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"THE IOW-~-LYING ELECTRONIC STATES OF SCANDIUM MONOELUORIDE
’ %
Leo Brewer and David W. Green

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

ABSTRACT

The molecular beam method used previously to fix the electronic ground
state of lanthanum monoxide has been modified and extended to scandium

monofluoride. King furnace equilibrium absorption and emission measurements

?A transitions have

of the radiance of the green E;H-Xlzf and red 3¢F

given the relative transition probabilities. The ratio of fébs value of

the-iihjﬁ to that of the ElH~XlZ is 0.8 £ 3., From these data the expected

relative radiance of the transition in the molecular beam has been calcu-
lated assuming no radiativevihtersystem decay. The relative fluorescent

radiance at various molecular beam path lengths indicates that both the

. + -
%Z and ?A states of ScF persist at least as long as 10 b seconds. A

maximum energy separation has been estimated to be iOOO cm-l.

The electronic energy levels of gaseous ScF, TiO and ZrO have been
compared using molecular orbitals. The energy of several unobserved
levels is predicted in each of these molecules. The contribution of

» J .
low-lying electronic states to the internal partition function is

~ discussed.

Present address: Department of Physies, The University of Chicago,
: Chicago, Illinois 60637
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INTRODUCTION

" Diatomic molecules which contain one transition metal atom are of
theroetical interest as models to determine the role of d-electrons in

chemical'bondingf(l);o'The gaseous scandium monofluoride molecule is of

particular interest because scandium is the lightest element with a d-

electron in its ground-state and because ScF is isoelectronic with the

" astrophysically important TiO molecule.

Accurate calculation of the thermodynamic free-energy function of a
high-temperature diatomic molecule requires a knowledge of not only the

electronic ground-state, but the vibrational and rotational characteristics

-~ and excitation energies of low-lying electronic states. At modefately

high temperatures, where molecules like ScF contribute substantially to
the vapor, several electronic states may make appreciable contribuﬁions
to the electronic partition‘functioh. It is possible that low—lying'
excited electronic states could dominate the internal pértition function
if their.electronic degeneracy is large. Such is the case for the
ééseéus 02 mblecuie'yhere the §Iu state contributes moré to_the partition

function than the ground-state 125 at most temperatures.

= 5 - v :
int g; exp (-e,/kT) (1).
all energy v
levels
Qint is the internal partition function for the gaseous molecule, g;

" is the degeneracy of the ith energy level and €5 is the energy of the'ith

level relative to the lowest accessible internal level of the molecule.

The electronic energy levels of diatomic oxides and halides of

.transition metals are in general quite incompletely studied. The spectra

of lighter.diatomic molecules, especially the oxides and halides, have
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been analyzed much more completely. Furthermore, semi-empirical models
have been proposed which can account for the observed electronic states
and predict the energy of unobserved ones and calculation of low-lying

energy states is feasible. Self-consistent field calculations based on

»

the mefhod of Roothaan (2) are difficult to perform with the accuracy re-
quired to adequately define the internal partition function for molecules
with as many electrons as a tranéition»métal oxide. The differénces in
correlation energy; which are generally of the same order af magnitude as‘the
energy separation of the electronic states fér diatomic molecules with
one transition metaliatom, are difficult to estimate to the desired ac-
curacy even with semi-empirical methods(B)o

The absorption spéétrum.of high-temperature molecules can inclﬁdé
absorption from excited states. Most diatomic molecules containing'dﬁe
- transition ﬁetal atom héve several allowed electronic transitions within
the visible and near-ultraviole£ spectralvregions so that wéaker trans-
itions are often obscured by overlapping transitions. Oftentimes more
thaﬁ one species will absorbAin a'spectral region making a complete
analysis prohibitively difficult. In principle, a cémplete spectral.-
vanalysis including the detection of "forbidden" intercombination lines
would charaéterize the energy levels and give the partition function
exactly. In practice, only the stronger electronic bands are generally
analysed.

The matrix isolation technique has been successfully applied tG many _ v
high-temperature species to gain information about the electronic ground-
state. "Matrix shifts" of over 1000 cm © in absorpfion spectra from rare-

gas matrices probably resulting ‘from solute-solvent and solute-interactions
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- have been reported (4). The origin of the matrix effects is not well-

understood and they demonstrate that the species trapped in the matrix is
not identical with the gaseous-phase species. In favorable cases, this
method will simplify the gaseous-phase spectrum and identify the electronic
ground-state, but i@ will generally not give information about low—iying
excited states which may be £hermodynamically important.

Other experimental téchniques have proved of.value in determing
the energy of low-lying electronic levels. The X5A>state of TiO was
found to be about 581 cm-l below the a A state by a study of the temper-
ature debendence of the radiance of two.electronic transitionslinvolving

these states (5). The energies of the electronic states of the gaseous 02

‘molecule were determined by analysis of rotational perturbations (6). The.

magnetic deflection. of a molecular beam'has been used to determine the
ground state symmetry of LiO and LaO (7). Each of these experimentdl £ech-
niques alfhough’limited in accuracy and applicability has been of value

in at least one case. Only the matrix isolation’technique has been
applied to the gaseous ScF molecule (8).

Gaseous phase absorption and thermal emissionvfrqm ScF have been
reported in the visible and near-ultraviolet spectral regions (9)vand the
results of these studies have been summarized (10). Partial rotational
analysis has been completed on transitions involwving séven singlet aﬁd
four:triplet electronic states. The lowest observed states of each
multiplicitj are 12+ and.?A and their energy separation was not determined.

L

, N .
Absorption is seen at about 2300°K from both the "% and A states which

_ suggests that both states are thermodynamically important.

The absorption spectrum from neon matrices at 4°X has been correlated
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with the gaseous phase singlet transitions.(3), Although some of the extra
absorption features could not be . attributed to either multiple matrix
sites or other fluorides of scardium, no correspondence could be made
with the gaseous phase triplet transitions.

The term energies, Te, of the three low-lying electronic states aris-
. 2 1.4 3.1, .
ing from ¢~ (7t%) and o6 (°A,7A) molecular orbital configurations have
been calculated for both ScF and TiO. (ll)@ An experimental value of the
energy separation of these states is available for TiO (5) so that an es=
timate of the accuracy of these calculations for ScF may be made. The

3 1.4 3

calculated lA_ A and 7L A energy differences for TiO are 2150 cm—l and

6690 cm"l while the observed values are 580 cm_l and 2290 cm—l respectively.

The ScF lg+_3A seéaration is calculated is to be -460 cn™! so that within
the corresponding uncertaintiés associated with TiO, the electronic
ground-state of ScF is not determined unambiguously. It may be con-
éluded, however, that the 3A, lZ+ and probably the lA have appreciable
contributions to the electronic partition function.

The eiectronic ground-state of fluorine is 2P° and the first excited
state is over 100,000 cm_l higher 'in energyu(IQ); The. ground-state of
scandium is 2D from the hs23d open~-shell configuration. Furthermore
scandium has low-lying electronic levels from the 4s3dlp and hs?)d2
configurations which may well combine with the 2P° state of ¥ to give
low-lying molecular states. Figure 1 shows some states of scandium
below 30,000 cm_l. Table 1 lists the molecular states which arise from
the combination of ground-state F with the low-lying states of Sc.

There are eighteen molecular states arising from ground-state atoms
alone and it is difficult to predict a priori which of these states

: + -1
might be stable. The three molecular states arising from Sc (3D) + F (

sy

.
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Table l. Molecular states of SeF from atomic

configurations

Sc F Molecular States ' Multiplicities
State State of ScF

2 : 2 o + - ,

D P 3(2), ¥, I(3), A(2), 1,3
L . 2 o B + | - ' "

P P 3, 5(2), 1(3), a3), ®(2), T 3,5
> o . . o ‘

F P 2, 2 (2), I(3), A(3), (2), T 1,5
)‘“ ] 2 Q -

F B 5(2), ¥, 0(3), A(3), #(2), T 3,5
L o 2

D p° 5,52, 103), a2), o 3,5




¥

s

should also be considered since the large electronegativity difference

of Sc and F may cause these ionic molecular states to be quite low in

energy.

‘The near degenéracy of the s and 4 atomic orbitals aﬁd the presence
éf low-lying p orﬁitals lead to many molecular states of low energy. It
is necessary to élarify the role of these electronic states in order to

fix the internal partition.
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METHODS

In low resolution a triplet band system of ScF which is éasily ob-
served (13) in the vigsible region is the A?@-XBA with (Q,O).heads at 652.3,
654.0 and 655.8 nanometers (nm). If is red degraded and free of significant
overlap from other bands of the same electronic frénsition. The (0,1)

L

head of the E H—XlZ+ transition at 511.5 nm is also strong in low reso-

lution. These two transitions involve the lowest states of each mulfi—
plicity, namely the 15+ and the 3a.

The stfengths of these transitions were compared in both a King
furnace and in a molecular beam coming from a cell of the same temperature
. after a transit fime of approximately lO—h seconds. Should intersyétem
radiative decay occur within this time, the effect would be noticeable
as an apparent change in relative radiance of the band systems. In thié
mannef the gaséous phase electronic‘ground-stafe can be determined ex-
perimeﬂ%ally while avoidiné many of the tempefatufe dependent errors of
other methods.

In Hund;s coupling case c the 3Al to lZ; is an aliowed transition.

ScF is a reasonably heavy'diatomic molecule and should have a large
enough degree of case c¢ coupling to make this transition possible within
the time bf transit of the molecular beam.

A Steinheil three prism spectrograph with an f/4 aperature was used
in an optical arrangement deéigned for Raman spectroscopy; The reciprocal'
iinear dispersion_vagﬁed with wavelength from about 3 nm/mm at 500 nm to
about 11 nm/mﬁ at.6701nm. The prism positions, slit width and other

instrumental adjustments were kept identical throughout the course of

this study to allow cancellation of instrumental broadening effects.

a
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A full description of the carbon-tube or Kihg furnace appears else-
where (14). The graphite tube was lined first with tantalum foil then with
tungsten foil to prevent Féaction of fhe graphite_with scandium. A current
of 1400 ampéres'providea é uniform température of 2100°C within 20° in a

zone 150mm in length and 12.5mm in diameter. At the ends of the hot zone,

~ graphite radiation shields with a bore of 6.3mm were used to achieve a

~ sharp temperature gradient to the water-cooled electrodes.

There is an apparent radiance difference at the singlet wavelength

(511.5nm) and the triplet wavelength (655.8nm)'frdm the differences in the

. sensitivity of the photographic plate and the differences in blackbody

radiance. _A neutral density filter which reduced the radiance by.a factor
of approximately fen was placed inside the Steinheil in'front of the
photographic platé such that it covéred only the red region of thesspectrum._
In this manner simultaneous-measurements at both the wavelengths of inter-
est could be made.

A series of ScF absorption exposures were taken on a plate at a
measufed furnace temperature of 2100°C. The.same exposure time of threé
minutes was used for all exposures while differeht calibrated neutral
density”filters were used to vary the exposuré. Similarly a series of
emission exposures were obfained either within the same experiment or in
separqte rﬁns.

A tungsten strip filament lamp was used as an absorption light source
and for determination of the characteriétic curve of the photographic
plates. It was run at 215 watts which was about double the rated power.

Temperature measurements were made with an optidal pyroﬁeter. It has

been shown_(l5) that the temperature measured from the King furnace walls
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approximates well the temperature of a blackbody so no corrections were
applied for the wall emissivity. Blackbody radiation into the spectro-
graph from the walls of the furnace was minimized with iris aperture

stops.

The molecular beam apparatus, first used by Walsh (16) for studies

.on gaseous lanthanum monoxide, was modified. A double crucible arrangement

was developed which would allow control of the total vapor pressure at
one temperature and the vapor composition at a second higher temperature.

Calculations based on estimates (17) of the thermodynamic properties of

the fluorides of scandium Iindicate that ScF, is the principal vapor species

3

even in the presence of scandium metal., Furthermore, ScF2 is also an
importaht vapor component. waever, the composition of the vapor changes
such that ScF becomes a more important constituent as the temperature is
increased.

Figure 2 shows the double crucible, the heating element; the heat
radiation shielding and tﬁe electrodes. In oxrder to prevent leaks due to
non-uniform expansion from thermal gradients, the crucible was‘machined
from one plece of tantalum 25 mm in diemeter and 380 mm in length.' The
top portion of the container was 25 mm in both length and diameter wilth
a wall thicknéss}of'ebout 1lmm. The bottom portion'was 12.5mm in diameter

and 55mm in length with a wall thickness of about 2mm. An extension of

about 10 mm of the bottom portion went into the top. Thus, liquid
scandium could be held in the top part of the crucible at the higher
temperature. The cap of the crucible was 6.2mm thick with a circular ori-
fice lmm in diameter. A large temperature gradient was acmieved using
thls double crueible. In preliminary experiments a Pt vs Pt/lO% Rh
thermocouple measured 1300°C at the bottom of the crucible with the top

at 2100°C.



" with a 150mm diffusion pump to a background pressure of less than 5X10~

Q-

The heating element was composed of strips of tungsten foil 25mm in

width, 0.4mm thick and 150mm in length. These pieces of foil were shaped

into concentric touching cylinders and attached to 12. Smm diameter tantalum
rod With small force-fittéd taﬁtalum tacks. The tantalum rod was fitted
into a 25mm diameter molybdenum rod. This in turn was attached to the
water-cooled copper electrodes with clamp. In operation, between 25 and

30 amperes were drawn at about 250 volts from the source supply after
passagevthrough the variable transformer. So at the heating elemenﬁ about

1200 amperes were being passed and greater than 6 KVA of power was being

- dissipated. Tantalum foil O.lmm thick was employed for radiation shield-

ing. Thé entire assembly including the electrodes was covered with a
graphite felt recténgular box containing a circular opening for the
molecular beam.

The crucible waé supported by a mqubdenum rod. A water-cooled
copper connection as well as the water—coqled electrodes were all 1l9mm
in diameter and were sealed with rubber seals to provide simultaneous
vacuun seals and electrical insulation. All three vacuum inlets were
adjustable so that different molecular»beam path lengths could be employed

with only minor adjustments. The molecular beam chamber was evacuated

6
torr at room temperature.

The light séurce was a General Electric 120 volt, 650 watt movieflood
DWY laﬁp. The filameht was a tungsten'coil ﬁith iodine vapor inside thé
quartz envelope. The iémp was operated on ilO volt AC power in an alumi-
num shield from a variable transformer. |

Corning color glass filter 3f72.waé usea to pfevent excitation of

wayelengths shorter than that of the singlet transition. In this manner
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cascading effects can be avoided. The combined effect ofrthis filter and
the heat absorbing glass in the water cooler was equivalent to a neutral
density filter of .31 at the triplet wavelength.

Fluorescence was_observéd at right angles to the exciting light. A
97mm‘focal length lens focusedlfhe fluorescence ontb the Steinheil slit.
The filament was 150mm from the lens and approximately;QMBmm from the
entrance window. The Steinheil slit was about 112mm from fhe lens on
the exit window. N

.Temperature measurement.was done with the same‘optical pyrometer
used in the King furnace work. A glass prism on the cover of the mole-
cular beam chamber allowed a line of sight directly into the crdcible.
With this méthod no corrections for emissivity of thg crucible were-applied
‘since the cell should approach blackbody conditions. Corrections were

.applied for the prism.

The s1it width, prism positions and other Steinheil adjustments
were ideﬁtical to those used during King furnace exposure; A neutral
density fillter inside the Steinheil'adjusted the light levels so that
both the singlet and triplet wavelengths could be'viewed;simultaneously.

Kodak‘lOBa—F photographic plates were used in all studies. Cére
was taken to insure duplication of development conditions so that quan-
titative results could be obtained. Optical density measurements were
performed on the photographic plates with a Baird-Atomic Inc. model CB
densitometer and were recorded bn a Bristol model 560 strip chart recorder.
The instrument allows méasurement of densities from zero to 2.0. Averages
were taken of several independent feadings until the density was certain

~to .02 density units. The graininess of the photographic emulsion caused
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an uncertainty of .01 density units. The tungsten strip lamp was used

!

as the light source for calilbrating the characteristic curves at the two

wavelengths of interest. Since the ScF featureg are subject to the

‘Eberhard effect (18), these curves are possible sources of error when

interpréting ScF features. Constant exposure times were used whilevvarying
the exposure with calibrated neutral density filters.

- A background radiance is present in both King furnace exposures and
in fluorescence exposures frbm the molecular beam, In the molecular beam
expdsures a backgroﬁnd was added to the part.éfvthe photographic plate
in order to make the optical density after exposure on the more linear
portion of the characterisﬁic curve. This "pre-exﬁbéure" results in more

accurate determination of the radiance from the characferistic curve,
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Define a radiance ratio, R, as follows:
L(triElet%
= . 2
R . L(singlet (2)

R is the ratio of radiancesof any source at two particular wave-

3n (0,0) band head and the

lengths, namely, the 655.8 nm ScF 6 -
11.[ 1 ' ' . . .
SeF 7L - "2 (0,1) band head (~511.5 nm). All radiances are given in
terms of number of quanta per second per square centimeter normal to
the source per unit solid angle per unit wavelength interval.
In a high-temperature equilibrium source such as the King furnace,
the radiance observed at a particular wavelength after passing light

from a lamp at a temperature Tf through a column of gas at a tempera-

ture Tg is given by:

lamp , = _- _self

= - .+ -

Lobserved I.Jlam.p,T}Z Labs Lem Labs (3)
lamp . ’ . . .

Labs is the radiance coming from the lamp that is absorbed by

the gas. Lem igs the emission radiance of the gas and Lzeif is the

absorption by the gas of the émitted radiance, - The self-absorption will
be small for small gas densities or path lengths andeill be_negledted
here. Arguments will bg presented later to justify this approximation
in this work. When:a lamp with a brightness temperature equal to the
gas temperature is used in the King furnace

]

R = R - : L)
em,KF,Tg abs,KF,Tg_= T, (
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- This is a statement of the reversal conditionj is equal
SR o E o observed
to L in Egq. (3) at each wavelength.
lamp,Tg.: Tl q ( ) B - g :
At each wavelength, & is the absorption coefficient.
]_am.}_'),T}Z

If & blaokbody at the gas temperature were used as a lamp, then

from the reversal conditions for elther waveiength:'

L
-em,KF,Tg

Lep, 1
g

The relationship between King furnace absorption and emission is
now established. Experimentally a lamp at T, ‘is used instead of a
'Bﬁaokbody’atnthe gas temperature, but the relationship of lamp radi-
“ance at T, to b}ackbody radiance at Tg is easily calculated from
lthe'Planck equation and the émissivity of the lamp filament. Then at
each wavelength the.fOIIOWing'two equivalent relationships may be used

to determine the absorption coefficient.

lamp , .
L’abs,KF,T . Lem,KF,T Llamp,Tﬂ
lamp,T, Llamp, T, _ABB,Tg

The ratio of emission radiances is now given from Eq. (6) by:

alt) Lt
a(t) I )BB’T
o R g
- em,KF,Tg =
ofs) L(S)BB,T
& (8)
- '-RaRBB,T

The letters s and t represent the two wavelengths of interest (665.8



~1h-
and 551.5 mm). By a similar consideration of Eq. (7), the ratio of

values may be obtained from King furnace absorption studies.

: lamp .
Rabs, KF, Tg Rem,KF,Tg RZLamp,T}Z
RO£=-R = ~ "R . . . (9)
lamp,T Rlamp,Tﬂ ' BB,Tg

Z

It should.be noted that the-dependence of & upon the absorption
path length and fhe-gas density dividés outvin the rafio since‘it depends
onlj on the system geométry. Thus,’ the & ratio depends only'ubon.the
relative triplet and singlet trangition probabilities.

In the molecular beam, fluorescence is observed at right angles to
the exeiting light source. If no significant populaﬁion change of the
lowest singiét and the lowest triplet occurs during the beam transit time,
then_therequilibrium relative radiance measurements of the King furnace
may be applied to determine the expected relative radiance in the beam.
The fluorescent radiance observed depends upon the transition‘probability
tc the upper state of each systeﬁ and the exciting light radiance at the
wavelength, 1In addition there is a geometric factor which includes the
differences between the geometry'of the beaﬁ and that. of the King furnace
as well as the fact thét fluorescence takes place in all directions. This
geometric factor is the same for singlet and triplet so it will divide
out in the ratio. The ratio of fluorescent radiance (f) in the.beam (B)»

is given by:' o
| a(t) L(t)

Re B, = &(5) L(s), | - (0)

X
= Ry Rex

Rex is the ratio of exciting light radiance at the triplet and

singlet wavelengths. This equation assumes that each state fluoresces at

the same wavelength as the absorbing light; corrections for fluorescence
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. to possible excited electronic and vibrational states will be considered

laters The influence of these corrections may'be distinguished from change
due to intercombination radiative decay by studying relative radiance as
a function of the molecular beam path length. Whereas intersystem radia-

tive decay is relatively slow, the fluorescent processes are rapid and

' will not, in general, be a function of the beam transit time.

Since the triplet transition is more easily observed, the most use-

ful working equation is the prediction of the singlet radiance from the

observed triplet radiance.
1
f,B,Tg chex

= L(t) (11)

L(s
( )f,B,Tg

The'experimentally measurable optical density, D, of ﬁhe photograpﬁic
platé-can be related to the incident light radiance L by a characteristic
curve which is an empirical plot of D vs, log L for egual exposure timss.
In emission studies the radiance due to emission, Lem,vwaé foundffrom.
the radiance at the peak of the feature, L, and the intensity at the base
of the feature, Lb' Thé quantities Lp and Lb.are obtained from Dp and
DB by means of the characteristic curve and subtracted to get Lem' By _
similar means the fluorescent radiance or the absorption radiance may
be obtained from the phbtographic plate,

The biaékbody radiance in quanta per second per square centimeter

normal to the source pér unit solid angle per unit wavelength interval

(in centimeters) is given by the following form of the Planck equation.

. 1. .
2¢ ~he :
L—;E{exp<>\—k-f)-l} (12)
'The radiance ratio of a blackbodyvat Tg to a lamp at Tz méy be

calculated from Eq. (12) by including the emissivity of the lamp



-16-

filament., The one in Eq. (12) has been neglected.

o he (T - T
I’O\’)lam}),TL _ €(T£,>\-) exp [ - (g : 2) ] (13)

ANkT T

LO‘)BB,Tg Il g I

The témperature of the previously described tungsten strip lamp
filament was measaréd with the calibrateioptical pyrometer at a. power
of 215 watts. The measured brightness temperature at 650 nm was 2859°K
within.6° with corrections applied for the optical pyrometer. The true

temperature of the lamp may be .calculated

L L

Ty T 2

'ln [t x e(n\,T)1 | (1k4)

!
il
(ll?’ .

T is,the true temperafure, TB the brightness tempergturé, N the
wavelengtﬁ of observation,,c2 the second radiatim constant, T the
transmission factor for the glass of 92% and-€ (19) the emissivity.
Values for the emissivity of a tungsten strip iamp have been reported
Qj as a function of the true temperature at various wavelengths, Extrg—
polation was required for the temperatures used in this work,_but the
- errors should be negligibie. The true tempenature'of the tungsten
‘strip lamp is calculated to be 5235°K with an estimated error of 10q.v
’ For this'lamp-temperature and a blackbody at 2373°Kﬁ(the King fur-
" nace and molecular beam operating temﬁerature), Egqs. (13) and (7) may:

" be combined to give the working equation!fér determinﬁlg»Ra_from King
furnace emission.

L6s) e xr, 257
L(s lamp, 3235

a(singlet) = 10,31 ~and
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oftriplet) = L4.88 L(t)eanF,QB?B . or -
‘ - . , lamp, 3235 : (15)
o o R, = U3 Rem,KF}2575
' lamp, 3235

' The net or apparent absorption radiance which is the observable

net

bs, T
abs, T,

densities of the photographic plate in a'manner analogous to the deter-
i . N

quantity is related to & L is determined from the optical

mination of L . °
em

net lamp _ L
abs,T " “abs,T - em, T
£ _ g g
Llamp,TE Llamp,Tl
aL oL :
_ lamp, T, = BB,Tg
L o ,
lamp,T \ (16)
Lgpr
Llanp,TE

Applying the calculation used in Egs. (13) and (15) at these
temperatures the working equation for determining Ra from King furnace

absorption studies is derived.

Lnet
P abs, 2375 = .905 asinglet)
| Tomp, 3235 |
N . R E = .795 atriplet) “or
' ' : ' ghet K
R - .878 abS:KF’ 2375 (1-7)

Mamp, 3235
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The units of radiance have no absolute meaning since the character-
istic curves were plotted on an arbitrary log L scale. This means that
all radiancés obtained from these curves have unknown absolute values
and, most importantly, the log L scales for the two wavelength regions
are unrelated. In 6rder to predict the ScF singlet radiancerfrom thatr
of the triplet in the molecular beam,the log L scales must be related.
The true radiance may be obtained at each wavelength by multiplying by
a constant or by adding a constant to log L

'log L{triplet)

log L(triplet)m + k
' ' (18)
log L(singlet) :

Llog L(singlet)m + k!

The subscript m denotes the measured value obtained from the
measured optical density and the characteristic curve, It should be -
' nded that these constants include the photographic plate sensitivity.
It may be shown that value of R, measured either from emission or
absorption in the Kiné furnace is identical to the true Ra on an
absolute scale. In arder to apply Eq. (11) to the experimental results
the scales must be related. This can be done with the tungsten strip
lamp since the relative radiaﬁce may be calculated as well as measured
from the aib‘itrarily chosen log L scales. By applying Eq. (18) we get

log R = log L(t + k
& lamp, T, g L )lamp,Tz,m v (19)

- log L(s) - okt
lamp,Tﬂ”m

' Using the Planck equation as expressed in Eq. (12) for the experi-

mental conditions used in this study, the value of R may be

lamp, T,

calculated.
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= 3702 : 2) exp [.léigé?ijﬁlh] (20)

1

By using the measured lamp temperature the two scales may now be related

k -k¥ = .38 - logR (21)

lamp,3235,m -

R, §f Eq. (10) may be found graphically from the data of Studer
and Van Beers (21) to be 2.3 in relative number of quanta or log ReX
is .36. The experimentélly determined value was .39 with an average
error leés than .0l. The experimental value was used in_the/following
caICulations; | |

-.Combining.Eqs° (19) and {11) with the experimental results for
Rex gives the working eqﬁationvfor the prediction of the fluorescent
radiance ofvthe singlet from that‘of the triplet in terms of measured

quahtities.

log L(s) log L(t) - log R, (22)

f,B,2573 £,B,2373

- R’ ~.0L
log lamp,3235 0

It should be noted that this equatiom does not include the correc-
tion term for.fluoreséence discussed in relation to Eq. (11) or the

correction for the filter and water cooler employed of .31.
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RESULTS

The experimental value of long' was 1.21 with an average

lamp,5235,m
error of 0.0l for 43 determinations. As shown by Eq. (21), the arbi-

. trary choice of scales for log L on the characteristic curves isrquite
different from the true radiance ratio. Using this value in Eq. (15)

the experimental value of log Ra from log R was -0.12 * ,05

_ em, KF,2373
after correction for neutral density filters. The previously described
method of using a neutral density filter inside the Steinheill was em-
ployed for some measurements; a Corning color glaés filter 3-7h4 was

used outside the instrument in Others;’a Wratten filter 38 was used
similarly in others and a time average of different exposures during

the same run was also used to cémpare the radiance ratio. All methods
gave substantiallylthe same value and a total of 32 values Wwere averéged.
Absorption experiments were less accﬁrate due to large corrections for
gas emission. Equation (17) was applied to the measured 1§g 32§:,KF,2573
tp_give a log Ra of -0.04 * .08 in 12 measurements. The methods used

to obtain these measurements are identical to those used to obtain log

R The agreement of log Ra from absorption and emission re-

em, KF,2373°
sults is within experimental uncertainties  and the more accurate emis-

gion results were used to calculate the expected fluorescence radiance. ' >

Initial observations of fluorescence from the molecular beam

-~

showed only the triplet system at 655.8 nm. The‘application of Eq. (22)

with the results of the King furnace showed however that it would be

AN

expected that the singlet transition should be weaker.

log L(s) log L(t), 0.77 (23)

f,B,2373 £,B,2373 ~
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Table 2, ElH-XlZT fluorescent radiance as a furictioh of inolecular
beam path length

log L(s

- Path length Transit time . )f_,B,2375 :
(cm) o (sec) Calc.-Obs. ’
9.0 8.0 X 1077 ! 0.51
9.2 8.2 x 107 0.55
10.2 9.2 x 1077 0.59
-4

1.8 | ] 1.1 X 10 | 0.63

.
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_ Table 2 suwmmarizes the results of measufing the radiance of the head
at 655.8 nm applying Eq. (23) to predict the radiance at 511.5 nm and
comparing that to the observed radiance. It is only the calculated

minus the obqerved value of tne log L(s) that is comparable

f, B, 2575
at dlLfefent path lengths due to the experlmental varlatlon - The
estimated uncertainty in this number is about 0.10 due.to scafter in.
densitometer readings and the'errof'associatéd with the ﬁée of the
charactersiticrcﬁrve. Also included in.Table 2 1s the transit time of
ScF molecﬁles in the beam caléulated using the root mean square velocity

of ‘molecules effuéing from the crucible (22).

) Self absofptionlin emissibn studies a?d deviation‘ffom th; linear
curve of growth in absorpfion studies are potential éources ofverror in
the determinationaof Ra;v.The small SQF dghsity.in the_mqlecglér beam
would give negligible errors from these sources. The spectrum of rota-

. X
tional‘lipés near the Obéerved heads was calculated from the khown spectro-
scopig constants. The"appafent spectrﬁm-and the true spectruﬁ were |
approximated as the sum‘of‘triang;és. A‘cémputer program was written
to addvthé radianCe,at iﬁtervais of Oldi cm-l-using the Doppie?vwidth for
thé»trﬁe»sPectrum and the instfumentgl‘widthrfor the observed spectrum.. |

. By éompafisén of_the peak fadiagces, ﬁhiéiﬂwere ﬁormalized to identical
afeé tfiapgles,’thevtruecxivalués wafe inferred. Botﬁ true faiuesv
'were léss'than‘f%;» Thls glve< (23) a correct:on of about 0.2 to O. §p
dué:to sélf—absbrptlon. Slnce 1ntere°t in th1< vork is in relatlve

values) the net corneét;on.due to_self-absorptlon or deviation from

the:linear curve of growth is nagligible.
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DISCUSSION AND CONCIUSIONS

Both the ElII‘-X]fZ+ and 3® - QA transitions are observed in fluore-
scence in the molecular beam, Since cutoff filters in the exciting light

prevent excitation of higher energy states, it is concluded that both the

+ R .
: XlZ and ) states persist during the transit time of the molecular beam.

A lower limit may be set on the lifetime of the higher energy state.

observed over the extremes of path length

b

The change of log L(s)f, B, 2373
: R s

employed would correspond to a lifetime of the ‘lZ ‘state of 1.1 X 10

séconds, but within the experimental uncertainty of log L, there is no

+ . 1
decay of the 12 or 3A state., One can'not .say that intercombination

debay has occurred.' In Hund's case c where the selection rule AQ = 0Q,*1

: applies,.the transition Iyt - §A would be allowed.

1

The relationship among the f ., ~-value, lifetime (1) and wavelength

b
(N) in em of.a.tranéition is well known. (24) (a.ssuming no additional

electronic states are lower in energy than the %Z ).

S

: abST = (mC/8H2e2) §; Xg |
), (2L)
= 1,499 ey A

. ’ ) . -+ .
It is assumed here that the lZ is higher in the energy than the

'ié although analogoug arguments apply if the reverse is the case. The

Jlower and upper state degeneracies are represented by g" and g' respectively.

Exboéures taken with no neutral density filter inside the Steinheil show
that all three triplet heads appear in molecular beam fluorescence with

roughly the same relative radiance as in the King furnace., The degeneracy
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of the 5& is two for the case c allowed transition. Equation (24) may

b

then be written in terms of the energy separation, AE in cm~lx 10~ sy of

1

the 2A and 'S for this case.

AE = (1.5 % 107 /2. o)M/2 | (%)

abs

A complete discussion of oscillator strengths of f-values for mble—
cules is beyond the scope of this paper (25). The strength of one rota-
tional line is well-defined, but the measurements made here involve a
band or sequencé of bands so Franck-Condoh factors must be accurately
known. Experimental disagreements for afdﬁs are common (26) and the data
for mbleéules are sparse (25), An estimate of the f-value for the
'%S*e?al' transition may be obtéined by analogy to other moleculeé and
" a consideration of the coupling expected for ScF. The f-vélue of interest
here is for an éléctrbnic trahsition asva‘whole including all wvibronile

transitions.

The f-value of the‘B5Ho_¢ - X;Zg transition of 12 has been calculated
u

vfrpm'observed lifetimes (26) to be approximately ]_O"'2 assuming a mean
'wévéiength of 800 nm. An anélysis bf the mixing of states of different
' multiplieity"in ScF has not been done, but i£ has been suggested that
there are reasonably large effects (ll). it'would Séem that in view_'_ ;
of the large number of observed and preaicted low=lying electronicvétates
that a high degrée of configufation interaction should occur. This would
gi&e,substantial "triplet character" to the singlets and vice-versa result-
ing in a high f-value for the intercombination transition. Tt should be
noted that additional symmetryvrestrictions in a homonuclear molecule

like 12 would prevent mixing of states which could mix in an isoelectronic

[
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heteronuclearvmolecule.A_Thus_Ié may be too restrictive a case for
determining ﬁhat the upper limit of the f-valqe might be in ScF.-

The degree to which a molecule approaches Hund’s‘coupling case ¢
from cases a or b may be estimated in part by ifs molecular weight as
shown by the increasing case ¢ character of diatomic molecules formed '
from second and third row elements as molecular weight increases. The
3H-lZ transitions have been observed and analyzed in AlBr and AICl (27).
The'molecular weight of AILCl is close to that of ScF and the molecules
are somewhat analogous in electronic structure. The observatién'in this
case Qf.a - forbidden transition is a strong indication‘thattAlCl has a
significant degree of case c couplings The d~orbitals of Sc lead tb a
large-number‘of-lowslying atomic ehergy levels (see Figs 1) which implies

that ScF should have a much larger effect due to configuration interaction

_ than A1Cl. Thus, ScF should have an f-value considerably larger than

that of AlCl.

An indication of case ¢ character is the difference in spectroscopic

constants of the case a multiplet sublevels (28). In ScF the three ro-

3

tational constants of the “A differ by about two percent, This may be

taken as an indication of départure of the coupling from case a.

The scandium atom transition z2D5/'2-a2D5/2 (630.567 nm) has a gf
value of 0,033 while the z”D5/2~a2D5/2 (625,896 nm) has a value of 0.0l (29).

This difference of'a factor of three between the "allowed" and "forbidden"

transitions in séandium suggests that the AS=0 selection rule might also

. 5 5 .
be easily violated in ScF as wells - The gf values for the z D5/2-a D3/2

(62;,068 nm) and the ZhDB/E"aEDB/E (625.978 nm) differ only by a factor
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of two. These four transit ions were among those seen in absoiptipn,
emission'end-fluorescence.

‘Additional strong evidence for a-Telatively strong ScF intercombi-
nation transition is the observed. (30) absorption from the 1 ground
state of.GaF.to both the lH and 3II states. This gives a direct indica-
tion ef comperable transition probabilities to the "allowed" and "forbidden"
states. The'moleculaf weight of GaF is only SIigﬁtly greater than that
ef ScF and there are similarities in bendingbl bﬁ |

12# - 3A transi-

These considerations indicate that the ﬁfefbidden"
tion of ScF should be within an order of magnitude of the "allowed"
traﬁ;it;onsg, Using an f-value of 10—2 and the experimentally determined.
limit oni“i the 1ifetime of 10 seconds, Eq. (25) Limits the erergy separa-
tion to ’85O‘cm':L (rounded to 1000 cm‘l). Ifbthe apparent decay of tﬁe
;Z+ as.a‘funetion of molecular beam peth length is real, the 5A-is the
gaseous phase electronic ground state contrary te the suggestion ef matrix
isolation studies.v:Due to the experimental uncerteinitee and the uncer;,
tainty of the intercombination f-value, the electronic states of ScF ere
prdbabl& Sest represented for the calculatien of an absolute entropy by‘
congidering the 3A and %2+ States as accidentally degenerate. A full
v discﬁssion of estimeted contributiens to.the internal partition function
will be presented later.

As pre%iqusly discussed; the corrections fer self-absorption are less
than one pereent. Furthermore{ the Boltzmann factors should be similar

+ ' '
for the 1T “and oA, states. The (0,0) R-head of the >0 - 3A1 occurs at

1 2
: +
about J = 28ianﬂ the (O,l) R~head of the lH - ;Z at abcut Jd = 12, There-
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fore, the experimental value of Rq represents a ratio of fabs

within experimental uncertainities and the uncertainty of relative popu-

values

lations It is concluded that the ratio of the 5@ - é& fabs

value to that

~of the E‘lH —‘XlZ+ is 0.8 + 3,

Relative absorption. radiance in the moleculsr beam may be calculated
from Eq..(23). -The relative fluorescence radiance woﬁld be . identical
to that in absorption in the beéam if all the light in‘the upper states
fluéresced to the same energy lévél from which itvwas originally absorbed.
In the molecular beam work account must‘be taken of the Franck;Cdndon
factor from the initial state of fluorescence:? the v = O levels of the
11 and :@. The internuclear distaﬁce of v.= 0 of the 1Z+, lH, A and
_and.BVC_D, states using the rotational constants of Barrqw (10) are calcu;-
lated.to be 1579, 1.87, 1.86 and_1.90 K respectively; Since.the change

in.internuclear distance for the singlet (0,0) transition is greater than

that for the triplet (0,0), it would be expected that the -® - 24 (0,0)

transition Woﬁld have the larger Franck-Condon factor. Furthermore the

‘Franck-Condon factor for the 3@ - 3A transition should be larger than

that for the ';H - ;Z+ (0,1) since the v = O level o the lH should have
comparable overlap with several v". The neglect of the Franck-Condon

factor should result in a calculated singlet fluorescent radiance based

on the observed triplet fluorescent radiance that is larger than observed.

In confirﬁation Table 2 shows that the singlet radiance is a factor of

.three smaller than the calculated value neglecting the Franck-Condon

factors.
UIf there are additional allowed electronic transitions, further

reduction of the fluorescent radiance from that expected is possible,
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It will be shown that there is an unobserved 3H state below the 5@
(see Fig. 3)s The transition is forbidden between these states (31)
by the case a selection rule AA = 0,1, It would also be at an unfavor-

3

able energy relative to the allowed @—2& trénsition. Therefore, the
3¢»BH shou}d take a very small portion of fhe light away from the 3@-?&
transition. There are no other triplet transitions to be expecteda

'On the other hand, ailﬂ—lbxtransition is allowed and this transi~
tion could considerably redﬁce the observed éinglet‘fluorescent radiance
from that calculated. The data of Table 2 shoﬁ‘that the ;H—%ﬁ transition
" cannot be much stronger than the lH-lif transition. Both the ClZﬁ'and Blﬂ
(see Fig. 3) have allowed ﬁransitibns with the Elﬂ, but‘tﬁeir wavelengths
are lessbfavorable. No appaient effect was observed from these two states.

| Scandium fluoride, titanium oxide and zlrconium oxide are isoelec~

tronic in valence electrons and it would be expected that theirlmols-
cular orbitals are comparable and that thelr electfonic spectra shoﬁld
show similarities. The electronic spectrum of TiO has been of interést
to astrophysicists for some time and its spegtrqm has been well-studied.
The ZrO molecule is.also of.astrophysicél intérest although its spectrum
is less studied.

| The éssignment of the known states of these three moleéﬁles to mole~
cular o?bital configurations has proven ﬁseful. It now seems poésible

to predict with réaSénable accuracy the energies of unobserved electronic

states and the'approiimate spectral region of allowed transitions. Further-
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TABLE 3.

Observed and estimated electronic energy “levels

" of ScF, TiO, and ZrO, in emtx 107

Molecular Orbital Molecular

Configuration - State - . ScF Ti0 Zr0
s st 0.0 2.8 0.0
S0 g5 AT 24 0.0 0.0 1.0

‘ 7 2 0.6 5.0
so ‘ 3H ' 8 9 | 8"
' ' 1 10.7 11,9 11
s ar - . ' g® | 15.3 1k 16.7
ln 18.3 16.2 18.7
ib 19 18.k 20
11 20,3 19 21
, 3 4
so , do : b 14 13 14
: : It 16.1 15 16
@® a4 pr B 21.9 19.3  22.5
LA 24 22 2Lk
s& ' o '_iﬂ .24 22 25
h - 26.8-‘ 25 27
s i gé 27,2 25 27
’ in ; _ 31 29 31
® 32 30 3D

g © 3k9 33 35
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more it will better define the ipternal partition function for these three
ﬁolecules. It should aiso provide a basis for the prediétion of states
of other molecules which contain a transition ﬁetal atom, but where the
spgétrum,is not well-studied.

| A population analysis(ll) of the 9o molecular orbitalvinithe lowest
energy oA state shows it is 93.0% Sc 4s in ScF and 91.0% Ti hé.in T10.
The lo orbital is exclusively metal 3d. It may be expected that to the
éccuracy of this approximation the electronic transitions of these mole-
cules would be analogous‘té the atamic transitions of the fransition metal
atom. The d ﬁetal electron yieldsz, T and o molecular orbitals and the
p'electron yields m and o ofbitals. The nomenclature suggested by the
populafion analysis has_beén,adopted hefe tqldistinguish.orbitals of the
éame symmetry. The results are summarized in Table 3 and Fig. 3.

5A should both be at zero-ehergy. The un-

For ScF the X12+ and
observed A%A is put at 2660 cm-l which represents a compromise between
the calcﬁlated (ll)VLHOOcmAl and the comparable splitting in TiO which
has been'experimentally.determined (5) to be about 600 em™. The B
is put (10) aﬁ‘c_lo,?oo ¢m‘1 although it may be lower (13) since the ob-
served bahd having}this_origih_may‘not be the (O,Q). The 3H state from
the same molecular orbital confiéuration_haslnot been seen in ScF,Ti0
or ZrO. It is put:at 8,600 cm—l since from Hund's rules it is lower
in energy than the lH. .The A3¢ is put at 15,300 cmnl which is‘aﬁ'average
of the observed (10) sublevel éplittings. Since no 32 states have been.
observed for ScF, TiO, or Zr0O, the sublevel spiittings are not accurately
known. The 012+, EIH, two other I states,.BH and 2@ are all known (10).
A ¥® is put at 19,000 cm"l since it is assumed to be the fourth state of

the d8 ar configuration and the three other states
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are.knowq. A st sﬁéte is put 2,;OOO"cm_l below the knovn C'S' state on
the assumption that both are éo’dc. Barrow has obéerved (IO).a transition
- at 21,927 cm..l Which hag the appéarance of'a BAK‘-- XBA; As can be seén |
in Fig. 3 this is the expected energy of such avtrénsition by anélogy to
the Ti0-and Zr0 o systems. The lA from the sa,mé_ molecular orbital con -
figuration (d& do) is put at 24,000 cm-l since it should bevhigher in d

on

energy than 26 and by analogy to the energy of the d%A in Zr0. A

 state is put at 24,000 el or about 2,800f¢m'l below the lH.which is

assumed to come from s® pm. The 3H at 31,000 cm-l and the l@ at 5?,000

em™ " are stumed to be frém the 48 pm configurafion ahd'afe put betﬁeen |

the known 5@ and ;H states which are also éésﬁmed to be ffom thié coﬁ;

figuration. - :
Absorpfion featuresvgbserved when Tio was deposited in rare'ga; mat-

riéeé have been attributéd to the O system, the Y system and the ﬂé

system of Tio (32). The lower staﬁe of all three_systems in the XBAI

state, The a%ﬁ state is put at 581 cm—l from studieé of the témperature

dependence of the re lative strengths of the O (CBA - XBA) and the B(cl®-a;A)

systém (5). Since the'g%ﬁ-and A states ﬁresumébly come from ﬁhe so dd

moleéular orbital configuration, it would ?é-expected that the EAK |

would be lower in energy. Calculations (ll)vindiéated that this separa-

tion is about 4,400 c_m’l. ~ Assuming the alA is 581 em™t above the XBA,

the B S'ystexh fixes the energy (55) of the c'® at 18, 421.60 cm‘l;_'the b

system fixed the ehergy.(§5) of therblﬂ.af 11,853.77 cm’l; tﬂej& sjéfgm-

. . - 12+ . -l‘ ' N .
- fixes the energy (34) of the 4 at 2,799.77 cm 3 the & system (35) puts the

Nes
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A at about 19,5OO‘cm~1 and the 7y system (36) puts the A’% at about
14,100 em™L, Three unassigned systems of Rosen and Lemaitre (37) are
designated as Vé ( or system I), W% (system II) and system III. The
yé system was seen in ébsorption:from the rare gas matrices (32)‘

3

and 1s &t the energy expected for the B5H - XA transition by analogy
to ScF and thefa system of ZrO. - The appearance of the W% system is
consistent with this assignment (38) so the BBH is put at about 16,200

cm-l. A 5H state is put at 9,000 cm‘-l and is assumed to come from the

same configuration (88 am) as the b, A MM state is put at 19,000 em™t

+
lZ states from

' +
by analogy to the E state of ScF (d8 dm). The 32 and
g0 do were put at 13,000 and 15,000 cm-l respectively by analogy to ScF.
A %A state from d8 do is expected to be above the CBA state from the

same configuration and is put at 22,000 em™t

. The °T and I from so pTv
are not known and are put at 22,000vand 25,000 cmrl by analogy to ScF.
The 5@, 5H, l@ and-lH erm dd pm are not known so that it is difficult to
makelés accurate an estiﬁéte of their energies as for the other unobserved
stétes."They.are put at slightly lower energies than fhe éorreéponding
ScF state since the observed states of TiO generally fall somewhat lower
than those of ScF. The Vé sysfem (system I of Rosen and Lemartre) appears
to have both R and Q heads suggesting a,tranSitioﬁ with AA = #1, The

spacing of the heads is about that expected if the lower state were the

X:A. However this system 1s not seen in absorption from the rare gas

matrices and has the appearance of a Singlet'transition (30). Vibrational*

constants for theaﬂ%ﬁ are not known, but it might be expectéd that they
would be similar to thevxjé since both states come from the so 4% con-

figuration, If the alA state is the lower state of the‘wé system then

LA



the upper state is most likely the lH_state from % pm since it is the
only T or %o state expeéted near this energy (~16, 700 cm_l). Since
thié is somewhét lower than would be expected for the lH state, clarifi-
cation of the Vé system must await further experimental evidence.

t Only two singlet systems of ZrO have been assigned-gnd they have .-

: : _ » : 12+ 1+ _ ’
no common state. The A bands correspond to'b - x°2 and the B bands
1 1

" to dA - cA.. vSince the absorption spéctrum:frbm rare ges matrice

corresponds to the A bands (32) the le state is put at zero energy,
+ —_ : , ,
and. the blZ at 27,1&#.71 cm % (39). As is expected by the molecular

orbital analogy and by the correspondence of observed ZrO states to those

of ScF and TiO, ‘the X?A state must be extremely low in energy if not the

electronic ground state in the gaseous phase. The XBA is put at l,OOO'

cnfl. The lowar state of the B band the clA is put at 5,000 cm—l since it

1t qhould be above the XBA if both states come. from 80 dd, Furthermore,

the d.A is then (ho) at 24,272, 55 cm -1 and it is from d® do. This puts

. d A state somewhat above the 05A which is assumed to be of the same

cbnfigufation. .The orlglnal a551gnmenttﬁ'the.A and B bands (39) was

in doubt asg %Z %Z could not be distinuished from ¥A-%A in elther tran-

- sition. Absorptlon was seen in rare gas matrices at an energy nearer

the B bands thén the A bands. Weltner and McLeod favor the‘aSSignﬁént
__— 1 4+ o o .

of the 12' to the lower state.of the A bands, however it does not seem
possible to enfirely exelude the reverse'assignment. Assuming the XBA

is at 1,000 cmfl.the v system (41,42) fixes the A°® state at about

. 16,700 cm_l; the B system (142,43) fixes the BIl at about 18,700 cm_l and

the o system (41,42) fixesvthe'CBA at about 22,500 emt. The35n and

T from so an’ are put at 8,000 and 11,000 em™ by analogy to ScF and

i
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Ti0. The ¥® and ;H from d8 drare pﬁt at 20,000 and 21,000 cm-l since
they come from the same configuration as the A and B states. The §2+
and s+ fram so do are put at lh,OOO and 16,000 em™t byvanalogy to ScF.
The 3I'[ and-LH frém 80 and pm are not known and are pﬁt ét 25,000 and
27,OOO4cm-l and the reported & system (44)7is about the expecfed energy
for the 5l'[—XaA transition; However thére is another expecfed 51'[ fram
the d% pm which mayvbe'cléser to the energy of the 5 system. The 3¢5 BIL
li and lH from db pT are included for completeness and their energies
cannot be%predicted accurately. |

The b5 at 27,144,771 has not been accounted for with the molecular
orbitals used. The 52“, ' and =" from the as° configuration have not
been used and the b state of ZrO may be from this configuration. No 52-
or 1F sfate has been cbserved in ScF, TiO or ZrO and has been calculated
to be very high in energy (11). Promotion of an electron from the 37
molecular orbital which has been considered here as a closed shell will
giVe a mu1£itude of molecular electronic states including a lZ%. In
view of the bopulationvanalysis'of'the 50 and.da orbitals; the corregpon-
dence of the observed states to the expected molécular orbitals and the
exﬁectation that thé 12+ will not be the lowest énergy,statevfrom configu-
rations involving 5ﬂ5, this alternative sé;ﬁ less likelye.

There are not enough known states of ZrO to allow accurate predic-
‘tions of the states involved in the ¢ system (44) or the system at about
6000 A of Rosen and Lemaitre (37).

It would be of considerable inferesf to locate exactly ﬁhe'chest
%ﬁ states and the ﬁnobserved 3II states in each of these molecules. I£
might also be fruitful.tg examine some of the perturbations observed in

4

the ScF spectrum (13) to see if the precise value of the separation of




' "to an accuracy sufficlent for many calculations.

- =35-

the-iﬁ and Is states may be determined.
The partition fﬁnctions of gaseous scandium monofluoride, titanium§

oxide and zirconium oxide can now be better defined.. Calculation of the:

'freéaeneréy function or absolute entropy of these molecules is possible |
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FIGURES

Electronic energy levels of the scandium atom.
The molecular beam heating assembly5with radiation shieldse.
Known tranSitions.Qf ScF, TiO, and ZrO and estimates of the

absolute energy of the electronic states.
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