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THE LOW-LYING ELECTRONIC STAlES OF SCANDIDM MONOFLUORIDE 

* 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 

of the radiance of the green Elrr-x~+ and red 3~36 transitions have 

given the relative transition probabilities. The ratio of f b value of a s 

the .3~36 to that of the Elrr-n+ is 0.8 ± 3. From these data the expected 

relative radiance of the transition in the molecular beam has been calcu-

lated assuming no radiative intersystem decay. The relative fluorescent 

radiance at various molecular beam path lengths indicates that both the 

1 + 3 -4 
~ and 6 states of ScF persist at least as long as 10 seconds. A 

; -1 
maximum energy separation has been estimated to be 1000 cm 

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 

low-lying electronic states to the internal partition function is 

discussed. 

* Present address: Department of Physics, 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 bonding:(l.) ~ 0 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 hot only the 

electronic ground-state, but the vibrational and rotational characteristics 

and excitation energies of low-lying electronic states. At moderately 

high temperatures, where molecules like ScF contribute substantially to 

the vapor, several electronic states may make appreciable contributions 

to the electronic partition fUnction. It is possible that low-lying 

excited electronic states could dominate the internal partition function 

if their electronic degeneracy is large. Such is the case for the 

gaseous C2 moleculevhere the ~u state contributes more to the partition 

function than the ground-state lL~ at most temperatures. 

Qint= L-
all energy 

g. exp (-E.!kT) 
1 1 

(1) 

levels 

Q. t is the internal partition function for the gaseous molecule, g. 
. ln . 1 

is the degeneracy of the ith energy level and E. is the energy of the ith 
1 

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 method 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 transition metal oxide. The differences in 

correlation energy, which are generally of the same order of magnitude as the 

energy separation of the electronic states for diatomic molecules with 

one transition metal atom, are difficult to estimate to the desired ac

curacy even with semi-empirical methods(3)o 

The absorption spectrum of high-temperature molecules can include 

absorption from excited states. Most diatomic molecules containing one 

transition metal atom have several allowed electronic transitions within 

the visible and near-ultraviolet spectral regions so that weaker trans

itions are often obscured by overlapping transitions. Oftentimes more 

than one species will absorb in a spectral region making a complete 

analysis prohibitively difficult. In principle, a complete spectral 

analysis including the detection of "forbidden" intercombination lines 

would characterize 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 appliedtd many 

high-temperature species to gain information about the electronic ground

state. "Matrix shifts" of over 1000 cm-l in absorption 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 it will generally not give information about low-lying 

excited states which may be thermodynamically important. 

other experimental techniques have proved of value in determing 

the energy of low-lying electronic levels. The X3~ state of TiO was 

-1 1 
found to be about 581 cm below the a 6 state by a study of the temper-

ature dependence of the radiance of two electronic transitions involving 

these states (5). The energies of the electronic states of the gaseous C2 

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 experimental tech-

niques although limited in accuracy and applicability has been of value 

in at least one caseo Only the matrix isolation technique has been 

applied to the gaseous ScF molecule (8). 

Gaseous phase absorption and thermal emission from ScF have been 

reported in the visible and near-ultraviolet spectral regions (9) and the 

results of these stUdies have been sUlJllIl9.rized (10). Partial rotational 

analysis has been completed on transitions involving seven singlet and 

four triplet electronic states. The lowest observed states of each 

multiplicity are ~+ and 3~ and their energy separation was not determined. 

° 1 + 3 Absorption is seen at about 2300 K from both the ~ and ~ states which 

suggests that both states are thermodynamically important. 

The absorption spectrum from neon matrices at 4°K has been correlated 
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with the gaseous phase singlet transitions, (3)0 Although sane of the extra 

absorption features could not be attributed to either multiple matrix 

sites or other fluorides of scandium, no correspondence could be made 

with the gaseous phase triplet transitions. 

The term energies, T , of the three low-lying electronic states aris-e " 

ing from 0
2 (1L:+) and 00 (3ll ,11l) molecular orbital configurations have 

been calculated for both ScF and TiO, (11). 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 

1 3 1 3 1 calculated ll_ II and L:+_ II energy differences for TiO are 2150 cm- and 

66 -1 -1 -1 ' 
90 cm while the observed values are 580 cm and 2290 cm respectively. 

The ScF lL:+_3ll separation is calculated is to be -460 cm-l so that within 

the corresponding uncertainties associated with TiO, the electronic 

ground~state of ScF is not determined unambiguously. It may be con

cluded, however, that the 3ll , lL:+ and probably the III have appreciable 

contributions to the electronic partition function. 

The electronic ground-state of fluorine is 2po and the first excited 

-1 
state is over 100,000 cm higher in energy (12). The ground-state of 

scandium is 2D from the 4s
2

3d open-shell configuration. Furthermore 

scandium has low-lying electronic levels from the 4s3d4p and 4s3d2 

configurations which may well combine with the 2po state of F to give 

low-lying molecular states. Figure 1 shows some states of scandium 

-1 
below 30,000 cm • 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 ~ priori which of these states 

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

... 



Table 1. 

Sc F 
State State 

2D 2po 

4F 2po 

2F 2po 

4Fo 2po 

4Do 2po 

-4a-

Molecular states of ScF from atomic 
configurations 

Molecular States 
of ScF 

J:+(2), 'L,-, TI(3), .6(2), <P 

'L,+, J:-(2), TI(3), .6(3), <P(2), r 

'L,+, 'L,-(2), TI(3), .6(3), <P(2), r 

J:+(2), 'L,-, TI(3), .6(3), <P(2), r 

+ -. 
J: , 'L, (2), TI(3), .6(2), <P 

Mul tiplici ties 

1,3 

3,5 

1,3 

3,5 

3,5 
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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 degeneracy of the s and d atomic orbitals and the presence 

of low-lying p orbitals lead to many molecular states of low energy. It 

is necessary to clarify 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 easily ob-

:3 3 served' (13) in the visible region is the A<P-X t::. with (0,0) heads at 652.3, 

654.0 and 655.8 nanometers (nm)~ It is red degraded and free of significant 

overlap from other bands of the same electronic transition. The (0,1) 

head of the Elrr_xlE+ transition at 511.5 nm is also strong in low reso-

lution. These two t~ansitions involve the lowest states of each multi-

1 3 plicity, namely the E+ and the ~. 

The strengths 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 time of approximately 10-4 seconds. Should intersystem 

radiative decay occur within this t.ime, the effect would be noticeable 

as an apparent change in relative radiance of the band systems. In this 

manner the gaseous phase electronic ground-state can be determined ex-

perimen"tally while avoiding many of the temperature dependent errors of 

other methods. 

, . h 3 t 1,,+. 11 d t ·t· In Hund s coupllng case c t e ~l 0 £'0 lS an a owe ranSl lon. 

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 of transit of the molecular beam. 

A Steinheil three prism spectrograph with an f/4 aperature was used 

in an optical arrangement designed for Raman spectroscopy. The reciprocal 

linear dispersion var~ed with wavelength from about 3 nm/mm at 500 nm to 
! 

about 11 nm/mm at 670·nm. 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. 

'Ii 

ii-, 
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A full description of the carbon-tube or King furnace appears else

where (14).. The ghiphite tube was lined first with tantalum foil then with 

tungsten foil to prevent reaction of the graphite with scandium. A current 

of 1400 amperes provided a uniform temperature of 2l000C 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 

(51l.5nm) and the triplet wavelength (655.8nm) from 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 ten was placed inside the Steinheil in front of the 

photographic plate such that it covered only the red region of the spectrum. 

In this manner simultaneous measurements at both the wavelengths of inter

est could be made. 

A series of ScF absorptton exposures were taken on a plate ata 

measured furnace temperature of 2l000C. The same exposure time of three 

minutes was used for all exposures vhile different calibrated neutral 

density filters were used to vary the exposure. Similarly a series of 

emission exposures were obtained either within the same experiment or in 

separate runs. 

A tungsten strip filament lamp was used as an absorption light source 

and for determination of the characteristic curve of the photographic 

plates. It was run at 215 watts which was about double .the rated power. 

Temperature measurements were made with an optical pyrometer. It has 

been shown (15) 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 indicate that ScF
3 

is the principal vapor species 

even in the presence of scandium metalo Furthermore, ScF2 is also an 

important vapor component. How·ever, 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 the electrodes. In order to prevent leaks due to 

non-uniform expansion from thermal gradients, the crucible was machined 

from one piece of tantalum 25 mm in diameter and 80 mm in length. The 

top portion of the container was 25 rom in both length and diameter with 

a wall thickness ,of about lmm. The bottom portion was 12.5mm in diameter 

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

about 10 nnn 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 achieved using 

this double crucible. In preliminary experiments a pt vs pt/lC'f/o Rh 

thermocouple measured 1300°C at the bottom of the crucible ,d th the top 

at 2100°C. 
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The heating element was composed of strips of tungsten foi125mm in 

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

into concentric touching cylinders and attached to 12.5mm diameter tantalum 

rod with small force-fitted tantalum 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 supp~y after 

passage through the variable transformer. So at the heating element 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. The entire assembly including the electrodes was covered with a 

graphite felt rectangular box containing a cirCUlar opening for the 

molecular beam. 

The crucible was supported by a molybdenum rod. A water-cooled 

copper connection as well as the water-cooled electrodes were all 19mm 

in diameter and were sealed with rubber seals to provide simultaneous 

vacuum 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 

with a 150mm diffUsion pump to a background pressure of less than 5XlO-
6 

torr at room temperature. 

The light source was a General .Electric 120 volt, 650 watt movieflood 

DWY lamp. The filament was a tungsten coil with iodine vapor inside the 

quartz envelope. The lamp was operated on 110 volt AC power in an alumi-

num shield from a variable transformer. 

Corning color glass filter 3~72 was used to prevent excitation of 

wavelengths shorter than that of the singlet transition. In this manner 
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cascading effects can be avoided. The combined effect of this 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 observed at right angles to the exciting light. A 

97mm focal length lens focused the fluorescence onto the Steinheil slit. 

The filament was 150mm from the lens and approximately 245mm from the 

entrance window. The Steinheil slit was about 112mm from the lens on 

the exit window. 

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 crucible. 

With this method no corrections for emissivity of the crucible were applied 

since the cell should approach blackbody conditions. Corrections were 

applied for the prism. 

The slit width~ prism positions and other Steinheil adjustments 

were identical to those used during King furnace exposure. A neutral 

density filter inside the Steinheil adjusted the light levels so that 

both the singlet and triplet wavelengths could be viewed simultaneously. 

Kodak 103a-F photographic plates were used in all studies. Care 

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 on a Bristol model 560 strip chart recorder. 

The instrument allows measurement of densities from zero to 2.0. Averages 

were taken of several independent readings 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 calibrating the characteristic curves at the two 

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

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

interpreting ScF features. Constant exposure times were used while varying 

the exposure with calibrated neutral density filters. 

A background radiance is present in both King furnace exposures and 

in fluorescence exposures from the molecular beam. In the molecular beam 

exposures a background was added to the part .ofthe photographic plate 

in order to make the optical density after exposure on the more linear 

portion of the characteristic curve. This "pre-exposure" results in more 

accurate determination of the radiance from the characteristic curve. 
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THEORY 

Define a radiance ratio, R, as follows. 

R • (2) 

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

lengths, namely, the 655.8 rim ScF 3$ - 31::::. (0,0) band head and the 

ScFl:rr·lL:. (0,1) band head (~511.5nm). All radiances are given in 

terms of number of quanta per second per square centimeter normal to 

the source per unit solid ~ngle 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 T 2 through a column of gas at a tempera

ture T is given by: 
g 

L 
observed 

L
lamp + L 
abs em L

se1f 
abs 

Llabmp is the radiance coming from the lamp that is absorbed by 
a s 

the gas. 
. . self. 

L is the emission ra.diance of the gas and L b lS the 
em a s 

absorption by the €!fi s of the emitted radiance. The self-absorption 'Will 

be small for small gas densities or path lengths and will be neglected 

here. Arguments will be 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 
em,KF,T 

g 
R 

abs,KF,Tg 
T· 

2 
(4) 

.. 

v. 
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This is a statement of the reversal condition; L is equal 
observed 

to L in Eq. (3) at each wavelength •. lamp,Tg= Tf 

At each wavelength, a is the absorption coefficient. 

a = L 
lamp,T £ 

(5) 

Ifa blackbody at the gas temperatUre were used as a lamp, then 

from the reversal conditions for e.i ther wavelength: 

L 

a·· = 

em, KF, T 
g 

(6) 

The relationship between King furnace absorption and emission is 

. now established. Experimentally a lamp at Tq is ,--~sed inst ead of a 

. blackbody at the gas temperature, but the relationship of lamp radi-

ance at T£ to blackbody radiance at T is easily calculated from 
g 

the Planck equation and the emissivity of the Lamp filament. Then at 

each wavelength the following two equivalent relationships may be used 

to determine the absorption coefficient. 

L
lamp 

L em,KF,T L abs,KF,T lamp,T p 
a = g = g 

L L L 
lamp,T£ ,lamp, T f BB,T g 

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

R em,KF,T 
g 

aCt) L( t ) BB T 
, g 

a(s) L(s)BB T 
, g 

(7) 

(8) 

'l'he letters sand t represent the two wavelengths of interest (665.8 
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and 551.5 nm). By a similar consideration of Eq. (7), the ratio of a 

values may be obtained from King furnace absorption studies. 

R
lamp 
abs, KF, T 

Ra :: -R=-----""'g 
lamp,T£ 

It should be noted that the dependence of a upon the absorption 

path length and the gas density divides out in the ratio since it depends 

only on the system geometry. Thus, the a ratio depends only upon the 

relative triplet and singlet transition probabilities. 

In the molecular beam, fluorescence is observed at right angles to 

the exciting light source. lf no significant population change of the 

lowest singlet and the lowest triplet occurs during the beam transit time, 

then the equilibrium 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 

to the upper state of each system and the exciting light radiance at the 

wavelength. In addition there is a geometric factor which includes the 

differences between the geometry of the beam and that of the King furnace 

as well as the fact that fluores~en~e 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: 
q(t) L(t)ex 

Rf,B,T :: a(s) L(s) 
g ex 

= R R a ex 

(10) 

R is the ratio of exciting light radiance at the triplet and ex 

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 

later. 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. 

L(S)f B T = L(t)f B T 
"g "g 

1 
RR ex ex 

(11) 

The experimentally measurable optical density, D, of the photographic 

plate can be related to the incident light radiance L by a characteristic 

curve which is an empirical plot of D vs. log L for equal exposure times. 

In emission studies the radiance due to emission, L , was found from em 

the radiance at the peak of the feature, Lp' and the intensity at the base 

of the feature, ~. The quantities Land L are obtained from D and 
pop 

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 photographic plate. 

The blackbody radiance in quanta per second per square centimeter 

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

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

2c . hc . ( ) [ '( ) ]-1 L = -:;:+- exp il.kT -1 12 

The radiance ratio ofa blackbody at Tg to a lamp at T
f 

may be 

calculated from Eq. (12) by including the emissivity of the lamp 
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filament. The one in Eq .. (12) has been neglected. 

L(X) 
lamp,Tg 

L(A.) BB T 
, g 

/ 

exp [ -

The temperature of the previously described tungsten strip lamp 

filament was measured with the calibratei optical pyrometer at a power 

of 215 watts. The measured brightness temperature at 650 nm was 2839°K 

within 6° with corrections applied for the optical pyrometer. The true 

temperature of the lamp may be calc~1ated 

1 
T == (14) 

T is. the true temperature, TB the brightness temperature, A. the 

wavelength of observation, c2 the second radiatirn constant, T the 

transmission factor for the glass of 92% andE (19) the emissivity. 

Values for the emissivity of a tungsten strip lamp have been reported 

~ as a function of the true temperatUre at various wavelengths. Extra-

po1ation was required for the temperatures used in this work, but the 

errors should be negligible. The true temperature of the tungsten 

strip lamp is calculated to be 3235°K with an estimated error of 10°. 

For this lamp temperature and a blackbody at 2373°K' (the King fur

naceand molecular beam operating temperature), Eqs. (13) and (7) may 

. be combined to give the working equation for determin:in gRa from King 

furnace emission. 

a( singlet) and 

.. 
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o:(triplet) == ' 4.88 
L( t) emz KF, 2313 

or 
L( t ) lamp, 3235 (15) 
R ' .. 

Ro: ::: .473 em! KF! 2213 
R 

lamp, 3235 

The net or apparent absorption radiance which is the observable 

quantity is related to 0:. L
n
b
et T' is determined from the optical 

a s, g , 

densities of the photographic plate in a manner analogous to the deter-

mination of L • em 

L
net 
abs,T 

g 
L 

lamp, T £ 
== 

::: 

== 

Llamp L abs,T em,T 
g g 

L 
lamp, T f 

aL 
lamp, T f. - aLBB T , g 

L 
lamp,T £ 

[1. 'LBB'T ] 0: ' g 
L 

lamp, T £ 

Applying the calculation used in Eqs. (13) and (15) at these 

(16) 

temperatures the working equation, for determining Ro: from King furnace 

absorption studies is derived. 

L
net 
abs,2313 

~amp,3235 

== 

== 

.905 0:( singlet) 

.7950:(triplet) or 

Rnet 

8 8 abs!KF,2373 • 7 
R 

lamp, 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 radiances obtained f'rom these curves have unknown absolute values 

and, most importantly, the log L scales for the two wavelength regions 

ar e unrelated. In order to predict the ScF singlet radiance from that 

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( singlet) 

log L(triplet) + k 
m 

log L(singlet) + k ! 
m 

The subscript m denotes the measured value obtained from the 

(18) 

measured optical density and the characteristic curve~ It should be 

net ed that these constants include the photographic plate sensitivity. 

,It may be shown that value of Rex measured either from emission or 

a bsorption in the King furnac e is identical to the' true Rex on an 

absolute scale. In order 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 radiance may be calculated as well as measured 

from the arbitrarily chosen log L scales. By applying Eq. (18) we get 

log R 
lamp,T p 

log L(t)l T +k 
amp, R,m 

- log L( s) ..' - k! 
lamp,T R",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 p. 

calculated. 

• 
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.3702 ~(tl 
€[S) 

exp ("-( t) -

exp (20) 

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

(21) 

R of Eq. (10) may be found graphically from the data of Studer ex 

and Van Beers (21) to be 2.3 in relative number of quanta or log R ex 

is _36. The experimentally determined value was .39 with an average 

error less than .01. The experimental value was used in the following 

calculat ions .. 

. Combining Eqso (19) and (11) with the experimental results for 

R gives the working equation for the prediction of the fluorescent ex 

radiance of the singlet from that of the triplet in terms of measured 

quantities. 

log L(s)f,B,2373 (22) 

log Rla~p,3235 -.01 

It should be noted that this equation does not include the correc-

tion term for fluorescence discussed in relation to Eq. (11) or the 

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



... 20-

RESULTS 

-
The experimental value of log R1amp,323s,m was 1.21 with an average 

error of 0.01 for 43 determinations. As shown byEq. (21), the arbi-

trary choice of scales for log L on the characteristic curves is quite 

different from the true radiance ratio. Using this value in Eq. (lS) 

the experimental value of log Ra from log Rem,KF,2373 was -0.12 ± .OS 

after correction for neutral density filters. The previously described 

method of using a neutral density filter inside the Steinheil was em-' 

ployed for some measurements; a Corning color glass filter 3 -74 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 compare the radiance ratio. All methods 

gave substantially the same value and a total of 32 values were averaged. 

Absorption experiments were less accurate due to large corrections for 

.. . net 
gas emission. Equation (17) was applied to the measured log Rabs ,KF,2373 

to give a log R of -0.04 ± .08 in 12 measurements. The methods used . a 

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

Rem,KF,2373. The agreement of log Ra from absorption and emission re

sults is within experimental uncertaint.ies and the more accurate emis-

sion results were used to calculate the expected fluorescence radiance. 

Initial observations of fluorescence from the molecular beam 

showed only the triplet system at 6SS.8 nm. The application of Eq. (22) 

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

expected that the singlet transition should be weaker. 

log L(S)f,B,2373 log L(t)f,B,2373 -0.77 

' .. 
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Table 2. E1n_~t fluorescent radiance as a function of molecular 
beam path length 

Path length Transit time log L(s)f,B,2373 
(em) (sec) Calc.-{)bs. 

9.0 B.o X 10-5 0.51 

9.2 Bc02 X 10-5 0.55 

10.2 9.2 X 10-5 0.59 

11.B 1.1 X 10-4 0.63 
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Table 2 swmnarlz€s the results 'Jf measuring 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 observed value of the logL(S)f,B,2373 that is comparable 

at different path lengths due to the experimental variations. " The 

estimated uncertainty in this number is about 0.10 due to scatter in 

densitometer readings and the error associat ed ,vi th the use of the 

charactersitic curve. Also included in Table 2 is the transit time of 

ScF molecules in the beam calCUlated using the root mean square velocity 

of'molecules effusing fr':lm the crucible (22). 
,,' 

Self absorption in emission studies and deviation' from the linear 

curve of growth in absorption studies are potential sources of,error in 

the determination of Ra " The small ScF density in the molecular beam 

would give negligible errors from these sources. The spectrum of rota
f 

tional lines near the observed heads ,.as calculated from the knovm spectro-
. 

scopic constants • The.apparent spectrum and the true spectrum "Tere 

approximated as the sum of triangles. A computer program was '\vritten 

-1 to add the radiance at intervals of 0.01 cmusing the Doppler width for 

the· true spectrum and the instrumental .vidth for the observed spectrum. 

, By compari~on of the peak radiances, >;thich were normalized to identical 

area triangles, the true ex values were inferred. Both true ex values 

were less than 7% •. This gives (23) a correction of about 0.2 to O.yp 

due to self-absorption. Since interest in this "Tork is in relative 

values, the net corre ction due to self-absorption or deviation from 

the linear C'LU'ye of growth is n~gligible. 

.. 
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DISCUSSION AND CONCWSIONS 

Both the E1rr-X~+ and 3~ - 36 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 

x~+ and 36 states persist during the transit time of the molecular beam. 

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

The change of log L(s)f,B,2373 observed over the extremes of path length 

'1 + . 4 
employed would correspond to a lifetime of the . ~ state of 1.1 x 10-

seconds, butwithint;he experimental uncertainty of log L, there is no 
, 

decay of the ~+ or 36 state. One can'not say that intercombination 

decay has occurred. In Hundt s case c where the selection rule All = 0, ±l 

l,f- . 3 
applies, the transition 2: .~. 6

1 
would be allowed. 

The relationship among the f b -value, lifetime (1") and wavelength 
a s 

(A.) in cm of a transition is well known, (24) (assuming no additional 

the 1,,+). electronic states are lower in energy than L.J 

f '[ 
abs = 

= 
(24) 

It is assumed here that the l~+ is higher in the energy than the 

. 36 although analogous arguments apply if the reverse is the case. The 

lower and upper state degeneracies are represented by gil and g! respectively. 

Exposures taken with no neutral density filter ins ide the Steinheil show 

that all three triplet heads appear in molecular beam fluorescence wi th 

roughly the same relative ra.diance as in t.he King furnace. The degeneracy 
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of the 361 is two for the case c allowed transition. Equation (24) may 

-1 -3 then be written in terms of the energy separation, 6E in cm X 10 ,of 

the 36 and l~+ for this case. 

A complete discussion of oscillator strengths of f~values for mole-

cules is beyond the scope of this paper (25). The strength of one rota-

tional line is w'ell-defined, but the measurements made here involve a 

band or sequence of bands so Franck-Condon factors must be accurately 

known. Experimental disagr!=ements for atoins are common (26) and the data 

for molecules are sparse (25). An estimate of the f-value for the 

l~+ _361 transition may be obtained by analogy to other molecules and 

a consideration of the coupling expected for ScF. The f-value of interest 

here is for an electronic transition as a whole including all vibronic 

transitions. 

The f-value of the - ~~g transition of ~ has been calculated 

from observed lifetimes -2 approximately 10 assuming a mean 

wavelength of 800 n.m. An analysis of the mixing of states of different 

multiplicity'inScF has not been done, but it has been suggested that 

there are reasonably large effects (11). It would seem that in view 

of the large number, of observed and predicted low'-lying electronic states 

that a high degree of configuration interaction should occur. This would 

give SUbstantial "triplet character" to the singlets and vice-versa result-

ing in a high f-value for the intercombination transition. It should be 

noted that additional symmetry restrictions in a homonuclear molecule 

like ~ would prevent mixing of states which could mix in an isoelectronic 
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heteronuclear molecule.· Thus ~ may be too rest.rictive a case for 

determining what the upper limit of the f-value might be in ScF. 

The degree to which a molecule approaches Hund's coupling case c 

from cases a or b may be estimated in part by its molecular weight as 

shown by the increasing case c character of diatomic molecules formed 

from second and third row· elements as molecular weight increases. The 

3n_l~ transitions have been observed and analyzed in AlBr and AIel (27). 

The molecular weight of AIel is close to that of·ScF and the molecules 

are somewhat analogous in electronic structure. The observation in this 

case of a . forbidden transition is a strong indication that Alel has a 

significant degree of case c coupling. The d-orbitals of Sc lead to a 

large number o~ low-lying atomic energy levels (see Fig. 1) which implies 

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

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

that of AIel. 

An indication of case c character is the difference in spectroscopic 

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

tational constants of the- 3& differ by about two percent. This may be 

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

The 

value of (29 ). 

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

transitions in scandium suggests that the &S=O selection .rule might also, 

be easily violated in ScF as well. 
2 2 

The gf values for the Z D
3

/ 2-a D3/2 
4 2 

(6210068 nm) and the z D3/ 2-a D3/2 (623.978 nm) differ only by a factor 

:.-. 
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of two. The'se four transit ions were among those seen in absorption, 

emission and fluoresc~nce .. 

Additional strong evidence 'for aielatively strong ScF intercombi-

" 1 
nation transition is the observed, (30)' absorption from the 2.: ground 

state ofGaF to both the 1rr and 3rr states. This gives a direct indica-

t ion of comparable transition probabilities to the "allowed!! and'''forbidden'' 

states. The molecular weight of GaF is only slightly greater than that 

of ScF and there are similarities in bonding. 

These considerations indicate that the !'forbiddenll 12.:+ ... 36 transi-

tion of ScF should be within an order of magnitude of the "allowed" 

-2 
transitions~ , Us ing an f-value of 10 and the experimentally determined 

limit on\ the lifetime of 10-
4 

seconds, Eg. (2'5) limits the erergy separa-

8 -1 ( -I, tion to 50 cm rounded to 1000 cm ''I_ If the apparent decay of the 

~+ as a function of molecular beam path length is real, the 36 is the 

gaseous phase electronic ground state contrary to the suggestion of matrix 

isolation stUdies. DUe to the experimental uncert~inites and the uncer-

taintyo1 the intercombination f-value, the electronic states of ScF are 

probably best represented for the calculation of an absolute entropy by 

considering the 36 and ~+ states as accidentally degenerate. A full 

discussion ot: estimated contributions to the internal partition function 

will be presented later. 

As previously discussed, the corrections for self;"'absorption are less 

than one percent. Furthermore, the Boltzmann factors sh ould be similar 

for the ~+ and 361 states. The (0,0) R-head of the 3<P
2 

- 3,\ occurs at 

( ) 1 I + about J = 28anp the 0,1 ~-head of the rr - 2.: at about J = 12_ There-
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fore~ the experimental value of Rarepresents a ratio of fabs values 
r . .. 

within experimental uncertainities and the uncertainty of relative popu
. 3 

lation.. It is concluded that the ratio of the 3q, - t:,. f b value to that 
. a s 

of the E La - X~+ is 0.8 ± 3. 

Relative absorption radiance in the molecular beam may be calculated 

from Eq. (23). The relative fluorescence radiance would be . identical 

to that in absorption in the beam if all the light in the upper states 

fluoresced to the same energy level from which it was original~ absorbed. 

In the molecular beam work account must be taken of the Franck-Condon 

factor from the initial state of fluorescencet the v = 0 levels of the 

L 3 . 1+ 1 3 
!l and q,. The internuclear distance of V? 0 of the ~, IT, t:,. and 

and 3q" states USing the rotational constants of Barrow (10) are calcu-
o 

lated to be 1.79, 1.87, 1.86 and 1.90 A 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 3q, - 3t:,. (0,0) 

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

Franck-Condon factor for the 3q, - 3t:,. transition should be larger than 

that for the ~ 11 - ~+ (0.,1) since the v = 0 level d: the lIT should have 

comparable overlap with several vI!. The neglect of the Franck-Condon 

factor should result in a calculated singlet fluorescentradianc'e based 

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

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

three smaller than the calculated value neglecting the Franck-Condon 

factors. 

If 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 3n state below the 3<1> 

(see Fig. 3). The transition is forbidden between these states (31) 

by the case a selection rule M = O,±l. It would also be at an unfavor

able energy relative to the allowed 3<1>_36 transition.. Therefore, the 

3~3n should take a very small portion of the light away from the 3<1>_36 

transition. There are no other triplet transitions to be expected. 

On the other hand, alu-
l
,6. transition is allowed and this transi-

tion could considerably reduce the observed singlet fluorescent radiance 

from that calculated. The data of Table 2 show that the In_16 transition 

1 ~ 1+ L cannot be much strongei than the n---~' transition. Both the C ~ and B-1! 

(see Fig. 3) have allowed transitions with the ~n, but their wavelengths 

are less favorable. No apparent effect was observed from these two states. 

Scandium fluoride, titanium oxide and zirconium oxide are isoelec-

tronic in valence electrons and it would be expected that their mole-

cular orbitals are comparable and that their electronic spectra should 

show' similarities. The electronic spectrum ofTiO has been of interest 

to astrophysicists for some time and its speGtrum has been well-studied .. 

The ZrO molecule is also of astrophysical interest although its spectrum 

is less studied. 

The assignment of the known states of these three molecules to mole-

cular orbitalconfigurat1ons has proven useful. It now' seems possible 

to predict with reasonable accuracy the energies of unobserved electronic 

states and the approximate spect:r;al region of allowed transitions. Further-
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TABLE 3. 

Observed and estimated eleCtronIc energy levels 
, 1 -
. of ScF ,TiO, and ZrO, in cm- x 10-) 

Molecular Orbital Molecular 
Configuration State ScF TiO 

2 lL:+ 0.0 2.8 sa 

sa do d7T .3,6 0.0 0.0 
1,6 2 0.6 

sa 3n 8 9 
~ 10.7 11 .. 9 . 

dO d7T 3m 15.3 14.1 
3" 18.3 16.2 In 
l¢ 19 18.4 
n 20.3 19 

sO" da 3L:+ 14 13 
~+ 16.1 15 

dO da p7T 3,6 21.9 19.3 
1,6 24 22 

sa 3n 24 22 III 26.8 25 

do p1r 3<[> 27.2 25 
3n 31 29 
1<[> 32 30 
lJr 34.9 33 

ZrO 

0.0 

1.0 
5.0 

8' 
l~r 

16.7 
18.7 
20 
21 

14 
16 

22.5 
24.3 

25 
27 

27 
31 
32 
35 
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more it will better define the internal partition function f.or these three 

molecules. It should also provide a basis for the prediction of states 

of other molecules which contain a transition metal atom, but where the 

spectrum is not well-studied. 

A population analysis (11) of the 90' molecular orbital in the lowest 

energy 36 state shows it is 93.0% Sc 4s in ScF and 91.0% Ti 4s in TiO. 

The 10' orbital is exclusively metal 3d. It may be expected that to the 

accuracy of this approximation the electronic transitions of these mole-

cules would be analogous to the atomic transitions of the transition metal 

atom. The d metal electron yields 8, nand 0' molecular orbitals and the 

p electron yields nand 0' orbitals. The nomenclature suggested by the 

popUlation analysis has been adopted here to distinguish_ orbitals of the 

same symmetry. The results are summarized in Table 3 and Fig. 3. 

For ScF the x~+ and 36 should both be at zero energy. The un-· 

1 -1 observed A n is put at 2000 cm which represents a compromise between 

the calculated (11) 4400cm-l and the comparable splitting in TiOwhich 

1 1 has been experimentally determined (5) to be about 600 cm-. The B rr 

is put (10) at 10,700 cm-l although it may be lower (13) since the ob

served band having this origin may not be the (0,0). The 3rr state from 

the same molecular orbital configuration has not been seen in ScF,TiO 

8 -1 or "ZrO. It is put at ,000 cm since from Hund1s rules it is lower 

1- 3 -1 in energy than the 11. The A ¢ is put at 15,300 cm which is an average 

of the observed (10) sUblevel splittings. Since no 3~ states have been 

observed for ScF, TiO, or ZrO, the sublevel splittings are not accurately 

kncwn. The C~+, Elu, two other In states, 3rr and 3¢ are all known (10). 

A ~ is put at 19,000 cm-l since it is assumed to be the fourth state of 

the d8 &IT configuration and the three other states 
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are known. A 
3 + -1, , 1 + 

2: state is put 2,000 em below the kncwn C 2: state on 

the assumption that both are scrdcr. Barrow has observed (10) a transition 

1 '" 3 "3 
at 21,927 cm - . which has the appearance of a b,. - X b.. As can be seen 

in Fig. 3 this is the expected energy of such a transition by analogy to 
1 d • 

the TiO "and ZrO ex systems. The "D. from the same molecular orbital con -

figuration (dB dcr) is put: at 24;000 cm-l since it should be higher in 

energy than 3b. and by analogy to the energy of the dlb. in ZrO. A 3 rr 

state is put at 24,000 cm-l or about 2,800cm-
l 

below the ~which is 

assumed to rome from sB p7T. The 3rr at 31,000 cm-l and the 1¢ at 32,000 

-1 cm are assumed to be from the dB p7T configuration and are put between 

the knbwn 3¢ and 1u states which are also assUmed to ~e fran this con-

figuration. 

Absorption features observed when TiO was deposited in rare gas mat-

rices have been attributed to the ex system, the ~ system and the ~b 

system of TiO (32). The lower state of all three systems in the X3b,. 

state. 
1 The a t:. 

-1 ' 
state is put at 581 cm from stUdies of the temperature 

dependence of the relative strengths of the ex (c3b. - X3b.) and the ~(cl¢_alb,.) 

system (5). Since the alb. an¢l. X3b. states presumably come from the sa dB 

molecular orbital configuration, it would be expected that the 3b,. 

would be lower in energy.. Calculations (11) indicated that thfs sep,ara

tion is about 4,400 cm-l • Assuming the alb,. is 581 cm-1 above the X3b., 

the ~ system fixes the energy (33) of the cl ¢ at 18,421.60 Cni-\ the 1>" 

( ) . 1 8 -1 system fixed the energy 33 of, the b rr at 11, 53.,77 cm ; theB system" 

fixes the energy (34) of the d~+at 2,799.77 cm-
l

; the ex system (35) puts the 
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C3,6 at about 19,300 cm-l and the "I system (36) puts the A3¢ at about 

4 cm-l "t f R L"t (37) 1 ,100 Three UTIasslgned sys ems 0 osen and emal re are 

designated as "IT 
C 

( or system I), 'Yb (system II) and system III. 

'Yb system was seen in abso.rption from the rare gas matrices (32) 

The 

and is at the energy expected for the :B3rr - X3~ tral').sition by analogy 

to ScF and the a system of ZrO. The appearance of the 'Yb system is 

consistent with this assignment (38) so the :g3rr is put at about 16,200 

cm-l A 3rr state is put at 9,000 cm-l and is assumed to come fram the 

same configuration (s8 drr) as the blrr. A lrr state is put at 19,000 cm-l 

by analogy to the E state of ScF (d8 drr). The 3~+ and l~+ states from 

-1 sa da were put at 13,000 and 15,000 cm respectively by analogy to ScF. 

A 1,6 state from d8 da is expected to be above the C3 ~ state from the 

same configuration and is put at 22,000 cm-l 3 1 The rr and rr from sa p7f 

-1 are not known and are put at 22,000 and 25,000 cm by analogy to ScF. 

The 3cJ2 , 3rr, l¢ and 1n from d8 p1T are not known so that it is difficult to 

make. as accurate an estimate of their energies as for the other unobserved 

states. They are put at ·slightly lower energies than the corresponding 

ScF state since the observed states of TiO generally fall somewhat lower 

than those of ScF. The~! system (system I of Rosen and Lemartre) appears 
c 

to have both R andQ heads suggesting a transition with ~= ±l. The 

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

X3,6. However this system is not seen in absorption from the rare gas 

matrices and has the appearance ofa singlet transition (30). Vibrational 

constants for the a,l~ are not known, but it might be expected that they 

would be similar to the X3~ since both states cane fran the sa d8 con-

figuration. If the a~ state is th e lower state of the' "I' system then 
c 
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the upper state is most likely the 

only 1rr or l¢ state expected near 

1 
n state from d8 pIT since it is the 

this energy (-16,700 cm-l ). Since 

In this is somewhat lower than would be expected for the state, clarifi-

cation of the "If system must await further experimental evidence. 
c 

Only two .singlet systems of ZrO have .been assigned and they have 

1_+ 1 + 
no common state.. The A bands correspond to bL;- x 2: and the B bands 

'to' dlA lA u-cu. Since the absorption spectrum' from rare gas matrice 

1 +.' . ' 
corresponds to the A bands (32) the x 2: state is put at ~ero energy? 

and. the b~+ at 27,144.71 ~lil-~ (39). As is expected by the molecular 

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

of ScF and TiO, . the x3~ state must be extremely low in energy if not the 

electronic ground state in the gaseous phase. The X3~ is put at 1,000 
-1 . 1 -1 

cm .. The lower state of the B band the c I:::. is put at 5,000 cm since it 

it should be above the X3~ if both states come from scr d8.Furthermore, 

the dl~ is then (40) at 24,272.55 cm-la~d' it is from d8 dcr. This puts 

l~ 3 
, d I:::. state somewhat above the C ~ which is assUl!I,edto be of the same 

configuration. The original assignment of the A and'B bands (39) was 

,in doubt as lz-lz could not be distinuished from l~_l~ in either tran-

s ition. Absorpti.on was seen in rare gas matrices at an energy nearer 

the B bands than the A bands.. Weltner and McLeod favor theas'slgnment 

'of the 12:+ to the lower state. of the A bands, however it does not seem 

possible to entirely exclude the reverse assignment. Assuming the x3 ~ , 
. '-1 (4 4) .' 3"" is at 1,000 em . the "I system 1, 2 flxes the A '¥ state at about 

,16,700 cm-l ; th~ t3 system ('42,43) fixes the :s3nat about 18,700 cm-l a'nd 

the ex system (41,42) fixes the·C3t. at about 22,500 cm-l • The~3rr and 

1r from sa dn are put at 8,000 and 11, OOOcm -1 by analogy to ScF and 



TiO" The l<I> and lu frem do drrare put at 20,000 and 21,000 cm -1 since 

they come fran the same configuration as the A and B states. The 3:6+ 

L+ . 6 -1 
and 2: fran sa da are put at 14,000 and 1 ,000 cm by analogy to ScF. 

The 3rr and 1rr fr~m sa and pn are not known and are put at 25,000 and 

'. -1 
27,000 cm and the reported 0 system (44)::is about the expected energy 

for the 3rr_x3t:, transition. However there is another expected 3rr fran 

the do pn which may be closer to the energy of the 0 system. The 3<I>, 3rr, 

1q, and 1rr from do pn are included for completeness and their energies 

cannot be predicted accurately. 

The b~+ at 27,144.71 has not been accounted for with the molecular 

orbitals used. The 3:6-, ~ and ~+ from the do
2 

configuration have not 

been used and the b state of ZrO may be from this configuration. No 3:6-

or ~ state has been observed in ScF, TiO or ZrO and has been calculated 

to be very high in energy (11). Promotion of an electron from the 3n 

molecular orbital which has been considered here. as a closed shell will 

give a multitude of molecular electronic states including a 1:6+, In 

view of the population analysis of the sa and do orbitals, the correspon-

dence of the observed states to the expected molecular orbitals and the 

expectation that the lz+ ~T1:l1 not be the lowe:st energy state from configu
. I 

rations involving 3~, this alternative seem less likely. 

There are not enough known stat es of ZrO to allow accurate pr edic-

,tions of the states involved in the ¢ system ,(44) or the system at about 
o 

6000 A of Rosen and Lemaitre (37). 

It would be of considerab leinterest to locate exactly the lowest 

~~ states and the unobserved 3rr states in each of these molecules. It 

might also be fruitful t6 examine some of the perturbations observed in , 
the Sc}l' spectrum (13) t.o see if the precise valt'le of the separation of 

". 

\' 
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3 1 + the.' t:. and ~ states may be determined. 

The partition f'tmctions of gaseous scandium monofluoride, titanium! 

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

fre~~energy function or absolute entropy of these molecules is possible 

to an accuracy sufficient for many calculations. 
i' 
! 

i 
", 

'·'l 
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FIGURES 

1. Electronic energy levels of the scandium atom. 

2. The molecular beam heating assembly with radiation shields~ 

3. Known transitions of ScF, TiO" and ZrO and estimates of the 

absolute energy of the electronic states. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor ,any person acting on behal f of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 
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or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 
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Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission~ or employee 
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to', any information pursuant to his employment or contract 
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