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ABSTRACT
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 geometfies and molecular
constants._ The first model is applied to the dihalides of the alkaline
earths, gr¢up IT-b metals, transition metals, group IV-a metals, and
europiumf In addition to the molecular geometry, bending frequencies

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

2

model is applied to the alkaline earth dihalides; equilibrium internucleaf

bond lengths (&), stretching force constants (kl) and stretching

frequencies (vl and v3) 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 (BaFg,'BaCl2,

SrCl SrBr2, Srl CaF CaClZ, MgFQ, and MgClg) and lanthanum trifluoride

2’ 2? 2?

(LaF3) have been reinvestigated to resolve contradictions in some of the
earlier experimental work. Sighificantly improved sensitivity allows/ more
precise determination of geometry. Also, the gas phase geometries of

have been determined using this technique. ' The

EuCl EuBre, and Eul

2? 2

correlation between the europium dihalide geometries and analogous alkaline

earth dihalides is explored.
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I. INTRODUCTION
Debye1 first considered ions as polarizable entities in studying

the problem of bondirg in the water molecule. Rittngr2 used this concept

" to formulate a polarizable ion model to predict and correlate certain

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

- in these molecules to be lafgely ionic§ consequently, the interéctions

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

' model triggered other inveStigations3_6 along the same lines. The

agreement df the polarizable ion model, more commonlj termed tﬁe ionic
model, wiﬁh.experimeﬁtal evidence was réther poor_for the alkali halides.
Mofe recehtly, Stree£ and co—workers7—9 have modified and:refined the
poiarizaﬁle ion model for the alkali halides by inciﬁding several effects
previously neglected. The success of.their mbdel wés'a primary motivation
for this investigation of modgls for the alkaline earth dihalides.

| Any pglariiable ioh’modei is only an-appfo#imate solution to the
problem‘of interac¢tions within a molecular systeﬁ; Because the electrostatic
and repulsive interactiohs are interrelated, a riébrous sqlution requires
quantum rechanics. Ihis is a very difficult problem. Inéteaa, thé
poiarizéble ion model separates these twé interactioné: the electrostatic
part is calcﬁlated classigally‘ﬁhile the repulsion tefm>is eMpiriéally
qhosén.  A compérison ofvvalues of molecular parameters predicted by a_'
éolarizable ion ﬁodélvwith exéérimenfal data should give an indication of
the validity of the."separéfion" abproximatioﬁ;_.

Two polariiable ioh models for the ggg.pgggg'alkaline earth

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



' based on'a.polarined metal cation and is”used'to.ealeulate bending
potential curVes'and bending frequencies for each of the’alkaline earth
dihalides. The bending potential curves, in turn,vdetermine the geometry’
~of these-COmpounds.‘ The geometries and bending frequenoies are found to
agree-quite:well with experimental data. This partieular model is
<extended to include certain dihalides of Group II—b metals, Group IV—
metals, tranSition metals, and europium The geometries and bending
frequenc1es of most of these compounds are predicted'and compared to
experimental'data, where available. |

The seeond model forvthe alkaline earth dihalides‘is hased on
.polarized halide anions. ZThis model is applied primarily to linear
moleeules'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
structure determination is well documented.10 -12 _This.technique might be
regarded as erude in light of today's sophisticated'methods.of spectroscopy .
However,‘electric deflection has proven most useful in investigations of
'refractory high temperature systems. Significantly improved sensitivity
:1s achieved with the electric deflection _apparatus used for this study. : m;
The present work is partially a reinvestigation of certain alkaline earth -
dihalides. and Similar metal halides, since preVious spectroscopic studies
have led to conflicting ;eometries 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.

).



Experimental results are'cdrrelated with the polarizable ion model
theory. The predicted'trends in the gecmetries of groups of molecules

are noted} ana shown to support tﬁe observed_datak

K
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II. POLARIZABLE ION MODEL' FOR THE ALKALINE EARTH DIHALIDES

A. Introduction

' The élkéiiné‘earth”dihalides are similar fo the élkaii halides
with respeét tb formatién of ionicstjpe bonds with.§ari§us-halide-ligands. o -
However, ﬁhe ionic character of these.ﬁonds is not éé pronounced as that
'Qf‘the alkéli ﬁalides. Hence, a further test of the ionic model is
obtained by épproﬁfiétely-modirying it'to:apply.to'the alkaline earth .
‘aihalides. | |

| Modelsﬁof this type have intrigued theoriéts-and experimentalists-
aliké fof some time. Two early attempts by Pearson’S and-Berrylh were
sevefely limited by incompleté or incorrect experimental data. Berry's
model was a ;igorous one, but his calculatidns coritained algebraic errors.
The later modei of Bﬁchler gi'gi.lskwas plagued by ékétchy data, and thése
authors cbﬁélﬁdéd.that the ionic model'was inapprdpriate to describé'the V
alkaline earth aihalides. | | |

Seﬁéral recurrent problems a?péar in defi#ing'an acceptable

polarié&blé ion model for the alkaline earth dihalides: 1) The inclusién
-of all Eertinent multipéle interactions between iﬁdi#idual ions while
keéping:the ﬁatheﬁaticai'COmplexity of the problem to a minimuﬁ; 2) The
choice of_q suitable and consistent set of polariiabiiities to describe

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

"~ the model's pfedictions are to be compared. Our polarizable ion model has
been deVeloped after due consideration Of.the first two dilemmss. Sincé

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

ok
B

of experimental data accumulated on these moleculeéij '
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B. Cénstruction of the Model

The bésis of thé pélarizéble ion modei for the gas phase alkaline
earth dihaliaes is three ions arranged in'the fdllowiﬁg.configuratioh
(see top drawing on followihg page); Thié essentially fépresents the system
by three hard sphefes in contéct. Each ion is polafized iﬁ.the field of "
each of the.others. Hence, we-attribute'to eachﬁioﬁ an induced dipole
polariéability, an induced quadrupole polarizability,.and higher multipole
polafiéabilities. The'twp infernuclear‘bonds aré éssuméd to be of
equivalent 1engths.16 | |

A bénding angle O is assigned as a meésure of the,geometfy of the
moleéule. To determine the equilibrium‘value ofvthiS'bending angle (and
consequently the molecule's'geometry), the_potehtial energy y:of the
gaseous system musﬁ be calculated as a fﬁnction of the bending angle. A
stable equilibrium éonfiguration requires a miniﬁumvpotential enefgy. A
potential energy minimum at.the bending angie_e = '0° denotes a'iinear
moleculé.‘ dﬁ_the other hand, a potenﬁiaivenergy ﬁinimﬁm.at an angle

greater than 0° with a significant hump at 6 = 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

_ électrostatic and repulsive interactions within the holecule} The

repulsive interactions can be further broken down.into steric repulsions
between thé two anions and those between the cation and either anion.

In reality, however, all of the various interactions. are intérrelated and
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must be treated Jointly using quantum mechanics. As was previously
mentioned; the purpose Qf a polarizable ion modelﬂis to simplify this
problem by using the approximation that interaetions can be treated

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

of the electrostatic interaction energy between ions.d)ei and the repulsive

energy between ions ¢r:

V=¢ . +¢ . . o (I1-1)

‘ ' ' 1b 15
A major difference between our model and previous attemptsl 15

isAthat we have incorporated the cation—anibn part ef the repulsive
lntefaction into the_se-called electrostatic intefaction; This is
accomélisﬁed by reqﬁiring the effeetive internuclear distance r to be a’'
weak function of the bendlng angle § rather than a constent (see middle
drawing onvpage 6). A deformation constant k determines the magnitude of

the variastion in r:

r=21-k 5in°0)" R R - (11-2)

_where £ is the equilibrium internuclear distance. Physically, the

- deformation constant combined with the sin26 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 —

haD , . } : !
k= —= (_aD/ocQ). s | ' g | (Il—3)



SR

where h is a proportionality cbﬁstaﬁt and aD and‘gg:afe"cétion‘dipole'andl

quadrupole‘polarlzabllltles, respect1vely The diréct pfoportionality of
'g_to on reflects the 1ncreased defonmatlon of the catlon with an increase
in the dipole'polarizability. On the other hand, the'variation of k with
_(d /o ) 1nd1cates that an increase in the quadrupole polarlzablllty relatlve
to the dlpole polarlzablllty reduces the dlpole—llke deformatlon described
“above. | |

The ﬁagnitudevof the deformation constant g:is quite small (roughly
6% reduction in r at 8 = 90° and on the order of 2 to 3% reductlon’at
typical'behding angles of 30°).. ﬁowever,>the deformation'censtant allows
certain alkaline earth dihalide melecules to  assume beﬁt equilibrium
geometrles, the elternatlve requlred to bend these molecules is an
llrratlonally large metal dipole polarlzablllty |
- ‘_Although the deformation constant allows ep engular dependence in
the'cationfanien jepulsive interaetion;.the "elecfrosﬁatic" interactions
are sfill calculated using a system of electrically-charged hard "spheres"
(ellipses).. Therefore, - the effectlveveguilibrium lnternucleer.distanee,’
used in ouf calculations, varies as a function of'fhe bending angle 6.

Any repulsive interaction can only be explalned quantﬁm‘mechanlcally,
USihg the'excluSion-prineiple.17 'UnfOrtﬁnately, no exact theoretical
representation of thiS'tefm ie known. Previously; both exponential,
Aexp(-r/p), and inverse power, D/r-, eppfoximations have been used to

represent experimental gata.18-22

Because of the relatively short-range nature of the anion-anion
repuléion, this interaction is ﬁndoubtedly quite small. TFor sim?licity,

we neglect this term:



 ¢ =0 . o : S (II-k)

T . .

Its deletion makes no drastic difference in the bending_?otential curves

or their interpretation.

c. Dérivatioﬁ dflﬁhe Electrostatic Potentiél Energy of the System

Using the épbroach of Klempéref gglgli,6'we réplace the ions of
the molecule MXé by an assémbly of three sphericél conductérs'carrying
the sppropriate charges and having radii corresponding to the cube root
of the dipole polarizabilities of the ioné involved (éee bottom drawing
on page 6).' For consistency and>rigof, avcomplete mglﬁipole expanéion‘of
the electrostatic pétential ehergy'¢ei must be célculated."

Pfevious éxperience has showﬁ'thét such a complete multipole
éxpansion often divergeé if the free ién polariéability.value54ére used.15
The problem'of éssigning reasonable values to polarizabilities of various
ions within molecules has long troubled both experimentalists and
theoreticia.ams.23 For the alkali halides, the dipoie éolarizabilifies are
éffectiveiy réduced from the freé ion value by both é Eénetrétion effect

of one ion into another,eu’25

and an environmental effect due to the

23-.The penetration effect is most

repulsion of another‘polarizéd ion.
pronounced for small ions, while the eﬁvirqnmental effect is most evident
fof.léxge ions. 1Tog§ther;'they constitute aﬁ approximately-consiant
reduction in the dipole p@larizability'value. For quédfupole |
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 chapfgr; ‘The drastiéally fedﬁced higher mﬁltipole‘polarizabiliﬁiéé
allow us'to neglect any termsvinvo;ving mulfipoles highéf than.quadrupole.
Even thefpositive'chérge4heg&tive.induced qﬁadrupole terms are suppressed;
-Moréover; using the feduced»pqlarizabilities, the poéitive charge-negative
vinduced dipole terms are_approximatély_compensated for by the charge—dipolé
and charge-quadrupole terms between negétive iomns.  Thesé terms are
v.neglected for simplicity. vThus, reasonablevconvefgenée is achieved by
including: | | |

i. Chargé—charge interactions (3)

-»Pésitive charge—negéfive éharge (2)
Negaﬁivé charge;ﬁegative charge (1)

2. Negaﬁi&e.charge—pOSitive induced dipole interactioﬁé (2)

3. Negative charge;posifive indu@ed quadrupole'interactions (2)
'A schematic summéry of the lower ordér multiéoléiipteractions‘and their
status in thé current calculations is éivén in Fig. Ii—l.

| Since no negative multipéle-térﬁs remain'aﬁ this point, thejanions

can be'replgcea byvpoint charges, and the problem reduces to the situation as
drawn (top) on page 12? ‘The electrdstatic_enefgy_of this system gén be .
obtained in a'closed—form.exbression whose expansion”yields the individual
charge-multipole contributions. In turn, the resulting series cén'be-,
rewritten in a_form'éiving ¢ei'in term; of the arbifrgrj»iSotrqpic multipqie
polarizabilities of éhe cation.  For a spherical conductor,‘the required__

substitutions are

ay = e




1 T I t s -
hd 1 L7 0 fed 2:) <4 J 5 ) ;
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Charge-Charge Interactiohs:

/% |
o

Charge-Quadrupole Interactions:

/QNQ\%
o s

: Charge

Quadrupolé, induced in the eiongated direction .
: Direction in which force tends to move bond
Interaction included in model

O |

O Dipole, induced in the ¢longated direction

L]

—
I
cC ’Interactioh compensatéd for by_othef intefaotion(s)
N .

Ihteraction»neglected

XBL735-2869

Fig. 1I-1. Lower order multipole interactions.
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so that-
= o (11-5)

Using the method of images,26 we derive an explicit form for the
electrostatic potential eﬁergy_of this.syétem._ Consider two equivalent
point charges each carrying a negative charge :g,'énd each located at a

distance d from the center of a spherical_conductor'pf radius a and charge

'+2e. The angle between the bonds is (180° - 20 = 2a). To take account

of the polafization of fhé conducfor by the negative point charges, we

replace the conductor by ﬁhe imége charges qé and the image charge qé,

: both at distances 32/d from the charge 4. at the conductor's center. A

detailed schematic of this "image" systemvappears'in Fig. II-2,

The potential energy of a system of charges and charged conductors

is given';tnyg7
¢ =lEqU | B | (11-62)
ei 2 T A C o

: i . . . ‘ ,

e

where Ui is the potentisl at the location of the charge qi. For ouf

"image" system, we obtain:

¢ei - 2(ana‘+_qub * qcUc)

= L((-elu_+ (=e)u + (+2e)U) , (T1-6b)
a b c } . g _

b

charge B, and Uc the potential at the surface of thévspherical conductor.

where U 1is the potential at point'charge A, U, the potential af point

|



flh_'

5
XxBL735-2868 - = _ -
Fig. II-2. Image Charge System for MXp molecules (Polarized Cation).
Charges: _q; =9q T -e ' o Distances: . AB ='2d‘cds 0 - 7
Age = +2e | | CA" = CB' = ag/d
,q; = qt') = ea/d AA'Y = BB'" =4 - (a2/d)
. = +2e - 2(ea/d) AB' = BA'
: , . _ ' ' L2 sy 1/2
= +2e(1 - &) : . -a(1+ &4 Bacos 20

. a’ - S _ , .}' 2
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The definition of the potential28 due to a collection of point

charges at distances di iss

U;Z a,/d, - | : \ - o (I1-7)

The pot‘entialrUc is due to the charge qC alone since the potentials due

to a point“chargé and its image cancel at the surface of the spherical

conductor:

, Q, o , .
U, =5 = —————— = 2¢/a -~ 2e/d , , (11-8)

- where the value of q, given in Fig. II-2 has been»sﬁbstituted into Eq. (II-8).

‘Since A and B are equivalent, so are Ua ahd:Ub. The expression

for Ua is derived by summing the potential terms due to qé, qg, 9 and Q.

) ' v ' S
U = qa + qb + i + ES

a 2 2d cos® — d

(¢ -2) (887)
oy
__.ea/d = _.e ea/d . 2e(1 - d) ' (11-9)
a2 24 cosB ‘(KET) d > :

(a - E') Lo

where the values of the point charges havé been substituted into Eq. (II-9)
from Fig. II=2. AB' is the distance from A to B' in Fig. II-2. To

u o on 2oy 4 2 oy .
evaluate AB' we use the cosine law ( = Y™ + 2% - 2YZ cosX) and the

trignometric identity, cos(180° - 2X) = - cos2X. Thus, from Fig. II-2
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(aB7)° = (d)2 + (ag/a)e'-.z(d)(ag/d)-cos(18o° - 260)
L 2 L
= a1+ &+ Bocoe20) (II-10a)
d d2 .
. and -
_— ah 2a2 %' o
(AB') = d(1 + = + =5 cos26)” . (II-10b)
v a ' : ' :
Substltutlng (II 10b) into Eq. (II-9):
- L |
' S .2 - = :
: eg e 23 2 2e 2esq
U = (l + + == co0s260) + ===
a 5 - g2 ~ 2d cosb d at P - d 2
d.(l_ - —2_) ) ) '
o d
e 1 ea r .. . a2 7t g ah 2a° - %
SR s (1-2) 4 (1+8+ 28 coce) )
.4 2 cosB d2 . d2 | ;H d2
o (11-11)
. 2 -1 v
To simplify this expression, we expand (1 —,55) as the binomial series
(1 + x)-l with x = = 55 , and obtain :
' ) d
a2"-1 $2 ah
(1 -=5) =1+3+ + ...
' e a2 ;K
. ' vah 28° "%' : 1 "%
Similarly, expanding (1 + T+ = cos26) as (1 + x) ° with
L d a :

Eﬁ'* gé"cos28 we obtain . ' o R
d d i
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L 2 -3 2 Lok
28 2 a_ : a 3a 2
(1 + & + =& 0520) =1 - =5 cos26 - — + =7 cos 26

o a° . e - 24 2d

6 ' 8
+ éég cos2f + éﬂg + ...

2347 .. 84

where henceforth only terms up to 8’ will be retained. (The validity of

these binomial series expansions rests on the assumption that a <d.)

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

' 2 TR
_e 1 ea ‘L a_ ., a
U T 32 = 3 oos8) * - e QL+ =5+7+...)
a® o a
: a2 za,l\t 33,1\L 2. N
+ (1 - == cos26 - + cos™26 + ...)]}
& 2 ea o
2e e 2es, es ea ea eg
Ug = —- - + —= + + + =+
- "a.a 24 cQSG d2 d2 dH d3 2
-5 -5
- -—H-COSEG -2, 32%— cos 26
d 2d6 2d
= s-(2‘— L ) + ea3’1 - cos20) + 222(}_ é'coszéﬁ)
T4 2 cosB dh‘ d6 2 2 )

(I1-12) -

Thus, the electrostatlc 1nteract10n can be ‘determined from Eq (II—6b),

using Eqs. (11-8) and. (II-12);
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¢ei = —eUa + eU
.e2> .i _ a3v o
= -3 [(2 = 5 eosd cos_e) + —(d3 1 - cos28)
5 | 2, |
&2l,3 .2 2
+ 5(2 + 5 cos 26)] + q (a 2)
@ =
2 2 3 :
_2e . e 1 8707 L e
=Te . T3 [(h 2 cosG) -d3(l’ .c0526)

(II-13a)

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

are only 1nterested in relatlve energy determlnatlons.

conductor potentlalvenergy reduces to

5 - N o
"¢ei ='-:Ei [k - 2 cose) d3

(l ~ cos26)

charge-charge charge-dipole "

" 4
o+ -3-(-]-'- 3 cosz28)] .
522 S

eharge-quadiupole.

- Thus , the spherical

(11-;3b)

where the expression has been generalized through the introduction of the

cationic polarlzabllltles.

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

basic types of 1nteract10ns. U51ng the trlgnometrlc 1dent1t1es

w
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Y pi

cos26 =1 - 2 sin29

and

2

cos20 = 1 - 4 sin26 + Lk sin#e B

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

o, ,
e 1 %, .2

¢ei f T a (4 - 2 cosd | d3(2 sin"6)
% > 4 | | | |
+ 5(2-6sine+6sine)] . o : (II-13c)
R -

In order to simulate the molecule, the parameter g_in the expression
above must be replaced by the effecfive internuclear distance r, as
given in Eq. (II-2). Since k sin°6 <<1 (i.e., the contraction of r is

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

= 1 5 “’%{1 + k singe) ’,
2(1 - kx sin“9) .

8 o

where only the first two series terms are retained.

Similarly:
;t'“‘ig(l + Lk sin26)
b 2 ’
‘and ¢
}'Gwi_é'(l + 6k sin<6) .
r .



Substituting these expressions into Eq,'(Ii—13¢),-we.obtain, after
cbllecting terms,

2 . 2
1 in0,
( +_k sin e)

e 2
¢)ei f '3 [(F +_hk sin”6) - 2 cos® 2 cosb.
ku
+ ——{2 sin 6 + 8k sin 6) + —% {2+ (12k - 6)51n 6
2 _ 2
-+ (6 - 36k)sin 6 + 36k sin 6}] . o . (I1-134d)

D. Calculation of the Bending Potential Enérgy Curves
By addition of Egs. (II-13d) and (II-L) we obtain the total

potential energy of the system:

We developed a computer program (see Appendix A-la) to generate these
potential energy curves for a preset séléctidn of bendihg angles. Not
only is the total potential energy calculated for each angle but also
the 1nd1v1dual contributions of the repu151on term, charge-charge term,
‘charge—dlpole term, and charge-quadrupole term are glven.

V,The'only input date (other than fundemental constants) necessary

:forvcalCuiation of the alkaline earth dihalide curves - are

2 = equilibrium internuclear distance
qD = cationic dipole-polérizability“
AQQ = cationic quadrupole polariZabiliﬁy'

_W
[

'deformation constant
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The bond lengths £ given in Table II-1 come from the eleétron .diffraction..
work of Akishin and co—workérs.29_’30 'if_}le-'dipoi'e polarizsbilities l.i's'ted '
" in Table II-1 are defived_ from Edlen's s'pectroscopic data3l or from
Pauling's érystal'refractivify data.32 The .quadrupo’lé_"polarizabilities _
‘are derived in turn “fr.om these dipole polarizabi_lities gsing Eq. (II-5).
As is expla.in'ed in Chapte'.r VI, according to experimental vd.’a_L.ta stronfium

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

2
-obtain appropriate bendingv potential curves for these fwo molecules,'-the
.proportiohaiity vc_o;nstarvl_t h evquals' approxima{_:_giy _Q’.I172.i Then, the |
deformation constant k is détemined using Eq. (II-3).

| A complete compilation of fhe alkaline eé,rth dihalide bending
potential curves appears in Appendix A-2. A summary of the predicted. gas
" phase geome_tries of these molecules is given in Té,ble II-2. Table 11-3 |
‘compares the bending angle (defined here as 20 = 180° - 26) calculated

in this work with ex*perimentél values from infrared absorption spec'troscopy.

The agreement is good.

. E. Physical Constants Derived fram the Model

. To obtain the energy levels, force constants, and bending
frequencies for these molecules, it is necessary to solve the Schroedinger

‘ equation using the above poteﬁtial energy function, V.

HY = BY

" or

s - _ , |
h 2 :
TR VY = EY , N B (II-1§)



-22-

Table II-1. Model Input Data for the Alkaline Earth Dihalides

Equilibrium Dipole ..  Quadrupole

) 'Coinpound ’ Internuclear Dg(f)';;'z::;clionb Polarizaebility Polarizability
Distance . of Metal - ~ of Metal
: S iona RPN c,d . SN
(Mx,,) - (2) : (k)" (ap) (%;l
BeF, -~ 1.h0 A 0.02k1 - 0.00767T A3 . 0.000299 A’
| ) ) ‘ ‘ -(0&0079)
BeCl, 1.7 0.0193
BeBr, . 1.91 0.0177 -
Bel, 2.10 0.0161
MgF, 1.77 0.0398 9 0.0696 0.0118
‘ : _ - (0.094) :
MgClé . 2.18 0.0323 o
MgBr, 2.3k i 0.0301
MgI, ' _2;52 0.0280
CeF, 2.10 - 0.06hk 0490 ¢ 0.305
L ) , (O!h7)vl' '
CaCl, ° 2.51 0.0539 |
CaBr,, 2.67 - - . 0.0506
Cal, 2.88° " 0.0b70
SrF, 2.20 . 0.0743 | 0.866 0.7187
- : S . (0.86)
SrCl, 2.67 0.0612
SrBr, 2.82  0.0580
srl, 3.03 - 0.0540

(continued)
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Table II-1 (cqntinued)

DipOle‘ - Quadrupole

© 0 Equilibriwm o oL _
Compound  Internuclear Constanton Polarizability Polarizability
o - _'Distance - . of Metal . of Metal
a - b ~\c,d : : e
(). - (®) _ (k)™ (ap) ™" . -(aQ)
' BaF, 2.3 . 0.08L43 1.48 1.922
BaCl,  2.82 0.069k -
BaBr, 2.99 0.065k
Bal, '3.20 L 0.0611

®see Refs. 29 and 30.

bValueS'caiculated'using Eq. (II—B)(

“Values used taken from Edlén's spectroscopic data (see Ref. 31).
dVaiues given.in parentﬁéses‘taken from Paulingfs'data (see Ref. 32).

~*Values calculétéd using Eq. (1I-5).
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_ Teble II-2. Predicted Alkaline Earth Dihalide Geometries -

— 7
“BeCl '_' . ~-BeBr

2 2

MgCl, B - Mebr,

CaCl - CaBr, -

2

v ///”\\\ - |
:.srCl2 » _ - SrBrQ.
_Ba012 _ - BaBré

1

" bent molecule

linear molecule

-

U] S
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Table II-3. Bending Angles for the Alkaline Earth Dihalides

*
Bending . *
ending Angle Bending Angle

Compqupd . - (The;zz-igé:§§zable (Experimental)
BeF,, 180° L 1800:PsC
Be012 » . 180 | l8oa’b s C ‘
- BeBr, o . 180 - © 180°

BeI2 - 180 . - 1807

. ' ' . S b . _.d _

MgF, 180 T - 1807,158%,150-155°
1Mg012 | 180 ‘ 0 18p0%ef
MgBr, | | 180 - 180f

MgI, | | 180 .

CaF,, 140 DR 140¢

CaCl, 180 - 1808

CaBr, %0

Cal,, ! | 180

srf, 120 | 108°

SrCl, | 8 B 130"

SrBr2 . - © 164

srl, | ' S 180

BaF, : 104 - 100

BaCl, ' 128 120%,< 135"
‘BaBrg v 136

Bal, 150

(continued)



Table II-3 .(continued)

% _ o _ . A ‘ B
All angles are converted to list the smaller X-M-X angle.

85ee Ref.
'bSee Ref.
®See Ref.
dSee.Ref'.

€See Ref.

33.

3.

35.
36.

37.

'fSee Ref. 38.

85ee Ref. 39.

Bsee Rer. Lo,

1gee Ref. L1.

b
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where ¥ is the system Hamiltonian, E the system energy, Y the wavefunction,
h Planck's constant; y the reduced mass: of the syStem,_and V 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 apprbximatiqn to the calculated potential

energy function, we chose a twofdimenéional cylindricél potehtial well:

n

V'(y,z) = 0 for y2-+ z2<IL'2 L _ - (I1-15a)

V' (y,z) = « for y2 + z2 > 22 (11-15b)

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

reasonable by Barrow.h2 Using Eqs. (II-15a) and (II—le), the solutions
of the SéhrSedinger equation are sphefical Beséél'functiohs of order m.
The complete solution to the problem is given in Appeﬁdix.Af3a; Using'
existing library subroutines, wé devised a program fo calcuiate the
necesséry’Bessel fﬁﬁctipns (see Appendix A-1b). 'ihis approximation is
qﬁite good for linear moleculES, but less satisfactory'fbf the bent
molecules wheré the cenfral.hump is neglected.' Figuré IT-3 illustrates
this point. |

A 5étter fiﬁ ﬁo the calculated potential enefgy curves is achiéved

using a'harmdnic potential'cﬁrﬁe with a Gaussian perturbation hump:
;1 2 2. o : : v
= = : - . : : -
A 2k_bx + H exp( A?‘) , N (II-15¢)

where kb is the bending force constant, x a displacement coordinate

(x = rf), and H and M\ are adjustable constants. A complete mathematical



| BeF, \ y' (cylindrical) | (ben)
(linear) | , "
v | (hor\r/norrnéﬂ’ 8
(cylindrical)| | oscHIoTor)
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(calculated)

(harmonic
oscillator)

XBL735-2872

Fig, II-3. Comparison. of calculated, cyllndrlcal and harmonic osclllator potential wells
for typlcal bent a;d linear molecules,

e

M~
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explanation of the use of this form of a potential energy function is
. | 43 L . hh-L6

given by Shaffer and references therein. Numerous previous attempts

to apply'this concept to deecribe éimple 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

by‘DixonhT and Chan and Stelman.uB. The computer program developed to
calculate.directly energy levels and bending frequencies is detailed in
Appendix A-lc. The resultant bending frequencies fornall the alkeline
eerth dihalides are given in Table II-4 along with the experimental values
obtained from infrared absorption spectroscopy .

For linear molecules with reasonablyvnarmonie_bending potential .
curves, the bending frequency is stfaighﬁforward. Howener,.for-very
anharmonic bending potential curves the "bending frequency" is more
ambiguous. For the sake of comparison with experiﬁental data, we have
calculated two specific sets of "bending frequencies" in fhese cases.

In matrix-isolation infraied absorption studies conducted at very
low temperatures, the reported "nending 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 nsed the transition between onr calculated energy leveis corresponding .
to the ground state and the first excited vibrationel-state to determine

an appropriate vibrational frequency for comparison to matrix-isolation

values. The experimental frequencies are generaliy higher than our

predicted frequencies for_these molecules. The effect ef the matrix en

these very veak bending frequencies is highly'uncertain,
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. o B - .
Table II-L. Bending Frequencies for the Alkaline Earth Dihalides

Compound Bendihg,Fféquency (v2) ‘
v - Predicted e Experimental
BeF, [333.0]® 345° cn™L
| S 34564
BeCl, [176.6]1% ~250?
- | (240)°
' BeBr,, - © [140.2]% 2209
Bel, [111.5]® “(1715)¢
MgF,, 167.0 - 270°
' o8
| 165"
- Mg012 ‘ 77.2
v MgBrgb 58.8
MgT, 19,7
CaFé 69.1,93.6-162.2 162%

_ : | 100"
CaCl, 51.0 12278
CaBrg., 37.1'

Cal, 30.7
SrF, 103.6,88.5-133. 105°
. ) . f
g2t
SrCl, 33.6,45.3-86.8 (60+15)P
SrBr2 17.4,28.7-52.6 -
_Sr12 21.5 -

(continued)



Table II-4 (continued)

Compound : - Bending Frequency (vg)
Predicted Experimental
BaF, 104.8,85.9-130.8 ~ 100+10°
| o (64"
BaCl, 38.8,13.5-75.5 60"
‘BaBr, . 22.7,27.5-61.0 -
Bal, " 14.7,20.6-38.5

®The predicted bending frequencies in brackets for the beryllium dihalides
are calculated using a deformation constant k equal to zero. Neglecting.
the deformation constant can be justified on the basis that beryllium
ions are relatively very small and, hence, may not deform at all.

bSee Ref. L49. . . TSee Ref. 36.
®See Ref. 3kL. '> o €See Ref. 39.°
d5ee Rer. 33. - Bsee Rer. k0.

?See 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 number applies to the lowest vibrational transition observed in
matrix-isolation infrared spectroscopy. For linear molecules only
a2 single predicted number is listed which corresponds to the true bending
frequency V,e ' _ :
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When infrared absorptionAstudies.are=conducted‘on the gas phase
of_the_alkalihe'éarth dihalidés, tempefatures sevéral hundred degrees in
excess Of‘the‘melting:point afe not uncdmmon . 'Iﬁ phese Ca$es, many
“excited vibrational states are highl& populated and & broad vibratiqnal

absofptién band.is oﬁservedh9 corresponding to the nuﬁerousbvibrational
transitions which_can'qc¢ﬁr between tﬁese excited states. To simulate
theéé datﬁ; vibrapional.transitions between our calﬁulated energy levels,
which are foUghly KT above the éround state energy (wher¢ K is the
Bolﬁzmannvppnstant ahd'I_is‘l.B times.the meltiﬁg point temperatufe), are
used to calculate the'"bendingbfrequency".’ As expected, these transitions.
creété a broéd band 6f,vibratibnél'absorptidn frequencies similar to the
experimental bbservaﬁioﬁs{ We éésign'on1y a ;ggggJéf frequencieé
appropriéteito the most intense part of the infraréd;absorption.band, In

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

F. Extension of the Model to Other Triatomicé

1. Trensition Metal snd Group II-b Dihalides

Beéagse of fhéir similarity t§ the alkaline earth dihalides,

3 certainvdfhgfvmetal dihalides presumably.can be representeé by éur
polarizeble ion model‘wifh minor modific&tions.v Speéifiéally, the dihalides
of the metals of the first'trénsitién series and_fhoéé o%izinc (Zn),
.cadmigm (ca), and mefcury (Hg):lend.themselves to this type of description.
Due to the péucity of experimental ipformation, Qe:have restrictgd purselves

to investigating oniy titanium difluoride (TiFg) and the diflugrides and’

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

copper (Cu) among the transition metal dihalides.

>y
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Two striking differences between the above compounds and analogous
alkaline earth dihalides are evident: 1) There isva significant contraction

in the equilibrium internuclear distance (&) as the transition series is

- traversed; and 2) The quadrupolé polarizability is broportionally much

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

alkaline earths which have none.

Although the gas phase_equilibriﬁm internuciear diétances are
unkhoﬁn.for the metals of thé firsf transition series, values have been
extrapolated from solid—sfafe equilibrium internuqléaf distances for the
difluqrides'ahd the dichlofides of interest. The contraction mentioned
above is‘directly‘refleéfed in these estimaﬂés. Siﬂce the.equilibrium
internuclear distance is eﬁployed as a variable_in‘our model, there is
ﬂo_diffigultj‘in incorporating the contraction directly.

As was mentioned sbove, the "filling—ih" of the d-shell electrons

contributes more to the quadrupole polarizability than to the dipole

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

pélarizability\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 (g) of the quadrupole to dipole polarizability for a full

d-shell compared to an empty grshell

(av/ ) g
Q= Q/aD)full d-shell (11-16)
0LQ % empty d-shell ' '

gives the value g = 2.2 for the copper (cut): potassium (x") case.”?

- Thus, a value of g = 2.2 is assigned to the Group.Ii—b metals where the
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d-shell is wholly filled. For the transition metals,'the value of g is

assumed to increase with a linear proportionality to the number of d-shell
electrons from ﬂhe empty d-shell value of ¢ = 1. to the full d-shell value

of q = 2.2, -Thus;

e

" Cation ' No. d—éhell- | : g
R ‘ Electrons - :
ottt 2 1.2
Mt 5 1.6
re'? 6 S1.7
Co+f T 1.8
mtt 8 - 2.0
cu'™ 9 2.1

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

poldrizability calculated from_a spherical conductor-is multiplied by the

value of'g to reflect ihcréaséd grshell-quédrupole polarizability.

‘Moreover, the déformation constant k is modifiéd-ﬁyvan additional

multiplicative factor (2 - q). -

K «(2-q)

Since q = 1. for the alkaline earth dihalides, the‘deformation constant -

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

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

and - the Grocup II-b metals q > 2., so the deformation constant becomes'

negative. Physically, this feduction of the deformation with the'increased

quadrupole polarizability of the d-shell electroné*ié indicative of a

decressed tendency for the molecule to bend. The "elliptical” central



metal ion becomes more nearly spherical (less deformable) up to q = 2.,
after which.the'eliipticity'increases thoﬁgh'the deformation is perpendicular
to the orlglnal one.v

A complete llst of the values of 2, k a » and g is given in

D’_B
Table II-S,_along with the sources of information. :All of the transition
.metal and.Group IT-b dihalides are predicted to have a linear gas phase
geometry from their bending poteﬁtiai Curvee’(see:Appendix A-2). A summary
of;thesé geometries is given in Table I1-6; Table fI—Y lists.the corresponding
bending anglee.' Tabie'II—B gives a complete comparieon between theoretiqal ‘
and experimental bending frequencies for the transition metal and'Group

iI-b metal dihalidesf- The predicted values of the bending freéuencies of
these molecules (especially the Group IT-b dihalides) are in good agreement
with the literature values — even though the cationeﬁolerizabilities e?e.

far from pfecieel& known. This in turn increases oﬁr confidence in the'
bending freqﬁencies predicted for the alkaline earth dihalides, wheretmﬁeh

better input data is available.

2. Europium Dihalides

. The solid state eguilibrium internucleer'diepances and the ionic
radii of the fluorides-of s£rontium>and europium are-nearly identical.
Other known chemical_éfoperties,of eﬁropium and its_eompounds are similar
to those exhibited by their-strontium analogs. Therefore,-itvis of interest
to use fhe'polariZable ion model to pfedicfathe geometries; bending angles;‘
end bending frequencies of the'europium.dihaiides and éompare these
predietions to eiperimental'data.

Y

The solld state bond lengths are 2.50 A ana 2. 51 A respectively,. for

SrF2 ‘and Equ, whlle the cationic radii are 1.13 A and 1.12 A for. Sr and

+
Eu , respectlvely.



Table II-5. Model Input Data for the Metal Dihalides

Equilibrium

Deformation : D?poie_- g Quadrupble‘ gfsﬁell Electron
» Compound Int?rnuclear : Constant . Polarizaebility . Polarizability Constant of

Distance . _ .. of Metal . of Metal Metal
(1x,) w?* W (o) K3 ()%
2nF, 1.81 A ~o0.0624 0.285A% . o2 A 2.0

| - (o) |
ZnCl,, 2.05 ©0.0551
ZnBr, 2.21 0.0511
ZnI2 2.38 o o{oh7h
CaF, 1.97 0.0896 1.09 - 2,540 2.0
o (0.400)8 '
| | (0.46)F
cac1, 2.21 10.0799
CdBr,, 2.37 - Lo Q7Q7h5
_ qaxé 2.55 - 0.0692
HgF,) (2.08)" 0.0887 1.24h f 3165 2.0
(0.500)8 (0.500)F
(0.55)F

HeCl, 2.29° ~ 0.0806
HgBr, 2.1 0.0765
Hel, 2.59 0.0716

(continued)

_—9{#-.v.




' Table IT-5 (continued)

Equilibfium

_ Dipole

d-Shell Electron

' i .Deformafion - - Quadrupole
Compound Internuclear - Constant - - Polarizability. - Polarizability Constant of
o N -~ Distance SR  of Metal - . of Metal - Metal
PR S one b e - ()
() () (k) o) (OLQ) g (a)
TiF,- (1.99)" 0.05k4k 0.49 0.366 1.2
MnF . (1.87)B 0.06k47 0.36 0.292 1.5
: R (0.26)F
- MnCl (2.11)" 0.0573
FeF, (1.85)" 0.0627 0.309 0.2L3 1.6
| - {0.23)
FeCl, (2.09)" 0.0555
CoF | (1.81)" 0.62k 0.285 0.227 1.7
: : L oyt
CoCl, (2.05)" 0.0551 '
NiF,. (1.80)" 0.0611 0.263 0.217 1.8
. o (0.19)° '
Nicl, ' (2.0L)8 0.0539

(continued)



Table II-5 (continued) .

- Dipole

o Equilibrium Deformation Quadrupole d-Shell Electron
~ Compound - Internuclear Constant’ - . - . Polarizability . ~Polarizability © - Constant of
. ‘Distance . U -of Metal-.: .  of Metal " . o - Metal
o Ploten o of Meralo SLor AL et
) (2) (x) (et (2" (a)
CuF,, (1.81)F 0.0616 027k - 0.2k0 1.9
CuCl, - (2.05)" 0.054k .
EuF,* "~ 2.20 0.0743 0.866 0.787 1.0 N
Bucl,” 2.67 0.0612 R '
EuBr,” - 2.82 0.0580 .
BuT 1 $3.03 0.0540° e
GeF, (1.95)" 0.1070 1.809 2.663 1.0 -
‘ S N (1.60)%
-GeCl 2.22 10,0940 B
CeBr - 2.36 0,088k
Gel, 2.55 - 0.0818
SoF, (2.08)" 0.1209 . - 3.157 6.768 1.0
snCl, 2.2 © 0.10k0 |
SnBr, - 2.55 © 0.0987
Snl, 2.73 0.0921
" (continued)
.t < Y S



Table II-5 (continued)

"Equilibrium

- Dipole

d-Shell Electron

: Defonmation‘ Quadrupole
Compound " Internuclear .  Constant Polerizability. Polarizability: Constant of
Distance . _ Y of Metal ' of Metal Metal
: B a . b c d : e
(MX,,) (2) (k) (o) (GQZ, (a)
o h k '
PbF,, - (2.13) 0.1265 - 3.87 9.537 1.0
PbCl, 2.bs5 0.1095
PbBr,, 2.60 0.1036
'PbIg : 2,79 0.0966

®See Refs. 29, 30, 51, and 52.

Pyalues calculated using Eq.

(II-3).

®Values from Ref. 32 for Group II-b metals. :
Values for transition metals extrapolated from zinc value us1ng spherlcal conductor model.

dValues calculated us1ng Eq. (II—S)

®Values from relatlonshlp q = 1.0 +‘(

q = 1.0, otherwise.

fEstimated values.' v

‘gEstimated values baéed.on.Ref 1k,

.d-shell electrons)

10, 1. 2, if d-shell partlally or wholly occupied;

hEstlmated values based on essentially- constant. ratlo of solid state to gas phase equilibrium inter-
nuclear distance (=1.15T7k) for metal dlhalldes known.

(continued)

-.6(5-
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Table II-5 (continued)

'Estimated values for all europium dihalide constants equal to similar values for strontium dihalides.
- This assumption based on nearly equivalent values for knownvsolid state internuclear distances and

ionic radii for the two cases.
JEstimated values based on value of lead ion using spherical conductor model.

kSee Ref. 53.
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.Teble II-6. Predicted Metal Dihalide Geametries

ZaF,, figClé o _-'  ZnBr,
—E;;;— ._' CdClé ,'.“:1 | cabr, -
HgF2 HgCl2 HgBr2ﬂ

TiF2

MnF2 | - | MnC12

FeF2‘:‘ | FeCl2

CoF, VCOCIZ

NiF2 ' v NiCl2

CuF2 _ CuCl2
//;;;;f | » ‘ (;;;I;f | | EuBrz-
///A\\\ ='5ent moiecu}g

linear molecule

)

Znl

cdar

Hgl

Eul

Gel

,

SnI

/

PbI2
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Teble II-7. Bending Angles for the Metal Dihalides

Compound

S *
Bending Angle

. ' *
Bending Angle

Theory-Polarizabl = v
( Izg'Model) € (Experimental)
ZnF,, 180 160-170°%,180°P
ZnCl 180 - 180° _
ZnBr,, 180 180°
Znl, 180 180°
CaF, 180 180°
cacl 180 180%
CaBr, 180 180°
car, 180 180°
HeF, 180 180°
HgCl, 180 180° -
HgBr, 180 180°
Hel, 180 180°
TiF, 170 1302
MF,, 180 .
MnCl, 180 180°
FeF,, 180 180:87
FeCl, 180 180%
CoF, 180
CoCl, 180, 180°
NiF, 180 154-167%,165+87
NiCl, 180 1180%,150°8

(continued7

¥
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Table II-T

(continued)

-Compound ‘

Bending Angle

(Theory-Polarizable

’ *
Bending Angle

Ton Model) (Experimental)

CuF, 180 163-170%
| CuCl, 180

'EuFe 120 11041571
EuCl 148 13041001
EuBr2 164

Eul, 180

. f )

GeF2 82 95+2 ,9h¢hj
GeCl 88

GeBr 96

GeIé‘ 1Q8

SnF2 66

SnCl T2

SnBr 80

SnI2 92

PbF - 62 :

2 _ T
PbC1l 68 96+3
PbBr,, 76 N
PbI2 84

% : ' S
All angles are converted to list the smaller X-M-X angle."

®See Ref.
.bSee Ref.
®See Ref.
dSee Ref.

eSee Ref.

k.
5.
56.

5T,
58.

, fSee Ref.

g

hSee

i,
See

JSee

Hee

Ref.
Ref.
Ref.

Ref.

59.
.
bo..
60.
61.
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Table II-8. Bending Frequencies. for.the Metal Dihalides

Ve

"~ Compound

" Bending Frequency (v

)

- 2
Predicted Experimental
ZuF, 150.6 150.5% em™
' ©157+30°
ZaCl, 99.2 . 102%
ZnBr,, 62.9 L8
ZnI, Lo b 62%
2 |
CaF,, 1Th.L 123¢
“cac1, 95.4 .88.5°
CaBr, 57.9 62°
car,, 42.3 (50.5)°"
HgF, 156.7 171.5° .
HgCl,  89.2 107%,70%,73%°F
Hebr, 5.8 73%,1%,53"
HgT, 38.6 63°,339, 467
TiF, 90.5,164.8-189.3  180:88
MF, 103.3 125-132"
MnCL, 69.9 83"
FeF,, 114.6 141-149B
FeCl, S T5.h 88"
CoF, 125.4 151-158",(15130)°
CoCl, - 8kh.2 9.5
NiF, 139.5 1450-143", (142430)
NiCl, 90.1 85"

(continued)
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Table II-8 ' (continued) -

Compound - o Bendipg Frequency (v2)
Predicted :ﬁ' Experimental
CuF, S1kk3 0 183-1887,(155¢30)°
Cucl, . 91.6 ’
EuF,, ? . 101.5;82.5;128;60“, 11h5)
Bucl, 38.4,12.1-82.9 6kt10)
EuBr,, - 18.1,27.2-58.7. " -
Eul, o 19.8
8See Ref. 55. I fsee Ret. 6h;g-:
PSee Rer. 5. . Egee Rer. 5T.
®See Ref. 56. . o ~ Bgee Ref. 59.
dSee'Ref, 62. R ' - 15ee Rer. 58£.
See Ref. 63‘ _ - | _ Jsee Rer. Lo.

*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._ Values 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_europiumvcompounds’arebtaken to be identical with

those of their strontium analogs (see Tables IT-1 and IT- 5) The  metal

‘ quadrupole polarizabillties are calculated from the dlpole polarlzabilities'

using the spherical conductor model.

Slmilarly to the strontium compounds, the bendlng potential curves
_(see Appendlx A-2) 1nd1cate a bent geometry for EuF2 and EuCle, and a
linear geometry for EuBr2 and'Eulg. Table IT-6 gives a summary of’ these.
predictions.~ The predicted values of the bending angles and - bendlng
ifrequencies eppear in Table II-7 and II-8. In the.limited cases where
prior experinental data are aVailable;vagreenentvuith:predicted values.
seems quite good._ |

3. Group IV-a Dihalides

'Byvstretching‘a point, the polarizable ion model can be applied
to the Group IV-a dihalides of germanium (Ge), tin (Sn), and lead (Pb).
The metal dipole:and quadrupole polarizabilities are extrapolated from a

53

" known solid state lead value”~ using the Sphericallconductor model. The

internuclear distance values for thefdifluorides of these molecules are
extrapolated from the electron diffractlon data29 »30, 51 52 for the other'
dlhalldes of these molecules (see Table II 5).

Since .the bondlng in the Group IV-a dihalldes is not apprec1ably
~ionic (especially for the germanium compounds), anyipredlctions of our

polarizable ion model must be viewed with some skepticism. A1l of these

molecules:are predicted to be strongly bent'(see Appendix A72); these -

0t



resuits afé cdrrdﬁoréted.by infrared and ulfravioiet studies. A summary

of the predicted geometries and bending'anglés appearé in Table II-6 and
CII-T, reépectively. No reliance.is placea on the bendipg éngles quoted
becausé ofAthe large eXtrapolations'ianlved theréin,- For the same

réason, no attempt is made to predict beriding frequencies for these
compqunds. Nevertheless, the qualitativé trends iﬁ the geometries of these

molecules seem reasonable.

G.,vCanluding ﬁemarks

Sinqe anj polarizaeble ion model is‘indeed*jusi a gggg; of the
actual quantum mechanical'sitgation; the‘validity of the model dependé on
the accuracy of the appfoximations'inherent in it; Tﬂe most'cfucial
apprOXimétion in our polayizablé ion model is that the.Bondihg ﬁithin theée
molecules is "ionic". Cerfainly, this épproximatién can be justified for
the alkaii;halfdes. In general, the alkaline earth'dihalides and the
éuropium'dihalides compare quite favgrabiy with the alkali halides with
respect to "ionic=type" bonding. Our polariiablé ién model is a good
representation of this boﬁding. The other metal dihalides described are
less ionic; consequently, ionic model predictionsvfor these molééules must
be viewed'with‘a greater'degree_of skepticism. ‘The Group IV-a dihalides
are an extreme case in point. On the wﬁole, the predictiohs of our ionic
_ modél a;e evenvmore acéurafé than one could'expecﬁ using the-"ionié-bonaing"
-critérion. :

The inpﬁt data réquiréd for the polarizable ibn.model calculations
place restrictions oﬁ the molecules whigh can be described. Where the

data is incomplete; we have tried to make'intelligent estimates of these
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quantities frbﬁ kndwn infdrmatioh;' Wﬁere.thé data;is.contradiétory, as
with many‘ofbthe metal dipéle pdiariiabilitiés, we have tried to choée
the most acéurate valueg. | |

| Récent publications aad measurably.to the input data necessary
for future poiarizable ion model calculétions. FAang these are papefsl
iisting thé ionic radii of all eléments_currently,apﬁearing'in the Periédic

Tabié65

ahd'certain postulated superheévy elements.66 Also, recent
pu‘b_l_ication67 of the dipole polarizabilitieS'of the.lanthanide and actinide
ions encbﬁrages us'abéut the possibility of eXfendiné our model to inclﬁde
.the approﬁriate laﬁthanide and-actinide_dihalides,

vUndoubtedly,roﬁr model makes'over-simplifiCations of sbme_terms
such as the repulsidn ehergy andvthe polariéability.fuﬁctionalities.
waéver; our polarizable ion model aé explained.préviéusly*gives:good
.agreement:with experimentally known data for "ionic"‘metal dihalides in

the geas phase: The predictions of this model await further experimental

verification.

LAY



III. THE "LINEAR" POLARIZABLE ION MODEL" -

A. Introduction
The polarizable ion model described in Chapter'II allows us to

predict unknown of uncertain gas phase bending frequencies Voo It is

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

’symmetrié'triatqmics.' The symmetfic.stretching frequency vl of the linear

symmetric triatomics is particularly importantvsince it is infrared

. .. 68 ' ‘ '

inactive.
Thé-most important parameter of the sYstem is the internuclear

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

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

on each ofrﬁhe_internuclear bonds must vanish:

SN :E: F, =0 S o (111-1)
4 B - o

B. Construction of the Model

The baéié of the "linear" polarizéble_ioﬁ model for gas phase
-metal dihalides is three ions arranged as appears in the middlevdrawing

on page'lé. - In considering the stretching interacﬁions; the polarization
of the halide ioﬁs is more important thaﬁ tha£_of the metél catidn. Thus,
 the polarization Ofithe:central metaliion will‘bé'ﬁégiecféd for simplicity,
The problem_then reducéé to the situation shown in;tﬁe bottom dfawiﬁg on
page 12. Each of the halide i5ns is assigned a dipole"pplarizability
(BD), Higher multipole polarizabilities on these ions are neglected for

simplicity. Only three types of electrostatic interactions are considered:
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1. Chafgé—chargé'interactions (3)
 'Positive-négati§e (2)
Negative-negative (1)
2. vNegatiye charge-negative induced_dipoie
interaction (1)
3.7 Positive charge-negative induced dipolé -
’intefactions (2)
The electrostatic potential energy .of thié éyétemféan Be'obtained directly

in a closed-form expression.

 C; Derivation of the.Repulsion Interaétion‘Eﬁergy
A repuléidn interaction term (between the negative and the positive
iohs)vmust be included for stdbility. rfhe present'freatment em?loys the
beét singlé-‘-termvempirical.represéﬁta’cion7 for‘tﬁis interaction,

¢, = A rn_exp(—r/o) s -vﬂ ' ‘_ (T1I-2)

where E.is.a constant for a given halidé ligand. For the alkali halides
the repulsion constants A and p are determined directly by the use of

the familiar relationships,
even, g=o. )

and

CRZESNTE S - umw




where kb can be determined experimentally. For the alkali halides, the

decay constant Q_depehds’maiply on the size Qf the aqion, but does show
a small lineér vafiation'with the cation to anion size ratib.- To obtain
jol for the metal;halide repulsion in the alkaline éarﬁh.dihalides, we -
extrapolaﬁé-to the ionic radius (r,) of that particular metal (see Fig.

- III-1). The best fitting line for a p ¥vs. metal cation plot, from which

alkaline earth dihalide model values of p are determined, is:

for fluorides: p = 0.391 fv0.036(r+/r_).A (III—Sa)

for other helides: p = 0.050 + 0.1k2(r_) + 0.036(r /r ) A ..
| (I1II-5b)
Two ééparate equations are required because the exponehtiai 3 
equals tWé_for the fluorides and zero for the other halides. This choice
of values refleCts the best fits obtained using various n in the alkali
‘ 6o _

halide modél._ The alkali halide equations describing the repulsioh

constant A's are

150 + Loo( )3 ev - A2 (III-6a)

for fluorides: A r,

for other halides: A = 850 +'900(r+)3 ev . . (I11-6Db)
The cbrresponding values of the pre—éxponential.A's'for the alkaline earth
dihalides are obtained by substituting the appropriate alkaliné earth

)3

(r

+ value intoveither'Eq. (I1II-6a) or (III-6b), and solving for A (see

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

(relative to the alkali metal ions), incréases the polarization of the
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anién, andICOnsequently thé.eléct?on deﬁSity on_that ﬁart of the anion -
close to the'Cation. Therefore, a larger repulsion.resﬁlts.for the .
intefactibn between a given anion énd an_alkaline earth ion than an alkali
metal ioﬁ of the;same size and at the same-distance;'.To account fbr this,
the vaiugg of A obtained from Egs. (Ii156a) or (ITI-6b) must be multiplied
by a factor»of‘g;é,to apply ﬁd our flinear" deel repuision term. This
value was chdsen to give the_ﬁest agreement béfween predicted and |
experimegtal_values fOr thé’éqqilibrium‘internuclear distances .of CaCl2

- and CaBrl,-twé typical linear alkaline -earth dihalide moleéules; The
complete set qf A's, p's, and n's used in our model are given in Table

III-1.

D. Derivation of the Force on a Bond
At this pdint, we could calculate directly the potential energy
of the Syétem'(analdgéﬁsly‘to oﬁr méthod of Chapter II).V However, in |
this insténcé_we are primariiy interested iﬁ the force on a given bond.
From electrostaticsb,g-8 force Fs and potential energy Vs are related in fhe

following simple manner:

[oe) . S : -
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 1dnger interact)
*

must be met; Eq. (III-7) cen be differentiated to. obtain directly the

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

Dipole’

, ' . . Repulsive | Repulsive Repulsive
Cogpound Poi?r;Zigéilty Pre-Exponential Decay Constant Exponent
) (8" | a)® (e (n)?
vBeFe. 0.504 A3 ko1, ev - A2 0.399 A 2.
BeCl, 2,11 ' 2280. eV 0.312 0.
BeBr .3.02 . 2280. .0.332 0.
BeIé S h.84 0 . 2280. 0.363 0.
MgF,! - 0.586 . 6T6. ev - A2 0.%08 2.
MgCL, 2,27 , 2852. eV - 0.319 0.
MgBr, 3.22 : 2852. 0.339 0.
Mgl - 5.08 2852. 0.369 0.
CaF, ' 0.668 - 1399. eV - A% 0.417 2.
CaCl 2.43 481, ev 0.326 0.
CeBr, 3.k2 L8y, 0.345 0.
Cal, 5.32 © o Lh8a. 0.375 0.
Srf2 0.701 - 1890. eV - A° 0.h21 2.
Srcl, 2.49 - 5586. eV | 0.329 0.
SrBr 3.51 5586. ' 0.348 0.
srl, R 5586. 0.377 0.
BaF,, 0. 75k 2948, ev - AZ 0.k27 2.
BaCl, 2.59 . T968. eV 0.333 0.
BabBr, 3.6k 7968. ©0.352 0.
Bal, 5,58 - T968. © 0.380 0.

®See Ref. T.
Py = 2.6 A from Eq. (ITI-6a) or (III-6b), or from Fig. ITI-2.
°See Eq. (IIT-58) or (III-5b), or Fig. ITI-1.

I5ee Ref. 69.
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¥y 123 V
Sk f e

= _Fs‘ - o o | | : o (_III_Sa)
or
P =W | ' R (IIT-8b)

s . s

Since wé aiready have a general expr.'ession‘ for the repulsion
potential energy ¢r’ the "repulsive" force can'be readily obtained by

application of Eq. (III-8b).

Fr'= -V = - g—r- [Ar" exp(-r/p)]

= -Ar_n_'l_ e.xb(—r/p) [n-r/ol . - (111-9)

To calculate the "éttractive'i force due to 'the-éiectrostat'ic
intefactions we first calculaté the potential energj. Then the resultant
poféntial energy expression is diffefentiated (uéing'Eq.'(iII-8b)) to
obtain the t;for,vr'-esp‘ond'lug force. | | |

| In Fig. III-3, 'consider point charges at A émd C, and a.. spherical

conductor with its center at B and carrying a nega;cive charge =e. The
‘radius b of thé 5pherical conductor is given by the cubé foot of the
dipolé polarizability'of the anion (BD)7 Thié médel.gives ali the cﬂarge_
charge interéctions, buﬁ only one-half of the chérgé-dipole terms. Hence,

all derived charge-dipole terms need to be doubled.
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Once ggain the method of electrostatic imagevsz-6 is used to

evaluate the potential energy Of'the system. The spherical conductor is

replaced by the image charges qA at A' and qé at.gl and the charge qB'at

B. Using Eq. (II—6§), the potential energy becomes .

S
£}
o

ei .

potential at the surface of the spherical

[(;e)ga_+ (+2e)Uc +-(-e)U5

]

conductor.

0

Ua and Uc are the potentials at4§.and Cc, respectively, while .

(II1I-10)

is the

‘The various potentials are evaluated in a manner entirely analogous

to that in Chapter II (pp. 13-17). 1Initially, we assume a general angle §,

which iatér is set to zero for the linear case.
a, a' aq q
I .
& AC AC' AA' BB
- (+2e) + (-2eb/r)
a 2, & 3
{2r cosB)(1 - =+ )
: r Ly cos™6
| 26, b
. (eb/2r cosb): N (-e(1 -F ! or cbse)
' 2 2r cosb
(2r cosf - b ) : :
- S er cosB
-“ qa qa' qc' qb
U, =+t ——+—+ =
¢ Ac  A'C cC' BC
_ (=€) . (eb/2r cosB) - +.(—2eb/r)
r- a2 ah b2
r1-5e—2—) (-2
‘r~.  br’ cos“6 .
- 2b b
. (—e(1 - 2r cose))

(I11-11a)

(TTI-11Db)
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, 2b b . .
: a. —e(l - &= ¢ ————) ,
_ b _ . r 2r cosH - .
Ub "% 3 . . I (IIT-11c)

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

and'colleéting terms, we obtain;

.3 . . o : ,

_ € _ 1 eb -1 1 4. .

U& Tor (2 2 cosG] * <H’[2 cos8 | h'] : (I11-128a)
o » T 16 cos 6

U = 33 + v’ [ﬁ-i———-- 2] = - | (III-12b)
e LT r cosB L

e, p. 1 [To1pe) |
Ub ) +'r [2 - 2 cosGJ i (TTT-12¢)

where only the terms up to and including charge-dipole interactions are
retained. ' Remembering to double all charge~-dipole tefms, we substiﬁute

Eqs. (III-12a), (III-12b), and (III-12c) into Eq. (ITI-10), and obtain

o =;E_gi2_. 1 j_e%ﬁ,-l F—3l 4
ei 2 r 2 cosh - b Yeosh 4
. : r 8 cos 6
~ heg + e2b3/ 1 g) + EE._ 23(2__.__1_;_9]
2 T rﬁ ‘cos® b r 2 cosb
b r 2 cosb T

(II11-13)

Using Eqs. (III-8b) and (III-13), we obtain for. the total "attractive"

electrostaticbforce,



~60=~

2 e B | ﬁ

T cosf

._1

.' h“co§E6

) ,  (ITI-1k)

where b3 is.replaéed Ey Bd. Since we wishvto consider ohly_the electro-
static force which is applied to one of the two equivalent internuclear
bqnds, thé'appropriate single-bond force’Fb is

= R S
a 2 T L cosH

- (I1I-15)
Then by summing this "attfactive"_single—bond force and the repulsive

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

E 2 e 8  o
s _ e 1 d/o.. 2 1
F 'va rEL=- —§<2v- h_cose) -5 (8 - cosB T 8 L )
r v ) cos Q
+ Arn_l.exp(-r/p) [%-— n] . - | (111-16)

Using the equilibrium‘conditionustated'in Eq: (III-1) (for a more familiar

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

obtain
o
2 e B
0=- 25(2 N iose) Sd(8 cise ! )
2 R 8 cos '8
_on-l 2 | - :
+ AR exp(-2/p) [5 - n] . - (I11-17a)

For linear geometry Eq. (III-17a) simplifies to
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. 2 .
2 . eB. - ‘ a g
0 = = S(1/4) - —Hko/8) + A" exp(-2/0) [3 - n]

2
. (IIT-1Tb)

E. Derivation of the Stretching Force Constant

At équilibfium, the restoring force on afbondican be expressed as

F=-k& , = ) L (1I1-18a)

where kl.is the stretching force constant; cdnverSély;

k= FRL . - - . (III-18b)

Since we already have a general expression for the force F (Eq. (111-16)),

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

2 e R
2e d
k) = - 23(7/24) - 7(_2145/8) +
on n-1 : 4 '
- [- &5 + 22%___ - n(n - l)Zn_z]_A exp(-2/p) . . (III-19)

Remembering the simple harmoni¢ nature of'this reétoring force,l we can
relate the stretching force éonétanf to the symmetric stretching

frequency v, in a simple manner:

1

v = /R ol - o (III-208)
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" where m_ is the mass of the halide. In our case, the specific form of

::L is
v : 2 A
o . . 2. e B
1 1- 2e d
v; = 57 = {- -——§(7/1+) - —z(2k5/8) +
x 2 R
o PR Qn-l" ( l)Zn_Z 3 . %- : o
- (-5 Z QL e ) A exp(-2/p)}]° . (III-20b)

1
0 P |

F. 'Derivation of the Stretching Frequencies

| Actﬁaliy,-the abbv¢ derivat@on of.thebsymmétric stretching ;
frequency is an oversimplifiCafion.' We‘have assuméd that theré is.a
.étrqng reétbring force alohg'each bond_and'opﬁosihé é-change of the
internuciéaf distahce} In addition, theré.isva strghg'reStoriné force
opposing dgchange of the angle between the two béﬁdé gf'the triatdmic
molecule. ‘These two valence force assumptiéns_were pbsthlated by
BJerrum.7O A.comﬁlete treatment of the stretchingrfrequenciés given.below
can be found in Herzberg.r(:L

" 1. Non-Linear Symmetric MX2 Molecules

' 1 .
. 2m k. T :
1 X .2 1,2
vy = 5 [(1 * n sin“20) —mx_] s (III.-2;)_

‘where v3 is_the asymmetric sfretching frequency and m.m is the mass of the .

-metal. The symmetric étretching frequency Vl of the normal vibration

cannot be determined without prior knowledgevof the Bending force consﬁaﬁt

kb and the bending frequency Vé, .As was illusfrafed in Chapter II, thesé
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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 5 , o
Vi Toem [(kl/mx)] , , o o . _(IH'Qea)
and A
. ) |
2m k. = :
1 Xy 142
vy = on [(2 +‘-——m ) - ] (III-_geb)

‘These eqﬁationsfaré Just limiting cases (2 == 180°) of the.non-linear
'symmetric‘MXQ molecule. Comparing Eés. (IiIfE?a) and‘(III—QOé),-ﬁevnotice
that they aré'ideﬁtical; our origiﬁa1 derivation1is perféctably acceptable
for lineaf'molécuies.' Thus, the name "linear" is givén_to this model,

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

are considered as well.

G. 'Calgulation of Molecular Constants .

The equilibriuﬁ internuélearvdiétan¢e can bé.determined by solving
. qu'(fli-l7a). Begause Qf‘thggcomplexity.of the eqﬁatioﬁ,bno exact
solﬁtiéﬁ is avai1ab1§._ Byvquificéfion of an'éxiStiﬁé iBL library sub-
réutine; designed to.éptimiievthe vaiue-of one.variéble in terms of others,
we{obtain;a higle-accurate épproximatg solufion»using a high speed
vdigital compﬁter. A detailed.explanation of this chpﬁter’programv
(NEWTON) appears in Appendix A-1. Thevonly input data neededbfor this

computation consists of
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Bd =bp” = dipole polarizability of the anion
A, py n.= anion—catioh repulsion constants
' bending angle

M)
Q
]

for'each_of}ﬁhe alkaline earth dihalides of interest}v.The dipole
v_polarizabiiitiés of the anions:are linearlextrapqlafiohs ffdm the élkali
‘halide péléiizaﬁlé ion.modél'(see’Téble'III-l). Thesé values are not the
-ﬁfiee—ioﬁ" vglues, but.fhe reduced valﬁésﬁas-aiscuSSéd'iﬁ.Holloweli's
PH;D;.thesis.T' The-specific_valﬁes df'the fépulsipnvéonstants also appeér
in'Table:III—l. :Tabié'III§2 gives a compahison befﬁeén ﬁhe calcuiéted |
équilibrium_inﬁerﬁuqléay distanc¢s:aﬁd experiméntal‘ﬁalues_tékenffrdh.
'electrpﬁ diffraction'data.29’3o Tﬁé‘égreeméht is éXCélleﬁt.eXCépt for.
the bériﬁhvand beryllium dihalides. The barium dihalide values would be
reduced ~ 2-to 6% if.thé known bending‘in,thésé'moleéules were éccéunted
for (see discussion on the deformation constant in'Chaptér II);“.The_ |
béfyllium dihélide'values_éré'considerébly high, presﬁmably becalse éf
the‘lbng’extrépolation ﬁhat mustvbe madé to the small'béryliium ion.
Using Eq. (III-lQ); we calcUiate thevstretchipg fdrcevcénstants.
Thesé Qalués are giveﬁ in Taﬁle III—S, along with expériméntal.Values

' from.infrafed absorption spectroscopy. = Then, treating this calculated

1

value of k. as a known quantity, we determine a stretching fré@uency._ For
non-linear molecules Eq. (II1-21) is used in conjunction with the bending
angle values from Table II-3 to calculate the asymmetric stretching

frequehéy v3; For the linear compounds, Eq. (III-21) simplifies to
EQ. (III-22b) in evaluating v3. We calculate the symmetric stretching
- frequency v, using Eq. (IIT-22a). For the sake of comparison, caleulations
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Table III¥2. Equilibrium Internuclear Distances

Compound - Equilibrium Internuclear Distance (2) Percent
(MX2) "Linear" Model® Experimentalb Deviation®
BeF,, 1.h9i_ - l1.ho +6.5%
BeCl, . 199 1.75 ©+1b.0
BeBr, 2.10, 1091 © +10.2
Bel, ” 2.27g 2.10 +8.5
MgF, . - 1.72, 1.77 - -2.3
MgCL, ' 2.19, 2.18 - +0.8
MgBr, o 2.3k 2.34 +0.2
Mgl, 2.51 2.52 . -0.0h
CeF, . -~ 2.08, 2.0 - -0.8
CaCl, o 2.51, 2.51 ‘ +0.3
CaBr, 2.66, 2.67 . . ~0.4
Cal, B 2.89) 2.88 E S0
srF, 2.23, 2200 LS
Srcl, a 2.66,, 2.671 -0.3
SrBr,, o : ' 2681h 2.82 T . =0.2
SrI, | $3.05,. 3.03 . +0.8
BaF, 245, 2.32 +5.8
BaCl, | o 2.88, __?.82'  el
BaBr, - 3.0h, 2.99 | +1.9

- Bal, 3.29¢ 3.20 +3.0

®see Eq. (III-17b).
b o
Values accurate to %0.03 A, see Refs. 29 and 30.

Cri o . ' o o L
Deviation of "linear" model values from experimental values.
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Table IIT-3. Stretching Force Constants

Compound . o |  Stretching Force COnstant (kil

C(Mx.) "Linear" Model? ‘, ‘ . Experimental

BeF ) ] 5.68O ndynes/A u.96to._1ob mdynes/A
. ‘ _ o

5.0

5

5

.159:€

5.187

BeCl a 2.8y, ~ 2.9220.08°
' ' 2.9%
S R 0 3.e8%0
- : 2.53g ' B 2__.53d e o
| " (2.35)°
Bel | B 2.08, - 1.96¢
| o (a.8s)®

.97+0. O'Tb

.06"
.TLE

.81l

NN W W

 MgCl, _ 2.39 : . 1.96+0.06°°¢
1.83"
MgBr,, L 2.09, . 2.340.03°
- | | - 1.8 '

MeI, o173, N (1.18)°

2.49

(continued)
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Table II11-3 (continued)

Compound : ’ " Stretching ForcelCohétant (kll
(MXQ) ' o . "Linear" Mode1? o ' Experimental
— . | o -
CaCl, - 1.81, : . 1.18
~CaBr,, . S 159 : , o 1.03°
Ca12>,.v = | o130, - :o.86b
STF, : 2.2 " 1.6220.05°
‘ W=l
1970
srcl, . 160, | ~1.04%0.05°
' - o oa.37d
. : ' : PN
SrBr, } 1.h1g - - (0.89)"
srl, . : 1.154 : N (0.7h)
BaF, | 1.78 151
: o R , .
. . o ' 2.49
| 2.20"
: , _ s b
BaCl _ 1.35 0.97
, 2 R 7T p
. ' ©1.33Y
, | » o b
BaBr,, . 1.18, 7 - (0.77)
Bal, - 0.97g (0.65)°

* ' . :
- All stretching force constants have been converted to units of millidynes

o - . : _ . . . - .
per Angstrom for convenience. Values in parentheses are estimated.

- ®see Eq. (III-19). : _ Tsee Rer. 3.
PSee Ref. 72. : €3ee Ref. 38.
- ®see Ref. 33. ‘ ' Bsee Ref. 37.
i '

d5ee Ret. 36. See Ref. 39.

®See Ref. 35. : "~ Jsee Ref. ho.
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are sometimes made for both,a linear and a non-linear configuration of
the same molecule.‘AAll the stretching-frequencies are summarized in
Table III-l4 along with experimental data from infrared absorption

spectroscopy. .

JH. Concluding Remarks .

_ Our "iinearﬁ pélarizaﬁle»iOnvmodél predicts_thé equilibrium
intérnucléaf»distancés, stretching force éonstanté,fand stretching
A.frequencies quite accurately-fbrvthe alkaline_earth dihalides.' This ié
very usefui, especialiy since both the'symmetricbsfrétching frequencies
and the stretching force constanté are difficult to obtain experimentally
with great aqcﬁracy. | |

This model, liké the model detailed in Chapter IT, exhibits some
ob&ious oversimplifiéations (such as the ﬁegléct bflfhé éation
polériz&bility), Unfortunatély, 8 mQre.complete.version'is.mathematically
unWieldy. Hoﬁe#er, as a first approximation to cgrtain fundamental

molecular ¢dnstants, our "linear" model should pfove quite useful.



. Table III-k,

*

Stretching Frequencies

Compound Symmetric StretchingﬁFrquency (vll Asymmetric Stfetching Frequency (Vv

3L- Bending Angle |
(MXE) "Linear" Model Experimental "Linear" Model Experimental - (20)% . £
' Liqeara _'Non—linea,rb Linear® Non-lineard o
' Bef‘2 "712.h cm-l (668.)f cm-l 1627;0 cm_l. ‘ 1555-g’h cm—l '1800_ <.
| (680.)8°8 1520.7 | o
BeCl, 372.3 (373.)f 1108.5 1135.h’j 180 L
: (390. )P ' 1113.7 o
(380.) | -
BéBré' 232.2 (223.)F 1005.0 (96@.)f 180 , <
. I
(230.)% 1010." N 5
Bel,  166.9 (157.)F 901.5 (850.)F 180 o
- (160.)" 873." L
MgF, 601.1 (515.)f 962.3 825.f1‘ 180
| b7 Bt | 875.8>
(510.)% 8}40.k
(5k40.)7 go7.t
MgCl,  338.9 (297.)F " 670.7 597. 180
. 588.™"
MgBr, 211.0 (178.)F" 580.7 - 490." 180
MgI,  152.2 (125.)" 514.9 (boy ) F 180

(continued)



Table III-L (continued)

Compound Symmetric Stretching Frequency Lyll Asymmetric Stretching Frequency (v.)
— " )

Bending Angle

(MX,) "Linear" Model Experimental "Linear" Model . Experimental (20,)®
Linear" NOn-linearb'_ _ 4Linearé Non—iineard_ .
CaF,  483.7 (122.)" 675.1 €55.7  575.° 140
(520.)8 - (595.)8
520.9 595.9
13,1 sus.t
CaCl, 294.9 (238.)F - 1490.7 395.F 180 -
| | 394"
CaBr, 18h.1. (118.)F ¥11.1 330.7 180
Cal,  131.9 (107.)" 357.1 290.% 180
SrF2" 46,2 (380.)F 53h.L - 513.7 - Lss.© 120
(485.)8 | . (k90.)B
485.9 490.9
yy1.t b3t |
srCl, 277.6 (223.)f. 373.3 - 366.9 300.% 148
| | 285.° | | 318.°
| SrBr, 173.1 (137.)f 290.9 289.0 (231.)F 16k
sr1, = 12h.5 (200.)F L5, 7 | (87)f 180

(continued)

-0L-




Table III-4 (continued)

Compound Symmetric Stretching Freguency,(vrl Asymmetric Stretching Frequency (v.) Bénding’Angle

(MX2) "Linear" Model Experimental "Linear" Model - o .Experiménté; ' (2a)€ "
Linear® ‘Non-linear’ o Linear® Non-linear® _ o ‘
BaF,  399.5 (367.)7 b1 w325 kst 10k
B | | (k50,08 . (430.)8 |
450.° o ) - w30
513.% '
CoBac1, 2k (asof a3 3034 265.F 128
, S .279.0. _ | . | _ 285.0 |
BaBr, 158.6 . (128.)F 233.3 ook.k (188.)F 136°
BaIé 1k 930t 193.1 - 188.8 (157.)F | 150

% . _ .
Values in parentheses are estimated.

aSe_e Eq. (III-22a). -~ - = . o iSee_Réf.»35.
by
Not calculated. . - : See Ref. 3k.
See Eg. (III-22b). . _ o See Ref. 3T7.
_ds¢e’3q. (I1I-21). , - lgce Rer. 36.
°See Teble I7-3, (used in Eq. (ITI-21) only). ™See Ref. 38.
' fsee'Ref. T2. . o - - Tsee Ref. 39.
€3ee Ref. h91 ‘ v » _ ‘ " Oee Ref. k0.
hq s . _ S

See Ref. 33.
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IV. ELECTRIC DEFLECTION SPECTROSCOPY

A jIhtrdductibn,'a

Ih ofdér to_further fest our polarizable ion'models, we need to.'
perfbrm 335 ?hase-geometry_experiments on the_@efal'aihalides."There
exist several éxperimentai téchniques fér determihingxmolecular sifucturés?

‘éach cabéblé‘of.highAprecisidn. Howe&er,.fhe'high tempe;atufes and low
preésures ébmmoniy necessary to vaporize tﬁe réfractory metél dihalides i
place severe reétrigtibﬁs on fhé feasible'fofmS.of spectréscopic'study.
The bulk of the infofmaﬁién'oﬁrfhé geqmétry of-thése moléculeé éomés from

~ electron diffraction, métrix-isolati§ﬁ7infrared abéorption,_or electric
deflection spéctroécopy:_ Each fofﬁ of spectrbscépy has its weaknes§éé;

Using‘the electron diffraétion technique, highly pfeéiSe'bond lengtﬁs éan.

‘be ascertained, but often the bending angle (gg) ié in:doubt by as much as
30°. ‘The matrix itself-and the low'tempefaturéé necéssary to perform the
experiment‘pléy an uncertain role‘in inffared absorption spectroscopy. |

..The validity of the electric deflection results'depends critically'on the’
sensitivify for-detecting a low ‘intensity beam éf mbleculés. Wé ha&e_
choéen thé electric deflection méthod to étfack the problem'df molecular
structure becauée of the availability ofithé-éomponent equipmgﬁt ahd

“because of thevbackground knowledge of this technique accumulated in:this
laborsatory. |

The téchnique of -electric deflection’cah‘also be applied'to;b

T3

numerous othér pfoblems. Among these are detgrmination of molecular
structure, determination of polarizabilities and dipole moments, measure—'

ments of rotationalvtémperatures in a moleculér beam,vanalysis of
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fragmenfation patferns of mass spectrometry, and characterization'of
ground stéte.anq low-lying electronic levels of moleéules, We have
gbnfined oufselVes primarily to obtaining inferenées as fo tﬁe structures
and bonding of numerous éas;phase metal halide molecules; Secondary
-consideration is given to the determination of fragméntation patterns

where they are of interest.

‘kB. Theory
Using the electric defleétion technique,‘é.thermally populated
bgam of the mplecule to be studiéd is directed thféuéh a strong inhomo-
géneous‘electfié field. Polar moleéules are deflectéd by this.field in
_béth bositive and negati?e directions (relative to ﬁﬁe'gradient:of'fhe
electric field Vgs); a beam of centrosymmetric mq;écules is deflected

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

_Fs acting on a molecule with potential energy VS inﬂan electric field'&s

equals’the negative gradient of the potential energy,

,%=_WS=-@%ﬁ%W% . : (Iv-1)

For a thermal distribution, Bvsﬂi&s can be both positive and négativé‘fdr
-polaf molecules, but only negative for non-polar molecules, Expressing

Eq. (IV-1l) in another way,
= & o . ’ ) . -
Fg=H V& | _ | | (Iy 2)

where ue is the effective dipole moment of the molecule in the direction

of the field. For a centrosymmetric molecule, uekis equal to‘aﬁ, where

S

o is the polarizability of the molecule. Therefore, M, is necessarily

positive if 3 Vs/a 88 is to be negative.
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Fdr pglar moleculés, the situation is cqnsidéfébly more cqmplex,
Depending on thé type of poiar molgcule'ianlved;_ue:ﬁay depena.on Qafious
rotational.and vibrational qdantum numbefs, the momeptyof inertia, and the
permanent dipole moment and its derivatives, as well as on'the polarizability
and fieldvstfength,_ These éompliéated relationships éliow the effective

dipole moment to assume both positive and negative Qalues.

Further consideration of electric moments in connection with the

Th=76

Stark effect, is beyond. the scope of this work.‘vThe point here is
that molécules possessing permanent dipole moments can be differentiated

from centrosymmetric molecules by use of an inhomogeneous electric field.

C. Defléctioh System

The inhomogeneous electric field used fo detefmiﬁe whether
moieculesqussess a permanent dipole moment is created by four alternately ‘
chargederQS.(quadrupole) placed at the corners of'axéquare{ The beam of
molecules-is éimed dire;tly‘along the axis of this.érray. In electric
qﬁadrupoles,TT the gradient of the absolute value of the electric.field
points radially outward. The'array is made optically:opaque by a stopwire
(see Fig. IV-1), wﬁich prevents molecules that interact weakly (or not
at all) from reéching the detector. Thus,'the only molecules to travei
directly from. source to detectof are thdée thaf interact strongly with
the electric fieids. As is illustrated in Fig. Iv-l;.allfmolecuies?for

'whiéh.BVéﬂ58s is negatiﬁe are deflected away from the axis of the beam
path and will never strike the detector. On the>other hand, a’signifiéént_
fraction of the molecules for which.avsﬁ)gs_is positive fbliow paﬁhs

(solidAlines in Fig. IV-<1l) that curve around the stopwire and reach the



Source | § 4 o | |
oven - — , | - .

Detector <

— e e m— e w— ———

=G~

Stopwire

-Quadrupole deflecting field

X8L735— 2866

- Fig. IV-1. Deflection system,
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detector. .In essence, we can detect’the presencé.of molecules possessing
permanent dipole moments, since beams of tﬁese molecules undergo
"refocusing". :Moreover, as the voltage applied to this quadrupole is

’ incréaSed, the trahsmission thrpugh the electric field also increases.

Thus, a larger flux of molecules reaches the detector.



‘advantage of our system over those of earlier experimenters

=TT~

V. EXPERIMENTAL APPARATUS AND PROCEDURES

A. Introduction

We have constructed a high sensitivity eléctric deflection

. apparatus by modifying an existing molecular beam spectrometer. This

spectrometer was originally designed by Alvin Hebért énd wéslinitially
ﬁéed by Carloé Melendres to pefform'mass.spectroscopib studies. - The basic
appératus, shown in Fig..V—l, is.described briefly in thisvéhapter; a
more detalled account is available in Meleﬁdres"Ph.D. thesis.78

A qﬁadfupole ;ssembly designed to eiectricall& déflect and refocus
a beam Qf molecules has been added to the bésic apparatus. High
éensitivity is achieved by.plaéing the quadruﬁole'déflectiﬁg.field close
to the_beamzsource tq give a large acceptance apértﬁre. Another majbr

2,19 ié the

incorporafion of a pulsed-voltage, continuousvﬁime—averagingvdatgiﬁiu
acquisition system.so ~Such signal aQeraging provides signifiéant;ii“ﬁf
improvement in the signal-to—noise ratid; consequehtly, much smaller
experimenfal-effécts can be'pbserVed. In additioﬁ; phase-senéitive
detection is employed to allow easy.diécriminatioh between beam components
and residual background gases. (Kaufman and Kolb have recently used these

techniques to'investigate reactive intermediates.al’se) , ’

B. Agpafatus+

The basic apparatus consists of three sections: the oven chamber

(0C), the buffer chamber (BC), and the detection chamber. The oven

+The 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 quadrupdle:assembly (Q) designed to electrically deflect
the,resuitant beam of molecules has been added to this chamber. |

The oven and buffer chaﬁbers,‘though direéﬁly»connected, are
separately pumped to high vacuum by oil diffusion pumps (DP-1 & 2). This
differential pumping of the oven and buffer chamberé maintains pressures

of approximately 5 X 1077

and 2 X 10—7 torr, respectively, as measured

By ion gauges. The pressureé measured»by these gauges are only a relative
indication of pressure due to obvidus'grédiénts iﬁéide thé apparatus.'>A'
mechanical pumpl(MP) is used to "pump down" these chambers from atmospheric
pfessure to & pressure at which the-diffusibn.pumpé work accepfably. An
electricsal protecfion system is ﬁrovided tb shut>off the diffusion pumps
in case of increases in pressure or temperature above preset standards,
.or failure of thé water cooliﬁg system. . An autdmated liquid nitrogén

- fill system designed by Alvin Hebert‘maintains gll liquid nitrogen traps.
A qomplete.iisting of the vacuum equipment appears in Appendix.A—h,v
" Teble V-1, | |

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

can be removed from the beam path.: This phopper‘is nécessaryrto
differentiatéztrace éomponents of a molecular beam from the residual
backéround ggses. A gaﬁe valve sﬂutter device (GV)‘is'moﬁnted within the"
detection chaﬁber for ease in monitoringvthé'presencé or absénce'of a
5eam of molecules.

The 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 llters per second pumplng speed malntaln a vaéuum of ZLOV8
torr or less. The quadrupole mass filter- assembly83 Sh (QMF) is mounted
perpendlcularly to the beam path thereby increasing. the colllslon
probability between the beam and the bombarding electrons; A thoriated
iridium fiia.ment,85 a grid to control electron eﬁérgy; and a series of.
electrodes act to extracf the ions férmed fréﬁ thevPeémvand focus them
>On the quadrubole éntranée. A de voltége and_a,supefimposed_rf voltage
.épplied'to the pole pieces of the quadfupole creaté an eléctfostatiC'
field betweén the fods. The equations of motion Qf”én ioﬁ in such a
fie1d86 shbﬁ“that only ions with specific charge'to'#aSS.rétios'can

. trensverse the field at a given rf frequenéy ggg'a given ratio df.rf
voltage‘to dc voltage. This.filtering action alloﬁs‘dne to selectively
discrimiﬁate; as to mass, ions with a given chafge. Traﬁsmitted ions

afe detected by an electrbn multiplier with copper-béryllium dynodes.
This Quadrupole mass filter éystem permits analyses‘éf masses of 1 amu to .
500 aﬁu; The ionvenefgy can be manually controlled from S.to 45 electron
volts, whereas the electron energy is varlable betwéen 10  and 90 electron
volts. A concentrip stainless steelvcylinder'(CF) fllled with liquid
nitrogen apté;as a crngenic pump in-thevarea beyond.the filament. -The
glass port (GP) allows viewing of the filament fof'the purpdsé_df 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
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and a 0.0254 centimeter wall thickness. A variety of agpertures was

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

intensity for the purposes of detection, 2) effusive87-9o

7

as opposed to
hydrodynamic flow, and 3) sufficient collimation on the quadrupole
entrance. Obviously the first two'conditions tendvto work against one
another sé some cbmpromise must be feached. Experiéﬁée_in_this laboratperB’gl
combined with'théoretical argument392 yieldéd the fdlléwing guideline: |

The width and'thicknéés of the effusion orifice mUst-Bé much smaller than

£he mean free path'of ﬁhe gas moleéules at operatiﬁg-temperatures and
pressures, the so-called "ideai s1it",conditioh.93’

Initially, atteﬁpts were made;to use the'ipbe»with a idng narrow
éiit (0.635 centimetersvx 0.0127 ceﬁtimeteré)“traditionally used in beam
studies by éxperimenters in thiS'laboratory.B"The third criterion,
however, wa§»not satiéfied so several alternatives wére tested:: the slit
waS'shoftenéd (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.smailéfvcircular orifice
éatisfied‘ail the necessary conditions, so tubes with these specifications
were machined in the LBL Preciéion Shop. Certain‘improvements weré made
in these ovens during the course of the experiments._‘(Th¢Se changes are

detailéd in Chapter VI under SrI_.) The ovenvtemperature is regulated by

2
resistance héating 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, not absolute, measurements due to the temperature
gradients inherenﬁ in this type of oven.

2, FElectric Deflecting Field

Origihally, the guadrupole field was provided by four stainless
steel rods 0{250 inches in diameter and 3.0 incheé in.length mqunted.'
paraliel t§ each other in a rectangular array. In order to increase the
quadrupole field effect, 0.0625 inch diameter pieces of stainless steel
were weldedito the inside of each pole piece. This.féduced the separation’
between pole pieces from 0.250 inches to 0.i25 inches; which effectively
quadrupled the eleétric field. (The eiectric field:is proportional to
l/ro2 wheré_ro is.the separation of the»pble pieces;)v The whole quadrupole
lassembly is.housed in anAalumina’iﬁsulator which_in turn ié bolted, along
. with the two "ground“ pole pieces, to the‘partitich'séparating the oven
and buffer chamberé. Holes have been drilled in fhe alumina to allow the
escape of the gases; a gas build-up could lead tovan‘electrical discharge
during operation. The two "hot" pole pieces are bolted to a céver_plate
containing a-0.3125 inch center-tapped hole (as doesvthe alumina insulator)
for passagé.of thevbeam. This aséembly is held in place by a stainleés
.stéel ring of adjustable size equippéd with an electrical éonneétion>to3
the high V§ltage source. A schematic diagram and cross sectional views
of the quadrupolar assembly appear in Fig. V-2.
| The electric field on fhe qﬁadfupole is initiated by aﬁ unregulated

high voltage power supply. This high voltage source is turned on by a
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filamentvand remains on during the céurse 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 fhe priméry of the
high‘volﬁage'sﬁpply. The relay,in turh is pulsed_by a commercial pulse
generafor. The pulse generator actually amplifies a:pulse which is
produced by a 50 volt power supply., and is routed viﬁ the multi-
channel anélyzer_(for synchronous timing);' The relay system was chosen
over g simpler high voltage switcﬁing mechanism-becaﬁse of the inherent
difficulties in operating the latter.

A Variac is used to allow continuous variation of the deflécfion '
voltage from 0. to 30. kilovolts. Actualiy, eleétricél breakdown generally
oécuré'ﬁetween 19. and 23. kilovolts. An internal resistor "bleedér
sfring" allows gradual voltage decay when ‘the reléy.cOntaet is broken.
This bleéder String also provides a means of monitoriﬁg the output voltage
on a standard 6scillosco§e; These monitoréd deflécfion vbltageS'are
presumed accurate to *5%. |

The.éroundvpotential pole piecéé serve to hold the 0.125 inch'
dismeter sfopwiré (SW) which prevents undeflected molecules from reéching
the detector. - A cross section of the sfobwiré is shoﬁn in Pig. V-3.  The
position designated "hole" is used to locate the stfaight—through molecular
beam. The pésiﬁions labelled "thin rod", "small ball", "'1arge ball", and
"fullrroa", respectively,.obscure more and more of the straight through
beam. From dutside the o&en chamber, without breaking the vacuﬁm, 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 quadrupolé_itself'havé been electropolished to avoid
electricai breakdown due to sharp edges.

3. Phase Sensitive Detection System

The beam chopper:consists of a cémmerical'synchroﬁous»hystersis
motor on whiéh is mounted a paddlewheel for médulatiop. This motor is
driven by a étereo amplifier controlled by a‘SQ volt power supply. and a
voltage-to—frequéncy converter. The frequency of‘tﬁé'paddlewheel (néfmally
‘.about 50 cycles per second) can be continuously_véried'to provide the
desired moduiétion.' A light bulb and a photodiodéiméunted on opposite
sides of»the'chopper provide a reference signal fof tuning'a lock-in
amplifier; Part of the electrométer signal directly drives one pen on a
2-pén recorder. The other part of the signal is used aéiinput first into-
an impedancevmatching tfansformer,.thén into a lqw—noise pre-a@plifier‘

. which enhances thg'signal-to-noise ratio of the mass S§écfrum. From the
3pre-amplifier,'phe signal passes through 8 lock—invémplifier, whose output
drivesvtheisecond pen of the recorder. Thus, a sbectrum'of the moduléted
vbeam components is superimposed on a complete spectfumIOf electrometer_
signals including mass peaks from residual'baékground:gases. for major
beam components ﬁo modulation is necessary; however, aniinherent difficulty'
infdetectiéﬁ'éénsitifity of minoi componenté of the‘béam (similar'fo that
mentioned by'Melendres78) is observéd without moduiation. With the'chopﬁer‘
even large‘backgroﬁnd signals interfere very little_ﬁith detection of

minor constituents of the beam. This detection systeﬁ is diagrammed in
Fig. v-L4. A iist of compohents 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 ie extremel& eensitive
te source'pressufe and ambient vacuum-pressure flucfuations, Since
reproducibilify of results is of prime importence, repetitiqn ana storage
‘of signal intensities in the multichanﬁel analyzer oVer a period of manye
hours is highly_deéirable. Moreover, significant improveﬁent in the
siénal tQ hoise ratio (compared to previous systemeg) is obtained using
a multichannel analyzer: The signal accumulates iﬁLdirect proportion to
the number of counts; while noise is proportional tg”the square root of
the number of counts..

.fhe signal from the elecgfometer can be-sﬁiféhed to pass through
a rf filter, a pulse amplifier, end a pulse discriﬁinator 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 prograﬁmed time baeed oscillator. A
start pulse serves to trigger the k4 Quad multiplexef,,frequency synchronizer,
and time based oscillator (TiBO). The TIBO in turn efarts the multichannel
analyzer by programming the analyzer's "live", or count écceptipg, time

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

p)

‘The dead time for thevNofthern Scientifieeanalyzer<used is 3 x 10" seconds_
per channel, or ~ 7.6 milliseconds for the 256.channels.of one quadrant. -
The analyzer has fouf quadrahﬁs which can be seleetédﬁfor use individually
or jointly by virtue of the 4 Quad multiplexer. The resultant "intensity

versus time" sweep is desigﬁed to store. and accumulate the spectrometer

signal in the form of counts in the multichannel analyzer. This data.may
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be displayéd‘visdally on its oscilloscope from which Polaroid photographs

can be takéh, and/or can be read oﬁtAdirectly 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-L, Table V-3.

'A 50 volt power'supply and the beuad'multiplexer provide a pulse

at the start of a'sweep of a specific quadrant.  Thisftriggering pulse is

then relayed directly to the'pulée'genefator as mentioned-préviously. The

purpose is to make the voltage pulse causing electric‘deflection‘coincide

reproducibly with the‘éwéep position in a given quadrant of the analyzer.

E. Experimental Procedures

1. Qpefational Checks

o

A check on the sensitivity of the quadrupdlé_mass filter is made

o by taking the spectrum of residual background gases of low atomic mass
(less than 50 amu). This spéctrum8'is well established and has been used

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

the experiments. This residuél-spectrum also gaVe_a_rough calibration
standard for the mass scale, which later assisted'iﬁ-locating sample pesaks.

A preliminary test of procedures and equipmenf was made on sodium

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

9k -The resuits suggested

some minor apparatus. adjustments which were made to improve subsequent

experiments.

2. Experimental Modifications

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

and a 3. inch diameter outer "mushroom-like" cap (all made of 0.010 inch
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) taﬁtalum foil) was bolted to the fhot" end Qf the quadrupole. Individuaib
pieces were separated by 0};25 inch thiék stainless §téel:spacérsf A
0.3125 inch ﬁdlé was center.tapped for-beam passége;,iThe purpose of the
heat shield was to profect‘the quadrﬁpole apﬁaratus;fparticula£ly the hard
solder jbinis, from the intense heat radiated froﬁ the oVeﬁ.' The oven wés
dnly 0.750 inch from the mouth_éf the Quadrupole'so‘spacé was at a premium.
The most persistent operationéi obstacle éncoﬁnteréd-has been the
"shorting out" of the deflection system. Each component of the high
voltage system was individualiy tested, and the problem was localized tov
the‘quédrupolar structure;; The pumping speed inSidevthe guadrupolar
structufe WQS insufficieﬁt to‘prevent_avpreSSure build—up, and hence a‘
gas discharéé;gsl To this end, the heat éhield was removed and the.problem

has been greafly élleviated.r

3. Experimental Techniqﬁes'

fhé chemicals used .in these experiments afe;high purity commercially
available. compounds.  Sihgle.crystals are preferabie; though anhydrous
salts are-alép.quite satisfactory. Hydfated’salté'éré generaily baked
overnight in'an oven at approximétely 110°C :. f‘fo remove the water. -
Water causes oven "bursts” which clog the ofifice;v Eecause of the
hygroscopic'natufe bf»many metal halides, thegevcdmﬁounds are cOnstaﬁtly
ﬁaiﬁtained'undefvvaéuum.:: o | |

To avéid contamipatién By impﬁrities,'thé saﬁp1e.ovens are scrubbed

" with an abrasive,*washed:ﬁith distilled water, ériéd;’and\theﬁ rewaShed

- using ethyl.aléohol pribr to each,eXperimentai teéf.: Tﬁé_interior of the

oven .chamber is also cleansed with ethyl alcohol between experimenté. We
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have dlscovered by experieﬁce that quadrupole pole p1eces whlch have a
thlck dep051t of beam materlal contrlbute to the gas dlscharge problem.
'ConSequeptly; the quadrupole assembly is'dismantled and washed with ethyl
valcohol_betweéﬁ'expefiments.i | |

“Eacﬁ compound.has teeh:run under the followlné"tositiOns of the
Stopwlre. large ball, small ball, th1n rod full. rod hole, full blockage.
'The change in 81gnal w1th stopw1re pos1t10n acts as a check on beam
deflection and refocu81ng, as opposed to 51mple scatterlng from quadrupole
pole p1eces.9 | |

Each‘compound also has been run with a serles of dlfferent
deflect1ng voltages for various stopw1re p051t10ns : Deflectlon voltages
are systematlcally 1ncreased to the po1nt vwhere electrlcal breakdown
occurs (~ 20 KV). Obviously a null deflecting voltage glvesvan indication
of scatterihg. If the molecule has a permanent dlpolermoment,-;ncrea51ng
the voltaée yields'an increased refocused signal for;the beam.

Each compound has.been.studied over a range of temperatare{
Equilibrium.conditlons favor different vapor epeciee-at different
' temperstures. | |

'Refocusing is always checked for the ioniiedxopecies MX+ as well.
as MX2+. The MX2+ signal is of the most interest aslit‘is highly improbable
>that itrcould result frovaX,.the alkallne earth monohalide, which
naturally has a dipole moment and deflects; The probable origin of the

+ .
MX2 ion is

MX _+e"-—'->Mx++ge' ,
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4

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

or

i

MXQ + e +>, mxt + X+ 2e7 .

All runs_héye'beep madé with sevéral thousana_samplg counts per
second being fed to the multichannel analyzer. | The total accumulated
vcoﬁnts in the analyzer aré_at leést 100;000 per éhahﬁél; Each run iasts
from 3 to 12 houré, depeﬁding on beam intensity.  Periodic monitoring of
. the beaﬁ signal is made“duriﬁg‘eaéh experiment; xThe.hole poéition is
used as éﬂsténdard af'all~times; while the full biéckage sliding beam
stop is used as the_null position. N

Experimeﬁfs involve adding counts alternately tb two,quﬁdrants
of the multichannei analyzerf Infthe first quadranfl(swéép time 512
millisecond;) né deflection yolﬁége is appliea -”this ié the "control -
group". Tﬁé second quadrant also has a sweep tiﬁé of 512 'milliseconds.

A voltagé pulse, 58 milliseconds in dUrafion, is abplied simultaﬁeously
with the startrof~the second Quadrant sﬁeep. During the remainder of that
sweep, the volﬁage'decéysvexpdnentialiy'to fhe BaSéﬁiine.’ By combining
fhevéouﬁts cbllected in thé twb quadrantsvin a singlé pictufe, we obtain
visual“évidence 6f whether‘the applied voltage cauéés an incfease 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 usiné
elecﬁric deflection. Lithium bromide (LiBr), zinc fluoride (Zan),_and
cadmium bromide (CdBrQ) have been chosen as stand .ﬁs for theseé experi-
ments., Thebnine alkaline earth dihalides (BaFe, BaClé, SrClz, SrBrg,

SrI,, CaF

o caCl

2’

o MgFe, and MgClg) chosen for investigation are the

borderline cases (between bent and linear gas.phaée structures) of this
group. :Lanthanum fluoride (LaF3) is represent&fi?é of a rare-earth
trihalide ﬁo which our polarizable ion model‘qould Be readily applied.
The europium’ dihalides (EuClg, EuBré, Eulg),are quité similar to the
alkaline éarfhs and have hot previously been étudied.using eiectric
deflection spectroscopy.

The focusing data from the electric defleétidh experiments are
Presented in two different formats; The usual form is a table sum-
marizing”thé éhangeé:in beam intensity wﬁen a deflectién volfage.is
applied fo fhe quadrupoleAelecfrostatic field.. For'ouf purposes,

2
_ (J:V - Io)(lO )

I = . (vi-1)
It

I is the percentage of the molecﬁles refocused (or- defocused); Iv is the

e

beam intensity at voltage V for a given stopwire pésition; IOvis 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 visdal display which is obtained from'thevoscilloscope trace

output of individual experiments.
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It is”extremeiy.difficult to assess focusing data quantitatively.
Meany variablea centribute to discrepancies betweea measurements (eeg.,
varying~aoﬁrce 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% iaathevnormaliaed'
refocusingeduring‘successive experiments on a giveh mass fragment. Even
less reproducibility occars when experiments'are‘cet consecative. Thus,
we consider changes by more than a factor of 2 signifiéapt, and not just
due to systematic errors: However,vwe'are most interested in the dis-
tinctioa_between polar and non-polar molecules as evidenced by refocusing
or'defecusing; The trend that the geometries of these molecﬁles follow'
withinta given series of compounds ia important as it relates to our
bolarizable ion model.

We use different stopwire positions to ensure ‘a proper focusing
patterﬁ; " The positions'which.give the most characteristic patterns are
"the hole apd the 1/16th inch ball, so these are comﬁonly used in our
experiments.- : ‘ | T |

The mass fragmentatien patterns arising from molecular beams are-
given where_pertinent; If several of the observed mass fragments originate
solely from oﬁe parent species, nearly identical focusing characteristics
are'expected; Moreover?vsince most“of-these fragmentation.patterns have .
already 5éep observed in vaporizatioc.studies on these_molecules,
reproducibility'ihdicates_a_similar'beam composition and thus assists in
'identifying the parent species.

Each set of experiments has been performed’dver a temperature

range; The lower temperature is that at which the minimum acceptable
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Beam intehsityjis availablg.v The higher. temperature often reflecfs the
temperature at which the electric field begins to:break déwp due to gas
diécharge. Althéugh the refocusing pattern depends-bn temperatufe
(I « T2'Q).as well as voltage, geﬁerally no cofrectiOn 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-dalibration standard

97

because-~1) it'possesses a large permanent dipole’moment and thus can

<

be used to detefmine the ability éf-the quadrupoleveiectric field to
deflect and £efocus avpolar molecule, énd'2) both a polar parent spéciea
(LiBr) and a non-polar parent species (planar LieBré) are obtained from
the same béém of-moleculesole. Consequently, thevéuadfﬁpole electric
field can be ﬁested under a variety.of operating cénditions without
' varying other‘parameters. The LiBr mélecule was studiéd after each
experimentai modification to ensure reprdducible results.
Reagent grade lithium bromide was obtained from Mallinckrodt
Chemical Works, Saint Louis, Missouri. LiBr is strbngly deliquegcent;
samples were maintained under vacuuﬁ at ali times. Brior to each .experi-
ment 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; thé four observed pfimafy
mass fragments are attributed to Li+, Br+, LiBr+, éndlLigBr+.' The relative
'intensities of these fragments are 88:32:50:100, These ratios compare

quite favorably with those given by Buchler g&_g£{12 (henceforth called BSK).
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Thirty-two separate deflection experiments have been performed
on LiBr over a temperature range of 1116°K to 1190°K. A typical spectrum
of the LiBr' fragment is shown in Fig. VI-1. Figure VI-2 gives the
refocusing percentage of the LiBr+ fragment as a function of deflection
voltage. These data agree quite well with the expected theoretical
functionality (I « Vl's). As the electric deflection experiments by
Wharton, gg_é£.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, LigBr+ shows no tendency to refocus even at an applied
voltage of 20 KV. Presumably the LiEBr+ fragment originates from the
planar dimer Li2Br2. 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 ZnF2 and reported no indication of refocusing.

55

Lowenschuss et al. later confirmed the linearity of ZnF2 using
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matrix-isolation infrared absorption spectroscopy. However, using this
same method to re-examine Zan, Hastie 2£'§£.5h interpreted their data as
indicative of a slightly bent gas phase configuration (2o = 160 - 170°).
Because of the latter study, cadmium bromide (CdBrg) was then selected

as a linear calibration standard in lieu of ZnFE. CdBr2 is definitely
linear in the gas phase.

We obtained anhydrous zinc fluoride powder, of 99% listed purity,
from City Chemical Corporation, New York, New York, and bought anhydrous
cadmium bromide crystals, of 99.9% listed purity, from 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 v 100°C.

In the infrared study of Hastie EE_§£.,SM no polymeric species
of ZnF2 were observed. Over the mass range of 30 amu to 420 amu, we
find only the fragments Zn+, ZnF+, and ZnF2+, 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 CdBr2 up to 500 amu. Only the fragments CdBr+ and CdBr2+
are observed (relative intensities 40:100). Hence, both ZnF, and CdBr,
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 v 1000°K.)

The eighteen separate deflection experiments performed on ZnF2

can be divided into two distinct 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 CdBrg. 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,' appear in Fig. VI-3. Thus, like ZnF,, Br-Cd-Br has a linear

2
geometry in the gas phase,

C. Alkaline Earth Dihalides

1. Barium Dihalides (BaF2 and BaClg)

Of all the alkaline earths, barium fluoride (BaF2) and barium

are certainly two of the most highly bent molecules. Two
12,79

chloride (BaCl,)
previous electric deflection studies by Klemperer and co-workers
have shown strongly refocused beams of both BaF2 and BaCle. 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 crystals 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 BaCl2 was heated
slowly to v 150°C in an oven, and maintained at this temperature overnight.
The BaF, crystals were broken into useable size chips and loaded directly

2

into the source oven.
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Under Knudsen conditions, previous vaporization studies using
mass spectrometry indicate that BaF2 is a monomer over the temperature

98,99

range 1232°K to 1505°K. A similar situation has been postulated
for BaCl2 by Brewer gg_gi.loo Over the mass range 15 amu to 450 amu we
have observed no evidence of polymeric fragments for either BaF2 or
BaClQ. For BaFg, the only observed fragments are Ba+ and BaF+ (their

relative intensities are v 40:100). These observations agree with the

12,98

results of previous investigations. Similarly, no parent fragment

(BaClZ+) has been observed for BaClg. The Ba+ and BaCl+ peaks also show
relative intensities of approximately L40:100.

Forty-two separate deflection experiments have been run on BaF2
over the temperature range 156L°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-1l. A typical spectrum of BaF+ is given in Fig. VI-L,
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 BaCl, in thirty separate deflection experiments

2
over the temperature range 1L457°K to 1532°K. The maximum deflection
voltage used to investigate this molecule's behavior is 8.0 KV. As with
BaF2, 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 Ba.Cl+ is given in Fig. VI-4. The Ba fragment gives

a nearly identical refocusing pattern. Hence, the BaCl2 molecule is
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Table VI-1l, Focusing characteristics of BaF2 (BaF+ only)

Temperature Stopwire Percent Deflection

(°K) Position Refocused (%) Voltage (KV)
1570 + 10 hole 0.00 + 0.50 L.5
1620 + 10 1/8" ball 14,75 £ 1,00 6.8
1620 * 10 1/16" ball 11.10 £ 1,00 6.8
1570 % 16 1/16" ball 8.29 * 0.75 6.8
159% %+ 10 hole 0.00 * 0.50 2s5
1620 * 10 1/16" ball 22.00 * 1.00 10.0
1595 + 10 1/8" ball 9.10 * 0.50 L.
1570 = 10 1/16" ball 4.50 £ 0.50 4.5
1595 % 1o thin rod 4,00 £ 0.50 4.0
1620 * 10 1/16" ball 550 & @.50 L.o
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Fig. VI-L. Compound: BaF,
Ionized Species: BaF+
Deflection Voltage: 6.8 KV

Stopwire: 1/16" ball

XBB 738-4767

Compound: BaCl2

Ionized Species: BaCl+
Deflection Voltage: 7.6 KV
Stopwire: 1/16" ball
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Table VI-2, Focusing characteristics of BaCl (BaCl+ only)

2

Temperature Stopwire Percent Deflection

(°K) Position Refocused (%) Voltage (KV)
1480 * 10 1/16" ball 2L.,00 *+ 1.00 8.0
1460 + 10 - hole 0.00 * 0,50 2.0
1460 + 10 1/16" ball 21.15 £ 1.00 T«0
1460 * 10 1/16" ball T=32 2 0,75 1.6
1460 * 10 1/8" ball T=50 % 0.75 1.6
1480 * 10 hole 0.00 * 0.50 1.6
1510 * 10 1/16" ball 15.64 + 1,00 4.5
1510 * 10 1/16" ball 1Lk,02 + 1,00 Dis3
1480 £ 10 1/16" ball 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 (Src12, SrBr,, and SrIE)

12,79 for the strontium dihalide

Previous experimental results
geometries are surprising. BSK claim strontium chloride (SrClg) is bent,
while strontium bromide (SrBrg) is linear., These conclusions have
broad ramificetions for our polarizable ion model: Té 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 strontium 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, SrI2 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, gas as the major reaction product (12+ is the primary

2

fragment ). SrI2 is also seenj; 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 the orifice. This type
of directional oven is similar to those designed by Lova.s.8 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

101,102

principal vapor species over the strontium dihalide solids. Over

the mass range 30 amu to 500 amu, no fragments of polymeric origin have
been observed for any of these molecules. For SrCl2 and SrBrz, 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 SrCl, over a range of 1481°K - 1738°K. Deflection voltages have

2
ranged up to 7.2 KV, Both observed ionized species (SrCl+ and SrC12+)
undergo deflection and refocusing. Typical spectra for SrCl+ are given
in Fig. VI-5. A summary of the results appears in Table VI-3. The

small deflection for the "hole" position is believed due to arcing

within the quadrupole and not to actual physical effects. The
"shorting-out'" problem was a persistent one, especially for the strontium
dihalide compounds. Nevertheless, the deflection and refocusing pattern
indicates that Sr012 is a bent molecule in the gas phase. This conclusion
is in agreement with that of WBK, although we found it necessary to work
at considerably higher temperatures than they did.

Sixty-two separate deflection experiments have been performed

on SrBr, over a temperature range of 1222°K - 1732°K and a voltage
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Fig. VI-5. Compound: Sﬂﬂz
Ionized Species: SrCl+
Deflection Voltage: L.4 KV
Stopwire: 1/16" ball

XBB 738-4768

Compound: SrCl2
Ionized Species: SrCl+
Deflection Voltage: 7.2 KV

Stopwire: Hole
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Table VI-3. Focusing characteristics of SrCl,.L)

el Temere  Somdn qlece ot

src1’ 1565 + 10 hole ~0.50 * 0.50 4.8
B 1610 *+ 10 hole -1.09 * 0.50 Tl
" 1610 * 10 thin rod 2olo = B3 3.2
" 1565 * 10 1/16" ball 1.98 £ 0.75 Loh
- 1565 £ 10 1/16" ball 2.38 £ 0,75 4.8
§ 1610 * 10 1/8" ball h.21 £ 0.75 L.k
g 1565 + 10 1/8" ball 2,31 * 0.75 4.8
" 1565 + 10 full rod 3.6 £ 0.79 3.6

Srcl, 1481 * 10 hole -1.15 * 0,50 6.6
u 1738 £ 10 1/16" ball  2.03 * 0.75 b2
" 1692 * 10 1/16" ball L,33 £ 0.75 4.9
. 1692 * 10 1/8" ball 1.36 * 0.50 3.h
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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 the spectra.
Typical spectra of the SrBr+ ion are given in Fig. VI-6. A summary of the
results appears in Table VI-4, The validity of the 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 SrBr +, 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 separafe deflection experiments were performed (over
a temperature range of 1213°K - 1313°K and an applied voltage range of 0.
to 10.5 KV). The fragment I2+ shows no refocusing or defocusing and hence
implies & non-polar parent (presumably I2 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 (CaF,. and CaCle)

2

Previous experiments indicate that calcium fluoride (CaFg) is
slightly bent, while calcium chloride (CaCl2) 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 fluoride (optical grade)
from Research Organic/Inorganic Corp., Sun Valley, California. Anhydrous

calcium chloride (reagent grade) was obtained from Matheson, Coleman, and
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Fig. VI-6. Compound: SrBr,
+
Ionized Species: BSrBr

Deflection Voltage: 18.0 KV

Stopwire: Hole

XBB 738-4769

Compound : SrBr2

Ionized Species: SrBr+
Deflection Voltage: 15.0 KV
Stopwire: 1/16" ball



Table VI-4, Focusing characteristics of SrBr
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2
Mass Temperature Stopwire RPercent BetLaetdon
Fragment (°K) Position ef;;used VO%E@%e
A

" SrBr+ 1470 * 10 beam stop 0.00 & 0,25 L.,2
‘ " 1249 * 10 hole -3.81 * 0.69 15.0
. hole -5,68 + 1,05 18.0
" 1470 + 10 1/16" ball 0.00 % 0,55 2.0
i 1/16" ball 0.00 * 1.05 T3
" 1222 * 10 1/16" ball 0.00 * 0,95 15.0
4 1249 + 10 1/16" ball 0.k1 * 0,60 18.0
SrBr2+ 1618 * 10 beam stop 0.00 * 0.25 2.8
i 1523 + 10 hole -3.19 * 0.85 4,2
b 1723 * 10 1/16" ball 0.00 * 1.20 0.5
" 1523 + 10 1/16" ball -1.30 * 0,85 L.6
i 1499 + 10 1/16" ball 0.00 £ 1,05 6.3
4 1470 * 10 full rod 0.00 * 1.05 52
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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 v 110°C and held at that

temperature in a vacuum oven. .

Previous mass spectroscopic studies under Knudsen conditions
have shown that CaF2 vaporizes as a monomer over ghe temperature range
of 1242°K - l669°K.lO3 CaCl, is also thought to be monomeric upon
vaporization.loo 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
CaF2+ with approxiﬁate relative intensities of L0:<<1:50:100. The CaOH+
fragment readily disappears on additional heating of the sample. For
CaClg, only Ca+ and CaCl+ fragments are observed. Their relative
intensities are 2:100. We could not detect any parent fragment (Ca012+)
even with a sensitivity of v 0.02% of the intensity of the CaCl+ peak.

A total of forty-two different deflection experiments have been
performed on CaF, over the temperature range of 1161°K - 16L42°K, The
maximum deflection voltage was 18.0 KV. Both CaF+ and CaF2+ undergo
deflection and refocusing. Several typical spectra appear in Fig. VI-T.
A complete summary of the results appears in Table VI-5, CaF2 is a polar
molecule since it is refocused for the "ball" position.

On the other hand, CaCl, has shown no refocusing or defocusing

2
in any of eighteen separate deflection experiments performed over a

temperature range of 1377°K - 1L46L°K. Because of arcing of the quadrupole
and consequent extraneous signals, the maximum attainable voltage (without

arcing) proved to be v 11 KV. We conclude that CaCl, is a nonpolar

2
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Fig. VI-T. Compound: CaF2
+
Ionized Species: CaF
Deflection Voltage: 15.0 KV

Stopwire: Hole

Compound: CaF2
Ionized Species: CaF+
Deflection Voltage: 9.0 KV

Stopwire: 1/16" ball

s 2 * s , $
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Compound: CaF2
Ionized Species: CaF+
Deflection Voltage: 15.0 KV

Stopwire: 1/16" ball

XBB 738-4775
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Table VI-5. Focusing characteristics of Ca.F2

Gl Temmawe  Stoprire ooy oltags
(%) (KV)
car,” 1161 + 10 thin 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 1/16" ball 3.4h 0,62 15.0
CaF " 1585 + 10 hole ~4.80 * 0.70 15.0
" 1642 + 10 hole -2.78 * 1,20 18.0
i 1585 + 10 thin rod 2.00 * 0.95 9.2
" 1446 * 10 thin rod 2.95 * 0.65 11.0
= 1616 * 10 thin rod 2.30 * 0.65 12.0
" 1585 % 10 thin rod L 43 % 0,26 15.0
> 1558 * 10 1/16" ball 0.94 + 0,31 6.0
" 1558 * 10 1/16" ball 1.48 + 0.38 9.0
" 1446 * 10 1/16" ball 3.50 = 0,40 11.0
" 1514 + 10 1/16" ball 2.53 £ 0,35 12.0
" 1616 * 10 1/16" ball 3,85 £ 1,00 13.0
" 1511 * 10 1/16" ball 4L.90 = 0.60 15,0
H 1476 + 10 1/16" ball 10.00 * 1.20 18.0
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(hence linear) molecule. Both the CaF, and CaCl, data agree with the

earlier work of WBK.

4, Magnesium Dihalides (MgF2 and MgClg)

The gas phase geometry of magnesium fluoride (MgFg) has been the

subject of intense controversy for some time. Early electron diffraction

experiments indicated that MgF2 has a linear symmetric (CEV) structure.29’3o

Similarly, BSK observed no refocusing of MgF2 using electric deflection
spectroscopy, and concluded that the molecule is nonpolar (linear) within
the limits of their sensitivity.12 Numerous infrared absorption studies

have been performed on MgF, with both inconclusive and contradictory

2
resu]_ts.3h’36’37’“9’72 This disagreement is caused by an inability to

detect and/or assign the vy vibration unambiguously. Theoretical arguments

are no more helpful. Molecular orbital calculations by semiempirical

methods yield an energy minimum at a bending angle of v lhOO,th’lo5

which is not consistent with the linear structure predicted by ab initio

106,107

methods using Slater or Gaussian orbitals. Therefore, we felt

that examining MgF2 using electric deflection spectroscopy with a very

high sensitivity might resolve this geometry problem,

Ab initio calculations,106’lOT electron diffraction studies,

35,38

29,30

generally agree that MgCl2 is

linear in the gas phase. However, at least one theoretical study105

and infrared absorption experiments

suggests a bent geometry for this molecule, as well as for MgFeu Thus,

we have also studied Mg012 to determine if there is any indication of

refocusing.
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We purchased a single crystal of magnesium fluoride (optical grade)
from Research Organic/Inorganic Corp., Sun Valley, California. Since

MgF,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>