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ABSTRACT 

Metal vapor chemistry has  matured from b e i n g  merely a c u r i o s i t y  
and is now e s t a b l i s h e d  as a v i a b l e  s y n t h e t i c  technique .  Recent ly  
t h e  method h a s  been a p p l i e d  t o  t h e  formation o f  o r g a n o m e t a l l i c  
polymers and polymer-supported metal c l u s t e r s .  The purpose  of  
t h i s  c h a p t e r  is t o  provide a s h o r t  r e v i e w  of t h e  i n i t i a l  s t u d i e s  
i n  t h e  f i e l d .  The s y n t h e s i s  of  organometa l l ic  p o l y m r s  i s  de- 
s c r i b e d  via  e i t h e r  formation of  t h e  organometa l l ic  polymer precur -  
sor o r  t h e  r e a c t i o n  o f  metal vapor  w i t h  a preformed polymer and 
t h e  two techniques  are compared w i t h  r e s p e c t  t o  t h e  chemical  and 
p h y s i c a l  p r o p e r t i e s  of  t h e  products .  The g e n e r a t i o n  of  polymer- 
s t a b i l i z e d  small metal c l u s t e r s  a t  a n b i e n t  tempera tures ,  by t h e  
d e p o s i t i o n  of a metal vapor  i n t o  f l u i d  polymer, t h i n  f i l m s ,  is 
t h e n  d iscussed  wi th  p a r t i c u l a r  r e f e r e n c e  t o  t h e  combination o f  
mat r ix-sca le  and macrosynthe t ic  metal vapor  s y n t h e s i s .  Some 
thoughts  r e g a r d i n g  t h e  mode of  s t a b i l i z a t i o n  o f  uetal clusters are 
a l s o  presented .  F i n a l l y ,  a b r i e f  d e s c r i p t i o n  o f  t h e  format ion ,  by 
evapora t ion  techniques ,  o f  metal par t ic le -polymer  i n t e r a c t i o n s  is 
inc luded  t o  i n d i c a t e  o t h e r  types  o f  experiment  which may b e  used.  
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INTRODUCTION 

FRANCIS AND O Z I N  

Although t h e  two f i e l d s  o f  c r y o c h e m i s t r y  and o r g a n o m e t a l l i c  . 
polymer c h e m i s t r y  have  been s t u d i e d  wide ly  [ 1 , 2 ] ,  o n l y  r e c e n t l y  

h a s  some a t t e m p t  been made t o  a p p l y  m e t a l  v a p o r  s y n t h e s i s  to  t h e  

f o r m a t i o n  o f  o r g a n o m e t a l l i c  polymers  and po lymer - suppor t ed  

c l u s t e r  s p e c i e s .  

Two b a s i c  a p p r o a c h e s  t o  t h e  f u n c t i o n a l i z a t i o n  o f  polymers  by 

means o f  metal-con t a i n i n g  s p e c i e s  have  been  used:  

1) €orma t ion  v i a  i n t e r a c t i o n  o f  a monomer w i t h  metal v a p o r ,  

fo l lowed  by p o l y m e r i z a t i o n  of  t h e  o r g a n o m e t a l l i c  polymer 

p r e c u r s o r ,  and 

2 )  f o r m a t i o n  by t h e  i n t e r a c t i o n  o f  a polymer w i t h  metal 

vapor  . 
I n  a d d i t i o n ,  s e v e r a l  worke r s  have employed po lymers  as s u p p o r t s  

upon which t o  d e p o s i t  metal v a p o r s  i n  o r d e r  t o  s t u d y  metal clus- 

ters  and  c l u s t e r i n g  p r o c e s s e s .  

We have d i v i d e d  t h i s  c h a p t e r  i n t o  t h r e e  s e c t i o n s  co r re spond-  

i n g  t o  t h e s e  me thodo log ie s ,  b u t  w e  have  a l s o  s u b d i v i d e d  t h e  second 

t o p i c  i n  o r d e r  t o  d i s t i n g u i s h  between o r g a n o m e t a l l i c  po lymers  and 

polymer-supported meta l  c l u s t e r s .  

FORMATION OF METAL-CONTAINING POLYMERS 

V I A  INTERACTION OF A MONOMER WITH METAL VAPOR 

The u s e  o f  metal vapor  s y n t h e s i s  t o  p roduce  o r g a n o m e t a l l i c  

polymers  can be  c o n s i d e r e d  r ea l ly  t o  h a v e  begun w i t h  the work of  

Midd le ton  [ 3 ] .  H e  obse rved  an i n v o l a t i l e ,  cream-colored material  

as a p roduc t  i n  t h e  c o c o n d e n s a t i o n  of chromium vapor  w i t h  s t y r e n e  

and t r i f l u o r o p h o s p h i n e .  

s p e c t r a ,  showed t h a t  t h e  p r o d u c t  c o n s i s t s  of a m i x t u r e  of [L] and 

[ L ] .  A d i r e c t  s y n t h e s i s  of b i s ( s t y r e n e ) c h r o m i u m  w a s  found  t o  b e  

u n s u c c e s s f u l ,  t h e  o n l y  p r o d u c t  b e i n g  a b l a c k ,  waxy mater ia l ,  t h e  

1.r. s p e c t r a ,  s u p p o r t e d  by I 9 F  n.m.r .  
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METAL VAPOR SYNTHESIS 169 

( 0 :PF3 = 1 : 6 ) :  0 

i . r .  spec t rum of which r e sembles  t h a t  of p o l y s t y r e n e .  

Subsequen t ly ,  Blackborow r e p o r t e d  t h e  cocondensa t ion  of i r o n  

w i t h  s t y r e n e  a t  7 7 K  [ 4 ] .  The o n l y  p r o d u c t  i s  p o l y s t y r e n e .  How- 

e v e r ,  on warming t h e  condensa te  from 7 7 K  i n  a n  a tmosphe re  of  C O ,  

compounds [z] and  [A], as w e l l  as i r o n  p e n t a c a r b o n y l ,  are formed: 

Ql 
1 

S i m i l a r l y ,  cocondensa t ion  of chromium w i t h  s t y r e n e  p roduces  poly-  

s t y r e n e  [ 5 ] ,  b u t  t h e r e  i s  i n t r a c t a b l e  material  p r e s e n t  i n  which 

chromium i s  bound t o  p o l y s t y r e n e .  This was i d e n t i f i e d  by i t s  

mass spec t rum which c o n t a i n e d  peaks due  t o  ( C  H ) H C r ,  where n 

= 2 ,  m = 0 and  n = 3-5, m = 4 .  Warming t h e  cocondensa te  f rom 

7 7 K  i n  a n  atmosphere o f  CO o r  PF3 l e a d s  t o  t h e  f o r m a t i o n  o f  small 

amounts of  (TI -C6H5CH=CH )CrL 

c r y s t a l l i z a b l e  o i l ,  i d e n t i f i e d  by i ts  'H n .m. r . ,  i.r. and  mass 

s p e c t r a  as a n  a n a l o g  of  [L] .  
l a r  we igh t  (M.Wt. = 860 i n  benzene)  i t  i s  o b v i o u s  t h a t  t h e  poly-  

m e r i z a t i o n  h a s  o c c u r r e d  o n l y  t o  a l i m i t e d  e x t e n t .  

8 8 n m  

6 (where L = CO o r  PF ), p l u s  a non- 2 3  3 

From i ts  o i l y  n a t u r e  and low molecu- 

Cocondensat ion of  n i c k e l  w i t h  s t y r e n e  i n  a t o l u e n e  matrix a t  

7 7 K  [ 5 ]  y i e l d s  red-brown c r y s t a l s  which a p p e a r  t o  b e  t r i s ( s t y r e n e ) -  
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170 FRANCIS AND O Z I N  

n i c k e l ,  i n  which n i c k e l  i s  presumably coord ina ted  t o  t h e  s i d e  

chain of each s t y r e n e  molecule. The compound i s  thermal ly  un- 

s t ab le ,  decomposing above 253K. The product  of  decomposition 

must be t h e  n icke l -polys tyrene  adduct  ob ta ined  by Klabunde and 

coworkers 161 from t h e  n i c k e l - s t y r e n e  cocondensat ion.  This w a s  

repor ted  t o  be  an a i r - s t a b l e ,  b l a c k  s o l i d  which i s  s o l u b l e  in 

to luene  and a c t s  as a s e l e c t i v e ,  homogeneous hydrogenat ion c a t a l -  

y s t .  Analogous materials were obta ined  from t h e  r e a c t i o n  of  

n i c k e l  vapor wi th  t e t r a f l u o r o e t h y l e n e .  

Lagowski 1 7 1  h a s  shown t h a t  n i c k e l  atoms r e a c t  w i t h  

propyne 

mers as  well as a black ,  n icke l -conta in ing  s p e c i e s  which independ- 

e n t l y  o l igomer izes  a lkynes  t o  form a r e n e  and c y c l o o c t a t e t r a e n e  

d e r i v a t i v e s .  I n t e r e s t i n g l y ,  i r o n  atoms were found t o  r e a c t  w i t h  

pent-2-yne t o  y i e l d  a symmetric te t ramer  as t h e  s o l e  hydrocarbon 

product .  

and pent-2-yne a t  77K t o  y i e l d  v a r i o u s  o r g a n i c  o l i g o -  

In t h e  prev ious  r e a c t i o n s ,  t h e  aim of  producing an organo- 

m e t a l l i c  polymer p r e c u r s o r  was d e f e a t e d  by t h e  f a c i l e  polymcriza- 

t i o n  o f  t h e  a l k e n e  o r  a lkyne  under t h e  c o n d i t i o n s  of t h e  metal 

vapor process .  Some o t h e r  approaches have been taken in a n  e f -  

f o r t  t o  produce a more c o n t r o l l e d  polymer iza t ion  process .  

Hydrolysis  of d i c h l o r o s i l a n e s  c o n s t i t u t e s  a major r o u t e  t o  

organopolysi loxanes,  v i a  an i n i t i a l  r e a c t i o n  of  t h e  type :  

(n+4)R1R2SiC12 + (n+4)H20 - [ R  R S i 0 l 4  + [RIK2SiO], + 2(n+4)HC1 1 2  

An a l t e r n a t i v e  mode of formation i s  v i a  rearrangement of t h e  Si-0 

bonds i n  some a lkoxy-s i lanes  [ 8 ] .  With t h i s  i n  mind, r e a c t i o n  of 

chromium vapor w i t h  PhMeSiC12 o r  PhSi(0C H ) 

formed, us ing  methylcyclohexane a s  a d i l u e n t  i n  a r o t a r y  s o l u t i o n  

r e a c t o r  [lU] t o  g i v e  t h e  corresponding b i s ( q  -arene)chromium com- 

p l e x e s .  However, i n  n e i t h e r  c a s e  does t h e  complexed s i l a n e  sub- 

s e q u e n t l y  g ive  t h e  d e s i r e d  polymer. 

a t  140K w a s  per- 2 5 3  

6 

A d i f f e r e n t  r o u t e  t o  organometa l l ic  polymers may occur  where 

t h e  formation o f  t h e  organometa l l ic  u n i t  R -M-R2, d u r i n g  t h e  metal 1 
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METAL VAPOR SYNTHESIS 1 7 1  

vapor  r e a c t i o n ,  c o n s t i t u t e s  a c h a i n  p r o p a g a t i o n  s t e p .  Examples o f  

t h i s  p r o c e s s  a re  t h e  cocondensa t ion  of  chromium vapor  w i t h  1 , 4 -  

d ipheny lbu tane  (11) and t h e  s o l u t i o n  r e a c t i o n  of chromium o r  vana- 

dium vapor  w i t h  t h e  f l u i d  1,1,3,3-tetraphenyl-l,Z,2,3-tetramethyl- 

t r i s i l o x a n e  [ l o ] .  A s  w e l l  as t h e  co r re spond ing  cyc lophanes  [A] 

C r  X C r  

n 

Ph Me Ph 
I l l  
I l l  

(where X = - (CH ) - o r  -Si-0-Si-0-Si-) 2 4  

M e  Me M e  

and s i m p l e  b i s ( a r e n e ) m e t a l  complexes [g], l a d d e r  polymers [?I may 

be  o b t a i n e d ,  a l t h o u g h  t h e  v a l u e  of  n i s  unknown. 
6 6 McGlinchey [12] h a s  a l s o  shown t h a t  (q -C H )Cr (q  -C F ), 

p r e p a r e d  by t h e  cocondensa t ion  of chromium vapor  w i t h  a m i x t u r e  of 

C H 

a l i n k  of t h e  type  C F -C H i s  formed. 

6 6  6 6  

and C6F6, r e a c t s  w i t h  Me SnLi t o  g i v e  o l igomers  [El i n  which 6 6  3 
6 5  6 5  
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172 FRANCIS AND OZIN 

The a b i l i t y  o f  sodium o r  coppe r  atoms t o  a b s t r a c t  h a l o g e n  

from c o o r d i n a t e d  a r y l  h a l i d e s  e n a b l e s  o r g a n o m e t a l l i c  u n i t s  t o  he 

coup led ,  as i n  the f o l l o w i n g  r e a c t i o n  r e p o r t e d  by Tims [13]:  

c1 

C!- 
C r  

c1 

C r  C r  THF 
170K 

[?I 
M = N a ,  Cu 

The i n t e r e s t  i n  t h i s  l a t t e r  t y p e  o f  s y s t e m  presumably stems from 

t h e  e l e c t r o - c o n d u c t i n g  p r o p e r t i e s  o f  some o r g a n o m e t a l l i c  polymers  

such  a s  p o l y ( f e r r o c e n y 1 e n e )  [ 1 4 ] .  

REACTIONS OF METAL VAPORS WITH POLYMERS 

The development  o f  t h e  r o t a r y  s o l u t i o n  r e a c t o r  by  T i m m s  

[15 ]  p l ayed  a n  i m p o r t a n t  p a r t  i n  f a c i l i t a t i n g  t h e  use o f  po lymers  

as  l i g a n d s  i n  metal  vapor  s y n t h e s i s  ( F i g u r e  1A). The f a c t  t h a t  a 

po lymer i c  l i g a n d  canno t  b e  v o l a t i l i z e d  i n t o  t h e  r e a c t o r  under  co- 

c o n d e n s a t i o n  c o n d i t i o n s  means t h a t  i t  is d i f f i c u l t  t o  o b t a i n  a n  
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rotary drive 
rnechanlsm 

rotating 

1 
solution ! I 

/ I 
-~ codont 

1 
solvent 

trap 

B 

Thin film 

Quartz optical 
window 

f h i d  adhering  
to window 

FIG.  1. Schematics  of  (A)  t h e  metal vapor  r o t a r y  r e a c t o r  [ 1 5 ]  
and (B) t h e  metal vapor f lu id  m a t r i x  method [16]. 

e f f i c i e n t  r e a c t i o n  between me ta l  vapor  and a polymer.  However, 

u s i n g  t h e  s o l u t i o n  t echn ique ,  o r g a n o m e t a l l i c  polymers can be  p r e -  

pa red  d i r e c t l y  by r e a c t i o n  w i t h  t h e  m e t a l  vapor .  

The e x t e n s i o n  of t h i s  p r i n c i p l e  t o  polymer-supported m e t a l  

c l u s t e r  s p e c i e s  w a s  ach ieved  a s  a r e s u l t  of t h e  development of t h e  
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1 7 4  FRANCIS AND OZIN 

F l u i d  M a t r i x  Technique [ l h ]  ( a  m o d i f i c a t i o n  of t h e  s p e c t r o s c o p i c  

method of  B lyho lde r  ( 1 7 1 ) .  I n  t h i s  p r o c e d u r e  a l i q u i d  polymer 

f i l m  is  formed on a s p e c t r o s c o p i c  window and  m e t a l  vapor  i s  de- 

p o s i t e d  i n t o  t h e  f i l m  ( F i g u r e  l e ) .  S p e c t r o s c o p i c  o b s e r v a t i o n  of  

t h e  m a t r i x  a t  v a r i o u s  s t a g e s  d u r i n g  t h e  r e a c t i o n  p r o v i d e s  a means 

f o r  m o n i t o r i n g  t h e  c o u r s e  of t h e  r e a c t i o n .  

( a )  Formation of  O r g a n o m e t a l l i c  Polymers  

The polymers  r e p o r t e d  as l i g a n d s  i n  metal vapor  s y n t h e s i s  

[9 ,10 ]  may be d i v i d e d  i n t o  t h r e e  t y p e s :  p o l y s i l o x a n e s ,  poly-  

( p h e n y l e t h e r s )  and p o l y s t y r e n e s .  

The p o l y s i l o x a n e s  i n v e s t i g a t e d  are  commerc ia l ly  a v a i l a b l e  

f l u i d s  made by Dow Corn ing ,  d e s i g n a t e d  DC510, DC550 and DC556. 

The po ly (me thy lpheny l s i1oxane )  Dc510 p o s s e s s e s  a number a v e r a g e  

m o l e c u l a r  we igh t  of 3300, w i t h  a r a t i o  of phenyl  t o  me thy l  sub-  

s t i t u e n t s  of 1 : 1 7 .  The metal v a p o r s  of T i ,  V ,  C r ,  Mo and W re- 

a c t  w i t h  DC510 a t  270K t o  g i v e  c o l o r e d ,  a i r - s e n s i t i v e  f l u i d s  
6 

which were shown t o  c o n t a i n  II -arene-metal  s p e c i e s  [XI. However, 

metal v a p o r s  o f  Mn, Fe,  Co and N i  g i v e  o n l y  metal s l u r r i e s .  

si f 

I 
M e  

0 

-1 
I 
? 0 

1 
1- 

As t h e  c o n c e n t r a t i o n  o f  b i s ( a r e n e ) m e t a l  s p e c i e s  i s  i n c r e a s e d ,  

a c o r r e s p o n d i n g  i n c r e a s e  i n  v i s c o s i t y  of  t h e  f l u i d  o c c u r s .  Using 

t h e  chromium s y s t e m  as a n  example,  t h e  v a r i a t i o n  of  v i s c o s i t y  

w i t h  a rene -complexa t ion  was measured ( F i g u r e  2 ) .  The g r a p h  shows 
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METAL VAPOR SYNTHESIS 175 

Viscosity C u r v e  for (orene) C r  
2- 

I I I I 

10 20 30 40 

% Phenyl grcups coordinated 

FIG. 2 .  V a r i a t i o n  of v i s c o s i t y  w i t h  a r e n e  complexat ion i n  the 
Cr/DC510 sys t em [ l o ] .  

t h a t  a t  low metal l o a d i n g  (<20%) t h e  v i s c o s i t y  i n c r e a s e s  s l o w l y  

b u t  a t  h i g h e r  l o a d i n g s  a r a p i d  i n c r e a s e  i n  v i s c o s i t y  o c c u r s .  

It w a s  obse rved  t h a t  f o r  low m e t a l  l o a d i n g s ,  c o n v e r s i o n  of  

metal t o  complex i s  e s s e n t i a l l y  q u a n t i t a t i v e  b u t  d e c r e a s e s  u n t i l ,  

a t  abou t  40% phenyl  group c o o r d i n a t i o n ,  i t  is no l o n g e r  p o s s i b l e  

t o  c o o r d i n a t e  more me ta l .  I n t e r e s t i n g l y ,  th i s  l i m i t  t o  t h e  u p t a k e  

o f  chromium c o i n c i d e s  w i t h  a h i g h  and r a p i d l y  r i s i n g  v i s c o s i t y  f o r  

t h e  polymer.  S i m i l a r l y ,  r e a c t i o n  o f  chromium vapor  w i t h  DC550 

[ a  poly(methylpheny1siloxane) w i t h  a v i s c o s i t y  of 1 . 2 5  p o i s e ]  

l e a d s  t o  a poor  y i e l d  o f  bis(arene)chromium and t h e  p r e s e n c e  o f  

l a r g e  metal a g g r e g a t e s .  

A s  w a s  mentioned p r e v i o u s l y ,  t h e  p r o d u c t s  are  v e r y  a i r - s e n s i -  

t i v e  b u t ,  w i t h  t h e  chromium-containing f l u i d ,  o x i d a t i o n  t o  

( a r e n e ) 2 C r ( I )  i s  fo l lowed  by h y d r o l y s i s  o f  t h e  p h e n y l - s i l i c o n  
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176 FRANCIS AND O Z I N  

bond t o  y i e l d  bis(benzene)chromium(I). Cleavage  oE t h e  bond 

o c c u r s  as w e l l  i n  t h e  z e r o v a l e n t  metal s t a t e  w i t h  me thano l  b u t  

t h e  r a t e  of r e a c t i o n  i s  g r e a t l y  r educed .  The changes  i n  r eac t i -  

v l t y  a r e  a t t r i b u t e d  t o  a n  i n c r e a s e d  p o l a r i z a t i o n  of  t h e  carbon-  

s i l i c o n  bond i n  t h e  fo rmer  c a s e ,  f a v o r i n g  n u c l e o p h i l i c  a t t a c k  a t  

s i l i c o n .  

T r e a t i n g  t h e  Cr/DC510 s y s t e m  w i t h  7,7,8,8-tetracyanoquinodi- 

methane (TCNQ) y i e l d s  a c lear ,  g r e e n  f l u i d  c o n t a i n i n g  a s p e c i e s  

of formula [ ( a r r n e ) ,  Cr]  [ (TCNQ),]-. C o n d u c t i v i t y  measurements  

showed t h a t  t h e  new f l u i d  p o s s e s s e s  a s p e c i f i c  c o n d u c t i v i t y  of 

1 .87 x 

-1 cm f o r  an  uncomplexed p o l y s i l o x n n e  [ l o ] .  It i s  d i f f i c u l t  t o  

imagine any long-range o r d e r  i n  t h i s  p o l y m e r i c  f l u i d  so t h a t  an  

i n c r e a s e  of ohm cm , a t t r i b u t e d  t o  t h e  [ ( a r e n e )  C r ]  - 
[ (TCNQ)2]-, i s  q u i t e  a p p r e c i a b l e .  

+ 

ohm-' cm- ' ,  compared w i t h  a v a l u e  of  2 x ohm-' 

-1 -1 + 
2 

It  was a l s o  demons t r a t ed  (101 t h a t  i t  i s  p o s s i b l e  t o  form 

v a r i o u s  d e r i v a t i v e s  o f  DC510 by s i m p l e  l i g a n d  d i s p l a c e m e n t  r eac -  

t i o n s  f rom mixed i iaphthalene/DC510 sandwich complexes.  These 

were formed by  r e a c t i o n  o f  chromium atoms w i t h  a m i x t u r e  of  a n  

a l k y l n a p h t h a l e n e  (R = methy l ,  h e x y l )  and DC510. The n a p h t h a l e n e  

i s  t h e n  eas i ly  d i s p l a c e d  by CO o r  Bu NC,  a f f o r d i n g  t h e  co r re spond-  

i n g  [Cr(DC510)(C0)3] and [Cr(DCSlO)(Bu NC)3] complexes as shown 

below [GI. 

t 

t 

The DC556 f l u i d  p o s s e s s e s  -OH s u b s t i t u e n t s  i n  a d d i t i o n  t o  

t h e  pheny l  and me thy l  s u b s t i t u e n t s .  However, C r  a toms a p p e a r e d  

on ly  t o  r e a c t  w i t h  t h e  phenyl  g roups  r a t h e r  t han  fo rming  a complex 

of  t h e  type  Cr111(0SiRg)3. 

The second c l a s s  o f  polymers  i n v e s t i g a t e d  was a poly(pheny1-  

e t h e r ) ,  San tovac  5 ,  w i t h  s t r u c t u r e  [GI. R e a c t i o n  a t  300K w i t h  

chromium or vanadium vapor s  y i e l d s  t h e  c o r r e s p o n d i n g  b i s ( a r e n e ) -  

metal  complexes [ l o ] .  
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177 

I CH- 
J 

‘gH13 @ + other products 

- s i - 0  - 

I 
Cr 

,/ 7‘’ (L = co, 

Cr 

R 

[El 

t 

styrene) were able to be used as ligands in the synthesis of b l s -  

Finally, solid polystyrene (M.Wt. E. 25,000) and poly(p-Bu - 

(arene)chromium complexes as shown below: 

+ Cr 
dgdb /240K’ Cr 

I 
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178 FRANCIS AND O Z I N  

D ie thy lene  g l y c o l  d i h u t y l e t h e r  w a s  used as t h e  d i l u e n t  t o  0bta-l.n a 

3% w/v s o l u t i o n  which was r e a c t e d  w i t h  metal a t  230K [ l o ] .  The 

use o f  polymeric  s o l i d s  a s  l i g a n d s  does c r e a t e  some problems,  

however. It i s  v e r y  d i f f i c u l t  t o  o b t a i n  u n r e a c t i v e  s o l v e n t s  which 

a r e  a b l e  t o  m a i n t a i n  t h e  complexed polymer in s o l u t i o n  w h i l e  

p o s s e s s i n g  a low vapor  p r e s s u r e  i n  o r d e r  f o r  t h e  m e t a l  vapor  reac- 

t i o n  t o  be c a r r i e d  o u t .  

(b)  Formation of Polymer-Supported Metal C l u s t e r s  

The man ipu la t ion  of  metal atom recombina t ion  r e a c t i o n s  under  

cryochemical  c o n d i t i o n s  has  been w i d e l y  used  t o  produce metal 

c l u s t e r s  and c l u s t e r  complexes [18 ,19 ,20 ] .  U n t i l  r e c e n t l y  [ 1 6 ] ,  

however, t h e r e  h a s  been no p rocedure  i n  t h e  open l i t e r a t u r e  f o r  

s t a b i l i z i n g  t h e s e  c l u s t e r  s p e c i e s  f o r  subsequen t  t e s t i n g  as real, 

working c a t a l y s t s .  By e x t e n d i n g  t h e  metal vapor-poly(methy1- 

pheny l s i loxane )  work, d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t o  lower 

t e m p e r a t u r e s  and h i g h e r  m e t a l  c o n c e n t r a t i o n ,  w i t h  i n  s i t u  s p e c t r o -  

s c o p i c  mon i to r ing  of p roduc t  fo rma t ion ,  i t  h a s  been p o s s i b l e  t o  

o b t a i n  some i n t e r e s t i n g  r e s u l t s  conce rn ing  metal c l u s t e r  growth 

and s t a b i l i z a t i o n  i n  l i q u i d ,  po lymer i c  media i n  t h e  t e m p e r a t u r e  

r ange  210-290K. I n  t h i s  s e c t i o n  w e  w i l l  c o n c e n t r a t e  on t h e  uni-  

m e t a l l i c  vanadium-poly(methylphenylsi1oxane) sys t em [21]  and i t s  

e x t e n s i o n  t o  b i m e t a l  and tr imetal  vapor-polymer r e a c t i o n s  [ 2 2 ] .  

(i) U n i m e t a l l i c  Systems. As mentioned e a r l i e r ,  t h e  metal 

vapor s  o f  T i ,  V ,  C r ,  Mo and W r e a c t  w i t h  DC510 a t  270K i n  a 

m e t a l  vapor  r o t a r y  r e a c t o r  t o  g i v e  t h e  r e s p e c t i v e  polymer-anchored 

b i s ( a r e n e ) m e t a l  complex, I n  t h e  case of  t h e  V/DC510 sys t em,  t h e  

s t r o n g e s t  band observed i n  t h e  o p t i c a l  spec t rum o c c u r s  a t  324 rim 

and co r re sponds  t o  a me ta l (d ) - to - r ing (v  ) cha rge  t r a n s f e r  e x c i t a -  

t i o n  of t h e  polymer-supported b i s ( a rene )vanad ium complex. 

* 

The V v a p o r - f l u i d  m a t r i x  experiment  [ 2 1 ]  i n v o l v e d  low m e t a l  

d e p o s i t i o n  rate 

m) of DC510 a d h e r i n g  t o  a q u a r t z  window (d iame te r  1 cm) unde r  

vacuum a t  250K. As w e l l  a s  t h e  i n t e n s e  MLCT band a t  324 nm, t h e  

mol min-l)  i n t o  a t h i n  f i l m  ( rough ly  
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METAL VAPOR SYNTHESIS 179 

growth o f  a new a b s o r p t i o n  a t  453 nm (F igure  3a )  was obse rved .  

The growth c h a r a c t e r i s t i c s  of t h e s e  two bands as a f u n c t i o n  o f  

vanadium l o a d i n g  are i l l u s t r a t e d  i n  F i g u r e  3b. S i g n i f i c a n t  

p o i n t s  t o  n o t e  under c o n d i t i o n s  o f  compara t ive ly  low metal l o a d i n g  

a r e  ( i )  t h e  absence of  broad o p t i c a l  a b s o r p t i o n s  i n  t h e  200-300 nm 

r e g i o n  a s s o c i a t e d  w i t h  b u l k  e l e c t r o n i c  e x c i t a t i o n s  o f  c o l l o i d a l  

vanadium ( n o t e  t h a t  t h e  r e a c t i o n  of V vapor  w i t h  a polymethyl-  

s i l o x a n e  DC200, o r  a p a r a f f i n  o i l ,  g i v e s  o n l y  a b road  a b s o r p t i o n  

i n  t h i s  r e g i o n )  and ( i i )  t h e  absence  o f  any a b s o r p t i o n s  i n  t h e  

r e g i o n  200-700 nm a s s o c i a t e d  w i t h  s p e c i e s  o t h e r  t h a n  t h o s e  emerg- 

i n g  a t  324 nm and  453 nm, when conducted a t  t e m p e r a t u r e s  2 250K. 

Under c o n d i t i o n s  of  h i g h e r  vanadium l o a d i n g ,  t h e  growth o f  a 

b road ,  u n d e r l y i n g  a b s o r p t i o n  i n  t h e  r e g i o n  of  230-240 nm w a s  ob- 

s e r v e d  ( F i g u r e  3a: E ) ,  c l o s e  t o  t h a t  a s s o c i a t e d  w i t h  c o l l o i d a l  

vanadium g e n e r a t e d  i n  DC200 ( F i g u r e  3a: F ) .  The p r o d u c t  d i s t r i -  

b u t i o n  f o r  e q u i v a l e n t  metal l o a d i n g s ,  no rma l i zed  w i t h  r e s p e c t  t o  

polymer-anchored b i s ( a rene )vanad ium,  i n  t h e  V/DC510 r e a c t i o n ,  as 

a f u n c t i o n  o f  t h e  t empera tu re  o f  d e p o s i t i o n  i n  t h e  r a n g e  210-270K, 

i s  shown i n  F i g u r e  4.  It can be s e e n  t h a t  fo rma t ion  o f  t h e  b i s -  

(arenelvanadium s p e c i e s  i s  f avored  i n  t h e  r ange  250K, w h i l e  forma- 

t i o n  o f  t h e  o t h e r  s p e c i e s  becomes more i m p o r t a n t  a t  b o t h  h i g h e r  

and lower t empera tu res  i n  t h e  r e g i o n  210-270K. The o r i g i n  of t h e  

a b s o r p t i o n ,  however, appea r s  t o  be  d i f f e r e n t  i n  t h e  210K " c o l l o i d  
and  270K ex t r emes ;  namely, r a p i d  metal a g g r e g a t i o n  i n  t h e  s u r f a c e  

l a y e r s  o f  t h e  f i l m  f o r  t h e  more r i g i d  polymer a t  t h e  lower temper- 

a t u r e  end and c o l l o i d a l  m e t a l  fo rma t ion  w i t h i n  t h e  f i l m  f o r  t h e  

more mob i l e  polymer a t  t h e  h i g h e r  t e m p e r a t u r e  end.  I n  a d d i t i o n ,  

when t h e  r e a c t i o n  was performed a t  210K ( F i g u r e  5 ) ,  two new 

s p e c i e s  were produced,  a b s o r b i n g  a t  550 n m  and 635 nm. 

C o l l e c t i n g  t o g e t h e r  t h e  d a t a  from t h e  V/DC510 sys t em (as 

w e l l  as a s e r i e s  of  s i m i l a r  o b s e r v a t i o n s  f o r  T i ,  C r  and Mo v a p o r s  

condensed w i t h  DC510 and Santovac 5 [ 2 1 ] )  and by ana logy  w i t h  t h e  

o p t i c a l  d a t a  f o r  V2 and V t r a p p e d  i n  s o l i d  argon a t  10-12K [23] ,  

t h e  most p r o b a b l e  e x p l a n a t i o n  f o r  t h e  bands i n  t h e  v i s i b l e  r e g i o n  
3 
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180 FRANCIS AND O Z I N  

FIGURE 3 .  

of t h e  V / D C S l O  spectrum is that they are primarily associated with 

metal-localized exc i tat ions  in very small, polymer-stabilized 

vanadium c lus ters ,  with nuclear l t les  In the range n - 2-4. A 

graph of  the energies for these transitions as a function of the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



METAL VAPOR SYNTHESIS 181 

~ 

b A& 
(arb) 

FIG.  3a. (A-E) U l t r a v i o l e t - v i s i b l e  s p e c t r a  of t h e  p r o d u c t s  
formed wi th  i n c r e a s i n g  l o a d i n g  of  V vapor  i n t o  DC510 d e p o s i t e d  
a t  250K and (F) t h e  spectrum of c o l l o i d a l  vanadium genera ted  i n  
DC200. 3b. Graphica l  r e p r e s e n t a t i o n  of t h e  growth-decay behavior  
of  s p e c i e s  l a b e l l e d  V1, V2 and Vcol loid i n  F igure  3a,  as  a func- 
t i o n  of vanadium loading  i n t o  DC510. 

r e c i p r o c a l  of  t h e  sugges ted  metal n u c l e a r i t y  (F igure  6 )  d i s p l a y s  a 

monotonic c o r r e l a t i o n ,  as would b e  expec ted  f o r  the  HOMO-LUMO band 

gap w i t h  i n c r e a s i n g  cluster s i z e .  

s e r v e d  f o r  Mo (n = 2 ,  3 ,  4 ,  5) i n  DC510 [ 2 4 ] .  

S i m i l a r  e f f e c t s  have been ob- 

n 
Current  thoughts  concerning probable  m d e s  of c l u s t e r  growth 

and s t a b i l i z a t i o n  i n  a polymer ( o r  ol igomer)  are s h a m  i n  F igure  7 .  

This scheme i s  in tended  t o  i l l u s t r a t e  an i n i t i a l  chain-propagat ion 

s t e p  and/or  c r o s s - l i n k i n g  p r o c e s s  i n v o l v i n g  s i n g l e  metal a t o m  

complexed t o  two arene  r i n g s .  These can then a c t  as meta l  nuc lea-  

t i o n  c e n t e r s  f o r  subsequent  c l u s t e r  growth, e i t h e r  'unsolva ted '  

(F igure  7 ,  111) o r  s t a b i l i z e d  by oxygen groups o r  arene r i n g s  on 
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FIG. 4 .  Product  d i s t r i b u t i o n  f o r  e q u i v a l e n t  V l o a d i n g s ,  
normalized w i t h  r e s p e c t  t o  polymer-anchored bis(arene)vanadium, i n  
the DC510 r e a c t i o n ,  a s  a f u n c t i o n  of t h e  temperature  o f  d e p o s i t i o n  
i n  t h e  range 210-27OK [ X I .  

- .  

, .~ 

._ 

- _  

v / DC 51 0 

. . \,, 

-- B -. - -._ 
--*1 

- 3 . .. . .  .. 

FIG. 5 .  Ultraviolet-visible s p e c t r a  o f  t h e  p r o d u c t s  formed 
w i t h  i n c r e a s i n g  loading of V vapor i n t o  DC510 a t  210K. 
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FIG. 6. Graphical  r e p r e s e n t a t i o n  of t h e  t r a n s i t i o n  e n e r g i e s  
observed f o r  t h e  DC510-stabilized V, s p e c i e s  as a f u n c t i o n  of  n-l 
(see t e x t  f o r  d e t a i l s ) .  

FIG. 7 .  Schematic of p o s s i b l e  modes of  c l u s t e r  growth and sta- 
b i l i z a t i o n  i n  a f u n c t i o n a l i z e d  polymer ( o r  o l igomer) .  
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t h e  polymer (F igure  7 ,  I). An alternative mode of c l u s t e r  

s t a b i l i z a t i o n  involves  p h y s i c a l  entrapment  w i t h i n  a h i g h - v i s c o s i t y  

organometal polymer network ( F i g u r e  7 ,  11) .  

From a pre l iminary  k i n e t i c  a n a l y s i s  [ 2 5 ]  of t h e  growth decay 

behavior  of  t h e  meta l  cluster s p e c i e s  i n  t h e  DC510 sys tem,  a 
scheme is c u r r e n t l y  envisaged  i n  which are formed i n  a series 

of  s e q u e n t i a l  n u c l e a t i o n  e v e n t s  and s t a b i l i z e d  by i n t e r a c t i o n  of 

each metal atom w i t h  a t  least one phenyl  group on t h e  polymer 

cha in  ( s e e  Scheme I, below): 

SCHEME 1 

v colloid 

A s  t h e  metal c l u s t e r  deve lops ,  the metal-arene i n t e r a c t i o n  dimin- 

i s h e s  i n  s t r e n g t h  (cf. chemisorbed benzene on metal s u r f a c e s )  

un t i l  a t  a c r i t i c a l  c l u s t e r  s i z e  (e .g . ,  Ti: n = 2 ;  V: n = 4 ;  C:r: 

n = 3; Mo: n = 5)  t h e  a r e n e ( s )  i s  r e l e a s e d  from t h e  c l u s t e r ,  a l low- 

i n g  f u r t h e r  aggrega t ion  of the metal i n t o  a s i z e  regime which is 

capable  of d i s p l a y i n g  broad o p t i c a l  a b s o r p t i o n s  c h a r a c t e r i s t i c  of 
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METAL VAPOR SYNTHESIS 185 

c o l l o i d a l  m e t a l .  Expuls ion o f  t h e  m e t a l  c l u s t e r s  from t h e i r  s o l -  

v a t i o n  s h e l l s  can  a l s o  b e  ach ieved  by r a i s i n g  t h e  t e m p e r a t u r e  of 

t h e  polymer t o  around room tempera tu re ,  t h e  outcome u s u a l l y  b e i n g  

r a p i d  metal agg lomera t ion  t o  h i g h e r - n u c l e a r i t y ,  b u l k - l i k e  c l u s -  

ters. A d d i t i o n a l  e x p e r i m e n t a l  s u p p o r t  f o r  t h e  e x i s t e n c e  o f  polymer- 

s t a b i l i z e d  metal c l u s t e r s  h a s  v e r y  r e c e n t l y  emerged from some p re -  

l i m i n a r y  laser Raman measurements on t h e  vanadium a n d  chromium 

DC510 sys t ems  [ 2 5 ] .  

Raman l i n e s  i n  t h e  r e g i o n  260-100 cm-’ which a r e  most p robab ly  

a s s o c i a t e d  with metal-metal s t r e t c h i n g  modes of v e r y  low-nuclear-  

i t y  vanadium c l u s t e r s .  

The s p e c t r a  d i s p l a y  a number o f  v e r y  i n t e n s e  

A p o i n t  of  s p e c i a l  s i g n i f i c a n c e  i s  i l l u s t r a t e d  i n  F i g u r e  8 

which demons t r a t e s  t h e  f e a s i b i l i t y  of  g e n e r a t i n g  and s t u d y i n g  

Ph 

ROTARY RE ACTOR 
MACROPREPARATION 

RECORDED 2’30% ‘V, 

A ___ 

FLUID MATRIX S Y N T m I  

XCORDCD 2 5 0 K  

a 

AIR OXIDATION Cf A 

FIG. 8. Comparison of p r o d u c t  fo rma t ion  i n  t h e  V / D C 5 1 0  sys t em,  
(A)  u s i n g  a macrosca le  r o t a r y  r e a c t o r ,  (B) u s i n g  t h e  f l u i d  matrix 
t echn ique  and (C) t h e  a i r  o x i d a t i o n  o f  t h e  sample shown i n  (A) 
[211. 
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186 FRANCIS AND O Z I N  

polymer-supported,  mononuclear and  c l u s t e r  s y s t e m s  by way of b o t h  

r o t a r y  r e a c t o r  and m a t r i x  s p e c t r o s c o p i c  m e t a l  v a p o r - l i q u i d  polymer 

t e c h n i q u e s  [ 2 1 1 .  S i m i l a r  r e s u l t s  have r e c e n t l y  been  o b t a i n e d  f o r  

t h e  Mo/DC510 sys t em 1241.  

( i i )  M u l t i m e t a l l i c  Systems.  It h a s  been d e m o n s t r a t e d  t h a t  

o rgano  m u l t i m e t a l l i c  polymers  c o n t a i n i n g  mononuclear  a n d / o r  c l u s -  

t e r  meta l  s i t e s  can  b e  r e a d i l y  g e n e r a t e d  by t h e  metal v a p o r - f l u i d  

m a t r i x  t e c h n i q u e  [ 1 6 , 2 1 , 2 2 ] .  I n  t h i s  b r i e f  d i s c u s s i o n  w e  w i l l  

f o c u s  a t t e n t i o n  on the V/Cr/DC510 and Ti/V/Cr/DC510 c o m b i n a t i o n s ,  

u s i n g  t h e  MLCT t r a n s i t i o n s  of t h e  b i s a r e n e  complexes (318, 32/4 and 

355 nm f o r  t h e  C r ,  V and Ti/l)C510 s y s t e m s  r e s p e c t i v e l y )  and t h e  

m e t a l - l o c a l i z e d  e x c i t a t i o n s  of  p o l y m e r - s t a b i l i z e d  dichromium ( 4 0 2  

nm) and divanadium ( 4 5 3  nm) a s  s p e c t r o s c o p i c  p r o b e s  of  t h e  e x t e n t  

and s i t e  o f  metal  a t t a c h m e n t .  

The i n i t i a l  d e p o s i t i o n  of  C r  vapor  i n t o  DC510 a t  250K i s  

shown i n  F i g u r e  9 and i s  seen t o  d i s p l a y  t h e  MLCT band of  polymer- 

s u p p o r t e d  b i s ( a rene )ch ro rn ium a t  318 nm as w e l l  as  polymer- 

FIG. 9 .  The u l t r a v i o l e t - v i s i b l e  s p e c t r a  of t h e  p r o d u c t s  of (A) 
a C r  v a p o r  d e p o s i t i o n  i n t o  a f i l m  of  DC510 a t  250K, f o l l o w e d  by 
(8-H) r o u g h l y  e q u a l  i n c r e m e n t s  of  V v a p o r  1 2 2 1 .  
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METAL, VAPOR SYNTHESIS 187 

s t a b i l i z e d  dichromium a t  402 nm. Subsequent  d e p o s i t i o n s  of V 

i n t o  t h e  DC510 a t  250K, c l o s e  t o  t h e  s a t u r a t i o n  l o a d i n g ,  are de- 

p i c t e d  i n  F i g u r e  9B-9H and show a s m a l l  s p e c t r a l  s h i f t  of t h e  

o r i g i n a l  318 nm band t o  324 nm, co r re spond ing  t o  t h e  growth of 

t h e  polymer-anchored b i s ( a rene )vanad ium complex. Concomitant w i t h  

t h i s  growth i n  t h e  MLCT r e g i o n  i s  t h e  b roaden ing  and s h i f t i n g  of 

t h e  po lymer - s t ab i l i zed  dichromium band a t  402 nm t o  e v e n t u a l l y  

y i e l d  a s t r u c t u r e d  band w i t h  maxima a t  402, 420 and 453 nm, t h e  

l a t t e r  be ing  a s s o c i a t e d  w i t h  t h e  p r e v i o u s l y  i d e n t i f i e d  divanadium 

a b s o r p t i o n .  The new a b s o r p t i o n ,  a t  e n e r g i e s  i n t e r m e d i a t e  between 

t h o s e  of  C r 2  and V2 a b s o r p t i o n s ,  can  b e  a s c r i b e d  t o  t h e  polymer- 

s t a b i l i z e d ,  b i m e t a l l i c  c l u s t e r  C r V  [ 2 2 ] .  This i s  i n  keep ing  w i t h  

t h e  o b s e r v a t i o n  of  averaged m e t a l - l o c a l i z e d  e x c i t a t i o n  e n e r g i e s  

i n  h e t e r o b i n u c l e a r  c l u s t e r  ca rbony l  complexes [26]  and h e t e r o -  

n u c l e a r  d i a tomic  c l u s t e r s  [ 3 3 ] .  

A p o s s i b l e  e x p l a n a t i o n  o f  t h e  way i n  which t h e  chromium and 

vanadium vapor s  i n t e r a c t  w i t h  t h e  DC510 under t h e  c o n d i t i o n s  out-  

l i n e d  above is i l l u s t r a t e d  i n  Scheme 11. 

F i g u r e s  10a  and 10b i l l u s t r a t e  t h e  p r o g r e s s  of s e q u e n t i a l l y  

d e p o s i t i n g  C r / V / T i  o r  C r / T i / V  r e s p e c t i v e l y  i n t o  a t h i n  f i l m  o f  

DC510 a d h e r i n g  t o  a q u a r t z  o p t i c a l  window h e l d  a t  250K. 

s i t i o n  o f  approx ima te ly  2 x 10 gm of chromium i n t o  t h e  DC510 

l e a d s  t o  t h e  appea rance  of t h e  c h a r a c t e r i s t i c  318 nm a b s o r p t i o n  

of polymer-anchored bis(arene)chromium ( N g u r e  10a: A )  t o g e t h e r  

w i t h  a s m a l l  amount o f  t h e  pu lymer - s t ab i l i zed  dichromium s p e c i e s .  

A d d i t i o n  of  a rough ly  e q u a l  increment  o f  vanadium c a u s e s  f u r t h e r  

growth of t h e  MLCT a b s o r p t i o n  a s s i g n e d  t o  b i s ( a rene )ch romium b u t  

w i t h  a n o t i c e a b l e  r e d  s h i f t  o f  t h e  peak maximum t o  324 nm ( F i g u r e  

10a: B), t h e  wavelength of anchored b i s ( a rene )vanad ium [16,21] .  

D e p o s i t i o n  o f  a rough ly  e q u a l  increment  of  t i t a n i u m  i n t o  t h e  

polymer f i l m  ( F i g u r e  10a: C and  D) c a u s e s  a d d i t i o n a l  growth i n  

t h e  MLCT r e g i o n  b u t  w i t h  a new peak a t  355 nm, d e p i c t i n g  t h e  

g e n e r a t i o n  of  polymer-at tached b i s ( a r e n e ) t i t a n i u m  1161. I n  a n  

a t t e m p t  t o  o b t a i n  c l e a r e r  s p e c t r o s c o p i c  r e s o l u t i o n  of t h e  b i s -  

(arene)chromium and vanadium si tes,  s imi l a r  t r imetal  vapor  

The depo- 
-6 
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188 FRANCIS AND O Z I N  

SCIiEME Il 

v, 
250K 

D E W  Cr TOWbKEi 
SfTURATION Cr/V 

LoADlNG 
LOADING SATURATION 

d e p o s i t i o n s  were conducted u s i n g  t h e  d e p o s i t i o n  o r d e r  C r f T i f V .  An 

i l l u s t r a t i v e  s p e c t r a l  t race is shown i n  F i g u r e  10h.  Fo l lowing  t h e  

s e q u e n t i a l  C r / T i  d e p o s i t i o n  ( F i g u r e  lob :  B ) ,  t h e  c o e x i s t e n c e  of  

b i s ( a rene )ch romium and t i t a n i u m  on t h e  polymer i s  e a s i l y  d i s c e r n e d  

by t h e  MLCT hands a t  318 and 355 nm r e s p e c t i v e l y .  F u r t h e r  d e p o s i -  

t i o n  of  V c l e a r l y  d e f i n e s  t h e  c o n t i n u e d  growth i n  t h e  MLCT 

r e g i o n  b u t  w i t h  a new maximum a t  324  nm ( F i g u r e  10h: C and D ) .  

MISCELLANEOUS REACTIONS OF METAL VAPORS W I T H  POLYMERS 

The p r e v i o u s  s e c t i o n  ( b ( I 1 ) )  d e s c r i b e d  how metal  vapor -  

polymer i n t e r a c t i o n s ,  o c c u r r i n g  w i t h i n  a f l u i d  polymer,  c o u l d  l e a d  

t o  a smal l ,  w e l l - d e f i n e d  metal c l u s t e r  s p e c i e s .  Ano the r  group of  
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METAL VAPOR SYNTHESIS 18 9 

Q 318 324 355 
Ph 

CqV1 TI, 

,,I f' ,_.C".. I " 
i 't 

'. .. D 
- - -  - - - C - .  -. - - ---.. 

I I I I A 
200 300 400 500 nm 

I 1 I 
300 400 500 nm 290 

FIG.  10a .  U l t r a v i o l e t - v i s i b l e  s p e c t r a  of a t h i n  f i l m  o f  DC510 
a t  250K f o l l o w i n g  d e p o s i t i o n  o f  (A)  C r ,  (B)  V ,  (C) T i  and (D) T i  
v a p o r s  i n  inc remen t s  o f  a p p r o x i m a t e l y  2 x 10-6 gm 1221. 

E s s e n t i a l l y  t h e  same c o n d i t i o n s  as F i g u r e  10a ex- 
c e p t  t h a t  t h e  m e t a l  v a p o r  d e p o s i t i o n  sequence  f o l l o w s  t h e  o r d e r  
( A )  C r ,  (B)  T i ,  (C) V and (D) V [ 2 2 ] .  

l o b .  
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190 FRANCIS AND O Z I N  

w o r k e r s  [27,281 h a s  shown t h a t  small metal p a r t i c l e s ,  w i t h  mean 

s i z e s  i n  t h e  r e g i o n  below 10 nm, can  b e  grown on the s u r f a c e  of  

a p o l y s i l o x a n e  o i l .  The a p p a r a t u s  c o n s i s t s  of  a r o t a t i n g  d i s c  and 

f u r n a c e  assembly mounted wi th in  a vacuum chamber.  O i l  i s  s u p p l i e d  

a t  t h e  c e n t e r  of t h e  d i s c  a n d  f l o w s  ou tward  due t o  t h e  c e n t r i f u g a l  

f o r c e ,  a l l o w i n g  metal vapor  t o  i n t e r a c t  w i t h  a c o n t i n u o u s l y  re- 

p l e n i s h e d  f i l m  o f  o i l .  

I n  t h e  expe r imen t s  r e p o r t e d ,  metal v a p o r s  of  A 1  [ 2 7 ]  o r  Fe 
-1 [ 2 8 ]  were produced a t  a rate o f  ~8 mmol min and d e p o s i t e d  on t h e  

s u r f a c e  of  t h e  p o l y s i l o x a n e  t o  g i v e  e x t r e m e l y  f i n e  p a r t i c l e s .  I n  

t h e  Fe-polymer sys t em,  c o n c e n t r a t i o n  of  t he  metal-polymer suspen-  

s i o n  unde r  a i r  r e s u l t e d  i n  t he  i s o l a t i o n  o f  ma in ly  Fe 0 

w i t h  a v e r a g e  d i a m e t e r  o f  a b o u t  2 . 5  nm. Magnet ic  measurements  

showed t h a t  t h e s e  p a r t i c l e s  e x h i b i t  supe rpa ramagne t i sm,  b u t  t ha t  

t h e  magne t i c  i n t e r a c t i o n  between p a r t i c l e s  i s  q u i t e  s m a l l  a s  a 

r e s u l t  o f  t h e i r  d i s p e r s i o n  i n  t h e  f l u i d .  

p a r t i c l e s  3 4  

I n  c o n t r a s t ,  Burks t r and  r e p o r t e d  a se r ies  of e x p e r i m e n t s  i n  

which coppe r  vapor  w a s  d e p o s i t e d  o n t o  t h e  s u r f a c e  o f  a solid poly-  

s t y r e n e  [29,301 or p o l y v i n y l a l c o h o l  [31] f i l m .  The chemical in -  

t e r a c t i o n s  t a k i n g  p l a c e  on t h e  s u r f a c e  were m o n i t o r e d  by x-ray 

pho toemiss ion  s p e c t r o s c o p y .  With p o l y s t y r c n e ,  u s i n g  low copper  

cove rages  ( 4 . 0 1  monolaye r ) ,  t h e  coppe r  2p c o r e  e l e c t r o n  bind-  

i n g  ene rgy  i s  1 .5  e V  less t h a n  the  v a l u e  f o r  b u l k  c o p p e r ,  i n d i c a -  

t i v e  o f  a copper  atom i n  a r e g i o n  o f  h i g h  e l e c t r o n  d e n s i t y .  T h i s  

c o u l d  b e  a s u r f a c e  complex s u c h  as b i s ( a r e n e ) c o p p e r .  

coppe r  cove rages ,  the c o r e  l i n e s h a p e  showed the p r e s e n c e  of  a new 

peak a t t r i b u t e d  t o  i s o l a t e d  small c lus t e r s  o f  coppe r  a toms .  When 

t h e  p o l y s t y r e n e  w a s  p r e t r e a t e d  w i t h  an oxygen plasma p r o c e s s  [30], 

g e n e r a t i n g  carbon-oxygen bonds on  the s u r f a c e ,  s u b s e q u e n t  d e p o s i -  

t i o n  of  coppe r  v a p o r  r e s u l t e d  i n  t h e  f o r m a t i o n  of a coppe r -  

oxygen-polymer complex. T h i s  showed i n c r e a s e d  a d h e s i o n  of t h e  

d e p o s i t e d  metal f i l m s  o n t o  t h e  polymer.  

312 

A t  h i g h e r  

An a l t e r n a t i v e  r o u t e  f o r  t h e  p r o d u c t i o n  of  t h i n  f i l m s  o f  

po lymer -con ta in ing  metal h a s  been  r e p o r t e d  by Boonthanom a n d  k i i t e  
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METAL VAPOR SYNTHESIS 1 9 1  

[ 3 2 ] .  Evapora t ion  o f  copper  and cocondensa t ion  w i t h  o r g a n i c  f r ag -  

ments ,  such a s  t h o s e  produced by h e a t i n g  p o l y e t h y l e n e ,  gave f i l m s  

( t h i c k n e s s  %90 nm) c o n s i s t i n g  of p o l y e t h y l e n e  c o n t a i n i n g  small 

c l u s t e r s  o f  copper  atoms. 

Cu t o  Cu 0 w i t h  accompanying l o s s  o f  t h e  polymer.  This r e s u l t e d  

i n  the  p r o d u c t i o n  of  small " i s l a n d s "  o f  cuprous o x i d e ,  s e p a r a t e d  

by 1.10 nm, f o r  which t h e  c o n d u c t i v i t y  c h a r a c t e r i s t i c s  were 

t r e a t e d  as a model of  t h e  c o n d u c t i v i t y  i n  b u l k  coppe r .  

Anneal ing a t  493K i n  a i r  c o n v e r t e d  t h e  

2 

CONCLUSIONS 

I n  summary, t h e  fo rma t ion  of m e t a l - c o n t a i n i n g  polymers  v i a  

i n t e r a c t i o n  o f  m e t a l  vapor  w i t h  a monomer i s  compl i ca t ed  o f t e n  by 

t h e  l a c k  of  c o n t r o l  o f  p o l y m e r i z a t i o n  o f  t h e  polymer p r e c u r s o r  

d u r i n g  t h e  metal vapor  p r o c e s s .  It seems l i k e l y  t h a t  t h e  most 

p r o f i t a b l e  s t u d i e s  i n  t h i s  a r e a  w i l l  come from a n  approach 

s imi l a r  t o  t h o s e  o f  Timms [ 1 3 ]  and McGlinchey [ 1 2 ] .  

Another way o f  a l l e v i a t i n g  t h i s  problem is  t h e  u s e  o f  a pre-  

formed polymer as a l i g a n d .  Some o f  t h e  advan tages  o f  t h i s  ap- 

proach a r e  shown from t h e  e a r l y  o b s e r v a t i o n s  i n  t h e  f i e l d s  of 

l i q u i d - p h a s e  organometal  polymers and polymer-supported metal 

c l u s t e r s ,  e. ( i )  t h e  expe r imen t s  can b e  performed a t  e i t h e r  a 

m a c r o s y n t h e t i c  o r  m a t r i x  s p e c t r o s c o p i c  s c a l e  of o p e r a t i o n ,  ( i i )  

t he  expe r imen t s  can he  e n t i r e l y  conducted a t  o r  c l o s e  t o  room 

t empera tu re ,  ( i i i )  t h e  r e s u l t i n g  o rganometa l  polymers and polymer- 

s t a b i l i z e d  m e t a l  c l u s t e r  compos i t ions  are  homogeneous l i q u i d s  ( t h e  

t e r m  "homogenized-heterogeneous c a t a l y s t s "  may t u r n  o u t  t o  be  a n  

a p p r o p r i a t e  d e s c r i p t i o n  f o r  t h e  l a t t e r )  which have r e a s o n a b l e  

s t a b i l i t i e s  a t  room t empera tu re ,  and ( i v )  t h e  methodology i s  

e a s i l y  extended t o  b i m e t a l l i c  and t r i m e t a l l i c  combina t ions .  

Although s o l i d  polymers p r e s e n t  some d i f f i c u l t i e s  as l i g a n d s  

i n  metal vapor  s y n t h e s i s ,  a combinat ion of  t h e  s t a n d a r d  s o l u t i o n  

methods o f  m e t a l  vapor  chemis t ry  and t h e  t e c h n i q u e s  o f  t h i n - f i l m  
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192 FRANCIS AND O Z I N  

technology should f a c i l i t a t e  development of t h i s  a r e a  of r e s e a r c h  

i n  t h e  f u t u r e .  

The use o f  meta l  vapor s y n t h e s i s  i n  c o l l a b o r a t i o n  w i t h  

polymer chemistry i s  s t i l l  a novel  f i e l d ,  b u t  t h e  tremendous pos- 

s i b i l i t i e s  which e x i s t  f o r  such techniques  s u g g e s t  t h a t  Lhe 

f u t u r e  i s  extremely promising.  
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