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Mohamed Abdel-Fattah 

VIBRATIONAL SPECTRA OF SOME 

ICOSAHEDRAL DODECABORATE SALTS 

Cpem:i:stry 

This thesis is concerned chiefly with an analysis 

or the vibrational spectra of soli~icosàhedra\ dodecaborate 
o 

salts, M2[Bl2Xl2] ~M=K, Cs, Me4N and X=H, D, Cl, Br, I), and 

the double salt CS2 [Bl2Hl 2'CsCl. The spectra have been as­

signed on the basis of factor group analyses for the known 

crystal structures of th~ compounds. In addit~on, icosa- ~ 

hedral molecules, in chemistry are reviewed briefly, as are 
, 2-

the physiochemical properties of-the [Bl2H12 ] ion' and its 

perhalogenated derivat~ves. 
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RESUME 

M. SC. Mohamed Abdel-Fat~ah Ch1m~e 

\ ,,'-
SPECTRE~ VIBRATIONNEL~ DE QUELQUES SEns 

"' \ ) " .l:COSAHEDRIQUES DE DODECABORATES 

l," , 
, . 

Le' sujet de cette thèse se rattache prineipalement-

à 'analyse des spectre~ vibrationnels des sels cris~allins 
1 l 

dodécaborates ic~,ahédriques de structure, M~[Bl;H12]' 

(M K, cs, Me 4N; X-H, D, Cl, Br, 'I) Qet du double sel 

L'interprétation des spectres est en ac­

e rd av,ec les analyses des groupes facteurs ~e structures 
\ 

er,istallines \connues. En plus, les molécules ieosahédriques 

en chimie so~\ briéve~nt examinées~ d'ailleurs le~ proprié­

tées physiochi~ques de l'ion [B12H12 ]2- aussi bien que 

leurs derivés perhalogènes ont été rapportés'. : 
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" 'GENERAL INTRODUCTION 

The~~e of symmet~ in phemistry ana physics has 
_ Cl ' 

led to a' more thorough understanding of Many of the physio-
" 

chemical properties of Molecules. One particular area in 
, ' 

'which symmetry plays a vital role,is the prediction and 

ana1ysis of molecular spect;a, especially for molecu1es of 
t ~4~ 

high symme:try. 

The icosahedron or, as it ta forma1ly ca11ed, 

the double pyramidal.. ,pentagonal antipri$m~wn in 

Fi.g., 1. It i_s one of the five regu1ar po1yhedra conunon1y 

referred to:-~as the P1atonic solids1 • This geometry'is the 
2 -

w~y to pack 12 parti,cl.es around a point .• 
, ;-' 

Most effit:ient 
" , 

With 'the exception of a sphere, the icosahedron is the most 
1 

, symmetrical shape known. It consists of 20 equilateral 
-y 

triangular faces, 12 vert~çes ~d 30 edges, with every' five 
'-. 

, 1 
triangle having a common vertfx. ~ere are ten symmetry 

2' - 3 
,classes - E, 12CS ' 12CS ' 20C3 , 1SC2 , i,.12Sl0 , 12Sl0 , 20S6 , 

lS~ - givingein al1 i20 s~etry elements1 • These together 

~ consti tute.fthe Ih point group. Examp1es of each -of the ten 

symmetry'c1asses are ·indicated in Fig~ 2. 
, . 

1 

The icosanedron was first recognized as a structural 
/ 

unit i~ 1941 duri~g, the.x-ray analysis of boron c~rbide CB4C)3. 

Subsequently, this geometry has ~ee~ identified in numerous 

boron-rich compounds. There are four types of e1eme~tary 

boron, a11 of wh.ich' contain icosahedral ,B12~ upi t'a. In the, 

) 
f , .. • } 

1 
1 

1 

·r, ' "\ . 
."\~;~ ., .... 1 ~, \ , ' '/ ' , , '.1 , 

'-- -~-'---

. , 

1 
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relatively ,simple ~-rhombohedral4 ,and ~-tetragonal formsS, 

the B112 icosahedra are ,joined together to give cross-linked 

sheet-like frainework~6 ,. In the more complex p01ymeriè 

e-tetragonal7 and $-rhombohe(~al8 f~rms, and in compounds 

based o~ th8f: n8~works. th~ Jtructures ~re derived from 

giant icosahedra1 units such as B84 or B1S6 ,which are 

«composites lOf many icosahedra. The B156 unit is ge'nerated 

when twe1ve B12 ifoSahedra are bonded to a central 1cosa­

hedron. When the centra1.ico~dr~n is.ra4ia11Y~ded to 

twelve pentagonal pyramids,' i.e., twe1ve half~icosahedra, 

the B84 unit ls produced. Both the B84 and th~ BqS6 units 

possess 

4 

full icosahedra1 symmetry (~g. 3). 

Many boranes can be consi ered as fragments of 1 
,---1 

1 • 

atom, 

d they are dëscribed as nido (nest-li or 

er-web~like) depend1ng on their s~ Boranes 

ugh boron is particular1y prone to form 

ing icosahedral arrangements, the geometry 1s 

othis e1ement., There are many examples . 
oy~, metal complexes and even viruses with 

Some examples are described below. 

symmetry has been found te arise from 

atoms, a~tache~ to a central heavy 

(N03)i~' where the ceri~ atoms~re sur-

~~-- -----

! 

1 

\ 
\ 

\ 

j 



. , 
'f'" v 

........... 140 • 

.. \ :~' 

~a 
1 

\ 

\ 
\ 
\ 

\ 

'e 

\ .. 

o 

\ 
\ , 

) 

., 

\ 
\ . 

,\ , .. 
\/ , \ , \ l \ 

CD " 1 \ 
l ' 

1 \ , , J". ... _~_ 

'\ 
l ' 

. . 
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\(1) Q-rhombohed~al baron 

(2) .B-rhombohedral boron\ 
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rounded by cages of 12 oxygen atoms lO • A simi1ar situation 

occurs in Ba(N03)6' La2 (S04)3· 9H20 , Mg(H20)6eTh(N03)6·2H20 ~ 

Il and Ba(Cl04)2e3H20 • In the latter, the 12 oxygen atoms 
, 

forming the cage are drawn from the two perchlorate groups ' 

as weIl -as from six water molecules 12 • In the case of 

BaSiF6 and BaGeF6 , the icosahedral cage is formed by the 

fluor~ne atoms of ~ight 'neighbouring hexafluorometallate(II~ 
13 . ions • In Zr(BH4)4 and possib1y the analogous compounds 1 

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

of 12 hydr~qen atoms14 • 
r 

Amonq the Many viruses that apparent1y crystal1ize 

in icosahedral arrangements is the polio viruslS • The high 

symmetry may play an important role in the biochemical 

action of these viruses. 

The on1y disc~te monomeric mole cules possessing 
\- - .- 2- 16 

Ih symmetry are 'the [B12X12] ions, where X-H, Cl, Br, l 

Table l summarizes the known examples of Molecules 

adoptinq icosahedral geometry. The structural information ", 
• , 

qiven is based on a comparison with the prototype structures 

of elementary boron. 
, 

This thesis is concerned particularly with the 

study of the vibrational spectra of the [BI2XI2]2- 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. 

1 
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FIGURE 4: Examples of icosahedral structures 

(a) Closo structures 

(b) ~ structures 

(c) Arachno structures 

(d) Miscellaneous structures 
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There are four chapters and two appendices in the 

thesis • ,In Chapter' l, there'-~s / a general review of the 
2:" .' ' 

chemistry of [B12H12] , and the related ~alogenated deriva-

t:ives. This review de'als principally with tb-e syn1=hesis, 

,physiochemical properties and uses of these compounds. 

Chapter II describes the experimental procedure$ used in 
, 

the present work. The results are presentëd and discussed 
1 

in Chapter I~I. ,In Chapter IV, there· is a conclusion and 

some suggestions for future study. Finally, Appendix 1 , 

summarizes the group theoretical treatment for icosahedral 
o 2 

species of the type [B12X12] -, while Appendix II deals with 
\ 

the isotop~c substitution study. 

, 

. 
J 

._"' -:" 1 

.... 
'. " 

... 

1 

1 

, ' 



.. 
'," ,\ 

;"1 
:.". , ,/ 

f'''' ~nt $ ? .as 
WQ.J.I C:01qlOU41 lIaYiIl' 111011IIIIdral ...... t~ 

9 
cl... ot OOIIfOlIIIdl Ch_lad tol'llllla Itriatur. rco.alledrl1 UlllU , 1 ..,. type 

11_~cy 101:0111 , 
G s-lI\l:a.iIlon-û.l \11..- œ-III lU .. 

'-~ah4ra1, ' .. III '1 .. 11.'110· 1 1 i 
a-TltrafOllll II-Tat 4'11.21. a. S,, 

'-T~tnfOl\ll '~-Tlt '.141 7 
1 .. ' 

"""'~-.,.. 
1 

0-111\ 'lUI or 
'
I llc i '.11 . 10_ C&Üt.de. ·CC' ·UC, 

\ 'uCa a-,- tlul, 11 
, .. 1 

'lll, (IUUI, ·lOUal 1.t Ionll '!llaLeSa. (110 .S"1 •S) 112 ca-III\ , ' 

\ 
.,' 

loron Slollplll~ .. ~U~ 
,,- o-Ilb '.121.' ,,",, zo 

k_'~~' 
• 

lU" lU'· ca-II!. 'IU I • SI 

'. 

·u'a a-III 2 'In' .. 2P U 

Ioroa '~_1de. l,0 •• uoz a-Tat ~"l~J ~ 21 :12 

1 112010 
1 

'[ . ' 
10I0Il Ac 11I1dae ·lzMz ca-III CIUI+ 2Aa 2l 

- Meul. 10 ldel. , " 

Alva1Aua 1oU10 ' U':UC., U·z.C. ca-Tat • '.12 1 .. ZAl +4C1ê Z.,35 
," IoUn '-111 ' ... Ia

• 2110 • 1 (Al) 2. 
lI&9Mllwaa " 

... ·u 1-. {I .. l 2 
.. ~111_ 

"'12' .. ( •• I ZC ' CI-Tat,.. 4'.12'. z .. n .... I-Tet '1 •• ) 21 , 
lIJ.ckal lIl1au CI-Tat • c.lil" ZNl 21 
'rlll\ul_ 

T"Z' a-Tat C('la'. ~a 2S 
Ytt:dual! • n,o ~b 

30 a-Rh (.1511 .. 4110 .. 21 
LuatIwUl!all! l0iii'0' lLll-So, 'lb, on., ••• 1-111\ 'llS.lb II 

LIlI100 , LnooG4. Yb .... a-III\ '11ul 32 " 

~ 

~olyfte4z.1 IO~&A.' 
l ' ·5·~1 Araallno- II 

t !Io~n HydrleSal) " 'l,RU !!!!!- '4 
.,Bu kac:hao- 35 

.10114 ~-
oa .. lI11Zlleol&h14rl ,. 

2- !!!!!- . 37 '·UI U 1 
,,-

(IUI 14I - ~- 37 
, 2-

Ollante -111,1, t·U l li 'IUIUJ 
zoo 

X<l, .r, r Dhc:n~, (1121. [Xul 31 [·12~z) , 

'11122 Pued~ 2[1 121 - 40 

·20
B1' J'Iu .. - 2tau l 4J. , ,-

Coupll4' ~ ClzclUI Z'IU I ta 
, ~' 

1 
ClrbarMl.· aJ\4 'lOCa\lU 11IIple<J [Ca.·lOJ , 'lui Cl - lIIOC.=Q~an.1 , 

'l.Oe2~2· 1<1. ar, t Siapl.9 [C~11OI. (lCÙl cc 
·10110Cl 1 Z 'Lapl.9 tCzllol, [IUJ '" 

S1IIp119 11OX1OCZIZ CCa' lOl, rlZX10J U 
(·uClnf " \ ,1IIp1li' ,c.ll l, [luI 4. 

1 ,- t ~-

1 ; 
'ftlLoboua.a I 11Bl1' ~ 4e~Ly.t1yel "iapl~ (DU) C7 . ~. 1 

" •• ,., 'U·10·ph 
\ 

I! 



! 
Il 

1 

j' 
1 

;:; i t j'il' 

, " -,1 

... 
Cl... 01 ~. 

Vi.ns., 

" ' 
:' ,:!;~ l', ~ 
1., .'" ',l, 

1 

::a 
CIIetieal toralil. 

MII,lllCa, x.co, r •• IL 

"'llo'llC'a' ".co, ML 
• a+ 2+ 

MI.claU ' KeGIt , III , 

~~ •• , •• ~ L,2+ 

D. 

Ml'lO"lO'I' M-Co, .. , 
111. ~, .. 

La(IO.'J·'·ZO 
, f!'CIO.,.I .. 

_'IZO'" .ftlllO~', 'Z.aO 
CoZ"'J(M03'lZ·14IaO 

.. (1103'1 

•• IClO.'a 3al " 

"'11', 
.?o." 

'l'UlLUoa ,1l.aMAta of 

. av. n/Ol. U 

'~ ~, 
.. ' 

1111,1. 

'illpl. . , 
.. ...,1. 
I~l, 

lu.ol. 

ltapl. 

Stapl • 

Stapl, 

SÛlpla 

..... 1.1 

.,-or~,tocI COIIplaa 

~l"' ~1tO. CI'. V H'-Al, iL COIIIplax 

•• ,-. CAlMoU " CSLCCUI 

-, 

COIIpl. •• 

", •• 12 n41al alu "+ _"al' (.uJ • ?(lu' 

, ," 

too .. uckal \lllJ,tl ( 1 

[I,CI"1 

(tlOCltI 

'I,Caltl 

"(°u' 
X(012' 

!!l[Ou l 

Ce [Ou] 

k'OU1 

10(°131 

k['U1 

k'·121 

'!lUI 

l''lil 

IX' [~21 

,,-ta cdL.1 [lUi + .atcû tlu l.'13l1u l 1 t ' 
\~dda. of MI, .a aM Li "boII14 "-.. ,tn~tu., ~~1:1' ~ that of al~_ 1Io~14a,1. 

41,'-

50, 

h,u 

n,n 

14,SI 

U 

57 

SI 

10 

St 

12 -

,lS 

~ ItNct1UO' of th4t? bomll-I'L$ -;;1~.1 a_ tG !MI 'atI1lULaM br th& \)NMllce of a _n 
Il ... 1' ot u.WY ,toM. , . " . , . . ' 

'flle ~ .l.COlall.4&'. ÀU. , ~ ... , •• 01' t.ce. 

'flle ~'l00a-aMlSn U. '~\Md br II' .~'~~1.b~4. 
'Sla,t •• t:u~tu=., &l'. th ... co.,. ... of iIolltad L~,&h,4:1 Il oppo •• d'ta tl\o coa,l •• 

aUIICtllr .. oC .1aCIIIllt'CY IIocolI 01' =-Jl •• &1.10)'1. 
• 1 

h.rllo -tIr ata 1, c.IIUI1:'y lo~&t.d Oftl' tlI. pjll!.I:a;OD&l 'IC. 05 toit. anLOII thlla c:10'1:I9 
cil. ca,1 n~ctlll'.. lUt.ltOlit tIIo _tal. tII ••• MLoli1 ra,!jfKu1 -) ttc: .. Il._ :;UIIL-
LcolûalSrlll QI th. nLdo typa. - . 

-," ' "-.. 
L:n th ••• n~tll&'''. th. J.co,~" 11 fontcl.al'Olllld , ClftUol !)eavy _t&! atoll. 

j~ Lco.&he4roa LI one of tbI fOQr ooor~&~oo polybe4rl Q~J.~la.~ 1n ~ QQ';1. •• &1107.yat ... '0. 
1 

, " '-

10 

1 



,. 

J 

, - , 
, ) " , 

. 
). ' .. ,1 
" , 

" 

'II ~., 

,', ,',1 ri 
• l ,> f l, ,~, ~. 

f 11 

, , 

• 
REVIEW OF THE CHEMISTRY OP THE DODECA-

, , 2-
HYDRODODECABORATE ION, [B12812] 

• 2-
As mentioned +n the I~troduotion, [B12H12] ia 

one of 'the few known. examples of spe~ies po~sess~ng d~screte 

icosahedral aymmetry. The fol~owfng review,is focus~e~ 
, 

chiefly on the chemical and phyaical properties of this ion 
" 

and ia considered to be complete up to 'June 1976. \ 

A. SYNTHESIS 

In 1'60, Pitochel,li and lfawthorne6~ reported. the ' 
." 

formation of [Et;3~],2B12~12 as a ~or produot in the reaction ' 

O,f, 2-~OdOdlcaboran~-14 wl1;h triethylam~ne in benzene •. Th,ee 

years later, aev~ral Fesearch groups independent1y,discov-
o , , , • 1 3 

'ered, ~6utes to [B'12H12] 2-.. For instance, Mi~ler et !?;6 
2 ' 

obtained a very high yie1,d (79%) of [B12H12 ] - sa1ts ,from 
\, ' 

the re~ction of ,diborane (B2H6) with either {BH4]- 9f amine-

bO,rane complexes, at ~igh 'tem~ratutres and under· prefsure / 

(Eqs. l, 2) '. 'J 

(1) 

(2) 

64 2":' In their invest~gat~on, Ellis !i !!. produced [B12B12) in 

1'" 

, " , ' , 

.""r 

'" 
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.... ~ t! ) "1 ' 
t , "! 1 "l'·· 

, 
1 

'12 

{ 651 yield by refluxing 8286 and NaBB4 in e~ereal solution 

at 180-2000~ for 16 hr. 'Fina11y, Greenwood and'Moriie6S 

reacted decaborane-l4 with triethylamine-borane under reflux 

in an evacuated vessel; [812B12]2- was-obtained in 76' yield 
o 

as the t.riethylamlnoniUni salt. 
- ..... ,,, \ 

In 1970, 8arzdarf !l ~.66 reported an un~sual 

synthesis for Na2[812H12] fram a1umintim (or silicon) powde~, . . , 
dehydrat.ed borax and meta~lic sodium heated at 620 0 for ,2 ,hr . 

under 3 atmospheres hydtogen pressur~ • 
. \' . ' 

Miller' et al. 67 have now used severa1 different, --
'boron hydrides and various Lewis bases and by isolating th~ 

intermediaœs they have estab1ished a', genera! ~quation for 
, 

the reactions (~q. 3): 

(3) 

2- ' ' They have a1so obtained [812812] from the'ther.mal dispro-
.\ ..... 

,portionation of the triborohydride ion (Eq. 4): 
• 1 

, l "; 

, " 

(4) 

Green~ood and Mbrri~6S ,have Suggested that conver­

sion o~ decaborane-14 ~to [B12812]2- May o~~~~' fi~st by 
, . 

disso'ciation of the ~riethy1~e'-borane complex, followeâ by 
, . 

slow formAtion ~f ,th~ trie~yi~e addupt' of'decaboràne:and . . , . 
finally.~apid el~ctrophi1ic attack on this mo~ecule by two 

\ ~ ~ '., ~,'ti ' ',' ~ ~ 

.. , 

, , 
c, 

, . 
, ' 

j b 

" 

}' ~ 

) 
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• ~.. l' 
1 

. ", 

BHJ .qroups (Eqs. 5-8): 

Base + ~B2H6 ----=-. - Base 
1 

1 

\ ' 
2Et3N + B10Hi4 ~' (Et3N) 2Bl.0~12 ... +: H

r 
' 

2BH3 + (Et3N) 2B10H12' .~ (!'=t3NH) 2B1~~12 + 2H2 

(7) 

. 
(8) 

. , 

Miller et' al. 67 have' shawn that the base-bor~e/ 
.. ' \ -- ~. ~ 

reajCtions ap~ar to be governed by the strength of the base. 
1 

strong bases suCh as amines qive primarily ammonium salta -of . . '"' 
[B12H12] 2- J weaker Îfaies sueh as' PhÔ~Pbines ; .. ··su1ph1'des and 

arsines a~ford [H~B (Base) 2]+ [B12Hll (Base)] - as the ~jo:t ,. 

produet t~gether with varied . amounts of [B12H10 ~Base) 2]'. -

Anoiher tmportant e~t~11inq factor in tbese ~e~etions~is 
1 

the degree of sterie hinderanee around the donor -atome 'In 

this 'conte~xt, th~ hindered EtJN ,mole~ul~ ~ffords [B12H12]2-

as the ll\éljor produ~t, whereis less hindered amines produce ' 
+ _ '2_ 

[H2B(NRJ)2] 'and [B12Hll(NRJ)] as weIl as [812&12] • 

Adamset a1.168 h~ve in;restigated the reaetions _of 
. Il 

decaborané-14 and [B84]-' in ethelt~a1 solutions. They'proposed 
, " 1 1 

, the ,fo1~owing"s~pwise mec~anism for the ~eaction sinee ~ey 
. ' 

were able' to isolate the ~,termediates\ (Ëqs., .9-'l,?-): ' 
1 1 l '\' ~ 

• r') 

~,. , 

. ~; . 
l ' 

" , . - , , -, , 1 

. " 
~ '... ' 

:.' ;; . 
- \' ',! , 

1 

\ 
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(9) 

"~ (10) 

~, 
[~11H14f~ + [BH41 _1.-6_0_° ... [B12Hl2] ~-- + 3H2 111) ", 

l' 

rese~rch group 67 h'eaded by Muet ~rti S 

has ed the sQops from [BR4) to [B2R7)- to [~3R8)-~~ 
, They.qen~a11 zed that the reaction involves chiefly attack 

1 
of the strong y electropHilic boron hydride on a nucleophilic 

7 \ 

specie~ such ~ the hydride or b~rOhYdride ions, Subse, que\tlY 

buildin, the cosahedral boron structure. \ 

B. ROPERTIES 

1 ./ 

1. General 

Salts of [B12Hl2]2- are usua~ly high me1ting, 
2+ '3+ 1ess crystalline solids. Hewever, the Ni , 1 Eu s~l ts and 

1 \ 

those containinq ammonia or water, e.g., [ML6]2B12H12,~ 

-, 69 
(M~Co, 'Cr, Ni; L=N8

3
, 8 2P), are co1oured • When the cation 

is small (e.g., Na+, ca2+), the salts are water polub1eJ 

qJLev~r when it is large (e.g., cs+, Tl+, R3~+' R4Nt ), 

salts are insOluble69 • Overa11, the salts are thermally 
" -

, 
the 

stab1~, eve~ at very'hi~h temperatures. For ex~ple, CS2{B12H12] 

~an be heated te 600° in air without any apparent,decompositionJ 
l, ,1 

" 1 

it is also unchanqed when heated in a sealed quartz tube at 810°2.-
1$ 

/ 
1 

, \ 
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1
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Thé lB12H12]2- oaqe i8 s&onqlY res1stant to oxi-
>oJ • -"\ + 

Polaroqraphie studies on thè,Na salt show a very 
\ 
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hiqh oxidation potential, the' half-wave pO,tential (E~) ia 

qreater than .+l.~ v69 • potaS.,sium permanganate at 80° oxi­

dizea the dO_~CabOrate ~on vi~ [B12HllOH] 2 .. and [B12~10 (OH) 12] 2-

ta borie acid70 ,7l and this reaetion is recommended as a 
/ 

titration method for the ion66 • 
1 \ "2-

The [B12B121 . ion has exceptional stabilit~ toward 

CI\"i.".,"'I::J\ or bases2 • For inlftnce, nei ther 3N HCl nor 3N NaOB 

for 16 hr has any observable effeet. Furtber con-

of the extraordinary kinetic stability of these ions 
-' + 

fram the fact that the h!d~onium ion (830) salt, 
2-

~~~~u~:'" by passing solutions of [B12812] salts on a 

when 

acidic ion~xchanqe resin, is a stronqer acid than 

All 12 hydroqen atoms are replaced by deuterium 

812]2- is treated with D20 in an acid medium (DC1). .. 
The t6xi~ty o~ dodecahydrododecaborate salts,is 

é!llmostl1 comparabl.e to that of NaC1. Na2B12B12 

.' 

s h~s no'appare~t)effect_on hamana and ia ex­

un~;në:mg'ea in the urine95 • The letha1 dose of Na2 [B12H12 ) 

"fo~rat.s ls more than, 7.5' c;/Kg of bod~ weight 69. The low 
'.. , . \ r.. ,. 

~ <l :., J! • 

toxicity must be attributable,to the qreat ~abili~y of the 

anion ainee boron hydrides usually have a high toxicity , 
level,71. 

l' 
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2. 
2-Crystal Structures of [B12H12 ] Salts 

The icosahedron is a non-crystalloqraphic point 

group since it has more symmetry elements than can be used 
, 

in the crystal lattice. Also, the five-fold rotation axis 

ia forbiddeh in cryatal syJllD8try. Other aymmetry el~nts 

16 

of the icosahèdron may be chosen to build the crystal lat­

tice. Depending oh which symmetry elements are in use, the 

resulting crystal system could be cubic, orthorhombic, trigonal, 
1 

mo~oclin~c or any-of their aubgroups. 

Potassi~ 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 A72 This 

sp~ce qroup contains the followi~q symmetry sites: ~1(96), 

C.(48), C2 (48), C3(32), C2v (24) , C2h (24) , T(S}, 2Th (4). The 

R+ ions occupy the T(8) sites havi~q the coordinates (~,~,~) 

and are located in the tetrahedral holes between four adjacent 

icosahedra (Fig. 5). The hydroqen and boron atans are in the 

.ite group ~$(48) vith different coordinates. 

The X-ray diffraction study72 ruled out the closely 

re1ated cubo-octahed:r:on because of the absence of a .four-fold 

rot~ion axis. At the SaDIe time, it confirmed the icosahedr~1 
2-stX'\1et of the [B12B12] anion. The B12 iC()sah~dron is 

slightly distorted-since there are tvo types of B-B bOnd . 
o 

1engths, 1.780 and 1.755 A. This distortion i. attributed to 
. '+ . 

starie interaction between the K ion and the-24 hydrogens of 
• the encircling icosahadron. The B-B bond lenqth (1.07 A) is 

/ 
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FIGURE 5: The unit cell of X2B12H12. Icoaahedra at level 
zero are indicated by 1ighter linea. Tho.e in 
heavier lin •• are at l.vel 1/2. The x+ ions (~) 
are at levela 1/4 and.3/4. 
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• horter than that found in mo.t baron hydrid •• (~1.2l A) • 

Tlw 1(+ - H di.tance i. 2.29 A. 
", 

X-ray diffraction ha. a1.0 been u.ad to determine 

the .tructure Gf other cSocSecaborat:e .alt •• + + The c. and Rb 

.alt. cry.talli._ in the cublc system .s hexaoctahedra73 • 

The unit cell.' contain four molecule. and ara face-centerad 

5 • in the .pace group Fm3m (Oh) vith cell .dg •• , a-ll.28 and 

10.85 A for the C.+ and Rb+, re.pectively. The double .aIt 

cS2B12H12 • C.ot crystallizea in the space group pnmaCo2h 16) 

of the orthorhombic cla •• 73 • The unit cell contain. four 

molecule. vith the ico.ahedra occupy1ng othe c •• yanetry 

.ite •• The edge 1engtb. of th. unit cell are a-14.27, 
\ • b-9.85 and c-10.36 A. 

3. Bonding and Eleetronic Structure 

'l1le 12 boron' at~ n •• d.d to fOnll the ico.ahadron 

po.aeas 48 at.omic orbital.. Lon9Uft-Higgina and Roberta:,S ., 
• 

·Whil~ thi. th •• i. ~a. being prepared for publication, th. 
+ + .eme worker. repor~ a nev X-ray analy.ta of ca and Rb 

.alt.74 • In th1. vork th.y found lhat the.e .alta are 
... l 1.o.tructurat vlt.la ~ Je .alt, via., "~(Tb ) •. While thi. 

ch&nCJ8 dot. not .ffect Jt.he nuaber of optlc.lly .... ctl va banda 

expèctad, lt·4oe. play a role ln tha actlvlty of the a.­

.oelatea lattice IIOdes an4 al.o ch-.ng •• the .~try label. , 
of .on. .peeie. (vide infra, Chapter Ill). --...... -

18 
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, 

subdivided theae orbitaIs according to their spacial o~i-

entations, viz., 
.. 

(a) 'l'Welve 2s orbitals vith their maximum amplitudes 

lying outaide the icosahe4ron. 

(b) ~elve 2p orbitals oriented in such a ~ay that 

their axea paaa through the centre of thé cage. These 

are called "radial orbitaIs". 

Cc) 'l'Wenty-four 2p orbitals having their maximum 

extension in the pseudospQerical surface of the cage. 

Theae are called ·surface or tangential orbitaIs". 

19 

The 2. and 2p radial orbitaIs have their maximum 

amplitudes in the S4me direction. Therefore, they can combine 

to give two aeta of ap hybrid orbitals at 180 0 to each other. 

The.e orbital. are deacribed as ·radial" or "external" dep-

ending on ,whether they point invard toward the centre of, or 

outward from the icosahedron. The external orbitaIs easily 

overlap with the ls orbitaIs of hydrogen atoms to form 12 

equivalent covalent B-H bonds at the vertices of the icosa-

hedron. The 24 electrona required to fill the external 

orbitaIs are supplied equally by the hydrogen and boron atoms. 

The twelve sp radial orbitaIs, together with the 

24 tanqential orbitaIs, constitute the ·internal orbitaIs· of 

2-the (8128 12 ) lcosahedron. The.e 36 internaI orbità1s are 

convantionally aubdivided into "bonding" and "antibonding· 

orbitals. On the basis of molecular orbital calculations, 
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FIGURE 6: Relative-ener~ levels of the 13 bonding and . 
23 antibonding mo1ecu1ar orbitaIs of the 

- 2-
icosah~dral [B12H12] ion. 
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, . .. 
13 bondi~g orbitaIs are necessary in order to have a closed-

1 

/shéll electronic configuration. Twenty-four elèctrons, out 
! . 

of the 26 required to fill these orbitals, come from the 
1 

skeletal boron ,atoms, while the extra pair of electrons has 

fo'~e supplied by an external catiçn. For this reason, the 

neutral'Bl2Hl2 whfch will provide,OnlY 24 electrons, w~ 

eliminated as a stable ground-state species. The remaining 
i' \ 

23 orbitals are antibonding orbitaIs. They are vacant aince 

they are energetically unfavourable. 
! -~" In the molecular orbital treatment of Longuet-

~ 
21 

Higgins and' Roberts75 , thé atomic orbitaIs were combined to 

form the symmetry orbitals'that belong to the sarne irreducible .. 
\ 

representation ~f the lh point group. Usinq these symmetry 
( 

orbitals, the energy parameters of the molecular orbitaIs 

were calculated and th~ordering of the orbitaIs was es-
, ' 

tab"lished. The resulting molecular orbital diagram for the' 
\ 

dodecahydrododecaborate anion ia shown in Fig. 6. 

d ' '[ ] 2... b l' d Although the bon ~ng ~n, B12H12 can le exp a~ne 

in.terms three-centre bonds, it is impossible to find a single 

canonical structure that fully describes the anion., The 

. structure is better considered as a composite of many reso-

nance forros, each containing 10 th~ee-centre BBB bonds and 3 

covalent B-B bonds. Lipscomb38 has establisled rules to 
1 

\ limit\the number ~f these resonance structures, [B12H12 ]2-
? f 14 

iS,best described by 70 such resonance structures The 
. t 

résult of this large number of resonance structures is the 

~J 

Î 
\ 
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. 
complete delocalization of electrons over the entire cage. , 

Therefore, the resonance 9tabilizatio~ energy, if considered 

to be at a maximum and the Bl2 cage la comparable to aromatic 

systems70 • ' In fact,: Muetterti'es has described these-çompounds 
'77 \' 2-

as superaromatic MoreoverJ the volume of the.[Bi2~121 

cage is said ~o be of the sarne orqer of magnitude as that 

produc?d by a benzene ~o~ec~e spinning around i~s two-fol~ 

rotation axis16 • This thre~ïdimensional aromaticity results 

in unusually large diamagn~tic susceptibility and polariz­

ability79 Al~o, it is respo~sible for the uniq~e stability 

of these boron compounds mentioned ea~lier. 

4. Spectroscopie properties 
1 

a! Electronic spectra 

1. 
The electronic structure of the dodecaborate(2-) ion 

had been predicted prior to its synthesis75 • Data are now 
- 8 

available 0 lfor bond orders, iopization P?tentials, charge 

distribution, orbital energies, etc. ~he epergy diff~rence 

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 visible or the uv regiol1 down to' 20Q nm 

~here a strong end-absorption appears. On the other hand, 

the closely-related perhalogen derivatives [B12X12 ]2-

) . . ' 1· 81 (X=Cl, Br, ~ do exh1b1t uv absorption bands as shown in 

Table ".II: 

, 0 

! 

1 • 'r 

/ 
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TABLE II: 1 UV absorpt~ons 
\ 

for [Bi2X12] 
2- ions 

~ 

0 

& xl' m01e-1Cfll-1 Anion Cation Solvent Àma~(nm) ma 

[Bl2Cll2 ] 2- [ke
4

N] +, MeCn 243 110 

,[Bl2Br12] 2- -Cs +' ~, H20 260 100 

, 2-
[Bl2~l2] ." 

+ Na, H20 '267" 4600 , 
i • 

b. ~uclear rna2netic reson~nce sJ2ectra. 
l , 

A powerfu1 too! in the study of'the structures of 

boron hydr~,d:s and thei~ substituted pro.ducts 'fs, nrnr spectro­

scopy. Two di~tinct types of nmr are appl;ed to these 

.. ' cornpound~, viz., lH and 11B nm~. The Latter is of morefse ~ 
in the study of this c1ass of compounds, sinee it gives less 

\ . 
cornp1ic~ted spectra and at the s~e tirne differentiates 

l~ between the boron atorns • 

j" 
i. 1H nmr spectra 

\ , " 

Spin co~p1:i.ng 0t, c~valen~' bonded hydrogen (I=:) 

and 11B (I=3/2) will produce four different orientations. 
1 - . 

1'herefore,' for every hydrogen, th'e'l;e sho'U:1d be four equa11y 

spaced, ·equa1ly intens~ bands. - Sinee ail the hyd.ogens \;'a~e , 
équivalent in the IB12Hr2)2- iOOSahedrOn,~e h~drogen:peaks 
will be superimposei and the only, feature ~r-the,spectra 

1 r 

1 , 1 '. 

" , 

~ 
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FIGURE 7: lH nmr spectrum ,of K2B-l2Hl2 (in H20) • 
(A)' t~eor~tical spectrum.· (B) aetùal spectrum. 
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(C) lafter irradiation with B resonanee 
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l' 

~ should be tnese four bands (Fig. 7). If the spectra a;e 

observed while irrad~ating w1th the resonance fre~ency of' 

25, 

t' 

lla, the boron atoms will be decoupled from the hydrogens 'and 
~ 

the nmr spectrum sbould consist of a singlet. Theoretically, 
1 

spin-coupling,of 10B_lH nuclei should afford seven bands, but 

these will be of low intensity owing to the relat1vely low 
1 

natural abund~nce of lOB and ean be ignored. ,(c.f. Table III). 
, -

The reported lH nmr speetrum69 of [Bl~H12]2- exhibits 

no Ishar~ lines but rather a broad plateau about 400 Hz wide, 

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

sinee the IlB_IH ooupling constant is ~130'Hz. Upon ir­

radiation wi.th the 111!S ~esonance frequency, this multiplet 

\ collapses to a sharp line at -2.0 ppm relative to tetr~-

methylsilane (TMS). 

_. 
1 

ii. IlB nmr speotra -Spin~spin coupling of the IlB and IH n~clei afford~ 
two possibte orientations (ms=!,-i>. Thusi' ~ lIB resonance 

should spl~t into a do~let. The llB nmr spectra of the 
, ,; , 69 

dodecahydrododecabprate icn does exhibit a siQgle doublet , 
-

thus confirminq the equivalence of the 12 boron atoms of 

the cage (F'ig. 8). Moreover,' th~,S equivalenee could only 

oocur in an icosahedron br a cube~octahedron. The nmrl . 
, technique does not d!stinguish between the two structures. 

1 

Muetterties et al. 69 have improved the nmr spectral 
, '" -- 1 1 

62 1 2-
data reported earl~er for the [~l2H12]' ,ion. They 

1 

. 
'. 

k 
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FIGURE 8: llB nmr spectrum of .K2Bi2H12 (in H20) before (~) and 
after (B) irradiat~on with proton r~sonance frequency .. -
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Isotope 

lB 

lOB 

Ils 

", 

. , / 

Natura1 
abundance 

99.98% 

18.83% 

81.17% 

'-

l' 

~, 

~ .... _ ......... _,,_~_~ .. ~~ ....... ::as;: ......-......-."', .. _3W$"t'""r=~-..... ~ .. ,,,.--,. .-~ = ........ 'Ë "*"",,,,_:0 _ _ " 
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TABLE III: Sp1itting due to B-H spin coup1ing 

Nu~lear 
spin (1) 

~ 

, j 
/ 

,3 

3/2 

.. 

1 \' 

Orientations (m) 

'.1, -1 

, 3, 2, l, 0, -1, -2, -3 
.; 

\ ' 

3/2, i, -i, -3/2 

... 

-/ 

o 

Number of 
lines 

2 

7 

4 

-------

... 

...-

Relative 
intensity (H=l) .. 

:...1' 

1 

0.020 

0.1.65 

---. 

0-

:~ 

l\,) 
..... 

, 

", 

,. 

~;: - ~ 

,', 
• '-10 

.... :~~' 

~ ... ~ .. 
" ~ 

:-~ 

- ' 
, '-... -~ -

:-.:2'" 
... -',-
..c - .• ,; 
- --~ '" 
-~~:~ 
."40 t .. ; 

!.= 

_ ... ~ 

.', 
~. 

i' 
..... --1'. 

:i 
t~T-; 

~ l'~-- .. 

j~L' 
r - ~ • ~ .!.: -

~ ':. "'.'lI! ~ 
- - -1. 

~ -~--
- ... ~'-.,L. _ 

-_1: ." 

_, RTl? ra ,. y ~ -. )"J .rr1 b lirnnl7msr ur;' ".1'11 un _ srrS'$Z 1';;:'iT:' , .1 ... .....-... \.-



/ 

, .,;; :1, ,1 ,1 '. ' 
~. r ~t ' l ", l , ~'f 

'\! ri " ! ri 1 : ... /)",'1"11' '.: t~'~'"~''''' A~·'\~-:·t.\~", .... ".'~'" ,." 'JI''',;~'!:I'r,1~~ ,:J/, 1"1 

--... - .. ----~ •• _4~...:! '-~~' ....;.....; .. ..;.' ..... , ';...,,'-.;.' .:.'_~-.... , ~! ....; ______ ...i.i_-:..:..:....:..:. '_ .:,1 ..... 

) 

. ' 

• 

~ 
1 
Î 
~ 

l 
!' 

l 

\ 
1 

• :; 1 

indica~d the chemica1 shift as + 3S ppm and the 11B~lH 
1 
'1 

couplin~ constant as 130 HZ1 methyl bo~ate (TMB) was used as 
'1 . 

a refere~ce. The lIa_lIa spin intera~tion is weak,an4 can 
} 1 1 

be- ign~r;d. The same can be said about the 10a .?a spin-spin 
!, \ 2 

cou,p1ing. Th~ doublet' obtain:ed in the\spectra of [B12H12~ -

can be reduced.to a singlet upon irradi~1ion at 60 M Hz t~ 
! Il '\ 

dêcouple the protons. The B nmr spectra of the rhalogen 
~ , 

2,8 

de~ivati~B consist of one, relatively sharp line8 Table IV 

lista the chem1ca1 shifts for these anions. 

~ 

/ 
.: 

" 2-TABLE IV: NMR absorptions for [Bl2Xl2 ] , I) " 
~ , 

''\ .J 

Anion • So.lvent Chemical ~ ! 

shift,ppm Reference Remark$' 

~ 
. H 0 35.0 TMS 2 Doublet 

MeCN ..... 31.0 TMS ,Sing1et 

~CN. 30.7 TMB Sing1et 
, 

-.1 TMB MeCN 34.4 Sing1et 

c. Vibra'tiona1 spectra 

0" \ 
2- ! 

Vibrations of a discrete [B12H12] ior of lh sym~ , 

/ 

metry span the irreducib1e'representations given be1~, (Eg. 12) ; 

, 

• of 

, ,. ,i 
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the s~ctroscopic activities are spown in parentheses. 

IIh / 
/ 

• 2a (Raman) + 4!!g (Raman) + 3~iu (ir) (12) .,:.;g 
gen 

79 ' 
Muetterties' et al. ~ have studied the vibrational --

2- 2-
spect~a of the dodecaborate, ions, [B12H121 and [B12D12 ] , 

and have made ~entative a.signments on the basis'of the 

Teller-Redlich'product ~le. The tnfr~red\Spectra consist 

of only three bands, giving additional support for the ico-
\> 

sahedral structure'~ Also, the Raman spectra of the aqueous 

solutions contain two strongly polarized and four depolarized 

bands. Surprisingly, however, 'the Raman spectra of the 

perhalogen derivativès exhibit only one band, and this has , 
been attributed to accidental polàrizability qancellations79 • 

Since the main purpose of this thesis is the s1;udy '} 

of ~e vibrational spectra of the dodecahydrododecaborate{2-) 
1 

t:" 

ion and its derivatives, nothing more wLl1 be said here about 

these earlier results. 

-\ 

,c. 
"­

CBEMICAL REACTIO*S AND DERIVATIVES 

Despite the abnormal kinetic stahility of the 

it still undergoes a number of chemical reac-
rJ 

these reactions reflect the aromatic character 

of the ion.· The important reactions can be c1assified ac­

co~ding ta their type as follows1 



1. 't 

o 

1. E1ect.rophi1ic Substitution Reactions 

a. Ha1ogenation , 

The dodecaborate(2-) ion is readily halogenated81 

upon reaction with F2 , C12 , Br2 and 12 or the correspondinq 

halogen acids HF, HC1, etc., (Eqs. 13-15): 

(13) 

(14) 

(15) 

... 

The'perhalogen derivatives have similar physica1 
2 81 

properties to [812H12] - • 

b. oiazotization 

. 2-The action of nit.rous aC1d on [B12H12 ] produces 

a diazonium salt (Eq. 16) which is formu1ated as a charqe­

compensat.ed inner sa1t82 • 

(16) 

/ 

30 
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c. Cubontl derivatives 

Carbon monoxide reacte directly with H2[B12H12] 

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

and dicarbonyl derivativee, [B12HllCO]- and 812B10 (CO) 2' 

respectively83. The same compound. are formed when [B12H12 ]2-

1s treated with oxalyl chloride (COC1)2 or when the (N-N) 

groups in the diazonium salts are replaced by CO under hiqh 

pressure84 • These carbonyl derivatives are further examplee 

of charge-compensated salta. 

d. Benzoylation 

. 2-
Senzoyl chloride reacts with [B12H12 ) to give 

2-products having S-O bonds au ch as [B12HlO (OH) 2] and 
2- 85 [BI2Hll(OCH2·ph)] (Eq. 17) • 

e. Amination 

\ 

Uaing hydroxy-o-.ulphonic acid in aqueoua aolutions, 

the mono- and diamino- derivativea are Obtained (Eq. 18)86. 



~ .11.E .... __________________________ ~I ____________ ~ ________________ ___ 

'Uae of Vil ... ier reagent (CHCI-NMe2C1J afford. firat the 

monoderivative B12"11(NMe 2-CH 2CI-J, and then the diderivative 

8' B12"lO(NHe2-CH 2Cl)2 • 

f) Tropylium ion derivativ.a 
'~ 

32 

The react10n betveen tropylium bromide and (B12Hl~~ / 

yieida the yellow [C,H6 J (812"11) ion, the colour prObably 

being due to an internaI charge-tranafer trans1tion88 . 

2. Nucleophilic Substitution Reaction. 

These reactionl are &cid-catalyzed and occur between 

different Lewis bases (L) and the dodecaborate 10n resultinq 

in products such as [B 12"11L) or [B12"lOL2 J. Example. of the 

Lewis bases used are N,N-dimethyl formamide, Me 2CO, "25 , Me 2S2 , 

He 2S, MeCN, olefins, carboxylic acid., certain alcohol. and 

certain ethers (Eq •. 19_21, 8S ,89. 

(19) 

/ 
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• 

H+ 

(H30),(812H12J + ph-CH-CH 2 ---.. [812"10 (C BH9 ) 2) 2-" 

styrene 

( 21) 

Ha10genation of the dodecahydrododeeaQorate ani~ 

with halogen acids can also be exp1ained aB nucleophi1ie 

reactiona, aspeclal1y in non-aqueouB media (Eqs. 22,23)81. 

(22) 

(23) 

3. Oxidation Coup1in9 

Polarographic studies show that the e1ectroehemical 

33 

oxidatlon of the dodecaborate ion, in MeeN at +1.45 V (vs. Bce) 1 

2_42 
yield6 the coupled product [B 24H23 ] • On the other hand, 

KMn04 (BOO) oxidizes (B 12H12 ]2- ion to borie acid through inter-

2- 2-mediatea such as [B 12Hl10li] and [B l2H10 (OH) 2) etc. The 

2- 2-
(B12"12) ion also reduces [Cr20 7] to Cr(OH) 2 in neutral 

solutions without eVldence of oxidative coupling70
• 

In th18 Sl~ctlon, sorne of the chemistry of the per-

halogen derivativcs WIll also be described. 

2-T'he boron hydrit1e 101'1 (B12H12 ) react.s vith ele-

mental halogen or other hdlogenating agents to pr~ce halogen 

• 

• 
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substitu~ed derivatives (Eqs. '24-28)81.0 The 
" , 

perhalogen ions 
, ' 

are usùt.1Y prepared by the exhaustive hal~gen~~~?n. ~ll 
[Bï2H12]~- w~~ èlemental 'hal~gens with the excepti6~ of F2 

, ~ \ 

which does n~t afford the perhalo species.- In the case of 

the periodo anion, the reaction proceeds only afte~ the ad­.... o 

dition of excess iodine monochloride. 

(24) 

(25) 

(26) 

+ 12 + ICI (.2 8) 
/ 

, 
(J' 

~ 

These are e1ectrophilic ~ubstit*tion reactions which 
> C. 

increase 'in rate- in tQe order Cl >1 Br > I. 
'/ 

The extr~~rdin~ry ~tab~lity of the perhalo species 
. , 2-

t is comparabie to that of the dosodo~~cahydroborate.;,·ion \ [B12H12]' ~' 
. 

~e introduction of halogens.in1;.o the cage structure increases: 
\ . 

the oxidati ve stabil:i, ty of thest9 ions ~ for instance, '~e action . , 

" 
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of hot KMn04 (80°) on the halo ions is very sloW,' while 20% 

aqueo,:,s' NaOH at 85° does not seern to affect, [B12!112] 2-. This 

~igh kinetic atability ia'also manifested by the very acidic 
, . 

( 

(stronger than H2S04) hydroxon~ salt~_ (H30)2[BI2X12] ob-

tained u~o~ passing the ~o1ut~s of these halo derivatives 
( 

th~ an acidic ion exchânge xesin8l Their thermal stability 

is demonstrated by-the fact that heating cS2B12Cl12 to ?OOO 
1. 

causes no noticeable degradation; however, at 900°, there is 

50% decomposit~on. Refluxing A92B12Cl12 in water does not 

resul t in the formation of inl?oluble- Ag~l" showing the high! 

.strength of the B-X bonda8l • 

The perha10gen species absorb energy in the UV re-
\ .' 

gion and therefore undergo many photochemical re~ctions, par-

ticularly nuc1eophilic substitution reactions-(E~s. 29_32j 90,91 • 

.. 

1-

(29) 

.. 
. . . 

.. ' 2- · 
[B12Br 12)' + [eln 

. ~. 

\ . 

• 

" 

() 
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• /, 1 

These.reactions ~re,be~ieved to proceed !!! SNl 'heteroly~ic 

cleavage of the B-X b~nds (Eqs. 33,34). Binuclear nucleo-
~ 

philic displacement mechanisms fSN2) are ruled '-'out in view 
1 

of the bulk of the icosahedral cage7l ._ 

'(~3), 

0.. USES 
; 

" / . 
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Th~dodecaboiate ion has various import~t industrial 
<"1 

t uses. It ls beneficial as a sequestering agent for metals in 

MMWh:ctl!hJ3J . .\. 2. 2..J ___ ia 
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an aqueous medium 38 • 'Dia,zonium salts have'a potèntial' use 

as explosion initiators. The addition of Li2[Bi2Hl2],!=-d 

hydrocarbon fuels modifies their combustion p~bperties2. The, 

sil ver sa~t, A92 [.Bl2Hl2~' is used a~' a film-emulsion stapi­

lizer.and se~sitizer in photography92 The thermal stability 
, 2-"'. . 

~of the [B12H12] i9ns has led ta their use~in high tempera-

1 
ture pOl~rs93'. 

An important,medical application for the dodecaborate 

ion is in '·cancer chemotherapy, especially in the treatment of 

brain tumors. Aqueous SOluti~n~ of the :O~-enriched [B12Hi2]2 
.' are injected intrav~no~sly and the tum9r area is irradiated by' 

"a smali neutron source94 • Th~ ~OB atom ~as a great capacity 

to absorb'thermal neutrons since it has a larger capture cross-
1 11·' section (3850 barns) than that for B (O.OS'barns). 

r 

(35) 

/ , 
• 

Thè considerable energy liberated at the mol~cular level 

, (Eq. 3S) is sufficient t~, ~u~ 'cella. The 

low tbx~city95~ormal hydro1ytic stability of the 

d~decaborate anion render it v,ery sùitab1e for this type ot'· 

t;umor -therapy". The [Bl2Hll SR] 2- derivative is ab6ut 10-15 

tintes as toxic as Na2,B12Hl2 but it is absorbed by ,tumor tis­

sue much InC?re readily than by blQ,pd or normal tissue. For this 
_ . - 2- - J \ J 2- '" 

reason, th~ [B12H1i SB] sal t is used as \fell as [B12H12] in 

brain-tumor chemotherapy96 

'. 
.' 'f 

l , 

,1 
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CHAPTER II EXPERIMENTAL SECTION 

~ A. INSTRUMENTATION 

.. 

The ir spectra were recorded on a perkin Elmer 
\ 

'model 521 double beam grating spectrophotometer (range 
.. 0 • 1 

4000-300 cm-1)~ The spectra were ca1ibrated aga in st water 
, '9 :--, 1 . 

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

667; 3" èm -1 band of àtmo\sPhe~-ic CO2 9~ • ~The p~eci!fion of the 

frequen~ies is ±2 cm-l' in ~he 4000-2000\ cm-l region and 

±l cm-~n the 2000-300 cm-1 region. " 

,Raman spectra were obtained on a Jarrell-Ash mode~ 
. 

2~-~00 Raman spectrophotometer equipped wi~h Coherant r ' 

~Radiation model 52 Ar+ and Kr+ lasers. ~he excitation wave-. ... 0++ 
1engths used were 514.5- (Ar) and 647.1 nm (~) ~ The incident 

'light ~as perpendicu1ar te the plane O'f the slit. The spectra 
...J " J-

were calibrated against the emission li~~s (162.3, o2~,8.9, 830.6 

and·103l.B c~-l), ~f a standard neon lampe The frequencies ~re 

considered to be ac~urate to ±l-2 cm~l. The powdered samp1es 

were placed in sealed Pyrex c~pi~lary tubes. 

measu~ements (73±O.5 K) wete a~hieved bY'the 
'-.. 

Low-tempera:ture 

use of a co1d-
. " 1 ~ 

tempe rature control1er, composed o~ regulator kA 2337, digit~l 

display EC 2,367 and three-term con'troller ~ 2349, Oxford / 

~nstr~nts, Eng1and. TÈe~low-temperatureosamp1e cell was 

a model CF-lOO cryostat (Oxford Instruments Co., England,) 

'cooled with liquid nitrog~n. 0 

Melting points were taken on a Gal1enkamp melting 

fi' 
./ 

~ae~Ui.Vla; U _dL ;; u , JO st ......... 
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point apparatus using sealed capillaries and are Uncorrected. 

B • MATE RIALS . ' -'v 
1. Sources 

- .. 

• The materials used were obtained from the sources 

indicated below: 

Decaboran~-14 (BlOH14):- 'Alfa I~nies. 

Triethyl~ine-borane (Èt3NaBH3)': Aldrich Chemicals Co. Inc. 

39 

'Trimethylamine':'borane (Me3Ne-BH3):, Matheson, Çolèman and Bell. 
, 

Trietbyl~~~ydrochloride (Et3NH:HC1): Eastman Orqanië Chemicals. 

Tetradecarie.l (C14H30 ) : Philips pètrolewn. " . 

Diethylene glycol dimethyl ether, diqlyme [(Me-o-CH2-.CH2)'20)]: 
, 

:Aldrich Chemicals Co. Xnc. 

Rexyn (lOl):H, ion-exchange resin: Fisher Scientific Co. 
l '\ 

Rexyn (102)-H, ion~exc~ange resin:' Fisher Sc\entific Co. 

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

l,2-dimethoxy ethan~ [(M:e0.~H2)2]': Aldrich Chemicals Co., 

- NaBH4 

CSF . . AlfaXnorganics 
CsCI 

KOH 
a 

Fisher Scientific Co. 

cS2B12Hl2 

'CS2B12ClI2·H,20 

CS2B12~r12·H2o 

[~4~] 2B12I i2 

1 

Dr. W.H. Knoth, 

E.L. du Pont de Nemours, 

and Co. Inc., .Wa1mington, 

Delaware. 
, 1 

'. 
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Me

2
CO: Anachemia Chemicals Ltd. 

~O l 
DCl ais, f Merck, Sharp and Dohme Ltd. 

+ 

~t20: Mallinckrodt Ltd. 

-n-hexane: Fisher Sci~ntific Co. 
. , \ 

• 1 

\);, . 
Some of the-materials were purifi~d further before 

use, as follows: 

'2. Decaborane-14 

Deéaborane is an extremely toxic substance. The 
, 

maximum allowable c6nc~ntration (M~A.C.) id 0.05 ppm, while 
98 the maximum detectable concentration (M. D,. C. ) is o. 7 ppm • 

40 

This means that in the presence of the odour,a serious health 
) 

.hazard exists. This chemical has an unpleasant .pungent 
r ' 

odour somewhat reminiscent of chocolate. The lethal dose for , 

rats '!.s 0.022 g/Kg bOdy,-weight.. Inhalation or skin contact 

with the chemical will produce texic 'symptoms of fatigue, 

d " h d h t m ss c'r etc~9â 1ZZ1ness, e~ ac e, re ors, nervousne , am~s, • 
'1 

The c?emica~ appears te cause.liver and·kidney damage and to 

affect ther ~ervous system. Decaborane has a vapour pres-
1 

sure of 1.4 torr at 6~0 and 19 torr at 100°. It fs practical-

ly insoluble in water, 35-~mg/l. Methyl alcohol, ammoniacal 

and alkaline solutions react readily vith decaborahe and 

th~refore can be used as decontaminating agents. Administra-

tion of oxyge~ can help relieve,the discomfort due to inhaling 

- " 

/ 
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vapours. Ha1~9~nated solvents form shock-s'ensitive mixtures 
~ 

with decaborane and must nèver be used for crysta11ization or 
1 \ 

99 ' as an extinquishing agent Soda-lime, silic& gel and tri-

éthanol-amine (abso~bed on ung~azedl China) absorb decaborane 

vapours and,they could be used in gas~sk canisters or in 

storage areas98 • 

The decaborane received was wet-1ooking, very 

slight1y yellowish crystals. Two methods of purification 

were 'used in the laboratory. First, recrystallization from 
1 

~-hexane (or heptane) produces' co~our1èss needles, and second, 
l ' 

sublimation under' vacuum' [80° (oil-bath)/lo-3 torr] onto ,an, 

ice-cold finger, yields a white waxy compact material. Subli-
, '/ '.0./. 

mation afforded Iess persona1 exposure ~o the materia1 and 

gave a compound of high purity wh,en i~ was repeat~d twice 
~ 9 
(mp 100-100.5°, lit. 98 99.5°). The tempe rature of the oil-

~ 

bath was carefqll~contro11ed since decaborane can becQme 

unstab1e near,1000 and can exp1ode~on_contact with air-at 

this tempe rature (flash point 80°, ignition poin~ 149°). 
< 

Therefore, the s~limation ~pp~,ratus was coo1ed to room 

temperature before openinq to air. . The bands observed in the 

ir spectrum, of decabor~e in Nujol are 6200 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, lS75 w, 1930 w, 2570 vs cm-1 ; The band at 

2570 cm-1 was split presumably,due to a lattice interaction 
, , -

with Nujol. These values compare ~favorably w~th those-re­

ported in the literature100 • 

s_awzuœZiiLOQ- , 



o 1 

3. Triethylamine-borane Complex 

This air-sensitive colourless liquid was purifi~d, 

just before use, by two successive distillations under dry 

nitrogen (90-92°/8-10 torr). The pure product melts a't _4° 

(lit. 10l -4°). It was always stored under nitrogen. The 

chemical i8 highly toxie, comparable to the boranes. There-
~ 1 

• fore, similar precautions to those applied in handling 

decaborane were ,also ~1ertaken in this case ~ Th~ ir fre­

,quencies for Et3N;SR3 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, ,. . 
1311 m, 1420 s, 1480 s, 2060 w, 2160 m, 2300 vs, 2350 vs, 

2400 vs, 3020-2910 vs, br. -1 
cm • 

, ' 

4. Trimethylamine-borane Complex 

This borazane was received as waxy white needle-1ike 

crysta1s (mp. 92°). It was pu~ed by sublimation [70~800 
(oil-bath), 4 cm Hg}. The pure product melts at 94-95° 

~ ~ 

(lit. 102 93°). The compound fs hygrascopic and is easily 

hydro1yzed103 ; eonsequent
1

1y it was stored in a very dry ,- " 

environmept under nitrogen. A Nujol mu11 of ~3N.BH3 exhibi~ 
the f0110wing bands in the ir: 440 m, 847 s, 915 m, 1005 s, 

1\1 ~. 

1120 m, 1170 vs, 1260 s, 1320 m, 1403 m, 2066 m, 2270 s, 

2310 -1 m, 2370 s, 3040 s cm • Again, because of toxicity 

prob1ems, ~is was handled in a simi1ar manner to Et3N:BH3 • 

/ C' 
1 
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5.. Tetradecane 

~e hydrocarbon was first dried over P20S and then 

di~ti11~d ove~ P20 5 (110°/5 torr). ~he ir spectrum is ~ 
..J 

~i.r to that of Nujol, i.e. no peaks characteristic of 
• • ! 

" 

unsaturatiçn being observed. 

6. Bis-(2-methoxyethyl)ether, diglyme . 
J 
1 

The liquid was purified by distillation (bp 161-16.2°) 
, ~ 

from sodium benzophenone ketyl under nitro~en. For every 

100 ml of crude ether, 3 9 of ~enzophenone and 4 9 of pure 

sodium were added. The material was stored under nitrogen. 
~, 

c. -SYNTHESIS OF THE DODE~YDRODODECABORATR (2 -) SALTS 

The salt was prepared'o according to' the method of 

Miller and Muett~rties104 with slight modification (Eq. 36). 

C14H30 
Bl0R14 + 2Et3N:BH3 200

0
" [Et3NIi)2B12H12 + 3H2 (3~) 

.. 
~he reaction apparatus consisted of a 150 m~ round-bot tom, 

3-neck flask. The central neck was fitted vith a side-arm 

droppinq funnel. On one of the sée n~cka ,; a conden8~ : 
whose putlet was connected te a mer~ury bubbler vas mounted. 

1 

The third neck carried a fher.mometer and a nitrogen inlet • 

.J 
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The flaak was equipped with a maçnetic stirrer. The apparatus 

was flushed with dry nitrogen (dried over ROH pellets). Then, 

a small flame was used to dry the appar~us while it was 

swept by a stream of dry nitrogen. The tetradecane solvent 

(60 ml) was added and the flask was immersed in a high-boillng, 

paraffin-oil bath. With the nitrogen stream flowing ~on­

tinuous1y, the bath was heated up to 200-210°. Triethy1-

amine-borane (19 ml, 15.5 g, 0.135 M) and decaborane (7.2 g, 

0.059 M) were mixed thorough1y in a 100 ml beaker in a glove 

bag under a nitrogen atmosphere. (Caution: the mixture is 

extremely sensitive to moisture and oxygen). To hasten the 

solubility of decàborane, the,mixture was gently heated on 

a small hot plate previously int~ed into the glove bag. 

Some insoluble material appeared which was removed by fil­

tration under nitrogen. The resulting yel1owish, clear 
'" SOlut~n~of decaborane-14 in triethylamin~-borane was transfer-

red to the dropping funnel and was added dropwise to the hot 

tetradecane (200°) over a period of 30 min. The fal1ing drops 

reacted immediately on reaching the solvent, as indicated by 

the resulting turbidity. No drops were aliow~d to run down the 
• 

wall of the flask. 'At al1 tlmes, a slow stream of nitrogen 
1 

was kept flowing through the system.. The mercury bubbler vas 
• • 

ua.a to check the<)nltrogen flow rate and, more important1y, 

to prevent air fram beinq drawn into the reaction flaak ainee 

decaJtfrane reacu exploslvely w-ith air"at high temperaturea. 

After the addition vas-complete, the reactton vas alloved . ~ 

? ; . 



-
to proceed at the SaDe tempe rature for another 20 min. The 

heating vas then 8topped and the reaction flaak was cooled 

to room tempe rature before openinq it to the atmosphere. 

The r8sulting'solid vas co11ected on a sinter-glass funnel 

and vas vashed vith diethyl ether (200 ml) to remove the 

tetradecane. After drying, the produc~ weiqhed 16.8 9 

45 

(84' yield) • This crude product vaa boiled in 300 ml water 

for about 10 min and gradually diasolved with aeme hydrogen ' 

evolution. 8N Hel (2 ml) vas added to the hot aolutio~ which 

vas then filtered while hot to remove aome insoluble gummy 

material. The filtrate vas chi11ed in an ice-bath and the 

desireq [Et3NH]2B12H12 product crystallized out (yleld, 6.5 g). 

Concentration of the filtrate gave another 3.2 9 of the pure 

product. 

The qummy mate rial which separated out from the 

bolling water vas collected. Treatment vith acetone and 

~-hexane, followed by recrystallization (at O·) trom warm 

MeCN (300 ml), resulted in additional pure lEt3NH]2B12H12 

(2.S g). The overall yield of the pure cryatalline product 

vas 12.2 g, 0.035 M (yield, 62', decomp. ~300·, lit. 69 298-300·). 

In the ir spectrum (KBr dise), the followlng banda vere 

observeeS, 445 v, 468 m, 717 a, 744 v, 794 m, 843 m, lOlO VB, 
'}-. 

1064 va, 1077 m, ah, 1159 m, 11]6 ., 1363 a, 1391 a, BP, 

1404 va, sp, 1447 va, ap, 1450 VB, ap, 1457 a, 1470 B, 1636 ,v, 

br, 1866 v, 2006 V, 2040 V, 2480 vvs, br, 2740 a, 2770 m, 

2882 Il, 2942 • cm-1 • The report.dIO• ir f~quencl.a for a 
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Nujol mull of (Et3NH]2812H12 are 720 m, 745 w, '.97 w, 847 m, 

1030 s, 1065 a, 1160 m, 1275 'VI, 1640 'VI, 1850 v, 2020 w, 

2040 w. 2500 s, 3150 m cm-la 

This compound vas pr~pared by a method airnilar to 

that of Miller and Huetterties {Eq. 37)104: 

A dry 50 ml~ )-neck flaak vas equipped ",1th a 

condenser, nitrogen gas-inlet, tnermometcr and a droFPlng 

lunnel in the aAme vay aa deacribed in the [Et3NH]2B12H12 

Bynthcsis, except that the dropping tunnel va. ~rapped vith 

heatlng tape (Fisher SClentiflc Co.). Alter starting nitrogen 

tlov, tetradecane (20 ml) waB Place'in the 'l'eactlon !l4sk 

~lch waa aubaequently heated to 180-190· ln an oil-bath. 

Mixlng ot the reactants, Me)N:BH) (3.2 g, 0.044 M) and .. 

decaborane (2.4 9, 0.020 M). waa achieved by heating (~80·) 

and stirring under nitrogen in a glove baga The reaulting 

11quid waa then tranaterred quickly to the dropping tunnel 

(h.ated by the electric tape). The dropwia. addition (30 min) 

of thi. mixture to the hot tetradecane <l80-190.) wu fo}lowed .. 
by extra reaction time of 20 min before the .pparatus w.s al-

_lowe(! to cool t.o rooa t.e.ape r. t ure. The reaultinq whit1ah . . 
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Bolid WaB filtered out of the tetradeeane and waBhed on a 

ainter-glaBs funnel with amali portions of diethyl ether. 

After air drying the erude produet weighed 3.6 9 (71' yield). 

This material was Doiled in watcr (50 ml) for about 10 min 

in order to hydrolyze any unreacted deeaborane. The solution .. 
W3~ then acidified with 0.2N Hel (2 ml) and filtered while 

hot to aeptrate the gummy mate rial that waB formed during 

the hydrolyslB. The filtrate was chllied in an iee bath to 

produce 3.1 9 (61' yield) of a white solide The lr spectrum 

2-
~howed that the deslred (B l2 H12 ] ion was mixed with several 

other iont Ruch as {B
12

'H
ll

(NMc 3 ») (ir banda: 2500,1055, 

-1 67 ~ 
955,890,725 cm ) 1 (H2B(!~M.e3)2J (ir bands: 2500, 

1100-1200, 720-900 cm-l) 105 and IB
II

H
l4

) (ir bands: 2510, 

-1 37 ...... 
1250,1110,868,720 cr.: ) • S"i!tCeSllve treat!ncnt of th18 

mlx("d prod"..lct W1 th ~-hexane, Acetone, rnathanol, 2-methoxy 

ethano, and d191~ !ollowed ty recryatA1l1z8tlon tram water 

prc,!Jccat! p"JTt' lMe3NH]ZDI2H12 (2.r <;, 41' yleld, decomp. '.310°), 

~s )udged by lts ir lpectrum in NUJol: ~3600 m, br, 3130 s, 

3020 m, 2485 Vii 1 
-1 

1 2 50 w 1 1 06 3 s 9 -: Sm, 72 0 m cm ). 

, 
TVo methoda dre aVAll~le to obtaln ~2B12H12 trom 

the alkylA!MJJn1wn anah'9ues. T'he tirlt method ia the neutra1-

62 1.1Iat1on prClcedure (Eq. 38! • 

(JS) 
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,\l i \ The KOH used was previously standard ~ed agains~,potassium 

, 1 

hydrogen phthalate and was free 'from carbonates. 'To a· 

s~spension of the triethyl~onium sal~ in water ,(0.85 g/, 

10 ml H20) was added the exact amount of p~tassium hydroxide 

(~.26 g, ,4.64 ml of lN-KOH) necessary to conyert the salt 
... , , 

t;.o ~ts.. ana ogue. .II' ':lK~ l The m~xture was then boilèd gent~y 
. . " 

unt± ere 'was no longer an amine odour (~i5 min). After 
• /, ~ .. , \ \ f'l .. 

cooling, the ~olution was evaporated on a r~tary evaporator ,. .; \ "-
to give whit~ K~~12H12 ~rystals (0.5 g, 92% yie~. 

, . 
The second proced~re m~de use of ion-exchange 

gresins. A solution of [Et3NH]2B12H12 (0.8 g/l~ Qml H20) was 

made alk'aline (pH~lO), boiled to expell 'amine gases 1 coole4 

48 

. ' 1 
to roo~ temperature and, then passed through, à strongly acidic 

• 1 

iorl~exchange resin lRexyn-10l (H)] (lS.Oxl.O cm). The abidic . . - \ 

,effluènt (H2B12H12) was concentr~ted on a\rotary evapora~or 
, s· " 

at room temperature. This acid1c solution cou1d either be 
b -' 

..Q. '1 
t1trated against a standar~ KOH solution or passed through 

l , 1 

,another column (25.0xl.O cm) of acidic ca~ion-excqange resin 

i~ the K+ f~rm, te yiel~ K2B12H12 (Eg. 39. When ~he ~o ' 

.' metfod~ were,tried\stâ~ting from p.8 9 of [Et3NH]2B12H12' thèy 
. ~ " 

gave identica1 products with nearly quantitative yie1ds . , 
, , 

(~92% , ; 0 .. 47 g) •. 
, 

;t'he .synthesis of K2B12Hl 2' via the cation-
.' . 

exchange techniqû'e has not Deen' 'reported previous1y.' . 

f It is worth mentioning here that when an a1ka1ine 
~ , 

'~solution pf [Et3NH] }~12H12 (0,7 g/lO mt ~20) was passed throug~ . 

a weakly acidic cation-exchange resin (20.0x1.0 cm) [Rexyn"'" 102ï(R)}, 
... 

• 
D' 



~," Mit 1121_ 

• 

.". 

.... { ... 

'1 
u ( 

.. 
. ' 

, , 
, ... ',' 

" . 
,J" , , ' " "'" , .... \ 

, " .... 1 • ", ' ... ' : 

< . 

.. .-'. 

'II " 

, + 
the effl~nt was strongly aci.i~ (H30) • However, thi~ type 

of resi~ is' not recommendedl06 'for completè c~~version to 
" 

(H30'2B12H12 since~he equilib~ium in Eq. 40 is àhifb~d tb 

the left (comp~~e with,~q. 39 for strongly acidic resins). 

" RS03H + Na2B12H12 ~ "H2B12H12 + RSo3Na + R20 (39) 

(40) 

o 

49 

Deuteration of K2B12H12~was carried out according t? 
. 69 J., ~ \ • 41 

Muetterties ~ ~'s methQd. K2B12H12 (1.1 g, 5.0 mM).was 

dissolved in °2°, (8 ml) and the solution was acidified with 

2-3· drops of DCl (3B% in O2°).' After standing for"one wee~, 

the solu~ion was evaporated to dryness ustnq a rot~ry evapo- > 

. .. . 
rator.·, ,resi,due wa~ redissolved ,in 0,20' -(6 mi) and one 

drop of OCl solution was added... The soluttj.on was ehen left 
, \ -

\ 0 ~ 

standing for another we~k beiore it was ~vapora~ed to dryness 
/' , 

After,this process of dissolution tunder r.edUCeq:--;pre.ssure. 
rtk. ~ ~, 

and evaporation had')een repeated fi ve t:lmes, the, ~olution wàâ-
• '" <' \ .. 

~inallY refl~ed for l'~ Evaporation to dryness was f?llowed 

by drying ,ove: '~205 tmder ~~ (40 0 /10"'~ torr) for 3 hr.. , 

,- Q ;. This yielded 1.1 9 .o:f ~e ",90% D,- nriched produ,ct, as judged'" 
" by ir analysis. ~e Nujol mull,Qf K2Bl20l2 showed strong ir 

bands a~ 1875~ 930 anp 598 'çm-

.. 
. , , ' 
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1 

This borane salt was prepared according to the 
l ' ' 

method described by Muetterties et al. 69 • The triethyl-

ammonimn sa~t (1.{ 'il, 5.0 mM) wa:-d:solved in lII-~ 'Solution 

("'10 ml) "and the~ boilèd gentlr for 15 min in .order to expell 

the liberated amine (Eq. 4i). ,The solution was then c~oled 

an~, neutralized by the slow addition of 2N-H2S0~ ("'Z'ml). 

<. 

(41) 

(42) , 

, t 
A CsF solution' (50%) was next added i~ drops until no further . . 
precipitatio~ occurred .(~3 ml) • ' The precipitatè t-as digested 011 

fo~,~ 10 mifl' and then the flask Wél:S inuner$ed ~n .. ,~n i~-bath f~r 
l hr before fil tering -off th~ 'while 'produc~,. ""The solid was 

". ". r.. \ 
washed three times with ice-cold wat,~r (5-6 ml) and recrysta).-

t:l 

lized ~~ 0° from b9~1~ng w~. . After' dry'ing in vacuo for 2 hr 

t50'~/lO-4 torr), the .pure ~rystalline product weighed 1.75"g 

(87% yield). The ir s~ctrum resembled that qf th~ potassium 

J '1 

analogUe. ..----
-~----------~'~,-------- / ---

L 

• J 
" 

, -. This 1double salt 

. .. 
separates in the above synthesis . 

inst!ad of cS2B12H12 ,whén the r~action medium contains an~ 

1 
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A solution of 1NKOH (20 ml) was added to.a stirred 

, , 

suspension of [Et3NH]2Bl2H12 (1.3 9, 5.0 mM) in H20 (10 ~l). . , 
The solution was boiled unti1 no 'further amine odour was 

Il 
detected' (15-20 min). After.c901ing, 4N~HCl (60 ~) was' 

51 

added and the solution was filtered. A con~~d solution 

of Cs Cl (5 ml) was added dropwise whi1e stirring and the 
, ' 

copious precipitate which appeared was digested for 30 min. 
1 ~ 

'The f1ask was chi11ed in ice for 1 hr and the white product 
\ 

was washed on the filter with.small portion~ of ic~:cold ~ 
,-

water. (he SOl~d was recrysta11ized at ice tempe rature from 

80 ml o~ bo~lin9 ~ater. The pure product weighed 2.5 9 ~ 

f81% yie1d) after drying in vacuo over P20s for 1 hr 

(40 0 /10 -4 torr) •. 

f 

\ 

• 
1 

Th~s salt was synthesized fol1owing the method de-
_. 68 3 . scribed by Adams et al. (Eq. 4 ). 

(43) 
1 

J 

The reaction apparatus consistei of a dry 2-neck 100 ml round-
1 

bottomOflask equipped with a r~flux condenser, a nitrogen in1et' 

,and a magÎletic stirrer. • The ,nitrogen outlet at 

t~~ ~ merCUry~ubb1er' in o,:r.der to 

the top of the 
. 

condenser was connected 

- , 

• 
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, 1 

\ 

prevent air from contacting tha hot reaction mixture and to 

assurera c~nst~t flowrate of nitrogep ·(dried over KOH pellet). 
, '.. .... J 

After starting the h~trogen f16w diglyme (30 ml) " then 

decaborane-14 (1.2 g, 1.0 mM) ~d finally sodium.borohydride 
., 

(0.8 g, -2.1 mM) were added. The reaction omixture was stirred 
1 

~ 

and heated at reflux (160°, oil-bath)' under a continuous flow 
Î 

, . 
of dry nitrogen. The mixture assumed a deeper yellciw,colour 

1 

as the reaction procee?ed. After 7 hr, the reaction flask\ 
. , 

was cooled and chilled in an iqe salt bath (~-100). The 

wqitish solid that had separated (Na2B12H12·digl~) was then 
" 1 

filtered out and dried for 2 hr under va~uum. In.drder to 

remove the diglyme ether of c~stallization, th~ solid was 

thrice dissoIved in H20 (5 ml) and evaporated to dryness. 

Finally, the 
1 

salt was dried over P20s (lloo/IO-~ torr) for 
. ' -

10 hr. The white po~der obtained weighed 1.0 9 (54% yield). 

Apart from t~e [BI2HI212- ~-ands at 720, 1070 and 2470 cm7l , 

the ir ~pectrum (Nujol) showed strong water absorptions 
• 

(at ~3s00, ~1600 and ~lGOO Cm-l).indicating\that the 'salt was 
J 

hydràted. The'water of crystallization was found to be very 
) lA 

strongly pounded in the crystal ~a~tice of Na2Sl2H12. In the 
+ analogous K,"salt, dehydratton was much more easily ach~eved. 

" 
D. PERHALOGEN DERIVATIVES 

This salt was obtained from the donated [Me4N]+ 

• • 

, , 
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analogue. 

warm MeCN/H20 (10 ml, 50% solutio~) was passed through ~ 
-

strongly acidic ion-exchange column [Rexyn-lOl(H), 20.0xl.0 cm]. 

The hiqhly ac~c solut-ion which was eluted was th~n.1evaporated 
, . 

to dryness on a rotary evaporator in order to remove gasèous 

HI. The evolution of HI seemed' tQ indicate the presence of 
, / 

the doÙble salti (Me4N) 2 [BI2I12}NMe41 as an :lf'purity. The 

- resultin~ sOlid, (H30)2[B+2I12]·xH20, was redissolved i~ wa~er 

(10 ml) and the desired cs+ periodo salt was precipitated,by 

the addition 

(44) 

The solid which formed was recrystallized at iee temperature 
,'-

from boiiing water and dried over P205 for 4 hr (40o/l0-~ torr) ~ 

t' 

ta, give 0.41 9 (85% yield) of, pure Cs2Bi2I12. 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. ... 

These salts were received awmonohydrates and ~re 

dried over P20S (40 0 /10-4 torr), "the perchlor~ 'derivative for .. 
~4 hr and the perbromo derivative for 12 hr. The ir sp~ctra 

were free of '20 absorptions ~d sq.owed a strong band at 
'-1 ! -l., 1032 cm for th~ chloro salt and a doublet 1000, 986 cm 

for the brome derivative. 

, , 
, , ~~ 

, , ' . 

-; 
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CHAPTER III RESULTS AND DISCUSSION 
\ 

J 

A. 2-
V~BRATIONAL SPECTRA OF THE [B12H12 ] ANION 

1. Calculation of Normal Modes 

1 

54 
, . 

GroQP theoretical calculations are often used to 

obtain the vibrational modes of a molecule of known symmetryl. 

Th,e usuai. procedure starts by"determining the number of un­

shifted atoms after each symmetry operation. Then, this 
C • l' { 1 

\,~ n~er ~s multiplied by the matrix contributi~n, of the ( 
'. (, ' ,1 1 \.. 

, , 

'. , 

particular symmetry·operation for these unshifted atoms. 

This procedure generates the reducible representation spanning 

" the vibrational mode". In order te arrive at the number of 
1 

times any given irreducible representation occurs in the 

reducible representation, the foll?wing r~duction equa~on, 

commonly known as the "magic formula", is usedl07 :.' ~t 

• 

riY. = l ~ lT X xY 
9 ~ ':Ij j j 

(45) 

J 

wheré n y, is ~~ number -ff times that the Y th irreducible 

representatiori appears in a reducible representation; gj 1s 
1 

1 

the number of symmetry operations in the jth class; Xj i8 the 

cha~acter of the red xJ are the 

elements of the oharac~er table fo point group. , ~ 

Jahn and Tellerl08 ~loyed 9 theory to obtai~ 
the vibrational modes of a~l the common cnn-try groups & 

" 

,. 



al 

. ' 

• / , 

including the icosahedron. 

24 atoms of the lcosahedron will pro duce ;3 x 24 • 72 degrees 

of freedom or vibrational ~odes\ The resulting reducible ' 

representation spans the'species shown in Eq. 46 (see also 

Appe~dix 1) • 

total 

+ 4~ + 2~ (46) 

55 

, 

After subtractinq the non-qenuine rotational and translational 

modes (t~g ~d ~lu)' we obtain the following genuine vibrations: 

total 
= 2a '+ t, + 3t:l. + 

-g -""g - u 

+ 4h + 2h~ -<;J -u 0 

• . 

(47) 

. th i [] 2- . Owl.nq to e very h qh ~yrcu\\etry .Of the B12Hl2' ~on, ~st of 

these vibrations are, optically-inactive ~ The only active ~. 
~ 

fundamentals are given in Eq~ 48, where the spectroscopie 
1 

activfty ls shown in parentheses. 

". 

(48) 

qen. (opt. active) 
1 

" 

, " 
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\ 

The ir and Raman modes be10ng to different sYmmetry species 
2- 1 ~ 

because the [B12~12J ion has a centre' of sy.mmetry and so 

the rule of mutual exclusion applies. 
\ 

; 

The next step in the group theo~etical treatment 

S6 

df the vibrational problem is to carry out an analysis based 

on tpe different types of intèrnal coordinates. The five in-
2-ternal coordinates of the [Bl2H12] , icosahedron consist of . 

changes in the two bond lengths, B-R and B-B, and ~hanges in'c 

1 ... ... ... 
the three interbond angles, BBH, BBB (acute) and SBB (obtuse). 

The reducible representations derived for these intérnal co­

ordinatesOare shawn i~ Table V (see a1so Appendix I). 

\ 

TABLE V: 
\. 2-

Interna1 coordinates for the [Bi2Hi~] icosahedron 

." 

l2C2 i 3 
Ih. E lSC2 20C3 l2CS 5 l2S10 

B-H 12 10 0 2 2 0 4 a 0 0",- 0 

B-B 30 2 0 0 0 0 4 0 0 0 
' .... 

BBH 60 '0 0 0 \ 0 0 4 0 0 0 
.... i 

BBBac. 60 Q. 0 0 0 0 4 0 0 0 .. .... 
BBBeb. 60 0 9 0 0 0 4 0 0 0 

, . 
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\ 

Reduction of these representations usinq the ~gic f,ormula 

leads to the following irreducible representations: 

rlh 

• a ~ 
+'t

1 -u + t 2u + !!.g (49) 

B-H 
, 

I~ - a + 2g + 2h + 
~ ~ 

t 1u + t 2 + -u 2u+ !!u (50) 

B-B 

BBH 
, . 

+ 22u + 2!!u , (51) 

,.. 
The B-B-B angl.s" [acute (60°) and obtuse (108°)] reàuce in ( . ... 
the same way as the B-B-H angle above. ' 

The total number of modes obtained from eombining .. " ' . 
representations of the internal coordinates ia much higher 

f . 
than the total number of modes obtained from treating the 

structure as a composite of vibrating atpms. 

, . . 
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• 
The d1fference (Eq. 57) repre.ents the redundant apeeies in 

the internal coordinate calculation.~ These redundaneie. 

result from the interdependence of the interna! coordinatl., 
~ 

59 

eapecially the inter-bond anqles. For example, it is phy8ical-

ly impossible to alter all the anqles of a qiven ty~ in the 

'same manner at t~e same time. Sinee the 8-8 orbitals are 

nearly independent ,from the B-8 skaletal Sy.t .. 75~9, it can 

be safely aS8umed that the redundaneiss belon9 to the repre­

sentations of the different inter-bond anqles. This larqe 
'\ 

number of redundant modes is a consequence of the hiqh sym-

metry of the structure. 
" Alter omittinq the optically-inaetive species, the 

of 

repre.entations reduce as follows: 

r • a + h + !lu -<J -q (58) 
J J 

B~H 

'\ 

r - a + 2hq + t 1 
.. 

-q - u 
(59) 

B-B 

r • !!q"t !1u 
'" i 

(60) 

(l)angles 
• 

-r lh

• 2~(R) + 4!!q (R) + 3!lu(ir) (61) 

gen. (opt. active) 
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The above repr.sentation. CEq •• 58-60) can ala~ be 

.~re8~.q~n terme of hydroqen or boron atom movement., for 
, 

example, the vibratlonal specl •• vhich are due to hydrogen 

atom movemente vill-be cOll!pOsed ot 8-H atretching and B-B-Ii . 
bendin~ mode •• , ln th~,ame ~ay, the vibrations due to boron 

atom movement8 vill ln~lude the B-B .tretchinq .pecies and 

the B-B-B bending 8pecies. Since the high 8ymmetry of the 

2-{Bl2 Hl2 ] ion has reaulted in the equivalence of the repre-

sentations of the three inter-bond angles, .i t i. impossible 

60 

to assign .pecific modes to the dlfferent angle coordin~tes . .. 
, 

d ·2. Application of the Product Rule 

• f'· Isotopie substitut ~n stud1ea aiiord addltional 

" 
aida in the aaargnment of the internal ~de5. Calculatlona 

u.ing the vibrational frequenciea of isotopie moleeules 

provide valuable "information about the nature o'! the motlons 

involved in each vibratlon. For example, we maxe use of "the 

fa ct that atoms which move with con.iderable amplitudes ln 

a pa~ticular normal mode produce larger isotopie Shlfts than 

thoae atoms having minimal disPlace~nts in the SAme model~ 
Another important,theorem which le applied in the atudy of 

i.otope effect: ia the Teller-Red11ch product rule which 
i 

.tate. that the product of the harmonie (~) valuea for all 
w 

vibration. of a q1ven symmetry type 1a independent of th. 

poteritial constahts and depends only on the aymmetry of the 

mol.cule and the ma •••• ot the atome invo,lved in the vibra-

l' , 
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t - -... ~ 

The" 1e~ral e'iu.!tirm flnr) lh~ det;>tU"'d application rA 

2- 2-
1 H 12 H ] 2 1 an d 1 n 12 n ]/1 3 t.f" ~ hr ,wn i n ~ p-

Il. • 

into Bels of eqv1valent alrftnR, i.~., atr_R that aTP tranp­

Hl9 forlned lnto one another by thE" Aj~t ry op"'rat lonA Ir. 

2-
the ca8@ of IB D "12) , thr!r~ eT" tvrj AI}ch RI" A, thp ("11 1 

and the (U I2 ) .et •. On a~plp.n9 tOf' )::IIJal (lf(..lUP fOPflfptlc.,l 
( 

approach to th.ut! .et., th .. cnar<tctefA 1" al" rJToducerl. 
) 

--- ------------- 01-

---- --- --- -, 
t: l !)C 

') l :te; l',' \ Î O' l •. 
# ~ 'a" .. . , 

-- --~---1----

o 

36 o 

(, ,. 

o 

.. _~--- .... -------~----------

, 

, 

, 
J o ..• c' 

. " 

Reduction of these repcC!'senl.1t 10ns 91 \'ct the! 4)"1lUbet 1-)' .. pe~':'e!:l 

, . 
,j # ~ ... f . , 

t. 

1.' 

, 
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, q. ( attributed to the movements of atoms of each set (~. "'62) • \ 

.' ~'~.-' rfl· . t' -:--...... 

1 
. " 

1 

\ ' , . 

= ~ + ~lg ~" ~ (·62) 

" 

• 
" . 
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when,bnl~ oPti~aily activ~ spècies are considered, we obtain:, 

, . ~ 

~ 

, 

·1 
1-\ . 

• 

f. 

, 

, , 

" 

.' 

" 

, 
1 • 

• 

'1 = ,a + \2h + 2t1u ~. -g (63) . , 
(Bi2>, " 

p ... 1 

-, 

r,'~ 
~ + 2h 2t1 %' 

---q'- ,- u 
(H

12
) 

~ 
. J -(64 ) ,.1 

. ~. 

'·f ., 
.' 1> .-

~ -. ': 

1 = 2'a .+ 4!!g + 4t1u .~ 
.B12~12 -\. 

-".0 
'\ 

: 

(65) 

#. 

~ \ 

These results are complicated by the faot that a non-genuine 
\ 

.r "V' 
translational mode\,5~lu) has to be subtracted from only'one 

~ .. . \ ' 
of the.se eq.uations and we do not know from which orie. Allother 

complicat~ng factor is the feasibility'of mixing the hydrogen 
\, 

' . 
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and the baron Vibra~i.o~~ in th{S higl)ly ~~~ic:al ion.· .. ~or 
\ 

to furn~sh ,any"useful these reasons, this approach~ails .. )" information. 
" 

, \ Stu~yi~g the '''ibratio~,al isotopie effect for the 
\ -, 2-

~wo isotopie moleeules ~Bl2!1l2·1, 
2-

and ~Bl2D12] provi~es, a 
. ) 

cl~arer ,indication about the type of atoms involved 1rt a 
, " [ 
gi ven vibration 0' , A useful formu~a for this purpose iS,', 

~il ": ~iç" Where-." .is the Obs:~"ved i:requfcy of the .vibr~tiop. 
'm is the mass of the representative atom .. in a vibrating.set1 

and the supérscript (i, denotes thè heavier ,isotope~09o When 
i " 

the (Y-) value is near unit y, this indicates that the vibration ,v . 1 

, 
considered ~s due to movements of boron atoms. On the other 

hand. if the _isotopie ratio·· __ (~i) ·is élose- to ~~ = l1ï:s, the 

',corres~onding vibration' is regarded as a result of H (D) atom 
i 1 ~ -,. 0 

~mo~ements. When the (~ ), values arle intermed,iate between 
, 

.. 1.: and 10 .. 5, th~ vibrations involve' both the hydrogen and 

the boron'atoms7;. ~ 
The Teller~Redlich theorem is based on a harmonie 

oscillator approxima~ion ànd 'thus holds strictly only for'the ' , -- . 
" , . 

However, the observed·fundamentals, 
, 1 

(vi) are the ones,no~lly used in these calculations, and 
. i 

,sinee w~~vl.l.: is~smaller th~n' wl.'-vi , 
\' • 1 ... ,\ J 

i' 
than ~o Conseque~tlYi ~he p~oduct 

•• 1 
1.1 ' \\ 

the Y- rati9 is smaller' . v 
vi vi 

1 2 i8 always larger Vï·"2° o

• 

1.111 tIl 2 · , 109. 
than -- -- " "Also, for vib,ratiops involvin9,hydrogen 

I.IIl ·w2••• 
i 2 

atom movements, the value.'of·(~) is a~~und.O.~ ·ins1;.ea~ 'of 

\ . 
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the theoretical vàlue, :: = 0.50. Applica~ion ~f the p!Oduct 
. 2- ' ..... ' 

rule to tpe vibrational fundamentals of [B12H12] and 
, 1 

2- . [B120 l2 ) heips 1n th, aS,signment .of the various normal 
j."" ; 

modes of th~s~ icosahedral ,ions (see Appendix II). 
• l.! 

This typ~ of approach was ,carried out initially by 
" ' 

Muetterties ~ &?9. ijo~eler," o~ing to ,the greater a:ccu;;;~CY' 
\ . 

of the measuremen~s in the present casé, the procedûre will 
~ 

P be repeated her~. uSing the data observed in this ~tudy. 

" 

The group theoreti,cal predictions: for> the [B12H12 ] 2- ..",.. 
~ 
ion (and also 

2 .. ,~. 

the [B12X12 ] - (X=Cl, Br, I) tons] are that 

the're should be' thre~ 'ir-active bands (3t·1u and ~ix Raman-
• <tir • 

activ~ ones (2!g,+ 4hg)_ Moreover, there should be three 

B-H' stretchin~ modes (~ + t 1u + hg>, fou~ 9-B stretching 

mode~ (!g + t 1u + 2hg)' one B-B-H'bending mode (t1u> and Jone 

" 
B-B~B bending mo4e <hg). 

~ 

These predictions'app~y to the "free·ion fl in 

solution. Muetterties et al.~9 recorded the ir and Raman 

spèc;ra Of, Na2'.!~12H12~ an~p~a~ [~12.D121 . ("'90% D-enr~éd) in 

aqueous solutî~ns. In the present study, the aque~Js ir . 
,/1 

spectra were not re-investigated; 'however, in view of the' " ~. '. 
, .' 

superior Raman instrumentation now available, ~hese spectra were 
, U 

< ...... (:;1 

re-examined. Muetterties e~ !!.79 used a Rank and Wiegand ~ 

Raman spectroPhotomete~110 with Hg-arq excitation (435.8 nm 
<" 

line). Using modern Raman spectrometers and laser excitation, 

much higher resolution and hiqher. quali1:y~';spe-ctra are 

obtainable. 

. . 
: " 

., 
•• 1 

1 

1 

1 
1 , 

1 
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V1brational spectra (cm ) of aq~eous' [B12812]~ and [B12012 ] '1'ABLE VII: 

1 • 

. .':_, 

.' 
~ ::\ 

, _,' - 2- C§ 2- Isotopie ratio 
".. -' ", - [8121112 ] [812012 ] . i 2 
, .. ir Ranan ir Raman ~ (v Iv ), 
.àef.79 nef. 79 '!bis 1IIDJ;'k _ ~Jef. 79' Ref. 79 n~is_work (fn:Jl\ this \tDrld .. 

/ 2518 2517a vs 
\. 

_.~480 '~ " 1882 
~,~.) . 

.2472~ vs 2475 

, J.:070 932 

949 . 9.54. m / 

770, 774c m , . 
746d s 743 

-

120 596 

~ 584 582em 

~ 

~~bellite lOB bands (~-1)~ 
a 2530 ,c780 e 590 

,. 

19,12 

" 
1867 

888 

1910f vs 

18649 ys 

'896 m 

0.58 (H) 

0.57 (11) 

, 0.57 (H) 

0:76 (B+II) 

0.88 (B) 

736 '62-2h ~ . , 0.65, (8+H) 
-

718 i s 116 0.93 (B) 

.. 
p. 6 8 (B;J-H) 

620 542 w cf.87 (B) 

---
91872 " i738 .... 

" 

Sym •. Vib. 
no • 

a , 
-q 

t -lu 
• 

h' 
:=tl 

t -lu 

~-
h -q 

~ 

t lu 

~ 

c 

VI 

v3 

v6 

'~4 

~7 
v -

8 / 

v2 

. " ,,5 

v
9 

e 
• 

.. 

PI:op>sal assignrœnt 

8-H(O) out-of-phas~-breath 

8-8(0) str. 

B-8(0) str. 

. 8-B str. and B-H dei;-= 
(cage vibration) 

8-B str. 

B-B str. and 8.~ def; 
.". in-phase cage breath ~ 

O~-B l!tr.) 

'8-8-H bend. 

B-8-8 bend. ,. ---------

0\ 

'-

r'" 

~ v '" l • 

b 2480 d 755 f 1938 h648 jThe' 8 and H In.parentheses indicate which atoms i 
( are moving in a particular vibration. t. 1 

• 1 _ mr 035".='1 ampHI 1$" TUrms 'TII'Tm 'Etr ••• ',' 'Asa r: P )-Hie J , '.' .. _~ 
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3. Band Assignments 
1 • 

2-,\ The observed \fibratipnal spectra of the '[B12Hl2 ] 
2- . ' , 

and [B12qI2] 10ns in aqueous solutions are given in 
• 

Table VII. Typical spectra are shown in'Fig. 12. The as-
\ 

signments are be~t discussed in ter.ms of the fOllowing group 
l ' • ' 

~ibrations: B~H stretching, bor9n cage ske1etal modes arld 

~-B-H bending modes. } 

a. B-H stretching modes 

. 
'IThe ~trongest,~orPt~on in the aqueous ir spectrum 

2- 1 • -1 
o~ ,the [B12Hi2] ion is at 2480 cm • Deuterium substitution 

shifts this band to 18è2 cm~l a~d 'the isotopie ratio s~ 
(0.57) shows that thë'vibration is due to movements of the 

.. hydrogen atoms of the cage. Thus, these bands are /~eadilY 
. / 

assigned ta the B-H (D) stretching ",vibrations (Vl~/~ The B-H 

absorption is a~ higheroenergy than is usually toùnd f9r B-H 

stretching in ions, e.g., 2270-2240 cm-1 for ~Ba4]-.76 This 
, , 

-; 

" 
">: _. 

frequenc~ shift is .,.perha\due t,o the super-~romatic~ity of ~e 0 

77 / ' icosaheQral cage .' .. • t 0 ~ , .... J 
1 . ' , , 2- 2-
In the Raman spectra of both [B 2HL2] and [B12D12] , 

there àre two st:.ro~g bands which ean be ttributed to B~H(D, 
l ' 

stretcl:1ing.: The isotopie produc~ rule,ëla~ indicate t'bat 

these bands are due to the ~ove~nts f th~hYdr~gen atoms of 
, .' '. 2- -1 . , 
the Molecules. For [B12H12] ,the and at 2472 CM, is de-.. -
polarized and is thus considere~ t 

;. , 1 - .. ,.. , 

, , 
belong to th~ h speeies 

':'"9 

l, ~ ... 

. , 

'( 

,/ . 
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(v6). The other band at 2S1~ cm-1 ls t~stron~èpt ln the 

Raman sp~etrUm and ls s~gly po1atized (p = "1) •. Thus, 
1 

67 

this band ls attributed to the total1y symmetrie ~ mo~e (vI~'. 
/ 2- .., 

The eorresPO)'din9 __ assignements for [B12D121 are 19lp (!g' VI') 

1864 ém-l (h .~, v6) '. AIl the",IB-H(D) stretching ba·nds are t 
-9 . 1 

\ 

extreme1y intense in-both the ir and Raman and there are . ~ 

signifieantly weaker, h!gher enerqy, satellite bands attri-

butable tp l~B substituted mo1ecu1es (see footnotes to,Ta~le VII). 

b. The C~9& or skeletal vibrations - ' 

, . 
- i'. B-B stretehip9 modes 

. l' 
1 

One of the main features.of the ir speetrum of 

[B12H12]2- is th~ stronq abso~ption at 1070 cm-1 which is 

shifted to 932 cm-1 in t~~ speJtrum o~·thé~D-enri~hed iso-
, C" .. 

topie species~ This is 'a ehar~cteristic vibtation of po1y-

he~ral boranes'and is usua11y ~a11ed the càge absorption69 • 
1 • 

The mode is attributed main1y to B-B stretching, but it is 
.!? 

apparent1y,strongly mixed with other vibrations because of .. 
o • 

its high frequeney a~d bigh intensity. This i8 con~irmed by 
~ 

Te1le~Redlich isotopie ea1cu1atioris'whi~h' indicate that. , 
, \ 

movements of ~oth H(D) and boron at~ms eontribute to these 

fundamentala. Therefore, these nô~al modes a1so inelude 
1 

IB-B-H(D) bendlng motions. I~ ~8 evident that these ba~ds,are 
~, . 

- of -~lu ~ymmetry (v4),i sinee thls is the only spe-cies having 

lr acti vi ty in thê icosahedr,l point qroup. " 

f 0 t " 

, ' 

.. 

, n 
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In the Raman spectra of [B12H12 ] , the 1ntense 

absorption .at 746 cm-1 is strorty1y polarized (p :: 0.1) a~d 

conseque~:ly belongs ~o the totally symmétric ~ mode (v 2). 

Deuterium substitution shifts this band to 718 cm-1 and 
vi' 7-

Cv 2), ca1cu1ations prove that this fundamenta1 deri~es .trom 
2, . -1 

movements of boron atoms only. On this basia, othe 746 cm 

68 

, . 
(H) and 718 cm-l (0) bands are assighed'to the B-B stretching 

'J 
'of the in-phase breathing vi~ration of t~e icosahédr~l cage • 

Two medium i~tensiêy Ra~n 1ines are observ~d in 

tbe sQ1ution spe~tra of [B12H1212- at 954 and 774 c~-l" ~ith 
... the cor·responding bands for [B120 112 ]2- appearing at 896 ~nd 
'~2' cm-l,' ~espectiv~lY. _'The proQuct 'rule ~;lc~lations. indicate 

that the~~ band~ al~ originate ~~nly'from baron atom move~ 
.. < \ \ • 

ments. These p~~kS are de~olariz~and therefdre'belong to ' .' , ~ hg species, v7 a~d vS. The ~ro~dness of these ~s could 

be a resu~t of accidentaI eoineidene~s with either~~ation, 
J ~ 

overtone or ~OB isotope bands. Thel low intensi~ies ~f th~v7 
~ t ~ ~, 

,and Vs B-B stretching vibrat~ons is presumably ih~ca~ive of J 

". 

'weak intra-icôsahedral.forces. o 
, 

... 
ïi. The skeletal bending vibrations 

The :medium intensity Raman band at 5S2 cm-l for, 
o 

. 2-
[B12H121 has an energy suggestive of a bènding mode. - . 

Iso-
!-

,tapie data show that this fun~amental is a conseq~ence 91f'boron .' 
-' 

, J 

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

-1\ 
~-B-B skeleta1 bending mode~, Sinc~ the, 582 cm band ~s de-

.' 
-1%&-04'i iit&lU&&MU_ 
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. l 
it ia due, "to the !!q' ayDm\etry specie~ ("g). In 

this band appears' at 542 cm-l, but with very low 
. ' .. 

intensi~y. P~esumably ~his is why this band was not' report~d 

by Muetterties et al.7g'i~' their study of the dodecaborat~ 
ions. Inste~d they assigned ~he much stronger peak at ~ 620 cm-l 

.J 

to "g. That this frequen~y ia 40 cm-l higher than that of the 

(H) isotope led Weber and Thorpe1ll to suggest that the 620 cm-l 

is not due to "9 

~ 570 cm-l. Our 

ditional support 

. culations. 

" 1 •• and that the true location of this mode was 

experimental value of 542 cm-l provides ad-
l' 

for Weber and Thorpe'slll theoret!cal cal-' . 

'p ;(".,1 • 

ç. Hydrogen bending modes 

The ii bands at 720 and 5g6-Cm~1 in the rpect~a of' 

.lB12H12 ] 2- and [B120 l2'] 2-, :espectively , are ~harp and of 

medium-to-stronq intensity. They are assigned to B-B-~(O) . 
-bendinq vibrations on the basis of isotope shift calculations 

· which cO~fir~ that 

in prOducin~these 
both boron and hydrogen atoms are invdlv~d 

modes. In common' with the rest of th~ ir' 

~dament~ls, these bands (vS) have t lu symmetry., Since tbe 

absorption for [B12H1212- fall~ in the B-B stretching,grOup'\~ 
• J 112 

frequency range , the isotopie study was of·great:value in ' .1 

makin~ the a~s1-gnmentj. 
\ 2~ 

The pr0Pw0sed vibrational assignments for [B12H12] 

and [B~2D12]2- Ar: summarized in'Table1lll. It is worth em­

phasizing that unlike in many vibra~ional studies.all the pre-

. 
,Ii .. , 

, .. 1'. ' ' ' 

\ 

. .' 

... 
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dicted fundamenta}s were obaerved. ' .. , 
B. VIBRA'l'IONAL SPECTRA OF THE SOLIO OODECABORATES 

1. IntrO%uction 

'1 
-

" 
The spectra of crystals usually show more bands 

than t~ose of liquids o~ gases. 
1 ~ 

. Inter-molecular interactions are much stronger ~n 
, 

crystall!ne structures and this results in ldwering of th~ 

symmetries of the free ions in crystals. This ,lower~g of . 
symmetry may remove the degeneracy of certain m~des and-may 

acti yate others which were inactj. ve- in' ,the free species. ~ 

In solids, apart from the normal internal modes, 

there are also characteristic low-frequency bands usually 
" 

called external ~r lattic~ modesl07 ~ , These mode~ arise from 

, 
\ ,.,:1 ',1 , 

r Ir J 

~,,-.....~._ ...... -

70 

~,I 

the ~otions of the complete molecules relative to 9ne another. 
, 

The lattice bands are optically-ac~ive and usually appear in 

0-50 cm-1 range, althopgh some above 200 cm-l' have bee~ 

repo~tedl09~113. These vibrations oan be furthe~ subdivided 

~nto translatory and ,rotatory modes according to the origin 

.of their motions. There are also three optically-inact~ve. 

modes characteristic of the solid stete, viz., the acoustic 
l' • 

modes, which Àre respons~ble for propagating sound waves 

throughou~ crystals. Thèse three modes result from the 
; t . . .(. 

translational motions of the molecule as a whole within the~ 

crystal. 

" 

. . 
" 

. ') 
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~. Factor Group AnalYs1s. 

. . \, .. 
Because ~f,the repetition pa;terns within crystal 

, .' 

'structures, :the vibrat'1ona1 modes of solids 'can be considered, 

'as the resultants of identical in-phase movements withi~ each 

Ipfimitive unit çell. On this basis, the differen~ fund~~ntal 
1 1 

! modes -of a crystal can be obtained in a simi1ar man,ner to 

those.of discrete molecules, except that the entire primitive 
l' unit cell is çonsiqered. Thus, in factor group analyses, the 

.' 
entire unit cell of a crystalline lattice is treated as a 

vibrating unit subjec~ to symmetry restrictions arising only 

,from the geometry,of the entire primitive unit celle Rather 

th~n the ~olecu~ar point~roup" as-in the case for th~ free 
.' , , 

molecule, we Use th~ factor group, i.e., the poïnt group which ç 

is isomorphous with ihe 'space group of the unit cell of the . ' 

crystaill3 • To obtain the point. group isomo~phous wi~h a 

faotor'group, we drop the superscript of the Schoenflies symbol 

of the factor group. 

are as follows: 

The group theoretical equations used 

, 1 

i. Total number of modes 
<~ ... 

• 
. X· = mj (P} (i ~l + 2çose j ) 1 

J 
(66) 

. ""'-

ii.- Lat,tice modes 

- Translational .modes 
.', 

"-
'1 

[Xj (T 1 ) ] [mj (S-l) ] (±l + ~C08 e.)·" = . ,J _ 

1 

(67) 

'- . / . . 

, . 

.. 

. -
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.. - Rotational modes 

(68) 

. 
/'" 

iii. Acoustical modes 

(69) 

where L. the number o~ monoatomic ~ons in the Molecule; 
J. 

'S is the total number of ions or groups of atoms fn the unit 

cell; (S-V) is the number of polyatomic or complex ions; 

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

operation-of class j; e. is the angle oi r6tat~on of an 
1 l 

operatio~ of class,j; mj(s) is the number of ions or groups 
. . 

of atoms l4'hich transfer into thémselves or their equivalents 

or whose centre of s~try 'remai~ invariant under an operation 

of the class j; and mj(s-v) is the number of non-linear poly-

atomic groups Whibh are i~variant under an operation of 
.' 

class .107 
J • 

In each case, the represe~tations obtained from the 
" , , . 

above' &Iuations are reduced.. by the use of the nmagic formula" ... 

to yield the corresponding number of modes (n) . 

, 
" 

iVe Internal modes 

These.~ntra-molecular vibrations [n(i») are obtained .. 
by suQtràction of acoustic and lattice modes from ~he total 

1 • 

: ' 

'. .1 

" 
, 
, ' 

. 
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, 

. -
Xj(f) • [mj (p)-m j (5)] (2cos6jtl)-mj (S-V) (±1±2C~Sej) (70) 

or 
) 

n(i) = [n(N)-n(T)-n(T')-n(R')] (71) 
, / ' 

-""" 
/ 

/ 
t~ In order to apply successfully the factor group 

equations. it is important t:~nize those invariant atoms 

or groups under~ various s try operations of the factor 

\ 

(space) group., The atoms that are related by one,or a suc­
\ 

- . 
cession.of primitive translations are considered the sarne or 

, ~' 

identical atoms.' The non-primitive translations are those 

included in the screw axes or glide planes. Furthermore~a 

poïnt is r~garded as.ihvariant ,~der the operation that , 

transforms it either ~to itself or into an identical site 

in an âdjacent unit celle On the other hand, a site is not 
, . 

called invariant if. the operation considered carries it inta 
, .. 

.. , 1) ... 

a~,identicaloor equivalent-point in the sarne.unit cell or into 

an equivalent point in another adjacent unit cell. (Equivalen~ . ~ .. -; 

'poi~ts are unose having diffe~ent-coçrdinates but orig~nating .• ' 
from the sâllle syminet-ry .oper~ti~n) • ~ ~ 

1. 

J 
• 1 _ ~\' 

:4') . . 

. , 

.. 

CI _ , .. 

'.' 

- ' 

. 
), 

.' 

~.".. . 
• 

-. 
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a.' Application of factor group analysis 
/ • 

/ 
1 

/ 

These salts crystallize in the space group Fm~(i~) 
crystalioftra-of the cubic system ~th four molecules in the 

J>hic unit cel172 . The primitive Bravai,s c~l, however,/has 

only one mol&cule (Fig. 9): Since this Bravais cell dles 
1 

not possess cubic symmetry, it cannot be utilized in. he . , 

spectroscopic analysis. The Wigner-Seitz or primit' e-sym­

metric çe1l possessing the iymmetry of the space gr up, in 

our case cubic, is the spectroscopic cell used in 

/ 

gro~p ana1ysis (Fig. 10). This cell is a dodeca drpn formed 

by ):>oth the K+ ions and the tBl2Hl212- icosah~dr units. In 
. , '" 

this dodecahedron, thé X+ ions oëcupy the tried ed int~r­
, .. 

sections f(C3 a~es), whil~ the {Bl2H1212- icosa edral unîts 
• 0 

are,l~cated at the quad~i-edged intersections (~4 ax~s) or" 

~t t~ ~entre of thé 'Wigner-Seitz cell (Fig. Il)107. 

/ 
, 

, ~ .. 
Using the symmetry of the cell (Fig. cll) ~ 

~ and applying the procedures of th~ fac~or' roup analysis 

. 
/ 

, . . 
outlined ear1~er, the differen~ mopes of 

K2Bl~Hl2 (or its isostructural 'analogues) can be obtained. The 
~ • q 

results of thïs analy~is are summarized 

From tbe facÜQr group calcul '. at 

the number of modes f9J each type of tian in the cryst~l~· 

Fro~ Tabl~ vt"II, ·t~e..atianal repr sentation for b the ~. 
, 

72; the ,optical 

1". 

'0 .~ 
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FIGURE 9: 

The prim~tive cell 5uper­
imposed on the Bravais 
lattice of K2B12H12" 
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FIGURE 10:. 
=c; 

Th i . t. l .1. e W gner-'Se1tz ce l super-
impqsed on the BravalS lat-
tice of K-?.B'1~H12" \ 
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TABLE VIII: Factor qroup analysis for tt2Bl2H12 and its 
, . , i 

1 ;! . 
T3 

1 , 
E 3C2 BC3 i la 886 N '1' Tf: Rf ni Activity 

, 
h \ 

~t 
/~ 

·0 4 A· 1 1 1 l 1 1 4 .. , 0 O· RàDum 
9 \ .. 

Eg 2 2 -1 i ~ -1 4 ·~O 0 
\ 

0 4 Raman -
F =T 
9 g 3 -1. 0 3 -1 0 9 - 0 l l 7 Raman 

, 
Au '1' 1 l l: -1 -1 -1 2 0 . 0 0 .2 

~ 
, 

Eu 2' 2 -1 -2 -2 l 2. 0 0 0 \ 2 
~ 

Fu·T", '3 ~J' _1 0 0 -3 l 0 11 1 l 0 9 1r 

mj(p} 26 2 2 0 8 0 ~ 
'0 

mj (S) 3 '3 3 1 l 0 
, 

, 
•• i.' 

mj CS-V) 1 l 1 l l l • , -•. 
1 

:t1+2cos6j 3 -1 0 -3 .. . 1 ,0 . " 
lt2c~S6j 3 -1 0 3 -1 0 . , 

~ "- . -..... , 
- 1 

(Xj (N) ) 71} -2 0 0 8 0 

1 [Xj ('1') ] 3 -1 0 -3 1 0 , 
" 

1 

. 1 , . 
[Xj ('1' 1 ) ] 6 -2 0 0 0 0 

, 
- \ \ 

1 \ 
IXj(R')] 3 .. 1 0 3 ,,:1, 0 

\ , 
A 

IXj (ni) ] 66 2 0 0 B 0 . 

amj (p) ~ 
1 

" 
is th"e number of atoms which remain invariant under an operation of class j. . 

, mj(s) 19 the number of ions or groups whose centre of symmetry remain invariant r 

under the operation considered. i . ! , ,( . mj CS-V) is the number of poly~tomic groups or ions amonq mj CS) which remain invàriant 
under an operation of class j. 

1 

!Xj (N) ] i9 the representa tien for 
\ 

total number of modes. 

!Xj ('1') 1 i5 the representa tion for acoustic or pure translational modes. 
. 

CXj (T') J is t.'te representation for translational lattice modes. ~ -
CXj (RM ) is the representa tion for rotational lattice modes. , . 
[Xj (J'Ii) ) . la the repres~ntation for internal vibrational modes. , ,'f~ 
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" \ 

, ~ctivity of each iI;l.dividl,lal species 'is .. indicat;ed in parentheses • 

/, 
) 

cryst. ,', totàl 

cryst., ext. 

4~ (R) +, 4!.q {Îù +. 9~ {R~ + , 

- ,. 
-" 

- !ç (R) + tu (ir) 

, ~ 

~ 

(74) 

These equations represent all the possible modes obtainàQ1e 
.. ' 
under the Th symmetry model. However, since most of the 

normal modes of the free IB12H1212- anion are optically in-
\ 

active and Th ,symmetry iS,still a high symmetry group, many 

of the solid state modes will also be inactive. These inactive 

j 
1 , 
1 
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TABLE IX: CQrrelatio~ diagram for the free [Bl~H12]2- ion under lh and Th symmetries 

.. 
Activity Ih ~ Th Activ;:tYI . " 

'~ 1-:. 

Raman "l' "2 
2a ____ 4% "l' ~2 - Raman 
~ , 

, / 

• ~ -----
-,' 2~ 

d' ~ 1 .' . 

R 2t .. -- St_ V6; V7 , VS' V9 , R ~~n 
Raman ,"6' V7 , V 8', "9 ' 4h ..-c::: 4!g "6' v7' "S' ~9 .Raman r- , 

-·f_" 

~ • -A 

'" &'-{"J 
,7 

~hu~2~ 
,Il 

-= 

i~ ~ "3' "4' "S' T "3' "'4' "S' T· ir 4t1u ...r' ~ lOtu 
, 

'\ 

'tl , / 
2g /' 2~ """ , 
~ ./ 

:- / 1 - f:: 
i ' 
" , . ;, 

.... , 
Q) 1 

1 
" 

1· -
1 

. 
.,. l ': " 
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TABLE X: Complete correlation diagram for solid K2B12Hl2 or its isostructural analogùes 
} 

~ 

Free ion Site Crystal 
s~etry s~try symmetry 

T3 
. 

lh Th h 

2~, 4a 1 -
.ta vI l "2/ 

~ -9'/~ . -g 

29:g< 
-

.:. "" 
.... " 

~9~ .3t . ~9t' T, R 
71g~ -<3 

v6 ' v 7 ' va" v 9 ~~ 4!!g . 4~ 

2~ 

v 3 ' "4' vs' T 'lIt 
• -u 

" 
, 

2~u '2a -u ' . 2au 

" ~ -: 

~ .- , . 
-,,1<- .• j'll 

. 
~ ~ , '* ..,.~ . ~- .... ~ - ~~-.-:;.., :~"I: ..... 

~. 

v 

• " :-Vl'~, 

.. 
T, R, V6 ' v7 '· "8' 

v 6 ' v7 ' ,,vs' "9 

.. ~.; 

T, v 3 ' "4' Vs 

/ 

/ 

." 

,. 
! 

i 

\ 

Activity~ 

Raman 

, ,,' 9 Raman 
" 

Raman .' 

" 

'0 ir 

~. 

.-

"l' . 

, '. 

, 

-
... '"1 . 

-...J 
\0 

c»" 

-:-

,1 
t ~: / 

"t-'" 
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TABLE XI: Correlation diagram for the optically-active modes of f2B~2Hi;'o~ its
è 

/ 

analogues • w 

, 

VI' "2 

T, R 

~ 

"6' v7.' "S' "9 

, 

v 3 ' v 4 ' "5' T 

~ 

.... 
,-

Free ion 
symmetry 

Ih 

Site 
symmetry 

Th 

!g------ ~ 

,,-,. 

Crystal 
symmetry 

Tfi 
o , 

~ 

1:19 _ ;~ ~ 

~ 

,",~ " 

h / e e --q ~, -q 
..-" 

"1' "2 -; 

1 

/ 

"6' "7' "S' "9' T, R 

"6' "7' "S' \)9' 

.' .'-

t 1u tu ~~ ---;-"3' "4' "'5' T 

~ 

.. ~' 
" • 

-, 

~ , 

Kctivity 

Raman 

Raman 

Raman 

ir 

.-

, .oc 

" 

~,.~ 

j 

.. 
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" 
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modes are elirninated,by correlating the free-ion modes with 
1 

th~se of'the ~rystalline solide The three point groups 

needed ta establish the correlation diagrarn are those of the 

- 3 ' free rnolecule (lh) '\ the factor group (Th) and the site that 

the rnolecule occupies in the unit cell of the crystal. The 

site group is usually a subgroup of bath the rnolecular and 

th f t 10 7 1 l'" th . h e ac or groups \rare y ~t ~s e sarne' as e~t er one 

but it is, of course, never of higher symmetry) . 
" 

The rnultiplicity of the site occupied by the icosa-

hedra should be equal ta the number of molecule~ per unit 
" 

cell (Z). In the case of K2B12H12' Z=4. In the represen­

~ation of the T~ space group (Halford's tables), there is only 

one site hav~ng multiplicity of (4)107. Therefore, the ,site 

group for the icosahedra i5 easily established as having a 

Th symmetryo Since, for K2Bl2Hl2' the ~ite group is iso~ 

morphous with the space group, there is no'further splitting 
9 

in going from the site syrnrnetry ta the factor group. 

In arder ta equalize the number of modes on bath 

sides of the correlation d~agram, extra translatory ~pecies 

have ta be added to the representation of the free ion. There 

are 2 x 3 = 6, trans,latory modes resul ting from the movements 

of the two K+ cations. These species are obtained from the 

character table of the tetrahedral point group CT) which is 

the site group of the K+ ions in the crystal lattice of 

K2B12H120 The two translational modes (2~) of the T point 

group are split into two species (~lg + t 1U) under icosahedral 

J 
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symmetry. Using the correlation c:1!agram trable XI)" ';tl')e 

optically-inactive species can be eliminated. Equation 7~ 

represents the optically-active modes of the K2B12Hl2 : ,salt. 
i~ 

of-,TI' ~ 
(75) of 4tu {ir) 

cryst., opte act. 

I~ The internaI and external modes a'ie,shown in Eqs. 76 and 77. 

'. , r Th 

,cryst. , int. 

cryst.,' ext. 

, 1 

2~(R>" + = 4!g (R) + 4:!:g (R) + 3t (ir) (76) -u 
1 .. _ 

= ~ (trans. or rotn., R) + tu (trans., ir) 

(7~) 

.. 

83 

can also b~~ \ 

The normal vibrations of K2Bl2H12 (or K2B12D12) 

classified in terms of internaI coordinates, as in Eqs. 78-81. 

j,rTh 

B":'H (0)' 

• 

\ 

= !ç(R) + ~(R) + ~(R) + tu(ir) (78) 

" 

\ , 
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'(79) 

IT~ 
l '= 

\ B-B-B 
\, . 

. rTh

._ tr (ir). (81) . 

B-B-H(D) 
a ~ .. 1 

The correlation.a~alYSi~ clearly in~at 

all theOir bands of tHe free ion will appear in the spectra 

of the crystalline solid without further splitting. There is 
, 

also an ir-active lattice band expected in th~ far-ir region. 
\ .. 

The Raman spectrum of the solid should include the two a 
-g -

modes of the icosahedral ion and four doublets (~ + ~), as 

weIl aS,a low-frequency lattice banr. 
~ 

b. Band assignments 

" In order to discuss the vibtational sp~ctra of. 

K2Bl2Hl2 and its deuterated analogue, the following vibra­

tional classes will be considered: B-H stretching (~, ~~,+ , 

" ~ 

, \ 

84 
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TABLE XII: Caleulation of the isotopie ratio squares for solid K2B12H12 and K2Bl2~l2 e 

, F 

'. K2B+2H12 K2B12D12 Isotopie ~atio Normal " ' 
~r Ramanb ir Ramanb square (V~/v)2a mode Proposed assignments. 

" 2521 vs -J 1905 vs 0.57 (Hl -Vl-~~-) ------B~:) caglr breath-.-
-g , 
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" ~~-~·--·-·-~-------~r-··----~~~--------------~--------------------------~~,~., " 
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.' 

. , , 

~, tu>' B-B stretehing (!g' 2 (~ + ~), lu>' B-B-B bending' 

(!g + ~>, B-B-H bending (~u)' 1attiee bands (1g' ~u), 
, 1 

'togetner with the eombination and overtones and the lOB' 

isotope satellite bands. 

i~ B-H stretehing modes 

N-

, The strongest absorptions in the ir 

B-H stretching modes at 2471 (Nujol) and 2485 

the deut-e.ated salt absorbing in the 1880-1872 

are the 

with 

in 

Nvjol. The isotopie effeet caleulations indica4e that these 

86 

bands are of H(D) origin. In the Nujol mull ir spectrum, .the 

B-H stretching fundame~tal of K2B12H12 at 2471 cm-1 shows sorne 

fine structure on the high energy side of the band.' This 

\ structure is attributed to solid-Nujol lattice-lattice inter-

actions. ~he bands of solid K2B12H12 and K2B12D12 are on1y 

slightly shifted from the 2480 and 1882 cm- l values for'the 

2- 2-free [BI2H12 ] and [B I2D12 ] ions, respeetive1y. The bands 

are aIl assignetl to the v 3 (tu ) modes. 

In the Ra~an speetrum of solid K2B12H12' the B-H 
, 0', 

stretching region displays three strong peaks at 2521 (VI' ~) 
-1 and 2497 and 2492 cm (v6 , ~ +'!ç)' Again, the assignments 

are made by ana10gy with those for the free ion. On deute­

ration, ,these bands shift to 1905 cm-1 
(VI' ~) and 1886 and 

-1 1868 cm (v6,J~ +!g)' Application of the isotopie produet 
vi 2 

rule to these frequencies gives the ratio square (V-) ~ 0.~7 

, , 

, \ 
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" confirmi~g that these absorptions are due to movements of, 

hydrogen atoms. " 

" 

ii. Ske1eta1 or cage absorptions 

'. 
1) B-B.stretchin~ modes 

~he ir spectrum of sçlid K2B12H12 shows the strong 

cage absorption characteristic of polyhedra1 boranes at' 

1074 cm-1 (v 4 , t ). This absorption drops to 928 cm- 1 upon ~ 
-u . \ 

deuteration. The Teller-Redlich rule shows that both 

hyrrogen and boron motions con~ribute to these fundamentals 

[('}/v)2::! 0.76]. 

In the Raman spectrurn, the,strong 1ines at 757 and 
w 

J21 cm-
1 

for K2B12H12 and K2B12D12' respeetively, are ~hown 
\ 

by the product rule to be a result of boron atom movernents 

[(v i ;v)2 = 0.90]. Since the corresponding bands in the 

solution speetra are polarized, these bands are assigned to 

~ modes (v 2 ). 

Two weak-tg-medium intensity doublets appear in the 

. Raman spectrum of solid K2B12H12 at 973, 947 (v 7 , ~ + 19) 
and 7S1, 751 cm- l (vS' 'e + h): The analogous bands in the 

1 ;-Ç "::1 

D-enriched salt are located at 894, 891 Jv 7 , ~ +!ç) and 629, 
-1 

~ 612 cm (vS' ~ + !g)' respectively. From the isotopie 

substitution data, these fundarnentals are apparently due to 

boron atorn movementsi however, in vS' there are also hydrogen 
. 2 

atom.vibrations [5Pmpare' (vl/v) ,= 0.87 and 0.65 for v 7 and v 8 , 

" 

, 1 
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91 
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Il -
respectivelY]. As expected, the correspondi~a~d v 8 

solution bands are depolarized and have freqUen~~s that are 

approximately the average of the associated' dOublet\ This 

strongly supports the notion that the doublets are al, result "" .- .' 

of the predicted solid-state splittings. ,'. ' 

2) B-B-B bending modes 
\,:. '.; 

~ This skeletal vibration appears as a relatively 

strong doÙblet at 588 and 583 cm- l in the Raman speetrurn of 

solid K2B12H12" This doublet is pr~umably due to crystal­

field sp1itting of the 582 cm- l (v 9 ' ~) solution band and 
l " -
is therefore assigned as v 9 , ~ +!g_ Isotopie (D) sub-

sti tution shifts these bands to 547 and 538 em -l, respecti vely •. 
. vi J 

The isotopie ratio squarei" (V-), is near uni ty eonfirming 
, 

that the vibrations of baron atoms are the origin of these 

fundamen taIs. 

iii. B-B-H bending mqdes 
l~ 

"\ 

The hydrogen bending mode appears in the ir spectrurn 

at 715 c'rn -1 for solid K
2

B
12Hi2 and at 598 cm -,1 for the D-en­

riehed salt. The produet rule calculations confirm that the 

vibrations originate from the movernents of both the boron and 
. i 2 

the hydrogen atorns [(v Iv) ~ 0 _ 70] • This vs' t peak is of -u 
1 

medium intensi ty and is charaeteristic of baron hydrides""of 

, III 
similar structure. According ta Weqer and Thorpe , the 

Il 

1 

" 
) ,. 

, 
" 
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o·, 

" \ 

f.. ,IL; _ 

- g. 

" 

, 
hydrogen atoms contributin9 to this vibration move in a di-

rection,perpendicular to the B-H bond • 

. -
~ iVe Lattice modes 

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

Raman spectrum of solid K2B12H12' These two bands appear'at 

" nearly the same, frequencies in the Raman spectrum of K2:a12D12 . 
. -1 
# [91(s) and 65(m) cm , respectively). Since 1attice 'modes 

are not greatly aff~cted by isotopie substitution, thése bands 

are easily distinguished from the internaI modes of,the 

moleeule. --1 The 91 cm bands, being of higher intensity~ are 

assigned to the ro~ationa1 !g mode because rotationa1 modes 

are genera11y more intense th~n translationa1 one91l4 • 

Aceording to', the factor group. analysis, there should 

be on1y one -'Raman-active lattice mode. This could be either 

the rota tory or the translatory vibration since both belong 
1 \ 

to the Raman-active ~ species. Consequently, the peaks at 

~ 66 cm-l,for the two salts can be'considered to be the 
~ 

translat~onal lattice fundamentals. Laser radiation inter-

action with the lattice frequencies may be partly responsible 

for the intensity of these t~anslational bands107 • 

On the 'basis 'of the weak combination bands listed 
1 

be1ow, it i8 quite prob~b1e'that the ir-active translational 

lattice mode occurs at 'f\, 240 cm- l : 2755 ~ 240 + 2521; ? 

27~O ~ 240 + 2492; 1220 ~ 240 + 973; 1025 :::: 240 + 781 and 

" 
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1003 :::: 240 + 7571 cm- l . 
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v. Combinations and overtones 

Binary cornbinations'and overtones of the ir funda-

93 

mentals will not be ir-active 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. 

~mbination bands resulting from ir and Ra~an fundamentals are 

allowed in the ir spectrum. Ternary combinati~ns and over­

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

fundamentals are Raman ~ctive. Mixed ternary combinations 

such as (2 ir + l Raman), fundamentals are, only Raman active, 

while summations (or differences) df (l ir + 2 Raman), fre-
1 f 

quencies give rise to bands active in, the ir spectrum. These 

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

icosahedral model. 

t 2 t
2 2 = t

2 
Ag + H (R) , (82) == = t 2 = -lg -lu - 9 -2u 9 

" 
(' ""'-.. 

( -~ 
~, ' 

h
2 = h

2 
(R~ (83) = A + Gg + H \ - -u -g 9 9 

)û 
. 

-0- ~ + 4u = FI u (ir) (84) 





1 \ 

() 

~ + ,tlg "1-= FIg (R) 

!! 

t lu + hu = T1g + T2g + Gg + H9 

f 

, , 

(ir) 

(R) 

From the above ëquations, we can see that sorne inactive 

(86) 

(87) 

vibrations, e.g., h or t l ,can becorne active when combined 
-u - 9 

with other fundamentals or üvertones. Combination and over-

95 

tones can be predicted through group theoretical calculations 

and examples are given in Appendix I. 

Table XIII lists the expected frequencies for the' 

K2Bl2H12 combination and overtone bands with their optical 

activity indicated in parentheses. AlI the predicted ir-active 

binary combination bands were observed in the actu~l spectra. 

However, few Raman-active combinations or overtones were 

detected. Also, there are sorne combination bands involving 

the low-frequency lattice modes. The observed combinations 

and overtones are ar~anged together with the rest of K2Bl2Hl2 

frequencies in Table ~IV. 
( 

vi. Satellite bands J, 

The lOB isotope has a relative abundance of 18.8% 

/ j 

'1 

. ' ',', 
" 
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and therefore isotopie bands are expeeted to appear in vibra-

tional speetra espeeially for fundamentals of high intensity. 
1 

In the ir speetrurn'of K2B12H12' the three ir fundarnenta1s 

show very weak lOB satellite bands at higher ener~ies in the 

,correct proportion to that of the parent bands. Examples of 

96 

the ir isotopie bands together with the assoeiated parent sym-

metry species are as follows: 2510 s (v 3 ' !u), 1118' w (v 4' '~) 
. -1 

and 748 w cm (vS'~) • 

" In Raman seatter~ng, isotopie bands also appear for 

the âifferent fundamentals. In the Raman speetrum of K2B12D12' 
-l' 0 79 

the 738 em peak, whfeh Muetterties et al. had assigned to 
\ -- --

the (v
8

, ~) mode, is in faet mor~ likely to be a lOB satellite 
, -1 

of the strong 721 cm (V2'~) band. The important Rqman 

satellite bands are assigned in Table XIV. The isotopie 

\ f~equeney shift is foun~ to be within 3% of the parent band fre­

quency. Confirmation of the satellite band assignments must 
, 

await c6mplete normal coordinate calculations on the [Bl2Hl2]~-

and the various isotopically substituted speei~s. 

'vii. Low-temperature spectra 

Raman spectra were also recorded for solid K2B12Hl2 

and K2B12D12 at 73 ± 0.5 K primarily to determine whether or 

not any phas.e changes take place at low tempe rature • The 

spectra are essentially the sarne as those reeorded at room 

temperature and no new splittings of the bands were detected, 

,1 .' 
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TABLE XIV: Vibrational frequencies of K2B12H12' ~2B12D12 
(pages 98, 99, and 100J 
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although many of the peaks were sharper at the lower tempera­

ture. These results indicate the absence of any phase change 

in the solids over the temperature range investigated. The 

spect~al data are compared in Tab le XIV. 

The Th site.symmetry for [B12H12]2- icosahedra in 

the crystal iattices of K2B12Hl2 and K2Bl2Dl2 is confirmed.by 

both' the room and low tempe,rature rneasurement~. The rèsul ts 

also indicate tha'fr the two 'salts are isostructural. -

Combinations and overtones ·usually decrease in inten­

~sity with decreasing ternperaturel09 \consequently, they are . . . 
Il , 

,more easily distinguished frem the fundamentals by cernparing 

the reom temperature spectra with those taken, at low t'ernperatu17e. 
, 

, The Raman-active lattic~ modes were shifted to 

hfg~er .f:-e,quencies on decreas~ng the tempe rature • On cooling, 

the unit cells of the crysta1s shrink thus bringing the potas-

2- 2-
sium cations closer to the icosahedral [B12H12.J or [Bl2D12} 

units. This will cause an increase in the force constants of 
o 

these interactions and 50, the energies of these modes will 
" 

. increasel13 . The 91 cm -1 1attice bands in th,e Raman spectra 

of K2B12H12 and i ts deuterated analogue are shi;fted to 95 and 

96 cm -l, respective1y, in the low ternperature spectra (73 0 K)., 

a. Factor group ana1ysis 

\ 73 
In 1973, Uspenskaya ~ al. reported that, this 

..... 
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salt crystallizes in the Fm3m~O~) space group of the cubic 

system (vide supra, p. lB, footnote). The crystallographic 

unit cell contains four molecular forrnulae, but the Wigner- -

Seitz primitive cèll cantains only one molecule. This 

primitive syrnmetric cell is a dodecahedron passessing the . -

Oh synun~try and is farmed by both the Çs + atoms and the 

[a12H12]2- icosahedra1 units and is analogaus to the dode-
107 

cahedra1 Wigner-Seitz cel1 of salid K2B12H12 • 

102 

Using the ~etry of the spectroscopie Wigner-Seitz 

-creIl (Fig. Il) and applying the proc~dures of the factor 

group analysis outlined earlier, we can arrive at the different 

vibrational modes for solid CS2B12H12. This analysis is sum­

marized, in Table xv. The molecular representation for the 

tata,l number of vibra,tions i5 shawn in Eq. 88. 
.• 

2a1 (R) + 2a2 (inact.) + 2a2 (inact.) +. 
-g ;-g -u 

crys., toto 
1 

4e (R) + 2e (inact.) + 5t2 (inact.) + 
-g -u. -g 

4t1 (R) + 7t1 (ir) + 4t2 (inact.) -g -u -u 
( 88) 

Eq. 88 represénts the total number of modes possibl~ . for 

this symmetry, but sinee many modes are inactive ;in the free­

ion ta start with, the carresponding modes; in the solid state 

1: 
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TABLE .XVI: 
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Raman 

Raman-
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Correlation diagram for-the free [B12H12 ]2- ion under Ih and Oh symmetries 
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~ABLE XVII: Complete correlation diagram for solid cS2Bl2H12 
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4tl -g • -lg~-lg 

2Sg----------~29---------­°2a 
-29: 

~ 
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4h e 
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, , *These are the translatianal modes of 'the two Cs+ cations which occuPY Td sites; 
therefore, the translations belong ta the ~ species of the Td poin~ group. 
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TABLE XVIII: Correlation diagram for the optically-active modes of CS2BIZHl2 or its 

~~ isostructural analogues .-J 

':. 

,-
Free ion site _ Crystal 
symmetry syrrquetry symmetry Activity 

Ih Oh O~ 
.i 

! vI' '.1 2 a ~ ~ "l' "2 Raman -g 

l 
r 

' f /R tig. 
i~ t t R Inactive -lg -lg, 

1 h "9 Raman "6' "7' \)S',"9 ~ ~ "6' "7' "S' i 
-g c:::::::: 1 

1 
1 

Ta >< 
~t~_ 1 . 1 

t~ :!:.2g \)6' "7' "S' "9' T 1 Raman l . J 
1 

i 
! 

...... 1 \) 
3' \)4' vS' or t -lu t lu t lu "3' v 4 ' vS' T ir 

1 , 
1 
Î 

aTranslational modes of the cs+ ions which occupy Td symmetry sites. Translations 
under the Td point group belong to the t 2 ~pecies. ~ 

1-' 
0 
U1 

~~~~~~~~ 7rtJ.",..," c:ît3 f # 5 trlif ~ i'1tt~ .. ~~~!t."wûk'iê*'6" ~ ,Ctf .,TihR -J1I$ 7 ........ 'th __ Ans!e. ,,***%( .. "1 %"".%7(51 r7nb'''t''"~~t'i1;f". lM 3 tH. .~--......-. .... ~._---



. , 

" o 

_____ ._'_l.!_._. ______________ .~ _________ ._,_. ____ __ 

will aIso,be optically inactive. We can eliminate these 
1 

106 

,modes by drawing the correlation diagrarn (Table XVIII) between 
" , 

~e point groups of the free-ion, the sit~ in the crystal­

lographic Iattice and the factor group. The site group is 

easily established as the Oh' sinee it i5 the only group in 
1 1 -. 

the Frn3m representation naving multiplicity of (4). The cor-

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

the"external modes expressed by Eq. 90 • .... 

rOh 
= 2~lg (R) + 4e CR) ,+ 

-g 
cryst., active, toto 

St2 (R) -g + 4t1 (ir) -u (89) 
"-

" , 
~ 

rOh "--, 

= ~2g (R) + t lu (ir) ( 90) 

Cry5t. , ext. 

Obviously, these equations correspond to Eqs. 75 

and 77 of the K+ salt (T~). One minor dif)erence i5 that 

the rotational lattice mode i5 Rarnan-activ' under Th 5ymmetry, 

while it i5 inactive for the Oh group. 

1 

. .L,U 11' liti' ••• ,', 
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b. Band assignments 
( 

\ 

1 

1 t 

The proposed assignments are given in Table XIV 

and will be discussed in terms of the sarne categories as 

2-
those for the free [Bi2H12] ion: B-H str~tching (~lg' 

~ + ~2g' ~lu) B-B stretching (~lg' 2(~ + t 2g), ~lu)' B-B-B 
, 

bending (~ + ~2g)' B-~-H ben ding (tlu) and the solid lat-

tice modes (t2 ' t 1 ). 
- 9 - u 

i-. ~-H stretching modes 

The most intense line in the ir spectrurn o~ solid 

CS2B1iH12 is the B-H stretching at 2488 cm-l. The solid­

Nujol lattice-Iattice inter~ctions cause the appearance of 

fine structure on the high energy side of the band. This 

fundamental is only ~ery slightly shifted from the 2480 cm-1 

position cf the 2- • free [B12H12 ] ion. Therefore, this band is 

assigned to the ~lu mode (v 3 ). 

-1 . There is a strong peak at 2506 cm ~n the R~an 

spectrum of the solid which we attribute to the al B-H -g 
" stretching mode (vI) " the out-cf-phase breathing of the 

hydrogen atom icosahedron. There is a second strong Raman 

107 

peak in the B-H stretching range at 2471 cm-1 with a fa~r:y -__ ~\ 

·strong shoulder at 2475 cm-~. These two bands can ~e ~- '\ 

signed to the v
6

' e + t 2 mode. This fundamental corresponds 
.;;..g -g 

-1 . 2-to the 2~72 cm absorpt~on ("6' ~) of the free [B12 H12 ] 

which undergoes correlation field splitting in the crystalline 
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state. 

ii. Skeleta1 or cage absorptions 

1) 2-8 stretching modes 

\ 

( , 
J \ \ 

\ 

Il. 
The çharacteristic cage absorption of solid 

-1 
cS2B12H12 ap~ears in -the ir spectrum ab 1075 cm (V 4 ' ~lu) 

with a weak l~B isotopie band at 1120 cm-l. In the Raman, 

the 1ine at 717 cm-l i,s extremely intense and is assigned 
1 

to v2 ' ~lg by analogy with the free ion polarlzed band at 

746 cm-l. The weak 763 cm-1 band is presumab1y a lOB 

isotopie satellite peak derived from v
2

., 

There are two medium intensity Raman doublets which 

are assigned to e + t 2 symmetry because of their sp1itting 
-g -g 

with frequencies at 973 and 938 cm-~ (v 7 ) and 787 and 772 cm-l 

, -1 
(V8~' These bands correspond to the 954 (v 7 ) and 774 cm (VS) 

2-of the (B12H12 J solution bands and their sp1itttngs are due 

to factor group effects. 

2) B-B-B bending modes 

\ 
\ 

L 
ï 
\ 

The doublet appearing in the Raman spectrum of the 
, -1 

solid at 5S6 and 581 cm is considered to be due to the' 

skeletal B-B-B bending mode. This doublet has been assigned 
1 

to the v9 ' (e + t 2 ) by comparison with the band appearing 
--g , 9 

-1 - ~ .. - 2-
at 582, cm . (v g , !!g) in the solution Raman of [B,12H12] • 

d' 

\ : 

1 
/-

l 
-~ , 
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iii. B-B-H bending modes 

-1 The sharp med~uro-intensity pe~ at 715 cm in. 
t 

the ir spectrum of sol~d CS2B12Hl2 is assigned to B-B-H 
\ 

'bendin~. This fundamental (vS' t 1u) is a ~haracteristic 
/ ' 

• 2-abso:z;'ption in the ir spectra of the IB12H12]t po1yh'êdral 

ions and their salts. 

iv. Lattice modes 

110 

The Raman b~nd of cS2B12H12 at 57 cm-1 shifts to 

Jhigher'frequencyon cooling (62 cm-1 at 223 K) and is âssigned , 
(' 

.." J'i..... • 

to ~.f rotat~onal !.2g lattice mode. ,Taking into account the 
, 

difference in masses of~h:)two alkali-metal cations, this 
-1 peak may be compared with the 91 cm peak for K2B12H12. 

The translational lattice mode i51 much weaker and scatters 
1 

. -1 
at 43 cm in the Raman. The ir translational lattice lies 

outside the normal ir frequency range investigated, but it 
1'" 

is predicted at '" 220 ± 20 cm - 'from combination bands such 

as 2750 ~ 2506 + 220, 2675 ~ 2471 + 220, 1035 ~ 780 + 220 cm-l 

a. Factor group analysis 

,Uspenskaya et al~Î3 
~ ) 

have reported that this double 
" 

salt crystallizes in the pnma (D~~) orthorhombic space group 

with four formula units per unit cell. The letter P in the 
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(, 

\Her.mann-Mauguin symbol indicates that the crystallographic 

unit cell is primitive; therefore, the cell' can be used in 

the factor group analysis without further subdivision.~ 

Halford's Tablel15 lists the symmetries of the 

various sites of the Pnrna space group as: Cl (8) " Cs (4), 2Ci (4) • 
, 

u 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 

free molecule and the crystal, then ~e Cs site is Ithe only 

site ~aving this propertyl16 Therefore, we can conclude that 

the [BI2HI2 ]2- ions occuPY a four-fold set of sites of, Cs sym-­

rnetry. The eight cesium cations will occupy another two sets' 

of Cs sites. The four CsCl molecules will also be in Cs sites. 

In order to apply the factor group operations, we 
1 

J 

usually requi~e detailed X-ray maps of the unit celle These 

are not yet available for the CS2B12H12oCsCl double salt. How­

ever, the vibrational modes can be obtained by the correlation 

rnethod for factor group analysis. The four rnolecules of the 

unit cell have t~ 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 rnolecular (lh) 
1 

and crystal symmetries (D~~) via the Cs site symmetry is shown 

in Table XX. In this table, we note that (a) the fundamentals 

y of th~~ free ion are multiplied by four, the number of rnolecules 

in the·unit cell~ (b) because the site symmetries for the 

1 
1 
1 
l 

, 
) 

" 
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TABLE XIX: Expected vibrationa1 modes for CS2B12H12 "CsC1 
,. 

Cnemical species M 0 D E S 

total vib. trans. rotn. 

4 2-(B12H12 ] {anions 288 264 12 12 

8 cs+ cations 24 0 24 0 

, , 
4 Cs Cl 24 0 12 12" 

"\ 

[B1'2H12] ~- ions and Cs + ions are the same, the translational 

modes of these ions are d~rnbined under the ~lu of the Ih point 
i 2- . 

group; (c) both the [B12Hi2] ions and the CsCl molecules 

possess internaI, rotational and translational mo.des, while 

the non-structural Cs+ ions furnish only translational 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 -1 only one ir-activ~ fundamental at 102 cm , i.e., 

in the far . • 113 \ 1r-reg1on Therefore, ~e can safe1y assume that 

the ir and Raman spectra of solid cS2B12H12ocsCl will not be 

complicated by bands attributab~e to psCl. 

After carrying out the correlation mapping, we obtain . 
the various vibrational fundamentals on the right-hand-side of 

the table. The predicted number of modes for each vibrational 

fundamental in both the ir and Raman spectra we collected 

i 

1 
~, l 
, 
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Correlation diagram for cS2B12H12ocsCl 
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togeth~r in Table XXI: 

TABLE XXI: Expected vibrational moCles for solid CS2B12Hl~'csCl 

Vib. no. and Nutnber of modes expected Frequ~ncy region 
_ symmetry D' 

(cm -1) (Ih model) ir Raman 

l,~l' ~ 
2 2 '\,2500 

Raman 2 2 '\,750' a 2' -g 

\)3' !lu 15 D 18 '\,2,490 
... 

fa \)4' t 15 " '\,1070 
ir -lu 

"5 ' 
t -lu 15 18 '\,715 

"6' h 8 10 '\,2470 
-g 

• 
\)7' ~ 8 10 980-930 

Raman / 
)J 8' ~ 8 1 10 790-770 

. 
"9 ' ~ 8 10 '\, 580 

Externa1 ~odesa 16 24 '\,50-100 

anot inc1udi-ng the 24 
1 • 

modes" of CsCl 
'""l 

, 
We can see that on lowering the symmetry of the ffee , 

ion, modes which are either ir- or Raman-active oilly become 

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

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

ion fundamentals are in gêneraI preserved despite the corre-
1 ~ 

, i 

,. 

------------------' ... 



! .. , . / 

.~ \ 

.. 

, ' 
" 

'. 

lation predictions. 

b. Band assigrunents • 

The vibrational 

discussed in terms of the 

r 

:' 

r 

spectr~f CS2B12H12 -CsCl will be 

sarne categories a~ those for the 

CS,2B12H12,salt: :a-H stretching, B-B stretching, B-B-B bending, 

B-B-H bending 'and lattice modes. The ~Bserved f;requencies 

are 1isted in Table XXII. 
! ''', 

115 

, ~' :1 ' 

~ B-H stretching ,modes' 

The V3 B~H s~retching mode appears in the ir spectrum 

of solid CS2B12H12 -CsCI as a high intensity doublet abs,?rbing 

-1 . -1 
at 2510 and 2480 cm with a ~,~rong shoulde;: at 2520 cm 

1 

These bands can be assigned to the b l + b 2 + b 3 species 
- u -, u - u 

which correlate with the t 1u species of the icosahedron. Th~, 

-1 -" 10, 
'\,2520 cm shoulder is too intense to be considered a 13 

1 

isotopie s~ift. Another possible assignment for this shoulder 

is the \)1 (e,lu and/or ~3u) B-H stretchinlj mod'e. We should 

r~member that \JI is only Raman-active in the ~pectrum bf 

CS2B12H12 as a~ ~ speeies. A simiIar'situation oeeurs for the 

\)6 B-H stretching modes whieh may 'accidentally coincide with 
~ , 

other ir fundamentals in the 2520-2480 cm-l region. 
1 

In the Raman, the strong 'doublet at 2528 and 2508 cm-l 

is attributed ta the (~ +' ~2g) B-H stretching ,mode (VI). The 

\>6 stretching mode scatte~s in the Raman spectrum at '\,2476 and 

1 

, , 
" 

" , 
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-l' 
2466 cm and these bands can be regarded as be10nging to any 

two of the ~, !?lg' ~2g and ~3g ,species. The "3 mode is also, 

al10wed in the Raman as a , b l ' etc., species and may scatter 
-g - 9 , ' 

'0 -1 ' 
in the saIpe region a~ tl),e "6 modes (ca. 24 BO -24 70 cm ). '1 

ii. B-B stretching modes 

The cage vibration ("4) of the double salt is ex­

hibiteQ in the ir spectrurn as a strong ~oublet~at 1077 and 

1056 cm -1 i.e. 1 in the energy range considered characteristic 

, . 69 
of the cage absorptl.on The weak 1128 and 1116 cm,-l peaks 

can be attributed ta lOB isotope effects. The symmetry spec'ies 
, 

for the cage doublet are most probàbly ~lu and ~3u since there 

are two mldes of each species al10wed in the i'r r while there , 

is only one active mode' in the b 2 species. -u 
In the ir, there are several weak bandslwhich can be 

assigned to the now ir-allowed "2 (e.lu + !?2u) , "7 arld "a (3~lu + 

_ 2~2u + 3e.3u) .. modes. These are aIl B-B stretching modes ("S 

consists partly of hyd~ogen bending). The frequencies for 

-1 these bands are: 965, 937 (v 7 ); 765 ("S); and 755,742 cm ("2). 

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

954, 950 (v 7) i 797-790, 778-7~2 1 770 (v 8); and 766-760, 751, 

-1 749 cm (v2). The syrnmetries for the v7 a~d "8 modes include 

a1l the Raman-active species (~, !?lg' !?2g and ~3g)· The \)2 

~ode affords the two species (a + b 2 ) and therefore, the ~uch -g -g 

weaker, higher energy, b~d at 766-760 cm-l cited above foi' 

, 
) . 

.1 

\~ 
.' 
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-1 TABLE XXII: Vibrationa1 frequencies (cm ) of C82B12H12'CsC1 

ira 

2700 m,br. 

2520 s,sh. 

2510- vs f 
2480 vs 

2360 m 

2340 m 

1128 W f 
lll6 W 

1077 vs ~ 

1056 vs ! 

964 

935 

• 
Ramanb 

2528 S f 
2508 s 

2476 f 
2466 

;' 

980 m 

965 m 

961 m 

954 m 

950 m 

Assignment 

v B-H breath. 1# 

<' 

v B-H str. 3' 

v a-a str. 6' 

v3 -v7 or v6 

\l3-v7 or Y6 

\14' lOB-cage vib. 

v 4 , B-B str. and 

B-H bend. (cage vib.) 

'V7 ' B-B str. 

,. 

ira 

765 vw 

755 W 

742 W 

722m 

710 

665 w 

610 W' 

585 w 1 
532 W 

477 m 

Ramanb 

797-790 m 

778-772 m 

770 m 

766-760 m 

751 vs 

749 vs 

719 VW ! 
647 vw 

645 vw 

588-581 m 

128 vw f 
66 m 

a 1n ilu)ol mull. 

~ ~ ~r ........ ~ "tr;\~ ,~?,..::gr.~~N.;t-àr-~~<"'~ ,:;,oF ..... F.:.\~~".!.o'-I'\.1...J"1:f>":.>j..~~ 

Assignment 

Vs' B-B str. and 

13-H bend., , 

v
2

, lOB-effect 

v2 , B-B cage breath., 

(~+~2g) -

v 5 ' B-B-H bend. 

v9 , B-B-B bend. 

Lattice modes 

.. 

b 1n solid state. 

. () 

\ ... - ...... ;; ~~ ... ~.w.~oi' •• htrtt3rl ;»~,. Ii d' tMf6tti1.1''W' .... WWiI. 

o 

/ 

.... .... 
\0 

l' 
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; 
• 
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( ) 

this mode is assigned to isotopie effects. 
1 

iii. 'B-B"'B ben ding modes 

The V9 B-B-B bending mode appears in the Raman 

spectrum as a wide composite peak at 588~581 cm-1 There are 

ten Raman lines_?redicted for vg (3a + 2b1 + 3b 2 + 2b3 ) 
, -g -g -g -g 

and this presumably accounts for the broadness of the band. 

The weak-intensity ir bands at 610, 585 and 532 cm-I may, be 

assigned also to the vg mode. Moreover, the medium-intensity 

~ -1 
~r b~nd at 477 cm could aiso be derived from v9~ its inten-

sity may be due to coupling with Iattice modes. 

iVe B-B-H bending modes 

120 

The B-il bending mode (vS} appears in the ~r spectrum 

as a doublet of medium intensity at 722 and 710 cm~l and proba­

'bly a very weak absorption "at 665 cm -1 (bl ,b2 and b 3 ). A 
-u -u -u 

very weak Raman peak at 719 cm-I may aiso be attributed to the 
\ 

Vs vibration • 

. 
v. Lattice modes 

1 

The medium intensity Raman peakJat 66 cm-I in the 

spectrum of solid CS2B12H120CSCI is assigned as a Iattice vibra­

tion. Supposedly, 72 externa1 modes are possible for the double 

salt with at ieast half this number being Raman-active. The 

~--~--~----~--~~--.----~--------------------------~,~.,~----"""."I.UL ... rrmw"~~~~1b 
~,. 1." . ., • ,..~ 

" , 
? 
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._ir-active lattiee modes will oceur in thé" far-ir ;egion and 

.thus must a~ait further investigation. 

In the Raman, there are far fewer observed frequen-
f ' ' 

cies than the number of modes predicted by t~e selection 

rules. -1 (Apart from the 66 cm composite 
j " 

bahd, there is pos-

sibly a -1 very weak peak at 128 cm .) 

many mode~ cou1d 

degeneracies and 

be~Plainedl17 on 

w.iak intensities. 

The disappearance of 

the basis of acciderital 

AccidentaI degen~racies 

oceur quite often in the region of externa1 modes because 
, , 

thère are usually a large nurober pf modes allowed in ~ rela-

t , 1 117 
~ve y narrow energy range • 

6. Vibratfona1 Spectra of the Perhalogen Derivatives 

a. General 

121 

The cryst~l struqtures of the perna10gen derivatives 

have not yet been investigated. As a starting point, however, 
\ 

the M2Bl2X12 sa1ts can be regarded as being isostructura1 with 

the an'a1ogous M2B 12H12 deri vati ves. The simp1ic;i. ty of the 
CI ". 

M2B12X12 spectra suggests that minimal deviat~ons from ieosa~ 

hedral geometry oqcur.' The vibrational spectra are expeeted 

b 2-t be similar to those of the [B12H12] salts with the modes 

being shifted to lower energy in accord with the increased mas-

ses of the halogens.! Consequently, the bending modes d~ not 

appear in the normal ir ranC]é a'nd are probably located in the 

far-ir region. The Raman spectra display fewer bands than 

\ 

._:t. .. i $ • , r 

" 
, ~ 

) , 
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expected and most of the bands appea~ith diminished inten-
1 

J sity. This was explained by Muetterties et al. 79 as acci-

d~ntal pancellation 'of polarizabilities due to the oppositely 

charged boron, and halogen atoms. 

The four perhalogen salts studied were C~2BI2Cl12' 

CS2B12Br12' CS2BIZI12 and (Me4N)2B12II2' These salts were " 

treated as being isostructural and having the same crystal 

structure -as that rnos't recently determined for CS2B12HI2 
3 74 [Fm3(T
h
), Z=4] • 

The vibrational predictions are obtained in the 

122 

usuai way. The optical1y-active internaI and externai modes· 
, 1 

are represented in Eqs. 91 and 92, respectiveIy, with the 

optical activities being shown iniparentheses. 

= 2~(R) + 4!:g(R) + 4~(R) 73!:.u(ir) (91) 

, cryst., int.,' act •. ' 

JI 

= ~ (R) +, ~ (i r) 

cryst., ext., act. 

(92) 

\ 

The vibrational fundamentals ,of the four perhalo 

salts will be analyzed in the following section and then 
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Muetterties et al. 79 ,81 have reported only one peak 

in both the ir and Raman of thi:s saI t. As will.,. he discussed ,\ 

later, we feel that the assignrnents proposed by these authors 

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 availa'ble. 

The assignments tor CS2B12Cl12 will be discussed in 

terms of B-CI stretching (a , e + t , "t ), B-B stretching 
-g -g -g -u . 

[~~ 2(~ + !g) ,: ~~ , B-B-~.bending modes (~ + !g)' B-B-Cl 

bending (t ) and lattice modes (t , ~). The actual vibra-
~ -g ~ 

tionai data and sorne representative spectra are given in 

Table XXIII and Figs. 19, 20, respectively. 

i. B-Cl stretching modes 

In the ir spectrurn of sol id CS2B12C112' the llB\_35Cl 

stretching mode appears as a very intenSe absorption centered 

at 1032 cm -1 [v 3 ' ~J. The strong shoulder at higher energy 

\(1070-1060 cm-l ) is due to the lOB_35 Cl stretching mode. On 

the other hand, the heavier chlorine 37 Cl isotbPt shifts the 

absorption to low~r frequency and the llB_37Cl mode appears as 

a separate band of moderate intensity at 1003 cm-1 

-1 The weak ir band at 945 cm ~s be1ieved to be a dif-

ference band [1070(ir)-134 cm-1 (R»). 

In the Raman, no s trong bands are observed in the 

>'1 
1 

·1 

1 
\ 
i 1 

/ 
-1 , 
'~ 

: 
ï , 

\ " 
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\ / 
B-Cl stretching regi~n (1037-579 cm-1) 119 • However, the two 

-1 very weak bands at 1070 and 1005 cm may be the B-C1 stretching 

modes (VI' ~) and (V6 , ~ + ~), respectively. The drastic 
1 

d~crease in intensity of these fundamenta1s has been attributed 

to accidentaI cancellation of po1arizabi1ity79. The two modes 
, "" 

are a result of the movements of boron and ch10rine atoms which 

are opposite1y charged79 

ii. Ske1eta1 or cage vibrations 

1) B-B stretching modes 

In the ir spectrum, the sharp, intense absorption at 

-1 541 cm .can be assigned to the B-B stretching cage deforma-

tion. This vibration corresponds to the ~1070 cm-1 cage vibra-

2-tion of the [B12Hl2 ] c1osoborane ion. Both boron and halogen 

atorn movements contribute to this fundamental. Consequently, 

the frequency of this vibration is expected to decrease in the 

2- 2-) 2-'order: [B12 Hl2 ] > [B12 DI2 ] > [B12C1
12

] • In accord with 

this, the frequencies'of the cage vibration for the above 

species are 1070~;:> 928 > 541 cm -l, respective1y. Muetterties ... 

et al. t 5
81 assignment of the 103Q cm -1 line <;is the cage ahs-orp-

~ 2-
tion in [B12Cl12 ] will perturb this order and is therefore 

discounted. 

The most intense line in the Raman spectrum is at 

1 -1 
301, cm. • This was reported as being polarized in an earlier 

stUdy79, and is in the B-È stretching range. Thus, it is 
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, 'b i -1 ,2-TABLE XXIII: Vl rat onal spectra (cm ) of the [S12X12' pe=halogen derivatives 

CS2B12C1l2 
ira Ramanb 

1400 vw 

1070 vw 

1005 vw 

1070 s 

1032 vs 

1003 s 

945 w 

625 w 

. 
541 s 

420 w 

307 : ~ • 29'6 

301 vs 

172 vw 

143 m 

134 :5 } 
126 

75 vw 

48 m 

42 s 

39 m 

1010 m,sh 

1000- vs 

986' vs f 
970 m,ah 

490 vw 

443 s 

201 

195 

199 5 

1'98 m 

92 s 

87 m 

84 s 

67 w 

S9 w 

42 5 

bln solid state. 

CS2B12112 
ira Ramanb 

939 vs 

926 v~ 

905 s,sh 

745 w 

478 III 

380 s 

153 ms l 
145 ~ 

147 vs 

'1071 s 

42 s 

li 

Assignment 

\1 2 +\l3,(T u) 

\Il?' a-x str., !ç 

\l6?' a-x str •• (e +t ) -g ""9 

\13' lOB isotopie shift 

'\13 ' B-X str.,.!u 

v3 ' xi shift and/or s.s.s~ 

1070-134, Tu 

905,.1.153 ,Tu 

\l4? 

V 7? or \1 2+\19+42 

\14' B-B str. and 

a-x def., Tu 

\14-\19' Tu 

\1
8

, B-B str. and 

B-X def., (e + t ) 
-g ~ 

\12' B-B cage breath; ~ 

v 9 +42 ,(Eg+Tg ) 

v
9

, lOB shift 

\19' B-B-B bend., 

(~+~) 

Lattice modes 

,t 
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FIGURE 19: Infra~d spectr~ (KBr disk) of cS2B12Cl12" 
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Conditions for survey spectrum: slit widths, 2 cm-+; time constant, 2 sec; . ~1-1 Scan speed, 10 cm min 
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l:easonable to assign this band to the totally>syrnmetric breath- , 
\ .il / 

ing mode ("2' ~). 

of CS2B12H12 a~d is 

It corresponds to' the 746 cm absorption 

the result of boron atoms moving in-phase 

wi. thin the cage structure. Associated with this band is a 

doublet located at 307 and 296 cm-l with the hi~her frequèncy 

band being the more intense. The doublet can be regarded as 

a B-B stretchi.ng fundame~tal ("8' ~) ,.,hich i5 split as a 

result of correlation field effects (h -+ e +~). A much 
1 --g -9., 

weaker, broad band at "'490 cm-l could also be a B-B stretching 

band ("7' !!g). / 

2) ( Skeletal bending modes 

The B-B-B deformation mode appears -in the_ 145-125 cm-l 

'1 

Raman scatteri.ng region. Under high resolution', three bands 

-1 are observed at 143 m, 134 vSI and 126 s cm We consider two 

bands (134 and 126 cm-Il to be der'ived from the B-B-B bending 

mode. ("9' ~) which has been split into a doublet by effects of \ 
,-1 . 

the crystal field (lh -+ Th)' The band at 143 cm ~s most proba-

bly a lOB-isotope satellite. Al though "9 is mainly due to 

baron atom movements, \ the chlorine atoms seem to centribute te 

this mod.e. This explains 

2-
for the [Bi2H12J ion to 

its considerable shi ft from the 582 cm-l 

-1 2-""130 cm in [B12Cl12 l The contri-

bution of chlorine atom movernents to (\}9' !!g) mode has also 

b d b b d h Ill. th' th t" 1 t d een suggeste y Ne er an T orpe .. ~n e~r eore ~ca s u y 
'\ - 0 2-
of the [B12H12 ] ion using different force-field models. The 
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l ' 

model that does not éonsider restoring forces on the hydrogen 

atomt gives zero .frequency for the' V9 mode sinee the hydrogen r'" 

atoms t'%ove perpendicu1ar to the B-H Qond axis. 
l, 

iii. B-B-C! bending mode 

D 

,', This Vs Ct) mode is expected to be ir-active. 
\,~ -u i • 

,Because the fundamental is due rnain1y to ch10rine atom rnove-

ments, the frequency is expected 
1 

lower energy'than the associated 
\ 

to shiff ta an appreciab1y 

-1 2-720 cm peak of [B12H12 ] • 

111 Weber and Thorpe have predic~ed a theoretical value of 
-1 fi -166 cm for this'mode, i.e., outside the range of our avai1a-

~le ir instrumentation. 

,-

iVe \Externa1 modes 

A s,trong 1attice mode appears in. th~ Rarnàn sP~Ftrum 

This' ~s the '!t"otationa1 lattice 

mode 'lJlexpected from the factor g:çoup analysis. The ir-active 
~ 

translationa1 lattice mode is expected in the far-ir region. 
"-. \ 

~ c. Vibration'al spectra of CS2B12Br12 

.. 
,1:\ 

The ir and Raman Spectra of solid CS2B12Br12 show 

great reêemblance to those of CS2B12Cll i with the frequency 
~ 

J 

shifts in propGrtion to the change in masses of the two halogens. 

,~e band assignrnents are discussed using the sarne format as for 
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B-B stretching ra , 2(e + t ), t ], B-B-B bending (e + t ), 
.-g -g -g -u -g -g 

B-B-Br bending (~) and lattice modes (t , !u). The observed 
" -g 

frequencies are a1so 1isted in Table XXIII. 

! 

i. B-Bristretching modes 
--

-" The ir spectrum of so1id CS2B12Brl2 exhibitSi.,~~ strong 

doublet at 1000 and 986 cm-l Since the stable ïsotopes of 

bromine, 79Br (50.5%) and 81B (49.5%), oceur with about the 

sarne abundance, we have assigned the firs,t absorption to 

11B_79Br stretching and the second.to 11B_S1Br stretching 

1 -1 
CV 3 " ~). The high frequency shoulder at 1010 cm on this 

10 .', . 
v 3 (!u) mode is attributed to the B subst~tuted species. 

1 In the Raman spectrum, no peaks strong ~nough to be 

assigned to the B~Br stretching fundamenta1s (VI or v6 }, cquld 

be detected. 

ii. B-B stretching modes 

. .---There is an ~ntense band in the ir spectrum of solid 
-----------

CS2B12Br12 a~ 443 cm-1 and 'this is assigned to the ske1etal 

B-B stret~hing vibration or cage absorption (v 4 ' !u) analogous 

-~ 2-to the '\11070 cm '>. band of [B12H12] 

(' A B:-B stretc~ing vibration appears as the most intense 

.' -1 
199 cm (V2'~)' The two weaker 

, 
Vs (~ + !g) which has 

line in the Raman spectrum at 
. , -1 

~ands at 201 and 195 cm are assigned to 

l' 

" " 

\ 
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1 been split by solid-state effects. 
''\, 

The other B-B st~et~hing 
, 

fundemental v 7 (e' + t ) is absent from the Raman spectrum. 
-g -g 

iii. B-B-B bending modes 

The four intense, sharp peaks appearing in the 

Raman region ca. '98-84 cm -1 are considered to result: from 

B-B-B 
1 

de formation mode (v9 ' e + t ) • -g -g This mode-has been 

into a doublet by the correlation field effects, and this 

doublet is in turn split by the 81Sr and 79Br isotopes. 

iVe B-B-Br bending modes 

tl)e' 

split 

'This Vs mode is supposed to appear in thé ir spectrum, 

but is missing from the normal ir range and is presumably 

located in the far-ir region. 

\ 

V. Lattice modes \ 

due to the 

The 42 cm -1 line in the Raman spectrum is probably· 

t rotational lattice mod~ of the Cs+ cations. -g 
" 

The spectra of solid CS2B12I12 are closely similar 

to those of CS2B12Br12 bearing in mind the chJnge in masses 

of the two halogens. The band assignments will be discuSSéd 

in terms of the same categories as those for the perchloro 

[ 

\ 

) 

1 
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and perbromo derivatives (vide supra, p~ 123. The vibrational 

frequencies and the proposed assignments for solid CS2B12I12 

are 1isted in Table XXIII. 

i. B-I stretching modes 

In the B-I stretching region of the ir, there is an 

intense doublet at 939 and 926 cm-l with a shoulder at 90S'cm-1 ., 
,- \ 

These peaks can be assigned to the v3 (t ) stretching mode. 
1 -u 

Because iodine has on1y ~ne natura11y'occurring isotope (127 1), 

the doublet must be caused by crystal effects rather than by 

ha10gen isotopie effects, as was the case for the other per­

ha10gen derivatives. Moreover, in this doublet, the 939 cm-l 

peak is re1ative1y weak and therefore may be (at 1eas~ partia1-

ly) due to a lOB isotope shift. Consequent1y, it is possible 
, t.... 

that the crystal structure of CS2B12112 still belongs to the 

T~ c1ass or to some other high syrnmetry class. 

\ 

ii. B-B stretching modes 

The strong band at 380 cm-1 in the ir spectrum of 

solid CS2B12I12 is assigned to the cage vibration v 4 Ct ). The 
-1 -r . 

. « most intense Raman peak at 147 cm is assigned to the B-B 
, 

stretching vibration (v 2 , ~). Associated with this band are 

t 0 relati~ely weaker peaks at 153 and 145 cm-1 which are as­

signed to the e + t doUblet of the B-B stretching rnçde v 8 • 
-g -9-

1 

Th v 7 (e + t ) mode is too weak to be observed in the Raman 
-g -9 

,~ , 

~) 
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spectrum. 

iii." B-B-B bending modes 

The vg deformation mode is displayed in the Raman 

as a strong line at ~71 cm-la This band rnay be compared with 

-1 the four lines in the 98-84 cm region in the spectrum of , 

CS2B12Br12" However, the solid-state splitting predicted for 

this fundamental was not detected. Furthermore, unlike the 

perchloro or perbromo salts, there are no peaks expected due 

to isotopie shifts. 

iv. B-B-I bending modes 

The Vs moBé 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 movernents of cs+ cations in the crystal1ine 1at-

t 'c f Cs B l od R l' at 42 cm-1 wh;ch can be l. e 0 2 12, 12 pr uee a aman ~ne .... 

assigned to the t rotational lattiee mode. -g 

e. 

z 
) The ir spectrum of solid [Me4NJ2B12I12·is very similar 

.. 
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to that of solid CS2B12I12' apart from bands attributable to 

th . t . 118 Th Rtf th e quatern~ry arnmon~um ca ~ons • e aman spec ra 0 ese 

two solids are essentially the same. Therefore, the assign­

ments of the lMe4N]2B12I12 frequencies follow closely thos~ 

of the cs+ salt. To avoid unnecessary repetitio~, only a sum­

mary of frequencies and their assignments-yil1 be presented 

here. 

i. Vibrations ,?f the [Me4N]+ cations 

) 't' 

In the ir, the C-H antisyrnrnetric and syrnmetric 

stretching of the methyl group appear as medium intensity 

-1 .. 
bands at JOIS and 2720 cm ,respectively. The ant~symrnetr~c 

C-H bendJng vibration absorbs strongly at 1478 cm-l, while the 

-1 ' synunetric mode appears as a weak band at 1420 cm .' 1 The C-N 
, 

stretching modes absorbs weakly _in the ir spectrum at 1382 and 

1287 -1 cm In,the Raman, no bands of sufficient intensity 

were found which could be assigned to any of the above vibrations. 

ii. B-I stretching modes 

This stretching mode (v 3 ' ~)' appears in the ir as a 

'very intense doublet absorbing at 947 and 931 cm-l with a weak, 

broad shoulder centered at 910 ~~-l Unlike cS2B12I12' the \ 
.. j ..,~ p ;U70 

higher energy band of the doublet is of increased intensity. 

This rules out the possibility of assigning this band to lOB 
\ 

,isotopie shifts. The doublet is then more like1y to be a 
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result of the lowering of the symmetry of the crystal struc-

ture due to the interaction oÎ both the large anions an~ the 

cations. 

iii. B-B stretching modes / 
\ / 
'! 

In the ir of sol id [Me4NJ~B12I12r a sharp ~ine of 
-1 medium-to-strong intensity appears at 384 cm This is as-

signed to the v 2 (!u) cage absorption. The strong peak in 

the Raman at ~lS0 cm-l attributable to B-B stretching is 
1 

resolvedcinto a triplet under high resolution: 146 (V 2 ' ~) 

-1 l / and 151, 143 cm (vS' ~ + ~) • 

\ iv. B-B-B bending modes 

The v g bending mode appears in the Raman at ~69 cm-1 

without a?y apparent crystal-field splitting probàbly because 
. 

of accidenta1 degeneracies. 

v. B-B-I bending modes 

The predicted Vs fundamental (B-B-I bending) is 

presumably located in the far-ir region and s~was not observed 

in this study. 

vi. Lattice modes 

The ~ rotational lattice mode scatjrs 

at 40 cm-l as a weak-to-medium intensity band. ----
in the Raman 

) 
.. 
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CHAPTER IV CONCLUSIONS 

Normal modes of syrnrnetric molecu1es are usua11y 

obtainedby using group theoretical procedures. This approach 
-

has been extensively used to assign the vibrational frequen-

107 cies of smal! molecules such as NH3~ S02' etc. • Moreover, 

the method can be extended to predict spectral data for large 

molecules or~polymers, if they are sufficiently symmetric. 

Consequently, spectral predictions can be made for rnolecules 

such as polyhedral boranes, adamantane, twistane, cubane; etc., 

and also for sandwich compounds, especially those of the fer­

rocene-type and m~ta1oboranes (vide supra, Introduction). 

2-
M~le~ular vibration~ of the free [B12H12 J and 

[Bl2D12 ] 2- /icosahedral ions have been predicted and studied on 

a group theoretical basis. The application of the Teller-Redlich 

product rule has helped to assign the various fundamentals. 

Unlike many vibrational studies, aIL nine modes predicted for 

these cage ions were observed in aqueous solutions. Molecular 

vibrations 2-of the [B12H12 ] ion were studied by Weber and 
\ III Thorpe \ using different valence-foree-field models. A six-

parametrr model based on the coupling force ,constants of B-B, 

B-H, B-~-B (60°), B-B-B (108 0
), arld B-B-H gave values within 

~2% mean deviation of the previous1y reported experimental 

f 
. 79 requenc1es • 

Weber and Thorpe's calculations11l have also helped 

to correct the frequencies for the va and v 9 modes of the 

(' J 
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2-[Bl2D12 ] ion. Our experimental results have confirme~ the 

theoretical predictions of the previous researchers. For 

exrunple, the Raman-active B-B-B.skeletal bending (V 9 , ~) of 

2- -1 the [BI,2DI2] ion was assigned to the 542 cm line instead 

'of Muetterties et al. 's:Q value of 620 cm-l which is ~40 'cm-l 

2-higher ~han the corresponding frequency for [B12H12 ] . This 

fundarnental was predicted,by Weber and Thorpelll ta be at 

, 

573 cm -1 We feel that our value of 542 cm -1 is more acceptable 

as a normal isotopie shift. Also, the 73S cm- l peak appearing 

in the Raman spectrum of [B12DI2J2- ion was assigned by . 

) 
Muetterties ~ al. 79 to VS, but it is more likely duë ta -the 

lOB isotope shift of the intense 718 cm- l peak (v
2

, ~). Mean­

-1 while, the Raman line at 622 cm in the aqueous' solution 

spectrum of [BI2 D12 ]2- was assigned by us ta Va rather' than 

"9' as proposed by Muetterties et al. 79 . \ 

The assignment of bands in the spectra of the free 

ions has been of great assistance in assigning the corre-

sponding modes of solid K2BI2HI2,jCS2BI2H12' and K2B12D12" 

For example, for the deuterated salt, the 629 and 622 cm-l 

peaks were ass~gned to" (e + t) wh;le the 547 and 538 cm-l 
... v8 ,'" -g -g 

lines were attributed ta "9 (~+ !g) . 
The ir spectra in Nujol of the cesium and potassium 

2-saI ts were essentially the sarne as that of the free [Bl2H12 ] 
\ 

ion in aqueous solution with minimum frequency s~ifts occurring 

indicating negligible solvent-solute interactions. As expected, 
i, , 

there were no splittings observed for the ir fundamentals 

. -
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,because (a) the t 1 ,~Cies o~ ~ free ion (lh symmetry) and 
- UI \ ~ , 

the !u modes of the ~Cryst~nê,-~~CUle (T~ symmetry) have, 

the same degeneracy and correlate crirectly to one other and 

(b) the site synunetry is the srune as that of the factor gro.up. 

For solid èS2B12H12' K2B12H12 and K2B12D12' the ir 

and Ràman spectra were in complete accord with the factor 
é 

group predictions. AlI the fundarnentals were observed and 

the expected crystal field splittings were detected in the 

Raman spectra. The ir lattice bands (originating from the K+ 

or Cs+ ion movernents within the lattices relative to the , 
2-[B12H12] icosahedral units) were too low in energy to be> 

-1 observed in the normal ir range (4000-400 cm ). However, 

frequencies of these bands could be predicted from several 

combination bands in the spectra. 

" In crystalline CS2B12H12 ',csCI, the reduction in 

~ynnnetry, 
2- -

of the [B12H12~ icosahe?ron from Ih (molecular) 

ta Cs (site) rernoves aIl 'the symmetry elements except the 

mirror plane. This leads to a complete splitting of the 

bands, as illust~ated in Table XXIV. 

Vibrat~onal fundamentals of CS2B12HI2'CsCl ,under \ 

the D~~ symmetry were determined by the correlation diagram 

(Table XX). However, the large nurnber of modes predicted by 

the factor group analysis was drastically reduced in/the 

actual spectra. This was attributed to accidentaI degeneracies 

and/or weak intensities, especially in the lattice region 

wnere the former is' often encountered: In our experimental 

, / 

, , 
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1 
TABLE XXIV: Crystal field splittings for CS/12H12 ,CsCl 

./1 l' 
~ 

Molecular < Site 
, 

Crystal symmetry 
.symmetry symmetry 

D16 
Ih Cs 2h 

''::;:' 

" 

4x2ii. 8a' 2 (!g + b +b + b 3u ) -g ....- -29 ' -lu 

'" ( 1 1 
, 1 

4 x,3 t 1u 12, (2a' + ~ ") 3 (2~ + big+ 2b2 + b " + '"', -g -3g 
1 .- .J "-. -r ~ 

2~u) \ 

~~ 

~ + 2bl~ + b 2u 1 ... 
~ ,f 

': ,i 

" 
4 x4 h 

--g 16 (~ai + 2a") 4 (3~ + 2bl + 3~2g + 2~~g + -g 

.l.,r 2!u + 3e..il(} + 2b2 Î + -u 3~3u 
" - , ' 

1 "' . work, ,we obtainect· do1ilile saI ts of the general formula M2B12H12' MX 
• 

when an intLmate mixture of a ~2~12H12 compoUnd and an alkali 
r"\ 

haliar was pressed under high 

,the Jr~paration of ir dises. 

(19 tonsYin2
) during 

y 
pressure 

(~ 

The ~pect~a ~f ~~ r~sulting 

salts wete very similar ta , 
~ :. , , 

\hOse<of\tbe authentic CS2B12H12-csCl 

~,Fuble salt. 
~< 

l' 

<" In the Raman spectra 'of perhalogen derivativ,es, .. ~ 

hav~ manàged ie observe severai new features "becatise of- the 
~ l '. v 

" superior instrumentation now availabie. For eXà.mple, we found 
1 l' • .. 

v g \ B-B def?rmation mode to be at 135-125, 9 8-84 and IV71 cm-1 

0" 
1 . 

",r'I 

) \.~, 

.' 

1 
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for the perchloro, perbromo and periodo species, respective1y. '. 

The Raman sing1ets apt'earing at "-300 and "'200 cm,-l for the 

perch1oro and perbromo ions, respectively, were incorrectly 

assigned by Muetterties et a1. 79 to ~he symmetric ~oron-
, 

halogen stretching modes (vl ' ~). We consider the 300 cm-1 

frequency to be too far removed from the 1037-579 cm-1 fre­

q\Jency r angê accepted for B-Cl stretching modes l19 The same 

comment applies to the • -1 "'2PO cm peak of the perbromo species 
, 

\ 
and the ~145 cm-1 band of the periodo saI t . In addition, the 

p61ari~ation, ratios for these lines (p=O.38) are tao large for 

such high synuneti:y molecules (Ih) considering tha t the polari-
~i 2-

zatiqn ratios, for the totally synunetric mode'S of the JB12H121 

\ahd [B12D12 ] 2- ions are aIl less than '0.1. Consequent1y, de­

po1arized bands were suspected ta be inc1uded wi th the ~~ 

modes. This was experimentally confirmed by sp1itting the 

-1 
~300, ~2~O and ~145 cm peaks of the,perchloro, p~rbromo and 

;" 

periodo salts, respectivèly, irito several 1ines under'high 
0 

're~lution . These lines were assigned ta the v
2 

(a ) and Vs -g 

(e + t ), B-B stretch:j..ng modes. 
~ ~ " " ","' 

The absence of strong boron -halo.gen absorptions in 
~ , 

the Raman spectra of the solid perha10gen deriv~tives was at-
< \' ''; 

tributed ta accidentaI cancellation of po1ariz~ilities. 
"\1 , 

Since this phenomenon occurred in the spectra of the three 
" 1 

perhalo derivatives studied," it seemed to be a general res~l t 

of the electronic properties of these ~ompou~ds. The funda­

mentaIs that were missing or observed 'with very weak intensity 
\, 

\ ' . J ... ' 
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J were those involving vibrations of the oppositely charged 
/ '" 

halogen apd boron atoms. ~ 
- -'~-l. 

Through theoretical calculations, Weber and Thorpell1 

have predicted the missing frequencies for the vI' v4-v9 modes 
2-of the [B12C112] species. We were able to locate the v4 ' 

l-., ( 

va and" '->9 fundamentais in the spectra of aIl the perhalo de-

rivatives s\~die5. Th~ vI' V6 and V7 modes were too weak to 
:-- ) 

b~ experimenfallY detected and only in thé spectra of the 
• Q 

perchloro s,pecies were they possibly present as very weak bands. 

The Vs ,bending modes lay outside the~:. range of our available 
l 

1 

ir instrumentation and therefore were not investigated. 

The low number of bands observed in the ir and 

Ramat spectra of solid dodecaborates compared to the larger 

nurnber of modes predicted from the factor group ana~s~s, led 

us to three conclusions. First, tqe geometry of the icosa-
."" . 

hedron was' preserved to a great extent in the lattices of the 

solids. This was confirmed by the X-ray analysis of K2B12Hl2 

which showed minimal distortion of the icosah?dron py the 

t '..Sl' 72 po ass)l.um l.ons The second'conclusion was that thete must 
? 

be minimal coupling between the four icosahedra of the unit 

cells. Such coupling could have caused band splitting·due to 
<> 

the in-phase and out-of-phase interactions of,each vibration. 

The thlrd conclusion w~s that the perhalogen deriv~tives'were 
, 

probably isostructural with'fhe corresponding dodecahydro-

bor~tes. The spectra of the perhalo derivatives were even" 
o 

2-- -
simpler than those'of the [B12~12] salts and since th~~ 

.... 
,1 
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cannot possess higher symmetry, then they are more 1ike1y to 
1 

be of the same or comparable high syrnrnetry. In other words, the 

introduction of the twe1ve large halogen~toms did not Iseem to 
. 2- . 

decrease either the icosahedral syrnrnetry of the [B I2H12 ] 10n 

or the Th s~etry of the 1attice ~f the crystalline solid. 

~is is evident from the fact that the twelve halogen atoms 

const~tute an outer icosahedral shell around the B12 icosahedron 
IX 

without affecting the overall symmetry of the structure. How-

ever, the cell edges of the unit cells of the perhalo salts 

wou1d be considerab1y longer. 

/ Table xxv il1ustrates the decrease in energy of the 

~ ) fundamentals of the different icosahedra1 salts studied with the 

increase in mass of the atoms of the outer icosahedron. It'is 
-..{" 

.. 
Force constants for the totally symme~ic B-H and B-B 

- stretching vibratiol}s can be estimated with reasonable accuracy 
-1 

from the equation of simple harmonie motion (Eq. 93). This is 

only applic~le if the coup1ing between. molecu1ar vibrations is 
-. ; 

smal1 and the atoms involved are either small or of quite dif-

ferent masses. 

(93) 

0-1 
where k is the force constant in mdyn A , Ml is 1/16 of the 

mass .. of an 160 atorn (1. 66 x 10 -24 g), C is the veloci ty of 1ight 
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TABLE XXV:' Fundamenta1 modes of the,' various ':1~'osahedra1 dodeeaborate ions -1 (em ) 

Vib. no. 2- 2-and [B12Hi2] [B1f12] symmetry 

""y;.;-

vI' ~ 2517 1910 

v2 ' ~ 746 718 

v3 ' !:..lu 2480 1882 

v 4 ' !.lu 1070 932 

\.: 

VS' !:.lU 720 596 

\)6' !!g 2472 1864 

\)7' !!g 954 896 

v8 ' !!g 774 622 

"'9" !lg 582 542' 

a 
X:::H, D, Cl, Brand I 

bRef. 111 

2_d 2_d 2_d ,~ 

[B12Cl12J [B12Br12] [B12112] \ Assignrnent 

"-'1070b ,e 

301 r 

1032 

541 

160b 

1005?e 

490?e 

""300 

"-'130 

(~950) c ("-'900) c a B-X cage breath. 

199 146 B-B cage breath. 

1000 930 B-X,str. 

443 380 B-B str. and B-X bend. 
(cage def.) 

--"'c B-B-X bend. 
';; ..... -~~ 

("-'950) c (""900) c B-X str. 

B-B str. 

""200 ""150 B~B str. and B-X dèf. 

"-'90 tu71 B-B-B bend. 

dva1ues for the perha10gens were obtaIned 
from the cs+ salts; splittings due to 
isotopie effeets or crystal field effeets 
were not considered. 

cExpeeted approximate va~~ ev~ry weak bands. 
parentheses. ~ < ~ 
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C' 
10 -1-

(2 99776 x 10 cm sec ), \) is the frequency of the vibration 
" M M 

. dt' . -1 d 1 2. h d d un er cons~ era ~on ~n cm , an 1.1 = M +M ~s t e re uce mass 
l 2 

of he two atoms i~olved in the vibration. 

2-Mo1ecular orbital calpulations for the [B
12

H
12

] 

icosahedron have snown that the outer she11 of ,hydrogen atoms 

is not appreciab1y coupled with the Bl2 skeletal cage. In 
<Il 

view of" this, the 'conditions' for the simple oscil1ator are 

fulfilled and ~e totally symmetric breathing modes (VI and 

"2') of the icosahedron can be considered cas a result of only 

B-H stretching and only B-.B stretchipg, respectively. Ap-

2- ~ °-1 
plication of Eg. 93 for [B12H12 ] gave 3.41 and 1.78 mdyn A 

? for the B-H and B-B stretching force constants, ,respective!y. 
1 

The most realistic force field model ph~tulated by Weber and 

111 -Thorpe , that gave fundamental frequencies very close to the 

experimental values, possessed the following primary force 

constants: 3.05 j (B-H stretching) and 0-.65 (B-B stretching) 

It is evident from these force constants that the 

outward B-H forces are~uch stronger than the intra icosahedra1 • 

forces. This was reflected in the ir and Raman spectra of the 

2-[B
12

H
12

] ion by the extremely intense B-H stretching modes 

and by their high freguencies. 

is that 

the Fm3m 

.) 

An interesting point which arises f,om this study 

solid CS2B12H12 was originally believe~ ~o belong to 

(O~) 73. From this, it would follow that Oh is a 

subgroup of the lh point group and this is certainly incorrect. 
) 

The more recent X-ray diffraction study, however, shows that 

", 
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+ " " 3 thelCs salt\ is' isostructural with K2B12H12 [Fm) (Th)]' Thus, 

the factor group analysis should be the same for both salts. 
, + 

Consequently, ±his analysis ~as not repeated for the Cs salt; 

inste~, this salt was analyzed assuming that the ôriginally 

assigned space group was correct. This procedure was carried 
'1 0 l, 

out mainly for the purpose of comparing the number of 

optically-active bands predicted"for the two space-groups. 
r ' 

It is of int~rest that the spectral pr~dictions were esse~tial~y 

identical. \ 
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CHAPTER V SUGGESTIONS FOR FUTURE WORK 

Some of the many P9ssible extensions of this thesis 

are listed be1ow: 

1. 
J>J 

Far-ir measurements could be uti1ized to locate the lat- J 

tice modes of the different dodecaborate salts studied, 

and also ~o .,detel!'nline frequencies for the Vs ben ding modes 

of the perhalogen derivatives. 

2. Vibrationa1 studies on the rnolten salts would be of in~ 
, 1 

t~rest to determine wh,ether or, not the icosahedral geometry 

is preserved in the l me1ts. 

( 
3. - ~ Ana1ogous systems such as [CBllH12 ] (Ih ) , c2alOHl2~(Ih)' 

2- 2-
[BlOHlO ] (D4d), [BaHa] (D3d) and BaHa (D2d ) ha;e high 

symmetries and could aiso be studied on 'the sarne basis •. 

4. Ferrocene-typ~ sandwich compounds invo1ving polyhedral 

cages instead of pentagonal rings e.g., metalocarboranes 
';> 

M(CBlOHll )2' M(C2B9Hll )2 and metalothioboranes M(SBlOH1l}2 
" ' 1 

could be spectroscopically analyzed and their s~ectra 

'" Î cornpared with those of the parent cages. 

\ 1 

5. Normal coordinate calculations should prove interesting 

.... because they wou1d yield further information about the 

precise nature of the normal modes and subsequently could 

help in assigning combinations, overtones, pnd satellite 
.j 

bands, etc ~" 
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1 

1 6. The Raman technique of oriented single crystals éould be 

very; valuable in assigning the various modes of the 
\ 

cS2B12H12·CsCl double salt since the crystalline compound 

possesses a D2h.symmetry_~nd thus its three crystallographic 

axes are distinguishable. 

\ 

7. X-ray diffraction studies are needed to establish "the 

crystal struc,tures of the ~B12X12 perhalogen derivatives. 

\ '. 

8. The v~~rational spectra of the different forros of elementary 
, "'. 

boron ("aJî of which possess icosahedral B12 units) still 

await further investigation. The spectra of these compounds 
. 2~ 

could be eompared with those of the simpler [BI2H12] 

icosahedrai units. This approaeh eould aiso beiapplied in 

studying molecular vibrations of the icosahedral polymerie 
'. 

/ compounds such as alloys, viruses, complexes and synthetie 

inorganic polymers. ri) 

-

( - . 

) 
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APPENDIX I: THE GROUP THEORETICAL CALCULATIONS 

" In this section, severa1 group theoretica1 treat-
, 

rnents are presented. These will il1ustrate the princ~ples 
\> , 

and uses of the procedure. The first example is the calcu-

lation of normal modes for the icosahedral [B12H12]~- ion. 

Second, we will calculate the contributions of the different 

internal coordinates of the [B12H12'] 2- a,nion to the total 

rno1ecular vibrations. An examp1e of how to de~ermine the syrn­

rnetries of combinations and overtones is then given. Final1y; 

factor group calculations for solid K2Bl2Hl2 and CS2B12H12 

are described. 

A. 2-CALCULATION OF N~RMAL MODES FOR THE [B12H12] ION 

The normal modes thàt belong to each species are 
p 

obtained by applying the IImagic formula Il : 

,JI. ' 1 : 

= 
,1 

120[72 x1xl + 6.472xlx12 + (-~.472) xIx 12 + 

8 x 1 x 15J 2 

n(!:.lg) = rio[72 x 3 xl + 6.472 x 1.,618 x 12 + -(-2.472) x ' 

J 

(-0.618) x12 + 8x-lx15] = 2 

\ . 

\ 
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TABLE XXVI: 

rh 
a,b 

A (59) 
9 

T1g (FIg) 

T2g (F2g) 

G (U
9

, 
g 

H (V ) 
9 9 

Au (Su) 

Tiu (Flu) 

T2u (F
2u

) 

G (Uu) u 

Il (Vu' u 

Xj 

m
j 

mj Xj 

-,,-

2-
Normal modes for the [812"12] ion 

\ 

E ISC) 20C) I2CS 12C2 
S i 

/ 

-
1 l 1 1 1 1 

3 -----=-:t. 0 xC c 3 Y 

3 -1 0 Y x 3 

4 0 1 -1 -1 4 

5 1 -1 0 0 5 

l 
0 

1 l 
/ 

l l .-1 

V -1 0 x y -3 

3 -1 0 Y x -3 

4 0 1 -1 -1 -4 

5 1 -1 0 0 '-5 

24 0 - 0 4 4 0 

3 -1 0 1.618 -0.618 -3 

72 0 0 6.472 -2.472 0 

/' 

150" 20S
6 

12510 
'3 12510 ni 

1 1 l 1 2 -
-1 0 x Y 2 

-1 0 Y x 0 

0 l -1 -1 2 

1 -1 0 0 4 

-1 -1 -1 -1 0 

1 0 -x -y 4 

1 0 -y -x 2 

0 -1 1 1 2· 

-1 1 0 0 2 

8 0 0 0 

1 0 -1.618 -0.382 

8 0 0 0 

aThe symbo1s sqown in parentheses are those used for the oid nomenclature system of 
label~ing irreducible representations75 • 

b Order of the group, 9 = 120 

c x 1 + 15 
3 1.618, Y 1 - 15 -0.618 

2 

c, 

.,. 

, 

Activity 1 

~aman 

1 

Raman 

ir -
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J' 4 Qi t ,.. L '" 1 JO h d • 4AA44 

p . n (~2g) 
1 + 6.472 x (-0.618) x 12 = nof72 x 3 xl + (-2.472) x 

11~618 x12 8 x -1 .x15J 
J 

+ = 0 1 
./ ~ 

; 
l 

) 
,. ., ., 

1 ' : 
n(2g) = rroI72 x 4 x 1 + 6.472 x-1 x12 + -2.472 x ... 1 x 

\ ' 

1 12 + 0] = 2 ,. 

~ 

n (!!g) 
1 ' 

+ 0 0 + 8 xl x 15] = 12'0 [7? x 5 x 1 + = 4 

" 
~: .. 
". 
1, 
,. 

1 / 
n (!!u) = m172x1x1 +6.472x1xI2+ (-2.472) xIx 12 + 

8 x -1 x 15] = 0 

n(~lU} ~ 1~0(72X 3 xl + 6.472 x1.618 x12 + (-2.472) x 

(-0.618) x 12 + 8 xl x 15] = 4 

1 ' 
= .m[72x3xl +"'6.472x ( ... 0.618) xl~ + (-2.472) x 

1. 61-8 x 12 .... 8 x 1 x 15] = 2 

1 

1· 



.. 

~~ ______ ,_' _____ • __ t __________ ~~ ____________________________ uÀ ____________ .~ __ ~ ______ __ 

o 
1 = I2Q]72x 4 xl + 6.472 xIx 12 + (-2.472) x-lx 

12 + -0] = 2 

= 2 

l 
These modes are shown in the right-hand sid~ of, Table _ XXV. 

B. CONTRIBUTIONS OF THE INTERNAL COORDINATES 
\ 
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, t -

-, ~ere are five internal coo!'dinates for the 
2- ~. 

1 ~ 

2] ico~ahedron. These are the changes in the two bond 

(B-H and B-B) and changes in the three interbond 

(~-B-H, B-Ê-B (60°) artd B-B-B (108°)]. The characters 

for ,these coordinates are shown in the fol1ow.i..ng tahle. " 

9" , 

TABLE XXVII: 
~ 2-
Characters of internaI coordinates for [B

12
H

12
] 

\ 
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Using tfte' l11agic formula~, we arrive at the irreduci­

hle representations {normal modesf for the different symmetry 

. species. 

\ . 
1. B-H S tretching Modes 

= 
1 ' 

noI12 x 1 x 1 + 2 x 12 x 1 + 2 x 12 x 1 + 4,x 15 x 1J = 1 

. . 
\ 

P (.tl. ) = . l~O [12 x'l x 3' + 2 x 12 x (1 + !5> + 2- x 12 lX (1 -' IS) + 
, .- g ... _ 2 ~ 2 

4 x 15'~ -1] = 0 

n'\(t
2 

') = "l~O[12X lx 3 ~ 2 x12 x (1 - 15) '+ 2-x12 x (~ - 15) + _ g 2 2' 
, , -

, J 

-- ,0 

= l no{12 x 1 x 4 + 2 x l~ x -1
0 

+ 2 x 12 x -1 + 0] 

\ ' 

n(!!ç) = 1~O.t].2 x lx. 5\ + 0 ,+ a + 4 x lx 15] = 1 

= rior,12 xIx 1 + 2 x12x 1 + 2x 12x 1 + '4x 15 x -1J =' 0 

, . 
1 

1 

. \ 

) , -

. 
\ 

, , 

\ 



.. 

.J 

ri 

, 1 

(} 

" r 

f 
, i" 
i 

1" 

\' 

i, 

,', 

1 • 

. ' ~ l ' 
''', \ 

~" ' 

f 

, '" 
JI 

n(~l~) 
l - ' '1 '+ IS) + 2 x 12 x'C l =, n-trI12.,x 1 x' 3 .... + 2 X '12 x ( l' 2 . 

.. . 
, .. 

4 x 15 x 1]; =, 1 .'> 

1. 

... " 
,.. 

..... , 
• 1 

r 1 l i , 

n(~2u~J= ,D'trI ~ x 1 x 3 + :\tX(l ~ + 2 'x 12 x (1 

", 1 2 

~ 4 x·:J,5 x L] = ... "" .. 
• . . \ -, : 

" 

l · 
~ , i 

n(~'u) = Iïo[~2 x'l'l x 4 + ,2 X 12 x-1 + 2 ~ 12 x -1 + 0]' , 
f 

t ' 
, , . - • 

. 
n(!!.U) = rin-[12 x l,x ~ +' 0 ~,O + 4 x 15 x -1] = 0 

/' 

. ( , l, " 

"1 '1- l; =' 
,': B-a' ... 

. , , 
(' 

"'2. ,B-B S tretching Modes ..... 

, , 
\ ' . ' 

l ' 

n{!.lg) ..; dor30 x ' 3 xl + :2 x1S x -1 ~ 4 x1S x -1] = 0 

1\ 

' .. 

\ 
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-I!": 
2 ) + 

III 
! 

~C 
1 

+ IS: 2 ,) + 

, . 

=' ,0 

, 
t ' 

"i" . , , :;., 
, , 

-. ~ ,'''", 

~ 'f 
.' 

(94)0 

1
1

.1 

"'. I~ 
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, 
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j 
1 
1 
! 
j 
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~ 
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1 
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_1 AU, , -- - -_ . .-...;.--
.'. 

0 <:> 'n{t
29

) 
, '. 1 

= noI30 x3x 1 + 2 x15 .~-1 + 4 x15 x -lJ = 0 

~ " , , 

10. 

, ri(2g) 
11 

= m130 x 4 x't + 2 x lS x 0 + 4 x 15 x OJ = 1 , 
. <~ 1.\ 

\ 

n'Ch ) 1 + 2 x 15x 1 + 4 x 15x 1J 2 = noI30 x ~x 1 = 
-g \ . 

I}{~) ~ = ~rk[30J:!:1~ 1 + 2 x 15 x 1 + 4 x 15 x -1J = 0 
" , 

" 

n{~lul. = " rio[30 x 3 x 1 + 2 x1S x-1 + 4 x 15 xl] = 1 . . 
" 

" 

0 " \ 

. "1 
~(~2u)"= 

1 no[30x3xl + 2 x 15 x -1 + 4 x 15x 1] = 1 

~ 

v, 1 1 
. n (9:u) = UO[30 x4 xl + 2 x15.x'O + 4 x15x OJ = 1 , , 

"-

n(!!u) = _1~oI30X5)fl + 2 x 15 xl + 4'.x 15 x -IJ = 1 ~:. 

" 

(95) 

1 

, . 
( 
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3~' Contribution~ of the Interb~d Angl.-es 

n(a) = ~[60X1X'1 +,4xI5x1] = 1 , -g .1..c;v 
, , 

n (t, ) -.J.g 
, 1 

= no[60 x 3.x 1 + 4 x 15 x -Ir, =0 1 

n(t2 ). = rk[60\~ 3 x 1 + 4 x 15 x -1] = 1 - g 
"-

n(~) = 1 [60 x '4 x 1 ITO" 
r 

+ 0] = 2 

n (h >', 1 = I2Q[6·0 x 5 x 1 -g + 4 x 15 x 1] = 3 

"l. 

rlo[60 x i x 1 n(~) = + 4 x 15 x -lJ = 0 
. )." 

'" , 

'" " 0 

n (~~u)' 
1 + 4 x 15 x 1] 2 = IïO[60 x 3 x 1 = 

1 

n(~2u) 
1 4 x 15 x 1] 2 = I2Q[60 x 3 x 1 '+ = 

'10 • r 

l' "' ' ' .. '~ 
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= = 2 

n(~) = rh-r60x5xl + 4 x 15 x -IJ = 2-

lA 1 1 ù 

= = = a + t 1 + t 2 + 2~ + 3h "'+ . -g - g - g -g 'B-B-H B-B-B B-B-B 
',' 

(60 0) (108°) , 
. 2t1 + -u 

2t . + 
-2u 2g + ..:ou 2!:!u (96) 

n 

1,1 

C. COMBINATIONS AND OVERTONES , . 

In order to determine whether or not a combination 

or overtone iS,optically allowed, we multiply 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 

active. The h + t 1 combination is used às an example and 
-g - u . ~ " 

other combinations or overtorles can be dealt with in a similar 

~anner. 

'- ...... 

-~-~,,~~_.~,.-:".":"!" .. .,.,.,.,------------------
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TABLE XXVIII: Exarnp1es of obtaiping the characters ef over-

2-
tenes for [B 1:2H1Z] 

H 
9 

T . 
lu 

!!gxÉ.1U 

n(A ) 
9 

n(T
19

) 

n(T2g ) 

~(Gg) \ 
\ , 

n(H ) 
9 

E 

5 0 0 -1 

1+1.5 3 1-/5 0 -2- -2-

15 o. 0 0 

1 
. 

.;::: 120 [15 - 15 15 + 15] 

,"" 
1 + 15 45 15J = rro[45 - -

() 

1 \5 = 120 [45 + 15 - 15] 

" , 

1 
0 

of 
60 0] = 120 [60 + - + 

]: = ï2Q[75 - 15 - 75 + 15] 

1 

i 

1 5 0 0 -1 

15-1 -15-1 -1 -3 a -2-
2 y, 

-1 -15 0 0 0 

= Ô 

\ 
\ 

= 0 

= 0 

0 ' .. ~ 

= 0 

= o 
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" \ , 

. 
d 

1 ""1' 
n{Au) = 120 I15 - 15 + 15 - 15J -- Q" :; 

• 1., 
II' 

>, 1 n(Tl~}-= ,l'2l)145 + 15 + 45 + 15J = 1 

o • 

1 120 [45 + 15 + 45 + 15] = 1 

'" l' " n (Gu) = no { 6 0 + 0 + 60 + 0] = 1 

1 r 

neHu} - = 120 I75 - lS + 7S - fsj = 1 

\i '-. 

1 
1 • 

t 1 +h = T1u + T2u + G + H ' (97) - u -g 1 u ul / 

..,. 

Therefore, the t 1u + h -combination is ir-active since the - -g 
'\ '\. 1 • * product conta1ns the T1u spec1es • • 

* . It shou1d be pointed out that throughout this thesis, we have 

adopted the modern system of 1abelling the symmetry species of 

normal rnodes~ i.e., lower-case ~etters such as !lu' For over­
tones and cornbinations, upper-ca;3e 1etters are use4, e.g., l , 

T1u ' 

• 0 

, " 
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D. CONTRIBUTION OF 'l'HÉ TWO SETS OF EQUIVALENT, ATOMS OF THE 

2- . 
[B12H12] ION TO THE MOLECULAR VIBRATIONS 

TABLE XXVIX: Charactelt's of the sets of equiva1ent atoms of 

IB12H12] 
2-

• 
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... 

Ih 12C2 20C3 
12C5 12C2 i 150 208

6 
112810 

3 E 5 128
10 

Xj(H12 ) 36 0 0 2 2 o 0 4 0 0 0 

Xj(B12 ) 36 0 0 2 2 0 4 0 0 0 

= 1 
120 [36 + 38.832 - 14.832 + 60] = 1 

n(t1 ) "= 1~0 Ü08 
0 .. 

+ 62.75. + 9.25 - 60] = 1 
g . '''t 

" a 

n (t
2g

) 1 - 24 -~24 - 60] o· = 120 1108 = 
, t 

! 

<' 

" 

n(~) 
1 - 38.832 14.832 + 0] 1· = ITÜ'[144 + = " 

n(!!g) = 1~oJl80 + a '+ 0 + 60] == 2 

,~ 

l 

'r. 
.~ . 

,~ 1 

.ô 
"1 
,;, 

,~ 
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1 

{' < \ 

,- .y' 

---_ ... ,.. ..... "'~ . ...,-..... _~,. 4 ...... M "ee::ca.":WUI *U r ~,. 1 ~_ ........ 

i ~ 
-

'n(~) 
1 3a.83f 14.832 60] 0 = 120 [36 + - - = 

,>f 

n (!.lu) 
1 62.75 + 9.25 + 60] 2 = 120[108 + = 

~~ 

" 

n(~2u) 
1· 24 24 + 60] l = 120 [108 - - = 

,.. 

n(~) 
1 38.832 + 14.832 + 0] 1 = 120[144 = 

'll' 

.\ 

n (!!u) 
i Q 

+ 0 + 0 60] -1 = 120,[180 - = 

Therefore 

= ~ + !.lg + ~ + 2~ + Z~lU + !.2u + 

+ hl, 
-u , 

E. FACTOR GROUP ANALYSIS 

~- .. ~--... -----
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r 

'\ 

'\ 

(98 ) 

. Factor group procedures for solid K2B12H12 under;the 

T~ synunetry ate Jo, out1ined in Table VIII and the ca1culation is 
," 

quite straight forward because of the sirnplicity of the Th 

characte~ table. A simi1ar case is the facto~ group treatrnent 

f 
L 

r 
1 

·l 
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f '5 
Ïor solid cS2B12H12 under the Oh symme~ry which is shown in 

\ 

Table xv. The calculation o~ the normal modes Ïor the latter 

is' presented below. 

TABLE XXX: Examples of factor gr~up calculations for eS2B12Hf2 

[X, (N) ] 78 0 -2 0 
J 

[X, 
J 

(ni) ] 66 0 2 -2 

.aTaken from Table XV, p. 147. 
, 
; 
J' 

1 
1 

6e 1 
2 

-4 

12 

: \ 

i 

~ 0 

'0 

0 8 1'""2 6 

0 8 0 4 



1 

'\ 

, 
" 

f 
~ 
f 

t 
1 , 

G'I " 

~ 

() 

~65 

1 
n (~2U) = 48.178 - 6 + 24 - 24 - l,,2 + 36J = 2 

'r' 

n(~) = fir156 - 12 + 42J = 4 

1 = 48[156 - 12 - 48J\ = 2 

n(~lg) = J[234 +~ + 24 - 24 - 12 36J = 4 

, ' 

1 
n(t2g ) = 48[234 + 6 - 24 - 24 + 12 + 36] = 5 

n( t 1ul' 1 + 6 + 24 + 24 + 12 + 36] 7 = 48"[234 = , '\ 

""" 

1 

n (t2u ) 1 
6 - 24 + 24 - 12 + 36J 4 '48[234 + = 

• 



. 
! 
r, 

J 
r 

' ~ 
• , 

" 

1 

( ) 

l, 

... 

2. Ca1cu1ation of Interna1 Modes (n.) 
l. 

n(a1g) :;: 1[66 rr ' + 6 - 12 - 12 + 24 + 24} 

. , 

n (~2g) .= 1 
-4'8[66 + 6 + 12 + 12 + 24 - 24] 

'n (~1u) 1 + 6 
, 

12 12 24 - 241 = '48[66 - -

1 .' = 48\[66 + 6 + 12 + 12 - 24 + 24] 

n(e j 
-g 

1 = 48[132 + 12 + 48] = 4 r 

n(~) = ~[132 + 12 ~ 48J :;: 2 

1 

n (:!;.1g), 1 
6 1'2 + 12 24 = 'if8[198 - - -

n (~2g) '1 
6 12 12 24 = 

4S 1198 - + - -

1 

.. ' "il . , 
'j 

- 24] 

+ 24J 

166 

= 2 
.\ 
-. 

= '2 

1;,. 

= 0 

, , 

= 2 

:;: 3 

.... " ~.,.. 

= 4 

~ 



0 

"- 16 '7 

n(~lU) JU98 6 12 + 12 + 24 + 24J 5 = = 
'\ 

_\ 

~(~2u) ~ -4ÎI198 - 6 + 1,2 - 12 + 24 - 24J = 4 

\ ,Oh 
\ ' 

= 2al + 2a2 + 2a2 , ,+' 4e + 2e + 3tl + 
(n. ) -g -g -u -g ...;..u. -g 

l. . 
At2 -g + Stl + -u 4 -2u (IOO) 

" 

! 'J 

The calculation of thé tran'slational or rotational modes 

is performed exactly as described above using the characters 

of the reducible representations shown in Table XV (p.147). 

. ' 

l· • 

) 



() 
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Il 
'. 

, APPENDIX II: APPLICATION OF THE TELLER-~DLICH PRODUCT RULE 

Vibrationa1 frequeneies of isotopie mo1eeu1es can 

provide addi tiona1 information of use in assigning the various , . 
\ 

interna1 modes. This has been formulated in the Teller-Redlich . ~ 

. 109~' . 
produet rule which states that the product of the (u? Iw) 

_ values for aIL vibrations of a given symmetPy depends only on 

.1 

,the masses of the atoms involved and the symmetry of the mole­

cule, qut is indépendent of the potential constants. The ru1e· 

can be expressed by the general equati?n . 

(lOI} 
, . ./ 

where aIL qu~tities having the superscript Ci) refer to the. 

isotopie molecule; wI ' w2, ... w f are the zero-order frequencie~,-1--­

of the f ge~uine vibrations of the symmetry type consideredp 

ml' m2 ••. are the masses of the atoms representing various 

sets of equivalent atoms (those latoms which are trapsforrned 

into one another by the syrnmetry operations of the mole cule) ; 

a;', S,. '.. are the number of vibrations each set contributes to 

the symmetry species considered i M is the total mass of the" 

molec.uleit is the nurnber of'translations included in t~e sym~ 
o 

metry speciesi Ix' Iy' Iz are the moments of inertia through 

'0 

'. 



, 
\ " 

'. 

. 

~jf; 
il 

." 

" 

~' 

r 

" 

the"centre of mass" about the x, y,"z axes; ô , ô / Ôz are, x y 

1 or 0' depending on wheth~~r ~t the rotation about the X, 

y, z axis is a non-genuine" vioration of the symmetry species 

cansidered. 1 

J' 
-Ir 
{j 

Application of the product rule yields information 
, , -
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about which atoms are involved in a partieular vibration sinee 

larger isotopie shiftsOreflect greater amplitudes for the 

vibrating atams. In our ealculations,.abserve~ fundamental~ 

,(v.) are used instead of the zero-order frequeneies (w.). This 0 

~ • t • 1 • J. 

is uS~allY believed to introduce about a 4% error in the çal- ~ 

l t " 109 "-cu a ,~ons • " . 

, 
A. 

J -.-/ 
From group theoretieal c~leulations!, we arrive at the 

, ' 

nwnber ,of optieally-aetive normal modes for the a.nion, viz 0' 

, .. 
'2a (R) + 3tl (ir) + 4h (R). AlI nine frequencies are observed 

-g' ~ u -g 

and the assignrnent ta ~ arid h modes are m~e on the basis of-
":1 -g 1 ~ 

Raman pO,larization s'tudies. There are two "sets of equi valent 

atoms in this ,anion, viz., c (H12J and (B12). The isotopie 

.s~ift rcaleulations are discussed in terms of ~, t 1u and ~ 

,symmetry speeies. ) 

1. a moci~s 
'> -g 

.! 

There are two vibrations (vl'and v2 ) that belong ta 

this spe cies . Both vibr~tions are genuine, i.e. , there a te' no 

{1 , __ , 

l' , 
1f , 

,,' i 
l , 

. i5 --,' 
~~~,~,,--------~~,~j.----------~:?~----------------------------,'-' 
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t 
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rotationa1 or trans1ationa1 modes: t=6 =6 =ô =0. The hydrogen xoy z 
atom movements [the (H12 ) set] contribute one vibratiQh to . . . 
this species: a=1. The boron atom mov~ments [the (B12 ) set] 

contribute the other vibration, i.e., B=1. App1ying the 

product ru1e, we obtain: 

(102) 

" 
2· 2 ~ 

t~) (~l:) = 
, 
ItJi/mD (103) .. 

l 

0.58 x 0.93 = 0.53 (theor. o .50) (104) 

( .' 

2. ""1: 
-lu modes 

There are four vibrations of this symmetry species. 

Three vibrations are ge~Uiné. (V 3 ' v 4 and vS) and one is a n~n­

genuine trans1a.tion (t=1). There ..are no rotations, i.e'., 
, . , 

5 =5 =5 =0. The hydrogen atom mov~ments contribute two x y z , 
vibrations (a=2) ( while tqe boron atom movements contribute 

one vibration (B=l) after exc1uding a trans1ationa1 mode. 

i 2 2' i 
(vS/vS) - = (~/mD)··' {IDa/~) • M /lo1 

(10-5) 

\. 
~ 

fr~~~'~-""""~----__ """""""~ __ ~~~--~~.;,'~'~_~~~~--________ """" ..... ~ = - -- ~ ,.,'" 
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2 
(~) 
2480 (106) 

0.57 x 0.76 x 0.68 = 0.30 (theor. 0.27) (107) 

.3. !!g modes 

Therè are four normal vibrations, all of which are 

genuine: t=ôx=ôy=êz=O. Both the (B12 ) and (H12, sets ~on~ 

tribute twe vibrations each to this species (0.==13=2-). 

i 2 .(v6/v6) 
. 2 

("~/"i) ·i 2 
("a/"s) 

-i 2 
">9 / "9) . = (RH/mD) 2 (~/~)2 (108) 

~ 

(lS64) 2 2 2 2 2 (S96) (622) (542) = (!) (109) 
2472 954 774 582 

'. 

0.57 x 0.88 x 0.65 x 0.87 = 0.28 (theor. 0.25) 
(110) 

i-2 
Vibrations having the· CL)' ratio square near unit y 

" are due te movements.of boron atoms, e.g., ~2' "7 anq "9' 
o ~ 2 -

having (L) values aroung 0.5 are mainly attributed 

" 
Vibrations 

to hydrogen, atom mo-yeménts such as ~he "l' "3 ~nd "611
, funda-

.... 0 1 2 l ' 

mentals. If the (~) values are intermediate between 0.5 and 
'V 

.,. }, l' F ; bQ 



t 
\ . 
f 

i 
~ 

~ ;. 
'. 

, 1 
1 

t 
'" 

~ 

(~ .... 

. ---_._-~- .--- .~~-- --- ---' .... ------_._---_._------_ ... _~ ..... ----------- -- -_. -_.~_ .. _-------,-

i~ 

? 
./ 

, 
• 

.. . . 
l, the vibrati6ns are then considered as the,result of the 

movements of both the boron and the hydrogen atoms '(vide 
,-

supra, 'Table VII). 

The prod)lct rule' ~s app1ieÇl to this sal t and i ts 

'172 

deuterated analogue as discussed previously for the [B12H12]2-
2-

and [B~2D12J ions. The only difference is that the h mode ,/ -g 

into ~ 'and ~ modes in the of the free ion could be split 
.-

spectra of the solids. S;i.nce' we do not have any way o,f dif-

ferentiating between the ~ and !g modes, their frequencies 

are·combined and averaged prior to the application of the 

Te11er-Redlich ru1e.
c 

The calculations for the" va'rious speci~s 

are 'summarized below and the results are given, in Table XII. 

1- a modes -g 
':' /"' ~ r ' 

2 2 ~C ll13 (111) (1905) ( 721) - . • = lllo Ina ~52l 'v 151" 1 2 

0.57 x 0.90 = 0.52 (theor. 0.50) (~12) 

2. ~ mode:s 

12 . 928 2 2 (~) 2 ~ MaD (1876} • (ill) 
(113) 

(1074) = a_e_ 

2471 " 715 Vs 1t1o Ina MaH 
3 "4 

, ,. 

\ 



" . 

", 

@" ' .... 
" )' 

, 
, . 

.. ~,.- _ .. ;... ... ~. ~ .... ~-_ .. -- .. -----... -.--.-.----........ , --_. __ • .... , -.-.--... "" ...... .---.-______ 'l"-"'_--' ___ " _____ " 

... t'173 
\ 

, l 

0.58 x 0.74 x 0.7 = 0.30' (theor. 0.27) ( 114) 

3. ~ + ~ modes 

, ' 

Here the ~verage of the ~ + t doublet is used in 
'::1 -g, 

the ca1cu1ation. 

~ 2~ ~. " 
(-) . ( \ nn ~ 

. (115) , 

, . 
.. 

0.57 x 0.87 x 0.65 x 0.87 = 0.28 '(theor. 0.25) (116) 

o 

-" \ . , 

" 
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