
PHOTOCHEMISTRY OF INORGANIC AND ORGANOMETALLIC 

COMPLEXES.1N VARIOUS MEDIh 

\ 

Bentley J. Palmer 

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

in  the Department 

of 

Chemistry 

Bentley J .  Palmer 1992 

SIMON FRASER UNIVERSITY 

0 All rights reserved. This work may not be 
reproduced i n  whole or in  part, by photocopy 

or other means, without permission of the author. 



Name: 

Degree: 

Title of Thesis: 

APPROVAL 

Bentley J. Palmer 

DOCTOR OF PHILOSOPHY 

PHOTOCHEMISTRY OF INORGANIC AND ORGANO- 
METALLIC COMPLEXES IN VARIOUS MEDIA 

Examining Committee 
Chairperson: Dr. F.W.B. Einstein 

I$'. R'.H. Hill, Senior Supervisor 

Dr. I.D. Gay, ~ e i s o r y  Committee 

- 
Dr. D. Sutton, ~u#&visory Committee 

Dr. Y.L. Chow, 1h6rGal Examiner 

Dr. ,k Takats, External Examiner 
Department of Chemistry 
University of Alberta 

Date Approved: &PI \9 9 7 



PARTIAL COPYRIGHT LICENSE 

I hereby grant to Simon Fraser University the right to lend my 

thesis, project or extended essay (the title of which is shown below) to 

users of the Simon Fraser University Library, and to make partial or 

single copies only for such users or in response to a request from the 

library of any other university, or other educational institution, on its own 

behalf or for one of its users. I further agree that permission for multiple 

copying of this work for scholarly purposes may be granted by me or the 

Dean of Graduate Studies. It is understood that copying or publication 

of this work for financial gain shall not be allowed without my written 

permission. 

Title of Thesis/Project/Extended Essay: 

PHOTOCHEMISTRY OF INORGANIC AND ORGANOMETALLIC COMPLEXES IN 

VARIOUS MEDIA 

Author: -n _ , .  __. r _ - 
(signature) 

BENTI EY J. PALMER 



Abstract 

This  t h e s i s  describes t h e  e f f e c t  of r e a c t i o n  medium upon 

photochemical and photochemical ly  induced r e a c t i o n s .  The media 

d i s cus sed  w i l l  i n c lude  g l a s s e s  and amorphous f i l m s .  The photochemistry 

of  amorphous i no rgan ic  f i l m s  i s  a r e l a t i v e l y  unexplored a r ea  of 

research ,  which may r e v e a l  a d i f f e r e n t  range of r e a c t i v i t y  t han  i s  

p o s s i b l e  i n  o t h e r  media. The r e s u l t s  obtained,  a s  a r e s u l t  of 

photo lys ing  amorphous f i lms ,  a r e  compared and c o n t r a s t e d  t o  t h e  weal th  

of e x i s t i n g  knowledge r ega rd ing  ino rgan ic  photochemistry conducted i n  

g l a s s  o r  s o l u t i o n .  

The k i n e t i c s  of t h e  o x i d a t i v e  a d d i t i o n  of Rf3SiH (R', = Et, ,  Et,Me, 

EtMe,, E t 2 H )  t o  photogenerated (qS-c,R,) Mn (CO) , (R, = H,, Me,, H,Me) 

were s t u d i e d  i n  g l a s s e s  and t h e  Arrhenius  E, va lues  v a r i e d  from 2 

k ~ / m o l  ( R r 3  = EtMe,) t o  35 k ~ / m o l  ( R t 3  = E t 2 M e ) .  The r a t e  c o n s t a n t s  

were amenable t o  i n t e r p r e t a t i o n  by a mas te r  equa t ion  r e l a t i n g  energy 

exchange between r e a c t a n t  molecules and a r e a c t i o n  medium t r e a t e d  a s  a 

hea t  ba th .  This  r e s u l t e d  i n  a chemical ly  more reasonable  range f o r  t h e  

E, va lues  of 27 kJ/mol t o  38 kJ/mol. 

The p h o t o l y s i s  of  cis- (q5-c,M~,) ~e (CO) ,x, ( X  = Me, C1, B r ,  I) , i n  

low temperature  g l a s s e s  was found t o  r e s u l t  i n  t h e  i somer i za t i on  t o  

t r ans -  (q5-c,M~,) ~e (CO) zX2, through a ( q 5 - ~ , ~ e 5 )  Re (CO) X, i n t e rmed ia t e .  

The in t e rmed ia t e  r e a c t e d  with f r e e  CO t o  y i e l d  e x c l u s i v e l y  

5 t r a n s - ( q  -C,Me,)Re(CO),X,. The p h o t o l y s i s  of an amorphous f i l m  of 

iii 



cis- (~l~-c ,~e, )Re (CO) 2Br2,  a t  77  K, r e s u l t e d  i n  t h e  product ion  of two 

d i s t i n c t  isomers of ( r 15 -~5~e5)  Re (CO) Br2  One of t h e  isomers r e a c t e d  with 
5 free CO t o  give,  exc lus ive ly ,  cis- (q -C5Me5) Re (CO) ,Br2. 

The p h o t o l y s i s  of i no rgan ic  complexes, i n  a g l a s s  o r  s o l u t i o n ,  

g e n e r a l l y  r e s u l t s  i n  t h e  e x t r u s i o n  of a two e l e c t r o n  l i g a n d  fol lowed by 

subsequent thermal  chemis t ry .  However, i n  f i l m s ,  t h e  photoext rus ion  of 

s e v e r a l  l i gands  from t h e  coo rd ina t ion  sphere  and t h e  product ion  of meta l  

and meta l  oxide f i l m s  i s  p o s s i b l e .  

This  has  been i l l u s t r a t e d  by i n v e s t i g a t i n g  t h e  photochemistry of 

i no rgan ic  complexes of T i ,  Mn, Re, Co, and N i  a s  amorphous f i l m s .  We 

have demonstrated t h e  photoext rus ion  of t h e  fo l lowing  l i gands ;  CO, NH3, 

N3, NO, C5H5, C5H,Me, P E t 3 ,  and B r  from complexes depos i t ed  a s  

f i l m s .  The mechanisms of t h e s e  r e a c t i o n s  a r e  d i s cus sed .  
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Chapter 1: Introduction 

1 .1  Photocheraical and thermal reactions of inorganic and organometallic 

species i n  various media 

Discussed in this thesis is the reactivity of inorganic and 

organometallic species studied in various media; solution, low- 

temperature glasses, and amorphous films. The photochemistry of 

inorganic and organometallic compounds has been an active area of 

research for several years. However, the majority of photochemistry 

has been conducted on molecules that were in or in low 

temperature matrices. 5-8 The photoreactivity of inorganic complexes, in 

each of those media, is well understood. 1,2,9 The study of the 

photochemistry of inorganic and organometallic solids has progressed at 

a much slower rate than studies done in other media.2 The majority of 

the research conducted on solid-state organometallic complexes has been 

done by solid-state physicists and material scientists. 10,ll However, 

the study of the reactions of inorganic and organometallic complexes, as 

amorphous films, remains a relatively unexplored area. The chemist 

studying solid-state inorganic and organometallic complexes has a 

different perspective of the area than solid-state physicists and 

material scientists. 

Commonly, photolysing inorganic and organometallic complexes, in 

solution, or in low-temperature glasses results in the photo-extrusion 



of a l i g a n d  (equa t ion  1-1). The photochemically genera ted  spec i e s ,  ML5, 

may subsequent ly  undergo another  photochemical r e a c t i o n  o r  a thermal  

r e a c t i o n  (equa t ion  1 -2 ) .  However, t h e  range of r e a c t i o n s  t h a t  a r e  

p o s s i b l e  depend on t h e  medium i n  which t h e  r e a c t i o n  i s  c a r r i e d  o u t .  For 

example, i n t e rmed ia t e s  t h a t  a r e  unobservable i n  s o l u t i o n  s t u d i e s  may be 

s t a b i l i z e d  and c h a r a c t e r i z e d  when t h e  r e a c t i o n  i s  c a r r i e d  ou t  i n  a low- 

7 12  temperature  g l a s s  o r  m a t r i x  . Discussed i n  t h i s  t h e s i s  a r e  t h e  

s t u d i e s  done on t h e  photochemical and thermal  r e a c t i o n s  of i no rgan ic  and 

organometa l l i c  complexes i n  va r ious  media. Some of t h e  methods used t o  

c h a r a c t e r i z e  r e a c t a n t s ,  i n t e rmed ia t e s ,  and products  a r e  uncommon. 

Therefore ,  it would be h e l p f u l  t o  d i s c u s s  t h e  va r ious  techniques .  

1.2 The use of cryogenics and FTIR spectroscopy to investigate 

reactions 

The method we used t o  monitor some of t h e  r e a c t i o n s  s t u d i e d  was a 

v a r i a t i o n  of t h e  m a t r i x - i s o l a t i o n  technique.13 Matr ix  i s o l a t i o n  is  an 

extremely u s e f u l  t echnique  f o r  s tudying  uns t ab l e  i n t e rmed ia t e s .  The 

theo ry  of m a t r i x - i s o l a t i o n  is  a s  fo l lows:  I f  a r e a c t i v e  o r  u n s t a b l e  

s p e c i e s  i s  t r apped  i n  a r i g i d ,  chemical ly  i n e r t  s o l i d  a t  a s u f f i c i e n t l y  

low temperature ,  t hen  i t s  l i f e t i m e  may be  extended almost  i n d e f i n i t e l y .  



I f  t h e  s o l i d  ma t r ix  i s  r igid enough t h e  t rapped ,  normally uns tab le ,  

species cannot d i f f u s e .  I f  t h e  p o s s i b i l i t y  of d i f f u s i o n  is  removed, a 

t r apped  molecule is  unable  t o  r e a c t  with o t h e r  s p e c i e s  i n  t h e  ma t r ix .  

General ly ,  t h e  ma t r ix  i s  suppor ted  on a s a l t  window ( u s u a l l y  CsI o r  KBr)  

which is  clamped i n  a meta l  ho lde r  a t t a c h e d  t o  a r e f r i g e r a t i o n  source .  

This  can be a Dewar con ta in ing  l i q u i d  helium ( 4  K ) ,  l i q u i d  H2 (20 K )  o r  

l i q u i d  n i t rogen  (77  K ) .  Some workers favour  a c lo sed  c y c l e  helium 

r e f r i g e r a t o r ,  which may ope ra t e  a t  any temperature  i n  t h e  range 10 K - 
273 K I  a s  t h e  r e f r i g e r a t i o n  source .  The m a j o r i t y  of t h e  low temperature  

s u r f a c e  f i l m  s t u d i e s  were done with a l i q u i d  n i t rogen  cooled  Dewar. The 

f i l m  samples, maintained a t  approximately l o - )  t o r r ,  were 

s p e c t r o s c o p i c a l l y  monitored by p l a c i n g  t h e  ce l l  i n  t h e  sample beam of an 

FTIR and/or  W/Vis spec t rometer .  

I d e a l l y ,  t h e  ma t r ix  chosen i s  t r a n s p a r e n t  i n  t h e  region used f o r  

s p e c t r a l  examination. T r a d i t i o n a l l y ,  t h e  ma t r i ce s  most commonly used 

a r e  methane, n i t rogen  o r  argon, which a r e  t r a n s p a r e n t  i n  t h e  IR ,  v i s i b l e  

and nea r  W reg ions .  12 

A s  mentioned e a r l i e r ,  we used a v a r i a t i o n  of t h e  s t anda rd  matr ix-  

i s o l a t i o n  technique .  I n s t e a d  of forming t h e  ma t r ix  from i n e r t  gases ,  

o rgan ic  s o l v e n t s  which form g l a s s e s  a t  low temperature  were used. The 

organometa l l i c  complex of i n t e r e s t  i s  d i s so lved  i n  an o rgan ic  o r  

o rganometa l l i c  s o l v e n t  and p l aced  i n  a CaF2 f aced  high conduc t iv i t y  

copper cell .  The sample i s  cooled  r a p i d l y  whereby t h e  so lven t  forms a 

g l a s s .  Unlike a c r y s t a l ,  g l a s s e s  possess  no long range t r a n s l a t i o n a l  o r  

r o t a t i o n a l  o rde r .  l4 Glasses  a r e  no t  i n  thermodynamic equi l ib r ium.  A 

g l a s s  is  formed by r a p i d  cool ing ,  which t r a p s  t h e  m a t e r i a l  i n  t h e  g l a s s y  



s t a t e .  Thermodynamically, a c r y s t a l  i s  of lower energy, bu t  k i n e t i c s  

prevent  t h e  system from achiev ing  t h e  g l o b a l  p o t e n t i a l  minimum. The 

k i n e t i c s  a t  low tempera ture  make t h e  time s c a l e  f o r  c r y s t a l l i z a t i o n  
1 4  e s s e n t i a l l y  i n f i n i t e l y  long.  Once a g l a s s  has  been produced, t h e  

photochemical r e a c t i o n s  of t h e  t r apped  s p e c i e s  may be fol lowed a s  i n  t h e  

m a t r i x - i s o l a t i o n  technique .  15-18 However, t h e  use  of g l a s s e s  has  i t s  

l i m i t a t i o n s .  I n  condensed media, I R  bands may be  broadened caus ing  t h e  

l o s s  of some s p e c t r a l  in format ion .  Also, t h e r e  i s  a cons iderab le  body 

of evidence i n d i c a t i n g  t h a t  g l a s s  ma t r i ce s  a r e  no t  i n e r t .  l9 The 

molecules of t h e  g l a s s  ma t r ix  may coo rd ina t e  wi th  a photo-generated 

unsa tu ra t ed  i n t e rmed ia t e .  Also, if t h e  g l a s s  forms a r i g i d  mat r ix ,  

recombination of photo-d issoc ia ted  fragments is  e f f i c i e n t  and r ap id .  A 

r i g i d  ma t r ix  g i v e s  rise t o  what i s  commonly r e f e r r e d  t o  a s  t h e  "cage 

e f f e c t "  . 20 The most important  problem with monitor ing s p e c i e s  i n  a g l a s s  

i s  due t o  t h e  absorbance of t h e  g l a s s y  m a t e r i a l .  However, t h e  primary 

advantage of a g l a s s  i s  t h e  a b i l i t y  t o  monitor r e a c t i o n s  over  a wide 

temperature  range. 

Matr ix  i s o l a t i o n  techniques  have been used f o r  s e v e r a l  yea r s  t o  

s tudy  main group molecules .  l2 Addi t iona l ly ,  t h e  s tudy  of t r a n s i t i o n  

meta l  carbonyls  and r e l a t e d  molecules,  u s ing  ma t r ix  i s o l a t i o n  

techniques,  is  a r i c h  and a c t i v e  a r e a  of r e s e a r ~ h . ~ '  The combination of 

FTIR spectroscopy and m a t r i x - i s o l a t i o n  techniques  has proven t o  be an 

extremely u s e f u l  way t o  s tudy  t h e  k i n e t i c s  and s t r u c t u r a l  d e t a i l s  of 

h igh ly  r e a c t i v e  organometa l l i c  f ragments .  



1.3 Surface sensitive analysis techniques 

Severa l  s t u d i e s  were done on t h e  photochemistry of i no rgan ic  and 

organometa l l i c  compounds depos i t ed  a s  amorphous f i lms  on a s i l i c o n  

s u b s t r a t e .  In  some of t h e  experiments  t h e  r e s u l t  of extended p h o t o l y s i s  

was t h e  photoext rus ion  of a l l  l i gands ,  a s  monitored by FTIR 

spectroscopy.  A s  a r e s u l t ,  o t h e r  s u r f a c e  a n a l y s i s  t echniques  had t o  be 

used t o  determine t h e  f i n a l  outcome of t h e  complexes. The techniques  

used t o  analyze t h e  f i l m s  r e s u l t a n t  from prolonged pho to lys i s  were 

o p t i c a l  i n t e r f e rome t ry ,  Auger emission spectroscopy,  X-ray photoe lec t ron  

spectroscopy and scanning e l e c t r o n  microscopy. A summary of t h e  

d i f f e r e n t  t echniques  is  given i n  Table  1-1. 

The amorphous i no rgan ic  and organometa l l i c  f i lms  were depos i t ed  on t h e  

unmasked reg ion  of a s i l i c o n  c h i p .  Removal of t h e  mask r e s u l t e d  i n  a 

f i lm-subs t r a t e  s t e p  edge. The f i l m  th i cknes s  could  be measured be fo re  

o r  a f t e r  t h e  f i l m  was photolysed.  O p t i c a l  i n t e r f e rome t ry  was used a s  a 

means t o  measure f i l m  th i cknes se s .  The technique  i s  based on t h e  same 

p r i n c i p l e  a s  t h e  Michelson i n t e r f e r o m e t e r  used i n  Four i e r  t ransform 

i n f r a r e d  spec t rometers .  I n  o p t i c a l  i n t e r f e rome t ry  a coherent  

monochromatic l i g h t  wave i s  passed  through a beam s p l i t t e r .  One beam 

s t r i k e s  t h e  sample and t h e  o t h e r  i s  r e f l e c t e d  from a mi r ro r .  The m i r r o r  

is  then  a d j u s t e d  u n t i l  i n t e r f e r e n c e  f r i n g e s  a r e  observed. A t  t h e  edge 

of t h e  f i lm ,  t h e  l i g h t  waves t r a v e l  d i f f e r e n t  d i s t a n c e s  depending on 

whether t h e y  a r e  r e f l e c t e d  from t h e  f i l m  o r  t h e  s u b s t r a t e .  The 

magnitude of t h e  s h i f t  of t h e  i n t e r f e r e n c e  f r i n g e s  a t  t h e  f i lm-subs t r a t e  

s t e p  edge i s  then  used t o  determine t h e  f i l m  th i cknes s .  

X-ray pho toe l ec t ron  spec t roscopy  (XPS), a l s o  known a s  e l e c t r o n  



spectroscopy f o r  chemical a n a l y s i s  (ESCA), is  a u se fu l  a n a l y t i c a l  

technique f o r  determining e lementa l  composition. In  XPS t h e  bombardment 

of a sample with X-rays r e s u l t s  i n  t h e  e j e c t i o n  of core  e l e c t r o n s .  

The e n e r g i e s  of t h e s e  secondary e l e c t r o n s  a r e  t hen  analyzed by means of 

where, Ek = k i n e t i c  energy of t h e  

P-rays (photoe lec t rons)  

hv = i nc iden t  photon energy 

E, = e l e c t r o n  binding energy 

an e l e c t r o s t a t i c  ana lyse r  i n  conjunct ion  with an e l e c t r o n  d e t e c t o r .  

The fundamental equat ion  of XPS spectroscopy i s  given i n  equat ion  1-3. 

It i s  t h e  b inding  energy of t h e  emitted e l e c t r o n s  t h a t  i s  r epor t ed  

i n  an XPS spectrum. The b inding  ene rg i e s  of e l e c t r o n s  a r e  

c h a r a c t e r i s t i c  of t h e  elements  ( o r  compounds) t hey  a r e  emi t t ed  from. 

The XPS technique i s  very  u s e f u l  f o r  d i s t i n g u i s h i n g  between t h e  var ious  

meta ls  o r  t h e  oxides o r  n i t r i d e s  of those  meta ls .  

I n  Auger emission spectroscopy (AES), a sample i s  bombarded by a 

focussed e l e c t r o n  beam of 1-10 keV energy which causes t h e  e j e c t i o n  of 

co re  e l e c t r o n s  from a l e v e l  Ex i n  atoms. The co re  hole  t h a t  was 

genera ted  i s  then  f i l l e d  by an e l e c t r o n  from a l e v e l  E, dropping down 

i n t o  t h e  co re  ho le  with t h e  energy d i f f e r e n c e  taken up by a t h i r d  

e l e c t r o n  from a l e v e l  E,. The t h i r d  e l e c t r o n ,  c a l l e d  an  Auger e l ec t ron ,  

is  then  e j e c t e d  from t h e  atom with an energy Eat given approximately by 



Table 1-1 

Some surface analysis techniques 

Method P a r t i c l e  Process  Information Monolayer E f f e c t i v e  
Measured S e n s i t i v i t y  Probing 

Depth 

Auger Auger e l e c t r o n  -Elements 10-I 20 A 
Emission e l e c t r o n s  i n ,  Li -U 
Spectroscopy Auger 
(AES) e l e c t r o n  

out  

Scanning 
E lec t ron  
Microscopy 
(SEMI 

e l e c t r o n s  e l e c t r o n  -Elements 
i n ,  Na-U 
d i f f e r e n t  
e l e c t r o n  
out  

none 

X-ray Photo- photo- X-ray -Elements 
E lec t ron  e l e c t r o n s  i n ,  Li -U 
Spectroscopy photo- -Chemical 
(XPS o r  ESCA) e l e c t r o n  Bonding 

out  



equa t ion  1-4 .  The Auger e l e c t r o n s  have ene rg i e s  unique t o  each atom, 

t h e r e f o r e ,  t h e  e n e r g i e s  of Auger e l e c t r o n s  al low a l l  t h e  elements  

p re sen t  (except  hydrogen and helium) t o  be i d e n t i f i e d .  Also, t h e  r a t i o  

of t h e  elements  may be determined from t h e  y i e l d  of Auger e l e c t r o n s .  

The r a t i o  of  t h e  elements  i s  h e l p f u l  i n  i n f e r r i n g  t h e  s to i ch iome t ry  of 

compounds such a s  metal  ox ides .  

I n  scanning e l e c t r o n  microscopy (SEM) a focussed e l e c t r o n  beam, 

wi th  e n e r g i e s  from 1 keV t o  20 keV, is  directed a t  a sample. I n  SEM 

t h e  focussed  e l e c t r o n  beam i s  scanned ac ros s  a smal l  a r e a  of t h e  sample, 

s i m i l a r  t o  t h e  process  i n  a t e l e v i s i o n  monitor .  The scanning e l e c t r o n  

beam causes  t h e  emission of e l e c t r o n s  from t h e  sample and t h e  emitted 

e l e c t r o n s  a r e  monitored. The number of emitted e l e c t r o n s  i s  r e l a t e d  t o  

t h e  geometry and o t h e r  p r o p e r t i e s  of t h e  sample. The r e s u l t  i s  

a three-dimensional  p i c t u r e  of t h e  s u r f a c e .  The technique  is  very 

u s e f u l  f o r  looking  a t  s u r f a c e  morphology. 

1 . 4  Interpretation of Kinetic Data 

U t i l i z i n g  low-temperature g l a s s e s  we were a b l e  t o  measure t h e  

k i n e t i c s  of t h e  o x i d a t i v e  a d d i t i o n  of t r i a l k y l  s i l a n e s  t o  

photochemically gene ra t ed  unsa tu ra t ed  organometa l l i c  s p e c i e s .  

Typica l ly ,  t h e  e n e r g e t i c s  of such r e a c t i o n s  a r e  i n t e r p r e t e d  u s ing  

Arrhenius law o r  Eyring theo ry .  However, t h e  problem wi th  Arrhenius  law 

and Eyring theo ry  i s  t h a t  t hey  may y i e l d  l i t t l e  o r  no chemical i n s i g h t  

8 



a s  t o  t h e  f a c t o r ( s )  i n f luenc ing  t h e  r a t e  of r e a c t i o n .  The 

i n t e r p r e t a t i o n  of k i n e t i c  d a t a  u s ing  e i t h e r  t h e  Arrhenius law o r  Eyring 

t h e o r y  y i e l d s  e s s e n t i a l l y  t h e  same energy of a c t i v a t i o n .  The e n e r g e t i c s  

of t h e  o x i d a t i v e  a d d i t i o n  of t r i a l k y l  s i l a n e s  t o  unsa tu ra t ed  

organometa l l i c  s p e c i e s  were i n t e r p r e t e d  u s ing  t h e  Arrhenius law and a 

t heo ry  developed by  inert . 22 L ine r t '  s t heo ry  al lows one t o  i n t e r p r e t  

t h e  e n e r g e t i c s  of an analogous series of r e a c t i o n s  based on t h e  energy 

exchange between r e a c t a n t  molecules and a r e a c t i o n  medium. The 

a p p l i c a t i o n  of L i n e r t r s  t heo ry  t o  our  k i n e t i c  d a t a  y i e l d e d  a very  

d i f f e r e n t ,  and chemical ly  more reasonable ,  range of a c t i v a t i o n  e n e r g i e s  

t han  an i n t e r p r e t a t i o n  based on Arrhenius  law. 

1 .5  Oxidative Addition Reactions 

Oxidat ive a d d i t i o n  r eac t ions23  a r e  among t h e  most important  c l a s s  

of r e a c t i o n s  i n  chemistry.  Oxida t ive  a d d i t i o n  r e a c t i o n s  a r e  t h e  r e s u l t  

of t h e  a c t i v a t i o n  of a v a r i e t y  of d i f f e r e n t  bonds t h a t  a r e  p re sen t  i n  

o rgan ic  and ino rgan ic  r eagen t s .  Hence, t h i s  c l a s s  of r e a c t i o n  i s  

important  f o r  t h e  c a t a l y t i c  a p p l i c a t i o n  of t r a n s i t i o n - m e t a l  complexes t o  

o rgan ic  s y n t h e s i s .  General ly ,  i n  o x i d a t i v e  a d d i t i o n  r e a c t i o n s ,  t h e  

meta l  undergoes an i n c r e a s e  of i t s  formal ox ida t ion  s t a t e  by two u n i t s  

(eq  1-51. 

Oxidat ive a d d i t i o n  r e a c t i o n s  a r e  thought  t o  proceed by one of t h r e e  

r e a c t i o n  r o u t e s .  The t h r e e  d i f f e r e n t  mechanisms observed f o r  o x i d a t i v e  



a d d i t i o n  a r e  a  concer ted  a d d i t i o n ,  a  n u c l e o p h i l i c  a t t a c k ,  and a  f r e e  

r a d i c a l  mechanism. A concer ted  a d d i t i o n  i s  t h e  proposed mechanism f o r  

t h e  a d d i t i o n  of H 2 .  A concer ted  a d d i t i o n  i n v a r i a b l y  occurs  i n  a  cis 

manner. Nucleophi l ic  a t t a c k  i s  common f o r  t h e  o x i d a t i v e  a d d i t i o n  of  

a l k y l  h a l i d e s ,  a l though no t  a l l  a l k y l  h a l i d e s  a r e  o x i d a t i v e l y  added via 

a  n u c l e o p h i l i c  a t t a c k .  The s t r o n g e s t  evidence f o r  t h e  o x i d a t i v e  

a d d i t i o n  of a l k y l  h a l i d e s  by a  n u c l e o p h i l i c  a t t a c k  mechanism comes from 

t h e  i n v e r s i o n  of con f igu ra t i on  a t  t h e  carbon a t t a c h e d  t o  t h e  meta l  . 2 4  

Alkyl h a l i d e s  which do n o t  o x i d a t i v e l y  add t o  a  meta l  by n u c l e o p h i l i c  

a t t a c k ,  commonly add by a  f r e e  r a d i c a l  mechanism. 25 '26 The f r e e  r a d i c a l  

mechanism i s  c h a r a c t e r i z e d  by l o s s  of  s te reochemis t ry ,  r e t a r d a t i o n  of 

t h e  r a t e  by r a d i c a l  i n h i b i t o r s ,  and a c c e l e r a t i o n  by oxygen o r  l i g h t .  

The reagents ,  X-Y, which a r e  known t o  undergo o x i d a t i v e  a d d i t i o n  

may be  d iv ided  i n t o  t h r e e  broad c l a s s e s .  The f i r s t  c l a s s  i n  non-polar 

s p e c i e s  such a s  H-H and a l s o  i nc ludes  low p o l a r i t y  s p e c i e s  l i k e  R3Si-H. 

The second c l a s s  i s  grouped under t h e  heading ' p o l a r  e l e c t r o p h i l i c r  and 

inc ludes  such molecules a s  RX, HX, and HgC12. The t h i r d  c l a s s  i s  

m u l t i p l y  bonded molecules such a s  O2 o r  Me02CS02Me which r e t a i n  one o r  

more X-Y bonds a f t e r  undergoing o x i d a t i v e  a d d i t i o n .  The c l a s s i f i c a t i o n s  

a r e  important  because t h e y  g i v e  an i d e a  of t h e  t ype  of o x i d a t i v e  

a d d i t i o n  t h e  reagent  w i l l  undergo. Non-polar ( o r  low p o l a r i t y )  

molecules and mu l t i p ly  bonded molecules t e n d  t o  undergo a  concer ted  

a d d i t i o n  t o  a  meta l  c e n t e r .  I n  t h e  c a s e  of square  p l a n a r  complexes, a  

concer ted  a d d i t i o n  y i e l d s  a  cis s te reochemis t ry .  Whereas, 

a l k y l  h a l i d e s  t e n d  t o  undergo o x i d a t i v e  a d d i t i o n ,  via a  n u c l e o p h i l i c  

a t t a c k  o r  f r e e  r a d i c a l  mechanism, commonly y i e l d i n g  a  trans 



s te reochemis t ry .  

Of i n t e r e s t  t o  us  was one of t h e  members of t h e  ' f i rs t  c l a s s 1  of 

reagents  which was t h e  low p o l a r i t y  s p e c i e s  R3Si-H. Transi t ion-metal-  

s i l y l  bonds a r e  most e a s i l y  formed by t h e  ox ida t ive  a d d i t i o n  of an Si-H 

bond. 27 Most important ly,  t h e  h y d r o s i l a t i o n  of o l e f  i n s ,  **  and 

ketonesz9 a r e  a l l  be l i eved  t o  involve  t h e  ox ida t ive  a d d i t i o n  of an 

Si-H bond. A s  a r e s u l t  of t h e  importance of t h e  ox ida t ive  a d d i t i o n  of 

s i l icon-hydrogen bonds t o  t r a n s i t i o n  metal  complexes we undertook a 

k i n e t i c  s tudy  t o  t r y  and better understand what governs t h e  r a t e  a t  

which t h i s  s t e p  proceeds.  

Discussed i n  Chapter 2 a r e  t h e  e n e r g e t i c s  of t h e  ox ida t ive  a d d i t i o n  

of a s i l icon-hydrogen bond t o  an unsa tu ra t ed  organometa l l ic  fragment f o r  

a series of s i l a n e s  and organometa l l ic  complexes. The v a r i a t i o n  i n  t h e  

exper imenta l ly  measured r a t e  c o n s t a n t s  could  not  be r a t i o n a l i z e d  wi th in  

t h e  framework of Eyring theory .  A more r e c e n t l y  developed theory,  

which was a l s o  app l i ed  t h e  k i n e t i c  da t a ,  appears  t o  exp la in  t h e  

v a r i a t i o n  i n  t h e  measured r a t e  cons t an t s  i n  a chemical ly more reasonable 

manner. 

1 . 6  Photochemistry of Inorganic and Organomtallic Complexes 

The use  of l i g h t  i s  one of t h e  most e f f i c i e n t ,  and s e l e c t i v e ,  ways 

i n  which t o  induce chemical r e a c t i o n s .  The photochemistry of inorganic  

and organometa l l ic  complexes ranges from probing non-d issoc ia t ive  

e x c i t e d - s t a t e  processes30 t o  inducing l i gand  l o s s .  31 There a r e  s i x  

major types  of e l e c t r o n i c  t r a n s i t i o n s  t h a t  r e s u l t  from photo lys ing  

t r a n s i t i o n  metal  complexes; l i g a n d  f i e l d  (LF) ,  metal  t o  l i gand  charge- 



t r a n s f e r  (MLCT), l i gand  t o  meta l  cha rge - t r ans fe r  (LMCT), meta l  t o  

so lven t  charge- t ransfer  (MSCT), meta l  t o  metal  charge- t ransfer  (MMCT), 

and i n t r a l i g a n d  ( I L ) .  However, only t h e  f i r s t  t h r e e  w i l l  be d iscussed  

s i n c e  they  a r e  t h e  most common and can r e s u l t  i n  e f f i c i e n t  l i gand  l o s s .  

Ligand f i e l d  o r  metal-centered e x c i t e d  s t a t e s  of organometa l l ic  

complexes a r e  t h e  r e s u l t  of e l e c t r o n i c  t r a n s i t i o n s  between t h e  meta l  d 

o r b i t a l s .  Since carbon-donor l i gands  a r e  r e l a t i v e l y  h igh  on t h e  

spectrochemical  series, 32 l i gand  f i e l d  t r a n s i t i o n s  of organometa l l ic  

complexes t e n d  t o  occur i n  t h e  u l t r a v i o l e t  and v i s i b l e  reg ions  a t  

r e l a t i v e l y  high e n e r g i e s  compared t o  t hose  observed f o r  t h e  ma jo r i t y  of 

c l a s s i c a l  coord ina t ion  compounds. 32,33 Addi t iona l ly ,  meta l  l i g a n d  bonds 

i n  organometa l l ic  complexes t e n d  t o  be h igh ly  covalent  g iv ing  rise t o  

metal-centered d-d t r a n s i t i o n s  which have s i g n i f i c a n t  l i gand  c h a r a c t e r .  

A s  a r e s u l t  of t h e  covalency, organometa l l ic  complexes t end  t o  have 

r e l a t i v e l y  high e x t i n c t i o n  c o e f f i c i e n t s  t h a t  a r e  on t h e  o rde r  of l o 3  - 
l o 4  M-I cm" f o r  t h e  I F  t r a n s i t i o n s .  However, t h e  d-d t r a n s i t i o n s  of 

c l a s s i c a l  coord ina t ion  compounds gene ra l ly  have e x t i n c t i o n  c o e f f i c i e n t s  

on t h e  o rde r  of 10' - l o 2  M-' c ~ n - ' . ~ ~  The most important p o i n t  t o  

no te  is  t h a t  e x c i t a t i o n  i n t o  t h e  LF s t a t e s  o f t e n  r e s u l t s  i n  e f f i c i e n t  

l i g a n d  l o s s .  3 4 

Metal t o  l i g a n d  cha rge - t r ans fe r  (MLCT) e x c i t e d  s t a t e s  a r e  t h e  

r e s u l t  of e l e c t r o n i c  t r a n s i t i o n s  from a metal  based o r b i t a l  t o  a 

l i g a n d  based o r b i t a l .  Formally, MLCT t r a n s i t i o n s  r e s u l t  i n  t h e  

ox ida t ion  of t h e  meta l  and t h e  reduct ion  of t h e  l i gand .  MLCT 

t r a n s i t i o n s  a r e  common f o r  organometa l l ic  complexes. Depending on t h e  

energy d i f f e r e n c e  between t h e  metal  based o r b i t a l s  and t h e  l i g a n d  based 



o r b i t a l s ,  t h e  MLCT t r a n s i t i o n s  may appear  i n  t h e  near - inf ra red ,  v i s i b l e  

o r  u l t r a v i o l e t  r eg ions .  S i m i l a r  t o  coo rd ina t ion  compounds, MLCT 

t r a n s i t i o n s  f o r  o rganometa l l i c  complexes a r e  u s u a l l y  i n t e n s e  with 

e x t i n c t i o n  c o e f f i c i e n t s  i n  t h e  10' - lo5 M-I cm-I range.  Also, t h e  

energy of a MLCT t r a n s i t i o n  i s  h igh ly  dependent on t h e  so lven t  used.  

The l a s t  t ype  of e l e c t r o n i c  t r a n s i t i o n  t o  be  d i s cus sed  w i l l  be  

l i g a n d  t o  meta l  cha rge - t r ans fe r  (LMCT) t r a n s i t i o n s .  A LMCT t r a n s i t i o n  

is t h e  r e s u l t  of an e l e c t r o n i c  t r a n s i t i o n  from a mainly l i g a n d  based 

o r b i t a l  t o  a mainly meta l  based o r b i t a l .  Organometallic complexes 

e x h i b i t  l a r g e  l i g a n d  f i e l d  s p l i t t i n g s  s i n c e  carbon donors a r e  h igh  i n  

t h e  spectrochemical  series. Therefore ,  LMCT t r a n s i t i o n s  t end  t o  be  

q u i t e  h igh  i n  energy.  

Each of t h e  above mentioned e l e c t r o n i c  t r a n s i t i o n s  can r e s u l t  i n  

l i g a n d  l o s s  from ino rgan ic  and organometa l l i c  complexes i n  bo th  s o l u t i o n  

and low temperature  ma t r i ce s .  However, would t h e s e  same e l e c t r o n i c  

t r a n s i t i o n s  g ive  rise t o  e f f i c i e n t  l i g a n d  l o s s  f o r  i no rgan ic  and 

organometa l l i c  complexes i n  t h e  s o l i d  amorphous phase? I f  l i g a n d  l o s s  

occurred,  would t h e  unsa tu ra t ed  s p e c i e s  be more o r  less s t a b l e  i n  t h e  

s o l i d  amorphous phase t han  i n  s o l u t i o n  o r  i n  low temperature  ma t r i ce s?  

I f  t h e  unsa tu ra t ed  s p e c i e s  were r e l a t i v e l y  long l i ved ,  could  one a f f e c t  

t h e  s e q u e n t i a l  photochemical l o s s  of a l l  l i gands  producing m e t a l l i c  

f i l m s  us ing  a low energy process?  These a r e  some of t h e  ques t i ons  which 

we wanted t o  t r y  and answer when we set o u t  t o  s tudy  t h e  photochemistry 

of amorphous i no rgan ic  and organometa l l i c  f i l m s .  



1 . 7  Basic outl ine of the research plan I 

The r e sea rch  p l an  was t o  s tudy  t h e  e f f e c t s  t h a t  d i f f e r e n t  phases  

have on t h e  photochemical and thermal  r e a c t i o n s  of i no rgan ic  and 

organometa l l i c  complexes. Discussed i n  Chapter 2 i s  t h e  thermal  

r e a c t i v i t y  of photochemically gene ra t ed  (q5-c,R,) M (CO) , s p e c i e s .  The 

unsa tu ra t ed  s p e c i e s  can be s t a b i l i z e d  i n  a low temperature  g l a s s  long  

enough t o  fo l low t h e  subsequent thermal  r e a c t i o n  with a s i l a n e  molecule.  

Hence, t h e  k i n e t i c s  of t h e s e  r e a c t i o n s  may be ob ta ined .  The e n e r g e t i c s  

of t h e s e  r e a c t i o n s  were i n t e r p r e t e d  wi th in  t h e  framework of va r ious  

t h e o r i e s .  

I n  Chapter 3 a d i s cus s ion  of t h e  mechanism of t h e  photochemical 

c i s - t r a n s  i somer i za t i on  of cis- (q5-C5~e5)  Re (CO) 2X2 (X = Me, C 1 ,  B r ,  I )  

is  p re sen t ed .  The s tudy  was conducted, u t i l i z i n g  low-temperature 

g l a s s e s ,  i n  o rde r  t o  understand t h e  mechanism of t h e  c i s - t r a n s  

i somer iza t ion .  The low-temperature g l a s s  s t a b i l i z e d  t h e  i n t e rmed ia t e  i n  

t h e  r e a c t i o n  whereby t h e  mechanism of  t h e  r e a c t i o n  could  be i n f e r r e d .  

Chapter 4 r e p r e s e n t s  t h e  f i r s t  of t h e  s t u d i e s  done on 

organometa l l i c  s p e c i e s  depos i t ed  a s  amorphous f i l m s .  The photochemistry 

of (q5-c5Me5) Re (CO) 2Br2 depos i t ed  a s  an amorphous f i l m  was i n v e s t i g a t e d .  

5 The s tudy  of (q -C5Me5)Re(C0)2Br,, a s  an amorphous f i lm ,  was an i d e a l  

choice  s i n c e  t h e  r e a c t i v i t y  of t h e  complex had been s t u d i e d  i n  

so lu t ion35  and i n  a low-temperature g l a s s .  36 Therefore ,  t h e  

photochemistry of a f i l m  of (q5-c5Me5) Re (CO) ,Br2 could  be compared t o  

i t s  photochemistry i n  s o l u t i o n  and a g l a s s .  

Chapters  5, 6, and 7 d i s c u s s  t h e  photochemistry of a v a r i e t y  of  

i no rgan ic  and organometa l l i c  complexes depos i t ed  a s  amorphous f i l m s .  



Where appropriate, complementary studies were done in solution or a low- 

temperature glass for a basis of comparison. 

Discussed in Chapter 8 is the photodecomposition of a titanium 

complex, deposited as an amorphous film, resulting in the deposition of 

approximately 2 pm wide Ti02 lines. Titanium dioxide is of practical 

importance in the semiconductor industry for use as a high dielectric 

constant material.37 AS far as I am aware, the above mentioned 

deposition of Ti02 films is the only single step process using standard 

photolithography techniques. 



Chapter 2:  Oxidative Addition of Trisubstituted Silanes t o  

Photochemically Generated ( T ~ ~ - C ~ R , )  Mn (CO) , species 

2 . 1  Introduction 

The r a t e  c o n s t a n t s  f o r  a  r e a c t i o n ,  o r  series of r e a c t i o n s ,  a r e  

commonly i n t e r p r e t e d  u s i n g  e i t h e r  Arrhenius  law o r  Eyring theo ry .  

Using Arrhenius  law one may o b t a i n  t h e  a c t i v a t i o n  energy (E,) f o r  a  

r e a c t i o n .  On t h e  o t h e r  hand, Eyring t h e o r y  a l lows  one t o  c a l c u l a t e  t h e  

en tha lpy  of a c t i v a t i o n  (AH') and t h e  en t ropy  of a c t i v a t i o n  (AS*). 

I t  has  been known f o r  s e v e r a l  y e a r s  t h a t  i n c r e a s i n g  t h e  temperature  

g e n e r a l l y  causes  a  s u b s t a n t i a l  i n c r e a s e  i n  t h e  r a t e  of r e a c t i o n s .  I t  

was f i r s t  d i s cove red  e m p i r i c a l l y  by Hood3* t h a t  t h e  r a t e  cons t an t  of 

a  r e a c t i o n  v a r i e s  with t h e  a b s o l u t e  temperature  accord ing  t o  equa t ion  

2-1, where A and B a r e  c o n s t a n t s .  Hood's obse rva t ion  was g iven  some 

t h e o r e t i c a l  s i g n i f i c a n c e  by van ' t  Hoff, 39 i n  1884, who argued on t h e  

b a s i s  of t h e  e f f e c t  of t empera ture  on e q u i l i b r i u m  c o n s t a n t s .  I t  was 

t h e s e  i d e a s  t h a t  ~ r r h e n i u s ~ '  a p p l i e d  s u c c e s s f u l l y  t o  a  l a r g e  number of 

r e a c t i o n s  and found t h a t  t h e  r a t e  cons t an t  was r e l a t e d  t o  t h e  

temperature  by t h e  r e l a t i o n s h i p  g iven  i n  equa t ion  2-2. The Arrhenius  

k = A exp (-E,/RT) 2 -2 

where, A = t h e  f requency f a c t o r  

16 



law i s  a completely e m p i r i c a l  r e l a t i o n s h i p  t h a t  has  achieved g e n e r a l  

usage a s  a r e s u l t  of  i t s  a p p l i c a b i l i t y  t o  va r ious  types  of r e a c t i o n s .  

Using t h e  Arrhenius  law, a thorough unders tanding  of t h e  f a c t o r s  

de te rmin ing  t h e  r a t e  c o n s t a n t  of a r e a c t i o n  r e q u i r e s  an unders tanding  of 

t h e  a c t i v a t i o n  energy and t h e  frequency f a c t o r .  Although t h e o r i e s  have 

been developed t o  i n t e r p r e t  t h e  Arrhenius  parameters ,  most of t h e s e  a r e  

f o r  g a s  phase r e a c t i o n s .  The i n t e r p r e t a t i o n  of k i n e t i c  d a t a  f o r  

condensed phase r e a c t i o n s  u s i n g  t h e  Arrhenius  law r e q u i r e s  t h e  use of 

s e v e r a l  approximations.  

The Eyring equa t ion ,  o r i g i n a l l y  de r ived  from t r a n s i t i o n  s t a t e  

t heo ry ,  i s  given i n  equa t ions  2-3 and 2-4. Eyring theo ry ,  l i k e  t h e  

where, k = Bol t  zmann' s cons t an t  

h = P l a n c k t s  cons t an t  

AG' = Gibbf s f r e e  energy of a c t i v a t i o n  

AS* = en t ropy  of  a c t i v a t i o n  

AHt = e n t h a l p y  of a c t i v a t i o n  

K = t r ansmis s ion  c o e f f i c i e n t  

Arrhenius  law, i s  limited by  t h e  in format ion  t h a t  it provides  a s  t o  t h e  

reasons  t h e  r a t e s  of analogous r e a c t i o n s  may d i f f e r .  The l i m i t a t i o n  

is, i n  p a r t ,  t h e  r e s u l t  o f  assuming t h a t  t h e r e  i s  an e q u i l i b r a t i o n  of 

a l l  v i b r o n i c  s t a t e s  i n  t h e  r e a c t a n t  system. 

Discussed i n  t h i s  c h a p t e r  a r e  t h e  r e s u l t s  of an exper imenta l  s t udy  

of  t h e  o x i d a t i v e  a d d i t i o n  of t r i a l k y l  s i l a n e s  t o  d6 16e unsa tu ra t ed  

s p e c i e s .  The o rganometa l l i c  r e a g e n t s  were gene ra t ed  a t  low temperature  
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5 by t h e  i r r a d i a t i o n  of (q -C5R5)Mn(C0) (R, = HSI  Me,, H4Me) s p e c i e s .  

The photochemical and thermal  r e a c t i o n s  a r e  summarized i n  equat ions  2-5 

and 2-6, r e spec t ive ly .  I t  i s  a l s o  p o s s i b l e  t h a t  t h e  16e in te rmedia te  may 

r e a c t  with t h e  photogenerated CO (eq.  2-7) 

5 
k 

(q -C,R,)Mn (CO),  + R' 3SiH - > (qS-~,R5 
A 

it was p o s s i b l e  t o  cause t h e  photochemical 

In  a low temperature g l a s s  

Mn(C0)  , + (CO) 2-5 

MnH (SiRr3)  (CO) , 2-6 

r e a c t  ion, CO d i s s o c i a t i o n  

(eq.  2-5),  t o  occur  a t  a r a t e  s u b s t a n t i a l l y  f a s t e r - t h a n  t h e  subsequent 

thermal  ox ida t ive  a d d i t i o n  of t h e  t r i a l k y l s i l a n e  (eq. 2-6) .  

Consequently, a t  low temperatures ,  r e a c t i o n  2-5 can be made t o  occur  

f a s t e r  than  2-6 thereby  accumulating (q5-~ ,~ , )Mn (co), . Therefore,  a s  

long a s  t h e  back r e a c t i o n  with f r e e  CO (eq .  2-7) is  t o o  slow t o  compete 

f o r  t h e  d icarbonyl ,  t h e  r a t e  of equat ion  2-6 i s  d i r e c t l y  measurable.  

Oxidat ive a d d i t i o n  by d6 systems i s  very  important i n  c a t a l y t i c 4 '  

and s t o i c h i o m e t r i c  processes  i nc lud ing  C-H a c t i v a t i o n  by 

( q 5 - ~ 5 ~ 5 )  Re (CO) PMe3. 42 I n  s o l u t i o n ,  t h e  ox ida t ive  a d d i t i o n  of 

t r i s u b s t i t u t e d  s i l a n e  t o  R~-C,H,)  Mn (CO) , and ( q 5 - ~ , ~ e 5 )  Mn (CO) has been 

shown t o  r e s u l t  from i r r a d i a t i o n  of t h e  corresponding t r i c a r b o n y l .  4 3 

The k i n e t i c s  of t h e  ox ida t ive  a d d i t i o n  of R1,SiH ( R t 3  = Et , ,  

Et,Me, EtMe,, Et,H) t o  photogenerated ( q 5 - ~ , ~ , )  ~n (CO) , (R, = H,, Me,, 

H4Me) have been s t u d i e d  i n  t h e  temperature range 70 - 130 K .  Since 
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i n i t i a l  r e s u l t s  i n d i c a t e d  t h a t  Arrhenius  law and Eyring t h e o r y  y i e l d e d  

l i t t l e  chemical i n s i g h t  a s  t o  t h e  f a c t o r s  t h a t  i n f l u e n c e  r e a c t i o n  r a t e s ,  

t h e  e n e r g e t i c s  of t h e  r e a c t i o n s  were i n t e r p r e t e d  u s ing  an a l t e r n a t e  

t h e o r y .  The e n e r g e t i c s  of  t h e  o x i d a t i v e  a d d i t i o n  of t r i a l k y l s i l a n e s  t o  

u n s a t u r a t e d  o rganometa l l i c  f ragments  were i n t e r p r e t e d  u s ing  t h e  

Arrhenius  law and a t h e o r y  developed by L i n e r t .  44-50 L ine r t '  s theory ,  

which t a k e s  i n t o  account energy  exchange between t h e  so lven t  and t h e  

r e a c t a n t  molecules ,  a l l ows  one t o  b e t t e r  unders tand  what i n f luences  t h e  

v a r i a t i o n  i n  t h e  r a t e s  of s i m i l a r  r e a c t i o n s .  

2 . 2  Results 

2 . 2  .1 Phot ogenerat ion of (r15 - C ~ R , )  Mn (CO) , and Oxidative Addit ion 

Products. 

The p h o t o l y s i s  of ( q 5 - ~ H 3 ~ , H 4 ) ~ n ( C 0 )  i n  a EtMe,SiH g l a s s  gave rise 

t o  bands due t o  t h e  16e s p e c i e s ,  ( q 5 - ~ ~ 3 ~ 5 ~ 4 ) ~ n ( ~ ~ ) 2 ,  a t  1942 cm-' and 

1870 cm-', and an unass igned  band a t  1845 cm-'. I n  a d i l u t e  

t r i a l k y l s i l a n e  g l a s s  (1:l MCH/EtMe2SiH mixture  by volume a t  room 

tempera ture)  p h o t o l y s i s  r e s u l t e d  i n  bands due t o  (q5-~H3~,H4)  Mn (CO) , a t  

1946 cm-' and 1876 cm-', and a n  unassigned band a t  1847 cm'l. The 

p h o t o l y s i s  of (T~'-c~H,) Mn (CO) i n  a MCH/Et2MeSiH g l a s s  showed bands due 

t o  t h e  16e s p e c i e s ,  ( q 5 - ~ 5 ~ , ) ~ n ( ~ ~ ) 2 ,  a t  1954 cm-' and 1885 cm-' and two 

unassigned bands a t  1868 cm-' and 1834 cm-'. Although t h e  o r i g i n  of t h e  

unexplained bands was unc l ea r ,  t h e i r  i n t e n s i t y  d i d  n o t  vary  on t h e  time 

s c a l e  of t h e  k i n e t i c  run .  Therefore ,  it was concluded t h a t  equa t ion  2-6 

r ep re sen t ed  t h e  n e t  thermochemistry of a l l  t h e  (q5 -~5~5)Mn(CO)2  (R, = 

H5, Me5, H4Me) s p e c i e s  s t u d i e d .  



For each of the systems studied, the photolysis of 

(q5-c,R,)M~(CO), species in a dilute (50150 vlv @ room temperature 

trialkylsilane-methylcyclohexane (MCH) mixture) or neat trialkylsilane 

(Rt3SiH) glass led to the loss of IR absorptions due to the starting 

complexes and the growth of new bands associated with the 16-electron 

species, (CO) ,, and the oxidative addition product (q5- 

C5R5) MnH (SiRr3) (CO) ,. It was not possible to see free CO (v = 2132 

cm-l) in trialkylsilane (or a 1 : 1 trialkylsilane1MC~ mixture) glasses 

due to the overwhelming Si-H absorption. The stoichiometry of the 

photochemical loss of CO for the manganese complexes studied has been 

shown to be one mole of CO produced per mole of (q5-~,~5)~n (CO) , 
Although the direct monitoring of the increase or decrease 

in the CO absorption was not possible, it should be noted that 

photoproducts other than (r15-~5~5)Mn (CO), were not detected with the 

exception of the (q5-~~,~,~,)~n (CO) 3/EtMe2SiH system and the (r15- 

CsH5) Mn (CO) 3/Et2MeSiH system. Relevant band positions for the compounds 

studied are summarized in Table 2-1. 

2.2.2 The Kinetics of the Oxidative Addition of Rf3SiH to 

(115-~5~5)m(~o) ,. 
A detailed description for studying the kinetics of the oxidative 

addition reactions is given in the Experimental section. However, the 

results obtained for a typical kinetic experiment will be discussed 

here. Before discussing the results of a particular system, it is 

important to note that in each of the reactions the trialkylsilane was 

in a large excess and did not change significantly during the course of 
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T a b l e  2 -1  

S p e c t r o s c o p i c  D a t a  f o r  R e l e v a n t  Compounds 

Complex TIK v ( C 0 )  a-1 TIK v (CO) cg-l 
( f 1 K )  n e a t a  (+ 1 K) d i l u t e  

(I:-cH~c~H~) Mn (CO) 1 1 3  1947 ,  1878  
(q -CH3C5H4) MnH (SiEt,Me) (CO) , 113 1974 ,  1907 

2 98 
1 0 5  2018 ,  1932  

Mn (CO) 2 1 0 5  1950 ,  1879  
MnH (SiEt2H) (C0) , 1 0 5  1976 ,  1910  

a:  Solvent was pure trialkylsilane. b: Solvent was a 50150 mixture (by 
volume at room temperature) of silane and methylcyclohexane. 

c: Additional bands that were observed after photolysis but that did 
not change on the time scale of the kinetic run. 



t h e  r e a c t i o n .  

I n i t i a l l y ,  a sample con ta in ing  (q5 -~H3~ ,H4)  Mn (CO) , i n  Et,SiH,/MCH 

was cooled  t o  115 K and photolyzed (F igure  2-1) .  Upon p h o t o l y s i s  t h e r e  

was a decrease  i n  abso rp t ion  bands a t  2020 cm-I and 1935 cm-I due t o  

( q 5 - ~ ~ , ~ , ~ , ) M n ( C 0 ) ,  and t h e  appearance of absorp t ion  bands due t o  (q5- 

CH3C5H,)Mn(CO), a t  1949 cm-' and 1880 cm-' and (q5- 

CH3C5H4)MnH(SiEt2H) (C0)2 a t  1978 cm-' and 1914 cm-'. Subsequently,  

s p e c t r a  were obta ined  a s  a func t ion  of time fo l lowing  t h e  consumption of 

t h e  ( q 5 - ~ ~ 3 ~ 5 ~ 4 ) ~ n ( C 0 ) 2  s p e c i e s  and t h e  formation of t h e  o x i d a t i v e  

a d d i t i o n  product ,  ( q 5 - ~ ~ 3 ~ 5 ~ 4 ) M n ~  ( S I E ~ , H )  (CO) , . Figure  2-2 i l l u s t r a t e s  

a t y p i c a l  r e s u l t  ob t a ined  f o r  t h e  r e a c t i o n  of ( q 5 - ~ ~ 3 ~ 5 ~ 4 ) M n ( ~ ~ ) 2  with 

Et2SiH2 i n  a ~t~SiH~/methylcyclohexane g l a s s .  Summarized i n  F igure  2-2 

a r e  t h e  absorbance d i f f e r e n c e  s p e c t r a  (spectrum a f t e r  p h o t o l y s i s  

s u b t r a c t e d  from subsequent s p e c t r a )  showing t h e  consumption of 

( q 5 - ~ ~ 3 ~ 5 ~ 4 ) M n  (CO) , (nega t ive  peaks) and t h e  formation of 

( q 5 - ~ ~ 3 ~ 5 ~ 4 )  MnH ( s ~ E ~ , H )  (CO) ( p o s i t i v e  peaks) . A p l o t  of 

I n {  [ ( q 5 - ~ ~ 3 ~ 5 ~ 4 ) ~ n  (CO) ,I r=O/ I (q5-c~,c5H4) ~n (CO) ,I I a g a i n s t  time (F ig .  

2-3) i s  l i n e a r ,  and t h e  s lope  y i e l d s  t h e  r a t e  cons t an t ,  k (3 .78  x 

-1 s ) ,  according t o  equa t ion  2-8. For each of t h e  systems s tud i ed ,  t h e  

dec rease  i n  absorbance due t o  (q5-c,R5)Mn (co), s p e c i e s  ( o r  i n c r e a s e  i n  

absorbance due t o  (q5-C5~,) MnH (SiRf3)  (CO) , spec i e s )  was found t o  be 

f i r s t  o rde r  i n  ( q 5 - ~ 5 ~ , )  Mn (CO) , . I n  bo th  ca se s  t h e  k i n e t i c  r e s u l t s  were 

i n t e r p r e t e d  i n  terms of t h e  f i r s t - o r d e r  r a t e  law given i n  equa t ion  2-8. 



(q5-CH3C5H4) W (CO) ,: negative bands a t  2020 and 1935 an-' 

( $5 -CH3~5~4)W(~~) , :  pos i t ive  bands a t  1949 and 1880 an-' 

( q 5 - ~ ~ , ~ 5 ~ , ) W  (H) (SiEt,H) (CO) , : pos i t ive  bands a t  1978 and 1914 an-' 

Figure 2-1: FTIR spec t ra l  changes associated with t he  photolysis of 
(9 -CH3C5H4)W(CO), i n  a 50150 (v/v) mixture of Et2SiH2 and 
methylcyclohexane. Spectrum p r i o r  t o  photolysis subtracted from 
spectrum a f t e r  photolysis.  
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Figure 2-2: Abgorbance difference spectra showing the consumption of 
(q5-CH,C,H,)Mn(CO) (negative peaks) and the formation of 
(q -cH,c,H,) MnH (co~,  (SiEt2H) (positive peaks) . 





Table 2-2 

RATE CONSTANTS FOR THE REACTION OF 16e (P5 -c,R,) Mn (CO) , COHPLEXBS WITH 
Rf,SiH & Rf2SiH2 

[Et SiH2IC 
3.1 
5 .1  
5 .1  

[Et siH2] 
lg.6 
15.6 
15.6 
15.6 

[Et MeSiHIC 1.1 
4 . 1  
4 . 1  
4 . 1  
4 . 1  

[Et M ~ s ~ H ] ~  
8.5 
8.5 
8.5 
8.5 
8.5 

[EtMe SiH] 
4 . 8  
4.8 
4.8 
4.8 
4.8 
4.8 

[EtMe,SiH] 
13.8 
13.8 
13.8 
13.8 

Complex R' ,SiH T k 
(MI a (K) 

(* 1 K) 
(s-l) 

(* 10%) 



Table 2 -2 (Cont hued) 

Complex R SiH T 
7w a (K) 

(* 1 R) (k 10%) 

[Et S ~ H ]  
7.0 103 1.16 x lo-, 
7.0 108 6.43 x lo-' 
7.0 113 2.63 x 
7.0 115 2.65 x 
7.0 11 8 1.13 x low3 
7.0 120 1.30 x 

a. Trialkylsilane concentrations corrected for solvent contraction 
@ 77 K. 

b. Neat trialkylsilane. 
c. MCHIsilane mixture (50150 v/v @ room temperature) . 



The c a l c u l a t e d  r a t e  cons t an t s  f o r  r e a c t i o n  of t r i a l k y l s i l a n e s  with t h e  

(q5-c,R,) Mn (CO) , complexes a r e  summarized i n  Table 2-2. 

2.3 Discussion 

The photochemical l o s s  of CO from (q5-c5R5) Mn (CO) t o  g i v e  

coord ina t ive ly  unsa tu ra t ed  spec i e s  ( eq  2-5) i n  low temperature 

t r i a l k y l s i l a n e  and hydrocarbon/trialkylsilane g l a s s e s  i s  c o n s i s t e n t  with 

previous  work.51 Unfortunately,  t h e  Mn-H s t r e t c h  could not  be observed 

i n  t h e  I R .  However, t h e  formation of a  two band p a t t e r n  i n  t h e  I R  ( a t  

h igher  frequency, r e l a t i v e  t o  t h e  unsa tu ra t ed  16e s p e c i e s )  concurrent  

with t h e  disappearance of t h e  two bands due t o  t h e  in te rmedia te  was 

c o n s i s t e n t  with t h e  ox ida t ive  a d d i t i o n  of t h e  t r i a l k y l s i l a n e .  

Concurrent with t h e  appearance of t h e  two carbonyl  bands of t h e  product 

was t h e  observa t ion  of a  resonance i n  t h e  'H NMR i n  t h e  -14.0 - -12.0 

ppm region  (Table 2-6) c o n s i s t e n t  wi th  t h e  formation of a  meta l  hydride.  

I R  absorp t ion  s p e c t r a  of a l l  t h e  Rr3SiH ox ida t ive  a d d i t i o n  products  

possess  two, approximately equa l  i n t e n s i t y ,  CO absorp t ion  bands 

i n d i c a t i v e  of -90' OC-Mn-CO ang le s .  52 Theref ore ,  i n  agreement with 

5 e a r l i e r  s t u d i e s ,  each (q -C5R5)MnH(SiRt3) ( C 0 ) 2  complex i s  formulated a s  

t h e  cis isomer. This  i s  c o n s i s t e n t  with t h e  c r y s t a l l o g r a p h i c a l l y  

determined s t r u c t u r e  of ( 1 1 5 - ~ 5 ~ , ~ e )  M ~ H  (SiMePhNp) (CO) , (Np = 1-CloH7) 

which has a  91.4' OC-Mn-CO angle,  and (q5 -c5~ , )Mn~  (SiPh,) (CO) , with a  

88.7' OC-Mn-CO ang le  ( i n  t h e  s o l i d  s t a t e )  both prepared by pho to lys i s  of 

t h e  app ropr i a t e  t r i c a r b o n y l  i n  t h e  presence of t r i a l k y l s i l a n e . 5 3  I t  

should be noted t h a t  t h e  ox ida t ive  a d d i t i o n  of an Si-H bond t o  a  

t r a n s i t i o n  metal  c e n t e r  does no t  always r e s u l t  i n  complete Si-H bond 
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breakage.  The incomplete o x i d a t i v e  a d d i t i o n  of an Si-H bond may be 

viewed a s  a two e l e c t r o n  t h r e e  c e n t e r  ( M I  S i ,  H) bond. A two e l e c t r o n  

t h r e e  c e n t e r  (Mn, S i ,  H )  i n t e r a c t i o n  has  been observed, by neut ron  

d i f f r a c t i o n ,  i n  t h e  complex ( q 5 - ~ 5 ~ , ~ e )  M ~ H  (SiFPh,) (CO) P 2 .  54  Recent 

X-ray and neut ron  d i f f r a c t i o n  r e s u l t s ,  and s t u d i e s  of 2 9 ~ i  NMR t o  o b t a i n  

t h e  coupl ing  c o n s t a n t s  J(SiMH), show t h a t  t h e  e x t e n t  t o  which t h e  

o x i d a t i v e  a d d i t i o n  is  complete i s  g r e a t e r  when t h e r e  a r e  e l e c t r o n -  

r e l e a s i n g  l i gands  on M and/or  h igh ly  e l e c t r o n  withdrawing s u b s t i t u e n t s  

(Rf  ) on S i .  53  Based on t h e  NMR d a t a ,  of t h e  systems r epo r t ed  here ,  t h e  

o x i d a t i v e  a d d i t i o n  of t h e  Si-H bond t o  t h e  metal  c e n t e r  should be 

cons idered  more o r  less complete.  

2 . 3 . 1  The order of the reaction 

The t r i a l k y l s i l a n e  concen t r a t i on ,  f o r  experiments  conducted i n  a 

nea t  t r i a l k y l s i l a n e  g l a s s ,  was no t  i nco rpo ra t ed  i n t o  t h e  r a t e  equa t ion .  

The r a t e  of a b imolecular  r e a c t i o n  can be thought  of a s  be ing  dependent 

on two main f a c t o r s ;  1) t h e  frequency of c o l l i s i o n  between r e a c t i n g  

molecules,  and 2)  t h e  c o l l i s i o n  energy (and geometry of t h e  two s p e c i e s )  

be ing  app rop r i a t e  t o  surmount t h e  a c t i v a t i o n  b a r r i e r .  General ly ,  f o r  

t h e  c a s e  of gas  phase r e a c t i o n s ,  t h e  i nco rpo ra t i on  of r e a c t a n t  

concen t r a t i on  i s  c r u c i a l .  I n  gas  phase r e a c t i o n s  (assuming r e l a t i v e l y  

low concen t r a t i ons  and p r e s s u r e )  t h e r e  a r e  a limited number of  r e a c t a n t s  

and a g r e a t  d e a l  of empty space .  Therefore ,  i nc lud ing  t h e  concen t r a t i on  

of t h e  r e a c t i v e  s p e c i e s  i s  important  i n  determining t h e  r a t e  of t h e  

r e a c t i o n .  Analogously, i n  s o l u t i o n ,  concen t r a t i ons  a r e  important  a s  a 

r e s u l t  of d i f f u s i o n a l  p roces se s .  However, i n  a nea t  t r i a l k y l s i l a n e  



glass, it is clear that each (q5-~5~5)Mn(~0)2 species is entirely 

surrounded by trialkylsilane molecules. Therefore, the probability of 

each (q5-~5~5)Mn(~0)2 molecule being surrounded by a sphere of 

trialkylsilane molecules is unity. Hence, each collision that a 

(q5-c5R5)Mn (C0)2 molecule undergoes is with a trialkylsilane molecule. 

For this reason, the trialkylsilane concentration in a neat 

trialkylsilane glass may be neglected. 

For kinetic experiments done in a 50/50 mixture of 

trialkylsilane/methylcyclohexane one can not simply neglect the 

trialkylsilane concentration. The probability of a (q5-c~R,) Mn (CO) 

species colliding with a trialkylsilane molecule, in a solvent mixture, 

can not be assumed to be unity. In a neat trialkylsilane glass there is 

no doubt that the probability of the unsaturated species colliding with 

a trialkylsilane molecule is one. However, in a glass containing a 

mixture of two solvents the reduced probability of a ( q 5 - ~ 5 ~ 5 ) M n ( ~ ~ ) 2  

species colliding with a trialkylsilane molecule must be taken into 

consideration. In a neat trialkylsilane glass the number of collisions 

between a (q5-C5R,)Mn (CO), molecule and a trialkylsilane molecule may be 

expressed by the general relationship given in equation 2-10. In 

equation 2-10, f (c) is the frequency of coll$sion and P ( H S i R f  3) is the 

probability of colliding with a trialkylsilane molecule. 

number of collisions oc f (c) x P ( H S i R f  3) 2-10 

The rate of the reaction may then be expressed by equation 2-11. 

However, a very different situation arises in a dilute trialkylsilane 
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g l a s s .  In  a  50/50 silane/MCH mixture it may be poss ib l e  t h a t  du r ing  t h e  

k = f (c) x P (HSiRr ,) e-Ea/RT 2-11 

process  of forming a  g l a s s ,  MCH p r e f e r e n t i a l l y  forms a  coord ina t ion  

sphere  around t h e  (q5-c5R5) Mn ( ~ 0 )  molecules .  However, t h i s  p o s s i b i l i t y  

does seem remote. The o t h e r  extreme, which seems ju s t  a s  un l ike ly ,  i s  

t h a t  i n  a  50150 mixture t h e  t r i a l k y l s i l a n e  p r e f e r e n t i a l l y  forms a  sphere 

around t h e  t r i c a r b o n y l  complex. The only workable assumption, and t h e  

5 one t h a t  was made, was t h a t  t h e  (q -C5R5)Mn(C0) molecules have a  

s t a t i s t i c a l  r a t i o  of t r i a l k y l s i l a n e  and MCH surrounding them. The 

r e l a t i o n s h i p  given i n  equat ion  2-10 would s t i l l  apply but  c l e a r l y  t h e  

p r o b a b i l i t y  of c o l l i d i n g  with a  t r i a l k y l s i l a n e  molecule changes. The 

p r o b a b i l i t y  of ( q 5 - ~ 5 ~ 5 )  Mn ( ~ 0 )  c o l l i d i n g  with a  t r i a l k y l s i l a n e  molecule 

would now be dependent on t h e  concen t r a t ion  of t r i a l k y l s i l a n e  molecules 

surrounding t h e  fragment (eq. 2-12). Therefore,  t h e  r a t e  of r e a c t i o n  i n  

a  d i l u t e  g l a s s  may be expressed  by combining equat ion  2-11 and 2-12 t o  

y i e l d  equat ion  2-13. Subsequently,  t h e  r a t e  cons t an t s  ob ta ined  i n  a  



Table 2-3 

Arrheniur Activation Parameters for the Reaction of 16e M (CO) 
with R f , S i H  

(q5-~~,c5~,) ~n (CO) , neat 
dil . 

( q 5 - ~ 5 ~ e 5 ) ~ n ( ~ 0 ) 3  dil. 

a : from reference 51 a) & 51 b) . 
b : from reference 51 c) after correcting for solvent contraction. 
dil. : diluted sample, 50150 mixture (by volume) with 

methylcyclohexane. 
neat : pure trialkylsilane. 



t r ia lkyls i lane/MCH mixture  were m u l t i p l i e d  by t h e  concen t r a t i on  r a t i o  

[HSiRf 3l dilute 1 [HSiR1 3 1 dilute + [MCHldi,ute} t o  c o r r e c t  f o r  d i l u t i o n .  

The concen t r a t i on  r a t i o s  given i n  equa t ions  2-12 and 2-13 r ep re sen t  t h e  

concen t r a t i ons  of t h e  c o n t r a c t e d  media. The r a t e  cons t an t s  (quoted i n  

Table 2-2) ob ta ined  i n  nea t  t r i a l k y l s i l a n e  omit t h e  t r i a l k y l s i l a n e  

concen t r a t i on  and those  ob t a ined  i n  d i l u t e  t r i a l k y l s i l a n e  have been 

c o r r e c t e d  a s  summarized above. 

2 . 3 . 2  Analysis of the reaction energetics according t o  Arrhenius 

law and Eyring theory 

For each (r15-c5~,) Mn (CO) 3/R' 3SiH system summarized i n  Table 2-2, 

t h e  a c t i v a t i o n  energy was determined us ing  Arrhenius law. The 

Arrhenius a c t i v a t i o n  e n e r g i e s  summarized i n  Table 2-3, f o r  t h e  systems t h a t  we 

s tud i ed ,  v a r i e d  from 2 kJ/mol t o  38 kJ/mol. Such a v a r i a t i o n  i n  t h e  

a c t i v a t i o n  ene rg i e s  of t h e s e  systems did no t  seem chemical ly  reasonable .  

The e f f e c t  of so lven t  on t h e  e n e r g e t i c s  of t h e s e  r e a c t i o n s  a l s o  appeared 

unreasonable .  For  example, t h e  a c t i v a t i o n  energy f o r  r e a c t i o n  of 

( q 5 - ~ ~ , ~ 5 ~ , ) M n  (CO), wi th  Et2SiH2 inc reased  from 2 kJ/mol t o  23 kJ/mol 

upon changing t h e  media from nea t  t r i a l k y l s i l a n e  t o  a t r ia lkyls i lane/MCH 

mixture .  I t  seemed i n t u i t i v e  t h a t  t h e  unsa tu ra t ed  organometa l l i c  

fragments would o x i d a t i v e l y  add an Si-H bond with approximately t h e  same 

energy.  S ince  t h e  wide v a r i a t i o n  i n  E, va lues  did not  seem reasonable  

t o  us  we chose t o  look a t  a l t e r n a t i v e  t h e o r i e s  t o  i n t e r p r e t  t h e  k i n e t i c  

d a t a .  A pre l iminary  a n a l y s i s  of t h e  k i n e t i c  d a t a  u s ing  Eyring theo ry  

gave e s s e n t i a l l y  t h e  same e n e r g i e s  of  a c t i v a t i o n  a s  t h e  Arrhenius 

equa t ion  did. Addi t iona l ly ,  i n t e r p r e t a t i o n  of t h e  k i n e t i c  d a t a  u s ing  



Eyring theo ry  showed a very good l i n e a r  r e l a t i o n s h i p  between t h e  

en tha lpy  of a c t i v a t i o n  and t h e  en t ropy  of a c t i v a t i o n .  Such a 

c o r r e l a t i o n  i s  i n d i c a t i v e  of an  i s o k i n e t i c  r e l a t i o n s h i p  ( I K R ) ,  bu t  an 

I K R  does not  exp la in  what governs t h e  r e a c t i o n  r a t e s .  A s  a r e s u l t  of 

our  k i n e t i c  d a t a  being c o n s i s t e n t  wi th  an i s o k i n e t i c  r e l a t i o n s h i p  we 

were led t o  a theory  developed by L i n e r t .  L i n e r t l s  theory  was de r ived  

i n  an at tempt  t o  put  t h e  i s o k i n e t i c  r e l a t i o n s h i p  on f i rmer  t h e o r e t i c a l  

ground. However, our  i n t e r e s t  i n  L i n e r t l s  theory  was no t  t o  ob ta in  an 

i s o k i n e t i c  temperature but  t o  t r y  t o  understand what caused t h e  

v a r i a t i o n  i n  t h e  observed r e a c t i o n  r a t e s .  

2.3.3 The form o f  L i n e r t l s  equat ion  t h a t  was used 

I t  would be u s e f u l  t o  know, s p e c i f i c a l l y ,  what t h e  dominant 

e f f e c t  i s  on r e a c t i o n  r a t e s  f o r  a given s e r i e s  of analogous r e a c t i o n s .  

In  a s e r i e s  of papers ,  L ine r t  has developed a 'master  equat ionf  i n  an 

e f f o r t  t o  i n t e r p r e t  r e a c t i o n  r a t e s .  22'44-50 Line r t  has  shown t h a t  t h e  

v a r i a t i o n  i n  r e a c t i o n  r a t e s  f o r  an analogous s e t  of r e a c t i o n s  may be 

i n t e r p r e t e d  i n  terms of t h e  a b i l i t y  of t h e  r eac t an t  molecules1 t o  couple 

with t h e  r e a c t i o n  medium, t r e a t e d  a s  a h e a t  bath,  and thereby  exchange 

energy. The energy exchange between r e a c t a n t  molecules and a r e a c t a n t  

medium t r e a t e d  a s  a hea t  ba th  i s  shown schemat ica l ly  i n  F igure  2-4. 

Schematical ly ,  t h e  heat-bath system rep resen t s  t h e  v ib ron ic  t r a n s i t i o n s  

of t h e  so lven t  molecules i n  t h e  g l a s s y  s t a t e .  The r e a c t a n t  system 

rep resen t s  t h e  v i b r a t i o n a l  t r a n s i t i o n s  of t h e  r e a c t a n t  molecule. I t  i s  

t h e  r e a c t a n t  systems a b i l i t y  t o  couple and exchange energy with s p e c i f i c  

heat-bath t r a n s i t i o n s  which g i v e s  r i s e  t o  t h e  non-Boltzmann d i s t r i b u t e d  
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popula t ion  of t h e  v i b r a t i o n a l  l e v e l s  i n  t h e  r e a c t a n t  system. We were 

i n t e r e s t e d  i n  determining whether t h e  k i n e t i c  d a t a  we obta ined  were 

i n t e r p r e t a b l e  i n  terms of energy exchange between t h e  r e a c t a n t  molecules 

and t h e  hea t  ba th .  Using L i n e r t ' s  t heo ry  we s e t  out  t o  determine what 

parameter governed t h e  k i n e t i c s  of t h e  r e a c t i o n s .  The equat ion  which 

L ine r t  developed i s  given i n  equat ion  2-14. L i n e r t r s  equat ion  is  based 

on t h e  assumption t h a t  dur ing  a r e a c t i o n  a non-equilibrium s t eady  s t a t e  

d i s t r i b u t i o n  of r e a c t a n t  spec i e s  is  p re sen t .  This  na tu re  of t h e  s t eady  

s t a t e  d i s t r i b u t i o n  i s  c o n t r o l l e d  by energy t r a n s f e r  from t h e  hea t  ba th  

t o  t h e  r e a c t a n t  system. While L i n e r t ' s  assumption i s  approximate, it 

does remove Eyr ingls  assumption of an equ i l i b r ium d i s t r i b u t i o n .  The 

terms A,, sNho, and v r ep re sen t  cons t an t s  involv ing  t h e  c o l l i s i o n  

number, t h e  energy b a r r i e r  he igh t ,  and t h e  v i b r a t i o n a l  hea t  ba th  

frequency, r e s p e c t i v e l y .  The a c t u a l  form of t h e  equat ion  used w i l l  be 

k 

where ; A, = 

- 
S~ - 

h = 

0 = 

d i scussed  here .  

cons tan t  

is  t h e  number of r e a c t a n t  l e v e l s  with energy lower 
than  t h e  r e a c t i o n  b a r r i e r  

P lanckls  cons tan t  

i s  t h e  v i b r a t i o n a l  frequency of t h e  r e a c t i o n  s i te  
of t h e  r e a c t a n t  

de f ined  a s  l /kT 

t h e  a c t i v e  frequency of t h e  heat-bath system 
i n  resonance with t h e  r e a c t a n t  v i b r a t i o n s  

However, t h e  d e r i v a t i o n  of t h e  equat ion  we used is  

summarized i n  t h e  appendix. I n  o rde r  t o  i n t e r p r e t  t h e  k i n e t i c  r e s u l t s  
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heat- bath 
sys tern 

energy exchange 

reactant 
sys tern 

Figure 2-4 

Schematic diagram of the energy exchange between reactant molecules and 
a reactant medium treated as  a heat bath. 



t h a t  a r e  f i t  t o  an equa t ion  one must i d e n t i f y  t h e  parameters  t h a t  a r e  

vary ing  wi th in  t h e  r e a c t i o n  series. L i n e r t l s  equa t ion  g ives  two 

parameters  c h a r a c t e r i z i n g  t h e  r e a c t a n t s ;  1) t h e  number of energy l e v e l s  

of t h e  r e a c t a n t  system with an energy less than  t h e  a c t i v a t i o n  energy 

(s,), and 2 )  t h e  v i b r a t i o n a l  f requency of t h e  r e a c t i o n  s i te  of t h e  

r e a c t a n t  ( a ) .  However, it was no t  c l e a r  which parameter  (s, o r  w) would 

i n f l u e n c e  t h e  r a t e s  of r e a c t i o n  t o  a g r e a t e r  e x t e n t .  Therefore ,  w was 

h e l d  cons t an t  f o r  a l l  t h e  d a t a ,  while  sN was assumed t o  have a unique 

va lue  f o r  each set of meta l  complex, t r i a l k y l s i l a n e ,  and so lven t  

y i e l d i n g  equa t ion  2-15. Equation 2-16 was a r r i v e d  a t  by assuming w 

changes f o r  each set of meta l  complex, t r i a l k y l s i l a n e  and so lven t  whi le  

s, was a cons t an t  f o r  a l l  t h e  d a t a .  The v i b r a t i o n a l  hea t  b a t h  

frequency, v ,  was t r e a t e d  a s  a cons t an t  i n  equa t ions  2-15 and 2-16 

because t h e  v i b r o n i c  modes of t h e  t r i a l k y l s i l a n e s  a r e  s i m i l a r .  A s  

mentioned e a r l i e r ,  t h e  d e t a i l s  of t h e  d e r i v a t i o n  of equa t ions  2-15 and 

2-16 a r e  given i n  t h e  appendix. Each of t h e s e  equa t ions  a l low f o r  t h e  

de te rmina t ion  of a s i n g l e  parameter,  E,, which corresponds t o  t h e  energy 

of t h e  r e a c t i o n  b a r r i e r .  Both A and v a r e  c o n s t a n t s  independent of 

complex, t r i a l k y l s i l a n e  and s o l v e n t .  

I n  k = I n  (A x E,/ (RT) 2, t E,/V -E,/RT 2-15 

where; A = AOhaNA 

E, = sNhwNA 

v = hvN, 



where; A = A ~ / s ~  

E, = s,hwNA 

v = hvNA 

S t a t i s t i c a l  a n a l y s i s  (d i s cus sed  i n  s e c t i o n  2 .3 .4)  showed t h a t  equa t ions  

2-15 and 2-16 f i t  t h e  exper imenta l  d a t a  e q u a l l y  well. I t  should  be 

no ted  t h a t  t h e  k i n e t i c  d a t a  f o r  a l l  of t h e  systems, summarized i n  Table 

2-4, were f i t  t o  equa t ions  2-15 and 2-16. This  i s  i n  c o n t r a s t  t o  

Arrhenius  law o r  Eyring theo ry  where E, va lues  a r e  determined 

independent ly .  E, va lues  c a l c u l a t e d  from L i n e r t ' s  t heo ry  a r e  

summarized i n  Table  2 - 4 .  

2 . 3 . 4  Stat ist ical  analysis 

The k i n e t i c  d a t a  were analyzed us ing  a s t a t i s t i c a l  package c a l l e d  

S Y S T A T . ~ ~  A program wi th in  t h e  SYSTAT package c a l l e d  NONLIN was used t o  

f i t  t h e  d a t a .  NONLIN i s  a non- l inear  l e a s t  squares  f i t  of an equa t ion  

with two o r  more v a r i a b l e s .  NONLIN e s t i m a t e s  parameters  f o r  a v a r i e t y  

of non l inea r  models. A ,modelt i s  a s ta tement  of t h e  equa t ion  be ing  

f i t ,  where a v a r i a b l e  i s  set equa l  t o  a func t ion .  The s t a t i s t i c a l  

a n a l y s i s  was conducted on two models; equa t ion  2-15 and equa t ion  2-16. 

The experimental  d a t a  (k ' s  and Trs) were f i t  t o  equa t ions  2-15 and 2-16 

by minimizing t h e  sum of  l e a s t  squares .  There a r e  two minimizat ion 

a lgor i thms  a v a i l a b l e  f o r  NONLIN t o  use:  ~ u a s i - ~ e w t o n ' ~  and Simplex 5 8 , s g  

The quasi-Newton method uses  numeric e s t i m a t e s  of t h e  f i r s t  and second 

d e r i v a t i v e s  of t h e  e r r o r  f u n c t i o n  t o  s ea rch  f o r  a minimum, whereas t h e  
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Simplex a lgo r i t hm is a direct sea rch  procedure.  Simplex c a l c u l a t e s  t h e  

e r r o r ,  f o r  a set of  parameters ,  and checks i f  t h e  e r r o r  i s  reduced f o r  a 

d i f f e r e n t  set of  parameters .  Simplex is  u s u a l l y  s lower than  t h e  quas i -  

Newton method because it  cannot  use  in format ion  from t h e  second 

d e r i v a t i v e  of t h e  e r r o r  f u n c t i o n  t o  choose a s t e p  s i z e .  Both methods, 

and va r ious  s t a r t i n g  va lues ,  were used i n  t h e  s t a t i s t i c a l  a n a l y s i s  t o  

avoid  converging a t  a f a l s e  minimum. A t o l e r a n c e  c r i t e r i o n ,  wi th in  t h e  

program, was used t o  de te rmine  convergence. A t o l e r a n c e  va lue  of 0.0001 

was used f o r  a l l  c a l c u l a t i o n s .  A t o l e r a n c e  va lue  of 0.0001 r e p r e s e n t s  

one ten- thousandths  of t h e  a b s o l u t e  magnitude of each parameter .  With 

t h i s  value,  i t e r a t i o n s  would normally end when t h e  d i sp l ayed  va lues  of 

t h e  parameter  e s t i m a t e s  were less t h a n  o r  equa l  t o  t h e  t o l e r a n c e  va lue .  

L i n e r t ' s  equa t ion  ( E q .  2-14) was ob t a ined  under t h e  cond i t i on  of 

l a r g e  b a r r i e r s  f o r  a non-equi l ibr ium d i s t r i b u t i o n  of r e a c t a n t  molecules 

among d i s c r e t e  energy  l e v e l s ,  coupled t o  t h e  sur rounding  hea t  ba th .  

Therefore ,  L i n e r t ' s  e q u a t i o n  on ly  a p p l i e s  t o  systems whose energy of 

a c t i v a t i o n  i s  much l a r g e r  t h a n  I kTt . The ( 1 1 5 - ~ ~ 3 ~ 5 ~ 4 )  Mn (CO) ,/Et,SiH, 

system was no t  i nc luded  i n  t h e  f i n a l  s t a t i s t i c a l  a n a l y s i s  s i n c e  i t ' s  Ea 

va lue  (2  kJ/mol) ,  de te rmined  by  a p re l imina ry  f i t  t o  Arrhenius  law, was 

no t  s i g n i f i c a n t l y  l a r g e r  t h a n  'kTt (1.1 kJ/mol) . Four analogous systems 

51a) have been r e p o r t e d  i n  t h e  l i t e r a t u r e ;  ( T ) ~ - c ~ H ~ )  ~e (CO) 3 / ~ t 3 ~ i ~  , 
51a) 51a) ( T ) ~ - c ~ M ~ ~ ) M ~  (CO) 3 / ~ t 3 ~ i ~  I ( T ) ~ - C ~ H , ) M ~  (CO) 3 / ~ t g ~ i ~  , and 

(T)~-c,c~,) Mn (CO) 3 / ~ t 3 ~ i ~ 5 1 c )  , It should  be  no ted  t h a t  t h e  

( q 5 - ~ , ~ 1 5 ) ~ n  (CO) 3 / E t 3 S i ~  system was no t  inc luded  i n  t h e  f i n a l  

s t a t i s t i c a l  a n a l y s i s  w i th  t h e  o t h e r  systems. I n i t i a l l y ,  t h e  system was 

inc luded  bu t  i t ' s  i n c l u s i o n  r e s u l t e d  i n  an u n r e a l i s t i c a l l y  h igh  va lue  of 



t h e  a c t i v e  heat-bath frequency (v = 38000 cm-I). However, when t h e  

d a t a  f o r  t h e  (q5-C5C15) Mn (CO) 3/Et3SiH system was dropped from t h e  

s t a t i s t i c a l  a n a l y s i s  a f a r  more reasonable  heat-bath frequency was 

found. F i t t i n g  t h e  k i n e t i c  d a t a  t o  equa t ions  2-15 and 2-16 gave a 

hea t -ba th  frequency of 174 cm-I and 507 cm-I, r e s p e c t i v e l y .  

I t  i s  important  t o  p o i n t  ou t  t h a t  f i t t i n g  equa t ions  2-15 and 2-16 

t o  j u s t  t h e  k i n e t i c  d a t a  f o r  t h e  (q5-~,~15)Mn(~~)3/Et3SiH system 

revea l ed  a heat-bath frequency which was i n  accord with t h e  a n a l y s i s  of 

t h e  o t h e r  k i n e t i c  d a t a  mentioned above. For example, f i t t i n g  eq .  2-15 

t o  t h e  d a t a  f o r  t h e  ( q 5 - ~ , ~ 1 5 ) M n ( ~ 0 )  3/Et3SiH system gave a v va lue  of 

292 cm-I and a f i t  t o  eq .  2-16 gave a v va lue  of 374 cm-I. 

Ca lcu l a t ed  parameters ,  from a s t a t i s t i c a l  f i t  of t h e  d a t a  t o  

equa t ions  2-15 and 2-16 a r e  summarized i n  Table 2-4. A p l o t  of 

experimental  I n  k va lues  ve r sus  e s t ima ted  I n  k va lues  (from L i n e r t r s  

t heo ry )  i s  g iven  i n  F igure  2-5. F igure  2-5 i s  t h e  r e s u l t  of f i t t i n g  t h e  

k i n e t i c  d a t a  t o  eq .  2-16, however, t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  a f i t  

t o  both equa t ions  is  e s s e n t i a l l y  t h e  same. The c o r r e l a t i o n  c o e f f i c i e n t s  

when t h e  experimental  d a t a  were f i t  t o  equa t ions  2-15 and 2-16 were 

0.994 and 0.995 r e s p e c t i v e l y .  The r e s u l t s  f o r  t h e  f i t  t o  equa t ions  2-15 

and 2-16 a r e  d i s cus sed  below. 

2 . 3 . 5  Interpretation of  the reaction energetics within the framework 

of Linertr s theory 

I t  i s  q u i t e  l i k e l y  t h a t  t h e  unsa tu ra t ed  complex i s  coord ina ted ,  by 

a so lven t  molecule,  t o  some e x t e n t .  I n  nea t  t r i a l k y l s i l a n e ,  t h e  so lven t  

( t r i a l k y l s i l a n e )  may coo rd ina t e  through a C-H bond. However, i n  d i l u t e  
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Figure 2-5 

A plot  of experimental In k values versus estimated In k values (from 
Linertls  theory) for  the k inet ic  data f i t  t o  equation 2-16. The 
coeff ic ient  of correlation i s  0 .995 .  



Table 2-4 

Linert's Activation Parameters determined by s ta t i s t i ca l  analysis 

(q:-C4H4) ~e (C0) 3 neat 
(q,-C,Me (C0) , neat 
(q,-C,H YMn (CO) neat 
(q -cH,?,H,) ~n (80) , neat 

(q5-~~,~,~,) ~n (~0) , neat 
dil . 

(q5-c,M~,) ~n KO) , dil . 

(q:-cSH ) Mn (CO) dil . 
(q -CH,?,H,)M~ ($0) , neat 

dil . 
(q5-~,~e5) MI-I ( ~ 0 )  , dil . 

Calculated value of A (r 10') (s-l) 4.00 3.90 
Calculated value of v (J/mol) 6067 2080 
Calculated value of v determiged from v (an-') 507 174 
Coefficient of Correlation (R ) 0.995 0.994 
Corrected Coetf ic ient  of cotrelat iona ( R ~ )  0.936 0.926 

a: values calculated from Eq. 2-16 using the Quasi-Newton algorithm. 
b: values calculated from Eq. 2-15 using the Simplex algorithm. 
c: values from reference 51 a) 
d: The E, value determined for (~'-cH C,H,) Mn (CO) , in neat Et2SiH2 

was approximately the same magnituae as 'kT' and therefore could 
not be included in the statistical analysis (see refs. 44-50). 

e: Coefficient of Correlation corrected for the number of parameters 
used. 



t r i a l k y l s i l a n e  t h e  coo rd ina t ing  s p e c i e s  could  be MCH o r  t h e  

t r i a l k y l s i l a n e .  Therefore ,  it i s  p o s s i b l e  t h a t  t h e  measured r a t e  

cons t an t  a c t u a l l y  r e p r e s e n t s  t h e  r a t e  of d i s s o c i a t i o n  of t h e  

coo rd ina t ing  so lven t ,  S (eq.  2-17).  After so lven t  d i s s o c i a t i o n ,  t h e  

o x i d a t i v e  a d d i t i o n  of t h e  t r i a l k y l s i l a n e  would occur  very  f a s t .  

This  hypothes i s  i s  c o n s i s t e n t  with t h e  s t a t i s t i c a l  a n a l y s i s .  The 

computed E, values  changed very  l i t t l e  (Table 2-4) .  The c a l c u l a t e d  E, 

va lues  f e l l  i n  t h e  range 32 f 5 k ~ / m o l .  This  i s  not  s u r p r i s i n g  s i n c e  

t h e  va r ious  unsa tu ra t ed  fragments should coo rd ina t e  a  so lven t  molecule 

with approximately t h e  same energy.  The unsa tu ra t ed  fragments should 

a l s o  have approximately t h e  same b a r r i e r  f o r  ox ida t ive  a d d i t i o n .  I f  

so lven t  d i s s o c i a t i o n  is  t h e  r a t e - l i m i t i n g  s t ep ,  it i s  not  s u r p r i s i n g  

t h a t  t h e  ( r15 -~5~15)Mn (CO) 3/Et3SiH system could  no t  be inc luded  i n  t h e  

f u l l  s t a t i s t i c a l  a n a l y s i s .  The (q5-~5~15) Mn (CO) fragments a b i l i t y  t o  

coo rd ina t e  a  so lven t  molecule should be much g r e a t e r  a s  a  r e s u l t  of t h e  

e l e c t r o n  withdrawing n a t u r e  of t h e  (115-~,~15) l igand .  The (q5-~,~15) 

l i g a n d  should a l s o  a f f e c t  t h e  o x i d a t i v e  a d d i t i o n  s t e p .  The c a l c u l a t e d  

E, va lue  of 45 kJ/mol f o r  t h e  (r15-~5~15)~n(CO)3/Et,SiH system i s  

c o n s i s t e n t  with t h e  (q5-~5~15) Mn (CO) f  ragrnents enhanced a b i l i t y  t o  

coo rd ina t e  a  so lven t  molecule s t r o n g l y .  

A s  mentioned e a r l i e r  equa t ions  2-15 and 2-16 were found t o  f i t  t h e  

exper imenta l  d a t a  e q u a l l y  well. I n  equa t ion  2-15, sN was a  v a r i a b l e  and 

w was t r e a t e d  a s  a  cons t an t ,  whereas, i n  equa t ion  2-16 sN was a  



cons t an t  and was a v a r i a b l e .  I n  a condensed phase such a s  a g l a s s ,  

o r  mat r ix ,  t h e  number of r e a c t a n t  l e v e l s  (s,) and t h e  v i b r a t i o n a l  

f requencies  of t h e  r e a c t i o n  s i t e  (w) of t h e  r e a c t a n t  should be extremely 

l a r g e .  It i s  l i k e l y  t h a t  s, and w would approach a continuum f o r  media 

i n  t h e  g l a s s y  s t a t e .  Therefore,  it seemed reasonable t h a t  we were 

unable t o  determine which parameter (s, o r  w) dominated t h e  energy 

exchange between t h e  heat-bath and t h e  r e a c t a n t  system. However, it was 

c l e a r  t h a t  t h e  a b i l i t y  of t h e  r e a c t a n t s  t o  couple and exchange energy 

with t h e  heat-bath system gave r i s e  t o  t h e  v a r i a t i o n  i n  t h e  

exper imenta l ly  determined r a t e s  of r e a c t i o n .  It is  a l s o  i n t e r e s t i n g  t o  

no te  t h a t  t h e  c a l c u l a t e d  heat-bath f requencies ,  v ,  of 507 and 174  cm-I 

a r e  i n  t h e  range expected f o r  low energy l i b r a t i o n a l  modes of t h e  

condensed media. 

The v a r i a t i o n  i n  t h e  exper imenta l ly  determined r a t e s  of r e a c t i o n  

most l i k e l y  r e f l e c t  a combination of d i f f e r e n t  modes of so lvent  

coord ina t ion  and cage e f f e c t s .  Conversely, i n  a gas  phase r eac t ion ,  it 

i s  not  obvious why t h e r e  should be a measurable d i f f e r e n c e  i n  t h e  energy 

b a r r i e r  f o r  t h e  ox ida t ive  a d d i t i o n  of analogous R' ,SiH spec i e s  t o  (q5- 

C5R5)Mn(C0)2 (R, = H5, Me,, H,Me) fragments.  

In  summary, f i t t i n g  t h e  experimental  d a t a  t o  L i n e r t ' s  t heo ry  showed 

t h a t  t h e  r e a c t a n t  systems a b i l i t y  t o  couple and exchange energy with t h e  

heat-bath system dominated t h e  observed v a r i a t i o n  i n  t h e  exper imenta l ly  

determined E a t s .  Chemically, a very  small  d i f f e r e n c e  i n  E, va lues  f o r  

t h e  ox ida t ive  a d d i t i o n  of t r i a l k y l s i l a n e s  t o  ( q 5 - ~ 5 ~ 5 )  ~n (CO) fragments 

makes sense .  



2.4 Conclusions 

I n  t h i s  s t udy  t h e  e n e r g e t i c s  of a series of analogous r e a c t i o n s  has  

been i n t e r p r e t e d  us ing  L i n e r t ' s  t heo ry .  Using t h i s  t heo ry  we were a b l e  

t o  e x p l a i n  t h e  wide v a r i a t i o n  i n  t h e  observed r e a c t i o n  r a t e s  i n  a way 

t h a t ,  chemical ly ,  made more s ense  t han  t h e  ene rg i e s  of a c t i v a t i o n  

determined us ing  t h e  Arrhenius law. The l a r g e  v a r i a t i o n  i n  r e a c t i o n  

r a t e s  was c o n s i s t e n t  wi th  t h e  d i f f e r i n g  degree with which t h e  r e a c t a n t  

molecules were a b l e  t o  couple  and exchange energy with t h e  hea t -ba th .  

Whereas, u s ing  t h e  Arrhenius  law, t h e  v a r i a t i o n  i n  r e a c t i o n  r a t e s  was 

r e f l e c t e d  i n  a wide range of a c t i v a t i o n  e n e r g i e s .  However, such a wide 

range of a c t i v a t i o n  e n e r g i e s  does n o t  seem reasonable  f o r  t h e s e  systems. 

2.5 Experimental Section 

2.5.1 Instruments 

I n f r a r e d  s p e c t r a l  d a t a  were recorded by us ing  a Bruker IFS 85 

Four i e r  t r a n s f  o m  i n f r a r e d  spec t rometer  ope ra t i ng  a t  1 cm-' r e s o l u t i o n .  

H NMR s p e c t r a  were run on room temperature  s o l u t i o n s  u s ing  a Bruker 

SYlOO NMR spec t rometer .  Chemical s h i f t s  a r e  re fe renced  t o  TMS. 

I r r a d i a t i o n s  were c a r r i e d  ou t  by us ing  t h e  H20-f i l t e red  ou tput  (10 cm 

pa th  length lpyrex  o p t i c s )  from an Osram 100-W high-pressure Hg lamp. 

Low temperature  s p e c t r a  were p o s s i b l e  by means of a C T I  - 
Cryogenics Model 22 c ryocooler  and a 350R compressor system equipped 

with a Lake Shore Cryot ronics  DRC 80C temperature  c o n t r o l l e r .  The 

temperature  of t h e  cel l  was monitored with a Lake Shore Cryot ronics  

s i l i c o n  d iode  s enso r  (DT500 DRC) .  The I R  cell  was cons t ruc t ed  of h igh  

conduc t iv i t y  copper and conta ined  CaF, windows. The sample p a t h  l e n g t h  



was 0.127mm. 

The t r i a l k y l s i l a n e  concen t r a t i ons  were c o r r e c t e d  f o r  t empera ture  

c o n t r a c t i o n .  A s  a  r e s u l t  of t h e  experiments  be ing  conducted i n  t h e  

temperature  range 70 K - 130 K t  t h e  volume of so lven t  was reduced 

cons ide rab ly .  I n  an e f f o r t  t o  c o r r e c t  f o r  t h e  volume change, t h e  

pe rcen t  c o n t r a c t i o n  was measured a t  77 K .  Both t h e  nea t  t r i a l k y l s i l a n e  

and t h e  t r ia lkyls i lane/MCH mixtures  were measured f o r  c o n t r a c t i o n .  Neat 

t r i a l k y l s i l a n e  was p l aced  i n  an  NMR t ube  and t h e  he igh t  of t h e  meniscus 

was measured. The NMR t ube  was t hen  p l aced  i n  a  l i q u i d  n i t rogen  b a t h  and 

al lowed t o  e q u i l i b r a t e .  Once t h e  sample had e q u i l i b r a t e d ,  a t  77 K, t h e  

he igh t  of t h e  meniscus was measured aga in  and t h e  percent  c o n t r a c t i o n  

c a l c u l a t e d .  The pe rcen t  c o n t r a c t i o n  of t h e  t r ia lkyls i lane/MCH equa l  

volume mixtures  were measured i n  t h e  same manner. Even though t h i s  

method i s  no t  t h e  most a c c u r a t e  method of measuring t h e  so lven t  

con t r ac t i on ,  it i s  b e t t e r  t han  n e g l e c t i n g  t h e  volume c o n t r a c t i o n  

e n t i r e l y .  The e s t ima ted  e r r o r  i n  t h e  percent  c o n t r a c t i o n  i s  10%. The 

pe rcen t  c o n t r a c t i o n  f o r  each so lven t  i s  summarized i n  Table 2-5. 

2 . 5 . 2  Chemicals 

The t r i a l k y l s i l a n e s  used, Et3SiH, Et,MeSiH, EtMezSiH and Et2SiH2 

were obta ined  from P e t r a r c h  Systems Inc .  and used without  f u r t h e r  

p u r i f i c a t i o n .  The ( 1 1 5 - ~ ~ 3 ~ 5 ~ , )  Mn (CO) was ob ta ined  from Alf a  Products  

and used without f u r t h e r  p u r i f i c a t i o n .  The ( q S - ~ S ~ 5 ) M n  (CO) and 

(11,-c,M~,) ~n (CO) were purchased from Strem Chemicals and were 

r e c r y s t a l l i z e d  p r i o r  t o  t h e i r  use .  



Table 2-5 

Percent contraction of solvents a t  77 K 

Solvent % contract iona 

a )  e r r o r  i n  pe rcen t  c o n t r a c t i o n  i s  e s t ima ted  t o  be 1 0 % .  



Table 2-6 

'H NMR OF RELEVANT COMPOUNDS 

COMPOUND 6 ( M ~ - H ~ )  

(q5-cH3C5H4) MnH (SiEt3) (CO) , -13.50 

(q5-c5H5) M ~ H  (SiMeEt,) (CO) , -13.50 

(q5-~,~e5)MnH (SiMeEt,) (CO) , -13.33 

(q5-~,~e5)MnH(~i~e2~t) (CO), -13.01 

a) Chemical shifts quoted, in ppm, relative to TMS. 



2 . 5 . 3  Kinetic Measurements 

A l l  t h e  k i n e t i c  measurements were conducted i n  a s i m i l a r  manner and 

a t y p i c a l  one w i l l  be described i n  d e t a i l .  A 50150 Et,SiH,- 

methylcyclohexane s o l u t i o n  con ta in ing  ( q S - ~ ~ 3 ~ 5 ~ 4 )  Mn (CO) , was purged 

wi th  N,, and p l aced  i n  a copper ce l l .  The sample was t hen  loaded i n t o  

t h e  c o l d  head of t h e  c ryocooler ,  cooled  t o  t h e  app rop r i a t e  

temperature ,  and allowed t o  e q u i l i b r a t e .  The s o l u t i o n s  of 

(q5-~ ,~ , )Mn (CO) , (where Rs=Hs, MeH*, Me,) were prepared s o  t h a t  t h e  most 

i n t e n s e  abso rp t ion  due t o  t h e  CO l i g a n d s  was between 0.2 and 1 . 0  

( 5  1 x M) . Subsequently,  t h e  sample was removed from t h e  I R  bench and 

photolyzed,  u s ing  t h e  pyrex lwater  f i l t e r e d  ou tput  (bandpass h > 313 nm) 

of a high p r e s s u r e  Hg lamp, s o  t h a t  approximately 15% - 20% of t h e  (qS- 

CH,C5H4) Mn (CO) , had been consumed and ( q 5 - ~ ~ 3 ~ s ~ 4 )  ~n (CO) , was detected 

by FTIR. A f t e r  p h o t o l y s i s  t h e  I R  spectrum t y p i c a l l y  showed a mix ture  of 

( q 5 - ~ ~ , ~ 5 ~ 4 )  Mn (CO) ,, ( q 5 - ~ ~ 3 ~ s ~ 4 )  , and ( q S - ~ ~ 3 ~ s ~ 4 )  M ~ H  (SiR' ,) (CO) , . I t  

should  be po in t ed  ou t  t h a t  t h e  r e l a t i v e  amounts of t h e s e  s p e c i e s  

depended on temperature ,  p h o t o l y s i s  time, and r e a c t a n t s .  General ly ,  

p h o t o l y s i s  was conducted i n  10 second i n t e r v a l s  u n t i l  t h e  absorbance due 

t o  t h e  i n t e rmed ia t e  was 0.1. Af t e r  gene ra t i ng  t h e  16e i n t e rmed ia t e ,  

FTIR s p e c t r a  were then  ob ta ined  a s  a func t ion  of time, i n  t h e  dark,  t o  

monitor t h e  d i sappearance  of t h e  ( q 5 - ~ ~ , ~ s ~ 4 ) ~ n ( C 0 ) 2  and t h e  formation 

of t h e  ox ida t ive  a d d i t i o n  product ,  ( q 5 - ~ ~ 3 ~ s ~ 4 )  M ~ H  (SiEt,H) (CO) , . Care 

was t aken  t o  ensu re  t h a t  t h e  I R  beam of t h e  spec t rometer  did not  

a c c e l e r a t e  t h e  "darkv r e a c t i o n s  between t h e  16e s p e c i e s  and t h e  

t r i a l k y l s i l a n e .  For some of t h e  experiments,  t h e  sample was l e f t  i n  t h e  

I R  beam cont inuous ly .  Dupl ica te  experiments  were conducted where t h e  



sample was p laced  i n  t h e  I R  beam only  when s p e c t r a  were c o l l e c t e d .  No 

beam-induced chemistry on t h e  time s c a l e  of da t a  a c q u i s i t i o n  was 

observed. 

2 . 5 . 4  N . M . R .  Analysis 

A NMR c h a r a c t e r i z a t i o n  of t h e  s t a r t i n g  m a t e r i a l s  and t h e i r  photo- 

genera ted  ox ida t ive  a d d i t i o n  products  was conducted us ing  a Bruker SYlOO 

spec t rometer .  The t y p i c a l  procedure was a s  fol lows:  To a 5mm NMR tube  

con ta in ing  approximately 0.5 mL of C6D6 was added 0.025 mL of Et2SiH2 

and 0.003 mL of ( q 5 - ~ ~ 3 ~ 5 ~ , ) ~ n  (CO) 3.  The NMR spectrum of t h e  l i g h t  

yellow s o l u t i o n  was obta ined .  The sample was then  photolyzed f o r  1 min 

us ing  t h e  water f i l t e r e d  (10 cm path  length ,  pyrex o p t i c s )  ou tput  of a 

100 W high p re s su re  Hg lamp. Another NMR spectrum was obta ined  and t h e  

sample was then  photolyzed f o r  an a d d i t i o n a l  5 minutes whereupon a f i n a l  

NMR spectrum was obta ined .  Relevant chemical s h i f t s  a r e  quoted i n  Table 

2-6. 



Chapter 3: Mechanistic study of the photochemically induced cis-trans 
5 isomerization of (q -C5Me,) Re (CO) ,X2 (X = Me, C1, Br, I) . 

3.1 Introduction 

Preliminary work, conducted in our group, indicated that the room 

temperature photolysis of cis- (q5-c5Me5) Re (CO) ,Me, led to the production 

5 of trans- (I~~-C~M~,) Re (CO) ,Me2 and (q -C5Me5) Re (CO) 3. At lower 

temperatures, the cis-trans isomerization was the only detectable 

reaction. This result prompted the study of the cis-trans 

isomerization, in more detail, for the following reason: In an earlier 

study3' the compounds (q5-~5~e5)Re(C0) ,X2 (X = C1, Br, I) were made and 

shown to undergo photochemical cis-trans isomerization as summarized in 

hv 
cis- (C5Me5) Re (CO) ,X2 - > trans- (C5Me,) Re (CO) ,X2 3-1 

equation 3-1. Also of interest was the fact that when 

cis- (q5-c5Me5) Re (CO) ,I2 was photolyzed in a chlorinated solvent, the 

5 major product was trans- (q -C5Me5) Re (CO) ,C12. This result indicated 

that the mechanism of isomerization involved photochemistry resulting in 

halogen loss. There is some literature precedent indicating that 

halogen loss may be responsible for the reactivity of transition-metal 

L halides. For example, the trans -+ cis isomerization of Pt(PEt,),PhCl 

has been reported to occur via photochemical chlorine radical loss. 60 

Although halogen loss seemed reasonable for the rhenium dihalides, such 

a mechanism did not seem likely for the dimethyl complex where analogous 

chemistry would result in methyl radicals. 

Reductive elimination has been inferred in the photoreactions of 

5 1 



5 several molecules containing cis one-electron ligands, such as (q - 
C5Me5)IrPMe3H2, (q5-C5Me5) IrPMe,H (R) , (q5-c4~,) Fe (CO) ,H (SiEt,) 7 and 

(qS-C5~,)~n (CO) ,H (SiEt,) . 15* Interestingly, the last two compounds 

undergo reductive elimination of the cis groups as opposed to CO loss. 

There is also some evidence, in the literature, for the photochemical 

reductive elimination of methyl groups. 63 Other possible reactions of 

metal alkyl groups include radical cleavage64 and alkyl group transfer 

to a ring carbon as shown in the photoreaction of (q5-~5~e5)~e(CO),R (R 

= Me, benzyl) . * Notably, in the case of (q5-c,M~,) Fe (CO) ,R, the 

photodissociation of the alkyl group occurred in competition with CO 

loss. 

The studies on cis- (qs-c5Me5) Re (CO) ,X2 were conducted to determine 

the primary photoprocess responsible for the isomerization and to 

examine the origin of its uni-directional nature. We studied the 

dimethyl complex as well as the series of dihalides to determine if a 

common mechanism could account for the isomerization in these complexes 

or if they react via different pathways. 

3.2 Results 

3.2 .1 Photocheraistry of cis- (q5-~5Me5) Re (CO) $4e2 in 

4-methyl-1-cyclohexene 

Photolysis of 4-methyl-1-cyclohexene solutions of 

cis- (q5-~,~e5) Re (CO) 2Me2 at room temperature led to the loss of FTIR 

absorptions due to the starting complex, at 2011 cm-I and 1919 cm-l, and 

the production of (q5-C5Me5) ~e (CO) , . Trans- (q5-C5Me5) ~e (CO) ,Me, was 

52 



a l s o  formed g i v i n g  rise t o  bands a t  1994 cm-I and 1919 cm-I. Upon 

prolonged pho to lys i s ,  bands due t o  a new d icarbonyl  complex appear  a t  

1948 cm-I and 1876 cm-I. The new d i ca rbony l  s p e c i e s  was complexed t o  

t h e  o l e f i n  so lven t  and was formulated a s  (q5-c,M~,) Re (CO) (q2-4-rnethyl- 

1-cyclohexene) by comparison t o  an a u t h e n t i c  sample.65 This product ,  

5 which only  appeared a f t e r  (q -C5Me5)Re(C0)3 was produced, was probably a 

r e s u l t  of p h o t o l y s i s  of t h e  t r i c a r b o n y l .  To confirm t h i s  

i n t e r p r e t a t i o n ,  a 4-methyl-1-cyclohexene s o l u t i o n  con ta in ing  

(q5-c5Me5) Re (CO) was photolyzed.  The on ly  observed pho to reac t ion  was 

t h e  conversion of (q5-c5Me5) Re  (CO) t o  (q5-c5Me5) R e  (CO) (q2-4-methyl-l- 

cyclohexene) . 
A t  100  Kt i n  a 4-methyl-1-cyclohexene g l a s s ,  t h e  pho to reac t ion  of 

5 c i s - ( q  -C5Me5)Re(C0)2Me2 proceeded without  t h e  product ion of t h e  

t r i c a r b o n y l .  The cis + t r a n s  i somer i za t i on  was t h e  on ly  process  

observed by FTIR spectroscopy.  

3.2 .2  Stereochemistry of the product and thermal reactivity 

of the photogenerated intermediate. 

The photoproduct,  t r ans -  (q5-C5Me5) ~e (CO) zMe2, was a s s igned  a t r a n s  

s te reochemis t ry  based on t h e  r e l a t i v e  i n t e n s i t y  of t h e  symmetric and 

ant isymmetr ic  I R  bands of t h e  carbonyl  l i gands .  The r a t i o  1,,~/1,,, 

i s  g iven  by tan20,  where 0 i s  one h a l f  of t h e  C-Re-C ang le .  66 For t h e  

t r a n s  isomer, t h e  h ighe r  energy symmetric band was less i n t e n s e  and t h e  

C-Re-C angle ,  20, was c a l c u l a t e d  t o  be 113'. The angle  c a l c u l a t e d  f o r  

t h e  cis isomer was 86O. I n  t h e  c a s e  of t r ans -  (q5-c5Me5)Re (CO) , ~ r , ,  

where an analogous c a l c u l a t i o n  was done, t h e  p r e d i c t e d  angle  was 



0 5 4  1 1 5 ~ .  X-ray c r y s t a l  a n a l y s i s  y i e l d e d  a va lue  of 104 . 
There was no in t e rmed ia t e  observed, by FTIR spectroscopy,  fo l lowing  

5 t h e  p h o t o l y s i s  of c i s - ( q  -C5Me5)Re (CO) ,Me2 a t  100 K .  However, t h e  

i n t e rmed ia t e  was observed fo l lowing  p h o t o l y s i s  a t  lower tempera tures .  

The p h o t o l y s i s  of cis- ( q 5 - c 5 ~ e 5 )  Re (CO) ,Me2, a t  13  K l e d  t o  t h e  changes 

shown i n  F igure  3-1. The l o s s  of FTIR abso rp t ions  due t o  t h e  s t a r t i n g  

complex a t  1978 cm-I and 1894 cm-I occur red  upon p h o t o l y s i s .  The 

appearance of two new abso rp t ions  a t  2128 cm-I and 1861 cm-I was 

observed and found t o  co inc ide  with t h e  l o s s  of i n t e n s i t y  due t o  

5 c i s - ( q  -C5Me,)Re(CO)2Me2. The band a t  2128 cm-I was due t o  t h e  

7 formation of f r e e  CO i n  t h e  ma t r ix .  The o t h e r  absorp t ion ,  a t  1861 cm-I, 

was a s s igned  t o  t h e  CO l o s s  product  ( q 5 - C ~ M ~ , )  ~e (CO) Me,. The assignment 

of t h e  1861 cm-I band a s  be ing  due t o  ( q 5 - C ~ M ~ , )  ~e (CO)Me2 was c o n s i s t e n t  

wi th  a s i n g l e  absorp t ion ,  a s  expec ted  f o r  a monocarbonyl. The 

assignment is  a l s o  c o n s i s t e n t  with t h e  subsequent chemistry of  t h e  

photoproduced in t e rmed ia t e .  

When t h e  g l a s s ,  con ta in ing  ( q 5 - c 5 ~ e 5 )  Re (CO) Me, and CO, was warmed 

t o  100 K t h e  abso rp t ions  due t o  t h e  unsa tu ra t ed  complex and f r e e  CO 

disappeared .  New abso rp t ions  appeared a t  1988 cm-I and 1910 cm'l a s  

shown i n  F igure  3-1. These bands were ass igned  a s  due t o  

t r a n s -  (q5 -c5~e5)  Re (CO) 2Me2 by comparison wi th  t h e  FTIR spectrum of an 

a u t h e n t i c  sample. A t  low tempera ture  t h e  formation of 

(q5-c5~e5)Re(CO)Me2 appeared t o  be  q u a n t i t a t i v e  s i n c e  a l l  t h e  f r e e  CO 

was consumed, upon warming, and no t r i c a r b o n y l  was observed by FTIR 

spectroscopy.  The thermal  r e a c t i o n  t o  produce 
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Figure 3-1 

(Tqp). The FTIR spectral changes accompanying the UV photolysis of cis- 
(q -C7Me5) Re (CO) *Me at 13,K in a 4-methyl-1-cyclohexene glass. The 
negatlge peaks at 1378 cm- and 1894 cm- indicate the l ~ s s  of 
cis- (q -C5Me5)Re (CO) 2Me2. The positive peak at 2128 cm- is due to the 
foryation of free CO trapped in the matrix. The gositive band at 1861 
cm- is due to the photogenerated intermediate (q -C Me )Re(CO)Me2. 
Photolysis times were (a) 5 s, (b) 10 s, ( c )  25 s, (8) $5 s. (Bottom). 
FTIR spectral change associated with She warming, from 13 K to 100 Kt of 
the glass containifg photoproduced (q -C5Me5)Re(CO)Me2. The positive 
bands, ag 1988 cm- and 1910 cm- , represent the formation of 
trans- (q -C5Me5) Re (CO) ,Me2. 



trans- (q5-c,M~,) Re (CO) ,Me, confirmed the assignment of the intermediate 

as a simple CO loss product. If, as a result of photolysis, the methyl 

groups as well as CO were lost the product of the intermediate reacting 

with free CO would not have been the trans isomer. The photochemically 

generated intermediate must have retained the other portions of its 

5 coordination sphere and was therefore (q -C5Me5) Re (CO) Me,. 

5 The photolysis of cis- (q -C5Me5) Re (CO) ,Me2, in a methylcyclohexane 

glass, gave essentially the same results as in a 4-methyl-1-cyclohexene 

glass. The FTIR absorptions are given in Table 3-1. However, due to 

the low solubility and poor optical characteristics of 

cis- (q5-c5Me5) Re (CO) ,Me2 in methylcyclohexane it was difficult to 

confirm, based on FTIR data, that no cis- ( T ~ ~ - C ~ M ~ , )  Re (CO) ,Me2 was formed 

upon warming. Also it could not be confirmed, with any degree of 

accuracy, that all the free CO was consumed during the back reaction at 

100 K. However, since all the ($5-~5~e5) R~(co)M~, was consumed and no 

tricarbonyl was formed the efficient recoordination of CO was indicated. 

5 Unfortunately, cis-(q -C5Me5)Re (CO) ,X2 (X = C1, Br, I) were only 

slightly soluble in methylcyclohexane or 4-methyl-1-cyclohexene. The 

5 most soluble of the three halogen compounds was cis- (q -C5Me5) Re (CO) ,I,, 

however, when a 4-methyl-1-cyclohexene solution containing the iodine 

complex was cooled, the FTIR spectra showed that the compound had 

precipitated before reaching temperatures low enough to stabilize an 

intermediate. Therefore, the study of the halogen complexes in those 

solvents was not practical. Consequently, (1,2-epoxyethyl)-benzene was 

chosen as an alternate 

halogen complexes were 

solvent for the halogen compounds. All of the 

soluble in (1,2-epoxyethyl)-benzene. (1,2- 



Table 3-1 

FTIR and W-Vis spectral data for relevant complexes 

complex v (CO) , a  cm-I 
(re1 intensity) 

cis- (q5-c5Me5) Re (CO) ,Me, 

(q5-c,M~,) Re (CO) Me, 

trans- (q5-~5~e5) Re (CO) ,Me, 

cis- (q5-c5Me5) Re (CO) ,Me2 

(q5-c5Me5) Re (CO) Me, 

5 trans- (q -C5Me,) Re (CO) ,Me, 

cis- (q5-C5Me,) Re (CO) ,Me2 

(q5-~,Me,) Re (CO) Me, 

trans- (q5-c,M~,) Re (CO) ,Me2 

cis- (q5-c5Me5) ~e (CO) ,C12 

(q5-c,M~,) Re (CO) ~ 1 ,  

trans- (q5-cSMe5) Re (CO) ,C12 

cis- (q5-c,M~,) Re (CO) ,Br2 

(q5-~5~e5) Re (CO) Br, 

trans- (q5-~5~e,) Re (CO) ,Br2 

5 cis- (q -C5Me5) Re (CO) ,I2 

cis- (q5-c5Me5) Re (CO) I2 

trans- (q5-c5Me5) Re (CO) ,I2 



Table 3- 1 (Cont hued) 

complex 

5 cis- (q -C5Me5) Re (CO) ,Me, 

5 trans- (q -C5Me5) Re (CO) ,Me, 

cis- (q5-~5~e5) Re (CO) ,C1, 

trans- (q5-~5~e5) Re (CO) ,C12 

cis- (q5-c5~e5) Re (CO) ,Br2 

trans- (q5-~5~e5) Re ('20) ,Br2 

cis- (q5-c5~e5) Re (CO) ,I2 

trans- (q5-~5~e,) Re (CO) ,I2 

340 (500)~ 

320 (400 sh) 

344 (3801, 403 (360), 
470 (170 sh) 

386 (390), 460 (130 sh) 

a All data of glasses recorded at 13 K. The solvent was 
(1,2-epoxyethyl)-benzene unless otherwise noted. 

b Solvent was 4-methyl-1-cyclohexene. 
c Solvent was rnethylcyclohexane. 
d Data was all from room-temperature benzene solutions unless 
otherwise stated. In addition to the bands listed all the 
complexes exhibited higher energy charge-transfer bands at 
= 280 nm. 

e Toluene solution. 



epoxyethyl)-benzene formed a g l a s s  which was o p t i c a l l y  t r a n s p a r e n t  a t  

t empera tures  a s  low a s  12 K t  and appears  t o  be i n e r t  toward s e v e r a l  
67 unsa tu ra t ed  organometa l l i c  complexes. I n  o r d e r  t o  more d i r e c t l y  

compare t h e  r e a c t i v i t y  of the dimethyl  and dihalogen complexes, a more 

thorough s tudy  of t h e  photochemistry of ( q 5 - ~ 5 ~ e S ) R e  (CO) , M e ,  i n  

(1,2-epoxyethyl)-benzene was conducted. 

A (1,2-epoxyethyl) -benzene s o l u t i o n  of cis- ( q 5 - ~ , ~ e 5 )  Re (CO) ,Me, was 

prepared  and cooled t o  13 K, forming a g l a s s .  Pho to lys i s ,  a t  13 K t  led 

5 t o  t h e  formation of t h e  monocarbonyl, (q -C5Me5)Re(CO)Me2, and f r e e  CO. 

The p e r t i n e n t  F T I R  abso rp t ions  a r e  l i s t ed  i n  Table 3-1. Upon warming t o  

100 K t h e  photogenerated i n t e rmed ia t e  r e a c t e d  with t h e  f r e e  CO producing 

5 t r a n s - ( q  -C5Me5)Re(CO),Me2. A l l  of t h e  f r e e  CO, produced du r ing  

p h o t o l y s i s  a t  13 K t  was consumed i n  t h e  thermal  r e a c t i o n  upon warming t o  

100 K t  a s  was observed i n  a 4-methyl-1-cyclohexene g l a s s .  The sample 

was a l s o  photolyzed with t h e  l i g h t  of  wavelength 320-400 nm. I n  t h e  

320-400 nm region only  d-d abso rp t ions  occur  (see Table 3-1) .  Although 

t h e  r equ i r ed  p h o t o l y s i s  times us ing  320-400 nm l i g h t  were longer  t han  

those  r equ i r ed  wi th  u n f i l t e r e d  l i g h t ,  no d i f f e r e n c e  i n  t h e  

photochemistry was observable .  

Trans- ( q 5 - ~ 5 ~ e , )  Re (CO) ,Me, was photolyzed i n  an analogous manner t o  

t h e  cis isomer.  Once aga in  CO was l o s t  t o  produce an unsa tu ra t ed  

s p e c i e s .  The unsa tu ra t ed  i n t e rmed ia t e  was t h e  same a s  t h a t  produced by 

t h e  cis isomer based on i t s  i d e n t i c a l  I R  abso rp t ion  and r e a c t i v i t y  upon 

warming. Only t r ans -  ( q 5 - ~ 5 ~ e 5 )  Re (CO) ,Me, was formed i n  t h e  thermal  

r e a c t i o n  wi th  CO. When t h e  u n f i l t e r e d  ou tput  of t h e  lamp was used, CO 

l o s s  from t h e  t r a n s  isomer was no t  observable  on t h e  same time s c a l e  a s  



CO l o s s  from t h e  cis isomer. However, when t h e  wavelength range 320-400 

nm was used, t h e  e f f i c i e n c y  of t h e  r e a c t i o n  was comparable t o  CO l o s s  

from t h e  cis isomer. 

The d-d t r a n s i t i o n s  a t  room temperature showed a maximum a t  340 nm 

f o r  t h e  cis dimethyl complex. A t  approximately 290 nm t h e  absorp t ion  

edge of t h e  cha rge - t r ans fe r  bands obscured any h igher  energy d-d 

t r a n s i t i o n s .  I n  t h e  case  of t h e  trans dimethyl complex t h e  d-d 

absorp t ion  appeared a s  a shoulder  on t h e  more i n t e n s e  cha rge - t r ans fe r  

t r a n s i t i o n s .  The q u a l i t a t i v e  o rde r ing  of wavelength dependence was 

expected t o  be followed a t  low temperature i n  (1,2-epoxyethyl)-benzene. 

U t i l i z i n g  t h e  320-400 nm wavelength region,  t h e  sample was i r r a d i a t e d  i n  

a region where both isomers d i sp l ayed  d-d absorbances.  Under t h e s e  

condi t ions ,  both t h e  cis and trans isomers d isp layed  approximately t h e  

same p h o t o s e n s i t i v i t y .  However, i f  t h e  u n f i l t e r e d  l i g h t  was used, t h e  

trans isomer was l e s s  s e n s i t i v e  than  t h e  cis isomer s i n c e  t h e  d-d 

absorp t ion  band of t h e  trans isomer over laps  t o  a much g r e a t e r  e x t e n t  

with i t s  h igher  energy cha rge - t r ans fe r  abso rp t ions .  

The above s e r i e s  of experiments were repea ted  f o r  t h e  halogen 

5 complexes cis- and trans- (q -C5Me5) Re (CO) ,X2 ( X  = C 1 ,  Br, I )  . The 

r e s u l t s  were q u a l i t a t i v e l y  t h e  same. FTIR absorp t ion  bands f o r  t h e  

halogen complexes a r e  summarized i n  Table 3-1, and Figure  3-2 shows t h e  

s p e c t r a l  changes a s s o c i a t e d  with pho to lys i s  and subsequent warming of 

t h e  cis  d i i o d i d e  complex. 

I r r a d i a t i o n ,  a t  13 K t  r e s u l t e d  i n  t h e  l o s s  of CO and t h e  formation 

of (q5-c,M~,) ~e (CO) X, ( X  = C1,  B r ,  I )  . When t h e  g l a s s  was warmed t o  100 

K, t h e  bands due t o  t h e  unsa tu ra t ed  spec i e s  and f r e e  CO disappeared and 
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Figure 3-2 

(Ttp). The FTIR spectral changes accompanying the UV photolysis of cis- 
(q -C5Me5)Re (C0) ,I at 13 f in a (l12-eppxyethyl) benzene glass. The 
negatlze bands at 5017 cm- and 1947 cm- are a result pf the loss of 
cis- (q -C5Me5)Re (CO) I,. The positive band at 2128 cm' is due to free 
CO in the matrix.  fie positive band at 1905 cm; was due to the 
formation of the photogenerated intermediate (1 -C5Me )Re(CO)I,. The 
photolysis times were (a) 5 s, (b) 15 s, (c) 25 s, (df 145 s. 
(Bottom) FTIR spectral change associated with the warming, from 13 K 
to 100 K, of the glass containing photoprodufed (q5-C~M~,) ~e (CO) I,. 
The positiv! bands at 2020 cm- and 1952 cm- are due to the formation 
of trans- (q -C5Me5) Re (CO) 212. 



5 new bands due t o  t r ans -  (q -C5Me5) Re ( C 0 )  2X2 ( X  = C1,  B r ,  I )  appeared. 

Analogous t o  t h e  dimethyl complex, when narrow wavelengths were used ( i n  

p a r t i c u l a r  h = 320-400 nm, pas s  h > 380 nm and pas s  h > 310 nm) t o  

s e l e c t i v e l y  i r r a d i a t e  t h e  d-d t r a n s i t i o n s  t h e  course  of t h e  r e a c t i o n  was 

not  a f f e c t e d .  The dihalogen complexes, both cis and t r a n s  isomers,  

e x h i b i t e d  reso lved  d-d abso rp t ions  a t  lower energy than t h e i r  r e spec t ive  

cha rge - t r ans fe r  bands. 

3 . 3  Discussion 

Previous s t u d i e s  on t h e  photochemistry of cis- ( q 5 - ~ 5 ~ e 5 )  Re (CO) ,X2 

( X  = C1,  Br, I)  showed t h a t  t h e y  underwent cis 4 t r a n s  i somer iza t ion .  3 5 

This s tudy  demonstrated t h a t  t h e  r e l a t e d  complex, 

cis- ( p 5 - c 5 ~ e 5 )  Re (CO) ,Me2, a l s o  underwent t h e  u n i d i r e c t i o n a l  cis -+ t r a n s  

i somer iza t ion  a s  shown i n  equat ion  3-2. In  a  low temperature g l a s s  

hv 
cis- ( p 5 - ~ , ~ e 5 )  ~e (CO) ,Me, - 5 > t r ans -  (q -C5Me5) Re (CO) ,Me2 3-2 

t h e  r e a c t i o n  was found t o  be n e a r l y  q u a n t i t a t i v e .  The r e a c t i o n  was a l s o  

found t o  be u n i d i r e c t i o n a l ,  a t  o r  below a temperature of 100 K, where 

pho to lys i s  of t r ans -  ( q 5 - ~ 5 ~ e 5 )  Re (CO) ,Me2 did not  produce t h e  cis isomer. 

A s  mentioned above, t h e  r e a c t i o n  was nea r ly  q u a n t i t a t i v e  a t  low 

temperature but  a t  ambient temperature t h e  product ion of 

( q 5 - ~ 5 ~ e 5 )  ~e (CO) and i t s  photoproducts were a l s o  observed. It i s  

p o s s i b l e  t h a t  t h e  t r i c a r b o n y l  complex was formed by t h e  r e a c t i o n  of t h e  

photogenerated unsa tu ra t ed  spec i e s  with t h e  s t a r t i n g  complex which l e d  

u l t i m a t e l y  t o  ( q 5 - ~ 5 ~ e 5 )  Re (CO) 3 .  

The primary photoprocess f o r  t h e  complexes cis and t r ans -  



(q5-c,M~,)R~(CO),X, (X = Me. C1, Br, I) was CO loss to generate the 

unsaturated complexes (q5-c5Me5)~e (CO) x2 (X = Me, C1, Br, I) as shown in 

equation 3-3. In each instance the observed photoreaction was 

independent of irradiation wavelength. There was no observed difference 

in reactivity if only the ligand field (LF) transitions were irradiated 

as opposed to irradiating both the ligand field and charge-transfer (CT) 

states. 

5 
hv 

cis or trans- (q -C5Me5) Re (CO) 2X, - > ( I ~ ~ - c ~ M ~ , ) R ~  (C0)X2 t CO 3-3 

(X = Me, C1, Br, I) 

The unsaturated intermediates did not appear to be coordinated by 

the matrix molecules. The degree of solvent coordination was assessed 

by monitoring the change in absorption energies upon varying the 

solvent. For example, the carbonyl absorption frequency of 

(q5-c5Me5) ~e (CO) Me2 shifted from 1861 cm-' to 1840 cm-' upon changing 

the solvent from 4-methyl-1-cyclohexene to (1,2-epoxyethyl)-benzene. 

The carbonyl absorption of (q5-~5~e5) Re (CO)Me2, in the non-coordinating 

solvent methylcyclohexane, was 1864 cm-' . The similarity between the 

carbonyl absorption in methylcyclohexane and 4-methyl-1-cyclohexene 

indicated that the olefin did not coordinate strongly to the unsaturated 

intermediate. There was a substantial shift observed, 24 cm-' for the 

CO stretch of (q5-~5~e5) Re (CO) Me2 , upon switching from methylcyclohexane 
to (1,2-epoxyethyl)-benzene. However, the CO absorption bands of cis- 

(q5-c,M~,) Re (CO) 2Me2 were 1982 cm-' and 1900 cm-' in methylcyclohexane 

and 1968 cm-' and 1879 cm-' in (l,2-epoxyethyl) -benzene, which was a 

shift of 14 cm-' for the symmetric and 21 cm-' for the antisymmetric 



v i b r a t i o n s .  Comparatively, t h e  abso rp t ion  frequency s h i f t  of t h e  co 

l o s s  product  was on ly  s l i g h t l y  l a r g e r  t han  t h e  s h i f t  observed f o r  t h e  

c o o r d i n a t i v e l y  s a t u r a t e d  s t a r t i n g  complex. Therefore ,  f o r  a l l  t h r e e  

s o l v e n t s  used i n  t h i s  s tudy ,  it was concluded t h a t  any i n t e r a c t i o n  

between t h e  unsa tu ra t ed  complex and so lven t  was very  weak. 

The d i h a l i d e  complexes, cis- ( r 1 5 - ~ 5 ~ e 5 )  Re (CO) 2X2 (X = C1, B r ,  I ) ,  

were s p a r i n g l y  s o l u b l e  i n  hydrocarbon s o l v e n t s .  The c h a r a c t e r i z a t i o n  of 

t h e  CO l o s s  product  of t h e  d i h a l i d e s  was unachievable  i n  both 

methylcyclohexane and 4-methyl-1-cyclohexene. Consequently, an a n a l y s i s  

of t h e  CO s t r e t c h i n g  f r equenc i e s  of t h e  d i h a l i d e s  i n  methylcyclohexane 

o r  4-methyl-1-cyclohexene was no t  f e a s i b l e .  However, it was p o s s i b l e  t o  

compare t h e  d i f f e r e n c e s  i n  f requency between t h e  s a t u r a t e d  complexes and 

t h e i r  CO l o s s  product  i n  (1,2-epoxyethyl)-benzene. The CO s t r e t c h i n g  

f r equenc i e s  of t h e  CO l o s s  products  of t h e  d i h a l i d e s ,  (115-~5~e5) Re (CO) X2 

( X  = C1, Br, I )  were approximately 80 cm-' lower i n  energy than  t h e  

average band p o s i t i o n s  of t h e  s t a r t i n g  complexes. The frequency 

d i f f e r e n c e s  of t h e  CO s t r e t c h e s ,  between t h e  s a t u r a t e d  and unsa tu ra t ed  

d i h a l i d e  complexes were s i m i l a r  t o  t h e  frequency d i f f e r e n c e  of  83 cm-' 

between t h e  average band p o s i t i o n  of cis- ( q 5 - ~ 5 ~ e 5 )  ~e (CO) 2Me, and t h e  

abso rp t ion  band of ( q 5 - ~ 5 ~ e 5 ) ~ e ( ~ ~ ) ~ e 2 .  A s  a r e s u l t  of t h e  s i m i l a r i t y  

t h e  i n  f requency s h i f t s  it was concluded t h a t  t h e  CO l o s s  products  of 

diha1i.de complexes a r e  best cons idered  a s  e f f e c t i v e l y  unsa tu ra t ed  

s p e c i e s .  

When a g l a s s  con ta in ing  ( q 5 - ~ 5 ~ e 5 )  Re (CO) X, (X= Me, C1,  Br, I ) and 

f r e e  CO was warmed, r e a c t i o n  occur red  t o  produce t h e  t r a n s  isomer a s  

shown i n  equa t ion  3-4. I n  each i n s t a n c e  only t h e  t r a n s  isomer, and none 



of t h e  cis isomer, was formed i n  t h e  thermal  back-react ion.  

5 
A 

(q -C5Me5)Re (CO)X2 + CO - > t rans-  ( q 5 - ~ 5 ~ e 5 )  ~e (CO) ,x, 3-4 

(X= Me, C1, B r ,  I) 

In  each case  a l l  t h e  photoproduced carbon monoxide, formed a t  13  K, 

was consumed i n  r e a c t i o n  3-4. No d e t e c t a b l e  amounts of o the r  products  

were observed by FTIR spectroscopy.  Therefore t h e  r e a c t i o n s  must have 

been e s s e n t i a l l y  q u a n t i t a t i v e .  The f a c t  t h a t  CO recoord ina t ion  occurred  

upon warming t h e  sample t o  100 K i s  probably not  r e f l e c t i v e  of t h e  

e n e r g e t i c s  of CO r e a c t i n g  with t h e  unsa tu ra t ed  fragment.  A l l  of t h e  

5 unsa tu ra t ed  complexes, (q -C5Me5) Re (CO) X2 (X= Me, C1,  B r ,  I ) ,  r e a c t e d  

with f r e e  CO by t h e  time t h e  g l a s s  was warmed t o  100 K, i n d i c a t i v e  of 

t h e  r a t e  of CO d i f f u s i o n  through t h e  g l a s s .  The s p e c t r a  of 

(q5-~5~e5)Re(CO)Me2 i n  4-methyl-1-cyclohexene showed t h a t  some 

recombination wi th  f r e e  CO was observable  a t  temperatures  a s  low a s  20 

K, a l though t h e  bulk of t h e  recombination occurred between 60 K and a 

100 K .  The l i m i t e d  thermal  back r e a c t i o n  a t  20 K was probably a r e s u l t  

of on ly  t h e  unsa tura ted  molecules which had f r e e  CO occupying t h e  same 

s o l v a t i o n  sphere  r e a c t i n g .  A t  20 K t h e  r a t e  of r e a c t i o n  would be 

a f f e c t e d  by both t h e  r a t e  of r o t a t i o n a l  motion i n  t h e  g l a s s  and t h e  

e n e r g e t i c s  of t h e  recoord ina t ion .  A t  low temperatures ,  near  2 0  K, CO 

cannot d i f f u s e  and t h e r e f o r e  molecules which d i d  not have CO i n  t h e  same 

s o l v a t i o n  s h e l l  would not  r e a c t .  However, a t  100 K t h e  g l a s s  was f a r  

less r i g i d  which would al low t h e  CO t o  d i f f u s e  more r e a d i l y  and r e a c t  

with (q5-c5Me5) Re (CO) X2 . The f a c t  t h a t  some back-react ion was observed 

a t  20 K did support  t h e  premise t h a t  t h e  CO l o s s  product,  

65 



(r15-~,~e5)  R e  (CO) Me2 , was indeed a c o o r d i n a t i v e l y  unsa tu ra t ed  molecule .  

The photochemistry of each of t h e  t r a n s  isomers was t h e  same a s  

t h e i r  r e s p e c t i v e  cis isomers; CO l o s s  t o  gene ra t e  unsa tu ra t ed  s p e c i e s .  

The unsa tu ra t ed  s p e c i e s  r e a c t e d  with free CO, upon warming, t o  

r egene ra t e  t h e  t r a n s  isomer and t h e r e f o r e  no ne t  photochemistry was 

observed.  The t r a n s  isomers were found t o  be less pho tosens i t i ve .  The 

reduced p h o t o s e n s i t i v i t y  of t h e  t r a n s  isomers,  r e l a t i v e  t o  t h e  cis 

isomers,  was p a r t i a l l y  due t o  t h e  h ighe r  energy of t h e  d-d abso rp t ion  

bands. I n  t h e  c a s e  of t h e  dimethyl  complex t h e  d-d t r a n s i t i o n  was, f o r  

t h e  most p a r t ,  concealed by t h e  cha rge - t r ans fe r  band. The o v e r a l l  cis- 

t r a n s  i somer iza t ion  f o r  a l l  t h e  complexes s t u d i e d  proceeded by t h e  same 

p roces s .  I n i t i a l l y ,  CO l o s s  occur red  t o  produce t h e  unsa tu ra t ed  

i n t e rmed ia t e  fol lowed by t h e  thermal  r e a c t i o n  of t h e  in te rmedia te ,  with 

f r e e  CO, t o  produce on ly  t h e  t r a n s  product .  When photolyzed t h e  t r a n s  

isomer led t o  t h e  same in t e rmed ia t e  a s  produced by t h e  cis isomer and 

t h e r e f o r e  did not  undergo t r a n s  +cis  i somer iza t ion .  The observa t ion ,  

5 mentioned prev ious ly ,  t h a t  when cis- (q -C5Me5) Re (CO) 212 was photolyzed 

i n  a c h l o r i n a t e d  so lven t  it produced t r a n s -  ( q 5 - ~ 5 ~ e 5 )  Re (CO) 2C12 cannot 

be  a r e s u l t  of t h e  s imple i somer i za t i on .  The product ,  

t r a n s -  ( q 5 - ~ 5 ~ e 5 )  Re (CO) 2 C l p t  must have been produced by e i t h e r  a 

concur ren t  exchange p roces s  o r  t h e  subsequent r e a c t i v i t y  of t h e  t r a n s  

isomer a t  room tempera ture .  

3.4 Conclusions 

I n  t h i s  s tudy  it was demonstrated t h a t  t h e  p h o t o l y s i s  of 

cis- ( q 5 - ~ 5 ~ e 5 )  ~e (CO) ,Me2 a t  13 K i n  methylcyclohexane, 



methylcyclohexene, or (1,2-epoxyethyl)-benzene resulted in the loss of a 

carbonyl ligand and the formation of (q5-~5~e5)~e (co)M~, . It was also 

shown that the unsaturated complex underwent reaction with the 

photoproduced CO, upon warming to 100 K, to yield exclusively 

trans- (15-~,~e5) ~e (CO) 2~e2. Photolysis of the trans isomer leads to the 

same unsaturated intermediate as the cis isomer. Additionally, the 

mechanism of the cis +trans isomerization for the analogous dihalides, 

cis- (q5-c,M~,) Re (CO) ,X2 (X = C1, Br, I), in (1,2-epoxyethyl) -benzene 

was found to occur by the same mechanism as the dimethyl complex. 

3 . 5  Experimental Section 
5 The complexes cis- (r15-~5~e,) Re (CO) ,Me2 and (q -C5Me5) Re (CO) 2X2 

(X = C1, Br, I) were obtained from the laboratories of D. Sutton and A.H. 

Klahn-Oliva. However, the complexes may be prepared by published 

procedures. 35,68,69 FTIR spectra were obtained using a Bruker IFS 85 

spectrophotometer operating at 1 cm-I resolution. The samples were 

cooled in CaF2 faced IR cells using a CTI-cyrogenics Model 22 cryocooler 

and a 350R compressor system equipped with a Lake Shore Cryotronics DRC 

80C temperature controller. The temperature was monitored by a Lake 

Shore Cryotronics silicon diode sensor (DT500 DRC) . The solvents, 

methylcyclohexane, 4-methyl-1-cyclohexene and (1,2-epoxyethyl)-benzene, 

were purchased from Aldrich and used without further purification. 

The photolysis source was a 100-W high pressure Hg lamp. For all 

of the experiments, the light was passed through a 10 cm path length 

water filter equipped with quartz optics. To isolate specific 

wavelengths, specific filters were used; Corning 7-51 (pass h = 320- 



4OOnm), 3-75 (pas s  h > 380nm) and 0-54 (pas s  A > 310nm) . 

3.5.1 Low-temperature photolysis. A l l  of t h e  experiments were 

conducted i n  a s i m i l a r  manner, t h e r e f o r e ,  a t y p i c a l  one w i l l  be 

5 desc r ibed .  A s o l u t i o n  of cis- (q -C5Me5) Re (C0)  2Me2 was prepared such 

t h a t  t h e  o p t i c a l  d e n s i t y  of t h e  most i n t e n s e  absorp t ion ,  due t o  t h e  CO 

l i gands ,  was between 0 .3  and 1. The s o l u t i o n  was loaded i n t o  a CaF2- 

faced  FTIR c e l l  and cooled with t h e  c ryocooler  t o  a temperature of 13 K 

and allowed t o  e q u i l i b r a t e .  FTIR s p e c t r a  were then  obta ined  i n  t h e  

reg ion  from 2200 cm-I t o  1700 cm-l. The sample was then  removed from 

t h e  o p t i c a l  bench and i r r a d i a t e d  wi th  t h e  w a t e r - f i l t e r e d  output  of a 

100-W high-pressure Hg lamp f o r  5 seconds. Subsequently, t h e  sample 

was r e i n s e r t e d  i n t o  t h e  o p t i c a l  bench and t h e  FTIR spectrum obta ined .  

This  process  was repea ted  u n t i l  no apprec i ab le  change i n  t h e  FTIR 

s p e c t r a  was observed upon subsequent i r r a d i a t i o n .  The sample was then  

allowed t o  warm and FTIR s p e c t r a  were c o l l e c t e d  a t  10 K i n t e r v a l s  up t o  

100 K .  The sample was s t a b i l i z e d  a t  100 K and FTIR s p e c t r a  were 

obta ined  u n t i l  no f u r t h e r  change occurred ( see  F igure  3 -1 ) .  

Consequently, t h e  sample temperature was r a i s e d  t o  298 K and i t s  F T I R  

spectrum obta ined .  The sample, which now contained predominantly 

t r ans -  ( q S - ~ S ~ e s )  Re (CO) nMe,, was aga in  cooled t o  13 K and i t s  FTIR 

spectrum obta ined .  

Analogous experiments were conducted i n  t h e  o t h e r  s o l v e n t s  and with 

t h e  d i h a l i d e s  i n  (1,2-epoxyethyl) -benzene. In  (1,2-epoxyethyl) -benzene 

t h e  experiments were done by us ing  d i f f e r e n t  o p t i c a l  f i l t e r s  t o  a s s e s s  

t h e  e f f e c t  of wavelength on t h e  r e a c t i o n .  
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Chapter 4 : Photochemistry of (q5-~5~e5) Re (CO) ,Br2 on Si (111) surfaces 

at low temperature. 

4.1 Introduction 

Very l i t t l e  i s  known about t h e  photochemistry of i no rgan ic  

compounds i n  t h e  s o l i d  s t a t e .  Therefore ,  we were i n t e r e s t e d  i n  l e a r n i n g  

how chemical r e a c t i v i t y  may d i f f e r  i n  t h e  s o l i d  s t a t e  a s  opposed t o  i n  

a s o l u t i o n  o r  a g l a s s .  
5 The compound, cis- (q -C5Me5)Re(C0)2Br2,  was chosen t o  be s t u d i e d  a s  

an amorphous f i l m  s i n c e  i t s  chemis t ry  i n  so lu t ion35  and g l a s se s36  had 

been e x t e n s i v e l y  s t u d i e d .  Hence, t h e  photochemical s t u d i e s  of  a 

f i l m  of cis- (q5-c5Me5) Re (CO) 2 B r 2  cou ld  be compared with t h e  s t u d i e s  done 

i n  d i f f e r e n t  media. 

In  t h i s  chap te r  t h e  photochemical r e a c t i o n s  of a f i l m  of 

( q 5 - c 5 ~ e 5 )  Re (CO) 2Br2 depos i t ed  on a s i l i c o n  s u r f a c e  a r e  d i s cus sed .  

S i l i c o n  was chosen a s  t h e  s u b s t r a t e  s i n c e  it was inexpensive and 

t r a n s m i t t e d  i n f r a r e d  wavelengths.  The r e s u l t s  a r e  compared t o  t h o s e  

ob t a ined  from t h e  p h o t o l y s i s  of cis- ( q 5 - ~ 5 ~ e 5 )  Re (CO) ,Br2 i n  a g l a s s .  

4.2 Results and Discussion 

4.2.1 Calibration of absorbance vs. surface coverage 

The absorbance of cis- (q5-c5Me5) Re (CO) 2Br, a s  a func t ion  of 

t h e  amount of f i l m  depos i t ed  on a s i l i c o n  s u r f a c e  was determined i n  

o r d e r  t o  provide  a means t o  approximate t h e  coverages used i n  subsequent 

experiments .  A s t ock  s o l u t i o n  with a known concen t r a t i on  of 

cis- (q5-c5Me5) Re (CO) 2Br2, i n  dichloromethane, was prepared  and a drop  of 

6 9 



frequency (cm- 1) molecules /~~ 

E'igure54-1 (a) FTIR spectra fqr 0.5,  1.1, 1 .6 ,  and 2 . 2  molecules of 
cis-(q -C5Me5)Re(C0) *Br2 per A on a silicon (111) surface. (b) P l o t  of 
the absorQance of the symmetric (0) and antisymmetric (0 )  CO stretches 
of cis- (q -C,Me,) Re (CO) 2Br2 vs . coverage (data from Fig.  4-1 (a )  ) . 



t h e  s o l u t i o n  was depos i t ed  on a s i l i c o n  wafer .  The so lven t  was al lowed 

t o  evapora t e  l eav ing  a f i l m  of cis- ( q 5 - ~ 5 ~ e 5 )  Re (CO) 2 B r 2 .  FTIR s p e c t r a  

of t h e  f i l m s  were ob ta ined  over  an absorbance range of 0 - 0.02 ( f o r  t h e  

carbonyl  s t r e t c h e s )  and t h e  r e s u l t s  a r e  summarized i n  F igure  4-1 .  A 

more d e t a i l e d  d e s c r i p t i o n  of t h e  absorbance vs. coverage p l o t  i s  g iven  

i n  t h e  Experimental Sec t ion .  A s  a r e s u l t  of knowing t h e  concen t r a t i on  

of cis- (q5-c5Me5) Re (CO) 2Br2 depos i t ed  a s  a f i lm,  and assuming t h a t  t h e  

average f o o t p r i n t  of a molecule of cis- ( q 5 - ~ , ~ e 5 )  Re (CO) 2Br2 was 100 A ~ ,  

an absorbance of 0.02 corresponded t o  more t han  300 monolayers. The 

absorbance measurements desc r ibed  h e r e  a r e  no t  s u f f i c i e n t l y  s e n s i t i v e  t o  

detect t h e  i n t e r f a c i a l  l a y e r s  ( i . e . ,  2 i n  300 monolayers) . Cons i s t en t  

with t h i s ,  t h e  observed photochemistry was occu r r ing  i n  t h e  f i l m  and did 

not  appear  t o  be  i n f luenced  by t h e  s i l i c o n  s u r f a c e  envi'ronment. 

Although t h e  s u b t r a t e  did not  appear  t o  e f f e c t  t h e  observed chemistry,  

very  t h i n  films (less than  50 monolayers) were no t  used i n  o r d e r  t o  

main ta in  good s i g n a l  t o  n o i s e  c h a r a c t e r i s t i c s .  

4.2.2 Coxparison of the IR spectra of cis- (r15-~5Me5) Re (CO) ,BE, i n  a lor 

temperature glass  and i n  a fi lm. 

The FTIR spectrum of cis- (115-~S~e5) Re (CO) 2Br2 on t h e  s i l i c o n  

s u r f a c e  c o n s i s t e d  of two abso rp t ions  i n  t h e  meta l  carbonyl  reg ion .  The 

bands a t  2017 cm-' and 1938 cm-I were ass igned  a s  due t o  t h e  symmetric 

and ant isymmetr ic  carbonyl  s t r e t c h e s ,  r e s p e c t i v e l y .  Both t h e  p o s i t i o n s  

and r e l a t i v e  i n t e n s i t i e s  of t h e  two CO s t r e t c h i n g  abso rp t ions  were 

c o n s i s t e n t  with t h e  r e s u l t s  from a low temperature  g l a s s  where t h e  



Table 4-1 

FTIR spectral data for  relevant complexes 

Complex ~ e d i u m ~  ~ ( c o )  cm-I 
( r e l a t i v e  i n t e n s i t y )  

cis- ( r l S - ~ s ~ e 5 )  ~e (CO) 2Br2 S i  (111) 2017 ( l . 6 ) ,  1938 (1 .0 )  

G l a s s  2028 ( 1 . 5 ) ,  1935 ( 1 . 0 )  

t r a n s -  ( r 15 -~5~e5)  Re (CO) $3r, S i ( l l 1 )  2 0 4 0 ( 1 . 0 ) ,  1967 (1 .2 )  

G l a s s  2 0 3 9 ( 1 . 0 ) ,  1963(2 .5 )  

Isomer 1 ( r15 -~S~e5)  ~e (CO) ~ r ,  S i  (111) 1900 

Isomer 2 S i  (111) 1909 

G l a s s  1910 

a Data i n  a  (1,2-epoxyethyl)-benzene g l a s s  were o b t a i n e d  
a t  1 3  K, d a t a  o b t a i n e d  on a  S i ( l l 1 )  s u r f a c e  were a t  77 K .  



symmetric and antisymmetric carbonyl  absorp t ions  appeared a t  2028 cm-I 

and 1935 cm-l, r e s p e c t i v e l y  (see Table 4 - 1 ) .  

4 . 2 . 3  Comparison of the I R  spectra of t r ans -  (q5-c5hle5) Re(C0)  ,Br2 i n  a lox  

temperature g lass  and i n  a f i lm.  

The carbonyl  s t r e t c h e s  of t r ans -  ( q ' - ~ ~ ~ e , )  Re (CO) ,Br, were found t o  

occur  a t  approximately t h e  same frequency i n  a g l a s s  and a f i l m .  The 

symmetric and ant isymmetr ic  carbonyl  s t r e t c h e s  of t h e  t r a n s  isomer, i n  a 

f i lm,  were a t  2040 cm-' and 1967 cm-I, r e spec t ive ly .  In  a g l a s s  t h e  

carbonyl  s t r e t c h e s  of t h e  t r a n s  isomer appeared a t  2039 cm-I and 1963 

-1 cm . However, t h e  r e l a t i v e  i n t e n s i t i e s  d i f f e r e d  cons iderably  i n  t h e  

d i f f e r e n t  media. The r e l a t i v e  i n t e n s i t y  of t h e  antisymmetric s t r e t c h  

was reduced i n  a f i l m .  The r e l a t i v e  i n t e n s i t i e s  of t h e  t r a n s  isomer i n  

a f i l m  were used t o  c a l c u l a t e  t h e  C-Re-C angle,  66 and found t o  be 95'. 

The angle  c a l c u l a t e d  f o r  t h e  same isomer i n  a g l a s s  was 115'. The angle  

observed i n  t h e  c r y s t a l  s t ruc tu re3 '  was 104'. The reason f o r  t h e  change 

i n  t h e  C-Re-C angle,  of t h e  t r a n s  isomer, upon swi tch ing  from a g l a s s  t o  

a f i l m  may have been due t o  an o r i e n t a t i o n  e f f e c t  of t h e  s u r f a c e  o r  t h e  

inc reased  molecule-molecule i n t e r a c t i o n  t h a t  i s  p o s s i b l e  i n  a f i lm .  

4 . 2 . 4  Comparison of the photochemistry of (q5-~5Me5) Re (CO) *Br2 i n  a lox 

temperature g lass  and i n  a f i lm.  
5 I r r a d i a t i o n  of an amorphous f i l m  of cis- (q -C5Me5) Re (CO) ,Br,, a t  

77 K, i n t o  t h e  lowest energy d-d absorp t ion  (bandpass > 420 nm) led t o  

t h e  d i f f e r e n c e  spectrum shown i n  F igure  4 -2 (a ) .  The l o s s  of t h e  

s t a r t i n g  m a t e r i a l f  s abso rp t ions  a t  2017 cm-I and 1938 cm-I and t h e  



frequency (cm-1) 

Figure 4-2.  FTIE s p e c t r a l  change assoc ia ted  w i t h - ( a )  t h e  photolys is  of 
a f i l m  of cis- (q -C5Me5)Re (CO) 2Br2 on S i  (111) f o r  80 s followed by (b) 
t h e  s p e c t r a l  change assoc ia ted  with warming t h e  sample t o  150 K and 
re-cooling t o  77 K.  



appearance of t h r e e  new abso rp t ion  bands a t  2042 cm-l, 1970 cm-I and 

1900 cm" was observed. The two h ighe r  energy bands were a s s igned  t o  

t r a n s -  ( r 1 5 - ~ 5 ~ e 5 )  ~e (CO) , ~ r , .  An a u t h e n t i c  sample of t r ans -  

(115-~5~e5)Re(C0)2Br2 was depos i t ed  on a s i l i c o n  su r f ace  and cooled  t o  77 

K where i t s  spectrum was ob t a ined .  The CO s t r e t c h i n g  f r equenc i e s  of t h e  

a u t h e n t i c  sample were found t o  occur  a t  2040 cm-I and 1967 cm-l. The 

band p o s i t i o n s  of t h e  a u t h e n t i c  t r a n s -  ( r 1 5 - ~ 5 ~ e 5 )  Re (CO) ,Br, isomer and 

t h e  photogenerated t r ans -  ( T ~ ~ - c , M ~ , )  Re (CO) 2Br2 isomer ag ree  w i th in  t h e  4 

- 1 cm r e s o l u t i o n  a t  which t h e  s p e c t r a  were obtained,  confirming t h e  

assignment of t h e  photoproduct.  

The lower energy band a t  1900 cm-', produced by t h e  p h o t o l y s i s  of 

cis- ( q 5 - ~ , ~ e , )  Re (CO) ,Br,, was a s s igned  t o  t h e  unsa tu ra t ed  complex 

(q5-c,M~,) Re (CO) Br, . A t  lower conversions,  t h e  product ion  of f r e e  CO 

was no t  observed due t o  i t s  low e x t i n c t i o n  c o e f f i c i e n t  i n  t h e  f i l m .  

When t h e  sample was warmed t o  150 Kt r e a c t i o n  occur red  consuming 

5 ( T ~ ~ - c , M ~ , )  Re (CO) B r 2  , and f r e e  CO, t o  produce t r ans -  (q -C5Me5) Re (CO) 2Br2 

(see Figure  4 - 2 ( b ) ) .  The o v e r a l l  r e a c t i o n  pathway i s  summarized i n  

F igure  4-4, pathways (i) and (ii). The photoreac t ion  i s  completely 

analogous t o  t h e  r e s u l t s  found i n  a (1,2-epoxyethyl)-benzene g l a s s .  36 A 

s i m i l a r  r e s u l t  was found i f  t h e  sample was i r r a d i a t e d  wi th  l i g h t  of 

wavelengths longer  t han  300 nm. 

The unsa tu ra t ed  spec i e s ,  (?15-c5Me5) Re (CO) B r 2  , was a l s o  

pho tosens i t i ve .  The s p e c t r a l  changes a r e  shown i n  F igure  4 -3 (a ) .  

I n i t i a l l y ,  p h o t o l y s i s  r e s u l t e d  i n  t h e  formation of both t r a n s -  

( q 5 - ~ 5 ~ e , )  Re (CO) 2 B r 2  a t  2040 CK' and 1967 cm-' and t h e  unsa tu ra t ed  

s p e c i e s  a t  1900 cm-'. Continued p h o t o l y s i s  r e s u l t e d  i n  t h e  appearance 



of  an abso rp t ion  band a t  1909 cm-I which was a s s igned  t o  a second isomer 

of ( q S - ~ , ~ e 5 ) ~ e  ( c o ) B ~ ,  . A t  h ighe r  conversions,  free CO could  be seen  a t  

2132 cm-l. The photochemical s t e p s  and proposed geometr ies  f o r  each 

unsa tu ra t ed  isomer a r e  o u t l i n e d  i n  F igure  4-4 .  When t h e  sample was 

warmed, t h e  second isomer r e a c t e d  wi th  free CO t o  produce only  cis- 

( q 5 - ~ s ~ e s ) ~ e  (CO) ,Br2 a s  i l l u s t r a t e d  by t h e  s p e c t r a l  change i n  F igure  4- 

3 ( b ) .  The r e s u l t  of warming was i n s e n s i t i v e  t o  t h e  i r r a d i a t i o n  

wavelength used a t  low temperature .  

A s  shown e a r l i e r ,  from r e s u l t s  ob t a ined  i n  a (1,2-epoxyethyl)- 

benzene g l a s s ,  on ly  one isomer of (q5 -~5~e5)Re(CO)Br2  was formed i n  t h e  

g l a s s .  This  isomer underwent a r e a c t i o n  with f r e e  CO r e s u l t i n g  i n  t h e  

formation of t r ans -  ( q 5 - ~ 5 ~ e 5 )  Re (CO) , ~ r ~ .  However, pho to lys i s  of isomer 

1 on a s i l i c o n  s u r f a c e  led t o  t h e  photoproduct ion of a second isomer of 

(q5-c,M~,) Re (CO) Br2. The two unsa tu ra t ed  isomers were found t o  r e a c t  

t he rma l ly  wi th  f r e e  CO t o  produce t h e  two isomers of (q5- 

CsMe5)Re(C0) ,Br2.  The s t r u c t u r e  of each of  t h e  unsa tu ra t ed  isomers was 

probably a r e s u l t  of t h e  molecule r e t a i n i n g  a f o u r  legged p iano  s t o o l  

geometry. Although t h e  assignment of t h e  s t r u c t u r e  of t h e  two CO l o s s  

isomers was not  conc lus ive ,  it does seem p l a u s i b l e  t h a t  t h e  geometry of 

t h e  b a s a l  l i g a n d s  would be r e t a i n e d  throughout t h e  thermal  r e a c t i o n .  

The r e a c t i o n  of isomer 1, with f r e e  CO, r e s u l t e d  i n  a t r a n s  product .  

Consequently, isomer 1 was ass igned  a s  having CO t r a n s  t o  t h e  vacant  

coo rd ina t ion  s i te .  S ince  t h e  thermal  r e a c t i o n  of isomer 2, wi th  f r e e  

CO, r e s u l t e d  i n  t h e  cis product ,  isomer 2 was ass igned  a s  having CO cis 

t o  t h e  vacant  s i te .  

Previous work showed t h a t  t h e  p h o t o l y s i s  of t h e  i s o e l e c t r o n i c  



frequency (em-1) 

Figure 4-3. FTIF s p e c t r a l  changes as soc ia ted  with (a) t h e  photolys is  of 
a f i l m  of cis-(q -C5Me5)Re(C0) 2Br2 on S i  (111) f o r  100 min and 220 min 
using f i l t e r e d  l i g h t  (band pass  > 420 nm) and 5 min using u n f i l t e r e d  
l i g h t  followed by (b) t h e  s p e c t r a l  change assoc ia ted  with warming t h e  
sample t o  150 K and re-cooling t o  77 K .  



5 molecules,  (q -C5H5)Mo(C0)2PR3X ( R  = Ph, Bu; X = C1,  B r ,  I )  i n  g l a s s e s ,  

produced two i somer ic  unsa tu ra t ed  s p e c i e s  fo l lowing  CO l o s s .  70 I n  each 

ca se  t h e  r e a c t i o n  of (q5-c,H,)Mo(CO)PR,X with free CO r e s u l t e d  i n  t h e  
5 s p e c i f i c  gene ra t i on  of an isomer of (q -C5H5)Mo(CO),PR3X. Also, t h e  

p h o t o l y s i s  of cis and t r a n s -  (T~~-c,H,) V ( C 0 )  ,L2 (L = P (OMe) 3I P ( O E t )  3) i n  

a g l a s s  produced d i s t i n c t  unsa tu ra t ed  s p e c i e s  depending on t h e  

s t e r eochemis t ry  of  t h e  s t a r t i n g  compound. The back r eac t ion ,  with f r e e  

CO, r e s u l t e d  i n  t h e  formation of t h e  s t a r t i n g  m a t e r i a l  i n  i t s  o r i g i n a l  

~ o n f i ~ u r a t i o n . ~ '  I n  c o n t r a s t ,  it was found t h a t  t h e  p h o t o l y s i s  of cis  

o r  t r a n s -  (q5-c,H,) W(CO)  21L ( L  = P (OMe) 3, PPh3, P (n-Bu) 3 )  i n  a g l a s s  

showed tempera ture  dependent i n t e rmed ia t e s .  A t  12 K t h e  r e s u l t s  were 

analogous t o  t h e  vanadium compounds mentioned above. However, a t  77 K, 

t h e  product ion  of a mix ture  of cis and t r a n s  complexes was observed upon 

r e a c t i o n  wi th  uncoordinated C 0 .  71 

Pho to lys i s  of a f i l m  of t r a n s -  ( q 5 - C ~ M ~ , )  Re (CO) ,Br, r e s u l t e d  i n  no 

observable  change i n  t h e  FTIR spectrum r e g a r d l e s s  of t h e  p h o t o l y s i s  

wavelength used. Cont ras ted  with t h i s ,  was t h e  r e s u l t  ob t a ined  by t h e  

5 p h o t o l y s i s  of t r a n s -  (q -C5Me5) Re (CO) 2Br2  i n  a low temperature  g l a s s  

where CO l o s s  was observed. 

4.3 Conclusions 

Previously,  it was shown t h a t  ( q 5 - c 5 ~ e 5 )  ~e (CO) ,Br2, i n  low temperature  

g l a s s e s ,  underwent e f f i c i e n t  CO l o s s  t o  gene ra t e  (q5-c5Me5) ~e (CO) Br2. 3 6 

The ( q 5 - ~ 5 ~ e 5 )  Re (CO) Br, in t e rmed ia t e  was produced by t h e  pho to lys i s ,  a t  

13 K, of e i t h e r  cis o r  t r a n ~ - ( q ~ - ~ ~ M e , ) R e  (CO) ,Br,. Upon warming t h e  

g l a s s  con ta in ing  (qS-c,M~,) Re (CO) Br, , only  t h e  t r a n s  isomer was formed 

7 8 



isomer 

Figure 4-4. 
(i) .Photolysis in a glass at 77 K or 20 K, or photolysis in a 
film at 77 K. (ii) Warming either a surface film or glass. (iii) 
photolysis in a film at 77 K. (iv) warming of the photogenerated 
intermediate in a surface film. 



i n  t h e  thermal  back r e a c t i o n  wi th  f r e e  CO. This  r e s u l t  exp la ined  why 

t h e  s o l u t i o n  i somer i za t i on  occur red  i n  t h e  cis t o  t r a n s  d i r e c t i o n  

only .  3 5 

The r e s u l t  of photo lys ing  a f i l m  of (q5-c,~e,)Re (CO) ,Br2 and a low 

temperature  g l a s s  con ta in ing  (q5-c5Me5) Re (CO) ,Br2 was d i f f e r e n t  . I n  a 

f i lm ,  t h e  photo isomer iza t ion  of ( q 5 - ~ 5 ~ e 5 )  Re (CO) 2Br2, was observable .  

However, i n  t h e  f i l m  an a d d i t i o n a l  i n t e rmed ia t e  was c h a r a c t e r i z e d .  This  

demonstrated t h a t  t h e  photochemistry of t r a n s -  (q5-c5Me5) Re (CO) ,Br2 was 

a l t e r e d  by t h e  change of phase from a low temperature  g l a s s  t o  a s u r f a c e  

f i l m .  

4 . 4  Experimental Section 

The compounds used, cis- and t r a n s -  (q5-c,M~,) Re (CO) 2Br2, were 

ob ta ined  from Pro fe s so r  D .  Sut ton,  Simon F r a s e r  Un ive r s i t y .  However, 

t hey  may be prepared  by l i t e r a t u r e  methods. 6 8 

The S i ( l l 1 )  wafers were ob ta ined  from P a c i f i c  Microe lec t ron ics  

Center ,  Canada. The wafers  were p-type s i l i c o n  with t o l e r a n c e s  and 

s p e c i f i c a t i o n s  accord ing  t o  SEMI Standard Ml.l.STD.5. The 4" wafers  

were c u t  t o  t h e  approximate dimensions of 1 cm x 1 cm f o r  use a s  

s u b s t r a t e s .  

The FTIR t r ansmi t t ance  s p e c t r a  were ob ta ined  us ing  a BOMEM 

Michelson MB-120 FTIR spectrophotometer  o p e r a t i n g  a t  4 cm-I r e s o l u t i o n .  

The samples were h e l d  i n  a h igh  conduc t iv i t y  copper sample mount. The 

sample mount was h e l d  w i th in  a CaF2 faced  vacuum Dewar. The l i g h t  

source  was a 100 W high p r e s s u r e  mercury lamp i n  an Oriel housing 

equipped wi th  q u a r t z  condenser l e n s e s .  
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4 . 4 1  Calibration of the absorption of ( T ~ ~ - c ~ M ~ , )  Rs (CO) ,Br, 

on S i ( l l 1 )  

A s tock  s o l u t i o n  of cis- (115-~5~e5)  Re (CO) ,Br2 was prepared  i n  

dichloromethane ( 1 . 4  mM) . A drop  of t h e  s tock  s o l u t i o n  (3 .1  x cm3) 

was d e p o s i t e d  on t h e  s u r f a c e  of  a s i l i c o n  wafer, t h e  so lven t  was al lowed 

t o  evapora te ,  and t h e  FTIR spectrum obta ined .  The coverage of  t h e  drop  

was found t o  be 0 .5  cm2. The p roces s  was repea ted  s e v e r a l  times 

producing t h e  d a t a  shown i n  F igure  4-1.  

An analogous experiment was conducted us ing  t h e  t r a n s  isomer 

y i e l d i n g  s l o p e s  of 6.0 x and 7 . 3  x absorbance ~ ~ l m o l e c u l e s  f o r  

t h e  h igh  and low energy bands, r e s p e c t i v e l y .  

4 . 4 . 2  Photolysis of ( q 5 - ~ 5 )  & ( 0  B on s i l i c o n  

surf aces 

Five drops of  a dichloromethane s o l u t i o n  con ta in ing  

( r15 -~5~e5)  Re (CO) 2Br2 were depos i t ed  on a s i l i c o n  wafer and t h e  s o l v e n t  

was al lowed t o  evapora te .  The s i l i c o n  wafer was t hen  mounted i n  a high 

c o n d u c t i v i t y  copper ho lde r  and p l a c e d  i n  a vacuum Dewar. The sample was 

t hen  cooled, t o  77 Kt with  l i q u i d  n i t rogen  and photolyzed f o r  80 

seconds. The s p e c t r a l  changes a s s o c i a t e d  with t h e  pho to lys i s  of a f i l m  

of ( q 5 - ~ 5 ~ e , )  ~e (CO) 2 ~ r 2 ,  on S i  (111) , a r e  summarized i n  F igure  4-2. 

I n  a subsequent experiment,  a cu t -of f  f i l t e r  (band pas s  h > 420 nm) 

and a water f i l t e r  (10 cm pa th  l eng th )  wi th  pyrex o p t i c s  was p laced  

between t h e  l i g h t  source  and t h e  sample. S p e c t r a l  changes a r e  

summarized i n  F igure  4-3. 



Chapter 5 : Photochemical reactions of [ ( p 5 - ~ s ~ s )  Mn (CO) , (NO) ] + (Rs = 

HSr H4Me, Mes) as films and in low temperature glasses. 

5.1 Introduction 

There i s  a cons iderable  amount of i n t e r e s t  concerning t h e  

photochemistry of organometa l l ic  complexes i n  t h e  gas phase72 and on 

su r f aces73  due t o  t h e  p o s s i b l e  a p p l i c a t i o n s  i n  t h e  semiconductor 

i n d u s t r y .  The photochemical depos i t i on  of conducting t r a c k s  d i r e c t l y  on 

semiconductor su r f aces  is  a p r e f e r a b l e  a l t e r n a t i v e  t o  t h e  p re sen t  

p h o t o r e s i s t  t echnologies .  7 4  Curren t ly ,  one of t h e  most s i g n i f i c a n t  

problems with t h e  photochemical beam w r i t i n g  of c i r c u i t  components i s  

t h a t ,  a l though t h e  i n i t i a l  f i l m  decomposition i s  photochemical, t h e  

f i n a l  conversion t o  t h e  metal  i s  t h e  r e s u l t  of thermal  hea t ing  of t h e  

su r f  ace .  75 '76b)  Since t h e  h e a t i n g  of t h e  s u r f a c e  r e s u l t s  i n  s u r f a c e  

damage and a l t e r e d  i n t e r f a c i a l  p r o p e r t i e s ,  it would be advantageous t o  

develop exc lus ive ly  photochemical decompositions.  Unfortunately,  t h e r e  

is  no t  a g r e a t  d e a l  known about t h e  photochemistry of organometa l l ics  on 

s u r f a c e s .  

Therefore,  we chose t o  expand our  s tudy  of r e a c t i o n s  on s u r f a c e s  t o  

t r y  t o  understand t h e  b a s i c  s c i ence  behind s o l i d - s t a t e  photochemistry.  

The c a t i o n i c  corn~lexes,  [ ( I ~ ~ - C , R , ) M ~  (CO),  (NO) ] + (R5 = H5, H4Me, Me,), 

were chosen because of t h e i r  i n v o l a t i l i t y  and e a s e  of "NO l a b e l l i n g .  

S imi l a r  t o  t h e  ( q 5 - ~ S ~ e 5 )  Re (CO) ,Br, s tudy,  t h e  photochemistry of s u r f a c e  

f i lms  of [ (p5-C5~,) Mn (CO) , (NO) ] + (R5 = H5, H4Me, Me5) d i f f e r e d  both from 

t h e i r  photochemistry i n  s o l u t i o n  and i n  a low temperature g l a s s .  



5.2 Results and Discussion 

5.2.1 Photochemistry of [ (q5-~5~4Me)Mn (CO) (NO) 1 [PC,] in a low 

temperature glass 

I n  o r d e r  t o  compare t h e  photochemistry i n  a f i l m  wi th  t h a t  i n  a 

g l a s s ,  an i n i t i a l  s tudy  was done i n  a low temperature  g l a s s .  The 

r e s u l t s  i n  a g l a s s  w i l l  be d i s cus sed  be fo re  t h e  r e s u l t s  i n  a f i l m .  

A s o l u t i o n  of ( q S - ~ 5 ~ 4 ~ e ) M n  (CO) (NO) I [ P F ~ I  i n  

(1,2-epoxyethy1)benzene was cooled  t o  77 K,  forming a g l a s s ,  without  

p r e c i p i t a t i o n  of t h e  s a l t .  P h o t o l y s i s  r e s u l t e d  i n  t h e  s p e c t r a l  changes 

shown i n  F igure  5 - l ( a ) .  The l o s s  of i n t e n s i t y  of t h e  F T I R  abso rp t ions  

a t  2110 cm-' and 2070 cm-l, a s s o c i a t e d  with t h e  carbonyls ,  and a t  1842 

cm-l, a s s o c i a t e d  with t h e  t e rmina l  n i t r o s y l ,  i n d i c a t e d  t h e  l o s s  of 

s t a r t i n g  m a t e r i a l .  Concomitant appearance of t h r e e  abso rp t ion  bands was 

observed. The band a t  h ighes t  energy, 2132 cm-l, was t y p i c a l  of f r e e  CO 

i n  (1, 2-epoxyethyl) benzene. 36 The f r e e  CO band i s  weak and i s  only  

v i s i b l e  i n  F igures  5- lb)  and 5 - l c ) .  The o t h e r  two bands, a t  2050 cm-I 

and 1798 cm-l, were as s igned  a s  due t o  t h e  CO l o s s  fragment 

[ ( q S - ~ s ~ 4 ~ e ) M n ( ~ ~ )  (NO) I [PF6]. The CO and NO abso rp t ions  of 

[ ( q 5 - ~ S ~ , ~ e )  Mn (CO) (NO) ] [PF6], which appeared a t  lower energy than  t h e  

abso rp t ions  due t o  t h e  s t a r t i n g  m a t e r i a l ,  were c o n s i s t e n t  wi th  t h e  l o s s  

of a CO l i gand .  Photoext rus ion  of CO t y p i c a l l y  r e s u l t s  i n  a s h i f t  of 

v (CO) t o  lower energy.  7 ,13,36,77 The term unsa tura ted ,  a s  used here ,  i s  

no t  meant t o  exclude t h e  p o s s i b i l i t y  of weak so lven t  coo rd ina t ion .  7 7 

The assignment of t h e  band a t  2050 cm-I a s  v(C0) and t h e  band a t  1798 

-1 cm a s  v (NO) was confirmed by "NO l a b e l l i n g .  The lower energy band, 

a t  1798 cm-', appeared a t  1761 cm-I a f t e r  "NO s u b s t i t u t i o n  (see F i g .  



frequency (cm-1) 

Fiqre 5-1. (a) F T I R  difference spectra for the photolysis of 
[(q -CH3C5H4)Mn(CO),(NO)] [PF6]  for 15, 30, 45, 75 and 135 s at 77 K in a 
(1,2-epoxyethyl)-Qenzene glass. (b ) ,ETIR  difference spectra for the 
photolysis of [ (q -CH3C,H,)Mn (CO), ( NO) I [PF6]  for 15, 30, 45, 75 and 
135 s at 77 K in a (1,2-epoxyethyf) -benzene glass. ( c )  F T I R  difference 
spectra for the photolysis of [ (q -CH C5H4)Mn ((20) , (NO) I [PF61 for 15, 30 
and 90 s, at 298 K in a film depositea on a Si(ll1) surface. 



5-1 (b) ) whereas t h e  2050 cm-' band did not  s h i f t .  The primary 

pho to reac t ion  i n  a (1,2-epoxyethy1)benzene g l a s s  a t  77 K i s  summarized 

i n  equa t ion  5-1. I n  a low tempera ture  g l a s s  o r  matr ix ,  t h e  

photochemical l o s s  of a s i n g l e  CO l i gand ,  forming an unsa tu ra t ed  
7 8 s p e c i e s ,  i s  commonly observed. However, t h e  s tudy  on 

hv 
[ ( q 5 - ~ ~ 3 ~ 5 ~ 4 )  Mn (CO) (NO) I + - [ ( T ~ ~ - c H ~ c ~ H ~ )  Mn (CO) (NO) I + + CO 5-1 

[ ( q 5 - ~ , ~ , ~ e )  Mn (CO) (NO) 1 + was a r a r e  example of t h e  p h o t o l y s i s  of an 

i o n i c  organometa l l i c  complex i n  a low temperature  g l a s s .  The s tudy  of 

[ ( 1 1 5 - ~ 5 ~ 4 ~ e )  Mn (CO) , (NO) 1 + i n  a g l a s s  was p o s s i b l e  a s  a r e s u l t  of t h e  

choice  of s o l v e n t .  (1,2-epoxyethy1)benzene i s  an  e x c e l l e n t  s o l v e n t  f o r  

d i s s o l v i n g  a v a r i e t y  of n e u t r a l  and i o n i c  complexes and forms a 

t r a n s p a r e n t  g l a s s  a t  t empera tures  a s  low a s  8 K .  

The extended p h o t o l y s i s  of a g l a s s  con ta in ing  [ (715- 

C5H4Me) Mn (CO) (NO) ] [PF6] r e s u l t e d  i n  f u r t h e r  changes i n  t h e  FTIR s p e c t r a .  

The secondary r e a c t i o n  was evidenced by t h e  l o s s  i n  i n t e n s i t y  of t h e  

abso rp t ions  due t o  [ ( q 5 - ~ 5 ~ 4 ~ e ) M n ( ~ ~ )  ( N O ) ]  [PF,] and t h e  appearance of a 

new band a t  1728 cm-l. Upon "NO s u b s t i t u t i o n ,  t h e  band a t  1728 cml 

was unsh i f t ed .  The i n s e n s i t i v i t y  of t h e  1728 cm-' abso rp t ion  t o  1 5 ~ 0  

l a b e l l i n g  i n d i c a t e d  t h a t  it was no t  an NO abso rp t ion  and, hence, was a 

CO abso rp t ion .  The low energy of t h e  CO band is  i n d i c a t i v e  of  a 

b r idg ing  mode of coo rd ina t ion .  Therefore ,  t h e  r e a c t i o n  was formulated 

a s  NO' l o s s  (see d i s c u s s i o n  i n  s e c t i o n  5.2 .3)  t o  gene ra t e  a s p e c i e s  of 

formula { ( r 1 5 - ~ 5 ~ 4 ~ e ) M n ( ~ ~ )  12. The r e a c t i o n  i s  summarized i n  equa t ion  5- 

2 .  However, it should  be noted  t h a t  based on t h e  I R  s p e c t r a l  d a t a  t h e  
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5 formation of a t r i g o n a l  p l a n a r  (D3h) [ ( q  -C5H,Me)Mn(C0)I3 s p e c i e s  can 

no t  be r u l e d  ou t .  I n  a g l a s s ,  { ( q 5 - c S ~ , ~ e )  ~n (CO)  I ,  was t h e  f i n a l  

hv 
[ (r15-~H3c5H4) Mn (CO) (NO) 1' - > Pi{ ( q 5 - c ~ , c , ~ , )  ~n (CO) I, t NO' 5-2 

observable  photoproduct .  Continued p h o t o l y s i s  produced no s p e c t r a l  

changes a s  monitored by FTIR spec t roscopy .  

5.2.2 Photochemistry of [ (q5-~,tl,Me)Mn (CO) , (NO) ] [PF,] in a film at 

room temperature 

The two complimentary s u b s t r a t e s  chosen f o r  t h e  s u r f a c e  s t u d i e s  

were CaF2 and s i l i c o n .  Calcium f l u o r i d e  was chosen because it  should 

have an oxide f r e e ,  h igh ly  po l a r ,  s u r f a c e .  The s i l i c o n  s u r f a c e  is  

covered by an oxide l a y e r ,  t h e  s u r f a c e  of which i s  be l i eved  t o  t e rmina t e  

with hydroxyl groups.  No d i f f e r e n c e  was observed i n  t h e  chemis t ry  when 

t h e  f i l m s  were depos i t ed  on t h e  s i l i c o n  o r  CaF2 s u r f a c e .  The s t u d i e s  of  

f i l m s  depos i t ed  on s i l i c o n  were done on e i t h e r  an u n t r e a t e d  s i l i c o n  

s u r f a c e  o r  an e t ched  s u r f a c e .  I n  i ndus t ry ,  s i l i c o n  wafers  a r e  commonly 

e t ched  i n  a 1 0 %  hydro f luo r i c  a c i d  b a t h  f o r  20 minutes t o  remove any 

s u r f a c e  oxide l a y e r .  Some of t h e  wafers  were t r e a t e d  with t h e s e  

s t anda rd  c l ean ing  procedures. '  However, t h e r e  was no d e t e c t a b l e  

d i f f e r e n c e  found between t h e  behaviour  of t h e  u n t r e a t e d  and t h e  e t ched  

s i l i c o n  s u r f a c e .  The s i l i c o n  wafers  were not  s p u t t e r e d ,  under high 

vacuum, t o  y i e l d  a pu re  s i l i c o n  s u r f a c e .  
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The s u b s t r a t e  was unimportant a s  a r e s u l t  of t h e  f i l m  t h i c k n e s s  

used which v a r i e d  from 50 - 500 molecules/A2. The photochemistry t h a t  

occur red  was i n  t h e  bulk of t h e  f i l m  and not  a t  t h e  f i lm-subs t r a t e  

i n t e r f a c e .  

I t  should be po in t ed  ou t  t h a t  t h e  photodecomposition of an 

organometa l l i c  f i l m  t h a t  i s  50 - 500 m o l e c u l e s l ~ ~  t h i c k  would r e s u l t  i n  

a t e c h n i c a l l y  u s e f u l  t h i c k n e s s  of metal.*' For example, t h e  l o s s  of  a l l  

l i g a n d s  i n  a f i l m  of 50 m o l e c u l e s / ~ ~  would l eave  a meta l  s u r f a c e  600 A 

t h i c k .  

The i n i t i a l  photochemistry of [ (q5-c5H4Me)Mn (CO) , (NO) I +  was t h e  

same i n  a low tempera ture  g l a s s  a s  i n  a f i l m  depos i t ed  on a s u r f a c e .  

The i n i t i a l  r e s u l t  of t h e  p h o t o l y s i s  of a f i l m  of 

[ (q5-~H$,H4)~n (CO) (NO) 1 + was CO l o s s .  The s p e c t r a l  changes a s s o c i a t e d  

with t h e  p h o t o l y s i s  of [ (q5-c ,H,M~)M~ (CO) , (NO) I +, depos i t ed  a s  a f i l m  on 

s i l i c o n ,  a r e  i l l u s t r a t e d  i n  F igure  5 - l ( c ) .  The p h o t o s e n s i t i v i t y  of 

[ (q5-~,~,Me)Mn (CO) , (NO) ]+  a t  77 K i n  a g l a s s  and a t  ambient temperature  

i n  a f i l m  appeared t o  be  comparable a s  evidenced by t h e  s p e c t r a l  changes 

i n  F igure  5-1. The new bands, a s s o c i a t e d  with t h e  unsa tu ra t ed  spec i e s ,  

[ ( T ~ ~ - C , H , M ~ )  Mn (CO) (NO) ] +, were only  s l i g h t l y  s h i f t e d  r e l a t i v e  t o  t h e  

f r equenc i e s  observed f o r  t h e  same s p e c i e s  i n  a low tempera ture  g l a s s .  

I n  a room temperature  f i l m  t h e  bands due t o  coord ina ted  CO and NO 

appeared a t  2058 an-' and 1803 cm-l, r e s p e c t i v e l y .  Whereas, i n  a g l a s s  

t h e  coord ina ted  CO and NO bands appeared a t  2050 cm-I and 1798 cm-l, 

r e s p e c t i v e l y .  The band a t  1803 cm-l, i n  a f i lm ,  was confirmed a s  be ing  

due t o  coord ina ted  NO by 1 5 ~ 0  s u b s t i t u t i o n  which r e s u l t e d  i n  a 34  cm-I 

s h i f t  t o  lower energy.  The s h i f t  observed i n  t h e  g l a s s ,  a s  a r e s u l t  of 



"NO s u b s t i t u t i o n  was 37 cm'l. This  i n d i c a t e s  t h a t  i n  a g l a s s  only weak 

s o l v a t i o n  may have occurred.  The b a s i c  r eac t ion ,  descr ibed  above, was 

i n s e n s i t i v e  t o  t h e  choice of counter- ion ( [PF6]  [BF4] - o r  [ClO, ]  -)  o r  

t o  a change i n  methylat ion a t  t h e  cyc lopentadienyl  r i n g  (Table 5 -1 ) .  

The s p e c t r a l  d a t a  f o r  t h e  in t e rmed ia t e s  formed from t h e  var ious  s a l t s  

a r e  summarized i n  Table 5-1. 

Room temperature pho to lys i s  of t h e  photogenerated 

[ ( q 5 - C 5 ~ , ~ e )  Mn (CO) (NO) I [PF6] spec i e s  r e s u l t e d  i n  t h e  l o s s  of absorp t ion  

bands due t o  t h e  coord ina ted  CO and NO l i gands  a t  2058 cm-I and 1803 

cm-'. The concomitant product ion of a s i n g l e  absorp t ion  band a t  1628 

cm" was observed. This  photoproduct was shown t o  be a r e s u l t  of t h e  

pho to lys i s  of [ (q5-C5H4Me)Mn (CO) (NO) 1 [PF61 r a t h e r  than  t h e  p recu r so r  

molecule, [ ( q 5 - c ~ H , M ~ ) M ~  (CO) (NO) I [PF6] ,  by c a r e f u l  a n a l y s i s  of t h e  

growth of t h e  bands. Af t e r  t h e  i n i t i a l  formation of t h e  monocarbonyl, 

t h e  absorp t ion  a t  1628 cm-I was de t ec t ed .  The i n t e n s i t y  of t h e  band a t  

1628 cm-' i nc reased  t o  a maximum, concurrent  with t h e  i n c r e a s e  i n  

i n t e n s i t y  of t h e  bands due t o  t h e  monocarbonyl. A s  t h e  absorp t ions  due 

t o  t h e  monocarbonyl decreased, t h e  i n t e n s i t y  of t h e  1628 cm-' band a l s o  

decreased i n d i c a t i n g  t h a t  it was pho tosens i t i ve  a s  we l l .  No e f f e c t  on 

t h e  p o s i t i o n  of t h e  1628 cm-' band was observed upon "NO s u b s t i t u t i o n .  

Hence, t h e  broad band a t  1628 cm-' was a t t r i b u t e d  t o  b r idg ing  CO groups 

a s  t h e  f i l m  degraded. It i s  p o s s i b l e  t h a t  i f  a pure m a t e r i a l  was 

recovered it would be polymeric I (q5-C5H4Me) bin (CO) I,. The 

( (q5-c,H,M~) Mn (CO) ), i n t e rmed ia t e  was a l s o  observed f o r  

[ ( q 5 - ~ , ~ , )  Mn (CO) (NO) I [ P F 6 ] ,  bu t  it was not  f o r  

L (q5-c,M~,) ~n (CO) (NO) I LPF61 . 
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Table 5-1 (Continued) 
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a) all glass measurements were conducted at 77 K 



Upon subsequent photolysis, the band due to ( ( r 1 5 - ~ 5 ~ 4 ~ e ) ~ n ( ~ ~ )  I, no 

longer increased although other changes occurred. Prolonged photolysis 

led to the loss of bands due to both the coordinated ring system and 

the bridging CO's. The fact that the bridging carbonyls were lost was 

evidenced by a decrease in intensity of the absorption at 1628 crn-l. 

Loss o f  the methylcyclopentadienyl ligand was consistent with the loss 

of the sharp v (CH) band at 3123 cm-I and the v (CC) band at 1429 cm-l. 

The loss of the methylcyclopentadienyl absorptions was accompanied by 

the appearance of two broad v (CH) bands at 2918 cm-I and 2855 cm-I. 

Analogously, when [(r15-~5~5)Mn(~~) (NO)] [PF,] was photolyzed, the 

appearance of two broad v(CH) bands at 2937 cm-I and 2859 cm-I was 

consistent with the loss of the coordinated cyclopentadienyl moiety. An 

analogous observation could not be made for the photolysis of 

[ (q5-~5~e5) Mn (CO) (NO) 1 [PF61 since there was no aromatic CH band. 

However, the appearance of two broad CH bands at 2924 cm-I and 2864 cm-I 

was consistent with the loss of the C5Me5 ligand. In each case, 

mentioned above, the two bands in the 2800 cm-I - 3000 cm-I region was 

consistent with the loss of the aromaticity of the cyclopentadienyl ring 

and the formation of hydrocarbon products derived from the 

cyclopentadienyl ring. 

Associated with this, the final observed photoreaction resulted in 

the appearance of two peaks at 1260 cm-I and 1160 cm-l. These bands 

were insensitive to the change of methylation at the cyclopentadienyl 

ring and to "NO substitution. The low energy bands, at 1260 cm-I and 

1160 cml, were of comparable intensity to v(N0) for the highest attained 

concentrations of [ (q5-~S~,~e) Mn (CO) (NO) ] [PF,] . The assignment of the 



two bands was no t  obvious; however, i t  was confirmed t h a t  t hey  were 

a s s o c i a t e d  with t h e  decomposition of t h e  [PF6] -  i on .  The s e p a r a t e  

d e p o s i t i o n  and decomposition of  [NOl[PF6], on a s i l i c o n  su r f ace ,  gave 

rise t o  two bands i n  t h e  same p o s i t i o n s .  The bands a t  1260 cm-I and 

1160  cm-I were no t  observed when t h e  analogous [C10, ] -  o r  [BF4]- s a l t s  

were photolyzed.  However, t h e  [C10,1- and [BF,I- s a l t s  gave rise t o  

o t h e r  i n t e n s e  bands i n  t h e  same r eg ion  a s  t h e  [PF6] -  s a l t .  When t h e  

[BF4]- s a l t  was photolyzed a broad band was observed a t  1172 cm-I 

concur ren t  with t h e  l o s s  of t h e  1062 cm-I band a s s o c i a t e d  wi th  t h e  

[BF,-1 i on .  S imi l a r ly ,  t h e  p h o t o l y s i s  of t h e  [C104]- s a l t  showed a l o s s  

of t h e  high energy band a t  1099 cm-I, due t o  t h e  [C10,1- ion,  and t h e  

appearance of a s i n g l e  band a t  1167 cm-'. The f i n a l  photoreac t ion  was 

proposed t o  occur  a s  shown i n  equa t ion  5-3. 

hv 
n [ (q5-c,H,M~) Mn (CO) (NO) I [PF61 -> [ (q5-c5~,Me) (CO) I 1, + n IN01  W 6 1  

5.2.3 Photochemistry o t  [ ( q 5 - c 5 ~ , ~ )  MI (CO) , (NO) I [PF6] in a film at lor 
temperature 

The r e s u l t  of t h e  i n i t i a l  p h o t o l y s i s  of a [ ( q S - ~ 5 ~ 4 ~ e ) M n ( C O ) z  (NO)  I t  

f i lm,  a t  77 K t  was t h e  photoext rus ion  of a CO l i gand .  Although t h e  

photoext rus ion  of CO occur red  a t  77 K I  t h e  e f f i c i e n c y  of  t h e  

photoreac t ion  was much lower t han  was observed f o r  a room temperature  

f i l m .  The subsequent photochemistry of [ ( r 1 5 - ~ 5 ~ 4 ~ e )  Mn (CO) (NO) ]  + was 

temperature  dependent.  

Pho to lys i s  of  t h e  primary photoproduct,  [ ( q 5 - ~ 5 ~ 4 ~ e )  Mn (CO) (NO) I+,  



a t  77 K l e d  t o  t h e  l o s s  of i t s  absorp t ion  bands. Concomitant with t h e  

l o s s  of t h e  bands due t o  [ ( r 1 5 - ~ 5 ~ 4 ~ e ) ~ n ( C O )  (NO) 1' was t h e  growth of 

t h r e e  new bands a t  2232 cm-', 1929 cm-' and 1695 cm-l. The band a t  2232 

cm-' s h i f t s  t o  2158 cm-' a s  a r e s u l t  of 1 5 N 0  l a b e l l i n g .  The high energy 

band, a t  2232 cm-', was a s s o c i a t e d  with t h e  formation of NO' i n  t h e  

film.*' The band a t  1929 cm-' was c o n s i s t e n t  with t h e  formation of a 

new meta l  carbonyl  spec i e s ,  [ ( q 5 - ~ S ~ 4 ~ e ) ~ n  (CO) I . The product ion of a 

n e u t r a l  metal  carbonyl  fragment and f r e e  NO' i s  summarized i n  equat ion  

hv 
[ ( q S - ~ ~ 3 ~ 5 ~ 4 ) ~ n  (CO) (NO) I + - > [ ( r l S - ~ ~ 3 ~ 5 ~ 4 )  Mn (CO) ] + NO' 5-4 

5-4. The remaining band, a t  1695 cm-', was not  a s s o c i a t e d  with t h e  

[ ( q 5 - ~ 5 ~ 4 ~ e )  Mn (CO) 1 complex a s  prolonged pho to lys i s  l e d  t o  a cont inued 

inc rease  i n  t h e  i n t e n s i t y  of t h e  band a t  1929 cm-', whereas 

[ ( q 5 - ~ 5 ~ , ~ e )  Mn (CO) 1 reached a s t eady  s t a t e  concent ra t ion .  Theref o re ,  

t h e  low energy band a t  1695 cm-I which was c o n s i s t e n t  with t h e  formation 

of a b r idg ing  carbonyl  was ass igned  t o  t h e  formation of 

{ ( q 5 - ~ 5 ~ 4 ~ e )  Mn (CO) 1 2. The complex, { ( q 5 - ~ 5 ~ 4 ~ e )  Mn (CO) ) , had an 

absorp t ion  band a t  1728 cm'l i n  a low temperature g l a s s .  The 33 cm-' 

d i f f e r e n c e ,  between t h e  absorp t ion  energy i n  t h e  f i l m  and t h e  g l a s s ,  may 

have been t h e  r e s u l t  of i nc reased  aggregat ion i n  t h e  f i l m .  

A l t e rna t ive ly ,  t h e  33 cm-' d i f f e r e n c e  may be t h e  r e s u l t  of s o l v a t i o n  i n  

t h e  g l a s s .  The assignment of t h e  low energy band a s  be ing  due t o  a 

b r idg ing  carbonyl  was supported by 1 5 N 0  l a b e l l i n g  which had no e f f e c t  on 

t h e  p o s i t i o n  of t h e  band. The formation of t h e  dimer complex i s  given 

i n  equat ion  5-2 and was compet i t ive  with t h e  NO' l o s s  r e a c t i o n  

summarized i n  equat ion  5-4. The suppos i t ion  t h a t  t h e  above r e s u l t  a rose  

9 3 



from t h e  photochemistry of t h e  i n i t i a l  CO l o s s  product was confirmed by 

t h e  pho to lys i s  of [ ( r l S - ~ 5 ~ 4 ~ e )  Mn (CO) (NO) ] +, a t  7 7  K, a f t e r  i t s  i n i t i a l  

formation by room temperature p h o t o l y s i s .  

Fu r the r  pho to lys i s  of t h e  f i l m  a t  77 K r e s u l t e d  i n  t h e  product ion  

of a sharp  absorp t ion  band a t  2019 cm-'. The absorp t ion  energy was 

i n s e n s i t i v e  t o  "NO s u b s t i t u t i o n .  We were unable t o  determine what 

complex gave r i s e  t o  t h e  2019 cm-' absorp t ion ,  however, t h e  band is  

c o n s i s t e n t  with coord ina ted  CO. The complex was t e n t a t i v e l y  ass igned  a s  

[ ( q 5 - ~ , H 4 ~ e ) ~ n  (CO) 1 [PF6] . The by-product of t h e  formation of 

[ ( q 5 - ~ , ~ , ~ e )  Mn (CO) ] [PF6] should be NO.  However, no f r e e  NO was d e t e c t e d  

which may have been a r e s u l t  of i t s  l o s s  t o  vacuum. 

Warming t h e  sample r e s u l t e d  i n  a l o s s  of t h e  2232 em-' absorp t ion  

ass igned  t o  NO', a f u r t h e r  i nc rease  of t h e  absorp t ions  due t o  

[ ( q S - ~ 5 ~ 4 ~ e )  Mn (CO) ] and [ ( I ~ ~ - C ~ H , M ~ )  Mn (CO) ] [PF6] a t  192 9 cm-' and 2 019 

cm-' r e spec t ive ly ,  and t h e  appearance of a band a t  1674 cm-l . The band 

a t  1674 cm-l, which was unchanged a f t e r  "NO s u b s t i t u t i o n ,  was 

a t t r i b u t e d  t o  b r idg ing  CO groups wi th in  t h e  f i lm .  A t  77 KI  an analogous 

band was observed a t  1695 cm-'. The lower energy of t h e  1695 cm-I band, 

a s  t h e  sample was warmed, was a t t r i b u t e d  t o  increased  aggregat ion with 

inc reas ing  temperature.  

Af t e r  photo lys ing  a [ ( q 5 - ~ , ~ , ~ e ) M n  (CO) , (NO) I [PF,] f i l m ,  a t  77 K, . 

f o r  72 hours t h e  observed f i n a l  products  were [ ( 1 1 5 - ~ S ~ , ~ e )  Mn (CO) I , 
{ ( 1 1 5 - ~ s ~ 4 ~ e )  Mn (CO) 12, and [ ( q 5 - ~ S ~ , ~ e )  Mn (CO) 1'. However, t h i s  was 

probably t h e  r e s u l t  of t h e  reduced p h o t o s e n s i t i v i t y  of t h e  f i l m s  a t  77 

K .  The photoext rus ion  of a l l  l i gands  from a f i l m  of 

[ ( 1 1 5 - ~ 5 ~ 4 ~ e ) ~ n  (CO) , (NO) ] [PF6], a t  room temperature,  was achieved i n  less 



Pigye 5-2. 
Scheme of the photoreactions of (p -CSR,)Mn(CO), !NO)] [PF6] in a low 
temperature glass and in a film: (a) Photolysis in a glass or film at 
77 K and in a film at 298 K; (b) Photolysis in a film at 77 K; (c) 
Photolysis in a glass at 77 K; (d) Photolysis in a film at 77 K. 



than 24 hours. Presumably, if the films at 77 K were photolyzed for 

several days all ligands would have been lost as was the case for the 

room temperature films. 

5 . 3  Conclusions 

The photochemistry of [ (qS-~,~,~e) ~n (CO) (NO) 1 [PF6] in different 

media is summarized in Figure 5-2. The loss of CO was the observed 

primary photoprocess for [ (qS-~5~,~e) Mn (CO) (NO) 1 [PF6] whether in a low 

temperature glass or in a film. In a low temperature glass, NO' loss 

followed CO loss. However, loss of both NO' and NO was found to occur 

in a film. The observed products in a film were different from those 

found in a glass. In a film, aggregated and isolated (q5-c5~,)bln (CO) 

fragments were produced, whereas only dimers were observed in a glass. 

Extended photolysis of a film, at room temperature, resulted in the loss 

of all ligands. 

The study of [ (rlS-~s~S)Mn (CO) (NO) 1' (R5 = HSI H4Mer Me5) showed 

that a low energy photolytic process could result in the efficient 

reaction of organometallics in a film. However, the most important 

result of this study was that we were able to follow the photo- 

decomposition of organometallics that were deposited as surface films. 

It is apparent that photochemistry in the solid-state is rich and varied 

and deserves further study. 

5 . 4  Experimental Section 

The complexes [ (qS-~S~,~e)Mn(~O) (NO) 1 [PF6] 7 6a) and 

[ (q5-c,H,) Mn (CO) (NO) 1 [PF6] 82 were prepared by standard literature 



methods. 

The CaF, c r y s t a l s  were purchased from Wilmad Glass  Co. I n c . .  The 

S i ( l l 1 )  wafers  were ob ta ined  from P a c i f i c  Microe lec t ron ics  Centre ,  

Canada. The wafers were p-type with t o l e r a n c e s  and s p e c i f i c a t i o n s  

accord ing  t o  SEMI Standard Ml.l.STD.5. The 4" wafers were c u t  t o  

approximately lcm x lcm dimensions a s  r equ i r ed .  The Na15~0, was 

purchased from MSD I so topes  and was 99 a t . %  enr iched .  

The Four i e r  t ransform i n f r a r e d  t ransmiss ion  s p e c t r a  were c o l l e c t e d  

u s ing  4 cm-I r e s o l u t i o n  on a BOMEM Michelson M-120 FTIR 

spectrophotometer .  The samples were h e l d  i n  a CaF2 faced  ce l l  f o r  t h e  

g l a s s e s ,  o r  a h igh  c o n d u c t i v i t y  copper  sample mount w i th in  a CaF2 f aced  

vacuum Dewar ( f o r  t h e  f i l m s )  . 
The l i g h t  source  was a 100 W h igh  p r e s s u r e  mercury lamp i n  an 

Oriel housing equipped wi th  condenser l e n s e s  and f i l t e r e d  through a 10 

cm water  f i l t e r  wi th  pyrex o p t i c s  (bandpass h > 313 nm). 

5 . 4 . 1  Preparation of [ (r15-~5~4Me) Mn (CO) , (NO) ] [XI ( X  = [BF4] , [C104] ) 

The s a l t s  [ ( q 5 - ~ 5 ~ 4 ~ e l M n ( ~ ~ ) 2  (NO) I [XI  (X = [BF,], [ClO,] may be 

prepared  by t h e  same procedure 7 6a) a s  [ ( q 5 - c 5 ~ , ~ e ) M n  ( ~ 0 )  (NO) I [PF,I 

u s ing  [NH4] [BF,] and [Na] [ClO,] r e s p e c t i v e l y ,  i n s t e a d  of [NH41 [PF6].  

5 . 4 . 2  Preparation of [ (r15-~5~4Me)Mn (CO) , ("NO) ] [PFJ 

A s o l u t i o n  of 0.320 g (1.47 mmol) of ( r 1 5 - c 5 ~ , ~ e ) ~ n  (CO) , i n  5 m l  of 95% 

E t O H  and 0 .9  m l  of  concen t r a t ed  hyd roch lo r i c  a c i d  was hea t ed  t o  t h e  

b o i l i n g  p o i n t  and, a t  t h a t  temperature ,  a s o l u t i o n  of 0.105 g 

(1.50 mmol) of ~al 'N0,  i n  0.25 m l  of water was added. The r e a c t i o n  



mixture  was al lowed t o  b o i l  f o r  5 min and then  f i l tered,  while  ho t ,  i n t o  

a stirred s o l u t i o n  of 0 .3  g (1 .8  mmol) of NH4PF6 i n  0 .5  m l  of water .  

A f t e r  t h e  mixture  was al lowed t o  coo l  t o  room temperature ,  t h e  product  

was f i l t e r e d ,  washed with CH2C12 and dried under vacuum f o r  3 hours .  

5 . 4 . 3  Preparation of [ (q5-c51(e5) l4n (CO) , (NO) ] [PF6] 

The complex [ ( I ~ ~ - C , M ~ , )  Mn (CO) (NO) I [PF6] , prepared i n  our  l a b  

p rev ious ly ,  may be  prepared  by t h e  same method a s  

[ (q5-c5~,Me) Mn (CO) , (NO) I [PF61 . However, t h e  s e p a r a t i o n  procedure was 

a l t e r e d .  The product ,  which was i n i t i a l l y  ob ta ined  from water-ethanol ,  

was washed with hexane and then  d i s s o l v e d  i n  dichloromethane. The 

product  was recovered by p r e c i p i t a t i o n  u s ing  hexane. 

5 . 4 . 4  Photolysis of the compounds on a s i l i con  surface 

A l l  of t h e  experiments  were conducted i n  an analogous manner. 

Therefore ,  a t y p i c a l  experiment w i l l  be desc r ibed .  A s o l u t i o n  of 

[ (q5-~,~,Me) Mn (CO) , (NO) 1 [PFCl i n  methanol was prepared and 3-4 drops 

were p laced  on t h e  S i ( l l 1 )  s u r f a c e .  Af t e r  t h e  so lven t  had evaporated,  a 

f i l m  of [ (?l5-c5~,Me) Mn (CO) , (NO) I [PF6] remained on t h e  s u r f  ace .  The 

sample was t r a n s f e r r e d  t o  a vacuum Dewar, evacuated, and cooled  t o  77 K .  

The Dewar was mounted on t h e  o p t i c a l  bench of t h e  FTIR spectrophotometer  

and t h e  spectrum was ob ta ined .  Subsequently,  t h e  sample was photolyzed 

f o r  15, 30 and 90 s .  A spectrum was c o l l e c t e d  a f t e r  each p h o t o l y s i s .  

The s p e c t r a l  d a t a  and f i g u r e s  a r e  g iven  i n  Table 5-1 and F igure  5 - l ( c ) ,  

r e s p e c t i v e l y .  The s p e c t r a  ob t a ined  on a CaF, s u r f a c e  were done i n  t h e  



same manner. 

The compounds, [NO] [ P F 6 I f  [NO] [C1O41 and [NO] [BF41 were 

independent ly  depos i t ed  from a methanol s o l u t i o n  on t h e  s i l i c o n  

s u b s t r a t e .  The r e s u l t a n t  films were photodecomposed a t  both room 

tempera ture  and 77 K u t i l i z i n g  t h e  o p t i c a l  s e t u p  mentioned above. 

Approximate s u r f a c e  coverages were determined i n  t h e  fo l lowing  way. 

An a l i q u o t  (0 .05 m l )  t aken  from a s t o c k  s o l u t i o n  of 

[ ( T ~ ~ - c , H , M ~ ) M ~  (CO) (NO) I [PF61 (0.012 M) was depos i t ed  on t h e  S i  (111) 

s u r f a c e  i n  a dropwise f a sh ion .  The f i l m  a r e a  was 0.785 cm2 and t h e  

number of moles depos i t ed  was 6 x The f i n a l  coverage was 

approximately 5 x 1017 molecules/cm2. The r e s u l t s  i n  F igure  5-1 

r ep re sen t  t h e  use of 10 drops .  The r e s u l t s  were independent of coverage 

i n  t h e  range (5  - 50) x 1017 molecules/cm2. 



Chapter 6: The Photochemistry of trans-(Et3P),Ni(N3),: 

Photodeposition of Nickel Films. 

6.1 Introduction 

A s  mentioned prev ious ly ,  i n  Chapter  5, t h e r e  is  a limited amount of 

publ i shed  information r ega rd ing  t h e  photochemistry of i no rgan ic  and 

organometa l l i c  s p e c i e s  i n  t h e  s o l i d - s t a t e .  The s tudy  of 

[ ( q 5 - ~ 5 ~ 5 ) ~ n  (CO) , (NO) 1' showed t h a t  t h e  p h o t o l y s i s  of f i l m s  of 

o rganometa l l i c  complexes con ta in ing  CO l i g a n d s  may r e s u l t  i n  t h e  

formation of dimers wi th  b r i d g i n g  CO groups. The subsequent p h o t o l y t i c  

decomposition of t h e s e  CO br idged  dimer complexes could  only be 

achieved, i n  a reasonable  t ime-scale ,  i n  t h e  c a s e  of a room tempera ture  

f i lm .  Also, t h e  photoext rus ion  of t h e  ( T ~ ~ - C ~ R ~ )  moiety r e s u l t e d  i n  

hydrocarbon products  be ing  r e t a i n e d  i n  t h e  f i l m .  

I n  t h i s  s t udy  t h e  a z i d e  l i g a n d  was chosen i n  o rde r  t o  

circumvent t h e  problems a s s o c i a t e d  wi th  t h e  ( q 5 - ~ 5 ~ , )  l i gand .  There i s  

precedent  i n  t h e  l i t e r a t u r e  t h a t ,  i n  s o l u t i o n ,  t h e  l o s s  of N, from a 

coord ina ted  a z i d e  l i g a n d  and t h e  l o s s  of t h e  a z i d e  l i g a n d  a s  a r a d i c a l  

may be induced photochemically.  83 A r ecen t  s t udy  of t h e  photochemistry 

of a r e l a t e d  N i  (11) b i s - az ide  complex ( N i  ( t e t - a )  (N3)  ,) was found t o  be 

c o n s i s t e n t  with bo th  N2 l o s s  and a z i d e  r a d i c a l  l o s s .  8 4  Hence, t h e  az ide  

l i g a n d  was an a n i o n i c  l i g a n d  t h a t  could  r ep l ace  ( T ~ ~ - C ~ R , )  and was known 

t o  undergo photochemical decomposition. Since t h e  a z i d e  l i g a n d  

photodecomposes, t h e  chance of dimer formation via a b r idg ing  az ide  

should be  remote. The "N l a b e l l i n g  of a z i d e  l i gands  i s  s imple and may 
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y i e l d  a d d i t i o n a l  information a i d i n g  i n  t h e  c h a r a c t e r i z a t i o n  of  

i n t e rmed ia t e s .  It is  a l s o  important  t o  p o i n t  ou t  t h a t  t h e  az ido  group 

i s  an i n t e n s e  absorber  i n  t h e  I R  which should al low t h e  s tudy  of lower 

s u r f a c e  coverages t han  were p o s s i b l e  i n  ou r  prev ious  s t u d i e s .  85,86 The 

n e u t r a l  l i g a n d  CO was no t  used i n  t h i s  s t udy .  The l i g a n d  P E t g ,  which 

does no t  normally coo rd ina t e  i n  a b r i d g i n g  manner was used.  The h igh  

v o l a t i l i t y  of P E t 3  a l s o  made it an i d e a l  choice  f o r  t h i s  s t udy  s i n c e  it 

was expec ted  t h a t  t h e  f r e e  P E t 3  l i g a n d  would be l o s t  from t h e  s u r f a c e .  

Therefore ,  t h e  photochemical l o s s  of a l l  l i gands  from t r ans -  

( E t 3 P ) 2 N i ( N 3 ) 2  would l e a v e  m e t a l l i c  n i c k e l  which i s  used a s  p a r t  of a 

con tac t  mixture  f o r  n-type ohmic c o n t a c t s  i n  GaAs dev ices .  8 7 

Also, i n  o r d e r  t h a t  we cou ld  b e t t e r  i n t e r p r e t  t h e  photochemistry,  

t h e  c r y s t a l  s t r u c t u r e  of t rans-(Et3P) ,Ni(N3),  was determined by 

P ro fe s so r  Fred E i n s t e i n  and Dr. Ray Batche lor  (Simon F r a s e r  

Un ive r s i t y )  .88 Discussed i n  t h i s  chap te r  is  t h e  photochemistry of 

t r ans -  ( E ~ ~ P )  2 N i  (N3)  f i l m s .  

6.2 Results and Discussion 

6.2.1 Spectroscopic data for the complexes. 

The ~ / V i s  t r a n s i t i o n s  of t r a n s -  ( E t 3 P )  2 N i  (N3)  , and r e l a t e d  

complexes89 a r e  summarized i n  Table 6-1. The lowest energy band was 

a s s igned  t o  d-d t r a n s i t i o n s .  Three t r a n s i t i o n s  a r e  expected i n  t h i s  

region.  The lowest energy t r a n s i t i o n  t h a t  was expected,  d,2 + 

dx2-y2, was not  r e so lved  from t h e  next  h ighes t  energy t r a n s i t i o n ,  

%z, yz +dX2-y2. The t h i r d  d-d t r a n s i t i o n ,  dxy +dX2-y2, was expected 



Table 6-1 

Complex 

W/Vis data f o r  the  relevant complexesa 

LMCT d-d (E) 

trans- ( E t 3 P )  2 N i  (N,) , 364 47 6  
(10,000) (230) 

trans- ( E t 3 P )  2 N i  (N,) , b 

trans- ( E t 3 P )  , N i  ( C l )  , d 37 0 
(14,200) 

d trans- ( E t 3 P )  , N i  ( B r )  

trans- ( E t 3 P )  2 N i  (I) d 373 610 
(4,690) (485) 

459 
(2,900) 

a )  Spectra obtained i n  benzene unless  otherwise s t a t e d .  
b) Absorption spec t ra  recorded on a  f i l m  deposi ted on 

a  quar tz  surface .  
C) I n t e n s i t y  da ta  is  on an a r b i t r a r y  s c a l e  and should be 

regarded with caut ion  due t o  s c a t t e r i n g .  
dl L i t e ra tu re  values from reference  89. 



a t  s l i g h t l y  h igher  energy and r e s u l t e d  i n  a d i s t i n c t  asymmetry of t h e  d- 

d abso rp t ion  band. The next  abso rp t ion  band, which was resolved,  was 

ass igned  t o  t h e  N ~ - ( I ~ )  +dX2-y2 LMCT t r a n s i t i o n .  The t e n t a t i v e  

assignments,  s t a t e d  above, were based on t h e  assignments given f o r  t h e  

halogen complexes, (Me3P) 2 N i  ( X )  ( X  = C1,  B r ,  I) . 90 

The f i r s t  important  f e a t u r e  i n  t h e  d a t a  summarized i n  Table 6-1, is  

t h a t  t h e  p o s i t i o n s  of t h e  absorp t ion  maxima (LMCT and d-d) f o r  t h e  

d i a z i d e  complex changed only  s l i g h t l y  upon changing from a non p o l a r  

so lven t  (benzene) t o  a s u r f a c e  f i l m  (on q u a r t z )  . The l a c k  of a s h i f t  i n  

t h e  absorbance maxima of t r a n ~ - ( E t ~ P ) ~ N i ( N ~ ) ~  was c o n s i s t e n t  with t h e  

non coord ina t ing  na tu re  of benzene and t h e  absence of any s i g n i f i c a n t  

i n t e r a c t i o n  between molecules i n  t h e  s o l i d  f i lm .  The v a r i a t i o n  of t h e  

WIVis  absorp t ion  maxima of t h e  diha1i.de n i c k e l  complexes was a s  

expected.  The high energy LMCT bands of t h e  dihalogen complexes 

fol lowed t h e  t r e n d  expected from t h e  o p t i c a l  e l e c t r o n e g a t i v i t i e s  of C1,  

B r ,  and 1." Analogously, t h e  d-d t r a n s i t i o n s  decrease  i n  energy a s  a 

r e s u l t  of changing t h e  halogens from C 1  t o  Br t o  I a s  expected from t h e  

spectrochemical  s e r i e s .  9 1 

The FTIR s p e c t r a ,  i n  t h e  reg ion  of az ide  antisymmetric s t r e t c h e s ,  

of t r a n ~ - ( E t ~ P ) ~ N i ( N ~ ) ~  on a S i ( l l 1 )  s u r f a c e  i s  shown i n  Figure 6 - l a ) .  

Since t h e  p l o t  of absorbance versus  molecules pe r  li2, Fig .  6- lb) ,  was 

l i n e a r  over t h e  concen t r a t ion  range s t u d i e d  it did not  appear t h a t  any 

d e t e c t a b l e  thermal  chemistry occurred  upon f i l m  depos i t i on .  From t h e  

dimensions determined c r y s t a l l o g r a p h i c a l l y  t h e  a r e a l  coverage of a 

molecule of t r ans -  ( E t 3 P )  2 N i  (N3)  was found t o  be 64  h2 .  88 Assuming 

s i m i l a r  dimensions i n  t h e  f i lm,  a t o t a l  coverage of 1 molecule pe r  h2 



frequency (cm- 1) moleeules / '~~ 

Figure 6-1 

a) A figure showing the antisymmetric azide stretch of trans- 
(Et P)2Ni(N3)2 as a function of the gmount deposited as a film. 

b) A of absorbance vs. molecules/fr for the antisymmetric azide 
stretch of trans- (Et3P) 2Ni (N3) 2. 



corresponded t o  64 monolayers. It i s  i n t e r e s t i n g  t o  no t e  t h a t  64 

monolayers is  i n  t h e  range r e q u i r e d  f o r  t e c h n i c a l l y  u s e f u l  f i l m s .  *' For 

each of t h e  photochemical experiments  d i s cus sed  i n  t h i s  chap te r  t h e  

f i l m s  s t u d i e d  were i n  excess  of 60 monolayers. The i n t e r f a c i a l  l a y e r ,  

a t  e i t h e r  t h e  vacuum o r  s i l i c o n  i n t e r f a c e ,  did no t  appear  t o  be 

c o n t r i b u t i n g  s i g n i f i c a n t l y  t o  t h e  observed s p e c t r a .  

The FTIR s p e c t r a  of t r a n s -  ( E t 3 P )  2 N i  (N3)  and i t s  1 5 ~  l a b e l l e d  

d e r i v a t i v e s  a r e  summarized i n  Table 6-2. The most i n t e n s e  band was 

a s s o c i a t e d  with t h e  ant isymmetr ic  a z i d e  s t r e t c h  which appeared a t  2041 

cm-l. The 2041 cm-I band s h i f t e d  t o  lower energy i n  t h e  t r ans -  

15 - ( E t 3 P )  2 N i (  NN2) d e r i v a t i v e .  A s  a r e s u l t  of 15NN2 s u b s t i t u t i o n ,  a 

mix ture  of isotopomers was p o s s i b l e .  The mixture  of isotopomers t h a t  

15 1 4  could  be formed a r e  ( E t 3 P )  2 N i  ( N N 2 )  2 ,  ( E t 3 P )  2 N i  ( 1 4 ~ 2 1 5 ~ )  and 
15 1 4  

( E ~ , P )  , N i  ( 1 4 ~ , 1 5 N )  ( N N 2 )  i n  a 1: 1:2 r a t i o .  A s  a r e s u l t  of t h e  

formation of t h e  t h r e e  d i f f e r e n t  isotopomers t h e  ant isymmetr ic  a z i d e  

s t r e t c h  was broadened by 25% and a supe rpos i t i on  of t h e  t h r e e  s p e c t r a  

was observed. Prev ious ly ,  a mix ture  of isotopomers has  been observed i n  

t h e  resonance Raman s p e c t r a  of monoazido compounds. 9 

6.2.2 The photochemistry of t r a n s -  (Et,P) ,Ni (N,) , . 
The p h o t o l y s i s  of t r ans -  ( E t  3P) 2 N i  (N3) i n  a (1,2 -epoxy 

g l a s s  a t  77 K, i n t o  e i t h e r  t h e  charge t r a n s f e r  band o r  

e t h y l )  -benzene 

d-d t r a n s i t i o n s ,  

had no e f f e c t  on t h e  complex a s  monitored by FTIR spectroscopy.  The 

p h o t o l y s i s  times were s u f f i c i e n t l y  long s o  t h a t  i f  t h e  r e a c t i o n  i n  t h e  

g l a s s  had occur red  with an e f f i c i e n c y  comparable t o  t h e  photoreac t ion  



Table 6-2 

FTIR spectral data for relevant complexes on S i ( l l 1 )  

Complex 

t rans-  ( E t 3 P )  (N,), 



i n  a s u r f a c e  f i l m  it would have been detected. 

P r i o r  t o  d i s c u s s i n g  t h e  photochemistry of t rans- (Et3P l 2  a s  a 

f i lm ,  it i s  necessary  t o  mention t h e  f i l m  t h i cknes se s  u t i l i z e d .  The 

t h i c k n e s s  of t h e  f i l m s  d i scus sed  i n  t h i s  chap te r  may be approximated a s  

51  nm ( c a l c u l a t i o n  based on 64 monolayers) . Since  t h e  f i l m  t h i c k n e s s  

was less than  t h e  wavelength of l i g h t  used (350 nm < h < 450 nm) t h e r e  

was even i r r a d i a t i o n  throughout .  Therefore ,  uneven i r r a d i a t i o n  which 

may cause  p r e f e r e n t i a l  r e a c t i o n  a t  t h e  film-vacuum i n t e r f a c e  i s  not  

expected.  Experimentally,  no i n d i c a t i o n  of  uneven i r r a d i a t i o n  was 

detected. 

The photochemistry was conducted a t  room temperature ,  77 K and 20 

K. The only  n o t i c e a b l e  e f f e c t  which t h e  temperature  v a r i a t i o n  had was 

t o  decrease  t h e  e f f i c i e n c y  of t h e  r e a c t i o n  a t  lower tempera tures .  

I n i t i a l l y ,  p h o t o l y s i s  of t r a n ~ - ( E t ~ P ) ~ N i ( N ~ ) ~  on a s i l i c o n  s u r f a c e  was 

c a r r i e d  ou t  with v i s i b l e  l i g h t  which r e s u l t e d  i n  d-d abso rp t ion .  The 

FTIR s p e c t r a l  changes observed f o r  t h e  ant isymmetr ic  a z i d e  s t r e t c h  a r e  

shown i n  F igure  6-2a).  The l o s s  of t h e  ant isymmetr ic  s t r e t c h  of t h e  

az ide  groups co inc ided  wi th  t h e  growth of a new abso rp t ion  a t  2124 cm-l. 

The abso rp t ion  a t  2124 cm-' was c l e a r l y  due t o  an az ide  s p e c i e s  a s  

confirmed by t h e  1 5 ~  l a b e l l i n g  of t h e  p recu r so r  molecule.  Upon 1 5 ~  

l a b e l l i n g  t h e  2124 cm-' band had s h i f t e d  t o  2117 cm-l. The abso rp t ion  

was a s s igned  a s  due t o  uncoordinated az ide  i on  i n  t h e  f i l m .  I n  o r d e r  t o  

confirm t h e  assignment,  a mixture  of t r a n ~ - ( E t , P ) ~ N i ( N , ) ~  and NaN, were 

co-deposi ted from ace tone .  The a z i d e  i on  showed a band a t  2124 cm-I 

which was i n d i s t i n g u i s h a b l e  from t h e  band formed a f t e r  photo lys ing  

t r a n s -  ( E t 3 P )  2 N i  ( N g )  2 .  Labe l led  sodium az ide ,  151?P?,, CO-deposi ted wi th  



frequency (cm-I) 

Figure 6-2 

a)  S p e c t r a l  changes a s s o c i a t e d  wi th  t h e  p h o t o l y s i s  (h > 420 nm) of 
t r a n ~ - ( E t ~ P ) ~ N i ( N ~ ) ~  on a s i l i c o n  s u r f a c e  f o r  15, 35, 55, 90, and 240 
min . 
b) S p e c t r a l  change a s s o c i a t e d  wi th  t h e  subsequent p h o t o l y s i s  ( 8  min.) 
of t h e  sample shown i n  a)  with h > 313 nm. 



t r a n ~ - ( E t ~ P ) ~ N i ( N ~ ) ~  gave rise t o  a band a t  2117 cm-'. The assumption 

t h a t  t h e  absorbance a t  2124 cm-' was a s s o c i a t e d  with t h e  uncoordinated 

a z i d e  i on  was suppor ted  by t h e  band width.  A s  mentioned e a r l i e r ,  a 

coord ina ted  l a b e l l e d  a z i d e  would c o n s i s t  of  isotopomers which would 
- 

r e s u l t  i n  a broadened band. However, it was found t h a t  both N3 and 
- 

"NN, had i d e n t i c a l  band widths  c o n s i s t e n t  wi th  a f r e e  ion .  

I n  an e f f o r t  t o  determine whether one o r  both az ide  l i gands  were 

photoextruded a s  a r e s u l t  of l i g a n d  f i e l d  e x c i t a t i o n  a sample was 

i r r a d i a t e d  exhaus t ive ly .  The l o s s  i n  i n t e n s i t y  of t h e  2041 cm-I band, 

due t o  t r ans -  ( E t 3 P )  2 N i  (N3)  2 ,  never  exceeded 50% of i t s  o r i g i n a l  

i n t e n s i t y .  I t  should  be  noted t h a t  F igure  6-2 a )  i l l u s t r a t e s  absorbance 

d i f f e r e n c e  s p e c t r a  and does no t  r e f l e c t  t h e  abso lu t e  l o s s  i n  i n t e n s i t y .  

Seve ra l  a d d i t i o n a l  experiments  were c a r r i e d  ou t ,  with extended 

pho to lys i s ,  on f i l m s  of vary ing  i n i t i a l  t h i c k n e s s .  I n  each in s t ance ,  

t h e  band a t  2041 cm-' decreased  t o  approximately h a l f  i t s  o r i g i n a l  va lue  

c o n s i s t e n t  with t h e  experiments  be ing  independent of t h e  coverages used. 

A p l o t  of - l n { ( A ( t )  - A ( f ) ) / ( A ( O )  - A ( f ) ) }  v s .  p h o t o l y s i s  time was 

l i n e a r  i f  a f i n a l  absorbance of 0.53 times t h e  i n i t i a l  absorbance was 

assumed. The p l o t  is  shown i n  F igure  6-3. Addi t iona l ly ,  a p l o t  of - 
l n { A ( t )  / A ( O )  } vs .  time was not  l i n e a r  (F ig .  6-3) . The r e s u l t s  p l o t t e d  

i n  F igure  6-3 a r e  c o n s i s t e n t  wi th  t h e  ant isymmetr ic  a z i d e  abso rp t ion  of 

t h e  photoproduct occu r r ing  i n  t h e  same reg ion  a s  t h e  s t a r t i n g  m a t e r i a l f s  

abso rp t ion  (see s e c t i o n  A-6 i n  t h e  appendix f o r  d e t a i l s ) .  The a z i d e  

l o s s  product ,  ( E t  3P) 2 N i  (N3)  has  an absorbance t h a t  i s  n e a r l y  

degenera te  with t h e  abso rp t ion  of t h e  s t a r t i n g  complex, t r ans -  

( E t 3 P )  2 N i  (N3)  2 .  The i n i t i a l  photoreac t ion  i s  summarized i n  equa t ion  



Figure 6-3 

A p lo t  of -In{ ( A ( t ) - A ( f ) )  / (A(O)  - A ( f )  ) j and -In{ ( A ( t )  / (A(O)  ) v s .  
photolysis time 



6-1. 

The l o s s  of a coord ina ted  a z i d e  has  been observed a s  a r e s u l t  of 
- 92 t h e  d-d e x c i t a t i o n  of [ C O ( C N ) ~ N ~ ]  . There does no t  appear t o  be any 

o t h e r  example i n  t h e  photochemistry of square  p l a n a r  d8 complexes where 

t h e  l o s s  of an a z i d e  ion,  upon d-d e x c i t a t i o n ,  has  been shown. The l o s s  

of o t h e r  a n i o n i c  l i gands  i s  well e s t a b l i s h e d .  I n t e r e s t i n g l y ,  t h e  r e s u l t  

of p h o t o l y s i s  of cis- (Ph3P) , P t  (N3)  was i n t e r p r e t e d  i n  terms of t h e  

hv 
- 

t r a n s -  ( E t 3 P )  2 N i  (N3)  > ( E ~ ~ P )  2 ~ i  ( N ~ )  + t N3 6-1 

( h  > 420 nm) 

s u ~ c e s s i v e  l o s s  of N3 r a d i c a l s  t o  form P t  (PPh3) 2 .  93 We found no 

evidence f o r  a s i m i l a r  p rocess  occu r r ing  a s  a r e s u l t  of d-d e x c i t a t i o n  

of t r a n ~ - ( E t ~ P ) , N i ( N ~ ) ~ .  Recently,  t h e  photochemistry of 

(Me3P) , N i  ( C l )  (N,) has  been s t u d i e d  i n  s o l u t i o n .  94 It was found t h a t  N, 

was l o s t ,  a f t e r  exposure t o  W l i g h t ,  r e s u l t i n g  i n  t h e  even tua l  

formation of  c l u s t e r s  through t h e  intermediacy of  a n i c k e l  n i t r i d o  

s p e c i e s .  

Pho to lys i s  of  t h e  primary photoproduct,  ( E t 3 P )  2 N i  (N,) +, f o r  less 

than  t e n  minutes u s ing  Pyrex f i l t e r e d  l i g h t  (bandpass g r e a t e r  than  313 
- 

nm) r e s u l t e d  i n  t h e  l o s s  of abso rp t ion  due t o  f r e e  N3 and t h e  growth of 

a band a t  2041 cm-I a s  shown i n  F igure  6-2b). This  r e s u l t  was 

a t t r i b u t e d  t o  t h e  r egene ra t i on  of a coord ina ted  t e rmina l  a z i d e .  The 

r e a c t i o n  i s  summarized i n  equa t ion  6-2. The photogenerated s p e c i e s  ( E q .  

6-2) gave rise t o  a band t h a t  was degenera te  with t h e  s t a r t i n g  m a t e r i a l .  



- hv 
( E t 3 P ) , N i  (N,) + t N3 > t r ans -  ( E t 3 P  

( l i  > 313 nm) 

However, i n  some i n s t a n c e s  t h e  band a t  2041 cm-I ( a s  a r e s u l t  of W 

p h o t o l y s i s )  was broader  t han  t h e  abso rp t ion  due t o  t h e  s t a r t i n g  complex 

when i n i t i a l l y  depos i t ed .  It i s  conce ivable  t h a t  t h e  broadened 

abso rp t ion  was t h e  r e s u l t  of r e o r i e n t a t i o n  w i th in  t h e  f i l m .  I t  should 

be emphasized t h a t  t h e  photochemical re -coord ina t ion  r e a c t i o n  did no t  

occur  t he rma l ly .  I n  t h e  dark, t h e  F T I R  s p e c t r a  of f i l m s  con ta in ing  
- 

( E ~ ~ P )  2 ~ i  ( N ~ )  + and N3 did not  change over  s e v e r a l  hours .  

The W p h o t o l y s i s  of e i t h e r  a newly depos i t ed  f i l m  of t r ans -  

( E t 3 P ) 2 N i ( N 3 ) 2  o r  a sample which had been through t h e  above procedure 

r e s u l t e d  i n  t h e  l o s s  of i n t e n s i t y  of t h e  band a t  2042 cm-I. Assoc ia ted  

with t h i s  was t h e  appearance of  two abso rp t ion  bands a t  2074 cm-I and 

2023 cm-'. When an "N l a b e l l e d  sample was sub jec t ed  t o  t h e  same 

procedure,  two bands appeared a t  2060 cm-' and 2015 cm-'. The two bands 

were ass igned  a s  due t o  t h e  formation of a { ( E t 3 P ) N i ( N 3 ) 2 } 2  dimer. 9 5 

The observa t ion  of two well s e p a r a t e d  bands i n  t h e  s p e c t r a  of az ide  

complexes i s  commonly i n d i c a t i v e  of both t e rmina l  and b r i d g i n g  a z i d e s .  

The i s o e l e c t r o n i c  molecule,  {(Ph3P)Pd(N3)2}21 is  known and showed a z i d e  

s t r e t c h e s  a t  2075 cm-I and 2027 I n t e r e s t i n g l y ,  t h e  monomeric 

pal ladium complex, (Ph3P)2Pd(N3)2r has  an ant isymmetr ic  a z i d e  s t r e t c h  

a t  2035 cm-I s i m i l a r  i n  energy t o  t h e  ant isymmetr ic  a z i d e  s t r e t c h  of 

t rans- (Et3P)  2 N i ( N 3 ) 2  a t  2041 cm-'. This  sugges t s  t h a t  t h e  I R  of 

analogous a z i d e  complexes of n i c k e l  and pal ladium a r e  q u i t e  s i m i l a r .  

The dimer formation r e a c t i o n  i s  summarized i n  equa t ion  6-3. 



The primary photoreac t ion  i s  most l i k e l y  t h e  l o s s  of a s i n g l e  P E t 3  

l i g a n d  and t h e  formation of a t h r e e  coo rd ina t e  N i ( I 1 )  s pec i e s ,  

( E t 3 P ) N i ( N 3 ) 2 .  Following t h e  P E t 3  l i g a n d  l o s s ,  an a s s o c i a t i v e  r e a c t i o n  

t o  form t h e  observed a z i d e  b r idged  dimer occur red .  The proposed n i c k e l  

dimer formation r e a c t i o n  i s  analogous t o  t h e  thermal  s y n t h e s i s  of 

{ (Ph3P) Pd (N3)  j which occur red  a s  a r e s u l t  of i n i t i a l  phosphine l o s s .  9 6 

However, i n  s o l u t i o n ,  t h e  pa l lad ium in t e rmed ia t e  i s  probably so lva t ed .  

The pho toe j ec t i on  of PPh3 i n  a s i m i l a r  pal ladium complex, 

(Ph3P) 2Pd (N3)  , has  been observed. 97 

Fur the r  p h o t o l y s i s  of a f i l m  r e s u l t e d  i n  t h e  g radua l  decrease  i n  

i n t e n s i t y  of abso rp t ions  a t t r i b u t e d  t o  { ( E t 3 P ) N i ( N 3 ) 2 } 2 .  However, t h e  

, shape of t h e  bands did no t  change t o  a g r e a t  e x t e n t  du r ing  t h e  

p h o t o l y s i s  which may be c o n s i s t e n t  wi th  t h e  formation of a polymeric  

m a t e r i a l .  The prolonged p h o t o l y s i s  most l i k e l y  caused t h e  formation of 

N2, however, a t  no p o i n t  was any s p e c i e s  c o n s i s t e n t  with coord ina ted  N2 

detected by FTIR.  Add i t i ona l ly ,  f r e e  N2 t r apped  wi th in  t h e  f i l m  was no t  

observed. Although, "N'~N i s  expected t o  have a very low e x t i n c t i o n  

c o e f f i c i e n t  . 9 8 

As  a r e s u l t  of exhaus t ive  p h o t o l y s i s ,  t h e  abso rp t ion  due t o  

b r idg ing  a z i d e  decreased  i n  i n t e n s i t y  and a new band a t  1995 cm-I was 

detected. The 1995 cm" band reached a low s t eady  s t a t e  i n t e n s i t y  and 

e v e n t u a l l y  was l o s t  l e av ing  no abso rp t ion  i n  t h e  az ide  reg ion .  The band 

was a s s igned  t o  a new a z i d e  a s  confirmed by "N l a b e l l i n g  which gave 



rise t o  a s h i f t  of 9 cm-' t o  lower energy.  This  was an unusua l ly  low 

abso rp t ion  energy f o r  a meta l  a z i d e .  However, it i s  a l s o  p o s s i b l e  i n  
- 

l i g h t  of r ecen t  r e s u l t s g 9  regard ing  f r e e  ( ie . ,  non ion-pa i red)  N, i n  a 

low tempera ture  ma t r ix  t h a t  t h e  1995 cm-' band i s  not  a s s o c i a t e d  wi th  a 
- 

coord ina ted  az ide .  The r epo r t ed  ant isymmetr ic  az ide  frequency f o r  N3 

i n  an N, ma t r ix  was 2003.5 cm-I and s h i f t e d  t o  lower energy by 10.5 cm-I 
- 

f o r  1 4 ~ 2 1 5 ~ - .  The formation of non ion-pa i red  N, ions ,  a s  t h e  r e s u l t  

of t h e  cont inued p h o t o l y s i s  of a ( E t 3 P )  2 N i  (N3)  f i lm,  would be expected 

a s  n i c k e l  meta l  was formed and t h e  p o s i t i v e  charge was no longer  

l o c a l i z e d  on a s i n g l e  me ta l .  Exhaust ive p h o t o l y s i s  of t h e  f i l m  a t  room 

tempera ture  r e s u l t e d  i n  t h e  d i sappearance  of abso rp t ions  due t o  n i t rogen  

con ta in ing  l i g a n d s  and t h e  o r i g i n a l  phosphine (C-H) modes. The on ly  

abso rp t ions  t h a t  remained were due t o  uncoordinated P E t 3 .  

The f i n a l  f i lms ,  a f t e r  exhaus t ive  pho to lys i s ,  were removed and 

. t r a n s f e r r e d  t o  an X-ray pho toe l ec t ron  spec t rometer .  The f i l m s  were 

then  analyzed by Auger and ESCA spec t ro scop ie s .  The i n i t i a l  product  on 

t h e  s u r f a c e  was N i O ,  a s  evidenced by t h e  n i c k e l  and oxygen peaks.  The 

Auger spectrum gave rise t o  n i c k e l  s i g n a l s  a t  848 eV (2p,,,, LMM 

t r a n s i t i o n )  and 865 eV ( 2 ~ ~ , ~ ,  LMM t r a n s i t i o n )  and an oxygen s i g n a l  a t  

512 e V  (KLL t r a n s i t i o n ) .  The r e l a t i v e  amounts of n i c k e l  and oxygen were 

c a l c u l a t e d  us ing  t h e  formula g iven  i n  equa t ion  6-4. The e lementa l  

s e n s i t i v i t y  f a c t o r s  f o r  Auger t r a n s i t i o n s  were obta ined  from a handbook 

of Auger spectroscopy.  loo The r e l a t i v e  r a t i o  of t h e  Auger s i g n a l s  due 

t o  n i c k e l  and oxygen, f o r  t h e  unspu t t e r ed  sample, was 1:l. This  i s  

c o n s i s t e n t  with t h e  formation of N i O .  The s u r f a c e  l a y e r  was removed by 

s p u t t e r i n g  with ~ r +  i o n s .  A f t e r  60 seconds of s p u t t e r i n g  t h e  r e l a t i v e  
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Summary of the photolysis of a trans-(Et3P),Ni(N3), film 



where, Ci = concen t r a t i on  of s p e c i e s  i 

Ii = i n t e n s i t y  of t h e  Auger s i g n a l  
of species i 

Si = s e n s i t i v i t y  f a c t o r  of s p e c i e s  i 

n = number of s p e c i e s  

r a t i o  of t h e  s i g n a l s  due t o  n i c k e l  and oxygen was approximately 6:l. 

Therefore ,  t h e  composition beneath t h e  s u r f a c e  of t h e  f i l m  was 

c o n s i s t e n t  with t h e  formation of e lementa l  n i c k e l .  The n i c k e l  oxide 

l a y e r  was restricted t o  t h e  s u r f a c e  of t h e  f i l m .  No s i g n a l  due t o  

phosphorus was detected, c o n s i s t e n t  with a l l  phosphorus con ta in ing  

s p e c i e s  be ing  l o s t  from t h e  s u r f a c e .  I t  i s  most l i k e l y  t h a t  any 

phosphorus con ta in ing  f r e e  l i g a n d  was l o s t  t o  t h e  vacuum i n  t h e  Auger 

spec t rometer .  Trace amounts of n i t rogen  were detected and accounted f o r  

less than  2 %  of t h e  o r i g i n a l  n i t r o g e n  con ten t .  The l a r g e s t  observed 

s i g n a l  was due t o  carbon.  S ince  t h e  on ly  carbon p re sen t  i n  t h e  molecule 

was a s s o c i a t e d  wi th  t h e  P E t 3  l igand ,  and no s i g n a l  due t o  phosphorus was 

observed, t h i s  i s  most c o n s i s t e n t  wi th  atmospheric  contaminat ion of t h e  

s u r f  ace .  

The s u r f a c e  a n a l y s i s  d i s cus sed  above is  c o n s i s t e n t  with t h e  l o s s  of 

a l l  l i g a n d s  from t h e  coo rd ina t ion  sphere  of  t r a n ~ - ( E t ~ P ) ~ N i ( N ~ ) ~  

r e s u l t i n g  i n  t h e  formation of e lementa l  n i c k e l .  The N i O  found on t h e  

s u r f a c e  of t h e  f i l m  i s  c o n s i s t e n t  wi th  oxygen adso rp t ion  a f t e r  t h e  

sample was removed from t h e  p h o t o l y s i s  chamber. 

The t h i c k n e s s  of a s u r f a c e  f i l m  of n i c k e l ,  produced by t h e  



p h o t o l y s i s  of a  s p i n  coa t ed  f i l m  of t r a n ~ - ( E t ~ P ) , N i ( N ~ ) ~ ,  was measured 

by o p t i c a l  i n t e r f e rome t ry  by comparison wi th  a  masked a r e a  of t h e  

s u b s t r a t e .  The mask was removed, p r i o r  t o  t h e  c h i p  be ing  photolyzed, 

r e s u l t i n g  i n  a  s t e p  i n  he igh t  between t h e  n i c k e l  f i l m  and t h e  s i l i c o n  

wafer .  The s t e p  due t o  t h e  n i c k e l  f i l m  was found t o  be 60 nm t h i c k  and 

showed no d i s t i n g u i s h a b l e  v a r i a t i o n  i n  t h i cknes s  near  t h e  s t e p  edge. 

6.3 Conclusions 

The r e s u l t s  of p h o t o l y s i s  under vary ing  cond i t i ons  a r e  summarized 

i n  F igure  6-4. Most impor tan t ly ,  analogous t o  our  prev ious  work on 

s u r f a c e  f i lms ,  t h e  photochemistry i n  a  low temperature  g l a s s ,  i n  t h i s  

c a s e  no t  d e t e c t a b l e ,  and i n  a  f i l m  d i f f e r e d  s u b s t a n t i a l l y .  Also, t h e  
- 

a n i o n i c  l igand ,  N3 , was e f f i c i e n t l y  photodecomposed and i t s  products  

l o s t  t o  t h e  vacuum. F i n a l l y ,  i n  t h i s  s t udy  on t rans- (Et3P)  2 N i ( N 3 ) ,  

f i l m s  we were a b l e  t o  show t h a t  n i c k e l  f i l m s  could  be produced i n  a  

photochemical p rocess  a t  t empera tures  a s  low a s  20 K .  

6.4 Experimental Section 

The CaF, c r y s t a l s  were ob ta ined  from Wilmad Glass  Co. Inc . .  The 

S i ( l l 1 )  wafers  were ob ta ined  from P a c i f i c  Microe lec t ron ics  Center ,  

Canada. The s i l i c o n  s u b s t r a t e s  had t h e  approximate dimensions of 1 cm x 

1 cm. The 1 5 ~  sodium a z i d e  was ob t a ined  from Cambridge I so topes  and was 

99 atom percent  "N en r i ched  i n  t h e  one p o s i t i o n .  

The FTIR s p e c t r a  were ob ta ined  with 4 cm-I r e s o l u t i o n  us ing  a  BOMEM 

Michelson 120 FTIR spectrophotometer .  The samples were h e l d  i n  a  CaF2 

f aced  cel l  f o r  g l a s s e s  o r  i n  a  h igh  conduc t iv i t y  copper sample mount 



wi th in  a CaF2 f aced  vacuum Dewar f o r  films. Experiments a t  20 K were 

conducted us ing  a C T I  Cryogenics Model 22 c ryocooler  and a 350R 

compressor system equipped wi th  a Lake Shore Cryot ronics  DRC 80C 

tempera ture  c o n t r o l l e r .  The tempera ture  was monitored with a Lake Shore 

Cryot ronics  s i l i c o n  d iode  s enso r  (DTC500 D R C ) .  The W/VIS s p e c t r a  were 

ob ta ined  wi th  a Cary 17 spectrophotometer .  

The p h o t o l y s i s  source  was a 100 W h igh  p re s su re  Hg lamp i n  an Oriel 

housing equipped with condenser l e n s e s .  For a l l  of t h e  experiments,  t h e  

p h o t o l y s i s  l i g h t  was passed  through a 10 cm. pa th  l e n g t h  water f i l t e r  

equipped with pyrex o p t i c s .  The combination of o p t i c s  r e s u l t e d ,  

p r imar i l y ,  i n  LMCT e x c i t a t i o n .  I n  some experiments  a band pas s  f i l t e r  

( h  > 420 nrn), i n t e rposed  between t h e  lamp and t h e  sample, r e s u l t e d  i n  LF 

e x c i t a t i o n .  

X-ray photoe lec t ron  s p e c t r a  were obta ined  us ing  a PHI double pas s  

CMA a t  0.85 eV r e s o l u t i o n  a t  t h e  Sur face  Physics  Laboratory, Dept. of 

Physics ,  Simon F r a s e r  Un ive r s i t y .  

6 . 4 . 1  Preparation of trans- (Et,P) , N i  (N,) , . 
The compounds d i s cus sed  were prepared  p rev ious ly  i n  our  l a b  and 

t h e  procedure used was a mod i f i ca t i on  of t h a t  used by Bowman and 

Dori .  The subsequent d e t a i l s  a r e  f o r  t h e  1 5 N  l a b e l l e d  d e r i v a t i v e .  

To a s o l u t i o n  of trans- ( E t 3 P )  2 N i  ( C l )  (0.040 g )  i n  ace tone  (20 m l )  

s o l i d  1 - N a 1 5 ~ ~ ,  (0.026 g )  was added. The mixture  was al lowed t o  s t i r  

f o r  24 hours,  f i l t e r e d ,  and t h e  so lven t  was removed under reduced 

p re s su re .  The s o l i d  was e x t r a c t e d  wi th  hexane which, once removed, 

y i e l d e d  (15~)2-trans-(Et3P)2Ni(N3)2 (0.035 g, 85% y i e l d ) .  



6.4.2 Pho to lys i s  of  complexes i n  a (1,2-epoxyethyl)-benzene g l a s s .  

A sample of t r ans -  (Et3P)  2 N i  (N3)  was d i s so lved  i n  (1,2-epoxyethyl) - 
benzene and loaded i n t o  a CaF2 faced  c e l l .  The sample was then  cooled 

t o  77 K whereupon t h e  F T I R  spectrum was obta ined .  Subsequently, t h e  

sample was photolyzed with broad band l i g h t  f o r  20, 50, 87, 127 and 1 4 1  

min. No change was d e t e c t e d  i n  t h e  FTIR s p e c t r a  i n  t h e  region of t h e  

ant isymmetr ic  az ide  s t r e t c h .  

6.4.3 C a l i b r a t i o n  of t h e  abso rp t ion  on a s i l i c o n  s u r f a c e .  

A s tock  s o l u t i o n  of t rans- (Et3P)  2 N i ( N 3 ) 2  (0.0028 g )  i n  CH2C12 (3 .0 

m l )  was prepared.  A drop (0.0031 m l )  of t h e  s tock  s o l u t i o n  was then  

depos i t ed  on t h e  s u r f a c e  of a S i  wafer and t h e  so lven t  was allowed t o  

evapora te .  When t h e  drop  had dried, t h e  F T I R  spectrum was obta ined .  

The a r e a  of t h e  drop  was determined t o  be 0.5 cm2. The a rea  of t h e  drop 

and t h e  absorp t ion  corresponded t o  a coverage of 0 .9 molecules pe r  A ~ .  

The process  was repea ted  s e v e r a l  t imes .  

6.4.4 Spin c o a t i n g  of t r a n ~ - ( E t ~ P ) ~ N i ( N , ) ,  f i lms .  

A 1 cm. by 1 cm. s i l i c o n  wafer was taped  t o  a f l a t  1 inch d i s c  which 

was subsequent ly a t t a c h e d  t o  a smal l  e l e c t r i c a l  motor. A s o l u t i o n  of 

t r a ~ s - ( E t ~ P ) , N i ( N ~ ) ~  i n  CH2C12 was then  prepared.  A s  t h e  wafer was 

spinning,  a drop of t h e  s o l u t i o n  was allowed t o  f a l l  on to  t h e  c e n t e r  of 

t h e  wafer.  The wafer was allowed t o  s p i n  u n t i l  t h e  so lven t  had 

evaporated ( = 1 min. ) .  The t a p e  was then  removed from t h e  wafer 

l eav ing  a 0.5 cm s t r i p  of t h e  t r ans -  (E t3p )  2 N i  (N3)  f i l m .  Af t e r  

photolysing,  i n t e r f e rome t ry  was used t o  determine t h e  f i l m  th i ckness .  
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The concen t r a t i on  of t h e  s o l u t i o n s  and t h e  r a t e  of r o t a t i o n  of t h e  wafer 

were va r i ed ,  from experiment t o  experiment,  i n  o rde r  t o  ach ieve  t h e  most 

uniform f i l m .  

6 . 4 . 5  Photolysis of the complexes on silicon surfaces. 

P r i o r  t o  p h o t o l y s i s  a s i l i c o n  s u r f a c e  was prepared  with trans- 

(Et3P)2Ni(N3)2,  a s  d i s cus sed  above, and t r a n s f e r r e d  t o  a vacuum Dewar. 

The sample was t h e n  photolyzed f o r  15, 35, 55, 90 and 240 min with a 

f i l t e r  ( A  > 420 nm pas s )  p o s i t i o n e d  between t h e  sample and t h e  l i g h t  

source .  Addi t iona l  i r r a d i a t i o n  was conducted with on ly  a water  f i l t e r  

(10 cm pa th  l e n g t h  with pyrex o p t i c s )  f o r  8 min. The s p e c t r a l  changes 

a r e  summarized i n  F igure  6-2 a )  and 6-2 b ) ,  r e s p e c t i v e l y .  I n  some of 

t h e  experiments  t h e  f i l m  was prepared  by s p i n  c o a t i n g  t h e  trans- 

( E t 3 P ) 2 N i ( N 3 ) 2  complex from a CH2C12 s o l u t i o n  onto  a s i l i c o n  wafer.  

Spin c o a t i n g  produced a more uniform f i l m  but  had a b s o l u t e l y  no 

consequence on t h e  observed photochemistry.  Analogous experiments were 

conducted a t  77 K and a t  20 K .  



Chapter 7 : The photochemistry of fac-Co (NH,) , (NO2), and 

mer-Co (NH,) , (N,) f i lms . 

7 . 1  Introduction 

The studies conducted on amorphous organometallic, and inorganic 

films have demonstrated that not only could these reactions be monitored 

but also that there was a wealth of chemistry occurring that was 

different than in other media. However, the photochemical decomposition 

of the organometallic compounds resulted in excessive hydrocarbon 

contamination of the resultant film. Additionally, when carbonyl 

containing organometallic compounds were photolyzed, inevitably, dimers 

with bridging carbonyl groups were formed which were difficult to 

photodecompose. Also, the choice of coordination compounds which had no 

carbon containing ligands seemed reasonable to demonstrate conclusively 

whether the carbon contamination of the resultant film occurred as a 

result of the precursor or from the atmosphere. 

Discussed in this chapter is the photochemistry of fac- 

Co (NH3) (NO,) and mer-Co (NH3) (N3) films. The choice of these 

complexes seemed ideal for several reasons. The triazido and trinitro 

compounds were relatively easy to make and were air stable complexes. 

Also, the azide, ammine, and nitro groups are intense IR absorbers that 

can be easily monitored by infrared spectroscopy. But, most 

importantly, the photodecomposition of these complexes may result in the 



formation of spec i e s  t h a t  would be e a s i l y  l o s t  t o  t h e  vacuum; NH,, NO, 

and N,. I f  t h e  l i gands  were l o s t ,  photochemically,  a s  gaseous molecules 

it would r e s u l t  i n  a r e l a t i v e l y  pure metal  f i lm .  

7.2 Results and Discussion 

7.2.1 Spectroscopic data for the complexes. 

The W/Vis s p e c t r a  of t h e  c o b a l t  complexes i n  dimethyl su l fox ide  

were obta ined .  No o t h e r  so lven t  was used s i n c e  t h e s e  compounds a r e  

i n s o l u b l e  i n  p r a c t i c a l l y  a l l  o t h e r  s o l v e n t s .  Both of t h e  compounds, 

fac-Co (NH3) (NO,) and mer-Co (NH,) , (N,) 3, have c h a r a c t e r i s t i c  bands due 

t o  charge t r a n s f e r  and d-d t r a n s i t i o n s .  The s p e c t r a  f o r  t h e  c o b a l t  

complexes, i n  DMSO, a r e  summarized i n  Table 7-1. The d-d t r a n s i t i o n s  

f o r  each complex appeared a s  a s i n g l e  broad asymmetric band. The broad 

asymmetry of t h e  band negated t h e  assignment of i nd iv idua l  t r a n s i t i o n s .  

The h igher  energy absorp t ion  bands a r e  probably due t o  l i gand  t o  meta l  
- 

charge t r a n s f e r  (LMCT) t r a n s i t i o n s  ( a s  a r e s u l t  of N3 o r  NO,-). No 

f i n e  s t r u c t u r e  was observed f o r  t h e  charge t r a n s f e r  bands. 

The pro ton  NMR spectrum of t h e  yellow complex, Co (NH,) , (NO,), , 
c o n s i s t e d  of a s i n g l e t  a t  3 . 3 4  ppm. A s i n g l e t  i n  t h e  N.M.R. spectrum i s  

c o n s i s t e n t  with each NH3 group being t r a n s  t o  an NO2 group. The 

i n f r a r e d  and N.M.R. s p e c t r a  of both t h e  fac- and mer- isomers of 

CO (NH3) (NO2) have been recorded previous ly .  lo2 The N.M.R.  spectrum, 

combined with t h e  i n f r a r e d  d a t a ,  confirmed t h e  assignment of a f a c i a l  

geometry f o r  Co (NH,) (NO,) 3 .  

The proton NMR spectrum of mer-Co (NH,) , (N,) , had resonances a t  

3 . 3 3  pprn and 2.82 ppm which i n t e g r a t e d  i n  a 2 : l  r a t i o .  The p o s i t i o n  and 



Table 7-1 

W/Vis data for the relevant complexesa 

Complex 

a )  Spectra reco-rded i n  dimethyl sul f  oxide. 



r a t i o  of t h e  two s i g n a l s  was c o n s i s t e n t  wi th  a previous s tudy .  lo3 The 

s i g n a l  a t  3.33 ppm, which i n t e g r a t e d  a s  two, was due t o  an ammine group 

t r a n s  t o  another  ammine group. The peak which i n t e g r a t e d  a s  one, a t  

2.82 ppm, was ass igned  t o  an ammine group t r a n s  t o  an a z i d e  l i gand .  

The FTIR spectrum, of rner-Co (NH3) (N3)  3, conta ined  two 

ant isymmetr ic  a z i d e  s t r e t c h e s  a t  2061 ( sh )  cm-I and 2020 cm-l. The 

symmetric az ide  s t r e t c h e s  appeared a t  1311 ( sh )  cm-' and 1287 cm-I (Table  

7-2) .  A s  a r e s u l t  of t h e  s p e c t r a l  d a t a  a mer id iona l  con f igu ra t i on  was 

a s s igned  t o  C O ( N H ~ ) ~ ( N ~ ) ~ ,  c o n s i s t e n t  with a prev ious  s tudy .  lo2 The 

FTIR d a t a  f o r  a l l  complexes is  summarized i n  Table 7-2. 

7 .2 .2  Photochemistry o f  fac-Co (NH,) , (NO,), as a film. 

The p h o t o l y s i s  of fac-Co(NH3) (NO,) 3, a s  a f i lm,  was conducted a t  

room temperature .  Although t h e  l i g h t  source  t h a t  was used r a d i a t e s  

v i s i b l e  wavelengths it p r i m a r i l y  emits i n  t h e  UV reg ion .  The LMCT 

e x t i n c t i o n  c o e f f i c i e n t  (NO, -+ Co) was 2,92 8 M-' cm-' whereas t h e  d + d 

e x t i n c t i o n  c o e f f i c i e n t  was 177 M-' cm-I. Theref o re ,  a l though wavelengths 

g r e a t e r  t han  313 nm were used f o r  i r r a d i a t i o n ,  LMCT absorbance probably 

l e d  t o  t h e  observed photochemistry.  

The p h o t o l y s i s  of a f i l m  of ~ ~ c - C O ( N H ~ ) ~ ( N O ~ ) ~  f o r  pe r iods  s h o r t e r  

t h a n  s e v e r a l  hours  r e s u l t e d  i n  very  l i t t l e  s p e c t r a l  changes.  The 

s p e c t r a l  changes a s s o c i a t e d  with t h e  p h o t o l y s i s  of a fac-Co (NH3) (NO2)  

f i l m  f o r  a t o t a l  time of 70, 136.5, 191.5 and 359.5 hours  a r e  summarized 

i n  F igure  7-1. A s  can be  seen i n  t h e  F igure  7-1, t h e  bands due t o  t h e  

NO, groups a t  1427 cm-' (v,,(NO,)) and 1310 cm-' (v, (NO,) ) a r e  

dec reas ing  i n  i n t e n s i t y .  The bands due t o  t h e  NH3 l i g a n d s  nea r  3250 



Table 7-2 

Sunrmary of FTIR dataa 

mer-CO (NH3 (N3) 2061  (sh) , 1 3 1 1  (sh) 
2 02 0 1287 

fac-Co (NH3) , (NO,) 1427 (s) 1310 (sh) 1 2 7 1  (w)  82 4 

Co (NH3) 3 (NO2 (ON01 2 1422 127 9 613 1464 1099 837 

a: All band positions are f o r  a film 



frequency (cm-1) 

Figure 7-1 

The absorbance d i f f e r e n c e  s p e c t r a  a s s o c i a t e d  with t h e  p h o t o l y s i s  of a 
fac-Co(NH3) 3(N02) f i l m  f o r  a t o t a l  time of  70, 136.5, 191.5 and 359.5 
hours .  



frequency (cm-1) 

Figure 7-2 

Spectrum of t h e  i n t e rmed ia t e ,  Co (NH3) (NO2) (ON01 , ob ta ined  by 
s u b t r a c t i o n  of t h e  spectrum of t h e  s t a r t i n g  compfex from t h e  f i n a l  
spectrum i n  F igure  7-1. 



cm-I a r e  a l s o  decreas ing  i n  i n t e n s i t y .  In  o rde r  t o  c l e a r l y  i d e n t i f y  t h e  

photoproduct,  t h e  spectrum of t h e  s t a r t i n g  m a t e r i a l  was sub t r ac t ed  from 

t h e  f i n a l  spectrum of t h e  s u r f a c e  f i l m  fo l lowing  359.5 hours of 

p h o t o l y s i s .  The r e s u l t a n t  spectrum i s  i l l u s t r a t e d  i n  F igure  7-2. 

Spec t ra  with t h e  same f e a t u r e s  could  a l s o  be obta ined  by s u b t r a c t i o n  of 

t h e  s t a r t i n g  m a t e r i a l  spectrum from t h e  s p e c t r a  obta ined  a t  s h o r t e r  

pho to lys i s  t imes.  The important observa t ion  i n  t h i s  spectrum i s  t h e  

bands a t  1 4 6 4  and 1099 cm-'. These bands a r e  c o n s i s t e n t  with t h e  

formation of a  n i t r i t o  l i gand  via a  photochemical l inkage  i somer iza t ion .  

For t h e  n i t r i t o  coord ina t ion ,  t h e  symmetric and antisymmetric v(N02) 

modes a r e  well separa tedI8 '  i n  t h i s  ca se  by 365 cm-'. This  s e p a r a t i o n  

i s  t y p i c a l  of n i t r i t o  coord ina t ion .  The presence of an absorp t ion  a t  

613 cm-' i s  i n d i c a t i v e  of t h e  presence of remaining n i t r o  l i g a t i o n  i n  

t h e  coord ina t ion  sphere.  The band a t  613 cm-' i s  ass igned  a s  a  wagging 

mode of t h e  n i t r o  l i gand  and i s  absent  i n  n i t r i t o  complexes. 81 The 

presence of i n t e n s e  absorp t ion  bands a t  1422 and 1 2 7 9  cm-' i s  a l s o  

c o n s i s t e n t  with t h i s  i n t e r p r e t a t i o n .  The weak bands above 3000 cm-' a r e  

i n d i c a t i v e  of coord ina ted  NH3. The r e l a t i v e  i n t e n s i t y  of t h e s e  bands t o  
- 

t h e  bands a s s o c i a t e d  with t h e  NO2 l i gands  i s  s l i g h t l y  lower than  i n  t h e  

s t a r t i n g  m a t e r i a l  and may be i n d i c a t i v e  of t h e  l o s s  of some NH3 from t h e  

complex (see below). The photoproduct is  t e n t a t i v e l y  ass igned  a s  

con ta in ing  Co (NH3 ) (NO2 ) (ONO) . 
The s e r i e s  of isomers,  Co (NH3) (NO2) ,  (ONO) 3-n (n = 1-3) ,  have been 

prepared previous ly .  lo4 By comparison with t h e  known s p e c t r a  of t h e s e  

isomers t h e  spec i e s  p re sen t  i n  t h e  s u r f a c e  f i l m  is  i d e n t i f i e d  a s  being 

most c o n s i s t e n t  with CO (NH3) (NO2) (ONO) 2 .  I n  s p i t e  of t h e  agreement 



with t h e  r epo r t ed  s p e c t r a  t h e r e  is  evidence t h a t  t h e  complex is  not  a 

pure sample. The most important evidence f o r  t h i s  s ta tement  a r i s e s  from 

t h e  i n t e n s i t y  of t h e  overtones a s s o c i a t e d  with t h e  v(N02) modes which 

appear  a t  2922 and 2859 cm-l. These absorp t ions  a r e  more i n t e n s e  than  

t h e  absorp t ion  bands a s s o c i a t e d  with t h e  NH s t r e t c h e s  a t  3335 and 3266 

cm-l. This i s  i n d i c a t i v e  of t h e  l o s s  of NH, from t h e  complex, however, 

t h e  r a t i o  of ammines t o  n i t r o  groups could not  be confirmed wi th  

c e r t a i n t y .  

The l o s s  of NH3 would be expected t o  r e s u l t  i n  t h e  formation of 

br idged  NO2 l i gands  i n  t h e  f i l m .  The s p e c t r a  found do not  a l low us t o  

exclude t h e  p o s s i b i l i t y  of some br idged  NO2 wi th in  t h e  f i lm .  

The major r e a c t i o n ,  i n  any case ,  is  l inkage  i somer iza t ion .  S imi l a r  

r e a c t i v i t y  has been observed f o r  r e l a t e d  complexes i n  s o l u t i o n .  2 , 1 0 5  

Presumably t h e  n e t  decomposition of t h e  f i l m  i s  a s s o c i a t e d  with some 

i r r e v e r s i b l e  l o s s  of t h e  NO, r a d i c a l .  When t h e  NO, r a d i c a l  r e a s s o c i a t e s  

with t h e  complex it may do s o  by forming e i t h e r  l inkage  isomer. This  i s  

probably random a s  t h e  n i t r o  complex i s  t h e  thermodynamically more 

s t a b l e  isomer. 104 

Af te r  359.5 hours of pho to lys i s ,  t h e  only FTIR s p e c t r a l  changes 

were t h e  appearance of bands a s s igned  t o  Co ( N H 3 ) ,  (NO2) (ONO), . Not only 

was t h e  r e a c t i o n  of ~ ~ c - C O ( N H ~ ) ~ ( N O , ) ~  i n e f f i c i e n t  bu t  no l o s s  of t h e  

C O ( N H ~ ) ~ ( N O , ) ( O N O ) ~  was observed. Since t h e  s t a r t i n g  m a t e r i a l  was not  

very pho tosens i t i ve  no f u r t h e r  s tudy  of t h i s  complex was made. 

7 .2 .3  Photochemistry of  mer-Co (NH,) , (N,) , as a film. 

The pho to lys i s  of mer-Co (NH3) (N,) 3, a s  a f i lm ,  was conducted a t  



room temperature.  The LMCT (N3  +Co) e x t i n c t i o n  c o e f f i c i e n t  of mer- 

CO (NH3)  (N3)  was 10,725 M-' cm-' whereas t h e  d +d e x t i n c t i o n  
- 1 c o e f f i c i e n t  was 586 M-I cm . Analogous t o  t h e  t r i n i t r o  complex, LMCT 

t r a n s i t i o n s  probably dominated t h e  observed photochemistry.  

The s p e c t r a l  changes a s s o c i a t e d  with photo lys ing  a f i l m  of mer- 

C O ( N H ~ ) ~ ( N ~ ) ~  f o r  a t o t a l  time of 11, 21, 62, 122, 186, and 225 min 

a r e  shown i n  F igure  7-3. A s  can be seen i n  Figure 7-3, bands due t o  t h e  

s t a r t i n g  m a t e r i a l  a r e  decreas ing  i n  i n t e n s i t y  (nega t ive  bands) ,  

concomitant with t h e  growth of bands due t o  t h e  in te rmedia te  ( p o s i t i v e  

bands ) .  The bands due t o  t h e  in t e rmed ia t e  i n  t h e  absorbance d i f f e r e n c e  

s p e c t r a  appeared a t  2104 cm-' and 1204 cm-l. To c o r r e c t  f o r  t h e  ove r l ap  

of t h e  bands due t o  t h e  az ide  s t r e t c h e s  of t h e  in te rmedia te  and t h e  

s t a r t i n g  ma te r i a l ,  t h e  absorbances due t o  t h e  s t a r t i n g  m a t e r i a l  were 

added back i n  t o  t h e  s p e c t r a .  The computer a d d i t i o n  of t h e  s t a r t i n g  

m a t e r i a l  absorbances r e v e a l s  t h e  bands due s o l e l y  t o  t h e  in te rmedia te  

and g ives  a more accu ra t e  measure of t h e  peak p o s i t i o n s .  The s p e c t r a  

r e s u l t i n g  from t h e  computer a d d i t i o n  of t h e  s t a r t i n g  m a t e r i a l  

absorbances i s  given i n  F igure  7-4. The computer a d d i t i o n  of t h e  

s t a r t i n g  m a t e r i a l  absorbances showed t h a t  t h e  in te rmedia te  possessed no 

absorp t ions  c o n s i s t e n t  with coord ina ted  ammine l i gands .  The 

ant isymmetr ic  a z i d e  s t r e t c h e s  of t h e  photo-generated in te rmedia te  

appeared a s  two well sepa ra t ed  bands a t  2095 cm-' and 2006 cm-l. 

However, t h e  band a t  2095 an-' was broad and asymmetric. By expanding 

t h e  spectrum, i n  t h a t  region,  it was c l e a r  t h a t  t h e  2095 cm-I band had a 

shoulder  which appeared a t  2060 cm-l . 
The appearance of a h ighe r  energy band (2095 cm-') and a lower 



frequency (cm-1) 

Figure 7-3 

Absorbance d i f f e r e n c e  s p e c t r a  showing t h e  growth o f  a z i d e  s t r e t c h e s ,  
a s s i g n e d  t o  [Co2 (N3) , as  a r e s u l t  of p h o t o l y s i n g  a f i l m  of mer- 
C o ( N H 3 )  3 ( N 3 )  f o r  a t o t a l  t i m e  of 11, 21, 62, 122, 186, and  225 min. 



frequency (cm- 1) 

Figure 7-4 

Absorbance s p e c t r a  due t o  [Co (N3) a f t e r  s t a r t i n g  m a t e r i a l  absorbances 
have been added i n  t o  F igu re  5-3. 



energy band (2006 cm-l) , relative to the starting materials 
antisymmetric azide stretches, is indicative of the formation of a 

cobalt dimer containing bridging and terminal azido groups. lo6 The band 

at 2095 cm" was assigned as the antisymmetric stretch of a bridging 

azide (v,,(p-N3)). The bands at 2060 cm-I and 2006 cm-I are assigned as 

the antisymmetric stretches of terminal azide ligands. 

The intermediate also had broad asymmetric azide stretches 

at 1283 cm-' and 1206 cm-l. The 1283 cm-' band is consistent with the 

symmetric stretch of a bridging azide (v, (p-N,) ) . Whereas the 1206 cm-' 

band is consistent with the symmetric stretch of a terminal azide 

(v,(N3)). Hence, the intermediate resultant from the loss of all 

amrnines was formulated as [Co2 (N,) . The proposed structure of the 

intermediate is given in Figure 7-5. The spectra of [ C O ~ ( N ~ ) ~ ]  are 

consistent with the spectra of analogous complexes. 

The IR of a cobalt dimer complex containing bridging azide groups 

(no terminal azides), di-p-azidotetrakis(acetylacetonato)dicobalt(III), 

Figure 7-5 

gave a sharp azide stretch v - N  at 2080 cm-' and an absorption at 

1280 cm-' (vs(p-N3)). lo7 The bridging azide stretch at 2080 cm-' 

appeared at a frequency 50  cm-' higher than the azide stretch of the 

- 107 monomeric species, [Co (acac) (N3) 2] . There is precedent in the 
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l i t e r a t u r e  showing t h a t  b r idged  a z i d e  complexes show a vas(v-N3) s h i f t  t o  

h ighe r  frequency, r e l a t i v e  t o  t h e  monomeric spec i e s ,  of t h i s  

magnitude. 1 0  6 

One of t h e  ant isymmetr ic  a z i d e  s t r e t c h e s  due t o  [Co2 ( N 3 )  

v N ) , which appeared a f t e r  photo lys ing  mer-Co ( N A 3 )  ( N 3 )  f o r  60 

sec., was 55 cm-I t o  h ighe r  f requency of t h e  s t a r t i n g  m a t e r i a l s  

a z i d e  s t r e t c h e s .  The 55 cm-I s h i f t  i s  r e l a t i v e  t o  t h e  average band 

p o s i t i o n  of t h e  ant isymmetr ic  a z i d e  s t r e t c h e s  of t h e  s t a r t i n g  m a t e r i a l .  

The compound, [AS (C6H5) ,] [Pd2 ( N 3 )  61 i s  known and posses se s  bo th  

t e r m i n a l  and b r idg ing  a z i d e  groups.  A s i n g l e - c r y s t a l  X-ray d i f f r a c t i o n  

s tudy  revea led  t h e  s t r u c t u r e  t o  be  t h a t  shown i n  F igure  7-6 ( D 2 h ) .  1 0 8  

Figure 7-6 

The pal ladium complex has  an ant isymmetr ic  s t r e t c h  

was a s s igned  a s  due t o  t h e  b r i d g i n g  a z i d e s  and two 

a t  2060 cm-I which 

bands a t  2033 cm-I 

and 2000 cm-I which were a s s igned  t o  t h e  ant isymmetr ic  s t r e t c h e s  of t h e  

t e r m i n a l  a z i d e s .  106 ,108 

Af t e r  photo lys ing  a f i l m  of mer-Co(NH3) ( N 3 )  f o r  225 min t h e  

bands due t o  [Co2 (N3) reached a maximum i n t e n s i t y .  Subsequent 

p h o t o l y s i s  r e s u l t e d  i n  t h e  l o s s  of t h e  bands due t o  [Co2 (N3)  61 a t  2095 

cm", 2060 cm-l, 2006 cm'l, 1283 cm-I, and 1206 crn" and t h e  appearance 

of two new bands. The f i r s t  was a broad asymmetric band c e n t e r e d  a t  

134 



2058 cm-I, t h e  second band was a l s o  broad and asymmetric and cen te red  a t  

1209 cm-I (Figure 7-7) .  The bands a t  2058 cm-I and 1 2 0 9  cm-I a r e  

l i k e l y  due t o  t h e  antisymmetric and symmetric s t r e t c h e s  of a b r idg ing  

az ide ,  r e s p e c t i v e l y .  These bands were d i f f e r e n t ,  i n  p o s i t i o n  and 

appearance, from t h e  bands due t o  both mer-Co ( N H 3 ) ,  (N,) , and [Co2 (N3)  6] 

(F ig  7-8) .  The bands a t  2058 cm-I and 1209 cm-I were ass igned  t o  t h e  

formation of oligomers.  The oligomers a r e  formulated a s  r epea t ing  

{ C O ( N ~ ) ~ }  u n i t s .  NO abso rp t ions  i n  t h e  s p e c t r a  of { C O ( N ~ ) ~ } ~  could be 

ass igned  t o  t e rmina l  az ide  s t r e t c h e s ,  e i t h e r  antisymmetric o r  symmetric. 

Pho to lys i s  of { C O ( N ~ ) ~ } ~  r e s u l t e d  i n  t h e  decrease  of absorp t ions  due t o  

{ C O ( N ~ ) ~ } ~ ,  however, no new bands were observed. Absorbance s p e c t r a  

showing t h e  conversion of mer-Co (NH3) (N3)  t o  ICO (N3) I n  through t h e  

intermediacy of [ C O ~ ( N ~ ) ~ ]  a r e  summarized i n  F igure  7-8. Af t e r  
I 

photo lys ing  f o r  120  h r s . ,  a l l  bands due t o  az ide  l i gands  were l o s t .  

The f i n a l  f i lm,  r e s u l t a n t  from exhaus t ive  pho to lys i s ,  was 

t r a n s f e r r e d  t o  an X-ray photoe lec t ron  spectrometer  and t h e  Auger 

spectrum was obta ined .  The i n i t i a l  Auger spectrum of t h e  sample showed 

t h a t  t h e  f i l m  conta ined  Co, 0, and most ly carbon. The r e l a t i v e  

percentages of coba l t ,  oxygen and carbon were found t o  be 4%,  29%, and 

66%, r e spec t ive ly .  The high carbon and oxygen content ,  found on t h e  

s u r f a c e  of t h e  f i lm,  were from atmospheric contamination of t h e  f i l m  

a f t e r  t h e  sample had been removed from t h e  pho to lys i s  chamber. The 

s u r f a c e  l a y e r  of t h e  f i l m  was removed by s p u t t e r i n g  with 3 keV ~ r +  ions .  

Af t e r  two minutes of s p u t t e r i n g ,  t h e  composition of t h e  f i l m  had changed 

s i g n i f i c a n t l y .  The r e l a t i v e  percentages  of coba l t ,  oxygen, and carbon 

were now 64%, 27%, and 9.5%, r e s p e c t i v e l y .  The shape and p o s i t i o n  of 



frequency (cm-1) 

Figure 7-7 

Absorbance spectrum due t o  ( C O ( N ~ ) ~ J ~  



frequency (cm- 1) 

Figure 7-8 

From top t o  bottom: Absorbance s p e c t r a  showing t h e  conversion of mer- 
CO (NH3) (N3) t o  {Co (N3) 2), through t h e  in te rmediacy  of [Co2 (Ns) 6] . 



t h e  Co s i g n a l s  ( 2s  a t  652.8 eV, 2pIl2 a t  716.7 eV and 2p3,, a t  772.2 

e V )  i n d i c a t e d  t h e  formation of e lementa l  c o b a l t .  The Auger s p e c t r a  were 

c o n s i s t e n t  with t h e  carbon and oxygen contaminat ion be ing  conf ined  t o  

t h e  s u r f a c e  of t h e  f i l m .  The r e l a t i v e  composition of t h e  bulk of t h e  

f i l m  was c o n s i s t e n t  with t h e  formation of e lementa l  c o b a l t .  

7 .3  Conclusions 

The s tudy  of a r n e r - c ~ ( N H , ) ~ ( N ~ ) ~  f i l m  demonstrated t h a t  a l l  l i g a n d s  

may be  l o s t ,  photochemically,  from coord ina t ion  compounds. Also, t h e  

photodecomposition r e s u l t e d  i n  t h e  product ion  of a r e l a t i v e l y  pure  

c o b a l t  me ta l  f i l m .  The r e s u l t a n t  f i l m  was shown t o  have very  l i t t l e  

contaminat ion compared t o  t h e  e a r l i e r  s t u d i e s  on organometa l l i c  f i l m s .  

Also, we know t h a t  t h e  carbon contaminat ion d i d  no t  come from t h e  

c o b a l t  complexes be ing  s t u d i e d .  Therefore ,  t h i s  p a r t i c u l a r  s t udy  g i v e s  

an i n d i c a t i o n  of t h e  amount of a tmospheric  contaminat ion t h a t  occurs  

with our  process .  It i s  a l s o  important  t o  po in t  ou t  t h a t  a s  a r e s u l t  of 

t h e  limited s o l u b i l i t y  of mer-Co (NH,) (N3) , and fac-Co (NH,) (NO,) 3, we 

were unable t o  spin-coat  good q u a l i t y  f i l m s .  From t h i s  s tudy  it was 

c l e a r  t h a t  some s o r t  of o rgan ic  l i g a n d  was e s s e n t i a l  f o r  sp in-coa t ing  

uniform f i l m s  from o rgan ic  s o l v e n t s .  

7.4 Experimental Section 

The experimental  s e t u p  was i d e n t i c a l  t o  t h a t  d i s cus sed  i n  Chapter 

6 .  The W/Vis s p e c t r a  were ob ta ined  us ing  a Cary 17 spectrophotometer .  

The p h o t o l y s i s  source  was a l s o  t h e  same a s  t h a t  summarized i n  Chapter 6.  



Auger s p e c t r a  were ob ta ined  us ing  a PHI double pass  CMA a t  0 .85 eV 

r e s o l u t i o n  a t  t h e  Sur face  Phys ics  Laboratory,  Dept. of Physics ,  Simon 

F r a s e r  Un ive r s i t y .  

7 . 4 . 1  Preparation of fac-Co (NH,) , (NO,), . 
Trinitrotriamminecobalt(II1) was prepared  us ing  a s t anda rd  

l i t e r a t u r e  method. The amount of r eagen t s  used, r e l a t i v e  t o  t h e  

l i t e r a t u r e  p repa ra t i on ,  was s c a l e d  down. 

Five grams of c o b a l t  ca rbonate  (0.042 mol) was d i s so lved  i n  a hot 

mix ture  of 7.0 m l  of g l a c i a l  a c e t i c  a c i d  and 20.0 m l  of water .  The 

above s o l u t i o n  was t hen  added t o  a c o l d  mixture  of 10.5 g (0.152 mol) of 

sodium n i t r i t e ,  50 m l  aqueous ammonia, and 3 .5  g of a c t i v a t e d  cha rcoa l .  

The r e s u l t i n g  s o l u t i o n  was cooled  i n  an ice ba th  while 30 m l  of 3% 

hydrogen peroxide was s lowly  added t o  t h e  stirred mixture .  A f t e r  t h e  

s o l u t i o n  was i n  t h e  ice b a t h  f o r  a f u r t h e r  2 0  minutes t h e  l i q u i d ,  

conta ined  i n  a 2 - l i t e r  Erlenmeyer f l a s k ,  was hea t ed  over  a f r e e  flame i n  

a fume hood f o r  one hour ( f r equen t  s w i r l i n g ) .  Copious amounts of 

ammonia escaped du r ing  hea t ing  and t h e  volume was kept  cons t an t  by t h e  

a d d i t i o n  of water .  The ho t  s o l u t i o n  was r a p i d l y  s u c t i o n  f i l t e r e d  

t o  remove t h e  charcoa l ,  and t h e  f i l t r a t e  was cooled  i n  an ice ba th .  The 

product  t h a t  c r y s t a l l i z e d  was f i l t e r e d ,  washed with a lcohol ,  e t h e r  and 

then  al lowed t o  a i r  d ry .  The product  may be p u r i f i e d  by r a p i d l y  

r e c r y s t a l l i z i n g  from t h i r t y  times i t s  weight of b o i l i n g  water t h a t  has 

been s l i g h t l y  a c i d i f i e d  wi th  a c e t i c  a c i d .  The amount of product  

ob t a ined  was 2 . 6  g ( y i e l d ,  25%) . 



7.4.2 Preparation of mer-Co (NH,) , (N,) , . 
WARNING: The azido complexes of cobalt are detonators, 

especially sensitive at elevated temperatures! Discussed below is the 

preparation of mer-Co (NH,) , (N,) , . mer-Co (NH,) , (N,) , is explosive and 
extreme caution should be excercised when handling the compound. 

The p repa ra t i on  procedure used was a modi f ica t ion  of t h a t  used by 

~ r u d i n ~ l ' ~  e t .  al. However, i n  t h e  i n t e r e s t  of s a f e t y ,  t h e  amount of 

r eagen t s  was reduced. 

Cobal t  (11) carbonate  ( r eagen t  g r a d e ) ,  0.54g (0.0045 mol) and 0 .SO g 

(0.0088 mol) of ammonium s u l f a t e  were d i s s o l v e d  i n  20 m l  water  and 3 m l  

conc. s u l p h u r i c  a c i d .  Af t e r  d i s s o l u t i o n ,  6 m l  of 20% aqueous ammonia 

was s lowly added, then  1 . 4  g (0 .021 mol) sodium az ide .  Subsequently,  

a i r  was bubbled through t h e  s o l u t i o n  f o r  2 hours .  Afterwards,  t h e  

s o l u t i o n  was evaporated,  t o  nea r  dryness ,  on a steam ba th .  During 

evapora t ion  a greenish-brown s o l i d  s e p a r a t e d  from t h e  r e d  s o l u t i o n .  

Warning: Evaporation should be carried out behind a safety shield, since 

the hot residue is extremely shock sensitive. They should not be 

handled until they have cooled to room temperature. The greenish-brown 

r e s i d u e  was c a r e f u l l y  t r a n s f e r r e d  t o  a Buchner funne l .  Solids that 

adhere to the beaker should not be scraped. The s o l i d  was washed with 

c o l d  water u n t i l  t h e  f i l t r a t e  was green,  t hen  washed with methanol and 

a i r - d r i e d .  The m e r - c ~ ( N H ~ ) ~ ( N ~ ) ~  product  was dark  green  i n  c o l o r .  

7.4.3 Deposition of fac-Co (NH,) , (NO2), and mer-Co (NH,) , (N,) as films . 
fac-Co (NH3) (NO,) and mer-Co (NH3)  ( N 3 )  were d i s s o l v e d  i n  DMSO. 

However, s p i n  c o a t i n g  t h e  f i l m s  was no t  p o s s i b l e ,  s i n c e  DMSO is  not  



v o l a t i l e  enough. A drop  of a DMSO s o l u t i o n  con ta in ing  e i t h e r  fac- 

CO (NH3)  (NO2) o r  mer-CO (NH3) (N3)  was d e p o s i t e d  on a s i l i c o n  c h i p .  A 

f i l m  of t h e  complex was formed by removing t h e  so lven t  under reduced 

p r e s s u r e .  



5 Chapter 8: The Photochemistry of (q -C,H,),Ti(N,), on Surfaces and in a 

Low Temperature Glass: Photodeposition of Titanium Dioxide 

Films 

8.1 Introduction 

A s  mentioned i n  t h e  e a r l i e r  chap te r s ,  meta l  f i l m s ,  meta l  ox ides  

and me ta l  n i t r i d e s  a r e  of paramount importance i n  t h e  product ion  of 

i n t e g r a t e d  c i r c u i t s .  I n  p a r t i c u l a r  t i t a n i u m  d iox ide  has  s e v e r a l  

p r a c t i c a l  a p p l i c a t i o n s  i n  t h e  semiconductor i n d u s t r y .  The 

photodepos i t ion  of  t r a n s i t i o n  meta l s ,  s p e c i f i c a l l y  t i t an ium,  a r e  of 

i n t e r e s t  because of t h e i r  a p p l i c a t i o n s  a s  i n t e r connec t s  and i n  g a t e  

m e t a l l i z a t i o n  i n  t hose  s i t u a t i o n s  where p roces s ing  temperature  is  a  

c r i t i c a l  f a c t o r .  For example, a  low process  temperature  is  c r u c i a l  i n  

1 1 1 - V  device  f a b r i c a t i o n  t o  avoid  i n t e r f a c i a l  d e f e c t s .  The chemical 

vapour depos i t i on  of t i t a n i u m  dioxide'1•‹ a s  well a s  t h e  ox ides  of ~ a l ' l ,  

*I12 , ~ f ' ~ ,  and ~ r ' ~  a r e  be ing  i n v e s t i g a t e d  s i n c e  t hey  a r e  high- 

dielectric cons t an t  m a t e r i a l s .  The oxides  of t h e s e  meta l s  may be 

s u i t a b l e  f o r  a p p l i c a t i o n s  such a s  s t o r a g e  c a p a c i t o r s  i n  memory c e l l s .  

One of  t h e  most u s e f u l  a p p l i c a t i o n s  of t h e  photodepos i t ion  of a  t h i n  

t i t a n i u m  meta l  f i l m  i s  on s i l i c o n  wafers  p r i o r  t o  t h e  depos i t i on  of 

conduct ing aluminum t r a c k s . 3 7  If a  s i l i c o n  wafer has  an oxide c o a t i n g  

p r i o r  t o  t h e  depos i t i on  of aluminum t r a c k s  t h e  adhesion of t h e  aluminum 

i s  g r e a t l y  diminished.  However, a  ve ry  t h i n  f i l m  of t i t a n i u m  depos i t ed  

f i r s t  r e a c t s  wi th  t h e  oxide l a y e r  t o  form T i 0 2  l e av ing  a s i l i c o n  



s u r f a c e .  The scrubbing of t h e  oxide l a y e r  by t h e  t i t an ium permi ts  

b e t t e r  adhesion of t h e  aluminum t r a c k s .  37 

A s  was d i scussed  i n  t h e  l a s t  chapter ,  t h e  s p i n  coa t ing  of good 

q u a l i t y  films of t h e  ino rgan ic  c o b a l t  complexes was complicated by t h e i r  

i n s o l u b i l i t y  i n  most so lven t s .  However t h e  s t u d i e s  on t h e  ino rgan ic  

c o b a l t  complexes demonstrated t h a t  t h e  carbon contamination of t h e  

r e s u l t a n t  f i l m  was p r imar i ly  from t h e  atmosphere. Therefore,  t h e  use  of 

o rgan ic  l i gands  probably does not  account f o r  a g r e a t  d e a l  of t h e  

hydrocarbon contamination of t h e  photodecomposed f i lm .  Also, t h e  

presence of organic  l i gands  i n  organometa l l ic  complexes g r e a t l y  i nc rease  

t h e i r  s o l u b i l i t y  i n  o rgan ic  s o l v e n t s .  

The choice  of (q5-C5H5) 2 T i  (N3) f u l f i l l e d  s e v e r a l  c r i t e r i a .  F i r s t ,  

t h e  (p5-C5H5) moiety would a l low t h e  complex t o  be d i s so lved  i n  organic  

s o l v e n t s  thereby  pe rmi t t i ng  sp in-coa t ing  of t h e  f i l m s .  Also, a s  

demonstrated with t h e  n i c k e l  and c o b a l t  complexes, t h e  az ide  l i gands  may 

be photoextruded. S i m i l a r i l y ,  t h e  r e s u l t s  of t h e  s tudy of 

(q5-c,H,) , T i X 2  complexes i n  s o l u t i o n  demonstrated t h a t  t h e  

cyclopentadienyl  l i gand  may a l s o  be photoe jec ted .  '13-'15 Precedent f o r  

photoextrusion of cyc lopentadienyl  from s u r f a c e  bound manganese 

complexes was d i scussed  i n  Chapter 5 .  Photodecomposition of 

( q 5 - ~ 5 ~ 5 ) 2 T i ( N 3 ) 2  was expected t o  r e s u l t  i n  t h e  formation of a t i t a n i u m  

f i lm .  

I n  t h i s  chap te r  t h e  photochemistry of ( p 5 - H )  T i  ( N )  , a s  a f i l m  

and i n  g l a s s e s  is  d iscussed .  The pho to lys i s  (p5-c,H,) 2 ~ i  ( N ~ )  , , a s  a 

f i lm,  led even tua l ly  t o  t h e  product ion  of a T i 0 2  f i l m .  High q u a l i t y  

T i 0 2  f i lms  may be prepared  by spray  p y r o l y s i s  methods. 116 ,117  



Deposi t ion of T i  f i lms  has a l s o  been achieved by l a s e r  a s s i s t e d  

C V D . ~ ~ ~ ' ~ ~ ~  However, t h e  method desc r ibed  i n  t h i s  chap te r  t o  depos i t  

T i 0 ,  f i lms  is  t h e  f i rs t  example, a s  f a r  a s  I am aware, of a s i n g l e  s t e p  

process  compatible with c u r r e n t  mask photol i thography methods. 

8.2 Results and Discussion 

8.2.1 Spectroscopic Data for the Complexes 

The o p t i c a l  absorp t ion  s p e c t r a  f o r  ( q 5 - ~ 5 ~ 5 )  , T i  (N,) , c o n s i s t  of a 

number of bands, most of which a r e  probably charge t r a n s f e r  i n  o r i g i n .  

The s p e c t r a  f o r  t h e  Titanium complex, i n  d i f f e r e n t  so lven t s ,  a r e  

summarized i n  Table 8-1. The t r a n s i t i o n  near  400 nm and has an 

e x t i n c t i o n  c o e f f i c i e n t  i n  t h e  range 2000-5000 M-'C~-'. This absorp t ion  

i s  ass igned  a s  due t o  an az ide  t o  meta l  charge t r a n s f e r  t r a n s i t i o n .  A t  

h igher  energy a f a r  more i n t e n s e  band was observed. The h igher  energy 

band had an e x t i n c t i o n  c o e f f i c i e n t  of approximately 20,000 M-I cm-l, and 

was ass igned  a s  due t o  a Cp t o  t i t a n i u m  charge t r a n s f e r  t r a n s i t i o n .  The 

t r a n s i t i o n  around 400 nm has been observed previous ly .  8 9 

A s tudy  of t h e  photochemistry of analogous compounds, 

5 (q -C5H5),TiX2 (X = C1, B r ,  I ) ,  has been done p rev ious ly  and t h e i r  

o p t i c a l  s p e c t r a  have been d i scussed  elsewhere.  113-115 Their  s p e c t r a  

a l s o  c o n s i s t  of LMCT bands. The primary photochemistry d i scussed  he re  

i s  t h e  r e s u l t  of pho to lys i s  i n t o  t h e  low energy LMCT t r a n s i t i o n .  

The FTIR spectrum i n  t h e  reg ion  of t h e  antisymmetric s t r e t c h  

5 (v,, (N,) ) of (q -C5H5) , T i  (N,) , on a S i  (111) s u r f a c e  i s  given i n  F igure  

8-1 a ) .  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h e r e  was a n e g l i g i b l e  dev ia t ion  



Table 8-1 

Optical data for ( q 5 - ~ 5 ~ 5 )  * T i  (N3) 

Solvent  Wavelength E ~ t i n c t i o n ~ C o e f f f c i e n t  
( nm) l n ( ~ -  cm- ) 

Acetone 408 

Toluene 4 12 
2 90 

Ether  

a )  Due t o  t h e  decomposition of t h e  s o l u t i o n s ,  t h e  e x t i n c t i o n  
c o e f f i c i e n t s  l i s ted  a r e  approximate.  

b) For t h i s  so lven t ,  t h e  decomposition was s o  s i g n i f i c a n t  t h a t  t h e  
wavelengths and e x t i n c t i o n  c o e f f i c i e n t s  should be cons idered  
very  approximate.  



from l i n e a r i t y  (F ig  8-1 b ) )  when absorbance vs .  coverage was p l o t t e d  

over  a range of 0.9 - 4 m o l e c u l e s ~ ~ ~ .  The l i n e a r  p l o t  of F igure  8-1 b) 

i s  c o n s i s t e n t  with no d e t e c t a b l e  thermal  chemistry occurr ing  upon f i l m  

depos i t i on .  The s p e c t r a  of t h e  complex on t h e  su r f ace  did no t  change, 

i n  appearance, with inc reas ing  coverage. Based on t h e  absorbance vs. 

coverage p l o t ,  t h e  f i l m  th i ckness  f o r  each experiment was i n  excess  of 

s i x t y  monolayers. This coverage i s  i n  t h e  region r equ i r ed  f o r  

t e c h n i c a l l y  u s e f u l  The i n t e r f a c i a l  l aye r ,  a t  e i t h e r  t h e  s i l i c o n  

o r  vacuum i n t e r f a c e ,  did not  make a d e t e c t a b l e  con t r ibu t ion  t o  t h e  

observed s p e c t r a .  

The F T I R  s p e c t r a  of (q5-C5H5) 2 T i  (N3)  2 ,  i t s  ''33 l a b e l l e d  d e r i v a t i v e  

and ( q 5 - ~ 5 ~ 5 ) 2 ~ i ~ 1 2  a r e  summarized i n  Table 8-2. The most i n t e n s e  I R  

bands f o r  (q5-C5H5) , T i  (N,) ,  a r e  t h o s e  due t o  t h e  antisymmetric a z i d e  

s t r e t c h e s  a t  2084 cm-' and 2051 cm-'. The symmetric az ide  s t r e t c h  was 

found a t  1348 cm-l. These assignments were c o n s i s t e n t  with t h e  

l i t e r a t u r e  assignments of t h e  s o l u t i o n  I R .  120  The az ide  bands s h i f t e d  

t o  lower energy, a s  expected, f o r  t h e  "N l a b e l l e d  d e r i v a t i v e .  

Analogous t o  t h e  1 5 ~  l a b e l l e d  trans- (E t3P)  2 N i  (N3)  complex d i scussed  

e a r l i e r ,  t h e  "N l a b e l l e d  t i t a n i u m  complex c o n s i s t e d  of a mixture of 

15 1 4  isotopomers; ( q 5 - ~ 5 ~ 5 )  2 ~ i  ( N N2) 2, (q5-C5H5) 2 ~ i  ( 1 4 ~ 2 1 5 ~ )  and (q5- 

15 1 4  
C5H5) 2 T i  ( N N2)  ( 1 4 ~ 2 1 5 ~ )  i n  a 1 : 1 :2 r a t i o .  The observed broad 

ant isymmetr ic  a z i d e  s t r e t c h e s  were t h e  r e s u l t  of t h e  supe rpos i t i on  of 

t h e  s t r e t c h e s  due t o  t h e  t h r e e  d i f f e r e n t  isotopomers.  The I R  of t h e  

symmetric az ide  s t r e t c h  showed a s h i f t  of 33 cm-' t o  lower energy, a s  a 

r e s u l t  of "N l a b e l l i n g  bu t  no f i n e  s t r u c t u r e  was observed. 

A s  well a s  t h e  a z i d e  bands, bo th  CH and CC absorp t ions  due t o  t h e  

146 



Table 8-2 

Table of FTIR spectral data for relevant complexes 

Complex Medium v,,(N3) , (all-1) 

surface 

glass  

surf ace 

glass  

surf ace 

glass  

surf ace 
g lass  



Table 8-2 (cont . ) 

Complex Medium v (CH) (can-') v (CC) (an-=) 

5 (7 -C5H5) 2 T i  W3) 2 s u r f  a c e  3106 

(15N)  - ( q 5 - ~ 5 ~ 5 )  2 T i  ( N j )  s u r f  ace 3106 

2 ~ i  W3) s u r f  a c e  

("N) - ( q 5 - c 5 ~ , )  2 ~ i  (N3) s u r f , a c e  

( T ~ - C , H ~ )  2TiC12 s u r f a c e  3105 



frequency (em- 1) molecules/A2 

a) FTIR spec t ra  a s ~ o c i a t e d ~ w i t h  0.9, 1.8, 2.8, and 3 . 7  molecules of 
(7 -C5H5) T i  ( N ~ )  p e r  A on a s i l i c o n  surface .  

b) P l o t  of agsorbance gf t h e  high energy component of t h e  a n t i s y n r e t r i c  
az ide  s t r e t c h  of (q -C5H5) 2 T i  (N3) vs coverage, da ta  from f igure  
8-la) . 



cyclopentadienyl ligands were observed and are summarized in Table 8-2. 

The assignment of the CH and CC modes for (q5-~5~5) ,Ti (N3) were based 

5 on the published assignments for (q -C5H,),TiC12. 121-123 The spectral 

data for ( q 5 - ~ 5 ~ 5 ) 2 ~ i ~ 1 2  as a film on Si(ll1) are summarized in Table 

8-2 and do not differ significantly from those in other media. 

5 8.2.2 Photochemistry of (q -C5H5)2Ti(N3)2 in a low temperature glass 

Prior to discussion of the results obtained in a film, the results 

found in a (1,2-epoxyethyl)-benzene glass will be discussed. Photolysis 

was carried out at 77 K where (1,2-epoxyethyl)-benzene forms a 

transparent glass. The first photoreaction observed was the loss of 

intensity due to the azide antisymmetric stretches at 2077 cm-I and 2049 

cm-l. Accompanying the loss in intensity due to the azide bands was the 

appearance of a new absorption at 2069 cm-l. Photolysis of the 1 5 ~  

labelled starting complex resulted in the appearance of this band at 

lower energy. This observation was consistent with the absorption being 

due to an azide. The spectral changes were indicative of the loss of a 

5 single azide ligand and the formation of (q -C5H5) ,TiN3. The reaction 

is summarized in equation 8-1. 

The same overall result, summarized in equation 8-1, could be 

obtained at either 77 K or 20 K. The photoreaction could be initiated 



with  e i t h e r  t h e  f i l t e r e d  (bandpass h > 400 nm o r  bandpass h > 480 nm) o r  

u n f i l t e r e d  ou tput  of a h igh  p r e s s u r e  Hg lamp. Presumably, t h e  

photoextruded a z i d e  r a d i c a l  t he rma l ly  decomposed t o  y i e l d  N2.  No bands 

a s s i g n a b l e  t o  1 5 ~ ~ 8 5  o r  N3.124 were detected i n  t h e  P T I R  s p e c t r a .  

However, t h a t  was no t  s u r p r i s i n g ,  s i n c e  1 5 N 1 4 N  i s  expected t o  have a 

very  low e x t i n c t i o n  c o e f f i c i e n t  and i s  d i f f i c u l t  t o  observe by I R  

spec t roscopy .g8  Therefore ,  it was reasonable  t h a t  t h e  products  d e r i v e d  

from t h e  thermal  decomposition of t h e  l o s t  a z ide  r a d i c a l  were not  

detected. 

Extended p h o t o l y s i s  r e s u l t e d  i n  no f u r t h e r  photoreac t ion  on a 

comparable time s c a l e .  One sample was photolyzed f o r  more t han  s i x  days 

a t  20 K ( t h r e e  days wi th  bandpass h > 480 nm and t h r e e  days wi th  a 10 cm 

pa th  l eng th  q u a r t z  water  f i l t e r  equipped wi th  pyrex o p t i c s )  and no 

5 decomposition of t h e  primary photoproduct ,  (q -C5H5) 2 T i  (N3)  , was 

detected. A s  d i s cus sed  below t h i s  photoproduct was f a r  more s e n s i t i v e  

i n  a f i l m .  

8 . 2 . 3  P h o t o c h ~ s t r y  of (7l5-c5~,) ,Ti (N,), as a  film 

The room temperature  p h o t o l y s i s  of (q5-c,~,)  , T i  (N,) , r e s u l t e d  i n  

t h e  i n i t i a l  l o s s  of t h e  ant isymmetr ic  s t r e t c h e s  of t h e  az ides  and t h e  

appearance of a new band. The s p e c t r a l  changes a r e  summarized i n  F igure  

8-2. The new band, which appeared between t h e  ant isymmetr ic  a z i d e  

s t r e t c h e s  of  t h e  s t a r t i n g  m a t e r i a l ,  could  be seen  more c l e a r l y  fo l lowing  

t h e  computer a d d i t i o n  of  t h e  s t a r t i n g  m a t e r i a l  abso rp t ions .  Af t e r  

computer a d d i t i o n  of t h e  s t a r t i n g  m a t e r i a l  absorp t ions ,  t h e  c o r r e c t  

p o s i t i o n  of t h e  new band was found t o  be 2077 cm-l . Repeating t h e  
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Figure 8-2 

FTZR spectral changes associated with the photolysis of a film of 
( q - C 5 H 5 )  2Ti (N3) on a silicon surface for 30, 60, 90,and 120 sec. 



above procedure with 1 5 N  l a b e l l e d  s t a r t i n g  m a t e r i a l  r e s u l t e d  i n  t h e  

appearance of t h e  band due t o  t h e  in t e rmed ia t e  a t  2063 cm-l. This  band 

was s u b s t a n t i a l l y  broadened ( f u l l  width a t  ha l f  he ight  of 50 cm-I 

compared t o  30 cm-l f o r  t h e  un labe l l ed  d e r i v a t i v e ) .  The photoreac t ion  

i s  summarized i n  equat ion  8-1. The width of t h e  2063 cm-I band of t h e  

1 5 N  l a b e l l e d  complex was a t t r i b u t e d  t o  t h e  formation of two isotopomers,  

15 1 4  (T15-c5~,) 2 ~ i  ( N N2) and ( q 5 - ~ 5 ~ 5 )  2 ~ i  ( 1 4 ~ 2 1 5 ~ )  . NO o t h e r  s p e c t r a l  

changes were observed f o r  t h i s  system i n  t h e  i n i t i a l  s t a g e s  of 

pho to lys i s .  

The i n i t i a l  r e a c t i o n  was ass igned  a s  being due t o  t h e  l o s s  of a 

s i n g l e  a z i d e  l i gand .  Pho to lys i s  of a f i l m  a t  e i t h e r  77 K o r  20 K showed 

an a d d i t i o n a l  f e a t u r e  i n  t h e  F T I R  s p e c t r a .  The antisymmetric az ide  

s t r e t c h  was s p l i t  by a f e a t u r e  a t  s l i g h t l y  h igher  energy. The band, 

which appeared a s  a shoulder ,  s h i f t e d  upon 1 5 N  l a b e l l i n g .  A rotomer of 

t h e  remaining az ide  may have been r e spons ib l e  f o r  t h e  shoulder  s i n c e  it 

i s  p o s s i b l e  f o r  t h e  az ide  t o  coo rd ina t e  i n  bent  fashion.88 It should be 

po in t ed  out  t h a t  when t h e  f i l m  was photolyzed under an atmosphere of a i r  

no bands a s s ignab le  t o  ( - ~ ' - c ~ H ~ )  2 T i  (N3)  were observed. 

Prolonged pho to lys i s ,  i n  vacuo, of a f i l m  r e s u l t e d  i n  t h e  s p e c t r a l  

changes summarized i n  F igure  8-3. The disappearance of t h e  (q5- 

C5H5) 2 T i  (N3) complex, was ev ident  from t h e  decrease  i n  t h e  i n t e n s i t y  of 

t h e  absorp t ions  due t o  t h e  ant isymmetr ic  and symmetric s t r e t c h e s  of t h e  

az ide  l igand ,  and t h e  coord ina ted  ( T ~ ~ - c ~ H ~ )  moiety. The only new 

absorp t ions  observed were i n  t h e  reg ion  of 3000 cm-I and 1600 cm-l. The 

bands remained u n s h i f t e d  upon 1 5 N  l a b e l l i n g  and were t h e r e f o r e  ass igned  

a s  be ing  due t o  t h e  fragments de r ived  from t h e  uncoordinated (C5H5) 

153 
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Figure 8-3 

FTSR spectral changes associated with the photolysis of a 
(q -CSH ) ZTI(N3!Z film, on a silicon surface, for 3, 8, 35, 72, 
102, an$ 1182 m m .  



l i gand .  The proposed r e a c t i o n s  a r e  summarized i n  equa t ions  8-2 and 8-3. 

A 
(q5-c5H5) T i  (N3)  > T i ,  N 3 ' ,  and (C5H5) ' 8-3 

I t  should be noted t h a t  t h e  i n t e rmed ia t e ,  ( q 5 - ~ 5 ~ 5 )  T i  ( N 3 ) ,  g iven  i n  

equa t ion  8-2 was no t  observed. However, i f  t h e  az ide  l i g a n d  was 

photoextruded from (q5-C5H5) , T i  (N3) , r a t h e r  than  ( T ) ~ - c ~ H , ) ,  t h e  product  

would have been ( q 5 - ~ 5 ~ 5 ) 2 ~ i .  I t  has  been shown t h a t  a form of 

(q5-c,H,) , ~ i  may be produced photochemical ly  from (q5-C5H5) 2TiMe2. 1 2 5  

The au tho r s  propose t h a t  t h e  photochemical ly  genera ted  r t i t a n o c e n e f  i s  

5 5 an o l igomer ic  m a t e r i a l  made up of (q - C 5 H 5 ) 2 T i  and (rll : q -C5H,) T i ,  

u n i t s .  The o l igomer ic  t i t a n o c e n e  s p e c i e s  i s  a pho tos t ab l e  s o l i d .  The 

f a c t  t h a t  we do no t  observe t h i s  product ,  o r  anyth ing  s i m i l a r ,  i n d i c a t e d  

t h a t  an  a l t e r n a t e  photoprocess  was occu r r ing .  Therefore ,  t h e  second 

pho to reac t ion  was formulated a s  ( q 5 - ~ 5 ~ 5 )  l o s s .  Subsequently,  t h e  

(q5-c5H5) T i  (N3) species the rma l ly  decomposed (eq.  8-3) . 
It i s  worth n o t i n g  t h a t  t h e  l o s s  of ( q 5 - ~ 5 ~ 5 )  has been p o s t u l a t e d  

i n  t h e  photochemistry of (q5-C5H5) , T i C 1 2 .  NO s p e c t r a l  evidence 

c o n s i s t e n t  with t h e  photoext  ru s ion  of a ( q 5 - ~ 5 ~ 5 )  r a d i c a l  was observed 

5 a s  a r e s u l t  of photo lys ing  (q -C5H5) ,T i (N3) ,  i n  a g l a s s  o r  a f i lm .  

However, t h e  e f f i c i e n t  recombination of ( q 5 - ~ 5 ~ 5 )  and (q5-c5H5) T i  (N,) , 
would be  expected s i n c e  d i f f u s i o n  of t h e  photoproducts  should be slow. 

I n  some experiments,  t h e  films were produced by s p i n  c o a t i n g  t h e  

complex onto  t h e  s i l i c o n  wafer .  The f i lms  produced i n  such a manner 

were t h i n n e r  and more uniform. The s p i n  coa ted  f i l m s  were t y p i c a l l y  on 



t h e  o r d e r  of 120 nm t h i c k .  The r e s u l t s  of t h e  room temperature  

p h o t o l y s i s  of s p i n  coa t ed  f i l m s  were c o n s i s t e n t  with t h e  s p e c t r a l  

changes d i s cus sed  above, however, t h e r e  was no evidence of hydrocarbon 

products  i n  t h e  I R  s p e c t r a  fo l lowing  prolonged p h o t o l y s i s .  Presumably, 

t h e  products  de r ived  from t h e  thermal  decomposition of uncoordinated 

(C5H5) were l o s t  t o  t h e  vacuum. The l o s s  of t h e  thermal  decomposition 

products  of (C5H5) ,  t o  t h e  vacuum, i s  conce ivable  i n  t h e  ca se  of a t h i n  

f i l m .  Whereas i n  t h e  t h i c k e r  f i l m s  t h e  fragments a r e  u n l i k e l y  t o  

d i f f u s e  ou t  of t h e  f i l m .  

Repe t i t i on  of  t h e  above experiments ,  photo lys ing  s o l e l y  i n t o  t h e  

low energy t r a n s i t i o n ,  r e s u l t e d  i n  t h e  same s p e c t r a l  changes a s  a l r eady  

d i scus sed .  The p h o t o s e n s i t i v i t y  of a f i l m  of (q5-c5~, )  , T i  (N,) , was 

markedly d i f f e r e n t  from t h e  complex i n  a g l a s s .  For example, a f i l m  

h e l d  a t  20 Kt and photolyzed f o r  18 hours showed t h e  l o s s  of 75% of t h e  

(q5-c,H,) 2 T i  (N3) i n t e rmed ia t e .  

The f i n a l  f i lms ,  a f t e r  exhaus t ive  pho to lys i s ,  were removed and 

t r a n s f e r r e d  t o  t h e  X-ray pho toe l ec t ron  spec t rometer .  The r e s u l t a n t  f i l m  

conta ined  T i ,  0, C, and a sma l l  amount of N .  The presence  of TiO,  was 

confirmed by both t h e  r e l a t i v e  amounts of T i  and 0 and by t h e  p o s i t i o n  

of t h e  T i  l i n e s .  The XPS l i n e s  due t o  T i  and Ti02 a r e  well s e p a r a t e d  

and e a s i l y  d i s t i n g u i s h a b l e .  12 6 The 2p3/, and 2plI2 l i n e s  of T i  appear  

a t  453.8 eV and 459.9 eV, r e s p e c t i v e l y .  Whereas t h e  2 ~ ~ / ~  and 2p,,, 

l i n e s  of T i  i n  Ti02 appear  a t  458.8 eV and 464.2 eV, r e s p e c t i v e l y .  

The t i t a n i u m  t r a n s i t i o n s  i n  t h e  XPS s p e c t r a  of an  exhaus t ive ly  

photolysed sample were found a t  458.8 eV (2p3/,) and 464.5 eV (2p1/,). 

The Auger spectrum of t h e  unspu t t e r ed  sample was used t o  c a l c u l a t e  t h e  



r e l a t i v e  amounts of t i t a n i u m  and oxygen t h a t  were present  (equat ion 6- 

4 ) .  The r e l a t i v e  percentages  of t i t a n i u m  and oxygen were found t o  be 

23% and 39%, r e s p e c t i v e l y .  These r e l a t i v e  amounts were cons i s t en t  with 

t h e  formation of Ti02. I n  some experiments  t h e r e  was a s l i g h t  asymmetry 

p r e s e n t  i n  t h e  T i  l i n e s  i n d i c a t i n g  t h e  p o s s i b l e  formation of T i N .  

Asymmetry a l s o  appeared i n  t h e  N Is l i n e  c o n s i s t e n t  with two peaks, one 

a t  398.0 e v  and one a t  399.4 ev .  This  was i n d i c a t i v e  of t h e  formation 

of n i t r o g e n  con ta in ing  o rgan ic  s p e c i e s  o r  pos s ib ly  T i N ,  The amount of 

carbon d e t e c t e d  was dependent on t h e  method of prepara t ion  of t h e  

i n i t i a l  f i l m .  If t h e  i n i t i a l  f i l m  was prepared  by t h e  evaporat ion of a 

5 drop  of a s o l u t i o n  con ta in ing  (q -C5H5)2Ti(N3)Z, then carbon was f i f t e e n  

times more abundant t han  t i t a n i u m .  The f i l m s  prepared by s p i n  c o a t i n g  

conta ined  approximately t h r e e  times t h e  amount of carbon compared with 

t h e  amount of t i t an ium.  The XPS r e s u l t s  were i n  agreement with t h e  

observed i n f r a r e d  s p e c t r a .  

The product ion  of T i 0 2 ,  on t h e  su r f ace ,  was f u r t h e r  confirmed by 

depth  p r o f i l e  experiments .  I n  t h e  depth  p r o f i l e  experiments, s p u t t e r i n g  

of t h e  s u r f a c e  r e s u l t e d  i n  an i n i t i a l  decrease  ( i . e . ,  s p u t t e r i n g  f o r  6 

minutes)  of t h e  oxygen t o  t i t a n i u m  r a t i o .  Subsequent s p u t t e r i n g  

r e s u l t e d  i n  no f u r t h e r  change i n  t h e  r a t i o .  The behaviour was 

c o n s i s t e n t  with t h e  r educ t ion  of T i O ,  upon s p u t t e r i n g .  This e f f e c t  has  

been r epo r t ed  p rev ious ly .  The c a l c u l a t e d  r a t i o  of t i t a n i u m  t o  

oxygen, a f t e r  10 seconds of s p u t t e r i n g ,  was found t o  be approximately 

1:l. The Auger s t u d i e s  i n d i c a t e d  t h a t  t h e  f i l m  was a homogeneous Ti0, l a y e r  

r a t h e r  t han  a mixture  of  ox ides .  Spin coa t ed  samples showed t h a t  t h e  

carbon s i g n a l  decreased  s i g n i f i c a n t l y  a f t e r  15 seconds of s p u t t e r i n g .  



A t  l onge r  s p u t t e r i n g  times a decreased  r a t e  of l o s s  of t h e  carbon s i g n a l  

was observed, however, t h e  carbon s i g n a l  did not  decrease  t o  b a s e l i n e  

l e v e l s  u n t i l  s i l i c o n  was t h e  most i n t e n s e  s p e c t r a l  s i g n a l .  A t  t h a t  

p o i n t ,  t h e  t i t a n i u m  s i g n a l  was approximately h a l f  t h a t  of t h e  s i l i c o n  

s i g n a l .  

Sur face  Raman spec t roscopy  was done i n  t h e  hope of i d e n t i f y i n g  

whether t h e  T i 0 2  formed was a n a t a s e  o r  r u t i l e .  However, t h e  Raman 

s p e c t r a  were complicated by t h e  o rgan ic  contaminants .  The only  

observable  s i g n a l  was due t o  t h e  i n t e n s e  f l u o r e s c e n t  emission from t h e  

o rgan ic  contaminat ion.  Repeated a t t empt s  t o  c l e a n  t h e  s u r f a c e ,  w i t h  

va r ious  so lven t s ,  did no t  remove t h e  contaminant .  

The T i ,  once formed, r e a c t s  wi th  e i t h e r  t h e  oxygen i n  t h e  

atmosphere o r  t h e  oxide l a y e r  on t h e  s i l i c o n  s u b s t r a t e .  The vacuum used 

i n  t h e s e  experiments  was on t h e  o r d e r  of t o r r .  Therefore ,  t h e r e  

was a source  of oxygen from t h e  atmosphere with which t h e  t i t a n i u m  could  

r e a c t  t o  form T i 0 2 .  Also, t h e  oxide l a y e r  on t h e  s i l i c o n  was a source  

of oxygen f o r  t h e  formation of T i 0 2 .  3 7 

The approximate quantum y i e l d s  f o r  t h e  decomposition of 

( 5 - ~ 5 ~ 5 )  T i  ( N )  , under va r ious  atmospheres,  were determined by 

p h o t o l y s i s  with 366 nm l i g h t .  The absorbance of t h e  ( q 5 - ~ 5 ~ 5 )  , ~ i  (N,), 

f i l m  was c a l c u l a t e d  from i t s  s o l u t i o n  e x t i n c t i o n  c o e f f i c i e n t ,  a t  366 nm. 

The quantum y i e l d  formula used i s  g iven  i n  equa t ion  8-4. The d e r i v a t i o n  

of equa t ion  8-4 i s  g iven  i n  t h e  appendix. I r r a d i a t i o n  under a vacuum of 

about t o r r  r e s u l t e d  i n  an approximate quantum y i e l d ,  f o r  t h e  

5 process ,  of 0.005.  I n  a i r ,  where t h e  (q -C5H5) 2 T i N 3  i n t e rmed ia t e  

r e a c t e d  thermal ly  with oxygen, t h e  decomposition quantum y i e l d  was 



@ = [ -  (0) x ( t o t a l  number of moles) / (Io)  ( A ( 0 ) )  1 8-4 

where 0 = quantum y i e l d  

0 = t h e  s lope  of a p l o t  of I n  ( A  (0)  / A ( t )  ) vs .  mJ of 
l i g h t ,  where, A(0) is  t h e  absorbance a t  t ime = 0 
and A ( t )  i s  t h e  absorbance a t  time = t 

I. = I n t e n s i t y  of t h e  i n c i d e n t  l i g h t  i n  mW 

A(0) = i s  t h e  absorbance of t h e  f i l m  a t  time = 0 based 
on t h e  s o l u t i o n  e x t i n c t i o n  c o e f f i c i e n t  a t  366 nm 

0.025. To support  t h e  idea  t h a t  t h e  d i f f e r i n g  quantum y i e l d s  were t h e  

r e s u l t  of t h e  oxygen content  i n  t h e  two atmospheres, a t h i r d  quantum 

y i e l d  was determined i n  which t h e  sample' was under a n i t rogen  atmosphere 

(which conta ined  a smal l  amount of oxygen).  The quantum y i e l d  under 

t hose  cond i t i ons  was found t o  be 0.010. The r e l evan t  q u a n t i t i e s  used i n  

equat ion  8-2, f o r  t h e  t h r e e  experimental  condi t ions ,  a r e  given i n  Table 

8-3. The r e s u l t s  were c o n s i s t e n t  with t h e  varying s t a b i l i t y  of 

( r 1 5 - ~ 5 ~ 5 )  2 T i N 3  under t h e  d i f f e r i n g  cond i t i ons .  In  a vacuum 

( 1 5 - ~ 5 ~ 5 ) 2 T i N 3  is  more s t a b l e  and r equ i r ed  more l i g h t  i n  o rde r  t o  a f f e c t  

i t s  photochemical decomposition, r e s u l t i n g  i n  a lower o v e r a l l  

decomposition quantum y i e l d .  However, i n  a i r  iq5-c5H5) ,TiN, was not  

s t a b l e  and underwent thermal  r e a c t i o n s  with 0,. Therefore,  s i n c e  t h e  

"as a z i d e  s t r e t c h  of ( q 5 - ~ 5 ~ 5 ) 2 T i N 3  over laps  with t h e  absorbances due t o  

t h e  s t a r t i n g  ma te r i a l ,  t h e  apparent  quantum y i e l d s  were dependent on t h e  

l i f e t i m e  of t h e  ( q 5 - ~ 5 ~ 5 )  2 T i N 3  spec i e s .  

The a b i l i t y  t o  produce t h i n  f i l m s  of Ti0, from smooth s p i n  coa ted  

f i lms  of ( q 5 - ~ 5 ~ 5 )  , T i  (N,) , i n d i c a t e d  t h a t  t h i s  system should be amenable 



Table 8-3 

Quantities used i n  the quantum yie ld  calculations for ( q 5 - ~ 5 ~ , )  , T i  (N,) , 

Data for the low energy azide stretch 

Air Nitrogen Vacuum 

(with some 02) torr) 
- - 

0 (s-l) 1.80 x 8.66 x 3.27 

total # of moles 1.85 x lo-' 2 .07 x lo-' 2.02 x lo-' 

I. (einsteinls) 2.29~10-' 2.45~10-' 2.29 x lo-' 

A(O) (cm2/mol) a 6.40 x 7 -10 x 6.98 x 

Data for the high energy azide stretch 

Air Nitrogen Vacuum 

(with some 0,) torr) 

0 (s-l) 2.14 x 1.10 x 4.24 x 

total # of moles 2.07 x lo-* 2.45 x lo-' 2.13 x lo-' 

I. (einsteinls) 2.29~10-' 2.45~10-' 2.29 x lo-' 

A(O) (cm2/mol) a 7.20 x 8.50 x 7.35 x lo-2 

a) Absorbance of a film calculated from the solugion extinction 
coefficient determined at 366 nm (E = 1729 dm Imol cm). 





t o  p roces s ing  by s t anda rd  l i t h o g r a p h i c  techniques .  I n  o rde r  t o  confirm 

t h i s ,  a sample prepared  by s p i n  c o a t i n g  a S i  wafer with 

( q 5 - H 5 )  T i  N , was photolyzed under a mask i n  con tac t  wi th  t h e  

wafer .  The mask was ob t a ined  from IBM, and was a s t anda rd  photomask. 

Once photolyzed, t h e  sample was r i n s e d  wi th  CH2C12 and imaged by a 

scanning e l e c t r o n  microscope t o  y i e l d  t h e  p a t t e r n  shown i n  F igure  8-4. 

The p a t t e r n  of f i v e  l i n e s ,  of which t h e  c e n t e r  l i n e  i s  twice  a s  long  a s  

t h e  remaining four ,  was c l e a r l y  d i s t i n g u i s h a b l e .  The l i n e s  were 

approximately 2 microns wide. This  r e s u l t  demonstrated t h a t  t h e  

chemistry was compatible  with c u r r e n t  s t anda rd  l i t h o g r a p h i c  procedures .  

8.3 Conclusions 

The r e s u l t s  of t h e  pho to lys i s ,  under t h e  vary ing  cond i t i ons ,  a r e  

summarized i n  F igure  8-5. I n  a f i l m  t h e  l o s s  of a l l  l i gands  from 

(q5-~,H5) , T i  (N3)  was induced photochemical ly  a t  temperatures  a s  low a s  

20 K. The thermal ly  produced n i t rogen  spec i e s ,  r e s u l t a n t  from t h e  

photoextruded a z i d e  l i gand ,  were l o s t  t o  t h e  vacuum. Conversely,  t h e  

hydrocarbon s p e c i e s  formed by t h e  thermal  decomposition of t h e  

photoextruded cyc lopentad ienyl  moiety were not  completely l o s t  from t h e  

su r f  ace .  

We have been a b l e  t o  show t h a t  Ti02, which i s  a u s e f u l  d i e l e c t r i c  

3 7 i n  VLSI devices ,  cou ld  be  produced photochemically a t  temperatures  of 

20 K. The depos i t i on  of d i e l e c t r i c s  a t  such low temperatures  would 

g r e a t l y  reduce t h e  chances of i n t e r d i f f u s i o n  of spec i e s  and s u r f a c e  

d e f e c t s .  C lea r ly ,  t h e  carbon contaminat ion would p re sen t  a s i g n i f i c a n t  

b a r r i e r  t o  u s ing  t h i s  p roces s  of d e p o s i t i n g  T i 0 2 .  However, t h e  Process  



Figure 8-5 
i) ~ h o t o l y s i s  i n  a g l a s s  a t  e i t h e r  77 o r  20 K, o r  p h o t o l y s i s  i n  a f i l m  

a t  e i t h e r  300, 7 7  o r  20 K .  
ii) ~ h o t o l y s i s  i n  a f i l m  a t  300, 7 7  o r  20 K .  



used he re  i s  unquest ionably compatible  wi th  s t anda rd  l i t h o g r a p h i c  

procedures .  

8 . 4  Experimental Section 

5 The complex, (q -C5H5) , T i  (N3)  ,, was prepared  by l i t e r a t u r e  

methods. 120' The CaF, c r y s t a l s  were ob ta ined  from Wilmad Glass  Co. 

I n c . .  The S i ( l l 1 )  wafers  were ob ta ined  from P a c i f i c  Mic roe l ec t ron i c s  

Center ,  Canada. The wafers  were p-type s i l i c o n  with t o l e r a n c e s  and 

s p e c i f i c a t i o n s  a s  p e r  SEMI Standard Ml.l.STD.5. The 4 "  wafers  were c u t  

i n t o  p i e c e s  with t h e  approximate dimensions of 1 cm x 1 cm. The 1 5 ~  

sodium a z i d e  was ob ta ined  from Cambridge I so topes  and was 99 atom 

pe rcen t  "N en r i ched  i n  t h e  1 p o s i t i o n .  

The FTIR s p e c t r a  were ob ta ined  us ing  a BOMEM Michelson 120 F T I R  

spectrophotometer  ope ra t i ng  a t  4  cm-I r e s o l u t i o n .  The samples were h e l d  

i n  a CaF2 f aced  cel l  f o r  g l a s s e s  o r  i n  a high conduc t iv i t y  copper sample 

mount wi th in  a CaF, f aced  vacuum Dewar f o r  f i l m s .  Experiments a t  20 K 

were conducted us ing  a CTI-Cryogenics Model 22 c ryocooler  and a 350R 

compressor system equipped wi th  a Lake Shore Cryot ronics  DRC 80C 

temperature  c o n t r o l l e r .  The tempera ture  was monitored with a Lake Shore 

Cryot ronics  s i l i c o n  d iode  s enso r  (DTC500 DRC) .  The w/VIS s p e c t r a  were 

ob ta ined  wi th  a Cary 17 spectrophotometer .  

The p h o t o l y s i s  source  was a l O O W  high p re s su re  Hg lamp i n  an Oriel 

housing equipped wi th  condenser l e n s e s  and f i l t e r e d  through a 10 cm 

pa th  l eng th  water f i l t e r  equipped wi th  pyrex o p t i c s .  

X-ray pho toe l ec t ron  s p e c t r a  were ob ta ined  us ing  a P H I  double pas s  

CMA a t  0.85 eV r e s o l u t i o n  a t  t h e  Sur face  Physics  Laboratory, Dept. of 



Physics ,  Simon F r a s e r  Un ive r s i t y .  The depth  p r o f i l e  was achieved by 

s p u t t e r i n g  with 3 keV ~ r +  ions .  

8.41 Preparation of ("N) labelled ( ( p 5 - ~ , ~ , )  ,Ti (N,), 

TO a  s o l u t i o n  con ta in ing  ( ( p 5 - ~ 5 ~ 5 )  , T i C l ,  (0.040 g) i n  ace tone  (20 

m l )  s o l i d  ~ - N ~ ' ~ N N ,  (0.010 g )  was added. The mixture  was s t i r r e d  f o r  24 

hours .  The so lven t  was t hen  removed under reduced p re s su re  and t h e  

s o l i d  was e x t r a c t e d  wi th  CH2C12. Af t e r  t h e  removal of t h e  so lven t  t h e  

y i e l d  of ("N) - ( q 5 - ~ 5 ~ 5 )  ,Ti (N3)  , was 0.032 g (77%) . 

8.4.2 Photolysis of complexes in a (1,2-epoxyethy1)-benzene glass. 

A sample of ( q 5 - ~ 5 ~ 5 )  , T i  (N3)  , was d i s s o l v e d  i n  ( l ,2-epoxyethyl)  - 
benzene and loaded i n t o  a  CaF2 f aced  ce l l .  The sample was t hen  cooled  

t o  77 K and t h e  FTIR spectrum obta ined .  Subsequently,  t h e  sample was 

photolyzed with UV l i g h t  f o r  20, 30, 37, 60 and 120 min. S imi l a r  

experiments  were conducted a t  20 K u t i l i z i n g  t h e  c ryocooler  system. 

8.4.3 Calibration of the absorption on a silicon surface. 

A s tock  s o l u t i o n  of (q5-~,H,) ,Ti (N,), (0.0060 g) i n  CH,C12 (9 .0  m l )  

was prepared .  A drop (0.0031 m l )  of t h i s  s o l u t i o n  was t hen  depos i t ed  on 

t h e  s u r f a c e  of a  S i  wafer and t h e  so lven t  was allowed t o  evapora te .  

Once t h e  f i l m  had d r i e d ,  t h e  FTIR spectrum was ob ta ined .  The a r e a  of 

t h e  drop  was found t o  be  0.5 cm2. The a r e a  of t h e  f i l m  and t h e  

abso rp t ion  corresponded t o  a  coverage of 0.94 molecules pe r  A ~ .  The 

process  was r epea t ed  s e v e r a l  times. A c a l i b r a t i o n  curve of absorbance 

vs. moles of  ( ( p 5 - ~ 5 ~ 5 )  2 T i  (N3) , depos i t ed  i s  g iven  i n  f i g u r e  8-1 b )  . 



8 . 4 . 4  The photolysis of complexes on silicon surfaces. 

For pho to lys i s ,  a S i  su r f  ace was prepared  with ( q 5 - ~ , ~ 5 )  , T i  (N,) ,, 
a s  desc r ibed  above, and t r a n s f e r r e d  t o  a vacuum Dewar. The sample was 

t hen  photolyzed f o r  30, 60, 90, 120 sec. and 3, 8, 35, 72, 102 and 1182 

min. The s p e c t r a l  changes a r e  summarized i n  F igures  8-2 and 8-3. 

Analogous experiments  were conducted a t  77 K by cool ing  t h e  vacuum Dewar 

with l i q u i d  N2, and a t  20 K u s i n g  t h e  c ryocooler .  



Appendices 

A-2: Appendix for Chapter 2 

L i n e r t ' s  equat ion  and t h e  d e f i n i t i o n  of t h e  terms (eq .  .2-14 i n  

Chapter 2 )  a r e  r e s t a t e d  he re  a s  equat ion  A 2 - I .  A s  s t a t e d  i n  Chapter 2 

sN = i s  t h e  number of r e a c t a n t  l e v e l s  with energy lower 
than  t h e  r e a c t i o n  b a r r i e r  

h = Planckr s  cons tan t  

o = is  t h e  v i b r a t i o n a l  frequency of t h e  r e a c t i o n  s i te  
of t h e  r e a c t a n t  

'bath = de f ined  a s  l /kT 

v = t h e  a c t i v e  frequency of t h e  heat-bath system 
i n  resonance with t h e  r e a c t a n t  v i b r a t i o n s  

t h e r e  a r e  two parameters  c h a r a c t e r i z i n g  t h e  r e a c t a n t s ;  sN and o. 

Therefore,  one form of L i n e r t ' s  equat ion  i s  obta ined  by al lowing sN t o  

vary and hold ing  o cons t an t .  

The term XbathI d e f ined  a s  l / k ~ ,  i s  s u b s t i t u t e d  i n t o  equat ion  A 2 - I  

y i e l d i n g  equat ion  A 2 - 1 1 .  Equation A 2 - I 1  becomes equat ion  A 2 - I 1 1  i f  

t h e  squared term is  expanded. If Ea is  now set equal  t o  NAsNho and 

s u b s t i t u t e d  i n t o  equat ion  A 2 - 1 1 1 ,  equa t ion  A 2 - I V  i s  obta ined .  

1 6 7  



I f  A i s  now set equa l  t o  AohwNA and v is  s u b s t i t u t e d  f o r  NAhv, equa t ion  

A2-IV becomes equa t ion  A2-V. Taking t h e  n a t u r a l  logar i thm of equa t ion  

A2-V y i e l d s  t h e  f i n a l  form of t h e  equa t ion  (eq.  A2-VI). 

k = AE/ (RT) 'exp [ (E/v)  - (E/RT) ] A2 -V 

Ink = l n ( A  x E/ (RT)') t (E/v)  - ( E / R T )  A2 -VI  

The o t h e r  form of L i n e r t l s  equa t ion  i s  obta ined  by s u b s t i t u t i o n  of 

h a  by E,/(s,), NAhv by v and A,/s, by A i n  equa t ion  A2-IV. The r e s u l t  

i s  shown a s  A2-VII. Taking t h e  n a t u r a l  l oga r i t hm of equa t ion  A2-IX 

y i e l d s  t h e  f i n a l  form of t h i s  equa t ion  (A2-VIII) . 



A-6: Appendix for Chapter 6 

The quantum y i e l d  f o r  r eac t ion ,  0, is  given i n  equat ion  A6-I and 

was assumed t o  be a cons tan t  independent of t h e  e x t e n t  of r e a c t i o n .  For 

s i m p l i c i t y ,  t h e  v a r i a b l e s  may be changed s u b s t i t u t i n g  t h e  mole f r a c t i o n ,  

X I  of t r ans -  ( E t 3 P )  2 N i  (N,) which in t roduces  a cons tan t ,  C, i n t o  t h e  

equat ion  (A6-11). I r r a d i a t i o n  was conducted wi th  a cons tan t  i n t e n s i t y  

l i g h t  source .  Therefore,  t h e  l i g h t  absorbed by t h e  s t a r t i n g  ma te r i a l ,  

d ( h v ) / d t ,  i s  g iven  by equat ion  A6-I11 where I is  t h e  i n t e n s i t y  of t h e  

i n c i d e n t  l i g h t  and A r ( 0 )  and A'(•’) a r e  t h e  i n i t i a l  and f i n a l  absorbance 

of t h e  f i l m  a t  t h e  i r r a d i a t i o n  wavelength. 

0 = -d ( t r ans -  (E t ,P )  2 N i  (N,) 2 )  /d (hv)  A6-I 

c@ = -d(X) /d(hv)  A6-I1 

d (hv )  /dt = I{ (XA' (0)  ) I (XA' (0)  + ( 1 - X ) A '  ( f )  ) ) 
x (1-exp- (XAt (0)  + (1-X) A' ( f )  ) ) AG-111 

A s  a r e s u l t  of t h e  f i l m  having a low o v e r a l l  coverage absorbance 

(1-exp- (XA' (0)  + ( 1 -X)  A' ( f )  ) ) can be approximated by (XAf (0)  + (1- 

X) A' ( f )  ) . Once t h e  approximation is  made, equat ion A6-I11 may be 

s u b s t i t u t e d  i n t o  A6-I1 ( through d ( h v ) )  l eav ing  a d i f f e r e n t i a l  equat ion  

i n  X and t ,  equat ion  A6-IV. I n  equat ion  A6-IV a l l  of t h e  cons t an t s  have 

been combined i n t o  t h e  quantum y i e l d  term t o  g ive  a co r r ec t ed  cons tan t ,  



I n t e g r a t i o n  of equat ion  A6-IV, followed by conver t ing  t h e  mole 

f r a c t i o n  i n t o  an absorbance a t  t h e  monitored wavelength, g i v e s  r i s e  t o  

equat ion  A6-V. I n  equat ion  A6-V, A ( t ) ,  A(0)  and A ( f )  a r e  t h e  absorbance 

i n  t h e  I R  a t  t h e  monitor ing wavelength a t  t ime t ,  a t  t ime t = O  and t h e  

f i n a l  absorbance, r e s p e c t i v e l y .  Therefore,  i f  t h e  photoproduct does not  

absorb A(•’) would be zero and a p l o t  of -ln{A(O) /A( f )  ) vs .  t ime should 

be l i n e a r .  I f  photoproduct abso rp t ion  occurred,  t h e  more gene ra l  form 

of t h e  equat ion  (A-V) would be needed t o  f i t  t h e  d a t a .  



A-8: Appendix for Chapter 8 

The quantum y i e l d  equa t ion  used i n  Chapter 8 is  reproduced i n  

equa t ion  A8-I. The g e n e r a l  formula f o r  t h e  change i n  i n t e n s i t y  of 

0 = [-(a) x ( t o t a l  number of moles) / ( Io)  (A(0) ) 1 A8-I 

where 0 = quantum y i e l d  

0 = t h e  s l o p e  of a p l o t  of I n  ( A  (0 )  /A ( t)  ) vs . m J  of 
l i g h t ,  where, A(0) is  t h e  absorbance a t  time = 0 
and A ( t )  i s  t h e  absorbance a t  time = t 

I. = I n t e n s i t y  of t h e  i n c i d e n t  l i g h t  i n  mW 

A(0) = is  t h e  absorbance of t h e  f i l m  a t  time = 0 based 
on t h e  s o l u t i o n  e x t i n c t i o n  c o e f f i c i e n t  a t  366 nm 

a s p e c i e s  i s  g iven  i n  equa t ion  A8-11. Rearranging equa t ion  A8-11, and 

i n t e g r a t i n g  y i e l d s  equa t ion  A8-111. The gene ra l  formula f o r  quantum 

d I  = -a [ J] Idx A8-I1 

where, dI  = change i n  l i g h t  i n t e n s i t y  

I = l i g h t  i n t e n s i t y  

a = p r o p o r t i o n a l i t y  cons t an t  

[Jl = concen t r a t i on  of absorbing 
s p e c i e s  

dx = sample t h i c k n e s s  

where, I, = emergent l i g h t  i n t e n s i t y  
171 



I. = i nc iden t  l i g h t  i n t e n s i t y  

1 = path  l eng th  

y i e l d  c a l c u l a t i o n s  i s  given i n  equat ion  A8-IV. S u b s t i t u t i n g  t h e  mole 

f r a c t i o n  of s t a r t i n g  m a t e r i a l  ( X )  f o r  t h e  number of moles, i n t o  equat ion  

A8-IV, in t roduces  a  cons tan t  and y i e l d s  equat ion  A8-V. Using equat ion  

A8-111, t h e  l i g h t  absorbed by t h e  s t a r t i n g  m a t e r i a l  a lone  (I,) i s  given 

by equat ion  A8-VI. Also, t h e  absorbances may be de f ined  i n  terms of 

I, = I o [ A ( s . m . )  / A ( t o t ) ]  (1-e  tot) ) A8-VI 

where, A ( s . m . )  = absorbance due t o  t h e  s t a r t i n g  m a t e r i a l  a lone  

A ( t o t )  = absorbance due t o  a l l  spec i e s  

t h e  mole f r a c t i o n .  The absorbances,  i n  terms of mole f r a c t i o n s  a r e  

given i n  equat ions  A8-VII and A8-VIII. The l i g h t  absorbed by t h e  

s t a r t i n g  m a t e r i a l  i s  a l s o  equa l  t o  t h e  express ion  d(hv)  / d t  . 

where, 

A(a) = XA(0) A8 - V I  I 

A ( t 0 t )  = XA(0) + (1-X)A(f) A8-VI I I 

A ( a )  = absorbance of s t a r t i n g  m a t e r i a l  

A ( f )  = i s  t h e  f i n a l  absorbance 

X = mole f r a c t i o n  of s t a r t i n g  m a t e r i a l  



Combining d ( h v ) / d t  with equat ions  A8-VI, A8-VII and A8-VIII y i e l d s  t h e  

express ion  given i n  equat ion  A8-IX. Because t h e  quantum y i e l d s  

d (hv )  / d t  = I~[XA(O)/(XA(O)+(~-X)A(~) ) 1 [ l - e  - ( x A ( O )  + ( I - x ) A ( ~ ) )  I A8-IX 

were done on t h i n  f i lms  where t h e  absorbance due t o  t h e  s t a r t i n g  

m a t e r i a l  is  much less than  one, t h e  fo l lowing  approximation was made; 

(XA(0) + ( 1 - X )  A ( f )  ) = 1-e - (a(0) + A ( f )  ) , S u b s t i t u t i n g  the  

approximation i n t o  equat ion  A8-IX y i e l d s  equat ion  A8-X. NOW, combining 

equat ion  A8-X and equat ion  A8-V y i e l d s  equat ion  A8-XI. I n t e g r a t i n g  

-d (x) /X = 0d t  

where, 0 = c@IOA(0) 

equat ion  A8-XI and conver t ing  mol f r a c t i o n ,  XI back i n t o  absorbance 

y i e l d s  equat ion  A8-XII. Taking t h e  d e r i v a t i v e  of t h e  r e l a t i o n s h i p  given 

i n  equat ion  A8-XI11 and rear ranging  g ives  t h e  va lue  of c i n  equat ion  



( #  of moles T i )  = X ( t o t a 1  # of moles) 

A8-XI11 

dX = d ( #  of moles T i )  / ( t o t a l  # of moles) 

A8-XI. Therefore ,  c = l / ( t o t a l  # of mo le s ) .  S u b s t i t u t i n g  t h e  express ion  

f o r  c i n t o  equa t ion  A8-XI and r ea r r ang ing  y i e l d s  t h e  f i n a l  form of t h e  

quantum y i e l d  express ion  (equa t ion  A8-XIV). 

0 = [ (0) ( t o t a l  # moles) I / [ ( Io)  ( A o )  I 
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