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ABSTRACT

~ The electronic sﬁectra df a nunber of diatomic'molecules with

nine valénce elgctrons were studied‘experimentally to determine wﬁether
unobserved low-lying energy states existed for them. The resﬁlts_of
these experiments-are correlated with pfgvious resulté from the

' literature in an effort to clarify a number of questions pertaining to
the low-lying energy states of these molecules. Problems requiring

further work are pointed out throughout the body of Phe report.
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I. . INTRODUCTION

The group of gaseéus'nihe—Qalencefeléctrghvdiaﬁomic moleéuies present .
several challenging probléms becauég their;specéra hé&e*not? as a Set,
Eeeﬁ thoroughly analyzed.i Many spectra éf nine-electron moleculesbhave
been observed under a'varieﬁy of éxcitation conditions as well as in ab-
sorption. Vibrational analyses‘havé been carried out in many éases,l but
rotational analyses have been confined to a small number of band systems
in a few molecules. | | |

Oﬁe interésting problém‘conéerniné the group as a wholé is "How do

corresponding states (on the basis of molecular orbital theory) in an

/4

‘isoelectronic sequence involving nine valence electrons vary in energy

3

4with regpect to the ground state as one moves from the center of the

periodic table toward the ends?" To answer this question, one must know

the lowest lying electronic states in each of the molecules in the iso-

electronic sequence of interest. On the basié of puﬁlished experimental

results and interpretations, we do not know positively that the lowest
lying excited states have been observed for a number of these molecules.
In this repoft we attempt to answer these two questions as well és‘a

-

number of others pertaining to individual groups of molecules.
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II. GENERAL CONSIDERATTONS  °

W e s . ‘,v"v
Tl .

.Cons1der a typlcal 1soelectron1c sequence of dlatomlc molecules w1th'f

: ;nlne valence electrons- MgF AlO SlN CP, BS, BeCl ’ If the atoms in

each molecule are - labeled accordlng to thelr respectlve columns 1n theA" L

perlodlc_table, they make the follow1ng sequence II—VII III-VI‘nIV \ y\f

B )'-

Iv-v, III—VI,'II—VlI A s1m11ar sequence could be arranged for 51ngly

ionized molecules with nine valence electrons. Because such -an analogous,

labeling may be carried out for‘any,nine—Valence—electron.1soelectron1c o

sequence,_it'follows that the sét”of-nine¥valence-electronlmolecules'may‘
be,partitionedvinto subsets on the basis of the periodic group to which

the constituent atoms belong' ,

In general the manifold of states of dlatomrc molecules may'be bullt
(a) from molecular orbltal conflguratlons, (b) from states arising when -
_the separated atoms are brought together, and (c) from states arlslng

when the united atom is drawn apart.?

' The states arising from the lower lying molecular orbital configura-

tions for nine-electron molecules are giyenein'Table I in order of predict- .

~éd-'increasing energy. = As the Group ITA and.IIlA atoms_involved in5moleff,
cule formation become heavier,_S'orbitals may move. to lower}energies;;
This movement may result in molecular’orbital configurations involVing 5}

orbitals appearing at energies comparable to the higher lying levels in

Teble I, However, due to the many states of,approximately the same energy;

‘one cannot definitely assign any observed states to configurations;ine
.volving & orbitals.

With the separated4atom approach,g_a number'ofystates'are obtained

T

8

L
L3



© Table I.'_

for nine-valence-~electron molecules.

configurations are listed from the bottom
of the Table in order of increasing pre-

- dicted energy.

Low-lying molecular orbital configurations

The

- Molecular orbitdl

configurations -
. ‘ 2 2 TR
(3) 207 yo© wm yo
*
(1) 2 _y02 w250
(h) Zo’2 yc2 me x&avwr»
(g) 202 yo .'é.IW’]Tu Xg VT
'(f) ZO‘2 ,YGQ W'IT)-# g
(e) Z0'2 y02 wn’5 xg"a:vm'
(a) T y02 w’rru T
2 4L 2
(¢) 2™ yo mwg x0
(o) 202 Y02 W'Fx3 xoa‘
‘(a)‘zﬁ'2 y02 Mﬂg‘xc

A (2)

States

B %1% %Ii(e) 2¢} ?Hf‘
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forﬁeach combination of atoms.:fThese are, of course, the same states

obtalned by'molecular orbltal con 1deratlons.; However, 1f we know the
dlssoc1atlon energy of a certaln molecule, as well as the energles of
the atomlc states of the separated atoms, we can predlct the states whlch

‘must elther be below a certaln energy or be repuls1ve The states that

x \.'

i‘ifarlse from low—lylngvseparated—atom conflguratlons are glven in’ Table II
- The unlted-atom approach-sometlmes_allowsvone to make valuable pre—i:;t'
dictions concerning-stability of electronlcrstatés thatlhavehbeenvnrediéluf
ted from nolecular-orbital or separated—atom oOnsiderationer-If_a'state"-
~cannot arise-from,a low—lying stage of theiunited»atom;it,cannotbbe:stahle.
“In nineevalence-electron moleculesvthiS'sometimesvletsvstates_of high;N;orl

- high-spin multiplicity be eliminated from consideration as possible low- .

’
I

4

lying states. A z. r,: v.,. .. ST l »-“ s
In general thls report descrlbes the lowest of the low-lylng elec-
':tronlc states (those whlch arise. from the four lowest molecular orbltal
;conflguratlons), for they are of thermodynamlc 1mportance and are of value
1n the understanding of the energy trends of states in 1soelectron1c se—il
quences. | | .
In Section III;are descrihedvexperiments dealiné with the spectra'ofj
these molecules. In;SectioanV the'interpretive aspects of'each suhset
_ are dlscussed,for the followlng reasons:' (a) The”moleculeS‘in each‘Sub—
" set have dissociation products that are analogous due to the s1mlla11ty
" of the manlfold of electronic states in atoms belonglng to the same
' perlodlc group; (b) all molecules ‘in such subsets are composed of atoms‘;;
rw1th somewhat 31m11ar electronegat1v1ty dlfferences, (e) con51deratlon e
_ of such subsets allows one to study the effect of 1ncreas1ng molecular :;rit

'welght on energy levels in a more systematlc manner, (d) certaln unlque o

1
!



‘Table II. Correlations of molecular states to separated atoms.

Separated atomic states _“ Molecular states

II-VII Subset

1g 4 2p0 o | N | :2.2+;2TI
50 4 2p° | : 2>3+(-2), 2‘2“»;' 2{1{2) A
| e,  uH(2)' o
| lPO 'EPO l"j. >, 1  L ]:‘ :?Zf(g)) »22_?7 ?H(2) v€?A
a2 %), B, P10, %), %
bhe), M, l*II(B), hA(?)} b
1p 4 250 %), B, f(s), 2ae), %o
w (3s) + x°(%s) S B |
III-VI Subset . :

250, 1p 25’(_25, 2 QH("B),-. '2A(?), 20
24 , 13 25t 1, 24
2p° 4+ 13 | ng, °n
*p+3p 2s*(2), %7, “m(e), 4
“z*(e), ‘“z', hII(e),v A

Mt (ts) .x‘(ngv"_ . "' %,  m



' Table IL. (Continued) "«

SéPaI'ated,atd}ni@ -'Stétveéb o ST

IV-V Subset

".BP +l+ ©

2 + 2

i -'_l‘ﬁ(é).,, A

H(B), A(E),

= 2(2), H(.2) A,)__H'

)

pX

5%(), 257, 210), 2ale), 2o

25 (2), 257 (3), 20(4), 2a(3),

. 22*'(2}, ‘ Enm, A<e>, cb z(e)

)

2 (2),

%(2), °r
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features in séveral of the sﬁbsété afe‘besf.treated by indifidual'qqn-
- sideration of each subset.'.In~Section V some genéral”conciusions are
~drawn and a summary of theireSults of thé present ihvestigation is‘given.
This rgport does not deal with the molecuies forﬁedvfrom.the group

IITA atoms (Se, Y, and la), és'these very likely involve the use of d
_eiectroné in their bonding and cannot be expected to‘be'analogouSvin their
"behavior to other nine-valence-electron molecules, Work on the spectra
and states of certain molecules inVolving these étoms is described'by

-Walsh.5
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These spe01flc questlons were: '_ S t";f' '”;-Qy"jcj'ulgp-

?the well~known Red system of CN.

IIT. EXPERIMENTAL ASPECTS -

We 1nvest1gated the spectra of a: number of nlne—electron dlatomlc,;tr?;f}

+
1

..molecules w1th the obgectlve of answerlng certaln spe01flc questlons.f

(a) To determlne if there were unobserved low-lylng electronlc ‘f},

,states in the magnes1um halldes. The reasons for suspectlng the ex1stence

of such states are dlscussed 1n Sectlon. IV '
(b) To find the m1351ng low—lylng A.H state in the IIB. monohalldes.'
(c) To flnd the undlscovered B Z-X?Z trans1t10n in the IIB fluor- .
ides. This trans1t10n has been seen in all other ITB monohalldes.l~ff

(d) To observe the heretofore unseen A H X?Z tran31tlon of the AlO

molecule, ' S . »; L T O
o : N e

3

- (e) To observe the SlN A H XQZ tran31t10n Whlchils analogous tO'

The experlmental methods used and the results obtalned are dlscussed o

~in. Section III.A. The detalled 1nterpretatlon of the results obtalned S

i

will also be discussed-ln_Sect;on IIIn -

h_A. Productlon of Spectra

One problem in any systematlc spectroscoplc study 1s the productlon

of sultable spectra.. J'evonsh has llsted ‘several methods for obtalnlng

:'spectra, and other new methods have come 1nto use 31nce then.x However,'

only a few,of these are useful-for a spec1f1c problem,\,For example}tin.ﬁ

many cases an arc is not a suitable source for investigations of molecular -

spectra in the infraredhbecause of the blackaody_continuum;arising fromff )

-4

:the'electrodes‘and'from dust:particles in'the_arc'plasma., Spectroscopic




MgCl was picked as the molecule.

[ 2

.l o

' absorptibn experiments are not always sﬁitablé'because_of.highrtemperature

requirements or problems ariéing'from-the noninertnes3¢of'thé container

materials.b Similar objectiéns éan be raised about.other methédsbfor any =
specific problem, the most cqmmon.being that the method under'consideratioh > 
simply does notlprqduce the spectra of the desired molecule. Begause of |
the possibility of selective’excitafion conditions, some sources may pro-
duée certain spectraiof a given molecule and not others, or some moleciles
may have spectra excited by a given method ahdvyet a ver& similar ﬁolecule
may not. Thus in many cases considerablé experimental effort mgy'be de-.

voted to finding a source which meets the requirements for the investigar

L

‘tion.

In our study the primary'objective was fq findlenergy;stéteévlying
within 8000 to 1&*600 cm-l of the ground stéte. In emission, transitiéns
from such states fo fhe ground state would lie . .in the near-infrared region.
Thus emission sources for consideration.should not show appreciablé back-

.

ground radiation in the -infrared region.

B. Spectra of the Magnesium Monohalides . -

In low-lying énergy levels of-the.IIA-VII subset,l the distance
between the lowest excited electronic state and the ground state for

calcium is much smaller than the same distance for magnesium, dnfthis e

basis one might expect the magnesium,monohalides to possess unobserved

low-lying electronic states. This investigatioh was undertaken with the
objective of observing these states if indeed they existed..

Since the states of all magnesium monohalides are expécted to he
very similar, the study of one molecule only from this group was required;
5,6

In the past the specﬁra.Of MgCl were produced by absorption, and



arcs,u Because-of:thevunsuitability;of;arcs:forfinfraredprrk;fwe1de;§ T

n

“veloped-a new_emissionﬂsource.r Thls con51sted of a mlcrowave-exc1ted

'electrodeless discharge‘tube The method has been used 1n the past for‘j;w;ff

the productlon of atomlc spectra and . for certaln spectra of relatlvely ';:erc

. volatile molecules.

1. Experimental Details;

A Burdick microwave dlathermy unlt operatlng at 2&50 Mb and 125 W 3j'}
wa.s the power source. For the closed electrodeless dlscharge an A type'
»,.dlrector supplled power to the ‘tube.. ?-; Hp:{iff':-ﬂf';;p__5]5,}ﬁ§f gi“ﬁ;f

The electrodeless dlscharge tube was a sealed lO-mm o d. quartz

tube‘approx1mately l5.mmrlong '1t contalned anhydrous MgCl and about

3 mm of argon.carrlervgas; These tubes_were prepared as follows;} A '
'.tube-..was _attached to a nacuumxmanifold with’the magnesium'containedr-:

in a side arm. The manifOld'was evacuatedlto lOfé mn. The quartz “tube l_f‘_ b
was heated almost to the softenlng p01nt w1th a hand torch then re—.'7t =
ievacuated Thls procedure was repeated several tlmes with the obJectlve_ 3

of gettlng rld of absorbed gases on- the walls ofvthe quartz which- can'“-?Ha
produce such 1mpur1ty spectra as those of 02 and CO The magne31um.wasfti'
then moved 1nto the quartz tube and suff1c1ent chlorlne gas was admltted

into the system to react completely w1th/the‘magnes1um ThlS chlorine gas.

was solldlfled w1th1n the manlfold at llquld nltrogen temperatures, the .’a‘dl-

stopcock on.the manlfold was - closed and the magnes1um was heated to fbrm
_»anhydrous MgCl - The excess chlorlne gas wasrthen condensed 1n an - aux111ary
vial attached to the vacuum System.J ngh-purlty argon (Llnde) was then .
admitted to the manlfold at 3-mm pressure and the tube was removed from _‘;plfgpg

* H

~ the system by'applylng a hand torch at the sealoff - 'f}’ﬂ-t'f; - H.'~5;;f’ﬁ

The spectrographs used 1n thls work as well as ih\the subsequent N o N
pesh e o

O St T

. o
UV S

t

.
.
soh
P

o g - .
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investigations were low-dispersion instruments. _One was a Jarrell Ash

0.75 Meter £/6.% instrument with a grating blazed forelu‘andvcapable of ai
dispersion of L2 X/mm in first otder._ The seeond was a SteinheilAthree—
prisﬁ instrument with a Polaroid-film attachment. The latter instrument.
was primarily used'for survey work in the visiblevregion of the epectrum.‘

In the infrared region we used Kodak I-N and I-Z plates whichrwere
hypersensitized by the standard recommended procedure of.the,manﬁfacturera
2. ﬁesults

The known A?H—X?Z transition in the'neareultraviolet region‘was
observed in emission’ from the electrodelese discharge source. However,
thorough exploration of»the'yegion betweee 4000 and 12000 R' revealed no

spectra corresponding to new MgCl transitions. TheAsignificance of this

8bsence of spectra is discussed in Section IV. , : ,

5. Absorption Experiments

We made several attempts to observe the absorption speetra of the
MgCl molecule. - Quartz absorptioﬁ.eelis eontaining we;ghed aﬁounts of
magnesium were'attached.to the Vecuum system,vevacuated to'lAO"6 mﬁ, and
thoroughly outgassed with a hand torch. A calculated preesﬁre ofzehlorine-
gas was then admitted intotthe ealibrated system‘andvcendeneed into the
absorption cell by means of. llquld nltrogen._ The cell was then sealed w1thv
a hand térch and heated to 1100°C in a Hev1-Duty multlple-unlt fUrnace.vl
Supplementary windings near the w1ndows on quartz extensions to the cell
allowed a near-constant temperature to be maintained thtoughout the cell,
A zirconium arc was the source of the required background'continuum{‘

Maghesium was in such excess thatrthe equilibrjimvmmsshifted'in favor'

of MgCl. The exact ratlos and amounts of magne51um and chlorlne used were i;_;ﬁ-

8,9

based on calculat;ons of equllibrla from known and estlmated thermody—v-'

namic data.

-
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“ Rapid attack of the quartz windows by the magnesium_Vapor made it
impossible for us to obtain meaningful absorption spectra. -However, we
were unsuccessful in reducing the excess magnesium to an extent where

attack would be minimized.

).c.' Studies ofvthe'IIBfVII Subset

In the observed manifold of states in the IIB-VII subset, the '
expécted lowest lying 2H state has not been seen; in the IIB fluorides,
the B22 state hés not been observed. We therefore searéhed for these
missing states. |

The methods of production of these spectra have usually'beeh,
absorption and by\usg ofvdiécharge tubes. However Ilord Ray'leighll and
Mulliken12 found th;tvthe spectruﬁ of the Hgl molecule cbuld be gxqited _
by the reaétion.ofvactivg nitrogen with‘s§lid Hglg. By investigatiﬁg
the effect of active nitrogen on other IIB dihalides, the author found

that many spectra of the didtomic halides could be produced.

- 1. Experimental'Details

Although seﬁeral designs for the féaction vessel wére tried, the
type shown in Fig. 1(a) was found to be the best for most solids.” The
solid dihalide was placedvin A and when neéessaiy'a heating‘tépe was
wrapped around tﬁis portion. The reactign vessel uéed waslmade of quartz.: -

The active nitrdgen waé_dﬁtaihgd from dry tank nitrogen passed ovér |
hot copper to remove oxygen. A-Bféida microwave cavity was used to

produce the Lewis-Rayleigh afterglow, which extended'throﬁghout the system

to the liquid nitrogen trap..

1

The desired spectrum was found in the reaction zpne and the light

- produced in this zone was focussed into the spectrograph.
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. 2. Results
The spectra of the following molecuies Were‘dbsérved in thejreaction
" zone when active nitrogen reacted with the propef precursor: . Hgi,
HgBr, HgCl, HgF, C4I, CdBr, CdF, ZnI, and ZnBr. With the exception of
HgF and CdF, the spectra observed undef these excitation conditionS'WereA
transitions previously reported in the litefature.l‘ Plates taken in the
infrared region out to lE;OOOK sdeed no unreportédvspectra under the
excitation conditions employed. |
When heated in an actiVe nitrogen stream,'HgF2 produéed a wgak green
glow which could'be photographed‘dnly under low dispersion dh thé
Steinheil spéctrogréph with Polaroid film.  The épﬁearance of the:spectrum;
(Fig. 3) suggests that it may be the missing BQZ —-Xezﬁtranéition;
However an assignment oflthis transition cannot be made witﬁ certéinfy
without a source or conditions which pfoduCes a strongef speétrum: '

4

When'CdF2 was heated in active nitrogen, a bright-green glow'was

observable. When photographed, thiS»spectrﬁm corresfpnded to the-Cd
BP-BS‘transition. No other spectra were observed.
The absence of the AEH- ngf transition is discussed in Sectioﬁ Iv.
With the iodidés and bromidesvof zinc and cadmium, an aftergléw
following the reactibn zone was obser?ed,x Accompanying the bromidés was'ﬁ
 the brick-red glow of thé NBr spectrum.  The afterglow éf the iodine
. containing precursofs.was a bluish color and uﬁon photographing under low
dispersion‘appeared to be a continuum like structure, péssibly belonéing_to

NT or,Ig.

D. Experimental Work on A10

The missing A?H-ng transition in A10 poses one of -the more interest- >’ 

ing problems in the- spectra of nine—valence—électroﬁ molecuiés.,'The

analogous transition in BO has been observed.® For A10, bands of this
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~transition would be expectédrin the régioﬁ b@fﬁeen;7;000 and l?,OOdK.
Thus the arc, which isitﬁe‘usuél sourée'qsed.for thié molecule, cannot
be easgily used. Oﬁé promising sburcé'resultéd from,ﬁhe reaction of -
aluminum triﬁethyl withvactive })xygen;l3 this.reactian produced alflame;l
where spectra under low dispersion‘were attributed to the fbrmation df

. A10. If such had been the case, an ideal source not only fof A10, but.

for other group IIT dxides would have been available.

1. ‘Experiméntal Details

Thé reaction veséel waé a three-lifer'bulbl[Fig. 1(b)]. The
‘_alpmiﬁum“%rimethyl Was_purchased in cylindérsvfrom K and K Léﬁorétories
and the extia-high—purity oxygen.ﬁaé p@rchased froﬁ the Pacific Oiygen
Co. The oxXygen was passed through a Broida-type microwave cavity and
allowed to react with A_'L(CH5)5 va@or witﬁin the reactiqn vessel. Whete
the two gases met, a white flame with colored edges was formed. Upon
reactién fbr several minutes, a layer of whaf appearéd to be é mixture of
carbon and aluminum oxide covered the walls of the veésel,'

2. Results

5 molecule, and none were

All the spectra obtained were of the C

attributable to the A1O molecule.

_ " E. Spectrum of’Siﬁ'-
By analogy with the réd system of.CN, an A?H;X%%tréhsitioﬁAQouid be
expected in the infrared region of the SiN spectrum. Our invéétigation 3
was carried Qut in the hope of findingvthis tfansition. ‘ ' |
Gaseous silicon nitridg was produced‘byﬁactifeuniﬁrogéhis acti?n on SiCiu_’
vapor in the reaction vessel shown in Fig. l(b>. Accompéhying this -
réaction,was a purpleAglow that fi%léd the whole bﬁlb. _Platés of»this

glow in the ultraviolet and visible regions.showed the known BEE}XEZ
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and C%I-Agﬂ transitions. Our preliminary investigations in the infrared
region were- inconclusive, but we ceased work on this molecule upon learning

that another group was also trying to find the Red system of SlN.l

F. . Spectrum of BO

All the low- lylng states of BO appear to have been seen and wellk
‘characterlzed.}, However, to eliminate the p0351b111ty that a still lower.
2H and %Z state remained undiscovered, we reinvestigated the:spectrgm of
the BO molecule invthe infrared. |

Boron oxide was produced in a reactiqn teSéelv(Fig. 1) by the aetion
of active nitrogen on BCl5. The resultant blue glowvwhichvfilled>the
reaction bulb, wheﬁ photographed.in the visibie regien, was shown to

contain the known systems of BO. Plates taken in the infrared region

showed the infrared bands of the A?H-X?Z system.l5 but no neW'band.systems..

'G.  Summary -

The work reported in Sec. TIT showed no new band systems; with the
exception of a possible BQZ}X?Z transition in HgF.';The results obtained
for the II-VIT subset, along.with previously unexplained data from the
literature, allow one to make a number of conclusions eoncerning the states -
of these species These conclusions are advanced in Sec. IV*

The prime need for further study of the Al10 spectrum is a low-

:temperature source that would make poss1ble conclusive studies in the
1nfrared region. March has conducted experiments to observe the chemi-, :
luminescence of Al10 formed by vaporizing aluminuﬁ atoms intoaanaactive
oxygen‘stream;l6 but whether these-experiments were successful isbnot

known to us. If such a technique were to prove workable,hit would provide‘_



*regiOn. leew1se 1t would prov1de a method of looklng at trans1tlons 1n-$ff

Y

the gallium and 1nd1um ox1de molecules.

The observatlon of the red system of SlN'should be a very promlslng
'progect Hopefully thls system w1ll be found. 1n the near future by
Broida et__al_,lh o L  f Q ";f'l' o “M” ?71’1‘ '. T

Further discussion and conclusions are presented in Sec.. IV. '~
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IV."INTERPRETiVE AS?ECTS
A; The’ ITA-VII Suﬁset.

The alkaline-;artﬁ'mghéhalides (AEM) constitﬁfe.one’exﬁ¥eme in fhe‘
nine-valence-electron isoelectronic sequences. The AEM atoms have the
largest eiéctronegativity differences and would, as &-group, be;éxpected
to be the most ionic of the nine-valence-electron molecules. Indeed, as
recent studies have shown,17 the ground states of the fluorides demon-
strate ioﬁié chafacter. Although the small size of the fluoride ion'makes
tonic bonding-in': fluorides:more energetically advantageous’thanvin other
halides, one would éxpect from considerations discussed in the next few
paragraphs that the ground states of the other IIA halides (with the
possible exceptionzbf berylliium) would.also bé ioniec in character;v

The groﬁnd statés of the ITA-VII compounds.probably arise initially
from the separated ionic atoms-M% s+ x" '8, Such a conclusion is
supportgd by an aygumeht presentgd by_Heererg.2 If rs.is the inter-
nuclear distance at which the coulombic potehtial énérgy due to the
separated ions is equal to the negatiVe of the quantity [IOﬁiz&tion PO~
tential (ﬁetal)'— Electron affinity (halogen)] and r, is the equilibrium |
internuclear distancé of the ground state, then when the ratio R = r;/re
~ is greater than 2.0, the ground'stéte will be ionic. If R is less than
1.5 the grognd state will"be'atoﬁic,'but if 1.5 < R<2.0, it is'difficult'
Hto ﬁake a decision poncerning the ionicity of the ground stéte. Morgan
and Barrow have shown, in the case of MgCl, that it is‘a good approximatioﬁl
to use the value of the M-X internuclear.distance of the alkaline earthiv
dihalides for the equilibrium‘ihternuclear distance in the monohalides. ..
Tt is fouhd that most of the alkaline earth ﬁonohalides have iénié grouna }; u

states.



When thls hypothesls 1s accepted 'the next questlon is; "What happens f?;r}&;;

to the states that arlse from the ground state neutral atoms7”_ On the fﬁii'”
‘vbas1s of d1scuss1on 1n thls sectlon (IV-A), 1t appearsnthat these states ;,
may be elther unstable or only sllghtly attractlve. On the bas1s of .
T these conclus1ons,.1t is poss1ble for us to explaln many of the puzzllng
features of the spectra of the IIA-VII molecules.; o |

Many spectra ‘of this group have been produced and analyzed vlbra-
h tlonally " In only a few-cases have rotatlonal analyses been.done. The
pos31blllty of unobserved low—lylng electronlc states in certain molecules
: belonglng tovthiS~subset provided'a‘reason forfpart of the experlmental::r
work reported'in-Sec. I1T. | | | o

For detalled references and nolecular_data concerning'molecules)
discussed‘in_this‘report, consult the extensive compilations of Ro.sen"l
and Herzbergggthese are'complete upfto’l950.:‘Informatlon concerhiné‘_p'
dissociatiOn énergies is contained in the book”bv Gavdoh.%9 “We'have"‘
included references:andvbrief relevant revieWS'since>1950”in order to
provide, in conjunction uith thevabovelworks; anxover-all coveraée of .
the electronic states"and spectra of:the'nine—valenceeelectron diatomic.
molecules. | o -

1., Some Aspects of the Absorptlon Spectra of Alkallne-Earth
Monohalide Systems : .

If an alkallne—earth hallde 1s equlllbrated w1th 1ts vapor 1n a
closed contalner at elevated temperatures, both dlatomlc and trlatomlc

: spe01es w1ll occur in the vepor phase. Absorptlon spectra of the vapor o

phase can yleld trans1t10ns from the ground state to lan ex01ted state of

~ either spe01es. In the past none of the observed spectra of such systems ~t'

have been deflnltely as51gned to the dlhalldes, but many absorptlon_’

spectra have been ass;gned to the dlatommc species. However some spectra 'l:
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have been observed whioﬁ have n¢£ beeﬁ expiaihed sétisfactorily.: A
consideration of these speetre, which possibly belong ﬁo'the elkaiine~,:
- earth dihalidec' leads to a better understanding ofnthe states and

spectra of the nine-valence electron monohalldes

On the basis of MQ theory the alkaline-earth dlhalldes are sixteen-
valence-electron molecules with a lZg ground state. The lowest lying
excited states result from the promotionvof.an electron from a bonding to
an antibonding orbital, and therefore Shouldflie rather high inveoergy.
The states arising from this MO configuration are: -0

S, T 1,3, 1,3
(Hg)nu | ‘ "Au . ’BQ

o A
_ : 2.
. 1’52 - ________ 1’5!\. .
n ’ w .
1,55 + 1,5B
u 2
where the second column gives states in the linear molecule and the third

gives the states in the bent. On the bagis of selection‘rules, only the
1+ : ’
Zﬁ lZ transition would be expected to be strong.

The ground-state separeted atoms correlate to form the following

states:

2 1, .2 1o + 1.~ 1 1 1
P+ 75+ P zg(?),/zu, 0, T,

’5,7(2), 75,7, 511 PN
All of these states must either (a) be below the energy corresponding
to the heat of atomlzatlon of the dihalide, or (b) be repulsive. Some.
of them must be low enough to allow dlss001at10n or cause predlssooiatioo
: leading ﬁovthe process | | | |
| MXQ . AMX22 I+ lXQP,.

which involves disruption of one bond and produces the dlatomlc hallde

In the transition from the ground state to the exc1ted state leadlng to
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the process. above, one would expect to see a contlnuum or very dlffuse

absorptlon reglon. At low temperature, at whlch only the lowest v1bra—$

,_tlonal level of the ground state is apprec1ably populated the long-wave— S

-length edge of such an absorptlon would glve an upper llmlt to the dls—. i

soc1at10n energy However, as hlgher v1brat10nal levels of the ground

state are populated the'long—wavelength absorption edge Will-moveatobthe”‘

'red and an upper llmlt cannot be set from thls crlterlon Consideration;
.of the short—wavelength edge of the contlnuum nlll stlll glve an upper
1imit, although 1t.may he cons1derably hlgher,than,the true_dlssoc1at10n
energy. The samevconsiderations holdlfor;dissociativevtransitionspinr
diatomic species. | | | |

A, Absorptlon spectra poss1bly belonglng to. the trlatomlc spe01es

‘ Table ITT llstS'values of dissociation energies. 1In thls table, D(MM ) is.

2

ground state, D(MM) is the approx1mate predlcted dlssoc1atlon energy of B

the energy required to dissociate the MX molecule 1nto its atoms 1n the

the MX molecule calculated from appllcatlon of the relatlon D(MX) = 0.46

D(MX,, ), Whlch is found by Blue et al. 7 ‘to hold.for the alkaline-earth Sl

i monofluorldes. ‘Tikewise- D(MK + X) is the energy requlred to disrupt ohe
bond in the dihallde molecule. - It. must be emphas1zed that apart Lfrom

. those glven for the.fluorldes,”the values in Table III are approx1mate'
and of use malnly for the:lllustratlve purpose which follows.

. A continuum or diffuse spectrumvin'the'magnesiun chloridenmightﬂbe
hexpected at about 56 700-cm-l, corresponding to the'D(MXv+'X) process
.Harrington§ observed very diffuse absorptlon reglons at 37, 500 57 060,
'band_26 590 cm l. In MgI a tran31tlon at energles greater than 23 900

-1
em - would be expected leadlng to the same process. Morgan,5 in hlS

‘absorption studles of the magnes1um halldes, observed contlnuous absorptlons'Q

at 25 Lok, 25 575 and 26 614 em”
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-Table III. Dissociation~energy data for the gaseous

alkaline-earth halides. D(MF) is taken
from work of Blue et al.l! -Other D(MX)
values (in parentheses) are estlmated from
the relation D(MX) = 0.46 D(MX D(MXsp)
is taken from Brewer et al. and D(MX + X)

- is calculated from D(ng) and D(MX) All
energies are in cm ~1y10-5.

2

Molecule , D(ng) : - p(Mx) D(MX + X)
BeF, - 105.0 . 48.3 ' 56.7
BeCl, 77.6 (35.7) - | h1.9
BeBr2 66.2 , (§Ot5) ' 35,7

. Bel, _ 52.5 (2h.2) .. 28.6
MgF, ’ 89.0 ' L 40.9 48.1
MgCl,. ' 67.9 (31.2) S 36.T
MgBr,, o | - .56.6 (26.0) 30.6
Mg, : e W3 (20.4) ' 2%.9
CaF, _ 93.8 L3.2  50.6
CaCl, K ) 76.5 - (35.2). 41.3
CaBr,, 66.9 - - (30.8) . 36.1
Cal, . 54.6 . (25.1) 29.5
S 92,8, ) ho,7 50.1

. 8rCl, - T84 - (36.1) . ho.3
SrBr, © o 68.0 - (31.3) 4 36,7
S, : 56.2 (25.9) ©30.3
BaF,,  97.9 45.0 B2,
BaCl, 82,1 . (37.8) TN
BaBr, | - 71.9 (33.1) 38.8
Bal ' . 6ok (27.8) - . . 32.6




-In the case of other halldes (except the 1od1des), the absorptlon =
 spectra correspondlng to such a process would lle further toward the
wiélet - Although deflnltlve data are lacklng 1n these cases, ?owler
}reports that in the absorptlon spectra of the fluorldes, a contlnuum Et”
whose short—wavelength edge lles beyond the far ultrav1olet edge of thej;” )
1_ plate appears in all’ cas_es.21 ‘The,long;wavelength edge'moves.toward thef»w
~red with increasing‘temperature, as would.be expected with increasing-i&
?_ﬁpopulatlon of exc1ted v1bratlonal levelskln the ground state. | For theii
chlorldes and bromldes, Harrlngton reports that contlnuaappeared in the ;jﬂ
;F‘reglon below BOOOA and moveitoward the red as the temperature was rais ed
Harrlngton also reported 19 diffuse bands in the MgCl .absorptlon at j'
about 4o 800 cm l; these ‘he was unable to ‘analyze. rIn'MgBre-he found‘a' )
hsystem,at 59'5OQ'cm.l whlch,he was not able e analyze to his satisfaction;
these systéms omi'ghtucorreﬂspond' £6 ’?transiti‘ons “of: the triator’ﬁi‘c . spec:ie.s. |
The absorptlon spectra of the iodides have not been studied w1th
any thoroughness. _Thus 1tj1s unknown>whether other_a;kallne—earth—-vnr
“iodide systems.show,tranSitions-that miéht‘correspond:to“partial dissocia—:;
tionre | o | | ‘
One further piece of.ev1dence 1nd1cat1ng that such trans1tlons
_belong to the trlatomlc spec1es has’ been Supplled by recent work on the
v emlss;on speotrum of MgCl. Rao and Rao_found?? that.a Z bstate ;s at
.about‘h5.000 cm—l, but_no'evidence'of'emission from‘the two;states found -

by Harrlngton, and attributed by him to MgCl, was observed

'B. Absorptlon contlnua and predlss001atlons in dlatomlc spec1es.-;vThe
‘poss1b;11ty that one mlght observe trans1tions'that"lead to_dlssociation
or predissociation of the monohalide species is an interestdng.one::fInﬂifa;
‘this subsection-spectra that appear to correspond.to such_processes;wille:fo

" be discussed.
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In thevvapof in equilibrium with condenégd Cafg,ba cqntinuous
region of absorﬁtion about 100& wide appearé'with its center at about
2 l7OA.21 The shorﬁ;anelengthledge must set an upper limit to the
dissociative procesé thét gives rise to this'continuum. If the energy
of the short-wavelength edge (h7F2OO cm_l) is compared t§ the dissocia-v
tion energy obtained by mass spectrometric means (43 200 _l),vit appears
‘thet the continuum may correspond £o a process leading to the diéSbéiaf
tion of the CaF molecule.

A'predissociétion in the speétfum of MgBr appears in the.AED;XQZ
transition and'placeé an upper limit of 27 028'cm—l on the dissociation
limif of this molecule. This value compares ﬁith a éalculated approxi-
mate energy given in Table II of 26 000 em™L, '

The above 5bservations ﬁake it appear that there must bé ét leaét  *
one unstable or slightly'sﬁable diatomic state, which arising‘from the
.ground—state atoms, leads to dissociation or crosses stable states and
causes predisgocigtion. .Thé question of whether the}&second'state
arising from the ground—state atoﬁs is stable cannot be definitely answered
on the basis of prgsent knowledge, as»considerations presentéd in Sec.

IVA.2 confirm.‘

2. Energy Levels in the Magnesium Monohalides and Considerations
Concerning the Stability of States Arising from the Ground-State
Atoms - .

_One problem in the over-all intgrpretation of the énergy-levelv_
'sequénces of the alkaline-earth halides is the apparent anomaly of.tﬁe
magnesium monohalides. . For example,.in,the'sequehce pf BeF, MgF, CaF;
SrF; and BaF stétés, a large'increasé in the energiés of theée le&elé,z
relative to thé ground state;foccufs betweenngFlénd CaF. Similar'increaéés

in other halide sequences might lead»oﬁe té beiieve.tﬁat‘sevefal low—lying

states in the'magnesiumi monohalides might be uncbserved.
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Experimentaltwork by thevauthor-(seevéec II) on the exc1tation of
the emission spectrum ‘of the MgCl molecule: revealed no levels lying‘
within 8000 em of‘the,ground~state.: A.poss1ble reason for this apparent
- anomaly is seen when one considersjthe separated atom correlations ascE
follows: in Mg and Be the 5P'states are hoth-at about 22 000 cm—l'mela-VJ
tive to the ground state atoms, but in Ca a sudden drop to about. l6 OOO :
1rcm-l-occurs (See Fig. III) This leads one to believe that the A2 I
» states do not correlate to. the ground state ( S + P) atoms, but 1nstead T
‘ correlate to the (5P + P) configuration
Now the question 'Is there any bas1s for the assumption Of.dISSOCla—v
tion of the A H state to¢excited atoms?” must be answered.' The data given
in Table III Justify this assumption very nicely for the Mg monohalide.
The A?H state would not be expected to have much ionic character, for the_
state arising from the ionic separated atoms_is 22 in character. A
linear extrapolation of the dissociation‘energy_of this state might be -
- expected to give at least‘a very'rough approximationxto the dissociation
energy-. In thevfirst column of Table‘IV are_given the extrapolated disso;j

clation energies for the magnesium and calcium monohalides calculated

Te  1,2,19

ol In.the second column are given the-

from ‘the relation D =
. e’e

. dissociation llmits that the A?H would possess 1f it dissoc1ated to the
ground-state atoms. (In these approx1mate calculations the values for

the dissociation limit of the ground. state of MX given.in Table ITI have

been used.) In the third column is given the dissociation limit that the

,'A?H state would have if it were to dissociate to the'(EP + 2P) configura-- -

tion. For the magnesium monohalides the 2II;state appears to-correlate vf.-'
~with the excited atoms.. However a similar-conclusion cannot be unam-
‘biguously drawn‘for»the Ca, monohalides._,The'situation.for Sr and Ba

monohalides is similar to that of Ca.
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Table IV. - Dlssoc1atlon energy data for the A is state
, Afof the magnesium and- calcium monohalides.- ‘f_'
- Dis the dissociation energy- calculated _f;ﬁ:qe'- N
- from'a linear extrapolation of .the A2Il state, | ~+. .. 5~
D(Mx - M 1s + X 2p) is the dissociation energy “{v' o
required to go fo the ground-state atoms, and’ . - %
s o © D(MX -M Sp i+ x P) is the energy required to ™ S
o~ . o dissociaté the APTl state to the first exc1ted ;f" S
B ' -configuration of separated atoms. :

- Molecule :“”,_ ﬁ*‘“,Di(eV) . D(Mx-;zM-lS'+ X-?P)‘ “D(MX —M ’p + X,?P)

veel 2.9 :_” 06 v"f"”.”:.’ SR
cr s 0 s sa
‘fCaCl: o 3 ;'fi_ - é}j'_  j ;:fe5 ;iriegu.2; 5.

CaBr '3.e1¥efi?f; 2;&i_.,3:_H:;hf1.8 :rﬂj[.@';if';:j13,77»:;’
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a. Beryllium monohalides. Of the four beryllium monohalides; only BeF

and BeCl have been observed by spectroscopic means; although one would
expect that both BeBr'end BeI would be stablebspecies'and observable
by standard spectroscopic techniques. | i

The vibrational analysis of the A?ﬂ;XEZ_traﬁsition has been extended -

2h, 25
for both the BeF and -BeCl molecules.

Values for D(BeF) = 8.0+.5 eV
and D(BeCl) = 5.9+.5 eV were obtained by vibrational extrapolations of
these analyses. In light of the work of Blue et al.; these values
appear to be high.l7 | |

| -A new transition of BeCleé has been observed at 2610A. Tt consists
of red degraded bands, and although it has not been analyzed probably
.corresponds to the B Z-X by trans1tlon

b. Magnesium monohalides. A new transifion in MgCl,, vapor excited.b&

2

- a radio-frequency generator has beep discovered at 21 OOO'cm-l and
ascribed to a BEZ-AQH transipion.22 The upper stape lies at 45 000 cm_l
and thus, by comparison with the states of MgF, appears too high to
correspond tonhe BQZ or CEZ states of MgF. One would expect the
corresponding states to lie at energies eqﬁal'to or lower than L2 000
or_37 000 cm"l respectively. Under identical excitation conditions,.one
mighf find transitions et.approximately 8000 to * 10000 and 14 000 to:
16 000 cm_l. None'of these_transitionsvwere seen by the author under
.conditions of microweve excitation in an eiectrodeless discharge tube.
Although it 1s poss1b1e that the trans1t10ns reported by Harrlngton6
(see Sec. IV) correspond to these states, 1t 1s hlghly unllkely'because of o
the unexpected structure these spectra possess In MgF well~ developed |
sequences corresponded to trens1tlons from these states, whereas the

transitions observed by Harrington are extremely ill defined and diffuse.



,Study of the spectra of MgCl under the condltlons used by Rao and Rao ;f o
in the 1nfrared would be. helpful 1n solv1ng thls problem.?geoix ,;f?ilf;}p;'.;
Similar tran81tlons would be expected in the em1351on spectranof the'j'
MgBr and MgI species under 51m11ar condltlons._ CR :ii o f}fp Ql: Ca
Rotetlonalvanalysis of parts of certain bands'of the~A?DEX22l:pluvl:
lktransltlon in‘the MgCl moleeule have oonfirmed‘that theiAéﬂvstete.is T
~inverted. Slnce the lowest ex01ted state predlcted by molecular orbltal
vtheory (see Table I) is aleo an’ 1nverted H the conclu31on that thle h
state is.the lowest exc1ted state is supported

c;' -Calcium monohalldes Some problemspremalnzln the interpretation of

| certaln phenomena in the spectra of the calcium monohalides, Foremost"
among these are reported»predissociations in’the spectra‘of.CaF and |
ac1.?® N 1 B | ". e
In the spectra correspondlng to the tran31tlon A H}X S, a pre-
dissoclation was noted in one of the A;H components.at v =ll6 and an
energy of 3.12 evf Tn view of the value of 5;ﬁh thO:l_eV} ohtained by
Blue et al.,17 this'predissocietion ie probahly eithervan'extensive_ -
perturbation or an instrumental effect.

A pred133001atlon in the B > state of the Caél molecule occurs'at-
.v' v l5 and would set an upper llmlt on the dlssoc1atlon energy of
2.73 eV. 26 The remarks pertaining to the s1mllar predlssoc1atlon in -
CaF would apply here also. Further experlmental work to clarlfy these.
- phenomena would be desirable.' -

On the baslsvof a very limited rotational.analysie} thebAQH,Stated‘T;‘l,_;;'
of CaF was purported-to_be regular{27ubut onlthe'beéis of moleeular;' |
orbital theory, the'loweetdstate should be inverted. 'ReinveStigation ofii.':

- the spectrum might settle this duestion.
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The spectrum of Cal, although kndwn, has not been iﬁvestiéated in
a systematic manner.

Morgan and Barrow;'in rotational analysis of several CaCl bandsz
“have shown that the CEH state is regular, in line with éxpectations from-
molecular'drbital theory.28

Two previously unobserved states were seen in the CaCl molecule in

emission. The two new states,‘F2Hgand G205 have the following cohstants:29
Te , ®e , Pe¥e
Pl .. 35700 . hz2.5 R P §
G A : 36 710 - . b3ko 0.8

Vibrational constants for some of the lower states were refined by this

analysis.

3

d. Strontium monchalides. The spectra and states of the strontium

monochalides are; with the exception of the iodide, fairly well studied
vibrationally and the low-lying states are in order with the predictions
of molecular orbital theory.

e. Barium monohalides. In-the barium monohalides, due to lowness of d

orbitals in the barium atom, there are distinct possibilities of low-
lying states from molecular-orbital configurations involving d orbifals.
However, since fhé lowest.orbitals will still be 0 and T orbitals (with 
the & orbitals at higher energies), the lowest states wi;l not involve
electrons in & orbitals. | | |

The barium fluoride and chloriderspectra appear to have been fairly\ﬁ.
thoroughlrstudied; although there appears fo be a miséing B%E‘statevin
BaCl. The spectfa of-the BaBr mblecule does not include transitions
-from the expected A%Iand B22 states that would expectably lié in %he néar
infrared. Very little is known about the Bal spectrum as several‘_v |

transitions have been seén but not analyzed.

A AP
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B; The IIB-VII Subset

One might 1n1t1ally expect the electronlc states of the IIB-VII
subset to be quite s1mllar to those of the IIA—VII subset . However'ﬂfi
further consxderatlon shows that this expectatlon w1ll not be reallzed :
for the lowest lylng'electronlc states. Because'of-the_relatluely'low:
-energy of the separated lons compared to the separated groundestate 5
atoms, an lonic ground'state was probable in lIAéVIl ﬁblecules. For the
IIB—VII compounds, the separated ions lie‘much'higher in energy beCause.
of‘the larger ionization.potentials of the IIB metal atoms. Thus“the.
probabllity of an.ionic ground.statevbecomes much smaller. a |

| This argument‘may be.put on a more Quantitative:basis by consiaera-
tions presented earlier (Sec. IV.A:);vaecapitulating,lf rs‘is_the inter-
nuclear distance at which the coulombic potential'energy due to the‘v
“separated atoms is equal to the negatlve of'the quantitin?(MngA(X),_and
re.is_the'equilibrium lnternuclear distance,'then,when the'ratio B

=T /r is greater than 2 O the ground state w1ll be’ ionic. If R. 1s

less than l 5, the ground state w1ll be atomlc and 1f l 5 <R < 2 O 1t5;s '

difficult to make.a dec1s1on concernlng the character of the ground.state.'f‘

For the IIB chlorldes, whlch present the most favorable poss1b111ty for an
ionic ground state of all the TIB-VIT subset the follow1nglivalues are

obtained. using the M-X bond length in MX. as re' R(ZnCl) = 1.25,

2
R(Cacl) = l.25, and R(HgCl) = 0.99. Thus one would not expect the TIB-VII

halides to have ionic ground states. By way of comparlson, most-of;the o

ITIA-VIT subset members have ratios larger than 2.0.
On the other hand, one would expect.the first ekcited state ofrthe A
ITB monohalides tovpossess considerable ionic'character.‘fIf %l is the

internuclealr distance at which coulombic potential energy is equal: to the.
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negative of the quantity [IP(M)—EA(X)—(energy of firstiset of excited
separated atoms)] and ré,is the equilibrium internuclear distancg for
the lowest excited state; a similar criterionimaj be obtained for the
lowest excited stafe. Values for ré are not known for the. IIB halideé,~
but because of the large value of ré, one may safely conclude that the
lowest excited state of these molecules shoﬁld have a.great deal of
ionic character.

Stﬁdies by Wieland have shéwn that thé first excited states of the
ITB monohalidés doishow great ionic character.so In Fig.;V is shéwn a
| prototype of a potentiél curve for the Hg molecules taken fromvthe work
of Wieland.Bl | |

Since the ground state of the IIB halides appeafs to correlate
with the ground~state atoms, one would ex?ect the ground state to 5é;
at the most, only slightly stable. However, as Wieland has shown for
the mercuric monohalides, the ground state and the lowest lying éxcited
electronic states interacf sufficiently to stabilize the ground state
considerably. |

Predictions may be made of thevstability ofithé groﬁnd states in
the sequence (ZnX;—CdX——HgX)vby consideratidn of the energies of the
first excited set‘of separated atoms. Aé"the energy of this first
excited set increases, one would expect iess stabilizing inieraction with
the ground State.‘ Since the energies of the first excifed étates of Zn
and Cd are quite comparable (see Fig. IV), the ground states of the
monohalides would probably be of the same order of stability. On the
same basis, one would expegt the mercuric mbnohalides to be considerably

less stable than the monohalides of Zn and Cd.
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From correlations of the grouhd—state_stomé;.one would expect a
22 and a 2H state. The 22 evidently is the ground state of the molecule,
but the 2H has not been observed for any of the IIB;ﬁalides.. On the
basis of observations for some of the ITA monohalides and the relatively
small stabilities of the 22 state, one would expect it to be either
repulsive or only slightly staﬁle. If stable, the A?H—XEZ and BQZ}AEH
transitions would be expected to appear in the visible or near infrared -
regions. Examination of the emission spectra of a number of the IIB
- monohalides by the aﬁthor revealed no new transitions’in the region
between 4000 and 12 000A under the excitation conditions used. In ‘the
visible region, such a transition would be masked by the BEZ}XEZ.emission
spectrum.

Several vibrafional analyses §f specfra belonging to members_of the
IIB-VIT subset have been published, but rotgtional analysis has not been
done for any of IIB monohalide spectra.

1. . Absorption Continua in IIB-VII Systems

_ If the absorption spectra of the vapor in equilibrium wiﬁh the group’
ITB halides are examiﬁed, a number of continﬁa‘are observed.Be‘ Although
most of them appear to belong to the triatbmic speciés, several may be‘
diatomic absorptions. Because of fhe.interconhection between triatomic
dissociative processes‘and diatomic species prgduction, the triatomic
continua are discussed here. | |

In Table V are given the wavelengths at which the:observed continua
are bound for the different systems. Ambﬁg thé poséibie pidéesseé that }

can occur are the following:

hv . ) 2 .

MK, > MK+ XP g (1)
hy : 2 .

MY, ——> MX¥* + X P3/2 (2)



e

Table V. Absorption continua in the spectra of the
' .+ molecules of the IIB-VII subset. For the
- first four molecules listed, the capital
letters at the head of the. column refer:
to the processes labeled by similar
‘letters in Fig. 6. .

Molecule A(A) 5(8) c(d) -~ p(h) o mA)
Hg12 | 2660 2240 1920 . 1730 ;'v”fi6oé :
’Hnge . 2ok S 1850 : 1700 '_ '1600:t B
HeCl, 1850 _" 1810 1600°- 1500
CdI, . 26100 ':_22053 :_ : é025»  f:

CdBr2v>._v": Abso?ptiéﬁvat 1975 and 1580-17104
cdc1, ~ Absorption below 20704 o
CaF, . . Absorption at 28244 ,.
ZnIe, | Absorption at 228052580, 1960 andfl720§‘ '
ZnBr, ' Absorption at 157o-eo5oR  v
= ZnCie L Absofption:below 2250& *}1'.
| ZnF2 Absorption at 2110-2180'ana'27705279oﬁ-' 'iIj




8,

- 35-

hy " 2 . (-
MX,, | > M+ X.Pl/2 _ (3)
hy : -~
MX > M+ XPl/Q (l{)-
B N )]
- 3 L
: hv 2 T | p L
- . .
WX > MF o+ XPy g, R '(6)”

where the asterisk cofresponds to an_ekcited_state.;

At low temperatufes and non-reducing conditions,:ﬁnder which the
equilibrium concentratiqns of the diatomic speciés are low, the continua
shouldvcorrespond to that of the triatomic halides._ Tﬁus, if" one passes
exciting light, with its frequency lying in the absorptionfregion of
interest, into the vapor, those absorptions that correspond tb dissocia-
tion into excited MX,molécules will exhibit fluorescence when returning
to the ground state. Such behavior is found in.the mercuric halides;ion
the basis of such observations, Wieland was able to establish the process
to which each continuum corresponded.35 The assignments to corresponding'
processes of each column in Table IV is shown in Fig. 6, again taken from

2 ) .
53 The. potential curves for the other triatomic and

the work of Wieland.
diatomic halides of the group could be expected to be quite similar to
the one shown in this figure. |

Of the low-temperature continua listed in Table»IV, those of CdI2
and ZnI2 may be assigned rather easily to their analogslin the mercuric
compounds. However it is rather difficult to assign processes
corresponding to continua in the other halides of zinc ‘and cadmium on the
basis of present knowledge.. Results of experiments similar to those
_described abo&e»would be valgablevfor the inferpretation of these_spectra;f“

Some possible conclusions concerning the dissociation energies of

the ZnF and CdF molecules may be drawn on the bagis of absorption
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21,3k o S
continua. »3 These continua, which only appear at high temperatures,
are very narrow. Measurement of the maximum-energy edge gives one a '
" wvalue which is an upper limit on the energy of the corresponding

dissociative processes. If the continua belong to the process

MF, > MF 22:+1F7?P

then the upper limit on such a process becomes k. M eV for the case of .

CdF2 and b.b eV for the case of ZnFe.

of the MF2 molecule, taken from the compilation by Brewer et al.8 allows

one to place a lower limit on the dissociation energy of the diatomic

Knowledge of the heat of atomlzatlon

species. The values thus obtained are D(CAF) = 2.2 eV and D(ZnF) = 3.5 eV.
A less likely possibility is that these continua correspond to the

process.

MF > Man(unstab.le) > M + F.
The tfansition energy in this case gives an upper limit of D(ZnF) = L.h eV
and D(CAF) = 4.4 eV. Decision as to which of the processes is actualiy
occurring must await further work. |

2. .Further'Aspects of IIB.Monohalide Spectra,

One would expect to find the manifold of low-1ying electronic states
in‘fhe IIB monohalides to be simpler than.fhatlpf the ITA monchalides. .
for reasons demonstrated in Eig. 4, which” shows ﬁhe_manifold of separated
atoms. The energies of the lowest three metal atomic states havé a much
larger spread than the same states of the IIA metals. fhere are no
- low-lying atomic states involving electrons in 4 orbitalé; this means -
that the correlatlon of low-lying states to separated atoms becomes clearer,
providing of course that one has the state type and a v1brat10nal analy31§
available. Unfortunately such is not the case for most of the obseryed

- : . L. : : - . 1
-transitions. The observed transitions and states are surveyed in Rosen.
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- One reason for the lack of v1bratlonal analyses for tbe spectra of ;;'ffg Y

this group is that each metal possesges a number of stable 1sotopes that
conterute to the complex1ty of" the spectra However w1th the present
avallablllty of separated 1sotopes, a number of these. systems should

become amenable to analysis.

'3."ConsiderationsbInvolving Individual‘Groups of Molecules

a. Zinc monohalides. No.recent work has been reported in the literature'

on the spectra of the zinc monohalides; The author has found that the =
spectra of ZnBr and ZnI may be excited‘in an:aotive nitrogen stream;
Several of the known transitions of these molecules were observed, but the

' 2. 2.
sought-after A TI-X 3 transition was not observed.

b. Cadmium monohalides. The absorption spectrum offthe”cadmium-cadmium-

35 They observed the

d*chloride system was'examined'by Bruner and Corbett.
tran51tlon attrlbuted to the C HrX 2; and on the basis of thermodynamic
considerations, were able to establish'a'dissociation energy of D(CdCl) =
2.11%0.0% eV. | | | |

The spectra of CdBr and CaI were excite@ byutherauthor in an active -
nitrogen stream, but again no.new systems'Were.obserVedvin the‘visiole.or
infraredAregions.- R |

¢. Mercuric monohalides. The B 2-X 3 transition of HgCl, HgBr, and Hgl

has been examined by_Wie;and under eXoitation conditipnsvwhich made possible
a much—simplified spectrum;”.on the.basis of.hiseanal&sis, he was able to
£ind dissociation’ 1imits of D(HgBr):_-—; .75 eV, D(HgI) =" .56'év ‘and D(Hg'ol) =
1.0k ev. 0t | | o |
The author has studled the em1s31on spectra of tne mercurlc mono-

_halides excited in an active nltrogen strean. He found ‘that .the

. + 2 4
. BgZ -X >t trangition in HgI, HgBr, and HgCl was greatly exolted.
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When HgF2 was placed in the active nifrogen stream and h;ated, a green
glow formed and, upon being photographed under low diépersion, appeared
to give a set of bands which might be attributed to the B%Z;X%étrahsitién.
However, the instability of this~source did not allow the ﬁaking of
plates of sufficiently high dispersion to establish é definite identifica;

tion. A photograph of the bands obtained under low dispersion is given in ’

-Fig. 3.

. C. The ITI-VI Subset .

On the bésis of molecular orbital theory;:the maniféld-of low-lying
electronic states of the ITI-VI sungt would-be expected to be quite
similar to that of the II-VII molecules. This expectation is realized for
the states of those molecules of thisrgroup which are known, with the
exception of the lowest 2H state. Although the lowest 2H state has been
seen in some of these_molecules;vit is as yet unobserved in several others.-

The ground states of ﬁost of the moleculestin the III-VI subset appear
to have R values above 1.9. 1In particular; knoﬁn défé show that R(BO) = 1.97
and R(A10) = 2.36. On this basis; the ground sfates of these molecules
would be expected to exhibit considerable ionic_chafacter. It would seem
likely; taking into account the non crossing rule, that the lowest lying
electronic states would correlate to the kgP + 3P) or (2P + ;D) separated
atoms. (See Fig. 7) However; because of the possibility of ionic
character in theée lower states, it Would.appear‘that.any lineér extra-

polation of dissociation limits, in order to correlate molecular states,

would not be entirely reliable.

a. Boron compounds. Of the possible boron species; only BO and BS have

been observed in spectral sources. In the BO molecules, the discovery of

2 ) ' : :
a II state in the vacuum ultraviolet completes the states predicted from
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the four lowest lying molecular orbital configuratlons.3 Boron sulfide
has been excited by means of a discharge in 328537 vapor{vand a vibrational
' 2 2 ' o
analysis of a C%I-Xeiland a Al -X> transition has been completed. A

. further transition in the blue-green region was observed but has not been

analyzed; this probably corresponds to the B?Z-AEH transitioh:

b. Aluminum cémpounds. Goodlett has examined the spectrum of Al0 in a
hollow cathode and found two gﬂ states, one of which appears to éorrespond

58 This state

5 _
to the CII state belonging to configuration d in Table I.
. — . 2 s
lies at 33175.% cm + above the ground-state energy X Z+ state. Goodlett
has also discussed the dissociation energy of the AlO molecule on the
basis of his findings his results supported a value 6f b2 ev.
. 2 ; . -

The missing Al. state is the main remaining problem for the AlO
molecule. Perturbations in the vibrational levels of the X22¢ state -
indicate that such a state éxists and that it lies at least as low as

66 -1 39 . . . s
866C cm . Tyte has found emission spectra in the infrared that he

i 2 2.+ ... ko o .
attributes to the CT-B 3 transition. However cerbain discrepancies
between the predicted and observed positions of bands suggest that this

. 2 .2 .
may be the AT-X"S' transition.
o . . 2+ 2 + s :
_ A comprehensive review of the B 3 -X 5 transition of AlQO has been
LJ_ N N
‘given by Tyte and Nicholls. . -

.The spectra of Als; AlSe, and AlTe have not yet been observed.,

c. Gallium compoundé. A ﬁartial iotatiohal analysis of the'B22~X2H.
transition in GaO was done recenﬁly.h& Cénfirmation of the existence

of a second band system to the fed.of the B-X transitidﬁ_was mentiOnéd byfs
the same investigators. vThis second sYStem might corréépond té a BQZ;w
A?H or a AQH—XQZ transition. Analysié oflthis system would be desirableA

if sufficient intensity could be obtained. The spectra of GaS, GaSe, and

GaTe have not been reported.
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'd. Indium compounds. Wo recent workfhasfbéenirepdrtedvon InO.. The”” '

observed transition: is stated to be either JI- ¥ or vice versa. 5._Further B

work on this spectrum would also be desirable. - No other nine-valence- .

electron indium-containing molecules have been observed.

e. Thallium compbunds.v-No thailium_nine-valence—eléctron species have % e

been reported, élﬁhoughbif the molecule doeé indeed-posééss an_ionic gr§u£d
state, one would expeét stablé speéies ﬁo exist. However,_bécauéé of the
large size of the Tl idn, there is a possibility that an ionic ground

state would not Qccur.fér ﬁhislmoleculé.v

f. General commént;; A complicating factor in the searéhvfor'absérpﬁién

‘spectra of the GrouvaII oxidés is the greatjstabiliﬁy-bf the:MéQ’species;
In high-tempefature;équilibrium situations, the stability of this species
would be expected to consideraﬁly greatef than the stability'of the MO
_vmolecule. Whether the spectra of such species will inte%fere badly with

spectra of the MO species is unknown. -

- D.. The'iV—VrSubsetv'

The. observed spectra of the moleculés.of_fhe IV—VAsubsét-hévé béen
well aﬁalyzed vibrationally”and many_fotati@nél‘énalySés havévbeen_ |
carried out. However, if the bbssible leeculaflébmbinationS'of %his
group, only'the cw, Cp, and SiN‘mblecules.havé dbsérved.épectra; ;7

Douglas and Routly found a’ number of new band systems due to CN

whose upper states appear to come from molecular orbital configurations '

' o Ly O SR
e (see Table I) or higher. The : Il .§tate correlating with molecular
" orbital configuration "d iélstilluhafn. The states arising fromfmdledular

orbital configurationS"é,r'b,'and ¢ are well Characteriied;

Although the three lowest states of CP have been observed, the-CEH C S

vstate is missing, as are also the states analogous to the higher states

: 2



U5-

~in CN. These would be éxpeéted to lie in the gltravioiet regién‘of the
spectrum. . | |
'The_A%I-X?Z transition haé not beén seen for SiN,'aithough the
C%I-A%I and the BQZ-XQZ transitions have been, Thus the outstanding
problem for the low-lying.states of this molecule isvthe félative
positions of the 2H and 22 states.. A recent study Qf the observédvsystems
of SiN by Broida and Schofieldlu had as one objective the analysils of
perturbations in ﬁhe BEZ—XQZ transition which might allow bne to gain‘
information concerning the relative positions of these states. Preliminary
investigations by the author indicated that, although SiN systems could
be produced in good intensity, no'baﬁds definitely attributable to the

A?H-X%Z transition could be observed down to 12 000 A.

E. The Ionized Nine-Valence-Electron Molecules

+
Among the molecules of this group, only N, , CdF, SiO+, and Eé+

have been observed. The low-lying %Iu state of.Né+ has been found by

observation of the A?Hufxgzg'transition in the infrdred region of the
hs 46,47 '

spectrum. Séveral investigators have‘reportéd observing bands
between 2050 and 3070 R which evidently correspond to the Cgﬂg—A?Hu
transition, although rotational analysis has not been done.u8’u9 Thus,
LAt appears that the states from the loweét iying molecular orbital con-
figurationé a,b,c, and d have been observed.

~ The. three lowest lying states of Cd+ have.been observed. .Héwever the
C?H has not yet been found. One might expect the transition CEH-X?Z to
occur -in the vacuun wltraviolet. - : :  : o . 5

Only one band attributed to Sid+‘haé been seen and assigned to‘the f.

(0,0) bands of the B?Z-X?Z traﬁsition;5o Efforts to obtain further spectréi‘

of this molecule would be helpful.
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V. SUMMARY AND CONCLUSIbNS

We have now answered the questioﬁsposed in fhe Iﬁtrodu&tion.: The
first problem concerned.thg possibility of unobservédflow—lying energy
levels. Several low-lying states believed to be unobséryed in‘tﬁé
magnesium monohalide spectra were shown to be Lunstablemﬁ.Thé“apparentlyﬁ_‘
anomalous behaviof of'the energy states (of magnesium monohalides)vcould
be explained by (a) the correlation of the molecular states with the
separated atéms, and. (b) the effects of ionic character enteﬁing into the

52

bonding in ground and excited states, as originally proposed by Mulliken

33

and Wieland. A review of the states 6f the TIII-VI subset indicated that
the A?H state in AlQ remains unidentified; and that several low-lying
states of In0O and Ga0 may still be uhobserved.
For the IV-V subset, a similar review showed thatvtﬁe CEH states in
CN and CP have not been observed.and that the felative positions of the
22 and the 2H'states have not been established for SiN. Of the ionized
: nine—valence—eléctron molecules, the fouf.lowest,predicted states of co*
" and N, have been seeﬁ, but further work is needed to establish the relative

2
positions of the 2H and the.gz states 1n Pé+ and té discover the unobserved
°Il states in sio’.

The anéwer to the question "How do cérfespondingrstates in an iso-
electronic sequence vary in energy with respect:to the ground state as one
mgves from the center of the periodic table toward the edges?" may best
‘be answered by Figs. 8 and 9. Here are shown the epergies of corréspondihg
states in iséelectrbnic'sequenceS'for'which dafa are availablé,v Estimatéqﬁ‘
energies are marked by‘éébﬁt such energieS'éhould be,réliablé‘within- F

-1 A o ' :
2000 to 3000 em ~. The analogous energy levels appear to move up relative

to the ground state as one moves from the center to the edges:of the
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periodic.fable Qualltatively‘one mlght correiate thlS‘Wl£h the:c1rcumetance
_that Lhe ex01ted states of the separated atoms have the least energy spread
»1n the center-of'the"periodlc chart-. waever;.ln.v1ew of.the.scanty avalla
able knowledge of dlssoc1atlon products, such a correlatlon would be very
hazardous. Although thls report has clarlfled the energy trends of the
low-lying stateS'of the'dlatomlc molecules w1thvnlne-valence-electrons,

-

much work remains to be done'before>these-states are completely undemstood.
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NOTE ADDED IN PROOF

On the bas1s of new thermodynamlc measurements, the heat of atomlza- 1 'e"

has been rev1sed to 191 kcal/mole and that of CdF 2 to

tion of ZaF. >

2
159 kcal/mole Thls changes the upper llmlts on the dlSSOClatlon llmlts _
given in Section IV to D(CdF) 2.H'erand D(ZnF) = 3.7»eV. S

~ It has been brought to the authors attentlon that an em1ss1en i' 
spectrum,of AlS has,been observed andjass1gned.to a. Z X?Z tran51- L
‘tion.? As the spectrﬁm.evidentlylhas’not.yet 5een investlgated 1n,the_ee
infrared region, it,weuld epbear ha?ardeus te eesign if-folthe_aﬁ;iogv

.- of the blue green system of AlO.M

1. E. Rudzitis, R. Terry, H M. Feder and. w N. Hubbard J. Phys Cheﬁ:

| &%, 617 (196&) | | | | e | ,

2. E. Rudzitis, H. M Feaef;'aed'w; ﬁ, Hﬁﬁbard,hj.'éhys. Chéﬁ; §i, 2388"
(196). SR o - o

3. N. M. Kimney and K. K. Inmes, J. Mol. Spec. 3, 235 (1959).
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FIGURE CAPTiONSA‘
(a) Reaction vessel for examination of épec%ra arising,ffom
reactions of acﬁive nitrogen with soiids. :
(b) Reaction vessel for examination .of spectra excited by
reaction of activatedvgases‘(i.e., nitrogen, Qxygeh) with

vapors.

Spectra excited by

~(a) " Active nitrogen: 5-min exposure.

(b) Active nitrogen with HgF.: 2-min exposure.

22

(c) Active nitrogen with HgF,.: 4-min exposure.

X
(d) Mercury standard.
Lowest energy states of alkaline-earth atoms.

Lowest energy states of Group IIB atoms.

Potential-curve prototype for the IIB monohalides (after _

' Wieland, Ref. 31).

Potential curves showing‘relations between triatomic and
diatqmic states and dissociative processes (after Wieland,
Ref. 33)}'.

Eneréies of lowest-lying sepérated—atom combinatioﬁé for the
group III oxides. '

Energy levels in two nige—valence-electrqn isoelegtronic
sequences.

Energy levels in a nine-valence-electron electronic sequence. .
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