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ABSTRACT

N 4
o /'

M.Sc. . Mohamed‘Abdel-Fattah ‘ ,/ Chemistry

VIBRATIONAL SPECTRA OF SOME
ICOSAHEDRAL DODECABORATE SALTS

This thesis is concerned‘chiefly with an analysis
of the yibrational spectra of solid/icosdhedr5§ aodecaborate
salts, MZ[Bllezl (M=K, Cs, Me,N and §=H, D, C1, Br, I), and
the double salt 052[512H12}C3C1. The spectra have been as-
signed on the basis of factor group analyses for the known
crystal structures of the compounds. In addition, icosa- o
hedral molecules, in chemistry are reviewed briefly, as are
the physiochémical properties of -the [312312]2- ion and i;s

perhalogenated derivatives.
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RESUME ' ,

M. Sc. Mohamed Abdel-Fattah . Chimie

N e

SPECTRES VIBRATIONNEL? DE QUEﬁQUES SENS

: ' ~
\ ICOSAHEDRIQUES DE DODECABORATES

Lé’sujet de cette th@se se rattache principalement -

'analyse des spectres vibrationnels des sels cristallins

?

card avec leg analyses des groupes facteurs de structures
cnistailines connues. En plus, les molécules icosahédriques
en chimie sont briévement examinées, d'ailleurs les proprié-
tées physiochimiques de l'ion [312312]2- aussi bien que

leurs derivés perhalogénes ont été rapportés. I
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! b
) ‘ . + 'GENERAL INTRODUCTION

]

// o o The use of symmetry in chemistry and physics has
¢ led to é-morewﬁiorough‘understanding of miny of the physio-
chemical properties of molecules. One particular area in

‘'which symmetry plays a vital roie=is the prediction and

analysis of molecular spectra, especially for molecules of

high symmetry.

The icosahedron or, as it is formally called,'
) the doﬁble pyramidalupentadonal antiprisml;;s,shgyn in
Fig. 1. It is one of the five regular polyhedra commonly

referred tprés the Platonic solidsl. This geometry ’'is the

v 2’{ -
most efficient way to pack 12 particles around a point?.
With the exception of a sphere, the icdsahedron is,ﬁhe most
_symmetrical shape known. Ichonsists of 20 equilaterxal

Eriangular faces, 12 vertices and 30 edges, with évery’fige

7~ triahgle havihg a common vért}x. There are ten symmetry
N - 2° .
classes - E, 12Cg, 12C2, 20C,, 15C,, i, 128,,, 1283,, 20S¢, !

" 150 - givinggin all 120 syﬁmetry elementsla These tdgether

3 constitute./the I, point group. Examples of each of the ten
'symmetiy‘classes are 'indicated in Fig. 2. | '
The icosahedron was first reqognized'aé a structural
unié‘in 1941 auripglthe:x-ray analysis of borop carbide (B4C)3.
Subséquénﬁly; this geometr& has peéq identified in numerous

boron~-rich compounds . Theie are four types of elementary

} .
, boron, all of which contain icosahedra1,312~upiﬁs. In the,

| )
*
N
\
.




TR IR A ATV am TR T W TN AT W waecre wrme =

AR,
.

The icosahedron

FIGURE 1l:



FIGURE 2: Examples of

t
N ’
L]
g |
v, P N \ ]
1 . ’
. . M
’
4 Q' {
' ¢
. oK
-
“
V N
A\d
i
1
i
q d !
4
4
A\
| P
\ .
l
]
\ o
Y I
% ¢ !
3 '
kY 1
y . l
)
! { :
\ / \\
/
. .
{ -
g
. .
L
.

>

2

symmetry classes of the. icosahedron

e

/
1
N .

/ {

-

¥y

v

R




Bt \ — - |

" relatively simple a—rhbmbohedral{\and a-tetragonal formss,

the By, icosahedra are joined together to give cross-linked

sheet~-like frémeworkss, In the more complex polymeric

B-tetragona17gand .B-rhombohe,é%al8 forms, and in compounds
based on the%% networks, the trucéures ére derived from .

dgiant icosahedral units such as 384 or 3156 which are

composites ©of many icosahedra. The 3156 unit is gehefated
when twelve B12 %Fosahedra are Eonded to a central icosa-
hedron. When the central icoSsebtdron is.raqially\sagdea to
twelve pentagonal pyramids, i.e., tﬁelve half-icosahedra,
the Bg, unit is produced. Both the Bg, and the Bjg, units
possess ful;'icosahedral symmetry (Fig. 3).

e Many boranes can be considered as fragments of /

zcosahedra- d they are described as nido (nest-1li

I's

rachno (spider-web ;like) depending on their sh eg. Boranes

'tﬁ the general formula Ban+4'give nido structures, while
¥ K \,
se represented by the formula Ban+6 adopt arachno
Jpailiud
strustures (f'g. 4).

- Although boron is particularly prone to form

cofpoun adoptiing icosahedral arrangements, the geometry is
no regtricted o this eiementﬂ There are many examples

of hydrides,: al oyé, metal complexes énd even viruses with
this\ structure. | Some examples are deséribed below.
Icosahedral symmetry has been found to arise from
the o iéntation f 12 atoms attached to a central hea@y

""\ atom,

Gy Mgace (N03)12, where the cerium atoms &re sur-

a5y
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FIGURE .3: Complex icosﬁhedral structures
(1) a-fhombohedral boron ¢
(2) pg-rhombohedral boron
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rounded by cages of 12 oxygen atomqlo. A similar situation

occurs in Ba(NO3)6, Laz(so4)3-9H20, Mg(HZO)G'Th(NOB)G
11

*3H,07". In the latter, the 12 oxygen atoms

'2H20

and Ba(C104)2

forming the cage’are drawn from the two perchlorate groups -

as well as from six water moleculeslz. In the case of

BaSiF6 and BaGeFg, the icosahedral cage is formed by the

|
|
|
fluor}ne atoms of éight\neighbouring hexafluorometallate(II*

ionsl3. In Zr(BH4)4 and possibly the analogous compounds

of uranium and hafnium, the heavy atom is enclosed in a cage

of 12 hydrogen atomsl4.

Among the many viruses that apparently crystallize
in icosahedral arrangements is the polio virusls. The high
symmetry may play an important role in the biochemical
action of these viruses.

The only discFete monomeric molecules possessing

N -
Ih symmetry are "the [Blzxul2 ions, where X=H, C1, Br, 116.

+

Table I summarizes the known examples of molecules

adopting icosahedral geometry. The structural information -
f »

given is based on a comparisdh with the prototype structures
of elementary Séron.

This thesis is concerned particularly with the
study of the vibrational spectra of the [Bllezlz- anions
and their salts. Over the past 15 years, only cursory at-
tention has been paid to the spectra of these interesting
molecules and a detailed analysis has not yet been reported.

This was one of the main objectives of the present study.

-

-

~




FIGURE 4: Examples of icosahedral structures

(a)
(b)
(c)
(d)

Closo structures

Nido structures (/m
Arachno structures
Miscellaneous structures




B H C8,H,

e

lsomers of CBH,

Fig.- a4

(A) Closo Structuresg




N ———— A o v T YoM gt s

C,B,H,

PEITTER

& @

CBH M
o c)"%\"

!

gstructure s

M o .



bt |

B,H,

8

N

(C)Afachno

A

StrUc(uf\es

J
h
“

O Boron

e Hydrogen

t

- N -

[ 3



A

Structures

\
CD) Miscelia neous



There are four chapters and two appéndices in the

/

thesis. .In Chapter I, there is 'a general review of the
chemistry of [812H12]2% and the related haloéenﬁted dériba—
t}ves. This review deals principally with the synthesis,
.physiochemical properties and uses of these compounds.
Chapter II describes the experimental proéedures used in
the present work. The results are preéentéd and discussed
in‘Fhapter IiI. In Chapter 1V, there is a conclusion and
some suégestions for future study. finally, Appendix I
-summarizes the group theoretical treatment for icosahedral

species of the type }Bllezlz-, while Appendix II deals.&ith
the isotopic substitution study.
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TADLE I1 Compounds having icosshedral svometry
) ' : — 9 .
Class of compounds Chemical forwula ":‘“y;“" Tcosahedral Units { | rat,
tismantary Boron: L] '
a=Khoshehedral . W - 52 ‘ ‘
$=Khompchedral L2 (g1t e2m,50 8 v 3
a~Tetragonal a-Tet MUTIAEL 8,6
s-Pdtragenal . \‘\’"‘* LW ’ ! :
1 . ot , . ‘
Boron Cazbides 3,C. 355¢, asmh ' (8;.] or (By,C) L
\ 332 - W) w
‘1 . ! -
soron Silicldes 38, (Byg o8y 81y a-m (8,811, 3y484,1 1s
o .
. !
soron Sulphides » "2t e a-mt Tl T m v, 20 .
*
3.5, 8,80 a-M )] + 38
Soron Plosphides 3., a-mh ader : un ‘
Soron Sub-oxidas - 3,0, 3,,0, asTet §ta,l v 20 R ¥
8,080 s
. .
Soron Arsenides 8 A, , a~fh (3,304 2as 13 i
_etal Sotides: " a ’
. . t
Alusinus A8 50 AD,Cy, ALy C, a-Tet 40,1+ 2a1 + 43¢ . 26,28
Ay, s-m g1+ 3,5 + 8 (Al L ‘
. N
Magnesiua "y, [ £ 1 (B! R 2
Seryllius Be3,,, Ba(des,,) a~tet 4(8,,1+ 280 27
. ey, - 8-Tat (84] 2 P
Hickel win, \ a~Tet 180 2w 29 .
Tantalum Tam,, a=Tet L IR 1 ' 2s
a . .
teeriual n,, a-m Bygg1P+ anyq + 28 © 20
Lanthanides? Labyy, ltastio, Y8, ™,... s-m Bygel® B 31
Labyggs LamGd, YB,...  8-m (8y44) !
. . '
/!olyfludtu Soraaes Mz, Arachno= n * '
{8oron Hydrides) ,  ~ ‘Wl Nido- 34
. h ]
3,1 Arachno- s
71 — Quasi(s,,}icosahedra [
: 10%:4 . Nidoe ) : R
0% Wido- i ' » .
. B0 0” 8ido- » '
(8,8, 1% Otscrets 18,1, N;,) » -
(012%,51%", %G1, 85, T tscrete.  @y,l, (X1 » ’
R T '. Pused® LT / 4«
. Baofyg Fused® sy, ’ @
\ (842541 % Coupled® * a(n,] a ’
< [ = !
Carb. > g’
g:;:::b::fm. lm'czau . Simple [cz:lmh (!nl 43
» 810Cy%;4. XaCL, Br, I siaple? (€841, (X351 . m . '
By5¥y4CqN, ‘ simple?  [c 8,01, INy,) g
i 810%15C,8, stmple?  [c.8,01, IM,X, ] 4
- 3o, ©ostaple? (03,1, (ay,) “
. - , i -] - j: ,
Thicbaranes 9,,8,,8 and derivatives simple® - (s3,,1 e J
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TABLE L@ (conttrued)
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* ~ o 10 v
M) Z %
Class of compounds Chemical formula ":‘,';:“" * lecosahedral units (! et
. ~
Metalo=tarhorane a4 N, . . ‘
, ll.u-ecnonn:- d (898,183, HeCa, o, i Pused (Byc 1 40,49
N(8y,8,,C)y, NeCo, UL fusea® (b, pen1 so_
- 21
‘ MyCox, 1, Hece?*, g Simple (8,C,341 1,5
. wi*, e -0
. W Chy . Her, As, S, Siaple (3yqM1 51,8
» GéR - .
atalo-thioboranes™ NIB 8K, )y, Weco, Pe, Coupleal tag o8l q .
) Ni, Pe, De '
Carbaghasphoboranas o0, i Simple¥ 3, oM L} |
. By, P8, ph ,mn 3,2 ‘
- Ime.x Bydcides? $-UK, 28-0K, , simpie?  amy,) LY
. T : \ .
Metal Nydroboratest NMM,), Me3r, U, T steple ns,,1 14,33 -
Coordination Compounds La{80,) , o8 ’
. Talnasle ;:x“ It { ‘)’c:zo Simple u(oul ¢
, rp(m‘). u.,ph xton) L ¥4
\ g (R,0) ‘-ns(uoL) ¢330 simple ™i0,,! s
t
Cu,itg, (0,1 ) 5 248,0 Simple calo,) 10
Ba(¥,) simple  NC sy
» . \
! "L Ba(Clo,), Mpd Sisple a[0,,1 12
Basirg Simple salr,,1 bl
‘ /uc-r‘ . u-ph/ Ba(r,;,] 13 . X
S Complax Allaysted Transition Blemants of Complex '
i v . ' Gv¥, vI/6t, II 14,41 L
i S~Tangeston Conplex 1 PY (28
’ RS a0, Cr, ¥ M'=Al, Si Complex [° 01y 41 1
L I 1Y) (“mlz) ’ ("C:Iz)
\ yizuses Polio virus® Complex 13 ’

e

B

'
\guf ;"U " ‘

’

"By =12 £adlal [idy,)

’bl,“-ia radial (8,1 + e,nt.ul. ilul -ultu! ]

Some structures of the
nuwber of haavy no-n

"+ central’ (8;;1= 7(8,,]

.~

———

" ;
e two Lcouxndn -huo a common atom, edge or face.

fone m'loeuludn are jel'md by & nmcmu _band.

‘°loz£du of Mg, Wa and Li should have structures -m£= 0 that of aluminum boruu‘. -

’n boron-rich borides seel to be stsbilized by the pressnce of s mxl/

; . ’supl.c structures are those composed of .uouud {cosahedza a3 opposed ‘to the complex
structuzes of slemansary boron ot euphx alloys. - B
\ .

Rong n‘tn} atom is centrally located ovu the pentagonal face os the anion thus cleosing -
ths Sage’ s3sucture. Without the setal, these anions (l,g‘xn ) etc., become Fuasi~
fcosahedrdl of the nido type. )

:

~ ' .
*za these structures, the icosahedron is X a. d a tral heavy n-u.l atom, . A .

dung Lcosthedron i3 one of the four ocordifiation polyhedra utillzed in the complex alloy ayum“.
h - q .
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CHAPTER 1 REVIEW OF THE CHEMISTRY OF THE DODECA-

HYDRODODECABORATE ION, [Blznlzlz'

As mentioned ;n the Introduction, [Blznlzlz- i

¥

one of the few known examples of speéies possess;ng discrete
.icosahedral symmetry. The fol;owfng review.is focussed

' chiefly on the chemical and physical properties of this ion

and is considered to be complete up to June 1976. A

[

© - A. SYNTHESIS : s .

In 19€0, Pitochelli and Hawthorne®? reported the

formation of [Ef,3NH]2 12 12 38 a qinor product in the reaction
- of 2-4odo§?caborane~14 with triethylamine in benzene. 'Thgee

yeers later, several Fesearch groups iodependently.discov-'

. > ’ 2- . 63
ered.routes to [312512] . For instance, Miller gE_g&.

obtained a very high yield (79%) of [B 2H12] salts from
the repaction of diborane (82 g) with ezther [BH4] Qr amine-

borane complexes at hzgh temperatures and under pressure

(Eqs. 1, 2). 7

Et3N

—————————1-’ o
53236 + 2NaBH4 T60=180 NazBlzﬂlz + 13, (1)
- - T

o 100-180° _ .
5B,H¢ + Et,N:BH, ~ x> [Et NH] B, H ;) + H, (2)
t l ! -

~
«

64

In their investigation, Ellis et al.” " produced [312812]2'

Ve




> : BT

14

L4

65% yield by refluxing 82 g and NaBH, in ethereal solution

at 180-200° for 16 hr. Finally, Greenwood and Morris®®

8

reacted decaborane-~14 with triethylamine-borane under reflux
'in an evacuated vessel; [312312]2' was -obtained in 76% yield

as the triethylammonium salt.
\

o \

66 reported an unﬁsual

In 1970, Harzdarf et al.
synthesis for Nalelz 12] from aluminum (or silicon) powder,
dehydrated borax and metahlic sodium heated at 620° for 2 hrk'
under 3 atmospheres hydrogen pressure.

67 have now used several different

Miller’ gg al.
“boron hydrides and various Lewis bases and by isolating the
intermediates they have established a general equation for

!

the reactions (Eq. 3):

- - - N a- : ’
afi + . b‘BxHy——" [Bbxnby-i-a-zl + 272 Hz (3)

LY

They have also obtained [312312]2' g£rom the thermal dispro-
,portionationqor the triﬁorohydride ion,(Eg. 4):
A : ‘* | S
SNaB3l'Ia———> NazBlzﬂlz + 3Na.BH4 + BHZ ‘ (4) ’

\/) 2 | 0

Greenwood and Morrisss

have suggested that conver-
sion of decaborane-14 into [Blznlzl " may occur first by o

dissociation of the triethylamine-borane complex, followed by
slow formation of the triethylamine adduct of decaborane and

finally\nagid eleetrophilic attack on\thie,molecuie,by two




L (5)

(6)

. | J . | N
2EESN + ByoHja—> (Et3N) 5By oy, 1 B 7

2BHy + (Et3N),ByoH),——> (Et;NH) B Hy, + 2H,  (8)
Miller et-al .57 have shown that the base-borane

réapiions aﬁpear to be governed by the strengt;\of the baée.

, Strong bases such as amines give primarily ammon ium salts of

[Blznlzlz-; weaker ﬁh@es such as phosphines, sulphides and
arsines afford [HZB(Base) ]+[B12 11 (Base)]” as the m&jof
product together with varied amounts of [Blznlo(Base)zl. -
Anofﬁer important cont:olling factor in these reactlons-ls
the deg;e? of steric hinderance around the donoxr atom. ‘In
thig'contﬁgt, the hindered Et3N\mmledule foords [312312]2'
ag the major product, where®s less hindered amines produce |

+, - 42~
[HzB(NRB)zl and [Blzﬂll(NR3)] as well as [Blzalz] .

Adamset azl‘6 have inrestigated the reactions of
|

13

decaborane-ld and [BH,] ~ in ethe;eal solutions. They pr0posed

the fOllOWinq stepwlse mechan;sm for the reaction sxnce they

were able’ to isolate the ;ntermedzates\(Eqs.g ~11): -

T




A

N

‘They generallized that the reaction involves chlefly attfck

thgse containing ammonia or water, e.q., [MLglz 12 12,_

ByoHy4 + [BH,]™ + R,0—[B

OHi3] + RZOB

° ~

90°, -
(B, o, 3] o, 22 (8,1, ,17 + R0 + B,
L |
LTI - _160° 2-
[Byy8y 1 | +|[BH ] ———— [B;p1,,1° + 30,

67 headed by Muet ertlrs

AN

of the strong y electrophilic boron hydride on a nucleophllic

Th du Pont research group

has establls ed the steps from [BH 17 to [B2 7] to [B 38]

species such ds the hydride or borohydride ions, subsequeg(fy

buildiné the ilcosahedral boron structure.

’
\ «
* il
' - - '
\

B. PHYSICAL FROPERTIES 2
‘ ‘ T )2 ( |
l. General

%

Salts of [312H12]2- are usually high melting, colour-\

less crystalline solids. However, the Ni2+,\Ed3+ salts and

(M=Co, Cxr, Ni; L=NH3, Hzo)’ are‘éolouredsg. When the catlon

is small (e.g., Na+, Ca2+), the salts are water goluble;
+

hi evgi when it is large (e.g., CS+, Tl+, Ragn R R4N*), the

salts are insélublesg. Overall, the salts are thermally

stablé; eveq'at very'high temperatures. For exanle, cs2[312312] R
can bé heated to 600° in air without any apparént,decombosition;

it is also unchanged when heated in a sealed quartz tube at 810°2.°

]

-~ o] - .
parity |
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Thé [B12 12] 2- cage is strongly resistant to oxi-
dation. Polarographic studies on the\Na+ salt show a very

high oxidation potential, the half-wave potential (£i) is. )

69

greater than +1 4 V Potaseium permanganate at 80° oxi- \

2-
dizes the dodecaborate ion via [312 11OH] and [Blznlo(on)zl

70,71

| to boric acid and this reaction is rebgmmended as a

titration method for the ion66

| !
; , \ The [B 12] ~ ion has exceptional stability toward

acide or basesz. For ins?&nce, neither 3N HCl nor 3N NaOH
at 95°\ for 16 ht has any observable effect. Further con-
't tmati n of the extraordinary kinetic stability of these ions
K ‘ -+ is derived fram the fact that the hydronium ion (H 0) salt,
cbtained by passing solutions of [B,,H;,] 2- salts on a
strongly acidic iodiexchange resin, is a sttonger acid than
32504 | |

All 12 hydrogen atoms are replaced by deuterium

. when [B 2= ig treated with D,0 in an acid medium (DC1).

2512
The toxigity of dodecahydrododecaborate salts .is
very low and almosticomparable to that of NaCl. Na,B;;H,,

i
Y

1.

. in large doses has no‘apﬁarent)effectagn humans and is ex-

i 95

creted unch ged in the urine The lethal dose of Na2[812H12]

69

\fogarats is more than 7. 5 g/Kg of body weight The low

-

gYe)
g
v
Rl
IR
w2
2

toxicity must be attributable to the great stability of the

N\

anion since boron hydrides usually have a high toxicity

levelql.
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2. Crystal Structures of [312312]2- Salts

The icosahedron is a non-crystallographic point
group since it has more symmetry elements than can be used
in the crystal lattice. Also, the five-fold rotation axis
is forbidden in crystal symmetry. Other symmetry elements
of the icosahedron may be chosen to build the crystal lat-
tice. Depending oh wﬂich symmetry elements are in use, the
resulting crystal system‘could be cubic, orthorhombic, trigonal,
monoclinic or any.-of their suhgroupst

Potassium dodecahydrododecaborate(2-) crystallizes
- in the face-centered cubic space_group Fm3 (!;3) with four
molecules per unit cell and a cell edge a=10.64 272, mhis
space group containthhe following symmetry sites: 91(96),
c(48), C,(48), C4(32), C, (24), C,p (24), T(8), 2T, (4). The
k' ions occupy the T(8) sites having the coordinates (k,X,k)
and are located in the tetrahedral holes between four adjacent
iéﬁsabedra (Fig. 5). The hydrogen and boron atoms are in the
gite group 95(48) with different coordinates.

The X-ray diffraction study72

ruled out the closely
related cubo-octahedron because of the absence of a.four-fold
rotation axis. At the same time, it confirmed the icosahedral
struct of the [312312]2- anion. The B,, icosahedron is
slightly distorted-since there are two types of B-B bond
lengths, 1.780 and 1.755 i. This distortion is attributed to
stefic interaction between the K ion and the 24 hydrogené of

]
the encircling icosahedron. The B-H bond length (1.07 A) is
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FIGURE S5: The unit cell of K2312312’ Icosahedra at level
zero are indicated by lighter lines. Those in
heavier lines are at level 1/2. The x* ions (@)
are at levels l1/4 and_3/4.
&
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, .
shorter than that found in most boron hydrides (~1.21 i).

The X* - H distance ig 2.29 A.
X-ray diffraction has also been used to determine

the structure of other dodecaborate salts. The Cl+ and Bt

salts crystallize in the cubic system as hcxaoctahodra73.

The unit cells contain four molecules and are face-centered
in the space group Fm3m (Ohs). with cell edges, a=11.28 and
10.85 i for the Cs' and Rb+, respectively. The double salt
C'2812H12 » CsOl crystallizes in the space group ana(DZh16
of the orthorhombic clala73. The unit cell contains four
molecules with the icosahedra occupying the C_, symmetry
sites. The edge lengths of the unit cell are a=l4.27,

[
bw=9.85 and c=10.36 A.

3. Bonding and Electronic Structure

The 12 boron atomf needed to form the icosahedron

possess 48 atomic orbitals. Longquet-Higgins and Robertn?ﬁ

’ ’

d A

)

18

.Hhilk this thesis yas baing prepared for publication, the
same workers reportdd a nev X-ray analysis of cst anda '
taltn". In this work they found fhat these salts are
isostructuray with the K* salt, viz., rm3(1, %) . . While this
change does not affect the number of optically-mctive bands
expacted, it ‘doss play a role in the activity of the as-
sociated lattice modes and also changes the symmetry labels

of soms species (vide infra, Chapter II1I).
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subdivided these orbitals according to their spacial ori-

entations, viz.,

-
L4

(a) Twelve 28 orbitals with their maximum amplitudes
lying outside the icosahedron.

(b) Twelve 2p orbitals oriented in such a way that
their axes pass through the centre of the cage. These
are called "radial orbitals".

(c) Twenty-four 2p orbitals having their maximum
extension in the pseudospherical surface of the cage.

These are called "surface or tangential orbitals".

The 2s and'Zp radial orbitals have their maximum
amplitudes in the same direction. Therefofe, they can combine
to give two sets of sp hybrid orbitals at 180° to each other.
These orbitals are described as "radial®" or "external” dep-
ending on whether they point inward toward the centre of, or
outward from the icosahedron. The external orbitals easily
overlap with the 1ls orbitals of hydrogen atoms to form 12
equivalent covalent B-H bonds at the vertices of the icosa-

hedron. The 24 electrons required to £fill the external

orbitals are supplied equally by the hydrogen and boron atoms.

The twelve sp radial orbitals, together with the
24 tangential orbitals, constitute the "internal orbitals™ of
the [Blzalzlz' icosahedron. These 36 internal orbitals are
conventionally subdivided into "bonding® and "antibonding”

orbitals. On the basis of molecular orbital calculations,

A ae



i

12 radial (sp) 36 molecular 24 tangential

orbitals &€ orbitals { peorbitals

’ . N

[N

v P
3 ,

FIGURE 6: Relative energy levels of the 13 bonding and

23 antibonding molecular orbitals of the

! -

’

. . 2~ .
1cosahqdra1 [Blzﬂlzl ion.
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“they are energetically unfavourable.

13 bonding orbitals are necessary in order to have a closed-

| shell electronic configuration. Twenty-four electrons, out

of the 26 réguxred to fill these orbitals, come from the
skeletal boron .atoms, while the extra pair of electrons has
Fo be supplxed by an external cation. For this reason, the '
neutral: Blznlz whfch will provide‘only 24 elecrrons, d;é
eliminated as a stable ground-state species. The remaining

P \ - -
23 orbitals are antibonding orbitals. They are vacant sihce

!

! -~
In the molecular orbital treatment of Longuet-

75, the atomic orbkitals were combined to

Higoins ano‘Roberts
form the symmetry orbitals that belong to thehsame irreducible
representation of the I, point éroup. qung these symmetry
orbitals, the energy parameters of the molecolar orbitals
were calculated and thesordering\of the orbitals was e;-
tablished. The resulting’rolocular orbital diagram for the’
dodecahydrododecaborate anion is shown in Fig. 6.

Although the bonding in_[BIZlelz* can be explained
in .terms three—centre\bonds, it is impossible to find a single
canonical structure that folly describes the anion. The
. structure is better considered as a composite of many reso-
nance forms, each containlng 10 three~centre BBB bonds and 3

N

covalent B-B bonds. Llpscomb has establlsled rules to

. | -
\\llmit?the number of these resonance structures, [312H12]2

.

is best described by 70 such resonance structuresl4. The

\ . L .
reésult of this largé number of resonance structures is the

/ “~-

.
e
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complete delocalization of electrons over the entire cage.

Therefore, the resonance stabilization enefgy.i?lconéidered

to be at a maximum and the 312 cage is comparable to aromatic

systems70.- In fact, Muetterties has described these-compounds

as superaromatic’’. Moreover, the volume of the.[Biélelz-

cage is said to be of the same 8r4er of magnitude as that

produch by a benzene mo;ec?le spinning\aroﬁnd its two-fold

16

rotation axis~°. This three-dimensional aromaticity results

in unusually large diamagnetic susceptibility and polariz-

78

ability ~. Also, it is respoﬁsible for the unique stability

of these boron compounds mentioned earlier. - a

A

4, Spectroscopic Properties
1

-

a! Electronic spectra

i t ' -
b,
. The electronic structure of the dodecaborate(2-) ion
: I \ had been predicted prior to its synthesis75. Data are now
3 -
availablesotfor bond orders, ionization potentials, charge

distribution, orbital energies, etc. The epergy difference )

between the bonding and the antibonding orbitals is about ,

14 ev38. The result of this substantial energy gap'

is that the dodecahydrododecaborate anion has no absorption
maxima in either the vis}ble or the uv region down to 200 nm
where a strong end-absorption appears. On the other hand,
the closely-related perhalogen derivatives [Bléxlzlz—

- (X=Cl1, Br, I) do exhibit uv abscﬁrptibn bandsal as shown in

Table .’-II:n 3 ' ™~ \

P

. - -
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TABLE II:/ UV absorptions for [Bilezl ions "o
Anion Cation .Solvent A _a(am) ' e mole tep!
, max max‘ig
2= +, o )
[B,,C1,,] [Me,N] MeCn 243 110
(B, .Br, ]2 cst v Ho 260 100
(B125%12 . Ha
.y 2= + : . ‘
CIPEIPI R Na. H,0 267 . 4600

t

/ ‘ , , . K

b. Nuclear magnetic resonance spectra s

N
»

LN
’ B \

A powerful tool in the study of the structures of

boron hydrides and thezr substituted products is nmr spectro—

scopy. Two distinct types of nmr are applled to these

1H and 11B nmr. The latter is of moreirse

compounds, viz.,
’ in the study of this class of compounds, since it gives less

compllcated spectra and at the 55me tlme differentiates -

1‘2? _ -

1

between the boron atoms

*»
.

v

i. "H nmr spectra ' : L e
Spin coupling of covalentl , bonded hydregen (I=%)
q \ and 'lp (I=3/2) will produce four different orientations.‘ )

|

A Therefore, for every hyarogen, there should be four equally

spaced,'equally intense bands. Since all the hydyogensvare

equivalent in the [Blzﬂié] icosahedron?/the hydrogen . peaks

will be superimposed and the only feature of-the spectra

' // f*L B
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FIGURE 7: % nmr spectrum of K,B,oH,, (in H)0).
(A) theoretical spectrum.  (B) actual spectrum., ' -
(C) after irradiation with 11y resonance
: ., frequency. " »
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»

» should be these four bands (Fig. 7). If the spectra are

observed while irradiating with the resonance frequency of ’
113, the boron atoms will be decoupled from the hydrogens and /
the nmr spectrum should consist of a singlet. Th%oretically,

- spin-coupling .of 1°B lH nuclei should afford seven bands, but

v

these will be of low intensity owing to the relatiﬁelj low

natural abundance of 103 and can be ignored. .(c.f. Taple III). %
The reported 4 nmr spe’ctrum69 of iBlélelz- exhibits 3
nolsharp lines but rather a broad plateau about 400 Héw;ide,

i.e., covering an area equivalent to the expected quartet

11 lH coupling constant is N130~Hz. Upon ir-

11

since the B~

radiation with the ~"B resonance frequency, this multlplet

v

\ collapses to a sharp line at -2.0 ppm relative to tetra-
me;hylsilane (TMS) . ' -

) - I's - -~
. /
ii, llB nmr spectra "
\ TS,
Spin-spin coupling of the 11B and 1H nuclei affords
\ two possib;e orientations (ms=§,-§). Thus, a llB resonance |
| i
11

N | .
should split into a doublet. The "B nmr spectra of the

dodecahydfododecabprate jon does exhibit a single doublet®?, '
thus confirming the equivalence of the 12 boron atoms of
the cage (Fig. 8). Moreover,-thip equivalence could only =
occur in an icosahedron or a cube:pctahedron. The nmr! j ‘
technique does not distinguish between the two structures.

\ I Muetterties gg_gl.sg have improved the nmr spectral

dgta reported earlj.er62 for the [315312]?- \ion. They '~4 K
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'> ‘ ‘ TABLE III: Splitting due to B-H spin coupling
! T ) »
Natural Nuclear . . Number of Relative ’
Isotope abundance spin (I) Orientations (m) lines X intensity (H=1)
et -
- 3 . oA
1x © 99.98% 3 3, -1 2 1
y .
) N = -
o 10y 18.83% < 3 '3, 2,1, 0, =1, -2, =3 7 0.020
11 u, v o
B 1 81.17% 3/2 3/2, 3, -%, -3/2 4 0.165

~
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indicaﬁed the chemical shift as + 35 ppm and the

11p 1y
coupling constant as 130 Hz; methyl borate (TMB) was used as

11 llB spin interaction is weak and can

10 l

a referehce» The

be igngr?d. The same can be said about the H spin-spin

coqpling. The doublet obtained in the\spectra of [3125121

can be reduced .to a singlet upon irradigﬁion at 60| M Hz to

11

décquple'the protons. The B nmi spectra of the rhalogen

A derivatives consist of one, relatively sharp line8 . Table IV

lists the chemical shifts for these anions.

\

o
/ ’ ,
2
TABLE IV: NMR absorptlons for [312 12] (X=H, Cl1, Br, I) .
L2 >
hd © é\-:_\‘
. Chemical £
Anion : 8q1vept shift,ppm Reference | Remarks
(B, H,,1%" " H,0 35.0 *  ms 1 <
128121 . T H, . ‘ Doublet
2~ - 3 ! . -
1B, 501,51 MeCN 31.0 T™B Singlet /
“3123"'1232- MeCN \ 30.7 TMB Singlet
2- - < a
[312 12] MeCN 34.4 TMB S%nglet

c. Vibrational spectra

. . 2~ ’
\v1bratlons of a discrete [Blznlzl ioP of Ih sSyms .

-

metry span the irreducible‘iepresentations given'belog (Eq. 12)




the spectroscopic activities are shown in parentheses.

I
rh . Y,
- 23g (Raman) + 429 (Raman) + 3Eiu (ir) (12)
gen ‘

. Muetterties’gg_gi.z?.have studied the vibrational
spectra of the dodecaborate. ions, [312512]2- and [Blznlzlz',
énd have made tentative a¥signments on the basis of the

| . Teller-Redlich product rule. The ﬁnfrgred\spectra consis£
of only thr%g bands, giving additionalvsupport for the ico-

sahedral structure) Also, the Raman spectra of the agueous

solutions contain two strongly polarized and four depolarized
bands. Surprisingly, however, the Raman\spectra of the
perﬁalogen derivatives exhibit only one band, and this has
been attributed to accidental p;lérizability qancellation§79.
Since the main purpose of this thesis is the study
of Fhe vibrational spectra of the dodecahydrododecaborate (2-)
ion and its derivatives, nothing more will pe sazd herg about

¢, *

these earlier results.

. \ N

C. CHEMICAL REACTIO&S AND DERIVATIVES

Despite the abnormal kinetic stability of the
[Blznlzlz- ion, it still undergoes a number of chemical reac-
tions. Many of these reactions reflect the aromatic character

e of the ion." The important reactions can be classified ac-

cording to their type as follows:




|
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1. Electrophilic Substitution Reactions

a. Halogenation

The dodecaborate(2-) ion is readily halogenatedsl

upon reaction with.Fz, c12, Br2 and I2 or the corresponding

halogen acids HF, HCl, etc., (Egs. 13-15):

2- + N -
- - C 2= 2=

2~ 2~
[312312] +6c12———>[812c112] + 632 (15)

A2

- 1

The ‘'perhalogen derivatives have similar physical

s 2-
properties to [Blzﬂlzl .

b. Diazotization

The action of nitrous acid on [812H12]2- produces

a diazonium salt (Eq. 16) which is formulated as a charge-

compensated inner saltaz.

820

2=
[312812] + 4HN02-————b BlZHIO(N'N)z + 3320 + 520 . (16)
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c. Carbonyl derivatives

.
.

Carbon monoxide reacts directly with Hzlalzulzl

under acidic conditions (130°/1000 atm.) to yield the mono-

and dicarbonyl derivatives, (B
83

12%11€0)  and B, H,,(CO),,
respectively

is treated with oxalyl chloride (COCl)2 or when the (N=N)

groups in the diazonium salts are replaced by CO under high
pressure84. These carbonyl derivatives are further examples

of charge-compensated salts.

d. Benzoylation

Benzoyl chloride reacts with [812 12] to give

products having B-0O bonda such as [B (OH) " and

12810 2’

- 8
By ,H;, (0CH,-ph) 1™ (Eq. 17)°%°.

H+

2
[B 12] + ph*CO+Cl —» ——-—’[BlzﬂllOCO-ph]

+ (03)2]2' (17)

[By,H19

e. Amination

Using hydroxy-O-sulphonic acid in aqueous solutions,
the mono- and diamino- derivatives are obtained (Eq. 18)85.

‘

The same compounds are formed when [812312]2'

- o we ettt ~ Yaiaiii aaieiel



=

32

2- - Hy0
+ (NH2°0-SO3] ——eneelp B HII(NHJ) +

(8 12

12812}

+ B, ,H (NH3)2

~ 12 10 (18)

"Use of Vilsmeier reagent (CHCl-NM02C1) affords first the

monoderivative BIZHII(NHQZ-CHZCI-], and then the diderivative
87
B,.H0 [m«az—c:u.‘,cn2
2

£) Tropylium ion derivatives

.
The reaction between tropylium bromide and lB12 1272*
yields the yellow [C7H ] [812 11] ion, the colour probably

being due to an internal charge-transfer transitionae.

2. Nucleophilic Substitution Reactions

These reactions are acid-catalyzed and occur between
different Lewis bases (L) and the dodecaborate ion resulting
in products such as (BlzﬂllL] or [812810L2l' Examples of the

Lewis bases used are N,N-dimethyl formamide, Me_CO, st, Mezs

2 2
Mezs, MeCN, olefins, carboxylic acids, certain alcchols and
certain ethers (Eqs. 19—21)85'89.
+
2- H
“’12"12] + B8 —— (B, H nsul (19)

Ht
2- 2-
18123121 + sts(or N.zsz)——-—»(nlzullsu.)

' + (B, .H, 5Me.)2"

2~
1281081221 ¢ (B H SNe,) (20)
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H+

(H30)2[B12 12] + ph-CH=CH, — (B
atyrene

12M10Cag) 2770 (20)

Halogenation of the dodecahydrododecahorate anieg
with halogen acids can also be explained as nucleophilic

reactions, especially in non-aqueocus media (Egs. 22,23)81

nt nt
2 . PO Y
[B) M), 17 = (HB,,H,] T H,By,H,, (22)
-2
[HBlzﬂlzl + Cl” e N [Blz 11C1] + Hz (23)

3. Oxidation Coupling

Polarographic studies show that the electrochemical

oxidation of the dodecaborate ion, in MeCN at +1.45 V (vs. sce),
42
yields the coupled product [524H23)2- . On the other hand,

KMnO4 (80°) oxidizes [Blzﬂlzlz_ ion to boric acid through inter-

mediates such as [Blzﬂllonlz‘ and [B (OH)zlz- etc. The

12 10
[81281212- ion also reduces [Cr207] " to Cr(OH)2 in neutral

solutions without evidence of oxidative coupling70.

4. Perhalogen Derivatives N

.

In this section, some of the chemistry of the per-

halogen derivatives will also be described.

The boron hydride ion [B 2- reacts with ele-

12 12]
mental halogen or other halogenating agents to produce halogen
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" dition of excess iodine monochloride. .
* ) \
| A, H)O .
B, ,H,,1% + HF - [8,H6Fg) (24)
" o°, H,0 '
+ F, - —> '[1312 11(OH)] . ‘ I (25)
' R.To' Hzo ’ - 2_, . ’ ,'
“+-cl, 2 [B,,C1,,1° (26)
’ 5=15°, MeOH/H.O
» r MeQH/H, 2- s

+ Br,, - » [B,,Br;, 1" (27) -

34

substituted derivatives (Eqs.‘24-28)81:a\rhe perhalogen tons
are usu‘lly prepared by the exhaustlve haloqenation of/

[BI2 12]. with elemental halogens with the exception of F2
whioh*does not afford the perhalo species. - In the case of

the periogo anion, the reaétion proceeds only after the ad-

- -
C.,H,C1l, or CC1
27274 4 - 2~ .
> [B1,I;,,]7 . (28)

+ I2 + ICl
" Reflux, 43 hr ,

Q
These are electrophlllc snbstltqtion reactions which

increase in rate in the order Cl > Br > I.
The extrhordlnary stability of the perhelo species

is comparable to that of the dosododecahydroborate#ion [Blznlzj

/
The introduction of halogens. lnto the cage structure 1ncreases

the oxidative stability of thesé ions; for instance, the action |

¢
~
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of hot KMnO4 (§0°) on the halo ions is very slow, while 20%

aqueogé\NaOH at 85° does not seem to affect [312112]2'. This

“high kinetic stability is ‘also manifested by the ver& acidic
. . , -
(stronger than H2SO4) hydroxo;;gg saltsﬂ(H3oh[Blzx12] ob~- e
tained upon passing the solutions 6f these halo derivatives
¢ ‘ l
through an acidic ion excﬁénge resingl. Their thermal stability

is demonstrated by-the fact that heating Cs,B,,Cl,, to 700° '

_ causes no noticeable degradation; however, ap 300°, there is
50% decomposition. Refluxing A92312C112 in water does not
result in the formation of insoluble  AgCl, showing the high,

_strength of the B-X bondsal.

The perhalogen species absorb energy in the UV re- )

gion and therefore undergo many photochemical.reactions, par-

-
ticularly nucleophilic substitution reactions-(Egs. 2Q-32)90’91.

> N\

N * ~ i
v 2~ ’ - hv , . '2_ i
[3120112] + [CN]-——;;:;f>[312C15(CN)7} | i (29)
t 2 gt * ‘ ' ‘
r . ; ’ )
‘ D
' N o 2- . hv - .ot \ 2~ \
x [BlzBrlzl, + [CoN] x » [BlzBr3(CN)9] —p
$ . 6-7 days, water . °
, ) e '
. . - - ,
- - 2- ¢ ' 2""
\ IBlg‘?rz (CN) gH]"— [B; ,Br (CN) gH,] - (30)

’ ' LAY ° ! 1

-
LN
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.

. 2-
[By,Bry,17 +,
™ b ]

"' hv Pl
. 2= 2-
¥ RCNO $—[BlzBrll(OCN)] + [BlzBrlo(DCN)zl-————p
1.5 hr, Hzo ,

!

2~ .
(B, ;Bry o (OH) 5]

(31)

. .
\
. .. N -

' 2-
‘ L] FBlzBrlZ] + . //

hv : \
> 2= 2=
2 N v J

+ NaN
x

-

These.reactions qréAbeiieVed to proceed via SNl°heterolxxic s
cleavage of the B-X bonds (Egs. 33,34). Binuclear nucleo-

philic disﬁlagement mechanisms (S 2) are ruled’out in view

/
of the bulk of the icosahedral cage’l,. ' !

\ - B 2= hv . X, _* 2= T4+ x (§5)
[B;,%;,] ’[?12\12 1= [By,X,4] e
. l . bond cleavage N T
l\ . : \ ‘ A\ —' < }//”—
\ i ) ' "2_ / .
\ N . ——eep : »
By %) + ¥ — [By X4 ¥] ‘ A

< : . . . )
D, USES , _ . .
! . v ‘ 3

4 .
2 N N *

. o , |»
The\dod%paborate ion has various important industrial

. » uses. It is beneficial as a sequestering agent for metals in

1}
» - j/
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an aqueous medium~", 'Diazonium salts have a potenéial'use

as explosion initiators. The addition of ILi,[B,,H;,] to

s

hydrocarbon fuels modifies their combustion prbpertiesz. The .

silver salt, AQZLBlzﬂlzl, is used as a film-emulsion stabi-

1izei‘anq sensitizer in photographygz. The thermal stability .

N - o \ ’ j . Iy . i i
-of the [Blznlzl2 ions has led to their use in high tempera- §
¢ . -\ i
' \ .,
/ture polymer393. b
An important medical application for the dodecaborate

ion is in-cancer chemotherapy, especially in the treatment of

brain tumors. Aqueous solutidns of the log—énriched [Blznizlz

are injected intravenously and the tumor area is irradiated by

j ha small neutron source94. Th%_%oB atom has a great capacity '

Trars Lot ST ora

'
LA

to absorb thermal neutrons since it has a larger capture cross-

11

section (3850 barns) than thatlfor B (0.05 barns).

.
i N

»

10 1
B-l-o

\

n —p g A——bgLi + gn.+ 2.4 MeV " (35)

\

. /.
\ = t 4
A1 - The considerable energy liberated at the molecular level
- N !

- . (Eq. 35) is sufficient to éfggggy/the cancerous cells. The

-

' Al * 1
r . , low toxicity9§~gggythé/5§;6rmal hydrolytic stability of the
~L

dodecaborate anion render it very suitable for this type of -

i - |
tumor therapy. The [BlznllSH]2 derivative is about 10-15

M .
3% ) times as toxic as NazBIZH12 but it is absorbed by tumor tis-
! sue much more readily than by blﬁfd or normal tissue. For this\\
i i . \ 7
: reason, the [BlzﬂliSle— salt is used as well as [Blzlilz]2 in

brain-tumor chemotherapygs.
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.‘nmdel 521 double beam grating spectrophotometer (range

‘_66723"dm71 band of étmospheric 0029?. The precigion of the
frequenoiés is 2 em~ T in the 4000-2000' cm* region and
=3 | cm7£\;n the 2000-300 cm * region. _ ™

. lengths used were 514.5-(Ar') and 647. 1 nm (K® )\ The incident - |}

CHAPTER II EXPERIMENTAL SECTION

A. INSTRUMENTATION

The ir spectra were recorded on a Perkin Elmer
\

-1.. % o |
4000~300 cm 1). The spectra were calibrated against water

] NS -
vapour bands (1576.2, 1616.7 and 1653.3 cm 1) and the

sRaman spectra were obtained on a Jarrell-Ash model
2% 300 Raman spectrophotometer equipped w1th Coherant

”Radiatloﬁ model 52 Ar and Kr lasers. ‘The excitation wave-

‘light was perpendicular to the plane of the slit. The spectra
were oalibrated against the emission_lines (165.3,:2%8.9, 830.6
and-1031.5 chfl) of a standard neon lamp. The frequencies are
considered to be accurate to :1-2 cmql. The powdered samples
were placed in sealed Pyrex capillary tubes. Low-temperature
measurements (73+0 5 K) were achieved by!the use of a cold—
temperatu;e controller, composed of regulator EA 2337, d191ta1
display EC 2}67 and three-term controller EA 2349, Oxford /
Inetruments, England{ Ibe/iow-temperature'sampleicell was

a model Cr-loo cryostat (Oxford Instruments Co., England)
‘cooled with liqdid nitrogen.

1
Melting points were taken on a Gallenkamp melting (Q;




' Trimethylamine-borane (Me,N*BH,) : Matheson, Coleman and Bell.

Y

e

. NaBH4
CSF P ' 2
¢ Alfa Inorganics o
'+ CsCl : \
. KOH \ ol
] ' .
MeCN:  Fisher Scientific Co. . »
CSZBlznlz - Dr L4 W‘Hl Knoth' i
—,0523120112~H20 . E.L. du Pont de Nemours.
Cszalzquz-nzo and Co. Inc., Walmington,

{ ) ( L
/ o . .
point apparatus using sealed capillaries and are uncorrected.

B. MATERIALS ‘ - \/

l. Sources /

A

» " The materials used were obtained from the sources
indicated below: '
Decaborang-ld (BloHl4): Alfa I?nggnlcs.

Triethylghine-borane (Et3N-BH3Y: Aldrich Chemicals Co. Inc.

Triethylamingjhydrochloride (Et3Nﬁ:HC1): Eastman Organi¢ Chemicals.
Tetradecaﬁéy(cl4ﬁ3o) : Philips Petroleum.
Diethylene glycol dimethyl ether, diglyme [(Me-b-CHszH2)20)]=

| :Aldrich Chemicals Co. Inc.
Rexyn (101)-H, ion-exchange)resin: Fisher Scientific Co.
Rexyn (102) -H, ionréxchange resin: - Fisher Séiéﬁtific Co.

Molecular sieves (Sinde 3A): Fisher Scientific Co.

l;z-dimethoxy ethane [(MeO-CHz)Z]E Aldrich Chemicals Co.,
/ 4 ~N

[Me,N],B,,I;, _ Delaware.
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Me,CO:  Anachemia Chemicals Ltd, o "
. Do - -
j Merck, Sharp and Dohme Ltd. -
DCl 38% ‘
Et,0: Mallinckrodt Ltd. \

2
.n-hexane: Fisher Scientific Co.

Y =~ ¢

N .
Some of the materials were purified further before

use, as follows: h

‘2. Decaborane-l4

Decaborane is an extremely toxic substance. The

‘maximum allowable céncgntratién (M:A.C.) id 0.05 ppm, while

the maximum detectable concentration (M.D.C.) is 0.7 ppm98. 4
This means that in the presence of tﬁe odour a serious health
.hazard exists. This chemical has anipnpleas;nt‘pungent

odour somewhat reminiscent of chocolate. Th? iethal dose for
rats 4s 0.022 g/Kg body-weight. Inhalation or skin coﬂtact
with the chemical will produce toxic symptoms of fatigue,
dizziness, headache, tremors, nerg?usness, éramps, etc;gg.

The c@emica% appéars to cause.liver and-kidney damage and to
affect ther nervous syétem. Decaborane has a vapour prés-
sure of 1.4 torr at ég° and 19Atorr at 10Q°: It is practical-
lyﬂinsoluble in Qater, 35-&6”mg/l. Methyl alcohol, ammoniacal
. and alkaline solutions react readily with decaborahe and

therefore can be used as decontaminating agents. Administra- °

tion of oxygen can help relieve the discomfort due to inhaling

*
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vapours. Halogenated solvents form shock-sensitive mixtures

é
with decaborane and must never be used for crystallization or

99

as an extinguishing agent™”, Soda-lime, silici gel and tri- |

ethanol-amine (absorbed on unglazed,éhina) absorb decaborane

vapours and .they could be used in gas-mask canisters or in

storaée areasgs.

The decaborane received was wet-looking, very
slightly yellowiéh crystals. Two methods of purification
were ‘used in the laboratory. PFirst, recrystallization from

!
n-hexane (or heptane) produces colourléss needles, and second,

l -
sublimation under vacuum [80° (oil-bath) /10 3

torr] onto an
ice-cold finger, &iplds a white waxy compact material. Subli-
mation éfforded legg/personal exposure to the material and
gave a compound of high 8urity wyen it was repeatéd twice{

¥ 98
(mp 100-100.5°, 1lit.

99.5°) . The temperature of the oil-
baﬁh was carefullz,coﬁtroliéd since decaborane can become
unstable near 100° and can explode,on contact with air- at

this temperature (flash point 80°, ignition.point\l49°).

Therefore, the sublimation gﬁﬁ%ratus was cooled to robm
temperature before opening to air. K The bands observed in the
ir spectrum of decaborane in Nujol are 620.m, 727 s, 765 m{’
815 m, 858 m, 902 m,’938 m, 970 m, 1008 s, 1037 w, 1105 w,

+ 1515 s, 1560 w, 1875 w, 1930 w, 2570 vs cm . The band at

1

f

2570 cm™" was split presumably due to a lattice interaction

~€§§ l with Nujol. These values compére_favorably with those re-

ported in the literatureloo.
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\ ‘ )
3. Triethylamine-borane Complex N

This air-sensitive colourless liquid was purified,
jﬁst before use, by two successive distillations under dry

nitrogen (90-92°/8-10 torf). The pure product melts at =-4°

101

(1it. -4°). It was always stored under nitrogen. The

\

chemical is hlghly toxic, comparable to the boranes. There-
fore, similar precautions to those’ applied in handling

1 decaborane were also undertaken in this case. The ir fre-
N

. quencies for Et,N: gn were 771 s, 792 m, 805 m, 855 m, 865 m,

966 w, 1020 s, 1035 s, 1050 s, 1100 m, 1115 m, 1130 w, 1180 vs,
R | )
1311 m, 1420 s, 1480 s, 2060 w, 2160 m, 2300 vs, 2350 vs,

2400 vs, 3020-2910 vs, br. cm I,

4. Trimethylamine-borane Complex

This borazane was received as waxy white needle-llke
crystals (mp. 92°). It was puglf;ad by sublimation [70-80°

(oil-bath), 4 cm Hgl. The pure product melts at;94-95°

102

(1it. 93°) . The compound is hygrascopic and is easily

| .
hydrolyzed1°3; consequently it was stored in a very dry

environment under nitrogen. A Nujol mull of Mé3N-BH3 exhibi;k\
the following bands in the ir: 440 m, 847 s, 915 m, 1095 s,
l120 m, 1170 vs, 1260-8, 1320 m, 1403 m, 2066 m, 2270“3,

2310 m, 2370 s, 3040 s cm™ L. Again, because of toxicity

problems, this was handled in a similar manner to Et3N:BH3.

LS

3
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6 5. Tetradecane

The hydrocarbon was first dried over P,0; and then
Jdistilled over ons (110°/5 torr). The ir spectrum is\VBry
. A\l ld J -
“faiﬁiiar to that of Nujol, i.e. no peaks characteristic of

unsatufatiqn being observed.

6. Bis-(2-methoxyethyl)ether, diglyme

/
The liquid was purified by distillation (bp 161-162°)

~J

from sodium benzopﬂenone ketyl under nitrogen. For every

»

100 ml of crude ether, 3 g of benzophenone and 4 g of pure

sodium were added. The material was stored under nitrogen.

-

C. "SYNTHESIS OF THE DODECAHYDRODODECABORATE(2-) SALTS
7

1. [Et NH]2 12 12

The salt was prepared-according to’the method of

- . 104

Miller and Muetterties with slight modification (Eq. 36).

[

H .
C14f39 ; :
. ————
- s
The reaction appafﬁbus consisted of a 150 m] round-bottom,

3-neck flask. The central neck was fitted with a side-arm
dropping funnel. On one of the sf%é necks, a condenqp:—~\\‘
‘egb whose oputlet was connected to a mercury bubbler was mounted.

The thir? neck carried a ghermometer and a nitrogen inlet.

i

f v

Y v A
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e

The flask was equipped with a magnetic stirrer. The apparatus
was flushed with dry nitrogen (dried over KOH pellets). Then,
a small flame was used to gry the appardtus while it wa;

swept by a stream of dry nitrogen. The tetradecane solvent

(60 ml) was added and the flask was immersed in a high-boiling,
paraffin-oil bath. With the nitrogen stream flowing con-
tinuously, the bath was heated up to 200-210°. Triethyl-
amine~borane (19 ml, 15.5 g, 0.135 M) and decaborane (7.2 g,
0.059 M) were mixed thoroughly in a 100 ml beaker in a glove
bag under a nitrogen atmosphere. (Caution: the mixture is
éxtremely sengsitive to moisture and oxygen). To hasten the
solubility of decaborane, the mixture was gently heated on

a small hot plate previously intgg;uced into the glove bag.
Some insoluble material appeared which was removed by fil-
tration under nitrogen. The resulting yellowish, clear
solut{én‘bf decaborane-14 in triethylamine-borane was transfer-
red to the dropping funnel and was added dropwise to the hot
tetradecane (200°) over a period of 30 min. The falling drops
reacted immediately on reaching the solvent, as indicated by
the resulting turbidity. No drops ware‘alicwﬁd to run down the
wall of the flask. ‘At all times, a slow stream of nitrogen
was kgpt flowing through the system.. The mercury bubbler wgs
used to check the_nitrogen flow rate and, more important;;,

to prevent air from being drawn into the reaction flask since
dscaaprane reacts explosively with airvat high temperatures.
After th; addition was complete, the reaction was allowed
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ﬁ to proceed at the same temperature for another 20 min. The
heating was then stopped and the reaction flask was cooled

to room temperature before opening it to the atmosphere.

The resulting solid was collected on a sinter-glass funnel
and was washed with diethyl ether (200 ml) to remove the
tetradecane. After drying, the product weighed 16.8 g
(848 yield). This crude product was boiled in 300 ml water
for about 10 min and gradually dissolved with some hydrogen .
evolution. 8N gCl (2 ml) was added to the hot solution which
was then filtered while hot to remove some insoluble gummy

‘ material. The filtrate was chilled in an ice-bath and the
desired [Et3NH]2812H12 product crystallized out (yield, 6.5 q).
Concentration of the filtrate gave another 3.2 g of the pure
product.

The gummy material which separated out from the

boiling water was collected. Treatment with acetone and

-

n-hexane, followed by recrystallization (at 0°) from warm

MeCN (300 ml), resulted in additional pure IEt3NB]2812a12
$
$ (2.5 g). The overall yield of the pure crystalline product
69

was 12.2 g, 0.035 M (yield, 62%; decomp. ~300°, 1lit. 298-300°).
In the ir spectrum (KBr disc), the following bands were
observed: 445 v, 4ﬁi.m, 717 m, 744 w, 794 m, 843 m, 1030 vs,

’ 1064 vs, 1077 m, sh, 1159 m, 11]6 m, 1363 m, 1391 s, sp,

1404 vs, sp, 1447 vs, sp, 1450 vs, sp, 1457 s, 1470 s, 1636 w,

br, 1866 w, 2006 w, 2040 w, 2480 vvs, br, 2740 n, 2770 m,

104

Q \ 2882 m, 2942 m cm™l. The reported ir frequencies for a
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Nujol mull of ‘Et3""’2312”12 are 720 m, 745 w, 797 w, 847 m,

1030 s, 1065 8, 1160 m, 1275 w, 1640 w, 1850 w, 2020 w,

2040 w, 25008, 3150 m cm L.

2. [”EBNH]2912”12

This compound was prepared by a method similar to

that of Miller and Muetterties (Eq. 37)10‘:
B, .H 4+ 2Me N:BH .C1‘83° [Me .NH].B,_H + 3H (37)
2 —_—
10714 3 3 . 3 2712712 2
180 N

2

A dry 50 ml, 3-neck flask was equipped with a
condenser, nitrogen gas-inlet, thermometer and a dropping
funnel in the same way as described in the [EtBNB]2812H12
synthesis, except that the dropping funnel was wrapped with
heating tape (Fisher Scientific Co.). After starting nitrogen
flow, tetradecane (20 ml) was placeq in the 'Yeaction flask
which was subsequently heated to 180-190°® in an oil-bath.

Mixing of the reactants, Me N:BH3 (3.2 g, 0.044 M) and -

k)
decaborane (2.4 g, 0.020 M), was achieved by heating (+80°)
and stfrring under nitrogen in a glove bag. The resulting
liquid was then transferred quickly to the dropping funnel
(heated by the electric tape). The dropwise addition (30 min)
of this mixture go the got tetradecane (180-190°) was followed

by extra reaction time of 20 min before the apparatus was al-

Jowed to cool to roon'tqn?ornturo, The resulting whitish
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80lid was filtered ocut of the tetradecane and washed on a

sinter-qglass funnel with small portions of diethyl ether.
After air drying the crude product weighed 3.6 g (718 yield).
This material was boiled in water (50 ml) for about 10 min

in ordgr to hydrglyze any unreacted decaborane. The §olution
was then acidified with 0.2N HCl (2 ml) and filtered while
hot to sepgrate the qummy materjial that was formed during

the hyéroly51s. The filtrate was chilled in an ice bath to

produce 3.1 g (61% vield) of a white solid. The ir spectrum

Qhowed that the desired [Blzulzlz' jon was mixed with several
other ions such as [312H11(NM03)]— (ir bands: 2500, 1055,
67

955, 890, 725 em )7, [,B(Me) )" (ir bands: 2500,

1100-1200, 720-900 cm )19 ana (B

n,o )
11714
1250, 1110, 868, 720 cm 4)37. Myccessive treatment of this

(ir bands: 2510,

mixed product with E-hexane, acetone, methanol, 2-methoxy
ethane, and diglyme followed by recrystallization from water
prodaced pure iHc3NH]2812H12 (2.1 g, 41v yield, decomp. +~310°),
as judged by 1ts ir spectrum in Nujol: ~3€00 m, br, 3130 s,

3020 m, 2485 vs, 1250 w, 1063 3 935 m, 720 m cm ).

3o FoByohyg

™™o methods are available teo obtain X B, _H ’trom

2712712
the alkylammonium analcgues. The first method is the neutral-
lization procedure (Eq. 38)62.

i, O
[Et NH],B, ,H , ¢ 2KOH ———& K By H), + Et N ¢+ 2H,C (38)




O L — ‘ : i . m—— N
F. . “ - i S ' |
B I - S . ' 48
| - , \ \
§ 'Z’ 1 The KOH used was previously standardized against\potassium
f b - hydrogen phthalate and was free fron carbonates. 'To a-
suspension of the triethylammonium salt in water'(b.as g/ |

10 ml Hzof was added the exact amount of petassium hydroxide
’ (0:.26 g, 4.64 ml of 1N-KOH) necessary to convert the salt
o 1ts:K analogue. The mixture was then boifed gently

unti ere was no longer an amine odour (N15 min) . After

\

-

cooling, the solution was evaporated on a rotary evaporator ’ [
to give white K;Blzn12 crystals (0.5 g, 92% y:\ld) .o
The second procedure made use of ion-exchange )

® resins. A solution of [Et NH] , (0.8 g/lo ml H O) was

2B12M
made alkaline (pHVv10), boiled to expell ‘amine gases, cooled

to roon_témperature and then passed through & strongly acidic
ior-exchange resin [kéxyn-lOl (H)] (15 0x1.0 cm). The acidic

.effluent (H2 12 12) was concentrated on arotary evaporator

at room temperature. This ac1dﬁc solution could either be
"4 ,

titrated against 2 standard KOH solution or passed through
g ! ¢ ) %
_another column (25 Oxl 0 cm) of acidic cation-exchange resin

in the K form, to yield KZBIZ 12 (Eq. 39. When the/éWO . .

methods were tried starting from 0.8 g of [EtBNleBlzﬂlz, they

. ' gave identical products with nearly quantitative yields %
; - %

(~92%, 047 g), The synthe51s of K2 12 12.v1a the cation %

g exchange technique has not been reported previously.- %

£ %%
ot

K / ‘ /' It is worth mentioning here that when an alkaline

“solution of [Et NH]'2 12H12 (o, 7 g/10 ml H O) was passed through‘

a weakly acidic cation-exchange resin (20.0x1.0 cm) [Rexyn 102¢(H) 1,

) -
- AL L]
S . N
. ~
t

o



AR

’(,"‘

the effluent was strongl} acidic (H30)+. However, thig type

106-

.'. . » ) = - .
of resin is not recommended for completée conversion to

(H30) o Sincevthe equilibrium in Eq. 40 is‘éhiufhe(d to

2B12M;
the left (compare with Eq. 39 for strongly acidic resins) .

4
ORI, N
| RSOH + Na,B),H), = HyBjpH;, + RSO;Na + Hy0 (39)
q o :
RCOOH + NayB) )y, «——=HyBj,H), + RCOONa + H0 (40)

N 5\ P

- )

». 4. K,B,.D ) !

2°12712 .

Al

Deuteration of K,B,,H;,, was carried out according to

N
69 .
method. Kanle (1.1 g, 5.0 mM).was

Muetterties et al's

- dissolved in D,0. (8 ml) and the solution was acidified with
2-3 drops of DC1 (38% in D,0) . " After standing for one week,
the soiuj:ion was e\'raporated to dryness uévin'g a rotary evapo- -
rator.-; ; residue was redissolved in 020*(6 ml) and orte |
drop of DCl solu'tion was ;d‘cled. The golut{;‘.oq was then left
stan‘ding for another we%ak “before it was evaporated to dryness

'\a.lr#lggr_mét@d\@re\gs:‘ure. After ‘t’his process of dissolution

‘ times, tnhg:a solution was

\

and evaporation hadftgeg.n repeated five
finally refluxed for 1 I}K\::vaporatién to dryness: was followed
by drying over \?205 under v @ (4;0°/10"fl torr) for 3 hr.

[ This yieided 1.1 g of tl}é n90% D-enriched prodﬁkct\as judged'

of thlznlz showed strong ir

-
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5. CSZBIZHI2 |

This borane salt was prepared according to the
method described by Muetterries et i];.sg. The i:rieth/yl-
ammonium salt (1.3 g, 5.0 mM) was dissolved in IN-KOH solution
('\rlo ml) ‘and then boiled gently for 15 min in .order to expell
‘the liberated amine (Eg. 41). . The solution was then cooled

and neutralized by the slow addition of 2N-H S04 (v2 ml).

: 2

<
(Et,NH] ,B, H,, + 2KOH——>K,B; H,, + 2Et;N + 2H,0 (41)
K2312H12 + 2CSF —— Cs,B, ,H;, + KF | _ (.42)'

A CsF solution' (50%) was next added in drops until no further
“precipitation occurred (v3 ml). ' The “precipitate $as c‘ligested « ¢
for, 10 mm and then the flask was immersed in an i ‘j-bath for '
1l hr before filtering.off the ‘while product. ‘The solid was | A
washed three t].mesi w:Lth J.ce-cold water (5-6 ml) and recrystal-

" lized aﬁ’) 0: from boiling wa ép«p - After drying in vacuo for 2 hr
(50‘°/10 torr), the pure crystalllne product we:.ghed 1 75 g '
(87% y:.eld) The ir spectrum resembled that of the potassium

D ‘ \ )
analogue. s - . e
gu . \ f‘,__ < /

~

6. CSZB12 12 CsCl ’ fV/

o

ThJ.s*double salt separates in the above synthesis

instead of\ Cs,By.H, 5 when the react:.on medium contains an *

o -
E)

J
A °v

NYR
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.(40°/10 torr)._ '

excess'of chloride ionsg.

A solution of INKOH (20 ml) whs added to.a stirred
suspension of [Et;NH],B,,H,, (1.3 g, 5.0 mM) in H,0 (10 ml).
The solution was boiled until no further amine odour was
detected’ 415-20 min). After. cooling, 4N-HC1 (60 ) was-
added and the solution wasffiltered. A concentr#ZZd solution
of CsCl (5 ml) was added dropwise whilelsﬁirring and the

coplous preclpltate which appeared was dlgested for 30 min.

* The flask was chilled in ice for 1 hr and the white product

was washed on the filter with.small portions of ioerold
waté;. Ehe solid was recrystallized at ice temperature from
80 ml of boiliné water. The pure product weighed 2.5 g \u
(87% yleld) after drying in vacuo over P 0 for 1l hr PR

2°5
*

7. Na2312H12

1
This salt was synthesized following the method de-
68 ‘

scribed by Adams et al. = (Eq. 43).
, diglyme, .
ByoHy4 * 2NaBH, - —> Na2 128"+ 5H, . (43)
160 v NZ / '

J

t

The reaction apparatus consisteg of a dry 2-neck 100 ml round-

|

bottom’flask equipped with a reflux condenser, a nitrogen inlet'

and a maghetic stirrer. The nitrogen outlet et the top of the
B,

condenser was connected to a mercury-bubbler' in order to

N




) . '§ P - . .

' © :

i i prevent air firom contacting the hot reaction mixture and to

“o

3 \ , assure‘a constant flowrate of nitrogen -(dried over KOH pellet).
After starting the nitrogen flow diglyme (30 ml) ,» then

+ decaborane-14 (1.2 g, 1.0 mM) and finally sodium.borohydride

(0.8 gt 2.1 mM)lwere added. /The rgactionomixture was stirred

and heated at reflux (160°, oil-bath)"nnder é continuous flow
of dry nitrogen. The nixture assumed a deeper yell&w,colodr

as the reaction préceeded. After 7 hr; the reaction flask:.

was cooled and chilled in an ice salt bath (v-10°). The
‘Whltlsh SOlld that had separated (Na2 12H12-diglyme) was then
filtered out and drled fnr 2 hr under vaquum. In order to

remove the diglyme ether of cr§§tallization, the solid was ,
"thrlce dissoived in Hz° (5 ml) and evaporated t; dryness.

Finally, the salt was dried over P2 5 (110°/10 torr) for .

10 hr. The white powder obtained weighed 1.0 g (54% yield).

. Apart from the [B;,H,,1%” bands at 720, 1070 and 2470 cm™,

the ir13pectrun (Nujol) showed strong water absorptions

l ‘ (at %3500, +1600 and ~1000 cm_l)«indicating\that the salt was

/ ! hyéréted. The 'water of crystallization—was found ts be very *
strongly bounded in the crystal lattice of NaZBlelé. In the
analogous Kf'salt, dehydration qts much more easily achieved.

D. PERHALOGEN DERIVATIVES

1. CszB12 12 ,

This salt was obtained from the donated [Me4N]+

-

A <




v

1
" v
1 ‘ "
p
%
\

A

'

¥

#*

analogue. A solution'of kﬁg4N)2[Blé112] (0.4 g, 0.25 mM) iq
warm MeCN/Hzo (10 ml, 50% solution) was'bassed through a
strongly acidic ion-exchange column [ReiynTIOl(H), 20.0x1.0 cm].
The highly acidjc solution which was eluted was then,evaporated
to dryness on a rétary evaporator in’ordef to remove géseous

HI. The evolution of HI seemed to indicate the presence'of
the double salt (Mé4N)2[Blzliz}§Me4I as an impurity. The
resulting‘ solid, (H30)2[B;21121 *xH,0, was redissolved ix\x water

1

(10 ml) and the desired cs™ beriodo salt was precipitated by

the addition of a concentrated CSF solution. = ~
HZBIZIIZ + 22;5‘—————-)052812112 + HF (44).
~

AY

-

The solid which formed was recrystallizéd at ice temperature

from boiling water and dried over P,0; for 4 hr (40°/2074 torr)

to give 0.41 g (85% yield) of pure Cs,Bi5,I;5,. The most impor—

\ 1) \
tant bands in the ir Spectrum (Nujol) appeared at 939 vs,

926 vs, 905 s, sh and 478 m cm L. -

¥

;. CszB Cl and CszBlzBrl2

127712

-

These salts were received ag monohydrates and were

dried over P,0g (40°/10-4 torr), ‘the perchloro derivative for

-

A4 hr and the perbromo derivative for 12 hr. The ir spectra

were free of qzo absorptions and showed a strong band at

1032 cm~! for the chloro salt and a doublet 1000, 986 cm *

for the bromo derivative.

b‘-—-—-‘““ (Ka ) f I ‘ *

2,

[
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times any given irreducible representation occurs in the

CHAPTER III

A. VIBRATIONAL SPECTRA OF THE [312812]2- ANION

the vibrational modes of all the common

A
" P IR LT AROUIIY T A

- N !

RESULTS AND DISCUSSION  °

N

»

1. cCalculation of Normal Modes o

Group theoretical calculations are often used to
obtain the vibrational modes of a mblecule of known symmetryl.
The usual procedure starts by 'determining the nunber of un-
shifted atoms after each symmet£y oPeration; ‘Thgn, this
nuqber ;s multiplied by the matrix contributipn\ of the. N
paiticdlér symﬁeéryﬂbperation for these unshifted gtoms.

This procedure generates the reducible representation spanning
N

the vibrational modes. In order to arrive at the number of,

reducible representation, the following reduction equation,

commonly known as the "magic formula", is used1°7a =

nY = % 7 g.ixsx¥ (45) °
3 \ ,

wheré nY is the number pf times that the yth irreducible
representation appears in a reducible representation; gj is
the number of symmetry operations in the jth class; xj is thg

character of the red

€ reprexentation; and x; are the

elements of the character table foX this point group.

108

-
Jahn and Teller employed grqup theory to obta;h

try groups .

-
-]

- ’ k/,-
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'
includiné the icoéahedron. In the case of [Blzﬁlzjzj, the ‘ /
24 atoms of the icosahedron will produce 3 x24 =72 degrees ,
of freedom or vibrational modes, The resulting reducible -
representation spans the:species shown in Eq. 46 (see also
Appendix I).
*
L I, ) ’
F =22, + 2, Ay, 2y, 2 ¢ 29, :
total .
+ 4h_ + 2h \ (46) /

e =u

After subtracting the non-genuine rotational and translational
modes (Elg add t,,)» we obtain the following genuine vibrations:

A
o

<
I 3
™ s :
=2+ by 3y, + 2ty + 29+ 2g,

éotal . , )
+ 4h_ + 2h"K/ Q (47)
_g X ) n

- P

Owing to the very high symmetry of the [Blznlzlz- ion, most of

these vibrations are, optically-inactive. The only active

-

fundamentals are given in Eq. 48, where the spectroscopic
" 1
activity is shown in parentheses. '

) N

L)

I
h - o
[—ﬂ - 2eg(Raman) + 4Qg(Ramap)‘+ 3t,,(ir)  (48)

gen. (opt. active)
’ v
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\
N
N

The ir and ﬁamgn modes belong toudifferent symmetry species
because the [Blzglzjz' ion has a centre of sykmetry and so
the rule of‘mutual exclusion applies. ﬁ
The next step in the group theoretical treatment
of ﬁhe vibrational problem is to carry out an analysis based
on the different types of internal coordinates. The five in-
ternal coordinates of the [Blznlzlz-,icosahedron consist of
changes in the two bond lengths, B-H and B-B, and Qpanges in -
the three interbond angles, BEH. BBB (acute) and EBB (obtuse) .

The reducible representations derived for these internal co-

ordinates are shown in,fable v j]see also Appendix I).

A -
\

\

TABLE V: Internal coordinates for the [Blzﬁ}glz_ icosahedron
' 2 \ | 3
Ih. E 15C2 2OC3 12C5 12C5 i - 15¢ \igss 12810 1ZSlo
B-H 12 10 0 2 2 0 4 D AN 0
B-B 30 2 0 0 - 0 - 0 4 0 0 0
BBH 60 0 0 0 1 0 0 4 0 0 0
BBBac. 60 (1} 0 0 0 0 . 4 0 0 0
BBBob. 60 0 0 0 0 0 4 0 0 0
J
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Reduction of these representations using the magic formula

leads to the following irreducible representations:

I_‘Ih ‘ |
=gty tEy thy (49)
B-H » -
g
¥
r’?‘h ‘
=ay +tgyt 2§g thathet ety L (50)
B-B ) . .

TRV
= eg + t + tz 4-22g + 329 + 2t l + 2EQU

BBH

+ Zgu + ZEu “(51)

The B-B-B angleb'[acute (60°) and obtuse (108°)] reduce in
the same way as the B-B-H angle above. -

The total number of modes obtained from combining
representations of the internal coordinates is much higher
than the total number of modes obtained from treating the

structure as a composite of vibrating atons.

57




, o
- &> ¢
r =2y 7 . Byt Het By (52)
B-H
o ' ‘
- + by
N a_;q 29+ 2_g_1g+ Elu+—-2u+ 1“+1_1u (§3)~
B-B
i= . ' -
l——' 3ag + 3 g + 3Ly, + 6g; + 9hg + Sty * 6Ly, + 63, + 6hy, (54)
(3)angles , ) . , A
' rihto . -
Sa_ + 3t, + +
=535 + 3t + 3ty ‘Igg +12h + 8ty + 8L, + 7g, + Th, (55)
total ‘ )
t
Ih -
2 + 2, +
F =22+ 2% +2g, + dhy + 4Ly, +- 2Ly, + 2g, + 2h, (56)
total -
difference "359‘“319_”' 3529+ 5394— Bp-q+4£1u+ 6t,, *+ 59, * Sh,

“

8s
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.

The differeance (Eq. 57) represents the redundaht‘species in

the Lnt;rnal coordinate calculations, These redundancies
result from the igterdepondence of the internal coo;dinatlu,
especially the inter-bond angles. For eihmple, it is phwsical-
ly impossible to alter all the angles of a given type in the
'same manner at the same time. Since the B-H orbitals are
nearly independent from the B-B skeletal system’stﬂg, it can
be safely assumed that the redundancies belong to the repre-
sentations of the different inter~-bond angles.‘ This large
number of redundant modes is a consequence of the high sym-
metry of the~st;ucture. “

After omitting the opt{fally-inactive species, the

representations reduce as followé:

r = eg + !-Iq + . (58)
BeH - ) »

. S
‘ = a5t 2+, (59)
B-B ¢ %

1
. .

Byt t1a ; (60)

(3)angles

Ih '
i - Zeq(R) + 429(3) + 3£1u(ir) (61)

gen. (opt. active)



60

*»

The above representations (Egs. 58-60) can glag‘be
expressed-in terms of hydrogen or boron atom movements. for

example, the vibrational species which are due to hydrogen

atom movements will-be composed of B-H stretching and B-B-H N
bending modes. . in thp'tame-uay‘ the vibrations due to boron

atom moveéents will include the B-B stretching species and

the B»E-B bending species. Since the high symmetry of the

[Blzﬂlzlz- ion has resulted in the eguivalence of the repre-
sentations of the three inter-bond angles, .it is impoalible

to assign specific modes to the different angle coordinates.

hj

2. Application of the Product Rule

. 8
Isotopic substitution studies afford additional

. S

aids in the assignment of the interpnal mgdesi Calculataions

using the vibrational frequencies of isotopic molecules

e s

provide valuable “information about the nature of the mot;ons
involved in each vibration. For example, we make use of the
fact that atoms which move with considerable amplitudes 1in

a particular normal mode produce larger isotopic shifts than
those atoms having minimal displacements in the same modelegf
Another.impértantatheozem which is applied in the study of
isotope effects is the Teller-Redlich product rule which

i
states that the product of the harmonic (g—) values for all

LY 4

vibrations of a given symmetry type is independent of the
potential constants and depends oﬁly on the symmetry of the

molecule and the masses of the‘atoms involved in the vibra-
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ALY
on. The jepkral equation and the detailed application of

2- 12_ are shown in Ap- ;

ule to | ] and (B

B2z 1271

4

To apply the product rule, a molecule 18 dividen

into sets of equivalent atoms, i.m,, atoms that are trange-

formed into one another by the symmetry Opcraflonnlqg. In

12-. there are two auch getr, the (R, _)

. the cage of |B 1

128,

and the (H ,) sets. On applying the jaual group thearetical

12

L
approach to these sets, the characters X are produced,

e e . et e e e v - . - -

TABLE VI: Characters of nets «f CgaLvalen' atoamna 3, the

E 15¢, 20C, 1265 12C; 3 1% ' 2o 1oe . .t

e e R e

.

-

P
.

»y
<
~
l::\
-

[

X) T 36 0 : ,
1
(B . .

€ %
) .

), -1 36 0 o
(H

| ¥
>
Long
-~
]

12

5

b '

S S . . —

.

Reduction of these representations give the sSymmetYy spec.es
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Y ‘ attributed to the movements of atoms of each set (‘E.'Gz). e
v N u 94
3. N\ . o
: , «
| { ' o '
B12 = Hi2° h
" o ! ~
=ag t ot g + zp_g + '2,519 tto g0t hy (62)
. .
) . o]
When.énly optically active species are considered, we obtain: -
3 ‘ . ¢ R - ¢
7 6 @n
3 o ' . \2h  + o . . .
) | r a . +'2h, + 2ty L. (83
r' ) (Blz). ’ . . . » ‘ . . [ - .
- ‘ Ca A <
E a + 2 . 2/1:_13 6 } RS (64)
(le) » v‘f‘ » N ,
) - / — : 3
e ° > \ v ' f N
-,E 4 ’0 £ N 1
» l = ?Eg + 4h_ + 4tlu ’(65) g
: . Biafp | T
{ P .
\. ' N v . .
) *
. ' i
%~. Q?'“\» These results are complicated by the fact that a non-genuine
~' ) ! d - Y t 0 ‘
l ‘ \ translational mode, (ty,) has to be suﬁtracted from only one
. of these equations‘and we do not know from which orie. Another

E complicating factor is Fhe feasibility ‘of mixing the hydrogen

%, ‘
n




and the boron vibrations in this highly symmdttical ion. " Fof

these reasons, this approach,fails to furnish‘any useful

l . > : .
information. ‘ y i Co

7

X Studylng the vlbrational isotopic effect for the

\

two isotopic molecules [912H12] aed FBIZ 12] provi@es'a

clearer .indication ebout the type of atoms involved in a

. ’g;ven>vibration.f‘A useful'fqrmu}a for this purpose]is(. )
%iif\ﬁg;ﬁ Where"§ is the obeerved frequjkcy of the vibratior,
‘m is th; mass of the representative atom.in a vibratingiéet;

and the superscript (fj denotes the heaviervisotope;og. When
N ° *

. 1 . ] 3

the (%—) value is near unity, this indicates that the vibration
considered is due to movements of boron atoms. On thefother
v0.5, the

! correspondlng vibration is regarded as a result of H(D) atom
' 1

hm.ov,ements. When the (——) values arﬁ lntermedlate between

.lvand ¥0.5, the vibrations involve both the hydrogen and ’

. " the boron‘atoms79. ‘ -

SR § . ,
hand, if the isotopic ratio %2—)»15 close to ;%

The Teller-<Redlich theorem is baéed on a harmonic

. oscillator approxlmatlon and‘thus holds strictly only for the

4

- " zero-order frequenc;es wi. However, the observed - fundamentals

[ - (vy) are the ones normally used in these calculations, and
. . . s " , . i n
T 8ince w;;v; is ‘smaller than w,-v;, the %— ratio is smaller-
vt ‘. N / .
vi :
.—=... is always larger
2

-

than . Consequently, the prdduct
. '

Ry
€
. CI <

(=

AN

o
GRS
NS

T than ...;093"Also, for vibrations involving hydrogen
£ Tr .- l 2 N "% o I
3 atom movements, the value-of” (——) is around .0.57 ‘instead of

™o b

€ IHEF- €|€H —

NEI €

»

3
~
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the theoretical value, gﬁ = 0.50. Application\ef the p?oduct .

rule to the vibrational fundamentals of [Blzﬂlzl 3:'
|
[Bl2 12] " helps in the assignment of the various normal

modes of these icosahedral.ions (see Appendix II). ° 5
. ! g

This type of approach was carried out initially b&

\ ‘~
Muetterties et<al?9. HOWeyer, owing to the greater accuracy

T
1

of the measurements in the present case, the procedure w1ll .
. % .

*" be repeated here using the data observed in this study. . 3,
. The groﬁp theoretical predictions’ for ‘the [312312]2-”?

’ k - - o "
ion [and also the [Bllezl2 (X=Cl, Br, I) ions] are that
0 T

there should be three 'ir-active bands (3t;, and six Raman- '
.5

active ones (Zgga+ 4gg). Moreover, there should be three

B-H' stretching modes (gé + t, ), four, B-B stretching

modes (ég +E. 7t 229), one B-B-H° bendlng mode (t, ) e?d/one

. B-B-B bendrng’mcde (gg). C | o ‘ . .
' These predictions apply to the "free-ion" in

solution. Muetterties et gl.zg

recorded the ir and Raman
spectra of Na,[B,,H,,] and Na,[B ] (v»90% D-enrifhed) in
. s ‘ 2-.12 12 0, 2 12 12 ol
agueous solutions. In the present study, the agueous ir -

. . \ ) \ . 4
spectra were not re-investigated; however, in view of the.

superior Raman instrumentation now available, these spectra were

51
“Ei ;‘
a

- - re-examined. Muetterties §i g£.79 used a Rank and Wiegand

110

Raman spectrophotometer with Hg-arc excitation (435.8 nm 4 “5

4 , " line). Using modern Raman spectrometers and laser excitation,
_( ) N . @ . - - -
- much higher resolution and higher'qualitygspectra are

obtainable. Lo
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TABLE VII: Vibrational spectra (cm 1) of aqqeous‘(Bl2H12]Q2

€

*

-

3

N

and [B

,

»

- 2—
12P121

T 3= 2- Isotopic ratio o -
I LV PY [By 50,51 ‘ Wip?) S Vid- proposed assignment
- ir Raman ir  Raman square ' . :
Ref.79 Ref.79 This work Ref.79 Ref.79 This work (from this woxk)
2518 25172 vs 1912 - 1910f vs  o0.58 (W) a v, B-H(D) out-of-phase-breath
2480 . 1882 0.57 (M) t,. v, B-H(D) str.
_:"_J - — P —lu 3
7.‘ L4 b g . .‘ =
2475 2472° vs 1867 18647 ys  0.57 (M)  h v, B-H(D) str.
1070 932 0.76 (B+H) tiy V4 B-B str. and B-H def: ‘
. ] , ~1lu 4 . . ~
. (cage vibration) —
949 . 954 m / 888 896 m 0.88 (B) ' h v, BB str. '
770, 774 m 736 622" m- . 0.65 (B+nH) h, Vg B-B str. and B.H def:
743 7463 & .716 78l s 0.93 (B) - a v, in-phase cage breathi
: _ — . -9 (B-B str.)
720 596 . p.68 (B#1) &) vV, 'B-B-H bend. -
. e
. 620 542 6.87 (B h B-B-B bend.
] 584 .582™m ; 2 W (B) h, Vg S | end —
- g \
‘satellite 198 bands (cﬁ_l); - - _ i
32530 “S7g0 ©590 91872- 1738 A : ' A
4 , - - . ' ; a - : - wu 1
b d f h Vo X . . .
2480 . 755 1938 648 The' B and H in. parentheses indicate which atoms - -
- 1

W

¢ K

o

are moving in a particular vibration.

-
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G' , 3. Band Assignments

| / R N , ‘ :
.» The observed vibrational spectra of the IBlznlzlz-

o

2- o » ’ .
and [312912] ‘ ions in aqueous solutions are given in
Table VII. Typical spectra are shown in'Fig. 12. The as-
signments are beaF discussed in terms of the following group
vibrations: B-H stretching, boron cage skeletal modes aﬁd

N . ~ ] -
‘ B~-B-H bending modes. ) '

5 .

» a:. B-H stretching modes

. The gérongestiigsorpt?on in the aqueous ir sSpectrum
of the [B;zHizlz- ion is 4t 2480 cm Y. Deuterium substitution
shifts this band to 1862 cm"'l and the isotopic ratio éqgii? .
(0.57) shows that the v;bratlon is due to movements of the
hydrogen atoms of the cage. ' Thus, these bands are/readlly N
assigned to the B-H(D) stretching_ v1brat10ns (vl)u The B-H

absorption is at higher energy than is usually fbund for B-H

stretching in ions, e.g., 2270-2240 cm-"1 for/ﬁBH‘}]_.76 This

©

‘ frequency shift is perhapg’ due to the supef-#ibmaticity of the

- -
icosahedral cage77. ) N . ‘!/, Cl Lt
’ ] ’ - - P Ld ) -~
In the Raman spectra of both [B ZHL2]2 and [B ]2

r

, 12012
there ﬁre two s%rong bands which can be attributed to B=H(D)

stretching.  The isotopic product rule da indicate that

" these bands are due to the movements £ the hydrogen atoms of

" ‘. - i} o 2__
the molecules. For [812H12] , the

~

| polarized and is thus considered t¢ belong to the Eg species

and at 2472 cm L is de-’

&P

A7
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1 1 o

- .
@ (vg) . The other band at 2517 em b is tl"stronge,st in the

Raman spectrum and is stf"cly polafized (p = @sl). ‘Thus,
thls band is attributed to the totally symmetric i; mcgf (vq),.

The correspoxdlng assxgnements for [312 12] are 1910 (a ’ vl)

o 1864 cm -1

(gq« v ) All the B-H(D) stretchltg bands are .
extremely\intense in-both the ir and Raman and therg are " "

significantly weaker, higher energy, satellite bands attri-

10

butable to " B substituted molecules (see footnotes toliable VII).

-

-
>

s b. The cage or skeletal vibrations - -

i
- i, B=B stretching modes / .
A_”_,‘ ‘ . : - :’

One of the main features.of the ir spectrum of

[Blelzlz- is the strong absorption at 1070 em™L
< d ! . )
-1 in the spectrumfof‘the_D-enriched iso~-

-

which is
shifted to 932 cm

topic species. This is a chat&cteristic vibrﬁtion of poly-
69 )

-

hedral boranes and is usually called the cage ab501§t10n
, The mode is attrlbuted mainly to BJB stretching, but it 1s ;
apparently,strongly ?1xed with other v1brat10ns becauge of .
its high frequency apc ﬁﬁgh intensitg: This is confirmed by
+ Teller=Redlich isotopic calculatiogh‘chich“indicate that.
moyements cf both ?(D) and boron atcms contribute to these
: Fundamentale, Therefore, these ncrmal\modes also include
" '‘B~B~H (D) QenQ}né qctions. It is evident that these bands. are
- of t,, symmetry (v,), since this is the only speties having

Gg? © . ir activity in the icoeahedr?l point group.
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In the Raman spectrahof [Blzﬂlzlz':'the intense

-1

absorption,at 746 cm ~ is stroﬁgiy polarized (p = 0.1) and

consequently belongs to the totally symmétric gg mode (V2)°
Deyterium substitutioh shifts this band to 718 om™t

v z ' _

(gzx calculations prove that this fundamental derives from

2 . , -
movements of boron atoms only. On this basis, .the 746 cm 1
)
~l (D) bands are assigned'to the B-B stretching

and

(H) and 718 cm
of the in-phase breathlng vibration of the 1cosahedra1 cage.

- Two medrum 1ntensxty Raman lines are observed in

the salution spectra of [B12H12] at 954 and 774 cm -1
»

, with

the corresponding bands for [B ZDIQ] 2= eppearing at 896 and
| \
622 cm 1, respectlvely. ‘The product rule calculations 1nd1cate
L
that these bande also originate 1nly from boron atom moye-

ments. These peaks are depblarlzig,and therefore belong to
.&

he gg species, Va apd vg- The br& dness of these ds could
{ be a result of accidental coincidenzes with either pation,
= ] a ~ l"
: overtone or 10g isotope bands. The' low intensities of the v,

b

;and v8 B-B stretchlng vibrations is presumably lnd}catlve of

a 4

‘weak 1ntra-1cosahedra1 .forces.

3

ii. The skeletal bending vibrations

i

) " - The ‘medium intensity Raman bend at 582 qp'l for,

(B, izlz- has an energy suggestive of a bénding mode. Iso=-

L)

toplc data show that this fundamental is a consequence 6% boron -

°

atom movements. Therefore, the band has been assigned to the

%
AB-B-B skeletal bending mode.. Since the. 582 cm -1

\ 0!'
] 19 A L
4 N ' . £l

band is de-~

~




o v « 4 'F 1 ' i v
RIS, [, |§' ) ,, 3 .
ﬁ,..n \ B -, 'e‘f / Tird 17 o : i o “ AT

’i’~w " - e —— ,“3 '”.‘. pl it "‘%I‘%’:’
‘ 69
i " . '// , .
| ‘ i
polarized, it is due ,to the gé-symmetry species (vg). In -
[Blznlzlz' this band appears at 542 cm-l, but with very low

intensity. Presumably this is why this band was not’ reported

by Muetterties et a1.79: in their study of the dodecaborate

ions. 1Instead they assigned the much stronger peak at ~ 620 cm"'1

to vy. That this frequency is 40 em™t

111

higher than that of the

-1

(H) isotope led Weber and Thorpe to suggest that the 620 cm

is not due to v9 and that the'true location of‘this mode was

~ 570 cm-l. Our experimental value of 542 cm-1 provides ad-

111

\ .
ditional support for Weber and Thorpe's theoretical cal-"

. culations.

X ea ’ ’ P AL
c. Hydrogen bending modes .

o .
The if bands at 720 and 596 cm * in the %pectra of

_fBle;Z]Z- and [Blleélz-, Fespectively, are eharp and of |
medium-to-strong intensity. They are assigned to B-B-H(D)
‘bending vibrations on the basis of isotope shift calculations
which confirm) that both boron and ﬁydrogen atoms are involved
in produoin these modes. In common‘with the rest of the ir-

ﬁundamentals, these bands (vs) have £ symmetry. Since\the

' absorptlon for [Bl2 12] faIl@ in the B-B stretching group’;

frequency range112

. the isotopic study was of great:value in -~ 3
- . l - R \

making the aioggnmenq
The proposed vibrational assignments for [Blzﬂlzl

T T R T T T ——

and [B12D12] are summarized in Table’iii. It is worth em-

phasizing that unlike in many vibrational studies. all the pre-

el

LY
-
kﬁm@ s
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\ r
dicted fundamentals were observed. , -

B. VIBRATIONAL SPECTRA OF THE SOLID DODECABORATES

1. Introduction

Thg'spectra of cry;t$ls usually show more bands
than those of liquids or gases. , \
' ] Interlmolecular inte;actions are much stronger in
crfstalline structures and this results in léyering of the
symmetries of the free ions in crystals. This -lowerjng of
syﬁMetry may remove the degeneracy of certain modes and-may
activate others ﬁhich were inactiveiin’the free species.V

In solids, apart from the normal internal modes,
thereoare also characteristic iow-frequency bands-usually

107

called external or lattiCQ‘modes «  These modes arise from

the motions of the complete molecules relative to one another.

The lattice bands are optically-active and usually appear in

0-50 cm-l range, although some above 200 em L have been

1
’ repdgted1°9’113. These vibrations can be further subdivided
into translatory and .rotatory modes according to the origin
r .of their motions. There are also three optically-inactive,

modes characteristic of the solid state, viz., the acoustic

modes, which Are responsible for broﬁagating sound waves
throughout crysﬁals. These three modes ;esult from the

. * ' ’ 3
translational motions of the molecule as a whole within the®

crystal.

EN o
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2. Factor Group Analysis.

» ‘\Q * . .
Because Of the repetition patterns within crystal

I

-

Btructures.‘@he vibrational modes of.solids ‘can be cénsldeied(

‘as the resultants of identical in-phase movements within each

i : ‘ Voo >
pfimitive unit cell. On this basis, the different fundamental -
t , oo, w

.o
' modes -of a crystal can be obtained in a similar manner to

: those‘of discrete molecules, except that the entire primitive .

: uniﬁ cell is considered. Thus, in factor group an?lyses, the

/ entire unit cell of a crystalline latticé is treated as q.
vibrating‘unit subjecﬁ to symmetry restrictions arising only

.from the geometry of the entire primitive unit cell. Rather

than the ﬁoleculér point Ygroup, as-in the case for the free

{
- ’

molecule, we use the factor group, i.e., the point group which ~

is isomorphous with the space group of the unit cell of the‘

. T . s
crystalll3. To obtain the point group isomorphous with a

factor 'group, we drop the superscript of the Schoenilies éymbol

of the factor group. The grdup theoretical equations used
. ? ]

. are as follows:

1

i. Total number of modes .

'xj = mj(P) [t§1-+2¢osej)] (Fg) o
ii.~ Lattice hodes B i }
- franslationalumodes
- ~ . ‘\
S ' (x;(T)] = n, (5-1)1 (21 +zcog'sej)‘,, (67)

N J( +
B
v
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4

6 . + - Rotational modes

L _ :°[Xj(R')] = fmj{s-v)l (f-chosej (68)

e
iii. Acoustical modes

[xj(T)l = 2coaej t 1 ‘ (69)

~

where is the number of: monoatomic ions in the molecule;
. 'S is the total number of ions or groups of atoms in the unit
cell; (S-V) is the number of polyétomic or complex ions;

. mj(P) is the number of atoms which remain invariant under an

Py

operation -of class j; ei is the angle of‘rétat;on of an
oéeratioq_of class j; mj(S) is the number of ions or groups

of atoms which transfer into themselves or their equivalents

> -

' A4 . P . : .
or whose centre of symmetry remain invariant under an operation
of the class j; and mj(S-V) is the number of non-linear poly-

atomic groups whih are invariant under an operation of

class j107.

S In each case, £fhe gebresentations obtained from the

above'equationg‘are reduceds by the use of the "magic formula®

L4

. to yield the corresponding number of modes (n) -

K - - .

@

. iv. Internal modes _

LY

a » ~

These. intra-molecular vibrations [n(i)] are obtained

\

by subtraction of acoustic and lattice modes from dhe total

o
.

.

- -
4 '
. N

R AL
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number of modes. This can be achieved éither\by using the

general eguation (Eq. 70) or more simpiy Eé. 71.

xj(f) - [mj(P);ﬁj(S)f(2cosejtl)-mj(S-V)(tlthosej) (70)
or
v ) '
a(i) = [n(N)-n(T)-n(T')-n(R')] . : (71)
/ - ) ' - B
S

f’ In order to apply successfully the factor group

equations, it is important tzmzisggnize those invariant atoms

or groups under the various s try operations of the factor

(space) group.. ?he atoms that are related by one or a suc-
cession .of primitive translations are considered the same or
identical atoms. The noﬁ-primitive translations are tggse
included in the screw axes or glide planes. Furthermore,, a

point is regarded as.invariant under the operation that

transforms it either f%to itself or into an identical site

in an adjacent unit cell. On the other hand, a site is not
called invariant if the operation considered carries it into

0

éﬁ,identical»érLequivalent»point in the same.unit cel{ Qr 1n;o
‘an equivalent point in another adjaqu% unig cell. (Equivaleni.
'poiqts are those having diffeient*co@édinatés but originating
from the same EymmetryLOpefgtion).: &

-
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3. Vibrational Spectra of K,B),H,, and K,B;,D;5 /
(I
a.' Application of factor group analysis /

/

. /o
, /
These salts crystallize in the space group Fm3(¥g)
of the cubic system Wwith four molecules in the crystalio ra-
pﬁic unit ce1172. ‘The primitive Bravais cé;l, however,/has
only one mol&cule (Fig. 9)l‘ Since this Bravais cell %Z;s
notxpossess cubic symmetry, it cannot be utilized in. he
spectroscépic analysis. The Wignef—Seitz or primitiye-sym-
metric cell possessing the 8ymmetry of the space grpup, inl
our case cubic, is the spectfoscopic cell used in the factor
gropp analysis (Fig.hIO). This cell is a dodecahgdron formeﬁ
by boih the XK' ions and the LBIZlelz_ }cosahsdr 1 units. 1In
this dodecahedron, the K+ ions occupy the t;%ed ed inter- -
sections ‘(C, axes), whilé the [Blznlzlz- icosahedral units

a

are. iocated at the quadri—edded~intersections (c

4 axes) or:

K2312H12 (or its isostructural*analogues) can be obtained. The

R

G
s
*

—— e don ek  ®
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FIGURE 9: " FIGURE 10:.

< :
The primitive cell super- The Wigner—'Se.!Ltz cell super-"
imposed on the Bravais L imposed on the Bravais lat-
lattice of K. B, _.H, .. 1 tice of K. B,.H..,., - -
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TABLE VIII: Factor group analysis for Kzan“lz and its isdstructural! anuloguéaa
3 \ - (—
[ 8 . ’
'rh E 3C2 8C3 i k< 886 N T T R ng ACFivity \
Ay 1 1 1 Ll 1 1 4 -0 -0 0- 4 Raman
v A -
Eg 2 2 -1 2 ) 2 -1 4 <0 0 \ 0 4 Raman
F T, 3 -1 0 3 -1 o | 9 -0 1 1 7 Raman
A, 1 1 X ST R 2 6 .o o .2
E, 2 2 -1 -2 ~2 1 2. ) 1] o ' 2
Fu*'l'u 3 -1 0 -3 1 0 11 1 1 ‘ 0 9 ir
)
‘ my (P) 26 2 2 0 8 0 ~
m, (S) 3 3 3 1 1 0 ‘
Lmj (8-V) 1 & 1 1 1 1 *
tl+2cos Bj 3 -1 0 -3, . 1 0 - )
li2cosb 3 -1 0 3 -1 0 ’ '
: %3 Sy AN .
"-.\‘ ,
[Xj (N)] 7% -2 ] 0 8 0 /
[xj (T)] 3 -1 0 -3 1 0 : ~
'3 3 ’
(xj {(T")] 6 -2 0 ] 0 0
| . T o
[xj(R')] 3 -1 0 3 =1 0
[xj(ni)] 66’ 2 0 0 8 0 .
JE , \
‘mj(P) ig the number of atoms which remain invariant under an operation of class j.
mj(s) is the number of ilons or groups whose centre of symmetry remain invariant . |
' under the operation considered. ) i
mj (5~V) is the number of polyatomic groups or ions among mj (8) which remain invariant '
under an operation of class j. 1
[xj (N)] is the representation for total number of modes.
[xj (T)] 1is the representation for acoustic or pure translational modes.
[xj (7')] is the representation for translational lattice modes. -
[xj (RL)] is the representation for rotational lattice modes.

the representation
’

for intemal vibrational modes. .

:
;
‘0

.
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" activity of each individual $pecies ‘is indicated in parentheses.
§ ) :; ) i ® , ' ) G - '
[\/' . 1 . . ’ , N © ) ‘
P T - o ‘ 1
\ "= 4a_(R) + 4e (R) +°9t_(R» + ’ " §
T o e e W ok R - o
cryst., total . e . ;
2a (inact.) + 2ey(inact.) + 11t (ir)  (72). |
e §
, ] \ ' ‘5
The representations for the internal and external ﬁb&es are {
given in Egs. 73 and 74, réspebtively.
» L : 3 ~ o
N / [ .
* T ‘
h r i 4 4 | R Lo
= + + +
L \ gg(R) gg(R) 7_1_:9( ) _
_eryst., .int. ' '
2a (inact.) + Zgu(inact.) + 9t (ir) (73) o
; A\ ’ N
¢ \
— Ty
S ; = Eg(R) + Eu(ir{ \\\ (74) |
\ cryst., ext. . : © a '

\ | 29 \

These equations represent all the possible modes obtainable
under the T, symmetry model. However, since most of the ~
normal modes of the free IBlZHlZ]z— anion are optically in-

activg and\Th symmetry is still a high symmetry group, many

‘@%% o of the solid state modes will also be inactive. These inactive




TABLE IX:

Correlation diagram

'
Q1

»

for the free [Blénlzlz— ion under I, and T, symmetries

1 Activity

Activity

Raman

)

Raman

;
Nt

- Raman

Vgr Vgr R ;/é;man k

Vgr Vg ' Raman
Ji
Vs, T‘ ixr
\

NS

8L

et g e e
' f
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TABLE X: Complete correlation diagram for solid K B, H;,

% -

-

-

.

n’

or its isostructural anaiogﬂes

. Free ion Site Crys%al .. ‘
symmetry symmetry symaetty . Activity: |
Ih Th Th .
/ - . o - ~/
Vis \’2/ 2§g‘ 4a ~ 4§g - vl,\%zl S Raman
229 ‘\\\\\. ) ' -
- T, R '3519/93; : 9Eg T, R, “6' \)7,, ?8' \)9 Ram:an
vG, v7, “8' Vg 429 ; 4gg ?Eg v6, v7,“v8, v9 ‘Ramgn -
) i 213_‘1\ zgu zg-q : -; i\ '
Var Vg Ve, T ( 5, _: ligu : .11t T, Va, Vg, 65 oo ir - .
/ h ' ‘ - !
- . 21:‘2!1 g
' ‘ 2Eu \ 2_a.u = z.a_u . -7
g o - , o .
S - ./ o
& T B - - -
\' ’\o
BT
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TABLE XI: Correlation diagram for the optically—ac‘éive modes of §2B1_2H1‘ .or its’

2 0
analogues . - . o
/! / — .
. Free ion Site ° ' Crystal ..
symmetry symmetry symm%try - Rctivity
1h Th Th .
" a a a Vys Vo, " Raman
Y1 V2 =g =g 9. 12
N
- < / -
T, R _1;19 _t_g Vgr Vqr Vgr v'9, T, R Raman
S c -
N (o ,
Ver Va1 Vgr Vg gg gg Vgr Vg0 Vgr Vgr Raman
V3r Vgr Vge T S =y Ea V30 Vg Ve T ) ir
» ) * X
:a_\ . -
- . )




modes are eliminated.by correlating tﬁe free-ion modes with
those of'ihe crystalline solid. The thrée point groups
needed to establish the correlation diagram are those of the
free moleculé (Ih)“ the factor group XTg) and the site that
the molecule occupies in the unit cell of the crystal. The
;ite gfoup is usually a subgroup of both the molecular and

the factor groups]“07 (rarely it is the same as either one

1

but it is, of course, never of higher symmetry).
The multiplicity of the site occupied‘by theiicoga-

hedra should be equal to the number of molecules per unit

cell (2). In the case of K2B12H12, Z=4.‘ In the reb;esen-

tation of the Tﬁ space group (Halford's tables), there is only

: 9
107, Therefore, the site

one site having multiplicity of (4)
group for the icosahedra is easily established as having a -

Th symmetry. Since, for KZBlelz’ the §iﬁe group is iso=

E morphous with the space group, there is no further spl}tting

in going from the site symmetry ko the factor group.

In order to equalize the number of modes on both
sides of the correlation diagram, extra translatory species
have to be added to the representation of the free ion. There
are 2x 3 = 6 translatory modes resulting from the movements

of the two KT cations. These species are obtained from the

i

« - ‘ /
character table of the tetrahedral point group (T) which is

the site group of the K" ions in the crystal lattice of
K,B,,H;,. The two translational modes (2t) of the T point

groﬁp are split into two species (Elg +-Elu) under icosahedral

\

"
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FIGURE 12: Raman spe\ctra of aqueous solutions of (1) K21.312H2 and K,By 5D 5 '
’ ( and ----- for \l ana 4 spectra respectively).
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symmetry. Using the correlation diagram (Table XI),n&he .

optically-inactive species can be eliminated. Equation 75

represents the optically-active modes of the K2B12H12,sa1t.

e N , ﬁ
(—ﬂ | - zég(ny.+&539(k) + 4gg(R) + 45u(1r) (75)

i

g -

cryst.,[opt. act. . | ‘ {
g
|
- ’ “

”1 4
i The internal and external modes are shown in Egs. 76 and 77.
el \“ /

BTN
K

\

: d . .
) \‘ . = Zgg(R) + 4gg(R) + 4Eg(R) + 3Eu(1r) (76)
.cryst., int. Vew , .
' \
\ ~._
/ Th \ ) + ’
% =‘Eg (transf or rotn., R) + Eu (trans., ir)q
cryst., ext. . (71)

A

The normal vibrations of K2B12H12 (oxr K2312D12) can also be

classified in terms of internal coordinates, as in Egs. 78-81.

. i
1 »
i

rTh '
. \ ‘
' = i 78
/ ‘ 3 (R) + e (R) + £ (R) + &, (ir) ‘ (78)

@
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Ve
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: ll_—'Th . (\\L‘” [ ”~ \ - '
| = R) + 2e_(R) +°2t_(RY + t_(ir) ~ (79
| gg( ) —g( ) ﬁ—g( Y —u( ) (79) ,
B-B . : '
_ / N . -
§ \ -
H \ B
’ : N \ Y
rTh ' o r i o
~'=e (R) + £_(R I , 80
= _g(v) _g( ) ) \ ( )
\ B~-B-B ‘. _ . J:
\ s N
3 -
} Th . | X “_ ] ' ’
o =t (ir) ' ‘ - (81) -
B;:B"H(D) %J ’ \ ¢ t . ‘
" ~. i
The correlation.analysis clearly in&i‘éfff,ffat
all the ir bands of tHe free ion will appear in the spectra
3 R
of the crystalline solid without further splitting. There is
also an ir-active lattice band expected in the far-ir region.
The Raman spectrum of the solid should include the two ay
modes of the icosahedral ion and four doublets (gg + Eg), as
well as a low-frequency lattice ban?.
{
b. Band assignments
oo . ~
In order to discuss the vibrational spectra of .
AN

K,By ,Hy, and its deuterated analogue, the following vibra-

tional classes will be considered: B-H stretching (gg, gg\+,
L ‘% )
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TABLE XII: Calculation of the isotopic ratio squares for solid K

o
Ed

3

t

281282

and K,B,,D,;,

’

K,B.  H K,B,,D Isotopic ratio Normal R . o
L 2712712 2712712 : a Proposed assignments.
ir RamanP ir Raman® square (vi/v)2% mode . P ‘
) zsgl vs cﬁjlgos vs 0.57 (H) vy (&) B-H(D) cagg breath.
2471 vs * 1876 vs . 0.58 () vy () B-H(D) str.
7 ) - - -

2495 vs . - 1878 vs - 0.57 (H) Ve (Eg) B-H(D) str.

1074's 928 s 0.74 (B+H) vy (tg)  'B-B str. and B-H bend.
{cage vibration)

960 m. 892 m 0.87 (Pl Vo (gg) B-B str.

766 m 621 m 0.65 (B+H) vg (hy) B-B str. and B-H def.

757 m ‘ - 721 m b.90 (ﬁ) v, (a ) B-B str. (in-phase

- -9 cage breath,)

715 m B 597.m i 0.70, {B+H) v (g,) B-B-H bend.

585 m - 547 e 0.87 ‘B) vg_(gg) B-B~B bend.

¢

b

Y

When an hg mode splits, the average of the doublet is used.

I3

The B and H in parentheses iﬁdicqte which atoms are moving,in a particular vibration.

" g8
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.

Egr Ey) B~B stretching (ajr 2(gy + £3), &), B-B-B bending

fgq + tg), B-B-H bending (t,), lattice bands (gg, t,)

-together with the combination and overtones and the 105-
isotope satellite bands.
5
i. B-H stretching modes - ’
] . . }

+ The strongest absorptions in the ir

Nujol. The isotopic effect calculations indicate that these
bands are of H(D) origin. In the Nujol mull ir spectrum, the
l v

B-H stretching fundamental of K,Bj,Hy, at 2471 cm - shows some

fine structure on the high energy side of the band.. This
| structure is attributed to solid-~Nujol lattice-lattice inter-
actions. The bands of solid K2B12H12 and K2B12D12 are only
slightly shifted from the 2480 and 1882 cm-'1 values for' the
2~ 2- .
free [B12H12] and [B12D12] ions, respectively., The bands
are all assignedl to the v,(t ) modes.
In the Raqan spectrum of solid K2B12H12, the B-H ,

o

stretching region displays three strong peaks at 2521 (vl, gg)

and 2497 and 2492 r:m"l (vG, e +'Eg)‘ Again, the assignments

_g
are made by analogy with those for the free ion. On deute-

ration, .these bands shift to 1905 cm-l (vl, Eg) and 1886 and

1868 cm_l (v.,’e_+ t_ ). Application of the isotopic product
6' =g * =g i 2

rule to these frequencies gives the ratio square (%—) ~ 0,57
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Co
confirming that these absorptions are due to movements of.

l

hydrogen atoms. .

1ii. Skeletal or cage absorptions

+

l) B-B étretching modes

B

[Y

“The ir spectrum of solid K,B,,H,, shows the strong

cage Absorption characteristic of polyhedral boranes at'

1

1074 cm (v4, t,). This absorption drops to 928 em™ L upon

|
deuteration. The Teller-Redlich rule shows that both

hyfrogen and boron motions contribute to these fundamentals

[ovi/v)? = 0.761.

In the Raman spectrum, the strong lines at 757 and
&

J21 cm-l for K. B and XK, B.,D respectively, are shown e

2B12M12 28120127 \
by the product rule to be a result of boron atom movements

[(vi/v)2 = 0.90]. Since the corresponding bands in the

solution spectra are polarized, these bands are assigned to

gg modes (v2). |
Two weak-tg~medium intensity doublets appear in the

" Raman spectrum of sol%d K2B12H12 at 973, 947 (v7, Eg + Eg)
and 781, 751 cm * KVB,'?g + Eg), The analogous bands in the
D-enriched salt are located at 894, 891 $v7, Sg + Eg) and 629,

. 612 em ¥ (vg, & ), respectively. From the isotopic

+ t
-9 -9
substitution data, these fundamentals are apparently due to
i boron atom movements; however, in Vg there are also hydrogen

atom.vibrations [c/pmpare'(vl/v)2 ® 0.87 and 0.65 for v, and vg,

v ) \




91

-

’ i
respectively] . As expected, the correspondi v and Vg

solution bands are depolarized and have frequencies that are
approximately the average of the associated doublets. This
strongly supports the notion that the doublets are a'result

1y

of the predicted solid-state splittings.

2) B-B—-B bending modes

This skeletal vibration appears as a relatlvely

strong doublet at 588 and 583 cm -1 in the Raman spectrum of

solid K This doublet is pregsumably due to crystal-

-1

2815815

field splitting of the 582 cm (vg, h_) solution band and

—g

is therefore assigned as vy, e + Eg‘ Isotopic (D) sub-

stitution shifts these bands to 547 and 538 cm_l, respectively..

. « 1 2
The isotopic ratio squaré (——0 is near unity confirming

that the vibrations of boron atoms are the origin of these

©

fundamentals.

iii. B-B-H bending modes

+

The hydrogen bending mode appears in the ir spectrum

1 1

at 715 cm ~ for solid K,B,,H{, and at 598 cm ~ for the D-en-

i

riched salt. The product rule calculations confirm that the
vibfations originate from the movements of both the borqn and
the hydrogen atéms [(vi/\))2 = 0.70]. This ver peak is of
medium intensity and is characteristic of boron h&drideswof‘

similar structure. Accordiné\to Weber and Thorpelll, the
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at -
v
: . .- # .
* 3
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ot g2

hydrogen atoms contributing to this vibration move in a di- | 4

rection perpendicular to the B-H bond.

-

\ o

iv. Lattice modes ] 3 4 . T

- - i

2

There are two peaks at 91(s) and 67(m) cm-1 in the-

Raman spectrum of solid KZB H These two bands appear at

12712°
nearly the same. frequencies in the Raman spectrum of K2812012~

j [81(s) and 65 (m) cm-l, respe?tively]. Since lattice modes
are not greatly affected by isotopic substitution, thése bands
are easily distinguished from the internal modes of.the
molecule. The 51 cm.‘1 bands, being of higher intensity, are
assigned to the rotational Eg méde because rotational modes
are generally more intense thén translational onesllé.

According to the factor group analysis, there should

be only one-Raman-active l;ttice mode. This could be either
the rotatory or thg translatory vibration since both belong

|
to the Raman-active t_ species. Consequently, the peaks at

—g
lvfor the two salts can be considered to be the
3 Y

translational lattice fundamentals. Laser radiation inter- .

n 66 cm

n

action with the lattice frequencies may be partly responsible

for the intensity of these translational bandle7.

On the basis 'of the weak combination bands listed
below, it is guite probable that the ir-active translational

lattice mode occurs atfm 240 ¢m™t: 2755 = 240 + 2521; ;-

24

2720 = 240 + 2492; 1220 = 240 + 973; 1025 240 + 781 and




1003 = 240 + 757 cm T,

v. Combinations and overtones

}

Binary combinations';nd overtones of the ir funda-
mentals will not be ir—acti&é since the resulting species will
have "gerade" (g) symmetry. These fundamentals, however, will
be Raman-active. On the other hand, the binary combinations
and overtones of, the Raman bands will have Raman activity.

ombination bands resulting from ir ahd Raman fundamentals are

allowed in the ir spectrum. Ternary combinations and over-

_tones of ir fundamentals are ir-active and those of Raman

fundamentals are Raman active. Mixed ternary combinations
such as (2 ir + 1 Raman) fundamentals are.only Raman active,
while summations (or differences) of (1 ir + 2 Raman). fre—l
quencies give rise to bands acti;e in the ir spectrum. 'These

selection rules are summarized in Eqs. 82-87 considering an

icosahedral model.

A

£2 2 2 2 . (R) .

' —1g - i:-_‘Lu =-£29 =-EZu = Ayt Hg (82)
AN A
S B
) i 2 2 .
= = + G _+ H R (83)
by =hg = Agt G+ Hy (R) ) '
\
§g+—f1u=Flu (1r') , (84)

!
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TABLE X1I1: Expected and observed binary combinations and overtones of xa‘ln '1)
;
l v va iy, Vs - s e g 2
» N 973 @ st 782 @ ot Sa1 w ot
2493 8, 57 a, Mg, Uy, 715 ¢ g::; o+ s Nt Rl Mepy
. n [$:V IR (ir) /& {4r) ($%] (R IR) (R) )
v, (R (R) (R) (ir) (i) (ir) (R) (R () (R
193 a, (3280} t4964) {3867) (3209) 5014 366 3278 3081
4986 4988 3430 1244 3076
vy (R} {R) {ir} {ix) (ir) {Rr) (R) {R) (R)
7w (3228) (1831) (1472) 3278 (1730) (1539) 1us
{1514) i 3249 1704 1508 1340
{
vy rn) (R} (R} (R) (ix) (ir) {in) (ir)
, un g, (2543) 3186 (4992) (3444) {3253) 13089
4942 (4963) (3418) (3222) (30%4)
‘ A —————————— ) :
. vy Un (») (R) (ir) (ir) (1r) (i)
074 ¢, 1789 (3s85) 12087) (1856) (1662)
, (2148) (3566) (2021} (2825} (1657}
vy i) (A (4r) (ir) (i) {ir)
N\
ns ¢, €3236) (1690) (1437 {1303)
. 1430 - (3207) (1662) (1466) (1298)
vg (R) (R) R R R
2521 ' 5042 3504 3303 109
+t :
292 99 R 5013 468 31274 3104
, 490 3473 3272 3080
H Sym. '
3439 3243 3078
—_——
Vg (R} ) - \ R R,l R
! 373 1946 1758 1397
e+t aheout
9 99 (1920} 179 1592
(1994) 1724 1861
"
1698 1356
e ! diagenal
* o vg {m} R R
792 . 15¢4 1370
751 %% . 1533 1365
1502 1339
X 1324
R
vg ¢4 X )
. {17 1176
so %' " 1166

*observad frequencies are {n parenthesas,

E:

A

A

Aval

46
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95

a g+t mFg R i (85)
2
t +G +H, (ir) (86)

+h =7 + T

Egy t By = Tyg * Ty * G +Hy (R (87)

+
o
1
=3

i

From the above €égquations, we can see that some inactive
/

vibrations, e.g., h

u °F Elg(can become active when combined

with other fundamentals or cvertones. Combination and over-
tones can be predicted through group theoretical calculations
and examples are given in Appendix I.

Table XIII lists the expected frequencies for the'
K2B12H12 combination and overtone bands with their optical
activity indicated in parentheses. All the predicted ir-active
binary combination bands were observed in the actuai spectra.
Ho&ever, few Raman-active combinations or overtones were
detected. Also, there are some combination bands involving
the low-frequency lattice modes. The observed combinations
and overtones are arranged together with the rest of K2B12H12

frequencies in Table XIV.
\ i

vi, Satellite bands /

\

loB isotope has a relative abundance of 18.8%

The




and therefore isotopic bands are expecﬁed to appear in vibra-

RS- S

tional spectra especially for fundamentals of high intensity. ~

In the ir spectrum'of K2812H12’ the three ir fundamentéls

show very weak 10

B AR T WS T A s

B satellite bands at higher energies in the

-

. correct proportion to that of the parent bands. Examples of
the ir isotopic bands together with the associated parent sym-

metry species are as follows: 2510 s (vy, ). 1118 w (vyr 7t

3'

and 748 w cm T (Ve E,) - “ ,

In Raman Scattering, isotopic bands also appear for

the different fundamentals. In the Raman spectrum of K2312D12’ 1

79

the 738 cm* peak,which Muetterties et al.’” had assigned to

10

the (v Eg) mode, is in fact more likely to be a ~ B satellite

8’
of the strong 721 — (Vg gg) band. The important Raman

satellite bands are assigned in Table XIV. The isotopic

v frequency shift is found to be within 3% of the parent Land fre-
guency. Confirmation of the satellite band assignments must1
await cgmplete normal coordinate calculations on the [Blelz]?-
and the various isotopically substituted species. ‘

° |

~ vii. Low-temperature spectra ;

\ \
Raman spectra were also recorded for solid K2B12H12 )

and K2312D12 at 73 £+ 0.5 K primarily to determine whether or
not any phase changes take place at low temperature. The
spectra are essentially the same as those recorded at room

temperature and no new splittings of the bands were detected,




(:E TABLE XIV: Vibrational frequencies of K K,B,,D

2B12M327 KpB1oD55
! ages 98, 99 d
- and Cs,B,,H,, (Pag , 99 an 120_)
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TABLE XIV: Vibrational frequencies of K,B,,H,,, K,B;,D,, and Cs,B, H,, (cm l)

@ o ——

A
- - ®
Lo PP KyByoPyp R CoaBy M PROPQLED ASSINMENT ’
IR . RAMAN LK RAMAN IR KANAN a y ‘
Solution®  soliac Solution solig” solja  Bolution®  Solid® Solution Solid . Solld  sol1a® | Solia  |smowTRY VIBRATION .
(Ha0) {H,0) {reem temp.) {rax}) {D,0} (Dz0) {room temp.) (13K} (xoom temp.);
[]
Y ~—~—
3558 v T V) tvg O v+ ve
3460 w - ‘
2450 w ' ~3450 n T, vy + vy ‘ ,
L
344 / — ‘
0w - / ,ll v, + vy ?
~3255 w . ~ !“ vy + vy
3195 w 2490 v - Ty vy + Vg or v+ ug
- 2420 w
N ~3080 w v, + \u9
- 2960 w - ~—~ - - '
2945 w ,
2840 w
2755 v 2780w T, v; + 240 (of 220)* ,
° 2720 w 2675 w ) T, vg * 240 lor 220)°
253 1909 w 1807 w 10,
. 2517 ve - 2512 g ‘ 1910 vs S - i 7 1506 s 2y vi» B affect
. 2521 vs 2320 vs 1903 vs 904 vs , y vy, B-H(D) str. (cage breath.)
T 501 m 2500 m 1897 w 16 v - vgr % ahiry
2472 va 2497 \u} 2497 v:} 1864 vs 1846 = 1684 = } S 25w -
: J a ¢t Nep B-H(D) str.
2492 vs 24\31 vs R 1868 vs ~ 1068 vs o~ N . a S5 6’
2510 5 ' 10
T 280 vs { 1682 vs . vye 1%8 satellice
271 vs | . t, vy
2430 w . ?
P T s e -
m.? 6'9 s . v, _
2085 w o / * 1" Vg ¥ Vg or v ¥ 2v9
s 2020 w . ° . T\l vg + vy - :
1980 w v vg + 2v
~ ————— . - - e 4 e —- - - - - M .
- O
- [+ o]
¥
. b p
. L] 2 N

PIR.
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TABLE XIV: continued .
——
1078 w 1570 w i Te vyt iy -
1820 w 1640 w N vy + vy
10 v 1530 w ’ = 1770 W T, vg + vy
- 1635 w | 3 - Ty Vgt v Ox vg t vy
1620 w 1620 w ' %,0 vapour ?
. 1600 m,br -
1500 w,br ) Ty Vg * Vg Or v, * vg
“ 1420 w = . T, vg + Vg
Ay ” N
1400 w R ) T _ vy + 2v,
- 1380 w , ! ?
1350 w - ?
.
1310 1310 w 1010 v ] : % vg * vy
1260 w - T, 2w, - v,
1220 w Tu v, + 240
1118 w o2 ~ 964 w 1120 w t ver 10 atfact
- 2s
1070 s 1074 vs . . 928 va . 1075 vs t, . V4s Cage absorption
1025 w _ 1035 w T, vg + 240 (or 220)*
1003 w ' T, v, + 240
7 ww 300 w 98 w v, satellite >
7w 73 m "4 w 895 = M m
.+t Vo, B-B str. and a ‘weak®
( 354 a 955 v 096 n 9 e — 7 satellite
M m 34 91 a "2 . tELR Y
- - 938 ww ' " ?
3 - )
) 18 w ; 2
. 828 w '2‘ sz + vy or 716 4+ 91
Y 26 v 629 s 629 a -
M= 81 = 782 = €22 » gLty vge B-B str. and B-H def.
ISl s 952 » - 612 m 1612 m T2 m N
Mma M2 ‘ TR 7. %3 » |8 < ;. cage breath (8-3) &
246 vs } 718 vs ! ° = " it
v 757 va 758 vs _ 721 ws 721 vs 747 vs §, B shift
. - - o e o 3
,
. - . .
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’ \ Y - ~ s ' e v
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TABLE XIV: continued ’ . E
P ————" * “
) 1 R ) . - . i
- . - . T \ . " < ) - q
, . 752 w : : L vg + €3 !
740 w . €20 w 750 w . vg. satellite ;
720 » 718 m,sp ~ S96¢ m,ap 597 s LR Y tq vge B-B-8 bend. ;
} ; - R |
¢ ‘“ - - 1§ .
. \ Sl v - | LA vy + 91 N ;
\ - 60w ° . n, vg - %0 :
592w 550 w 591 w vy satellits ‘
sen ' 347 n Tay 506 » N :
¢ 588 » a ‘ X . Y Ver B-B-B def. i
562 m His / LV 1] .
563 a 583 ~ sita $37/m) - 5Pl a ;
s 95 =,8p ' 91 u,8p 36 =,sp 57 vva,sp s . rota. lattice
. .
7 m 68 n - S n I m E trans. lattice
- - i
*yhe intansities given are relative to the 303t intense peak within each spectrum. Throughout this thesis, L .
abbraviations used in the description of peaks are, v = very, 3 = strong, & = medium, v = weak, sh = shoulder, f ) N .
sp = sharp, bx = broad. - 3 .
d kg -
Braken from ref. 79. - ’ - i i
! - \
SAs a Hujol mull. :, ) : '
d'xhtmn;iumt this thasis, lover-cass letters ars used for fundamental ‘&d" vwhile upper-case lettars are assigned
ta combinations and overtones. , . ' - . . -
' ~
[ ] . 7 . - o
In case of Co,B, .0y, . : ) ) .
) . - : ¥ ‘k - ¥ ﬁ
I . g . . N ’ -
—_ ! N M - ¥ e =
e e e — - —- 2 B S - R 3
; . . 1 . F | S
- . . 4 i
.- o N L
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a&thou”gh many of the peaks were sharper at the lower temperaé

ture. These results indicate the absence of any phase change

) f .

in the solids over the temperature range investigated. The
spectral data are compared in Table XIV.

The T, site symmetry for [B.,, H ]2— icosahedra in

h - "127712 ,

the crystal lattices of KZBL2H12 and K2312D12 is confirmed by
botly the room and low temperature measurements. The results
also indicate that the two 'sa}Lts are isostructural. -

Combinations and overtones'usuaily decrease in inten-

109, \Cohsequently, they are

“sity with decreasing temperature
.more easily distibnguished from the fundamentals by comparing

“the room temperature spectra with those taken. at low temperature.

-
-~

R - The Raman-active iattiqg modes were shifted to
higher »fz:e'quencies on decreasing the tempeﬁature. On cooling,
the unit cells of the crystalg shrink thus bringing the potas-
sium cations closer to the icosahedral [Blzﬁlé'lz— or [13121312]2-

’ " units. This will cause an increase in the force constants of ’
the;e interactions and}y so, the energies of these modes will
-increasell3. The 91 cm“l lattice bands in {:he Raman spectra

" of K B12H12 and its Udeuterated analogue are shifted to 95 and

2
96 cm-l, respectively, in the low temperature spectra (73° K)..

4. Vibrational Spectra of C52B12H12

a. Factor group analysis

"Q

H

|
) 73 ‘ .
In 1973, Uspenskaya et al. - reported that, this

- N o

¢
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For explanation of symbols, see the footnotes in Table VIIL
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PABLE XV: Factor group analysis for Cs,8,8, , ;
o i N
5 N ' i
‘?h E 8, 3C, 6, 6C; i 8, 3o, 6S, Sy | N T T R n Ac:?v:.ty
to \\ N 3
A ¥ 1 1 L 1 1 1 1 1 {2 o o o 2 Radan .
Ay 1 A j// 1 -1 -l 2 0o o o 2
Eg 2 <1 2 0 0 2 -l 2 0 0 4 %o 0 0 4 Raman
F1g*T1g 3 0 -1 1 -{. 3,00 <1 1 -1 4 0o 0 1 3
E‘zg-‘rz‘q 13 ] -l ; -l b 3 1] (; -1 =1 1l 3 0 <1 0 4 Rgman
Ay, ! 1 1 1 1 =1l =l =l =1 1] 0 0 6 o o
Ay, 1 I 1 <1 =l -1 - -1 1 12 o o0 o . 2
~ i *~ - ,
E, 2 =l 2 o 0 -2 1 =2 0 o | 2 o o o 2
Fyo"Tya 3.0 -1 1 -1 -3 M -1 14},7 1 1 o0 5  ir
- - - - ;
I 300 -1 el 1 -3 0 1 1 1/ 4 o o 0o 4
mjm' 26 6 2 o0 4 0 o0 8N 2 § d
| my () 3 1 3 1 T 1 1 13 3
mj(S-V) 1 1 1 1 1 1 1 1 1 1 °
':l+2coc‘ssj 3 ¢ -1 1 -1 -3 0 1 -1 1- ,
lzzc'osej O S T S B S S R
[xy ()] 78 0 -2 0 -4 a0 0 g -2 6 S
(x4 (T)] 300 -1 1 <l =3 6 1 -1 1 ) '
xg(t11 ] 6 0o -2 0o 0 o 0o o -2 2 '
i
(xg(RD1 [ 3 0 -1 1 -1 3 ¢ -1 1 -1
xy(ap1' 166 o 2 -2 -2 o o 8 0o 4 . '
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salt crystallizes in the me’:m(oi) space group of the cubic
system (vide supra, p. 18, footnote). The crystallographic '
unit cell contains four molecular formulae, but the Wigner- -
Seitz p;jJni{:ive cell cantains only one molecule. This
primitive symmetric cell is a dodecahedron possessing the ! ;
Oh symmetry and is formed by both the ,CsJr atoms and the
[B;12H12]2_ icosahedral units and is analogous to the dode-
cahedral Wigner-Seitz cell of solid K2B12H12107.

Using the sgmmetry of the spectroscopic Wigner-Seitz
Ce1l (Fig. 11) and applying the prchdures of the factor '

group analysis outlined earlier, we can arrive at the different

’

vibrational modes for solid CszBlzﬂlz' This analysis is sum~

marized in Table XV. The molecular representation for the

total number of vibrations is shown in Eq. 88. *

o

l—"Oh
i = Zg_lg(R) + ?gzg(lnact.) + 2a, (inact.) +.
crys., tot.
x
4§_g(R) + 2e (inact.) + S_tg_zg(lnact.) +

4Elg(R) + 7t (i) + 4%, (inact.) (88)
3 } 4\
Eq. 88 represents the total number of modes possible for

this symmetry, but since many nrodes are inactive in the free-

ion to start with, the corresponding modes in the solid state




TABLE XVI:

Correlation diagram for the free [312}112]2- ion under Ih and 0h symmetri'es

Activity I, " 0y, Activity
Raman Vir Vs 2§_g : Zglg \)yl, v, Raman
R 28y ¢ ity 4
Raman.- 6’ V7, Vg, Vg 4;1_g S 4gg VG' \’7, \)8, "9 Raman
\4229, \’5' \)7, VB' v9 Raman
ir 37 Vgr V50 T | A, —— 6t V3r V4 Vsr T ir
29, / 2354
2_1'_1__u 2§u
23211\ 42
/ —

€0T
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“ gABLé XVII: Compiete correlation diagram for solid CszBlZH12 : T %

_ - : - i

Free 1ion Site . Crystal , ;

symmetr symmetr symmetry : i o

Ym? Y . ym%, Cy 05 Activity ‘

h h h &€ 3

: ‘ y

Vyr vy ‘ 2§g . élg 2§1g Vir Vg Raman %

]

- a ;
: _R 2t14- g g R —~ i

. : |

\ g 229 #22g

& i - ;

V.. v, V.,V . v :

6" V70 Vgr Vg 4gg = Eg 49@ ~Vgr Vg0 Vgr Vg Raman |

vy

* * ‘v v, V V- R :

2T 2E Ezg 5229 6’ 77 8’ 9’ T aman :

\ 3 Y ;

- . H

Vs Vg VS’.T 451u 14 : 751u V3r Vyr Vg, T ir :

2Eu/ _a—zu Zizu g

) , . !

2—1'1u - 29u |

1

!

2%y Eou 4ty. ~ j\\ ’ |

AN

FOT

* .
. . These are the translational modes of the two Cs+ cations which occupy Td sites;
therefore, the translations belong to the ty species of the Td point group. . i
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TABLE XVIII: Correlation diagran for the optically-active modes of CszBle12 or its

isostructural analogues

SF

s

oy

Free ion Site ] Crysta/ll L
sym?etry sympetry symmetry Activity
h Oy
EY
Vyr VY, a, ' 2, a, Raman
R S — t1g Inactive
\)6’ \’7' \)8' \)9 Eg _e_g -e_g \)6, \)7, \)8’ \)9 Raman
3
pd o St Vor T R
- - ' —2 ~2g Ezg Vgr Vg1 Vgr Vgr ; Raman
T V3 Ve Ve T By t14 1w V3 Vgr Ve T ir

@Translational modes of the Cs~ ions which occupy Td symmetry'sites. Translations
under the T3 point group belong to the £ species. .

-

A 10 i S RIS 355

SOT




. 106

will also be optically inactive. We can eliminate these

[*Y

. modes by drawing the correlation diagram (Table XVIII) between
the point groups of the free-ion, the site in the crystal-
lographic lattice and the factor group. The site group is

e%sily established as the Oh' since it is the only group in
] .
the Fm3m representation Having multiplicity of (4). The cor-

relation reduces the number of active modes to Eq. 89 with

% 1

the external modes expressed by Eg. 90.

[_WOh
= 22 (R) + se (R) -+ | —
cryst., active, tot. ) . .
SEQg(R) + 4Elu(ir) «‘ _— (89)
\ '
! /
AN
l——yOh ‘ ) S | @

= Egg(R) + gy, (i) : (90)

cryst., ext,

!

Obviously, these equations correspond to Egs. 75
and 77 of the K@ salt (Ti). One minor difference is that
the rotational lattice mode is Raman-active under Th symmetry,

while it is inactive for the Oh group.




.strong shoulder at 2475 cm -

-1 . 2-
, to the 2472 cm absorption (v6, Eg) of the free [Blzﬂlzl
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b. Band assignments
\

Y

1 «

I
The proposed assignments are given in Table XIV
and will be discussed in terms of the same categories as

those for the free [Bizﬂlzjz_ ion: B-H stretching (gl

‘ g’
gg + Ezg' Elu) B-B stretching (Elg' 2(§g + tZg)’ Elu)’ B-B-B

bending (gg + Ezg)’ B-?-H bending (Elu) and the solid lat-

tice modes (Egg' ).

—lu

i, B-H stretching modes

The most intense line in the ir spectrum of solid

CszBléle is the B-H stretching at 2488 cm-l. The solid-

Nujol lattice-lattice interactions cause the appearance of

fine structure on the high energy side of the band. This
fundamental is only very slightly shifted from the 2480 cm"l
position of the free [B12H12]2- ion. Therefofe, this band is
assigned to the tia mode (v3).

There is a strong peak at 2506 cm-l in the Raman
spectrum of the solid which we attribute to the Elg B-H
stre%ching mode (vl)J the out-of-phase breathing of the
hydrogen atom icosahedron. There is a second strong Raman
peak in the B-H stretching range at 2471 em™! with a fairly ..
l. These two bands can ?e qg-‘

signed to the v, ey * g mode. This fundamental corresponds

which undergoes correlation field splitting in the crystalline
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FIGURE 16: Raman spectrum of solid C52B1(2H12 (ar’ excitation, 488 nm (400 mW)].
Conditions for survey spectrum: slit widths, 3.5 cm-l; time constant,
1 sec; scan speed, 100 en™! min™t.
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ii. Skeletal or cage absorptions

1) - B-B stretching modes

\
. , . e
The characteristic cage absorption of solid

‘ . . -1
Cs,B,,H,, appears in the ir spectrum at 1075 cm (v4, 1= )

loB isotopic band at 1120 cm-l. In the Raman,

u
with a weak

the line at 7%7 cm-1 is extremely intense and is assigned

to v,, élg by anélogy with the free ion polarized band at

%
746 cmt. The weak 763 cm - band is presumably a 105

isotopic satellite peak derived from Vg
There are two medium intensity Raman doublets which

are assigned to Eg + Ezg symmetry because of their splitting

1

with frequencies at 973 and 938 cm 1

(v,) and 787 and 772 cm-

(v82' These bands correspond to the 954 (v73 and 774 cm_1 (v8)

of the [B12H12]2— solution bands and their splittings are due

N

i

to factor group effects. L

\
I

i

2) B-B-B bending modes

!

‘ The doublet appearing in the Raman spectrum of the
solid at 586 and 581 cm T is considered to be due to the’
skeletal B-B-B bending mode. This doublet has been assigned

to the Vg (gg + tZg) by comparison with the band appearing

_lr‘ - . . 2—
at 58% cm (?9, gg) in the solution Raman of [312H12] .

ey \
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iii. B=-B-H bending modes

The sharp medium-intensity peak at 715 em™L in,
\ 4
the ir spectrum of solid CszBle12 is assigned to B~B~-H

A

"bending. This fundamental (vs, tlu) is a characteristic
absorption in the ir spectra of the IBIZHIZJ%" polyhedral

ions and their salts.

\

“ |

iv. Lattice modes

1

. 1 ‘
The Raman band of CszBle12 at 57 cm shifts to

“ higher* frequency on cooling (62 cm_l at 223 K) and is assigned -

/

to Ehéﬂrotational EQg lattice mode. Taking into account the
différence in masses of\Ep?)two alkali-metal cations, this
peak may be compgred with the 91 cm—l peak for K2B12H12’

The tréqslational lattice mode i€ much weaker and scatters
.at 43 cm"1 in the Raman. The ir translational lattice lies

outside the normal ir frequency range investigated, but it
1l

-

is predicted at v~ 220 * 20 cm from combination bands such

as 2750 = 2506 + 220, 2675 =~ 2471 + 220, 1035 = 780 + 220 cm—l.

A

5. Vibrational Spectra of CszBlelz-CsCl

a. Factor group analysis

-

73

. . o, )
.Uspenskaya et al. have reported that this double

salt crystallizes in the Pnma (D%g) orthorhombic space group

with four formula units per unit cell. The letter P in the
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‘Hermann~-Mauguin symbol indicates that the crystallographic
unit cell is primitive; therefore, the cell can be used in
the factor group analysis without further subdivision., “

115 lists the symmetries of the

Halford's Table
various sites of the Pnma space group as: Cl(8), CS(4), 2Ci(4).
If we consider that the site group of a molecule in a crystal

lattice must be a subgroup of the point groups of both the

1 \

" free molecule and the crystal, then ®he Cs site is‘the only

14
site having this propertylls. Therefore, we can conclude that

the [BlelZJZ_ ions occupy a four-fold set of sites of C_ sym--
metry. The eight cesium cations will occupy another two sets
of CS sites. The four CsCl molecules will also be in Cq sites.

In order to app}y the factor group operations, we
usually require detailed X~ray maps of éhe unit cell. These
are not yet available for the Cs,B;,H;,+CsCl double salt. How-
ever; the viﬁrational modes can be obtained by the correlation
method for factor group analysis. The four molecules of the
unit cell have to be considered in the factor group calculations
since the crystallographic unit cell is primitive. The vibra-
tional modes expected for the double salt are classified in
Table XIX.

The correlation. diagram between the molecular (Ih)
and crystal symmetries (D;g) via the Cq site symmetry is shown
in Table XX. In this table, we note that (a) the fundamentals
of the free ion are multiplied by four, the number of molecules

in the -unit cell; (b) because the site symmetries for the

;o
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TABLE XIX: Expected vibrational modes for CszBIZle-CsCl

£

MODES

Chemical species
total vib, trans. rotn.
2- . |
4 [B12H12] / anions 288 264‘ - 12 ) 12
8 cs' cations 24 0 24 0
4 CsCl - ‘ 24 0 12 12’

’ \

[B12H12]2- ions and Cs” ions are the same, the translational
modes of these ions are égmbined under the Elu of the I, point
group; (c) both the [Blzﬂﬁzlz- ions and the CsCl molecules
posséss internal, rotational and translational modes, while
thé non-structural Cs’ ions furnish only trénslational modes;
and (d) the CsCl molecules are not included in the correlation
~ procedure because they do not absorb in the Raman spectrum and
they have only one ir-active fundamental at 102 cm_l, i.e.,

113.‘ Therefore, we can éafely assume that

in the far ir-region
the ir and Raman spectra of solid Cs2B12H12-CsC1 will not be
complicated by bands attributab;é to CsCl.

After carryiﬁg out the correlation mapping, we obtain
the various vibrational fundamentals on the~rigﬁt-hand—side of

the table. The predicted number of modes for each vibrational

fundamental in both the ir and Raman spectra we collected
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TABLE XX: Correlation diagram for CSZBIZHIZ-CSCI
(/] ' .
) k Free ion Site Crystal -
) symietry  symmetry symietry Actidity
h s 2h -~ -
4(\)1, vz) Eg(R) ig . vl, "2’ 2\)3, 2\)4, 2\:5, R
. ’ ' . 3ve, 3\:3, 3vg, 3v9, 6T, R - 3
4 - ’ ‘ b v, 2 2 |
\ ‘ ‘ P1q Vyr Var Vge Ige 2990 v, R
2v9, 37, 2R v -
] (ir}) .
e miorstome—— L
121, 4(v3, V4 \»5) -t-lu‘ a p_zg Vir Voo 2v3, 2\)4, 2\:5, 3"6' R
. 3\)7, 3\)8, 3\19, 6T, R .
_ Byg V3r Vgr Vg 296, 29, 2vg, ‘R
_ 2vy, 3T, 2R - -
4(vgr V90 vgr vy) . /S a" a, Vas Var Vgr 0, 2V, 2vg, Inact.
- (R)_ 2v9, 37, 2R ‘
s . ) ) d
by, Vyr Vas 293, 2V, 2vg, 3vg, ir ,
3\17, 3\:8, 3"9' ST, ¥R (-T)
4R _t_19 !3_2‘1 V3r Vg Vg 2u6, 2\:7. 2\’8' ir ) ;
) _ 2vg, 2T, 2R (-T) - :
E3u vl, Vo ?\33, 2V 5, 2\:5, 3\:6, ir ?
' vy, dvg, 3vg, ST, R (-T) _ .
t

7w,

&3
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‘:} . together in Table XXI:

‘y N

©

. TABLE XX1: Expected vibrational modes for solid Cs2B12H12~CsCl

v

f :
AN Vib. no. and ‘ ,
”K\ symmetry r}Jumber of modes expected Frequgncy region
5 . (Ih model) ir ) Raman | {cm )
Virag 2 2 ~2500
Raman 1.y, a 2 2 . " 750"
.' 2 .-.g ‘
Var . 15, 18 2490
, , ir | Var tgy 15 ., Ta o ~1070
Vg £y - 15 , 18 715 3
- |
; ) Ver Eg 8 10 4 2470
E , x "v7, Eg Q / 10 w 980-930
I Raman ) ». ., h 8 .10 790~770
8" g
/ Vg gg 8’ 10 ~ 580
\
External modes® - 16 o 24 v50-100

qnot including the 24 modes of CsCl

A?]

We can see that on lowering the symmetry of the free
ion, modes which are either ir- or Raman-active only become

active in both the ir and Raman. However, there are indications

1

from the' actual spectra that the optical activities of the free

}on fundamentals are %n general preserved despite the corre-




at 2510 and 2480 cm

lation predictions. L0 . S

§

N -~

b. Band assignments ' .

The vibrational spectra f'052B12H12-CsC1 will be

discussed in terms of the same categories as those for the

CszBlelzsalt: B-H stretching, B-B stretching, B-B-B bending,

B-B~H bending 'and lattice modes. The gbserved frequencies

are listed in Table XXII. lh
| . \ N

3
[

%&y B~H stretching modes

) —
The Vg B-H stretching mode appears in the ir spectrum

of solid CS2B12H12'CSC1 as a high intensity doublet absorbing
1 1

with a strong shoulder at 2520 cm .

+ b

i
b4, species

These bands can be assigned to the Elu + EQu

which correlate with the t, species of the icosahedron. Ihq;':

,.-» -
2520 cnnl shoulder 1s too intense to be considered a 105

- |
isotopic shift. Another possible assignment for this shoulder

is the vl (Elu

0 . . . [ .
remember that v, is only Raman-active in the spectrum of

and/or b, ) B-H stretchiny mode. We should
Cs,Bi,H,, as an ag speciés. A similar situation occur; for thg
Vg B-H stretching modes which @ay'accideﬁtally coinc%dé with
other ir fundamentals in the 2520-2480 em™ region,

In thé Raman, the strong doublet at 2528 and 2508'cm-l
is attributed éo the (gg +‘§29) B-H stretching mode (vl). The

Ve stretching mode scatters in the Raman spectrum at 2476 and

1 ‘
,
\

g
|
:
3
4

-
*
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FIGURE 17: Infrared spectrum (Nujol mull) of CsZBlelz-ésCl. : p 1
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2466 cm“l and these bands can be regarded as belonging to any

two of the Y b, Ezg and Eag“spec1es. T?f v, mode is also

=1 g
allowed in the Raman as Eg' Elg’ etc., species and may scatter

1)‘ )

in the same region as the v

; modes (ca. 2480-2470 cm”

b

ii. B-B stretching modes

The cage vibration (v4) of the double salt is ex~

[}

hibited in the ir spectrum as a strong ‘doubletwat 1077 and

1, i.e., in the energy range considered characteristic

69, The weak 1128 and 1116 cm—l peaks

1056 cm

of the cage absorption

10

can be attributed to ~°B isotope effects. The symmetry species

for the cage doublet are most probably Elu and b since there

<3u

/

are two modes of each species allowed in the i‘r$ while there
is only one active mode in the Ezu species. ¢

i In the ir, there are several weak bands which can be

assigned to the now ir-allowed v, (bj +b, ), V5 and vg (3b, +

_Zgzu + BQBU) modes. These are all B-B stretching modes (v8

consists partly of hydrogen bending) . The frequencies for

1

these bands are: 965, 935/ (vo) 7 765 (vg); and 755, 742 cm (v

2)‘
In the Raman, these modes scatter more strongly at 980, 965, 961,

8); and 766-760, 751,

(vz). The symmetries for the v

954, 950 (v7); 797-790, 778~772, 770 (Vv

1

749 cm” and v, modes include

7 8

and b

all the Raman-actlive species (gg, b, , b —Bg)°

-1g’ =2g 2
mrode affords the two species (gg + 929) and therefore, the much

The v

weaker, higher energy, bamd at 766-760 cm‘l cited above for

-
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TABLE XXII: Vibrational frequencies (em™ 1) of Cs,B, ,H,,"CsCL
_ir® b Assignment ir® RamanP Assignment
e
2700 m,br. 797-790 m *
Vgr B-B str. and
2520 s,sh. 2528 g 778=772 m P
Vye B~H breath. B-H bend., -
2508 s - 765 vw 770 m
~ . ¢
2510 vs 755 w 766-760 m v,, 0B-effect
f v3, B-H str. , o
2480 vs s 742 w 751 vs Vi B-B cage breath.,
749 vs (a_+b, )
Vgr B-H str. =g =29 -
722 m 719 wvw
2360 m Z V3=V, or Vg 710 647 vw Vg, B-B-H bend.
2340 m V3=V, Or YG 665 W , 645 ww
1128 w 10 ~ N
} vy r B~cage vib. 610 w* 588-581 m Vv,, B-B-B bend.
1116 w 9
585 w
532 w .
!
1077 vs \34, B-B str. and 477 n
1056 vs ; B~H bend. (cage vib.)
128 wvw
- ' Lattice modes
66 m
m - —_—
-~
964 m Var B-B str.
. m oY ) -
. a . b .
R m In ilujol mull. In solid state.
935 m N
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this mode is assigned to isotopic effects.,

iii. 'B-B~B bending modes

The Vg B-B-B bending mode appears in the Raman

spectrum as a wide composite peak at 588-581 cm-l. There are

ten Raman lines predicted for Vg (39_g + 2919 + 3§2g + 2g3g)

and this presumably accounts for the broadness of the band.

LY

i v T DA AT, oyt e A N R T T P TR R R

The weak-intensity ir bands at 610, 585 and 532 em™t may, be
assigned also to the Vg mode., Moreover, the medium-intensity

1

ir band at 477 cm — could also be derived from Vg i its inten-

sity may be due to coupling with lattice modes.

iv. B-B-H bending modes

i

as a doublet of medium intensity at 722 and 710 cm =
\

bly a very weak absorption .at 665 cm™t

1

(b; ., by, and b A

—Bu)'
, . very weak Raman peak at 719 cm~

S Vg vibration.

v. Lattice modes

' i

The medium intensity Raman peak ‘at 66 em ™t

in the

120

The B-H bending mode (vs) appears in the ir spectrum

and proba-

may also be\attributed to the

Spectrﬁm of solid C52B12H12'CSC1 is assigned as a lattice vibra-

( ) salt with at least half this number being Raman-active. The

tion. Supposedly, 72 external modes are possible for the double

/’
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_ir-active lattice modes will occur in the” far-ir region and

,tﬁus must await furthef investigation.

In the Raman, there are far fewer observed frequen-
cies than the number of modes predictedfby the selection
rules. (Apart from the 66 cu * composite band, there is pos-

1

sibly a very weak peak at 128 cm ~.) The disappearance of

many modes could be/e’ftplainedll7 on the basis of accideﬂtal
degeneracies and wégk intensities. Accidental degenéracies
occur quite often in the region of external modes because

i

thére are usually a large number of modes allowed in a rela=- -

tively narrow energy rangell7.

6. Vibrational Spectra of the Perhalogen Derivatives

-

a. General
|

The crystal structures of the perhalogen derivatives ’

have not yet been investigated. As a starting point, however,
\

the M2B12X12 salts can be regarded as being isostructural with

the analogous M,B;,H,, derivatives. The simplicity of the

Q -
M.,B.,X spectra suggests that minimal deviations from icosa~

2712712
hedral geometry oqcurf The vibrational spectra are expected

to be similar to those of the [B12H12]2- salts with the modes
being shifted to lower energy in accord with the increased mas-
ses of the halogens.’ Consequently, the bending mo@es do- not

dppear in the normal ir rangé and are probably located in the

far-ir region. The Raman spectra display fewer bands than

-
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expected and most of the bands appeafxﬁith diminished inten; i
isity. This was explained b} Muetterties et 33.79 as acci- %
dental gancellation ‘of polarizabilitiés due to the oppositely
charged boron, and halogen atoms.

The four"perhalogen salts studied were C$2B12C112, “

e

Cs.B, ,Br These salts were -

2B12B%150 CS2B1pTy) 12512
treated as being isostructural and having the same crystal

and (Me4N)2B

structure as that most recently determined for C52B12H12

3

[Fm3('rh

), z=41"4,

4

The vibrational predictions are obtained in the
usual way. The optiéally—active internal and external modes '

. . /
are represented in Egs. 91 and 92, respectively, with the

optical activities being shown in\parentheses.

{“jTh

= 2a_(R) + 4e_(R) + 4t_(R) ¢+ 3t (i 91
' gg( ) gg( ) —g( ) 3t (ir) (91)
~cryst., int,.,'act. - :

Ty, )

cryst., ext,.,, act. ' ’

The vibrational fundamentals of the four perhalo

salts will be analyzed in the following section and then

compared with those of C52312H12' ’ -
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(1070~1060 cm™Y) is due to the

H, Vibrational s?ectra of C52B12Cl12

-t

Muetterties et §£.79'81

have reported only one peak
in both the ir and Raman of this salt. As will be discussed !
later, we feel that the assig?ments proposed by these authérs
are erroneous. In addition, we have managed to observe sev-

¥

eral new features which apparently were not detected earlier

because of the inferior instrumentation then.avallable. ‘ .
The a551gnments for CSZBlZCllZ will be discussed in
terms of B-Cl stretching (a ’ gg + Eg, .t.), B-B stretching

[a ¢ 2(e + t ), t, ], B-B-B bendlng modes (e + t ), B-B-Cl

bending (t ) and lattlce modes (t Pty ). The actual vibra-

B
(Y

tional data and some representative spectra are given in

Table XXIIIL and Figs. 19, 20, respectively.

AN

i, B-Cl stretching modes

115 35

In the ir spectrum of solid Cs2 Cllz, the Cl

strétching mode appears as a very intense absorption centered

-1

at 1032 cm [v3, Eu]. The strong shoulder at higher energy

10B-35Cl stretching mode. On

the other hand, the heavier chlorine 37Cl isotope shifts the

11, 37

absorption to lower fregquency and the Cl mode appears as

a separate band of moderate intensity at 1003 cm—l.
The weak ir band at 945 cm ™ is believed to be a dif-
ference band [1070(ir)-134 cm T (R)].

In the Raman, no strong bands are observed in the

v st RN o
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B-Cl stretching region (1037-579 cm l)119

. However, the two

i

1 may be the B-Cl stretching

very weak bands at 1070 and 1005 cm
modes (vl, gg) and (v6, Eg + Eg), respectively. The drastic

/
decrease in intensity of these fundamentals has been attributed

to accidental cancel}ation of polarizability79. The two modes

A
are a result of the movements of boron and chlorine atoms which

are oppositely charged79. ’ |

i

ii. Skeletal or cage vibrations

¢

1) B-B stretchiﬁg modes

\

In the ir spectrum, the sharp, intense absorption at
541 cm-l.can be assigned to the B-B stretching cage deforma-
tion. This vibration corresponds to the ~1070 cm™t cage vibra-
. tion of the [B12H12]2- closoborane ion. Both boron and halogen
atom movements contribute to this fundamental. Conégquently,

the frequency of this vibration is expected to decrease in the
2~ 2- 2-
12351 12P12! 1201217 -

this, the frequencies of the cage vibration for the above

-order: [B > [B > ’[B In accord with
species are 1070%> 928 > 541 cmgl, respectively. Muetterties '
gg_gi.'sel assignment of the 1030 cm“l line as the cage absorp-
“tion in [8120112]2_ will perturb this order and is therefore

discounted.

The most intense line in the Raman spectrum is at

301jcm71. This was reported as being polarized in an earlier

9

study7 , and is in the B-B stretching range. Thus, it is

RO ks e
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' TABLE XXIII: Vibrational spectra (cm Y) of the (312x1212'

perhalogen derivatives

Cs.,B

Cs.B

Cs,B)5C12 2812872 2812712 Assignment
ir? RamanP ird Raman® ir® RamanP
1400 vw \)2+\J3.(Tu)
1070 vv . \ \)l?, B-X str., ég
1005 vw Vg?, B-X str, ,(gg+_1_:_g)
1070 s ’ 1010 m,sh 939 vs Vg, 104 isotopic shift
1032 vs 1000 vs 926 vs V3, B-X str..t,
1003 s 986" vs ’ 905 s,sh R Vg xi shift andf/or s.s.sC
970 m,sh
945 w 1070-134,'1.‘u
' 745 w 905-153,T, )
625 w 478 m v4?
490 vw Vq? OX vV tvg+42
541 s 443 s 380 s vy B-B str. and
, B-X def., Ty
420 w vymvgr Ty _
307 m 201l m \ 153 m Vg, B-B str. and .
- 296 s 195 s s 145 s B-X def.,(gg-i- Eg) l
3'01 vs - ‘ 199 s 147 vs Vg B-B cage breath; g‘g .
172 vw v9+42 ,(Eg+Tg)
143 m 98 m vgr 108 shife
134 vs 92 s 71 s Vg B-B~B bend.,
126 s } 87 m (gq-i-g_g)
’ B4 s .
’ 75 vw 67 w
48 m 59 w ‘ Lattice modes
42 s 42 s 42 s
39 m

®In KBz céisk. bIn solid state.

'

“solid state splittang.™

L=
E 3

m
T
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FIGURE 19: Infrared spectrum (KBr disk) of Cs,B ,Cl,,. . .
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Raman spectrum of solid C32 12Cl12 [Kr+ excitation, 647.1 nm (~50 mw)j.

Conditions for Survey spectrum: slit widths, 2 cm_l; time constant, 2 sec;
. . =1 ., -1 .o
Scan speed, 10 cm ~ min .

FIGURE 20:
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reasonable to assign this band to the totally\s\ynunet'ric breath- » .i
~ /) t
& s
ing mode (vz, g_g) . It corresponds to'the 746 cm 1 absorption

/g s . . i
of C52312H12 and is the result of boron atoms moving in-phase é

within the cage structure. Associated with this band is a i

1 with the higher frequency

doublet located at 307 and 296 cm
band being the more intense. The doublet can be regarded as ~
a B-B stretching fundamental (vg, Qg) which is split as a

£ lati i cts (h_ ~» +t ). A
result \o correlation field effe (—-g ?-g —-g) much

weaker, broad band at 490 cm * could also be a B-B stretching
band (v;, B) . ’ ‘ S
LAY
2)' Skeletal bending modes ‘ v ) o

{

The B-B-B deformation mode appears in the 145-125 cm—l ‘

#
Raman scattering region. Under high resolution, three bands

are observed at 143 m, 134 vs and 126 s cm—l. We consider two -
bands (134 and 126 cm *) to be derived from the B-B-B bending

mode (\,9, }.lg) which has been split‘ into a doublet by effects of

the crystal field (T, > Th) . The band at 143 cr'n":L is most proba-

10

bly a "~ "B-isotope satellite. Although Vg is mainly due to

boron atom movements,' the chlorine atoms seem to contribute to
this mode. This explains its considerable shift from the 582 cm ™t
. 2- , -1 . 2- .
for the [BlZHlZJ jon to v130 cm in [B12C112]‘ . The contri-
bution of chlorine atom movements to (\)9, 139.) mode has also

\been suggested by Weberxr and Thorpelll Ain their theoretical study

of the [BlelZJ 2= ion using different force-field models. The
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model that does not consider restoring forces on the hydrogen
i K N ] -
atoms gives zero frequency for the Vg mode since the hydrogen
atomsrﬁove perpendicular to the B-H bond exis.
. # . @ 1 l '
) ’ )
ifi. B=B-Cl bending mode

=}

-~ This Vg (Eu) mode is expected to be ir-active.
.\ }, | .

,Because the fundamental is due mainly to chlorlne atom move-

ments, the frequency is expected to Shlft to an appr801ably

lower energy‘than the associated 720 cm-l

" Weber and Thorpelll

peak of [B12H12] .

have predicted a theoretical value of

~166 cm“l for éhis‘mode, il.e., outside the range of our availa-

ble ir instrumentation.

o .
-~ s I
I}

iv. External modes |

A strong lattice mode appears in the Raman sp%etrum

of solid CszB12Cl12 at 42 cm l. This is the:rotational lattice

mode yexpected from the factor group analys1s. The ir-active
Y

translational lattice mode is expected ig the far-ir region.
. N

2B12571 2

T

. The ir and Raman spectra of solid CszBlZBr12 show 4

great refemblance to those of 052312Clli with the frequency
2 .
shifts in proportion to the change in masses of the two halogens.

. 3 L] - | ';.
. The band assignments are discussed using the same format as for

o \\
1
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FIGURE 21: Infrgred spectrum (KBr dlgk) of (1) CszBlzll2 and (2? [Me4N]2B12112. g
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E " 1 : ’ J\ ‘.;::g
3 ‘ the perchloro derivative: B- s tchi a + £
; p e Br stre ng (—g’ g -g _u), f
: B-B stretching [a_, 2(e_ + t t B-B-B bending (e + t 8
- 9 12gr 2eg T 55 Bl 7 (2g * 55 5
i % » ) « ”'1} !
N, - Tom, s a

T B-B-Br bending (Eu) and latflce modes (Eg, Eu)' The observed ﬁ:
; frequencies are also listed in Table XXIII. ‘%%

. N
{

. /
' ;

] i. B-Brlstretching modes

& - 1 I .

The ir sPecﬁrum of solid Cs.B Bry, exhibits:E strong

2712
doublet at 1000 and 986 cm L. Since the stable isotopes of
bromine, 79Br (50.5%) and 81B (49.5%), occur with about the

same abundance, we have assigned the first absorption to

11 79 11

\ B- “"Br stretching and the second to B—BlBr stretching

[ -
(v3n Eu). The high frequency shoulder at 1010 cm 1 on this

10

v3(Eu) mode is attributed to the ~ B substituted species.

, In the Raman spectrum, no peaks strong qnough to be

assigned to the B-Br stretching fundamentals (vl or vsx could

be detected.

) e,

ii. B-B stretching modes

There is aq/;ntensé/Band in the ir spectrum of solid

——

at 425 cm_1 and this is assigned to the skeletal

CszBlzBrlz

B-B stretching vibration or cage absorption (v4, Eu) analogous %
...é‘]_ 2-
to the ~1070 cm & band of [BlelZJ .

e

< A B-B stretqging vibration appears as the most intense
line in the Raman spectrum at 199 cm-l (vz, gg). The two weaker

(zf bands at 201 and 195 ™t are assigned to 08b(gg + Eg) which has

?@
e - 1

P
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/

‘\

~
’ been split by solid-state effects. The other B-B stretching

fundemental Vo (gé + Eg) is absent from the Raman spectrum.

iii. B=-B-B bending modes

\

The four intense, sharp peaks appearing in the

Raman region ca. 923-84 cm“1 are considered to result from the-
B-B-B deformation mode (v9, Eg + Eg). This mode‘ﬁas been split

into a doublet by the correlation field effects, and this
79

-

Br isotopes.

J/
ABeragiae.y.

doublet is in turn split by the 8l§r and

TR ]

i

iv. B-B-Br bending modes

" This vg mode is supposed to appear in the ir spectrum,
but is missing from the normal ir range and is presumably

located in the far-ir region.

LY

v. Lattice modes ' <

\

The 42 cm_l line in the Raman spectrum is probably -

due to the Eg rotational lattice mode of the Cs+ cations. '
| B ‘ )‘ :

d. Vibrational spectra of Cs,B;,I;, .

The spectra of solid C52B12I12 are closely similar

to those of CszBlzBr12 bearing in mind the chénge in masses /

of the two halogens. The band assignments will be discussed

g

- in terms of the same categories as those for the perchloro

'
A - t
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and perbromo derivatives (vide supra, p.,123. The vibrational
frequencxes and the proposed a551gnments for solid C52 12112

are listed in Table XXIII.

i. B-I stretching modes

N

In the B-I stretching region of the ir, there is an

-1 1

intense doublet at 939 and 926 cm ~ with a shoulder at 905 cm —.'

These peaks can be ass1gned to the v3 (t ) stretching mode.

Because iodine has only one naturally occurrlng isotope ( 27 ),

the dotiblet must be caused by crystal effects rather than by e

halogen isotopic effects, as was the case for the other per-
halogen derivatives. Moreover, in this doublet, the 939 cm_1
peak is relatively weak and therefore may be (at least partial-

10

ly) due to a " B isotope shift. Consequently, it is possible

[N
that the crystal structure of C52B12I12 still belongs to the

Tg class or to some other high symmetry class. ) )

L)

ii. B=-B stretching modes

IS

The strong band at 380 cm-l in the ir spectrum of

solid CszB12 12 is assigned to the cage vibration V4 (t.). 'The

most intense Raman peak at 147 cm-'l is assigned to the B-B
Stretchiﬁg vibration (vz, ég)' ‘Associated with this band are
two relatisyely weaker peaks at 153 and 145 cm_l which are as-

signed to the e
_-g

The v, (e_ + t_ ) mode is too weak to be observed in the Raman
7T 9 =9

+‘§g doublet of the B-B stretching mede Vg-
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FIGURE 23:  Infrared spectrum (Khr disk) of (1) CSZBIZILZ .

and (2) [Mel4rN] 2B12112'
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Raman spectrum of solid Cs,B;,I,, [Kr' excitation, 647.1

Conditions: slit widths, 1.5 cm—l; time constant, 4 sec;
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spectrum.

iii. B-B-B bending modes

The Vg
as a strong line at V71 cm—l.

the four lines in the 98-84 cm +

deformation mode is displayed in the Raman

region in the spectrum of

137

This band may be compared with

Cs,B. ,Br.,.

2712

12

However, the solid-state splitting predicted for

this fundamental was not detected.

Furthermore, unlike the

_assigned to the Eg rotational lattice mode.

perchloro or perbromo salts, there are no peaks expected due )

to isotopic shifts.

iv., B-B-I bending modes

I3

The Vg nmodé is probably located in the far-ir region
in accord with the frequency shift due to the considerably
heavier iodine atoms and so could not be observed with the

instrumentation available.

v. Lattice modes

The movements of cst cations in the crystalline lat-

tice of Cs,B;,I,, produce a Raman line at 42 cm’ul which can be

e. Vibrational spectra of [Me4N]2B12112

| ) /

) The ir spectrum of solid [Me4NJZBllez~is very similar

: \ .
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to that of solid C52B12112’ apart from bands attributable to

the quaternary ammonium cationslla. The Raman spectra of these

two solids are essentially the same. Therefore, the assign-

ments of the [Me N]2 12 12 frequencies follow closely those

+ PN
of the Cs salt. To avoid unnecessary repetition, only a sum-

mary of frequencies and their assignmentilyill be presented

here. :

. + . e
i. Vibratlonso?f the [Me4N] cations X

In the ir, tﬁe C-H antisymmetric and symmetric
stretching of the methyl group appear as medium intensity
bands at 3015 and 2720 cm-l, respectively. The antisymmetric
C-H bendﬁng vibration absorbs strongly at 1478 cm—l, while the
symmetric mode appears as a weak band at 1420 cm—l.ﬂ The C~-N
stretching modes absorbs weakly in the ir spectrum at 1382 and
1287 cm—l. In the Raman, no bands of sufficieﬁt intensity

were found which could be assigned to any of the above vibrations.

N

ii. B-I stretching modes

This stretching mode (v3, t ) appears in the ir as a

'very intense doublet absorbing at 947 and 931 cm 1'w1th a weak,

broad shoulder centered at 910 qm . Unlike Cs,B,, 12, the »
higher energy band of the doublet is of increased intensity.

This rules out the possibility of assigning this band to loB
i

‘isotopic shifts. The doublet is then more likely to be a

= - -

N
R
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result of the lowering of the symmetry of the crystal struc-

ture due to the interaction of both the large anions and the

cations.

Al

iii. B=-B stretching modes

// ' 4
L

In the ir of solid [Me4N]2512112, a sharp 1ine of

medium-to-strong intensity appears at 384 cmhl. This is as-
signed to the v2 (Eu) cage absorption. The strong peak in

the Raman at 150 crtf"l attributable to B-B stretching is
\
resolved -into a triplet under high resolution: 146 (vz, gg)

1

and 151, 143 cm (vgr gg + Eg).k

'iv. B-B-B bending modes

)

-
. |

The Vg bending mode appears in the Raman at "v69 cm“l

without any apparent crystal-field splitting probably because

of accidental degeneracies.

v. B-B-I bending,modés

The predicted Vg fundamental (B-B-I bending) is
presumably located in the far-ir region and so was not observed

i

iﬁ‘this study.

vi. Lattice modes |

A Y
The Eg'rotational lattice mode scatiiis in the Raman

at 40 em™ ' as a weak-to-medium intensity band.

» L]
i : / :
i - R 4
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C} CHAPTER IV CONCLUSIONS

Normal modes of symmetric molecuies are usually
obtained by using group theoretical procedures. This approach
has been extensively used to assign the vibrational fréquen-
cies of small molecules such as NH3, SOZ’ etc.107. Moreover,

i the method can be extended to predict spectral data for large
molecules ox_polymers, if they are sufficiently symmetric.
Consequently, spectral predictions can be made for molecules’ : ¢
such as polyhedral boranes, adamantane, twistane, cubane; etc.,

and also for sandwich compounds, especially those of the fer-

rocene-type and metaloboranes (vide supra, Introduction). ‘ ]

. . 2-
M%;epular v1brat10n§ of the free [B12H12] and

-/
[512D12]2 "icosahedral ions have been predicted and studied on

P a group theoretical basis. The application of the Teller-Redlich
product rule has helped to assign the various fundamentals.

. Unlike many vibrational studies, all nine modes predicted for
these cage ions were observed in aqueous solutions. Molecular
vibrations of the [B12H12]2— ion were studied by Weber and
Thorpell\l u515g dlfferent valence~force- fleld models. A six-
parametgr model based on the coupling force constants of B-B,
B-H, B—B—B {60°), B~B-B (108°), aﬁd B-B-H gave values within
2% mean deviation of the previously reported experimental :

- frequencies79.

.
Weber and Thorpe's calculations1ll have also helped

.CL) * to correct the frequencies for the Vg and Vg modes of the

p

PRy, Yo, o on dhim 0 e oamn b



-of Muetterties et al.'s.

N ®

‘

[BlZDlZ]Z- ion. Our experimental results have confirmed the

theoretical predictions of the previous researchers. For

example, the Raman-active B-B-B skeletal bending (v9, Eg) of .-

2~ 1

ion was assigned to the 542 cm - line instead

79 yalue of 620 cm Y which is 40 ‘cm”

higher than the corresponding frequency for [312H12]2-‘ This

fundamental was predicted by Weber and Thorpelll to be at

the [By;D1,]

1

573 cm_l. We feel that our value of 542 cm-l is more acceptable

1

as a normal isotopic shift. Also, the 738 cm ~ peak appearing

in the Raman spectrum of [Bllezlz- ion was assigned by - “

Muetterties et a1.”? to vg but it is more likely due to the
- = 4

10 1

B isotope shift of the intense 718 cm” peak (vz, gg). Meaﬁ-

wﬂile, the Raman line at 622 cm T in the aqueous’ solution
spectrum of [Blzblzlz' was assigned by us to vg rather than
Vg1 as proposed by Muetterties et gl.79. ‘ b
The assignment of bands in the spectra of the free
ions has been of great assistance in assigning the corre-
sponding modes of solid K2312H12’/C52B12H12’ and K2512D12'

For example, for the deuterated salt, the 629 and 622 cm_l

1

peaks were assigned to vg (gg+—Eg), while the 547 and 538 cm
lines were attributed to v + t ).
ibu 9 (gg —g)

The ir spectra in Nujol of the cesium and potassium

salts were essentially the same as that of the free [B12H12]2_
4

ion in aqueous solution with minimum frequency shifts occurring

indicating negligible solvent-solute interactions. As expected,
LK N

there were no splittings observed for the ir fundamentals
1

A 0\ PR Th Pk F et ind ot Y 33

N

e S

P L P ¥  B IR L

© B atats. e

DRI 5t sk



- because (a) the £ 4spegles of the free ion (I symmetry) and

- the factor group analysis was drastically reduced in/ the

3

a

¢

the t modes of the crystalknné mo\ﬁcule (T symmetry) have
the same degeneracy “and correlate Jirectly éo one other and
(b) the site symmetry is the same as that of the factor group.
For solid C82B12H12’ 2B12H12 and K2312D12, the ir
and Raman spectra were %p complete accord with the factor
group predictions. All the fundamentals were observed and
the expected crystal field splittings were detected in the
Raman spectra. The ir lattice bands (originating from the K
or cst ion moYFments within the lattices rélﬁtive to the
12H12]2— icosahedral units) were too low in energy<to be’
observed in the normal ir range (4000-400 qm-l). However,

(B

frequencies of these bands could be predicted from several
&

combination bands in the spectra.

In crystalline Cs2 12 12~CsC1, the reductlon ln -
§ymmetry of the [BIZHlZ} icosahedron from I, (@olecular)
to Cs (site) removes all the symmetry elements except the
mirror plane. This leads to a complete splitting of the

bands, as illustrated in Table XXIV. l o

Vlbratlonal fundamentals of C52B12H12 CsCl under

16
the D2h

(Table XX). However, the large number of modes predicted by

symmetry were determined by the correlation diagram

I
actual spectra. This was attributed to accidental degeneracies

and/or weak intensities,“especially in the lattice region

where the former is often encountered. In our experimental

! - - \
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TABLE XXIV: Crystal fleld spl:.ttlngs for CsB12 12 +CsCl
. 2
. ﬂ R %, \
Molecular ' Site , Crystal symmetry ' ‘x
- -symmetry symmetry ) - pié .
Ih \ Cs 2h
1
4xgég r . 8al 2 (ag *+ by By F by
~N o . I iy
“ - \
' " ° ;
‘ 4x3 &, | 1l2.(2a' + a") < 3 (2gg + blg+ 21_3_2g + ll3g +
o~ ‘ - - .- N & S
’ \‘J R 1
. CI o a7 2E’-lu Dou ¥ 223y :
. / L . ( . Ve
] . ‘ 'u‘ - - . N <
4 x4 Eg 16 (3a' + 2a‘) 4 (355g + 29—113 + 31329‘ + 2[3_3g
{ S : 2a, + 3bjy + 2by i+ by
v ‘ \ l
. i .
| ’ ' -t ‘\

work, rwe obtalnea' doubBie salts ‘of the general formula M,B,,H,,*MX
when an J.ntn.mate mixture of_ a IMZ 12 12 compound and an alkali
hallaF was pressed under hlgh pressure (1.@ tons/ln ) during

the ;freparat:.on of ir dlSCS. The spect{a of the resultlng -
salts were very similar to those ofwthe authent:.c C52 12 12 +CsCl

dtouble salt. 'S " b .

&,
* In the Raman spectra -of perhalogen derivatives,’ we N

have managed 1{0 observe several new features because of- the

g superlor 1nstrumentatlon now avallablec. For example, we gound

,B-B deformation mode to be at 135-125, 98-84 and ~71 cm-l -

~

Vg

o ™

J/ N
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for the perchloro, perbromo and periodo species, respectively.
The Raman singlets appearing at 300 and ~200 cmn_l for the .

perchloro and perbromo ions, respectively, were incorrectly

79

assigned by Muetterties et al. to the symmetric boron-

halogen stretching modes (vl, gg). We consider the 300 cm-l

frequency to be too far removed from the 1037-579 cm_l fre-

quehcy rangd accepted for B-Cl stretching modes1?. The same
comment applies to the '142()0“cmml peak of the perbromo species

_ \ .
! bana of the periodo salt. In addition, the

-

and the 145 cm
pdlarization ratios for these lines (p=0.38) are too large for

such high symmetry molecules (I ) considering that the polari—

¥

zatlon ratios, for the totally symmetric modes of the [Blzﬂlz]

lahd (B, 12] " ions are all less than 0.l1. Consequently, de-
polarized bands were suspected to be included with the 2y
modes. This was experimentally confirmed by splitting the

%300, %200 and ~145 cm T

peaks of theiperchloro, pgrbromo and
periodo salts, respectively, into seééral lines ﬁnder’high
reselution.h These lines were assigneg to the v, (gg)cénd Vg
(e + t ). B-B stretchjing modes. ‘

The absence of strong bo;on—halogen absorptions in
the Raman spectra of the solid perhalogen der1Vat1ves was at-
trlbuted to accidental cancellatlgn of“polarlzabllltles.
Since thlS phenomenon occurred in the spectra of the three

, ?perhalo derivatives studied, it seemed to be a general resglt

of the electronic properties of these ¢ompounds. The funda-

mentals that were missing or observed with very weak intensity ’




- b |
' \
145
+ were those involving vibrations of the oppos%tely ‘charged
™~
halogen and boron atoms. s
" 111

Through theoretical calculgtions, Weber and Thorpe
have predicted the missing frequencies for the Vir Vg modes
of the [B12C112]2“ species. We were able‘to locife‘the v4,’
Vg and“v9 fundamentals in the spectra of all the perhalo de-
rivatives sgydie&l The v, V. and v, modes were too weak to
b? experfmeﬁtélly d%tected and only in the spectra of the
ﬁerchloro s@ecies were they possibly present as very weak bands.
The vs‘bending modes la§ outside thearange of our available
ir instrumentation and therefore were not inve;tigated.

The low number of bands observed in the ir and
Rama# spectra of solid dodecaborates compared to the larger
number éf nodes predicted from the factor group analyses, led
us to three conclusions. First, the geometry of the icosa-
hedron';asipreserved to a great extgnt in the lattices&of the
solids. This was confirQed bfvthe X-fay analysis of K2B12H12
which showed minimal distortion of the icosah$dron by the

72

. potasgiuﬁ ions'“. The second conclusion was that thete must

be minimal coupling between the four icosahedra of the unit
cells. Swuch coupling could have caused band splitting.due to
the in-phase and out-of-phase interactions of each vibration.

The third conclusion was that the perhalogen derivgﬁives‘were o

probably isostructural with \@he corresponding dodecahydro-

borates. The spectra of the perhalo derivatives were even™
° ¥

simpler than those’ of the [Blzﬁlzlz"sélts and since they

TSRS

b L BT
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cannot possess higher symmetry, then they are more likely to

be of the same or comparable high symmetry. In other words, thé

introduction of the twelve large halogen "dtoms did not 'seem to
/ decrease either the icosahedral symmetry of the [B12H1£]2_ ion

or the T, symmetry of the lattice 9f the crystalline solid.

Lhis is ‘e\’rident from the fact that the twelve halogen atoms

constitute an outer icosahedral shell around the Bys icosahedron

&
without affecting the overall symmetry of the structure. How-

1

D ever, the cell edges of the unit cells of the perhalo salts

would be considerably longer.
/ Table XXV illustrates the decrease in energy of the
) fundamentals of the different icosahedral salts studied with the

increase in mass of the atoms of the outer icosah;edron. It'is
. N

©

apparent that frequencies| decrease in the anticipated manner:

2- 2- . oo2- 2-- 2-
[B1aH1p1 > [BypDyp1" > [BypClip1" > [By,Bryp17 > [By)Th,]
o Force constants for the totally symmetric B-H and B-B
- stretching vibrations can be estimated with reasonable accuracy

|
from the equation of simple harmonic motion (Eg. 93). This is

only applicq%le if the coupling between.molecular vibrations is

Ny

h small and the atoms involved aLre~ either small or of quite dif-

ferent masses.

(’/ ' >~ Y
k = 4tM,C“V (93)

o

b . o ™
where k is the force constant in mdyn A ~, M, is 1/16 of the

mass- of an 16O atom (l.66x 10"24 g), C is the velocity of light

‘ L]
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TABLE XXV: Fundamental modes of the/various;iﬁbsahedral dodecaborate ions (cmfl) J
Vib « NO. [B 2_ 2_ 2_d 2...d ’ 2_d " ~
\ .
syend vy P P T P P S PL PSPy Assignment
Vi gg 2517 ' 1910 ~1070°78  (v950)¢  (v900)¢ - B-x® cage breath.
Vor Eg 746 718 301 4~ 199 - 146 B~B cage breath.
V3r E1y 2480 1882 1032 1000 930 B-X_str.
Var tl 1070 8932 541 443 380 B-B str. and B-X bend.
—iu
g (cage def.)
- Ver tyo 720 596 160° — ~  B-B-X bend. -
. ver By 2472 1864 10052° (v950)¢  (v900)° B-X str.
. .
\) ? _— —— = .
77 hg 954 896 490 B-B str
. vgr hg . 774 622 ~300 200 150 B-B str. and B-X def.
/ y
Vgr hg 582 542° ~130 90 71 B-B-B bend. o

8 =H, D, C1, Brand I

bref. 111

“Expected approximate va

parentheses.

T e ST Ss T oan o s Ut s e T Tepla e e S
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k%es~af§’fﬁ_~::%

dValues for the perﬁalogens were obtained

from the Cst salts; splittings due to
isotopic effects or crystal field effects
were not considered.

- [ 4

®Yery weak bands.

¥
A
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10 cmosec™y, © is the frequency of the vibration

J
. L. - M, M

under consideration in cm ~, and U= —0i—
Ml+M2

of the two atoms involved in the vibration.

(2,99776x 10

is the reduced mass

Molecular orbital calculations for the [B12H12]2_

icosahedron have shown that the outer shell of hydrogen atoms

is not appreciably coupled with the B skeletal cage. In

12

view of this, the‘condition;~for the simple oscillator are
fulfilled and Ehe totally symmetric breathing modes (vl and
vz) of the icosahedron can be considered ‘as a result of only
B-H stretching and only ng stretching, respectively. Ap-
plication of Eg. 93 for [B12H12]2- gave 3.41 and 1.78 ;dyn iﬁi
for the B-H and B-B stretching force constants, reSpectively.
The most realistic force field model pgﬁtulated by Weber and

111

Thorpe , that gave Ffundamental frequencies very close to the

experimental values, possessed the following primary force

constants: 3.05°'(B-H stretching) and 0.65 (B-B stretching)
mdynfi-l. It is evident from these force constants that the
outward B-H forces are:%ych stropger than the intra icosahedral
forces. This was reflected in the ir and Raman spectra of the
[Blzﬂlzlz- ion by the extremely intense B-H stretching modes
and by their high frequencies. |

An interesting point which arises fﬁ;m\this stdﬁy

is that solid CszBle12 was originally believed to belong to

5)73
h .

subgroup of the Ih point group and this is certainly incorrect.

the Fm3m (O From this, it would follow that Oh is a

)
The more recent X-ray diffraction study, however, shows that
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the'Cs+ salt' is  isostructural with K.B, . H [Fm3 (T3)]. Thus,
2712712 h
the factor group analysis should be the same for both salts.
Consequently, this analysis was not repeated for the Cs+ salt; K
} \ ) instegd, this salt was analyzed assuming that the odriginally %
assigned space group was correct. This procedure was carried %
& [ ki
5 b
out mainly for the purpose of comparing the number of §
optically-active bands predicted’ for the two space “groups. b
] ! 4 1
! . y . ) . .
T It is of interest that the spectral prédictlons were essentially i
< ' ,;;:;l
identical. . 4 N 5
( %
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CHAPTER V ) SUGGESTIONS FOR FUTURE WORK

/

Some of the many possible extensions of this thesis
. !
are listed below: !

o

/

1. Par-ir measurements could be utilized to locate the lat-

tice modes of the different dodecaborate salts studied,

and also to.determine frequencies for the Ve bending modes

~

of the perhalogen derivatives.

2. Vibrational studies on the molten salts would be of in-
terest to determine‘whéther or . not the icosahedral geometry

is preserved in the' melts.

- {
- 4
3. BAnalogous systems sgch as [CB11H12] (Ih), C2B10H12*(Ih)’

2- 2= .
[Bloﬂlol (D4d), [B8H8] (D3d) and BgHg (DZd) hage high

symmetries and could also be studied on the same basis. -

¥

4. Ferrocene—typé sandwich compounds involving polyhedral
cages instead of pentagonal rings e.g., metalocarboranes
M(CBIOHll)Z' M(C2B9Hll)2 and metalothloborangs M(SBJ_OHJ_].)\2

could be spectroscopically analyzed and their spectra
. : o ~ ‘ |
-~ compared with those of the parent cages.

t
?

i { .
5. Normal coordinate calculations should prove interesting

w because they would yield further information about the
precise nature of the normal modes and subsequently could |

help in assigning combinations, overtones, and satellite
.}‘ )

i

*  bands, etc. |

i




. s - . i e s i

\..-&

\
(:3 6. The Raman technique of oriented single crystals c¢ould be

very valuable in assigning the various modeﬁ of the

»

) CszBlelé'CSCi double salt since the crystalline compound
possesses a DZhlsymmetry and thus its three crystallographic

axes are distinguishable.’ .

}

N
7. X-ray diffraction studies are needed to establish the

crystal structures of the M2812X12 perhalogen derivatives.
—X) .

8. The V%Prational speétra of the different forms of elementéfy
boron {gfi of which possess icosahedral B12 units) still
await further investigation. The spectra of these compounds
could be compared with those of the'simpler [Blelzlz;
icosahedral units. This approach could also be lapplied in
studying molecular vibrations of the icosahedralnpolymeric

compounds such as alloys, viruses, complexes and synthetic "

inorganic polymers. =
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- APPENDIX I: THE GROUP THEORETICAL CALCULATIONS

obtained by applying the "mafic formula”:

C £ 151

In this section, seéeral group theoretical treat-
ments are presented. These wili illustérate the principles
dand uses of the procedure. The %irst example is the calcu-
lation of normal modes for the icosahedral [B12H12]2_ ion.

Second, we will calculate the contributions of the different

internal coordinates of the [Blzﬂlz‘]?'- anion to the total

molecular vibrations. An example of how to determine the sym-

metries of combinations and overtones is then given. Finally,

!
i

factor group calculations for soliq K,B;,Hy, and Cs,B;,H ;‘
are described. %
2~ 10W %

A, CALCULATION OF NORMAL MODES FOR THE [B

=

12H7 2]

v

The normal modes that belong to each species are

v -

PR
I
4
\7 L

n(a_ ) = 1;?2'—0-[72 xlx1l + 6.4’(2x1x12 + (—2\.472)x1x 12 +

8x1x15] = 2 T

3

gk

|

n(t, ) = 135072 x3x1 + 6.472x 1.618 x 12 +(~2.472) x |

!

(-0.618) %12 + 8x-1x15] = 2

N
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SEE

%The symbols shown in parentheses are those used for the old nomenclature system of

labelling irreduc1ble

b

Order of the group, g
1+ /5
3

CX=

= 1.618, y

representations
= 120
= L-_Z/E = =-0.618

=

TABLE XXVI: Normal modes fcr;the [812H12]2- ion
E is¢ 20¢ 12¢ 12¢ i 15 208 12s 12 3 Activit
h 3 3 5 o 10 510 ny Activity
Ay (s 1 1 1 1 1 1 1 1 1 1 2 “Raman
(o] [ o]
Tlg (Plg) 3 1 0 X y 3 1 0 x y 2
ng (P2g) 3 -1 0 Y x 3 -1 0 Y X 0
G u 4 0 1 -1 -1 4 0 1 -1 -1 2
g ( g)
Hy (vg) 5 1 -1 9 0 5 1 -1 0 0 4 Raman
a, (s)) 1, 1 1 .1 1 ~1 -1 -1 -1 -1 0
Tia (F1d) 3// -1 0 x y -3 1 0 -X -y 4 ir
T, (F 3 -1 0 3 1 0 2 ¥
2u (Fay) Y x - Y e L~
G, (U 4 o 1 -1 -1 -4 0 -1 1 1 2.
H, (V) s -1 0 ) -5 -1 1 0 0 2
X3 24 6 - 0 4 1 0 8 0 0 0
my 3 -1 0 1.618 -0618 -3 1 0 -1.618 -0.382
msX 5 72 0 0 6.472 -2472 0 8 0 0 0

281
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%

Nty = rypl72x3x1 + 6.472x (-0.618)x 12 + (-2.472) x
\ 1,618 x12 + 8 x-1x15] = 0
) i
i
.
n(gy) = I%'d”z X4%x1 + 6.472 x-1 x12 + =-2.472x -1 X ’ ’

NN
12 + 0] = 2
.
_ 1 ' s . .
n(l_lg) = m[7;x5xl+0+0+8x1x15] = 4 . c
’ i
_ 1 _ /
n(_a_u) = -i—2~0—[72 x1xl + 6.472 x1 x12 + (-2.472) (xlx 12 +

8 x-1x15] o= 0

! '“
n(t;,) ™ 5pl72% 3 x1 + 6.472 x1.618x12 + (-2.472) x
i

(-0.618) x12 + 8 x1x15] = 4
|

nlty) = yapl72%3x1 +76.472x (-0.618) x 12 + (~2.472) x

1.618x12 + 8x1x15] = 2
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[s3

1l
n(gu) m—]?Zx 4x1 +6.472x1x12 + (-2.472) x-1x |

12 + 0] = 2

I-lﬁ[72x_5x1+o+o+sx-1x15] = 2

o
=
[}

‘ »
a .

These modes are shown in the right-hand side of  Table XXV. ,

- [

B. CONTRIBUTIONS OF THE£ INTERNAL COORDINATES
' f

— . There are five internal coordinates for the \ |
\‘ N
2]2 icosahedron. These are the changes in the two bond

(B-H and B-B) and changes in the three interbond

”

TABLE XXVII: CTharacters of internal coordinates fqr [B12H12]2- .

.

I 2 2 3

Lo B 15C° 20C; 12Cg 12c; i 150 208, 125, 1253
| B-H 2. 0 © 2, 2 0o 4 0 -0 O
B-B 2 0 0 0 0 4 o o o
B-B-H 60 o o0 o0 0 o 4 0 o0 0
BBB(60°) & o o o o o0 4 0 0 0 *'
BBB(108°) 60 0 0 o0 0 o 4 0 0 0

a

‘ x
.
o
)
) O
ki
\ p
- X,
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f
" Using tBe’ magic formula, we arrive at the irreduci- |

' ' bple representations (normal modes) for the different symmetry

\‘species. . -,
N \
1. B-H Stretching Modes
_ 4 | . ' _ .
n(_ia_g)h = pllzxlxl + 27{12}:’1 +2x12x1 4+ 4x15x1] = 1
. , RN SO 14 /8) , o winiw(l ~ /5
g(:glg) m[l2xlxﬁ3 +2x le(—-—-—T +2x12x (~—-—--—2 ) +
\ .o " 4x15% -1] = 0
. SRS A i 1 -v5,, .. 1-/8
+ _ n\(_t:.-zg) = ‘II(T[]'ZXlXB + 2x12x(—~2—-) +‘2 xlzx(-a—--—-é—:—) .‘+
" ’ J ' '
4%,‘ :’4 Xlsx _]-‘] = ,o K ! x Y '
) ‘ \ :
3 \ - - -
q ‘ _1 . _ -
; n(g7) = popll2xlx4 +2x12x~-1 +2x12x 1‘+ 0] = 0
; 1 . =
n(l_i_g) = 1—2—6-‘[}2 X1x 5 +0 + 0 + 4x1x 15] = 1‘
nla,) = opll2xlx1 +2x12x 1 +2x12x1 + 4x15x-1] = 0
{ a




,x}(gg),

.-, ’ /’ =
f : s . - e oy
. Jo 2 F
- .]m/— . e B N G S tc
« . v
Iy \ <
4 ‘ y
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i . -
P N .
- -
L3 w -
, ¥ »

. . ,—l l . ) P Y 1 u_?_ /5- :
n(Elu) = m[12¢xlx3‘+ 2x12x(+r) + 2 x12 x(

7 . . a
' 4 , Y +
4x15x11° =-1 -
{ - ‘ . l l‘ * { .
- " - c e, .

-

“(Ezu)",fg .I%b-l‘i~zx1x3 + ".xl?x(-]:-:—-z’/—s-) + ~2“x.12x(

/

°

. 4x15x1] =*

., . |

+

-~ .

“nlg) = rapll2xlx4 +2X12x-1 + 2x12x1 + 0]

i
l . M P '
- .o . ° ) .
" i A I . v : ¢
— N
“

. . ﬂ= 1 . ) “_ a_
.n(k_x_u) m[llexxs.+0-i-rvo+:tx15x ljll = 0

I e

v

L

»

' . 14
L] \. ’ - 1
2.  B-B Stretching Modes . |, T
. 2
/ . B v PR ‘ °©

L

¢

¢

2

*

= -k Y ) 1 oax - =
n(!:_lg) 2530 x'3 x1 + 2%15 x-1 + 4‘x15x 1] =

(Lt /5
2

= 3530 x1xL % Fx15x1 # 4x15x1] = 1

1-/15'):*_

3

-) +

N

!

=0

e ¥
!
. s !
‘ é
. i
3 :‘
’ ‘:
¢
N
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E n(g,)

N

1

il

-

[

}
130 x 4 x't

ri30%5x 1

~

'I%-O-IBO)_clxl

’ I%-o-[30x 3Ix1

730 x3 x1
}

1—%-5[30 x4 x1

+

+

+

+

'ﬁb.fso x3x1 + 2 x15 x-1 + 4 x15x -1]
g ' “

@

v

2 x15x0 + 4 x15% 0]

©

\
2 x15x 1 + 4x 15x1]

¥

2x15x1 + 4 x15x-1]

2 x15x -1 + 4 x15x 11

s

2x15x -1 + 4 x15x 1]

!

@

2x15%'0 + 4 x15x01

1—%—6-[30x55€1 +2x15%1 + 4 x15% ~1]
ig +‘gg"+ 213-9 et tou .9 -‘;-.19_‘1

\\'b

[

i

157
= 0
" .
&l
1\
2
L
. =
ol
1 :
1
1
1 »
(95)




. )
L . ¥

- . ; . 158
-~ ) \
( / /
3. Contributions of the Interbond Angles -
_ l ' _ I i
nag) = yppl60x1x1 +4x15x1] = 1
A l ‘ . . "o
n(_t_lg) = m[GOX 3¥1 + 4x 15%x ~-1] .= , 1 y
: 3
1 ' P
n(_t-;zg)n = m[so\x 3x1 +4x15x-1] = 1
¥
a" P
e 1 e - | \
n(gg) = m[GOXAX 1 + 0] = 2 |
N ' r A
N P -
n(f_}g) = m[60X5X1+4X15X1] —L3
o1 - |
n(gu)&— m[Gox 1X1 + 4X 15%x~11 = O
. SR .
N
. 1l =
n(_t':}u)- Topl60x3x1 + 4x15x1] = 2
_ 1 , _ ,
n(EZu) = m[60x3x1+4x15211 = 2
‘ ' | ,
P R »
' !
; N (

e




’
L 2%, *+ 28, + 29, + 2B - (96)
~ [
~N
C. COMBINATIONS AND OVERTONES
~ 0

I%-o-tso'xz;’xl +0] = 2

n (’s_;_u)

R ! 11 - o,
n(p_u) = m[60XSX1+4X15x 1] = 2

I

1 >,

; -

r = l_-& = F .=1 : Ad“ '
n a+1:_lg+:c_29+2gg+3gg+ ;

'B-B-H  B-B-B B~-B-B 9 , :
(60°)  (108°) 7 4

A

/ In order to determine whether or not a combination
or overtone isiPptically allowed, we multipiy the characters

of the corresponding species, then reduce the resulting repre-

.

sentation in the usual way. If any of the resulting species

has optical activity, then the combination or overtone is

k

active. The Eg + t., . combination is used &ds an example and

=lu
’ ' ? ~ .
other combinations or overtorles can be dealt wit@ in a similar

manner.

¢
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TABLE XXVIII: Examples of obtaining the characters of over-

. 2- '
g . tones for [lezlel |
Iy 2 ° . 1 3
I, E 12¢cg 1l2cg 20C; 1sC, i 125lo 1257, 20S, 150
Hg 5 0 0 -1 1 5 0 0 -1 1 ’
+/5  1-/5 - /5-1 ~/5-1
¢ Ty 3 == > 0 1 3 5 2;5 0 1
Qg"Elu 15 0. 0 0 -1  ~15 0 0 0 1
9] ’l .\
| n(a) = —]-‘-—[15‘ - 15 - 15 + 15] = 0 -
, g~ = 120 L ;
» \‘ «%
] " \ 5
. 1 %
= + - - = y
n(Tlg) 1—2—6-{45 15 45 15) 0 ;
3
' ‘ , | ;
§
1 _ _
o . \ P és
[») - X i ‘é
f . :
‘ 1 ’ _
lll(Gg)\‘ = 15pl60 +0>-60+0] = 0 | ;
o0 nE) = Eo[75 -15-754+15] = 0 ” R
A g 120 '
/ i
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: &
1 s -
n(a) = 533[15 - 15 + 15 - 15] = & 9
- ,
o, ’ )

! -

N 1 )
n(Tlu) = ,1—2—6-[45 + 15 + 45 + 15] = 1 »
n(Tzu)l= 120[45 + 15 + 45 + 151 = }

) N —. l . . _ . '
In(Gu) = IZ—G'[6O + 0 + 60 ‘+ 0] = 1 ’ X
/
/
. 1 _ ) _ied o .
n(Hu) = T75[75 15 + 75 15]' = 1 4 .
] \,/ - B N ~
//‘ Y ‘
Eldbhg = Tyg ¥ Ty G Hu/ . . ' (97)

-

L]

Therefore, the Elu +‘Eg~combination is ir-active since the
I
product contains the T1u species*, 5

N

)

*Ié should be pointed out that throughout this thesis, we have
adoéted the modern system of labelling the symmetry species of
normal modes, i.e., lower-case letters such as tl . For over-
tones and comblnatlons, upper-case letters are used, e. g., .

Tlu .
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b. CONTRIBUTION OF ’I‘Hﬁ TWO SETS OF EQUIVALENT ATOMS OF THE
[B12H12] 2- ION TO THE MOLECULAR VIBRATIONS
TABLE XXVIX: Characters of the sets of equivalent atoms of * ;
B, ,1%" ﬂ
' 2 3 7%
Ih E lZC2 20C3 12C5 12C5 i 150 2086 l!ZSlO lZSlO ‘
Xy (Hy,) 36 0 0 2 -2 0- 4 0 0 0
Xj(Blz) 36 0 0 2 2 0 4 0 0 0 |
;
/ :
. 1 _ -
n(gg) = 135 [36 + 38, 832 14.832 + 60] 1
B N K
n(t) ) = T—-——[lOB +62.75 + 9.25 - 60] = 1
n(t, ) = 521108 - 24 -o24 - 60] = O- ]
—29 120 9\ .
t I t ¢ ‘
l g ‘
=
‘ h
1 ‘ ’ . i
n(gg) = 1—2-0-,[144 - 38.832 + 14.832 + 0] = 1 N ‘ ;
p3 "‘%}:
= 1_[180 + 0+ 0 + 60] = 2 . - i§:
n(l;lg) = m‘[ ki
¢ 19%}

-
-4
P
'
A A “
= TS
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hi .
)
G ‘n(a,) = 13536 + 38.832 - 14.832 - 60] = 0
n /
y"g
. _ 1 _ A ,Y
n(t, ) = T5pll08 + 62.75 + 9.25 + 60] 2
X /
t v
L 0 _ 1' _ _ _ ,
n(t,) = ragllo8 - 24 - 24 + 60] 1 _
|
' . - \
= L1 - + T ' !
nlg) =, Tgll44 - 38.832 + 14.832 | 01 = 1 . . /
i \ \
n(h.) = —-i-:[180+0+0—60] = -1
\ e} 120,
Therefore ' ‘ L -
r = = + + +2h + 2k, + t,  + \
H B _Eg Elg gg -g =lu —2u '
12 12-
N g, + b, (98) )
E. FACTOR GROUP ANALYSIS - \

Factor group procedures for solid K2B12H12 under ¢the

. . ‘
Tg symmetry ate Sutlined in Table VIII and the calculation is

guite straight forward because of the simplicity of the Ty

character table. A similar case is the factor group treatment




le4

N\

7

(:% for solid CszBle12 under the Oi symmetry which is shown in

is’ presented below.

1
4

Table XV. The calculation of the normal modes for the latter -

TABLE XXX: Examples of factor group calculations for CszBle}2
B

a S
Oh E 8C3 3C2 6C4 6C. i 886 30h 684 GGd
[Xj (N) ] 78 0 -2 0 -4 N 0 0 8 ~-2 6

[Xj (ni)] 66 0 2 -2 /2 ‘0 0 8 0 4

@7aken from Table XV, p. 147. / \
, / °

'

. /

/ i
!

’l. Calculation of Total Modes (N)

o =

n(glg) = Z§{78 -6 - 24 +24 - 12 + 36] = 2 ’

1
s

R ! _ e - = ‘ '
v nlay) = ggl78 - 6 + 24 + 24 + 12 - 36] 2
' i
%
-— - )
= _1 - - - - =
n(a; ) = 75078 - 6 - 24 - 24 + 12 - 36] 0

O

e T . e tdlhon 2 By
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12 m—

e o -

¢ -
% n(a, ) =
/

o
<D
!

nlty) =

n(Elu)‘ N

TN
e

3%178 -6 +24 - 24 - 12 + 36]

Z%[lSG - 12 + 42]

<

1
771156 - 12 - 48]

1
T3 (234 + 2 &

l N
4~8~[234 + 6

1
Z_B-[234 + 6 +

Br,

1.,
75234 + 6

24

24

24

24

]

]

- 24

- 24

+ 24

+ 24

25‘_211

4EZu

- 12

+ 12

+ 12

- 12

+ 4e

- 36]

+ 36]

+ 36]

+ 36]

+ 2e

2

(99)
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b 2. Calculation of Internal Modes (n;)

, _ 1 _ _
| n(ilg) = ggl66 +6 - 12 ~ 12 +
»
nla, ).= 1166 + 6+ 12 + 12 +
n(a; ) = Liee +6 - 12 - 12 -
3 —1lu’ 48
i '
9 a
nlay) = h66 + 6 + 12 + 12 -
o~ =2 48,
nle ) = 132 « 12 + 48] =
—g 48
nie ) = l[132 + 12 = 45] =
=1 Y-} *
/
L 1
f
I ‘
. 1 :
n(Elg) = E§[198 -6 - ¥ + 12
B | 1 ’
| nltyy) = 751198 - 6 + 12 - 12

24 + 24)

24 - 24]

24 - 24]

24 + 24}

- 24 - 24]

- 24 + 24]

i
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[}
wn

N

‘ R | e 1
O nlty,) = 75198 - 6 = 12 + 12 + 24 + 24]

Vs

]
o -

1 - -
n(ty,) = zF[198 - 6 + 12 - 12 + 24 - 24]

l—-«oh ' . .
() = 2_a_lg + 232g + 2221;1 :I- 49_9 + 2§_u‘+ 31_:_lg +

[

Gag * Sty * au , o0

-t

' / - 4 -
’ ' ' The calculation of the translational or rotational modes

a 1

is performed exactly as described above using the characters 3

of the reducible representations shown in Table XV (p.147). .

/’
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°AfPENDIX’II:' APPLICATION OF THE TELLER-REDLICH PRODUCT RULE |

¥ . o

Vibrational freq/uencies of isotopic molecules can
proviae additional inform;':ltion of use in assigning the varioqs )
internal modes. This has been formulated in the 'Ijeller—§édlich ‘

109

product rule which states that the product of the (w'/w)

values for all vibrations of a given symmet®y depends only on
.the masses of the atoms involved and the symmetry of the mole- N
cule, hut is indépendent of the potential constants. The rulga-

can be expressed by the general equation. .

]

1 i 1) i _ ;
ml/wl~w2/w2'w3yw3;--wf/wf = . ‘ (101)

'

(ml/mi)ao (mz/m;? B. ve (Mi/M) t- (I;/Ix) ix. (Ii/Iy) GY, (\'Ii-/l-z? 620. ,

*
.

£ o 2

°

e

where all quantities havring the superscr:iﬁt (i) refer to the.
\, isotopic molecule; Wy s “’é’ ..w g are the zero-order frequo;ncies/\?‘*
of the f genuine vibrations of the symmetry type considered;
ml; m,... are the masses of the atoms repre\senting various
sets of equivalent atoms (those atoms which are transformed
into one another by the symmetry opei'ations of the molecule) ;
oy B,... are the number of vibrations each set contributes to
the symmetry species considered; M is the total mass of the:

molecule; t is the number of translations included in the sy'm:-

metry species; I*, g’ Iz are the moments of ipertia nthrough

°

atbiag
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i . L S,

* larger isotopic shifts reflect greater amplitudes for the

this species. Both vibrations are genuine, i.e., there ate no

| - .

thecentre of mass-about the x, y, z axes; &, & ;8§ are

Y
1 or 0 depending on whether or not the rotation about the x,

e Kdiebirks -

- » [] '3 ‘ Qo" 13 .
Y, 2z axis is a non-—genuine vibration of the symmetry species

considered. | : v
¥ N ‘ M
/-0 Application of the product rule yields information

s

about which atoms are involved in a particular vibration since

vibrating atoms. In our calculationé,nobserved;fundamentalg

,(vi) are used instead of the zero-order frequencies (wi). This °
' A | . o
is usﬁally believed to introduce about a 4% error in the cal- x ‘

culationslog. ‘ s ' ’

Vo A =y .
. . ' \ 2_ ‘ .
A. CASE OF THE [Blelzl ION . . )

vy ‘
From group theoretical calculations’, we arrive at the

o

a

number of opticaliy—active normal modes for the anion, viz.,

\ ] - - , . - ]

Zgg(R) + 3Eiu(lr) + 4§g(R). All nine frequen§1e§ are observed
and the assignment to a_ and h_ modes are magde on the basis of:

, =g -g : : —_—
Raman polarization studies. There are two ‘sets of equivalent

atoms in this .anion, viz., . (le) and (Blz)' The isotopic

.sblftrcalculatlons are discussed in terms of égﬁ Elu and Eg
.symmetry species. L . ) )
4
1. a modes - ) pt
v =g ) -

]
»

. ’ I
There are two vibrations (vl‘and vz) that belong to

-
S

i a ‘ S
T
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rotational or translational modes: t=6x=6y=6z=0. The hydrogen

atom movements [the (H,,) set] contribute one vibratidh to .

this species: a=l, The boron atom moV%ments [tﬁe (312) set]
contribute the other vibration, i.e., B=l. Applying the

product rule, we obtain:

oi/v? (v ? = my/my - omp/my (102)
(lglo)zu». (718)21 = 'm./m " (103) ‘
2517 74%" My /My

| ) -—1 . °
0.58 x 0.93 = 0.53 (theor. 0.50) (104)

2. Elu modes

>

There are four-vibrat;ons of this symmé£ry species.
Three vibrations are gehuiné_(b3, Vg and vs) and one is a non- ‘
@enuing translation (t;l). There are no rotations, i.e.,
6,=6,=6,=0. The hydrogen,atoh méngénts contribute two
vibrations (o0=2), while the boron atom movements contribute

4

one vibration (B=1) after excluding a translational mode.

Wi ? eip? i = g2 e mg/mg) - oMb
: : L . (105)
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Wi ? wina? Ghmg? Givg)? = my/mp? (mg/m)? (108)
i .

1864,2  ,896,2  ,622.° 5422 2

(5375) (5320 (7724 (5_5) = (%) (109)

I 171 7

' 2 2 2 |
1882 932 .
(285) ‘me) (39 = () () PP (106)
v
0.57 x 0.76 x 0.68 = 0,30 (theor. 0.27) (107)

.3. h_ modes
- =g To%e%

! v
*

There are four normal vibrations, all of which are

genuine: t=6x=6y=62=0. Both the (Blz) and (le) sets ‘con-

tribute two vibrations each to this species (a=8=2).

0.28 (theor. 0.25)
(110)

0.57 x 0.88 x 0.65 x 0.87

o |

i-2
Vibrations having thevtg—-\ ratio square near unity

are due to movements of boron atoﬁs, e.g., vé, Vo ang Vg
- coi2 . ’ ‘
Vibrations having (%—) values aroung 0.5 are mainly attributed

to hydrogen atom movemeénts such as the Vir Vi and vsﬂfunda-
o i2 ) . ,
mentals. If the (%—0 values are intermediate between 0.5 and

PR s vy g . n oy Omy g ey ~ L Y .
K P ;A 0 R E e b a)s Y T T S
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1, the vibratiéns are then considered as~fhegresult of the
movements of both the boron and the hydrogen atoms (vide

supra, Table VII).

B. CASE OF THE K.B

2ByoHy, SALT

kN

-

The product rule is applied to this salt and its
deuterated analogue as discussed previously for the [Blzﬂlzlz-
2- L] L3 L3 )
and [B;2D12] ions. The only dlffersgce 15::hat the Eg mode
dat
ane g

of the free ion could be split into modes in the

e
—g »

spectra of the solids. Since we do not have any way of dif-

ferenfiating between the ég and Eg modes, their frequencies

are- combined and averaged prior to the application of the

Teller-Redlich rule. The calculations for the various species

are 'summarized below and the results are given,K in Table XII,

-

1. a_ modes
-

2008, | 7212 i (111)
2521, 77, T D M5
1 2
0.57 =x° 0.90 = 0.52 (theor. 0.50) (112)
2. Eu modes
1 \ .
z (1876,% 9282 | 5092 Mm? Tp Yep (113)
I G e .

PRy PN et e

oy




= “; 5

i' :‘l
> \
lx )
0.58 x 0.74 x 0.7 = 0.30 (theor. 0,27) T (114)

N

~J

3. + t_modes
29 " =g

N fl
» 3

Here the average of the eq * &g doublet is used in

the calculation.

2 2 2. 2 2 ; : '
1878 892 621, “~ 547 < My Mg~
6 7 8 9 S -

0.57 x 0.87 x 0.65 x 0.87 = 0.28 (theor. 0.25) (116)
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