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ABSTRACT 

LBL-1973 

Two polarizable ion models are developed to describe the gas 

phase of metal dihalide molecules. Both models employ electrostatic and 

repulsive interactions to predict molecular geometries and molecular 

constants. The first model is applied to the dihalides of the alkaline 

earths, group II-b metals, transition metals, group IV-a metals, and 

europium. In addition to the molecular geometry, bending frequencies 

(v
2

) are derived for most of these molecules. The second or "linear" 

model is applied to the alkaline earth dihalides; equilibrium internuclear 

bond lengths (£), stretching force constants (k1 ) and stretching 

frequencies (v1 and v
3

) are determined. 

Some of the structural predictions of the polarizable ion model 

are correlated with experimental data from molecular beam electric 

deflection spectroscopy. Certain alkaline earth dihalides (BaF
2

, BaC1
2

, 

SrC12 , SrBr2 , Sri2 , CaF2 , CaC12 , MgF2 , and MgC12 ) and lanthanum trifluoride 

(LaF
3

) have been reinvestigated to resolve contradictions in some of the 

earlier experimental work. Significantly improved sensitivity allows)more 

precise determination of geometry. Also, the gas phase geometries of 

EuC12 , EuBr2 ~ and Eui2 have been determined using this technique. The 

correlation between the europium dihalide geometries and analogous alkaline 

earth dihalides is explored. 
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I. INTRODUCTION 

1 Debye first considered ions as polarizable entities in studying 

the problem of bonding in the water molecule. 
2 . 

Rittner used this concept 

to formulate a polarizable ion model to predict and correlate certain 

physical properties of the alkali halide molecules. He .assumed the bonding 

in these moleculeE! to be largely ionic; consequently, the interactions 

between ions were governed by electrostatics.· The success of the Rittner 

model triggered other investigations 3- 6 along the same lines. The 

agreement of the polarizable ion model, more cormnonly termed the ionic 

model, with experimental evidence was rather poor for the alkali halides. 

More recently, Street and co-workers 7- 9 have modified and refined the 

polarizable ion model for the alkali halides by including several effects 

previously neglected. The success of their model was a primary motivation 

for this investigation of models for the alkaline earth dihalides. 

Any p9larizable ion model is only an approximate solution to the 

problem of interactions within a molecular system. Because the electrostatic 

and repulsive interactions are interrelated, a rigorous solution requires 

quantum mechanics. This is a very difficult problem. Instead, the 

polarizable ion model separates these two interactions: the electrostatic 

part is calculated classically while the repulsion term is empirically 

chosen. A comparison of values of molecular parameters predicted by a 

polarizahle ion model with experimental data should give an indication of 

the validity of the "separation" approximation. 

Two polarizable ion models for the ~phase alkaline earth 

dihalides are presented in this dissertation. The first of these is 



-2-

based on a polarized metal cation and is used to calculate bending 

potential curves and bending frequencies for each of the alkaline earth 

dihalides. The bending potential curves, in turn, determine the geometry 

of these compounds. The geometries and bending frequencies are found to 

agree quite well with experimental data. This particular model is 

.extended to include certain dihalides of Group II-b metals, Group IV-a 

metals, transition metals, and europium. The geometries and bending 

frequencies of most of these compounds are predicted and compared to 

experimental.data, where available. 

The second model for the alkaline earth dihalides is based on 

polarized halide anions. This model is applied primarily to linear 

molecules and is used to determine equilibrium internuclear bond lengths, 

stretching force constants, and stretching frequencies. Comparison 

between predicted values and experimental data indicates good agreement. 

The importance of electric deflection spectroscopy in molecular 

10-12 structure determination is well documented. This technique might be 

regarded as crude in light of today's sophisticated methods of spectroscopy. 

However, electric deflection has proven most useful in investigations of 

refra.ctory high temperature systems. Significantly improve,d sensitivity 
..... 

is achieved with the electric deflection apparatus used for this study. 
~ .• 

The present work is partially a reinvestigation of certain alkaline earth 

dihalides and similar metal halides, since previous spectroscopic studies 

have led to conflicting geometries for some of these molecules. Original 

electric deflection studies of the europium dihalides (except europium 

fluoride) are presented, and the geometries of these molecules determined. 

I . 
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Experimental results are correlated with the polarizable ion model 

theory. The predicted trends in the geometries of groups of molecules 

are noted, and shown to support the observed data. 
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II. POLARIZABI$ ION MODEL FOR THE ALKALINE EARTH DIHALIDES 

A. Introduction 

The alkaline earth dihalides are similar to the alkali halides 

with respect to formation of ionic;..type bonds with various halide ligands. 

However, the ionic character of these bonds is not as pronounced as that 

of the alkali halides. Hence, a further test of the ionic model is 

obtained by appropriately modifying it to apply to the alkaline earth 

dihalides. 

Models of this type have intrigued theorists and experimentalists 

alike for some time. Two early attempts by Pearson13 and Berry
14 

were 

severely limited by incomplete or incorrect experimental data. Berry's 

model was a rigorous one, but his calculations contained algebraic errors. 

.. . 15 
The later model of Buchler et al. was plagued by sketchy data, and these 

authors concluded that the ionic model was inappropriate to describe the 

alkaline earth dihalides. 

Several recurrent problems appear in deriving an acceptable 

polarizable ion model for the alkaline earth dihalides: 1) The inclusion 

of all pertinent multipole interactions 'between individual ions while 

keeping the mathematical complexity of the problem to a minimum; 2) The 

choice of a suitable and consistent set of polarizabilities to describe 

all ions involved; and 3) The validity of the experimental data with which 

::· the model's predictions are to be compared. Our polarizable ion model has 

been developed after due consideration of the first two dilemmas. Since 

previouS modeling attempts, there has been a vast increase in the amount 

of experimental·data accumulated on these molecules~ 

·. 
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B~ Construction of the Model 

The basis of the polarizable ion model for the gas. phase alkaline 

earth dihalides is three ions arranged in the following configuration 

(see top drawing on following page). This essentially represents the system 

by three hard spheres in contact. Each ion is polarized in the field of 

each of the others. Hence, we attribute to each ion an induced dipole 

polarizability, an induced quadrupole polarizability, and higher multi~ole 

polarizabilities. The two internuclear bonds are assumed to be of 

equivalent lengths. 16 

A bending angle ~ is assigned as a measure of the geometry of the 

molecule. To determine the equilibrium value of this bending angle. (arid 

consequently the molecule's geometry), the potential energy y of the 

gaseous system must be calculated as a function of the bending angle. A 

stable equilibrium configuration requires a minimum potential energy. A 

potential energy minimum at the bending angle e = 0° denotes a linear 

molecule.· On the other hand, a potential energy minimUm at an angle 

greater than 0° with a significant hump at e = 0° indicates a bent 

molecule. The intermediate cases·of small minimum angles and/or small 

humps are less definitive. For our purposes, a bent molecule is defined 

as one for which at least one energy level is caught below the hump. 

The potential energy of the system is directly attributable to 

electrostatic and repulsive interactions within the molecule. The 

repulsive interactions can be further broken down into steric repulsions 

between the two anions and those between the cation and either anion. 

In reality, however, all of the various interactions are interrelated and 
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must be treated jointly using quantum mechanics. As was previously 

mentioned, the purpose of a,polarizable ion model is to simplify this 

problem by using the approximation that interactions can be treated 

separately. Thus, the total potential energy can be expressed as the sum 

of the electrostatic interaction energy between ions.¢ . and the repulsive 
- e1 

energy between ions <P : r 

(II-1) 

.14 15 
A major difference between our model and· previous attempts ' 

is that we have incorporated the cation-anion part of the repulsive 

interaction into the so-called electrostatic interaction. This is 

accomplished by requiring the effective internuclear distance ~to be a 

weak fUnctiqn of the bending angle 6 rather than a constant (see middle 

drawing on page 6). A deformation constant k determines the magnitude of 

the variation in r: 

r = (II-2) 

where ~ is the equilibrium internuclear· distance. Physically, the 

deformation constant combined with the sin
2e functionality expresses the 

fact that the deformation of the cation due to the cation-anion repulsions 

is not spherical but elliptical. For the alkaline earth dihalides, the 

cation-anion repulsions are "softer" when both anions push on the cation 

from one side. k can be expressed as -

(II-3) 
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where h is a proportionality constant and aD and 5l are cation dipole and 

quadrupole polarizabilities, respectively. The direct proportionality of 

k to ~ reflects the increased deformation of the cation with an increase 

in the dipole polarizability. On the other hand, the variation of k with 

(aD/ aQ) indicates that an increase in the quadrupole polari zabili ty relative 

to the dipole polarizability reduces the "dipole-like" deformation described 

above. 

The magnitude of the deformation constant ~ is quite small (roughly 

6% reduction in r at e = 90° and on the order of 2 to 3% reduction at 

typical bending angles of 30°). However, the deformation constant allows 

certain alkaline earth dihalide molecules to assume bent equilibrium 

geometries; the alternative required to bend these molecules is an 

irrationally large metal dipole polarizability. 

Although the deformation constant allows an angular dependence in 

the cation-a.riion repulsive interaction, the "electrostatic" interactibns 

are still calculated u8ing a system of electrically-charged hard "spheres" 

(ellipses). Therefore, the effective equilibrium internuclear distance, 

Used in our calculations, varies as a function of the bending angle ~· 

Any repulsive interaction can only be explained quantum mechanically, 

. . th 1 . . . 1 l7 us1ng e exc us1on pr1nc1p e. Unfortunately, no exact theoretical 

representation of this term is known. Previously, both exponential, 

Aexp(-r/p), and inverse power, D/rn, approximations have been used to 

t . tal d t 18-22 represen exper1men . a a. 

Because of the relatively shOrt-range nature of the anion-anion 

repulsion, this interaction is undoubtedly quite small. Fbr simplicity, 

we neglect this term: 

·• 

.. 
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~r = 0 (II-4) 

Its deletion makes no drastic difference in the bending.potential curves 

or their interpretation. 

c. Derivation of the Electrostatic Potential Energy of the System 
. . 6 

Using the approach of Klemperer et ·al., we replace the ions of 

the molecule MX2 by an assembly of three spherical conductors ·carrying 

the appropriate charges and having radii corresponding to the cube root 

of the dipole polarizabilities of the ions involved (see bottom drawing 

on page 6). For consistency and rigor, a complete multipole expansion of 
. . 

the electrostatic potential energy ~ . must be calculated. 
e~ . 

Previous experience has shown that such a complete multipole 

15 expansion often diverges if the free ion polarizability values are used. 

The problem of assigning reasonable values to polarizabilities of various 

ions within molecules has long troubled both experimentalists and 

th t
. . . 23 

eore ~c~ans. For the alkali halides, the dipole polarizabilities are 

effectively reduced from the free ion value by both a penetration effect 

f . ; t th 24 , 25 d . t l ff t d t th o one ~on ~n o ano er, an an env~ronmen a e ec ue o e 

l . f th l . d . 23 repu s~on o ano er po ar~ze ~on. The penetration effect is most 

pronounced for small ions, while the environmental effect is most evident 

for large ions •. Together, they constitute an approximately constant 

reduction in the dipole polarizability value. For quadrupole 

polarizabilities, these effects are only more pronounced. 

Using this same approach for the alkaline earth dihalides, we can 

resolve both of the first two.dilemmas mentioned in the Introduction to 
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this chapter: The drastically reduced higher multipole polarizabilities 

allow us to neglect any terms involving multipoles higher than quadrupole. 

Even the positive charge-negative induced quadrupole terms are suppressed: 

Moreover, using the reduced polarizabilities, the positive charge-negative 

induced dipole terms are approximately compensated for by the charge-dipole 

and charge-quadrupole terms between negative ioris. These tenns are 

neglected for simplicity. Thus, reasonable convergence is achieved by 

including: 

1. Charge-charge interactions (3) 

Positive charge-negative charge (2) 

Negative charge~negative charge (1) 

2. Negative charge-positive induced dipole interactions (2) 

3. Negative charge-positive induced quadrupole interactions (2) 

A schematic summary of the lower order multipole interactions and their 

status in the current calculations is given in Fig. IJ-1. 

Since no negative multipole terms remain at this point, the anions 

can be replaced by point charges, and the problem reduces to the situation as 

drawn (top) on page 12. The electrostatic energy of this system can be 

obtained in a closed-form expression whose expansion yields the individual 

charge-multipole contributions. In turn, the resulting series can be 

rewritten in a form giving ¢ . in terms of the arbitrary isotropic multipole 
eJ. 

polarizabilities of the cation. 6 
For a spherical conductor, the required 

substitutions are 

a.D = 3 a 

a.Q = 5 a 

· ..... _ 

... · .. 
" 
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Charge-Charge Interactions: 

Charge-Dipole Interactions: 

Charge-Quadrupole Interactions: 

0 Charge 

c=:) Dipole, induced in the elongated direction 

CJ Quadrupole, induced in the elongated direction 

Direction in which force tends to move bond 

I Interaction included in model 

C Interaction compensated for by other interaction(s) 

N Interaction neglected 

X8L735-2869 

Fig. II-1. Lower order multipole interactions. 
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' 

so that 

( II-5) 

Using the method of images; 
26 

we derive an explicit form for the 

electrostatic potential energy of this system. Consider two equivalent 

point charges each carrying a negative charge ~, and each located at a 

distanced from the center of a spherical_conductor 9f radius~ and charge 

+2e. The angle between the bonds is (180° - 28 = 2Ct). To take account 

of the polarization of the conductor by the negative point charges, we 

replace 

both at 

the conductor by the image charges q~ and the image charge qb, 

distances a2/d from the charge q at the conductor's center. A . c 

detailed schematic of this "image" system appears in Fig. II-2. 

The potential energy of a system of charges and charged conductors 

. . b 27 1s g1ven y 

cf> • = _21 ~ q.U. 
e1 ~ .1 1 

(II-6a) 

i . 

where U. is the potential at the location of the charge q.. For our 
..;.!. ~ 

"image" system, we obtain: 

l . . 
= -2 ( q U + qbUb + q U ) a a c c 

= ~((-e)U + (-e)U + (+2e)U ) 
2 a b c 

(II-6b) 

where u~ is the potential at point charge !, ub the potential at point 

charge ~, and U the potential at the surface of the spherical conductor. 
c 
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--- -

------
qa 

X-BL-735-2868 
Fig. II-2. Image Charge System for MX2 molecules (Polarized Cation). 

Charges: qa = 
qsc = 

I q = a 

qc = 

= 

qb = 
+2e 

I 

qb = 
+2e -
+2e(l 

-e 

ea/d 

2(ea/d) 

- ~) 
d 

Distances: AB = 2d cos 8 

CA' = CB' = a 2 /d 

AA' =BET= d- (a
2/d) 

AB' = BA' 

-. 
.. " 
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·The definition of the. potential. 
28 

due to a collection of point 

charges at distances d. is: 
J. 

u = L: q./d. 
J. J. 

(II-7) 

i 

The potential U is due to the charge q alone since the potentials due 
_£ _£ 

to a point charge and its image cancel at the surface.of the spherical 

conductor: 

qc 
u =- = 

c a 

2e(l - !'l) . d 

a 
= 2e/a - 2e/d ( II-8) 

where the value of q given in Fig. II-2 has been substituted into Eq. (II-8). . c 

Since fi and ~ are equivalent, so are U a and Ub. The expression 

for ua is derived by summing the potential terms due to q~, qb, qb and qc: 

q' qb qb qc 
u a = + 2d cos8 + +-

a 2 (AB I) d 
(d-!'l) 
. d 

.ea/d ea/d 
2e(l - !'l) 

·e + 
d 

( II-9) = + 2 2d case (AB') d 
(d-!'l) 

d 

where the Yalues of the point charges have been substituted into Eq. ( II-9) 

from Fig. II;.;.2, AB' is the distance from fi to~ in Fig. II-2. To 

. c-2 2 2 > evaluate AB' we use the cosine law r = Y + Z - 2YZ cosX and the 

trignometric identity, cos(l80° - 2X) = - cos2X. Thus, from Fig. rr~2 
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2 4 2 2 
= d ( 1 + ~ + a 

2 
cos28) 

d d 
(II-lOa) 

. and 

4 2 l 
a 2a ·· 2 = d(l +-.:4 + 2 cos28) 
d d 

(II-lOb) 

Substituting Eq. (II-lOb) into Eq. (II-9): 

1 
e +~(l a

4 
2a

2 )-2 2e 2ea +-,- + -
2 

cos28 +---
2d co~e 2 4 d 2 

d d d .d 

2 -1 4 2 2 - l 
.;.. ~( 2 - 1 ) + ~ [ -2 + ( 1 - .!L) + ( 1 + ·~ + a2 cos e) 2 ] 
- d 2 cose d2 d2 d4 d 

To simplify this expression, 
2 -1 

we expand (1 - a
2

) 
2 

( )
-1 . · a · 

1 + x with x = - 2 , and obtain 
d 

2 -1 
(1 - a2) 

d 

d 

1 

( II-11) 

as the binomial series 

1 

Similarly, expanding 
4 2 2 - 2 

( 1 + ~ + ~ cos28) 
d d

2 
as (1 + x) 

2 
with 

4 2 a 2a · 
x = """4 + 2 cos28, we obtain 

d d 
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1 

( a
4 

2a
2 

)- 2 a
2 

. e a
4 

3a
4 

2 
1 + -::4 + 2 cos2e = 1 - 2 cos2 - -:-::4" + -:-::4" cos 2e 

d d d . 2d 2d 

3a6 8 
+ 2e + 3a + -6 cos 8 

2d 8d 
.... 

where henceforth only terms up to a 5 will be retained. (The validity of 

these binomial series expansions rests on the assumption that !!_ < .9:_.) 

Substituting these expressions into Eq. ( II-11), we derive: 

. 2 4 
~ 2 1 ) ea [-2 + (l + !!:._ + a + ) u =~d -2 e +-2 2 --r •·· a cos d d d4 

a
2 

a
4 

3a
4 

2 
+ (1 - 2 cos2e - -::-.:4 + --:4 cos 2e + ... ) ] 

d 2d 2d 

3 5 
U 2e e _ 2ea + ~ + ~ + ea + ~ + 

a = d - 2d case d2 d2 d4 7 d2 . 

1 3 ea5 1 3 2 
- ed ( 2 ) + ~ 1 - cos2e) + ~6 - + - cos 2e) 

- 2 case d d 2 2 

(II-12) 

Thus, the electrostatic interaction can be determined from Eq. ( II-6b), 

using Eqs. ( II-8) and, ( II-12): 
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~ei = -eU + eU a c 

2 3 
= e [ (2 - 1 

8 ) + ~ 1 - cos28) 
- ~ 2 cos d3 

5 1 3 2 e
2 

2d + ~(- + - cos 28) ] + -(- - 2) 
d5 2 2 d a 

2 2. 2 1 3 
- -L_ L [(4- ) + ~(1- cos28) 
- a d 2 cos8 d3 

a 5 1 3 2 + -(- + - cos 28)] 
5 2 2 . 

d 
(II-13a) 

The initial constant term 2e2/a will be neglected subsequently since we 

are only interested in relative energy determinations •. Thus, the spherical 

conductor potential energy reduces to 

q,ei 
e2 1 aD = - ·~ [(4 - 2 cos 8 ) + ~(1 - cos28) 

d 

charge-charge charge-dipole · 

?barge-quadrupole . 

where the expression has been generalized through the introduction of the 

cationic polarizabilities. 

As can readily be seen, Eq. (II-13b) is a summation of the three 

basic types of interactions. Using the trignometric identities 
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cos26 
' 2 = 1 - 2 sin 6 

and 

2 
cos 26 = 1 - 4 . 26 4 . 46 sJ.n + sJ.n . 

Eq. (II-13b) can be rewritten as the following: 

2 
1 + ~(2 sin

2
6) <Pei 

e [4 -= --d 2 cos6 d3 

(II-13c) 

In order to simulate the molecule, the'parameter £in the expression 

above must be replaced by the effect1 ve internuciear distance .r_, as 

given in Eq. (II-2). Since k sin
2

6<<1 (i.e., the contraction of .r_is 

small), we can expand the terms involving (1/r) using the binomial series 

1 - = r 

where only the first two series terms are retained. 

Similarly: 

and 
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Substituting these expressions into Eq. ( II-13c), we obtain, after 

collecting terms, 

2 2 1 k . 2e 
= ~ [( 4 + 4k sin e) - ( 2 case + 2 ~~~e ) 

( II-13d) 

D. Calculation of the Bending Potential Energy Curves 

By addition of Eqs. (II-13d) and (II-4) we obtainthe total 

potential energy of the system: 

We developed a computer program (see Appendix A-la) ·to generate these 

potential energy curves for a preset selection of bending angles. Not 

only is the total potential energy calculated for each angle, but also 

the individual contributions of the repulsion term, charge-charge term, 

charge-dipole term, and charge-quadrupole term are given. 

The only input data (other than fUndamental constants) necessary 

for calculation of the alkaline earth dihalide curves are 

R, = equilibrium. internuclear distance 

aD = cationic dipole po1arizabili ty. 

CtQ = cationic quadrupole polari zabili.:t.i · 

k = deformation constant 
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The bond lengths ! given in Table II-1 come from the electron diffraction 

work of Akishin and co-workers. 29 •30 The dipole polarizabilities listed 

. T bl II 1 d . d f Edl I • d t 31 f . J.n a e - ·are erJ.ve rom en s spectroscopl.c a a or rom 

32 Pauling's crystal refractivity data. The quadrupole polarizabilities 

are derived in turn from these dipole polarizabilities using Eq. (II-5). 

As is explained in Chapter VI, according to experimental data strontium 

chloride· (SrC12 ) is bent, while strontium bromide (SrBr2 ) is linear .. To 

obtain appropriate bending potential curves for these two molecules, the 

proportionality constant h equals approximately 0.172. Then, the 

deformation constant~ is determined using Eq. (II-3). 

A complete compilation of the alkaline earth dihalide bending 

potential curves appears in Appendix A-2. A summary of the predicted gas 

phase geometries of these molecules is given in Table II-2. Table II-3 

compares the bending angle (defined here as 2a = 180° ~ 28) calculated 

in this work with experimental values from infrared absorption spectroscopy. 

The agreement is good. 

E. Physical Constants Derived from the Model 

,To obtain the energy le~els,. force constants, and bending 

frequencies for these molecules, it is necessary to solve the Schroedinger 

equation using the above potential energy function, V. 

;](' '¥ = E'¥ 

or 

(II-14) 
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Table II....;l. Model Input Data for the Alkaline Earth Dihalides 

Equilibrium Deformation Dipole Quadrupole 
Compound Internuclear Constant Polarizabili ty Polarizabili ty 

Distance of Metal of Metal 

(MX ) . 
2 

(R-)a (k)b ( )c,d 
·~ (a )e 

BeF2 
1.4o A 0.0241 0.00767 A3 o.ooo299 A5 

(0.0079) "'t' 

BeC12 l. 75 0.0193 

BeBr2 1.91 o. 0177 

Bei2 
2.10 0.0161 

MgF2 l. 77 0.0398 0.0696 0.0118 
(0.094) 

MgCl2 
2.18 0.0323 

MgBr2 
2.34 0.0301 

Mgi2 2.52 0.0280 

CaF2 
2.10 0.0644 0.490 0.305 

(0.47) 

CaC12 
2.51 0.0539 

CaBr2 
2.67 0.0506 

car 2 2.88 0.0470 

SrF2 
2.20 0.0743 0.866 0.787 

(0.86) 

SrC12 2.67 0.0612 

SrBr2 
. 2.82 0.0580 

Sri2 3.03 0.0540 

(continued) 
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Compound 

(MX2) 

BaF
2 

. . 
BaC1

2 

BaBr
2 

Bai
2 

; \ 
u 

Equilibrium 
Internuclear 
_Distance 

(,Q,)a 

. 2.32 

2.82 

2.99 

3.20 
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Table II-1 (continued) 

Defonnation 
Dipqle 

. Constant Polarizabili ty 
of Metal 

(k)b ( )c,d 
.aD .. 

0.'0843 1.48 
(1.56) 

0.0694 

0.0654 

0.0611 

aSee Refs. 29 and 30. 

b 
Values calculated using Eq. ( II-3). 

Quadrupole 
Polarizabili ty 

of Metal 

(a )e 

1.922 

cValues used taken from Edlen 1 s spectro~copic data (see Ref. 31). 

<lyalues given in parentheses taken from Pauling 1 s data (see Ref. 32). 

e . E · Values calculated using q. (II-5). 
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Table II-2. Predicted Alkaline Earth Dihaiide Geometries · 

BeF2 BeC12 BeBr2 Bei2 

MgC12 

-j 

MgF MgBr2 Mgl2 .l 

2 

~ ~ 
~~ 

Ca.F2 ·cacl
2 Ca.Br2 Cai2 

; 
I 

~ ~ 
SrF2 SrC12 SrBr2 . Sri · 

2 

~ ~ ~- ~·. 

BaF2 
BaC1

2 
Ba.Br

2 
Bai2 

bent molecule 

------- = linear molecule 

,; 

. ' 
' 
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Table II-3. Bending Angles for the Alkaline Earth Dihalides 

* Bending Angle * 
Compound (Theory-Polarizable Bending Angle 

Ion Model) (Experimental) 

BeF2 180° 180oa,b,c 

BeC12 180 180a,b,c 
·~ 

1• 
· BeBr2 180 180a 

Bei
2 

180 180a 

MgF2 180 180b,158d,150-155e 

MgC12 180 180oc,f 

MgBr 
2 

180 180f 

Mgi2 180 

CaF2 140 140d 

·cacl
2 

180 180g 

GaBr2 180 

car2 
180 

-.) SrF2 120 108d 

SrC12 148 130h 

SrBr2 
164 

Sri2 180 

BaF2 104 100d 

BaC12 128 120h ,< 135i 

. BaBr2 136 

Bai2 150 

(continued) 
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Table II-3 (continued) 

* All angles are converted to list the smaller X-M-X angle. 

aSee Ref. 33. f 
Se~ Ref. 38. 

b See Ref. 34. gsee Ref. 39. 

cSee Ref. 35. h See Ref. 4o. 
~· 

d See Ref. 36~ 
i 

~.,; 

See Ref. 41. 

e See Ref. 37. 
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where Xis the system Hamiltonian,~ the system energy,! the wavefunction, 

h Planck's constant; .ld. the reduced mass of the system, and y_ the del 

operator. Obviously, no exact solution to the above equation is possible 

using our complex potential energy expression. Therefore, we resort to 

perturbation theory. .As a first approximation to the calculated potential 

energy function, we chose a two-dimensional cylindrical potential well: 

V' (y,z) = 0 for y
2 + z2 < .R-

2 
(II-15a) 

(II-15b) 

This type of potential energy function has been shown to be physically 

42 
reasonable by Barrow. Using Eqs. (II-15a) and (II~l5b), the solutions 

of the Schroedinger equation are spherical Bessel functions of order m. 

The complete solution to the problem is given in Appendix A-Ja·. Using 

existing library subroutines, we devised a program to calculate the 

necessary Bessel functions (see Appendix A-lb). This approximation is 

quite good for linear molecules, but less satisfactory for the bent 

molecules where the central hump is neglected. Figure II-3 illustrates 

this point. 

A better fit to the calculated potential energy curves is achieved 

using a harmonic potential curve with a Gaussian perturbation hump: 

(II-15c) 

where ~ is the bending force constant, ~ a displacement coordinate 

(x = r8), and H and A are adjustable constants. A complete mathematical 
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Fig. II-3. Compari$,01: o~" calculated, cylindrical, and harmonic oscillator potential wells 
for typical ben.~ and linear molecules. 

• ~~ I .! ' ~ 
~,'\ 

I 
I 
rv. 

I co I . 



")' ., _,,) 

-29-

explanation of the use of this form of a potential energy function is 

43 . 44-46 given by Shaffer and references therein. Numerous prevlous attempts 

to apply this concept to de~cribe simple molecules have met with reasonable 

success. Our solution of.the Schroedinger equation using Eq. (II-15c) is 
... 

given in Appendix A-3b, and closely resembles the treatments described 

b 
. 47 48 

y 'Dlxon and Chan and Steiman. The computer program developed to 

calculate directly energy levels and bending frequencies is detailed in 

Appendix A-le. The resultant bending frequencies for all the alkaline 

earth dihalides are given in Table II-4 along with the exper~mental values 

obtained from infrared absorption spectroscopy. 

For linear molecules with reasonably harmonic bending potential 

curves, the bending frequency is straightforward. However, .for. very 
' 

anharmonic bending potential curves the "bending frequency" is more 

ambiguous. For the sake of comparison with experimental data, we have 

calculated two specific sets of "bending frequencies" in these cases. 

In matrix-isolation infrared absorption studies conducted at very 

low temperatures, the reported "bending frequency" should correspond to 

the lowest vibrational transition (ground state to first excited state) 

since essentially only the ground vibrational state is populated. We have 

thus used the transition between our calculated energy levels corresponding 

to the ground state and the first excited vibrational state to determine 

an appropriate vibrational frequency for comparison to matrix-isolation 

values. The experimental frequencies are generally higher than our 

predicted frequencies for these molecules. The effect of the matrix on 

these very weak bending frequencies is highly uncertain. 
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* Table II-4. Bending Frequencies for the Alkaline Earth Dihalides 

Compound Bending Frequency (v
2

) 

Predicted Experimental 

[333.0]a b -1 BeF2 345 em "' 
345c,d 

[176.6]a 250d 
~~ 

BeC12 
;;I 

(240)c 

BeBr2 
[140.2]a 220d 

Bei2 
[111. 5 ]a (175)d 

MgF2 167.0 270c 

24-0e,f 

165b 

MgC12 77.2 

MgBr2 58.8 

Mgl2 49.7 

CaF. 69.1,93.6-162.2 162f 
2 

120b 

CaC12 51.0 122?g 

CaBr2 37.1 

Cai2 30.7 

"' -. 

SrF2 103.6,88.5-133.9 105b 

82f 

SrC12 33.6,45.3-86.8 (60±15)h 

SrBr2 17.4,28.7-52.6 

Sri2 21.5 

(continued) 
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Table II-4 (co~tinued) 

Compound Bending Frequency (v
2

) 

Predicted Experimental 

BaF2 104.8,85.9.:.130.8 lOO±lOb 

(64)f' 

BaC12 38.8,43.5-75.5 6oh 

·BaBr 
2 22.7,27. 5-61.0 

Bai2 14.7,20.6-38.5 

~he predicted bending frequencies in brackets for the berylli illll dihali des 
are calculated using a deformation constant ~ equal to ~· Neglecting 
the deformation constant can be justified on the basis that berylliillll 
ions are relatively very small and, hence, may not deform at all. 

b 
See Ref. 49. f See Ref. 36. 

cSee Ref. 34. gsee Ref. 39. 

d See Ref. 33. 
h 

See Ref. 40. 

esee Ref. 37. 

* Predicted and experimental bending frequency values which are underlined 
apply to the vibrational absorption band observed in high temperature 
infrared spectroscopic data. Where two predicted values are listed, the 
single nillllber applies to the lowest vibrational transition observed in 
matrix-isolation infrared spectroscopy. For linear molecules only 
a single predicted nill!lber is listed which corresponds to the true bending 
frequency v

2
• 
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When infrared absorption studies are conducted on the gas phase 

of the alkaline earth dihalides, temperatures several hundred degrees in 

excess of the melting point are not uncommon. In these cases, many 

excited vibrational states are highly populated and a broad vibrational 

49 . absorption band is observed correspondlng to the numerous vibrational 

transitions which can occur between these excited states. To simulate 

these data, vibrational transitions between our calculated energy levels, 

which are roughly KT above the ground state energy (where ! is the 

Boltzmann constant and Tis 1.3 times the melting point temperature), are 

used to calculate the "bending frequency". As expected, these transitions 

create a broad band of vibrational absorption frequencies sirililar to the 

experimental observations. We assign only a range of frequencies 

appropriate to the most intense part of the infrared absorption band. In 

. these cases, the agreement with experimental data is quite good. 

F. Extension of the Model to Other Triatomics 

1. Transition Metal and Group II-b Dihalides 

Because of their similarity to the alkaline earth dihalides, 

certain other metal dihalides p:J;"esumably can be represented by our 

polarizable ion model with minor modifications. Specifically, the dihalides 

of the metals of the first trartsi tion sei-ies and those of zinc ( Zn), 

cadmium (Cd), and mercury (Hg) lend themselves to this type of description. 

Due to the paucity of experimental information, we have restrict_ed ourselves 

to investigating only titanium difluoride (TiF2 ) and the difl~rides and· 

dichlorides of manganese (Mn), iron (Fe), cobalt (Co), nickel .(Ni), and 

copper (Cu) among the transition metal dihalides. 
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Two striking differences between the above compounds and analogous 

alkaline earth dihalides are evident: 1) There is a significant contraction 

in the equilibrium internuclear.distance (!) as the transition series is 

traversed; and 2) The quadrupole polarizability is proportionally much 

larger for these metals which have outer d-shell electrons than for the 

alkaline earths which have none. 

Although the gas phase equilibrium internuclear distances are 

unknown 'for the metals of the first transition series, values have been 

extrapolated from solid-state equilibrium internuclear distances for the 

difluorides and the dichlorides of interest. The contraction mentioned 

above is directly. reflected in these estimates. Since the equilibritnn 

internuclear distance is employed as a variable in our model, there is 

no diffi~ulty .in incorporating the contraction directly. 

As was mentioned above, the "filling-in" or' the d-shell electrons 

contributes more to the quadrupole polarizability than to the dipole 

polarizability of the·cation. Since, in our model, the quadrupole 

polarizability is calculated.directly from the dipole polarizability using 

the spherical conductor model (see Eq. (II-5)), some modification must be 

made to account for this effect. As a guideline, the only documentation 

for the ratio (~) of the quadrUpole to dipole polarizability for a full 

d-shell compared to an empty £-shell 

= (aQ/~)full d-shell 

q (aQ/~)empty d-shell 
(II-16) 

givesthe value q = 2.2 for the copper (Cu+): potassium (K+) case. 50 

Thus, a value of q = 2.2 is assigned to the Group II-b metals where the 
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d-sheli is wholly filled. For the transition metals, the value of~ is 

assumed to increase with a linear proportionality to the number of d-sliell 

electron~ from the empty d-shell value of q = 1. to the full d-shell value 

of q = 2.2. Thus, 

Cation No. d-shell 
Electrons 

T.++ 
·1 2 1.2 

·++ 
Mn 5 1.6 
Fe++ 6 1.7 
Co++ 7 1.8 
Ni++ 8 2.0 
Cu++ 9 2.1 

These values are employed in two places in our model. The quadrupole 

polarizabili ty calculated from a spherical· conductor is multiplied by the 

value of s. to reflect increased £-shell quadrupole polarizability. 

·Moreover, the deformation constant k is modified by an additional 

multtplicative factor (2...; q). 

k IX (2 - q) 

Since q = 1. for the alkaline earth dihalides, the deform~tion constant 

£remains unchanged for these molecules. However, since q > 1. for the 

transition metals, the value of k is significantly reduced. For copper 

and the Group II-b metals q > 2., so the deformation copstant becomes 

negative. Physically, this reduction of the deformation with the increased 

quadrupole polarizability of the d-shell electrons is indicative of a 

decreased tendency for the molecule to bend. The "elliptical" central 
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metal ion becomes more nearly spherical (less deformable) up to q = 2., 

after which the ellipticity increases though the deformation is perpendicular 

to the original one. 

A complete list of the values of !_, ~. aD, ~· and .9.. is given in 

Table II-5, along with the sources of information. All of the transition 

metal and .Group II-b dihalides are predicted to have a linear gas phase 

geometry from their bending potential curves (see Appendix A-2). A summary ,· 

of these geometries is given in Table II-6; Table II-7 lists the corresponding 

bending angles. Table.II-8 gives a complete comparison between theoreticai 

and experimental bending frequencies for the transition metal and Group 

II-b metal dihalides .. The predicted values of the bending frequencies of 

these molecules (especially the Group II-b dihalides) are in good agreement 

with the literature values -even though the cation polarizabilities are 
'·. 

far from precisely known. This in turn increases our confidence in the 

b'ending frequencies predicted for the alkaline earth dihalides, where much 

better input data is available. 

2. Europium Dihalides 

The solid state e(luilibrium internuclear distances and t,he ionic 

::f 
radii of the fluorides of strontium and europium are nearly identical. 

Other known chemical .properties of europium and its compounds are similar 

to those exhibited by their strontium analogs. Therefore, it is of interest 

·' 
to U:Se the' polarizable ion model to predict the geometries, bending angles,. 

and bending frequencies of the europium dihalides and compare these 

predictions to experimental data. 

t 
( 

The solid state bond lengths are 2. 50 A and 2. 5i A., respectively, 

SrF
2 

'and EuF
2

, while the cationic radii are 1.13 A and 1,.12. ~for 
+ Eu , respectively. 

for 
+ Sr and 





"" ~ 
( 



Table II-5 (continued) . 

Equilibrium Deformation Dipole Quadrupole d-Shell.Electron 
Compound Internuclear . Polarizability Polari zabili ty Constant of 

Distance Constant' · of Metal···· o.f MetB.l · ·Metal 

(MX2) ' (~)a (k)b (aD)c (a )d ( ·. ) e ,q 

CuF2 
(1.8l)h 0.0616 0.274 0;240 1.9 
. h 

CuCl2 . · ( 2. 05) 0.0544 / 

EuF i 
2 . 

2.20 0.0743 0.866 0;787 1.0 
J. 

EuCl2 . 2.67 0.0612 

EuBr2 
J. 2.82 0.0580 I 

"'ui i 0.0540 
w 

3.03 Q:J 
.w 2 I 

GeF (l.95)h 0.1070 1.8oj 2.663 1.0 ' 2 
(1.60)f 

GeCl 2 
2.22 0.0940 

GeBr2 2.36 o;o884 

Gei2 .2. 55 0.0818 

(2.08)h 
~ 

.SnF2 . 0.1209 3.15J 6.768 l.O 

SnC12 2.42 0.1040 

SnBr2 2.55 0.0987 

Snr
2

· 2.73 0.0921 

· (continued) · 

"" 
.. 
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Table II-5 (continued) 

·Equilibrium Deformation Dipole 
Compound Internuclear Constant Polari zabili ty. 

Distance of Metal 

(MX2) (£)a (k)b (~)c 

PbF2 
(2.13)h 0.1265 3.87k 

PbC12 2.45 0.1095 

PbBr2 2.60 0.1036 

Pbi2 2.79 0.0966 

a See Refs. 29, 30, 51, and 52. 

b . ' 
Values calculated using Eq. (II-3). 

c Values from Ref. 32 for Group II-b metals. 

~. 

Quadrupole 
Polarizability 

of Metal 

(a )d 

9.537 

d-Shell Electron 
Constant of 

Metal 

(q)e 

1.0 

Values for transition metals extrapolated from zinc value using spherical conductor model. 

~alues calculated using Eq. (II-5). 

ev. 1 f '1 t• h. 1 0 (no. d-shell electrons)l 2 .f d 11 t• 11 h 11 . d a ues rom re a 1ons 1p q = . + , r~ . . . • , .1 _-she par 1a y or w o y occup1e ; 
q = 1.0, otherwise. 

fEstimated values-. 

gEstimated values based on Ref. 14. 

hEstimated values based on essentially- constant ratio of solid state to gas phase equilibrium inter­
nuclear distance (=1.1574) for metal dihalides known. 

(continued) 
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Table II-5 (continued) 

iEstimated values for all europium dihalide constants equal to similar values for strontium dihalides. 
This assumption based on nearly equivalent values for known solid state internuclear distances and 
ionic radii for the two cases. 

jEstimated values based on value of lead ion using spherical conductor modeL 

k See Ref. 53. 

··r. 

c 
~ 

I 
+:-. 
0 
I 
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,Table II-6. Predicted Metal Dihalide Geometries 

ZnF2 
1zncl

2 ZnBr2 

CdF2 CdCl2 CdBr2 

~ HgF2 HgCl2 HgBr
2

· ,. 

TiF2 

MnF2 MnCl2 

FeF2 FeC12 

CoF2 CoC12 

NiF2 NiCl2 

CuF2 CuCl2 

~ ~ 
EuF2 EuCl2 EuBr2 

Eui2 

~ ~ ~ ~ 
GeF2 GeC12 GeBr2 

Gei2 

" ~ ~ ~ -~ 
SnF2 

SnC12 SnBr2 
- Sni 

2 

~ ~- ~ ~ 
PbF2 PbC12 PbBr2 

Pbi2 

= bent molecule 

--- = linear molecule 
···===···~~-;--v- -~=-==========-.-=-="""""'=-==~ - v=-=== 
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Table II-7. Bending Angles for the Metal Dihali'des 

* Bending Angle * 
Compound (Theory-Polarizable Bending Angle 

Ion Model) (Experimental) 

ZnF2 
180 160_;170°a,180°b 

Znc12 
180 180b 

180b 
~ 

ZnBr2 180 

Zni2 180 180b 

CdF2 
180 180c 

CdC12 
180 180c 

CdBr2 180 180c 

Cdi2 
180 180c 

HgF2 
180 180c 

HgC1
2 

180 180c 

HgBr2 180 180c 

·Hgi 
2 

180 180c 

TiF2 170 130d 

MnF2 180 

MnC12 180 180e 

" 

FeF2 180 180±8f 

FeC12 180 180e " 

CoF2 180 

CoC12 180, 180e 
· . .; .. _·. 

NiF
2 

180 · 154-167a ,165±8f 

NiC12 180 . 180e ,150g 

(continued) 
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Compound 

.cUF'2 

CuCl
2 

EuF2 
EuC1

2 
EuBr

2 
Eui

2 

GeF
2 

GeC12 
GeBr

2 
Gei2 

SnF
2 

SnC1
2 

SnBr
2 

Sni
2 

PbF
2 

PbC12 
PbBr2 
Pbi2 

* 

:I 
\_; 

All angles are 

aSee Ref. 54. 

b See Ref. 55. 
c See Ref. 56. 
d See Ref. 57. 
e See Ref. 58. 

,t~J ~ ~ ~.,j n :} " I (..) ,,J ;,) OJ 
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Table II-7 (continued) 

* Bending Angle 
(Theory-Polarizable 

Ion Model) 

converted to 

180 

180 

120 

148 

164 

180 

82 

88 

96 
108 

66 

72 

80 

92 

62 

68 

76 
84 

list the smaller 

f See Ref. 

g:3ee Ref. 

h See Ref. 

i 
See Ref. 

jSee Ref. 

X-M-X 

59. 

39. 

40. 

60. 

61. 

* Bending Angle 
- (Experimental) 

angle. 

110±15h,i 

l30±10h ,i 
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* Table II-8. Bending Frequencies for the Metal Dihalides 

Compound Bending Frequency ( \)2) 

Predicted Experimental 

ZnF2 150.6 
a -1 150.5 em 

157±30b 

ZnC12 99.2 ·102a ... 
y 

ZnBr2 62.9 74a 

Zni
2 49.4 62a 

c~2 174.4 123c 

CdC12 95.4 88.5c 

CdBr2 57.9 62c 

Cdi2 . 42.3 (50.5)c 

HgF
2 15.6. 7 171. 5c 

HgC12 89.2 107c '70d ,J.:l ,r 
HgBr2 54.8 73c 41d 53f ,_ ,_ 
Hgi2 38.6 63c 33d 46f ,_ ,_ 

TiF2 90.5,164.8-189.3 180±8g 

MnF2 103.3 125-132h 

MnC12 69.9 83i 

FeF2 114.6 141,-149h 

88i 
..; 

FeC12 75.4 
. 

CoF 125.4 151-158h,(151±30)b 2 
CoC12 84.2 94.5i 

NiF2 
'· 139.5 140-l43h,(l42±30)b 

NiC12 90.1 85i 

(continued) 
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Table II-8 (continued) 

Compound Bending Frequency (v
2

) 

CuF2 
CuC12 

EuF2 
EuC12 
EuBr2 
Eui2 

Predicted 

144.3 

91.6 

101.5,89.)-128.6 

38.4,42.1-82.9 

18.1,27.2-58.7 

19.8 

Experimental 

ll4±5J 

64±10j 

a See Ref. 55. 
f See Ref. 64. 

b See Ref. 54. gSee Ref. 57. 

cSee Ref. 56. 
h See Ref. 59. 

%ee Ref. 62. i See Ref. 58. 

e 

* 
See Ref. 63. jSee Ref. 40. 

Predicted and experimental bending frequency values which are underlined 
apply to the vibrational absorption band observed in high temperature 
infrared spectroscopic data. Where two predicted values are listed, the 
single number applies to the lowest vibrational transition observed in 
matrix-isolation infrared spectroscopy. For linear molecules only 
a single predicted number is listed which corresponds to the true bending 
frequency v2 . Value~ in parentheses are estimated. 
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Since no experimental data is available on the gas phase equilibrium 

internuclear distances and dipole polarizabilities, the values of these 

parameters for the europium compounds are taken to be identical with 

those of their strontium analogs (see Tables II-1 and II-5). The· metal 

quadrupole polarizabilities are calculated from the dipole polarizabilities 

using the spherical conductor model. 

Similarly to the strontium compounds, the bending potential curves 

(see Appendix A-2) indicate a bent geometry for EuF
2 

and EuC12 , and a 

linear geometry for EuBr2 and Eur2 . Table II-6 gives a summary of· these 

predictions. The predicted values of the bending angles and bending 

frequencies appear in Table II-7 and II-8. In the 1imi ted cases where 

prior experimental data are available' agreement with predicted values 

seems quite good. 

3. Group IV-a Dihalides 

By stretching a point, the polarizable ion model can be applied 

to the Group IV-a dihali des of ge:nilani um ( Ge) , tin ( Sn) , and lead ( Pb) . 

The metal dipole and quadrupole polarizabilities are extrapolated from a 

known solid state lead value53 using the spherical conductor modeL The 

internuclear distance values for the difluorides of these molecules are 

extrapolated from the electron diffraction data29 , 30 , 51 , 52 for the other 

dihalides of these molecules (see Table II-5). 

Since the bonding in the Group IV-a dihalides is not appreciably 

ionic (especially for the germanium compounds), any predictions of our 

polarizable ion model must be viewed with some skepticism. All of these 

molecules are predicted to be strongly bent (see Appendix A-:-2); these 
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results are corroborated by infrared and ultraviolet studies. A sunnnary 

of the predicted geometries and bending angles appears in Table II-6 and 

II-7, respectively. No reliance is placed on the bending angles quoted 

because of the large extrapolations involved therein. For the same 

reason, no attempt is made to predict bending frequencies for these 

compounds. Nevertheless, the qualitative trends in the geometries of these 

molecules seem reasonable. 

G. Concluding Remarks 

Since any polarizable ion model is indeed just a model of the 

actual quantum mechanical situation, the validity of the model depends on 

the accuracy of the approximations inherent in it. The most crucial 

approximation in our pola~izable ion model is that the bonding within these 

molecules is "ionic". 
. . 

Certainly, this approximation can be justified for 

I . . 

the alkali halides. In general, the alkaline earth dihalides and the 

europium dihalides compare quite favorably with the alkali halides with 

respect to "ionic-type" bonding. Our polarizable ion model is a good 

representation oz this bonding. The other metal dihalides described are 

less ionic; consequently, ionic model predictions for these molecules must 

be viewed·with a greater degree of skepticism. The Group IV-a dihalides 

are an extreme case in point. On the whole, the predictions of our ionic 

model are even more accurate than one could expect using the "ionic-bonding" 

criterion. 

The input data required for the polarizable ion model calculations 

place restrictions on the molecules which can be described. Where the 

data is incomplete, we have tried to make intelligent estimates of these 
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quantities from known information. Where the data·is contradictory, as 

with many of the metal dipole polarizabilities, we hav~ tried to chose 

the most accurate values. 

Recent publications add measurably to the input data necessary 

for future polarizable ion model calculations. Among these are papers 

listing the ionic radii of all elements currently appearing in the Periodic 

65 .· 66 
Table and certain postulated superheavy elements. Also, recent 

publication67 of the dipole polarizabilities of the lanthanide and actinide 

ions encourages us about the possibility of extending our model to include 

the appropriate lanthanide and actinide dihalides. 

Undoubtedly, our model makes over-simplifications of some terms 

such as the repulsion energy and the polarizability functionali ties. 

However, our polarizable ion model as explained.previously gives good 

agreement with experimentally known data for "ionic" metal dihalides in 

the gas phase. The predictions of this model await further experimental 

verification. 

. .. 
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III. THE "LINEAR" POLARIZABLE ION MODEL 

A. Introduction 

The polarizable ion model described in Chapter II allows us to 

predict unknown or uncertain gas phase bending frequencies v
2

• It is 

also of interest to be able to predict the two stretching frequencies for 

symmetric triatomics. The symmetric stretching frequency v1 of tge linear 

symmetric triatomics is particularly important since it is infrared 

. t• 68 J.nac J.ve. 

Themost important parameter of the system is the internuclear 

bond length ~ for stretching interactions (as contrasted to the bending 

angle's importance for bending frequencies). At equilibrium, the net force 

on each of the internuclear bonds must vanish: 

i 

F. = 0 
J. 

B. Construction of the Model 

(III:-1) 

The basis of the "linear" polarizable ion model for gas phase 

metal dihalides is three ions arranged as appears in the middle drawing 

on page 12. In considering the stretching interactions, the polarization 

of the halide ions is more important than that of the metal cation. Thus, 

the polarization of the central metal ion will be neglected for simplicity. 

The problem then reduces to the situation shown in the bottom drawing on 

page 12. Each of the halide ions is assigned a dipole polarizabili ty 

(BD). Higher multipole polarizabilities on these ions are neglected for 

simplicity. Only three types of electrostatic interactions are considered: 
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1. Charge-charge interactions (3) 

Positive-negative (2) 

Negative-negative (l) 

2. Negative charge-negative induced dipole 

interaction (l) 

3. · Positive charge-negative induced dipole 

interactions (2) 

The electrostatic potential energy of this system can be obtained directly 

in a closed-form expression. 

C. Derivation of the RepUlsion Interaction Energy 

A repUlsion interaction tenn (between the negative and the positive 

ions) must be included for stability. The present treatment employs the 

best single term empirical.representation7 for this interaction, 

¢r = A rn exp(-r/p) (III-2) 

where E. is a constant for a given halide ligand. For the alkali halides 

the repulsion constants A and Q are determined directly by the use of 

the familiar relationships, 

(III-3) 

and 

(III-4) 
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where kb can be determined experimentally. For the alkali halides, the 

decay constant .Q. depends mainly on the size of the anion, but does show 

a small linear variation with the cation to anion size ratio. To obtain 

.Q. for the metal~halide repulsion in the alkaline earth dihalides, we 

extrapolate to the ionic radius (r+) of that particular metal (see Fig. 

III-1). The best fitting line for a£.~· metal cation plot, from which 

alkaline earth dihalide model values of .Q. are determined, is: 

for fiuorides: p = 0.391 + 0.036(r /r ) A 
+ - . 

for other halides: p = 0.050 + O.l42(r )· + 0.036(r+/r_) A , • 

(III-5a) 

( 1II-5b) 

Two separate equations are required bec~use the exponential £ 

equals two for the fluorides and zero for the other halides. This choice 

of values reflects the best fits obtained using various n in the alkali 

69 halide model. The alkali halide equations describing the repulsion 

constant A 1 s are 

for fluorides: A= 150 + 4oo(r+) 3 eV- A2 
(III-6a) 

for other halides: A= 850 + 900(r+) 3 eV ( III-6b) 

. The corresponding values of the pre-exponential A 1 s for the alkaline earth 

dihalides are obtained by substituting the appropriate alkaline earth 

(r+) 3 value into either Eq. (III-6a) or (III-6b), and solving for! (see 

Fig. III-2). However, the increased charge on the alkaline earth ions 

(relative to the alkali metal ions) increases the polarization of the 
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Fig. TII-1. Derivation of the repulsive decay constant ..e_ for the 
"linear" polarizable ion model. 
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Fig. III-2. Derivation of the repulsive pre-exponential constant A for 
the "linear" polarizable ion model (A= 850 + 900 (r+)3 eV, unless 
otherwise noted). 
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anions and consequently the electron density on that part of the anion 

close to the cation. Therefore, a larger repulsion results for the 

int'eraction between a given anion and an alkaline earth ion than an alkali 

metal ion of the same size and at the same distance. To account for this, 

the values of! obtaineO. from ~qs. (III-6a) or (III-6b) must be multiplied 

by a factor of 2. 6 to apply to our "linear" model repulsion term. This 

value was chosen to give the best agreement between predicted and 

experimental values for the· equilibritml internuclear distances of CaC1
2 

and CaBr2s two typical linear alkaline earth dihalide molecules. The 

complete set of A's, ~' and n's used in bur model are given in Table 

III-1. 

D. Derivation of the Force on .a Bond 

At this points we could calculate directly the potential energy 

of the system (analogously to our method of Chapter II). However, in 

this instance we are primarily interested in the force on a given bond. 

From electrostaticss 28 force F and potential energy V are related in the 
~ . . s 

following simple manner: 

v 
s i F ds 

s 
( III-7) 

P is the point at which evaluation of the potential is to be made. Since 

the condition that the force vanish at infinity (ions no longer interact) 

must be met, Eq. (III-7) can be differentiated to obtain directly the 

force on each bond. 
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Table III-1. "Linear" Model Input Data 

Compound 

(MX2) 

BeF2 
BeCl2 
BeBr2 
Ber2 

CaF2 
~ac12 
CaBr

2 
Car

2 

SrF2 
SrC12 
SrBr2 
Sri2 

Dipole 
Polarizability 

of Halide 
( S ) a 

D 

o:5o4 A3 

2.11 

3.02 

4.84 

0.586 

2.27 

. 3.22 

5.08 

0.668 

2.43 

3.42 

5.32 

0.701 

2.49 

3.51 

'5. 42 

0.754 

2.59 

3.64 

5.5B 

aSee Ref. 7. 

Repulsive 
Pre-Exponential 

421. eV - A2 

2280. eV 

2280. 

2280. 

6 6 · 112 
7 • eV - .t\. 

2852. eV 

2852; 

2852. 

1399. eV- A2 

4481. eV 

4481. 

4481. 

1890. eV - A2 

5586. eV 

5586. 

5586. 

2948. eV - A2 

7968. eV 

7968. 

7968. 

Repulsive 
· Decay Constant 

0.399 A 

0.312 

. 0.332 

0.363 

o.4o8 

0.319 

0.339 

0.369 

0.417 

0.326 

0.345 

0.375 

0.421 

0.329 

0.348 

0.377 

0.427 

0.333 

0.352 

0.380 

b .. . 
A= 2.6 A from Eq. (III-6a) or (III-6b), or from Fig. III-2. 

cSee Eq. ( III-5a) or ( III-5b), or Fig. III-1. 

dSee Ref. 69" 

Repulsive 
Exponent 

2. 

·o. 
0. 

o. 

2. 

0. 

0. 

0. 

2. 

0. 

0. 

0. 

2. 

o. 
0. 

0. 

2. 

o. 
o. 
0. 
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(III-8a) 

(III-8b) 

Since we already have a general expression. for the repulsion 

potential energy <P , the "repulsive" force cau.be readily obLained by 
r 

application of Eq. (III-8b). 

F = -V<f> = a __ (Arn exp(-r/p)] 
r r -a r 

n-1 ( ) -Ar exp -r/p [n - r/p] ( III-9) 

To calculate the "attractive" force due to the electrostatic 

interactions we first calculate the potential energy. Then the resultant 

potential energy expression is differentiated (using Eq. ( III-Bb)) to 

obtain the L'orres}")ndiug force. 

In Fig. III-3, consider point charges at ~ and £, and a spherical 

conductor with its center at]. and carrying a negative charge -e. The 

radius b of the spherical conductor is given by the cube root of the 

dipole polarizability of the anion (SD). This model gives all the charge­

charge interactions, but only one-half of the ch~rge-dipole terms. Hence, 

all derived charge-dipole terms need to be doubled. 
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Once again the method of electrostatic images 2? is used to 

evaluate the potential energy of the system. The spherical conductoris 

replaced by the image charges q 1 at A 1 and q 1 at C 1 and the charge qB at 
A - C 

B. Using Eq. (II-6a)~ the potential energy becomes 

~ = 1 [(-e)U . + (+2e)U + (-e)U ] 
ei 2 a c b . ( III-10) 

Ua and Uc are the potentials at ~ and£, respectively, while Ub is the 

potential at the surface of the spherical conductor. 
I 

The various potentials are evaluated in a manner entirely analogous 

to· that in Chapter !I (pp. 13-17). Initially, we assume a. general angle ~' 

which later is set to zero for the linear case. 

u 
a 

u 
c 

qc q 
1 

qa qb 
=- + _c_ + -- + 

AC AC 1 AA 1 AB 

= (+2e) + (-2ebLr~ 
r 2 

(2r cos8 )( 1 - ~+ 2 
r 

(-e(l 
{ ebL2r case~· + 

b2 
+ 

(2! cos8 - 2r cose) 

q q I q I q 
= ...1!:. + ~ + _s_ + ....E. 

AC A 1 C CC 1 BC 

(-e) (ebL2r cos8) = --+ 4 r 2 
r(l - ~+ a 

4 4 2 2 
r r cos e 

(-e(l - 2b + b 
cos8)) r 2r + 

r 

4 1 
a· )2 4 2 

4r cos e 

- 2b + b 
r 2r cos8)) 

2r cos8 

+ ( -2eb{r) 
b2 

) (r - -) 
r 

( III-lla) 

(III-llb) 
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-e(l _ 2b + b . ) 
r 2r case 

b 
( III-llc) 

Applying the binomial series expansion (b < r in all cases) where appropriate 

' 
and collecting terms, we obtain, 

u = ~ 
a r 

[ 1 ] eb
3 

[ -1 1 2 - 2 case + 4 2 case + 4 ] 
r 16 cos e 

l 
[2 - 2 eJ cos 

(III-12a) 

( III-l2b) 

(III-12c) 

where only the terms up to and including charge-dipole interactions are 

retained. Remembering to double all charge-dipole terms, we substitute 

Eqs. (III-12a), (III-12b), and (III-12c) into Eq. (III~lO), and obtain 

1 2 1 • e~3 -1 1 
<Pei = 2 [-; (2 - 2 case)- ~case+ ·4) + 

r 8 cos e 

4e 2 e2b3 1 2 2 1 ~ 8 ) + !:_ - !:_( 2 __..;;;;.----,.-) ] 
>- 7 + 4 'case - b r - 2 case 

r 

2 2 2 3 
e ~ (4 1 ) e b c·4 1 . l ) = 2b -. -;:- - 2 cos8 - --4- - cos8 + 4 

r 16 cos e 

( III-13) 

Using Eqs. ( III-Bb) and (III-13), we obtain for the total "attractive" 

electrostatic force, 



F • el. 

2 
=-L(4 1) 

.. 2 - 2 cose 
r 

-6o:.. 

4 
- -.-- + cose 

1 . . 4 ) 
4·cos e 

( III-14) 

where b 3 is replaced by Bd. Since we wish to consider only the electro­

static force which is applied to ~of the two equivalent internuclear 

bonds, the appropriate single-bond force Fb is 

2 
2 1 e Bd 

=- e2( 2 - .,..4-c_o_s-::-e) - -· -5-( 8 
r r 

2 - -.-+ cose 
1 ) 

4 8 cos e 

(III-15) 

Then by sunnning this "attractive" single-bond force and the repulsive 

force (Eq. (III-9))·, we obtain the total force exerted on a given bond: 

F = F + F 
.b r 

2 
= - ~2 1 ) 2 - 4 cose 

r 

+ Arn-l exp(-r/p) [~- n] 
p 

1 ) 
4 8 cos e 

' 
(III-16) 

Using the equilibrium condition stated in Eq; (III-1) (for a more familiar 

form, consult Eq. (III-3)) and remembering that r = ~at equilibrium, we 

obtain 

0 - -

2 
2 1 e Bd 

L(2 ) (8 -4 --12 . cose ~5 

+ A~n-l exp(-~/p) [i- n] 
p 

2 - --+ cose 

For linear geometry Eq. ( III-178.) simplifies to 

.l 
. 4 ) 

8 cos e 

( III-17a) 

.. 

.. 
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E. Derivation of the Stretching Force Constant 

(III-l'Tb) 

At equilibrium, the restoring force on abond can be expressed as 

F = -k 2 
l 

where k1 is the stretching force constant; conversely, 

(III-l8a) 

(III-18b) 

S.ince we already have a general expression for the force E. (Eq. (I!I-16)), 

the stretching force constant for the linear case .is readily obtained: 

Q,n 2n£n-l 2 
[- 2 + - n(n - l)£n- ] A exp(-2/p) 

p p 
( III-19) 

Remembering the simple harmonic nature of this restoring force, 17 we can 

relate the stretching force constant to the SYmmetric stretching 

frequency v
1 

in a simple manner: 

(III-20a) 
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··where m is the mass of the halide. In our case, the specific form of 
X 

1 
( - l)~n-2) 2 

n n 1 A exp(-~/p)}] (III-20b) 

F. Derivation of the Stretching Frequencies 

Actually, the al:>ove derivation of the symmetric stretching -

frequency is an oversimplification. we' have assumed that there is a 

'strong restoring force along each bond and opposing a change of the 

internuclear distance. In addition, there is a strong restoring force 

opposing acharige of the angle between the two bonds of the triatomic 

molecule. These two valence force assumptions were postulated by 

Bjerrum. 70 A complete treatment of the stretching frequencies given below 

. 71 
can be found in Herzberg. 

l. Non-Linear Symmetric MX2 Molecules 

1 v
3 
=- [(1 

27T 

·1 
2m . 2 kl 2 

+ ..........2£. sin 2a) -] m · m 
m x 

( III-21). 

where v
3 

is the asymmetric stretching frequency and mm is the mass of the 

metal. The symmetric stretching frequency v1 of the normal vibration · ',. 
:~. 

cannot be determined without prior knowledge of the bending force constant 

~ and the bending frequency v2 • As was illustrated in Chapter II; these 
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quantities are extremely difficult to accurately predict or experimentally 

determine. Thus, we have only calcUlated the asymmetric stretching 

frequencies for the non-linear cases. 

2. Linear Symmetric MX2 Molecules 

1 
1 

[ (k/mx )]2 \)1 = 27T 
(III-22a) 

and 

1 
1 

2m k -
\)3 = [(1 + ~) ~]2 

27T m m m X 

( III-22b) 

These equations are just limiting cases ( 2 o: = 180°) of the non-linear 

symmetric MX2 molecule. Comparing Eqs. (III-22a) and (III-20a), we notice 

that they are identical; our original derivation is perfectably acceptable 

for linear molecules. Thus, the name "linear" is given to this model, 

although, through.the use of Eq. (III-21), certain non-linear molecules 

are considered as well. 

G. ·Calculation of Molecular Constants 

The equilibrium internuclear distance can be determined by solving 

Eq. ( III-.17a). Because of. th~. complexity of the equation, no exact 

solution is available. By modification of an existing LBL library sub-

routine, designed to optimize the value of one variable in terms of others, 

we obtain a highly accurate approximat~ solution using a. high speed 

digital computer. A detailed explanation of this computer program 

(NEWTON) appears in Appendix A-1. The only input data needed for this 

computation consists of 
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· f3 d = ·b3 = dipole polarizability of the anion 

A, p, n = anion-cation repulsion constants 

· 2a = bending angle 

for each of. the alkaline earth dihalides of intere.st. The dipole 

polarizabilities of the anions are linear·extrapolations from the alkali 

ha1ide polarizable ion model (see Table III-1). These values are not the 

"free-ion" values, but the reduced values as discussed in Hollowell's 

Ph.D. thesis. 7 The specific values of the repulsion constants also appear 

in Table III-1. Table III-2 gives a compar.ison between the calculated 

equilibrium internuclear distances and experimental values _taken from . 

electron diffraction data. 29 , 30 The agreement is. excellent except for 

the barium and beryllium dihalides. The barium dihalide values would be 

reduced "" 2. to 6% if the known bending· in these molecules were accounted 

for (see discussion on the deformation constant in Chapter II). The 

beryllium dihalide values are . considerably high' presumably because of 

the long extrapolation that must be made to the small berylli urn ion. 

Using Eq. (III-19), we calculate the stretching force constants. 

These values are given in Table III-3, along with experimental values 

from infrared absorption spect~oscopy. Then, treating this calculated 

value of k
1 

as a known quantity, we determine a stretching frequency. For 

non-linear molecules Eq. (III-21) is used in conjunction with the bending 

angle values from Table II-3 to calculate the asymmetric stretching 

frequency v
3

• For the linear .compounds, Eq .. (III-21) simplifies to 

Eq. (III-22b) in evaluating v
3

• We calculate the symmetric stretching 

frequency v
1 

using Eq. (III-22a)~ For the sake of comparison, calculations 
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Table III-2. Equilibrium Internuclear Distances 

Compound Eguilibriu.m Internuclear Distance (.Q,) Percent 

(MX2) "Linear" Modela Experimentalb Deviation c 

BeF2 1.491 1.40 +6.5% 

BeC12 1.995 l. 75 +14.0 
.. BeBr2 2.104 1.91 +10.2 

Ber2 2.278 2.10 +8.5 

MgF2 1.729 l. 77 -2.3 

MgCl
2 2.197 2.18 +0.8 

MgBr2 2.345 2.34 +0.2 

Mgi2 2.519 2.52 -0.04 

CaF2 2.084 2.10 -0.8 

CaCl2 2.517 2.51 +0.3 

CaBr2 2.660 2.67 -0.4 

Cai2 2.894 2.88 +0.5 

SrF2 2.233 2.20 +1.5 

SrC12 2.662 2.67 -0.3 

SrBr2 2.814 2.82 -0.2 

Sri2 · 3.053. 3.03 +0.8 

BaF2 2.454 2.32 +5.8 

BaCl2 2.880 2.82 +2.1 

BaBr2 3.047 2.99 +1.9 

Bai2 3.296 3.20 +3.0 

a See Eq. (III-l7b). 

b 
Values accurate to ±0.03 A, see Refs. 29 and 30. 

cDeviation of "linear" model values from experimental values. 
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Table III-3. Stretching Force Constants 

Compound Stretching Force Constant (k
1
l 

(MX
2

) "Linear" Model a Experimental 

5.68
0 

mdynes/A 

BeBr
2 

Bei
2 

. MgC1
2 2.399 

MgBr
2 2.096 

Mgi2 l. 733 

CaF2 2.619 

4.96±0.10b mdynes/A 

5.0c 

5.15d,e 

5.18f 

2.92±0.08b 

2.9c 

3.28d,e 

d 
2.53 

b 
(2.35) 

1.96d 

( l. 85) b 

2.97±0.07b 

3.0e 

3.06f 

2.74g 

2.8lh 

l.90±0.06b,c 

l.83i 

4 . b 
2.3 ±0.03 

1.48i 

. (1.18)b 

l.90b 

2.49f 

2.20h 

(continued) 



Compound 

(MX2) 

* 

CaCI2 
Ca.Br2 
Cai2 

SrF2 _ 

SrC12 

SrBr2 
Sri2 

BaF2 

Ba.Br2 
Bai2 

r_)' '. ' ~ .. ) 
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Table III-3 (continued) 

Stretching Force Constant (k
1
l 

"Linear" Modela 

1.816 

1.595 

1.300 

2.229 

1.609 

1.410 

1.158 

1.787 

/ 

Experimental 

l.l8b 

l.03b 

0.86b 

1.62±0.05b 

2.22f 

1.97h ' 

l.04±0.05b 

1.37J 

(0.89)b 

(0.74)b 

1.5lb 

2.49f 

2.20h 

0.97b 

1.33J 

(O.T7)b 

(0.65)b 

All stretching force constants have been conve~ted to units of millidynes 
0 

parentheses per Angstrom for convenience. Values in are estimated. 

a See Eq. (II!-19). f See Ref. 34. 

b See Ref. 72. gSee Ref. 38. 

cSee Ref. 33. h See Ref. 37. 

d . 
See Ref. 36. i See Ref. 39. 

e See Ref. 35. JSee Ref. 4o. 
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are sometimes made for both a linear and a non-linear configuration of 

the same molecule. All the stretching frequencies are summarized in 

Table III-4 along with experimental data from infrared absorption 

spectroscopy. 

H. Concluding Remarks 

Our "linear" polarizable ion model predicts the equilibrium 

• 
internuclear distances, stretching force constants,·and stretching 

frequencies quite accurately for the alkaline earth dihali des . This is 

very useful, especially since both the symmetric stretching frequencies 

and the stretching force constants are difficult to obtain experimentally 

with great accuracy. 

This model, like the model detailed in Chapter II, exhibits some 

obvious oversimplifications (such as the neglect of the cation 

polarizabili ty). Unfortunately, a more complete version is mathematically 

unwieldy. However, as a first approximation to certain fundamental 

molecular constants, our "linear" model should prove quite useful. 
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Table III-4. * Stretching Frequenciep 

Compound Symmetric Stretchins Fre~uencl (v1l Asymmetric Stretchins Fre~uencl (v~ Bending Angle 

(MX ) "Linear" Model Experimeutal "Linear" Model Experimental (2a)e , ... ~· 
2 ...... ~ 

Linear a Non-linearb Linear c Non-lineal:' 
d 

~-~· 

712.4 em -1 (668.)f cm-l 1627.0 em -1 . h -1 180° -BeF2 
1555.g, em ~" 

( 680. )g ,h l520.i c.~ 

f 1108.5 1135. h ,j 180 r· BeCl2 372.3 ( 373.) ~ ...... ~ 

(390.)h 1ll3.i .. ·-~ ... 
"-<· 

( 380. )j 
·~-

BeBr2 232.2 ( 223. )f 1005.0 ( 966. )f i8o , . ....__,. ,.. 
I 

(230. )h 1010.h 0\ 
\() 
I "" 

Ber
2

· 166.9 (157. )f 901.5 (850.)f 180 ......... ., .. 
~.,;;. 

. h 
873.h (160.) ' -~ 

MgF2 ·. 601.1 (515.)f 962.3 825. f 180 

4n.k,1 875 .g ,j 

( 510. )g 84o.k 

(540.)j 
. 

827. 1 

MgC12 338.9 ( 297. )f ,m 670.7 597.i 180 

588.m 

MgBr2 
211.0 ( 178.) f ,m 580.7 490.m 180 

Mgi2 152.2 (125.)f 514.9 (424. )f 180 

(continued) 



Table III-4 (continued) 

Compound Symmetric Stretchins Freguenc~ ~v1l Asymmetric Stretchins Freguenc~ ~v3l Bending Angle 

(MX ) "Linear" Model Experimental "Linear" Model Experimental (2a)e 
2 

Linear a Ncin-linearb Linear c Non-linear d 

CaF2 483.7 ( 412.) f 675.1 .655. 7 575-f 140 

(520.)g (595.)g 

520.j 595.j 

483. 1 545. 1 

CaC12 294.9 (238. )f 490.7 395. f 180 

394.n 
I 

184.1 (148.)f 4ll.1 f 180 
-.J 

CaBr2 330. 0 
I 

Cai2 131.9 ( 107. ) f 357.1 290.f 180 

SrF2 446.2 (380. )f 534.4 513.7 455.r 120 

(485.)g (490. )g 

485.j 490.j 

441. 1 443. 1 

SrC12 277.6 (223.)f 373.3 366.9 300.f 148 

285. 0 318. 0 

SrBr2 173.1 (137.)f . 290.9 289.0 ( 231. )f 164 

Sri2 124.5 ( 100. )f 245.7 (187. )f 180 

continued 

'•. 
------- -- -----· 



Table III-4 (continued) 

Compound Symmetric Stretching ~reguenc~ ~vil Asymmetri~ S~retching Freguenc~ ~vsl Bending Angle 

( MX2 ) "Linear" Model Experimental "Linear" Model Experimental ( 2a )e · 

Linear a Non-linearb Linear c Non-linear d 
,,.. ..... 
..... .,.... 

" . 
~'-

( 367 .l 451.4 432.5 
f 104 BaF2 399.5 415. - (~ 

(450.)g ( 430. )g 

450.j 43b.j 
r 
~··' 

,. 
413. 1 . 

~--

BaC12 254.9 (215.)f 313.9 303.4 265.f 128 

-279. 0 
285.

0 

~~~~ 

.r• ,_ 

I C.~ 

BaBr,..._ 158.6 ( 128. )f 233.3 224.4 (188. )f 136 
c. 

-.J 
f-' 

' I '<.,. 

ll4.4 (93.l 188.8 f Bai2 193.1 ( l5T.) 15_0 c.:! 

* 
~~i 

Values in parentheses are estimated. 

a See Eq_. (III-22a). i See Ref. 35. 

bHot calculated. jsee Ref. 34. 

c ( III-22b). k 
37. See E~. See Ref. 

dSee E~. (III-21). l See Ref. 36. 

eSee Tabl.e I:r-3, (used in Eq. ( III-21) only). mSee Ref. 38. , 
f . See Ref. 72. nSee Ref. 39. 

gSee Ref. 49. 0 See Ref. 40. 

hsee Ref. 33. 
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IV. ELECTRIC DEFLECTION SPECTROSCOPY 

A; Introduction 

In order to further test our polarizable ion models, we need to 

perform gas phase geometry experiments on the metal dihalides. There 

exist several experimental techniques for determining molecular structures, 

each capable of high precision. However, the high temperatures alld low 

pressures co:rimlonly necessary to vaporize the refractory metal dihalides 

place severe restrictions on the feasible forms of spectroscopic. study . 

. The bulk of the information on the geometry of these molecules eomes from 

electron diffraction, matrix-isolation infrared absorption, or electric 

deflection spectroscopy~ Each form of spectroscopy has its weaknesses. 

Using the electron diffraction technique, highly precise bond lengths can 

be ascertained, but often the bending angle ( 2a) is in doubt by as much as 

30°. The matrix itself and the low temperatures necessary to perform the 

experiment play an uncertain role in infrared absorption spectroscopy. 

The validity of the electric deflection results depends critically on the 

sensitivity for detecting a low intensity beam of molecules. We have 

chosen the electric deflection method to attack the problem of molecular 

structure because of the availability ofthe component equipment and 

because of the background knowledge of this technique accumulated in this 

laboratory. 

The technique of electric deflection can also be applied to 

numerous other problems. 73 Among these are determination oi' molecular 

structure, determination of polarizabili ties and dipole moments, measure­

ments of rotational temperatures in a molecular beam, analysis of 
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fragmentation patterns of mass spectrometry, and characterization of 

ground state an~ low-lying electronic levels of molecules. We have 

confined ourselves primarily to obtaining inferences as to the structures 

and bonding of numerous gas;...phase metal halide molecules. Secondary 

consideration is given to the determination of fragmentation patterns 

where they are of interest. 

B. Theory 

Using the electric deflection technique, a thermally populated 

beam of the molecule to be studied is directed through a strong inhomo-

geneous electric field. Polar molecules are deflected by this field in 

both positive and negative directions (relative to the gradient of the 

electric field V~ ); a beam of centrosymmetric molecules is deflected __ s 

~in the positive direction. As was shown in Eq. (III-8b), the force 

F acting on a molecule with potential energy V in an electric field ~ 
s ~ ~ 

equals the negative gradient of the potential energy~ 

=- (av ;a~ )V~ 
s s s 

(IV-1) 

For a thermal distribution, 3V /d~ can be both positive and negative for s . s 

· polar molecules, but only negative for non-polar molecules! Expressing 

Eq. (IV-1) in another way, 

(IV-2) 

where lle is .the effective ~pole moment of the molecule in the direction 

of the field. For a centrosymmetric molecule, lle is equal to a~, where 

£is the polarizability of the molecule. Therefore, lle is necessarily 

positive if a v /d ~ is to be negative. s s . 
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FOr polar molecules, the situation is considerably more complex. 

Depending on the type df polar molecule involved, pe may depend on various 

rotational and vibrational quantum numbers, the moment of inertia, and the 

permanent dipole moment and its derivatives, as well as on the polarizability 

and field strength. These complicated relationships allow the effective 

dipole moment to assume both positive and negative values. 

Further consideration of electric moments in connection with the 

. 74-76 
Stark effect, is beyond the scope of this work. The point here is 

that molecules possessing permanent dipole moments can be differentiated 

from centrosymmetric molecules by use of an inhomogeneous electric field. 

C. Deflection System 

The inhomogeneous electric field used to determine whether 

molecules possess a permanent dipole moment is created by .four alternately 

charged rb~s (quadrupole) placed at the corners of a square. The beam of 

molecules is aimed directly along the axis of this array. In electric 

quadrupoles, 77 the gradient of the absolute value of t[,le electric field 

points radially outward. The array is made optically opaque by a stopwire 

(see Fig. IV-1), which prevents molecules that interact weakly (or not 

at all) from reaching the detector. Thus, the only molecules to travel 

directly from source to detector are those that interact strongly with 

the electric fields. As is illustrated in Fig. IV-1, all molecules for 

which a v /d & is negative are deflected awa;y from the axis of the beam 
s s 

path and will never strike the detector. On the other hand, a significant 

fraction of the molecules for which a v /d & is positive follow paths s s 

(solid lines in Fig. IV-1) that curve. around the stopwire and reach the 
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detector. In essence, we can detect· the presence of molecules possessing 

permanent dipole moments, since beams of these molecules undergo 

"refocusing". Moreover, as the voltage applied to this quadrupole is 

increased, the transmission through the electric field also increases. 

Thus, a larger flux of molecules reaches the detector. 
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V. EXPERIMENTAL APPARATUS AND PROCEDURES 

A. Introduction 

We have c.onstructed a high sensi ti vi ty electric deflection 

apparatus by modifying an existing molecular beam spectrometer. This 

spectrometer was originally designed by Alvin Hebert and was.initially 

used by Carlos Melendres to perform mass spectroscopic studies. ·The basic 

apparatus, shown in Fig. V~l, is describ~d briefly in this chapter; a 

more detailed account is available in Melendres' Ph.D. thesis. 78 

A quadrupole assembly designed to electrically deflect and refocus 

a beam of molecules has been added to the basic apparatus. High 

sensitivity is achieved by plaCing the quadrupole deflecting field close 

to the beam source to give a large acceptance aperture. Another major 

d t f t th f l . . t 12,79 . a van age o our sys em over ose o ear ler experlmen ers lS 

incorporation of a pulsed-voltage, continuous time-averaging data .. · 

acquisition system. 80 Such signal averaging proVides significant 

improvement in the signal-to-noise ratio; consequently, much smaller 

experimental effects can be observed. In addition, phase-sensitive 

the 

detection is employed to allow easy discrimination between beam components 

and residual background gases. (Kaufman and Kolb have recently used these 

t h . t . t. t t. . t d. t 81 '82) ec nlques o lnves lga e reac lve ln erme la es. 

B. 
t 

Apparatus 

The basic apparatus consists of three sections: the oven chamber 

(OC), the buffer chamber (BC), and the detection chamber. The oven 

tThe capital letters in parentheses following various pieces of apparatus 
in this chapter refer to Fig. V-1. 
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chamber was constructed primarily to house the beam source - an effusive 

oven (0). A quadrupole assembly (Q) designed to electrically deflect 

the resultant beam of molecules has been added to this chamber. 

The oven and buffer chambers, though directly connected, are 

separately pumped to high vacuum by oil diffusion pumps (DP-1 & 2). This 

differential pumping of the oven and buffer chambers maintains pressures 

of approximately 5 x 10-7 and 2 x 10-7 torr, respectively, as measured 

by ion gauges. The pressures measured by these gauges are only a relative 

indication of pressure due to obvious gradients inside the apparatus.· A 

mechanical pump (MP) is used to "pump down" these chambers from atmospheric 

pressure to a pressure at which the diffusion pumps work acceptably. An 

electrica.l protection system is provided to shut off the diffusion pumps 

in case of increases iri pressure or temperature above preset standards' 

or failure of the water cooling system. An automated liquid nitrogen 

fill system designed by Alvin Hebert maintains all liquid nitrogen traps. 

A complete listing of the vacuum equipment appears in Appendix A-4, 

Table V-1. 

The buffer chamber ·contains a beam modulator (BCPS) which readily 

can be removed from the beam path. This chopper is necessary to 

differentiate trace components of a molecular beam from the residual 

background gases. A gate valve shutter device ( GV) is mounted within the 

detection chamber for ease in monitoring the presence or absence of a 

beam of molecules. 

1ne detection chamber is connected to the buffer chamber by a 

needle valve (NV). When this valve is closed two ion pumps (IP-1 & 2) 
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each with 8 liters per second pumping speed maintain a vacuum of 10-8 

torr or less. 
83 84 . 

The quadrupole mass filter assembly ' (Q.MF) is mounted 

perpendicularly to the beam path, thereby increasing the collision 

probability between the beam and the bombarding electrons. A thoriated 

iridium filament, 85 a grid to control electron energy, and a series of 

electrodes act to extract the ions formed from the beam and focus them 

on the quadrupole entrance. A de voltage and a superimposed rf voltage 

applied to the pole pieces of the quadrupole create an electrostatic 

field between the rods. The equations of motion of an ion in such a 

. 86 
field show that only ions with specific charge to mass ratios can 

transverse the field at a given rf frequency and a given ratio of rf 

voltage to de voltage. This filtering action allows one to selectively 

discriminate, as to mass, ions with a given charge. Transmitted ions 

are detected by an electron multiplier with copper-beryllium dynodes. 

This quadrupole mass filter system permits analyses of masses of 1 amu to 

500 amu. The ion energy can be manually controlled from 5 to 45 electron 

volts, whereas the electron energy is variable between 10 and 90 electron 

volts. A concentric stainless steel cylinder ( CF) filled with liquid 

nitrogen acts as a cryogenic pump in the area beyond the filament. The 

glass port (GP) allows viewing of the filament for the purpose of beam 

alignment. 

C. Details of Modifications for Electric Deflection Experiments 

1. Molecular Beam Source Oven 

The ovens used as a beam source in this experiment are 20% 

iridium-80% platinum alloy tubes with a 0.953 centimeter outer diameter 



,J n 

-81-

and a 0. 0254 centimeter wall thickness. A variety of apertures was 

tested for suitability. The necessary criteria were: 1) sufficient beam 

intensity for the purposes of detection, 2) effusive87- 90 as opposed to 

hydrodynamic flow, and 3) sufficient collimation on the quadrupole 

entrance. Obviously the first two.conditions tend to work against one 

another so some compromise must be reached. Experience in this laboratory78 ,91 

combined with theoretical arguments92 yielded the following guideline: 

The width and thickness of the effusion orifice must be much smaller than 
( 

the mean free path of the gas molecules at operating temperatures and 

pressures, the so-called "ideal slit" condition. 93 

Initially, attempts were made to use the tube with a long narrow 

slit (0.635 centimeters x 0.0127 centimeters) traditionally used in beam 

8 studies by experimenters in this laboratory. The :third criterion, 

however, was not satisfied so several alternatives. were tested: the slit 

was shortened (length = 0. 3125 centimeters) , the slit was made into a 

circle (diameter = 0. 0762 centimeters), and, finally, the circle was made 

smaller (diameter= 0.0381 centimeters). The smaller .circular orifice 

satisfied all the necessary conditions, so tubes with these specifications 

were machined in the LBL Precision Shop. Certain improvements were made 

in these ovens during the course of the experiments. (These changes are 

detailed in Chapter VI under Sri
2

.) The oven temperature is regulated by 

resistance heating controlled by a Variac. The temperature of the oven 

(and presumably the molecular vapor) at the point of effusion is measured 

with a micro optical pyrometer through a glass port in the.oven chamber. 

The range of temperatures measured varies from 1020° Kelvin (the low end 

\ 
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of optical visibility) to approximately 1800° Kelvin (the high temperature 

extreme of durability of Pt-Ir ovens). Temperature observations should 

be considered as relative, n:ot absolute, measurements due to the temperature 

gr&dients inherent in this type of oven. 

2. Electric Deflecting Field 

Originally, the quadrupole field was provided by four stainless 

steel rods 0.250 inches in diameter and 3.0 inches in length mounted 

parallel to each other in a rectangular array. In order to increase the 

quadrupole field effect, 0.0625 inch diameter pieces of stainless steel 

were welded to the inside of each pole piece. This reduced the separation 

between pole pieces from 0.250 inches to 0.125 inches, which effectively 

quadrupled the electric field. (The electric field is proportional to 

1/r 
2 

where r is the separation of the pole pieces.) The whole quadrupole 
0 0 

assembly is housed in an alumina insulator which in turn is bolted, along 

with the two "ground" pole pieces, to the partition separating the oven 

and buffer chambers. Holes have been drilled in the alumina to allow the 

escape of the gases; a gas build-up could lead to an electrical discharge 

during operation. The two "hot" pole pieces are bolted to a cover plate 

containing a 0.3125 inch center-tapped hole (as does the alumina insulator) 

for passage of the beam. This assembly is held in place by a stainless 

steel ring of adjustable size equipped with an electrical connection to 

the high voltage source. A schematic diagram and cross sectional views 

of the quadrupolar assembly appear in Fig. V-2. 

The electric field on the quadrupole is initiated by an unregulated 

high voltage power supply. This high voltage source is turned on by a 
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filament and remains on during the course of the experiment. However, 

it is desirable to pulse the current supplied to the quadrupole itself. 

We accomplish this by means of a relay connected to the primary of the 

high voltage supply. The relay in turn is pulsed by a commercial pulse 

generator. The pulse generator actually amplifies a pulse which is 

produced bya 50 volt power supply, and is routed via the multi­

channel analyzer .(for synchronous timing). The relay system was chosen 

over a simpler high voltage switching mechanism because of the inherent 

difficulties in operating the latter. 

A Variac is used to allow continuous variation of the deflection · 

voltage from 0. to 30. kilovolts. Actually, electrical breakdown generally 

occurs between 19. and 23. kilovolts. An internal resistor "bleeder 

string" allows gradual voltage decay when the relay contact is broken. 

This bleeder string also provides a means of monitoring the output voltage 

on a standard oscilloscope; These monitored deflection voltages are 

presumed accurate to ±5%. 

The ground potential pole pieces serve to hold the 0.125 inch 

diameter stopwire (SW) which prevents undeflected molecules from reaching 

the detector. A cross section of the stopwire is show:n in Fig. V-3. The 

position designated "hole" is used to locate the straight-through molecular 

beam. The positions labelled "thin rod", "small ball", "large ball", and 

"full rod", respectively, obscure more and more of the straight through 

beam. From outside the oven chamber, without breaking the vacuum, the 

stopwire assembly can be moved (perpendicularly to the beam flow) to any 

given position during an experiment. Each position has been carefully 

... 
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calibrated for reproducibility. The stopwire and the stainless steel 

portions.of the quadrupole iiself'have been electropolished to avoid 

electrical breakdown due to sharp edges. 

3. Phase Sensitive Detection System 

The beam chopper consists of a commerical synchronous hystersis 

motor on which is mounted a paddlewheel for modulation. This motor is 

driven by a stereo amplifier controlled by a 50 volt power supply and a 

voltage-to-frequency converter. The frequency of the paddle1-rheel (normally 

about 50 cycles per second) can be continuously varied to provide the 

desired modulation. A light bulb and a photodiode mounted on opposite 

sides of the chopper provide a reference signal for tuning a lock-in 

amplifier. Part of the electrometer signal directly drives one pen on a 

2-pen recorder. The other part of the signal is used as input first into· 

an impedance matching transformer, .then into a low-noise pre-amplifier 

which enhances the signal-to-noise ratio of the mass spectrum. From the 

pre-amplifier, the signal passes through a lock-in amplifier, whose output 

drives the second pen of the recorder. Thus, a spectrum of the modulated 

beam components is superimposed on a complete spectrum of electrometer 

signals including mass peaks from residual background gases. For major 

beam components no modulation is necessary; however, an inherent difficulty 

in detection sensitivity of minor components of the beam (similar to that 

mentioned by Melendres 78 ) is observed without modulation. With the .chopper 

even large background signals interfere very little with detection of 

minor constituents of the beam. This detection system is diagrammed in 

Fig. V-4. A list of components and their specifications is given in 

Appendix A-4, Table V-2. 
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D. Multichannel Analyzer Data Retrieval System 

The detection system previously outlined is extremely sensitive 

to source pressure and ambient vacuum pressure fluctuations. Since 

reproducibility of results is of prime importance, repetition and storage 

·or signal intensities in the multichannel analyzer over a period of many 

hours is highly desirable. Moreover, significant improvement in the 

signal to noise ratio (compared to previous systems 8) is obtained using 

a multichannel analyzer: The signal accumulates indirect proportion to 

the number of counts, while noise is proportional to the square root of 

the number of counts. 

The signal from the electrometer can be switched to pass through 

a rf filter, a pulse amplifier, and a pulse discriminator before being 

visually displayed by an electronic counter. (The rf filter removes 

spurious signals caused by the mass spectrometer rf generator.) The 

signal is then fed into a switch programmed time based oscillator. A 

start pulse serves to trigger the 4 Quad multiplexer, frequency synchronizer, 

and time based oscillator (TIBO). The TIBO in turn starts the multichannel 

analyzer by programming the analyzer's "live", or count acceptipg, time 

per channel and. "dead", or advance and memory storage, time per channel. 

-5 . 
The dead time for the Northern Scientific analyzer used is 3 x 10 seconds 

per channel, or"" 7.6 milliseconds for the 256 channels of one quadrant. 

The analyzer has four quadrants which can be selected for use individually 

or jointly by virtue of the 4 Quad multiplexer. The resultant "intensity 

versus time" sweep is designed to store and accumulate the spectrometer 

signal in.the form of counts in the multichannel analyzer. This data may 

·' 
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be displayed visually on its oscilloscope from which Polaroid photographs 

can be :taken, and/ or can be read out directly on paper tape by means of 

a printer. A block diagram of the data acquisition system is given in 

Fig. V-5, and a list of the electronic components .and their specifications 

can be found in Appendix A-4, Table V-3. 

A 50 volt power supply and the 4~Quad multiplexer provide a pulse 

at the start of a sweep of a specific quadrant. This triggering pulse is 

then relayed directly to the pulse generator as mentioned previously. The 

purpose is to make the voltage pulse causing electric deflection coincide 

reproducibly with the sweep position in a given quadrant of the analyzer. 

E. Experimental Procedures 

1. Operational Checks 

A check on the sensitivity of the quadrupole mass filter is made 

by taking the spectrum of residual background gases of low atomic mass 

(less than 50 amu). This spectrum8 is well established and has been used 

as an easy spot check on the operation of the mass spectrometer throughout 

the experiments. This residual spectrum also gave a rough calibration 

standard for the mass scale, which later assisted in locating sample peaks. 

.A preliminary test of procedures and equipment was made on sodium 

cyanide (NaCN). These experiments were easiiy confirmed by studies 

performed on a velocity selector in this laboratory. 94 The results suggested 

some minor apparatus adjustments which were made to improve subsequent 

experiments. 

2. Experimental Modifications 

Initially a heat shield consisting of two 2. inch diameter discs 

and a 3. inch diameter outer "mushroom-like" cap (all made of 0.010 inch 
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tantalum foil) was bolted to the "hot" end of the quadrupole. Individual 

pieces were separated by 0.125 inch thick stainless steel spacers. A 

0. 3125 inch hole was center tapped for beam pass~e. The purpose of the 

heat shield was to protect the quadrupole apparatus, particularly the hard 

solder joints, from the intense heat radiated from the oven. The oven was 

only 0.750 inch from the mouth of the quadrupole so space was at a premiwn. 

The most ·persistent operatioqal obstacle encountered has been the 

"shorting out" of the deflection system. Each component of the high 

voltage system was individually tested, and the problem was localized to 

the quadrupolar structure.· The pwnping speed inside the quadrupolar 

structure was insufficient to prevent a pressure build-up, and hence a 

. 95 
gas discharge. To this end, the heat shield was removed and the problem 

has been greatly alleviated. 

3. Experimental Techni9ues 

The chemicals used in these experiments are high purity commercially 

available compounds. Single crystals are preferable, though anhydrous 

salts are also quite satisfactory. Hydrated' salts are generally baked 

overnight in an oven at approximately ll0°C to remove the water. 

Water causes oven "bursts" which clog the orifice. Because of the 

hygroscopic nature of many metal halides, these compounds are constantly 

maintained under vacuum. 

To avoid contamin.ation by impurities, the sample ovens are scrubbed 

with an abrasive, washed with distilled water, dried, and then rewashed 

using ethyl alcohol prior to each experimental test. The interior of the 

oven chamber is also cleansed with ethyl alcohol between experiments. We 
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have discovered by experience that quadrupole pole pieces which have a 

thick deposit of beam material contribute to the gas discharge problem 0 

Consequently, the quadrupole assembly is dismantled and wa,shed with ethyl 

alcohol between experiments. 

Each compound has been run under the following positions of the 

stopwire: lar.ge ball, small ball, thin rod, full rod, hole, ·full blockage 0 

The change in signal with stopwire position acts asa check on beam 

deflection and refocusing, as opposed to simple scattering from quadrupole 

1 
0 . 96 po e p1eces. 

Each• compound also has been run with a series of different 

deflecting voltages for various stopwire positions.· Deflection voltages 

are systemat'ically increased to the pol.nt where electricai breakdown 

occurs (- 20 KV). Obviously a null deflecting voltage gives an indication 

of scattering. If the molecule has a permanent dipole moment, increasing 

the voltage yields an increased refocused signal for the beam. 

Each compound has been studied over a range of temperature. 

Equilibrium conditions favor different vapor species at different 

temperatures. 

Refocusing is always checked for the ionized species MX+ as well. 

+ The MX
2 

signal is of the most interest as it is highly improbable 

that it could result from MX, the alkaline earth monohalide, which 

naturally has a dipole moment and deflects. The probable origin of the 

+ MX
2 

ion is 

MX
2 

+ e -> MX + + 2e-
2 
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+ whereas the origin of MX is much more in doubt. For example, 

or 

- + MX
2 

+ e --> MX + X + 2e-

All runs havebeen made with several thousand sample counts per 

second being fed to the multichannel analyzer. The total accmnulated 

counts in the analyzer are at least 100,000 per channel. Each run lasts 

from 3 to 12 hours, depending on beam intensity. Periodic monitoring of 

the beam signal is made during each experiment. .The hole position is 

used as a standard at all· times, while the full blockage sliding beam 

stop is u8ed as the null position. 

Experiments involve adding counts alternately to two quadrants 

of the multichannel analyzer. In the first quadrant (sweep time 512 

milliseconds) no deflection voltage is applied - this is the ''control 

group". The second quadrant also has a sweep time of 512 milliseconds. 

A voltage pulse, 58 milliseconds in duration, is applied simultaneously 

with the start of·the second quadrant sweep. During the remainder of that 
.. 

sweep, the voltage decays exponentially to the base line. By combining 

the counts collected in the two quadrants in a single picture, we obtain 

visual.evidence of whether the applied voltage causes an increase in counts 

as is expected from deflection and subsequent refocusing of the beam. 
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VI. EXPERIMENTAL RESULTS 

A. Introduction 

A total of sixteen metal halide compounds have been studied using 

electric deflection. Lithium bromide (LiBr), zinc fluoride (ZnF
2

), and 

cadmium bromide (CdBr2 ) have been chosen as standar~s for these experi­

ments. The nine alkaline earth dihalides (Ba.F 2 , BaCl2 , SrC12 , SrBr2 , 

Sri2 , CaF2 , CaC12 , MgF2 , and MgC12 ) chosen for investigation are the 

borderline cases (between bent and linear gas. phase structures) of this 

group. Lanthanum fluoride (LaF
3

) is representative of a rare-earth 

trihalide to which our polarizable ion model could be readily applied. 

The europium' dihalides (EuC12 , EuBr2 , Eui2 ) are quite similar to the 

alkaline earths and have not previously been studied using electric 

deflection spectroscopy. 

The focusing data from the electric deflection experiments are 

presented in two different formats. The usual form is a table sum-

marizing the changes in beam intensity when a deflection voltage is 

applied to the quadrupole. electrostatic field. For our purposes, 

(I - I )(10
2

) 
I = ___ v __ ~~o ______ _ 

It 
(VI-1) 

I is the percentage of the molecules refocused (or defocused); I is the 
v 

beam intensity at voltage y for a given stopwire position; 1
0 

is the beam 

intensity at a null voltage for the same stopwire position; and It is the 

"straight-through" beam intensity used for normalization. The second 

format is a visual display which is obtained from the oscilloscope trace 

output of individual experiments. 
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It is extremely difficult to assess focusing data quantitatively. 

Many variables contribute to discrepancies between measurements (e.g., 

varying-source geometry, differing stopwire position, and nonreproducible 

deflection voltages and temperatures). An indication of the severity of 

this problem is the variation of as much as 50% in the normalized 

refocusing during successive experiments on a given mass fragment. Even 

less reproducibility occurs when experiments are not consecutive. Thus, 

we consider changes by more than a factor of~ significant, and not just 

due to systematic errors. However, we are most interested in the dis-

tinction between polar and non-polar molecules as evidenced by refocusing 

or defocusing. The trend that the geometries of these molecules follow 

within a given series of compounds is important as it relates to our 

polarizable ion model. 

We use different stopwire positions to ensure a proper focusing 

pattern. The positions which give the most characteristic patterns are 

the hole and the l/16th inch ball, so these are commonly used in our 

e:icperiments • · 

The mass fragmentation patterns arising from molecular beams are 

given where pertinent. If several of the observed mass fragments originate 

solely from one parent species, nearly identical focusing characteristics 

are expected. Moreover, since most of ·these fragmentation patterns have 

already been observed in vaporization studies on these molecules, 

reproducibility indicates a similar beam composition and thus assists in 

identi:f'ying the parent species.· 

Each set of experiments has been performed over a temperature 

range. The lower temperature is that at which the .minimum acceptable 
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beam intensity .is available. The.higher.temperature often reflects the 

temperature at which the electric field begins to break down due to gas 

discharge. Although the refocusing pattern depends on temperature 

(I ~ T2 •0 ) as well as voltage, generally no correction is made for 

operating temperature. Our chief concern is the general trend, not the 

absolute deflection percentages, which are quite difficult to obtain. 

B. Calibration Standards 

1. Lithium Bromide (LiBr) 

Lithium bromide has been used as the primary calibration standard 

because--1) it possesses a large permanent dipole moment97 and thus can 

be used to determine the ability of the quadrupole electric field to 

deflect and refocus a polar molecule, and 2) both a polar parent species 

(LiBr) and a non-polar parent species (planar Li 2Br2 ) are obtained from 

. 12 
the same beam of molecules. Consequently, the quadrupole electric 

field can be tested under a variety of operating conditions without 

varying other parameters. The LiBr molecule was studied after each 

experimental modification to ensure reproducible results. 

Reagent grade .lithium bromide was obtained from Mallinckrodt 

Chemical Works, Saint Louis, Missouri. LiBr is strongly deliquescent; 
J 

samples were maintained under vacuum at all times. Prior to each .experi-

rilent the .LiBr was heated slowly to 100°C in a vacuum oven and held at that 

temperature overnight. 

Over the mass _range 20 amu to 100 amu, the four observ~d primary 

+ + . + . + 
mass fragments are attributed to Li , Br , L1Br and Li 2Br The relative 

intensities of these fragments are 88:32:50:100. These ratios compare· 

quite favorably with those given by Buchler et a1.
12 

(henceforth called BSK). 

.• · 
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Thirty-two separate deflection experiments have been performed 

on LiBr over a temperature range of lll6°K to ll90°K. A typical spectrum 

+ 
of the LiBr fragment is shown in Fig. VI-1. Figure VI-2 gives the 

. + refocusing percentage of the L~Br fragment as a function of deflection 

voltage. These data agree quite well with t he expect ed tll eor~t i cal 

functionality (I ~ v1 • 5). As the electric deflection experiments by 

Wharton, et a1. 79 (henceforth called WBK) have shown, the monomeric LiBr 

molecule is highly polar and thus readily deflected and refocused. 

However, by extrapolating the curve in Fig. VI-2 and comparing the 

percentage refocused at a deflection voltage equivalent to that cited 

by BSK, we expect at least a 3-1/2 fold increase in refocusing with our 

system. We attribute this improvement to greater sensitivity as a result 

of our system geometry. 

Both the fragments Li+ and LiBr+ deflect and refocus even at low 

deflection voltages; both arise from the polar parent molecule LiBr. On 

. + 
the other hand, L~ 2Br shows no tendency t o refocus even at an applied 

voltage of 20 KV. Presumably the Li 2Br+ fragment originates from the 

planar dimer Li 2Br2 • All the above conclusions are in qualitative agree-

ment with the previous study of LiBr by BSK; thus the system is assumed 

to operate acceptably. 

2. Zinc Fluoride (ZnF2 ) and Cadmium Bromide (CdBr2 ) 

Originally, we chose the linear molecule zinc fluoride as a 

calibration standard. Using high sensitivity electric deflection 

spectroscopy, BSK studied ZnF 2 and reported no indication of refocusing. 

Lowenschuss et a1. 55 later confirmed the linearity of ZnF2 using 
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XBB 738-4776 

Fig. VI-1. Compound: LiBr 

Ionized Species: LiBr+ 

Deflection Voltage: 12.0 KV 

Stopwire: 1/8" ball 
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Fig . VI-2. Beam refocusing as a funct ion of deflection vol Lage f or Li Br . 
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matrix-isolation infrared absorption spectroscopy. However, using this 

same method to re-examine ZnF2 , Hastie et a1. 54 interpreted their data as 

indicative of a slightly bent gas phase configuration (2a = 160 - 170°). 

Because of the latter study, cadmium bromide (CdBr2 ) was then selected 

as a linear calibration standard in lieu of ZnF2 . CdBr2 is definitely 

58 linear in the gas phase. 

We obtained anhydrous zinc fluoride powder, of 99% l isted purity, 

from City Chemical Corporation, New York, New York, and bought anhydrous 

cadmium bromide crystals, of 99.9% listed purity, f rom Research Organic/ 

Inorganic Chemical Corporation of Sun Valley, California. Since both 

compounds are highly hygroscopic, they were maintained under vacuum 

continuously. Approximately twenty-four hours prior to loading each 

sample oven, the compound was heated to ~ l00°C. 

54 In the infrared study of Hastie et al., no polymeric species 

of ZnF
2 

were observed. Over the mass range of 30 amu to 420 amu, we 

+ + + 
find~ the fragments Zn , ZnF , and ZnF 2 , with relative intensities 

of < 1:100:15. The relative abundances of these fragments are in quali-

tative agreement with those of BSK. Similarly, no dimeric species are 

observed for CdBr
2 

up to 500 amu. 
+ + 

Only the fragments CdBr and CdBr2 

are observed (relative intensities 40:100). Hence, both ZnF2 and CdBr2 

are assumed to be monomeric within our experimental temperature range. 

The actual oven temperature could not be measured for either compound 

due to their high volatility. (The micro optical pyrometer has a low 

temperature limit of ~ l000°K.) 

The eighteen separate deflecti on experiments performed on ZnF2 

can be divided into two d istinct groups . The second of these was 
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necessitated by a major geometry change (replacement of the thoriated 

iridium filament). Voltages up to 18 KV give no indication of 

refocusing. Consequently, we conclude the F-Zn-F molecule is indeed 

linear in the gas state. 

Fourteen deflection experiments were conducted using CdBr
2

• No 

refocusing or defocusing is observed using deflecting voltages up to 

20 KV, for either the hole or any of the ball positions. Typical spectra 

+ for CdBr
2 

appear in Fig. VI-3. Thus, like ZnF2 , Br-Cd-Br has a linear 

geometry in the gas phaseo 

C. Alkaline Earth Dihalides 

1. Barium Dihalides (BaF2 and BaC12 ) 

Of all the alkaline earths, barium fluoride (BaF2 ) and barium 

chloride (BaCl2 ) are certainly two of the most highly bent molecules. Two 

12 79 previous electric deflection studies by Klemperer and co-wor kers ' 

have shown strongly refocused beams of both BaF 2 and BaC12 . We have 

reinvestigated these molecules, not in the hope of gleaning any new 

structural information, but as a further test of the sensitivity of our 

apparatus. 

Single crystal s of barium fluoride (optical quality) were purchased 

from Optovac, Inc., North Brookfield, Massachusetts. Barium chloride was 

obtained as anhydrous crystals (reagent grade) from Allied Chemical Corp., 

Morristown, New Jersey. Prior to each experiment, the BaC12 was heated 

slowly to~ 150°C in an oven, and maintained at this temperature overnight. 

The BaF
2 

crystals were broken into useable size chips and loaded directly 

into the source oven. 
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Compound: Cd.Br2 + 
Ionized Species: CdBr2 

Deflection Voltage: 18.0 KV 

Stopwire: Hole 

XBB 738-4766 
Compound: Cd.Br2 

+ 
Ionized Species: CdBr2 

Deflection Voltage: 18.0 KV 

Stopwire: 1/16" ball 
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' J 

Under Knudsen conditions, previous vaporization studies using 

mass spectrometry indicate that BaF
2 

is a monomer over the temperature 

range 1232°K to 1505°K.
98 •99 A simi lar situation has been postulated 

100 
for BaC1

2 
by Brewer et al. Over the mass range 15 amu to 450 amu we 

have observed no evidence of polymeric fragments for either BaF2 or 

+ + 
BaC1

2
• For BaF2 , the only observed fragments are Ba and BaF (their 

relative intensities are~ 40:100). These observat ions agree with the 

lt f . . t . t . 12 ' 9 8 s . . 1 1 resu s o prev1ous 1nves 1ga 1ons. 1m1 ar y, no parent fragment 

+ + + 
(BaC1

2 
) has been observed for BaC12 • The Ba and BaCl peaks also show 

relative intensities of approximately 40:100. 

Forty-two separate deflection experiments have been run on BaF
2 
+ 

over the temperature range 1564°K - 1624°K. Both ionized species (BaF and 

+ 
Ba ) show sizable deflection and refocusing. The maximum applied voltage 

without arcing is 10 KV. 
+ 

For the BaF species, a summary of the results 

appears in Table VI-1. 
+ 

A typical spectrum o f BaF is given in Fig. VI-4. 

+ The Ba fragment shows a similar, although weaker, pattern. Obviously, 

this molecule deflects and refocuses quite strongly, even using relatively 

weak electric fields . 

We have studied BaC1
2 

in thirty separate deflection experiments 

over the temperature range 1457°K to 1532°K. The maximum deflection 

voltage used to investigate this molecule's behavior is 8 .0 KV. As with 

+ + 
BaF

2
, the ionized species Ba and BaCl both exhibit sizable deflection 

+ 
and refocusing. A summary of the results for BaCl appears in Table VI-2. 

+ + 
A typical spectrum of BaCl is given in Fig. VI-4. The Ba fragment gives 

a nearly identical refocusing pattern. Hence, the BaC12 molecule is 
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Table VI-1. Focusing characteristics of BaF2 (BaF 
+ only) 

Temperature Stopwire Percent Deflection 
(OK) Position Refocused (%) Voltage (KV) 

1570 ± 10 hole 0.00 ± 0. 50 4.5 

1620 ± 10 l/8" ball l4 o75 ± 1.00 6.8 

1620 ± 10 l/16" ball 11.10 ± 1.00 6.8 

1570 ± 10 l/16" ball 8.29 ± 0.75 6.8 

1595 ± 10 hole o.oo ± 0. 50 2 . 5 

1620 ± 10 l/16" ball 22.00 ± 1.00 10.0 

1595 ± 10 l/8" ball 9.10 ± 0.50 4.4 

1570 ± 10 l/16" ball 4.50 ± 0.50 4.5 

1595 ± 10 thin rod 4.00 ± 0.50 4.0 

1620 ± 10 l/16" ball 5.50 ± 0.50 4.0 
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Fi g. VI-4. Compound: BaF2 
I onized Species : BaF+ 

Deflection Voltage: 6. 8 KV 

Stopwire: 1/16" ball 

XBB 7 38-4 767 

Compound: BaCl2 
Ionized Species : BaCl+ 

Deflection Voltage: 7.6 KV 

Stopwire: 1/16" ball 
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Table VI-2. Focusing characteristics of BaCl2 
+ (BaCl only) 

Temperature Stopwire Percent Deflection 
(OK) Position Refocused (%) Voltage ( KV) 

1480 ± 10 l/16" ball 24.oo ± 1.00 8 .0 

1460 ± 10 hole o.oo ± Oa50 2 .0 

1460 ± 10 l/16" ball 21.15 ± 1.00 7.0 

1460 ± 10 l/16" ball 7.32 ± 0.75 1.6 

1460 ± 10 l/8" ball 7.50 ± 0 .75 1. 6 

1480 ± 10 hole o.oo ± 0 .50 1.6 

1510 ± 10 l/16" ball 15.64 ± 1.00 4.5 

1510 ± 10 l/16" ball 14.02 ± 1.00 5.3 

1480 ± 10 l/16" b all 16.93 ± 1.00 4.0 

.,:-: : 
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strongly polar. A large increase in sensitivity is indicated when these 

results are compared with those of WBK. 

2. Strontium Dihalides (SrCl2 , SrBr2 , and Sri2 ) 

Previous experimental results12 , 79 for the strontium dihalide 

geometries are surprising. BSK claim strontium chloride (SrCl2 ) is bent, 

while strontium bromide (SrBr
2

) is linear. These conclusions have 

broad ramifications f or our polarizable ion model: To give the appropriate 

bending potential curves, the fitting parameter h must be chosen carefully. 

Therefore, the strontium dihalides, except the fluoride, have been 

studied to determine more definitively which are bent and which are indeed 

linear. 

We obtained anhydrous stront ium chloride crystals, anhydrous 

strontium bromide powder, and anhydrous strontium iodide powder (all of 

99% listed purity) from Research Organic/Inorganic Chemical Corp. of Sun 

Valley, California. All of these compounds are highly hygroscopic, and, 

in addition, Sri
2 

is uv photosensitive. Therefore, the samples were 

maintained under vacuum at all times. Twenty-four hours prior to each 

experiment the sample was heated slowly to ~ 200°C in a vacuum oven. 

Because of its photosensitivity, Sri2 presented special problems. 

During sample preparation and oven loading this compound was exposed 

to a certain amount of light. It is unknown to what degree decomposition 

occurred as a result. On heating, relatively rapid decomposition is 

+ observed with I
2 

gas as the major reaction product (I 2 is the primary 

fragment). Sri 2 is also seen ; originally, the beam was quite weak. To 

alleviate this problem, the source oven was modified. The modified ovens 
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are identical to those previously described in Chapter V, except for 

a single 0.125 inch long channel welded behind t he orifice. This type 

8 of directional oven is similar to those des igned by Lovas. Their purpose 

is to conserve source material while maintaining a steady beam intensity 

for several weeks. This type of oven has been used throughout subsequent 

experiments. 

Previous sublimation studies have shown the monomer to be the 

· · l · the strontl·um dl.hall.de soll·ds. 101 , 102 
prlnClpa vapor specles over Over 

the mass range 30 amu to 500 amu, no fragments of polymeric origin have 

been observed for any of these molecules. For SrCl
2 

and SrBr
2

, both 

+ + + SrX and SrX2 are observed. In both cases, the SrX ion is much more 

+ intense than the SrX2 ion. 

Twenty six separate deflection experiments have been performed 

on SrCl2 over a range of l48l°K - l738°K. Deflection voltages have 

ranged up to 7.2 KV. 
+ + Both observed ionized species (SrCl and SrCl

2 
) 

undergo deflection and refocusing. + . Typical spectra for SrCl are glven 

in Fig. VI-5. A summary of the results appears in Table VI- 3 . The 

small deflection for the "hole" position is beli eved due to arcing 

within the quadrupole and not to actual physical effects. The 

"shorting-out" problem was a persistent one, especially for t he strontium 

dihalide compounds. Nevertheless, the deflection and refocusing pa ttern 

indicates that SrC1
2 

is a bent molecule in the gas phase. This conclusion 

is in agreement with that of WBK, alth ough we f ound it necessary to work 

at considerably higher temperat ures t han th ey diJ. . 

Sixty-t wo separate deflection experiments have been performed 

on SrBr
2 

over a temperature range of 1222°K- l732°K and a voltage 
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Fig. VI-5. Compound: SrCl2 
Ionized Species: SrClT 

Deflection Voltage: 4.4 KV 

Stopwire: 1/16" ball 

Compound: SrC1
2 

Ionized Species: 

XBB 738-4768 

+ 
SrCl 

Defl ection Voltage : 7.2 KV 

Stopwire: Hole 
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Table VI-3. Focusing characteristics of SrCl ,; 
L 

Mass Temperature Stopwire Percent Defl ection 
Refocused Voltage 

Fragment (OK) Posit i on (%) (KV) 

SrCl + 
1565 ± 4.8 ± 10 hole -0.50 0. 50 

" 1610 ± 10 hole -1.09 ± 0.50 7.2 

" 1610 ± 10 thin rod 2o('5 ± 0.75 3.2 

" 1565 ± 10 1/16" ball 1.99 ± 0.75 4.4 

" 1565 ± 10 1/16" ball 2.38 ± Oo75 4.8 

" 1610 ± 10 1/8" ball 4.21 ± 0.75 4.4 

" 1565 ± 10 1/8" ball 2. 31 ± 0.75 4.8 

" 1565 ± 10 full rod 3.46 ± 0.75 3.6 

SrC12 
+ 1481 ± 10 hole -1.15 ± Oo50 6.6 

" 1738 ± 10 1/16" ball 2.03 ± 0.75 4.2 

" 1692 ± 10 1/16" ball 4.33 ± 0.75 4.9 

" 1692 ± 10 1/8" ball 1.36 ± 0.50 3.4 
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range of 0. to 20.2 KV. Many of the earlier data, which were taken at 

higher temperatures than later data, have been discarded because of 

the arcing problem and the resultant extraneous signals in t he spectra. 

+ Typical spectra of the SrBr ion are given in Figo VI-6. A summary of the 

results appears in Table VI-4. The validity o1' t h e small refocusing 

+ observed at 18 KV for the SrBr fragment is uncertain. No arcing was 

detected at this voltage. Because of the higher temperatures necessary 

to form a suitable intensity of SrBr2+, 6.5 KV was the maximum voltage 

attainable without arcing. A weak defocused signal was observed at the "hole" 

position for both fragments. 

Due to the difficulty in producing a beam of Sri2 of reasonable 

intensity, only six separate deflection experiments were performed (over 

a temperature range of 1213°K - 1313°K and an applied voltage range of Oo 

to 10.5 KV). The fragment I 2+ shows no refocusing or defocusing and hence 

implies a non-polar parent (presumably I 2 gas). + On the other hand, Sri 

shows no refocusing, but very slight defocusing at the "hole" position. 

Thus, Sri2 is presumably linear. 

3. Calcium Dihalides (caF2 and CaC12 ) 

Previous experiments indicate that calcium fluoride (caF2 ) is 

slightly bent, while calcium chloride (CaC12 ) is linear.
12 

We have 

examined these results with our increased sensitivity to determine if 

these two molecules do indeed have different gas phase structures. 

We purchased single crystals of calcium f luoride (optical grade) 

from Research Organic/Inorganic Corp., Sun Valley, California o Anhydrous 

calcium chloride (reagent grade) was obtained from Matheson, Coleman, and 
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Fig. VI-6. Compound: SrBr2 
+ 

Ionized Species: SrBr 

Deflection Voltage: 18.0 KV 

Stopwire: Hole 

XBB 738-4769 

Compound: SrBr2 
+ 

Ionized Species: SrBr 

Deflection Voltage: 15.0 KV 

Stopwire: l/16" ball 
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Table VI-4. Focusing characteristics of SrBr2 

Mass Temperature Stopwire 
Percent Deflection 

Fragment (OK) Position Refocused Voltage 
(%) (KV) 

+ 1470 SrBr ± 10 beam stop o.oo ± 0.25 4.2 

II 1249 ± 10 hole -3.81 ± 0.69 15.0 

II hole -5.68 ± L05 18.0 

II 1470 ± 10 1/1611 ball o.oo ± 0 .5 5 2.0 

II 1/16 11 ball 0 .00 ± 1.05 7. 5 

II 1222 ± 10 1/1611 ball o.oo ± 0.95 15.0 

II 1249 ± 10 1/1611 ball 0.41 ± o.6o 18.0 

+ 1618 SrBr2 
± 10 beam stop 0.00 ± 0.25 2.2 

II 1523 ± 10 hole -3.19 ± 0.85 4.2 

II 1723 ± 10 1/1611 ball o.oo ± 1.20 0.5 

11 1523 ± 10 1/1611 ball -1.30 ± 0.85 4.6 

11 1499 ± 10 1/1611 ball o.oo ± 1.05 6 .3 

11 1470 ± 10 full rod o.oo ± 1.05 5 . 2 

. . 
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Bell, East Rutherford, New Jersey. Both compounds were maintained under 

vacuum prior to use. Twenty-four hours before introduction into the 

oven, the sample was heated slowly to ~ ll0°C and held at that 

temperature in a vacuum oven. 

Previous mass spectroscopic studies under Knudsen conditions 

have shown that CaF
2 

vaporizes as a monomer over the temperature range 

of 1242°K- 1669°K.
103 

CaC1
2 

is also thought to be monomeric upon 

. t• 100 vapor1.za 1.on. Over the mass range of 25 amu to 340 amu no polymeric 

fragments have been observed. 
+ + + 

We do find the ions Ca , CaOH , CaF , and 

CaF
2

+ with approximate relative intensities of 40:<<1:50:100. + The CaOH 

fragment readily disappears on additional heating of the sample. For 

+ + CaC1
2

, only Ca and CaCl fragments are observed. Their relative 

intensities are 2:100. 
+ 

We could not detect any parent fragment (CaC1
2 

) 

+ 
even with a sensitivity of~ 0.02% of the intensity of the CaCl peak. 

A total of forty-two different deflecti on experiments have been 

performed on CaF
2 

over the temperature range of ll61°K- 1642°K. The 

maximum deflection voltage was 18oO KV. Both CaF+ and CaF
2

+ undergo 

deflection and refocusing. Several typical spectra appear in Fig. VI-7. 

A complete summary of the results appears in Table VI-5. CaF
2 

is a polar 

molecule since it is refocused for the "ball" position. 

On the other hand, CaC1
2 

has shown no refocusing or defocusing 

in any of eighteen separate deflection experiments performed over a 

temperature range of 1377°K - 1464°K. Because of arcing of the quadrupole 

and consequent extraneous signals, the maximum attainable voltage (without 

arcing) proved t o be~ 11 KV. We conclude that CaC1
2 

is a nonpolar 



,.; 
. I 
' . .) . ' .. ) 

-115-

Compound : CaF
2 

Ionized Species: CaF+ 

Deflection Voltage: 9,0 ~~ 

Stopwire : 1/16" ball 

XBB 738-4775 

Fig. VI-7. Compound: CaF2 
Ionized Species: CaF+ 

Deflection Voltage: 15.0 KV 

Stopwire: Hole 

Compound: CaF 
2 

Ionized Species: CaF+ 

Defl ection Voltage: 15.0 KV 

Stopwire : 1/16" ball 
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Table VI-5. Focusing characteristics of CaF
2 

Mass Temperature Stopwire Percent Deflection 

Fragment (OK) Position 
Refocused Voltage 

(%) (KV) 

+ 
1161 ± 10 thin CaF2 

rod 1.00 ± 1.00 9.2 

" 1161 ± 10 thin rod 2.23 ± 0.70 12.0 

" 1161 ± 10 thin rod 4.03 ± 0. 81 15.0 

" 1210 ± 10 l/16" ball 3.44 ± 0.62 12.0 

CaF+ 1585 ± 10 hole -4.80 ± 0.70 15.0 

II 1642 ± 10 hole - 2 .78 ± 1.20 18.0 

II 1585 ± 10 thin rod 2 .00 ± 0.95 9.2 

II 1446 ± 10 thin rod 2.95 ± 0.65 11.0 

II 1616 ± 10 thin rod 2.30 ± 0.65 12.0 

II 15 85 ± 10 thin rod 4.43 ± 0.26 15.0 

II 1558 ± 10 l/16 11 ball 0.94 ± 0.31 6.0 

II 1558 ± 10 l/1611 ball 1.48 ± 0.38 9 o0 

" 1446 ± 10 l/16" ball 3.50 ± 0 040 11.0 

" 1514 ± 10 l/16" ball 2.53 ± 0.35 12.0 

II 1616 ± 10 l/16" ball 3o85 ± 1.00 13 . 0 • 

II 1511 ± 10 1/16" ball 4.90 ± o. 6o l5 o0 

" 1476 ± 10 l/16" ball 10.00 ± 1.20 18.0 
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(hence linear) molecule. Both the CaF
2 

and CaCl
2 

data agree with the 

earlier work of WBK. 

4. Magnesium Dihalides (MgF2 and MgCl2 ) 

The gas phase geometry of magnes ium fluoride (MgF2 ) has been the 

subject of intense controversy for some time. Early electron diffraction 

( ) 29 30 experiments indicated that MgF2 has a linear symmetric C2v structure. ' 

Similarly, BSK observed no refocusing of MgF2 using electric deflection 

spectroscopy, and concluded that the molecule is nonpolar (linear) within 

th l . . t f t h . . t. . t 12 
e lilll s o elr sensl lVl y. Numerous infrared absorption studies 

have been performed on MgF
2 

with both inconclusive and contradictory 

lt 34,36 , 37, 49 , 72 Th. . · · 1· resu s. lS dlsagreement lS caused by an lnabi lty to 

detect and/or assign the v1 vibration unambiguously. Theoretical arguments 

are no more helpful. Molecular orbital calculations by semiempirical 

methods yield an energy minimum at a bending angle of rv 140°,104 ,l05 

which is not consistent with the linear structure predicted by ~initio 

methods using Slater or Gaussian orbitals. 106 , 107 Therefore, we felt 

that examining MgF2 using electric deflection spectroscopy with a very 

high sensitivity might resolve this geometry problem. 

Ab initi o calculations,
106

'
107 

electron diffraction studies, 29 • 30 

. 35 38 and infrared absorption experlments ' generally agree that MgCl2 is 

linear in the gas phase. However, at least one t heoretical study105 

suggests a bent geometry for this molecule, as well as for MgF
2

o Thus, 

we have also studied MgCl
2 

to det ermine if there i s any i ndicat i on of 

refocusing. 
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We purchased a single crystal of magnesium fluoride (optical grade) 

from Research Organic/Inorganic Corpo, Sun Valley, California. Since 

MgF2 is nonhygroscopic, samples can be pulverized and introduced directly 

into the source ovens. Reagent-grade magnesium chloride crystals 

(MgCl2 • 6H2o) were obtained from J. T. Baker Chemical Company, Phillipsburg, 

New Jersey. Twenty-four hours prior to introduction into the oven, the 

MgCl2 sample was heated slowly to ~ ll0°C and held at that temperature 

in a vacuum oven. Further dehydration occurred during outgassing within 

the spectrometer. 

Previous vaporization studies have shown that MgF2 exists primarily 

as a monomer (> 99%) over the temperature range 1536°K- 2130°K . 99,l08-lll 

We have covered the mass range from 20 amu to 200 amu. The only observed 

+ + + + fragments containing magnesium are Mg , MgF , MgF2 , and Mg2F
3 

; their 

relative intensities are 2:16:100:<1. This pattern agrees with previous 

data. Like MgF2' MgC1 2 exists primarily as a monomer (> 99%) over the 

temperature range 987oK- l413oK.llO-ll2 We have covered the mass range 

from 25 amu to 320 amu, 
+ and have observed only the fragment s Mg 

' 
+ + MgCl , and MgCl2 ; their relative intensities are~ 1:20:100 . 

Thirty-eight separate deflection experiments have been performed 

on MgF2 over a temperature range of ll34°K- l738°K . Deflection voltages 

have ranged up to 19.0 KV. 
+ Typical spectra for MgF2 are given in Fig. VI - 8. 

A summary of results appears in Table VI-6. The small deflections for the 

"rod" and "ball" positions at higher voltages have a magnitude that is 

less than the experimental uncertainty. Therefore, MgF2 is also a 

linear moleculeo 
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Compound: 
+ 

Ionized Species: MgF
2 

Deflection Voltage: 15.8 KV 

Stopwire: Hole 

XBB 738-4770 
Compound: 

+ 
Ionized Species: MgF

2 
Deflection Voltage: 19.0 KV 

Stopwire: 1/16" ball 
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Table VI -6. Focusing characteristics of MgF
2 

Mass Temperature St opwire 
Percent Defl ec t i on 

Fragment (OK) Position Refocused Voltage 
(%) (KV) 

+ 
1 577 ± 10 MgF

2 
beam stop o . oo ± 0. 25 10.0 

II 1577 ± 10 h o le - 0 . 89 ± 0.46 10 . 0 

II 1 673 ± 10 h ole -1. 26 ± 0. 27 15 . 8 

II 1145 ± 10 thin rod o . oo ± 1. 05 7. 0 

II 1178 ± 10 thin r od o . oo ± 0 . 50 10 . 0 

II 1228 ± 10 t hi n rod 0 . 52 ± 1. 00 18 . 0 

II 1 374 ± 10 1 / 16 11 ball o . oo ± o . 6o 10 . 0 

II 1178 ± 10 l/16" ball -0. 50 ± 0.60 14. 0 

" 1 335 ± 10 1/16 11 ball o .oo ± 0 .75 1 5 . 0 

II 1 607 ± 10 1/16 11 ball 0 . 25 ± 0. 65 16 . 0 

II 1 67 3 ± 10 1/16 11 ball 0 . 44 ± 0. 50 l7 . o 

II 1286 ± 10 l/16 11 ball 0 . 37 ± 1. 00 18 . 0 

II 1673 ± 10 1/16 11 ball 0.19 ± 0. 24 19 . 0 

II 1 228 ± 10 1/8 11 b all 0 . 23 ± 0. 80 15 . 0 

+ 
1 37 4 MgF ± 10 ho l e - 0 . 10 ± 0 . 80 8 . 0 

II 1286 ± 10 hole - 0 . 85 ± 0 . 50 15 . 0 

II 1 607 ± 10 1 / 16 11 b all 0 . 00 ± 0 . 40 8 . 0 
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Only six separate deflection experiments have been performed 

on MgC12 • At voltages up to 18oO KV, no refocusing or defocusing has been 

observed for any stopwire position. Once again, quadrupole arcing has 

been a persistent problem. Nevertheless, the spectra of MgC12 indicate 

that it is a linear molecule in the gas phase. 

D. Rare Earth Halides 

l. Lanthanum Fluoride ( LaF 
3

) 

We chose lanthanum fluoride (LaF
3

) to introduce ourselves to the 

behavior of the rare earth halides within the framework of electric 

deflection experiments. Recent investigators have reached conflicting 

conclusions as to the gas phase geometry of LaF
3

• Electron diffraction 

113 experiments have indicated that LaF3 has a planar symmetric (D
3
h) structure. 

Using electric deflection in conjunction with velocity selection, Story91 

observed no indication of a permanent dipole moment. Thus, he also 

deduced that LaF 
3 

has a planar or very nearly planar structure . Wesley 

and DeKock
114 

have examined the matrix-isolated infrared vibrational 

spectra of LaF
3 

and assigned it a n
3
h symmetry. Conflicting conclusions 

115 were drawn from a similar infrared study by Hauge et ~·; they assigned 

LaF
3 

a non-centrosymmetric structure. 

beam electric deflection spectroscopy, 

In a recent study using molecular 

Kaiser et al. 
116 

obtained substantial --
refocusing indicative of polar distortions. An unambiguous assignment 

of the gas phase geometry of LaF
3 

is also necessary for any future 

trihalide polarizable ion model. 

We purchased anhydrous lanthanum trifluoride powder, of 99.9% 

listed purity, from K & K Products, Inc., Plainview, New York. Unlike 
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most of the alkaline earth dihalides, LaF
3 

is not noticeably hygroscopic. 

Nevertheless, the LaF
3 

was heated slowly to~ l50°C in a vacuum oven. The 

sample was maintained at this temperature at least twenty-four hours prior 

to loading an oven. 

Previous mass spectroscopic studies under Knudsen conditions have 

shown that LaF
3 

solid vaporizes primarily as monomer over the temperature 

range l200°K- l500°K.
117

'
118 

Recently, however, Skinner and co-workers119 ,
120 

have observed dimeric La2F6(g) over the temperature range l220°K- l780°K. 

We have covered the mass range from 20 amu to 420 amu and have found no 

+ evidence of dimeric fragments (e.g. La2F
5 

The only fragments 

. + + + observed which contaln lanthanum are La , LaF. , and LaF
2 The relative 

intensities of these fragments are 20:34:100. This fragmentation concurs 

with the general trend observed for rare earth trifluorides by Kaiser 

t l 
116 

e a • This pattern, combined with the reduction studies quoted by 

the same authors, implies a monomeric LaF
3 

parent moleculeo However, E£ 

+ parent LaF
3 

fragment could be detected even with a sensitivity of~ 0.03% 

+ of the intensity of the La iono 

Eighteen separate deflection experiments have been performed on 

LaF
3 

over a temperature range of l434°K - l5ll°K. A summary of the 

results appears in Table VI-7. To within the above accuracy, these 

116 + 
results agree quite well with those of Kaiser et ~· The LaF and 

+ LaF2 fragments show very similar refocusing behavior, indicating that 

they indeed arise from the same parent species (LaF
3

). Figure VI-9 shows 

typical spectra of LaF
3

• 

From the refocusing data of LaF
3

, we conclude that LaF
3 

indeed 

exhibits polar distortions. This implied net dipole moment, however, 
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Table VI-7. 

Mass Temperature 
Fragment (OK) 

+ 1480 LaF ± 10 

" 1500 ± 10 

" 1455 ± 10 

LaF
2 
+ 1500 ± 10 

" 1455 ± 10 

" 1455 ± 10 

" 1455 ± 10 

" 1455 ± 10 

" 1480 ± 10 

" 1455 ± 10 

" 1500 ± 10 

" 145 5 ± 10 

···' 
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I 
,,J 

Focusing characteristics of LaF
3 

Stopwire Percent 

Position 
Refocused 

(%) 

hole - 5.45 ± 0.72 

l / 16" ball 0 .90 ± 0. 29 

l/16" ball o.oo ± 0. 50 

hole - 2 . 60 ± 0.44 

thin rod 1.95 ± 0.96 

l / 16" ball o.oo ± 0.50 

l/16" ball o.oo ± 0. 50 

l/16" ball 1.02 ± 0.80 

l / 16" ball 1. 07 ± 0. 26 

l/16" ball 1.34 ± 0. 50 

l/16" ball 1.00 ± 0.70 

l/16" ball 2 . 35 ± 0 . 53 

Deflection 
Voltage 

(KV) 

16.0 

16 . 0 

8 .0 

16 . 0 

18.0 

5 . 0 

8 . 0 

10.0 

13.0 

14. 0 

16 . 0 

18 . 0 
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Compound: 
+ 

Ionized Species: LaF2 
Deflection Voltage: 16.0 KV 

Stopwire: Hole 

XBB 7 38-4771 

Compound : LaF
3 

Ioniz ed Species: 

Deflection Voltage: 10 . 0 KV 

Stopwi re: l/16" ball 
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is relatively small since refocusing occurs to only a slight degree. 

These conclusions agree with those of Kaiser et a1. 116 and are consistent 

with the 117° F-La-F angle postulated by Hauge~ al.ll5 

2. Europium Dihalides (EuC12 , EuBr2 , Eui2 ) 

The bonding of the rare-earth dihalides should be very similar to 

that of the alkaline earth dihalides. This should be especially true 

Eu
++ 5I for the europium dihalides, since the ionic radius of is 1.12 R 

while that of Sr++ is 1.13 A (see Chapter II). Thus it is of interest 

to see if the geometries of the europium dihalides are analogous to 

those of the strontium dihalides. 

Previous studies on europium fluoride (EuF2 ) using electric 

116 . 4o 63 deflection and matrix isolation infrared spectroscopy ' indicate 

a strongly bent gas phase geometry (similar to that of SrF2 ) . During 

the course of our experiments, two geometry investigations were reported 

on europium chloride (EuC1
2

) employing the matrix isolation technique. 40 •63 

However, the vibrational frequency assignments (especially v
1 

and v 2 ) in 

these studies are ambiguous because of matrix effects of unknown magnitude. 

No structural or vibrational information was available for either europium 

bromide (EuBr2 ) or europium iodide (Eui 2 ) prior to this studyo 

We purchased anhydrous europium trichloride (EuC1
3

), of 99.9% 

listed purity, from Research Organic/Inorganic Chemical Corp., Sun Valley, 

California. We obtained anhydrous europium tribromide (EuBr
3

) and 

europium triiodide (Eui
3

), each of 99.95% listed purity, from Bram 

Metallurgical, Philadelphia, Pennsylvania. The europium dihalides are 

prepared using thermal decomposition of these anhydrous trihalides. 
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(VI- 2) 

Ease of reduction at el evated temperatures increases in the series 

Cl-- Br-- I-. 121 , 122 This reduction is accomplished in s itu during 

each experiment. The evolution of halogen gas is readily monitored 

+ with the mass fragment x2 • 

To confirm the spectra obtained using the reduction of the 

trihalide, we purchased europium chloride (EuC12 ), of 99.9% listed 

purity, from Electronic Space Products, Los Angeles, California . 'rhe 

two sets of fragmentation patterns are identical to within experimental 

accuracyo Moreover, in each case , the residue remaining in the ovens 

aft er experimentation has the white color characteristic of EuC1
2

. No 

significant difference in deflection patterns is observed between Euc12 

and the EuC1
3

/EuC12 system. Therefore, the reduction method was deemed 

suitable for preparation of the other europium dihalides. 

All of the europium dihalides are known to vapor i ze congruently 

0 123-126 accordlng to 

The temperature ranges of these mass spectroscopic studies are 

bromide, and iodide, respectively. 

Other than chloride fragments (Cl+ > Cl
2

+ > Cl
3

+ > Cl4+), only 

t 
0 + + + 

he lons Eu , EuCl , and EuC12 are obs erved over the mass range 20 amu 

to 450 amu for EuC1
3

/EuC12 or pure EuC12 • This fragmentation pattern is 
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similar to that seen by Hastie et al. 123 and Hariharan and Eick.
124 

The 

relative intensities we observed are 100:100:45. No evidence of 

polymeric species or of the "parent" EuC1
3 

molecule is observed even 

+ with a sensitivity of~ OoOl% of the EuCl intensity. 

Thirty separate deflection experiments have been performed on 

Euc12 and EuC1
3

/EuC12 over a temperature range 1231°K- 1612°K. 

Deflection voltages have ranged up to 18.0 KV. All three i onized species 

+ + + 
(Eu , EuCl , and EuC12 ) undergo deflection and refocusing. Typical 

+ EuCl spectra are given in Fig. VI-10. A summary of results appears 

in Table VI-8. Not only does the focusing pattern of EuC12 confirm the 

nonlinearity of the molecule in the gas phase, but also the pattern is 

very similar to that exhibited by SrC12 (see Table VI-3). 

For the EuBr
3

/EuBr2 system, the only fragments observed which 

. + + + 
contain europlum are Eu , EuBr , and EuBr2 • The relative intensities 

of these fragments are 47:100:12; this fragmentation pattern agrees very 

well with that found by Haschke and Eick. 125 No evidence of polymeric 

species or of the "parent" EuBr
3 

molecule is observed . Thi s follows th e 

pattern established for other rare earth di- and trihalides. 

Twenty-two separate deflection experiments have been performed 

on EuBr
3

/EuBr2 over a temperature range of 1330°K - 1505°K. Deflection 

voltages have ranged up to 18.0 KV. 
+ . . Typical EuBr spectra are glven ln 

Fig. VI-11. A summary of the results appears in .Table VI-9. The 

focusing characteristics of EuBr2 are very similar to those of SrBr2 

under similar conditions. Once again strong defocusing is observed for 

the "hole" position. Refocusing at the "ball" position is at best 

uncertain. 
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Fig. VI-10. Compound: EuC1
3

/ EuC12 

Compound: 

+ Ionized Species: EuC1
2 

Deflection Voltage: 12.0 KV 

Stopwire: Hol e 

XBB 738-4772 

+ 
Ionized Species: EuC12 
Deflection Voltage: 11.0 KV 

Stopwire: 1/16" ball 

·-. 
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Table VI-8. Focusing characteristics of EuCl
2 (EuCl 

+ 
. only) 

Temperature Stopwire 
Percent Deflection 

(OK) Position 
Refocused Voltage 

(%) (KV) 

1268 ± 10 hole o.oo ± 1.00 8.0 

1470 ± 10 hole -4.00 ± 0.65 12.0 

1525 ± 10 hole -4.51 ± 0.90 15.0 

1268 ± 10 l/16" ball o.oo ± 0.50 5.0 

1388 ± 10 l/16" ball 2 .11 ± 0.75 10.0 

1609 ± 10 l/16" ball 1.36 ± 0.65 11.0 

1428 ± 10 l/16" ball 2.25 ± 0.65 12.0 

1231 ± 10 l/16" ball 3o92 ± 0.80 13.0 

1609 ± 10 l/16" ball 3 . 88 ± 0.60 14.0 

1388 ± 10 l/16" ball 5.89 ± 0.65 l5o0 

1349 ± 10 l/16" ball 6.69 ± 0.75 16.0 

1470 ± 10 l/16" ball 5.64 ± 0.75 17.0 

1268 ± 10 l/16" ball 4.28 ± Oo95 18.0 
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Fig. VI-11. Compound: EuBr
3

/EuBr2 
Ionized Species: EuBr+ 

Deflection Voltage: 18.0 KV 

Stopwire: Hole 

XBB 738-4773 

Compound: EuBr
3

/EuBr2 
+ 

Ionized Species: EuBr 2 
Deflection Voltage: 14.0 KV 

Stopwire: 1/16" ball 



Mass 
Fragment 

+ EuBr2 
II 

II 

EuBr + 

II 

II 

II 

II 

II 

II 

II 

.. 
t..,l 

Table VI-9. 

Temperature 
(OK) 

1497 ± 10 

1497 ± 10 

1497 ± 10 

1431 ± 10 

1353 ± 10 

1418 ± 10 

1418 ± 10 

1397 ± 10 

1397 ± 10 

1431 ± 10 

1418 ± 10 

j . ./ 
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Focusing characteristics of EuBr2 

Stopwire Percent Deflection 

Position Refocused Voltage 
(%) (KV) 

hole - 2 .86 ± 0.79 10.0 

1/1611 ball 0 .02 ± 0. 37 12 .0 

1/1611 ball 0.27 ± 0.75 14.0 

hole -1. 35 ± 0. 57 10.0 

hole - 3.67 ± 0.67 15.0 

hole - 5 .14 ± 0.48 18.0 

1/1611 ball o.oo ± 0.18 9.0 

1/1611 ball 0.31 ± 0.51 12.0 

1/1611 ball 0.33 ± 0.65 15.0 

1/1611 ball 0. 34 ± 0. 32 16.5 

1/1611 ball 0.71 ± 0.38 18.0 
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For the Eui
3
/Eui

2 
system, the mass spectrometric analysis of the 

+ + + + 
effusate indicates I , Eu , Eui , Eui

2 
in the respective ratios of 

20:49:100:39. This fragmentation pattern concurs with that observed 

d · · · t· t d. 126 It 1 ·th th 1 urlng prevlous vaporlza lOn s u leso a so agrees Wl e genera 

pattern we observed throughout the europium dihalide series: 
+ + + EuX > Eu > EuX

2 
+ 

No attempt was made to observe Eur
3 

since it occurs outside our mass range. 

However, Hariharan and Eick
126 

found no gaseous Eui
3 

present in their 

investigationso A similar conclusion is indicated from our other EuX
3

/EuX
2 

system studies. The residue retrieved from our source ovens after experi-

mentation has a greenish color, characteristic of Eui2 solid. 

Eighteen separate deflection experiments have been performed on 

Eui
3

/Eui
2 

over a temperature range of 1088°K - 1260°K, Deflection 

voltages have ranged up to 18.0 KV. Typical Eui 2 spectra are given in 

Fig. VI-12. A summary of the results appears in Table VI-10 . Like Sri
2

, 

Eui
2 

shows no refocusing of magnitude greater than the background. Thus, 

we conclude Eui
2 

is linear in the gas phase. The strong defocusing pattern 

observed at the hole position is similar to observations for the other 

europium dihalides. 

E. Summary 

Using the "hole" position at high voltages (generally> 10.0 KV), 

we observe large defocused signals for the alkaline earth dihalides with 

weak bending potentialso The defocusing is assumed to result from 

polarization of the bending moment. This polarization is possible because 

of the combination of large bond moments and flat bending potentials in 

these alkaline earth dihalide molecules. Presumably, highly bent compounds 
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Fig. VI-12. Compound: Eui
3

/Eui 2 
+ Ionized Species: Eui

2 
Deflection Voltage: 18. 0 KV 

Stopwire: Hole 

XBB 7 3 8 -4774 

Compound: Eui
3

/Eui
2 

+ Ionized Species: Eui
2 

Deflection Voltage: 18.0 KV 

Stopwire: 1/16" ball 
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Table VI-10. Focusing characteristics of Eui2 

Mass Temperature Stopwire Percent Deflection 

Fragment (OK) Position Refocused Voltage 
(%) (KV) 

+ 1101 Eui ± 10 hole -5.67 ± 0.58 15.0 

" 1190 ± 10 l/16" ball o.oo ± 0.50 5.0 . : 

" 1217 ± 10 l/16" ball o.oo ± 0. 50 10.0 

" 1190 ± 10 l/16" ball o. 36 ± Oo53 12.0 

" 1217 ± 10 l/16" ball 0.30 ± 0.36 15.0 

" 1190 ± 10 l/16" ball 0.45 ± 0.40 18.0 

Eui 2 
+ 1101 ± 10 hole -3.39 ± o.4o 15.0 

" 1217 ± 10 hole -4.75 ± 0.45 18.0 

" 1245 ± 10 l/16" ball Ool4 ± o. 49 8.0 

" 1101 ± 10 l/16" ball o.oo ± 0 0 50 12.0 

" 1101 ± 10 1/16" ball 0.48 ± 0.96 15.0 

" 1245 ± 10 l/16" ball 0.25 ± 0.46 18.0 
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such as BaF2 and BaC12 would also exhibit this effect if they were studied 

at higher voltages. On the other hand, CdBr2 was studied at voltages up 

to 20.0 KV and ~ defocusing was observed! CdBr2 has a much steeper bending 

potential (see Appendix A-2); consequently, bending moment polarization is 

much less likely. Thus, the defocusing or lack thereof gives no impli-

cation as to the existence 0f an intrinsic dipole moment. 

On the other hand, refocus-ing of molecules at the ''ball" and "rod" 

positions indicates the existence of a permanent dipole moment, and, 

consequently, a bent equilibrium configuration for the symmetric "metal 

dihalides. We observe this refocusing for the following compounds: BaF2 , 

BaC12 , SrC12 , CaF2 , and EuC12 • Similarly, since LaF3 shows refocusing, 

it has a permanent dipole moment and thus a pyramidal (as opposed to 

planar) equilibrium geometry. Conversely, the absence of any refocused 

beam is indicative of no detectable net dipole moment (a linear equilibrium 

geometry for MX2 compounds). Our results show that SrBr2 , Sri2 , CaC12 , 

MgF2 , MgC12 , ZnF2 , CdBr2 , EuBr2 , and Eui 2 are linear compounds by this 

criterion. A sun:unary of the geometries deduced and implied by this work 

for the alkaline earth dihalides and the europium dihalides appears in 

Table VI-11. 
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Table VI-11. Geometry of the alkaline earth and europium dihalides 

BeF2 BeCl2 BeBr2 Bei2 

-MgF2 MgCl2 MgBr2 Mgi2 • ! 

I 

~ 
CaF2 CaCl2 CaBr2 Cai2 ., 

•I 

~ /"--.... 
SrF2 SrCl2 SrBr2 Sri2 

~ ~ /"--.... ~ 
BaF2 BaCl2 BaBr2 Bai2 

~ ~ 
EuF2 EuCl2 EuBr2 Eui2 

/"-.. , = bent equilibrium geometry 

= linear equilibrium geometry 
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VII. CONCLUSIONS 

Despite significantly increased sensitivity, our reinvestigation 

of the alkaline earth dihalides revealed no disagreement with prior 

12 79 electric defrection studies .conducted by Klemperer and co-workers. ' . 

Even greater precision was hampered by persistent electrical discharges 

at high deflection voltages. Consideration of electrical insulation 

should be of prime importance in the design of future electric deflection 

systems. However, our work suggests that voltages in excess of 20.0 KV 

may be of dubious value. 

Contradictions remain between our experimental conclusions and 

those from matrix-isolation infrared spectroscopic studies. For example, 

we believe that the isolated molecule MgF2 is indeed linear, but that it 

has a very small deformation barrier to external perturbations such as 

the matrix itself. Recently, this conclusion has been supported by the 

calculations of Astier et a1. 127 Similar conflicts with electric deflection 

results may arise if the matrix method is applied to other anharmonic 

linear molecules, such as CaC1
2

, SrBr2 , and Eu.Br
2

. Otherwise, our 

experimentally determined geometries agree with those available from other 

techniques. 

The previously unreported gas pqase geometries of Eu.Br2 and Eui
2 

are shown to be linear. These results_parallel those for SrBr
2 

and 

Sri
2

, as expected. Our results agree with previously reported data that 

EuC12 is a bent compound (like SrC12 ) in the gas phase. TI1e experimental 

behavior of the strontium and europium analogs is remarkably similar. It 

would be of interest to determine if the remaining rare earth dihalides 

resemble their alkaline earth dihalide counterparts. 
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The above metal dihalide geometries (see Table VI-12) agree with 

those predicted by our polarizable ion model (see Tables VI-2 and VI-6). 

The bond angles and bending frequencies calculated from this model compare 

quite favorably with available high temperature infrared spectroscopic 

data. The agreement between our predictions and matrix-isolation infrared 

spectroscopic data is not nearly as good. We believe matrix effects may 

account for these discrepancies. The linear polarizable ion model provides 

further molecular parameter predictions for the alkaline ea.rth dihalides. 

The agreement with experimental internuclear bond lengths is excellent. 

The predicted stretching frequencies and force constants give reasonable 

agreement with "known" experimental values. 

Certainly both polarizable ion models predict the proper trends 

throughout a series of compounds within the metal diht=ilides; These 

predicted values for molecular parameters should give a good starting 

point for further calculations and experimental investigations. We 

conclude that the "ionic model" concept provides a reasonable representation 

of the interactions within metal dihalide molecules such as the alkaline 

earth, Group II-b, transition metal and europium dihalides. 

Although the algebraic complexity increases markedly upon adding 

more atoms, the polarizable ion model can be applied to metal trihalides. 

Currently, we are investigating the feasibility of such a model for 

predicting the properties of the lanthanum, yttrium and scandium trihalides. 

Since little experimental data is available for these compounds, elect:ric 

deflection experiments on the trifluorides and trichlorides of these metals 

are contemplated. 

'· 
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APPENDIX A-1 

a. Program **IMH¢1 

(The **digits are replaced by F1 for the fluorides, C1 for the chlorides, 

BR for the bromides, or I¢ for the iodides.) 

Purpose: 

The program **IMH¢1 is designed to calculate, by use of our polarizable 

ion model (Chapter II), the total bending potential energy of the metal 

dihalides, along with various contributory repulsive and attractive 

portions, as a function of bending angle. 

Input Data: 

The data cards that are used to describe the polarizable ion model input 

data are the following: 

Card 1 (Format F8.2, F8.5, F8.2) 

RPLS = ionic radius of metal (r+) in Angstroms (A). 

AQDP = dipole polarizability of metal ion (~) in Angstroms cubed (A3). 

D =metal-halide equilibrium internuclear distance(!) in Angstroms (A). 

Card 2 (Format FB.o, F8.3) 

ARP1 = halide~halide repulsive pre-exponential (~) in electron volts-

Angstroms (ev-A) or electron volts (ev). 

EXRP =halide-halide repulsive decay constant (Q) in Angstroms (A). 

Card 3 (Format 3Al0, 2Fl0.5, Fl0.6, F5.0, F7.4) 

CNl, CN2, CN3 

= metal dihalide compound name (maximum of thirty letters and blanks). 

AD1 = lower limit of bending angle (~) in degrees ( 0
) , generally 0° or 

linear configuration. 
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ADG = upper .limit of bending angle (~) in degrees ( 0 ) , generally 50° 

{i.e. , a bent configuration with X-M-X angle (2a) of 80°) . 

C = deformation constant (~). 

Q = d-shell filling parameter (~). 

H = proportionality constant (_h). 

Library Subroutines: 

None. 

Out12ut: 

Page 1 (Format 3Al0, 2Fl0.5, F5.0) 

CNl, CN2, CN3 

= metal dihalide compound name supplied on data card 3. 

ADL = lower limit of bending angle supplied on data card 3. 

ADG = upper limit of bending angle supplied on data card 3. 

Q = d-shell filling parameter supplied on data card 3. 

Page 2 (Format 2El5.5, 4El5.4, Fl2.4; Format 2Fl0.2, Fl0.5, Fl0.6, Fl0.4, 

Fl0.6, FlO.O~ Fl0.3) 

VTOT =total bending potential energy (V) in electron volts (eV). 

VRPL =repulsive-potential energy (<Pr) in electron volts (eV); 

V =electrostatic potential energy (<Pei) in electron volts (eV). 

CGCG =charge-charge interaction energy in electron volts (eV). 

CGDP = charge-positive dipole interaction energy in electron volts (eV). 

CGQP = charge-positive quadrupole interaction energy in electron volts (eV). 

DEGR = bending angle (~) in degrees ( 0 ). 

(All the above quanti ties are printed for each _bending angle (_~) between 

ADL and ADG in increments of two degrees.) 

·.I 
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RPI.S = ionic radius of metal supplied on data card 1. 

D = metal-halide equilibrium internuclear distance supplied on data 

card 1. 

AQDP = dipole polarizability of metal ion supplied on data card 1. 

AQQP = spherical conductor quadrupole polarizability of metal ion (~) 

in Angstroms to the fifth power (A5). 

H = proportionality constant supplied on data card 3. 

C = deformation constant supplied on data card 3. 

ARPL = halide-halide repulsive pre-exponential supplied on data card 2. 

EXRP = halide-halide repulsive decay constant supplied on data card 2. 

Page 3 (Format 4E20.5) 

Y(J) =total bending potential energy (V) in ergs. 

X(J) = displacement coordinate ( re) in centimeters (em). 

Yl(J) = Y(J) in relative ergs. 

X2(J) = [X(J)]
2 

in centimeters squared (cm
2

). 

(All the above quantities are printed for each bending angle (e) between 

ADL and ADG in increments of two degrees.) 

Options: 

PUNCH --- Program punches one card associated with each set of values 

printed on page 3 of the output. 

Rows 1-10; Yl(J) in Format El0.3. 

Rows 11-20; X2(J) in Format FlO.B. 

These cards, in turn, are used as input data for the program LSQVMT 

(See Appendix A-le). 
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pqr)G~/1."'1 FLI'1H·1L ( l~PUTt 111JfPUT,DU\j(H) 
DP.1ENSION X!lOJ), Y!lOQ), Yl!l0'))• X2!1001 
READ lt RPLSt .li.QDP. D 
FOR~AT !FS.z, F8o5t Fdo21 
R[An 4lo ARPLt FXRP 

41 FOR~AT !FA.0.; F8.'l) 
REAn 31~t C~l• C~2. CN3• ADLt ADGt (, Q, H 

3'/0 FOR~1AT !3Al'l, 2Fl0.5t Fl'lo6, F5.!lt F7.41 
DEGR-=A0L 
PRINT 401 

4r)l rOI~ MAT ( lf-il , r; 4H CO,POUND NAME M 1 N 1 f"\U·'-1 AI~ GL E 'lAX I '·1U·\1 A.\jGL E 

1 Q 1/111/) 
PRPH 402, CNlt .era, CN3t 1\DL. ADCi, i) 

4')2 FOR'·1AT (1Al0t 2F10.5, F">.JI 
.AOQP=rJ* (( A'Jf)P~r<-Oo ~'l'l'l )<~*">•()) 
CGSO=I2~.04)11.6J209 

PRINT A 
8.FOR~AT !1Hltl02H TOTAL POft:NTIAL REPUL:)!VE POT. AITI~4CTIVE DOT. CH 

1 AI~GF-C'iii.RGE CHAf~(ji~-D I f'I)LF CHAI<GE-<)IJ1.DF<UPCJLF ANG.LF II I I I 
I= 1 

31 TH=~EGR/57.?95/79~ 
X ( I 1 = ( D lf 1) t: GR * 0. 0 1 74 5->, 2 9 3 * 1. 0 E- 0 8 I 
X?(!)=(X(ll**:::>ol 
ANGT=SIN!THI**2 
AN G F = :!1. N G T * * .2. 
A1\Fi <;.:A NG T * -"'NG F 
f3=(CGSQI(-DI I 
C G CG = i3 * ( 4 • +.4 • -rf C * At~ G T - 1 • I ( 2 • * C 0 S ( T H I I - ( C *A'~ r~ f ) I ( 2 • .>< C 0 S ( f H ) I I 

CGDP=B*(AQDPID**31*(2o*A~GT+8o*CfrANGFI 
CGQP=A•!A)0P/D**51*!2o+!12o*C-6oi*I\NGT+(6.-36.*CI*ANGF+36.*C*ANGSI 
V=C~CG+(Gno~rG'JP 

DPRM=D*(l-C*~NGTI 
R=2~·1)PRIH(()C,( TH) 
VRPL-=(ARPL/(R**211*1EXP!-(R)/~XRPI I 
VTDT=V+Vr~PL 
Y ( I ) = ( V T 0 T if 1 • 6 ,) ? 0 9 F.- 121 
IF ~~~G~I 102•101tl02 

103 YO=VT0T 
1 l2 CONT!"JIJF 

Yl I I I =VTOT-YO 
I= I +1 
PRTNT 61• VTOT, VRPL, Vt CGCGt CGDP, CG()P, DEGr< 

61 FOR~AT (2E15.5, 4F.l5.4t Fl2.41 
DEGR=');::GR+2. 1000 
IF (f)fCGR-".CJGl 31• 31• 11 

11 CONT!Nt!F 
PRINT ::>8 

28 FOR1-1AT (21(!)85H IONIC r~Ai)JJ. RI\')IIJS DIPOLE f--'UL. ·JUAO:~v 0 <JLE DOL. H 
l · I( RF:DIILSIV~=' ,{).. R~='P'JLS!Vf= I~H:JI/111/l 

PR I NT 1 8 , H P L ·; , D , A ,JO P , A •J UP , H • ( , A I~? L , F X I< P 
18 FOR"-1AT (fl0o2t F10.2t "'l'J•')• Fl::1o6t Fl0o4t Fli1.6o FlO.O, F1r1o'll 

PRINT l'l 
l'l FOR~AT !1Hlt~lH POTF:NT!AL !ERG~) D!Sf--'LACFC~ENT !C~.l POTENTIAL 

1 RELo EVS) I)J SPU1CE1-1ENT S()'i1.Rr:n; I I I! I I 
no 2 'l .J = 1 •. 2 A • 1 
PRINT '33t Y(J), X(J), Yl(.J), X2(J) 

B FOR"lAT !4E20.51 
X?(JJ=X?!JI*lo0~"+16 

PU~r:H 111, Yl(JJ, X2(J) 
l!ll FOR'IAT (F:lO.'lt Fl0.13) 

.7'1 CONT!NIJE 
<;T()P 

I': NO 
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RPIB = ionic radius of metal supplied on data card 1., 

D = metal-halide equilibrium internuclear distance supplied on data 

card 1. 

AQDP = dipole polarizability of metal ion supplied ort data card 1. 

AQQP = spherical conductor quadrupole polarizability of metal ion (~) 

in Angstroms to the fifth power (A5). 

H = proportionality constant supplied on data. card 3. 

C = deformation constant supplied on data card 3. 

ARPL =halide-halide repulsive pre-exponential supplied on data card 2. 

EXRP =halide-halide repulsive decay constant supplied on data card 2. 

Page 3 (Format 4E20.5) 

Y(J) = total bending potential energy (V) in ergs. 

X( J) = displacement coordinate ( r8) in centimeters (em). 

Yl(J) = Y(J) in relative ergs.· 

X2(J) = [X(J)]
2 

in centimeters squared (cm2 ). 

(All the above quantities are printed for each benqing angle (e) between 

ADL and ADG in increments of two . degrees. ) 

Options: 

PUNCH --- Program punches one card associated with each set of values 

printed on page 3 of the output. 

Rows 1~10; Yl(J) in Format El0.3. 

Rows 11-20; X2(J) in Format Fl0.8. 

These cards, in turn, are used as input data for the program LSQVMT 

(See Appendix A-le). 
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?~r)r,ql\fv\ FL I \~H')I_ ( I ·\JPU r. 'll J r f'lJT. Dl)\J(H) 

DP•1ENSION X(J0)), Y(l0Q), Yl(l'JI)), X2(100l 

REAIJ 1t RPLS~ AQDP. 0 
FOR~AT (F8.2t F8.5• Fd,2l 
REAn 41• ARPLt ~XRP 

If] Ff)Rtv1AT (Ffl.Ot F8.'3) 
REAIJ 3'Vlt C"Jlt C"J2t CN3t ADLt Ar)Gt Ct C), Y 

31JO FOR~1AT (3Al·.>. 21-'10.5, F1'1o6t F5~0, F7.4l 
DEGR=AIJL 
PRINT 401 

4<ll FOI~MAT ( lfil•~>4H CU:V1POUND NAME r--11Niiv1Utv1 ANGLE :JAXI'·,1U'•.1 A\l()i_[ 

1 Q 1/11//) 
PRINT 402, CNl~ CN2• CN3, ADL, ADGt 0 

402 FORMAT (3A1Dt 2Fl0.5, F5,Jl . . 
AQQP:C)li (( A"Jf)fH'ic(), '1111 l ~*'i•f)) 

CGSQ=(2~.04l/J.6J209 

PRI"!T fl 
8 FOR"1AT !1Hl,10.2H TOTAL POTENTIAL REP')L~,IVF POT. IHTI~~CTIVE DOT. CH 

1 ARCiF-CYARGF. CHAf-(GI>O I POLF CHAI<CiE -iJU.\Di~IJP:JLF AWiLF." /Ill l 

I= 1 
31 TH=~EGR/57,?~)!7~~ 

X ( I l = ( D * 'J t: G R * 0 • 0 1 7 4 5 "\2 9 3 * 1 • 0 E- 0 8 l 
X? ( I ) = (X ( I ) H·?.) 

ANC.T=SII\J(TH)ll-*2 
1\NGF=.II.NG T * * .2 
A"J''iC.=ANGT*AI\IfiF 
f3=!CGSQ/(-Dl l 
C G CG = i3 * { 4 • +4 • * C *AI~ G T- 1 • I { 2 • :<- C J 'i I T H l l - ( C *A'~ G r l I ( 2 • * C 0 .S ! r H l l ) 

CGDP=B*{A~DP/0**3l*{Zo*A"JGT+8o*C*ANGFl 
CGQP=i3•!AJ0P;il**5l*!2.+!12.*C-6ol*I\NGT+(6.-36.*Cl*ANGF+36•*C*I\NGSl 

v =CiCG +CGn o +' ,.i'JP 
IJPRM=r)*(1-C*ANGTl 
R=ZH·r)PRr~*(OS { TH l 
VRPL={ARPL/{R~*2))*{EXP{-(Rl/~XRP! l 

\1 TD T = V + 'Jf~ P L 
Y( l J=!VTOT*1.6J?09F.-1?.l 
IF {~~GRl 102.103,102 

103 YO=VTOT 
112 CONTINIIF 

Yl ( T l =1/TOT-YO 
I= I+ 1 
PR TNT 61, VT0T, Vf~PL• V, CGCG, CGIJP, CG(JP, Dt:GR 

6 1 F 0 R "1 /\ T ( 2 E 1 5 • 'J , 4 E 1 5 • 4 , F U • '+ l 
r)E GR = 1);::: GR+ 2. 10 on 
IF rnr:GR-:\I)Gl 31• 31t ll 

11 CONTINtJF: 
PRIIIJT 28 

28 FORI,.,AT (2l{!l85H IONIC KAi)ll RA 1JIUS u!POLE POL. ·JUAI).~U 0 .JLE •'OL. H 
l I( i~FPIJLSIV~ 1\ R~"P'JLSJV:=- R>-lJ/1////l 

PR I NT l 8 , f~ P L ') , IJ • A .W P • A .l(J P, H • C, A I~:::> L , F X I~ P 
18 FOR"1AT (FlO.z, F10.2 •. ~1·).'J, Fl':J.6, F10.4, FF1.6t Fln.o, F1f'lo"ll 

PRINT 13 
13 FOR"1AT ( 1Hl•SlY POTENTIAL tERGS) r)!SPLAC~YE~T (C~.J POTENTIAL 

lrt>:L. t::VS) I)[SPL:\CE1'1F:NT ')()'i!l.!~FIJ/////11 

DO 2 "l .J = 1 • ~ 6 • l 
PRINT ·~3, Y(Jl• X!J), Y1{.J)t X2(J) 

B FOR'v1AT (4F20,5l 
X2{Jl=X7iJl~l.OF+l6 

PU"J(H .1':llt Yl(Jlt X2(J) 
101 FORMAT (~llo3t F]0,8l 

?3 C011JTINIIE 
ST0P 
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APPENDIX A-1 

b. Program BSLFOO* 

(The * is replaced by a n~ber.) 

Purpose: 

The program BSLFOO* is designed to evaluate the wavefunctions (in this case, 

Bessel functions of order~' Jm(x)) for a two-dimensional cyclindrical 

potential well (see Appendix A-3a), as a function of .. the energy. This 

system is taken as a model of the potenti'al energy well for metal dihalide 

molecules in the gas phase. 

Input Data: 

The data cards that are used to describe the input data for the Bessel 

function evaluation are preceded by a connnent card designating the metal_ 

dihalide molecule being considered. 

Card l (Format El0.4) 

D = metal-halide equilibrium internuclear distance (!) in centimeters 

(em.); corresponds to half-width of the potential weil. 

Card 2 (Formati5) 

NMB = number of successive energy level increments to be made for a 

Bessel function of a given order .. 

Card 3 (Format 2Fl0.4) 

ALKA = atomic mass of the metal (m ) 
m in atomic mass units ( amu). 

HALIDE = atomic mass of the halide (mx) in atomic mass units ( amu). 

Card 4 (Format Fl0.4, 21.5) 

OW =lower limit of energy level value in electron volts (eV). 

N = the order of the Bessel function sought. 
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SIGN = 1. if initially Bessel function is positive. 

= 0. if initially Bessel function is negative. 

Library Subroutines: 

BESSJY -Identified as C3 BKY BESSJY, this subroutine evaluates the Bessel 

Page 1 (Format 5El5.6) 

BJ(N + 1) =value of Bessel function J (x). 
m 

X = value of X (see Appendix A- 3a) . 

R = well coordinate in centimeters (em). 

s = energy of level E in electron volts 

z = energy of level E in ergs. 

( eV). 

(All of the above quantities are printed for well coordinates increasing 

in regular increments from zero to the metal-halide equilibrium internuclear 

distance. The energy of the level.is increased, and the process is repeated.) 

Page * (Format Fl5. 8, I3) 

RMASS = reduced mass (l:!.) of the metal dihalide. 

N = the order of the Bessel function, supplied on data card 4. 

( * This output appears immediately following completion of all steps 

listed under Page 1.) 

Remarks: 

Due to the boundary condition (Jm(x) = 0. )R=£ constraining this systeni, the 

energy corresponding to a given wavefunction can be determined from the 

output of this program. By successive approximations., the energy of this 

level can be evaluated to any needed accuracy by an iterative procedure. 
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PROGRAM BSLF001 !INPUT,OUTPUTI 
DIMENSION BJ!151• BY!151 
READ 101' D 

101 FORMAT CE10.41 
REAO 102t NMB 

102 FORMAT CI41 
READ 103t ALKAt HALIDE 

103 FORMAT C2F10.41 
RMASS=(2e*ALKA*HALIDEI/(ALKA+2e*HALIDEI 

$ STRONTIUM BROMIDE 
DO 19 N=10tl7 
PRINT 20 

20 FORMAT C70H BESSEL FUNCTION X RADIAL DISPLACEMENT ENERGY(I 
1 EN~RGY!ERGSI I 

DO 1 JP=l~NMB 
XP=SQRTC2~*RMASS*1.60209E-12*JP*0•00011 
X=(XP*D/5.14195E-151 
CALL BESSJY (Xt BJt BYt Nl 
Z=JP•1.60209E-12*0.0001 
PRINT 16t BJCN+11t Xt Dt Jp, Z 

16 FORMAT !3E15.6t IlO• E15.61 
1 CONTINUE 

PRINT 24 
24 FORMAT f21H REDUCED MASS, ORDERI 

PRINT 25t RMASSt N 
25 FORMAT CF15e8t 131 
19 CONTINUE 

STOP 
END 
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APPENDIX A-1 

The library program· LSQVMT uses the non-linear least-squares method to fit a 

given theoretical function to the data points supplied. In our case, 

the data are the punched output of the program **IMH¢1 (see Appendix A-la). 

The theoretical function is the potential energy function for a harmonic 

oscillator with a superimposed Gaussian perturbati ve h1.m1p (see Appendix 

A-3b). This particular type of potential energy function is used to 

model the predicted potential energy well for the metal dihalide gas 

molecules. 

Input Data: 

The user must supply a subroutine to the library program LSQVMT. 

The data catds that are required by our subroutine are as follows: 

Card 1 (Format 

I READ = 1, if 

fixed 

IWRITE = 3 

K = 5 

ISIZE = 8 

12I5) 

some parameters of the fitting function (F(T ,X)) are to be 

constants; = o, otherwise. 

(VARMIT control card - other parameters have values suggested in LSQVMT 

writeup.) 

Card 2 (Format 6Il0) 

N = n1.m1ber of fitting parameters (X(I)). 

INVAR = number of independent vari~:~.bles (T(J)). 
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NUMDTA = ~umber of data cards from punched output of program **IMH¢1. 

IWGT = 2 

(LSQ Control Card - other parameters have values suggested in 1SQVMT 

writeup.) 

Card 3 (Format 12A6) 

Alphanumeric ·card of user's. choice. 

Cards 4 through 4 + N - 1 (Format 8El0.0) 

Punched output cards from program **IMH¢1. 

Card 4 + N (Format F20.8, El5.5) 

GMH = atomic mass of the halide (m ) 
X 

in atomic mass units ( amu). 

GMAE = atomic mass of the alkaline earth (m ) in atomic mass units m . 

CNl = alphanumeric chemical formula of the alkaline earth dihalide 

. compound. 

Card 4 + N + 1 (Format 8El0.0) 

X(l), X(2), X(3), and X(4) 

( amu). 

= initial guesses of the values of X(I) (generally, each set equal 

to one or zero) • 

Card 4 + N + 2 (Format 8El0.0) 

X(l), X(2), X(3), and X(4) 

= 1., if parameter X(I) is fixed. 

= 0., if parameter X(I) is free to float. 

(Card is removed if IREAD # 1.) 

Card 4 + N + 3 (Format El0.4, FlO.l) 

FCl = stretching force constant (k1 ) for alkaline earth dihalide in dynes 

per centimeter (dynes/em). 



-150-

THET = bending angle (_s~) in degrees ( 0 ). 

(All of the above input data cards are explained in greater detail in the 

library subroutine ISQVMT writeup.) .. 
Library Subroutines: 

ISQVMT - Identified as E2 BKY LSQVMT, this subroutine least-squares fi'ts a 

given theoret.ical function (F(T,X)) to supplied data and is available from the 

LBL Computer Library. 

Output: 

Page l (Format 12I5) 

Printout of values of parameters on VARMIT control card, supplied on data 

card l. 

Page 2 {Format 6Il0) 

Printout or values of parameters on LSQ control card, supplied on data 

card 2. · The quantity of information printed depends on the choice of 

parameter values on this card. Also, the data supplied on cards 3, 4, . .. , 
4 + N - 1, 4 + N + 1, and 4 + N + 2 are printed. 

Page * (Format 3El5. 6; Format FlO. 4; Forrriat FlO. 4; and Format AlO) 

ALPHA = pre-exponential (~) for Gaussian hump. 

BETA = decay constant (l) of Gaussian hump. 

CAPPA =harmonic bending force constant (~) of unperturbed potential well 

in dynes per centimeter (dynes/em). 

Vl = symmetric stretching frequency (v1 ) in inverse centimeters (cm-1 ). 

V2 = bending frequency (v2 ) of unperturbed potential well in inverse 

centimeters (cm-1 ). 

CNl = compound identification, supplied on datacard 4 + N. 
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(* This output appears on the final pages of the printout, and includes the 

parameters of the best least-squares fit. All constants are explained in 

Appendix A- 3b • ) 

Options: 

As mentioned under data card 2, the user may choose the quantity of infor­

mation (including tables and graphs) to be printed. Using data cards 4 

through 4 + N ~ 1, the user can weight input data according to his needs. 

Data card 4 + N + 2 allows variable or constant values. for the dependent 

variables X( I). 

Remarks: 

The program LSQVMT, as currently designed, always ends with a dump. The 

program searches for a new set of data to least-squares fit; when this data 

is not found, a dump ensues. 
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PROGRAM LSOV"1T ( INPUT,QIJTPlJT,TAPE2=INPUT,TAPE3=01JTPrJT) 

SUBROUTINE TARLf!: (F,GtXtTtM1l 
DIMENSION G!40l 
DIM~NSION X(4nl, T(10l 
IF !Ml.E0.11 GO TO 1•)0 

G!ll=T!ll 
G! 2!=!EXP( <-X! 31 l*T! 1 l l l-1.0000 
G (? l = ( X ( 2 l * (- T ( 1 l l * (EX P ( (-X ( 'I l I -:q' ( l l l l I 
CAPPA= (?.*X( 1 l l 
CAPPA=CAPPA*1.60109E+04 
ALPHA=! !X(2l*SQRf!UMASS! )1(~9AR*SORT!CAPP~l l l 

.ALPHA=ALPHA*l.60209E-12 
BETA=( !X(?l*HBAR!ISQRT( !CAI)PA*'IMASS! I l 
BETA=BETA*l·0~+16 
F = ( X ( 1 l * T ( t l l +!X ( 2 l * F: X P ( (-X (? l l * T ( 1 l l l- X ( 2 l 
IF !"'1l.FIJ.4l Gl) T0 1 
GO TO <; 

l CONTTNlJF: 
PRINT ll 

11 FORMAT (47H ALPHA ~ETA FORCE CONST. l 
PRINT 12• ALPHA, B~TA, CAPPA 

11 FORMAT ('3EJ5.6l 
REAn 999, FC1• THET 

999 FORiv1AT !El0•4• F10.1! 
c;c,:O:(<;!NITHFT):tSfN(T11F:Tll 
SC=!COS!THETI •COS!THET! l 
1Jl = ( 2• •G"'1H/G·'v1AF: l 
112=!GMHIAVOGNl 
W 1 = ( .';) • * ( 1 • + lJ 1 I * F C 1 *CAPPA I ( U 2 * t J?. l l 
W2=(Wl/ll6o*!?l**~•l l l 
W3=( ( l.+(Ul*SC! >·*(f"Cl1U2l !+( ( lo+!Ul*SSl l*(CAPPAIU2! l 
W4=(W31(4.:t(Pl**2.)1) 
Tl=!W4*W4l-f4.*W2l 
IF !Tl~LE.nl GO TO 899 
T2=SQRT!Tll 
Vl=(SC~RT!!W4+T2)!2.l)lrL 

V2=(SQRT( !W4-T2!12.l l/CL 
GO TO A98 

899 Vl=0• 
898 CONTlf\IUF: 

PRINT 998, Vl 
998 FORMAT (~lH SYMMETRIC STRETCHING FREQUENCY• Vl -DYNESICM.- =FlO. 

14) 
PRI"'T 997, V? 

997 FOI~MAT (38H '1E"'DING FREQIJENCY, V2 -I)YNEStCM.- ='F-10.4! 
PRI"'T 996, (\11 

996 FORMAT (-17H COMPOUND NAMF =A10!-
'1 CONTTNIJF': 

GO TO 110 
lJO READ 1002, GYH, GMAF:, CNl 

1102 FORMAT (2F10.4, AlOl 
AV0GN=6.0225?E+23 
CL=?.997Q?'1F+l0 

I.JMA<;_<;= (? •*G"'lH*GM'\~: l I ( ( G'-11\F: 1-- ( ';).l<G:-1H l l *~'JO');~ l 
H8 A R = ( 6 .6 .';)? 'J 4 t:- 2 I 16 • 2 d 3 l i3> 30 7 l l 
Pl='3.1t.d?926"i 

1 1:-1 CONTI NilE 
RETURN 
!::!\If) 
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APPENDIX A-1 

d. Program H¢AEH1 

Purpose: 

The program H¢AEH1' is designed to evaluate the eigenvalues for a. harmonic 

bending potential well with a superimposed Gaussian perturbative hump. 

The bending frequencies of the metal dihalide molecule can be calculated, 

to a first approximation, from the spacing between energy levels. 

Input Data: 

The data cards that are used to describe the constants of the perturbed 

harmonic potential are preceded by a comment card designating the metal 

dihalide molecule under consideration. 

Card 1 (Format I5, 3El5.6, 2I5) 

N = number of eigenvalues to be evaluated. 

ALPHA = pre-exponential constant (.!]) of Gaussian perturbative hump. 

BETA = decay constant (A) of Gaussian perturbative hump. 

VNU = bending frequency ( \) I ) for harmonic 12otential in inverse 

centimeters (em -l). 

Ll = lower limit of angular momentum quantum number (f_). 

12 = 1,1pper limit of angular momentum quantum number (£). 

(All of the above constants are explained in Appendix A-3b.) 

Library Subroutines: 

H¢QR - Identified as F2 CAL H0QR, this subroutine computes· the eigen-

values of a real symmetric matrix (see Appendix A-3b). 

GAMMAR - Identified as C3 BKY GAMMAR, this subroutine evaluates the 

gamma function r(x) of any real argument !..· 

Both subroutines are available from the LBL Computer Library. 



Output: 

Page 1 (Format E17.8, !5, !5) 

EIVU = eigenvalues (E) for a given angular momentum of a harmonic 

potential with a Gaussian perturbative hump, in ergs. 

IL = energy level number. 

L = value of angular momentum quantum number (fJ. 

Page 2 (Format 3E30.5) 

ALPHA = pre-exponential for the Gaussian perturbative hump, supplied 

on data card 1. 

BETA =.decay constant for the Gaussian_perturbative hump, supplied 

on data card 1. 

GAMMA = value of parameter y (see Appendix A-3b). 

(Pages 1 & 2 are repeated for each value of the angUlar momentum previously 

specified. ) . 
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PROGRA.'1 HOAF.H I ( I NPtJT oOIJTf'IJT I 
fli"'F.N.~ION A!lOO.IO'llt '-IC110,J'l'11o FIV'JClOOI 
'ljf)['-1:\')() 

IIIOYF.~>'l 

REAn 1, No ALPHA, AETAo VNUo Llo L2 
FORMAT I I~• 1Fl~o6o <J<;I 
HPLN~=6.67'5<;4E-?7 

CLGHT=2.9979l;E+l0 
VNti=VNti*CLGHT 
flO ll\ L=Ll•L'ol 
GA"'1"1A=lo/(lo+~FTAI 

N2=2*N 
I)() 1\25 l=\oN7o.? 
Kl=II-1112 
I)Q R\ J=\oN2o2 
KF=IJ-1112 
IF IKF-K! I 64o 121o 121 

121 CONT!NttF. 
7.89 IV=!+L-1 

~=IRFTA**IKF-K!II 
G=IGA"1~A**IL+~l+KF+111 
ASMT='lo'l'100 
D04~T=OoKlo1 
91=1~ETA**I~~*KTII 
X=Kl+l. 
Y=GA"1"1<\RIXI 
Y~l=Y 
X•KF+1o 
Y=GA"'"'I\RIXI 
Y~F=Y 

X=L+Kl+lo 
Y=GAI-1'1ARIXI 
YLKI=Y 
X=L+I<F+lo 
y:GA'~'I~R I X I 
YLI(F=Y 
X=t<T+l 0 

Y=GAW.,ARIXI 
YT=V 
X=KF-K!+KT+1o 
Y=G~"''I~R!XI 
YFIT=Y 
X=Kl-KT+1o 
Y=GA'1"11\R!XI 
Y I T=Y· 
X=Kl+L-~T+1o 

Y=GA"1"1AR!XI 
YILT=Y 

• 

SUMT =I "11 *I I YK I *Y KF * Y L K I *YL K F I H 'lo 5 000 I I I I Y T" Y FIT *Y I T *YILT I 
4 AS"'T=AS"'T+SU"1T 

1=11+1112 . 
J=I.J+ll/2 
'-llloJI=I-LPHA*G*R*AS"'TI 
F.=IV+l, 
IF I.J-11 ?.'5o l6o 49 

l6 AlloJI:F.+'-IIloJI 
GO TO 25 

49 AlloJI=H!loJ) 
AIJ.II=II.!loJ) 

25 CONT!NtJF. 
1=12•11-1 
J=IZ*JI-1 

64 CONT!"l'JF 
81 CONT!III•.iF 

625 CONTI 'i!JE 
CALL '-i')f)< ( 11, Nfl\"1. N, F.IV 1Jo N.')YF.S • {)•JM"'1Y I 
PRINT 144 

144 FORMAT 177H F.IGENVALIJESIII= 11= 
()0 1~6 ll=lolllol 
EIVUII11=EIVtlllll•riPi...•'iK*VN'.I 
PRINT 169o F.IV:IIIllt 11• L 

169 FOR"'1AT IF.17.8o !5o 151 
196 CON Tl NUF. 

PRINT 225 
225 FOR"1Af Cl2H ALP'-IA= qETA= 

PRINT 256o ALPri~o REf~, GAMM~ 

256 FOR"'1AT ( lF.30o<; I 
16 CONT PlUF: 

STOP 
JO"Jf) 
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APPENDIX A-1 

e. Program NEWT¢N 

Purpose: 

The library program NEWT¢N calculates equilibrium internuclear bond 
• 

lengths of the metal dihalide molecules (see Eq. (III-1 Tb)) using the 

"linear" polarizable ion model. The stretching force constant and the stretching 

frequencies for these molecules also are determined (see Chapter III). 

Input Data: 

The user must furnish a subroutine to the library progr~ NEWT¢N. This 

subroutine supplies the form of and the values of a set of equations and 

their first derivatives. The input data for the program NEWT¢N itself are 

fully explained in the library writeup, and need not be altered from 

compound to compound. Thus, only the individual data necessary for each 

molecule are described herein. 

Card 1 (Format 4E10.4) 

P(l) 

P(2) 

P( 3) 

=charge of an electron squared (e
2

) in electrostatic units squared (esu2 ). 

= polari zabili ty of the halide ( BD) in centimeters cubed (em 3) . 

2 =pre-exponential repulsion constant (!) in ergs (or ergs-em ). 

P( 4) = repulsive decay constant (Q) in centimeters (em). 

(Card immediately follows "PARAMETERS" data card from NEWT¢N program.) 

Card 2 BLANK 

Card· 3 (Format 2Fl0.4, AlO) 

GMH = atomic mass of the halide (m ) in atomic .mass units ( amu). 
X 

GMAE = atomic mass of the alkaline earth (m ) 
m in atomic mass units ( amu). 

CNl = alphanumeric chemical formula of the alkaline earth dihalide compound. 
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Card 4 (Format Fl0.4) 

.ANGLE = bending angle ( 6) in degrees ( 0 ) • 

(Card 4 appears only for non-linear version of the "linear" polarizable 

ion model described in Chapter III; otherwise, this card is absent.) 

Library Subroutines: 

NEWT¢N- Identified as C2 BKY NEWT¢N, this program computes zeroes of an 

arbitrary set of functions using Newton's method. It is avail.able from 

the LBL Computer Library. 

Output: 

Page l 

Printout of the values of all parameters supplied to program NEWTON 

by user. 

Page 2 (Format 4El5.4, AlO) 

X(l) = equilibrium internuclear distance of metal-halide bond (!) in 

centimeters (em). 

FCl =stretching force constant (k1 ) in dynes per centimeter (dynes/em). 

Vl =symmetric stretching frequency (v
1

) in inverse centimeters (cm-1 ), 

for linear molecules only. 

( 
-1 

V3 =asymmetric stretching frequency (v
3

) in inverse c~ntimeters em ). 

CNl = compound identification, supplied on data card 3. 

(Since this program employs an iterative fitting procedure,; the values of 

the parameters on this page are printed for each iteration until convergence 

is attained. ) 

Options: 

All options are fully explained in the NEWT¢N writeup. 
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Remarks: 

The initial guess value (card following NE:WT¢N data card "GUESSES") is 

critical. If the equilibrium internuclear bond length is greatly over­

or un'derestimated, the program may "blow-up". 
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SUBROUTINE !"'C\J IXtF,G,PI 
DI\.lEI\lSIJ"' X!20J,F(z1,21J,G!20l ,P(2:-ll 
GllJ=I-7.*Pill/I4•*(XIll**2·ll J-149.*.:>(ll*PI2l118•*XCll**5•l l+l (P( 

13JIP(4) )*C:XD(-'X( ll1P(4) I) 
--· ______ fLl.z.l .. L=J].. ~?I U/<.~ ~-*-~.LlJ *-~ ~-·-U +.~ 24~. ~PC l_l ~PC 2 I~- C 8. *XC 1 I* *6. 1 l- c C PC 

1 3 l I ( P ( '+ l * * 2 • I I *EX P ( -X ( 1 I I P ( 4 l I l . .. - .. . . -· ---· . . - ... 

. PRI"'T l09'J•)<Jll 
1(1f'Cl FOR'-1AT!II111144:1 EQ-tJlLIBR!Ij,'~ INTERNuCLEAR DISTANCE -c:·1.- =Ei5.4l 

FCL=:-( F ( U lJJ 
PRINT l');)l,FCl 

. ___ lQ)l_EOB11ALW.IL /.../_~.f2~'-:L2J_RE ~ CHJ~0.f_(JI3_;_~~C_9.;"l_S.I !\.~Lt .... 9 ·. :Q.YJ'!~ ~l_s;·~·-~-=----= E _1-~-· ... --------
141 

IF !XCll-loSE-081 liJ()S,I.!J6tl'JJ5 
1005 IF !XIll-Z·OE-081 1'J07t1006tlJJ7 
l0()6CIJ"lTI"JI.JC: 

PI=3.1415926'5 
.. RE AI) . 1 10.2., G~ 1\F! G"-11~! C_NJ ·--- .. . . . .. . ........ ___ ... _ ... . 

1002 FOR~AT!2Fl0.4tA101 
AVOGN=6.02252E+23 
U=II2•*G~H*GMAEJI( C2o*~MHl+GMA~lliAV0GN 
CL=2.997925E+l0 

1 O'H CONTI NUF 
IF_ ( F(l. L E • D _• j F C 1=:__~. __ 
V 1 = C .c;·)R T ( FC 1 * AVf}Gr~ I G\1H > ; /-( i·: -iP_f_*_fL ·,·----- .. . ·---~· -
PRINT. J:J01tVl 

10J3 FOR~ATIIIIII148H SYMMETRIC STRETCHIN~ FREQUENCY, Vl 
}5.41 

=El 

V3=!S1RTI2.*FCl!Ul l/!2.*PI*Cll 
DR PH. 1 ")·')8 • 1/3 

1·L•a FOR'1AT<IIli1149Y ASYivH~ETRic srR.ET.CHING FREJ:JE!'lCY~ V3 -l~icM.- ::;E 
115.4) 

P R I NT l J. I i., C I'll 
IJJ4 FORMATII1!11127Y CO~POUNn l~f~TIFIC~TION =~111 

RE:TuR•J 
END 
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APPENDIX A-2 

Bending Potential Energy Curves 

.... ,. 
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Fig. A-2-l. Alkaline earth fluorides. 
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Fig. A-2-2. Alkaline earth chlorides. 
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F'ig._ A-_2-3. Alkaline earth bromides. 
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Fig. A-2-5. Group II-b fluorides. 
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Fig. A-2-6. Group II-b chlorides. 
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Yig. A-2-7. Group li-b bromides. 
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Fig. A-2-8. Group Il-b iodides. 
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Fig. A-2-9. Transition metal fluorides. 
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Fig. A-2--10. Transition metal chlorides. 
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Fig. A-2-11. Europium dihalides. 



-172-

6.0~--------------~--------~----~~--~ 

l 
4.0 

i 
• ! 

! 

t 

> 

-2.0 

-4.0 
0 20 40 60 80 

8 (deg)--

XBL 737-3515 

Fig. A-2-12. Group V-a fluorides. 
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Fig. A-2-13. Group V-a chlorides. I . 
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Fig. A-2-14. Group V-a bromides. 
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Fig. A-2-15. Group V-a iodides. 
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APPENDIX A- 3a 

Two-Dimensional Cylindrical Potential Well 

Let the potential energy Y.:_ be eJqiressed as 

V' (y,z) = 0 ( II-15a) 

V' (y,z) = oo ( II-l5b) 

Then the Schroedinger equation is 

h2 a 2 a 2 
-- (- + -) 'l'(y,z) + V'(y,z) 'l'(y,z) = E'l'(y,z) (II-14) 

2~ a y2 a z2 

Converting from Cartesian to polar coordinates (y = rcosw and z =.rcosw), 

and Eq. (II~l4) becomes, upon rearrangement, 

2 
~(V'-- E)] 'l'(r,w) = 0 

h2 

(A-3-1) 

( A-3-2) 

Remembering the wavefunction 'l'(r,w) consists of a radial term and an 

angular term: 

'l'(r,w) = R(r) ¢(w) ( A-3-3) 

Since Y.:_ does not depend on .!:. or ~ in our case, Eq. (A-3-2) .can be separated . 

into two equations: 

• I 
I 

.. ! 

• i 
~ ... : 

I 



.. 

and 

\ u u . f 0 u ~ ~:Ji "I 

1 i 2 "¥TWJ - 2 ¢(w) = -m 
dw 

. ~ 
1...>. tJ <I 2 f') 

,JI 
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2 
1. [ d ( d) ~(V'- E)] R(r)·= 

R(r) r dr r dr - h2 
2 

+m .. ' 

where the constant !!!: is the magnetic quantum number. 

Redefining our variables,· 

and 

X= lu r 

(A-3-4a) 

(A-3-4b) 

(A-3-5a) 

(A-3-5b) 

· t ;- and 1-u d d E (A 3 4 ) Then not1ng hat dX = u dr dX = dr, q. ·-'- .~ b is transformed 

into 

(A~3-7) 

The solutions of this differential equation are Bessel functions of order 

128 
!!!:· The complete solution of this equation can be expressed by the 

linear combination: 

where cl and c2 are constants. 

(A- J . ..:sa) 

However, the Y (x) solution does not 
m 

remain finite, so the acceptable solution reduces to 
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H(x) = J Cx) 
m (A-3-8b) 

The computer program BSLFOO* (see Appendix A-lb) was designed to calculate 

these eigenfunctions J (x) as a function of the energy E. .. m . -

'. 
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APPENDIX A- 3b . 

Harmonic Potential with a Gaussian Perturbative Hump 

Let the potential eriergy Y.:_ be expressed 13-s a function of the 

displacement coordinate x (which is zero for ·a linear configuration): 

1 2 2 
V' = 2 ~ x + H exp ( ":' fl. x ) (II-15c) 

If the angle between the plane of deformation and the reference plane is 

~' the system Hamiltonian is 

2 
px 

J( = -+ 
X 2ll 

. 2 
+ H exp·(- fl. x ) (A-3-9) 

px is the momentum conjugate to ~, while p
0 

is the momentum conjugate to 

o. Thus, the Schroedinger Eq. (II-14) can be solved for the eigenvalues 

and eigenfunctions. To accomplish this, the units of displacement are 

converted to those convenient for a harmonic oscillator: 

The momentum px is transformed to ~ 

2 
p~ 

Substituting Eqs . (A- 3-lOa) and (A- 3-lOb) into Eq. (A~ 3-9) , 

( A-3-lOa) 

(A-3-lOb) 

(A-3-lla) 
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Dividing this expression by hi~/JJ, 

2 2 
_'Jf....;.x~ = ~ + ..... P....;cS~~ + ~ + 

hi~IJJ 2h
2 2h~ r,2 2 

H exp(~ A h t;: 2 ;/~ JJ) 
hi~IJJ 

(A-3-llb) 

The Hamiltonianand energy are then redefined as 

(A-3-l2a) 

E' = E/lv'~/p (A-3-l2b) 

This Hamiltonian can be split into two parts 

(A-3-l3a) 

where 

(A..:3-l3b) 

H . 2 -- 2 JS_ = --=- exp(-11. h t; /1~/JJ) = n exp(~>- t;) 
hi~IJJ 

( A-3-l3c) 

'Jf is· simply the Hamiltonian of a doubly degenerate isotropic 
0 

"ll t Th d" . . l 129 osc1. a or. e correspon 1.ng e1.genva ues .are 

E' = h v'(v + l) (A-3-14) 

where ~ is the bending frequency and y is the vibrational quantum number. 

The eigenfunctions contain associated Laguerre polynomials. 45 Redefining 
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'i'(T,o) . ( A-3-15) 

where f. is the angular momentum and K = ~ v - £). More explicitly the 

radial tenn is 

(A-3-16) 

£ 
L£+K (T) are the associated Laguerre polynomials; these are interrelated 

by 

(A-3-17) 

Let y = l/(1 +.A) and T = ys; then appropriatelymanipulating Eqs. (A-3-16) 

and (A-3-17), 

= YK+(£/2) t AK-t 

t=O 

£ 
X R£+t ( s) • 

l l 

__ (~K.;...;!_.)_2_._( £_+___;,K"'-')'-'!_2 __ X 

l l - -
(K-:- t)!(£ + t)!

2
(t!) 2 

(A-3-18) 

From this expression; the matrix elements of n exp(-AT); necessary for a 

solution of the problem by perturbation theory, can be constructed: 
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* £ * 
X exp(-AT) R£+ {1') <P (o) dT do ' 

Kf 
(A-3-19a) 

where the subscript~ i and f denote initial and final states. Since 

( T) exp ( -AT ) X 

£* 
X R£ (T) dT +K 

f 
(A-3-l9b) 

The angular functions are eliminated using the property of orthonormality, 

while the orthonormali ty of the radial functions helps simplify Eq. ( A...;,3-19b) : 

K. 
l 

X :E 
u=O 

1 

A 2u [ ( £ + K . ) ! ( £ + Kf ) ! K • ! Kf ! ] 2 
l 'l 

(A.:..3-19c) 

The perturbation matrix elements calculated in Eq. (A-3-l9c) are added to 

the diagonal matrix with elements h v'(v + 1) (see Eq. (A-3-14)) to 

determine the perturbed eigenvalues. The computer' program H0AEH1 (see 

Appendix A-ld) was designed to calculate the eigenvalues appropriate to a 

given harmonic potential with a Gaussian perturbative hump . 
. . 

l 
I 
I _,: 

~ j 
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APPENDIX A-4 

Component Equipment 



Table V-1. List of vacuum equipment for quadrupole mass spectrometer. 

COMPONENT SPECIFICATIONS MODEL NUMBER 

Mechanical Pump (MP) Duo seal oil rotary vacuum 1397 B 
pump; maximum rated speed _

4 
= 7 1/sec; base pressure = 10 
torr. 

Diffusion Pump (DP-1) Oil diffusion pump; rated 
pumping speed = 1400 1/sec; 
rated base pressure = l0-7 
torr. 

Diffusion Pump (DP-2) Oil diffusion pump; rated 
pumping speed = 300 1/sec; 
rated base pressure = l0-7 
torr. 

Ion Pumps (IP-1 & 2) Vacion pumps, two in number; 
pumping speed= 8 1/sec. 

Ion Pump Control Unit Vacion control unit. 
· ·. (not pictured) 

Valve (V-1) · Aluminum gate valve for high 
vacuum; 6" diameter; manual 
throttling; 150#ASA flange 
style. 

Valve (V-2) Aluminum gate valve for high 
vacuum; 4" diameter; manual 
throttling; light flange. 

Valve (V-3) Brass gate valve; l ~" diameter. 

.. 
·-·----------------- ----~--~------__:,___ ___ ._ 

PMC 1440 

309 

921-0014. 

VCS 61B 

STL-1 

MANUFACTURER 

Welch Scientific Co. 
7300 N. Linden Ave. 
Skokie, Illinois 

Consolidated Electrodynamics 
Rochester Division 
Rochester, New York 

Consolidated Vacuum Corp. 
Rochester, New York 

Varian Associates 
Palo Alto, California 

. Varian Associates 
Palo Alto, California 

Consolidated Vacuum Corp. 
Rocheste~, New York 

Temescal Metallurgical Co. 
Berkeley, California 

CHA Industries 
Palo Alto, California 

(continued) 

., 

I 
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Table V-1 (continued) 

COMPONENT SPECIFICATIONS 

Valves (V-4, V-5, V-6) Aluminum gate valves; 2" 
diameter. 

Valve (V-7) 

Ion Gauges 
(not pictured) 

Power Supply 
(not pictured) 

Vacuum Gauge Tubes 
(M-1, M-2) . 

Vacuum Interlock 
(not pictured)· 

Diffusion Pump Power 
Interlock 

(not pictured) 

1" Brass gate valve, 1 2 
diameter. 

UCRL ion gauge tubes. 

Standard ion gauge power 
supply. 

Vacuum gauge tubes, two in 
number. 

Vacuum gauge monitor; dual 
DV-3M. 

Diffusion pump monitor. 

* . . Lawrence Be.rkeley Laboratory, Berkeley, California 

MODEL NUMBER 

STL-1 

V6/1A 

· DV-3H 

#2 

94720. 

N.B. Code given in parenthesis after each component refers to Fig. V-1. 

" 

MANUFACTURER 

Temescal Metallurgical Co. 
Berkeley, California 

NRC Equipment Corp. 
Palo Alto, California 

* LBL 

* LBL Plan No. 17X 1405W2 

Hastings Company 
Hampton, Virginia 

* LBL Plan No. 4X 9334 

* . LBL Plan No. 4x 5964 

·r<'·" 
·\...... 

":.: 
(~.: 

c:: 

c. 

I < 
~ 

( 
CD 
Vl 
I .. 

' 
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Table V-2. Electronic equipment for mass spectrometer signal detection system. 

COI..WONENT 

Picoammeter 

Low-noise Amplifier 

Input Transformer 

Lock-in Amplifier 

Chart Recorder 

Power Supplies 

Voltage to.RPM Motor 
Control 

Power Amplifier 

Motor 

* 

SPECIFICATIONS 

High speed picoammeter; output 
impedance 5 ohms; output 
signal = 1 milliamp, 3 volts. 

Low-noise amplifier; maximum 
gain = 104. 

Impedance matching transformer; 
range = 5 Hz to 10 kHz. 

Lock-in amplifier; frequency 
range = 1.5 Hz to 150kHz. 

10 millivolt recorder; dual 
pen. 

Transistorized power supplies, 
two in number; output range 
= 0 to 50 volts de, 0 to 1.5 
amps. 

Voltage to RPM motor control. 

Direct coupled solid state 
amplifier; 700 watts r.m.s.; 
frequency range = 0 Hz to 20. 
kHz. 

Synchronous hysteresis motor; 
2-pole; 400 cycle, 42 volts 
maximum power input. 

Lawrence Berkeley.Laboratory, Berkeley, California 

- -----. ··- ----·--·-·-·- -----------

MODEL NUMBER 

417 

CR4 

AM-1 

JB-5 

Speedoma.x G 

5015 

75A570 

94720. 

MANUFACTURER 

Keithley Instruments Co. 
Cleveland, Ohio 

Princeton Applied Research 
Princeton, New Jersey 

Princeton Applied Research 
Princeton, New Jersey 

Princeton Applied Research 
Princeton, New Jersey 

Leeds and Northrup Co. 
North Wales, Pennsylvania 

Power Designs, Inc. 
New York, New York 

* . . LBL Plan No. 13X 2270 

Phase Linear, Inc. 
Seattle, Washington 

Globe Industries, Inc. 
Dayton, Ohio 

I 
f-J 
():) 
0\ 
I 



. ,, 

" 

Table V-3. Electronic equipment for data retrieval system.· 

UNIT 

Linear pre-amplifier (long time constant) 

Transistorized linear pulse arri.plifier 

Single channel analyzer 

Electronic counter 

Nim standard regulated power supply 
(6 volts DC) 

4 Quad multiplexer (restart delay 1.0 msec.) 

4 Quad multiplexer relay box 

Frequency synchronizer control 

Switch programed time based oscillator 

Multichannel analyzer ( 1024 channels in 4 . 
quadrants, 3 x l0-5 seconds dead time per 
channel) 

Paper tape printer 

* 

MODEL NUMBER 

NC-11 

5245L 

AEC-650 

NS-611. 

1200 

Lawrence Berkeley Laboratory, Berkeley, California 94720. 

. ,. 

MANUFACTURER 

* . 
LBL Plan No. llX 6541-Pl 

* LBL Plan No. 15X 4845 

Hammer Electronic Co.~ Inc. 
Princeton~ New Jersey 

Hewlett-Packard Co. 
Palo Alto~ California 

Power Designs Pacific~ Inc. 
Palo Alto~ California 

* LBL Plan No. 19X 3121-Pl 

* LBL Plan No. 19X 3141-Pl 

* Plan No. 19X 2691-Pl LBL 

* LBL Plan No. 15X 8410 

Northern Scientific, Inc. 
Madison~ Wisconsin 

Mohawk Data Science Corp. 
Franklin Electronics, Inc. 
King of Prussia, Pennsylvania 

I 
I-' 
CD 

-...:J 
I 
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