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ABSTRACT 

Complexes of indium with halides,acetylacetone,bipy- 

ridyl,phenanthroline,pyridine and d5-pyridine,as well as 

some cyclopentadienyl derivatives,have been prepared and 

studied by means of analytical and spectroscopic techniques 

to determine their coordination and structure. The full 

X-ray crystal and molecular structure of ~n(acac)bipycl, 

is also reported. 

I. Anionic Complexes Derived from the Lower Halides of 

Indium 

The halide salts of the dipositive N,N1-dimethyl- 

4,41 -bipyridinium cation (~e,bipyx,; X = C1,Br or I) react 

with indium monohalides to give salts of the trihalogenoin- 

date ( I) anions Me,bipy. InX3, in which the anion is isoelec- 
- 

tronic with SnX3 and SbX3. With indium trihalides the pro- 
- 

ducts are either Me2bipy= InC1, or ~e,bi~~,+ + InX4 + X- 
( X = Br or I) ;the 1n~1,~- anion has C4v symmetry in the 

salt prepared,and this result is discussed in terms of 

earlier studies of this anion. The indium dihalides yield a 

mixture of 1n( I) and 1n(111) anions. The Raman spectra are 

recorded for the anionic complexes prepared,for the indium 

monohalides and for indium dibromide and diodide. 

iii 



11. Force Constant Calculations for Anionic indium( I) and - 
( 111) Halide Complexes 

A simplified generalized quadratic valence force field 

has been used to calculate force constants for the anionic 

indium(1) species 1 . n ~ ~ ~ -  ( X = C1,Br or I) and for the 
- 

anionic indium( 111) halide complexes InX4 ,1nc15 2- and 

1ncle3-. The primary stretching force constants for the 

indiwn(111) chloro-anions decrease linearly with the increa- 

sing coordination number. The resultr for the indium(1) com- 

plexes are compared with th0s.e in the literature for isoelec- 

tronic tin(11) and antimony( 111) species. 

111. Some Reactions of ~yclopentadienylindium( I) - 
(a) ~yclopentadienylindium( I) ( ~p1n) in chloroform 

reacts with gaseous BX3 ( X = F,Cl,Br or CH3) to yield 

solid CpIn0BX3 species,whose structures have been investiga- 

ted. Vibrational spectroscopy shows that the BX3 group has 

the expected trigonal pyramidal structure. The cyclopenta- 

dienyl ligand is in the monohapto (a-bonded diene) form in 

the adducts,in marked contrast to the stereochemistry of 

the parent CpIn. Reactions of CpIn and CpIn. BC13 with 

maleic anhydride showed that Diels-Alder addition occurs 

in both cases. 

(b) ~yclopentadienylindium( I) reacts with iodine to 

yield the polymeric CpIn12 species. Adducts of this species 

with some nitrogen-donor ligands have been prepared and 



studied by means of vibrational and mass spectroscopies. 

The reaction products of CpIn12 with Cp31n and (propyl) ,NI 

have also been studied. 

Dl. ~onoacetylacetonatoindiwn(111) Complexes - 
The reaction of 2,21-bipyridyl,l,10-phenanthroline, 

pyridine and d,-pyridine with the brown pasty solid obtained 

from the dissolution of indium( I) halides in acetylacetone, 

yields solids of the type I~(~C~C)LX,~C,H,OH ( X = Cl,Br,1) 

whose vibrational spectra have been studied in the range 

600-100 cm-I. Vibrational spectroscopy does not allow a 

clear distinction of a cis or trans arrangement of the hali- 

de ligands. Evidence for a possible mechanism for the disso- 

lution process of the indium monohalides in acetylacetone 

is given. 

v. - The Crystal and Molecular Structure of Acetylacetona- 

to-2,2' -bipyridyldichloroindium( 111) 

The crystal and molecular structure of In(acac)bipy~l, 

has been determined by means of X-ray structural methods. 

1n(acac)bipyc12 belongs to the monoclinic ~ 2 ~ / c  space group, 

a = 11.340(3), b = 12.198(3), c = 14.330(3) and 

@ = 120.25(2)'. e structure consists of six coordinate 

indium atom whereby the indium atom is surrounded by two 

cis chlorine atoms,a bidentate bipyridyl and a bidentate 

acetylacetonato anion. The In02N2C12 group has a distorted 



~ctahedral configuration. The indium-chlorine bond lengths 
0 

are 2.443(1) and 2.394(1) A, the indium-oxygen bond distan- 
0 

ces are 2.124(3) and 2.164(3) A and the indium-nitrogen 
0 

bond lengths 2.276(4) and 2.299(4) A . 



ACKNOWLEDGEMENTS 

First of all,I wish to express my sincere gratitude 

to my supervisor,Professor D.G.Tuck, for his continous 

interest,concern and guidance. 

Special thanks go to Dr.F.W.B.Einstein for his patien- 

ce and guidance in the determination of the X-ray molecular 

structure determination reported in this thesis, and to 

Dr. D. Sutton for many helpful discuss ions. 

My acknowledge also includes the many students (those 

of special mention :Alan Gilchrist and Antony F. ~erniaz) and 

faculty of the chemistry department of Simon Fraser Univer- 

sity who made my stay a pleasant,interesting and valuable 

experience. 

I am pleased to thank University of Concepcion (chile) 

for granting me to come to study to Canada. Simon Fraser 

University and the National Research Council of Canada are 

thanked for partial financial support. 

Finally,a word of eternal gratitude to my wife Maria 

Angelica for so much understanding and help in these three 

years away from our distant motherland. 

vii 



TABLE OF CONTENTS 

Page 

Chapter I. L i t e r a t u r e  Survey 

1.1 The chemistry of indium 

1.2 Compounds of indium( I) 

1.3 Complexes of indium( I) 

1 . 4  Compounds of indium( 11) 

1.5 Compounds of indium( 111) 

Complexes of indium( 111) 9 

a )  Neutral  complexes of indium(111) 9 

b )  Cat i o n i c  complexes of indium( 111) 11 

c )  Anionic complexes of indium(111) 12 

Organometallic compounds of indium 12 

Contents of t h e  p resen t  t h e s i s  14  

Anionic Complexes Derived from t h e  Lower 

Halides of Indium 

In t roduc t ion  16 

The t r iha logeno inda te  ( I) anions 18 

Reactions involving indium d i h a l i d e s  18 

Reactions involving indium t r i h a l i d e s  19 

Reactions of Me2bipy. InX3 with indium 

t r i h a l i d e s  

Experimental 

a )  General 

v i i i  



b )  Prepara t ive  Chemistry 21 

c )  Physical  measurements 24 

2.7 Resul t s  and d iscuss  ion  30 

a)  The t r iha logeno inda te  anions 30 

b )  The Me2bipy. InX5 complexes 35 

c )  The Me2bipy. InX4 complexes 40 

d )  The Raman s p e c t r a  of InBr2 and 

In12 43 

e )  The Me2bipy. In2& complexes 45 

2.8 Conclusions 4 8  

Chapter 111. Force Constant Calcula t ions  f o r  Anionic 

indium( I) and ( 111) Halide Complexes 

3.1 The v i b r a t i o n a l  problem 51 

3.2 P o t e n t i a l  f o r c e  f i e l d s  54 

a )  The c e n t r a l  f o r c e  f i e l d  54 

b )  The valence f o r c e  f i e l d  55 

c )  The genera l i zed  valence f o r c e  

f i e l d  55 

d )  The Urey-Bradley f o r c e  f i e l d  56 

e )  Other f o r c e  f i e l d s  57 

3.3 The i n t e r n a l  coordina tes  58 

3.4 The symmetry coordinates  61 

3.5 The G and F  matr ices  63 

3.6 The p o t e n t i a l  energy d i s t r i b u t i o n  and 

band a s s  ignment 66 

i x  



Chapter IV. 

4.1 

4.2 

The method of calculation 70 

The indium halide complexes 71 

Results 72 

a) The trihalogenoindate ( I) anions 7 2 

b) The tetrahalogenoindate ( 111) 

anions 80 

c) The pentachloroindate ( 111) 

anion 88 

d) The hexachloroindate ( 111) anion 92 

Discuss ion 101 

Some Reactions of ~yclopentadienyl indium( I) 

Introduction 107 

Adducts of cyclopentadienylindium(1) 

with boron trihalides and trimethylboron 109 

Some iodide complexes of CpIn 110 

Experimental 111 

a) Physical measurements 111 

b) Analytical determinations 112 

c) Solvents 112 

d) Preparative chemistry 112 

Results and discussion 118 

a) Adducts of CpIn with BX3 118 

b) Some iodide complexes of CpIn 139 



Chapter V. 

5.4 

Chapter VI. 

References 

Some ~onoacetylacetonatoindium( 111) 

Complexes 

General 153 

The monoacetylacetonatoindium( 111) 

complexes 154 

Experimental 156 

a) Physical measurements 156 

b) Preparative chemistry 156 

Results 157 

The Crystal and Molecular Structure of 

Acetylacetonato-2,2' -bipyridyldichloro- 

indium( 111) 

Introduction 

Determination of the structure 

a) Crystal growing 

b) Crystal mounting 

c) Photographs 

d) Data collection 

e) Solution of the structure 

Results 

a) ~n(acac)bipycl, crystal data 

b) Description and discussion of 

the structure 



LIST OF TABL;ES 

Table 

1 

2 

Properties of the elements of group I11 

Analytical results for anionic indium 

complexes 

Analytical results for lower indium halides 

Conductivity results for the Me2bipy. InXn 

( n = 3,4,5) and Me2bipy*In2X6 complexes 

Raman spectra of the trihalogenoindate(1) 

anions in the solid state 

Relationships between C and Cs symmetries 
3v 

The assignment of the Raman spectra of 

I ~ x ~ ~ -  and the vibrational spectra of 
- 

SnX3 and SbX3 species 

The Raman spectra of Me2bipy. InX, complexes 

The Raman spectra of the Me2bipy. InX, solids 

Assignment of the Raman bands of compounds 

Me 2b ipy . InX, 
The Raman spectra of Me2bipy. In2X6 complexes 

Projector operator on Arl of a C MX3 
3v 

molecule 

Normalized symmetry coordinates for 1nxS2- 

anions 

Page 

3 

xii 



The G-matrix elements for the anions 76 

Force constants and calculated and observed 

frequencies for the 1nxS2- species 77 

Potential energy distribution for the Inx3 *- 
anions 79 

Normalized symmetry coordinates for the 
- 

I~X. species 81 

Structural parameters and G-matrix elements 
- 

for the InX, species 84 

Force constants and calculated and observed 
- 

frequencies for the InX4 anions 85 
- 

Potential energy distribution of the InX4 

species 87 

Force constants and calculated and observed 

frequencies and G-matrix elements for 1 n c 1 ~ ~ -  

anion 

Potential energy distribution among force 

constants for 1nC1,~- species 

Symmetry coordinates for I n ~ 1 ~ ~ -  anion 

Force constants and calculated and observed 

frequencies and G-matrix elements for 

anion 

Potential energy distribution among force 

constant for 

x i i i  



Analy t i ca l  r e s u l t s  f o r  CpIn*BX3 and some maleic 

anhydride adducts  115 

Elemental ana lyses  and molar conduct iv i ty  

f o r  t h e  iodide  d e r i v a t i v e s  of CpIn 119 

In f ra red  s p e c t r a  of t h e  boron t r i h a l i d e  and 

t r imethylboron adducts  of CpIn 

Boron-halide v i b r a t i o n s  i n  s o l i d  CpIn. BX3 

adducts  

Vibra t ions  of t h e  cyclopentadienyl  group 

i n  s o l i d  CpIn-BX3 adducts  

In f ra red  bands of t h e  maleic anhydride 

adducts  of CpIn and CpIn. BC13 

The mass spectrum of CpIn.BF3 

The mass spectrum of CpIn.BC1, 

The mass spectrum of CpIn-BBr3 

The mass spectrum of CpIn.BMe3 

In f ra red  and Raman bands of t h e  iodide  

d e r i v a t i v e s  of CpIn 

The mass spectrum of CpInI, 

The mass spectrum of CpIn12.bipy 

The mass spectrum of CpInI,. phen 

The mass spectrum of Cp,InI 

Ana ly t i ca l  and conduct iv i ty  da ta  f o r  t h e  

I ~ ( ~ C ~ ~ ) L X ~ = C , H ~ O H  complexes 

x i v  



Infrared and Raman spectra of 1n(acac)bipyx2 

complexes 161 

Infrared and Raman spectra of 1n(acac) phen~2 

complexes 163 

Infrared and Raman spectra of ~n(acac)(py)~~, 

complexes 165 

Infrared and Raman spectra of 

1n(acac) (d5-py) ,x, complexes 167 

The mass spectrum of ~n(acac)bipy~l,. c ~ H ~ O H  169 

The final fractional coordinates and thermal 

parameters for 1n(acac) bipyc12 180 

Observed and calculated structure factors 

for In(acac)bipyc12 183 

Interatomic distances and angles in 

1n(acac) bipy~l, 193 

Selected mean planes in ~n(acac)bipycl, 196 



Figure 

LIST OF FIGURES 

Page 

The internal coordinates for the 1nxS2- 

species 75 
- 

The internal coordinates for the InX4 

species 82 

The internal coordinates for the 1n~1,~- 

anion 89 

The internal coordinates for the 1nclG3- 

anion 95 

The dependence of the primary stretching 

force constant (f ) on the coordination 
r 

number in some halide complexes of 

indium( 111) 105 

The dependence of log fr on the oxidation 

state of the metal for MX3 halides of some 

main group metals 106 

The monohapto form of CpIn 126 

The molecular configuration of 

In(acac)bipy~l, 198 

xvi 



C H A P T E R  I 

LITERATURE SURVEY 

1.1 The Chemistry of Indium - 

Indium belongs t o  t h e  group I11 of t h e  p e r i o d i c  system. 
1 

F i r s t  discovered i n  1863 by Reich and Ri tcher  from i t s  emi- 

s s i o n  spec t rum, i t  was i s o l a t e d  from a z inc - i ron  minera1,spha- 

t r i t e .  Indium,like gal l ium,can be obtained by t h e  e l e c t r o l y -  

s is  of aqueous s o l u t i o n s  of i t s  s a l t s  as a s o f t , s i l v e r y - w h i t e  

metal  with a melt ing po in t  of 157' C and a b o i l i n g  po in t  of a- 

bout 2 , 7 0 0 ~  C. 

Group I11 of t h e  pe r iod ic  t a b l e  begins with t h e  non-metal 

boron and ends with tha l l ium,a  metal .  Table 1 g ives  some proper- 

t i e s  of t h e  elements of t h e  group 111. Despite t h e  l a r g e  amount 

of energy requ i red  t o  remove t h r e e  electr ,ons from t h e  gaseous 

atom,the t r i p o s i t i v e  s t a t e  dominates most of t h e  chemistry of 

t h e  elements of t h i s  group. Although boron i s  formally i n  t h e  

+3 ox ida t ion  s t a t e  i n  i t s  compounds,there i s  no chemistry of 

t h e  f r e e  B ~ +  ion. 

The monopositive s t a t e  i s  known f o r  aluminium,gallium, 

indium and thallium,becoming inc reas ing ly  more s t a b l e  as t h e  

atomic number increases .  For thal l ium,both t h e  +1 and +3 oxi-  

da t ion  s t a t e s  a r e  wel l  known. 

From boron t o  tha l l ium t h e r e  i s  a change i n  t h e  non-me- 



t a l l i c  t o  m e t a l l i c  p r o p e r t i e s .  Thus, i t  i s  found t h a t  boron oxi- 

de Ls an a c i d i c  oxide,whereas Al,O, i s  amphoteric and gal l ium, 

indium and t h a l l i u m  oxides a r e  d e f i n i t e l y  b a s i c .  

Going down t h e  group I11 one f i n d s  t h a t  t h e  bonding i n  

t h e  h a l i d e  compounds changes from a d i s t i n c t l y  covalent  bon- 

ding i n  BX, ( X = C 1 , B r  o r  I) t o  a nea r ly  i o n i c  i n  t h e  corres-  

ponding t h a l l i u m  h a l i d e s .  With regards t o  t h e  redox p r o p e r t i e s ,  

from t a b l e  1 it i s  seen t h a t  t h e  reducing power decreases  s t r o n -  

g l y  from aluminium t o  indium. Thallium i n  i t s  +3 ox ida t ion  s t a -  

t e  has a  cons iderable  ox id iz ing  power a s  it i s  shown i n  t h e  

h a l f  r e a c t i o n  g iven  below 

~ l ~ + ( a ~ )  + 2e- = ~ l + ( a ~ )  EO = 1.25 v o l t s  

Indium forms compounds i n  t h e  +1,+2 and +3 ox ida t ion  

s t a t e s .  Since t h e  chemistry of t h e  +3 ox ida t ion  s t a t e  has been 

throughly r e ~ i e w e d * - ~ , t h e  fol lowing review w i l l  d e a l  mainly 

with t h e  chemistry of indium i n  i t s  lower ox ida t ion  s t a t e s ;  t h e  

chemistry of indium(111) w i l l  be surveyed only b r i e f l y .  

1.2 Compounds of ~ n d i u m ( I )  - 

Compounds i n  which indium has t h e  formal ox ida t ion  s t a t e  

10 +1 have been known f o r  a long time. Indium o ~ i d e ~ ' ~ , s u l ~ h i d e  , 
8 11 11 

se len ide ,  t e l l u r i d e  , ch lo r ide  ,bromidelo and iodide  a r e  known. 

Crys ta l  s t r u c t u r e  determinat ions of t h e  h a l i d e s  r e v e a l  

i t h a t  i n  t h e  bromide12 and iodide13,each indium atom is  surroun- 
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square-based pyramid,with the axial indium-halide distance 

sonz?-(jhat greater thar the othcr fotlr in the base of the pyra- 

mid. The chloride14 has a different structure,each indium(1) 

ion being surrounded by twelve other indium(1) ions and twelve 

chloride ions in a distorted NaCl type structure. 

1ndium(1) has been obtained in low concentration in solu- 

tion by anodization of indium metal in perchloric acid 15,16 . 
Indium(1) is rapidly oxidized by both H+ and air according to 

the reaction 

lnf (aq) + 2~' = 1n3+ (aq) + ~,(g) log K = '14.7 

It follows that indium(1) is a very strong reducing agent; it 

is also thermodynamically unstable with respect to indium(111) 

and indium(0). 

The product of the reaction of indium(111) chloride with 

sodium cyclopentadienyl in ether,followed by sublimation under 

17 vacuum, is an indium( I) compound, cyclopentadienylindium( I) , 
the first organometallic compound of indium(1) to be prepared. 

More recently methylcyclopentadienylindium(1) has also been 

18 prepared . 
1.3 - Complexes of indium( I) 

The action of dry ammonia at 2 to 2.5 atmospheres and 

0' C on indiurn(1) halides yields compounds of the type InX* NH, 

( X = C1,Br or I). At 3 to 4 atmospheres of ammonia,the product 
I 



is InX ~NH,'~. The products are black solids, insoluble in water 

and dilute acids,and disproportionate rapidly on contact with 

water. The diammlnes lose ammonia when heated. Unfortunately 

there are no structural or spectroscopic data available for 

these complexes and hence there is some difficulty in distin- 

guishing between bonded ammonia and ammonia trapped in the 

monohalide lattice. At 6 to 8 atmospheres of ammonia the products 

are undoubtedly indium( 111) complexes, I~x, ~NH,. 

In studies of the reaction of morpholine and aniline with 

indium( I) halides, Goggins and MccolmPo found that the halides 

dissolve slightly in these basic solvents;solids of the type 

In(morph),x ( morph = morpholine) and ~n(anil),~ ( anil = ani- 

line)( X = C1,Br or I) were obtained after addition of ether. 

The complexes (which were analysed for indium and halides only) 

were formulated as 1:l electrolytes on the basis of conductivi- 

ty measurements in nitrobenzene ( A M  r~ 28 ohm-' c18 ) . 
Oxidative insert ion of indium( I) bromide into Co-Co bond 

has been observed in the reaction of InBr and Co, (co), in tetra- 

21 hydrofuran at room temperature . When the reaction is carried 
out in benzene,the stoichiometry of the product is 

Br,In,~o,(~0) z2,rather than B~I~(CO(CO), ), obtained in tetra- 

hydrofuran. indium( I) bromide also inserts into the Mn-Mn bond 

of Q ( CO),, . Drastic conditions (heating the reaction mixture 
at 180' C for 22 hours in a sealed tube) were re~pired~~,but 

1 24 
i Hsieh and Mays showed that this oxidative insertion occurs 



Smoothly i n  re f  luxing dioxane ( b o i l i n g  p o i n t  100-102' C )  . 
s i m i l a r  condi t ions  al low t h e  i n s e r t i o n  of InBr i n t o  t h e  metal-  

m e t a l  bond i n  ( n-c,H&M(co),), where M = W o r  Mo. S i m i l a r l y  

indium(1) bromide r e a c t s  wi th  ( n-C,YF~(CO),) ,  t o  form 

~ r I n (  n - C , Y F ~ ( C O ) ,  ),25. 1ndium(1) ch lo r ide  was repor ted  t o  

24 i n s e r t  i n t o  a metal-halogen bond t o  form MnInX, spec ies  . 
Recently26, it has been found t h a t  indium bromide i n s e r t s  

i n t o  t h e  carbon-bromine bond of methyl bromide t o  g ive  a product 

of s to ichiometry  C% InBr, . Oxidative i n s e r t i o n  of t h i s  type 

were a l s o  found t o  occur f o r  indium(1) iodide  i n t o  t h e  carbon- 

iodine bond of a v a r i e t y  of a l k y l  iodides27. The products  have 

t h e  s to ichiometry  RInI, where R = methy1,ethyl o r  n-butyl.  

1 .4  Compounds of Indium(11) - 
28 E a r l i e r  s t u d i e s  r epor ted  t h e  p repara t ion  of InF, , 

InCl, 29, InBr, 30 and In& 31 . 
Magnetic s t u d i e s  of t h e  and InBr, 33 have shown 

t h a t  they  a r e  diamagnetic r a t h e r  than  paramagnetic as one 

would p r e d i c t  f o r  a monomeric indium(11) spec ies .  To exp la in  

t h e  observed diamagnetism,Puzako e t  a134 suggested a dimeric 

s t r u c t u r e  of t h e  type shown below 



where the diamagnetism would be due to a spin-pairing process 

as a result of the metal-metal bond. An alternative structure 39 

could be an ionic diner similar to that found for gallium diha- 

lides, G~(I)[G~(III)x~] ( X = C1,Br or I) 35-38 . 
The mixed oxidation state structure has received support 

from the Raman spectrum of molten InCl,,which shows unequivo- 
- 

tally the presence of the InC1, ion4'. Brinkman and Gerding 41 

reported the X-ray powder diagrams of the solids InC1, , In, C1, 
and -clS4*. The d spacing as well as the intensities quoted 

indicate that all three lattices are made up of the same spe- 
3 - 

cies,presumably InCl, . On the other hand Atkinson et a1 43 
suggested a mixed valence structure for the solid In,C1, 

which could be formulated as In3[~n2c19] on the basis of 

structural relationship between this solid and Cs3T1,ClS who- 

44 se crystal structure revealed that the Tl2ClS 3 - anion is 

built up of two regular octahedra sharing a face. 

Phase studies of the indium-chlorine sys ternh3 have also 

shown the presence of In2C13 whose Raman spectrum resembles 

closely the spectrum of a molten 1:3 mixture of InC13 and KC1 

+ which is expected to have the structure 3K [mCl,] 3- 40 . 
In,Cl, has been formulated as InJ ~n~l,]. On the other hand 

the Raman spectrum of this melt also shows a band at 311 em-', 
- 

assigned to the symmetric In-C1 stretching mode of the InC14 

I - 
ion;any InC1, would come from dissociation of the InC1, 3- 

I species. 



Despite of the number of vibrational and phase studie; 

on the indium-halide systems,conclusive evidence is so far not 

avzilable and at present the nature of these solids is unsettled 

and confus ing . 
Support for the existence of an indium(11) state comes 

from the experimental fact that In12 and InBr2 can be ammonia- 

ted to yield compounds of the type I n 2 ~ 4 * 6 ~ ~ 3  and I ~ ~ X ~ - ~ N H ~ .  

Since complexes with no more than two molecules of ammonia 

could be prepared from the monohalides,Kochetkova et a1 45 

concluded that the indium dihalides could not form the obser- 

ved ammoniates if they were mixed oxidation state compounds. 

The results are dubious because of the high pressure of ammo- 

nia used and the experimental fact that the ammoniates decom- 

pose even in the presence of ammonia at 3 to 4 atmospheres to 

yield InXS2NH3 and InX3-6~~3,i.e.,the indium(1) and indium(111) 

derivatived. 
1 

I Indium dihalides were found to dissolve slightly in 

I morpholine and aniline to yield,after ether addition,compounds 

i 20 of the type In~(morph)~ and In~~(ani1)~ respectively . 
Conductivity measurements in nitrobenzene showed that these 

compounds are 1:l electrolytes being best formulated as 

[ In(morph) 2][ 1nx4] and [ In(ani1) Inx4] favouring the mixed 

valence structure formulation for the dihalides of indium. 

46 Sutton reported that indium dihalides react with 

ethylenediammine (en) with disproportionation according to the 



equation : 

The action of hydrogen and hydrocyanic acid on indium 

metal yields a solid of stoichiometry I~(CN) which has been 

formulated as 1n( I)[ I~(III) (CN) 47. 

1.5 Compounds of Indium( 111) 

Compounds in which indium is in its +3 oxidation state 

are well known and many simple and complex compounds have been 

prepared. 

Ih the +3 oxidation state indium displays coordination 

numbers four,five and six.The coordination number three is 

reported to exist only in the planar trigonal structure of 

InX3 ( X = C1,Br or I) monomers in the gas phase,whereas 

coordination numbers greater than six have not so far been re- 

ported. It is believed that the complex anion 1n(No3) - 48 

would involve a formally eight coordinate indium(111),but at 

present no structural information is available. 

1.6 Complexes of ~ndium( 111) - 
The indium(111) complexes can be classified into three 

groups:(a) neutral complexes,(b) cationic complexes and (c) 

anionic complexes. 

(a) Neutral Complexes of indium( 111) 

1ndium(111) halides react as Lewis acids with a variety 



of donor molecules to give neutral complexes. The stoichiome- 

tries InX3L3, InX3L2.5, InX3L2, InX3LI.5 and InX3L ( X = C1, 

Br or I) have been reported. The stoichiometry InX3L3 where 

L = diethylammine, pyridine, aniline4' , m ~ r ~ h o l i n e ~ ~  and dimethyl- 

~ u l ~ h o x i d e ~ ~  involving six coordinate indium have been characte- 

rized by means of vibrational spectroscopy,conductivity measu- 

rements and in some cases unambiguously by X-ray structural 

methods. 

The InX3L2. type complexes where L = N,N1-dimethylaceta- 

mide5* exhibit molar conductities between a neutral and a 1:l 

electrolyte. No definitive structure can be inferred,but pro- 

bably they could be ionic or dimeric with halogen and or li- 

gand bridges. 

Complexes of the type InX3L2 involving a variety of mo- 

nodentate ligands such as PPh3,Ph3P0,pyridine,ammines and 

dimethyl~ul~hoxide~~'~~ have been prepared. e structural 

possibilities for these five coordinate indium( 111) comple- 

xes are trigonal bipyramidal (D ) or square-based pyramidal 
3h 

( cllv). The X-ray molecular structure determinati~n~~ on the 

triphenylphosphine adduct revealed that I ~ c ~ ~ ( P ~ ~ P ) ~  possesses 

D3h symmetry. Five coordination is not involved in I ~ I ~  ( dmso) 2, 

for which X-ray crystal structure determination showed the 

56 ionic structure [ I ~ I ~ (  dmso) 4] [ 1n14] . 
The products of the reaction of indium(111) halides and 

+ .  pseudohalides with bidentate ligands such as 1,lO-phenanthro- 
t 



line (phen) and 2,2l-bipyridyl (bipy),are solids of stoichio- 

metry InX3L1.5 57358. Unfortunately no structural data are avai- 

lable for these species. 

The complexes InX3L are formed from indium(111) halides 

and phosphine ligands 52'53'59. They probably involve four coor- 

dinate indium species. 

Neutral tris chelate InL3 complexes derived from acetyl- 

48 acetone , 8-hydroxyquinoline60, dithiobenzoate anion, dithio- 
phenylacetate anion6' and 0, O 1  -dimethyldiselenophosphate anion 62 

have been reported. The crystal structure determination of 

In(a~ac)~~j ( acac = acetylacetonate anion) showed that this 

complex is isostructural with the iron( 111) analog. In( dtp) 

( dtp = dithiophosphate anion) has a distorted octahedral 

In-S6 kerne1;although all six In-S bond distances are approxi- 

64 mately equa1,each ligand has two different P-S bond lengths . 
(b) Cationic Complexes of Indium(111) 

Both four and six coordinate indium(111) cationic comple- 

xes have been prepared 48'60. Indium(111) halides and pseudoha- 

lides react with mono and bidentate ligands such as phen,bipy, 

en, dmso,urea, dimethylacetamide ,N-methyl-y -butyr~lactam~~ and 

antipyrinebb to yield cationic complexes of the type I~(AA),~+ 

or me3-. Four coordinate indium(111) complexes of the type 

[ I~L~]~' were obtained with phosphine and arsines. 
+ The indium( 111) cation [ In~(dmso) ,] ( L = 1,2-bis ( tri- 

fluoromethyl dithiolate anion) was identified in the product 
i 



of the reaction of this ligand with indium(1) halides in di- 

67 methylsulphoxide . 
Finally a number of cationic complexes of the type 

[I~X,L,]' where the balancing ion is perchlorate or hexafluoro- 

phosphate and L is bipy or phen58,have been prepared. 

(c) Anionic Complexes of 1ndium(111) 

A considerable number of anionic halide complexes of 

indium(111) have been reported. Coordination numbers four,five 

and six have been found. Ekeley and ~ o t r a t z ~ ~  have prepared a 
- 

series of anionic complexes of the type InX4 ,1nxS2- and 

I ~ x ~ ~ - .  X-ray crystal structure determinations of 1nc14 -@and 
- 

In14 70 and In~l,~' 71 anions have revealed a tetrahedral 

structure for the four coordinate complexes and a C4, square- 

based pyramidal structure for 1nclS2-. 

Maleonitrile-dithiolate,iso-maleonitrile-dithiolate and 

toluene-3,4-dithio'late from a series of four,five and six coor- 

dinate anionic complexes 2'72. The X-ray crystal structure de- 

termination of [ ( c ~ H ~ )  4 ~ ]  3[ I~(MNT) 3] ( MNT = maleonitrile-di- 

t h i ~ l a t e ) ~ ~  confirmed the distorted octahedral arrangement of 

the In-S6 kernel. Maleonitrile-dithiolate anionic complexes of 

the type [R,N][ I~(MNT)~c~] ( R = methyl or ethyl) have also 

74 been reported 

! - 1.7 Organometallic Compounds of Indium 
i 
t 
k Organic derivatives of indium have not been extensively 



studied,but an increasing amount of attention has recently 

been given to this important field. 

As the atomic weight of the elements of group I11 increa- 

ses,low oxidation states become relatively more stable. Thus, 

organometallic derivatives of gallium(1) are so far unknown, 

whereas cyclopentadienylindium( I) l7 and methylcyclopentadie- 

nylindium(1)18 have been prepared. 

75 A number of alkyl indium(111) derivatives,Me31n , 

Et31n 76,77 , ( i - ~ u ) ~ I n ~ ~  ( Me = methy1,Et = ethyl, i-Bu = i-Bu- 

tyl) are known. The aryl derivative Ph31n has also been prepa- 

79 red . 
Fischer and ~ofmannl~ found that tris ( cyclopentadienyl) 

indium(111) is obtained as a side product in the preparation 

of cyclopentadienylindium( I). ( c ~ H ~ )  31n can be obtained in 

good yield if lithium cyclopentadienide is used in place of 

18 the sodium salt . An X-ray molecular structure determination 
of ( c ~ H ~ ) ~ I ~ ~ ~  showed that the structure consists of infinite 

polymeric chains with each chain unit comprised of an indium 

atom linked to two terminal and two bridging cyclopentadienyl 

groups giving rise to an almost tetrahedral In-C4 arrangement 

around the indium atom. 

Halogeno derivatives of Me31n of the type Me,InX ( X = 

F,Cl,Br or I) have been prepared 75981. Dimethylindium halides 

as well as trimethylindium react with donor molecules such as 

81 pyridine, Ph3P, Ph3P0,bipy,en to yield complexes of the type 



Me21nXL or Me,InL depending whether L is a mono- or bidentate 

ligand . 
Finally, the cation [ M~,I~I+ identified in aquous solu- 

tion82 is believed to be in methylindium diodide,which has been 

27 formulated as [~e,~n][ I~I*] . 
1.8 Contents of the Present Thesis - 

The work reported in the following chapters is related 

with the study of indium(1) , indium(11) and indium( 111) comple- 
xes with halides,oxygen donor and nitrogen donor ligands as 

well as some organometallic derivatives. 

The second chapter of this thesis deals with the prepara- 

tion,characterization and vibrational spectra of some halide 

complexes derived from indium( I), ( 11) and ( 111). 

The third chapter is devoted to the theoretical calcula- 

tion of the vibrational spectra of those complexes prepared 

in the second chapter. Although this work is closely related 

with that in the second chapter, it is presented separately in 

order to identify the nature of the calculations carried out. 

Chapter four refers to some reactions of cyclopentadie- 

nylindium(1) with boron trihalides as well as with iodine. The 

preparation,characterization and vibrational spectra of the 

resulting addition compounds are reported. 

Chapter five deals with the preparation,chemical charac- 

terization and vibrational spectra of some complexes of the 



type 1n(acac)LX2,where acac = acetylacetonate anion, L = bipy, 

phen,pyridine or its deutero derivative,and X = C1,Br or I. 

Finally,the sixth chapter refers to the X-ray crystal 

and molecular structure determination of 1n(acac)(bipy)c12. 



C H A P T E R  I1 

A,NIONIC C0NPL;EXES DERIVED FRGX TH3 LOWER 

HALIDES OF INDIUM 

2.1 Introduction - 
The general chemical behaviour of the elements of group 

I11 has been discused in chapter I. Although there is now a 

good understanding of the chemistry of indium in its +3 oxida- 

tion state,very little is known about the lower oxidation sta- 

tes of this element. Thus,very few coordination compounds of 

indium(1) and indium(11) have been prepared,although the +1 

oxidation state is an important feature of the two lower mem- 

bers of the group 111. 

indium( 11) compounds have been the subject of curiosity 

for some time,but only recently has any structural information 

been forthcoming. Unstable indium(11) species have been detec- 

ted in gamma irradiated glasses formed by freezing 5.4 M sul- 
83 phuric acid containing indium(111) sulphate . 

The investigation of indium(11) halides in the solid 

state has been restricted to vibrational spectroscopy,phase 

studies and X-ray powder methods. The mixed valence structu- 

re proposed for the indium(11) halides is strongly suppor- 

ted by vibrational spectroscopy in some cases,but clearly 

fails in others. For indium-chloride system,on the other hand, 

the literature is extensive and rather confusing. 



Molten InC12 is shown by Raman spectroscopy to contain 
- 

InC1, a n i ~ n s ~ ~ , b u t  the spectrum of the solid state is va- 

riously claimed to show the presence40 or the absence 41943 

of this species. 

Much less attention have received indium dibromide and 

indium diodide. One phase study on the indium-bromide system 

has been published30and none for the indium-iodide system. 

It was therefore decided to explore the possibility of 

preparing some complexes of indium(I),and to attempt to obtain 

some chemical evidence on the structure of the indium dihali- 

des. It was thought that probably a large dipositive cation 

could be able to break up the indium monohalide lattice and 

bring indium(1) into solution. For that purpose a large orga- 

nic cation,namely,N,~~-dimethyl-4,4~-bipyridnium was used. 

The cation used in this work is one of the few readly availa- 

ble dipositive organic cations. The preparation of its salts 

was first described by Michaelis and who studied these 

species in term of its use as redox indicator. 

On the other hand,if the dihalides are really mixed 

oxidation state compounds of the type 1n(1)[ I~(III)X~] they 



might give a mixture of halide complexes of indium(1) and 

indium(111). In this conte;ct,and in order to compare the re- 

sulting products,indium(111) halide complexes with the same 

cation were also prepared. 

2.2 The ~rihalogenoindate ( I) Anions - 
- 

Anionic complexes of tin(11) of the type SnX3 ( X = 

85 C1,Br or I) have been reported . As indium(1) is isoelectro- 
nic with tin(11),it seemed likely that the 1nxS2- species 

could be also stabilized in some suitable lattice. Since the 

obvious starting materials ,the indium( I) halides ,are insolu- 

ble in all the solvents so far tested,their dissolution was 

taken as a visual test for complexation. Since indium mono- 

halides do not dissolve in molten tetraethylammonium halides, 

this route to the trihalogenoindate(1) anions was nct availa- 

ble. 

Indium(1) halides react smoothly with the appropriate 

salt of the cation N,N1-dimethyl-4,41-bipyridinium 

( = ~ e ~ b i p y )  in dry methanol to yield solids of stoichiometry 

[~e~bi~y][ 1nx3] where X = C1,Br or I. 

2.3 Reactions Involving Indium Dihalides - 

The structure of the indium dihalides has been the sub- 

ject of considerable discussions. The compo?mds are not sim- 

ple M ~ +  salts ,as they are diamagnetic. Formulae involving 

either a metal-metal bonded dimer of the type X2M-MX2,0r a 



i o n i c  G i m ?  ;.nvolving a  nixed ox ida t ion  s t a t e  such a s  

( M TI J h a  beer  )roposc-d. Both spec t roscopic  and 

chencical evidence have been advanced i n  support  of  each of 

thescl formulat ions.  

It was found t h a t  %he indium d i h a l i d e s  r e a c t  smoothly 

with t,he appropr ia t e  s a l t  of t h e  c a t i o n  i n  methanol 

t o  g ive  compounds of t h e  type Me,bipy-InX4 ( X = C 1 , B r  o r  I) .  

A s  in t h e  case of t h e  r e a c t i o n  of t h e  monohalides with t h e  

same c a t i o n , t h e  d i s s o l u t i o n  of t h e  indium s a l t  requi red  s t i -  

r r i n g  of t h e  r e a c t i o n  mixture f o r  2 t o  3 hours under n i t r o g e n  

t o  prevent ox ida t ion  of the indium(1) spec ies  formed. 

2.4 Reactions Involving Indium T r i h a l  ides  

In o rde r  t o  e l u c i d a t e  t h e  n a t u r e  of t h e  products  of t h e  

r e a c t i o n  of Me2bipyX2 with t h e  corresponding indium d i h a l i d e ,  

it was necessary t o  i n v e s t i g a t e  t h e  r e a c t i o n  of t h e s e  organic  

sal ts  with t h e  n e u t r a l  indium(111) h a l i d e s .  The r e s u l t s  a r e  

i n t e r e s t i n g  i n  terms of t h e  comparison with e a r l i e r  s t u d i e s  

86 of an ion ic  indiwn(111) h a l i d e  complexes . 
I n  each case t h e  r e a c t i o n  product i s  a s o l i d  of s t o i c h i o -  

metry Me,bipy- InX5 ( X = C 1 , B r  o r  I).  
. . 

2.5 Reactions of Me2bipy* InX3 with Indium Tr iha l ides  

- 
The e l e c t r o n  p a i r  donor p r o p e r t i e s  of t h e  S ~ ( I I ) X ~  

spec ies  a r e  now wel l  e s t ab l i shed .  Since t h e  t r iha logenoinda-  

te(1) anions a r e  i s o e l e c t r o n i c  with t h e i r  t in (11)  analogs,  



it seemed worthwhile to investigate the donor properties of 

the indium(1) species. For this purpose reactions of the tri- 

halogenoindate ( I) anions with the electrophilic InX3 species 

as well as boron trihalides ( see chapter four) were carried 

out. 

Me2bipy=InX3 compounds react with the corresponding neu- 

tral indium(111) halide on refluxing in methanol under nitro- 

gen for several hours to yield compounds of the type 

Me2bipy-In2X6 ( X = C1,Br or I). The complexes are colourless 

(~1,~r) or orange (I) solids. 

2.6 Experimental - 

(a) General 

1ndium(1) compounds are rather light-sensitive and rea- 

dily disproportionate in the air (moisture) or in the presen- 

ce of protic solvents. No extreme precautions were taken to 

avoid photo-decomposition,except by avoiding unnecessary ex- 

posure to light. 

Since indium(1) compounds disproportionate on contact 

with water,all solvents were dried over either activated mo- 

lecular sieves or freshly pressed sodium wire to remove any 

traces of water and then distilled. 

In order to avoid the contact of indium(1) compounds 

and their complexes with the atmosphere,all reactions and o- 

perations were performed under a stream of dry nitrogen,or 

in a nitrogen dry-box. 



( b )  Prepara t ive  Chemistry 

Prepara t ion  of indium( I) Halides 

1ndium(1) h a l i d e s  were prepared by r e a c t i n g  t h e  co r res -  

ponding h a l i d e  with t h e  c a l c u l a t e d  q u a n t i t y  of 

indium metal .  

Both r e a c t a n t s  were placed i n  a sea led  tube and hea ted  t o  

250' C f o r  4 h o u r s , a f t e r  which t h e  tube was opened under n i -  

t rogen and a smal l  excess of indium metal  added. The tube was 

re sea led  and hea ted  ( t o  3 5 0 ' ~  f o r  t h e  ch lo r ide  and bromide 

and t o  4 5 0 ' ~  f o r  t h e  iod ide )  f o r  a f u r t h e r  24 hours.  In each 

case t h e  r e s u l t i n g  s o l i d  w a s  f i n e l y  ground,the nodule of ex- 

cess  of indium metal  removed and t h e  product washed wi th  

e t h e r , d r i e d  and s t o r e d  i n  t h e  dark under n i t rogen.  The y i e l d  

was b e t t e r  t h a n  95% i n  a l l  cases .  

In view of t h e  problems encountered by some authors  i n  

t h e  i d e n t i f i c a t i o n  of t h e  lower h a l i d e s  of indium,the compo- 

s i t i o n  of a l l  t h e s e  substances were confirmed a n a l y t i c a l l y  

( s e e  t a b l e  3 ) .  

Prepara t ion  of Indium Dihal ides  

Indium d i h a l i d e s  were prepared by r e a c t i n g  t h e  corres-  

ponding indium t r i h a l i d e  with indium metal  i n  t h e  mole r a t i o  

2 : l  i n  a sea led  tube.  The tube was maintained 'a t  4 0 0 ~ ~  f o r  



by cooling the tube rapidly. The dihalides were crystalline 

solids. The yield was quantitative in each case. Analyses 

for the indium dihalides are given in table 3. 

Preparation of Indium Trihalides 

(a) Preparation of Indium( 111) Chloride 

Dry chlorine gas was slowly passed over molten indium 

metal. The indium(111) chloride formed as a fine white solid, 

sublimes on the cooler parts of the f1ask;excess of chlori- 

ne was removed with a stream of nitrogen at reduced pressure. 

The trichloride was stored under nitrogen. 

(b) Preparation of indium( 111) Bromiae 

Nitrogen,saturated with bromine was slowly passed over 

molten indium metal. The white solid formed sublimes on the 

cooler parts of the apparatus. The product was stored under 

nitrogen. 

( c) Preparation of indium( 111) Iodide 

Indium metal and resublimed iodine were heated in an 

evacuated sealed tube to 180'~ for 24 hours. The tube was 

opened under nitrogen and the indiurn(111) iodide formed 

purified by vacuum sublimation at 120-130~~. 

Preparation of N,N1-Dimethyl-4,4'-Bipyridinium Halides 

The ~,~'-dimethyl-4,4~-bipyridinium cation was prepared 

by refluxing 4,41-bipyridyl and dimethyl sulphate together 

for 6 hours. The resulting solution was cooled,treated with 



was e x t r a c t e d  s e v e r a l  tl.mcs with 20 m l .  po r t ions  of e t h e r  t o  

remove any dimethy.1 : , u ~ p l ~  ,.e,and then  t r e a t e d  with an  excess 

of an  aqueous s o l u t i o n  of p i c r i c  ac id .  

The yellow preci1r.i -Late was f i l t e r e d  o f f  and washed 

with acetone u n t i l  t h e  f i i t r a t e  was c l e a r  ( v i z , f r e e  of p i c r i c  

a c i d ) .  This s o l i d  was then  suspended i n  acetone and t r e a t e d  

with an  excess of t h e  corresponding concentrated hydrohal ic  

ac id , f i l t e red ,washed  w i t , ' r l  acetone and d r i ed .  R e c r y s t a l l i z a t i o n  

from aqueous s o l u t i o n s  followed by drying a t  8 5 ' ~  gave y i e l d s  

b e t t e r  than  75$ , ca lcu la ted  on t h e  b a s i s  of t h e  i n i t i a l  4,41- 

b ipyr idy l .  

Prepara t ions  --- of ~ n d i u m (  I) Complexes 

To prepare t h e  i n d i u m ( ~ )  h a l i d e  complexes,a methanolic 

s o l u t i o n  of Me,bipyX2 ( X = C1,Br  o r  I) was s t i r r e d  with a 

suspension of t h e  indium monohalide under n i t rogen.  A f t e r  4 

t o  5 minutes t h e  s o l u t i o n  became blue,because of t h e  indica-  

t o r  p r o p e r t i e s  of t h e  ca t ion .  The mixture was s t i r r e d  f o r  2 

t o  3 hours;removal of so lven t  i n  vacuo gave s o l i d s  of s t o i -  

chiometry Me2bipy- InXs i n  q u a n t i t a t i v e  y i e l d .  

Unless a t r a c e  of  halogen was added t o  t h e  f i n a l  reac-  

t i o n  mixture,  t h e  producis were dark blue.  The "bleached" 

compounds were co lour le s s  ( ~ 1 )  ,pa le  y e l l o w ( ~ r )  o r  orange ( I).  

In a l l  cases  t h e  product mel ts  a t  over 350'~.  

Analyses a r e  shown i n  t a b l e  2. 



Reaction of Me2bipyX2 with Indium ~ihalides 

A solution of the corresponding halide salt of Me,blpy 

cation in methanol was stirred with a suspension of the co- 

rresponding indium dihalide under nitrogen. After 2 to 3 hours 

with stirring,the solvent was removed. In all cases the resi- 

dual product analysed as Me,bipy.InX, (see table 2). 

Reaction of Me2bipyX2 with Indium Trihalides 

Indium trihalide and the corresponding salt of the 

Me2bipy cation in a mole ratio l:l,were dissolved in methanol; 

the resulting solution was left with stirring for one hour 

and then the solvent partially taken off. The rssulting solids 

were filtered off,washed with ether and dried. The solids are 

colourless (~l),light yellow ( ~ r )  or orange (I) and analyse 

as Me2bipy*InX5. Analyses are given in table 2. 

Reaction of Me ,bipy- InX3 with Indium Trihalides 

indium( 111) halides dissolved in dry methanol were 

added to the corresponding Me,bipy-InX3 compound under nitro- 

gen. The resulting solutions were refluxed for 10 hours. 

Colourless ( ~ 1 , ~ r )  or orange (I) solids were obtained,f ilte- 

red off,washed with methanol and dried. 

( c) Physical Measurements 

Raman Spectra 

The Raman emission. from powdered solids was recorded 

at room temperature with a Cary 81 ~pectrometer~using ~ e / ~ e  

laser excitation. 



Melting Point Determination 

Melting point determinations were carried out in sealed 

tubes under nitrogen,using a Gallenkamp melting point appara- 

tus. 

Conductivity Measurements 

Conductivity measurements were performed with ~ o - ~ M  

solutions in nitrobenzene or acetonitrile as dictated by the 

solubility of the compounds. A conductivity meter type CDM- 

2d (~adiometer Ltd.,Copenhagen) with a commercial platinum 

black electrode were used;the cell constant was determined 

as 0.1065. 

The solvent nitrobenzene was purified by fractional 

distillation. Acetonitrile was purified by shaking it with a 

cold saturated aqueous solutions of potassium hydroxide,follo- 

wed of a preliminary drying over anhydrous Na,C03;two final 

distillations at 81•‹c from phosphorus pentoxide gave the ne- 

cessary purity. 

The molar conductivity for the compounds reported in 

this chapter are given in table 4. 

Magnetic Susceptibility Measurements 

Magnetic susceptibility measurements were carried out 

by the Faraday method on powdered solids at room temperature. 

A Cahn RG electrobalance attatched to a electromagnet from 

Varian Associates was used. H~[CO(NCS),] was used as cali- 

brant . 



Analytical Techniques 

Microanalyses 

Elemental analyses for carbon,hydrogen and nitrogen 

were determined by M.K.Yang of Simon Fraser University. 

Indium Analyses 

Indium analyses were determined from atomic absorption 

spectroscopy,using a Perkin Elmer atomic absorption spectro- 

photometer. The apparatus was calibrated with indium standard 

solutions containing 75, 50, 25 and 10 yg/ml. 

Halogen Analyses 

Halogen analyses were performed gravimetrically. The 

halides were weighed as silver halides. 
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Analytical  

TABLE 

Results 

3 

f o r  Lower Indium Halides 

Compound Found $ Required 

In Halogen In Halogen 

InCl 

InBr 

In1 

InC12 

InBr 

In12 



Conductivity results for the Me2bipy* InXn 

and Me2bipy. complexes 

( n = 3,4,5 ; X = C1,Br or I) 

Compound (4  Molar Conductivity (b) Solvent 

C. 1nc1~ 

C InBr3 

c .1m3 

C InC14 

C ' InBr 

c -1n.1~ 

C InCl, 

C InBr , 
c .1n1~ 

C. In2C16 

C* In2Br6 

C 11-1~1~. 

acetonitrile 

acetonitrile 

nitrobenzene 

acetonitrile 

acetonitrile 

nitromethane 

acetonitrile 

acetonitrile 

a.cetonitrile 

, , 
(a) C = ~e,bi~y'+ cation 

1 2  (b) Molar conductivities at room temperature; ohm- cm 

(c) Insoluble in most solvents 



Results and Discussion 

The Trihalogenoindate ( I) Anions 

ViSrational Spectroscopy 

The Raman spectra of the solid indium monohalides sho- 

wed the following bands (in em-') 

1nC1 86 sh, 102 w, 234 m 

InBr 38 w , 47 S, 68 ms, 86 ms 

I ~ I  39 mw, 78 vs, 105 mw, 135 w , 211 s 

No attempt to assign these bands was made;the important point 

is that the I ~ x ~ ~ -  ( X = C1,Br or I) anions have very diffe- 

rent spectra in this region (see table 5). 

By comparison with some isoelectronic species such as 

the trihalogeno -tin(11) anions and 'the trihalides of antimo- 

ny,the Raman spectra of the I ~ x ~ ~ -  species were assigned on a 
- 

C3v 
symmetry. The assignment of a C symmetry for SnBr3 

- 3v 
and Sn13 anions in the solid state has been questioned by 

Wharf and shriver8 who suggested Cs symmetry. For a pyrami- 

dal MX3 molecule with C symmetry,group theoretical methods 3v 
predict four,both Raman and infrared active bands: v ,  and v 2  

of A, symmetry and v 3  and v ,  of E symmetry (see table 6). 

An ether extract of a solution of stannous chloride in hydro- 

chloric acid gives a Raman spectrum which is attributed to 
- - 

the pyramidal SnC13 ion. Similarly the SnBr3 ion extracted 

from a solution of stannous bromide in aqueous hydrobromic 



Raman spectra of the trihalogenoindate(1) anions (a) 

in the solid state ( in cm-l) 

(a) C = ~e,bi~~'+ cation 

Abreviations for this and subsequent tables: m = medium; 

mw = medium weak; w = weak; sh = shoulder. 





a c i d  g ives  
- 

Sn13 spec 

a spectrum c o n s i s t e n t  with a  C symmetry. 
3v 

i e s  has  not  been obtained i n  s o l u t i o n , b u t  i 

spectrum i n  t h e  s o l i d  s t a t e  was repor ted  by Wharf and 

The 

t s  Raman 

Shr ive r  

and i n t e r p r e t e d  i n  terms of Cs symmetry i n  which t h e  degene- 

racy  of t h e  C E modes i s  removed,so t h a t  a  s p l i t t i n g  of v3 3v  
and v 4  would be observed. 

The v i b r a t i o n a l  s p e c t r a  of t h e  I ~ x ~ ~ -  anions ( X = C 1 ,  

B r  o r  I) were assigned in C on t h e  b a s i s  of t h e  symmetry 3v 
r u l e s  o u t l i n e d  i n  t a b l e  6. Since no s p l i t t i n g  of t h e  E modes 

- - 
was d e t e c t e d , i t  was concluded t h a t  un l ike  t h e  SnBr3 and Sn13 

an ions  i n  t h e  s o l i d  s t a t e  no C symmetry can be i n f e r r e d  f o r  
S 

t h e  t r i h a l o g e n o i n d a t e ( 1 )  an ions .  

The assignment of t h e  observed bands t o  t h e  v i b r a t i o n a l  

modes of t h e  pyramidal C poin t  group was made by comparison 
3v 

with t h e  repor ted  v i b r a t i o n a l  s p e c t r a  of t h e  i s o e l e c t r o n i c  

t in(11)  and a n t i m o n y ( l l l )  analogues.  Table 7 shows t h e  a s s i g -  

nment of a l l  t h r e e  t r iha logenoindate(1)  anions,  t o g e t h e r  with 

t h e  appropr ia t e  r e s u l t s  f o r  t h e  i s o e l e c t r o n i c  SnX3 - 87,88 
89 and SbX3 s p e c i e s .  

The assignment of t h e  v i b r a t i o n a l  s p e c t r a  of t h e  t r i -  

ha logeno inda te ( l )  anions given i n  t a b l e  7 i s  i n  keeping with 

t h e  assignment of t h e s e  ions  t o  a  C pyramidal symmetry. 3v 
The above assignment i s  a l s o  i n  agreement with t h e  p red ic ted  

decrease  i n  t h e  f requencies  with t h e  decrease of t h e  oxi-  

da t ion  s t a t e  of t h e  c e n t r a l  atom. The decreas ing  i n  t h e  f r e -  



TABLE 7 

The assignment of t h e  Raman s p e c t r a  of 111x3~-,and 
- 

t h e  v i b r a t i o n a l  s p e c t r a  of SnX3 and SbX3 

s p e c i e s  ( i n  em-') 

( a )  Bands a t  137 and 50 em-' a r e  a s s igned  t o  v5 and v6 i n  C 
87 S 

symmetry by Wharf and S h r i v e r  . 



quenc;.c-; one can expect with the increasing of the mass - "  

the su'ts _>-iituents , i. e. ,going from chlorine to iodine, was : 

observed. 

The correctness of these assignments for the I ~ x ~ ~ -  

species have been strengthened by force constant calculations 

(see chapter 111). 

Conductivity Measurements 

The conductivity measurements were carried out in diffe- 

rent solvents as dictated by the solubility of the complexes. 

For non-complex compounds in acetonitrile,l:l electro- 

lytes such as tetraalkylammonium salts give values of about 

159 ohm'-' cm2 at lom3 M solutions. In complex compounds 

values as low as 82 and as high as 199 ohm-'em2 have been 

90 used to characterize 1:1 electrolytes . 
The rather low values found for Me,bipy. InC13 and 

Me2bipy. InBr3 in acetonitrile may be explained by the large 

size of the cation compared with the anion,leading to 

incomplete dissociation. For Me,bipy- In13 the molar conduc- 

tivity at room temperature is in keeping with the average 

value for a 1:l electrolyte type in nitrobenzene 90991 . 
(b) The Me2bipy*InX5 Complexes 

Vibrational Spectroscopy 

The Raman spectra of the tetrahalogenoindate(111) 
qi;, 94. 

anions in solutions have been studied by Woodward et al-- . 
Barrowcliffe et a195 reported the vibrational spectra of 



1ncle3-  and more r e c e n t l y  Shr ive r  and Wharf 96997 published 

both s o l i d  and s o l u t i o n  s t a t e  i n f r a r e d  and Raman s p e c t r a  of 

[ E t 4 N ] 2 [ ~ n ~ 1 5 ] .  S ing le  c r y s t a l  s t u d i e s  of t h i s  compound have 

a l s o  been repor ted  98999 . The v i b r a t i o n a l  s p e c t r a  of s o l i d s  

C InX,, C21nX5, C31nX6 and C41nX7 where X = C 1 , B r  o r  I and 

C i s  a  s u b s t i t u t e d  ammonium c a t i o n  have r e c e n t l y  been publ i -  

86 shed . 
The Raman s p e c t r a  of t h e  s o l i d s  Me2bipy. InX5 a r e  g iven  

i n  t a b l e  8. For c r y s t a l l i n e  Me2bipy.InCl5 t h e  Raman spectrum 

c o r r e l a t e s  very we l l  with t h e  Raman spectrum repor ted  99 f o r  

t h e  [ - E t 4 ~ 1 2 [  1nc15] which has been shown t o  con ta in  t h e  square 

based pyramidal CIIV, Inc15 '- anion7'. Adams and Smardzewski 

r e p o r t  n ine  Raman a c t i v e  bands between 300 and 100 cm-',at 

r e spec t ive ly .  

From t a b l e  8 it i s  c l e a r  t h a t  t h e  s o l i d  Raman spectrum 

of Me2bipy* InCl, i s  s i m i l a r  t o  t h e  v i b r a t i o n a l  spectrum of 

[ E t 4 ~ ]  .[ ~ n c l , ]  and hence t h e  former compound a l s o  conta ins  

t h e  C4v 1 n ~ 1 , ~ -  anion. 

This conclusion i s  of some importance i n  terms of t h e  

e a r l i e r  d i scuss  ion  on t h i s  anion7' ,whose s t r u c t u r e  d i f f e r s  
- 

from t h e  i s o e l e c t r o n i c  spec ies  SnC15 and SbC15 which have 

D3h ~ymmetry 100,101 . More r e c e n t l y  t h e  ~ d ~ 1 ~ ~ -  anion has 

been found t o  have a  t r i g o n a l  bipyramidal s t r u c t u r e  103  



TABLE 8 

The Raman s p e c t r a  of Me2bipy- lnX5 complexes 

( X  = c ~ , B ~ , I )  

Me2bipya InC15 Me 2b ipy InBr Me2bipy. In15 

Abreviat ions f o r  t h i s  and subsequent t a b l e :  vs = very s t rong;  

s  = strong.  



emphasising once again  t h e  anomalous s t r u c t u r e  of 1nClS2-. 

The sugges t ion  was made e a r l i e r 7 '  t h a t  t h e  C4, s t r u c t u r e  of 

t h e  pentachloroindate(111) anion might have been t h e  r e s u l t  

of l a t t i c e  e f f e c t s  a s soc ia ted  with tetraethylammonium ca t ion ,  

a l though t h i s  proposal  was not  supported by some incomplete 

8 6  + + s p e c t r a l  s t u d i e s  on s a l t s  with t h e  ca t ions  Me4N ,MePh3N 
+ and Bu2PhsP , where t h e  C4v  symmetry a l s o  appears probable.  

The p resen t  d a t a  show c l e a r l y  t h a t  a severe  change of c a t i o n  

+ from E t 4 N  t o  t h e  l a r g e  d i p o s i t i v e  ~ e , b i ~ ~ ~ +  does not  a l t e r  

t h e  C4v symmetry of t h e  I ~ I C ~ , ~ -  anion,and l a t t i c e  e f f e c t s  

can seemingly t h e r e f o r e  be r e j e c t e d  i n  any d i scuss ion  of t h i s  

prob1em;the explanat ion  f o r  t h e  f a c t  t h a t  i s  no t  i so -  

s t r u c t u r a l  with i t s  i s o e l e c t r o n i c  d l 0  congeners i s  not appa- 

r e n t  a t  t h e  p resen t  time. 

The s i t u a t i o n  f o r  t h e  bromide and iodide  compounds i s  
- 

d i f f e r e n t .  S a l t s  of t h e  InBr4 ion  have Raman bands a t  200 s 
- 

( v 1 , ~ , ) , 2 3 7  ~ w ( v ~ , F ~ )  and 79 m  whereas f o r  In14 t h e  

analogous modes a r e  a t  139 5,186 w and 58 w,cm-l. From a 

comparison of t h e s e  bands with those  repor ted  f o r  

Me2bipy.InBr5 and Me2bipy=In15 ( t a b l e  8) one can i n f e r  t h a t  

t h e  s o l i d  s t a t e  l a t t i c e  i n  t h e s e  l a t t e r  compounds a r e  i n  f a c t  
- - 

~ e . b i ~ y ~ +  + InX4 + X- ( X = B r  o r  I) ,with t h e  InX4 anion 

i n  some s i t e  symmetry lower than  t e t r a h e d r a l  s i n c e  some 

s p l i t t i n g  of v3 occurs.  This conclusion i s  i n  keeping with 



86 e a r l i e r  work i n  which t h e  compound [ M ~ , N ]  2[ ~ n ~ r ~ ]  was shown 
- 

t o  c o n s i s t  of 2 ~ e , ~ +  + I n B r ,  + ~ r -  by similar arguments. 

This s i t u a t i o n  has a l s o  been found i n  s o l i d s  of t h e  type 
+ + C41nX, ( X = C 1  o r  B r  and C = MeNH, ,Me2NH2 ) f o r  which a 

86 4 ~ +  + 1nxB3- + X- s t r u c t u r e  has been proposed . 
The f a i l u r e  t o  o b t a i n  1n15~- i s  n o t  s u r p r i s i n g  s i n c e  

it seems u n l i k e l y  t h a t  iodo-complexes of indium(111) with 

coordina t ion  number g r e a t e r  than  f o u r  e x i s t  i n  t h e  s o l i d  

s t a t e .  

Conductivity Measurements 

The conduct iv i ty  r e s u l t s  f o r  t h e  Me,bipy . InX5 complexes 

a r e  given i n  t a b l e  4. 

The molar conduct iv i ty  of Me2bipy.InC15 i n  a c e t o n i t r i l e  

i s  i n  keeping with t h e  r e s u l t s  obtained from t h e  v i b r a t i o n a l  

spectroscopy which showed t h e  compound conta ins  1 n C 1 ~ ~ -  

spec ies .  In  f a c t  t h e  value of 175 ohm-' cm2 i s  i n  t h e  upper 

range f o r  1:l e l e c t r o l y t e s  i n  t h i s  solvent ,and t h e r e f o r e  t h e  

compound can be formulated a s  [ Me2bipy][ 1nc15]. 

For Me,bipy-InBr5 t h e  measured value of t h e  molar con- 

d u c t i v i t y  i n  a c e t o n i t r i l e  agrees  very we l l  wi th  t h e  average 

value f o r  2 : l  e l e c t r o 1 y t e ; t h i s  i s  a l s o  i n  keeping with t h e  

conclusions i n f e r r e d  from t h e  Raman s p e c t r a  which showed t h i s  
- 

s o l i d  i s  b e s t  formulated as ~ e ~ b i ~ ~ ~ +  + InBr4 + ~ r -  . 
A r a t h e r  wide range of values f o r  t h e  molar conduct ivi-  

t y  i n  nitromethane has been foundgo. Values a s  low a s  115 and 



as high as 250 ohm-' cm2 have been found for a 2:l electrolyte 

type ,with an average value of 168 ohm-'em2. For Me2bipy. lnL5 

a value of 188 ohm-'cm2 was found,in good agreement with its 

formulation as 2:l electrolyte and also in keeping with the 

spectroscopic results. 

(c) The Me2bipy. 111x4 Complexes 

Vibrational Spectroscopy 

The reaction of indium dihalides with the appropriate 

salt of the ~ e ~ b i ~ ~ ~ +  cation,gave in each case a crystalline 

material of stoichiometry Me2bipy* InX4. Table 9 shows the 

Raman spectra of these compounds. 

Looking at the Raman spectra of the trihalogenoindate(1) 

anions ( table 5) and of the indium(111) halide complexes 

(table 8) ,it is clear that in the case of both Me2bipy*InBr4 

and Me2bipy*In14,the spectra can be interpreted on the assump- 

tion that the solid is an equimolar mixture of 2 ~ e ~ b i ~ ~ ~ ~  + 
- 

I~X,~- + InX4 + X-,taking into account the relative intensi- 
ties of the emissions in question. For the chloride derivati- 

ve,the spectrum is made up of the spectra of InclS2- and 

1n~1,'- leaving only one band,that at 321 cm-',unassigned. 

Table 10 shows the assignment of the bands found for 

the Me,bipy.InX4 ( X = C1,Br or I) solids in terms of the 

Raman bands reported previously for the 1nxS2- anions and the 

indium(111) halide complexes. 



The Raman s p e c t r a  of t h e  Me2bipy.InX4 s o l i d s  

( X = C 1 , B r  o r  I) 

- 

Me2bipy- InC14 Me2bipye InBr4 Me 2b ipy . In I4 





These resul-ts -;!-LOW that the anionic halide complexes 

derived from -the a5 ,; liues are,in each case,a diamagnetic 

mixture of indium(1) and indium(111) species ( molar suscep- 

tibilities at room temperature : -290(~1), -120(~r), -445( 1) 

x cgs units). These conclusions are in keeping with the 

formulation of the ind:~um dihalides as mixed oxidation state 

compounds,but beyond that can give no information as to their 

detailed structure. 

(d) The Raman Spectra ---. of Indium Dibromide and Diiodide 

It was pointed out before that Raman spectroscopy of 

molten InC1, has shown the presence40 or absence 41943 of the 
- 

InCl* anion. In the course of the present investigation it 

was found that much less attention has been given to indium 

dibromide and indium diodide than to the chloride and there- 

fore there was no vibrational spectroscopy data available 

for these compounds. Hence it seemed worthwhile to obtain the 

Raman spectra of InBr, and m 1 2  in order to see if the un- 

settled situation found for the dichloride was the same in 

these compounds. 

The Raman spectrum of solid indium diiodide shows five 

emissions,and is readily correlated with the spectrum of the 
- 

tetrahedral In14 anion 86,93 e 

- 
In14 139(~ a )  42(~2) 185(~3) 58(~4) 



44 

It is clear that indium diiodide lattice is made up of 
- 

In14 anions and can be formulated as In( I)[ 1n( 111) I~]. The 

splitting of v3 and v4,the F2 fundamental modes,show that the 
- 

In14 anion is in a site symmetry lower than Td. On descen- 

ding in symmetry from Td to C it is seen that the F2 vibra- 3v' 
tional modes of Td are split in two modes, Al + E both infra- 

red and Raman active . The tetrahedral Al and E modes remain 
unchanged. From group theoretical methods,it can be inferred 

that a further descend in symmetry from C to C2v 3v a further 

splitting of all the C3, E vibrational modes would be expec- 

ted. The Raman spectrum of In12 clearly shows that although 

there is a splitting of the F2 fundamental modes,the syrnrne- 

try is not as low as C2, since no splitting of the v,(E) 
- 

mode is observed. Therefore one can conclude that the In14 

anion is in a C site symmetry. 
3v 

This conclusion is in agreement with previous results 
- 

which demonstrate that the high stability of the In14 anion, 

which leads to ionic structures in such varying compounds as 

27 [ ~nI~(dmso)~][ I ~ I ~ ] ~ ~  and [~e.In][ I ~ I ~ ]  . 
The Raman spectrum of InBr2 again correlates well with 

- 
that of the InBr, and demonstrates the presence 

of this anion in a C site symmetry. 3v 



In one experiment,the Raman spectrum showed doubling 

of the very strongvlemission at 196 cm-l and broadening of 

the other bands,suggesting the presence of two phases. Such 

a phenomenon might explain some of the apparently contradicto- 

ry results obtained in phase studies of indium-chloride sys- 

tems. Recently Waterworth and Worrall lo' have reported similar 

spectra to those given above for InBr2 in the range 190-250 

(e) The Me2bipy. In2X6 Complexes 

Vibrational Spectroscopy 

Waterworth and Worrall lo' have reported that the solid 

phase of In2Br3 has the structure 1n( 1n( 11) 2~r61. By ana- 

logy with the work of Evans and Taylor lCq on the dinuclear 

halide complexes of gallium(~~),which are of the type 

[ M ~ ~ N ]  2[ G ~ , X ~ I  ( X = C1,Br or I) ,waterworth and Worral 103 

suggested the structure [ x ~ I ~ - I ~ x ~ ] ~ -  for the presumed 

indium(11) complex anion in In2Br3. Raman bands at 241 m, 

201 m and 139 vs cm-I were reported for the anion,and of 

these the one at 139 cm-l was assigned to the metal-metal 

stretching mode. 



The Raman spectrum of the anion ~ n ~ ~ r ~ ~ -  in 

Me,bipy.In,Er, shows no such band ( see table 11). 

Comparison of these results with those for other indium 

species suggest strongly that these anions are in fact dihalo- 

gen bridged complexes of the type 

This is specially true for the iodide compound,where compari- 

son can be made with In216 lo5-lo7 and the mono- and trimethyl 

27 derivatives MeIn121n12 and MeInI,InMe2 . 
The ring breathing mode in these compounds lies between 

135 ( in In216) and 142 cm-' ( in ~e1n1,1n~e~);v(In-1) fre- 

quencies have been found in the range 216-136 cm-',depending 

on the oxidation state of the central atom. 

On this basis,the band at 138 cm-' in I ~ , I ~ ~ -  was assig- 

ned to the ring vibration of In121n moiety,and the higher 

frequencies as the terminal v (1n-I) modes. The frequency ra- 

tio ( ln-l)bridge/v (In-'Iteminal is about 0.75,close to that 

108 found in a wide range of dihalogeno bridged molecules . 
It is worth noting that if the above assignment is correct, 

the I~,I,~- anion cannot be planar with a Dab symmetry since 
in this case two terminal ( B ~ ~  + B ) and two bridging 

3u 

( B2u + B ) indium-iodine stretching modes in the infrared, 
3u 



The Raman spec t ra  of Me,bipy- In2Xe 

complexes ( i n  em-') 

( X = C 1 , B r  o r  I ) 



but not in the Raman,would be observed. 

The assignment of the bridging and terminal indiwn- 

halogen vibrational modes for the bromide and chloride is 

less straightforward and the most it can be said is that the 

present evidence gives little support to any model requiring 

significant indium-indium bonding. 

At the present the exact nature of the Me2bipy*In2X6 

complexes is not very well understood and more structural 

information is required. 

Conductivity Measurements 

The molar conductivities of the solids Me2bipy.In2X6 

( X = C1,Br or I) in acetonitrile are listed in table 4. 

The experimental values of the molar conductivity for 

these compounds agree well with the average value of 140 

ohm-'cm2 found for 1:l electrolytegO,and therefore they can 

be formulated as [~e,bipyI[ m2x6]. 

2.8 Conelus ions - 

From the results given above,it is clear that the com- 

pounds of the type Me2bipy* InX3 ( X = C1,Br or I) are 1 : 1 

electrolytes and can be formulated as [~e,bipy][ 1nx3]. On the 

other hand the vibrational spectra of these compounds are in 

keeping with the group theoretical rules for a C symmetry 
3v 

since no further splitting of the E modes was observed. Ta- 

king into account the experimentc.1 fact that an increase 



i n  t h e  ox ida t ion  s t a t e  of t h e  c e n t r a l  atom inc reases  t h e  metal- 

halogen f requencies , the  assignment of the observed bands f o r  

t h e s e  spec ies  i s  i n  keeping with t h e  v i b r a t i o n a l  s p e c t r a  r e -  
- 

por ted  f o r  t h e  i s o e l e c t r o n i c  S ~ ( I I ) X ~  and S ~ ( I I I ) X ~  species .  

Molar s u s c e p t i b i l i t i e s  of t h e  t h r e e  s a l t s  were -246, - 287 

and -132 x cgs u n i t s  f o r  t h e  chloride,bromide and iodide 

re spec t ive ly ,va lues  which confirm t h e  expected diamagnetism 

of t h e  compounds prepared. 

The Me2bipy-InX5 compounds a r e  made up of t h e  we l l  
- 

known t e t r a c o o r d i n a t e  InX4 spec ies  f o r  X = B r  o r  1 ,with t h e  

f i f t h  h a l i d e  ion  somewhere i n  t h e  l a t t i c e  balancing t h e  dipo- 

s i t i v e  charge of t h e  ca t ion .  For Me,bipy.InC15,a t r u e  penta- 

coordina te  spec ies  having Cllv symmetry i s  p resen t .  

Raman spect roscopic  r e s u l t s  on t h e  Me2bipy.InX4 s o l i d s  

( X = C1,Br  o r  I) c l e a r l y  show t h a t  t h e  l a t t i c e  i s  made up 
- 

of equimolar mixture of t h e  1nx3'- + InX4 + X- + 2 ~ e , b i ~ ~ ~ +  

f o r  t h e  bromide and iodide.  In Me2bipy- InCl,,the l a t t i c e  i s  

formed by t h e  equimolar mixture of 1nc1~'- + Incl5,- + 
2 ~ e , b i ~ y ' + .  These r e s u l t s  po in t  out  t h e  f a c t  t h a t  t h e  i o n i c  

dimer s t r u c t u r e  involving mixed oxida t ion  s t a t e s , i s  more 

l i k e l y  t o  occur i n  t h e  indium d i h a l i d e s .  This chemical ev i -  

dence i s  re in fo rced  by t h e  Raman s p e c t r a  of quenched samples 

of indium d i i o d i d e  and dibromide f o r  which t h e  Raman spec- 
- - 

t roscopy showed t h e  presence of In14 and InBr4 anions r e s -  

pec t ive ly .  



The reaction of the potentially nucleophilic InxS2- 

species with the neutral indium(111) halides yields solids 

of the type Me,bipy= In2X6 ( X = C1,Br or I) containing the 

complex anions In,XG2-. From the Raman spectra, it is inferred 

that these anions posses a halogen bridged structure rather 

than a one involving metal-metal bond in the fashion suggested 

for their gallium(11) analogues. It was found that the assign- 

ment of the iodide derivative agrees with previous vibratio- 

nal studies on compounds of similar type,but no attempt was 

made to assign the Raman spectra of the bromide and chloride 

species. 

It is suggested that if the assignment for the iodide 

is correct the molecule cannot be planar with a Dgh symmetry. 

The exact nature of these compounds is still unsettled. 



C H A P T E R  I11 

FORCE CONSTANT CALCULATIONS FOR ANIONIC 

INDIUM( I) AND ( 111) HALIDE COMPIXXES 

3.1 The Vibrational Problem - 

The vibrational frequencies of a m6lecule having a gi- 

ven shape depend on: (a) the masses of the atoms in the mole- 

cule and (b) the forces restoring the atoms to their equilib- 

rium positions when the vibrations take place. The strength 

of these restoring forces are measured by the force constants. 

The importance of determining the force constants and 

normal coordinates for molecular vibrations is well accepted, 

as they provide the basic link between the electronic struc- 

ture of the molecule and its observed vibrational frequencies 

and give a picture of the forces acting within a molecule. 

Therefore in the calculation of the vibrational frequencies, 

since it may be assumed that the atomic masses are known,the 

problem is reduced to finding the force constants for the 

molecule under study. 

In practice,the problem is reversed;from the experimen- 

tally determined frequencies,the unknown force constants are 

calculated. There are,however,three main obstacles to the5r 



determination: 

(a) for even a quadratic or harmonic potential function,the 

number of force constants required for the complete function 

is always larger than the number of frequencies available. 

Thus,for a secular equation of order N there are ~(~+1)/2 

independent force constants to be calculated,but only N vi- 

brational frequencies . The classical solution to this problem 
is to use data on several isotopic substituted molecules and/ 

or to use values of Coriolis ~oefficients~centrifugal 

stretching constants,mean amplitudes of vibration and vibra- 

tional intensities,all of which are related to force con- 

stants, 

(b) the observed frequencies differ from the harmonic system 

partially because of anharmonicity and partially because of 

resonance perturbations. Corrections for anharmonicity and 

resonance perturbations are of the order of few percent and in 

practice these have been made successfully only for very few 

simple molecules such as COZY HCN 2nd  and 
(c) the amount of compctation involved is sufficient to pre- 

vent in practice a detailed force constant calculation by 

conventional means,although the availability of electronic 

computers has obviously overcome this problem. 

Despite most of the difficulties outlined above can 

will always remain,and hence force constants can only be cal- 



culated under certain approximations. One of the most common 

practices is to restrict the number of force constants used 

in the potential function,so that they are less than or equal 

to the number of observed frequencies,and to neglect the 

effects of anharmonicity and resonance perturbations. 

In the restriction of the number of force constants one 

has to be able to provide a realistic potential function and 

capable of meaningful comparison at least with similar mole- 

cules. 

A complete mechanical treatment would cover the rota- 

tional-vibrational interaction as well as the motion of the 

electrons arround the nuclei. Because of the very great dif- 

ference between the masses of the electron and the nucleus, 

it is permissible as a very good approximation to regard their 

respective motions as mechanically separable. This is referred 

to as the Born-Oppenheimer approximation. The rotational-vi- 

brational interaction is generally quite weak and therefore 

the purely vibrational problem is a good approximation for 

free molecules. 

The inclusion of the translational motion of the mole- 

? - cule as a whole has been expressly neglected since it produces 

no changes in the equilibrium positions of the atoms making 

up the molecule,and therefore no change in the potential en- 
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3.2 Potential Force Fields 

It was pointed 

number of parameters 

some restrictions in 

cepted. For the sake 

out above that in order to reduce the 

to calculate the vibrational frequencies 

the potential function have to be ac- 

of simplicity,the terms of third,fourth 

and higher order in the potential energy expression are neglec- 

ted and hence the potential energy V is written as 110 

where Fttl is a force constant and St and St, are internal 

coordinates. This is called the "general quadratic potential 

function1'. Since this function is rarely derivable except for 

molecules of high symmetry or linear triatomic molecules and 

since the number of force constants is always greater than the 

number of fundamental frequencies,many intermediate functions 

have been used. 

(a) The Central Force Field 

In a central force field,the potential energy can be 

written as 

where ARAB is the change in the bond distance between the 



atoms A and B and KAB is a force constant. The summatior '' 

over all the atoms of the molecule. 

This force field has not been used suscessfully bet<; 

it does not account for bending and out-of-plane forces, 

(b) The Valence Force Field 

Another approximation to express the potential energy 

is that called valence force field. The valence force field 

model takes into account the bending forces and therefore V 

can be written as 

where KA,ARA have the same meaning than those in the cenji-ai 

force field and K and Aa account for the bending force c , m -  M 
stant and the corresponding internal coordinate respectively, 

The summation is extended over all bonds and angles. The 

number of force constants is usually less than the number of 

fundamental frequencies. 

(c) The Generalized Valence Force Field 

The generalized valence force field is one of the most 

commonly force field used. It results as an extention of the 

valence force field to which some interaction constants have 

been added. The potential energy takes the form 



The generalized valence force field uses stretching,bending 

and interaction constants between them. It has the advantage 

over the central and valence force fields that is more real- 

istic in reproducing the frequencies,but it has the defect 

that it is difficult to decide which and how many force con- 

stants can be used if one wants to set some of them equa,l to 

zero. Usually,one is required to calculate more force con- 

stants than there are frequencies available. 

(d) The Urey-Bradley Force Field 

The Urey-Bradley force field 
111 is basicly a general- 

ized valence force field which has superimposed on it some 

repulsive force constants between non-bonded atoms. The re- 

pulsive forces are such that their magnitudes diminish as 

the distance between the atoms increases. Its introduction 

is a clear attempt to account for the Van der Waals in- 

teraction. The potential energy takes the form 



where and Aqi are the changes bond length ,bond 

angle and distance between non-bonded atoms,respectively. 

KJK'jHJH1,F and F1 represent the stret~hing~bending and re- 

pulsive force c~nstants~respectively. The introduction of rJ, 

ia and qi,the values of the equilibrium distances,account 

to make the force constants dimensionally similar. 

This field has the advantage over the others that 

usually the number of force constants required is equal to 

the observed frequencies,but one cannot lose sight of the 

fact that this field is only a fair approximation to the ac- 

tual force field of the molecule. 

(e) Other Force Fields 

A small number of clearly defined force fields have 

been used,although their application and validity have not 

been extensively explored. They are: hybrid orbital force 

field112 and orbital valence force field 113 ,114 . 



3.3 The Internal Coordinates - 

In the treatment of the purely vibrational problem it 

is advantageous to introduce a set of internal coordinates 

which describe the relative positions of the atoms without 

being concerned with the position of the molecule as a whole. 

In genera1,for a molecule made up of N atoms there will be 

3~-6 ( or 3N-5 for a linear molecule) internal coordinates. 

Let B be a matrix which generates the internal coordinates 

D from the rectangular coordinates x,y and z for each atom, 

then 

D = B O X  (3-6) 

where D is a one column matrix whose elements are the in- 

ternal coordinates and having 3N rows ( including those 

concerned with translational and rotational displacements). 

On the right hand side of equation (3-6), X is a one column 

matrix also,containing 3N rows and B is a square matrix of 

dimension 3N x 3N. From equation (3-6) it can be seen that 

the Cartesian coordinates can be expressed by the relation- 

ship 

X = A - D  (3-7) 

where A is the inverse matrix of B. 

The total kinetic energy of the system,including trans- 

lations and rotations as well as the vibrational kinetic 

energy,expressed in terms of the time derivatives of the 



cartes ian displacements Ri,will be 

which in matrix notation becomes 

* 
~ T = x M x  (3-9) . 

where X is a single-column matrix whose elements are the time 

derivatives of the 3N Cartesian coordinates and M is a 

square diagonal matrix containing the masses of the atoms 

(three times each). The symbol * stands for the transposed 

matrix. 

Substituting (3-7) into (3-9) we have 

2T = b* A* M A  6 (3-10) 

If the square matrix B in equation (3-6) is partitioned into 

B and Bo,where B accounts for the purely vibrational problem 

and Bo for the six coordinates involving translations and 

rotations,equation (3-10) can be expanded into 

From equation (3-11) it can be inferred that the first term 

of the total kinetic energy is concerned with the vibratio- 



nal internal coordinates,whereas the other terms contain Do 

and A ,which involve the translational and rotational cocr- 
0 

dinates. In the treatment of the vibrational problem,the first 

term of the total kinetic energy will be used and therefore 

equation (3-11) reduces to 

which represents the ~ibrationa~l kinetic energy. 

According to ~ilson'' 5, the total purely vibrational 

kinetic energy given in equation (3-12) can be expressed 'by 

the so called g - matrix,defined by 

where B is the matrix already considered in equation (3-6) 

and M-I is the inverse matrix of M. The vibrational kinetic 

energy becomes 

where g-' is the inverse matrix of g. - - 
In the same way the vibrational potential energy of the 

molecule can be written as 

where f is a square matrix whose elements are the force con- - 
stants fij. The construction of the G and F matrices from 'i,htr. 

g - and f - matrices respectively will be outlined later. Oncr 



the G and F matrices have been obtained,the next step is to 

solve the matrix secular equation 

I G F - E X I  = o (3-16) 

where E is the unitary matrix and X are the eigenvalues of 

the secular equation,related with the frequencies by the re- 

lationship l c8  

3.4 The Symmetry Coordinates - 

In the preceding section,the internal coordinates,name- 

ly changes in bond lengths and bond angles,were used to solve 

the vibrational problem. From the set of internal coordi- 

nates,it is now possible to generate a new set of coordinates, 

each of which belongs to a particular symmetry species of the 

molecular point group. The new coordinates,called internal 

symmetry coordinates or simply symmetry coordinates S,are 

symmetrized linear combinations of the internal coordinates 

D,and likewise there will be a transformation from them to 

the set of normal coordinates Qi,each of which will be ex- 

pressed as a linear combination of the S coordinates. 

Let ;(si) be the projector operator for the species S; 

the equation defining such operator will be 



where x~(R) is the character of the matrix representing the 
A 

symmetry operation R and R its operator. There will be one 

?(Si) operator for each symmetry species of the molecular 

116 point group . For example,let ?(Si) operate on the inter- 

nal coordinates Arl of a MX3 C molecule 3v 

Table 12 gives the details of the use of the operator ;(Si) 

on Prl. From table 12,it is clear that 1 Xi(~)*Rhrl for the 
Al vibrational s:pecies is 2Arl + 2Ar2 + 2Ar3 which after 
normalizing becomes the normalized vector SA1, i. e. ,the sym- 

metry coordinate for the symmetry species Al of the Cjv 

molecular point group. The summation for the A, species is 

of course zero as no fundamental vibration of that symmetry 

exists. The summation for the E species after normalizing 

Ea gives the normalized vector S = &(2~r, - Are - Ar3). Since 

the E species spans a 2-dimensional sub-space,the sA1 and 

SEa vectors can be used to generate the SEb vector. Bearing 

in mind that the set of symmetry coordinates must be ortho- 

norma1,if b,,b2 and b3 are the coefficients of the linear 

combination of the internal coordinates in SEb,one can write 



Solving for bl ,b2 and b3 and normalizing,sEb becomes 

sEb = J2(Ar2 - Ar,). 

In the same way and using other internal coordinates 

such as Aa,the change in the X-M-X angle,it is possible to 

generate all six symmetry coordinates;two for the Al symme- 

try species and four for the E species. Therefore the trans- 

formation of the internal coordinates to the symmetry coor- 

dinates is obtained from 

where U is a square matrix whose elements are the coeffi- 

cients of the linear combination of the internal coordi- 

nates in the symmetry coordinates. 

3.5 The G and F Matrices - 

It was pointed out before that the vibrational kinetic 

and potential energies can be expressed in terms of the in- 

ternal coordinates and the g - and f - matrices. The introduction 

of the symmetry coordinates allows to express these energies 





and 

respectively,where G and F are given by the transformations 

* 
G = U g U  - 

and 

* 
F = U f U  - 

Equations (3-22) and (3-23) al.low us to calculate the G 

and F matrices required to solve the secular equation 

I G F - E X  I = O .  

The introduction of the symmetry coordinates in the so- 

lution of the vibrational problem causes the secular equation 

to becomes factorised into a number of differents parts,each 

of which corresponds to a given symmetry species of the mole- 

cular point group. As a consequence the G and F matrices also 

factorise. Thus,for the case of the MX3 molecule with C 3v 
symmetry,the secular equation factorises into three blocks; 

one containing the A, symmetry coordinates and two E blocks. 

In fact,since the two blocks belonging to the E species must 

be identical with one another,only one of them need be con- 

sidered. 



The s e t t i n g  up of t h e  f - matrix requi red  t o  o b t a i n  t h ,  

F matr ix  i s  s t r a igh t fo rward  and it w i l l  be g iven  f o r  each 

case worked out i n  t h i s  chapter .  The s e t t i n g  of t h e  G matr::~x 

r e q u i r e s  t h e  s e t t i n g  of t h e  g  - mat r ix ; fo r  no t  very l a r g e  mole 

cu les  . t h i s  can be done by hand. The r e l a t i o n s h i p  (3-13) i s  

s p e c i a l l y  s u i t a b l e  f o r  computer calculat ion,which i s  t h e  way 

u s u a l l y  adopted when working with l a r g e  molecules. I n  our  

case t h e  G mat r ices  were ca lcu la ted  ou t s ide  t h e  program and 

read i n  a s  input .  The method used t o  s e t  t h e  g  - matr ix  was t h a t  

given by ~ e c i u s " ~ .  Each matr ix  element i s  given by 

where g i j  i s  t h e  g  - matr ix  element a s soc ia ted  with t h e  i n t e r n a l  

coordinates  i and j, Sik i s  a  vec tor  represent ing  t h e  c o n t r i -  

bu t ion  of t h e  Bth atom t o  t h e  coordinate  i, v k  i s  t h e  r ec ip ro -  

c a l  mass of t h e  k t h  t h e  summation i s  extended over 

all N atoms of t h e  molecule. The g i j  matr ix  elements f o r  both 

t h e  genera l  and s p e c i a l  cases  i n  which a l l  t h e  valence angles  

of t h e  conf igura t ion  a r e  assumed t o  be go0, 10g0281 and 120' 

r e s p e c t i v e l y  a r e  g iven  i n  references  117 and 118. 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . . . . , . . . . . . 

3.6 The P o t e n t i a l  Energy D i s t r i b u t i o n  and Band Assignment . . .. . 

It i s  wel l  known t h a t  a given group of atoms absorb? 



over a narrow range of frequencies regardless of the rest of 

the molecule to which is attached. In this sense "group fre- 

quency charts" are very useful in identifying atomic groups 

in inorganic and organic compounds. The concept of group fre- 

quency is based on the assumption that all nuclei perform 

their harmonic oscillations in a normal vibration in a rela- 

tively independent way. This is perfectly acceptable ,and the 

individualization of a given vibration is easily dme, if both 

atoms in the chemical bond have very different masses. If 

both atoms have comparable masses the amplitudes of oscil- 

lation are similar for each atom and therefore the character- 

ization or "isolation" of the frequency is not easy,as the 

motions might couple strongly. 

If the coupling between various groups of frequencies 

is expected,the theoretical analysis of each individual fre- 

108 quency is absolutely necessary . 
Let L be a matrix conecting the internal coordinates with 

the normal coordiha-Ces ,then 



where Q,,Q, ....QN are the normal coordinates changing with 

the frequencies v1,v2.....v respectively when the normal 
N 

vibrations take place. All the D internal coordinates change 

with the same freq~encies~but the amplitudes of the oscilla- 

tion are different for each internal coordinate. The ratio 

llN : 12N : ..". liN gives the relative ratio of the ampli- 
tudes of the internal coordinates D associated with a given 

normal coordinate QN. 

For a given set of QN,the ratios of the different lij 

elements can be obtained as a matrix from the relalionship 

G F L  = L A  

where the GJF and L matrices are those previously discussed 

and A is a square diagonal matrix whose elements are the eigen- 

values of the GF matrix. It is clear that if one considers the 

L matrix as made up by succesive columns Ll,L2 ....% >equation 
( 3 - 2 5 )  can be written as 



corresponding to the eigenvalues Al,A2, ....., A lV,respectively 

The eigenvectors derived in this way contain some un-- 

determined multiplicatLve factors which require to be deter- 

mined. This process is called the normalization of the eigen- 

vectors. The normalization process can be performed by nor- 

malizing conditions such as 

An entirely equivalent way to normalize the eigenvectors is 

by making use of the relationship 119,120 

From the normalized eigenvectors one would be able to 

infer which internal coordinate predominates in the normal 

vibration under study;if one of the 1 i j values is relatively 

large compared with the others,the normal vibration is said 

to be mainly due to the vibration caused by the change of this 

coordinate. However,sometimes the eigenvectors do not provide 

a sure guide in the assignment of the bands. Morino and 

~uchitsu'~' have proposed that the potential energy distri- 

bution for each normal mode QN is given by the expresion 



In this way the ~ ~ ~ l &  terms are greater than those where 

i # j and therefore contribute more strongly to the potential 

energy distribution. If any is large compared with the 

others,the vibration is assigned to that particular mode asso- 

ciated with that interna,l coordinate. 

A more convenient way to express the potential energy 

distribution is to calculate the percentage of contribution 

of each mode to the vibration. The potential energy distribu- 

tion $ is given by 

for each coordinate. 

3.7 The Method of Calculation 

The calculations were performed with programs written 

at Simon Fraser University with the valuable cooperation of 

the staff of the computer center,whose assistance is acknow- 

ledged with thanks. The program was set up in symmetry coor- 

dinates,therefore the basic input of the program were the U 

and G matrix elements which were created separately. 

In this way the F matrix was formed internally after the 

set of force constants was read in. The secular equations 

were separately solved according with the symmetry of the 



normal mode involved in the molecular point group to which 

the molecule under study belonged. The unnormalized eigenvec- 

tors were calculated with the same subroutine. 

The normalization of the eingenvectors was made by using 

the relationship (3-26) and checked with the relationship 

(3-27). The potential energy distribution for each normal 

mode was calculated by using relationships (7-28) and (3-29). 

The fit of the calculated frequencies was made by an 

iterative procedure. In a latter stage of these calculations 

the program devised by ~chachtschneiderl~~ was available. The 
- 

results for In14 obtained with this program agree well with 

those obtained with the program used in this work. 

3.8 The Indium Halide complexes.' - 

In chapter I1 it was pointed out that one of the inter- 

esting features of the chemistry of the coordination compounds 

of indium is that three,four,five and six coordinate complexes 

can be prepared even with the same ligand. Slight changes in 

experimental conditions bring about changes in the coordination 

number;for example both four and five coordinate chloride 

species are stabilized by tetraethylammonium cation,depending 

86 on the solvent from which the complex is recrystallized . 
A discussion of these phenomena is hampered both by the 

lack of a reliable model of the bonding involved and by the 

absence of appropriate energetic data,in particular bond 



strengths. 

As part of this thesis,we carried out normal coordinate 

analysis for all those anionic indium(111) halide complexes 

for which complete vibrational spectra are available,as well 

as for the indium(1) halide complexes prepared and reported 

in chapter 11. 

The calculations were based on a simplified general 

quadratic valence force field (SGQVFF) which has generally 

accepted as a good approximation for expressing the potential 

energy of small molecules. Force field models do not lead 

to a unique expression of the potential energy,but this ap- 

proximation does allow meaningful comparison to be made with 

previous results on isostructural molecules. In all cases 

Wilson's F and G matrix method was used. 

3.9 Results - 

(a) The ~rihalogenoindate(1) Anions 

The vibrational spectra of 1nx3 '- anions 
have been shown in chapter I1 to be consistent 

molecular symmetry. The Raman spectra of these 

given in table 7. 

For a C molecule of the type MX3,group 
3v 

methods predict six genuine vibrational modes : 

( X = c~,B~,I) 

with a C 3v 
anions are 

theoretical 

2A1 + 2E, all 
of which are infrared and Raman active . The Al modes cor- 
respond to the symmetric M-X stretching mode and the symmet- 



r :  - -  -ending mode,whereas the E modes correspond to the 

cc)l ;L:;;,L ~ C I  :1g antisymetl-ic modes. 

'me internal coordinates,shown in figure 1,were taken 

as Lhe changes in the bond lengths and bond angles. The sym- 

m?!ry coordinates were generated as described (see section 

3 . )  The symmetry coordinates are listed in table 13. 

TABLE 13 

Normalized symmetry coordinates for 1nx3'- anions 

in C molecular symmetry 3v 

The potential function for the InX32- anions has the form 

+ 12r fm (Ar) ( ~ a )  + 6r2faa (bai) (AU J .) 



where the definitio?~ c:̂  ""le f interaction constants are as 

follows : 

r equilibrium I n - . X  bond length 

bond with a h o ~ d  at angle a to it 

fm angle with onc bond forming its sides 

angle with an znglz adjacent 

and fr and fa are the main stretching and bending force con- 

stants respectively, 

From equation ( 3 - 3 0 )  it is clear that the number of 

force constants to be czlculated is greater than the number 

of frequencies available. Following Donaldson et a1123,the ap- 

proximation fm = fa was used. This reduces the number of 

constants from five to four,i.e.,to the number of observed 

frequencies . 
Values of bond lengths and bond angles are not availa- 

ble for these species,so that in constructing the G matrix 

elements, the bond angles found for the isoelectronic SbX3 

species12' and bond lengLhs from reference 125 were taken. 

Table 14 lists the G-mat::ix elements for the trihalogeno- 

indate ( I) anions ? -1 ' ' 9 c  structural parameters used in their 

construct ion. 

Table 15 lists the derived force constants,the observed 

and calculated frequencies. 



Figure 1. The i n t e r n a l  coordinates f o r  t h e  InX3*- species 
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Analysis of the potential energy distribution (see table 

16) leads to the conclusion that the vibrations are fairly 

pure,although the coupling of the eigenvectors S1 and S2 in 

v1 becomes more important going from the chloride to the io- 

dide. While in 1nc13'- vi is a 100 '$ Si,1nBr3'- contains 3 $ 

S2 'and 1n1~'- 10 $ S2. The reverse is observed in the other 

Al mode;there is a decreasing of the coupling of the eigen- 

vectors going from the chloride to iodide in which the vibra- 

tion is almost 100 $ S,. 

The E modes are less coupled. In Ir&'-,v3 contains only 

3 % of S4 whereas for the chloride and bromide,v3 is almost 

100 % S3. For ~ n C l ~ ~ - , v ,  contains about 17 % of S3 compared 
2- with a 5 $ in 1 n ~ r ~ ~ -  and 12 $ in.-In13 . 

The small coupling of the normal modes is also reflected 

in the potential energy distribution among force constants. 

In I~C~~'-,V~ contains no important contribution of any bending 

or bending-stretching interaction constant,whereas the same 

vibration shows the presence of a 16 $ of fm in In~r,~- and 

a 20 $ in 1nIS2-. The vibration v2 contains about 10 of fr 

in ~ n ~ l ~ ~ -  and no contribution to the same vibration in 

1n~r~'- and In13'- in keeping with the observation that the 

coupling of the eigenvectors decreases going from the chlori- 

de to the iodide. 

On the other hand,v3 is a pure stretching mode as no 



TABU 16 

Potential energy distribution for I ~ x ~ ~ -  

anions 

Eigenvectors $ Si 

100% S1 

23% SI + 77% S z  

100% Sg 

17% S3 + 83s S4 

Force Constant % f 

ldf r +32$f,+47$fa 



contr::l~uti.on of any force constant,but f and frr appear in r 

all thxe cases. Again,the p~tential energy distribution for 

v4 seems to follow no simple relationship. 

(b) The ~etrahalogenoindate ( 111) Anions 

A number of salts containing the tetrahalogenoindate(111) 

anions ( X = C1,Br or I) have been prepared 68,86 . The infrared 
and Raman results on the crystalline solids are in good a- 

greement with the Raman spectra reported by Woodward and his 

coworkers 92-94 for extract solutions of these species. The 

solution spectra were assigned on the assumption of T sym- 
d 

metry,with four fundamental vibrations (A, + E + 2F2);some 
splitting of the F modes in the solid state has been observed. 

The tetrahedral symmetry has been confirmed by X-ray 
- 

crystallographic methods for InC14 69 and more recently,for 
- 

I ~ I ~  70',both in simple salts and in the ionic dimer 

[ ~nI~(drnso)~][ 1 n 1 ~ 1 ~ ~ .  The spectral data used in the calcula- 

tion of the force constants for these species are those re- 

ported by Woodward et al 92-94,for the solution species. 
- 

The internal coordinates for the tetrahedral InX4 

aniolis are shown in figure 2;they are the changes in bond 

lengths and angles. The normalized symmetry coordinates are 

listed in table 17. 

The symmetry coordinate Slb(A,) was taken as redundant, 

since all six angles cannot change simultaneously during the 



TABLE 17 

Normalized symmetry coordinates for the 
- 

InX4 species 

* redundant coordinate 





the vibration. 

Following the usual practice,the force constants asso- 

ciated with stretching-bending interaction and bending-ben- 

ding interaction were assumed to be zero when no common bond 
- 

is involved. The potential function for the InX4 tetrahedral 

species has the form 

+ 24rfm (Ar) (Aa) 

The term fm refers to the interaction involving one bond and 

the ang1e;all the other terms have their usual meaning. 

Examination of the potential function reveals that the 

number of force constants to be calculated is again greater 

than the number of frequencies available. As in the case of 

the normal coordinate treatment for 1nx3'- species,the ap- 

proximation f = f was used. ra a 

Table 18 gives the bond lengths and the G-matrix ele- 
- 

merits for the InX4 ( X = C1,Br or I) species. 

Table 19 shows the derived force constants and the cal- 

culated and observed frequencies for these tetrahedral anions. 

Woodward et a1 92-94 used an approximate method to ob- 

tain values of 2.16, 1.83 and 1.44 x dynes cm-I for the 
- - 

primary stretching force constants for InC14 , InBr, and 
- 

In14 respectively. These values differ considerably from those 
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calculated in the present work,mainly because the authors 

assumed that all other f'orce constants would be neglected. 

More recently,Muller and Krebs also calculated force constants 

for these species,using a modified force field and assuming that 

126 F3* = 0 which leads to the conclusion that fm is Tero . 
Their values for the primary stretching force constants are 

about 0.1 - 0.2 units lower than those given in table 19, 

but the agreement between the two calculations for the ben- 

ding rorces is reasonably good,with differences of less than 

0.05 units. 

In related work based on a general valence force field 

mode1,Krebs et a1 12' obtained the primary stretching force 
- 

constants for the InX4 anions,but did not calculate any ben- 

ding force constants. These calculations gave values close to, 

but still different from those in table 19. It is worth noting 

that Krebs et a1 only obtained the difference fa-f aa for the 

bending interaction,with values of 0.7, 0.6 and 0.5 x lo-' 

dynes cm-' for the chloride,bromide and iodide respectively, 

surprisingly similar to those which can be derived from the 

present work. 

Table 20 gives the potential energy distribution for the 
- 

InX, species,interms of the eigenvectors and force constants. 

The calculated eigenvectors and potential energy dis- 

tribution for the F2 vibrational modes show that the eigen- 



i'ABlX c ' 0  

P o t e n t i a l  energy d i s t r i b u t i o n  f o r  t h e  
- 

normal v i b r a t i o n s  vf i n X 4  spec ies  

Force Constant $ f 



vectors Sg and S4 undergo slight increased coupling along thcr 
- - - 

series InC14 ,InBr4 and In14 ; v3 contains less than 0.59 
- 

of S4 in InC14 ,4$ in the bromide and 7$ in the iodide. The 

opposite situation is found for v4,where S3 is present to 

about 4$ in the chloride and 29 in the bromide,whereas in 
- 

In14 ,the vibration is 100$ pure. 

The increasing coupling in v3 is also reflected in the 

potential energy distribution among force constants. While in 
- 

InC14 ,v3 is 898 fr and the other force constants contributing 
- 

very little,in InBr4 there is an important contribution of 

- 
the fm constant. In14 ,this force constant contributes 12$. 

On the other hand,v4 is increasingly more pure fa,the primary 

bending force constant. 

( c) The ~entachloroindate ( 111) Anion 

Raman,polarized single-crystal Raman 98'99 and polarized 

far-infrared 99 spectra of the 1nc1,~- anion have been repor- 

ted. In the calculation carried out on this anion,the data 

reported by Adams and ~mardzewski~~ were used. 

The various internal coordinates are shown in figure 3 

and are defined as follows: ri ( i=1,2,3,4) = In-Clbasal, 

r5 = In-Claxial, aij is the angle between bonds in the basal 

plane and Pij the angle between the axial bond rs and any of 
the bonds in the basal plane. 

In the calculation of the force constants,the potertJial 



Figure 3. I n t e r n a l  coordina tes  f o r  1nclS2- anion 



function for the Cqv 1nclS2- anion was 

where frr refers to the interaction force constant of two 

bonds in the basal plane having a common angle,f;r,accounts 

for the interaction between two bonds without a common angle. 

The symmetry coordinates listed by Begun et a1 128 were used. 

The potential function chosen leads to eight force con- 

stants to be calculated from nine fundamental frequencies. 

As the other force constants were assumed to.be zero no cross 

term in the F matrix exists. 

Single-crystal X-ray structure determination of 

[ E~,N] ,[ ~nCl,] shows that 'the anion has a C symmetry in this 4v 

salt'/'. The unique apical In-C1 bond is slightly shorter 
0 0 

(2.415 2 0.012 A) than the four basal bonds (2.456 2 0.007 A), 
0 

and an average bond length of 2.45 A was used in the calcu- 

lation of the G-matrix elements. Table 21 shows the force 



TABLE 21 

Force constants (lo-' dynes em-') and calculated 

and observed frequencies (in cm-I) for 

anion 

Force Constant Calc. Freq. Obs. Freq. (a-) G-Matrix Elements 

f~ 

= 1.378 

f = 1.305 r 

f,, = 0.335 

fir = -0.039 

fa = 0.016 

faa = -0.010 

f g  = 0.033 

f =o.og BB 

(a) assignment from reference 99 



2 their 3-ssj~ .mcnt. The G-matrix elements are 

The potential energy distribution was not calculated on 

the basis of the eigenvectors as no off-diagonal terms in the 

GF matrix are present and therefore the vibrations are 100$ 

pure. The potential energy distribution among force constants 

reveals that the assignment of Adams and Smardzewski is cor- 

rect, Table 22 gives the potential energy distribution among 

force constants for 1nclS2- anion. 

Examination of table 21 shows that f ,the force constant R 

for the In-ClZxial stretching mode is slightly greater than 

the corresponding force constant for the basal chlorides. This 

is in keeping with the fact that is a very slightly 

distorted Cqv species in which the indium atom is slightly 

above the basal plane of the four chlorides. 

(d) The ~exachloroindate ( 111) Anion 

The vibrational spectrum of the 1ncle3- anion has been 

86 recorded for salts with both organic and inorganicg5 cations. 

There is reasonable agreement between these two sets of re- 

sul.ts,leading to the assignment shown in table 23. No crystal 

structure determination has been reported,but the number and 

activity of the bands in the vibrational spectrum confirm the 

expected octahedral symmetry. An octahedral MX6 molecule 

possesses three Raman-active vibrations (Ai + E + FZg), 
g g 





two infrared-active vibrations ( 2 ~ ~ ~ )  and one inactive (F,~) 

mode. 

The symmetry coordinates were constructed from the in- 

ternal coordinates shown in figure 4,and are given in table 

23. 

The potential function has the form 

where fir refers to the interaction force constant of two 

mutually perpendicular bonds,and the other terms have the 

usual meaning. Like in the calculations performed for the tri- 

halogenoindate(l) and tetrahalogenoindate(111) anions,the ap- 

proximation f = fa was used in order to reduce the number of ra 
force constants to be calculated. 

Table 24 shows the derived force constants for 1ncle3-> 

the calculated and observed frequencies,and the G-matrix 
0 

elements constructed with an In-C1 bond length of 2.61 A,ba- 

sed on the data for [ I ~ c ~ ~ ( H ~ o ) ] ~ -  125 . 
Taking into account the change in the mass of the cen- 

tral atom and the oxidation state,the fr force constant for 



Figure  4. Internal coordinates f o r  1ncle3- an ion  



T A B T ~  23 

Symmetry coordina tes  f o r  1nclG3- anion 

= J6( A r ?  + A + A + A + A + 

+ A r 6 )  

- - 1 
Z (  A a s s  f A a 2 ,  + A a 1 3  + A a 3 6 )  

= 4( A a i 2  + A + A a , ,  + A a , , )  

- - 1 
Z (  A a 4 3  + + + A a Z 3 )  

= J12( A + A r 3  - 2 A r 2  - 2 A r 4  + A r 5  + 

+ AT, )  

- - $(  A r ,  -t A r ,  - A r 2  - A r , )  

= J2( A r ,  - A r t )  

= J2(  A r 2  - A r , )  

= J2( A r 5  - A r 3 )  

= J8( A a , ,  + A a 3 6  + A a 2 ,  + A a , ,  + La,, - 

- A a i ,  - A%,  - A a 1 4  

= J8(  A a 4 3  + A a , ,  + A a , ,  + A a , ,  - A a Z s  - 

- A a 2 3  - Aa12  - A a 2 6 )  

= J8( A a 3 ,  + A a 2 ,  + A a , ,  + La3, - A a , ,  - 

- A a 2 5  - A a l ~  - A a 4 5 )  



table 23 ( continued) 

* Redundant coordinates 



1nclR3- i s  i n  reasonable agreement with t h a t  reported by Wharf 

and sh r ive rB7  f o r  t h e  ~ n ~ 1 , ~ -  anion (1.415 x dynes cm- ) .  

The eigenvectors  and p o t e n t i a l  energy d i s t r i b u t i o n  f o r  

t h e  Flu v i b r a t i o n s  show t h a t  v3 i s  q u i t e  pure,whereas v 4  

conta ins  about 10% of  S3. For t h e  o the r  v i b r a t i o n a l  modes each 

eigenvector  con t r ibu tes  loo$,  s i n c e  no o f f  -diagonal element i n  

t h e  GF matr ix  e x i s t s .  

The p o t e n t i a l  energy d i s t r i b u t i o n  among force  constants  

f o r  t h e  1ncls3- spec ies  i s  shown i n  t a b l e  25. The ca lcu la ted  

e igenvectors  f o r  t h e  Flu modes a r e  a l s o  given. 

The assignment of t h e  bands g iven  i n  t a b l e  24 agrees  

we l l  with t h e  approximate d e s c r i p t i o n  obtained from t h e  po- 

t e n t i a l  energy d i s t r i b u t i o n  among f o r c e  cons tants .  The coupling 

of S3 and S4 e igenvectors  i n  v 4  i s  a l s o  r e f l e c t e d  i n  t h e  poten- 

t i a l  energy d i s t r i b u t i o n  among fo rce  cons tants  s ince  f r  con- 

t r i b u t e s  9$ t o  v 4 , b u t  t h e  v i b r a t i o n  i s  s t i l l  a  f a i r l y  pure 

bending motion. 

No s a l t s  of t h e  corresponding InIe3-  anion have been 

prepared,but t h e  1 n ~ r ~ ~ -  complex anion has been i d e n t i f i e d  

i n  t h e  c r y s t a l l i n e  l a t t i c e  of [ M ~ N H ~ ]  ,InBr7 and [ M ~ ~ N H ~ ]  41nBr7, 

which have been shown t o  be t h e  equimolar mixture of IIR,N+ + 

1 n ~ r ~ " -  + B r  - 86 . The v3 and v 4  absorpt ion  of t h i s  complex 

anion a r e  a t  179 and 170 cm-I r e spec t ive ly ,bu t  unfor tunate ly  

t h e s e  r e s u l t s  do not  c o n s t i t u t e  a  s u f f i c i e n t  b a s i s  f o r  ca l -  

c u l a t i o n  of t h e  f o r c e  cons tants  f o r  t h i s  spec ies .  



Force constants (lo-' dynes ern-') and calculated 

and observed frequencies (in ern-') for ~ n ~ l ~ ~ -  

I 

Force Constant Calc. Freq. 

275 

245 

176 

151 

130 

G-Matrix Element 



P o t e n t i a l  energy d i s t r i b u t i o n  among f o r c e  cons tants  $ 

f o r  1ncle3- 

Frequency Descr ip t ion  f r  f rr f '  rr f m  fa faa 

Eigenvectors f o r  t h e  F l u  modes 

v3 97$ s3 + 3$ s 4 

v 4 10s S, + 90% s 4  



p 
A The results of the force constants reveal some inter- 

esting relationships betw2en these constants for the various 

indium complexes,and in some cases between the values for the 

complexes of indium and related compounds. 

As noted in section 3.6,direct evidence on the type of 

bonding in animic halide complexes of indium is lacking,but 

two nuclear quadrupole resonance (nqr) studies strongly 

imply that the bonding is in fact ionic in character. The 

nqr spectra (l151n and "~1) of I~c~,(H~o)*- species have been 

interpreted in terms of ionic In-C1 bonds 12',and similar stu- 

diesl3' on S~X~'- anions ( X = C1,Br. and I) lead to the con- 

clusion that the percentage of ionic character varies from 

60b in snclr2- to 555 in ~ n ~ ~ ~ - , w i t h  a linear dependence on 

the difference in the electronegativities ( Xhal - xSn). 
Qv 

Finally,and of more immediate relevance,Wharf and shriverU' 

showed that calculations based on ionic models gave the cor- 

rect ratio of stretching force constants for SnC14 and 

sncle2-. It therefore seems a reasonable working hypothesis 

that the bonding in the isoelectronic indium(111) halide is 

significantly ionic. 

Cons iderirg the primary stretching force constants 

(f,) for the tetrahalogenoindate(111) anions,it is seen that 
- - 

f decreases smoothly from InC14 to 1n14 . It seems likely r 



that these changes in fr arise from concomitant ( but not 

necessarily proportional) changes in bor~d strength and,in the 

light of the above discussion,changes in f might be related r 

to changes in the electronegativity difference AX ( = Xhal- 

In fact ,if one takes the Pauling electronegativities 

used in establishing the relationship between percentage of 

ionic character and AX in the nqr st~dies'~~,f is linearly r 

dependent on AX ( = 1.38, 1.18 and 0.88 for C1,Br and I, 

respectively). In order to put such a relationship in its 

proper context,it must be pointed out that with either 

Sanderson or Allred-Rochow values for AX,a plot of f against r 

AX is markedly curved (and presumably this also applies to 

the nqr results). 

The general conclusion,however,seems valid,namely,that 

with such ionic-bonded species the stretching force constant, 

and hence presumably the bond strength,depends on the electro- 

negativity of the ligand. 

Recent work13' has shown that a similar relationship 

exists for the stretching modes of MC14 and MBr4 molecules 

( M = C ,Si,Ge and sn). For these species,~, and v, are found 

to be dependent upon the ionic character of the M-X bond,but 

again the nature of the relationship depends on the set of 

electronegativity values used. There seems to be little nrnfit 



i n  d iscuss ing  t h e  d e t a i l e d  nature of such dependences a t  

t h i s  poin t .  

Wharf and ~ h r i v e r ~ ~  noted an i n t e r e s t i n g  e f f e c t  of oxi-  

d a t i o n  s t a t e  i n  t h e i r  work,which covered both t i n ( 1 1 )  and 

t i n ( 1 ~ )  h a l i d e  complexes. They defined a parameter R = 

oxidat ion  s t a t e / coord ina t ion  number,and showed t h a t  R i s  pro- 

p o r t i o n a l  t o  f r  i n  t in -ch lo r ide  complexes,in which t h e  r a t i o  
- 

of t h e  s t r e t c h i n g  fo rce  constants  f o r  SnX3 t o  SnX4 spec ies  

v a r i e s  from 0.48 t o  0.59 with an average value of 0.54 which 
- 

i s  i n  good agreement with t h e  r a t i o  R ( s ~ x ~  ) /n(snx4)  = 0.67. 

This r e l a t i o n s h i p  was t e s t e d  f o r  t h e  compounds worked out  i n  

t h i s  t h e s i s  f i n d  t h a t  t h e  r a t i o  of t h e  s t r e t c h i n g  fo rce  
- 

cons tants  f o r  p a i r s  of 1nx3'- and InX4 anions v a r i e s  from 

0.41 t o  0.52 with an average value of 0.46,which i s  somewhat 
- 

c l o s e r  t o  t h e  r a t i o  R ( I ~ x ~ ' - ) / R ( I ~ x ~  ) = 0.44 t h a t  i n  t h e  

case f o r  t h e  analogous r a t i o s  f o r  t h e  t i n  complexes. Unfor- 

t u n a t e l y  t h e  dependence of f r  on R does not  hold wi th in  

t h e  indium(111) h a l i d e  complexes i n  which t h e  coordina t ion  

number v a r i e s  from four  t o  s i x .  The re l evan t  values a r e  

f r  x lo- '  dynes cm" 

I ~ C  1 2- 0.60 1.378 and 1.305 

1nclG3- 0.50 0.949 



Despite the absence of proportionality between R and f 
r 

for these three species,a relative simple relationship does 

exist,as is shown by the plot of f against the coordination r 

number ( figure 5). Again it is difficult to place any 

detailed interpretation on these relati~nships~except that an 

ionic model would require a gradual weakening of bond with 

the increasing of the coordination number. 

Figure 6 shows another relationship between the log of 

tne primary stretching force constants for the isoelectronic 
- 

species I ~ x ~ ~ - ,  SnX3 and SbX3 1329133 and the oxidation state 

of the central element. 

There is some uncertainty in the point for the SbBr3, 

arising from the range of values reported 13* for fr ( 1.338 - 

1.686 x dynes cm-I). Relationships between stretching 

frequencies and oxidation state are well kn~wn'~~,but figure 

6 implies the existence of a more precise dependence than is 

usually acknowledged. 

In summaryJthe primary stretching frequencies on the 

indium(1) and indium(111) anionic halide complexes depend on 

ligand ele~tronegativity~coordination number and oxidation 

state of the metal in a manner which is qualitatively in 

keeping with a model of significantly ionic indium-halide 

bond,the details of which remain to be elucidated. 



COORDlNATlON NUMBER 

Figure 5. The dependence of the primary stretching force 

c~nstant (f,) "n the coordination number in some 

halide cornp?ex~s  of indium(111) 



CHLORIDES 

BROMIDES 

IOD l DES 

F i g u ~ e  6. 'The dcpendrnci. 3f 10.1 fr 3n t h e  ox ida t ion  s t a t e  of  

the  metal  foi.  MX3 h a l i d e s  o f  some main g r o u p  metals 



C H A P T E R  IV 

SOME REACTIONS OF CYCLOPENTADIENYLINDIUM( I) 

4.1 Introduction - 

The chemistry of indiwn(1) has been less studied than 

of the more easily accessible (111) state and the number of 

compounds presently known is small ( see chapter I) ,and 

little structural information is available. 

~yclopentadienylindium( I) was f irst prepared by 

Fis cher and ~ofmann'~. This cyclopentadienyl compound is the 

only reasonable stable organo-indium(1) compound presently 

available,the corresponding methylcyclopentadienyl species 

18 being much more difficult to handle . 
The bonding in this unusual "half sandwich" structure 135 

has been the subject of a number of discussions 136-138 . 
Some authors have favoured ionic bonding 136'137, others 

covalent 'j8' 'jg. Cotton and ~e~nolds lS7,who were the first 

to provide experimental evidence for the half sandwich 

structure of cyclopentadienylindium(~),critized the Fischer- 

Hofmann model because it would lack the symmetry demanded 

by the C molecular symmetry and secondly because the cal- 
5v 

culated overlap integrals showed that the molecule must be 

-,r 



i on ic .  Shiba ta  e t  a1 found t h a t  Cott  o n ' s  f i r s t  ob jec t ion  

f a i l s  when t h e  Fischer  r e p r e s e n t a t i o n  i s  viewed i n  terms of 

t h e  resonance theory,whereas t h e  second o b j e c t i o n  vanishes 

with t h e  discovery t h a t  Cotton and Reynolds misca lcula ted  

both t h e  s i g n  and magnitude of t h e  over lap  i n t e g r a l s .  In  

f a c t  t h e  molecule seems t o  be q u i t e  covalent ,with t h e  metal-  

r i n g  bonding made up by t h e  over lap  of t h e  IT a ,  molecular 

o r b i t a l  of t h e  C5H5 r i n g  and pure p  metal  o r b i t a l s .  

Shiba ta  e t  have a l s o  pointed out  t h a t  a l though t h e  

over lap  of t h e  IT o r b i t a l  with t h e  indium s p  hybrid o r b i t a l s  

i s  very l a r g e , t h e  energy requi red  f o r  promotion of t h e  5s 

lone p a i r  of e l e c t r o n s  i n  bonding would be t o o  l a r g e  t o  pay 

f o r  ex tens ive  hybr id iza t ion .  The c e n t r a l l y  bonded r i n g  

s t r u c t u r e  has been confirmed i n  both solid135 and gas 139 

phases. 

The t r iha logeno inda te (1 )  an ion ic  complexes repor ted  i n  

chapters  I1 and I11 a r e  i s o e l e c t r o n i c  with t h e  t r i g o n a l  
- 

pyramidal SnX3 spec ies .  The donor i n t e r a c t i o n s  of t h e s e  

l a t t e r  complexes wi th  t r a n s i t i o n  metal  ions  a r e  we l l  e s t a -  

b 1 i ~ h e d l ~ ~ ; a d d u c - t  formation with boron t r i f l u o r i d e  i s  

apparent ly  followed by l igand  rearrangement r e a c t i o n  141,142 . 
More r e c e n t l y  it was found t h a t  dicyclopentadienyltin(11) 

143 a l s o  forms a 1:l adduct with boron t r i f l u o r i d e  . 
Following t h e  c l o s e  analogy between indium(1) and 



ile to study the donor 

properties of the indium(1) species reported in chapter I1 

and the easily available cyclopentadienylindiwn(1). 

4.2 Adducts of ~yclopenl;adienylindium( I) with Boron 

Trihalides and Trimethyl Boron 

~~clo~entadienylindium(1) ( ~p1n) in chloroform .reacts 

with gaseous BX3 ( X = P,CI,Br or C H ~ )  to yield solids of 

stoichiometry CpIn*BX3,whose structures have been investiga- 

ted by means of vibrational spectroscopy. Vibrational 

spectroscopy shows t h a t  the BX3 group has the expected tri- 

gonal pyramidal structure similar to that found for some 

143 acetonitrile 1419142 and di~~clopentadienyltin(11) adducts . 
On the other hand,the spectra also show that the cyclopenta- 

dienyl ring is in the monohapto ( a-bonded diene) form,in 

marked contrast to the stereochemistry of the parent CpIn. 

In an attempt to obtain more information about the 

structure of the cyclopentadienyl ring the reaction of both 

CpIn and CpIn-BC13 with maleic anhydride were carried out; 

Diels-Alder addition 0ecv.w in both cases,suggesting that 

an equilibrium between the pentahapto and monohapto forms 

of CpIn may exist in solution. 

The interaction between cyclopentadienylindium(1) and 

the two Lewis acids chloroform and trifluoroiodomethane was 

also investigated,with the aim of determining the basicity 



?$ 
"k2 of CpTn relative to other donors. Significantly,there appears 

# * to be no evidence of any such interaction,a point relevant 

to the energetics of the formation of the CpIn.BX3 adducts. 

4.3 Some Iodide Complexes of ~yclopentadienylindium(111) - 

In previous section it was found that the cyclopenta- 

dienyl ligand changes its bonding mode from the pentahapto 

form in CpIn to the monohapto form upon adduct formation 

with boron trihalides and boron trimethyl. It was also found 

that the pentahapto CpIn undergoes Diels-Alder addition with 

maleic anhydride. On the other hand,CpIn does not interact 

appreciably with weak Lewis acids such as chloroform and 

trifluoroiodomethane previously used to measure the basicity 

of other donor molecules 144-147 . The above results suggested 
that an equilibrium between the pentahapto and monohapto 

forms would exist in solution,which is readily displaced to 

the monohapto form as a function of the strength of the 

acceptor molecule. In an attempt to obtain more information 

about the suggested equilibrium and the mechanism by means 

the change in the bonding mode of the cyclopentadienyl 

ligand occurs,the interaction between CpIn and a moderate 

Lewis acid,namely, iodine was studied. 

~yclopentadienylindiwn(1) in chloroform reacts with 

iodine to yield the polymeric yellow solid CpInI,,which is 

partially soluble in ether and light sensitive. The compound 



is stable for 3-4 days. 

A number of rections of CpIn12 with some nitrogen- 

donor ligands,triscylopentadienylindium(~~~) and tetra- 

propylammonium iodide,have been carried out. 

The reaction of CpIn12 in ether with 2,2'-bipyridyl 

and 1,lO-phenanthroline yielded complexes of the type 

CpIn12L ( L = bipy or phen) ,whereas with Cp31n and 

Pr4NI ( Pr = propyl),the unstable Cp,InI and the anionic 

species [ P~~N][ c ~ I ~ I ~ ]  were obtained. 

Vibrational spectra show that the cyclopentadienyl 

ring adopts the monohapto form in all these species. 

The reaction of CpIn with methyliodide and trifluoro- 

iodomethane yielded indium monoiodide,as did the reaction 

of CpIn with iodine in the presence of ethanol. A possible 

mechanism for these reactions is discussed. 

4.4 Experimental - 

(a) Physical Measurements 

Physical measurements were carried out using the pro- 

cedures described in the previous chapters,with the following 

exceptions : 

Nuclear Magnetic Resonance 

'H and "F nuclear magnetic resonance (nmr) spectra 

were recorded with a Varian ~56/60 spectrometer,operating 

at frequencies of 60 and 56.4 MHz respectively. 



blas s Spe cti-a. 

Mass s p e c t r a  were obtained with a  Hitachi-Perkin Elmer 

R M U - 6 ~  opera t ing  i n  t h e  s ingle- focus ing  mode a t  a n  e x c i t a t i o n  

p o t e n t i a l  of 80 eve 

I n f r a r e d  Spect ra  

In f ra red  s p e c t r a  were recorded with a Perkin Elmer 

457 o r  a Beckman IR 1 2  spectrophotometers.  Spect ra  were 

obtained with n u j o l  and hexachlorobutadiene mulls using 

caesium iodide  windows. 

( b )  Ana ly t i ca l  Determinations 

Ana ly t i ca l  determinat ions were performed a s  descr ibed 

i n  chapter  11. Boron analyses  were c a r r i e d  out  by a s l i g h t  

148 modif ica t ion  of t h e  method descr ibed by Taylor . 
( c )  Sc lvents  

The so lven t s  were p u r i f i e d  from moisture  and impur i t i e s  

as descr ibed i n  chapter  11. 

Spectroscopic grade chloroform was washed twice with 

concent ra te  su lphur ic  a c i d  and then  washed twice wi th  

d i s t i l l e d  water  t o  remove any e thanol  s t a b i l i z e r .  The chloro- 

form was t h e n  allowed t o  s t and  overnight  over anhydrous 

calcium su lpha te  and d i s t i l l e d  p r i o r  t o  use  from a f r e s h  

sample of calcium sulphate .  

Prepara t ive  Chemistry 
I I 

The indium( I) compounds r e a d i l y  d i sp ropor t iona te  i n  



t h e  a i r , a n d  t h e r e f o r e  a l l  r e a c t i o n s  and opera t ions  were 

performed under dry n i t r o g e n  using convent ional  dry-box 

techniques.  

~yc lopen tad ieny l ind iwn(  I)  and cyclopentadienylindiwn 

(111) diodide a r e  l i g h t  s e n s i t i v e  and al though t h e i r  mani- 

pu la t ions  were c a r r i e d  out  i n  normal l i g h t , o v e r  -exposure 

was avoided. 

Prepara t ion  of cyclopentadienylindium( I) 

Freshly d i s t i l l e d  cyclopentadiene was added t o  f i n e l y  

c u t  sodium ( 3 g . )  i n  dry e t h e r  and t h e  mixture s t i r r e d  

a t  OOC u n t i l  a l l  t h e  sodium had reac ted .  The mixture was 

ref luxed f o r  one hour and t h e n  anhydrous i n d i m  t r i c h l o r i d e  

( 7.25 g. ) i n  t h e  r a t i o  CpNa: InC13 = 4: l ,was  added t o  t h e  

r e s u l t a n t  heavy white p r e c i p i t a t e  of CpNa. The r e a c t i o n  

mixture turned yellow and r e f l u x  continued f o r  f o u r  hours 

a f t e r  which t h e  e t h e r  was removed under vacuum and t h e  

cyclopentadienylindium(1) c o l l e c t e d  by subl imation a t  1 5 0 ' ~  

from t h e  mixture.  It was s t o r e d  i n  t h e  dark i n  a n i t rogen-  

f i l l e d  dry-box. 

Prepara t ion  of ~yclopentadienylindiwn(1)-BX~ Adducts 

( X = F,Cl,Br o r  C H ~ )  

~~clopentadienylindiwn(1) w a s  d isso lved  i n  f r e s h l y  

d i s t i l l e d  dry chloroform,and a smal l  excess of  boron tri- 

h a l i d e  condensed i n t o  t h e  v e s s e l  i n  vacuo. The mixture was 



then allowed to warm up to room temperatwe,and stirred for 

approximately 30 minutes,after which the solvent and unreac- 

ted boron trihalide were removed by evaporation. The solid 

products,which were identified as the appropriate cyclopenta- 

dienylindium(1) -boron trihalide (or trimethylboron) adducts, 

were insoluble in all the common organic solvents,and sensi- 

tive to moisture; the ease of hydrolysis judged qualitatively, 

as CpIn*BBr3 > CpIneBCl3 > CpIn-BMe3 > CpIn.BF3 . Analytical 
and other results for these adducts are given in table 26. 

Reaction of Me ,bipyInX3 with Boron Trihalides 

Me,bipyInX3 ( X = C1,Br or I) were treated in a similar 

manner with an excess of BF3 or BC13. After removal of the 

excess of the boron trihalide by pumping,the initial indium(1) 

compound was recovered unchanged. 

Reaction of ~yclopentadienylindium(1) with Maleic Anhydride 

One mole of maleic anhydride in freshly distilled 

chloroform was reacted with an equimolar quantity of CpIn 

in chloroform.The solution was stirred for 24 hours at room 

temperature in dry atmosphere. The yellow-brown solid was 

filtered off,washed with chloroform and dried. 

The presence of chloroform in the solid was confirmed 

by infrared absorptions at 2400 m, 2260 s, 1485 s and 391 vw 

cm-l. The stoichiometry CSH7O3In is that expected from a 

1:l Diels-Alder addition of CpIn and maleic anhydride. 
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The corri? (lid is insoluble in all the common organic solve:, 

Reaction r ; f  - CpIn*BC13 with Maleic Anhydride 

A suspension of CpIn*BC13 in a chloroform solution of 

the anhydride ( lmmole of each reactant) was stirred at 

room temperature for 24 hours. The orange-red solid was fil- 

tered off,washed with chloroform and dried. The solid 

analyses for C9H7031nBC13,c~rre~p~ndi~ to the boron tri- 

chloride adduct of 7-indiwn(1) -bicycle [ 2.2.13 hept-5-ene- 

1,2-dicarboxylic acid anhydride. The compound is insoluble 

in all cornrnon organic solvents,exce~t ether. 

Pre~arat~on of ~yclopentadienylindium(111) Diodide 

Iodine ( lmmole) in freshly distilled chloroform was 

added dropwise to a solution containing 1 mole of CpIn in 

chloroform. A yellow precipitate inmediately formed;this 

was filtered off,washed with chloroform and dried. The solid 

is insoluble in all common organic solvents,but is partially 

soluble in ether. Analyses are shown in table 27. 

Preparation of ~yclopentadienyl-2,2t -bipyridylindiwn( 111) 

Diodide 

1 mmole of 2,2'-bipyridyl dissolved in dry ether was 

added to a suspension of 1 mole of CpIn12. A yellow solid 

which precipitated was filtered off,washed with ether and 

dried. The solid is soluble in acetone,acetonitrile and 

nitromethane. 



Preparation of Cyclopcntadienyl-1 ,lo-phenanthrolineindium(111) 

Diodide 

1 mole of 1,lO-phenanthroline dissolved in dichloro- 

methane was added to a suspension of 1 mole of cyclopenta- 

dienylindium( 111) diodide. The yellow precipitate was f il- 

terea off,washed with ether and dried. The solid is soluble 

in acetonitrile and nitromethane,and partially soluble in 

dichloromethane. 

Preparation of ~iscyclopentadienylindium( 111) Iodide 

cyclopentadienylindium( 111) diodide (1 mole) was 

suspended in a solution prepared by dissolving triscyclo- 

pentadienylindium(111) in hot benzene. The suspension was 

refluxed for 10 hours. The brown solid was filtered off, 

washed with benzene and dried. Carbon and hydrogen analyses 

yielded constantly low values as the compound is rather 

unstable. Howeveryindium and iodine analyses could be 

obtained with good results on sample weighed inmediately 

after preparation. 

Preparation of Tetrapropylarnmonium ~yclopentadienylindiun(111) - 

Triodide 

1 mole of tetrapropyl 

anhydrous methanol was added 

dienylindium( 111) diodide in 

was stirred for 24 hours,and 

ammonium iodide dissolved in 

to a suspension of cyclopenta- 

ether. The resulting solution 

the solvent then removed. The 



yellow solid is 5nsoluble in most comTon solvents except 

nitrobenzene in which is partially soluble. This solvent 

was used in measuring the molar conductivity. 

4.5 .Results and Discuss ion - 

(a) Adducts of ~yclopentadienylindium(1) with Boron 

Trihalides and Trimethylboron 

Vibrational Spectroscopy 

The infrared spectra of the boron trihalides and tri- 

methylboron adducts of CpIn were recorded in nujol and hexa- 

chlorobutadiene mulls. The assignment of the bands involved 

comparison with the bands reported for the boron trihalide 

151 adducts of acetonitrile 149t 15',and for free trimethylboron . 
Table 28 list the infrared bands of the boron trihalide and 

trimethylboron adducts of CpIn. 

The Boron Trihalide Moiety 

The changes which take place in the vibrational 

spectra of BX3 ( X = F,Cl,Br or C H ~ )  species on complex 

formation,i.e., as the local molecular symmetry of BX3 

changes from D to Cjv,have been discussed in detail by a 
3h 

number of authors. Swanson and Shriver 149y150 have assigned 

the spectra of the boron trihalide adducts of acetonitrile 

and confirmed the assignment of the adducts by normal 

3 coordinate analysis. Such calculations are of considerable 
1' 
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the identification of those vibrations which are suffi- 

ciently pure for meaningful comparison to be made between 

different adducts. Table 29 lists the boron-halide vibra- 

tions in the CpIn*BX3 add~cts~assigned by analogy with the 

work on the corresponding acetonitrile adducts. Because of 

the mixing which occurs in the B-X skeletal vibrations,no 

simple relationships relate the B-X frequencies to the 

strength of the B-N coordinate bond in a series of BF3 

adducts involving nitrogen donors14g. Swanson and Shriver 

do however suggest that the frequency separation between 

v and vs in such series decreases with the increasing as 

basicity of the donor molecule. On this basis,the separation 

of approximately 310 cm-l for the CpIn-BF3 adduct implies 

that CpIn is about as strong a donor to BF3 as is acetoni- 

trile. It does not seem possible to test this canclusion 

with the results for BC13 and BBr3 because of the lack of 

suitable results for other donors;the difference vas-vs 

in fact increases only slightly from CpIn-BF3 to CpIn.BC1,. 

The spectrum of CpIn-BMe3 presents a more difficult 

problem,due to the lack of comparable information on the 

vibrational spectra of adducts of trimethylboron. Comparing 

the infrared spectra of CpIn*BX3 ( X = F,cl,~r) with that of 

CpIn-BMe, one should be able to substract the cyclopentadie- 

nyl bands. After substraction of the cyclopentadienyl bands, 

those left were 1605 m, 1419 ms, 742 s, 410 w, 391 w, 307 mw 



TABLE 28 

i n f r a r e d  s p e c t r a  of  t h e  boron t r i h a l i d e  and 

t r ime thy lbo ron  adduc ts  of CpIn ( i n  em-') 



Table 28 ( continued) 



Boron-halide v i b r a t i o n s  i n  s o l i d  CpIn. BX3 

adducts  ( i n  ern-') 

Vibra t ion  (4  

( a )  Approximate d e s c r i p t i o n  



znd 283 1s. Following Woodward et al15',the bands at 742, 

410,391 and 307 em-' have been assigned to the antisymmetric 

and symmetric B-Me stretching modes and symmetric and anti- 

symmetric BC3 deformation modes,respectively. The frequency 

shifts with respect to the free BMe3,are similar to those 

between BX3 and CpIn*BX3. 

In an attempt to obtain a better way to assign the 

bands due to the BMe3 group in CpIn-BMe3,adducts with pyridine 

and its deutero derivative were prepared. Unfortunately their 

Raman and infrared spectra are too complicated to allow a 

sure assignment of the BMe3 bands. 

(ii) The B-In and In-C Vibrations 

Each of the three boron trihalide adducts prepared 

has an infrared band at 515 ern-'; in CpIn.BMe3,this appears 

at 505 em-'. Since atomic mass of boron is not very different 

than that of the carbon atom,it is believed that this band 

is the stretching mode of the In-B coordinate bond;v(~n-C) 

for indium-carbon bonds involving simple alkyls groups have 

been found in the region of 500 cm -1 27,81 

In Cp31n and its adducts,~ (1n-C) is at about 300 em-' 

and therefore the bands at 285 em-' in the CpIn*BX3 ( X = 

l?,Cl,~r) and at 282 ern-' for CpIn-BMe3 adduct were assigned 

to this vibrational mode. 



( iii) 73e Cyclopentadieny 1- Indium Xoiety 

The identification of the bonding mode of the cyclo- 

pentadienyl ligand by means of vibrational spectroscopy has 

been the subject of a number of papers 152154. ~hree types 

of bonding modes of the cyclopentadienyl ring have been 

observed152: (a) ionic, (b) centrally bonded or pentahapto 

form and (c) the diene or monohapto form. The centrally 

bonded form possesses 
C5v 

symmetry and the 27 fundamental 

vibrations are grouped in 4~~ + A2 + 5E1 + 6 ~ 2  . Due to the 
aromatic character of the C5 ring,all the C-H stretching 

frequencies should lie above 3000 cm-',whereas one of the 

two C-H out-of-piane deformation vibrations is expected to 

lie at 700 to 800 cm-l. On the other hand, a monohapto form 

having a Cs symmetry (see figure 7) ,the vibrational modes 

are grouped in 15A1 + 12A1' and the aliphatic carbon frequen- 
cy should lie between 2800 to 3000 em-'. The CI-H out-of- 

plane deformation frequency should lie arround 700 em-'. 

This same vibration for C2-H and C3-H modes will also show 

up between 700-800 cm-l. 

The infrared spectrum27 of CpIn shows bands at 3070 vw, 

1430 w,br, 998 m, 765 s, 737 m and 720 ms cm-l. This spectrum 

is that expected for a pentahapto (centrally bonded) structu- 

re,according to ~ritz'~*,and thus in agreement with the 

known structure '353l39 of CpIn. These results imply that 



Figure 7. The monohapto form of cyclopentadienylindium(1) 

the conclusion of Samuel and Bigorne 153~154 with respect to 

the ability of the out-of-plane deformation modes to infer 

the bonding mode of the cyclopentadienyl ring, vanishes, as 

CpIn shows three bands 5n the range 700-800 cm-l. 

More recently Mink et a1 155 have shown that for CpBHg 

a band at 2970 cm-l is the fundamental C-H stretching of the 

"aliphatic" carbon in the monohapto form of this compound. 

Isotopic substitution showed that this band shifts to 2218 

cm-I and therefore cannot be a conbination band,since in 

that case it should be observed at 1518 + 1380 = 2898 em-'. 

The spectrum of Cp31n,on the other handyis more complex, 

and in agreement with the a-bonded diene (monohapto) structu- 

re for the ligand subsequently demonstrated by X-ray structu- 

80 re analysis . 
Those bands in the infrared spectra of the CpIn-BX3 

( X = F,Cl,Br or Me) adducts attributed to the vibrations 

of the cyclopentadienyl ligand are listed in table 30. 



These spectra are similar to those reported earlier27 for 

CpsIn and to the spectrum of Cp2Hg 155y156,for which a 

a -bonded diene structure is favoured. It is, theref ore 

reasonable to conclude that the cyclopentadienyl group 

in C p I n = B X 3  is in the monohapto form. 

(iv) The Maleic Anhydride Adducts 

Mink et have shown that biscyclopentadienylmer- 

cury undergoes Diels-Alder addition with both maleic anhy- 

dride and benzoquinone. In each case,the reaction involves 

addition of the dione across the diene system of each of the 

cyclopentadienyl rings,and it has been suggested that this 

reaction constitutes evidence for the diene structure of the 

ring . 
Accordingly the reaction of maleic anhydride with 

CpIn-BC13 was carried out. It was found that the reaction 

occurs easily to give product I identified analytically as 
the 1:l Diels-Alder adduct presumably with the structure 



TABLE 30 

Vibra t ions  cf the  cyclopentadienyl  group i n  

s o l i d  CpIn-BX3 adducts ( f r equenc ies  i n  cm-') 



The infrared spectrum (see table 31) has absorptions 

at 1775 and 1855 cm-' due to the C=O stretching modes, 

v ( 1n-B) at 475,and bands at 762 + 425 and 325 crn-' presu- 

mably due to the B-C1 stretching modes. It is interesting 

that the CpIn. BC13 species is significantly stable, since 

the In-B bond is preserved throughout the Diels-Alder 

reaction of the ligand. 

The diagnostic reliability of this reaction is however 

considerable lessened by the finding that maleic anhy- 

dride also reacts with cyclopentadienylindium(1) itself, 

again yielding a 1:l adduct. The infrared spectrum of this 

substance (see table 31) is almost identical with that 

obtained from as far as the vibrations of the organic 

groups are concerned. 

The structure of this reaction product must remain a 

matter for speculation at present. Unfortunately,solubility 

problems prevented an investigation of the nuclear magnetic 

resonance spectra of either this substance or of the adduct 

I .  
N 

Irrespective of the details of the structure,it seems 

clear that in the indium case at least,reaction with maleic 

anhydride is not a satisfactory test of the presence of the 

diene form of cyclopentadienyl ligand. Since the activation 

energy for the Diels-Alder reaction of maleic anhydride and 



TABLE 31 

In f ra red  bands ( i n  em-') of the  maleic  anhydride 

adducts  of CpIn and CpIn.BC13 



cyclopentadiene is small, it is possible that the reaction 

with CpIn is evidence of an equilibrium in solution which 

normally lies strongly to the left. Such equilibrium would 

be 

Mass S~ectrometric Studies 

The mass spectra of CpIn*BX3 ( X = F,Cl,Br or ~ e )  

showed no molecular ion. In each case,an intense peak was 

detected at m/e 115 due to indium. The mass spectra of these 

adducts are shown in tables 32 to 35. 

The high temperature required to achieve sufficient 

vapor pressure for the halide species clearly causes profound 

molecular decomposition and ligand redistribution before 

ionization,since only in the case of the trimethylboron 

adduct is cpl+ detected in an appreciable intensity,whereas 

this ion is the principal mass peak in the spectrum of 

27 cyclopentadienylindiwn(1) . 
The CpIn- BMe, compound apparently undergoes simple 

dissociation into its parent molecules on heating. 

Eiscussion 

The vibrational spectra of the CpIn*BX3 ( X = F,Cl,Br 

or ~ e )  adducts leads to the formulation of these compounds 

on the basis of a monomer. 



The mass spectrum of CpIna BF3 

(spectrum normalized to base peak m/e 115 = loo$) 

Excitation Voltage : 80 eV 

Source Temperature : 1 6 0 ~ ~  

Intensitv % Ass imment 



TABLE 33 

The mass spectrum of CpIn=BC13 

(~pcctrum normalized to base peak m/e 115 = 1008.) 

Excitation Voltage 80 e~ 

Source Temperature : 200•‹c 

Intensity 8. Ass imment 



The mass specfvrun of CpIn.BBr3 

(spectrum normalized to base peak m/e 275 = loo$) 

Excitation Voltage : 80 ev 

Source Temperature 250'~ 

Intensity % 

8l 
l 0 O l  56 

' 2  
28 581 
11 

64 33 

43 4 
19 
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The mass spectrum of CpIn0BMe3 

(spectrum normalized to base peak m/e 115 = loo$) 

Excitation Voltage : 80 ev 

Source Temperature : 25'~ 

m/e Intensity $ 

CP+ 
+ BMe 



One obvious uncertainty is the magnitude of the C-In-B angle. 

1-t seems probable from the solubility behaviour of these 

substances that there are appreciable intermolecular interac- 

tion between the monomeric unit in the solid phase,probably 

due to dipole-dipole interaction. An alternative posibility 

is bonding from the cyclopentadienyl ring of one molecule 

to the indium of another;such a ring-metal interaction has 

been shown to play an important part in the structure of the 

157 benzene-A1C13 adduct and similar compounds . 
The change in the mode of CpIn bonding on adduct 

formation is specially interesting .~yclopentadienylindium(~) 

does not undergo an acid-base interaction with weak Lewis 

acids such as chloroform and trifluoroiodomethane,but does 

with stronger Lewis acids such as BX3 ( X = F,Cl,Br or ~e). 

Abel et a1 144 have shown that the interaction between 

chloroform and electron pair donor molecules leads to 

significant changes in both,the 'H-n.m.r. resonance and the 

C-H (or C-D) stretching frequency 145y146. A solution of 

CpIn in chloroform had the solvent 'H resonance at 436 Hz 

from TMS (c.f. 434 Hz for the pure solvent). Similarly, 



the C-D stretching frequency of a solution of CpIn in CDC13 

was at 2262 ~rn-~,virtually unchanged from the frequency of 

pure CDC1,. From these results,it can be concluded that 

CpIn is too weak a Lewis base to interact significantly with 

CHC13. Similar studies were carried out with solutions of 

CpIn and trifluoroiodomethane,which has also been used as a 

standdard Lewis acid in comparison of relative basicities of 

donor molecules147. An important complication in this work 

was the possible insertion reaction which eventually gives 

rise to indium monoiodide,but the use of freshly distilled 

CF31 prevented this reaction from becoming significant 

within the time of the measurement. As in the work discussed 

above,it was found that the "F resonance of the pure CF31 

( -0.2421 KHz from external C F C ~ ~ )  and of the mixture 

( -0.2425 KHZ) are the same within experimental error. In 

both cases then,CpIn is apparently too weak an electron pair 

donor to disturb significantly the electron density of the 

ground state of the acceptor molecules at the concentrations 

accessible. 

Calculations on the energy levels In cyclopentadienyl 

have shown that the diene form is significantly higher in 

energy than the symmetrical ground ~tate'~~,and it is clear 

that hl-~p1n must also lie some way above the h5-~p1n ground 

state. At the same time,the structural evidence demonstrates 

that only in this higher energy structure can sufficient 



clt. : . n ' 2 1 3 ~ ~  t= ylz-' cl- stable adducts with 

BX3. 'The total stabil ization achieved in forming CpIn. BX3 

compensates from the energy required to promote the cyclo- 

pentadienyl grwp into the diene form (and the BX3 group 

into trigonal yyramidal symmetry). the present evidence, 

CpIn can only act as an electron pair donor if the interac- 

tion is sufficiently strong to give access to the diene 

structure of the ligand. With weaker acids such as chloro- 

form,this is energetically impossible and no acid-base 

interaction is observed. 

One final point is that the cyclopentadienyl ligand 

apparently favours the monohapto configuration with electro- 

positive main group elements,and adopts this structure in 

indium( 111) complexes 27980' 15'. Donation from indium( I) to 

boron trihalides presumably has the effect of raising the 

effective positive charge on the metal atom,thus causing 

the ligand to reorganise into the diene form. 

Harrison and Z~ckerman"~ have prepared the adduct 

CpaSn*BFs analogous to CpIn-BF3. e infrared evidence again 

demonstrates that the BF3 group has C symmetry in this 3v  
adduct,but these authors conclude that the cyclopentadienyl 

group is in the pentahapto form in both CpgSn and the adduct. 

Mossbauer studies of the tin nucleus show very little change 

in the tin a-orbital hybridisation on donation,and further 



indicate that the tin lone pair and the cyclopentadienyl 

ring are at the same relative distance from the tin nucleus 

in both species. There are therefore significant differen- 

ces between the Cp2Sn and CpIn adducts with BF3,but the 

reasons for these differences are not inmediately clear at 

present. 

(b) Some Iodide Derivatives of ~yclopentadienylindium(1) 

Vibrational Spectroscopy 

The reaction of CpIn with iodine in freshly distilled 

chloroform yields the compound CpIn12. The physical proper- 

ties of this compound,namely insolubility in most common 

solvents,suggest a polymeric nature of this solid. The 

Raman spectrum (see table 36) of this solid shows two peaks 

at 139 and 155 em-' probably due to the bridging and terminal 

indium-iodide stretching modes. The ratio v ( 1 n - 1 ) ~ ~ ~ ~ ~ ~  / 

"(In-')terminal is 0.89 in good agreement with that found 

in some iodide bridges containing compounds of indium (see 

section 2.7 d ,chapter 11). Adduct formation occurs with 

2,'2'-bipyridyl and 1,lO-phenanthroline. The molar conducti- 

vities of these adducts shown that they are non-electrolytes 

probably involving five-coordinate indium( 111). 

The reaction of CpIn12 with Cp,In in hot benzene 

yielded a not very stable compound of stoichiometry Cp21nI. 

On the other hand,reaction of CpIn12 with tetrapropylammonium 



iodide yielded the anionic [ P ~ , N ] [  c ~ I ~ I ~ ]  in keeping with 
- 

the preparation of the anions of the type MeInX3 ( X = 

C1,Br or I) in this laboratory160. The molar conductivity 

of this compound in nitrobenzene shows that it can be 

formulated as a 1:l electrolyte. 

Inspection of the vibrational spectra of these solids 

shows that the cyclopentadienyl ring is a-bonded since a 

band between 2900-2960 cm-'due to the C1-H stretching mode 

(see figure 7) is present in all cases. All five compounds 

show three bands between 800-620 cm-' which would be due to 

the out-of-plane C-H deformation modes. 

The bipyridyl and phenanthroline bands in CpIn12* bipy 

and CpIn12*phen respectively, showed the expected changes 

with respect to the free ligands,upon complexation and there 

fore they have been substracted from those bands listed in 

table 36. In the bipyridyl and phenanthroline adducts of 

CpIn12,the In-N stretching vibrations are at 305 and 299 

cm-l in good agreement with those found for some complexes 

of the type 1n(acac)~~~ where L = bipy or phen and X = C1, 

Br or I (see chapter v). The In-I stretching frequencies 

for the bipyridyl adduct were found to lie at 176 cm-' 

for the antisymmetric stretching mode and at 143 and 138 
- 

cm for the symmetric stretching vibration. The latter mode 

appears split probably for some solid state effect. In the 

phenanthroline adduct,both antisymmetric and symmetric 



stretching modes appear to be split; va(ln- I) and v s  ( 1n- I) 

were found at 192+186 and 139+130 cm-',respectively. No 

splitting of these bands was observed in Cp21nI neither in 
- 

CpIn13 species. For this latter anionic species the In-I 

stretching modes are at 190 and 140 cm-' in good agreement 

with those reported for 1n1~- (185 and 133 cm-') 93 and in 
160 ~ e 1 n 1 ~ -  (186 and 139 cm-') . 

Nuclear Magnetic Resonance 

The rather low solubility of most of the compounds 

prevented to obtain the 'H-n.m.r. spectra of them. However, 

the spectrum of CpIn12-bipy in acetone shows the typical 

resonances of the bipyridyl protons and a single peak 

at 349 cps due to the cyclopentadienyl moiety. A similar 

situation was found in the n.m.r. spectrum of the phenan- 

throline adduct in dichloromethane in which the cyclopenta- 

dienyl resonance comes out at 350 cps. 

The conclusions one can draw from the vibrational 

spectra would contradict those one can infer from the n.m.r. 

spectra. However,the ring whizzing process seems to be a 

very important process in the cyclopentadienylindium( 111) 

deri~atives~~~since the n.m. r. spectrum of Cp,In shows a 

single peak at 356 cps even at low temperatures and the 

X-ray molecular structure determination has shown the cyclo- 

80 pentadienyl rings are o-bonded . 
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Mass Spectral Studies  

The mass s p e c t r a  of a l l  t h e  compounds except 

[ P ~ , N ] [ c ~ I ~ I ~ ]  a r e  g iven  i n  t a b l e s  37 t o  40 

From t a b l e s  38 and 39 it can be i n f e r r e d  t h a t  t h e  mass 

s p e c t r a  of t h e  b i y y r i d y l  and phenanthrol ine adducts of 

CpIn12 a r e  q u i t e  s i m i l a r .  The main f e a t u r e  of t h e  s p e c t r a  

i s  t h a t  no peak due t o  1n1' ions  was observed,the peak due 
+ t o  In  ion  i s  r a t h e r  low i n  i n t e n s i t y  and t h a t  t h e  main peak 

i s  due t o  t h e  nitrogen-donor l igand.  No peaks due t o  t h e  
+ InL ( L = bipy o r  phen) ions o r  t o  t h e  molecular ion  

were de tec ted .  

The mass s p e c t r a  of CpIn12 and Cp21nI ( t a b l e s  37 and 

40) show some i n t e r e s t i n g  d i f fe rences .  In  t h e  former,a peak 

of low i n t e n s i t y  loca ted  a t  496 (m/e) due t o  t h e  11-11~' ions 

+ was detec ted ,bes ides  t h e  peak of t h e  In12 a t  369. These 

peaks were no t  observed i n  t h e  spectrum of Cp21nI. As was 

suggested before ,both  s o l i d s  could involve polymeric s t r u c -  

t u r e s  i n  view of t h e i r  low s o l u b i l i t i e s .  The Raman s p e c t r a  

of t h e s e  s o l i d s  c l e a r l y  show t h e  d i f f e r e n c e  i n  t h e  In - I  

s t r e t c h i n g  modes. Whereas CpIn12 shows only two bands , i .e . ,  , 

155 and 139 which have been assigned t o  t h e  te rminal  

and br idging  In - I  s t r e t c h i n g  modes, these  v i b r a t i o n s  a r e  

observed a t  178 and 145 cm-' i n  Cp21nI. Taking i n t o  account 

t h a t  an i n c r e a s e  i n  t h e  mass of t h e  s u b s t i t u t u z n t  would 

produce a  decrease of t h e s e  frequencies ,  t h e  In- I s t r e t c h i n g  



TABLE 37 

The mass spectrum of CpIn12 

( ~ y c c i w ~ n  normalized to base penk m/e 63 = 100%) 

Excitat i on Vo-L tage : 80 e~ 

Source Temperature : 10oOc 

& Intensity $ 

496 '7 
369 15 
242 18 

Assignment 

~n 13' 

m I,+ 
m I+ 
CP 2+ 



TABLE 38 

The mass spectrum of CpIn12*bipy 

(spectrum normalized to base peak m/e 156 = loo$) 

Excitation Voltage : 80 ev 

Source Temperature : 220'~ 

Ass i~nment 



The mass spectrum of CpIn1,aphen 

(spectrum normalized to base peak m/e 180 = loo$) 

Excitation Voltage : 80 e~ 

Source Temperature : 220'~ 

m/. Intensity $ Assignment 

100 + 180 phen 



The mass spectrum of Cp21nI 

(spectrum normalized to base peak m/e 66 = loo$) 

Excitation Voltage : 80 eV 

Source Temperature : 280•‹c 

Intensity $ 



stretching frequencies for Cp21nI would be expected to lie 

at higher frequencies,as in fact it is observed. In this 

sense it seems likely that the polymeric nature of CpIn12 

is different than the polymerization occurring in Cp21nI. 

This suggestion is supported by the mass spectrum of Cp21nI 
+ 

which shows no peak due to 1n1~' and In13 ions. The halogen 

bridging structure proposed for CpIn12 certainly allows the 

possibility that the molecule can be broken up in such way 

as to give rise to 

would be precluded 

be similar to that 

(111)~~. 

Discuss ion 

+ 1n12+ and In13 ions. This possibility 

for Cp,InI,where the polymerization may 

in the solid triscyclopentadienylindim 

The reaction of cyclopentadienylindiwn( I) with iodine 

in chloroform to yield CpIn12 involves the oxidation of 

indium(1) to indium(111). The present work served to clarify 

the mechanism by which the reaction takes place,and also the 

way in which the cyclopentadienyl ligand changes its bonding 

mode from a pentahapto tota monohapto form. It was observed 

that if the above reaction is carried out in the presence of 

a small amount of ethanol the resulting product is not the 

desired CpIn12,but indium maloiodide. Indium( I) iodide was 

obtained in quantitative yield (99s) and identified by its 

Raman and mass spectra. 



Simi lar  r e a c t i o n  were c a r r i e d  out u s i r g  e i t h e r  methyl- 

iodide  o r  t r i f luoroiodomethane i n s t e a d  of iodine .  In  a l l  

cases  , indium(1) iodide  was obtained i n  100% y i e l d  i n  both 

t h e  presence o r  absence of e thanol .  

The important bonding o r b i t a l s  i n  CpIn,following t h e  

work of Sh iba ta  e t  a 1  l 3  a r e  those  involving indium pZ ( o r  

s p  hybr id)  overlaping with t h e  r i n g  carbon o r b i t a l s  ( a l ) , a n d  

t h e  p, and p ( e l )  overlaping t h e  appropr ia t e  Cp T T - o r b i t a l s .  Y 
It seems reasonable t o  assume t h a t  t h e  formation of CpIn12 

occurs v i a  t h e  i n t e r a c t i o n  of t h e  e l  molecular o r b i t a l  of 

t h e  CpIn and t h e  TT* o r b i t a l  of iodine .  The formation of a 

t r a n s i t i o n  s t a t e  i n  which e l e c t r o n s  can flow from t h e  CpIn 

i n t o  an iodine  ant ibonding molecular o r b i t a l , a l l o w s  t h e  

formation of I n - I  bond a s  a r e s u l t  of t h e  weakening of t h e  

I- I bond. 

The e f f e c t  of e thanol  on t h e  r e a c t i o n  i s  exp l i cab le  

i n  terms of t h e  formation of a charge t r a n s f e r  complex 

between e thanol  and iodine,of  t h e  type 6+ 6 -  i n  

which t h e  iodine molecule i s  a l r eady  polar ized,and hence it 

would a l t e r  t h e  o r b i t a l  l e v e l s  of t h e  iodine.  More impor- 

t a n t l y , t h e  presence of a d ipo le  i n  I2 would encourage t h e  

f  o m a t  ion  of a l i n e a r  t r a n s i t i o n  s t a t e  Cp- In- I- I, from which 

indiwn(1) iodide  could be el iminated.  The p o l a r i z a t i o n  of 

t h e  C - I  bond i s  a  permanent f e a t u r e  of t h e  CH31 and CF31 



moleci~les and the linear transition state is again favoured 

needing no ethanol to eliminate InI. 

In the reaction of cyclopentadienylindium( I) with 

iodine in the presence of ethanol or with methyl iodide,the 

indium(1) iodide formed was filtered off and the filtrate 

evaporated to dryness. In both cases a brown pasty solid 

was obtained which could not be characterized. Dissolving 

the solids in CDC13,the 'H-n.m.r. spectra were recorded. 

The spectra showed no resonance due to the diene protons, 

but a number of peaks due to the CH3-CH2-0 group,and to 

C-CH2-C cyclic protons. No infrared absorptions due to the 

C = C stretching modes,were observed. In both cases a strong 

and broad band at about 3380 em-' was observed which may be 

evidence of association via intermolecular hydrogen bonding. 

At the present the way in which the ring would become satu- 

rated as well as the nature of these products are not well 

understood. 

The mass spectra of these solids taken at 3 0 0 ~ ~  yielded 

very little information. The brown pasty solid obtained from 

the reaction of CpIn with iodine yielded only one peak at 

+ 
m/e 45 assignable to the CH3-CH20 ions,whereas the product 

of the reaction with methyl iodide shows an intense peak at 

+ 
m/e 31 due to the CH30 ions,45 due to C H ~ C H ~ O +  and 46 due 

+ to CH3CH20H ions. Very weak peaks (relative intensities 4- 

5$) were detected at 113,127 and 128 m/e. 



Attempts t o  i s o l a t e  t h e  product o  f t h e  r e a c t i o n  of 

cyclopentadienylindium(1) with bromine i n  chloroform were 

unsuccesful.  The r e a c t i o n  of s to ich iomet r i c  ammounts of 

CpIn with bromine i n  t h e  presence of b i p y r i d y l  i n  d i l u t e  

s o l u t i o n  of chloroform y ie lded  a s o l i d  with t h e  r a t i o  

~ r / 1 n  ;;: 5,suggest ing bromination of e i t h e r  t h e  Cp r i n g  o r  

t h e  b i p y r i d y l ,  o r  both.  



C H A P T E R  V 

SOME MONOACETYLACETONATOINDIUM( 111) COMPUXES 

5.1 General - 

There are not many complexes of indium(111) involving 

chelate oxygen-donor ligands reported in the literature. 

The nuclear magnetic resonance and vibrational spectra of 

indium(111) complexes of tropolonate and 3-hydroxy-2-methyl- 

4-pyronate have been studied72 . The complex ~n(oxine), 161 
( oxine = 8-hydroxyquinolato ion) has also been prepared. 

Complexes formed by transition and non-transition 

metal ions with acetylacetone have been known for a long 

time. A common feature of these complexes is that the number 

of molecules of acetylacetone bonded to the metal is equal 

to the oxidation state of the central atom;when the ratio 

ligand to metal is increased or decreased,anionic or catio- 

nic species are obtained. 

~allium( 111) , indium( 111) like aluminium( 111) forms 
neutral ML3 chelates with acetylacetone (acac) 162. Polaro- 

graphic studies 72y163 on 1n(acac) in polar organic media 



have shown that the reduction occurs in one-electron steps., 

giving evidence for formally indium(11) species. Investiga- 

tion of the indium(~~~)/acetylacetonate system in aqueous 

media163 showed that the reduction of indium(111) species is 

dependent upon pH. X-ray powder tecAhniques have shown that 

63 ~n(acac), is isostructural with the iron(111) analog . 
164 The infrared and Raman spectra ,and force constant calcu- 

lations on 1n(acac) 165 have also been reported. 

Although a number of complexes of the type ~ ( a c a c ) ~ h  

166 167 
where M = Co, Pt, Sn or Ga , L = NH3 ,en,bipy,py ,phen , 
C1168J169 and Br 170 and n = 1 or 2 and m = 2 or 4,have been 

reported,there is no indium(111) complex where the number 

of acetylacetonato ligand is less than three,except the 

organometallic ~e,In(acac) derivative obtained by Clark and 

~ i c k a r d ~ ~  by reacting Me31n with the $ -diketone. 

As part of this thesis,complexes of the type 

~ n ( a c a c ) ~ ~ ~  where L = bipy,phen,py or d5-py and X = C1,Br or 

I have been prepared,characterized and their infrared and 

Raman spectra in the region 600 - 100 cm-' studied. 

5.2 The ~onoacetylacetonatoindiwn(111) Complexes - 
The reaction of indiwn(1) halides with an excess of 

acetylacetone yielded a brown pasty solid soluble in ethanol, 

and treating this solution with the corresponding nitrogen- 

donor ligand,a series of crystalline solids were obtained. 



Extraction of the brown pasty solid with chloroform lead to 

the identification of In(acac) species in solution. The 

undissolved solid was found to be In(acac)~~-2~~0. 

In the process of dissolution of the indium(1) halides 

in acetylacetone some disproportionation leading to indium 

metal was observed for the chloride but not for the bromide 

and iodide. After one hour refluxing,this indium metal was 

completely dissolved. It is believed that the oxidative 

process occurs in three steps 

i) InX + Hacac = ~~n(~)(acac)~] 

iii) In + 3Hacac = In( acac) + 3/2H2 

From semiquantitative experiments it was found that 

the species giving rise to the In(acac)~X~ complexes is 

1n(acac)x2 species and not In(acac) 3. 

The study of the infrared and Raman spectra of these 

complexes in the region 600-100 cm-l permitted the assign- 

ment of the indium-oxygen,indium-nitrogen and indium-halide 

stretching vibrations. The vibrational spectra of the d5-py 

derivative was useful in unequivocally assigning some bands 

due to the nitrogen-donor ligands and acetylacetone in the 

low frequency region of the spectra. 

Vibrational spectroscopy does not,in this case,allow 



a clear distinction between cis or trans arrangement of the 

halide ligands. In the trans In02N2X, chromophore the sym- 

metry is C and the indium-halide stretching modes 2vJ 

(al + b2) are infrared and Raman actives. For a cis struc- 
ture (c* symmetry) all vibrational modes are also infrared 

and Raman actives. 

5.3 Experimental - 

(a) Physical Measurements 

Physical measurements were performed as described 

previously in chapters I1 and IV. 

The infrared spectra were recorded on a Beckman IR-12 

spectrophotometer on vaseline mulls using polyethylene 

windows. 

Conductivity measurements were carried out with mM 

acetonitrile solutions. 

(b) Preparative Chemistry 

Pre~arat ion of 1n( acac LX, Com~lexes 

2rnmole of indium(1) halide were refluxed with an 

excess ( 4 0  ml.) of acetylacetone for 24 hours. A brown 

solution was obtained. The excess of acetylacetone was re- 

moved by pumping and then the pasty brown solid dissolved 

in ethanol. The corresponding nitrogen-donor ligand 



dissolved in ether (bipyridyl) ,dichloromethan~ (phenanthro- 

line) or neat ( pyridine or d,-pyridine) was added. 

After few minutes with stirring a crystalline solid 

precipitated,filtered off,washed with ether and dried at 

vacuum at 80'~. The solids are partially soluble in aceto- 

nitrile and in the mixture acetonitrile/methanol and 

complete soluble in the mixture acetonitrile/acetylacetone. 

The presence of ethanol in the crystalline lattice of 

these complexes was confirmed by infrared absorptions at 

3356 s, 2985 s, 1098 ms, 880 m and 802 ms cm-l. The reasons 

why ethanol stays so firmely bonded in the crystalline 

lattice of these complexes is not well understood at 

present. 

Attempts to prepare complexes with ligands other than 

nitrogen-donor,such as dmso,phosphines,diphosphines and 

halides were unsucce~sful. 

Table 41 shows the analytica1,melting point and 

conductivity data for the compounds reported in this chapter. 

5.4 Results 

The reaction of the brown pasty solid,obtained from the 

dissolution of indium(1) halides in acetylacetone, in ethanol 

with 2,21-bipyridyl,l,10-phenanthroline,pyridine and d5-py- 

ridine gave complexes of the type 1n(acac)LX2-C2H50H where 

X = C1,Br or I. All the complexes are air stable,light 
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yellow and crystalline solids. ~n(acac)phen~~.C~H~OH is a 

I green-yellow solid. The conductivity measurements confirm 
I 

the formulation of these compounds as non-electrolytes. All 

the complexes appear to have a molecule of ethanol in the 

crystalline lattice which could not be removed by vacuum 

evaporation and heating. The mass spectrum of a sample taken 

at different temperatures showed the presence of peak at 

m/e 43 to 47 that could be due to the C~H,OH+ ions. 

Vibrational Spectroscopy 

The vibrational spectra of these compounds have been 

studied in the region of 2000 to 100 cm-l by infrared and 

Raman spectroscopy. The infrared spectra of the trischelate 

complexes of bipyridyl and phenanthroline with first-row 

transition metal ions have been reported by several inves- 

tigators. Schilt and Taylor 171 studied the infrared spectra 

of these complexes in the region of 2000-600 cm-',whereas 

Inskeep 172 studied the region 2000-250 em-'. Clark and 

~illiams'~~ extended the infrared measurements down to 60 

Much less attention have received the bipyridyl and 

phenanthroline complexes of the group I11 elements. Carty 174 

has studied the far infrared spectra of the complexes of 

gallium(111) halides with bipyridyl of the type Ga~,(bipy) 
- 

(X = c~,I), Ga~r(bipy), and Gax,(bipy),~ where A = BF4 or 
- 

PF6 . The infrared absorption spectra of some complexes of 
ii 



- 
the type GaX3L3 where X = C1,Br and C104 and L = bipy or 

175 phen have been discussed by Kullba et a1 . 
Walton 58 has measured the Raman spectra of complexes 

of indium( 111) chloride with bipy,phen,py and pyrazine. He 
+ 

found that the complexes of the type InC12L2 have a cis 

configuration. 

Since the bands observed in the high-frequency region 

are mainly due to the ligands vibrations slightly perturbed 

by coordination and cannot be correlated with the stereo- 

chemistry,attention will be paid to the region of 600-100 
- 

cm ',except in the pyridine complexes where according to 

Gill et a1176,the splitting of some vibrational modes can 

be correlated with the stereochemistry of the compound. 

Table 42 lists the infrared and Raman bands of the 

complexes ~ n ( a c a c ) b i p y ~ ~ - ~ ~ H ~ ~ H  ( X = C1,Br or I) and their 

ass ignment s . 
The bands at 309 and 283 cm-l in the far-infrared 

spectrum of the chloride must arise from the v(1n-~1) 

stretching mode since they do not appear in the bromide and 

iodide spectra. The Raman spectrum of the bromide shows a 

band of medium intensity at 182 cm-',which can be assigned 

to the symmetric In-Br stretching mode since is absent in 

the other two complexes. The antisymmetric In-Br stretching 

mode comes out at 216 cm-I in the infrared,but was not 

detected in the Raman. The two bands at 141 and 173 cm-l in 



TABLE 42 

In f ra red  and Raman s p e c t r a  (600-100 em-') of 

1n(acac)bipyx2 ( X = C1,Br  o r  I) complexes 

Ir - Raman Ir - Raman Ir - Raman Ass ignment 

v s ( l n - ~ r )  

2 0 9 s  202m v s ( l n - 0 )  

v a ( l n - ~ r )  

238 m s  234 mw va ( ln -0 )  

259 ms v (1n-N) 

v s ( l n - c l )  

va( ~ n - ~ l )  

365 ms bipy v i b r .  

? 

417 s 415 mw acac v i b r .  

430 ms 430 s  acac v ib r .  

bipy v ib r .  

558 s 560 ms acac v ib r .  



the iodide can be undoubtly be assigned to the symmetric 

and antisymmetric In-I stretching modes. 

Because the low symmetry of these complexes the selec- 

tion rules for the vibrational spectra cannot be used to 

infer the stereochemistry of the complexes. A trans confi- 

guration(~~~) requires the appearance of the two indium- 

halide stretching modes in the infrared and the Raman. On 

the other hand,for a cis configuration (cl),no selection 

rules can be worked out as all the vibrations are both 

infrared and Raman actives. 

A similar situation was found in the complexes with 

phenanthroline. Table 43 shows the vibrational spectra of 

the 1n(acac)phenx2 ( X = C1,Br or I) complexes. 

In the chloride the antisymmetric In-C1 stretching 

mode is at 302 cm-I in the infrared. The symmetric mode was 

not observed,but it is probably covered by the strong and 

broad band at 284 cm-I due to the va(ln-N) vibration. In 

the Raman these vibrational modes are also probably covered 

by the strong absorption at 295 cm-I. In good agreement with 

the previously quoted assignment for the symmetric and anti- 

symmetric indium-bromide and indium-iodide stretching modes 

in the bipyridyl complexes,in the phenanthroline derivatives 

these vibrations are at 187 and 207 cm-I (212 em-' in the 

infrared) for the bromide and at 141 and 164 cm-I for the 

iodide,respectively. 



I n f r a r e d  and Raman s p e c t r a  (600-100 cm-l) of 

1n(acac)phenx8 ( X = C1,Br  o r  I) complexes. 

X = C 1  

Ir - Raman 
X = B r  

Ir - Raman 
X =  I 

Ir - Raman Ass ignment 

121 w 

141  w v s ( l n - I )  

164 w va ( ln - I )  

vs ( 1 n - ~ r )  

va( I n - ~ r )  

248 m 246 mw v  ( 1n- 0) 

271 mw v  ( 1n-N) 
S 

2 9 6 s  2 9 8 s  va ( ln -N)  
v,( ~ n - ~ l )  

413 mw acac  v ib r .  

426 s  428 vs acac v ib r .  

481 mw phen v ib r .  

502 mw phen v ib r .  

515mw 512 vw phen v i b r .  

562 mw 562 m acac  v ib r .  



In the pyridine and d,-pyridine complexes the In-C1 

stretching modes were found at higher frequencies than in 

the bipyridyl and phenanthroline analogs . Thus, in the 
~n(acac) (py) &12, the antisymmetric In-C1 stretching mode was 

found at 328 em-' in the Raman,whereas the symmetric mode 

appears at 288 em-'. The far-infrared spectrum shows a broad 

band at 291 em-' which probably covers the band due to the 

antisymmetric stretching mode (see table 44). In the deute- 

rated pyridine adduct these modes show up at 286 and 334 

em-' in the Raman and as a rather broad band at 297 em-' in 

the infrared. 

The assignment of the In-Br stretching modes Is more 

difficult since the symmetric stretching mode should appear 

at about 190 em-' according to the frequencies found in the 

other complexes reported here. In that region all three 

complexes show a strong band probably due to the symmetric 

In-0 stretching mode. The antisymmetric In-Br stretching 

was observed at 236 em-' in the Raman and at 227 em-' in the 

infrared. 

The indium-iodine stretchings in the pyridine and 

d,-pyridine adducts were observed in the Raman.The pyridine 

adduct shows three bands located at 132,152 and 161 cm-I assig- 

nable to these vibrations.Hawever the band at 161 em-' is also 

present in the bromide (159 em-') and the chloride (158 cm-I) 



In f ra red  and Raman s p e c t r a  (1000-100 cm-l) of 

~ n ( a c a c )  ( p y ) 2 ~ 2  ( X = C 1 , B r  o r  I) complexes ( a )  

Raman 

158 mw 

189 mw 

211 mw 

256 mw 

272 mw 

288 s 

328 mw 

395 s  
412 w 

424 s 

436 s 

638 s 

655 s  

938 m 

Ir - Raman 

I 
Raman As s  ignment 

132 w vS(1n-I) 
152 ms  va ( ln - I )  

161 m s  

188 s v S ( m - 0 )  

214 s va( ln-0)  

v s ( I n - ~ r )  

256 w v s ( l n - ~ )  

274 w v , ( ~ - N )  
vs( In-c1)  

v a ( l n - c l )  

389 s ? 

acac v i b r .  

427 s acac v i b r .  

436 s acac v i b r .  

acac v i b r .  

638 mw py vib,6a 
656 mw acac  v ib r .  

acac v ib r .  

py v i b , l l  

py vib,4 

acac  v ib r .  

acac v ib r .  

940 mw acac v ib r .  

( a )  Notation f o r  t h e  pyr id ine  bands i s  t h a t  g iven  by Kline 177 



a band between 157 and 146 cm-I was observed which is 

probably due to some ring vibration of the deuterated 

pyridine. In the pyridine adducts this band was observed 

between 161 and 158 cm-l. 

The In-0 stretching modes lie between 220-190 cm-l, 

whereas the In-N modes are observed between 300-240 cm-lin 

good agreement with the metal-nitrogen stretching frequencies 

178 found in complexes with bipyridyl and phenanthroline . 
Hester and Plane 16' assigned as In-0 stretching mode 

a band at 444 cm-I in the complex 1n(acac) 3 .  That band 

probably contains some contribution of the In-0 stretching 

mode,but it is too high in energy to be a pure stretching. 

In fact that band has been observed (with small variations) 

179 in most acetylacetonato complexes . 
The assignment of a cis or trans configuration from 

the vibrational spectra it is not possible. The similarity 

of the vibrational spectra of all the complexes reported 

in this chapter,suggests a similar structure for all of 

them. According to Gill et a1 176 since no splitting of the 

4,5,11 and 16b vibrational modes in the pyridine and 

deuterated pyridine derivatives were observed a trans formu- 

lation seems to be likely,however the X-ray crystal and 

molecular structure determination of the non-solvated 

complex 1n(acac)bipyc12 (see chapter VI) shows that the 

chlorine atoms are cis in this complex. Probably this also 



TABLE 45 

In f ra red  and Raman s p e c t r a  (1000-100 cm-I) of 

1n(acac)  (dSpy),x2 ( X  = C1,Br  o r  I) complexes 

Ir - Raman 

X = B r  

Ir - Raman 

X =  I 

Ir - Raman As s  ignment 

133 s v , ( ~ n - I )  

157 s 
176 ms va ( ln - I )  

198 ms v s ( l n - 0 )  

214 s  v,( 1n-0) 

v a ( l n - ~ r )  

264 w v s ( l n - ~ )  

279 w va ( ln -N)  
vS(1n-c1) 

v a ( m - c l )  

389 s  386 ms ? 

410 s acac v ib r .  

426 ms 424 s acac v ib r .  

508 ms  SPY 9 1 1  

535 s  SPY 94 
563 S acac v ib r .  
604 ms 612 w d5py ,6b 

626 w d5py ,6a 

652 m s  acac v ib r .  

667 m s  acac v ib r .  

780 s d 5 ~ ~  95 

795 S acac v ib r .  

825 s  831 s  dspy ,ga 
840 s 843 ms d5py ,3 
886 s  891 s  acac v i b r .  

925 s 934 w acac v ib r .  



apply to the other complexes prepared here. 

Mass Spectral Studies 

The main feature of the mass spectra of these complexes 

is a strong peak due to the nitrogen-donor ligand with a 

relative intensity of 100$ and a number of peaks in the range 

+ 
m/e 44 - 47 probably due to the CH~CO+ and C2H50H ions. 

+ All spectra show a peak at m/e 115 due to In ions. No peak 

+ due to the InL ions were detected in any case,whereas in 

all spe'ctra peaks from ~n(acac)+ and ~n(acac)~+ were found, 

although their relative intensities are rather low. In the 

bipyridyl and phenanthroline complexes peaks due to the 

+ ~n(acac)~ ions were detected. Table 46 shows a typical 

spectrum for these complexes. 

+ 
The peak due to the acac ions show up at m/e 100 with 

very low intensity ( <lo$) implying that the acetylacetonato 

ligand remains bonded to the indium whereas the nitrogen- 

donor ligand comes out easily. For one of the pyridine 

complexes, ~n(acac)(py)~~l,,the mass spectra were obtained 

at different temperatures starting at 70'~ and up to 160'~. 

No changes in the spectrum were observed and the peak due 

to the pyridine ( m/e = 79 ) was the main one all the times. 

This result implies that in fact the appearance of the 

nitrogen-donor ligand in the spectrum is not the result of 

thermal decomposition of the compound,but a simple ionizing 

process. 



 TAB^ 46 

The mass spectrum of ~n(acac) bipycl2- C ~ H ~ O H  

(spectrum normalized to base peak m/e 156 = 100;'p) 

Exciting Voltage : 80 eV 

Source Temperature : 1 9 0 ~ ~  

m/e Intensity $ Assignment 

In(acac) .+ 
m(acac) .+ 
~n(acac) CI+ 

~n(acac)+ 

b ipy+ 

~ n +  

acac + 



All the compounds show an intense peak due to the 

C,H~OH+ ions and a number of other peaks in this same region. 

Mass spectra obtained at 1 0 0 ~ ~  showed those peaks as well as 

after heating the sample up to 250'~. Mass spectra of 

~n(acac), showed a single peak at m/e = 43 of rather low 

inten~ity~whereas in 1n(acac)~1~.2~~0 this peak comes out 

at m/e = 42. The spectrum of crystalline sample of 

1n(acac)bipyCl2 similar to that used in the X-ray crystal 

structure deterrninati~n~which does not contain ethanol, 

showed also a single peak at 43 m/e assignable to the 

CH~CO' ions. The presence of ethanol is therefore confirmed 

once again. 

5.5 Discuss ion - 

Complexes of the type 1n(acac) LX~. C ~ H ~ O H  where L = 

bipyridyl,phenanthroline,pyridine and d,-pyridine and X = 

C1,Br or I were prepared. From the vibrational spectra it 

can be inferred that the In-C1 vibrational frequencies lie 

about 300 and 288 cm-' for the antisymmetric and symmetric 

stretching modes ,respectively. In 1n(acac) ~ 1 ~ .  2H20 the in- 

frared spectrum obtained in vaseline showed a strong band 

at about 300 cm-I split by ca.11 cm-I. On the other hand 

these modes lie at about 220 and 185 cm-I for the In-Br 

vibrations and at about 140 and 175 cm-I for the In-I 

vibrations,respectively. These frequencies agree well with 



the stretching frequencies found for other indiun halide 

complexes (see chapter I and 11). 

The indium-oxygen stretching modes lie at about 200 

and 215 cm-',although these vibrations were found somewhat 

at higher frequencies for the bipyridyl complexes. In 

164 ~n(acac)~ and ~n(tropolonate)~,this vibration are found 

at about 230 and 246 cm-l,respectively. In all cases a band 

at about 410 cm-I which probably involves an indium-oxygen 

stretching mode coupled with other vibration ( probably a 

C-CH3 stretching mode) was observed. 

Indium-nitrogen stretching modes were detected at about 

270 and 250 cm-I in keeping with previous work on bipyridyl 

293 and phenanthroline complexes of indium . 
In section 5.2 it was suggested that the oxidative 

reaction of the indium(1) halide with acetylacetone would 

involve the formation of H [ 1n(1) (acac)~] ,[ In(acac)~~], 

[ In(acac),] and H2. The species H [ 1n( I) (acac)~] must be 

very reactive and probably is consumed completely as no in- 

dication of its presence was found. The second and third 

species were readily identified by melting point determina- 

tion,Raman and mass spectra. If the brown pasty solid, 

obtained from the dissolution of the indium(1) halides in 

acetylacetone,is dissolved in chloroform and the resulting 

solution filtered off ,a white hygroscopic solid is left. 



This solid was identified analyt,ically as ~n(acac) C! 2. 2H29 

( analysis.~e~uired,<J: C 18.7, H 3 .  In 35.8, C1 22.1; 

~ound$: C 18.7, H 3.3, In 35.6, C1 22.2; melting point 

132~~). The 'H.n.m. r. spectrum of this solid in D20 is quite 

similar to that of ~n(acac)~ for which in CDC13 I*0 resonan- 

ces at 8.00 and 4.50 I- with respect to T.M.S. were found. 

In In(acac)~1~.2~,0 these resonances are at 7.97 and 4.37 I-, 

respectively. It is believed that this species is an inter- 

mediate in the formation of the complexes of the type 

reported in this chapter since: 

(a) attempts to prepare complexes from ~n(acac)~ were 

~nsuccessful. 

(b) attempts to prepare complexes from the chloroform 

extract of the brown solid which contains ~n(acac), ( 'H- 

n.m.r. spectrum of this solution showed resonances at 

8.01 and 4.50 T ) were also unsuccessful. 

(c) reactions of In(acac)~1~~2~,0 in ethanol with the corres- 

ponding nitrogen-donor ligand yielde the desired compounds. 

It is also believed that ethano1,which appears 

strongly bonded in the crystalline lattice of these com- 

plexes,plays an important role since attempts to prepare 

the complexes by reacting In(acac)~1~.2~,0 as well as the 

brown pasty solid,dissolved in water,acetonitrile,nitrome- 

thane and methano1,with the nitrogen-donor ligands did not 

yield the desired compounds and the reactants were recove- 



des in acetylacetone requires refluxing the mixture for 

several hours,it was not possible to detect the presence 

of hydrogen in order to confirm completely the proposed 

mechanism. 



C H A P T E R  VI 

THE CRYSTAL AND MOLECULAR STRUCTURE OF ACE'IYL- 

ACETONATO-2,2' -BIPYRIDYLDICHLOROINDIUM( 111) 

b 

6.1 Introduction 

In the preceding chapter,the preparation,characteri- 

zation and vibrational spectra of several complexes of 

indium(111) of the type 1n(acac)IX2. C2H50H where L = bipy, 

phen,py or d,-py and X = C1,Br or 1,were reported. By means 

of vibrational and mass spectra it was shown that the mole- 

cule of ethanol remains firmely bonded in the crystalline 

lattice of these complexes,even after drying under vacuum. 

Recrystallization of ~n(acac)bipy~l~.C~H~OH in a mixture 

of acetylacetone/acetonitrile allowed to obtain the non- 

solvated species whose crystal and molecular structure is 

reported in this chapter. It was also pointed out that 

because the low symmetry of the molecule,vibrational 

spectroscopy does not give a clear distinction between a 

cis or trans arrangement of the halide ligands and hence 

it seemed worthwhile to carry out the X-ray crystal and 

molecular structure determination of the ~n(acac)bipycl,. 



6.2 Determination of the Structure - 

(a) Crystal Growing 

Crystals of acetylacetonato-2,21-bipyridyldichloro- 

I indium(111) were obtained in several different mixtures of 

I solvents as dictated by its solubility. Crystals grown 

I from acetonitrile/methanol and acetonitrile/nitromethane 

r cauld not be used for Weissenberg and precession photographs. 

I The appropriate single crystals were obtained from a 1:l 

I mixture of acetylacetone/acetonitrile. 

I (b) Crystal Mounting 

I A colourless crysta1,parallelepiped in shape with 

dimensions of 0.55 x 0.26 X 0.30 mm. Was used for 

I Wei~senberg~precession photographs and data collection. 

( c) Photographs 

Frecession photographs of the h 0 1, h 1 &., h 2 4 ,  

1 k 2h, 2 k 2h and h k -2h layers about the b axis and 

Weissenberg photographs indicated the Laue symmetry 2/m 

and the systematic absences h 0 t, t = 2n + 1 and 0 k 0 

when k = 2n + 1. This allowed the space group to be 
unambiguously assigned as the monoclinic group ~21/c. 

The approximate unit cell dimensions were a = 11.37, 

b = 12.21, c = 14.30 and $ = 120•‹, V = 1720 i3. 



(d) Data Collection 

The crystal was mounted on a Picker FACS-1 computer 

controled four circle diffractometer,and optically aligned 

to position the crystal precisely at the point of inter- 

section of the q~ ,X and 28 ( w is coincident with 20 and 

therefore the crystal was also centered in w ) .  

Two reflections were carefully identified to deter- 

mine the setting of the crystal. This was achieved by setting 

the 20 value for one reflection with x = 0' and rp was driven 

until the reflection was located. A second reflection,with 
0 

r$ = 90 away from the first was then aligned by setting the 

20 angle and driving X. The orientation matrix was then 

obtained from the two reflections and the approximate unit 

cell dimensions. 

Accurate cell dimensions and their standard edors 

were determined from a least square fit to twenty strong 

reflections selected from the photographs and whose 28 

values were accurately measured on the diffractometer. 

Reflection intensities for the unique set of data 

(one quarter of the limiting sphere of reflection with 

25' 2 28 60' ) were collected using the 8 - 20 scan 

method using niobium filtered Mo - K, radiation,and a 

scintillation counter equipped with a pulse high discrimina- 

tor. 



For data collection the take-off angle was 1.0~ and 

each reflection was scanned for 1.05' in 28 ,this extended 

for the a, - a, dispersion. The background was counted for 

10 see. at each end of the scan range. Two standard reflec- 

tions were measured every 70 reflections and there was a 

systematic decreasing variation. The variation was t 5$ 

over the entire data. 

(e) Solution of the Structure 

The computer programs used in the solutions of the 

structure have been described elsewhere 181-183 . The raw 
intensity data was converted into unscaled structure 

factors 1 F I  . The net intensities were corrected for Lorentz 
and polarization effects;absorption corrections were neglec- 

ted. A reflection was considered unobserved if the net 

count was less than 30 where 

o = [total count.10 + 4.5 + (ts/t,)'(lO(~, + B ~ )  + 9 ) l b  

where ts and tb are the total scanning time and the total 

time for the background respectively and B1 and B2 are the 

counts for the backgrounds. 4988 reflections were measured 

of which 3524 were considered as observed. 

Examination of the three dimensional Patterson function 

allowed to determine the position of the indium since in 

the space group ~2,/c the four equivalent positions x,y,z; 
- - -  
X, y, z; x, *-Y, $+z and 2 ,  $+y, & - z  are related in the 



section of the unit cell by three vectors 2x, 2y, 22; 

1 2x, $, $-2z and 0, z-2y, -*. There were only three vectors 
meeting these requirements which indicated that the indium 

position to be approximately x = 0.1926, y = 0.2143 and 
0 

z = -0.1906. Two other peaks were located within 2.5 A 

from indium. Structure factors, 1 ~~l ,were calculated from the 

atomic coordinates of indium and chlorine atoms. A full 

matrix least square refinement was done on the set of data 

in the range 25' 2 26 60•‹,varying the scale and the posi- 
7 

t.ional parameters. The residual index R ( = ~ ( 1  ~~1 - 1  Fc1 ) /  
7 LI ~~l ) was 27.59 and the weighted residual index WR 

1 

\ T' 1 

( = (Lw(lF0I - 1 ~ ~ 1  )'/ LW~F~I )") was 35.2$. 

An electron density Fourier synthesis yielded 29 peaks 

which were used to calculate bond distances and bond angles 

between them. This allowed to locate the approximate coor- 

dinates of all non-hydrogen atoms. After a number of cycles 

of least square refinement with the indium and chlorine 

atoms assigned anisotropic thermal parameters of the form 

exp[ -Ull a*'h2 + UZ2 bX2k2 + U33 C*C* + 2U12 a* b* hk + 
* X 2U13 a*c*kr-e + 2U23 b c k t ]  and the other atoms isotropic, 

lead to a discrepancy index R = 5.7$ and WR = 7.4$. 

An electron density difference Fourier synthesis, 

computed at this stage,allowed to locate all hydrogen atoms, 

except those bonded to the ~ ( 1 2 )  and c(l~),i.e.,the methyl 

hydrogens. Two further least square refinement with all 



toms a n i s o t r o p i c  except ~(12) and ~(15) and t h e  hydrogen 

atoms ,gave a  r e s i d u a l  index R = 4.7% and WR = 5.7%. A new 

d i f fe rence  Four ier  func t ion  allowed t o  l o c a t e  two methyl 

hydrogen atoms,whereas t h e  o t h e r  four  were c a l c u l a t e d  from 

t h e  coordinate  p o s i t i o n  of t h e  carbon atoms t o  which they  

have t o  be bonded and t h e  previous ly  found methyl hydrogen 

atoms. An examination of bond l eng ths  and bond angles  

ind ica ted  t h a t  the  c a l c u l a t e d  hydrogens were reasonable.  

Fur ther  f u l l  mat r ix  l e a s t  square refinement with a l l  

non-hydrogen atoms a n i s o t r o p i c  gave a f i n a l  r e s i d u a l  index 

R = 4.3% and WR = 5.0$. A t  no time t h e  p o s i t i o n  o r  tempera- 

t u r e  f a c t o r s  of t h e  hydrogen atoms were r e f i n e d  d i r e c t l y ,  

al though t h e i r  pos i t ions  were p e r i o d i c a l l y  redetermined a s  

t h e  carbon atom p o s i t i o n s  were r e f ined .  

An e l e c t r o n  dens i ty  d i f f e r e n c e  map computed a f t e r  

refinement showed no p o s i t i v e  o r  negat ive  peak g r e a t e r  than  
0 

0.4 e / ~ = .  

The f i n a l  atomic coordinates  and temperature f a c t o r s  

a r e  l i s t e d  i n  t a b l e  47 and t h e  s t r u c t u r e  f a c t o r s  a r e  g iven  

i n  t a b l e  48. 



T A B U  47 

Final factional coordinates and thermal parameters ( a , b , c )  





Table 47 (continued) 

(a) The estimated standard deviations in the last significant 

figures are given in parentheses in this subsequent tables 

(b) U are in lo3 A2 
(c) Uij for InYc1(1) and cl(2) are in lo4  an and in lo3 A2 for 

the subsequent atoms. 



Table of observed and calculated structure 

factors for ~n(acac)bipy~l, 
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6.3 Results - 

(a) 1n(acac)bipyc12 Crystal Data 

(b) Description and Discussion of the Structure 

Acetylacetonato-2,2' -bipyridyldichloroindium( 111) is 

a molecular monomeric indium(111) complex where the indium 

atom is surrounded by two cis chlorine atoms,a bidentate 

bipyridyl and a bidentate acetylacetonato anion (figure 8). 
7 

The InC1202N2 group possesses a distorted octahedral con- 

figuration as can be expected for a complex having three 

different ligands. Table 49 lists the interatomic distances 

and angles along with the estimated standard deviations. 

Mean planes through appropriate groups of atoms are given 

in table 50. 

In 1n(acac)bipyc12 all ligand pairs are cis located. 

As a consequence,one chlorine atom is trans located to 0(2) 

of the acetylacetonato anion and the other is trans to ~ ( 1 )  

of the bipyridyl group. The reasons why the chlorine atoms 

are cis are not clear at present,but probably either kinetic, 

mechanistic,packing force effects or requirements in the 



TABLE 49 
0 

Interatomic distances ( A ) and angles ( deg ) 

(a) Interatomic Bonded Contacts 



Table 49 (continued) 

(b) Interatomic angles (deg) 



Table 49 (continued) 

(c) Selected Intramolecular Non-bonded Contacts 

(d) Intermolecular Contacts Shorter than 4.0 

(a) Figures in this column refer to the following symmetry 

transformations with respect to atoms in column one 
1 1 1 

(1) x, YJ z; (2) x, z+y, z-z; (3) x, r -Y ,  z-8; 
(4) 1-xJ y-*, *-z 







Figure 8. The molecular configuration of 1n(acac) b i p y ~ l ~  



bond lengths and angles needed to accomodate two bulky 

chelate ligands ,are involved. 

The observed indium-chlorine bond lengths are 

2.443(1) and 2.394(1) for 1n-~l(1) and In-Cl(2) respec- 

tively,in keeping with previously reported indium-chlorine 

bond distances in some halide complexes of indium(111). 

Indium-chlorine bond lengths in 1n(acac) bipy~l, are 

larger than in InC14 - 69(2.36(3) i) . In fact,the determined 
In-C1 bond distances resemble closer those found in penta- 

coordinate indium(111) species7' than in the hexacpordinate 
184 

complex . Direct comparison however cannot be made since 
- 

in InC14 ,1nc15,- and I n ~ l ~ ~ -  one is dealing with charged 

anionic species and all ligands are equivalent in contrast 

with the present neutral mixed ligands complex. The 

difference in In-C1 bond lengths is in agreement with the 

difference in trans power effect of the nitrogen and oxygen 

donor ligands; In-~l(1) is longer than 1n-~l(2) as result 

of being trans to 0(2). Thermal motion corrections on the 

indium-chlorine bond lengths bring these bond distances 

closer to the 1nclS2- values ( 1n-cl(1) = 2.455(1) and 

1n-cl(2) = 2.1(1) for ~n(acac)bipyCl, and In-Clapical= 

2.415(12) and In-Clbasal = 2.456(7) for 1nClS2-) ,but again 

direct comparison cannot be made as for the pentacoordinate 

indium(111) species no thermal motion corrections on the 

In-C1 bond distances were made. 



Analysis for planarity of the bipyridyl rings showed 

that one of the heterocyclic rings is planar,whereas the 

other,that containing ~ ( 2 )  presents a large departure from 

planarity. The heterocyclic rings make an angle of 10.9~ 

between each other. 

Similarly the acetylacetonato group presents a large 

departure from statistical planarity. However this deviation 

can be explained in terms of the very small estimated 

standard deviations of the coordinate position of the atoms 

as calculated from the least square refinement compared with 

that one can calculate for the supposed chemically equiva- 

lent bonds. 

Comparison of the determined indium-oxygen and 

indium-nitrogen bond lengths is rather difficult. At present 

there is no X-ray crystal structure determination reported 

on any indium-nitrogen donor ligand system,and very few on 

indium-oxygen donor systems. 

The complexed bipyridyl presents bond lengths which 

are essentially those observed in the free ligand,although 

in the crystalline state the molecule has a trans configu- 

rationlB5 ,whereas in the complex it is cis. 

A detailed analysis of the indium-oxygen bond lengths 

is not possible,at least from the point of view of comparing 

with other indium(111) species. At present no crystal struc- 

ture data on other acetylacetonato complexes of indium(111) 



are available and the most it can be said is that the indium- 

oxygen bond distances in 1n(acac)bipyc12 resemble closely 

those found in ~ n ~ ~ ( d m s o ) ~  56 ( 2.15 and 2.20 i). 
0 

In the acetylacetonato ligand the value of 1.397 A 

(averaged value) for the C-C (bridge) bond length in 
0 

1n(acac)bipyc12 lies between a single bond (1.54 A) and a 
0 

double bond (1.33 A) values and hence the ring in this 

ligand may be considered to involve delocalized n-bonding 

(or resonance) entirely comparable with other acetylaceto- 

nato complexes. 

Analysis of the data rePoreed in the literature shows 

that the angles within the chelate ring vary rather more 

than the C-0 and C-C distances from one compound to another. 

The angles found in ~n(acac)bipy~l, are in the same general 

range as those in other complexes. Cotton and Wood have 

suggested that the greater variability of the angles can 

be attributed to: 

i) the need for some sort of adjustment in the chelate ring 

shape in order to allow for the various sizes of the metal 

atoms, and 

ii) the fact that the angle deformation force constants are 

typically much smaller than those for bond stretching and 

compression. 

The 0-M-0 angle can be assumed to be dependent on the 

size of the central atom. Thus,the 0(1)-1n-0(2) angle in 



1% 

I 
I ~n(acac)bipy~l~ is comparable with that found in 

~r(acac) 4187;b9th metals having comparable sizes. However, 

in In(acac)bipy~l, where other two ligands are present,one 

of which is producing a large distortion, simple relation- 

ships do not hold. Although indium is larger than platinum, 

the 0-M-0 in Me,% (a~ac)en'~~ is 85' and the M-0 bond length 
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