 25+ R
HgCl, + hv (2537A) > HgC1(B“Z") + C1 : (10)

Here HgClzi represafits a molecule formed with some vibrational
energy enabling it to be dissociated by light at 2537A. Taken together
these observations presént a strong argument against the importance of
wall reactions as a soﬁrce of thé\KgCl(B*X) emiséidn.

‘ Even if there were a source of stable HgCl,, light of 2537A contains
2 and to‘e#cite the HgClvproduct
~ to the B state. For nonexcited HgCl2 the maximum wavélength for which

insufficient energy to dissociate HgCl

this would be possible is 2200A, based on thermodynamic data of the
Janaf tables6 and Wieland's work.7' To check these conclusions and the
possibility of photolysis of HgCl2 by short wavelength nonresonance light

from the lamps or other processes involving only HgClz, HgCl, was alléwed

2
to flow into the irradiated reaction vessel through a window mounted
source, This source was identical in design to the mercury source

and was operated at 255°C,which was sufficient to cause condensation of
salt on the cooler surfaces of the steel flanges. At this temperature
thé HgCl2 vapor bressure in the reservoir was about 250 Torr.8 No
HgCl(B*X) emission was observed between 3000A and15700A, confirming

the non involvement of isolated HgCl2 in processes:which produce

+ v
HgCl(BZE ) in these experiments.
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2. .Isolatidn of the Neceésary Exciting Radiation and the Role of Hg(GBPll

With #he flowing mercury and chlorine mixture in the usual
experimental confliguration, the quartz tube heated £o 45°C by wire
surrounding it,_énd the low pressure mercury lamps turned off, no HgCl*
emission wés observed between 3500A and 5800A. Similarly, when a pyrex
cylinder of 2 mm wall thickness completely surrbunded the érea'ofvthe
reaction vessel which was exposed to laﬁp inradiétion no HgCl* emission
was observed in that region. This thickness of pyrex glass has a low
wavelength 507 transmission limit of 3170A; 10%Z transmission occurs at
2970A.9 Here‘the mercury resonance line at 25374, which comprisés
86% of the total germicidal lamp output, cannot réaéh the reaction
vessel, and formation of Hg(63P1) by light absorption is impossible.

Isolation bf the light reaching the reaction vessel to the
wévelength region 2400A to 35007 was achieved by the use of the mickel
sulfate~cobalt sulfate filter solution in the 1 émvthick cavity between
the two quartz tubes. This filter solution transmi;ted about 60% of
the incident radiation at 2537A, HgC1(B+*X) emission was observed with
the same vibrational distribution but about half thé intensity és that
reco;ded when no filter sdlution was used.

These observations show that the presence of ultraviolet radiation
between 24008 and 35008 is a neéeséa;y condition for.the production of
'HgC1* emission but do not prove that Hg(63P1):is involved in a primary
process to produce HgCl* emisgion. The fole of Hg(63P1) is clarified
by the work.of Duschinsky and Pringsheim who observed HgI (B+X) emission

as a complication in their 12 fluorescence experiments and decided to
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investigaté_its origin.l0 The HgI(B>X) emission océﬁrred upon irradiation
of a Hg+12 mixture with unreversed mercury resoﬁance radiation at 2537A

but was not present when the mixture was irradiated with reversed 2537A
radiation or with the cadmium resonance line at 2288&, Irradiation of

HgI, at A = 2298A or with 2537A did not produce Hgl emission. Consideration

2
of these results leads to the conclusion that Hg(??l) is directly
involved in the process producing the emission and excludes the photolysis

* .
of ground state HglI, as a source of Hgl . These independent observations

2
are supported by the first order dependence of the HgCi(B*X) emission
intensity on initial ground state mercury concentration and on the : f

intensity of incident radiation at 2537A. The quantitative results

referred to here will be presented and discussed in the next Chapter.

3. Possible Reaction Mechanisms Involving Excited Species

Several alternatives to the bimolecular reaction

Hg(63P1) + 012' > HgCl(BzE+) + Cl ‘ (3)

can be éostulated for the production of HgCl(B22+). Reaction channels

which cén produce higher excited states of HgCl should also be discussed.
Absorption by Hg(63P15 atoms inside the reaction vessel of 1light

at 43588 and 4078A causes formation of Hg(73sl) andeg(7180) respectively, :

(See Fig. III*l),A These:higher excited states of mercury could react

exothermically with chlorine to produce B, C, or D states of HgCl:

Hg(73S) + Cl, ~»> HgCl(Dzn

2 ) + 01(2P)AHO = ~1.74 eV . (1)

3/2



- Three experimental observations show that these reéction paths are

unimporgant. First, the C and D states of HgCl were never observed

although a thorough search of the ultraviolet was made for them. The

HgC1(B+X) spectrum would have been eliminated when the nickel sulfate-

cobalt sulféte filter gsolution was used. This was not the case.

. - _ *
Finally, the first order dependence of the HgCl emission intensity

“on intensity of incident radiation at 25372 eliminates these channels.

Hg(63D1'2) states could, however, have been populated by absorption
. Py .
of light at 31322 and 31267 since the filter solution transitted these

lines. Again, exothermic reaction paths exist for formation of HgCl

'ih the B, C, or D states. The other arguments above aiso show that

these processés do not.occur.

The possibility of formétion.and excitation by absorption or
collision of HgCl(ngf) is worth serious consideration. This non-
adiabatic reacéion path could produce ground state product with

subsequent reexcitation:

Hg(63P1) +cL, - nec1 (x=My + c1 | (12)

HgC1(x’z") + hv -~ mgcr%h) N (13)

(Hére'f.repreaents some vibrational excitation). Table III-2 shows
‘ ‘ . 9 .
the energy available for exéitation of HgCl(X“E+) by absorption.

Equatioh (13) is:exoergic by about 1.1 eV for abso;ption.of A = 3126A

by HgCl. This wduld_lead to maximum vibrational excitation at ¥' = 51.
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Table III-2. Energy available for vibrational excitation of_HgCl(B22+)
~after absorption by HgCl(X22+) of visible and near ultra-

violet radiation from the mercury source.

Hg 1ine? _'E‘ -E-Te
A _ eV : eV
3125.67 3.96 1.06
3650.15 ' 3.40 .50
4358.33 2.85 - .05
5460.74 2,27 - .63

4p. E. Gray, ed., American Institute of Physics Handbook, 2nd edition,
McGraw Hill, New York, 1963. '

1

by - 23421 cm”

e , K. Wieland, Helv. Phys. Acta 14, 420 (1941).

Py
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The filter solution transmits light of this wavelength to the same
extent as it transmits X\ = 2537A radiation. This mechanism is ruled
out by the lack of observation of HgCl(B*X) vibronic bands originating
in such high'vibrational levels and by the first.odder dependeﬁce of '
thevemission intensity on incident light intensity. The lack of
significant change in the emission signal when the filter solution was
used also confirms the absence of significant absbrption of X = 3650_
or 43582 by HgCl(X22+) as a source of excited molecules. Alternatively

HgCl(X22+) could be excited by collision with Hg(3P1):

g(’p)) + ueC1(X’2H) > He(lsy) + mge18’=h) M = -1.96 v (14)

> Hg('sy) + HgCL(C?m ) AH = - 0.42 eV  (15)

1/2

> Hg(lso) + HgCl(Dzﬂ ) AHO = - (0.06 eV (16)

3/2

This type of sensitized fluorescence process has been shown to be

responsible for the HgCl(B+X) emission which is observed in a flow.

system in which*Hg(3P0) reacts with CH3CI.12

reaction to form HgCl(B22+) directly is endothermic by about 0.50 ev.

In that case the bimolecular
' 13
For reaction in this system, assuming a gas kihetic-cross section of
about 1dA2 for reaction (14), a maximum population of Hg(3Pl) and
HgCl(BZE+) equal to the initial ground state mercury concentration, 1013

particles/cm3, and a relative velocity of 3><104 cm/sec, the minimum

time between collision of an HgCl molecule with an excited mercury
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atom would be about 3><10“3 sec. A more reasonable gueés of the Hg(3P1)
concentration is baséd on an estimate of 103 absorption events per
mexrcury atom pér second in this system. Since the 1ifetime of an
' Hg(BPl) atom is 10'—6 sec here, [Hg(3P1)] ~'10’3[Hg(;so)j. Using this
number the‘time between collisibn of Hg(BPl) with‘ﬁgCl is about 3
seconds. This should be.compared with 3><10;6 seé which is estimated
.as the time betweeﬁ collisions for the postulated bimolecules reaction
between Hg(%Pl) and chlorine at 0.3 Torr, relative velocity Of 3X104'
cm/sec, and a cross section of ~ 1082, ' This means that collisional
excitation of HgCl(X22+) would be, at the very least, three orders of
magnitude less likely than bimolecular reaction between Hg(3P1) and
Cl2 and therefore relatively unimpoftant as source of HgCl(BZE+) or
other excited states. This process would show second order dependence
on incident light intensity and ground state mercuryicdncentration;
and the observafion of first order dépendence for each of these
variables is a strong argument against the.occurrepce of this excitation
process. '

The participation of the mercury eximer ng* in the mechanism
responsible.for production of HgCl(BZE+) can be eliminated on several
grounds. Eximer formation requires stabilization by a third body:

Hg(3Pl o +Hels) +u - Hg2(31u) +M M =Hg, C1 or He  (17)

2> Nz

Byvanalogy to the discussion above, such collisions would be several

orders of magnitude less frequent than the postulated bimolecular

|
:
1
|
,
|
i
!
|
|
i
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reactive collisions when low tétal pressures were'employed. Hg2(31u and
3Ou) molecular emissions have beén observed with maxima in the continuous
speétra at‘3350A and 4850A,'respectively,14 under conditions of high
mercury concentration.15 Eximer emission has also been observed easily
in systems which produce high concentrations of the metastable species

16,17 In this

Hg(3P0),'f0r example when N2 1s used as a carrier gas.
__work no ng* émissién was observed when mercury, chlorine, and nitrogen
flowed through.the irradiated system. If eximer éﬁission occurred

when mercury and nitrégen alone were present it was too weak to be
detected with these experimental arran#ements. If the process responsible
fof the formation of HgCl(BzE+) réquired eximer participation, the

halide emission spectra would_show secgnd order depgndence on ground

state mercury ébncentrati&n. First order dependence was observed.

The capiliary mercury source could produce some ng clusters

which could absorb lamp radiation to produce ng*..‘Because the nbzzle
part of the:soﬁrce Qas maintained at a higher temperature than the main
body of the reservoir, the likelihood of cluster f&rmation has been
conéiderably reduced. Initiél experiments in a leés sophisticated

glass vacuum system used different mercury sources as discussed in

Chapter II, and the same HgCl(B+X) emission was observed. In one such

' source helium gas passed throuéh a temperature regulated glass coil
containing mercury before the gas mixture flowed into the irradiated
reaction vessel. Because the same molecular emission was observed in
thaatsystem'where clﬁster formation was very unlikely it is safe to

conclude thathg* clusters are not involved in any important reaction

mechanism producing HgCl(B+X) emission.
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Possible participation of excited electronic,states of the
molecular halogens should be mentioned. The homonﬁclear halogens
absordb ult?aviOlet or visible light to excite a repulsive state (1ﬂu)
which dissociates inﬁo atoms.18 - For Cl2 the"ma#iﬁum absorption
occurs at aboﬁt 3350A with absorption coefficient € = 64.3 liter/mole-cm.
Molecular chlorine is transparent to the mercury resonance. line at 2537A.
Some absorption of lamp radiation at 3126A°and 3650A can occur but the
intensity of this radiation is two orders of magnitude less than that
of the resonaﬁcevline so that not much Cl atom Will'be produced in
this way. Recombination processeé involving C1 atoms would be too slow
to be impo:téﬂt. | _

The C1,(A “m 4 ) state has T_ = 18310.5 en = so that’’ this

state could be excited by absorption of A = 5461A radiation from the

lamp or by quenching collision with Hg(63Pl):
rg3p.) + c1 xlzte) » Hg(ls) + 1. (A 3m ) AH =-2.50 ev (18)
1 2 ~ 0 2 otu o. 77

In this work no extensive attempt was made to study this quenching
process. The fact that the HgCl(B*X) emission spectrum recorded in
the flow. experiments was identical to that of a HgCl calibration lamp

argues against the presence of much Cl A(3ﬂo+u)ffqumed.by either process

2
since it would be expected to radiate and would be detected.
' : * ,
- The involvement of C12 in an excitation process with HgCl such

as

HgCl(x*Z") + c1,(a 4y » Hgc1(3%Th) + c12(?2+g) @19)

19
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is negligible because the HgCl(B+X) emission would show second order
'ydependencevqnslight intensity and on Cl2 pressurg which contradicts

experimental-obser?ations. Also the occurrence of the HgX emission

when different halogens are used and its specificity to A = 2537A

radiation makes this excitation process unlikely.
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' IV._.KINETIC STUDIES IN THE IRRADIATED Hg + Clé FLOW SYSTEM

A. Introduction

The discussion of the previous section established the bimolecular
reaction mechanism for production of HgCl(B22+) as-the'only plausible

mechanism consistent with experimental results. The crucial step is

Hg(3Pl) + Cl

, nec1(8%z%) + a1

AIn this section quantitative kiﬁetic data will be bresented which
have been obtained by monitofing the axial variation of HgCl (B>X)
" emission as a function of inéidgnt light intensity at 2537A, chlofine
pressure, and.ground state meréury-concentration, The object of
these studies is the unequivocal deterﬁination of thé‘order of the
process préducing HgCl* with respect to these féctors. An estimate
of the bimolecular rate bonstant has also been obtained. In order to
extract this information the flow of gases through the reaction vessel
must be understood, as well as the.illumination geometry of the
reaction vessel. The complicating effects'of’imprisonment of résonénce
radiation must also be discussed and treated in order to render the
data meaningful. ,
The simpleSt desc;iption of the flow of gases in our feaction
vessel can be made by assuming 'plug flow'". Here the mercury and
chlorine are.éssumed to be homogeneously mixed before the mixture

reaches the irradiated region of the reaction vessel. 'As discussed

in Chapter II mixing by diffusion is complete before the gas mixture
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reaches fhe‘illuminated region of the vessel for total pressure less
fhan 1 TOrr.  A planar velocity profile is assuﬁed for the gas mixture.
and the attenuation of reactants by diffuéion is neglected. As
discussed by Schmeltekopf, et.al.1 this simple model should be corrected
for fadial and axial diffusion, for attenuation of.reactive species by
diffusion, and for the actﬁal nonplanar velocity.prdfile of the gas
mixture, if reliable rate constants are to be ektracted from kinetic

: measuremenfs:in flowing systems. For the flow system described in
these experiments the data obtéined do not warrant the ﬁse of such
sophisticated treatmeﬁt because of the addition of.the complicating
:effects of radiation imprisonment and illumination geometry to the
hydrodynamic ﬁrbblems of the flow system, Withou;.simplification the

model becomes mathematically untractable.

B.  Schema of the Flow Experiments

This mechanism explains the origin of the HgCl(B>X) emission:

ok v_
_Hg + hv(2537A) 3 Hg* S (1)

% k : A |
2
Hg - —% Hg + hv(25378) (2)

k

* 3 * '
‘Hg + Cl1 -—3» HgCl + Cl1 - (3)

2
* k, .
HgCl —> HgCl + hv(3550-5700A) (4)
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* ks P
HgCl + c12 —> HgCl + c12 C ' (5)

‘Process (5) will proceed slowly at low chlorine pressure(and can be
neglectéd'to a first approximation. Its relative impoftance will be

considered in section C-4 of this chapter. Here .

%* * .
Hg = Hg(63P1) , gel” = wgc13®=hy |

and C12+ is an electronically or vibrationally excited molecule.
Applying steady state formalism to this set of reactioné'involves

assuming that the~first step, light absorption by atomic mercury, is

much slower than subsequent destruction of Hg* by reemission of

light or reaqtion with molecular chlorine. Thevrate constant for

light absqrption is k,I,, where I is the light flux at the reaction

1
vessel axis. I has maximum magnitude‘of 1016 photons/cmz-sec
and k; = 1.23x107"> cn’/aton” at 45°C. Therefore kyI ~ 1000 absorption

events/sec per Hg atom. k, = lO6 - 107 emissions/sec and k3(C12) ~

2
5 6 . : . 2 ‘
10° - 10  collisions/sec for a cross section of 104° and 0.3 Torr

of chlorine. Light absorption is indeed the slow step. Steady state
formalism yields the exact solutions to rate equations in this case

after time

1

. , 6
k2+k3(C12)

or t>10 " - 10'7 sec .
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These expressions for the steady state concentrations of
* * '
 intermediates Hg and HgCl are obtained when process (5) is very

sldw:

(ig") 15 (
Hg e — 6)
k2+k3(C12)
k. k. I(Hg)(Cl,)
'(ch1*) = L3 2_- (7

k, [k +k,(C1))]

Besides depending on the rate of reaction, the a#iél variation of
(HgCl*) is a funcfidn of the incident lighf intensity and the
concentration of ground state mercury, both of which are dependent

on the axial distance. When the fiow velocity‘isvknown axialvdistance
is the measure of time in this system. The chlbriné gas concentration
is very nearly uniform throughout the reaction vessel but the ground

. state mercury concentration will decéyvdue_to excitation and reaction,
with the rate lgw:

k1k3I(Hg)(C12)
k2+k3(012)

a0t .
e = -k I(Hg) + k,(Hg ) = -

S * s
= - k,(HgCl ) (8)
The solution of this differential equation would be straight-
forward if radiation imprisonment could be assumed to be constant

throughout the reaction vessel and to be independent of (Hg):

S kykglcl)) ot
) = o), exp e fo Laety o®
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This leads to

I(Hg) (C1,) (c1,) t . :
(HgCl*) = ‘1 3 exp{ —li——-—z— f Idt'} (10) .
0 .

k4[k2 3(Clz)] k2+k3(012)

-Since the Cl2 pressure and initial mercury concenrration (Hgo) are
experimental variables, if ét I(t')dt' can be calculated, this ‘
" mechanism can be tested by measurement of'axial variation of.(HgCI*).

The integral 'ft I(t')dt' is the total amount of radiation to which

the reaction mixture has been exposed up to time t Before discussing

the affect of radiation imprisonment on the measured (HgCl ) a brief
description'of the experimental conditions will be given, and the

derivation of ét Idt' will be presented.

1. Comments on the Experimental Method

The reaction vessel and lamp assembly were tnrned 90° frpm the : E
.configuration shown inkFig. II-1 so that the cylindrical akis of the

vessel was perpendicular to the spectrograph.axie as discussed in . ' » |
section II-F. The viewing tube sampled the totai light emission from |
a wedge shaped volume defined by the rectangular slit of the viewing
tube and the'diameter_of the vessel. The volume element has been

assumed to contain a homogeneous mixture of mercury and chdorine and

to be irradiated uniformly by the lamps. The intensity of light emission |
from the volume element has been assumed to be prbportional to the
light emission at the point of intersection of the‘spectrograph»axis

_ |
with the cylindrical axis of the vessel. , - l



79— ‘

The.HgCl(B+X) emission was several orderé of magnitude less
ihtense when ﬁonitored this wéy compared to the configuration in which
the cylindrical axis cbincided with the spectrograph axis. This
meant that wide spectfograph slits had to be used (~ .5 mm) with
diffefentiai aﬁplification of the‘HgCl* emission signal, and targe time
constants wergvneCessary in the recorder circuitry. Time.normalization
6f‘the data was essential. The HgCl* emission was monitored at
A = 5558R, At this waQelength the maximum intensity occurs and HgCl*f
spectrum is almost. continuous due to the overlap of many.bands. Axial
measurements ét one wéveléngth were sufficient since previous work
had shown in gnd‘on experiments that the dependence of the HgCl*
emission on iqcident light intensity, on (Hg) and (C12) was esseﬁtially
the same at any wavelength.
| Initial kinetic measurements of this kind were performed with the
apparatus iﬂ'the experimentai configuration whiéh was Qsed to collect
| spectra. These meésureﬁents produced'data which was difficult to '
interpret in é reliablg way. The fall off of the HgCl* emission.along

the cylindrical axis for constant (Hg), (Clz) and I 4 meant that

2537
the cone ofvsight of the spectrograph sampled a nohhomogeneous gas
mixture even with no further inhomogéneity introduced by varying

(Hg), (C12) of I2337A( Monitoring the axial yariation of HgCl* presented
a much more straightforward method to make kinetic.measurmments. As

low mercury fiqw rates were used as possible to minimize radiation

imprisonment.



2. Axial Vatiation of the Incident Light Intensity

Calculation of the axial variation of the incident light intensity
is a_photbmetfic problem.' Figure IV-1 illustrates a simple geometric
model which describes the illumination of the reaétion vessel by the
bankbof lamps. The radiant flux I at point PAon the reactiqn vessel
axis due to illumination by one lamp.is given by thé inverse square

law for oblique incidence:3

I - f L cosd " (11)
2 r

Here dL is the luminous intensity of unit area of ﬁhe lamp's emitting
surface in the direction of ¢. Luminous intensiﬁy is defined as the
radiant flux per unit solid angle in.the directioﬁvof P. The
cylindrical eiectrical discharge mercury lamp isva light source whose
brightness or luminous intensity per unit area oBeys Lambert's law
for diffuse radiating sprfaces. This means that‘tﬁe lamp appears
equally bright from all angles of observation. Thg lamp can be
approximated as a linear light source extending in the X direction

so that a unit of luminous intensity becomes
dL = Bdx - an
and the flux integral can be evaluated as
I ( _fxz By_dx'. B i S X2 71 B, . . i
c ?‘) = x (x'2+y2)3/2 Ty [V_}:?;ﬁ m] =3 (sin .¢1 sin ¢2)

(13)
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P=0

Reaction Vessel Axis

/ o Xo= B-vt

XBL 7311-6722

r= ,/x2+y2 \Lamp’Axis
y=10.2cm

- 2=30.8cm

Fig. IV—l.. Geometric model for the illuminatioﬁ of a point on

-the reaction vessel éxis by one lamp. - The radiant
flux at P is given by I = B f¢2 cos¢dx _ 3 (sin ¢l +

d1 R2

- sin ¢2). B is the bfightness of the lamp.
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. Here the origin of the coordiﬁate system is t;ken as P, és illustrated

' in Fig. IV-1. The subscript ¢ has been used heré to specify the
calculated flux Ic(x). y ié the pefpendicular distance bétween the
lamp axis and the cylindrical axis of the reaétion.vessél,vconstént
for all experiments. B, the brightness, is propoftional to the
total number of lamps used since each lamp had equal light outputA
to within 5%. |

An experimental méasure of the axial variafion of the light flux

is the variation of the background emission from the suprasil vessel
as seen through the viewing tube with no chloriné present. This
background emission, due to fluorescence of the véssel itself, was
typically twenty times more intense than the HgCl* emission signal
and therefore a DD offset voltage had to be used for differential
amplification of the'HgCl* signal as discussed previously. The
background intensity at any point on the axis was_fouﬁd to be proportional
to the intensity of anyvécattered mercury line from the lamp at that
point, so that thé backgrbﬁnd emission intensity -could be used as a
measure of the radiant flux along the axiss Thié function is designated
as Ie(x). VSince the backngund light emission was due to,fluOrgscence
from the vessel, the viewing tube saw light from walls at pefpendicular
distance_y * 2.5 em. The resultant signal’is not exactly a perpendicular
to the 1néident lamp radiation at the vessei axis because of Eq: (11),

but the effect of this small difference on subsequent data analysis.

1s insignificant,.
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Eiguré IV-2 presents a comparison of the faﬂiaﬁt flux calculated
from the simplified lamp geometry, Ic(x), with_tﬁé background emission
intensity at A = 5558A,-Ie(x),‘fam a typical experiment. The flux
functions are presented in arbitrary units and aormalized to each
other at the midpoint of the illuminated length:of the axis. The
calculated flux falls off less sharply near thakupstream and downstraam
ends of the vessel than does the measured background emission. This
reflects the fact that the discharge length in the lamps was 24.5 cm,
compared to the vessel's irradiated length of 30.8 cm, and the simple
model aasames a luminous source of the same length as the vessel axis.
In spite of this the agreement between the calchiatad flux function and
the meaSuréd values of the radiant fluxvia quité.good. In the data
analysis to be presented subsequently the measufed background flux
factor was used in preference to the calculated function.

‘Ia studying the kinetics of the flowing gas mixture it is important
) to‘knoﬁ the tdtal amount of light to which the mixture has been exposed
~up to point P along the axis, at time t. This'depen&s on the flow
velocity as well as the reaction length, which-ié the distaace between
the upstream-aad of the illumiaated'region of the veésel and P, For
plug floﬁ-the_flow velocity is assumed to be constant througheat tha
vessel‘and di:acted,along the axis. Thus time and reaction length
become equivalent'parameﬁefs. The amount of light ;o whiah the N
reaction mixture has been exposed up to time t is given by the integ;al

of the.eadiant flux. This can be calculated as



Fig.

I(x) (Arbitrary Units)

Xo dx! ’ X, Xy
I.(x) =By = By +
c _fxl (x’2+y2)3/2 (X:Ie+y2)l|/2 (x§+y2)"2 .

2 : —
= By(sin®, +sing,)
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x=vt (cm) A

XBL 7311-6725

TV-2. Radiant flux as a function of the axial distance from the upstream end of the
illuminated region of the reaction vessel. The solid line shows a smooth curve drawn

through the points of measured background light emission at 5558A. The dashed curve shows

the radiant flux function calculated using the geometric model, Eq. (13).

_.078_.
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t - |
1 1 (t)dt == f yt'de’ f‘ (2-vt")dt"
J; ‘} ,)2_*72 o ;’ 2, 2 (14)

(L=vt) “+y

From Fig. IV-1 it can be seen that x, = vt' and X, = L-vt' so that

1
[ Ic(t)_th

vt ' |
B j _xdx xdx
vy _ -
L-vt '«x2+y2

- = T\l - Vx, "+ \/z - y] (15)

Figure IV-3 ébmpares‘the time independent portion of the calculated
integrated‘flgx function, v ét Ic(t')dt', to the experimentally
derived function .v'gt Ie(t')dt' which was obtained By graphical
integration of the background emission flux factor.' The agreement
between these fuﬁctioné is excellent énd testifiés té the validity

of the'simplg geometric model. The difference between the calculated
andiekpertmental Fadiant flux functionsvwhich ié Apparent in Fig. IV-2
does not produce significant deviation between. the integrated radiant
flux functions. The experimental integrated fluxvfactqrs were used

at each monifdring position along the axis in subséquent data analysis.

3. Radiation Imprisonment

Because mercury atoms have a high absorption.coeffieient for
resonance radiation, there is significant ﬁrobability that mercury
in the reéction vessel will absorb radiation emitted by other mercury
atoms in the Qéssel as well as lamp radiation. The probability of a

photon escaping from the reaction vessel without being reabsorbed
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Integrated radiant flux as a function of axial distance.

The points have been obtained by graphical integration

of the experimental flux function. The solid curve

shows the integrated radiant flux obtained from the

geometric model, Eq. (15).




- which it must travel. For mercury opacity greater thah 10

 presented by Milne, as discussed by Mitchell and Zemansky.4 Milne

T
g
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depends oﬁ thé concentration of.mércury and on fhé path length through
12 atoms/cm2
this radiation impfisdnment effect becomes important. Thusvthe time
which a tyﬁical_photon spends absorbed, T, the lifetime of aﬁ excited
mercury étom, is greater than the natural lifetime, To’ when imprison-
ment is present. A simple theoreticél treatment-of imprisonment was

5
set up differential equations for the radiation flux at any point in
an infinite élab of fhickness £ which contains atoms capable of

absorbing the incident resonance radiation and reemitting it. The

diffusion of radiation in his treatment is governed by'

3 d(Hg) | _ ,.2. 9(Hg)
5;5 [ng) + T, Tae ] 4k Ts ¢ (16)

where k is the absorption coefficient at the center of the abéofption
line. Milne showed that the radiant flux I escaping from the slab
at x = L becomes

1l = Aje + A.e + ... a7

" Here the preexponential factors depend on the distribution of excited

atoms at t=0, and the Bi are given by

B TO' = EEEE— | (18)
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where Ai_is the ith root of the egquation

tan x=‘1‘{“— | ‘0<A1<1r‘/2 19)
Since. Bi>l >> Bl for t > 10_4 sec or so only the first term in
the series is impor;ant. Thus‘8 becomes the :éciprocal of the actual
impriéoﬁmentVlifetime T. Samson6 showed that Eq. (18) prédicts B
in closer agreement to experimental data if,iﬁstéad of k, an equivalent
absorption cqefficient k is used in Milné's treatment. Kk accouﬁts
for the assumed Doppler distribution in frequency of the absorption
coefficient of the gas. The equivalent opacity at the center of the

absorbing line, kl’ is computed from

2
_foo -w2 —kl(e—w)
_ e e ew
-kl 00

enw dw - . (20)

2(v=v )
where w = ——25;11— v 1n2 for a Doppler line of breadth AuD and
AN ‘
center frequency Voo Using Milne's theory and Samson's tabulation

of k one can calculate T, the lifetime of imprisoned radiation in the
reaction vessel. Although this approach is based on infinite slab
geometry, réasonabie'agreement of calculate& and observed values of

T is obtained if % is assigned the value of the cylindrical radius,
up to (Hg)R = 3><1013 atéms/cmz. Thié is shown in Figs. 5 and 6 of
Ref. 7. Rearranging Eq. (18) gives this expression for T/To,

since B = L

EEE NN COL B (@
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For low opacity A ~ k& so that

=T 1+ Re) » | - (22)

A éimple phyéical picture of 1mpfisonment can bé.applied at low
mercury‘opacity. The time required for a photon;qf resonancé radiation
to diffuse through the distance L, after it has'been initially

absorbed byva ground state atom, is the sum of thé lifetime of the
excited atom fo and the time required for subsequent absorption and
emission eVehts, Ele.’ Thgs its imprisonment lifétime is given by

Eq. (22). The probability that the photon will not be reabsorbed,

T(L), is then just a simple exponential decay function

kg

T(L) = e (23)

3 atoms/cm2 Yang8 has shown that Eq. (22) predicts

For (Hg)% < 1.2x10%
T which is about 3% higher than his experimental values of T.

. As the mercury concentration.increases A in Eq. (21) approaches
h/Z and T incréases as the second power of k and therefore as (Hg)z..
Milne's theory correctly predicts the qualitative_behavior of T fér
(Hg)L > 3x1b13_atoms/cm2 althoﬁgh its quantitatiﬁe pfedictivé limits

have been exceeded. This happens because the equivalent absorption

coefficient loses its meaning, and volume.elements in the infinite

slab in additioh to that in the path of the exciting beam contribute
~ to the detected light emission, making the choice of path length

‘uncertain,
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For mercury opacity > 3><1013 atoms/cmz, tbe_difquion approach,
even as mpdified by Samson to include the fréquency deﬁendence’of the
absorption coefficient, is no longer adequgte, and most workérs rely
on the theoretical work of Holsteiﬁ,9 without géseésing or even
necessarily understanding his approach, especially since it correctly

2 x10M* < (ug)s <

predicts T for the region in which it has been tested
15 2 b 4% 2

2x10 atoms/cm” and connects smoothly at (Hg)%& = 3x10 atoms/cm” to the

predictions of Samson's work and available experimenfal data. Holstein

formulates the imprisonment problem as a general transport préblem,

sets up Boltzmann type integro differential equations involving T (%)

for which steady state solutions are obtained by variational methods.

. [
For cylindrical geometry Holstein derives. this expression for T

T = %-To k2 (7 1n kl)l/z_ . . (24)

with £ the cylindrical radius.

Experiﬁeﬂtally measured values‘of T/To are presented in Fig. IV-4
for mercury opécity between 1012 and 5X1014 atomé/cmz. The figure
includes data from four independent sources. Yéngs measured T at
25°C by obserQing the variation of Tkq with mercury concentration
when the quenching molecule was ethylene. In these experiments the
reciprocal of the quenching Q was plotted against the reciprocal of
the qﬁenching gas pressure, for which a straight lipe results when

the Btern Volmer equation

= 1+ Tkq(0) o (25)

O |
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Radiaﬁion imprisonment T/T0 as a function of mercury

opacity.v The data points give the results of various
workers. V - K. Yang, J. Am. Chem. Soc. 88, 4575 (1966);

O~ J. V. Michael and C. Yeh, J. Chem. Phys. 53, 59
(1970); @ - L. B. Thomas and W. D. Gwinn, J. Am. Chem.
Soc. 70, 2643 (1948); - D. Alpert, A. 0. McCoubrey,
and T. Holstein, Phys. Rev. 76, 1257 (1949).
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applies. The quenching is defined as the ratio of the intensity of
fluorescent radiation with quenching gas M present to its intensity .
with no quénching gas present. The fluqrescent fadiation was mmasured
pérpendicular to the direction of the incident résonance radiation,

and the valugvof kq was derived from the valug qf qu extrapolated

to zero mercury pressure. Since the quehching experiment was performed
at many mércury pressﬁfes, valugs of T = T(Hg) could be obtained in a
straightforward way. The imprisonment path length through which
fluoréscent radiation had to travel to reach the photomultiplier was
taken as the radius of the cyiindrical cell, 1,27 cm.

Thomas and Gwinn10 measured directly the quantﬁm yield of Hg(3Pl)
sensitized hydrogen decomposition at 30°C as a function of initial
hydrogen and mercury pressures.. ﬁichael and‘Yeh7 more recently
measured a quantity proportional to the quantum yield of H atom
formation at 27°C as a function of molecular hyHrogén and mercury ,
pressufes. In both cases extrapolation to zero meréhry concentration
allowed estimation of the tosal cross sectién fo; queﬁching of Hg(3P1)
atoms and then ewaluation of T = T(Hg)2 in a manner analogous to that

of Yang. In both cases the cylindrical radius of the cell was -used

as the path length £ since the measurement of (H) or (H2) was performed

perpendicular to the direction of the incidantlreSOQance radiation

which passed through the flat windows atbthe ends of the cylinders.

10

Values of the radius were 1.125 7 and 1.9567 cm.

L1y
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The measured values of‘T/T0 of all of these workers fall on the
sSame smédth curve,as shown in Fig. IV-4, Their derivation does not
depend on. any model for the imbrisonment phehomenqn but it does depend
on the validity of the Stern-Volmer quenching formalism. As discussed
by Mitchell and Zemansky11 this approach to queﬁching is applicable
as long as the concentration of quenching gas iéliow.enough to avoid
pressure broadening of the absorption coefficient of the metal atoms.

The data of the three works discussed above can be used to derive

empirical éxpressions for the ratio T/TO such that
/1, = a+ bEL + c[(e)2]? . (26)

which are valid for specific ranges of mercury opacity. These least
squares deviation expression and their ranges of applicaEility are

1

T/t = 0.952 + 0.925x10" 3 (Hg)? (27)

when
£

1.0><1012 < (Hg)i < 1.0><1013 atoms/'cm2

for which the root mean squafe deviation, (% diz/n)l/z, in T/To is

.o : 0.114 for the thirteen data points of lowest opacity, and

T/, = 0.209 + 1.33410° 2 gyt (28)

when

13
0.9x10° < (Hg)& < .90x10%* atoms/cm’
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for which the rms deviation, for twelﬁe data pdin;s, is 0.205. The
data of these three groups of workers can be fit over the entire

range of opacity by a quadratic function:

T/, = 0.836 + 1.008x107"2 (Hg)2 + 3.22x107%° [(wg)21® (29

with rms deviatibn of 0.222;

Alpért;_gg_él.z meésured.thé imprisonment lifetime in pure mercury
vapor, which was contained in a cylindrical vessel by observing the
decay of 2537A fluorescence pefpendicular to the direction of the
exciting radiation. They.synchronized the chopped light source with
the triggering of an oscilloscope. Mercury pressufe vafied from

14 16

2x107 " to 3x10° atoms/cm3 in a cylindrical vessel of radius 1.30 cm.

Not all of their dafa is:shown in Fig. IV-4. They note that below
1.5><1015 atoms/cm3 of mercury, T/To agrees very well wigh the
predictions of Holstein's theory for cylindrical geometry, although
"Fig.'IV-A shows_that a straight line which fits smoothly through this
data would not connect smoothly to the data collected by the other
three groups of workers. The fact that Alpert 'gg_gl, used pure
mercury vapor at ﬁuch higher concentrations than the other workers
who used mercury along with a quenching gés may be related to this
discfépancy. Mereury—mercury interaétions m#y be affecting the
imprisonment phenomenon.at higher pressure.

A reasonabie aﬁproach atcnnstructingva function fbr T/T0 which
is valid over the entire range of mercury opacity shown in Fig. IV-4

4

would seem to be the use of Eq. (29) for (Hg)R < 0.6><10+1 atoms/cmz,
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with the simplifications of Egs. (27) and (28) for’the opacity ranges

shown. For (Hg)l = .6X1014

T/To can be estimated to within 25% of
the,experiméntal values by the. smooth fﬁnction which connects the

highest points of Thomas and Gwinn's data with the data of Alpert,

‘et al. This function is.represented by

\

T/t = - 5.92 + 2.104x10713 ()2 + 1.989x107%8 [(Hg)2)?  (30)

in the range

4

0.6x10%% < (Hg)2 < 2.5x10™* atoms/cm?

with rms deviation in T/To = 0.419. The linear_function

T/t = - 9.61 + 2.763x1073 mgye . (31)

fits more Crﬁdely, with rms deviation of 0.741 for.thé same range of
mercury oﬁacity represented b& Eq. (30).

Table IV-1 presents the imprisonment funcﬁidnébwhich have been
derived here as well as the opécity ranges for which each is valid.

Most of the kinetic data which will be presented éubsequently was

. 13 o ' .
obtained with initial mercury opacity < 4x10 atoms/cmz_so that

Eq. (29) is the most useful imprisonment function for this work.

Here the path length through which resonance radiation must dif fuse
has been taken as the radius of the reaction vessel. Since the
exciting radiation cylindrically surrounds the reaction vessel, -the

diffusion length for the thin wedge which is subtehded by the viewing

tube varies between 0 and the value of the diameter of the vessel, 5.0 cm.



Table IV-1. Empirical Relations for the RAtio of Imprisonment Lifetime to Natural Lifetime for Mercury

T/T
/O

/T

0.84 + 1.01x10" 13 (Hg)2 + 3.22x10™28 [(ug)2]?

T/T

/0

T/T
/0

T/T
/0

Quadratic Functions

- 5.92 + 2.10x10° 13 (ug) 2 + 1.99%x107 28 (ug) 212

Linear Functions

0.95 + 0.925x10" 13 (ug) 2
. -13
0.21 + 1.33x10° 13 (ug)2

- 9.61 + 2.74x10713 (Hg)2

1.0x10%

6.0x10"

1.0x10%
9.0x10t

6.0X10l

2

3

2

2

3

<

Y/

<

<

<

<

Opacity Range

(Hg)? < 9.0x10%

(Hg) 2 < 2.5x10%

(Hg)4 < 1.0x10%

1

(Hg)L < 9.0%x10 .

(Hg) & < 2.5x10%

3

4

3
3

4

atoms/cm2

atoms/cm2

2
atoms/cm

2
atoms/cm

atoms/cm2

RMS

Deviatidn

0.22

0.42

0.11
0.21

0.74
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The radiusléf the vesséi is thus only-a t?pical qiffusion length
which approximates the average length throﬁgh which'photons at 2537_A
ﬁust undergo furthervabsorption and emission prdeesSeé after their
initial caﬁture By mercury atoms.

4. Axial Variation of the Ground State Mercury Concentration

Because of radiation imprisonment the lifetime of Hg* in the
reaction vessel depends on the ground state mercury concentration

as discussed in the previous section. The steady state scheme which

governs the reaction kinetics must be modified to include the affect

of imprisonment. The rate equation for the destruction of ground state

mercury; Eq. (8) becomes, using Eq. (26), since k2'= kzo-Té/T

d(Hg) kpky I(Hg)(C1,)
ac '

) =k, mgcl) (32)
kzo{a+b(Hg)2 + clHR)R]7}TT + k(L)

Rearranging Eq. (32) yields

. : , -1 . .
[k,°(a+b (Hg) L + c[(HR)R)®) + Kk, (C1,)] d ()

- I dt
klk3(Hg)(C12)

o
= k, d(Hg) ., d@g) 53
gk, (C1,) () {avb (Hg) 2 + cl(ug)2)?} . K MR

the solution‘of (33) when c{(Hg)Q]2 is very small compared to b(Hg)2

is

(o]
__~[¢ Idt' = “2 1n (e) Lath(te),"] + L g, (e) (34)
A - ak;k,(Cl) (Hg) [a+b(Hg)?] St (Hg) ‘
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Here (Hg)o is the mercury concentration at t = 0, which occurs at the

upstream end of the illuminated region of the reaction vessel. kz'o

» *
is the decay constant for Hg when imprisonment is unimportant:l

k,® = ro"l - 0.876x10° sec™l (35)
Rearrangement of Eq. (34) yields ‘ o
k, +k,(CL,)
a klk3(C12) t : | i ©
- — I dt : 2
' o a+b (Hg) a
e _ k2. (o} - o (Hg) (36)
‘ a+b (Hg) (He) '

In the most general situation Eqs. (32) and‘(33)rshow that the
disappearance bf unexcited mercury is controllgd by a rate equafion
which contains ferms which are up to third ordef in mercury concentration.
This means that even explicit solution of Eg. (34) or (36) for (Hg[tl)
is not straightférward{ ; o
It can be seen from Eq. (32) that at sufficiently‘small;(Hg) the

will

axial decay of mercury will be first order in (Hg) and that k2

be given by
o .
k, = k, /a : (37)

This occurs either for sufficiently low (Hg)o such that imprisonment

12 atoms/cmz) or at. sufficiently

is unimportant (a=1, (Hg)? < 1.0x10
long times such that the initial unexcited mercury supply has been
extensively depleted. Under these conditions the axial decay of (Hg)
and of (HgCl") would follow Eqs. (9) and (10) respectively with

_ . o
k2 = k2 /a.



-99-

Axiél'decay of mercury which is first order in (Hg) also occurs
when the biﬁblecular reaction of Cl2 with Hg* completely dominates
the reaction mechanism. Under these conditioné an excited mercury
atom is much more likely to react Qith Cl2 than to radiate spontaneously

its resonant photon and Eq. (32) becomes

d(Hg) _ - x
0 = " klI(Hg) ka(HgC1 } . (38)

In this work chlorine préssures such that process (3) and ratetEq. (38)
dominate were not'employed, becaﬁse of the increased cdmplication of
diffusion and flow dynamic problems as the chiorine pressure was
increased. At high chlorine pressureé, chlorine itself would also
begin to quench the HgCl* to an uhknéwn exteht;

For'sufficiently high (Hg), a << {b(Hg)Q + c[(Hg)Q]z} and
the solution of Eq. (33) cpntéins a first order term, énd a.combined
second and third order term in (Hg). Because of this complicated
situation wﬁich results when radiation imprisqnment ié included in the
search fbr axial mercury decay functions, kinetic.infgrenéeé mus t
be made from the data in a way which does not deéend én the specific

Y

functional form of the axial mercury decay, as ofﬁen as possible.
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C. Results of the Kinetic Studies

1. Dependence of the HgCl(B+>X) EBmission on Incident Light'Intensity

The order of the reaction producing HgCl can be established without
knowledge of the accurate axial decay function for mercury. The

differential rate law

d(Hg) k ky I(Hg)(C1,)

dt  k, tky (Clz)

- -k, (ngc1”

~has a solution which is a function of the radiation flux integral
. A

-

J - Idt’
-0

- (mg [ff1de]) = £( L tae’, (HR) , (C1))) (39

kyky (CLy)(Hg [ © 1dt'], (Hg) , c1)D)

k4 (k2 + k.3 (C12))

(ge1™) _
I

(40)

Here (HgCl*)/I is the first order reduced emission intensity. (Hg)o
is the initiél mercury conéentratibn. The chlorine pressure is
assumed to be constant thrOughout the vessel so is.nét subscripted.

If thé'reéction producing HgCl* has first order dependence on
incident light:intensity all values of fhe firsf order reducea emission
intensity will fall on the same curve when plotted against ét Idt',
even if there is appreciable absorption of the incident radiation.

Figure IV-5 presents a semilogarithmic plot of the reSulﬁs of a
series of experiments in which the axial decay of (Hg01*) was ménitored
as the incident light intensity was varied. Both the HgCl* fiuoresdent

signal and the radiant flux integral are given in érbitrary units.
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Fig. iVQS. Dependence of the fluorescence intens1ty on 1ncident

'1ight intensity. Here the first-order reduced emission
intensity, (HgCl )/I 1s shown as a function of the

. radiant flux integral. The data were obtained at constant
'chlorine pressure by varying the incident inten31ty at

each monitoring position.
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The valﬁevof the radiant flux integral ﬁsed for eaéh‘point sﬁown:in s
Fig. IV-5 is proportional to the experimental valué'df the geomé;ric
portion of the integral of Fig. IV-3 and the number.of lamps used. . .
The first order reduced emission intensity at each monitoring point

was obtained by dividing the HgCl* intenéity by thé product of the
experimental radiant flux function Ie(x) analogous to that shown in
Fig. IV-2 and the number of lamps used. The backgrOuﬁd scattered
light seen by .the photomultiplier with twenty lamps in use was taken‘
as the light ihdependent part pf Ie(x). The initi#l mgrcﬁry concen;ra-
tion, chloriﬁe pressure, and flow velocity were heid constant in fﬁese
experiments. The light intensity was varied by switching on orvoff
some of the lamps which surrounded the reaction vessel, taking care

to illuminate the vessel evenly. To ensure constant temperature of ’
the vessel, the full bank of lamps was turned on at eéch axial position
for about 20 minutes before data were recorded. This.also allowed the
lamp intensity to return to a constant level. The Aata were time |
mormalized By returning to the first position, full lighf intensity,
before data at each position were recorded. Table IV—Z shows the
important experimental parameters and the time normalized data.

The data iilustréted in Fig. IV—S do indeed éonform to a»single
mercury decay function and are clearly consistent with a reaction
mechanism which is first order in incident light intensity at 2537A.

It can be seen that the grdund state mercury decay function falls by
a factor of roughly ten for the range of ét Idtc’ sthn. This

corresponds to a maximum illuminated length of 18.3 cm along the
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o * . . .
Table IV-2. Axial HgCl FEmission Intensity Variation with Incident

Radiant Flux..

a) Experimental Parameters

Mercury source temperature "~ 488°K
Mercury flow rate : 1.08x10%° atoms/sec
Initial mercury concentration 1.56><1013 atonis/cin3
Chlorine pressure o 0.361 Torr = 1;10><1016 molec/cm3
Flow velocity - 39.2 cm/sec '
k, , 1.66x10% gec™t
b)
v £© 1ae’ *
Monitoring I o. (HgCl )
Position Arbitrary Arbitrary Arbitrary
cm - Units Units o Units
0 . 0.354 0 1.08
| 0.506 0 1.16
0.708 0 2,24
0.860 0 2.44
1.120 0 2.77
1.8 0.572 1.26 - 1.73
0.818 1.80 2,22
1.143 2.52 : - 2,20
1.390 3.06 . 2.50
1.638 _ . 3.62 3.36
3.6  0.631 . 2.80 1.32
- 0.902 - 4.00 . 1,97
1.261 5.60 2,47
1.532 6.80 T 2,62

1.804 8.00 . 3.18
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 Table IV-2 (Cont.)

_ t .
Monitoring ) v é Idt (HgCl*)
Position Arbitrary Arbitrary ~ Arbitrary
.em . . Units Units . Units
5.1 - 0.658 4.13 ©1.59
co- 0.941 5.90 . 1.75
1.318 8.20 2.14
1.600 10.00 . 2.13
1.882 11.80 . 2.48
6.4 : 0.658 5.46 : 1.41
0.940 7.80 1.60
1.316 10.90 1.96
1.598 13.25 2.24
1.880 15.60 ' - 2.36
7.7 0.670 6.80 _ 1.19
0.957 9.70 1.39
1.340 13.60 . 1.76
1.629 16.50 . 2.03
1.914 19.40 2.32
15.8 0.686 16.10 _ - 0.81
' : 0.980 22.90 ’ 0.91
1.372 32.00 ~ 1,31
1.668 38.90 _ 1.35
1.960 45.90 1.36
18.3 0.658 18.55 o 0.47
0.940 26.50 o 0.79
1.316 37.05 i 1.13
1.598 45.00 ' 1.22

1.880 53.00 1.26
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cylindfical a#is of the feaétipn vessel, Déteétion efficieﬁéy limited
further axiél moﬁitoring of theremiséioh along the temaining 12.5 ¢ﬁ
of irradiated_axial reaction vessel length. ﬁhen the first ordérv
reduced'emiésibn intensity has fallen to'tﬁenty pe:éent of its v#lue
at t=0 the axial mercﬁry decay function becomes first order, as |
exﬁected from previous discuééion. H

- By combariéon‘Fig. 1IV-6 shows the sécond order reduced emission -
intensity (HgCi*)/I2 plotted against‘ ét Idt'. Héfe'the data do not
fit a singlevdecay function as smoothly. This means that reactioh
mechanisms whiéh show second order dependénce on incident iight
binfensity‘ére.not influencing the produétisn of‘HgCi*.to an important _...
extgnt."Two sﬁcﬁ'ﬁrcdesses, as discussed in Chaptgr‘III, would iﬁvolvé

extéitation of HgCl by light absorption or colliskon withvexéited

mercury:
1.y . 3
Hg('s,) + hw(25378) > Hg(’p)) (111-1)
Hg(’p)) + c1, > mgarx@HT+a 0 -1
agcrx=hH T+ mr > wgaeih o aIr-13)
.ng(3P1) +’HgCI(X22+)+ > Hg(lso) + HgCl(BZE+) 3 . (II1-14)

In either casé-(HgCl»)/I2 would be a function of ng Idt', although
Eq. (III-14) would show second order dependence on (Hg)o at t%O'ﬁithr

Eq. (III-13) exhibiting first order behavior at t=p.
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Fig. IV-6. Dependence of the fluorescence inteﬁsity on incident

light intensity. Here the second order reduced emiséion
-intensity, (HgCl*)/IZ, is shown as a function of the
radiant flux integral. A reaction méchanism which has
second order dependence on incident light intensity would

- produce data which fit a single smobth curve,
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If the mechanism responsible for the funmation of HgCl is first
order in exciting light intensity, the first order reduced emission
intensity.will be independent of the number ‘of lamps used at time |
zero. .Tnis is indeed the 'case for the dsta nresented_here, and can
be.seen by referring to the data at ét'Idt'¥0 in Figs. IV-5 and If§6.
Thus it is clearly_established that the most importsnt'process
'contributing to the formation of HgCl* showsofirst order'dependence
on the incident light intensity.

2. Dependence of the ggcl Emission Intensity on Ground State Mercury
Concentration and Chlorine Pressure °

At the upstream end of the reaction vessel the dependence of the
HgCl* emission intensity on ground.stste mercury.concentrationvand
‘chlorine'pressure can be investigated without reliance on the axiai
mercury deeay function. At the start of the illqminsted'region t=0
so that Eq. (10).becomes | |

I(Hg)o(clz)'”:

k. k
* 13 |
(HgCl') = : (81)
‘ kK, f, T EET
At lov chlorine ppessure k (Cl)) <<k, so that
. . kk, I(Hg) (CL)) D
. %* .
gty = Ao 2 (42)

2 4

" The mereury'concentration varies inversely with the chlorine flow rate:

o . o S ' ' %
and k2 in turn depends on (Hg)d,'so that the order of the HgCl forming
‘step with'resnect to (Hg)o and CClz) can be investigated by using

‘ : : *
appropriate reduced functions. First order dependence of (HgCl ) on
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initial mercury concentration and on chlorine pressure bredicts,

respectivgly, » * ‘ S _ S o

N

and * . |
kz(r(:g{?:l) - klt? ey )

The initial mercury concentration can be calculated from the known

flow rétes:of'mercury and chlorine, as presented earlier, by

F. (Cl,) N | -
(mg), = A E - e 2 (11-2)
Hg Cl2

where F means flow rate in particles/sec, T,.,. is the transit time

Cl
for chlorine through the vessel, given by .Eq. %II—4),>and V is the
vottume of the reaction vessel between its inlet and outlet arms. k2 _
is derived from Eqs. (29) and (35) with imprisonment path length £
chogsen as the radius of the vessel, 2.5 cm. )

Table IV—3vshows the values of important experimental paramefers,
thé time normaiized data points, and the imprisonment corrected
values of the first order decay constant, kz, which'apply to an
experimental determination of the variation of the HgCl*vemission_
intensity with mercury and chlorine concentration at a monitofing
position 3.86 cm from the upstream end of the illuminated zone of.the'
vessel. The rgaction mixture will have been perturbed slightly from

its initial.state but can btill be described approximately by the

initial conditions. Extrapolation of axial moni;bring data to time =0
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. I ~ T k- L e o
Table IV-3. Variation of (HgCl ) with (Hg)o and (012)" '

b

<c12)., - (c1p) (HB) " oK mgah©
Torr - molec/cm3  atoms/cm3x10-13 sec'1X10'6 'arbitrary UDiES
:5'x1615 ’ ‘

0.043  0.131 13 1.95  0.46 % .06
0.085  0.259 - 0.921 2.63 . 1.35% .25
0.129 0,394 ~0.702 | 3.23 1.89.% .09
0.170 0.519 0.637 3.47 2,31 % .06
0.252 - 0.768 0.518 4.00 2.554 .07
0.375 114 0.422 44 2.68% .05

. | £ .09

0.580  1.77 ©0.330 5.18 2.27

a Hg flow rate 3_.3OX1015 atoms/sec; source temperature 463°K
b kz =.k2 (TO/T) 32 = 0.876x10 sgc_

T/T_ = 0.836 + 1.008x107"> (Hig)L + 322310728 [(mg)21%; 2= 2.5 cm

¢ Time normalizéd data at x = 3.86 cm from upstream end of the
- 1lluminated zone of the reaction vessel. 10 lamps were used -
through out. : ' B
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for fhis seriesIOf experimeﬁts showed that the'fluofeSCence at 3.86 cm
had fallen typically to about 90% of its original value. Beéause the
range in mércury and chlorine pressﬁre a£‘3.86 cm.was'gréater than
for subsequent monitoring positions this data has beén more pseful
for these tests. Table A-1 presents the cbmplete a#ial HgCl* emission
intensity data of which the work referenéed here is part. The mercury
flow rate of 3.30><1015 atoms/sec was chosen as low as consistent wiﬁh
detection'efficigncy in order to ﬁinimize the effects of.fadiation,
imprisonment and to keep the absorbance of resonance radiation small
enough so that the incident 1light flux remains homogeneous thfoughout
the reaction vessel. |

Figure IV-7 shows the lefthand side of Eq. (43) piotfed
against initiél_mercury concentration, uéing fhe data presented
in Table-IV;3.  At léw (Hg@o the reduced emission i#tensity is first
order in (Hg)o; The negative deviation of the point at lowest (Hg)
from linearity is what is to be expected if appreciable'reaction is

taking place and kz(CIZ) becomes comparable to k Since this point

2°
corresponds to the highest chlorine pressure of this experiment,

0.580 Torr, this is consistent with a reéactive cross section of about

20A2. As the mercury concentration increases above O.637><10_13 atoms/cm3

;he reduced emission intensity actually decreases. This behavior leads
to the suspicion that at these mercﬁry concéntrations the incident
light has been appreciably absorbed. - Further increase in (Hg)d will
produce no moré increase in reduced emission.intensity because fhe

* ’ .
(Hg ) has been limited by the flux of incident light at 2537A rather




 Fig. IV-7.-

”a'function of initial mercury concentration. The data
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Reduced fluofescénceiintenéity, défingd5by Eq. (43), aé.

were collected 3.86 cm downstream from the beginning of

the irradiated region of the.reaction veése1. The dashed-

"and solid curves show éttempts at estimating the saturation

value of the reduced 1ntensity;.Fm; as defined by Eqs. (47)
and (48), which account for the attenuation of the incident

intensity by absorption.
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than by (Hg)o. The'decrease stbthe points corresponding:to tbevhigheSt‘
_mercurchdncentrstions mai.be'due to nonhomogeneity in the reaction
mixture.presentrbecause of sppreciable light absorption and the break-» )
down of viscous flow conditions at low chlorinebconcentration. |
Overcorrection of the data for radiation imprisonﬁent at high (Hg) could
also explain’the decreese in reduced emission intensity at.high (Hg), ,.
bnt there is no eesson to suspect coupling between the extent of
| absorption and the amount of radiation imprisonment. | _

If the incident radiation I has been appreciably absorbed as it
passes throngh the reaction vessel, the attenuation by absorption can

be approximately described by Beer's law:

rergh®r

: »nhere Iungthe attennated intensity, k1 is the absorption cbefficient
1and_2 is the path length. The amount of excited mercury isvthen

' prdportionsl.to the fraction of incident_lightiwhichxhas been absorbed,

and | | |

o . - k, (Hg)4
mg) = @, - 1y . (6)

j(Hg ) is the saturation value of the excited mercury concentration.
'A'oo is the number of absorption events per second Thus-the fluorescence '

intensity becomes E

ok . % : ;k (Hg) L ‘
Uell) A MB)L ne 1Ty W

e =k
(012) 3 ka
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in the 1limit of small k3(C12). F is proportional to Id-I' F_1is
proportional to Io when F_ 1is the saturation value of the reduced
emission intensity. The extent of light absorption can be showh’by
plotting I/Io as a function of mercury concentration. . Since

I -1 - k 2(Hg) _ .

o . 1-E o . 1 ° . (48)

I F
o] o ®

.-

this informatioﬁlis readily available from'the dété shown in Table
IV-2. Figure IV-8 showé l-F/Foo plotted an exponential-function of
(Hg’)o for F_ = 1.70 and 2.40. The slopes of the lines drawn throﬁgh
the experimental points can be chosen to agree with the values of N
k.2 predicfed when % is chesan as the diameter (5.0 cm) and radius

1

(2.5 cm) of the vessel. k. % = 6.16 and 3.08><10_13 cﬁ3/atomvfor

1
F = 1.70 add 2.40, respectively. These results show that appreciable
absorption of incident resonance radiation occurs even at this low
mercury flow fate. The absorbance is considerably-grea;er for this
experiment-fhan is peredicted from Fig. II-§8 and‘poihts to erfor in
thé earlier absorbance measurements. The two curves shown in Fig. IV¥7

show predictibns of the reduced emission chnnsityAffomAEq. (47) for

' F¥ = 1,70 ahdiZ.éO. The smaller value of E_ fits the éxperimental

points beﬁfer rather than the lafger value which corresponds to less A
“absorption. The deviation of measured values of the reduced emission
intensity from the calculated curves at low (Hg)g is caused by the

presence of appreciable reaction at high (C12) so that Egs. (42)vfo‘(445u
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are no longgr applicable sihce k3(Clé) ~ k2:
In'sdmmary, the dependence‘of the reduced emission ihﬁeﬁéity‘dn
mefcury éoncentration‘is eﬁtirely consistent ﬁith a reaction mechanisﬁv
which is first order in initial mercufy concengraticn. Copsi@erable
absQrptioh_of the incident radiation flux occurs»in the experimentél
work descfibéd here. Ninty percent of the incident-light:is absorbed’

at (Hg)o ~'1X1013

atoms/cm3. It is important to note here that this
estimate of the extent of absorption is conséstént wiﬁh the treatﬁeht
of radiation imprisonment which was discuséed earlier.

The depeﬁdence of the mechanism producing Hgél* on chlorine_preSSure
can be studied by testing Eq. (44). Figure IV-9 shows the reduced
emission intengity kz(HgCI*)/(Hg)o plotted as a function of (Clz),

with no correction for the attenuation of the incident light by

absorption. Rearrahgement of Eq. (47) produces

k, (ugcl™) Ky .
T exp (- & (Hp) _EJ kK, A, (Hg ), (Chy) - (49

which allows for light absorption. Figure IV-10 illﬁstrates the
lefthand side of Eq. (49) plotted as a function of (Clz)'for fw =1.70.
The data are clearly‘consistent with a reaction mechanism wﬁich is
first order in chlorine préssure. The deviétiéh'from linearity which :
each plot shbws at the highest chlorine préssures.points té thei .

occurrence of appreciable reaction.
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' _-Fig.fIV-QQ. The reduced fluorescence intehsiﬁj,'défined by Eq. (44),'
’ ; - as a function of chlorine concenﬁréfiqn. NQ absqrptioh

correction has been made.
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k2(HgC|*)/{1 -exp[- ko2 (H_g)O]} , Arbitrary Units
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Fig. IV-10. The reduced fluorescence intensity for Fm=l.70, defined

by Eq. (49), as a function of chlbrine concentration.
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3. Estinatesiof the Rate cdﬁsténtifsr He' +'c1nl4 ﬁgcl* + c1:

The deviation from linearity in the reduced emiSSion intensity at
high chlorine concentration which is present in Figs. IV-9 and .10
is an indication of the competition of reaction with‘spontaneons
emission for the destruCtion of Hg*, s0 that Eq,_(él) describes the
.expected fluorescence intensity when no conSideration.is made for:a
light absorption. Rearranging this equation prodnces the usable
" function | o | |
I (Hg) . k

2 1 o
= - + — . : . (49a) .

: *
I, (HgCL')

-The incident.light intensity I has been shown in the previous section
to be dependent on the mercuyy concentration and to follow Beer s law
for absorption, Eq. (45). Figure IV-11 shows (Hg)é/(HgCl ) plotted
against kz/(le) with no allowancelmade for this absorption. The data
dewiate from linearity most at low chlorine concentration. These
points correspOnd to the highest mercury’concentration-and‘therefore
are most affected'by light absorption. If these pointsrare neglected
an estimate of. k is obtained from the ratio of the intercept of

3
this plot to its slppe:

R

k3 = 0.48x10-10 cm3/molecule-sec ' .'_(50)

In the formalism.of collision dynamics the bimolecular rate cdnstantVF

isg related to_the reactive cross section O by13

k. = o ] D
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Fig. IV-11. The reciprocal reduced intensity as a function of the
) reciprocal of the chlorine concentration, Eq. (49a); :
No correction for absorption has been made.
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i_whereg;rel_is’the average relative ﬁelocity of the'collision partners:
- - ,8kT, 1¢42 .
Vel v(.ﬂm) ‘(52)
* ’ . . -,v_.- . . )
For Hg + C12 at 318°K, Voel =’3.586X104 cm/sec;v Thus ="13. AAZ
for k3 =='0'48><10-'10 cm3/molecule¥sec;

When light absorption is included and k (Cl ) is comparable to

k,, the HgCl intensity follows

2
-k (Hg) Z

Ny x ko A (Hg ) (Cl Yl-e - %y (53)
k,(HgCl ) = - 53

A i, + 'k3(012> |

. which can-easily produced
-k (Hg) L v Kk E . _ S .
i-e(ﬁ c1%) ' *2. + ‘js?%—;y1’ o (54)
8 koA (Hg ) (Cl,)) ~ TwUBTUe

g Fignre_IV—IZ snows- [1 -.exp(-k Q(Hg) ]/anCl ) plotted as a function ' :
of k,/(Cl,) for ¥, = 1. 70 and 2.40 using the data of Table 1v-2.

' The raties of intercepts to slopes give the estimates-of k3 which are -

presented in Table IV-4. The points corresponding'tO»the highest and .

lowest‘values of kz/(Cl ) were not considered in drawing the lines.

_As presented earlier F_ = 1.7 appears to fit the reduced emission _
':*intensity-data’of Fig.»IV-7‘better than F_ = 2.4, Thus, depending

ilon;the extent of absorption andjthéjchbice of the slope and 1ntercept

of Fig. IV-12,‘k3vfalls in this range
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Fig. IV-12. The absorption corrected reduced emission intensity

"shown as a function of k2/(Cly). For each value of

Foo the lines marked I and ITI indicate reasonable llnss

drawn through the data for 0.4x10” 9<k2/(C12)<0 9%10 The

‘resultant estimates of the bimolecular rate constant k

are shown in Table IV-4. 3
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-.Table'IV—4;v'Estimates qf.the Bimolegular Rate ConStant'for'Hg(3Pi) +

1. » Hgel (8% + a1

2 2
, T
Intercept - Slope k3%10 2
Conditions Source Arbitrary Arbitrary cm3/molec-sec o A
L ‘ ' - Units Units. - ' '
No treatment  Fig. IV-11  0.018 ~  0.383 - 0.480 15
of 1light ' : RS
abgorption I ,

. F_=1.70 . Fig. IV-12  0.0855 0.444 - . - 1.94 - 54
F_=1.70  Fig. Iv-12  0.1021 0.414 2,47 69
F_=2.40  Fig. Iv-12  0.0122  0.406 - 0.30 8.4
F_=2.40  Fig, Iv-12  .0338  0.368 . 0.93 = 26

' 'Axiéi variatibn - | .>‘ a : a o
. of HgCl* with = Fig, IV-5 - C - - 0.19 - 5.2
ét,Idt' and i ‘ '
F_=1.70

‘& See Equatiohs (58--65)
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O.30X10—1OV < k3 < 2.5X10_10»cm3/molechle-seé B (SS)'

with reactive cross section,'
8.4 < o < 69A% o (56)

The greaterAthe extent of ligﬁt absorption, tHevlarger.an eétimAté of
k3 results. » A |
This estimate of the rénge.of thevbiﬁolecular.rate c&ﬁstént k3
must not be taken as a definitive determinatioﬁ_forvsevéral reésénsL
First, the treatmemt of radiation imprisonment depends on knowiedge"
of the ground staté mercury concentration and on‘éhoiée of the
imprisonment path length. Any nonhomogeneity»in the reaction mixture .
at the monito?ing point &ill produce unte?tainty in kno@ledge éf (Hg)
and affect fhe amount of imprisonment. Therradius'of the reaction
vessel seeﬁs the best choice for a typ;cal imprisonmént path length
since that distance can ﬁ;:y between zero and the aiameter of the

vessel. Another caution applies to the treatment of the extent of

absorption. -Beer's law has been assumed to describe the absorption of

resonance radiation by mercury atoms throughout the range of mercury con-

centration shown in Table IV-3, but the absorptioh deviates negatively from

Beer's law predictions as the mercury concentration is increased.
Even if Beer's law adequately describes the variation of absorbance
with mercufy concent¥ation there‘is uncertéinty in the appropriaté

choice of absbrption path length, especially since.choice of either
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"Eheiradius‘df diametervyields’a reasonable;fitftoIthe‘data of'Fig ’IV;7;
With no correction of the data for absorption a value of k3 results
which is at the low end of the range shown in expression (55) More
confidence could be placed in a value of k3 which had been obtained
from_several-meaeurements of the variation of HgC1= intensity'with
mercury and chlorine concentrations if lower mercuryuconcentrations

h were used’so that radiation imprisonment and'attenuation of the incident
'd light flux.by'abSOrntion.could be ignored. The nositive aspect’ot'
-presenting such a measurement of the range of k3 is the fact that this
knowledge adds further ‘confidence to the reaction mechanism which has

: been postulated to explain the origin of the HgCl(B E~) > 'HgCl(X 2‘)'

' emission.. o o | | o |

. The. cross section range given by (56) can be compared to an’ esti--

materof the hard sphere collision cross section j'.

. d}[g+ dc]_ ‘ . L .
e ()
' ~.‘F0r the moleCular:diameters d-listed in Table II-lJ'O = 40A2;.'Thus.

hﬂthis work predicts a reactive cross section comparable to the gas_
_kinetic ‘collision cross section.
An,estimate_of the lower limit.of the bimolecular‘rate:constant'
"icanjhe.derived'using the data~presented in Fig.-IV;SIWhichrshows the.
hvariation of (chL*)/I_with‘che incident radiant flux 1ﬁtegr§1"£F Idt'.
.As discussed in section B.4, for sufficiently long reaction time the

mercury concentration will have fallen todéuch an extent that radiation
‘. : ' v
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,imprisonment becomes unimportant and the axiai variation 6f mefqury.is .
a-siﬁple_éiponential décay. ‘Hére fhe sfraigﬁtforward decéy'funcfiéh

of Eq. (9) holds for (Hg),and_(HgCl*) varies according to Eq. (10). e
Thus, the slope of the first.order line at high gtzldt' oﬁ‘Fig. IV-5 |

can be used to estimate k3 if absolute values of ét Idt"and klbarev

known, since

k, (HgCl ) k. k_ (Hg) (C1,) k_k_(CL,) t . -
1n _L_I__ = In {2 3 o 2 - L—z f Idt' . (58) -
e k, + k;(C1,) k,+k, (C1,) R

2

gt Idt' can be estimated from the rated maximuh illuminance perpendicular

to the lamp axis at 10.16 cm fromnthat akis.

I(15.8 cm) = 9.5 millivatts/cm® = 1.20x10" photons/cm’-sec  (59)

- for 1 lamp, or

~I. I(t)dt = (L><1.2X1015 photons/cmz-sec) t (60)

where L is the number of lamps and t is the reaction time;v_A;.the
midpoint of the illuminated region of the réaction;vessel t = 15.8 cm/

39.2 cm/sec = 0.413 sec and; for 10 lamps, U ' : . o

- £0.413 5 , o .
.f. 1dt' = 4.8%X10 ~ photons/cm™ . ' (61) v

For x=15.8 cm v ét Idt = 22.9 in the arbitrary units of Fig. IV{S

so that

{,t Idt’' = 2;1><1014 pho'tons/cmzzper atbitrary unit of v {Jt‘idt' . (62)
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_‘This estimate of f Idt'-applies only to the‘data of Table IV—2 and

3 Figs. IV-5 and 6. The incident light flux will be attenuated by light
absorption. dFigure IV-5 shows that (Hg) ~ Q.38(Hg)o = 5.9><10-2 atoms/cn3.
When n;gt.ldti =20.0 arbitrary‘units,-for whiCh.I/lo = §.4le_3,‘u§ing
(Hg)° fromlfable IV-.2,‘k1 = 1.23XI0-13 cmz/Hg atom_and'aSSnmingvBeer'a:

~ law absorption with Fw = 1,70.
../. Iodtf_~ 2.0x10"" photons/cm™/A.U. " . - (63)
A e . o _

Using Eq. (S8)_yields the slope S of Fig. IV-S_as"

kq(C1y) 14 2

'S = Eﬁ;E—?EI—y ‘0;89X10_. cm (64) o
2 2 o
: Reartanging Ed.-kSA) produces, for k2'=v3,é1¥106isecf;‘and (Clz).=
1.10x0% wolesen® "
| ck3‘;v0;l9XIQ_11 cm?/molecfsec 3 ._ S (55) '
o =5.2 A?

This method of estimating the bimolecular rate constant predicts;v
a value which 1s up to an order of magnitude lower than that obtained»
'from the (HgCl ) dependence on (Hg) and (C12) at4t=0 as discnssed
earlier in this section, Because the mercury concentration-was:known
.more accurately in that work, the'effects of radiation'imprisonment
and incident light absorption ‘could be at least approximately treated;

giving more credence to k3 implied by. that work. The second method )
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1

of éstimatipgfk3 relies on tﬁe applicability pf_a firét“ordér axiai _
decay functionAfor mercufy whiéh may.not be correct,»espeéiaily_due

to the complicafions of uncerfainty in knowledgeiof.the extent of'
radiation.imprisonment and light absorptioﬁ. - The léffer méthod aléo'. 
relies on_anvestimate7of the light output of thé lamps from the
ménﬁfacturer's.data_which is almost certainiy higher than the light
flux transmitted through the suprasil vessel, which may have been
contaminated.by.ultraviolet abéorbing éompopnds ﬁfesent, for example.
Thus this estiﬁate of k, is a lower limit only. |

3
: * :
4. Quenching of HgCl Bmission by Chlorine

% . .
The possibility of appreciable quenching of HgCl by Cl2 has been

ignored in these kinetic studies. It is possible to assess the relative

importance of

.f.

* - - :
HgC1l +_C12 »> HgCl +-Cl2 : _ , o (5)

by reference to experimental data. If process (S)vis impoftant, the -

initial state of the reaction mixture will follow

T . ' v
‘ , I o
(uge1") = 11:34(-:g(z:ic;2) = Ix tik?ciHii?xicii)(c1 T (66)
: ' 475 2 o 273 2 4 57772
rearranging Eq. (66) yields
I(Hg)o(Clz) ' - : 7:_ g B
kyly =2 = gk + (kg Heokg) (CLy) + kgkg(C1))° 6D

(HgCl1 )
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if apptecieblé absorption of incident radiationvie.bcehrfing;‘the'l
'kemiseion intehsity is more accdrately described by -
. * : . :
o kg AEEH_ (1) -e 01
(HgCl) = ——~ e (68)
[k2 f k3(C12)][k4 + kS(Clz)]. g

Inversion,end rearfangement of Eq. (68) produces

- kll(Hg)o
k, A (Hg ) (c1 )(l—e ' ) o o
— =k, k +'(k k +k k )(Cl ) (69)
+ k k (Cl )
- k Q(Hg)

1 )/(HgCl ) plotted as a’ functionv

| 'jFigure IV-13 shows (Cl )(l—e
of (Clz) for the data shown in Table IV-3, with F_ =‘1.7Q; ‘Neglecting
the two points of lowest chlorine concentration, the deviation from
lineetity becbmesvimportant Aﬁ1y7f§f (Cl‘) > 1, 2x101§ molecules/em3,'
and part of this deviation is due to the variation of k2 with (Cl )
These results show that quenching of (HgCl ) by (Cl ) is unimportant

for the 1ntermediate range of (Clz) which has been,utilized for most

~ of this work.
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A test for quenching of (HgCl*) by C1

Fig. IV-13.

2°.
The ordinate variable is defined by Eq. (69).
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V. SPECTROSCOPIC STUDIES OF THE HgX (B-X) EMISSION

"A. Introduction

The chemiluminescence which accompanies the reactiOn*of"Hg(bsPl)
with the halogens has been established to ofiginate from the

bimoleculér brocess

Hg(?Pl) +XY > Hg‘X(ﬁZEJ") +Y
which is £6116wed by light emission

HgX(BZ2?+) > HéX(X22+) + h\)‘ " ..

In this chapter the resultant spectra wiil be presén;ed and discussed.
The intensitylvariation amqng the vibronic bands contains infdrmation'
about the.diétfibution of energy between the producfs:of the reaction.
The principaljgoal of theée étudies has been to-extfact this information
because of the insight it provides about the_dynamics of the reaction.
It is also_poséible to obtain an estimate of the dissociatidn energy

of the ground state of HgX from‘its chemilqmihescent spectrum;‘and

this has been done for HgCl. Similarly, the éngrgy_distriﬁution resﬁlts

apply to the Hg* + C1, system only. For the other hélogen species

2

studied herg only the emissiqn spectra themselves ﬁill be presented

-

and discussed.
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7 B, Chﬁracterizatidn of the EmiSsion for"H&f + clz

1. Comparison of the Chemiluminescence Spectrum to the Spectrum of

HgCl (B>X)

Vibrational analysis of the HgX(B>X) spectravhas been performed

by'Wieland'for HgCl,lmHgBr and'HgI 2 Very complicated emission
spectra were obtained by electric discharge of HgX2 and only when
large amounts of nitrogen were added to the Geissler tube to relax
wibrational_energy could’ he begin*to order the observed‘bands,
Figure V-la shows a photograph of thengCl(B4X),emissionvwhich was
obtained by Tesla discharge of a small amount of slightly warmed

-HgCl in 5 Torr of Argon. With slit width of 50 microns exposure

2
time for the lOSaF plate was 30 seconds. The pronounced intenSity"
-maximum at about SSSOA for HgCl and the sharp fall off to the red
of that maximum are characteristic features of the ng spectra.
vBoth red and blue shaded bands appear, and except for the v ‘0
h'progression which is indicated on the figure, it is difficult to see” .
:.much of the ordering of vibronic bands in the region shown The |
'frpresence of two stable isotopes of chlorine in an abundance ratio
'vof mass 35 to mass 37 of 3tol introduces further complication.
‘Wieland deconvoluted this spectrum by using pure HgClz37vin,the
'-discharge tube and by observing the simplification’of ‘the band-
.,'structure as the pressure. of nitrogen was increased.. lhe'blue shaded-;u

fbands disappeared entirely, the extent of the emission towards the

:violet-decreased; and he could pick out the low v' *progressions.
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The'well or@éred red shaded bands at low wéveiengthiﬁith ﬁq nitrogeﬁ '
could then bé assigned to high v' transitiohs.‘ Aftef'cbnsfructing” ‘
estimates of the potential curves for the B and Xvétates of chi the
reversal ih shading could be understoo&, énd the biue shaded could)'
be'tied to the.same electronic transition. vA large ﬂisplacement_of
the.upper staté poféntial to 1arger r compared to fhe ground statei
is indicate& By.the intensity maximum invthé v;=0 progression atr
v'"=21 or 22 and by their red shaded charaéter. Fﬁrthei discuésion
of the potehtiai curves for HgCl wili be presented>later.

The emission spectrum obtained upon ir;a&iatioh of_Hgvand Clé’
in the flow system is shbwn in Fig. V—ib and c. Chlorine pressure
was 0.35 Torr in the reaction vessei with Hg flow rate 6f 3._5><1,0'1‘6 atoms/sec;
the same gfating setting and Plate type weré used as for'part d_of this
figure. Parf.d’shows ﬁhe Background light emission>with no mércury
or chlorine in the irr#diatedbsystem. ‘The plate recérds‘fhe scattered
light from the exciting lamps. With slit width'of 150 microns the |
exposure time was 150 minutes for parts d and b.. Paft_c is-ano;hef
print made from the same plafe as paft b; The suptAsii vessgl was
used with no filter sqiution or baffles. Tﬁe_compafison.of the cﬁemi?
luminescence spectfum torthat of the khowp discharge source of HgCl -
had to be made photographically because the instability of the diécharge

and the electronic noise caused by the Tesla spark made photoelectric

detection impossible. -
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Fig. V-1, HgCl(B22+ -+ X22+) emission spectra. a) Tesla discharge of warmed HgCl2 + 5 Torr
of Argon b) and c¢) Emission from Hg(B?l) + Cl2 (0.35 Torr) d) Background emission

from the reaction vessel. Wavelengths of atomic Hg lines are indicated.
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-Direct,édmparison of parts a and b shows that nearly all ﬁhé_band 

structure of the chémiluminescence-spectrum appears on the discharge

Spéctrum‘butvthe éonverse is not true. . The blﬁe'shaded bands, some of

which are in&icated on parts b and ¢ with v'=27 to 15 and'v"=39‘and’40,v»v

are common to both the emission spectrum of HgCl excited by Tesia‘
dischafge‘of.HgCIZ and to the chemiluminescence spéctrgm,'but.the
intense sequences whose first members originate in v'=0 are coﬁplétely
missing‘from parts b-and ¢. The discharge spethﬁm‘is more complicated:
than the chgmiluminesceﬁte spectrum and also has.appreciable intensity

beyond both the short and long wavelength limitsfof the latter. 'This

occurs because the discharge spectrum reflects a different vibrational v

population of the parent HgCl* molecule. In both cases the upper state
population is non-thermal, and apparently very little population of
the low v' levels of the producthgCI* results f;oﬁvthe‘bimoleculaf

reaction of Hg* with Cl1 "It is important to note that the discharge

9
does indeed produce the same molecular spectrum as Wieland observed

in his Geissler tube, and he has unambiguously assigned it to the
transition HgCl(B E+ g X22+). His spectra are réprdduced in refereﬁce 3

for natural HgCl and in reference 1 for HgCl37.

These observations
establish that the molecular emission which has been observed to
accompany the reaction of Hg(3Pl) with 012 is due to radiétion from

ngc1 82zhy .
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2. Spectroscopic Information for HgCl(Bzzf) andiﬂgCl(X22+)‘

Table V-1 shows the spectroscopic constants derived for HgCl

'from vibrational analysis of the (3000—5700A) emission. Except for

the dissociation energy of the ground state, these are Wieland s
values. The energy v in cm -1 _emitted or absorbed by HgCl during a
vibronic transition in this region is-given by_thejdifference in-

energy between the two levels®

V=T +G'-G"
S Te

= LY. | _]_- v‘ [} l '2_ " " l "' " l 2 ) " l 3 " 1"
Te-"me(v +2').—wexe(v. +2) [we(V +2 )_wexe(v +2? “*fe’_'e(”.'+2.)_ _w z (v + ) ]

. As isioonventional the superscript prime refers‘tovthe,upper state .

" and the double prime to the lower state involved in the transition,

with v' and v" labeling the vibrational levels. Te measures. the

diffefence in energy between the potential minima of the states.

G' and G" give the vibrational energy measured from the respectiVe’

minima. Note that whereas the upper state can be described by a

potential energy function which predicts energy levels nhich are

”qnadratic in‘(v'+1/2); the lower state needs a potential function -

which produces terms up to (v'+1/2)4-1n its energy expression.

The disSociation energies refiect the relative instability;ofvtbe ,

ground state cdmparedbto the upper state. For both'steteS'valnes.of -
lDZ were obtained from Birge-Sponer plots of ghe observed vibrabional

quanta as a function of v-according to

Ac(w%) = G - G(v) R @
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Table V-1. Spectroscopic Constants for HgCl35.

Hgcl(x’zh)  mgare? ty
W, 292.612 . 192.0 v'<30
: 186.3 v'>30
“e¥e 1.6025 0.50 v'<30
0.40 v'>30
Wy 1.493E-02
e’e
wz  3.3E-05
e’e ,
¥ ‘ 2.5A _ 3.15
e
D’ 8463° 21753
1.05 ev 2.70 ev
T : 23421
o _
o : 29.79 amu

411 values in cm_1 unless otherwise noted. These constants are derived
from the vibrational analysis of HgCl; see K. Wieland, Helv. Phys. Acta
41, 420 (1941). ‘ '

b'I‘his estimate of Dg is based on the Birge Sponer extrapolation
illustrated in Fig. V-2. An experimental estimate from the low wave-
length limit of the chemiluminescence spectrum predicts D921.05 eV.
See section V.D.3. ' €
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where G(v) represents the vibrational term value. For an energy

function which is quadratic in v, AG(v+1/2) is linear in v, since

. 1. - - | . »
AG(v+3) = 2f»exe (). v (3)

The dissociation energy, calculated from the minimum of the quadratic'

function becomes

p° = & - | )

For most mblecular states this value is higher»théﬁ ché true
‘udissociation enérg& since (v+1/2) terms of higher power than 2 are

" required to pfedict the position of vibrational.léQeis. If curvature
can be seen'in a Birge-Sponer diagram, a more aCcufate estimatg'of the
dissociation energy resultsvwhen the curve_is-extrapolated to

AG(v+1/2) = 0, and

vmax S o : :
D2 = T AG(v+1/2) - i (5)

o v=0

where vmax.iS”ﬁhe'vibrational lével'nearest'to5which theveXCrapoiate§ ;
value of AG(v+172)fis zerd; Figure V-2 shows a Birgé—sponEflﬁlot
-for the grdund staﬁe of HgCl,‘using iﬁs average vibrational spacings-:
v as'derived from‘the positions of baﬂds of constanf_#' aé'lis£ed;in o
Table 1 of reference 1. The lines marked T and IT indicate that in
'; some restric;ed'tangéé of v, AG(v+1/2) is.linearvin v. Reference_:'v

will be made later to these lines in the derivationléf quasi-Morse



4. N
D= % AG(v+%)=8317cm ™ =1.03ev

- v=0
D3 =8463cm™ = 1.05ev.
20~ o o
ol b by b b b b breg Lo Loy
0. 5 10 15 20 25 30 35 40 45 50

X8L 743-5907

¥ig. V-2. Birge Sponer extrapolation for HgCl(XZZ ). Two regions of approximate
: " linearity are marked I and II. ' . .
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parameters for HgCl. The curve drawn shows the expected non-linearity
in v, but a reasonable extrapolation can be made to AG(v+1/2) = 0,

which predicts from Eq. (5).

DO = 8317 cm " = 1.03 ev (6)
and

p° =0° +w /2 -wx /4=8463 cm * =1.05 ev .
e (o] e e e -

This value of D:_is shown in Table V-1 for HgCl(X22+). For the B state .
a Birgé-SPoﬁer plot should be linear in v. Wielap& estimates i;s |
, dissociation energy Dg as 21753 cm—1 or‘2.76 e?.

Rota;ioﬁél'analysis of the vibronic bands would be requirea to -
defiQé‘accufaté valueévof the equilibriﬁm internucleaf separation in
each of these'étates.' For such a heavy molecule'ﬁhe totationél |
‘levels are very closeftogeﬁher so high resolving power is required
of the spectrometer an&ja'high inteﬁsityISOurce of thé emission is
necessary. Alternatively, infrared studies of ail@ﬁed_rotational'and
.vibrational.transitions within eaéh electronic state could Be used
tb'deriﬁe vaiues of re. As expected such‘studies héve'not been made,
so other methods of estimating ré for the ground staie ﬁust»be used;
Once an éstimaté of re" is made, re'_can be deduced from the intensify
. "variation of the observed bands, and potential enérgyAcuIQes can'bé

drawn for the two states.
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Wieland argues that since average energy per bond in HgClz‘is
higher than. that of HgCl(2.02 ev5 compared to 1.05 ev), and the
symmetric vibrational-frequency in.HgCl2

293 cm_l for the fundamental frequency in the diatomic molecule, it

is 362 cm * compared to

can be expeéted intuitively that the bond lengtﬁ'is shorter iﬁ_the
triatomic fﬁén in the diatomic molecule.because of the stronger
bonding bet@eén the atoms. Wieland quotes three'me§suremengs of the
bond length in HgClz, obtainedvfrom x-ray and eleqtfon diffraétion ..
studies, which give an average value‘of 2.2910.04A.6’7 For ‘HgCl
Wieland eventually chose to use re"=2.5A, apparently soméwhat
arbitrarily. Since the most intense.emission band from v'=0.ha$
v"=215_he aséigned re'=3.15A because a quasi—Mbrée'potential'prédicts
this as tHe classical turning point r+ for v"=21. These values come

close to satisfying the empirical rule discovered by Birge and Mecke8

that for different electronic states of the same molecule, -
2
w r =~ = constant
ee

For ren = 2.50A this rule is best satisfied for re"='3.09A, But;bur
Franck—-Condon factor calculations for these values of equilibrium‘
internuclear distances would predict the most intenée emission band

from v'=0 to occur to v'"=18.

Other methods can be used to estimate'the equilibrium. internuclear

separation in HgCl. A useful empirical relation is Badger's rule.98
This relates the internuclear separation to the force constant.for

infinites simaliy small displacement of the nuclei from their

equilibrium poéitions:l

"
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F = 5.883 x 1072 CR dynes/cm

for,uA, the reduced mass in amu and the vibrational frequency in cm
As revised by Herschbach and'Johnston,gb’c Badger's rule can be used
for estimating internuclear distances from_knoﬁledge of me and the

row in the periodic table in which each atom occurs, according to .

.re = aij - bijlogloF

«

for 1 énd.j labeling the rows of the atoms. . Johhston has presented

a table cdﬁtaining aij and bij values for i and j<4 and has shown

the validity of the predicted r, values by comparison to experimental
data. Mercury, however, belongs to row 5, and only hydride T, values
" are known for fifth row compounds. Figure V-3 shows Johnston's

values of a ;fand b for js4 from which it is possible to extrapbléte

23 25 .
values of 2.64A and 0.82, respectively, which_apply'to'

3,5 and b,;

 HgCl. Fof.wé=292.6 cm re"éz.SOA using.these empirical extrapolated )
.constants. 'Surprisingly close agreement to Wielaﬁd's estimate of
fre" is fbund,f'Admittedly this estimate is'obtéihea crudéiy and should .
“not be taken as avdefinitive value for re". For the B.sfaté_of HgCi':
wifh'we¥192‘cm_l-Badger's-rule predicts re'=2.70A'which.is cettaihly :
,foo small if'r;" is close to 2.5A And-phe'vibratiénal.analysis of Fhe
.émission>spéctrum is correct. Badger'é‘rule"holds.less well for
ionically béund gaseous'molecuies"than for covaieptly bound molecules,
-~ 80 the.estimate of r, for thé'grqund state 6f HgCl.is exﬁected.té'be

more reliable than that for the B state which has appreciable iqnic'

character.
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Fig. V-3. Badger's rule parameters for compounds of the second

row of the periodic chart.
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The dissoc1ation energy of alkali halide molecules into ioms,
D (M X ), correlates well with the bond length of the ionic molecule 11
The bond_length of the_B state of HgCl can be estimated from‘thatv-
correlation and it gives an idea ofvré to bevexpected if the B state

'dissociates to ions. The ionic dissociation energy is

. DO(M+X') = D_(X) -l-_I(M) - E(X) - . 0)

where DO(MX)_is theldissociation energy of the neutral molecule,_I(M)
is the ionization potential’of M and E(X) is the halogen atom electron

. o.,... ..k 12 13
affinity. For Do (HgCl ) = 2.69 eV, I(Hg P ) = 5 57 ev, and

E(Cl) = 3.61 eV,14 Do(Hg+Cl_) = 4.65 eV. Thus Fig. 5 of reference 11
.predicts r;l= 2.9A, Since the B state is not really an ionic state,
its actual'equilibrium internuclear separation is expected to be greater
than this since the attractive force is less_coulombic and the nuclei
are further senarated than for alkali metals.
The Badger's rule estimate of re"éZ.SOA and the ionic mooellsva

.prediction.of:re' > 2.9A do not contradict Wieland's crude estimates
of r e" = 2. SOA and re' = 3,154, 'In the calculation of the relative'v
population of vibrational levels of HgCl formed in the Hg + Cl
nreaction, it will be shown subsequently that accurate knowledge of

bthe internuclear_separation in‘either state is not essential and
f3that only their relative.separationumust be well‘estimated in orderl
-lto construct a meaningful set of overlap integrals whlch can be comblned

'Xwith spectral intensitles to extract vibrational populatlons
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C. Background Information for the Interpretation
: of Spectral Intensities

The intensity of an emission band in quahta/sec is related to the

population N , of the level v' by15

1 =,NV'A v =

vivl © 3h . v : ‘v.v (11)

Here Av'v" is the transition probability, the Einstein coefficient
for spontaneous emission, vv'v" is the frequency of the transition,

and Rv'v" is the transition moment or matrix element.

S . . V' - - v" . B .
Roagn = S0y [Mpty. ) y | (12)

|
Here we.and wv refef to elgctronic'and yibrat?onal Qajefunctions
respectively and M is the dipole momentioperatof. IﬁAorder.to extract
relative vibrational populations from the observed intensities bf tﬁe
vibronic bands of HgCl if becomes necéssary to caiculate their
transition moments, or to use sum rﬁles, or both. Because the motion
of the electron involved in the transition is fast‘compared to the
nuclear motioh in vibration, the electfonic motion is ohly slightly
dependent on the nuclear positions, and the transition momentxcénrbé_-
expressed as the product of an average value of the electronic.momént
for gll transitions involving the séme electronig»s;ates, ie’ and the
overlap integral formed from the vibratioﬁal &avefunctions §f the ﬁwa

states when the Born-Oppénheimer approximation holds, so that.
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-; iy ! vﬁ c o -
Rvgn = By Cop oy 0 (13)

The emission intensity then'beéomes

I S [E M M) R as

" = Cva\’

v'v

I.,
- The square éf-the bveflap integral, shown in Eq; (i4);'is'the Ffanck-
Condon faé;or for the tfansition.‘ Franck-Condon factors.havé_beenA"
calcuiated for HgCl by‘finding vibrational wavefuﬂctiOns for e;ch' .
state whichTaré solutions fo'the radial S¢hfodinge;'equation,.usiﬁg
Mofse or quasi-Morse potential energy expressioné forveach state.k The
-subsequen# parts~of this section describe the potential energy fuhétions

which can be derived from the'previous spectral analeis and also discuss

the'calculation'of Fréhck—Condon factors fdrngCl.

1. Potential Curves and Dissociation Products fdr_HgCl

The Morse function can be used to describe the vafiatioh.éf the
potential energy with~infernuc1ear distancé for elgctfonic states of
_moleéuies as.long as the vibrational term ?alﬁes are quadratic in
(v+1/2). Thé Morsé poténtial predicts energy le§els.close to ;hosé
gxperimentallfioﬂserved when it is used in . the Schfodinger'éQuatioh.
fit.yields aﬁélffical wavgfﬁnctions thch caﬁ‘be uséd.reiatively
‘easily tq célculate ovérlap igtegralé ﬁhich are-neéde& to derive the -
i_reléfivé Pbpﬁlafions‘of thé vibrational levels_of7an electronic étate.

The Morse potential'is'given by

V(r-re) = De(l;exp[-B(r—re)])?‘.; 3 . ‘(15)



-148-

De and r, have the usual meanings and B is reldted_to spectroscopic

constants bylé'

2 | — .
8= VEE o = o.12177 “’e'\lﬁu‘- o ae - —
: " e T e . S : _ f

SRR -1 P
for De_and we.in cm” and yin atomic mass units. The Morse dissociation

energy is givén by

an

The Morse bocential fills two requifements for.a:useful potential;
It predicts a minimum in energy at rf—re and makes V(r—re)-*De éé >
but it does not predict V(r—re) = o ags r>0as a trug potential . o bé
would. The fact that most electronic states requife a vibrational
potential whose term values are more than quad;atic in (v+l/2) meaﬁs

that the Morse function can usually be use éccuratelf only for low
vibrational levels of an electronic state. However, forlﬁhe B staﬁe

of HgCl a_Mdrse functidn is expected to accurately describe the enefgy
levels and WAVEfunctions for v < 30. For the ground state a.simple

Morse function is hopeless since the vibrational energy expression
‘requires terms up to (v+1/2)4. It is possible to construct a quasi-
Morse potential energy function for the grouhd state from several pieces,
each of which’is valid for.a limited range of v, and each of which is
quadratic in (v+1/2). For such regiqns the chaﬁge'in vibrational

spacings is iinear in v. Two regions of approximate linearity are



indiééted?in fié. v;z'for HgCl(X22+). Qﬁasi—M9;SévconSt;nté have bgen
derived ffom‘the slépes andtinterceﬁts of lines I and IIvaccofding

to Eq. (3). These are presénted in Table V—é along Qithvthe app;icéble
‘ranges in vibrational quantum number. Figure V-4 shows potential energy
diagrams for'the Bvand X states of HgCl. . For thé gréund state the:
potential is a cbmposite smooth gufve obtained from the two .quasi-
: Mofse potential‘functiong whosé conétaﬁts are presented in Table V-2..
‘For the B stéte'thezpotential curve is comboéed'of.two smoothly connected
Morse pieceé thch have been éonstfuéted from'Wieland's.original‘
constantsvas presented in Table V-1. The vibrational levels shown in
the figﬁre indicate the vibrational term values prédiéted by Wieland's
-original constants as given in Table V-1. The shafe of the Mbrée function
does not depend:§n the choice ofvre; so that the uncertainty in the choice
of fé"'dqes not yet iqtrpduce difficulty. The figufevshqws ré" = ZQSOA.
and re' = 3.;2A, the values of the internuclear séparations &hich were
-ultimately used in ;he calculation of overlap integrais_fof vibronic
transitioné-in?oiving these states.

‘The‘eﬁefgy differenée between the electfdnic_stgtes at largé

linternuClear‘distance indicates thaf tﬁe dissociation productsiafe
. ground state atoms for ihe X state and Hg(3Po) or Hg(3P1) aﬁd.évgroun&-

state Cl atom fro the B state, since

T +D'-D"=455ev. . . (18)
e e . e R N
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Fig. V-4. Potential curves for HgCl(BZE*) and (X22+). The vertical
lines show a red shaded and a blue shaded band from v'=25
and a red shaded band from v'=0.
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Table V-2.  Quasi-Morse Parameters for HgCl (X 2 )

o<y 922

w0 294,57 303.1
wXx 1.89 ©2.33.
ee . .
Dy 11472° 9857
r o 2.58°  ©  2.5A
e v :
3511 values isvcm—l.except as noted. 2
v W
b L s o _ €
The Morse potentia} predicts ‘De * x

e e

The best fit of predicted Franck—Condon factors to the observed
intensity envelopes for conmstant v' or v", for r "=2.5A, occurs
for re'=3.128, These values of the internuclearedistance were
used in the overlap integral calculation whose results are
presented in Table V-3.
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and Hg(3Po)-1ies 4.65 eV above the ground state.  Hg(3Pl)'is ﬁot fuleé
out, howevér;_ The Birge-Sponer extrapolation estimate of De' may
provide a value lower than the.true dissociafion enefgy of'thevﬁ state,
since the vibrational analysis indicates that for §'>30 the potential
energy function is cqnverging less rabidly than for v'<30.v Gaydon17

- illustrates Birge-Sponer extrapolations for several molecular states
which ﬁaVe appfeciable ionic character; aﬁd thé long'rangé attractive
force makes for weaker cpnvergence’of the potentiélxenergy funqtiqn
than is expeéted from a function whose vibrational term value is
quadratic in (v+1/2). The appreciable ionic character of the BbstAte‘
of HgCl is indicated by the presence of an a#bided érossing‘of this
state by fhe ionic state of the same stﬁetry (22+); Thé éeparéted
ions lie a; an energy above the dissociation limit of fhe gropna stafe 
'defined by the_difference between ﬁhé idnizationlpotential 6f mé:cury
in its excited state and the electron affinity of atomic cﬁlorine,

or between 1.96 and 2.17 éV above the disséciétion_limit of the B
state. The zero order croséing distance rc can Be foundvffom thé
coulombic enérgy expression |

2

r

=‘I(Hg3P),; E(Cl) o : a9
c . ' : '

which gives'_rc between 6.6 and 7.3A. The effect of the interaction'.
‘ between thié'iqnic state and the B state of HgCl is a net mixing of .
the two states so that the B state is stabilized appreciably by the

strong attractive potential of the ionic interaction.
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2. Franck—-Condon Factor Calculations for HgCl

Franck-Condon factors have.been calculated for B»X transitions
in HgCl uéing Morse potential energy functions. The calculations used
a computer prdgram developed by S. Gabelnick18 and were performed on
a CDC 7600 computer at Lawrence Berkeley'Laboratory. The program
proceeds By cdnStructing radiél solutions to the Schrodingér equation
using Morse pdtential parameters,19 testing the or;hogonality of the
resultant.set of vibrational wavefunctions for eaéh state, and finally
by numerical integration to produce the oveflap integrals. The program
also calculates r-centroids for each transition but they are not used
" here since the variation of the electronic transition mément with
internuélear‘éeparafion is neglected.
For the B state of ﬁgCl Wieland 's—values of me, WX, and T,

were uéed initially, for v<30, as listed in Table V-1. For the grand
state the'quééi—Mbrse parameters of Table V-2 were qsed in calculating
FC factors for the appropriate span of vibrational'levels. This means
that thé useful set of FC factors for v'S<30 is composed of two subsets,
- with one valid for low v" and the other valid for high v". When
transitions from one level in the Qpper’state occur to a wide_rénge
of lower leveis, the FC factors from both'éubsets are needed. Bééause
~ they are sepafately normalized they ﬁuét be used in tandem in this case.
.By varying the Morse ﬁarameters for each state and répeating the

éalculation of.FC factors it is possible to find the sét of potential
parameters which most closely reproduces the observed variation in‘

intensity of emission from a particular upper level to all lower levels.
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The best set of potential parameters reproduces the Franck-Condon
envelope for the whole emission spec%rum. For HgCl it has been found
that the calculated Franck-Condon envelope is most sensitive to the

" and re' and is .relatively insensitive to

difference between r,
variatioﬁs-of we and wexe which are within the expérimental error of ‘the
vibraﬁional analysis (<10%). For're"_= 2.508, the best fit to the
observed Franck-Condon envelope for the whole speétfum occurs for |

re' = 3,12A. This is a compromise value, since ieVeIs of high'v'

are fit best by a slightly sméller value of re' (3.ldA)'ahd levels

of low v' are fit best by re' = 3.14A. This compromise reflects the
limitations of the Morse and quasi-Morse potentiél_functions‘in a
describing the real potential energy functions. Table V—3 pfesenté

the Franck—Cohdon factors which provide the best fit to the Franck-
Condon énvelope to the Fortrat parabola and which_havé béen used in
calculation of relative popultions of the vibrational levels of the
B state of HgCl. Pafts a.and b of the table present FC faétors which
are valid for OSv"<9 and 9<§"<22 respectively but the range of v"

for which the overlap integrals have been calculéted has been extended
somewhat for each case.

Table V-3 shows that the'overlap integrals for high Q' d§ néf.
decrease much below 1073 for transitions to v" betwgen fhe cl&ssical
tu;ning points of the upper state pofential curve. This méans that
the‘resultapt emission spéctrum will be composed of so many ﬁeak bandé'
that it appeérs continuuous, with a banded structure supeyimposed by
only the strongest transitions.> Transifions to the r+ side of the

ground state potential have greater intenéity because of the lérger
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Table V-3. Franck-Condon Factors for Hg§1(8+x)

a) ‘FC factors based on quasi-Morse parameters valid for 0<v"<9? and Morse pérameters for 0<v’<30.b

vi\v

O PN NS WN = O

N I o o o
S 0 BN N> W N O

22
23
24
25
26
27
28
29
30

o3

32
33

34

1.898E-17

 4.627E-16
5.777E-15
4.922E-14

3.218E-13
1.721E-12
7.841E-12
3.129E-11
1.116E-10
3.610E-10
1.073E-09

2.958E-09

7.622E-09
1.848E-08
4.242E-08
9.259E-08

1.930E-07
'3.855E-07

7.403E-07

1.371E-06

2.454E-06
4.256E-06

7.165E-06

1.173E-05
1.872E-05
2.913E-05
4.431E-05
6.593E-05
9.609E-05
1.373E-04
1.926E-04
2.655E-04
3.598E-04
4.799E-04
6.304E-04

1.676E-15

3.831E-14

4.486E~13

3.586E-12
2.200E-11

.1.105E-10
 4.727E-10
1.771E-09

5.933E-09

' 1.803E-08

5.035E-08
1.304E-07
3.156E-07
7.190E-07
1.550E~06
3.177E-06
6.216E-06
1.166E-05
2.101E-05
3.650E-05
6.127E~05
9.961E-05

'1.572E-04

2.410E-04
3.600E-04
5.243E-04

" 7.457E-04

1.037E-03
1.411E-03
1.882E-03
2.462E-03
3.161E-03

'3.988E-03

4.946E-03
6.034E-03

'7.104E-14
1.516E-12 .

1.659E-11
1.239E-10
7.104E-10

3.334E-09 . .
_ 1.333E-08

4.671E-08

1.462E-07

4 .154E-07
1.084E-06
2.623E-06
5.930E~06
1.261E-05
2..538E~05
4.854E-05
8.857E-05
1.548E~04
2.598E-04
4.201E-04
6.558E~04
9.907E-04
1.451E-03
2.063E-03
2.854E-03
3.845E-03
5.051E-03
6.477E-03
8.116E-03
9.946E-03
1.193E-02
1.402E-02
1.614E-02
1.822E-02
2.017E-02

1.924E-12
3.817E-11
3.883E-10
2.697E-09
1.438E-08
6.277E-08
2.334E-07
7.601E-07
2.212E-06
5.838E-06

1.415E-05 -
3.177E-05

6.664E-05

1.314E-04-

2.448E-04
" 4.332E~04

7.306E-04

1.179E-03
1.824E-03
2.7158-03
3.895E-03
5.398E-03

7.236E-03

9.397E-03
1.184E-02
1.448E-02
1.722E-02
1.991E-02
2.240E~02
2.453E-02
2.614E~02
2.711E-02
2.734E-02
2.679E-02
2.546E-02

4

3.739E-11

'6.861E~10

6.454E-09
4.146E-08
2.045E-07
8.250E-07
2.835E-06

8.527E-06

2.290E-05

'5.576E-05

1.245E-04

- 2.574E-04

4.964E-04
8.987E-04
1.535E-03
2.485E-03

3.828E~03 "

5.625E-03
7.909E-03
1.066E-02
1.381E-02
1.720E-02

2.062E-02 .

2.384E~02
2.655E-02
2.851E-02
2.948E-02
2.932E-02
2.800E-02
2.558E-02
2.225E~02
1.829E-02
1.405E-02

' 9.884E~03

6.157E-03

5

'5.550E-10
' 9.365E-09

8.099E-08
4.782E-07

2.166E-06

8.024E-06
2.530E-05
6.973E-05
1.714E~04
3.815E-04
7.774E-04

'1.464E-03

2.565E-03

 %.209E-03

6.497E-03
9.472E-03
1.308E-02

1.716E-02.

2.142E-02

. 2.545E~02

2.883E-02
3.110E-02
3.191E-02
3.108E-02
2.860E-02
2.471E-02
1.983E-02
1.451E~02
9.377E-03
5.013E-03

1.875E-03 .

2.356E-04
1.452E-04
1.438E-03
3.769E-03

6

6.542E-09

" 1.008E-07

7.960E-07
4.288E-06
1.771E-05
5.972E-05
1.712E-C4
4.282E~04
9.535E-04
1.917E-03
3.519E-03

- 5.947E-03
9.317E-03

1.360E-02
1.857E~02
2.377E-02

©2.859E-02

3.231E-02
3.427E-02
3.402E-02
3.145E-02
2.682E-02
2.078E-02
1.422E-02
8.125E-03
3.388E-03
6.235E-04
6.385E-05
1.531E-03
4.492E-03

-8.185E~-03

1.178E-02
1.453E-02
1.594E-02
1.579E-02

6.282E-08
8.777E-07
6.276E-06
3.058E-05
1.140E-04
3.467E-04

-8.932E-04

2.003E-03
3.983E-03
7.121E-03 -
1.156E-02
1.718E-02
2.346E-02
2.957E-02
3.443E-02
3.699E-02
3.654E~02

" 3.290E-02

2.662E-02
1.883E-02
1.102E-02
4.652E-03
8.533E-04
9.328E-05
2.121E-03
6.060E~03
1.066E-02
1.464E-02
1.699E-02

~ 1.720E-02

1.531E-02
1.188E-02
7.785E-03
3.967E-03

_.1.225E-03
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{Continued)

a) FC factors based on quasi-Morse parameﬁers valid for 0<v“§9a and Mdrse'parameters for'0<v'<30.b
vi\v" 8 9 10 11 12 13 14 15
] 5.007E-07 3.354E-06 1.907E-05 9.271E~-05 3.870E-04 1.392E-03 4.320E~03 1.158&—02
1 6.285E-06  3.744E-05 1.870E-04 7.862E-04 2.787E~03  8.316E-03 2.078E-02  4.306E-02
2 4.031E—05 2.130E-04  9.302E-04 3.362E-03 1.001E-02 ' 2.438E-02 4.767E-02  7.262E-02
3 1.758E-04 8.210E-04 3.119E-03 9.601E-03 2.369E-02 4.586E-02 6.695E-02 6.798E-02
4. 5.854E~04  2.405E-03  7.891E-03 2.045E-02 4.091E-02 6.054E-02 6.050E-02 3.211E-02
5 1.583E-03 5.693E-03  1.598E-02 3;428E-02 5.392E-02  5.692E-02  3.202E~02  2.806E-03
6 3.615E-03 1.130E-02 2.679E-02  4.650E-02 5.465E-02  3.584E-02  5.642E-03  5.462E-C3
7 7.147E-03  1.923E-02  3.792E-02  S5.140E-02 . 4.127E-02 1.157E-02 1.339E-03 2.573E-02
8 1.245E-02 . 2.853E-02 4.567E-02 4.573E-02 ~ 2.068E-02  1.294E-04 ' 1.591E-02 n3.359E—02
9 1.935E-02 3.718E-02 4.669E-02 3.124E-02 4.319E-03 6.073E~03  2.954E-02  2.042E-02
10 2.704E-02  4.266E-02  3.984E-02 1.432E-02 2.908E-04 ~2.002E-02 2.758E-02  3.579E-03
11 3.413E-02  4.292E-02 2.716E~02 2.552E-03 8.053E~03 2.807E-02 1.339E-02 1.218E-03
12 3.896E-02" 3.736E-02  1.322E-02  4.226E-04 1.961E-02 2.365E~02 1.494E-03  1.231E-02
13 4.009E-02  2.727E-02  3.104E-03 6.937E-03 . 2.578E-02 1.141E-02 1.807E-03 2.183E-02
14 3.690E-02 1.557E-02 3.568E-05 1.664E-02 2.248E-02 1.586E-03 1.142E-02 1.928E-02
15 2.984E-02 5.738E-03 3.947E-03 . 2.312E-02 1.268E~-02 9.649E-04 1.964E-02  8.376E-03
16 2.048E-02 5.145E~04 1.174E-02 2.267E-02 3.2878-03  8.223E-03 1.888E-02 5.057E-C4
17 1.106E-02 8.613E~04 1.895E-02 1.601E-02° 2.147E-05 1.633E-02 1.052E-02  2.297E-03
18 3.794E-03 . 5.690E-03  2.198E-02  7.245E-03 3.846E-03 1.875E-02 2.167E-03  1.033E-02
19 2.495E-04 1.241E-02 1.960E-02 - 1.128E-03 1.111E-02 1,408E-02 2.684E-04 1.611E-02
20 8,265E-04  1.803E-02  1.325E-02 3.959E-04 °1.653E-02 6.205E-03  5.201E-03  1.450E-02
21 4.716E-03  2.031E-02  6.031E-03 4.575E-03 1.677E-02  7.006E-04 1.203E~02  7.470E-03
22 1.022E-02 1.854E-02 1.082E-03 1.069E-02 1.201E-02 7.721E-04 1.512E-02 1.225E-03
23 1.532E-02 1.362E-02 1.812E-04 1.517E-02 5.411E-03 5.518E-03 1.242E-02 4.507E-04
24 1.836E-02 7.537E-03 3.131E-03 1.574E-02 7.931E-04 1.117E-02 6.289E-03  4.906E-03
25 1.846E~02 2.496E-03 8.105E-03 1.236E-02 3.677E-04 1.390E-02 i.167E-03 1.043E-02
26 1.574E~02 1.015E-04 1.264E-02 6.948E-03 3.776E-03 1.220E-02 2.208E-04 1.267E-02
27  1.117E-02 8.370E-04 1.477E-02 2.151E-03  8.658E-03  7.390E~-03  3.473E-03 1.021E-02
28 6.180E-03 4.035E-03 1.373E-02 2.952E-05 1.219E-02 2.450E-03 8.281E-03  5.112E-03
29 2.180E-03  8.251E-03  1.015E-02 1.179E-03 1.259E-02  5.387E-05 1.1593-02 9.332E-04
30 1.587E-04 1.186E-02 5.573E-03 4.673E-03 9.859E-03 1.155E-03 1.098E-02 1.907E-04
3 4.413E-06 1.361E-02 1.781E-03 8.679E-03  S5.529E-03  4.725E-03  7.540E-03 2.901E-03
32 2.672E-03  1.303E-02 4.859E-05 1.137E-02 1.707E-03 8.5783-03 3.215E-03  6.956E-03
33 5:995E-03 1.044E-02  7.552E-04 1.166E-02 2.196E-05 1.066E-02 3.855E-04 9.?11E-03
34 9.344E-03  6.774E-03 3.361E-03 9.599E-03 9.596E-04

3)1sted in Table Vv-2.

b isted in Table V-1.

- 1.002E-02

3.472E-04

© 9.604E-03
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Table V-3. (Continued)

b) FC factors based on qpaéi—Morse parameters for 9<v"<22? and Morse parameters for 0<v'<30.b
v 0 1 2 3 4 5. 6 7
0 1.684E-17 - 1.634E-15 7.S84E-14  2.240E-12 4.728E-11  7.584E-10  9.606E-09  9.853E-08
1 4.099E-16  '3.717E-14  1.606E-12  4.392E-11  8.536E-10 1.253E-08 1.441E-07  1.331E-06
2 5.112E-15  4.335E-13  1.744E-11  4.419E-10 7.910E-09 1.062E-07 1.109E-06  9.217E-06
3 4.352E-14  3.454E-12 1.294E-10 3.039E-09 5.012E-08  6.158E-07 . 5.836E-06  4.358E-05
4 2.845E-13  2.114E-11  7.379E-10 1.607E-08  2.441E-07  2.742E-06  2.357E-05  1.579E-04
5 1.522E-12 1.059E-10  3.446E-09  6.955E-08  9.733E-07 9.998E-06  7.783E-05  4.670E-04
6 6.938E-12  4.523E-10 - 1.372E-08  2.567E-07  3.308E-06 3.105E-05  2.186E-04  1.172E-03
7 2.771E-11  1.693E-09 4.788E-08  8.305E-07 9.8S1E~06  8.438E-05" 5.365E-04  2.561E-03
8 9.893E-11  5.664E-09 1.494E~07  2.402E-06  2.621E-05 2.047E-04 1.173E-03  4.967E-03
.9 3.206E-10 1.721E-08  4.233E-07  6.305E-06  6.326E-05 4.498E-04  2.316E-03  8.665E-03
10 9.547E-10 4.804E-08 1.102E-06 1.520E-05 1.401E-04 9.054E-04  4.179E-03  1.373E-02
11 2.637E-09 1.244E-07 2.660E-06 3.398E-05 2.874E-04 1.685E-03  6.946E-03  1.990E-02
12 6.811E-09 3.013E-07 6.005E-06 7.097E-05  5.503E-04 2.920E-03 1.070E-02  2.652E-02
13 1.656E-08  6.868E-07 1.276E-05 1.394E~04  9.894E-04  4.740E-03  1.537E-02  3.257E-02
14 3.810E-08 1.482E-06  2.564E-05 2.589E-04 1.679E-03  7.241E-03  2.064E-02  3.689E-02
15~ 8.339E-08 3.040E-06 4.898E-05 4.566E-04  2.702E-03 1.045E-02  2.598E-02  3.848E-02
16 1.743E-07 5.957E-06  8.933F-05 7.678E-04  4.137E-03 1.429E-02 3.071E-02  3.675E-02
17 3.492E-07 1.118E-05 1.560E-04 1.235E-03  6.045E-03 1.855E-02  3.407E-02 .3.181E-02
18 6.727E-07 2.019E-05 2.618E-04 1.907E-03  8.452E-03  2.291E-02  3.544E-02  2.449E-02
19 1.250E-06  3.513E-05 4.233E-04  2.832E-03 1.133E-02  2.695E-02 3.443E-02  1.618E-02
20 2.2604E-06 = 5.908E-05 6.609E-04  4.054E-03  1.460E-02 3.019E-02 3.104E-02  8.475E-03
21 3.904E-06 = 9.624E-05 9.986E-04  5.606E-03 1.809E-02  3.220E-02 . 2.570E-02 _ 2.834E-03
22 6.594E-06 1.521E-04 1.463E-03 7.500E-03 2.158E-02 3.264E-02 1.916E-02 1.721E-04
23 1.083E-05  2.338E-04  2.081E-03  9.723E-03  2.480E-02 3.136E~02 1.242E-02 - 6.665E-04
26 1.734E-05 3.499E-04  2.879E-03 1.223E-02 2.747E-02  2.842E-02  6.503E-03  3.747E-03
25 2.708E-05  5.106E-04  3.881E-03 1.493E-02 2.932E-02  2.411E-02  2.253E-03  8.281E-03
26 4.1328-05 7.277E-04  5.100E-03 1.772B-02 3.013E-02 1.891E-02 1.826E-04  1.289E-02
27 6.169E-05 1.014E-03  6.544E~03  2.045E-02  2.977E-02 1.343E-02 3.831E-04  1.633E-02
28 . 9.021E-05 1.383E-03 8.204E-03 2.297E-02 2.821E-02 ~ 8:305E-03  2.524E-03 ' 1.775E-02
29 1,293E-04 - 1.848E-03 1.006E-02 - 2.510E-02 2.556E-02 4.118E-03 = 5.942E-03  1.688E-02
30 1.820B-04 2.423E-03 1.207E-02  2.670E-02  2.201E-02  1.296E-03  9.794E-03  1.406E-02
31 2.517E-04  3.117E-03  1.419E-02 2.762E-02 1.787E-02  5.839E-05 = 1.323E-02  1.006E-02
32 3.422E-04 = 3.940E-03 1.635E-02 2.778E-02 1.351E-02 3.942E-04 1.SS6E-02 = 5.868E-03
33 4.S78E-04 4.896E-03 1.846E-02 .2.715E-02 9.304E-03. 2.072E-03 1.637E-02  2.418E-03
34 2.045E-02 2.573E-02  S5.610E-03  4.688E-03  1.556E-02

6.032E-04

© 5.985E-03

3.951E-04
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(Contiaued)

b) FC factors based on quasi-Morse parameters for gev'<22? and Morse parameters for Osv'<30.
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8.328E-07
1.002E-05
6.178E-05
2.594E-04

8.325E-04

2.173E-03
4.792E-03

" 9.154E-03

1.541E-02
2.313E-02
3.119E-02
3.792E-02
4.155E-02
4.085E-02
3.561E-02
2.687E-02
1.671E-02
7.599E-03
1.672E-03
3.570E-05

2.477E€-03"

7.602E-03
1.335g-02
1.770E-02

1.928E-02

1.772E-02
1.368E-02

8.505E~03 .

3.763E-03
7.320E-04
6.124E-05
1.652E-03
4.774E-03
8.345E-03
1.128E-02

9

5.871E-06
6.221E-05
3.367E-04
1.237E-03
3.458E-03
7.816E-03
1.481E--02
2.406E-02
3.399E-02
4.206E~02
4.558E-02
4.294E-02
3.443E-02
2.243E-02
1.059E-02
2.441E-03
3.004E-05
3.183E-03
9.717E-03

1.644E=02

2.047E-02
2.032E-02
1.628E-02
1.011E-02
4.211E-03
6.046E-04
2.617E-04
2.864E-03

7.082E-03
1.117E-02

- 1.364E-02

1.371E-02
1.150E-02
7.873E-03
4.045Ef03

10

3.482E-05
3.201E-04
1.496E-03
4.720E-03
1.124E-02
2.141E-02
3.369E-02
4.456E-02
4.979E-02
4.662E-02
3.553E-02
2.050E-02
7.224E-03
4.392E-04
1.689E-03
8.788E-03
1.717E-02
2.230E-02
2.177E-02

1.620E-02

8.513E-03
2.285E-03
1.131E-08
2.072E-03
6.936E-03
1.201E-02
1.494E~02
1.458E-02
1.128E-02
6.57SE~03
2.366E-03
1.603E-04
5.313E-04

3.030E-03

6.486E-03

11

1.747E-04
1.368E~03
5.409E-03
1.429E-02
2.808E-02
4.326E-02
5.347E~02
5.303E-02
4.106E-02
2.276E-02
6.761E-03
5.083E-05
3.972E-03
1.392E-02
2.261E-02
2.462E-02
1.918E-02
9.969E-03
2.336E-03
5.441E-05
3.458E~03
9.771E-03
1.506E-02
1.645E-02
1.348E-02.
7.944E-03
2.695E-03
9.767E-05
1.128E-02
4.496E-03
8.691E-03
1.157E-02
1.195E-02
9.813E-03
6.200E-03

12

7.443E-04

4.853E-03

1.578E-02

3.367E-02
5.206E-02

6.050E-02 -

5.249E-02
3.168E-02
1.026E-02
1.828E-04
4.722E-03
1.704E-02

2.623E-02

2.547E-02
1.609E~02
5.249E-03

6.775E-05

2.844E-03
1.031E-02
1.666E-02
1.768E-02
1.311E-02
6.146E~03
1.012E-03
2.987E-04
3.757E-03
8.868E~03
1.255E-02

. 9.869Ef04

9.920E-03
5.361E-03
1.493E-03
5.710E-07
1.269E-03
4.393E-03

.13

2.697E-03
1.421E-02
3.657E-02
5.972E-02
6.682E-02
5.053E-02
2.217E-02
2.360E-03
2.713E-03

1.693E-02

2.877E-02

2.730E-02

1.498E-02
2.981E-03
4.186E-04
7.331E-03
1.633E-02
1.968E-02
1.517E-02
6.810E-03
7.975E-04
7.991E-04
5.845E-03
1.175E-02
1.438E-02
1.225E-02
7.019E-03
2.017E-03
9.469E-07
1.687E-03
5.660E-03

9.458E-03 °

1.102E-02
9.676E-03
6.291E-03

14

8.310E-03
3.400E-02
6.539E-02
7.452E-02
5.041E-02
1.523E-02

5.922E-07 .

1.144E-02

- 2.919E-02

3.163E-02
1.759E-02
2.895E-03
1.104E-03
1.088E~02
2.034E~02

2.012E-02
1.125E~02"

2.235E-03
3.499E-04
5.834E-03
1.298E-02

1.569E-02 -

1.217E-02

5.518E-03

6.711E-04
6.146E-04
4.686E-03
9.602E-03
1.199E-02
1.049E-02
6.300E-03
2.032E-03
3.057E-05
1.096E-03

4.280E-03"

15

2.173E~-02
6.527E-02
8.549E-02
5.600E-02
1.218E~02
1.280E-03
2.193E~02
3.681E-02
2.605E-02

5.994E-03

6.136E~-04
1,197E-02

2.301E~-02

2.062E-02
8.700E~03
3.908E-04
2.919E-03
1.172E-02

1.713E-02

1.422E~02
6.309E-03
5.470E~04
1.207E-03
6.732E-03
1.198E~02
1.278E-02
8.859E~03
3.377E-03
1.714E-04
1.033E-03

4.854E-03 .

8.794E-03
1.031E-02

-8.528E-03

4.958E-03
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5.568E-03

2.608E-03

b) FC factors based on quasi-Morse parameters for 9<v"<22? and Morse para_meters for 0<v'<10.b .
ALY 16 17 18 19 20 21 22 23
0 4.807E-02 8.942E-02 1,389E-01 1.781E-01 1.861E-01 . 1.553E-01 1.008E-Ol  4,896E-02
1 9.741E-02 1.064E-01  7.389E-02 1.9798-02  2.139E-03 5.709E-02  1.420E-01 - 1.745E-O1
2 7.268E-02 2.815E-02 7.850E-08 3.120E-02 7.837E-02 5.908E-02 4.048E-03  3.288E-02
3 1.446E-02 2.512E-03  4.057E-02  5.958E-02 1.788E-02  5.905E-03  6.165E-02  5.944E-02
4 3.087E-03 3.799E-02  4.682E-02  7.582E-03  1.320E-02 5.381E-02 2.257E-02  6.353E~03
s 3.118E-02  4.174E-02  6.712E-03 1.225E-02 4.475E-02 1,304E-02 1.096E-02  5.047E-02
6 3.988E-02 1.021E-02 7.099E-03  3.835E-02 1.325E-02 8.338E-03  4.101E-02  5.867E-03
7 1.731E-02 1.686E-03 . 3.139E-02 ~ 1.820E-02  3.151E-03  3.480E-02 8.104E-03  1.632E-02
8  2.343E-04 2.123E-02 2.507E-02 2.010E-05 2.706E-02 . 1.443E-02 7.306E-03  3.153E-02
9 8.966E~03  2.892E-02  3.247E-03  1.559E-02 2.248E-02  7.055E-04  2.845E-02 = 3.967E-03
10 2,442E-02  1.333E-02  3.906E-03  2.615E-02 1.879E-03  1.904E~02  1.323E-02 7.886E-03 -
11 2.336E-02 2.768E-04 1.967E-02 1.183E-02 6.012E-03 2.213E-02 1.738E-04  2.417E-02
12 8.851E-03  6.413E-03  2.157E-02 3.727E-05' 2.067E-02 4.7305-03 1.426E-02  1.097E-02
13 5.355E-05 . 1.883E-02 7.972E-03  8.150E-03 1.662E<02 1.822E-03 2.013E-02 1.067E-04
14 5.628E-03  1.916E-02 1.759E-07  1.893E-02 2.675E-03  1.472E-02 6.425E-03  1.167E-02
15 1.611E-02  8.094E-03 6.870E-03 1.484E-02 1.879E-03 1.737E-02 3.979E-04 1.785E-02
16 . 1.840E-02  2.019E-04  1.637E-02  3.282E-03 . 1.246E-02  6.102E-03 . 1.029E-02 6.895E-03
17 1.067E~02  3.705E-03.. 1.531E~02 6.217E-04 1.626E-02  5.023E-05 1.609E-02  4.820E-05
18 1.882E-03  1.246E-02  5.951E-03 8.470E-03  8.233E-03  6.877E-03  8.337E-03  7.484E-03
19 6.097E-04 - 1.568E<02  6.708E-05 1.480E-02  4.644E-04 1.418E-02 3.219E-04  1.425E-02
20 6.718E-03 1.029E-02  3.473E-03 1.160E-02 2.597E-03 1.119E-02 3.351E-03  9.276E-03
21 1.316E-02  2.569E-03  1.081E-02  3.515E-03 1.017E-02 2.856E-03 1.110E-02  1.133E-03
22 1.373E-02  1.159E-04 1.344E-02  2.330E-05- 1.290E-02 - 2.207E-04 1.194E-02  1.491E-03
23 8.363E-03  4.343E-03  8.958E-03  4.057E-03  7.885E-03  5.452E-03  5.299E-03  8.321E-03
24 2.120E-03  1.030E-02 2.399E-03 1.014E-02 1.435E-03 1.100E-02 1.668E-04  1.136E-02
25 . 5.203E-05 1.224E-02 4.792E-05 1.156E-02 4.603E-04  1.016E-02 '2.286E-03  6.889E-03
26 3.153E-03 - 8.753E-03 3.376E-03  7.246E-03 5.094E-03  4.388E-03  8.031E-03  1.050E-03
27 8.270E-03 3.174E-03 8.573E-03 1.755E-03  9.788E-03  2.002E-04 1.026E-02 .6.752E-04
28 1.118E-02 = 7.672E-05 1.077E-02  9.119E-05 . 9.764E-03  1.534E-03 6.746E-03 5.327E-03
29 9.853E-03  1.469E-03  8.294E-03  3.149E-03 5.395E-03  6.260E~03 1.635E-03  9.103E-03
30 '5.542E-03  5.687E-03 - 3.510E-03 - 7.640E-03 9.780E-04 9.294E-03  1.058E-046  7.908E-03
31 1.386E-03  9.217E-03  2.726E-04  9.540E-03  2.650E-04  7.850E-03  3.106E-03  3.352E-03
32 2.359E-05 9.507£763v 7.606E-04  7.466E-03 = 3.346E-03  3.565E-03  7.176E-03  1.643E~04
33 1.958E-03  6.577E-03  4.131E-03  3.326E-03  7.173E-03  3.324E-04 8.358E-03  1.116E-03
34 ' 7:601E-03  3.472E-04  8.512E-03  6.473E-04  5.790E-03  4.772E-03
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"Table . V-3.

{Continued)

b) FC factors based .on quasi-Morse parameters for 9<v"<22? and Morse parameters for osv'<io.b
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1.670E-02
1.299E-01
1.39§E—01
1.508E-03
6.489E-02
9.953E~03

2.351E-02°

3.280E-02
1.589E-04
2.065E-02
2.300E-02
1.150E~03

9.317E-03

2.086E~-02
8.306E-03
2.086E-04

~1.045E-02

1.577E-02
6.505E-03
1.668E-06
5.876E~-03
1.254E-02

9.322E-03

1.790E-03

- 6.347E-04

6.256E-03
1.026E-02
7.603E-03
2.023E-03
8.597E-05
3.343E-03
7.547E-03
8.081E-03
4.665E-03
8.899E-04

25

3.567E-03

5.967E-02

1.836E-01

6.015E-02 -

3.631E-02
2.406E-02
3.965E-02
4 .489E-04
3.205E~02
1.552E-02
1.778E-03
2.260E-02
1.495E-02
1.392E-05
1.110E-02

1.779E-02
'5.595E-03

5.383E-04
1.003E-02
1.389E-02
5.588E-03
1.225E-06
5.074E-03
1.117E-02

8.849E-03

2.100E-03
2.864E-04
4.881E-03
9.113E-03
7.699E-03
2.734E-03
6.561E-06
2.060E-03

6.084E-03
" 7.676E-03

26

3.640E-04
1.548E-02
1.180E-01
1.844E-01
9.115E-03
6.259E-02
5.074E-04
4.258E-02
9.240E-03
1.106E-02
2.808E-02
3.814E-03
7.302E-03
2.131E-02
7.872E-03
6.840E-04
1.271E-02
1.454E-02 -
3.136E-03
1.218E-03
1.004E-02
1.211E-02
4.382E-03
2.491E-05
4.807E-03
1.014E-02
8.095E-03
2.077E-03
1.669E-04
4.046E~03
3.129E-03

7.433E-03

3.107E-03
1.038E-04
1.298E-03

27

4,505E-06

1.678E~03
3.723E-02
1.734E-01
1.486E-01
1.081E-03
5.562E-02
8.114E-03

 2.283E-02

2.648E-02
8.269E-05
2.166E-02
1.651E-02
1.600E-08
1.308E-02
1.692E-02
2.684E~03
2.901E-03
1.357E-02
1.097E-02
1.227E-03
2.311E-03
1.017E-02
1.028E-02
3.066E-03
1.413E-04
4.897E-03

9.331E-03

7.177E-03
1.804E-03
1.524E-04
3.606E-03
7.362E-03
6.979E-03
3.181E-03

28

2.336E-06

8.473E-06

4.159E-03

v6.629E-02 .
.2.150E-01

1.036E-01
1.477E-02
3.193E-02
2.599E-02

© 4.993E-03

3.115E-02
5.360E-03
8.037E-03

2.207E~-02

5.241E-03
2.890E-03
1.606E~02

'1.068E-02

1.812E-04

' 5.956E-03

1.318E-02
7.259E-03
1.563E-04
3.762E-03
1.013E-02
8.321E-03
1.808E-03
4.380E-04
5.217E-03

8.635E-03
. 6.146E-03
1.377E-03

2.102E-04

© 3.447E-03

6.788E-03

29

6.048E-07
2.278E-05
5.672E-07
7.279E-03
9.821E-02
2.421E-01

6.689E-02 .

2.870E~02
1.123E-02

3.668E-02
5.268E-05

2.322E-02
1.583E-02
4.785E-04
1.725E-02
1.360E-02
1.153E-04
8.585E-03
1.480E-02
4.623E-03
5.491E~04
8.797E-03

" 1.135E-02

3.843E-03

1.125E-04"

5.362E-03
9.667E-03

6.236E-03"

7.776E-04
9.795E-04
5.645E-03
7.926E-03
5.028E-03
8.910E-04

3.520E-04

30

4.035E-10
3.753E-06

: l.lQSE—OA

4.214E-05
9.871E-03
1.287E-01
2.598E-01
4.340E-02
3.371E-02
1.227E-03
3.682E-02

4,659E~03

1.183E-02
2.193E-02
1.450E-03
8.619E~03
1.730E-02
3.980E-03
2.034E-03

1.260E-02
'1.008E-02

7.679E-04
3.075E-03
1.035E-02

8.320E-03

1.284E-03
1.084E-03
6.775E~03
8.630E~-03
4.135E-03
1.402E-04

"~ 1.777E-03

6.0515-03
7.103E-03

.3.856E-03
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Table V-3. (Continued)

b) FC factors based on quasi-Morse parameters for v'<22® and Morse parameters for Oiv'élo.b

v\ B O 32 33 34 o35 36 oy
e 0 1.417E-08  6.271E-11  3.887E-10  4.598E-09  9.973E-08  2.104E-06  6.270E-0S
! 1 1.002E~07  1.401E-07  7.924E-10 . 1.752E-09  5.080E-09  3.339E-09  9.215E-08
Lo 2 1.045E-05 _ 1.534E-06  5.716E-07  5.020E-08°  1.219E-08 = 8.335E-09  1.659E-06
3 3.570E-04  1.456E-05  1.016E-05  1.115E-06  4.947E-07  1.832E-08  1.850E-08
4 4.298E-04 - © 8.540E-04  5.325E-06  4.044E-05  5.835E-07  2.530E-06  1.616E-07
5 1.056E-02  1.869E-03  1.569E-03  -9.152E-06 - 1.067E-04 - 8.470E-07  7.843E-06
6 1.539E-01  8.453E-03 - 5.485E-03  2.178E-03  1.895E-04  1.858E-04 - 2.264E-05
7 T2.747E-01  1.704E-0L . 4.016E-03  1.238E-02  2.076E-03  9.193E=04  1.80OE-04
8 3.141E-02  2.911E-01  1.740E-01  2.0S7E-04  2.249E-02.  9.359E-04  2.561E-03
9 2.998E-02  2.803E-02  3.103E-01  1.604E-01  3.127E-03  3.290E-02  9.322E-06
10 6.856E-04  2.121E-02  3.133E-02  3.296E-01  1.270E-0l 2.079E-02  3.725E-02,
11 " 3.075E-02  5.844E-03  1.126E-02  4.265E-02  3.411E-01  7.770E-02  5.802E-02
12 1.172E-02  2.345E-02  1.402E-02  3.323E-03  6.125E-02  3.324E-01  2.692E-02
13  3.625E-03  1.667E-02  1.780E-02  2.444E-02  5.004E-06  8.575£-02  2.905E-01
14 2.161E-02  2.412E-04  1.812E-02  1.487E-02  3.794E-02  3.275E-03  1.093E-01
15 6.716E-03  1.737E-02  4.632E-04  1.649E-02  1.S05E-02 ~ 5.613E-02  1.326E-02
16 2.251E-03°  1.180E-02  1.220E-02  2.580E-03  1.270E-02 . 1.912E-02  8.020E-02
17 1.537E-02 - 2.371E-05  1.460E-02  7.933E-03  5.532E-03  7.746E-03  2.895E-02
18 9.408E-03  1.059E-02  9.004E-04  1.500E-02  5.141E-03  9.150E-03  2.860E-03
19 5.204B-06.  1.277E-02  5.824E-03  3.126E-03  1.372E-02 . 3.760E-03  1.410E-02
20 7.3156-03  1.725E-03  1.324E-02  2.479E-03  5.444E-03  1.149E-02  3.658E-03
21 1.227E-02  2.667E-03 - 4.855E-03  1.168E-02  7.136E-04  7.350E-03  8.721E-03
22 4.423B-03 - 1.086E-02  3.258E-04  7.587E-03  9.288E-03  7.751E-05 - 8.921E-03
23 1.631E-04 8.083E-03  7.618E-03  1.197E-04  9.192E-03 = 6.895E-03  9.406E-06
24 6.272E-03 . 6.427E-04  9.862E-03  4.329E-03 = 1.126E-03 . 9.722E-03  4.885E-03
25 © 9.933E-03  2.329E-03  2.968E-03  9.644E-03  1.935E-03 ~ 2.469E-03 = 9.567E-03
26 4.803E-03  8.437E-03 = 2.667E-04  5.427E-03 _ 8.188E-03 _ 5.970E-04  3.608E-03
27 6.666E-05  7.636E-03  5.469E-03  1.423E~04  7.070E-03 = 6.327E-03  6.913E-05
28 2.786E-03  1.785E-03  8.430E-03  2.667E-03 = 1.180E-03  7.711E-03°  4.610E-03
) 29 7.608E-03  3.597E-04  4.349E-03 ' 7.442E-03 - B8.486E-04  2.5S6E-03  7.578E-03
t : 30 6.995E-03  4.673E-03  1.S50E-O4  6.266E-03  5.S84E-03  B.096E-05  3.748E-03
., 31 2.230E-03  7.544E-03  1.859E-03  1.428E-03  7.000E-03  3.669E-03  5.650E-05
. 32 2.516E-05 -~ 4.934E-03  6.079E-03 = 2.885E-04 - 3.119E-03  6.716E-03  2.139E-03
33° . 2.765E-03  7.917E-04 . 6.485E-03  3.818E-03  4.236E-05  4.497E-03-  5.844E-03

34 *6.289E~03 ‘ 4.769E-04 2.801E~-03 6.450E-03 1.816E-03 ~ 6.551E-04 5.284E-03



-162-

-

Table V-3.

(Continued)

b) FC factors based on quasi-Morse parameters for g<y<22? and Morse paraméters for 0<v'<10.b

vi\v" 38
0 3.643E-03
1 1.328E-05
2 1.043E-04
3 1.511E-06
4 5.959E-06
5 2.255E=07
6 7.844E-06
7 1.268E-04
8 3.694E-05
9 4.694E~03
10 3.171£-03
11 2.898E-02
12 1.076E-01
13 2.683E-04
14 2.113E-01
15 1.196E-01
16 2.607E-02
17 1.086E-01
18 4.707E-02
19 ' 6.468E-05
20 2.182E-02
21 5.167E-03
22 5.598E-03
23 1.063E-02
24 6.596E-05
25 3.302E-03
26 9.174E-03
27 4.302E-03
28 1.722E-05
29 3.279E-03
30 7.005E-03
31 4.551E~03
32 4.040E-04
33 1.110E-03
14 4.787E-03

39

1.025E-01
2.869E-03
1.533E-03
2.199E-04
4.037E-05
1.512E-05
1.261E-05
1.063E-06
3.325E-04
1.362E~04
5.435£-03
1.496E~02
1,028E-02
1.443E-01
2.201E-02
1.112E-01
1.039E-01
3.298E-02
1.335E-01
7.447E-02
2.264E-03
3.449E-02
9.654E-03
2.407E-03
1.332E-02
2.509E-05
2.023E-03
8.962E-03
4.465E-03
1.806E-04
2.377E-03
6.256E-03
4.972E-03

8.386E-04

5.087E-04

40

8.315E+H00
9.739E-01

~2.881E-01
6.519E-02 -

1.451E-02
3.628E-03
7.55SE-04
3.397E-04 -
8.645E-05
3.635E-04
1.488E-03
2.954E-03
3.353E-02
2.260E-04
1.351E-01
8.972E-02

©2.841E-02

6.267E-02
2.532E-02
1.397E~0L
1.058E-01
1.167E-02
5.407E~02
1.995E-02
1.667E-04
1.837E-02
7.479E-05
9.156E-04
9.391E-03
4.041E-03
4.271E-04
1.870E~03
5.473E-03
5.121E-03
1.189E-03

41

3.424E+02
7.788E+01
2.840E+01
8.605E+00
2.543E+00
7.761E-01
2.127E-01
6.232E-02
1.840E-02
6.565E-03
3.901E-04
2.745E-03
8.538E-05
4.579E-02
2.650E-02
7.297E-02
1.560E-01
5.043E-05
1.797E-02
6.883E-03
1.120E-01
1.252E-01
2.572E-02
7.930E~02
3.952E-02
1.276E-03
2.801E-02
1.308E-03
9.427E-05
1.116E-02
2.958E-03
7.692E-04
1.747E-03
4.665E-03
5.152E-03

42

2.061E+04
5.401E+03

© 2.127E+03

7.221E+02

2.338E4+02

7.667E+01
2.356E+01
7.295E+00
2.175E+00
6.521E-01
2.097E-01
5.715E-02
1.373E-03
3.245E-04
4.235E-02
9.635E-02
7.386E-03
1.537E-01

2.141E-02

1.262E-06
1.683E-03
5.481E-02
1.125E-01
3.378E-02
1.006E-01
6.837E-02
8.912E-03

' 4.50LE-02

6.485E-03
4.465E-04
1.562E-02
1.316E-03
1.421E-03
2.138E-03
3.718E-03

43

2.211E+05
1.408E+05
7.116E+04
3.286E+04
1.393E+04
5. 587E+03
2.150E+03
7.979E+02
2.869E+02
1.007E+02
3.440E+01

1.178E+01
3.983E+00 .
1.088E+00

2.090E-01
1.638E-01
2.993E-01
5.075E-02
5.259E-02
3.042E-02
7.282E-03
2.991E-02
6.655E-03
6.549E-02
2.428E~02
9.942E-02
9.583E-02
2.308E-02
7.006E-02

1.996E-02
"4.301E-03

2.529E-02
2.376E-05
3.023£-03
3.568E-03

44

3.992E+06
4.335E+06

' 2.806E+06

1.550E+06
7.602E+05

“3.455E+05

1.480E+05
6.069E+0%
2.391E+04

9.149E+03 -

3.399E+03
1.234E+03
4.397E+02
1.550E+02

. 5.250E+01

1.594E+01
5.313E+00
2.805E+00

 1.161E+00

1.170E-01
8.754E-03
3.807E-04
4.133E-02
3.200E-03
1.935E-02
5.310E-03
6.521E-02
1.004E-01
3.484E~02
9.553E-02

4.393E-02
1.481E-02

4.371E-02
1.919E-03
7.184E-03

81isted in Table V-2,

Plisted 1in Table V-1.
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overlap integrals for the less éteep’side; Fo? tfansitions &ith-ﬁigh
v' ﬁhesé'bands are actually blue shaded, and are the ﬁosﬁ intense
: bandéd features of thé chemilﬁminescence.spectrum, The rever#al in
shadiﬁg ié”due‘to the éhahge of sign of the diffe;ence of ghe rétatiénal.Ev
constants BV,‘and Bv" for éhe t@o states. For the réd shagedvbands”
_-Bv,<Bv"."Since thé rptational constant isvproportionai to théAayefége
value of 3§ for that vibrational level, this is éxpected.since re'>re".
For high Q“ that soft potential means that the HgCl molecule spéndsv’
most of its time'with the atoms widely separated qnd-lf is_smallér
than for low V";. Ihqs Bv'>Bv" and blue shaded bands ;esuit. These
_blue shaded bands have not been used in determination of the vibfaﬁionalr
distribution’bécéuée pf the uncertaintf in knowledge of the‘sﬁape of,.
tﬁé potential curve for the ground State at’high.Q". The ﬁumber of
blue shaded bands whichvappear is limite& by the fact that_ﬁany
.Atransitibns from higﬁ v' wili'radiaté to the adjéining:dissociétioﬁ
continuum of the ground‘state. We'have made no_aftempt tO'calgulate
thé overlap integrals for these discrete to Eontinuous}tranéitioﬁs.
Bec#use thé HgCl potential curves are only épprOXimately known'
"~ and the in;erﬁuqléar'separations.are a sophisticated.gueés at Best;
it is imporﬁaﬂt to_estiméte the uncertaintyvintroduced in uéing thém'
_ffor calculétion of Viﬁrational Populétions. The QQe?lap,ihtegrals- 
| are mqst‘sensitive tdbsmall chénges in the relative internuciear .*.
lpgeparatioﬁ'qf‘the two élecfrqni§ states._ As the relative intergﬁélear

separation is varied the Franck-Condon enveiobe and the  Fortrat parabola o
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 change such that emission from one v' takes place to a different range

_of v" states. The summed ovérlap integrals for cdmparab1e widthé
(v',Av"),‘fof different relative internuclear sepgfations, oqght to be
fairly constant for each v'. Figure V-5 shows thaf fhis is true for |

 HgCl. The overlap integrals .for v'=0 and v'=15 are shown as a

function of v" for-ref=3.l2A'and_several choices of r ' The increment

in re" from the somewhat arbitrarilyvchosen value of 2.50A is 0.25&, "

which is larger than the uncertainty of our estimate. For v'=0, the

summed overlap integrals agree with each other, although the predicted -

transitions occur to smaller v" as r " is increased. For v'=15 some

of the FC factors have appreciablé value at v" higher.;hén-the initiai
-envelope,_bhf it is important to note that the envélope hésvconsfant
width Av" and the summed FC factors for the enveiope’agfee_to ﬁithin
tén percent. _This means that e?én though the.potentigl Eufves are’
only appréxiﬁately correct, the summed overlapbintegralé can be used
with some confidence to calculate Vibfational populations, és.long as
reasonable matching.occurs between the observed and calculatéd franckf

Condon envelopes. ' ' .

| . . : . |
D. Results of the Spectroscopic Studies for Hg + C12, :

1. HgCl (BZE+ -> X22+)VSpectra from the Irradiated Flow System

- . S _ o : Tk
The most intense emission which accompanies the reaction of Hg

with 012 comes from the blue shaded bands of HgCl (B»>X) which originate

in high v'. The short wavelength onset of the chemiluminescence at

35508 corresponds to red shaded bands which originate.in the same v'
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levels (v;<29); ‘The difference in obséfved iqfehsity parallélé

the ordér éf'magnitudé différence.in overlap integ:alé whiéh‘can

be séén iﬁhTébie V—3.' Since sﬁch_high vibrational Levelé'are-populéted
.inFHgCI, abgood check on the proposed mechanism'to explain their.ofigin.
istbservatioﬁ of the chénge in the eﬁission'spectfum'asla iarge |
amount of ineft carrier'gaé is added to the flow system{ If:thesev'
vibrational levels have beenvpophlatedvin the bimolecular colliéion

between Hg* and Cl, the addition of a buffer gas will cause relaxation

2
to the thermal vibrational distribution, without quenching of the
electronic excitation. The HgCl* emission spectrum will‘réflect tﬁev_
changé in vibrational distfibution.
Figure V-6 preséntéﬂHgCI (B+X)‘spectra which have been obtéined

by phdtbeiectrié scans of the light'emission from the flow'tube bétwééh
4800A and 5670A. The emission below 48008 was scanned énd analyzed but
it is notjshb&n in this figure. The upper pért of each se@tionvof the
figure-éhows'thé spectrum recorded wi;h the Hg'fiow rate.at‘6.-0x1015
. atoﬁé/ééc and with chloriﬁe pressure at.0;29 Tdrr in the rééétion vessel;

The lower bart of.éach section shows the light e@issiqn preéeﬁt'when
' helium at ZQQ'Torr_fiowed,through the_irradiétedvsystem, with Hg flow
rate at‘3.0X1016 atoms/sec and chlorine pa:fial pressure at the
monigoring.pOiﬁt at 1.0 Torr. For these.scané thé‘reaétioﬁ vessél'axis
was aligned to be coincident with the séectrometef axis as described .
in‘seétion-II4F. Scan conditions are listed in Table II-2.  The time

normalized spectra have beén-corrécted for the response of the detection_

system according to Eq. (II-15). The relativé'intehsity scales are



: Asterisks refer to (v ,v') for HgCl.

.
Mg
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' Fig. V—6(a b c) ’Photoélectric scans of the chemiluminescent emission;

corrected for the response of the detection system. "The upper part

of - each section of the figure shows the HgCl(B+X) emission from

Hg( Pl) + Cl2 with.nq buffer gas. The lower part shows -the emission -

with 200 Torr of helium added to the irradiated system. Wieland's
assignments 6f=v',v" from reference 1 are included in parentheses.

Bracketed values, [v ,v""] refer to possible new assignments.
37
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‘continuous from one seCtion of the'figure‘to the neXt' but'the'reader
is cautioned to observe the generally different ordinate origins for
the spectra with and without helium present. ‘The spectra have been

presented in this way to_emphasize'their different appearance. Most

of the main'features of the upper curves can be assigned to the:blue"”

- shaded bands.of HgCl as indicated on the figure. Wieland's band -edge -

' assignments are indicated in parentheses for both spectra, with the

v' value given first. Asterisks refer to band assignments’for HgCl.37.

The heavy isotope of chlorine accounts for about one fourth of the

l_HgCl* emlssion.ZQ' Several new blue shaded bands are indicated in

brackets, for example, [25 40] Extensive vibrational relaxation

,occurs with 200 Torr of helium, exclusively red—shaded bands originating

in low v' are seen. The v'=0 progression is especially predominant.

There are no common features to these two spectra, except for the

lintensity maxima at 5580- 5590A "'The short wavelength cut off'with

helium present occurs at about 4750A but with no quenching gas present

the HgCl (B+X) system extends to 35508 with approximately constant -
vvintensity from 38007 to 4800A. A_tabulation of the observed intensities
'of the red shaded bands for both scan conditions is included in Table.V—4

;and Table V—5 with ‘work on the vibrational distributions.

Emission spectra were also obtained for Hg* + Cl2 with helium

pressure at"SO and 100 Torr, and with-nitrogen at'10:Torr.' With 50 Torr'

.of helium the spectrum contains both the blue shaded ‘bands which are

characteristic of high v' population, and the simpler appearing red -



-172-

éhaded'sequehces origiﬁéting'in 10& v'.- WithiIOO Tﬁrr of ﬁeiium the
blue_shaded'bénds are entirely absent in the emission; aﬁd thé
photoelectric gracesllook qualitatively'similar to.those obfained with
200 Torr of helium. | |

o Because ﬁélecular_nitrogen'causes efficient.spin—ofbi#.relakationl
of”Hg(3Pi);29‘a high concenfration of the metastable Hg(3P0) wés‘present

in the Hg¥* +_C12'+“N2-studies. The preseﬁce of Hg(3P0) was confirmed

by‘monitoringvthé ébébrption of the 4078A light of é,low pressQre‘mercury“'

lamp along the axis of the vessel as the nitrogen concentration was
varied. This radiation causes the excitation Hg(63Pd - 73Sl). Because.

. the bimolecular reaction of Hg(3PO) with Cl, is exoergic by 0.32 eV,

2
'compared to 0.53 eV fqr Hg(3Pl) + Clz,‘oniy about 14 vibratibnél leVels

of the B.étatg could-be‘pqpulated;v At this pressﬁre.of nitrogen some
collision51 :e1axation'of thé vibrational ehefgy_of chi*:is'exﬁectéd;

But the emission spécﬁrum'should still éontain somé evidencé'ébouﬁ

the original vibrationalbmanifold. The HgCl (B>X) emissibn shOws-p#imarily
.‘the_red shadéd'structure,fypical of population of low Qf.states; however;‘
the in;ensity of'émission feétures origiﬁating in vf<12 is SCrﬁng, in
addition to the charééteristic emission frém v'=0,and.l. The blué

shaded banas originatingvih v'>15 are present:but are Ver& weak compared
.tQ thé dominant red shaded bands, which also have thé largest Franck-
' Condon factors in this région. No.attempt was madé'ﬁo'extract the
originél vibrational.distribution for the réactibn of Hg(3PO) with Clz.

What is relevant here is the qualitative observation that the metastable

.specie reacts with chlorine in a manner which is analogous‘to'the'Hg(3P1)+'Cl2

process.
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‘The appearance qf.fhé spe;;ra is worthy of furthéf-éommeﬁf.‘ In
,ﬁotﬁ cases buf.eséecially when no_ﬁelium is preseﬂt, the bandvétructure
appgafs to. be superimposed on a éontinuum_(or unresolved discpete 
kvspeEtrum).. For the region'bélow 4800A the spectra ﬁith'no.heliuﬁ is
ét most one third discfete émission, éxcept‘at the short wavélength
limit where oﬁly bands cén be seen. In the regioh'bf the maximum' 
inténsity the'Vibratiqnally'relaxed spgctfum,'althoughfsimplified
L substantialli,'étill shows sequences of bands (Av=Vf¥§" coﬂétaﬁt)
which are poorly resolved. 1In thebnon—relaxed spectrﬁm'much'oyerlappihg’
of discreté features is apﬁafent'aha can bevseeﬁ by the non?uniform'
widths Qf‘the bands. The na;rowest bands wiﬁh alhalf width'of §2A,
(23,405 forvéxample,.correspohdvto band shapes predicted uéing Wielaﬂd's 

' potential curves and values.of.li-fo; a rotational tempefétgre ofvébout
326°K. The.red shadéd baﬁdS'arZ soméwhat morévspreéd out due fo largé:
differences'bgtweep Bé and B n and é’reasdhablé h;lf width is SAvai |
320°K. ~The résolution of‘the detectibn‘was lﬂZSA.for the conditions -
used:to'fecord‘these‘sﬁectra; Becauée'So féw states.ﬁave appreciable‘
poﬁulaﬁidn with hglium'present, the spectrum is gféatly simplified and7the
Uﬁrablems caused’by-extehsive ovérlap of many bénds.#re-redﬁced. 'Thé
continuous emiséion in the épeétrum with no helium.éresent,'to the

éxtégt that it appears, must come from,two éour;es.- First, true
,cbntinuous éﬁission;,either.from_HgCI*'in high v"fadiating to the -
diésociatioﬁ'COﬁpinudm Qf HgCl, or ffom an exciféd ﬁgCl2 species fprmed

o

in the collision of Hg* with‘Clé. The other source 6f continuous
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emission is just the,inability of tﬁe detection éys;ém.tb ;esbl?e véry':
'closely.spa;ed-bands."Ihis'latﬁer possibility wasvsﬁudi;d Earéfully
by photogréﬁhing the»emisSiqn»from the HgCl* lamp with narrowed slits
in fhe second order of the épectrograph. Here ﬁith'reéolqtidn of 0.25A"

very many closely spaced»bands are apparent, and Wieland's assignments

refer to only the strongest features. These are the most intense members .

of sequences. _No attempt was made at assignment of thése,new1y.obéerved
bands. Their presence is certainly consisteﬁt ﬁith‘the calculations
disgussed earlier, which predictvmény»transitions-with'small'but non~
ﬁEgligiblé oveflaﬁ integrals, which had not been resolved by Wielénd's"
photégraphs eithgr. The low inténsity of the chémiluminescehce'from

Hg* + C1l, and the complicating éffects of fluorescence from the reaction

2
" vessels made high reéolutién étudies.aifficuit. HdﬁeVer, éoﬁe'phqtograbhs
were obtained at intermediate resolution ih.the second qrdér. These-
indicate the saﬁe type of structure as obtained from thg high résolution
photogréphs'of the.HgCl* lamp emission. With this'infdrmation‘it can’

be gbnciuded thaf thé épparent contiﬁuum is at least haif due to}
unresélved bapded structure. Mosf of the truejconﬁinuous emission is’
1ike1y.£o occuf close .to the intensity maxiﬁum at 5580A. The emiséion

below 48007 is predominantly discrete.

2. Vibrational Distributions. of HgCl (BZE+) from Hg* + Cl1

2 .

With the previous discussion in mind one can proceed'td'exfract'
an estimate of the relative population of the vibrational leVeis of
HgCl* which is formed in the bimolecular collision ovag*_with Clz.

The total intensity of a vibronic transition in emission was previously

given by Eq. (11)3
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' . 64 . 3 v'iv'" 2
IV'V" = NV.'AV" = ‘F NV'VV'V"I R ‘ .

- The ptincipal quantity of interest is, of course, Nv" the populationv
of level v'. The electronic transition mement has been assumed to

jaryvonly slightly with internuclear separation, so that

- . 5 R _ | .
' Iva" - C_NV'vV'V" (wv lq)v ) R (20),

Becausé'the'spec;rum préseht when no quenching gés is used contains
unfesolved discrete and coﬁtinuous ehission,‘the t@tal'intensity
reCQf&ed‘at a particular waveiength Ao and slit width;wiil have
cohtfibuﬁions_frbm several_bénds an& from the possible.contipﬁhm.
,The'311t'function of fhé détection system will,allqw 1ighp of‘a cértain
»wavéiength sﬁfe;d'éroﬁnd Xo'into the phofoﬁulpiplier. This si;uation
impliésfthéf area qgésuremehts of the banded features can not be
eéSily'defined. The-oniy'méaningful aﬁﬁrdach is{measufemeﬁt_df-peak__
,.ﬁéights'of banded features félatiVe fé the dnreSolved.emiséioﬁ. At the
maximum in intéﬁsity of an'emissién bahd this relative peak heigh; will
':bé‘a‘meaéﬁré-of the tfue intensity of the band. ‘As'longvés the:rotétionai
ehvglbpe doés'nbt changg much in ﬁidth for the.set of red shéded,bands,
relétive poﬁulations qf ﬁhe v' levels can_be calCulated’from p¢ak heights;
.Thé-appréachvused hefé has been méasurement 6f beak.height above éﬁe

: ﬁnfesdlvéd emisSioh for all red shaded bands in thé‘HgCi*'speétré . :

fobtainéd with and without'the use of helium as cafrier gés, 
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The peak'height'at'the maximum_is actually”a.differehtial_intensity,
dI, related to I by differentiation of Eq. (20). Since the spectral
intensities have been recorded as a function of wavelength,

o ' 2, v v" CNv' vt v 2
AT = NGV Ty v = g ey ey 01

a @y
énd.tﬁe peék'height will'ﬁe proportional to dI for an'infiﬁitessimai’
_wavelength intervél:d} betwéen A and A+dk.v_ |
If‘ail ;he emiSsionffom one level v' could be rgéolved and

'measuted; vibrationa1 sum'rﬁles could be applied,.since |

all ogsible I(wv'va")lz . ; | : | ,» . (22) 2
. v v o
v' or v" : ' Co L
if the vibrafional wavefunctions are normalized prqperlf{, Thi§'is‘éut
of the qﬁestion heré becauéé the emission_ié only partly resqlve&.v‘A'Vt
~ sum rule approach is hélpful‘with'this analysis,'howevér,.sincebthe'
.acéﬁ?acy'of-the sums of FrapckECondon fabtoré from one v':is better
vfhan.the,FC factor of‘aﬁy iﬁdividual transition from that level. The -
poﬁulation of level v' in arbitrary units.is related to the inteﬁsities

of observed transitions from v' by

) : ' 4 v'o v 2 R o V
Noo = G dL o/ Voaond (ZalChy g 17 B @3

where both summations extend over the Samezvalues of v'".
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-Table V—4”presents the peakdheight intensity.measurenents and'over—
-lap integrals which have been used to calculate the v1brat10nal dlstrl—'
” bution for chl* with no helium present. The resultant values of:Nv,
are presented in Table V-5 and plotted,as a function of vibrational
~leveliin Fng V-7.< Only red shaded bands have:been considered :and
:most of these lie below 4800A and so do not appear in Fig V-6. When
the bands of a s1ngle progression radiate to a ‘wide range of v'" levels
the populatlon N , has been calculated using overlap 1ntegrals based

. on both the low v" and high - v" quasi-Morse potential functlons. Data
»points ‘and overlap integrals marked by asterisks ‘show poor correspondence
_ between intensity and overlap integral. The vibrational populations
-ixshownsin‘Table V-5 have been calculated first excluding these points.
l Belov.thesedvalues for each v' are shown the relevant Suns anvaQ;
~values calculated when the *'points_are included. ln this’way crude
Uerror 1imitsscan be.set'on.thevvalues of,NV,‘obtained in this analysis.'
?bncertainty in initial measurements adds an error of t 107 to weak bands
_ and less to strong.bands. Tt is important to note that the relative
- intensities of bands in the emission spectra:arenreproducible\to..
~ within ten percent for both conditions; |
In Fig..V+7 the populations N&, have been normaliged sobthat;the.
.’smoothed values N:,(s).sum to 1.00. ‘The N:,(av) values are the
dnormaliZed populations averaging'the'low.v" andvhigh‘v"'fit results

‘when both have been computed.



-178-

Vibrational DistributionvData Freqﬁency Nofmaliéed'

Table V-4.
| : Intensities and Overlap Integrals for HgCl(B E ) formed
R by Hg 4-012 with no helium.
v' " A v dI '|<'V.']g,'">]2. [Cvt v 2
A __cmfl' & lowv" fit - high v" fit
410 4672.3 21397 1.99%° S Lme®
11 4727.5 21147 2,12  2.81E-02
12 4783.8 20898  2.57 o 5.21E-02
5 9  4577.5 21840 2.28% _ - 7.82E-03* .
'5 10 - 4632.0 21583  1.85 | | . 2.14E-02
5 11 4686.5 21332 3.08 . 4.33E-02
5 12 4741.2 21086 2.30 . 6.05E-02
5 13 4796.3 20842  2.36 - 5.05E-02
6 8 4585.7 22287 - 1.35% 3.62E-03% 4.79t-03%
6 9  4538.4 22028  1.50 1.13E-02  1.48E-02
6 10 . 4592.2 21770 1.36 2.68E-02  3.37B-02°
6 11  4645.8 21519 2.71 4.65E-02 5.35E-02
6 12 4699.9 21271 2.34  5.46E-02 © 5.25B-02
6 13  4754.2 21028 .825 - 3.588-02 2.22E-02
6 14  4808.4 20791 © . 1.56 5.64E-02 - 2.53E-02
7 7 4397.3 22735  1.28* 2.00E-03%  2.56E-03%
78  4448.5 22473 1.14  7.15E-03 . 9.15E-03
7 4501.0 22211 1.26 1.92E-02  ~  2.41E-02 -
7 10 - 4553.3 21956  1.09 3.798-02 - 4.46E-02
7 11 . 4606.6 21702  .1.55 5.14E-02  5.30E-02
7 12 4659.4 21456 1.55° 4.13E-02 -~ 3.17E-02
7 13 4712.8 21213 1.51 1.16E-02 2.36E.03
7 14 4766.3 20975 - 1.48 1.34E-03 - 1.14E-02
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Table V-4. 1‘(Conbt_ik-'nuec.i); E
V'v;l.'v' h A G d—z [ v"v".)_l_zm ' ]kv'-lv")’lz
- A ™Y low v" fit . high v" fit
86 4261.6 - 23459 1.07%  9.53E-04% & 1.17E-03%
8 8 - 4412.7 . 22655  1.91 1.24E402 1.54E-02
8 4463.6 . 22397 - 2.10 2.858-02 '3.40E-02
810 4515.4 22140  1.59 4.57E-02 4.98E-02
811 4567.6 21887 - .80 4.57E-02 4.11E-02
8 12 4619.8 21640 71 2.07E~02 1.03E-02 -
9 6 4277.8 23370 . 2.09% 1.92E-03% | 2.32E<03%
97 4327.0 23104  1.19 7.12E-03 8.66E-03
9 9 4377.4 22838 1.57 © 3.72E-02. 4.21E-02
9 10 - 4478.6 22322 1.45 4.67E~02 4 .66E~02
911 4529.8 22070  1.79 3.12E-02 2.28E-02
912  4581.3 21822 .95 4.32E-03 |  1.83E-04 *
913 4633.6. 21580 1.23 6.07E-03 1.69E-02
914 4685.5 21341  2.25 2.95E-02 3.16E-02
10 6 4244.9 23551  1.49 3.52E-03 4.18E-03
10 7 4293.4 23285  2.44 1.16E-02 1.37E-02
10 8 - 4344.0 - 23020  1.63 2.70E-02 . 3.12E-02
10 9 4392.4 22760  1.35 4.27E-02 4.56E-02
1010 4443.4 22506 . 1.48 3.98E-02 3.55E-02
10 11 4494.3. 22251 .83 1.43E-02 6.76E-03
1013 4593.9 21762 1.85 2.00E-02 2.88E-02
10 14 4644.9 . 21523  1.38 2.76E-02 1.76E-02
15 4695.7 21290  2.47%  3.58E-03% 6.14E-04*
1016 4747.0 1.81 1.30E-02 2.44E-02
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~ Table V-4. (Continued)

13

22063

A 3 4 IRERIE (vt vy |2
ém-l Y‘ loﬁfv"'fif- high v" fit
11 6 4212.5 23722 1.33% 5.95E-03*% - © 6.95E-03*
11 4260.7 23464 1.97 1.72E-02 1.99E-02
11 8  4308.2 23202 . 1.40 ' 3.41E-02 3.79E-02
1110 4407.0 22685  1.06 - 2.72E-02 2.05E-02
11 11 4456.3 22434 1.16% 2.55E-05% 5.08E-05%
11 12 4505.7 22188 1.79 . 8.05E-03 1.70E~02
11 13 4556.0 21943 1.42 2.81E-02 2.73E-02
11 14 - 4606.2 21704  2.04 1.34E-02 2.89E-03
12 5  4133.6 24185 1.61% 2.56E-03% 2.92E-02%
12 6 4181.0 23911 2.19 9.32E-03 1.07E-02
12 7 4227.9 23646 - 2.40 2.358-02 2.65E-02
12 8 4275.8 23381 . 3.76 3.90E-02 4.16E-02
12 9 4323.9 23121 . 1.90 3.74E-02  3.44E-02
12 11 . 4420.9 22613 .65 4.23E~03  3.97E-03
12 12 4469.8 22366 .98 1.96E-02 2.62E-02
12 13 4518.3 22126 = 2.04 2.36E-02 . 1.50E-02 |
12 14 4566.4 21893 . 1.29 1.49E<02 1.10E-03
12 15 4617.6 21650 .93, 1.23E-02 2.30E-02
13 5 4103.6 24362 . 2.32% - 4.21E-03% 4.74E-03%
13 6 4149.4 24093 = 1.82 1.36E-02  1.54E-02
13 7 4196.4 23823  1.92 2.96E-02 ' 3.26E-02
13 8 - 4243.3 23560  1.49 4.01E-02 4.08E-2
13 9 4290.6 23300 .96 2.736-02 2.24E~2
13 10 4338.3 23044 1.13 3.10E-03 4.39E~04
13 11 4386.3 22792 1.14 6.94E-03 . . 1.39E-02
13 12 4433.9 22547 1.72 2.58E-02 2.55E-02
13 13 4482.6 22302 1.17 1.14E-02 2.98E-03
14 4531.3 1.31 1.81E-03 '1.09E-02
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. Table Vf4;' ‘(Continued) R
vy ) v Q%. |<vf|v"5|2 _[<§1|§"§[2
o A em ¥ v low v" fit high v" fit
14 6 4119.5 24268 2.30 1.86E-02 2. 06E-02
14 7 4164.6 24005  3.07 3.44E-02 3.69E-02
14 8 4211.6 23738 1.93 3.69E-02 - 3.56E-02 .
14 9 4258.1 23478 - 1.06 1.56E-02 1.06E-02
14 10 - 4305.2 23221 .99% 3.57E-05% 1.69E-03*
14 12 4398.9 22726  1.69 2.25E-02 1.61E-02
1413 4447.2 22480 .64 1.59E-03 4.19E-04
15 4 3999.8 24994 - 1.51%  2.49E-03* 2.70E-03*
i5 6. 4090.0 . 24443 2.41 2.38E-02 2.60E-02
15 7 41341 24182 1.93 3.70E-02 3.858-02
15 8  4180.1 23916 .92 ' 2.,98E-02 2.69E-02
9 . 4226.9 23652 .87 5.74E-03 2.44E-03
15 11 4319.0 23147 2.00 2.31E-02 . '2.46E-02
1513 4412.6 22656  1.14 9.65E-04 7.33E-03
15 14 4459.5 22418 . 1.81° 1.96E-02 2.01E-02
16 5 4015.9 24894 .71 1.31E-02 1.438-02.
16 7  4104.8 24355  2.13 3.65E-02 3.68E-02
8  4149.9 ° 24090  1.66 © 2.05E-02 - 1.67E-02
1609 4195.4 23829 1.19%  5.14E-04% '3.00E-05% -
16 10 4240.6 23575  1.62 1.178-02 1.258-02
16 11 4286.4 - 23323 1.97 2.27E-02 6.10E-03
12 4332.3 23076 .85 3.29E-03 1.03E-02
4 3944.8 25343 1.21%  5.52E-03%
17 5 3987.9 25069  1.00  1.72E-02
17 11 23497 - 1.34 1.60E-02.
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Table V-4. ' (Continued.) :

- 21

R I T
A en v low v" fit high v" fit .

18 3 3875.3 25797 1.13% 1.82E-03*

18 4  3917.9 25517 .98 7.91E-03
18 5  3960.5 25242 .93 2.14E-02
18 6  4003.1 24972  1.21 3.43E-02

18 11 4223.6° 23699  1.29 7.24E-03

19 3 3849.7. 25969 1.18%  ° 2.72E-03*
19 4 3891.3 25691 .80 1.07E-02
19 5 2591.6 25416  1.18 2.54E-02
19 6 3975.8 - 25145 .98 3.40E-02
2003 3824.2 26141 1.07* 3.89E-03*
20 4  3865.4 25863 .90 - 1.38E-02 -
20 5  3907.0 ° 25588 .33 2.88E-02

20 6  3948.8 25317  1.56 3.14E-02

21 2 3758.6 27172 .98% 9.91E-04*%
21 3 3799.2 26314 .69 5.40E-03

4 3840.3 26032 v 1.72E-02

21 5  3880.9 25760 .73 3.11E-02 -
21 6 3922.3 25488 .84 2.68E-02
22 2 3734.9 26766 .68%  1.45E-03*
22 3 3775.1 26482 .85 7.23E-03
22 4 3815.0 26205 .76 2.06E-02
22 5 3856.0 25926 .53 3.198-02
23 2 3711.0 26939 = 1.07% 2.06E-03*
23 3 3751.1 26651  1.38 9.40E-03
23 4  3790.5 26374  1.03 2.38E-02
23 5 3830.9 26096 .52 3.11E-02

23 6  3870.8 . 25827 .41 1.42E-02
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 Table V-4. (Continued)"e
v' " A \_) Q_[I: '(V'lV")'z |<V'|V">l2
cm__1 v low v'" fit high v" fit
24 2 3688.9 27101  .75% . 2.85E-03%
4 3764.9 26542 . 1.03 © 2.66E-02
5 ° 3806.5 26265 .39 ~ 2.86E-02
6  3845.5 25995 .43 8.12E-03
7 3885.9 25723 .37 2.12E-03
25 2 3665.6 27273 .49% 3.84E-03%
25 4 3743.6 26709 .50 2.85E~02
25 5  3782.1 26433 .62 2.47E-02
25 6 - 3821.3 26162 .15 '3.39E-03
26 2 - 3643.7 27437  .96% - 5.058-03
26 3 368l.2 27157 .44 1.72E-02
26 4 3718.7 26875 .63 2.95E-02
26 5  3758.5. - 26599 27 1.98E-02
27. 1 3585.1 27885 .21%  1,04E-03%
27 2 3621.6 27604 .34 - 6.48E-03
27 37 3657.4 27319 .21 1.99E-02
28 1 3564.4 28055  .10% 1.41E-03%
 8.12E-03

Asterisks(*) refer to the transition from one v' for which agreement
 between observed intensity and overlap integral is the worst for that

' vibrational level

See Table V-5, footnote d.




Table V-5. 'Vibrational'Distribution Results: Summed Intensities,
Summed Overlap Integrals and Vibrational Populations for HgCl(B22+)

with no helium

formed from Hg* + 012

S 2 e | N * c

v 'z 5 vV ' v Nv,(low v'") N, (high v') N .(s)" N ,(av)
v low v" high v" ' '

4 4.69 © 0.0802 58.5 .0251 L0417
6.68 0.0914 73.1 .0522
5 9.59 0.1757 54.58" .0310 .0389
11.87 0.1835 64.69 . 0462
6 10.29 0.2314 0.2020 b .47 50.94 .0365 .0340
11.64 0.2350 0.2048 - 49.53 56.84 .0379

7 9.58 0.1699 0.1764 56.39 54,31 L0411 .0395 -
- 10.86 0.1719 0.1790 63.18 ' 60.67 L0442
8 7.11 0.1530 0.1506 - 46.47 47.21 . 0459 .0334
- 8.18 0.1540 0.1518 53.12 53.89 .0382
9 10.43 0.1621 0.1689 64.34 61.75 0500 .0450
| 12.52 0.1640 10.1702- 76.34 73.56 o .0535
10 14.26 0.1973 - 0.2076 72.28 68.69 L0542 .0503
g 16.73 0.2031 0.2084 '82.37 80.28 0580
i1’ 9.68 0.1281 0.1255 1 75.57 77.13 0579 - .0545
12.17 0.1367 0.1325 189.03 91.85 . 0645
12 16.14 0.1838 0.1825 87.81 88.44 .0608 0629
17.75 95.23 . .0681

0.1864

0.1854

95.48

_78T-



.Table V-5.

V1brational Distributlon Results.

Summed Inten51ties, .
Summed Overlap Integrals and Vibrational Populations for HgCl(B 2+)

46.08

‘formed from Hg* + Cl2 with no helium (Continued)
g dIE a2 . T Cten o gt K e
v % ;Z Z{evt by 2|<v lv >|. Ny (Tow ") NV'(hlgh*Y_) Nvi(s}1 N (av)©
: ' low v _ high v '
13 12.66 0.1594 0.1649 79.42 76.77 .0622 20557
© 14.98 0.1638 10.1696 91.45 88.33 o 0641
14 10.69 0.1296 0.1202 . 82.48 88.94 .0628 .0612
. 11.68 0.1296 0.1219 - 90.12 95.82 a .0663
15 11.08 0.1401 0.1458 79.09 75.99 .0621 .0553
12.59 0.1426 0.1485 88.29 84.78 | .0617
16 - 8.94 0.1073 0.0967. - - 83.32 92,45 .0603" .0627
- 10.13 0.1078 0.0967 93.97 104.76 .. .0709
17 2.34 - 0.0332 70.48 .0547 .0503
3.55 0.0388 91.49 . o .0653
18- 4.4l 0.0708 62.25 L0478 .04b4
» 5.54 © 0.0726. 76.31 L0544
19 2.96 10.0701 42.23 L0410 .0302
4,14 0.0728 56.87 o .0406
20 2.79 0.0740 37.70 0363 .0269
o - 3.86 0.0779 ~49.55 ’ .0353.
21 2.70 0.0805 33.54 .0319 .0239
3.68 0.0814 45.21 o .0322
22 2.14 ©0.0597 35.85 .0280  .0256
- .82 0.0612 a

.0329 -

-QSI;



Table V-5. Vibrational Distribution Results: Summed Intens:Ltles,
Summed Overlap Integrals and Vibrational Populations for HgCl(B E+)
formed from Hg* + Cl, with no helium (Continued).

2|
a : * *
v! z g%~ El(v'lv")(z El(v'lv")lz NV,(low v'") Nv.(high v'") Nv|(5)b ' Nv'(av)c
Voo low v" high v" |

23 3.34 0.0785 o 42.55 ©.0280  .0304
441 0.0806 54.71 ©.0390
26 2.22 0.0655 33.89 o .0225 . 0242
- 2.97 0.0682 | 43.55 .0225 .0311
25 1.27 0.0566 22.44 | .0201 .0160
1.76 0.0604 29.14 , .0208
26 1.34 0.0665 20.15 - .0178 .0L44
2.28 0.0715 -~ 31.89 | : - .0228
27 0.55 0.0264 R 20.83 | .0155 .0149
0.76 0.0274 27.74 - - ~ .0198
28 0.14 0.0081 S 17.28 , .0133 .0123

0.24 © 0.0095 ’ 25.26 : .0180

8From Table V-4 _ _
Nc,(s)zﬁflues obtained by from a smooth curve through the average Nv' values and normalized such that

b3 * = 1.
=4 NV,(s) 1.00 |
cN*,(av) values are normalized to the curve as indicated above. NV,(low v'") and NV,(high v'") values
are averaged where both have been computed. ’

The first line of results for each v' excludes the transition which shows worst agreement between
intensity and overlap integral (points marked * in Table V-4). The second line of results includes
that transition.

-981~
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The vibraﬁional distribution is definitely non thermal; with
maximum populétion occufring in v' = 14. Half.the HgCl* molecules
are fotmed'in levels 10 to 17, with'appreciable.poﬁﬁlétioﬁ of 1eve1é
up to the 1imit defined‘by the exdergicity of the:reaction; y' = 29.
There may be quenching of vibratiénal energy indicated b&Ian increase
in populétion at very low v',.althougﬁ this is‘dubidﬁs. Emission from

" levels Below v;=4 could not be detectéd at all, as shown iﬁ Fig. V-6
' fof these conditions. - .

When.xarge amounts of heliuﬁ flow through the irradiated vessel .
~in addition to ﬁercury and chlorine, only very lqw vibrational leﬁels
of HgCl* are represented in emission.. Table V-6 gives spectral ’
’inténsities and overlap intégralé for the HgCl* emission under these
conditions, és éhown in Fig. V-6. vTable V-7 presents_the viﬁrétional‘
'populatibnsvdérived from‘this data. The population of each level is

reported\relative to, N '1.00, for comparison to the thermal

1—
=0
population expeéted for 295 K. '(Helium flowed through the vessel too
fast to reach fhermal equilibrium with the irradiated vessellét‘318°K.)
The thermal population of v' relative to v'=0 is given by
N, = N exp[-E (v'j/kt] B : . (24)
v' Qv vib" o - g
" where N is the total populatlon of the electronic state,.QV is ‘the
vibrational partition functlon and E (v ) is the amount of energy
in excess of that of v'=0 of level v'. The exponential part of Eq.»(24)

is also shown as a function of v' in Table V-7 for 295°K. Figure V-8
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Vlbrational Distrlbutlon Data:

Frequency Normallzed

20

Intensities-and Overlap: Integrals for HgCl(B22+) formed
from Hg* + Cly + Helium (200 Torr)
v' oyt A BRY dI/V4 |(V'[vf)]2
| A em high v" fit
013 5025.0 19895 3.22 2.70E-03
0 14 5085.6 19658 1.02 8.31E-03
015 5146.8 19428 6.38 . 2.17E-03
0 16 5208.5. 19194 14.90 | 4.81E-02 -
0 17 5270.5 18969 65.48 8.94E-02
0 18 5332.1 18749 62.72 1.389E-01
019 © 5393.7 18535 67.12 1.781E-01
021 5517.2 18120 129.42 1.553E-01
022 5583.5 17920 101.84 1.008E-01
023 5638.9 17729 5.58%%  4.90E-02%°
113 4976.7 20088 2.50% 1.42E-02%
114 5036.4 19850 4.53 - 3.40E-02
115 5097.5 19612 6.07 6.53E-02
116 ~ 5157.5 19384 19.81 9. 74E-02
‘117 ©5217.8 19160 19.88 - 1.064E-01
118 ' - 5278.1 18941 13.99' y 7{39E-02
212 4871.7 20521 3.10 1.58E-02
2 13 £ .4930.1 20278 5.91  3.66E-02
2 14  4988.6 20040 4.65 ' 6.54E-02
215 5047.8 19805 3.96 ©8.55E-02
216 - 5106.1 19579 . 4.29 7.63E-02
217 ' 5166.3 19351 3.00 2.12E-02
218 5227.0 19131 9.85 3.51E-02
219 5284.8 18917 1.72 3.12E-02
2 5343.7 18708 2.61%  7.84E-02%
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Table V-6. Vibrational Distribution Data: Frequency Normalized
_Intensities and Overlap Integrals for HgCl(B2Zt) formed
from Hg* + Cl, + Helium (200 Torr).

2
vl o 5. ant et v )2
& ! ST .‘
312 4827.2 20710 4.94 3.378-02
313 - 4884.3 20468 5.30  5.97E-02
3 14 4924.0 20229 5.97 7.45E-02
315 ~ 5000.1 19993 2.69 5.60E-02
'3 16 ' 5058.2 19764 1.24 1.45E~02
317 . 5116.3 - 19540 3.79 2.51E-03*
318 5174.3 19321 1.43 4.06E-02
3 19 5232.5 19106 0.22 5.96E-02 -
321 5348.5 18692 0.42 5.91E-03
4 13 4839.9 20656 2.80 6.68E-02
4 14 | 4896.8 . - 20416 1.61 5. 04E~02
4 17  5067.5 19728 2.11 1.22E-02.
418  5124.6 19508 2.07% 3.09E-03% -
4 20 5238.5 19084 2.1 '1.32E-02
4 5

21 - 5295.1 18880 1.57 .38E-02

vaThe_same convention as used ‘in Table V-4.
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Table V-7. Vibrational Distributioh'Results: Summed Intensities,
' Summed Overlap Integrals and Vibrational Populations for
L HgCl(B22+) formed from Hg* + Cl2 + Helium (200 Torr).

G, T | | .‘2 : o v —Gohc/kt

vl T, T ZKv'|[vM]® N, N ,(av) N ,(rel) e, _..co
: Cm_lA : vv4 high v" A v v _ (T—295.C)

0 0.0 452.10° -0.7238  624.62 613.53  1.000 1.000
457.68  0.7728 = 592.24 o SR

1 191  64.28  0.3770  170.50 170.72  0.278  0.39%

. 66.87  0.3912 170,93
2 381  36.48  0.3671 99.37 93.56  0.152 0.156
29.09  0.4455 . 87.74 |
3 570 - 22.21  0.3445 64.50 69.71 . 0.114 . 0.062
26.00  0.3470 74.93
4 758 10.20 . 0.1964 - 51.93 56.72  0.092 0.025

12.27  0.1995 61.50

4 The same convention as used in Table V-5.
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Fig. V-8. Vibrational distribution for HgCl(BZE ) when 200 Torr

of helium is added to the flow system.
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‘shows-the;relétiveipopulafiqn asfa.fuﬂction“of:E§ib(§') aﬁ& V’éf Thé
straight line sﬁows the best fit of the thermal pOb&lation'atv2955K to
the daté pointé} These feéults show thaﬁ a bfessﬁée'of 200 Toff'of
heliﬁm"is féifly efficientvaf relaxing the‘vibratidnal energy of HgCl*

By bu£ it does not‘produce the tﬁermal vibfationai popﬁiatibn ai v'23,

The fact thatvmost of the vibratiohal energy of HgCl* is qdenched,

"'héwever; does‘maké a strong.case for the formation Qf Qibratioqally hot
molecuies viaithe bimolecular reaction rather by an.alternative process

such as light absorptlon.

3. The Dlssociation Energy of HgCl (X E )

The short wavelength limit of the chemiluminescentuemissioh can
be used to estimate ﬁhe dissociation energy Dg of HgCl formed in the
reaction

,Hg(3pl),+ cL, - HgCl(B2Z™) + 1 .

By eﬁergy balance

(B8 +E (L) +E_(ag" +c1) + D0 (HgC1)
=E ' (ch1 ) +E (c1) +E, (ch1 +C1) + D) (c1 ) @5y

;Here_Dg is the dissociation éhergy of ground state Hg_Cl,'Eint is the .
interhal.energy.of chlorine (0.084,eV at 318 K), Etffis the‘reiafive',

translational energy of reactants or products

* _3 - o ‘
_Etr(Hg +¢12) = 5 kT = 0.041 eV at 318°K) ,
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2
372 °F Pis2

. ’ * . :
respectively. The short wavelength limit of the HgCl emission

and Eint(Cl) = 0.0 or 0.11 eV for'a_zP Cl product
corresponds to-emissionvfrom the 29th vibrational of excited HgCl,
at 3.534 eV above v"=0. With E,_ (Hg') = 4.86 eV and Dg(Clz) = 2.475 ev,

the dissociation energy of unexcited HgCl is then

DO[HgCL(x’Z")] = 1.03 eV + E,_ (C1) + E__(HgCl™ + C1) (26)

or

DO[HgCL(X’E")] > 1.03 eV = 8309 cm = .

Of‘eourse, any 1imit of this sort on a bond energy which is arrived at

by measurements of reaction energy partitioning is alﬁays uneertain.

to the e#tent,ofeany possible activation energy for reaction.  However,

- the 1arge:reac;ive cross section estimates presented in Chapter IV as |
.well as the similarities in behavioreof the present reaction to

feactibns of alkali atoms with halogens, which are khoﬁn to proceed with
no actlvation energy, indlcate that this could not 1ntroduce an uncertalnty‘
much in excess of kT in the present'case; Adding the zero point energy

to this limlt g1ves D [HgCl(X 2 )] = 1. 05 eV. Thls limit is also in
excellent.agreement with the value of Do = 1.03 eV derived by‘aABi;ge—:

-Sponer extrapolation in this chapter and with the value of Dg = 1.0£0.1 eV

recommended by Gaydon.17
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E. Spectroscgpic Stﬁdies ofng(3P ) + qu, I, and ICl
:" &

1. HgBr (B+X) and Hgl (B*X) Spectra Obtained from the Irradlated Flow .
"~ System ' :

Hg(3P1) reacts with molecular bromine and iodine in a manner
which is completely analogous to its reaction with chlorine. :Figure V-9
shows a”photoelectric scan of the emission which accompanies the reaction R

of Hg( P ) with Br, in the irradiated flow system. The trace includes .

2
the response factor of the detection system as plotted in Fig. II-9.
Scan conditions as noted in_Table 1I-2 were used except that the _
séectrometer slits were 200 microns. At a mercury‘flon rate of 3.2x10%°
atoms/sec the most intense‘chemilUminescent emission occnrrediwith
bromine pressure at o,3dgmorr in the reaction vessel.. The vessel amis‘_
deas‘coincident with the spectrometer axis. |

Figure V-10 shows the light emissidnvwhich accomoanies the reaction
of Hg(3P1) with molecular iodine at 0.34 Torr'in‘the reaction vessel.
All»othervconditions were the same as for stndies of Hg(3P ) + Brz.
. No photographs.of the’chemiluminescent emissions were taken unfortunately;
| Inspection of the figures of reference 2 and cons1derat10n of the
| information supplied recently hy Wieland to Rosenls tabnlation,
Lshowvthat Hg*‘;”ﬁré'and lz'give the same emission'as:that>assigned'by
Wieland'todthe (B*X) systems of HgBr and ﬁgI, with no inert gas.‘ Forb'.
theSe heavy molecules the'spectra‘are-even more complicated than the
.analogous system:of HgCl : Wieland made progress in the vibrational

analysis only by adding large amounts of either argon or nitrogen to

and Hgl

his Geissler tubes of HgBr 2° As obServed for HgCl gross

2
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Fig. V-9. vPhotoelectric scan of the ehemiluminescent eﬁissien;ﬁhieh
o . accompanies the reaction of Hg(3P ) with bromine, correeted
for the response of the detection system. (v',v'") a551gnments
_of known HgBr (B E ) bands are indicated in parentheses,
followed by estimates ‘of the intenslty of "these bapds in

the presence of 100 Torr of Argon, taken from reference 2.
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Fig. V-10.
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Pﬁotoelectric scan of the chemiluminescent eﬁission which
accompanies the reaction of Hg(BPi) wiéh iddine, £§rrected
for fhe response of the detection system. (v',v")
assignments of known_HgI(BZE+) bands arevindicated.in

parentheses, followed by estimates of the intensities

. of these bands in the presence of 460 Torr of Argon, taken

from reference 2.



S & T S N B R B R R
Ao e o Yo <J ¥ s £ d 'f“::J' a8

2.6

  2.4

Relative Intensity

| 2.2

20

3

M)

04

-199-

- —
— T
b N . -~
. "; - )
- _ 3 g _ :
- )
: : -~ = A A
. ~ ~ .
— . . —_~ e ~— ]
_ : L ) '
A -
T MR 2
| o~ OO ,| -
a0 =22
oo '
| T _
_.”w |
- -
= -

v-lllllllllllIIIIIIlllllllllllllllllllllll

‘I]'ll__Alvl.v-Illll.[[.TTI‘]vl LR L. II]VI I,II.I,LIIIIIIVI'

—(0,18){9
— (0,15) {9}

CHg*+ I, 4
< -
5 o2 S

, I8 =E 534 g .

o~ B AND 6% g=

: Z aare == T
- A -

g ss L™

03 | v - 4
02 1 -
O|'|1|111111111 ' ’ : A 1

3910 3950 - 4000 4o4o

4100 4150 = 4200 4250 - 4300 4350 4400 4430

Wavelength (&)

" XBL 741-5475.

 Pig. V-10. -



-200-

changes in the appearance of the épectra are seen’ﬁhen the inert gas
is pfesenf. The resultant vibrational relaxafion_and simplification
of the sﬁectra'allow assignment of most of the emission features,

but the non-relaxed spectra are disappointingly c6m;1ex. Table V-8
shows the ﬁolecular constants he extracted from vibrétionai.analysis
of the simplified spectra. It should be noted that tﬁe B and X states
of HgBr and Hgl are more weakly bound than those of HgCl and Ehat fhe
vibrational frequencies are smaller as well. The Band heads which are
indicated in Figs. V-9 and 10 are based on Wielénd's analysis.

For Hg* + Br2 and 12 it is clear from the figures that HgX* is
not formed in v'=0 for éither case. For Hg* + Br2 the unassigned -
peaks between 4600 and 4850A are those seen by Wieland wifh no inert'_
gas in his»discharge tubé, as listed in Rosen's tabulation. For
Hg* + 12 many HgI* bands due to populatidn‘of v'26 can be recognized.
The problems caused by overlap of many weak bands make it i@possible to
determine the extent to which'contiﬁuous emission.is contributing to
2 and Hg* + 12 chemiluminescence.

Table III-1 shows that the bimolecular reaction to produce

. *
the Hg + Br

HgX(BzE+) is exoergic by 0.69 and 0.68 eV for Br2 and 12, respectively._
Levels up to v'=45 ahd 53 could be populated if éll»the exoergicity
were invested in vibration of the product moleculé.v Emission from

up to v'=21 can be seen in the spectrum of HgI*; ana emission from
higher levels 6ccurs beyond the lower limit of these studies. Although
the spectra are 1e§s resolved than that of HgCl* it seems safe to-asserf
that the reaction dynaﬁiés are similar for the series Hg* + Clz, Brz,

and IZ'
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‘Table V-8;j Spéctrosc0pic Cdnstantsrfor HgBr and HgI '1_"'

“HgBr’* (x°zh) Hger 2% Hgrx®h ng1(8%gh

w1883 136.275 125.0 11045

Cwx 0.9665 . 0.2800 - 1.0(v'<7) 0 0.15
ee o | L5
wy -0.0094 . = S - -
T - 0 23485 . 0 24187.1

° 5740 19930 - 2850 16300

aValués-takéh‘from‘K.Wieland, Z.fur Electrochem,vgi 769'(1960).

bcm'_l throughoﬁt thevtéble.
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2. Results from tﬁe Study of‘ﬁg(zgli +.ICI
| ‘Intuitivelyvone expects the reaction’of Hg* with ICl to ptoceed
in ajcompleteiy analogous way'to its reaction Qith_the homonuclear
halogens. Since two eleetrohically.excited ptoducts.of different
mass can be formed, their spectral intenSities and vibratiohal:
‘disttibutions should provide somevinsigﬂt into their'relativé tates of .
formation. | |
The chemiiuminescence which accompanies the reaction of Hg* with
IC1 was monitored under the seme experimental conditiohs as were used
for Hg* + Br2 and 12; ICl1l at a pressute of 0.05vTorr flowed'throhgh
the irradieted system as described in Section II.‘”In hindsight one.
can observe that more effort sﬁould heve been made to purify,the semple
and to prevent contamination due to 12.
Between 3600 and 5800A weak emission was seen due to HgCl(B+X),V
and strong emission was seen from HgI(B+X). In additlon to these
systems strong fluorescence was seen from I (B3ﬂ + , V'=25 ~» XlE;)
This fluoreseence was two orders of magnitude more‘intense than the
'HgCl* emission which eccurred in the same speetral tegioh'(5300-5700ﬁ).

Because IC1 dlsproportionates to I and Cl at room temperature w1th

"2
=1.3x10 3 22 the presence of 12 in the vessel could not be

eliminated. The HgI emission observed was completely,similar in

' dissoc

. | * .
appearance to that occurring with-Hg + 12" Because the bimolecular
reaction of Hg with ICl is exoergic by only 0.09 eV for formation of

the iodide product, compared to 0.81 eV for the chloride (Tabie I11-1),



emission from only the first six vibrational leveIS‘would be Seen if
only 1cl were present in the flow system. Therefore much of the observed

% : L ' k.
Hgl emission is certainly due to Hg + I The fact that the HgCl

2.
emission was so weak indicates either that there was less ICl and Cl2

than 12 in the reaction vessel, or that the reaction of Hg with ICl

or Clzvis much slower than with 12.
, in reactions of alkali and'alkaline earth metals with IC1, thevmajor"v
| 23

It is-1nteresting_to note here that

"‘product apeears'to be the metal chloride.
| ‘The Izlfluorescence is worthyfof further comment;' Moleculareiodine‘t
absorbs theng'546lA line to excite»v=25; J=34'of:the Bvstate.zév The
‘resultant fluorescence has been well studied.25 'Steinfeld‘et al.
."vhave investigated energy-transfer processes involving this specific
-‘excitation bv observing the change in the fluorescence spectrum as
" various quenching gases are added to the iodine system.26 When‘10w
preSsureS'of ouenching gases are presentfthe fluorescence spectrum
vreflects the subsequent vibrational and rotatlonal energy transfer
‘from v =25 J=34 The 12 fluorescence observed in the present.studies"
- was extremely sensitive to.the presence of mercury. With mercury

at less than 0. 05 Torr, fluorescence was observed from the nearby

: vibrational levels of I (v between 24 and 27). With no mercury

2
only the v'=25 progression was observed. This suggests that Hg 1s

~ efficient in energy transfer orocesses_ﬁith,IZ; No detailed studies

.of this phenomenon:were_made here. EluoreScence‘from ICl would-occur'

in'the same‘spectral region,27 but the spin_selectiOn'rule'holds more.
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strongly for ICl than for I, so that its absorption of radiation at

2
'5461A is diminished. Predissociation due to interaction of the 3ﬁ(0:)

28

state with the nearby 0+ state” also decreases the likelihood of

observing this fluorescence. No emission from ICl was observed here.

*F. Experiments with Hg(6 lPll

_Compafativily few studies in?olving the singlet mercury fesonance .
state, Hg(6 1P'l),'have'been performed. Although meréury photosenéitization
processes involving 1849A fadiation have been exploited,?o studies of
quenching ratés are:scanﬁy.31A As mentioned in section.II.C.Z;Iwe
investigated §he pbssibility of chemiluminescence accémpanying the
réaction of Hg(lPl) with Cl, and SnCl,. These coﬁpbunds‘were ghdsen

2 4
because the biomolecular reaction to form HgCl(B22+),‘v

+ Hgcl(8’zh) + snC1,

Hg(BPl)v+ SnCl4

is endoefgic by 0.34 eV and therefore any observed chemilumihéséenée'v
‘would unambiguously involve Hg(lPl).~ Another reason for study of

Hg(lPl)_+ SnCl4 is that insight could be gained about the relative .

reactivity of the singlet and»triplet'speéies and thg'extgnt torwhich__
the singiet species ﬁight react in a manner énalogdus tovihe réactions
of alkali metals with haiogens;' SnCi4 has been shown to react-with‘
alkali metals with somewhat larggr crgés.seétions than have been found .
with diatomic halogens,B-2 g0 its use is'apprppriate in this context.

Hg(%Pl) + Cl, was studied because by this time .the emission which is

2

characteristic of Hg(3Pl) + Cl, was well understood, and new spectral

2

«



features duevto_readtion_of'chlorine»with Hg(lPl) could be easily

noticed and analyzed. The C and'D states of HgCl could be populated,

Hg( P ) + c1 > HgCl(C T, v'=0) + CL( P3/2) .AE°,=‘—0.78 ev

) ,'AEo

1/2
95 V= =0) + Cl( P

| and the,chenilunineSCence=from.these states'would:occur'between:roughly
2400 and 3000A. | o |
As discussed earlier, the suprasil reaction vessel and. cold

‘cathode lamps were used.- The lamps were high in output of the .
resonance’radiation at 1849A necessary to excite‘mercuryvto the singiet
state..‘The enclosure SurrOunding the iamps and the‘irradiated area
. of the reaction‘veSSeivwas sealed and continuously flushed with_nitrogen.h

'or_ongen:to minimize or maximize the absorption of incident radiation‘”
at”iS49A as desired. Absorption of the 4347{5A radiation from'a low -
pressurelﬂg:lamn was used as a monitor for the presencevof Hg(lPl) and
experinents'Were performedvat Hg flow rates of 3.0X10;6 atoms/sec"
_where naximum secOndary'ahsorption occurred. ‘Underithese conditionsh

appreciable concentrations of Hg( P ) were found as expected

1. Results for Hg( P )+ Cl2
| Neither photographs nor photoelectric detection, using the second’

: order of the spectrometer showed any sign of HgCl(C+X) or (D>X)
:emission,between 2000.and 3000A,1indicating that Hg('Pl) does not;

:react fast enough, or at all, with C12 to fOrm'these States of HgCl.

The (B;X) emission was Observed strongly and its-intensity was not

changed when oxygen rather than n1trogen flowed through the lamp and

reaction_vessel enclosure. Hg( P ) is not, therefore, 1nvolved in a
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chemiluminescent bimolécular reaction with,Clz.

2. Results for Hg(lPl) + SnCl4

,The B state of HgCl is ehergetically accessible in the reaction of

1 , :
Hg ( Pl) w1th SnCla,

> HgCl(B22+, v=0) + SnCl AE0 = - 1.48 eV

Hg('P,) + sac1 ;

4

and the formation of the C state is only slightiy endoergic,

Hg(lPl) + snCl,

> ch1(c2nl/2, v=0) + SnCl, AE_ = + 0.06 eV .

4

at the mdnitoring point, no emission was seen from either state of
¥ . . .

With Hg flow rate of 3.0><1016 atoms/sec and SnCl, pressure of 1.65 Torr
HgCl, or, continuous emission, was seen between 2400A and 5700A.

These results indicate that Hg(lPl) does not react in a manner analogous
to Hg(3Pl) and further implications of these studies will be discussed

subsequently.

af
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VI. DISCUSSION OF THESE EXPERIMENTAL

RESULTS AND COMPARISON TO RELATED WORK

The results presented in this work have shown that Hg(3Pl) reacts
with molecular halogens to produce eléctroniéally excited products in

the bimolecular process
Hg(3Pl) +xv(zh > ugxe®=h + v(%p) | BNGY!

2 12 or ICl. The resultant HgX(B+X) emission

shows that a large fraction of the reaction exothermicity appears’

where XY is C12, Br

as vibration in the mercurous halide product. From kinetic studies,

22+) from the reaction of

the cross séction for formation of HgCl(B
excited mercury with chlorine is estimated to beArqughly the same as

the gas kinetic collision cross section, ~ 40A2. These results give some
insight into the reaction dynamics, and of course this is the ultimate
aim of thesé experimental studies. ' In this seétianwe will compare
information gained from -this work to results of molécularﬁbeam

studies of alkalil’2 and alkaline earth3 metal reéétions with halogens,

and discuss the relevance of the electron transfer model to reactions

involving excited mercury atoms.

. : L
A. The Electron Transfer Mechanism for Hg(?Pl) + C1 ( E;l
K L

The group IA and IIA metal reactions with halogens exhibit several
features which are consistent with qualitative predictions based on
an electron transfer model for reaction. These features which have

been probed by molecular beam studies, are forWafd peaking in the



angular.distribqtion df metal halide prpduct-with respeét to.the_direCtion
_défined by theaiﬁComihg ﬁetal‘atom's velocity,.largeureéétion éross
section, and high internal.excitation of the-metélfhalide_product,

as shown by:its small recoil velocity. The essential idea of'the‘
‘electron transfer model, first-proposed by McGee? is that'tﬁe metal
atbm tosses its loosely héid outer électrop ;Q'the incqming ﬁalogen‘
molecule while the reactants are far enougﬁ apaft-éo that internuclear
. ‘repulsion.is weak. The coulombic aftractiOn of fﬁe resultant ion
pai:'éccelefétes tﬁe ;ollision, and essentiall& evéryAion pair
“formed'leads to formation of a metél'halide produét.. Thé disténce,
2BEt§éen;the”métal atom and halogen molecule at‘the time of.the'
‘Velectrohjtfansfer can be estimated frbm the difference between the
ionizétion poténtial of the atom and thevverﬁical electroﬁ affinity

of the halogen molecule.
r =e /[IP(Me)_— EAv(XY)] : : - (2)

'Neér.rx thé-potenFialhypérsu:facewhich describes’the reaction ﬁndergoes
.an abrupt chanée from the covalent character‘of the.reac;énts,ta the
..ioniczchéractervof tﬁe intermediété. Thus the poteﬁtial hypgrsurface"

v coﬁ1d b¢ called'diabatic in zero'ofder, where the surfaces would actually

‘cross each other. The reaction cross section becomes

o = omS o ®



o -212-

in this loweét—order electroﬁ transfer model. VIt can be seen.ffom (2)
that the electron transfer will occur at sufficiently large intef—
nuclear separations as to be out of range of chemical forces oniy

for reactants for which IP-EA-is;relativeiy sﬁail. Thus, the alkali
metal reactions with halogenslafe‘ideél candidétes for this mechanism,
since their ionization potentials afe low, and'hgﬁe ns1 as an outer
electron configuration. The divalent alkéline earth metals have low
ionizatidn potenfials, but because of their paired spin n52 configuration
and because poteﬁtial hypersurfaces to form stable dihalides have’

deep wells, their reactions with halogens mightinot‘proceed via a
similar one electron transfer mechaﬁism. However, experimental evidence3
supports such a model for their reactions with halogens to form mono-
halide products analogous to (1). It is iﬁteresting to note, however,
that a smali.fraction of reactions of ﬁarium with chlorineS prodﬁce

a visible chemiluminescence from the electronically excited dihalide

and monohalide

. * '
Ba + Cl. + BaCl.~ + BaCl c(®m) + c1(°P) %)

2 2

the forward peaked product angular distributions and tpe high internal
excitation of the product halide, observed for both alkali and alkaline
earth reactions with halogens, suggest that the’ioh pair intermediate
is extremely.shqrt lived and that the products séparate before the.
exothermicity can be equipartitioned among the available modes of the
complex. 1In contrast, the reactions of alkali metals with SnCl4 and

SF66 show angular distributions which are symmetric about 90° in the



e
oy a

v center of maSs-sYsten.: This is eVidence for:the>fornation'of.long iiﬁedii
vcoliision.comPIeXes; .Measurement'of the vibrational energy obesF formed
vfrom-Cs +'SF67 shows a Boitzmann.distribution'uhich'is’also‘consistent‘ |
, with the fornation of a 1ong.1ived intermediate.> The reaCtions of
Hg(3f1) with molecularvhalogens present an interesting“case for testing
- the appiicabilityrof the electron transfer model for.severallreasons..v
,-Hé(3pl)'has anuionization'potential between that of strontium:and batiumbd'
(5.6 eV conpared to.5;7 and b,Z'eV; respectiueIY)."Like the alkaline
v:earth'metalseit is_a divalent species, but the outer electron is-in.a
p‘orbital, which affects the symmetry.requirements'of the reievant
' POtential hypersurfaces.' Again, the'existence'of stable dihalides of
. mercury brings to mind the possibility of deep chemical wells in the
‘potential:surfaces which might lead to formation of'long lived' :
,compiexes,'whose presence would be refected in the nature of the energy
| distribution between the products. Here direct measurement‘of the
vibrational distribution is possible because the mercurous hallde is
formed ‘in a short liveddelectronically excited state, whose vibronic
fenission spectra can be observed before secondary collisions'distort.--
the initial product vibrational manifold.

The reactive‘colliSiOns of aikali and alkaline earth metaIS'With.
halogEns are restrictedffrom the broadside sz approach‘trajectories
tbyfs&mmetry restraintsts' Tbis is not so for Hgk3Pi)+.halogens.b For
.'_Me reoresenting anfalkaii or alkaline-earth aton, for the fanily of -

reactions v | | | |

‘ﬁe(lls)+x(z)+Me( s)+x(>:>+Mex< KRG SENON
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the totally‘symmetric reactants transform as thevAl irreducible

representation for C symmetry?_but-the ionic intermediates transform

2v
1° Bl and BZ' Thus,bsinée there is no ionic

symmetry which correlates with the reactants,

as BZ.' The products give A

potential surfacerof sz
broadside attack of the metal atom on the halogen molecule is‘symmetry
forbidden. A collinear approach is not forbidden because ¥ representations
of va exist for reactants, pfoduété and the ionic intérmediaté in (5);

For Hg(3Pl)_+ X, the reactants transform as A, + B

2 1 1 + B, under C

1 2 2v
symmetry, with the ionic intermediate and products having the same
symmetry éonstraints as imposed in (5). Thus, broadside attack as
well as a collinear approach of Hg(3P1) to the molecular halogen is
possible. In an electron'trénsfer process theIEXcitéd mercury loses
its p electron to the empty antibonding On orbitalvof XZ’ and a

configuratipn with C symmetry can be imagined in which the empty b

2v
orbital is paftly delocalized into the T systeﬁ of-XZ. The stability
and lifetime of such an ionic intermediate would Be reflected in the
vibrational distribution of tﬁe HgX(BZE+) product.

In Table VI-1l electron transfer model predictions of tﬁe reactive
cross section are compared to the imcomplete molecular beam experimental
data, for fhe reactions of alkali and alkali metals and Hg(3Pl) with
molecular chlorine. T, has been calculated from Eq. (2) using the
measured adiabatic electron affinity of C12.10 Since the vertical
electron affinity is prqbably smaller than the adiabatic, r. values

may be too large. As the ionization potential increases the electron



3 "

-
A

FU UYL g s

s

-215-

Table VI-1. Alkall and Alkaline Earth Reactions with Cl Compared to

2
Hg( Py) + c12
a b ‘ : ‘ - _h
M 1P rx_ .Oezt . OObS . A.DO . f?pt_ ref .
eV A A -G kcal/mole n
i . 5.4 5.0 78 87 54 0.86 c
K 4.3 7.9 © 200 300 44 - 0.91 ]
Rb 4.2 8.6 230 310 44 . 0.96 .d
Cs . 3.9 10.4 340 310 49 0.96 . d
Mg 7.6 2.8 25 17 D 0.89 e
- ca . 161 4.0 - 50 S . 37 . 090 e
sr 5.7 4.5 63 - 39 0.90 e
Ba 5.2 5.3 . - 88 60" 48 10.94 e
ug(3pl) 5.6, 4.7 - 69 870 12 ~  0.518

Ionizatidn Potentlaié from C.E. Moore, Atoﬁic Energy Levels, National
Bureau of Standards, NBS Circular 467, Washington, 1952 and 1958,

Adiabatlc Electron Affinity of Cl2 =2.52 eV from W.A. Chupka and
J. Berkow1tz, J. Chem. Phys. 54, 1885 (1951).

b

g0 O QA 0

D.D.Parrish and R.R. Herm, J. Chem. Phys. 51, 5467 (1969)
R. Grice and P. B Empedocles, J. Chem. Phys. 48, 5352(1968).
S.M. Lin, C.A. Mims, and R.R. Herm, J. Chem. Phys. 58, 327 (1973).
C.D. Jonah and R. N. Zare Chem. Phys Lett. 9, 65 (1971).

e P has been used here. |
£P. ~ 1 - - E' 'where E and E'”are most probable values.of rhe
vib AD +E 3

" relative translational energy for reactants and products.
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transfer Qccﬁrs when the reactants ére closer fogether. The long
range coulombié attraction can be offset by interﬁuclear repulsion,
and thus the model breaks down. With a crossingrdistance of 2.8A
the Mg+Cl2 reéction should not be well described by the electron
transfer model. The ionic and covalent potential surfaces for
: Hg(3Pl) + Cl2 cross at 4.7A, which is close to the crossing dis;ances
for Ba and Sr. For Ba+Cl2 the reactive cross section estimate of 6OA2
compares favorably to the electron transfer predi¢tion; The Hg(3P1) + Cl2
reaction cross section range, 8—70A2, is consistent with the model's
order of magﬂitude. Forward peakihg of the produc? halide with respect
to the direction of the incoming metal has been obsérved in the molecﬁlar
beam studiés mentioned here. Of course no comparison can be made»on
this point for the reaction of excited mercury with halogens. Trajectory
calculations which include electron transfer do not agree on the type of
exit channel interaction needed on the potential hyﬁers;rface to produce
forward peaking or the high internal excitation of the molecular product
and the two-body electron transfer model needs more sophistication.
However, if the reaction 6f Hg(BPl) with halogens_iélanalbgous to the _
alkali and alkaline earth reactions, the HgX(BZZ+) product should be
vibrationally hot.

The primitive molecular beam studies referred to in Table VI-1 show
very high internal excitation of the chloride pfoduct. The fra;tion éf
reaction exoﬁhermiéity invested in internal excitétion, fint can be>

inferred from the translational recoil velocity. In experiments without
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7:velocity analysis the product kinetic energy is estimated from the
Lab’“_centerbof_Mass transformatiOn and cannot be uniquely determined.
Nevertheless, reactions of both alkali and alkali.metals_with chlorine

show most probable vaiues ofvfint > 0.90.

A

B. Energy Partioning

f Theluibrational distributionvderived from analysis of.the'HgCl(B4X)
:emissionzand presented in Fig. V-7 can be used tovdetermine thedmoet
_probable value of the fraction‘of‘reaction_exothermicity invested in
zproduct vibration,'if it is assumedfthat the probability ofoformation
.»of'HgCI(B,v') is proportional to Nv;, the population of levei v'.
This also‘requires that our vibrational diStribution reflect the
initial distribution and has not been'affected-by:reiaxational processes.
- Another inherent assumption is that the-partial sum rule'approach for
FC factors which has been applied to obtain N accordlng to Eq (v-23)
:is correct. Thus, the values of N ,(s) from Table V-5 and Fig. V-7
’have been used 1n Fig. VI-1, which shows the probability of formation
i“of HgCl as a function of the fraction of reaction exotherm1c1ty
'invested in'vibrationf. The total product energy corresponds to |
vi ‘=l.b at vi¥29. In addition to P(f ) is -shown P° (f )Wthh gives
.ithe probabllity of forming HgCl as a function of f b; assuming ; -
“ equipartitionlng of the reaction exothermlcity among ‘the available

'>vibrationa1 rotatlonalvand translat10nal degrees of freedom.

Treating the diatomic product as a vibrating rotor gives thlS normalized

iexpression for P° (f .b):ll
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Fig. VI-1. The probability of formation of HgCl(BZS+) as a function
of_thé fraction of available energy invested in vibration,
f ... The smooth curve shows P°(f . ) based on
vib vib.
equipartitioning of the available energy, calculated from
Eq. (6). Data points present the experimentally observed

valges of P(fvib)'
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-Equipértitioning of’thevexothermicity of reaction-is'characteristic‘
- of the breakup of a long livéd complex. Figure VI-1 shows that
-HgCl(BzZ+) is certainly not formed via a long lived coﬁplex. The most

‘is 0751,_compared to fvib=0.01

probable éxperimentai value‘of'fvib

‘for a statistical complex. For HgCI-(fvib

), the average value, is
A given'by

| = o
o) = Z g PEog)

=0.53 . R ¢
- v=0 '

Ben-Shaul et ala;l outline a concise formaiism-for expressing'the 
divergence of a measured energy'distribution froﬁ statistical prédictions.'
 ‘They define the surprisal of a distribution, when only the tota1 enérgy

Eaand vibrational distribution are knbwn, as
CIW|E) = -log w(v|E) . (8)

: » '  _>- o, _ : ' | N
Ayhere,w(v]E)'~vP(fvib)/P (fvib)' E is tbe total avai;able prgduct._v
energy. The entropy deficiency of the energy distribution can berOm-
puted from
: ‘ | o vk o - : o 3
= > Yy 1 ' _ S
Bs(v) =k V=OVP(fvib)'I(VIE) - RS
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where k is the Boltzmann constant. The derivative of the surprisal

with respect to fvib gives the parameter Xvi _from which a vibrational

b
temperature can be computed.

A = ~ d log w(fvib)(dfv

vib (10)

ib

and

kT iprvip =B - g (A1)

Figure VI-2 shows wv' plotted semilogarithmically as a function of

ib
fvib for HgCl(B22+). The curvature which is apparent and enhanced at

the extremes of the plot reflects the arbitrary'character of the -smooth
curve drawn through the data of Fig. V-7, rather than an inherent

dependence of Avib on fvib'
shows A ., = -2.7, for which T ., = -2600°K. This reflects the
vib vib A

substantial vibrational inversion which we have already noted. 1In

The line drawn through the center region

the surprisal formalism an equilibrium distribution has AV. = 0, and

ib

positive values of Avi correspond to over population of the lowest

b

vibrational levels acceésible; The entropy deficiency of this vibrational

distribution, computed from Eq. (9), is 1.23 cal/mole-°K.

C. Comparison to Related Work

Table VI-2 summarizes the results of the previous section and
compares them to energy distributions derived from molecular beam and

infrared chemiluminescence experiments for the reaction

K+1, > KI+1 - - (12)
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Table VI-2. Product Energy Distribufions

' o ' x *
a) Spectroscopic results for Hg +Cl, ~» HgCl + C1

2
Total Exothermicity E " 14 kcal/mole
Avib ; S _2’7‘
T . | -2600°K
. “vib . _ o
AS(vib) 7 '1.23 cal/mole-°K
£ ) - 0.53
b) Velocity analysis results for -K + I, > KI + 12
Total Exothermicity 44.5 kcal/mole -
.
" “trans 15
T . 1500°K
trans -
I1
trans b4
T 1 5000°K
trans :
£ . WP , 0.03
trans : . |
AS(trans)I 3 1.4 cal/mole-°K
c) Velocity analysis and electric deflection résults for R.b+Br2 -> RbBr+Brb
Total Exothermicity : 45 kcal/mole
(f._ ) ' , -~ 0.07 .
trans _
<fVib) ‘ - 0.82

e N 0.11
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Table VI-2. Product Energy Distributions .
’ ' “(Continued) R

- d) ;Infrared3éhemilﬁminescence'results for H+cCl, + HCl + c1¢

Total Exoﬁhermicity r . 49 kcal/mole:
& ST I 0.5 |
" trans
..(fvib? . R ' ,0.39
(€ S0 ST . 0.07

rot : ‘ .

'aK T. Gillen, A. M Rulis, and R.B. Bernstein, J. Chem. Phys. 54 2831
(1971)

__bR Grice, J.E. Mosch, S.A. Saffron, and J. P Toennies, J. Chem Phys.
- 53, 3376 (1970). . '

From Table 5.1 of Polanyi MIP International Review of Science, Physical
Chemistry Series 1, Volume 9, Butterworths, London, 1972.
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has'been investigatéd using combinéd velocity‘selection and velocity
analysis by Gillen et al.12 Surprisal analysis‘hésvbeen applied to the
translaﬁibnal recoil data from these expefimenys’in reference li, and
the results are included in Table VI-2. An interesting finding ié

that a plot of —log'w(ftrans) vs ffrahs showsvtwb_iinear regiqns.

The componept with low translationai temperatﬁré'probably corresponds

to the forwaFd peaked product, whereas the high“?trans component may
corrgspondlco a backward peakéd product formed wiﬁh higher translational
energy. The net fractioﬁ of exothermicity investe& in product recoil

energy is still very small, since ftréns = 0.03. Grice et al.13 have

 studied the reaction

Rb + Br, > RbBr + Br (13)

using velocity analysis and electric deflection so that‘both the recoil
velocity‘and,product rotational energy could be measured simultaneously.
By differgnce the average vibrgtional energy is (fvib> = 0.82. The
average fraction of available enérgy observed in vibration of HgCl*,
0.53, is ﬁhﬁs substantially smaller than in the analogous reactions
of K+ 1 andva + ﬁr . This may be due to a somewhat longer lived

2 2

*
collision complex in the Hg +Cl, case, or may be an artifact of a

2
somewhat relaxed vibrational distribution. The basic idea that the

* o '
reaction of Hg with Cl2 proceeds via an electron transfer mechanism
and yields high internal excitation is still supported, and this reaction

does appear to be analogous to the reactions of alkali and alkaline

earth metals with halogens. The product energy distribution for another
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.reaction which is'highly exothernic but_does:not proceed via fOrmation
" of 'an ionic intermediate, | |

H+'c_12 + HCL +Cl R .. .,' (14)
.is also shown in Table VI-2. 14 lhe infrared chemiluminescenceiof
excited HCl was monitored using arrested relaxatlon to obtain relative
populations of HCl(X'E , Vv, J) levels. Here little rotational excitation
. occurs and the fraction of available energy released as translation"
is higher than in the analogous alkali studies quotedraboye. (fvih)'=.
»,oQ39 and (f' n.>'0.54.> Thishbehavior is rationalized'by suggesting
that the. product energy distribution depends on the ex1t channel
repulsion,vand that for light attacking atoms this results 1sAanomalouslyr
“low internal excitation in the product. This could not explain the :

-low (f ) for Hg( P ) + Cl and suggests that, if this value reflects'

2
the initial vibrational distribution, the potential hlypersurface governlng
the reaction differs sonewhat‘in character for Hg(BP ) + Cl2 from those--.
='for alkali and alkaline earth reactions with halogens.

| ‘As mentloned in the introduction to this work some reactions

of Hg( Pl) have been shown to proceed by bimolecular atom transfer;g

“The reactions_of Hg(3P1 O) with molecular hydrogenls‘and alkanes;é
. . ’ ’ .

produce HgH(X22+) according to

Hg(’P, ) +RH > HEEH 4R . as)
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Similarly Hg(BP1 0) reactions with HCl15 and CH3C117 produce.HgCl(X22+).

No electrqgiéally'excited mercurous species are energetically accessible
in these rééctiohs. Abéorption studies of the ng and HgCl18 following
flash phétoiysis show no vibrational excitation in the diatomic product.
The extent of vibrational relaxation occurring in‘these systems is |
uﬁknown. "Callear and McGurle suggest that ;hebfdrmation of HgH pfoceedS"

by formation of a short lived intermediate of C symmetry, and their

2v
view isvsuppérted'by the larger yiel& for HgD tﬁey observed in the
reactions of'Hg(BPl’O) with Hﬁ. The fast queﬁéﬁing of Hg(3Pl) by
electfophilic species19 ig also évidence'for inte;action of the mercury
atom via partial delocalization of its p electron with the 7 system

of the quenching gas. The reaction of Hg(3P1)'wi€h'C12 céuld proceed
by electron transfer while the reactants are widely separated on a
potential hypersurface which leads them into a sbﬁewhat stabilized

complex of C symmetry which barely begins to‘distribute its energy

2v
into the available modes before dissociating to HgCl(B22+) and Cl.
This could explain the smaller fraction of exothermicity channeled

into vibration of HgCl(BzE+) compared to the analogous reactions of

the alkali and alkaline earth metals.

*
D. The Prospects of Chemical Laser Action from Hg + Clz.

Because the HgCl product is. both electronically excited and
vibrationally hot, the possibility of laser action exists in this
system. The two basic requirements for laser emission between two

energy levels of an atom or moieculezo are that the higher level has
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a larger population than the: lower, and that there be a gain in emission
"intens1ty as- the laser cavity is traversed., The gain equation can bej
written as
dl  _ * ' S ' b
‘dx—a\)B(vN—N)—b SR _(1.4)
: where a is a constant which is inversely. proportional to the Doppler
- width of the transition at low pressures and b represents the rate of.
‘loss at mirrors and other non radiative processes.» B is ‘the Einstein
coefficient_for absorption,-v is the transition'frequency, and N* and
N are concentrations of the upper and lower energy levels. Two types.
of laser emission are possible for the Hg + Cl2 reaction; If the
reaction to produce ground state HgCl in level v' -is»slow'conpared
to,that“producing HgCl(B22+) in v',
> mger sty a0 @)

mgCep +a,

Stimulated'emission could occur between v' and vV._lSince,the lifetine
i_ofhﬁgCI(B22+) islprobablyp~.l0—7.sec, ano.its emissionvwill, oijourse,'
vpopulate the'ground-state, electronic inversion will'exiSt'only.at ;#0.
Because the'electronic transition moment.isvlarger for'the_blue shaded

" bands than for red shaded bands originating in the same v', and the
population of'very low v' is less than high v', the best prospects:for'
:obseruing stimulatedvemission would be_the blue shaued bands,:which.
occur:for v'215. This kind of experiment"could be. done in a reaction

vessel with Brewster angle windows.  Flash photolytic generation of
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Hg(3P ) in an apparatus similar to'that used‘by Callear et.al 18 with
”oscilloscope monitorlng of the stimulated em1531on can be envisaged.
Chemical laser action could also occur in the infréred spectral region,
due to stlmulated emission between HgCl(B E ,v'J') and HgCl(B st "J"),
but because the 1nfrared emission occurs on a longer time scale than
electronic'emission‘this would be difficult to observe, even‘if rotational
analysis of the HgCi(B*X) were on hand so that the emission frequencies
were known. The prospects of an infrared chemi¢a1 laser would be better
for studying the high levels of ground state HgCl, 39<wv''<41l, since these
will be populated preferentially by the fast decay of HgCl(B22+),
15<v'<27. Infrared stimulated eﬁissiqn involving the ground state of
HgCl mlght be interesting 1n its own right, especially if the gain

of the system were higher than that known for other infrared chemlcal
lasers,21 but information on the relative rates of formation of the
vibrational manifold of HgCl(B22+)‘could bnly be obtained from the
electronic emission. This information has been obtained here admittedly
crudely, by simply monitoring the chemilumineséent emission due to
HgCl(B22+;v')'+ HgCl(X22+,v") + hv. Chemical laser emission from the

reaction of Hg(3Pl) with Cl1, and possibly other halogéns might Be useful,

2
if the power output were high enough, as a tunable laser source

between 4800 and 5300A, for other types of spectroscopic or kinetici
studies. Again, this prospect would depend on the rate of formation

of ground state HgCl in reaction (15), and continuous dye lasers are

available for spectroscopic and kinetic studies.
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' Table A-l Axial variation of HgCl* emission intensity with grOund state mercury and chlorine'°

concentrations.
a) o (Hg)of_(Clz) - o (Hg;o T (c1,). : Tcl2 sec
' Code . atoms/cm x10 " . . -Torr
1 1.31 g 0.043 S : 3.40-
2 0.921 B © 0,08 . - 2,40
3 ~ 0.703 o 0.129 - 1.83
4 0.637 ~0.170 | 1.66
‘5 0.575 ' 0.211 1.35
t c
b) Monitoring ~ IZ » v éu Idt 1-(HgCl*)d * _ - : - %
Position Arbitrary -Arbitrary Arbitrary - 2-(HgCl ) 3-(HgCl ) 4-(HgCl )  5-(HgCl )
. cm . Units Units Units ; . - : L
- 3.86 0.567 0.77 0.70 1.34 1.76- 2.60 2.64
~7.15 0.700 7.20 1.07 1.74 : 2,19 2,57 2.70
8.34 0.600 8.88 0.98 1.44 _ 1.80 2.62 2.81
11.13 . 0.715 - 10.5 0.88 1.61 © 2,47 2,77 - 2.95
19.08 . 0.740 25.0 - 0.63 1.28 1.77 2.31 2.39
22.28 0.703 29.6 - 0.96 1.46 1.69 1.90 - 2.18
24,43 0.684- - 32.6 " 0.66 0,93 1.01 1.46 1.30°
26.43 -~ 0.648 -~ 34.8 0.55 0.69 0.81 1.07 1.35

a)
5

c)
d)

Experimental parameters are listed in Table IV-3.
Distance from the upstream end of the irradiated zone of the reaction vessel .
These experimental radiant flux parameters are plotted in Figs. IV-2»and IV-3;4’

Time normalized data 1-(HgCl1%*) means (Hg)o and (012) are given by (Hg)o, (CIZ);CQde =1 in,part a)
of this table. S ‘ ' ' I : . o _ o




Table A-2. Axial Variation of HgCl Emission Inten51ty with Ground State Mercury and Chlorine

Concentration?

a) Experimental Variables

Mercury source temperature
Mercury flow rate
Incident intensity

508°K
2.78x107" atoms/sec
10 lamps

(Hg) , (C1,) Ge), (€1, e,
Code atoms/secx10 Torr sec

1 8.65 0.10 2.20

2 5.85 0.19 1.58

3 4,96 0.26 1.36

4 4,63 0.36 1.12

5 3.10 0.60 0.835

b) Experimental Data
c v [F 1.4eC * * o * *
Monitorin% I-. o c 1-(HgCl ) 2-(HgCl ) 3-(HgCl ) 4—(HgCl ) 5-(HgCl )
Position Arbitrary Arbitrary s
cm Units Units Arbitrary Units
0 .506 0 0.83 1.31 1.62 2.49 . 3.18
1.8 .818 1.8 4. 0.65. 1.33 - 2,12 --3.16 3.26
3.6 .902 5.9 1.11 1.26 1.87 ©2.69 4,49
5.1 0.941 5.9 0.79 1.15 1.68 - 2.40 3.42
6.4 0.940 7.8 0.87 1.44 1.45 2.28 2.96

7.2 0.957 9.7 0.94 0.99 1.31 1.77 3.05
9.1 0.996 11.8 0.92 1.09 1.94 2.16 2.48
15.8 0.980 22.4 0.71 0.72 0.63 1.37 1.90
17.1 0.943 24.3 - - 0.54 1.23 1.66

a) This data has a mercury flow rate such that imprisonment lifetimes fall in

of incident resonance radiation.

the region of T/To
This data has not been treated in Chapter IV because of its high imprisonment and extenmsive absorption °
It is included here for future reference and analysis.

b) Distance from the upstream end of the irradiated zone of the reaction vessel

¢) These radiant flux functions are shown in Figs.

IV-2 and IV-3.
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